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1. Accelerators 

HOLIFIELD HEAVY ION RESEARCH 
FACILITY—PHASE I 

J. B. Ball J. W. Johnson 
J. A. Martin R. F. King* 
J. A. Biggerstaff J. D. Larson' 
B. J. Casstevens' B. Lieberman" 
R. S. Lord L. B. Maddox* 
D. L. Haynes: M. L. Mallory* 
C. M. Jones J. E. Mann 
R. C. Juras' J. W. McConnelf 
R. L. Robinson G. S. McNeilly 
J. K Bair W. T. Milner 
R. M. Beckers' S. W. Mosko 
E. Eichler4 J. A. Murray" 
K. N. Fischer' J. D. Rylander 
C. D. Goodman R. 0 . Sayer' 
E. D. Hudson J. A. Steed: 

N. F. Ziegler 

PROJECT STATUS 

Kolifeld Heavy Ion Research Facility—Phase I 
(HHIRF) includes a 25-MV folded tandem elec­
trostatic accelerator, two new experimental areas 
for use with beams from the tandem, and a beam 
transport and injection system to couple the 
tandem to the Oak Ridge Isochronous Cyclotron 
(ORIC). which allows use of the cyclotron as an 
energy booster. The facility is scheduled for com­
pletion in the fall of 1979. 

Site preparation was completed in February 
1976. and building construction began in April 
1976. On May I. 1977. the building construction 
was 36% complete. The most obvious part of the 
construction is the tower, which now rises over 80 
ft above the ground-floor level. Figure I.I shows 
the artist's conception of the appearance of the 
completed facility; Figs. 1.2 and 1.3 show photo­
graphs of construction progress taken April 20. 
1977. 

The present schedule calls for completion of the 
tower to about the 140-ft level by mid-July, to be 
followed by installation of the accelerator pressure 
vessel and completion of the tower and building 
about one year later. Installation of the tandem is 
scheduled to begin in July 1978. with completion 
of installation and testing in October of the 
following year. 

Design is complete for the radiation safety-
system, the SF» and O: monitoring systems, the 
operational and research intercom, and the beam 
and signal transport systems; much of this equip­
ment has been ordered. 

Construction of the 25-MV folded tandem 
accelerator by the National Electrostatics Corpora­
tion (NEC) proceeded with only minor delations 
from the original schedule. Major achievements 
during this period include completion of all com­
ponents requiring electrode-insulator bonding 
operations (column support posts, acceleration 
tubes, and corona tubes), receipt by NEC of most 
purchased components, and assembly of the basic 
injector and accelerator column structure in the 
NEC plant at Madison. Wisconsin. Figure 1.4 is a 
photograph of the lower one-fourth of the column 
structure. 

The tandem accelerator control system is based 
on two Interdata 7 32 computers interfaced by 
NEC to four CAMAC Serial Highways. NEC 
received the computers and CAMAC equipment, 
and the interface was designed, built, and tested. 
The overall structure of the software control 
system was developed; software modules fitting 
this framework are now being developed. Some 
testing of components was carried out with ad hoc 
software. Testing of light links for transmission of 
data to the high-voltage terminal and to points 
along the accelerating column is under way. 

All the components of the SF* transfer and 
storage system were delivered to Oak Ridge. The 
two 450-hp SFA compressors and the three 2000-ft' 
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Fig. i.l. AitM* sonctffa <* tlbe O^ buM^wiA the iMkkm at OK tcmtr tor 

PHOTO 171«-77 

Fig. 12. Cooftractioo ate oo April 30, 1977. Cc."crete walls and roof of i'-e Tint floor, which it predominantly below the 
deration of the street, are complete. Steel structure for the remaining two f.oors is in place to the right uf the tcwer. The 
corner of the gaa-comprcstor building it rhown on the right. This building will house two 4S0-hp compressors used in 
transferring the 5F« and direr SF» ttorage tanks. 



mn*.'-v • n -,,.: •HOTO MM-77 

Fig. 1.3. In the foreground are fabricated sections of the pressure veuel for the tandem accelerator. In the background, the tower that 
•wit! house the tandem accelerator can be seen under construction above the OR1C building. A concrete pour and itorage tanV installation are 
in progress. 
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Ha . 1.4. Pruitograph of the loner one-fourth of the tandem 
accelerator coranm structure ta*cn at tke NEC pant in 
Madison, Wisconsin, in Febnau* 1977. In ascending order are 
the forged steel suppc-ri ring, four 24 -in. modules, the Tint 
minor dead section, and three 24-in. -nodules. The equi-
potential hoops have been placed in their f nal position only on 
the first module. 

liquid SF« storage vessels were installed in the 
building. Field erection of the accelerator pressure 
vessel began in Oak Ridge in January 1977. All 
the vessel assembly work that could be done prior 
to installation in the tower was completed in 
April. 

A number of activities are also in progress 
within the Physics Division in preparation for 
operation of the new tandem accelerator. These 
activities include negative-ion source development, 
bu richer and buncher control system development, 
stripping and ion-optics studies, and development 
accelerator diagnostic techniques and computer-
based models for SF« transfer processes. Most of 

these activities are discussed in other sections of 
this report. 

The first major installation of beam injection 
hardware on the ORIC was made during the 
periud from January to May 1977. During thb 
time, the ORIC was shut down and the new dee 
and rf trimmers were installed (Figs. 1.5 and 1.6). 

Ba.1.5. New daeawtmled on t t « O M C d W i M » The copper 
mrfacc of the dee stem is brazed to the copper dee. 

Pig- !•*- N*w rf tritacaag capacitors. T h * surface that faces 
the dec it at the top, and the slot for the injected beam 
can be seen in this surface. 
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the rf liner was modified to be compatible with the 
dee and to fit the foil positioner, and the raik for 
the inflection magnet were insulted in the dee 
stem. The dee and trimmers are slotted on the 
periphery to provide a passage for the injected 
beam as it crosses the pole edge. Improved 
voltage-holding characteristics, dimensional sta­
bility, and frequency range are also expected with 
the new system. Surt-up is now scheduled for 
about June 1. Engineering is about 80% complete, 
with 160 of 214 drawings and 39 of 65 data sheets 
completed. Orders were placed for many of the 
major hardware items. These include the foil posi­
tioner, the inflection magnet and power supply, 
the quadrupolcs and power supplies, the steering 
magnets, and, of course, the dee and trimmers. 
The major items not yet on order <nclude the two 
magnets which make the 90° bend from the verti­
cal tandem beam line to the horizontal injection 
line and a number of smaller injection line 
components. 

1. UCC-ND Computer Sciences Division. 
2. UCC-ND Engineering Division. 
3. Instrumentation and Controls Division. 
4. Chemistry Division, decrtsfri. 
5. Consultant. 
6. Cn temporary leave at Michigan State University. East 

Lansing. 
7. Neutron Physics Division. 

EXPERIMENTAL FACILITIES 

R. L. Robinson 

Figure 1.7 illustrates the planned layout for 
HHIRF. Beam lines 23, 33. 35. and the first leg of 
31 are to be built as part of the heavy-ion project. 
Beam line 31 will be extended in the future so 
that, by means of three bending magnets, beams 
from both accelerators can be brought through 
lines 61, 62, 64, and 65. 

The time-of-flight system was completed and 
installed on beam line 53 A conceptual design was 
developed for a large multipurpose scattering 
chamber. Criteria are being developed for a 
gamma-ray spectrometer system and recoil mass 
spectrometer. Possible upgrade of the broad-range 
spectrometer and development of a new magnetic 
spectrometer are under study. 

In an attempt to ensure a smooth-running 
operation appropriate for a national facility, we 
initiated a system in which there will be a resident 
scientist responsible for each major experiment*! 
device and or beam line. The tas*s of each 
"mentor." as presently envisioned, are (I) to assure 
that the beam lines and experimental apparatus 
available to users-at-brge are maintained in good 
condition: (2) to be involved with equipmeni that 
is or will be a part of tne mentor's beam line (this 
could range from one- extreme where the resident 
scientist has primary responsibility for design of a 
device to the other extreme where he is aware that 
the device is being planned but his involvement is 
only to ensure that the device is compatible with 
the .-irility); (3) to approve any modifications to 
the be~m lines and experimental devices located 
permanently at the facility: and (4) to assist in 
providing a liaison between the users and the 
resources and services available at HHIRF. 

This mentor system will not be fully realized until 
there is formation of an experimental support group, 
which, according to present planning, is to be 
initiated in 1978. However, mentors are already being 
selected in areas where there are clearly defined needs 
in 1977. Those who have agreed to serve as mentors 
and their areas of responsibility (refer to Fig. 1.7 for 
beam-line numbers) are: 

J. Ford assisted by J. G. del Campo—The broad-
range Elbek magnetic spectrometer, the Enge split-
pole magnetic spectrometer, and associated beam 
lines 52 and 33. 

C. Goodman--A large new multipurpose scattering 
chamber. 

M. Halbert—The existing 30-in.-diam scattering 
chamber and associated beam line 51. 

N. Johnson—Germanium gamma-ray spectrometer 
systems and associated beam lines 41 and 23. 

R. Mlekodaj— The 'xam lines (31 and 62) between 
the tandem accelerator and University Isotope 
Separator at Oik Ridge (UNISOR). 

C. Moak—Beam Ir.e 35 for atomic and solid-state 
physics apparatus. 

R. Stokstad and T. Obenshain—The new time-of-
flight system and uV associated beam lines 53 and 
54. 

F. Plasil—A new recoil mass spectrometer. 
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SKCTROMCTER 
SfCCTOOMCTOt »S«JT POU SPCCTINWCTER 

Fig. 1.7. PbMcd experimental layout of HHIRF 

DATA ACQUISITION 

.1. A. Biggerstaff 
N. F. Ziegler 

R. C. Juras1 

J. W. McConnell2 

We intend to provide dual data acquisition sys­
tems in each of the two counting rooms (cyclotron 
?nd tandem) for a total of four systems. Systems 
not in use on-line will be used for setup of 
upcoming experiments, postcalibrations. and off­
line data eduction. The systems will have large 
amounts of disk si k»rage and core storage; emphasis »s 
being placed on capabilities ft > real-time * P 4 "nearly-
real-time*' data preceding of multiparameter data 
requiring several million channels of storage. Ail 
interfacing to experimental equipment wil' be via 
high-speed CAM AC data channels. We acquired two 
300-megabyte disk systems and interfaced them to an 
existing data acquisition computer. Software drivers 
for these units were completed, but development of a 
file management system is being impeded by 
demands for uje of the computer for ongoing 
experimental programs. Funds were approved for 
purchase of a minimal set of hardware to permit 

development of the software and hardware (inter­
face) for the new systems. 

1. Ipftnimenu'iion and Controb Division. 
2. Nci'iron Physics Division. 

USERS ACTIVITIES 

E. Eichler' R. L. Robinson 

The HHIRF Users Group has a membership of 
254. Another 169 people have requested that they be 
sent information on the project, particularly the 
HHIRF Newsletter, which is published three times a 
year. The primary effort of the Users Group during 
1976, as expressed through its six-person Executive 
Committee, has been to study the experimental needs 
of the users at the faciiity. This study was made by 
eight Working Groups made up of members of the 
Users Group. These Working Groups investigated 
the following areas: Atomic Physics Apparatus. 
Computer Systems, Gamma-Ray Spectrometers. 
Magnetic Spectrometers, Neutron Spectrometers, 
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Recoil Mass Spectrometers. Scattering Chambers, 
and Time-of-Flight Systems. 

The efforts of these Working Groups were brought 
to a focus at a one-day meeting held October 4,1976. 
at ORNL. From this meeting came the following list 
of recommendations: 

1. Undertake design study of a recoil mass 
spectrometer, 

2. Acquire computer hardware immediately and 
begin software development 

3. Begin design . fa large (about 60-in.-diam) scat­
tering chamber; 

4. Determine needs for a gamma-fay spectrometer 
system; 

5. Design a buncber/chopper system for producing 
pubud beams for experimental studies using only 
the tandem accelerator; 

6. Move the split-pole magnetic spectrometer now 
located at the EN tandem site to the east 
experimental room of HHIRF; 

7. Study the possibility of modifying the broad-
r?nge spectrometer to a split-pole design; 

8. Defer commitment to a new magnetic spectrom­
eter until the usefulness of the existing 
spectrometers is established; 

9. Select beam lines 31, 33. 35, and 23 as those 
funded as part of the project (see Fig. 1.7); 

10. Consider alternate configurations for the use of 
space in the existing south experimental hall; 

11. Develop more complete data to evaluate needs 
for atomic physics. 

Implementation and study of these recommendations 
are being actively pursued at ORNL. 

Attendees of this one-day session on October4 also 
generated a four-year equipment priority list. The 
years in which they recomme- sd that funds be 
requested are listed ir. Fij. i.g. 

Device fftsrr ff i m fftsn F? M O 
SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

SCATTERMS CHAMMER 
r-fua SYSTEMS 
•CAM CHOPPER 
NEUTRON DETECTOR 
MACNETC SPECTROMETER 
RECOR. MASS SPECTROMETER 

•CAM UNES 
COMPUTER 
ELECTRONICS 
ATOMIC 

fn. IJ . for 

HOLIFTELD HEAVY ION RESEARCH 
FACILITY—PHASE II 

J. B. Ball 
J. A. Martin 
R. M. Beckers' 
D. A. Dyslin' 
L. E. fcckert' 
S. E. Hamblen1 

E. D. Hudson 

F. Irwin 
R. S. Lord 
J. E. Mann 
G. S. McNeiih/ 
J. A. Murray' 
R. L. Robinson 
J. A. Steed' 

I. Chemistry Division, deceased. 

D. R. Wallace1 

A complete redesign of the Phase II addition to 
HHIRF was completed, and a conceptual design 
report1 was prepared. The new Phase II facility 
features a higher-energy separated-sector cyclotron 
(SSQ and a more efficient arrangement of beam 
transport systems and experiment areas. The em­
phasis in the design of the new facility was to provide 
balanced performance for high-energy light ions and 
for very heavy ions and to take full advantage of the 
high-intensity capability of ORIC as a light-ion 
injector. An additional goal was to reduce the 
electrical power consumption wherever possible. 

Cyclotron 

The basic criteria for the SSC were developed ir 
I9754 and refined in 1976. The present design has an 
energy rating of 400 q2 / A MeV, where q is the charge 
number and A the mass number of the accelerated 
ion, to give energies up to 100 MeV/amu for fully 
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stripped hght ions and up to 12 MeV. aaiu for very 
heavy ions such as uranium. Figure 1.9 shows the 
energy-mass characteristics cf the cyclotron, using 
he 25-M V tandem as the injector. 

The principal characteristics of the cyclotron are 
given in Table I . I . The facility plan giving the loca­
tions of the ORIC, the 25-MV tandem, and the Phase 
I I booster cyclotron is shown in Fig. 1.10. 

M i f r t design. The magnet design was evaluated 
with a 0.15-scak model* The measurements snow 
tbat the focusing characteristics were essentially ar 
designed, with r, and r_- away from significant 
resonances over the full operating range of the 
accelerator. 

The magnetic field between adjacent poles is large 
enough to require cancellation along the injected 

Ha, 1J. Cany km — raimnirawiriof Oak lUdgcheavy-
• n awnialws. Phase I of the Ho!ffieM Heavy-Ion Research 
Facility. UK 25-MV tandem, and the tn.««port/ injection system to 
•at tac OXIC M en energy booster will be completed in !979. 
I 'Base I I it proposal for conpkrio-, in 1913. 

Taatt 1.1. PnacaailSSrcftsfaelantacf 

Eatrar comtwt. K(E* tflA ) (MeV) 400 
Enttay for U*» (MtV/amu) 12 
Energy for C*\ 0»*. C i a o > fMeV/uno) 100 
•V(kG-cM) 2957 
attaactfractiMCSruus) 0-58 
Eaaigr ratio, ty/P, *-16 
uriactioa awaa radios (m) 1.07-0.75 
Extraction anaa ratfftu (m) 3.01 
RT svstaai rfetpjancy range (MHz) •-20 

beam pcrh if a nearly fixed path were to be used. 
However, using a special magnet outside die cyclo­
tron, a solution was found that accommodates the 
trajectories of ions of differing rigidities. This is 
illustrated in Fig. I.I I. 

Fig. 1.10. Hc4aWHcary-loalU»earc» Facile Pbue II is the 
portion homing the sepaiaied-sector cyclotron and associated 
experiment areas. 

I i ' ' .* II HJT 

• I I I « t l« l 

Fig. I . I I . Flan vitw drawing of tat cyclotron. The injected 
beam is seen at the top of the figure entering the injection m ignet. 
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The radial profile of the average magnetic field is 
free of significant saturation effects but exhibits a 
rob-off of several percent near the center and at the 
outer edge. To adjust the magnetic field, a constant-
width sh.-m section is provided al- og the center of the 
pole tip. M shown in Fig. J. 12. fhe Jiinr section is 
contoured to provide the appropriate correction: the 
result is illustrated in Fig. 1.13. With the approximate 
field correct ,n provided by the shim system, the 
maximum trimming coil power required is only 80 
kW. 

Rf system. The previous rf system design using 
radial quarter-wave resonators was tunable over the 

PHOTO 3712-T* 

fin ia a dot m OK M M C of BK face of d * psfc d> Lower pole of 
o*c*ectorofO.I5-«cafc modd tsskowa. 

„ . . i ru»r« 

| M I 
I 

• « • 
• t 

0 C JO JO «0 *> » JO ./O » O J "O tJO t » '«0 
MOWS !•"! 

Fig. 1.13. Attngt — gattir ficU prodaoid by dM eowowid 
aolw appro wirnm HM iwcaroaoi — f i t i r fitld tot 10 M «V/ A. 

frequency range of 7 to 14 MHz. With this range, it is 
not possible to u « the ORIC as the injector above 
about 45 MeV amu. Above that energy, the SSC 
must be operated on t*ie second harmonic, but the 
ORIC cannot accelerate on evcn-nus»bered har­
monics because of the 180° dee design. To eliminate 
this basic incompatibility, the SSC rf system range 
would have to Iv extended to 20 MHz. The new 
system (Fig. 1.14), uses . ^rtkal half-wave resonators 
to achieve a frequency range of 9 to 20 MHz and 
provides complete compatibility with the ORIC as 
the injector, i-'or example. I Ob MeV amu oxygen 
ions ca.i be obtained by accelerating O'* ions in the 
ORIC to 5.6 MeV amu. stripping to O". and accel­
erating in the SSC to 100 MeV amu. The new design 
eliminates second-harmonic flat-topping resonators. 
Acceleration of 6° -wide beam pulses without flat-
topping resonators gives the same resolution. 
(&E; £ ~ 10 ') thai is achieved with 20° phase width 
with flat-topping. A buncher efficiency of more than 
50% for 6" bunches is predicted for the two-gap 
bunching system being developed for the 25-MV 
undent.*"7 

The 250-kW rf power amplifier systems use high-
gain tetrodes driven directly by broad-band solid-
state amplifiers. 

Mechanical design. For the heaviest ions with a 
charge-change cross section of about 10"" cm :. a 
pressure of 10' torr is required to keep beam losses 
less than 10%. The present design uses cryogenic 

ea& 

I ; • i • t nit 
i ] i mnm 

Fig. 1.14. of the cjFctotfoa, 
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pumpi and blower mechanical purnpy and the 
system can be pumped from atmospheric pressure to 
I0' 7 ton- in approximately 15 hr. 

To reduce residual gas toads and to improve reli­
ability, elastomer seals have been ehounated 
wherever possMe. Tnn metal wcldul seals are used 
between the magn»* poles and pohMip vacuum 
chamber and between the pole-op chambers and the 
vaBey vacuum chambers. Soft metal (indium) scab 
are used between the valley vacuum chambers and die 
rf resonator as? -mbbes. 

Building and Facilities 

The cyclotron vault, beam uanspon corridor, and 
two experiment rooms are to be in a new structure 
locattd south of die existing cyclotron building and 
Phase I project, as shown in Faj. 1.10. Shielding is 
provided by a combination of poured concrete waOs 
and solid concrete blocks. Extia shielding is provided 
on the forward direction of beams in positions where 
high-intensity beams win be used. The experiment 
areas were designed to facilitate future expansion by 
providing more experiment stations or adding addi­
tional areas. The facility incorporates a large count­
ing room adjacent to both experimental rooms. 
Control of the facility will be from either of the exist­
ing control rooms, *at is, the ORIC control room or 
the new control room for the 25-MV tandem. 

1. UCC-ND Engnecriag Division. 
2. UCC-ND Conanster Sciences Drawn. 
3. Notified Htmry-km Restfth Facility— ffca» llConctpnmU 

DrHt» Report. X-OE-2* (May 1977). 
4. S. w. Motto e; al.. "A Scnamed-Sccior Cyclotron Post-

AccdeiMor for Ike Oak Ridge Hcavy-lcn Laboratory." Proterd-
mgi of Seventh knemmtkmm ConferenceonCjctotrontmtd'Their 
Apphcmkmt. Birkhedscr. Basel (1975). p. 600. 

5. E. D. Hadwa « «L. 'Magnet Model Studies for Separatcd-
Scctor Heavy-Ion Cyclotrons." ProttmSngj of Seventh hvemm-
tkmwl Conference on Cyclotrons mnd Their Apportions. 
Utottrtwr. Basel (1975). p. 197. 

6. W.T. Miner « al.. Transport of DC and Bunched Beams 
drag* a 25-MV FoMcd Tandem Accelerator.* IEEE Tmm. 
mid. Set N5-22, 1*97 (1975). 

7. Sec dw report. W. T. Mihwr and N. F. Ziegler. "Beanv 
B—caing and Pnhc-Dewtikm Test Facility.'' 

EXPERIMENTAL APPARATUS AND 
ACCELERATOR DEVELOPMENT 

CHARGED-PARTICLE 
Tla€l>OF-5LIGIiT FACILITY 

J. L C. Ford, Jr. F. PlasU 
J. W. Johnson R. G. Stokstad 
F. E. Obenshain A. H. SneD 

J. E. Weidtey 

Tbe time>of-fliglit (TOF) facility now approach­
ing completion consists of a 36-cm-duun scattering 
chamber joined by a sliding seal to an arm that allows 
* flight path of up to 3 m in length. The angular range 
possible is ±135°, win one port allowing an angular 
range of -10 to +7©°. A layout of the TOF facility is 
shown in Fig. 1.IS. The detector system win consist 
of two channel plate detectors for die start and stop 
signals, followed by 2 gas ionization chamber and 
silicon surface barrier detector as a A£X £ counter. 
An of tbe necessary electronics for this system have 
either been built or purchased. 

Tbe chamber has four I0-cm-diam removable 
ports on which detector holder* can be mounted so 
that large area counters or other types of large 
detectors can be used separately or in coincidence 
with the detectors in the TOF arm. Two rotating 
wheels within tbe scattering chamber can also be used 
to mount solid-state counters or other devices. The 
vacuum system will have cryopumps, and the pump-
out time win be approximately 45 mm. Because the 
TOF system is supported on a gun mount, it win be 
possible to add a quadrupoie to the system to increase 
the solid angle, if there •$ demand for it in the future. 
Figure l-I6presents(hefloorplanoftheH:fIRFand 
indicates the location of the TOF station, which will 
be accessibte to beams from either the new tandem or 
the ORIC cyclotron. 

Figure 1.17 is a phonograph of the system taken in 
March 1977. The sluing seal mechanism has proven 
to be very successful, and the scattering angle can be 
varied while maintaining a pressure of about 2 X 10"7 

torr in the scattering chamber. This instrument, 
which will be an important tool for investigating 
heavy-ion collisions, will be available for the research 
programs sometime in the summer of 1977. 
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VACUUM SYSTEM FOR 
HHIRF BEAM LINES 

J. W. Johnson R. L. Robinson 

The program to evaluate and select vacuum system 
components for the HHIRF beam transport lines has 
now been completed. This selection should provide 
beam line pressures in a range of 1 to 5 X 10 " ton-
after pumping about 12 hr and without baking. 

The main components will be closed-cycle 
cryogenic vacuum pumps. ConFbt (copper gasket) 
flange joints. Mamies* steel valves with Viton gate 
seals, and mechanically or chemically cleaned stain­
less sted beam tubing. 

The pump and beam tubing selection was based on 
an evaluation program reported earlier.1 which tested 
on a prototype beam line the following state-of-the-
art ultra-high-vacuum (UHV) pumps: (I) cryogenic. 
(2) electrostatic ion-getter. (3) magnetic ion-getter. 
(4) turbomolecular. and (5) oil diffusion with an LN: 
trap. Pumps were compared for pump-down time of 
a beam line initially at atmospheric pressure, for 
throughput, for base pressure, and for general 
operating condition.*. A comparison of the pump-
down time is illustrated in Fig. 1.18. The beam tubes 
were compr.ed for pump-down time and base pres­
sure. 

I. J. W. Johaton. ~3cccat Vacuum W « t at Oak Ridgr ~ 
Irvtrrdmti of ihr Sximposmm of \orihrmstrm Arrrlermior 
FtiHxmtl. Sox. J 5. 1976. FktriJm Simie Imvrmiv. TmUa-
haaer. 
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BEAM-BUNCHING AND PULSE-DETECTION 
TEST FACILITY 

W. T. M ilner N. F. Ziegler 

A beam-bunching and pulse-detection test faciSty 
has been implemented on the EN tandem accelerator. 
The bunching system, a two-harmonic double-drift 
klystron type, is designed tc opera: over a frequency 
range of 4.5 to 14.5 M Hz and wii! eventually be used 
to produce bunched beams of iens (in the mass range 
S1 to 240 amu) from the 25-M V Pelletron accelerator 
for injection into ORtC. 

Figure 1.19 illustrates &: bunching system 
diagrammatical!)- as it exists today. The beam 
encounters the first harmonic buncher. is somewhat 
"overbunched." drifts to the second harmonic 
buncher (operating at twice die frequency of the first 
buncher and 180s out of phase), is again energy 
modulated, drifts to the accelerator, is accelerated by 
the tandem, and finally comes to a "time focus'at the 
pulse detector. 

Preliminary tests with three ion beam;(22.5-MeV 
"0.25-MeV , : S . and 30-MeV 'Cu) wer>- carried out 
with observed results very close to those predicted. 
Beam pulses were detected with a capacitive pickup 
unit (CPU)and a fast Faraday cup and were observed 
with a sampling oscilloscope as well as a 500-MHz 
(TEK 7904) oscilloscope. In the case of the "Obeam. 
a time-to-amplituc'. converter (TAC) spectrum was 

OMNt-OWC 77-9792 
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Fig. 1.19. Block diagram of the beam-bundling and pulie-
d«tcctiofl test facility being used for system development. 

file:///orihrmstrm


14 

by using timing puhes derived from die 
CPU and a plastic scumOatordiat detected Coulomb 

t rays produced in the stainless steel 
i stop of the hut Faraday cup. 

Pube widths of 1.1 and 1.6 nsec were observed with 
a w f t t n g oscilloscope for die u O and "S beams 
respectively. The M Cu beam was too weak [less tfian 
10 electrical nanoampries (cnA)] for an accurate 
pube width estimate, but pulses were observed. The 
TAC spectrum (see Rg. I JO) shows that about 55% 
of the "O beam was bunched into 6° of the first 
harmonic klystron phase (die acceptance window of 
theORIQ. 

Pubes from the CPU and die hut Faraday cup 
were wtppiift-i by wide-band rf preamplifiers (HP-
8447F, gain=48 db) prior to being fed into the time-
pickoff unit (ORTEC-260) and die sampling oscillo­
scope. By using such equipment, we should be able t- > 
ratably detect the phase of pulses with avenge beam 
currents as small as 50 to 75 en A. The '*0** beam (1.4 
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MeV amu, averaging 300 (enA) rhat we used cor­
responds closely in velocity toa 225-MeV ion of mass 
ISO. We expect that most bunched beams from the 
25-MV Pdtetron will have intensities greater than 
300 enA. 

In addition to continued work on buncher 
evaluation with other ions and conditions, future 
work will also include the development of rf ampli­
tude and phase stabilization circuits, pube phase 
detectors, an ORIC-to-buncher phase monitor and 
control system, and an overall CAMAC-based con­
trol system that will be compatible with the HHIRF 
system. 

COMPILATION OF EQUILIBRIUM 
CHARGE-STATE DISTRIBUTION DATA 

R. O. Sayer' L. B. Maddox' 

A data base containing information on charge-
state distributions has been established at ORNL. 
Included are experimental values of mean charge, 
width, skewness, and charge-sate fractions for 
energetic ion beams that have traversed gaseous and 
solid strippers of thicknesses near equilibrium or 
greater. 

With the exception of a few corrections and 
deletions, all data in the compilation of Wittkower 
and Betz2 for projectiles of energy 2 MeV and higher 
are contained in our data file.3 More than 90 charge-
state distributions from recent measurements (post-
1972) are also included, and the total number of 
distributions in the data file exceeds 930. Periodic 
additions are planned as new experimental results 
become available. 

We have written a computer code that reads data 
from the file ».id produces plots of charge-state 
distributions measured at various energies for a 
specified projectile and target. A sample plot for "7I 
in krypton is reproduced in Fig. 1.21. 

Inspection of the data reveals differences of 0.5 to 
1.0 unit in the values of mean charge reported by 
different experimenters for identical projectile 
energies and target materials. These variations may 
be attributed to effects such as the angular acceptance 
of the apparatus, insufficient target thickness for 
equilibrium, and the "density effect" in gases. Such 
ambiguities make it difficult to assign errors without 
complete details of the experimental configuration. 
Therefore, caution is advised in the use of a particular 
result from one experimental group. For heavy ions, 
an uncertainty of one unit in the mean charge may be 
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Fig. 1.21. A sample plot for , r I in krypton. 

assumed until comparison of independent measure­
ments and/ or examination of the original literature 
indicates otherwise. 

1. UCC-ND Computer Sciences Diva-on 
2. A. B. Wittkowerand H. D. Bet*. At. Data 5, 113 (1973). 
3. The authors are indebted to Dr. Beti for senJing us a tape 

containing data reported in bis compilation. 

DEPENDENCE OF , 2 C AND '*0 
CHARGE-STATE YIELDS AT 20 MeV ON 

STRIPPER GAS FLOW IN THE 
BROOKHAVEN MP-7 TANDEM 

VAN DE GRAAFF ACCELERATOR 

R. O. Sayer1 E. G. Richardson 
P. ThiebergerJ 

Injection of carbon and oxygen beams from the 
25-MV undem into the ORIC will require tandem 
acceleration of low charges at relatively high terminal 

voltage, V,. Previous measurements' at ORNL indi­
cated that ample intensities of charges 3 and 4 at V, = 
6 MV could be obtained at reduced gas pressures. 

To investigate the situation at higher V,, we have 
measured charge-state distributions using the three-
stage operating mode of the two MP undem Van de 
Graaff accelerators at Brookhaven National Labora­
tory to produce 20-MeV negatively charged ions at 
the terminal of MP-7. the second machine. Ions from 
a Middleton sputter source in the terminal of MP-6 
were accelerated to 7.5 MeV. injected into MP-7, and 
accelerated to 20 MeV before entering the terminal 
gas stripper. Analyzed currents for charges 2,3,4,5, 
and 6 were measured as a function of pressure at the 
entrance of MP-7, which was assumed to be propor­
tional to the amount of Nj gas in the stripper 
canal. 

The observed yields in particle nanoamperes (pn A) 
are shown in Figs. 1.22 and 1.23. Injected intensities 
were 720 nA for , 2 C and 1900 nA for "O. Overall 
maximum transmissions of 14% for "C and 19% for 
"O were obuined by summing the observed yields 
with estimates for the unobserved Of and 1+ yields. 
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yields at the three highest pressures were normalized 
to the maximum observed transmission (about 3 X 
10"' torr) to compensate for the rapid falloff in 
transmission with increasing pressure, presumably 
caused primarily by charg;-changing collisions in the 
high-energy accelerator tube. 

Although insufficient gas could b introduced to 
achieve peak yields of l 2 C v and "O4*, xak yields of 
36 pnA of "C2* and 110 pnA of 'O'* at lower 
pressures were measured. These beams would be 
more rigid and, thus, easier to inject into the ORIC 

than the marginally rigid 3+ and 4+ beams. There­
fore, the salient results from our data are those 
shown below: 

Ion Injected 
current (poA) 

Total 
transmitted dui f t 

current (pnA) 
analyjBd 

<P*A) 

C 720 
1900 

103 
348 

2+ 
3+ 

36 
110 

These 20-MeV data indicate that, with a suitable flow 
of stripper gas, about one-third of the total trans­
mitted beam can be obtained in the desired charge 
state (2-i- for '"'C or 3+ for , 6 0 ) . 

What currents might be experted from the 25-MV 
accelerator? If the machine delivers 1000 pnA in the 
most probable charge state at 20 MV, our data 
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Fig. 1.23. Analyzed current in pnA v» pressure at the low-energy 
end of MP-7 for "O ions of charge 2, 3,4, 5, and 6. 
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suggest that it will deliver at least 300 pnA of i :C~* or 
' *0 } * . Of course, the MP inclined field tubes produce 
larger excursions from the optic axis for higher 
charge states. This effect may jias our yields in favor 
of low charge states. On die other hand, the 
equilibrium charge fraction is about two-thirds at 20 
MeV for the most probable charge; thus, our 
intensity estimate should be increased to about 500 
pnA. 

The present data indicate that quite adequate 
intensities of , : C : * and "03*beamsat V,=20MVan 
be obtained with a suitable flow of stripper gas. These 
beams are lower by one charge than those used in 
calculation of ORIC injection orbits, and the higher 
rigidity should considerably improve the chances for 
successful inicction of , : C and '*0 into the ORIC. 

1. UCC-ND Computet Sciences Division. 
2. Brookhaven Nalio- I Laboratory. Upton. N.Y. 
3. R. O. Saycrand E. . / Ricbaidson. Phys. Div. Amu. P,^g. 

Rep. Dec. 31. 197$. ORNL-5137. p. 113. 

SF« GAS TRANSFER STUDIES 

W. T. Milner 

We have carried out an extensive study of the 
transfer of the SF* insulating gas from the accelerator 
vessel (volume of 80,000 ft') to the "liquid" storage 
tanks (three unks of 20C0 ft' each) in order to predict 
the performance of the transfer system for any 
realistic set of operating parameters. This transfer is 
accomplished using two Cooper-fcnjax three-suge 
piston compressors. Figure 1.24 shows a simplified 
diagram of that part of the system with which ve are 
concerned (only one of the two compressors is 
shown). Compression is done in three stages, with 
SF 6 gas from the first and second compression stages 
(CLI and CL2) being passed through heat 
exchangers (HEX I and HEX2)prior to injection into 
subsequent stages. Gas from the third stage (CL3) is 
cooled and/or liquefied by an atter-cooler (HEX3) 
before bein^ transferred into the storage tanks. Heat 
is removed from each heat exchanger by a circulating 
bath of cooling water. 

The most important objectives oi this study were to 
determine what conditions can lead to liquid SFA 
being injected into a compressor cylinder (which is to 
be avoided) and to determine the SF« temperature, 
pressure, and liquid fraction at any point in the 
system at any time during the transfer. 

ATI* Ft 
f . n n 

Fig. 1.24. Simplified diagram of the system for transferrins U* 
SF« insotumf fas from the accelerator vessel to the storage tanks. 
Oi:ly one of two three-stage compressors is shown. 

"Realistic" thermodynamic quantities (enthalpy, 
entropy, specific heat, and density) . ~re used in all 
calculations. Stage compression ratios and SF» flow 
rates were calculated from "first principles. "The heat 
transfer in HEX I and HEX2 was calculated using 
standard engineering formulas, while the after-cooler 
(exchanger/ condenser) was treated numerically. 

Figure 1.25 displays the SF» temperature at four 
points in the system (at the discharge of HEXI , 
HEX2, and HEX3 and inside the storage unks) as a 
function of the percentage of total inventory of SF», 
which has been transferred to storage for a typical set 
of operating conditions. 

As a result of this study, we have recommended 
that the discharge cooling water from HEXI be used 
as the input for HEX2 (as shown in Fig. 1.24) in order 
to eliminate the possibility of interstage condensation 
of the SF» in cases where the cooling water tempera­
ture is between 45 and 60° F. In addition, we have 
determined that the performance of the system 
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should be adequate for cooling water temperatures 
less than or equal to 75° F with up to 40% degradation 
of all exchanger heat transfer coefficients. 

certain reactant gases, such as H 2, N ! t NHj, and O2, 
which were fed at a controlled rate outo the sample 
surfaces during the sputtering process. The choice of 
a particular reactant gas was made on the basis of the 
chemical reactivity of the sample with the particular 
gas. The source arrangement used during the study is 
illustrated in Fig. ! .26. 

The Group II elements, which do not form stable 
atomic negative ions, can be produced more effec­
tively by using NHj to form their hydrides, while 
most other dements are more effectively generated in 
molecular negative oxide form by using Oi as the 
reactant gas. The form of the molecular oxide from 
which most intense beams can be generated depends 
on the element and usually varies from the monoxiae 
to the trioxide, with uranium producing slightly more 
intense beams of U<V. Elements possessing high 
electron affinities (eg., Au, Br,C,CI, F, 1,0, P, Pt, S, 
Se, and Si) usually can be produced readily in ele­
mental atomic form. The period-5 elements of tin, 
antimony, and tellurium form more intense di- and 
triatomk, rather than monoatomic, negative beams. 
Cluster negative-ion formation is characteristic of 
many elements other than those listed above (e.g., As, 
C, Se); however, the atomic negative ion usually 
predominates. 

Typical examples of the negative-ion spectra from 
a Group II element such as calcium are shown in Fig. 
I.27. The spectra were obtained by feeding NH 3 and 

NEGATTVE-ION-SOURCE DEVELOPMENT 

G. D. Alton 

Negative-Ion Spectra and Yields from 
the ORNL Spatter Source 

The ORNL negative-sputter ion source, in con­
junction with the negative-ion-source test facility, ,J 

was used during 1976 to study systematically the 
negative-ion yields from most of the naturally occur­
ring elements, excluding, of course, radioactive 
elements and the noble gases. The study was initiated 
to determine the negative-ion-yield capabilities of the 
ORNL source and to establish preferred methods for 
generating ion beams of adequate intensity for 
tandem accelerator applications. Hopefully, the 
results of the study will serve as a valuable aid to 
tandem users in selecting the best method for pro­
ducing the negative ions of interest from sputter 
sources of this type." 

The yields and spectra were recorded from ele­
mental or compound materials with and without 

Fif.lJ6.I0a aad ciuactiM ofmtOftM. 
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(2) O) onto elemental calcium. 

Oi onto the surface of elemental calcium. Figure 1.28 
illustrates how a diatomic molecular compound 
material such as GaP may be used to generate nega­
tive ions from both constituents, neither of which 
could be used in elemental form as a sputtering 

Fig-IJS. NefMnc4oaipcctmobiMedwiaaariwiilKMtOi« 
GaP. 

sample. The figure shows the spectra obuined from 
GaP with and without the reactant gas Oj. 

Surface-Icnization Source for 
Production of UF§" 

Preliminary investigations were initiated in 1976, 
in collaboration with S. Datz and P. Dinner of the 
Chemistry Division, to study the production of L F,~ 
negative-ion beam by surface ionization, using the 
'.tegaiive-ion-source test facility.' The source ar­
rangement, which is extremely simple, is illustrated in 
F.g. 1.29. A sample of UF« is fed at a controlled rate 
onto a heated platinum ribbon maintained at about 
1000 to I500°C. The UF» is subsequently reevapo-
rated from the filament and efficiently surface-
ionized to form l?F«\ The ions formed are then ac­
celerated by the same ion extraction system used in 
the ORNL sputter source.1 Datz and Dinner, who 
made a fundamental study of this phenomenon, 
found the efficiency of the process to be sensitively 
dependent of the presence of carbon on the platinum 
surface. While only preliminary attempts have been 
made and problems still exist, the technique has 
yielded mass-analyzed beams of UF»" up to IS fiA. 
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Negative-Ion Source for Acceptance Testing 
of the 25-M V Accelerator 

The specifications for the 25-MV undem accelera­
tor require that the source used in the acceptance test­
ing of the accelerator be capable of producing a 
7.S-/1A negative-ion beam of mass greater than or 
equal to 195 within a transverse-phase space area 
(emittance)e = In-cm-milliradians-MeV1\4 Theonly 
source that can readily meet the intensity and emit­
tance requirements to date is one based in principle 
on the design by the University of Aarhus.' A 
modified source of this type has been designed at 

ORNL and wili undergo evaluation during 1977. The 
source is shown in Fig. 1.30. 

1. G. ' Alton el al., Phys. Drv. Amu. Prog. Rep. Dec. SI. 
1974. OR. 5025. p. 192. 

2. G. D. Alton. IEEE Trans. Sucl. Sci. NS-23. I I13 (1976). 
3. R Middletonand C. T. Adams. Yuri, butrum. Methods I It. 

329(1974). 
4. C. M. Jones el a!.. Technical Specification for a 25-MV 

Tandem Electrostatic Accelerator. ORNL TM-4942 (August 
1975). pp. 130 32. 

5. P. Tykesson. H. H. Anderson, and J. Heinemeicr. IEEE 
Trans. Sucl. Sci. NS-23, 1104 (1976). 

Hg.lJ0. MotfnidOltNLvmioaorawUaivcnityof A«nto Mptnv-ioa loans. 
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ORIC HEAVY-ION-SOURCE SUPPORT-GAS 
MIXING EXPERIMENTS 

E. D. Hudson M. L. Mallory' 

Experiments on mixing an easily ionized support 
gas with the primary ion-source gas have produced 
large beam enhancements for high-charge-state light 
ions (masse? less than or eoual to 20). 

In the ORIC. the beam increase has been a factor of 
S or greater, depending on ion species and charge 
state. Approximately 0.1 cc min of the easily ionized 
support gas (Ar, Kr, or Xe) is supplied to the ion 
source through a separate gas line, and the primary 
gas flow is reduced by about 30%. The proposed 
mechanism for increased intensity is as follows: The 
heavier support gas ionizes readily to a higher charge 
state, thus providing increased cathode heating. 
Increased heating permits a reduction n primary gas 
flow (lower pressure) and the subsequent beam 
increase. Effects in the source and near the cyclotron 
central region that are pressure dependent may then 
vary as different gases are used because less gas flow 
would be needed for the heavy-mass gases. 

Another ion-source characteristic that is known 
(but not understood) is that different cold cathode-
ion-source geometries require different amounts of 
gas flow for source operation. For example, the 
present ion source of the ORIC : requires about 3 to 4 
cc min gas flow for normal operation. wherea> the 
ion source of some other laboratories requires a flow 
of 0.S to I cc, min.' Central-region pressure effects 
and ion-source gas-usage effects would then be 
expected to be more readily detectable in the large 
gas-flow source of the ORIC. 

Support gas is now used routinely. Normally, the 
gases are fed to the ion source through separate gas 
lines and are mixed in the plasma chamber. Mixing 
the gases external to the ion source and feeding 
through one gas line have produced substantially the 
same results. Results from mixing of krypton with 
neon for an extracted beam of :oNe** at 163 MeV is 
shown in Fig. 1.31. As krypton gas was added to the 
ion source, the neon gas flow was decreased until the 
arc voltage started to rise. The neon beam intensity 
increased by approximately a factor of S for a 
krypton gas flow of 0.15 cc min. A further increase in 
krypton flow resulted in a decrease in the neon beam 
intensity. In Fig. 1.32, the cyclotron internal beam 
intensity of an , 4N 5* beam is plotted against the radius 
squared for xcr.on gas mixing. The internal beam 
attenuation slope for gas mixing and without gas 
mixing is the same and indicates that the internal 
pressure in the cyclotron is the same and does not 
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fig. 1.31. The *Ne*" extracted beam intensity *i the swpport-
fas flow (krypton). For each point, a small amount of k'/ptonwas 
supplied to the arc and then the primary gas (neon) was decreased 
until the arc voltage started to increase, an indication that the arc 
was about 10 drop out. A maximum beam enhancement occurred 
at 0.IS cc min of krypton. 

account for the increase in beam intensity that occurs 
with gas mixing. 

The intensity of the :oNe** beam with gas mixing 
and without gas mixing indicates that the charge dis­
tribution in the source plasma is shifting to the higher 
charge states. 

The effects of different support gases (Ar, Kr, and 
Xe) indicate that the maximum beam improvement 
obtained is about the same for the three gases; the q 
values of these gases are approximately equal.4 

Xenon and krypton gas-mixing experiments with an 
"Ar** beam have not shown an increase in intensity 
with gas mixing. 
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The data indicate that the large beam intensity for the 
oxygen is obtained from the beginning of the ion-
source lifetime. An important side effect is that the 
xenon gas mixing markedly improves the stability of 
the oxygen beam performance of the ion source. 
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' level in a few 

In Fig. 1.33, the extracted beam intensity of an 
"O** beam is recorded as a function of time with and 
without mixing. The increase in beam intensity at 40 
min was obtained by adjusting the xenon gas flow. 

— I. O* tesaporary lea#e at Midugxa State Vantnkj. East 

2. E.D. Had*oa.M. LMallory.aadR S Lord./£££7>a«. 
Sad Set NS-23. No. 2.I065-6S (1976). 

3. M. L Malory and D. H. CraadaU. IEEE Trma. NmcL Set 
NS-23. No. 2.10W-72 (1976). 

4. J. R. J. teascR, IEEE Tnm. NucL Sei. NS-19. No. 2.4B 
(I972)L 

ORIC MAGNETIC FIELD MEASUREMENTS1 

R. M. Beckers2 

J. A. Biggerstaff 
B. J. Casstevens3 

H. L. Dickerson 
K. M. Fischer3 

H. D. Hackler 
C. L. Haley 
D. L. Haynes} 

D. C. Hensley 
E. D. Hudson 

J. D. 

F. Irwin 
N.Lane 
R. S. Lord 
C. A. Ludemann 
L. B. Maddox3 

M. B. Marshall 
J. W. McConnell4 

G. S. McNcilly' 
S. W. Mosko 
G. A. Palme. 

Rylander2 

In preparation for beam injection from the 
undent, the magnetic field of the ORIC was 
remapped during the shutdown for installation of the 
new dee. Remapping was required because we now 
routinely operate at main coil currents up to 30% 
higher than the highest one for which previous 
measurements were available and because we needed 
data on the fringe field through which the injected 
beam passes. The latest measurements were much 
more extensive than the original ones. The effect of 
the main coils was measured at 28 levels (vs 10 in the 
original measurements); the effects of the 10 trim 
coils, 9 harmonic coils, 3 valley coils, and the fringe 
field were measured at IS of these 28 levels. In all, 
about 5 million data points were measured in ten 
weeks (vs 260,000 originally). 

Such an extensive program was possible only 
because uf significant advances in instrumentation 
technology. Field measurements were made using 39 
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search flip coils mounted at 1-in. increments on a 
common shaft. The output of each coil was fed to a 
separate electronic integrator, and the integrator 
outputs were scanned by a relay matrix and digitized 
by a 16-bit ADC with l-G resolution. The dau were 
fed directly to one of the SEL 840A computers, which 
also exercised process control over the acquisition 
system and the probe positioner. The probe posi­
tioner was a 180-tooth, 80-in. precision gear used in 
the previous measurements that had been modified to 
receive the 39 flip coils (Fig. 1.34). A complete map of 
7059 points required less than 1 hr. Use of the 
computer provided a large amount of flexibility in the 
process. The coils were used in a combination 
search/ flip mode, with flipping sometimes occurring 
only at every fourth azimuth. Time delays for eddy-

current decay and vibrational settling could be 
readily changed i.~i die program, and additional 
information such as flipping time, integrator drift, 
and magnet coil currents could be monitored. A 
scries of data analysis programs was employed to 
check the dau for inconsistencies shortly after the 
dau were recorded. Error-checking programs identi­
fied out-of-tolerance dau points, and display pro­
gram* gave radial and azimuthal plots of the basic 
dau and of differences between runs with a coil on 
and then off. Fourier analysis displays of the 
harmonic control of the dau were also available. By 
use of this "insttnt analysis" system, we were able to 
keep a close check on the accuracy of the dau. 
quickly identify equipment failure, and repeat any 
runs that looked suspicious. Reproducibility of the 

FHOTO«W7-7« 

Fig. 1.34. T}*t^.pmiM^tmfaib*ptitoumm<btamMpo*kH**m<mMbifc*{iiamMd 
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data is illustrated in Figs. 1.35 and 1.36, which are 
plots of point-by-point differences between two runs 
having identical settings but made on different 
days. 

I. S. W Mosko et al.. 'Magnetic Field Measuring System for 
Remapping the ORIC Magnetic Field.' IEEE Tnru. Sucl, Sri. 
NS-24, No. 3(1977) 

2. ICC-NDEagnoenagOnisMW. 
3. LCXTADCoop^ Sciences Division. 
4. Xcatroa Physics Drntioa. 

ORIC RF SYSTEM DEVELOPMENT* 

S. W. Mosko J. D. Rybndcr 
G. K. Srhulze' 

A new dee was designed, fabricated, and installed 
in conjunction with H HIR F-.xiated modifications to 
the ORIC. This new dee features an open periphery 
for transmission of injected ion beams from the 
HHIRF tandem acceScrator to the ORIC. The2.5-cm 
beam aperture of the new dee is smaller than that of 
the original dee (4.8 cm) but still adequate for good 
beam transmission. The dec-to-ground clearance was 
decreased from 3.8 cm to 2.5 cm for increased capaci-
tivc loading, which extends to lower the end of the rf 
tuning range to about 7.0 MHz. These dimensional 
changes permitted a considerable increase in struc-
tura1 bracing in the dec walls for improved dimen­
sional stability and some geometric improvement in 
the dee edges which raise the rf-voltagc breakdown 
threshold from about 44 kV to 66 kV. 

A broadband solid-state rf power amplifier was 
added to the main power amplifierdrivercircuit.The 
new driver unit eliminates the former 4CX50000A 
driver and several other tuned amplifier stages. The 
power-Amplifier plate circuit and the main rf resona­
tor are the only tuned circuits remaining in the rf 
system. A new rf voltage regulator was designed and 
built as a companion to the new driver. 

The rf transient detection and ievei limiter system 
was rebuilt to include monitoring of vital parameters 
on the broadband driver and to replace existing 
circuitry with improved designs. The new system uses 
interchangeable level sensor modules that can be 
individually removed for servicing without inter­
rupting cyclotron operation. The transient detectors 
and limiter system have TTL compatible output 
circuitry, which will permit a future tie-in to the 
ORIC control computer. 

1. S. W. Mosko et al.. -ORIC Rf S; .:.-m Preparation for 
HHIRF." IEEF. Trans. Sucl. Sri. NS-24. No. 3 (1977). 

2. UCC-ND Engineering Division. 
3. Instrumentation and Controls Division. 
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ORIC OPERATIONS 
S. W. Mosko 
R. S. LonJ 
C. A. Ludemann 
M. B. Marshal! 
N. R. Johnson 
C. L. Viar 
H. L. Dkkerson 

H. D. Hacfcler 
G. A. Palmer 
N.Lane 
A. D. Higgins1 

E. W. Sparks 
W. F. Ohncsorge2 

C. L. Hakv 

The ORIC operated on a 15-shifi-per-week sched­
ule ttirouglttut 1976. A shutdown period of approx­
imately six n?oailB duration began on January 3. 
1977. to permit major equipment modification and 
magnetic field measurements in preparation for ion 
beam injection from the H HIRF electrostatic tandem 
accelerator. 

Experiments using accelerated ions heavier than 
helium accounted for 879 of total machine-operable 
time. The most used beams of 25 to 172 MeV carbon. 
90 to 180 MeV nitrogen. 43 to 170 MeV oxygen, and 
70 to 213 MeV neon accounted for 789 of total 
machine-operable time. 

Table 1.2 is a summary of research bombardments 
conducted during 1976: Table 1.3 shows a summary 
of beam time according to the panicle used: and 
Table 1.4 is a time analysts of machine operation 
during the same period. 

A new broadband solid-statcdriveramplifierarray 
was installed in the rf system. A multitude of tuned 
components in the format driveramplifierstages was 
eliminated. The pbtf circuit of thr main power 
amplifier and the dee resonator are the only tuned 
components remaining in the rf system. A new rf dee 
voltage regulator loop, which incorporates the new 
driver amplifier, was installed. New fault detection 
circuitry that fcaturo computer-compatible logic-
level outputs for a future tie-in with the OR IC control 
computer was also included. These modifications 
have greatly simplified the rf system and imp oved 
the overall reliability of the ORIC. 

The ion source of the ORIC benefited from recent 
developmental work with xenon arc support gas. A 
small amount of xenon added to the source gas for 
ions below mass 20 results in improved arc stability. 

Table 1.2. •tsaftbeOIUCal974 

Research activity Inrnqpton 
Cyclotron 

tine 
(8-hr duffs) 

UNISOir* 
Heavy-ion fasioa. Anon, and 'rsnsfcrs 

Mstcrab icstjnh 

Accelerator development and 

Doppkr-shift lifetime measurement! 

Coulomb-nuclear interference 

Isotope production 

Excitation of pant resonances 

Atomic physics 

Spejewski. Mkfcodaj. Carter, et al. 

Ptasil. Ferguson, rVasontoa. Hams. 
Obcasham, Snefl. Beans. Siva, Webb. 
Caretto.* Kaplan* 

Horafc. Sattmarsh. WoTen. Bloom. 
Washburn. UOmaier. Jenkins. Noggle. 
ReaVy. Auble, Ludemann. Roberto. 
Kalbunde. Colt man. Waaams. Jung.' 
Duncan' 

Ludemann. MaBory. Hudson, Lord. 
Martin, Hale 

Johnson. Bidder. Yates.' Shnms/ Riedi 
Pbpkk/ Daly/ t U p p i / Sana 

HOts * Gross. Riedsflfer* BfeeJiam * 
Halbert. Henriey. Scott.' Martin* 
Baker/ Gmdry." Johnson. Kahler." 
Vrba* 

Mackey, CM linger. Radedge. Gross. 
Ludenunr, Johnson 

Bertrand. iCocher. Gros>. Goodman, Auble 

Sewn, Mow»it.d P e s ' Griffin, 
Haselton.'' Pe'er»on.d Lauberl.* 
D a t z . T W 

iST' 

64 

66 

iO 

52 

18 

23 

22 

4 

5 
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TaMtl-3. t f o n c i M i f v i i r f imti 1.4. TMK QTOMC far 1976 

(MeV) 
Teal boars 

!M 
IM 
754.4 
3U.2 

TaMLtarr - iM 

114-0 
tt.0 
12.0 

2957.6 

'lit 

Toa*. •*!-*•> 

Tan*. 

