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Joseph Lee Fowler 

Joe Fowler, director of the "hyiics Division 
fro* 1957 to 1973, d.ed on June 3, 1984. 

Moving fro* Los Alamos to Oak Ridge in 1950, 
Joe served as director of the high voltage labora­
tory from 1951 to 1953 and associate director of 
the Physics Division from 1954 to 1957 before 
becoming division director. In 1978, he retired 
from Oak Ridge National Laboratory but continued 
his appointment as professor of physics at the 
University of Tennessee. Joe's broad understanding 
of physics and his skill as an administrator served 
as an inspiration to a'l of those privileged :o 
work with him. 
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SPECIAL DEDICATION 

This issue of the Physics Division Progress Report is dedicated to the 
memory of two of our colleagues. Jaaes L. C. Ford, J r . . and Clyde B. Ful ler , 
who died during this past year. 

Jim Ford joined the Physics Division in 1962. He played a lead role 
in nuc'ear structure studies with Coulomb excitation, inelastic scattering, 
and transfer reactions. He was especially active in the design and imple­
mentation of new experimental devices such as the t iae-of - f l ight f a c i l i t y , 
the gas-jet target, and a series of position sensitive focal-plane detectors. 
Since June 1983, Jic had served as Liaison Officer to the Hoiif ield Faci l i ty 
Users Group. 

Clyde Fulmer joined the Electronuclear Division (later to merge with 
the Physics Division) in 1958. Best known for his extensive studies of the 
elastic scattering process and its interpretation via the nuclear optical 
model, he also made significant contributions to measurement programs for 
accelerator shielding and residual radiation problems. For a number of 
years, Clyde served as the Division Safety Officer and as the Radiation 
Control Officer. 

Both Clyde and Jim brought to the Division not only an ethic of hard 
work and dedication, but a special love of physics and an intense Interest 
in their work. Between them, their studies resulted in more than two 
hundred published papers. Above a l l , their work was narked by an outstanding 
spir i t of cooperation and good humor. They wi l l be Missed both as valued 
colleagues and as good friends. 
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INTRODUCTION 

The reporting period covered by this progress report is the 1984 fiscal year 
beginning October 1, 1983, and ending September 30. 1984. This report Marks a 
return by the Physics Division to issuing these reports on an annual cycle. 
The research activities of the Division are centered primarily in three areas: 
experimental nuclear physics, experimental atonic physics, and theoretical nuclear 
and atonic physics. 

The largest of these efforts, experimental nuclear physics, is dominated by 
the heavy ion research program. A major responsibility under this program is the 
operation of the Hoi*field Heavy Ion Research Facility as a national user facility. 
During the period of this report, the facility has begun routine operation for the 
experimental program. The Holifield Facility and the internal experimental nuclear 
physics programs are described in Chapters 1 — 3 of this report. 

The experimental atomic physics program has two components: the accelerator-
based studies of basic collisional phenomena and the studies in support of the 
controlled fusion program. These efforts are described in Chapter 4. Also associ­
ated with the fusion-related studies are a plasma diagnostics program and the 
operation of an atomic physics data center. The former is described in Chapter 7, 
and the latter is discussed in Chapter 9, along with our effort in support of the 
nuclear data compilation effort. 

The theoretical physics program, both nuclear and atomic, is covered in 
Chapter S. This program has benefited this year from the success of the VAX-AP 
computer system and from the increase in manpower provided by the ORNL/University 
of Tennessee Distinguished Scientist Program. 

Smaller programs in applications and high-energy physics are summarized in 
Chapters 6 and 8. 

During the period of this report, we continued to explore possible future 
extensions of the Holifield Facility. We retain a strong interest in a relati-
vlstlc heavy-ion collider In the 10 x 10 GeV/nuclear enerqy range. The ideas for 
such a facility, described 1n last year's, report, have been modified to utilize 
the HHIRF 25 MV tandem accelerator as the first stage. This study is summarized 
In Chapter 10. 

Finally, the report concludes with some general Information on publications, 
Division activities, and personnel changes. 



1 . HOLIFIELD HEAVY ION RESEARCH FACILITY 

OVERVIEW 

R. L. Robinson J . A. Martin 
C M . Jones 

Table 1 . 1 . Division of research hours 
by research act ivi t ies for Vm period 

October 1 , 1983 through September 30, 1984 

Beginning January 19, 1984, the Holi f ield 
Faci l i ty began its f i rs t period of what is 
considered typical operation. Since that 
t ine , the division of time between beam 
available for research, development, main­
tenance, and tuning was near that projected 
for a normal year. Another indication of 
normality has been the scheduling of the 
Program Advisory Committee meetings on a six-
month interval . 

The three and one-half months prior to 
January 19 were devoted to ( !) a major sched­
uled maintenance period in which 40 of 54 
tandem acceleration tube units were removed, 
reconditioned, and replaced, and in which 
several major maintenance tasks were performed 
on the cyclotron, (2) repair and modification 
cf several tandem accelerator column vacuum 
re late! component?, and (3) i n i t i a l conditioning 
of the tandem acceWator. Following a period 
of operation for the experimental program and 
another conditioning period in March, the 
tandem accelerator was operated with beam at 
a potential of 22.5 MV, a value which exceeds 
that achieved both at ORNL and at other 
laboratories by more than 2 MV. Since then, 
the fac i l i ty has provide'd beams for several 
experiments at 20 MV or slightly above. 

Refinements in the calculations used for 
determining cyclotron operating parameters 
have made 1t possible to increase the extraction 
radius from 77.5 to 79.2 cm. This seemingly 
modest change has the impressive effect of 
reducing power for the main cyclotron magnet 
at the maximum mass-energy product by 20%, 
resulting in a 15% reduction in total power 
use for cyclotron operation. This is espe­
cia l ly significant because power is the major 
incremental cost for coupled operation and 
because coupled operation has and apparently 
w i l l continue to be budget-limited. 

A total of 3,177 research hours were pro­
vided during this one-year reporting period, 
of which 1,325 were in coupled-mode operation. 
Some statistics relating to research hours are 
given 1n Tables 1.1 - 1.3. Research hours/ 
month are shown 1n Fig. 1.1. Research hours/ 
month for three of the months in this roportinq 
period exceeded that for any month prior to 
this period. 

Research Hours 

Activity Tandem Coupled Total 

High-spin states 715 132 847 
Fusion 291 2»1 
Damped reactions 286 286 
Incomplete fusion 274 274 
Atomic 214 214 
Charge exchange 171 171 
Tests of apparatus 171 171 
Pion production 168 16(1 
Quasi-elastic 105 49 154 
Giant resonances 123 123 
Fission 98 98 
Low-Tying level 

properties 98 98 
Tests of detectors 71 24 95 
Applications 82 82 
a-decay rates 56 56 
Crystal blocking 49 49 

Total 1.852* 1,325* 3 ,177* 

•These numbers* d i f f e r s l i g h t l y from those in 
Tables 1.5 and 1.6 due to rounding e r r o r s . 

The Spin Spectrometer has c l e a r l y proven lo 
be the most popular research tool of th is year 
(see Table 1 . 3 ) . However, i t was recent ly 
discovered t h a t near ly ha l f of the 70 Nal 
c rys ta ls have extensive cracks which have 
caused s i g n i f i c a n t d e t e r i o r a t i o n of the detector 
parameters. Although the Spin Spectrometer 
1s s t i l l adequate for most experiments, those 
requi r ing high resolut ion (such as study of 
Y-ray emission from giant resonances) must be 
postponed or compromised. 

The h igh l igh t for the experimental apparatus 
took place at UNIS0R. The long-awaited atomic 
hyperf ine s t ructure spectrometer demonstrated 
i t s c a p a b i l i t y to inves t iga te mass separated 
nuclei produced 1n heavy-ion induced react ions. 
This was tested with both the ground state and 
isomeric s ta te in 1 9 Z T 1 . (See Section 3 . ) 

1 



2 

Table 1.2. Number of researchers froa 
different institutions who participated 

in experiments at the KNIRF in the 
12-WHith period October 1 , 1983 

through September 30, 1984 

Institutions 

UNIVERSITIES 

Eastern Kentucky Univ. 
Emory Univ. 
Georgia State Univ. 
Georgia Inst, of Tech. 
Indiana Univ. 
Louisiana State Univ. 
Massachusetts Inst, of Tech. 
Michigan State Univ. 
ORAU 
Research Inst, of PhyMcs 

(Sweden) 
State University of Hew York 
Tennessee Tech. Univ. 
Texas AW Univ. 
Univ. of Claude Bernard Lyon 

(France) 
Univ. of Florida 
Univ. of Frankfurt (Germany) 
Univ. of Houston 
Univ. of Kentucky 
Univ. of Koln (Germany) 
Univ. of Maryland 
Univ. of Michigan 
Univ. of Pittsburgh 
Univ. of kochester 
Univ. of South Carolina 
Univ. of Tennessee 
Univ. of Virginia 
Univ. of Washington 
Vanderbllt Univ. 
Washington Univ. 
Western Kentucky Univ. 
rale Univ. 

Number of 
Researchers 

1 
2 
3 
4 
2 
2 
1 
5 
3 

3 
3 
1 
6 

1 
6 
2 
2 
3 
1 
7 
1 
2 
2 
3 

17 
2 
5 

10 
S 
1 
1 

Table 1.3. Use of experiment target 
stations for the period 

October 1, 1983 through September 30, 1984 

Research Hours (No. of Runs) 

Target Station Tandem Coupled Total 

Y-ray spectrometer 
(tandem) 221(3) 

t-ray spectrometer 
(ORIC) 

Velocity filter 
Atomic physics 

(tandea) 
Atomic physics 

(coupled) 
Split-pole magnetic 

spectrometer 
Applications (Beam 

l ine 31) 
Beam line C-9 
0.8-m chamber 
Broad-range magnetic 

spectrometer 
Time-of-flight 

system 
1.6-m scattering 

chamber 

UNI50R 

na 221(3) 

na 
189(4) 

46(1) 
na 

46(1) 
189(4) 

263(4) na 263(4) 

na 0 0 
c 

97(1) na 9'(D 

82(4) 
na 
na 

na 
272(2) 

0 

82(4) 
272(2) 

0 
r l C 

34(1) 244(1) 278(5) 

12(1) 189(2) 201(3) 

25(2) 318(3) 343(5) 

293(15) 0 293(15) 

636(7) 256(3) 892(10) 

Total 1,852(42) 1,325(15) 3,177(57) 

na x not accessible to beam 

ACCELERATOR OPERATIONS AND DEVELOPMENT 

NATIONAL LABORATORIES 

Centro Atomlco Baralache 
(Argentina) 

LANL 
NASA/Goddard 
Naval Surface Weapons Lab. 
0RNL 
SANDIA 

INDUSTRY 

Aerospace Corp. 
RCA 

107 
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The f i rs t three and one-half months of 
tnls reporting period were devoted to a long 
scheduled maintenance period for both the 
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tandem accelerator and the OftIC, repairs of 
vacuurr related components in the tandem 
accelerator, and conditioning of the tandem 
accelerator. No beans were provided for 
research during this f i r s t period. Operation 
for the research program began in mid-January 
and continued until the end of this report 
period with interruptions only for a condition­
ing period in March, scheduled arid unscheduled 
maintenance, and two major holidays. Thus, 
r typica l" operation was provided for approxi­
mately the last three-fourths of the year. 

The nest striking feature of operation 
during this reporting period has been a further 
improvement in re l iab i l i ty and quality of o\ ra­
t ion. As shown in f i g . 1 .1 , we experimced 
three months in which over 500 hours of beam 
time were provided for research. We have also 
achieved a noticeable improvement in the degree 
to which our research schedule is maintained. 
Major contributors to these Improvements were 
engineering modifications to both the tandem 
accelerator and the ORIC, installation of the 
improved radial geometry cesium plasma source 
desf Ibed in the last progress report, 8 a»id 
inc.eased experience of the operations staff. 

A summary of beams provided during this 
reporting peried is presented in Table 1.4. As 
noted in the table, four Ion species ( l 0 B , '* sSc, 
, , b T 1 , and '^Nd) were provided for the f1r>t 
time. The most notable of these Is probably 
l s 0 N d which was provided with coupled operation 
using a separated Isotoplc sample In the nega­
t ive ion source. A', an I l lustration of the 
u t i l i t y of the tandem accelerator, this beam 
was provided for a total of 45 hours while 
using only approximately 2 rog of separated 
Isotoptc material. 

Table 1.4. Beams provided for research 
for the period October 1 , 1983 through 

September 30, 1984 

Maximum Provided for 
f i rs t time 

Mode* in this period 
Ion Energy 

Species (MeV) Mode* 

inB 168 C 
l'B 169 C 
,2C 135 T 
1*0 401 T,C 
1*0 352 T.C 
L9F 88 T 
*'Mg 178 C 
2*S1 240 T 
»S 717 T.C 
'"S 155 T 
"CI 692 T.C 
" 5Sc 200 T 
"<>T1 184 T 
'•8T1 581 T.C 
™T1 184 T 
5 b F e 842 C 
r , « N 1 916 T.C 
(>'. N 1 290 T 
n'Ag 374 T 
""Sn 684 C 
l**Nd 760 C 
I''Au 591 T 

*T » Tandem alone; C » Coupled mode. 



q 

Utilization analyses for the tandem accel­
erator and cyclotron are presented in Tables 
l.S and 1.6, respectively. Electric power 
budgetary limitations continue to restrict 
cyclotron operation to about 2000 hours per 
year. Efficient accelerator utilization has 
been achieved ty using the ORIC only in 
coupled mode ard only for energies beyond the 
capability of che tandem accelerator. 

1. Present address: Bnokhaven National 
Laboratory, Upton, NY 1197?. 

2. Co-op student, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 
24061. 

3. Instrumentation and Controls Division. 
4. Consultant. 
5. Computing and Telecommunications Division. 
6. Energy Division. 
7. Retired. 
8. Physics Division Progress Report for 

Period Ending September 30, 1983, ORNL-6004 
(1983). 

Table 1.6. Cyclotron ut i l izat ion for 
the period October 1 , 1983 through 

September 30, 1984 

Hours Percent 

Beam available for research 
(coupled operation) 1331 15 

Accelerator tuning (includes 
scheduled startup-shutdown 
and operation during tandem 
tuning) 494 6 

Machine studies 130 1 
Unscheduled maintenance 205 2 
Scheduled maintenance 1376 16 
Scheduled shutdown 5248 60 

Table 1.5. Tandem accelerator utilization 
for the period October 1, 1983 
through September 30, 1984 

Hours Percent 

Beam available for research 
(tandem-alone and coupled 
operation) 3172 36 

Beam available during ORIC 
tuning (coupled operation) 340 4 

Accelerator tuning (includes 
scheduled startup-shutdown) 638 7 

Machine studies (includes 
conditioning not required 
for specific experiments) 837 10 

Unscheduled maintenance 16 77 19 
Scheduled maintenance 1816 21 
Scheduled shutdown 304 3 

TANDEM ACCELERATOR 
G. :.. Alton C. M. Jones 
J. A. Benjamin1 R. C. Juras3 

J. A. Biggerstaff J. E. Mann" 
D. L. Haynts E. G. Richardson 
0. E. Hoglund2 N. F. Zlegler 

Voltage Performance 
As discusser in the previous progress 

report,s Initial voltage performance o' the 
tandem accelerator was somewhat disappointing. 
Thus, a major maintenance period was planned 
for the period August through October 1983, 

with the primary motivation of improving tan­
dem accelerator voltage performance. During 
this period, 40 of 54 acceleration tube tnits 
were removed, reconditioned at the National 
Electrostatics Corporation nlant in Madison, 
Wisconsin, and reinstalled in the accelera­
tor. Also during this period, all magnetic 
electron traps were removed and ports were 
installed for possible future hydroge.i arc 
discharge cleaning of the accelerator. 

Following repairs and modifications of 
vacuum related components in the column, con­
ditioning of the accelerator began in mid-
December 1983, and continued until mid-January 
1984. Progress during this period was 
encouraging and the accelerator was operated 
at the end of the period with beam at a ter­
minal potential of 20.2 MV, a new ORNL and 
world's record. This conditioning period was 
terminated In order to begin operation for 
the experimental program and to allow further 
improvement in vacuum. A second conditioning 
period was scheduled for March 1984. At the 
end of this period the accelerator was 
operated with beam at 22.5 MV, again a new 
record. 

Although operation at unusually high ter­
minal potentials was not a primary goal for our 
experimental program In FY 1984, voltage per­
formance of the accelerator during this period 
was also encouraging. As shown in Fig. 1.2, 
six experimental runs have been performed at 
or above 19 MV and three experimental runs 
have been performed at or above 20 MV. The 
highest of these was 20.3 MV. During all 
operation In FY 1984 (both conditioning and 
operation for the experimental program) only 
21 full column sparks occurred of which only 
two resulted 1n observable decondltlonlng. 
This low spark rate, the ease with which we 
have operated for experiments at or above 
20 MV, and the absence of observed deteriora­
tion in voltage performance with time, all 
suggest that the voltage capability of the 



ORNL-OWQ MC-13*25 
30 

• 20 

Z 
r» 
z 10 

• MACHINE RESEARCH 

• EXPERIMENTAL PROGRAM 

"1 

II id 
5 10 15 20 

TERMINAL POTENTIAL (MV) 
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intervals is shown as a function of tandem 
accelerator terminal potential for the period 
October 1, 1983 through September 30, 1984. 

accelerator in its present configuration has 
not been fully exploited. 

Two further initiatives to improve voltage 
performance are now planned. These are <• 
hydrogen arc discharge cleaning or con­
ditioning procedure and a modification of the 
present acceleration tube geometry which 
increases the active insulator length by 18%. 
Both are discussed in greater detail in other 
contributiuns to this report. The acceleration 
tube modification has been proposed as a 
FY 1986 AIM project. 

Improvements and Modifications 
Although our primary focus in this reporting 

period was on improved voltage performance and 
operation for the experimental program, a num­
ber of important improvements and modifications 
were also made to the accelerator system. 

Within the column, ventilation and cooling 
were Improved for both terminal and dead sec­
tion electronics. Positive sublimator slug 
selection readout was provided for the terminal 
gas 'tripper pump and voltage monitoring was 
added for column ion pumps. Variable apertures, 
Faraday cups, and the terminal gas stripper were 
all modified to minimize motion feedthrough 
bellows failures. Three of six charging chains 
were removed to Increase reliability and to 
provide an Immediate source of spare parts 1n 
the unlikely event of chain breakage. 

Outside the accelerator vessel, cryopumps 
were Installed on both the low-energy and 
high-energy beam lines for maintenance use. 
In addition, a 3-foot diameter by 7-foot long 
pressure vessel was purchased to enable off-line 
pressure testing of accelerator components. 

Control system improvements include expan­
sion of the system to Include additional 
injector parameters and all parameters in 
experimental beam line 21. In addition to a 
number of detailed improvements to the control 

system operating program, two other important 
software tasks were completed. The automatic 
logging program was extensively revised so as 
to operate more easily and reliably. New 
programs were written to provide information 
on stripper foil parameter*; «'ich as equilibrium 
thickness, angular dispers'jn, energy loss, 
and lifetime. 

One of the most important improvements of 
FY 1984 was final commissioning and installa­
tion in the injector of the new radial geometry 
cesium plasma ion source described in the 
previous progrcrs report.5 While retaining 
the versatility and prolificacy of its prede­
cessor, tfi«* "Mark I" ORNL version of the Aarhus 
radial extraction Penning Source,6 the new 
source has proved to be more reliable, easier 
to service, and simpler to operate. It was 
used exclusively during FY !984 and was a 
significant factor in the improvement in 
accelerator system utilization described 
above. The ior. species provided during this 
period are listed in Table 1.4. 

SF 6 System Operation 
Operation of the SF 6 storage and recir­

culation system in FY 1984, including fifteen 
and one-half gas transfers to m d from storage 
was without incident. Within the approximately 
2% accuracy of the SF 6 weighing system, no SFg 
loss was observed. 

1. Present address: Brookhaven National 
Laboratory, Upton, NY 11973. 

2. Co-op student, Virginia Polytechnic 
Institute and State University, Blacksburg, 
VA 24061. 

3. Instrumentation and Controls Division. 
4. Consultant. 
5. Physics Division Progress Report for 

Period Ending September 30 1983. ORNL-6004, 
(1983). 

6. G. D. Alton and G. C. Blazey, Nucl. 
Instrum. Methods 166, )05 (1979). 
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Coupled Operation 
During the period of this report, 16 experi­

ments have been completed using ccupled opera­
tion of the cyclotron and tandem accelerator. 
Some details of coupled operation are given 
in Table 1.7. The heaviest Ion accelerated 
was l 5 0Nd + , :*: the highest energy obtained was 
916 MeV for * 8 N 1 + 2 1 . Beam currents obtained 
were generally consistent with predictions, 
taking into account the expected fraction of 
beam in the desired charge state and the 
buncher efficiency (~ 50%). The highest tan­
dem voltage used was 18.8 MV. 

Coupled operation was generally more 
reproducible and beam extraction efficiencies 
were hi jher than experienced last year. These 
improvements ave a result of refined computa­
tional methods for beam setup and the use of 
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Table 1.7. Coupled opt ration for rssearch for the period 
October 1, 198: through September 30, 1984 

Desired Actual Extraction Injection Tandem 
Energy Energy Efficiency Injected Energy Voltage 

Date Ion (MeV) CeV) (») Ion (MeV) (MV) 

2/5/84 32S+15 700 717 48 3 2 S + 6 122.8 17.5 
2/19/84 18Q+8 350 351.7 65 18J+3 67.9 16.9 
4/7/84 16Q+8 400 400.7 68 160+3 67.5 16.8 
4/9/64 16Q+8 400 401.1 60 I6Q+3 67.5 16.8 
5/8/84 5 6 p e + 2 2 820 841.7 76 S 6 p e + 8 170.0 18.9 
6/15/84 J2S+I2 320 317.8 55 3 2 S + 3 66.9 16.6 
6/19/84 Ll B +S 170 168.9 68 l l B + 2 38.4 15.9 
6/22/84 lC B +5 170 168.3 78 I OB* 2 39.6 16.0 
6/27/74 160+S 400 399.7 -100 16n+3 68.0 16.9 
7/6/84 3 5 d + 16 700 692.1 75 3 5 C 1 + 6 124.5 17.7 
8/8/84 160+/ 208 206.6 61 160+2 32.6 10.8 
8/14/84 2-Mg+8 180 177.6 64 2"Mg +2 20.1 6.6 
8/17/84 1 5 0 ^ + 3 3 750 760.7 67 l 5 0 N d + ! 3 211.0 15.1 
9/11/84 5 8 N i + 2 3 900 916.0 68 S 8 N f * 9 170.4 17.0 
9/13/84 <*aji*i/ 576 581.4 56 •.s-ri+6 02.9 13.3 
9/25/34 U 6 S n + 2 9 7C0 684.1 78 " 6 S n + ' 144.9 18.8 

more systematic methods in tuning the beam 
through the extraction system. 

It is well known that when the value of 
the radial focusing frequency, v r, is close 
to unity, the separation between orbits can 
be enhanced at a given azimuth by the intro­
duction of a first harmonic component in the 
magnetic field. Such enhanced turn separa­
tion, if achieved at the electrostatic 
deflector entrance, normally leads to higher 
extraction efficiency, but, if it occurs at 
the wrong azimuth, it can drastically reduce 
the extracted beam. Turn separation enhance­
ment would normally be achieved by the use 
of harmonic coils; however, essentially the 
full capacity of the harmonic coils is used 
in canceling the harmonics Introduced by the 
extraction system. 

By computation with the beam setup 
programs, It has been discovered (and con­
firmed by beam position measurements) that 
the compensated-!ron extraction channel can 
produce a first harmonic component that 
suitably enhances turn separation when the 
channel currents are unbalanced. Using this 
technique, we have been able to: (1) extract 
beam at larger radii, reducing magnet power 
usage for a given energy; (2) Improve average 
extraction efficiency from about 30% to about 
70X; (3) improve the accuracy of the predic­
tion of extracted beam energy; and (4) by 
careful adherence to the computer predicted 
settings, substantially reduce the time 
reouired to achlevj extracted beam. 

Cyclotron Development 
Power Supplies. A program to upgrade dc 

power supplies throughout the Hollfleld facility 
>* continuing. Several new SCR regulated power 
supplies, Including those for the cyclotron 
harmonic colls and beam line bending magnets. 

were put In service during the past year. 
Thus far, our results with this type power 
supply have been very encouraging. The SCR 
regulated units rely upon high load reactance 
and the use of precision external sensing 
elements such as high voltage shu'its (1 volt 
or greater) or dc current transformers 
(transductors) to achieve good regulation and 
low ripple. The motor generator set (two 
1.75 NVA generators), which provides excita­
tion for the cyclotron main field and 
compensated-iron magnetic channel outside 
coil, was overhauled. Its commutators were 
turned, ground, and undercut. This was the 
first major commutator servicing since the 
machine was Installed about 24 years ago. 
Prior to the overhaul, we were experiencing 
magnet instability and short brush life 
(about 30 to 60 days). Stability has Improved, 
and the brushes installed nearly a year ago 
are still in service. 

RF System. The dee aperture was reduced 
from 2.5 cr. to 2.2 cm in order to Increase 
dee liner spacing on each side by 0.15 cm. 
The resultant reduction in dee to liner capaci­
tance produced a slight shift in resonant 
frequency (an Increase of ~ 0.2 MHz) and a 
reduction In excitation power at the upper 
end of the tuning range. The rf system Is 
now operable over a 6.69 to 19.8 MHz tuning 
range. Previously it was tuneable but unstable 
above 18.0 MHz. An additional 0.2 cm aperture 
reduction is being considered with the hope 
of achieving a fulT 3:1 tuning range. 

Vacuum System. Efforts by the manufacturer 
to achieve satisfactory performance from the 
20-Inch cryopump on the rf resonator tank were 
unsuccessful. The pump and compressor made 
several return trips to the factory for modi­
fications and repairs, but were still showing 
symptoms of excessive heat loading. Conse­
quently, we added a 16" aperture plate between 
the pump and gate valve which serves as a heat 
shield with only slightly Increased pumping 
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Impedance. The prop has now demonstrated 
several weeks of operation with acceptable 
pumping speed and base pressure. 

New ORIC Control Computer 

A MOOCONP Classic/55 has been purchased to 
replace the 12-year-old ORIC control computer. 
This processor was selected because approxi­
mately 901 of the existing control programming 
will operate o» this software compatible 
machine. The new hardware will insure the 
long-range availability of spare components 
as well as reliability of the system. Of 
equal importance, the increased size of 
memory and disk storage will enhance the 
capability for software development. This 
will relieve the bottleneck that has been 
experienced in improving the operation Moni­
toring software. Furthermore, operation 
parameter analysis programs will eventually 
lead to improved understanding of Machine 
performance. This will be achieved by Making 
detailed comparisons between parameters pre­
dicted by our mathematical cyclotron model 
and the actual settings used to produce an 
ion beam. Additional programs will be writ­
ten that provide a data base for evaluating 
machine performance. This system is expected 
to be in operation by mid-1985. 

Improved Beam Extraction Magnets 

We have shown that i t is possible to use 
the compensated-iron magnetic extraction 
channel to provide a desirable first harmonic 
in the cyclotron magnetic field to provide 
turn-spacing enhancement for improved beam 
extraction. However, the computations 
required to do this are tedious and very time-
consuming and the derived settings usually 
require modification during cyclotron tuning. 

The difficulty in accurately predicting 
settings of the cyclotron extraction system 
and harmonic coils results principally from 
the imperfect design of the compensated-i ron 
magnetic channel and, to a lesser extent, of the 
coaxial magnetic channel. The arrangement of 
the beam extraction system is shown in Fig. 
1.3. The beam extraction channels must pro­
vide magnetic field reductions of ~ 6 kG 
along the extracted beam path while producing 
very low external magnetic fields (ideally 
< 10 G) In the beam acceleration region. 
Presently, both channels produce excessive 
first harmonic external magnetic field com-

0RNL-DWG-81-16635R 
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ponents. Design improvements are now in 
progress which will result in a factor of 5 
reduction in the harmonic contribution of the 
coaxial channel and an even greater reduction 
of the harmonic contribution of the compensated-
iron cl^nnel. These improvements will effec­
tively separate the function of field reduc­
tion for extraction from the function of turn 
separation enhancement, shifting the latter 
to the harmonic coils as was originally 
intended. Separation of functions should 
simplify computation and tuning procedures. 

Reduction of the external field of the 
coaxial megnetic channel can be accomplished 
by modifying only the portion of the channel 
known as the "insert." This is a removable 
section which contains the conductors closest 
to the beam. Reshaping the cross section 
and longitudinal configuration of these con­
ductors, as shown in Fig. 1.4 (a) and (b), 
reduces the first harmonic coefficient of the 
external field close to the channel by fac­
tors of 5 to 9 depending on distance from the 
channel (Table 1.8). Design studies and com­
putations for this change are complete and 
engineering drawings are being prepared. 

The proposed new design for the compensated-
iron channel (Fig. 1.5) is based on a cosine 
distribution of currents in two circuits 
inside and outside a cylinder of iron -with 
modifications to accommodate the realities of 
fabrication. The present design, in use 
since 1963, employs a linear distribution of 
currents about a rectangular iron box (Fig. 
1.6). The external fields of the two channel 
designs are compared in Fig. 1.7. For this 

ORNL-OWG-84-16128 
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Fig. 1.4. Configuration of the present coax 
insert conductors (a), and of the proposed 
insert design (b). Both the detailed cross 
section and the longitudinal shape have been 
changed to achieve a lower field in the circu­
lating beam region. 

Table 1.8. External field of coaxial 
magnetic channel 

< - 0 ! if"-"-
Fig. 1,3. Cyclotron beam extraction system. 

Radius-centimeters 

1st harmonic-gauss 
Present Proposed 
coax coax 

76.2 
81.3 (coax entrance) 

1.0 
14.3 

0.2 
1.6 
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Fig. 1.5. Cross section of proposed new 
compensated-iron channel. Two layers of coils 
in one circuit are used inside the iron 
cyl.nder. The layer of coils outside the iron 
forms a second circui t . 
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Fig. 1.7. External field of existing and 
proposed compensated-iron channels. 

figure the currents of the proposed channel 
have been adjusted to produce zero field 6 cm 
from the center of the channel — approxiaately 
the location of the closest circulating bean 
orbit. Using the present channel, the best 
that can be achieved in Mini Mi zing the 
external field gives zero field at 8 CM and a 
substantial deviation fro* zero over a wide 
region. The external field of the present 
channel varies with the level of field reduc­
tion required for the extracted beams and 
must be largely compensated by the harmonic 
coils, leaving little or no ability to control 
turn separation with these coils. 

Design studies for the new compensated-!ron 
channel are nearly complete and engineering 
will begin soon. 

Dual Arc Penning Ion Source Gas 
Flow Experiments 

Previous experiments have shown that the 
addition of an easily ionized heavy gas 
(krypton or xenon) to the arc chamber of a 
Penning discharge ion source increases the 
output of Multicharged lighter ions, for 
example, nitrogen and oxygen.2*3 In a refine­
ment of this technique, an auxiliary arc 
chamber, for support gas, was added to the 
ORIC internal ion source. This also results 
in an increase in the beam intensity for 
multicharged Ions such as l 6 0 5 * . To c'»rify 
the mechanism of this Intensity increase, gas 
flow rates from the auxiliary chamber to the 
main chamber have been measured by using the 
ORIC cyclotron as a mass spectrometer. Th<* 
results (Fig. 1.8) show that only about three 
percent of the gas admitted to the auxiliary 
chamber reaches the main chamber. One can 
then Infer that the improved operation prob­
ably results from the stabilizing effect of 
heating the common cathodes with the auxiliary 
arc and/or the more favorable distribution of 
the support gas to the part of the main arc 
close to the cathodes. 

Fig. 1.6. Cross section of the existing 
compensated-lron channel with Inside and out­
side coils. 1. Consultant. 
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2. E. D. Hudson and K. L. Hallory, Nucl. 
Instrum. Methods. 141, 381 (1977). 

3. E. D. Hudson and H. L. Mailory, IEEE 
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Fig. 1.8. 
3 * 

Curve (a) is the intensity of 
2 0 N e 3 * when neon is admitted to the main 
chamber with no support gas. Curve (b) is 
the 2 0 N e 3 + intensity with krypton support gas 
in the main chamber and neon in the auxiliary 
chamber. 

NEGATIVE ION SOURCE DEVELOPMENT 

used helical geometry ionizer. In the present 
design, ions an generated from the inner 
surface of the ionizer and a l l other heated 
surfaces are obscured from the electric f ie ld 
region of the source. Consequently, the 
sputter pattern exhibits only a weak halo 
surrounding the usual concentrated wear pattern 
located on axis. 

The geometrical configuration is readily 
amenable to simulation by solving Poisson's 
equation numerically for the electrode 
system. Computer assisted design techniques 
were employed by performing detailed calcula­
tions of the positive and negative ion t r a ­
jectories through the electrode system prior 
to expenditure of funds for engineering or 
construction of component parts of the 
source. An example of the positive ion 
optics of the ionizer/sputter probe region of 
the source is shown in Fig. 1.9. The computed 
positive ion current density resulting from 
the positive ion impact is shown in Fig. 1.10. 

ORNL-DWG 83-16488R 

Fig. 1.9. Positive ion optics of the 
ionizer/sputter probe region of the axial 
plasm negative ion source. 

Evaluation of the Axial Geometry 
Negative Ion Source 

G. D. Alton 

The radial geometry negative ion source1 

used in routine tandem accelerator operations 
can be readily converted to an axial geometry 
source by an alTOSt t r i v ia l modification. The 
source, which has been brief ly described 
previously, 1 is the second iteration of a 
similar source, designed and developed in 
1978, with superior mechanical design features 
and rather different performance characteristics. 
The present source uti l izes a solid tungsten 
annular ionizer with a noninductively-wound 
tungsten heater instead of the hel ical ly-
wound tantalum heater which was incorporated 
in the original source for producing the 
positive cesium i n n beam used to sputter the 
material of Interest. This ionizer was chosen 
because i t offers a simple but well-defined 
ion generation surface which is more amenable 
to numerical analysis than the conventionally 

0Mw.-MC*4t*M* 
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Fig. 1.10. Variation of the positive ton 
current density with distance from sample 
axis In the »v1a1 geometry negative Ion 
source. 
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The source performed immediately and as pre-
dicteo, without further development. For 
example, the observed sample wear pattern was 
found to be identical in almost all details 
with that predicted from Fig. 1.10. 

Test stand operational experience with the 
source indicates that the source is reliable, 
long-lived, stably operating and a prolific 
producer of a wide spectrum of negative ions. 
The source has been used to produce beams of 
Ag", Au", Cu~, Lu", Ho*, hi". TUT, and Yb", 
with respective total negative ion beam 
intensities of 16, SO, 57, 0.37, 1.4, 59, 
0.10, and 5 pA when operated at optimum 
cesium oven temperatures and at 1000 volts dc 
impressed on the sputter probe. Negative ion 
yields exhibit maxima at an optimum cesium 
oven temperature of ~ 260"C. This behavior 
is identical to that observed for the radial 
geonetry source. The total negative ion 
yields from this source increase strongly 
with voltage over a range of probe voltages 
up to 1100 V dc according tc V" where V is 
the probe potential and h is a number with 
value 3.5 to 4.0. 

The source has been incorporated as an on­
line source along with the radial geometry 
source for routine 25-HV tandem operation. 

Pulsed Negative Ion Source Developments 
G. D. Alton 

Consideration of a synchrotron as an energy 
booster for MflRF tandem accelerator ion beams 
and as a high energy, heavy ion collider for 
whfch the tandem accelerator would serve as 
an injector has stimulated interest in devel­
oping pu1sed-*ode negative ion sources. During 
the period of this report, a project was ini­
tiated to develop and evaluate negative ion 
sources and the associated pulsing technology 
required for injection into such accelerators. 
Typical pulse widths and repetition rates for 
synchrotron injection applications are ~ 100 
usee and a few Hz, respectively. Due to 
tnterbeam scattering effects in the synchrotron, 
maximum beam Intensities will be limited to 
peak currents of ~ 200 uA at injection Into 
the tandem accelerator - an intensity which, 
however, far exceeds the dc negative ion beam 
intensities of existing negative heavy ion 
sources. This requirement poses a challenge 
for the production of a wide variety of nega­
tive ion beams of this Magnitude for pulsed' 
mode operation. However, it Is known from 
previous work at the Brookhaven National 
Laboratory2 that such pulsed beam Intensities 
can be produced for a limited number of ele­
ments with high electron affinities and that 
si ch large, low duty-cycle beams can be 
11.jeered into MP type tandem accelerators 
without detrimental effects to the opera­
tional stability of the accelerator. The 
pulsed source development project presently 
underway was initiated with the objectives of 
evaluating the performance of existing nega­
tive Ion sources In pulsed mode and develop­
ment of pulsed beams for tests using the 
HHIRF tandem accelerator. 

_ An off-ground platform was acquired for 
housing standard power supplies as well as 
the special pulsed high-voltage power supply 
required for source operation in the pulsed 
mode. A pulsed high-voltage power supply 
with the desired output characteristics, in 
terms of voltage amplitude, pulse width and 
repetition rate, was located within the 
Physics Division. 

Both the radial and axial geometry cesium 
plasma negative ion sources, described in the 
previous report,1 were evaluated. A schema­
tic diagram of the power supply arrangement 
utilized during testing is shown in Fig. 1.11. 
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Tig. I.11. Schematic electrical diagram of 
the power supply arrangement used during 
pulse testing of negative ion sources. 

negative ions are generated in these sources 
by cesium ion sputtering of a probe con­
taining the material of interest which is 
biased negative by 1 * 3 kV relative to the 
source housing. The probe potential is main­
tained at a dc bias level for standard opera­
tion and a combination of a dc potential and 
superposed *c potential from the pulser power 
supply for pulsed operation. With the arrange­
ment shown, a dc beam of modest Intensity 
(< 1 i»A typically) can be generated for use 
as a signal for tandem terminal voltage 
control and as a beam for optimization of 
beam line optical elements to assist in 
transmission of the superposed pulsed beam 
through the accelerator and beam transport 
system. 

Preliminary comparative pulse t c <ng of the 
radial and axial geometry sources showed the 
distinct superiority of the axial geometry 
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source for pulsed-mode generation of Au", Ni" 
and Cu" negative ion beams. During testing, 
the pulser amplitude voltage was operated at 
1.2 kV with a pulse width of ~ 100 usee and a 
repetition rate of 10 Hz. The negative ion 
yields from thp radial geometry source for 
the indicated elements were typically ~ 60 
wA/pulse while those from the axial geometry 
source were much higher. Negative ion yield 
spectra, shown Jn Fig. 1.12, from the indicated 
elements were 100, 2S0, and 350 pA »eak pulse 
intensity for Au", Ni" , and Cu", respectively. 

ORNL-OWG 8«-t«999 

1 - 1 1 1 I 1 1 1 1 1 1 1 1 1 
~ SOURCE: ALTON AXIAL GEOMETRY CESIUM SPUTTER ~~ 

PULSER AMPLITUDE: ).2«V 
~~ PULSE RATEMOHr 

— 
Cu" 

: * \ 
— N." 

"1 
— 

- Au" n -

! . l;ii, . I I I . t I 
PULSE WIDTH: lOO^sec/DIVIS.'ON 

Fig. 1.12. Negative ion yields of Au", Ni" 
and Cu" from the axial geometry negative ion 
source operated in the pulsed mode. 

The negative ion yields from the axial geometry 
source were found to vary linearly with pulse 
voltage amplitude and, in most cases, the 
pulsed amplitude and dc amplitude were found 
to be essentially independent of each other, 
i.e., the dc beam could be reduced without 
affecting the amplitude of the ac component. 
This independence is very important in practice 
because a weak dc beam component is desirable 
for control and ~?n.toring of the accelerator 
while transmitting the largest possible ac beam 
component which is compatible with synchrotron 
requirements. The voltage amplitude from the 
pulsed power supply was limited to - 1.5 kV 
during testing due to stress limitations of 
the high-voltage cabling. Future tests will 
include operation of the source at pulse 
voltages up to 4 kV and injection through the 
25-NV tandem accelerator. Much higher beam 
intensities are anticipated at the higher 
voltages and therefore we expect a wider 
range of negative ion species with inten­
sities adequate for synchrotron utilization. 

Production of Ca" Through Double 
Charge Exchange With Li Vapor 
G. D. Alton T. J. Kvale3 

D. J. Pegg" 
Negative Ion formation through sequential 

double charge exchange Interactions between 

^r^ initially positive energetic ion and a 
suitably chosen exchange vapor offers perhaps 
the most universal and efficient means of 
producing negative ions known to date. Pro­
duction efficiencies depend primarily on ion 
energy, the electron affinity of the element 
under consideration, and the electron binding 
energy and density of the exchange vapor. This 
mechanism offers, as well, a practical and 
efficient means of producing useful negative 
ion beams T o m elements which have negative 
electron affinities. These ions often may be 
formed with relatively high efficiency in 
metastably-bound excited states which may 
live long enough to be of use for accelerator 
applications. The Group H A elements are 
examples of ions that are well suited for 
charge exchange production since they are 
difficult to produce by other means. 

The Group IIA elements (Be, Mg, Ca, Sr, 
and Ba) have negative ground-state electron 
affinities and thus do not form stable ground-
state atomic negative ions. Ther^'-re, other 
techniques must be employed for the produc­
tion of these elements. For example, some of 
these elements (Be" and Ca") can be formed 
through charge exchange in metastably-bound, 
autoionizing states which have lifetimes long 
enough to be of practical value. 5* 6 

A major experimental effort has been ini­
tiated during this fiscal year using the 
Negative Ion Source Test Facility (NISTF) 7 and 
the universal charge exchange source.1 These 
experimental investigations are designed to 
measure production efficiencies as a function 
of axchange vapur density and projectile 
energy as well as the atomic properties of 
the negative ions generated. Calcium was 
chosen as the first of the Group IIA elements 
to be investigated because of the considerable 
interest in this species for nuclear and atomic 
physics research. Production efficiencies as 
a function of exchange vapor density and pro­
jectile energy over an extensive energy range 
have never been reported for this ion. 

The Negative Ion Source Test Facility has 
been extensively modified to accommodate 
research on the charge exchange mechanism and 
the properties of negative ions generated by 
this mechanism. In addition to the universal 
charje exchange source described previously, 
the facility has been equipped with a post 
momentum analysis charge exchange cell, the 
ancillary equipment necessary to perform such 
measurements, and a CAMAC-based data multi­
channel analysis/microprocessor system for 
data acquisition and analysis. 

A schematic diagram c r the experimental 
equipment used in measuring the production 
efficiency of Ca" is shown in the accelerator-
based atomic physics section of this report 
and therefore will not be Included here. A 
momentum analyzed beam of Ca + Is focused by 
means of a lens through the charge exchange 
cell and the emerging positive, neutral and 
negative Ion components are separated by 
means of a specially designed electrostatic 
deflection system. The negative and positive 
1on beams are monitored in biased and 
shielded Faraday cups Immediately following 
the deflection plate system. Two experiments 
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are in progress which deal with the measure­
ment of the production efficiencies and auto-
and collisional-detachaent properties of Ca~ 
ions formed in double-charge exchange with 
neutral lithium vapor. The first of these 
experiments is described here; the latter 
experiment is discussed in the accelerator-
based atomic physics section of this report. 

Two principal determinations are of prac­
tical importance in the production of negative 
ions through charge exchange: (1) the 
measurement of t-""» production efficiency as a 
function of target thickness, and (2) the 
dependence of 'he efficiency on projectile 
energy. 

Preliminary results from these measurements 
for the production of Ca~ in lithium vapor 
are shown in Figs. 1.12 and 1.14. The optimum 
efficiency for this interaction occurs at a 
cell temperature of ~ 625°C for these data, 
as noted in Fig. 1.13. However, the optimum 
cell temperature is expected to be projectile 
energy dependent. This dependence is pres­
ently being investigated. The efficiency 
versus projectile energy is shown in Fig. 1.14. 
Work on this project will continue during the 
next fiscal year. 
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Fig. 1.13. Ca" production efficiency of 
as a function of L1 charge exchange cell 
temperature. 
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ciency on Ca + ion energy. 

Sputter Ratios for 0.4 • 50 keV C s + 

Ions Using Sfgmund Theory 
G. D. Alton 0. H. Olive8 

In recent years, the sputter process has 
been utilized in positive ion source applica­
tions to provide vapor for subsequent electron 
impact ionization and in negative ion sources 
as a means of ejecting neutral particles 
through a surface covered with minute amounts 
of Group IA elements in the production of 
negative ions through surface ionization pro­
cesses. 

The type and quantity of secondary ions 
emitted as a consequence of sputtering Is 
affected by the work function as well as by 
damage-induced effects. Positive surface 
Ionization Is enhanced by raising the surface 
work function, while negative surface ioniza­
tion is enhanced by lowering the surface work 
function. In recent years, the sputter pro­
cess, in combination with the work function 
lowering aspects of Group IA elements, has 
been utilized as a versatile and relatively 
efficient means of producing negative ions. 
In such sources, cesium 1s usually utilized 
because of ease of vaporization, high sput­
tering coefficient and greater work function 
1 ,.;er1ng capabilities. 
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Although there is a considerable amount of 
-xperimental sputtering data available for a 
variety of energetic projectile-target com­
binations, there is little data available for 
the sputtering of solids with cesium ions. 
Such data is important to the negative ion 
source specialist who must estimate the life­
time of samples subjected to sputtering an* 
minimize the amount of material requireJ for 
a particular negative ion generation period. 
Hence, for such applications, there is a 
distinct need for a relatively accurate means 
of predicting cesium ion sputter coefficients 
— the primary objective of this report. 

To date, the most widely accepted theory 
of sputtering is the Sigmund theory9 which 
assumes that the sputtering of target atoms 
is a consequence of the formation of cascades 
of elastic atomic collisions set in motion by 
energetic ions as they slow down in a homoge­
neous medium. 

By solving the Boltzmann transport equation 
and using results from linear cascade theory 
and elastic scattering theory, Sigmund was 
able to extract analytical formulas appropriate 
for low- and high-projectile energies. 

The sputter coefficient, S, relations 
appropriate for the indicated ranges of pro­
jectile energies are 

S < E ' 9 ) ' 2a„ f ° E *J ( f o r E * 1 0 0 ° c V> W 
» Z4U 0(COS 8 ) r 

S(E,e) = 0 ' 0 4 2 a S n ( g ) ( f o r E > 1000 eV) (2) 
U„(cos ey 

where, 
a is a tabulated function of the ratio of 

the target mass M2 to projectile mass Hi, 
Uo is the heat of sublimation of the target, 
& is the angle between the incident pro­

jectile and the surface normal, 
t usually nas values bet/een 1 and 1.7, 

depending on the ratio of target to projec­
tile masses. 

\ ' 4M lM 2/(M l + M 2 ) 2 , 
S„(E) » 4wZ l Z 2 e 2 a l 2 [M l / (M 1 • M 2 ) ] S n ( e ) , 

Zi , Z2 are the respective projectile, 
target atomic numbers, 

a i 2 - 0.8853a0(Z? /3 • Z 2

2 / 3 ) - ' / z . 

a 0 1s the radius of the first Bohr orbit, 

Sn(e) 1s the projectile stopping power In 
the target, 

M2E/(Mi • M2) 
e • — — — — — — 

ZiZ 2 e 2 /ai2 

While the theory predicts shapes of target 
sputter coefficients versus projectile energy 
In good agreement with experimental data, 
calculated magnitudes are generally In poor 
agreement with experimental observation. 

Experimentally, sputter coefficients are 
found to vary periodically while monitoni-
cally increasing with projectile mass.10 

These deviations are, in part, attributable 
to the many approximations and deletions made 
in the derivation and the assumption of a 
homogeneous distributed target when in 
reality most targets are polycrysta'line. 

A computer code,11 based on Sigmund theory, 
was used to calculate sputter ratios for cesium 
projectiles and a variety of targets .is a 
function of energy for an incident angle of 
8 = 0 * . A scaled version of the high-energy 
relation (Eq. 2) was selected as the more 
appropriate expression to ever the total 
range of interest. The expressions a and 
S n ( E ) were extrapolated to include the total 
array of naturally occurring projectile-
target combinations. 

Since there are few experimental data 
available for Cs+ ions on arbitrarily chosen 
targets and since there is a pronounced 
dependence of the scaling factor on projec­
t i l e , the task of determining the scaling 
factor was rendered more difficult. However, 
the ratios of scaling parameters determined 
for Cs+ ions and those obtained for Xe+ ions 
at a particular energy were found to be 
fairly constant from target to target where 
both sets of experimental data were available. 
Over the range cf experimental data a mean 
value <R> of the ratio was found to be 

<R> = 0.83 

with a standard deviation a = 0.1. 
This value of <R> *as used to determine 

scaling factors for the Sigmund theory and, in 
turn, sputter coefficients for more than 20 
targets over an energy range between 0.4 and 
50 KeV. For targets where experimental data 
were available, scaling factors were deter­
mined by comparing experimental results with 
the unsealed theoretical results. Figure 1.15 
makes comparisons between experimentally 
determined and calculated sputter ratios for 
cesium ions on Al and Cu targets. 
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Fig. 1.15, Comparison of experimental and 
calculated sputter coefficients of normally 
Incident Ions on Al and Cu targets. 
(Calculated values are based n\ scaled 
SI ground theory,) 



Work continues on this project Mhich is 
directed toward determining scaling parameters 
for arb i tar i ly chosen projecti le — target 
combinations. 
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BEAM BUNCHER DEVELOPMENT 
J. A. Martin U. T. Milner 

N. F. Ziegler 
A new beam buncher-chopper system is being 

designed for the tandem accelerator which will 
provide pulsed beams for time-of-flight work 
in addition to bunching the beam for injection 
into ORIC. An Improved rf control system will 
also be added. The chopper will operate at 
two discrete frequencies of 0.5 and 2.0 MHz 
providing beam pulses at intervals of 1.0 or 
0.25 microseconds. Deflection plates for the 
chopper will be located i ..ie low-energy 
beam line between the mass analyzing magnet 
and the buncher. A double-drift buncher 
similar to the present system will be used in 
the new design; however, three tube lengths 
will be provided for more efficient opera­
tion. An expanded frequency range of 4 to 
16 MHz will be available In the buncher. With 
the chopper operating at 2.0 MHz, about 25 
percent of the dc beam wi11 be compressed 
into pulses of 1 to 3 ns while operation at 
0.5 MHz will reduce the fraction of beam 
which is compressed to about 6 percent. 

Engineering of the new pulsing system 
should be complete by December 1984, and 
Installation will proceed In 1985. 

EFFORTS TO IMPROVE TANDEM ACCELERATOR 
TUBE PERFORMANCE 

In recent months the voltage performance 
of the tandem accelerator tubes has shown 
encouraging improvement. However, the accel­
erator tubes are still the principal limita­
tion to achieving higher tandem voltages. In 
this section we summarize work done which 
could lead to eventual improved accelerator 
tube performance. Much of this work was 
inspired by the results obtained at the 
Munich MP Tandem Laboratory. 

Hydrogen Arc Discharge Conditioning 
P. H. Stelson J. R. Raatz1 

R. D. Rathmell1 

Korschinek et al. 2 have shown that NEC 
accelerator tubes can be more effectively 
conditioned by the use of a low-voltage 
hydrogen arc discharge than by the standard 
methods used previously. Results from tests 
in a small accelerator showed substantial 
improvements in voltage gradients from typical 
values of 20-25 kV/cm to values of over 40 
kV/cm. 

With Korschinek"s advice and help, we 
assembled equipment to carry out hydrogen 
arc discharge conditioning at ORNL. After a 
period of familiarization, the equipment was 
transferred to the NEC 3-MV test accelerator 
where voltage tests could be carried out. 
However, the NEC accelerator could not 
achieve the column voltage gradient of 40 
kV/cm of the Munich test accelerator but was 
limited to a maximum value of slightly under 
30 kV/cm. 

With the reservation that accelerator tube 
tests suffer from very limited statistics and 
many variables, we summarize our results with 
the following points. 
1. The difference in the initial behavior of 

arc discharge conditioned tubes and normal 
tubes is striking. The familiar micro-
discharges exhibited by normal tubes are 
largely eliminated in arc discharge con­
ditioned tubes. There is essentially no 
vacuum activity. 

2. The maximum voltage gradient is quickly 
achieved with tubes conditioned by the arc 
discharge. The column gradient proved to 
be the limitation. 

3. Continuous X rays were frequently observed 
when high-voltage gradients were applied 
to arc discharge conditioned tubes. The 
intensity of these X rays could abruptly 
change. Once the continuous X rays were 
Initiated, they persisted at lower voltage 
gradients, where they had not Initially 
been observed. It Is not clear whether 
these continuous X rays will prove to be 
troublesome in the use of arc discharge 
conditioned tubes to accelerate Ions. 
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However, experience with operation of the 
HHIRF tandem accelerator, which is equipped 
with accelerator tubes which also show 
continuous x-ray activity, suggests that 
continuous x-ray activity does not adversely 
affect operation of the accelerator. 

4. The deterioration of accelerator tube 
insulators by sputtering of electrode 
Material by the arc discharge was very 
slight. It is important to operate the 
discharge at a pressure of about 100 mTorr 
in order to keep the mean-free path of the 
ion short so that they s' rike the elec­
trodes with lower energies, thus reducing 
the sputtering yield. 

5. Arc discharge conditioned tubes may be 
exposed to air with no obvious degradation 
of the voltage gradient performance. 
An explanation for the effectiveness of 

the arc discharge in conditioning accelerator 
tubes is that it causes the inner parts of 
the tube electrodes to be heated to tempera­
tures as high as 50O-70O*C, and that this pro­
motes outgassing and cleaning of the electrode 
surfaces. However, based on our test results, 
we prefer a somewhat different explanation. 
The most .1ear-cut result from our tests is 
the almost complete elimination of micro-
discharges following arc discharge conditioning. 
Although hydrogen gas was originally chosen 
to minimize electrode sputtering, it has 
other important virtues. From Tokamak *»a 11 -
cleaning research, it is known that the 
hydrogen discharge is a very effective wey to 
clean carbon and heavy hydrocarbons from sur­
faces by chemically producing methane, 
whereas, simple heating of surfaces does not 
remove these substances. The good removal of 
carbon and hydrocarbons from the electrode 
surfaces eliminates the most likely source of 
negative ions needed to initiate the familiar 
microdischarge. 

Compressed Geometry Accelerator Tube Tests 
J. R. Raatz1 R. 0. Rathmell-
P. H. Stelson N. F. Ziegler 

The success of the hydrogen low-voltage 
arc discharge conditioning of NEC accelerator 
tubes suggested to Assmann et al. 1 the possi­
bility of using a "compressed geometry" by 
eliminating the heater plates previously used 
for tube conditioning. This compressed 
geometry provides about 18 percent mo-e insu­
lation length in NEC accelerators. Tests in 
the small Munich test accelerator with this 
new configuration were encouragir.g. 

". :;-2.;.at similar "compressed geometry" 
accelerator tube was installed in the NEC 
3-MV test accelerator. The tube was first 
subjected to the normal conditioning proce­
dure of gradually increasing the voltage to 
gradually eliminate microdlscharges. This 
procedure alone was quite successful and 
demonstrated that the tube would support 
total voltages which were about 18 percent 
higher than those for a tube of standard 
geometry. Since the accelerator tube had 
achieved a well-conditioned state without 

using a hydrogen arc discharge, the result 
from running an arc discharge in the tube is 
somewhat inconclusive. Nevertheless, the 
hydrogen arc discharge conditioning was 
carried out on this tube and we could 
conclude only that it did not in any way 
limit the tube's performance. A detailed 
account of these tests is given in NEC 
Internal Report No. 18J, June 7, 1984. 

The Munich MP Accelerator Arc Discharge 
Conditioning Tests 

P. H. Stelson N. F. Ziegler 
In December 1983, the Munich MP Laboratory 

performed a hydrogen arc discharge condition­
ing test on one section of the MP tandem 
accelerator. For this test they chose the 
sectiOil of the low-energy tube which is next 
to the terminal. This section had always 
been the weakest section for holding voltage 
gradients, typically supporting 3.5 MY. After 
conditioning by the hydrogen arc discharge, 
this section supported 3.9 KV, making it the 
strongest section in fie accelerator. 
Encouraged by these results, plans were for­
mulated to condition and test the whole accel­
erator during a four-week period beginning in 
July 1984. ORNL was invited to participate 
in this program. 

The hydrogen arc discharge was run on one 
half of the MP accelerator tubes at a time. 
First, the low-energy tube was conditioned by 
operating a hydrogen arc of about 4 amperes 
for three hours. The high-energy tube was 
conditioned in a similar way. In both tubes 
the hydrogen gas was admitted at the opposite 
end of the tube from where the electron emit­
ting filament and pump were located. During 
both discharge operations, an unanticipated 
difficulty was encountered. Gas which 
evolved from the tube during the initial 
operation of the discharge poisned the fi i-
ment. For the low-energy end, the cathode 
filament was replaced by a new one. For che 
high-energy end, the cathode was operated at 
3 much higher than normal temperature to 
achieve a current of 4 amperes. In future 
conditioning c* tubes, it would be advisable 
to admit the hydrogen gas at the end of the 
tube where the filament is located to avoid 
exposing the f. lament to the evolved gases. 

After two weeks of testing the accelera­
tor, the general concensus of the Munich 
accelerator staff was that the arc discharge 
conditioning had only slightly Improved the 
accelerator tube performance. A possible 
reason for this disappointing result is that 
such a long accelerator tube system nay 
require a proportionately longer time for 
oper on of the arc discharge in order to 
clear, the tube. In contrast to our results 
with much shorter tubes, the Munich tests 
showed that microdlscharges were still 
encountered after the arc conditioning. 

1. National Electrostatics Corporation, 
Klddleton, WI 53562. 
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FACILITY OPERATIONS HQ IEVELCfffNT 

EXPERIMENTAL APPARATUS 
R. L. Auble 
E. E. Gross 
M. L. Kalbert 

N. R. Johnson 
F. E. Obenshain 
D. Shapira 

J. W. Johnson E. H. SpejeMski1 

P. D. Miller H. J . Ma 

The aajor experiaental devices at HHIRF Mere 
described in detail in the previous Progress 
Report2 and only those having significant 
changes in the past year are discussed in this 
section. For reference, the layout of the 
experiaental facilities is given in Fig. 1.16. 

Split Pole Magnetic Spectroaeter 

During the past year, a new dedicated power 
supply for the dipole Magnet was delivered and 
installed. At present, the spectroaeter scat­
tering chaaber and associated beaa line serve as 
the staging area for a polarized target facility 
which is now rearing completion. 

On-Line Isotope Separator 

Since the last report, significant progress 
has been aade on the He-jet and laser systeas, 
both of which have been under development for 
several years. Briefly, tests of the He-jet 
successfully demonstrated the power of this 
device for studying short-lived (< 1 sec) activ­
ities. Further developacnt fs needed, however, 
to reduce the heliua current in the separator 
and to improve the overall efficiency. The 
laser facil ity, which was developed to measure 
the atomic hyperfine structure (hfs) of 
separated isotope beams, was used successfully 
in a study of l ' 2 T l . In this case, a beaa of 
about 10s atoms/sec allowed measurement of the 
hfs spectrum in a matter of ainutes. 

omt-awcM-ttsn 
CONTROL ROOM 

RANGE 
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Fig. 1.16. Floor plan of the experimental areas at the HHIRF. 
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The results of the initial experiments on 
these devices are described in more detail 
elsewhere in this report. 

Broad Range Magnetic Spectrometer 

Improvements include the installation of a 
1500 1/s cryopump on the magnet vacuum chamber 
and the addition of dedicated gas handling 
systems for the focal plane detectors. A test 
run has now been made to demonstrate the use­
fulness of the BUS for studying heavier par­
ticles. Normally, a parallel plate avalanche 
detector, located between the scattering chamber 
and the magnet, is used for time of flight 
measurements. However, for heavier projectiles, 
in this case 5 8 N i , the energy loss in this 
detector becomes unacceptable. Therefore, the 
PPM) was replaced by a microchannel plate detec­
tor which detects secondary electrons from a 10 
ug/cm2 carbon foil located near the exit port of 
the scattering chamber. This detector, in con­
junction with the large PPM) located at the 
focal plane, provides ~700 psec time-of-fIight 
resolution and allows us to separate individual 
Ni isotopes. 

The Spin Spectrometer 

Improvements. The spin spectrometer, the 
HHIRF's "Crystal Ball," has undergone a number 
of improvements in the past year. The principal 
ones are as follows. 

1. The electronics equipment has been moved 
to the new south counting room, which is 
described in this report. This has made 
experimental setup much more convenient. 

2. Six pentagonal Nal Compton-suppression 
shields for Ge detectors are now 
available and have already been used in 
several experiments. Additional shields 
of both Nal and BGO, are under construc­
tion. A more complete description cf 
these units is given elsewhere in this 
report. 

3. The exit beam pipe has been modified to 
allow rotation of the scattering chamber 
and facilitate installation of auxiliary 
detectors. 

4. The 15 radial rods supporting the Nal 
detector array from the outer dodeca-
hedral frame were replaced by larger-
diameter rods, and the mechanica 
coupling to the frame was improved. The 
result is a much stiffer and more 
accurate support system. 

Problems. From October 1981 to May 1983 we 
observed a gradual deterioration of the resolu­
tion of the Nal detectors. During this time the 
average resolution over all units for 898-keV 
Y rays increased from 8.4% to 9.2%. However, 
from April to August 1984, a rapid degradation 
of performance was observed for most of the 
detectors. An inspection in August 198" 
revealed that about 50 units show moderate to 
severe cracking of the Nal that appears to have 
originated at the interface between the Nal and 
the glass window. 

I t is likely that the cracks are the result 
of two factors, possibly acting synergistically, 
namety rapid thermal cycling and shrinkage with 
age of the epoxy-cement interface. Evidence 
for the thermal effect is based on the differing 
history and degree of cracking of the two 
halves of the spin spectrometer ball. During 
the winter, the Nal units from the beam-right 
segment were stored in an area which suffered a 
failure of the heating system. Nearly all the 
Nal units from this half were later found to be 
severely cracked. During this episode the beam-
left half remained in the rave, well in the 
interior of the building, where the temperature 
fluctuations were smaller and slower. Only 
about 22X of the detectors on this half of the 
ball were severely cracked and 141 were moder­
ately cracked. 

Evidence for the importance of age is as 
follows. In the beam-right half of the ball, 
the two detectors that did not crack were both 
new or rebuilt within the previous year. 
Secondly, i t took several months after the orig­
inal assembly of the ball before an air con­
ditioning unit was installed and during this 
tine the temperature fluctuated with the 
seasons. Yet in the first two years of use, 
only one detector in the ball showed severe 
cracks; furthermore, its past performance 
suggested that i t was already cracked before 
assembly of the ball. Also, at the Nal detector 
laboratory at Stanford University, this kind of 
cracking has occurred in all Nal detectors with 
hard-epoxy joints after they aged about five 
years. 

Negotiations are in progress with three firms 
to replace or repair most of the detectors in 
the ball. The interface between the Nal and the 
glass will be a si 11cone-based elastomer instead 
of a hard-epoxy cement. 

Velocity Filter 
Calibration of the power supplies has been 

completed for the maximum deflection angle (10s 

electrostatic, 20° magnetic) using an a-
particle source and beams of Ti and Zr. The 
electrostatic deflectors have also been tested 
at 250 kV (70% of the design limit) without 
breakdowns or excessive X-ray production. 
Hardware additions include a 10.2-cm x 12.7-cm 
Breskin-type start detector for making time-of-
flight measurements, an ion chamber plus Si-
detector counter telescope for tE-E measurement 
of the selected particles, and installation of 
new power supplies which make the RMS operation 
independent of shared supplies. 

Neutron Chamber 

A recent addition to the experimental appa a-
tus available to HHIRF users is a chamber 
designed primarily for the itudy of neutrons 
emitted in heavy-ion reactions. The chamber, 
which was designed by G. R. Young with technical 
support from C. A. Reed, seek* to minimize the 
amount of material traversed by the neutrons 
before reaching the externally mounted neutron 
detectors. I t consists of two spun aluminum 
hemispheres joined by an 0-rfng seal to form a 
sphere 80 cm 1n diameter with 0.3-cm wall 
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thickness. The chanter is shown in f i e . 1.17 
with the back hemisphere removed to show the 
internal structure. Two independently rotatable 
rings are located inside the chanter to support 
charged particle detectors, and a target ladder 
is located on the vertical axis to provide space 
for Mounting four targets. Several feedthrough 
and viewing ports are also available, and custom 
flanges can be readily fabricated. As is evi ­
dent in the figure, the chanter has been used 
successfully in several experiments. 

1 . Oak Ridge Associated Universities. 
2 . J . L. C. Ford et a l . . Physics Division 

Progress Report, September 30, 1983, ORNL-6004, 
p. 20. 

ORNL-PHOTO 6011-84 

Fig. 1.17. Photograph of the 80-cm neutron 
chamber with the back hemisphere removed. 
Liquid scint i l lator neutron detectors are 
arranged around the outside of the chamber. 

COMPUTER SYSTEKS 

J . A, Biggerstaff 
W. H. Atkins1 

J . R. Beene 
J . W. HcComiell 

J . B. McGrory 
W. T. Milner 
R. 0. Sayer1 

C. N. Thomas2 

Data Acquisition/Reduction Computer System 

The hardware configuration of the data 
acquisition/reduction system 1$ essentially 
unchanged from that reported previously. 3 We 
have added a 6250-bpl tape drive (for a total 
7) and a color graphics terminal (for a total 
6 ) , A monochrom, printer-plotter has been 

acquired and is dedicated to service of a new 
counting station in the "deep-south'* annex. 

He have fu l ly commissioned a new data pro­
cessing software package called "CHII" (for 
Comprehensive Histogramming Instruction 
Language). CHIL provides major improvements in 
both the performance and the ease of use of our 
processing software without changing the basic 
structure of the system described previously. 3 

Development of (JUL began with a description of 
a desirable machine instruction set for data 
processing with emphasis on tools for "gating" 
and "histogramming." These new instructions 
were implemented in microcode for our processors 
and assembly language routines generated to 
invoke them. A CHIL compiler was written to 
translate users' FORTRAN-like gating, histo­
gramming and control (GOTO, IF . etc . ) statements 
into a "machine-language" program using the new 
instruction set. An important feature of CHIL 
is i ts robustness, responsibility for 
"crash-proofing* the system was divided into two 
areas. F i rs t , the microcode was hardened 
against unexpected ( i l l ega l ) data values. 
Secondly, to eliminate the need for time-
consuming run-time tests, the CHIL compiler was 
designed with thorough syntax and logic checking 
to insure that invalid instructions are never 
generated. User acceptance of the new package 
was so immediate and so trouble-free that CHIL 
has completely superseded a l l our older 
histogramming software. 

The VAX-FPS Dual Processor Computer System 

The VAX-FPS Dual Processor Computer System 
described In last year's report has become a 
widely used f a c i l i t y by both nuclear theorists 
and experimentalists to perform the extensive 
calculations needed to analyze and understand 
the heavy-ion physics experimental data produced 
on HHIRF. Several significant improvements have 
been made on the system in the past year. A new 
unibus adapter has been adled to the VAX 11/780 
to increase the number of ports available to 
users to 32, and the number of stations with 
direct access to the system has been increased 
accordingly. A new fast, sealed, 480-Mb disc 
has been instal led, bringing the total disc 
storage capacity directly accessible from the 
VAX 11/780 to almost 1 b i l l ion bytes. The fast 
memory of the FPS-AP 164 attached processor has 
been increased from 2 Mb to 6 Mb. This wi l l 
enable the system to handle much larger calcula­
tions, such as TDHF calculations for medium mass 
nuclei, and the heavy-ion coupled channels code 
EC7S wil l now f i t on the AP 164. Hardware is 
now on order to provide ready access to the 
system from the Joint Institute for Heavy Ion 
Research. 

of 
of 

1. Computing and Telecommuncations Division, 
2 . Oak Ridge Associated Universities. 
3. J . A. Biggerstaff et a l . , Physics 

Division Progress Report, September 30, 1983, 
ORNL-6004 p. 24ff. 
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FACILITIES 
R. L. Robinson 
R. L. Alible 
F. E. Bertram! 

N. L. Halbert 
D. Shapira 
C. M. Thomas1 

JIHIR Building 

The Holif ield complex was enlarged by comple­
tion of the second building of the Joint 
Institute for Heavy Ion Research in Apr i l , 1984 
(F ig . 1.18). This 6000-ft 2 building has 12 
of f ices, 2 laboratories, and an 80-person con­
ference roon. Four offices in this building 
are occupied by the UNISOft s taf f . The two pic­
turesque t ra i lers which had served as their 
offices have been removed fro* the Holif ield 
s i te . 

Counting ROOMS 

The tandem counting room has been recon­
figured to provide better access to the elec­
tronics racks and More work space. Patch panels 
linking the counting area with experimental sta­
tions 23, 31 , 33, and 35 are presently in place 
and a panel for station 21 (velocity f i l t e r ) 
wi l l be installed in the near future. 

A third counting roon (south counting roan) 
is now available. This counting room is located 
in the South Annex iMMediately outside the 
entrance to the spin spectrometer cave. Com­
puter terminals, a graphics display unit , and a 
hard ropy device are instal led, and a link to 
the ORIC counting roon provides access to the 
data acquisition computers. Cables connecting 
this area with the spin spectrometer are in 
place and the spin spectrometer electronics have 
been Moved from the experiment room to this 
counting room. The new counting room has been 
used in several experiments on the spin spec­
trometer and has enormously improved the ease of 
experiment setup ami uata acquisition. Expan­
sion of this counting room to service the 1.6-m 
scattering chamber is being considered. 

A cable linking the tandem and ORIC counting 
rooms wi l l soon be instal led. This link wi l l 
make i t easy to connect any counting room with 
any of the three data acquisition computers, 
permitting rapid switching to another system in 
the event of computer problems. 

1 . Oak Ridge Associated Universities. 

ORNL-PHOTO 4042-84 

Fig, 1,18, View of the two buildings of the Joint Institute for Heavy Ion Research taken from 
atop the HHIRF tower. Building two Is at the upper right with building one at the upper l e f t . 
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USERS SUPPORT 

R. L. table R. W. Hiles 
J . A. Biggerstaff C. A. Reedi 
R. P. Comby R. L. Robinson 
J . W. Johnson C. N. Thomas1 

U. T. Winer 

Experimenters routinely call upon the 
resources of the Users Support Group in setting 
up their experiments. Normally, a technician 
(R. U. Riles or C. A. Reed) is assigned to a 
specific experiment when the run schedule is 
established. They assist the experimenters with 
hardware related Matters such as installing 
alignment telescopes, diagnosing and overseeing 
repair of vacuum problems, and designing and 
supervising fabrication of parts which nay be 
needed for a particular setup. On the elec­
tronics end, R. P. Cumby maintains the HHIRF 
electronics pool (consisting of nearly 1000 
instrument's and a multitude of cables), helps to 
locate nodules needed for each experiment, 
diagnoses problems in the electronics, and tests 
the semiconductor and scint i l lat ion detectors to 
ensure that they meet specifications. 
Interfacing of the users electronics with the 
data acquisition system is handled by Charles 
Thomas. This includes connecting the CAHAC 
interface to the appropriate CPU, installing the 
Event-Handler and associated modules, and 
setting up peripherals (NTH terminals. 
Chromatics terminals, Trilogs). 

In addition to these routine tasks, the tech­
nicians assist the mentors with maintenance and 
modification of the various experimental f a c i l i ­
t ies and provide technical support to the 
research staff in the development of new equip­
ment. Examples of the projects in which the 
technicians have been particularly active are: 
design of an improved collimator for the veloc­
i ty f i l t e r (R. Wiles), design of the 80-cm 
neutron chamber (C. Reed), development of an 
operating system for the 68000 Branch Driver 
(C. Thomas), and development of new high voltage 
supplies for the velocity f i . > r (R. Cumby). 

1 , Oak Ridge Associated Universities. 

JOINT INSTITUTE FOR HEAVY ION RESEARCH 

R. L. Robinson L. L. Riedinger 
J . H. Hamilton 

Although the Joint Institute for Heavy Ion 
Research (JIHIR) legally became an entity with 
the signing on June, 1982, of the Agreement of 
Understanding by representatives of Union 
Carbide Corp. (then operating contractor of 
0RNL), the University of Tennessee, Vanderbilt 
University, and the Department of Energy, i t did 
not become a ful ly operating Institute until i t 
was provided operating funds July 1 , 1984. The 
budget for the year beginning then is about 
$250,000. Two-thirds of this is fron the State 
of Tennessee via a Centers-of-Excellence grant 
through the University of Tennessee • Knoxvllle. 

Contributors to the remaining one-third are 
0RNL. Vanderbilt University, and the Department 
of Energy. 

Beginning a new Institute has required con­
siderable involvement of the JIHIR Policy 
Council which is responsible for establishing 
policy and overseeing operation. These have 
included a ayriad of mundane detai ls: 
establishing u t i l i t y , jani tor ia l and telephone 
services by ORML to a building not a part of 
ORNL; developing a mechanism for providing sup­
port to guests of the Inst i tute; procuring fur­
niture; assuring that minor building problems 
are rec t i f ied , etc. Members of the Policy 
Council are J . H. Hamilton (also serving as 
Director of JIHIR), L. L. Riedinger and 
R. L. Robinson. 

The major portion of the budget is to support 
guests of the Inst i tute with assignments ranging 
from a few days to a year. Persons already sup­
ported since July 1 are C. H. Ko, J . A. Haruhn, 
and J . Eberth. Thirteen others are expected 
before the end of this calendar year. The 
Institute has also hired a half-time secretary. 

I n i t i a l l y the second building wi l l provide 
offices for staff persons of UNIS0R, of the 
University of Tennessee, and of Vanderbilt 
University, and in addition, offices for nine 
guests of the JIHIR. There are 12 desks for 
more Hoiifield users and JIHIR guests in the 
f i r s t building. 

A dedication for the JIHIR is being planned 
for October 15. 1984. I t wi l l be followed by a 
one and one-half day symposium on Directions in 
Nuclear Structure Research. 

The f i r s t building of the Joint Inst i tute , 
which was opened for occupancy in Hay 1931, con­
tinues to meet needs by providing conveniently 
located dormitory accommodations for Hol i f ie ld 
Users from outside the laboratory. During 
FY 1984, i ts eight dormitory beds accommodated 
213 visitors with an average length of stay of 
6.1 nights (1308 person-nights). The occupancy 
rate was strongly coupled to accelerator opera­
t ion . Because of the i r e i ^ n t requests that 
could not be met when the accelerators were 
operating (22% of the time the dormitory rooms 
were f u l l ) , we are adding two more dormitory 
rooms during the next month. 

USERS GROUP ACTIVITIES 

R. L. Auble and R. L. Robinson 

The HHIRF Users Group presently includes 
nearly 500 members representing over 150 ins t i ­
tutions. Members are represented by the Users 
Group Executive Committee, whose membership for 
1983-84 is given in Table 1.9. 

Two new members of the Executive Committee 
are elected each year by the Users Group from a 
slate of candidates selected by the Nominating 
Committee. For 1984, this committee consisted 
of L. Grodzins, M. Guldry, J , Hamilton, 
W, Lynch, L. Riedinger (Chairman), R. Stokstad, 
and K. Toth. 

The Executive Committee normally meets about 
four times a year in order to provide input 
regarding fac i l i ty operation, equipment needs, 
and other matters which impact the users. 
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Table 1.9. Users Group Executive Committee Members for 1983. 1984. ami 1985. 

1983 

H. C. Br i t t (LANL) 
C. K. Gelbke (Michigan SU) 
D. C. Hensley (ORNL) 
J. B. Katowitz (Texas ASM) 
D. G. Sarantites** (Washington U) 
E. H. Spejewski* (UNISOR) 

1984* 
C. K. Gelbke 
D. C. Hensley 
J. 8. Katowitz 
D. G. Sarantites* 
E. H. Spejewski 
S. G. Steadaan** (HIT) 
J. L. Hood (Georgia Tech) 

1985 
D. C. Hensley 
D. G. Sarantites 
S. G. Steadaan* 
J. L. wood** 
M. U. Guidry (U Tennessee) 
A. C. Hignerey (U Maryland) 

•Chairperson 
**Chai rperson-elect 
•Seven aeabers this year only due to change froa 2 year to 3 year tenure 

During the past year, the Coaaittee act on 
October 14. 1983; May 3. 1984; June 23. 1984; 
and Septeaber 18. 1984; providing numerous 
recoaaendations which have been taken into con­
sideration in the operation of HHIRF. Minutes 
of these aeetings are available froa the Liaison 
Office. The aeeting of June 23, 1984 was 
notable in that it was the first on-site aeeting 
of the Coaaittee. This proved to be very infor­
mative for both HHIRF and the Coaaittee and it 
is planned to hold similar aeetings on an annual 
basis. 

PROGRAM ADVISORY COMMITTEE 
R. L. Robinson 

Table 1.10 gives statistics on the PAC 
aeetings held during FY 1984. The heavy over­
subscription of research hours for PAC-3 is 
attributed to the long t iae (13 months) between 
this PAC and the preceding one. The requests 
shown for PAC-4 are suspected to be more typical 
since the time between meetings of PAC-3 and 
PAC-4 (5 months) is more nearly l ike the average 
6 month interval that is planned between future 
PACs. 

As outlined in the Users Handbook, the 
intent, normally, is to complete experiments 
within a year after their approval. Table 1.11, 
which summarizes status of the experiments 
recommended by a l l HHIRF PACs, indicates that, 
in practice, this objective is nearly being 
accomplished. 

Table 1.10. stat ist ics on PAC-3 and PAC-4 

PAC-3 PAC-4 

Meeting Dates 
Number of 
Proposals 
Submitted 

Requested 
Research 
Hours 
Hours Recommended 
for Approval 

Recommended Hours 
Requested Hours 
Participants 
on PAC 

Apr. 5-6, 1984 Sept. 8-9, 1984 

57 

5288 
2232 

42% 

K. Gelbke 
E. Gross 
F, Iachello 
R. Nix 
P. Stelson 
F. Stephens 

31 

3272 

2043 

63X 

G. Bertsch 
E. Gross 
F. IacheDo 
R. Nix 
P. Stelson 
D. Hard 

Table 1.11. Status of experiments 
recommended by HHIRF PACs 

Dates Met 

Hours 

Dates Met Recommended Remaining 

PAC-1 Nov. 10-11, 1984 2120 0 
PAC-1A June 5, 1981 1032 0 PAC-2 Feb. 28-Mar. 1, 1983 1656 184 
PAC-3 Apr. 5-6, 1984 2232 1184 
PAC-4 Sept, . 8-9, 1984 2048 2040 

Total 9088 3408 



2. EXPERIMENTAL NUCLEAR PHYSICS 
Our aain research prograa in heavy-ion physics is carried out using the beaas 

and equipaent at miRF. Use is also aade of heavy-ion f a c i l i t y ? at LBL, Michigan 
State University and at Texas MM. An extension of this prograa into the f ie ld of 
relat ivist ic heavy-ion reactions is being pursued through a collaborative experi-
aent to u t i l i ze 800 GeV to 3200 GeV 1 6 0 beaas at CERN. In addition, Me continue 
to carry out a vigorous and productive prograa in aediua energy physics using 
faci l i t ies at LAMPF, TRIUNF, and IUCF and a smaller prograa in neutron physics 
using the QRELA f a c i l i t y . 

Noteworthy accoaplishaents for this period include: new results froa the 
Spin Spectroneter on neutrons and T decay froa giant resonances; the appearance of 
a quasivibrational transition in l s *Tb above spin 24n"; further aeasureaents on »° 
production froa heavy-ion collisions; and the aeasureaent of tiae-delayed pro­
cesses *roa 1 ( 0 + Ge reactions using the crystal blocking technique. This period 
has ilso been sadly aarked by the losses of two long-tiae staff aeabers, J . L. C. 
Ford, Or. and C. B. Fulaer. 

OPTICAL MODEL ANALYSIS OF 200-400 MeV 
PROTON ELASTIC SCATTERING ON 2 0 a P b 

E. E. Gross D. Horen 
F. E. Bertrand J. Lisantti1 

Among the results of the Oak Ridge-Oregon-
Oregon State proton inelastic scattering program 
conducted at TRIUMF are: (1) direct evidence 
for the excitation of the GOP by high energy 
proton inelastic scattering, 2 (2) confirmation 2 

of L = 3 GOR resonances in 9 0 Z r and l 2 0 S n , (3) 
discovery of L = 4 GHR strength* in 2M,20<tyb, 
and (4) an improved understanding of the 
"background" underlying the giant resonance 
region in terms of quasi free scattering. *» 

In order to assign strengths (in terms of 
enerjy-weighted sum rule depletion) to the 
various giant resonances excited by 200-MeV pro­
ton inelastic scattering, we carried out DUBA 
calculations using an optical potential devel­
oped for proton elastic scattering in the 
60-160 MeV range.5 This analys is 2 ' 3 led to 
strengths some 50X smaller than had been 
reported from previous lower energy measure­
ments. Using the same analysis, the cross sec­
tion for exciting the low lying 3~ state (2.61 
MeV) in 2 0 8 P b was also under-predicted by -SOT 
and we therefore renormalized the DWBA strength 
estimates for the observed giant resonances by a 
factor of about two. 2 t 3 This procedure is not 
entirely satisfactory and brings Into question 
the applicability of the DWBA method for the 
higher proton energies. 

Subsequently, we have measured6 differential 
cross sections for 334-MeV proton elastic and 
inelastic scattering on 2°*Pb using the HRS 
magnet fac i l i ty at LAMPF. Rather than rely on 
optical model systematlcs developed at a lower 

energy, 5 we could use these new data to generate 
a more appropriate optical potential. Although 
covering a very limited angular range (2.5° to 
13° c m . ) , a coupled channels analysis 6 of the 
334 MeV data yielded B(E3) values and giant 
resonance strengths for 2 0 8 P b which were in 
excellent agreement with previous measurements. 

More recently we have become aware of very 
extensive differential cross section and polari­
zation measurements for 200-, 300-, 400-, and 
500-MeV proton elastic scatterirg from 2 0 8 Pb 
performed by Hutcheon and collaoorators. 7 These 
data have been subjected to an optical model 
analysis using the automatic search routine in 
the ECIS computer program.8 The best f i t 
parameters at each energy are summarized in 
Table 2 . 1 . The best f i t geometry parameters for 
the 200-, 300-, and 400-MeV analyses were 
averaged and the cross section and polarization 
data were again f i t ted by varying the optical 
potential strengths. The average geometry 
:earch results are also included in Table 2 . 1 . 
The 500-MeV data could not be satisfactorily 
represented by an average geometry potential, 
especially the 500-MeV polarization data. The 
increasing importance of meson production and 
re lat iv is t ic effects may account for the change 
in conventional optical model systematlcs in the 
400-500 MeV range. 

Figure 2.1 shows the average geometry f i t to 
the 200-MeV elastic scattering data and Fig. 2.2 
shows the same thing for polarization (solid 
curves). Also shown are predictions from the 
Nadesen et a l . 5 potential (dotted curves). 
Using the new potential of Table 2.1 in an 
analysis of our previous 200-MeV-protons ine­
lastic scattering data 3 from 2 0 8 P b now provides 
agreement with prevlojs results for B(E3) for 
the 2,613 MeV, 3* . level . Jt is reassuring that 
the DWBA method can be safely apolied in the 
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Table 2 .1 . Proton • 2 0 , Pb optical parameters 

334 HeV 200 * » 300 fel F 400 IMF 500 IteV 

Avj.geo. Fit Avq.geo. F i t A«9-9M. Fit *»9-9W». Fi t Fi t 

»R 4.452 12.4* 11.17 11.11 4.37 4.934 0.292 0.20 - 1 0 . U 

m 1.315 1.121 1.315 1.299 . I.31S 1.304 1.315 1.341 1.103 

** 0.599 0.770 0 . 5 » 0.623 0.599 0.606 0.599 0.568 0.489 

»i 19.67 30.00 21.17 20.38 25.19 24.48 34.12 33.49 30.81 

H 1.149 1.090 1.149 1.167 1.149 1.165 1.149 1.116 1.15/ 

» I 0.799 0.765 0.799 0.827 0.799 0.762 0.799 0.808 0.597 

»so 2 . I I 1.89 2.20 2.65 2.32 2.105 2.211 2.23P 2.972 

•"so 1.104 1.138 1.104 1.095 1.104 1.098 1.104 1.12} 1.008 

»so 0.689 0.777 0.689 0.685 0.689 0.651 0.689 0.730 0.874 

»I -0.528 -0.770 -2.859 -2.88 -3.24 -3.314 -4.894 -3.630 -0.412 

r I s o 1.061 1.135 1.061 1.050 1.061 1.058 1.061 1.076 1.347 

•ISO 0.801 0.687 0.801 0.821 0.801 0.785 0.801 0.799 0.700 

4 956 554 3710 1670 1530 2110 1580 1040 1420 

4 644 246 1820 2000 663 820 4150 3030 885 
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F1g. 2 .1 . Elastic scattering data7 for 200-, 300-, and 400-KeV protons Incident on a 2 0 8Pb target. 
The solid curves are "average geometry" fits using the potenltals In Table 2 .1 . The dotted curves are 
predictions using the Nadasen et a l . systematlcs.9 
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Fig. 2.2. Elastic polarization data 7 for 200-, 300-, and 400-MeV protons incident on a 2 0 8 Pb 
target. The solid and dotted curves correspond to those in Fig. 2.1 for the differential cross 
sections. 

200-40r MeV proton energy range provided care is 
taken to determine the optical potential. 
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INELASTIC EXCITATION OF LOW-LYING STATES IN 
206pb gy 334-HeV PROTONS 

F. E. Bertrand D. K. McDaniels2 

E. E. Gross L. W. Swenson3 

0. J . Horen T. Carey+ 
T. P. Sjoreen' K. Jones'* 
J . L isant t i 2 J . B. McClelland" 
J . T. Tinsley2 S. SeestroHt-Morris1* 

The strength of a giant resonance excitation 
is generally stated in terms of the percentage 
depletion i f «nergy weighted sum rule (EWSR). 
The EWSR is directly associated with the tran­
sit ion rate L"B(EL)] of the resonance as; 

EWSR - B(EL) C f £ , , .y | igff i t e ! < r a- 2 > 
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where Ef and Ej denots the energies of. the final 
and in i t ia l states in the transition and <H-> is 
the rms charge radius of the ground state. For 
electromagnetic interactions the determination 
of B(EL) is direct. However, in inelastic 
hadron scatter .^ B{EL) is not directly 
obtained; rather, a deformation parameter, \ , 
is deduced which is related to B(EL) in a model 
dependent way. In order to insure that the 
correct EWSR is being deduced for giant 
resonances excited in inelastic scattering, i t 
is important to check the determination of B(EL) 
for low-lying nuclear states having known spin, 
parity, and transition rate. 

In our recent, high resolution measurements of 
giant resonances in 2 0 8 Pb using inelastic scat­
tering of 334-HeV protons, we obtained data for 
the elastic scattering and inelastic excitation 
of low-lying 3 _ , 2 + , and 4 + levels. The data 
have been compared with DWBA calculations which 
u t i l i ze optical model parameters fron energy-
dependent potentials obtained from f i ts to 200-, 
300-, and 400-HeV proton elastic scattering on 
208pD a s described in the preceding contribu­
t ion . Pigure 2.3 shows the elastic scattering 
data (both differential cross section and ana­
lyzing power) and the optical model calcula­
tions for 334-HeV proton scattering from 2 0 8 P b . 

Figure 2.4 shows the differential cross sec­
tions for inelastic scattering to the 2.613-MeV, 
3", 4.086-MeV, 2 + , and 4.323-MeV, 4 + , states in 
208pD. The ujjj yai^s deduced by normalizing 
the calculations to the data are shown r n the 
curves. From these e^R values we derm the 
B(EL) values shown in Table 2.2 compared with 
values adopted in the Nuclear Data Sheets. 5 

I t is clear from these results that results of 
inelastic scatte-ing of medium energy protons 
can be used to deduce a correct B(EL) value. 
Through this comparison we gain confidence that 
our EWSR measurements for the giant resonance 
states in 2<>8pb are rel iable. 

ORNt -DWGB4-1S441 

1. Solid State Division, ORNL. 
2. University of Oregon, Eugene, OR 97403. 
3. Oregon State University, Corvallis, 

OR 97331. 
4. Los Alamos National Laboratory, Los 

Alamos, NM S7545. 
5. M. J. Martin, Nuclear Data Sheets for 

z 0 8 P b , in preparation (private communication). 

COMPARISON BETWEEN EXPERIMENTAL AND 
CALCULATED CROSS SECTIONS AMD ASYMMETRIES FOR 

SPIN EXCITATIONS IN "0"»«Ca 

AVERAGE GEOMETRY 
POTENTIALS 

(deg) 

Fig. 2 .3 . Differential cross section and 
analyzing power for elastic scattering of 
334-MeV protons from 2 "*Pb. The solid curve 
1s an optical model calculation. 
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E. E. Gross J. B. McClelland1* 
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r. K. McDanlels2 S. J. Seestrom~Morr1s" J. R. Tlnsley2 K. Jones'* 
The "•"•"•^(p.p') reaction has been studied 

ut i l iz ing the HRS faci l i ty at LAMPF. The Inci­
dent protons had an energy of 334 MeV, and the 

overall resolution achieved was -80 keV. 
Measurements Included the angular region etm 
~2°-10°. The data were analyzed and differen­
t ia l cross sections and asymmetries were deter­
mined for sp1n-1sospin excited states at 10.24 
MeV (J" » 1+, T-4) in ^Ca, 8.42 MeV ( J * - 2", 
T- l ) and 10.31 MeV (J * - 1+, T- l ) in *°Ca. 
The experimental cross sections and asymmetries 
are shown 1n Figs. 2 , K , 2.6, and 2.7. 
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Fig. 2.4. Differential cross sections for 
inelastic scattering of 334-MeV protons to three 
low-lying levels In *08pb. The solid curves and 
dashed curves are from DWBA calculations. 

Table 2.2. Properties of levels studied 

Level B(EL) B(F.L) 
Energy Level J^R Deduced Nuclear 
(Hev) J» e ^ L Data Sheets 
2.613 3" 0.83 0.67^ 0.611-

4.086 2+ 0.42 0.33*- 0 .318^ 

4.323 4+ 0.48 0.12± 0 .135^ 

OMl-flKMHim 
l 1 1 - l | I I I I 

E,'3MIW. 

- 11 
IT Eg-«U4MW 

1-
b 

- 11 ?| j r 

I 1 i i i I 

0 5 » 

Fig. 2 .5 . Differential cross section and 
asymmetry for the 10.24-MeV 1* state in " ^ a . 
The i.ol.d lines are from DMIA calculations. 

Our measured cross section for the 10.24-HeV 
state in l*8Ca is in good agreement with that 
obtained by Nanda et a l . 5 with protons of energy 
319 MeV. However, we do not observe the sharp 
minimum at -5° in the asymmetry as reported by 
those workers. Our data for the 10 31-MeV state 
In **°Ca is consistent with the results obtained 
with 200-MeV protons. 6 Our asymmetry data are 
the f i rs t measured for this state at Inter­
mediate energies. The data at these energies 
for the 8.42-HeV state in "•"Ca Is the f i r s t to 
our knowledge. 

The quenching of spin transitions ( e . g . , Ml, 
GT) is well established, although a complete 
understanding of its physical basis is s t i l l 
being debated. Two mechanisms which have been 
proposed to explain such quenching have been 
ground-state configuration mixing and mixing 
with AN- excitations. Both mechanisms would 
result In pushing some spin strength to the 
region of higher excitation. For l , 2 _ l , 8 C a , 
McGrory and Wlldenthal 7 have shown that an fp 
space can account for a considerable part of the 



27 

J -

OWL-IMG »«-W0« 
I I I I | I I I I 

E,'334MlV 

to 0 

I I I i I I I I 

1 

. i i- r 1 | 1 1 ! 1 . 

- i *^H-

_ I 
J'-Z" 

I 
(») 

i i i 1 1 1 I 1 1 

Fig. 2.6. Differential cross sections for 
excited states in '*0Ca. The solid lines are 
from DWIA calculations. 

quenching, but s t i l l have to quench the a opera­
tor by -80% as is needed to reproduce the 
ground-state magnetic moment of **lCa. Brown et 
al . 8 have discussed the qualitative aspects of 
core breaking. 

We have performed microscopic DWIA calcula­
tions using the Love-Franey9 interaction and the 
code 1 0 OWBA-81. For the 1 + excitation in "^a 
we have used a pure fs/2^7/2 neutron particle-
hole transition. Our optical potential parame­
ters were deduced by f i t t ing our elastic cross 
section and polarization data over the angular 
range e c m "2 ' -15 0 . At 334-MeV, the reaction Is 
dominated by the <JT component of the Inter­
action. We find that the calculated cross sec­
tion must be multiplied by -0.29 to f i t the 
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2.7. Asymmetries for excited states in 
The solid lines are from DWIA calcula­

te t a . This is in good agreement with the 
results of Nanda et a l . 5 who found a scaling 
factor of 28% at 319 MeV. The solid curves in 
Fig. 2.5 are the calculated values. Overall, 
the calculations reproduce the data quite well 
in the angular range considered. Nanda et a l . 5 

found that with the fp space model wave func­
tions the normalization needed to get agreement 
with the data was -47%. This is about the same 
ratio obtained from (e,e ' ) results which is as 
expected for a pure neutron Ml excitation. From 
measurements at E p * 201 MeV, Crawley et a l . 1 1 

deduced a normalization of only -30%. 
For the 10.31-MeV l * state in '•"Ca, the 

ground state configuration was taken as 

[ ( f 7 / z ) 2 (d3 /2 ) " 2 ]o+ ; f 7 / 2 * f 7 / 2 a n d d 3/2*3 /2 
transition densities provided by Brown 1 2 were 
used In a DWIA calculation. Normalization of 
the calculation to the data resulted in B(M1) > 
(0.39 ±0.08)g2. This is in excellent agreement 
with a value of 0.55W2, deduced from B(GT) • 0.21 
as reported by Taddeuccl et al. 1 5 from (p,n) 
measurements. The calculated Ay(e) for this 
transition is in good agreement with the data, 
as can be seen in Fig. 2.7. 

The DWIA calculations for the 8.42-MeV 2" 
state were done with lrfu particle-hole excita­
tion transition densities provided by Brown. 1 2 
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The calculated cross section was Multiplied by 
0.35 to nonulize to the experimental data. 
This yields B(H2) = 281 w? fm 2 which is in good 
agreement with a value deuced fro* excitation 
of the analogue state via the (p,n) reaction, 1 3 

and also a value of 235 ± 20 W? fm 2 Measuredl" 
by inelastic electron scattering. The calcu­
lated Ay(e) is in reasonable agreement with the 
data although it appears to be slightly high 
(see Fig. 2.7). 
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A HIGH RESOLUTION STUDY OF 
GIANT RESONANCES IN 2 0 8 P b USING 

INELASTIC SCATTERING OF 334-MeV PROTONS 
F. E. Bert rand D. K. McDaniels2 

E. E. Gross L. W. Swenson3 

D. J . Horen T. Carey" 
T. P. Sjoreen1 K. Jones" 
J. Lisant t i 2 J . B. McClelland" 
J. T. Tlnsley 2 S. Seestrom-Morris" 

R.O. Sayer5 

Even though giant multipole resonances have 
been studied for over a decade, there remain 
numerous uncertainties and discrepancies between 
measurements on some nuclei. One of these cases 
is a disagreement between Inelastic electron 
scattering6 and inelastic hadron scattering 
measurements or. 2(>8pb. The electron scattering 
results do not show the presence of a broad 
giant quadrupole resonance (GQR) peak as 1s 
observed in al1 hadron measurements,7 but rather 
show a spectrum comprised of a large number of 
rather narrow peaks. Furthermore, the Inte­
grated E2 strength between 8 and 12 MeV of 

excitation energy is found to be 29-eH of the 
energy weighted sum rule (EWSR) via the electron 
work and 80 ± 15S in the hadron experiments. 
The electron experiments were performed with an 
energy resolution of 50-60 keV, considerably 
better than achieved with any of the hadron 
measurements. 

In order to make a direct comparison with the 
electron measurements, we have studied giant 
resonances in 2 0 8 P b using the high resolution 
spectrometer (HRS) at LAMPF. The resonances 
were excited using 334-NeV polarized protons and 
were detected in the spectrograph with an energy 
resolution of -70 keV, comparable to that 
obtained in Ref. 1 using 50-NeV electrons. 

Measurements were made at one degree inter­
vals between 2.25 and 13.25 degrees. An 
inelastic excitation energy range in 2 0 8 P b of 
0-26 MeV was obtained by using three spectro­
graph magnetic field settings. 

Figure 2.8 shows 2 f t 8Pb spectra at several 
angles. The spectra are dominated by several 
large and generally broad peaks. The various 
peaks have been fitted with Gaussian shapes and 
an estimate has been made for a smooth extrapo­
lation of the nuclear continuum under the reso­
nance -eaks. At the smallest angles, 2.25 and 
3.25 degrees, the spectra are dominated by a 
broad peak at 13.6 MeV. This peak arises from 
Coulomb excitation Of the giant dipole resonance 
(GOR). At larger angles the GDR cross section 
falls off rapidly and a large peak is observed 
at 10.6 MeV. This peak is located at the energy 
where the GQR peak has been observed in other 
inelastic scattering work. The peak at -44 MeV 
persists at larger angles but is likely to arise 
from excitation of both the GOR and giant mono-
pole resonances (GKR). At 9.25 degrees, a peak 
centered at ~20 KeV is observed. This peak 
energy is in agreement with the location8 of the 
giant octupole resonance. The spectrum at 10.25 
degrees shows the need for inclusion of a peak 
located at 12.0 MeV. This result is in complete 
agreement with our work 9 at 200 MeV which showed 
the presence of L - 4 excitation at 12-MeV in 
both 2 0 8 P b and 2 0 6 P b . One of the more interest­
ing features of the spectra in Fig. 2.8 is the 
large number of rather narrow peaks observed 
below the GQR excitation energy. These peaks 
are observed consistently at all angles of 
measurement. 

Figure 2.9 shows the extracted angular distri­
bution for the GQR peak (10.6 MeV). The cross 
sections are compared to a DWBA calculation for 
L « 2 transfer. The calculation uses optical 
model parameters obtained from a fit to the 
elastic scattering. Furthermore, as discussed 
in the preceding contribution to this report, 
use of the same parameters in DWBA calculations 
yield, when compared to angular distributions 
for low lying states 1n 2 0»Pb, excellent 
agreement with the known J* and B(E2) for these 
states. From the comparison between the calcu­
lations and data shown in Fig. 2.9, we determine 
that 70X ± 14% of the EWSR Is depleted In the 
2.0-MeV-wide GQR peak. The lower part of F1g. 
2.9 shows the measured analyzing power for the 
GQR peak. The comparison between the analyzing 
power calculation and data is rather good except 
near 11 degrees. 
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Fig. 2.8. Spectra at several angles from the re?ction 2 0 8Pb(p,p'), for Ep = 334 MeV. 

Figure 2.10 shows measured and calculated 
angular distributions for the narrow peaks found 
between ~7 and -9.5 MeV of excitation energy. 
We find that most of the peaks are best 
described by L = 2 transfer although one L - 3 
and one L = 4 peak has been identified. The 
four 2 + states deplete a total of -23% of the 
T « 0, L = 2, EWSR. This strength, when added 
to that found in the main GQR peak (Fig. 2,9) 
accounts for 93% ± 15% of the T = 0, quadrupole 
sum rule strength in 2 0 8 P b . 

It is clear from these measurements that the 
existence of a localized peak containing a large 
fraction of the quadrupole EWSR in 2<>8pb per­
sists in hadron scattering, even when studied 
with an energy resolution of 70 keV. 
Furthermore, these results Indicate that ~90% of 
the I • 2, EWSR is located 1n the giant reso­
nance region of 2 0 B P b . This result Is In 
excellent agreement with that obtained from our 
recent measurements of the photon decay of the 
208pD giant resonance region (discussed elsewhere in this report). 
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Over the past few years considerable research 

effort has been expended toward the establish­
ment of the location of various multipole giant 
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F1g. 2.10. Angular distributions for narrow 
states observed below the giant quadrupole 
resonance. 

resonances. For nuclei having A > 40 systematlcs 
of the energy, width, and strength of Isoscalar 
monopole, quadrupole, and octupole resonances 
have been rather well established.5 For nuclei 
In this mass region the Isoscalar giant reso­
nances appear as broad (2-6 MeV FWHM) peaks 
rising above a generally flat nuclear continuum. 

For nuclei lighter than A~40, specifically 
sd-shell nuclei, the character of the giant 
quadrupole resonance fs dramatically different. 
No longer 1s a broad peak observed, but with 
adequate energy resolution many Individual peaks 
are observed 1n the 2lf« - 3Ku region of excita­
tion energy. This fine structure was Initially 
observed via Inelastic scattering of 60-MeV 

protons6 and later using the (a,a') reaction7 

with 120-HeV alpha particles. The sd-shell 
offers a unique opportunity for comparison of 
GQR excitation via proton and alpha inelastic 
scattering, electron scattering,6 and alpha cap­
ture reactions,9 A comparison of giant reso­
nance results from several different reactions 
1s necessary to unfold the complicated observed 
resonance structures, studies In the sd-shell 
offer the maximum numbei of reactions for com­
parison. 

We report here a study of giant resonance 
states In sd-shell nuclei excited by inelastic 
scattering of 500-MeV polarized protons using 
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the HRS facility at LAMPF. Data were Measured 
from 4* to 20" for scattering fro* ,,0Ca and from 
4* to 12" for scattering from 2 8 Si . He plan to 
request additional beam tiae to extend the z 8 Si 
angular distribution and Measure additional data 
for 2l|Hg and 28Mg. Two settings of the Magnetic 
field were required to obtain composite spectra 
covering an excitation energy range from 0.5 to 
-40 HeV. Elastic scattering data were Measured 
separately at a third Magnetic field setting. 
Figure 2.11 shows a spectrum obtained for the 
low excitation range in 1,0Ca at a laboratory 
angle of 7°. Typical spectra have an energy 
resolution of 80 keV FWHM ano show essentially 
no "bogus" background. 

DWBA calculations (see Fig. 2.12) indicate 
that inelastic scattering of 500-MeV protons 
should be an effective probe for detemining the 
Multipolarity of the various observed peaks in 
the giant resonance region. Significant 
differences exist between the angular distribu­
tions of neighboring L-transfer values. For 
example, the GOR (L - 1) will be excited 
strongly and nearly exclusively for angles less 
than -6 degrees and will provide almost no 
contribution to the spectra for angles greater 
than -40 degrees. Previous Measurements with 
60-HeV protons and 120-NeV alphas yielded angu­
lar distributions which were not particularly 
discriminating between neighboring L-transfer 
values. With the high resolution of our proton 
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F1g. 2 ,11 . An excitation energy spectrum 
for "•BCa(p,p)*°Ca at E p • 500 MeV and m»b - 7° . 
(a) shows low-lying discrete states In '•"Ca; 
excitation energies are labeled on the abscissa. 
(b) shows a compressed view of the giant reso­
nance region in '•°Ca. Note in (b) that the 
efficiency of the focal plane detector at this 
magnetic f ie ld setting decreases for excitation 
energies above 25 MeV. 

Fig. 2.12. DWBA calculations for excitation 
of various multipoles by the reaction 
, , 0 Ca(p,p , ) ' , 0 Ca for Ep = 500 MeV. Each calcula­
tion assumes 100% depletion of the energy 
weighted sum rule (EWSR). 

scattering data and strong L-dependence of the 
cross section angular distr ibution, this 
analysis, when completed, should improve multi-
polarity assignments for peaks in the giant 
resonance region of the sd-shell nuclei. 

In order to test the DWBA calculations, data 
must be taken for low-lying states of known spin 
and parity. A large number of low-lying states 
were well resolved in both the "•"Ca and 2 9 S i 
spectra, see, for example, F ig. 2.11(a) . These 
data have been analyzed using the QSYSTEM replay 
package on the VAX computers at LAMPF. Peak-
f i t t ing and DWBA calculations for low-lying 
states and peaks observed in the giant resonance 
region are in progress at Oak Ridge. 
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Current theoretical investigations of giant 
resonances -KUS on efforts to understand the 
Microscopic structure of the resonances and the 
damping of jte resonance states into the con­
tinuum.1 Experimental data required to guide 
and constrain these investigations include 
detailed studies of the decay of the resonances. 
Studies of electromagnetic decay are particu­
larly appealing because of the relative 
simplicity of interpreting the results, and in 
the case of the direct decay of the resonances 
to the ground state, because of the intimate 
relationship of this process to the definition 
of the giant resonances. 

He have carried out coincidence experiments 
to investigate photon and neutron emission from 
the giant resonance region in 2 8 , P b and , 9Zr 
using the ORM Spin Spectrometer, a 72 segment, 
almost 4> Nal detector system. States in *••«> 
and , 8Zr Mere excited by inelastic scattering of 
380-NeV t 7 0 . 1 7 0 M S chosen as a projectile 
because its ION neutron binding energy (4.1 MeV) 
prevents projectile excitation from being an 
important source of background in the vicinity 
of the resonances. 

Details of the experiment and the methods 
developed to analyze the data have been 
discussed extensively elsewhere.**s»c In this 
report we will concentrate on results for 2 , , P b . 
The , 0Zr experiment produced insufficient data 
to be useful in investigating the region of the 
giant quadrupole resonance (GQR). but will 
produce valuable results on decay of lower lying 
states, such as the low energy octunole reso­
nance at -7.5 MeV. 

Table 2.3 summarizes current knowledge of 
strongly collective states in the 8-18 MeV 
region of 2 D a P b , based largely on high resolu­
tion, medium energy proton scattering data. 7 

The last two columns refer to the present 
experiment. The column labeled "Expected <f 
gives the cross section for 1 7 0 scattering 
calculated with the code ECIS, assuming the 
strengths from proton scattering. The last 
column gives the cross sections actually 
observed in the current experiment, obtained 
from fits to the l 7 0 inelastic spectrum with 
peak parameters fixed in accordance with the 
information from (p,p'). The 1 7 0 data appear 
to be in excellent agreement with the proton 
data. 

Table 2.3. Properties of states above 8 MeV in 2 0 8 P b observed 
in 2 0 BPb(p,p'), from Ref. 7. The last two columns refer to the 
present 2 0 8Pb( l 70, 1 70') experiment. Expected a is the cross 
section expected for 1 7 0 scattering based on the proton results. 
Observed a is the cross section which we observe, uncertainties 
of about 15% apply to both the observed and expected cross sections. 
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Figure 2.13 shows the relative ground state 
branching ( i . e . . ground state gammas/total 
11— is) as a function of excitation energy in 
* 0 *H> . A rapid fa l l -o f f in ground state decay 
above the neutron binding energy (7.4 HeV) is 
evident, as is a strong clustering of ground 
state strength in the 9-15 HeV region. This 
provides a graphic i l lustrat ion of the special 
relationship that states in this excitation 
energy region have with the ground state. This 
broad peak contains contributions fro* both the 
GQR and the giant dipole resonance (GOR), which 
though very weakly excited (see Table 2.3) has a 
•uch larger ground-state gamma decay width. The 
ground-state gamma decay spectrun was decoaposed 
using the peak information fnm Table 2 .3 , 
assuming that only dipole and quadrupole states 
contribute. The decomposition was confirmed by 
gamma-ray angular distribution data which showed 
70S of the ground-state radiation in the 
9.6-11.6 HeV region to be quadrupole. The 
ground state decay and yields from the singles 
spectra provide an estimate of the ground-state 
gamma branch of the GQR: 

(3.27 ± 0.45) x 10-". % 

F This result can be used to obtain an absolute 
value for r^, i f we assume tj » r* (where r* is 
the spreading width) and identify r+ with the 
experimentally observed resonance width r^p 
from Table 2.3: 

S o ' T T '"EXP - « 5 4 , 9 1 e V (GQR) 

or, taking E w = 10.6 

B(E2*) = (5.81 ±0.81) x 10 J e* fm">. 

This should be compared with the energy weighted 
sua rule (EwSK) value** ' 

B(E2») ENSR 

Therefore , 

B(E2») 
B(E2+) 

49.9 A 5 / 3 / ( 5 x E J = 6 .9 x 1 0 3 e * f m * . 

= 0.85 ± 0.12. 

3 • 9 12 IS 
EXCITATION ENEMOV (M«V) 

EUSft 

The yield of dipole ground state transitions 
from the vicinity of the GOR is consistent 
within large uncertainties (-50X) with the pure 
Coulomb pred.ction of GOR excitation obtained 
from the direct reaction code £C!S, and a decay 
strength corresponding to 100% of the EMSR 
strength. 

Gamma decay branches from the resonance 
region other than the ground state decay are 
also of great interest, in particular, direct 
decays to the low-lying collective states at 
2.6 HeV (3") and 4.08 MeV ( 2 * ) . Figure 2.14 
shows the relative strength of gamma ray 
branches to a number of low lying states: (a) 
is for the ground state, (b) the 2.6 MeV 3 ' , (c) 
the 4.08 MeV 2* . and (d) the 4.97 MeV 3". The 
yield distributions in (b)-(d) must be con­
sidered semi-quantitative, especially where they 
indicate small strengths, because adequate 
background subtraction has not been performed. 
Nevertheless they are valuable to indicate 
general features. One j f in * nore striking 
aspects of these data is the marked absence of 
strength to the 2.61-MeV and 4.08-MeV states 
across the entire resonance region. Another 
interesting feature is the strong yield of 
decays to the 2.61-MeV state at -5.2 MeV of 
excitation energy. This might be an indication 
of the long-sought, two-phonon octupole vibra­
tional state . In contrast to the collective 3-
state, yield to the 4.97-MeV 3" state (which is 
thought to be dominated by a single neutron 
particle hole configuration) is significant 
across the entire GQR resonance, but with its 
greatest yield -1.5 MeV below the peak of the 
GQR. A very similar strength distribution is 
seen for population of a 5" state at 3.97 MeV, 
which we take to indicate the presence of high 
spin (4 + or 6*) strength underlying the GQR. 

A more quantitative analysis of the decay of 
an excitation energy bin centered on the GQR is 
given In Table 2.4. It should be noted that the 
absence of decay to the 2.6-MeV 3" state, which 
appears remarkable at f i rs t sight, was predicted 
by Bortfgnon, Broglia, and Bertsch. 1 5 

The data presented in this report are only a 
sampling of a rich body of information now 
becoming available from Spin Spectrometer-based 
studies of giant resonance decay. 

Fig. 2.13. The yield of gamma rays directly 
to the ground state divided by the total gamma-
ray y ie ld , as a function of 2 0 9 Pb excitation 
energy. 

1. Solid State Oivision, ORNl. 
2. Computing and Telecommunications Division, ORNL. 
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Fig. 2.14. The yield of gamma rays populating 
low-lying states in 20tfb, relative to the total 
gamma-ray y ie ld , as a function of excitation 
energy in 2 0 »Pb. Figure 2a is for the ground 
state, 2b the 2.61 MeV 3*, 2c the 4.08 MeV 2* . 
and 2d the 3.97 MeV 3" state. 

Table 2 .4 . Relative gamma branching to low-
lying states in 2 M P b from an excitation energy 
region 9.5-11.5 NeV [E(GQR) ± r(GQR)/2]. The 5-7 
HeV I " states refers to a group of 1" states in 
that region known from T , T ' experiments. 

Energy J« 
Relative Gamma 
Branch (X) 

0 0* 2* t 2 
2.61 3" 0.8 t0.8 
3.97 5" -5-10 
4.08 2+ o *1-0 

u" -0.3 4.97 3- 36 ±5 

5-7 1- 23 4 9 

NEUTRON DECAY OF GIANT RESONANCES 

J . R. Beene 
F. £ . Bertrand 
M. L. Halbert 
0 . C. Hensley 

R. 0 . 

R. L. Auble 
0 . J . Horer 
R. L. Robinson 
T. P. Sjoreen 1 

Sayer2 

Experimental studies of the decay of giant 
resonances are required to guide and constrain 
theoretical efforts to gain a more complete 
understanding of the microscopic structure of 
giant resonances and their damping into the 
underlying continuum of more complex states. 
He have performed experiments to study in detail 
a l l decay modes of the giant resonance region 
of «>Pb and " Z r . Both ««Pb and »°Zr were 
excited by inelastic scattering of 381-MeV " 0 . 
Decay of the giant resonance region up to 
-20 MeV was studied using the ORNL Spin 
Spectrometer.3 The experimental techniques 
and methods of analysis employed in this study 
have been discussed In detail elsewhere.*•*»• 

Neutron emission makes up the bulk of a l l 
decays in the 9-20 MeV region in both systems 
studied. The goal of the present study is to 
obtain as complete Information as possible on 
the distribution of decay strength to low-lying 
states in 2 0 7 P b and • 'Zr as a function of «»Pb 
and , 0 2 r excitation energy. The residual 
excitation energy in the daughter nucleus is 
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obtained fro* the total gamma-ray energy 
observed in the Spin Spectrometer in coincidence 
with a neutron (distinguished fro* gamma rays by 
i ts longer time of f l ight to the spectrometer). 
Neutron angular distributions can also be 
constructed, ut i l iz ing the almost 4« solid angle 
and relatively fine segmentation (70 elements 
in our case) of the Spin Spectrometer.3 The 
kinetic energy of the emitted neutrons is 
obtained from the i n i t i a l excitation energy in 
the parent nucleus ( i . e . . from the inelastically 
scattered 1 7 0 energy), the residual excitation 
energy in the daughter nucleus (sum gamma-ray 
energy), and the neutron binding energy. 

The analysis of neutron decay has. so far . 
concentrated on the 2 0 a P b data. He find neutron 
angular distributions up to about 12-13 NeV of 
excitation energy which are very nearly sym­
metric with respect to the 2 0 a P o recoil direc­
t ion , sugojsting the dominance of statistical or 
compound oc.^ay. The neutron energy spectra 
obtained from this excitation region, however, 
are significantly different from the Maxwellian 
shape normally associated with stat ist ical 
decay. An apparent I0-1SI excess of high energy 
neutron emission is observed, in agreement .with 
earl ier work. 7 I t is dangerous, however, to 
conclude that these high energy neutrons repre­
sent a genuinely nonstatistical fraction without 
more careful investigation. The high energy 
neutrons result primarily from population of the 
ground state and ti.-» f i rs t two excited states in 
2 0 7 P b . The level dtnsity in this region is far 
too low to generate fexwelliart neutron spectra. 
Careful statistical nodel calculations, 
including explicit ly the experimental level 
scheme of i01?b are required before a s igni f i ­
cant comparison can be made.8 Such calculations 
are in progress. 

The data show significant yield to high spin 
states Of 2 0 , P b ([ > 9/2) across the region 
dominated by the giant quadrupole resonance 
(9-12 NeV). This is in agreement with earlier 
work7 and also supports evidence for high spin 
strength in this region found in the electro­
magnetic decay d a t a . 1 * ' 5 ' * 

Above -13 HeV of excitation in 2 0 8 Pb we see 
a rapidly rising (with increasing excitation 
energy) fraction of strongly forward peaked 
neutrons. These neutrons appear to be associ­
ated with processes which preferentially 
populate the 5/2- and 3/2 ' states at 570 and 
898 keV in 2 0 7 P b . At E* - 15 KeV, approximately 
301 of the population of the 3/2", 898 keV, 
state corresponds to these forward peaked 
neutrons. Preliminary analysis indicates that 
these neutrons are more tightly correlated with 
the direction of detection of the l 7 0 ejectile 
than with the beam direction. I t is likely 
that most of them arise from the reaction 
2 (>«Pb(>70, l 8 0 ) 2 0 7 P b , in wnich both the 2 ( 1 7Pb 
and the l 8 0 products are le f t excited, the l 8 0 
having sufficient energy to decay in fl iqht by 
neutron emission (Sn * 8,04 MeV for "O) This 
process has, of course, nothing *o do with decay 
i-f the giant resonance region in 2 0 8 P b . These 
and other interesting aspects of the data are 
under active study. 
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FISSION DECAY OF 6IANT RESONANCES IN 2 3 8 U 

J . R. Beene B. L. Burks 
C. E. Bemis E. E. Gross 
F. E. Bertrand D. J . Horen 
R. L. Auble I . T. Lee 

R. 0 . Sayer1 

In an earlier study 2 of the fission decay of 
the giant quadrupole resonance in 2 3 a U , using 
the 2 3 8 U ( a , a ' ) reaction at 152 MeV, the data 
suggested than the fission branch was consistent 
with that of the underlying continuum and the 
GOR. A major shortcoming of that study was the 
limited angular range covered by the fission 
fragment detectors. This introduced a con­
siderable uncertainty in the deduced fission 
branch due to the lack of information regarding 
the fission fragment angular distribution. A 
value Tf / r = 0.25 t 0.10 was obtained by 
assuming K was preserved in the decay process. 
This disagrees with an earlier measurement3 

which gave an upper limit of about 0.04. Thus, 
additional measurements were indicated to 
resolve this discrepancy. 

The present measurements were performed using 
the 2 J 8 U ( 1 6 0 , 1 6 0 ' ) reaction at 400 HeV. This 
reaction was chosen on the basis of measurements 
on 2°8pb where a favorable peak/continuum ratio 
is obtained in GQR region using heavy ion 
inelastic scattering.•• The scattered l 6 0 ' , and 
other reaction products, were detected in eight 
Si-detector telescopes oriented in a ring 
surrounding the beam line and at a scattering 
angle of 12 t 1.5 degrees (a maximum of the GQR 
angular distribution). The fission fragments 
were detected by two 12 cm x 12 cm position 
sensitive avalanche detectors (PSAO's) located 
at 90° on either side of the beam l ine . The 
detector arrangement is shown in Fig. 2.15. The 
data wi l l provide a measurement of the complete 
fission fragment angular distribution, relative 
to the recoi< axis, and wi l l answer the question 
regarding K conservation as well as provide a 
more precise measurement of the GQR fission 
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OWH-Photo 2730-84 

Fig. 2.15. Detector arrangeaent used to study 
the fission decay of the giant resonance region 
in 2 3 * U . The parallel plate avalanche counters 
are located on either side of the bean l ine and 
a ring containing eight Si-detector telescopes 
is located near the center of the photograph. 
The target, which normally sits between the two 
avalanche detectors, has been renoved. 

branch. The PSAD position calibrations are now 
complete and the data analysis is in progress. 
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ELASTIC AND INELASTIC PROTON SCATTERIN6 
FROM 1*0 AT 200 MeV 

C. W. Glover 

A growing number of nonrelatlvisttc distorted 
wave approximation (OWA) analyses of elastic 
and inelastic proton scattering indicate that 
the effective free nueleon-nucleon interaction 
(t-matrlx) must be modified to include effects 

due to the nuclear •edit* for proton bombarding 
energies below 400 NeV 1 and the need becomes 
essential for bombarding energies below 200 
MeV. 2 The most sophisticated modifications to 
date have been those derived from G-mat rices 
based on realistic NN potentials3 and calculated 
in the presence of nuclear matter where one of 
the two interacting nucleons has an energy 
greater than the Fermi energy. The resulting 
G-matrices are local, energy- and density-
dependent. In particular, the central isoscalar 
spin-independent component of the effective Ml 
interaction is the most sensitive to these 
nuclear medium modifications.2*3 These 6-
matrices are applied to transitions in finite 
nuclei by invoHn? the local density approxima­
tion (LDA). 2 

The study of proton induced elastic and ine­
lastic isoscalar natural perity transitions has 
shown that these transitions are driven pri­
marily by the central isoscalar spin-independent 
component of the effective MR interaction at 
small momentum transfer ( o i l ftr*). by the 
spin-orbit part of the effective interaction for 
intermediate q values (I fmr1 i q t Z . S ftr*) 
and both components have roughly the same magni­
tude in the high-q region.1,»*»7 Calculations 
for these inelastic transitions in the 100-200 
Mev energy regime which use the free t-matrix 
and phenomenologfcal distorted waves indicate 
that the low-q cross section is overpredicted 
by typically 50t and the high-q part is under-
predicted. The calculations using the C-matrix 
are in closer agreement with the cross section 
data because the tow (high)-q components of the 
central isoscalar spin-independent part of the 
UN-interaction is reduced (enhanced) as compared 
to the free t-»*trix.2»s Moreover, wh*i ana­
lyzing power data are considered in a_„ition to 
the cross section data, they appear to prefer 
distorted waves generated from a folding model 
optical potential using the G-matrix interaction 
over those generated from the phenomenological 
Woods-Saxon optical potentials which are fit to 
the elastic data. 2 However, the folded G-matrix 
optical potentials with the characteristic 
pocket of attraction in the nuclear surface do 
not adequately reproduce the elastic scattering 
data. Even so, all calculations (both elastic 
and inelastic) using the folded G-matrix are 
still far superior to those using the free t-
matrix interaction. 

An explanation, given by Kelly,2 for this 
apparent lack of consistency in the G-matrix 
description of the elastic and inelastic data 
focuses on the radial localization of the tran­
sition." Radial localization can be understood 
in the distorted wave approximation (OWA) by 
recalling that the inelastic transition ampli­
tude is proportional to the average of the 
product of the transition density, distortion 
factor, and the effective NN-interaction. 
Inelastic natural parity transitions involving 
large angular momentum transfers (-2-4 If) tend 
to hav* transition densities which peak near the 
low c>->sity nuclear surface.1* Monopole and 
isoscalar electric dipole transitions tend to 
peak more toward the high density nuclear 
interior.2 Hence, the different Inelastic tran­
sitions tend to weight different regions of the 
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distortion factor (i.e., optical potential), 
while elastic scattering is averaged over the 
entire nuclear volume. Thus, some inelastic 
transitions may be aore sensitive to the 
interior properties of the optical potential 
than elastic scattering. 

This can be realized by considering the fact 
that in fitting a .jhenoaenological Woods-Saxon 
optical potential to elastic scattering data 
aeasured over snail aoaentua transfers 
tg $- 3 h r i) results in a potential which is 
biased toward the nuclear surface region and 
does not adequately reflect the contributions tr 
elastic scattering fro* the nuclear interior. 
Hence, Measurements to large q wo*. Id constrain, 
those partial waves eaanating from the nuclear 
interior. Also, the Hoods-Saxon siape presumes 
the optical potential remains constant in the 
nuclear interior and this is contrary to what is 
expected fro* the microscopic nuclear Batter 
calculations. 

An approach, the one to be reported here, to 
remedy this inconsistency is to Measure elastic 
scattering data to large momentum transfer, so 
the contributions to the optical potential fro* 
the nuclear interior are reflected in the data. 
Ther., fit the data ty using a pbenouenological 
parametrization for :he real central optical 
potential that is flexible enough to reproduce 
those characteristics expected froa Microscopic 
derivations of the single-particle potential in 
nuclear natter. Finally, a coaparison of the 
M M analyses of the inelastic data for surface 
and interior states using these potentials for 
the distorted waves against those using the 
folded G-matrix optical potential should indi­
cate to what extent our expectations froa 
.nuclear Matter are borne out phenoaenologically. 

In Ref. 6. optical potentials were reported 
for p* • l < 0 at 200 Hev where the data were 
Measured to q - 6 far 1. The standard single 
Hoods-Saxon (SWS) and a nonstandard double 
Hoods-Saxon (DUS) optical potential parametriza-
tions w*-2 applied to the data, see Fig 2.16. 
In the M S parametrization, the central real 
potential was Modified to be the sua of two 
Hoods-Saxon potentials, one attractive and one 
repulsive. The aore flexible M S paraaetriza-
tfon reproduced all the data better than the SWS 
paraaetrization. The M S parametrization proved 
to be so flexible that two vastly different 
optical potentials were found. These potentials 
are not related to one another through a phase-
shift aabijuity. The best description of the 
data (including total and reaction cross sec­
tions) is obtained with the MS(-) paraaetriza­
tion, where the real central potential is 
attractive over the entire radial range and 
exhibits an enhanced attraction inside 2 fa. 
The data are described nearly as well, however, 
by the M S ( + ) representation in which the real 
central potential has an attractive pocket near 
the nuclear surface and a repulsive core inside 
2 fa [hence the characterizations D W S M and 
DWS(-) with the (•) and (-) symbols obviously 
referring to the repulsive or attractive real 
central core]. The results of the latter 
paraaetrization are more in accord with expec­
tations from various microscopic theories of 
nucleon propagation in a many-body nuclear 

O » 2 3 « S C 7 0 t Z 3 « S C 7 
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Fig. 2.16. The p • I 6 0 elastic scattering 
cross section and analyzing power data a re 
compared with those microscopic and phenomeno-
logical optical potentials that are discussed 
in the text. The data are displayed as a func­
tion of center-of-aomentum angle 9 ^ on the 
bottom axis and as a function of momentum 
transfer q on the top axis. Inset in each 
figure are the resulting real central optical 
potentials. In Fig. 2.16(a), the r--.atrix opti­
cal •nodel calculation is based on the Paris NN 
interaction. 

environment. Each potential implies that a dif­
ferent scattering mechanism is responsible for 
the increase in the elastic flux at large q; a 
particle can be scattered to large angles either 
from the near side of the nucleus by reflection 
from a strongly repulsive potential, or by a 
strongly attractive potential causing the par­
ticle to orbit around the far side of the 
nucleus. The results of the present analysis 
Indicate that it Is impossible to distinguish 
between these scattering mechanisms on the basis 
of the available elastic scattering data alone. 
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These phenome.:ological optical potentials 
have been used along with those generated by 
folding the 6- and t-matrix M interactions with 
the 1 ( 0 ground state density distribution fn a 
DM analyses for the inelastic transitions to 
the f i r s t 2+ state (a surface state) and to the 
f i r s t 1~ state (an interior state) . The ground 
st* te and inelastic transition densities were 
measured to -3 fo r 1 by electron scattering. 
(Hence, any cr i t ical assessment of the calcula­
tions wi l l be limited to the data forward of 3 
f » - i ) - The free M t -aatr ix cones from the 
paranctrization of tort and Fraaey7 at 210 HeV. 
The two G-matrix interactions cone from the 
parametrizations of the Paris and HaMda-Johnson 
potentials by von oeramb.3 The calculations 
were performed with computer code iuJJmUD-TMURA 
as modified by Carr. Kelly, and Petrovich.' 
The results of these calculations are displayed 
in F ig . 2.17. The data were taken at the 
Indiana university Cyclotron Faci l i ty and the 
experimental procedure is described in Ref. 6 . 

In F ig . 2.16, one can see that the parameter-
free microscopic optical potential derived from 
the S-matrix interaction does not reproduce a l l 
of the elastic data as well as the phei — M I O -
logizal potentials, but is in closer agreement 
with the forward angle cross section and 
analyzing power data than those from the t -

aatrix interaction. The dampening of the cross 
section at the * i rs t and second maxima and the 
enhancement of the third and fourth maxima in 
the G-*atrix calculations over that from the 
t-matrix calculations is a result of the low-q 
(high-q) suppression (enhancement/ of the 
isoscalar spin-independent HI interaction which 
was discussed above. 

The consistent OK analyses of the f i rs * 2* 
(surface) transition using the 6-matrix inter­
action are in closer agreement with al l of the 
data than the calculations using the free t -
• a t r i x interaction. This is quite evident in 
the analyzing power data (see F ig . 2.17a). 
(Here the term consistent means the optical 
potentials were calculated using the same Ml 
interaction as that used in the inelastic form 
factor calculations.) Surface transitions, such 
as the 2 * . are sensitive to the low density part 
of the 6-matrix interaction. The 6-«atrix 
calculation based on the Paris interaction is 
more representative of the 2* cross section data 
than the calculations using the Hamada-Johnson 
(HJ) interaction. This indicates that the 
magnitude of the low-density low-q component of 
the HJ interaction is too small and the low-
density high-q component is too large, while the 
consistent calculation using the Paris (HJ) 
interaction under (over) predict the I - cross 
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F1g. 2.17. The completely consistent microscopic calculations are compared with the 2+1/.12 
MeV) and 1*(6.92 MeV) Inelastic transition data in (a) and (b) , respectively. Here the 
distorted waves were generated from a folding model optical potential which uses the same NN 
interaction as that used In calculating the inelastic form factor. 



39 

section (see Fig. 2.17b). This indicates the 
high-density component of the Paris (HJ) G-
natrix is too snail ( large) . However, a l l the 
analyzing power data appear to prefer the HJ 
interaction. I t is apparent from these calcula­
tions that the data require the use cf a 
modified NN interaction in the high density 
nuclear interior where Pauli blocking must be 
taken into account. Thus, in order to ascertain 
which phenomenological distorting potential the 
i.ielastic data prefer, we shall use only those 
form factors generated from the G-matrix inter­
actions. 

We shall use our arguments on the radial 
localization of the transition densities to 
infer the properties of the surface and interior 
foras of the optical potential. Displayed in 
Figs. 2.18a and 2.19a are the calculations for 
the 2 + state employing the HJ and Paris G-
matrix interactions for the form factor and the 
phenomenological distorting potentials. Their 
counterparts for the 1" state are shown in Figs. 
2.19b and 2.18b, rt.spectively. One can see the 
effects of the different optical potentials by 
comparing the calculations using the consistent 
distorted waves with those using the phenomeno­
logical distorted waves, the f i rs t thing to be 
noticed is that the calculations using the SUS 
and DWS(-) optical potentials are not very di f ­

ferent except at large q, where the calculations 
are more sensitive to the difference between the 
two potentials. Second, the calculations using 
the HJ form factor are in closer agreement with 
the analyzing power data for both transitions 
than those using t i e Paris based interaction. 
Third, the phenomerological optical potentials 
have l i t t l e effect on the forward angle calcula­
tions and damp the oscillations at f"» larger 
angles. In the sense that the calculations for 
the cross section data are more sensitive to the 
imaginary central optical potential than the 
real central potential and the reverse is the 
case for the analyzing powers,2 one would expect 
t>v high-q part of the analyzing power's angular 
distribution to be a very sensitive indicator as 
to which ohenomenological real central optical 
potential is preferred by the inelastic data. 
From Figs. 2.1b and 2.19, one can see that the 
analyzing power data is best described by the 
DUS(+) optical potential , thus confirming our 
expectations from nuclear matter about the 
nature of the single particle potential. 

This analysis, along with our understanding 
of the nuclear matter single particle potential, 
may indicate one possible source for the incon­
sistent G-matrix description of the elastic and 
inelastic data. A particle moving in the folded 
G-matrix real central optical potential sees a 

ORNL-OWG 84-15976 

I I I I | I I I I | ! I I I | I I I I | I I 

17(7.1-? MeV) _\ ic< 
DWSW 
DWSH 

-—sws j 1 o 2 

HJ-FORM FACTOR 
i i i i I i i i i i i 1 ' I ' ' ' ' I " 

2 J ( 6 . 9 2 M e V ) -

25 SO 75 100 

(4) 

Fig. 2.18. The inelastic data are compared with calculations employing phenomenological 
optical potentials to generate the distorted waves and the form factor was calculated using the 
HJ based G-n,dtrfx. 
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ORNL-DWG 84-15975 
PARIS FORM FACTOR 

»0 4 -

i i 11 I i i i i | 11 i i | > i 11 | 

17 (7.12 MeV) _ 

DWS(+) 
OWS(-) 
SWS 

25 50 75 100 
^ m . « l t g ) 

io) 

i i i i | i i i i | i i i i | i i i i | i i 

2 | (6.92 MeV) -

-1.0 

Fig. 2.19. This figure is the same as Fig. 2.18, except that the form factor was calculated 
using the Paris based G-mairix. 

pocket of attraction near the nuclear surface. 
The attraction decreases as the particle 
approaches the nuclear interior. In the extreme 
nuclear Interior the particle experiences a 
second pocket of attraction. This second pocket 
of attraction is contrary to what is expected 
from nuclear matter calculations. In the case 
of nuclear matter, as particles are added to the 
nuclear volume they attract each other until 
saturation is reached. Beyond this density the 
particles are squeezed so tight that the hard 
core repulsion of the NN interaction dominates. 
I t is at this point the single particle poten­
t ia l becomes repulsive and stays repulsive. The 
phenomenological OWS(+) real central potential 
has this quality. Also, I t provides a more con­
sistent description of the elastic and inelastic 
data, especially In the back angle inelastic 
analyzing power data which 1s very sensitive to 
the interior of real central optical potentfal. 

An alternate approach, successfully taken by 
Kel ly , 9 to rectify this inconsistency 1s to 
parametrize the isoscalar spin-Independent 6-
matrix and search on the parameters until a 
simultaneous description of the elastic and ine­
lastic data can be found. 
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MEASUREMENTS OF GAHOW-TELLER STRENGTH 
DISTRIBUTIONS IN MASS 13 AND IS 

D. J . Horen J . S. Larsen1* 
C. D. Goodman1 C. Gaarde'* 
R. C. Byrd' J . Rapaport5 

I . J . Van Heerden2 T. P. Welch5 

T. A. Carey3 E. Sugarbaker6 

T. N. Taddeucci 7 

The analysis of beta decay between mirror 
states has been used extensively fo r comparing 
shel l model calculations with Gamow-Teller (GT) 
matrix elements extracted from measured decay 
ra tes . The essential s imp l i c i t y of these t ran ­
s i t i ons is that the parent and daughter states 
d i f f e r only in the isospin pro ject ion, T z . The 
t rans i t i on rate between mir ror states is the 
incoherent sum of the rates fo r the Fermi and 
Gamow-Teller components. The Fermi (F) operator 
causes changes only in the isospin projection 
and converts the parent state exactly to the 
daughter s ta te . Thus, the square of the Fermi 
matrix element is simply 2T Z . The Gamow-Tel1er 
operator changes the projections of both isospin 
and sp in . Due to the sp in-orb i t i n te rac t ion , 
the GT strength is d is t r ibu ted between the spin-
o rb i t pair states, and only a f ract ion of the GT 
strength is contained in the mirror state t ran ­
s i t i o n . In these cases, which can be explored 
through beta decay, the f rac t ion of the to ta l GT 
strength that appears in the mirror t rans i t ion 
i s t yp i ca l l y very smal l , thereby making 
deductions about missing strength much more 
model-sensitive than would be the case i f a 
large part of the sum rule strength were seen. 

To invest igate a possible flj dependence of 
the GT quenching, we have studied the mass 13 
and 15 systems. The cross sections and trans­
verse sp i n - f l i p probabi l i t ies for 1 3C(p,n) and 
1 5 N(p,n) were measured at zero degrees using a 
160 MeV polarized proton beam from the Indiana 
Universi ty Cyclotron Fac i l i t y and a neutron 
polarimeter consisting of bars of p las t ic sc in­
t i l l a t o r at the end of a 60-meter f l i g h t path. 
The polarimeter is described b r i e f l y elsewhere 8 

and w i l l be described more f u l l y in a future 
pub l i ca t ion . The targets were pressed wafers of 
carbon (>95% 1 3 C) and Melamlne ( C 3 H 6

1 5 N 6 , >99X 
enrichment in l 5 N ) . 

The results of our measurements are displayed 
in Table 2.5 which gives the calculated and 
experimentally deduced values of B(GT). The 
shell model calculations are based on the 
assumption that these nuclei can be charac­
ter ized as p-shell n u c l e i . 9 The ground state to 
ground state B(GT) values are deduced from beta 
decay f t values. 

Excited-state t rans i t ion strengths can be 
extracted by f i r s t decomposing the ground state 

Table 2 .5 . Cross sect ions, s p i n - f l i p proba­
b i l i t i e s , and GT transmission strengths for 
1 3 C ( p , n ) l 3 N and l 5 N(p,n) l s O at 8 = 0 ° and 
E 0 = 160 MeV. 

o t .m. (0° ) a , „ . , 8(GT) B(GT) 
(mb/sr) S(NN(0 ) expt. theory 

l 3N(0.00, 1/2") 4.4 0.46 0.206° 0.323e 

l 3N(3.51, 3/2") 11.1 0.66 0.83 c 

0.75°* 

l 5 0(0 .00 , 1/2") 4.7 0.53 0.261 b 1/3 
l 5 0(6 .18 . 3/2") 11.5 0.70 1.00 c 

0.80«« R / , 
50(8-12, 3/2") 3.4 0.68 0.30 c ' 

0.26 d 

'Statistical uncertainty only. Absolute nor­
malization uncertainty is ±15%. 
transition strength determined from beta-deca; 
ft values. 

CB(GT) determined from (p,n) data and Eqs. (2) 
and (4). Note that the value of B(GT) for 
l 3N(3.51 MeV) differs slightly from that in 
Ref. 10 because we have not averaged in values 
obtained from data at other energies. 

dB(GT) determined from (p.n) data and Eqs. (3) 
and (4). 

eShell-model transition strengths, Cohen-Kurath 
"POT" wave functions, Ref. 9. 

cross section into Fermi and Gamow-Teller parts 
by using the observed relationship between GT 
and F transitions 1 0: 

oGT/oF - (Ep/55±1 MeV)2[B(GT)/B(G(F)], (1) 

where B(F) = N-Z. Once the fraction fgy = 
°GT/(°GT + °F) °f t h e «*oss section attributable 
to the GT part of the mirror transition has been 
determined, the cross section per B(GT) for that 
target is known. Values of B(GT) for excited 
states arc then extracted with this proportion­
ality factor. 

The spin-flip probability measurements give a 
second (independent) determination of the GT 
fraction in the ground state cross sections, the 
spin-flip probability for these transitions is 
the weighted sum of the pure GT value of S N N(0°, 
GT) > 0.66 i 0.03 and the Fermi value of zero. 
The "pure GT" value represents an average 
obtained from measurements of S ^ for many GT 
transitions at 160 MeV. 8 This value is con­
sistent with the value 1/2 expected for a pure 
L>0 transition. The uncertainty represents not 
only experimental uncertainties, but also real 
deviations from the nominal value that can tie 
attributed to 1*0 amplitudes in the transition. 

The two procedures for extracting the GT 
fraction in the ground state and B(GT) for 
excited states can be summarized in the 
following formulas: 

f GT ' [1 + B(F)/BM(GT)R2]-l (2) 
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or 

*GT = Smi(0M<)/SiH(0\GT> 

and 

B X (GT) = ( « ' x / , ^ ^ ) f G T B M ( G T ) F ( q , 

(3) 

(4) 

where R = Ep/(55 ± 1 MeV), M refers to the 
•irror (ground state) transition, and x refers 
to the excited state. The factor F(q) is a 
correction for the momentum transfer dependence 
of the differential cross section and is less 
than 1.10 for the cases studied here. The 
values of B(GT) for the excited states shown in 
Table 2.5 indicate that the Methods of Eqs. (2) 
and (3) are More or less consistent. I f 
anything, the spin-flip probability procedure 
Makes the quenching of the 3/2' transitions 
look even greater. 

For the strongest transitions in both Mass 13 
and Mass 15, the values of B(GT) extracted by 
the aL̂ ve procedures are reduced froM the shell-
mdel values by factors Much larger then typical 
GT quenching. A striking feature is that the 
Model predicts a ratio of 8:1 for the 1/2 - 3/2 
to 1/2 • 1/2 transitions in Mass 15, yet the 
observed ratio is only about 4:1. SiMilarly, in 
Mass 13, a shell Model calculation9 predicts a 
ratio of 7.5:1 for the ratio of the strongest 
1/2 • 3/2 transition to the Mirror states 
1/2 * 111 transition, while the observed value 
is about 4:1. Stated in other words, i t appears 
that the major 1/2 * 3/2 transition is signifi­
cantly more quenched than the 1/2 * 1/2 tran­
sition. 

In summary, we have measured the cross sec­
tions and transverse spin-flip probability for 

l JC(p,n) and l 5N(p,n) at Ep = 160 MeV. A 
surprising feature of the results is that the 
relative cross sections for the pl/2 * pl/2 and 
p * p3/2 transitions suggest that the 1/2 • 3/2 
GT transitions are more quenched than the 
1/2 + 1/2 transitions. I t is not clear at this 
time whether the apparent extra quenching of the 
pl/2 • p3/2 transitions tends to favor explana­
tions of GT quenching in terms of delta (3,3) 
coupling or in terms of configuration mixing 
with multiparticle-multihole states. In either 
case, some of the appealing simplicity of the 
nuclear shell model in providing a guide to a 
valid truncation of the space seem', to be lost. 
Even for one of the simplest shell rodtl nuclei, 
the simple version ->f the model seems to f a l l . 
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THE l9F(p,n)»»Ne AND 3%(p,n) 3 9Ca REACTIONS 
AT INTERMEDIATE ENERGIES AND QUENCHING 

OF THE GAWK-TELLER STRENGTH1 
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T. N. Taddeucci8 

Beta decay transitions between T = 1/2 ground 
states have a special simplicity because the 
initial and final states are isospin mirror 
images of each other. The T * 1/2 states, which 
hcve half-integral spins, can transform to their 
isospin mirrored states through either Fermi or 
Gamow-Teller transitions, and the observed beta 
decay is an incoherent sum of these two com­
ponents. Since the Fermi operator transforms a 
T » 1/2 to its mirrored state, the Fermi matrix 
element is unity. This information allows one 
to decompose the total transition probability 
into its two components and to extract the GT 
matrix element from the f t value derived from 
the measured half-life and decay energy. The 
deduced empirical GT strength is 59X of the 
shell model value for the ^ 9Ne(p f) l 9F (gs) tran­
sition and 46% for the 3 9 Ca(^) 3 9 K (gs) tran­
sition. Several authors have reported on the 
corrections needed to the calculated single par­
ticle GT matrix element. Recently Towner and 
Khanna9 have done a wry extensive study on 
these corrections; Brown and Wildenthal10 have 
also reported on a comparison of shell-model 
predictions with sd-shell data. 

In the case of mass 19 the model calculation 
shows that most of the strength should reside in 
the mirror transition. In the case of mass 39 
only one-fifth of the sum strength is expected 
in the mirror transition, but the model is espe­
cially simple, that is, to first order the 
nucleus can be descrited as single 63/2 hole In 
an L-S closed shell core. 

The Indiana University Cyclotron and beam 
swinger faci l i ty 1 1 provided proton beams with 
energies Ep - 120 MeV and Ep » 160 MeV. The 
time of flight (t .o.f . ) of neutrons was measured 
over a 100-m flight path with three large-volume 
time-compensated plastic scintillators." Oata 
were obtained for the angular range 0° < e < 25s 

with a typical time resolution of 800-900 psec. 
A commercially available teflon tape 35 

mg/cm2 thick was used as a l*F target. A n**KF 
target 34.6 mg/cm2 thick was used for the 120 
HeV experiment and a nominal 39KHF2 target, 28.7 
mg/cm2, 99.96% enriched in 3 9K, was used for the 
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160 NeV run. The potassiu* targets were covered 
with a thin (about 1 mg/cm 2) double layer of 
polyethylene. Thus the 1 2C(p,n) I 2N (gs) tran­
sition is present in all the observed spectra 
which helped in determining possible target 
daaage during the runs. A t 2 C target, 34.9 
mg/cm 2 and 99.91 enriched, was also run under 
identical experimental conditions. 

The contribution from the C(p,n)N reaction 
was removed fro* the t.o.f. spectra taken with 
the teflon target at each angle, by substracting 
normalized observed t.o.f. spectra taken with 
the graphite target. In the case of the 
potassium spectra, subtractions had to be made 
for both l 9 F and C(p,n) contributions. For the 
natural K target the neutron group representing 
the 3 9K(p,n) 3 9Ca (gs) transition *t 120 MeV has 
also contributions from the '*1K(p,n)',ICa (IAS) 
transition. The difference in Q-value (8) 
between these two transitions is (259 x 20) keV. 
A comparison of the spectrum at 120 HeV with the 
one at 160 NeV indicates a slight relative 
enhancement for the gs transition observed at 
the lower energy due in part to the *,lK(p,n)',lC? 
(IA) contribution. Also the cross section value 
for the Fermi transition, which contributes to 
the gs transition, increases with decreasing 
energy with respect to the cross section value 
for the GT transition, which remains rather 
constant in this energy region. 1 1 The 120-HeV 
zero degree spectrum obtained with the thin (32 
mg/cm 2) n a t K target resulted in a better resolu­
tion and the IX contribution of '•'-K in the 
natural K target was resolved. 

The analyzed spectra are shown in Fig. 2.20 
for the l 9F(p,n) l 9Ne reaction and in Fig. 2.21 
for the 3 9K(p,n) 3 9Ca reaction and the deduced 
cross sections are given in Tables 2.6 and 2.7. 

For 1 9Ne we observe that the gs transition 
carries about 84S of the total observed GT 
strength. The observed total GT strength is 
only 66X of the sum rule lower limit. In the 
case of J 9Ca, the observed sun GT strength up to 
10 MeV excitation is only 36% of the sum rule 
lower limit. The distribution of GT strength 
among excited states agrees with the distribu­
tion of d5/2 hole strength reported in neutron 
pick-up reaction studies. The relative ground 
state to excited states GT strength ratio agrees 
with the reported 6^/2 l 0 dS/2 n o 1 d strengths. 
The case of mass 39 represents the lowest 
quenching factor (i.e., 36%) for the total GT 
strength as reported from (p,n) reactions. This 
anomalously low value is also reported in the gs 
transition but calculated corrections to the 
shell model 9 are unable to predict the measured 
value. It is possible that weak transitions 
carrying additional GT strength are located 
above 9.0 MeV excitation energy in 3 9Ca, which 
were not detected in the present experiment. 
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sections for the labelled neutron groups 
measured at E p » 160 MeV are reported 1n 
Table 2.7. 
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Table 2 .6 . Summary of cross sections for 
the l , F ( p , n ) 1 9 N e reaction 

Table 2 .7 . Sunary of cross sections for 
the 3 3 K(p,n) 3 9 Ca reaction E p = 160 HeV 

i-1 2° Ep = 160 
Neutron i-1 2° Ep = 160 

group <*•«>•) WO*) 
Ex(HeV) «L •b/sr B(GT) mb/sr» B(GT) 

gs° 0 15.5s0.5 c 1.64* 18.2i0.5 c 1.64 d 

1.54 (0+2) 0.34*0.1 0.04 0.4710.1 1.05 
3.4 0 0.48£0.05 0.06 0.5410.15 0.05 
6.2 (0+1) 0.0410.05 0.05 0.3810.1 0.03 
7.1 (0+1) 0.3410.05 0.04 0.1710.01 0.02 
7.7 (0+1) 0.3410.15 0.04 0.2710.1 0.03 
8.60 (0) 0.1010.05 (0.01) — 

10.2 (1) 0.15 tO .05 0.210.05 
11.0 0 0.5810.06 0.08 0.810.2 0.10 
12.1 (0+2)? 0.18 £0.03 0.03 0.25*0.05 0.03 

5B(GT) = 1.9710.06 

"Relative uncertainties; to obtain absolute 
values add 15X in quadrature. 

b At angles larger than 10°, the contribution of 
the 0.24 HeV (flL » 2) has been estimated. 

cIncludes cross section for Fermi transition. 
I . e . , B(F) = 1.0. 

^Normalized to ff-decay value. 
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The s l V ( p , n ) 5 l C r reaction has been studied at 
Ep « 160 MeV using the Indiana University beam 
swinger f a c i l i t y . Data have been obtained at 
several angles up to 6|_ « 20°. The zero degree 
spectrum Is used to obtain a H. * 0 response 
function from which Gamow-Teller strength Is 
derived. A shell model calculation of the GT 

Neutron 
group 
(MeV) aL 

WO') 
mb7sr» B{GT) 8(F) 

9 S , K 5.3«> 
6.2 
8.1 
9.0 

0 3.6 £ 0.2 
0 1.7 ±0 .1 

(0+1) 2.8 £ 0.2 
(0+1) 1.7 £ 0.15 
(0+1) 0.9 £ 0.1 

IB(GT) = 0.27 + 
shell model = 0.6 + 

0.27C 
0.19 £ 0.02 
0.31 £0 .03 
0.20 £ 0.03 
0.10 £ 0.02 

(0.8 £ 0.12) 
lA 

1.0 

'Relative uncertainties; to obtain absolute 
values add in quadrature 20%. 

DNeutron groups corresponding to excitation 
energies of 5.1 NeV and 5.5 HeV are observed 
in the 120 KeV experiment; the relative 
strength of the 5.1 HeV state is about 30X 
larger than the strength of the 5.5 NeV. 

cNormalized to s-decay value. 

strength distribution is pri>sented and compared 
with the experimental results. The HI strength 
is also calculated and compared with available 
results from (e,e*) and (p.p ' ) experiment. A 
comparison is made with other N * 28 nuclei. 
Effects of a truncated shell model space are 
presented. 

In a recent paper, Bender et a l . ' report on 
a search for Ml strength in 5 l V via inelastic 
electron scattering. No strong HI excitation 
was detected, in contrast to a S I V ( p , p ' ) s l V 
experiment by Djalal i et a l . 1 0 in which a con­
centration of Ml strength was observed in the 
10-HeV excitation energy region. This clear 
discrepancy has prompted us to report on the 
Gamow-Teller (GT) strength obtained via the 
5 l V(p ,n ) * l Cr reaction. 

Here the experimental GT strength distribu­
tion is compared with that obtained in a shell 
model calculation done in a truncated model 
space. Using free nucleon g-factors, B(M1) 
values are calculated in the same model space 
and compared with available d a t a . 1 1 The effects 
of a truncated shell model space are discussed 
by making an analogy between N * 14 (sd-shell 
nuclei) and N * 28 isotones nuclei . A ful l 
basis calculation can be done for the sd-shell 
nuclei as well as for l'eCa but not for other 
N » 28 isotones. Data are presented for the 
1 , 8Ca(p,n) , , 8Sc reaction and the total GT strength 
is compared with the sum rule l im i t , 3(N-Z) » 24. 

The Indiana University Cyclotron was used to 
obtain proton beams of 159.4 MeV. The data were 
obtalnpj with the beam swinger f a c i l i t y . 1 2 A 
natural self-supported V target with a thickness 
of 5P t 3 mg/cm2 was j^ed and an energy resolu­
tion of approximately 600 keV was achieved. The 
absolute values and energy dependence of the 
efficiency of the neutron detectors were 
obtained by taking data on a set of \i and 12C 
targets under Identical experimental conditions. 
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The A. = 0 contributions to the zero-degree 
(p,n) spectra have been estimated in Fig. 2.22. 
The g.s. of the nucleus 5 W has J« = 7/2". 
T - 5 /2 . Thus GT transitions Mill excite states 
in 5icr with J« = 5/2", 7 /2- , 9/2" and T = 3/2, 
5 /2 , 7/2 ( T r = 3 /2 ) . The IA of 5 W (« .s . ) in 
5 l C r occurs at E x - 6.61 MeV and i t has to be 
subtracted fro* the JL = 0 spectrum in order to 
obtain the GT strength-function. The estimated 
total GT strength corresponds to S r = 12.6 ± 2.5 
in units such that the free neutron has a GT 
strength, B(GT) = 3. 

In order to interpret the experimental 
results, shell model calculations have been per­
formed. Many of the low-lying levels of 5 l V and 
5 I C r are fa i r ly well described with the simple 
( l f 7 / 2 ) n "Ode! space 1 3 (model space A ) . 
However, this basis is clearly not adequate for 
the calculation of the GT strength distribution 
because of the importance of the f ; / 2 to f$j2 
transit ion. The only model space truncation 
which is at present practical allows for at most 
one particle to be excited from the fj/2 shell 
to the other fp shell orbitals and we refer to 
this as model space B. 

In a fu l l space calculat ion, l h the Gamow-
Teller sum rule S(GT) = B(6T) - B(GT+) = 3(N-Z) 
must be obtained. In terms of the isospins of 
the final states, this sum rule in our case is 

S(GT) = B(GT-) - B(GT+) 

= B(GT-, T = 3/2) • B(GT-, T = 5/2) -

20 B(GT-, T = 7/2) = 15. 

The sum rule obtained in model space B is, in 
fact, 13.9 rather than 15. The reason for this 
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is that the GT operator acting on the initial 
state can also go to a state with two particles 
excited into one of the fs/2» P3/2 or pj/g 
orbits and this state lies outside of model 
space B. Since we must make some truncation, 
it seems most consistent to restrict the S IV, 
J = 7/2 ground state to the {fjfz)11 (the model 
space A) configuration. Then the sum rule for 
the A + B type transitions is satisfied. The 
remaining discussion will be concerned only with 
A * B calculations. 

The theoretical B(GT-) distribution is pre­
sented in Fig. 2.23 where it is compared with 
the empirical results (shaded). The histograms 
have been obtained by summing ever 1 NeV inter­
vals. The centroids and widths of the experi­
mental and theoretical spectra are in excellent 
agreement with each other. The integrated 
experimental strength of 12.6 ±2.5 is 
(63 t 13)1 of the total theoretical strength 
of 20.14. This quenching factor is consistent 
with the global quenching factor of about 60S 
observed on a number of even-even targets in the 
region 40 < A < 208. Within our model space 
there is essentially no GT strength above 20 NeV 
in excitation. This is consistent with the 
present multipole decomposition of the experi­
mental strength above 20 HeV which shows 
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GAMOW TELLER STRENGTH IN 5 1Cr 
a A - 8 MODEL CALCULATION 
O EXPERIMENT 

J\ 

8 12 16 20 

E x (MeV) IN 5 ,Cr 

26 

160 NeV versus excitation energy 1n 5 lCr. 

F1g. 2.23. Gamow-TelJer strength 1n s lCr. 
The strength In energy bins of 1 MeV Is 
presented versus excitation energy In 5 1Cr. 
The experimental B(GT-) (Integrated In 1 MeV 
t>1ns), shaded area, is compared with shell model 
calculations. 
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at. - 1 and flL = 2 transitions to be dominant 
in this region. 

The major effect of going from a truncated 
model A * B type calculation to a fu l l fp shell 
model calculation is the admixture of two quasi-
particle f$r? states in the ground state. The 
fu l l fp shell model calculation i s , in general, 
impossible to Carry out. However, for the Ca 
isotopes, the ful l basis is tractible and the Ml 
strength have been calculated by HcGrory and 
Wildenthal . 1 5 The ratio R (the sum in the f u l l -
basis calculation divided by the A * B calcula­
tion) varies monotonically from 0.62 to 0.75 on 
going from H 2Ca to "•Ca. 

Using an analogous argument for the N = 14 
isotones in the sd shell going from 2 2 0 to 2 * S i , 
one can deduce a similar ratio for the (fj/z)11 

proton nuclei. We then find the quenching for 
B(GT-) in 5 l V to be 0.70 ± 0.14. 

The GT strength distribution obtained from 
the H 8Ca(p,n)* 8Sc reaction has been reported 1 6 

and has been the subject of several 
papers.i»»i««i> However, the val»e of the total 
6T strength normalized to beta-decay measure­
ments has not been reported. We have measured 
a spectrum at 8 = 0" were used to estimate the 
tL = 0 cross section at 6 = 0 * for the 
H BCa(p,n) ! > 8Sc reaction. From our analysis we 
find the quenching for B(GT) in '•"Ca to be 

0.71+Q-9§ in good agreement with that deduced 
-U.13 

for the 5 1 V . 
8(M1) values were calculated from wave 

functions using free nucleon g-factors and a 
truncated model space. The summed Ml strength 
for 5 W , ZB(H1) = 20.19 vfr is in disagreement 
with the experimental ( e , e ' ) ' value <li%> A 
similar comparison with results obtained from 
the 5 1 V(p,p ' ) experiment2 0 indicates that only 
about 13% of the calculated strength has been 
observed. These results may be due to a high 
degree of fragmentation of Ml strength which 
may be di f f icul t to detect above background. 
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MEASUREMENT OF THE TRANSVERSE SPIN TRANSFER 
COEFFICIENT D»|(0*) FOR (p.n) REACTIONS 

AT ISO HeVl 

0. J . Horen 
T. N. Taddeucci2 

T. A. Carey3 

C. Gaarde-
J . Larson"• 

C. D. Goodman5 

T. Masterson6 

J . Rapaport7 

T. P. Welch7 

E. Sugarbaker8 

The f i r s t measurements of the transverse spin 
transfer coefficient 0^ (0° ) for intermediate 
energy (p,n) reactions to well resolved nuclear 
states are reported. Results are presented for 
(p.n) reactions on 6 , 7 l i , U'U'iX, and »°Zr at 
Ep = 160 MeV. The average value of DKN(O S ) for 
pure Gamow-Teller transitions at this energy is 
shown to be close to the expected value of * - l / 3 . 
The u t i l i t y of spin transfer measurements for 
investigating aspects of the nuclear spin-
dependent response not otherwise observable is 
pointed out. 

Despite the s iccessful use of (p,n) differen­
t i a l cross secti ' is to identify and measure spin-
f l i p strength, in some cases important details of 
the reaction are not adequately revealed by di f ­
ferential cross section measurements alone. In 
particular, there is the continuing problem of 
distinguishing giant resonances excited by the 
(p,n) reaction from the background of continuous 
excitations or competing giant resonances with 
which they are mixed. ' - i * This separation mainly 
depends up'-i distinguishing between components 
that have differing spin-f l ip characteristics. 

A direct measure of the spin-fl ip character 
of a (p.n) transition is provided by the trans­
verse spin transfer coefficient 0^(8) [or, 
equivalently, the transverse spin-fl ip proba­
b i l i t y $m » (1 - D N N ) / 2 ] , Measurements of 
DNN(0°) are potentially important tests of the 
effective nucleon-nucleon interaction as well 
as a means of investigating the nuclear spin-
dependent response. 

Data were obtained using the Indiana 
University cyclotron and beam-swinger 
f a c i l i t y . 1 ' ' Polarized protons with energy 
Ep » 160 MeV bombarded self-supporting targets 
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with thicknesses ranging fro* 107 mo/cm* to 
232 mg/cmz. The beam polarization Mas typically 
0.65 <j Pi | 0 .75 and Mas cycled between up 
and down orientations at two-minute intervals. 
The neutron polarimeter consisted of six 
15 cm x 15 cm x 100 at plastic scinti l lators 
arranged in two parallel stacks of three. The 
long axes of the scinti l lators were parallel to 
the horizontal plane and perpendicular to the 
incident neutron f lux . The separation between 
stacks was approximately 1.4 m. The polariza­
tion of incident neutrons was determined by 
scattering fro* hydrogen [ 1H(n v ,n'}*Hj and carbon 
C l 2C(n*,n'x)] nuclei in one of the forward scin­
t i l l a t o r s . The scattered neutrons (denoted as 
n') were subsequently detected by one of the 
t ra i l ing scint i l lators. A thin plastic scin­
t i l l a t o r between the stacks was used to veto 
events associated with forward-going protons. 
Time signals derived from each end of the detec­
tors furnished both the TOF of the incident 
neutron and positron information from which 
the event geometry was reconstructed. Neutrons 
that scattered at polar angles of 14* <0 <31*, 
at azimuthal angles a within 45* of the horizon­
ta l plane, and with velocity v n ' /cose # . 9 1 v n 

were accepted as valid events. The measured 
instrumental analyzing power for these con­
ditions (which includes the average value of 
cos*) is A_ = 0.34 t 0.02 and is primarily due 
to scatter ing from hydrogen. The neutron-energy 
dependence of the analyzing power was calculated 
using the N-N phase s h i f t solut ions of A rnd t 1 5 

and amounts to a change of less than 5% i n the 
magnitude of Ap for 140 HeV < E n <160 MeV. 

At 8 = 0° the 
given by 

spin transfer coefficient is 

DNN(°°) • Pf/Pi (1) 
(where pi is the proton and pf the neutron 
polarization), and may be defined in terms of 
measured quantities as 

f>NH(0°) - (PiAp)-HR-D/(R+l) (2) 

where "p"f = (pj + - P j " ) / 2 is the average magni­
tude of the proton po la r i za t ion , Ap i s the 
instrumental analyzing power. 

ft * C ( N L

+ N R - ) / ( N L - N R t ) ] l / 2 t (3) 

and \ * [NR*] is the number of neutrons that 
scatter to the left (• » 0° t 45°) [right 
(• « 180" * 45)] for positive incident proton 
polarization, etc. This definition of Dj|M,(0°) 
is largely independent of false asymnetries 
caused by instrumental Inefficiencies and 
misalignments or unequal beam current for spin 
up and spin down. The product p^Ap, which pro­
vides the absolute normalization of D Nw, was 
empirically determined by measuring R for the 
0+ * 0 * 11,C(p,n)l',N (2,31 MeV) isobarlc analog 
state (IAS) transition for which 0NN(0°) = 1. 

Values of DNj|(0a) determined In this work are 
given In Table 2.8. Significantly, the values 
of 0NN(0°) for the pure GT transition are evenly 
distributed around the expected value of -1/3. 
The average for six strong transitions from 6L1, 
12C, »>C, and >'*C Is 0 N N(0°) • -0.32 ± 0.05. 

Table 2.8. Transverse spin transfer coef­
ficient 00,(0*) for (p.n) reactions at 160 HeV. 
The quoted uncertainties are absolute and arise 
from the statistical uncertainty in the yields 
of double-scattered neutrons for each transition 
plus an uncertainty of about 6% owing to the 
statistical uncertainty in the yields for the 
^Cfp.n)"!! (2.31 HeV) calibration reaction. 

Reaction 
Transition 

Ex(HeV) DwjrfO*) type 

<ti(p,n)*Be 0.0 

7Li(p,n) 78e 0.0 to .43 

"C{p,n)"N 0.0 

l 3C(p,n)l JN 0.0 

3.51 

15.1 

l*C(p,n)l,»N 0.0 

2.31 

3.95 

13.72 

*>Zr(p,n)9°Nb 4.3-6.3 

6.4-13.1 

-0.3710.04 GT 

-0.28*1.06 ST + f 

-0.24*0.03 GT 

0.0510.06 GT + f 

-0.33*0.05 GT 

-0.36i0.08 GT 

-0.29*0.17 GT 

1.0 F 

-0.2910.02 GT 

-0.33*0.04 GT 

0.2410.17 f + GT 
background 

-0.2810.08 GT (Giant 
1*) 

15.0-25.0 -0.17*0.09 ? 

Large systematic deviations froui th is value 
would be indicat ive of unexpectedly large L-2 
(or tensor) amplitudes at 0° or fa i l u re of the 
assumed single-step d i rec t - react ion mechanism. 
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3 ' S ( n , T ) 3 7 S REACTION HITH THERMAL KUTRONS 
AMD DECAY OF J 7 S TO LEVELS IN 3 7C1» 

S. Raiian E. T. Jurney3 

H. Ratynski2 N. E. Bunker3 

J . W. Stamer 3 

The 3 S S ( n , y ) 3 7 S reaction with thermal neutrons 
has been studied ut i l i z ing a highly enriched 3 6 S 
target. Fifteen t rays were observed which have 
been incorporated into a 3 7 S level scheme. The 
neutron separation energy of 3 7 S was determined to 
be 4303.52 t 0.12 keV and the thermal neutron cap­
ture cross section of 3 6 S to be 230 s 20 mb. The 
subsequent a" decay of 3 7 S to levels in 3 7C1 has 
also been studied. Seven Y rays were observed 
which have led to an improved 3 7 S decay scheme. 

1. Abstract of paper: Phys. Rev. C 30, 26 
(1984). 

2. Institute for Nuclear Studies, Otwock-
Swierk, Poland. 

3. Los Alamos National laboratory, Los Alamos, 
NM 87545. 

" S ( d , p ) 3 7 S AND 3 * » « S ( d , 3 H e ) 3 3 ' 3 5 P REACTIONS1 

C. E, Thorn2 E. K. Warburton2 

J. W. Olness2 S. Raman 

The 3 6 S ( d , p ) 3 7 S reaction was studied at E,j = 25 
HeV with an enriched 3 6 S target ( 8 I . l t ) and momen­
tum analysis of the protons. Twenty-six groups 
were identified with levels in 3 7 S . Excitation 
energies were obtained with an uncertainty of 
£3 keV and angular distributions yielded t and S 
values for the transfer reaction. Comparison is 
made to local systematics and the l * 1 strength 
is also compared to recent (n,y) results. The 
3-.»36s(<j,3He)33.3Sp reactions were also studied. 
A mass excess for 3 5 P of -24854(5) keV was 
obtained. (d, 3He) proton pickup strength was 
observed to four states of }5P and seven states of 
3 3 P . These results are compared to predictions of 
Wlldenthal. 

1. Abstract of paper to be published. 
2, Brookhaven National Laboratory, Upton, NY 

11973. 

DECAT SCHEME OF l l c S n FROM 
(n .n ' t ) AMD (n.y) RESULTS1 

Z. Gicsi 2 J . S» 2 

J . L. Weil 2 E. T. Jurney3 

S. Raman 

A decay scheme for I ( S S n containing approxi­
mately 190 i-rays and 112 levels below 6.0 HeV 
h?s been constructed by combining the results of 
M C Sn(n ,n 'Y ) and > l sSn(n,T) experiments. 

1 . Abstract of paper: Proc. Fi f th Intern. 
Symp. Capture Gamma-Ray Spectroscopy and Related 
Topics, Knoxville, Tennessee, September 1984. 

2 . University of Kentucky, Lexington, 
Kentucky. 

3. Los Alamos National Laboratory, Los Alamos, 
New Mexico. 

OBSERVATION OF EXTREMELY LOU s-HAVE 
STRENGTH IN THE REACTION l 3 *Xe • n 1 

B. Fogelberg2 H . Hizumotol> 
J . Harvey3 S. Raman 

The neutron cross section of 1 3 6 Xe has been 
investigated at the Oak Ridge Electron Linear 
Accelerator (ORELA). A sample of xenon gas, 
enriched to 93.6X in 1 3 S X e , was used as target. 
Measurements were made with an energy resolution 
of - 0 . l t . The transmission data, which were ana­
lyzed for neutron energies below 500 keV, show 35 
resonances in this region. Only four very weak 
resonances were found to be possibly due to s-wave 
neutron interactions, giving an extremely low 
value for the s-wave strength function in the ana­
lyzed region (S 0<1.0 x 1 0 ' 6 ) . 

1 . Summary of paper: Proc. Fifth Intern. Symp. 
Capture Gamma-Ray Spectroscopy and Related Topics, 
Knoxville, Tennessee, September 1984. 

2 . The Studsvik Science Research Laboratory, 
Nykffping, Sweden. 

3 . Engineering Physics and Mathematics 
Division. 

4. JAERI, Tokai-Mura, Naka-gun, Ibaraki-ken, 
Japan. 

ELECTRIC DIPOLE TRANSITIONS FROM NEUTRON 
CAPTURE IN l 6 7 E r RESONANCES1 

S, Kahane2 G. 6. Slaughter 
S. Raman C. Coceva3 

M. Stefanon3 

Primary neutron capture Y rays have been 
studied from 86 neutron resonances in i67£r in the 
energy range 5-600 eV. The spins of these reso­
nances were assigned as 1*3 or 4 on the basis of 
the Intensity ratios of suitable pairs of low-
energy y rays. The measured Intensities of the 
high-energy primary Y ''ays have been converted to 
partial radiation widths and further analyzed to 
obtain average El gamma strength. Individual Y 
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spectra f ro* 1*3 and 4 resonances have been summed 
separately after appropriate normalizations. The 
resulting average radiation widths (and hence the 
T-ray strength function) were in good agreement 
with the Axel-Brink predictions based on a giant 
dipole resonance model. These widths were also 
consistent with the assumption that the T-ray 
strength function is independent of the in i t i a l 
spin. The partial El radiation widths were sub­
jected to a distribution analysis, revealing that 
these widths had a slightly narrower distribution 
than that predicted by the Porter-Thomas law. The 
rat io of the average population of a particular 
low-lying level from I=4 resonances to i ts popula­
t ion 'ram 1=3 resonances was found to be in good 
agreement with a five-step cascade model. The 
population of successive spins within a rotational 
band lay on smooth curves which, for different 
bands. Mere nearly para l le l . A level scheme for 

1 6 8 E r has been constructed, and the neutron sepa­
ration energy for this nucleus was deduced as 
7771.6 ± 1.0 KeV. 

THE Clte . t ) REACTION AT 197 HeV 
ON " C , " H g . " S i AM) fc*al 

1 . Abstract of published paper: Phys. *ev. C 
30, 807 (1984). 

2 . Nuclear Research Centre-Negev, Beer-Sheva, 
Israe l . 

3. ENEA, CRE "Ezio Clement e l , " Bologna, I t a l y . 

LOCATION OF A DOORWAY STATE USING 
THE CHANNEL n *• 2 0 7 P b l 

L. C. Dennis2 S. Raman 

The location of a doorway state in the n + 
2 0 7 P b channel is established through a statist ical 
analysis of the observed partial widths for gamma-
rays and neutrons. Several statistical tests 
developed to help locate doorway states are pre­
sented. The statist ical analysis focuses on the 
strong correlation between large partial widths in 
the two exit channels. Widths in both exit chan­
nels exhibit extremely large values in the energy 
region near E n = 120 keV. This clustering of 
large widths, even when considered separately for 
each exit channel, is relatively unlikely to occur 
in a statistical sample. The strong correlation 
between channels decreases the likelihood for this 
clustering of large widths to occur in a s ta t i s t i ­
cal sample to less than 0.0003. 

1 . Abstract of paper: Proc. Fifth Intern. 
Symp. Capture Gamma-Ray Spectroscopy and Related 
Topics, Knoxville, Tennessee, September 1984. 

2 . Florida State University, Tallahassee, 
Florida. 

S. L. Tabor2 

G. Neuschaefer2 

J . A. Carr 2 

F. Petrovich 2 

C. C. Chang3 

S. Ra 

A. 6uterm?n3 

H. T. Collins* 
0 . L. F r iese l s 

C. Glover 5 

S. T. van der Uerf 6 

Spectra have been measured for the ( 'He.t) 
reaction on i ^ , 2 -Hg, 2 8 S i , and " t a at l U b = 
197 NeV and 9 j a D = 15*. The analog of the giant 
dipole resonance (GOR) is strongly populated in 
the charge-exchange reaction for each of the tar­
gets used in this study. Differences between the 
spectral shape of the GOR known in l 2 C , 2 e S i , 
2<*Mg, and 1 ,0Ca from photonuclear work and their 
analogs in 1 2 N , 2 " P , 2 I , A 1 , and ''"Sc are discussed. 
No evidence is seen for the population of a com­
pact isovector giant quadrupole resonance (GQR) in 
any of these targets. Angular distributions have 
been measured at this energy for the l,,*Ca( *He, ^ e ) , 
-"Ca^He.^He'^oca and "°Ca( JHe.tJ-'Sc reactions. 
The elastic *He scattering from , , QCa is reasonably 
described by a volume Woods-Saxon optical poten­
t i a l that is very similar to one known from lower-
energy studies. Collecative DWA calculations 
using this potential reproduce the inelastic scat­
tering to the 3~ and isoscalar GQR states of "°Ca 
and an additional calculation using the Goldhaber-
Teller model roughly reproduces the measured 
charge-exchange angular distributions of the GOR 
in ,»<>Sc. Data for the inelastic-scattering and 
charge-exchange reactions to a few low-lying 
discrete states and the region including the SDR 
in mass 40 have also been examined in DWA calcula­
tions using a microscopic double-folding model 
with a realistic effective interaction and 
particle-hole wave functions. Where possible 
these results are compared with results for other 
probes and rough consistency is founo. The decom­
position of the strength observed in the GDR 
region via ( 3 He,t) is considered in some detail 
and i t is estimated that 30X of this strength is 
AS=1. 

1 . Abstract of published paper: Nucl. Phys. 
A422, 12 (1984). 

2. Florida State University, Tallahassee, 
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3. University of Maryland, College Park, 
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THERMAL NEUTRON CAPTURE GAMHA RAYS FRCH 
SULFUR ISOTOPES: EXPERIMINT NO THEORY1 

S. Raman J . C. He l ls 1 

R. F. Carlton 2 E. T. Juraey* 
J . E. Lynn 5 

He have carried out a systematic investigation 
of r rays after theraal neutron capture by al1 
stable su.fur isotopes ( « S . 3 3 S . 3 "S . and 3 «5 ) . 
The measurements Mere made at the internal target 
f ac i l i t y at the Los Alamos Onega West Reactor. We 
detected a larger mater of t rays: -400 in 3 3 5 , 
-270 in »*S, -60 in J S S , and -45 in 3 7 S . 
Before developing detailed level schemes, tie 
culled «-HJ then consolidated the existing informa­
tion on energies and J * values for levels of these 
nuclides. Based on the current data, we have 
constructed detailed decay schemes, which iaply 
that there are significant populations of 26 
excited states in 3 3 S , 70 states in 3HS, 20 states 
in " 5 , and 7 states in 3 7 S . By checking the 
intensity balance for these levels and by com­
paring the total intensity of primary transitions 
with the total intensity of secondary T rays feed­
ing the ground state, we have demonstrated the 
relat ive completeness of these decay schemes. For 
strongly populated levels, the branching ratios 
based on the current measurements are generally 
better than those available from previous measure­
ments, [n a l l four cases, a few primary dipole 
(El) transitions account for a large fraction of 
the capture cross section for that particular 
nuclide. To understand and explain these transi­
tions, we have outlined ab in i t io a theory of 
potential capture. Toward" this end, we reviewed 
the theory relating off-resonance neutron capture 
to the optical-model capture. He studied a range 
of model-dependent effects (nature and magnitude 
of imaginary potential, surface diffuseness, etc. ) 
on the potential capture cross section, and we 
have shown how experimental data may be analyzed 
using the expression for channel capture suitably 
modified by a factor that takes into account the 
model-dependent effects. The calculations of 
cross sections for most of the primary transitions 
in the sulfur isotopes are in good agreement with 
the data. Some discrepancies for weaker transi­
tions can be explained well by an interfering 
compound-nucleus contribution to capture. This 
contribution is of the magnitude expected from 
statistical surveys of resonance capture data. 
Estimates of the cross section due to the valence-
capture mechanism in s-wave resonances show that 
this cross section should dominate the more com­
plicated compound-nucleus contributions. 

THE s- AND 4-WVE SCATTERING 
OF NEUTRONS OR **Ca 

1 . Abstract of paper to be published. 
2 . Middle Tennessee State University, 
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Cookeville, TN 38501. 
4. Los Alamos National Laboratory, Los Alamos, 

NM 87545. 
5. Atomic Energy Research Establishment, 

Harwel1, Engl and. 

J . A. Harvey1 

R. F. Carlton 2 

C. H. Johnson 
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Neutron total cross section measurements of 
"*Ca0 up to 1.4 HeV reported by Seibel et a l . " 
established the existence of one strong ds/2 
resonance at 0.956 HeY and no s-wave resonances 
were found. Although several other small reso­
nances were observed, their spins and parities 
could not be determined. Divadeenaa et a l . s 

calculated the energies and strengths of 
possible 2p-lh states and predicted that the 
lowest s-wave resonance would be above 1.5 HeV 
with the majority of the s-wave strength at 
3 HeV. 

Neutron total cross section measurements of 
H 8 Ca havs been performed at ORELA over the 
energy interval froa 10 keV to 4 NeV using a 
200-a f l ight path. A CaCOj sample (1/N = 126 
b/a) enriched to 96% " " ^ was used. Neutrons 
from the Ta target were used at higher energies 
while water moderated neutrons were used below 
500 keV. The energy resolution AE/E was 
-0.00025 [1+25 t]lTZ where E is in HeV. The 
experimental data after subtracting the oxygen 
and carbon cross sections are shown in Figs. 
2.24 and 2.25. An R-matrix analysis using the 
code SAMKY6 has been performed up to 4 NeV to 
obtain resonance parameters and potential scat­
tering phase shifts for 1=0, 1 and 2 wave reso­
nances. .The resulting f i t s to the total cross 
section are shown in Figs. 2.24 and 2.25. 

No resonances could definitely be assigned to 
s-wave neutrons. The nonresonant cross section 
for low energy neutrons (<400 keV) is very small 
-0 .5 b (R' ~ 2.0 f a ) . This can be described by 
scattering from a real Woods-Saxon potential 
with r 0 = 1.21 fin, a * 0.66 fm and V0 = 48 NeV. 

Three large ds/2 resonances (at 0,960, 1.56 
and 1.78 NeV) were identified up to 2 NeV whose 

ENERGT (k»V) 

Fig. 2.24. Total cross section of '•'Ca 
obtained using water-moderated source. The 
curve is the R-matrlx f i t . 
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"•'I- C3 48 

Fig. 2.25. Total cross section of "•"Ca 
obtained with neutrons from the Ta source. 

combined strength (based on a radius of 5.27 fin) 
is -45% of the single particle l imi t . The i^n 
neutron strength function from 0.8 to 2.0 MeV is 
14 x 10"1* in conventional units. The <\y2 a n d 
p-wave strength functions are nearly 100 times 
smaller and the s-wave is approximately zero. 

We have done a shell -model -in-the-cont-'nuum 
calculation 7 of the "̂ Ca+n system. The P3/2 
ground state and the pj/2 f i rs t excited state at 
2.03 MeV of '•'Ca exhausts most of the p-strength 
in agreement with (d,p) data and l i t t l e remains 
at higher energies. The positive parity states 
are calculated as a combination of lgg/2i W5/2 
and 2d3/2 s.p. states and P3/2 and pj/p neutrons 
coupled to the 3" collective state in ^Ca at 
4.51 MeV. No significant J= l /2 + states l i e in 
the energy region from 0 to 3 MeV above the 
neutron separation energy and four J=5/2 + states 
are predicted in this energy region. They 
represent a total of 60X of the available s.p. 
strength, fragmented by the particle-core 
interaction. The remainder of the strength is 
predicted to l i e within the i to 5.5 MeV energy 
region. 
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COUPLED-CHANNEL OPTICAL MODEL 
FOR O-0.5 MeV NEUTRONS IN " N i 

A. 0. MacKellari C. H. Johnson 
R. R. Winters2 

In a previous report 3 averaged neutron scat­
tering functions that had been deduced from 
high-resolution cross section measurements for 
various nuclei were compared to optical model 
potential (ONP) scattering functions for each 
partial wave. Assuming a spherical OMP a good 
f i t to the average for 0-450 keV s-wave on 6 0 H i 
was achieved for a real well depth of V0 = 
48 £ 5 NeV. (The model geometry was jnven-
tional with r 0 = rn = 1.21 fm, a 0 = 0.66 fm and 
an, = 0.48 fm.) That value for V0 is consistent 
with the known peak of the 3s1/2 size reso­
nances. However, since an unusually large 
imaginary depth (namely Wn = 29 ± 5 NeV) was 
required, i t was concluded that a non-spherical 
model should be considered for this vibrational 
nucleus. 

To include the vibrational effects we used 
the coupled-channel formalism1*** with the target 
channel being the 0* ground state and the 2 + 

state at 1.33 MeV with B = 0 . 2 U . (The 3" state 
at 4.04 MeV has negligible effects for s-wave 
neutrons.) Using the same geometry as for the 
spherical model we again f i t the compound arm' 
shape elastic cross sections (<JC and a^,) by 
searching on V0 and Wrj and found V0 = 50 ± 5 
MeV, Wn = 24 ± 5 MeV. In other word.,, we found 
essentially the same well depths as for the 
spherical model. 

Figures 2.26 and 2.27 i l lustrate the effects 
of V0 and WQ in the two models. In both figures 
the abscissa is V0 and the curves are calculated 
with various Wn. for 0.2-MeV neutrons, i . e . , at 
the midpoint of the experimental region. For 
that energy the horizontal lines give the 
experimental o c ar,d o s e with associated uncer­
taint ies, as indicated by the shaded ar-:>.;. A 
good f i t requires that Wn, be chosen to f i t both 
oc and o s e for the same V 0 . 

In Fig. 2.26 which is for the spherica* 
model, the observed <i s e restricts V0 to aoout 
48 MeV. At that Vp the o c is at the peak of the 
•* s l /2 resonance; thus, WQ must be increased to 
about 29 MeV to reduce the peak to the observed 
value. (A small Wn, of about 0.5 MeV would also 
f i t at E„ = 0.2 MeV but not over the fu l l 0-450 
keV region.) 

In Fig. 2.27, which is for the vibrational 
model, the <JC curves exhibit two additional 
resonances arising from particle-core couplings 
of the bound 2d states with the 2* target state. 
The curve of .->c for Wn = 1.5 MeV illustrates 
that the particle-core resonances are moved 
upward from their unperturbed energies (arrows) 
whereas the 3s resonance is moved downward from 
its position in the spherical model. The solid 
points indicate the f i t ted V0 and % as stated 
above. The open symbols Indicate an alternate 
solution with Wn only 1.5 MeV but with V0 so 
large, namely 54.5 MeV, that the 3s size reso­
nance would occur at A»44, far below the known 
peak near A=55. 
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F ig . 2.26. Spherical OHP s-wave shape 
elastic and compound nuclear cross sections vs 
V 0 for various imaginary well depths at En » 200 
keV. The horizontal lines indicate the experi­
mental values and the shaded areas represent the 
associated uncertainties. 

OPTICAL MODEL SCATTERING FUNCTIONS 
FOR 0-700 keV NEUTRONS ON »«Kr 

R. F. Carlton 1 J . A. Harvey2 

C. H. Johnson 

At low neutron energies parameters for an 
optical model potential (OMP) can be deduced 
from high resolution scattering measurements by 
f irst parametrizing the data in terms of an R-
matrlx and then averaging those scattering func-

Fig. 2.27. Coupled channels OKP s-wave shape 
elastic and compound nuclear cross sections as 
for Fig. 2.26. THe 2+ (1.33 HeV) target state 
is included with 0 = 0.211. Arrows indicate 
unperturbed energies of the [ 2 * , 2d5/?] and [2+, 
2d3/2] particle-core states. Soliu points indi ­
cate the accepted model, and the open points 
indicate a rejected solution. 

tions for each partial wave in order to compare 
to the OMP. In the preceding report 3 sjch 
analyses were given for 3 0 S i , 3 2 S , 3'*S, l , t t a , 
and 6 0 N i . Here we present new measurements and 
preliminary analysis for 8 6 K r . This nucleus has 
a closed neutron shell and i ts mass is just 
below the peak of the 3p size resonance. 

Raman et a l . " measured the transmission of a 
99.5% enriched ft6Kr sample using the 80-m fl ight 
path at the ORELA f a c i l i t y . He repeated the 
measurement with the resolution of the 200-m 
f l ight path and 7 nsec burst width. With this 
resolution the resonances are well resolved such 
that definit ive assignments of the important s-
and p-wave resonances can be made for neutron 
energies up to about 400 keV. »t higher energies 
the complicated structure makes assignments more 
d i f f i cu l t ; nevertheless, our multilevel analysis 
is nearly complete for energies up to 700 keV. 

In Fig, 2.28 the staircase plots show the 
cumulative sums of p-wave reduced widths for a 
6.4-fm boundary radius. We s*>e that the sum for 
P3/? is about three times that for pj /2 and that 
the average slope or strength function, ? • 
<Y2>/D, appears to be increasing In the region 
for P3/2. These observations are consistent 
with a spin-orbit splitt ing of the 3p single-
particle resonance. In our final analysis we 
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Fig. 2.28. Cumulative p-wave reduced widths. 

wil l introduce an energy dependence for the P3/2 
strength function, but here we assume each 
strength function to be constant within the 
region. Thus, we find s = 0.022, 0.058 and 
0.22, respectively, for s j / 2 . Pl/2 a n d P3/2* 

Of equal importance for an OMP analysis is 
the external R-function which accounts for a l l 
levels outside the region from E 4 » 0 to 
E u = 700 keV. For each partial wave i t is para­
metrized by 

Rext( R) = R ( E ) - ? in C(E U -Ej / (E-E t ) ] 

where R" * a+b(E-Em) and Effl is the midpoint of 
the analysis. The f itted (a.b) with b in MeV-1 

are (-0.13,0.15), (0.60,0.14) and (0.58,1.74) 
for s i / 2 , p 1 / 2 and ?y2-

From the parametrized scattering functions we 
determined an average for each partial wave by 
use of an analytical approximation5 with an 
averaging width of 21 » 200 keV. Figure 2.29 
presents the p-wave average In terms of compound 
and -nape elastic cross sections, cfc and a j e . 
The solid curves present the experimental values 
(divided by the statistical factors) and the 
dashed curves show the f i t obtained by adjusting 
the well depths in an OMP of standard form with 
r 0 » rn » 1.21 fm, a 0 • 0.66 fm and ap, « 0.48 ' 
fm. The f i t ted well depths are listed in the 
figure. We see that the imaginary well depths 
are essentially the same for both pj/2 and P3/2 
and that the major part of the observed J-
dependence in the p-wave cross sections 
Is attributed to the real spin-orbit term. In 
other works, the sp1n-orb1t splitting brings the 
3P3/2 state down towards our region while 
pushing the 3pi/2 state upward. The proximity 

1.0 

0.5 

100 200 300 400 500 
NEUTRON ENERGY (keV) 

600 700 

Fig. 2.29. Shape elastic and compound cross 
sections. Solid curves were deduced from the 
data by averaging the R-matrix scattering func­
tion with the averaging width 21 = 200 keV. 
Dashed curves are OMP f i ts with a given geometry 
and with the well depths adjusted as listed in 
the figure. 

of the 3p3/2 state may account for the rising 
strength function in Tig. 2.28. 

Table 2.9 l ists the well depths deduced here 
for 8 6 Kr along with those reported3 for the 
lighter nuclei. Some trends are apparent. For 
each nucleus the real well is deeper for p-waves 
than for s-waves. Coupled channel calculations 5 

suggest that most, but not a l l , of this 
i-dependence can be attributed to vibrational 
effects. For s-waves the smaller V0 for 8 6 Kr is 
consistent with a relatively large symmetry term 
for this nucleus. The fact that the imaginary 
well depths have large fluctuations Indicates 
the effects of nuclear structure for each 
nucleus. 
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Table 2 .9 . Neutron optical model 
potential veil depths 

Nucleus t Vn Vso "D 
"Si 0 

1 
40 
62 

± 1.7 
± 2.5 7 a 

4.5 ± 1.5 
4.5 t 2.5 

"S 0 
1 

51.5 
61.4 

± 0.4 
± 1.1 11 t 3 

6.0 ± 3.0 
2.7 ± 1.5 

3*S 0 
1 

51.5 
58.5 

± 1.1 
± 1.2 6 ± 3 

3.0 ± 2.0 
3.5 ± 1.9 

-°Ca 0 
1 

5J.6 
56.1 

± 1.0 
t 1.0 6 t 7 

6.7 ± 0.3 
0.6 t 0.3 

6 0 N 1 0 48 ± 5 29 ± 5 
8 6 K r 0 

1 
48.5 
51.4 

* 1.0 
± 1.0 5 ± 1 3.5 t 1.0 

'Assumed value . 

MEASUREMENTS OF THE NEUTRON TRANSMISSION AND 
CAPTURE CROSS SECTIONS IN 2 0 "Pbl 

D. J . Horen 
R. L. Macklin 2 

J . A. Harvey2 

N. W. H i l l 3 

High resolution neutron transmission measure­
ments have been performed on 2 0 l , Pb in the energy 
interval E = 0.4-105 keV. The transmission data 
were analyzed using a multilevel R-matrix code 
to deduce resonance parameters. Previously 
obtained neutron capture data were reanalyzed in 
the interval 2.6-86 keV. Values of g r n r - / rwere 
determined from the capture data. For those 
resonances where r n could be determined from the 
transmission data, the capture data were ana­
lyzed to extract rY- Our results yield an 
average capture for a stel lar temperature 
kT = 30 keV of 89.5 .•-. 4.5 mb. The s-wave level 
density for 2 0 5 Pb corresponding to the neutron 
energy range investigated ( i . e . , E -105 keV) 
relative to that for 2 ° 7 Pb (which has about the 
same neutron separation energy) is greater by 
about a factor of 10. The average s-wave 
strength function in this energy region is 
determined as S 0 • 0.93 x 'O"1*. This is an 
order of magnitude greater than that for a simi­
lar energy region in 2 0 6Pb+r, where a doorway is 
observed at E ~ 500 keV. However, tne strength 
function in the in i t ia l t * 0-100 keV in 2<>uPb+n 
is almost identical to the average value of that 
for 2 0 6Pb+n when the averaging interval for the 
latter is taken as E n « 0-1000 keV ( i . e . , over 
the doorway state) . This suggests that the 
s-wave doorway state observed in the higher 
mass lead isotopes is completely mixed with 
"background" states in 2°5pb, and most l ikely 
no intermediate structure will be observed in 
the s-wave strength function for the 20^Pb+n 
reaction. 

1 . Abstract of paper: Phys. Rev. C 29, 2126 
(1984). 

2. Engineering Physics and Mathematics 
Division. 

3. Instrumentation and Controls Division. 

SPHERICAL OPTICAL MODEL DESCRIPTION OF 
"•Pb+n SCATTERING NEAR THRESHOLD 

D. J . Horen C. H. Johnson 

The spherical optical model potential (OMP) 
provides a good Macroscopic description of 
nuclear scattering for energies for which the 
compound system can be treated s ta t is t ica l ly . 
Ti.3 scattering of low energy neutrons by 2 0^>b 
near threshold where the level density is quite 
small obviously does not satisfy these con­
ditions. For example, there are only three 1/2* 
resonances in the energy interval E n = 0-1005 
keV, and almost a l l of the s-wave strength is 
contained in a single resonance at 506 keV. 
Hence, i t is clear that this energy regime is 
non-statistical and that standard averaging pro­
cedures would not be appropriate. However, i t 
is s t i l l useful to attempt some sort of average 
description even at these energies in order to 
make comparisons to OMP predictions and, 
thereby, to relate to the OMP analyses which are 
made for higher energy da ta . 1 

As distinguished from higher energy studies 
( i . e . , E n *• 3 ..eV), the low energy region which 
we study with ORELA is dominated by resonance 
structure. The data can be analyzed in terms of 
partial waves from which one can deduce infor­
mation pertaining to possible t-dependency of 
the spherical OMP. This is in contrast to work 
at higher energies where one is constricted to 
investigations of the average potentials. 

We have analyzed our 2 0 8Pb+n data uti l iz ing 
the R-matrix formalism and deduced a parameter 
set that reproduces the differential elastic 
and total cross sections in the energy interval 
f.n = 40-1005 keV. The scattering function for 
each partial wave can be expressed in the form 

S(E) e -2 i * (E ) 1 * iP(E)R(E) 
1 - iP(t)R(E) 

where $ and P are the hardsphere phase shift and 
penetrability, respectively. R is the R-
function which has been parametn Ted in terms of 
poles as 

R(E) • R e"(E) + I - £ - . 
EX-E 

The function R« xt(E) can be parametrized in a 
variety of ways, and we have chosen to do so by 
use of a distribution of poles outside of the 
region analyzed. For our choice of boundary 
radius, R* (E) (i.e., for s-waves) is a 
smoothly varying function whose magnitude is 
small in our energy interval of analysis. 
Together with the hardsphere phase shift, it 
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determines the cross section which one would 
have in the absence of the observed resonances. 
This cross section is almost equivalent to the 
elastic cross section that one would calculate 
from a real potential. We find that the depth 
of the real well of a Wood-Saxon potential that 
f i t s the cross section calculated by setting the 
resonance part of the R-matrix to zero is very 
close to that required to yield the experimen­
ta l ly observed binding enet^y of the te\/z 
neutron in Z09Pb. 

We can write the OHP S-matrix in the same 
form as that for the R-matrix as 

OfthL-OWG 84-<368r 
SO 

j f . . „ . d HZ' 5/2" V 2 206, Pb 

- p 3 / 2 

45 

I 

SQMP(E) = e " 2 1 * ( E ) W t O t f t E H • $ ( £ ) ] . 
l-iP(E)ER(E}+i*s(E)] " 

4 0 

For a real well ( i . e . , WsO), s(E)=0. Hence, we 
can see that what was done above is to assume 
that i f we had averaged the experimentally 
determined S-matrix the resonance would not 
contribute significantly to the determination of 
R(E). We have performed a numerical average2 of 
S ( E } e x p and find this to be essentially so. 
Hence, we feel that our determination of the 
value of the real potential near threshold for a 
spherical potential model has val id i ty . 

The determination of the imaginary potential 
is more questionable. We have approached this 
ir, two ways. One is to ignore the fact that 
there are too few s-wave resonances to allow a 
reliable average and to perform a numerical 
calculation with a large averaging interval . 
The other is to consider the trend of the data 
for other isotopes of lead. From earlier 
works, 3 i t has been shown that s-wave strengths 
i n 206»/07 P b + n a i s o n a v e doorway structure in 
the energy interval E n - 0-1000 keV. Recently, 
i t has been found1* that the s-wave strength in 
2fll*Pb+n is much more fragmented, and has a value 
in the interval E n - 0-100 keV that is essen­
t i a l l y equal to that for the other lead isotopes 
when one averages the latter over a 1000 keV 
interval . This has been interpreted1* as indi­
cating that the compound system 201*Pb+n already 
is essentially s ta t is t ica l , and that the 
strength in the s-wave doorway states in 
206,207,208po j$ more or less uniformly distr ib­
uted in 2 0 l*Pb+n. On this basis we would expect 
that i f we uniformly distribute the strengths in 
206»207.208pb ^ W O u i d f j n d QMP parameters for 
all of the lead isotopes to be similar (except 
for an A dependence) as one might expect for a 
global model. The value of s obtained by 
averaging is not too different from that deter­
mined from a uniform distribution. 

The values of the real , V 0 , and imaginary, 
WQ, spherical OMP that we deduce with the 
geometry given by Finlay et a l . 1 are shown in 
Fig. 2.30. The values of V0 determined from our 
partial i-wave analyses are in good agreement 
with the value of the average V 0 extrapolated 
downward from f i ts to higher energy data. Our 
Indicated values for WQ should be considered as 
tentative, with large error bars. Further con­
sideration must be given to Investigating the 
meaning of methods to deduce these. However, I t 
Is interesting to note that our tentative values 
at least appear reasonable. Since our tnter-
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Fig. 2.30. Plots of the rea l , V 0 , and imagi­
nary, WQ, values for a spherical optical model 
description of 2 0 8Pb+n scattering. The x's have 
been deduced from this work. The remaining 
points are from Ref. 1 . 

mediate structure can be explained in terms of a 
real resonance ( i . e . , particle-core excitation) 
within our region of analysis, i t is clear that 
a spherical optical model description must con­
tain a non-vanishing W0. In another contribu­
tion we discuss a description of 2 0 8Pb+n 
scattering in the s-wave channel in terms of a 
coupled-channel formalism with real potentials. 

1 . See for example, R. W. Finlay et a l . , 
Phys. Rev. C 30, 796 (1984). 

?.. C. H. Johnson et a l . , Phys. Rev. C 27, 
1913 (1983). 

3. 0. J . Horen, J . A. Harvey and N. W. H i l l , 
Phys. Rev. Lett . 38, 1344(1977); Phys. Rev. C 
18, 722 (1978); 20, 478 (1979); 24, 1961 (1981). 

4. D. J . Horen et a l . , Phys, Rev. C 29, 2126 
(1984). 
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COUPLED-CHANNEL CALCULATION OF S-WAVE 
CROSS SECTION FOR 2 0 8 P b + n : E n = 40-1005 keV 

ORNL-OWG 84-16106 

A. 0 . MacKellar1 0 . J . 
C. H. Johnson 

Horen 

The s-wave channel fo r 2 0 8 Pb*n scatter ing in 
the energy range E n = 40-1005 keV is essent ia l ly 
describable in an R-matrix analysis with 

R(E) = R e x t ( E ) • -TT^rr 
l t \ - E ) 

where the resonance energy i s 506 keV. Here we 
show t h ; t t h i s intermediate structure can be 
reproduced using a coupled-channel c a l c u l a t i o n 2 

with a simple par t i c le -v ib ra to r model. 3 

Experimentally i t i s found that the 4 s j / 2 

single pa r t i c l e state l ies at an exc i ta t ion 
energy of 2.03 HeV in 2 0 , P b . The neutron 
separation energy is 3.94 HeV (which coiresponds 
to the binding energy of the 2gg/£ ground 
s t a t e ) . The number of 1/2+ states that can be 
formed by par t ic le -ho le or par t ic le-core exc i ta­
t ions and which l i e in the energy in terval 
E n = 0-1000 keV is very l im i t ed . One such state 
can be formed by coupling the 2gq/2 single par­
t i cte to the 4 + core exci tat ion ( i . e . , 4.32 HeV 
in 2 0 8 P b ) . Our i n i t i a l calculations are being 
done with the coupled-channel code ECIS.1* The 
coupling equations are of the form 
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F ig . 2 . 3 1 . Comparison of the experimental 
and coupled-channel calculated s-wave cross 
sections for 2 0 8 Pb+n . 
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where p„ - kpjr, k|y is the projectile wave number, 
and E n = E-lfu. The scattered neutron has an 
energy, E n , given by the incident energy minus 
the excitation energy of the core state. Tne 
central potential is purely real and of the 
Wood-Saxon form. The coupling potential can be 
expressed in terms of derivatives of a Wocd-
Saxon form and amplitudes for excitation of 
phonon modes of the target nucleus. Our pre­
liminary calculations have used values of V aj dg 
that result in binding the 4si/2 and 2gg/2 
single-particle states at their experimentally 
observed values. We used a value &k » 0.07 for 
the 4* core state. 

In Fig. 2.31 we compare the coupled-channel 
calculated cross section with that calculated 
using our experimentally determined s-wave R-
matrix. This preliminary comparison is quit* 
good. The position of the resonance is close to 
that observed experimentally, but the width is 
somewhat broader. In this calculation, the 
resonance is shifted upward only about 130 keV 
from the sum of the experimentally observed 
(unperturbed values) 2gg/j single particle state 
and 4* core excitation. This results partly 
because the coupl; •<: is weak and partly because 
the values of V^i a i sed are those that yield 
the observed rather .Ian the unperturbed binding 

energies for the single particle states. A more 
correct calculation would utilize V<jjag which 
give the unperturbed single particle binding 
energies, and then reproduce the distribution of 
single particle strength in the bound as well as 
the unbound region. Such an investigation is in 
progress. 

1. Consultant from University of Kentucky, 
Lexington, KY 40506. 

2. T. Tamura, Rev. Mod. Phys. 37, 679 (1965). 
3. A. Landa and G. E. Brown, Nucl. Phys. 75, 

344 (1966). 
4. J. Raynal (unpublished). 

ELASTIC AND INELASTIC SCATTERING OF 
1 8 0 FROM 2»S1 AT 19.5 HeV/amu 

B. L. Burks J . L. C. Ford, J r . 1 

D. J . Horen E. E. Gross 
R. L. Auble D. C. Hensley 
F. E. Bertrand R. 0. Sayer 2 

.!. L. Blankenship D. Shapira 
T. P. Sjoreen 3 

To date no global optical-model parametriza-
t i on has been developed to adequately describe 
heavy-1on e las t ic scatter ing data for a large 
range of p ro jec t i l e energies and target -
p ro jec t i l e combinations. Therefore, 1t 1s 
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necessary to Measure elastic scattering data for 
incoaing and outgoing heavy-ion reaction chan­
nels in order to determine reasonable optical-
model potentials for use in direct reaction 
calculations such as MBA. As a complementary 
Measurement to a study1* of reactions init iated 
by a 354-MeV 1 8 0 beam incident upon a 2 8 S i 
target we have measured cross sections for 

. 2 8 S i ( l 8 0 , 1 8 0 ) 2 8 S i elastic scattering and also 
inelastic scattering to the lowest 2* states 
in both the target and projecti le, 
2 « S i ( l 8 0 , 1 8 0 ) 2 8 S i * [ l . 7 8 HeV,2+] and 
2 8 S i ( l 8 0 , 1 8 Q * [ 1 . 9 8 MeV,2 + ] ) 2 8 Si , respectively. 

The data described in this report were 
obtained using the coupled tandem and cyclotron 
machines and the broad range spectrograph (BRS) 
at ffURF. Particle identification and focal 
plane position were determined using a multi­
parameter focal plane detector system which has 
been described elsewhere.5 Scattering data were 
measured for a laboratory -igle range of 2° tc 
1 5 s , with a solid angle of 4.581 msr correspond­
ing to an angular acceptance of ±2.0° horizontal 
and ±1.88* vertical at each magnetic f ie ld 
sett ing. Five magnetic f ie ld settings were 
required to provide ample overlap of scattering 
angle bite detected on the focal plane. The 
scattering yield has been analyzed by binning in 
0.2 degree intervals, equivalent to approxi­
mately 0.33 degrees in the center of mass 
reference frame. Elastic scattering cross sec­
tions nave been determined for an angular range 
of 3.5" to 20.9" c m . , as shown in Fig. 2.32. 
Inelastic scattering cross sections were deter­
mined for excitation of the 1.78-KeV state in 
2 8 S i from 3.5° to 22.2" c m . , and for excitation 
of the 1.98-MeV state in l 8 0 from 3.5° to 16.0° 
c m . , as shown in Fig. 2.33. 

An optical model f i t to the elastic scat­
tering data has been completed. The code 
PTOLEMY6 was used to perform the optical model 
calculations and also automatic parameter 
searches for x 2 minimization. Two sets of 
optical-model potentials were adopted as 
starting values for f i t t ing the data; both taken 
from analysis of l*'0 + 2 8 S i elastic scattering 
da ta . 7 > 8 Both parameter sets were derived from 
analysis of differential cross section angular 
distributions measured at 11 energies between 33 
MeV and 215 MeV. The two parameter sets are 
summarized in Table 2.10 along with the parame­
ters resulting from an optical model f i t to the 
i 8 0 + 2 8 S i data presented here. 

The potential labeled E18 is an energy-
independent Woods-Saxon optical poten*'al 
reported by Cramer et a l . 7 The potential 
labeled A-type in Table 2.10 also uses a 
Woods-Saxon potential but includes a linear 
energy dependence of the diffuseness of the 
imaginary part of the potential. This potential 
along with a discussion of various other poten­
t i a l shapes was reported by Satchler. 6 Both 
starting parameter sets predicted angular 
distributions that were out of phase with the 
data. However, the shallow potential of Cra,ner 
et a l . more nearly reproduced the amplitude of 
oscillation observed in Fig. 2.32 for the angu­
lar distribution of the cross section plotted as 
a ratio to the Rutherford scattering cross sec­
t ion. Although both parameter sets were 
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Fig. 2.32. Differential cross section data 
for 1 8 0 + 2 8Si elastic scattering at 354 MeV. 
The solid cirve is the best optical-model fit to 
the data generated using the parameters labeled 
E-type given in Table 2.10. 

searched for an optimum f t to the data, it was 
found that the phase a-.j amplitude of oscilla­
tion of the data plotted in Fig. 2.32 could be 
reproduced more readily by modification of the 
shallow potential. The optical-model parameters 
which gave the best fit to the data are listed 
in Table 2.10, labeled E-type potential. Since 
the best fit was obtained by increasing the real 
well depth and decreasing the real well radius, 
the next step in this analysis is to explore 
the ambiguity in tnese parameters to see if a 
parameter set more closely resembling that of 
Cramer et al. could equally well reproduce the 
data. 

A coupled-channels analysis of the elastic 
and inelastic scattering data shown in Figs. 
2.32 and 2.33 is in progress using the E-type 
potential of Table 2.10 as a starting value. 
Initial calculations indicate that the best fit 
to the data will require significant reduction 
of the imaginary well depth so that the final 
parameter set will resemble the E18 potential 
of Cramer et al. even more closely. Although 
the coupled-channels analysis is still in 
progress, the calculations indicate that defor­
mation parameters, s 2. required to fit the 
inelastic scattering cross sections are con­
sistent with the values obtained by light ion 
scattering. 
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Fig. 2.33. Differential cross section aata 
for l 8 0 + 3 8Si inelastic scattering at 354-HeV 
populating the 1.78 NeV state in "Si and the 
1.98 NeV state in l 8 0 . The latter angular 
distribution was multiplied by a factor of 0.1 
before plotting. 
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SPECTROSCOPY OF " A l VIA THE 
" S t ( " O . U F ) « A l REACTION 

B. L. Burks 
D. J . Horen 
R. I . Auble 
F. E. Bert rand 
J . L. Blankenship 

J . L. C. Ford, J r . 1 

E. E. Gross 
D. C. Hensley 
R. 0. Sayer2 

D. Shapira 
T. P. Sjoreen' 

During a recent experiment studying the 
2 8 S i ( 1 8 0 , 1 8 F ) 2 8 A l single charge exchange reac­
t ion, data were also obtained for the proton 
pickup reaction 2 » S i ( l 8 0 , l 9 F ) 2 7 A l . A 354 MeV 
1 8 0 beam was provided by coupled operation of 
the tandem and cyclotron machines at the 
Hoiif ield Heavy Ion Research Facil i ty (HHIRF) 
with a typical beam intensity of 3 to 4 pna 
incident on a 117 ug/cm2 self-supporting 2 8 S i 
target. The reaction products were detected in 
the focal plane detector system of the broad 
range spectrograph (BRS). 

At the beam energy used in this study, 19.5 
MeV/amu, the proton pickup reaction channel is 
much stronger than the charge exchange reaction 
channel. Because of the 34 cm active length of 
the vertical dr i f t chamber in the focal plane 
detector system of the BRS, position and 
particle-identif ication information were 

Table 2.10. Optical model 
data and used as starting val 
scattering. The E-type potent1 
elastic scattering data in Fig 

potential parameters deduced from l 6 0 + 2 S S i elastic scattering 
lues in the present analysis of l 8 0 • 2 8 S i elastic and inelastic 
i t ial is the result of an optical-model f i t to the I 8 0 • 2 8 S i 
ig. 2.32. 

Potential V 
(MeV) 

ro 
(fm) 

«o 
(fm) 

U0(volume) 
(MeV) (fm) 

8 I 
(fm) 

rCoul 
(fm) 

E187 10.0 1.35 0.618 23.4 1.23 0.552 1.0 

A-type8 100.0 0.967 0.745 44.1 1.073 1.009 1,3 

E-type 15.0 1.30 0.710 42.0 1.19 0.707 1.0 



59 

obtained simultaneously for excitation energy 
ranges of approximately 0 to 70 HeV In 2 7A1 and 
0 to 50 MeV in 2 8 A 1 . Other reaction products 
Mere also observed but wi l l not be discussed in 
this report, see Fig. 2.34. 

Figure 2.35 shows a focal plane position 
spectrum for the 2 8 S i ( l 8 0 , l 9 F ) 2 7 A l reaction 
•easured at a laboratory angle of 2 . 1 s . 
Prominent peaks corresponding to states in 2 7 AI 
or I 3 F are labeled. The typical position reso­
lution was approximately 1 mjn FWHH, equivalent 
to an energy resolution of about 220 keV FWHH. 
The data have been analyzed in 0.2 degree bins 
for laboratory scattering angles from 2 to 8 
degrees. Differential cross sections have been 
determined for many of the states labeled in 
Fig . 2.35. Further peak-fitting is under way 
for the remaining states. The resulting angular 
distributions will be compared to heavy-ion 
transfer reaction calculations performed using 
the code PTOLEMY. 
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1 . Deceased. 
2. Computing and Telecommunications 

Division, ORNL. 
3. Solid State Division, ORNL. 

Fig. 2.35. A focal plane position spectrum 
for the 2 8 S i ( 1 8 0 , 1 9 F ) 2 7 A 1 reaction at & j a D = 
2 .1° . Prominent peaks corresponding to state* 
in 2 7 A1 or l 9 F are labeled with excitation 
ener-jies in (feV. 
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Fig. 2.34. An E-fiE plot for light heavy ions 
emitted from the 1 8 0 + 2 9 S i reaction. The solid 
line enclosing the Z » 9 distribution indicates 
the particle identification gate used to 
separate flourine (F) nuclei from other reaction 
products. 

INCLUSIVE STUDIES OF HEAVY PRODUCTS FROM 
2 8 S i + 1 2 C INDUCED REACTIONS WITH SINGLE UNIT 

MASS AND CHARGE IDENTIFICATION 

0. Shapira M. Becker-man 
J . Gomez eel Campo B. A. Harmon1 

S. T. Thornton1 

Studies of orbiting and deep inelastic reac­
tions with 2 8 S i + 1 2C and other light systems 
have provided evidence for the presence of an 
upper limit to the orbital angular momentum 
stored in the dinuclear complex formed in deep 
inelastic col l is ions. 2 The value of this angu­
lar momentum limit can be related to a l imit on 
the angular momentum in the entrance channel 
{with specific assumptions on the nature of 
nucleus-nucleus f r ic t ion) . In accordance with 
the model for nucleus-nucleus fusion put forth 
by R. Bass, i t is expected that any limit on the 
formation of a dinuclear configuration wi l l also 
prevent the fusion of the nuclei Involved. We 
have therefore decided to investigate these 
effects and to demonstrate the presence of angu­
lar momentum limitations on nucleus-nucleus 
fusion in the 2 8 S i + I 2 C system. 

The effects of reaching an absolute l imit on 
the angular momentum leading to fusion are two­
fold. (1) The magnitude of the cross section 
for complete fusion of projectile and target 
should become Inversely proportional to the 
center-of-mass bombarding energy at energies 
beyond that for which this limit has been 
reached (see Fig. 2.36). (2) In addition, since 
complete angular momentum transfer to the com­
posite system is no longer possible, we expect 
to observe the onset of processes where only 
part of the angular (and therefore linear) 
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Fig. 2.36. Predictions for complete fusion 
of z 8 Si • l 2 C as a function of incident c?«ter-
of-mass energy. The data shown as ooen circles 
and cross marks are from refs. 5 anc 4 and 
the solid circles present new data acquired by 
the authors of this report. 
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Fig. 2.37. The experimental setup for time 
of flight, energy loss and total energy measure­
ments reported here. 

OWH.-OBC M-NBST 
momentum of the projectile is transferred to the 
target (e.g., incomplete fusion). The predicted 
cross section for fusion of 2 8Si + I 2 C is shown 
in Fig. 2.36. This prediction is Made in the 
spirit of the Bass model for nucleus-nucleus 
fusion but with a readjustment of the global 
parameters quoted by Bass 3 to fit fusion data 
Measured at low energy. " s 5 The angular momentum 
limits are the values (E.C.) derived from the 
deep inelastic orbiting data 2 and the higher 
cutoff value corresponds to an assumed rotating 
liquid drop limit (RLOH). 

It becomes increasingly complicated to iden­
tify evaporation residues from the collisions of 
light heavy-ions, particularly at higher energy. 
The data analysis involves careful studies of 
the energy and velocity spectra of heavy prod­
ucts and the identification of yields from 
processes where complete momentum transfer has 
occurred. Complete identification (mass and 
charge) of the products facilitates such analy­
sis and renders it less ambiguous. It is also 
expected that the predominant incomplete fusion 
process in this system ( 2 8Si beam with *Re 
target fragment) will be a process which is 
even more forward peaked than the complete 
fusion - evaporation yield. 

He report here on measurements of reaction 
products from the bombardment of a l 2 C target by 
a 2 8S1 beam. Angular distributions for all 
products were measured at angles ranging from 2 
degrees to 13 degrees. The mass and charge of 
the products were identified by measuring their 
energy and time-of-flight as well as energy loss 
in a gas-filled ionization chamber. The setup 
used In the experiment is shown in Fig. 2.37. 
Angular distributions of the evaporation resi­
dues, measured at 130 and 180 Mev bombarding 
energies, are shown in Fig. 2.38. The fusion 
cross sections obtained from integrating the 
angular distributions shown In Fig. 2.38 are 
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Fig 2.38, Angular distribution of evapora­
tion residues from collisions of 2 8Si and l 2 C 
nuclei. The histograms are angular distribu­
tions predicted by the Monte Carlo evaporation 
code PACE (6). 

shown (solid circles) in Fig. 2.36. Similar 
data at higher energies are clearly needed and 
we plan such measurements using a 260 MeV 2 8S1 
beam from the HHIRF facility. 

The velocity spectra shown in Figs. 2.39 and 
2.40 serve to highlight the contribution of 
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Fig 2.39. Velocity spectra for different 
evaporation residues meassured at a laboratory 
angle of two degrees. 

yields from the process of incomplete fusion of 
2 8Si with l 2 C . The predominant incomplete 
fusion expected is that of 2 eSi with a *Be 
fragment from the target. This results in 
higher velocities. Figure 2.39 shows the 
velocity spectra of 3 S t 3 6 C I and 3 6 > 3 7 A r which 
are not likely to have contributions from an 
3 6Ar compound nucleus ( 2 8Si • *6e). J1,C1 on the 
other hand shows some contributions from this 
process as do lighter elements. In Fig. 2.40 we 
see the evolution of the J|,CI spectrum over the 
angular range of 2" to 6° as a shift from the 
velocity of incomplete fusion to that of 
products from complete fusion. 
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TWOFOLO AND THREEFOLD COINCIDENCE 
MEASUREMENTS OF COMPLEX FRAGMENT EMISSION 

IN « S 1 * 1 2 C COLLISIONS 
D. Shapira R. Novotny1 

S. T. Thornton2 

190 MeV 2 8Si ions from the Heidelberg MPI 
Tandem + Linac Accelerator Complex were :sed to 
bombard natural carbon targets. Complex frag­
ments (Z > 2) emitted In these collisions were 
Identified in an array of five large volume 
ionization chambers (see Fig. 2.41). Each 
detector measures energy E, linear momentum p 
and the charge Z of an entering fragment. 

This study is aimed at establishing the 
nature of the yield of recoiling target-like 
nuclei. Inclusive energy spectra and angular 
distributions of these target-like recoils were 
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Fig. 2 .41 . Experimental arrangement of the 
three detectors: (a) top view, (b) front view. 

studied extensively, over a wide range of bom­
barding energies in a series of measurements 
that confirmed the predominance of orbiting in 
collisions between light heavy nuc le i . 3 

In particular, the continuum spectra of 
recoiling carbon nuclei of the type shown in 
Fig. 2.42 could originate in two different 
processes: 

(1) " S I + "C * ( « s i * ) • 12c* * 
2"Kg* + "He + 12C* 

(2) " S i • *2C » 2"Mg* • (1*0*) • 
2"Mg* + "He + 12C* 

Twofold coincidence measurements were aimed at 
separating these two most likely sources for 
carbon production and determining their relative 
contribution to the observed l 2C yield. In both 
cases the most likely end products of this chain 
is a combination of "He, 1 2 C , and 2"Mg nuclei. 

The experiment was arranged in such a way 
that the Ionization chamber placed at small 
angles had an absorber placed in front that 
served to keep any forward scattered beam 
particles and evaporation residues from reaching 
the a<tive detector volume.3 This enabled us to 
do the experiment with 100 na of 2 8S1 (14+) but 
had the disadvantage Inat particles with Z > 14 
could not reach the detector at all and only 
particles with Z < 10 could be detected over a 
sufficiently large range of Kinetic energies. 

10 20 30 
EXCITATION ENERGY (MtV) 

Fig. 2.42. Energy spectrum of recoiling 1 2C 
nuclei from 2 8Si + " C induced reactions. 

The bottom part of Fig. 2.43 shows the dis­
tribution of missing charge A Z * 2 0 - Z O - Z I , 2 
for all two-body coincidences between ICO 
(ionization chamber at forward angles) and 
ICi,2. Clearly the most dominant coincidence 
channel is that with Zo • Zi,2 = 18 (two units 
of charge missing). The top part of the same 
figure shows the distribution of all those 
events with Zo • Zi,2 = 18. The majority of 
these events have carbon and magnesium detected 
in coincidence. The low yield of ions with 
Zo > 9 in ICO is due to the high energy 
threshold for the heavier nuclei caused oy the 
absorber placed in front of that counter. 

Since we also have the information on angle 
and energy of the detected nucleus, and assuming 
A » 2*Z also their approximate masses, we are 
able to calculate their momenta and from these 
deduce the total momentum of the missing 
particle(s). It 1s then possible to transform, 
event by event, the momentum of this missing 
particle to the center-of-mass system. The two-
dimensional distribution of the momenta attrib­
uted to the missfng partfcle(s) is shown on 
Fig. 2.44. This distribution serves as a clear 
indication that the dominant process producing 
carbon ions is the first chain Indicated since 
the higher density of "He momenta point in the 
direction of the recoiling 2 8 S 1 . Monte Carlo 
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Fig. 2.44. Momentum of missing particle: 
components projected in the reaction plane. 

simulation that take into account actual 
geometry and particle threshold will be employed 
in further ongoing quantitative analysis of 
these data. 

2. Physics Department, University of 
Virginia, Charlottesville, VA 22901. 

3. Phys. Lett. 1MB, 111 (1982). 

MASS AND CHARGE FLOW DURIN6 ORBITING OF 
LIGHT-HEAVY NUCLEI: STUDY OF THE 

2«S1 • "M SYSTEM 

D. Shapira 
J . Gomez del Campo 
J . L. C. Ford, J r . 1 

B. Shivakumar2 

P. H. Stelson 
B. A. Harmon3 

R. A. Parks 3 

S. T. Thornton 3 

1 . I I . Physical I n s t i t u t e , University of 
Giessen, Giessen, West Germany. 

In a series of experiments performed at ORNL 
and elsewhere i t has been demonstrated that 
c o l l i d i n g l i gh t heavy nuclei are l i k e l y to form 
a long- l ived rotat ing dinuclear system which 
does not fuse. 1* The cross section for t h i s 
process is tens of mi l l ibarns , a substantial 
magnitude for nuclear processes. rhe fact that 
such a process require* a precarious balance 
between a t t rac t i ve and repulsive forces in a 
nucleus-nucleus co l l i s i on makes the existence 
and our understanding of t h i s process important. 

We focused on the study of backscattering of 
1 2C from 2 8 S i . Very large cross sections for 
emission of B, C, N and 0 isotopes to backward 
angles were measured. These part ic les emitted 
to the backward hemisphere were concentrated 
mostly at large negative Q value (corresponding 
to high exc i ta t ion of the end fragments). The 
most probable k inet ic energy (the peak of the Q 
value d i s t r i bu t i on ) does not vary with angle of 
emission (completely relaxed), i t does vary 
l i nea r l y , however, as a function of bombarding 
energy. I t was also found that th is pa r t i c le 
y ie ld at backward angle has a l / s i ne dependence 
in the center of mass system. These results 
indicate that the two co l l i d ing nuclei ( l z C and 
2 8 S i ) have formed a rotat ing dinuclear system. 
This complex subsequently decays with isot ropic 
probabi l i ty do/de = sine * do/da = const) and 
the k inet ic energy of the emitted fragments 
equals the energy stored in the rotat ing complex 
and does not depend on the angle of emission in 
agreement with the observed beh?.vior. 

A question that comes immediately to mind is 
how long is long-l ived? This question cannot be 
answered d i rec t l y but i t can be answered re la ­
t i ve to certain processes. For example the 
isotropic angular d i s t r ibu t ion requires rotat ion 
of at least 180* ( that makes "long" about 1 0 - 2 l 

see l ) . We know that the dinuclear complex l ives 
long enough for some mass and charge transfer to 
occur as well as complete equ i l ib ra t ion of the 
energy degree of freedom, I . e . , complete damping 
of the k ine t ic energy in the entrance channel 
has occurred and most of t"ie exci tat ion for a 
given ex i t channel is In the heavy fragment"• 
(equal temperature). One could next ask the 
question: "Since we do have mass and charge 
f low, was there enough time for these degrees of 
freedom to equi l ibrate?" Figure 2.45 points out 
the inadequacy of the 1 2C + 2 8 S i system for 
studying th is question. The 1 2C + 2 8 S i channel 
Is bound to dominate under any assumption ~ 
since th is 1s the entrance channel as well as 
the favored ex i t channel. The 2 , ,S1 + ''•N system 
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Fig . 2.45. Shifted energy level diagrams of different channels (partitions) of the 1 2 C + 2 8 S i 
(right side) and 1<*H + 2 8 S i systems. 