45 
40-22 

70 
95-35 

444.0 

3401.4 

416.0 

3.2 
3.2 

22.2 
17.1 
14.3 
24J0 

2 * 
0.3 

"•79 

OJ 
4.0 
10 
74 

100.0 

193-130 94.0 23 J 
200-100 IS*.* 37.6 
1(5-131 44.0 15.4 
171-132 24.0 54 

47 24.0 5.0 
200 14.0 3.0 
90 S.0 1.9 

3M.0 93.3 

43-42 20.0 4 t 
40 10 1.9 

2S.0 4.7 

100.0 

reduced gas flow, and improved vacuum. Sources 
with xenon support gas can operate with maximum 
ion output over most of their lifetime, rather than 
requiring several hours of conditioning prior to a 
short period of good performance. 

1. Plane and Equipment Division. 
2. Instrumentation and Controls Division. 
3. Health Physics Division. 

Hows 

Totzl scheduled down tine 

Total time avabble 

J539 42.3 
195 3.2 
73 1.2 

555 9.3 
439 T.3 

3M0 63.3 

361 6.0 
41 0-7 

161 2.7 
96 1.6 
SO 1.2 

251 4.2 
43 0.7 

1 0 

1034 17.1 

621 10.4 
555 9.2 

1176 19.6 

6010 100 

TANDEM VAN DE GRAAFF 
OPERATIONS 

G. D. Alton J. L. C. Ford. Jr. 
R. P. Cumby' J. W. Johnson 
F. A. DiCarlo E. G. Richardson 

N. F. Ziegler 

The EN tandem operated very reliably during the 
year, in fact, no tank entry was made during the first 
nine months. In August a new charging belt was 
installed replacing a belt that had operated for almost 
9000 hr. During the belt installation period, the accel­
erator was thoroughly cleaned and inspected, and 
damaged components were replaced. In November 
the tank was entered twice. One entry was neces­
sitated by a loose screw in the bottom of the tank and 
:hi second by a broken belt guide and spring. 

A spark, or transient, recording system has been 
developed on the EN undem for possible use on the 
25-MV machine. High-speed information is obtained 
from a capacitive pickup mounted opposite the 
terminal in the tank wall. Transient signals from the 
device trigger a storage oscilloscope and camera. 
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providing photographs of terminal voltage during a 
spark. A spark also triggers the data logger, produc­
ing a printout at 0.1-sec intervals of operating 
parameters just preceding and following the spark. 

Other minor additions and modifications to the 
EN system include a light kink from terminal to 
ground, a data link from the experimenters' data 
acquisition computer to the operating data logger, J 
CAM AC crate for the data logger, and new gaskets 
for reduction of gas leakage. 

The research activities on the EN tandem for 1976 
are listed in 1 able 1.5. together with the principal ions 
accelerated an. approximate beam-time utilization 
for each activity. Typically, for the last several years, 
the research time was about equally- divided between 
nuclear physics research and atomic or solid-state 
research. The experimental programs are almost 
entirely devotee to heavy-ion research. 

I. Instrumentation and Controls D i \ » » n . 

5.5-MV VAN DE GRAAFF OPERATIONS 
F. K. McGowan N. H. Packan' 
G. F. Wells R. A. Buhl' 
M. B. Lewis' Martha liiinan' 

R. P. Cumby" 

The 5.5-MV Van de Graaff continues to be used 
routinely for heavy-ion-induced radiation damage 
studies by the Radiation Effects Group of the Metals 
and Ceramics Division. The 4-MeV "Ni ion beam 
was used to irradiate 108 specimens requiring 352 r*r 
of ion beam on target. The heavy-ion-induced radia­
tion damage ranged from .ess than about one dis­
placement per atom (dpa) to 600 dpa per specimen. 

The average irradiation per specimen corresponded 
to a dose of 120 dpa. which was produced at a rate of 
35 to 50 dpa hr (70 dpa is equivalent to a fluence 
about 10'' neutrons cm). 

The model 910 Danfysik ion source was refur­
bished 23 times. For an initial charge of 200 mg of 
" \ i in the ion source, the average useful lifetime is 
about 75 hr. when operating with a normal beam oi 
1.5 pjiA on target. A summary of the use of the ''Ni 
ion beam is given in Table 1.6. 

A number oi'modifications to the facility have been 
completed during this reporting period: 

1. Upgrading the E X H crossed-field analyzer at the 
terminal by tilting the magnetic pole pieces to 
correct the astigmatism. 

2. Replacement of most of the heavy-ion beam line 
with electropolisned stainless steel tubing and 
ultrahigh-vacuum joints. 

3. Implementation of a multistation radiation 
damage chamber and a profiiometer chamber. 

4. Installation of cryogenic pumps on the heavy-ion 
beam 7ine and damage chamber. 

5. Implementation of simultaneous helium-ion 
injection through a 400-kV Van de Graaff. 

The new radiation damage chamber contains six 
stations for mounting specimens. At each station, an 
array of nine disk specimens may be loaded. This 
makes possible at least six irradiations before break­
ing vacuum to unload and reload specimens. The 
profilometcr chamber, which is adjacent and up­
stream to the damage chamber, contains a Physicon 
model MS-10 beam scanner, beam-defining aper­
tures for the heavy-ion and the helium-ion be*ms. a 

Table 14. UK of the J , Ni ion beam 

Activity Total hours Percent 

Irradiation of 108 specimen* (11,000 dpa) 352 27 

Loading and removing specimens from damage chamber 
(3.5 hr/sampk) 

378 28 

Start-up time after refurbishing the ion source 
(12 hr) 

276 21 

Calibration of beam profile monitor and 
microaperture scans 

216 16 

Preparation of beam for an irradiation 108 8 

Toll) 1330 100 
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mask and microaperture itrip dii/e, and viewing 
ports for an infrared pyrometer. The mask drive 
permits the experimentalist to cover part of the 3 X 3 
specimen array during an irradiation. The micro-
aperture strip scans the beam cross section at the 
targrt site for uniformity. This system is coupled to a 
Faraday cup, a current digitizer, and a s'.ynal-
avcrager analyzer operating in the multichannel 
scaling mode. With the new damage-chamber system, 
the fraction of the beam intercepted by the vanes of 
the b*am profilometer may be calibrated prior to and 
checked immediately after an irradiation. The value 
of the total ion-flux incident on the target specimen is 
believed known to within z 10%. 

He* Ion Injector 

The He* ion injector is now operative and capable 
of implanting helium in targets concurrently with the 
5"Ni:* ion beam. The He beam is injected at a 15° 
angle with respect to the Ni:* beam. The He* energy is 
varied continuously at a rate of 60 sec/ cycle from 200 
to 400 keV. Beam intensities from 0.1 to 100 nA arc 
available, with uniformity of beam intensity main­
tained within ±10% over the entire energy range and 
±3% over 80% of the energy range. 

The system is driven by a master ramp generator 
producing a triangular signal at the rate of 60 
sec/ cycle. Its primary fu.iction is to vary the analyz­
ing magnn power supply. Unbalanced signals from 
the analyzed beam slits drive the accelerator corona 
control tube to vary terminal loading, thereby in­
creasing or decreasing the accelerator terminal 
voltage. Because this method of energy variation 
drives the corona amplifier to its limits to achieve the 
desired 200-400-kV range, a small signal from the 
ramp generator is used to vary the belt charge power 
supply synchronously with the corona signal. This 
allows the cormia amplifier to operate comfortably 
over about one-half its range. 

Two focusing devices a re utilized to maintain beam 
intensity uniformity. An electrostatic lens in the 
accelerator terminal provides primary focusing of the 
beam prior to acceleration. A magnetic quadrupole 
singlet lens in the beam line after mass analysis 
determines ultimate beam intensity and uniformity 
on target. The terminal lens is operated by a 
servomotor-driven control rod. This servomotor 
receives it;; signal from a beam-shape sensing device 
located at the analyzing magnet entrance, and this 
control accounts for the major deviations from uni­
formity in beam intensity due to i's slow response at 
the maximum and minimum energy points. A faster-

responding control for the terminal lens will be 
required for faster cycle times. 

The quadrupole lens power supply is driven from 
the master ramp generator and may be adjusted to 
give constant target current at a variety of intensity 
levels. At present, intensity levels from I to SO nA 
may be obtained at an ion-source current of 20 pA by 
adjusting the focusing controls. Higher or lower 
intensities require different ion-source production. A 
total range from 0.1 to 100 nA on target is 
available. 

1. Metals and Ceramics Division. 
2. Instrumentation and Controls Division. 

OAK RIDGE ELECTRON 
LINEAR ACCELERATOR 
J. A. Harvey' T. A. Lewis: 

H. A. Tocld* J. G. Craven' 

Operation 

During this report period, the Oak Ridge Electron 
Linear Accelerator (ORELA) was operated on the 
average of 400 hr month. Because of a limitation of 
fundi, the level of opera ion was maintained at 29 
shifts per two-week period, except for two two-week 
shutdowns. Because the neutron experiments are 
operated on many flight paths simultaneously (up to 
II), the actual num'xr of experimenter hours per 
month averaged 200i), five times the actual number of 
electron beam hours. Table 1.7 shows the distribution 
of accelerator operating conditions. The wide-pulse 
operation is appropriate for neutron measurements 
below about 10 k'V, but narrow pulses are needed for 
high-resolution measurements at higher energies. 
The low-repetition-rate operation is needed for 
measurements down to thermal neutron energies. 

One klystron developed a vacuum leak during the 
period, but the leak was small enough that a tem­
porary repair was made with vac-seal around the 
Vaclon pump ceramic. This klystron was operated 
for an additional 2800 hr after repair of the leak. 
Klystron lifetimes have r/eraged about 15,000 hr. 

The electron-gun fabrication facility was trans­
ferred from the Y-12 site to ORELA. From the very 
beginning, we have had trouble with leakage develop­
ing at a rotating flange where the slow valve attaches 
to the gun. This flange has been changed so that it is 
now a fixed flange, and we anticipate that this will 
decrease *'ie occurrence of leaks in »wat area. There 
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Table 1.7. Distribution of accelerator operating conditions 

Repetition Pulse width (mec) 
rate(pps) 3 _ 6 , 0 _ 2 0 3 o _ 4 5 

25 1.5 kW - 4% 4 
200-350 : 0 k W - l M 12 
600 33 k% - 4% 4 
800-1000 10kW-36% 25 kW - 9% 55 kW - 36% 80 
Total, % 36 8 56 100 

are now three spare guns that have been rebuilt since 
the facility was moved to ORELA. Procedures for 
gun fabrication and cathode preparation are still 
being improved. 

A report4 has been prepared that summarizes most 
of the recent information concerning the perform­
ance of ORELA that would be of interest to experi­
menters. Included are characteristics of the beam (in 
terms of both time and intensity) and descriptions of 
systems routinely used to monitor these beam 
characteristics. 

Improvements 

The major goal of the linac improvement programs 
is to increase the accelerator output in short pulses(3 
to 5 nsec). Results from calculations and hardware 
tests have been encouraging and support the value of 
the original plans, which included a buncher system 
using klystron bunching, an improved electron gun. 
and modified focusing along the early part of the 
electron path. 

The tests of critical-hardware items being con­
ducted by D. W. Bible: and T. A. Lewis-' and the 
three-dimensional calculations being conducted by 
R. C. Alsmiller/ F. S. Alsmiller,' and J. Barrish" 
have led to a final design of nine buncher gaps. There 
is also a rolenoidal magnetic confinement field start­
ing at I kG and increasing to 3 kG for the part of the 
beam path just before injection into the linac. 

Data Processing and Analysis 

A data-file operating program has been written for 
the PDP-10 to enable the user to operate on his data 

sets through mathematical equations that arc input at 
run time. The program can do what most of the short 
programs have done, thus reducing the amount of 
information the user must know to operate on his 
data sets. Operations such as listing, plotting, 
displaying, and dumping can be accomplished with a 
single equation. Plotting can be as automatic, simple, 
or complicated as the user desires. The program also 
allows the user to operate on his data sets through 
short FORTRAN programs that are input at run 
time. All input and output is handled by the program. 
The user treats his data file as data arrays, specifying 
where to start in the array by giving element number, 
element time, or clement energy. Documentation is 
being edited for distribution. 

As part of the ORNL PDP-10 computer upgrade, 
the existing PDP-10 has been moved to ORELA. 1 he 
ORELA PDP-10 consists of a CPU. 2 disk con­
trollers. 10 disk drives. 16 terminal slots, and a PDP-
15 communications computer. The PDP-10 is used to 
process and analyze data at ORELA through inter­
active display programs. The dedicated PDP-10 will 
result in the user having better response to his 
interactive programs. 

1. Codirecior of ORELA (with R. W. Peelle. Neutron Physic* 
Division). 

2. InMrumenuiion a.id Control* Division. 
3. L'CC-ND Computer Science* Division. 
4. T. A. l.cn.OREl.A Performance. ORXl. TM-5112 (April 

1976). 
5. Neutron Phy*ics Division. 
6. L'CC-ND Computer Sciences Division. 



2. Nuclear Physics Research 

INTRODUCTION 

This chapter describes experimental nuclear physics research in separate reports 
organized into four sections according to the nature of the bombarding projectile: (1) 
heavy ions (A > 4), (2) light ions (n, p, d, 'He, alpha), (3) neutrons, and (4) pions. 

The most intense concentration is in basic research on reactions induced by heavy 
ions. These experiments are done mainly with the Oak Ridge Isochronous Cyclotron 
fORIQ and the EN tandem accelerator. Over 85% of ORIC time during 1976 was 
devoted to heavy-ion beams. 

The Oak Ridge Electron Linear Accelerator (ORELA't continues to excel as a 
facility for accurate high-resolution neutron cros«-section measurements. The nuclide 
m P b was studied in detail by all possible neutron techniques. A striking example of?, 
"doorway" state was discovered. 

Members of other divisions of the Laboratory are involved in some of the research 
programs reported here. Some work not reported here is carried out by other divisions 
(principally the Chemistry Division) on accelerator facilities operated by the Physics 
Division. Scientists from at least 23 institutions outside ORNL also participate in 
research with Physics Division accelerators. The University Isotope Separator at Oak 
Ridge (UNISOR) on-line isotope separator project serves as the focus of the largest 
collaborative effort of this type. 

'Applied research is carried out on ORIC in collaboration with other ORNL 
divisions and outside users. Brief reports are given in the section of this chapter on 
light-ion reactions. 

During one-third of the period covered by this report, ORIC was dismantled for 
measurements and modifications required for its role as energy booster in the new 
Holifield Heavy-Ion Research Facility (HHIRF). The heavy-ion time-of-fiight facility 
is nearing completion and is expected to be used for experiments during the summer of 
1977. 

HEAVY-ION NUCLEAR RESEARCH 

Nuclear reactions induced by heavy ions fall into 
three broad categories: peripheral collisions, strongly 
damped collisions, and fusion reactions. These may 
also be thought of as successive stages in the time 
development of a single reaction, because complete 
fusion must be preceded by some peripheral 
processes and then by strong damping. The research 
'program outlined in the reports below provides new 
information on all three aspecu of heavy-ion 
reactions. Their interconnection is clearly shown in 

some of the reports where the same apparatus 
provides information on elastic scattering, deep 
inelastic reactions, and fusion. 

A brief survey of selected results follows. One of 
the inelastic-scattering measurements is expected to 
resolve the existing conflict in the value of the "Ne 
deformation parameters as obtained from Coulomb 
excitation and light-particle scattering studies. The 
previously observed discrepancy between distorted-
wave Born approximation (DWBA) theory and 
experiment for single-proton transfer from | : C to 
^ P b has also been shown to exis with "C on ™Pb. 

32 
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In an experiment designed to define shielding needs 
for heavy-ion accelerators, the spectrum of charged 
particles from iron bombarded by 16 MeV nucleon 

2 C ions was measured. As predicted by a theoretical 
calculation, protons of very high energy (up to 70 
MeV) were observed at forward angles. 

In the measurements of gamma-ray multiplicity 
with rare earth targets, clear evidence for pre-
equilibrium decay was found, and the transition i root 
statistical to nonst&tistical behavior »"as 
demonstrated. The multiplicity apparatus was 
combined with a heavy-ion detector to provide a 
more complete picture of the energy and angular 
momentum transfer in deep inelastic collisions. 
These results indicate that for the low-Z products 
from *Ne + H C u at 165 MeV, the angular 
momentum transfer s less than that expected for 
complete sticking but is greater than that caused if the 
nuclei merely roll on each other. 

The fusion cross section for , 4 N + l 2 C was found to 
decrease at 248 MeV, which is contrary to its 
increasing trend at energies up to 178 MeV. This 
appears to be the result of having reached the liquid-
drop limit for the *A1 compound nucleus. T h e : Al 
compound nucleus at about 30 Me V has been studied 
exhaustively, and the average coherence width of the 
overlapping states has been determined. On the other 
hand, nonstatistical structures in the excitation 
functions, which may be due to nonoverhpping high-
spin levels, have been discovered. Studies of 
compound nuclei formed with *° Ar and "'"Kx beams 
on a number of different targets were carried out at 
the Super-Heavy-Ion Linear Accelerator (Super-
HILAQ. 

A great deal of spectroscopic information was 
obtained in a variety of other experiments. Data from 
in-beam gamma-ray measurements were used to 
deduce lifetimes in , , 2 Pt, "*Pt, and "°Nd. Other in-
beam experiments elucidated the structure of the 
band-crossing region of I M Er responsible for its 
backbending and provided data on , , 5 Au and odd-A 
thallium isotopes. Much new data for nuclei with A -
64 to 74 have been ob ,? ; ,"» 

Studies of radioactive decay, principally of short­
lived activities separated by UNISOR, provided a 
wealth of information on nuclei between A-192 and 
201. Particularly notable was the three-pronged 
attack on the A = 184 mass chain involving studies of 
alpha, beta, and gamma rays. Other decay studies 
provided data on " 4Sn and '«•'«•'»'Ho. 

Reports on developments in instrumentation 
useful for spectroscopic studiesare given at the end of 
this section. 

ELASTIC SCATTERING OF "C BY 
"Si AT 131 MeV 

J. G. Cramer1 

D. A. Goldberg2 

M 

R. M. DeVries' 
R. G. Stokstad 

L. Halbert 
An extensive survey of elastic scattering of heavy 

ions, particularly '*0. by "Si has been made in 
various laboratories.4 including a measurement at 
ORIC.5 This work was extended by measuring the 
elastic scattering of the 131.5-MeV i : C beam from 
ORIC by an "Si target. The detection method 
employed in ref. 5 was used (multiple-slit collimator 
with a position-sensitive silicon detector). 

The results are shown by dots in Fig 2.1. It b 

Fig. 2.1. Elastic-scmciing crow —cooa relative to the Rudatr-
ford c m s section for 131.5-McV "C on "Si. The dots are the 
experimental points. The full curve is an ODtial-modrl calculation 
based on the £18 Woods-Saxon potential of ref. 4; the parameters 
are Vn-- I0.r„= IJ2.a-0.633. tP.=*22.7.f'« 1.20. «"=0.599. The 
dashed Citrve is a calculation using a folding-model real potential 
derived from Hi Y of ref. 5. with normalization S » 0.79; the 
imaginary well i< of Woods-Saxon shape with WB » 62.0. i' » 0.9. 
*'= 1.030. 

http://IJ2.a-0.633
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notable that the measurementsextend over nearly six 
decades in al am- The curves are preliminary fits wnh 
two optical-model potentials. The solid curve is 
derived from the energy-independent six-parameter 
Woods-Saxon potential £18 of ref. 4, while the 
dashed curve is a modifkatioa of the folded potential 
MtiYS With further adjustments, good fits to the 
data wiD be obtained with both of these potentials. 

1. Uamnity of Washington. Sank. 
2. Uaavemy of Maiyhwd. COBBBE Paifc. 
3. UanctMy of Rochester. Rochester. NY. 
4. J. G. Crasser et »L. Mrs. Kev. C 14. 215S (1976). 
5. G. R. SMckbr ct al.. to be pabfefced in Surlrur Haan. 

INELASTIC SCATTERING 

The use of heavy-ion probes to explore nuclear 
shapes has four distinct advantages over or ven-
tional light-ion inelastic scattering: 
1. The small de Brogue wavelengths of heavy-ion 

projectiles yield a greater sensitivity to the nuclear 
shape. 

2. Inehstically scattered heavy ions probe only the 
surface region, while light-ion scattering nur7 

include effects of the interior. 
3. The large amount of angular momenta brought 

into the nuclear system by the heavy-ion projectile 
gives a greater emphasis to the higher-order 
moments of the natter distribution. 

4. Coulomb and nuclear reorientation effects 
associated with the static quadrupole moments of 
excited nuclear states are enhanced. 

In a comprehensive study of , 2 C scattering on a series. 
of neodymium targets, HiUis et a l . u demonstrated 
that heavy-ion inelastic scattering, when analyzed in 
a coupkd-channeh formalism, can be used to 
consistently and reliably extract nuclear structure 
information for targets ranging in shape from nearly 
spherical to extremely deformed. Efforts have been 
made during the past year to exploit these techniques 
for studying the shapes of transitional nuclei and 
extending such reaction studies to cases where 
projectile excitation is a dominant component in the 
excitation of the system. 

I. D. L. HUB* ct al., tky%. Rev. Lett. 36. 304 (1976). 
1 D . L HiDn ct al.. toys. Dtv. Amu. hog. Rep. Dtc.JI, 1973. 

ORNL-5137, p. 46. 

Inelastic Scattering of 
7S-McV "C from ""Pi 

F. T. Baker' J. L. C. Ford, Jr. 
A. Scott1 E. E. Cross 
T. P Cleary D. C. Hensky 

The recent results of HiDis et a l 2 have clearly 
shown the importance of reorientation effects m the 
inelastic scattering of heavy ions. Before heavy-ion 
inelastic scattering can be used confidently to actually 
measure quadrupoie momects, one must be certain 
that the reaction mechanisms assumed in the 
coupled-channels (CC) calculations will yield results 
consistent with previous!* measured quadrupole 
moments for a variety of nuclei. An obvious choice to 
test the CC theory is an oblate nucleus whose 2* 
quadrupolc moment (Q) differs in sign from those of 
the neodymhun isotopes studied by Hillis et al.2 We 
have chosen I M Pt for such a test. Not only has Qj 
been accurately measured using Coulomb ex-
dtatk>n,M but **Pt has been studied using inelastic 
alpha-particle scattering** where standard CC 
calculations can be performec confidently. 

Although the analysis of the data is not yet 
complete, the findings to date are: (I) The data for the 
first T state are better fitted by CC calculations, 
assuming an oblate intrinsic shape rather than a 
prolate intrinsic shape. (2) Values of fL extracted 
from our data for the 4* state are in good agreement 
with the alpha-scattering results.* There is substantial 
sensitivity to the sign of fi*. (3) The sign of the 
interference tern P4 - MnMuMn'Mm » unam­
biguously determined to be positive, as was found in 
the alpha-scattering experiments.5'* Therefore it 
appears that the results of this experiment will lend 
credence to our methods of analysis of heavy-ion 
inelastic scattering 

1. Unrversrty of Georgia. Athens. 
2. D L. Hillit et al., Rhys. Rev. Lett. 36, 304 (1976). 
3. J. E. Gknn and J. X. Saktdm. Rhys. Rev. Lett. 20, 1298 

(I96S). 
4. J. Sprinkle et al.. Bull. Am. fhys. Soc. 22, 545 (1*77). 
5. F. T. Baker et al.. Rhys. Rev. Un. 37, 193 (197M. 
6. F. T. Baker et al.. Nuel. Rhys. A266,377 (I97r;. 



" ^ • " • P b E b a t i e i 
at 131 MeV 

E. E. Gross J. L. C. Ford. Jr. 
T. P. Cleary D. C. Hensley 

K S. Toth 

Because the ^ ' e deformation parameters derived 
from light-ion'"5 and Coulomb excitation4 ex­
periments are in disagreement, measurements were 
made of inelastic scattering of *Ne on M P b at 131 
MeV to study the shape of *Ne. Angular dis­
tributions for elastic and inelastic scattering to the 
"Ne 2" state at 1.63 MeV. the '"Pb 3 at 2.62 MeV. 
and a broad group of levels corresponding to 
excitation of the *Ne 4* (4.25 MeV), "*Pb 2* (4.09 
MeV). and " P b 4' (4.32 MeV) states was measured 
by means of a large solid-angle spectrograph.5 More 
detailed angular distributions for the elastic and *Ne 
2* transitions were obtained by means of a position-

Fia.2,2. lUtwofduKKUtcri^toftatlmfofrimttcraffor 
1J0.9-MeV "Ne maim on w F b . The dotted curve is an optical-
model calculation with the parameters of Table 2.1. The dot-dash 
curve is a 0*-2' CC calculation employ*!! , n e toutx>m\ model. 
The solid curve is a similar calculation including the 4* state with 
the parameter! shown and the potential of Table 2.1. 

"i* 2* ta me/ 

cco*2*af •o.ss.Of • s<W 
CC 0*2*4»aj - 0.4T. /i - 0.15. 
«I-««O«OT 

10' 
20 30 40 SO CO 70 GO 90 

Rg.2_J. DifleteaxaU e n m stctkw ten excitiac dK "Ne 1 * state 
(1.63 MeV). The cures are CC calculations corresponding to the 
ground-Mate calculation* shown in Fig. 2 2 

sensitive solid-state detector, which was adjusted to 
simultaneously provide data in 1° steps at IS angles.* 

The results fmm these two measurements for the 
elastic and 1.63-MeV transitions are shown in Figs. 
2.2 and 2.3. The strong coupling of the elastic and 
*Ne 2* reaction channels, signified by the dramatic 
falloff of the elastic data from Rutherford scattering 
beyond 20°, cannot be simulated by any reasonable 
parameter variation of the traditional optical-model 
potential. However, CC calculations7 employing the 
rotational model and including the coupling to the 
"Nc 2* state are found to provide a much better 
description of the data. Of particular significance is 
the surprising sensitivity of the elastic calculations to 
the inclusion of the "Ne 4* channel. The effects of 
coupling to the 4* are even more pronounced in the 
angular distribution for the 2* transition (Fig. 2.3). 
Indeed, the region of the distribution associated with 
the grazing collision, approximately 65°, seems to be 
extremely crucial in determining the value of ft*. 
While the small-angle region (30° <0<5O°)of the 2* 
calculation depends predominantly on the value of 
fii, the large-angle region (70° < $ < 80°) depends 
most sensitively on the value of Qi. This partial 
separation of the different aspects of the excitation 
process allows fur the possibiluy that a final fit to 
these data will result ui a unique set of parameters. 
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Prctimaiiry attempts to achieve a saauItaDeoiisfh to 
the data for the elastic scattering, for inelastic 
scattering to J*Ne 2*. and for transitions to the group 
of levels above 4.0 MeV excitation (not shown) with 

the potential given in Table 2.1 yield the following 
results; ft* = 0.47, 0 / = O.IS. and Qz = 1.6 Q~~Tbc 

T a M r l l . 1 UptCU r W 

V. r. •. W t m 

Optical model 22J 
Coupled ctenach 22.5 

IJJ 
1.29 

0.44 
0.51 

15.2 
50 

1.29 
1.4J 

0.67 
0 30 

~AI depths in MeV aad ynwuuinl factors in fm. 

nuclear deformations (JT) were determined from the 
Coulomb deformations {ft), using the Hendrie 
scaling procedure.* 

1. R. dc Swmianki ct »L Surf. Urn. A26I, 111 (1976). 
2. H Rebel ct il.. Aw./, tins. AIC. '45 (1972). 
3. F. HdKfbeiyr el al.. Surf. Mrs. A115, 570 (1961). 
4. K Nakai ci al.. Surf. Mrs . A ISO, 114 (1970) 
5. E. E. Grow. Surf, huintm. Mtihuds 121. 2»7 (1974). 
6. J. B. M l ci al.. Surf. n>r%. A2S2. 201 (1975). 
7. J. KaynL computer code EC7S73 (unpuMished). 
». U. L. Hcndhc. Fhn. Re*. Irii. 31.478 (1974). 

MeV. This last transition is identified with the mutual 
excitation of both l2*Te and "Ne to their 2* 
states.Tl* results chained for the ,2*Te2'and"Ne2* 
transitions are shown in Fig. 2.4, and the angular 
distribution for the mutual excitation is shown in Fig. 
2.S. While the overall shapes of the angular 
distributions for the 2* transitions are similar, with 
Coulomb excitation dominating the forward angle 

•C TT-IOZK 
4 . , . : _ . . 

2 • " " ' " " - - - -

«r. 2* „m2. 

i - V. V • • 
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Fig. 2.4. Angabtf dntribMioat for uumtiom to the "*Te 2* 
Hate at 0466 MeV aad rke "lUe 2* MUe at IXI MeV. The cu rves 
reprcseni ihe results of CC calculations thai include couplings to 
each of the 2' channels. 

Mutual Excitation of "Ne and 
'*Te in Inelastic Scattering 

om-oac rr-nta 

T. P. Cleary 
J. L. C. Ford, Jr. 
E. E. Gross 

D. C. Hensley 
C. R. Bingham' 
J. Vrba' 

One aspect of heavy-ion collisions that might 
afford us new insight into nuclear shapes is the 
possibility of achieving simultaneous excitation of 
both target and pripctile nuclei in inelastic scatter­
ing. This phenomenon has been observed only in the 
scattering of heavy ions from light-mass targets.2 In 
order to search for such excitations in collisions 
between heavy systems, measurements were made for 
the inelastic scattering of "Ne from "*Te at 93.5 
MeV. The presence of strongly collective 2* stares in 
both of these nuclei and the energy spacing of the 
low-tying Irveb made this an ideal system in which to 
look for such excitations. 

A magnetic spectrograph was used to measure 
angular distributions for transitions to the ground 
states the I M Te 2* state at 0.666 MeV, the "Ne 2* at 
1.27 MeV, and a weak transition ata Q value of-1.94 
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data and nuclear processes dominating the back 
angles, the shapes do differ near the angles cor­
responding to grazing orbits (about 65°). In sharp 
contrast to these results, the angular distribution for 
the mutual excitation exhibits a bell shape centered 
about the grazing angle. This shape is the signatur. 
for a reaction that takes place when the nuckar 
surfaces come in contact; thus the magnitude oi the 
cross section could provide a sensitive measure of the 
nuclear surface deformations of the two colliding 
systems. Initial CC calculations.' which include only 
couplings to the' :*Te 2* and ^Ne 2* states, are shown 
in Fig. 2.4. Efforts are under way to incorporate the 
mutual excitation channel into the calculation. 

1. L'nivmity of Tennessee. Knoxville. 
2. G. T. Garvey. A. M. Smith, and J. C. Hieben. ffiys. Rev. 130, 

2397 (1963). 
3. P. D. Kunz. Computer Code CHUCK (unpublished). 

SINGLE-PARTICLE TRANSFER 
REACTIONS INDUCED BY 12C ON 2<*Pb 

T. P. Cleary E. E. Gross 
J. L. C. Ford, Jr. D. C. Hensley 
J. Gomez del Campo K. S. Toth 

S. T. Thornton1 

As part of a continuing effort to explore the 
systematics of "C-induced reactions in the lead 
region, initiated by work1 on a ""Pb target, we have 
measured angular distributions forthe20*Pb('2C,"B) 
and ("C/'C) reactions. The measurements were 
carried cut with magnetic spectrograph at an incident 
energy of 95 MeV. Spectra obtained at a lab angle of 
46° (near the maxima in the angular distributions) 
are shown in Fig. 2.6. Spectroscopic transition 
strengths derived from analogous light-ion transfer 
experiments are indicated for each of the reactions, 
and the general distributions of strength arc closely 
reflected in the measured spectra. 

The DWBA calculations, including full finite-
range and recoil effects, were made with the code 
LOLA,' and the results obtained are in excellent 
agreement with the angulardistributions fot the ( > ]C, 
"Q reaction. This is consistent with the agreement 
observed in the analysis of the I 0*Pb( , JC, Q data. 
However, the systematic discrepancy between 
calculation and experiment that was originally 
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Fit- 2.6. Spcctn of "C and "B obtained (ran "Oimdmati 
reaction* on **Pb. 

observed2 for the 20*Pb(IJC,"B) reaction is found to 
persist for the present study on **Pb. The angular 
distributions for both of these reactions and the 
corresponding LOLA calculations are presented in 
Fig. 2.7. While the calculations predict that the peak 
in the angular distributions should move back in 
angle as the Q value becomes more negative, the 
maxima in the data remain relatively constant in 
angle. Coupled-channels calculations are in progress 
to determine if multistep processes might play a 
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significant role in the reaction process and thus 
t for this discrepancy. 

I. UancniryorVN] 
Z K.S.TotfcctaL, M p * jbv. C K 1471 (W76). 
3. R. M. DcVrics. Pky$. Kr*. C ft. M l ,1971). 

HIGH-ENERGY PARTICLES FROM 
HEAVY40N-INDUCED REACTIONS 

J. B Ball C. B. Fnlmer 
R. L, Robinson 

Recent calculations by Bertini et al. 1 of nocieun 
spectn emitted from "C reactions with iron targets 

at several incident particle energies ranging from 16 
to 75 M i V/nudeon predict appreciable numbers of 
nudeons with energies greater than the energy per 
nodeon of the incident projectile. The calculations 
are based on a model1 that treats heavy-ion reactions 
as the interaction of two Fermi gases. According to 
these calculations, these energetic nuckons are doe to 
evaporation from the excited projectile-like nuclei 
which, after the interaction, are moving in the 
forward direction. These results are in contrast to 
experimental measurements of heavier fragments (A 
> 4) from fragmentation of 29-GeV , 4 N ions on a 
variety of targets,' where the most energetic fragment 
energies were of the same energy per nudeon as that 
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of the incident projectile. Experimental results are 
of inlet est to ftiKidtty rtyhfU'TT of 

, particularly, to compare\ 
of Bertini et aL as a test of 

evaporation-catradc model. Experimental 
are abo of practical interest for 

of heavy-ion 
(the proposed phase II booster for 

the Hofifidd Heavy-Ion Research Faafcty(HHIRF). 
Wenseda beam of 194-MeV , Z C ions from ORIC 

to bombard an M Fe target and T ^ w n f energy 
media of protons and other charged partdes at a 

of angks between 8 and 63V Particles were 
by a A£-£ tefcscor- to provide particle 

•testification and endfe} jficct 4. An energy canbra-
tion of the detector was obtained by measnnng 
e*asriralty scattered proton recoils from a 
polyethylene target at a number of angles 

Figure 23 presents energy spectra of protons, 
deuterons, and tritons observed at a laboratory angle 
of 15°. The proton energy spectra extend to 70 MeV. 
which is more than a actor of 4 times the energy per 
miclfoo of the incident beam. Surprisingly, the 
deoteron and triton spectra also extend to energies 
per nodeon that are appreciably higher than that of 
the incident projectile. Qualitatively similar results 
woe abo obtained with bearrs of l 4 N and l 4 0 kms 
and other target materials. 
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In Fig. 2.9, we compare proton energy spectra with 
yields obtained from the calculations of Bertini et 
aL1 There is reasonable agreetrcnt between the 
experimental and the calculated results. It is 
obviously desirable to obtain data at higher incident 
particle energies. We plan to obtain such 
-measurements at the Indiana University Cyclotron 
Facibty, using incident projectile beams of 25 to 30 
MeV/nudeon. 

I. H. W. Benkai, R. T. Saotoro. aad O. W. Heraauaa. ftiys. 
Kiw.C 14.5*0(1976). 

Z H.W BmnH.T.A.Cabhd.aadR.T.Saa»oro.Mrn.a>r.C 
•.522(1974). 

3. H. H. Heckman el at, /ftp. Rr>. Lrtl. 14.92* (1972). 

POSSIBLE ANOMALY IN THE 
"C('Li,*He),4K TRANSFER REACTION 

C F. Maguire1 

A. V. Ramayya' 
R. M. Ronningcn 

R. B. Piercey' 
J. L. C. Ford, Jr. 
J. Gomez del Campo 

One of the more disturbing failures of the DWBA 
approach to the analysis of hmvy^on-mduced 
transfer reactions is the so-called "I» I anomaly.'' 
First seen by DeVries et al.2 in the , 2 Q M N . "N) "C* 
('/a*, 3.09 MeV) neutron transfer reaction, the 
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bat the anomaly does oot appear 
la order to test whether dm h aa 
correlation, we decided to look at the 

" " " q V ' H e ) ' ^ reactions, especially at those 
' = 1 

With the " C target, no odd-odd system is 
for the location of the transferred proton, 

wide for the " C target, the final state is odd-odd. The 
object of this experiment was to determine if the 
anomaly would appear in the latter reaction, while 
not appeal nig in die former. These reactions were 
performed previously by Schumacher and 
cohuborators at 36 MeV, using solid-state detectors, 
which, however, did not resolve the groups of interest 
here. 

The experiment was performed on thf EN tandem 
accelerating sputsei souru.-produced Li ions to the 
near nauimum energy of 25 MeV. Reaction products 

by the Enge magnetic 
r and detected m the 60-cm-long doable-

chambered gas proportional counter, which yielded 
position (momentum) and dEjdx (Z identification). 
Figure 2.10 illustrates die data obtained for the " C 
wget, leading to Ott ground I'(predominantly »n ft* 
2 transfer), the 4.92-MeV 0 ' (umqody / = 1), and the 
5.69-MeV I (also uniquely I-1) residual states. Fits 
to these data were generated, with use full-recoil code 
NICOLE employing the potential well-matched 
optical-parameter set derived by Schumacher. The 
highly oscillatory groand-state group is extremely 
well fit in this reaction. By comparison, the fits to the 
/ = I transfer groups are markedly inferior. The 
predicted local maximum at about 24° cm. appears 
as a local minimum in the data of these groups. 
However, the angular distributions are not struc­
tured enough to conclude that the anomaly is 
dcflnstcjy present. 

The second part of the experiment, the comparison 
of a similar transition to " N , was not successful. The 

ORMC D«6 77-103*7 

K> 20 30 40 50 

fi§, 2.10. OinwcMW era* sections for the " C t ' L i / W N 

solid line* represent die predicted shapes according to the cxact-
finitc-'anfc DWBA theory and have been normalized to the data. 
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4He background in dE/dx was too s'rong for the 
weaker *He groups to be resolved. This was all the 
more anfoftunate became of the possible anomaly in 
the transitions to M N. In this regard, future 
experimcou at higher energies where the angular 
distributions become much more structured arc now 
under consideratioa the where. 

I. VaatoHi Uancnaqr. NasMk. Tew. 
1 K. M. DfcVricsct aL. Mpx Hrv. Lea. 32. M0(|974) 
3. K-IKa^LG.Nair .aadfc-N*slMi.ATJ Arv £**'37. 

222 {197*). 
4. T. Sihiawihu a aL. Nmrt. 1 -ji A2I2. 573 (1973). 

STRONGLY DAMPED COLLISIONS 
INVOLVING MEDIUM-MASS TARGETS 

R. A. Dnyras R.L.Robinson 
C. B. Fulmtr D. G. Saranutcs1 

M. L. Halbert A. H. Snell1 

D. C. Hensfcy R. G. Stokstad 
L. Westerberg1 

Strongly damped collisions have been studied 
mainly by measuring the energy, mass, and angular 
distributions of the projectile-like fragments. Such 
zwasurements characterize the gross features of these 
reactions (i.e., the energy damping, the mass 
transfer, and the time scale of the interaction). Mure 
detailed and complete measurements of the reaction 
products are necessary, however, in order to obtain 
information on the transfer of angular momentum of 
relative motion to the internal degrees of freedom 
and information on the dissipation of the energy 
removed from relative motion. These two aspects of 
strongly damped collision* are under investigation at 
ORIC, using several reactions involving medium-
mass targets. 

Multiplicity and Energy of Gamma Rays 

The average number, My, and the average energy 
£y, of the gamma rays accompanying strong' 
damped collisions are measured as a function of the 
atomic number Z and the energy of the pmjectile-like 
fragments. A set of nine Nal (Tl)dctectors (2 by 3 in.) 
is operated in coincidence with a heavy-ion telescope 
consoling of a A£ gas ionization chamber and a 
1500-MRI surface-barrier £ detector subtending a 
solid angle of 12 millisteradian (msr). The front faces 
of the individually shielded Nal detectors are located 
10 cm from the target, and their thresholds are set at 
100 keV. The digitized A£ and £ signals are stored 

on-line in one of five 200 by 300 channel arrays 
according to whether 0, I. 2. 3. 4, or more Nal 
detectors record gamma rays in coincidence with the 
heavy-ion telescope. Simultaneously, and in coin­
cidence with the heavy-ion telescope, the linear 
signals from three of die Nal detectors are recorded 
event by event on magnetic tape. 

A list of the reactions under investigation and the 
experimental conditions are given in Table 22. Some 
of the experimental results are shown in Fig. 2.11 for 
the "Ne + MCu reaction. The energy spectrum for the 
reaction products with Z= 11 exhibits a quasi-elastic 
component and a strongly damped component. The 
energy spectra for die reaction products with Z = 7 
a n d Z - 12 (further removed from the Z of the beam) 
are dominated by the strongly damped component. 
For the 2*Ne + *'Cu reaction, the average gamma-ray 
multiplicity ft. measured in coincidence with all the 
observed reaction; products increases with the 
ineL-tticity of the collision to reach a maximum 
near the optimum Q value for strongly 
damped collisions. As the energy dissipated 
in the collision continues to increase. jtfy appears :o 
drop sharply (dotted line). The value of My nearly 
equal to 10.5 for the lowest energy reaction products 
(shaded area in Fig. 2.11) represents the average 
multiplicity for the evaporation residues. 

The decrease in My for large energy loss is still 
under experimental investigation. Fusion reactions 
by *Ne bombarding carbon and oxygen con­
taminants on the target ran produce evaporation 
residues in the same mass range &s the projectile-like 
fragments from the *Ne -* "Cu deep inelastic 
reaction. Such light evaporation residues would have 
a very low gamma-ray multiplicity. The presence of a 
sufficiently large amount of carbon and /or oxygen 
on the target suiface. therefore, could contribute to 
the apparent drop in My in an energy region where 
the yield of products from the strongly damped 
collision decreases rapidly, rurther experiments will 
clarify this. If verified, the observed decrease in My at 
large energy loss would be evidence for the emission 

Tabic 12 Deep aackutic raactiom for which fuma-ray 
HMkiplidiy is bcatg •vancMcd 

Incident Laboratory angle 
Target Projectile energy of the heavy-

(MeV) ion telescope C) 

"Co( l nig, cm') "C 130 16. 20. 30 
86 2g 

"Nc 165 26 
'"Gd (1.5 mi;cm") "C 195 23.33 
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of particles prior to the scission of the intermediate 
system into projectile- and target-tike fragments. 

From the measured average gamma-ray energy £ , 
equal to about 2.0 MeV nod from the values of SJy 

equal to about 8 to 10 obtained in the mam portion of 
the strongly damped spectrum, we deduce that only 
•boot 25% of the energy absorbed in the collision is 

dissipated by gamma-ray emission. Consequently, 
the main portion of this energy has to be dissipated 
by the emission of tight particles such as protons, 
neutrons, and alpha particles. 

From the nmMphaties AT* one may attempt to 
deduce the internal angular momentum / imparled to 
the two fragments resulting from strongly damped 
collisions. Lsjht-particle emission, which carries 
away both angular momentum and excitation 
energy, complicates this task. The results of such an 
analysis are shown in Fig. 2.12, where the internal 
angular momentum / imparted to the fragments 
dnr^tliecounonttplottcdasarunctionoftheZof 
the projectile-like fragment. It has been assumed that 
each gamma my carries two units of angular 
momentum. Correction for hght-partide emission 
has been applied in a way described by Amrecfat et 
aL* For comparison, the angular momentum / 
imparted to both fragments has been calculated, 

oat.-a— TT-wtoa 
TJ1 1 1 i 1 1 1 1 

o ' I 1 I I I I I I 
2 4 « 0 fO 12 f4 « t* 20 
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aanaaaaf / - lMy (CSJCM) and / - 1M, • L, (tramgw). £, »the 
correction for tight-particle ceiimwn. The comet are the 
predictions from a deancal friction model in the limiting cam of 
rolling end (ticking. 
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assuming that transfer of angular momentum of 
relative motion into internal degrees of freedom 
occurs under the action of frictional forces between 
two spherical nuclei. In the initial stage of the 
collision, the two nuclei sbde on each other. The 
action of viscous forces sets them into rotation. When 
the peripheral velocities are matched, the system 
reaches the rolling stage. Finally, under the action of 
rolling friction, the fragments reach a sticking 
configuration and rotate as a rigid body. Two 
limiting cases are considered: first, the nuclei roll on 
each other, or second, the nuclei stick rigidly at their 
point of contact. These calculations have been done 
for two values of the entrance channel angular 
momentum: the critical angular momentum for 
fusion £, = 53 h and the grazing angular momentum 
lm-72 h, which constitute the limiting /values for 
strongly damped collisions. Within the uncertainty of 
the corrections for particle emission, it appears 
that frictional forces lead to a sticking condition for 
fragments heavier than the beam. A situation 
intermediate between rolling and sticking is indicated 
for fragments with atomic numbers less than 10. 

Gamma-Ray Identification of 
Reaction Products 

In the bombardment of "Cu with 130-MeVl2C 
projectiles, as one additional technique for obtaining 
information on deep inelastic process and other non-
fusion reaction mechanisms, gamma rays were 
detected in a 50-cc Ge(Li) detector at 90° from the 
beam direction, in coincidence with the heavy-ion 
telescope positioned at TST. The gamma-ray spectra 
in coincidence with each element with 2 = 2 to Z- 14 
were analyzed. In spite of poor statistics, a number of 
gamma rays were tentatively identified on the basis of 
their energy and their coincidence relation with the 
various elements. 

The data indicate that the reactions can be 
categorized into three groups: 

1. Reactions in which nucleons are emitted by the 
target and the "C projectile remains intact. The 
gamma rays observed in coincidence with carbon 
nuclides suggest the presence of five isotopes 
which can result from emission of one to three 
protons and/or neutrons. 

2. Reactions in which some nucleons are transferred 
to ihe target nucleus and some additional 
nucleons are emitted by the system. There is 
evidence for 11 different reactions in which one to 
three particles (neutrons, protons, alphas) are 
transferred to the target nucleus, and one to three 

particles are emitted. In these reactions, the 
residual heavy fragment is equal to or heavier than 
the target nucleus 4 ,Cu. 

3. Reactions in which nucleons u e transferred to the 
target nucleus and the target emits more mass than 
has been transferred to it. In the five cases 
identified as having this process, all but one emit 
only an alpha particle. The fifth case emits an 
alpha and a neutron. 

1. Wasfciaftoa Uancnay. St. Lous. Mo. 
2. Coasakam witk the Physics Divisioa. 
3. R. Af twdN ct al. . tkfi. Rev. Ltn. 34. 1400 (1*75). 

DEEPLY INELASTIC AND OTHER 
REACTIONS OF "Ne WITH *Ti AND "Zr 

R. L. Ferguson1 F. Pleasonton 
H. Nakahara2 A. H. Snell 
F. E. Obenshain M. P. Webb 

F. Plasil 

Studies of the reactions "Ne on **Ti and **Zr 
extend our systematic survey of neon-induced 
reactions in the medium-mass region.1 There are no 
reaction models that have been specifically applied to 
this mass region, and we plan to investigate whether 
models designed ioi heavy nuclear systems will be 
applicable. However, the diversity of reaaion 
products is qualitatively the same in the two regions. 
For example, fission of the compound system may be 
expected to occur in this region, but it has become 
clear from our measurements that other modes of 
decay of the composite system dominate. 

For the two systems disoraed here, as well as for 
*Ne on *"Ni reported earlier, we have chosen to 
obtain data for all three systems at equal energies 
above the Coulomb barrier as shown in Table 2 J . In 
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order to compare our results with reaction models, it 
will probably be necessary to make measurements as 
a function of excitation energy. 

The experimental setup consisted of several gas-
fitted ionization chambers with silicon surface-
barrier detectors mounted in the rear of the 
chambers. These were mounted on movable arms in a 
Stuttering chamber. The gas serves as a variable-
thickness A£ detector and the solid-state detector as 
an £-A£ detector. For our systems, atomic numbers 
(Z) produced in the reactions may be resolved up to Z 
= 24. As a result, individual Zs for evaporation-
residue products cannot be resolved. These products 
do form a well-defined mountain in the £-A£ plane, 
and the number of events is observed to decrease 
exponentially with increasing angle. The neon 
elastic-scattering data arc obtained at the same time 
as the evaporation-residue products, and one may 
extract both the evaporation-residue and the totai-
re-ction cross sections. Table 2.3 gives a list of 
targets, the cro'-s sections, and other related informa­
tion. The nickel target data are included for 
completeness. 

The angular distributions for a number of reaction 
products of *°Ne and **Ti are shown in Fig. 2.13. The 
products with atomic numbers near that of the 
projectile show a strong forward peaking, and the 
angular distributions for those far from the projectile 
become nearly I/sine in 0cm. Figure 2.14 shows 
contour plots of the relative yield as a function of the 
cm. energy f and the cm. angle ft „,.The Z = 8 map 
shows a peak between SO and 60 MeV which is due to 
the quasi-elastic reaction. The deeply inelastic ewr.i • 
do not form a distinct peak in this case. Howev 
mapforZ= 12 does show a peak near 25 MeV which 
is due to the deeply inelastic events. 

One of the striking differences between the nickel 
and titanium data on the one hand, and the 
zirconium data on the other, is that the yield for 
products with Z less than 10 is relatively much higher 
in the zirconium case than in the other two. Figure 
2.15 shows the Z distributions at two angles for the 
Nc + Ni and Ne + Zr systems, where the yields are 
arbitrarily normalized at Z = 10. The yield for 
reaction products with Z greater than that of the 
projectile decreases relatively more quickly in the Ne 
+ Zr system than in the Ne + Ni case This feature can 
be qualitatively explained by examining the liquid-
drop potential-energy surface as a function of both 
the mass asymmetry and the angular momentum. If it 
is assumed that the stripping and pickup reactions 
(leading to projectile-like light-reaction products) are 
projectile-like and are dominated by the higher 

,o'L_ ;;.*».«* ,o* L 
»0 «0 »0 «0 100 0 B « B 10 '00 

Fif. 2.13. Diflcrcntkl aom tectjoas i^/dr piotttd »» tVa for 
various reaction product* from 155-M«V "Ne on **Ti. 

partial waves, we can estimate the range of/values 
populating these reactions from estimates of the total 
reaction and complete fusion cross sections. From 
the elastic-scattering quarter-point angle (where af 
an = '/<), the total reaction cross section and grazing 
angular momentum were calculated and are shown in 
Table 2.3. Neglecting a contribution to the complete-
fusion cross section from fusion-fission reactions 
(analysis of the data suggests that this is a small cross 
action), the angle-integrated evaporation-residue 
cross section provides an estimate of the complete-
fusion cross section for zirconium, which was found 
to be 1570 mb. The critical angular momentum (that / 
value below which complete fusion is assumed to be 
the only reaction) may then be estimated to be /„=75 
h. Thus the range of / values populating the direct 
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Fig. 2.16. Potential energy curvet for variow angular-
aomenaim states for Nc + Ni and Ne + Zr. 

reactions is approximately 75 to 91. Figure 2.16 
shows the potential energy as z function of /and of 
mass asymmetry. The injection points for our 
reactions are indicated by arrows. As one can see, the 
surfaces differ for the two systems at the larger / 
values. The driving forces are such that the Ne + Zr 
system is likely to exhibit a preference for stripping, 
while the Ne + Ni system may exhibit a preference 
for pickup. The range of / values contributing in this 
nickel reaction is about 56 tr. 72. Other factors that 
have not been taken into account may play equally 
important rcles in the transfer process and drive the 
reaction more toward iramfer of particles away from 
the projectile. 

Fig. 2.IS. Arbitrarily normalized Z distribution* or Ne + Ni 
and Ne + Zr. Comparison is made for the most nearly identical lab 
angles between the two systems. 

1. Chemistry Division. 
2. Tokyo Metropolitan University, Tokyo, Japan. 
3. Phys. CHv. Amu. Prog. Rrp Oct. ) . . I97J. ORNL-5137. 
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PRODUCTION OF »««cf IN REACTIONS' 
OF J MPu WITH l JC, "O, "Ne, AND 14N 

R. L. HahhJ F. Hubert1 

K. S. Toth P. F. Dinner2 

In our cont.nuing study of the mechanisms of deep 
inelastic or multinucleon transfer reactions in the 
heavy elements, we have useu recoil techniques in 
irradiations of "*Pu with beams ot "C. '*0, "Ne.and 
U N to produce J45Cf and i44Cf. Because of the large 
Coulomb barriers for charged-particle emission and 
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beer • r^/T/decreases ramdly with increasing Z in 
this -.~ Joo of the periodic table, one would expect 
that the production of californium nuclides from 
pmtobiam involves link or no contribution from the 
transfer from projectile to target of dusters con­
taining more than fpur protons. Thua, these reactions 
may offer a way of sekcting a particular transfer 
reaction path for investigation. 

Our data strongly support this notion. Further­
more, they indicate that the same type of mechanism 
occurs in the transfer reactions induced by > 2 C, w O , 
and *Ne, namely, a two-step process, such as (I) the 
transfer of a beryllium-like duster from projectile 
(HI)to target, "*Pu+ HI - M7Cf* +(HI-Be);and(2) 
the evaporation of neutrons, in competition with 
fission, from die excited intermediate nucleus, *"CP 
_ >"-«cf + xn. In particular, the experimental 
excitation functions obtained with l 2 C, " 6 , and *Ne 
have similar maximum values,about 10 pb, and have 
the same energy dependence when plotted as a 
function of the excitation energy of *"Cf*. Some 20 
to 40 MeV of excitation energy are deposited in the 
intermediate nucleus as a result of the transfer. The 
average kinetic energies measured for the californium 
recoils arc also in general agreement with the 
predictions of a model that describes the details of the 
first step of the transfer process. Preliminary analysis 
of the data obtained with l 4 N indicates that the recoil 
energies are consistent with the proposed transfer 

mechanism, but that the cross sections obtained are 
much smaller than those obtained with alpha-particle 
cluster projectile, such as l 2 C, "O, and ^ J e . 

1. JhdnKumtmmmffcatmtiteOirm.Or. 
Mm. SI. 1977. OftJVL-5297 (to be pwbfehed). 

2. CkeaMUy Dhrtaoa. 
3. Centre df^ndei Nacieairet, 

AmmLPtog. Rtp. 

NONSTATBTICAL EFFECTS IN THE DECAY 
OF THE COMPOUND NUCLEUS , w Y b 

D. G. Saiantites1 

J. H. Barker2 

L. Westerberg' 

R. A. Dayru 
M. L Halbert 
D. C. Hensky 

We have produced highly excited "*Yb compound 
nuclei in a variety of heavy-ion reactions with OR1C. 
Their de-excitation by emission of light particles and 
gamma rays has been under study. Previous 
reports 0 describe the gamma-ray multiplicity 
measurements for bombardments of "*Nd with **Ne 
at four bombarding energies correspondiug to "*Yb 
excitation from 93 to 132 MeV. The results showed 
good agreement with the expectations for statistical 
decay of the compound nucleus. 

The earlier work has been augmented in several 
ways, as indicated below in Table 2.4: 

T«H*24 
•r» 

Psam "•Yb 

Particle detector angle f ) 

Psam "•Yb 
Bam Tars» energy 

(MeV) 
excitation 

(MeV) 
Anti-

Comptofl 
n P.o pja 

(in plane) (in plane) 

'He •"Er 67.6 
•0.2 
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76.6 
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X 
X 
X 
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123.3 

X 
X 

173.2 
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1312 
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°Ar '»Te 15M 56.5 
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1. Two additional *Ne + I M Nd bombardments were 
made at lower energies. As before, the first three 
moments of the multiplicity distribution were 
determined for several reaction channels. 

2. Cross bombardments were made with three other 
systems leading to the same compound nucleus at 
approximately the same excitation energies to 
obtain gamma-ray multiplicity information. 

3. Particle-gamma coincidence measurements were 
made with both "Ne and "C, forming "°Yb at 132 
MeV excitation. In these runs, spectra of 
neutrons, charged particles, and gamma rays were 
obtained simultaneously whh the multiplicity 
information. 

4. The evaporation-residue, symmetric-fission, and 
total-reaction cross sections for 175-MeV *Ne + 
"*Nd were measured by means of Z-identifying 
telescopes without detection of gamma rays, as 
described in the next section of this report. 

The method used for die experiments included in 
step* ! 2nd 2 above was similar to the earlier one.* * 
In brief, spectra from a Ge(Li) detector at 90° were 
recorded in coincidence with yes/no signals from 
nine 2- by 3-in. Nal detectors distributed over one 
hemisphere. Nineteen 8K spectra were produced on­
line in the disk memory of the computer. Ten of them 
were sorted according to whether the Ge(Li) pulse 
was accompanied byO, 1,2, ...,9NaI pulses; the other 
nine are the spectra in one-fold coincidence with each 
Nal counter. In some of these experiments the Ge(Li) 
counter was placed inside an Nal annulus that was 
operated in anticoincidence to reject Compton-
scattered events. 

For the particle gamma-ray coincidence ex­
periments (item 3), large-area (200 to 300 mm-) 
silicon detectors were placed close to the target to 
detect charged particles. Large plastic scintillators 
(25 or 30 cm in diameter) 80 or 100cm from the target 
were used to produce time-of-flight neutron spectra, 
using the cyclotron rf as a time reference. The 
digitized linear signals from the silicon detectors, 
TAC outputs, and two of the Nal counters were 
recorded event by event on magnetic tape along with 
the coincident Oc(Li) pulse height and a bit pattern 
showing which, if any, of the Nal detectors had fired. 
The same 19 Ge(Li) spectra were produced on-line. 

The principal results from the (4Herrn), 
(^Ne^rn), and (*°Ar,jrn) experiments are shown in 
Fig. 2.17. The data are grouped according to 
excitation energy in the compound nucleus. The 
quantity (M), is the average number of gamma 

rays in the cascade that populates the ground state 
for the xn exit channel. For the "Ne and *Ar 
bombardments, the number of gamma rays 
increases strongly as fewer neutrons are emitted, in 
agreement with what is expected if the neutrons arc 
statistically evaporated. For large x in the 0*He,xn) 
reactions the values of (M), are similar to those for 
the *Ne compartments, but for small x the 
multiplicity is much reduced. In fact, fewer gamma 
rays are emitted for x ~ 2 than for x > 6. This 
result is consistent with the well-known behavior7 

of f*He,xn) reactions above about 23 MeV: 
high-energy particles are emitted far more 
frequently than the statistical model allows, and the 
excitation functions for small x have tails that 
extend to very high energy. The cross-section data 
in Fig. 2.17 show this tailing effect: although the 
f*He,xn) yield for large x matches that for 
(^NCJOT), there is a very large excess yield for small 
x. 

The deviations from statistical behavior have 
been successfully accounted for in many 'He 
reactions by emission of one particle before 
equilibrium has been esublished.7 The full lines in 
Fig. 2.17 show that calculations based on this 
model* reproduce the cross sections quite well, 

omi -on rr-.ojjo 

Fig. 2.17. CrowMctioM,0, u d s v t m g M 
(Mk for mEtCHcj*), 1"NoX"Ne^>i), aad '"TtfAtjn) M a 
RHKUM of th« awapcr of aeotroas cmiCttd, x. The compound-
nucleus excitt'ion energies ihown are those for the * He 
bombardment!; they are about 2 to 3 MeV higher in each cue for 
the *Ne data and 7 Me V lower for the "Ar data. The full hnei for o 
are calculation* from the geometry-dependent hybrid model (rcf. 
8), including preequilibrium emission of the fmt neutron. The 
dashed and dotted lines are meant only to connect the data points. 
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the maajiwd node** "*Yb, a* • fraction of x. The *Ne results ate inicrpouted from dau at nearby energies (rcf. 5). The lines drawn 
through the point* have no theoretical significance. 

except for the smallest values of x at the two higher 
beam energies. This deviation can be accounted for 
by emission of a second preequilibrium neutron. 

The (nCjcn) results are compared with (^Ne^rn) 
results in Fig. 2.18. There is a remarkable transition 
in (M% vs x for ! ZC from near-statistical behavior 
at the lowest excitation energy to very 
nonstatistical behavior at the highest energy, a 
condition reminiscent of the preequilibrium results 
for 4He. 

Particle gamma-ray coincidence date for both 
C and *Ne beams were taken at 132-MeV 

excitation energy. Some of the alpha spectn are 
shown in Fig. 2.19. In the "C dau, there is a 
marked trend toward higher alpha energy with 
decreasing x, another indication of preequilibrium 
emission. The effect with "Ne at the same 
excitation energy is much smaller, although there is 
some evidence for it in the Ina channel. [In this 
connection, we note from Fig. 2.18 that the 
("Ne,7/f) multiplicity for 132-MeV excitation is 
somewhat lower than expected from the slope of 
the "Ne data at lower energies. Perhaps a deviation 
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Fig. 2.19. Spectia of alpha paniefca in coiacidcacc with gaoaiia 
rays identifying the varioot reaction daimclt. 

from statistical behavior is beginning here for *Ne 
also. The velocity of the "Ne particles in this case is 
just slightly below that of the l 2 C at iu lowest 
bombardment energy.] 

In summary, the results indicate that, except 
possibly at the highest energy, the *°Ar anu "Ne 
bombardments produce compound nuc.ci that 
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de-excite statistically according to the expectations 
for a fully equilibrated system. The 4He-induced 
reactions show dramatically the influence of 
pnequmbrium emission of one or more particles. 
The I ZC bombardments display a transition from 
near equilibrium at the lowest beam energy to 
strong nooequilibrium effects at the highest energy. 
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FUSION OF "Ne AND , 5 0Nd AT 175 MeV 

M. L. Halbert R. L. Ferguson' 
R. A. Dayras F. Plasil 

D. G. Sarantites2 

Measurements' of gamma-ray yields from bom­
bardments ot "°Nd by : oN= showed that at 128 MeV 
the xn and xna product yields accounted completely 
for the fusion cross section predicted by the Bass 
model,4 but that at 165 and 172 MeV. only about half 
of the predicted fusion cross section appeared in these 
channels. There were indications from the gamma-
ray work that other evaporation channels were 
significant at the higher energies. Also, it seemed that 
fission might be playing a significant role because it is 
known to account for over 7% of the fusion cross 
section at 144 MeV and is expected to increase with 
energy.' 

Measurements of the evaporation residues and 
symmetric-fission products were made at 175.3 MeV 
by means of three heavy-ion AE-E telescopes in the 
24-in. chamber at angles from 3.5 to 100°. At the 
same time, data were obtained on elastic scattering. 
The target was an "°Nd foil rolled to a thickness of 
0.5 mg/cm :. 

The results are shown in Table 2.5 and in Fig. 2.20. 
The fusion cross section, equal to the sum of the 
evaporation and fission processes, is in good 

Table IS. Croat s t o m a for "Ne 
+ '"Nd at 175.3 MeV 

o (mb) 

a (xn) + otjma)* 594 ± 84 
Evapon>ion residues I ISO £ 9 0 
Fasion 290 ± 35 
Fusion 1440 • 105 
Bass model* I39S 
Total mrtioo' 2630 ± 20' 

"From gamma-ray yield at 
17X4 MeV (ref. 3). 

*Using parameters (r, = 1.07 
fm. d = I 35 fm. a. = 17.0 MeV 
(ref 4V 

'From o,uati«<--po«it recipe, 
ft . = 30.4 ± 0.2° laboratory ("ef. 
0-

*Error due to uncertainly in 
«... 

OftKL-DWS 7 7 - 1 0 2 3 2 

l I * • * • • • • • • - " - ' 

SO IOO <SO ZOO 230 

Fig. 2.20. Measured (points) and calculated (curves) cross 
sections for :*tf* on'"Nd. The a (xn) + o (xna) from gamma 
measurements (ref. 3). X. evaporation residues. A: fusion. • ; total 
reactions,• . The full points at 144 MeV are from ref. 5; the full 
points at 175 MeV arr from the present work. The full curves are 
from ref. 6. the lower cne (fusion) using parameters based on the 
Bass model (row = 1.07 :m. I'eni = 62.1 MeV), while the upper one 
(reaction cross section) was forced to pass through the measured 
value by choosing r„ = 1.53 fm and V,= 68.34 MeV The dashed 
line is the Bass-model prediction (ref. 4) for r«= l.07.</= 1.35. J , = 
17.0 

agreement with the Bass-model4 prediction or the 
sirrilar Glas-Mosel model* prediction with 
emiivaler/. parameters. Thus the cross section 
Hissing from the xn and xna gamma yields » due to 
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the opening of other evaporation channels and the 
appreciable fission cross section (20% of ot—«). 

The removal of flax from the elastic channel 
provided tor estimate of the total reaction cross 
section by means of the quarter-point nape.** The 
interaction distance R implied by the resulting cross 
section is I2JS fm if evaluated from tfce asymptotic 
form1* 

<r-n_ = irtf(l - V.(R)IE^) ; 

Vg (R) was taken to be the Cooloaib potential of two 
touching spheres (70J4 McV) plus a nodear poten­
tial of - 2 MeV." This result is insensitive to the 
choice of the nuclear potential and corresponds to 
r,= 1 53 ±0.01 fm, me uncertainty being given bya 
±2-McV uncertainty in K«(lr). This value of r« is 
!»rger than the usual one (about 1.4 fm) obtained 
from directly measured reaction cross sections dose 
to the barrier.12*11 However, it is consistent with 
results from similar analyses of the 20Ne-induced 
reaction data reported above and of the detailed 
elastic data obtained at this laboratory for "C, '*0, 
and-*Ne on M Pbat8and 12 MeV/nucleoli:14 and for 
**0 on "Si, "Co, and **Ni at 142 MeV." 
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FUSION OP LIGHT NUCLEI 

The'*N + , 2 C System and the 
Liojuid-DiDp Limit 

J. Gomez del Campo R. G. Stokstad 
R. A. Dayras 0. Oltner' 
P. H. Stetson M. Ziazwn1 

Tbe experimental program on the fusion of light 
nuclei has concentrated on studying the fusion cross 

section for one system, "N + , 2C, .over a wide 
range of bombarding energy. Previous measure­
ments2 covered the range £ = 43 to 178 MeV, using 
l 4 N beams from ORIC. The measured fusion cross 
sections (aim) were consistent with the entrance 
channd modd of Guts and Mosd,1 and at the 
highest energy (178 MeV) the deduced critical 
angular momentum for "*A1 was equal to the 
predic&d liquid-drop limn.4 In order to establish 
whether the compound nucleus could be formed with 
angular momentum larger than this limit, 
measurements at £ = 248 and 158 MeV were made 
using the LBL 88-in. cyclotron. Energy spectra and 
angular distribution were measured for reaction 
products with 2 < Z < 13, using solid-sate counter 
telescopes. The energy spectra of the reaction 
products with Z = 5 to 9 exhibit two components at 
forward angles. As discussed in ref. 2, the lower 
energy component corresponds to evaporation 
residues and the higher energy component to direct-
reaction products. The features of the energy spectra 
taken at 248 MeV .acre qualitatively similar to those 
observed at lower energies and therefore could be 
analyzed in the manner described in ref. 2. 

At sufficiently high bombarding energies, there 
can be a nonnegligible probability for the compound 
nucleus to evaporate five alpha particles or four 
alpha particles phis several nucleons, leaving a 
lithium or a beryllium nucleus as the residue. Because 
it was not possible to identify the evaporation-residue 
component in the lithium and beryllium spectra, we 
have used the evaporation code LILITA' to estimate 
the fraction of the fusion cross section which would 
appear as residues with Z = 3 or 4. These values are 4 
and 13% at 158 and 248 MeV respectively. This 
procedure also enables an estimate of the *Be and *B 
residues which, because of their particle-unstable 
ground states, cannot be identified by ordinary 
experimental techniques. Confidence in this method 
of estimating the undetected residues is based on the 
successful prediction of relative intensities for 
different residual elements over a wide range of 
bombarding energies, using a single set of 
parameters? Figure 2.21 shows the measured and 
predicted relative intensities of the evaporation 
residues at £ - 158 and 248 MeV respectively. 

The deduced values of OH. at £ = 158 MeV 
(including the 4% estimated increase for residues with 
Z less than or equal to 4) is 987 ± 80 mb. At £ = 248 
MeV, this value is 717 ± 85 mb, including the 13% 
estimated increase for residues with Z less than or 
ec al to 4. The value ofoh.it 248 MeV represents a 
decrease of 219 mb below the cross section expected 
by an entrance-channel model1 for the fusion process. 

http://ofoh.it
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However, the deduced critical angular momentun of 
27.5 + 1.7 h is in agreement with the prediction of 
the rotating liquid-drop limit.4 This fact suggests that 
we have observed the absolute maximum angular 

I. Lawrence Berkeley Laboratory. Berkeley. Calif, 
r 2 R C Stokstad ct aL. Win. Rev Left. 34.1529 (1976). The 
rooks prcaeat in Fig. 2 22 for 145 < £»*** 171 a**e been revised 
upward by snail amounts corresponding to the estimated Z = 3 
andZ=4rcsidnes. Abo. new wtasarefCs are incsaded for £*»* 
37.5 and 53 MeV. 

3. D. Was and V. Moid. \ucl Mrs. A237.429 (1974). 
4. S. Cohen. F. PlasU. and W. j . Swiatecki. Am. Ptiyi (A. Y.) 

i2.5J7M974). 
5. J.CoraezdHC£=?H>.coiiia«tercodeLILrrA,'niipaMished). 

THE w O * "B SYSTEM 

Limitation on the Fusion Crow Section*, 
Entrance Channel or Compound Nucleus 

J. Gomez del Campo A. H. Sneli* 
J. A. Biggerstaff P. H. Stebon 
R. A. Dayras R. C. Stokstad 

The fusion cross section for l 0 B + u O has been 
measured with "O beams at energies of 42,463.50.9, 
and 93.5 MeV in an attempt to determine whether the 
limitation en atm arises from entrance-channel (EC) 
dynamics or with the compound nucleus (CN). This 
can be determined in principle by comparing the 
ratio2 of or. for M N + , 2 Cto'*0+ , 0 B at the same ex­
citation energy, £,, in 2*AI. Table 2.6 shows the ratio 
R » oi-( , 4 N + , 2 Q / o M ' * 0 + , 0B), where /?c>and 
#CK correspond to the ratios expected for a limitation 
originating with the compound nucleus and in the 
entrance channel respectively. Rtc has been 
calculated using the Glas-Mosel' prediction for atm 
which fits the "N + l 2 C data. The last column in 
Table 2.1 shows the experimental ratio, /&*», 
obtained from our previous *N + 1 2 C measurements2 

and the present '*0 + l 0 B dau. As can t« seen from 
Table 2.6, the experimental ratios for L, = 35.67 to 
39.12 are in complete agreement with the mtrsnee-
channel limit&tion. At the highest excitation energy 
(55.5 MeV), however, the value of atm for "O + l 0 B is 
22% larger than the one predicted by the entrance-
channel model. Uncertainties in the absolute target 
thickness cannot account for this difference because 
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the same target was used for the four "O + l 4 B 
measurements). The presence of U C and "O 
contaminants, however, might affect the results of 
the highest energy, because almost 60% of otm comes 
from residues with Z less than or equal to 8. Because 
the discrepancy at the highest energy would establish 
a significant departure from the systematics in this 
mass region, additional measurements with other l 0 B 
targets ate in progress. 

Figure 2.23 shows the comparison between the 
yields of evaporation residues obtained for l 4 N + l 2 C 
(solid line) and "O + "B (dashed line) at £ , = 55 50 
MeV. The major discrepancy between the two 
systems occun for residuet with Z toss than or equal 
to 8, whereas for heavier residues the decay of the 
compound nucleus appears independent of its mode 
of formation. 

I. CowakaM with aw Phyva Divnon 
Z R. G. StofcAatf et aL. Hiyy Ktv. Lett. Jt\ 1329 (1976). The 

mulu proem in Fia, 2.22 for 145 < £»*< 171 havt been revised 

^•anl by i a d usoaais oofespoadatg 10 ike ntiwaird Z = 3 
and Z = 4 midaes. Abo. ne» raosarcnKMs are acMed tor 
fib* = 37 5 and 53 McV. 

3. D. Gb» and V. Mo«t Swci. ftm. A237.429 (1974. 

YRAST LFVELS IN "AI SUGGESTED 
BY RESONANCE STRUCTURE IN THE 

"CCNA) REACTION 

J. Gomez del Campo 
J. L. C. Ford. Jr. 
R. L. Robinson 

M. E. Ortiz' 
A-Dacal1 

E. Andradc1 

Resonances have been observed in the excitation 
functions for a number of heavy-ion reactions, 
although most notably in the exit channels of "C + 
, 2 C and , 2 C + "O." We have abo observed many 
strong resonances in the "cr 'N^^Na reaction, 
which may be due to the strong population of 
nonoverlappmg states near the yrast line h> the 
compound nucleus r A l . 

A total of 30 excitation functions were measured in 
200-keV intervals with 80-ksV resolution for bom­
barding energies between 21.4 and 39.0 MeV at a 
laboratory angle of 7° by means of the split-pole 
spectrograph at the EN tandem accelerator. Excita­
tion functions for an additional 11 states from 9.5 to 
12.2 MeV ir. J ,Na were measured over a more limited 
range of bombarding energies. These measurements, 
which cover a wide interval of incident and excitation 
energies, then yield a very large sample (containing 
over 3000 cross-section values) for comparison with 
the statistical model 

Typical measured excitation functions are in­
dicated by the solid lines in Fig. 2.24. Despite the 
rapid fluctuations observed in the data, which are 
expected from the statistical model to be strongest at 
a forward ang£ such as 7° (lab), a second underlying 
structure is nevertheless apparent. A measurement of 
the coherence width by the conventional peak-
counting method4 yields a width, I/, of 158 keV at an 
excitation erergy of 32 MeV in ITAI, a value in 
reasonable agreement with systematics for this mass 
region. 

In order to emphasize the underlying resonant 
structure, a running average of the data was 
performed using an averaging interval. A, equal to 
three times the coherence width. The averaged cross 
sections are given by dashed curves in Fig. 2.24. In 
this figure, correlated resonances can be observed at 
various incident energies for the different particle 
groups. For example, correlations occur at 10.7 MeV 
(cm.) between the 0.0-, 0.44-, and 3.67-MeV states 
and at 15.1 MeV between the 3.67-. 6.58-, 7.98-, and 
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Fat 2.24. Typical M M n d cxcttacioa rwacuows for the 
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9.04-MeV sutes. The bottom curve of the figure 
shows that the resonances disappear when the cross 
sections fora large number(3l)ofstatesare summed. 
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Fig. 2JS. Exdtatioa raactioM for the , 5 Q " N ^ ) 
averaged over aa interval. X canal to three lawn the « 
width. The results of H-F calculations without angular-
momentum cutoft (dashed curves) and with cutoff (solid curves) 
are indicated for sutes of known or probable spins. 

The energy-averaged cross sections, such as those 
shown in Fig. 2.25, then contain 216 peaks whose 
widths, areas, and centroids were analyzed after a 
smooth background passing through the minima of 
the structure was nbtracted. The average width was 
0.44 ± 0.1 MeV. The resonant energies of ap­
parently correlated states were averaged to obtain 
values for the average resonant energy, E, and the 
standard deviation. A£. which was typically 0.1 
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MeV. figwrc 123(«) displays the number of such 
alpha particle groups as histograms whose positions 
and widths correspond to £ ± A £ The observed 
correlations, huge widths, about 31*/. 2nd Urge 
dcvmtions from the average cross sections seen in the 
data are not easily enplaintd by the statistical model 

The solid and dashed Mac* drawn through the 
averaged excitation fractions displayed in Fig. 123 
are the remits of Hauser-Fcsfabacfa (H-F) 
calculations with and without die effects of angular 
momrntum cutoff. The parameters used were die 
same as for the previous analysis of dns reaction.* 
The values for die angular momrntum cutoff. Jc, 
were obtained by fitting H-F calculations to regions 
of the excitation functions of known spin states 
where the correlated structure was absent. Such 
regions occur, for example, above 12 MeV (cm.) for 
the 0.0- and 4.43-McV states, above 13 MeV for the 
4.77-MeV level, and between 13 and 15 MeV for the 
0.44-MeV state. The Jc values determined by the 
procedure are given by £;=(8.7)"'7c(^c+ I)+16-23 
MeV for excitation energies, EM, in n A l between 273 
and 345 MeV; for this energy range, Jc is greater 
than or equal to 2%. In general, the H-F calculations 
give reasonable fits to nonresonant regions of the 

omi-oaa r*-trro«i 
^ 1 ' 1 ! 1 
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excitation functions or pass through die minima in 
the resonant structure, thus adequately accounting 
for the portion of die observed cross sections doe to 
statistical fluctuations. 

AngularHnomenaun considerations may account 
for the origin of die resonant structure. In die present 
experiment, we are in die vicinity or approaching the 
members of the yrastbne at high excitation energies 
in n AL Therefore, the values of die angukr-
momentnm cutoff required to fit die nonresonaat 
structure may represent the spins for which die 
condition T/D very modi greater than I necessary 
for die statistical modd-i* no longer valid. However, 
a narrow range of spin values contributes to die 
observed resonant structure. Spins less than Jc will be 
included in die H-F calculations, and the contribu­
tion of levels wim diese angular-momentum values 
win be in die general background underlying die 
resonances. If die total angular momentum is greater 
than "li, then die transmission coefficients arc 
vanjshmgfy small. Consequently, only values 
between % and n / i can produce resonances, because 
these levels are close to the yrast line and have widths 
comparable to or less than die level spacing. 

The resonance strengths may be used to yield 
compound nuclear spins, as was demonstrated by 
analyses of (a/>) reactions.7-* The points in die lower 
portion of Fig. 226 are die resonant areas summed 
over all correlated peaks as a function of die cm. 
energy. The solid and dashed curves correspond to 
calculations with a single-level formula for different 
compound spin and parity values. The particle 
widths in the entrance and exit channels have been 
replaced by die appropriate optical-model transmis­
sion coefficient*. However, it is necessary to 
normalize die set of calculated curves to die data at 
one point. Only normabzmg the curve for *V to the 
second resonance at 10.7 MeV provides die satisfac­
tory fit to all die data seen in Fig. 126(6). Note that 
die curve for each J value terminatesat the excitation 
energy calculated from die equation for i, as a 
function of Jc, because overlapping resonances for 
higher energies are once more to be expected. If die 
resonances at incident energies of 10.4 and 16.0 MeV 
(cm.) are interpreted as due to 2 V and "/** levels, 
then die excitation energies of these states are close to 
those predicted by an extrapolation of die ground-
state band. Thus die curves suggest a value for die 
spin of the level in n A l corresponding to each 
observed resonance. 

In conclusion, a large number of correlated 
resonances with intermediate widdu were observed 
in die , 2 Q l 5 N,a) excitation functions, as well as in 
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more rapid statistical fluctuations. Hauser-Feshbach 
calculations appear to reproduce the statistical 
portion of the cross sections. The resonant strengths 
of their energy dependence suggest that the 
resonances result from the excitation of high-spin 
states in r A l . 
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6. D. E. Gmttfsoa et al. Phys. Rev. C 13,691 (1976). 
7. E. SbeUoo et aL. PimttJings of the kaenmnonml Con­

ference on Surisricml Ptoptrtitt of Nuclei, ed. J. B. Garg. Plenum. 
New Yotfc, 1971, p. 121. 

t. W. A. Sewer et aL. Sud. Phyt. A254. SO (1975). 

MEASUREMENTS OF THE COHERENCE 
WIDTHS T D* n A l BY THE 

' ^ " N a ) REACTION 

J. Gomez del Campo 
J. L. C. Ford, Jr. 
R. L. Robinson 

M. E. Ortiz1 

A. Dacal' 
E. Andrade' 

In a previous study2 of the coherence widths r in 
"Si, it has been shown that the dependence of I* vs the 
exciution energy of the compound system provides a 
way to extract the moment of inertia and spin-cutoff 
parameters of the nucleus in the framework of the 
statistical model. As part of a systematic study of this 
effect, we have measured the coherence widths in 
2 7Al, using the 1 2 Q i ; N,a) reaction. A total of 30 
excitation functions were measured for the bombar­
ding energy range from 21.4 to 39 MeV in 200-keV 
intervals and for excitation energies in n N a from 0.0 
to 9.04 MeV. An additional ten excitation functions 
from 9.IS to 12 MeV for a reduced bombarding 
energy range were also measured. The targets were 
l 2 C foils (10 fig! cm2 thick) and were bombarded with 
"N ions extracted from the EN tandem accelerator to 
give an overall energy resolution of 80 ke V. The alpha 
particles were detected using a 60-cm-iong gas 
proportional counter placed at the focal plane of an 
Enge magnetic spectrograph. 

Figure 2.27 shows 14 of the measured exciution 
functions. The T values were extracted by the usuai 
peak-counting technique, but the autocorrelation 
functions did not yield reliable T values due to the 
presence of strong intermediate structure of about 
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Rg, 2J7. E«ciiaiioit function* for nam in "Na meaaared by 
the "q"N,a) reaction at a laboratory angle of T 

400 keV, as reported elsewhere.' Figure 2.28 shows 
the coherence widths extracted from the data of Fig. 
2.27, and the dashed lines represent the various 
theoretical predictions, using the values of 7/h2 

indicated in the figure. As can be seen, a value of 5.3 
can be clearly preferred for / /h 2 . This value is 
consistent with that previously obuined for 5*Si.J 

The values for the level density parameters for 2 7Al 
used in calculating the T values in Fig. 2.28 were a -
3.56 M e V and A = 1.18 MeV. 

The H-F calculations used to estimate the number 
of open channels employed in the calculation of T 
used rhf same set of parameters as in ref, 4 (the 
entrance-channel optical potential was uken from 
ref. 5). In order to account for the nonsutisticai 
portion of the cross sections, an angular momentum 
cutoff was used1 according to the relation £,=(8.7)"' 
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Fig. 3J0. Rendu similar to thoae of Fig. 2J9 except tha* the 
denooaimtor has been replaced by the approximation of 
Ebcrhaid et al. (ref. 6). 

Jc(Jc + I ) •*• 16.25 MeV for excitation energies 
between 27.3 and 34.5 MeV. 

It wa5 pointed out in ref. 2 that the slope of T vs EM 

depends only on // h } and not on the level density 
parameters a and A. However, the authors did not 
investigate possible effects due to varying the H-F 
denominator (the number of open channels). In the 
present study, we have calculated the H-F 
denominator, using the approximation suggested by 
Eberhard et al.' Figures 2.29 and 2.30 show the effect 
due to changes in the H-F denominator on the partial 
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widths T/. Figure 2.29 shows the results of the 
calculations, using the H-F denominator as com­
puted by code HELGA.7 The dashed fines corre­
spond to the different Tj values calculated for the 
indicated /values. The set of curves on the bottom of 
the figure is calculated with // h 2=4.8. The solid lines 
shown in the figure connect the Tj values for which a.-
(the partiai H-F cross section) has its maximum value 
at a given excitation energy. The parameters a and A 
are the same as for Fig. 2.28. Similar resulu are 
shown in Fig. 2J0, except in this case the H-F 
denominator has been calculated using the Eberhard 
approximation.* The values for a, A, and / /h 2 are 
identical to those used fcr Fig. 2.29. Even though 
there is a change of about a factor of 2 in the 
magnitude of the curves between Figs. 2.29 and 2.30, 
the slope of the solid lines is but slightly changed. This 
result then confirms our previous observation that 
the most sensitive parameter affecting the slope of the 
T vs £x. curve is the moment of inertia, /, h \ 

HIGH-SPIN STATE STUDY 1 OF '*N» 
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S. T. Thornton* 
D. E. Gusufson2 

K. R. CoideU2 

L. C. Dennis2 

T. C. Schweizer2 

J. L. C. Ford, Jr. 

Angular distributions of the '^("N.o^Na 
reaction have been repeated with improved resolu­
tion for four bombarding energies between 36.4 and 
38.8 MeV with the Enge split-pole magnetic 
spectrograph on the EN tandem accelerator. The 
improved resolution of 60 keV enabled us to separate 
doublets at 2.64 to 2.70 MeV, 3.85 to 3.91 MeV, and 
6.04 to 6.11 MeV. Each doublet contains one member 
of the IC —l { rotational band. This band appeared 
to be enhanced in earlier data.1 States with excitation 
energies up to 12 MeV in 2 >Na were populated in the 
new data, and a new statistical compound-nucleus 
calculation has been performed with the code 
HELGA for comparison with the energy-averaged 
0*0) values of both the previous and the new data. 

Careful consideration has been given to critical 
angular momentum in the compound nucleus and to 
the level density parameters. For the range of 
bombarding energies used, a Jc of r 2 is consistent 
with the grazing angular momentum in the entrance 
channel and with a more sophisticated analysis based 
on relative experimental and HELGA-predicted 
cross sections. 

The suggestions of high-spin state assignments 
were performed for three rotational bands (fC = V , 

" " I I I 

• KNOWN POSITIVE PARITY STATES 
o KNOWN NEGATIVE PARITY STATES 

* * SUGGESTED SPIN STATES (P0S.NEG) ~ 

SO 100 M0 120 130 60 70 
JU*f) 

Fif, 2.31. Known rotational band* of "Na with known and propoaad ipint. The mement-of-incrtia parameter. h ; 2/. is similar fur :V 
'/>' and V bands but is slightly larger for ihr V band. 
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V , and V ) . as well as for many other states, and are' 
shown in Fig. 2.31. The positive-parity band spin 
assignments were aided greatly by the shell-model 
calculations of Wiidenthal.4 Spin suggestions 
through ' V for the V band and through ' V for the 
%* band were made. 

The negative-parity states data have not been 
previoush-* reported. The tC - V band is extremely 
interesting because it may be interpreted in terms of 
strong coupling through the NJsson model or as 
weak coupling by a p,? hole coupled to the M Mg 
ground-state band. Both concepts have been used to 
correctly explain the excitation energies of the band 
members. We have suggested members up through 
"(i~ for this band. From the work of Watt et al.,' there 
are reasons to believe the "Mg ground-sate band 
may terminate with the 8* member, which couples 
with the proton hole to create the ' V Jtate in "Na. 

The three rotational bands of "Na appear to have 
slightly different moment-of-inertia parameters and 
deformations. Generally, the levels of "Na seem well 
described by the shell and Nilsson models. 

1. Supported in part by the National Science Foundation. 
2. University of Virginia. Charlottesville. 
3. D. E. Giistafson et al., Phys. Rev. C 13,691 (1976). 
4. B. H. Wildent'.ial. private communication. 
5. A. Watt, D. Kelvin, and R. R. Whitehead, Phys. Lttt. 63B, 

385 (1976). 

CC 'ERENCE-WIDTH MEASUREMENTS 
OF THE COMPOUND 

NUCLEI MA1 AND "Mg" 

K. R. Cordell2 P. G. Lookadoo2 

S. T. Thornton2 1. C. Schweizer2 

L. C. Dennis2 J. Gomez de> Campo 
J. L. C. Ford, Jr. 

Excitation functions have been measured for 20 
excited state* or unresolved multiplets of "Na 
populated by the l 2 C( u N,a) M Na reaction at a 
laboratory angle of 7° and for bombarding energies 
from 22.0 to 39.2 MeV in approximately 200-keV 
steps. The l 4 N beams were extracted from the EN 
tandem accelerator, and the alpha particles were 
momsntum-analyzed with the F.nge split-pole 
magnetic spectrograph. 

By carefully determining level density parameters 
and by using various optical-model potential sets, we 
were able to correctly predict our alpha cross 
sections, as well as previously measured 
,*C(MN,<i)2*Mg and "C( , 4N/Li)"Ne data,' with the 

H-F code HELGA. We used the same parameters to 
predict cross sections consistent with our previous 
analyses4'4 for the same exit reaction channels but 
with a different entrance channel, '*0 + l 0 B. 

Volant et al.' hwve reported that the 1 2 Q M N, -
*Li)**Ne reaction data are quite sensitive tc a critical 
angular momentum cufoff, Jc, below about 40 MeV, 
whereas the d channel is not sensitive. We found that 
th? ser"itivi*y u> Jc of th; absolute cross sections for 
the alpha channel depends a great deal on the optical-
model parameters used in the entrance channel. 
However, by examining relative cross sections, as 
suggested by Kbpdor et al.,7 the same Jc is found for 
all optical-model potentials in the entrance channel. 
We used the latter method to determine Jc= I0h and 
12 ft for excitation energies of 29 and 32 MeV, 
respectively, in "Al. These values are consistent with 
other published values. 

In addition to the H-F analysis, a fluctuation 
analysis of the excitation functions was also done. 
The coherence width ( 0 wa« extracted by the peak 
counting method and was compared with theoretical 
predictions of T calculated from the partial cross 
sections o(J) and the level density parameters of 2*A1. 
Figure 2.32 shows the comparison. The value of cf= 
//h 2) that best fit the data is S.6S MeV 1, and the 
extracted r0 (assuming a rigid-body value) is 1.54 fm. 
This value is slightly higher than the 1.46-fm value 
obtained in similar analyses'"' for 2*Si and 27A1. 
However, the nonstatistical behavior observed at low 
bombarding energies may contribute to a large 
damping of the fluctuations in the energy regions 
corresponding to the first two data points in Fig. 
2.32. Correcting the coherence width for this effect 
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Fif. 2.32. Theoretical calculations for "Al, a m i level density 
paimntstr a - 3.S4 HeV tod moment-of-inertia (f/h 1 M e V ) 
5.6*. The spin cutoff parameter o' is related to the moment of 
inertia by a1» //f>.; T. ".here 7"is (he nuclear temperature. 
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favors a lower value of r0. improving the agreement 
with the value of r 0 for other nuclei in the s-d shell. 

A similar study of the coherence widths of "'Nig 
was performed by studying the I 2C( I 5C.ar'Ne 
reaction. Excitation functions were measured at 
7°(laboratory) for bombarding energies from 18 to 
32 MeV in 200-keV steps for states in :'\'e up to an 
excitation energy of 9 MeV. A resolution of 45 keV 
enabled us to resolve some 40 states. Critical angular 
momentum effects were considered The experimen­
tal and theoretical coherence widths were compared 
as done previously for 2*Si. 27A1. and 2*AI. 

Energy-averaged aid) values have also been 
obtained in order to make high-spin state 
suggestions. Calculations with HELGA indicate 
quite varying shapes of o(0) for different spins. 
Comparison with shell-model calculations was used 
to locate the suggested member of rotational bands in 
2 ,Ne. 
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3. C. Volant et al.. Sucl. Phyi. A238. 120 (1975). 
4. J. L. C. Foro. Jr.. et al.. Sucl. Phys. A226, 189 (1974) 
5. J. Gomez del Campc et al.. Phys. Rev. C 9. 1258 (1974). 
6. J. L. C. Ford. Jr.. et al.. Z. Phys. 269, 1*7 (1974). 
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tion." 

numbers of the target and projectile are greater than 
or equal to 20. the total neutron yield for the : 2C + J 2 C 
system has been measured. The yield curve Y was 
measured for £«. = 7 to 40 MeV in 200-keV steps.' 
Figure 2.33 displays a portion of the yield from £<» = 
5 to 13 MeV. A sutistical analysis ol the dau from 
Ec m = 5 to 10 MeV has been performed2 using a 
running average A = 2 MeV (about 20 I\ where T is 
the coherence width). The number ol effective 
channels (A) wascalculated using the STATIS code.1 

and a comparison of the theoretical probability 
distribution PK vs the experimenul one indka'es the 
presence of strong nonsUtistkal components. The 
smooth (solid) curve KKD on Fig. 2.33 follows the 
energy dependence of the H-F cross section for single 
neutron emission for £c« < 10 MeV and has been 
normalized to t'.e dau in such a way that Y^ KKD. 

Figure 2.34 shows the result of subtracting the 
KKD curve from the measured yield; as can be 
seen, a strong resonant behavior is present. The 
vertical arrows drawn on the figure correspond to 
the resonance energies previously observed for a, p, 
•>. and "Be channels. The resonances at £cm = 5.6, 
5.9. and 6.3 MeV correspond to the well-known sub-
Coulomb resonances.4 However, we also observe at 
6.6 and 7.15 MeV strong resonances previously 
unreported. The arrows labeled a for E<m. larger than 
7.5 MeV agree within 100 keV with our present 
measurement/ A total of eight resonances of those 

HEAVY-ION NEUTRON YIELDS o*m.-ow«Tr-i05i] 
=1 

J. K. Bair 
J. Gomez del Campo 

P. D. Miller 
P. H. Stelson 

Final data are now available for the tout neutron 
yields resulting from the bombardment of thin 
urgets of "*C, 3C, , 6 0 , and ! , 0 by , 2 C, "C, "O, and 
"0. These measurements are made at energies over 
the barrier region and cover five cr six decades of 
yield. Accuracy is about 5%. A paper is being 
prepared based OP these results. 

RESONANCE STRUCTURE IN THE TOTAL 
NEUTRON YIELD FOR THE 

, 2 C + l 2 C SYSTEM 

J. K. Bair P. D. Miller 
J. Gomez del Campo P. H. Stelson 

As part of a program of searching for nonsUtistical 
resonances for heavy-ion systems, where the mass 

Fig. 2.33. Yield Y (mb) for the "C + "C system plotted vs 
the ccnter-of-maw energy (MeV). The solid line YKDn discussed 
•n the text. 
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Fig, 2.34. X - ygooCabl for the "C + "C system. The arrows indicate the resonance energy measured in previous work for (he 
charged-partkk channels p. a. and 'Be. 

reported4 for the "Be channel are also in good 
agreement with the resonances seen in the present 
work. This is also the case for the '"C(':C.p) 
resonances7 at 11.3 and 14.7 MeV. 

The abundant resonance structure observed in 
the present measurement and the ck-ar correlation 
with previous a, p, and *Be measurements rep. xnt 
a challenge to current theoretical models for 
heavy-ion resonance reactions.*"' 

1. The yield Y is defined as ¥ = o.-v, where o. is the total 
neutron crow section and v is the average number of emitted 
neutrons per neutron-producing event. 

2. R. A. Dayraset al., Noel. Phyi. A2M, 153 (1976). 
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6. N. R. fletcher et al.. Phys. Rev. C 13, 1173 (1976). 
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OBSERVED DIFFERENCES IN *°Po 
COMPOUND NUCLEI PRODUCED BY 

*Ar AND "Kr PROJECTILES1 

R. L. Hahn2 

K. S. Toth 
Y. LeBeyec3 

M. W. Guidry4 

As part of our program to study compound nuclei 
produced in reactions with very heavy ions, we have 
produced 2 0 0Po compound nuclei with beams of *°Ar 
and MKr. The experiments were done at the Super-
HILAC, Lawrence Berkeley Laboratory, with a gas-
jet system used to collect and assay the alpha-
radioactive polonium isotopes. Our data for the 
reactions ^Ait'^Dy^r/i)200"^© h=ve been discussed 
previously.^* 

Recently, we obtained data for the reactions 
MKr<"tCd,jr/T)M0"1Po. These results, along with the 
earlier data for *°Ar, are plotted in Fig. 2.35 as 
excitation functions. It is seen for a given (heavy-ion, 
xri) reaction that the cross sections for krypton-
induced reactions are smaller than those obtained 
with argon, and the peaks of the krypton excitation 
functions are shifted to higher excitation energies 
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Fig. 2.35. Excitation functions for polonium nuclides produced 
in the reactions **Ar +• "*Dy and MKr + "*Cd. The curve* of part 
(a) arc from ref. S. while part (h) shows data for the krypton 
reactions as a function of excitation energy. K*. and of MKr 
bombarding energy 

with respect to the -rgon curves. These observations 
are qualitatively consistent with our earlier results for 
erbium compound nuclei produced with argon and 
krypton beams7 and indicate that the decay of 
compound nuclei produced by such heavy beams 
does depend on the specific mode of formation. 

I. An account of this work is also included in the Chem. Piv. 
Annu Prof. Rep Mar. 31. 1977. ORM.-5297 (to be published). 

Z. Chemistry Division 
3. Institut de Physique Nucleaire. Orsay. France. 
4. Lawrence Berkeley laboratory. Berkeley. Calif 

6 V LcBcvcc et a<.. Mm Rr\ C 14. 103* 1l«76l 
7 M. Gau\ir. et al.. Phvi Rn. C 10. 722 11974). 

STUDY OF EVAPORATION RESIDUE 
PRODUCTS FROM "ir BOMBARDMENTS 

OF "Co, "2r, AND '"Af 
M. Blann' P. D. Goldstone2 

H. C. Britt' H. H. Gutbrod4 

B. H. Erkkila' F. PUsil 
R. L. Ferguson1 R. H. Stokes1 

Wc have continued our study9 of heavy-ion fusion 
reactions at the LBL Super-HILAC by measuring 
both cross sections <uid mass and charge distributions 
of evaporation residue products in MKr bom­
bardments of *5Cu, *°Zr. and '"Ag. In interpreting 
the results of these experiments, we have utilized a 
nuclear de-excitation calculation that includes fission 
competition.* 

Our earlier results on evaporation residue cross 
sections from the *°Ar + >MAg reaction were in good 
agreement with theoretical calculations7 and en­
couraged us to make similar comparisons using 
krypton ions. With a 1.5-m time-of-flight apparatus, 
we have obtained evaporation residue cross sections 
at three bombarding energies for MKr + *5Cu, at two 
energies for "Kr + "Z.. and at one energy for **Kr+ 
""Ag.7 The data for '*Kr + "Cu arc shown in Fig. 
2.36. The experimental points are bracketed by two 
options of the theoretical calculation, and the 
agreement is satisfactory. 
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Fig. 2.36. Cross section for evaporation residue products as a 
function of laboratory bombarding energy for *Kr+ M Cu. Dashed 
curves represent (hcore'ical calculations. XI - NO indicates that 
panicles do not remove angular momentum, at is the total 
reaction cross section calculated with an optical model. 
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The M A g + * f a experiment was carried out at a 
bombarding energy of 720 MeV. The evaporation 
residue cross section was found to be 28 ± 8 mb. This 
is considerably lower fJian the theoretical prediction 
of 135 mb, which was obtained without the 
adjustment of any parameters. When the level density 
parameters were varied, however, the catnilated 
evaporation residue cross section was found to be 
very sensitive to die ratio of the level density 
parameter for fission. ay, to the level density 
paiameter for particle emission, or. For example, for 
ail a, = 1.0, an = 13^ mb; for a//a, = 1.05. ot« = 31 
mb-.and fora//a,= 1.1, oE«=0.4mb. Because a//a, -
l.l is not an unreasonable value, the experimental 
value of 28 mb is not in sharp disagreement with 
theory. On the other hand, since the calculated value 
of at* is *> sensitive to the value of ay/ a. and since the 
exact value of af,a, is not known for each specific 
case, the calculations may be of limited value in 
predicting evaporation residue cross sections. How­
ever, this appears to be the case only for such systems 
as **Kr + "*Ag, in which the fission barrier at zero 
angular momentum, B?, is relatively low (11.7 MeV). 
In cases in which B/° is relatively high (e.g.. B? = 33.7 
MeV for M Kr + *'Cu), am calculations are not too 
sensitive to the value of afla.. For example, in the 
case of 506-MeV **Kr bombardments of *'Cu, cal­
culated OER values are 353 mb with a/! a. = 1.0 and 289 
mb with af! a, = 1.1. Therefore, provided Bf° is con­
siderably greater than the lowest particle-binding 
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Ha. 137. Cakaared aad uuwiiawial mm distributions of 
MMorwion ruiim products frous 7lt-MtV "Kr bofltbardmeou 
of O L The absolute expcrimenul mass scale is subject to some 
uncertainty. 

energy, the calculations may be used to make predic­
tions of evaporation residue cross sections because 
these are fairly insensitive to the choice of af a,. 

For 716- and 366-KeV "Kr + "Cu, we have 
determined mass and charge distributions of 
evaporation residue products, using the time-of-
fugbt apparatus and a A£-£ telescope. The mass 
distribution from die 716-MeV experiment is given in 
Fig. 2.37 by die points. The histogram indicates the 
result of a theoretical calculation* of the type 
mentioned above. Except for the shift in scales, which 
b due to inadequate calibration of the time-of-flight 
apparatus, the agreement is excellent. The measured 
charge distribution was found to be broader than that 
calculated, but the broadening could be accounted 
for by the relatively poor resolution of the A£ 
counter used. In subsequent runs, both die time-of-
fught calibration and die A£detector resolution have 
been improved, and our experiments at the Super-
HILAC are continuing. 
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LIFETIMES OF GROUND-BAND STATE 
IN l w P t AND "*Pt AND CONSIDERATIONS 
OF THE ROTATION-ALIGNMENT MODEL 

N. R. Johnson D. G. Sarantites' 
P. P. Hubert' J. Urbon' 
E. Eichler S. W. Yates* 

Thomas Lindblad' 

Recently we have begun lifetime measurements' on 
members of the ground bands in i n P t and I M Pt. 
There are two primary reasons for these 
measurements. First, we are interested in understand­
ing some of the strong irregularities observed!-* in 
the rotational-like band structure of the even I M" , , 4Pt 
isotopes. A pronounced compression of the energy 
spacing between the 10* and 12* states is observed, 
and the level spacing pattern above spin 12* in "°Pt 
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and Pt resembles that of the iow-tpin states. were Coulomb-excited by a beam of 149-MeV 
Furthermore, a i*£2; 12' - 10*) value of (0.33 ± 
0.06)eV has been deduced frori the measured* half-
life of the 12* level in i n Pt: this value is only uhout 
50% of the rotational limit based on an average of the 
, w P t /K£2; 2* - G*> measurements. The above 
observations have been interpreted7*' within the 
roution-alignrncm (RA) model,10*" and the 
anomalies are reproduced if an oblate deformation is 
assumed for the nucleus together with alignment of 
two in i neutrons. A measurement of the lifetimes of 
the states up to 12* should add some clarity to the 
picture. A second reason for this study involves a 
discrepancy of more than a factor of 2 between the 
previously measured1' half-life value of the 4 "state in 
, w P l and that predicted by either the R A or the pyre 
rotational models. 

Lifetime measurements were carried out by the 
Doppler-shift recoil-distance method. The states 

Ar 
2 ions from the ORIC. The target was a 3.1-mg ci.i 

metallic platinum foil enriched to 579t in "*Ptand to 
2V7c in Pt. When the **Ar backscattered ions were 
detected in coincidence with an annular silicon 
detector, the average recoil velocity imparted to the 
platinum ions was v c = 0.0249 ± 0.0004. Details of 
the experimental method and data analyse techni­
ques are described by Johnson et al." and by Sturm 
and Guidry.14 

Due to the low Coulomb excitation cross section 
with *°Ar ions, we were able to get good data for only 
three states in l , 2 Pt and only two states in '"Pt. A 
summary of the resa'ts and comparisons with 
previous measurements are given in Table 2.7. 

As pointed out in a recent paper.13 both the RA 
and pure rotational models give essentially the same 
predictions, which are in excellent agreement with 
our experimental values for the states obtained here. 

TaMe2.7. Half-hfe and Bikl) valaes for i t s . I t 4 . 

Transition f 7 (keV) 
T\ 1/2 (P*c) 

«re B<£2).rV Transition f 7 (keV) 
Previous work Present work «re B<£2).rV 

ItSp, 2 - 0 31649 35.3 t 2.8* 
33.6 i 4.5 C 

45.1 ±0.5** 
42.8 i 1.5* 
39.3 i 2.y 

48.5 t 2.5 0.0331 0.34 10.02 

4 - 2 468.06 11.8 i 2.1* 4.2 t 0.2 0.0287 0.58 10.03 

6 - 4 580.80 1.8*0.7 0.0J72 0.47 1O.I8 
I 9 4 P I 2 - 0 328.50 37.7 i \.Sr 

50.5 i 2.2* 
41.8 t 1.0* 
41.8 i 0.5** 
34.7 • 3.5' 
41 .8 ! 2.9' 

45.0 : 2.4 0.0746 0.31 10.02 

4 - 2 482.65 4.4 • 0 . / 3.7 t 0.2 0.0267 0.57 i0.03 

"Total internal conversion coefficient* have been reduced by 2? to account for possible deviations from theory found 
in this region by Stetson and Raman. Sources R S. Hager and E. C. Seltzer, Sucl Data A 4 . 397 (1968):0. Dracoun. Z. 
Plajner.and F. Schmutzler.Nucl. Data A 9, 119 (1971 >: and P. H. Stelson andS. Raman, private communication. 1976. 

Value from Schwarzschild determined by delayed-coincidencc method (ref. 12). 
rValue from Bcraud et al. determined by centroid-shift method. Source: R. Beraud et »l..Phys Rev. C 1. 303 (1970). 

Calculated from (a. or') Coulomb exdation BiE2) values of Ronningen et al. Source: R. M. Ronninren et al..Bulletin 
of the American Phytical jocieiy. in pres,. 

'Value from Smith and Simms determined by centroid-shift method. Source: C. ' Smith and P. C. Simms. Nucl. Phys. 
A202.409 (1973). 

'Calculated from the Coulomb en citation S(A'2) value of Milner et *\. Source: W. T. Milneret al.. Nucl. Phys. A177,1 
(1971). 

'Recoil-distance measurement by Nord. Source: R. H. Nord. Thesis. University of Wisconsin. 1971, unpublished. 
^Calculated from ( " o . ' * 0 ' ) and (/>./»') Coulomb excitation P(H2) values of Glenn ct al. Sourer: i. V.. Glenn cl al.. 

Phys. Rev. 188. 1905 (1969). 
'Value from Berkcs et al determined by centroid-shift method. Source I. Berkes et al..Phys Rev C6. 1098 (1972). 
'Calculated from inelastic alpha-particle-scattering work of Baker et al. Source: Y.J. Baker ct »\..Phys. Rrr. Lett. 37. 

193(1976). 
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We plan further measurements following Coulomb 
excitation with still heavier projectiles in the hope of 
exciting the 10* state and providing a more rigorous 
test of the R A model. This b based on the suggestion 
by Piiparinen et aL* that the (**u 2 )M configuration 
b the main component m the wave function of the 10* 
state, while the / ^ 12* states are primarily described 
by the Mn > configuration. Calculations* in the RA 
model indicate that if this is the case then the A £2): 
10' - 8 ) as well as the »£2; 12 ' - 10') will be 
reduced considerably so that the lifetime of the 10' 
state would be about 1 psec 
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PROPERTIFS OF '**Er IN THE 
BAND-CROSSING REGION 
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R. M. Diamond' 

Erbium-J 64 belongs to the class of nuclei termed 
"backbenders," so named because of the abrupt 
increase in the moment of inertia at about spin 14* in 
the ground-state rotational band. In an extensive 
experimental investigation* of the high-spin states in 
this nucleus completed recently, we have made some 
significant new findings. 

Normally, the behavior of back bending nuclei is 
established from the gamma-ray cascade down 
through the yrast sequence following a compound-
nucleus reaction. However, during the past vear in a 

collaborative effort carried out at the Berkeley 
Super-HI'-AC, v»c showed for the first time that it is 
possible to excite the ground band of I M Er through 
the hackbend and up to the 18' level in the yrast 
sequence by the Coulomb excitation mechanism.7 In 
addition, we saw good evidence for excitation of the 
16' and 18' members of the ground-state band. 

In order to get information on higher spin states in 
I MEr, and hopefully to find the 14*' member of tic 
excited band, we carried out extensive gamma-
gamma coincidence measurements at the ORIC, 
utilizing the reaction l**Nd(,,0,4ny)!**Er. These 
experiments were quite successful, as the deduced 
level scheme of Fig. 2.38 illustrates. Above the band-
cwsing point, we now have several states in both the 
yrast sequence and the ground band. Additionally, 
we obtained the necessary gamma-ray branching 
ratio from the 16*' state, which makes it possible to 
calculate the important interaction matrix element 
between the two bands. This matrix element is 54 
keV, a small value that is completely compatible with 
interpreting the backbending here in terms of the 
rotation-alignment model.* 

( 2 2 * ) -
**> 

(20*) T r 

-5001.2 

O»NL-DWO 77-e«as 

. - ,6 
(20*) -

18*—I Z _ . 

4346.6 - 0 
(18*) 1 «—4121.2 

-3769.0 

•4868.8 

.< & , O P * ( 1 6 * ) - i 
"* — T t - S 0 2 6 3 . 4 

MO10.4) ^ 
(I4*')_J 22^28 

-3411.2 

2702.55 

1 2 * * - ? - 1—2082.79 

1518.06 

1024.60 

% 2 * 9 t . 3 9 
- « — 0 

Fig. 2.3S. Level scheme of "*Er deduced f.om both Coulomb 
excitation and compound-nucleus reaction eupe- mem* Ttv 
intensities of (he 560 V an.' " ^ . i k c . .!..»>...on* are shown in 
parentheses. 
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Rg. 2.39. Conventional plot of 2//h s v» (h»)J for "*Er to 
iBmtrate the bacfcbendag effect. 

A conventional backbending plot of these data is 
shown in Fig. 2.39. Note that, at the 16' state of the 
ground band, there is a discontinuity, which may 
indicate the intersection of this band with a second 
excited band. 
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LIFETIMES OF GROUND-BAND 
STATES IN "°Nd 

S. W. Yates' 
N. R. Johnson 

L. L. Riedinger2 

A. C. Kahler* 

Recent measurements of reduced transition 
probabilities of high-spin states in strongly deformed 
nuclei have shown that these nuclei are well 
understood in terms of the rotational model. 