Shown on the le f t side of Fig. 2.45 is much 
better suited for answering this question. 
While the 2 B S i + l l*N exit channel would be 
favored with a fast process, the l 2 C + 3 0 P 
channel would dominate i f equilibrium emission 
took place. In order to bypass some of the 
di f f icul t ies encountered in backscattering 
experiments, a l l the measurements discussed here 
were clone at forward angles, reversing the role 
of target and project i le . '*C (or ^N in the 
present experiment) were bombarded with ener­
getic z s S i beams and a study of the target-l ike 
nuclei, recoiling forward, was carried out. 
Natural nitrogen gas (99% U N ) was used in the 
HHIRF supersonic gas jet target 5 to produce a 
15 ng/cm2 thick ll»N target. This target was 
bombarded with highly collimated (1/4 mm2) 
5 pnA 150 MeV 2 8 S i beam. The products were 
momentum analyzed in the spectrograph and iden­
t i f i ed (AE.E) in an ionization chamber. A two-
dimensional energy vs. energy-loss map showing 
a l l the detected target-l ike products is shown 
in Fig. 2.46. The three other maps display 
focal plane position (momentum) vs. energy and 
show the mass and charge state distribution of 
the products. The projected energy spectra for 
products with Z » 6, 7 and 8 are shown in Fig. 
2.47. These spectra are clearly dominated hy 

1 2 C , ^N and »6Q (parts b, c and d of Fig. 
2.46) . Measurements at other angles have shown 
that the centroids of these energy spectra are 
unaltered and, as Fig. 2.48 shows, the emission 
probebllity for these products (do/de) remains 
constant with angle. Therefore, these products 
come, in all kelfhood, from the same orbiting 
process previously observed in 2 8 S1 • l 2 C and 
other systems.6 The new Information from these 
data is also obvious: a brief examination of 
the data in Figs. 2.46 and 2.47 shows that the 
dominant yield 1s in the 1 2C • 3 0 P channel and 
not In the !"N + 2 8S1 entrance-like channel. 
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Fig. 2.46. (a) i£ vs. c plot for target-like 
products reaching the counter; (b,c,d) Momentum 
(focal plane position) vs. energy plots for 
2 » 8, 7 and 6, respectively. These maps 
separate products according to charge state and 
mass. 

The process therefore lasts long enough for 
energy, mass and charge flow to reach 
equilibrium. This still does not put an abso­
lute tine limit on the process but 1t is likely 
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that more than the time needed for one rotation 
is involved. He are now actively engaged in 
calculations that assume equilibrium parti­
tioning of the products and shall find out how 
these quantitative predictions compare with the 
observed data. 
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3. Physics Oeparmer.t, Universi ty of 
V i r g i n i a , Char lo t tesv i l l e , VA 22901. 

4 . 0 . Shapira et a l . , Phys. L e t t . 114B, 111 
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5. D. Shapira et a l . , to be published in 
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CRYSTAL BLOCKING HEASUREMEHTS 
FOR THE " O * Ge AND M S i • Ge SYSTEMS 

0 . Gomez del CampD -J. A. Biggerstaff 
R. Ribas 1 C. 0 . Koak 
0 . Shapira, • P. D. K i l l e r 

N. Naskovic 2 

The crystal t?ocfcing" technioue has been used 
successfully at HHItf? in the study of reaction 
mechanisms f s r the ^fO * 1 Z C reaction. 3 t"» in 
th i s report new measurements are described for 
the l 6 0 + Ge and 2 8 S i * Ge react ions, that 
extend the technique to heavier systems. 

In order to successfully u t i l i z e the crystal 
blocking technique to measure nuclear reaction 
times i t is crucial to establ ish a zero time 
ca l ib ra t ion curve. This is usually done throuqh 
a careful study of the e las t i c scat ter ing 
crysta l blocking angular d i s t r i b u t i o n . I t is 
also important to have predict ions of the 
blocking d i s t r i bu t i on which are based on theo­
re t i ca l calculat ions requir ing a detai led 
knowledge of the properties of the c r y s t a l . A l l 
of the measurements on Se discussed here were 
done along the Ge <110^ ax is , and the i n te r ­
action potential used in the blocking d i s t r i b u ­
t ion calculat ion was that of Doyle and Turner . 5 

Thermal f luctuat ions were taken in to account 
using an amplitude of 0.08S A (see review of 
Ref. 6 ) . Corrections due to crystal thickness 
and energy loss in the crysta l were included in 
a manner s imi lar to that used in the 1 6 0 • l 2 C 
study. 3 The thickness of the Ge crystal was 
10 i*i. 

The data for the e last ic scatter ing blocking 
d i s t r i bu t i on of I 6 0 on Ge <1I0> at 100 HeV bom­
barding energy are shown as crosses in F i g . 
2.49(a). The detection angle was 22.5" and the 
r«s l of the experimental setup was the same as 
fo" th<> ! S f t + I 2 C study. 3 Two theoret ical 
curves :re shown in F ig . 2.49(a). The calcula­
t ion S*G* ^: the l i gh t curve [a - 0°) includes 
the effects of dechanneling and thermal f l uc ­
tuat ions, Ui t nevertheless f a i l s to reproduce 
the data. Since e las t ic scat ter ing is a fast 
process (T < 1 0 " 2 1 sec), the discrepancy between 
the l i gh t curve and the data can be interpreted 
only as effects due to crysta l imperfections 
which are not included in the o * 0° curve. As 
discussed in Ref. 3, these ef fects can be evalu­
ated by introducing a Gaussian snear (of 
standard deviation <j) to the theoret ical d i s t r i ­
bu t ion . A good f i t to the data on F ig . 2.49(a) 
is obtained with o » 0.08° (heavy curve). In 
order to check the ccnsistency of these proce­
dures, another blocking experiment was performed 
using a 120-MeV l * 0 (coll imated to 2 nw) from 
ORIC. The same Ge crystal was used and the 
results for the e last ic scatter ing (c i rc les) at 
9 lab * 1°" a r e show in F i g . 2.49(h). Excellent 
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the i particles emitted in the l 6 0 • Ge reaction, 
(t) Blocking angular distribution. 

agreement with tne data is obtained with a 
calculation using a - 0.08°, the same value as 
for 100 MeV. 

Products from the 1 S 0 • Ge reaction were 
detected for Z • 9 to Z - 2 using a tf-E posi­
tion sensitive telescope.3 The analysis of the 
Z « 6 to Z « 8 reaction products is given 
elsewhere" and confirms the idea that these 
nuclei *re produced as the result of direct 
(fast) processes. However, detailed analysis 
of the emitted alpha particles shows significant 
time-delay effects. Figure 2.50(a) shows an 
energy spectrum of the alpha particles emitted 
at 22° for the 120-MeV »*0 • Ge reaction. This 
spectrum was obtained with a solid state counter 
telescope (E • 2000 u», /£ » 300 i*i). The solid 
line, normalized to the data at the maximum, is 
the result of » complete fusion calculation from 
the computer code LILITA7 and shows that nearly 

501 of the alpha particles can be accounted for 
by a compound nucleus process. Figure 2.50(b) 
shows the "blocking curve" for alpha particles 
below 20 MeV emitted from the l 6 0 «- Ge reaction. 
The 20 MeV energy limit assures that most of the 
alpha particles are from compound nucleus 
emission. Under the assumption of compound 
nucleus emission, the recoil velocities were 
calculated and the extracted decay time (for 
multiple particle emission) was 1.1 x 10' 1 7 sec 
(solid line). The dashed curve in Fig. 2.50(b) 
is the lower limit for the time that can be 
measured with the present Ge crystal for the 
compound emission process. The result of 
1.1 x 10" l 7 sec agrees well with a Monte Carlo 
calculation of multiparticlc equilibrium 
emission which yields 2 x IO"l'sec, 

The 2 8Si • Ge reaction was use! to study 
de-excitation times for deep inelastic colli­
sions (D1C). Usually for QIC reactions the only 
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reference to time is the reaction time (primary 
time) which is the time needed for formation and 
separation of the dinuclear com,lex after large 
amounts of P .ergy dissipation and mass exchange 
have occurred. Although considerable time 
delays are expected for DIC, most experimental 
and theoretical estimates predict values T < 
10" 2 0 sec, 8 too fast to be measured directly. 
Nevertheless, the blocking technique will be 
sensitive to thi secondary ;ime, which reflects 
the time delay of the particle decay process 
(whether in equilibrium or not) of the primary 
reaction fragments. It is in this regard that 
the blocking measurement can provide unique 
information for the DIC process. Coincidence 
experiments between the emitted light particles 
and fragments have been carried out in the past 
to study the equilibration effects of energy and 
mass transfer, but this i; the first experiment 
in which a direct measurement of the secondary 
time is attempted. 

The 2 8Si • Ge reaction was studied by bom­
barding the same Ge crystal used previously 
with a 2 8Si beam of 220 MeV extracted from the 
HHIRF tandem. The detector was placed at an 
angle of 16.2°, and energy spectra and blocking 
angular distributions were measured for nuclear 
reaction fragments of Z = 16 to Z = 6. The 
analysis of the energy spectra show large e rgy 
dissipation (Q = -,'0 to -100 MeV) wr.ich is -ypi-
cal for DIC reactions in this mass region. We 
also observe a small quasi-elastic component for 
Z = 12 and Z = 13 fragments. The resu':s for 
the blocking angular distributions are shown on 
Fig. 2.51 for some o f the DIC fragments. The 
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theoret ical f i t s (so l id l ines) were calculated 
using the value a = 0.08° (see F i g . 2.49) and a 
value for the recoi l distance D(A) was indicated 
for each case. The fact that D ^ 0 for a l l 
cases given in F ig . 2.51 indicates that sizable 
time-aclay effects are present in the DIC reac­
t i o n . In ordr- to extract the de-exci tat ion 
t ime, 5, (« = D / . K . "ne i a b) t n e recoil ve loc i t ies 
VR have t o be determined. There are two values 
of VR possible for a DIC reac t ion , depending on 
whether the time oelay responsible fo r the 
observed displacement, D, takes place during the 
co l l i s i on (primary time) or is due to the decay 
of the f u l l y accelerated fragments (secondary 
t ime) . For the f i r s t case VD = V c > m > and the 
extracted times w i l l be ~10~' 7 sec, too long to 
be consistent with previous experimental obser­
vat ions. The second assumption, commonly used 
in the analysis of fragment-part ic le corre lat ion 
data, is that the fragments decay a f te r 
sc iss ion, in which case the reco i l ve loc i t ies 
are those of the primary fragments (about 0.1c 
for the present experiment). These ve loc i t ies 
have bean determined by a Monte Carlo calcula­
t ion in a way s imi lar to that of Ref. 9, and the 
resul t ing i values are given in F ig . 2.52(a). 
On F ig . 2.52(b) we show the d i f f e r e n t i a l cross 
sections (points) measured at 16.2° and the 
resul t (histogram) of the Monte Carlo simulation 
(the primary d is t r ibu t ion is a Gaussian centered 
at Z = 14 and a 2 = 2 ) . The main conclusion to 
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Fig. 2.52. (a) Results of the deexcitation 
time 6 for DIC fragments, (b) Measured and 
predicted cross sections for DIC of ; HSi ̂  Ge. 



be drawn from Fig. 2.52 is that for all Z 
fragments the tine delay is large and this 
result can be interpreted only as due to a 
multiparticle evaporation process similar to 
the one observed for the evaporation residues of 
1*0 + 12c (Ref. 3). Of course the data of Fig. 
2.52 needs a good theoretical calculation that 
could explain both the 6; and (da/dc)z distri­
butions. Further analysis of these effects are 
in progress. 
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REMOVING SURFACE ABSORPTION FROM THE OPTICAL 
MODEL: CCA FITS TO 6»N1 + 6 f tN1 

ELASTIC AND INELASTIC DATA 
K. A. Erb M. J. Rhoades-Brown1 

The imaginary component (W) of the optical 
potential is intended to account, in an 
average way, for the absorption of flux into 
channels that are not treated explicitly in 
a given model calculation. Conceptually, the 
short-range portion of W corresponds to com­
pound nucleus formation, while the longer-
range pieces reflect reactions that are 
localized in the nuclear surface. It has 
long been hoped that in a sufficiently 
complete model calculation, which treated all 
the important direct reaction channels explic­
itly, the need for optical model surface 
absorption could be eliminated. If such a 
situation could be realized, without sacri­
ficing quantitative reproduction of the 
measured yields, a major source of ambiguity 
would be removed. Then, models for the real 
part of the optical potential, for transition 
densities, and for direct '.actions in 
general, could be testt.. cleanly. 

We have noted previously2 that our 
measurements of yields from b 0N1 + h 0N1 and 
b 0Ni + ' , bFe interact 1r s determined that the 
2+-1nelast1c cross sections nearly exhaust 
the total reaction cross section. We argued1 

that the coupling evidenced by these magnitudes 
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implies the existence of strong non-local effects 
which are d i f f icu l t to mimic in standard one-
channel models, and which thus could account 
for the fai lure of simple penetrability calcu­
lations to reproduce the Ni • Ni fusion data.1* 
Rhoades-Brown and Braun-Munzinger subsequently 
reported a coupled-channel calculation 5 that 
used a short-range imaginary plus standard 
real potential , with explicit 2 + and 3" ine­
last ic coupling to achieve improved agreement 
witl. a portion of the fusion data. Such a 
calculation of fusion, although conceptually 
appealing, makes sense only i f f i t s to 
elastic and inelastic yields can be achieved 
simultaneously. 

We have tecently succeeded in f i t t i n g our 
6 0 N i + 6 0 N i elastic and inelastic data reason­
ably weil using an optical potential with 
W=0 in the surface region. The results are 
shown in Fig. 2.53. The coupled-channels 
program, Ptolemy, was used, with measured 
B(E2) and B(E3) values and a standard real 
potential. The scattering calculation was 
insensitive to the details of W in the 
interior region. This work raises the possi­
b i l i t y of f i t t i n g quasielastic and fusion 
data simultaneously. 

1 . Present address: SUNY at Stony Brook, 
NY. 

2. K, A. Erb, in Resonances in Heavy Ion 
Reactions (Springer-Verlag, 1982), p. 204. 
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Fig. 2.53. Measured and calculated (CCA, 
Ptolemy) elastic and .nelastlc yields for 
h 0N1 + *°N1 coll ision, of E(lab) » 228 MeV. 
The lowest 2* and 3* levels of 6 o N1 were 
coupled with measured B(E*) values. The 
real potential was a Woods-Saxon with V * 73 
MeV, r 0 ' 1.177 1m, a - 0.67 fm, while the 
Imaginary potential was a Woods-Saxon squared 
with parameters W • 10 MeV, r 0 ' » 1.0 fm, 
a' - 0 . 4 fm. 
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FUSION CROSS SECTIONS FOR BEAMS OF " . s o ^ 
ON TARGETS 9 0 Z r AND "Nb 

P. H. Stetson H. Beckerman-
H. J . Mm I). Shapira 

R. L. Robinson 

The 5 0 T i nucleus has a closed neutron shell 
of 28, and as a result, its f i rs t 2* state has 
an energy of 1.55 MeV and 8 2

 = 0.V3. On the 
other hand, '•'Ti (four neutron holes away from 
n = 28) has a 2+ state at 0.89 HeV and a p 2

 = 

0.314. Theoretical estimates 2 ' 5 of subbarrier 
fusion cross sections based on the couplings to 
inelastic channels suggest a factor of 20 d i f ­
ference in subbarrier fusion cross sections when 
beams of 1 , 6 Ti and 5 0 T i ire incident on targets 
such as 9 0 Z r or 9 i N b . We used the velocity 
f i l t e r to measure these cross sections. The 
analysis of the data has not yet been completed. 
Preliminary analysis confirms the theoretical 
prediction. At energies well below the barrier 
(EB " ECM = 12 HeV), the ratio of the fusion 
cross sections, 1 , 6 Ti + 9 3 N b / 5 0 T i + 9 3 N b , is 
approximately a factor of 30. 
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INELASTIC SCATTERING OF 2 8 S i ON 2 0 8 Pb 

D. C. Hens ley F. E. Bertrand 
J . R. Beene M. L. Halbert 

G. Vourvopoulos1 

Heavy ion inelastic scattering has been shown 
to be a useful tool in providing collective 
nuclear structure propert ies . 2 ' 3 Analyses using 
the coupled-channel rotatfonal model formalism 
can provide information on deformation parame­
ters e 2 and $,,, static quadrupole moments of 2+ 
states, tr laxlal shape parameters, and the rela­
tive phases of matrix elements. 

Previous heavy 1on studies based their 
results on the analysis of elastic scattering 
data and data for the excitation of the f i rst 2* 
collective state. I t has been shown in the 
scattering of 2 0 N e 2 and 2 8 S i , 1 * however, that the 
2* angular distribution In the region of the 
grazing angle 1s very sensitive to the addition 
of 0!, deformation. Furthermore, for the case of 

2 8 S i i t was found that a range of values for the 
hexadecapole deformation parameter Bt, yave 
excellent f i ts to both the elastic and 2* ine­
lastic angular distributions. From an experi­
mental point of view, due to the existence of 
overlapping groups of states in the vicinity of 
the excitation of the 4 + state, i t has not been 
possible to extract reliable values for the 4 + 

cross section for the cases studied. 
During a short run with the HHIRF Tandem in 

July 1984, we were able to demonstrate that this 
d i f f icu l ty can be overcome i f the Spin 
Spectrometer is operated in coincidence with 
position-sensitive charged particle detectors. 
In studying the reaction 2 0 8 P b ( 2 8 S i , 2 8 S i * ) , we 
identified the 2 6 S i 4* state by i ts gamma-ray 
cascade 4* * 2* • 0 * . At the same time, the 
gamma-ray angular correlations for both the 2* 
and 4* states were measured. Preliminary analy­
sis of the data indicates that we will be able 
to map out the angular distribution for the 4+ 
state within one or two shifts of beam time 
without requiring excessive rates in either the 
Spin Spectrometer detectors or in the position 
sensitive detectors. Because several reaction 
channels have larger cross sections than does 
the inelastic scattering to the 4 + state, we 
found that charged particle resolution on the 
order of 0.5 MeV, in addition to the resolution 
of the Spin Spectrometer, wil l be required to 
separate unambiguously the various reactions. 

1 . Western Kentucky University, Bowling 
Green, KY 42101. 

2 . E. E. Gross et a l . , Phys Rev. C 17, 1665 
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MASSES OF 7 7 K r AND 7 S Kr 

D. M. Moltz 1 R. E. Tribble 2 

K. S. Toth C. A. Gagliardi 2 

J . P. Sullivan 2 F. T. Avignone, I I I 1 

Direct mass measurements' have recently been 
made for most of the known rubidium isotopes. 
To supplement and complement these data, we have 
been involved in a systematic program to deter­
mine masses of extremely neutron-deficient 
rubidium and krypton nuclides via S-endpoint 
measurements'* and transfer reactions 5 induced by 
light Ions. Herein we report our latest work. 
I . e . , the determination of the 7 7 K r and 7iKr 
masses by means of the 8 0 Kr( } He, 6 Ke) and 
7 8 Kr( 3 He, 6 He) reactions, respectively. 

Hpllum-3 particles from the Texas ASM 
University 224-cm cyclotron were allowed to 
impinge upon an isotoplcally enriched gas target 
stat ical ly pressurized In a cell to ~ 50 Torr. 
Reaction products were detected at the focal 
plane of an Enge split-pole spectrograph with a 
<>1ngle-w1-e proportional &E counter and a 1.0 cm 
x 5.0 cm x 600 urn silicon surface barrier E 
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detector. Particle time-of-flight information 
Mas also obtained relative to the cyclotron rf 
signal. 

A 70-HeV bombarding energy and a scattering 
angle of Oi = 7.25s Mere chosen by comparison 
with prior" ( 3He, 6He) studies. The spectrograph 
was calibrated by 6 H e 2 + particles fro* the 
1 8O( 3He, 6He} l s0 reaction. The existence of two 
prominent " 0 excited states at approximately 
the same Q-value as predicted for the ground 
state of 7 5 K r made this an ideal calibrant. 
After calibration, successive enriched isotope 
samples of 8 2 K r , So«tr, and 7 8 K r were introduced 
into the gas cell and bombarded by 21.8, 30.0, 
and 34.0 mC of 3 H e 2 + beam, respectively. The 
8 2Kr( 3He, 6He) reaction was tred to measure the 
mass excess of 7 9Kr, a nucleus whose mass is 
known 7 to 8.6 keV, to demonstrate the validity 
of botr. our experimental technique and data 
analysis procedure. 

Table 2.11 summarizes our mass excesses and 
compares them with values found in the compila­
tion of Wapstra and Bos. 7 One sees that the two 
values for 7 9 K r are in excellent agreement. The 
7 5 K r mass was previously unknown (the literature 
value given in Table 2.11 is deduced from 
systematics). There is a discrepancy between 
our 7 7 K r mass and the adopted number based7 on 
the precise 7 7Br mass and the B-decay energy of 
7 7 K r (Ref. 8). It would appear that the 6-decay 
scheme of 7 7 K r is not well understood. 

We are also in the process of completing the 
analysis of the 7 SRb positron endpoint spectrum. 
With the newly determined 7 5Kr mass this end-
point will provide us with the 7 5Rb mass. 
Overall then, our investigation will have 
yielded masses for " . ^ " R b and r « . 7 S . 7 6 . 7 7 K r . 
We plan to compare these measurements with mass 
formula predictions. 

1. University of South Carolina, Columbia, 
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III, H. Noma, B. G. Ritchie and B. 0. Kern, 
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Table 2.11. Summary of ma. meas 

7Hr 

Reaction Q-value -8.977 
Mass Excess -74.441(31) 
Literature (Ref. 7) -74.4389(86) 

5. 0. H. Ko l t z , K. S. Toth, R. E. Tr ibb le , 
R. E. Neese and J . P. Su l l i van , Phys. Rev. C26, 
1914 (1982). 

6. R. C. Pardo et a l . , Phys. Rev. C18, 1249 
(1978). 

7. A. H. Wapstra and K. Bos, At . Data Nucl. 
Data Tables 19 175 (1977). 

8. S. Thu l in , Ark. Fysik 9, 137 (1955). 

DELATED PROTON DECAY OF , , , s 0 y AND 
OF THE NEW ISOTOPE 1 5 l Y b 

K. S. Toth D. M. Ho l tz 2 

F. T. Avignone1 R. S. Moore1 

We recently completed a study 3 of the 8-
delayel proton spectra of l < , 7 D y and the h i the r to 
unknow isotope l I , 9 E r . The purpose was twofo ld : 
(1) to provide decay energy data for comparison 
w i th the predict ions of avai lable mass formulae, 
and, (2) t o i den t i f y l l , 9 E r so that i t s 6-decay 
propert ies cuuld be studied i n de ta i l to obtain 
information concerning the single-neutron and 
single-proton levels in l l 4 0 E r (N = 81) and ^ ' H o 
(N = 82), respect ively. 

The invest igat ion has now been expanded to 
include a search for the delayed-proton branch 
o f 1 ! , 5 Dy and an attempt to i den t i f y l 5 1 Y b the 
next N = 8 1 , ever-Z, isotone above l " * 9 Er . As 
before, t h i n t? gets were bombarded with heavy 
ions accelerated in the Lawrence Berkeley 
Laboratory 88-inch cyclot ron. A helium gas-jet 
apparatus was used to transport radioactive pro­
ducts to a shielded area and assayed with a 
S i - p a r t i c l e telescope and a Ge detector. The 
telescope, consist ing of a 20-nm AE detector 
combined with a 300-pro E detector , was necesary 
fo r the se lect ive detection of low-energy pro­
tons in the presence of intense B radiat ion and 
a profusion of a par t ic les emitted in the decay 
of nearby nucl ides. The Ge detector was of the 
y-x var ie ty , sui table for detecting both low-
and high-energy photons. Events registered in 
each detector were tagged wi th a time signal for 
h a l f - l i f e information. 

In a series of 1 2 C + 1 < , 2 Nd bombardments (from 
135 to 195 MeV) we looked for delayed protons 
from the & decay of l l , 5 0 y , an isotope whose 
h a l f - l i f e has been reported to be 18 * 3 sec 
(Ref. 4) and 13.6 ± 1.0 sec (Ref. 5 ) . Yields 

rements ( a l l values »re In MeV) 

7 7 K r 7 *Kr 

-10.646 -12.970 

-70.155(25) -64.231(16) 

-70.231(30) -64.162(SYST) 
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were measured for y rays belonging to 1 > , 6 Dy, 
i i 6 T b i m s D y > i - .s T b > a n d i".-. T b > A„ energy of 
-188 NeV Mas then selected to emphasize the 
i- 2Nd ( l 2 C,9n) reaction. Figure 2.54 shows the 
accumulated proton spectrum. He assign these 
6-delayed protons to l"*s0y on the basis of 
excitation function data and on the fact that 
they decayed with a (15 ± 4)-sec h a l f - l i f e . 
High-energy endpoints of delayed-proton spectra 
are fixed by differences between the electron-
capture (EC) decay energies of the parents and 
the proton binding energies in the corresponding 
EC daughters. Tne predicted Qgr - B„ value from 
the 1977 Atonic Mass Evaluation 6 for l^Dy is 
5.70 MeV. (Note the EC decay energy for '"^Dy 
is not given in Ref. 6; based on decay energies 
for nearby isotopes we estimated i t to be 7.24 
NeV.) This prediction is consistent with our 
data (Fig. 2.54). 

SINGLE-NEUTRON AND SINGLE-PROTON STATES 
IN l* sEr AND l l , , H o 

2.0 

EpiMevi 

40 I 

30 -

100 150 200 
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Fig. 2.54. Delayed-proton spectrum 
observed in 188-MeV 1 2 C bombardments of 1 , , 2Nd; 
it is assigned to the a-decay of l" 5Dy. 

In the attempt to identify l s l Y b , proton and 
y-ray spectra were investigated in I 6 0 *• 1'*',Sm 
irradiations. Yields as a function of incident 
energy for y rays known to follow the e decays 
of ' ^ Y b , '"Tin, and 1 "*lTm were used to select 
the peak of the ( l 6 0 ,9n ) excitation function. 
Preliminary analyses indicate the existence of 
a delayed-proton emitter with a h a l f - l i f e of 
-0,5 sec which we tentatively assign to the .iew 
isotope 1 5 1 Y b . 
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The investigation of levels in nuclei with 
single particles (or holes) plus closed-shell 
configurations is of considerable interest since 
i t provides data for comparison with calcula­
tions based on Hartree-Fock and independent-
particle models. These models have sets of 
phenomenological parametr -s which can be 
improved by being f i t to experimental results. 
The goal is to arrive at a universal description 
of single-particle properties throughout the 
periodic table. 

We have been involved in studying decay 
properties of short-lived, proton-rich isotopes 
near the 82-neutron shell to obtain structure 
information for even-Z nuclei with N = 81 and 
N = 83, and, for odd-Z nuclei with N = 82. Of 
relevance to the present investigation was our 
study of l i , 7 Dy r a and 1 :* 7Dy9 decays wherein we 
identified the s t / 2 , d i / 2 » a n d n u / 2 neutron 
states in ''•'Dy,'* and, the S [ / 2 , d j / 2 , d 5 / 2 , and 

g7/ 2 proton states in l * 7 T b . 5 The immediate 
interest was to extend these single-particle 
level systematics to ''•'Er and 1 1 , 9 Ho and a 
search was begun for the unknown nuclide l l , , E r . 
In a series of 1 2 C + 1'*'*Sm bombardments we 
identi f ied 6 1 1 , 9 Er via its 8-de!ayed-proton 
act ivi ty to be a (9 s l)-sec isotope. With this 
h a l f - l i f e information in hand we now have 
investigated its 6-decay properties. 

As in the earl ier study, 6 1 < , 9 Er was produced 
in the 1 1 , , fSm ( l 2 C , 7n) reaction. Irradiations 
were made with 135-MeV l 2 C ions from the 
Hol i f ie ld Heavy Ion Research Facility tandem 
accelerator. The target was a 2.1-mg/cm2 thick 
samarium metal foi l enriched in l l , ,*Sm to 96.5%. 
A helium gas-jet apparatus thermalized products 
recoiling out of the target and transported them 
to a counting station for assay with y- and 
x-ray detectors. Singles and coincidence data 
were taken simultaneously. 

Transitions were assigned to l ' , 9 E r decay on 
the basis of measured hal f - l ives, y-ray coinci­
dence relationships, and energies of X X rays 
observed in coincidence with the y rays. The 
l l , , E r m and l ' , 1 Er9 decay schemes were found to 
be similar to those of I'^Dy1" and 1 , , 7 0y9 (see 
Refs. 4 and 5 ) . A cascade of three transitions 
(171.2, 343.9, and 435.9 keV) is assigned to 
follow 1 : , 9 Er 6 decay; they depopulate and con­
nect the following single-proton states in 
'"'Ho: 57/2 » <H/2 * c i t / 2 • s i / j . Two y rays 
(111.0 and 630.5 keV) in coincidence with one 
another are ascribed to '"''Er1"; this isomeric 
deexcitation connects the h ^ / ^ , d) /?, and Si/,-
single-neutron levels in l ' , , } Er . 

The order of the single-proton states in 
l l , 7 T b and In '"''Ho is very different from those 
in odd-Z N * 82 nuclei with Z < 63 where the 97/ 2 

i<\(\ dr,/2 orbitals are below the s ; / ,>, di/2 and 
h n / , states. One must remember, however, that 
the <]7/2 orbital is a hole state for Z » 59 and 



that the d 5/ z orbital becomes a hole state in 
I < , 7Tb. With this in mind. Me show in Fig. 2.55 
the proton level systematics for N = 82 isotones. 
Hole states are indicated as having negative 
energies with the 1 1 , 7Tb and 1 1 , 9Ho Si/ 2 orbitals 
shown as being close to the hu/z ground states. 
One then sees that the I , , 7Tb and u , H o levels 
are not discontinuous with respect to the 
energies of the same orbitals in the lower-Z 
isotonos. We noted in Ref. 5 that the two hole 
states appeared to be more tightly bound in 
I I , 7Tb. Now that the investigation has been 
extended to ̂ 'Ho, the extra binding in l I , 7Tb 
does seem to exist due to the influence of the 
I = 64 subshell on the quasiparticle energies. 

Excitation energies of the h u / 2 » dj/ 2, and 
Si/2 neutron states in N = 81 isotones are shown 
in Fig. 2.56. One sees that the l* 9Er level 
data fit the systematics for the nuclei with 
lower atomic numbers. Overall our results for 
1 I , 7Dy and l l , 9Er clearly establish the trend pre­
dicted by Silverberg.7 His calculations showed 
that the h u / 2 - ds/ 2 splitting with increasing 
Z would first increase, reach a maximum at 
around l 3 , C e , and then begin to decrease. 
Included in Fig. 2.S6 are the N4 transition 
rates, expressed in Weisskopf units, where the 
isomeric decay branchings are known. We utilized 
the constancy of these transition rates for 
Z > 58 (also predicted in Ref. 7) and estimated 
the isomeric branch for i^Er"1 to be 2.7X. Note 
that while h t l / ? level in l 3 1 S n has been 
located8 the M4 transition has not been 
observed. By using an extrapolated Weisskopf 
factor of 7.5 units we calculated the isomeric 
decay branch to be 0.057%, or only 0.00871 for 
the unobserved 241.8-keV photon. 

We plan to extend this investigation to 
levels in 1 5 l Y b and l s lTm. Preliminary data* 
from delayed proton studies indicate that l 5 I Y b 
has a half-life of - 0.5 sec. 
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INITIAL RESULTS WITH THE USE OF THE UNISOR 
GAS-JET ION SOURCE; ELECTRON-CAPTURE 

DECAY PROPERTIES OF 1 5 H T « 

K. S. Toth 
0. M. Moltz 1 

R. L. Mlekodaj? 

H. K. Carter 2 

E. H. Spejewski 2 

C. R. Bingham3 

The f i r s t on- l ine test of the coupled helium-
j e t UNISOR separator system was done. Ove ra l l , 
the progress that had been accomplished was very 
encouraging. There was no problem with the 
high-voltage t rans i t i on through the pumping 
l i n e . The ion-source f i lament operated 
throughout the test ing without f a i l u r e . Targets 
withstood ~ 150 pnA of 1 6 0 beam and the four -
pos i t ion target wheel made changing targets a 

ORNL-DWG 84-14947 

'Sb 135 , 5 7 C s 1 W L o 1 4 V r , 4 3 P m 1 4 5 E u 1 4 7 T b , 4 9 H o 

Fig . 2.55. Energy systematics of single-proton states in N » 82, odd-Z isotones. Hole states 
are indicated as having negative energies. 
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M 4 Isomers in 
/ V = 8 I Isotones 
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Fig. 2.56. Energy systematic: of single-neutron states in N=81, even-Z isotones. Included are the 
rates, expressed in Weisskopf units, for the M4 transitions connecting the h n / 2 and d 3 / 2 levels. 

t r i v i a l operation. One major problem encoun­
tered was poor mass resolution which caused 
significant cross-contamination in the separator 
beams. This was almost certainly due to a com­
bination of the ac heating of the filament and 
to the larqe output current (mostly helium) of 
the ion source. A ripple, and sometimes a 
serious overload, in the separator high-voltage 
S'ipply resulted. The test run involved 1 6 0 
bombardments of 9 2 Mo, n a t A g , 1 , 2 N d , and ''"•Sm. 
Based on estimated production cross sections, 
the total efficiencies were in the range of 
0.01-0.04% for non-alkali metals and ~ 45 for 
cesium. There was no dependence of the yield on 
h a l f - l i f e down to 460 msec. 

The hollow-cathode ion source was modified to 
operate with a dc filament so as to remove the 
ripple on the separator power supply. This 
modification was tested in an experiment in 
which ^''Sm was bombarded with 1 6 0 ions to 
search for the 8-decay branches of the wel l -
known a emitters, 1 S l , Yb ( T ^ 2 = 400 msec) and 
'''"Tm ( T i / 2 = 3.4 sec). The change made the 
helium-jet system much more manageable. The 
separator beam stabi l i ty dunVi this run was 
exceptional. Gamma rays from fS4YI> 3 decay were 
not observed; the isotope's a/total branching 
ratio must therefore be close to unity. The 
8+ • 6 f • 4* • 2 + * 0* transitions in 1 5 * E r . the 
'^Tm B-decaj daughter were seen, however.'- "Tin 
8-decay scheme is being put together, following 
which the nuclide's a/total branch wil l be 
determined. 

These in i t i a l on-line tests Indicate: (1) The 
efficiencies are about a factor of three lower 
than had been expected. (2) Improvements to the 
system should f i rs t focus on the ion source. 

(3) The ion source hold-up time is substantially 
less than those of the standard UNIS0R ion 
sources and experiments involving isotopes with 
half - l ives much less than a second can now be 
done. 

1 . University of South Carolina, Columbia, 
SC. 

2. UNIS0R, Oak Ridge Associated 
Universities. 

3. University of Tennessee, Knoxville, TN. 

EVIDENCE FROM a DECAY THAT I ' 82 IS MOT HAGIC 
FOR LIGHT LEAD ISOTOPES1 
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Alpha-decay transitions between ground states 
of doubly-even nuclei are taken to represent un­
hindered dt- iys. Reduced widths for these s-
wave transitions behave in a regular fashion as 
a function of both neutron and atomic number. 
They are largest for nuclei two or four par­
t icles beyond a closed shell (with sharp minima 
at the shel1) and they then decrease as the next 
closure is approached. The s-wave widths for 
"">Pb, "^Pb, »'0pbt and l 9 2 P b , however, have 
been reported 6 to behave anomaloutly, i . e . , they 
purportedly increase by a factor of 30 between 
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l 8 SPb (N = 104) and l , 2 Pb (» = 110) instead of 
decreasing as one nears N = 126. 

The [electron-capture (EC) + B*] strengths 
Mere deduced in Ref. 6 froa K x-ray intensities. 
A nuober of corrections are involved in such 
determinations. Ue undertook the investigation 
of the (EC+fl*) decay schemes of these neutron-
deficient lead isotopes, in conjunction with 
studies of their a-decay properties, to obtain 
•ore reliable a-branching ratios. Results for 

M 2 P b , l , 0 W>, and l 8 8 Pb have been summarized7 

earlier. 
More recently we produced i 8 6 Pb in the 

I b 0Dy( 3 2S,6n) reaction by bombarding a 
(2.92-ag/ca2-thick) dysprosiua aetal foil 
enriched in l 6 0Dy to 78.9* with 200-NeV "S ions 
froa the Hoiifield Heavy Ion Research Facility 
tandem accelerator. Reaction products were 
•ass-separated with the UNISOR on-line isotope 
separator. Our v-ray and a-particle data yield 
a 1 8 6Pb a branching of 100%, a value which is 
much larger than the 4.8X branch used by 
Komshoj et a l . 6 in their analysis of a widths. 

In considering a-decay rates we consider thea 
within the theoretical foraalisa developed by 
Rasmussen8 wherein decay probabilities are rep­
resented by a reduced width, 5 2 . Dec*/ ener­
gies, half-lives, and a branches are needed to 
compute the reduced widths. In comparing these 
quantities for I86,i8e,i90,'.92pb a s obtained in 
our current investigations with earlier data, 
large discrepancies were found, not only for the 
l 8 6 Pb branching ratio, but for the l 8 8Pb and 
l 9 0Pb a branches as well. As a result, the 
corresponding widths are increased by factors of 
32, 7, and 4.5. Our width for 1 9 2 Pb, on the 
other hand, is less than the value based on tlie 
earlier data because the nuclide's half-life is 
3.5 min, rather than 2.3 rain used in Ref. 6. 

Figure 2.57 shows s-wave reduced widths for 
nuclei with Z from 78 to 100 plotted as a func­
tion of N. One sees the regularity of the 
reduced widths as a function of neutron number 

1 0 > . . . . • 

V) IOO "0 !20 »JO l*fl tW t*0 

Fig. 2.57. Reduced width, for s-wave a trans­
actions plotted as 3 function of N for Isotopes 
with Z from 78 to 100. The dashed line connects 
widths for »8*.i»8,i90,»92pD calculated from 
earlier data. Open points for Z » 82, connected 
by the full line, as widths for i**.1*1,190,i->2p0 

calculated from our experimental results. 

with the extremely sharp break at N = 126. This 
discontinuity has been shown to be a shell 
structure effect. A less pronounced ainiaua is 
seen at the subshell closure at H = 152. The 
lead anomaly6 is indicated by the dashed line 
which connects the "'. isa.no.iszpt, widths 
calculated froa earlier data. The widths for 
i " , i » « . i » . ' « r » . computed froa our data are 
shown by the open points. I t is clear that they 
have a dependence on N which is siailar to that 
observed for other elements. However, these new 
data indicate neutron deficient lead isotopes to 
be less hindered toward a decay than mercury 
isotopes, contrary to the expectation of a shell 
effect at Z = 82. 

Our results seea to be related to the disap­
pearance of the Z = 82 gap in the vicinity of 
N = 114 which has been predicted* on the basis 
of Hartree-Fock-Bogoliubov calculations of pro­
ton single-particle energies, and, to the 
existence of varying shapes in aercury and 
platinum isotopes in this mass region. In 
iez.iesus.iseHg. i t has been shown10 that well-
defeneed prolate bands cross the slightly oblate 
(e - 0.1) ground-state bands. Platinum nuclei 
with A < 190, on the other hand, are believed11 

to be prolate in their ground states. I f one 
supposes that i 8e,iee,i90,i92p o a l s o ^ve 
slightly oblate ground states then a transitions 
froa oblate aercury to prolate platinua isotopes 
would be expected to be hindered whereas lead 
a decays, which do not involve shape changes 
between the parent and daughter nuclei, would 
not be. (Low-lying 0+ excited states in 
I92,i9si96,i98pb have been described12 by 
oblate two-particle, two-hole configurations; 
their ground states, however, have been assumed 
to be spherical.) Further detailed calculations 
of a-decay rates incorporating shape changes are 
needed. If such theoretical results do indeed 
agree with our experimental observations, then 
the study of a-decay rates may prove to be a 
useful tool to deduce information concerning 
nuclear shapes. 
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BETA-DELATED PROTON ACTIVITIES: l s 7 D y AND l*'Er» 

K. S. Toth D. N. Holtz 2 

T. A. Ellis-Akovali E. C. ScMoemer3 

F. T. Avignone, I I I 2 K. 0. Cable5 

The a-delayed proton spectra of I 1 , 7 Dy and the 
hitherto unknown isotope. I : , , *Er . were investi­
gated at the Lawrence Berkeley Laboratory 
88-inch cyclotron in 1 2 C bombardments of l * 2 Nd 
and '^Sm, respectively. A helium gas-jet 
system was used to transport product nuclei to a 
shielded area where they were assayed with a 
AE-E particle telescope and a Ge y-x detector. 

The 1 2 C * l * 2 Nd proton data [see Fig. 
2.58 (a) ] confirm preliminary results of Klepper 
et al . ' * that the l u 7 D y delayed-proton spectrum 
has a high-energy cutoff at about 4.5 NeV and is 
dominated by distinct peaks below 4 NeV in exci­
ta t ion . The proton spectrum following l ! , , E r 
decay [see Fig. 2.?3 (b)] h,.s a h a l f - l i f e of 
9 i 1 sec and extends fro* about 2.0 to 6.5 MeV; 
i t has less of the vfMrp structure observed for 
: * 7 D y . 

The intrinsic stnjccure of delayed-proton 
spectra that accompany heavy mass precursors 
usually is not resolved due to the large density 
of states in th» excitation energy range fed by 

reminded that ' "Mb consists of a single proton 
coupled to the doubly-closed core of ' i * r 

the a decay. In Fig. 2.58 ( a ) , however, the 
peaks have ful l widths at half-aaximum which are 
on the order of the &E-E detector resolution, 
i . e . , - 6C keV. The indication is that the 
l " 7 Dy a decay is sampling either selected l * 7 T b 
states or else an energy region in I f c 7 Tb where 
the level density is not high. The reader is 

1 I , 7 Tb consists a 
"«Gd 

(N = 32 and Z - 64) . In Fig. 2.58 (b ) . while 
there are peaks in the lower half of the 
spectrum, the structure is much less distinct 
than in Fig. 2.58 ( a ) . This could be due to a 
larger level density in ^ ' H o , a nucleus s t i l l 
with 32 neutrons but now havir.g three protons 
beyond Z - 64. 

High-energy endpoints of delayed-proton 
spectra are fixed by differences between the 
electron-capture (EC) decay energies of the 
parents and tne proton binding energies in the 
corresponding EC daughters. Predicted QJC ~ Bp 
values from the 1977 Atomic Mass Evaluation 5 for 
l f c 7 0y and l ! , * E r are 4.42 and 6.44 NeV, respec­
t ive ly . These predictions are consistent with 
our data, se» Figs. 2.58 (a) and (b ) . 

I . Summary of paper: Phys. Rev. C30, 712 
(1984). 

?. University of South Carolina, Columbia, 
SC. 

3. Lawrence Berkeley Laboratory, Berkeley, 
CA. 

4. 0 . Klepper et a l . , Z. Phys. A305, 125 
(1982). 

5. A. H. wapstra and K. Bos, At. Data Nucl. 
Data Tables 19, 175 (1977). 

'^•Nt ZV.9* H J 2 * 

2 ! * 5 S 
GAMMA-RAY DECAY PATHWAYS OF A COMPOUND NUCLEUS 

WITH HIGH ANGULAR MOMENTUM 
AND HIGH EXCITATION ENERGY 
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Fig. 2.58. Delayed-proton spectra observed 
in i?C * l l , 2 Nd[part (a)] and >-'c ' '"Sm [part 
(b ) l Irradiations made at an incident en.nrqy of 
~ 135 Me; they are assigns to : ' , 7 f )y and ' ' ' 'Er, 
respectively. 
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The f-rays emitted from a high-spin compound 
nucleus consist mainly of many stretched low 
multipo'ority {\ * I , 2) transitions which 
rerove most of the angular momentum of the 
nucleus. The starting point of this y-ray 
cascade is usual1> referred to a. the entry 
point which is distributed ov?r a wide region i i 
the (E* , I ) plane centered at about one neutron 
binding energy above the yrast line. 1* 
I n i t i a l l y , the y-ray decay follows a path 
through regions of high level density and this 
leads to a large number of possible decay path­
ways resulting in an unresolved continuum of 
Y-rays. Near the end of the continuum cascade, 
a l l the pathways converge into the yrast hand. 
A few bands just above the yrast band (< 1 MeV), 
as well as the yrast band i tse l f , usually can be 
ooserved as discrete Y-ray lines. 
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Knowledge of the decay route from the entry 
states to the yrast line is necessary in order 
to extract information on nuclear structure from 
the associated continuum Y-ray spectrum. This 
route determines the region in the (E, I ) plars 
from where the y-rays are emitted, allowing us 
to associate the measured nuclear properties 
with the proper nuclear spin and excitation 
energies (temperature). So far . there is no 
direct determination of the decay pathways from 
the entry states to the yrast states. Models 
for the decay pathways have been proposed5-* 
based on indirect information such as yrast-
state side-feeding intensities, y-ray mult ip l i ­
c i ty distributions, and continuum y-ray spectra. 
Therefore, an experimental determination of the 
decay pathways is not only necessary for an 
understanding of the continuum y-ray results but 
i t is also necessary i f we are to make any 
meaningful comparison of these high-spin proper­
t ies with theoretical calculations. 

In the present experiment the entry states in 
1 , 9 C e were populated in the reactions of 144-NeV 
3 *S with I 0 0 H o . The spin spectrometer was 
triggered with two 3e counters. The continuum 
spectra (from the Nal detectors) coincident with 
l 3 0 C e discrete lines (from the Ge detectors) 

were constructed as a function of total pulse 
height, H, and fold, k. These were then 
unfolded to remove the detector response and 
trigger bias. The spectra from each (H.k) bin 
represent al l the r-rays emitted in the cascade 
from a given entry point to the ground state, 
but the order of emission of these y-rays cannot 
be determined directly from a spectrum. 

The decay pathway can be determined, however, 
by using a differential method as described in 
the following. Assume that from a state (E.N), 
the nucleus emits a y ray with energy E Y and 
ends in a state (E-E Y ,M-1). From the state 
(E-E Y M- l ) , the rest of the cascade is identical 
to the cascade with entry point (E-E T M- l ) . 
Therefore, i f we subtract the spectrum with 
entry point (E-E Y M-l) from the spectrum with 
entry point (E.KJ, we will obtain a dif fcence 
spectrum with only one y ray of energy £ Qn 

the other hand, the spectra from entry point 
(E 2,M-1) with E,* E-E, is different from the 
spectrum of (E -E y ,H - l ) . Thus, in the difference 
spectrum there is no complete cancellation of 
Y rays. In fact, the difference spectrum wil l 
contain negative counts in some channels, 
although the net counts s t i l l correspond to one 
Y ray. Therefore, the method of determining the 
decay pathway is to subtract from the spectrum 
with ( H l t k ) the spectra with (H 2 ,k-1) for a l l 
possible H2 values. The difference spectrum 
with the least amount of negative counts gives 
the H 2 value to which the state (H t ,k) wi l l most 
l ikely decay. To measure the negative counts in 
the spectrum, we can define a parameter F as 
F * I c i / I I C f | , where Cj is the counts at channel 
i . For spectra with only positive counts, F » 1 , 
whereas spectra confining some negative counts 
wi l l have F smaller fian 1 . 

The difference spectra obtained ire shown 1n 
Fig. 2.59. These are the differences of the 
k • 22, H* » 7.5 MeV spectrum (H* is the excita­
tion energy above the yrast line) and the f • 
21, H« « 3, 6, 9, and 12 MeV spectra. We >ee 
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Fig. 2.59. Difference spsectra of k = 22, 
H* * 7.5 HeV and k = 21. 

clearly that only the mirf-lle spectrum, i . e . , 
(H* ' / . 5 MeV, k * 22) - (H* = 6 heV, k = 21) 
had mostly positive counts. Tnis indicates that 
the most probable path from H* = 7.5 MeV and 
k ' 2 2 is through states with almost the same H* 
value. Similar features are seen for the decay 
of (H* = 13.5 MeV, k » 22) states. The F va'.ues 
from such difference spectra have been calcu­
lated and they are shown in Fig. 2.60 for the 
decay of the k = 22, H* » 7.5 MeV region. These 
results track the decay path from k * 22 to 
k * 14. The peak of the F value distribution is 
at about the same energy above the yrast l ine. 
This indicates that nuclei most l ikely decay 
along bands parallel to the yrast l ine. 

The above results show that the decay path­
ways in the high spin and high excitation energy 
regions are mainly parallel to the yrast l ine , 
contrary to early predictions that nuclei with 
high excitation energy will decay toward the 
yrast line through statistical (mainly El) 
Y-decay. This dominance of collective E2 decay 
in the high-spin regions was in fact suggested 
recently by Newton.' This is due to the 
increase of the Y-ray energy for rotational 
collective E2 transitions as a function of spin 
which can be shown to vary approximately as with 
the f i f th power of (41-2). The present results 
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Fig. 2.60. The distribution of decay proba­
bility F in excitation energy as function of k. 

also show that the nuclear deformation and 
collective motion still exist at high excitation 
energy, and therefore the nuclear shell effects 
are not completely attenuated at these excita­
tions. 

Since the continuum y-rays are emitted from 
regions with a broad distribution in excitation 
energy rather than from a narrow region near the 
yrast line, it is mandatory that we measure both 
the spin and the excitation energy of the con­
tinuum y-rays. In the cases where only the 
multiplicity (spin) is used for selection, one 
should recognize that the spin-dependent nucfear 
properties are averaged over a wide region of 
excitation energy. On the other hand, when the 
total Y-ray energy is used in selecting spectra 
for st'Jdy, it selects an unknown mixture of 
spin, excitation energy and decay pathways. 
Therefore, the interpretation of such data can 
be highly ambiguous. 
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AM INVESTIGATION OF THE COLLECTIVITY 
IN THE YRAST BAND OF l 5 8 E r 
BT LIFETIME MEASUREMENTS1 

M. Oshima2 N. R. Johnson 
F. K. HcGowan I . Y. Lee 
C. Baktash R. V. Ribas* 
Y. Schutz 3 J . C. Wells 5 

Both experimental and theoret ical inves t iga­
t ions of deformed rare-earth nuclei have shown 
tha t the in terp lay between co l lec t i ve rotat ions 
and s ing le -pa r t i c le exci tat ions determines the 
s t ructure of these nuclei at high spins. From 
the macroscopic point of view, the Cor io l i s 
force which comes in to play at high rotat ional 
frequencies causes alignment of the s ing le -
p a r t i c l e angular momenta along the axis of the 
co l l ec t i ve ro ta t i on . Such an alignment of 
s ingle par t ic les w i l l resul t in a deformation 
change from pro late t o t r i a x i a l or oblate 
shapes. Furthermore, centr i fugal force can 
cause st retching of the nucleus. The E2 matr ix 
elements along the yrast l ine should re f l ec t 
such deformation changes. Indeed, recent l i f e ­
time measurements in the s-bands of i 5 6 - iS8n.y 
(Ref. 6) and iS9-i63y D ( R e f s . 7 ,8) , which l i e 
near the N = 90 region, indicate a s ign i f i can t 
reduction in the E2 matr ix elements and suggest 
that these nuclei undergo a deformation change 
from prolate to t r i a x i a l shape at high angular 
momentum. In order to extend our understanding 
of the evolving pattern of shapes and the forces 
that determine these deformation changes in so f t 
t rans i t i ona l nuclei {near N = 90), we have 
carr ied out l i f e t ime measurements on a l l states 
in the yrast sequence of 1 S 8 E r from I = 2* 
through I = 24 + . 

Lifet imes of these high spin states in 1 5 8 E r 
have been measured by means of the recoi l -
distance method. Excited 1 5 8 E r nuclei were pro­
duced via the reactfon I 2 8 T e ( 3 " S , 4 n ) 1 5 8 £ r at a 
bombarding energy of 155 MeV. Deexcitation 
y rays were detected in a Compton-suppressed Ge 
detector posit ioned at 0° and gated by f i ve 
germanium detectors at 90" to the incident beam, 
the recoi l -d is tance device used in the experi­
ment has been described 9 previously. Coinci ­
dence counts were recorded event by event on 
magnetic tape for fourteen r e c o i l - f l i g h t d i s ­
tances rangfng from 20 urn to 2.515 mm. In addi­
t i o n , a lead-backed target was used to get the 
spectrum at zero separation. 

From the coincidence data, three types of 
decay curves were obtained for each s ta te : (1) 
one from the t o t a l projected coincidence 
spectra; (2) one from the spectra generated by 
gating on a l l t rans i t ions below the state of 
i n t e res t ; and (3) one from the spectra gated by 
the next t rans i t i on above the state of In teres t . 
A few comments about these three types of 
spectra are In order. Total projected co inc i ­
dence spectra provide data of Improved s t a t i s t i ­
cal qua l i t y for weak t rans i t i ons , but can lead 



to difficulty in fitting the decay curve due to 
added complexity in treating side feeding. A 
decay curve obtained from the summed spectra 
gated on transitions below the state of interest 
includes essentially the sane fraction of side 
feeding as the one obtained fro* 'singles' 
spectra. The major difference is that the gated 
spectra contain fewer r rays, thus asking the 
analysis simpler and more reliable. In princi­
ple, the third type of decay curve produces by 
far the simplest case for extraction of life­
times since the data are imencimbered with the 
problems of sidefeeding into the state of 
interest. This approach is limited only by the 
statistical quality of the data that can be 
collected for high-spin states. In all of these 
coincidence spectra, events of low r-ray Multi­
plicity which correspond to Couloab excitation 
or residual decay are considerably reduced. 

The three types of decay curves were obtained 
for transitions from the 2* through 24 + member 
of the yrast band. Lifetimes were extracted by 
a computer code 1 0 which applies all of the usual 
corrections to the iata and handles the problem 
of feeding by direct sclution of the Bateman 
equations. 

A summary of lifetimes for members of the 
yrast sequence is given in Table 2.12. The 
lifetimes in the tible are weighted averages of 
values extracted from the different types of 
analyses described above. Reduced transition 
probabilities were extracted from the lifetimes, 
and transition quadrupole moments, Q^, were 
calculated according to the expression 

B(E2;I*I-2) =-J|J. < I 2 0 0| 1-2 0 > 2 Q t 2 . 
In Fig. 2.61, the Q* values are plotted as a 
function of spin. In this figure two important 
features are conspicuous: The Q( values of the 
g-band appear to increase with spin up to 8*, 
and, after the backbending which occurs at about 
14 +, the sit values become smaller compared with 
the g-bind and even decrease at higher spins. 

I t is interesting that many nuclei lying at 
or near the 90-neutron transitional boundary 
show, at least qualitatively, similar behavior. 

Table 2.12. Lifetimes of yrast states In 1 5 8 Er 

I* £.f(keV) r(ps) B(E2;I*I-2) Qt(eb) 

2 192.1 
4 334.8 
6 442.8 
8 522.7 
10 676.8 
12 607.9 
14 509.5 
16 472.6 
18 566.0 
20 653.4 
22 740.1 
24 806.7 

371(37) 
19.2(18) 
3.7(4) 
1.33(26) 
1.13(45) 
1.2(6) 
3.1(4) 
3.48(24) 
1.82(13) 
1.16(7) 
0.96(17) 
0.43(14) 

0.65(6) 
0.96(9) 
1.27(14) 
1.55(30) 
1.10(44) 
0.81(41) 
0.76(10) 
0.97(7) 
0.76(5) 
0.57(3) 
0.38(7) 
0.56(18) 

5.7(3) 
5.82(27) 
6.37(34) 
6.9(7) 
5.7(11) 
4.9(12) 
4.7(3) 
5.26(18) 
4.64(17) 
4.01(12) 
3.3(3) 
4.0(6) 
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Fig. 2.61. Transition quadrupole moments of 
yrast states in I S 8 E r plotted as a function of 
spin. 

Several theoretical calculations have been per­
formed in order to understand these phenomena. 
Recently, a group at Lund has reported prelfmf-
nary results'1 of some self-consistent cranked 
Hartree-Fock-Bogoliubov (HFB) calculations of 
the shape of the 1 5 8 E r as a function of angular 
momentum. They find that, in the g-band, varia­
tion of Y is rather small (within 2") while c2 

shows a steady increase, ranging from 0.20 at 
ground state to 0.24 at 10*. This result 
accounts qualitatively for our observed behavior 
except for the 10 + state, where we see signifi­
cant reduction 1n the collectivity. Further­
more, in a similar calcu'atlcn for the s-band in 
1 6 0 Y b it has been shown 1 2 t>.at 1 6 0 V b undergoes a 
triaxlal deformation at high spins. The similar 
tendency of the experimental Q t values were 
observed 1n 1 5 8 E r and it could be attributed to 
the polarizing effect on the core caused by the 
hlgh-j aligned quaslpartlcles. 
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Rare-earth nuclei with neutron numbers 
N 1 0 offer a unique opportunity to study spin 
induced nuclear shape transitions. Being 
situated between the nearly doubly magic ' I , 6Gd 
"core" at one end, and the well-deformed nuclei 
at the other, they span a variety of shapos 
which range from moderately oblate to prolate. 
In particular, the transitional nuclei (N =• 88) 
which have soft potential energy surfaces are 
predicted to experience large changes in their 
shape parameters as the angular momentum is 
increased and high-j quasiparticles are excited. 
Study of these shape transitions and the asso­
ciated excitation modes provides valuable 
insight into the question of the interplay 
between collective and single-particle degrees 
of freedom in nuclear systems. 

To investigate these effects, we have studied 
the high spin states in 1 5 8 Yb, which were popu­
lated using 20Ne (E = 115 MeV) and 6"Ni (E » 285 
MeV) beams. The 20Ne run uti l ized an array of 
six Ge counters along with two 25cm x 25cm Nal 
crystals which served as a total energy spec­
trometer. More than 100 million events, defined 
by coincidence f i r ing of both Nal detectors and 
a minimum of two Ge counters, were collected in 
this mode. The 6 l ,N1 run was carried out in the 
Spin Spectrometer by replacing six of the Nal 
elements with Ge detectors. By demanding a 
coincidence f i r ing of a minimum of tk'o Ge and 22 
Nal detectors, collection of those events with 
rich mult ipl ici ty content was emphasized. Off­
line analysis of these data started with 

separate gain Hatching of all Ge and Sal detec­
tors and removal of the neutron-induced signals. 
The corrected data ~ _ then scanned to generate 
several ET-ET Matrices that were gated with 
various two-dimensional cuts in the total 
pulse-height vs coincidence fold map to enhance 
the 4n-channel. A recently developed background 
subtraction technique Mas used to remove nearly 
90X of the Coapton events present in these 
Matrices before generating gated coincidence 
spectra. 

On the basis of the y-r coincidence data from 
these runs, we established the positive- and 
negative-parity yrast states up to I» = (40*) 
and (31"), respectively (Fig. 2.62). Figure 
2.63 compares the kineaatical moments of 
inert ia,^(1) , of these two bands with similar 
bands in l 6 0 Yb (full and open circles, 
respectively). A noteworthy feature is the 
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energies. (Alignment of proton h u i 2 is ex­
pected to occur at higher rotational frequen­
cies, and that of the h , / 2 neutron orbital can 
at best account for only half of the o^'erved 
gain in alignment.) A l ikely explanation is that 
the nuclear shape gradually evolves fro« being 
prolate at I " = 24* to oblate at I " = 36*. I n ­
deed, on the basis of cranked shell gndel calcu­
lat ions, Ragnarsson et a l . have recently sug­
gested that these states belong to an yrast band 
which continuously alniaizes i t s energy by ad­
justing its shape parameters and acquiring 
larger y values, where r is the dsymaetry param­
eter. This band f inal ly terminates on the 
oblate axis upon reaching spin 36, which is 
obtained by aligning the angular Moaentum of i t s 
valence particles along the oblate axis. A l ­
though such terminating bands have long bee» 
observed in very l ight nuclei , the positive 
parity band in l 5 B Y b is the f i r s t ev ident ' for 
the existence or such bands in a heavy nucleus. 

1 . Summary of paper to be publisned. 
Z. On leave from CRN, Strasbourg, France. 
3. The Austral ian National Univers i ty , 

Canberra, Aus t ra l ia . 
4 . Universi ty of Tennessee, ^noxv i l l e , TN. 
5. Brookhaven National Laboratory, Upton, SY. 
6. Washington Un ivers i ty , St. Louis, MO. 
7. Lund Ins t i t u te of Technology, Lund, 

Sweden. 

contrast ing behavior of the two bands in I 5 8 Y b . 
In fhe case of the negative-parity band (F ig . 
2 .64) , which consists of i j 3 / 2 h 9 / 2 neutron 
o r b i t a l s , we observe i t s f i r s t band crossing at 
an angular frequency of fi« = 0.36 MeV, close to 
that of tne ! 6 0 Y b . Both nuclei exhibi t an 
upbending in the frequency range of h"u = 0.44 
MeV, which has been sho«n to be due to Cor io l is 
alignment of an b , , / 2 proton-pair in N = 90 i so ­
topes. The overal l behavior of th is band is not 
very d i f fe ren t from other odd-spin odd-parity 
bands in the neighboring co l lec t i ve nuc le i . 

The low and medium spin states in the posi­
t i v e par i ty band show a s imi lar co l lec t ive 
Dehavior up to spin 24. At higher spins, 
however, th is band shows an exci tat ion pattern 
which i s qu i te d i f ferent from that of the nega­
t i v e par i ty band or other pos i t i ve-par i ty bands 
in neighboring nuc le i . In par t i cu la r , the 
st retching o("«?(!) resumes past spin 20 and 
assumes an extreme form, namely, a ver t ica l 
ascent, af ter the second discont inui ty at spin 
I = 24. The resul t ing moment of i ne r t i a exceeds 
t h ; r i g i d rotor value by nearly 40%. Such a 
1 irge .9 (1) has not been observed previously 
ar^ is a consequence of the quaslvlbrat lonal 
exc i ta t ion mode. (The energies of the y rays 
deexc't ing the states with spin 24<I<36 remain 
wi th in a /30-790 keV in te rva l . ) Rotational 
alignment ef fects cannot explain th is sharp r ise 
I n . ^ H ; , nor the near constancy of the gamma ray 

COULOMB EXCITATION OF 1 6°Dy WITH LEAD IONS 

R. V. Ribas 1 

N. ft. Johnson 
I . Y. Lee 
D. R. Haenni 2 

L. L. Riedinger 3 

R. M. Diamond" 
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S. Shi* 
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Coulomb exci tat ion of 1 6 0 Dy was carr ied out 
with a 2 0 f l Pb beam from the Lawrence Berkeley 
super HILAC. This was done in order to study the 
changing c o l l e c t i v i t y at high spins by measuring 
the reduced t rans i t ion p robab i l i t i es between 
states in the yrast sequence. Gamma rays 
emitted fol lowing Coulomb exc i ta t ion were 
detected by two Ge(Li) detectors in ^ninciden-.e 
with scattered pro jec t i les and r e c j i l i n g nuc le i . 
These par t ic les were detected in a pair of two-
dimensional pos i t ion-sensi t ive para l le l -p la te 
avalanche detectors. The target was 0.5 mg/cm2 

(99% enriched) J 6 0 0 , deposited onto a 0.7 mq/cm2 

Ni f o i l . 
The Coulomb Excitat ion Data Analysis Code 

(GOSIA) obtained from D. Cl ine* was used to 
determine the set of matrix elements that best 
account for the experimental y-ra> y ie lds by 
means of a least squares f i t t i n g . Eight sets of 
data, corresponding to four d i f fe rent regions of 
the scatter ing angles for two bombarding 
energies (942 and 1035 MaV) were ussd in order 
to obtain unambiguously the complete s»t of 
t rans i t ion matrix elements up to spin 2n*, The 
I n i t i a l set of matrix elements used In the 
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f i t t i n g Mere those of the syantr ic r igid rotcr 
aodel. Since the 0-band and the K = 2 and 4 
band heads in U 0 D y have rather high excitation 
energies (> 1.5 MeV) and since no traisi t ions 
associated with these bands Mere ^served in the 
spectra, only the g-band, the i-band and the 
s-band were included in the level scheae. The 
s-band Mas assuaed to have the sane intr insic 
quadrupole aoaent as the g-band, and interband 
aatr ix eleaents were taken only at the crossing 
point. The diagonal eleaents were kept Mxed 
during the analysis and were calculated / using 
an intrinsic quadrupole aoaent that reproduces 
the 2+ r 0+ transition probability. This v l u e , 
which is well known f ro* previous Measure*- i t s , " 
was allowed to vary only in a narrow range 
around, the known value. 

The reduced transition probabilities obtained 
froa the present experiment ar« shown in Table 
2.13. As seen, these results are consistent 
with the previous CouToab excitation data of 
Sayer, et a l . 7 at lower spins, with the excep­
tion of the 8* • 6+ transit ion, where the pres­
ent result is ~ 151 higher than that of Ref. 7. 

He have used our B(E2) values in Table 2.13 
to calculate transition quadrupole aoaents (Qt) 
according to the following expression 

B(E2; I • 1-2) = j | ^ < I 2 0 0 | 1-2 0 > %} . 

Table 2.13. Reduced E2 transition probabilities 
for transitions in l 6 0Dy. 

Transition 
Present 
Results Sayer, et a l . 7 

4*2 

6*4 

8*6 

10*8 

12*10 

14*12 

16*14 

18*16 

20*18 

3.33 

3.91 

5.85 

7.30 

7.33; 

7.90 

•0.10 
•0.05 

+0.3 
-0.2 

•0.3 
-0.2 

,+0.8 
-0.6 

+0.6 
-0.2 

•0.6 
0.4 

3.5310.18 

4.00±0.10 

5.16±0.16 

6.8U0.34 

8.2±1.8 

5 5 9 + 0 ' 2 

7.70 

8.73 

.•1.5 
1.0 

+2.4 
-2.0 

These values along with those for l 5 6 0 y and 
l 5 8 D y froa Ealing et a l . 8 are shown in Fig. 2.64. 
The saae pattern observed for the spin depen­
dence of the reduced transition probabilities 
for the g-band in the l ighter iS6.is»Dy isotoper 
is also present in l H 0 y . The B(E2) value for 
the 10+ * 8+ transition is about 401 above the 
rotational aodel prediction and corresponds to a 
transition quadrupol aoaent of ~ 8.6 eb, s t i l l 
larger than the aaxiaua for the less deforaed 
1 5 S Dy as seen ir. Fig. ?.64. Although the error 
extracted for two transition probabilities in 
the s-band (20* * 18* and 18* + 16+) are quite 
large, the data in r i g . 2.64 do riot seea to 
indicate evidence for a decreasing col lect ivi ty 
in these higher-spin ambers of the rotation-
aligned band as is observed8 for I S 6 , 1 5 8 P y . 

1 . On leave froa University of Sao Paulo, 
Brazi l . (Fellow of FundacSs de Aaparo 3 
Pesquisa de Sao Paulo.) 

2 . Present address: Texas ASM University, 
College Station, Texas. 

3. University of Tennessee, Knoxvilie, 
Tennessee. 

4. Lawrence Berkeley Laboratory, Berkeley, 
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5. 0. Ctine, private coaaunicatton; for 
details of the code, see T. Czosnyka et a l . , 
Publ. of University of Rochester, UR-NSRL 263 
(to appear in fue l . Phys.) 

6. P. C. Lcpiparo, R. L. Rasera and N. E. 
Caspari, Hucl. Phys. A178, 577 (1972). 

7. R. 0. Sayer et a l . , Phys. Rev. C9, 1103 
(1974). 

8. H. Emling, et a l . , Nucl. Phys. A419, 187 
(1984). 
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Fig. 2.64. Plot of transition quadrupole 
moments (Qt) for states 1n 1 5 6 » l S 8 - 1 6 0 D y . 
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Stud/ of the Interplay between the Macro­
scopic and mcroscopic effects in nuclei as a 
function of angular momentum has become the 
focus of nuclear structure studies in recent 
years. Theoretically, cranked shell model 
calculations by several groups predict shape 
transition patterns in the light rare-earth 
nuclei which depend sensitively on the neutron 
number, 7' 8 For example, the Er isotopes with 
N £ 86 are predicted to have nearly spherical 
shapes at low spins and gradually become Oblate 
at higher angular momenta (Fig. 2.65). In 
contrast, for neutron number N > 88, the 
equilibrium shapes are expected to change from 
prolate at spins I £ 40 to triaxial at I y~ 50. 
Of particular interest is the predicted tran­
sition to superprolate ($ * 0.6) shapes for 
N * 82 isotopes at very high spins. Such large 
deformations correspond to a major-to-minor axis 
ratio of nearly 2:1 and have been observed only 
in the fission isomers. Experimental verifica­
tion of these predictions provides a very 
stringent test of the validity of these calcula­
tions, which have been very successful in 
describing the nuclear behavior at high angular 
momenta. To investigate these predicted spin 
induced shape changes in : $ l >Er, we used thf 

m T e (3t s > 4„) reaction to populate the higr 
spin states in this nucleus. The 3"S beam 
(170 HeV) was obtained from the double tandem 
facility at Brookhaven National Laboratory. The 
experiment*! setup consisted of six Ge and 
eleven Hal detectors which served as a multi­
plicity filter. Four of the Ge detectors were 
surrounded by annular Hal Cempton-suppression 
shields which gave a suppression factor of 
better than 2.5 for the "Co source. By 
demanding a coincidence of at least two Ge and 
two Mai detectors, high multiplicity events were, 
emphasized. Nearly 140 million such events were 
collected on an event-by-event basis. 

In the off-line analysis, the gains of all Ge 
detectors were equalized and the Ge-Ge coinci­
dence data were scanned to generate an EY - E Y 
matrix. This matrix contained nearly 12 million 
photo peak-fhoto peak counts before symmetriza-
tion, of which approximately 40% belong to 
ts^Er. These data formed the basis for a 
revised and expended decay scheme of- 1 5*Er shown 
in Fig. 2.66. Angular correlation information 
were used to deduce the multipolarity of the 
newly found transitions. The noteworthy 
features of the decay scheme include: 

(1) The level sche..e shows a shell model 
structure up to the maximum observed spin of 
38. 

(2) All of the expected optimal states 
generated by the alignment of the valence 
nucleons around the oblate symmetry axis are 
clearly established in the decay scheme (bold 
horizontal lines in Fig. 2.66). The configura­
tions of these states (II -, 21", 27", 33", 36+) 
are indicated in this figure. 

(3) Existence of high energy Y rays reeding 
the highest optimal sate, I* • 36*. reflects the 
fact that above this state core excitation be­
comes necessary. Consistent with this picture 

ORNL-OWG 84-17245 

3 0 4 0 5 0 6 0 7 0 9 0 5 0 6 0 7 0 8 0 , 5 0 6 0 7 0 80 SO 60 70 80 

Fig. 2.65. Predicted equilibrium shapes « a function of anpular momentum and excitation 
energy for erbium-Isotopes 

iquilibn 
(Ref. 8) 
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F1g. 2.65. Partial deray Sterne of 1 5 "^r 
showing levels above the I * * l i * Isomeric 
state. Oasned horizontal lines indicate uncer­
tainty in the level ordering. Neutron (y) and 
proton («) configurations are indicated for 
several states. 

is the fragmentation of the feeding into this 
state that was experimentally observed. 

(4) The level spacings of states with 
I" * 27", 29", 31" , and 33" closely resemble 
those of the I" » 10*, 12+, 14+, and 15+, states 
in l 5 0 0 y formed by ( l^ 11/2) protjn-excitation. 
Also, the 1467 keV Y ray betwee > I" » 36* and 
33" optimal states is very similar to the octu-
pole transition that connects the corresponding 
optimal states in l 5 , H o . They both arise from 
113/2 • '7 /2 neutron transit ion, and reflect the 
excitation energy of the Us/z neutron orbinl. 

The above observations are In good agreecent 
with theoretical predictions that r.onco11ec'.1ve 
excitations dominate the yrast structure of 
' 5 l , E r below spin 50. To verify the predicted 

onset of col lect iv i ty at higher spins, we bavt 
searched for the rK'qe-valley structure in the 
unfolded EY-EY correlation maps. Such a struc­
ture has been absented in 1 S 2 0 y . ' and inter­
preted to arise f ro* collective rotation of a 
superdeformed shape. Me have found no evidence 
for such structures in the ET«10OO-1«00 keV 
range, where a strong quadrupole structure has 
been observed in the energy spectrum. This 
implies that ccntrary to the * S 2 Dy case, either 
the collective bands in 1 5 * E r are not, fed even 
at the highest angular momentum populated in 
th is reaction (60h), or the interband t ran­
sitions divert the population away from these 
bands. Either possibility is in conflict with 
the theoretical predictions. 

NY. 
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Discrete-line spectroscopy in l 5 9 Y b suggests 
coexistence of two different band structures at 
high spins. While the energies of t ie pc . i t ive-
parity band up to f - 24 and the negative-parity 
band up to i ts maximum observed spin of I » 31 
show collective rotational patterns, y r»ys de-
exciting states with I« « 24* - 36* have nearly 
equal energies. The latter behavior is inter­
preted as due to termination of » band wherein 
the nucleus continuously adjusts its shape 
parameters while graduaTly evolving toward an 
oblate shape. To ascertain which band structure 
dominates above the yrast line and beyond spin 
40, we have examined the continuum Y ray data. 
The experimental setup consisted of six Ge 
detectors placed in the Spin Spectrometer as 
described in Ref. 5. Following removal of 
neutron signals on an event-by-event basis, a l l 
singles spectra were corrected for double-hit 
events and unfolded using measured response 
functions of the individual Nal elements. The 
response functions also were used to effect the 
transformation of total pulse-height (H) Into 
excitation energy (E), and coincidence fold (K) 
to multipl icity (M). The use of the Spin 
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Spectrometer allows a detailed characterization 
of the quasicontinuia T rays. In the following 
we shall exaaine the evolution of these con­
tinuum T ray spectra with spin and excitation 
energy, their multipolarity coaposition, and 
their E T-t T correlation patterns. 

Spin ana Temperature Dependence. Singles 
T ray spectra Mere generated by gating simul­
taneously on the strong discrete transitions in 
l 5 8Tb, ana various (H, K) cuts. Typical spectra 
for two N and two E values are shown in Fig. 
2.67 (a) and (b). The narrow peak around Ey * 
750 keV contains aainly yrast transitions deex-
citing states in the I « 26-36 spin range. The 
higher energy edge of this peak falls rapidly 
and does not nove noticeably with increases in 
the wlti-plicity or the excitation energy. 
Instead, a second and ouch broader structure 
gradually develops around 1.15 % V at higher 
Multiplicity and excitation energies. The 
number of transi-tions in the lower energy part 
of the spectrua increases also with increasing 
Multiplicity but decreases with increasing exci­
tation energy. This behavior indicates that the 
low-energy transitions and the transitions in 
the high-energy bump originate from different 
regions of the (E,I) map and may be due to dif­
ferent modes of excitation of the nucleus. 

Haitipolarity Decomposition. The angular 
distribution has been measured at seven angles 
using single Hal detectors of the spin spectrom­
eter. A sample A 2/"o spectrum obtained from a Legendre polynomials analysis is displayed in 
Fig. 2.67 (c) for 11*29. The decomposition of 
the energy spectrum into stretched owadrupoles 
and stretched dipoles is shown in Fig. 2.67(d). 
One observes a strong quadrupole oeak at 750 keV 
on top of a weaker dipole perk and a second 
quadrupole bump centered at 1.15 MeV. The in­
tensity of these three structures increase with 
increasing multiplicity. The higher energy 
quadrupole bump can be interpreted in terms of 
a collective rotation of the deformed nucleus 
and nay indicate the onset of a triaxial defor­
mation of l b 8 Y b at high spin and temperature. 

Correlation Patterns. Two-dimensional Ey-Ey 
coincidence spectra have been constructed for 
different (H, K) bins using all possible coinci­
dences between «ny two MaI detectors in the Spin 
Spectrometer. A two-dimensional unfolding 
method was used to yield photo-peak-ptotopeak 
coincide.tce speccra. Fig. 2.68 displays such a 
spectrum corresponding to the difference between 
two (H, k) bins for a constant H. The spectrum 
is dominated by coincidences with transitions in 
the 750 keV energy region. 0n» recognizes the 
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Fig. 2.67. Unfolded energy speara for: (a) H - 23, E • 3.2 KeV ( fu l l l i ne ) ; M • 31, E • 32 MeV 
(square), (b) M - 31 , E - 3.2 KeV ( fu l l l i ne ) ; P. * 31, E - 9.4 MeV (square), (c) Angular distribution 
coefficient for M • 29. (d) Stretched dipole and stretched quadrupo'e spectra for M • 29. 
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Fig. 2.68. Unfolded coincidence-spectrum corresponding to the difference of *wo (H. K) binds: 
(12 HeV. 31) - (12 MeV, ?3). 

coincidence patterr of the discrete yrast tran­
sitions with the f i rs t backbending at 570 kev. 
Above E T * 850 keV one observes a cut-off of the 
valley-ridge structure, which indicates absence 
of collective rotational bands beyond an angular 
frequency of £a>*C.<S MeV. The quadrupole bump 
observed at l.lS-PeV in the single energy spec­
tra originates mainly from coincidences with the 
750 keV transitior";; only 20% of the transi­
tions in the 1.15 MeV region are in coincidence 
with transitions from the same energy region. 
This fact indicates that only a few transitions 
decay along rotational bands built on possible 
t r iax ia l deformations which might exist at high 
spin and temperature. 

Using the code GAMBLE, we are now carrying 
out simulations of the detxeitation pattern of 
high spin-high energy states in , 5 8 Y b . This 
wi l l aid in the interpretation of the origin of 
various components in the energy spectrum, espe­
c ia l ly the 1ow energy dipole component. 

E2 AND £4 DETERMINATIONS IN 233,23* ,235 ^ a , , ! 
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Precise intrinsic quadrupole, %, *nd hexa-
decapole moments, H 0 , of 2».23<.,23S,238U- j^ye 
been determined from mionic K, L, N, and N 
X rays. The charge distribution parameters are 
l isted in Table ?,14, together with the derived 
intrinsic moments, for " 3 , 2 3 5 ^ seven E2 
matrix elements were independently determined. 
These E2 matrix elements are in good agreemL."* 
with the adiabatic rotational model; this agree­
ment is further Improved i f a correction for 
&K • 1 band mixing is included, as indicated in 
Table 2,15. The measured hexadecapole moments 
are in good agreement with shell-correction 
calculations and Hartree-Foek calculations, as 
shown in Fig. 2.69. 

1. Summary of paper: Phys. Rev. Lett . S3, 
1888 (1984). 

2. Princeton University, Princeton, New 
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Table 2.14. (Iranitn. charge paraaeters. The peraaeters c, a, and <r 2 > 1 / 2 are given 
in units of fa; O4 in units of eb; and HQ in units of eb 2. 

Nucleus 233y U 23Sy 238u 

This work c* 6.9518 (16) 6.9703 (13) 6.9859 (17) 7.0110 (12) 

a* 0.512S (12) 0.5089 (10) . 0.5029 (13) 0.5046 (9) 

Qot 10.294 (59) 10.610 (57) 10.630 (59) 11.188 (5b) 

H 0t 2.55 (30) 2.49 (14) ?-64 (10) 2.28 (11) 

»2* 0.2431 (40) 0.2507 (18) 0.2485 (13) 0.2653 (14) 

h* 0.091 (15) 0.0843 (71) 0.0913 (45) 0.0672 (49) 

< r 2 > l / 2 * 5.8158 (66) 5.8289 (31) 5.8343 (28) 5.8604 (23} 

•Model-dependent analysis (statistical uncertainties only). 
tQ0 and HQ include 0.5% and 2.01 aodel uncertainty, respectivaly. 

Table 2.10. Spectroscopic quadmpole noaents and B(E2) values for 2 3 3 » 2 3 5 U . 
Spectroscopic and intrinsic (q and Q, respectively) are given in units of eb, and the B(E2) 

values are given in (eb) 2 . Errors do not include aodel uncertainties. 

»3u (I « 5/2) 2 « U (I - 7/2) 

Present 
experiment 

Theory 
rresent 

experiment 

Theory 
Present 

experiment Adiabatic Rotation 
rotation *t& • 1 mixing 

rresent 
experiment Adiabati 

rotation 
c Rotation 

+AK ' 1 mixing 

4(1) 3.663 (8) 3.677 3.666 4.936 (6) 4.955 1 139 

B(E2; W * l ) 5.041 (16) 5.020 5.034 4.834 (16) 4.757 4.816 

q ( M ) 0.642 (30) 0.686 0.649 1.870 (30) 1.931 1.851 

B(E2; M*2) 1.756 (26) 1.757 1.781 1.189 (41) 1,223 1.267 

B(E2; I*UI+2) 3.969 (37) 3.993 3.973 4.653 (73) 4.611 4,613 

B(E2; I+WI+3) 2.729 (41) 2.683 2.720 2.120 (51) 2.117 2.193 

B(E2; I*2*I*3) 2.974 (60) 2.948 2.905 3.778 (96) 3.842 3.789 

O20 10.295 (12) 10.303 (13) 10.619 (10) 10.651 (12) 

C 0.0 -1.4 (6)xl0' 3 0.0 -2.5 (5}xl0- 3 

X2/0F 1.5 0.3 6.4 1.6 
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Fig. £,69. The intrinsic hexadecapole moment 
vs. A, for thorium, uranium, Plutonium, and 
curium isotopes. The legend indicates the 
sources of the data plotted. Values for iso­
topes of the same element are connected by 
dashed or solid lines. (Bemis et al., Ref. 5; 
Close et al., Ref. 6; Brack et al., Ref. 7; 
Libert and Quentin, Ref. 8). 

LIFETIMES OF HIGH-SPIN STATES IN l « * b 
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The interplay of collective rotations and 
single-particle excitations determines the 
structure of neutron-deficient rare-earth nuclei 
at high spins. It is generally thought that 
nw>ny nuclei which have prolate shapes 1n their 
ground states will have a tendency to move 
toward oblate shapes at higher spins <n part due 
to the alignment of angular momentum along the 
rotation axis. The discontinuities observed In 
the yrast sequence of sven-A nuclei near N • 90 
around spins of 14 or 16 are mainly due to the 

alignment of an i ti/ 2 neutron pair. These 
changes in the single-particle structure are 
expected to influence also the collective prop­
erties of the nucleus. The alignment of the 
nucleon orbits and its polarizing effect on a 
soft nuclear cere should result in a deformation 
change and in particular in a Toss of the axial 
symmetry of the nucleus. Additional deformation 
changes may be caused by the centrifugal farce 
acting in fast rotating nuclei. Therefore, E2 
•itrix elements along the yrast line should pro­
vide information on the two parameters c 2 and v 
describing the quadrupole deformation of a 
nucleus as a function of rotational frequency. 

To search for possible shape changes, we have 
measured the lifetimes of high-spin states in 
l 6 2 T b by means of the recoil-distance method. 
The nuclei were populated by the reaction l l 6 C d 
( 5 0Ti, 4n) at a center-of-oass energy of 150 
ReV. The recoil distance device was resigned to 
fit in the annular opening of a 25-cm and 25-cm 
haI crystal which acts as a total-en»rgy filter 
and thus provides some selectivity of reaction 
channel. The recoil velocity v = 7.177 ± 0.048 
um/ps (v/c = 2.3941). Spectra were obtained at 
13 recoil distances ranging from 16 to 5000 pm. 
The com-plexity of the r spectra limits the 
number of useful decay curves extracted from the 
data. For example, the Y spectra of I6i-i63y0 

contain -150 r rays or 300 peaks (shifteo * 
unshifted). In addition the-e are Y rays from 
the (n.nf) reaction on th-» materials in the 
recoil distance device (F, Nal, Al, Fe, hi). 
For instance, the 439.7 keV Y ray from 2 3 N a 
(n,nf) matches the 10* • 8* transition of 439.2 
keV in l 6 2 T b . four nwltiplets (Y rays of equal 
energy) exist in l 6 2 Y b . Also, the upbend in the 
continuation of the ground-s.ate band at the 
18*, 16*, and 14* states gives rise to 3 transi­
tions of nearly equal energy. 

The time dependence of any decay curve is 
determined by the lifetime of the initial state 
of the observed transition and by the time 
structure of the cascades feeding into this ini­
tial state. The feeding of a particular level, 
in general, proceeds via experimentally observed 
discrete transitions. However, a fraction of 
the intensity is fed into the level through many 
complex paths (side feeding). The side feeding 
from the quasi-gamma continuum into a particular 
level was modeled either by the decay of two 
states which share the feeding Intensity or by 
the time distribution of a rotational cascade 
with parameters based on an effective moment of 
inertia, an average transition moment Q t, and an 
average Y-nultipliclty (number of steps in the 
feeder cascade). 

The transition quadrupole moments Q t, 
extracted from the reduced transition proba­
bilities along the yrast line 

B(E2;I*l-2) • yjj < I 2 0 0| 1-2 0 > 2 Q 2, 
are plotted versus the rotational frequency 
which is obtained from K» « EY/2 for 1*1-2 
transitions of K • 0 bands. Although the uncer­
tainties are large, the data shown in Fig. 2.70 
for the ground band of l 6 2Yb are not Incon­
sistent with an enhancement of collectivity for 
rotational frequencies Kw<0.27NeV. The Qt for 
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0.4 

Fig. 2.70. Transition quadrupole Moments of 
sane yrast states of 1 8 2 Y b as a function of the 
rotational frequency. 

the 6+ state is anomalously small and difficult 
to understand (the 6+*4* transition in i s s 0 y was 
observed to be low). Bochev et al.* published 
O t values for the 2*. 4 + , 6*. and 8* states of 6 
e»b based on a -.ery United knowledge of the 
level scheme c'' l 6 2Vb. An analysis of our data 
with this level scheme yields 0> values in 
agreement with values given by Sochev et al., but 
the quality of fit is poor because of the inten­
sity imbalance of the intraband transitions 
I * 1-2. 

Above Km * 0.27 MeV, the crossing frequency 
at which a pair of i u / 2 quasineutrons align, 
there appears to be a significant decrease of Qt 
to a value of 4.5 e»b in both the g- and s-bands. 
The missing interband yrast transition 14+ * 12+ 
implies a very weak interaction strength 
between the O-quasiparticle g-band and the 
2-quasiparticle s-band. One might consider the 
yrast band as the continuation of the g-band. 
However, its g-band character does not prevail; 
instead, upbending occurs at Ki» • 0.31 MeV, The 
extracted aligned spin ifu) is about 8ff compared 
to lOfi at the first backbend. This upbending 
could be attributed to the alignment nf a second 
less favored 1| 3/ 2 quasineutron pair. 
The level structure In 1 6 2Yb Is very similar 

to I S 6Dy, I.e., backbend at K« - 0.29 MeV 
followed by an upbend at ri,j • 0.34 MeV. Emllng 
et al. 5 at GSI have already published an exten­
sive set of quadrupole transition moments Q t 

between states whose structure Is influenced 
mainly by quaslpartiele excitations. Therefore, 

it is of interest to compare the limited results 
frost 1 M Y b with Owns from 'S^ly. Below the 
first backbend in i s*py the Qt val ie> increase 
fro* 6 to 7.5 e*b with increasing -otational 
frequency. The Qt values are clearly retarded 
at Kit > 0.29 HeV compared with Q. - 7.5 e-b 
reached in the g-band just beloirthe onset of 
quasiparticle alignment. The overall trend of 
Qt from the less extensive results of 1 6 2 W > with 
K M is similar to the results fro- l 5*Ov. The 
loss of collectivity could indicate either a 
decrease of ej deformation or a positive y 
deformation or a combination of both. Self-
consistent HFB calculations by Bengtsson et al. 6 

for the H = 90 nucleus l 6 0 T b suggest potential-
energy surfaces which are very flat in the 
vicinity of the minimum. Therefore, aligned 
qvasiparticles moving in oblate orbitals can 
easily polarize the nuclear core, i.e., change 
the mass distribution in the equatorial plane of 
the prolate core yielding a triatrial shape. 
However, the observed reduction of collectivity 
at the larger rotational frequencies implies a 
greater degree of triaxiality than recent calcu­
lations predict. 
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Previous studies of the multlpolsrlty of the 

r- r*y continuum from rotational nuclei, based 
either on angular distributions or on Internal -
conversion coefficients, have led to conflicting 
results. In particular, some data on internal 
conversion7 indicate that the high-energy con­
tinuum Is purely El while results obtained at 
the Hoi1 field laboratory6 show that there are 
significant Ml or £2 contributions. We present 
here preliminary results from the Spin 
Spectrometer In *n1ch t-ray angular distribu­
tions were obtained with respect to the spin 
direction of the emitting nucleus. 
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The aethod of determining the spin a.ignmt-t 
was f i rs t used in Ref. 9 , and may be outlined 
brief ly as follows. The r-ray cascade from 
decay of rotational nuclei is dominated by 
stretched E2 transitions ( i . e . , Al = -2) which 
have a toroidal intensity pattern about tne axis 
of the emitting nucleus, by searching 'or the 
plane of maximum r-ray intensity, a conpcter 
program can deduce the most probable direction 
of the spin alignment for each event. Applying 
this method to a sequence of events, the program 
builds up the angular distribution of the T rays 
as a function of B, the angle between the 
observed T ray and the nuclear spin. 

The data presented here are from reactions of 
230-MeV S 9 T i on l 2 < , S n , one of 49 targets bom­
barded in a survey exper iment . 1 0 . 1 1 The com­
pound nucleus is 1 7 H H f and the high-spin entry 
states selected here belong mainly to 1 7 I H f . 
Similar data have been obtained for other 
targets of the survey. 

The ful l analysis involved several steps 
before the angular distributions could be 
generated. F i rs t , 15 regions of (h.k) space 
were defined (H - sum of Nal pulse height, 
k = number of responding detectors per event). 
These correspond to average r-ray multipl icit ies 
M r * 16, 20, 23, 27, and 30, and to three cuts 
in excitation energy above the yrast l ine . 
Next, the raw Nal spectra for each (H,k) region 
were unfolded ( i . e . , corrected for detector 
response, including scattering and summing 
•f fects, on the basis of measurements with f-ray 
sources). The lower part of Figs. 2.71 and 2.72 
give examples of E~ spectra for low and high 
excitation in the i L = 27 region. 

The spectrin in Fig. 2.71 shows a sharp drop 
in intensity at E Y -4.3 MeV, the upper edge of 
the so-called yrast bump known to consist of 
stretched E2 transitions. At higher E Y , the 
characteristic statist ical spectrum can be 
observed. I t can be represented by Hy = C E Y

3 

exp(-Ey/T), where 7 is the nuclear temperature. 
The three cuts In excitation energy chosen for 
this analysis correspond to T = 0.4, 0.7, and 
1.0 MeV. For the T = 1.0 cut (Fig. 2.72) , the 
edge of the yrast bump occurs at higher E Y , as 
expected for a rotational nucleus. However, an 
unexpected feature is the slow approach to the 
E Y

3 expf-Ey/T) shape seen w>ll above the yrast 
bump. The excess transitions in the inter­
mediate region amount to 0.5 to 1.5 per cascade. 

The next step was to create angular distribu­
tions, as outlined above, for the 80-keV E Y bins 
shown in Figs. 2.71 and 2.72. <Aw nigh E Y 

adjacent bins were combined to maintain reasona­
ble stat ist ics. ) Examples for two E y bins are 
shown In Fig. 2.73 for the highest region in 
(T, MY) space. 

The angular distribution for stretched 
dipoles (ol • -1) is readily distinguishable 
from that for stretched quadrupoles ( A I « - 2 ) , 
allowing the quadrupole fractions shown in the 
upper part of Figs. 2.71 and 2.72 to be deduced. 
The yrast buwn, as expected, is 1001 quadrupole. 
At low E.. there is a dipole component that we 
have reported e a r l i e r 1 2 1n the light Yb 
isotopes. A new feature i* that the quadrupole-
l ike angular distribution extends beyond the 
upper edge of the yrast bump and seems to be 
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Fig. 2.71. Energy spectrum (lower part) and 
quadrupole fraction (upper part) as a function 
of E Y for the region with average M Y = 27 and 
low excitation. The yrast bump ends at 1.3 MeV 
but the stretched quadn'pole-1 ike-character con­
tinues to about 1.6 MeV. The curve with the 
broad peak at about 1 MeV is a fit to the 
expression CE 3 exp(-E/T) with T = 0.4 MeV. 

associated with the excess yield noted in 
Fig. 2.72. Unstretched dipoles (&I - 0) have 
an angular distribution similar to that of 
stretched quadrupoles. They can be distin­
guished by the sign of the A* coefficient, but 
A1* is not defined adequately with the present 
data. If the excess transitions were due to 
collective quadrupoles, their yield and energy 
would increase with I for a given T; the data i'o 
not show this feature. The other possibility, 
that they are unstretched dipoles, is consistent 
with our conversion-electron results.6 The two 
pieces of data taken together Indicate that the 
excess yield centered at E Y ~2.2 MeV is due to 
unstretched Ml transitions. It is interesting 
to note that Chen and Leander 1 3 have predicted 
the existence of il • 0 Ml transitions at 
~2.3 MeV 1n similar nuclei for bands with small 
signature splitting. 
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Fig. 2.72. Same as Ffg. 2.71 for high-
exdtatlon region (T • 1.0 MeV). The upper edge 
of the yrast bump occurs at E y -4.4 MeV, but the 
quadrupole-11ke character of the radiation oer-
slsts to considerably higher E Y than In Fig. 
2 .71 . The excess yield of y rays above the 
yrast bump that 1s not accounted for by the 
E Y

3 ( - E Y / T ) shape is larger than In F1g. 2 .71. 
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Fig. 2.73. Gamma-ray angular distributions 
with respect to the spin direction of the 
emitting nucleus for the (H,k) region corre­
sponding to T - 1.0 MeV, M Y » 30. Data are 
shown for two bins of y r a y energy. 
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It has been suggested that transfer reac­
tions with very heavy ion* (A > 40) might hold 
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considerable p r a i s e as a tool f f r scudying 
nuclear structure.1* » 5 Resolution of the closely 
spaced collective states excited by heavy ions 
is achieved most easily using high resolution Ge 
T-ray detectors to observe the deexcitation 
gauM rays in coincidence with the scattered 
ions. To reconstruct the in i t i a l distribution 
one needs the Y-ray feeding pattern. The non-
yrast portion of the transfer population wi l l 
decay to the yrast line by emission of a quasi-
continuum cascade of Y rays, with indiviaual 
transitions d i f f i cu l t to resolve. Bo*h the 
population of discrete states on or near the 
yrast l ine , and the population of the quasicon-
tinuum present unique opportunities to study 
nuclear structure. However, to fully exploit 
these opportunities i t is necessary to separate 
these two portions of the population. To do so 
requires both total energy and angular momentum 
information for the states populated. 

Here, we report on the use of the ORNL Spin 
Spectrometer6 to measure total Y-ray energies 
and multipl icit ies for heavy-ion transfer reac­
tions populating high spin states in the reac­
tion 1 6 l 0 y ( 5 8 N i , S 9 N i ) 1 6 0 0 y , with the E 1 a b = 
270 M»V S 8 N i beans (giving 8 L A B ~ 130") produced 
by the Holified Heavy Ion Research Faci l i ty . 

The experimental procedure involves detection 
of Y rays by Ge detectors in coincidence with 
scattered beam-like and project i le- l ike frag­
ments which are observed using large solid angle 
position-sensitive parallel-plate avalanche 
detectors. Each particle-particle-Y coincidence 
trigge.-s the Spin Spectrometer, which Is used to 
determine the total energy and multiplicity of 
the resulting y-ray cascade in the standard 
manner.6 

Figure 2. /4 shows the total energy-
multipl icity (E,M) spectrum gated on the strong 
ground-band transitions in l S o O y . In addition, 
we show as a dashed line the lowest contour only 
for the corresponding inelastic excitation of 
l 6 l D y . The (E,M) distribution is clearly quite 
different for the two reactions. 

The yrast line sketched in Fig. 2.74 is that 
for l 6 0 D y . I t represents the total energy and 
multiplicity expected i f the yrast l ine of 1 6 0 Dy 
and ground state of 5 9 N i were populated in the 
transfer, and is deduced from the known energies 
in the 1 6"Dy yrast band by assuming that the 
transitions are stretched E2's near the yrast 
l ine , and that the spin spectrometer multiplic­
i t y is corrected to account for the trigger 
Y ray, and the mostly internally converted 
2+ * o* transit ion. In addition, ~ 400 KeV is 
added to the total energy to account for these 
missing Y-rays. This prescription Is consistent 
when checked against the expected results for 
the Coulomb excitation reaction "^DyC^Ni, 
•><iN1.) i62o v , and Is expected to be most 
reliable near the bottom of the distribution in 
Fig. 2.74. The narrow width of the distribution 
of total energy with multiplicity leaves l i t t l e 
room for stat ist ical transitions. Therefore, 
the prescription relating multiplicity to spin 
for the yrast line may be applied to the whole 
distribution of Fig. 2.74 with an error not much 
beyond the resolution 1n M (typically 1-2 
units). With this assumption, Fig. 2.74 becomes 
a map of the cross section for populating a 
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Fig. 2.74. The total energy - multiplicity 
(E,K) distribution for the transfer reaction 
1 6 1 Dy(5f )NT, S 9 Ni) l 6 0 Dy ( s o i i d u n e s ) a n d y,e 
inelastic reaction 1 6 l D y ( 5 8 N i , 5 9 N i ' ) l 6 i D y 
(dashed l ine, outer contour only). The d i s t r i ­
butions are gated on the strong ground band 
transitions in I 6 0 D y and l 6 l D y respectively, as 
observed by the Ge detectors. The heavy dashed 
l ine represents the 1 6 0 0 y yrast l ine. Events 
below i t reflect f in i te resolution. The est i ­
mated resolution in E and M is about 40%. 

given dif ferent ial element of total energy and 
angular momentum in the internal structure of 
the 5 9 N i and I 6 0 D y proouct nuclei. 

Figure 2.75 shows a cranked shell model 
calculation 7 for bands near the yrast line in 
1 6 n 0 y . The average alignment Is - 6 h for the 
low l y i " j bands in this region. A theoretical 
model for transfer to the quasicontinuum wil l be 
discussed separately. 8 Essentially kinematic 
effects associated with Q-windows, L-windows, 
and binding energies of the transferred par­
t icles conspire in the reaction 1 6 l D y ( 5 8 N i , 5 9 N 1 ) 
1 6 1 0 y to l imit strong transfer to a band of 
states lying within 1-2 MeV of the yrast line 
(inset to Fig. 2.75). The dominant factor In 
this case is that excitation above the yrast 
l ine requires the removal of more tightly bound 
particles from 1 4 1 0 y . Ihis strongly suppresses 
the form factor for transfer greater than 1-2 
MeV above the yrast l ine, unless particles are 
transferred between heated nuclei with particles 
excited before transfer to less tlghly bound 
states. The population pattern seen in Fig, 
2.74 provides direct evidence for a cold 
mechanism giving large cross sections for 
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Fig. 2.7b. Low-lying bands in l 6 0 D y calcu­
lated using the cranked shell model with parame­
ters reflecting the standard systematics in this 
region. The kinematic window discussed in the 
text is indicated by the inset »nd the arrows, 
and strongly suppresses transfer to states lying 
outside the window. The other insets indicate 
schematically the kind of pickip process popu­
lating the bands. 

transfer between nry heavy ion; i f ground-state 
Q-values are chosen properly. This cold 
transfer mechanism is obviousl> significant for 
using these reactions as spectroscopic tools, 
and for a general understanding of heavy-ion 
rear*Ion mechanisms. In addition, i t raises 
interesting possibil it ies for populating states 
and nuclei inaccessible to other reactions. 

The qualitative and even quantitative 
features of the population distribution are 
easily understood. Because of the pairing gap, 
at low angular momenta ( I < 10) only the ground 
band, and possibly a few collective bands, l i e 
in the kinematic window. The population in the 
lower maximum of Fig. 2.74 primarily represents 
direct population of the ground band. The width 
of the lower portion of the distribution is con­
sistent with the Inherent total energy resolu­
tion of the experiment. As the angular momentum 
is increased the 2-quasiparticle states come 
down relative to the yrast Mne. Above I - 10 
the 2-quasiparticle bands begin tu fa l l within 
the kinematic window, and the sudden broadening 
of the total energy distribution represents the 
kinematic accessibility of those non-ymt 
bands. The peak In this non-yrast population 
l ies - 500-1000 keV above the yrast line at 
I ~ 14-16. This 1s where, naively, one would 
expect the aligned bands to be strongly popu­
lated, that 1s, 8-10 units of collective angular 
momentum (peak of the lower minimum) plus - 6 

units of aligned angular momentum gives the 
angular •omentum of the upper maximum, and the 
excitation abo<e yrast coincides quantitatively 
with the .avel tensity of aligned bands in Fig. 
2 .75, weighted by a kinematic factor decreasing 
approximately exponentially with energy above 
the yrast l ine . This qualitative discussion 
neglects the differences among spectroscopic 
factors for different aligned bands. This 
should be included to provide more stringent 
tests of high-spin models. 

This analysis assumes that the amount of 
collective angular momentum is the same for 
transfer to the ground and aligned bands. This 
i s not generally t rue, due to the angle depen­
dent form factor discussed theoretically in 
Refs. 4 and 5, and for which we provide experi­
mental evidence below. However, i t should be a 
good assumption for the average properties of a 
group of bands. 

These simple considerations account for a l l 
the basic features of the quasicontinuum spectra 
in a natural way. This implies that the data of 
Fig. 2.74 are related directly to the density of 
2-quasiparticle states as a function of energy 
and angular momentum, and provides clear ev i ­
dence f i r a gap between the ground and excited 
2-quasiparticle states which decreases with 
angular momentum. 
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We report on the use of the ORNL Spin 
Spectrometer1* to measure total r-ray eneryies 
and multipl icit ies for heavy-1on transfer reac­
tions populating high spin states In the reac­
tion '^DyC^NI , 5 'N i ) 1 6 0 Dy , with the E i a o -
270 HeV *«N1 beams (giving &LAB ~ 1 3 0 ° ) Produced 
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by the Hoiffled Heavy Ion Research Facility. 
Relating the total r-ray energies and Multiplic­
ities to the energy and angular momeM-m of the 
states populated allowed separation t f the 
direct population of the yrast "ne fro" that 
feeding the yrast line by quasi continue tran­
sitions. Moreover, cross sections for one-
particle transfer to yrast high-spin states and 
the near-yrast quasicontinuum Mere determined. 

The experimental procedure involves detection 
of y rays by Ge detectors in coincidence with 
scattered beam-like and projectile-like 
fragments which are observed using large solid 
angle position-sensitive parallel-plate ava­
lanche detectors. Each particle-p&rticle-Y 
coincidence triggers the Spin Spectrometer, 
which is used to determine the total energy and 
Multiplicity of the resulting r-ray cascade in 
the standard manner.* 

Discrete lines up to the 18* + 16* yrast 
transition are seen for the reaction product 
1 6 0 Dy. Peak intensities range from - 200 counts 
for the IS* • 16 + , to ~ 30,000 counts for the 
4 T + 2* transition. No strong channels other 
than inelastic scattering and I-neutron pickup 
are seen, and the spectrum quality is comparable 
to that for sub-barrier reactions. In a 
separate contribution in this report we snow the 
total energy-multiplicity (E,M) spectrum gated 
on the strong ground-band transitions in ' 6 0 Dy. 
There, the general features of the quasicontinuum 
transfer population are discussed. In this 
contribution we discuss the population of the 
discrete states. 

For the discrete yrast states observed in the 
transfer spectrum i t 1s possible to be more 
specific than in We case of the quasicontinuum. 
By gating in the (E, N) plane to exclude the 
feeding from the quisicontinuum, a Ge spectrum 
may je constructed for direct population of the 
yrast states. The cross sections for direct 
population of individual yrast states may be 
deduced from this Ge spectrum by correcting for 
feeding. The results are shown in Fig. 2.V6, 
along with the corresponding cross sections for 
the Inelastic scattering reaction 1 6 2 0 y ( 5 8 M , 
S 8 Ni ' ) 1 6 2 Dy, which should be quite similar to 
that expected for the inelastic reaction 1 6 0 0y 
( 5 8 N1, 5 8 Nr) 1 6 < ) Dy. No special provision was 
made in the experiment to detect the low energy 
and highly converted 2+ • 0+ transition, so 
only states with I" > 4 + are shown. Note that 
because the total energy resolution is several 
hundred keV, and the multiplicity resolution 1: 
1-2 units, such (£, M) gating also might include 
some non-yrast states. However, a detailed com­
parison of the yrast gate In the transfer data 
to the corresponding gate in the inelastic scat­
tering (assumed mostly yrast) shows that up to 
I -v 12+ the transfer yrast gate contains less 
non-yrast population than the experimental 
uncertainty in the popclation. This conclusion 
1s buttressed by the absence of any strong peaks 
representing decay or non-yrast to yrast states. 
Within the yrast gate below spin 12 the level 
densities should be sufficiently low that, if 
non-yrast states are populated, the deexdtation 
Y-rays should be resolved. Above 12+ the sta­
tistics are not good enough to rigorously 
exclude non-yrast contributions from the cross 
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Fig. 2.76. Differential cross sections 
(arbitrary scale) at the grazing angle for popu­
lation of ground band states in the transfer 
reaction l 6 l Dy( 5 8 l»i , S 9 Wi) 1 6 «0y (solid) and 
tne inelastic scattering reaction 
i«Dy(se*f,s«iH>)'-MDy (dashed). 

sections, meaning that the small cross sections 
for direct population of the 14+ - 18+ actually 
represent upper limits. 

The most striking feature of the transfer 
cross sections is the dramatic suppression of 
the 4+ state relative to that seen in inelastic 
scattering. Such a minimum is too deep to ie 
explained by the standard interferences givlig 
the oscillating cross sectio.-.s for Inelastic 
scattering, but has a simple explanation in 
terms of the geometrical surface form factors 
for transfer discussed in Refs. 5, 6. Popula­
tion of the ground band of 1 6 0Dy requires pickup 
of the [642] 5/2+ neutron from l 6 l Dy if we 
assume a Ni.sson model. For naxirum transfer 
from this orbit, the combination of damping by 
the imaginary potential, barrier penetration 
effects, and distribution of the single particle 
wavefunction on the surface, favors a collision 
between the heavy ions with approximately a 45" 
angle between the symmetry axis of the rotor and 
the line joining the ions at closest approach. 
This condition favors high collective angular 
momentum transfer.5 This is precisely what is 
suggested In Fig. 2.76, and is the mos. likely 
explanation for the extremely low 4+ cross sec­
tion. 
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ANGULAR MOMENTUM TRANSFER 
IN VERY HEAVY ION DIRECT REACTIONS 

M. U. Guldry1 R. K. Kincaid1 

R. D*..iangelo2 

One- and tMO-partlcle transfer reactions with 
very heavy Ions (A>40) provide a unique oppor­
tunity to obtain Information about single par­
t icle Malfunctions and particle-particle 
correlations for states which are highly collec­
tively excited. The results of several recent 
experiments3-6 indicate that large cross sec­
tions are being observed for the direct, cold 
population of collective states in such transfer 
reactions. Given that these experiments are 
feasible, i t becomes important to realiscically 
estimate how ouch collective excitation can be 
present in such system when the transfer takes 
place, since the wore collective the excitation 
at the time of transfer, the more sensitive the 
data is likely to be to the interplay of collec­
tive, single-particle, and pairing modes. 

We ^ave specifically addressed the case of 
rotational excitation to determine the amount of 
angular ..omentum in the region of the classical 
turning point, where the transfer is most 
likely. The reaction is viewed as a process in 
whir1; there is strong collective inelastic exci­
tation of the entrance channel as the nuclei 
approach each other, transfer of one or two par­
ticles near the distance of closest approach, 
and strong inelastic excitation in the exit 
channel as the ions recede from each other.7 

Although the nuclei may be highly collectively 
excited at the time of transfer, experimental 
data near the barrier3 suggest them to be cold 
(near the yrast line). We presume that for 
collisions near the bar rier i t is necessary to 
describe the inelastic excitation in entrance 
and exit channels by coupled channels methods, 
while the transfer itself might be subject to a 
low ord»r perturbation approach. For present 
purposes, however, a purely classical calcula­
tion may be used to provide a good estimation of 
the angular momentum transfer near the classical 
turning point (close agreement of predictions by 
classical and quantum meclunical coupled chan­
nels calculation has been verified for a repre­
sentative test case.) 

Exact classical trajectories for head-on 
collisions were calculated using a complex 
Woods-Saxon potential which is a function of the 
radial separation of the ions r and the angle x 
between the symmetry axis of the rotor and the 
line of centers between the ions. For the 
Coulomb excitation, well-known parameters 'rom 
the literature were used. A series of inelastic 
scattering experiments using 1 , 0Ar on rare-earth 
targets 8 ' 9 was used to determine the nuclear 
potential parameters. The energies for the 
collision were chosen to bring the ions to a 
nearest radial separation of ~1.5 ( A i 1 ' 3 • 
h}'%) '»"» where the data indicate the transfer 
cross sections are largest. 

Figure 2.77 shows calculations of the collec­
tive angular momentts in the classical rotor 
near the turning point, weighted by the transfer 
form factor, for several heavy ions on a repre­
sentative rare earth target and a representative 
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Fig. 2./7. Host likely collective angular 
momentum when particles are transferred for some 
representative heavy 1on systems. 

actinide target. The calculation assumes the 
transfer probability to be proportional to the 
square of a form factor, dropping exponentially 
to one-half of its value at the turning point 
when the ions are 1 fm outside the turning 
point. Whereas with oxygen ions we may expect 
rather small angular momentum transfer, with Sn 
or Pb the transfer between states with collec­
tive angular momenta in the range I « 10-25 h 
appears quite feasible. These calculations con­
sider only the collective excitation of angular 
momentum. The transferred partlcle(s) nay also 
carry angular momentum, which would further 
increase the angular momentum populated directly 
by the transfer. Since large nuclear structure 
modification by collective angular momentum in 
this angular momentum regime Is expected, these 
reactions hold considerable promise as a 
spectroscopic tool. 
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A MODEL FOR HEAVY ION TRANSFER 
TO THE QUASICOKTINUIM 

M. W. Guidry1 R. W. Kincaid1 

G. A. Leander2 

In recent experiments we have observed large 
cross sections populating the region within a 
few NeV of the yrast l ine and extending up to I 
~ 15-20 by heavy ion transfer reactions on rare-
earth nucle i . 3 Since l i t t l e direct information 
exists on the structure for nuclei in this 
regime of temperature and angular momentum, a 
theoretical understanding of the data being 
obtained could provide insight into the way 
nuclei accommodate internal excitation energy 
and angular momentum. Such information is 
significant in its own right, but also is impor­
tant for a tetafled understanding of more 
complicated processes such as deep inelastic 
coll isions, since such reactions may proceed 
through an in i t ia l doorway involving energy 
transfer by inelastic and few-particle transfer 
mechanisms. 