However, pronounced deviations from the rotational 
description haw been observed for B(E1) values of 
ground-band states in transitional nuclei and are 
often interpreted as due to band-mixing between the 
ground band and low-lying beta-vibrational and 
gamica-vibrational bands. The observed increase in 
fl(£2) for such nuclei has been taken4 to be of the 
form 

a(£2: / - / - 2) = B4E2:1 - I - 2) 

x j l + y W#+ l) + ( / -2M#- D!j : . 

where B^El) is the unmixed rigid rotor value and a is 
.-. mixing (or stretching) parameter. Although 
previous work has accounted for deviations in terms 
of the single parameter a. it may well be that other 
explanations such as fourth-order cranking, cen­
trifugal stretching, and Coriolis antipairing can also 
account for nonrelational behavior. 

In a further study of the problem with these nuclei 
just at the boundary of the strongly deformed region, 
the ground-state rotational band of "°Nd has been 
investigated by using the Doppler-shift recoil-
di«a?.ce technique. Recoil-distance measurements 
arc preferred, since no other method is believed to be 
of comparable accuracy in the half-life range under 
study. In addition, this method involves fewer 
assumptions than arc employed in other 
measurements such as multiple Coulomb excitation 
yields. 

An isotopically enriched 2.8-mg cm2 "°Nd foil 
was bombarded with 149-MeV *Ar" ions from the 
ORIC. Following Coulomb excitation of the target 
nuclei, the backscattcred *°Ar ions were detected in 
an annular surface-barrier detector. Spectra of 
gamma rays in coincidence with the backscattered 
ions were taken at several target-stopper separations. 
A plot of the ratio of the unshifted gamma-ray 
intensity divided by the total gamma-ray intensity as 
a function of the target-stopper separation is shown 
in Fig. 2.40, and the resulting half-lives and B(E1) 
values are sumtnarized in Table 2.8. The details of the 
method of data analysis are given elsewhere (see refs. 
5 and 6). While the 10' rotational state i« clearly 
excited in the Coulomb excitation process, an 
unfortunate degeneracy between its gamma ray and 
another gamma ray from a known vibrational level 
prevents our obtaining a half-life value for this state. 

It is clear from th- fl(£2) ratios in Table 2.8 that 
there is enhancement in the transition strength as one 
goes to higher spin. The enhancements are very 
similar to those found in the case of , 5 JSm(ref.7).An 



66 

0 

-to -1 

k -20 -
3 
4 

-50 

-40 

"°H« 

< - r 
T„»-6i0st 

6'-4" 

[ V t . 4 0 m 

200 400 600 

OSIMCEiH") 

aoo ooo 

20 

Fa*. 2-40. n o t e * 
>tbe 

40 60 00 DO CO 
eaumjEMT rac or FUGHTPSI 

T I H E U S M M uyofkeM fc and «£2) data far "*N4 

Traasiiioa { k e y j (pwc) 
•tO). «£2>»» 

2 - - 0 ' 
4 " - 2 ' 
6 " - 4 * 
S ' - 6 ' 

130.3 
251-2 
339.0 
409.3 

1440 ± 7 0 
6J.0 ± 3.2 
12.4 i I.I 
4.0 * 0.4 

0 & t 0.03 
0*2 * 0.04 
0.91 * 0.09 
1.21 i 0.12 

i ioor 
I 03 t 005 
1.13 t 0.09 
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'An ratios are normalued is this ratio as unity. 

informative method of comparing these experimen­
tal results with the single parameter prescription is by 
a plot as shown in Fig. 2.41. A plot of this type should 
yield a straight line, the slope of which is a and the 
intercept, A(£2). A weighted least-squares fit to the 
data indicates a constant value for o = (1.9 ± 0.4) x 
10 ' and A(£2) = 0.542 ± 0.008. Note that this value 
is nearly identical to values of the mixing parameter 
determined for the other N=90 isotones, l 5 2Sm and 
> S 4Gd, which indicates only small changes in the 
nuclear structure wiih increasing proton number in 
tliis region. 
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BANDS IN ODD-y4 THALLIUM ISOTOPES 

A. C. Kahler1 

L. L. Riedinger1 

N\ R. Johnson1 

R. L. Robinson 

In the past year, experiments at the ORIC on 
'""Tl have been completed. In addition, work on 
"*Tl has been initiated at the Berkeley 88-in. 
cyclotron, using an (*'Si,4ny) reaction. A primary 
purpose of these measurement* is to follow the 
systematic trends of odd-/* proton bards in this 
transitional region immediately below ead. This 
region is quite interesting in that it displays a variety 
of nuclear shapes and coupling scheme. 

The fh 2 and in: bands observed in thallium nuclei 
can be viewed as rather strongly coupled particles on 
slightly oblate mercury cores. Both of these Nilsson 
orbitals intrude across the Z = 82 shell model gap 
into the low-energy level schemes of thallium nuclei. 
By studying the spacings in :hese bands, we hope to 
learn much about the derails of the co jplings of 
these particles to their respective cores. 

The yrast structure in the odd-A thallium nuclei is 
the //»: band. The systematics of this band in the 
thallium nuclei are shown in Fig. 2.42. The work on 
"'•'•'Tl has been performed in a Stockholm-
Jti'.ich collaboration * and the " U " T I results are 
from our experiments. In each case, the : , ,y member 
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of the band breaks the trend established b> the lower 
members. Furthermore, compressed levels are 
observed at higher spins in Tl. The cause of 
this change in the h*: band is not really 
understood. Lieder et al.' have proposed that the 
higher-spin states reflect the 10' — 8" compression 
in this core, as illustrated in Fig. 2.42. Work is 
continuing on the theoretical explanation of these 
changes in the n*; band. 

Positive-pa ity bands are also observed in these 
thallium nuclei, as shown in Fig. 2.43. However, it 
seems that we observe a vastly different structure in 
"'''"Tl than that seen in IM*"7T1. Our in-beam 
work, our UNISOR measurements on l w P b decay, 
and the earlier work of Niwton et al.* lead to the 
placement of an inn band in "*T1. We observe in 
'*'T1 a similar band at a slightly lower energy. This 
band is evidently not the same as that observed in 
l w , "*ri; the Utter begins with ",* level and is 
explained' as a three-quasi-particle structure. The 
rapidly falling inn band evidently absorbs reaction 
strength in ' I , I M T1, although we have candidates 
for an analogous "2* state in these nuclei. 
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HIGH-SPIN STATES IN , n A n 
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L. L. Riedinger2 
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E. F. Zganjar4 

A. Visvanathan* 

this orbital. At this point, a low-energy highly 
converted V — '2 quadrupoie transition has been 
unobserved, and all energies are given with respect to 
the V level. 

The second decoupled band is tentatively iden­
tified as thc[660], : in 2 proton. The band head is seen 
only weakly in the present measurements but is more 
strongly populated in the decay of a high-spin l , 5 Hg 
isomer, as observed in UNISOR measurements 
(described also in this report). As in the A» 7 band, the 
proposed ' V . ' V . I l 2*. ... levels are evidently 
depressed '.rt energy relative to the ' V , ' Y , . . . levels. 
Electron measurements are in progress to confirm or 
deny the £1 character of the 424-keV dipole gamma 
ray. The only other high^' particle on which a band 
could be built is the [S05]n : An 2 proton. However, 
this high-ft orbital should not give rise to a decoupled 

anomalously low in energy, as do the V . ' Y . ' Y , - band. Additionally, if this band resulted from the 
levels, because of the large decoupling parameter for h„ 2 protcn, the 103..4-keV level would be 'Y , but 

As part of our continuing study of high-spin states 
in odcM transitional nuclei, levels in , M Au have been 
observed foliowing the ;**Tni(*Nc. 4ny) reactions at 
ORIC. We have accumulated y-y-i, y-rf, and 
angular distribution data, using both thin and thick 
targets. These data have enabled us to identify two 
decoupled bands (Fig. 2.44). 

The lower-lying band is believed to be buih on the 
[54 l ] , ; A* 2 proton orbital. In the heavier odd-A gold 
isotopes, this orbital is rapidly approaching the 
ground state. In fact, the I M Au ground state of ' 2 is 
thought to be part of the [541 J, 2 band structure. It lies 
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Fig. 144. Bud ftrnctnrc of '"Au. Gamma-ray intensities 
observed in the (*Ne,4rry) reaction are given in parentheies below 
the transition energies in keV. The low-energy V - '.-
transition has not been observed. 
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of the rotational frequency for the core, " f t , and for the 
'"AII proton band*, h*n «nd probably / w . 
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the angubr distribution data for the 24-keV gamma 
ray would not support the required A/= 0 nature of 
this transition. 

Assuming the correctness of the [660]i 2 assign-
men:. "5Au presents an excellent opportunity to 
study the cause 01 backbending in this transition 
region. The downsloping nature of both [541], 2 and 
[660]i2 orbitals as a function of deformation 
guarantees that both particles have the same 
deforming effect on the l l 4 Pt core. As shown in Fig. 
2.4S, the A» 2 band does not backbend, while the 
proposed in 2 proton band closely follows the l l 4Pt 
core in its slight backbending. This contrasting 
behavior presents the first conclusive proof that the 
Coriolis alignment of A» 2 protons is responsible for 
backbending in the light, prolate platinum and 
osmium nuclei. The in 2 proton orbit evidently 
contributes little to backbending because of its 
elevated energy relative to the Fermi surface. There 
are in: neutron orbits near the Fermi surface, but our 
results demonstrate that they do not play a crucial 
role here, contrary to the conclusions of Beshaietal.9 

1. Graduate student. University of Tennessee Knoxvillc. 
2. Consultant. University of Tennessee. Knoxville. 
3. Chemistry Division. 
4. Louisiana State University. Baton Rouge 
5. S Beshai et a l . Z. Phyt. KTl, 351 (1976). 

ODE TO AN UNIDENTIFIED ISOTOPE 
R. B. Piercey' 
J. H. Hamilton' 
R. M. Ronningen' 

A. V. Ramayya' 
R. L. Robinson 
H.J. Kim 

"My heart aches and a drowsy 
numbness pains my sense, 

as though 0/hemlock f had drunk"1 

While in-beam gamma rays 
have fallen like the rains, 
one group unidentified 

has brought on us a blue Junk. 
In studying 74Se produced by bombarding *°Ni 

with 46-MeV "0 ions at the ORNL tandem 
accelerator, a group of unidentified gamma rays were 
observed. From >-> coincidence studies, 13 tran­
sitions could be assigned to energy levels at 187,383, 
636, 813, 878, 1161, 1474, 1646, and 2054 keV and 
four to tentative levels at 70,356,1184, and 2534 keV, 
as shown in Fig. 2.46. They are not seen in any 
radioactive decays studied after the run nor in other 
studies to our knowledge. 

M M MV # 

am* 

+*T J_ 
V * 

W.V. j-f 

# 

J? 

— ' • — 1 1 1 .>*>* 

a_ J — 

Fig. 2.46. Experiamttl ievci sefceme attributed to T*Br 

From calculations of the cross section with die 
program ALICE, which generally reproduces the 
experimental cross section in the mass region, we find 
that we are missing most of the predicted cross 
section that leads to 7*Br in our in-beam study. We v.. 
in-beam some weak transitions that feed the 1', 28-
min isomer of 74Br. 

In the radioactive decay, however, we see more 
strongly the decay of the 4", 42-min isomer of 74Br. 
Thus, we know we are populating states that feed the 
high-spin isomer. If we assign the above unknown 
group to 74Br, the expeiimental cross sections are in 
general agreement with the calculations. Nothing is 
known about high-spin levels in 74Br at present. We 
believe these new transitions are from high-spin 
states that feed the 4' level in 74Br. Much less likely, 
but possible, is that these transitions involve decays 
into the spin % isomers of 7 I , 7 ,Se. 

1. Vanderbilt University. Nashville, Tenn. 
2. John Keats, "Ode to a Nightingale." 

IN-BEAM GAMMA-RAY 
SPECTROSCOPY OF 72Ge 

2.1 
A. C. Rester 
A. P. de Lima 
J. H. Hamilton2 

R. L. Robinson 

A. V. Ramayya2 

H. Kawakami2*4 

R. M. Ronningen3 

H. J. Kim 
The levels of 72Gc have been investigated to higher 

spin via the MZn(*Li/?n)7]Ge reaction at a beam 



70 

Omn.-0»G TT-<Oit* 

4821 nev 

<060 
i 

(8*) 
3761 

989 

3 0 7 9 -

25*5 

2464-

1000 
l05t 

1015 

ieT) 
•2772 

786 

2064-
1044 

t 

I 

600 
l LL -1728 

• 1464 

630 894 

•83-» 

834 

L_ 
72, 'Ge 

F«. 147. Lmb in n 0 e . 

energy of 26 MeV. Gamma-gamma coincidence and 
angular distribution measurements were carried out. 
From the 7-7 coincidence studies, two and possibly 
three new levels are established in the yrast cascade as 
shown in Fig. 2.47. Analysis of the angular 
distribution data to obtain the spins is in progress. All 
the levels below 25S0 keV have been seen in the decay 
o f n A s t o n G e . 5 

More of the feeding goes by the main yrast cascade 
in 7 1Ge. Also, the transition from the 8* to the 6* level 
is lower in energy than the 6 to 4 transition which may 
indicate that this 8* level is a two-particle state with a 
ig*nf configuration as suggested in our M Ge work' 
rather than a continuation of the ground-state band. 

TenncMcc Technological University, Cookeville. 
Vandcrhirt University, Nashville, Term. 
On fellowship sponsored by the Portuguese government. 
On leave from the Institute for Nuclear Study, Tokyo. 
K. R. Alvar, Afar/. Deu Shetfs II, 121 (1974). 
See this report, A. P. de Lima et •!., "Multiple Band 

MULTIPLE BAND STRUCT I RE IN **Ge AND 
THE G» 2 ORBITAL 

A. P. de Lima1,2 

J. H. Hamilton2 

R. L. Robinson 
A. V. Ramayya2 

B. van Nooijenw 

R. M. Ronningen2 

H. Kawakami2-4 

R. B. Piercey2 

H. J. Kim 
W. K. Turtle 

Structure in Oe and the *M Orbital.' 

L. K. Peker 

Even- and odd-parity bands have been observed in 
nuclei in the A = 70 region with rotational-like level 
spacing*. **7 As part of a systematic program to 
investigate the structure of nuclei in this region, we 
have studied levels in **Ge to high spin. In-beam 
gamma-ray spectroscopy (including angular dis­
tribution), 7-7 coincidence, and lifetime 
measurements were made via the "Ni(,2C,2p)'*Ge 
reaction with a beam energy of 39 MeV. The yrast 
cascade to 12* was reported at the Caen Conference.' 
Here we report a more complete analysis of the 
coincidence and angular distribution data that yields 
a surprising new richness of banc! structures not 
previously identified in this region. 

Figure 2.48 presents our results. The first striking 
new result is the discovery of three 8* levels with 
definite bands built on two of these levels. The Aj and 
A* coefficients for the 1141.3-, 1353.6-, and 1670.0-
keV transitions are 0.324(24), -0.117(29); 0.356(16), 
-0.120( 17); and 0.31 (3), -0.11 (3) respectively. These 
and the direction correlation from oriented states 
(DCO) 7-7 correbttion results favor 8* assignments 
for the three levels these transitions depopulate. 
Other spins assigned to the bands built on these levels 
are supported but not always proven by the data and 
so are somewhat tentative. The fascinating behavior 
of the moments of inertia, A with spin of these even 
parity states is shown in Fig. 2.49. 

The 5366.8-keV level is easily interpreted as the 
continuation of the ground-state band. If one looks 
at the mean lifetimes of the other two 8* states, one 
finds that both are retarded when compared with the 
6-4 transition. Thus the lifetimes and the changes mS 
at 8* for these two bands indicate they have 
significant changes in structure. In weakly deformed 
nuclei where the Fermi energy is close to the fl = '/J, 
largeyO'i j, j, hwn, g*i) levels, strong Coriolis coupling 
is expected to give rise to aligned (/ = /o, /o, 2 ...) 
bands based on (J? two-particle configurations and 
to partly aligned rotational bands based on negative-
parity two-particle configurations (I'IM; fyn, PJO), 
(An/i; dj/j, gin), or (gt/i;f$n, pm), I- 5", 7", 9"; 6", 8", 
10". Such bands have been seen in Pt; in Hg nuclei 
with K'u/i); in Ba, Ce, and Nd with ir[h\\,i); and in 
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Ru, Pd, and Cd with v{hu :) configurations. In these 
nuclei with S much greater than Z, the condition for 
a strong Coriolis coupling exists only for proton or 
for neutron configurations but not for both, and so 
only proton or neutson L,ands are observed. In the A 
= 70 region, however, where both Wand Z=30 to 38, 
one could have both proton and neutron hands based 
on these g*a orbital*. The two observed rotational 
bands built on the two 8* levr'< in M Ge car. be 
considered the first evidence fcr both proton irigm)1 

and neutron vfa 2 ) 2 bands. Further support of this 
idea is found in the negative-parity states, where we 
can expect negative-parity bands bated on proton 
(g*n. fin. Pm) and neutron Or*/:; fin. pjj) con­
figurations. Indeed, there are several negative-parity 
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bards seen in Ge which have the expected proper­
ties. 

1 <)n Iclkmthip. YOO>»><>TC<I hy ihc Portugunc go\rrnmeni 
2 Vandcrbilt I nivcrvf. Nathtillr icim 
.' <)n leave Irom Drift I ethnological tmvcru:>. Ncthrrlandt 
4 (In lea»e ','tyzn ln\li'utc lor Nuclear Mud), lofcyi. Jaru ' 
5 r-rcc I rmcrviH of Am\tcrdam. NctheriMdt 
ft J H Hamilton d a L / K i t Kn l*- J2.2J9(I°74>36.H.i 

<I976| 
7 fc B Picrce> « al. Wit i «'> Iftt 37.496(l9 r6) 
H A I' dc lima cl at . p Si in PrtHtrJmgt iur.ipc n 

i •mlrrem r im Vu« fr»r Wii «i< i n #|>| Htevx Umi. Srpl 4 Hi . 97/>. 
cJ H l-cmand</ ct al . Caen, r'aocc. 1976 

EVIDENCE FOR BAND STRUCTURE 
AND POSSIBLE TRIAXiAL 

DEFORMATION IN M G« 

H. Kawakami1'2 

A. P. dc Lima2'1 

J. H. Hamilton3 

R. M. Ronningen2 

A. V. Ramayya2 

R. I.. Robinson 
H. J. Kim 
I.. K. Pckcr4 

Rotai.^nal-aligned bands arc well established in 
heavy odd-A nuclei. In the region of weak deforma­
tion for heaw nuclei, evidence for triaxial shapes has 
been extracted from such bands; foi examples, sec 
refs. 5 and 6. Bands with moderate deformation built 

on the j?» 2 orbital in odd-A nuclei in the mass-70 
region are now observed; for examples, see refs. 7 and 
8. As reported else* here.* -idence for the impor­
tance of the #»: orbital is seen also in even-A nuclei in 
this region. Additional information on high-spin 
slate* in odd-A nuclei is needed to test the rotational-
aligned coupling model'0 and the possible existence 
of triaxial shapes in the A = 70 region. 

The levels in **Ga have been investigated by in-
bcam gamma-ray spectroscopy through 7-7 coin­
cidence and gamma-ray angular distribution 
measurements. The reaction ~'*Ni(i:C.<M>)*,Ga at a 
projectile energy of 39 MeV was used. The primary 
levels observed are shown in Fig. 2.50. where they are 
grouped into cascade bands. One sees evidence for 
bands built on the /j 2 and /?»2 proton orbitals. Note 
the unusual spin sequence for the negative-parity 
band of' 2 . *2 . \ . " 2 . and " 2 For the positive-
parity KM band, there is also evidence for such 
staggering. These staggered-spin cascades suggest 
that *'Ga may have triaxial deformation and. since 
£("2 - ni)>Lir2 — "2). suggest that gamma is less 
than 30'. 

The other very interesting feature of these levels is 
the "";" level ai 4333 keV. The low energy. 3!0.f> 
keV. of the 2> 2' — ' : transition clearly indicates a 
change in the level structure from the band built on 

444«i i**l~) 

^ n i i "v _ _ **» 2'J- -

cann-DK 'J->C2f 

7MO~ ' 

notJ 

Vi V* "»/* 
•5, 
31 , G °34 

^ — v — ' 
('•/,) 

Fif. 2.30. Level* in "0*. 



-% 

the x*: state at 2037 keV. Nearby even-mass nuclei 
have 8'states in the range of 4.5 to 5 MeV; these have 
been interpreted as [gt:)" configurations.* Since the 
lowest spin of a Jj?» 2) configuration is" ' : ' wc suggest 
that the level at 4333 k<- V may be such a three-panicle 
configuration. 

i Onicaicfromthelnxitulclor \utkar Niud>. lokto. Japan 
2 Vanderbtlt I nr.cruiv. Vaihvdle. Icnn 
3 On lcllow*hip. tftonvircd h> the Portuguese ?• vemmeni 
4 l-ree t niverut) ot Amsterdam. Netherlands 

J Mevei ler Vehn et al . Win Rr\ leu J2. I >K' I I<*"4| 
I y /janjar et ai . Ph\ 1 leu SIB. I5«* 1 i*»~5» 
B Heil» el al . Ph\. /yi; 6IB. V I 19'r.) 
<• r Veal el a! . \utl /VIM A2»0. Iftl lW~l 
See thu report. * P de I irru el al . "Multiple Band 

Structure in " ( « and the r«: Orbital " 
10 \ S Stephen*. «<i W..J « i n 47. 4'<l«**5l 

HIGH-SPIN STATES IN **Zn 

J C Welis. J r ' 
I.inda Fugate' 
R. O Saver2 

R. I.. Robinson 

H. J. Kim 
W T Milner 
G. J. Smith 
R VI Ronningcn' 

As part of a program to systematically study 
higher-spin slates of even-mass nuclei in the range A 
" 70. wc have investigate ;».» gamma rays o»"**Zn 

resulting from the heavy-ion reactions "V('*0^>2/t) 
with£", v = 36to46MeVand"Co('Li.2rt)with£' I 

- iH MeV. Measurements were made of excitation 
functions, gamma-ray singles and 7-7 coincidence 
spectra, and Doppler broadening for gamma-ray 
lines. Wc have constructed an energy-level scheme 
and deduced spins and panties, gamma-ray 
branching ratios, and gamma-ray radiative admix­
tures. The energy-level scheme is shown in Fig. 2.51. 
Preliminary results have been reported previously.**' 

We have determined -lifetimes of a number of the 
gamma rays from M Z n by analysis of the Doppler-
broadened line shapes from spectra obtained at & to 
the beam direction. We also obtained lifetime 
measurements by the Doppler-shift recoil-distance 
method, in which the reaction products recoiled into 
a vacuum and were stopped by a movable plunger set 
at distances of 56 to 1270 ^m from the target Our 
lifetime results arc given in Table 2.9. We find good 
agreement with the results of C'harvct ct al." and 
Bruandet ct al. 7 

The 4236.7-. 2736.I-. and 1799.2-keV levels may be 
the 6', 4*. and 2 members 1 f a second band. Second 
2' and 4' levels are found in *2Zn and **Zn.''* but a 
second 6' level is not reported. 

If the levels at 2999.0.3924.5. and 4980.8 kcV are in 
fact 3 . 5 . and 7 . we see a striking similarity to the 3 . 
5 . and 7 levels in *****Zn and ** ,0Ge.*"12 However, in 

1 0 4 * 3 
ftt I J 

4 
6 4 - 3 
12091 

l » « 7 0 
( i l . 4 l 

13153 
O S ? I 

OWIH. 0WC 7 7 - 7 * 0 3 

" " v < * 0 . » 2 » > M Z » 

. 4 9 8 0 8 

3?«J 
13 21 

• 4 2 J * 7 

'046 J 
(149) 

' 3 0 0 * 
( H 7 | 

i!29 8 

7 

924 9 
; i7) 

273* r 

3??4 5 

• 2 » 9 9 i . 

1618 3 
(133) 

7 7 0 5 
(30! 

1744.8 
( O i l 

•07.4 
(17.6) 

_« 

1 7 * 9 2 2 0 0 7 0 
(2 7) 

2086 9 
(2 8 ) 

2 3 0 C * 

9 9 1 4 

1799.4 
(58) 

64 Zn 

Fig. 2.51. Level* t, Td tmmitions of **Zn. 

file:///utkar


' 4 

Table 19 C< MapOMkONU 1 tftUOtttrf 
prntrntstft (COM "Za otaai wmitxm 
the riMp* of ike Popylii mmUmA 

ty peak* u d buai the 
MeoiMnatuce a m m 

Thn»ork. Other •orfcv 
l.e\el ffv 
tke>» (keV) r r 

<p*ec| <P«£I 

17992 M>74 3 l 2 2 6 1 0 7* 
17993 ) : 2 2 6 1 0 7* 

2)06 6 1315? 1 4 : 0 * 063 1 0 12* 
273*2 4291" 5 l 3 

9)6 7 2 5 : 1 0 30 1 1 0 * 
29990 2007 0 0 I I 1 0 0 5 
3077 7 7705 1 4 1 0 4 2 0 1 12* 

20*69 1 5 l 0 5 2 5 l 1 1* 
3925 3 924 9 ^2 5 
3993 6 I6K7 0 0 22 1 005 
4236 7 15006 1 K * 0 3 
46)5 0 WH3 152 * U 

641 3 143 * K IV) - 15' 
49H0X 10566 1 9 : 0 6 
5AM 3 1046 3 1 4 • 0 3 

•Re» 6 
'Rcf 7 

each of these is reported a 6 level between the 5 and 
7 levels. We do not find a 6 level in **Zn. 

Note the long lifetime (I4S psec) of the 7 4635.0-
keV level. This level is de excited by two £1 
transitions, each of which is retarded by 5 X 10*. A 
possible explanation is that this state consists of a 
totally aligned /?• j quasi-particlc and an fa quasi-
particle. 

I. Tennessee rechnologicai L'nivemiy. Cookeville. 
2 l,'CC-ND Computer Sciences Divis'on. 
3. Vanderbilt University. Nashville. Tenn. 
4. R. O. Saycr el al.. p. 146 in Proceedaifs of the international 

Conference on Reaa»;r^ between Complex Suclei. \othville. 
Tennessee. 1974. ed R. i. Robinson et al.. North-Holland. 
Amsterdam, 1974. 

5. Linda Fugale el al.. Bull. Am. fhys. SOT 22, 565 (1977). 
6. A. Charvet et al.. fhys. • v.C 13, 2Z37 {1976). 
7. J. F. Bruandct el al.. J. Phys. (Paris) Lett. 17. L-6J \ 1976) 
8. J. *. Bruandet el al.. Z. Phvs. A279.69 (1976). 
9. J. F. Bruandet et al.. Phys. Rev. C 12, 1739 (1975). 
10. J. F. Bruandet et al.. Phys. Rev. C 14, 103 (1976). 
H E . Nolte et » ' . 7. Phys. 2M. 267 (1974). 
12. R. L. Robinson et al.. to be published in Physical Review. 

"•Po AND ""Bi DECAY 
L. L. Riedinger1 

J-. A. Vrba1 

R. W. Lide' 
C. R. Bingtam1 

The alpha decay of ""Po has been the subject of 
many experimental studies,' but to our knowledge. 

no reliable information exists concerning the electron 
capture decay of this nucleus to levels in : mBi. While 
the decay of ^Bi has been reported previously.' z 
thorough spectroscopic study with extensive 7-7 
coincidence dau and conversion electron data is still 
lacking. Because ""Po decays to the odd-ode' nucleus 
'" Bi. theoretical interpretation of the levels may be 
difficult. The low-lying stales in **Bi are formed by a 
combination of both odd proton and odd neutron in 
the shell above V = 82. and thus there will be several 
ways to form positive-parity states, and. in par­
ticular. I' states, which can be fed by a spin-allowed, 
isospin-allowed transition. Hence, we expect the 
decay scheme for **Po to be somewhat complex. It 
will perhaps be possible to loc?te a number of I* 
states in Bi and then to speculate about their 
structure. The ground stale of ^Bi is a known 7* 
state4 probably resulting from the (»/? :Tr/i»;) 
configuration. By exciting the proton from the h*. 
orbit to the/? j orbit, a I' state should be produced at 
low excitation energy having a large beta decay 
feeding from J n oPo. The rapid decay of such a state to 
the (7*) giound state would require at least three 
transitions ind. unless intermediate spin states 
intercede, would be prohibited. 

The **hi nuclei decay to ""Pb. a closed-shell 
nucleus. We have an interest in locating the collective 
bands in such nuclei to compare their level spacings 
with the predictions of a vibrational model such as 
the interacting boson model (IBA)' The interpreta­
tion of excited bands such as the expected 5 .7 .9 .... 
bands in terms of panie'e-core decoupling by the 
Coriolis force will also be pursued. The IBA model 
predicts a 3 state at an energy below the 5 .7 . 9 .... 
bands, such as those seen earlier in "°Hg It would be 
of interest to search for such a 3 state and thus give 
additional credibility to the phonon model. Perhaps 
a closed-shell nucleus such as M 0 Pb would be a 
suitable nucleus to search for such an octupole 
vibrational state. 

During a UNISOR run with an i 4N beam and ? 
natural iridium target we obtained gamma-ray 
multiscale data and 7-7 coincidence data on the 
mass-200 sources. Analysis of the multiscaiedata has 
revealed approximately 30 transitions with a half-life 
near 11 min, the half-life previously reported for the 
alpha decay of 3 0 0Po. To our knowledge, none of the 
observed gamma-ray transitions have been 
previously reported. Particularly strong lines were 
observed at transition energies near 147, 204, 328. 
430. 434, 618, 671, 797. and 849 keV. Coincidence 
spectra hr ve been obtained for every transition. The 
decay scheme resulting from the analysis of the 
coincidence data is shown in Fig. 2.52. The two 
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taken for onI> a limited time (=20 mini. we estimate 
that the half-life of the "*" ground state is 35 min. We 
suspect 't>M the two low levels seen in Fig. 2.52 arc 
low-spin couplings of the <«/« :~h%.) configuration, 
of which the r ground state is a member. 

New data are needed to determine internal-
conversion coefficients, to search for 'ow-cnerg> 
isomeric transitions, and to measure the half-life of 
the new isomer 

I I ni\er\it\ i>f lci:ne«« ILn.>\uile 
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Fig. 2.57 Prrbmaury scheme of Irvcb m '"°°Bi populated fry 
the electron capture decay of "°Po. !he relationship «>i the 
currently ob\er\ed levcK to the prrwouAlv known " \tale 
in bismuth l̂  not known 

strongest transitions at 618 and 671 keV originate 
from a single level at 671 keV. By detailed balance of 
the population and depopulation of this state by 
gamma-ray transitions, we conclude that the 671 -keV 
state is directly fed with a log// of 5.7 (which means 
that it is a spin-allowed, isospin-allowed transition) 
and is hence a 1* state. Conversion electron data are 
needed to determine the multipolarity of the 
observed transitions and 'icnce to she i light on the 
spins of the observed states in : o oBi. Since the ground 
state is i. known 7* state, we should point out that the 
lowest level show n in Fig. 2.52 is not the ground state 
but is probably a new unstudied low-spin isomer of 
2 0 0Bi. Also, some of the decay structures on :he right 
pan of the figure may not actually end on the level 
shown but on some other level. 

We have some evidence that the lowest i?vel shown 
in Fig. 2.52 is a low-spin isomer which decays directly 
by electron capture. By comparing the ir.ie.isities of 
gamma rays in lead with those of previous studies 
where bismuth was made directly.3 it isobst." cdthat 
the present sources populate high-spin stat in lead 
muci. less strongly. For exar..; le, the mtiou '' to5 
intensity to the 2' — 0' ground-state inten.n;. >0.06 
for the present study and about 0.44 from th* directly 
produced bismuth sources.' While our data were 

R. Stone' 
C. R. Bingham' 
I.. L. Riedinger' 

R W 

W R. Western" 
R A. Braga: 

J. 1.. Wood2 

Fink2 

The purpose of the present study is to observe the 
trend of the single proton states immediately above 
the / = 82 g?p and the collective bands built on these 
single-particle states. Ir> gold and thallium the shape 
of the core is apparently »<uite crucial in determining 
the detailed ordering of levels in these bands. Si,.cc 
bismuth is on the other side of a shell closure, the hi \ -i 
state will be a hole in a possibly deformed polonium 
core, and (he h* i structure ciiould be a panicle 
weakly coupled to a sphcriral lead core. 

Gamma-ray multiscale and 7-7 coincidence data 
were obtained for mass-199 an-! -201 sources 
produced in the UNISOR facility. Preliminary 
analysis of the mass-199 and -201 multiscale data 
show several discrepancies with an earlier study.' In 
the case of '**Po, the two strongest transitions 
following the decay of a high-spin isomer at 500 and 
1002 keV appear to have half-lives of 4.1 i 0.2 min. 
which is con» •em with the previously reported half-
life of 4.2 T 0.3 min and is also consistent with their 
relative intensities. However, the previously reported 
transition at 274 keV was not strongly observed; it 
cannot be due to decay of the same isomer as that 
producing the 500- and 1002-keV transitions. Other 
fairly strong transitions with half-lives consistent 
with the high-spin isomer were located at 146. 362. 
601. 845. and 1110 k:V. The 362-keV transition was 
previously assigned to the low-spin isomer, but the 
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.cmaindcr of these and about five weaker transitions 
were not reported. Our preliminary analysis also 
• •veals a very strong transition at 1034 keV with a 
half-life of 5 4 ±0.3 mm. which is consistent with the 
half-life of the low-spin isomer in l w P o reported 
previously.' However, nine other transitions 
reported previously as following the decay of the low-
spin isomer were not present in trr- present spectra, 
although judging by the 1034-keV transition, they 
should be easily measured. We conclude that either 
the other transitions were not due to the decay of a 
***Po isomer or that the 1034-keV transition isd-jc to 
the high-spin isomer. The somewhat different half-
life for the strong 1002- and 1034-keV transitions 
favors the first of these possibilities. A thorough 
analysis of the 7-7 coincidence data will perhaps 
shed new light on these discrepancies. We still wish to 
measure the conversion electron coefficients in order 
to determine multipolantics and possible spins. 
Interpretation of the level scheme in terms of particle 
core coupling, including Coriolis mixing, will be 
attempted. 

1 ( ni\er\it> <>l lcnne\s*e. Knoswlk 
2 (»corgia in\titutc of technology. Aiianta 
V A Knrnun cl al.. \ua Ph>y P»l « 7. 141 i l9"h| 

PARTICLE AND HOLE STRUCTURES 
IJJ :»} .IM.I»7- | - . 

L. L. Riedingcr' G. D OTvelley' 
L. L. Collins' J .I .Wood 
C. R. Bingham1 M. S. Rapaport" 

R. W. Fink" 

During the past year, extensive measurements have 
been performed on the decay of 45-min '*' Pb to 
thallium through the use of the UN ISOR facility, and 
previously initiated "'••,5Pb experiments have been 
completed. The A = 197 measurements have been 
crucial in elucidating the trends suggested by the 
lighter nuclei. The /'n -. isomer in '* Pb populates 23 

let els which cascade into the/i,_ state in thallium and 
12 other levels which feed the /i level. In addition, 
its 19*"t isomeric branch to the low-spin ground state 
ot * Pb results in the observation of 22 low-spin 
levels in thallium, many more than those seen in the 
A - 193 and 195 cases. 

In all these isotopes, the difference between the 
particle and hole states is striking. In " Tl. 12 levels, 
all at least 616 kcV above the h..: excitation, feed 
only the /i : state The absence of band structure is 
indicative of the fact that theh.-. ; level is actually a 
hole state coupled to the rather spherical "Pb core 
(/.;. = 1063 keVj Some of these 12 levels un­
doubtedly result from the weak coupling of the h. • . 
hole to the 2' of "Pb. but others may be due to 
couplings of other hole states to higher lying states in 
"Pb. T he fact that these 12 high-spin levels evident!;, 

do not decay to the high-spin states built in the h,. 
particle excitation is indicative of this great difference 
in the cores for particle and hole states. 

I he core for the /?*.- level is a slightly oblate 
mercury core, and consequently a quasi-rotational 
band results. The non-y rast members of this structure 
arc quite sensitive to core triaxiality. Figure 2.53 
displays the trend of these h*; levels in •'"•'•*'••'' Tland 
a comparison with a Mcycr-ter-V'chn triaxial rotor 
calculation. The second . is readily explained as 
the coupling of the h*: particle with the second 
(triaxial) 2' state of the core. Candidates for the . 
band (opposite coupling of h,; and second 2") exist 
close to the predicted values for y - 38 . Another 
band of levels is seen at least partially in all three 
nuclei. The calculation of Fig. 2.53 used a large value 
of A. the Fermi-surface parameter, to bring the K- ; 
component of the/i..; structure low enough in energy. 
A preferred explanation may be that this band results 
somewhat from the/-; shell model state, a conclusion 
verified by a Nilsson calculation for the proper*, and 
u values. 

I. t'nttCFMt) of rennnsti. Knoxwlk. 
2 Chemistry Division 
J. Georgia Institute of Technology. Atlanta 
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Fif. 2.53. Trend of levels built on the A.. proton Mate in '"" 
for ? = 38* 

LEVELS IN ODD-ODD "*TI 

J. A. V rba C. R. Bingham 
L. L. Ricdingcr E. I.. Robinson 

B. O. Hannah 

In the past few years, much effort a! L'SISOR has 
been expended in studying the behavior of single-
proton and -neutron slates in the Au-Hg-TI region. 
Much has been learned about the positions of these 
shell-model states, and now is the time to look into 
the couplings of these various orbitals to form states 
in odd-odd gold and thallium uclci. Theorists arc 
becoming interested in rotational bands in these 
nuclei at high spins, but a kr.owl-dge of the low-
energy low-spin states will be necessary for the 
interpretation of (HI.AW) data on high-spin states. 
We have studied the decay of 37-mm '*Pb at the 
UNISOR facility: gamma-ray data (singles and coin­
cidence) and conversion-electron data were accumu­
lated as the activity w?s produced by Rcf^O.*/?) and 

Tl and companion so a Mcyer-ter-Vehn triaxial rotor calculation 

( 'O.p.xn) reactions. The 4.5-min "Bi activitv was 
also observed, but most of our effort to date has been 
spent on analyzing the Pb — Tl results. Approxi­
mately 49 transitions have been placed in a decay 
scheme containing 16 levels. The most recent pre­
vious work on this aC'vity led to the assignment of 
the lowest seven states. 

Our results on levels in "Tl arc compared in Fig. 
2.54 with levels seen in adjacent thallium nuclei. The 
results on the A .= 192 and 194 cases come from other 
L'NISOR measurements by the same group, whereas 
the A - 198 and 200 experiments were performed by 
JungJ and by Docblcr ct al.' respectively. In spite of 
the complexity of the individual decay schemes, one 
can definitely notice systematic trends. In assigning 
certain proton and neutron couplings to these levels, 
one must consider the neighboring odd-/1 nuclei. In 
"Tl. the lowest-lying proton states arc the *i. 
(ground state). </..-. and h>:. The lowest neutron 
states in "Hgarcthc/?i .(ground state)./?! -.and/<.. 
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The 2" ground state of the even-/* thallium isotopes 
likely results from the(p,n)coupIingof(j| j.pj 2). The 
I state resulting from the other coupling of these 
orbital* is probably the fourth excited level at 366 
keV in "*TI, since, in the other tven-A ;hallium 
nuclei, it maintains a rather constant energy relative 
to the ground state. The low-tying 0" state nses with 
decreasing neutron number and seems to be asso­
ciated with the (ji,i,pi/0 configuration, since thepi 2 
proton orbital similarly increases relative to thep.vz 
state in oiii-A thallium nuclei. The rising fifth excited 
state at 494 keV in "*Ti may be the I coupling of 
these states. A »" level ir. IWT1 at 775 keV seems also to 
be associated with levels rising with decreasing neu­
tron number, as is the state at 953 krV. These are 
possibly different couplings of the idhl.P\ 1) con­

figuration, in view of the trend of thepi : state in odd-
A thallium nuclei. A possible 1* state is seen ir. , , : i " r i 
and has been tentatively assigntd to the (An :,/>«:) 
coupling. A search of our data for high-energy E\" 
transitions has been unsuccessful so far, indicating 
that this 1* level has probably moved to a higher 
energy in '**T1 and thus receives little population in 
the decay of the parent. Work is continuing on 
interpretation of these levels and trends. 

i. Jiitivtrsity of Tennessee. Knoxvillc. 
2. UniwrsKy of Aiabttma. Birmingham 
3 J. Svedbcrgand B Jung. Ark. Fys. 19. 441 (1961). 
4. S. Jung. Nucl. Phys. 10. 440 (1959). 
5 R. E. Dcrbler, W. C. McHarrii.and W. H. Kelly. Phv>. Rev 

r 2, 2422(1970). 
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POSITRON MEASUREMENTS 

J. L Weil B D. Kern 

Positron measurements on mass-st pa rated sources 
from the LMSOR facility have been made on the A = 
186. 187. and 188 chains (starting with thallium) 
produced by ~'W - '"V Lifetime and endpoint 
energy determinations have been made for the A -
186 chain on-line, for the A = 187 chain both on-line 
and off-line, and for the A - 188 chain off-line with 
the inclusion of f3~-y coincidence spectra. Hign-
energy positrons of approximately 6 MeV cnerzy 
have been observed in the decay of "Tl. in agreement 
with mass-table predictions. T':e study of these 
chains is being continued Analysis ot ->im.lar data on 
the A = 190. 191. and 193 chains is in progress. 

I Department of Physics. I niver.it> of Keniuckv. I cxinji-
ton 

FURTHER STUDY OF "*T1 ALPHA DECAY 
M. A. Ijaz* H. K. Carter 
C. R. Bingham' E. L. Robinson* 

K. S. Toth 

In the pr.vious annual progress report, it was 
stated that 28-sec "Tl had an alpha branching ratio 
of (6 ± 2) x 10 4 and an alpha decay energy of 5.641 ± 
0.010 McV. The nuclide had been produced in a 
|,:W("\'.IOrt) reaction, and. following mass separa­
tion at the U.MSOR facility, its decay properties were 
investigated with alpha-particle and gamma and x-
ray detectors. The presence of "Tl was established 
by the gamma-ray measurements, its electron-
capture decay to "*Hg being well characterized * In 
addition to the "Hgalphagroup. the alpha-particle 
spectra contained a doublet with about 12 keV sepa­
rating the components. The higher-energy portion, 
5.653 MeV, was known* to be 48-sec *'Hg. Its alpha 
decay branch is more than 300 times greater than that 
of '"Kg; its appearance in the A = 186 spectra was 
apparently due to a small amount of cross contami­
nation as a result of an excursion of the mass sepa­
rator. The lower-energy part of the doublet seemed to 
decay with a half-life somewhat shorter than 48 sec 
and was assigned to '""Tl. 

A I W W target (enriched to 92.6^) recently became 
available to us. Because of the confusing structure of 
the doublet peak, we decided to repeat the experi­
ment by producing ""Tl in the !""W("N.8/7) reaction. 
This production mode was expected to improve the 

\icld of Tl with rcipcct to neighboring product", 
invoking chargcd-particle evaporation from the 
compound system. Indeed, we found in the new 
gamma-ra\ measurements that the "Ti yield had 
increased by a factor of 3 from the previous experi­
ment, while that of "Hg had remained the same. 
From the previously mentioned alpha branch, we 
should have observed 70 alpha-particle countsdue to 
"TI in the first 30 sec of counting. Instead. onl> seven 
counts were seen around the energy region of the 
double'. Therefore, the 5.641-MeV peak cannot be 
due »o "Tl alpha decay. While the nature of the 
doublet originally observed at about 5.65 McV is not 
understood at this time, it would appear to be con­
nected with the deray of ' Hg. [In the present exper­
iment, the marked decrease of the number of counts 
in that energy region is explained in terms of the 
improvement of the r'N.xn) vs i'^S.pxn) yields.] 

Scattered counts clustered around 5.76 MeV were 
observed to decrease in number with a half-life of >20 
sec. The energy is close to the value of 5.765 MeV 
assigned to '"Tl by Bourgeois et al.. whose un­
published data are listed in a recent compilation.* !f 
this assignment is corn-ct. then the alpha branching 
ratio of "Tl is about;, lector of !0 less than the value 
of 6 x 10 ' reported earicr.' 

I Virginia Polytechnic Inttuui? and Slate University. Blacks-
burg. 

2. University ol Tennr.see. Knoxville 
X I'NISOR. Oak Ridge. Tenn 
4. University of Alabama a' Birmingham. 
.« K S Tom tt al.. Ph\ v lh\ Annu Frot Rep l)tc 31.197}. 

ORM.-5I37. p 20 
6. J H Hamilton el al . Win Rr\ Iril 35, 5o2M975). 
7. P (i Hansen et at.. Su.l Phis. A 148. 249 (1970). 
h. H. Ciaunn et al.. Ann Phu 9(5). 241 11975) 

DECAY OF , , 4 Hg TO l l 4 Au 

W. G. Nef'.les' J. H. Hamilton' 
R. Beraud' A. V. Ramayya' 
J. D. Cole' E. H. Spejewski" 

K. S. R. Jlasiry' 

The levels in '"Au have Been investigated by 
electron ind gamma multiscale and electro.i-gamma-
time and gamma-gamma-timc coincidence studies of 
the decay of '"Hg mass .«ep3ra*.etf on-line at 
UNISOR. TKe "Hg mass chain was entered at 
mercury and thallium in bombarding '"'W with lN. 
No previous levels have been assigned in I MAu. We 
have established fight definite levels and two tenta­
tive lev .is. as shown in Fig. 2.55. 

http://niver.it
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The lifetimes of s o era! levcis were extracted from 
the r-gamma-f and gamma-gamma-/data. B> pulling 
gales on the 156.2- and 236.2-kcV transitions and 
buiU'ng the time spectra, we cstaMishcd thai the 
156.2-kcV' transition follows the one at 236.2-kcV 
The IS6.0-kcV-locl half-life »s36l 6nseclFig. 2 56). 
which is consistent with an £2 transition, For four of 
the next five levels. T,; C 2 nsec to indicate dipole 
depopulation. 

Faeuler and his collaborators arc following up 
their work on even-even nuclei' in this region t:> 
calculate the properties of the odd-odd nuck.. The 

levels in "Au provide a sensitive test in comparison 
ii> gold nuclei with A ^ 194 because the large change 
in rtcutmn number brings in different »rbiuK 
further information on spins and parities in "Au :> 
needed to test their calculations. 

VandcrtMh '. nucrut>. Naihulle. I c m 
I MM>R Oak Ridge. Icnn 
I microti »t Maiiachmctlv AmhcrM 
H lufcictal. \ « / «n» A27». I (!•*" 

5 K taciilcr. pruatc cnnnnumutain. \p<<\ IV 

> V jd. 

St 
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1 M . 

Fig. 2.55. LcveU w "*Au populated in the decay of '"tig. 
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BEHAVIOR OF THE EXCITED DEFORMED 
BAND AND SEARCH FOR 

SHAPE ISOMERISM IN MHg 

J I). Cole 
J H. Hamilton 
A. V. Ram i\ya 
W. (i. Nettles' 
H. Kawakami 
E. H. Spcjcwski-

M. A. !ja/' 

K. S. Toth 
E. I.. Robmson' 
K. S. R. Sastry 
J. Lin" 
F. T. Avignonc 
W H. Brantley" 
P. V. G. Rao' 

In a reccn: letter." we reported the coexistence and 
crossing of two bands of states, one built on a near 
spherical and one on a deformed shape in both 
'"'""Hg. Recent theoretical calculations" "predict 
that the deformed band will continue to drop in 
'"'Hg. The large change in the radii of "' '"Hg as 
compared with '" Hg(rcf. 14) is presently explained 
by these calculations." " A continued drop in energy 
of the deformed band predicted for '"'Hg rr.usi occur 
if this explanation is correct. Equally important. 
Kolb and Wong" have pointed out thai the ground-

state proper!ic in this transitional region depend 
sensitively on the single-particle spectra, and this is 
why earlier calculations '' hate incorrectly pre­
dicted permanent large deformations in '"Hg and 
"Hg. ConverseK. Kolb and Wong' emphasize that 

these mercury nuclei provide a good probe of .the 
single-particle spectrum in the deformed region. 
Dickmann and Dietrich'1 predict that the 0' 
deformed band heads in "*-""Hp should be shape 
isomers. They predict that the £2 decay of (•' 
deformed band heads to thr first excited 2' state*, 
considered to be a mix'.ure of near spherical and 
deformed states, will be hindered so that thes. 0' 
slates will be shape isomers with roughly I0to20nsec 
mean lives in Hg. 

To test these theoretical ideas, we identified (at the 
UNISOR facility) the new isotope "Tl. which was 
produced by bombarding an isotopically enriched 
target of '""W with U N ions of 177 MeV. Multiscale 
alpha, gamma, and conversion-electron singles, and 
r-gamma and gamma-gamma coincidences were 
carried out on-line for the 184 mass chain. There is 



H2 

beta decay to the 8' yrast level, but the dominant 
decay H to the first 2' level The 8 - 6. o - 4.4 - 2. 
and 2 - 0 transitions, alpha, and electron spectra all 
have 11 i I sec half-lives within limits of error. Thus. 
either the high- and low-spin isomers of "Tl ha\e 
similar half-lives or there is unobserved iso.ncnt 
feeding between them. Our«*-gamma coincidence and 
singles data established a 0' level at 375 kcV. in good 
agreement with the energy predicted from fitting the 
10', 8'. and 6' energies' to a rotational energy 
formula. The band structure of "*Hg is compared 
with the heavier mercury nuclei in Fig. 2.57. 

The energy extracted for the deformed 2' state 
from the rotational formula on the basis of other 
band members is very near the nearly constant energy 
of the 2" spherical states in "* ~Hg(hig. 2.57) These 
two 2' states are strongly mixed in the theoretical 
calculations"'" so that one could be pushed up and 
the other down. Such mixings '' can explain the 
observed branching ratios from both 4' stales In 
summary, the energies of these new 0' and 2 
members of the deformed band arc in very good 
agreement with the theoretical calculations ' and 
substantiate the predicted drop in deformed-band-
head energy in '"rig. The systematic behavior of the 
near-spherical and deformed bands shown in Fig. 
2.57 confirm the more recent theoretical calcula­
tions" ''. including the details of the energy spacings 
and branching ratios.n 

Other than the yrast cascade and the 0'. 2'. and 
tentative 4' levels discussed above, only one other 
level is established by coincidence data at 983 keV. 
The 983-keV level decays predominantly to the 0' 
375-keV level, with the (2 - 0) (2 2) gemma-ray 
branching ratio nearly equal to 1.3. (An impurity line 
prevenu a precise determination.) The 608.3-keV 
transition is the strongest line in the gate on the A line 
of the 375.2-keV transition, and no such high-energy 
decays to the 0* band heads were observed in the 
"*",T1 decays.10 The 983-keV level is in the energy 
range expected for a two-phonon-type 2' state. 
However, because it strongly decays to the excited 0' 
state, it is interesting to speculate that this could be a 
2* beta- or gamma-type vibrational state bu.lt on the 
deformed band. Because both lower 2' states have 
strong deformed components, decays to these levels 
would also be expected. 

Now look at the predicted shape isomerism': of the 
0 band heads. Figure 2.58 is a plot of the delayed 
coincidences between the K electrons of the 375-keV 
£ 0 transitions and gamma rays (primarily 511 
annihilation radiation and 608-kcV gamma rays. 
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Fig. 2.57 Synewtics of the deformed sad near-spfcencal 
bud* m hgbt-msi mercury isotopes. Source J l> t ole ct al 
-Behavior <>l the Incited Dctormcd Band and Search (or Shape 
Isomerism in "Hg." /VIM ftr. leu 37. 11*5 llVftl I sed b> 
permission ol ihe American Ph;. \:cal Society 
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with x ravs excluded* I he ccn:roid-sr>;!t method 
yielded a mean lite ol 0.4 - 0 }n sec. which IN an order 
cf magnitude shorter than predicted I he predic­
tion, however, was based on the £2 strength, which is 
probably negligible tor the X-kcV transition in 'Hg 
Our data show the importance ot the neglected /.'<) 
mode in "Hg. where the deformed and near-
spherical states arc wcaklv mi ed. according to kolb 
and Wong. In any predictu l ol lifetimes ot shape 
isomers, this mode must be considered F here is still 
the question of hindrance o! the A"C) rrunie I nlor-
tunatcly. there arc no accurate measurements ol <) 
state lifetimes in this region, For essentially no deca> 
\ia an H-keV transition, we extract Irom r a 
monopolc matrix clement ft = 0.07' . This f, is a 
factor of 5 smaller than tho>cobserved IromO bet.i-
typc vibrational states in deformed rare-earth nuclei 
While these beta vibrational states arc in a ditlerent 
region, the differences in /» are suggestive that 
retardation tor a shape isomer has occurred as 
expected. The monopolc strength in a coexistence 
model must be calculated before predictions of shape 
isomerism really can be tested. Indeed, these 0 states 
provide sensitive tests of luture calculations. 

I Vandcrhilt t r.i\erMt\. \ashtillc. tenn 
2. ( MSOR. Oak Ridge. Icnn 
.' Virginia Polvtcchnit ln>titulc and Sui t I nucrsity. HUuks-
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4 I nucr\ii> ot Alabama .n Birmingham 
5 InivcrMlv i>l MassaihiiM.-ll\. \mhcM 
rY Tennessee technological I nivcrsitv ('imkcviilc. 
1. I m\crM(> ol South C arolina. Columbia 
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9. £mnr> t'niversilv. Atlanta, (ia 
10 J H Hamilton ct al . Phw. Rr\ Irn 35. 5*2 (IT?) 
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ALPHA-DECAY PROPERTIES OF THE NEW 
ISOTOPES , MT1 AND "Tl, AND SEARCH 

FOR THE ALPHA EMITTERS , , 2T1 AND I , VT1 

K. S. Toth J. Lin' 
M. A. Ijaz1 E. L. Robinson* 
C. R. Bingham: H. K. Carter' 

, MT1 and , , 5 TI 
A preliminary search for the alpha-decay prop­

erties of the unknown isotopes I MTI and '"Tl was 

reported previously. I he attempt was made by 
bombarding " W with IKO-McV " \ :ons While this 
incident energy is th«- maximum " \ beam attain­
able at the ORIC . it is below the expected maxima of 
thel *V I Inland* 'VI2«1 excitation functions. The 
alpha spectra ol the mass-separated sources showed 
the presence ot small amounts ot Hg and "Hgat 
-1 = IK5 and IH4 respectively. Extremely weak new 
alpha group-, were also seen at these mass numbers, 
but their nuclidic assignments could not be 
established. 

Therefore, the indications were that the production 
ot these nuclei would necessitate the use of a "' W' 
target. This isotope comprises only 0.I.VV of natural 
ungstcn. It is available enriched to 92 6' , . but onlv in 

i> .' lorm of WO.. I he cost ot manufacturing a self-
supporting metallic foil tor use in the I'NISOR-
integu'tcd target-ion source was prohibitive. The 
powdeied oxide was therefore used as follows. It was 
lirst piL-sscd into a graphite felt cloth and then 
bombaded with an electron beam. The heating 
convc: .cd the oxide to the metal, which then bonded 
to the graphite and. in this manner, could be used in 
the ion source. 

As before, the target was irradiated with 'N ions. 
After separation, products vith a given mass number 
were extracted from the focal plane of the separator 
to a tape transport system. Following a suitable 
collection interval, the radioactive sample was 
automatically moved to a counting station where 
alpha-particle and gamma- and x-ray measurements 
could be made simultaneously. The absolute effi­
ciencies of the three detectors used were determined 
by calibrating them with standard sources of known 
strengths. 

The alpha spectra measured at.'. ~ 185 and I84are 
shown in Fig. 2.59. An alpha group. 5975 ± 5 keV 
with a half-life of 1.7 ± 0.2 sec. was assigned to ""Tl. 
At A ~ 184. two alpha groups. 6162 ± 5 and 5988 ± 5 
keV. were found to decay with the same 10 ± 2 sec 
half-life and were assigned to MT1. Several weak 
alpha-particle peaks (labeled by question marks) are 
unassigned because their half-lives could not be 
determined. 

In the A = 184 gamma-ray.spectra, the 8' —6', 6' — 
4'. 4' — 2', and 2" — 0* " 4Hg transitions (earlier 
observed in an in-beam investigation ) were found to 
decay with a half-life of 11 ± 2 sec. in agreement with 
those measured for the , M TI alpha groups. The 2' — 0* 
367-keV I M H g transition encompasses essentially all 
of the l , 4 TI electron-capture 0' decays strength. From 
its intensity and by summing the intensities of the 
5.99- and 6.16-MeV alpha peaks, we deduce the I I UTI 
alpha-decay branch to be (2.1 ± 0.7) X 10 : . The 
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i»o alpha-groups. 5 ft and rYlri MeV. art assigned lo the rtc» "II isolopc hctajsc ihc> dcia\ vulh the same hull-lilt V'seral « . . I» 
alpha-group*, lahcfcd h> question marks ,irc urtassigncd 

el:clron-capturc 0* decay scheme of " Tl is not well 
understood *: tins time, and no attempt was made to 
deiJvcc its branching ratio. 

The identification of the no* isotope "Tl has 
provided the basis for the study ol its electron-
capture j8 decay scheme: this parallel investigation' 
has found the 0' band head of a strongly deformed 
rotational band to lie at 375 kcV. This represents a 
steady drop in the excitation energy of the band head 
as one goes from "*Hg to , - J H g . which is in 
agreement with theoretical predictions.' 

The discovery of '"'Tl now permits the investiga­
tion of its electron-capture 0 ' decay. Establishment 
of a ground-state rotational band in " Hg would 
provide direct evidence that this nucleus is deformed 
in its ground state. Such a deformation is the gen­
erally accepted explanation of the suoden increase'" 
in the charge radius at ""Hg, but this explanation has 
not been verified. 

Search for , M T1 and I M T1 

From the known alpha-decay properties of 
""•""Tl, one would predict that '":""Tl should have 
large alpha branches. Thus, despite the fact that the 
beam energy would once again be below the peaks of 
the ( 1 4 N,Mn) and ("N, I2n) excitation functions, the 
hope was that this could be compensated for by the 
increase in the branching ratios. 

I he halt-lives ol these isotopes are expected to be 
less than I sec. while the transit time of the l.'NISOR 
collection tape system ii about 0.5 sec Therefore the 
following technique was developed. A Si( Au) alpha 
detector was placed so (hat the source could he 
moved from the deposition point in Iront of the 
detector in 00 msec. I he time ol arrival of each alpha 
event and the digitized pulse height were stored in lisi-
modc fashion on magnetic tape. I he data could then 
be used to build alpha-particle >pccir:i as a function 
of time or time spectra for a given alpha group. 

Approximately 8 hr of bombardment time was 
utilized to collect data at each mass number. A small 
amount of ' Hg and ''Hg alpha activity was 
observed: no new alpha groups were seen. Wc 
conclude that the production cross sections for ' I I 
and '" Tl arc extremely low and or ihcir half-lives arc 
short as compared with the holdup time in the 
separator ion source. 

1. Virginia t'olwcchnic Institute and Slate I niwrvt\. Blacks-
burg. 

2. I mvcrsiu ol Icnnesscc. KnoxMlle 
i. rcnncvtfc technological I nucrsits. C ookcsillc 
4. I diversity ol Alabama al Birmingham 
5 l.'MSOR. Oak Ridge. Term 
6. K. S. loth el al.. "On Line Mass Scparalor Studies ril I l;al-

hum and Mercury Alpha Fmillers with -I - IXfi." /VIM. I)n 
Annu Pmft. Hep Ittv. .'/. IV7f. (1976). p 20 
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DECAY OF HOLMil M ISOTOPES 
TO LEVELS IN DYSPROSIUM NLCLE! 

NEAR THE V = 82 CLOSED SHELL 

k S. loth M A Ija/ 
t R Bingham I* Singh 
H K. C a-'ter I) Nousa" 

I his report deals with an extension ol what ha' 
been a svsiemaiii. %tuiJ\ I>1 low-King Mates m nuclei 
near the \ H2 cioscJ shell One assumes that these 
states can thus be described in rerms «>l the single -
particlc mode! Our earlier work had sjopped at 
terbium 1/ - r<5>. vearenow in the processol looking 
at dvsprosium nuclei 1/ 66| larlier. ihcdccav ol 

l>\" ( A - HI) was investigated, and the ex- I'.ation 
energies ot (he » .</ .and// single-neutron states 
in ' IK were determined. I he main motivation ol the 
pn sen. siud> is the investigation of levels in "l)>. a 
nucleus that has X3 neutrons, so that its slates should 
be dcscnbable bv neutron orbitais hcvond the \ X2 
she];. Levels in "D> have recently' been studied bv 
me in-bean technique: <mr invesiigation »a>. in­
tended to i omplemcnt these data via (he decav ot 
"Ho. This isotope had not been observed 
previously We fell that ihcdccav ol Ho (looked at 
only briefly bv Bowrranctal. (should also be studied 
belt.re launching into a search for "Ho. 

Holmium isotopes were produced by bombarding 
"Sm with B ions to form the compound system 
"Ho. Two bombarding energies were selected on ihc 

basis of statistical model calculations, that is. 60 and 
75 MeV to peak on the 44Sm("B.4/i) .n'd 
l"Sm|"B.<n) excitation functions. 

The technique involves the use of a gas-jet sysUin 
where products recoiling out of the thin target arc 
stopped in helium gas. The products are then trans­
ported through a 10-m capillary toa shielded area for 
gamrr.a-ray measurements. The recoils are collected 
on a tape attached to an automated system. The 
radioactive recoils arc collected for a preset time and 
then moved in front of Ge(l i) detectors, where 
counting begins while a new source of activity is 
collected. Coincidence and singles gamma-ray mea­
surements are made simultaneously. 

Ho 
At the 60-\lc\ bonihardinp energy a 52" l-ke\ 

gamma rav was observed Because ol its hall-iik and 
because if was not seen at "5 Mc\ . we believe lhat it 
represents ihe clectroiwaptu'edccav o| 36-sec Ho. 
thei "V3»i» product. I niii now. onlv itsalpha-dccav 
properties have been studtcd ' Iron, those tudicsitis 
known ih.«i this 36-M-C .:v!iviiv represents a high-spin 
species due to the h proton orbital. I he lac? thai 
onlv one gamma rav has been idcntilicd at this time is 
consistent v ith the decav properties ol ihe high-spin 
isomer in " lb . ",v; isotonc«<' Ho. In that instance, 
a '9f> 0-kc\ gamma rav represents' essentially all ot 
the be'a-decav strength. I his gamma rav tollowsan 
allowed (Itg ft 4.2) beta transition corresponding 
t«-a change nl an/i proton orbital in "Iktoan/i. 
neutron slate located at "NfVO kcV in "fid. 
I hcrelorr. we propose that Ihe new gamma rav 
observed n Ihe present study establishes the location 
ol the />.. neutron stale in l)y to be at 527.1 
keV. 

"°Ho 
As in the p-evious *ork on Ho decay, lour 

strong gamma rays (394.2. 551.1. 653.4. and 803.4 
kc\ | were observed in coincidence with one another. 
With the exception of the 394.2-kcV gamma ray. 
these transition energies agree with ihose measured 
carlic. Ihc half-life of Ho. however, was 
determined lo be 301 2 sec rather than about 20 sec as 
reported by Bowman ei a I. 

The lou r transitions are placed in a Dy level 
scheme, as shown in hg 2.60. The scheme is based 
primarily on analogies with neighboring even-even 
nuclei, particularly "Gd. the isotone of ' Dy. The 
level scheme of "Gd as populated in the decay of 
the " l b high-spin isomer is also included in Fig. 
2.60. Again, four strong transitions are seen in 
c 'incidence. In this instance, there are several in-
beam studies that corroborate the "(id level scheme. 
The proposal is that high-spin isomers in odd-odd 
nucui in this mass region result from coupling a n/»u ; 
proton to a n / - ; neutron, giving rise to a 9' spin. The 
isomer decays prima rily to an 8" slate in the even-even 
dauphtcr via an allowed beta transition, the 8' state 
arising from 'he coupling hi .• and/-; neutrons. The 
' '"Dy a scade is such that the upper three gamma rays 
a*.: abo.,' <Wr oft*x2' — 0* transition intensity. In 
''"Gd the rur. net is more like 95*?, with the less 
intense cascade through the negative parity states 
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making up the difference. In the , 5 0 Ho case, another 
statc(s) in "°Dy is apparently being populated whose 
de-exciting transitions we have been unable to 
observe so far. 

'*Ho 

At the 75-MeV incident energy, a gamoia ray was 
observed with an energy of 1090& keV and a half-life 
of about 20 sec. We assign it to the new isotope '"Ho 
because h is in coincidence with dysprosium K x rays, 
and its excitation function is similar to those of 
gamma rays following the decay of l4*Dy and ,4*Tb. 
In the m-beam study,* the most intense gamma ray 
observed had an energy of 1073 keV and represented 
the de-excitation of the first excited sute to the 
ground state in ,4*Dy. A weak gamma ray of that 
energy was seen in the present study; its half-life, 

however, could not be determined because of poor 
counting statistics. 

Figure 2.61 shows the systematics of neutron 
orbitals beyond N = 82 for even-Z isotones with 83 
neutrons, as extended to l4*Dy. According to ref. 6, 
the inn state located at 997 keV in , 4 7Gd has moved 
up to 1073 keV. Our proposal is that the new isotope 
represents the hut high-spin isomer in '"Ho. The 
decay of the ana.~gous sute in "TTb populates10 

three levels in U 7 Gd (see Fig. 2.61) as follow: (1) 1397 
keV, ht,i neutron sute, 85%; (2) 1798 keV, a fragment 
of the same orbiul, 14%; and (3) 997 keV, / | ) / } 

neutron sute, 1%. Therefore, we suggest that the 
1090-keV trar.ition de-excites the main h%a neutron 
sute, which has moved down in energy from 1397 to 
1090 keV, as one goes from l 4 TGd to '"Dy. At this 
time, the other '"Dy %" level (at 1798 keV in *4'Gd) 
has not been identified. We also hope to find the dm 
proton sute in '"Ho that should populate the pm 
and/3/3 neutron sutes. This low-spin species in " Tb 
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is known10 to decay to these "TGd sutes located at 
IIS3 and 1847 keV respectively (see Fig. 2.61). 

1. University of Tennessee. Knowille. 
2. UNISOR. Oak Ridge. Tear.. 
3. Virginia Polytechnic Institute and Sute University. Black t-

m 
4. Eastern Kentucky University. Richmond. 
5. K. S. Toth el al.. "Excitation Energies of the An : and d<: 

Neutron States in '"Gd and "Dy.~ toys. Drv. Anmi. Prog. Rep. 
Dec. 31. 1974. ORNL-S02S. p. J!. 

6. A. M. Stcfanini. P. Klcinbeiru and M. R. Maier. Mrs. Lett. 
62B,405 (1976). 

7. W. W. Bowman. D. R. Haenni. and T. T. Sugmara. Progress 
Report 1973, Cyclotron Institute. Texas A * M Univenity. p. 30. 
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S. K. S. Toth et al.. Phys. Rev. CI, 14*0 (1970). 
9. K. S. Toth et al.. Phyi. Rev. C 11. 1370 (1975). 
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LIFETIME OF THE FIRST EXCITED 
0* STATE IN , w S n 

E. P. de Lima1 A. P de Lima1 

H. Kawakami' W. Dunn1 

A. V. Ramayya' J. H. Hamilton' 
H. K Carter 

The first excited 0* sute in "*Sn is only 464 keV 
abovr the first 2* sute at 1293 keV. Studies of the 
anomolousiy low 0* state in "Se have led to a picture 
of the coexistence of near-spherical and deformed 
shapes,'*4 with the excited 0* sute the band he-d of a 
deformed band. 

We have carried out studies of the lifetime of the 
1757-keV 0' level in ' '*Sn to gain further insight into 
the structure of this level and test for the possible 
existence of shape coexistence in "*Sn. 

The measurement was carried out with two fast 
plastic scintillators and the UNISOR-Teimelec datt 
acquisition system. The dau were stored in the 
gamma-gamma-time mode. The levels in "*Sn were 
populated from the decay of 34-min """In produced 
in the Oak Ridge Research Reactor (ORR). Gates 
were set on Compton edges of transitions into the 
level of interest and the 1273-keV 2*—0* transition to 
the ground sute. The data were jnatyzed by the best-
fit method, and a half-life of 150 ± 50 psec was found 
for the 0* level. Unfortunately, the £ 0 matrix element 
is unknown. A theoretical calculation has been done 
for "*Sn. If we use that result, we find the lifetime is 
essentially that of the £2 transition; because the £2 
conversion coefficient is so small, it is for the £2 
gamma ray. In Weisskopf single-particle units, there 
is an enhancement of 5.1. If we use the single-particle 
formulas'-4 as used for , L 7 4 Se, where enhancements of 
36 ± 7 and 14 ± 2 were found for the 0" - 2* 
transitions, there is essentially no enhancement. 
Thus, there is less collective strength to the first 2* 
level than in the selenium cases. Recently, a group at 
the Free Univenity in Amsterdam5 found a rott-
tional-likc band built on thisO* sute. The 2' member, 
however, is far from the first excited 2* level so these 
sutes may not be mixed as found in , 2 Se, and the 
0*' — 2* transition may not be enhanced as in the 
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nuclei The "*Sn case may be closer to a 
true-shape isomer. 

1. Vaadetbik L'ancnily. NashviHe. Tea*. 
2. liMSOft. Oak rUdft- Tea*. 
3. J. Haaakoa. *rx Rrv. Lett. 32. 239 (I974X 
4. V. Raaayya « aL. l+rs «rv. C 12. ! * • M975>. 
5. L Acker, ornate ccmmuainiioa. May 1977. 

UNISOR DEVELOPMENT 

R. L. Mlekodaj1 

E. H. Spejewski' 
A. V. Ramayya: 

K. S. R. Sastry' 
H. K Carter' 
F. T. Avignone* 

J. H. Hamilton" 
R. A. Braga5 

E. F. Zganjar* 
A. Vbvanathan* 
E. L. Robinson 
R. W. Fink' 

Ion Sources and Targets 

The on-line surface-k nization ion source under­
went extensive off-line testing. Major design changes 
led to a source with improved operating charac­
teristics. Several versions of this source are now-being 
used. An all-graphite source is being used for the 
alkali elements that are easy to surface ionize. This 
graphite source has yielded very high efficiencies in 
on-line runs with rubidium and cesium products. The 
dements more difficult to surface ionize are run in a 
source with a tantalum body and either a tungsten or 
rhenium ionizing tip. The operation with stable rare-
earth elements is now routine, and on-line tests for 
rare earths have been planned. These sources are 
operated with about I nig/cm2 wolfram windows, 
which have shown excellent stability at ion-source 
temperatures «2600°Q and under heavy-ion 
bombardment. 

A new high-temperature plasma source has been 
designed and constructs. The high temperature of 
this source is achieved by an eightfold reduction in 
the volume, as compared with our Nieben-type 
source, while maintaining the same power input. The 
temperature of the discharge a -a of tins source b 
estimated to be 2000° C. Efficiencies of 13ft have 
been achieved for stable xenon separations. On-line 
rum for volatile elements such as mercury have given 
efficiencies comparable to our Nieben source, but 
efficiencies for less volatile elements like lead and 
bismuth are greatly improved. Thb new source has 
abo y elded short-lived gold isotopes, which have not 
been observed conung out of the Nieben source. Thb 
source will abo be tested for use with rare-earth 
products. 

Targets of "*W have been fashioned by direct 
conversion of WO) to tungsten by electron-beam 
heating while supported in the graphite frit matrix. 
Nearly quantitative conversion has resulted in requir­
ing only a few milligrams of the very expensive "*W 
(92.6% enriched) to produce these targets. These 
targets have shown excellent long-term durability in 
our Nieben source, but tfiey are gradually destroyed 
if used in the new high-temperature source. 

Experiments with powder targets have been 
carried out for elements whose melting pointsare too 
low to be used directly as targets. Both CeO: and ZnO 
have been tried as powders supported in the graphite 
fdt matrix. The tests indicated that these types of 
targets will be of limited value because of the evapo­
ration or sublimation of the oxides under the bom­
bardment of the cyclotron beam. This type of target 
may find limited application under special circum­
stances when other forms of the target are not pos­
sible and when the cyclotron beam current can be 
limited to the extent necessary to prevent evaporation 
of the target material. 

One problem area for die UNISOR mass separator 
has been that the target area b at high potential and 
the incident cyclotron beam b stopped in the ion 
source, making it difficult to continuously monitor 
the beam on target. To relieve this situation, a new 
beam monitor system that allows the cyclotron beam 
to be continuously monitored has been developed. 
This monitor b based on secondary electron emission 
as the beam passes through a thin foil just before 
striking the target. The secondary electrons emitted 
from the foil are collected in a positively biased 
section. Thb electron current information b then 
transmitted to ground potential by use of a fiber 
optical system. 

Tape Transport and Data 
Acquisition Development 

Improvements have been made to the tape trans­
port system and dau acquisition that will enable new 
experimenu to bv carried out at UNISOR. improve 
the quality of dau. and reduce the lower limit of half-
life that can be studied. First, changes have been 
made to the upe transport1 control system and 
driving motors, reducing die transport timr to the 
Tint detector station to 02 see. To reduce the losses 
incurred in acquiring spectrum multiscale dau. 
additional memory has been added. A toul of 32,768 
channeb of data storage b now available to be used 
for singles, spectrum multbcaling. or coincidence 
monitoring. A turbomolecular pumping system has 
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been installed, replacing the only remaining diffusion 
pump on the tape transport that enables the use of 
high-quality cooted-etecuon detector?. 

A scanning Gerholm-kns spectrometer1 has been 
instaHcd on the tape transport and has been tested 
off-line. A special wide-pass baffle and cooled Si(Li) 
detector were developed to provide an electron spec­
trometer with an absolute efficiency of greater than 
2% and with a transmission-independent energy 
resolution. The resulting electron spectra are free 
from gamma-ray interferences and summing peaks. 
A Ce(Li) detector can view the source position, thus 
enabling high-quality electron-gamma-ray coinci­
dence data. 

A mini-orange spectrometer has also been con­
structed for the tape transport system. This per­
manent magnet system allows electrons to be focused 
onto a cooled Si(Li) detector while filtering out most 
of the photons. 

A digital dock has been interfaced to the com­
puter-based data acquisition system. The 16-bit 
digital output has a time resolution from I psec to I 
sec and b designed so that the time of each event can 
be stored in the computer. Typical usage has been to 
store the digitized energy pube height and digitized 
time of arrival of the pulse in list-mode fashion on 
magnetic tape. The list data can then be used to con-
struct energy spectra as a function of time (very short 
time spectra multtscaling) or time spectra for a par­
ticular energy window. A technique* for determining 
state lifetimes in the millisecond-to-second range has 
been adapted by using this dock and writing special 
software for our system. We are in the final testing 
stages of this technique. 

A simple new tape transport has been designed, 
constructed, and tested off-line for use on the 30 s 

separator beam lines. The new tape transport is 
essentially a vacuum tube through which the tape 
passes with tape scab10 maintaining the vacuum in 
the chamber. This design allows the feed, take-up 
reds, and the tape capstan mechanism to be m air. 
thus greatly simplifying the design over our present 
tape system. Gamma-ray data will be taken by 
depositing the separator beam on the tape in the 
vacuum chamber. After the appropriate time, the 
tape drive is pulsed by the computer, which moves the 
source out of the vacuum to a position in front of the 
detectors. For measurements requiring the source to 
remain in vacuum, a chamber can be attached in 
order to position detectors in the vacuum chamber. 
While the new system will not be able to move the 
tape a* fast as the old one. the new system should be 

more versatile m all other aspects while being about 
an order of magnitude cheaper to build. 

1. I'MSOR. Oak Rid«e. Tow. 
2. » wlr itiill t anenky . NsslmUc. Tow. 
3. UancniiY of Mssnctuttett*. Aabera. 
4. Vmnrn*? of Soth CarolwH. Cotmmba. 
5. Georgia hwri fw of Tecaaoioft. Aibaca. 
6. Lnaiiriai State L'anrcrucy. BUoa Roage. 
7. Uawanky of Ataauaa ai B i r — f l n m . 
S. F. T. Avigaoae I I I . J . -E. Piakcrwa. aad J. H. TrecMood. 

.Varf. . ' W M . Methods M7.4S3 (1979). 
9. J. Gbuaad K. F. G. Lobacr. *ar/ . h u m . UeihodsM.237 

11971* 
10. H. K. Cancraad R. L. Mkfcodaj. Varf. Inunm, Methods 

I » . 611 (1975) 

DECAY-IN-FLIGHT (MEASUREMENTS OF 
ALPHA ACTIVITY 

T. . Cteary K. S. Toth 
F. E. Gross S. Bart1 

O. C. Hensky E. V. Hungerford' 
C. R. Bingham' 

The heavy-ion beams available at the ORIC make 
possible the investigation of half-lives in the I-nsec to 
l-jtsec range by the observation of charged-partide 
decays-in-flight. The basic features of thb technique 
are illustrated in Fig. 2.62. The nuclear recoib 
produced in reactions induced by heavy ions incident 
on a suitable target are scattered forward into a solid 
angle centered about the primary beam. A detector b 
positioned downstream from the target to look for 
decay activity from the recoib. A trajectory detector 
designed especially for thb purpose b shown in Fig. 
2.63. It consists of three detection elements placed 
inside a gas-Tilled chamber. A thin window permits 
the nuclear partides to enter the chamber. In the first 
stage of the system (see Fig. 2.62). a position-sensitive 
wire b used to determine the position of the decay 
panicle at the entrance to the detector. An ionizatkm-
chamber region then provides a A £ signal. Finally, a 
position-sensitive solid-state detector b used to 
obtain an E signal and to ascertain the position of the 
particle at the rear of the detector. 

The 1E-E signab provide mass identification of 
the panicle, while the two position signab permit 
reconstruction of the flight path of the decay panicle. 
Finally, timing signab from the front stage of the 
detector and the cyclotron rf are used to generate a 
lime-to-ampUtudc converter (TAC) spectrum. From 
thb information, it should be possible to derive the 
half-life for the decay and a precise energy determina-
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tion of the decay by removal of the Doppkr-broaden-
mg effects associated nub the decay-avfhght. 

In order to test die trajectory detector, meastoe-
ineats were nawfcosaag the M r V X S n ) reaction at 
IS MeV to produce the alpha-radioactive nuclide 
I I T A c The data are being analyzed to extract alpha-
decay energy and half-life intonation and to 
compare these remits with previous measnrements> 

on the same isotope, in addition to searching for new 
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and the resulting provision of structure information 
concerning nuclei far from stability (see, eg. , the 
recent work of Nomura4 on Z MRa). 

I. Uamnity of HIMJW. H n i w . Tex. 
1 Uamnity of T O M K . KaoxvUfc. 
3. T. Nowan ct aU Pkfs. Lta. 4UB. 943 (1972). 
4. T. Nu—i ct aL. Ptifs. Lett. Jam, Z73 (1973)1 

LIGHT-ION NUCLEAR RESEARCH 

Radnuic«-induced effects in sobds have been 
studied with alpha-particle and deuteron beams from 
ORIC. Although occupying only a small part of the 
total beam time, such measurement are prompted by 
problems of enormous practical significance in the 
development of new energy sources. 

Basic research with light-ion beams was carried out 
at ORIC, at ORNL with the EN tandem accekretor, 
at the Indiana University Cyclotron Facility (IUCF), 
and at KVI Groningen, Netherlands, with the iso­
chronous cyclotron. A description of the (p.n) tiroe-
of-fnght facility at IUCF is included. Many /2 and 
£1 matrix dements have been determined in rare-
earth nuclei through the use of Coutomb-rxcitation 
studies with alpha beams. A measureircnt of the 
magnetic moment of the neutron was completed at 
the Institut Laue-Langevin, Grenoble, France. The 

Ph> M*. 
i i»t ten, with mt 
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measurement b nearly 100 times more precise than 
the previous one. 

RADIATION-ENHANCED CREEP 
MEASUREMENTS 

T. C. Reiley1 R. L. Auble 
P. Jung1 M. G. Duncan-

A creep machine has been developed to study the 
effects of radiation damage on the creep rate of 
reactor structural alloys, developmental alloys, and 
pure metals, usinga 60-MeV 4He beam from ORIC to 
simulate the effects of bath-energy neutron bom­
bardment. During 1976, two experiments were con­
ducted. The first experiment was designed to study 
the ORIC beam properties and utilized a small 
mockup of the creep apparatus. Numerous OPTIC 
calculations were generated prior to the run. and 
beam scanning was performed to test 'heir accuracy. 
It was found that the predicted beam profiles and 
transmission were reasonably well reproduced, 
although the predicted quadrupote currents were as 
much as 20% too high. In the second experiment, the 
completed creep machine was installed, and all 
systems were tested. Most of the equipment was 
found to operate satisfactorily, notably the sample 
temperature controller provided about 0.005° C 
control accuracy and 200-msec recovery from major 
(100%) beam transients. The data acquisition system 
using the CAMAC interface at ORIC and software 
provided by D. C. Henslcy worked quite well. 
However, a number of problems were uncovered, and 
many corrections and improvements have been made 
as a result of mis test run. 

1. Mctab and Ceramic* Division. 
2. Consultant. 

THICK-TARGET NEUTRON YIELDS 
FROM </+ Be AND d + U AT £ , * 40 MeV 

M. J. Saltmarsh C. B. Fulmer 
C. A. Ludemann R. C. Styles' 

Neutron sources based on the </ + Be or </ + Li 
reactions can provide a good simulation of the neu­
tron spectrum to be expected at the first wall of a D-T 
fusion reactor and are therefore useful for fusion-
related radiation-damage studies. In order to better 
characterize the existing ORIC </+ Be source1 and to 
provide data for the proposed d + Li sources," we 
have measured the thick-target neutron yields by 

both time-of-fhght (lithium and beryllium) and foil-
activation (beryllium) techniques in the angular 
range of 0 to 90°. The resvlts were used to develop a 
dosimetry technique suitable for this type of 
source. 

Figure 2.64 shows some of the time-of-flight (TOF) 
data from d+ Be tak rn at two different flight paths. 
0.7S and 3 m. The overall normalization uncertainty 
is estinated to be ±15%. Total neutron yields (£, 
greater than 2 MeV) as a function of scattering angle 
are shown in Fig. 2.65, die experimental points being 
derived from the TOF data and from activation mea­
surements using Ni. Co. and Nb foils. The normaliza­
tion uncertainties for these four sets of data are 
estimated to be ±15% (TOF. nickel) and ±10% 
(cobalt, niobium). The solid line represents the 
weighted avenge of all the data. Time-of-fhght data 
taken using a lidiium target were very similar to the 
d+ Be data/ 

The yield measurements outlined above were all 
made in good geometry, while irradiations made with 
the d + Be neutron source require the samples and 
dosimetry foib to be placed very close to the seryl-
lium target in order to maximize the neutron flux. 
The basb of our dosimetry technique b to assume 

OML-OaC 7»-IJT70 

NEUTRON YKLOS FROM # • « • -_- - ~ 
. . — THaZ-Cf-FUOfT -

l 0 r 1 . L_ ' 
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C~„(M«V) 

F » 144. TaJK f̂-ffegbt data fro* 40-McV dcMcrow on a 
thick feoyKw HUBR. atoning iiarmnmtm error Ian. The 
0.75-m data (open circles) have been normaliTcd to the J-m data in 
the energy range 7. J MeV < <£,< 12.5 MeV. The system resolution 
(3-m data) varies from about 200 keV at £, = J MeV to about 6 
MeV at C = 40 MeV. 
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that the shape of the neutron spectrum at a given 
point on the sample can be icpicstiiied by the shape 
seen in food geometry at some effective scattering 
angle, aW This angle is derived from the ratio of the 
110-keV gamma activities from the "Ntop) and 
"C6(fi2ff) reactions, while the total neutron yield B 
derived from tfce absolute value of one or the other of 
these activities. This sequence of measoremcMs is 
illustrated in Fig. 2.66. The nickel and cobalt dosim­
etry foils ere in the form ot 23-cm-diam disks from 
which 13-nun-diam sam. es ate punched in the 
pattern indicated at die top of Fig. 2J56. The point of 
maximum activity (le^ the center of the neutron 
beam spot) is found by inspection, and the activity of 
each sample is plotted as a function of the distance r 
from this point, as shown in the upper part of Fig. 
2.66. From these curves, the spectrum shape param­
eter, AW and the neutron faience are derived as a 
function of r, as shown in the lower pan of 
fig. 2.66. 
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DAMAGE PRODUCTION BY 
•*+ Be NEirrROKT) 

J. B. Roberto' 
C. E. Kh*Mde ; 

J. M. WtOkrra' 

R R. Cokm**. Jr.' 
M. J. Satrtnanh 
C. B. Fuhner 

Trw damage producer' by high-energy {about If-
McV) neutrons is of considerable experimental and 
theoKtical interest due to the potemtal'v deleterious 
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efiects of such neutrons on fusion-reactor first-wall 
materials. Knowledge of point-defect generation 
rates for these neutrons a> central to an understanding 
of ftaaon-ntuuun damage processes. 

We have cjlimaird defect production rates in Cu, 
No, and Pi induced by d + Be neutrons from die 
ORIC source2 by measuring use changes in electrical 
resistrrityM 42° K during n -uon irradiation.' The 
results, shown in Fig. 2.67, indicate that the damage 
produced was proportional to neutron fluence over 
the range of the experiments. 

A comparison was made of die damage produced 
by d + Be centnms to dat produced by fission 
neutrons. The experimental and theoretical ratios for 
these two neutron spectra show satisfactory agree­
ment for all materials studied, as is shown in Table 
210. Isochronal anacabng studies were abo made on 
the irradiated samples from 10 to 400° K and were 
compared with data from samples irradiated in 
thermal and fission neutron spectra.4 The pbtmum 
results (Fig. 268) showed the greatest dependence of 
the damage recovery curve upon the neutron spec­
trum. The differences suggest substantial configura-
tional differences in the primary damage sute 
resulting from rf-Be neatrons and fission neutrons ns 
pmtiaum, indicating the formation of more stable 
cascade structures at the higher neutron energies. 
However, the agreement between the experimental 
and theoretical ratios for total damage production 
summarized h> TaHe 210 shows mat the damage 

Tatk-2.10. tfMi»«f4MHacpiwl«a>M»tr 
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PhlMws 2? ±0.5 J? ±0.5 
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production at 42° K scales with damage energy. Thus 
the increased cascade stability in platinum appears 
not to be due to increased recombination of nascent 
dose pairs during the damage process. Instead, for 
the higher-energy neutrons, a relatively higher 
proportion of interstitials is produced in dusters or in 
dose enough proximity to cluster after a few 
jumps. 

1. SoM SiMe Direim. 
2. M. J. Salwcnh ct «L. Omnrtermics ofm hmtrat Semton 

Sourer Baem <m the d + Br Remchon. ORXL TM-50M (1976). 
Tho rcpon has ah© been nbtmned to \ucltwr hantmmnti 
m^MerinA. 

y. 1. B. Hobcnoa «t.'D—atProdaqiatifty Hiaa-tneny *• 
BcNrMro<HniC».Nb.MdPiai4 2K.~iobcp>bfc>hedn/^p*n/ 
Phrars Letters. 
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Br NcMron DMMgt in Cv. Nb.aiid Pi from! 400 K.'nboMted 
w ifce Jountm! of .Varimr Mmrrmh. 
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(/He,/) REACTIONS ON 
SELF-CONJUGATE TARGETS 

C. D. Goodams F. E. Bertrand 
R. L Auble D. C. Kocher 

We have measured, with high resolution, tritoa 
spectra from *0( ,IIe,/) i«F. ^Q , He,.y I N. and 
I%i(>He,r)2"P to follow up oar earner discovery of an 
isolated peak ia the l*Ot'He,0'*F spectrum.1 Becaase 
the oxygen arget aas a antra flake, we also mca-
sarcd the spectnna from a smcon target to be able to 
sabtract the background from use oxygen spectrum, 
and we measured the spetunm from carbon to be 
able to ase the resorted 0* - I *. 0* - 2*. and 0* - 2 
transitions as cahoratioas-

The spectrum from the oxygen target is innpfc, 
having only two strong peaks, the one discovered 
earner and one ooncspondmg to the 0.42-hfcV level 
of "F. Other levels of **F are only weakly excited. 
Viewed with the good resolution of the present exper-
BOOK, the high-exdtatioa peak appears to be 
due to a level at 6.7 MeV in '*F with a satellite at 
6.9 MeV. Its angular distribution peaks at a 
laboratory angle of 13°, while the angular dis­
tribution for the 0.4-MeV state peaks at a 
laboratory angle of about S*. 

Because '*0 b both a sctf-conjugate and a dosed-
shdl nucleus, no bospin-iap or spin-flip bospin-ftip 
(abo known as Ml or Gamow-Teuer) transitions are 
possible. The low-lying particle-bole strength should, 
therefore, be associated with (p)'(j.d)1 negabve-
parity states. The excitation of these states should be 
via L= I and Z.=3. The data suggest that nearly aO of 
the L-1 strength lies in the0.4-MeV state, and nearly 
an of the L - 3 strength lies in the 6.7-MeV state. 

For tfce carbon target. «e expect to see partide-
nofc stttes within thep sbcO, and indeed both the I* 
ground state and the 2* first excited state arc strongly 
excited. As we noted in die discussion of (p.n) reac­
tions in another contribution to diis annual report, 
die transition "C ground state — , : N ground state is 
die analog of an Ml transition. At higher excitation, 
diere are broad bumps that do not resolve into 
individual levels and look qualitatively similar to the 
{p.n) spectra reported above. This strength is prob­
ably due to particle-hole states involving a particle in 
the >-d shell and possibly in the / shell. The only 
dearly resolved peak belonging to that configuration 
is the 2 state at 1.2 MeV. 

The spectrum from the silicon target is quite com­
plicated and shows many resolved levels. The Ml 
analog state, at 2. i MeV in "P. is strongly excited as 

it is ia (p.n). If one smears die resolution, one obtains 
a spectrum that looks qualitatively similar to die 
2*Si(p.ni:*P spectrum. The ('He./) data are being 
analyzed. 

I. A n Or. Amm. hog. Hep. Ore. SI. 1*75. 0 » % " L - J | J 7 . 

"^Cefer) REACTION STUDIES 

A. C. Rester1 J. B. BaO 
R. L. Auble 

It has been suggested2 that the rather una mil 
properties of die anomalously low-lying 0.690-McV 
0* excited state in :Ge might be explained on the 
basis of a coupling of pairing and quadrupote vibra­
tional modes. We have attempted to test das proposi­
tion widi two-nudeon transfer reactions on da? 
germanium isotopes. On dte basis of the pairing-
phonon vibrational explanation, one would expect 
that, in (p./) tracsitions to die *Ge 0* states, almost 
an of the L=0 strengdi would go to die ground state, 
whereas in ip.i) transitions to die *Ge 0' states, a 
considerable amount of die L = 0 strengdi would go 
to dw 0.690-MeV excited state and. as a result of 
anhannonibties, to higher-lying 0* stales as wett.' 

Just diis picture b observed in experiment (Fig. 
2.69). Greater dam 98* of dw total *Ge(p, t) L = 0 
strengdi goes to the ground-state transition, whereas 
in ~*Gc(p,r). die L - 0 strength b fractionated, widi 
72% going to the ground sate. 19% to dic0.690-MeV 
state. 5% to the 3.155-MeV state, and 4 * to the 4 180 
MeV state transitions. W'nhin die 15% error limits on 
our cross-section measurements, die tool strengdi of 
all L = 0 transitions to each nucleus b die same. 

A rather surprising feature of die present results b 
that within each nucleus, diere are families of sates 
whose angular distributions have die same shapes 
which arc very well reproduced by die single-step 
distorted-wave Bom-approximation (DWBA) cal­
culations as wdl as amines whose angular distribu­
tion shapes are not at all fitted by die DWBA. The 
latter type are predominant in :Gc, whereas die 
former are predominant in 7 4Ge. Evidently, a struc­
tural-phase transition b taking place between "Gc 
and T*Gc. Preliminary results of a theoretical investi­
gation4 of the nuclear structure m dib region suggest 
that the addition of two neutrons to 7 2 0e may cause 
the nuclear shape to change from oblate to asym­
metric. The effeu such a picture wobid have on the 
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"N^WO REACTION AT 60 MeV: STUDY 
OF THE ANALYZING POWER FOR 
INELASTIC EXCITATION OF THE 

GIANT-RESONANCE REGION OF THE 
NUCLEAR CONTINUUM AND OF 

LOW-LYING BOUND STATES' 

D. C. Kocher 
F E-Bertiand 

E. E. Gross 
E. Newman' 

The analyzing power of the gaM-i 
of the nuclear continuum and of low-lying bonad 
sates for modem 60-MeV polarized protons from 
the ORIC has been investigated m the *SHpjf) 
reaction. The measarements are compared with col­
lective-model DWBA calculations employing a spin-
orbit transition potential of the foB-Thomas form 
and optical-model parameters wf-xh give a good 
description of the analyzing power for proton elastic 
scattering from *Ni at 60 McV. The predicted analyz­
ing powers for the giant qoadrupole (£2) resonance at 
£, = 16.5 MeV and for low-lying hound sates with 
J* = 2'. 3 . and 4* arc in qualiative agreement with 
the measurements for A* = 15 to 60°. However, a 
systematic discrepancy is observed for the quadru-
pole resonance, where the measurements for 9*+ - 15 
to 30° are considerably more negative than in the 
calculations. A similar but less pronounced effect b 
observed for the strongly excited 2* and 3' bound 
sates. Improved fits to the analyzing power for the 
quadrupole .esonance are obained by reducing the 
spin-orbit diffiuCMCM paiamcicr vr by including an 
attractive imaginary spin-orbit potential. Analysis of 
the cross section for a weaker resonance at £ , - 13.5 
MeV indicates an £2 assignment. The analyzing 
power for the unstructured nuckarcontinuumabove 
the giant resonance is A. — -0.05 ± 0.01 at most 
angles between IS and 40°. 

K$,UB. manj a * " a ( V ) a t * V - 3 S . 4 
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naninj vibrational interpretation of the 0* sate 
structure it not yet dear. 
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DIRECT EVIDENCE FOR A NEW GIANT 
RESONANCE AT M A1' MeV IN 

THE LEAD REGION' 

F. E. Bertrand 
T. Ishimatsu'* 
M. N. Harakch' 

H. P. Morsch: 

K. van der Borg: 

A. van der WoudV 

The giant-resonance regions of "'"Pb. '^Pb. " 7 Au. 
and *^Bi have been studied using inelastic scattering 
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of 120-MeV alpha particles from the KV| cyclotron. 
The scattered nuticks were detected in semicon­
ductor-counter telescopes, yielding an energy resolu­
tion of about 100 keV (FWHM). Figure 2.70 shows 
giant-resonance spectra from all four targets. 

Although the spectra are dominated by the now well-
established' giant quadrupole resonance located at 63 
A ' \ eacii spectrum provides evidence for a second 
leak located at about 80 A ". Figure 2.71 shows die 
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decomposition of a m P b spectrum into the two giant-
resonance components. 

Angular distributions for the 10.9-MeV resonance 
(63 A'v>) in m P b are in excellent agreement with 
calculated L ~ 2 angular distributions normalized to 
exhaus: about 100% of the T=0, £2 energy-weighted 
sum rule (EWSR). The angular distribution for the 
13.9-McV resonance is equally well described by L= 
0,2, or 4 calculations which correspond to 100, SO, or 
17% exhaustion of the corresponding £0, EL, and £4 
EWSR respectively. 

ORNI DWG 77-9666 

1. Samaaiy of work published in Phys. Rev. Ltu. 38, 676 
(WT7). 

2. KcfwfjMsch Venacfcr lastitnat, Groningttt, Nethei hinds. 
3. F. E. Beruand, Amw. Re*. <Vur/. Sri. 26,437 (1976). 

HIGH-RESOLUTION STUDY OF THE 
GIANT-RESONANCE REGION IN 

"Si BY INELASTIC 
ALPHA-PARTICLE SCATTERING 

F. E. Bertrand M. N. Harakeh1 

K. van der Borg1 S. Y. van der Werf' 
A. van der Woude1 

For nuclei with mass number greater than about 
40, the giant quadrupole resonance (GQR) is ob­
served as a single broad peak.2 However, for lighter 
nuclei some evidence had been obtained3'4 for con­
siderable fragmentation of die GQR strength. We 
have studied the 2*Si giant-resonance region, utilizing 
a high-resolution alpha-scattering experiment.' 

The data were obtained using the 120-MeV elpha-
particle beam from the KVI cyclotron. The scattered 
alpha particles were detected with semiconductor 
detecton, yielding about 90 keV (FWHM) energy 
resolution. Figure 2.72 shows inelastic alpha spectra 
at srveral angles from 2 ,Si. Because isovector states 
(e.g., giant dipole resonance) will not be excited by 
the 2^>i(a,a') reaction, only T= 0 sutes appear in the 
alpha spectra. 

Considerable structure is observed in the giant-
resonance region of 2 ,Si. The angular distributions 
for the various peaks have been compared with col­
lective-model DWBA calculations. While moit of 
the observed structure is found to be El, some peaks 
are better described by L = 3 and, in one case, L=0 
calculations. The sum of the £2 cross sections in the 
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Fig. 2.72. Spectra of JBthitir alpha-particle scattering oa "Si. 
The assumed continuum underlying the resonance peaks is 
indicated for each angle by a solid line. Energy bins are shown 
which define the spectral region integrated over to obtain cross 
sections for the various peaks. 

15.5- to 23-MeV region of 2 , Si exhausts 27 ± 6% of 
the T= 0, £2 energy-weighted sum rule. 

1. Kemfysisch Versneller Insiituut, Croningen. Netherlands. 
2. F. E. Bertrand. Amu. Rev. Nucl. Sci. 26,457 (1976). 
3. M. N. Harakeh * al., Nucl. Phys. A 265, 189 (1976). 
4. F. E. Bertrand et al., Phys. Div. Annu. Prog. Rep. ZVr. 31. 

I97S. ORNL-5137. p. 63. 
5. Summary of work to be published in Physics Letters. 
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SEARCH FOR GIANT RESONANCES 
WITH (p,n) REACTIONS 

C. D. Goodman 
F. E. Bertrand 
R. Madcy' 
B. Anderson1 

A. Baldwin' 

J. Knudson' 
T. Witten' 
J. Rapaporr 
D. Bainum: 

M. B. Greenfield' 
C. C. Foster4 

Neutron spectra from '-C(p.n)'2N and :,Si(/»,/i):*P 
are each dominated by a prominent sharp peak (see 
Fig. 2.73), which in each case is the analog of the giant 
Ml resonance in the target nucleus. The Ml reso­
nances are the IS.I-MeV F= I, T state in "C and the 
II.4-MeVr= I. 1* state in "Si. 

The relationship between the Ml character of these 
levels and the excitation of their analogs in (p.n) 
reactions provides an exarnpie of how certain aspects 
of nuclear structure become manifest in different 
modes of excitation. The so-called Ml giant reso­
nances in self-conjugate nuclei have been predicted 
theoretically9 and observed experimentally4 through 
electromagnetic interactions. It has also been pointed 
out that the largest part of the Ml operator operating 
on a T = 0 nucleus is essentially equivalent to an 
isovector spin-flip.7 Thus the giant Ml resonance is 
connected to the ground state byan isospin-flip, spin-
flip. The A/I state is the Tz= 0 member of a T- I, I* 
isospin triplet. 

That the analog of the A/I state is excited strongly 
in the (p,n) reaction can be understood qualitatively 
through recognizing that it is also a particle-hole state 
in which the particle and the hole are opposite in spin 
and isospin but have the same orbital angular 
momentum. Formally, it is excited by the interaction 
operator (ovoXrvr). where the subscripted operators 
refer to the nucleons in the nucleus, and the non-
subscripted operators refer to the projectile. The spin 
operator is o, and the isospin operator is r. The spin-
flip transitions are the only ones that can take place 
without change of orbital angular momentum or 
principal quantum number in a T = 0 nucleus, be-
cause(»y»-) by itself operating on a T=Q nuclear wave 
function gives zero. Furthermore, we have already 
noted that spin-flip (A/I) strength is concentrated,' so 
all the L = 0 strength is concentrated in a sharp 
peak. 

The other features of the spectra can be charac­
terized as two broad peaks at higher excitation. 
Because these do not appear to have the same shape 
at different angles, we can infer that neither peak 
should be characterized as a concentration of a 
particular multipole strength. 

13 «S • t « 
((CITATION C*C»CV ( • • V I 

Fig. 2.73. Energy ipectn for "Cfrft)"N and "Slp^f? at 
tQab) * 12s. The prominent sharp peak in each spectrum is the 
analog of the giant M\ resonance. 

The experiment was originally undertaken to pro­
ject out the T- I components of collective multipole 
resonances.'-* The spectra do not clearly show evi­
dence of concentrated multipole strength other than 
the A/I. In particular, the analog of the giant dipole 
resonance is not evident. The conclusion to be drawn 
is probably that the (p.n) reaction does not couple 
strongly to that mode of excitation, because the £1 
resonance is believed to be isovector and should have 
an analog. 

The broad bumps in the spectra could be clusters of 
higher multipole particle-hole strength of the type 
described by Fvfoffa and Walker.10 
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The data were obtained by time-of-flight mea­
surements at the IUCF, using6l .9-MeV protons. The 
experiment is in progress, and data on other targets 
are expected soon. 

1. Kent Stale L'oncnily. Kent. Ohio. 
2. Ohio University. Athens. 
3. Honda Africaltacal and Mirhmiral University. Tallahas­

see. 
4. Indiana University. Btooanaatoa. 
5. D. Karath. Urn. Re*. 13*. 1525(1963). 
6. U W. Fan- try Mod. Pkn. 47. 613 (1975). and references 

7. C. Morpnrgo. Mrs. Re*. 110. 721 (1951). 
t. F. E. Bcruand. Aim. Re*. AW. Sri. 26.457 (1976). 
9. C. R. Satchlcr. NmcL M n . A195.1 (1972). 
10. P. J. Mofla aad G. E. Waiter. Sucl. rtirj. A222. 140 

(1974). 

NEUTRON TIME-OF-FLIGHT EXPERIMENTS 
AT THE INDIANA UNIVERSITY 

CYCLOTRON FACILITY 

C. D. Goodman C. Goulding2 

C. C. Foster' J. Rapaport' 
M. Greenfield-' D. Bainum' 

We are engaged in an ORNL-IUCF collaborative 
program with partiapants from other universities to 
study medium-energy ip.ri) reactions. A beam-
swinger system, originally built for use at ORIC. has 
been moved to IUCF, and its geometry has been 
modified to accommodate the higher proton energies 
of IUCF. 

The magnet system provides variation of the angle 
of incidence of the proton beam on the target con­
tinuously over a range of 26°. Thus the flight path 
remains fixed in measuring angular distributions. 

We have developed a highly efficient time-compen­
sated neutron detector.4 The scintillator voltn.ie is 
almost 20 times as great as that of the detectors used 
to obtain the data on "C(p.n)"N and "Si(/>.n)z>P 
described above, and the observed overall time 
resolution is slightly better. 

The detector employs a scintillator 15 x 15 x 100 
e n viewed at one end by a single phototube. Time 
compensation is accomplished by tilting the axis with 
respect to the flight path so ttot the sum of neutron 
and photon transit times is approximately indepen­
dent of the position of the scintillation. Compensa­
tion for the variation in rise time of the light pulses 
over the long scintillator is accomplished with extra­
polated zero timing. 

This detector is equivalent to a 100% efficient 
detector with the cross-sectional area of its small 
(I5X IS cm) face. It will enable us to perform experi­
ments that were not feasible with the smaller 
detectors. 

I. Indmnn Univeisity. Btooniinffon. 
2- Florida Agricaknfc aad Mechanics University. Tanmhas-

see. 
3. Ohio University. Athens. 
4. C. P. Good—a a at . jabanrad to NmrkmrmMnmmaomtd 
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COULOMB EXCITATION OF 2* AND 3' 
STATES IN '"Ft AND ""Ft 

R. M. Ronningcn1 J. H. Hamilton1 

R. B. Piercey1 S. Raman 
A. V. Ramayya1 P. H. Stebon 

W. K Dagenhart 

Transitional nuclei and recently platinum isotopes 
have become the subjects of much experimentation. 
The high-spin level spacings in '"""pr have been 
mapped out by heavy-ion reactions24 with the rota­
tion-alignment model' invoked to explain2"44 the 
anomalous level behaviors. Also. Coulomb nuclear 
interferences in the excitation of '**Pt have been 
studied7 to yield relative phases as well as magnitudes 
of transition-matrix elements connecting the ground 
states and the first two J* = 2' states. 

In this work we have obtained precise values of 
B {El; 0* - 21) for both "2Pt and I M Pt by employing 
the magnetic-specirographic analysis of 'He ion*, 
scattered after Coulomb excitation from thin targets 
of high purity. 

The Coulomb excitation of " 2 '"Pt, by 14.9-MeV 
4He ions from the ORNL tandem Van de Graaff 
accelerator, was studied using an Enge split-pole 
spectrograph and a 60-cm gas-flow proportional 
counter. Our targets were about 30-pg/ cm2 separated 
material of greater than 99% isotopic purity de­
posited on 65-pg/cm2 carbon-foil backings. 

Experimental ratios of inelastic-to-elastic scatter­
ing differential cross sections were compared with 
ratios calculated with the aid of both semiclassical 
(de Boer-Winther) and quantal (AROS A) Coulomb-
excitation codes. 

Our study indicates smaller B(E2) values to (he 2' 
states thai, io most previous measurements for both 
"""Pt. Such data should be of interest not only to 
experimentalists needing precise values to interpret 
their experiments, but also to theorists as well. 
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A report of our experiment and results has been 
prepared and accepted for publication. 

1. VndcrMl Uamrsijr. Nash**. Tea*. 
2. I_ Faafcectal. Urn. Lrti. 331.436(1973). 
3. J. C. Comae el aL. Hm. Rev. C 13.2197 (1976). 
4. S. S. Hjoftb ct aL. Smci Pkrs. A242, 3210*76). 
3. F. S. Stephen aad R. S. Sana. Varf. A n AID. 237 

(1972). 
6. V R. Johasoa el aL. labawtird lo rsnsicml Rrvtew. 
7. F. Todd Raker el aL. ffcn. Rev. Lett. 37. 193 (1976V 

COULOMB EXCITATION OF "*»* n»£r 
WITH 4 He IONS 

F. K. McGowan 
W T. MUner 

R. L Robinson 
P. H. Steison 

The .^action on I**-'"- ,TOEr induced by 'He ions 
selectively excites 2* and 3' states by direct £2 and £3 
Coulomb excitation. We present results from 
gamma-ray spectroscopy with 14-MeV 4He ions on 
isotopically enriched targets of '**Er, I MEr.and ,7°Er. 
Gamma-ray spectra were observed at 8y = 0. 55. and 
90° with respect to the beam direction with a 30-cm5 

Ge(Li) detector located 7 cm from the target. For the 
conditions of the experiment, the use of first-order 
treatment of the excitation process is adequate for the 
analysis of thick-target gamma-ray yields. The exper­
imental results for the reduced transition probabil­
ities. fl(£A.0 — 7 = A), are summarized inTable2.ll. 

The K.J* assignments were deduced primarily from 
our gamma (9) measurements, ratios of reduced-
transition probabilities, and other nudear-spectros-
copy studies that have been summarized.1' * 

I. A. Barm. .Varf. Dm* Sheets M. 471 (1973). 
I L K . Greenwood. Varf. Dma Sheet, 11. 3»S (I974L 
3. M. R. Sduoorakaad R. L. Aobte. .Varf. DmmSheets 13.371 

(1973). 

£ 2 AND £4 REDUCED-MATRIX ELEMENTS 
OF • H M M » M - M A N D wiv-mf 

R. M. Ronningen1 

J. H. Hamilton1 

L. Varneli: 

J. Lange' 
A. V. Ramayya1 

G. Garcia-Bermudcz' 

W. Lourens' 
L. L. Riedinger* 
F. K. McGowan 
P. H. Steison 
R. L. Robinson 
J. L. C. Ford. Jr. 

In the last few years, a variety of experimental 
studies of even-mass nuclei in the Sm-Os region have 
been carried out to test the theoretical predictions of 
hexadecapok deformations.",% The hexadecapole 
deformation with fi* greater than 0 is expected " to 
maximize in the region \46<A< 160. pass through 
zero for 160 < A < .170. and become maximum-
negative around l7t<A< 190. Since 1971. we have 
been involved in measurements to test the region of 
maximum-positive deformation and the region when 

Nucleus 

Table 2.11. Experimental ranks for *f£X. 0 - 1 - Kf 

Level 
(keV) KJ* £X «(£X.0 -y> 

(r-ft 1) «£A) A£X)./ 

'-Er 786 2.2' El 0.140 ±0.009 5.2 
1139 ?X El 0 0042 ± 0.0006 0.15 
1314 2.3 Ei 0.061 ± 0.010 5.3 
1528 IX El 0018 t 0.002 0.66 
1719 ?J Ei 0.032 ± 0.003 2.8 

"Er 821 2.2' El 0.131 ±0.008 4.7 
1431 0.3 Ei 0.043 ± 0.006 3.6 
1633 2.3 Ei 0.06010.012 5.1 

r"Er 934 2.2" El 0.102 ±0.006 3.6 
960 0.2 El 0.0079 ± 0.0009 028 

1332 ?X El 0.0074 ±0.0011 0.27 
1371 ?x El 00032 ± 00003 0.11 

?J Ei 0.020 ± 0.003 1.6 

"For those caxr where the KJ' auignments o( the Mates are not known (rom 
other nuckar-spectroscopy Mudies. the B{Ek. 0 — J = A) are given for both f'oajn-
ments J = T and J = 3 . 