As a f i r s t approximation we might separate 
the reaction mechanism into that part respon­
sible for the angular momentum, and that part 
giving rise to internal excitation (heating). 
Then, since such a separation is surely 
unreal ist ic, we may consider the Interplay of 
these effects in the overall reaction mechanism 
in further work. The beginnings of such an 
approach are outlined in this report. 

We f i r s t assume that, for the strongly 
deformed nuclei and very heavy ions under con­
sideration, the dominant transfer mechanism 
Involves strong Inelastic excitation up to the 
turning point region, transfer of a particle or 
twr, and strong inelastic excitation as the 
nuclei recede from each other. 

ki th these assumptions, the average angular 
momentum transfer may be described by Inelastic 
excitation in the entrance and exit channel 
' - ' ; „ « with a spread in angular momentum trans­
ferred by the particle. The latter can be e s t i ­
mated from the distribution of single-particle 
angular momenta available In the excitation 
region or interest ( e . g . , using the Cranked 
Shell Model), and by Imposing an L-matching win­
dow for the particle transfer. Analytical for­
mulae have been given for such l-wlndows, and 
method for calculating the Inelastic excitation 
have been amply described In the l i terature. 

Here we ignore the angular momentum trans­
ferred by the particles and concentrate on the 
factors governing the total energy of the states 
populated in the transfer reactions. The yrast 
lines are taken to define zero temperature for 
the system and excitation energy is measured 
from there. To avoid unnecessary confusion, i t 
is assumed for the remainder of the discussion 
that the reaction involves transfer of one 
nucleon from a deformed target nucleus to a 
spherical project i le , and that the spherical 
projecti le accepts the transferred particle in 
i t s ground state. All excitations may then be 
discussed relative to the yrast line of the 
deformed nucleus. 

Then, the probability for the transfer reac­
tion to populate an energy interval lying a 
distance S above the yrast line may be expected 
to depend on three important factors: (1) An 
optimum Q-window resulting from momentum 
matching considerations. For neutron transfer 
the Q-window is approximately a Gaussian cen­
tered at a distance from the yrast line given by 
the ground-state Q-value. Analytical formulas 
have been obtained for the width. For the heavy 
nuclei we consider here, the Gaussian Q-window 
has a fu l l width of ~5 NeV. (2) A radial form 
factor f ( r ) whir*: decreases for higher excita­
t ion £ above the yrast line as a penalty for 
transferring more and more tightly bound par­
t i c l e s . The square of the form factor may be 
approximated by 

f 2 ( r ) - exp [-2 /2m'fi2(S+6) r ] 

where S is the separation energy for a part icle, 
and £ is the excitation energy relative to the 
yrast l ine. Unless the Q-window is shifted far 
above or below the yrast l ine, the form factor 
dependence on excitation energy tends to domi­
nate the Q-window factor. (3) A strength func­
tion describing the density of states with 
suitable structure to be populated in the 
transfer reaction. This function wi l l depend on 
energy and angular momentum. 

Figure 2.78 compares the square of the 
product of the Q-window and radial form factors 
for both the one-particle transfer 
u i 0 y ( S 8 N 1 5 9 N 1 u 6 o 0 y a o d t n c two-particle 
transfer » " D y ( 5 8 N i , 6 o N i ) 1 6 0 O y . The difference 
between the two primarily reflects a higher-
lying Q-window In the 2-particle transfer reac­
t ion . The data 3 indicate that states further 
from the yrast line are populated in the reac­
tion I 6 2 D y (58N1, 6 0N1)i f t°Dy than 1n ^ 1 0 y ( 5 8 N 1 , 
' • 'N1) 1 6 0 Dy. This would be expected from purely 
kinematic considerations (Fig. 2.78). 

Although only a rather idealized model has 
been outlined here, the kinematical factors (1) 
and (£) should be amenable to precise calcula­
tion in a more real ist ic model. Comparison of 
the expected kinematical weighting to the 
measured distribution of the transfer population 
might then allow extraction of strength func­
tions as a function of both energy and angular 
momentum of the states populated In the transfer 
reaction. 
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Fig. 2.78. Comparison of the square of the 
product of the Q-window and radial form factors 
for both the one-particle transfer mDypBNi.ssNijifcOoy a n < | t h e t w o . p a r t i c l e 

transfer 1 6 20y(5 8N1, 6< lN1) 160Dy. 

FISSION FRAGMENT ANGULAR DISTRIBUTIONS 
FROM 1 2 C - AND "0-INDUCED REACTIONS1 
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H. C. B H t t 2 
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R. L. Ferguson 

The study of fission fragment angular 
distributions from heavy-ion-induced fission has 
been a very active f ie ld of Investigation, curing 
the last two y e a r s . 7 " 1 6 The interest ha been 
kindled 1n part by the observation9 that for 
very heavy fissioning systems, the fission 
anlsotropy I s , as expected, consistent with com­
pact saddle-point shape* provided that light 
heavy 1ons (e .g . , l 6 0 ) are used to Induce f i s ­
sion, but that when heavier projectiles (e .g . , 
3 2 S ) are used, the anlsotropy Is larger than 
expected, Indicating tha k the fissioning systems 
are unexpectedly elongated at the time that 

the angular distribution is determined. Back 
et a l . * have suggested that the explanation l ies 
in extra push effects and that the increased 
anisotropy constitutes a signature for "quasi 
f iss ion." 

We have made fission fragment angular d is ­
tr ibution measurements7*8 for 1 60-induced reac­
tions on ^ N d , " » E r . l 9 2 0 s , and 2 3 8 U and for 
1 2C-induced reactions on m Y b , » " P t , and 2 3 8 U . 
The oxygen energies were 140, 250. and 315 HeV, 
and the carbon energies Mere 95. 188, and 291 
HeV. The standard transition-state model, 
together with the saddle-point moments of iner­
t i a from the rotating finite-range model 
(RFRM),7>8 was used to analyze the angular d is­
tr ibutions. The number of particles (neutrons) 
emitted before fission plays an important role 
in this analysis, and since there is consider­
able uncertainty associated with this question, 
the data were analyzed under two extreme 
assumptions: (1) a l l neutrons are emitted prior 
to f ission, and (2) no neutrons are emitted 
before f ission. In cases of agreement between 
theory and experiment, the measured values are 
expected to f a l l between the two calculated 
extremes. This was. in fact , found to be the 
case for a l l reactions, except those involving 
2 3 8 U targets, as can be seen in Fig. 2.79. From 
this and from an examination of other data, 8 i t 
was concluded that the transition-state model 
(together with RFRH saddle-point shapes) is 
valid only when the fission barrier is higher 
than the temperature at the saddle point for a 
significant number of the partial waves that 
contribute to f ission. 
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Fig. 2.79. Experimental results of anisotropy 
in fission-fragment yields. The curves corre­
spond to calculations for each set of data under 
two extreme assumptions (see text). The full 
curves are calculations for l60-induced reac­
tions and the dashed curves are calculations for 
l2C-induced reactions. 

COINCIDENCE MEASUREMENTS 
BETWEEN EVAPORATION RESIDUES AND LIGHT PARTICLES 
PRODUCED IN 1*0 • *°Ca AND "Si • "°Ca REACTIONS 
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hf.jher boabarding energies (Eja(, > 6-3 MeV/amu) 
rones from t>:e observation of energetic nonsta-
tistical l intt particles in coincidence with 
fusionlike products3»" and the observation that 
fu^l linear momentum has not been transferred 
to the compound nucleus ( i . e . , the evaporation 
residues show a velocity deficit 5 and the f is­
sion fragments too large a folding angle6?. At 
present the de.ails of the reaction mechanism 
giving rise to the incomplete fusion process 
are not well understood, and progress has been 
hindered by the experimental difficulties in 
quantitatively distinguishing between the con­
tributions from incomplete and complete fusion 
to the evaporation residue (fission fragment) 
yields. In the present study the velocity 
(energy) spectra of evaporation residues and 
coincident light particles are measured with 
the motivation of better establishing the kine­
matics and, hopefully, better understanding the 
reaction mechanism. Two projectiles, u 0 and 
2 8 S i , were used to investigate the projectile 
dependence. 

Coincidence measurements of evaporation 
residues with light particles (1 < A < 6) were 
performed for the reactions 1 6 0 + l , 0Ca and 
2 8 Si + "<>Ca with beams of 1 6 0 ' E 1 a b = 157 HeV) 
and 2 8 S i ( E l a b = 252 MeV) obtained from the 
Argonne National Laboratory Superconducting 
Linac. The masses of the evaporation residues 
produced at 8]ab = 9° were identified, and their 
velocity spectra were measured in a channel 
plate start detector/Si stop detector time-of-
flight system with a flight path of ~\.d m. An 
example of the mass resolution obtained is shown 
in Fig. 2.80. The light particles were identi­
fied and their energy spectra were measured in 
six triple-Si detector-telescopes located at 
Slab " +59", +28°, -15°, -25°, -40°, and -70°, 
where the negative angles are on the opposite 
side of the beam from the time-of-flight 
detector. 

The results of the measurements are presently 
in the process of being analyzed. The prelimi­
nary results from the * 6 0 + *°Ca measurement 
show that the singles evaporation residues (40 « 
A < 52) have velocity centroids 9.41 lower than 
expected for complete fusion, consistent with 
the previously reported results of Chan et a l . 7 

The coincidence measurements show that the 
foward-angle alpha particles in coincidence with 
the evaporation residues have energy spectra 
with a significant high-energy (•beam velocity) 
component (see Fig, 2.81), while no such 
component is apparent in the coincidence proton 
spectra. The dependence of the evaporation 
residue velocity spectra and light-particle 
energy spectra with coincidence angle are not 
well reproduced by LILITA calculations for com­
plete fusion, and indicate the presence of sig­
nificant contributions from a reaction process 
consistent with the kinematics for fusion of 
12C + "°Ca [assuming 1 6 0 + *°Ca • I 2 C + *°Ca + a 
(beam velocity)]. More complete ca'culations 
are under way to further substantiate the 
interpretation suggested by these preliminary 
calculations. 

The experimental evidence that preequlHbrium 
or Incomplete fusion processes occur in light 
and medium weight heavy-1on-induced reactions at 
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NEUTRON EMISSION IN INELASTIC REACTIONS 
«C + 15BM MD W t e + i s o M 

AM.-3*. to-»W 

6 0 -

5 0 -

g«0-

' 3 0 -

2 0 -

10-

T — • -

Si • Co 

E * 2 5 2 M « V rao 

W<2* 

70 140 
ENERGY (MeV) 

210 280 

Fig. 2.80. Example of mass resolution attained 
in the 2 8 Si • "Ha reaction at E 1 a b = 252 MeV. 
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Fig. 2.81, Evaporation residues (mass > 40) 
observed at 9° in the reactions of 157-MeV 1*0 
with 1 , 0Ca. Error bars represent the statistical 
errors. 
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Spectra and angular distributions of neutrons 
in coincidence with light fragments produced *n 
inelastic collisions of " C on 1 5 8 G d at 192 tfeV 
and of 2 0Ne - I S 0 N d at 176 and 239 MeV have 
been Measured. The data were analyzed to deter­
mine if the neutron spectra could be explained 
entirely on the basis of emission from the pro­
jectilelike fragment* (PLF) and taroetlike 
fragnents (TLF) after the fragment* have reached 
the asymptotic velocity due to toeir Mutual 
Coulomb repulsion or whether there is evidence 
for some kind of nonequilioriun emission mecha­
nism. No evidence for nonequilibiiu» neutron 
emission is found for the Ne + Nd reaction at 
either energy. For the C + Gd reaction, a small 
fraction of neutrons (5%) are due tc nonequilib-
rium emission. 

For the 1 2 C > 1 5 8 & * reaction, the small non-
equilibrium component, appears to be concentrated 
on the opposite side of the beam from the detec­
tor telescope used to measure the energy and 
charge state of the PLF, although a small com­
ponent, hidden by the large numbers of neufons 
emitted by the PLF and kinematically focused in 
its direction of travel, may be present on the 
same side of the beam. 

Some of the results of the analysis are given 
in Figs. 2.82 and 2.83, which show the neutron 
energy spectra recorded by the neutron oetec-
t irs on the opposite side of tne beam from the 
telescope. In both figures the uppermost spec­
trum is closest to the beam (15°), and the bot­
tom spectrum is at the largest angle (140 s). 
The data points (triangles) are shown along with 
the results of a procedure in which the events 
recorded in two reference neutron detectors 
were transformed into the other neutron detec­
tors. One of the reference detectors wa< 
located at a back angle and was assumed to 
detect only neutrons emitted by the TLF. The 
other detector was directly behind the fragment 
telescope and was assumed to detect only neu­
trons emitted by the PLF. The results of the 
transformation are shown as dots in the figures. 
As can be seen in the figures, for the Ne •* Nd 
reaction the transformed spectra agree well with 
the data, whereas for the C • Gd reaction, the 
data points at forward angles and high neutron 
energies lie well above the transformed spectra. 
Indicating the presence of nonequillbrium emis­
sion In this reaction. 
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Fig. 2.83. Same as Fig. 2.82, but for the 
12C + 1S8W reaction at 192 MeV. 

AZIMUTHAL CORRELATIONS BETWEEN LIGHT PARTICLES 
EMITTED IN "0-INDUCEO REACTIONS 

ON "C AND l "Au AT 400 MeV 
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Fig. 2.82. Neutron energy spectra recorded In 
detectors on the opposite side j f the beam from 
the heavy-ion detector telescope in the reaction 
"Ne • »"Nd at 239 MeV. The data points (A) 
are shown along with the results of the trans­
formed spectra (•) described in the text. 

For intermediate-energy nuclear coll isions, 
particle emission prior to the attainment of 
f u l l stat ist ical equilibrium of the emitting 
nucleus is expected to provide information about 
the early stages of the reaction. The global 
trends of single-particle Inclusive cross sec­
tion:, can be rather well described In terms of 
the concept of local statlst. lral equilibrium.2-*1 
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Recent results fro* two-proton con elation 
Measurements at small relative mome-ta are con­
sistent with the emission of energetic light 
particles from a localized region of high exci­
tation. 5 Additional information about the 
dynamical and geometrical aspects of the reac­
tion may be obtained from investigations of 
light-particle correlations. In order to search 
f'ir such dynamical correlations and to assess 
.ne importance o<-" phase-space constraints for 
small nuclear systems, we have measured azi-
muthal angular correlations between energetic 
light particlei emitted in 160-induced reactions 
on a light ( l 2 C) and a heavy ( 1 , 7 Au) target at 
an incident energy of 400 HeV. 

Prescaled singles and coincident light par­
ticles (p,d,t) were detected using seven tele­
scopes with solid angles between 13 and 40 msr. 
Three of these telescopes were mounted at the 
polar angles, measured with respect to the beam 
axis, of e = 40*, 70*. and i30* and the azi-
muthal angle of 0". The remaining four tele­
scopes were positioned at the polar angles of 
0 » 40-», 70*, 130\ and 160*; their azimuthal 
angle was varied between 50* and 130". 

The inclusive energy spectra of protons, deu-
terons, *nd tritons detected at e = 40* and 70° 
have been measured. For reactions induced on 
1 9 7 Au, estimated upper limits for emission from 
the compound nucleu< were determined by assuming 
that the energy spectra measured at e » 160° are 
entirely due to isotropic evaporation from the 
compound nucleus. The energy spectra at 4C 
and 70° are dominated by noncompound emission 
processes. For reactions on 1 2 C , on the other 
hand, the shapes of the energy spectra are con­
sistent with evaporation from the compound 
nucleus. 

In order to reduce systematic errors, the 
azimuthal correlation is defined by the ratio 
of the coincidence cross section divided by the 
singles cross sections <JXy/oxOy. A low-energy 
threshold of 36 MeV was applied in computing the 
cross section. For reactions or. 1 9 7 Au, that 
*hreshold strongly reduces contributions from 
compound nucleus decay. Figure 2.84 shows the 
azimuthal correlations of two coincident light 
particles emitted at e * 40° and 70°. For reac­
tions on 1 2 C, there i*. a clear enhancement for 
the emission of two coincident light particles 
to opposite sides of the beam axis. Fig. 2.84a. 
Tnese correlations may be understood in terms of 
the phase-space constraints imposed by momentum 
conservation.6 To illustrate the effect of 
mumentum conservation, we performed schematic 
calculations6 for a source of A$ • 28 nucleons 
and temperature T * 7.1 MeV moving with the 
velocity of the compound nucleus, v0 » 0.13 c. 
To conserve total linear momentum, in these 
calculations the entire residual source is 
assumed to recoil after the emission of the 
first i -T t ic i ' . These schematic calculations 
reproduce the overall trends of the data rather 
well, indicating that the preferential emission 
of coincident light particles to opposite sides 
of the beam axis may be explained In terms o.' 
the phasp-space constraints imposed by momentum 
conservation on finite nuclear systems. 

Entirely different azimuthal correlations are 
observed for reactions on 1 9 7 Au, Fig. 2.84b. 
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Fig. 2.84. Azimuthal angular correlations 
between coincident light particles emitted at 
0 * 40* and 70* with respect to the beam axis 
for i60-induced reactions on l 2 C (a, lower part) 
and 1 , 7 Au (b, upper part) at 400-NeV incident 
eiergy. A low-energy threshold of 36 HeV was 
applied. See text for explanation of solid and 
dashed curves. 

These correlations are nearly left-right sym­
metric about the beam axis and exhibit a char­
acteristic "V" shape corresponding to the 
preferential emission of energetic light par­
ticles in a plane which contains the beam axis. 
Close inspection of the coincidence cross sec­
tions at »„ = 0* and 180* shows a small enhance­
ment for the emission of coincident protons to 
opposite sides of the beam axis. Coincident 
deuterons and tritons, on the other hand, are 
preferentially emitted to the same side of the 
beam axis. 

The preferential emission of coincident light 
particles in a plane containing the beam axis is 
consistent with the recent observation7 that 
noncompound light particles are preferer.cially 
emitted in the entrance-channel scattering plane 
(defined as the plane which contains '.he beam 
axis and which is perpendicular to cue semi clas­
sical orbital angular momentum vector for the 
relative motion between the projectile and 
target nuclei). These observations could be 
described by assuming the superposition of a 
collective motion in the reaction plane on the 
random motion of the individual nucleons. 

The calculations with the rotating hot source 
parameterization are shown by the solid curves 
in Fig. 2.84b; they were performed with the 
parameters T • 5.6 MeV, v0 • 0.09 c, Ec • 10 
MeV, and Ru • 0.1 c. The calculations for two 
sideward moving sources are shown as dashed 
curves in Fig. 2.84a; they were performed with 
the parameters T • 6 MeV, v0 " 0. 12 c, E c « 
10 MeV, and e 0 « 35*. Both of these schematic 
calculations can reproduce the overall trends of 
the azimuthal correlations rather well. 
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Except at very forward angles, the emission 
of energetic l ight particles is largely associ­
ated with fusionlike reactions 7 ' 8 in which the 
major part of the projecti le is absorbed by the 
target nucleus. Therefore, the above parame­
ter izat ions ws t not be interpreted in terms of 
the emission from one or two hot sources which 
exist separately frori the composite system. In 
particular, the two-.ource parameterization 
should not be interpreted in terms of the 
sequential decay of excited projectile and tar ­
get residues. We introduce these parameteriza-
tions solely to i l lustrate the effects which may 
arise from the superpositions of random and 
ordered velocity components. The relative 
success of the two parameter!zations may be 
understood in terms of the relative importance 
of these two velocity components. The random 
component decreases for heavier particles, but 
the ordered velocity component remains constant. 
As a consequence, heavier particles are more 
sensitive to the collective motion of the 
emitting system. Both of these rather simple 
parameterizations describe the qualitative 
trends of the data, but they are not unique, 
and similar agreement may be obtained by other 
models which superimpose collective and stat is­
t ica l velocity components. 

To provide a quantitative comparison of t'.ie 
cross sections corresponding to the emission of 
coincident l ight particles to the same ( * x = 0") 
and to opposite ( * x = 180") sides of the beam 
axis, Fig. 2.85 shows the ratios of these coinci­
dence cross sections, <Jxy(*x = 180°)/<j Xy(* x = 
0 ° ) . For reactions on l 9 7 A u this ratio de­
creases with increasing mass of the two coinci­
dent light part icles, in contrast to the strong 
increase measured for reactions on 1 2 t . The 
dot-dashed and dashed lines in the figure i l l u s ­
trate the effects due to momentum conservation 
for the case that the momentum of the emitted 
particle is shared by As = 28 and As = 40, 60, 
90, and 213 nucleo-is, respectively. (The number 
A s should not be iJentified with the number of 
"participant" nucleons since momentum may also 
be transferred to the cold spectator matter.) 
For these calculations, particles were assumed 
to be emitted with MaxweHian distributions 
corresponding to a temperature of T = 7,1 MeV 
and in i t i a l mean velocity parallel to the beam 
axis of v 0 * 0.13 c (dot-dashed l ine) and v 0 * 
0.11 c (dashed l ines) . After the emission of a 
particle of mass number A x and velocity v x , the 
mean velocity of the second particle was assumed 
to be changed by i v 0 * A x 5 X / (A S - A x ) . (The 
parameters for the source consisting of As * 28 
nucleons are identical with the parameters used 
for the calculations shown in Fig. 2.84a.) 

Qualitatively, the ratios o x y ( * • 
180 e)/oXy((> « 0°) nrtght be explained 1n terms of 
the competing effects caused by shadowing9"1 1 

and momentum conservation, although different 
Interpretations may be possible. I f preequllfb-
rium emission originates from a localized region 
of high exci tat ion, 5 absorption or rescatteHng 
by the adjacent spectator nuclear matter wi l l 
enhance emission to the same side of the beam 
axis. Momentum conservation, on the other hand, 
wi l l favor emission to opposite sides of the 
beam axis. Whether coincident light particles 
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Fig. 2.85. Ratio of cross sections correspond­
ing to emission of coincident light particles to 
opposite sides and to the same side .,, the beam 
axis for 1 60-induced reactions on 1 2 C (open 
points) and 1 9 7 Au ( fu l l points) at 400-MeV inc i ­
dent energy. The dashed and dot-dashed curves 
i l lustrate the effects of momentum conservation 
for systems with f in i te number of nucleons. The 
calculations are explained in the text . 

are preferentially emitted to the same or to 
opposite sides of the beam axis wi l l depend on 
the relative magnitude of these two opposing 
effects. Absorptive effects are expected to be 
more pronounced fo" the emission of composite 
l ight particles than for the emission of 
nucleons. This is in qualitative agreement with 
the trends measured for reactions on l 9 7 A u where 
i t is observed that coincident protons have a 
slight preference to emerge at opposite sides of 
the beam axis, whereas coincident composite 
l ight particles have a slight preference to 
emerge at the same side of the beam axis. 
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FINAL-STATE INTERACTIONS 
BETWEEN NONCOHPOUND LIGHT PARTICLES 
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G. R. Young 
Two-particle correlations at small relative 

momenta may contain information about the space-
time characteristics of the emitting source 
because of their sensitivity to f inal-state i n ­
teractions 3 and quantum statist ical ef fects . 1 * ' 5 

Previous investigations of the space-time char­
acteristics of highly excited nuclear systems 
were based on analyses of two-pion 6" 9 and two-
p r o t o n 1 0 ' 1 2 correlations. In the only case 
which allows a direct comparison, 9 ' 1 0 different 
source dimensions were extracted from the two 
measurements. The interpretation of l ight-
part icle correlations may be complicated by 
sensit ivit ies to ensemble averaging. 1 3 reaction 
dynamics, 1 3 momentum conservation,* 1 and sequen­
t i a l decay of particle unbound resonances. 1 1 '- 1 6 

Since correlations between different light par­
t ic les are expected to exhibit different sensi­
t i v i t i e s to these effects, we have measured 
correlations between noncompound protons, 
deuterons, and tritons emitted in 1 60-induced 
reactions on 1 9 7 Au at E/amu * 25 MeV. The 
observed two-deuteron correlations, for example, 
cannot be interpreted in terms of the decay of 
part icle unstable resonances. 

The experiment was performed at the Holif ield 
Heavy Ion Research Faci l i ty . A gold target of 
9.7 mg/cm2 was bombarded with l60 ions of 
400-MeV Incident energy. Small-angle correla­
tions between coincident light particles were 
measured with six AE-E telescopes consisting of 
si l icon &E and Nal(TI) E detectors. The detec­
tors were mounted in a closely packed hexagonal 
array that was centered at the scattering angle 
of 15°. Each telescope subtended a solid angle 
of 7,6 msr; the angular resolution and angular 
separation between adjacent telescopes were 1.6* 
and 5 . 1 s , respectively. For a quantitative pre­
sentation of the data, we define the correlation 

»« R(Pi.?2)j. 1 n terms of the singles 
cross sections, J J ? I ) , fftPj). and the coinci­
dence cross section, o(Pi»P2)» 

«(Pi ,P 2 ) - «o ff(PiMP2)tl + R(P! ,p 2 ) ] . (1) 

where Pi and p 2 denote the momenta of particles 
1 and 2 . The normalization constant, a« (used 
for a l l correlations shown in Fig. 2.86), was 
determined previously 1 1 by requiring the two-
proton correlation function to vanish for 
suff iciently large relative momenta at which 
f inal -state interactions are negligible. The 
experimental correlation functions shown in 
F ig . 2.86 were obtained by inserting the mea­
sured cross sections into Eq. (1) and by summing 
both sides of the equation over a l l energies and 
angles corresponding to a given momentum of 
relat ive motion, Ap = I I | P V " I - P2/*zl« where 
ml and a^ denote the masses of particles 1 and 
2 and p is the reduced mass. This procedure 
corresponds to a significant averaging process 
and tends to reduce the measured correlation 
funct ion. 1 1 
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F1g. 2.86. Experimental correlation functions, 
1 + R(Ap), plotted as a function of the momentum 
of relative motion. The locations of several 
known particle unstable resonances are Indicated 
by arrows. The errors are purely statistical. 
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The two-proton correlations ha"e been dis­
cussed previously.11 Because of the dominance 
of the attractive s-wave interaction, correla­
tions arising from the emission and decay of 
unbound 2He nuclei can be very similar to those 
caused by final-state interactions between pro­
tons randomly emitted from a source of small 
space-time extent.l1*-16 More generally, light-
particle correlations resulting from final-state 
interactions should be more pronounced for sys­
tems with sharp resonances. The locations of 
several known particle unbound states of '•He 
and sHe, decaying into p • t and d + t, respec­
tively, are indicated by arrows in Fig. 2.86. 
The enhanced correlations at these locations may 
be interpreted in terms of final-state interac­
tions or, alternatively, in terms of emission 
of particle unstable nuclei. However, the 
strong suppression of the p • d, d + d, and 
t * t coincidences at small relative momenta 
cannot be interpreted in terms of the emission 
and decay of particle unstable nuclei. 

In order to illustrate that nonresonant 
final-state interactions between composite light 
particles contain useful information about the 
space-time characteristics of the emitting sys­
tem, we have extended the treatment of hadron 
interferometry previously applied to two-proton3 

and two-pion^tS correlations to two-deuteron and 
two-triton correlations. In previous investiga­
tions, the emitting region was cssumed to be of 
Gaussian form in space and time, characterized 
by the parameters r 0 and x, respectively. In 
order to reduce the ambiguities resulting from 
the unknown value of x and to obtain an upper 
limit for r 0, we used t = 0 corresponding to a 
source of negligible lifetime. 

Correlations calculated for r 0 = 8 fm are 
shown in Fig. 2.87a. The attractive potential 
set (RG) predicts enhanced correlations at ip = 
30 MeV/c. This enhancement becomes more pro­
nounced as r 0 is decreased. In contrast, the 
repulsive potential set (RM) predicts a suppres­
sion of the correlation function at these values 
of ip. The data clearly favor the phase shifts 
extracted by the coupled-channels R-matrix 
method. If or comparison we also show the corre­
lations predicted for the case of pure Coulomb 
interaction between the two deuterons; see dot-
dashed curve.) In order to illustrate the sen­
sitivity of the calculations to the source 
radius, we show two calculations for the 
repulsive potential set (RM) corresponding to 
r 0 » 8 and 4 fm, respectively. Although the 
two-deuteron correlations appear to be less 
sensitive to the source dimensions than two-
proton correlations, they indicate a large 
source radius of r 0 » 8 fm, compared to the 
values r 0 < 4 fm extracted from two-proton 
correlations.11 

For large source dimensions, the neglect of 
the short-range nuclear interaction might be a 
satisfactory approximation. Because of dif­
ficulties in obtaining appropriate t-t phase 
shifts, we have calculated two-friton correla­
tions only for the simplifying case of pure 
Coulomb Interaction. In Fig. 2.87b, these cal­
culations are compared to the measured two-
triton correlations. Although we cannot make a 
definitive statement, the size of the emitting 
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Fig. 2.87. (a) Comparison of d-d correlation 
function data with calculations based on phase 
shifts of Refs. 17 (RG) and 18 (RM). The dot-
dashed curve neglects the nuclear part of the 
potential , (b) Comparison of t - t correlation 
function data with a calculation using only the 
Coulomb part of the potential . The radius 
parameter r 0 is indicated in the figure. The 
experimental correlation functions were nor­
malized to R(ip) = 0 at large relative momenta. 

region appears to be large, just as observed for 
the two-deuteron correlations. 

The difference between source sizes extracted 
from the analyses of the two-proton and the 
two-deuteron and two-triton correlations could 
indicate uncertainties in the interpretation of 
these correlations. Future investigations 
should clar i fy this point. However, larger 
source radii for composite particles might not 
be unreasonable. In terms of a thermal model. 
f inal-state interactions were suggested1* to 
keep light fragments close to equilibrium for 
a longer period of time than nucleons. The 
freeze-out densities for nucleons and light 
fragments were estimated 1 9 to be of the order 
of 0.5 p 0 and O.0!> p 0 , respectively. While the 
corresponding change in scale of 1 0 1 / 3 » 2.16 
should not be directly equated with the approxi­
mate factor of 2 obtained from the analysis of 
the correlation measurements ( r 0 < 4 fm for p-p, 
r 0 • 8 fm for d-d and t - t ) , the scale change is 
suggestive. 

Significant correlations, with different 
qualitative shapes, were measured for al l com­
binations of p, d, and t for l 60-1nduced reac­
tions on l 9 7 A u at 400 MeV. Our analysis of the 
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two-deuteron correlations favors phase shifts 
obtained from the R-matrix approach, consistent 
with a repulsive interaction between two deuter-
ons at snail relat ive •omenta. The emitting 
source radii extracted from two-deuteron and 
two-triton correlations appear to be roughly 
twice as large as the ones obtained fron 
two-proton correlations. This presents an 
intriguing puzzle which Mist be addressed by 
reaction models of nucleon and light-fragment 
production. 
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One of the goals of this experiment was the 
search for structure 1n the kinetic energy 
spectra of the Fe-lfke reaction products. 
Structure has previously been observed for the 
symmetric reaction 5 6 Fe • " F e In this energy 

range, 3 and recent results from the group of 
Frascaria et a l . show clear structures excited 
in asymmetric reactions of 3 6 A r and 2 0 Ne beams 
with 208pb targets."* I t has been suggested that 
these structures arise from excitation of the 
target nucleus. This interpretation is able to 
explain the relat ively narrow widths observed at 
high excitation energy. 

The 15-MeV/amu " F e beam from the HHIRF was 
used to study the reaction 5 6 F e • 2 3 8 U . The 
project i le l ike products were measured with dis­
crete charge and mass resolution by means of the 
t ime-of-f l ight cechnique. The start and stop 
detectors were of the Breskin design and were 
manufactured by the Oak Ridge detector labora­
tory under the direction of J . Blankenship. The 
stop detector was a large x-y position-sensitive 
device which permitted position correction of 
t ime-of-f l ight and energy signals. The energy 
and charge of the fragments were determined by 
a large-area segmented AE-E ion chamber. The 
150-torr pressure of CFH provided sufficient 
stopping power to measure a l l projecti lel ike 
fragments down to Z ~ 10. The best time resolu­
tion achieved by the double Breskin system was 
~300 ps. This necessitated using a 2.5-m f l ight 
path to obtain a mass resolution of ~0.8 mass 
units for the elastical ly scattered 5 6 F e . The 
energy resolution from the Snell chamber was - 1 % 
for elast ical ly scattered 5 6 F e at 5 ° . 

At the time of this report, only charge data 
are available from the 5 6 F e + 2 3 8 ' J reaction. 
Results from the previously studied 5 6 F e + 5 6 F e 
system3 indicate that the Z - 27 (cobalt) spec­
trum shows qualitatively the same structure as 
the isotopically separated 5 7 Co spectrum. This 
is because the dominant cobalt isotope is 
A = 57. Separation into individual isotopes 
serves to sharpen structure already evident in 
the inclusive spectrum. Figure 2.88 shows the 
low excitation energy (high total kinetic 
energy) region of the cobalt total kinetic 
energy spectrum obtained from 15-MeV/amu 5 *Fe 
on 2 3 8 U . Shown for comparison in Fig. 2.89 are 
the results obtained at 14.6 KeV/amu for the 
symmetric reaction 5 6 Fe + 5 6 F e . The distinct 
structures in the cobalt spectrum from the 2 } 8 U 
target are in qualitative agreement with those 
obtained for asymmetric reactions with 2 0 8 P b 
targets. 1* The peak corresponding to a total 
kinetic energy loss, E ] 0 S S , of ~25 MeV probably 
comes from the direct one-protw transfer and 
can be compared to the most prominent peak in 
Fig. 2.89. The next major rise at E 1 o s s * 50-60 
is probably the sequential one-particle evapo­
rat ion, primarily from 5 8 Co neutron emission. 
This 1s consistent with the second major peak 
(.Served in the S 6 F e + 5 6 F e reaction at E ; o s s ~ 
50 MeV. However, for the 2 3 8 U reaction there 
appears to be a substructure with possible peaks 
a t E loss ~ 5 0 * n d 6 5 N « v superimposed on the 
broader underlying structure. 

The overwhelming conclusion from a l l evapora­
tion calculations 1s that i t Is d i f f icu l t to 
produce or preserve structure at large energy 
losses. The widths of narrow peaks In primary 
spectra are broadened by the assumptions of 
isotropic particle emission and of distributions 
in excitation energy division. Hence, when 
clear structure Is observed at large energy 
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the cooalt product (Z = 27) measured at a 
laboratory angle of 17" in the reaction of 
840-MeV 5 6 Fe with 2 3 8 U . 

losses, processes other than evaporation Mould 
appear to be responsible. In the 5 6 F e + 2 i 8 U 
react ion, four addi t ional peaks may be i d e n t i ­
f i e d , centered at E i 0 5 S = 85, 115, 155, and 190 
HeV. As energy loss increases, the width and 
energy spacing of the structures also increase. 
This trend is the same as that observed in the 
reaction of 11-HeV/amu 3 6 A r on 2 0 6 P b (Ref. 4 ) . 
The explanation of target exci tat ions producing 
the structure is a t t rac t i ve since the cobalt 
product remains re la t i ve l y cold and sequential 
pa r t i c l e emission w i l l not wash out any st ruc­
ture produced in the primary react ion. 

Attempts have been made to deduce exc i ta t ion 
energy sharing in asymmetric damped reactions 
by f i t t i n g the shape of secondary energy spec­
t ra using exc i ta t ion energy d iv is ion as a 
parameter. 5 The underlying envelope of y i e ld 
i s surely fed by sequential decay, which gives 
th is method some v a l i d i t y . However, care 
must be taken to recognize the poss ib i l i t y of 
other mechanisms, even at high energy losses, 
which could make deconvolution of the spectra 
d i f f i c u l t . 

This fs the f i r s t time our group nas 
iden t i f i ed structure in an asymmetric system. 
Several • c tors are probably responsible for 
t h i s . The increased bombarding energy may have 
increased the cross section for these processes 
or decreased that for the competing damped reac­
t ion mechanism, which dominates the energy spec­
t ra at lower bombarding energies. Also, the 
increase in so l id angle subtended by the ttroe-
o f - f l i gh t , system, due i.o the use of larye-area 
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Breskin detectors, made study of the 5 f ! Fe + 2 3 8 U 
react ion experimentally feas ib le . 
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INCLUSIVE CROSS SECTIONS FOR «° EMISSION 
IN 25-MeV/amu HEAVY-ION REACTIONS 

P. Braun-Munlinger1 

R. Fre t fe lder 1 

J . Stachel 1 

F. E. Obenshain 
F. Plasf l 
G. R. Young 

We have studied production of neutral pi 
mesons using heavy Ion beam* at energies per 



105 

nucleon well below the value required for free 
nucleons to interact and produce a pion. The 
experiment used the 25-HeV/anw 1 6 0 beam from the 
ORNL Holifield complex to boMbard 2 7A1 and M t N i 
targets. The purpose of the experiment Mas, 
after es.ablishing a nonzero value for the pion-
production cross section at such low bombarding 
energies, to obtain energy distribution, angular 
distribution, and target Mass-dependence data 
which aright allow one to learn what Mechanise is 
responsible for concentrating so ouch of the 
kinetic energy of the projectile into creation 
and ejection of one outgoing particle. Theorists 
have provided a range of explanations from 
"ordinary" (involving coupling of relative and 
Ferai' aoinenta of individual nucleons to give 
energies in excess of the nucleon-nucleon 
threshold) tc "exotic" (involving very short-
range clustering of nucleons to form a massive 
hard scattering center, or involving a nuclear 
counterpart to the familiar electromagnetic 
bremsstrahlung emission of photons). One of the 
fascinations of such measurements is the concen­
tration of over half of the center-of-mass 
energy to produce a pion (*,<> = 13S HeV/c2, 
* ,+ = 139 MeV/c2). While the emission of ve.-y 
energetic nucleons is familiar from the observa­
tion of nucleons in the high-energy region of 
evaporation spectra from compound or composite 
systems of nuclei, the particles emitted were 
present in the entrance channel. If emission of 
a quark-antiquark pair ( i . e . , meson, here a 
pion) requires large momentum transfer in the 
scattering of the constituents, one wishes to 
inquire as to what constitutes such scattering, 
or who the participants are, in such low-energy 
experiments. 

The experimental method used in the present 
work consisted of detecting the two energetic 
photons emitted in decay of a n 3 , in an array of 
Cerenkov detectors. A *° decays 98.3% of the 
time into two equal energy (in the «° rest 
frame) photons with a lifetime of 8.3 x 10" 1 7 

secords. The photons emitted in the decay have 
energies of the order of 70 MeV or larger, 
increasing with increasing «° kinetic energy. 
The photons tend to cluster about a laboratory 
opening angle 9 l 2 - 2 cos - 1 (p„), where p* » 
v„/c. Low-energy or nearly stopped *°'s decay 
into two correlated gamma rays which are near 
180° separation in the laboratory system. This 
makes the «°'s easier to identify than charged 
pions. At low energies the charged-pi on l i fe­
time approaches the proper lifetime of 26 ns, 
and consequently, the pions decay before 
detection. 

Lead-glass Cerenkov shower counters were 
used to detect the decay photons. These detec­
tors are large rectangular bloc's of optical 
glass loaded with ~55% by weight lead oxide. 
Cerenkov light emitted by electrons and posi­
trons as they pass through the glass Is detected 
with photomultlplfer tubes attached to the glass 
blocks. The detectors used were arranged as 20 
pairs of detectors, with each telescope placed 
either 15* above or below a plane containing the 
beam, at 30* intervals in polar angle. The beam 
pipe occupied the 0" and 180° positions. The 
front, or converter, block of each telescope was 

a lOcmxlOca ixScm thick bloc! of FZ-type 
glass viewed on a side edge (10 cm x 5 cm) by a 
fast 5-cm, 14-stage phototube. The rear, or 
absorber, block of each telescope was a 15 cm x 
15 cm x 34 cm thick block of SF5 glass viewed 
from the rear 15 cm x 15 cm face by a 12.5-cm, 
10-stage phototube. Pulse heights and time of 
arrival relative to the cyclotron *F for all 
good events were recorded on magnetic tape and 
analyzed off line. 

A Monte Carlo code was used to simulate *° 
decay in the laboratory for kinetic energies 
between 0 and 110 HeV and for all emission 
angles (polar and azimuthal). The geometric 
acceptance of the detector array was 2.91 <• f 4* 
and decreased with increasing *" kinetic energy 
to a value of 0.31 at \ ~ 100 HeV. The detec­
tion efficiency of the converters was taken from 
the measurements of C Michel.2 

Neutral pions were tagged by calculating 
the invariant mass of a detected photon pair and 
searching for events where this was clustered 
about 135.6 MeV, the «° rest mass. A scatter 
plot of invariant mass vs. detector pair open­
ing angle shows a distinct cluster of events 
is found near 135 «eV for 6 l 2 > 90°. A projec­
tion onto the invariant mass axis is given in 
Fig. 2.90. By recasting the'invariant mass 
equation in the form 
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Fia. 2.90. Invariant mass spectrum of two-
proton event; produced in reactions of 
'.5-MeV/amu l«0 •> 2 7 M . 
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T« = %c2 
(1 - C 0 S 6 1 2 ) { 1 - X 2 ) 

where X = ( £ y i - E T z ) / ( E T l • Eyjh the kinetic 
energy Tm can be obtained. The resulting energy 
and angular distributions for the Al target are 
shorn in Fig. 2 .91 . 

The d i f f icu l t background arises from pene­
trat ing cosmic-ray nuons and products of cosmic-
ray hadron showers. Since energetic muons do 
not interact (except by electroweak processes, 
which have very small cross sections) in the 
glass, they penetrate the array in a wore or 
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less straight l ine , and thus tend to be concen­
trated near the horizontal plane. Showers and 
muons are suppressed by the invariant mass cut, 
a prompt cut on the event time relative to the 
beam RF timing, and by requiring a multipl icity 
of exactly four hit counters. This last require­
ment was checked to cause only an ~ l l loss in 
real * ° events (due to , for example, random 
coincidences between a * ° and beam-related y 
background). 

Even with these precautions, for 9 1 2 < 110° 
a large contamination of cosmic rays in the 
invariant mass spectrum is found. To tag these 
cosmic rays, 2.5-cm-thick plastic paddles were 
placed in front of telescopes to veto cosmic 
rays hitt ing the arrays by detecting their 
Cerenkov l ight . As plastic has a 48-cra radia­
tion length, only <4% of the photons convert in 
the paddle, resulting in small efficiency loss 
but a very large reduction in cosmic-ray back­
ground for 9 1 2 < 120°. 

An integrated * ° r-jduction cross section of 
5.9 ± 2.4 nb is found for the reaction 
25-MeV/amu l b 0 + A l . Scaling according to our 
ear l ier prescription 3 to the value for the 
1 2 C + 1 2 C system, a cross section of 2.8 nb 
results, which is an order or magnitude less 
than the result at 35 MeV/amu (Ref. 3 ) . I t was 
pointed out earlier 1 ' that "Fermi-gas" type pro­
duction models5 f a i l to reproduce the observed 
cross sections by three orders of magnitude at 
35 MeV/amu; this fa i lure is expected to be much 
worse at 25 MeV/amu. 

However, a model6 based on cooperative action 
of several target and projecti le nucleons 
("clusters") yields fa i r agreement with produc­
tion cross sections and spectral shapes for the 
35-MeV/amu results. When the curve of cross 
section vs. beam energy for 1 2 C + l 2 C is 
extrapolated to 25 MeV/amu, i t appears to give 
agreement within a factor of 2 with the present 
total cross section result. I t wil l be 
interesting to compare our spectral shapes with 
the predictions of this model when these calcu­
lations become available for our case. The 
energy distributions are concentrated at lower 
kinetic energies than the 35-MeV/amu data and 
have an exponential slope of -17.5 MeV. The 
angular distributions are somewhat forward 
peaked, as are those for the intermediate-energy 
(24 < T, < 80 MeV) pions observed at 3b MeV/amu. 
Unlike the latter r e m i t s , the present results 
do not show an obvious decrease at 9 * 90°. 

A completely different model based on pionic 
bremsstrahlung' predicts a «° cross section for 
1 2 C + 1 2 C at 25 MeV/amu of 2.5 nb, similar to 
the observed value. This model has provided 
good agreemjnt with energy and angular distribu­
tions measured for l 2 C • " C at 60-85 MeV/amu. 
Predictions for these quantities for asymmetric 
systems such as ours are eagerly awaited. 

40 60 (20 160 
9. (lob) 

Fig. 2.91, (a) Laboratory kinetic energy 
spectrum of it°'s produced In reactions of 
25-MeV/amu l 6 0 + 2 7 A l . (b) Laboratory angular 
distribution of it°'s produced in the same reac­
t ion . 
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DETERMINATION OF THE REST FRAME 
FOR NEAR-THRESHOLD *° EMISSION 

IN HEAVY-ION REACTIONS 

J . Stachel1 T. C. Awes 
P. Braun-Munzinger1 F. E. Obenshain 
P. & Young1 F. Plasil 
P. Paul1 G. R. Young 

Pion production in heavy-ion collisions at 
energies below the free nucleon-nucleon thresh­
old, i .e . , at energies where the pi on mass 
exceeds the kinetic energy of a projectile 
nucleon in the zero momentum frame, has been 
discussed for a long time in terns of probing 
the intrinsic Fenai notion in the projectile 
and target nuclei. However, as the beam energy 
is lowered, this process gets more and more un­
likely,; and below a certain energy it should not 
be observed anymore. In a sharp cut-off Fermi -
gas model, this occurs2 at E i a D • 54 MeV/amu. 
However;, as long as the total center-of-mass 
energy exceeds the pion mass, pions st i l l can be 
produced by a cooperative sharing of the beam 
energy of several (or all) projectile nucl eons. 
The experiments presented here are meant to 
extend the experimental information into that 
kinematic domain.3 The production of a pion 
of 100-MeV kinetic energy with a 35-HeV/amu 
lhH beam requires Fermi momenta as high as 
~380 MeV/c or, alternatively, 60% of the total 
beam energy. The information from the present 
experiments, combined with the results of pre­
vious experiments at higher h.am energies of 
44 MeV/amu and 60-84 MeV/amu ."efs. 4 and 5), 
enables us to determine which of the alternative 
production mechanisms Is dominant at a given 
beam energy. 

In the experiments pres'ited here, neutral 
pions have been detected through their predomi­
nant fast decay into two high-energy y rays. 
These two y rays were observed in coincidence 
in an annular array (coplanar with the beam 
axis) of lead glass Cerenkov detector tele­
scopes. Each telescope consists of a converter 
and an absorber section with respective depths 
of 1.6 and 15 radiation lengths (for details see 
Ref. 3). The measurement of the two y energies 
and angles (given by the opening angles of the 
separate telescopes) allows a reconstruction of 
the pi on Invariant mass, its kinetic energy, and 
emission angle. 

In a first experiment,3 data from ten of 
these telescopes, which covered a solid angle of 
about 8.5% of 4*, were combined. A 35-MeV/amu 
^N beam of the K » 500 superconducting cyclo­
tron at Michigan State University was use-* to 
bombard targets of natural Al, N1, and W. In 
the present experiment, using the same beam and 
the N1 target, we aimed at obtaining "z>y 

detailed information on one particular target 
and combined data from 20 Cerenkov telescopes. 
Because of the finer granularity of this setup, 
the y-ray angular resolution improved from 24° 
to 17*, thus providing a significantly better 
pion angle and kinetic energy resolution, lne 
solid angle covered by this setup was somewhat 
smaller (about 6% of 4*). 

The probability that the two decay y rays of 
a pion entered our detectors is obtained from 
Monte Carlo simulations which take into account 
the pion decay kinematics. The response of the 
converter sections to 125-MeV electrons has been 
measured to be 75X. This provides an upper 
limit for the response to y rays. The energy 
dependence of this response is obtained from 
Monte Carlo simulations* that include the con­
version of a y ray into an electromagnetic 
shower, the subsequent Cerenkov light emission 
and collection probability, and the photomulti-
plier response. The resulting detection proba­
bil i ty increases monotonically with increasing r 
energy until i t levels off at ~150 MeV at 68%, 
in good agreement with our measured value. 

The very intense background of beam-
correlated v radiation and neutrons and the 
background due to cosmic rays is effectively 
reduced by (1) our coincidence technique, which 
requires a four-fold trigger of two absorber 
signals, together with the corresponding two con­
verter signals; (2) the ~2-ns time resolution of 
the setup, which allows the application of nar­
row gates on the various detector-detector and 
detector-beam time differences; (3) a software 
threshold on low y energies (30-40 HeV) and 
small opening angles * between the two y rays 
(a minimum * is kinematically determined by the 
pion kinetic energy); and (4) a gate on the pion 
invariant mass. The effects of the different 
cuts on the data were investigated by Monte 
Carlo simulations, and if necessary, corrections 
were applied to the results. 

Figure 2.92 shows the experimental invariant 
mass spectrum. I t exhibits a clear peak around 
the x° invariant mass of 135 MeV. Approximately 
900 pions were detected in a beam time of one 
week. Also displayed in Fig. 2.92 Is the resu'i. 
of a Monte Carlo simulation. Its good agreement 
with the data shows that effects of the geome­
try, the y-ray energy and angular resolution, 
and of the various cuts on the data were treated 
properly. An effective background suppression 
is also apparent. 

There is one piece of experimental infor­
mation that can provide information on the 
velocity of the source that emits the pions. 
Figure 2,93 shows a plot of the double differen­
tial cross section versus the rapidity y and the 
momentum perpendicular to the beam direction p x 

for the present experiment at 35 MeV/amu. I t 
can be seen that the experimental cross sections 
are symmetric around y * 0.01 t 0.05, which 
indicates that the pion source is moving very 
slowly. This again is a strong hint that single 
nucleon-nucleon collisions are not the origin of 
the presently observed pion cross sections. For 
this process a soui e velocity of half the beam 
rapidity (labeled o 1/2 p In Fig. 2.93) Is 
expected, In dear contradiction to the experi­
mental results. On the other hand, pion 
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Fig. 2.92. Experimental invariant mass spec­
trum for 35-MeV/amu ll*N on Ni, together with the 
result of a Monte Carlo simulation (dashed line). 

emission from the N + Ni composite system is 
compatible with the data. Monte Carlo simula­
tions indicate, however, that pion reabsorotion 
effects play an important role. For example, 
for a pion source located near the edge of the 
combined N + Ni system, corresponding to the 
complete stopping of the projectile, a consider­
able reduction in the apparent source velocity 
is expected, due to these effects. The low 
average rapidities are in accordance with simi­
lar information5 for the asymmetric systems 
12c + 238U a n d 12 C + 56 N i a t ^ = gn^j 
NeV/amu, where the pion source also was found to 
move significantly more slowly than the nucleon-
nucleon center-of-mass system. This source 
velocity can be in* .rpreted in terms of the size 
of the system emitting the pions. At 60-84 
HeV/amu i t has been concluded5*7 that i f the 
whole projecti le nucleus is active, then the 
system involves 14-15% of the U nucleus and 
34-41% of the Ni . 

The experimental data collected so far can be 
interpreted as displaying a transition in the 
pi on production mechanism from nucleon-nucleo.i 
collisions at high beam energies, with increas­
ing importance of high Fermi momenta as the 
energy is lowered, to a cooperative sharing of 
the beam energy of several projecti le nucleons, 
e . g . , via multiple quantum mechanical off-shell 
coll isions, and f inal ly towards a collective 
production mechanism dominated by the mean 
f i e l d . 

Mil-Hi* M-IH»7 

I60F 

120 

> 60 
2 

40 

Ofe 

• • 
dfidT-

Jfc#Y #" 

• • • • • • _ 
•• •• # 

• • • • • • • • • • • -- •• • • «••••••• • •• • " • : 
• • • • . i » 

• €V*4m**im} * • • - •«?•••• 9'M • • • • • • • • • • • • •9*fv • • • • •• •«• •••• . •••••• • • •••• •• • 
• • • • • ' •• ••/*•••» ••• 

-0.5 0.0 0.S 1.0 

1 . State University of New York, Stony Brook, 
New York. 

?. G. Bertsch, Phys. Rev. C 15, 713 (1977). 
3. P. Braun-Munzinger et a l . , Phys. Rev. 

Lett . 52, 255 (1984). 
4. H. Heckwolf et a l . , Z. Phys. A315, 243 

(1984). 
5. H. Noll et a l . , Phys. Rev. Lett . 52, 1284 

(1984). 
6. C. Michel, to be published. 
7. E. tirosse, Proc. VI High Energy Heavy Ion 

Study, Berkeley (1983). 

HEAVY-ION-INDUCED FISSION AT ENER6IES 
UP TO 20 HeV/amu 

T. C. Awes 
J. Boissevain1 

H. C. 3rittl 

K. Eskola2 

P. Eskola* 
R. L. Ferguson 

M. M. Fowler1 

F. E. Obenshain 
H. 0hnr> 
F. Plasil 
J . B. Hilhelmy1 

G. R. Young 

Fig. 2.93. Double differential cross sections 
d2tf/dOdT. versus rapidity, y » 1/2 log[(E + p i ) / 
(E - P i ) L and momentum perpendicular to the 
beam axis pj, for 35-MeV/amu l l A N + Ni, The 
arrows Indicate the projectile rapidity, half 
the projectile rapidity, the rapidity of the 
l l , N • NI center-of-mass system, and the cen-
troid of the experimental cross sections, <y> » 
0.01 t 0.05, 

During the pa; year we have published OIK 
extensive studies of angular-momentum-dependent 
fission b a r r i e r s . 5 ' 6 This work, carried out at 
energies up to 10 MeV/amu, led to the conclusion 
that calculated barriers from the rotatlng-
finlte-range model (RFKM)7 adequately describe 
the measurements over a large range of excita­
tion energy, angular momentum, and mass of the 
fissioning system. The statist ical model, 
together (1n some cases) with calculated Bass 
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fusion cross section,8 Mas used in the data 
analysis. Encouraged by our success, we 
extended our fission studies into the energy 
range between 10 and 20 MeV/amu. To the extent 
to which it was possible, we have studied the 
same compound (or composite) systems, i.e., 
1 S 8 E r , l"«0s, and 2 M » « ° P o . In addition, we 
made measurements on a 2 3 S U target. The target 
and projectile combinations were as follows: 
l*C on "*Yb, "«Pt. and ««U; " 0 on »«Kd, 
n o E r > 1920s, and " 8 U ; 3 2 S on 1 2«Te. ^ H d . and 
2 3 8 U ; and 5 8Mi on » 6Zr, 1 1 6 C d , and 2 3 8 U . The 
energies ranged from 95 to 291 MeV for 1 2 C , 140 
to 315 MeV for " 0 , 350 to 700 MeV for 3 2 S , and 
352 to 875 MeV for S 8 N i . The data included mea­
surements of angles and velocities of coincident 
fission fragments, from which the linear momen­
tum transfer to the fissioning system could be 
deduced. Fission following incomplete momentum 
transfer was found to be substantial only in 
reactions on 2 3 8 U targets. In our cross section 
analysis, we have included only events with com­
plete and nearly complete momentum transfer. 

He had expected at these higher energies 
to observe limitations resulting from various 
dynamical processes such as incomplete fusion 
and/or extra push effects. This, indeed, turned 
out to be the case, since it was no longer pos­
sible to describe the measured cross sections in 
terms of statistical model calculations with 
RFRM fission barriers and with Bass model fusion 
cross sections. It was expected that in reac­
tions with 1 2 C and 1 6 0 ions, incomplete fusion 
would result in lower observed fission cross 
sections, except in the case of the 2 3 8 U target, 
where even partially fused systems are highly 
fissile. Results of 1 2 C and 1 6 0 bombardments 
of 2 3 8 U are shown in Fig. 2.94a for the near 
full momentum transfer component, together with 
calculations using the Bass model. On the basis 
of the good agreement between theory and experi­
ment, we conclude that the Bass model consti­
tutes a reasonable parametrization of fusion 
(complete and incomplete) in this energy range. 
This situation did not prevail in the case of 
reactions of « S and 5 8Ni with 2 3 8 U , as can be 
seen from Fig. 2.94b. The discrepancy between 
the Bass model results and the measured fis­
sion cross sections for the near full momentum 
transfer component can be attributed to higher 
Coulomb repu" '-.i between target and projectile 
nuclei, resulting in the need for an additional 
energy (extra push) to achieve fusion.9 

In Fig. 2.94c we show the fission excitation 
functions for the 1 6 0 + l^Nd and the 
1 2 C • 1 7 l ,Yb systems, together with statistical 
model calculations In which the Bass model 
fusion cross sections and the RFRM fission bar­
riers have been incorporated. It can be seen 
that, at the highest energies, calculated cross 
sections are three to five times higher than 
measured cross sections, which saturate at a 
level consistent with a maximum angular momentum 
of the fissioning system of about 65 fi. This 
observed saturation In the fission excitation 
function may, presumably, be attributed to 
incomplete fusion, and the implication 1s that 
collisions with partial waves beyond ~65 ft 
involve processes that result in residual nuclei 
with reduced angular momenta. While Incomplete 
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Fig. 2.94. Fission cross sections for reac­
tions of 2 3 8 U with *2C (open triangles), 1 6 0 
(closed triangles), 3 2 S (open circles), and 
S8N1 (closed circles) are shown in (a) and 
(b). In (c), cross sections are shown for the 
i60 + l l , 2Nd (open circles) and the 1 2 C • 1 7"Yb 
(closed circles) systems. The solid and dashed 
lines depict Bass fusion cross sections in (a) 
and (b) and statistical model calculations using 
the Bass model in (c). 

fusion 1s the most likely explanation, our 
results cannot be accounted for quantitatively 
on the basis of the Wllczynskl model.10 This is 
because partial waves of only up to 60 ft (for 
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l 6 0 + 1"»2Itd at 315 HeV) are expect-d to contrib­
ute to complete fusion, 1 0 which wo- d account 
for only 101 of our observed fission cross sec­
tion. Furthermore, based on our Measured momen­
tum transfer distributions, fission following 
incomplete fusion does not contribute signifi­
cantly to the fission cross sections in the 
1 5 8 Er and l 8 *0s cases. Thus, i t appears that 
fusion with trarly full momentum transfer Must 
be taking place with partial waves above the 
limit predicted by the Wilczynski sum-rule 
model.10 

Me may proceed with a schematic description 
of the impli.ations of our findings for the 
incomplete usion process by restricting our­
selves to situations in which alpha particles 
(or larger nuclei) escape absorption by the tar­
get, and by assuming that the angular momentum 
imparted to the residual system scales with the 
mass of tiie fraction of the projectile absorbed. 
As was stated above, for the " 0 + l*2Hd reac­
tion, complete fusion, accompanied by some 
fission, accounts for partial waves up to 65 fi. 
The first alpha particle emitted in the incom­
plete fusion process will leave the residual 
system with 75% of the incoming angular momen­
tum, and since the nucleus does not decay pre­
dominantly by fission, this angular momentum 
must be <65 fi. Thus, the partial waves asso­
ciated with single alpha-particle emission must 
lie between 65 and about 87 n ( i . e . , 65/0.75 ft). 
In addition, the Bass model, which describes the 

2 3 8 U data adequately, predicts that partial 
waves of up to 105 fi (at 315 NeV) contribute to 
fusionlike reactions. If this is the case, we 
must also attribute the reactions in this angu­
lar momentum window (between ~87 fi arsd ~105 fi) 
to situations that leave the residual nucleus 
with an angular momentum of ^65 fi. The emission 
of 8Be (two alpha particles Vis consistent with 
the above requirement. Obviously, further 
experiments are necessary to clarify the pic­
ture. In particular, measurements of evapora­
tion residue products, both inclusive and in 
coincidence with alpha particles, are needed to 
confirm the above conjecture. 

For systems with high values of the Zplt 
product, we expect that an additional energy 
(extra push)9 is needed for fusion to take 
place. I t was already Indicated in Fit,. 2.94b 
that this effect is likely to play a role in 
our reactions with J 2 S and 5 8 Ni projectiles. 
However, even for reactions with 1 6 0 ions, at 
energies above about 120 HeV, the highest par­
tial wuves involve ancul ar momenta that are suf­
ficient to increase the effective fissility to 
the point where extra push9 effects are 
expected. Calculaticns with the parameters of 
Bjornholm and Swtatecki9 (with the exception of 
our use of a a 10, which is within their limits 
of uncertainty) are compared with measurements 
in Fig. 2.95. For the i60-1nduced reaction' 
(Fig. 2.95a), agreement between experiment , u 

theory at the higher energies 1s much better 
than that which was obtained with the Bass 
model, except for the cise of 2 3 8 U . We conclude 
that, even with 1 6 0 ions, there Is some evidence 
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Fig. 2,95. Comparison of measured fission 
cross sections with extra push model cross sec­
tions (curves). In (a), reactions with l60 are 
shown, and the labels indicate the composite 
systems. In (b), 32S-1nduced reactions on l 2 6 T e 
(circles, solid curve), l",l,Nd (squares, short-
dashed line), and 2 3 8 U (triangles, long-dashed 
line) are shown. Reactions of i 8N1 with 9*7.r 
(circles, solid line), with l l 6 Cd (square;, 
short-dashed line), and 2 J 8 U (triangles, long-
dashed line) are shown 1n (c). 
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for a dynamical l imitation to the fusion process 
and that the extra |—»h model9 determines the 
highest partial waves for which complete fusion 
takes place. 

In Figs. 2.95b and 2.95c similar compari­
sons are shown for reactions with 3 2 S and 5 8 N i . 
There does not appear to be a consistent quanti­
tat ive agreement between experiment and theory, 
although i t is clear that some kind of dynamical 
l imitation plays a role in the cases that we 
have studied. Best agreement was found in the 
case of 5 BNi-induced reactions at the highest 
energy (875 NeV). In addition, a clear cut 
i l lustrat ion of the extra push threshold effect 
is provided by the 352-MeV 5»sii • 238,, result, 
where our measured fission cross section is 
o!o° mb and where a threshold of 460 NeV is pre­
dicted by the extra push model. 
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NUCLEUS-NUCLEUS REACTIONS AT ENERGIES 
UP TO 200 GeV»amu -

PLANS FOR AN EXPERIMENT AT CERN 

C. Awes 
Baktash 
R. Beene 
L, Ferguson 
A. Gabriel 1 

G. R. Young 

E. E. Gross 
J. W. Johnson 
I. Y, Lee 
F. E. Obenshain 
F. Plasil 

In early 1984 a major commitment was made to 
participate in the PS 190 collaboration at CERN. 
This new initiative is expected to be an impor­
tant research activity of the Physics Division 
during the next three to four years. The CERN 
experiment PS 190 is an approved experiment to 
be run In late 1986 and again in early 1987. 
The Gesellschaft fOr Schwerionenforschung (GSI), 
Darmstadt, West Germany, and the Lawrence 
Berkeley Laboratory (LBL), Berkeley, California, 
will provide the means necessary to accelerate 
1 6 0 Ions 1n the PS and SPS accelerators at CEKN 

by building an ECR source and an RFQ injector. 
The " 0 energies will be 800 GeV and 3200 GeV. 
It is possible that nuclei in the energy range 
between 10 and 50 GeV»amu will also be available. 

Currently, the PS 190 collaboration consists 
of two totally independent experiments that have 
recently beer assigned separate SPS experiment 
numbers. The first, NA 37, is centered about a 
streamer chamber, with R. Stock as spokesman. 
The second. HA 80, makes use of the GSI/LBL 
plastic ball, and K. H. Gutbrod of GSI is the 
spokesman. ORNL is associated with the HA 80 
collaboration. Other institutional members of 
this collaboration, in addition to GSI, LBL, and 
ORNL, are the universities of Lund, Sweden, and 
of Huhster. Jest Germany. The experiment is to 
be performed in the west experimental hall of 
the SPS. The author list of this contribution 
to the Physics Division Progress Report includes 
only the ORNL members of the HA 80 collabora­
tion, since the list of all collaborators from 
the various institutions is not as yet final. 

The plastic ball, currently located at LBL, 
will be moved to CERN. It will be suitable only 
for the study of the target rapidity region, 
including: (1) determination of matter flow 
from a global analysis approach; (2) determina­
tion of the extent of spectator drag from deter­
minations of the average value of Pi in this 
rapidity region; (3) determinations of pertinent 
temperatures from inclusive energy spectra; 
(4) determinations of entropy from d/p ratios; 
and (5) determinations of source sizes from two-
particle correlations. More pertinent to the 
type of physics to be addressed at SPS energies 
is the mid-rapidity region, encompassing most of 
the participant region as well as the region in 
which the effects of the quark-gluon plasma may 
manifest themselves. A key question to be con­
sidered here is the determination of conditions 
under which maximum baryon density buildup can 
be attained (stopping versus transparency). 
Energy flow questions, as determined from global 
analysis, also play a major role in this region. 
In recent cosmic-ray data, unexplained fluctua­
tions in pseudo-rapidity were observed. Search 
for such effects can also be carried out. The 
observation of direct gamma production may be 
one of the signatures of the quark-gluon plasma. 
Thus, the measurement of these gamma rays and 
their identification in the presence of a large 
background of gammas from *° decay are an impor­
tant aspect of the experiment. 

As was stated above, the plastic ball is ade­
quate to cover the target rapidity region. For 
the mid-rapidity region, three new devices are 
needed: (1) a 6-m2 array of sampling calorime­
ters, each calorimeter consisting of a hadronic 
and an electromagnetic portion, (2) a multipli­
city array of about 10* cells, and (3) a finely 
segmented 1000-element lead glass electromag­
netic calorimeter capable of distinguishing 
between Intrinsic gammas and the decay of 
neutral plons. Finally, the projectile rapidity 
(trigger) devices will consist of a "bull's-eye" 
scintillator to determine the projectile charge 
and a uranium calorimeter to determine the pro­
jectile energy. The responsibility for the 
various devices M i assigned as follows: 
plastic ball, LBL/GSI; multiplicity array, GSI; 
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6-m2 array of calorimeters, ORHL; electromag­
netic, y /x 0 calorimeter, University of MUnster; 
"bull's-eye" sc in t i l la tor , LBL/GSI; and zero-
degree calorimeter, QRNL. Work is in progress 
at ORKL to design and build the two types of 
caloriiaeters l isted above. Pie calorimeters are 
funded joint ly by LBL ana by ORNL. 

The mid-rapidity calorimeters are based on 
the design of Fabjan, Wi l l is , and their co­
workers at CERN. Like the CERN calorimeters, 
the ORHL/LBL version consists of modular stacks, 
each covering an area of 20 cm by 120 cm. The 
mechanical design is such as to allow the stacks 
to be closely packed with a minimum of* dead 
space between them. Each stack consists of six 
20-cm by 20-cm towers; each tower is read out 
separately. Again, as in the CERN design, each 
tower consists of an electromagnetic section in 
which primarily » ° , gamma rays, and electrons 
are detected, followed by a hadronic section 
for the detection of charged pions, protons, 
neutrons and other hadrons. While both the 
electromagnetic and the hadronic sections of 
the CERN calorimeters contain uranium, because 
of funding and procurement constraints, the 
ORNL/LBL design wi l l consist of a lead/plastic 
electromagnetic section and a stainless 
steel/plastic hadronic section. Twenty-five 
stacks covering 6 m 2 , with a total of 150 
towers of 20 cm by 20 cm, are to be bu i l t . The 
high-granularity GSI chargsd-particle mult ipl i ­
city array wil l be placed in front of the 
calorimeters. 

The crucial parameters in calorimeter design 
are the e/p ratio (the ratio of the average 
effective energy deposited in the plastic by 
an electron to the average effective energy 
deposited in the plastic by a proton of the 
same energy) and the energy resolution, o/E, 
expressed as a percentage of E. I t is desir­
able for the e/p value to be as close to 1.0 
as possible, and o/E to be as lew as possible. 
For a calorimeter consisting entirely of inter­
leaved sheets of iron and plastic, typical e/p 
and <J/E values are 1 4 and 251, respectively, 
at E = 5 GeV. For a uranium/plastic calorime­
ter , the corresponding values arc about 1.1 and 
about 15%. Extensive Monte Carlo simulation 
calculations were performed to optimize the 
ORNL/LBL mid-rapidity calorimeter design, with 
regard to both e/p, oil, and overall contain­
ment. I t was decided that the length of the 
lead/plastic electromagnetic section wil l be 15 
radiation lengths and that the hadronic section 
wi l l be sufficiently long to contain 96% of 
th" energy of a 50-6eV proton. Both of these 
lengths are considerably greater than those of 
the CERN calorimeters. For each stack, the 
electromagnetic section wi l l thus consist of 27 
lead sandwiches (consisting of 1-mm Al + 3-mm 
Pb • 1-mm Al) , interleaved with 27 plastic 
sheets (3 mm th ick) . The length of the section 
fs 21.6 cm, and the weight is 280 kg. The had­
ronic section wi l l consist of 122 stainless 
sf'eel plates of 8-mm thickness, Interleaved with 
122 scint i l lator plates of 3-irni thickness, The 
length of this section is 134 cm, and the weight 
is 1947 kg. The overall length of each stack 
wi l l thus be 156 cm, find th«» overall weight will 
be 2227 kg. The calculated e/p ratio for the 

above design is 1.5 at 5 GeV. However, by 
balancing the electromagnetic and hadronic sig­
nals, the effective e/p values are 0.91 at 1 GeV 
and 1.01 at 5 GeV. The calculated resolution 
values are 26x at 1 GeV and 17X at 5 GeV. Thus, 
the overall performance of our design is 
expected to be only marginally worse than that 
of a uranium calorimeter. 

Since the energy resolution requirements for 
the zero-degree trigger calorimeter are higher 
than those of the mid-rapidity calorimeters, and 
since only one has to be bu i l t , i t was decided 
to build i t entirely from a uranium/plastic com­
bination. Monte Carlo calculations were per­
formed for a 70-cm by 70-cm array of 10-cm by 
10-cm cel ls , with an electromagnetic section 
consisting of 32 uranium sheets (each 0.2 cm 
thick) interleaved with 32 plastic sheets (each 
0.3 cm thick) and with a hadronic section con­
sisting of 275 uranium/plastic cells with the 
same dimensions as those of the electromagnetic 
section, except that the uranium sheets wi l l be 
0.3 cm thick. The output events were analyzed 
to determine the effects of calorimeter size on 
resolution and on containment. 30 cm x 30 cm, 
50 cm x 50 cm, and 70 cm x 70 cm calorimeters 
were considered. The performance of the 50 cm x 
50 cm calorimeter was deemed to be marginal. 
For example, i ts containment for a 50-GeV proton 
was 972 of the containment of a 70 cm x 70 cm 
device. The resolution was also degraded. I t 
was thus decided to build a 60 cm x 60 cm zero-
degree calorimeter. 

Both the mid-rapidity calorimeters and the 
zero-degree calorimeters wi l l be built during 
1985 and wil l be available for tests and c a l i ­
brations in mid-1986. 

1 . Engineering Physics and Mathematics 
Division. 

PERFORMANCE OF RECOIL MASS SEPARATOR 

H. J . Kim C. E. Bemis, Jr. P. H. Stelson 

The abi l i ty of the recoil mass separator 
(RMS) to perform the separation of evaporation 
residues has been studied in detail for a number 
of target-projectile combinations. 0° excita­
tion functions and angular distributions of 
evaporation residues induced by fusion of 0, F, 
and Ti beams with T i , Ir, Ta, and W targets near 
and below the Coulomb barrier were investigated. 
Calibrations of the RMS acceptance were made 
using hoth the 180* backscattering of light-ion 
projectiles and alpha particles from a 2 l , 1 ,Cm 
source. The acceptance was established as a 
function of ion velocity and charge to obtain 
absolute fusion cross sections. The fraction of 
residues collected by the RMS at 0° ranges from 
less than 1% for such asymmetric systems as 
0 + M to more than 30% for symmetric systems 
( e . g . , Ti + T1). Although with lower collection 
eff iciencies, the residues from asymmetric sys­
tems are separated much more cleanly from the 
energy degraded Incident particles. Because 
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observed results depend on kinematics of par­
ticular reaction as well as on the quality of 
incident beam, deducing a simple figure of merit 
regarding the filtering power of the RMS is not 
uniquely possible. But, our study indicates 
that fusion cross sections down to the few 
hundred microbarn level should be obtainable for 
most target-projectile combinations u*ing the 
RMS. Preparations are in progress to study 
nuclei far from stability, which are generally 
produced Nith very small cross section in fusion 
reactions, by observing decay of separated resi­
dues or coincidences between prompt gamma rays 
and the residues. 

As an example of our calibration experiments 
and tests, we mention here our experiments with 
monoenergetic 2 0 , P b ions, which served as a 
model for our evaporation residue experiments 
for the " 0 + I M , I « H , U « U Pb compound systems. 
Monoenergetic 2 0 8 P b ions in the specific energy 
range 25-40 SceV per amu were generated from 180° 
Rutherford backscattering of 25- to 40-MeV l 2 C 
ions from 2 0*Pb. Incident beam fluence was 
simultaneously determined using a monitor detec­
tor at ~30° with a well-defined solid angle. 
The velocity acceptance window, charge-state 
acceptance window, and absolute efficiency of 
the RMS as a function of Pb ion energy was 
determined. The backsiatter kinemati.s deter­
mine a unique energy for 2 0 8 P b , with a nearly 
flat angular distribution across the RMS aper­
ture when the RKS is at 0°. Our calibrations 
indicate that for 35 fceV per amu, Pb recoils 
from 1 6 0 on W, tht charge-state acceptance is 
~20t; velocity acceptance is -60%; and the angu­
lar distribution acceptance is ~4l. For this 
very asymmetric projectile ( 1 60), target 
(182,18'»,186H) system, the relatively broad 
angular distribution is clearly the limiting 
RMS efficiency factor. The overall efficiency 
is ~0.5% in these cases. The kinematically 
reversed conditions, W projectile + 0 target, 
would dramatically improve the efficiency. 

DEVELOPMENT OF A POLARIZED Eu TARGET 
6. Shivakumar C. E. Bemis, Jr. 
J. R. Beene D. Shapira 

As part of the development of a polarized Eu 
target, the gas jet apparatus1 has been modified 
to facilitate operation at high temperatures. 
The existing nozzle assembly has been replaced 
by one capable of being heated to 900"C. The 
assembly is connected to a high temperature 
feedthrough which takes the gas line at high 
temperature from a region of high vacuum to a 
regior at atmospheric pressure, A similar 
feedttrough then connects to the oven/seeder 
assembly which has also been designed to operate 
up to 900*C. The oven/seeder contains two 
reservoirs, one for heating Eu and the other for 
heating the Ar carrier gas. The heating of the 
two reservoirs 1s done in an Ar atmosphere. The 
temperature of the apparatus is controlled at 
the Ar and Eu reservoirs and at the nozzle. An 
Ar gas jet has been operated successfully at 
850"C. The apparatus Is currently being setup 

to test the seeding of Eu atoms into the Ar jet. 
Measurements will be made of the Eu target 
thickness (using elastic scattering of an 1 6 0 
beam) at temperatures around SOO'C. Once the 
target has been optimized, we intend to proceed 
with the optical pumping of the Eu atoms in the 
jet and the full implementation of the polarized 
target facility. 

1. J. L. C. Ford, Jr. et al., Phys. Oiv. 
Prog. Rep. Sept. 30, 1983, 0RNL-6Q04, p.' 153 
(1983). 

2. B. Shivakumar et al., Phys. Div. Prog. 
Rep. Sept 30, 1983, ORNL-6004, p. 154 (1983). 

A LOGARITHMIC TOTAL EVENT COUNTER SYSTEM 
FOR THE STUDY OF HEAVY ION INDUCED REACTIONS 

D. Shapira J. L, Blankenship1 

B. L. Burks 
The products from a reaction induced by 

energetic heavy ions are in general highly 
excited. The particles that are eventually 
detected are fragments that have cooled down 
by emission of Y radiation, neutrons, protons, 
alpha particles or heavier nuclei. 

A measurement of observables associated with 
the primary reaction products requires kinematic 
reconstruction of the initial event based on 
simultaneous detection of all (or most of) the 
decay products and their residues. While this 
approach is typical in the study of high energy 
nuclear collisions, it has usually been bypassed 
in low energy nuclear physics. At bombarding 
energies below a few MeV/amu, excitation of the 
primary outgoing fragments is limited and very 
few products emerge. Furthermore, the cross 
sections for the processes studied are quite 
large in general, so that limited measurement 
of a few final products and some correlation 
studies usually suffice. At energies above 10 
KeV/amu one expects that processes where the two 
outgoing products are highly excited will domi­
nate. Also, processes where the incoming pro­
jectile or target nuclei themselves break up 
become Important. As the excitation energy of 
the products increases and as fragmentation 
becomes more probable, the number of final 
products emerging from the collision increases 
rapidly. Extraction of the observables asso­
ciated with the primary process from measu-ement 
of individual products then becomes increasingly 
dependent on conjecture and modeling of the 
reaction process. 

Me propose to build a multiparticle counter 
system that will measure a large fraction of 
the products emerging from a collision between 
energetic heavy Ions. Practicality dictates 
that such a device cannot address all reactions 
but it should address a wide range c. nuclear 
physics phenomena. 

We will limit the study to systems of nuclei 
lighter than A - 100. Heavier systems decay 
predominantly via Y and neutron emission or 
fission, and the 4* y-r»y spectrometer addresses 
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similar inclusive measurements for these heavy 
systems. For the lighter system the principal 
decay mode is light particle emission: neutron, 
proton and a particles; the emission of T rays 
and symmetric fission, although present, are not 
doainant for this Mass range. 

The detector we plan to build will be 
designed primarily to detect the residue of a 
fast Moving heavy fragment and all. or Most, of 
the light particles wit ted fro* it. 

Figure 2.96 is a simulated density contour 
for alpha particles eaitted in the forward hemi-

900Mt¥ 5 aNi-»- , 2C 

ar -«r o «r ar 
• (IN PLANE I 

Fig. 2.96. Density contours for a particles 
eaitted in correlation with scandium nuclei 
detected at 9 = 4° and * = ISO*. 

sphere from collisions of 890 HeV 5 8Ni particles 
with I Z C nuclei. The density contour shows only 
alpha particles that emerge in coincidence with 
a * 2 S c 2 1 ion detected at 8 = -4* 4 = 1WT (in 
plane). There is « strong concentration of a 
particles in the direction of the eaitted Sc 
fragment. The a particles evaporated from a 
large, fast-moving fragment are emitted, aoving 
approximately in the same direction as the heavy 
fragment because their most probable velocity in 
the rest frame of the emitting nucleus is saall 
(only a few HeV/amu). With a counter system that 
covers the approximate area shown in the box on 
Fig. 2.96 one can capture, therefore, most of 
the eaitted light particles together with the 
heavy residue. 

The counter system we are proposing is shown, 
schematically, in Fig. 2.97. The front portion 
consists of a large area, gas-filled ionization 
chamber. The 30-cm-deep ionization chamber will 
stop the heavy residue and provide an event 
trigger. The detector will yield energy (<1X 
resolution), energy loss (~2X resolution) and 
spatial position (x,y) signals. The multi-
electrode design will permit identification of 
heavy ions over a wide dynamic range (better 
than 1:20 in ion ranges) but light particles will 
deposit a negligible amount of energy in the gas 
counter. An array of 96 scintillation counter 
telescopes arranged in a 6 x 16 array behind the 
gas counter will yield the spatial position 
(2.4* x 2.4* granularity), energy and identity 
of light particles. Each element of the scin­
tillation counter array will inciude a 1-MB-
thick £ and an approximately 10-cn-thick E 
detector. Charged light particles will be iden­
tified by the £-E technique and this design 

MSM-MtW 
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Fig. 2,97. Schematic drawing of the HILI detector. 
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should identify protons witn energies ranging 
from 10 to 140 Her and alpha particles with 
energies ranging froa 30 to 400 PteV. The 
neutrons tr i l l leave a signal only in the thicker 
sc in t i l la tor . Crude TOF information w i l l be 
used to get the neutron energy (-10-15X 
resolution). 

The ionization counters straddle the reaction 
plane and are organized in two separate volumes. 
TI.<y can be operated at different pressures and 
can thus detect and identify two fragments for 
an asymmetric mass s p l i t . Each half of the 
detector has a spl i t anode structure that allows 
the simultaneous study of two heavy fragments, 
one in each half . Provision is also made for 
the beam to exit the chamber and be stopped 
downstream far from any of the l ight- ion 
detectors. 

1 . Instrumentation and Controls Division, 
ORAL. 

LARGE IONIZATION DETECTORS FOR 
HEAVY ION REACTIONS 

J . L. Blankenship* F. E. Obenshain 
A. H. Snell 

Several design changes for this time-of-
f l ight (TOF) fac i l i ty were reported in the 
previous progress report . 2 Additional oesign 
modifications to the 80-cm ion chamber have been 
made. Curved anodes and Frisen grid were used 
in the original design to provide maximum 
r ig id i ty , and therefore minimua microphonics. 
However, the Frisch grid curvature introduces a 
variation in the electric f ie ld strength from 
center to outside extremes of the d r i f t space, 
which causes variations in the dr i f t velocity 
and d r i f t time as a function of out-of-plane 
angle. 

The new desiy. shown in Fig. 2.98 incor­
porates f la t aluminum plates for the anodes, 
guard bars on the sides for f ield grading and 
electrostatic shielding from housing ground, anc 
a f lat Frisch grid structure. Two grid struc­
tures have been fabricated. The f i rs t design 
employs stainless steel wire of 280-u* diameter 
in a woven wire mesh spaced 8 x 8 cm2 and pro­
vides good shielding and fa i r reach-through-
f ie ld charge collection behavior. The second 
design consists of a plane of phosphor bronze 
wire of 114-u* diameter spaced 1.59 mm on 
center. This second design has not been tested 
in the 80-cm ion chamber, but has been used witr 
success in the 40-cm ion chamber used in the 
broad range spectrometer. 

1. Instrumentation and Controls Division, 
ORNl. 

2. OSNL Progress Repor: for period ending 
September 30, 1983, ORNL-6)04, p. 152. 

ORRL Photo 6271-84 

F ig . 2.98. The electrode assembly of the 
80-cm-deep ion chamber. The four planar anodes 
are shown at the top, and the Frisch grid is 
below the anode assembly. Field shaping is 
fac i l i ta ted by the guard bars which are on each 
side and uniformly spaced from the Frisch grid 
to the cathode at the bottom. 

DESIGN OF AN EVAPORATION RESIDUES DETECTOR 

J . L. Blankenship1 F. E. Obenshain 

A gas-fi l led detector system for measuring 
AE, E, e, avid a, and velocity of evaporation 
residues has been designed and is shown in 
F ig . 2.99. Velocity is determined by measuring 

ORNL Photo 6148-84 

F ig . 2.99. Front view of evaporation residue 
detector showing gas inlet and out let . 
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the t ine of n ight over a 20-cm path using 
Breskin-type aul t iwire, position-sensitive 
proportional counters as start and stop detec­
to rs . The entrance window is aade of -65 ug/ca2 

polypropylene and has an 8.5 x 10.5 a t 2 opening. 
The start detector has an 8 x 10 CM 2 sensitive 
area, and the cathodes are constructed of 90 
percent transparency, 45 x 45 lines/inch nickel 
aesh. 

A conventional, Frisen grid ionization 
chanber is located between the start and stop 
detectors, in the same gas volume. The anode 
8-ca-long and is a segment of a circular band 
whose inner and outer radii are selected to 
aatch the target-to-anode distances. This 
design provides a lE signal which is independ­
ent of in-plane angles. The stop detector has 
aluainua-striped cathodes for e and 4 readout 
and has an 8 x 1 4 - O E 2 working area. The detec­
tor systea is designed to f i t inside the 1.6-a 
chanber against the outside wal 1 . 

At the rear of the detector, a l-am-thick 
sheet of NE-102 plastic scint i l la tor , enclosed 
in a l ight pipe and pressure bearing window, 
provides a Measure of the residual energy. The 
chaaber design incorporates a semicircular 
segment of a 1.9 ca i . d . pipe in the sidewall to 
perait the closest possible approach to the beaa 
center l ine . After the detector design has been 
demonstrated as satisfactory, a second detector, 
which is a mirror image of the f i r s t , w i l l be 
b u i l t . This detector pair will then span the 
beam. 

1 . 
ORNL. 

Instrumentation and Controls Division, 

AFTERPULSES FROM RESIDUAL GASES IN 
PHOTOMULTIPLIER TUBES 

H. W. H i l l 1 

D. J . Horen 
J , A. Harvey2 

C. H. Johnson 

At the ORELA time-of-fl ight fac i l i ty we have 
extended the energy for neutron detection down 
to about 10 keV for liquid and plastic scin­
t i l l a t o r s by accepting pulses corresponding to a 
few photoelectrons. At such low levels there is 
a background of afterpulses which originate 
either in the scint i l lator or in the photo-
mult ip l ier , a 5-inch RCA-8854 PHT, but appear 
several usee after the earlier detection of a 
neutron or y-ray. 

In our previous study3 of the afterpulsing 
phenomenon we observed pulses originating from 
electron-atom collisions In various residual 
gases in the PMT and we made the conventional" 
assumption that most of that ionization occurred 
in the large region between cathode and f i rs t 
dynode. Howeve% our subsequent calculations on 
that assumption gave spectral shapes incon­
sistent with those observed. Therefore, we have 
extended tf'e measurements in an effort to find 
the points of origin of most of the ions. 

For this study we irradiated various new RCA-
8854 tubes with light pulses from a Monsanto 

HV52 green LED. Each pulse ejected about GOO 
electrons from the cathode. Afterpulse t iae 
spectra were recorded in 1-nsec channels out to 
6 usee and in 25-nsec channels at later times. 
Spectra were recorded with a aultistop per 
start-time digit izer with a 1.1-usec deadtiae 
and corrected for deadtiae losses. Figure 2.100 
shows for one tube the spectrum in units of 
afterpulses per photoelectron per usee. He 
attr ibute the narrower peaks to backstreaming 
ions from localized surfaces and the broader 
peaks to ions from residual gases. Figure 2.101 

to* » » 
TIME mrCRCSECl 

Fig. 2.100. Afterpulse spectrum for an 
RCA-8854 photomultiplier tube. 

ouni -mc %* won 

TIME (MICROSCCI 

Fig. 2.101. Afterpulse spectrum for the PHT 
of Fig. 2.i00 with the 2nd dynode gated off 
during the In i t ia l pulse. 
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shows the spectrua for this tube with the 2nd 
dynode gated off during the initial pulse. 
(Eating eliminates most ion formation in the 
dynode region. A comparison with Fig. 2.100 
shows that most ions in the ungated mode origi­
nate in the dynode region. The exception is the 
"peoestal* between 0.8 and 1.2 usee. In fact, 
our calculations predicted this "pedestal" 
arises from the residual He gas between cathode 
and first dynode. 

Also observed is a pronounced peak on top of 
the pedestal at 1.1 psec. Previously3 we 
assumed this peak also arises from ions in the 
cathode-dynode .~egion but now we conclude that 
it arises from ionization of the He gas in the 
region between the 1st and 2nd or 3rd dynodes. 
It is more intense because the 1st dynode has 
high gain. In an auxiliary experiment we 
measured the spectrum for an RCA-4522 PHT, which 
does not have the high gain dynode. and we found 
a much smaller peak relative to the pedestal. 
To further check this conclusion on the origin 
of the pedestal-peak we varied the PHT grid 
voltage relative to the cathode and first 
dynode. As expected, a change in voltage such 
as to decrease grid-to-cathode acceleration but 
to increase extraction from the dynodes resulted 
in a later pedestal but earlier peak. 

In addition to the l.l-psec He* peak, Figs. 
2.100 and 2.101 also show broad spectra of 
pulses due to ions originating somenhere in the 
dynode region. If such a PMT is used with a 
scintillator for neutron detection, little can 
be done to eliminate the after-pulses from a 
detected neutron. However, when used at a 

facility such as 0RELA, the serious afterpulses 
from the T-burst can be eliminated by gating of 
the dynode during the burst. Further improve­
ment can be obtained by the use of 2 PKT's in 
fast coincidence on the same scintillator. 

1 . Instrumentation and Controls Division. 
2. Engineering Physics and Mathematics 

Divisici*. 
3. N. H. Hi l l et a l . , Physics Division 

Progress Report, 0RRL-60O4. 155 (1983). 
4. G. A. Norton, H. H. Smith, and R. 

Hasserman, IEEE Trans, on Rucl. Sci. RS-14, 443 
(1967). 

PREPARATIOR OF TARGETS FOR HUCtEAR PHYSICS RESEARCH 

D. N. Galbraith F. K. HcGowan 

The preparation of targets for nuclear physics 
research by the SPUTTERBELL (focused ion beam sput­
tering system) has continue! to be extremely use­
f u l . Thin targets from materials with very high 
melting points, such as refractory metals, are 
easily produced. Self-suppo-ting targets of St as 
thin as 30 pg/cm2 have been produced. Since ion 
beam sputtering is a "cool" process, thin targets 
of Pb evaporated on carbon fo i l backings have been 
covered with 5 pg/cm2 carbon by sputtering 
successfully. 

Table 2.16 contains examples of targets pre­
pared by ion beam sputtering and by evaporation. 

Table 2.16. Targets for nuclear physics research 

Element Height Backing Method Remarks 

Si 30-120 pg/cm2 None Sputtering 
7*Ge 500 pq/cm2 None Sputtering 
9 0 Z r 50-150 pg/cm2 30 pg/cm2 C Sputtering Recoil mass spectrometer 
«Nb 50-150 pg/cm2 jG ^fem2 C Sputtering Recoil mass spectrometer 
»»iTa 50-75 pa/cm2 

1 mg/cm2 

30 pg/cm7 C Sputtering Recoil mass spectrometer 
238 U 

50-75 pa/cm2 

1 mg/cm2 None Sputtering 
" A l 30-50 ug/cm2 

1 mg/cm2 

None Evaporation 
Ag 

30-50 ug/cm2 

1 mg/cm2 None Evaporation 
In 160 pg/cm2 None Evaporation 
»2*Sn 1.0-1.5 ma/cm2 

0.8 mg/cm2 

None Evaporation 
1 2 « T e 

1.0-1.5 ma/cm2 

0.8 mg/cm2 1 mg/cm2 Au Evaporation Recoil distance device 
Sb 1 mg/cm2 0.5 mg/cm2 Au Evaporation 
>"Au 150 ug/cm2 10 pg/cm2 C Evaporation Line shaped target 
" 7 A u 170 pg/cm2 None Evaporation 
»»7Au 40 pg/cm2 0.8 mg/cm2 l 2 8 T e Evaporation Covered to contain , 2 8 T e 

target in recoil distance 
device 

»"Au 150 pg/cm2 1 mg/cm2 Sb Evaporation Covered to contain Sb 
208p b 50 vg/cm2 20 ug/cm2 C Evaporation Recoil mass spectrometer 
Pb 2-3 mg/cm2 1 mg/cm2 l 2 2 S n Evaporation Pb-backed target for 

y-ray spectroscopy 
Pb 30 mg/cm2 2.5 pm Ni Evaporation Stoppers for recoil 

distance device 
20Bp 0 50-200 pg/cm2 20 pg/cm2 C Evaporation 
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Many productions of detector windows and planes 
for avalanche counters were done. Carbon stripper 
foils for ORIC and tandem are now being produced 
routinely. 

SPECIAL ENHANCEMENTS TO THE EVENT HANDIER 
D. C. Hens ley 

The Event Handler 1* 2 is a programmable CAMAC 
based processor with auxiliary crate controller 
capability and is the Major control device for 
data acquisition at the HHIRF. Because of the 
success of this device in Managing che front-ond 
data acquisition electronics, special emphasis 
has been placed on waking it as general as 
possible without degrading its basic performance. 

One particular problem to be faced in data 
acquisition is what to do with 24 bit devices 
when the principle data stream is only 16 bits 
wide. CAMAC supports 24 bit devices, prin­
cipally scalers, but post data acquisition is 
based on 16 bits due to the 32 bit structure of 
typical data acquisition computers. The Eve.it 
Handler already had special instructions for 
setting the top < bits of a 16 bit word (useful 
when 11 and 12 bit ADCs are used), but it lacked 
any general way to transmit the full 24 bits 
from the CAMAC dataway over a 16 bit path. 

The following enhancements help to overcome 
this difficulty. It has always been possible to 
transmit th«» 16 bottom bits of a CAMAC word, but 
it is now possible to transmit the 8 top bits of 
the same CAMAC word. This byte is placed in the 
position of the 3 botto*! bits (the 3 top bits 
are set to zero) of the 16 bits of the trans­
mitted word. This top byte can be transmitted 
at any time, either before or after the 2 bottom 
bytes are transmitted. If the upper byte needs 
to be communicated over the CAMAC dataway, but in 
the position of the lowest byte, this can be *ione 
by first writing the top byte of the Event 
Handler CAMAC data register (COR) into the 2 
lower bytes of the sacie register (essentially 
shifting the top byte djwn 2 bytes). Then the 
newly formed COR can be written out over the 
CAMAC dataway to whichever module requires it. 
Since this operation destroys the original 2 

lower bytes, one would presumably transfer these 
bytes first. 

The handling of the Event Handler Save 
Register was made more symnetric. Not only can 
one store a 24 bit CAKAC data word in this 
register, but now one can either transmit the 16 
bottou bits or move them to the COR. This 
latter capability allows one to move a 16 bit 
word from one crate to another, moving it 
through the Event Handler. 

Provisiors have been made for enhancing the 
speed of the Event Handler - special "hooks* 
have been provided which allow an external 
device to specify the unconditional branch 
address in a branch operation. A particular 
external device would be one which could look 
ahead to determine which of many possible rou­
tines needed servicing next. 

In order to protect the integrity of the 
final data stream, the Event Handler has been 
changed so that it will wait forever to transmit 
a word into a full FIFO. Formerly it would wait 
about 4 ms before it would proceed to its next 
operation, while it is recommended that the 
Event Handler not be used in this way, in the 
event that a FIFO should manage to become 
totally full, a requested transmission will not 
get lost. 

Finally, the auxiliary crate controller part 
of the Event Handler, which previously could 
generate normal CAMAC cycles or "short" CAMAC 
cycles (terminated at the end of timing strobe 
SI), can now generate even shorter cycles in 
which timing strobe SI is not generates on the 
CAMAC dataway. 

In addition to their use at the HHIRF, Event 
Handlers are being implemented at the University 
of Notre Oame in conjunction with a project at 
Argonne National Laboratory and at Texas A ft M 
University. Use cf the device is also being 
considered for projects at ANL, Princeton, Chalk 
River, and Kansas State. 

1. D. C. Hensley, IEEE Trans. Nucl. >ci. 
NS-26, 710 (19/9). 

2. 0. C. Hensley, IEEE Trans. Nucl. Sci. 
NS-26, 4454 (1979). 
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3. THE UNISOR PROGRAM 

The University Isotope Separator - Oak Ridge is a consortium of eleven academic 
institutions. Oak Ridge Associated Universities and Oak Ridge National Laboratory. 
I t operates an isotope separator installed on-line to the accelerators within the 
Hoiifield Heavy Ion Research Facility. The accounts which follow describe work at 
the UNISOR facility or work associated with UNISOR research performed principally 
by investigators outside of the Physics Division. Research and development per­
formed at UNISOR principally by Physics Division staff members are included in the 
Nuclear Physics section of this report. 

In addition, theoretical research performed by UNISOR staff and collaborators is 
included in the Theoretical Physics section. 

THE UNISOR M S S SEPARATOR 

R. L. Hlekodaj1 H. K. Carter! 
E. H. Spejewskii J . D. Cole2 

The vacuum system of the mass separator has 
been completely converted to turbomolecular 
pumps in order to provide a relatively oil-free 
vacuum. This change was implemented to cut down 
on problems caused by deposits of cracked dif­
fusion pump oil on lenses, insulators and other 
critical surfaces. This changeover was coupled 
with a complete cleaning and realignment of all 
internal surfaces. 

In order to accommodate a rearrangement of 
the experimental space in the south addition of 
Building 6000, the high-voltage rack with all of 
the ion source supplies has been relocated in a 
new dehumidified room constructed above the off­
line ion source area. The control console and 
the power distribution cabinet also are in new 
positions. 

In order to facilitate the tuning of beams 
down the sensitive laser facility, several new 
aids have been built into the separator ion-
optical system. A new horizontal and vertical 
deflection system has been installed at the exit 
ot the first lens box to precisely align the 
beam entering the second lens box. This elimi­
nates steering introduced when the beam is not 
correctly centered. A vertical deflection 
adjustment has been built into the 30* deflec­
tors to correct *ny vertical error at that 
point. 

In addition, a new Faraday cup located on a 
moveable carriage in the focal plane allows the 
monitoring of a beam at any position along the 
focal plane and has been useful for continuously 
mon'toring one beam while transmitting another 
mass through one of the beam lines. 

Several rew developments *rt helping to carry 
out the defocussing of the tandem beams which is 
necessary to avoid the target-destroying tight 
focus attainable from the tandem. Highly 
damage-resistant phosphors of AUO, have been 
produced and installed in the UNISOR beam 
handling box as well as a two-dimensional beam 
scanner which is Integrated into the HHIRF beam-
scanning system. These aids, llong with opera­

tor experience, enable uniform defocussing of 
the beam spot up to the optimum size of about 
8 mm diameter while retaining greater than 90% 
of available beam intensity. 

The last section of beam line to UNISOR from 
the I.6-m scattering zhamber to the He-Jet box 
has now been upgraded to the new all stainless-
steel contraction and should result in much 
improved vacuum quality in that region. 

A new, faster stepping-mot-"* controller and a 
higher torque motor have been I stalled on one 
of the UNISOR tape transport systems. With this 
system and a simple loop of tape, a source can 
be moved to a counting station in about 0.15 
sec. Because of built-in acceleration and 
deceleration, longer distances can be covered in 
proportionately shorter times. 

i . UNISOR, Oak Ridge Associated 
Universities. 

?. Louisiana State University; present 
address: Idaho National Engineering Laboratory, 
Idaho Falls, Idaho. 

NUCLEAR ORIENTATION FACILITY 

E. H. Spejewskii J. H. ilamilton3 

F. T. Avî none, I I I 2 K. S. Krane-

Funding has been obtained for a nuclear 
orientation facility to be installed in the 
UNIS0.1 laboratory. It will consist of a helium 
dilution refrigerator and superconducting magnet 
to provide orientation at temperatures > 10 it*. 
The final design of the system is nearing 
completion. It is expected that a purchase 
order will be placed for the major equipment 
early in 1985, with construction of the separa­
tor beam-transport, and support mechanisms ini­
tiated thereafter. 

This facility will allow the measurement of 
angular distributions of nuclear radiations and, 
ther^'ore, a determination of multipole mixing 
radios of the radiations and of spin-parity 
c ian^e$ between the nuclear levels. A nuclear 
magnetic resonance capability will be added to 
allow the measurement of the nuclear g-factor of 
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ground and isoaeric states, and thus a direct 
determination of spin. 

1 . UNISOR, Oak Ridge Associated 
iJhi vers i t ies . 

?. University of South Carolina, Columbia, 
South Carolina. 

3. VanderbiIt University, Nashville, 
Tennessee. 

4. Oregon State University, Corvallis, 
Oregon. 

This, in combination with the unique level spin 
and transition Multipolarity assignments made 
possible by the nuclear orientation data, pro­
vides an exacting test of the scheme of systea-
atics that we have proposed5»6»7 for the odd-
mass Au isotopes. This is a crucial step in the 
chain of level scheme studies that we have made 
to probe the structure of nuclei far from ft 
stabi l i ty in the Pt, Au and Hg isotopes. 
Without the use of systematics, elucidating 
nuclear structure far from ft stabi l i ty i s , in 
our opinion, impossible. These data are in the 
process of being analyzed. 

SEARCh FOR DEFORMATION IN THE VERY 
LIGHT SAMARIUM ISOTOPES 

R. L. Klekodaji P. Senmes2 

G. A. Leander1 R. W. Fink2 

R. A. Braga2 K. S. Toth 
L>. D. Kern3 

The possibility of a new, region of stable 
nuclear deformation around the neutron-deficient 
Sm isotopes has recently been discussed in the 
l i terature. , , These calculations of intrinsic 
equilibrium deformations indicate that these 
nuclei should be rotational at A ~ 135. The 
determination of the rotational properties of 
this region, as well as the characteristics of 
the adjacent "xansition region coupled with th ; 

possibility of observing beta-delayed protoi 
emission, promises a ric area for many future 
experiments. 

Recent on-line ion source test runs have 
shown that Eu and Sm isotopes around this region 
can be made in good yields using a 3 5 C1 or 3 2 S 
beam on a natural Ag target. All known gamma 
lines from the decay of Sm isotopes from mass 
135 to 140 and Eu isotopes of mass 139 and 140 
were observed in a few minutes running time at 
each mass. Longer experiments are being 
planned. 

1. ORAU, Oak Ridge Associated Universities. 
2. School of Chemistry, Georgia Institute of 

Technology, Atlanta, Georgia. 
3. Department of Physics and Astronomy, 

University of Kentucky, Lexington, Kentucky. 
4. G.A. Leander and P. Holler, Phys. Lett. 

HOB (1982) 7. 

THE DECAY OF MASS-SEPARATED l 9 1 " H g AND I'lQHg 
TO 1 " An AND ODD-MASS Au SYSTEMATICS 

J . L. Wood' E. F. Zganjar2 

C. 0. Papanlco.opulos1 E. Van Walle3 

R. L. mekodaj" 

In the studies of the """Hg + '9'Au and 
i9igHg • i9iAu decay schemes at UNISOR and at 
K00L/LIS0L (see the report here on dynamical 
supersyrametries in 1 9 iAu) we have obtained very 
detailed information on the structure of 1 9 1 A u . 
In particular, we believe the i9imHg(j» « 13/2+) 
and I'lQHg (J" * 3/2-) decays, together, popu­
late a l l states of spin 1/2 - 17/2 below 1 MeV. 

1. School of Physics, Georgia Institute of 
Technology. 

2. Louisiana State University. 
• 3. Catholic University of Louvain, Louvain, 

Belgium. 
4. UNISOR, Oak Ridge Associated Universities. 
5. E.F. Zganjar, et al., Phys. Lett. 588, 

159 (1975). 
6. E.F. Zganjar, in Future Directions in 

Studies of Nuclei Far From Stability, ed7~3T"H. 
Hamilton, et al. (North Holland, Amsterdam, 
1980), p. 49-62. 

7. J.L. Hood, ibid., p. 37. 

DYNAMICAL SUPERSYMMETRIES AND THE 
POSITIVE-PARITY STATES IN 1'lAu 

J . L. Woodl 
C. 0. Papanicolopulos1 

E. F. Zganjar2 

J. D. Cole 3 

K. S. Krane* 
R. L. Mlekodaj5 

L. Vanneste6 

E. Van Walle^ 
M. Huyse6 

A. V. Ramayya7 

J. H. Hamilton7 

<l. Vervier 8 

I t has been suggested that dynamical super-
symmetries may be present in the spectra of 
complex nuclei . 9 The particularly simple 
sjpersymmetrlc structure of Ref. 9 is generated 
by a single particle with j » 3/2 and L * 0,2 
bosons with 0(6) symmetry. The nuclide 1 9 I A u , 
which has a j = 3/2 ground state and lies 1n a 
region of even-even nuclei with 0(6) symmetry,1* 
Is under study to determine whetr.er Its low-
lying spectrum can be described by this classi­
fication scheme. This is an extension of the 
study of I 9 3 A u described in Ref. 11. 

High statistical quality y-y- t data for the 
HimHg • i9iAu and i^'SHg • »9»Au decays, taken 
at UNISOR, have been analyzed and a level scheme 
for ' 9 1 A u has been constructed. The next step 
is the assignment of level spins and transition 
multlpolarities to the scheme. This 1s being 
done using low-temperature nuclear orientation 
data taken at the KO0L fac i l i ty operated on-line 
to the Leuven-lsotope-Separator-On-Llne (LIS0L) 
at the CYCLONE cyclotron In Louva1n-1a-Neuve, 
Belgium. These data are being analyzed. 

1 . School of Physics, Georgia Institute of 
Technology. 

2. Louisiana State University. 
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3. Louisiana State University; present 
address: Idaho National Engineering Laboratory, 
Idaho Fal ls, Idaho. 

4 . Oregon State University, Corvail is, 
Oregon. 

5. UNISOR, Oak Ridge Associated 
Universities. 

6. Catholic University of Louvain, Louvain, 
Belgium. 

7. Vanderbilt University, Nashville, 
Tennessee. 

8 . University of Louvain-la-Neuvs, Louvain-
la-Neuve, Belgium. 

g. F. Iachello, Phys. Rev. Lett . 44, 772 
(1980). 

10. R.F, Casten and J . Cizewski, Kie l . Phys. 
A309, 477 (1978). 

11. J.L Wood, Phys. Rev. C24. 1788 (1981). 

GROUND STATE SHAPE AND CROSSING OF NEAR 
SPHERICAL AND DEFORMED BANDS IN " 2 Hg» 

W. C. Ma2 K. Zhao2 

A. V. Ramayya2 J . D. Cole* 
J . H. Hamilton2 E. F. Zganjar3 

S. J . Robinson2 E. H. Spejewski* 
M. E. Barclay2 

The energy levels of 1 8 2 H g have been ident i ­
fied for the f i r s t tine through comparison of 
in-beam studies of the reactions 
X56,istGd ( 3 2 S,4n) * 8 1 » . i 8 2 Hg and T -X-ray coin­
cidences. Levels up to 12+ in 1 8 2 H g were 
established from Y - T coincidences and singles 
measurements. The data establish that the 
ground state shape is near spherical, and that 
the ground band is crossed by a wel1-deformed 
band at 4+. In contrast to IBA model predic­
tions that the deformed band wi l l rise in energy 
in i82Hg compared to l f l , , H g , the energies of the 
deformed levels in 1 8 2 H g continue to drop. 

1 . Abstract-of paper: Phys. Lett . 139B 
(1984) 276. 

2. Vanderbilt University, Nashville, 
Tennessee. 

3. Louisiana State University, Baton Rouge, 
Louisiana. 

4. UNISOR, Oak Ridge Associated 
Universities. 

SHAPE COEXISTENCE IN " 7 A u AND l"Au 

E. F. Zganjar) 
J . L. Wood2 

M. A. 6r1mm3 
H. K. Carter* 

We are exploring the possibility that the 
low-energy structure of * 8 7 Au and »8*Au contains 
four families of states, via: 

8 fPt(0, + ,2 + , . . . 
1 M H g 0 i* ,2+ , . . . 
l"Hg oJ+,2*,... 

• >» " 5»/2«;i3/2 . 
• i » " 2 J / 2 ' ! I l l / 2 ' 2 5 / 2 ' 1 / 2 

• " ' i » " «3/2»"l 1/2 »™5/2 »*I/2 

This Involves analysis of i*y-t and e-y-t data 
for the decays of »8 7™H<j(J»-13/2*), 
J» 79Hg(J»«3/2-), »8smH g(jw-i3/2+) and, 
i **9Hg(J»- l /2- ) . 

The level density in 1 8 7 A u at low energy is 
very high, resulting in an extremely high den­
sity of lines in the Y-ray and conversion-
electron spectra. He have developed techniques 
of running coincidence gates to elucidate the 
i87m,gHg decay schemes and to extract T-ray and 
conversion-electron line intensities for closely 
spaced multiplets. The technique, as applied to 
the determination of a K values, is shown schema­
t ica l ly in Fig. 3 . 1 . In addition, to check that 
multiplet structure has not been missed, we are 
in the process of exhaustively extracting abso­
lute coincidence intensities for both y - t a n d 

e-y data. So fa r , we have established 48 
excited states below 1150 keV in l 8 7 A u (cf . 27 
excited states reported in Ref. 5 ) . Further, we 
have been able to establish a number of 
E0+M1(*E2) transitions which we interpret to 
connect the » « P t ( 0 1

+ ) • h , , , and i»*Pt(0> + ) 
• hg/2 bands. These are l isted in Table 3 . 1 . 
In particular, transitions of 270.71 and 272.19 
keV should be noted. These transitions form a 
multiplet of f ive l ines, the other three having 
energies of 271.0, 271.47 and 271.67 keV.5 This 
quintuplet is clearly established by the coinci­
dence data (which shows the 271.47 and 271.0 keV 
lines to be in coincidence with lines at 298.57 
and 299.4 keV, respectively—other coincident 
lines and the running gate technique separate 
these pa i rs ) . 6 We have levels which are can­
didates for 1 8 8 HgrO,+) • » - > band(s). Further 
analysis of the r 8 7 "»9Hg • I 8 7 A u decay data are 
necessary before the picture is complete, but 
already the scheme that we have constructed 
points to the (co)existence (in a geometrical 
picture) of four different "shapes" in * 8 7 A u . 

The complexity of * 8 7 Au suggests that the 
data we obtained on the ^m.gHg * 1 8 *Au decays 
are inadequate for completely elucidating the 
1 8 5 A u level scheme. This is particularly signi­
ficant since i t has been reported7 that very 
converted transitions in 1 6 5 A u have Ml mult i -
polarity (with abnormal penetration factors). 

f' gtf'f eh 

Fig. 3 . 1 , A schematic description of tiie 
technique used to determine a k values for 
closely spaced doublets (or mOTtlplets). A 
coincidence gate is advanced across the doublet 
and, for example, the "coincidence response" of 
Y 2 to f i and ex (Hy and He", respectively) Is 
extracted from Y-Y and e-y coincidence data, 
respectively. <sk is determined from 
H e./Hy- with correction for detection efficiency 
f o r y i i e t and normalization using a^'s 
(determined in this manner) for transitions of 
known multlpolarity. 
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Table 3 . 1 . Transitions and their a* values and y r r . t i p o l a r i t i e s , between 
states of the sane spin in the two h , / 2 bands in I 8 7 A u . 

J,» + Jf» Etrans(keV) „kexpt ak(Hl )th T-OHilt. 