*A£A)., = [(2A + I) 4jrJ(3 A + 3): (0.12/4'')'" ih* for / = 0. J, = A. 
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to go aejative." We 
h- e the fiadmgs for the «/«* 

ifbr'c Tralgad«)lhuumaadhafaiaai 
The Ccoi.-mb CTciatioai studies were carried oat 

with a^ ta particles weB below the C o a t e e barrier 

tobe fcy 
at 150* aad 

7 F. 
at W. The 

for 

with the aid of the 
ncta tna code AROSA. 

Corrcctioas were applied for the 6* ground; for 0 ,2 , 
aad 4JT - 0* aad Y levels; aad for strctcliag. Oar 

given ia Table 2.12, along with other 
i obtaiaed concurrently by 

other groups, la Fig. 2.74, the syskaaatics of aD the /B, 
imawtnaaptt mine 150 to 190 regiooavre presented. 

The important aew results foond ia oar work 
concern the hafnium nocki. There arc two values of 
the B\ matrix element whkh will reproduce the 4* 
cross section—one with a positive aad one with a 
negative sign. The positive-sign values for 
gadotinrum are in good agreement witb theory and 
other measurements which chose this sign. In 
faamiam, however, the positive sajn leads toajhthat 
systematically does not agree with the theoretical 
prediction, although the errors are huge on each 
individual value. On the other band, the negative 

yield much larger negative 0 , values than 
predicted by theory. Thus, for either sign there is 

: with a rotational •lerprctatioo of the 
data as a bcxadccaock deformation. 

The negative M M matrix chateau would yield a 
shape for ' "H i ate that ofa tm can. la a subsequent 
V r O V a v l D ^ P ' V B C B E I U ararflClmCl^arJOaT C * ^ K l T m H C H l ^ wor*? aanu v C 

found that indeed the huge negative solution of the 
Bk matrix chair at reported here is correct. 
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4. Uancnky M Tcamace. KaMnriBe. 
7. S.G. SaaomtilL. Nmet l*rx Al3t,l (l**). 
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9. r. IM fc r . NmcL A h * . A142. I (197*). 

3M0973). 
11. avaeaa Ncrio-TMMnfca. *Ekctric Makxwk Momeawof 
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12. Boacaa Ncrio-PoaMnka, private co——aicmon. 
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COULOMB EXCITATION MEASUREMENTS 
OF REDUCED £3 AND £» TRANSITION 

MATRIX ELEMENTS IN , , M * D y , 
W W 4 * E r , A N D w , Y b 

H. Kawakami" 
B. van Nooijen I J 

A. S. Grantham" 

R. 
R 
J. 
C. 
A 

M. Ronningen1 

B. Piercey' 
H. Hamilton' 
F. Maguire1 

V. Ramayya1 

W. K. Dagenhart 
L. L. Riedinger5 

Proton-rich Dy, Er, and Yb nuclei off the stability 
line have been the subject of much investigation in 
seeking an understanding of the phenomena of 
"backbending," that is, abrupt changes in the 
moment of inertia with increase in spin. Nuclei in thrs 
region have been studied by xn reactions, and more 
recently, through the stable isotopes via Coulomb 
excitation produced with beams up to xenon. 
Crucial to both the extraction of experimental 
excitation probabilities for high-spin states as well as 
to the basis for theoretical calculations is a precise 
knowledge of the £2 and FA reduced-transition 
matrix elements to the 2* and 4' members of the 
ground band. Also, current theoretical 
calculations*"13 of ground-state deformations have 
shown that even a small hexadecapole component in 

the nuclear shape can have important effects on 
nuclear properties. These effects include 
asymmetries, prolatc-obiate ground-state shape 
transition regions, and stability against beta decay, 
alpha decay, and spontaneous fission. 

To provide accurate knowledge of the £2 and £4 
matrix elements as needed in the analysis of 
experimental heavy-ion studies and theoretical 
calculations, we carried out measurements of these 
matrix elements for the five very low natural 
abundance (less than or equal to 0.14%, except '**Er, 
which is 1.6%) isotopes "* "*Dy,'" , 6 4Er, and , M Yb. 
High-purity (99%) urgets were prepared in the Oak 
Ridge Sector Isotope Separator. The measurements 
and analysis were carried out as in our galodinium 
and hafnium studies.14 Our results are presented in 
Table 2.13. Our MM values are in agreement, within 
errors, with the theoretical predictions.*"" 

1. Vandcrbilt University. Nashville. Tenn. 
2. On leave from University ot Tokyo. Japan. 
} . On leave from Delft Technical University. 

Netherlands. 
4. Oak Rwije Associated Universities Summer Fellow. 

Delft. 
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NUCLEAR TRANSmON PROBABILITY, 
JC£2),FORO^-2r«, 

TRANSITIONS 
S. Raman 
W. T. M ilncr 

C. W. Nestor. Jr.' 
P. H. Stelson 

A widely used compilation of experimental results 
for the reduced electric quadrupole transition 

probability [B(E2)t] between the 0* ground state and 
the first 2* state in even-even nuclei was published 
in 1965."' This compilation contained 476 measured 
AT £2) values from 133 references, leading to adopted 
fl(£2) values for 155 nuclei. We have updated this 
compilation with coverage of literature up to April 
1977. The present compilation contains 1400 entries 
from 550 references, leading to adopted A(£2) values 
for 250 nuclei. Preliminary summary drawings (Fig. 
2.75) are shown here. 

We note that ( I ) many nuclei have now been 
studied by more than one technique, (2) the A(£2) 
values have greatly improved accuracies, especially 
through inelastic scattering measurements, (3) B(E2) 
values are now known for a large number of unstable 
nuclei, mainly via lifetime measurements, usually 
recoil distance technique or Doppler shift attenua­
tion method, and (4) there are definite indications 
that (above A = 150) the Hager and Seltzer 
theoretical £2 conversion coefficients are 
systematically about 2% higher than those derived 
from B(E2) values and T\ 1 measurements. 

http://T4Ut2.ll
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The present compilation is expected to appear in 
Atomic Data and Nuclear Data Tables by the end of 
1977. 

1. UCC-ND Computer Soem..-* Diviuon 
2. P. H. Slclson and I Grod/im. \ucl. Data Sect. A I. 21 

NEUTRON YIELDS FROM 
(«,n) REACTIONS 

J. K Bair J. Gomez del Campo 

When the neutron yield from a "PuO; source, 
calculated from thin-target (aji) cross-section data1" 
and the alpha-particle dE/dx values.' was compared 
with the precision experimental value/ th-calculated 
value appeared to be low by about one-third. This 
discrepancy was surprising but not impossible in view 

of the stated ±23% error in the cross section and the 
±5 to 10% uncertainty in the energy-loss values. Our 
interest in this discrepancy, together with recent 
engineering interest in infinitely thick-target (ajt) 
yields, has prompted the present series of 
measurements. 

The laO(a.si) cross section has been remeasured 
using an anodized tantalum target containing 50.5 
fig cm" (±6%) of oxygen. This new value is 1.35 times 
the value given by Bair and Willard.' Because both 
the ' O and "O cross sections of Bair and Haas are 
based on the "O value of Bair and Willard. the "O 
and the "O cross sections of both references should 
be multiplied by 1.35 and have a new error assigned of 
about ±8%. 

Total neutron-yield measurements have been made 
on infinitely thick targets of SnOj and "SiOj. The 
SnO; results, calculated using the new cross-section 
values, are now 9% low compared with the ex­
perimental SnO] data. The calculated value for 



106 

"SXfe is ahtm I J * hijL The o.*cmkuc* '"PaO: 
yieki is Peas arrarair dan the preciwoa source 

thecak Jbboae^l soaeO.4 MeV below theenergy of 
I N P « alpha particles. If < «e a « s the SaO : thkk-
tsrga d m to ante this extnsofatioB, one finds that 
the oaknlased valae is about t to 10% low. 

The general sgiusatni between the aataaaiad 
in&nkely thick-target ysehts and those calculated 
from the Jan-target cross section is considered 
sstfusactory hi view of the it% error on the cross-
section dua and the S or 10% error on the alpha-
• B I u f l E CaVnjr409n> vWPCnv 

The (oJt) yield has also been measured for 
infinitefy thick natnml isotopk targets cf Si, % and 
Mg. The bombnidiwg alpha-particle energy ranges 
from 3 or 4 MeV to a maximnm of 9 MeV. 

i. j . K. • •*« • : H. a. win**, f i n ft**, u*. 2»<mzv 
2. J. K. Bairaari F. X. Use*. I%fs. Rev. C7 . 135*0*73). 
J. I . C. NarthcOfcssd R. F. ^rtifca. *•«* Hmm TwUnl. 

233(1970). 
4. J. K. M r aad H M. a*fcr. AMI 7 « * M £ I*. 2H (1*73). 

PRECISION MEASUREMENT OF THE 
MAGNETIC MOMENT OF THE NEUTRON 

W. B. Dress N. F. Ramsey1 

P. D. Miller U. I., feeene2 

J. M. PeadleburyJ 

We have complued a precision measurement of the 
magnetic dipok moment (MDM) of the neutron at 
the High Flux Reactor, Institute Laue-Laagevifc, 
Grenoble, France. Th» experiment employed a novel 
method of noefcar magnetic resonance in flowing 
water in order to monitor the magnetic environment 
of the neutrors as they pasted chrough oar spec­
trometer. The neatron magnetic resonance spec­
trometer, designed and built at ORNL for a series of 
meastucments designed to search for the electric 
dipole moment of the nettron, was modified for the 
MDM experiment after the la* electric dipole 
measurement. 

Figure 2.76 shows the spectrometer as modified for 
flowing water (omitted from this figure are details of 
the neutron polarization and detection). The proton* 
in HrO were polarized by passage through a baffled 
chamber immersed in a 14-kG field. They then passed 
either through an outer tube {nhen used as a monitor) 
or through the middle tube (normally the neutron 
beam tube) when comparisons between middle and 
outer tabes were being made. 

Each of the three tubes passes through two rf coiU 
separated by 60 cm (see Fig, 2.77). These coils 

introduce spirvlEpa of dse Rasastr type ia the 
polarized protocs aao nratroas. A typical proton 

of the rf power •* * e two cods was chenged in order 
to vary the ipsa flip rransitioa mobabutty. 

The M D * mtasnitnstnt conassed of first 
cattnting the outer, or moaisor. tnbe by cosaporing 
the wionant fraxxacy of the protons in the annVue 
and outer tabes; then the middle tobe was emptied, 
and neurons were alowed to pass through. The 
resonant freoaeucy of me ueuuoas VJS coamared 
with the proton frequency in the outer tobe. The 

n> the prodaa of the ratios of use four ciperimentaUy 
Measarcd frequencies. The subscripts n aad/» refer to 
neutrons and protons tjspmiwtly; "mid" aad "out" 
refer to the middle and outer tubes. The calibration 
(comparison of proton frequencies) was lemcasured 
after each run. 

The apparatus was rented by 100° in order to 
cancel small effects, suck as die Dower shift doe to 
motioa toward and aw*y from the rf coils; any 
constant phasr shifts Cue to geometry or electrical 
circuit differences: and the Milhnan shift, which b 
produced by fringing effects upon entering and 
fcavic; the rf regions. The aunt serious effect, the 
MofcL S.egen shift due -t> die presence of a con-
trarotating magnetic field (die other half of ocr 
applied oscilbting rf FekJ), was detrrmined by 
varying the rf pow^r md exrupohticg fo zero. 

The prefcninery result, as yet uncotreted for 
temperatue effects on toe diamagnetism of dissolved 
oxygen in tbt watr (an vffect of a few parts in I01), is 

MWM, « G.6M97969 (19) . 

where 19 is *£ss uncertainty in the last two digiu. 
Corrections have been made for the geometry of the 
HiC sample, the presence of the H2O near the 
neutron beam, and the shielding of the protons in 
H*0. This number is netrty 100 times more precise 
thae the previous measurement.5 Simple symmetry 
theory without any symmetry breaking gives a 
prediction of exactly two-thirds for Ipn/^pl. 

1. Harvard University. Cambridge, Mass. 
2. Graduaw stwienf from Harvard University. Cambridfe. 

Maw. 
3. I'flhcniiy of Sttsscx. Brighton. United Kinadum. 
4. *. B. Drus n ai.. Hift. Rev. D 15,9 (1977). 
5. V. W. Cohan. N. K. ComapW.ind N. F. Ramsey. Pftys. Rev. 

IM.2U(I95»). 
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« * . ,_ LEXX 

fig. 1 % PiooriaJ rcpwataiatiow of ibc 
pottrimkm and detection have been suppressed. 

H ] 0 ( p r a m ) cireaiL For ctarii). ihc dciaib of the neutron 

I 
f-NCUTKM a a K MS 
\ rvcuuMi3ourrota—xw 

w i ,/• wKuuwisoutnoNwaaxw 
t^couMMTOft 

-(WCCOAJMCTOW 

rvacuuM ISOLATOR wwoow 
•u Qjiis xmrnxsiu* 

\ ! 
\-4MM.rZiN6HMMOt 

<- ouax son MCumoas AND 
«CrEK(MO0UTUKl 

TO HjO OtTKTOK 
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Fig. 2.77. Sctwt l ic view of both acauon and proton flows. For neutron measurements, the middle tube was emptied of wa'er. 



NX 

NEW RESULTS FKOM STUDIES ON 
RADIO ACTIVE HALOS 

S. Raman E. Rko' 
R V. Gentry' H. L YakcT 
C J. Sparks. Jr. : C. A.Gossett4 

M O. Urause1 W T. hMaer 
W H. Christie' J. B Bates' 

Despite the yt i ijaaiiaw generated by caki 

so sz «0 

fig.2.7B_ TyaalpmaaBKaaaaace.rtoiKdDdKHKmKnMaa 
akuc-dctectioa ciraM Manning i»e Mgaal sucagdi • the pvfcap 
coil a* a f—ctioa of * e freqacacv « ihc rf coih. 

shoariag that the fonaaiina of superheavy < 
dahag most of the /--process is qaite difficult, seven! 
intensive starches hive beea aadenakea ia the past 
for these dements. A recent letter presented evafeace 
for the existence of several superheavy elements. This 
discovery was based oa protoa excitation of x-ray 
spectra from moaazne inclusions extracted from 
Madagascar mica an which the iadasioos bad 
generated giant halo discolorations. A more sensitive 
x-ray fluorescence experiment was carried oat 
subsequently at the Stanford Synchrotron Radiation 
Project. No evidence was found in the x-ray spectra 
for the existence of superheavy elements in these 
inclusions. For example, in Fig. 2.79. we have 
compared the x-ray spectra from sample 19-D 

• V 
mmm mmrma nausea w-e 

fig. 2.79. Compartton of our data with thoat at Florida State Ihnvcnity. 
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excited either by 5.9-McV protons (Florida State 
University data) or by 37.5-keV photons (our data). 
Aay x-ray peak attributable to superheavy dements 
should be fnhanrrd about 50 times in our data 
compaicd with the Florida Stale University data. 

Data from the Stanford experiment and earlier 
ion mitiopiobt mass-spectrometry experiments 
carried oat at Oak Ridge have, however, provided 
unexpected new results. These results are from 
several opaque amorphous wdnsions, accompanifd 
by both regular and giant haws, extracted from the 
same piece of Madagascar niica which has been a rich 

In the x-ray fluorescence results, the amorphous 
inclusions show a depletion of lead (Fig. 2J0) by a 
factor of 7. The ion-microprobe results are even more 
striking (Fig. 2.81). While the spectra from monazitc 
inclusions show *°Pb and **Pb peaks arising from 
the decay of : M U and : u T h . respectively, those from 
the opaque inclusions show only the : n P b peak. The 
**Pbpeak B diminished by a factor of 20 compared 
with the monazite inclusion. These observations raise 
some ateresting geological and cosmological 
questk» s. Finally, new measurements (infrared and 
Raman i.-—••roscopy) are under way at Oak Ridge to 
test the hypothesis* that the giant halos are produced 

" - 0 S « l 

UPPER- MONAZlTE RUULAft H«L0 
NHClUSlCWn-4 

LOWER- AMORPHOUS GIANT HALO 
•JCLUSICW S-229 

T»L„ 

10 > L. 
i0 n 

ENERGY (»*v) 
12 13 

Fig. 2J0. Selected ponioM of meetra excited by synchrotron 
radiation. 

i 

& 

no 

uo nOf uOj 

3 ;i 
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. The peaks above A - 290 are doe to mofecabr M I . 

by knock-on protons due to the interaction of alpha 
par licles with water presumed to be present in or near 
the inclusions. 

1. Cncnustry Division. 
2. Mcttb and Ceramics Division. 
3. Analytical Chemistry Division. 
4. Great Lakes Cotleees Association. DePau* L'nnersm. 

Cfcencasik. Ind. 
5. Solid Suit Division. 
6. R V Gentry el al.. fhyi. Rev. Irll J7. II 11976). 
7. C. J. Sparks. Jr.. el al.. Hn%. Rev. Utt » . 205 (1977). 
8. L von Winunerspcrg and J. P. f. Sclbchop. Fhn. Rev. Lett. 

J».M6(I»77). 

NEUTRON PHYSICS 

INTRODUCTION 

During this report period, the nuclide : m Pb was 
studied in great detail at an excitation energy of 7.37 
to about 8.0 MeV via all possible neutron techniques 
available at ORELA. The excellent energy resolution 
(less than I keV) of ORELA is needed to interpret 
both aeuiron measurements and previous 
photoncutron measurer..ents. In order to determine 
(he spins, parities, and neutron widths of the excited 
slates in this energy region, * detailed multilevel 
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at ORELA) to he 
that B , £1 or 

tshave 
: 50% of the A/1 strength expected for 
• i n a aaabfc fractioa of it at an 

i enemy of 7 5 McV. Few statesat 15 MeV 
t at I* have a factor of 4 to 5 larger | 

:of other I' 
sanaooram-'iabothdKi 

give 

loathe £2! 
r stales ia the *-,*»-, aad d-

for p-
for dK three | 

/values. Additional work a icqaired to i 
the regioa above aa excitation energy of tJO MeV to 
locate definitely the maunder of the A/1 strength 
and to search for higher-energy doorway states. 

Another dacovery of the period was the akntifka-
tionof three T— '/jaaulogstates from high-resolution 
total crosa-seerion OKasarenents on **Mg. This is die 
first time that a 7"> state had been reported from 

The strengths of these states 
the isospm imparities of the 

i and the average mixing-matrix element. 
A program to measure and analyze the differential 

clastic-scattering cross section at several angles at 
both the 80- and 20O-m fiajnt stations was initialed. 
The measurement of &c shape of resonances at 

angles is a very sensitive method of 
j / values of resonances, as was shown for 

""Pb and "Mg. This technique supplements the 
procedure we have used previously of assigning J*s 
and fit to the resonances from a careful analysis of 
total cross section data alone, such as »he 2nalysis 
done for "Ca presented m this report. 

Another new program was developed during the 
period to enable predictions to be made of radiative 
widths for medium-weight nuclides. This work 
resulted from investigations of the 3p resonance near 
A m. 100 in neutron aad proton strength functions. 
Using the codes developed, available level densities, 
and a simple parameterization of the gamma-ray 
strength function, an excellent fit is obtained to the 
average radiative widths for j-wave resonances fer75 
<A< 130. The resulting prediction of the radiative 
widths of/>-wave resonances for A about 90 requires 
significant valency capture to obtain agreement with 
experiment. 

(to be made up to2 MeV (2 
after the gnanssa flash), aad a 

foi m i goi nmwhi 
After several years of effort, two 

to ntwuun standani croc 
The results of a 

at Harwd on the ( * » 
at 27J MeV a 

tohnveanuacercaiaryofapproxianueiy 
2%. Direct aaasaweaaeats of the *Li(*«) 

to give a value of 
3 J 4 b at 244 keV with an uncertainty of about 3%. in 

obtained from it-
; due ORELA total cross-

Active programs have continued for the i 
meat of/ssion, capture, aad total cross sections. The 

M'Cm and "'Cm. In order to measure dse frown 
cross section of w A a , a new fission chamber with an 
innovation to reduce the effects of alpha pikup is 
being developed. The capture measurements were 
concerned with nucfides such as M P b and J"*BL of 
interest in nucleosynthesis; : , 3 Th and *'Zr, of interest 
in reactor design; and nuclides of interest to bask 
nuclear physics. The total cross-section 
measurements were on nuclides such as Li, of 
interest in fusion; J , T Np, of interest in subthreshold 
fission; and the isotopes of zinc. 

Many papers have been published on the results of 
ORELA measurements; they are listed under 
"Publications*' in this report. In this section, only 
topics of most current interest have been selected for 
presentation. 

POSITIVE IDENTIFICATION OF 
. / " - I * (A/1 RADIATING) 

LEVELS IN ""Pb 

D.J. Horen J. A. 
N. W. HilT 

Harvey 

From high-resolution neutron transmission and 
elastk scattering measurements on * 7Pb, we have 
been abk to make the fint definitive assignment of 
f » I* to levels in m P b . By combining our results 
with the M 7Pb(n,7) data from Allen and Macklm,2 we 
can make the first positive assignment of A/I strength 
in m P b . The search for such strength has been the 
subject of numerous works published during the past 
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Fig, 243. rSmiwi miMMiioa and difhuwial caw!* scattcr-
iag aaatwa for "'Pb. The differential cross sectio-., are fitter* in 
relative units. The calculated cross sections for the 1157-keV 
(resonance plus interference only) resonance (assuming / = I or 2) 
normalized to the same relative scale as the experimental data at 
4 J" arc also shown for comparison. 7 he potential phase shifts were 
taken a s * - - 4 0 , 1 ° and «l =• -1.3° 

ten years. Much confusion has been generated due to 
the inability of the experimental methods employed 
to allow the assignment of unambiguous parity to 
levels deduced to have J = \. 

In our work.' a significant change m the />-«avc 
strength function ("doorway state") was observed to 
occur at £ « 120 keV (Le.. 7.49 MeV in ^Pb) <see 
Fig. 2.82). The primary resonances responsible for 
this change were determined from the transmission 
data to have y = I. The parities have been determined 
uniquely from the observed changes in shape of the 
resonance cross sections J i.e.. o<£0)] with angle (see 
Fig. 2.83). 

Additional work is required tc locate definitively 
the remainder of the Ml strength in '"""Ph and to 
resolve uwonsistencies in reported works on this 
subject before a comparison with theoretical predic­
tions will become meaningful. 

1. lasinaBcafalioa and Control. On won. 
2. B. J. AHeti awl R. L MacMm. Frnrmfinr* «f O* Tmrd 

.Vrw/non Croa Strlion mtd Trthmtlagy Cimftrrrtrr. Knoxvittc. 
Tarn.. COXF-7I0J0I I March 1*71*, p. 7M. 

X D. J. Horcn. J. A. Harvey, and V W Hill. Bull. Am. rV<. 
Sor. 22. 543 (1977): paper sabrmflcd to Pkrucsl * w » Isttm 

PHOTON AND ĉ WAVE NEUTRON 
r = 1" CORRELATED DOORWAY 

STATE IN "•Pb 
D. J. Horen J. A. Harvey 

In a study of the "*" Pb + n reaction, we have shown 
that a number of f - \ resonances are formed by an 
admixture of (s + «/>wave neutrons.' The fact that the 
reduced neutron width for the <Awave component of 
the 256.43-keV resonance represents an appreciable 
fraction of the Wigner limit has led us to examine the 
possibility that this resonance might be associated 
with a doorway state in the ̂  Pb+n reaction. In Fig. 
2.84, we plot the reduced neutron widths for the s-
and tl-'Mvc components of observed f - I" 
resonances. Here the reduced width is defined as 
\i \fE*vi, where Hf is the observed neutron width, £ . 
is the neutron energy in eV, and v is the penetration 
factor for neutrons with orbital angular momentum /. 
Abo shown in Fig. 2.84 are the ground-state radiative 
widths determined from measurements of the 
w ,Pbf/i,-y) and ""PlK-y^i) reactions.3"5 

Note that strength in the j-wave channel is 
concentrated in the vicinity of 450 keV. while, as 
mentioned above, the </-wave strength is mainly 
contained in the 256.43-keV resonance. The photon 
channel also shows an enhancement of strength in the 
vicinity of 256 IceV. Lane has pointed out that the v4s-
vlp'x and v3d-vlp~' \p-\h states do not participate 
completely in the giant £1 resonance, and part of the 

file:///p-/h
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dipole strength from these configurations is located 
in the region of 3 to 7.6 MeV in :""Pb.* 

We suggest that there is a correlated doorway state 
(Le., in the £1 photon and </-wave neutron channels) 
in the vicinity of ?"6 keV which is associated witn a 
fragment of the yld-rip' configura'ioi.. Whether 
there is a correlation in the photon channel with the 
doorway state near 450 keV in the s-wavc channel 
remains to be investigated.7 

f. D.J. Horen.J.A. Harvey and Y W.Hill, to be published in 
Physics Lrlim. 

1 S. Raman. M. Mi/umoto. and R. L. Macklin. (private 
communication). 

3. C. D. Bowman el al.. Phys. Rev. Un. 25. 1X2 (1970). 
4. LC.HacfceandKG McNeill.Can.J.Phy*.S3.1422(1973). 
J. R. E. Toohey and H. E. Jackson. Phys. Rev. C6.144011972). 
6. A. M Une. Ann. Phy%. 63. 171 (1971). 
7. This Joorway slate has been pointed out by f. T. Scibel. E.G. 

Btlpoch. and H. W. Newson. Ann. Phys. 69. 451 0972) 

FIRST MEASUREMENT OF SEPARATED 
NEUTRON p-WAVE STRENGTH 

FUNCTIONS FOR NON-ZERO 
SPIN TARGETS 

D. J. Horen J. A. Harvey 
N. W. Hill' 

In the case of neutron scattering on targets with 
non-zero spin ( / # 0), the channel spin can assume 
two values, that is, s = /±'/;. Because 2 o 7 Pb has /='/:. 
neutrons which carry in one unit of angular 
rjomentum can form levels in the 2 m ? b compound 

system with y = Q \ f.and 2 \ Levels havingJ=0~ can 
be formed only by neutrons which have their intrinsic 
spin opposite to the direction of their angular 
momentum (i.e.,pi 2), while diose having J= 2* must 
be formed with neutrons in a p>; state. Hence, 
measurements of the neutron widths of resonances 
having J = 0* or 2* yield information on the pi ? and 
p\ -_ neutron strength functions respectively. 

If the compound-nucleus theory is applicable, die 
spin-spin interaction is negligible, and the strength 
function depends solely on / and J. then the nrength 
function for forming J" = I* resonances should be 
equal to the sum of the strength functions for forming 
f — 0* and 2* resonances. 

From analyses of our transmission and scattering 
daU on n 7 P b . we have been able to make definitive or 
probable assignments of about 24 resonances each 
having f = 0* or 2* and approximately 40 resonances 
with J* — I* in the neutron energy interval 3 to 400 
keV. Thep-wave strength functions for each 7 value 
are shown in Fig. 2.85. From the shapes of the curves 
of ir.'(J) vs £, above the "doorway state" (i.e.. £, 
greater than ISO keV), we find S'(0')= 4.1 X 10 \ 

OOWl-MC r T - U M t 

Fig.2JS. Plot of Xftvs neuron cacriy for/M»ave 
witb(a)y-0*. ( b ) / - r . a n d ( c ) y - I*. 
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S*(2*) = 2.8 X I0~5, and S,{V)= 6.7X 10"*. These 
results are consistent with the assumption presented 
previously and represent the first measurement of p-
wave neutron strength functions for each of the three 
compound sta:es (i.e., three different J) that can be 
formed in the scattering of neutrons on targets with 
non-zero spin. 

These measurements were made possible by the 
high resolution achievable at ORELA. 

I. Instnuncauikm and Controb Divisam. 

NEUTRON CAPTURE BY 
"•PbAND1"™* 

R. L. Macklin J. Halperin' 
R. R. Winters2 

For these closed 126 neutron-shell nuclei, the 
binding energy of an additional neutron is excep­
tionally low (3.9 and 4.6 MeV respectively). Cor­
respondingly, the average capture cross sections are 
very low and are best measured with good experimen­
tal resolution to individual resonances. Both nuclei 
are on the 5-process path of stellar nucleosynthesis in 
the terminal loop. Two weak capturing resonances 
near stellar interior temperatures (about 30 keV) were 
discovered in ""Pb + n (at 43.29 and 47.26 keV) 
well below the previously known 70- and 78-keV 
resonances. Large radiative widths (about 2 eV) 
were also found for a group of six resonances (721 to 
826 keV) ai»o seen in transmission and assigned spins 
of %. The spins are half way to the ground-state'; of 
"'"'Pb, allowing an extra 2 MeV or so for the primary 
gamma ray via quadrupole radiation. In *"*Bi + n. th; 
level density is enough greater than for :o"Pb + n that 
average capture in the energy range 30 to 900 keV. 
where some individual levels were missed, could still 
be measured. Individual resonance parameters were 
fitted to the capture data from 2.6 to 30 keV as well as 
to those resonances reported in transmission from 30 
to 70 keV. The 20*Bi(n,7) work has been reported in 
the Physical Review* and the 2,aPb(n.y) work in the 
Astrophysical Journal* 

1. Chemistry Division. 
2. Oenison University. Granville. Ohio. 
3. R. Macklin and J. Halperin. "Resonance Neutron Capture 

by :"*Bi." Phys. Rrv. C. 14. I 3 i * u*"6j . 
4. R. I.. Macklin. J. Halperin. and R. R. Winters. 'Neutron 

Capture by °"*Pb at Stellar Temperatures." to be published in 
Astrophy.iical Journal. 

2J1Tta(Ay) Crow Section 

Below a neutron energy of a few keV. the resonance 
parameters for thorium have been well determined in 
earlier work. At much higher energies of primary 
importance in some breeder and converter nuclear 
reactor cycles, the earlier data are rather widely 
scattered. Our measurements from 2.6 to 800 keV 
support the earlier results below 4 keV and support 
recent results reported since 1972 in hying 
significantly below, current evaluations (by about 
30% from 100 to 400 keV in the case of our data and 
ENDF, B-1V). The effect of inelastic scattering to the 
49-kcV level shows! up stro gly as competition with 
capture above the inelastic threshold. Intermediate 
structure was not found, but the cross-section 
fluctuations (in the 0.23-keV steps up to 100 keV) 
were measured. 

FINE STRUCTURE F A NEW Ml 
GIANT RESONANCE AND THE 
TAIL OF THE ISOSCALAR £2 
GIANT RESONANCE IN "to 

S. Raman G. L. Morgan2 

M. Mizumoto1 J. Halperin1 

R. L. Macklin G. T. Chapman2 

G. G. Slaughter R. R. Winters4 

In a simple shell-model picture, two 1* states are 
expected in "'Pb at about 7 MeV, resulting from the 
one-particle, one-hole (\p-\h) configurations 
v{flnn4\\ii) and jrih'wijitii). These states are 
expected to nearly exhaust a transition strength of 
about 36 /to3. The inclusion of 2p~2h configurations 
results in the splitting of these states into many 
components. 

We have identified 18 Ml transitions in m P b and 
have measured their ground-state radiative widths in 
a study of the ™Pb(n,y) reaction combined with the 
results from recent transmission and elastic-
scattering measurements.5 In the excitation region 
between 7.37 and 8.23 MeV, about 50% of the 
expected total Ml strength in ""Pb has been located. 
Recent (y,ri) polarization measurements* have 
located an additional about 30% Ml strength in the 
unbound region (see Fig. 2.86). 

Primary £2 transitions are extremely rare in (n,y) 
reactions. In Z M Pb, we have also obtained the 
ground-state radiative widths of 25 £2 transitions 
from 2* resonances (see Fig. 2.87). They represent 
0.5% of the toul energy-weighted isoscalar sum-rule 
strength, the expected strength in the Lorentzian tail 

file:///p-/h
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assuming that a giant £2 resonance 3 MeV wide at 
10.9 MeV is about 3%. 

strength in m P b by researchers at ORNL^4 and at 
Argonne5'7 and by Freedman et al.2 exceeds that 
predicted in theoretical calculations. For this reason, 
it was considered desirable to perform experiments 
that might verify levels which have been tentatively 
assigned as T and have large r\#. 

The Princeton University AVF cyclotron and 
QDDD spectrograph were utilized to measure the 
"PbMp) reaction. An experimental resolution of 
about 103 keV was achieved. Preliminary angular 
distributions for forming levels at 7.060 and 7.080 
MeV are shown in Fig. 2.88. Among others, 
Freedman et al.2 have assigned the 7.080-MeV level 
as having / " = I'. From Fig. 2.88, it can be seen that 
the 7.060- and 7.080-MeV levels have almost identical 
stripping patterns and, hence, most likely the same 
parity. This would imply negative parity for the 
7.060-MeV level, thus removing it from being 
associated with Ml strength in ""Ph. However, final 
conclusions on this point must await the results of 
final analysis and DWBA calculations. 

1. Princeton University. Princeton. N. J. 
2. S. J. Freedman et al.. % Rev. Lett. 37. 1606 (1976). 
3. D. J. Horen. J. A. Harvey, and N. W. Hill. Bull. Am. 

Phys. Soc. 22, 543 (1977). 
4. S. Raman et al.. Bull. Am. Phys. Sor. 22. 542 (1977). 
5. R. E. Toohey and H. E. Hackson. Phys. Rev. C 6. l*X 

(1972). 
6. R. J. Holt and H. E.Jackson. Phys. Rev. Lett. 36,244(1976). 
7. R. M. Lazcwski. R. J. Holt, and H. E. Jackson. Phxs. Rev. 

Lru. 3», 813 (1977). 

1. Japan Atomic Energy Research Institute. Tokai-mura. 
Japan. 

2. Neutron Physics Division. 
3. Chemistry Division. 
4. Dawson University, Granville. Ohio. 
5. D. J. Horn, J. A. Harvey, and N. W. Hill, to be published in 

Physkml Review Letters. 
6. R. M. Lasawski. R. J. Hoh.and H. £. Jackson. Phys. Rev. 

tfW.Jt, 113 (1977). 

PARITY OF THE J" 1,7.060-MeV 
LEVEL IN ""Pb 

D. J. Horen F. P. Calprice' 
D. Mueller1 O. Kouze>' 

The 7.061-MeV level in '"Pb hat been tentatively 
assigned by Freedom et aL* as having a value of 
f « f. Because this level has a ground-state 
fadtttivTwidtb of about 23 eV, such an assignment 
would exhaust a significant fraction of the expected 
MX Hrenglh in "*Pb. In fact, the sum of reported M\ 

onNt-OM rr-izMt 

Fig. 1M. PrekaMMry angular dntritwtmu for forning the 
74MQ> and 7M0-HcV imcta ia "*Pb. 
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RESONANCES IN w P b + n OBSERVED 
IN TRANSMISSION AND 

ELASTIC-SCATTERING MEASUREMENTS 

D. J. Horen J. A. Harvey 
N. W. Hill1 

The analyses of high-resolution neutron transmis­
sion and elastic-scattering data on ""Pb have been 
completed in the energy interval 3 to 500 keV. 
Approximately 120 resonances have been analyzed 
and definite or probable f values assigned. In this 
energy interval, only two 5-wave resonances with f 
= 0' have been observed. The main neutron 5-wave 
strength is located in the vicinity of £» = 450 kcV and 
supports the suggestion of a common "doorway 
state" in the lead isotopes as proposed by Farrell et 
al.2 

Because the probability of missing J = \, 5-wave 
resonances in these measurements is rather small, the 
ratio of the number of observed f = I* to J" = I 
resonances (i.e.. about 4:1) would imply that either 
there are a number of missed f - I resonances 
which are formed by neutrons with 1 - 2 . 
or that the expression for the level density, p{EJ). has 
a parity-dependent term in this energy interval. It 
should be noted that we have tentatively assigned 
three resonances with f - (l')and 1=2. Also, there 
are a number of levels reported to have f = I" in the 
bound-state region of ""Pb, but only one as yet with 
f = (I*). and this latter assignment is tentative. 

These results are being prepared for publication. 

1. Instrumentation and Controls Division. 
2. J. A. Farrell et al.. Phys. Lett. 17, 286 (1965). 

ABSOLUTE MEASUREMENT OF THE 
*LK/i,a) CROSS SECTION 
IN THE REGION OF THE 

244-keV RESONANCE 

C. Renner' N. W. Hill2 

J. A. Harvey K. Rush2 

For nearly 30 years, the *Li(n,«r) cross section has 
been used as a standard for neutron cross-section 
measurements below about 500 keV. The *Li(n.o) 
cross section was selected as a standard cross section 
because it varies as l/v below about 10 keV and 
because of its relatively large cross section, the large 
Q value of the reaction, and the availability of *Li 
detectors (notably *Li glass wintillators). About 
three years ago, after 25 years of effort involving 

dozens of independent measurements of the *Li(n.a) 
cross section at many different laboratories using 
different techniques' [which produced values at the 
peak of the 244-keV resonance differing by about 
40% (from 2.7 to 3.7 b)L it was hoped that the peak 
value of 3.0 b from direct in,a) measurements was 
known to about 5%. However, using a multichannel 
multilevel A-matrix analysis of total cross-section 
data. Hale4 obtained a value of 3.5 b for this (ma) 
peak cross section; when he also included (r + a) 
elastic scattering. Hale obtained a value of 3.4 b. 
obviously in disagreement with the directly measured 
(n,a) value. 

In 1975. a program was begun at ORELA to 
measure the *Li(njx) cross section, using a neutron 
beam filtered through 8 or 12 in. of Armco iron, 
which produces several monoenergetic groups of 
neutrons about 2 keV wide). Signal-to-background 
ratios of greater than about 1000:1 can readily be 
achieved using this technique: at the same time, 
problems arising from th; gamma flash are 
Himinated. Of particular interest are the neutron 
groups at 82. 128. 137. 168. 184. 219. 244. 274, and 
311 keV. 

The *Li(n,a)T events were detected either by a 1-
mm-thick, 25.4-mm-diam piece of *Li glass scin­
tillator or by a 12.7-mm-thick, 111 -mm-diam piece of 
*Li glass scintillator. The I2.7-mm lithium glass was 
mounted in a transmission configuration and was 
used as the neutron monitor. The'Licontent of the I-
mm piece of *Li glass was determined from the I / v 
slope of the total cross section measured from about 
0.05 to 100 eV. The *Li content of the 12.7-mm piece 
was obtained from oi measurements ranging from 
about 10 to 1000 eV. Both pieces of *Li glass were 
scanned with a narrow neutron beam and the 
scanning showed that the 'Li content was uniform to 
slightly less than 1%. Pulse-height distributions with 
both detectors were measured for about 20 neutron 
groups, and backgrounds were measured for most 
groups. Although the efficiency for a neutron 
interacting in the *Li glass detector is quite low, the 
probability of observing the (r.,a) events which have 
taken place in the *Li glass scintillator is very high 
(about 99%) and it can be determined accurately. 
Monte Carlo calculations must be made in order to 
correct for the scattering of the silicon, oxygen, and 
lithium in the lithium glass and for the silicon and 
oxygen in the quartz light pine and phototube glass. 
This correction amounts to 10% at 244 keV with a 
3-mm quartz light pipe and 20% at 311 keV. In order 
to check these correction factors, we made a 
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comparison between the counting rates of the I- and 
the 12.7-nun *Li glass after a normalization to the 
same flux and multiple-scattering corrections were 
applied. Although the corrections involved were 
very huge for the 12.7-mm glass (30% at 244 keV 
and 50% at 310 keV), we obtained good agreement 
(about 4%) between the counting rates of both 
detectors at the two energies. From this we can 
estimate an accuracy of about \% for the correction 
factor for the I-mm lithium glass. Another ex­
periment is in progress in order to check these 
correction factors more accurately. Using a program 
written by W. E. Kinney, Monte Carlo calculations 
for the lithium glass detectors were made. 

The neutron flux was measured with an NE-110 
detector either 7.5 or 2.0 cm thick. The pube-height 
distributions for the same ~20 neutron groups and 
backgrounds were measured for both NE-II0 
detectors. Forthe7.5-cm-thick NE-110 flux monitor, 
the efficiency for a neutron interaction in the detector 
is very high (about 99% at 220 keV) and can be 
determined accurately vs neutron energy, but the 
probability of producing enough light to produce a 
measurable pulse is only 90 ± \% and drops sharply 
below about ISO keV. For the 2-cm-thick NE-110 
monitor, the efficiency for a neutron interaction is 
lower (about 70% at about 244 keV), and it can also 
be determined accurately vs neutron energy, but the 
probability of detecting the event is higher for the 
lower-energy neutron groups. To determine the 
overall detection efficiencies of these two monitors, 
detailed comparisons were made with calculated 
responses, using Monte Carlo techniques. In order to 
make this calculation, the light response of the NE­
MO for protons was measured relative to the electron 
pulse-height response for gammas from an 2 INa 
source. A 6-mm-thick NE-110 was chosen for this 
measurement. The number of photo electrons 
emitted by the photocathode per unit energy of the 
prouxu was measured. Because this number was very 
low, a Poisson distribution was applied in the 
calculation to take into account the poor statistics at 
low energies. A Gaussian distribution was also 
applied to take into account the overall resolution of 
the detector. Monte Carlo calculations for the NE-
110 detectors for the experimental conditions used in 
this experiment were made using a program written 
by C. L. Morgan. 

The value obtained for the (n,a) cross section at 
244 keV was 3.34 b, with an uncertainty of about 3%. 
Some experiments are still in progress in order to 
better estimate this uncertainty. This value is in 

excellent agreement with the Jf-matrix calculations 
made by Hale1 for the recent ENDF/B-V. It abo 
agrees with the recent value of 3.15 ± 0.IS b reported 
by Lamaze* and of 3.306 b reported by Gayther.7 

1. Visitor from Instituto dc Enrgia Aiomica. Brazil. 
2. Instrumentation and Controls Division. 
3. D. I. Garter and R. R. fciascy. Stutron Cross Settkms. 

BNL.-325.3d ed.. voL II (January 1976). 
4. C. M. Hale. 'K-Matrix Analysis of the Light Element 

Standards.- Ptm ridings of m Confertme on Stutron Cross 
Sections and Ttrhnohgr. voL I. 302 (1975). 

5. G. M. Hale. '/(-Matrix Analysis of die Xi System.' 
bumtmional Specialists Symposium on Stutron Standards mnd 
Applications. National Bureau of Standards. March 1977. 

6. G. P. Lamaze et at.. Proceedings of the International 
Conference im the Interactions ttf Seuinms *ith Suclei. vol. 2. 
1341 (1976). 

7. D. G.Gayther./4 Measurement of lht''lJinxi)CrossSection. 
AERE-R 8556. Atomic Energy Research Establishment. Harwell. 
England (1977). 

EMP>"ICAL PREDICTIONS OF RADIATIVE 
WIDTHS FOR 75 < A < 130 

C. H. Johnson 

There are frequent needs to extrapolate from 
known total radiative widths to unknown widths for 
nuclei or excitation energies that can be measured 
only with difficulty, if at all. For example, radiative 
widths are needed for predicting neutron capture. 
The usual assumption is the Axel-Brink hypothesis 
that every final state for gamma-ray emission has 
built upon it the same electric giant dipole resonance 
as does the ground state. This useful approximation 
should not be accepted too literally. In particular, we 
can hardly expect the extrapolated Lorenzian tail 
from the giant dipole to give accurate predictions 
because only about 1% of (he dipole sum resides in 
the neutron-separation energy. In that regard, the 
important quantity is o ( l Y £ / , where £ f is the 
dipolc-resonant energy, Tt is the width, and ot is the 
peak cross section. In Fig. 2.89, the data points are 
observed1 values of this quantity. But the use of these 
values in the statistical theory along with level 
densities from the back-shifted Fermi gas model3 

leads to total radiative widths often in poor 
agreement with those observed. In particular, the 
values near A= lOOare predicted too large by a factor 
of 3. 

The empirical curve in Fig. 2.39 leads to radiative 
widths for i-wave neutron resonances agreeing to 
±25% with two-thirds of the observed values. This 
curve corresponds to two standard expressions in 

http://BNL.-325.3d
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addition to an empirical one. The standard ex­
pressions give the observed dipole energy- and the 
sum rule: 

£ , = 76 /« , J MeV, 

atTg = 38 NZ A MeV-mb . 

The additional empirical expression for this mass 
region is 

r , = 100 A NZ MeV . 

Other parameterizations could be used, but the 
important point is. that the normalization and A 
dependence for the Lorenzian tail must first be 
examined in conjunction with the assumed level 
density function and known radiative widths before 
predicting unknown widths. (Calculations were done 
here using a subroutine of the computer program 
HELGA.4) 

1. B. L. Bermanm. Ai. Data Sucl. Data Tables 15.319(1975). 
2. W. Dilg et al.. Surl. fhys. A2I7. 269 (1973). 

3. Rrwmnrr AmmrMvj. compiled by S. F. Miaghabghabaad 
D. I. Garber. BNL-325. 3d ed.. vol. I. National Technical 
Information Service. Springfield. Virginia. 1973. 

4. S. K. Penny, private communication. 

PROTON AND NEUTRON 3p RESONANCE 
NEAR A = 100 

C. H. Johnson A. Gaionsky' 
Although the neutron p-wave-size resonance in the 

strength functions near mass 100 has been studied 
experimentally and theoretically over a period of 
almost 20 years, the shape of this resonance is still not 
well established. Early measurements2 showed a 
double peak with maxima near A =92 and 108. The 
presence of two maxima was first attributed2J to the 
spin-orbit potential, but later calculations4"5 showed 
that the normal spin-orbit coupling has a negligible 
effect on the resonant shape. Buck and Percy* 
attributed the splitting to quadrupole vibrations and 
found, using known deformation parameters, that 
the size resonance should fall sharply on the high-
mass side [A = 95 to 105) and have a broad structural 
shoulder near A = 110. Improved later data" agreed 
fairly well with these calculations. 

However, in 1974. Camarda made precision 
neutron transmission measurements for elements in 
this mass region and found the p-wave strength 
function to have a smooth A dependence and no 
splitting. Perhaps Camarda's data do not include 
enough elements to show the expected vibrational 
structure: nevertheless, it seems that his strength for 
""Rh is larger than would be expected for that 
deformable nucleus. 

More recently. Boldeman et al."* analyzed 
resonant neutron capture data obtained at ORELA 
for isotopes of zirconium and molybdenum and 
found a resonance much narrower than Camarda's. 
Qualitatively, their results agree with the vibrational 
predictions on the high-mass side but not on the low-
mass side. 

The point of the present analysis is that supplemen­
tary data on strength functions can be obtained from 
the proton total-reaction cross sections, essentially 
the {pjri) cross sections, for protons incident r>.elow 
the Coulomb barrier. The neutron and proton 
projectiles each have their merits. A virtue for 
p.otns is that the 3p state is quasibound by the 
Coulomb potential. Thus, a giant p-wave resonance 
may be seen asa function of proton energy fora given 
target with a given deformation parameter. Such 
resonances were found from precision {pjn) cross 
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sections for isotopes of tin and were published during 
the present period.* 

Earlier {p/i) data from ate laboratory"" did not 
cover large enough energy regions to reveal the 
resonant peak. However, given the accurate data on 
tin, we can now predict the resonance energies nurty 
rehaMy from those observed for the tin isotopes. 
Thus, if a conventional optical modd is valid, these 
older data should be described by only minor 
adjustments in the imaginary or absorptive potential. 
On the other hand, if vibrational effects are 
important, the modd parameters for tin may not be 
valid near A =105. 

Using the optical-modd search routine GENOA," 
we analyzed the observed (p/i) cross sections for 15 -
to 53-MeV protons on nudei from A=89 to 130. We 
corrected for gamma-ray competition with neutron 
emission, using the HauseT-Feshbach program 
HELGA.1*14 Each excitation function was fit by 
adjusting the absorptive surface diffuseness aD and 
wdl depth HV The results are that all of these nuclei 
require nearly the same diffuseness (aD nearly equal 
to 0.4 F), but the absorptive wdl depths must be 
greatly increased near A = 105 in order to give the 
rather flat or energy-independent strength functions. 
The fitted well depths are shown by solid points in 
Fig. 2.90. Previously determined10 values for the tin 

isotopes are designated by "x." The curve is drawn 
visually. 

It b probable mat these data could be described by 
introducing some sort of /4-dependence in one or 
more of the several optical-modd parameters, but it 
b dear that a simple modd with the usual small A 
dependences in all parameters cannot fit the dau. 
This b evidence that an analogou* variation occurs 
for neutrons. 

I. Micaiaaa Scut University. East I laiiaa, 
I L W . Westoa cl «L. Ami. M71.M. 477 (I960). 
3. H. FsedcMcy aad W. E. Fraaa. Aim. Pkys. 19,I2S (1962). 
4. T. K. (tratstr aad B. Margobs, Nad. fitys. 2*. » 7 (1961). 
5. B. Back aad F. Percy. Phjrs. Rev. Lett. «, 444 (1962). 
6 H. W. Newton in Smtkmr Structure Stames with Neutrons. 

cd. M. Nevede ItfeVernain, P. Vaa Asscacaad J. Vcrvicw. NomV 
Hoaaad. Aamcraam. 1966. p. 195 

7. H. S. Caaanta. «r / j . Rev. C». 2t (1974). 
S. J. W. Bnldnnan ct aL. Nucl. thys. KM», 31 (1976). 
9. A. R. de L Maajrove el aL. WIN/. Mtys. A270, l « (1970). 
10. C. H. Johuoa et al.. Hm. Rev. C IS, 196 (1977). 
II. C. H. Johnson. A. Galoasky. aad C. N. Inskccp. fhyi. Div. 

Anm. frog. Rep. Mm. 25. I960. ORNL-2910. p. 25. 
12. C. H. Johnson aad R. L. ICcmelL Pkys. Div. Ami. Prog. 

Rep. Dtc. SI. 1965. ORNL-3924. p. S6. 
13. F. C. Percy, pmale coaummicatioa. 
14. S. K. Penoey. private communicaiioa. 

THE 292.4-eV NEUTRON RESONANCE 
PARAMETERS OF ZLRCONIUM-91 

R. L. Macklin 
J. A. Harvey 

J. Halpenn' 
N. W. HU12 

The lowest strong j-wave neutron resonance in 
zirconium has a major influence on the magnitude of, 
and change in, neutron absorption as a function of 
zirconium thickness. Yet theexperimental determina­
tion of the radiative capture width of this resonance 
remained uncertain to at least ±20%. Zirconium U 
used for reactor fuel clad and for some structural 
components. We have analyzed both neutron capture 
and transmission dau uken at the ORELA neutron 
time-of-flight facility for the 292.4-eV resonance 
parameters. The spin assignment 7 = 2* is supported. 
We find that the neutron width I \ = 866 ± 11 MeV 
and the radiative width I \=86.8 ± 2.2 MeV indicate 
less neutron capture than do parameters derived 
from earlier studies. Thu lower capture, however, is 
more compatible with integral measurements and a 
lead slowing-down spectrometer measurement. 

Hi IIHa|rt laaililiaj fill 
»*Mrrto. The toiid points arc 

I analysis; x's are from ref. 9. The carve is drawn 1. Chemistry Division. 
2. Instrumentation and Controls Division. 
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keV CAPTURE CROSS SECTIONS 

B. J. Allen1 

J. W. BoUeman1 

G. T. Chapman 
D.Drake 
E. D. Earte' 
J. B. Carg* 
J. Halpenr.5 

W. J. Kenney' 
R. L Macklm 
J. Malanify: 

R. R. 

M. Mizumoto* 
A. R. Musgrove1 

M. S. Pandey7 

C. Perey 
F. G. J. Perey 
R. B. Perez 
S. Raman 
G. de Saussure 
R. R. Spencer 
H. Weigmann' 

Winters' 

Many ORELA measurements have been reported 
(see "Publications" in this report) during 1976 and 
the first half of 1977. The target isotopes included 
are listed here: 

•I.M. ~Zr, **A7MM, ,J*Ti; ^"•Mg: , M Ho; "* 2 B Tt 
"•BU^'Cu; » « ^ e ; 4 W M 4 C a ; « > M J * r - * , " M o ; 
»Co; W W W 4 C r , "Sr, *Y; ' * • * • " * ; 

Most of this work involved extracting single-level 
parameters, and the results were studied for evidence 
of valence neutron capture. Ner- measurements 
during the reporting period were made on the 
following: 

"Na; J IP; ""Cd; ""Mg; " W W J 0 ' P b ; ^ P b ^ y ) ; 
W7Pb(n,yo); ^Bi; M* J"'*W 4Ni; """"" 
,« . . . i . .o J . .« R u . - ' » S i ( n o r o ) 

1*1.1*3 Ir, , 7 >Lu; 

1. Australian Atomic Energy Commission. Lucas Heights. 
Australia. 

2. Los Alamos Scientific Laboratory. Los Alamos. N M. 
3. Chalk River Nuclear Laboratories. Chalk River. Ontario. 

Canada. 
4. State University of New York at Albany. 
5. Chemistry Division. 
6. Japan Atomic Energy Research Institute. Tokai-mura. 

Japan. 
7. College of Willkm and Mary. Williamsburg. Va. 
8. Bureau Central dc Mesures d'Nucleaircs. Ceel. Belgium 
9. Denison University. Granville. Ohio. 

STATISTICAL ENHANCEMENT OF 
/vWAVE NEUTRON 

CAPTURE FOR A"90 

C. H. Johnson 

Measurements1"1 at ORELA of average total 
radiative widths I \ from neutron capture on nuclei 
near A •» 90, namely, isotopes of Y, Sr, Zr, and Mo, 

have shown that I \ , f >r/>-wave neutron resonances is 
usually somewhat larger than I \ , for s-wave 
resonances. Qualitatively, this is expected because 
the low-tying final states in this mass region are 
mostly of even parity; uVse can be reached by £1 
transitions from the odd-parity />-wav»- resonant 
levels. Because the neutron and gamma-ray widths 
show correlations, we know1"5 that valency capture 
occurs, and we might expect the valency theory to 
account quantitatively for the excessp-wave capture. 
However, Musgrove et al.'~} calculated that the 
valency part is generally less than observed. 

Using the program HELGA,* the known levels 
from the Nuclear Data Sheet:, the back-shifted 
Fermi gas model for the continuum, and empirical 
gamma-ray strength functions from this mass 
region.' we have calculated Utep-wave enhancement 
expected from the statistical model under the 
assumption that the £1: A/I strength ratio is 7:1. In 
Fig. 2.91, the predicted differences, Typ-Tys, are 
shown by solid bars. The figure shows that the sums 
of the statistical and valency predictions agree well 
with the observed enhancements. Thus, there is no 
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need to invoke other nonsutistkal eficcts such as 
doorway states. 

1. A. It. Matftovc ct aL. \mrZ A n . A2BJ. !•» « 9 K ) L 
2. J. W. Bnldra»a ct aL. Xmtl. fkrs. JUM. I tWSL 
3. J. W. BualfaaM ct aL. *«rf. « rn A2*f. 3*7 (W76). 
4. J. W. Bnldrawa ct aL. lo be aaa'iiajed at Smrltwr Mrs*-!. 
J. A. K. Mianwn ct al.. to be pMPtiihtd a Afaraar *fcrs«rx. 
a. S. K. Pcaacy. private cumniwamiiuii. 
7. See the report. C. H. Jobasoa. "Empirical Prcdictioas of 

tUdatfrve Widths for 75 < >4 < 130." 

ISOSPIN IMPURITIES IN BOBARIC 
ANALOG STATES IN *Mg + n 

H. Weigmann1 R. L. Macklin 
J. A. Harvey 

Within 2 MeV above the neutron separation 
energy of :*Mg. there are three T = '<> leveb: the 
isobaric analog sutes of the ground state [J = 7:) 
and the first two excited sutes (7 = V and '/:*) of 
: < N3. These three analog sutes have been observed 
previously from charged-particle reactions and 
photonuclear measurements; however, they had not 
been observed in neutron-induced reactions. In fact, 
a 7> sute has never been identified from neutron 
measurements. A measurement of the neutron 
widths of these states gives information on the 
isospin impurities in either the initial or final sute. 

We have made high-resolution (A£ £ < 0.1%) 
transmission measurements on a sample of natural 
magnesium, using the 200-m flight path at ORELA. 
and capture cross-section measurements, using 
enriched samples of the magnesium isotopes. The 
data have been analyzed to obu»'n the neutron widths 
and the radiation widths of at >ut 23 resonances in 
2 4Mg + n. The neutron resonances at 473.4. 333.4. 
and 1367 keV are the three T- '* analog sutes of 
special interest. The first two resonances are (/-wave 
resonances (corresponding to sutes with J = ) : and 
'/») and have reduced neutron widths about 30 times 
smaller than the average width for 7* = ',: (/-wave 
resonances, indicating an isospin impurity of about 
2%. However, the resonance at 1367 keV is a large J-
wave, T- '/j resonance which has a reduced neutron 
width about 18% that of the average of three 7*- ' ; 
5-wave resonances observed at lower neutron 
energies. This corresponds to an average-mixing 
matrix element of from 90 to 130 keV. 

A detailed paper on this work has recently been 
published/ 

I. Visiting scientist from Buicau Central dc Mesurcs 
d*Nudeaircs. Gee). Belgium. 

2. H. W>ig.aaaa. B. L Macfcaa,a—' J. A. Hamy. f a n . Rev. 
CKI32S|I97«). 

STRENGTH FUNCTIONS FOR p-WAVE 
NEUTRON RESONANCES IN *Ca 

J. L. Fowkr C. H. Johnson 

There have been extensive measurements and 
compilations of j-wave strength functions, the 
average reduced width of resonances divided by the 
average level spacing, as obtained from low-energy 
neutron cross sections. However, information onp-
wave strength functions is rather sparse and 
somewhat contradictory. The neutron energy resolu­
tion available from ORELA enables us to resolve 
resonances at higher energies where p-wavc 
resonances are prominent. In the case of **Ca neu­
tron scattering, we have assigned / values for 
resonances up to I MeV neutron energy by observing 
the interference between resonant and potential 
scattering.' 

The computer program with which we analyze 
individual resonances not only gives the potential-
scattering phase shifts, but also the natural widths 
and energies of the resonances. In extracting the 
reduced neutron widths from the measured natural 
widths, we use penetration factors calculated for a 
radius of interaction of 3.70 F, which corresponds to 
10% depth of a Woods-Saxon potential of radius 4 F 
and diffuseness of 0.77 F. 

Figure 2.92 shows plots of the sum of the reduced 
widths from 30 keV to an energy. £. as a function of £ 
for J = '/i and J = Y resonances. The slopes of the 
lines through the dau give the strength functions, 
except for small corrections for missed levels. 
Because our experimenul resolution A £ in the MeV 
varies with energy as A £ = (v/0.235+0.7l£)£X 10 ' 
(ref. 2) and the penetration factor for p-wave 
neutrons varies as about £*"' in the energy region 
0.1 to 1.0 MeV, the fraction of missed levels should 
be almost independent of energy. Our cross-section 
dau indicate this is approximately true. The peaks 
we neglected to analyze (about '/: b) corre­
spond to a reduced width forpi: resonances of about 
30 eV, and this value is consunt within a factor of 2 
from 50 keV to 1.0 MeV. 

A comparison of our p-wave resonance assign­
ments with assignments deduced from a neutron-
capture experiment* in the region 30 to 330 keV 
suggests that we missed about 30% of narrow pn 
resonances and somewhat fewer pu resonances. 
Porter-Thomas plots of our reduced widths are 
consistent with our missing/7M levels with reduced 
widths of less than 30 eV and with these missed levels 
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representing half of the total number of levels. 
Nevertheless, the correction to the strength function 
for these missed levels is small. For p\ : resonances, 
the correction amounts to a 9.5% addition to the 
strength function obtained from Fig. 2.92; in the case 
of py i resonances, the correction amounts to a 2.0% 
addition. 

The final values for the strength functions in 
dimensionless units are 

<>i2>/<0> = ( 4 . 3 ± O . 5 ) X | O \ 

< ? 3 j } / U > > = 5 . 9 ± 0 . 6 ) X l 0 \ 

MEASUREMENT OF THE NEUTRON TOTAL 
CROSS SECTION OF SODIUM 

D. C. Larson1 J. A. Harvey 
N. W. Hill2 

Sensitivity-analyses studies for the tipper axial 
shield of the Clinch River Breeder Reactor indicated 
that 40% of the integrated tissue-dose sensitivity to 
the sodium-neutron total cross section comes from 
the interference minimum of the 300-keV resonance. 
Due to the large quantities of liquid sodium coolant 
present in this reactor, this "window" below this 
resonance takes on new significance, because a small 
change in the cross section produces a large change in 
the transmission. Abo. recent thick-sample 
measurements on th»s minimum by Brown et al. J 

showed a significant discrepancy with earlier data of 
Cierjacks et al.* Furthermore, no high-resolution 
data were available at lower energies, leading to large 
uncertainties estimates in the ENDF B-IV evalua­
tion.' 

We have made high-resolution transmission 
measurements on an 8.1-cm ( i :S = 4.90 b atom) 
sample of pure sodium from 32 keV to 37 MeV. using 
S-nsec electron bursts. The transmitted beam was 
detected by an NF.-110 proton-recoil detecorlocated 
at the 200-m flight path. 

Figure 2.93 shows a comparison of our data 
(averaged by ten channels) with the ENDF. B-IV 
evaluation from 190 to 310 keV. the region of most 
serious disagreement. We observed eight resonances 
in this region, four of which had not been seen in 
previous transmission measurements. The data have 
been fitted very well with a program including 
resonance-resonance interference. Resonance 

with the more usual definition of p-wave reduced 
widths. 

r._ r fiHi lijL 
r"- rVf(eV) ^T 

where p - kRo, with /fc>= 1.4 V ' F, ihep,, strength 
function is (1.4 ± 0.14) X 10 \ and thep, 2 strength 
function is (1.8 ± 0.2) X 10'. 

1. C. H. Johnson and J. I. Fowler. Bull. Am. toy*. Sor. I I . 
1401.(1973). 

2. J. L. Fowler. C. H. Hohnson. and N. W Hill. p. 523 in 
Proceedings of the International Confirmee on Suclear Physics. 
Munich. Germany. August September 1973. 

3. A. R. Musjrove el al.. Nucl. toy*. A2S9. 365 (1976). 
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eaergies are 201.2,214,236.g-,239.5*.298.l,2994\ 
aad 305 J* keV, where the asterisk labels the new 
resonances. The minimum at 296J keV is about 10% 
lower than ENDF/ B-IV values and results in a factor 
of about 2 more leakage than had previously been 
ratrurnirj A detailed listing of the cross sections 
wwh errors and graphs is given in the work of Larson, 
Harvey, and HAL* 

I. Niauun Paynes Division. 
Z iMDMMCMMiM aad Comrab Divisioa. 
3. P. H. I r a n ct aL. Tmm. Am. War*. Soe. 21. 505 (1975). 
4. & Oerjncks ci aL. Higm-Resomtkm Tom! Stmnm Cross 

Stiriomi btn—m 03 to 30 MtV, Karbrabc report KFK-IQOO 
(Jaw* 1961). 

5. N. C. Paik aad T. A. Palette. Eimkmkm of Sodmm-23 
Semron Dm* for me EfiDF/M Version III Fte. Appendix A. 
WARD-304ST4B-2. Wcstiaabaax Advanced Reactors Omsk* 
(April 1972). aad ENDF IB-IK MAT 1156. Naiioaal Neutron 
Q u i Stuiuu Center. Brookhavca National Labofatory. Upton. 
N.Y. (1974). 

6. D.C.UnoiU. A. Harvey.iodN.W.HilLMvmirwwwof 
the Neutron Toml Cross Section of Sodium from 32 keV to 37 
MeV. ORNL TM-S6I4 (October 1976). 

NEUTRON TOTAL CROSS SECTION OF "XT 

J. A. Harvey N. W. HUI2 

R. W. Benjamin1 S. Raman 

In June 1975, transmission measurements were 
made on two samples of M*Bk (330-day half-life) 
shortly after chemical separation so that they 
contained only 2% "'Cf. Eighteen months later, 
when the composition was about 30% "*Bk and 
about 70% M Cf, transmission measurements were 
again made on the same two samples. Neutrons were 
detected using an 11.0-cm-diam, 1.3-cm-thick *Li 
glass scintillator located at a 17.8-m flight path. Some 
measurements were made with samples cooled with 
liquid nitrogen, and some were made with samples at 
room temperature. The measurements covered the 
energy range from 0.005 to about 1000 eV with an 
energy resolution of about 0 J%. 

Ofthe 24 resonances observed up to 20 eV, 16 are 
due to "*Bk still present in the sample. The largest 
resonance in "Cf is the known one at 0.70 eV. The 
present data will be analyzed in conjunction with the 
earlier "*Bk total cross section dau and the OREL A 
fission cross-section dau of M C f measured by Debbs 
et «L* to determine the parameters of the 
resonances. Because it is not possible to make a 
direct capture cross section measurement on this 
nuclide, the capture cross section most be determined 

from the resonance parameters or from the difference 
of the total and fission cross-section data, since the 
scattering is smalL The work is part of a cooperative 
program between the Oak Ridge National 
Laboratory and Savannah River Laboratory. 

1. Savannah River Laboratory. Aiken, S.C. 
2. Iniuanwntatioa aad Controki Division. 
3. J. W. T. Dnbbs ct aL. Mrs. Dh. Amm. Hog. Rep. 

Dec. 31. 1973. ORNL-W37. p. III. 

FISSION CROSS-SECTION MEASUREMENTS 
ON SMALL ULTRAPURE 

CURIUM SAMPLES 

J. W. T. Dabbs N. W. HUI 
C. E. Bonis, Jr. S. Raman 

Measurements on w C m began in December 1975.' 
These runs were completed in mid-Jury 1976 and 
included the new *LiF-NE-110 neutron flux 
monitor.1 The results of the ""Cm measuremenu 
were sufficiently encouraging that a decision 
was made to repeat the Cm measurements, 
using the new lower background collimator sys­
tem and the *Li beam monitor in these mea­
surements as well, because they were clearly 
superior to the previous measurements. Accordingly, 
a remeasurement of M , Cm began in October 1976 and 
was completed in April 1977. The long-running times 
are occasioned both by the small quantities of 
material and low count rates and by the un­
availability of full-power pulses from the accelerator 
at all times. Following the M , Cm measuremenu, a 
sequence of background runs was made using 
different thicknesses of "*U and natural copper 
filters for blacking out "neutronsw of energies 
corresponding to particular resonances in the filter 
material. These runs were completed in June 1977, 
and analysis of the data began at that time. A number 
of new resonances were observed in the fission cross 
section of M , Cm. The M , Cm dau will be completed 
first because there are no remaining problems, except 
with the *Li beam monitor response. 

The M , Cm datt will require a very careful 
background analysis in order to incorporate the 
substantial body of dau taken prior to the change to 
the *LiF-NE-l 10 beam monitor installation, which 
was accompanied by an improved collimator system. 
These dau are sufficiently valuable to justify the 
effort to retrieve them. 

I. J. W. T. Dnbbsct al., Phys. Dtv. Amu. Prog. Rep. Dec.31. 
1973, ORNL-5137, p. 3. 
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FISSION CROSS-SECTION MEASUREMENTS 
ON "'Am 

J. W. T. Dabbs H. Weigmam 
H. W. Sang' 

A program for measurement of the fission cross 
section of 2 4 l Am has been started. Because of the 
small subthreshold fission cross sections expected 
with this nuclide, a large-area chamber containing 
several milligrams of M l Am appeared desirable. This 
has led to the design of a fission ionization chamber 
with parallel plates in which a separator constructed 
of hexagonal-shaped cells of phenolic plastic has 
been introduced. The ratio of the dimension of each 
cell to the plate spacing is approximately 3:1. In this 
way, the length of particle tracks for particles moving 
approximately parallel to the plates is restricted to 
the width of each cell. It is thus expected that the 
maximum alpha-particle pulses will be held to values 
small compared with the majority of minimum 
fission-fragment pulses. 

A computer simulation of the expected behavior of 
such a chamber, based on Monte Carlo calculations 
of multiple-pulse pileup,2 indicates that it should be 
possible to utilize alpha-particle rates as great as 10* 
events/ sec in each section of the chamber; this would 
be accompanied by a loss of some 20% of the fission 
events caused by impingement of fission fragments 
on the cell walls after a short path length. 

A test chamber has been constructed. This 
chamber will undergo tests during the summer of 
1977; if these tests are successful and performance as 
good as that indicated in the computer simulation is 
obtained, additional "'Am plates for this chamber 
will be fabricated and a measurement of this cross 
section carried out with it. Serious discrepancies exist 
in presently available data, but funding restrictions 
have dictated a cautious approach. 

1. Summer gradw" research participant from the 
MasMdiMctts Institute of Technology. Cambridge, Mas*. 

2. i. W. T. Dabbs. Phys. Drv. Anm. frog. Rep. Dec. 31.1975, 
ORNL-5137. p. 4. 

ANGULAR MOMENTUM DETERMINATION 
OF RESONANCES IN w M g + « BY 
ELASTIC NEUTPON SCATTERING 

D. J. Horen J. A. Harvey 
N. W. HilT 

The angular momentum values of IS resonances in 
*4Mg + n have been determined by elastic neutron 
scattering. These measurements were performed at 
the 200-m flight path at ORELA. The change in 
shape of the differential cross section [i.e.. aiAE,9)]vs 
angle has been observed for most of these resonances. 
Assignmenu of / = 2 for five resonances could be 
made on the basis of their distinct interference 
puttem in the 90° cross-section data. 

These results have been published2 and comple­
ment the neutron transmission data obtained by 
Weigmann et al.' 

I. ImtnuneMation and Control* Division. 
Z D. J. Horen. J. A. Harvey, and N. W. HiD. tors. Rev. C 

15. Mod (1977). 
3. H. Weigmann. R. L. Macklin. and J. A. Harvey. Phx%. Rev. 

C 14. 1328(1976) 

NUCLEAR STRUCTURE OF ODD-/4 
ISOTOPES STUDIED VIA (n,y) REACTION 

S. Raman G. G. Slaughter 
R. F. Carlton1 M. R. Meder1 

The tin isotopes are well suited to a study of 
nuclear structure within the framework of the nuclear 
shell model, because the magic number of protons y'l 
= 50} minimizes the need for considering n.p pairing 
interactions in theoretical calculations, and because 
the large number of stable isotopes makes it possible 
to study systematic trends in both experimental and 
shell-model features. The experimental data 
presently available concerning the energy levels in the 
odd-A tin isotopes are not as extensive as one might 
expect on the basis of their theoretical importance. 
Thermal-neutron capture studies have not been 
widely used due to the extremely small capture cross 
sections for the heavier even-/* tin isotopes. Most 
experimental studies (especially nucleon transfer 
studies) are beset with the problem of interference 
from isotopk impurities. This usually necessitates an 
extensive study of all tin isotopes before conclusive 
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results nay be obtained. Resonance neutron capture 
offers a powerfid technique for studying tin isotopes, 
because mtcrfcfcncc from unwanted notopes can be 
greatly suppressed through the combination of 
enriched targets and selection of irsonanrrs known 
to be in the nucleus under study. We have, therefore, 
undertaken a systematic study of the level structure 
of six odd tin isotopes between A = 116 and A = 125. 
Results obtained for , 2 , Sn, l 2 J Sn, and ,2*Sn have 
been already published.' Analyses of results for' , JSn, 
'"Sn, and "*So have been completed. 

In a parallel effort, we have also catenated 
spectroscopic information (level energies, elec­
tromagnetic moments, and transition rates) for the 
odd-mass tin isotopes. Our bask model of the odd-
mass nucleus pictures it as being formed by 
coupling the motion of the odd neutron quasi-
particle to the states of the neighboring even-mass 
core, where the core is assumed to exhibit quadrupole 
vibrations. The effects on energies and elec­
tromagnetic properties arising from exchange 
between two quasi-particle excitations in the core 
and the odd quasi-particle are taken into account 
through perturbation theory. 

A paper summarizing systematic trends in tin 
isotopes based on measuremrnts and calculations is 
being prepared for publication. 

1. Middle Tennessee Stale University. Mnrfrcesboro. 
2. Georgia Stale University. Atlanta. 
3. R. F. Carlton. S. Raman, and G. G. Slaughter, toys. Rev. C 

14, 1439 (1976): toys. Rev. C 15, 883 (1977). 

ANGULAR DISTRIBUTION OF 
NEUTRON-PROTON SCATTERING 

AT27.3MeV 
J. L. Fowler1 M. Hussain' 
J. A. Cookson2 C. A. Uttley2 

R. B. Schwartz4 

Although the nucleon-nucleon interaction is basic 
to nuclear physics, for three decades of this 
nuclear age the n-p differential cross section 
for forward scattering of neutrons at about 30 MeV 
has been lacking. Bryan and Binstock,' among 
others, have pointed out that, to determine the singk t 
p-wave phase shift for n-p scattering, one needs good 
forward-angle differential cross sections between 25 
and 50 MeV. 

Figure 2.94 shows a schematic layout of the 
experiment we set up at the Atomic Energy Research 
Establishment Laboratory in Harwell, England,*'7 to 
measure the differential scattering of neutrons from 
protons at 27.3 MeV. Ten-MeV deuterons from the 

Harwell tandem generator bombarded tritium gas in 
a 10-cm-long cefl. The resulting T(d» 4 He neutrons 
scatter from a 3-cm-diam by 3-cm-kmg plastic 
scintillator and are detected by a lO-cm-diam by 254-
cm-tbkk NE-102Aplastkscmtiuator.ThesagHddue 
to the pube from die detection of the neutron in the 
large scintillator gave the start signal for a time-of-
fhght measurement of the neutrons, and the delayed 
pulse from the proton recoil in the scattering 
scintillator gave the stop signal. A neutron monitor 
used a similar technique to identify scattered 
neutrons from the T(</./i)4He reaction. 

Figure 2.95 shows the neutron ume-of-fhght 
spectra when aw neutron detector is at 17° to the 
primary neutron beam direction. Increasing time-of-
flight is toward lower channels, so the gamma peak 
appears in the upper channels. The constant time-
independent background of 17 counts/ channel under 
the gamma peak extends under the peak due 
to scattered 27.3-MeV neutrons. Directly below 
these 27.3-MeV neutron peaks is a small (about 
4%) peak we have identified as arising from 
inelastic scattering of neutrons from l 2 C. The 
incbstically scattered neutrons gave the start pulse in 
the large scintillator, and the 4.43-MeV de-excitation 
gamma ray gave the delayed stop pube in the 
scattering scintillator. At angles between 26.6 and 
45.0°, the }2C(n,n'y) peaks were under the T(d,n) 
neutron peaks, but at 50.8° the inelastic peak is above 
the n-p scattering peak in energy, and it is 0.5% of the 
n-p peak. We find the energy position of the 
'"C(n.n'y) peak relative to that of the n-p peak shifts 
with angle as expected from kinematics. Further­
more, using pulse-shape discrimination, we have 
demonstrated that the small inelastic peak is 
associated with a gamma-ray pulse in the scattering 
scintillator. To correct for the i:C(n,n'>) neutrons 
under the n-p peak, we have used the measured 
llQnXy) cross section to extrapolate the nC{n/iTy) 
under the n-p scattering peaks. At 21.6-MeV neutron 
or proton energies, these cross sections are similar. 

Because the energy of the n-p scattered neutrons 
varies rapidly with angle, we have to know how the 
efficiency of the large detector varies with energy. 
Cookson et al." describe the reaction chamber we 
used to obtain the absolute efficiency of the neutron 
detector by use of the associated particle method. The 
deuteron beam produces the D(</,n)'He reaction or 
the T(<r>i)4He reaction in the chamber, and a 
collimated beam of He or 4He particles is detected 
with a A£ counter at 45, 65, or 80° to the incident 
beam direction. We measure the time of flight of the 
neutrons in delayed coincidence with the 'He or 4He 
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. Except for small corrections, the efficiency 
Bsisasty the counts in the neutron spectra divided by 
the TO or *He counts. Figure 196 gives our 

i of the absotate efficiency of the huge 
i detector asa function of neutron energy. The 
• e i t t calculated efficiency curve from a 

hiowtc Cute code of Stanton with mc<Bfication» by 
We need the actual data points, 

r, to catibcate onr nVrrting system. 
Fjgnrc 197 gives oar relative cross sections for n-p 

tcajtrriag together with relative cross sections of 
Barrows for backward scattering of neutroas. 
Notice the sapprewed «ro. The errors for our 
forward scatteringdatadonot include an uncertainty 
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Fig. 3.97. M U M MMm- t f r tM tcstttrint; at 27 J M«V. 

for our efficiency measarenieats, which from Fig. 
196 we estimate to be about ±1.4%. The 
data agree best with die phase shift analysis of 
Hopkins and Brett." 

: to AERE Haiwca. Uaimt fnm I. Out 
OftNL. 

X AEREHaradLUi 
3. At AERE Huwcl. Vmm* fimjtnm, oa have fro* the 

Uaivcnity of Dacca. RaagMah. 
4. Q>«M»N»w4i»AEREHw«dL,tMaitriwjiBiiw.frnwil!c 

National Rowaa of Saadarts, Wi^ingon. D C . 
5. I I Kya* aad J. B*M«c«fc,/*>«. Jtrr. SD. 1797(1973). 
6. J. L. Fowfcr ««L , » * A n H*s.Soc. 22,53(1977). 
7. J.A.Cootao«claUSg»i>tCoaJfciwiuflwMBW«aiWy»»a. 

JCbv, if**** I, '977, pp. IS-22. 
t . i. A.Cook>emtfL,p.f6mrH>ctr£i*jofmtCo$Jtnm.t 

OH NvHmw Ooss Sccfioftf flaa* fGDaaafogy, voL 1, cd. R. A. 
Scant* aad C. D. B«*r.aaa, NBS-C3. 

9. M.W.mfinm&umv»^ffitcLbitmmi.Mtthodjll6,T5 
0*74). 

10. T. W. Barrow*. Pttft Rev. C 7,1306 (1973). 
I I . i. C. Hopkins and <\ Brcit. Nud. Dm* 7ioMw A9. 137 

(1971). 

ANALYSIS OF RESPONSE 
OF *LiF-NE-U0 BEAM MONITOR 

J. W. T. Dabbs R. L. 
L. M. Petrie1 

Macklin 

A Monte Carlo analysis of the response of the new 
beam monitor to neutrons of various energies has 
been undertaken as a result of a preliminary analysis, 
which appeared to indicate that substantial varia­
tions in the response of this detector may occur as a 
function of energy. This analysis is not yet complete, 
but the first results indicate that a complete analysis 
over the entire energy range will be required to give 
satisfactory results in the curium measurements 
described elsewhere in this report. Accordingly, this 
work is in progress. 

I. UCC-ND Computer Sciences Division. 

MESON PHYSICS 
Experiments in elastic and inelastic scattering are 

being conducted at the Los Alamos Meson Physics 
Facility (LAMPF) by a group including scientists 
from ORNL, the Los Alamos Scientific Laboratory, 
the University of South Carolina, and the Virginia 
Polytechnic Institute and State University. The 
ORNL resrarchers have participated ir J l phases of 
these projects. 
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**-NUCLEUS ELASTIC SCATTERING 
AT LOW ENERGIES 

F. E. Bertram! 
T. P. Cfcaiy 
E. E. Gross 
N. W. Hill' 
C. A. Ludemann 
R. L. Bunnan2 

R. P. Redwine2 

M. Moinester3 

C. W. Darden4 

R. D. Edge4 

D. Malbrough4 

T.Marks4 

B. M. Preedom 
M.Bkcher5 

K.Gotow5 

D. Jenkins3 

F. Milder5 

Elastic scattering is the simplest form of pton-
nudeus interaction. High-precision angular distribu­
tion measurements will permit the testing of the huge 
number of theoretical calculations of this interaction 
and will provide information necessary for the 
analysis of more complicated interactions, such as 
inelastic pion scattering. We have initiated a study of 
pion-nudeus elastic scattering which, when com­
pleted, will provide data at several incident energies 
between 10 and 100 MeV on five target nuclei. 

Data have been taken for , 2 C, l*0, *Ca, "Zr.and 
" P b , using SO- and 40-MeV incident a-* projectiles. 
In addition, data were obtained on l 2 C, using30-MeV 
*-* projectiles. The measurements were made using 
A£ vs E counter telescopes constructed of plastic 
scintillators. Ten counter telescopes were used simul­
taneously, and data were obtained at 18 angles 
between 25 and 160°. 

Figure 2.98 shows preliminary angular distribu­
tions for SO-MeV v projectiles on the several targets 
studied. Absolute uncertainty for the final data 
should range from 3 to 7%. Phase shift and optJcal-
modd analyses of the data are now in progress. 

1. iMtnumatMi and Coatrob Division. 
2. Los Anuaos Scientific Laboratory. Los Alamos. N.M. 
3. OP leave at Los Abmos Scientific Laboratory from tnr 

University of Td Aviv. T d Aviv. brad. Consonant to ORNL 
Physio Division. June 1976-Marcb 1977. 

4. University of South Carolina. Columbia. 
5. Virginia Polytechnic Institute and Suit University. 
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eye. 

F. E. Bertrand E. E. Gross 
R. L. Burman' M. Moinester4 

R. D. Edge2 T. Marks2 

M. Blechcr3 D. Jenkins1 

T. P. Ckary C. A. Ludemann 
R. P. Redwine1 C. W. Darden1 

D. Malbrough2 B. M. Preedom2 

K. Gotow3 F. Milder3 

We have inirited a systematic study of pion-
nucleus inelastic scattering for pion energies below 
approximately 100 MeV. These studies should 
provide information on the pion-nucleus reaction 
mechanism and may provide nuclear-structure in­
formation for states not strongly exdted by other 
projectiles. 

The measurements will be made using the bicen­
tennial spectrometer, a magnetic spectrometer de­
signed specifically for these experiments (Fig. 2.99). 
The spectrometer is a broad-range device in that 
about 25% in momentum is covered for one field 
setting. Maximum solid angle is approximately 8 
msr. Scattered pions are detected using hdical wire 
chambers and plastic scintillators placed in the focal 
plane. 

The spectrometer has been used in one run, and the 
performance was found to be generally satisfactory. 
The energy resolution at 0° scattering angle was 
about 350 keV (FWHM), approximately the design 
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limit. However, the resolution broadened to about 
700 keV <FWH M) when the spectrometer was moved 
from 0°. The source of this discrepancy is under 
investigation. 

Data were taken at two angles, 40 and 80°, on '*0, 
"Ca, M Ni, and "*Pb during the spectrograph devel­
opment run. Figure 2.100 shows a spectruni of M Ca at 
80°. In addition to the elastic peak, two other peaks at 
about 3.7 and 6.6 MeV of excitation are prominently 
observed. There is also some evidence for another 
peak at about 11 MeV. The observed 3.7- and 6.6-
MeV peaks coincide in energy with well-known 
levels. The statistical accuracy of the data is insuf­
ficient to permit analysis of the high-excitation 
regions of the spectra. 

Based on the spectra presently available, which 
show reasonably large cross sections (0.S to I mb/ sr) 
for excitation of low-tying states, additional runs are 
planned for early 978 in which angular distributions 
will be obtained. 

1. Los Alamo* Scientific Laboratory. Los Alamos. X M 
2. University of South Carottna. Columbia. 
3. Virginia Polytechnic Institute and Stale University. Blacks-

burg. 
4. On leave at Los Alamos Scientific Laboratory from the Uni­

versity of Td Aviv. Td Aviv. Israd. Consultant to ORNL Physics 
Division. June 1976 March 1977. 
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3. Theoretical Nuclear Physics 
INTRODUCTION 

The emphasis of the research in nuclear theory continued to be in the area of 
descriptions of heavy-ion collisions, in support of a similar emphasis in the 
experimental program. The heavy-ion theory program at ORNL is characterized by 
both depth and breadth. Three different, but complementary, approaches are taken to 
the study of the results of collisions of cavy ions. The three approaches are time-
dependent Hartree-Fock (TDHF) theory, nuclear hydrodynamics, and classical 
microscopic scattering. 

For the TDHF and nuclear hydrodynamics calculations, numerical integration 
techniques are used. The computer time required for these procedures depends 
critically on the dimensionality and mesh size used. Thus, in both cases, codes to do 
two-dimensional and three-dimensional calculations have been made. The faster 2-D 
codes have been applied in idealized cases to assess the physical content of the methods: 
with respect to the 3-D codes, our effort has concentrated on developing techniques to 
make them efficient enough to make more realistic calculations feasible. As this report 
is in preparation, a series of full 3-D calculations in both the TDHF and nuclear 
hydrodynamics models is being formulated. 

These detailed calculations have been complemented by some more traditional 
liquid-drop model calculations in which we have studied surfacediffusenesseffectsand 
the effects of the rupture of finite-radius neck; Also, some study continues of the 
microscopic foundations of nuclear hydrodynamics. Efforts continue in nuclear 
reaction theory. A phenomenological optical potential has been developed which 
accurately reproduces coupled-channel effects in heavy-ion Coulomb excitation. 
Folding models have been used to calculate optical potentials starting from realistic 
interactions. 

TIME-DEPENDENT HARTREE-FOCK 
CALCULATIONS FOR AXIALLY 

SYMMETRIC SYSTEMS 

S. E. Koonin1 H. Feldmeier2 

K. T. R. Davie* S. J. Kneger 
V. Maruhn-Rezwani J. W. Negele4 

Time-dependent Hartree-Fock (TDHF) calcula­
tion* tor the collision of two nuclei have been per­
formed in the two-dimensional axial-frame ap­
proximation. s > In this model H is assumed that the 
nuclear system remains axialry symmetric about the 
line joining the two colliding nuclei. This line then 
rotates in real three-dimensional space with an 
angular frequency «: 

a> = dOld(= L I . (I) 

where L is the angular momentum of the system and / 
is its moment of inertia. 

Since last year a number of new features have been 
incorporated into our axially symmetric TDHF 
program. Five of these <cu:-.srv* are discussed 
below. 

Separation of Neuron and Proton States-
Calculations with the Full Skyrme Force 

We now allow for he isospin degree of freedom, so 
the neutron and prot >n wave functions are no longer 
identical. To avoid rtating neutrons and protons 
separately, we previously used an effective charge/'* 
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an approximation which is valid only for light 
systems. 

A second change has been to extend our theory to 
treat the nonlocal parts of the complete Skyrmc 
force. The two-body part of the Skyrmc force, 
without the spin-orbit contribution, is of the form 

v,2 = Ml+*>/». )«<*-r ; ) 

+ ' :I,[HT, t:)p + pWr, r:)) 

+ hptir, - r:)p . (2a) 

where P- is the spin-exchange operator and 
p = ' ..(V, - V 2). 

The force also contains a three-body ttrm. 

v i : . = /.*<r, r:)6tr; r.) . (2h) 

The parameters /... x,k /i. /_•. and /> have been deter­
mined by fitting the binding energy and density of 
infinite nuclear matter and also the binding energy 
and radius of '"O. In our previous studies/'* we used 
a simplified version 01 the Skyrmc force in which it = 
i; = 0. It is thought th.u this simplified force is too 
naive and restrictive, especially for heavy systems. 

Mass-Asymmetrical Collisions 

Our codes have been generalized to treat systems 
which are not reflection-symmetric about the mid-
plane of the collision axis. 

Self-Consistent Phase Theory 

In our previous studies.'" the momen: of inertia in 
Eq. (I) was computed using the rigid, clutching 
model, in which it is assumed that the moment of 
inertia is that of two point masses when the two ions 
are separated and is the rigid body value when the two 
ions "clutch," or interpenetrate one another. This 
approximation has been removed by the develop­
ment of a fully self-consistent phase theory for the 
calculation of the moment of inertia." In this theory 
both the centrifugal force and the average effect of the 
Coriolis force are included. 

In the usual axially symmetric TDHF theory, one 
deals with the single-panicle wave functions 

*,(p. *) expfim*). i = I. 2 A . 

where #> is complex and p. z. and 4 refer to cylindrical 

coordinates. In the phase theory this wave function is 
replaced by the more general form 

#4p.r)cxp{ilm*+K<p.::)cos4]i.<= I. 2 .4.(3) 

where g is a real function of p and r. One then takes 
variations with respect to the *'sand JJ. which yields 
TDHF equations for the * 'sand an inhomogencous 
partial differential equation for g.' The latter can be 
easily solved by the Pcaccman-Rachford method.'* 
This method results in TDKF calculations that are 
only about 5*7 slower for light nuclei than those using 
the rigid, clutching model. This percentage decreases 
as we go to heavier systems. 

Self-Consistent Initial Wave Functions 

In order to avoid energy and density oscillations at 
the beginning of the calculation, it is important at 
/ = 0 to use correct self-consistent single-particle wave 
functions for each of the twocolliding ions. The force 
used for calculating the static wave functions should 
be exactly the same as that used in theTDHF calcula­
tion. A code has been developed to calculate static 
H F wave functions for the full Skyrme force given by 
Eq. (2). 

Charge and ' 'ass Distributions 

A true TDHF wave function * is a Slater determi­
nant at all times. Initially the determinant may be 
written as an antisymmetrized product of two non-
overlapping determinants describing the separated 
ions. Thus, at i = 0 the wave function is an cigenfunc-
tion of the operators .V* and Si. which count the 
number of nucleons to the right (: > z,i) and to the left 
(z < zj) of the dividing plane zj for the reaction. Of 
course. &'* + S, = S. the total number operator. After 
the reaction, the wave function is no longer an eigen-
function of the separate operators V, and Si but 
rather only of .V That is. at any later time. /. the wave 
function will, in general, be a wave packet containing 
state* with a diverse number of particles in the right-
or left-hand space. Asymptotically, the distribution 
in particle number is time independent and we may. 
therefore, calculate the probability. P[A*). that the 
final state contains An particles in the right-hand 
space (and AL= A - A* particles in the left-hand 
space). We have written a code to calculate the 
quantity: 

HA,) = - , 4 V , f'dzidzi • • • dzAL x 

f' dz*L.y...dz)4: . (4) 
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where for simplicity of notation all other integration 
variables other than z have been suppressed. We abo 
calculate for a given number of particles on the right-
hand sidcM «. ihe separate probabilities for finding Z* 
protons and V , neutrons on the right-hand side (with 
Z« + N* - AK). The calculated charge and mass 
distributions can be directly compared with the 
experimental results. 

Considerable effort has also been devoted in the 
hut year to various methods for speeding up the 
computer codes to make them more efficient. Othcr 
fcaturcs which we plan to include in our future calcu­
lations are pairing effects and spin-orbit forces. We 
now present some results of our calculations. 

In Fig. 3.1 the energy loss and scattering angle are 
plotted as a function of the angular momentum L for 
TDHF calculations of '*0 + '*0 and "Ca + *Ca. us­
ing the rigid, clutching model/ The deep minimum 
observed in each reaction for the deflection function 
occur* at an L value which corresponds to an orbiting 
trajectory. As the angular momentum is increased 
beyond the orbiting value, the attraction of the 
nuclear potential is almost counterbalanced by the 
centrifugal and Coulomb repulsion. For /. above 
grazing C-45 for ' "0+ I f cO; ~ I 0 0 for *'Ca + "Cajthe 
trajectories are nearly pure Coulomb. Plots of the 
energy loss and deflection-function curves for the 
self-consistent phase theory arc dramatically 
different from the curves shown in Fig. 3.1. In the 
phase theory there is much more energy loss. 

particularly for low L. and the orbiting /. is shifted to 
a considerably smaller value. 

The scattering behavior for the reaction "N -r : C is 
shown in Fig. 3.2. which displays the- asymptotic 
laboratory energy of the more energetic reaction 
product as a function of the final laboratory scatter­
ing angle, for various L values.* Comparable experi­
mental curves were extracted from the fragment 
energy distributions at a given angle by determining 
the mean energy of the direct inelastic component."' 
There is, of course, one experimental curve for each 
outgoing mass, each of which is included in the 
TDHF final state. The intrinsic mass spread is further 
broadened by the evaporation of light particles from 
the excited, inelasticalry scattered fragment. The 
direct inelastic cross section near 10° in the labora­
tory system is associated with only the upper branch 
in Fig. 3.2 (L *• 30.5 to L«- 28.5). since the reactions 
pertaining to the other branches have lost more 
energy and are assumed to ha ve fused. Theagreemenf 
with experiment for the upper branch is excellent. 

Finally, in Fig. 3.3 we show a density profile for the 
reaction '*0 + *'Ca at a laboratory energy of 224 
McV and an angular momentum of IS. This calcula­
tion was made using the full Skyrme force. Eq. (2). 
with separate neutron and proton states, and using 
the self-consistent phase theory. The two ions 
approach each other with little distortion until they 
coalesce at f **0.15. The compound system undergoes 
a series of shape oscillations until i *> 0.375, when a 

»*-TI»S 

.J.I. 

0 10 20 30 40 90 «0 

far *0+"0aai-C»+"CM The dotted line itpmeni»rbMic 
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"C reaction. The numbers on each curve indicate the TDHF angular momenta. The experimental curve (dashed lines) is for direct 
inelastic reaction products of various masses and should be compared with the upper part of the theoretical curve. The shaded area 
corresponds to the width of the energy distribution of the direct inelastic '"C fragment yield. 

pronounced neck starts to form. However, due to the 
delicate balance of nuclear. Coulomb, and centri­
fugal forces, the system does not undergo scission 
until r "* 0.77S. after which the two ions separate. 

Fig. 3.3. Dtaaii) profile fcx an ̂ + ^ w n « o o » , at 1 U » 234 
MeV, £ = ISThedenshymunilsoffm 'is plotted vertically above 
the (p. z) plane. The timet arc in units of 10 "'' sec. 
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7. D. Vautherin and D. M. Brink. Phyi. Krv. C 5, 626 
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* H. Fektmcier. to be poMishcd as an ORN'L report. 
9. R. Varga. Mmirix limm-r Anmhw. Prentice-Hall. Engk-

wood Cliffs. V J . 1962. p 209. 
10. R. (i. Slohsiad et al.. « rn . Krv. Un 36.1529(1976): and 
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TDHF DESCRIPTION OF THE 
'*N + "C REACTION 

J. A. Maruhn R. Y. Cusson' 

The previously developed computer code for the 
calculation of heavy-ion reactions in a three-
dimensional TDHF description has been applied to a 
study of the "N + | : C reaction at 8 MeV per nucteon. 
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t a coomansoa of results with the i 
of Stokstaa et aL2 is possMe. 

The behavior of the nacki aocoiding to these cafcu-
may be nndcnniod to a huge extent in 
to that of watenfrops colliding, as stndied 

r • icf. 3. Atoavie huge impact patum-
: the none of OK nadear forces, there is 

yCouionmintetactmiandfcscattcrmgangleis 
»• and positive, as shown1 in Fig. 3.4. At smaller 

k fox, which opposes die Coulomb repulsion, so that 
d* scattering angle, after reaching a maximum, die 

;" goes down sharply and tarns toward 

toward sta ; valves of the impact 
1 a relatively narrow area of 

very huge scattering angles, which correspond to a 
long period of joint rotation of die interacting nuclei, 
in tins one allowing for almost one full revolution. 

At still smaller impact parameters, however, and 
extending to central collisions, die interaction time 
and the net scattering angle decrease again. 

In fact, for central collisions a very rapid rescpara-
tion of the fragments is observed, analogous to ate 
"vibrational hntabilhy** known from watcrdrop 
ex£criments.> However, die masses of the two frag-
meatsare exchanged in die process, wheli leads to the 
assumption thai they actually "pass through" each 
other. This assumption cannot be made definite in 
quantum mechanics, mough. because nndeon 
exchange and "passing through" are indistinguish­
able processes. The time dependence of the density 
for a small impact parameter is depicted in 
Fig. 33. 

The main data obtained from a TDHF calculation 
are thus the final scattering angles for each angular 
momentum and also the final energies. Their de­
pendence on angular momentum is shown in Fig. 3.6. 
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These two quantities are sufficient to determine the 
scatterinf cross section completely within the frame­
work of classical mechanics. The results obtained in 
this way. however, strongly disagree with experi­
mental data. It thus appears that there are serious 
shoftcomings in the simple pure TDHF model. 
Closest examination of the problem reveals some 
features of TDHF that may be responsible: 

1. The TDHF wave function, being constrained to a 
single Slater deterrriaant. does not describe 
population of several outgoing channels with a 
fractional transmission coefficient for each. In 
this case, for example, there is no amplitude for 
complete fusion, although fusion is known ex­
perimentally to be the dominating process. 

2. Like every shell model wave function, the TDHF 
wave function does not describe a free-wave 
packet for its ccnter-of-mass motion: instead, 
the center of mass is bound in the average poten­
tial. Thus the center of mass remains localized 
even asymptotically, and essentially only classical 
scattering can be obtained. 

In order to circumvent these difficulties, it was 
decided to add considerations that were extraneous 
to TDHF as such but were assumed to supply 
reasonable physical behavior where it is lacking in (he 
pure TDHF theory. 

The first problem can be surmounted by noting 
that the TDHF solutions represent highly excited 
compound systems during the collision. However, in 
TDHF no evaporation takes place. Knowing the 
excitation energy £* as a function of time, we can 
utilize a statistical model to compute the probability 
for evaporation. expf-T, h). at a given time. The 
probability for evaporating at least one panicle 
during the collision will then be given as 

| - C , : = exp{-£ fr[f(f)]<#>} 

for each angular momentum /. Since rt may be 
assumed that the loss of more than 8 MeV of excita­
tion will lead to fusion of the compound system and 
that evaporation will be the dominant process of de-
excitation, we may to some approximation identify 
the probability Cf for no evaporation with that for 
slaying in the direct inelastic channel and not fusing. 

The C : thus acts as transmission coefficients in the 
scattering problem. 

To remedy the second problem, we take recourse to 
scmidasskal scattering theory, which allows us to 
compute the scattering phase shift & from the 
classical deflection function 0(r) as 4 

In addition, to obtain a quantum-mechanical treat­
ment we have to allow interference of the different 
final states. This can be done by smearing final states 
with an energy-dependent weight function *<£) <* 
expf/^f Eif\. where £ is the final energy for 
angular momentum /as obtained from TDHF. 

With these modifications the differential cross 
section for direct inelastic scattering may be obtained 
from the scattering amplitude 

/}».£) = -^ i ——-xiF)C, exptm.)Picos 9) . 
l •'•• * 

All the quantities entering this equation arc now 
computable from the TDHF results. The amplitude 
Ci (Fig. 3.6) is I at very large angular momenta and 
then decreases, reaching a miminum for those values 
of / with long orbiting, as discussed above. For small 
angular momenta it rises again, but because of the 
high excitation energies encountered, there is still a 
considerable probability for lusion in spite of the 
short collision lime. 

Finally, the direct inelastic cross section is 
compared with experimental data (Fig. 3.7). If shot*» 
the same average exponential decay as lor the 
experimental cross section, but with an oscillation 
superimposed. This oscillation probably will be 
damped if the distribution of final states in angular 
momentum, as well as in energy, is considered. 

Knowledge of the transmission coefficients C 
also enables us to compute the fusion cross 
section: 

6r~ = A 1 ( 2 , + I) (I - C ) . 
k~ 

With the data shown in Figs. 3.4 and 3.6 the result 
was850 mb. compared with the experimental value of 
900 ± 100 mb. 
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NUCLEAR HYDRODYNAMICS IN TWO 
AND THREE DIMENSIONS 

Heniy Tang' C. Y. Wong 

In order to simulate the dynamics of heavy-ion 
collisions in the hydrodynamical model, we solve 
numerically the complete set of hydrodynamical 
equations for the coUision of two cylinders or two 
spheres of nuclear matter,2 using the Boris-Book 
algorithm of flux-corrected transport and die time-
step splitting method.'The two-dimensional result b 
useful in assessing the accuracy of die method and in 
paving the way for three-dimensional calculations 
which are required in order to compare with experi­
mental results. 

Apart from the features due to nuclear interac­
tions, the nuclear fluid is ascribed to be viscous, com­
pressible, and thermally conducting. The separation 
of the nuclear interaction into a short-range density-
dependent part and a long-range Yukawa pan allows 
the use of an equation of state to represent the proper­
ties of the nuclear fluid. 

We shall show some typical results we have ob­
tained. In ourplotstnedensitycontoursaregraded in 
steps of 0.025 fin \ and the current vectorat a point is 
displayed as an arrow which originates from die point 
in question and hai a length proportional to die 
magnitude. 

Figure 3.8 shows the dynamics for the two-
dimensional case of a collision of two "nuclei" 
(cylinders) with radii US fm at an energy £(per pro­
jectile nucleon with the target at rest) of 20 MeV. The 
impact parameter B for din case b 0 fm. The shear 
viscosity coefficient q and die compresvional 
viscosity coefficient { are set equal to 10* 
MeV/fraV-c) and die dermal conductivity * b set 
squal to W* cfSm2. 

la our equation of state for nuclear matter, we used 
am meempnmMitf of 143 MeV, which corresponds 
to a critical kinetic energy of 7.9 MeV per nucleon 
above which the speed of sound b exceeded. Thus, in 
our case with thecoihnon of 20 MeV pernudeon, die 
density in die central region increases rapidly from 
0.15 fin"' to 0J5 im \ Ims high density drops down 
s&gbtly to about 0.20 fin"' at / ~ 35 fm/c, at which 

time the current field becomes nearly botropkal. The 
dynamics do not appear to alter significantly for die 
next 100 fm/ c. There b at die early stage a rapid flow 
in a direction perpendicular to die collision axis, to be 
followed by a nearly isotropical current distribution 
at the later stage. The large velocities at the surface, 
upon exceeding a certain limit, provide the necessary 
escape velocities for nudeons. One therefore expects 
emission of nudeons first in a direction perpendicular 
to the collision axis, to be followed by an isotropic 
emission at a later stage. 

In Fig. 3.9, we show die same collision at an impact 
parameter of 4 fm. With such an impact parameter, 
the resultant central density is not as high as in die 
head-on case. At t - 20.25 fm/c, after the central 
density attains a single peak, there develops an 
attempt to split die density into two parts. However, 
for such a small system, the attractive nudeon-
nudeon interaction b able to bring the system to­
gether widtout splitting at a Sater stage. The system 
appears to be fused at 160 fm/c. 

Results in Fig. 3.8 and 3.9 were obtained with small 
values of viscosity coefficients and thermal conduc­
tivity. Now. if one uses the shear viscosity coefficient 
determined by Davies et al.,4 Uiat is, 17 = 5.7 
MeV (fm :r),anduses £=001 MeV (fm' c)and« = 
0.1 MeV fm\ one finds that for die same head-on 
collision at 20 MeV the maximumdensity achieved b 
only 0.20 fm"\as compared with the0.25fm 'fordie 
previous case with small dissipative constants. 
Furthermore, after a maximal compression is 
achieved, the maximum density later drops down to 
0.10 fm \ The density, however, maintains a radial 
expansion. Such an expansion b possible in spite of 
the low densities, since die temperature b now high 
enough to generate sufficient pressure for the expan­
sion. 

Using algorithms similar to those used in the two-
dimensional calculations, a direc-dimensional code 
has abo been written which allows for shear, com-
presstonal viscosity, and diermal conductivity. We 
<how in I .*. 3.10 a coUision of "O with '*0 at 320 
MeV laboratory energy and an impact parameter of 
4 fm. The viscosity parameters are chosen to be n s ( 
= 10"* MeV (fm: r) and * = 10^ MeV/fm1. We 
are plotting the density contour only along a cut 
about the symmetry phne. As b observed, the central 
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density rapidly merges to force a high-density core 
legion which is followed by a location of the whole 

1. Yale Uamenfcy. New Hmc*. Ccmm. 
2. H. T«« mt C. Y. W««. M l Am. ***. 5oe.22.t4i 

FLUTD-DYNAMICAL MODEL Of 
THREE DIMENSIONS 

J. A. Marahn T. A. Wdton 

In the past year, significant, progress was made in 
the development of an efficient, foBy three-
dimensional code for solution of the hydrodynanuc 
equations.' Extensive tests have been done with the 
code representing the macroscopic fluid variables on 
a spatial mesh of 32 X 32 X17 points, which for lepte-
sentingan " 0 + l 4 0 collision allows a physical dis­
tance between mesh points of 0.6 fm. It was found in 
the one-dimensional test calculations that because of 
the short range (05 fm) of tfie Yukawa potential 
involved, the mesh point separation should be below 
this value to yield a reasonable accuracy in con­
sistency checks—for example, energy conservation. 
The value 0.6 fm certainly does not fulfill that re-
quirr neat, so one can otuy assume the results are at 
best suggestive. 

The typical behavior of the results is shown in Figs. 
3.11 and 3.12, which exhibit the time dependence of 
the density for head-on collisions at two different 
energies. Apparently the overall behavior * reason­
able—that is, fusion and settling down to a 
compound system occurring at the low energy and 
flattening to a disklike shape at the high energy. There 
are shockfronts separating the compressed overlap 
zone from the inflowing matter. 

In detail, however, there are serious problems 
••inch make these results unacceptable. The shapes 
have a marked tendency to exhiMfomommond-ttke 
coofbmiatioos,evcamtteequiltaiumst^ 
unrealistic. Abo, mere is an energy lorn daring the 
collision comparable in magmtude to the initial 
Unetk energy. (Tlus energy can be accounted for by 
properly beating up the shock zone, but since the 
shocks arc too narrow thb cannot be doneiaiisfar 
toruy.) 

ftj.3.11. Hm* m mMmtu af»+-OM 11 MtVl A m*t 

Since it thus appears OOVFOUS that a finer numerical 
mesh is called for, what is the raison d'etre of this first 
three-dimensional code? Why not code for a higher 
accuracy from the start? Although the mesh sizes we 
used were unrealistic there were several reasons for 
starting with this unrealistic case: 

1. It is a relatively simple code, which uses about the 
maximum number of mesh points that can be 
dealt with in the toinputci core memory without 
using a swapping space on disk. 

2. It made possibk many numerical tests at a 
reasonable expense. A number of properties of the 
underlying algorithm could be tested without need 
for high physical accuracy. 

3. It provided a first glimpse at the behavior to be 
expected of the physical system. 

http://5oe.22.t4i
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Fig. 3.11 Hcad-oa CQKWM of "O + " O u » MeV/A in 
thecaviynea. 

4. It gave computing time estimates which can be 
extrapolated to the higher-accuracy code. The 
time of 3 sec per time step seemed quite 
encouraging as to the feasibility of the latter. 

5. Since it is a thoroughly tested code, large parts of it 
can be transcribed simply into the bigger code now 
being developed. However, the new code will 
utilize disk swapping extensively and thus needs 
much more organization. First timing 
measurements for the refined calculation put it at 
20 sec per time step, which with 100 to 200 time 
steps needed per collision, would keep it well 
within the realm of the possible. 

I. i. A. Marubn. T. A. Wchon. andC. Y. Wong. Phvy hit. 
Amu Frog. Rep. Drc. 31. 1975. ORNI.-5I37. pp. 134 35. 

MANIFESTATIONS OF THE QUANTUM 
STRESS TENSOR 

C. Y. Wong 

Previously, starting from the time-dependent 
Schrddinger equation, we introduced a quantum 
stress tensor to exhibit the correspondence principle 
explicitly.' We have now investigated how such a 
quantum stress tensor manifests itself in providing 
peculiar noncbssical effects. We find that for a 
fermion system in a relatively smooth potential, the 
quantum stress tensor b rebted to the density n by 

h _ . h / 6 i r : Y ! . , | 
y° [l2m Sm\ g ) 

The second term in the squared bracket is the 
usual pressure for a degenerate Fermi gas with 
degeneracy order jr. while the first term, which 
appears to be novel, is proportional to the second 
spatial derivative of the density. This particular 
spatial dependence cf the quantum stress tensor is 
found to give rise to density oscillations of finite 
and infinite fermion systems. The wavelength of 
the oscillation is inversely proportional to the 
square root of the incompressibility. 

In another investigation we examine the form of 
the quantum stress tensor in a special case of the 
RPA approximation when the strength of the 
collective motion is concentrated in one particular 
state. In this case the time dependence of the 
spatial wave function can be properly described in 
terms of a displacement and a phase factor common 
to all single-particle states."' The quantum stress 
tensor is found to be proportional to the first spatial 
derivative of the displacement vector. The equation 
of motion becomes the Lame equation which 
describes the propagation of elastic waves, a charac­
terization first observed by Bensch. 

1. C Y. Wonj. J. Math. Phyi. 17. 1008(1976). 
2. G V Bcrtsch. Ann Phvv M. I.W (1974): \url. thx*. A249. 
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DIFFUSE-SURFACE CORRECTIONS 
K T. R. Davies J. R Nix1 

We have calculated several quantities of physical 
interest for ?n arbitrarily shaped diffuse-surface 
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—clear density distribution.' The surface is made 
difrnse by foktiog s short-range fenokm over a uni-
fona sharp-surface distribution of appropriate 
shape; that is, the density is described by 

«(ri) = o. J„ / r a r t r , - r*) . ( I ) 

when the integration b over the sharp-surface 
shape. / 1 of onr methods apply to arbitrary fold­
ing fmctwds g. bat for defmiteness we have 
spcrialnTd most of oar results to the Yukawa 
shapr. 