1/2- + 1/2" 270.71 1.1525 0.372 E0+... 
3/2" • 3/2" not found - - -
5/2* + 5/2" 284.35 0.29" 0.329 M1+E2 
7/2- • 7/2" 272.19 0.81" 0.372 E0*... 
9/2" • 9/2" 322.92 0.30* 0.233 E0+... 
11/2- * 11/2- 332.42 0.228 0.215 Ml 
13/2" • 13/2" 388.19 0.62' 0.142 E0+... 

He plan a restudy of these decays to resolve 
this abnormality and to ascertain i f 1 8 5 A u also 
exhibits four "shapes". 

1 . Louisiana State University, Baton Rouge, 
Louisiana. 

2. Georgia Institute of Technology, Atlanta, 
Georgia. 

3. Georgia Institute of Technology, Atlanta, 
Georgia; present address University of 
Louisvil le, Louisville, Kentucky. 

4. UNIS0R, Oak Ridge Associated 
Universities. 

5. C. Bourgeois, et a l . , Nucl. Phys. A295, 
424 (1978). 
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A NEW CLASS OF LOW-ENERGY STRUCTURE AT CLOSED 
SHELLS: LEVELS IN 187-191TI 

E. F. Zganjar1 

J . 0. Cole* 
J . L. Wood* 
G. M. Gowdy* 

L. L. Riedinger5 

C. R. Bingham5 

G. Campbell5 

I. H. Spejewski* 

The mechanism of pair excitation across a 
shell gap to produce shape coexistence now 
appears to be fa i r ly well established. 7 Recent 
evidence* for low-lying 0+ states in !92-i98p D 

indicates that the excitations are due to a pro­
ton 2p-2h configuration. Since the*(2p-2h) 
excitation in the neutron-deficient even-A Pb 
isotopes occurs at low energy, one expects to 
see a new class of low-energy structure in the 
neutron-deficient T l , B1 and odd-Pb isotopes. 
In particular, levels due to the coupling 
w"1 lw(2p-2h) should appear at low energy In 
the neutron-deficient odd-mass Tl isotopes. 

A major puzzle in our studies of excited 
states 1n 189,19171 has been the observation of 
a considerable number of levels "extra" to those 
expected from systematic trends In the heavier 
odd-mass Tl isotopes. We are Investigating the 
possibility that these extra states art: due to 
the couplings w"i§ w(2p-2h), « * s 1 / 2 , d , / 2 . 
This has necessitated a restudy of trie 
I9impb • 191T1 and i93mpD • i « T l decay schemes. 

These data are in the process of being analyzed. 
There is also evidence9 for some "extra" states 
in 1 8 7 T 1 . An attempt to Make a detailed study 
of tne l« 7 l*Pb •» i 8 7 T l decay scheme was unsuc­
cessful, probably because of a long hold-up time 
in the catcher of the target/ion source (the 
half l i f e of I87«pb is 18s). 

Cur interpretation of the lowest-lying extra 
states in 187,189,191x1 is shown in Fig. 3.2. 

S/2' 

E 
UeV) 

l»2 l«4 IM IM 

Fig. 3.2. The Oj* energies in i92-i98p D 

from Ref. 8, and the new low-lying states in 
187-191x1. Xhe O2* states In the Pb isotopes 
have been argued8 to be due to the w(2p-2h) con­
figuration. Based on the present systematics, 
I t is suggested that these new low-lying bands 
in 187-ifrxi are due to t h e » - i 9 P b ^ * ) con­
figuration. The pair excitation leading to the 
Pb(02+) core state results in a lowering of the 
Fermi energy from s 1 / 2 t o d 3 / 2 ( in a deformed 
f i e l d , this corresponds to a lowering from 1/2* 
400t to 3/2 + 402*): this Is consistent with the 
tentative spin assignment. 

The task for the immediate future Is to Identify 
the corresponding states 1n i ^ T I and to make 
reliable spin-parity assignments. 

1. Louisiana State University, Baton Rouge, 
Louisiana. 
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MEASUREMENT OF TIE ISOTOPE SHIFTS AND HYPERFINE 
STRUCTURES OF " 2 " T 1 AND 2 « T 1 AT THE UNISOR 

LASER FACILITY 
J. A. Bounds1 

H. K. Carter* 
C. R. Bingham1 

R. L. Mlekodaj* 
E. H. Spejewski2 

H. M. Fair-bank. Jr.* 
Juncar* 

The laser facility on line to the UNISOR 
separator has successfully Measured the atonic 
hyperfine structure of an on-line produced 
isotope, m T l . Using the laser facility essen­
tially as reported previously,5 the first on­
line data are shown in Fig. 3.3. 

Fig. 3.3. Atomic Hyperfine Structure of 
1 9 2 T 1 obtained in 45 minutes at a rate of 
1 x 10* atoms/sec. The middle section is a por­
tion of the saturated absorption spectrum of 
I 2 and the bottom section shows frequency 
markers. 

The difficulties reported last year, i.e., Na 
deposition on the fiber optic detector, high PMT 
background due to radioactivity, and low ion 
beam transmission through the laser line, have 
been resolved. The Na deposition problem was 
solved by increasing the separation between the 
charge exchange cell and the fiber optic detec­
tor. The resulting increase in optical pumping 
is prevented by introducing a magnetic field in 
the space which Zeeman shifts the levels out of 
resonance until the atom reaches the detection 
region. The PMT background was reduced by 
shielding of the beam collimators and the laser 
line transmission was improved by realignment of 
ion optics and more careful control of ion 
source parameters. With the new experimental 
conditions, the efficiency of the detection 
system was carefully studied using the medical 
isotope 2 0 1 T 1 in an off-line mode. Using stan­
dard gamma-ray spectroscopy, we could accurately 
determine the Tl beam intensity through the 
laser line. From these data we determined our 
system detection efficiency to be 9 x 10"*, in 
good agreement with our value of 6 x 10 -* 
obtained last year 5 by neutral current measure­
ment techniques. These data enabled us to 
obtain an improved isotope shift and hyperfine 
structure for 2 0 1 T 1 as shown ir» Tables 3.2 and 
3.3. 

With the improved laser system, the improved 
target/ion source arrangement and improved beams 
from the tandem accelerator, beams of approxi­
mately 10 s atoms/sec of 1 , 2 T 1 were obtained 
through the laser line. The hfs spectrum of 
192T1 shown in Fig. 3.3 was obtained ir. 45 min­
utes at an average beam intensity of 1 x 10 s 

atoms/sec. Our preliminary analysis of these 
data and gamma-ray spectra taken simultaneously 
suggest we have observed the hfs of the high 
spin state of 1 9 2 T 1 . The initial results are 
given in Tables 3.2 and 3.3. 

1. University of Tennessee, Knoxville, 
Tennessee. 

2. UNISOR, Oak Ridge Associated 
Universities. 

3. Colorado State University, Ft. Collins, 
Colorado. 

4. Laboratoire Aime Cotton, Orsay, France. 
5. H.K. Carter et al., Physics Division, 

Prog. Rept, 0RNL-6O04 (1983), p. 169. 

NEW METHOD TO MEASURE RELATIVISTIC DOPPLER 
SHIFT: FIRST RESULTS AND A PROPOSAL1 

P. Juncar2 C.R. Bingham* 
H.K. Carters D.J. Pegg* 
R.L. Klekodaj* J.D. Cole5 

J.A. Bounds'* 

Utilizing a newly derived relativist 1c rela­
tion, 0 O"/'+ "-' t n * colllnear-laser/fast-atom 
beams technique has been used to measure the 
relatlvlstic Ooppler effect to w accuracy 
comparable to the best previous experiments 
(5 parts in 10'). Improved calibration data 
and a similar technique, but employing two 
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Table 3.2. Measured hfs level spl i t t ing in the Tl 535.2 na 
transition (in MHz). 

Tl A v ( 6 * P 3 / 2 ) Av (7*S 1 / 2 ) 

this work others Method this work others •ethod 

205 529.3(1.6) 530.076546(3)' ABMR 12292.4(8.3} 12291(15)c optical 

203 524.6(2.0) 524.059953(3)' ABMR 12179.7(5.6) 12184(15)c optical 

201 510.0(10.0) 510(120)b optical 12045.3(9.4) 12052(120)» optical 

192 - - 2071(65) - optical 

*F.R. Petersen, H.G. Palmer, J.H. Shirley, Bul l . Am. Phys. Soc. 13. 1674 (1968). 

D R . J . Hull and H.H. Stroke. J . Opt. Soc. A*. 5 1 , 1203 (1961). 

C A . I . Odintsov, Opt. and Spec. IX, 2, 75 (1960). 

Table 3.3. Isotope shifts of the 535.2 n» l ine in 
20i,20J,20S T i {in GHz). 

this work others 

A(2O3-205) -1.758(18) -1.766(21)8 

&{201-205) -3.537(15) -3.72(12)° 

A(192-205) -10.75(25) 

»A.l. Odintsov, Opt. and Spec. IX, 2, 75 (1960). 
bR.J. Hull and H.H. Stroke, J. Opt. Soc. Am. 51, 1203 (1961). 

lasers, is proposed which should improve the 
test of time dilation by at least another factor 
of ten. 
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Louisiana; present address: Idaho National 
Engineering Laboratory, Idaho Falls, Idaho. 



4. EXPERIMENTAL ATOMIC PHYSICS 

The experimental atoaic physics prograa within the physics division is carried 
out by two groups, whose reports will be given in this section. Work of the 
accelerator atoaic physics group is centered around the 6.5-HV EN tandea accelerator; 
consequently, most of its research is concerned with atoaic processes occurring to, 
or initiated by. few NeV/aau heavy ions. Other activities of this group include 
higher energy experiaents at the Holifield Heavy Ion Research Facility (HKIRF), 
studies of electron and positron channeling radiation, and collaborative experiaents 
at other institutions. The second experimental group concerns itself with lower 
energy atoaic collision physics in support of the Fusion Energy Prograa. During the 
past year, the new Electron Cyclotron Resonance Source has been coapleted, and soae 
of the first data from this facility will be presented here. In addition to these 
two activities in experimental atoaic physics, other chapters of this report will 
describe progress in theoretical atoaic physics, experiaental plasaa diagnostic 
development, and atoaic data center compilation activities. 

CORRELATED TWO ELECTRON EFFECTS IN HIGHLY 
CHARGED ION-ATOM COLLISIONS 

S. Datz M. Frost1 

C. Bottcher P. Hvelplur.d1 

L. H. Andersen1 H. Knudsen1 

we have studied the fate of electrons 
-eleased in collisions between highly charged 
Aul* ions (20 MeV) and He atoms and find that 
the large transfer ionization (TI) cross section 
observed can be accounted for by transfer of two 
electrons to a highly correlated state on the Au 
projectile followed by the loss of one electron 
to the continuum. Autoionization lines are also 
observed, but they are attributable to electron 
transfer accompanied by core excitation (TE). 

In these experiments, we collide Au4)* at 100 
keV/u (i.e., at 2v 0 » orbital velocity of the He 
electrons) with He atoms and measure the spec­
trum of ejected electrons moving in the rest 
frame of the Au ion projectile, in coincidence 
with the charge state of the emergent Au ion. 

Figure 4,1 shows electron spectra obtained 
with Au 1** ions. The singles spectrum at the top 
of the figure displays two features: a peak at 
54 eV made up of electrons with velocities 
corresponding to zero velocity in the rest frame 
of the 20-NeV Au Ions and a symmetric set of 
small peaks with corresponding low energy auto-
Ionizing electrons leaving the Au core In the 
forward and backward laboratory directions. 

from the coincidence spectra, it can be seen 
that the observed autoionizing electrons are all 
associated with A u , 5 + and hence with transfer 
plus excitation (TE), I.e., 

A u l 5 + + He • [Au 1-*]** • He* 
A u l 5 + + e. 

Transfer Ionization Is defined as the loss of 
a larger number of electrons from the target 

ORNL-OMG. 84-18343 
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Fig, 4.1. Double-differential cross section 
in the laboratory frame as a function of elec­
tron energy. 

than are transfered to the projectile. In the 
case of a helium target 

Au l f * + He * Au 1 1 , + + He** • e 

th: occurrence jf a free electron In coincidence 
with a bound state capture Implies the formation 
of H e + + . The '^ectrum of these electrons Is 
shown In the bottom portion of Fig. 4.1. In a 
separate experiment, we showed that the yield of 
these electrons corresponds to a formation cross 
section of 6 x 10" 1 6 cm 2, a number equal to the 
entire measured TI cross section. 
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Much can be learned from a study of the 
detailed shape of this spectrum, and to do this 
we tra.isfora coordinates fro* laboratory system 
to the rest frame of the ion (Fig. 4.2). The 
upper portion showing the singles spectrua is 
dominated by electron capture to the continuum, 
as evidenced by the asymmetric distribution with 
enhanced density in the backward hemisphere 
("negative energy"). The 15*14 TI coincidence 
spectrum is seen to be symmetric, a shape 
characteristic of electrons which have been 
released fro* the pro-jectile, otherwise known 
as "electron less to the continuum" (ELC). 

ORML-DWG. 84-18344 
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Fig. 4.2. Double-differential cross section 
in the projectile rest frame as a function of 
electron energy. Negative energies correspond 
to emission in the backward hemisphere. 

The flatness of the distribution suggests a 
similarity to the process of ionization near 
threshold (e,2e) wherein two electrons share the 
total available energy in a so-called Wannier 
state. The electrons dispose themselves on 
opposite sides of the nucleus and move apart 
along a line.2 In our case, we use a two-
dimensional model to obtain an insight into the 
four-body Coulomb problem, i.e., two electrons 
in the field of two nuclei. To illustrate, we 
consider the potential surface for two electrons 
confined to the line of joining nuclei of 
charges 2+ and 16+ separated by a distance 10 
a 0. In Fig, 4,3 is plotted a contou- map of 
this surface in the plane generated by the coor­
dinates of the two electrons relative to the 
helium nucleus; this represents a natural 
generalization of the hyperspherical plane used 
in discussions of threshold phenomena. 

The quadrant IV contains the saddle point X 
associated with single-electron capture, but 
two-electron capture would more likely proceed 
via the ridge R over the pass P in quadrant I. 
In the latter case, the electrons would 

Fig. 4.3. Potential energy contours at 0.3 
a.u. (8.1 eV) intervals for two electrons in the 
field of charges 2+ and 16+ separated by 10 a 0. 
The coordinates z r and z 2 represent distances of 
the electrons from the 2+ nucleus. Thus, the 
points Ke' represents both electrons on the He 
nucleus and Au' both electrons on the Au 
nucleus. The quadrants correspond to the linear 
configurations: I(He-e-e-Au), II(He-e-Au-e), 
III(e-He-Au-e), and IV(e-He-e-Au). 

plausibly end up on the ridge W (quadrant II) 
which is the Wannier ridge associated with an 
almost isolated Au nucleus. On these grounds, 
we can conjecture that the energy distribution 
of cusp electrons should be predicted by Wannier 
theory which should apply whether both electrons 
are free or bound. It should be emphasized that 
this model, as yet, contains no dynamics, i.e., 
quasiadiabatic motion on the potential surface 
is assumed. The feasibility of numerical solu­
tions to the model is being assessed. 

1. Physics Institute, University of Aarhus, 
DK-8000, Aarhus C, Denmark. 

2. C. Boucher et al., this report. 

ELECTRON AND POSITRON CHANNELING RADIATION 
S. Oatz R. h Pantell 2 

B. L. Berman1 J . u >phart2 

H. S. Park2 R. H. in 2 

The study of channeling radiation has now 
proceeded past the point of quantitative proof 
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of principal. In the case of staple single com­
ponent crystals, higher-lying l ine energies My 
now be predicted to within a percent using 
Hartree-Fock atomic wave functions (for spheri­
cally symmetric atoms) with proper planer or 
axial averaging in a aany-beaa calculation. 

Diamond 

Perhaps the best crystal with which to study 
channeling radiation is diaaond, because of its 
high Debye teaperature and its low Z. Indeed, 
the first aeasureaent of channeling radiation 
froa diaaond showed remarkably sharp structure. 

Our recent results for the (110) channel ing-
radiation spectra at three incident electron-
beaa energies are shown in Fig. 4.4, together 
with the many-beam calculation of transition 
energies and strengths from the "standard" 
Hartree-Fock potential. It can be seen that 
there is agreement between experiment and 
theory, although there is a slight tendency for 
the calculated transition energies to lie higher 
than the experimental spectral peaks (this is 
attributable to simple kinematic effects from 
multiple scattering). For the (111) plane, 
however, this tendency is much exaggerated, as 
shown in Fig. 4.5. Both a (111) potential ob­
tained from x-ray-diffraction data and an 
empirical potential fitted to the data are 
shallower than the standard potential and both 
fit the data better. He believe the fact that 
significant charge in the diamond crystal is 
distributed along the <111> valence-bonding 

-\0 -OS 0 06 '.0 ° 40 100 ISO WO » © 

INTI«H»«t*« PORTION IAI FMOTON INiHGV IKVI 

Fig. 4.4. The (110) potential and eigen­
values [parts (a), (c), and (e)] and channelIng-
radlatlon spectra [parts (b), (d), and (f)] for 
16.9-MeV, 30.5-HeV, and 54.5-MeV electrons, 
respectively, channeled In diamond. Note the 
Increase with electron-beam energy of the line 
energies and llnewldths. 
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Fig. 4.5. (a) (111) potentials for diaaond: 
the "standard" aany-beaa potential dashed 
curve); a potential based upon x-ray-diffraction 
data (light solid curve); and an empirical 
potential based upon the best fit to the 
30.5-HeV data (heavy solid curve), together with 
the corresponding eigenvalues, (b) The (111) 
spectrum for 30.5-MeV electrons, together with 
the calculated spectra obtained from the stan­
dard (dashed curve) and x-ray-diffraction (light 
solid curve) potentials, (c) The same 
spectrum, together with the spectra calculated 
from the x-ray-diffraction (light solid curve) 
and empirical (heavy solid curve) potentials. 

direction alters the (III) interplanar potentiat 
as shown in the figure. In fact, the data shown 
in Fig. 4.5 can serve as a quantitative measure 
of this asymmetric charge distribution. 

Platelet Defects in Diamond 
Platelets In diamond [nitrogen mono- or 

dl-layers precipitated along the (100) planes] 
influence the channeling radiation dramatically. 
In particular, they cause an energy shift in the 
(100) spectral lines, as shown In Fig. 4.6. We 
have shown recently that these lineshlfts can be 
accounted for by equating the lattice distortion 
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Fig. 4.6. (100) channeling-radiation spectra 
from both Type-la (with platelets; open data 
points) and Type-IIa (without platelets; closed 
data points) diamonds for (a) 54.5-MeV and (b) 
30.5-MeV incident electrons. Note in particular 
the energy shift for the I * 0 transition, (c) 
(100) potentials for diamond: the one which 
uses the accepted value of 0.040 A for the 
thermal vibration amplitude, as is appropriate 
for the Type-IIa diamond (solid curve) and the 
one which uses the value of 0.055 *, which 
arises from the best fit to the data for the 
Type-la diamond (dashed curve). 

caused by the platelets with a large overage 
thermal-vibration amplitude perpendicular to the 
(100) planes and hence to the platelets. The 
(100) potential so altered is also shown in Fig. 
4.6. These results a'so serve to show that chan­
neling radiation can be used as a diagnostic 
probe of impurities and defects in crystals. 

Temperature Effects 
The bottom of the planar or axial averaged 

potential is affected by lattice vibrations. 
This is taken into account by introducing a 
Debye-Waller factor Into the potential. Larger 

vibrational amplitude raises the bottom of the 
potential and shifts the eigenstates upward, 
with the lowest state being most affected and 
the upper states hardly affected at all. 

As the crystal temperature is decreased, one 
expects a lowering of the well bottom and an 
increase in the energy of photons arising from 
transitions to lower states. This is demon­
strated in Fig. 4.7 where spectra of radiation 
fron 54-HeV electrons channeled in the (100) and 
(110) planes of Si are shown for two tempera­
tures. The temperature dependence of the tran­
sition energies for the lowest-lying energy 
levels (the 1 * 0 transitions), shown in Fig. 
4.8, is sensitively dependent on the Debye tem­
perature. These data consistently yield a value 
of the Debye temperature of silicon of 495 -
10 K in agreement with shell model calculations, 
but in sharp disagreement with the v&lue of 
543 K obtained from previous x-ray diffraction 
studies. The cause of this discrepancy is not 
yet understood. 

Isotope Effects: LiH and U D 
Our recent results for LiH and LiD show two 

interesting effects for these lowest-Z crystals. 
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Fig, 4,7, Superposed channeling-radfatlon 
spectra for 54.5-MeV electrons incident along 
the (a) (100) and (b) (100) planes of silicon 
for two different temperatures: (a) -190*C 
(heavy data points) and +5°C (light data 
points); (b) -180°C (heavy data points) and +7"C 
(light data points). Note the large energy 
shifts of the 1 * 0 transitions. 
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Fig. 4.10. Superposed channeling-radiation 
spectra for 54.5-MeV electron incident along the 
(110) planes of LiH (triangles) and LiO 
(squares). Rote that the LiD spectra* resembles 
a spectrum that one might exc rt to obtain from 
the cooled LiH crystal. 

Fig. 4.8. Temperature dependence of the 
channeling-radiation transition energies for the 
1 * 0 transitions of 54.5-MeV electrons chan­
neled along the (100) and (110) planes in sili­
con. The fits to these data (solid curves) 
yield a consistent value of 495 K for the Debye 
temperature of silicon. 

One is the largest disagreement to date between 
measured and calculated transition energies, as 
shown, for example, in Fig. 4.9 for the case of 
54.5-KeV positrons and electrons incident along 
the (100) and (110) planes of LiH. The other 
can be seen in Fig. 4.10, where (110) channel-
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Fig. 4.9. Channeling-radlatlon spectra for 
LIH, both for 54.5-MtV positrons Incident along 
the (a) (100) and (b) (110) planes and for 
54.5-MeV electrons Incident along the (c) (100) 
and (d) (110) planes, together with the calcu­
lated transition energies and strengths 
(vertical lines) obtained from the standard 
many-beam theoretical treatment. Mote the very 
large discrepancies between experiment and 
theory. 

ing radiation spectra from LiH and LiO (both 
obtained at room temperature) are superposed. 

In general, the LiO li..es lie at higher 
energies than the LiH lines and reflect the 
smaller vibrational amplitudes of the D ions in 
the lattice, as one would expect from the fact 
that deuterons are heavier than protons. This 
would cause LiD to appear as a low-temperature 
version of LiH. The line energies are listed in 
Table 4.1. The largest effect is the 10S shift 
seen in the 1*0 transition in the (110) plane. 
This plane has the most weakly bound states and 
the effect of lattice vibrations on the bottom 
of the potential well is most significant. The 
thermal vibration amplitudes required to fit the 
data are totally at variance with those listed 
in Crystallographic Data but lie close to those 
recent* - - - • *—-• » rystallographic Data but lie close 

ntly calculated DyTf. Hosteller.3 

1. Department of Physics, Lawrence Livermore 
National Laboratory, Livermore, CA 94550. 

Table 4.1. Channeling radiation line energies 
(keV) for LiH and LiD crystals 

1 * 0 
2 * I 
3 * 2 
4 * 3 

L1H L*D 

(100) 
1 * 0 
2 * I 
3 * 2 
4 * 3 

57.0 t 0.6 
41.8 ± 0.4 
29.6 i 0.4 
21.1 * 0.5 

58.3 t 0.4 
43.6 t 0.3 
29.3 t 0.3 
21.2 t 0.4 

(110) 
1 * 0 
2 * 1 

41.3 t 0.5 
26.3 t 0.5 

45.3 t 0.4 
28.1 i 0.3 

(111) 
1 * 0 
2 • 1 
3 * 2 

52.0 i 0.4 
36.5 t 0.4 
26.0 J 0.4 

52.8 i 0.4 
37.4 t 0.3 
25.1 t 0.3 
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2. Department of Electrical Engineering, 
Stanford University, Stanford, CA 94305. 

3. Solid State Division, ORRL, private 
communi cat ions. 

RESONANT COHERtNT EXCITATION OF HEAVY IONS 
MOVING IN CRYSTALLINE CHANNELS 

C. 0. Hoak 
J. A. Biggerstaff 
0. H. Crawford1 

S. Datz 
P. F. Dittner 

J. Gomez del Campo 
H. F. Krause 
P. D. Miller 
P. L. Pepmiller 
N. D. Brown2 

Figure 4.11 illustrates the phenomenon called 
resonant coherent excitation. In this example, 
a fast one-electron ion is Moving in a crystal­
line channel. The ion is shown Moving nearest 
the Middle string of atoms which lies just above 
the ion path; the smaller black circles illus­
trate another string outside the plane of the 
figure. The six atoms schematically represented 
by the large black circles are closest to the 
ion path and they give rise to an electric field 
which acts upon the ion as shown by the sine 
wave. The space variation of this field is, for 
the ion, a time-varying field of frequency v = 
v/d where v is the ion velocity and d is the 
distance between the atoms. The field is never 
a pur? sine wave and its wave-shape depends sen­
sitively upon the ion path, the type of crystal 
lattiie and the particular channel axis being 
used n that lattice. In general, the field is 
rich n harmonics of the fundamental string fre-
quenc/ and, as shown in the figure, a more 
appropriate expression is v = K v/d where K is 
an i iteger. Resonant excitation of the projec­
tile can occur whenever one of these frequencies 
happens to match the frequency of some tran­
sition (AE)jj where i and j denote the initial 
and final state of the system being excited. In 
Fig. 4.11, we have a one-electron ion and the 
transition is from the hydrogenic ground state 
to the first excited state. Of course, AE could 
have been the energy for nuclear excitation of 
the first excited level of a bare nucleus. In 
the one-electron case, the numerical example is 
carried further for the one-electron ion C b* in 
the <100> axis of a gold crystal, and it can be 
seen that the fundamental frequency occurs for 
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an ion energy of 6.8 HeV/aau and the second 
harmonic occurs at 1/4 as much energy (half the 
velocity). The numerical examples are helpful 
for scaling to other ions'with different energy 
levels. Once the ion is in an excited state, 
i ts electron is less tightly bound and i t moves 
in a larger region around the nucleus; thus, i t 
is more likely to be ionized. When the ion 
velocity is tuned to a resonance, there is a 
drop in the papulation of the one-electron frac­
tion and a peak in the bare-ion fraction. 
Detailed features of these resonances can be 
seen in Refs. 3-7. 

An additional complication is that some of 
the oscillating fields are along the ion path 
and some field components are perpendicular to 
the ion path; generally, there is * mixture. 
Longitudinal oscillating fields are superimposed 
on the steady braking field which is also 
longitudinal, and the result is that resonances 
with longitudinal fields are split by a Stark 
effect; transversely oscillating fields do not 
produce such splittings. All of these phenomena 
have been seen and they are illustrated in the 
references.3'7 An example of resonant coherent 
excitation with a Stark mixed level is shown in 
Fig. 4.12. The level positions deduced from the 
resonances observed, as in Fig. 4.12, have been 
compared with theory1* and the results are not 
very satisfactory as shown in Fig. 4.13; similar 
results are shown for N 6* in Fig. 4.14. Here, 
open circles are theoretical predictions and 
experimental points are full circles. For odd 
narmonics (K = 3 for example), the fields are 
mostly transverse, no splitting is found and 
theory and experiment are in excellent agree­
ment. For even harmonics, splittings are pre­
dicted and found but although the 2spJ component 
occur at the expected energy, the 2spz component 
is shifted in energy with respect to the ex­
pected position. Certain ions at higher ener­
gies from the Hoiifield accelerator might pro­
vide the data to explain the difference. As 
shown in Fig. 4.12, the resonances are not sharp 
enough to provide very high accuracy in the 
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Fig. 4.11. Conditions for resonant coherent 
excitation of channeled Ions. 

Fig. 4.12. Ratio of counts, R, C 5+/(C 5 + + 
C6*) as a function of velocity divided by the 
resonant velocity for the vacuum state. 
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Fig. 4.13. Velocity dependence of energy 
shift fro* vacuum levels for C 5 + . The open 
circles are expected energy shifts from theory, 
and solid circles are experimentally observed 
shifts. 

estimate of the Stark level splittings. One 
reason is that the ion energy changes as it 
slows down inside the crystal; this means that 
the ion cannot remain at resonance throughout 
the crystal regardless of the bombarding energy 
setting. To avoid smearing the resonance, iv/v 0 should be as small as possible, where &v/v 0 is the percentage velocity change in passing 
through the crystal. In Tables 4,2 and 4,3, we 
show some cases which illustrate the improved 
resolution to be expected using the Holifield 
accelerator. The tables illustrate, for our 
thinnest crystal, the energy loss in the <100> 
channel expressed as a fraction of the resonance 
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VELOCITY-* l u ] 

OJ03 

Fig. 4.14. Velocity dependence of energy 
shift from vacuum levels for IT*. The open 
circles are expected energy shifts from theory, 
and solid circles are experimentally observed 
shifts. 

energy and the fractional velocity change in 
passing through the crystal for K = 1, the fun­
damental frequency (odd harmonic, predominantly 
transverse oscillating fields). For (?* we see 
that &v/v 0 is 0.551%. In Fig. 4.12 we see that 
0.5511 (or 0.00551 in abscissa units) is enough 
to limit th» resolution. Another example, N* +, 
has a &v/v 0 of 0.277X and, as we can see in Fig. 4.15, the resonances show up more clearly. The 
next improvements would come with 0 7 + and F 8*. 
The K * 2 resonances for 0 7* and F 8* would lie 
at 86.0 MeV (tandem terminal voltage 10.7 MV) 

Table 4.2. Resonance parameters for one-electron ions using the 
fundamental frequency (K * 1) for ions traversing the <100> 
channel in a Au crystal 1470 A thick. The resonant energy is 
given by E 0 • 0.00524 Z ^ in MeV. 

Z MeV/amu E 0 , MeV V(MV) 
Random 

Loss &E 
MeV 

V24E/E 0 
ftv/v0 MPC 

Be 3* 4 1.34 12.1 3.02 (EN) 0.240 0.99% 0.50% 

B<* 5 3.28 32.8 6.56 (EN) 0.260 0.40% 0.20% 

C* 6 6.79 81.6 13.59 (H,T) 0.257 0.16% 0.08% 6 + 

l|6* 7 12.58 176.2 2D.17 (H,T) 0.235 0.07% 0.03% 7 + 

07* 8 21.47 343.4 (42.92) Coupled 0.210 0.03% 0.02% 8+ 

fMPC: Most Probable Charge 
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Table 4 .3 . Resonance parameters for one-electron tons using the 
second harmonic frequency (K - 2) for ions traversing the <1M> 
channel in a An crystal 1470 A thick. The resonant energy is 
given by E«, » 0.00131 Z ( * in HeV. 

Z HeV/aau E„. HeV 
Random 

V(HV) Loss AE teAE/E,, A* /v 0 WC* 
NeV 

C > 6 1.70 20.4 3.40 EN 0.449 1.102 0.55X 5.5* 

«** 7 3.15 44.0 6.29 EN 0.489 0.562 0.282 6.5* 

o** 8 i . :7 85.9 10.74 (H.T) 0.505 0.292 0.152 7.7* 

F»* 9 8.60 163.3 18.14 (H.T) 0.487 0.152 0.082 8.8* 

N e * 10 13.10 — — — — — Becoming 

H a 1 0 * 11 19.18 441.2 (40.11) Coupled 0.428 0.052 0.022 more 

K g " * 12 27.17 652.0 (54.34) Coupled 0.396 0.032 0.022 total ly 

A l > * 13 37.42 1010.4 — — — — stripped 

S 1 13+ 14 S0.33 1409.4 — — — — + 

*MPC: Most Probable Charge 
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Fig. 4.15. Ratio of counts, R, N 6 +/(H 6* • 
N 7 + ) as a function of velocity divided by the 
resonant velocity of the vacuum state. 

and 163.6 MeV (tandem terminal voltage 18.1 W ) , 
respectively. 

These latter two experiments have just been 
completed. The anticipated sharpening Is, 
Indeed, observed but the Stark split double-peak 

structure is entirely absent in both cases. In 
another experiment, we investigated the K - 1 
resonance in C 5 + at 81.6 MeV. The depth is 
enormous, a factor of at least 4 below the secu­
lar trend, but the resonance is very broad. 
Perhaps this is a sigr of power broadening or 
saturation. In any case, these entirely new 
results require some time for interpretation. 
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4 . C. D. Moak et a l . , Phys. Rev. A19, 977 
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5 . 0. H. Crawford and R. H. R i t ch ie , Phys. 

Rev. A20, 1848 (1979). 
6 . S. Oatz et a l . , Nucl. I ns t r . Meth. 170, 
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ION-ION COLLISION STUDV USING THE FOLOEO 
BfcA" APPARATUS 

H. J . K1m 

He have observed the formation of Ar1** from 
A r 3 + + A r 3 + c o n i S i o n s a n < j N"+ i r o m fj3+ + ri 3+ 
co l l i s ions at C-M energies of 120 keV using the 
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folded beam apparatus. Although we were suc­
cessful in separating signal events fro* back­
grounds, auch work remains to be done before 
absolute charge-changing cross sections for ion-
ion collisions can be reliably and routinely 
deduced from observed results. Making reason­
able assumptions and using the previously mea­
sured A T 3 * AT * Ar H* cross sections to calibrate 
our beam overlap and target length, we obtained 
approximate cross sections for the multicharged 
ion collis ons, i.e., 

ofAr 3* + Ar 3* * Ar H*) - 5 « 10" 1 6 cm 2 

«3+ * | i N r * U u 10-16 cm2. «(N 3 + + II3* - if*) 

These numbers appear large but they are commen­
surate with Sfo promotion for the Ar 3* and curve 
crossing for N 3 * case. 

Recently, our main effort has been directed 
toward rendering the results obtained with the 
folded beam apparatus more amenable to absolute 
cross section determinations by making the 
separation of reaction products from the tail of 
the main beam cleaner and by simplifying the 
selective detection of reaction products. 

DIELECTRONIC RECOMBINATION: A STATUS REPORT 
P. F. Dittner 
S. Oatz 
C. M. Fou1 

P. 0. Miller 
C. D. Moak 
P. L. Pepmiller 

Following the publication of our measurements 
[Ref. 2] on the dielectronic recombination (OR) 
of B 2* and C 3*, we modified the analysis section 
of our merged beam apparatus. Previous'y the 
Initial charge state (q+) beam and the- (q-l) + 

beam were magnetically deflected thr.mgh -6° 
resulting in a motional emf of ~40,000 volts/cm. 
This high field had the disadvantage that it 
caused recombined (q-l) + ions in high n states 
to be Stark-stripped back to q+, thus resulting 
in a loss of DR signal, e.g., for C 3 + all n > 27 
were lost. The charge state analysis is now 
done by electrostatic deflection (E ~4000 V/cm) 
through ~0.6° (see Fig. 4.16) resulting in a 
larger signal, e.g., for C 3 + , all n > 45 are 
lost. In addition, the flight distance between 
the interaction region and the charge state 
analyzer was decreased from 2.5 m to 25 cm, but 
the hoped for decrease in noise due to charge-
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Fig. 4.16. Schematic diagram of merged beam 
apparatus. 

changing collisions with the background gas was 
not realized. We think that the dominant part 
of the noise arises from slit edge scattering 
and has only a mine dependence on the flight 
distance. Nevertheless, the overall signal-to-
noise ratio was improved by a factor of ~2 for 
the C 3 + OR experiment. 

In order to decrease the uncertainty in the 
background subtraction needed to extract the DR 
rate from the total rate of (q-l) + ions, we now 
modulate the electron energy at each ion energy 
(Ej) step.3 This modulated electron energy 
method (KEEH) works as follows: (1) The elec­
tron gun is operated with a fixed cathode 
voltao». -v c. (2) The relative energy (E r) is 
varied, by stepping through a range of Ef's from 
0 to E r above the Rydberg limit of the DR reso­
nance energy (E s). (3) An -10 Hz square-wave 
modulated voltage having two values, 0 and V T , 
is applied to the cylinder surrounding the 
electron beam. (4) The events ((q-l)* ions) 
accumulated when Vy is on, N T , are background 
and are subtracted from the number of events, 
N 0, accumulated when the cylinder voltage equals 
zero. Ideally, the events, due to DR, N s, 
should be given by N s = N 0 - N T. However, at 
E r > E s , where Nj « 0, we found that N„ * Mr be­
cause when the electron velocity is changed the 
outgassing (due to the electron beam) changes 
and, in turn, the number of noise events 
changes. In view of the aforementioned, our 
procedure for extracting N s is to construct a 
smoothed E, dependent Nj (from the NT data), 
multiply it by a constant a determined by 
insisting that N s => N 0 - aMy' = 0 when E r > E s, 
and continuing the subtraction where 0 < E r < E s 

to yield N s = NQ - ONT'. Current integration of 
the initial q+ beam gives the number of q+ ions, 
Ni, and the ratio R s = Nc/Nf and, as heretofore, 
[Ref. 3]. 

R s = 4- ' f { y r > vr " dv- (1) 

where p e is the electron density, L is the 
length of the Interaction region, v< is the Ion 
velocity, v r is the relative velocity, a is the 
DR cross section, and f(vr) 1s the v r distribu­
tion due to the velocity distribution of the 
electron beam. 

Using the KEEN, we have measured R s over a 
wide range of E< (0 < E r < 25 eV) for the L1-. 
like Ion. C 3+ and 0 S+, and for the Na-llke Ions 
P1**, S 5*, and C 1 6 + having the resonant tran­
sition 2s-2p and 3s-3p, respectively. According 
to theory, the OR cross section of these ions 
(except C 3 + ) has, as Its most prominent feature, 
a very narrow peak at E s and, 1f f(v r) were 
narrow, Eq. (1) predicts large values of R & only 
near E r«E s. Our measurements show non-zero 
values of R s over a wide range of E r. peaking a 
little below E« and a highly asymmetric (higher 
yield towards lower E r) shape. We believe that 
our electron beam has a broad energy (hence 
velocity) distribution which we are currently 
trying to determine from our data and the theo­
retical values of o. 
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CHARGE TRANSFER TO HULTICHARGED RECOIL IONS 
IN A PENNING TRAP1 

D. A. Churc.s2 

R. A. Kenefick2 

V. S. Burns2 

C. S. 0 J 

R. Holmes3 .. . .... 
S. Huldt1* D. Taylor3 

B. Thomas3 

S. Berry3 

M. Breinig5 

S. B. Elston* 
J.-P. Rozet3 

I. A. Sellin5 

Low-energy neon recoil ions with charges 
rangirg from +2e to +8e were produced by impact 
of 35-HeV CI ions foil stripped to a mean charge 
near lie. The recoil ions (3e < q < 6e) were 
confined for times of 100 msec to several 
seconds in a .enning trap. Charge transfer from 
neon atoms to the ions reduced the stored ion 
number exponentially with storage time. Mea­
surements of the st>wed ion number versus time, 
following deflection of the fast ionizing beam, 
yielded storage time constants, which were mea­
sured at several pressure?. Pressures were de­
termined with a calibrated nude ion gauge, and 
with a quadrupole residual gas analyzer. Flow 
of gas through the vacuum system to the pump 
required additional calibration of pressure 
gradients. Using the target g?s density 
obtained from the pressure measurements, and the 
storage time constant, rate coefficients for low 
energy electron transfer were calculated for 
each neon charge state. The mean energies of 
the ions were estimated by reducing the con­
fining axial dc potential of the Penning trap, 
and observing the ion number stored versus trap 
depth. It was found that, above a certain 
depth, the number of stored ions maximized. 
Below this depth, the ion number for a fixed 
storage time was reduced due to loss from the 
trap of the highest energy ions. From the mea­
surement, a mean Ion collision energy of 2q eV 
was obtained. 

Work continued on charge transfer from water 
vapor to the neon Ion charge state. The choice 
of water vapor as a target arose from theoreti­
cal predictions about the charge and temperature 
dependence of the rate coefficient, plus the 
ubiquitous presence of water vapor In most 
vacuum systems. The principal difficulty with 
these measurements, as 1t was for neon, lies in 
the target density determination. Due to the 
polar nature of the H 20 molecule, the surface 
attracting force, plus dissociation of the mole­
cule on the surfaces, can lead to errors In 
partial pressure determinations. Final pressure 
calibration measurements based on known singly-
charged 1on rate coefficients are now underway. 
Of course, since the measurements must be made 
In target gas mixtures, the neon ion rate co­

efficients are required to obtain the final 
results. 

Following the successful demonstration of 
recoil ion storage in the Penning trap, work has 
been initiated on the use of a radio-frequency 
trap. This trap dots not utilize a magnetic 
field, but the low measured energy of the 
recoils in the Penning trap Implies that the 
magnetic field, used for strong racial ion con­
finement, is not essential. The absence of a 
magnetic field has two important implications: 
higher precision in spectroscopic measurements 
can be obtained, and the experimental configu­
ration is open to permit easy introduction of 
atomic or laser beams. Of course, the operation 
of the rf trap is more involved, and the device 
is not a replacement of the Penning trap for 
collision measurements. Following initial tests 
using electron impact ion production, the rf 
trap has been mounted on the beam line in series 
with the Penning trap, so that simultaneous 
operation is feasible in principle. It is ex­
pected that the m/q resolution of the Penning 
trap is superior, so this can be used to iden­
tify ions in cases of uncertainty in the rf 
trap. 
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3. Department of Physics, University of 
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THE EFFECT OF TRANSVERSE CORRELATIONS IN 
ION-CHANNELING IN VERY THIN CRYSTALS: 
EXPERIMENTAL AND THEORETICAL RESULTS 

H. F, Krause 
S. Datz 
P. F. Dittner 
'. Gomez del Campo 

P. D. Miller 
C. D. Moak 
N. Neskovic1 

P. L. Pepmiller 
Considerable effort has been directed toward 

a detailed understanding of the transmitted 
angular distribution of Ions channeled along the 
axial directions of single crystals.2 When the 
projectile energy is low and/or when the crystal 
Is thick enough to cause significant multiple-
scattering effects, the transmitted beam becomes 
concentrated along the chosen axis with lower 
Intensity arms extending radially outward along 
the principal planar directions. Under these 
conditions, the characteristic star pattern ob­
served Is well understood, and it provides a 
useful aid 1n determining the crystal orien­
tation in channeling experiments. For a very 
thin crystal and a swift projectile, the pattern 
of transmitted particles Is somewhat more com­
plex and not so well understood. Under these 
conditions, the projectile scatters as If It has 
undergone a single collision with the strings of 
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atoms adjacent to the axial channel. Previous 
experlaental single-collision Investigations of 
the axial channeling pattern have been directed 
toward understanding the angular distributions 
produced when the projectile direction deviates 
fro* the crystal's axial direction. Systematic 
single-collision studies have not been performed 
when the projectile and axial directions are 
aligned. We have performed such studies in an 
attempt to observe theoretically predicted rain­
bow scattering effects3 in single-collision 
channeling patterns. Our results, consisting of 
*<oth measured and theoretical angular distribu­
tions, suggest that the predicted rainbow eftei 
occurs in channeling. 

Swift protons (3-7 MeV) produced by the EN 
tandem Van de Graaff accelerator were narrowly 
collimated (angular divergence <0.012a HAM) 
before illuminating a small portion of a very 
thin silicon single crystal. The crystal thick­
ness was 1400 A in the <100> direction; this 
thickness corresponds to an atomic string length 
of about 520 atoms along the <110> axis. Axial-
ly channeled particles that emerged from the 
crystal were detected by a two-dimensional por­
tion sensitive proportional counter.1* The over­
all detector angular resolution measured In the 
horizontal and vertical laboratory directions 
was 0.012s and 0.008° (FWHM), respectively. De­
tector spatial resolution and the angular extent 
of the illuminated target as viewed from the 
detector contributed about equally to the over­
all angular resolution. 

The experimental 2D angular distribution for 
7-MeV protons channeled in the <110> axial 
direction of silicon 1s shown in Fig. 4.17. 
Particle intensity cuts through the distribution 
at several levels (percentage of the peak count) 
show that the particle intensity decreases mono-
tonically and very rapidly from that in the un­
detected beam direction. Fig. 4.17 also shows 
the angular locations of the last atom in each 
atomic string adjacent to the channel as viewed 
from the center of the axial channel at a longi­
tudinal location halfway through the crystal 
(I.e., the location of the center-of-mass for 
each atomic string). The narrow [100] and wide 
[111] planar channels that intersect at the 
<110> axis are also shown. Under our experimen­
tal conditions, we see that (a) arms In the 
angular distribution appear to point toward the 
nearest atomic strings (evidence of a transverse 
correlation effect) and (b) the scattered pro­
tons avoid the wide [111] planar channels. It 
Is clear that 7-HeV protons do not undergo 
significant multiple scattering In such a short 
channel length. Multiply scattered projectiles 
would statistically fill available phase space 
1n planar channels, giving rise to a large 
number of trajec-tories In the [111] planar 
directions and a comparatively smaller number of 
trajectories in the [100] planar directions. 
More Importantly, we show that the binary colli­
sion regime was reached to good approximation at 
7 MeV by comparing the measured angular distri­
bution (Fig. 4.17) to one obtained 1n a binary 
collision Monte Carlo trajectory calculation 
shown 1n Fig. 4.18. 

In the Monte Carlo simulation, each projec­
tile entered the axial channel at a randomly 

InoJ 

Fig. 4.17. Measured angular distribution for 
7-MeV protons axial ly channeled along the <110> 
axis of a silicon crystal (thickness * 2000 A). 
Particle intensity contours at 10, 20, 30, 50, 
70, and 85 percent of the peak intensity are 
shown. The transverse location of atomic 
strings and the [100], [111] planar channeling 
directions are identified (see text). 

o.w 

Fig. 4.18. Calculated angular distribution 
for 7-MeV protons axially channeled along the 
<110> axis of a silicon crystal (thickness « 
2000 A). Particle Intensity contours at 10, 20, 
30, 50, 70, 85, and 95 percent of the peak 
Intensity are shown. The transverse location of 
atomic strings and the [100], [111] planar 
channeling directions are Identified. 
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selected location traveling parallel to the 
axial direction (no bean divergence). The ionic 
projectile inter-acted with each atonic string 
adjacent to the channel through a transverse 
electric field that was calculated using the 
Lindhard potential.5 The Lindhard potential 
constant used (C - 4.00) gives rise to a trans­
verse electric field that is in excellent 
agreement with that given by the Nolien• poten­
tial over the impact parameter range of interest 
for <110> axial channeling. Thermal vibration 
effects were simulated. The transverse momentum 
imparted to the projectile in a binary collision 
with each string was assumed to occur at the 
string's center-of-mass. The net transverse 
moaentua imparted to the projectile from all 
strings determined the overall deflection. The 
deflection of each particle in the horizontal 
and vertical directions were graded using a bin 
size (0.002") much smaller than the measured 
experimental resolution, and these results were 
later averaged over the experimentally deter­
mined angular resolution functions (see Fig. 
4.18). 

The Measured angular distribution for 7-MeV 
protons (Fig. 4.17) is in excellent agreement 
with the binary collision simulation calculated 
at the same energy (Fig. 4.18). The unaveraged 
Monte Carlo results (angular resolution « 
0.002") showed a well resolved ridge (maximum) 
whose shape is similar to the 20% contour shown 
in Fig. 4.18 and a minimum halfway between the 
ridge and the unde-flected beam position (height 
about 50% of the ridge height in a vertical cut 
across the [110] planar direction). The ridge 
has been shown analytically to be the con­
sequence of rainbow scattering within the 
crystal.3 From the similarity of measurements 
and the averaged Monte Carlo results, we 
conclude that the experimental angular resolu­
tion was insufficient to resolve the predicted 
rainbow scattering ridge. An angular distribu­
tion measurement at 7 MeV in the <100> axial 
channel (not shown) appears to confirm this 
conclusion. Here, the averaged Monte Carlo 
calculation indicated that four maxima should 
be observed at about 0.03" in the direction of 
the closest atomic strings (different from <110> 
axial symmetry). Two maxima in the correct 
location were observed. Slight misalignment of 
the crystal and the beam in one direction is 
probably the reason for incomplete resolution 
of the peaks in the <100> rainbow ridge. 

ANOMALOUS MEAN-FREE PATHS OF CONVOY ELECTRONS 
PRODUCED BY 25 a.u. HIGHLY STRIPPED HI IONS 

IN C AND Al TARGETS1 
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Considerable evidence has accumulated over 
the past decade suggesting that unbound elec­
trons associated with the passage of fast ions 
through foils may be correlated with their 
parent ions over distances an order of magnitude 
larger than the mean free path for free elec­
trons of the same velocity. 

We have measured the yields of convoy elec­
trons associated with Ni 2 < l* and N i 2 6 + traversing 
polycrystalline C and Al foils of thickness 
3-500 i>g/cm2 at energies of 15.2 MeV/amu. These 
foils are thin enough that mean free paths of a 
few hundred A may be inferred from a growth 
curve, such as that shown in Fig. 4.19. The 
mean free path for convoy electrons is 2000 ± 
200 A in contrast to the free electron value of 
-100 A. 1 

He have sought to explain this effect in 
terms of Coulomb focusing. As the electron 
moves through the foil, it is subjected to re­
peated scatterings, but between scatterings it 
is pulled back towards the parent ion by Coulomb 
attraction. A very simple model of the competi­
tion between scattering and focusing suggests 
that for ionic velocities iq 1/ 2 Bohr velocities, 
an enhancement of the mean free path by a factor 
of -10 is r asonable. 

It is possible to write down a Boltzmann 
equation which describes the random walk of the 
electron under repeated scatterings in the pres­
ence of a Coulomb field. If this equation can 
be solved numerically without too drastic 
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Fig. 4.19. Convoy electron yield versus tar­
get thickness. The open circles and squares 
refer to M12"*' Ions at 15.2 MeV/amu 1n Al and C 
f o i l s , and the closed circles to N 1 2 6 + In Al . 
The fu l l 11ne is a f i t to the data of the form: 
1 - exp(-x/x.). 
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approximation, i t nay be possible to put the 
heuristic model on a f i n i footing. 

1 . Summary of paper submitted to the 
Symposium on the Physics of Electron Ejection in 
Ion-Atom and Ion-Solid Interactions held at the 
Institute of Physics, University of Aarhus in 
Denmark, June 29-30, 1984. 

2 . Universitat Frankfurt/M, D6 Frankfurt an 
Nain. Federal Republic of Germany. 

3 . Department of Physics, University of 
Tennessee, Knoxville, TN 37996. 

4 . Adjunct staff rnember from the University 
of Tennessee, Knoxvilie, TN 37996. 

THE NEGATIVE ION SOURCE TEST FACILITY AS A 
NEGATIVE ION ATOMIC PHYSICS RESEARCH FACILITY 

G. D. Alton T. J . Kvale1 

He have made major modifications to the Nega­
t ive Ion Source Test Faci l i ty 2 during the fiscal 
year in order to perform negative ion source 
research and the proposed Be' and Ca~ experi­
ments. The Negative Ion Source Test Faci l i ty , 
Shown schematically in Fig. 4.20, is a multiple-
purpose f a c i l i t y with emphasis placed on extend­
ing our knowledge of methods and mechanisms 
involved in the generation of negative ions and 
of the structure and properties of these ions. 

Figure 4.20 i l lustrates the basic components 
which make up the f a c i l i t y . The fac i l i t y can be 
operated for the generation and acceleration of 
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Fig, 4.20. The modified negative Ion source 
test facility. 

positive ions which can be double charge-
exchanged to produce negative ions prior to or 
following momentum analysis. In the former 
case, positive ions produced in a hollow cathode 
positive source are accelerated to energies up 
to 30 keV for singly charged particles. These 
are then focused through a recirculating Li 
charge-exchange cell where they are converted to 
negative ions through double charge exchange. 
Negative ions, thus created, are post-acceler-
erated by the accelerator tube assembly and in­
jected into the analyzing magnet at energies up 
to ISO keV. Post-momentum analysis charge-
exchange can also be effected by reversing the 
polarities of the ion source housing and magnet, 
and focusing the analyzed positive ion beam 
through the Li charge-exchange cell situated 
immediately before the experimental chamber. In 
this way, positive ion beam energies up to 150 
keV for singly charged particles can be ob­
tained. The experimental arrangement should 
permit observation of very short-lived negative 
ion states. 

The facility can also be equipped with direct 
extraction-type negative ion sources for pro­
ducing extensive numbers of high-intensity 
negative ion beams. Specifically, we have fab­
ricated, installed, and tested a universal 
charge-exchange negative ion source which is 
presently being used to generate positive and 
negative ions.1 The charge-exchange source con­
sists of a positive ion hollow cathode source, 
ion extraction electrode system, einzel lens, 
and recirculating type LI charge-exchange cell. 
Negative ions can be formed in either of two 
cells located prior to or following magnetic 
analysis. The post-analysis charge-exchange 
cell is located in close proximity to the ex­
perimental chamber so that we can study meta-
stably bound negative ions with lifetimes as 
short as a few tens of nanoseconds. 

In addition to the previously described 
modifications to the facility, we have converted 
the magnetic mass analysis system so that cir­
cularly symmetric beams can be formed at the 
plane of analysis. (This modification was 
necessary in order to optimally transport the 
ion beam to our experimental chamber.) Me have, 
as well, fabricated and Installed beam transport 
components (lenses, magnetic steerers, valves, 
drift tubes, and apertures), a postanalysls 
charge-exchange cell and an experimental chamber 
which houses a specially designed electrostatic 
deflection system, Faraday cups, and electro­
static energy analyzer for performing the 
intended research. 

In addition to the rather extensive changes 
In the Negative Ion Source Test Facility, we 
have converted our data acquisition system from 
analog to digital. The data acquisition system, 
shown schematically In Fig. 4,21, centers around 
a LeCroy 3500c CAMAC based data acquisition and 
control microcomputer and/or multichannel ana­
lyzer system. The system has available 64 kB of 
RAM and 30 kB of PROM firmware for data acquisi­
tion, manipulation, and experimental apparatus 
control. The data acquisition time for accumu­
lation 1n a particular channel 1s determined by 
monitoring the transmitted Ion beam In the 
Faraday cup after the electrostatic analyzer and 
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Fig. 4.21. A schematic diagram of the data 
acquisition system for measuring auto- and 
collisional-detachment properties of negative 
ions. 

digitizing the analog signal which is fed into a 
preset scaler. Aftvr accumulation of a prede­
termined amount of cnarge, a signal from the 
preset scaler is used to inhibit further data 
acquisition, to store acquired data, and to 
advance a multichannel scaling unit to the next 
channel where the process is repeated. Signals 
derived from the CAMAC based multichannel 
scaling unit are used to advance a locally con­
structed external OAC which drives a bipolar 
operational amplifier used to change the voltage 
on the electrostatic energy analyzer. The elec­
tron signal, which is transmitted through the 
spectrometer, is detected with a conventional 
channel electron multiplier/amplifier circuit 
and fed into a CAMAC based ADC where it is 
stored in the memory of the multichannel ana­
lyzer. A typical electron energy spectrum 
ootained by this method is shown in this section 
of this report. 

1. Postdoctoral Fellowship through Oak Ridge 
Associated Universities with the Physics and 
Health and Safety Research Divisions, ORNL. 

2. G. 0. Alton et al., p. 192 in Physics 
Division Progress Report, ORNL-5025 (1974). 

3. G. 0, Alton et al,, p. 14 in Physics 
Division Progress Report, ORIIL-6004 (1983). 

PROGRESS TOWARD MEASUREMENT OF THE PROPERTIES 
OF HETASTABLT BOUND NEGATIVE IONS 

G. D. Alton 
D. J . 

T. J. 
Pegg3 

Kvale1 R. K. Compton2 

J . S. Thompson'* 

The present report deals with progress made 
toward measurement of the auto- and cul l isional-
detachment properties of negative ions of the 
Group IIA elements (Be' and Ca~) using electron 
spectroscopic techniques. The experimental 
techniques and procedures uti l ized in the pre­
sent investigations are simil iar in many re­
spects to those described in previous reports 
concerning H~ ant! He" negative ions. 5 » 6 

However, the present experiments are being 
performed at the Negative Ion Source Test 
Fac i l i t y 7 » s which has been extensively modified 
in order to generate negative ions through 
charge exchange and perform ion source related 
experiments as well as interesting negative ion 
atomic physics experiments. In addition to the 
rather extensive changes in the Negative Ion 
Source Test Faci l i ty , we have converted our data 
acquisition system from analog to d i g i t a l . The 
data acquisition system centers around a LeCroy 
3500c CAMAC based data acquisition and control 
microcomputer and/or multichannel analyzer 
system. The modified f a c i l i t y , thus, is a mul­
t ip le purpose fac i l i t y which can be used to 
extend our knowledge of methods and mechanisms 
involved in the generation of negative ions, as 
well as to study their interesting atomic struc­
ture properties. The reader i s referred to the 
description given in this section of this report 
for more details on the f a c i l i t y . 

A schematic drawing of the experimental 
apparatus is shown in Fig. 4.22. The post-
analysis charge-exchange cell is located in 
close proximity to the experimental chamber so 
that we can study metastably bound negative ions 
with lifetimes as short as a few tens of nano­
seconds. The negative, positive, and neutral 
components which leave the charge-exchange cell 
are separated by a computationally designed 
deflection system. After electrostatic deflec­
tion through 10°, the negative and positive 
beams are monitored in shielded and biased 

0«* M « f l HW 

CfPCftlM£*r»L AMAftATuS FO* NCASUAMC SMO*T M l ' llFf MCTASTAILC HCGATlVf iO*S 

Of rAf.M f̂wr a.. c -«w< i i tcmc* m*.i<»vx.* 

Of'>%»»G * n » T u « 

MOWC.Jl*fHW, I- 1 E 
s<i£ """" ! , ' , ' 4 ; « S 5 M 

Fig. 4.22. Schematic drawing of the expert, 
mental arrangement for performing electron 
spectroscopic measurements of short ha l f - l i f e 
metastable negative ions. 
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Faraday cups. A portion of the negative ion 
bean is allowed to pass through a small aperture 
located in the center of the first Faraday cup 
and enters a gas cell which is used to collimate 
the beam and produce collisionally detached 
electrons which are used to calibrate the energy 
scale of our Measurements. The ion beam then 
passes through a spherical sector electrostatic 
analyzer and is Monitored in the rear Faraday 
cup. Detached electrons accompanying the ion 
beam are energy analyzed with the spherical 
sector electrostatic energy analyzer in the 
fixed-pass energy mode. In this mode of opera­
tion, electrons moving slower than the pass 
energy of the spectrometer are accelerated, 
while those moving faster than this pass energy 
are decelerated. In this way, our spectrometer 
resolution function remains approximately 
constant. 

An energy spectrum resulting from the auto-
and collisional-detachment of He~ which was pro­
duced by doubly charge exchange using the 
previously described experimental apparatus and 
the digital data acquisition system is shown in 
Fig. 4.23. Our present efforts are concentrated 
on measurements of the production efficiencies 
as a prelude to performing spectroscopic mea­
surements similiar to those described previously 
for He" which are designed to identify energy 
levels of the auto-detaching states of Ca~. 
Calcium was chosen over beryllium as the element 
to study first because of the ease of generation 
of Ca+ beams relative to those of Be*. Experi­
ence with this ion will enable improvements to 
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be made in the hollow-cathode source before 
studying Be -. (Beryllium is highly toxic and 
will require special handling during periods of 
source maintenance.) In fact, during prelimi­
nary studies of the Ca~ ion, the hollow cathode 
source proved to be very unreliable with many 
internal electrical connections, filament, and 
oven related problems. Substantial progress has 
been made in reducing the number of failures 
and, therefore, significantly improving the 
reliability of the source. Extensive modifica­
tions to the ionization chamber and oven were 
required which has led to a more reliable 
source. These aodifications will be the subject 
of a forthcoming report. 

Calculations by Bunge et al. 9 predict that 
the Ca~ ion exists in metastable "Ar] (4s4p2)1,P 
states which are bound by -0.55 eV with respect 
to the metastable (4s4p)-P- state of the Ca 
atom. The J = 5/2 level of this state should, 
for example, autodetach via a forbidden process 
driven by magnetic interactions between the 
electrons in a manner analogous to the decay of 
the metastable quartet J = 5/2 state of He". 
The energy of these autodetached electrons 
should be 1.34 eV relative to the rest frame of 
the moving ion based on an electron affinity 
value of 0.55 eV. The lifetimes of the three 
levels associated with the (4s4p2)'*P state have 
not, as yet, been calculated. One can expect a 
differential metastability among the levels as 
in the case of He~ due to the different 
strengths of their couplings with doublets of 
the same configuration. In He", the lifetimes 
are in the approximate range of 10~* to 10~ 3 

sec. For a heavier ion such as Ca", one might 
expect stronger magnetic interactions between 
electrons and which might lead to a breakdown of 
LS coupling resulting in somewhat shorter life­
times than in a light ion such as He". This 
being the case, our present experimental 
arrangement should permit observation of such 
short-lived decaying states. For extremely 
long-lived states, however, another procedure 
may be necessary to determine the energy levels 
of Ca*, such as using laser photodetachment 
techniques, or extending the decay length at our 
experimental chamber,. 

We have recently obtained preliminary results 
on Ca' ions in the energy range from 60-120 keV 
produced by sequential charge-exchange Interac­
tions with Li vapor. At 120 keV, the laboratory 
frame energies at the collisional- and auto-
detachment peaks in Ca" are 1,6 eV and 6.0 eV, 
respectively. Me are continuing our work on Ca" 
by investigating the production process, methods 
of reducing the background, and the effects of 
stray magnetic fields on the intensity and reso­
lution of low-energy electron peaks. The 
collisional- and auto-detachment spectroscopic 
portion of this work is expected to be completed 
in the near future, at which time we will direct 
our attention toward measurements of similiar 
properties of the Be" negative ion. 

9S H* MS MJ *•* W.» M.V 
Electron • f law (*V) 

F1g. 4.23, Electron energy spectrum for 
metastable He* Interaction with Ar. 
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SHAPE OF THE ELECTRON CAPTURE TO THE CONTIWUH 
CUSPS FOR H. H j . AND He TARGETS IN THE 

VELOCITY RANGE 6.3 TO 18.0 a . u . 1 
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H. Breinig* 
The velocity spectrum of electrons ejected 

into the forward direction in energetic ion-atom 
collisions exhibits a cusp-shaped peak when the 
emergent electron velocity v e matches that of 
the outgoing ion velocity v p in both speed and 
direction. For projectile ions with few elec­
trons, the electrons predominately arise from 
transfer of a target electron to a low-lying 
projectile-centered continuum state (ECC), 
whereas if there are many projectile electrons, 
those electrons can be lost to similar low-lying 
continuum states. This process is termed elec­
tron loss to the continuum (ELC). For several 
years, there has been much interest in both the 
experimental and theoretical aspects of this 
problem;*«9 we are concerned here with only ECC. 

In early theories, a first-order perturbative 
treatment of the charge-exchange amplitude was 
used to explain the ECC cusp, with the final 
electronic state described in terms cf a simple 
Coulomb wave centered on the projectile, leading 
to a cusp nearly symmetric in (v e - v„). How­
ever, later experimental results for both heavy 
and light bare projectiles showed a skewness of 
the ECC peak shape toward lower electron veloci­
ties. 

To account for this asynmetry, the distortion 
of the outgoing electron by the interaction be­
tween it and the residual ion must be con­
sidered, but in a way which goes far beyond a 
simple postcollislon interaction description. 
In 1978, Shakeshaft and Spruch (SS) included a 
second-order term in the Born expansion 1 0 to 
approximate this effect upon the ECC shape while 
Chan and Eichler (CF.) proposed that slightly 
extending the first 6orn approximation could 
account for the cusp skewness.11 Subsequent 
experiments' 2»" showed an asymmetry more simi­

lar to that predicted by SS than that by CE, but 
the strong dependence of the asymmetry upon pro­
jectile Z and velocity of the SS theory was not 
found. More recently. Jakubassa-Amundsen1"* has 
calculated the shape of the ECC cusp within the 
semiclassical impact approximation (SCIA) for 
the case of argon projectiles and helium 
targets; the resulting shape compares well with 
experiment. 

Here, we present a summary of results, ob­
tained fron accelerator runs at Brookhaven 
National Laboratory (BNL), Lawrence Berkeley 
Laboratory (LBL), Hahn-Meitner-Instutut (HMI), 
and Oak Ridge National Laboratory (ORNL), con­
tained in our paper recently accepted for 
publication. 1 5 By using a general, model-
independent method of describing the cusp shape 
that explicitly takes into account the effect of 
a given experimental choice of analyzer geome­
try, resolution, and angular acceptance, we can 
compare spectra fron different experiments 
directly and extract the basic underlying shape 
of the ECC cusp. 

To accurately describe that shape, the cross 
section was expanded over two of the projectile 
frame variables v e = |ve - v p[ and 8^ (angle 
• t n respect to the projectile direction). This 

expansion is then transformed to the laboratory 
frame and integrated over the velocity and 
angular acceptance of the spectrometer to yield: 

Q(V»e) = c * Bn,i<V x J j CV2^)""1 

n* ve °e 
Pt(cose^) s(v e,a e)dv cdQ e. 

Here Q is the measured spectral function, C is 
an overall amplitude, 8 n i are the coefficients 
for each term, Pjt are Legend re polynomials, and 
S is the function describing the acceptance of 
the particular spectrometer arrangement used. 

By making some reasonable assumptions as to 
the functional form of S, we are able to perform 
the integration above and thereby make direct 
comparisons with the experimental data using 
Standard fitting techniques. The results of 
these comparisons are values of the coefficients 
B n i which, to the degree the assumptions in 
making this expansion are valid, are independent 
of the experimental arrangement. The term with 
n * t. * 0 is that commonly known as the 
"Dettmann" cusp. 1 6 

A summary of the fit results is presented in 
Table II of Ref. 15, and a complete discussion 
of the results appears there. Here, we briefly 
review those conclusions. 

The most striking feature of the fit results 
is the consistency of the value of the B 0 1 co­
efficient (n » 0, i » 1), which is also the 
major source of the asymnetry found in the cusp 
shape at these energies. The value of this 
coefficient, relative to the leading term B f l 0, 
remains constant at ~.45 for projectile l0 

values between 6 and 18, projectile velocities 
between 6 and 18 a.u., and target 1% values of 
1 and 2. As noted by Macek ^ ai,,i' the pre­
sence of this term implies the necessity of 
second Born terms in any theoretical treatment 
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of the problem, as in the approach of SI V<es>iaf t 
and Spruch. 1 0 However, the SS theory has .» 
strong dependence on Zp, v p, and Zt not found 
here. The results of Jakubassa-Amundsen1* are 
very promising, but we presently lack a detailed 
understanding of the dependence on Zp, » p, and 
Z t predicted by her approach. 

Also evident from the fit results is the very 
S M I I contribution of terms with 1 = 2. This 
suggests, at least for the combinations of Zp, 
v., and Zt used here, that the expansion may be 
limited to the lowest four terms n = 0,1 and 
l = 0,1-

In addition, the data collected using atomic 
hydrogen targets suggests that the shape is 
substantially similar to that found for helium 
targets. 

Finally, we reproduce here in Fig. 4.24 some 
representative fit results. The top half of the 
drawing contains comparisons of the »v»"Sion of 
the equation above with the data, and the bottom 
half of the figure contains the component parts 
of the fit (summed over n = 0,1) for * values of 
0, 1, and 2 (termed S, P, and D, respectively). 

In summary, we hope that by analyzing our 
data In a model independent, apparatus indepen-
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Fig, 4.24. The top row shows four com­
parisons between fitted spectra (solid lines) 
and data (dots) Incorporating background 
subtraction where appropriate for: (a) 12-HeV 
bare carbon projectile, (b) 30-MeV bare oxygen 
projectiles, (c) 110-MeV bare oxygen projec­
tiles, and (d) 155-MeV bare neon projectiles. 
The vertical dashed lines indicate equivalent 
arbitrary (1 ± .04)vp limits for each of four 
spectra. The bottom row displays S, P, and D 
components of the fitted function (summed over 
both n » 0,1 components) and the corresponding 
fitted function shown above. The bottom spectra 
have been displayed with a 6-functional line 
wldtn, to remove the dependence of the cusp 
shape on the particular experimental line width, 
allowing for a "ore direct comparison of the 
results. 

dent manner, we can provide insight into the ECC 
process at high velocities, and thereby stimu­
late further theoretical investigation. 
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P. 0. Miller 
The beginning of this report period found us 

in the midst of a major tank opening. During 
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the sunner of 1983, Machine performance had 
degraded substantially so a decision was made to 
go in for major naintenance. The acceleration 
column was stripped of all nonessential pieces 
before doing a complete washdown with soap and 
water. After drying out, the graded resistor 
chain was reinstalled. Then we tried using a 
new belt Material, Poly-C, instead of our stan­
dard belt. This type of belt had been used pre­
viously in vertical machines with great success. 
It costs considerably less than the standard 
belt, does not produce dust, and can be bought 
as a long strip and assembled in the machine. 
After installation and initial tensioning, we 
closed the machine and began voltage tests with­
out tubes. He experienced tank sparks at volt­
ages above 5 HV, however, their frequency was no 
higher at 7.3 HV than at 5 HV. After about 50 
hours'of voltage tests, we re-entered the 
machine for inspection and reinstallation of 
tubes. At this point, it was noticed that the 
Poly-C belt had failed. There were multiple 
puncture holes through the belt, which resulted 
in longitudinal splits. The causes of the spark 
holes are not clear at this time. Fortunately, 
we were able to borrow a standard belt from 
Kansas State University to replace ours. The 
tank opening was concluded with the installation 
of rebuilt tubes. The machine resumed normal 
operation in late December 1983. Since that 
time, it has logged over 1700 hours in support 
of basic atomic physics research. During the 
first five months of operation, there were 
numerous tank openings, mainly due to problems 
with belt guides. However, the generator has 
now operated for four months without a failure. 
Major projects begun during this reporting 
period include installation of a new ion source, 
replacement of magnet power supplies, upgrading 
of various outdated or unreliable power supplies 
throughout the laboratory, and a new operator's 
training guide and schedule. 

ATOMIC PHYSICS FOR FUSION PROGRAM 
ECR HULTICHARGED ION SOURCE 

F. w. Meyer J. W. Hale 
J . W. Johnson 

Construction and installation of the Electron 
Cyclotron Resonance (ECR) multicharged ion 
source was completed on schedule early in FY 
1984. Although the ECR ion source was designed 
for operation at 10.6 GHz, in i t ia l source test­
ing was carried out at 2.45 GHz in order to gain 
experience In source operation while awaiting 
delivery of the 10.6 GHz microwave amplifier 
scheduled for June 1984. 

Durfng the in i t ia l testing phase at 2.45 GHz, 
X-ray measurements of the brcmsstrahlung spec­
trum produced by the source provided evidence of 
ECR heating of electrons. A calibrated Si-Li 
X-ray detector indicated electron energies up to 
160 keV. Following construction and installa­
tion of the beam line and charge ana]yzer in 
March 1984, source performance could be assessed 

more directly by measuring charge state d i s t r i ­
butions of extracted beams. Even at the lower 
microwave frequency, fully stripped C beams were 
obtained, which were used to initiate the first 
planned experiment involving the new source, 
total cross sections measurements of electron 
capture by fully stripped light ions incident on 
atomic hydrogen. Operation of the source at its 
design frequency of 10.6 GHz started on schedule 
in June 1984. Since that time efforts toward 
source optimization have been ongoing, in 
parallel with the above-mentioned cross section 
measurements. 

The salient features of the ECR ion source, 
shown in Fig. 4.25, are summarized in Table 4.4. 
The source consists of two stages, and is quite 
similar in size to MINIMAFI0S.1 The f irst 
stage, which supplies plasma to the second stage 
to facilitate startup, is operated in overdense 
mode.2 A helical slow-wave launcher3 is used to 
inject 2.45 GHz microwaves into the first stage 
which is located in an axial magnetic field of 
5-7 kG. Plasma density is controlled by the 
microwave power level and gas pressure, which 
varies in the 10"3 - W"* torr range. Since 
microwave absorption in the first stage is non-
resonant, the magnetic field can be tuned to 
optimize second stage performance. The second 
stage is separated from the f i r s t stage by two 
stages of differenfial pumping, which is su f f i ­
cient to maintain low 10" e torr pressure in the 
second stage during source operation. 

In the second stage, electrons confined in a 
minimum-B configuration are heated by resonant 
absorption of 10.6 GHz microwaves that are 
injected radially immediately following the d i f ­
ferential pumping section. The minimum-B struc­
ture is produced by a superposition of an axial 
mirror f ield and a radial hexapole f i e id . Three 
conventional water-cooled solenoids are used to 
establish the axial magnetic field.*• The hexa­
pole f ie ld is produced by a compact assembly1*»5 

of SmCos permanent magnets positioned around the 
cylindrical vacuum wall of the second stage. 
Cooling of the permanent magnet assembly is 
achieved by water circulation through the voids 
created between the cylindrical vacuum wall and 
the duodecagon defined by the placement of the 
SmCos bars. 

As regards the mechanical design, care was 
taken to ensure ease of assembly and access. 
The source divides into three sections, each of 
which is separately supported by, and can oe 
rolled freely on, precision tracks. The three 
solenoidal f ie ld coils are supported by a simi­
lar track structure, and can be moved freely 
about to expose otherwise inaccessible source 
parts during source disassembly, j r to change 
the axial mirror ratio in the secono stage while 
the source is ful ly assembled. 

Ion extraction is accomplished by a three-
element extraction electrode, the f i r s t two 
elements of which can be biased independently 
for ion focussing and prevention of electron 
backstreamlng. The position of the anode and 
the extraction electrode, and the extraction gap 
i tse l f can be varied by the use of shims. An 
electrostatic unlpotent.fal lens operated in 
"accel" mode6 images the extracted beam onto t ie 
entrance s l i t of a stigmatic 90° magnetic charge 
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Fig. 4.25. The ORNL ECR mil t f charged Ion source. 

analyzer having a 4C-cm radius of curvature. 
The entrance s i l t assembly Is located about 
100 cm downstream of the source anode; object 
and image distances for the 90° magnet are 
80 cm. Retractable Faraday cups located imme­
diately after the entrance and exit s l i ts are 
used to measure total extracted beam currents, 
and charge-selected beam Intensities, respec­
t ive ly . Both entrance and exit s l i t assemblies 
feature independently adjustable horizontal and 
vertical s l i t jaws, to which current can be 
measured. An electrostatic quadrupole lens 
located downstream of the exit s l i t s can be used 
to transport the charge-selected beam to those 
experiments requiring maximum beam Intensities. 

Prior to l e l l very of the 10.6-GHz microwave 
system, the ECR ion source was operated at an 
Interim frequency of 2.45 GHz, In order to 
maintain roughly the same ratio of hexapole-
to-ax1al magnetic f ie ld strength at the lower 
frequency, only 6 of the 12 SmCos bars were 
used, reducing the strength of the hexapole by 
a factor of two. An additional 25* decrease 1n 
hexapole strength was obtained by shimming out 
the bars to their maximum radius determined by 
adequate clearance to the solenoldal f ield wind­
ings. 

Operation of the source at the lower f re­
quency was far from optimum, due mainly to poor 
coupling between the second stage plasma and the 
2.45 GHz microwaves. Due to their longer wave­
length, only a few modes propagated in the 
second-stage cavity; microwave absorption seemed 
to occur preferentially on the microwave injec­
t ion side of the second stage which Is furthest 
removed from the extraction region. Even in 
this mode, the high-charge-state capability of 
the new source significantly exceeded that of 
the ORNL PIG ion source. Figure 4.26 shows a 
typical charge stage distribution for Ar source 
gas obtained at this frequency. For l ight ion 
production, beams up to fu l ly stripped *K 
( lO" 1 * e l . A) and up to H-lIke 0 ( 1 0 ' 1 2 e l . A) 
were produced at the lower frequency. 

Significant Improvement in source performance 
was obtained, as expected, after Installation of 
the 10.6 GHz microwave system, both 1n terms of 
total extracted beam Intensity and mean charge 
state of the extracted beams. Microwave absorp­
t ion Increased dramatically, as evidenced by 
very low reflected power (typically less than 
10S) during source operation. Optimum charge-
state distributions were obtained for a second-
stage mirror ratio of about 1.6, significantly 
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Table 4.4 ORNL ECR source parameters 

Microwaves 

First stage 2.45 GHz 
(300 W max) 50 - 200 M 

Second stage 10.6 GHz 
(2.2 kK max) 20 - 800 U 

Magnetic Fields 

Mirror ratio 1.6 
Hexapole f ie ld at vacuum wall 4.0 kG 
Field in extraction plane 4.5 kG 
Field in f i r s t stage 5 - 7 kG 
Total solenoid power 60 kw 

Vacuum (operating condition) 

First stage 10" 3 - 10-" T 
Second stage 

(1 x 10"' torr base) 
Second stage 

(1 x 10"' torr base) 1 - 6 x 10" 6 T 
Extraction 1 x 10 - 7 T 
Beamline 

(2 x 10" 9 torr base) 2 x lO" 8 T 

Dimensions 

Solenoids ID 18 cm 
Solenoids 00 40 cm 
Hexapole ID 9.5 cm 
Hexapole length 33 cm 
Vacuum wall ID second stage 8.6 cm 
Anode aperture 0.5 cm 
Extraction aperture 0.8 cm 
Extraction gap 2.6 cm 

below the 2.1 mirror ratio attainable at maximum 
second-stage f ield coil separation. Figure 4.27 
shows a measured charge state distribution 
obtained for Ar with the source operating at 
10.6 GHz. As has been noted by other 
workers , 7 ' 8 an admixture of 0 2 was found to 
significantly increase the Ar high-charge-state 

ORMi-owe Mc-tazoo 
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Ar ION CHARGE STATE 

Fig. 4.27. Ar charge state distribution from 
ECR ion source — 10.6 GHz source operation. 
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Fig. 4.26. Ar charge state distribution from 
ECR 1on source - 2.45 GHz source operation. 

output of the source. Production of l ight ion 
beams has yet to be optimized. So far l 3 C , l s N , 

1 8 0 , l 9 F , and 2 2Ne beams have beer, obtained, 
with intensities varying from a few uA for 
charge states up to and including He-like, about 
0.1-1 pA for H-like, and 1-50 nA for fully 
stripped ions. 

1 . R. Geller, B. Jacquot, and C, Jacquot, 
Proceedings of the 7th Symposium (1983 
International) on Ion Sources and Ion Assisted 
Technology - ISIAT 1983, p. 187, Kyoto, Japan. 

2. G. Lisitano, M. Fontanesi, and E, 
Sindonl, Appl. Phys. Lett . 16, 122 (1970). 

3. D. P. Grubb and T. Lovell, Rev. Sci. 
Inst. 49, 77 (1978). 

4. Physics Division Progress Report, Oak 
Ridge National Laboratory report 0RNL-60O4, 
December 1983. 

5. K. Halbach, Nucl. Inst. Meth. 169, 1 
(1980). 

6. Operation in "decel" mode is w* possible 
In the present application due to the favorable 
conditions for Penning discharge produced by the 
combination of Ion source magnetic fringe f ield 
and lens electrostatic f i e ld . 
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7. H.-6, Mathews, K. oeuscher, R. Fiedler, 
and W. Krauss-Vogt, IKP - Annual Report 1983, 
KFA Julich. 

8. D. J . Clark, Y. Jongen, and C. M. Lyneis, 
p. 133 in Proceedings of the 10th International 
Conference on Cyclotrons and iheir Applications, 
April 30-May 3, 1984, East lansina, MI, lEf t 
Conference Record 84CH1996-3 (1984). 
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ELECTRON CAPTURE CROSS SECTION MEASUREMENTS 

F. V. Meyer 
A. M. Howald 

C. C. Havener 
R. A. Phaneuf 

Measurements of total electron capture cross 
sections for fully stripped and H-like C, N, 0, 
F, and lie ions incident on K and H 2 have been 
performed in the energy range 0.2 to 10 keV/anu 
using ion beams produced by the new ECR mult i -
charged ion source. While straightforward 
experimentally, these measurements are of sig­
nificant current interest both from a basic and 
applied scientif ic perspective, and also pro­
vide a convenient mechanism for exploring the 
range of operating parameters and capabilities 
of the new source. 

The experiment employed the 0RNL atomic 
hydrogen gas target, a directly heated tungsten 
tube in which molecular hydrogen is thermally 
dissociated. A coll') mat ion section preceding 
the target limited the magnetically charge ana­
lyzed incident beam to a divergence of ±1.7 mr, 
and 1-mm cross section inside the target. 
Immediately downstream of the collision target 
c e l l , charge analysis occurred in an electro­
stat ic parallel-plate analyzer. A single CEM 
operated in pulse-counting mode was employed for 
part icle detection. The electron-capture signal 
and primary beams were measured alternately for 
a preselected number of cycles under computer 
control; the total electron capture cross 
sections were deduced from the fraction of ions 
which capture an electron at a known ( c a l i ­
brated) target thickness. 

Figures 4.28-4.32 show the experimental elec­
tron capture cross section results obtained for 
the measured fully stripped and H-like l ight 
ions incident on atomic and molecular hydrogen. 
The error bars shown reflect random uncertainty 
in terms of reproducibility of the measurements 
at two standard deviations. Systematic uncer­
taint ies are estimated to be t9X for both the H 
and H 2 crosi sections. 

In the case of the ful ly stripped C, N, and 0 
projectiles incident on H, the present measure­
ments can be compared to theoretical calcula­
t ions. Very good agreement is found between the 
present results for C 6 + , N 7 * , and 0 8 * incident 
and H, and the close-coupling calculations of 
Fritsch and Lin 1 employing a modified atomic-
orbital (AO) expansion. While fa l l ing system­
at ical ly below the AO calculations, the 
discrepancy is less than 20% at energies above 
1.5 keV/amu, and approaches 401 at the lowest 
energies measured. For C 6 * and 0 8 * incident on 
H, close coupling calculations by Green et a l . 2 

and Shlpsey et a l , J , respectively, employing a 
molecular-orbital (MO) expansion are also in 
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Fig. 4.28. Total electron capture cross 
sections for C 6 + incident on H and H 2 vs energy; solid and open squares —present results for H 
and H 2 targets, respectively; solid and open diamonds —measurements of Phaneuf et al. (ref. 
5); cross hatched boxes and inverted triangles -
measurements of Panov et al. (ref. 6). Curves 
represent theoretical results for C s* • H. 
Solid line - AO calculation by Fritsch and Lin 
{ref. 1); dashed line - MO calculation by Green 
et al. (ref. 2); chain dashed curve -multichan­
nel Landau Zener calculation by Janev et al. 
(ref. 4). 

reasonable accord with the present results. The 
MO results lie systematically above the AO cal­
culations by about 101 above 1.0 keV/amu, and by 
as much as 40% at 0.2 keV/amu. 

An interesting comparison can be made between 
the total electron capture cross sections for 
fully stripped projectiles of nuclear charge I, 
and those for H-like projectiles of nuclear 
charge 1*1. It is observed that the cross sec* 
tioni for the pairs of ions C 6* and n* +, N 7* and 
0 7 + , 0»+ and F 8 \ and F» + and Ne>* are nearly 
identical over the entire energy range covered, 
indicating that the projectile charge is the 
prime determin-..->t of the rotal electron capture 
cross section for these highly stripped systems. 
This finding is consistent with the theoretical 
results 2* 3 that, for the fully stripped ions, 
electron capture occurs preferentially Into high 
n-levels (n > 4). The presence of a tightly 
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Fig. 4.29. Total electron capture cross 
sections for N 7 + and N 6 + incident on K and H 2 

vs energy; solid and open squares — present 
results; data points without error bars — 
measurements by Panov et al ( re f . 6 ) ; solid 
l ine — AO calculation by Fritsch and Lin ( ref . 
1 ) ; dashed curve — multichannel Landau Zener 
calculation by Janev et a l . ( re f . 4 ) . 

bound electron in the ionic core should have 
only a minimal effect on the behavior of the 
electronic wavefjnction of these highly excited 
states. The interesting question of how many 
electrons can be added to the core before in 
effect j £ observed in »rms of the total elec­
tron capture cross section wil l be addressed in 
future experiments. 

1 . M. Fritsch and C. 
29, 3039 (1984). 

2. T. A. Green, E. J 
Browne, Phys. Rev. A 25, 

3. E. .). Shipsey, T. 
Browne, Phys. Rev. A 27, 

4. R. K. Janev, 0. S 
Brar,<isen, Phys. Rev. 28, 

5 . R. A. Phaneuf, I . 
and D. H. Crandall, Phys 

6. K, N. Panov, A. A 
Lozhkin, Phy;. Scr. T3, 

D. Lin, Phys. Rev. A 
Shipsey, and J. C. 
1364 (1982). 
A. Green, and J. C. 
821 (1983). 
Belie, and B. H. 
1293 (1983). 
Alvarez, F. W. Meyer, 
Rev. 26, 1892 (1932). 
Basalev, and K. 0. 

124 (1983). 
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Fig. 4.30. Total electron capture cross 
sections for 0 8 * and 0 7 * incident on H and 
H 2 vs energy; solid and open squares — present 
results; data points without error bars — 
measurements by Panov et a l . ( ref . 6 ) ; solid 
l ine — AO calculation by Fritsch and Lin ( ref . 
1 ) ; dashed l ine — MO calculation by Shipsey 
et a l . ( re f . 3 ) ; dashed curve — ra.'Uichannel 
Landau Zener calculation by Janev et a l . 
( re f . 4 ) . 

IOH-ATOM MERGED-BEAMS EXPERIMENT 

C. C. Havener H. F. Krause 
R. A. °haneuf 

An ion-atom merged beam experiment has been 
developed to measure the total electron capture 
cross sections for collisions of multicharged 
ions with H at energies in the range 1-500 
*v/amu. Our aim fs to extend to lower energies 
previous measurements made at CRNL using a 
pulsed laser source. 1 At such low energies, 
theoretical models remain essentially untested. 
In some multiply ionized systems, an orbiting 
mechanism is predicted to give very large elec­
tron capture cross sections with a 1/v velocity 
dependence. 

The current arrangement of the apparatus 
is shown in Fig. 4,33. A 2-5 kV, mass-analyzed 
beam c-f H~ from a duoplasmatron ion source 
passes through the optical cavity of a 1.06-pm 
Nd:YAG laser where up to 1 kW of circulating 
intracavity power is maintained. Up to IS 
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Fig. 4,31. Data points — present Measure­
ments of the total electron capture cross sec­
tion for F** and F'* incident on H and H 2 vs energy; dashed curve — Multichannel Landau 
Zener calculation by Janev et al. (ref. 4). 
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Fig. 4.32. Solid and open squares - present 
measurements of the to t j i electron capture cross 
section for l f e 1 0 + and Ne»* incident on H and H 2 

vs energy; data points without error bar. — 
Measurements by Panov et a l . ( re f . 6 ) ; cashed 
curve —Multichannel Landau Zener calculation by 
Janev et a l . ( re f . 4 ) . 
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photodetacnment has been achieved, producing a 
col hnatad flux, of up to 2 * 1 0 1 2 neutral H per 
second. The urtfetached H" beam is electrostati­
cally separated from the neutrals and collected 
in a dif ferential ly pumped beam dump. The 
apparatus has been operated on-line using the 
ORNL-PIG mu H i charged ion source, which has 
produced a highly collimated 200 nA beam of N 3 + 

at 30 keV. This N 3 + beam has been successfully 
merged with the neutral H beam in the 70 cm 
ultrahigh vacuum merge path ( P » 5 « 1 0 " 1 0 

t o r r ) . A two-dimensional scan of the spatial 
beam overlap at one position in the merge path, 
shown in Fig. 4.34, is generated by a commercial 
rotating-wire beam-profile monitor. Additional 
scan; at different positions along the merged 
path rust be made before the spatial overlap 
over t e entire merged section can be accurately 
quantified. The ions are then magnetically 
demerged, separating the H* from the I t 3 * , N 2 * , 
and the neutrals. Signals in the H+ detector 
resulting from the beam-beam interaction have 
been observed above background by modulating 
both the N 3 + and H° beams. These beam-beam 
signals are only about 10 Hz compared to 8 kHz 
due to the H° being stripped on background gas 
and 1 kHz due to photons emerging from the Ifi* 
Faraday cup. 

ORNL-DWG 84-«6l6G 
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VERTICAL 

1 
Fig. 4.34. The left and right portions of 

the upper trace show the respective horizontal 
and vertical profiles of a 20 nA H° bean. The 
bottom trace shows the profiles of a 120 nA N 3 + 

beam and its relative position with the VP beam. 

Modifications are under way which are 
expected to significantly improve the signal-to-
noise ratio. The gas load from the duoplasma-
tron ion source will be further decoupled, 
reducing the pressure 1n the merge path, and 
therefore the 8 kHz background signal due to 
stripping, by at least a factor of two. The H* 
signal beam will be focused and electrostati­
cally deflected out of the plane of magnetic 

dispersion, assuring detection of all the signal 
and eliminating the 1 kHz background due to 
photons produced in the nulticharged ion cup. 
Mith this decoupling of the H* detector from the 
photon background, only the N 3 + beam need be 
chopped to separate the signal from the back­
ground, thereby halving the time required to 
acquire reasonable statistics. Within a few 
months these modifications will be complete ana 
the apparatus will be ready for more definitive 
cross-section measurements. 

1. R. A. Phaneuf et al., Phys. Rev. A 26, 
1892 (1982). 

ELECTRON-IMPACT IONIZATION OF 
MULTICHARGED METALLIC IONS: 

Cu 2+, C u 3 + , Nf'*, Sb3* 
D. C. Gregory A. N. Howald 

The present study is part of our continuing 
effort to provide accurate cross section data 
for metallic ions of interest in controlled 
thermonuclear fusion research. 

Details of the electron-ion crossed-beams 
apparatus have been published.1'2 Ion beams 
were obtained from the ORNL-PIG multlcharged 
ion source. All measurements are independently 
absolute, and a typical absolute uncertainty at 
good confidence level (equivalent to two stan­
dard deviations for statistical uncertainties) 
near the peak cross section is ±8%. Typical 
relative uncertainties (due mainly to signal 
counting statistics) are shown in the figures. 

The cross section for Ionization of C u 2 + 

(Fig. 4.35) is typical of the measurements for 
Cu and Ni reported here. The data are compared 
to prediction of the three-parameter Lotz 
semiempirical formula3 and distorted-«rave cal­
culations.1* The latter provide a reasonable 
prediction for ihe single ionization cross sec­
tions for C u 2 + , C u 3 + , and Ni 3 + . In each case, 
the Lotz prediction for total ionization is 
somewhat higher than the measurement, even 
taking into account the expected effects of 
multiple Ionization. At high energies, the two 
calculations converge with the data in each 
case. In the C u 2 + measurements, a significant 
contribution to the cross section Is observed 
below the ground state ionization threshold due 
to the presence of metastable ions in the beam. 
In fact, significantly different metastable con­
tents were observed from day to day, and near-
threshold measurements for two ground state/ 
metastable ratios are plotted. In general, for 
Ionization of C u 2 + , C u 3 + , and N i 3 + we conclude 
that distorted-wave direct ionization calcula­
tions give a reasonably accurate representation 
of single ionization. No large 'ndirect ioniza­
tion contributions are observed. The three-
parameter Lotz formula, although not as reliable 
as distorted-wave calculations, is observed to 
be well within its predicted factor-of-two 
accuracy in each case. 

In contrast to the above examples, electron 
Impact ionization of S b 3 + has a considerable 
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Fig. 4.35. Electron impact ionization of 
Cu 2 * . The circles and squares present near-
threshold data with ion beams having different 
netastable i~i content. A typical absolute 
uncertainty at good confidence level is plotted 
near 200 eV. The theories are from the three-
parameter Lotz formula for 3d ionization (dashed 
curve — ref, 3) and distorted wave calculations 
of Pindzola et a l . ( re f . 4 ) . 

contribution from indirect effects (Fig. 4.36). 
The indirect ionization, contributing up to 
45 « 1 0 " 1 8 cm2 to the total cross section, is 
mainly due to non-dipole-all owed excitation of 
inner-shell electrons to autoionizing states. 
The cross section for this type of transition 
increases abruptly to a maximum at or just above 
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Fig, 4.36, Electron Impact ionization of 
Sb'*. Typical relative uncertainties are 
plotted, and the absolute uncertainty at good 
confidence level Is shown near 100 eV. The 
dashed curve Is from the Lotz formula for 4d and 
5s Ionization (ref. 3). 

its threshold energy but has a much faster fall-
off with increasing energy (a a 1/E) than does 
direct ionization [a a JinE/E), so that its sig­
nature is a "hump" superimposed upon the direct 
cross section curve. This measurement was 
undertaken as a check of detailed distorted-wave 
indirect-ionization calculations which predicted 
the observed feature.5 Good agreement is found 
with the calculations and predictions of that 
study. 

The examples discussed illustrate two goals 
of our current research efforts: First, 
selected measurements are made to provide spe­
cific data requested by the fusion community for 
electron-impact ionization of multicharged ions. 
Second, cooperative studies involving experiment 
and detailed calculations provide our best means 
of understanding the relative importances of the 
many possible mechanisms which can lead to ioni­
zation by electron impact. 

1 . D. H. Crandall, R. 
Gregory, Electron Impact 
Hulticharged Ions. ORNL/TH-7020 

A. Phaneuf, and D. C. 
Ionization of 

OaFRidge Natl. 
Lab., September 1979. 

2. D. C. Gregory et a l . , Electron Impact 
Ionization of Hulticharged Ions at ORNL, 
1980-1984, URNL/TH-9601, Oak Hidoe Natl. Lab., 
19857 

3. Wolfgang Lotz, Z. Physik 220, 466 (1969). 
4. M. S. Pindzola et a l . , Survey of 

Experimental and Theoretical Electron-Impact 
ionization Cross Sections for transition Hetal 
Ions in Low Stages of Ionization, ORNL/TH-9436, 
Idk Ridge Natl . Lab., 1985. 

5. H. S. Pindzola, D. C. Gr i f f in , and 
C. Bottcher, Phys. Rev. A 27, 2331 (1983). 

SINGLE, DOUBLE, AND TRIPLE 
ELECTRON-IMPACT IONIZATION OF Xe«* 

A. M. Howald 
0 . C. Gregory 

D. H. Crandall 
R. A. Phaneuf 

Electron impact Ionization of Xe ions has 
been studied previously at Oak Ridge National 
Laboratory from several different perspectives. 
Experimentally, the ORNL-PIG Ion source and 
electron-Ion crossed beams apparatus have been 
used to study single ionization of Xe Ions from 
Xe 2 * to Xe 6 * (Ref. 1) . and Sb 3* (Ref. 2 ) , which 
Is Isoelectronfc with Xe 6 * . The Xe Isonuclear 
sequence and In * , S L 3 * , Xe 6 * isoelectronlc 
sequence have also been studied theoreti­
c a l l y , 1 ' 3 and comparisons made with experiment. 

During the past year, electron-Impact ioni ­
zation of Xe 6 * was studied from yet another 
point of view. Measurements were made of the 
cross sections for double and t r ip le Ionization 
of this Ion. The processes are 

and 
e + Xe 6* * Xe 8* + 3e, 

e + Xe 6* * Xe 9* + 4e 

and the cross sections are denoted by o»a and 
<r6y, respectively. 
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The results of these Measurements are shown 
in Figs. 4.38 and 4.39, with the previously 
measured cross section11 for single ionization of 
Xe 6 * (denoted by an) shown in Fig. 4.37 for 
comparison. The peak of G«J7 is roughly an order 
of Magnitude larger than the peak of a&8, which 
in turn is roughly an order of magnitude larger 
than the peak of 059. As expected, the succes­
sive ionization thresholds increase along this 
sequence. 

The dashed line in Fig. 4.37 is an estimate 
of the cross section for direct single ioniza­
tion of » e 6 * from the seraiempirical formula of 
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Fig. 4.37. Measured cross section for single 
ionization of Xe 6 * by electron impact. The 
dashed line is the Lotz formula estimate for 
direct Ionization of an ou*er shell 4s electron. 
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Fig. 4.38. Double ionization of Xe 6* by 
electron Impact. The dashed line Is the Lotz 
formula estimate for direct single Ionization 
of an inner shell 4p or 4s electron. 
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Fig. 4.39. Triple ionization of Xe 6* by 
electron impact. The dashed line is the Lotz 
formula estimate for direct single ionization 
of an inner shell 3d electron. 

Lotz. The actual cross section is ouch larger 
due to ionization by mechanisms other than 
direct ionization, especially electron-impact 
excitation of an inner-shell electron followed 
by autoionization. 

Single direct ionization of an inner-shell 
electron of X e 6 + can also lead to production of 
Xe 9* or Xe 9* if the X e 7 + is produced in a multi­
ply excited autoionizing level. For example, 
collision of an electron with Xe 6* (4p 64d^°5s 2) 
can remove an inner-shell 4p electron to form 
X e 7 + (4p 54d 1 05s 2) which can subsequently auto-
ionize to form Xe 8* (4p 64d 1 0). A number of 
calculated energy levels of various ionization 
stages of Xe are shown in Fig. 4.40 along with 
some autoionizing transitions.' 

In Fig. 4.38 the dashed line is the sum of 
the Lotz estimates for direct single ionization 
of Xe 6* 4p and 4s electrons. The resulting Xe 7* 
ions are in autoionizing levels. Hence (assum­
ing a branching ratio near unity for autoioniza­
tion versus radiative stabilization), this gives 
an estimate of the double ionization cross sec­
tion due to the process of single direct ioniza­
tion followed by autoionization. Similarly, the 
dashed line in Fig. 4.39 is the Lotz estimate 
for single direct removal of a 3d electron from 
Xe 6*. In this case the resulting excited Xe 7* 
has sufficient potential energy to doubly 
autoionize to form Xe 9*. 

The double ionization (Fig. 4.38) cross sec­
tion calculated for this mechanism is similar in 
magnitude to the measured cross section (within 
a factor of 2) but has a threshold value that is 
higher than the experimentally-observed ioniza­
tion onset. For triple ionization (Fig. 4.39) 
the Lotz estimate of the cross section for the 
mechanism of single direct Ionization followed 
by double autoionization also has the correct 
magnitude and also has a predicted threshold 
that 1s higher than observed. 

Other higher-order mechanisms must be respon­
sible for the observeo non-zero cross sections 
below 240 eV and 760 eV in Figs. 4.38 and 4.39, 
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F ig . 4.40. Calculated energy levels (from 
ref . 5) of Xe ions, showing some electron-impact 
and autoionizing transitions. 

respectively. There are at least four possibi­
l i t i e s : direct multiple ionization; electron-
impact excitation followed Dy double or t r ip le 
autoionization; direct single ionization accom­
panied by the simultaneous excitation of a 
second electron; or multiple excitation in a 
single col l is ion, followed by autoionization. 
Direct multiple ionization of X e 6 + is expected 
from the classical Binary Encounter Approxima­
tion (BEA) model to be of .is^'igible importance. 
The other three processes have not been studied 
in detail and are not yet well understood. Our 
experimental results offer intriguing evidence 
that one or more of them can play a significant 
role in electron-impact multiple ionization of 
multiply charged ions. 

1 . D. C. Gr i f f in , C. BottcUr, A . S. 
Plndzola, S. M. Younger, 0. C. Gregory, and 
0 . H. Crandall, Phys. Rev. A. 29, 1729 (1984). 

2. 0. C. Gregory and A. M. Howald 
(unpublished). 

3. M. S. Plndzola, 0. C. Gr i f f in , and 
C. Bottcher, Phys. Rev. A 27, 2331 (1983). 

4. 0. C. Gregory and 0. H. Crandall, Phys. 
Rev. . V, 2338 (1983). 

5. S. Pindzola, private communication 
(1984). 

Since 1977, electron-impact ionization cross 
section measureaents have been completed at ORNL 
for some 44 different ions with i n i t i a l charges 
ranging fro* +2 through +6 and spanning the 
periodic table from boron to tantalum.* ' 2 These 
total cross section measurements for single, 
double, and t r ip le ionization have a l l ut i l ized 
the ORNL-PIG ion source and crossed ion-electron 
beams apparatus. 3» I > With the completion of the 
neu ORNL-ECR ion source, our capabilities for 
producing nulticharged ion beams now extend to 
considerably higher ionization stages. Since 
some aspects of the existing apparatus are inade­
quate for operation with more highly charged 
ions, the experiment has been redesigned. 

Electrostatic separation of ion beams by 
charge state is d i f f i cu l t to achieve. In a 
crossed-beams ionization experiment, as l i t t l e 
as 1 part in 10 s cross-talk between exi t chan­
nels produces an intolerable background leve l , 
and separation becomes progressively more d i f ­
f i cu l t as the charge increases and the i n i t i a l -
to- f inal charge ratio approaches unity. In 
addition, low-noise electrostatic analyzers must 
usually be mechanically modified for each charge 
ratio under study. To overcome both of these 
d i f f i cu l t i es , a magnetic spectrometer is being 
constructed for product charge-state analysis. 

The modified apparatus is shown in Fig. 4 .41 . 
The ion-beam optics and ultra-high vacuum system 
wi l l remain much the same as in the present 
arrangement through the interaction volume in 
the center of the electron gun. The combined 
beam containing the primary ions and further-
ionized signal ions then enters a double-
focusing analyzing magnet which disperses the 
beam components by charge state. Signal ions are 
deflected through 90° and focussed into a chan­
nel electron multiplier. The ion optics are 
designed such that the crc ;ed-beams interaction 
region is imaged onto the signal detector with 
unit magnification. The primary ion beam is 
trapped in one of two movable, guarded Faraday 
cups, depending on the i n i t i a l - t o - f i n a l charge 
ratio for that particular experiment. Deflec­
tion plates and einzel lenses are provided as 
diagnostic tools both in the main interaction 
chamber and immediately before the signal ion 
detector. 

The apparatus 1s designed to allow measure­
ments ranging from in i t i a l - to - f ina l charge state 
ratios of 4/5 to 15/16. I n i t i a l tests of the 
completed apparatus are planned for early 1985. 
The next phase in the development of the 
crossed-beams apparatus wi l l involve redesign 
or replacement of the existing magnetically-
confined electron gun to extend the available 
range for reliable measurements to electron 
energies greater than 1.5 keV, 

1 . D. H. Crandall, R. A. Phaneuf, and D. C. 
Gregory, Electron Impact Ionization of 
Multlcharged Ions, ORNL/TM-7026, Oak Ridge Natl. 
Lab., September 1979. 
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Fig. 4 .41 . New electron-ion crossed beams apparatus with post-collision charge-analyzer 
magnet. Measurements wi l l include single and multiple ionization of a wide range of highly 
ionized (6 < q < 15) target ions. 

2 . 0. C. Gregory et a l . , Electron Impact 
Ionization of Multicharged Ions at ORNL, 
1980-1984, 0RNL/TM-9501, Oak Ridge Natl . Lab 
T9B5; 

3. 0. C. Gregory, P. F 
Crandal', Phys. Rev. A. 27 
Cranda'il et a l . , Phys. Rev 

4 P. 0. Taylor et a l . 
45, 588 (1975). 

Dittner, and D. H. 
724 (1983); D. H. 
A. 25, 143 (1982). 
Rev. Sci. Instrum. 

RADIOMETRIC STANDARD 
FOR THE EXTREME ULTRAVIOLET 

P. M. Griff in C. C. Havener 
J . W. Johnson 

A light source uti l iz ing bremsstrahlung and 
transition radiat ion'* 2 generated hy keV elec­
tron impact on metals fs being investigated. 
This low power, compact, simple lamp has poten­
t i a l as a secondary-standard radiometric sou.ce 
for the soft x-ray (SXR) and extreme ultraviolet 
(EUV) spectral region. Its spectral radiance is 
being characterized by a few easily measurable 
and controllable electr ical , mechanical, and 
chemical parameters. 

The essential elements of the lamp are the 
straight edge of a 0.12-mm-thfck, ohmically 
heated, tungsten cathode and a f la t metal anode. 

A well-defined thin sheath of keV electrons is 
electrostatically drawn from the hot edge of the 
cathode located -0.13 mm from and perpendicular 
to the ano<*e target. At the intersection of the 
f l a t sheath of impinging electrons and the f la t 
anode, a 6-ram-long, narrow, luminous line is 
generated. 

An example of spectrometric measurements of 
radiation generated by the prototype source is 
shown in Fig. 4.42. I t should be noted that at 
each spectrometer setting corresponding to a 
given value of m\, several discrete portions of 
the output spectrum are simultaneously sampled. 
The emissions from wavelength intervals (tm\/n) 
A wide, centered at wavelengths (m\/n) A, con­
tribute to the measured signal at that setting. 
Relatively high spectral order-numbers n must he 
considered since, for high Z metals, bremsstrah­
lung and transition radiation intensities vary 
as V 3 and \ " 2 respectively. The number of 
spectral orders observed is limited by the prod­
uct of the short wavelength cutoffs of the 
grating and detector eff iciencies. The undula­
tions in the data in Fig, 4.42 are accounted for 
In terms of the dropping-out rate of the highest 
integral spectral orders In proceeding to 
smaller values of m\. 

As this source Is operated, bremsstrahlung, 
generated as the penetrating electrons are 
decelerated or deflected below the surface of 
the target, is the principle l ight emitting 
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Fig. 4.42. Spectrometric measurement of the 
SXR and EUV light generated by 1.00 mA of 3.00 
fceV electrons incident on a tantalum target in 
the prototype radiometric source. Data are from 
a step-Mise scan with a 2.2 meter, grazing-
incidence spectrometer. The dispersed light was 
detected with a ZnO-Ti02 ceramic channel-elec­
tron-multiplier. The spectrometer entrance sl i t 
subtended a 0.C05 steradian solid angle at the 
source. 

mechanism for the continuum shortward of ~450 A. 
Of particular interest is the lamp's scalable 
emission in the overlapping SXR and EUV spectral 
regions as displayed in Fig. 4.43. The afore­
mentioned spectrometer was set to simultaneously 
sample the emissions from 7.5, 3.8, and 2.5 A 
intervals in the continuum observed at 90, 45, 
and 30 A, respectively. As expected according 
to the theory of bremsstrahlung, the combined 
signals scale with electron current at four 
representative electron energies. The util ity 
of this lamp as a practical standard is indi­
cated in that statistically acceptable data were 
obtained with only 10 sec integration times and 
electron beam powers of only 2 to 15 waus. 

At wavelengths longer than ~450 A, transition 
radiation should be the dominant light-emitting 
mechanism in the lamp. Phenomenologically, tnis 
radiation is a consequence of the collapse of 
the dipole field, produced by the approaching 
electron and its positive image charge in the 
metallic target, as the electron "transits" 
through the vacuum-target interface. The 
Fourier transform of the resulting electro­
magnetic pulse is a "white" frequency spectrum. 
The optical constants of whatever material 
exists at the surface characterize this radia­
tion, rather than the bulk properties of the 
target. A reproducible surface is self-
maintained if the source is operated at an 
adequate electron-beam areal power-density. 

Investigations of the transition radiation 
component of the lamp's emission have been ham­
pered by the overlapping of high spectral orders 
of shorter wavelength bremsstrahlung. Solutions 
to this problem are being sought through the use 
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Fig. 4.43. Dependence of bremsstrahlung 
signal strength on electron bean current for 
accelerating voltages of 2.00, 3.00, 4.00, and 
5.00 kV, The least-squares fits of the signals 
with current had standard deviations of 32, 31, 
49, and 61 counts/10 sec, respectively. The 
highest current measurements at 4.00 and 5.00 kV 
were excluded in the fits since their deviations 
were greater than the 3a error-bars which are 
shown for each line. 

of combinations of thin metal-foil spectral 
filters which effect appropriate transmission 
"windows." 

An improved model of the source and vacuum 
system have been designed and built which should 
permit operation at electron energies greater 
than 10 keV. This will permit generation of 
transition radiation of much longer wavelength. 
In addition, with the resulting greater electron 
penetration depths, the bremsstrahlung will be 
completely absorbed before i t can emerge from 
within the target to proceed to the spectrom­
eter. This technique will permit, where appli­
cable, less complicated procedures for studies 
of the transition radiation component of the 
lamp's emissions. 

Phys. (USSR) 1. W. Glnzburg and I . Frank, J. 
9, 363 (1945). 

2. H. Boersch and G. Sauerbrey, Proceedings 
of the International Colloquium on optical 
Properties and Electronic Structure of Metals 
and Alloys, F. Abeles, editor, Worth-Holland 
Publishing Co., Amsterdam (1966). 



5. THEORETICAL NUCLEAR PHYSICS 

INTRODUCTION AND OVERVIEW 

The theoretical physics program in the Physics Division at ORNL involves research 
in both nuclear and atomic physics. These programs benefit from interactions with 
the various experimental programs in the Division, and from access to good computing 
fac i l i t i es as discussed briefly below and in the section on HHIRF f a c i l i t i e s . 

In nuclear physics there is extensive activity in the fields of direct nuclear 
reactions with l ight - and heavy-ion projectiles, the structure of nuclei far from 
stabi l i ty and at elevated temperatures, and the microscopic and macroscopic descrip­
tion of heavy-ion dynamics, including the behavior of nuclear molecules and "super-
nuclei." New research efforts in re lat iv ist ic nuclear collisions and in the study 
of quark-gluon plasma have continued to grow this year. 

The atomic theory program deals with a variety of ionization, multiple-vacarcy 
production, and charge-exchange processes. Many of the problems are selected be­
cause of their relevance to the magnetic fusion energy program. In addition, there 
is a joint atomic-nuclear theory effort to study positron production during tne 
collision of two high-Z numbers, i . e . , U+U. 

As this report is prepared, the theory program in the Physics Division is being 
significantly expanded. A new Distinguished Scientist program, sponsored joint ly by 
the University of Tennessee and ORNL, has been in i t ia ted . Among the f i rs t appoint­
ments is G. F. Bertsch in theoretical physics. As a result of this appointment, 
Bertsch and an associated grcv of four theorists split their time between UT and 
ORNL. In addition, the State of Tennessee has established a significant budget to 
support the visits of outstanding scientists to the .Joint Institute fcr Heavy Ion 
Research at ORNL. This budget should permit a significant improvement in the v i s i ­
tor program at ORNL. Final ly, the Laboratory awarded a Wigner post-doctoral 
appointment to a theorist who will work in the theory group nf the Physics Division. 
This significant expansion in the theory effort should be a stimulus to both the 
theory and experimental programs in the Physics Division. 

The VAX-780/FPS-164 computer system has been in use for the whole report period. 
Our experience continues to be that the FPS-164 performs at a rate comparable or 
superior to a contemporary main frame computer such as the IBM-3033 or a DCD-7600 
for the large, numerically intensive scientific calculations common to theoretical 
physics. 

HEAVY-ION DYNAMICS 

FOLDING-MODEL ANALYSIS Of ELASTIC AND 
INELASTIC a-PARTICLE SCATTERING USING 

A DENSITY-DEPENDENT FORCE1 

A. M. Kobos2 R, Lindsay-
8. A. Brown3 G. R. Satchler 

A folding model with a density-dependent form 
of the szrni-realistic M3Y effective Interaction 
was applied to a-particle scattering. A previ­
ous analysis of elastic scattering at 140 and 
172 MeV was applied to data at other energies 
from 25 to 120 MeV. The model was a'so extended 
to Inelastic scattering, using both he collec­
tive model and a valence-plus-core-polarization 
model for the transition densities. The proton 

transition densities were normalized to measured 
B(EL) values. When necessary, the neutron tran­
sition densities were rescaled to f i t the fa,a ' ) 
data, providing a source of information on the 
neutron contributions. The neutron transition 
multipole moments thus obtained were compared to 
those derived from (p,p') data at 800 MeV, as 
well as from other sources. 

1 . Abstract of paper: Nud. Phys. A425, 205 
(1984). 

2. Oxford Unfversity, Oxford, England. 
3. Michigan State University, East Lansing, 

Michigan. 
4. SERC Darestury Laboratory, Daresbury, 

Warrington, F.ngland. 
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POTENTIAL MODELS AND RESONANCES IN THE 
l s0* 2 ,Si SYSTEM1 

A. H. Kobos2 G. R. Satchler 
Two recent papers have given optical poten­

tial descriptions for the elastic scattering of 
the l 60+ 2*Si system at energies near the Coulomb 
barrier, both of which Manifest partial-wave 
resonances. Our comment was that there is at 
least one other potential that reproduces the 
measurements but which does not result in such 
resonances. 

1. Abstract of paper: Phys. Rev. C 30, 403 
(1984). 

Z. Oxford University. Oxford, Eng'and. 

A aOBAL OPTICAL POTENTIAL ANALYSIS OF 
l«0* 2 8Sf ELASTIC SCATTERING1 

A. N. Kobos 2 G. R. Satchler 
The differential cross sections for I S 0* 2 8 Si 

elastic scattering at Many energies between IS 
and 35 MeV in the center of mass are described 
very well over the whole angular range up to 
180* by two optical potentials. One describes 
the data at twelve energies between 18 and 29 
MeV and another one at two energies, 31.6 and 
34.8 MeV. The two potentials differ in param­
eter values, but in both cases the real part 
consists of a folded potential supplemented in 
the surface with a double-peaked and energy-
independent attractive correction which is 
parametrized as the derivatives of two Hoods-
Saxon form factors. The imaginary potential is 
a sum of Woods-Saxon volume and surface terms, 
and its radius increases linearly with energy. 
The excitation function for elastic scattering 
at 180° is also reproduced well up to about 32 
MeV. The S-matrix elements generated by these 
potentials do not show any resonance features. 
The qualitative features of the scattering are 
discussed, especially in terms of the decomposi­
tion of the scattering amplitude into inner-wave 
and barrier-wave components. 

1. Abstract of paper: Nucl. Phys. A427, 589 
(1984). 

Z. Oxford University, Oxford, England. 

ONE EFFECT OF USING RELATIVISTS KINEMATICS IN 
THE ANALYSIS OF HEAVY-ION ELASTIC SCATTERING1 

M. El-Arab Farid? G. R. Satchler 

The ion-ion potential deduced from an optical 
model analysis of heavy-(on elastic scattering 
may be sensitive to whether the transformation 
from laboratory to center-of-mass system used Is 
relatfvistlc or not. For Illustration, a semi-
classical description is used to give a simple 
estimate of this effect, and its dependence on 

energy and the masses of the nuclei. For exam­
ple, the change in potential strength is larger 
than 201 for *°Ar scattering from 5 o 8 Pb at an 
energy as low as 44 MeV per nucleon. 

1 . Abstract of paper: Physics Letters B (in 
press). 

2. Guest assignee from Department of 
Physics. Faculty of Science, Assiut university, 
Assiut, Egypt. 8/1/83-8/1/84. 

SOME OPTICAL-MODEL ANALYSES OF THE ELASTIC 
SCATTERING OF *«Ar AT 1760 Me*1 

M. El-Azab Farid2 G. R. Satchler 

The elastic scattering cross sections for 
»°Ar on " N i , I 2 0 S n , and 2 0 , Pb at 1760 MeV were 
reanalyzed using both Woods-Saxon and folding 
model potentials. The latter required renormal-
izing by factors N < 0.7. This provides further 
evidence that the real potentials at this energy 
are substantially weaker than those obtained for 
other systems at lower energies. This was con­
firmed by comparison with data for 1 , 0Ar • 2 0 8 Pb 
at 236 MeV. The 1760-HeV data appear to deter­
mine the values of bc,h real and imaginary po­
tentials in the vicinity of a strong absorption 
region, nearly one fermi inside the rainbow 
radius. 

1 . Abstract of paper to be submitted to 
Nuclear Physics A. 

2. Guest assignee from Department of 
Physics, Faculty of Science, Assiut "diversity, 
Assiut, Egypt, 8/1/83-8/1/84. 

FOLDING-MODEL POTENTIALS FOR HEAVY-ION 
SCATTERING USING A SEMIREALISTIC 

DENSITY-DEPENDENT FORCE 

«. Fl-Azab Farid1 G. R. Satchler 

The real part of the optical potential for 
heavy-ion scattering was calculated in a folding 
model using a density- and energy-dependent oen-
eralization, called 00M3Y, of the H3Y effective 
interaction. The interaction strength and 
density-dependence were calibrated against a 
realistic G-matrix. The resulting potentials 
must be reduced by factors N ~ 0.8 in order to 
f i t 'low'-energy scattering data (~5 to 15 MeV 
per nucleon). High ener<jy (44 MeV per nucl eon) 
*°Ar data required somewhat more reduction, N -
0.65, indicating that the energy dependence in­
corporated into the D0M3Y is insufficient. 
Further, the same D0M3Y interaction had been 
shown previously2 to give a good account of a-
particle scattering over the same range of ener­
gies per nucleon with a constant ^normalization 
factor of N » 1.3. Consequently, the D0M3Y can­
not simultaneously represent heavy-Ion and o-
particle scattering within the usual folding 
model. 
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1 . Guest assignee from Department of 
Physics, Faculty of Science, ftssiut University, 
Assiut. Egypt, 8/1/83-8/1/84. 

2 . A. N. Kobos et a l . , Nucl. Phys. M25, 205 
(1984). 

EFFECTS OF POTENTIAL VARIATIONS ON 0NE-
DMENSIONAL BARRIER PENETRATION AND 

FUSION CROSS SECTIONS BELOW THE 
COULOMB BARRIER 

2 . See, for example, N. Rhoades-Browi and P. 
Braun-Munzinger, Phys. Lett . 136B. 19 (1984). 

M. N. Shalaby1 G. R. Satchler 

I t is known2 that coupling to non-elastic 
channels has very important effects en the 
fusion cross sections o f u $ ( E ) , below the Coulomb 
b*-r ier , calculated using the simple one-channel 
p.'cential barrier-penetration model. However, 
as a preliminary to such calculations, i t is a l ­
so of interest to know what effects result from 
the ambiguities in the one-channel potential i t ­
se l f . Measured fusion cross sections near the 
barrier determine the position, height, and cur­
vature of the barrier, and hence i ts outer face, 
in a relatively unambiguous way, hut leave un­
certain the inner face and thus the shape of the 
potential at smaller r a d i i . We explored a range 
of attractive nuclear potentials, from shallow 
(19 MeV) to very deep (8000 HeV), which gave the 
same barrier position, height, and curvature. 
There was wry l i t t l e effect on of Us(E) until 
the attractive potential became so weak that the 
total potential exhibited only a shallow 
'pocket' inside the barrier. This led to oscil ­
lations in <>f u s(E), which could be asseciated 
with quasi-bound states in the pocket, but which 
are not l ike the effects seen experimentally in 
systems like Ni • Ni . 

More important is the presence of a weak 
' t a i l ' of the absorptive potential under the 
barrier. The usual model assumes that absorp­
tion by direct (surface) reactions is taken into 
account expl ici t ly by the coupled channels, 
while the fusion, or compound nucleus formation, 
is represented by a short-ranged absorption in ­
side the barrier region. In practice, such a 
clear-cut division is unlikely, and we can ex­
pect some residual absorption under the harrier 
i t s e l f ; i . e . , the harrier becomes complex. Our 
calculations ihow that a relatively w a l l imagi­
nary part can produce, dramatic changes. Hgure 
5.1 shows an example for , 2 S • 2 l lMg using the 
same potential as Ref. 2 but with a Hoods-Saxon 
form for the imaginary part and its diffuseness 
increased to 0,635 fm. This results in an imag­
inary potential of -79 keV at 9.2 fm, the posi­
tion of the barrier peak, which itself is 2ft MeV 
high. The ofus at E c n ) « 24 MeV is increased by 
a factor of 75. However, the s..«pe of the 
<*fus(E) curve seen in this figure is not like 
that seen experimentally, so possibly the be­
havior of "fus(E) observed at very low energies 
can be used to put limits on the amount of ab­
sorption that is present, under the b*rrier. 

omu-mrG M-tsrt? 

100 r-

0 0 1 

Fig. 5 . 1 . Fusion cross section o f u s (E ) ver­
sus center-of-mass energy. The solid curve was 
calculated using the optical potential from Ref. 
2, in which f ie imaginary part was the square of 
a Woods-Saxon form, with diffuseness aw = 0,4 
fm. The broken curve used a similar potential 
except that the imaginary part had the Woods-
Saxon form with aw = 0.635 fm. The height of 
the Coulomb barrier is indicated hy B. The two 
curves coincide for energies above 33 MeV. 

COUPLED ELASTIC AND INELASTIC SCATTERING OF 
>*0 • 2 8 S i NEAR THE COULOMB BARRIER, WITH A 

WEAKLY ABSORBING OPTICAL POTENTIAL 

M. M. Shalaby G. R. Satchler 

The effects of using a weakly absorbing opti­
cal potential on the elastic and inelastic scat­
tering of l f i 0 • z , S i near the Coulomb barrier 
were explored using both the DWBA and the ful l 
coupled-channels treatment. Strong coupling ef­
fects are important. A f i t to the inelastic 
rtata at F.cm « 21.1 MeV appears to require a 
nuclear deformation length that is appreciably 
smaller than the Coulomb one. 

1. fluest assignee from Faculty of Science, 
Ain Shams University, *airo, Egypt, 6/83-l."./a3. 

1 . fluest assignee from Faculty of Science, 
Ain Shams University, Cairo, Egypt, 6/83-12/83. 
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A DISPERSION RELATION AND THE ENERGY DEPENDENCE 
OF THE HEAVY-ION OPTICAL POTENTIAL 
C. Nahaux1 G. R. Satchler 

The optical potential U(E) = V(E) • iW(E) for 
the elastic scattering of two systems is. in 
general, complex and dependent on the energy E. 
Reaction theories imply c very general disper­
sion relation between the real and imaginary 
parts of the form 

V(E) = V Q - i p | ^ p - d E ' , (l) 

where P denotes the principal value and V 0 is 
independent of E. Consequently, if W(E) varies 
rapidly with E in some region, this equation im­
plies that a corresponding rapid variation of 
V(E) should be observed in the same region of E. 
Empirically, W(E) for heavy ions appears to de­
pend only weakly upon E for energies substan­
tially above the Coulomb barrier. However, the 
magnitude of W(E) should decrease rapidly as the 
barrier is approached because the numbt of ef­
fectively open nonelastic channels is reduced 
drastically. This should be reflected in a 
corresponding change in V(E). Remembering that 
both V and W are attractive (negative), we see 
from Eq. (1) that V(E) should become more 
attractive as the Coulomb barrier is approached. 

Such an effect has been observed at low ener­
gies for nucleon scattering, an-i interpreted2 

using Eq. (1). A similar behavior has now been 
seen 3 for t60 4 2 0 8 P b and possibly1* for 1 6 0 + 
Ni. A quantitative application of the disper­
sion relation (1) to these heavy-ion cases is 
underway. 

Physically, 4V(E) = V(E) - V 0 arises from 
couplings to the nonelastic channels. If the 
dispersion relation can be used to reliably ex­
trapolate V(E) to lower energies, the important 
coupled-channels effects on sub-barrier heavy-
ion fusion can be re-expressed in terms of the 
one-dimensional barrier penetration model. This 
is being explored. 

1. Consultant from Universite de Liege, 
Liege, Belgium, 

2. C. Mahaux and H, Ngo, Nucl. Phys. A378, 
205 (1982). 

3. J. S. Lilley et al., Physics Letters, to 
be published. 

4. G. R. Satchler, Phys. Lett. 58B, 408 
H 9 7 5 ) . 

PATH INTEGRAL APPROACH TO MULTIDIMENSIONAL 
QUANTUM TUNNELING AND SUB-BARRIER FUSION 

A. B. Balantekln1 N. Takigawa2 

Recently, path integral approach to the 
coupled channel problem was formulated, trans­
mission probabilities were worked out for some 
simple cases, and the properties of the disslpa 
tlon factor were studied in the adiabatic 

limit.3 We are now in the process of extending 
this work to include the effects of finite tem­
peratures in the tunnelling process. In this 
context, calculations are being performed on 
temperature-dependent influence functionals for 
the three simple cases studied earlier, harmonic 
oscillators linearly or quadratically coupled to 
the translational motion and a system with a 
finite number of equidistant energy levels 
linearly coupled to the translational motion. 
Also, a simple many-body model to study micro­
scopic effects is being developed. 

1. Eugene P. Wigner Fellow. 
2. Tohoku University, Sendai, Japan. 
3. A. B. Balantekin and N. Takigawa, Annals 

of Physics (in press). 

EFFECT OF DISSIPATION ON THE EIGENSOLUTIONS 
NEAR THE FISSION SADDLE POINT 1 

K. T. R. Da vies J. R. Nix 2 

A. J. Sierfc2 

Two equivalent methods have been developed 
for solving the problem of small oscillations 
near equilibrium when dissipative forces are in­
cluded in the dynamical equations of motion. 
One method relies on the Lagrangian formulation 
of the equations of motion, and the other method 
relies on the Hamiltonian formulation. The 
eigenvalues are, in general, complex, but for 
unstable or overdamped motion they are purely 
real. We have used the Lagrangian formulation 
to calculate the two lowest symmetric eigen-
solutions at the fission saddle point for nuclei 
with Z2/A ranging from 18.0 to 44.6 for ordinary 
two-body viscosity, one-body wall-formula dissi­
pation, and one-body wall-ami-window dissipa­
tion. We find that two-body viscosity leads to 
relatively small changes in the directions of 
the eigenvectors, whereas one-body dissipation 
can lead to major changes in the directions of 
the eigenvectors. Also, with increasing dissi­
pation, the fission eigenvalue \ 2 decreases in 
magnitude, and the stretching eigenvalue Xi, 
changes from imaginary through complex to real 
and negative. 

1. Summary of paper; Phys. Rev. C 28, 1181 
(1983). 

2. Los Alamos National Laboratory, Los 
Alamos, NM 87545. 

STUDIES OF CONDITIONAL SADDLE POINT 
CONFIGURATIONS1 

K. T. R. navies A. 0. Slerk2 

We have developed a gereral method for deter­
mining an extremum on a potentia) energy surface 
subject to an arbitrary number of constraints. 
Tha basic equations are formulated using 
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Lagrange mu'cipliers, and the extremum is ob­
tained by iterating using a vector version of 
Newton's nethod. We then specialize the problem 
to a single constraint which can be, e . g . , a 
multipole moment of the nuclear shape or a 
parameter specifying the mass asymmetry of the 
system. All of our calculations have been done 
for the constraint of mass as^ nmetry which might 
typically represent the in i t ia l value of mass 
asymmetry of a particular heavy-ion reaction. 
Such calculations then give the conditional 
saddle points which are thought to enable one to 
distinguish theoretically fast fission processes 
from true compound nucleus formation. 3 " 5 The 
advantage of the present method is that the con­
ditional saddle points can be calculated when 
the mass asymmetry function is an arbitrary 
function of the generalized coordinates. This 
should be contrasted with other studies* - 6 in 
which the mass asymmetry variable is one of the 
chosen generalized coordinates, in which case 
the conditional saddle points can be determined 
by simply fixing the asyametry coordinate. 

Our results have been obtained mainly with 
the liquid-drop model7 surface energy. A study 
comparing the results using the liquid-drop 
model with those of the Yukawa-plus-exponential 
nuclear energy 8 ' 3 shows that, for the la t te r , 
one obtains a larger neck for a given mass asym­
metry. However, the main conclusions of our 
work do not depend on the type of macroscopic 
energy considered. In order to describe the 
nuclear shape which is assumed to be axial ly 
symmetric, we use two different parametriza-
tions: ( i ) a model consisting of smoothly 
joined portions of three quadratic surfaces of 
revolut ion, 1 0 and ( i i ) a Legendre polynomial ex­
pansion of the nuclear surface funct ion. 1 1 

In Fig. 5.2 we display various saddle points 
on o-r plots where a and r represent respective­
ly necking and separation degrees of freedom. 
By comparing the upper and lower parts of the 
figure, we see that, for a given f i s s i l i t y x, as 
we increase the mass asymmetry n, the moments of 
the system effectively behave l ike those of 

ighter nuclei. This occurs because, in a 
heavy-ion reaction appropriate to a given mass 
asymmetry, the effective entrance-channel 
Coulomb repulsion is proportional to 7i*Z 2» 
where Zi and Z 2 ire the projectile and target 
charges. Then, for a fixed total charge of the 
system, as o increases Z[ 'Z 2 decreases, giving 
rise to a less repulsive system. 

In Fig. 5.3 we display the conditional saddle 
point energy as a function of mass asymmetry a, 
for various values of the f fssi l i ty x. The be­
havior of the energy depends upon whether the 
f i s s i l i t y is above or below the Businaro-Gallone 
p o i n t , 1 2 x R r « . 3 % . For x < x f t r the energy a l -*BG B6 
ways decreases monotonically with increasing a. 
On the other hand, for x > x R r , as n increases, 
the energy f i r s t increases until i t reaches a 
maximum corresponding to the Busfnaro-uallone 
peaks, after which i t decreases. In the neigh­
borhood of x » x „ r , the saddle point energy with 
respect to a is very f la t due to the coalescence 
at a « 0 of the Bohr-Wheeler mass symmetric 
saddle family with the Businaro-Gallone mass 
asymmetric saddle family. For a * 0 the condi-
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Fig. 5.2. Locations in o-r space of the 

saddle points of liquid-drop nuclei. The upper 
portion of the figure shows the positions of the 
Bohr-Wheeler family of symmetric saddle points 
for selected value", of the f i s s i l i t y parameter 
x. The lower portion shows the conditional 
saddle points as a function of constrained mass 
asynmetry a for x = 0.7; the a values are in in­
crements of 0 . 1 , except for the largest value 
(<» = 0.93). 

tional saddle point is always the Bonr-Wheeler 
saddle, while for a approaching 1 i t corresponds 
to a single large sphere attached to an i n f i n i ­
tesimal ly small sphere. 

1 . Summary of paper to be submitted to 
Physical Review. 
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Alamos, NM 87545. 
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Fig. 5.3. Saddle-point energies as a func­
tion of constrained mass asymmetry a for various 
values of the liquid-drop model flssillty param­
eter x. The solid points correspond to the 
Buslnaro-Gallone family of asymmetric saddle-
point shapes with two unstable degrees of free­
dom. The solid lines terminate to the right at 
shapes with very small neck radii, beyond which 
we cannot calculate. The curve for x * O.ft is 
not drawn where no constrained saddle point 
exists. 

macroscopic studies we examine the dependence 
upon angular aomentuR L of the mass transfer 
*Af e to the lighter s a F e nucleus fro* the heav­
ier z , a P b nucleus. Figure 5.4 displays &Af e vs. 
L for the five energies considered, using two-
body viscosity' as the dissipation mechanise. 
This figure shows that, for a given bombarding 
energy, the mass transfer is zero for angular 
momenta larger than a critical value at which 
the nuclei first come into contact, at which 
point it jumps discontinuously in our calcula­
tions to a nonzero value. The mass transfer 
then increases with decreasing angular momenta 
until values corresponding to a mass-symnetric 
nuclear system are reached, below which 
oscillations occur.. 
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Fig. 5.4. Mass transfer aAp e vs. angular mo­
mentum L for the reaction 2 0 8 P b • , 8 F e . The 
calculations were done using two-body viscosity 
with viscosity coefficient u * 0.02 TP. 

MACROSCOPIC AND MICROSCOPIC FUSION STUDIES OF 
THE 20«PbfS«Fe REACTION 

J. R. Nix1 

A. J. Sierk1 

K. T. R. navies 
M. R. Strayer 
A. K. Ohar' 
A, c. Merchant1 

Macroscopic" and microscopic calculations are 
being done for the reaction *°*Pb + 5 aFe at five 
bombarding energies corresponding to cases which 
have been studied experimentally.5 In the 

In calculating the theoretical macroscopic 
capture cross section, we include all L values 
corresponding to mass transfers greater than 40 
amu, and the results are displayed in Fig. 5.5. 
The error bars on the experimental points re­
flect the differences between two experimental 
procedures for calculeMng the cross section 
(one of which is identical to the theoretical 
method). Other than the lowest bombarding 
energy, our calculated curve tor two-body vis­
cosity lies substantially above the experimental 
points, with the deviation increasing to almost 
a factor of 2 at the highest bombarding energy. 
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F ig . 5.5. Comparison of the experimental 
capture cross section with the theoretical re­
sults calculated for two-body viscosity, with 
viscosity coefficient v = 0.02 TP. The ful l 
curve smoothly joins the theoretical points, 
while the ful l circles with error bars are the 
experimental results. 

We regard this important discrepancy as experi­
mentally demonstrating that two-body viscosity 
is not the complete dissipation Mechanism in 
large-amplitude collective nuclear Motion. Ad­
ditional calculations are being done using one-
body viscosity, talcing into account the dissipa­
tion associated with a time rate of change of 
the mass asymmetry degree of freedom in the com­
pleted wall-and-window formula. 7 

Some preliminary time-dependent Hartree-Fock 
(TOHF) calculations of this reaction have also 
been done. For example, studies using the 
Skyrme I I I effective two-body interaction give 
the following results for the capture cross 
sections 

o (E * ?38 HeV) * 196 s 100 mb c cm 
« (E = 268) > 649 i * c cm 
o (Z = 363) = 780 i 111 n*. 

C i fl 
where we have indicated the uncertainies in de­
termining fusion. Comparing these microscopic 
cross sections with the macroscopic results 
shown in Fig. 5.5, we see that for E c m « 238 and 
268 HeV the TDHF limits are cmiilerably above 
the macroscopic curve. On the other hand, the 
TOHF cros: section for E c n ) * 363 MeV may not he 
very different from the macroscopic value. In 
any case, the TDHF results strongly disagree 
with the experimental values, which are always 
below the macroscopic curve in Fig. r>.5. How­
ever, we have previously dwnonstrated that dif­
ferent effective two-body interactions can give 
widely varying fusion results / '» ' Therefore, 
additional studies *re being done using the 
modified Skyrme W interaction which correctly 

reproduces nuclear conpressibilities and fission 
barrier he ights ." • 
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GEOMETRY AND DYNAMICS OF A ZERO-TEMPERATURE, 
FERMI-GAS MODEL FOR PRE-EQUILIBRIUM EMISSION 

CF NUCLEONS, WITH APPLICATION TO 
l*0 * , 3 Nb AT E ^ ' 204 MeV1 

K. T. R. Davies M. R. Strayer 
B. Remaud2 K. R. Sandya Devi 3 

Y. Raffray 2 

A detailed model for prompt, fe,:. nurleon 
(pre-equilibrium) nucleon emission has been de­
veloped and analyzed. The basic scattering be­
havior in the early stages of the collision is 
described by a classical trajectory calculation, 
with particle emission arising from a zero-
temperature, Fermi-gas approximation. The 
emission of a nucleon which has a velocity com­
ponent normal to the reaction plane is taken in­
to acccunt in the formalism. The refraction of 
the nucleon trajectories passing through the 
mean f ie ld has been studied and different pre­
scriptions for the absorption of nucleons have 
been carefully investigated. The method has 
been applied to the reaction l s 0 • ""ib at F.Lah 
= 204 MeV, and various comparisons have been 
made with particle emission occurring in a 
recent TOHF calculation. I t is found that the 
calculated mult ipl icity is greatest for head-on 
collisions. In addition, inclusive and in-plane 
energy spectra and angular distributions have 
been studied. The emission of forward-moving 
nucleons from the projectile (which pass through 
the target) takes place predominantly in the re­
action plane and the angular distribution Is 
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Strom})? peaked, approximately in the forward 
direction, with the energy spectrum centered 
about the bean energy per nucleon. 

ORNL-OWG 8 4 - R . 0 7 7 

1 . Summary of paper: Ann. Phys. 156, 68 
(1984). 

Z. Institut de Physique, Universite de 
Mantes, 44072 Cedex, France. 

3. Department of Physics, University of 
Arizona, Tucson. AZ 85721. 

TIME-KPaOERT HWTREE-FOCK STUDIES OF THE 
SENSITIVITY OF DYNAMICAL FUSION THRESHOLDS 

TO THE EFFECTIVE TUO-BODT INTERACTION1 

A. Hiruhn* 
«. R. 

t. T. R. Davies 
Strayer 

There has been great -nterest in recent years 
in studies of dynaaical thresholds which govern 
fusion behavior in heavy-ion reactions.3"* Two 
such thresholds can be identified. The first is 
the low-energy threshold which is associated 
with the phenomenon known in.macroscopic studies 
as the extra push (or, in some cases, the extra-
extra push).1* - 6 This threshold can be charac­
terized as follows. For head-on collisions of 
suff iciently l ight systems, fusion occurs for 
center-of-mass (CM) bombarding energies greater 
than or equal to the interaction barrier height. 
However, for a fixed CM energy, i f one increases 
the repulsive potential energy of the system by 
increasing the charts of the target or projec­
t i l e (or the orbital angular momentum), fusion 
becomes less probable. Thu?, e.g. , for head-on 
collisions of * system exceeding a cr i t ica l 
f i s s i l i t y , 3 " 7 fusion wi l l not occur unless the 
CM energy exceeds the barrier height by a cer­
tain threshold value known as the extra-push 
energy. This threshold occurs theoretically in 
both macroscopic3"7 and microscopic9 studies, 
and its existence is well establisf'ed experimen­
t a l l y . 5 - 7 

The second type of dynamical threshold occurs 
only in TDHF calculations at relatively high 
energies, 8 '^ where i t is found that fusion 
aVuptly disappears for head-on coll isions. 
Thi» threshold is known as the TDHF angular 
momentum window. For energies above this 
threshold, there exists a low-angular-momentum 
cutoff below which there is no fusion. This be­
havior is intimately associated with the trans­
parency inherent in the mean-field approximation 
and i ts existence is thought to be very ques­
tionable experimentally.1 5 We have completed 
TDHF calculations primarily devoted to the 
microscopic ana'ogue of the macroscopic extra-
push threshold, although we have also obtained 
some results for the window threshold. 

TDHF studies of * 6Kr • I 3 9 L a show that the 
extra-push fusion threshold Is very sensitive to 
the two-body effective interaction used. Figure 
5,fi for head-on coll isions, i l lustrates how the 
dynamical behavior depends upon the interaction. 
In this figure, we display the rms radius of the 
total system as a function of time for Ej9t, * 
370 MeV for the five Skyrme forces considered. 

2 3 4 
tinr 2 1s] 

5 6 

Fig. 5.6. The rms radius of the total system 
as a function of time for bead-on collisions of 
8 6Kr • I 3*La at E l a b = 370.0 MeV. The Roman 
numeral on earn curve labels the Skyrme force 
used. 

The general behavior shown in this figure is 
similar to that obtained at other energies. The 
in i t i a l minimum of the rms radius depends 
strongly on the force. Then the smaller the 
value of this minimum, the more l ikely the sys­
tem is to fuse. For Skyrme forces I I , IV, and V 
the in i t ia l coalesced system clearly resepa-
rates, while i t is our interpretation that the 
reactions for Skyrme forces I I I and VI lead to 
true compound nucleus formation. Thus, the ten­
dency to fuse decreases according to the follow­
ing sequence of Skyrme forces: V I , I I I , I I , IV, 
and V. 

Me summarize the results for our fusion 
threshold studies in Fig. 5.7. The error bars 
in this figure show the uncertainties in deter­
mining the calculated thresholds. The calcula­
tions were performed in the laboratory energy 
range from 370.r, to 830.0 MeV. The lower energy 
l imit was cnosen because i t is somewhat above 
the macroscopic interaction harrier, and we did 
not exceed the upper l imit due to our concern 
both about numerical instabi l i ty and about 
possible important corrections to TDHF at higher 
energies. For Skyrme forces I I I and VI, there 
is essentially no extra-push energy required 
since fusion occurs for al l energies down to the 
interaction barrier. On the other hand, for 
Skyrme V, there is a large extra-push energy 
since the fusion threshold lies between 790.0 
MeV and 830,0 MeV, This demon»trates that the 
extra-push thresholds for different Skyrme 
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F i g . 5.7. Dynamical TDHF fusion thresholds 
for head-on co l l i s ions of 8 6 K r + l 3 9 L a . The 
laboratory energy thresholds for d i f fe ren t 
Skyrme forces are plotted as a function of the 
inverse of the e f fec t ive mass rat : , m/m*. The 
error bars indicate the uncertainties in deter­
mining the threshold. The lower error bars de­
note the extra-push fusion threshold, whi le the 
upper error bars, when present, indicate the 
window threshold. The dashed l ines jo in ing the 
lower and u^per error bars denote the fusion 
region. The ?.<man numerals label the Skyrme 
forces. 

forces can d i f f e r by almost 500 MeV, Also, for 
Skyrme forces IV and V ! , af ter fusion occurs at 
lower energies, i t continues up to 830.0 MeV, 
and no window threshold was determined in the 
energy range uncer consideration. 

Also, studies cf both 8 6 K r + 1 3 9 L a and 1 S 0 + 
1 6 0 demonstrate that the re la t i ve l y high-energy, 
angular momentum window threshold exhibi ts a 
pronounced force dependence. In pa r t i cu la r , for 
l 6 0 + 1 6 0 the thresholds for Skyrme I I and IV 
d i f f e r by 20 MeV,, with the threshold for Skyrme 
I I only a few MeV below the energy used in the 
experiment 1 0 which seemed to rule out the ex is ­
tence of the window. We suggest that i t would 
be desirable to reanalyze the experimental and 
theoret ical information, taxing into account 
more carefu l ly the force dependence of the win­
dow threshold. 

1 . Summary of paper to be submitted to 
Phyileal Review. 

2 . Consultant from University of Frankfurt , 
Frankfurt , West Germany. 
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6. S. Bjtfrnhclm and W. J . Swiatecki, Nucl. 
Phys. A391, 471 (1982). 

7. K. T. R. Davies, A. J . Sierk, and J . R. 
Nix, Phys. Rev. C28, 679 (1982). This paper 
contains additional theoretical and experimental 
refer*.. - relevant to dynamical fusion 
thresholds. 

8. P. Bonche, K. T. R. Davies, B. Flanders, 
H. Flocsrd, B. Grannaticos, S. E. Koonin, S. J . 
Krieger, and N. S. Weiss, Phys. Rev. C 20, 641 
(1979). 

9. K. T. R. Davies. K. R. S. Devi, and H. R. 
Strayer, «>hys. Rev. C 24, 2576 (1981). 

10. A. Lazzarini, H. Doubre, K. T. Lesko, 
V. Hetag, A. Scams tes , R. Vandenbosch, and 
W. Merryfield, Phys. Rev. C 24, 309 (1981). 

TIME-DEPENDENT HARTREE-FOCK CALCULATIONS OF 
NUCLEAR MOLECULAR RESONANCES1 

M. R. Strayer 
A. S. Itaar* 

R. Y. Cusson3 

P.-G. Reinhard1* 

We have performed time-dependent Hartree-Fock 
(TDHF) calculat ions at bombarding energies near 
the Coulomb barr ier f&r '•He+^C systems. The 
co l l ec t i ve osc i l l a t ions of the nuclear density 
are followed in time and analyzed in terms of 
t he i r c lassical quasiperiodic behavior. Using 
the density constrained Hartree-Fock method, we 
have also calculated the posi t ion of the TDHF 
co l l ec t i ve path wi th respect to the multidimen­
sional energy surface of 'he compound nuclear 
system. In a l l of these cases the TDHF path is 
found to osc i l l a te about the shape isomeric min­
imum of the compound system. The moments of the 
density are defined as 

M L r ( t ) * / d 3 r r 2 Y L 0 ( r ) P j ( r , t ) 

H L [ ( « ) = / dt exp( - iu . t )M L I ( t ) 

where the index I identifies the isoscalar (1=0) 
and isovector (1=1) components. In Fig. 5.8 
some of these moments are shown for the 1*He+1'*C 
system. We clearly See an isoscalar octupole 
frequency at 4 MeV, two isoscalar quadrupole 
frequencies at 8 and 14 MeV, and an isovector 
dipole frequency at 4 MeV. The large deforma­
tions and characteristic clustering, observed in 
our calculations, suggest these collective 
states may correspond to molecular resonances 
observed in Ref. 5. 

1. Summary of paper: Phys. Lett. 135B, 261 
(1984), 

2. Guest assignee from Wright Nuclear 
Structure Laboratory, Yale University, New 
Haven, CT 06511. 

3. Consultant from Duke University, Durham, 
NC 27706. 

4. Consultant from University of Frlangen, 
Erlangen, West Germany. 

5. M. Ga1 et al., Phys. Rev. Lett. 50, 239 
(1983). 
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Fig. 5.8. The frequency dependence of the 
isoscalar quadrupole, isoscalar octupole, and 
the isovector dipole moments for the 1 8 0 system. 

A TIME-DEPENDENT MEAN-FIELD THEORY FOR PROMPT 
NUCLEON EMISSION IN HEAVY-ION REACTIONS1 

A. S. Umar 2 M. R. Strayer 
D. J. Ernst3 

We have developed a time-dependent mean-field 
theory for the study of prompt mid eon emission 
in heavy-ion reactions. The model treats the 
relative motion of the ions classically while 
treating the internal excitations quantum 
mechanically. The motivation for the model 
comes from earlier time-dependent Hartree-Fock 
studies." Here, we study emission from one of 
the heavy ions while we consider the other as a 
structureless particle, located at a distance R 
from the center of the emitting ion, producing a 
time-dependent field. This assumption Is valid 
for mass asymmetric systems. Under thesu con­
ditions, the Hamiltonlan for the system becomes 

H H D(KH U(R\{r.}) 1" •IT"1""'! 
where H 0 is the intrinsic Hamlltcnian of the 
emitting ion and depends on the nucleon coordi­
nates [r^\, T is the relative kinetic energy of 
the ions, and U Is an external one-body f ield 
which induces the coupling between the two ions. 
The one-bo'iv nature of IJ is an assumption of our 

model. The wavefunction associated with K is 
taken to be a product form 

TCt^lXt) = 6(S.tM{ r il.t) 
where 6 describes the notion of the structure­
less particle and • is a time-dependent Slater 
determinant for the nucleons in the emitting 
nucleus. Variation of the action with respect 
to 6* and the single-particle states of * yields 
coupled equations governing the relative motion 
and the intrinsic dynamics of the emitting 
nucleus, respectively. The expression for the 
invariant single cross section is 

»(D 
dk* (2-)2X=lJ 

Dmax .2 
db b C* ( t*- ) o KX 

where b denotes the impact parameter, and C* 
denotes the probability for occupying the con­
tinuum state t . 

Me have used as our external field a rank one 
separable potent??! having its range adjusted to 
contain the interaction within the strong ab­
sorption radius of the system and strength ad­
justed to the experimental multiplicity. We 
have studied neutron emission from the reaction 
1 6 0 + , 3Nb at Eiab = 204 MeV.s In Fig. 5.9 we 
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Fig, S.9. Double differential cross sectiois 
as a function of laboratory energy for angles 
14°, 24", and 63". 
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show the double differential cross sections 
together with the experimental results. The 
discrepancy at large angles nay be due to the 
exclusion of emission from Nb. 

1 . Summary of paper: Phys. Lett. 1408, 290 
(1984). 

2 . Guest assignee from Wright Nuclear 
Structure Laboratory, Yale University, New 
Haven, Ci 06511. 

3 . Consultant from Teas A S K University, 
College Station, TX 77843. 

4 . K. R. S. Devi et a'.., Phys. Rev. C 24, 
2521 (1981). 

5. A. Gavron et a l . , Phys. Rev. Lett . 46, 8 
(1981). 

N-N CORRELATIONS IN INCLUSIVE NONEQUILIBRIUH 
PARTICLE EMISSION1 

A. S. Umar2 M. R. Strayer 
0 . J . Ernst 3 

Recent experiments'* have shown pronounced 
nucleon-nucleon correlations in inclusive par­
t i c l e emission from heavy-ion reactions. Within 
tfc? framework of Koonin's formalism5 the associ­
ated spatial localization was calculated and in­
terpreted as evidence for the formation of a 
"hot spot." We have recently developed a time-
dependent mean-field model for prompt nucleon 
emission in heavy-ion reactions. 6 In this model 
the two-nucleon coss section is given by 

d bo (2) 1 
d 3 kd 3 q 

fbmax 

Jo d b b 

I C f C , 

(2«) 5 

A 

A | 

uqi 
(1) 

where b denotes the impact parameter, and C|< 
denotes the probability for occupying the con­
tinuum state k. 

Since we are working with a mean-field model, 
i t is important to understand the source of 
these correlations. Our wavefunction i s , at al l 
times, a Slater determinant, the antisymmetry 
of the wavefunction leads to the second term on 
the righthand side of Eq. ( 1 ) . Dynamical long-
range correlations are included in the time-
dependent f i e ld , and, as in time-dependent 
Hartree-Fock theory, the short-range correla­
tions serve to renormalfze the interaction and 
produce a mean f i e l d . Within this model, we ig­
nore the contribution of the particle exchange 
and polarization to the mean f ield and determine 
i t from the entrance channel configurations. 
The calculation of Eq. (1) was done for the neu­
tron emission from the system '*0 • 9 3 , l b at 
r l ab " 2 n 4 MeV. yor this system we f i rs t ad­
justed the parameters of the externa1 f l^ld to 
f i t the singles neutron spectra. The details of 
the singles calculation are given In <ef. fi. We 
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Fig . 5.10. Two-neutron cross section of Eq. 
(1) as a function of relative neutron momentum 
(solid l ine) and the same curve with the addi­
tion of f inal-state interaction (dashed curve). 
The dashed curve is divided by 100. 

then calculated the two-neutron cross section of 
Eq. ( I ) as a function of the relative neutron 
velocity as shown in Fig. 5.10 (solid l i n e ) . 
The results show the characteristics of the two-
particle cross sections obtained for other sys­
tems. 5 A naive application of the uncertainty 
principle to the half-width of the two-neutron 
cross section of Fig. 5.10 yields a space local­
ization of 2.5 fm, about the radius of the 1 6 0 
nucleus. 

There is another type of correlation which we 
treat using a f inal-state interaction model. 
When two nucleons are emitted in nearly the same-
direction, then they can interact substantially 
before they reach the detector. This two-body 
interaction is short range and is dominated by 
the deuteron pole. We have used the separable 
interaction of Yamagucht as our residual inter­
action. The dashed line of Fig. 5.10 shows the 
effect of this f inal-state interaction upon the 
two-neutron cross section. As we see, the ef­
fect of the final-state interaction leaves the 
momentum localization essentially unchanged. 

1 . Summary of peters to be published in 
Physical Review C and Proceedings of Inter­
national Conference on Fusion Reactions below 
the Coulomb Barrier. 
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CHAOS IN TIME-DEPENDENT HARTREE-FOCK COLLISIONS 
OF HEAVY IONS1 

M. R. Strayer 
A. S. umar 2 

ft. Y. Cusson3 

P.-6. Reinhard* 
Recently we performed tine-dependent Hartree-

Fock (TDKF) calculations, at bombarding energies 
near the Coulomb barrier, for l,He+1',C, 
l 2C+ l 2C{0*), and *He+20f»e systems. In particu­
lar. Me examined the collective oscillations of 
the nuclear density in terms of its moments 

\ , { t ) = / d3r r 2 ^(rjpjfr . t ) 

H^..) = ; dt expt-i-tj^jft) 

where the index I labels the isoscalar (1=0) and 
isovector (1=1) components. We have also cal'j-
lated the classical frequencies associated wit 
each of these collective degrees of freedom. 
The position of the TDHF path, with respect to 
the multidimensional energy surface of the com­
pound system, Mas also calculated. In all of 
these cases the TDHF path Mas found to oscillate 
about the shape isomeric minimum of the compound 
system. 

Depending on the amplitude of these oscilla­
tions, the motion can be identified as being 
chaotic or quasi periodic. For a more elaborate 
identification, we plot the Poincare projects 
for the motion of the l2C+12C{0*) system in Fig. 
5.11. We see that both the isoscalar quadrupole 
and octupole modes seem to be filling most of 
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Fig. 5.11. Pofncare phase space plots of 
«Ll{t) v s . \\U) for the 1*0, L«2,T modes of 
the 2<,Mg system. 

the avai lable phase space. The corresponding 
autocorrelation functions 

C^Ct) = / £ exp(i-t) | MUM | 2 

are small for all of the relevant modes sugges­
ting that the motion is closer to being chaotic 
rather than harmonic. In order to improve the 
periodicity of the TDKF results, we have 
"cooled" the system, thus bringing it closer to 
the shape isomeric minimum. The "cooling" was 
done by performing a density-constrained 
Hartree-Fock calculation at a point on the TDHF 
path. This result was then used as the initial 
state for continuing the time evolution. 

In Fig. 5.12 we show the time dependence of 
the moments for the "cooled" motion of the 
I 2C+ I 2C{0 t) system. The correlation functions 
associated with these modes are large, indica­
ting a quasiperiodic behavior. These results 
are important from the point of view that the 
quasiperiodic motion represents a known classi­
cal limit of quantum mechanics, whereas the cha­
otic motion does not. Figure 5.13 shows the 
classical frequencies for the "cooled" motion of 
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the l 2 C + l 2 C ( 0 + ) system. In th is f igure the 
f i r s t few harmonics are c lear ly v i s i b l e sug­
gesting that the motion is close to being har­
monic. 

1 . Summary of paper to be published in 
Proceedings of the Internat ional Confe-ence on 
Fusion Reactions Below the Coulomb B a n i e r , 
Cambridge, MA, June, 1984. 
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MEAN-FIELD CALCULATIONS OF FLUCTUATIONS IN 
NUCLEAR COLLISIONS1 

J . B. Warston* S. E. Koonin i „ 3 

Me apply the new variational principle of 
Salian and Veneroni to calculate the fluctua­
tions in final fragment mass, charge, and 
kinetic energy for the systems l 6 0 • l 6 0 (ELAB = 
160 MeV) and^°Ca * »«Ca [^LAB = 278 MeV). The 
calculated fluctuations are larger than conven­
tional TDHF results and, in the latter case, are 
consistent with the experimental fragment mass 
distribution. 

1. Abstract of paper to be submitted for 
publication in Physical Review Letters. 

2. Research Intern from California Institute 
of Technology, Pasadena, CA 91125, summer, 1984. 

3. Consultant from California Institute of 
Technology, Pasadena, CA 91125. 

ROTATING TOR0I0AL NUCLEI IN HEAVY-ION REACTIONS1 

Cheuk-Yin Wong 
Recent experiemtnal measurements2»3 on the 

correlation of the fragments in the bombardment 
of 3 2 S and 3 5C1 on 5 8Ni at an energy of about 11 
MeV per (projectile) nucleon reveal interesting 
three-fragment events. These events are charac­
terized by: (I) a bombarding energy threshold 
of slightly greater than 10 MeV per nucleon, 
(2) a cross section of 150 mb at about 11 MeV 
per nucleon, (3) approximately equal fragments 
in the reaction plane with momentum vectors 
making an angle of about 120° with respect to 
each other, (4) a value of Qt, the difference of 
the estimated total final kinetic energy Tf of 
the three fragments and the initial kinetic 
energy Tj of about -150 MeV, and (5) a detected 
multiplicity lower than that for deep-inelastic 
collisions. The authors suggested that the 
scission configuration may be a closed configu­
ration of oblat" shape. We explore the possi­
bility that the process of 3 three-fragment 
breakup observed in these reactions of 3 5C1 and 
3 2 S on 5 8Ni may arise from an intermediate ro­
tating toroidal nucleus with l - 130h. Quanti­
tative characteristics of the toroidal nuclei 
are presented and found to agree with those of 
the experiment. Further experimental investiga­
tion to search for a rotational symmetry of the 
three fragment events is suggested. 

1. Summary of paper to be published in 
Physical Review C. 

2. D. Pel te. And IJ. Winkler, Nucl. Phys. 
A423, 164 (1934). 

3. U. Winkler, B. Weissman, M. Bu'hler, A. 
Corks, R. Novotny, and 0. PeTte, Nucl. Phys. 
A425, 573 (1984). 



LIMITS ON >HE HIGH-DENSITY BEHAVIOR OF HEURISTIC 
NUCLEAR NATTER EQUATIONS OF STATE 

J. A. Karuhn1 

Both for hydrodynamic model calculations and 
for simple analysis of experimental data in 
high-energy, heavy-ion collisions, one has to 
employ a heuristic equation of state that is 
parametrized to reproduce some desirable proper­
ties near the ground state of nuclear natter 
while allowing flexibility at higher densities. 
In almost all calculations up to row the inter­
nal energy per nucleon as a function of density . 
n and entropy s was set up as a sun of a zero-
entropy contribution Uo(n) aiKTs thermal part Ut 
that is assumed to be given by a Fermi gas ex­
pression. 

For the function Uo(n) the usual requirements 
are those of correct ground-state binding energy 
Wo(ito) = Bo = -18 HeV, corresponding to a cini 
mum in VQ, and a reasonable inconpressibility 
Mo(n=no) = K/gno2 with K = 200 MeV. 

The functions actually employed were either 
the quadratic equation of state 

o 

or the quasi linear one 

V n ) • Tsar ( " V + B o • 
o 

Both of these, however, face some problems at 
higher densities. As seen in Fig. 5.14, the 
speed of sound for the quadratic equation of 
state already exceeds the speed of light at 
about five times normal nuclear density while 
for the linearized one the congressional energy 
remains so small that in calculations it is very 
close to the ideal gas (i.e. K = 0). 

It was therefore thought necessary to develop 
a new family of equations of state with more 
realistic properties at higher densities. After 
investigating a number of different functional 
forms, we propose the hyperbolic equation of 
state 

W 0(n).B 0 + o [ ( n - n / / n 0
2 ^ J / 2 . i | i . 

This reproduces all the ground-state properties 
and always approaches a sound speed equal to the 
speed of light at high densities. 

The new parameter o characterizes the slope 
of W0(u) in the high-density limit; in fact 

WQ(n) «• a ~ " for n • •». 
o 

The cjrve for W0(n) interpolates between a pa­
rabola near n 0 and a linear behavior at large n. 
Because the speed of sound is re!ated to the 
curvature of this curve, it stil l exceeds the 
speed &f light for interred late values of n if a 
becomes larger than a certain value depending on 
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Fig. 5.14. Energy per nucleon and speed of 
sound in zero-temperature nuclear matter for the 
quadratic (short dashes), linearized (long 
dashes), and hyperbolic equation of state (full 
curve), the latter with a = 130 MeV. 

K. For K = 200 KeV, this value is « = 132.30 
MeV. This is not a fundamental limit on a; a 
different parametrization of W 0 might reduce the 
curvature in the transition region and thus 
allow slightly higher values of a. h..;ever, as 
seen in Fig. 5.14, for o close to this limiting 
value the resulting curve stays quite close to 
the quadratic equation of state up to almost n • 
5 no, where it has to deviate to avoid too large 
sound speeds. For small values of-», one can go 
to arbitrarily soft equations of state, up to 
and below the linearized one. 

What emerges from these considerations is 
that, even aside from the particular forn of 
W0(n) proposed here, the parameter o, the asymp­
totic slope of W0(n) is probably a necessary in­
gredient of any such equation of state and will 
play a more important role than K at the high 
densities. 

1. Consultant from University of Frankfurt, 
Frankfurt, West lerroany. 
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DENSITY AS A CONSTRAINT AND EXCITATION 
ENERGY IN TOKF 1 

R. Y. Cusson2 M. R. Strayer 
P.-G. Reinhard3 J. A. Haruhn1* 

W. Greiner^ 

The time-dependent Hartree-Fock (TOHF) Method 
aims at a mean-field description of the dynamics 
of a many-body system. Nevertheless, a TOHF 
trajectory describes not only collective motion 
but also a great deal of internal excitation. 
I t is of considerable theoretical and practical 
interest to have a method which would allow us 
to disentangle both contributions to the motion. 

The task is to find a fast iteration scheme 
for constrained Hartree-Focfc, in particular for 
the case of multiple constraining conditions. 

The Hartree-Fock state | *> is an antisym­
metrized product of single-particle states | •„)• 
The most general gradient step can be written as 

K n + n ) ) - # | k " } ) - *(w (n ) • . ( B 4 ) M B ) ) | 
where, W;n| vis the Hartree-Fock Hamiltonian to 
the {[•("))} , 

H ( n ) = f • Trf ( n ) v ) 

and T is the kinetic energy, V is the interac­
tion potential, and p( n ) is the one-body density 
matrix 

* ( * + 1 > = X<"> • C 
«q. 

;w-i|.("))(.W|. 

The 0 means Gram-Schmidt orthogonalization of 
the single-particle wave functions. The D is a 
damping operator to ensure convergency of the 
iteration where 

<q>l"> . I >i"> §K"') 
for Q being a set of one-body operators. The 
straightforward way to adjust the constraint is 
simply to project out of the step •he com­
ponent a'ong 0 (which would drive to change it? 
expectation value). 

Ht the start of an iteration step we have now 
a set of occupied single-particle states 
{|* (")';} and a constraining force i ( i ) , f i r s t , 
we perform a t r ia l step with w(n) + i( n)»Q. 
Since thp * ( " ! has not yet reached the ideal 
value, thfs step wi l l cause a change in <Q> 

4- n g o k . , } - 1 (• ( n ) iQU ( n )). 

4e correct reduce the change 

* V W 1 ) * * 
where c 0 and dg are numerical parameters to be 
adjusted such that optimal converging is 
achieved (c 0 " 1 and dg » 0 ) . 

We study two l 6 0 nuclei in the Hartree-Fock 
ground state placed at a distance of 10 fm and 
given an impact parameter zero. 

For an initial energy of 1.56 NeV/nucleon we 
are in a situation slightly above the Coulomb 
barrier. In Fig. 5.15 we show the results for 
that case. The distance of the ions as a func­
tion of time shows that the two nuclei come into 
contact and merge until a distance of 4.4 fin is 
reached. Then they spring back, but they cannot 
escape because some relative energy is trans­
ferred to internal excitation and finally will 
flow into molecular vibrations. In order to 
give some impression about the process, we have 
added a few contour plots of equidensity lines 

[Mevl 
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F1g. 5.W. instance of th? ions, adiabatfc 
potential, cnllactlve kinetic energy and inter­
nal energy-'as /unctions of time for an i n i t i a l i ­
zation wltl- 1.56 HeV/nucTeon. As an i l lus t ra­
t ion, ,\ fei* contour plots of the enmdensity 
1fnes Ar* given. 
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at sow typical stages. This behavior Is re­
flected also by both collective energies, namely 
the adiabatic potential and the collective 
kinetic energy. Initially, the system needs 
some tine to cone across the Coulomb barrier. 
Then, at t - 80 fm/c, the nuclear attraction 
sets on and accelerates the Ions <?>-astically. 
With lowering separation, a repulsive force 
builds up which, at t - 158 fn/c, stops the rel­
ative notion and returns the process. Both the 
adiabatic potential and the collective kinetic 
energy are roughly synnetrical about the turning 
point. However, the deviations fro* an ideal 
collective notion are visible, nanely the naxina 
°f Ekin,coll h a y e unequal height, and these max­
ima do not precisely coincide with the minima of 
the adiabatic potential. This is due to the 
occurrence of strong internal excitations, as 
seen fron the behavior of E*. 

In some sense, the internal energy behaves as 
expected; conparing the stages of snail overlap 
initially and after the reflection, we observe 
that an internal excitation of about 3 HeV has 
been gathered during interaction tine. 

1. Summary of paper to be published in 
Zeitschrift fur Physik. 

2. Consultant from Duke University, Durham, 
NC 27706. 

3. Consultant from University of Erlangen, 
Erlangen, West Germany. 

4. Consultant from University of Frankfurt. 
Frankfurt, West Germany. 

RELATIVISTIC MEAN-FIELD DYNAMICS APPLIED 
TO l s0+»«0 SCATTERING 

R. Y. Cusson1 H. Stocker3 

P.-G. Reinhard2 M. R. Strayer 
W. Greiner* 

The time-dependent Hartree-Fock (TOHF) 
theory, using Skyrme forces, is widely used in 
microscopic descriptions of the mean-field 
dynamics of low-energy, heavy-ion reactions.5 

An approach which allows extensions to energies 
comparable to the nucleon rest mass raises 
questions of covariance and retardation in the 
mean-field propagation. We present here a 
microscopic model of relativistic nuclear mean-
field dynamics. The model consists of nucleons 
obeying the time-dependent Dirac equation, a 
classical spin-zero attractive meson field 
(sigma), a spin-one repulsive mean field 
(omega), and a meson baryon interaction be'ween 
them. The resulting coupled field equations are 
solved simultaneously in mean-field approxima­
tion. Similar models have been studied for the 
static case by Walecka and others.'' The theory 
is treated in the Kartree approximation and this 
yields an effective Lagrangian. The masses and 
coupling constants for the mesons are phenomeno-
logical and are adjusted to fit static nuclear 
matter properties.* 

An expression for the model Lagrangian den­
sity is obtained with model parameters as 
follows: baryon mass n^c2 * 938 MeV, scalar 

meson nsss njc 2 - 500 HeV. vector neson nass 
SyC* - 780 HeV, scalar coupling constant 0j = 
18.030 HeV fin, vector coupling constant g, = 
33.141 HeV fn. The neson nasses are taken fron 
OBEP Models, and the coupling constants are ad­
justed to reproduce the binding energy and den­
sity of nuclear natter. 

The following equations of notion energe fron 
the Lagrangian density: 

, h it •=*=[-vi * T >0 * VTO 
V 1 • 9 v I T t •y o vj 

i h - » t ? = ! l 

1 n!tn = [ - R 2 4 + frvc2}2], 

+ fie g^ <*-Y B*> 

i B T t r u = ^ u 

The gauge and continuity equations 

V = o. 3„ <*-Y*v> = 0 
are evaluated during the tine evolution as a 
check of the numerical accuracy. 

We use the classical equations of motion for 
the mesons 'i the mean-field theory. Thus the 
baryonic field can be treated exactly by single 
nucleon propagation and Slater determinants will 
remain so at all times. We restrict, in the 
present work, the progation to the A occupied 
bound states above the baryon vacuum. These 
approximations result in a theory free of mass 
and charge renormalization effects. 

We represent the meson field and the baryon 
wavefunctions o n ^ three-dimensional (32*32x32) 
mesh in both coordinate and momentum space, with 
a mesh spacing of 0.5 fn in ;oordinate space. 
The momentum space mesh is reached with the help 
of a fast Fourier transform. We employ isospin 
degenerate nucleon wavefunctions and treat the 
spin degrees of freedom in the usual four-
compenent spinor formalism. 

We use the relativistic static Hartree wave-
functions for each of the " o initial states, 
located.at a separation distance of 1C fm from 
each other on the mesh, and Lorentz boosted to 
the appropriate initial energy in the center of 
velocity frame. The time evolution for the 
baryon wavefunction is done using a fifth-order 
predictor-corrector scheme in momentum space, 
and the meson equations are solved simultaneous­
ly using Green function techniques. The momen­
tum {pace energy truncation was taken as ?. Rev. 
This limits the time step to less than 0.05 
fm/c. 

We have calculated head-on l 6 0 + l 6 0 collisions 
-»f- F / \ a b • 300 MeV, 600 MeV, and 1200 MeV. The 
time evolution is followed until the expanding 
sideways flow of matter hits the outer edge of 



the mesh. We show in Fig. 5.16 the tine evolu­
t ion of the baryon density, whose space Integra* 
is the total conserved baryon number (32 in this 
case), for E/Atab = * W **"• ^ ewly time be­
havior of the coll ision is similar to that of 
Skyrne TOHF. A compression zone and side 
splashing develops after about t = 6 fm/c. The 
system then proceeds to spallate in a l l direc­
tions. This can be contrasted with Skynte TOHF 
where project i le- l ike fragments and target- l ike 
ones eaerge after the reaction. The results cf 
the present work are, in fact , reminiscent of 
f lu id dynaarical behavior. The behavior at the 
other two bombarding energies was found to be 
similar. 

1 . Consultant f ro* Duke University, Durhas, 
KC 27706. 

2 . Consultant from University of Erlangen, 
Erlangen, West Germany. 

3. Michigan State University, East Lansing. 
HI 48824. 

4 . Consultant from University of Frankfurt, 
Frankfurt, West Germany. 

5. Proceedings of the Horkshop on 'TDHF and 
Beyond', ed. K. Goefce and P.-G. Reinhard, 
Lecture !%>tes in Physics, Vol. 171, Springer-
Verlag. Berlin, 1981. 

6. .J. 0. Walecka, ?nri. itiys. («J.Y.> 83, «9I-
(1974}; -i: 
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Fig . 5.16. The coordinate space haryon equi-
density contours fn the collision plane at var i ­
ous time* nu.-ing the fiOO-NeV col l is ion. The 
time in fm/c is given in the upper left corner 
of each frame. Equltienslty contours are taken 
at values Of .245, .J4, .08, .046, .026. MS, 
.0085, .005 ni,cleons/fmJ. The contour lines 
corresponding to these eight cuts have the 
styles thick 'sol id, .lashed, dot-dashed, dotted) 
and thtr> (sol id, dashed, 'lot-dashed. Hotted) so 
that each contour line can b<> identified at a 
glance. The absolute mayimum density reached 
was 0.29 n/f.n 1 . 

SUBTHRESHOLD PION FR0OUCTI0N IN HEAVfejON 
COLLISIONS '- /• 

0 . J . Ernst 1 H. R. Strayer ; <z 
A. S . -Uur 2 

In heavy-ion collisions low energy pions have 
been detected 3 at bombarding energies below the 
free nucleon-nucleon threshold. The emission is 
thought to arise from a cooperative process in 
which the relat ive motion of the centers of the 
two ions is converted into the single degree of 
freedom of the produced pion. This makes sub­
threshold pion production a unique probe of the 
very early prethenMlization stage of the c o l l i ­
sion. 

Me have developed a time-dependent, mean-
f ie ld model of the emission process. In the 
model, nucleons in the target (projecti le) are 
perturbed by the time-dependent mean f ie ld of 

the passing projectile ( target ) . The time-
dependent mass oscillations which are induced by 
the passing nucleus are coupled in lowest order 
t " pion production using a standard nonrelativ-
i s i i c N*N+* coupling. Thus the relative <i»tion 
is used to induce currents with bremstrahlung 
pions. Using the tine-dependent reaction for­
malism developed in Refs. 4 and 5, the total 
inclusive pion emission cross section is found 
to be given by 

Jo ./ (2«) 3 [2«.jJ (2«53 b h 

( f o f | f d3q d30 f d q o * , *t: r , 

where b is the impact parameter of the heavy-ion 
col l is ion, c(h) is classical transmission coef­
f ic ient , W>, is a spin-isospin degeneracy factor 
for the occupied orbital h, •• 'p,q 0 H*h(Q«1o! • 

P 
is the space and time Fourier transform of the 
f inal-state nucleon ( in i t ia l state m:cleon), anrt 
*,{Q5 is a distorted pion wave function. 
P 

If we approximate the final nucleon wave 
function hy a plane wave and the pfon wave func­
tion by a plane wave, the source current for the 
creation of the pion fs proportional to the 
time-dependent Wigner function. That is , the 
ttme-iijpendent wave 'unctions are Fourier trans­
formed in tne time variable and evaluated at the 
energy required by "energy conservation. One 
then constructs a Wigner function for these wave 
functions and the double differential pion 
emission cross section Is proportional to this 
function. 

We have modeled the external time-dependent 
perturbation by a harmonic-oscillator, separable 
time-dependent f i e ld . This introduces two 
parameters. Into the model - - a strength function 
and a time scale. If we f i t the strength to the 
tota! multiplicity for C+C collisions at 35 HeV, 
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Ne find empirically that the tine scale f 1 = 
Elah/* produces the energy dependence for the 
pion multiplicity in C+C collisions as shown in 
Fig. 5.17. Preliminary estimates for sub­
threshold kaon production indicate that these 
cross sections Mill be down many orders of mag­
nitude as a result of the larger kaon mass and 
weaker coupling to the nucleon. 

1. Consultant from Texas A * H University, 
College Station, TX 78712. 

2. Guest assignee from Wright Nuclear 
Structure Laboratory, Yale university, New 
Haven, CT 06511. 

3. T. Johannson et al., Phys. Rev. Lett. 48, 
732 (1982); P. Braun-Munzinger et al., Phys. 
Rev. Lett. 52, 255 (1984). 

4. A. S. Umar, N. R. Strayer, D. J. Ernst, 
and K. R. S. Devi, to be published in Physical 
Review C. 

5. K. Baranger and I. Zahed, Phys. Rev. 
C 29, 1005 (1984). 

is to conduct and stimulate theoretical research 
on nuclear structure, especially in areas where 
experiments at the Hoiifield facility have or 
potentially could have an impact. Such areas of 
current interest are: low-energy structure in 
nuclei far from stability, the cold or 'yrast' 
sequence of states at very high spin, and the 
warmer structures which are being studied by 
quasicontinuum spectroscopy. The focus lies on 
collectivity in nuclei, its basic principles, 
microscopic origin, and physical consequences. 
The most significant results from the past year 
pertain to intrinsic reflection asymmetry, which 
was previously established to occur in certain 
nuclides. In particular, octupole deformation 
was shown to exert a major influence on high-
spin quasiparticles when it occurs, making 
nuclear rotation more regular and collective in 
character. Furthermore, intrinsic electric di-
pole moments have been shown to exhibit charac­
teristic shell effects of their own, although 
they arise as a consequence of octupole defor­
mation. These and other results are summarized 
below under four topical headings with reference 
to the respective publications. 
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Fig. 5.17. The total l 2 C + u C plon production 
cross section as a function of the bombarding 
energy. 

NUCLEAR STRUCTURE 

THE UNISO* NUCLEAR STRUCTURE THEORY PROGRAM 

Introduction 
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A theory program is supported by UNISOR, the 
university Isotope separator at OPNL. The aim 
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Most microscopic theories for structure at 
low energies are based on single-particle orbits 
in a mean f i e l d , and an important activity is to 
follow up the results of spectroscopy i.i order 
to test and improve models for calculating such 
orbi ts . Data obtained during the last few years 
on the neutron-rich doubly magic nucleus l " S n 
have been evaluated 1 7 in terms of current models 
(Hartree-Fock with Skyrme I I I and Skyrme M for­
ces, the Los Alamos-Lund folded Yukawa, and the 
Warsaw Hoods-Saxon potentials). The successes 
and failures of each model in 1 3 2 Sn were signif­
icantly similar to what is obtained In 2 0 8 P b . 
Assuming analogous corresj>efl3ence between other 
doubly magic nuclgi-r^the hitherto unobserved 
proton-rj£h-4weTeiJS l 0 0 S n can rather confidently 

Tcted to have a proton binding energy of 
3-4 MeV. 

An odd nucleon is an Informative probe of 
collective as well as single-particle properties 
In the nucleus, and an on-going effort is there­
fore spent on the development and application of 
core-particle coupling models. In particular, 
the method of Co'nau and co-workers for coupling 
BCS quasiparticles to dynamical fields of the 
core has been combined with the interacting 
boson model (IBM) developed by Arima, Iachello, 
Scholten, and co-workers. This dynamical BCS 
quasiparticle method has some obvious advantages 
over an alternative boson-fermlon coupling model 
(I8FM) proposed by Uehello and Scholten: the 
BCS nethod can he applied with equal ease to any 
version of the IBM, methods exist to calculate 
the parameters of the coupling term microscopi­
cal ly , and there Is no ambiguity In the form of 
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the particle-transfer operator. The f i rs t step 
has been to compare the BCS and IBFM coupling 
schemes on a phenomenological bas is . 1 8 The d i f ­
ference lies in the way the Pauli principle is 
taken into account, and i t is found that IBFM is 
more f lexible i f the strength of the exchange 
term is treated as a free parameter. There are 
specific values which give energy spectra simi­
lar to those of BCS. 

The dynamical BCS qua r.iparticle method has 
been applied in the light Hg region, using the 
IBM2 cores with mixed boson numbers that were 
developed by the Tucson group. Odd-Hg i 'u /2 
spectra were adequately reproduced. 1 9 Calcula­
tions in progress for l ight Tl and Hg isotopes 
wi l l provide a more crucial test of specific 
features in these cores . 2 0 The latter calcula­
tions are also expected to suggest how to test 
experimentally a hypothesis that has been made 
in connection with IBM, namely, that protons 
couple mainly to the quadrupole f ie ld of the 
neutron bosons and neutrons to the proton 
bosons. As an aside in this context, a claim in 
the l i terature that there is evidence for o-
correlations in experimental binding-anergy sys-
tematics resulting from this mechanism was shown 
to be unfounded.21 Theoretical calculations for 
the light Hg cores are also being extended in 
connection with UNISOR measurements, using both 
models of prolate-oblate shape coexistence2 2 and 
the I B M . 2 3 . 2 " 

The part ic le- tr iaxial rotor model was applied 
for a variety of purposes. 2 5 - 2 6 In particular, 
i t was found that a very limited amount of spec­
troscopic data in certain isotopes might be 
enough to address the outstanding question of 
whether any well-deformed oblate nuclei exist 
beyond the sd shel l . The prime candidate is the 
N=Z nucleus 7 2 K r , and i t was seen that a l l the 
low-lying bands in its odd-A neighbors would 
have clear signatures of either oblate or pro­
late shape. An example is shown in Fig. 5.18, 
where cascade to crossover ratios distinguish 
the two 3/2" bands. Another calculation, for 
1 8 5 A u , strongly suggests that the very high 
structure observed in-beam by Larabee et a l . 
contains an "extra" h^/a band, 2 6 similar to the 
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Fig. 5.18. Large oblate deformations are not 
known to occur except in light nuclei hut have 
long been predicted fn the region of 7 2 K r . Ob­
late configurations would easily he recognized 
in spectroscopy on odd-truss neighbors. For ex­
ample, the calculated nrfd-neutron 3/2' hands 
shown here have distinct, branching ratios. 

one previously indicated by low-spin UNISOR data 
on l 8 7 A u . 

In the region of the very heavy elements (Z > 
100), the 1981 mass formula of Holler and Nix 
w«s applied 2 7 over a wider range of nuclei than 
in the original mass table, and lifetimes were 
calculated for a-decay and spontaneous f ission. 
This work was motivated in part by the LEAP 
project, a joint ORNL-LANL-LBL-LLNL proposal to 
make a * 5 '*» z | 5

)Es target for massive transfer and 
heavy-ion fusion reactions. The present predic­
tions differ somewhat from earl ier work, mainly 
due to the single-particle level scheme. One 
test of the level scheme would be a predicted 
kink in the a h a l f - l i f e curve at N = 162 due to 
a gap in the single-particle spectrum. I t is 
similar to , but more pronounced than, the known 
kink at N = 152. In the superheavy region the 
B-stability l ine was obtained at lower N than 
previously, and the most favorable case for lon­
gevity is now 2 , 0 1 1 0 which could be reached from 
the LEAP target with a stable beam. The a half-
l i f e for 2 9 0 1 1 0 is 167 days, and for doubly 
magic 2 9 8 1 1 4 i t is 1.2 minutes. 

Intrinsic Reflection Asymmetry 
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Octupole deformation which breaks the in t r in ­
sic reflection symnetry had previously been es­
tablished in nuclei of the Ra-Th region, in part 
through an analysis of single-particle proper­
t ies manifested by odd-A n u c l e i . 2 8 A somewhat 
different interpretation of the even-even nuclei 
in this region in terms of o clustering was 
tes ted , 1 8 using the case of 2 2 5 R a where the de­
coupling factors of the ^ ' 1 / 2 * bands are sensi­
t ive indicators of octupole deformation. 2 9 How­
ever, i t was found that a potential resembling a 
core plus ao a particle does not give the con­
siderable modification of the decoupling factors 
which are observed in experiment and which are 
obtained with the smoother octupole-deformed 
equilibrium shape derived by the Strutinsky 
method. The Strutinsky calculations were also 
examined cr i t ica l ly in order to see to what ex­
tent the development of an octupole-deformed 
minimun could be influenced by different choices 
of single-particle and liquid-drop models. 3 0 

The most important single factor in the Ra 
region turned out to be the spacing between the 
proton fyfz and 1u /z shells, and that value 
seemed to depend on whether the parameters of 
the single-particle potential were f i t ted to 
data In somewhat lighter and spherical or some­
what heavier and deformed nuclei. 

For the neutron-rich nuclei around l l , 6 B a , 
where octupole deformation has been previously 
suggested hut not investigated until now, a l l 
the models studied unanimously predict a soft , 
hut nevertheless octupole-deformed, equilibrium 
shape. 3 0 Single-particle signatures of octupole 
deformation were calculated along the same lines 
as in the Ra region, and the s t i l l rather scanty 
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available data on odd-mass nuclei were found to 
support the predicted asymmetry.31 

The consequences of octupole deformation at 
high spin were found to be s ign i f i can t . 3 2 Nor­
mally, high-spin properties are dominated by the 
spin alignment of a few quasiparticles from 
high-j shells. However, the octupole interac­
tion mixes the high-j intruder shells with 
opposite-parity states in the valence shel l , and 
thereby spreads the rotational strength over 
many valence orbitals. The in-band collective 
moment of inertia is increased and 'backbending* 
due to quasiparticle alignment no longer occurs, 
in agreement with experimental data for 2 Z Z T h 
(Fig. 5.19). The spin alignment of rotational 
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Fig. 5.19. The theoretical curves represent 
reformed shel1-model-8ogoIiuhov cranking calcu­
lations and the points experiment for the yrast 
line of 2 2 2 T h . The "symmetric theory" has the 
customary constraint to reflection symmetric in­
trinsic shapes and gives a backbend due to the 
alignment of i\%n neutrons. In the "asymnetric 
theory" the constraint is relaxed, 2 2 2 T h ac­
quires an octupole deformed equilibrium shape, 
* h e Jis/2 orbitals are fragmented, and the yrast 
line is smooth, as ooserved in experiment. 

quasiparticles. which could be extracted from 
sidebands and bands in odd-A nuclei, fs expected 
to be rather uniform and smaller than the align­
ment typical for high-j quasiparticles. The 
"signature" quantum number commonly used at high 
spins is no longer relevant in the reflection 
asymmetric case, and instead a more generally 
applicable quantum number, "simplex", was pro­
posed. Ouasfparticle bands are expected to ex­
hibit simplex splfetfngs and occasional simplex 
crossings. 

Octupole deformation is interesting not only 
per se but also because ft leads to an "exotic 
state" of nuclear matter, where it is possible 
to observe phenomena whose existence requires 
broken reflection symmetry. One such phenomenon 
is an intrinsic collective El moment, whfch 

arises when there is no symmetry to make the 
proton and neutron centers of mass coincide 
exactly. Early estimates based on the liquid-
drop model yielded El moments proportional to 
8263, but with conflicting results for tne sign. 
An attempt is being made to resolve this con­
flict using the extended Thomas-Fermi formal­
ism. 3 2 The calculation 3 3 shown in Fig. 5.20 
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F ig . 5.20. A 'numerical experiment* which 
shows that „?nq1e-particle ef fects on the El mo­
ment are ni-it^er random nor smal l . Single-
pa r t i c l e states in a potent ia l wi th f ixed S2 and 
S 3 are successively f i l l e d , and the accumulated 
<z> exhibi ts a coherent shell ef fect above the 
shel l closures at 1 ' 82 and N » 126. 

reveals another large contr ibut ion to the El mo­
ment which was not previously ant ic ipated, 
namely, a s ing le -par t i c le shel l e f fec t at f ixed 
6265. This shell ef fect must be Strutinsky r e -
normaHzed to the l i qu id drop fn a way that is 
consistent with the energy of the giant dfpole 
resonance.3'* The El shell e f fect could account 
for a systematic dependence on nucleon number 
that is emerging from recent data, M<{ the ambi­
guity mentioned above in the sign j f the macro­
scopic contr ibut ion to the EI moment would then 
be empir ical ly reso lved . 3 3 
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The deformed shell -model-Bogoliubov-cranking 
theory was extended and explored for the case of 
reflection-asymmetric wean f ie lds, as described 
in the previous section (c . f . Fig. 5.19). 

Recent ORItt. data on the yrast line of 1 5 8 Y b 
Mere found to have a remarkable interpretation 
in terms of a configuration-dependent cranking 
model. 3 5 Both the data and the model exhibit 
collective band structure Mith near-constant 
level spacings in the high-spin regime 1=26-36, 
leading to collective angular momentum being 
generated much more eff iciently than in well -
deforraed rotational nuclei l ike l f c 8 Yb (Fig. 
5.21) . Above I = 36 there is an energy gap in 

ORSL-DKf: 84-16583 

Fig. 5 .21. Angular momen'.'im versus E2 gamma-
ray energy for theoretical (dashed) and experi­
mental (solid) bands in 1 S 8 Yb and l i i B Y b , respec­
t ive ly . The generation of collective angular 
momentum up to I = 36 is more energy efficient 
in transitional l S 8 Yb than in wel1-deformed 
l 6 8 Y b . This results from a gradual shape tran­
sition followed by a band termination in l S 8 Y b . 

the spectrum. In the model these features re­
sult from a gradual in-band transition from pro­
late shape at lower spins to a noncollective 
oblate state at I * 36 which terminates the col­
lective band. Band terminations are commonplace 
in nuclei with only a few valence particles and 
also in the rotating harmonic oscillator model, 
but a band-terminating state had not. previously 
been identified in experiment for such a large 
number of valence particles and s'ieh large angu­
lar momentum a', in l S 8 Y n . 

Several high-spi.i theory projects, such as 
the study of signature s p l i t t i n g 3 6 and the de­
velopment of models for Ml radiation at hfgh 
s p i n , ' 7 tr* unfortunately not being pursued in 
connection with ORNL at the present time, a l ­
though warranted by the experimental situation. 

Quasicontinutm Spectroscopy 

T. ° .gtsson7 G. A. Leander1 

The study of nuclear structure by wans of 
the "quasicontinuum* of gamma rays which emanate 
from unresolved levels at very high spin and 
nonzero intrinsic excitation energy is a devel­
oping f i s l d . In particular, energy-energy cor­
relations seem to contain valuable information, 
hut both the extraction of the correlations from 
experimental data and the theoretical interpre­
tation of ridge-valley structures are subject to 
controversy. An interesting finding has been 
that the ridge separations obtained in experi­
ments on a sequence of nuclei around A=125 ex­
hibit a systematic trend with nucleon number, 
which has a specific and semi-quantitative theo­
retical in te rpre ta t ion . 3 8 » 3 9 The data around 
U 8 X e indicate a dynamical moment of inertia 
&W at high rotational frequencies that is 
well below the rigid-body estimate, whereas the 
data around l 2 8 B a 7 2 give an effective &W 
which increases up to or beyond the rigid-body 
value (Fig. 5.22). Previous cranking calcula­
tions suggested that the trend could be due to a 
wel1-deformed shape isomer which comes low in 
energy specifically around N=72. Configuration-
dependent cranking calculations showed that the 
&&-1 values from the energy-energy correlations 
would indeed result i f the decay pathways in the 
quasicontinuu'.i resembled a representative sample 
of calculated near-yrast bands. More recently, 
the same kind of configuration-dependent crank­
ing calculations were able to account for a cut­
off in the quasicontinuum E2 spectrum of 1 5 8 Y b 
above -800 keV 

Development has continued on a Monte Carlo 
code, GAMBLE, which provides a statistical model 
framework for the evaluation of quasicontinuum 
correlations. New technical and physical fea­
tures have been incorporated which wi l l be ap­
plied during the coming year to study structure-
dependent aspects of the gamma cascade pathway. 
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ACCIDENTAL DEGENERACIES AND DYNAMICAL 
SUPERSmWETMES1 

A. R. Balantekin*. 

Recently, several Hamiltonians appeared in 
the l i te ra ture 3 for which energy \levels exhibit 
a degeneracy which cannot be associated with the 
known syawe t ry groups. »fe consider the two 
Hamiltonians motivated by the nuc'.ear shell 
model 

H = 4 (p2 + r 2 ) * \(o'L * 3/2) 

and 

-j{i2 + r ;*-, i 
2r 2 

+ X o-L'.* 
3 r 2 ' 

(1) 

(2) 

For the first Hamiltonian when we fix j, there 
is a degeneracy for the two cases /-> +1, 1 * 
j+1/2, and x - -1, i • j-1/2. For the second 
Hamiltonian, the degeneracy is between X = +1, 
j = t+1/2, and x = -1, j = 1-1/2 w'th l fixed. 
It is shown that the degeneracy of such 

ORNL-DWG 84-16476 

60 

50 

> 40 
ID 

*> 101. 

l\ 1 1 8 x e 

Jr 3 0 . / i # H { f 

J^ 20. 

A aA A A 
I I i. 

0.1 0.2 0,3 0.4 

fi2o2(MeV2J 

50 

"•• T "I 1 1 

- l 2 8 B a 1 -

> 40 

"•• T "I 1 1 

- l 2 8 B a 1 -

7? 30 . / M *= J* 
^ 20 
US / 
* f 10 

A A 4 
• i i i 

c » 

0.1 0.2 0.3 0.4 

fi 2o 2(MeV 2) 
20 30 

ANGULAR MOMCNTUM(ft) 

Fig. 5.22. These data for '">Xe and 1 2 8 8a provide some of the f i rst evidence for connection 
between nuclear structure calculations at high spins and the dynamical moments of i n e r t i a , , / ' ? ) , 
derived from quasi continuum energy-energ> correlations at high rotational frequencies. Thr con­
tinued rise o f , / ( z ) in 1 2"Ba could reflect an increasing population in bands of type E at high 
spins. Such bands art predicted in 1 2"Ba 7 2 but not in ' 1 8 X e 6 u <i»e to a shell effect around N = 72. 
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•A. 

~ Hani Italians is dne to "an" underlying swersym-
metric quantuc-mechanfcal structure, i . e . , H o n 

" be written as an anticommutator of a fenafonic 
conserved charge, 0, with its Henrit»an conju­
gate, 0* "" - ' 

H - J {Q,0*l 

S[3*- . Jo study such systems, spectrum-generating 
f^»---jsiiperal9ebras,are introduced and developed. In 
V̂ -"-* *"""*' this context, one-parameter realization of the 
Sr'-,** "" relevant itoncompact superalgebras 0sp(l/2) and 
i?t^';^0«>t?/Z} are worked out. In both cases, the 
"** 'Vv^^^icemmuting charges are identified with the 

£sfermiohi(e, generator of the superalgebVa 
»(*/?) £ The Hamiltonians (1) and (2) with 

h-^Wj** +1-ena * » -I can be writ ten together as 

fep^^^whW Ko is the diagonal element of the sub-
- '*•*-'-" :-algebra Sp(2) which acts on the boson;c sub-

space, and'Y is the element of the snpelgebra 
'50(2) which acts on the fermionic subspace. 

"' Two-parameter realizations of 0sp{2/2), which 
are potentially useful in nuclear and molecular 
physics, are currently under investigation. 

iiv>-r «-

• (A** 1 ) ." 
(2> 

x{n ln 2 , . . ,n | |}t») 

where fn t ;n z , . . . . ,*. ,} is the partition labeling 
the representations of U(H), xu - - i( B* 

in i»™i» .» . ,n | | j 
is the character of the representation 
{n t,n 2,.„.,«..} and the ijr-tb element of the 
matrix, whose determinant is .calculated, is 
shown. 

The possible uses of this formula in lattice 
gauge theories and a. so in the statistical me­
chanical systems are currently ander investiga­
tion. 

1 . Eugene P. Ulgner Fellow. 
2 . A. B. 8ala.ttekin. J. Hath. Phys. 25. 2028 

(1984). 

1. Summary of paper submitted to Annals of 
Physics. 

2 . Eugene P. Higner Fellow. 
3 . H. Hoshinsfcy and C. Quesne, Ann, Phys. 

148, 462 (1983); H. Ui and 6. Takeda, Tohofcu 
University preprint (1984). 

CHMWCTER EXPANSIONS FOR WITARY GROUPS 

A. 8. Balantekin1 

Character expansion techniques are used to 
calculate certain integrals, appearing in lat­
t i c e gauge theories, to investigate the role of 
internal symmetries in certain high-energy reac­
t ions , to impose the colorlessness condition in 
the calculation of a quart-gluon gas, to calcu­
late the partition functions in the statistical 
theory of nuclear reactions, and to calculate 
the level density of a spherical nucleus as a 
function of angular momentum. A -very general 
formula was presented to generate expansions 
owr U(N) characters. 2 He start from the power 
series expansion 

6(«;t) - I 
n«o 

A„(x)t" (1) 

where we normalize A© « " Taking t i , W , . . . , 1 
to be the eigenvalues of the fundamental repre­
sentation matrix U of U{N), we get the following 
character expansion 

RELATIVISTIC HEAVY-ION PHYSICS 

INITIAL ENERGY DENSITY OF QUARK-GUION PLASW 
IN RELATIVISTIC HEAVY-ION COLLISIONS1 

Cheufc-Yin Sfong 

We estimate the initial rapidity distribution 
and the initial energy density in the central 
rapidity region of relat ivist ic heavy-ion c o l l i ­
sions by using a multiple-collision model and 
the nuclear-thickness function of Glauber. The 
parameter of the rapidity distribution is deter­
mined from the experimental multiplicity data of 
po, dd, «*, pA, **A, K*A, SHAg, and Ca+C reac­
t ions. ¥e find that the initial energy density 
in the central rapidity region is high. For ex­
ample, for the head-on collision of Z 3 8 0 on 2 3 e U 
at 30 GeV per nucleoo in the center-of-mass sys­
tem, the maximum energy density i s about 10 
GeV/fm3, which may exceed the critical energy 
density for a phase transition from a confined 
hadron matter to an unconfined quark-gluon 
plasma. The ini t ia l energy density goes as 
A * / J B l / } for the coll ision of two nuclei with 
mass numbers A and 8, and is rather insensitive 
to impact parameters. 

1. Abstract of paper; 
(1984), 

Phys, Rev. D 30, 961 
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BARTOR oisntimrriM n ULTRA-RELATIVISTIC 
HEAVY-ION REACTIONS1 

Cheuk-Yin Nbng 

Recent experimental results of high-energy 
•",, nucleon-nucleus collisions reveal that a nucleon 
- loses a large fraction of its energy in passing' 

"'. - ̂ through a nucleus.2 In high-energy iwcleus-
* '-*":%cleus collision this -energy Wss may. jive rise 
.:- Ul&~* substantial density of baryoos in" the 
; ' ^a»ntra i rapidity /region. 
- ;:':*''In'order td^^feteririne whether a pure quark-

i igluon plasma With no net baryon" density can be 
Charmed in the.central rapidity region in relat i -

"€i'^?ristic heavy-ion collision?, we. estimate the 
^" -"^^ra^ 0 **stributfbit^by usjmj a -TOauberrtjrpe':- ' 

rsT^t ip le -co l l is ion radel inwMch the nucleoas 
• A^^g^mti nucleus degrade Jn energy! as they .makej ., 
: -'*5«H>Ufsions with nocleons in the -other; nucTeus. 
^ 4 5 ^ ^ test of this modelv we study firstzWQ&n-
"c^Sbtlgus collisions at 100 SeV/c and coipare the 
^?^h>oretical results With the experimental & ta 
- -^of. Barton et a l . 3 The results are then genera-
. ' ' / ^ t z e d to study'the baryon distribution in. 

:'- :<wcleus-micleus collisions. I t is found that in 
•therhead-on collision of two heavy nuclei (A z 

- 100), the baryon rapidity distributions have 
broad peaks and extend well into the central 
rapidity region. The energy density of the 
baryon in the central rapidity region is about 
5-6% of the total energy density at a center-of-
•ass energy of 30 GeV per micleon and decreases 
to about 2-3% at a center-of-mass energy of 100 
GeV per nucleon. The stopping power for a 
baryon in nuclear natter Is extracted. 

1 . Summary of papers: Phys. Rev. Lett. 52, 
1393 (1984) and Phys. Rev. 0 30 t 972 (1984). 

Z. w". Busza and A. S. Goldnaber, Phys. Lett. 
1390, 235 (1984). 
- 3. 0. S. Barton et a l . , Phys, Rev. D 27, 
2580 (1983). 

NUCLEON-NUCLEUS REACTIONS AT ULTRA-RELATIVISTIC 
ENERGIES1 

Cheuk-Yin Hong 

In order to discern coherent processes from 
incoherent processes In nucleon-nucleus reac­
tions at high energies, we study these reactions 
with an incoherent multiple collision model. In 
this model, the projectile nucleon makes succes­
sive inelastic collisions with micleons in the 
target nucleus, the probability of such col l i ­
sions being given by the thickness function and. 
the nuclaon-nucleon inelastic cross section. I t 
is assumed that each baryon-baryon collision 
produces particles and degrade momenta just as a 
baryon-baryon collision 1n free space, and that 
there are no secondary collisions between the 
produced particles and the nucleon*. Me found 
that the inelastic proton data, the pseudo-
rapidity distribution data dNP*/dn, and the 
total nucleon-nucleus absorption data can be 
well explained by the incoherent multiple coll i ­

sion model. However, the single-particle frag­
mentation data for nonleading particles -indicate 
chat there i» a reduction of the fragmentation 
cross section because of subsequent collisions "' 
of the leading .baryon along the collision chains -
modification of .the incoherent multiple col l i - -
sioh model is suggested. The modified model-
gives cross sections for the reactions' pA***X, 
pA*r"X, pA+ic+X, pitac-X, and pÂ pX in the;projec-
t i l e fragmentation region in good̂ agreement with 
experiment. . " ; -" - ' •- ••,*"."" 

1. Abstract of'paper submitted to-Physical 
Review. ' -. - . . < • : . . . • * • ~- • 

^••'^<—±.-THE IffDHQrmmC ftiASE,M^ 

- "»«w-i0i:ci!uSsi0iS;''^'5;;; -^: _.; 
- lu-tvchu1 - ~V-:' •' ;-;„ - ••;•;' 

In recent years, there has been considerable 
interest in the subject of high-energy heavy-ion 
collisions, a major reason being that-it offers ' 
the possibility of creating extended regions of 
extremely high-energy density. In fact, the 
energy density achievable may bt high enough to 
carr <aatter through the decnnfinement phase 
transition, thus forming a quark-gluon 
plasma.2 - 6 Such an exotic state of matter is 
believed to" simulate the conditions in the early 
universe and possibly in the interior of gravi­
tational ly collapsing astrophysical objects such 
as supernpvae.. The physics of quark-gluon 
plasma therefore interests not only nuclear and 
particle physicists but also astrophysicists as 
well. 

I f a quark-gluon plasma is indeed formed in 
ultra-relativistic heavy-ion collisions, all the 
quanta excited in the plasma will rapidly come 
into local thermal equilibrium, and a hydrody-
namical description of the system will be valid. 
I t is of interest to study t ,e hydrodynamic evo­
lution of a cylindrical ly symmetric quark-gluon 
plasma as formed in a central collision of two 
identical heavy ions. 

At high enoujh energies, two nuclei in a 
central colli sit" will pass through each other, 
producing three regions in phase space: the tar­
get fragmentation region (TFR), the projectile 
fragmentation region (PFR), and the central 
rapidity region (CRR), The TFR and PFR contain 
most of the net baryon number of the system and 
continue receding away from each other at close 
to the speed of Ifght after the collision. In 
between TFR and PFR is the CRR with almost zero 
net barvon nwber but very high-energy density. 
Bjorken* has given a rough sketch of the space-
time evolution of the CRR; immediately after the 
collision, particles will be only weakly inter­
acting and undergo free streaming. Local ther­
mal equilibrium will be established by a later 
proper time r„ • 1 1m/c, and th* subsequent 
hydrodynamic expansion of the plasma will then 
be determined by the initial conditions speci­
fied at T • T 0 an* the laws of hydrodynamics. 
Further, assuming ...: existence of a central 
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- ~ " .plateau structure in the inclusive particle pro­
duction versus rapidity, Bjorken argues .that the 
OR obeys Lorentz-invariant boundary Conditions. 

* .'. In particular, this means a unifom initial 
; * energy density, CQ, and a scaling for* of the 

initial longitudinal veloc-'ty, * z * z / t . 
The laws of relativistic hydrodynamics can be 

.derived from . 

- v ; ̂ t h the stress-energy tensor ;-" 

•";"-. 1 ^ - ( e f j u V - P g * ' . 

,,.,. ,*;•? neglecting viscous and transport terns. Here e 
'-'\!k<'r -*s the local energy density, P the pressure, g»v 

H.*\?'"'"^-the'metric tensor, and u» the four-velocity of 
''^gj&rMt' fluid.- * 
[-$*£$it "_• Effective one-dimensional notion of the -

'5 '̂#-':%;?'«pw'rk-gluon plasma with the above.initial,con-
' ' f i^- i j rdi t iofc Has" oeen,investigated by Bay* et a l . 7 ' 
. ^ r ' " In the limit of an infinitely long cylinder of 
••'- 1 - plasma, these calculation show that the pre-

'".'"'.'""' douiwtlT longitudinal initial expansion;is 
• _;-~̂  later modified by the transverse expansion. To 

;~ * study the wore realistic case of a finite 
cylinder, a two-dimensional calculation is 
therefore necessary. Specializing to cylindri­
cal coordinates, we obtain the following set of 
equations: 

• ^ [(e*P)y2 - p] • J-lp [r(e*P)T 2 v r ] 

- • | j [(c*P)Y2 v j = 0 

i M * * *z] * Fir ['<•*>** Vzl 
* IF [^J*2 V + P ] • ° 

(la) 

(lb) 

• I F [(«•*>* v tvj »o. 

Here, v t ( v z ) is the flow velocity perpendicular 
(parallel) to the collision axis. We shall use 
the equation of state for a relativistic ideal 
gas, P * r.fi, which is shown by lattice Monte 
Carlo calculations8'9 to he a good approximation 
at temperatures above the critical temperature 
of the hadronization transition. The Stefan-
Boltzmann law relates <• to temperature, T, 

Htf 
where T0 is the initial temperature. 

Two methods to solve Eqs, (1) have been 
tried. The first one utilizes a finite element 
method in the r-z plane and propagates with a 
fourth-order predictor-corrector method in time. 

In the second method, we rewrite Eq. (1) with 
the equation if state in a form resembling a 
Schroedinger equation and then solve the equa­
tions with the Peaceman-ftac>.rord method.1* Both 

-.methods are stable up to a ti.-« much later than 
when the temperature drops to the critical tem­
perature for hadronization. -

Preliminary results from these calculations 
show that the quart-gluon plasma, i f formed in 
an ultra-relativisttc heavy-ion collision, cools 
down very rapidly. For the head-on collision of 
« * j on " • « . the energy density in the plasma 
will be lowered from e»{- 5 GeV/fm3) {Ref. 6) to 
2GeV/fm3, when hadronization is expected to 
start, after only about 1 fm/c. Utile the rate 
of coeling at z * 0 is found to agree with 
Baym's calculations, that at the ends of. the 
cylinoer is mdif.ied by a 'pile-up' effect, 
resulting in slower cooling-at large'z. Because 
of the rapid longitudinal expansion, the effect_ 
of the transverse expansion is vey small prior 
to Kjdroaizatioi. The behavior of the system is 
also studied as a function of the highly uncer­
tain parameter T 0 . Me found that the expansion 
of the plasma slows down and becoaes more uni­
form as the parameter T 0 is increased. Evolu­
tion of the system after the onset of hadnxiiza-
tioo is an important problem which requires fur­
ther study.. 
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THEORETICAL ATOMIC PHYSICS 

MULTIPLE-VACANCY PRODUCTION IN THE 
INOEPENOEhT-FERKI-PARTiaE MODEL1 

R. I.. Becker A. L, Fcrd7 

J. F. Reading' 
Measurements of < *~r»y (or Auger) satellite 

intensities produced by ion impact have yielded 
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K"L* multiple-vacancy distribetions which In 
most cases are nearly binomial. This implies 
that, s ta t i s t ica l ly , the holes are nearly inde­
pendent, which fs surprising in view of the 
bMw influence of correlations on other c o l l i ­
sion processes. We give a detailed derivation 
of general expressions for ion-induced multiple" 
vacancy distributions in the Independent-Fermi-
particle coll is ion model, based on the Hartree-
Fofit description of the target, which contains 
Paul! correlations. Our couplrt-cbanneis calcu­
lations employing tfcese expressions' neve' shown 
that the electron exchange terns tend to mutual-
ly cancel because of "random* phases, hot need 
not cancel when a single channel» sot* as a ' 
resonant electron capture, i s . dominant. 

• ~~ 1 . Abstract,of papery Phys". Rev. * 2», 3111 
-JM1SM). 
•*•• t. Texas A * R university. College Sat ion, 
~ . t X 77R43. 

IhXl tfSIOR OF ELECTMR 1RJR5FER JR THE 
CALCVLATIOR OF *FI> RWJiriE MCARCY 

PRODUCnOH RT IOR JBrACT1 

8 . L. Becker A. L. Ford2 " 
J . F. Reading2 

Measurements of. K x-ray or Auger sa te l l i t e 
(and hypersatellite) intensities provide infor­
mation on fV (and K2L») hole production in 
close collisions of ions with atoms, The L-
shell vacarxy distributions osoally are nearly 
bfnoafal. This distribution i s specified by a 
single parameter, p^, the nean L-shell vacancy 
probability per electron, which can depend on 
the speed v, the nuclear charge Zp and the ionic 
charge q of the projectile, and on the nuclear 
charge Zj of the target, Alnost all calcula­
tions of p i , aside fron our work, 5 - 5 have been 
United to first-order coll is ion approximaticns, 
Moreover, all such calculations have included 
only impact ionization and, consequently, have 
neglected electron transfer to the projectile. 
The first-order calculations have had enough 
success for proton and aVhe-particle impact to 
remain in vogue for a decade, hut they predict 
that p, is proportional to Zp 2, whereas p^ must 
remain <1, which requires a unitary collision 
approximation, he have obtained the "satura­
tion" of p, with Zp in two unitary schemes, the 
f irst Magnus approximation, vid the mpre refined 
coupled-channels approximation,1* •* In both 
schemes we used a siigle-centered expansion 
(SCE) in sp1n-orbfte«s representing hound and 
unbound states of the target. Typically, w* em­
ploy ten radial functions for each of four angu­
lar momenta ( s , p, d, and f s tates) . 

The SCE provides »n accurate basis for asym­
metric systems fZp « If), hut becomes inaccu­
rate for nearly symmetric systems at intermed­
iate energies for which electron transfer to the 
projectile is vry probable. A full coupled-
channel calculation with a two-center expansion 

(ICE) i s s t i l l prohibitive for many-electron' r 
systems. «fe have previously developed an inter­
mediate unitary scheme; referred to as the one-
and-a-half center expansion (OHCEh which has 
been applied to light systems:* I t includes 
electron transfer (so far* only to the Is state) 
along with electron emission. He have now used 
the ONCE for calculations of. inclusive K- end L-
subshell vacant; cross sections and of pj_ in 
F " * Re col l i s ions . Values at impact energy"-' -
1.5 mev/aan are given In the table . ..Jn^lajt^r-.r 
cancy cross .section is increased by STX/Jbettbe 
L-shell vacancy tress section at tfeis HgVener^ 
g> (v/v L « 6.7) i s hardly Changed by .charge ' 
transfer. .-. -.'-"-•-:,•• 

Jecanse ^.exoerimenUlX^shell 'Tngm*jr'&& 

ate strongly fro- the MiKwrial W i n t e r | n ^ a t e ^ 

incw^HiwJwt^ermi-partlcle model (IFr*), ^*lch 
Includes Fauli correlations. We Mve calculated, 
the effects of electron transfer on the eeviar 
tions from the binomial distribution for KH- T ) I 
for F»t + R». .It turned out that tbecbarge -
transfer fron. the iC-shell to the fluorine R-
shell does not cause much deviation from bfno- . 
mial. The variance i s given fn Table 5 .1 . It 
remains to be seen what effect transfer to the 

Table 5 ,1 . Comparison of coupled-channels cal ­
culations of vacancy production with and without 
inclusion of charge transfer (C.T.) to the pro­
j ec t i l e K-^hell: F»* * He at 1.5 HeV/amu. In­
clusive vacancy-production cross sections, «f in 

* & 

^- -• - ••-' '•ex 

1 0 - 2 0 cm*. H x-ray sate l l i te (j«Il and hyper-
sate l l i t e (j»2) information: (1) mean L-shell 
vacancy probability per electron, p^ ; (2) 
ratio, R^* of IFWt to binooial variance {both 
from distributions with the IFPR value of 

Mitlout r.,T. With C.T. 

\ 0,086 0,144 

"2S 2.337 2.381 

%> 7.831 7,966 

"2ptl 7.038 7,058 

\ 2».24& 24,465 

\ W 0.759 0,754 

\ W 0.781 0.799 

«(1) 0,976 0.939 

kt?) 0.«2 0.863 
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L-shel l (right have. Stork has begun on that 
problem. 

1 . Svoaary o* paper presented at "X84." the 
Internat ional Conference on X-Ray and Inner-
Shell Processes in Atoms, Molecules and So l ids , 
Le ipz ig , Aug. 20-2*, 1984. See x»4 Abstracts, 
p . 4 1 . 

2. Texas A * H Un ivers i t y , College S ta t ion , 
TX 7/843. 

3. R. L. decker, A. L. Ford, and J . F. 
Reading, HueI. I n s t r . Heth. 214. 49 (1983). 

4 . R. L. Seeker, A. L. Ford, and J . F. 
Reading, Rucl. I n s t r . Neth. S3, 43 (1984). 

5. R. L. decker, A. L. Ford, and J . F. 
Reading, feci. I n s t r , Heth. 8 4 . 271 (1984). 

6 . J . F. Reading, A. I . Ford, and R. L. 
-Reeker. J . Phys. R: Atom. Mol- Phys. 14, 1995 
(1981); i M d . 15, 3257 (1982); A. I . Ford, J . F. 
Reading, and R. I . Becker, i b i d . 15, 3257 
f !982) . 

7. R. L. Kauffman, C. v . Woods, K . A . 
Jamison, and P. Richard, Phys. Rev. A 1 1 , 872 
(1975). 

8. R. L. Becker, A. L. Ford, and J . F. 
Readirg, Phys. Rev. A 29, 3111 (1984). 

THEORY OF MULTIPLE L-SHEU VACANCY PRODUCTION 
I I I COINCIDENCE WITH RECTROR TRANSFER1 

R. L. Becker 

Coincidence measurements of the f i na l ion ic 
charges of both the p r o j e c t i l e and the target 
provide a c l e w separation between reactions i n ­
vo lv ing , or not invo lv ing , charge t rans fe r . 
Figure 5.23 shows such cross sections for H* * 
Re . 2 They are dominated by L-shell processes. 
Each cross section i s labeled by two or three 
subscr ipts . The f i r s t two are the i n i t i a l and 
f i n a l ionic charges of the p r o j e c t i l e . A t h i r d 
subscript s ign i f ies the f i na l nwher of vacan­
c i e s , v , in the ta rge t . The single-charge-
transfer cross section with v L-shell vacancies 
can he calculated In the impact-parameter f o r ­
malism, with the assumption that the transfer is 
to the K-shelt of the p ro jec t i l e (Tc) by 

v y8-v 

• * / : 
dB B ' (B) 

where superscripts label f ina l occupancies and 
subscr ipts, f ina l nonoccjpancies. In the 
independent-Fermi-particle model (IFPM) the 
"number-exclusive hyperinclusive" (NEHl) proba­
b i l i t y in the integrand i s given by an 
expression ^iraHar to t h a t 3 cor (*.!> ' (B ) , *P-K,L V 

proprfate for K„ s a t e l l i t e s . Figure 5.23 contains 
coupled-channels values at E * 75 and 100 keV 
for o i o v , v • 1,2,3 aM the i r sur; <j\^. The 
probab i l i t y for v « 0 , ^ ' [ ' o ( R ) , is essent ia l ly 
zero in the IFPM. (There is a ver> sma'.l con­
t r i bu t i on from tramfer from the K-shel! . ) 

= — I l I i • i i l l 
2 corrune 

wr* 

I • I I H H I -
WMZATMW Z 

J ' ' ' " " ' 

EfMVI 

F i g . 5.23. Cross sections for the e lec t ron-
capture and d i rec t ion izat ion channels in H* • 
Re c o l l i s i o n s . The data and curves through then 
are taken f r o * F i g . 2a of Ref. 2 . The open rec­
tangles give OHCE-IFPH-coupled-channels values. 
The su'tscripts are defined in the t e x t . 

Figure 5.24 gives the binomial and IFPM d i s t r i ­
but ions, P*»L " v = o v / V 0 V - . The Pauli cor-

K.L* / v ' «0 
re la t ions of the IFPM penult the suppression of 

> > « t 
•O. 0» I M u VMMCUt. r 

Fig. 5.24, L-shell vacancy distributions 
(integrated over the impact parameter) for 
single chary« transfer in H* • Ne collisions at 
100 keV. Shaded, IFPM calculations, unshaded, 
binomial distribution with the IFPM value of p"L< 
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the w=0 components, in agreement with experi­
ment. These measurements and IFPH calculations 
show for the f i rs t t ine a strikingly nonbinomial 
vacancy distribution explainable by Pauli corre­
lat ions. Data and calculations 1 for He* • He . 
show the sane features. 

A wore complicated coincidence experiment 
could neasure the L-shell vacancy distribution 
for collisions in Nkich there is a charge 
transfer to the T-shell and also a K vacancy. 
Rddbro et a l . * have, in fact , done this .or the 
no-L-shel1-vacancy case, v - 0. by resr.ving the 
diagram l ine in neon under He 2* fmpac*.. With 
L i 3 * the diagram l ine was oarely s e n . Only a 
l i t t l e more resolution would be needed to 
separate the satel l i tes with various numbers of 
L-shell vacancies. The theory of such an 
experiment would involve the l iHI £ . K . L 8 _ V ( 3 ) . 

I t is now being evaluat 'J. 

1 . A more extended discussion is given in 
Section 4.2 of R. L. Becker, "Multiple Vacancy 
Production by High Energy- Heavy Ions," invited 
paper at the Second Workshop on High-Energy 
Ion-Atom Collision Processes. Aug. 27-28, 1984, 
Debrecen, Hungary, to be published (Afcademiai 
Kiado. Budapest). 

2 . R. D. OuBois, Phys. Rev. Lett . 52, 2348 
(198 , ) . 

3. R. L. Becker, A. L. Ford, and J . F. 
Reading, Phys. Rev. A 29, 3111 (1964). 

4. H. Rddbro, E. Horsdal-Pedersen, C. L. 
Cocke, and J . R. Macdonald, Phys. Rev. A 19, 
1936 (1979). 

COLLISIONAL VAOUCY-REARRAIKEMERT IN THE FIRST 
MAGNUS AND COUPLED-CHANNELS COLLISION 

THEORIES1 

R. L. Becker 

Measurements of I-subshell cross sections in 
gold and neighboring heavy elements have shown 
variations with projecti le charge, Zp, ma 
speed, v, which are not explained by first-order 
theories with higher-order correct'ons for 
Coulomb deflection of the projectile and in­
creased binding of the electrons and polariza­
tion of their wave functions during the c o l l i ­
sion. Sarkadi and Mukoyama2 took into account 
the collisional transfer of L-shell vacancies, 
from one subshell to another by a second inter­
action with the project i le , in a two-step model. 
They employ quantum-mechanical collision ampli­
tudes to obtain probabilities for inclusive L-
subshell ionizations and for excitations (trans­
fers) from one subshell to another. But they 
combine these probabilities in a completely 
classical way In a set of kinetic equations. 
Calculations with the model did reproduce the 
decrease o* a. /<», with Increasing Zp at low 

v/v, , but did not reproduce the ratio <s. /a. , 
L3 L j L2 

nor the alignment parameter ,jf2o of the L 3 sub-
shell. 

Me show that ir. the fully quantum-aechanfcal, 
unitary, first Magnus approximation, in semi-
classical collision theory one finds 
collisional-vacancy-rearrangement terms analo­
gous to those of the two-step model. It also 
contains nonclassical .terms, which cannot be ex­
pressed as products of. probabilities. We give 
results - -wmericalcalculations for argon, in 
the first -*>gnu3 and in the coupled-channels ap­
proximation, which illustrate the deviations 
f«-on first-order values of both ratios of sub-
shell cross sections and ̂ 2 e - **• the relative­
ly low-impact speeds of interest, charge trans­
fer can be important. We have begun calcula­
tions with our one-and-a-half-center version of 
coupled-cnannels theory to exhibit the effects 
of electron transfer. 

1. Summary of paper: Proceedings of the 
Second Workshop on High-Energy Ion-Atom 
Cr'-lisioo Processes, Aug. 27-18, 1984, Debrecen, 
Hungary, to be published (Akademiai Kiado, 
Budapest). 

2. L. Sarkadi and T. Nukoyama, J. Phys. 814, 
L255 (1981). 

DEPENDENCE OF ION-STOBERG ATOM CROSS SECTIONS 
ON THE ORIENTATION OF THE RYDBER6 STATE 

R. L. Becker A.J). MacKellar1 

Classical trajectory Monte Carlo (CTMC) cal­
culations have proved very useful and surpris­
ingly accurate in estimating cross sections for 
collisions of charged particles (ions and elec­
trons) with electrons in high Rydberg states. 
Aside from our work, the calculations have been 
for classical ensembles corresponding to com­
plete n-shells. However, preparation of Rydberg 
states by multiphoton absorption allows for the 
selection of the t value. We have derived2 sub-
enseables of the microcanonical hydrogenfr. en-
sasole which correspond to Rydberg state? of 
given (n,t) or given (n,t,m). Results for the 
dependence of charge transfer, ionization, and 
excitation cross sections on the initial l value 
have been published.3 The dependence of the 
charge transfer cross section on f>p Initial m 
value is even more striking.1* 

Figure 5.25 shows the CTMC charge transfer 
cross section for H* • Na*(n»28) with t « 2 and 
27. Each m value corresponds to a classical 
range of values of a second Fuler angle, 8. For 
m • 0 the range ends at 8 » */2, while for m * % 
the range ends at 9 • 0, The figure shows also 
cross sections for specified values of (1,9) and 
of (t,|m|). For t * 27, specific m values cor­
respond to s»ch small intervals of 8 that one 
value of 8 in the interval represents m quite 
well. For t • 2, 9 « »/2 ceases to represent 
adequately m « 0, and 9 • 0 does not represent 
m • 2 sufficiently well. Notice that for the 
nearly circular orbits (t • 27) the ratio 
O O M O ) / O ( I M 2 7 ) exceeds an order of magnitude at 
high-Impact speeds. 
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1. University of Kentucky, Lexington, KY 
40506. 

2. R. U Becker (unpublished). 
3. R. I. Becker and A. 0. KacKellar, 

J. Phys. B 17, 3923 (1984). 
4. A. 0. KacKellar and R. L. Becker, 13th 

ICPEAC (Berlin. 1983) Abstracts, p. 660; R. L. 
Becker and A. D. KacKellar, Bull. An. Phys. Soc. 
29, 795 (1984). 

Fig. 5.25. CTMC charge transfer cross sec­
tion for H* *• Na*(n=28,l,m) in units of a n

2 =• 
n"*a0

2 versus scaled impact speed s = v/vn where 
v n ' *o/n. The full (dashed) curve is for 
1*2(27) and a uniform weighting of m values. 
Points: A , ft«0,n; D . 8 s*/2;^,m*2;y,m*27; | , 
m*0; >, |m| = 1; x, m«15. 

NUMERICAL SOLUTION OF THE TIME-DEPENDENT 
DIRAC EQUATION1 

C. Bottcher M. R. Strayer 
A wide range of problems in atomic, nuclear, 

and particle physics can be reduced to the nu­
merical solution of systems of relativistic 
fermion wave equations, possibly coupled via 
fields. He have developed a direct numerical 
method of propagating solutions of the Dirac 
equation in ti.ne, with particular application to 
electron-positron pair production in heavy-ion 

collisions. Our formulation contains a unified 
description of dynamical and spontaneous par-
ticie production, which have hitherto been 
treated as separate phenomtna. Me can also dis­
play pictures of the wavef unction to assist the 
interpretation of various physical phenomena. 

It is generally accepted that electron-
positron pairs should be excited fro* the vacuum 
in low-energy collisions of ions having a com­
bined nuclear charge >173. 2 "Electrodynamic* 
positrons have indeed been observed;3 the most 
striking feature of these emission spectra is 
the presence of sharp lines which suggest the 
formation of long-lived nuclear complexes.* 

Calculation of positron spectra requires that 
probabilities be calculated for the following 
single-particle processes: creation of a K-
shell vacancy, e.g.. 

«*»* * CaTUs*) * U«* • to1"""*'!*) 
• e-(E') 

(I) 

and excitation of an electron from the Dirac sea 
into the same vacancy 

Jfl* * C ( n - I ) + ( l s ) • e-CE < -mc 2) • U«* • 
Cm"*(Is 2) 

(2) 

The .net outcome is the creation of an electron-
positron pair with energies (E',-E), respective­
ly. Given the nuclear trajectory, both proba­
bilities are determined from the solutions of 
the time-dependent Dirac equation for the motion 
of a single electron. 

Since pair production occurs at very small 
internuclear separations (<100 fm), we are jus­
tified in using a monopole approximation to the 
two-center electrostatic potential. The wave-
function then reduces to a two-component 'pinor, 
whose components depend on a fingle radial coor­
dinate r (as well as time). These components 
are discretized by expanding in finite elements. 
Most of our calculations are performed with 85 
elements distributed nonuniformly over the 
interval r « (0,12a a 0 ) , about one-third being 
inside the target nucleus. Propagation in time 
was achieved using a (1,1) Pade approximant to 
the evolution operator over a small time 
interval. 

To obtain results, we have had to introduce 
several novel numerical techniques: (1) When 
the collision is complete, transition probabili­
ties are computed by projecting on eigenstates 
of the final-state Hamflton<an in the finite 
element basis. (2) The accuracy of the solution 
at each time is controlled by iterated matrix 
Inversion. (3) Fermfon doubling (the pathologi­
cal appearance of high momantum components at 
low energle;) must be removed to calculate reli­
able transition probabilities; we have achieved 
this by modifying the matrix representation of 
the kinetic energy operator. 

As a first test of the method, we calculated 
the probability P« of ejecting a K-shell elec­
tron from Pb in a collision with Sm at a bom­
barding energy of 5.7 HeV/amu, The variation of 
PK with impact parameter2 is reasonable. 
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We next considered a U*Cm collision at 6.05 
KeV per particle with no nuclear tine delay 
(T=0), and with a long tine delay (T*50 a 2 to, 
to = 2.42 x 10- l 7 s). He denote the transition 
probabilities from the initially occupied Is1/2 
orbital to the positive and negative continua by 
•e-.'e*: " 9 * . 5.26(a) and (b) show how Pe-»Pe* 
evolves during the collision with and without a 
nuclear tine delay. He note that one car.se-
quence of the delay is to increase the flux of 
emitted positrons and decrease the flux of 
emitted electrons. The effect of the delay on 
the wavefcction is shown in Figs. 5.26(c) and 
(d). The localized state in 5.26(c) decays into 
the outgoing waves seen to the right in rig. 
5.26(d). 

He have investigated the dependence of the 
energy spectra of the ejected electrons and 
positrons on a nuclear tine delay T. Figures 
5.27(a)-(d) show that regular oscillations in 
the positron spectra are characteristic of short 
tine delays, and that for T > 10 a 2 to these are 
superseded by a sharp peak. The total positron 
probability grows approximately linearly, reach­
ing a value 0.29 when the tine delay T = 50 
B Z to, and thereafter- does not change appre­
ciably as T is increased. The width of the peak 
decreases as T increases and reaches a Uniting 
value of 90 keV due to the finite extent of the 
finite element lattice; the position of the peak 
for this case is constant at 2.23 mc 2 regardless 
of T. In Fig. 5.26(d) we also indicate the 
position of the peak in head-on U+Pu collision! 
(1.90 mc 2) at about the same bombardirq energy, 
and in U+Cra collisions at an impact parameter 
b = 19 fm {1.58 mc 2). 

1. Summary of paper submitted to Physical 
Review Letters. 
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Fig. 5.25. '.I+Cm head-on collision at a bom­
barding energy of 6.05 HeV per particle, (a), 
(b): time evolution of the positron (full line) 
and electron (dotted line) in the finite element 
basis with and without a time delay of T • 50 a 2 

t 0 occurring at t • 6 a 2 t0> (c) and (<M shows 
the change in the modulus of the lSj/2 wave-
function vs. the distance from the target nucle­
us before and after a time delay of 7 • 50 a 2 

t0; full and dotted lines refer to the small an<t 
large wavefunction components G and F; P denotes 
the position of the projectile nucleus. 

2. "Quantum Electrodynamics of Strong 
Fields," ed. W. Greiner, Plenum Press, NEW Tort, 
19S3. 

3. J. Schweppe, et al., Phys. Rev. Letts. 
51, 2261 (1983); H. Clemente, et al., Phys. 
Letts. 137B. « £198*). 
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F1g. s.27. U+Cm h^ad-on collision at a bom­
barding energy of 6.05 HeV per particle. Posi­
tron (full line) and electron (dotted line) 
spectra In the target frame in units of (mc 2)- 1 

per collision, for (a): no time delay; (b), 
(c), *nd (d), respectively, T • 2.5, 5, 20 o 2 

t 0. The positron spectrum for ' • 19 fm is 
shown by the dashed line In (a). 
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4. U. Heinz, et al., Ann. Phys. (N.Y.) 151. 
227 (1983); J. Reinhardt et al., Z. Phys. A303, 
103 (1981); H. R. Strayer et al., Phys. tev. C 
28, 228 (1983); H. J. Rhoades-Srown et al., Z. 
Phys. A310, 287 (1983). 

PHENOMENOLOGY OF NUCLEAR COLLISIONS WITH 
L0N6 TIME DELAYS 

M. R. Strayer V. E. Oberacker1 

C. Bottcher 
We have used the Methods described in another 

section to interpret experiments an positron 
production in U+Ca collisions.' 

Tie energy spectra* of atomic positrons, in­
tegrated over nuclear scattering angles between 
25" and 65 s in the laboratory, consists of a 
broad structu-e (hiiMp) between 0 and 1200 keV, 
on which is superimposed a small narrow feature 
(peak) at 316 keV in the center of mass. The 
peak is associated with angles close to 45*. He 
assume for the purposes of numerical estimation 
that the broad background is due to the unde-
layed Rutherford trajectories with impact param­
eters in the range b = (4.5,19) fm. The posi­
tron yield involves the probability of creating 
a K-shell hole in the target, and that for 
filling the hole from the negative energy sea, 
both being strong functions of the impact param­
eter. Averaging over impact parameters, we ob­
tain a positron spectrum with a peak at 460 keV 
in the center-of-mass frame, and reaching a max­
imum yield of 2.0 x 10~7/keV, in good agreement 
with the reasurements and adiabatic basis calcu­
lations.3 

We shall identify the sharp peak with an im­
pact parameter b = 9 fm appropriate to 45" scat­
tering of the heavy ions on a Rutherford trajec­
tory. This simple assumption predicts a peak at 
390 keV in the center of mass; a slightly modi­
fied trajectory would reproduce the experimental 
energy. 

The ratio of the area under the peak to the 
area under the remaining part of the spectrum, 
(P/H)expt * 0.07.'' From our calculations, we 
know that tre ratio x « (total positron proba­
bility with a time delay)/(the same quantity 
without a time delay) is insensitive to the im­
pact parameter, and «1.6T. To derive 
(P/H)theory• we adopt a model in which the 
nuclei have ? probability f of coalescing in a 
range of relative orbital angular momenta 
W p e a k . thereby giving 

(') . " w V . 
Converting the angular momenta to scattering 
angles, we find Tf(Al)p e a i( * 55(5. Since Ab«l fm 
corresponds to L * 66ft, our estimate is In har­
mony with the established models of the nuclear 
collision dynamics for this system. 

We depart from earlier calculations In pre­
dicting sharp features in the ejected electron 
spectra for some rang™ of nuclear time delay. 
An example Is given f-1 Pig. 't.M. 
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Fig. 5.28. Typical delta in electron spec­
trum as explained in the text. 

The next stage *.i this investigation will be 
to synthesize thr predicted spectrum using real­
istic nuclear trajectories. We have already 
co. tructed sji table trajectories using model 
nuv ir inter-actions with attractive pockets and 
including energy transfer to nuclear excita­
tions.'' 

1 . Consultant from Vanderbilt University, 
Nashville, TN 37235. 

2. J . Schweppe et a ' . , Phys. Rev. Letts. 5 1 , 
2261 (1983). 

3. •!. Reinhardt et a l . , Z. Phys. A303, 103 
(1981). 

4. H. J . Rhoades-Brown et a l . , 1. Phys. 
A310, 287 (1983). 

TIME-DEPENDENT HARTREE-FOCK THEORY FOR 
HEAVY ION-ATOM COLLISIONS 

C. Bottcher 

For several years, I have been able to study 
ion-atom collisions involving » single active 
electron, at intermediate energies (5-100 
keV/amu), using numerical methods based on a 
finite-element representation of the wavefunc-
tion in positron space.1 Other investigators 
have published studies on two-electron systems.2 

The extension to "heavy" systems (which I under­
stand as those having 10 or more electrons) 
raises new problems. In particular, the rapid 
vir iatfon of the wavefunctions near the nuclei 
causes severe instabil i t ies ard violations of 
unltarity. 

The time-dependent Hartree-Fock (TOHF) method 
can be formulated as follows. The wavefunction 
of A electrons is approximated by a Slater de­
terminant of spin orbitsls *„ with occupancy 
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timbers M^. Each orbital satisfies an Indepen­
dent particle Schrodinger equation 

(WR.-D»6B<-M»Z8 

»•„ at 

where (In atoaic units) 

h = - ± »* • V_ d x 

(1) 

(2) 

Ir. Sq. (2), V„ Is the nuclear potential, V<j the 
local electrostatic interaction due to the other 
electrons, and Vx the exchange interaction. We 
wake the following approximations: (1) V,j is 
replaced by its average overall a, so that f t is 
related to the electronic density by Poisson's 
equation, 

*% = <¥) D- ° " E V V 
a a 

(3) 

(2) V is replaced by the Hartree-Slater local 
approximation. (3) Axial decoupling is assumed, 
i .e . , the wavefunction is taken to depend only 
oil the cylindrical coordinates (p,z) referred to 
the rotating internuclear axis. 

The numerical difficulties referred to above 
have been overcome by transforming to an orthog­
onal basis of finite elements and by using an 
exact exponential propagator at each time step. 
Orthogonal finite elements Mere also used to 
solve Poisson's equation. Excitation, capture, 
and ionization Mere distinguished by projecting 
on eigenstates of the initial and final 
Hamiltonians constructed in the same basis used 
for the time propagation. 

The process 

F»* • Me • F ( 9 ' r o ) + • lfe n* * (n-m)e" (*) 

has been studied at two velocities, v « 1 and 2, 
and a range of impact parameters. Ionization 
and capture probabilities associated with the 
orbltals 2so, 2po, and 2p* are shown in Fig. 
5.29. An interesting feature of these results 
is the "shakeoff" of 2pe electrons around b * 1 

This interpretation Is borne out by the 
nal state density contours shown In Fig. 5.30. 

At impact parameters <0.S a 0 , shakeoff following 
quasi-resonant K-shell capture 1; important and 
will be addressed in future studies. 

an. 
fin 

1. C. Bottcher, Phys, Rev. Letts. 48, 85 
(1982); C, Bottcher, in "Electronic and Atomic 
Collisions," eds. J. Eichler et a'. (Elsevier 
Science Publishers B.V., 1984) p. 187. 

2. D. Elehenauer et al., •). Phys, B 15, L17 
(1982); K. C. Kulander et al., Phys. Rev. A 25, 
2968 (1982); K.R.S. Devi and J. D. Garcia, J, 
Phys. B 16, 2837 (1983). 
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Fig. 5.29. The probabilities of capture (C) 
and ionization (I) for the 2s<v, 2po, and 2p* 
orbitals are plotted vs. impact parameter for 
two relative velocities: (a) v = 1, (b) v = 2. 
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Fig. 5.30. The lefthand frames (see Fig. 
5,29) show logarithmic density contours for the 
2so, 2po, and 2p* orbitals. The righthand 
frames show contours of the total density 
(logarithmic) and the electronic self-consistent 
fi.ld (linear). 
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THRESHOLD IONIZATION THEORY 

C. Bottcher 

In earlier work on low-energy ionization i 
used wavepacket formulation and the time-
dependent .Schrodinger equation. Further 
progress requires a method of solving the sta­
tionary Schrodinger equation direct ly. This can 
be done by Matching a set of solutions defined 
in a f in i te domain to ssyrptotic solutions on 
the boundary. 

All calculations have v> far been limited to 
the two-dimension model of the e+H system, in 
which the electrons move on a line passing 
through the proton at distances r , , r z on oppo­
s i te sides of the proton. Hyperspherical coor­
dinates are defined by 

r t = p coso, r 2 » p sino (1) 

He have shown that eigenfunctions in a box r i , 
r 2 < 93 ao can be constructed with a f in i te e le­
ment'basis sufficiently large that the proper­
t ies of breakup states near threshold are de-
scr i 'ed . In particular, i t is possible to com­
pute certain moments of the energy distribution 
between the two electrons with knowledge of 
asymptotic solutions, and the values agree with 
those predicted by the Hannier theory of thresh­
old ionization to within 10X.1 

I t is well recognized that asymptotic solu­
tions are best obtained by semiclassical 
methods. I f I write the wavefunction as • -
exp(i^S), S satisfies the Kami 1 ton-Jacob i -

-Schrodinger equation 

(VS)2 = JK2 + ^ 2 i j + i72S (2) 

where we have written the potential energy as 
-C/p. I f I drop the term i? 2 S, I recover class-, 
ical mechanics; the term discarded describes the 
diffraction of the deBroglie waves. Asymptotic 
solutions of (2) can always be described to a 
f i r s t approximation by a set of classical t ra ­
jector ies. I have found that all intuit ively 
plausible solutions can be associated with sets 
of trajectories, each set having a common Inter­
section (condensation point) . Examples are 
given in Fig. 5,31: the set W correspond to a 
so-called Wannler solution, and the set T to a 
dipole (Temkin) solution. 

In order to solve a scattering problem, I 
need a set of asymptotic functions ^ . a ) com­
plete in a for a fixed p. These can be obtained 
as follows for Wannler-type solutions. Suppose 
that at a very large distance 

S ~ Kp • £ i « l t n ( £ ) + Xf(a)_ (3) 

where F 1s almost arbitrary, e .g . , F( a ) • 1 in 
sin 2o leads to wavefunctlons which vanish 
rapidly as a • 0 . As a,\ are varied, one ob­
tains a double inf inity of solutions suitable 
for matching at an Inner boundary. The conden­
sation point is determined by a, e .g . , the or-

ORNL-DWG 84-16119 

O 2 0 4 0 6 0 8 0 100 
r, <o 0) 

Fig. 5 .31. Classical orbits corresponding to 
ionization in the e»p+e system. The « e s corre­
spond to the distances of the two electrons from 
the proton. 

bits in Fig. 5.31 correspond to a = 1 , p c = 
25.02/K 2; \ behaves l ike the index of a hyper­
spherical harmonic. However, i t is permissible 
to consider any linear combinations of the 
»(a,X); e .g . , * (a ,X 0 ) could be expanded in 
4>(a0,x) where a 0 , x 0 have fixed values. 

From a numerical perspective, (2) is a highly 
ill-conditioned nonlinear POE, but some progress 
towards solutions has been made. 

A related subject is the use of a two-
dimensional model to obtiin qualitative insight 
into the four-body Coulomb problem, i . e . , two 
electrons in the f ield of two nuclei . This is 
discussed in another section of this annual 
report. 

1 . C. Bottcher, "Numerical Studies in 
Electron Impact Ionization," to appear in 
Advances in Atomic and Molecular Physics, 1985. 

FORMAL RELATIONSHIP BETWEEN MASER THEORY 
AND QUANTUM FLUIO MECHANICS 

C. Bottcher C. Feuillade 1 

For several years we have been investigating 
the behavior of molecules coherently excited by 
radiation using the Bloch form of the density 
matrix equations. In particular we have studied 
the "ladder problem" in which the molecule is 
modeled by an anharmonic osci l la tor . 2 I t seemed 
natural to apply our formalism In an attempt to 
resolve a lung-standing controversy regarding 
the validity of classical solutions of this 
problem.-1 
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tie started with the density matrix p(«,B) in 
the representation of vibrational states and 
transformed to a new representation p(m,n), 
where •,n are discrete eigenfunctions of the po­
sition operator q with eigenvalues q»,q n. Thus 
p(m,n) approximates the density matrix in the 
position representation; diagonal elements 
correspond to particle density and off-diagonal 
elements can be related to the local current 
density, etc. Bloch equations in the position 
basis can be obtained from the, usual Bloch 
equations by a linear transformation. The new 
equations can be related by a series ef approxi­
mations to the classical liouville equations of 
motion and hence to quantum fluid mechanics. 
Our analysis indicates that, unless the density 
of states is very large indeed, the inherently 
quantal effect of stimulated emission is too 
large to be discarded. 

However, we have fouhd that i f the new equa­
tions are truncated at the level of coherence 
between adjacent points |m-n|c< 1 , a remarkably 
good approximation to the exact (quintal) solu­
tion is obtained. 

Figure 5.32 plots the imaginary part of the 
dipole susceptibility in the model of Ref. 2 

.X'tarfcftsrj • » « ! 

8.W* 8.KT* 

Ffg. 5.32, Imaginary part of dipole suscep­
t ibi l i ty in the model of Ref. 2. (a) Ongiral 
Bloch equations; full line, truncated to 

o-B < 1; <iasne>i line, e>act. (b) New equa­
tions; full line, truncated to m-n < I ; rfasnerf 
line, exact. 

with a reducer) laser field, f > 0.5. In Fig. 
5.32(a) we show the drastic effect of truncating 
the original Bloch equations at the level 
|a-6| < 1. Figure 5.32(b) shows that the effect 
on the new equations is ouch less severe. These 
equations are not equivalent to any previously 
recommended approximation, though their general 
structure resembles quantum fluid mechanics. We 
are considering applications to the dissociation 
of polyatomic molecules and to perturbed elec­
tron gases. The new approximation is suffi­
ciently simple that it might be a competitive 
way of analyzing more complicated problems. 

~ 2. C. Bottcher and C. Feuillade, Che*. Phys. 
Ljtts. 96, 279 (1983). 

3. J . R. fckerhalt et a l . . Optics Lett. 6, 
377 (1981). 

4. C. D. Cantrell et a l . . Optics Com*. 40, 
413 (1982). 

UN-HOG* CHNtGE EXCHM6E 

C. Bottcher T. 6; Heil 1 

We have continued our studies of charge cap­
ture from hydrogen atoms by hijhly stripped ions r 

using expansions in one-electron molecular 
eigenstates and a fully quintal description, of 
the nuclear motion.1 When the adiabatic poten­
t ial energy functions-and coupling matrix ele­
ments have been calculated, we can solve the re­
sulting Coupled equations with some facil ity, 
using fully vectorized programs developed for 
the Cray-1 and -IS". 

In the past year, we nave moved on to study 
more highly ionized projectiles, notably the 8* 
isoelectronic sequence. Some results on 0 s * and 
Ar 8* are shown in Fig. 5.33. We hope to study 
several members of this sequence with larger 
basis sets in order to make comparison with 
measurements in progress using the new ECRIS ion 
source at ORNL.3 

Since we now routinely include •-states in 
our basis sets, we have found a number of cases 
where a-« couplings affect the charge capture 
cross section by more than 30%. Figure 5.34 
shows results for C1"* and 0 6 + projectiles. In 
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Flq. 5,33. Charge exchange cross sections 
for multicharged ions on hydrogen atoms. Full 
lines: calculated with a ha»4c of 3 <j-stat«s: 
open circles: measurement of Ref. 3 on 0**; 
open triangle: measurement of Ref. 4 on Ar* +. 
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Fig. 5.34. Charge exchange cross sections 
for tnulticharged ions on hydrogen Horns. Full 
lines: calculated with a basis of 3 a- and 3 it-
states; open circles: measurements of Ref. 5 on 
C1**; open triangles: measurements of Ref. 6 on 
0 6 + . 

the case of C * the di sagre«»aient with experi­
ments appears to have worsened, a situation 
which merits further study. 

We are also pursuing the more fundamental ob­
jective of a very accurate calculation on " 5 + 

+ H in which translation factors are included by 
matching to moving orbitals on some boundary. 
This matching requires an expansion in about 40 
molecular eigenstates, for which we have now 
assembled the coupling matrix elements. 

1 . Consultant from University of Georgia, 
Athens, GA 30602. 

2 . C. Bottcher and T. G. Heil , Chem. Phys. 
Letts. 86, 506 (1982). 

3 , ' F. Meyer et a l . , private communication. 
4. 0. H. Oandall et a l . , Phys. Rev. A 22, 

3/9 (1980). 
5. <*. A. Phaneuf, Phys. Rev. A 24, 1138 

(1981). 
6. R. A. Phaneuf et a l . , Phys. Rev. A 26, 

1892 (1982). 

SUMMARY OF CODE DEVELOPMENT FOR 
ELECTRON-ION SCATTERING 

C. Bottcher D. C. Gr i f f in 1 

M. S. Plndiola* 

Between 1980 and 1983 we developed a program 
package to calculate distorted-wave excitation 

cross sections tilth intermediate coupling wave-
functions based on a single configuration of 
H.irtree-Fock o rb i ta ls . 3 The structure eigenvec­
tors and radiative branching ratios (for auto-
ionizing states) are obtained from the Los 
Alamos atomic structure package developed by 
R. W. Cowan. 

In the past year we have added codes to 
calculate d-rect ionization and dielectronic 
recombination. These codes are s t i l l based on 
Hartree-Fock orbitals for bound states and dis­
torted waves for continuu.a states, but use 
"configuration-averaged" approximations in the 
structure calculations. They are well suited to 
surveys of, e . g . , isoelectronic sequences, and 
we have the capacity to stcdy in more d i ta i l i n ­
dividual cases whe-e a breakdown of the approxi­
mations is suspected. 

At the same ti'se, a major effort has been de­
voted to extending the excitation code to handle 
configuration-interaction wavefunctions whi;h 
describe effects omitted by single configuration 
Hartree-Fock theory, in particular, coupling 
between almost-degenerate configurations in the 
Hartree-Fock sea ( e . g . , 3s 2 3p 2 , 3 p \ 3p 2 3d 2 ) , 
and pair excitations out of .he sea 
J 3 d 1 1 , 3 d 8 4 f 2 ) . The process of checking these 
new codes is almost complete, and application to 
transition metal ions wil l be «w»2e in the near 
future. 

Me have had for some time the capacity to 
perfomi close-coupling calculations, but 
progress on the complex targets we are inter­
ested in has been hindered by the lack of an ef­
f icient angular momentum algebra package in 
other groups as well as ours. This defect has 
been remedied by adapting our distorted-wive 
algebra package, and pilot calculations are in 
progress. 

Particular applications cf these codes are 
described in the following sections. 

1 . Consultant from Rollins College, Winter 
Park, FL 32789. 

2. Consultant from Auburn University, 
Auburn, AL 36849. 

3. C. Bottcher, 0, C. Gr i f f in , and 
M. S. Pindzola, .1 . of Phys. B 16, L65 (1983). 

EXCITATION-AUTOI0NI7ATI0N PROCESSES IN THE 
ELECTRON IMPACT IONIZATION OF 

SINGLY-CHARGED IONS 

D. C. Gr i f f in 1 M, S. Pindzola2 

C. Bottcher 

We have examined the excitation-
autolonization mechanism in electron impact ion­
ization of alkaline earth ions, 

». * np 6(n+l)s * np5 nd(n+l)s • e 

•• np6 + e + e 

Our motives were to examine the ^ata of Peirt 
and Oolder3 which have never been fully Inter­
preted, and to compare distorted-wave with 

(1) 
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close-coupling calculations, following a sug­
gestion" that they might seriously disagree for 
processes of the type (1). We also felt that 
the tern dependence of the nd-orbital should 
have the same large effect as in the xenon iso-
nuclear sequence which we investigated earlier. 5 

Indeed, i t is the case that tent dependence 
has a serious effect on the highest-lying state, 
that with a w^ndf1?) parent, e.g., with a 
tern-dependent 3d orbital, the ^M^P)**2* 
state of Ca+ lies at 33.6 eV (37.6 eV) and has 
an excitation cross section at threshold of 2S.4 
Mb (106 Mb). The numb rs in parentheses, just 
quoted, refer to the vreraged-config-ration 3d 
orbital. 

He carried out unitarized distorted-wave cal­
culations in intermediate coupling for Ca* and 
Ba + . 6 The Ca* results can be compared with 
those of close-coupling calculations, and for 
impact energies twice threshold; the total 
excitation-autoionization cross sections agree 
to better than 20%. No comparison is possible 
near threshold, since the close-coupling calcu­
lations'* retain only three out of nine possible 
levels of the multiplet and n*glect term depen­
dence; w> find that the discarded levels make 
comparable contributions to the cross section 
near threshold. However, both methods predict a 
large peak near threshold due to the ( lP) 2P 
state, of which there is no experimental indica­
tion. 

No other calculations have been performed on 
8a*. Our results art* shown in Fig. 5.35. As 
was the case in Ca*, the large calculated peak 
at 22 eV due to ( lP) 2P is not seen experimen­
tal ly. We have, as yet, no explanation for this 
discrepancy, although we note that the peak is 
almost entirely di«» to a single outgoing partial 
wave (1=3). 

1000 
0RML-0W0 83-16485 

Fig. 5.35. Total ionization cross section 
for Ba*. Dashed line, direct Ionization cross 
sections calculated from the Lotz equation (un­
sealed); dotted line, experimental results of 
Peart et a l . (1973); full line, unitarized, 
distorted-wave results (Including transitions to 
all levels of 5p55dfis) added to the Lotz value 
for direct Ionization. 

we are now proceeding to close-coupling cal­
culations on Ca* targets. The angular algebra 
part of our distorted-wave package has now been 
interfaced with the university College, London 
close-coupling package, (IMPACT), opening up the 
possibility of large calculations with many open 
shells. Exploratory studies suggest a high de­
gree of mixing due to final-state interactions 
which may remove the spurious peaks. 

1 . Consultant from Rollins College, Winter 
Park, FL 32789. 

2. Consultant from Auburn University, 
Auburn, AL 36849. 

3 B. Peart and K. T. Dolder, J . Phys. B: 
At- Hoi. Pbys. 8, 56 (1975). 

4 . P. 6. Burke et a l . , J . Phys. B: At. Mol. 
Phys. 16, L385 (1983). 

5. D. C. Griffin et a l . , Phys. Rev. A 29, 
\,19 (1984). 

6. D. C. Griffin et a l . , J . Phys. B: At. 
Mol. Phys. 17, 3183 (1984). 

DIRECT AND INDIRECT IONIZATION OF 
TRANSITION METAL IONS 

M. S. Pindzola1 D. C. Griffin 2 

C. Sottcher 

Co.ino the past year we completed a survey of 
experimental and theoretical electron-impact 
ionization cross sections for transition metal 
ions in low stages of ionization. The a.-wric 
ions T i + , T i 2 + , T i 3 * , F e \ Fe 2*, Fe 3*, Fe* . 
Ni*. N i 2 * , N i 3 * , Cu+, Cu 2 + , and Cu3* were exam­
ined using electron-ion crossed beams measure­
ments and distorted-wave theory. In Flo. 5.36 
we compare a single-configuration level to level 
distorted-wave calculation with experiment for 
Ti 2 1 ". 3 The theory predicts a rapid change in 
the cross section for 30 eV to 35 eV followed by 
3 10-eV plateau and then further jumps in the 
cross section around 45 eV. On a smaller scale, 
the experimental measurements follow the same 
pattern. We believe that inclusion of 
configuration-interaction effects in the 
distorted-wave excitation calculations for T i 2 + 

will lower the cross section and thus improve 
the agreement between theory and experiment. In 
Fig. 5.37 we present the results of a slngle-
conflgurailon level to level distorted-wave cal­
culation for Fe"+ (in this case, no experiment 
has yet been performed). From our survey work, 
we expect that the total cross section results 
and the direct cross section results will 
bracket expriment. In order for our predictions 
to be more precise, configuration-interaction 
effects 1n Fe *̂ will need to be Included in not 
only the indirect excitation process but also in 
the direct ionization calculation as well. 

1. Consultant from Auburn University, 
Auburn, AL 36849. 

2. Consultant from Rollins College, Winter 
Park, FL 32789. 

3. D, W. Mueller et a l . , private communica­
tion. 
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Fig. 5.36. Comparison of theory and experi­
ment for electron ficpact ionization of T i 2 + . 
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circles: measurements of Ref. 3. 
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DIELECTRONIC RECOMBINATION IN THE LITHIUM 
IS0ELECTR0MIC SE0JSKCE 

D. C. Gr i f f i n 1 M. S. Pindzola 2 

C. Bottcher 

We have applied our recently developed 
distorted-wave code for dielectronic recoobina­
tion to calculate the cross sections associated 
with the Zs-2p-transition in the L i - l ike ions 
B 2 * , C 3 + , ard 0 5 "* . 3 We have compared calculated 
cross sections to selected configurations of the 
type 2pnl in pure LS coupling, intermediate 
coupling, and a configuration-averaged approxi­
mation. The most precise (intermediate cou­
pling) results tend to be SOt higher than LS 
coupling, but agree f a i r l y well -nth 
configuration-averaged results. 

The explanation can be seen i f we write the 
process, e .g . in B 2 * . as 

e ( k ' l ' ) + B 2 + ( l s 2 2 s ) • B + ( ls 2 2pni.L) 

* ft*(ls22snl) • hv 
(1) 

In pure LS-coupling the total angular momentum 
L * I ± 1 = I' while in intermediate coupling; 
the spin-orbit interaction mixes L * t * l' ± 1. 
The former states typically have autoionizing 
rates 10 3 - 10 s times the radiative rate, so 
that if the latter are mixed to the extent of 1 
part in 10 3, they will contribute equally to the 
cross section. 

The interpretation of experiments on dielec­
tronic recombination is presently in a state of 
flux. However, we note that measurements seem 
to be much larger than early theoretical predic­
tions suggested, and that the effect of spin-
orbit interactions and external fi»'(js is 
usually to enhance the calculated cross section. 

The sensitivity of comparisons with experi­
ment to assumptions about experimental condi­
tions is illustrated in Fig. 5.38. Figure 
5.38(a) shows the predicted cross section for 
B 2 + as a function of experimental energy resolu­
tion, while Fig, 5.38(b) shows the variation 
with the field ionization cutoff. 

1. Consultant from Rollins College, Winter 
Park, FL 32719. 

2. Consultant from Auburn University, 
Auburn, AL 36849. 

3. D. C. Griffin et al., Phys. Rev. A (1985) 
in press. 

4. P. F. Oittner et al., Phys. Rev. Letts. 
51, 31 (1983). 

THE EFFECi OT ELECTRIC FIELDS ON DIELECTRONIC 
RECuKSINATION IN IONS OF THE LITHIUM AND 

SODIUM IS0ELECTR0NIC SEQUENCES 
D. C. Griffin1 M. S. Pindzola2 

C. Bottcher 
Dlelectronlc recombination (OR) 1s particu­

larly sensitlvo to the presence of external 
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cutoff in principal quantum number, n; f i l l e d 
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electric f ie lds . Such fields can cause a redis­
tribution of angular momentum among the doubly-
ijxclted, resonant, Rydberg states which, in 
turn, increases the number of states for which 
the rate of resonant-recombination Is appreci­
able. We have just completed a systematic study 
of the f ie ld enhancement of dielectronic recom­
bination in the L1 and Na isoelectronic sequen­
ces. In particular, we have applied the linear 
Stark approximation to examine these f ie ld ef­
fects for the (^electronic recombination transi­
tions associated with the 2s • 2p excitation 1n 
the L i - l ike ions B 2+, C 3+, 0 5 * , and F e 2 3 \ and 
the 3s » 3p excitation in the Na-llke ions Mg +, 
S s + , C 1 6 + , and F e l 5 + . 

Although this technique does not allow one to 
determine f ie ld mixing as a function of electric 
f ie ld strength. I t does provide physical Insight 
Into the nature of f ield effects 1n dlelectronlc 
recombination, and allows one to study Important 
trends In the maximum field enhancement of the 
DR cross section as a function of ionization 

stage. He find that the magnitude of the f ie ld 
enhancement decreases as we move up an isoelec­
tronic sequence, and is of the order of two or 
three in highly ionized systems. Furthermore, 
we show that DR transitions through doubly-
excited states near threshold can produce large 
narrow peaks in the cross section at low ener­
gies, which are especially prominent in high 
stages of ionization, and are not affected by 
electric f ie lds. 

An especially striking example of the effect 
just referred to is provided by the DR cross 
sectf0.1 for F e 2 3 * , shown in Fig. 5.39 as a func­
tion of electron energy. In this plot , the 
narrow resonances associated with recombination 
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Fig. 5.39. Predicted dielectronic recombina­
tion cross section of Ke 2 3 * convoluted into a 
3-eV Gaussian electron energy distribution. The 
fu l l and dashed lines pertain to the cross sec­
tion with and without an external electric 
f i e l d . 

transitions through the doubly-excited configu­
rations 2pnt are convoluted with a 3.0-eV 
Gaussian to simulate an experimental electron-
energy spread. The f ield enhancement In the 
high-energy peak is approximately equal to 2 .3 , 
The promineit low-energy peak is due to t rans i ­
tions through the resonant states for which the 
principal quantum of the Rydberg electron is 
n - 12. 

1, Consultant from Rollins College, Winter 
Park, FL 32789. 

2. Consultant from Auburn U n i v e r s i t y , 
Auburn, AL 36849. 
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6. NUCLEAR SCIENCE APPLICATIONS 

Nuclear science has COHHMWI frontiers with other basic sciences. The current 
program concentrates on three areas. (1) In cooperation with the Engineering 
Physics and Mathematics, Analytical Chemistry, and Conputing and Telecommunications 
Divisions, a program is currently underway to obtain verification of the neutronic 
and irradiation performance of higher actinides in fast spectrin reactors. This 
program ut i l izes the Oounreay Prototype Fast Reactor and wi l l be completed by 1988. 
(Z) In association with the Analytical Chemistry Division, the technique of 
studying the heavy-ion-induced x-ray sate l l i te spectra has been advanced to the 
point that i t can be applied to netal alloys and other materials of interest to the 
Metals and Ceramics Division. This program ut i l izes the EN Tandem and the KHIRF. 
Significant advances in this area are expected with the construction by early 1985 
of an ultra-high-iesolution Van Hamos spectrometer. (3) Working with personnel 
from the Aerospace Corporation, a program to study single-event upsets in 
integrated circuits has been started. With encouragement from NASA, piens are 
being drawn up to build a beam line at HHIRF dedicated to this program. 

ACTIVITIES IN SUPPORT OF THE OS/UK 
JOINT EXPERIMENT IN THE DOUNRFAY 

PROTOTYPE FAST REACTOR 

S. Raman D. A. Costanzo2 

H. L. Adair 1 J . K. Dickens'* 
J, L. Botts 2 J . F. Emery2 

B. L. Broadhead3 R. L. Walker2 

The United States and the United Kingdom are 
engaged in a joioi research program i.i which 
samples of the higher actinides are irradiated in 
the Dounreay Prototype Fast leactor in Scotland. 
The purpose of the program is (1) to study the 
materials behavior of selected h'jher actinide 
"fuels" and (2) to determine the integral cross 
sections of a wide variety of the higher isotopes. 
Samples of the actinides are incorporated in fuel 
pins inserted in the core. For the fuel study, 
the actinides selected are 2*l*m and ^ C m in the 
form of V^Oj, CHI2O3, and Am&Cm(RE)702i where (RE) 
represents a mixture of lanthanides. For the 
cross-section determinations, the samples are 
milligram quantities of actinide oxides of 2 l , , iCm, 
2*<<m, ^"Cm, 2,«3Cm, 2" 3Am, 2 J 'Am, ^ P u , 2 1 , 2 P u , 
2-lPu, 2-9p U, 2 3 * P u , 2 3 »Pu, 2 3 7 N p , 2 3 « U , 2 J 6 U , 
235IJ, 23-y, 23}|J ? 232 T n > 230Th, and 2 J l P a encap­
sulated in vanadium. The development and applica­
tion of the technology for preparing the actinide 
samples have been described in a report by Quinby, 
et a l . 5 The characterization of the starting 
materials used in the samples for the cross-
section determinations (denoted as physics speci­
mens) and in the dosimeters has been described in 
a report by Walker, et a l . 6 Preanalysis calcula­
tions were carried out 7 concerning actinide build­
up and burnout in order to aid the experimental­
ists in the planning and preparation of their 
respective measurements. 

The f i rs t fuel pin experiment was removed from 
the reactor In late 1983 after an irradiation of 
63 effective full-power days and shipped to ORNl 
where subsequent analysis began In May 1984. The 
experimental results of gamma-ray characterization 
of fission products from several of the dosimeters 

have recently been completed. These results 
include fission product act iv i t ies for 2 3 8 U , 2 3 5 U , 
and 2 3 , P u at each of the th.ee dosimeter loca­
tions. Calculations were performed in a manner 
similar to the pre-analysis calculations reported 
in Ref. 7 with the following exceptions: (1) the 
actual operating history of the reactor was used; 
(2) a l l actinide and fission product cross sec­
tions were collapsed to one group * i th the spec­
trum near the axial centerline of the physics 
specimen section; and (3) the flux levels employed 
in the calculations were from the actual reactor 
run. 

Shown i i Table 6.1 are preliminary results for 
six different fission products produced by the 
fissioning of 2 3 i 3 u , 2 3 5 >J, and 2 3 9 P u at each of the 
three different dosimeter positions in fuel pin 1. 
The results are given as the ratio of the experi­
mental value (E) to the calculated value (C). In 
a l l cases the agreement is very good with E/C 
values between 0.81 and 1.14. Also encouraging is 
that within each location a given dosimeter's E/C 
values are very nearly independent of the particu­
lar fission product. This indicates that some of 
the remaining discrepancies are systematic in 
nature. Thus, for example, i f the flux used in 
the calculations was decreased 10% in the top 
(Positions 1 and 2) and middle (Positions 17 and 
18) dosimetry locations, the resulting disagree­
ments would then be 10% or less. The variation fn 
E/C values as a function of the fission products 
for a given dosimeter is larger for the bottom­
most (Positions 33 and 34) locations than those 
of the top and middle locations. This is due to a 
known deficiency In the spe-trum used to obtain 
the 1-group cross sections, and will be corrected 
In future analyses. 

The US/UK joint program is ongoing with more 
detailed calculations and additional measurements 
underway. The preliminary results obtained thus 
far are very encouraging. The gamut of activities 
In support of this program involves not only 
several ORNL divisions but also close interaction 
and cooperation with Hanford Engineering Develop­
ment Laboratory (HEOL) an<( the Dounreay Nuclear 
Power Development Fstablishrient. 
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1 . Operations D iv is ion , ORNL. 
2. Analyt ical Chemistry D iv is ion , ORNL. 
3. Computing and Telecommunications 

D i v i s i on , ORNL. 
4 . Engineering P.:ysics and Mathematics 

D iv i s ion , ORNL. 
5. T, C. Quinby e t a l . , "Preparation of A c t i -

nide Specimens f o r the US/UK Joint Experiment in 

the DourrtMy Prototype Fast Rector," 0RNL-S85* 
(1982). 

6. R. L. Walker et a l . , "Characterizat ion of 
Act in ide Physics Specimens fo r the US/UK Joint 
Experiment in the Oounreay Prototype Fast Reac­
t o r , " ORM.-5986 (1983). 

7. B. L. Broadhead, N. B. Gove, and S. Raman, 
"Preanalysis Calculations i n Support of the US/ur. 
Jo in t Experiment i n tne Oounreay Prototype Fast 
Reactor," ORNL-6058 (1984). 

Table 6 . 1 . US/IK dosimeter resu l ts f o r Fuel Pin 1 . 
value t o the calculated value. 

L is ted below are the ra t ios c f experimental 

Fission 238y 23Su 2 J 9 P . 
Product Pos. fl Pos. #17 Pos. #33 Pos. fl Pos. 117 Pos. f33 os. #2 ?os. #18 Pos. #34 
»5m, 0.89 0.81 0.95 0.95 0.96 1.08 0.84 0.86 0.96 
»5Zr 0.90 0.81 0.94 0.95 0.96 1.08 0.83 0.85 0.97 
I«3RU 0.93 0.8S 1.C3 0.90 0.87 1.00 0.85 0.87 0.33 
J06Ru 0.88 0.81 0.96 0.84 0.84 0.93 0.85 0.86 0.55 
" 7 C s 0.93 0.80 1.00 0.94 0.94 1.07 0.87 0.89 1.00 
i^Ce 0.93 0.88 1.14 0.95 0.98 1.02 0.83 0.85 0.97 

ULTRAHIGH-RESOLUTION STUDIES OF HEAVY-ION-
INDUCED X-RAY SATELLITE EMISSION 

ORHL-DUG 84-15665 

C. R. Vane 
E. Kal lne 1 

J . Kal lne 1 

G. Morford 2 

S. toman 
M. S. Smith 1 

When an energetic heavy ion co l l ides with a 
target atom, several L-shell and M-shell electrons 
are ejacted along with a K-sholl e lec t ron. The 
i n i t i a l vacancy d i s t r i bu t i on of , say, the L shell 
i s a l tered by vacancy r e f i l l i n g p r i o r to K 0 x-ray 
emission. What i s seen experimentally at moder­
a te ly high resolut ion i s a series of K l n s a t e l l i t e 
peaks where n oenotes the number of L-shell vacan­
c i e s . Figure 6.1 shows su l fur K„L n f o r Na^SOi, and 
NaSCN excited by 36 MeV Cl°. + ions from the ORNL EN 
tandem. Experimental resolut ion here i s ~7 eV 
FWHM. These peaks actual ly represent over a 
hundred indiv idual t rans i t i ons . We have studied 
t h i s f ine structure from six sul fur compounds when 
bombarded by 34-MeV 3 5C1 ions. The data, composed 
of six normalized then pieced-together, narrow 
band spectra (20-to-40 eV each), are displayed in 
F i g . 6.2. These spectra were taken with a high-
throughput, h igh-resolut ion Bragg crysta l spect-
trometer 1 ' in the Van Hamos geometry. They show 
that the indiv idual s a t e l l i t e peaks from S com­
pounds not only d i f f e r in the i r gross shapes but 
also contain pronounced ~l-eV f ine structures that 
exh ib i t in tensi ty var ia t ions. For example, the 
area of the prominent sharp peak at ~2340 eV 
varies nearly l inear ly with target su l fur ef fec­
t i v e charge. I t changes by +63X in going from 
NaSCN to Na2S0,,, nearly 2.5 times the sens i t i v i t y 
found for the ent i re K a l 2 area measured ea r l i e r at 
lower reso lu t ion . " The observed p ro f i l es agree 
qua l i t a t i ve l y with Hartree-Fock pred ic t ions 6 for 
the lower degrees of L-shell ionizat ion (KL°, KL l , 
and KL 2 ) , hut less well for the higher degrees. 
In order to systematically investigate these 
remarkable f ine s t ructures, we have designed and 
begun construction of a new Van Hamos spectrom­
e t e r 7 of much higher co l lec t ion e f f ic iency employ­

es 
t-' 
z 
3 
O 
o 

Channel Number 

F ig . 6 . 1 . Moderately high resolut ion (~7 eV 
FWHM at 2.3 keV) su l fu r K c x-ray spectra generated 
by 36 MeV C H + ions on NaSCN and Na2SOw. 

ing a large curved crysta l (10 cm x 10 cm; 25.4 cm 
radius of curvature) and a pos i t ion-sens i t i ve 
detector. The main features of the spectrometer 
are shown schematically in F ig . 6.3. The design 
resolut ion was 1 eV :t 2.5 keV with a dynamic 
range of 200-300 eV. The posi t ions of the crysta l 
and the detector are remotely var iable on l inear 
tracks allowing Bragg angle adjustment from 30* to 
70* for a par t i cu la r c r y s t a l . With t h i s i n s t r u ­
ment, we intend to study both the chemically sen­
s i t i v e and temporal var iat ions in x-ray spectra 
from a wide var iety of targets bombarded with 
heavy ions from the H o i i f i e l d Heavy Ion Research 
F a c i l i t y . 

1. Now at JET Joint European Undertaking, 
'ib.ngdon, England. 

2. Undergraduate student from the Edlnboro 
State College, Fdinboro, PA, under the ORAU Summer 
Student Program. 

3. Now a graduate student at Yale Univers i ty , 
New Haven, CT 06511. 
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Fig. 6.3. Schematic of new Van Hamos spectrom­
eter. Arrows indicate positioning of remotely 
adjusted components. 
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Fig. 6.2. Very high resolution (~1 eV FWHM at 
2.3 keV) sulfur K0 x-ray spectra generated by 34-
MeV C11* Ions on six compound',. Spectra were 
pieced together from 20- to 40-eV wide segments 
taken with narrow-bandwidth Van Hamos geometry 
spectrometer. 

EFFECf .TF THE CHEMICAL ENVIRONMENT ON 
THE L Ai'D M HEAVY-1 ON-INDUCED X-RAY 

SATt'LITE EMISSION SPECTRA 

T. M. Rossetl1 

0. M. Dale' 
1 . 0. Hulett 1 

H. F. Krause 

P. L. Pepniller 
S. Raman 
C. R. Vane 
J. P. Young1 

ne effect of the chemical environment on 
heavy-Ion-Induced (L x-ray satel l i te ylel.ls has 
been studied expensively for a variety of second 
ana third row elements.2 Using high-resol'ition 
measurements, I t har, been shown that the senii -
t l v l ty of the satel l i te lines to the chemical 
milieu 1s due to the modification of the vacancy 

distribution created at the time of collision by 
inter- and intra-atomic relaxation processes 
during the lifetime of the K vacancy. Because the 
relaxation processes depend primarily on the 
avai labi l i ty of weakly bound electrons, a chan^ 
in the valence electron distribution due to a 
change in the chemical environment alters the 
vacancy transfer rates and thus alters the 
observed sate l l i te y i e l d . 3 Recently, similar 
investigations have been extended co the L x-ray 
satel l i tes or transition metal elements. 1" 5 

Variations fr the measured satel l i te Intensity 
distribution were observed and correlated to chem­
ical differences among a series of molybdenum 
alloys and compounds.' These results suggest that 
heavy-1 on-induced x-ray sate l l i te emission (HIXSE) 
Is capable of analyzing the chemical nature of 
Intermediate Z elements as effectively as low Z 
elements. As part of the effort to confirm the 
sensitivity of HIXSE to intermediate Z elements 
and to expand this method to new regions of the 
periodic table, we have examined the effect of the 
chemical environment on the Zr and Nb L and the Au 
and Pb H x-ray satel l i te lines at the Oak Ridge 
EN-Tandem Van de Graaff accelerator. 

The Zr L x-ray satel l i te spectra of / 'S^ and Zr 
produced by 36-MeV CI Ion bombardment are shown In 
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Fig. 6.4. Based on previous investigations5 and 
Oirac-Fock calculations of transition energies,6 

the first band corresponds principally to the L§v* 
satellite lines and the second band to tht la.w* 
transition. Die smaller peaks following the 
L|n absorption edge at 2.22 keV are mainl: due 
to the L«2 .^V* satellites. Clearly these spectra 
exhibit variations in their satellite intensity 
profile due to differences in the chemical 
environment of the Zr i jn . 

In order to amplify these variations and 
extract chemical information, difference spectra 
were generated using the Zr metal spectrum as the 
subtrahend. Two examples of these difference 
spectra are shown in Fig. 6.5. It can be seen 
that the deviation from zero (no chemical effect) 
is larger for Zr02 than ZrAl z. This is in accord 
with calculated values of the bulk valence-
electron densities. The valence-electron density, 
D v , defined as the number of valence electrons/A1, 
approximately describes the concentration of elec­
trons available far vacancy re f i l l ing . 3 ' 7 I t is 
thus a measure of the effect of the chemical 
environment of the emitting target ion. The 
energy region which corresponds approximately to 
the L*pP satellite lines (2.10-2.17 keV) was found 
to be particularly sensitive to changes in Dy. 
This is also in good accord with previous obser­
vations for Ho compounds,5 and with data for Nb. 

0ftNL-0W6e«-M0 
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Fig. 6.5. The Ir x-ray satellite difference 
spectra of Zr02 and ZM1 2 . The Zr metal spectrum 
is the subtrahend. The projectile was 36-NeV CI 
ions. 
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Fig. 6.4. The corrected and normalized Zr I x-
ray satellite spectra produced by the bombardment 
of Zr metal (dashed line) and Zr(>2 solid line) 
with 36-MeV CI ions. 

In addition to examining compounds, a series of 
Zr-Ti alloys were also investigated. Although the 
difference spectra are dissimilar to the dif­
ference spectra of the compounds, as was observed 
fir Mo-T1 alloys, 5 the alloy spectra exhibit a 
systematic decrease in the absolute value of the 
difference as the valence electron density of the 
minuend approaches the subtrahend- These results 
provide additional evidence that HIXSF. can dis­
tinguish between different types of chemical bond­

ing. Together with the Zr and Nb compound data, 
i t confirms the sensitivity of the I x-ray satel­
lites to the chemical environment of intermediate 
Z elements. 

Ihe Pb and Au N x-ray satellite spectra were 
also examined with 36-MeV CI ions. The spectra, 
like those of Zr, Nb, and No, exhibit variations 
in the satellite intensity profile due to dif­
ferences in the chemical environment of the target 
ion. Like the I spectra, the first two bands in 
the M spectra are composed of overlapping hyper-
satellites of the M0 ond HB transitions. Attempts 
to extract chemical information from these spectra 
are being pursued. 

1. Analytical Chemistry Division. 
2. S. Raman and C. R. Vane, Nucl. Instrum. 

Methods Phys. Res. B3, 71 (1984). 
3. R. L. Watson et a l . , Phys. Rev. A15, 9K 

(19") . 
4. M. ijda et a l . , Inner-Shell and X-ray 

Physics of Atoms and Solids, eds., 0. J. Fa of an, 
H. Kleinpoppen and U M, Watson (Plenum, Hew York, 
1981) p. 205. 

5. T. M. Rosseel et a l . , Nucl. Instrum. 
Methods Phys. Ses. B3, 94 (1984); J. Phys. F: Met. 
Phys. 14, L37 (1984). 

6. C. W, Nestor, Modification of a Relatlvis-
tic Hartree-Fock Program from J. P. Oesclaux, 
Comp. Phys, Cumm. 9, (1975), 

7. A valence electron is defined here as any 
electron beyond the rtre gas structure d and f 
electrons from a filled subshell. 
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SIMULATION OF COSMIC-RAT UPSET OF 
MICROELECTRONIC DEVICES 
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Several types of microelectronic chips have 
been bonbarded with beaias of An, Ag, and C ions as 
part of a continuing investigation concerned with 
the effects of heavy cosmic rays on modem com­
puters in space. With the present level of 
miniaturization, sensitivity of circuits in these 
computers has reached the point where individual 
energetic heavy ions such as those in the Fe or 
C-N-0 peaks in the cosmic ray flux can produce 
upsets in the computer operation. These upsets, 
termed Single Event Upsets (SEU), can produce 
effects whose level of seriousness ranges from 
innocuous to disastrous. 

The runs were carried out in collaboration 
with the NASA Goddard Space Flight Center, the Air 
Force Space Technology Center, Sandia National 
Laboratories, RCA, and the Aerospace Corporation. 
Various logic circuits representing several forms 
j f silicon technology and different levels of 
complexity were irradiated to provide data needed 
in the design of devices resistant to SEU. 
Besides providing thr needed data, the runs suc­
cessfully demonstrated the feasibi l i ty of running 
diffuse, spatially uniform beams, with intensities 
appropriate for this type of experiment. 

1 . The Aerospace Corporation, Los Angeles r CA. 
2. NASA Goddard Space Flight Center, 

Greenbelt, HD. 
3. RCA, Princeton, NJ. 
4. Sandia National Laboratory, Albuquerque, KM. 



7. PLASMA DiAGNOSTiCS FOR FUSION PROGRAM 

MULTICHANNEL POLARIMETRY USING 
FARADAY KOTATION 

C. H. Ha D. P. Hutchinson 
P. A. Staats 

Simultaneous measurements of electron density 
and Faraday rotation on a l l five channels of the 
FIR interferometer/polariaeter system on ISX-B 
tokamafc have been achieved. The achievement is 
due mainly to two major improvements to the 
detectors and the Faraday modulator of the pre­
vious system: (1) The He-cooled Putley detec­
tors are replaced by high responsivity Schottky 

A diodes and (2) a novel technique is used to 
improve the performance of the polarization 
modulator. The use of the Schottky diodes in 
the present system has not only increased the 
detection sensitivity but has also eliminated 
the need for a Mire-grid analyzer for polariza­
t ion determination. The previous Faraday modu­
lator ut i l ized an air core co i l . A fe r r i te disk 
was mounted in the center of the co i l . The 
modulation frequency was limited to 3-5 kHz due 
to the high inductance and large stray capaci­
tance of the 600-turn co i l . In the present 
system, the multi-turn coil has been replaced 
by a single-turn copper coil which acts as the 
secondary of a radio frequency ( r f ) transformer. 
A modulation frequency of 92 kHz has been 
achieved by using a series resonant circuit for 
the primary winding. The increase of the modu­
lation frequency has not only greatly improved 
the time resolution of the polarimeter but has 
also reduced the rf coupling between the modu­
lator and the detection circui t , 

A schematic diagram of the modified 
interferometer/polarimeter system is shown in 
Fig. 7 . 1 . Brief ly, the system consists of a 
pair of cw 447 um iodomethane lasers, optically 
pumped by separate CO2 lasers. The FIR cavities 
are tuned such that the two FIR lasers oscillate 
at frequencies differing by &f of the order of 
1 KHz. The linearly polarized beam of the 
source laser is passed through a fe r r i te polar i ­
zation modulator, a mechanical polarization 
rotator into the dielectric waveguide, and is 
then divided into five beams which are projected 
through the plasma. Emerging from the plasma 
chamber, each beam enters again into a waveguide 
and is directed onto a signal detector. Part of 
the beam from the reference laser Is mixed f i r s t 
in a reference detector with a portion of the 
source laser, which is split off before passage 
through the modulator, and the remainder 1s 
guided to the signal detector to mix with the 
plasma-probing beam. Schottky diodes are 

SCMTTIIT M M 

mnimH iota 
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Fig. 7.1. Schematic of the multichord FIR 
interferonieter/polarimeter system for simulta­
neous measurements of line-averaged electron 
density and Faraday rotation in ISX-B tokamak 
plasma. 

utilized for all detectors. The output of the 
reference detector is a sinusoid at frequency if 
and is used as reference signal for phase detec­
tion. The output of each signal detector is 
filtered, amplified, and fed into a digital 
phase detection circuit to extract the phase 
shift due to plasma density. An envelope detec­
tion circuit is utilized to demodulate the 
phase-modulated signal, and provides a sinu­
soidal signal at the modulation frequency whose 
amplitude is proportional to <Me m)*Sin(e), where 9ra 1s the amplitude of the modulation angle, e is the sum of the rotation angles due 
to mechanical polarization rotator, e c, and Faraday rotation in plasma, 9 p. Ji(e-) is the 
Bessel function of the first kind with order 
one. This signal 1s synchronously detected by 
a lock-In amplifier, yielding an output voltage, 
vout " vp ' S 1 n (e)» T n e calibration constant, 
V 0, can Be obtained by setting the mechanical polarization rotator at a few degrees ((4*) and 
measuring the value of V o ut without plasma in the chamber. The voltage V p as determined by this technique calibrates the polarlmeter 1n a 
manner that does not require the absolute 
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knowledge of laser power, detector responsivity, 
modulation angle, or any system losses. 

The systen has been routinely employed to 
study the ohmic- as well as neutral-bean-heated 
plasma discharges in ISX-B tokamak for over c-ie 
year. The standard deviati i of the output of 
the interferometer of a constant phase sh*ft is 
less than 5 x 10"2 fringe. Since one fringe 
corresponds to a line-averaged density of 
9.2 x 10 1 2 cm' 3, density variations as snail as 
4.6 x 10 1 1 cm"3 can be Measured. The polarim-
eter shows a sensitivity of the order of one 
nilliradian and a tine resolution of one nsec. 
Figure 7.2 shows the time-resolved traces of 
(a) Faraday rotation and (b) line-averaged 
electron density of a typical tokamak plasma 
discharge. A neutral-hydrogen bean of approxi­
mately 1 NU was injected into the plasma 70 msec 
after the initiation of the plasma discharge. 
The position of each channel, relative to the 
center of the tokamak vacuum chamber is also 
indicated in the inset. The negative Faraday 
rotation on the central channel (channel 2) is 
due to the outward shift of the plasma centroid. 
The fast response of the system is demonstrated 
in Fig. 7.3. During this plasma discharge, a 
solid hydrogen pellet was injected into the 
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Fig. 7.2, Time variation of (a) Faraday 
rotation and (b) 11ne-averaged electron density 
measured by the multlchord FIR Interferometer/ 
polarimeter system on ISX-B tokamak. 
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Fig. 7.3. Typical display of time-variation 
of line electron density and Faraday rotation 
signal on central channel of the FIR interferom-
eter/polarimpter system. The abrupt changes of 
the line density and Faraday rotation are caused 
by the injection of a solid hydrogen pellet at 
the time of 204 msec after the beginning of the 
discharge. 

plasma at the time of approximately 204 msec. 
The pellet caused an abrupt density increase of 
~1.4 x 10 1 3 cm - 3 , and a change of Faraday rota­
tion of -0.15° on the central channel. The 
changes of density and Faraday rotation occur 
during a period of approximately 400 usee. The 
time delay (23 msec) between two curves is due 
to the RC constant of the lock-in amplifier (1 
msec). It is believed that this is the first 
simultaneous measurement of electron density and 
Faraday rotation in pellet-injected discharges. 
Data analysis codes are under development to 
reconstruct the asymmetric spatial profiles of 
electron density and plasma current from the 
line-averaged chorda! measurements. 

He have continued to support the implementa­
tion of the FIR diagnostics on the TEXT tokamak 
at the University of Texas, Austin. T. Price 
has simultaneously measured both density and 
Faraday rotation on all six channels of che TEXT 
system. Although the system is not completely 
calibrated, the Faraday signals are of the 
proper polarity on all six channels and of 
roughly the proper magnitude. 

C. H, Ma has been engaged in the develoment 
of the FIR polarimeter for the TFTR tokamak at 
Princeton Plasma Physics Laboratory. Experi­
ments have been conducted to determine the per­
formance characteristics of the polarimeter. A 
signal-to-noise ratio of 20 db has been achieved 
for a simulated Faraday rotation angle of 5* 
with four milliwatts of laser power. An analy­
sis has also been carried out 1n order to Iden­
tify some possible problems In the measurements, 
and to establish the calibration procedure for 
the system. 
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A collaborative effort has been in i t ia ted 
with E. W. Thoaas (Georgia Institute of 
Technology) and P. Bakshi (Boston College) to 
determine the feasibi l i ty of measuring plasm 
edge turbulence and electric fields in 
Magnetically-confined plasms. Fast-response 
diode arrays with H . f i l t e r s have been con­
structed to observe tine correlations of H a 

Mission f r m adjacent locations in the plasma 
edge using techniques developed by Zweben 
et a l . 3 The f i rs t series of Measurements wi l l 
establish the physical extent of coherent emis­
sion regions, both poloidally and toroidal ly. 
The second series wi l l include the replacement 
of the H a f i l t e r with a Monochromtor. By 
imgirtg a poloidal strip of the plasma on a ver­
t i c a l entrance s l i t and placing the diode array 
in the vertical detector plane we can determine 
the electric f ie ld fro* the Stark-broadened pro­
f i l e s or shifts of the H a l ine . Since the con­
ventional analysis of the Stark effect in 
plasms is in terms of the static Holt smart 
f i e l d , i t is necessary to include the l ine shape 
and shifts due to quasistatic and high-frequency 
f ie lds . Modeling of the l ine shape for d i f fe r ­
ent magnitudes and frequencies for these fields 
has been completed. In addition, the analysis 
indicates that by determining the polarization 
of the H s line the direction of the driving 
electr ic f ield can be determined. Two 8-diode 
arrays have been fabricated and tested with 
their associated amplifiers, c ircui try, and 
signal recording. Computer program are being 
written for cross-correlation analysis. I n i t i a l 
tests wi l l be performed using a rapidly pulsed 
proton beam in H2 gas, after which the apparatus 
w i l l be moved to the TEXT tokamak at the 
University of Texas at Austin, 

To measure the ion temperature in a high 
temperature D-D plasma, we have proposed to make 
use of the oxygen total neutron cross section 
which has a deep resonance at about 2.35 MeV.1* 
At low plasma temperatures the 2.45-MeV D-D 
neutron spectra is narrow. As the plasma tem­
perature increases, kinetic broadening increases 
the width of the neutron distribution with the 
low-energy ta i l spil l ing over into the oxygen 
resonance. By measuring the attenuation of the 
neutrons through a liquid oxygen c e l l , th> 
plasma ion temperature can be obtained i t the 
ions have a Maxwell Ian velocity distribution. 
Preliminary calculations 5 had shown the experi­
ment to be feasible for a 2-keV plasma fun tem­
perature using an available liquid oxygen c e l l . 
More precise calculations by Alsmiller et a l . 6 

for a global neutron source from a 6-keV D-D 
plasma indicated that the overall efficiency of 
the neutron detector at the rear of the absorp­
tion cell would be 4 x 10" 1 ' counts per source 
neutron. This can be compared to a source 
strength on the ISX-B tokamak of 2 « 10 1 0 

neutrons/sec or approximately 0.16 counts/ 
discharge at the rear detector. Since the cal­
culations are believed to be accurate to within 

201, the technique does not appear to be 
feasible. 

High speed (4000 fps) framing camera studies 
have been completed on the TEXT tokamak during 
stable and turbulent operation. Photographs 
were taken at three viewing ports: perpendicu­
l a r to the plasma at the l i a i t e r port , longi­
tudinal to the plasma viewing the inside of the 
toroidal l imi ter , and perpendicular to the 
plasma 180* from l imi ter . Semiquantitative data 
from the films were obtained by visual observa­
t ion and frame-by-frame scanning with an optical 
densitometer. The observations are summarized 
as follows: 

• St nations or particle density channels 
are always present at the beginning or 
termination of the discharge and during 
turbulent operation. 

• During stable periods of operation, no 
fluctuations were observed. 

• Spallation of macro-size particles or 
molten pieces of metal were observed 
during the formation of the discharge, 
at disruption or with unstable opera­
t i o n , and at the end of discharge. 

• Hacro-particles were observed at 180" 
from the l imiter , apparently coming 
from the wal l . 

• Particles coming from the wall or 
l imiter usually flowed in the direction 
of the plasm current with a luminous 
plume extending in front of and behind 
the particles. 

A low-energy Cs neutral particle ?nalyzer7 

has been loaned to the University of Wisconsin 
for use in the measurement of tokamak plasm ion 
temperature. In recalibrating the conversion 
and detection efficiency of the analyzer we 
found that the sensitivit ies of two of the chan­
nel multipliers were a factor of 2-6 less than 
the other two. The electrostatic analyzer is 
being rebuilt and the multipliers are being 
replaced. These changes in calibration demon­
strate the need for periodic recalibration of 
analyzers after several months of operation. 

1 . Consultant, Georgia Institute of 
Technology, Atlanta, Georgia. 

2. Consultant, Boston College, Boston, 
Massachusetts. 

3. S. J . Zewben, J . McChesney, and R. W. 
Gould, Nuclear Fusion 23. 825 (1983). 

4. P. H. Stelson and C. F. Barn*»tt, "Plasma 
Ion Temperature Measured by Neutron Transmission 
Through Liquid Oxygen," Bull . Amer. Phys. Soc. 
23, 882 (1978). 

5. C. H. Johnson et a l . , "Measurement of the 
2.35-MeV Window in 0 • n," National Bureau 
Special Publication 594, Nuclear Cross Section 
for Technology, 1980. 

6. R. G. Alsmiller, J r . , et a l , , "Background 
Calculations for the Measurement of the Ion 
Temperature 1n a Deuterium Plasma," 
ORNL/TM-9230, July 1984. 

7. D, M. Thomas, "Low Energy Neutral 
Particle Spectrometer," ORNL-6004, p. 266, Dec, 
1983. 



FEASIBILITY OF ALPHA PARTICLE DIAGNOSTICS 
BY C02 LASER THOMSON SCATTERING 

D. P. Hutchinson 
K. L. Vander Sluis 

J . Sheffield1 

0. J . Sigaar1 

Introduction 

The behavior of alpha particles in an ignited 
fusion plasma is of considerable importance in 
fusion researcii since i t is the energy trans­
ferred to the D-T plasma from the energetic 
alphas that trill be used to sustain the plasma 
temperature. Several methods have been proposed 
to measure the density and/or velocity distribu­
tion of the alphas.2"5 Among the suggested tech­
niques are the utilization of charge exchange 
reactions of the alphas with high energy neutral 
diagnostic beams,z~% the scattering of far-
infrared radiation,* and the detection of the 
alphas that escape from the plasma.4*5. Me have 
evaluated a method that uses the scattering of 
a high power CO? laser by the Debye sphere of 
electrons associated with each alpha particle to 
determine both the density and velocity distri­
bution of these energetic fusion products. 

Scattered Power Spectrum 

The incident radiation at the wavenumber C, 
and frequency u\ is scattered and Doppler 
shifted by electrons in the plasma to the 
scattered wavenumber k"s and frequency u s . The 
radiation of a particular Es and ws reaching the 
detector come from a periodic distribution of 
electrons in the plasma with wavenumbers E = 
Ics - Ej and frequency u = ws - u-j. The ions are 
massive and scatter relatively l i t t l e of the 
incident radiation. However, when |C| > \Q, the 
Debye length, radiation is scattered from the 
electrons which are a Debye shield on each ion. 
For the conditions used in this diagnostic, the 
shift in frequency corresponds to the Doppler 
shift caused by the ion-thermal speed vf * w/kf, 
and the el^ctrrn-therroal speed v e = w/k. The 
scattered power in the frequency range u ->• u> 
+ du and solid angle dQ from a length L of rhe 
incident beam of electromagnetic radiation is 
given by Sheffield,7 

Ps(R,M)dQdu • Pfr„ZneLdQ | * Q(f, u) 

where Q(U,u) 2n 

r-

•J* 1̂ 1 IZfiim/k) 

and where it is assumed that the scattered fre­
quency shift w « i*(. The electron and ion 
velocity distribution functions are fe(o)/k) and 
f j U / k ) , respectively; r„2 is the Thomson crc^s 
section, 7.95 » 10" 2 6 cm2; n e Is the electron 
density; Pf :$ the Incident laser power; and Ge 

is the electron susceptibility. 

He assume that the electron and bulk ion 
velocity distributions of the plasma are 
Maxwell tan and the bulk plasaa is made up of 
isotopes of hydrogen (Z=l). The high energy 
spectrum of the alphas is assumed to oe iso-
tropical ly distributed in velocity space and 
f a (vB) = constant for v < v,,,, the velocity of 
a 3.5 MeV o-particle. Above v e the alpha dis­
tribution function is zero. Also, we ignore 
kinetic broadening of the alpha velocity distr i ­
bution due to the finite energy of the inter­
acting D-T ions. 

In order to determine the range of scattering 
angles and frequencies over which more detailed 
calculations should be performed, we first place 
simplifying constraints upon the scattered 
spectrum: (1) consider only phase velocities 
near u/k = v B and (2) pick a region where the 
alpha particle scattering and electron scatter­
ing are equal. Assuming a 10.6-pm wavelength 
laser, this corresponds to a scattering angle 
e - 0.70*. The signal received-from the elec­
tron scattering for v e > v a will be used to ... 
calibrate the alpha-scattered signal, so that 
for known rig.J- we may determine n c . 

Based on this simplified calculation, the 
scattering geometry depicted in Fig. 7.4 was 
chosen. The scattered signal is assumed to 
emerge from the plasma device through an annular 
window centered on the inp rt laser beam. The 
viewing windcw has an angular span from 0.5* to 
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Fig. 7.4. The scattering geometry shown In 
this figure was chosen to accommodate the small 
scattering angle necessary to measure the alpha 
particle velocity distribution. 
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1.0*. A plot of the total scattered-spectrin 
expected fro* a TFTR-like plasma as a function 
of scattered frequency shift based on the geom­
etry depicted in Fig. 7.4 is shown in Fig. 7.5. 
This calculation assumes a flat alpha particle 
velocity distribution and indicates that alpha-
particle produced scattering is dominant ever a 
range of scattered frequencies froa 6-22 GHz. 
Figure 7.6 depi.es a calculation of the com­
posite spectrum as a function of frequency in 
watts of scattered power per unit frequency for 
scattering frequencies 6f fro* 0.1 to 25 GHz 
about the line center of the incident laser for 
three simple velocity distributions. Ihe dis­
tributions modeled are (1) f_(v) = 1/v; 
(Z) f ,(») s constant; and (3) f a (v) 5 v. The 
amplitude of the distributions was normalized to 
the value n„/v,, at v e . The f irst distribution 
proportional to 1/v would represent a buildup of 
particles toward zero velocity assuming l i t t l e 
or no diffusion in real space; the second 
assumes a model based on calculations of TFTR-
l |ke 6 plasmas that predict a f lat alpha velocity 
distribution; and the third distribution propor­
tional to v could result i f alpha particles were 
lost during the slowing down process. These 
distributions are not assumed to accurately 
model a true plasma case but were chosen to 
investigate the sensitivity of the proposed -
diagnostic technique to changes in the alpha-
particle velocity distribution. Figure 7.6 
shows the scattered power plotted for scattering 
frequencies greater than 6 GHz, the approximate 
frequency where the scattering from the injected 
beam components goes to zero. The composite 
scattered power from the electrons is constant 
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Fig. 7.6. The scattered power versus the 
shifted frequency 6F is plotted for three simple 
o-particle distributions. The a-particle dis­
tribution proportional to 1/v is represented by 
the open circles, the f(v) = constant distribu­
tion by the open squares, and the distribution 
proportional to v is represented by the open 
triangles. The electron density assumed for 
these calculations is 1.2 x 10,I» cm"3. 
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Fig. 7.5. A plot of the total scattered 
spectrum calculated from Eq, (6) Is shown as 
a function of scattered frequency shift. 

over this range and has a value of approximately 
1.05 x 10" i 7 H/Hz. The 1/f portion of the scat­
tered spectrum from 10 to 2C GHz is due to 
averaging over the window. The scattering from 
the alpha particles is 2-3 times the scattering 
from the electrons over this frequency range. 

Detection System 

The scattered power from the alpha particles 
covers the frequency range from 6 to approxi­
mately 20 GHz on either side of the 10,6 urn Hie 
of the CO2 laser, whose center frequency is 
approximately 28,306 GHz. The frequency resolu­
tion required is too high to use a grating for 
dispersion as In a conventional Thomson scatter­
ing measurement and too small to use a Fabry-
Perot interferometer. Also, the noise level of 
a liquid-nitrogen-coolcd HgCdTe detector operat­
ing in the video mode Is too high to allow 
measurement of this power level. If we assume 
a required frequency resolution of 6 GHz, the 
video noise-equivalent-power (NEP)V of this 
detector Is on the order of 5 * 10"8 watts. 8 

Referring to Fig. 7.7, a bar graph 1$ presented 
where the scattered power Integrated over a 
6-GHz bandwidth is plotted as a function of the 
frequency of a number of channels centered on 
the frequencies 7, 11, 17, and 53 GrL 'rom the 
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Fig . 7.7. The scattered power integrated 
over a 2 Tiz bandwidth is p lot ted as a function 
of the shi f ted frequency o f a number of channels 
centered on the frequencies 7, 11, 17 GHz from 
the center of the incident laser l ine . The 
channel at 53 GHz, which observes only the elec­
t rons, i s shown as a dotted l i n e . The 1/v 
d i s t r i bu t i on is iepresented by the bars slanted 
i:own to the r i g h t , the f ( v ) = constant d i s t r i b u ­
t i on is depicted by the bars slanted up to the 
r i g h t , and the open bars represent the f ( v ) = v 
d i s t r i b u t i o n . 

in order t o convert the system to heterodyne 
de tec t ion , a series of C02 laser local o s c i l l a ­
to rs must be .ound whose frequencies d i f f e r from 
the incident leser frequency by only a few giga­
he r t z . A CO2 rotat ional l i ne spacing of 53 GHz 
occurs in the v i c i n i t y of the highest gain t r a n ­
s i t i o n , the 10P20 l i n e . Fortunately, a number 
o f c-w lasers are avai lable w i th in the required 
frequency range. We have constructed lasers 
operating on the f i r s t sequence bands of CO2 and 
N 20 which produce power levels of several wat ts , 
f a r more than the 1-2 mW local o s c i l l a t o r 
requirement o f the HgCdTe de tec to rs . 9 I t i ' . 
expected tha t other useful local o s c i l l a t o r f r e ­
quencies w i l l become avai lable when isotopic C02 

lasers are considered. 

Testing and Cal ibrat ion 

A very in te res t ing and a t t r ac t i ve feature of 
the proposed alpha pa r t i c l e diagnostic i s that 
a simpler scat ter ing experiment may be conducted 
on a non-ignited plasma device to determine the 
f e a s i b i l i t y o f the measurement. Referring to 
F i g . 7.6, since the scattered power sue to the 
alpha par t ic les i s roughly equal to the smal l -
angle Thomson scat ter ing measurement of the 
electron scat ter ing in the absence of alpha par­
t i c l e s , the sens i t i v i t y of the diagnostic may be 
determined. In f a c t , since the electron density 
and temperature w i l l be known from other d iag­
nos t i cs , an absolute ca l ib ra t ion i s possible. 
Also, oecause a detector observing frequencies 
sh i f ted 53̂  GHz from l i ne center w i l l only see 
scat ter ing from the elect rons, even in a burning 
plasma with alphas present, the experiment w i l l 
be se l f - ca l i b ra t i ng for every measurement. 

center of the laser l i n e . (The reason for th i s 
channel selection w i l l be stated la te r . ) The 
power level observed by the detectors varies 
from approximately 2 * l u " 9 watts to 1 * 10" 8 

watts resul t ing i n a signal- to-noise ra t io (S/N) 
of 0.02 to 0 . 1 . This S/N i s c lear ly unaccept­
able. By usino these detectors as mixers in a 
heterodyne mode, the NEP reduces to 1 * 1 0 " 1 9 

W/Hz17 resul t ing in a detector noise power of 
2 x 1 0 " 1 0 watts over a 6-GHz bandwidth. This 
detector n>.:"e level translates Into an input 
(S/N)i of 3 to 16 for a 100 MW C02 laser. The 
post-detection signal- to-noise ra t i o (>/N)pd f o r 

a heterodyne receiver i s pr imar i ly determined by 
the post-detection aver?1ng time and the inpvt 
detector bandwidth. Assuming that the signal 1s 
averaged over a laser pulse width of 1 us from a 
detector with a bandwidth of 6 GHz, the post-
detection signal-to-nofse ra t io (S/N)pd w i l l be 

Improved by a factor /Bt + 1, where B * prede-
t f c t i on bandwidth • 6 GHz and x * laser pulse 
width • 1 us. 

Wbt'Timrrr"^ 77.5 

so that a system S/N of approximately 75 w i l l be 
achieved. 
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CHARM PHOTOPROOUCTION AT 20 GeV 
The high energy physics program for this 

period has centered on a hybrid bubble chamber 
experiment at SLAC to study charm photoproduc-
tion with 20 GeV photons obtained from a back-
scattered laser beam. The project is a 
collaboration with groups from SLAC, LBL, MIT, 
Brown University, Tufts University, University 
of Tennessee, and other institutions in Great 
Britain, Japan, and Israel. Over 101 of the 
photographs obtained were scanned and measured 
on the spiral reader at ORNL. Charm candidates 
were selected by careful examinatior of the 
vertex of interactions in liquid hydrogen on 
high resolution photographs taken with special 
cameras where the lens was diffraction limited 
with a resolution of about 45 microns. Any 
event where one or more tracks did not extrapo­
late to the vertex were considered charm can­
didates. Geometric reconstruction and momentum 
determination was made from pictures taken with 
a three view conventional optics arrangement. 

Several papers resulted from this experiment 
covering the charm photoproduction cross sec­
tion,2 charm lifetimes,3 and inclusive photopro­
duction of neutral strange particles.H The 
inclusive charm cross section at a photon enerry 
of 20 GeV was found to be 60 * 8 - 21 nb. Here, 
the first error Is due to the sensitivity of the 
experiment, while the second expresses t „< 
systematic errors, principally due to ti life­
times and 2-prong branching ratio uncertainties. 
Evidence was found for a non-D Tj component to 
charm photoproduction, consistent with (35 ± 
20)% A c* production and some D * production. 

CHARM LIFETIME 
The charm-lifetime results are based on 42 

neutral, 45 charged, and 13 topologlcally ambig­
uous decays of charmed mesons and were reported 
by the collaboration to be; 

V " (6,4 -oiJ * 0,5) x 10'U sec 

t o t - (8.2 *}; I t 0.6) x 10- 1 J sec 

and their ratio t^t/itf * 1.3 * Q*S. The charged 
lifetime agrees well with the previously reported 
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world average value, however, our neutral life­
time value is considerably longer than that of 
(4.4 *'••) x 10- 1 3 given by the data particle 
group.* One event with proper flight time of 
55 x 10~ 1 3 sec has been observed in this experi­
ment. This possibility of it not King a true 
charm event has been examined carefully with the 
concusion that it is highly likely the event is 
genuine. The probability of observing such an 
event in our experiment is about 2%, based on 
our measured lifetime. On the other hand, the 
probability of observing this or a longer decay 
in this experiment is about 4 x 10-1* if the 
lifetime is taken to be the world average of 
4.4 x I0r13 sec. 

SEARCH FOR CROSS SECTION ENHANCEMENT 
NEAR THRESHOLD 

It has been suggested6 that an enhancement of 
several microbarns in cross section for yp * 
charm baryon + charm meson exists a few hundred 
MeV above threshold. The collaboration has 
searched for such an enhancement7 by exposing 
the SLAC one-meter hydrogen bubble chamber to a 
photon beam with energy peaked at 10.5 GeV, 
which is 700 HeV above the yp * D-£ c++ thres­hold. Except for reducing the beam energy, the 
experiment was performed in identical manner to 
the run at 20 GeV. A total of 98,000 pictures 
were taken. No charm decays were detected from 
which an upper limit to the charm cross section 
of 94 nb (90S confidence level) at E * 10 GeV 
was obtained. 
PHOTOPRODUCTION OF THE CHARGED A, (1980) MESON 

Little work has been done on the photoproduc­
tion of the spin 2 mesons. The only well-
establisned observations have been of the 
charged A 2 through the reaction, yp * Aj+n. In 
a routine search of the data from a massive 
bubble chamber experiment, whose primary goal 
was to study charmed particle production, we 
have observed an enhancement In the boson1c 
spectrum of the reaction Yp******^, which Is 
difficult to interpret other than photo­
production of the A }. For the current study, only the ~80,000 
three-prong events have been examined. All 
events, for which a three-constraint fit was 
possible, were eliminated from further consider, 
at Ion (rp*Pr'+«", pK*K", ppf). Further, If an 
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event contained an identified proton, either by 
ionization measurements or because it was a 
heavily ionizing particle which stopped in the 
chamber volume, it was removed from our sample. 
Finally, any event with an identified gamma in 
the downstream system was eliminated. Our data 
are derived fiom the sample of these events 
which fit the hypothesis yp • x+n+int with a 
photon energy in the momentum range 15-22 GeV/c. 
The full three-pion spectrum contains evidence 
only for Aj production. However, when tlw> 
restriction is made that |t' j j be les? than 
0.1 GeV 2, the three-pion spectrum Jisplays clear 
evidence for not only the A ^ but also for a 
higher mass enhancement. 

This spectrum can be fitted, in an acceptable 
fashion, to a polynomial background together 
with simple Breit Signer resonances for the Aj 
and a higher mass meson (A 3). Although the 
fitting program prefers a narrow A, resonance 
(rj, = 57 HeV). The fit quality ii virtually 
undiminished for an A, whose width is con­
strained to be 200 HeV. The dipion mass spec­
trum for A * events shows that both p* and f* 
are present as the decay products of the Aj. 
Since the only known particle in the mass region 
with I G = 1~ is the A, and since the Aj* decays 
both to p*«* and f*»*, the simplest assumption 
is that we are observing the photoproduction of 
the Aj. Because its production is enhanced at 
small t', it is suggested that the A, is pro­
duced by pion exchange. Such a conclusion would 
further imply that the A 3

+ has a finite decay 
width to **y. Our initial estimate is that this 
width is -1.5 MeV. 

CAPTURE OF SLOW ANTIPROTONS 
Another area of study concerned the behavior 

of slow antiproton capture by nuclei. The data 
were derived from an old bubble chamber exposure 
to slow antiprotons which stopped in plates of 
carbon, titanium, lead, and tantalum placed in 
the bubble chamber. Three papers variously re­
ported the low energy antiproton-nucleus reac­
tion cross sections, A° production from low 
energy antiproton annihilations in complex _ 
nuclei,9 and multinucleon captures of slow *p in 
complex nuclei and search for the K dibaryon.10 

The later paper reports on a search for doubly 
strangr final states which should become 
feasible j_n slow p captures in nuclei if the 
incident i> interacts with clusters of nucleons. 

Because of the destruction of a unit of baryon 
number of the capturing cluster, the reactions 
possess comparable Q values to the ordinary 
strangeness producing annihilation reaction. _ 
Should double strangeness production occur in p 
annihilations, a doubly strange six-quark 
dibaryon (H) predicted by the HIT bag model 1 1 

may occur. A sample of 80,000 p annihilations 
in nuclei with p momenta of less than 400 NeV/c 
were searched for the production of two A", two 
K* or a A* and K~ in a single interaction. No 
examples of such processes were found leading to 
upper limits for frequencies of production of 
final states containing 2A*. 2k+, K~A* of 5 x 
10-'* per p annihilation. If th» H particle 
should exist as an object with nass less than 
2mA, it would be stable against decay by the 
strong interaction, in which case the dominant 
weak decay mode would > the E~p with a lifetime 
somewhat longer than the A*. Such decay modes 
would leave a unique signature in a hydrogen 
bubble chamber of a "Vee" containing two 
baryonic prongs, and the negative prong would 
decay to a %- or yield a A* from the reaction 
£~p + A*n. No such events were found leading to 
a H protection upper limit of 9 x 10~ 5 assuming 
its lifetime is comparable to that of the A*. 
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The data center continues to maintain a 
current annotated bibliography of atomic and 
molecular coll ision processes of interest in 
fusion research. During the 24-year history 
of the data center Me have consistently been 
1-2 years behind in entering current references 
into our data base. This year, references are 
entered directly into our computer f i l e every 
three months and within a few months we an t ic i ­
pate a monthly input. A universal data storage 
and retrieval system (INQUIRE) has been imple­
mented by M. Wright of the Computing and 
Telecommunications Division. Bibliographical 
information can now be retrieved on-line using 
ten different search elements. At the present 
time three outside users are experimenting with 
retrieval using telecommunications lines to 
determine the feas ib i l i ty of extendi rig the data 
base to a larger group of outside users. Over 
the years, as computer technology has advanced, 
we have use^ several different storage and 
retrieval programs, with the result that we are 
at present only able to conduct on-line searches 
of references entered since 1978. Efforts are 
being made to convert the various earlier bib­
liographic formats to one compatible with the 
INQUIRE format. 

Cooperative efforts have continued with the 
Atomic Data Center for Fusion at the Institute 
of Plasma Physics (IPP, Nagova, Japan), Atomic 
and Nuclear Data Center < •' :.,e Japan Atomic 
Energy Research Institute (JAERI, Tokai-mura, 
Japan), and the International Atomic Energy 
Agency Atomic Data Center (IAEA, Vienna, 
Austria). During this reporting period, an 
agreement was reached that the ORNL bibliography 
would serve as the major Input to these centers. 
03NL wi l l provide computer tapes every three 
months. Our staff continues to meet with and 
advise the IAEA data center on their act iv i t ies . 

To increase the accuracy and efficiency of 
extracting numerical data from the l i terature, 
we have purchased a digit izer tablet and a small 
stand-alone computer with telecommunications 

capabil i t ies. The required software has been 
written and implemented to perfarm the following 
steps: (1) d igi t ize numerical data and store on 
floppy disc; (2! concatenate individual data 
sets for a given process into one set for com­
parison and evaluation; (3) redigit ize the 
recommended cross section curve; (4) calculate 
Maxwellian reaction rate coefficients from cross 
section data; (5) provide a seven-parameter f i t 
t o rate coefficients as a function of tempera­
ture ; and (6) prepare computer-generated curves 
of recommended data and data tables for publi ­
cation. Interfacing the center's computer with 
the central POP-10 permits steps 4-6 t3 be 
completed. 

During the present reporting period the deci­
sion has been made to update and expand Vols. 1 
and 2 of the present compilation, "Atomic Data 
for Controlled Fusion" (ORNL-5206 and -5207) to 
a new series with f ive or more volumes. 
Previously, the compilations contained only 
graphs and data tables of recommended numerical 
data. Future volumes wi l l add tables and graphs 
of reaction rate coefficients for interactions 
of beam-Maxwellian or Maxwellian-Maxwellian dis­
tr ibutions. Progress has been made on the f i r s t 
volume, "Heavy Particle Collisions," which wi l l 
be done in-hnuse. An interagency agreement with 
Jean Gallagher of the data center at the Joint 
Institute of Laboratory Astrophysics has been 
ini t iated to compile cross section data for 
"Electron Collisions." Reaction rate coeff i ­
cient tables and graphs wil l be generated by the 
ORNL data center staff . Volume 3 of the series 
"Collision of Atomic Particles with Surfaces" 
has been completed and is now in the final 
stages of review before publication. Particle 
interactions with surfaces is s t i l l an inexact 
science and much of the data is qual i tat ive. 
The fourth volume "Spectroscopic Data for Iron" 
has been compiled by W. Wiese and his colleagues 
at the National Bureau of Standards. We have 
received the compilation, except for one chapter 
on atomic energy levels, which awaits computer 
reformatting for compatibility prior to publi­
cation. Work has been ini t iated on volume 5, 
"Collisions of Carbon and Oxygen Ions with 
Electrons, H, H 2 , and He," authored by R. A. 
Phaneuf of the ORNL Data Center, R. K. Janev, 
Institute of Physics-Belgrade, and M. S. 
Pindzola, Auburn University. Data have been 
compiled from the l i terature , digit ized, evalu­
ated, and cross sections have been recommended 
for electron capture by C + and (fi* Ions from 
atomic hydrogen and helium. The completion date 
of these five volumes 1s anticipated to be 
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December 1985. Additional volumes are being 
planned for collisions of other impurity ions 
present in high temperature fusion plasmas. 
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NUCLEAR DATA PROJECT 

S. J . Ball N. J . Martin 
Y. A. Ellis-Akovali M. ft. McGinnis 

M. ft. Schmorak 

The Nuclear Data Project (NOP) is one of five 
data evaluation centers comprising the U.S. 
Nuclear Data Network (USNDN). The Project is 
responsible for the evaluation of nuclear struc­
ture information in the mass region A > 195. 
The NOP maintains a complete computer-indexed 
l ibrary of reports a»"J published art icles in 
experimental nuclear structure physics as well 
as copies of the Evaluated Nuclear Structure 
Data and Nuclear Structure Reference f i les 
(ENSDF, NSR). 

The Project houses the position of Editor-
in-Chief of the Nuclear Data Sheets. Al1 mass 
chains from the 14 centers in the International 
Nuclear Data Network are edited here, and the 
Editor-in-Chief has the ultimate responsibility 
for the quality of the mass chains entered into 
ENSDF and, thus, for what is published in the 
Nuclear Data Sheets. 

Activit ies 

Data Evaluation. During this report period, 
NDP staff members prepared revised evaluations 
for 9 mass chains. References to the publica­
tions based on these evaluations are given in 
the publications section of this report. ENSDF 
not* includes: 

1948 Adopted Level Properties data-sets 
(A = 1-263) 

2396 decay scheme data sets 

4257 reaction data sets 

Mass Chain Editing and Re/lew. NDP staff 
members edited and/or reviewed 12 mass chains. 

Information Services, NNDP staff Members 
responded to about 25 requests by researchers 
outside the evaluation center for specific 
information. Responses took the form of 
searches of the ENDSF and NSR f i les and personal 
consultation. A l i s t of reports and preprints 
received by the NDP is prepared and distributed 
monthly to division staff members. 

Research. NDP staff members have par t ic i ­
pated in research with other groups in the 
division. References to these activit ies are 
given in the publications section of this 
report. 
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INTRODUCTION 
This section describes a study done for an 

accelerator facility to be used to accelerate 
counter-rotating beans of heavy nuclei to 
kinetic energies of 10 GeV per nucleon and to 
bring these beams into head-on collision. The 
extreme conditions occurring in the resulting 
extended system of hot hadronic matter should 
result in creation in the laboratory of a quali­
tatively new form of matter, a quark-gluon 
plasma. This form of matter is thought to con­
sist of quarks and gluons which are free to pro­
pagate over large space-time distances, in sharp 
contrast to the situation encountered in every­
day experience in which quarks and gluons are 
confined to volumes the size of protons and 
neutrons. The production of very hot plasma 
could re-create in the laboratory conditions 
which have not existed in the universe since a 
short time, -10 ps, after the Big Bang, at which 
fime quarks and gluons were first confined in 
hadrons as the universe cooled. Production of 
very dense, as opposed to wr^ hot, plasma could 
allow simulation in the laboratory of conditions 
thought to prevail today in the cores of neutron 
stars. 

The proposed facility is designed to be able 
to scan through the expected phase transition 
separating the normal quark-confining, had­
ronic phase of nuclear matter and the quark-
deconfining, plasma phase of nuclear matter. 
The nature of the phase transition, such as its 
order, latent heat, and location in temperature-
density space, can be studied using this scan­
ning capability of the facility. The conditions 
necessary to produce the phase transition, such 
as required collision energy as a function of 
the mass of the colliding partners, can be deter 
mined. All of this information constitutes 
essential experimental Input to the theoretical 
description of the transition from hadronic to 
quark matter. This study is made all the more 
compelling by noting that such a transition 
represents the artificial reversal, in the 
laboratory, of one of the symmetry-breaking 
transitions postulated to be responsible for 
the observed hierarchy of forces In physics. 
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Such symmetry-breaking transitions are one of 
the main cornerstones of modem gauge field 
theories of matter. 

The facility is also well suited for the 
study of the baryon-rich manifestation of the 
quark-gluon plasma. This is due to good lumi­
nosity and energy variability of the accelera­
tors in the region of 5 GeV/u. At about this 
collision energy, two heavy nuclei should 
overlap with maximum pileup of baryon density, 
creating a "cold1' plasoa which may be similar in 
structure to the matter in the cores of neutron 
stars. 

The facility consists of a series of three 
accelerators optimized for the acceleration of 
heavy ions. The existing tandem electrostatic 
acclerator will be used as injector, providing 
beams of heavy ions ranging from l 2 C to l 9 7 Au at 
corresponding kinetic energies ranging from 
10 NeV/u to 2 HeV/u. This will be followed by 
a small, room temperature, booster synchrotron 
with a bending product of 16 Tm. The size of 
this synchrotron is given by the requirement 
that all the above heavy ions be completely 
ionized by passage through a stripper foil after 
their exit from this accelerator. The third 
accelerator in sequence will be a pair of super­
conducting accelerator-collider rings. These 
will intersect at six points and have a bending 
product of 90.5 Tm, corresponding to 10 GeV/u 
for i « A u 7 9 * ions. Experimental halls will be 
located at (initially) four of the six intersec­
tion points and will have facilities for various 
type detectors ranging from single-arm spec­
trometers to large 4* detector facilit ies. A 
plan view of the facility as i t would be located 
on the ORNL site is shown in Fig, 10.1, 

The peak initial luminosity of the facility 
will range from L0 * 3.6 x 102 8 CM"2 sec"1 for 
l 2 C • l 2 C collisions to U « 3.3 x 10» 
cm'2 sec"1 for l "Au + 1 9 7Au collisions. 
Assuming that central collisions of heavy ions 
(the most likely ones to produce the transition 
to quark-gluon plasma) occur for impact parame­
ters b of b < 0,5 fm, these values correspond to 
27i> central collisions per second for l 2 C + l 2 C 
and to 2.6 central collisions ^er second for 
1 , 7 Au + 1 9 7 Au. These rates are high enough to 
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Fig. 10.1. ORNL Heavy-Ion Collider Building Layout 
Large experiment area #1 7 
Large experiment area »2 8 
Narrow-angle experiment hall 9 
Pad for future use 10 
Wide-angle experiment hall 11 
Beam injection hall 

Cryogenics and HVAC equipment buildings 
Control and office building 
Booster ring support building 
Magnet factory and warehouse 
Electrical yard (not shown) 

allow thorough investigation of several exclu­
sive reaction channels and to allow broad 
variation of beam parameters over reasonable 
running times for experiments. 

SCIENTIFIC MOTIVATION 
A, Theoretical Considerations 

The primary scientific objective of the pro­
posed facility is the formation and study of the 
quark-gluon plasma, which is predicted to be 
formed in collisions of relativistlc heavy 
nuclei. In addition to the Intrinsic nterest 
of studies of the behavior of matter under 
extreme conditions of density and temperature, 
there are two specific motivations: (1) the 
production of the quark-gluon plasma addresses 
the problem of quark confinement, which is one 
of the most perplexing phenomena of modern phys­
ics; and (2) the production of the plasma may 
re-create In the laboratjry conditions that are 
similar to those believed to have existed 
throughout the unlverse.1n the early stages (up 
to ~10 us) after the Big Bang. 

Confinement In QCD 1s believed to result from 
a process known as infrared slavery: when a 

quark tries to leave a nucleon, the potential 
energy of the color force field Increases with­
out bound. The quark is either pulled back into 
the nucleus or the color field is neutralized by 
the production of a quark-antiquark pair. In 
either event, tne individual quark does not get 
free. When the quark is well within the con­
fines of the nucleon, it moves relatively 
freely. For quarks in this regime, the color 
force field becomes weak. It has thus proved 
useful to model the nucleons as bags of quarks. 
The physical vacuum exterior to the bag exerts a 
confining pressure on the small region of space 
inside the bag. The quarks move freely within 
the bag, where they exist in a region of "per-
turbatlve QCO vacuum," but are unable to over­
come the confining force of the exterior vacuum 
and escape from the bag. In more precise terms, 
phenomenologlcal models of the strong interac­
tion postulate "color confinement," so that the 
fundamental entitles of QCU, quarks and gluons, 
are permanently confined in bound states. Only 
those states for which the net color quantum 
number is zero (colorless states, or color sin­
glets) can exist separately; hence, colored par­
ticles like quarks and gluons cannot appear as 
free particles. In what could prove to be one 
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of the aarked successes of QCD, recent calcula­
tions using the lattice-gauge approximation seen 
to shot* that color confinement is an inherent 
property of UjCD, resulting from its basic struc­
ture. If this is correct, QCD actually predicts 
quark confinement, and the necessity of intro­
ducing it ad hoc disappears. These calculations 
show another remarkable property. At high tem­
peratures (and presumably high densities), a 
transition occurs to a new phase in which color 
is no longer confined In individual hadron:,. 
Instead, quarks and gluons are free to move 
nearly independently over the whole vo jme for 
which the conditions for the phase transition 
have been achieved. The resulting assembly of 
"asymptotically free" quarks and gluons is 
referred to as the quark-gluon plasma. These 
calculations are st i l l in their infancy, 
however, and quark confinement remains the least 
understood aspect of QCO and therefore the most 
in need of experimental investigation. 

At low baryon density and temperature, matter 
is composed of quarks confined in hadrons, but 
as the energy density is raised (by increasing 
the temperature or the baryon density or both), 
matter becomes deconfined into a quark-gluon 
plasma. The exact location and the nature of 
the deconfinement transition continue to be a 
subject of intense investigation.1*>5 In an 
SU(3) Yang-Mills system of gluons, Monte Carlo 
lattice calculations predict a critical tempera­
ture of Tc = 160-180 MeV and a phase transition 
of the first order. 6' 7 Results for a system 
with quarks and gluons have been obtained by 
retaining only the leading term in the fermion 
coupling.8 In this cas .*, the phase transition 
is less sharp and becomes second order in 
nature. The enargy density of the quark-gluon 
plasma is close to the Stefan-Boltzman value for 
an ideal gas of massless gluons and quarks, 
i .e . , about 2.0 GeV/fm3 at a temperature of 
about 190 MeV. 

In general, the study of the quark-gluon 
plasma will help us understand the properties of 
matter under conditions of extreme temperature 
and density. Specifically, i t may provide us 
with a good way to measure the momentum scale 
parameter A of QCD. Furthermore, by simulating 
primordial conditions, i t may help our under­
standing of the evolution of the early universe, 
as well as the structure of neutron stars and 
the dynamics of supernova explosions. It has 
been suggested that, at an early epoch, matter 
in the universe was in the form of a quark-gluon 
plasma with very small net baryon density. Our 
familiar hadron-dominated world of the present 
epoch is the result of a phase transition from 
the quark-gluon plasma to hadronic matter. Of 
particular importance to the investigation of 
the early universe are the order of the phase 
transition and the temperature and density at 
which it occurs.' A first-order transition is 
accompari ed by large fluctuations at the tran­
sition pjint and may produce planet-size biack 
holes, which could have important Implications 
for the question of the "missing mass" of the 
universe. 

In contrast to the quark-gluon plasma asso­
ciated with the evolution of the early universe, 
the plasmas In the interior of neutron stars 
and in <-ipernova explosions have a large net 
baryon density but a relatively low temperature. 

The occurrence of quark-gluon plasma, however, 
depends on the critical density at the phase 
transition, and the possibility of a stable 
neutron star with a quark-gluon interior exists 
only i f the critical density is less than about 
nine times the normal density of nuclear matter. 
In any case, i t is clear that in view of their 
relevance to cosmology and to astrophysics, 
studies of quark-gluon plasmas with both low 
and high baryon densities would be of great 
interest. 

The nature of the quark-gluon plasma is 
expected to vary as a function of the beam 
energy and of the region of rapidity at which 
i t is produced. There result two basic experi­
mental approaches to obtain deconfinement. The 
f i rst concentrates on the pileup of baryon den­
sity such that the hadnxis begin to overlap, 
leading to the formation of a relatively cool 
quark-gluon plasma. This situation corresponds 
to densities given by -5-10 p-g and by tempera­
tures of less than 100 MeV. The optimum 
energies involved in this case must not be 
excessive ir» order to avoid the relativistic 
kinematical problems of longitudinal growth and 
of transparency. The former causes the hadrons 
produced in the collision to be formed over too 
large a region of space to attain high density. 
The latter reflects the increasing probability 
of one nucleus to pass through another with 
increasing relative energy. Various esti­
mates 1 0* 1 ' put this energy at around b GeV per 
nucleon in the cm. system. 

Alternatively, instead of compressing the 
matter, high hadron densities nay be reached by 
raising the temperature of the system. This 
situation may be reached experimentally at 
higher energies. In this case, there are two 
separate regions: the mid-rapidity, central 
region, corresponding to a high hadron (pion) 
density but to a relatively low net baryon den­
sity, and the fragmentation regions at the 
extremes of the rapidity range, corresponding to 
high baryon densities. The critical bombarding 
energy needed for the formation of a quark-gluon 
plasma has been estimated by many authors. 1 '" 1 3 

One estimate13 gi"es the energy density produced 
in a head-on collision of two equal nuclei, each 
with a mass number A as 

t = 0.06 AU.70(u.48 In ECw„m + 0.37) GeV/fm3 , 

where £ c m . is the center-of-mass energy ger 
nucleon ?n units of GeV. This estimate is based 
on multiplicity data obtained from a large num­
ber of nucleus-nucleus reactions. The region of 
collision energy and of mass number A leading to 
an energy density exceeding the critical energy 
density of about 2 GeV/fm3 is indicated by the 
shaded region in Fig. 10.2. Thus, in a collision 
of two nuclei, each with lc,m, * 10 GeV per 
nucleon and A _> 100, the energy density produced 
will be high enough for the hadronic-matter to 
quark-gluon plasma phase transition to take 
place in the high temperature, low-baryon den­
sity mode. 

The possible formation of a baryon-rlch 
quark-gluon plasma at the extremes of "Me 
rapidity range, I .e. , in the fragmentation 
region, is also of Interest.1'* I t was suggested 
that at E j a b ,> 25-50 GiV per nucleon, the 
baryons In the fragmentation region may be 
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Fig. 10.2, In a head-on collision of two 
equal nuclei, the region of energy and mass 
combinations which lead to an energy density 
greater than 2 GeV/fm3 is shown shaded. 

compressed and excited. The excitation energy 
in the resulting nuclear fragments may reach 3.5 
GeV/fmJ and may thus exceed the critical energy 
required for a phase transition, 
B, Experimental Considerations 

The experimental investigation of the quark-
gluon plasma that is expected to be created in 
collisions between relativistic nuclei is likely 
to be subject to several complications. In gen­
eral, any specific signal from the quark-gluon 
plasma will have to be detected in the presence 
of a large background originating from the later 
stages of the decay of the system. Since the 
equilibrium, nonequilibrium, and critical behav­
ior of the system dramatically affect the com­
position of the final-state particles and the 
character of their spectra, and since all of 
the processes involved are not well-known, the 
unambiguous isolation of the signals arising 
from the quark-gluon plasma from the signals 
arising from the hadronlzatlon and freezing-out 
processes is one of the major challenges that 
experimentalists have to face. 

1. Observation of the Onset of the Quark-61uon 
Plasma 
Initially, the focus should be on those 

observable; that carry the most unambiguous and 
direct signals from the quark-gluon plasma. 
Ideally, one would hope to observe such 
fingerprints of the plasma as fractionally 
charged fragments or long-lived exotic configu­
rations of quarks and/or gluons. However, in 
the absence of any firm theoretical prediction 
for the existence of such exotic products, we 
should aim at the study of those penetrating 
probes that (a) have higher production rates in 
the quark-gluon plasma compared to the rates in 
hadronic matter and (b) survive through the 
hadronization and freezing-out processes with 
minimal interaction. 

a. Direct Radiation 
Due to the near absence of final-state inter­

actions, the electromagnetic probes (leptons 
ind photons} should provide a relatively clean 
signal from the early stages of the nucleus-
nucleus collision. In a hot plasma, the qq 
annihilation process gives rise to a significant 
number of dileptons (qq • It), even beyond the 
kinematic limit for NN collisions. 1 5 Unfortu­
nately, several sources of background are anti­
cipated. At large invariant dilepton masses 
(M > 2 GeV), the Drell-Yan process gives rise to 
a significant continuum background. Similarly, 
at lower masses, both the continuum lepton-pair 
creation (e.g., *+*- * il at H » 0.8 GeV, 
Oalitz-pairs from «°, w, and C, and Dethe-
Heitler pair production at M < 0.6 GeV), and the 
discrete peaks due to the decay of vector mesons 
(p, u, 4 at M = 0.7-1.0 GeV) form sources of 
background. Shuryak 1 6 has suggested that the 
intermediate mass region n\j < M < 2 GeV is an 
ideal region to study dilepton production. 

Similarly, direct photon production arising 
from q-q and q-g scattering processes provides a 
valuable source of information about the 
interior of the hot plasma. Here again, other 
sources of gamma rays (e.g., two-photon decay of 
*° and T)°) may interfere with a positive iden­
tification. However, one may take advantage of 
the distinguishing features of these sources of 
background in order to discriminate against 
them. For example, the «° decay photons are 
kinematically correlated with each other and 
have a Hagedorn distribution with an average 
kinetic energy of 160 NeV. In contrast, direct 
gammas measure the temperature or heat capacity 
of the quark-gluon plasma or of hadronic matter 
and are not limited in energy. 

b. Freeze-Out Products 
Observation of strange and charmed hadrons 

(and their antipartlcles), which are produced 
only rarely in ordinary hadronic Interactions, 
constitutes an alternative and complementary 
approach to the above identification technique. 
Ordinary nuclear matter contains only the up (u) 
and down (d) quarks. Therefore, because of the 
hi<jb chemical potential of these light quarks. 
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ss pair production proceeds much more easily In 
a quark-giuon plasma. According to Rafelski, 1 7 

this results in the following approximate 
enhancement ratios: 
<S>nlacaa <S> 

piasma m io_lO0t „,,, _ __ „ 5, upon 
< s > 9 « s <u or d> cooling down, the quark constituents of the plasma will freeze out into various hadrons, which are expected to reflect the composition of the hot plasma. Therefore, a large (relative to the gas phase) production cross section for strange, a.itistrange, and multiply strange had­rons would be a likely indication of the forma­tion of the quark-gluon plasma. It should be noted that the shorter the plasma lifetime, or the smoother the phase transformation is, the more unique this signal becomes, compared to other indicators. Rafelski 1 7 has estimated that the decay of antihyperons formed in a plasma should provide several Vee's. When normalized to, for example, the cross section measured in pp interactions, high rates of decay of this type could constitute a signature of the onset of the formation of the quark-gluon plasma. 

c. Discontinuities Associated with Phase 
Transitions 

Should the transition from hadronic matter to the quark-gluon plasma be a first-order tran­sition, many Measurable properties are expected to exhibit a discontinuity across the phase transition. One obvious manifestation of a first-order phase transition is the constant temperature with increasing input energy (beam energy). This is due to the need to supply the latent heat for the formation of the quark matter. It has been suggested that the trans­verse momentum is a measure of the pressure of the central plasma and that the multiplicity, at a given rapidity, is a measure of energy deposition. On this basis, one may expect the transverse momentum (P x) as a function of multi­plicity (at a given rapidity) to show saturation effects similar to those seen in other first-order phase transitions. 
In the quark-glum plasma, the basic scat­tering processes are Afferent from those of nucleon-nucleon scattering. Therefore, a change of the pattern of mass and energy flow of emitted particles may signal the formation of a new form of matter. Furthermore, the mid-rapidity (y » 0) region is expected to be espe­cially rich in hadronized particles originating from the plasma. Thus, the multiplicity distri­bution, dn/dy, in the mid-rapidity region, might be directly related to the probability of plasma formation. 

2. Properties and Dynamics of the Plasma 
Complications associated with the charac­terization of the quark-gluon plasma »rt expected to result from the effects of dynamics and from the rapidly changing space-time evolu­tion. For example, starting with a formation time of t 0 « 1 fm/c, the energy density Is expected to subsequently drop by a factor of nearly 2 in 1 fm/c. It may take a few fm/c for the plasma to equilibrate (thermal phase). 

However, in the interim period, the plasma expands with a Hubble constant estimated to be 1 0 " larger than the cosmologlcal Hubble con­stant, and its evolution will be governed by nonequilibriua processes. To study these com­plicated phases and their interfaces (initial compression and formation of a plasma, nonequi­librium expansion, thermalization, nadroniza-tion, and freezing-out processes), one needs to measure and correlate many hydrodynaarical observables. The bulk properties of these systems may be characterized by temperature, volume, relaxation times, and energy and mass densities. However, many of these parameters with which we hope to characterize the plasma and Its space-time evolution are. at best, only loosely connected to observables. A great deal cf careful systematic work will have to be undertaken before acceptable diagnostic methods can be established. In the following, some pos­sible experiments to determine a few basic prop­erties of the quark-gluon plasma are discussed. 

a. Spatial Characteristics 
An important property is the size and the shape of the region over which the phase change has occurred. This quantity is primarily sen­sitive to the.mechanism of energy deposition and thermalization in the reaction process; however, knowledge of the spatial extent of the plasma region will be important if we are to correctly interpret other measurements. 
Intensity interferometry 1 0» 1' is a well-established technique for studying the space-time structure of an emission source. Pairs of identical^particles are detected, and a corre­lation C(pi,j>2) is determined. This function depends not only on the space-time extent of the source, but also on its degree of coherence, thus providing both geometrical and dynamical information on particle production in the reac­tion. The sensitivity of such measurements increases rapidly as the multiplicity of a par­ticular species of particle increases. Since 

very large pion multiplicities are expected under conditions required for quark-gluon pro­duction, pion inter.>ro*etry would appear to be a potentially important tool. Unfortunately, pionj and other strongly interacting particles will carry little information about the hottest regions where the plasma can exist, because of absorption and rescattering effects in surround­ing cooler matter. Therefore, two- and higher order interferometry of pfons (speckle inter-ferometry) will yield information only on the size and the shape of the system at the freeze-out time. Oirect information, however, will be carried by electromagnetics!ly interacting par­ticles, i.e., by photons and leptons which are copiously produced in the plasma, as discussed in the previous section. Such experiments could yield reasonably direct information on plasma size, as well as provide a tool for investigat­ing long-range order and correlation lengths in the plasma. 
It is possible that K* correlations may also be an Important tool. The K+ satisfy the requirement of a weak Interaction with normal hadronic matter and so can carry Information out of the hot, dense region. It Is possible that 



these correlations could provide information on 
the space-time structure of the plasma region 
near the freeze-out, i.e., on the reconfinement 
process. 

b . Temperature 
I t Mill be important to study the evolution 

of the temperature of the plasma as a function 
of bombarding energy. The best tool is probably 
provided by the measurement of fie shapes of 
spectra of particles emitted at various stages 
of the reaction (e.r . , photons and dileptons for 
the plasma and pions for the freeze-out stage). 
Once the critical energy density for the phase 
transition is reached, additional energy would 
go to "melting" hadrons into plasma, i .e . , pro­
viding the latent heat of deconfinement rather 
than increasing the temperature. This effect is 
one of the potential signatures of the phase 
transition discussed in an earlier section. I t 
would be of interest to continue an investiga­
tion of this temperature to higher cm. energies 
until it again begins to rise. The length of 
this temperature plateau would be a measure of 
the latent heat of deconfinement. 

Because of the complicated dynamics of the 
plasma, the interpretation of this type of data 
is also not expected to be straightforward. 
Since the observed particle spectra are space-
time integrated, they receive important contri­
butions from both the early stages ( i . e . , 
thermally unequilibrated) and later stages 
(hadronization and freeze-out) of the evolution. 
Proper deconvolution of these spectra requires 
not only a better theoretical understanding of 
the nonequilibrium process, but also a system­
atic experimental effort, in order to isolate 
the thermal component. 

c. Lifetime 

The quark-gluon plasma is expected to exist 
for a nry short time. Its lifetime will depend 
on the dynamics of expansion and on energy 
transfer. A possible method to determine the 
pldsno lifetime would consist of the measurement 
of the rotal yield of photons, leptons, and 
strange particles. The number of photons and 
leptons produced is related to the plasma size, 
temperature, and lifetime. If the size and tem­
perature are determined independently, i t may be 
possible to deduce the lifetime of the plasma. 
A similar method could be applied to the abun­
dance of strangeness. I t has been shown17 that 
tne time constant for the strange quarks to 
reach an equilibrium concentration is comparable 
to the lifetime of the quark-gluon plasma. 
Therefore, the lifetime can be derived from the 
ratio of the number of strange quarks to the 
number of baryons among the products. 

ACCELERATOR FACILITY 
The Accelerator facility proposed here pro­

vides a means of accelerating heavy nuclei, with 
masses up to at least ZOO atomic mass units 
{ami), to kinetic energies of at least 10 GeV 
per amu (SeV/'r) and bringing two counter-
rotating beams of such nuclei Into collision. 

I. 
The resulting reaction energy available in the [ 
center-of-mass system corresponds to that pro­
duced by a beam of 255.6 GeV/u colliding with a 
stationary target. It is believed such center-
of-mass energies and masses of collision part­
ners are well in excess of the minimum values 
needed to produce a quark-gluon plasma. 

The nuclei in each beam will thus have total 
energies up to at least 11.7 times their rest 
mass equivalent energy. The facility can easily 
vary the final kinetic energy of each beam down 
to a lower value of only half of a GeV/u. The 
facility can also accelerate a different type of 
nucleus in each of the two collider rings. A 
large number of nuclei, with masses spanning the 
entire periodic table, can be produced by the 
ion source and accelerated. It should thus be 
possible to vary the collision conditions suf­
ficiently to produce systems which both do and 
do not exhibit the expected transition from 
hadronic matter to the quark-gluon plasma state. 

Several collision points, or intersection 
regions, will be provided about the collider 
circumference so that up to four or possibly 
five experiments can proceed simultaneously. 
Although each group of experimenters must, of 
necessity, observe collisions between the same 
nuclei at the same energy, provisions will be 
made to tune the properties of each intersection 
region, such as luminosity and crossing angle, 
to the needs of specific groups and to integrate 
the experimental apparatus of each group into 
the structure of the collider. 

The three accelerators required are arranged 
in a cascade with those preceding the collider 
rings serving to provide bunched beams of fully 
ionized heavy ions at sufficiently high energy 
for injection into the collider rings. In 
order, the facility will include an ion source 
to produce negative heavy ions, a tandem elec­
trostatic accelerator to provide initial accel­
eration and first electron stripping of the 
heavy ions, a small booster synchrotron to bunch 
the beam and produce ions which may subsequently 
be completely ionized, and a pair of intersec­
tion accelerator co'lider rings to boost the 
ions to their final relativistic energies and 
bring them into collision. The collider will 
include additional large halls at the intersec­
tion regions to bouse experimental apparatus. 
Transfer lines connecting the various accelera­
tors and a central control area complete the 
facility. 

The generic advantages of a tandem accelera­
tor as an injector in a multi-component system 
for the acceleration of heavy ions have been 
widely recognized. Specifically, they include: 
(1) High beam quality (low emlttance and energy 

dispersion, high energy and intensity). 
(2) Flexibility (easily changed beam energy, 

species, intensity, and time structure). 
(3) Long source lifetime and generally stable 

operation. 
(4) Simplicity (beam extraction, time modula­

tion, and control). 
Operation of the HHIRF tandem accelerator 

(see Fig, 10.3) as an Injector for the booster 
synchrotron requires acceleration of high inten­
sity, low frequency beam pulses. Typical 
parameters used for the collider design calcula­
tions are; peak injected current, ZOO uA; pulse 
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Fig. 10.3. HHIRF tandem electrostatic accelerator. 

duration, 100 usee; repetition rate, 1 Hz. 
Operation in this rode is made possibi* by the 
recent development of high-current, negative 
heavy-ion sources2 0*2 1 and by the relatively 
large terminal capacitance of large tandem 
accelerators which allows acceleration of 
intense beam pulses without significant terminal 
voltage decrease. 

The HHIRF tandem accelerator is m i l suited 
to operation in this rode for several reasons: 
(1) Use of a nuadruoole lens in the low-energy 

acceleration tube increases the acceptance 
of the accelerator by a factor of about two 
to a value of 16* nm>mrad MeV1/2 at a termi­
nal potential of 22 HV.2 2 This my be 
important since high-current, pulsed sources 
may have higher emlttance values than low-
current sources. [Note, however, that the 
estimated omittance for a 70S beam fraction 
for the Niddleton Hark VII axial geometry 
surface ionization source is 1.6* m**mrad 
KeV»72 (Ref. 21).] 

(2) Us* of » 180* terminal magnet allows 
complete terminal charge-state separation. 

Thus, unused post-terminal charge states do 
not contribute to terminal voltage 
decrease. 

(3) The large size of the terminal leads to a 
large terminal capacitance, 300 pF, which 
also reduces terminal voltage decrease. 

As an example, we consider acceleration of 
" 7 Au 1 7 + with an injected beam pulse of 200 uA 
for a duration of 100 asec. Assuming a 15% 
charge state fraction, the totat charge pertur­
bation will be 

(200 • 0.15 x 17 x 200) x 10"* ~ ~ * 
x 10' 4 sec " 7 x 10*8 Coulomb . 

With a terminal capacitance of 300 pF, this 
leads to a terminal voltage decrease of 

A V . 7 * 1 0 " 8 W°*> > 240 V , 
300 x 10-12 F 

a value which will result In a beam energy 
change, AE/E, of rhe order of 10"' at both the 
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terminal and after acceleration through the 
entire accelerator. This is a negligible addi­
t ional energy spread for injection into the 
booster synchrotron. 

An important capability of tandem electro­
stat ic accelerators as injectors for heavy-ion 
colliders is their abi l i ty to accelerate any 
species of negative ion for which a source my 
be developed. Table 10.1 l ists several ions for 
which high dc current source operation has been 
demonstrated.2 0 Mso l isted is the cube root of 
the Mass number of the given nucleus. Since 
this is proportional to the nuclear radius, and 
since the probability of attaining conditions 
for producing a quark-gluon plasma also depends 
on nuclear radius, i t is cr i t ica l to have avai l ­
able a large range of nuclei of differing radii 
which can be accelerated by the tandem. I t is 
seen from the table that this condition has been 
met in the ion source development already per­
formed. 

The booster synchrotron wi l l be a small con­
ventional machine, of circumference 144 m, 
employing warm iron magnets and a pair of 
ferrite-tuned rf cavities to accelerate a l l 
nuclei up to mass of 200 amu to kinetic energies 
of 5<K) HeV/u. At Such kinetic energies, a l l 
electrons can be removed from greater than 801 
of the nuclei in a beam of gold ions (mass 1 * ' / 
by passage through a thin stripping f o i l . Such 
a beam can then be accelerated and stored by the 
coll ider rings. For lighter ions the stripping 
efficiency improves at 500 MeV/u compared to 
that for gold, reaching nearly 100% for ions of 
100 amu and l ighter. 

As the largest ion kinetic energies are 
required for the heaviest ions to remove a l l 
electrons by passage through a stripping f o i l , 
the necessary size of the booster is determined 
by the charge state of m A u ions (taken as the 
representative mass-200 beam in this report) 
after they pass through a thin carbon fo i l at 
the exit of the tandem accelerator. For a tan­
dem tenmnal of 22 rW, 1 , 7 A u ions wi l l str ip to 
charge state 17* at the stripping fo i l inside 
the tandem terminal and exit the tandem at 396 
KeV, or 2.01 HeV/u. Gold ions at this energy 
str ip to a most probable charge state of 44*, 
meaning a magnetic r igidi ty Bp = 16 T-m for the 
booster synchrotron wi l l correspond to an exit 
energy of 488 HeV/u for WW* ions. 

The tandem beams wi l l be transferred, after 
stripping at the e x i t , to the booster via an 
achromatic transfer line constructed of FOOD 
cells with bending distributed symmetrically 
about points 180* apart in betatron phase. The 
required magnet strengths are quite low due to 
the small (<1 Tm) r i g i l i t i e s of the tandem 
beams. A combination of magnetic septum, 
electrostatic deflector, and collapsing orbit 
bump wi l l be used to inject the beam into the 
booster r ing. 

A simple F000 cell lat t ice has been chosen 
for the booster, consisting of 18 ce l l s , of 
which 12 incorporate two 2.6-m-long dipole 
magnets and of which the remaining 6 have no 
dipoles. The resulting free straight sections 
are used for injection, extraction, and accel­
eration of the beam. The latt ice is arranged 
with six-fold periodicity as shown in Fig. 10.4. 

Table 10.1 . Ions available 
from negative ion source 

Ion Z Al/3 

H 1 1 
C 6 2.29 
0 8 2,52 
S 16 3.17 
CI 17 3.27 
HI 28 3.87 
Cu 29 3.98 
Se 34 4.34 
Br 35 4.33 
Ag 47 4.78 
I 63 5.03 
Yb hi 6.5H 
Pt 7U 5.79 
Au 79 5.82 
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Fly. 10.4. Booster layout and full cell, 
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A layout of one of the full eel's containing 
dipoles is also shown in Fig. 1J.4. The beta­
tron phase advance of each cell is chosen to be 
37*, yielding betatron tunes v x ~ v v - 4.3. 
Parameters of the booster are given in Table 
10.2. 

The betatron acceptance in each plane is 
estimated to be greater than 40K mn*mrad while 
the emittance of beams produced by the tandem is 
measured to be less Vian 2* m^mrad. By stack­
ing ir. horizontal betatron space using a col­
lapsing orbit bump, i t should be possible to 
inject in excess of ten successive turns; to be 
conservative, in the following we have assumed 
ten such turns may be injected. The injected 
number of ichs per booster cycle resulting from 
this assumption is then given in Table 10.3. An 
instantaneous source current of 200 pA, a tandem 

Table 10.2. Booster parameters 

Circumference 136.S m 

Number of cells IS 

Cell lenrth 7.6 m 

Dipole length 2.62 m 

Dipole f ie ld 1.6 T 

Quadrupole length 0,3 n 

Quaurupole poletip f ie ld 0.9 T 

Phase advance/cell 87* 

Tune, H and V 4,3 

shuax/Pmin 12.5 41/2.5 m 

i«ax/li i in 2.7 m/0.5 m 

Max. Bp 16 Tm 

Bend radius 10 m 

Table 10,3. 

Kinetic energy 
at tandem exit Charge state 

Ion (MeV/u) at tandem exit 

l iC 11.0 6* 
» S 7.56 15* 
»Cu 4.89 24* 
»"I 2.77 35+ 
l " A u 2.01 44* 

terminal potential of 22 KV, and selection of 
the optimum charge state after carbon foil 
stripping in the tandem terminal and at the tan­
dem exit have been assumed. An overall trans­
mission efficiency of 757> is used for the 
tandea, in accord with operational experience. 
The space-charge limit at injection into the 
booster for a time depression Av - 0.1 and a 
bunching factor Bf = 0.5 is also given; it is 
seen that in no case is this limit exceeded. 

The booster synchrotron will employ conven­
tional, room temperature, iron-dor •-•ated 
magnets. These are needed because of the rapid 
booster cycle (0.5 Hz) and are acceptable iie to 
the modest power requirement of the booster. 
(Because the booster is needed only for a few 
minutes to refill the collider every few hours, 
it can be "turned o f f between refills for 
further power savings.) A description of the 
standard dipole and quadrupole magnets is given 
in Table 10.4, and cross sections of each are 
shown in Fig. 10.5. To eliminate sagitta, the 
dipoles will be constructed of 1/16" laminations 
stacked along an arc of the proper radius. 
Other magnets included in small correction 
packages will/include trim dipoles and quadru­
ples, skew quadrupoles, and sextupoles. Orbit 
bump magnets, injection and ejection magnetic 
septum magnets, and the ejection kicker complete 
the set of magnets required for the booster. 

The vacuum requirements of the booster are 
made especially severe by the need to avoid 
charge-changing reactions of the partly stripped 
heavy ions with residual gas atoms and molecules 
in the vacuum chamber. Since these cr. ss sec­
tions are of the order of megabarns at injec­
tion, pressure' of 1 0 - 1 1 torr at 20'C are 
required in the vacuum pipe of the booster. 
These will be obtained by having an all stain­
less steel vacuum system capable of withstanding 
200*C bakeout. All possible joints will be 
field welded; those which must be demounted 
will be made with metal seal ultrahigh vacuum 
flanges. Metal-seal sector valves will be used 
to isolate each quadrant of the machine. 
Properly trapped roughing and turbomolecular 
pumps will be use4 for evacuating to 10" 6 torr, 
followed by a combination of high-speed sputter 
ion pumps and titanium sublimator pumps for 
attaining the ultrahigh final vacuum of 10" 1 1 

torr. The vacuum chamber will be thermally insu­
lated from the magnet laminations to prrvent the 

Booster currents 

Current at Number injected Space 
tandem exit 10 turns charge limit 
(particle uA) (x 10») (x 10») 

75 14.75 4?.9 
22.5 - 5.32 12.7 
9,0 2,64 6.3Z 
5.4 2.11 3.38 
4.05 1.90 2.27 
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Table 10.4. Booster magnets 0»*L-D«G « -

Dipole 
Length 
Aperture 
Good field aperture 
Max field 
Coil tj»-ns/pole 
Max current 
Inductance 
Resistance 
Peak power 
Height 
Number 

Quadrupole 
Length 
Pole contour 
Max gradient 
Pole tip field 
Coil turns/pole 
Max current 
Inductance 
Resistance 
Peak power 
Weight 
Number 

2.0 m 
12 cm(h) x 5 cm(v) 
7 cm{h) x 5 cm(v) 
1.57 T 
9 
3472 A 
3.2 mH 
5 . 1 tlQ 
96.5 kU 
2 Tons 
32 

C.3 m 
xy = 10,5 cm2 

19.4 T/m 
0.63 T 
6 
3899 A 
0.48 mH 
1.51 nC 
29.7 kW 
0.36 Tons 
48 

latter's temperature from rising above 65°C to 
prevent damage to coil insulation . -d magnet 
lamination insulation. 

After the beam has been accelerated by the 
booster and given its final bunching in rf 
phase, the ejector kicker is triggered to bring 
the beam across a magnetic septum and into an 
extraction channel. The beam is quickly brought 
to a focjs in both olanes and passed through a 
stripping foil (except for very light beams with 
A < 20 amu, which are already fully stripped 
upon injection into the booster). Such a foil 
must be ~100 mg/cm2 of Cu (~0.1 mm thick) for 
heavy beams such as 1 9 7 A u and correspondingly 
thinner for less massive beams. The beam is 
then led through an achromatic transfer line to 
a splitter and septum magnet which deflects it 
into one of the two 90° bends leading to injec­
tion into the two rings of the collider. 

The accelerator-collider consists of two 
interleaved, roughly hexagonal shape rings o* 
magnets. The general site layout is shown in 
Fig. 10.1. The rings are each 864 meters in cir­
cumference (6 times the booster cicumference) 
and cross at six equally spaced intersection 
regions. Each ring has a bending power of 
90.535 Tm, sufficient to constrain i 9 7 A u 7 9 + of 
kinetic energy 10 GeV/u to tr,e reference orbit. 
Each ring has ferrite-tuned rf cavities to 
accelerate the beams from the Injection energy 
of 488 MeV/u to any desired final energy up to 
10 SeV/u, which corresponds to a maximum revolu­
tion frequency change of 32%. The ring circum­
ferences are divided roughly equally into six 
bending arcs, consisting of simple FODO cells, 
and six long straight sections containing 
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Fig. 10.5. 
cross sections. 

Booster dipole and quadrupole 

necessary dispersion suppressors, matching 
quadrupoles, low beta insertions, and beam 
merging and reseparation magnets. The optical 
elements for the long straight sections must be 
designed to permit varying the crossing angle of 
the beams and thus the length of the luminous 
region and to permit varying the luminosit/ from 
one intersection region to another to accommo­
date different experimental requirements. A 
special building for experimental apparatus will 
surround four of the intersection regions, with 
two fac i l i t ies for large detector arrays, one 
for wide-angle spectrometers and one for narrow-
angle spectrometers. A f i f t h intersection 
region will be provided with an open pad beneath 
the collider rlr.gs for future development, and 
the sixth will have a somewhat enlarged tunnel 
to concentrate machine functions such as injec­
t ion , ejection, rf cavit ies, and special equip­
ment. A l i s t of parameters 1s in Table 10.5. 

The arcs are made up of six FODO cells each, 
12 m in length. A phase advance near 90° per 
cel l has been chosen, simplifying certain 
aspects of Injection and extraction component 
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Table 10.5. u>". Hder parameters OML- M W - W H 

Ci rcumference 864 in 
(6 x booster) 

Number, length of arcs 6, 72 m 
Number of cells/arc 6 
Length of cell 12 m 
Phase advance/cell 92° 
Dipole length 4 m 
Dipole f ie ld ?. T 
Quadrupole length 0.8 m 
Quadrupole poletip f ie ld 1.2 T 
Pmax l n arcs 20 m 

Number, length of K 's 6, 72 m 
Free space at crossing 15 m 
Pnax a t crossing < 3 a 
TI at crossing 0 m 

Maximum rigidity 90.53 TP. 
Bending radius 45.3 n 

COLLIDER LAYOUT 

-262.2m-

placement and yielding a maximum betatron ampli­
tude of 20 m. The sixth cell in each arc con­
tains the dispersion suppressing elements for 
the following intersection region. A matched 
cell with no bending follows this, followed by 
the matching and low beta sections leading to 
the beam-merging magnets and the crossing point. 
A layout of one sextant of the ring lattice is 
shown in Fig. 10.6, which also shows the layout 
of one full regular cel l . 

Because of the large normalized omittance 
{~9JC nrn-mrad) for light-ion beams just after 
injection into the booster and because of the 
need to have large emittances for heavy-ion 
beams in order to limit the emittance growth 
rates due to intrabeam scattering, the collider 
rings are designed to accommodate beams of 10K 
mncmrad normalized emittance. Allowing ±5 nm 
for closed orbit distortion leads to a minimum 
aperture requirement of 4 cm good field, or a 
cofl ID o* 6 cm assuming good field extends to 
2/3 of the coil 10. The magnets planned for the 
collider are of the type kr,ow>-. oenerically a> 
"super ferric" magnets, i .e. , iron-dominated 
window frame magnets with superconducting coils. 
The dipoles are planned to be 4 meters long and 
to have a very conservative field of 2 T. The 
magnets will be constructed with a curvature of 
45 m to remove the 4.4 cm sagitta that would 
result otherwise in straight dipole magnets. 
The small aperture required and high-current 
density of present superconductor will result in 
a compact yoke design. It is therefore planned 
to assemble two dipoles in a common yoke. 
Quadrupoles will be kept separate from one 
another to allow independent positioning of the 
quadrupoles in the two rings. Development work 
will also concentrate on mounting dipoles, 
quadrupoles, correction packages, and beam pick­
up elements for one-half cell into a common 
cryostat. This will simplify transfer of helium 
between ring elements and minimize the number of 
cold to warm joints needed for power and control 
leads. 

H 
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Fig. 10.6. Collider layout and full cell. 

In order to provide for short bunches for 
collider operation, the rf system in the 
collider will run at a harmonic of that in the 
booster. Given the ratio of circumferences 
between booster and collioer (1:6), matching rf 
frequencies at transfer (1.572 MHz) results in a 
harmonic 6 system in the collider. Since this 
corresponds to a 636-ns separatior. between 
bunches and since injection kickers can be made 
to operate much faster, ~100 ns for a 500-G 
field, a higher harmonic choice is favored. 
Present plans call for an h * 144 system operat­
ing between 37.73 MHz at injection (B » 0.7549) 
and 49.78 MHz at top energy (B - 0.9964). With 
a 106-ns injection kicker, every fourth rf 
bucket would be fil led In the system, resulting 
in 36 bunches distributed about the circumfer­
ence of each ring. Thus 72 booster cycles, or 
144 seconds, would be required to ren i l both 
collider rings. Ferrite-tuned single-gap cavi­
ties will be provided in each ring for acceler­
ating and maintaining the length of each beam 
bunch. An acceleration cycle of one minute to 
full energy is planned, followed by storage for 
several hours in collider mode. 

The collider magnets will be of the cold 
iron, cold bore type. This conserves space 
Inside the coll for beam pipe, compared to warm 
bore designs due to the lack of extra insula­
tion. The vacuum attained in such magnets 1s 
lO-'J torr at 4"K (based on FNAL experience). 

http://-0NEttlA.-t2.0m-
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This is adequate to provide for beam survival 
tines of more than one day for the process of 
electron capture by the bean ions from residual 
gas ionized by the beam. However, the beam gas 
background at experiments Mill be rather high at 
such pressures, so transitions to a warm bore, 
baked stainless steel vacuum system are planned 
for the intersection regions of the machine. 
The components of this part of the vacuum system 
will be similar to those used in the booster 
ring. 

Projected performance of the facility for 
five representative heavy ions is given in Table 
10.6. Listed therein are maximum energy, number 
of stored ions, and maximum initial luminosity 
for head-on collisions in the intersection 
regions. Preliminary estimates of luminosity 
lifetime due to intrabeam scattering indicate 
that for gold beams the luminosity will decay to 
25% of this value after 2 hours; for ligh^ beams 
the projected decay times for luminosity are in 
excess of one day. The principal loss mechanism 
for light beams (carbon, sulfur, copper) will be 
nuclear cross sections which are of the order of 
1-5 barns. For ver^ heavy beams such as gold, 
the cross sections for electromagnetic Coulomb 
disintegration and K-shell pair production are 
the dominant loss modes. They increase with 
collision energy and total more than 50 barns at 
10 GeV/u x 10 GeV/u. 

EXPERIMENTAL FACILITIES 
AND SUPPORT BUILDINGS 

The present design of the collider ring 
accommodates six straight sections, one of which 
will be used for beam injection and rf syseems. 
The remaining straight sections will provide for 
up to five intersection regions (IR). Four of 
the IR will be equipped with shielded experimen­
tal halls, while the fifth one will be left as a 
large open pad. This open area is reserved for 
second generation detectors whose space require­
ments cannot be foreseen at present. The physi­
cal dimensions of the five experimental areas 
are given in Table 10.7, while Figs. 10.7 and 
10.8 show plan and elevation views of the large 
hall; Fig. 10.1 shows their location on the 
ring. 

A brief survey of existing large collider 
detectors shows their dimensions are about 11 m 
long by 8 m high by 8 m wide. Such detectors 

are easily accommodated between the last inser­
tion quadrupoles, as there will be 15-m free 
space along the beams centered at the intersec­
tion point. Furthe. moi?, to allow for forward-
angle instrument''ion, the accelerator tunnel 
will be enlarged for a considerable distance 
about the intersection point so that counters 
can be placed at smail angles to the colliding 
beams. To achieve a high luminosity, it is 
necessary to use near the detectors special low 
beta insertion quadrupole magnets other than 
those used in the standard lattice. If the 
magnetic field in the detectors is not collinear 
with the beams, special compensating dipoles 
will be reeded to avoid beam-optics distur­
bances. The beam tube in the center of the IR 
will be of thin-wall beryllium to reduce inter­
action with the scattered particles, notably 
conversion of electrons and photons. A vacuum 
of 10" 1 1 torr at 20°C will be maintained in the 
IR. 

The experimental halls will be equipped 
with standard laboratory facilities such as 
clean and general power, lighting, climate con­
trol, communications, cooling water, gas 
handling equipment, fire alarms and sprinkler 
systems, radiation monitors, and drainage. If 
room temperature magnets are used for the detec­
tors, one or two megawatts of power may be 
needed. But if superconducting magnets are 
used, little power will be needed to energize 
the magnets. However, liquid helium refrigera­
tion equipment will then be needed to cool the 
magnets to 4°K. Up to several hundred kilowatts 
of power will be provided to power the large 
number of detector modules and the associated 
electronics that comprise a typical detector 
system to be housed in the intersection region 
halls. 

Provisions will be made for a large stag­
ing area adjacent to each of the two large 
experimental halls, to allow for the assembly, 
testing, modification, and repair of the detec­
tor systems. The staging areas will have the 
same elevation as the experimental halls. 
Loading docks and service roads provide for the 
access and transport of equipment to and from 
these areas. Each area will also have labora­
tory space to handle work on smaller detectors, 
office space for experimentalists, and a large 
counting room adjacent for readout electronics 
and computers. Signals corresponding to machine 

Table 10.6. Collider performance 

Ion 
*N 

K mm mrad Ions/Bunch 
T/*max 
(GeV/u) 

L0 (head-on) 
0* » 3m 

(cm"2 sec" 1) 

12C 10 1.1 lO'0 12.7 3.6 102fl 

» S 10 4.0 109 12.7 4.6 10 2 7 

"Cu 10 2.0 10' 11.6 1.1 10 2 7 

I 2 7 J 10 1,6 109 10.4 S.O 10 2 6 

' " A l l 10 1.2 109 10.0 3.3 10" 



220 

Table 10.7. Locations, dimensions (m), and crane capacities (tons) 
of the experimental areas 

Area Location Length Width 
Bean 

height 
Ceiling 
height 

Crane 
capacity 

Large #1 and 2 1*11 o'clock 14 12 5 10 -

Forward bldg. (2) 3 5 3 6 -

Staging area 20 20 5 15 40 

Narrow-angle 3 o'clock 10 12 2 7 10 

Forward stubs (2) 25 12 2 7 10 

Open pad 
(future use) 

5 o'clock ?0 15 3 - -

Wide-angle 7 o'clock 15 30 4 10 20 

Injection hall 9 o'clock 72 6 1.2 3 -

am-** M-mn. 
umu fmm«« MUX - scrm 

/• 

mm 

I 
«o rat 

c 

» ft WCMT1 

I 
«o rat 

c i r *»* 
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«o rat 
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-"- m m n -"- m m n ncr 

Fig. 10.7. Large fac i l i t y hall -sect ion view. 
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urn (ixamn mut • »u» 

parameters such as beam crossing time, beam 
position and profile, luminosity, vacuum, radia­
tion level, and status (filling, ramping, col­
liding, and dumping) will be provided for each 
counting area. 

It is envisioned that the 4* detectors will 
be assembled on railroad-type carriages in the 
staging area, and rolled into position on 
rails. This will minimize the shielding and 
crane-coverage requirements. The shielding 
between the hall and staging area will be easily 
movable. In this scheme, the detector removal 
from and installation on the beam line will take 
a short time and have minimal impact on the 
accelerator operation. The total weight of a 
typical 4* detector may be a few hundred tons, 
and some parts may weigh as much as 30 tons. 
Therefore, a crane of appropriate size will be 
installed in the staging area. The average 
floor loading for a completely assembled detec­
tor will be approximately 10 tons/m2. 

Fig. 10.8. Large facility hall -plan view. 
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"unpaired Nucleons as Probes of Core Collective Fields," Proceedings. International Workshop on 
Interacting Boson-Boson and Boson-Feraion Systeas. Gull Lake, Michigan, Nay 28-30, 1984 

Lisantti, J., J. R. Tinsley, D. H. Drake, I. Bergqvist, L. U. Swenson, D. K. HcDaniels, F. E. Bertrand, 
E. E. Gross. D. J. Horen, T. P. Sjoreen 

"Analyzing Power for the Inelastic Continuum with 2uO-HeV Protons." Physics Letters B 
Ludeaann, C. A., and B. J. Casstevens 

"Operator Interface to the URIC Control Systea," Proceedings, European Physical Society Conference on 
Computing in Accelerator Design and TechnoIgy, Berlin, West Germany, Septeaber 20-23, 1983 

Ka, C. H., D. P. Hutchinson, P. A. Staats, and K. L. Vander Sluis 
"FIR Interferometer/Polariaeter Systea on ISX-B Tokaaak," Proceedings, 5th Topical Conference on High 
Temperature Plasma Diagnostics, Tahoe City, California, September 16-20, 1984 

Marston, J. 8., and 5. E. Koonin 
"Mean-Field Calculations of Fluctuations in Nuclear Collisions," Physical Review Letters 

Martin, M. J. 
"Nuclear Decay Data for Selected Radionuclides," National Council on Radiation Protection and 
Measurements Report, Appendix 

McDaniels, 0. K,, J, R. Tinsley, J. Lisantti, 0. H. Drake, I. Bergqvist, L. w. Swenson, F. E. Bertrand, 
E. E. Gross, 0. J. Horen, T. Sjoreen, R. Li 1 jestrand, and H. Wilson 

"Cross Section and Analyzing Power Measurements for the Giant Resonance Region in 2 0 8 P b with 200-MeV 
Protons," Physical Review C 

Meyer, F. W. 
"The W N L ECK Multicharged Ion Source," Proceedings, International Conference on the Physics of 
Highly Ionized Atoms, Oxford, England, July 2-5, 1984 

Moltz, D. M., J, P. Sullivan, R. E. Tribble, C. A. Gagliardi, K. S. Toth, and F. T. Avignone 
"Neutron-Deficient Mass Surface Between the U7/2 and 199/2 Shells: The Masses of 7 7 K r and 7'Kr," 
Proceedings, Seventh International Conference on Atomic Masses and Fundamental Constants, Darmstadt, 
West Germany, September 3-7, 1984 

Moltz, D, M., K. S. Toth, F. T. Avignone, III, H, Noma, B. D. Kern, R. E. Tribble, and J. P. Sullivan 
"Beta Decay of 7 6 K b and the Level Structure of 7*Kr," Nuclear Physics A 

Nazarewicz, W., P. Olanders, I. Kagnarsson, J. Uudek, and G. A, Leander 
"Octupole Shapes in Nuclei and Some Rotational Consequences Thereof," Proceedings, XIX Winter School 
on Physics Selected Topics in Nuclear Structure, Zakopane, poland, April 13-15, 1984 

Nazarewicz, W, t P. Olanders, I. Ragnarsson, J. uudek, G. A. Leander, P. Holier, and E. Ruchowska 
"Analysis of Octupole Instability in Medium Mass and He.vy Nuclei," Nuclear Physics A 
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Neskovic, N. 
"The Effect of Transverse Correlations in Ion Channeling in Very Thin Crystals," Physical Review 
Letters 

Park, H., J. 0. Kephart, R. K. Klein, K. H. Pantell, B. L. Berman, S. Oatz, and R. L. Swent 
"Electron Channeling Radiation from Diamonds with and without Platelets," Journal of Applied Physics 

Phaneuf, R. A. 
"Electron Capture by Multiply Charged Ions fron Hydrogen Atoms at Low Energies," Proceedings, V I I I 
International Seminar on Ion-Atom Collisions, Utrecht, The Netherlands. August 4-5. 1983 

Phaneuf, R. A., and D. H. Crandall 
"Collisions of Low-Energy Multiply Charged Ions," Proceedings, Atomic Physics Contractors' Workshop, 
Gaithersburg, Maryland, April 26-27, 1984 

P las i l . F. (Invited Paper) 
"Recent Advances in Fusion-Fission Reactions," Proceedings, Tsukuba International Symposium on 
Heavy-Ion Fusion Reactions, Ibaraki , Japan, September 3-5, 1984 

Ragnarsson, I . , T. Bengtsson, W. Nazarewicz, J . Oudek, G. A. Leander, and C. Baktash 
"Evidence for Band Termination at Very High Spin in 1 5 , Y b , " Physical Review C 

Raman, S. , R. F. Carlton, J . C. wells, E. T. Jurney. and J . E. Lynn 
"Thermal Neutron Capture Gamma Rays from Sulfur isotopes: Experiment and Theory," Physical Review C 

Raman, S. , and B. Fogelberg (Invited Paper] 
"Overlapping 0 Decay and Resonance Neutron Spectroscopy," Proceedings, International Symposium on 
Nuclear Spectroscopy and Nuclear Interactions, Osaka, Japan, March 21-24, 1984 

Ramayya, A. V., U. C. Ma, J . H. Hamilton, S. J . Robinson, K. Zhao, J . D. Cole, E. F. Zganjar, and E. H. 
Spejewski 

"Competing Nuclear Structures in 1>2-U8ng," Proceedings, International Symposium on In-Beam Nuclear 
Spectroscopy, Debrecen, Hungary, May 14-18, 1984 

Kapaport, J . , R. Alarcon, B. A. Brown, C. D. Goodman, D. Horen, T. Masterson, E. Sugarbaker, and T. N. 
Taddeucci 

"The 5 l V ( p , n ) 5 l C r Reaction at E p = 160 MeV," Nuclear Physics A 

Rapaport, J . , C. Gaarde, J . Larsen, C. Goulding, C. 0. Goodman, C. Foster, D. J . Horen, T. Masterson, E. 
Sugarbaker, and T. N. Taddeucci 

"The ' 'F tp .n^ 'Ne and 3 9 K(p,n) 3 9 Ca Reactions at Intermediate Energies and Quenching of the 
Gamow-Teller Strength," Nuclear Physics A 

Remaud, B. 
"A Linearized Kinetic Equation for the Transport of Fast Nucleons Through Nuclei," Physics Letters B 

Sel l in , I . A. 
"Forward Electron Production in Heavy Ion-Atom and Ion-Solid Collisions," Proceedings, International 
Conference on X-Ray and Inner Shell Processes in Atoms, Molecules, and Solids, Leipzig, East Germany, 
August 20-24, 1984 

Sel l in , I . A. 
"Convoy Electron Production by Heavy Ions in Solids," Proceedings, Eighth Conference on the 
Application of Accelerators in Research and Industry, Denton, Texas, November 12-14, 1984 

Sel l in , I . A., S. 0. Berry, M. Breinig, C. Bottcher, R. Latz, M. Burkhard, H. Folger, H.-J. Frischkorn, 
K.-0. Groeneveld, 0. Hofmann, and P. Koschar 

"Anomalous Mean Free Paths for Scattering of Convoy Electrons Generated by Fast, Highly Ionized Ions 
in Thin Solid Targets," Proceedings, Symposium on the Physics of Electron Ejection in Ion-Atom and 
Ion-Solid Collisions, Aarhus, Denmark, June 29-30, 1984 

Sel l in , I . A., S. B. Elston, and S. 0, Berry 
"Recent Advances in Forward Electron Production Studies in Ion-Atom and Ion-Solid Collisions," 
Proceedings, Second Workshop on High-Energy Ion-Atom Collision Processes, Debrecen, Hungary, August 
27-28, 1984 

Semmes, P. 8 . , G. A. Leander, and J. L. Wood (Invited Paper) 
"Particle-Core Coupling Calculations for the Positive Parity States in the Odd-Mass Hg Isotopes as a 
Test of IBA Core Descriptions," Proceedings, International Workshop on Interacting Boson-Boson and 
Boson-Fermi on Systems, Gull Lake, Michigan, May 28-30, 19U4 
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Shapira. C . Conference Chairman 
'Program and Abstracts for Conference on Instrumentation for Heavy-Ion Nuclear Research," Oak Ridge, 
Tennessee, October 22-24, 1984 

Shapira, 0 . , J.L.C. Ford, J r . , R. Novotny. B. Shit-.kunar. R. L. Parks, and S. T. Thornton 
"The HHIRF Supersonic Gas-Jet Target Faci l i ty ," ."'clear Instruments and Methods in Physical Research, 
Section A 

Shapira, D., J . Gomez del Campo, J.L.C. Ford, J r . , B. Shivakumar. P. H. Stelson, 8. A. Harmon. R. A. 
Parks, and S. T. Thornton 

"Nuclear Fiysics Experiments with the ORNL-HHIKF Supersonic Gas-Jet Target," Proceedings, Eighth 
Conference on the Application of Accelerators in Research and Industry, Denton, Texas, November 
12-14. 1984 

Shapira, D., D. Schull, J.L.C. Ford. J r . , B. Shivakumar, R. L. Parks, R. A. Ceci l , and S. Thornton 
"Observation of Angular Momentum Saturation in deep-Inelastic Processes Involving Light Heavy Ions." 
Physical Review Letters 

Stone, R. E., C. R. Bingham. L. L. Riedinger. R. U. Lide. H. K. Carter. R. L. Klekodaj, and E. H. 
Spejewski 

"The Decay of Mass-Separated I»»«Po and " ' S P o , " Physical Review C 

Strayer. M. R. (Invited Paper) 
"Chaos near the Coulomb Barrier? — Nuclear Molecules," Proceedings, International Conference on 
Fusion Reactions Below the Coulomb Barrier, Cambridge, Massachusetts, June 13-15, 1984 

Strayer, M. R. (Invited Paper) 
"Nuclear Molecules in TOHF," Proceedings, 5th Adriatic International Conference on Nuclear Physics: 
Fundamental Problems in Heavy-Ion Collisions, Hvar, Yugoslavia. September 24-29, 1984 

Thorn, C. E., J . H. Ulness, E. K. Warburton, and S. Raman 
" « S ( d . p ) " S and 3 , > . « S ( d , 3 H e ) 3 3 . 3 5 P Reactions," Physical Review C 

Toth, K. S. , Y. A. Ell is-Akovali , C. R. Bingham, 0 . H. Holtz, H. K. Carter, R. L. Hlekodaj, E. H. 
Spejewski, and D. C. Sousa 

"Decay Properties of l 8 6 P b and the Lead Alpha-Decay Rate Anomaly," Proceedings, Seventh International 
Conference on Atomic Masses and Fundamental Constants, Darmstadt, West Germany, September 3-7, 1984 

Toth, K. S., Y. A. Ell is-Akovali , C. R. dingham, D. K. Holtz, D. C. Sousa, h. K. Carter, R, L. Klekodaj, 
and E. H. Spejewski 

"Evidence from a Decay That Z - 82 Is Not Magic Midway Between N * 82 and N = 126," Physical Review 
Letters 

Toth, K. S., D. M. Holtz. E. C. Schloemer, M. 0. Cable. F. T. Avignone, I I I , and Y. A. Ellis-Akovali 
"Beta-Delayed Proton Activit ies: l l , 7 D y and l l , 9 E r , " Proceedings, Seventh International Conference on 
Atomic Masses and Fundamental Constants, Darmstadt, West Ger.TTiny, September 3-7, 1984 

Tsang, M. B., W. G. Lynch, C. B. Chitwood, D. J . Fields, D. R. Klescr, C. K. Gelbke, G. R. Young, T. C. 
Awes, R. L. Ferguson, F. E. Obenshain, F. Plasi l , and R. L. Robinson 

"Azimuthal Correlations Between Light Particles Emitted in l 60-lnduced Reactions on 1 2 C and 1 9 7 A u at 
400 MeV," Physics Letters B 

Uchai, W., C, W. Nestor, Jr . , S. Raman, and C. «. Vane 
"Energy Shifts of L X Rays from 70 < Z < 90 Elements due to Multiple M Vacancies," Atomic Data and 
Nuclear Data Tables 

Umar, A, S. 
"A Time-Dependent Mean-Field Theory for Prompt Nucleon Emission in Heavy-Ion Reactions," Proceedings, 
International Conference on Fusion Reactions Below the Coulomb Barrier, Cambridge, Massachusetts, 
June 13 15, 1984 

Umar, A. S, , M. K. Strayer, 'J. J . Ernst, and K.K.S. Devi 
Mean-Field Tneory of Prompt, High-Energy Nucleon Emission," Physical Review C 

Wells, J . C , N, K. Johnson, J , Hattula, M. P. Fewell, D. R. Haenni, I . Y. Lee, F. K. McGowan, J . W. 
Johnson, and L. L. Riedinger 

"Evidence for Collective Behavior in 1 2 9 C e from Lifetime Measurements," Physical Review C 

Wei ton, T. A. 
"Fluctuation as Explanation in Quantum Electrodynamics," Annals of Physics (New York) 
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Winters, R. ft., C. H. Johnson, and A. 0. MacKellar 
"Optical Model for Lou-Energy Neutrons on 6 0 N i , " Physical Review C 

Wong, C. Y. 
"Nucleon-Nucleus Reactions at Ultra-Relativistic Energies," Physical Review D 

Wong, C . Y. 
"Rotating Torodial Nuclei in Heavy-Ion Reactions," Physical Review C 

Young, l>. R. (Invited Paper) 
"Near-Threrhold Production of Neutral Pi Mesons in Heevy-Ion Reactions," Proceedings, 7th Oaxtepec 
Symposium on Nuclear Physics, Oaxtepec, Mexico, January 4-6. 1984 

Ziegler, N. F„ , E. G. Richardson, J . E. Mann, P. K. Kloeppel, R. C. Juras, C. H. Jones, J . A. 
Biggerstaff, J . A. Benjamin, and 6. 0. Alton 

"Status of the Oak Ridge 25 URC Accelerator," Proceedings. Symposium of Northeastern Accelerator 
Personnel, Rochester, New York, October 3-5, 1983 

Ziegler. N. F . , E. G. Richardson, J . E. Mann, K. C. Juras, C. M. Jones, D. L. Haynes, J . A. Benjamin, 
and G. D. Alton 

"Status Report on the ORKL 25 URC Accelerator," Proceedings, 1984 Symposium of Northeastern 
Accelerator Personnel with Postaccelerator Workshop, Stony Brook, New York, October 15-18, 1984 

Zumbro, J. D., E. 8. Shera, Y. Tanaka, C. E. Benis, Jr., R. A. Naumann, N. V. Hoehn, W. Reuter, and 
R. M. Steffen 

"E2 and E4 Deformations in 233,23-,2JS,238Uf» Physical Review Letters 
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1983 

Symposium of Northeastern Accelerator Personnel, Rochester, Ren York, October 3-5, 1983 

N. F. Ziegler, E. 6. Richardson, J . E. Mann, P. K. Kloeppel, R. C. Juras, C. H. Jones, J . A. 
Biggerstaff, J . A. Benjamin, and 6. 0 . Alton 

"Status of the Oak Ridge 25URC Accelerator" 

American Physical Society Meeting, Rotre Dame, Indiana, October 13-15, 1983 

C. Baktash, Y. Shutz, I . Y. Lee, F. KcGowan, N. R. Johnson. H. P. Fewell, N. L. Halbert , D. C. Hensley, 
L . Courtney, A. Larabee, L. L. Kiedinger, and D. G. Sarant i tes 

"Study of the Spin-Induced Shape Changes in 1 5 8 Y b , " B u l l . Am. Phys. Soc. 28, 991 (1983) 

M. E. Bunker, J . W. Starner, and S. Raman 
"Decay of 3 7 S , " B u l l . Am. Phys. Soc. 28, 968 (1983) 

C. B. Chitwood, W. G. Lynch, N. B. Tsang, D. F ie lds , 0 . Klesch, A. D. Panagiotou, C. K. Gelbke, T. C. 
Awes, R. Ferguson, F. Obenshain, F. P l a s i l , R. Robinson, and G. R. Young 

"Two-Proton Correlations at Small Relative Momentum for i 6 0- lnduced Reactions on 1 , 7 A u at 
E/A = 25 MeV,* B u l l . Am. Phys. Soc. 28, 973 (1983) 

L. H. Courtney, L. L. Riedinger, A. J , Larabee, C. R. Bingham, C. Baktash, N. Halbert , 0. Hensley, 
N. R. Johnson, I . Y. Lee, Y. Schutz, J . Hat tu la , J . Waddington, B. Herskind, 0. Haenni, 0 . Sarant i tes , 
A. Dilmanian, N. Rajagopalan, S. Hjor th , and A. Johnson 

"Discrete Gamma-Ray Studies Usinij Spin Spectrometer," B u l l . Am. Phys. Soc. 28, 982 (1983) 

Y. A. E l l i s -Akova l i , K. S. Toth, D. H. Moltz, and D. C. Sousa 
"Single-Par t ic le States near N = 82; Search for the N = 81 Isotope, 1 , , 9 E r , " B u l l . Am. Phys. Soc. 28, 
981 (1983) 

J . Gomez del Campo ( Inv i ted Talk) 
"Measurements of Nuclear Deexcitatior, Times Using the Crystal Blocking Technique," B u l l . Am. Phys. 
Soc. 28, 987 (1983) 

M. L. Halbert ( Inv i ted Talk) 
"New Vistas of Heavy-Ion Reactions with the Spin Spectrometer," B u l l . Am. Phys. Soc. 20, 964 (1983) 

H, Ikezoe, D. G, Kovar, G. Rosner, G, Stephens, E, Ungrlcht, B, Wi lk ins , T. Awes, G. R. Young, C. 
Haguire, Z. Kui , W, C. Ma? S. Robinson, D. Watson, and G. Word 

"Coincidence Measurements Between Evaporation Residues and Light Part ic les Produced in 1 6 0 + '•"Ca at 
E 1 a b ( 1 6 0 ) * 160 MeV," B u l l . Am. Phys. Soc. 28, 974 (1983) 

C. H. Johnson, N, H. H i l l , J . A. Harvey, and D. J . Horen 
"Afterpulses of Several usee for an RCA-8854 M u l t i p l i e r , " B u l l . Am. Phys. Soc. 28, 992 (1983) 

D. Klesch, C. B. Chitwood, D, F ie lds , C, K. Gelbke, W. G. Lynch, M. B. Tsang, A. 0, Panagiotou, T. C, 
Awes, R. Ferguson, F. Obenshain, F. P l a s i l , R. Robinson, and G. R. Young 

"Single and Two-Particle Measurements for Light Par t ic le Emission of * 60-Induced Reactions at 400 
MeV," B u l l . Am. Phys. Soc. 28, 973 (1983) 

A. J . Larabee, L. H, Courtney, S. Frauendorf, L. L. Riedinger, J . C. Waddington, M. P, Fewell , N. R. 
Johnson, 1 . Y, Lee, and F. K. McGowan 

"Shape Effects 1n h u / 2 and 9j/2 Bands 1n l 5 9 T m , " B u l l . Am. Phys. Soc. 28, 982 (1983) 
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H. C. Ma, A. V. Raaayya, K. Zhao, J . H. Hamilton, H. E. Barclay, S. Robinson, J . 0. Cole, E. F. Zganjar, 
and E. H. Spejewski 

"High £j>in States in l « . l 9 , » H g . " Bul l . Am. Phys. Soc. 28, 989 (1983) 

A. 0. MacKellar and C. H. Johnson 
"Coupled Channel (MP Analysis with Parity Dependence for n + -°Ca," Bul l . Aa. Phys. Soc. 28, 982 
(1933) 

0. M. Holtz, K. S. Toth, J . P. Sullivan, R. E. Tribble, C. A. Gagliardi, and F. T. Avignone H I 
"Mass of 7 5 K r , " Bu l l . AM. Phys. Soc. 28, 970 (1983) 

S. Raman (Invited Talk) 
"Overlapping p Decay and Resonance Neutron Spectroscopy," Bu l l . A*. Phys. Soc. 28, 972 (1983) 

A. V. Ramayya, W. C. Ha. J . H. Haailton, M. E. Barclay, K. Zhao, S. Robinson, J . 0. Cole, E. F. Zganjar, 
and E. H. Spejewski 

"Identification of 1 8 2 H g with Near-Spherical and Deforced States," Bul l . Aa. Phys. Soc. 28, 989 
(1983* 

Zhao Kui, C. F. Maguire, J.L.C. Ford, J r . , 0. Shapira, F. E. Bertrand, E. Gross, R. 0. Sayer, and T. P. 
Sjoreen 

"The 2 8 S i ( u B , 1 0 B and 1 0 B*) 2 »Si Reactions as a Test of the Spin-Orbit Potential for Heavy Ions." 
Bull. AM. Phys. Soc. 28, 994 (1983) 

1983 Nuclear Science Symposium, San Francisco, California, October 19-21, 1983 
D. C. Hensley 

'Data Acquisition with the Event Handler 

N. R. Johnson, C. Bafctash, and I . Y. Lee (Invited Talk) 
"Bismuth Gerroanate's Role in the New Revolution in Gamma-Ray Spectroscopy" 

1983 Annual Meeting of the Southeastern Section of the American Physical Society, Columbia, South 
Carolina, November 3-5, 1983 

B. 0. Kern, K. S. Toth, D. M. Holtz, J . Lin, F. T. Avignone, I I I , and G. Leander 
"Beta Decay of 7 5 R b , " Bul l . Am. Phys. Soc. 28, 130 (1984) 

R. A. Phaneuf (Invited Talk) 
"Electron Capture by Multiply Charged Ions from Hydrogen Atoms at Low Energies," Bull . Am. Phys. Soc. 
29, 123 (1984) 

I . A. Sell in (Invited Talk) 
"Some Old, New, Borrowed, and Blue Topics in Accelerator-Related Atomic Physics," Bull . Am. Phys. 
Soc. 29, 123 (1984) 

American Physical Society Meeting, San Francisco, California, November 20-23, 1983 

B. L. Herman, S. Oatz, J . 0. Kephart, R. K. Klein, R, H. Pantell , H. Park, R. L. Swent, M. J . Alguard, 
and M. V. Hynes 

"Channeling Radiation from LiH," Bull . Am. Phys. Soc. 28, 1322 (1983) 

H. Park, R. H. Pantel l , R. L, Swent, J . 0. Kephart, R. K, Klein, 8. L. Berman, S, Datz, and R. W. 
Fearick 

"Comparison of Channeling Radiation from Diamonds with and without Platelets," Bul l . Am. Phys. Soc. 
28, 1323 (1983) 

Workshop on Electronic and Ionic Collisions Cross Sections Needed in the Modeling of Radiation 
Interaction with Matter, Argonne, Illinois, December 6-8, 1983 
D. C. Gregory 

"The Controlled Fusion Atomic Data Center" 
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1984 

7th Oaxtepec Symposium on feci ear Physics, Oaxtepec. Mexico. January 4-6, 1984 

6. R. Toms (Invited Talk) 
"Near-Threshold Production of Neutral Pi Mesons in Heavy-Ion Reactions* 

International workshop on Nyperfine Interactions. Kanpur, India. January 16-2S, 1984 

C. E. ferns, Jr. (Invited Talk) 
"Laser Optical Pumping in nuclear Physics: Fission Isomers, Oriented Targets, and Hyperfine Pumping 
in Single-Electron Atoms" 

International Hinter Meeting on Nuclear Physics, Bonrio, Italy, January 23-27, 1984 

T. C. Awes. R. L. Auhle. F. E. Bert rand, «. L. Haibert. 0. C. Hensley, I . T. Lee, V. 0. Ranch, R. L. 
Robinson. D. 6. Sarantites. and G. R. Young 

"Fast Particles in Coincidence with T Rays fro* the " C • " H i and 1 2 C + "«Sn Reactions" 

Workshop on nuclear Dynamics I I I , Copper Mountain. Colorado. March 4-9, 1984 

T. C. Awes. R. L. Ferguson. R. Novotny, F. E. Obenshain. F. Plasil. V. Ranch, H. Sam, and G. R. Toon., 
(Invited Talk) 

"Projectile Fission in "Hi-Induced Reactions at 15.3 HeV/u" 

A. C. Higoerey, C Merouane, S. Bradley, D. Benton, H. Breuer, J . 0. Silk, K. Kwiatowski, V. E. 
Viola, Jr. , T. C. Awes, F. E. Obenshain, and S. Pontoppidan 

"Quasi-Elastic Structure in the Reaction 5»Fe • "Fe at 14.6 HeV/hucleon" 

F. Plasil, T. C. Awes, B. Cheynis, 0. Drain, R. L. Ferguson, F. E. Obenshain, A. J. Sierk, S. G. 
Steadnan, G. R. Young, A. Gavron, J . Boissevain, H. C. Britt, K. Eskola, P. Esfcola, H. M. Fowler, Z. 
Fraenkel, H. (%m, J. van der Plicht, and S. Uald (Invited Talk) 

"Recent Results in Heavy-Ion-Induced Fission" 

S. T. Thornton, R. L. Parks, D. Shapira, 0. Schull, J.L.C. Ford, Jr. , and B. Shivakumar 
"Observation of a Critical Angular Momentum for Deep Inelastic Processes with Light Heavy Ions" 

C. Y. Hong (Invited Talk) 
"Initial Energy Density of Quark-Gluon Plasma in Relativistic Heavy-Ion Collisions" 

C. Y. Hong (Invited Talk) 
"Baryon Distribution in Relativistic Heavy-Ion Collisions" 

International Symposium on Nuclear Spectroscopy and Nuclear Interactions, Osaka, Japan, March 21-24, 
1984 

F. E, Bertrand, J , K. Beene, and M. L. Haibert 
"Photon Decay of Giant Resonances" 

S. Raman (Invited Talk) 
"Overlapping B Oecay and Resonance Neutron Spectroscopy" 

Workshop on Detectors for Relativistic Nuclear Collisions, Berkeley, California, March 26-30, 1984 

A. Poskanzer, H-G, Ritter, B. Ludewigt, K. Foley, S. Sorenstein, E. Plainer, 4. Love, D. K*ane, and F. 
Plasil 

"Event Parameters -Fixed Target" 

American Chemical Society, Division of Nuclear Chemistry and Technology, St, Louis, Missouri, 
April 8-13, 1984 

R, L. Ferguson (Invited Talk) 
"Heavy-Ion-Induced Fission of Medium-Energy Compound Systen.s with Projectile Energies up to 25 HeV 
per Nucleon" 
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III Winter School on Physics Selected Topics In Reel ear Structure, Zakopane. Poland. April 13-15, 1984 

W. nazarewicz. P. ulanders. I . Ragnarsson. J . Oudefc, and G. A. Leander 
"Octupole Shapes in nuclei and Some Rotational Consequences Thereof 

American Physical Society Meeting, Washington. 0 . C , April 23-26. 1984 

J . R. Beene (Invited Paper) 
"Crystal Ball Studies of Giant Resonance Decay." Bu l l . A*. Phys. Soc. 29. 620 (1984) 

P. Braun-Munzinger, P. Paul. L. Rfcken. J . Suchel . P. H. Zhang. G. R. You, i P F. E. Obenshain. and E. 
Grosse 

"Collectivity in Subthreshold Pi on Production.'' M l . An. Phys. Soc. 29. 672 (1984) 

Y. A. E l l is -Afcr~ l i . K. S. lo th , 0 . H. Moltz. F. T. Avignon?, E. C. Schloemer, and M. 0 . Cable 
"Search for the M Isomeric Transition in l *»Er , " Bu l l . Am. Phys. Soc. 29. 718 (1984) 

C. 8 . Fulmer, 0 . C. Hensley, R. L. Auble, J . B. Ba l l , K. A. Erb, E. E. Gross. G. R. Satchler. 0 . 
Shapira. and Y-d. Chan 

"Elastic Scattering of 140-tfeV 'Be on 1 2 C and " 0 . " Bul l . Am. Phys. Soc. 29. 624 (1984) 

J . Gomez del Campo. R. Rites. R. Neskovic. D. Shapira. J . A. Biggerstaff. C. 0 . Moak, P. D. M i l le r , 
J .P.F. Sellschop, ana R. W. Fearick 

"Crystal Blocking Measurements for Elastic Transfer Reactions and c-Part icle Emission for the 
1*0 + n a t ^ System," Bul l . Am. Phys. Soc. 29. 688 (1984) 

0 . J . Horen, F. E. Bert rand, E. E. Gross. T. Sjoreen. J . B. McClelland. T. A. Carey, S. J . 
Seestrom-Morris, K. Thomas. 0. K. McOaniels, J<. R. Tinsley, «J. L isant t i , and L. Swenson 

"Excitation of E2 Transitions in *°Ca by 334-JfeV Protons," Bul l . Am. Phys. Soc. 29, 628 (1984) 

C. H. Johnson, N. W. H i l l , J . A. Harvey, and D. J . Horen 
"Afterpulsas from Residual Gases in RCA-S854 and RCA-4522 Mult ipl iers." Bu l l . Am. Phys. Soc. 29. 66-' 
(1984) 

G. A. Leander (Invited Talk) 
"Learning to Read the Nuclear Structure Story Told by Yrast y Rays," Bul l . Am. Phys. Soc. 29, 726 
(1984) 

W. G. Lynch, C. B. Chit wood, D. J . Fields, C. K. Gelbke, D. R. Klesch, M. B. Tsang, G. R. Young, T. C. 
Awes, R. L. Ferguson, F. E. Obenshain, F. P las i l , and R. L. Robinson 

"Larg»-Angle Correlations Between Nonequitibrium Light Particles Emitted in l 60-Induced Reactions at 
E/A * 25 HeV," Bul l . Am. Phys. Soc. 29, 672 (1934) 

A. 0 . HacKeMar, C. H. Johnson, and R. R. Winters 
"Deformed Optical Model Potential for s-Wave Neutrons on *°Ni in the Kilovolt Energy I M ' o n , " Bul l . 
Am. Phys. Soc. 29, 636 (1984) 

G. A. Pet i t t , A. Gavron, J . R. Bc^ne, B. Chenis, R. L. Ferguson, F. E. Obenshain, F. P U s i l , G. R. 
Young, H. Ja°a~skela"inen, 0. G. Sarantites, and C. F. Maguire 

"Systematics of Nonequitibrium Neutron Emission in Inelastic Reactions I 2 C • l 5 8 G d and 2 0 Ne • l 5 0 N d , " 
Bul l . Am. Phys. Soc. 29, 673 (1984) 

R. V. Ribas, N. R. Johnson, I, Y. Lee, D. R. Haenni, L. L. Riedinger, R. M. Diamond, F. S. Stephens, S, 
Shin, and H. Kluge 

"Coulomb Excitation of l 6 0 0 y with Lead Ions," Bull. Am. Phys. Soc. 29, 688 (19&1) 
0, Shapira, B. Shivakumar, J. Gomez del Campo, J.L.C. Ford, Jr., P. H, Stetson, B. A. Harmon, and S. T. 
Thornton 

"On toe Equilibration of the Mass Degree of Freedom in Orbiting Processes," Bull. Am. Phys. Soc. 29, 
626 (1984) 

B. ShWakumar, 0. Shapira, J . Gomez del Campo, J.L.C. Ford, J r . , P. H. Stetson, B. A. Harmon, and S. T. 
Thornton 

"Backward Angle Yields of Products from ™Sf • l "N Collisions," Bul l . Am. Phys. Soc. 29, 626 (1984) 

K, S, Toth, 0. M. Moltz, F. T, Avijnone, E, C. Schtoemer, M. 0. Cable, and Y, A, Eltis-Akovali 
"Identification of l , , , E r via Its ^-Delayed Proton Activity," Bul l . Am. Phys. Soc. 29, 718 (1984) 
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D. Hang, R. Alarcon, P. Welch, J . Rapaport, 0. Horen, T. N. Taddeucci, C. 0 . Goodman, E. Sugarbaker, 
and C. Saarde 

•The 5 7 .«Fe(p,n)« .s»Co Reactions at 120 Me¥," Bul l . A*. Phys. Soc. 29, 717 (1984) 

R. R. Winters, C. H. Johnson, and A. 0 . MacKellar 
"A Spherical Optical Potential for s-Uave Neutrons on 6 0 N i in the Kilovolt Energy Region," Bul l . Aa. 
Phys. Soc. 29, 636 (1984) 

J . 0 . Zuabro, R. A. Kallmann, E. 8. Shera, M. V. Hoehn, W. Neuter, C. E. Bemis, J r . , T. Tanaka, and R. 
M. Steffen 

"Precision Huonic-Atom Deteneinations of the Charge Parameters for 233,23»,23S,23et|>« ^ u . A » . Phys. 
Soc. 29, 720 (1984) 

Atoaic Physics Contractors' Workshop, Gaithersbura, Maryland, April 26-27, 1984 
R. A. Phaneuf and 0. H. Crandall 

"Collisions of Low-Energy Multiply Charged Ions" 

Tenth International Conference on Cyclotrons and Their Applications, East Lansing, Michigan, April 
30-May 3, 1984 
E. 0. Hudson, R. S. Lord, M, L. Hallory, and T. A. Antaya 

"Dual Arc Penning Ion Source Gas Flow Experiments," Bull. An. Phys. Soc. 29, 837 (1984) 
C. M. Jones (Invited Talk) 

"Review of the Current Status of Large Electrostatic Accelerators," Bull. A*. Phys. Soc. 29, 849 
(1984) 

J. A. Martin (Invited Talk) 
"Conference Introduction: The International Cyclotron Conference's Twenty-five Years of Progress," 
Bull. An. Phys. Soc. 29, 833 (1984) 

International Symposium on In-Beam Nuclear Spectroscopy, Debrecen, Hungary, Hay 14-18, 1984 
H. El-Samman, V. Barci, T. Bengtsson, A. Gizon, J. Gizon, L. Hildingsson, 0. Jerrestam, W. Klamra, R. 
Kossakowski, G. A. Leander, and Th. Lindblad 

"Collective Moment of Inertia of *i«.i22xe and i28,i30 B a-
A. V. Ramayya, W. C. Ma, J. H. Hamilton, S. J. Robinson, K. Zhao, J. 0. Cole, E. F. Zganjar, and E. h. 
Spejewski 

"Competing Nuclear Structures in l*2-i8« H g-

workshop on Polarized Targets in Storage Rings, Argonne, Illinois, May 17-18, 1984 
C, E. Bemis, Jr., J. R. Beene, J.l.C, Ford, Jr., 0. Shapira, and B. Shivakumar (Invited Talk) 

"Development of Optically Pumped Polarized Jet Targets for Use in Heavy-Ion Reaction Studies" 

Thirteenth International Colloquium on Group Theoretical Methods in Physics, College Park, Maryland, May 
21-25, 1984 
H. M. Khali I and M. M. Shalaby 

"An Alternative Res'.due Expansion for the Scattering Amplitude" 

Conference on the Intersections Between Particle and Nuclear Physics, Steamboat Springs, Colorado, Hay 
23-30, 1984 
6. R. Young (Invited Talk) 

"Accelerator-Colltders for Relativistlc Heavy Ions or in Search of Luminosity" 
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International Morkshop on Interacting Boson-Boson and Boson-Feraion Systews. Gull Lake. Michigan. May 
28-30, 1984 

G. A. Leander, P. B. Semmes, and F. Donau (Invited Talk) 
'Unpaired bcleons as Probes of Core Collective Fields" 

P. B. Semmes, G. A. Leander, and J . L. Uood (Invited Talk) 
'Particle-Core Coupling Calculations for the Positive Parity States in the Odd-Mass Hg Isotopes as a 
Test of IBA Core Descriptions' 

Workshop on Impurity Control Physics, Atlanta, Georgia, May 30-31, 1984 

R. A. Phaneuf 
"Atomic Processes Involving Impurities in the Plasma Edge' 

American Physical Society (Division of Electron and Atowic Physics). Storrs, Connecticut, May 30-June 1 . 
1984 

R. L. Becker anc A. D. MacKellar 
"Calculations of Collisions of Ions with Rydberg Atoms in High |m| States." Bul l . Am. Phys. Soc. 29, 
795 (1984) 

C. Bottcher 
"A Classical Theory of Recombination in Perturbed Environments," Bul l . Am. Phys. Soc. 29, 792 (1984) 

C. Bottcher 
"Time-Dependent Self-Consistent Field Study of a Heavy-Ion Collision: F , + Ne," BulK Am. Phys. Soc. 
29, 813 (1984) 

C. Bottcher and T. G. Heil 
"Charge Transfer in Few-Electron Systems Using One-Electron Eigenstate Expansions," Bul l . Am. Phys. 
Soc. 29, 810 (1984) 

S. Datz (Invited Talk) 
"Beams Experiments on Dielectronic Recombination," Bul l . Am. Phys. Soc. 29, 784 (1984) 

S. B. Elston, M. Breinig, I . Sel l in, S. Berry, D. Hofmann, P. Koschar, and I . B. Nemirovsky 
"Two-Dimensional Energy/Angular Distributions of ELC Electrons for 41-fteV and 82-MeV 0 s * Projectiles 
on He and Ne," Bul l . Am. Phys. Soc. 29, 777 (1984) 

P. Focke, I . B. Nemirovsky, E. Gonzalez Lepera, W. Meckbach, I . A. Se l l in , and K. 0. Groeneveld 
"Beam Foil Convoy Electron Distribution as a Function of Energy and Angle of Emission," Bul l . Am. 
Phys. Soc. 29, 817 (1984) 

A. M, Howald, R. A. Phaneuf, u. H. Crandall, and D. C. Gregory 
"Single, Double, and Triple Ionization of Xe 6* by Electron Impact," Bull . Am. Phys. Soc. 29, 804 
(1984) 

F. W. Meyer 
' "The ORNL ECR Multicharged Ion Source," Bull . Am. Phys. Soc. 29, 810 (1984) 

R. A. Phaneuf, C. C. Havener, and H. F. Krause 
"Ion-Atom Merged Beams," Bull . Am. Phys. Soc. 29, 812 (1984) 

M. S. Pindzola, D. C. Gr i f f in , and C. Bottcher 
"DRACUIA - A Dielectronic Recombination Cross Section Code," Bul l . Am. Phys. Soc. 29, 805 (1984) 

J . h. Reading (with A. L. Ford and R. L. Becker) (Invited Talk) 
"Charge Transfer and the Development of Techniques for Numerical Calculations of Ion-Atom 
Collisions," Bull . Am. Phys. Soc. 29, 821 (1984) 

Conference of the Belgian Physical Society, Louvain-la-Neuve, Belgium, June 7-8, 1984 

P. DeFrance, D. Belle, F. Brouillard, S. Chantrenne, D. Gregory, J . Jureta, and S. Rachafi 
"Experimental Study of the Ionization of Multicharged Ions" 
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International Conference on Fusion Reactions Below the Coulomb Barrier, Cartridge, Massachusetts, June 
13-15, 1984 

C. E. Benis, Jr., J. R. Beene, J.L.C. Ford, Jr.. 0. Shapira, and B. Shivakumar (Invited Talk) 
"Development of Polarized Targets for Subjarrier Fusion Studies" 

K. J. Kim, T. C. Awes, J. R. Beene, C. E. Bemis, Jr., R. L. Ferguson, I. Y. Lee, F. K. NcGowan, F. E. 
Obenshain, F. Plasil, V. Rauch, R. L. Robinson, and S. Steadaan 

"Calibration and Initial Experiments with the ORNL-HIT Recoil Mass Spectrometer" 

H. R. Strayer (Invited Talk) 
"Chaos near the Coulomb Barrier? — Nuclear Molecules" 

A. S. Uraar 
"A fire-Dependent Mean-Field Theory for Prompt Nucleon Emission in Heavy-Ion Reactions" 

Symposium on the Physics of Electron Ejection in Ion-Atom and Ion-Solid Collisions, Aarhus, Denmark, 
June 29-30, 1984 

S. B. Elston, S. (J. Berry, M. Breinig, R. OeSerio, C. E. Gonzalez Lepera, I . A. Sell i n , K.-0. 
Groen veld, 0. Hoffman, P. Koschar, I . B. Nemirovski, and L. I . Liljeby 

"Ocibly Differential Emission Distributions from Electron Loss to the Continuum from Fast Heavy 
Projectiles in Gas Targets" 

I . A. Se l l in . S. D. 3erry, M. Breinig, C. Bottcher, R. Latz, M. Burkhard, H. Folger, H.-J. Frischkorn, 
K.-0. Groeneveld, D. Hofmann, and P. Koschar 

"Anomalous Mean Free P.:hs for Scattering 'J Convoy Electrons Generated by Fast, Highly Ionized Ions 
in Thin Solid Targets" 

International Conference on the Physics of Highly Ionized Atoms, Oxford, England, July 2-5, 1984 

F. W. Meyer 
"The ORNL ECR Multicharged Ion Source" 

School on Heavy-Ion Physics, Erice, Sic i ly , July 17-23, 1984 

G. F. Bertsch (Invited Talk) 
"Nonrelativistic Theory of Heavy-Ion Collisions" 

XXII International Conference on High-Energy Physics, Leipzig, East Germany, July 19-25, 1984 

K. Abe, R. Armenteros, T. C. Bacon, J . Ballam, H. H. Bingham, J . E. Brau, K. Braune, D. Brick, W. M. 
Bugg, J . M. Butler, W. Cameron, H. G. Cohn, D. C. Colley, G. T. Condo, P. Dingus, R. Erickson, R. C. 
Field, B. franek, R. Gearhart, T. Glanzman, I . M. Godfrey, J . J . Goldberg, G. Hal l , E. R. Hancock, 
H. J . Hargis, E. L. Hart, M. J . Harwin, K. Hasegawa, M. Jobes, T. Kafka, G. E. Kalmus, D. P. Kelsey, T. 
Kitagaki, «. A. Mann, R. Merenyi, R. Milburn, K. C. Moffeit, J . J . Murray, A. Napier, V. R. O'Dell, P. 
Rankin, H. Sagawa, . ) . Schneps, S. J . Sewell, J . Shank, A. M. Shapiro, J . Shimony, K. Tamai, S. Tanaka, 
0. A. Waide, M. Widgoff, S. Wclbers, C. A. Woods, A. Yamaguchi, G. P. Yost, and H. Yuta 

"Charm PhotoproouC.lon at 20 GeV Including Preliminary Lifetime Results with Improved Optical 
Resolution" 

K. Abe, R. Armenteros, T. C. Bacon, J . Ballam, H. H. Bingham, J. E. Brau, K, Braune, D. Brick, W. M. 
Bugg, J . M. Butler, W. Cameron, H, 0. Cohn, D. C. Colley, S. T. Condo, P. Dingus, R. Erickson, R. C. 
F ie ld , B. Franek, R. Gearhart, T. Glanzman, I . M. Godfrey, J . J . Goldberg, G. Ha l l , E. R, Hancock, 
H. J , Hargis, E. L. Hart, M. J . Harwin, K, Hasegawa, M. Jobes, T. Kafka, G. E. Kalmu^, D, P. Kelsey, T. 
Kitagaki, W. A. Mann, R. Herenyl, R. Milburn, K. C. Moffeft, J . J . Murray, A. Napier, V. R. O'Dell, P. 
Rankin, H. Sagawa, J . Schr,»ps, S, J . Sewell, J . Shank, A. H. Shapiro, J . Shimony, K. Tamal, S, Tanaka, 
D. A. Waide, M. Widgoff, S, Wolbers, C. A. Woods, A. Yamaguchl, G. P, Yost, and H. Yuta 

"Comparison of Lambda and Ant1 lambda Inclusive Photoproductlon at 20 GeV with Quark-Diquark Fusion 
Model" 

9th International Conference on Atomic Physics, Seattle, Washington, July 23-27, 1984 

C, Bottcher and M, R. Strayer 
"Numerical Solutions of the Dirac Equation Describing Collisions Between ^ery Heavy Ions" 
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C. Bottcher. K. Latz, M. Burghardt, K.-J. Frischkorn, K.-U. Groeneveld, 0. Hofnann, P. Koschar, S. 0. 
Berry, M. Breinig, and I . A. Sellin 

"Anomalous Mean Free Paths of Convoy Electrons in Foils: A Coulomb Focussing Effect?" 

P. Engar, N. Breinig, K. DeSirio. I . A. Sel l in , C. E. Gonzalez-Lepera, S. 0 . Berry, H. Bloemer, and T. 
Underwood 

"Field-Ionization of Foil-Excited Rydberg States of Fast Oxygen Ions* 

P. M. Grif f in and C. C. Havener 
"EUV Radiation from keV Electron Impact on Tantalum" 

Third International Conference on Infrared Physics, Zurich, Switzerland, July 23-27, 1984 

D. P. Hutchinson, C. H. Ha, P. A. Staats, and K. L. Vander Sluis 
"Far-Infrared Interferometry/Polarimetry on the ISX-B Tokaaak" 

Tenth International Conference on Particles and Nuclei, Heidelberg, West Germany, July 30-August 3, 1984 

C S. Mishre, G. S. Blanpied, B. M. Preedom, B. G. Ritchie, R. S. Moore, M. Blecher, K. Goto*. R. L. 
tairman, M. V. Hynes, E. Piasetzky, N. S. Chant, P. G. Roos, F. E. Bert rand, T. P. Sjoreen, F. E. 
Obenshain, and E. E. Grrss 

"Elastic w* Scattering from " C at 50 MBV" 

B. Fick, M. Blecher, K. Gotow, 0. Wright, G. Blanpied. J. A. Escalante, C. S, Mishra, B. M. Preedom. 
R. L. Burman, M. Hynes, C. Ciangaru, N. Chant, P. Roos, B. G. Ritchie, F. E. Bertrand, E. E. Gross, 
F. E. Obenshain, and W. Burger 

"K- Elastic Scattering Sensitivity to the Neutron Radius" 

International Conference on X-Ray and Inner Shell Processes in Atoms, Molecules, and Solids, Leipzig, 
East Germany, August 20-24, 1984 

R. L. Becker, A. L. Ford, and J. F. Reading 
"Inclusion of Electron Transfer in the Calculation of K n L v Multiple Vacancy Production by Ion Impact" 

I . A. Sellin 
"Forward Electron Production in Ion-Atom and Ion-Solid Collisions" 

American Chemical Society, Division of Nuclear Chemisty and Technology, Philadelphia, Pennsylvania, 
August 26-31, 1984 

G. A. Leander (Invited Talk) 
"Spectroscopy of Rotating Reflection-Asymmetric Nuclei" 

Second Workshop on High Energy Ion-Atom Collisions, Debrecen, Hungary, August 27-28, 1984 

R, L. Becker 
"Vacancy-Rearrangement Theory in the First Magnus Approximation" 

R. I. Becker, A. L. Ford, and J . F. Heading (Invited Talk) 
"Multiple Vacancy Production by High-Energy Heavy Ions" 

I , A. Sellin 
"Horizons of Forward Electron Production in Ion-Atom and Ion-Solid Collisions" 

INS-RIKEN International Symposium on Heavy-Ion Physics, Mt. F u j i , Japan, August 27-31, 1984 

J . R. Beene, F. £. Bertrand, M. L. HaJbert, 0. C. Hensley, R. L. Auble, 0. J . Horen, R. L. Robinson, 
T. P. Sjoreen, and R. 0. Sayer (Invited Talk) 

"Crystal Ball Studies of Giant Resonance Decay" 

Tsukuba International Symposium on Heavy-Ion Fusion Reactions, Ibaraki , Japan, September 3-5, 1984 

F. Plasil (Itwited Talk) 
"Kecent Advances in Fusion-Fission Reactions" 
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H. Yamada, 0 . 6. Sarantites. R. L Robinson, N. L. Halbert, D. C Hensley, V. Rauch, R. L. Aoble, F. E. 
Bertrand, and J . H. Hamilton 

"Partial Fusion Reaction in Crystal Ball Spin Spectrometer" 

Seventh International Conference on Atomic Hasses and Fundamental Constants, Darmstadt, Mest Germany, 
September 3-7, 1984 

G. A. Leander, P. MBller, J . R. Nix, and U. M. Howard 
"Calculated Masses and Half-Lives for Nuclei in the Region 100 < Z < 110" 

D. N. Holtz. K. S. Toth, F. T. Avignone, J . P. Sullivan. R. E. Tribble, and C. A. Gagliardi 
"Neutron-Deficient Mass Surface Between the l f7/2 and I99/2 Shells" c 

K. S. Toth, Y. A. El l is-Akovali , C. R. Bingham, 0. N. Moltz, H. K. Carter, R. L. Nlekodaj, E. H. 
Spejewsti, and D. C. Sousa 

"Decay Properties of 1 8 ( P b and the Lead Alpha-Decay Rate Anomaly" 

K. S. Toth, D. M. Moltz, E. C. Schloemer, M. D. Cable, F. T. Avignone, I I I . and Y. A. Ellis-Akovali 
"Beta-Delayed Proton Act iv i t ies: l * 7 0 y and l*»Er" 

Neutron-Nucleus Collisions: A Probe of Nuclear Structure, Glouster, Ohio, September 5-8. 1984 

R. F. Carlton, J . A. Harvey, and C. H. Johnson 
"Optical Model Scattering Functions for Low Energy Neutrons on 8 6 K r " 

C. H. Johnson (Invited Talk) 
"Optical Models from Low-Energy s - , p-, and d-Wave Cross Sections" 

Fi f th International Symposium on 6amma-Ray Spectroscopy and Related Topics, Knoxvilie, Tennessee, 
September 10-14, 1984 

J . R. Beene, F. E. Bertrand, M. L. Halbert, 0. C. Hensley, R. L. Auble, 0. J . Horen, R. L. Robinson, 
T. P. Sjoreen, and R. 0. Sayer (Invited Talk) 

"Crystal Ball Studies of Giant Resonance Neutron and Gamma Decay" 

L. C. Dennis and S. Raman 
"Location of a Doorway State Using the Channel n + *<>7Pb" 

B. Fogelberg, J . Harvey, H. Mizumoto, and S. Raman 
"Observation of Extremely Low s-Wave Strength in the Reaction 1 3 6 X e • n" 

Z. (iacsi, J . Sa, J . L. Weil, E. T. Jurney, and S. Raman 
"Decay Scheme of l l 6 S n from (n .n ' t ) and (n,y) Results" 

G. A. Leander 
"Nuclear Structure of Neutron-"ich Fission Products" 

G. A, Leander 
"Shell Effects on the El Moments of Ra-Th Nuclei" 

N. K. Sherman, U. F. Davidson, S. Raman, W, Del bianco, G. Kajrys 
"Comparison of Photoabsorptlon by 1 6 0 and l 8 0 " 

5th Topical Conference on High Temperature Plasma Diagnostics, Tahoe City, California, September 16-20, 
1984 
C. A. Bennett, D, P. Hutchinson, K, L. Vander Sluls, and P, A. Staats 

"Development of Sequence and Regular Band Lasers for Use as Local Oscillators in Thomson Scattering 
Alpha Particle Diagnostics" 

W. H. Casson, D, P. Hutchinson, C. H. Ma, P. A. Staats, and J. *. Wilgen 
"Far-Infrared Laser Diagnostic on EUT ana Extreme Far-Forward Laser Scattering on ISX" 

D. P. Hutchinson, C. H. Ma, K. L, Vander Sluls, and P. A. Staats 
"Feasibility of Alpha Particle Measurement by CU 2 Laser Thomson Scattering" 
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C. H. Ka. 0. P. Hutchinson. P. A. Staats. and K. L. Vander Sluis 
"FIR Interferometer/Polarimeter System on ISX-B Tokamak* 

1984 Federation of Analytical Chemistry and Spectroscopy Societies, Philadelphia. Pennsylvania. 
September 16-21. 1984 

C . R. Vane 
"Environmental Effects in High-Resolution X-Ray Satellite Spectra" 

5th Adriatic International Conference on Nuclear Physics: Fundamental Problems in Heavy-Ion Collisions. 
Hvar. Yugoslavia. September 24-29. 1984 

K. A. Erb (Invited Talk) 
"Quasi-Molecular Single-Nucleon Effects in Heavy-Ion Collisions" 

H. R. Strayer (Invited Talk) 
"Nuclear Molecules in TDHF" 



13. GENERAL INFORMATION 

MmOUNCBCNTS 

A. Baha Balantekin Mas appointed Eugene P. Higner Fellow effective September 10, 1984. 
George F. Bertsch was appointed UT/ORNL Distinguished Scientist effective August 6, 1984. 

PERSONNEL CHANGES 

New Staff Members 
A. Scientific Staff 

N. Breinig, university of Tennessee, KnoxviHe, Tennessee (part-time) 
B. L. Burks, university of North Carolina, Chapel Hill, North Carolina 
D. T. Bowling, Tennessee Technological University, Cookeville, rennessee 
K. A. Erb (transferred from Central Management Offices) 
C. W. 61over, Indiana university, Bloomington, Indiana 
D. L. Haynes (transferred from Engineering Division) 
H. T. Hunter, University of Washington, Seattle, Washington 

B. Administrative and Technical Staff 
N. R. Dinehart, Accelerator Operations 
J. R. Ellis, Secretary (transferred from Central Management Offices) 
J. R. Heath, Secretary 
C. A. Irizarry, Accelerator Operations 
R. L. McPherson, Accelerator Operations 

Staff Transfers and Terminations 
A. Scientific Staff 

J. A. Benjamin (present address: Brookhaven National Laboratory, Upton, New York) 
J. L. C. Ford, Jr. (deceased) 
C. B. FuInter (deceased) 
R. S. Lord (retirement) 
J. E. Mann (retirement) 
T. P. Sjoreen (transferred to Solid State Division) 
C. L. Viar (retirement) 

B. Administrative and Technical Staff 
V. K. Hill, Secretary (retirement) 
J. C. Sharp, Laboratory Technician (transferred to Laboratory Protection Division) 
P. T. Singley, Accelerator Operations (transferred to Energy Division) 

2*0 
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TEMPORARY ASSIGNMENTS 

Short-Tern Assignments 

Scientific Staff 

N. B. Neskovic, Boris Kidric Institute of Nuclear Science, Belgrade, Yugoslavia 

Guest Assignments 

A. Graduate Students 
S. D. Berry, University of Tennessee, Knoxville, Tennessee 
M. J. Bloemer, University of Tennessee, Knoxville, Tennessee 
M. P. Carpenter, University of Tennessee, Knoxvilie, Tennessee 
M-C. Chu, California Institute of Technology, Pasadena, California 
L. H. Courtney, University of Tennessee, Knoxville, Tennessee 
M. E-A. H. Farid, Assiut University, Assiut, Egypt 
G. A. Glass, University of Tennessee, Knoxville, Tennessee 
R. W. Kincaid, University of Tennessee. Knoxville, Tennessee 
A. J. Larabee, University of Tennessee, Knoxville, Tennessee (on leave from NcMaster University) 
S. E. Lasley, University of Tennessee. Knoxville, Tennessee 
X. T. Liu, University of Tennessee, Knoxville, Tennessee 
R. S. Moore, Indiana University, Bloomington, Indiana 
K. J. Nyberg, University of Tennessee, Knoxville, Tennessee (on leave from Research Institute 
for Atomic Physics, Stockholm, Sweden) 
J. Shimony. University of Tennessee, Knoxville, Tennessee 
B. Shivakumar, Yale University, New Haven, Connecticut 
R. T. Short, University of Tennessee, Knoxville, Tennessee 
K. H. Teh, Vanderbilt University, Nashville, Tennessee 
J. S. Thompson, University of Tennessee, Knoxville, Tennessee 
W. Uchai, Emory University, Atlanta, Georgia 
S. A. Umar, Yale University, New Haven, Connecticut 
T. A. Underwood, University of Tennessee, Knoxville, Tennessee 

B. Co-op Students 
D. E. Hoglund, Virginia Polytechnic Institute and State University, BUcksburg, Virginia 
M. A. Walker, Morehouse College, Atlanta, Georgia 

C. ORAU Graduate Research Participant 
J. A. Bounds, University of Tennessee, Knoxville, Tennessee 

0. ORAU Postgraduate Research Training Program 
C. C. Havener, North Carolina State University, Raleigh, North Carol in?. 
A. M. Howald, University of Wisconsin, Madison, Wisconsin 

E. ORAU Faculty Research Participant 
C. A. Bennett, Jr., University of North Carolina, Asheville, North Carolina 
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ORAU Student Research Participants 
J. V. Cooke, Eckerd College. St. Petersburg. Florida 
L. T. Daly, Mount Holyoke College, South Hadley. Massachusetts 
F. A. Harrison, Dartmouth College, Hanover, Hew Hanpshire 
L. B. Lurio, Columbia University, MEW York, New fork 
6. L. Horford, Edinboro University of Pennsylvania, Edinboro, Pennsylvania 
D. H. Olive, Carson Motown College. Jefferson City, Tennessee 
D. Thomson. Lawrence University, Appleton, Wisconsin 
Great Lakes College Association Science Program 
D. R. Shepard, Lawrence University. Appleton, Wisconsin 
Southern Colleges and Universities Union Science Program 
T. L. Hart, Centenary College of Louisiana. Shreveport, Louisiana 

Suaaer Assignments 
undergraduate Student 
E. H. Lee, Massachusetts Institute „f Technology, Cambridge, Massachusetts 
Graduate Students 
E. A. Goode. university of Tennessee, Knoxville, Tennessee 
C. R. Mahon, University of Virginia, Charlottesville, Virginia 
J. B. Marston, Princeton university, Princeton, New Jersey 
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PHYSIC? DIVISION SENINARS: OCTOBER 1983-SEPTENSER 1984 

Those seminars arranged by the Physics Division and announced in the ORNL Technical Calendar 
are listed below. During the period of this report, I . Y. Lee served as Seminar Chairman. 

Oate 

1983 

Oct. 6 

Oct. 20 

Oct. 27 

Nov. 3 

Nov. 10 

Nov. 16 

Dec. 7 

Dec. 8 

Dec. 15 

1984 

Feb. 2 

Feb. 3 

Feb, 23 

March 2 

March 13 

March 15 

March 16 

March 20 

March 22 

April 10 

Speaker 

Birger Fogelberg, Studsvik Science 
Research Laboratory, Sweden 

Karl L. Kratz, Univ. of Mainz, 
Mainz, Federal Republic of 
Germany 
Cheuk-Yin Wor.g 
Physics Division Staff 
Jul rich Heinz, Vanderbilt 
University, Nashville 
G. F. Bertsch, Michigan State 
University, East Lansing 
Erhard Salzborn, Justus Liebig 
University, Giessen, F.R.G. 
Gunther Rosner, Argonne 
National Laboratory 
Rolf Scharenberg, Purdue 
University, Lafayette, Indiana 
F. T. Avignone, University of 
South Carolina, Columbia 

J. Wilcyznski, Michigan State 
University, East Lansing 
Cheuk-Yin Wong, ORNL Staff Member 
S. Pontoppidan, Niels Bohr 
Institute, Copenhagen, Denmark 
Mark J. Rhoades-Brown, State 
University of New York at 
Stony Brook, New York 
Helmut 0. Oeschler, Institut fur 
Kernphysik, Darmstadt, F.R.G, 

T. DiJssinv,. Lawrence Berkeley 
Laboratory 
U. Winkler, University of 
Heidelberg, F.R.G. 
Peter Twin, Daresbury Laboratory 
Warrington, U.K. 
Ralner Novotny, University of 
Giessen, F,R,G. 
Surrender Salnl 
Argonne National Laboratory 

Ti t le 

What do we Know About Shell Model States in the 
Tin Region 

Beta Strength Function Phenomena of Short-Lived 
Neutron-Rich Isotopes 

Energy Density of Quark-Gluon Plasma in 
Relativistic Heavy-Ion Collisions 

Quark-Gluon Transport Theory 

From TDHF to Newtonian Mechanics in Heavy Ion 
Collisions 

Experiments with Multiply Charged Ions: Transfer 
Ionization and Electron Impact Ionization 

Complete and Incomplete Fusion 

Nuclear Fragmentation as a Crit ical Phenomena 

Double Beta Decay: Status and Future Projections 

Role of the Entrance-Channel Angular Momentum in 
the Mechanism of Heavy-Ion Reactions at Low Energy 

Stopping Power of Nuclear Matter 

Angular Momentum Transfer in Deeply Inelastic 
Heavy-Ion Collisions 

A Self-Consistent Description of Low Energy 
Heavy-I on Reactions 

Linear Momentum Transfer Studies at Energies 
Around 100 MeV/u • 

Dynamics of Angular Momentum In Damped Nuclear 
Reactions 

Three-Nuclei Fragmentation in Light-Ion Reactions 
at 11 MeV/n 

Probe the r-Ray Continuum with TERESA 

Recent Results from the Darmstadt-Heidelberg 
Crystal Ball 

Resonance Phenomena 1n tfeavy-Ion Reactions 
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Date Speaker 

April 5 W. U. Schroeder 
University of Rochester 

April 9 Frederick E. Nil is 
Ferai National Accelerator 
Laboratory 

April 12 Indrek Martinson 
University of Lund, Sweden 

April 19 Fred Petrovich 
Florida State University 
Tallahassee 

Title 

Mass and Energy Transport in Heavy Ion Collisions 

Electron Bean Cooling 

Optical Studies of Ion-Aton Interactions 

Overview of the Scattering of Elementary Prober 
froa Nuclei 

Nay 17 Teng Lek Khoo 
Argonne National Laboratory 

Nay 18 Aram HcPherson 
North Carolina State University 
Raleigh 

Hay 24 Hike W. Guidry 
University of Tennessee & 
Oak Ridge National Laboratory 

Kay 31 Fleming Videbaek 
Niels Bohr Institute, Copenhagen 

June 1 Michel Vergnes 
Institute of Nuclear Physics 
Orsay, France 

June 7 Cheuk-Yin Hong 
Physics Division Staff 

June 11 Roland A. Dayras 
Center for Nuclear Study (CEN) 
Saclay, France 

June 14 Peter Morsch 
Institute for Nuclear Physics 
Nuclear Research Installation (KFA) 
Julich. F.R.6. 

Entrance Channel Dependence in Compound Nucleus 
Decay 

A New Radiometric Standard for the EUV 

Direct Reactions and High-Spin Physics 

Strong Coupling Effects in Heavy-Ion Quasi-
Elastic Reactions 

Change of Structure in the Germanium Region & the 
Interacting Boson Model 

Incoherent Multiple Collision Description of 
Nucleon-Nucleus Reactions at Ultra-Relativistic 
Energy 

Projectile Fragmentation at GANIL Energies 

New Giant Resonance Results from Julich 

June 19 I. Hertel 
Free University of Berlin 
Berlin, F.R.G. 

June 26 K. Goeke 
Nuclear Research Installation (KFA) 
Julich, F.R.G. 

June 28 D. Guerreau 
GANIL, Caen, France 

July 12 Claire Schuck 
Orsay, France 

July 17 Robert L. Varner 
University of North Carolina 

July 19 K. D. Hildenbrand 
GSI, Darmstadt, F.R.G. 

July 26 Hans StrSher 
University of Glessen, F.R.G. 

Collision of Laser Excited Atoms 

Quantized ATOHF for Low-Energy Heavy-Ion Reactions 

Present Status of GANIL and Recent Experimental 
Results 

Rotational Inertia and Pairing in good Rotors of 
the Rare Earth Region 

A Global Parameterization of the Nucleon-Nucleus 
Optical Model 

Aspects of Deep-Inelastic Reactions Between Mo and 
Mo at Incident Energies from 12 to 18 HeV/u 

Electroflsslon of Pre-actlnide Nuclei 
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Speaker Ti t le 

Peter Holler 
Lund Inst i 'ute of Technology 
Lund, Sweaen 

Volker E. Oberacker 
Vandertilt University 

Mass Formula Combining the best Features of the 
Droplet Model and the Finite Range Model 

A Microscopic Approach to the Calculations of 
Heavy Ion Potentials 

M. Klapisch 
Racah Institute of Physics 
Hebrew University of Jerusale 
Israel 

An Efficient Program for Reiativistic Distorted 
Waves for Highly Ionized Heavy Atoms 

13 

D. M. Nadkarni 
Bhabha Atomic Research Center 
Trombay, Bombay, India 

Jim Feagin 
California State University 
Fullerton 

Results of Recent Fission Experiments from Trombay 

Wannier Threshold Theory 

18 H. V. Klapdor 
Max Plank Institute 
Heidelberg, F.R.G. 

20 Patrick J. Daly 
Purdue University 

26 Osamu Miyamura 
Osaka University 
Toyonaka, Osaka, Japan 

Neutrino Spectra in the Reactor Core I Reactor 
Decay Heat 

Spectroscopy of N-32 Nuclei Near the Proton 
Drip Line 
Cosmic Ray Events Above TeV/amu: Is There Any 
Phase Transition? 
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SCIENTIFIC NEETINGS SPONSORED BY THE PHYSICS DIVISION 
AND HELD DURING THE REPORTING PERIOD 

Fifth International SyaposiuR on Capture Gamna-Ray 
Spectroscopy and Related Topics 

Knoxville, Tenn., September 10-14, 1984 
S. Ranan, organizer 

Information Meeting, December 1983 

The most recent Physics Division Information Keeting was held on December 12-14, 1983. 
The members of the Advisory Committee were: 

S. I. Koonln, California Institute of Technology 
E. Merzbacher, University of North Carolina 
R. E. Pollock, Indiana University 
D. K. Scott, Michigan State University 
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INTERNAL DISTRIBUTION 

ORNL-6120 
Distribution Category 

UC-34 

1 . G. D. Alton 
2. T. 0. Anderson 
3. B. R. Appleton 
4. R. L. Auble 
5. S. I . Auerbach 
6. T. C. Awes 
7. C. Baktash 
8. A. B. Balantekin 

9-129. J . B. Ball 
130. S. J . Ball 
132. C. F. Bamett 
132. R. L. Becker 
133. J. R. Beene 
134. C. E. Benis, Jr. 
135. J . A. Benjamin 
136. F. E. Btrtrand 
137. G. F. Bertsch 
138. J . A. Biggerstaff 
139. C. R. Bingham 
140. Biology Library 
141. C. Bottcher 
142. J . E. Brau 
143. W. H. Bugg 
144. 3. L. Burks 

145-146. Centra'i Research Library 
147. H. 0. Conn 
148. G. T. Condo 
149. R. P. Cumby 
150. S. Datz 
151. K. T. R. Oavies 
152. P. F. Dittner 
153. 0. T. Dowling 
154. B. G. Eads 
155. J. R. El l is 
156. Y. A. E11is-/*.KOvali 
157. S. 8. Elston 
158. K. A. Erb 
159. R. L. Ferguson 
160. C. H. Glover 
161. J . Gomez del Campo 
162. 0. C. Gregory 
163. P. H. Griffin 
164. E. E. Gross 
165. M. W. Guidry 
166. R. L. Hahn 
167. M. L. Halbert 
168. T. Handler 
169. B. A. Harmon 
170. E. L. Hart 
171. J . A. Harvey 
172. L. J. Hawklns-Saddli 
173. D. L. Haynes 
174. J. R. Heath 
175. 0. C. Hensley 
176. R. 0. Hippler 
177. D, J. Horen 
178. E. 0, Hudson 
179. D. P. Hutchinson 
180. L. H. .Jenkins 
181. C. H, Johnson 
182. J. W. Johnson 
183. N. R. Johnson 
184. C. H. Jones 

135. P. R. Kasten 
186. S. V. Kaye 
187. H. J . Kim 
188. H. F. Krause 
189. E. H. Krieg, Jr. 

190-191. Laboratory Records Department 
192. Laboratory Records, ORNL R.C. 
193. G. A. Leander 
194. I . Y. Lee 
195. A. B. Livingston 
196. R. S. Lord 
197. C. A. Ludemann 
198. C. H. Ma 
199. J. E. Mann 
200. J . A. Martin 
201. H. J. Martin 
202. J . W. HcConnel1 
203. F. K. McGowan 
204. J . B. NcGrory 
205. B. F. NcHargue 
206. G. S. McNeil ly 
207. F. u. Meyer 
208. R. w. Miles 
209. P. 0. Miller 
210. W. T. Hi 1 ner 
211. R. L. Mlekodaj 
212. S. U. Mosko 
213. F. R. Mynatt 
214. F. E. Obenshain 
215. D. K. 01 sen 
216. ORNL - Y-12 Technical L ibrary 

Document Reference Section 
217. F. M. Ownby 
213. 0. C. Parzyck 
219. R. W. Peelle 
220. 0. J . Pegg 
221. P. L. Pepmiller 
222. F. G. Perey 
223. R. A. Phaneuf 
224. J . J . Pi najian 
?2S. F. PI asil 
226. H. Postfia 
227. H. L. Poutsma 
228. S. Raman 
229. E. G. Richardson, Jr. 
230. L. L. Riedinger 
231. R. L. Robinson 
232. T. M. Rosscel 
233. M. J. Saltmarsh 
234. G, R. Satchler 
235. R. 0. Sayer 
236. M. R. Schmorak 
237. W. 0. Schults 
238. I . A. Sellln 
239. 0. Shapira 
240. J . Sheffield 
241. B. Shivakumar 
242. T. P. Sjoreen 
243. A. H. Snell 

244-246. E. H, Spejewski 
247. P. A. Staats 
248. P. H. Stelson 
249. M. R. Strayer 
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250. A. S. Tate 
251. 
252. 

J . K. Thacker 
K. S. Toth 

t53. 
254. 

D. B. Trauger 
K. L. Vander Siuis 

255. C. R. Vane 
256. C. R. Wallace 
? c 7. R. T. Webber 
258. G. F. Wells 
259. J. C. Wells, Jr. 
260. K. K. Wilkinson 
261. 
262. 
263. 
264. 

C-Y. Wong 
G. R. Young 
N. F. Ziegl'jr 
A. Zucker 

EXTERNAL DISTRIBUTION 

265. B. J . Allen, Physics Division, Australian Atomic Energy Commission, Sutherland, N.S.W., 
Australia 

266. C. H. Annett, U.S. Army - CAORA (Physics), 5445 Charlotte, Kansas City, Missouri 64110 
267. Charles A. Barnes, Division of Physics and Astronomy, California Institute of Technology, 

Pasadena, California 91125 
268. G. A. Bastin, Centre de Spectrometrie Nucleaire et de Spectrometrie de Masse, B. P. 104, 

91405 Orsay, France 
269. H. Behrens, Zentralstelle fur Atomkernenergie-Dokumentation, Kernforschungszentrum Karlsruhe 

7514, Eggenstein-Leopo1d£hafen-2, Federal Republic of Germany 
270. Ingmar Bergstrom, Nobel Institute of Physics, Stockholm 50, Sweden 
271. Biblioteca do'Depto. de Fisica Nuclear, Instituto de Fisica da USP, Caixa Postal 20516, 

0100 - Sao Paulo, SP, Brasil 
272. Bibliotheque - Madame Belle, Universite de Grenoble, Institut des Sciences Nucleaires, 53, 

rue des Martyrs, B. P. 21, 38 Grenoble, France 
273. J. P. Blaser, Swiss Instit'-.e for Nuclear Research (SIN), CH-5234 Vi l l igen, Switzerland 
274. S. 0. Bloom, University of v-alifornia, Lawrence Livermore National Laboratory, P. 0. Box 808, 

Livermore, California 94550 
275. H. G. Blosser, Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824 
275. H. Bohn, Physik-Deparfnent E12, Technische Universitat, 8046 Garching bei Munchen, Federal 

Republic of Germany 
277. A. Bohr, Copenhagen University, Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark 
278. J. S. 3riggs, Theoretical Physics Division, Atomic t.iergy Research Establ'shment, Harwell, 

Didcot, Oxfordshire OX 11 ORA, England 
279. J. A. Brink, Library Division, The Merensky Institute of Physics, University of Stellenbosch, 

Stellenbosch, Republic of South Africa 
280. 0. A. Bromley, Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06520 
281. T. A. Cahil l , Director, Crocker Nuclear Laboratory, University of California, Davis, 

California 95616 
282. Jose L. S. Carvalho, Instituto de Radioprotecao e Dosimetria, C.N.E.N., Av. das Americas 

km 11,5 Barra de Tijuca - R. J . , 22700 - Rio de Janeiro, R. J. Brazil 
283. David Clark, Lawrence Berkeley Laboratory, University of California, Berkeley, California 

94720 
284. 0. H. Crandall, Branch Chief foi Experimental Research, Applied Plasma Physics Division, 

Office of Fusion Energy, ER 542, G-226, GTN, U.S. Department of Energy, Washington, D.C. 20545 
285. F. L. Culler, Office of the President, Electric Power Research Inst i tute, P. 0. Box 10412, 

3412 Hi 11 view Avenue, Palo A1to, California 94303 
286. T. J. Curtin, Director, Office of Research anrl ".rants Administration, Texas Women's 

University, Box 22939, TWU Station, Denton, Texas 76204 
287. R. Y. Cusson, Physics Department, Duke University, Durham, North Carolina 27706 
288. Solange de Barros, Head, Department of Nuclear Physics, Universidade Federal do Rio de 

Janeiro, Instituto de Fisica - Department Fisica Nuclear, Centro de Technologia - Bloco A, 
IIha do Fundao - Rio de Janeiro, Brasil 

289. Adi-iano de Lima, Physics Laboratory, University of Coimbra, Colmbra, Portugal 
290. R. M. Diamond, Chemistry Division, Lawrence Berkeley Laboratory, Berkeley, California 94720 
291. Olacio Dietzsch, 0epto.de Fislca Experimental, Instituto de Fisica, Universidade de Sao 

Paulo, Cx. Postal 20516, Sao Paulo, S.P., Brazil 
292. U. Facchlni, Physics Department, University of Milan, Via Salldlni 50, Milan, Italy 
293. H. Faraggl-Mathfeu, Centre ri'Etudes Nuclealres de Saclay, B. P. No. 2, G1f-Sur-Yvette (S. and 

0 . ) , France 
294. M. P. Fewell, Australian National University, Canberra, 2600 Australia 
295. G. N. Flerov, Laboratory for Nuclear Reactions, Dubna Joint Institute for Nuclear Resea-ch, 

Dubna, Moscow Oblast, U.S.S.R. 
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296. J . 0. Fox, Department of Physics, Florida State University, Tallahassee, Florida 32306 
297-306. GLCA-ORS, Attention: R. R. Winters, Oenison University, Granville, Ohio 43023 

307. H. E. Gove, Nuclear Structure Laboratory, University of Rochester, Bldg. 510A, Rochester, 
New York 14627 

308. Walter Greiner, Institut fur Kemphysik der Johann Wolfgang Goethe Universitat, Frankfurt 
am Main, Federal Republic of Germany 

309. H. Grunder, Laurence Berkeley Laboratory, Berkeley, California 94/20 
310. M. Grypeos, University of Thessaloniki, Department of Theoretical Physics, Thessaloniki, 

Greece 
311. J . H. Hamilton, Department of Physics, Vanderbilt University, Nashville, Tennessee .17203 
312. K. Harada, Division of Physics, Japan Atomic Energy Research Insti tute, Tokai Research 

Inst i tute, Postal Area Number 319-11, Tokai-mura, Naka-gun, Ibaraki-ken, Japan 
313. J. S. Kattula. Department of Physics, University of Jyvaskyla, Serainaarinkatu IS, SF-40100 

Jyvaskyla 10, Finland 
314. R. L. Heath, Idaho National Engineering Laboratory, EG4G Idaho, Inc. , P. 0. Box 1625, 

Idaho Fal ls . Idaho 33401 
315. H. R. McK. Hydcr, Nuclear Physics Laboratory. Oxford University, Keble Road, Oxford 0X1 3RH, 

England 
316. Institute for Energy Analysis, P. 0. Box 117. Oak Ridge. Tennessee 37830 
317. Institute of Physics, High Energy and Nuclear Physics Library, C, Postal 20.516,0100 - Sao 

Paulo, S.P., Brasil 
318. Beth Jinkerson, ORAU/UPD 
319. R. Kamermans, Fysisch Laboratoriun, Rijksuniversiteit I t recht , P. 0. Box 80.000, 3508 TA 

UTRECHT, The Netherlands 
320. H. Kamitsubo, Head, Cyclotron Laboratory, Institute of Physical and Chemical Research, 

Wako-shi, Saitama, 351 Japan 
321. 0. G. Kamke, Ruhr-Universitat Bochun, Dynamitron Tandem Laboratory, Universitattstr, 

150 Gibaunde NT, Postfach 1021 48, 4360 Bochum 1, Federal Republic of Germany 
322. H. Kawakami, Institute for Nuclear Study, University of Tokyo, Midori-cho, Tokyo, Japan 
323. P. K. Kloeppel, Associate Professor, Department of Physics, Monmouth College, Monmouth, 

I l l ino is 61462 
324. M. Langevin, Insti tut de Physique Nucleaire, B. P. No. 1, 91406 Orsay Cedex, France 
325. J. A. Lenhard, 00E-0RC, Federal Office Building, Oak Ridge, Tennessee 37830 
326. Michel Letournel, Centre de Recherches Nucleaires, Service des Accelerateurs, 8. P. 20 CR0, 

67037 Strasbourg Cedex, France 
327. Librarian, Atomic Energy Centre, P. 0. Box No. 164, Ramna, Dacca, Bangladesh 
328. Librarian, Chen Kin-hai, Institute of Modern Physics, Academia Sinica. ?. 0. Box 31, Lanzhou, 

People's Republic of China 
329. Librarian, Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824 
330. Librarian, Cyclotron Laboratory, RIKEN (The Inscitute of Physical and Chemical Research), 

Wako-shi, Saitama 351, Japan 
331. Librarian, Department of Physics, Georgia State University, Atlanta, Georgia 30303 
332. Librarian, GANIL, 8. P. No. 5027, 14004 Caen Cedex, France 
333. Librarian, GSI, Postfach 11 05 41, 6100 Darmstadt, Federal Republic of Germany 
334. Library of the Institute of Atomic Energy, Beijing, People's Republic of China 
335. Librarian, MERT Division Library, Cak Ridge Associated Universities, P. 0 . Sox 117, 

Oak Ridge, Tennessee 37831-0117 
336. Librarian, Physics Department, 374 Bausch and Lomb Building, University of Rochester, 

Rochester, New York 14627 
337. Librarian, Institut des Sciences Nucleaires, B. P. No. 257 - Centre de T r i , 38044 Grenoble 

Cedex, France 
338. A. 0. MacKellar, Department of Physics and Astronomy, University of Kentucky, Lexington, 

Kentucky 40506-0055 
339. G, Kadurga, Departameto de Fisica Atomica y Nuclear, Facultad de Ciencias, Universidad de 

Sevil la, Sevil la, Spain 
340. Mario Mariscotti, Comision Nacional de Energia Atomica, Departmento de Fisica, Avenida del 

Libertador 8250, 1429 Buenos Aires, Argentina 
341. Niels Marquardt, Institut fur Experlmentalphysik I I I der Ruhr-Universitat Bochun, Postfach 

102148 Gebaude NB/3, 4630 Bochum, Federal Republic of Germany 
342. J. V. Martinez, Division of Chemical Sciences, Mail Stop J309 CTN, U.S. Department of Energy, 

Washington, D.C. 20545 
343. W. R. McMurray, Deputy Chief Scientist, Kerninstituut Van Die Suidelike Universiteite, 

Southern Universities Nuclear Institute Republic of Sou«.h Africa 
344. G. K. Mehta, Professor of Physics, Van de Graaff Laboratory, Indian Institute of Technology 

Kanpur, Kanpur 208 0'6, India 
345. A. Mlchaudon, Chef du Service de Physique Nucleaire, Commissariat o ' Energie Atomique, 

Centre d'Etudc: de Bruyeres le Chatel, P. 0. Box 61, Montrouge 92120, France 
346. R. Hiddleton, Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 

19104 
347. E. Mignecc. INFN Laboratorio Nazlonale del Sud, Corso I ta l ia 57, 95127 Catania, Italy 
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348. J . C. 0. Hilton, Physics Division, Atomic Energy of Canada Ltd . , Chalk River, Canada KOJ 1J0 
349. 6. C. Horn son. Department of Physics, University of Birmingham, Birmingham B15 2TT, England 
350. S. C. Hukherjee, Librarian, Saha Institute of Nuclear Physics, 92, Acharya Prafulla Chandra 

Road, Calcutta - 9, India 
351. K. Nagatani, Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo, 188 Japan 
352. Y. Nakamura, JPL, Systems Analysis Section, California Institute of Technology, 4800 Oak 

Grove Drive, Pasadena, California 91103 
353. Ranier U. Novotny, University Giessen, I I . Physical Insti tute, Heinrich-Buff-Ring 16, 

6300 Giessen, Federal Republic of Germany 
354. Masuni Oshima, Japan Atomic Energy Research Insti tute, Tokai Establishment, Tokai-mura, 

Naka-gun. Ibaraki-ken 319-11, Japan 
355. Peter Paul, Department of Physics, S.U.N.V. at Stony Brook, Stony Brook, New York 11794 
356. Hax Peisach, Southern Universities Nuclear Insti tute, P. 0. Box 17, Faure, 7131, Republic 

of South Africa 
357. E l l io t t S. Pierce, Assistant Director, Molecular Sciences, Department of Energy, Washington, 

O.C. 20545 
358. A. ". Pi I t , Tandem Accelerator Laboratory, McHaster University, Hamilton, Ontario, Canada 

L85 4K1 
359. R. E. Pollock, Department >f Physics, Indiana University, Bloomington, Indiana 47405 
360. 8. Povh, Max Planck Institut fur Kernphysik, 69 Heidelberg, Saupfercheckweg, Postfach 124B, 

Federal Republic of Germany 
361. James Purcell, Department of Physics, Georgia State University, Atlanta, Georgia 30303 
362. Jacobo Rapaport, Department of Physics, Ohio University, Athens, Ohio 45701-0640 
363. John Rasmussen, Lawrence Berkeley Laboratory, Building 70A, Berkeley, California 94720 
364. Patrick Richard, Physics Department, Kansas State University, Manhattan, Kansas 66506 
365. E. T. Rit ter , Division of Nuclear Physics, ER 23, Hail Station J-309, U.S. Department of 

Energy, Washington, U.C. 20545 
366. L. Rosen, Los Alamos National Laboratory, P. 0. Box 1663, Los Alamos, New Mexico 87544 
367. Ranier Santo, Sektion Physik der Universitat Munchen, 8046 uarching, Beschleuigerlaboratorium 

(Forschungsgelande), Federal Republic of Germany 
368. 0. G. Sarantites, Department of Chemistry, Washington University, St. Louis, Missouri 63130 
369. V. S?rantseva, Head, Publishing Department, Joint Institute for Nuciear Research, Head Post 

Office, P. 0. Box 79, Moscow, U.S.S.R. 
370. J. P. Schiffer, Physics Division, Argonne National Laboratory, 9700 South Cass Avenue, 

Argonne, I l l inois 60439 
371. A. Schwarzschild, Brookhaven National Laboratory, Upton, New York 11973 
372. Hermann Schweickert, Cyclotron Laboratory, Kernforschungszentrum Karlsruhe, Institut fur 

Applied Physik, P. 0. Box 3640, D-7500 Karlsruhe 1, Federal Republic of Germany 
373. S. Seki, Tandem Accelerator Center, University of Tsukuba, Ibaraki 305, Japan 
374. J. C. C. Sharp, Information Officer, Daresbury Laboratory, Science Research Council, 

Daresbury, Warrington WA4 4AD, England 
375. R. H. Siemssen, Kernfysisch Versneller Inst i tui t <fer Ri jksimiversiteit Zernikelaan 25, 9747 
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