* " f 4 ) 4 « , ' , * - * . . ' (2) 

The quantities calculated include the moment of 
inertia abcut an arbitrary axis, generalized multipole 
moments. Coulomb and nuclear potentials, and 
Coulomb and nuclear energies. 

Many of our results'' are of practical importance in 
the theory of nuckar fission and heavy-ion reactions. 
In nuclei, the distance overwhich the density changes 
from 10 to 90% of its central value is approximately 
2.4 fm. This distance is comparable to the nuclear 
radius for very light nuclei and is roughly 30% of the 
radius for very heavy nuclei. Thus, diffuse-surface 
corrections can be substantial, especially for very 
light nuclei. For example, we find that for light nuclei 
the diffuse nuclear surface increases the moment of 
inertia by about 50%. which increases the critical 
angular momentum at which compound-nucleus 
formation b no longer possible. Also, the diffuseness 
corrections to the Coulomb energy contain a term 
that is proportional to the surface area, which 
increases somewhat the effective surface energy of 
nuclei. 

Recently, we have also derived expressions for the 
diffuse-surface corrections to the two central 
moments for reflection-symmetric shapes' 

r = 2U) , (3) 

o*2K2-Wf),i . (4) 

where the angular brackets denote an average over 
the half-volume to the right of the midplane of the 
shape. These moments -re coordinates for the :wo 
most important symmetric degrees of freedom 
encountered in dynamical calculations of fission and 
heavy-ion reactions. The coordinate r gives the 

distance between the centers of mass of the two halves 
of the system, and o is a measure of the etoagation of 
each half about its center of mass. We estimate that in 
very light nuclei the diffuse-surface corrections to r 
and a are roughly 20 and 40% respectively. 

I. Lot Akamai SOCMITK Lafeotalocv. Los Aham. N.M. 
1 K. T. R. Otne% ami J. It. \ a . Urn. Krr. C 14, WT1 
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RUPTURE OF THE NECK 
IN NUCLEAR FISSION 

K. T. R. Davies J. R. Nix 
R. A. Managan' A. J. Sierk 

We have completed new fission studies which take 
into account the rupture of the neck at a nonzero 
radius. These dynamical calculations are performed 
using classical equations of motk>n.M The collective 
potential energy is calculated by means of a modified 
liquid-drop model, in which the nuclear energy is 
obtained from a double-volume integral of a Yukawa 
effective two-body potential. "'" This interaction takes 
into account the finite range of the nuclear potential, 
which is very important for describing neck forma­
tion in fission or two nearly touching nuclei in a 
heavy-ion reaction. The collective kinetic energy- is 
calculated for incompressible, nearly irrotational 
flow by use of the Werner-Wheeler method." The 
transfer of energy from collective motion into 
internal motion is included by means of the Rayleigh 
dissipation function, which is calculated for two types 
cf dissipation: ( I ) ordinary two-body viscosity which 
arises from individual two-body collisions, and (2) 
one-body viscosity which occurs because of nucleons 
colliding with a moving potential wall. Here we shall 
report the results of studies involving mainly two-
body viscosity. 

In previous dynamical calculations of fission.'* 
scission was defined as occurring at a configuration 
for which the radius of the neck vanishes. However, 
scission should in fact occur before the nucleus 
reaches this limiting configuration because of the 
delicate balance between the Coulomb and nuclear 
forces curing the dynamical descent from the fission 
saddle point. For large necks the attractive ni-c'cs. 
force is larger than the repulsive Coulomb fo.-ce. ar.d 
the nucleus is stable against neck rupture. Eventually 
the repulsive Coulomb force becomes larger in 
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magnitude than the attractive nuclear force. The neck 
then ruptures at a nonzero radius_as illustrated in 
Fig. 3.13. 

We calculate the CoukMnb and nuckar interaction 
energies for a shape like that shown in Fig. 3.13. These 
energies can be easily evaluated*'7 as functions of the 
separation parameter s between the two portions of 
the system. The total interaction force is then given by 

300i 

'-sW 
where 

Els) - £N(S) + £<s) 

(5) 

(6) 

the sum of the nuclear and Coulomb interaaion 
energies. Note that we have mentally sliced the system 
ir.to two portions at its minimum neck radius and 
have calculated the force required to separate these 
portions while keeping their shapes fixed. Scission is 
defined as that configuration where F vanishes. 

For either one- or two-body dissipation, we find 
that the neck r&dius at rupture is about 2 fm for 
actinide nuclei. This relatively large neck-rupture 
radius increases somewhat the transbuiona! kinetic 
energy of the fission fragments at infinity as 
compared with that calculated for a zero-neck-radius 
scission configuration. The calculated fission-
fragment kinetic energy is shown in Fig. 3.14 as a 
function of Z" A' ' for various values of the two-
body viscosity coefficient p. The dashed curves give 
the contributions to the kinetic energy acquired prior 
to neck rupture, which are somewhat smaller than the 
corresponding values for a zero-neck-radius scission 
given in ref. 3. Nevertheless, the more compact shapes 
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Two-eoov viscosmr 
FMTTE NECK RUPTURE 

Fnj. 3.14. 

wJaca of the two-body •meomtf eodEonK »(aofd canca). The 
dashed carves give the calcaaucd iiaasiaiioml kinetic energies 
acquired prior ic necfc rapwic. The cxperiaatMal data arc for die 
fusion of nadei at high exenatun energies, where the most 
probable mass division is into two canal fragments. The open 
symbols represent values for equal mass divisions only, and die 
sobd symbob represent valncs averaged over all mass divisions. 
The cxpenrrenul dau arc exaary the same as those in Fig. 12 of 
ref. 3. where references to die appropriate experimental papers can 
be found. 

Fig. 3.13. IBnatiaiion of dK aedt-rnptw* degree of I 
The nucleus is sliced into two portions at its minimum nrck radius. 
In evaluating the rnierfrafment forces, we take the linrt of j - 0 . 

at neck rupture lead to final kinetic energies that are 
always larger than those calculated for a zrro-neck-
radius scission. Therefore, to reproduce the same 
experimental data with the present calculations 
requires a forger two-body viscosity than with the 
earliei 'alcu'ations. 

In pan ct- ar, it can be seen from Fig. 3.14 that the 
value 

n = 0.03 ± 0.01 terapoise 

= I 9 ± 6 X 10 ; 4 MeVsec/fm' 
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accounts for nost of the experimental data to within 
their uacena.aties. As ia ref. 3. we place greater 
weight on the •xperintcntal data for lighter actinide 
nuclei than on fiat for very hcaw imdei. The present 
value of ft h twice as targe as diat obtained in ref. 3 
and is about 60*8 of the value required to critically 
dasnp ouadrupoK '/sanations of heavy actinide 
nuclei. This huge change in the value cf « arising 
solely from incorporating a finite neck rupture 
indicates the sensitivity of the results to the precise 
details of the model 
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ROTATING TOROIDAL NUCLEI 

C. Y. Wong 

The equilibrium shape of s nucleus under rotation 
has been the subject of many investigations. From the 
survey of Cohen, PtasU. and Swiatecki.' » : know 
how. ia the liquid-drop model, the equilibrium 
shapes vary with the angular momentum and the 
fisnaity parameter. As of yet, much of the discussion 
of a rotating nucleus is !imited to shapes arith the 
topology of a sphere. However, for ver> rapidly 
rotating systems, the moment of inertia can bt readily 
increased if the mass is distributed in the form of a 
torus. Equilibrium or quasi-equilibrium toroidal 
systems become possMe.2 Indeed, many rapidly 
rotating and gravitating toroidal objects have been 
observed.' It is therefore of interest to investigate the 
stability of rotating toroidal nuclei. 

In the discussion of routing toroidal nuclei in 
equilibrium, we shall restrict ourselves to cases where 
the fluid elements of the nucleus are in a unifonn 
rotation about the symmetry axis with a common 
angular velocity and where the meridian of the toroid 
is restricted to be circular. Such a problem lends itself 
to a simple treatment in toroidal coordinates in terms 
of which analytic expressions Jo.- various relevant 
quantifies are already known.4 

The toroidal threshold, above which rotating 
toroidal nuclei can be in equilibrium, is shown in Fig. 
3.15 as a solid curve in the x-y plane. Here x is the 

o 0.2 04 o.« a* i.o 

war- mmmttimm m&tx-j SUIT, warn x m an nwaay aaa y 
UK iwUaaMHl sMUMcr. The ioM came B ike toroidal tbroboM 
above •kick toroidal f%orcs of afmmbvmm air possible. The 
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•wanna rotalioa alter a saasafe dolortna. while Ike dotted 
resKM B ike stable repoa 4 an axiaUjr nommiiona flow fotfows a 
nwafe distort ion. 

fissility parameter defined in the usual way. and y is 
the rotational parameter defined by' 

>•= £ • * / £ , * . 

where £"* and E,"" are. respectively, the rotational 
energy and the surface energy if the nucleus is in the 
spherical shape- One observes that the threshold 
curve can be approximated by the straight line x+y 
a |. 

The toroidal equilibrium we have obtained is stable 
against axisymmetric distortions of the nucleus. 
However, in our previous analysis of the stability of a 
nonrotating toroidal nucleus, the axially asymmetric 
sausage instability was found to be the most 
important instability. Fora rotating toroidal nucleus. 
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a rigorous treatment of stability against sausage 
distortions would require a complete 
hydrodynamkal analysis, since the perturbation of 
the shape will in general be associated with a 
nonuniform perturbation of the flow. We shall defer 
such a dynamical treatment until a later date and 
content ourselves with simple cases where the flow 
patterns are assumed known. 

In tee presence of dissipation, viscous forces can 
transfer the necessary angular momentum point by 
point and can dissipate the necessary energies to 
convert a nonuniform rotation into a uniform 
rotation, after a certain bpseof time. How rapid such 
a conversion ca: take pbce is completely unknown. 
For the case when uniform rotation follows rapidly 
from an axialhy asymmetric hydrodynamica! flow, 
one can determine the region of stability for the 
toroidal nuclei They are shown as the hatched region 
in Fig. 3.IS. The region of stability is very small 
indeed. However, in the opposite extreme of axiahy 
asymmethc flow under axialry asymmetric distor­
tions, one can follow Dyson' to assume that the flow 
speed adjusts itself to maintain a constant flow rate 
across the meridians, when the circumference of the 
meridian varies in an asymmetrical way. Under such 
an assumption, the region of stability is much 
expanded and is shown as the dotted region in Fig. 
3.IS. In terms of the units of angular momentum for 
nuclei along the beta stability line, the stable toroidal 
region is shown a* the dotted region in Fig. 3.16. It 
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appears that, under Dyson's assumption, rotating 
toroids are stable against sausage deformation with 
angular momentum as large as /*• JOO b. and these 
nuclei once formed, will de-excite with the emission 
of a sequence of gamma rays whose energies are 
characterized by the large moment of inertia of the 
toroid. Such de-excitations will bring the nuclei to the 
toroidal thresholds at which a change of topology will 
occur. Since the rouronal parametersat the toroidal 
threshold are greater than those of Cohen. PtasiL and 
Swiatccki's limits for the fission barrier to vanish, 
these nuclei will undergo fission. The fission event is. 
however, delayed by the emission of the sequence of 
gamma rays and may provide a signature for the 
detection of the intermediate states of routing 
toroaial nuclei 
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CLASSICAL MANY-BODY CALCULATIONS 
OF FAST HEAVY40N COLLISIONS 

J. P. Bondorf S. Garpman' 
H. T. Fdrimeicr E. C. Halbert 

Here we report on "SIMON." a simple simulation 
method for describing heavy-ion collisions. It is a 
classical many-body tiethod and b most suitable for 
beam energies of seveiil hundred MeV per nucleon. 
Such high-energy collisions are of great interest 
because they may lead to new phenomena—for 
example, to nuclear-matter densities several times 
that of ground-state matter. However, for beam 
energies ^100 MeV per nucleon. present-day many-
body quantum mechanical treatments are likely to be 
inadequate. This is so because of the restrictions (e.g.. 
Hartree-Fock determinantal form) that are imposed 
on the wave functions in order to make quantum 
mechanical calculations feasible. This probable 
inadequacy explains, in part, why classical and quasi-
classical approaches are being tried. 

Without going into detail we remark that our 
SIMON method is intermediate in character between 
two more familiar classical many-body ap­
proaches—the equations-of-motion approach* and 
the intranuclear cascade approach.' It is somewhat 
closer to the intranuclear cascade approach, for it 
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•nag nuetcoa-nucleoo cross sections rather dan 

At present, oar SIMON code iacorponKs very 

aHMCtatmsoc aacdnnnKs; we neglwt nucJcnr bmoV 
nag. ^oaaoaav eneces* unci avacmni KuacoccawBr 01 
aae namsl nocks: and we ahow only dastn? isotropic 
— d e w wefcan icartcring.w *dtecrosssecuono = 

23 lav uMepcndeat of catigy. charge, and dcusMy. 
For beam energies of 200 to 400 MeV per nuckoa. die 
25-oub cross sccaoa b roaglty reafetk. Some other 
catssscal methods arc now lonsnfcraMy sapenor to 
SIMON in incorporating realistic features. For 
example, equations of motion nKthods nse not Iron 
—tfcna potentiate and so incorporate some binding 
effects, and some intranuclear cascade methods 
incorporate not only detailed cnergy-dependeM 
drffercntml nuckon nuckon cross sections but also 
pkm production and pion absorption. It is possible to 
improve the present SIMON' code by inctading die 
realistic features now m intranuclear cascade codes. 
Such an effort might be well worthwhile, because the 
basic scheme of SIMON seems to alow more rapid 
and economical computation than do the bask 
vthemes of the other classical methods. 

Since our SI MON scheme ba classical many-body 
method, most of the numerical results which we 
report are averaged in two ways—over appropriate 
portions of phase space and over many simulated 
nuclear collisions. Figures 3.17 dtroogh 3.20 show 
some results from application of SI MON to head-on 
: " U + : " U collisions, and to > N e + M ' U collisions at 
all impact parameters. 

In Fig, 3.17 we illustrate how a head-on-colliding 
M + M system changes shape with time and eventually 
disintegrates. The results in this figure have not been 
averaged over finite volumes, and furthermore they 
were obtained from only one simulated collision. 
Consequently. Fig. 3.17 shows microscopic fluc­
tuations and microscopic asymmetries in contrast tc 
the macroscopic cylindrical symmetry and 
macroscopic forward-backward symmetry of a head-
on U + U collision. 

Figure 3.18 shows calculated central densities vs 
time during a head-on U + U collision. The SIMON 
results in this figure were averaged within small 
cylindrical volumes and over nine or ten simulated 
U+ U collisions. The figure shows results obtained 
from three alternative "scattering mechanisms'': 

I. Hard-sphere scattering. The nnckoroare modeled 
as spheres of diameter D - y/oiw- 0.9 fm(so that 

o—23.4mb)i Here, if iwoapproachmg nuclei have 
impact parameter » < 0 . 9 fas. nary scatter as soon 
as their separation decreases to 0.9 fm. The 
scatteringangfc b calculated by usingbnward-bal 

2. RIHC (repavavc impart scattering with hard 
cores). Here, if two approaching nuckom have 
impact parameter 6 ̂ y/o «•. duty scatter as soon 
as their separation decreases to b or to 0 5 
fm -whichever happens sooner. In either case the 
scattering aagk fl (in the nuckoa-nuckon cm-
system) is chosen randomly, i naming uniform 
druribwtioa over OVIicmt^ihcic corresponding to 
repulsive scattering. 

3. 4 * wipart scattering. Thbbtlarsinuj as (2). with 
two exceptions. The hard core babsent(so d a t a ! 
scatterings occur at impact-parameter distance), 
and f l b distributed uniformly over 4sr. 

Mcchanbm ( I ) ahows inhrmudeon distances ̂ 0.9 
fm: mechanbm (2). C0.5 fm; and mechanism (3). 0 
fm. These differences obviously affect die density 
achieved duiing rutcktis-nuckus coUbion. As Fig. 
3.18 snows, the calculated ratio of maximum particle 
density to the precollbion nuclear density b «*2 or 3. 
depending on the nuckon-fiuckon scattering 
mechanism used. 

Figure 3.19 illustrates further re ->uits from head-on 
U + U collisions; ii shows RIHC results ft., density all 
along the collision axb. During die collision, die 
RIHC density rises to a maximum **2.5 times 
normal: the central dense region (i.c.. the region in 
which the density exceeds the precollbion nuclear 
density) b significantly smaUer than the overlap 
region of two nonintcracting nuclei: and there b no 
evidence tor either a sharp shock front or a sharp 
overlap front. 

Figure 3.20 shows double-differential cross sec­
tions. </"o (</£ oTl) vs £. for protons emitted from 
bombardment of : " U by ""Nc at 250 MeV per 
nucleon (lab). The experimentally observed results* 
are plotted as triangles. The heavy-line histogram 
shows result* from a hard-sphere SIMON calcula­
tion. The other two histograms show results from two 
other recent detailed calculations a fluid-dynamic 
calculation and an intranuclear cascade calculation. 
None of the three detailed calculations give results 
that fit the measured data well at all angles and 
energies: but all three detailed calculations show 
some features in qualitative agreement with the 
measured data, and the hard-sphere SIMON results 
are not outclassed by results Irom either of the other 
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two detailed catenation*. The dashed curve in Fig. 
3JO shows results calculated from an extrcmch 

We cat it 
' the three methods represented by histograms, 

it does not purport to cakinaie lime-and-position-
dependent details, snch as nutter density daring the 
nuclear vomsion. Instead, it makes sanplc 
geometrical assumptions about the numbti of 
nuckoni swfiering intetaction during the heavy-ion 
comskm. and then it assumes an isotropic Maxwctl-
Boh/mann distribution for those nudcons con­
sidered to have interacted. Despite its simplicity, the 
fireball model gives results which fit the measured 
data in Fig. 3.20 better than do am of the histograms 
resulting from detailed calculations. Work is in 
piogicss now to analyze and understand the 
discrepancies among these Ne + t" results. 
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NUCLEAR REACTION THEORY: 
A DYNAMIC POLARIZATION POTENTIAL 

FOR COULOMB EXCITATION EFFECTS 
ON HEAVY-ION SCATTERING 

W. <i. Lose T. Tcrasawa 
G. R SaKhlcr 

Recent measurements on neasy-ion elastic 
scattering base confirmed very large de\ iations from 
the simple Frond diffraction |attern due to 
Coulomb excitation. We havedcrneda second-order 
pobrvation potential which is able to reproduce 
these effects and which, comcuuenth. does not 
require the costly solution of coupled equations. This 
docs not make use of an adiabaik approximation: 
indeed, the imaginary pan of the potential rs 
dominant and the real pan is negligible. Quadrupolc 
excitation of low-hing stales is by far the most 
important contribution to the imaginary potential, 
and each of these excitations is proportional to 
A £2). The radial dependence is basically I r but 
with a correction factor for the slowing down of the 
ions due to their mutual Coulomb repulsion. The 
biter shortens the range of the potential somewhat. 
There are no adjustable parameters, and the accuracy 
of the predicted potential was tested by comparison 
with "exact" coupled-channel calculations. An 
example of an application to actual data' is shown in 
Fig. 3.21. The polarization potential l'r was added to 
a conventional Woods-Saxon notential U, whose 
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MICROSCOPIC DESCRIPTION 
OF SCATTERING 

W ( i lose I I ) . Rtckcrtscn 
(.. K. Satchicr 

"Microscopic" means a description using nuclcon-
nucicon lorccs and detailed nuclear wave functions 
rather than phcnomcn'tlogical optical potentials and 
collective models. In practrcc it mcan> Mmptc tt>lding 
modch in which ar. effective nudcon-fiuclcon 
interaction is folded intt? the nuclear densities for 
transition densities lor incbsiic scattering), together 
with some treatment ot nucicon exchange. The first 
aim is to l o t 'realistic' cflcctivc interactions against 
experiment in cases where the densities arc known 
reasonably well. Further, wc wish to sec whether such 
interactions are equally effective for-light and hca\> 
ions, since these probe different regions of the nuclei. 
If the interactions sat isf\ these tests, wc ha\ca model 
with some predictive power, alternatively it can then 
be used to test model wave functions. 

Two such (real) interactions have been obtained. 
The first, which was derived from (r-matrix elements 
based on the Reid potential, accurately reproduces' 
empirical heavy-ion potentials as well as givir.j good 
Tits to (/>./i). '.p.p% and (njtr) data/ The second 
interaction, also based" on the Rcid potentul. is a 
density-dependent (r-mairix. Each is represented by 
a sum of three local Yukawa terms. Their S = T = 0 
parts give very similar results, despite the strong 
density dependence of the second force. 

The real parts of the optical potentials for many 
heavy-ion systems have been calculated, am/ these 
generally agree to within about lOTtf with the areas 
determined empirically (in the region of the strong 
absorption radii to which the scattc. ing is sensitive). 
Figure 3.22 shows an example4 for ""0 + *"Ni. These 
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results arc being reviewed. Preliminary results for 
heavy-ion inelastic scattering are also encouraging 
for those cases in which some independent informa­
tion about the transition densitiesareavailable for 
example, from electron scattering (sec also con­
tributions in I he experimental section of this report). 

The same interactions give optical potentials for 
neutron and proto>i clastic scattering which arc in 
satisfactory a^'cement with experiment, although 
they tend to have Tean square radii that arc slightly 
too small. Such def i -iencies could be due to higher-
order effects which r. -vc been neglected, such as 
virtual excitation of co.'cctivc surface modes and 
coupling to pickup c h a n n e l The initial applications 
of these interactions to inct stic scattering have been 
made to transitions such ; s tiic excitation of the 
lowest 3 states in "Ca and " Ph for which good RPA 
transition densities arc avait hie. The results arc very 
good. Initial attempts to cx> 'ore other parts of the 
forces [e.g.. by application to (p.n) reactions'] an* 
also encouraging. 

One important appiicat ion of ccse techniques is to 
the analysis of light-ion cxaration of giant 
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resonances in nuclei* The new •Mciactioas »ui be 
used together with unproved wave tuncuons thai 
have become available. 
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PROTON DENSITY DISTRIBUTIONS 
IN LIGHT NUCLEI 

R. L. Becker J. A. Smith 

Recent inclusion of meson-exchange contribution* 
to nigh-moment um-f ransfcr. elastic, electron scatter­
ing from nuclei has strongly reduced the discrepancy 
between calculated and experimental charge form 
factors. However, the exchange calculations 

depend on the assumed nuclear forces, nuclear 
aructurc theory, and meson theory: therefore, 
conventional singfe-nodeon charge and body den­
sities interred from experiment are now model 
dependent. I nccrtaintics in experimental data and 
lack of dau. beyond a an\«num momentum transfer 
lead to lineman IKS in the mferred dcnMticv If tbnc 
unccrtaintxs are small enough, a conxstcRcy check 
can be mad? between the denxty a>sumcd in the 
meson-nek*oge calculation and the output density 
band. 

Wetav^mvestigatcdiheunccrtamti • tnthcquasi-
experirocntal body densities in 'ile obtained by 
subtracting mewm-exchange contributions based on 
the Rcid and Hamada-Johnston interacttonv A 
strikingly b:^c uncertainty in the central body 
density wa> obtained: shapo ranging from a large 
central depression to a peal mere allowed. By 
considering the interference between moon-
exchange znJ stngic-nuclcon amplitudes, we con­
cluded that data between q-.. = 4.5 fm and I.N/ . 
might considcraMy improve the test of con%t>ienc\ of 
the nuclear force models employed. Similar analyses 
of electron scattering from other light nuclei arc in 
progress. 

1 Proctu jjurc" I Vfunmciu •>< \-ar<"n<nr.\ \ j l c l r.r.crMH 
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4. Nuclear Data Project 

R. L. Aublc' J. ilalperin' S. J. Ball' 
J. R. Beenc B. Hannatz S. H. Dockery2 

F. E. Bertram)' M. J. Martin R. L. Haese' 
Y. A. Ellis M. R. Schmorak F. W Hurley2 

W B. Ewhank K. S. Toth1 M. R. McGinn.s 
M. L. Halbert1 M. P. Webb' J. T. Miller 

INTRODUCTION 

The Nuclear Data Project (NDP) is the primary U.S. center for collecting, 
evaluating, storing, and disseminating nuclear structure information for the basic 
research community. The computer files of evaluated nuclear structure data also serve 
as basic support for many applied programs, which require a documented authoritative 
base of radioactive decay or other nuclear structure information. 

The project stafi at Oak Ridge National Laboratory (ORNL) operates as a 
comprehensive integrated data evaluation center which includes features of a technical 
documentation center, a scientific research group for data evaluation, and a center for 
preparation of special publications. In addition to these self-contained activities. N DP 
provides technical leadership and guidance for national and international networks for 
nuclear structure data evaluation. 

TECHNICAL DOCUMENTATION CENTER 

In support of its daia evaluation work, the NDP 
maintains a complete multiply indexed 
bibliography to nuclear structure references (NSR). 
The bibliography is computer based and serves as 
an international resource for scientific and 
technical research workers. References can be 
retrieved selectively by nucleus, reaction, or any 
other quantity mentioned in the keyword abstract. 

During 1976, over 5000 references to new nuclear 
structure measurements and calculations were 
indexed and added to the NSR master file. New 
entries are sorted by topic and published three 
times each ye&r in "Recent References" iuues of 
Nuclear Data Sheets. 

A magnetic tape version of the ccu.^li^ master 
NSR file (about 50,000 indexed entries, 1960-

1976. in ORNL's ADSEP format) was sent to 
the Kurchatov Institute (U.S.S.R.) as part of the 
U.S. participation in an international exchange of 
nuclear structure information. The tape was 
successfully processed in Moscow, and a dialogue is 
being established to develop a format for routine 
exchange of indexed bibliographic information. A 
tape containing keyword abstracts for results 
repor*ed at three recent Russian conferences was 
received from the U.S.S.R. These references (also 
in ADSEP format) are bring merged into the NSR 
file. 

Relevant new entries to the NSR file are 
distributed every month to each mass-chain 
evi'luator. This regular service is being provided 
for 21 /4-chain data evaluators. Three additional 
grout* receive regular notification of new literature 
relevant to special data compilation^ (atomic 
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masses, nuclear moments, photonucleur reactions). 
Most requests for information received by NDP 

are at least partly satisfied by a search through the 
NSR file for references on a particular topic. The 
development and support of Oak Ridge 
Computerized Hierarchical Information System 
(ORCHIS) at ORNL provide convenient, inex­
pensive, and powerful search capabilities for 
ADSEP data bases. For long computer printouts. 
NDP has begun using the microfilm printer that 
recently became available. Although the device 
currently has a severely restricted character set. most 
information in the NSR file is understandable. 

1. Part-time assignment In Nuclear Data Project. 
2. technical support staff. 
3. Scientific support staff. 

SCIENTIFIC DATA CENTER 

The evaluated nuclear structure data file 
(ENSDF) summarizes the experimental knowledge 
about each nucleus, each reaction, and each decay 
scheme. The ENSDF is a valuable source of 
established data for use in calculations, systematic 
studies of nuclear properties, and preparing standard 
collections of accepted data. 

The file of evaluated nuclear structure data has 
grown by about 20^ during the last 18 months by 
inclusion of additional evaluations from Xuclear 
Data Sheets. Nuclear level information on over 
1700 nuclei are now summarized by ENSDF. Data 
from 1400 decay schemes are included, as well as 
structure information from over 2000 nuclear 
reactions. The ENSDF overage of the periodic 
table is illustrated for "adopted levels" and "decay 
schemes" by the graphs in Fig. 4.1. 

ORNL DWG. 77 9 9 2 9 
K\SW iKir.i i..trik In-. ' i i ' i-f. 

r. .o — 

!.<* 

ENSDF r*c.y D.I. ° R * " - DWG. 77 9 9 3 0 

Fig, 4,1. Evahiaicd nuckar structure data file status. May 1977. (a) Nuclei included in F.NSDF. (fc)dccay schemes included in ENSDF 
(by parent). 
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Complete magnetic tape copies of the pennanent 
•aster He ENSDF are prepaicd at six-month 
intervals for distribution by the National Nuckar 
Data Center (NNDC) at Brookhavca. Copies have 
also been tent directly to network groups in the 
Unwed Kingdom and West Germany, together with 
programs for ma attaining the ENSDF system in an 
IBM computer environment. A tape containing 
only decay-scheme data has been sent to Idaho 
National Engineering Laboratory (INEL) (to be 
wed in preparing input for ENDF/B) and to 
Grenoble. France (for use in a similar radioactivity 
file). Dau checking performed by each user 
provides information for further impro rment in 
ENSDF quality and consistency. 

A number of requests for nuclear structure data 
have been filled from ENSDF by retrieving a 
desired selection of dau, then using one or more of 
the NDP supporting programs to prepare l»bfc» or 
displays in a format that is easily understood by the 
user, such s» the radioactivity fifes described in an 
accompanying abstract. 

SCIENTIFIC DATA 
EVALUATION GROUP 

The NDP dau evaluation group consists of 
scientists who are skilled in understanding and 
interpreting experimenul results from radioactivity 
or nuclear reactions. The principal activity of this 
group is to review and update the ENSDF as new 
experimenul results appear. The scientists of the 
NDP evaluation group ah'" provide a pool of 
experienced ufent which can focus on specific 
problems as required by other Energv Re­
search and Development Administration (L7.DA) 
programs. 

The NDP dau evaluation group prepared 
revised versions of 49 mass chains during the past 
18 months and assisted with five additional mass 
chains published in Nuclear Data Sheets in 
collaboration with Nuckar Information Research 
Associates sponsored by the National Science 
Foundation. This .was accomplished in addition to 
the increased work load caused by national and 
international collaboration in nuclear structure 
dau evaluation (see "Nuclear Data Networks") and 
full- or part-time work with NDP. 

A iwtural consequence of a systematic review of 
experimenul dau is the recognition of systematic 
trends or inconsistent results. The NDP has 
continued the policy of reporting such observations 
at scientific meetings as well as in the Nuclear Data 
Sheets. 

Many NDP staff members arc involved in 
research work in addition to then- evaluation 
responsibilities. These activities are not mentioned 
here, hot are described in other sections of the 
Physics Division report. 

PUBLICATIONS: 
NUCLEAR DATA SHEETS 

The NDP publications group uses the master 
files of bibliographic and numeric dau to prepare 
camera-ready copy for Nuclear Data Sheets. The 
computer programs which perform these tasks have 
been designed to uke advantage of hardware and 
software maintained by the Computer Sciences 
Division in support of extensive information center 
activities at ORNL. During the past 18 months, the 
NDP prepvicd 12 A-dam issues and 5 issues of 
"Recent References" for publication in Nuckar 
Data Sheets. The A -chain issues conuin complete 
revisions of Nuclear Daw Sheets for 62 mass 
values. 

DaU for each mass chain were prepared in 
computer-readable ENSDF Cornet; dau sheets 
and drawings were assembled automatically from 
the ENSDF dau sets: and the dau sets have been 
filed onto the permanent master file of evaluated 
dau. 

A new section has been added to "Recent 
References" which contains an index to un­
published work that has been included in the 
NSR file during a four-month period. 

Publication of the 1974-1976 reaction list for 
charged-partkle reactions concludes the activities 
of the Charged-Particle Cross-Section Center at 
Oak Ridge. The Reaction Index section of "Recent 
References" indexes much of the same literature in 
slightly less deuil. The NNDC at Brookhaven has 
assumed responsibility for investigating additional 
indexing required by users of charged-particle 
bibliographies. 

NUCLEAR DATA NETWORKS 

With the establishment of national and 
international networks of dau evaluators, NDP 
has assumed the additional responsibility of 
providing technical leadership for the networks. The 
NDP must direct a share of its resources toward 
helping the other groups prepare high-quality dau 
evaluations that can be merged into ENSDF. The 
NDP data evaluation group has a reduced evaluation 
responsibility (about 100 /4-chains rather than 
about 200), which can be maintained on the 
four-year cycle requested by ERDA. 
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1. Three training sessions for new data evahiators 
have been organized and conducted. These 
meetings introduced each new data evaluator to 
the structure of the data file, services available 
from NDP, and techniques used at NDP to 
choose adopted values from among various 
measurements. These sessions were attended by 
new data evaluators from Oak Ridge, 
Brookhaven, Idaho Falls, Daresbury (Untied 
Kingdom), and Karlsruhe (West Germany). 

2. The NDP hosted a meeting of the U.S. Nuclear 
Data Network, at which the operations of the 
network were further defined. Representatives 
attended from all six VS. network locations, as 
well as from ERDA and National Academy of 
Sciences (NAS). 

3. Complete copies of all data included in ENSDF 
were generated in July 1976 and January 1977 
for distribution to the network. Programs to 
maintain ENSDF in an IBM environment were 
also sent to the network evaluators in the United 
Kingdom and West Germany. 

4. A tape contairing several physics program used 
by NDP in data evaluation was sen: zo U.S. 
network groups at NNDC and INEL foi use by 
their new evaluators. 

5. A complete indexed reference upe was sent to 
the Kurchatov Institute for use in the U.S.S.R. 
data evaluation effort. A tape containing 
indexed references to three Soviet conferences 
was icceived from Moscow in a similar format. 
The upe exchange is a step toward defining an 
accepuble format for exhange of bibliographic 
information. 

6. Documenution of programs used by NDP for 
physics calculations was prepared for 
distribution to the networks. These programs 
have been developed by NDP arid are used 
routinely to extend and to check ENSDF 
data sets. (Examples include log-ft calculation, 
internal-conversion-coefficient interpolation, and 
least-squares level calculation.) 

7. A review procedure for new A -chain 
evaluations has been drafted for study by the 
network. The NDP is committed to review the 
first mass chain from each new evaluation 
group, but an independent review panel will help 
to distribute this work load among qualified 
non-NDP reviewers as well. 

8. At the request of the international network, 
NDP has drafted a list of suggested procedures 
for datt evaluation. Agreement on certain 
standard procedures can simplify die review 
process and will assure some uniformity 
throughout ENSDF. The NDP has also 
prepared a critique of an automated "data 
evaluation'* procedure suggested by the U.S.S.R. 
dau evaluators. 

9. At the Jane 1977 meeting of the American 
Nuclear Society (ANS). NDP initiated and 
organized a special session to describe several 
sources of technical information for nuclear 
scientists and engineers. The special session was 
jointly sponsored by three ANS divisions. 

COMPUTER FILE OF DECAY 
RADIATIONS FOR APPLIED USERS 

M. J. Martin R. L. Haese 
D. C. Kocher1 R. L. Aubte 

W. B. Ewbank 

In response to requests from users of 
radioactivity dau. the Nuclear Data Project has 
included in ENSDF an extensive collection of 
decay scheme information. For this collection of 
about 400 nuclides, the nuclear decay information, 
contained in ENSDF has bee?; supplemented (by the 
addition of K, L etc.. internal conversion coeffi­
cients, average beta-energies, and K. L etc., electron-
capture branching ratios) so that a complete 
computer file of nuclear radiations plus x-ray and 
Auger-electron radiations can be produced by the 
NDP program MEDLIST. New decay schemes 
prepared for ENSDF will routinely include this 
information where available. For many of the dau 
sets included in this collection, additional eval­
uation has been performed so as to include the 
results of new research published since the most 
recent complete mass-chain evaluation. 

The following is a list of requests; it should be 
noted that they conuin considerable overlap. 

I. NCRP (220 decay schemes)—prepared over a 
period of several yean by NDP for the National 
Council on Radiation Protection (NCRP). A 
MEDLIST output will be included as an 
appendix in an NCRP report.7 A preliminary 
version of the dau on 194 of these nuclides has 
already been published.1 
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1 ESD/NRC (240 decay sclunaa)-prepared 
for the Nuclear Regulatory Com.-i-.ioa (NRQ 
by the ORNL EnviroaMeatal Scieaccs Divisioa 
(ESDJ* using the ENSDF formats aad systems 
desamed by NDP Most of these rsdionorMrs 
occar ia the routine release of effluents from 
nuclear reactors. Data for many of the nuclei m 
this group n o t taken from the NCRP fmn 
others were prepared by extend nig decay sets m 
ENSDF which were based on data in dse 
Nucbtt Dttu Sheets, m some cases, newer 
resuks were evaluated by ESD and later merged 
with ENSDF. 

3. CTD (ap to 1030 decay schemes)—being 
prepared for use by the Waste Management 
Analysis Section of ORNL's Chemical 
Technology Division (CTD). ENSDF data will 
be used to generate as many of these decay 
•chcmes as have beei experimentally estab­
lished. For other ni-dei, the ENSDF data 
are being further supplemented by calculated 
values cr other estim&?»f ci half-lives and decay 
energies. 

4. ALSDECAY (S3 decay *cbcroc»>-M»rmbled 
from ENSDF for analysis of cooling problems 
encountered in the irradiation of stainless steel. 

1. EaWIAWMBfnntll ScKtaCCS DfcVftMM. 
2 . A AfunWuW Of RmmMKtffity MMNIftfVPNJIff PfOttlkaTtt, 

NCRP report, to PC pvWMMEd. 
3. Nuclear Decay Dam for Selected Radtomctiies. M. J. 

M M * , ed.. ORNL-SI14 (March I9M). 
4. Nuclear Decay Dam for Radionuclides Occurring m 

Routine Releases frum Nuclear Power Reactors, D. C Kocbcr. 
cd.. ORNL/NUREG/TM-192. w be pgMohed. 

ALPHA-DECAY RATES FOR EVEN-EVEN 
NUCLEI IN THE 204 < A < 236 REGION 

Y. A. Ellis K.P.Toth 
At part of data-compiling activities, alpha-

decay ra^s are systematically examined and 
reviewed for nuclei which undergo that particular 
mode of decay. Transition rates are considered 
within the spin-independent formalism developed 
by Preston.' In his equations, the nuclear potential, 
V, is taken to be simply a rectangular well; that is, 
V is constant for distances (r) less than it and equal 
to 2Zf*/r for r greater than R. The atomic number, 
Z, and the radios, R, used in the calculation ut 
those of the daughter nuclei. 

In alpha decay theory, tnnssanas that proceed 
between dse ground states of even-even nuclei are 
an*——f to be iiiihawVrrri so that their dteoretkal 
rates are taken to be idratical to exprrioaeatal 
values. These eaprrnatntal transition rases and 
alpha-decay earrgna are therefore used to 
deferaame R aad F. For all other alpha-decay 
transitions, R values arc chosen from neighbor sag 
even-even nuclei and are used together wan 
experimental alpha-decay energies to calculate 
theoretical rases. These rates-arc then compared 
with experimental mats to dtatimsne hindrance 
{actors. In many hwtaacTS, hindrance factors can 
be useful in spin and parity assignments. 

A convenient way to study the systematica of 
alpha-decay rates a to examme the treads with 
both neutron and atomic numbers of the r% 
parameter as defined in the usual manner; that is, 
R = (rw4")IO" cm. As part of reviewing the 
mass chains (A = 214,218. 222,226, 230, 234,238, 
242), we evaluated and chose the best available 
alpha-decay data for even-even nuclei in the 
region above lead. Figure 42 shows the deduced r# 
parameters as a function of neutron number for 
isotopes ranging from polonium (Z = 84) tc 
fennhim (Z = 100). Well-known shell effects can 
be clearly observed. The parameters drop pre­
cipitously as the N - 126 closed shell is 
approached. A similar but less pronounced effect 
can be noted as a result of the N - 152 subsheu. 
The effect of the proton closed shell at Z = 82 can 
also be seen; namely, the r ( parameters decrease as 
one goes from radium (Z - 88) to polonium (Z = 
84). 

In the neutron region between about 130 and 
ISO, the curves for each element vary rather 
smoothly. Therefore, it is possible to obtain 
reasonably accurate ru values by extrapolation, as 
indicated in Fig. 4.2 for two deimnts, curium and 
californium. These extrapolated values can be used 
to estimate undetermined alpha-decay branching 
ratios. Two nuclides were selected at examples, 
"•Cm and ™Cf. In Fig. 4.3, we have plotted 
alpha-decay branches as a function of r 0 for the 
two isotopes. Cross-hatched areas indicate the 
range of ratios consistent with the extrapolations 
from Fig. 4.2. For "'Cm, one deduces an 
alpha-branch of (4!j)%. The only value available in 
the literature1 is given as about 1%. We feel that 
our errors on Uie r* parameter ate extreme ones; 
therefore, the alpha-decay branch of 2 M Cm is 
larger than 1%. In the case of "2Cf, no branch has 
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ISO oaat-ooc 7T-t«M 

Fa}. 4.2. PtM0Cr*| above lead as a laactioa of 

been reported.' We estimate its alpha-decay 
branching to be (32!i^%. 

We plan to extend this survey into the region 
below lead and then to systematically deduce 
estimates for unknown alpha-decay branching 
ratios. 

1. MA. Preston. Fhys. Rev. 71, 865 (1947). 
2. G. H. Hifgins. Thesis. University of California (1952). 

LCRL-I796M952) 
3. R. J. Sitva el a l . Mrs. Rev. C 2, 1948 (1970). 

its 
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Fig. 4.3. Aipha drniybwadia^mt»«atoueda»afnactiooof 
ik oaraawm for M >Cfaa4 mGm. Cross-hatched areas indicate the 
possible range of alpha branches consistent with extrapolated 
values of r* for the two nuclides (see Fig. 4.2). 
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5. Magnetic Fusion Energy 
Applied Physics Research 

BLISTERING OF STAINLESS STEEL 
BY ENERGY-DISPERSED HELIUM BEAMS 

J. A. Ray C. F. Barnett 

Blistering of stainless steel by an energy-dispersed 
(0- to 40-keV) neutral beam has been studied. The 
energy-dispersed beam was formed by passing a 40-
keV He* beam through an accelerator-type structure 
gas cell in which a decelerating potential was placed 
across the electrodes. By knowing the electron 
capture and stripping cross sections of He* and He0 in 
helium gas, the computed He0 energy distribution 
was a maximum at low energies (100 eV) and 
decreased approximately 10%, reaching a sharp 
cutoff at 40 keV. Figure S.I shows two electron-
microscope photographs for two stainless steel 
specimens bombarded by a monoenergetic, 40-keV 

He* beam and an energy-dispersed helium beam of 0 
to 40 keV to a d o * of 1.9 x 10* and 2.6 X10" P/cm2 

respectively. The damage or density of surface 
blisters was less but clearly present for the energy-
dispersed beam. However, on a second run, no 
blistering from an energy-dispersed beam was found. 
Electron microscopic examination revealed evidence 
of surface oxidation. 

This discrepancy has been traced to errors in the 
calculated distribution function. Measurements of 
the neutral distribution revealed a peak in the 
distribution at the higher energies, with the lower 
energies being depleted by the defocusing action of 
the decelerating electrodes. Increasing the neutraliz­
ing cell pressure to 8 X 10"' torr partially fills in the 
low-energy distribution. Work is now under way to 
correct the defocusing property of the neutralizing 
cell. 

OWH-M6 /«-litOS 

•MGNIFIC4TI0M-S7S 

4OMVH*»0ftSS 0-40k«VN«*OM SS 

fig. 5.1. EhtiioB awciwfOp«pl»tetraplwo(twofiaink»K*lipcciB»mbo«b«î  
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CONTROLLED FUSION ATOMIC 
DATA CENTER 

C. F. Baraett M. I. V/aker 
S W. Hawthorne G. S. McNeiOy 

The compilation Atomic Data for Controlled 
Fusion Research has been distributed to the fusion 
research community. Because parts of the compua-
tkm are now two years old, data revisions are being 
made with emphasis on those atomic collisions 
involving impurities found in high-temperature 
plasmas. Evaluated cross-section compilations are in 
progress for charge exchange and electron excitation 
and ionization collisions for muhicharged ions. To 
make the data more compatible with the needs of 
plasma modeling, a program has been completed to 
convert the cross-section data to reaction rates and 
analytical expressions for the case of beam-
Maxweilian distributions. 

!n cooperation with the Atomic Transition 
Probabilities Data Center at the National Bureau of 
Standards, the bimonthly publication of the Atomic 
Data for Fusion bulletin has continued. From an 
initial mailing of 57, the number has grown to 400. 
The bulletin has proven to be a very effective means 
of transferring recently acquired data to the fusion 
community several months before the data appear in 
laboratory records or open literature. 

Searching, evaluating, and entering biblio­
graphical data into 'he computer file have 
continued. Work is proceeding to evaluate critically 
the completeness of the file. After references that had 
been omitted have been added to the file, an index 
bibliography for specific colhsional processes will be 
published. 

During 1976, talks wer.* continued with the 
International Atomic Energy Agency to determine 
the role the agency would undertake in their new 
program to provide the international fusion com­
munity with atomic data pertinent to fusion research. 
Their initial effort will be confined to the publication 
of a comprehensive bibliography compiled from 
inputs from the United Slates, the United Kingdom, 
the Federal Republic of Germany, the USSR. , 
France, and Japan. 

SUBMILLIMETER LASER PLASMA 
DIAGNOSTICS 

D. P. Hutchinson K. L. Vander Sluis 
P. A. Staats 

During the past year, developments have con­
tinued of a high-power submillimcier laser system to 

measure the ion temperature in thermonuclear 
plasmas via coherent Thomson scattering. Based on a 
feasibility study performed in 1975.' the Thomson 
scattering experiment requires a submiDimeter 
source with the following parameters: (I) a 
wavelength between 300 and 600 jim. (2) a power 
level of less than or equal to 1 MW. (3) a line 
width at FWHM of less than or equal to 30 
MHz. and (4) a pulse length of 200 to 300 
nsec. The detector for the scattered signal will 
be a heterodyne receiver with a noise-equivalent 
power of 1 0 " W/ Hz, a bandwidth of 1 GHz or 
greater, and a cw submiSimeter laser for use as a local 
oscillator. Therefore, we are developing both cw and 
pulsed lasers for the Thomson scattering experiment; 
the CHjF laser has been im>.aved, and, in addition, 
both a cw and a pulsed submiuoneter laser based on 
the 447-pm CHjI line have been developed for use in 
this measurement. The cw CHjI laser, optically 
pumped by the P(I8) 10.6-pm CO: line, exhibited 
better power conversion efficiency and amplitude 
stability than did the CHjF operating in the same 
laser cavity. The amplitude stability is greater, 
because the CH3I molecule is pumped by a CO: laser 
operating at line center, as opposed to the CHjF 
molecule, which must be pumped approximately 20 
MHz off line center, thus allowing greater drift and 
frequency jitter. 

A new pulsed far-infrared oscillator based on an 
unstable resonator geometry has been operated using 
CH,1 (447 Aim), CH> r (4% nm), and D : 0 (385 and 
361 /im). Averar. , ..~r cstput varied from 
approximately i2 kW with CHjI to 125 kW with 
D:0. A schematic diagra.ii of the oscillator is shown 
in Fig. 5.2. The performance of the oscillator has 
been characterized by the quantum conversion 
efficiency, which, by definition, is 100% when one-
half of the CO: pump photons are converted to 
submillimeter photons. The quantum conversion 
efficiency is plotted in Fig. 5.3 as a function of the 
output-coupler reflectivity for D-O lasing gas. Two 
curves are shown: a I- and a 2.5-m cavity length. 
For the two cavities used, the measured quantum 
efficiency or output power of the l-m cavity was 
approximately a factor of 2 greater than that of the 
2.5-m cavity. Maximum efficiency was obtained 
using a 37% reflectivity for the output coupler. The 
improvement in conversion efficiency when the 
oscillator length was decreased from 2.5 m to I m is 
due to the more efficient trapping and absorption of 
the CO: pump beam. We are continuing work on this 
resonator to determine the mode quality and spectral 
purity of the output pulses. 

Two different CO: lasers were used in these 
investigations. One was a 10-J grating-tuned TEA 

http://diagra.ii


162 

rr-nm 
NaCl IT OFFSET 

TPX- WtHDOH, 

CO, PUMP K M _ 

V M t M L E OUMETER 
FLAT OUTPUT 
COUPLER 

F»1Z •T * c «*t ia% f«Hp(4 « b i 

ts 

177-10174 
OUTPUT COUPLER DIAMETER (CM} 

5.0 7.6 0.9 10.2 

12 

> • o 
K) 

1 

* 4 

T T T T 

i J L _L _L 
0 10 20 30 40 90 60 

EFFECTIVE OUTPUT COUPLER REFLECTIVITY (%) 

F»13. 
Mwiivity foe two CBVMJT 

COj laser, which typically produced 7.3 J on the 
P(22)9-MmliDeusedtopampD]O,8.5JontbeP(20) 
9-pm line used to pump CHjF, and 7 J Jon the P(18) 
10-pm line used to pump CHjI. The other laser relied 
on the injection of a cw signal tuned to the desired 
wavekngth to pull the TEA COi laser to oscillation 
on the proper transition. This injection-tuned laser 

produced approximately 4 J on rssb of the pump 
ones. The significant difference between ihese two 
lasers a the COi Hue width. Pulses from the two lasers 
were observed by a l-nsec-responsc photon drag 
detector and were recorded on a transient recorder. 
When the frequency wascomputer-analyzed by a fast 
Fourier transform routine, the frequency spectrum cf 
the grating-tuned laser contained considerable 
energy beyond 500 MHz from the line center. The 
spectrum of the injection-tuned laser was confined to 
a bandwidth of SO MHz. 

The unstable resonator was developed to serve as 
the oscillator in a l-MW oscillator-amplifier system 
for the ion temperature measurement. A schematic 
diagram of the proposed system b shown in Fig. 5.4. 
The oscillator will be excited by a 15-J TEA COj 
laser, and the amplifier will be driven by a 250-J TEA 
CO: laser. The wavelength tuning of the COz laser 
will be achieved by an injection tuning technique 
developed last year. The submillimeter amplifier 
utilizes parabolic beam-expanding optic? that 
produce a large volume necessary to absorb the 150-J 
pump pulse. At the same time, the amplifier has a 
short length to inhibit superradiance: the overall 
length of the amplifier is I m, with a diameter of 0.64 
m. This geometry yields an active vohimc of 230 
liters. The construction of the amplifier stage has 
recently been completed, and the system is undergo­
ing initial testt to determine the conversion ef­
ficiency, spectral purity, and transvene-gain profile. 

The detector for the Tiomson scattering 
diagnostic test will be a heterodyne receiver using a 
cw submiHimeter laser as a local oscillator. The front 
end of the receiver consists of a mixer mount for a 
Schottky diode and an injection system for the local 
oscillator. The scattered signal with a bandwidth of I 
GHz will be stored by a Tektronix transient digitizer 
system, and the spectrum will be analyzed by a fast 
Fourier transform program in the POP-11 computer. 

mtmi 
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which forms part of the digitizer package. When this 
analysis device was used to determine the spectra of 
the two COj pump lasers described above, the resulu 
confirmed that the device has ;he frequency 
capabilities necessary to analyze the Thomson 
scattered spectrum. 

Based on our work with CHjl, a high-power (40 
m W) cw submillimeter laser has been buih to serve as 
a local oscillator for both the ion Thomson scattering 
receiver and a narrow-band synchrotron emission 
detector. 

Studies have been undertaken during the past year 
to develop a fast-scanning Fourier transform 
spectrometer to measure the broadband synchrotron 
emission from high-temperature plasmas and a 
method of measuring the current density profile in a 
Tokamak discharge by Faraday rotation. 

I. D. P. Hutchinson and K. L. VanderSlw, Proposed Spuiial 
Ion Temperature Measurement *ilhan FIRleaser, ORNL TM-
5071 (November 1975). 

ELECTRON TRANSFER BETWEEN 
HELIUM-LIKE IONS AND HELIUM 

D. H. Crandall 

Single- and double-electron transfer cross sections 
have been measured for B", C4*, N'\ and O** in 

collision with helium at velocities between 0.5 and 
1.2 X 10* cm/sec. The single-electron capture cross 
sections peak near 15 x I0"'*cm: for each case except 
C*\ where single capture is anomalously low. The 
double-capture cross sections are about 3 XI0~"cm2 

except for B*\ where the highest observed value is 
1.5 X 1 0 " cm*. These measurements for B* and C" 
compare well with existing experiments and theory, 
except for the C* single capture. Within the narrow 
range tested, C* and BJ* cross sections exhibit 
variation with velocity, but N5* and O** cross sections 
remain constant. 

CHARGE-TRANSFER COLLISIONS OF 
MULTICHARGED IONS WTTH ATOMIC 
HYDROGEN: MEASUREMENTS WITH 

THE TANDEM VAN DE GRAAFF 

H. J. Kim 
F. W. Meyer 

R. A. Phaneuf 
P. H. Stelson 

Utilizing energetic silicon-ion beams from the 
tandem Van de Graaff accelerator and a thermally 
dissociated atomic hydrogen target, we measured the 
electron capture cross sections, a M - •. for 2*Si ions on 
a hydrogen target. Molecular hydrogen was ther­
mally dissociated by direct ohmic heating of a gas 
target cell.' The incident ion charge ranged from q = 
2 to 7, and the incident energy ranged from £ = 1.4 to 
5.7 MeV. This energy range n equivalent to 50 to 200 
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keV hydrogen energy £ H (or incident energy per 
nudeon) and encompasses the Tokamak Fusion Test 
Reactor injection energy. En = 60 keV. The 
measured cross sections are shown in Fig. 5.5. Also 
shown for comparison are proton + H cross sections, 
OH. 

Cross sections o^ • decrease rapidly and 
monotonically with energy in a manner similar to o». 
although the values are much greater. At a given 
incident energy, the cross section increases with 
incident charge, q, for all energies: a simple 
expression o „ iaqm " with 2 < o < 2.5 represents 
the data well. 

In order to cross-check our previous o,* , values 
for fast F e r + H measured by using an indirectly 
heated target,2 we remeasured a number of F e r cross 
sections with the present target. For reasons as yet 
unknown, presently measured values are 
significantly smaller. 

STARK MEASUREMENTS OF 
ELECTRIC FIELDS INORMAK 

K L. Vaoder Shiis P. M. Baluhi1 

Previous analysis of Isae profile measurements of 
the Balmer alpha, beta, gamma, and delta radiation 
of hydrogen in ORM AK involved data-averaging by 
a computer. In order to eliminate these computer 
routines as an influencing factor, several sets of data 
were analyzed directly from the Biomation recording 
with individual treatment. There were two 
weaknesses in the computer routines: first, the 
averaging process, which tended to mask obvious 
noise; and second, the sampling method, which 
ignored a slight variation in wavelength dispersion as 
a periodic function of time. 

The Biomation recorded approximately 100 
samples of the line intensity in 100 msec. Each data 
point represented a IO-/tsec average of the 
photomultiplier current. In this time interval, the 
relating plate will change the wavelength by 0.032 A. 
This is '/» of the band pass of the slit of the 
spectrometer, which, for the 40-/* slit used, is 0.65 K. 
This technique provided a distinguishing feature to 
separate qualitatively real wavelength variations 
from random time events. Examination of the raw 
Biomation data shows many single events which have 
a rise and decay time of over a few channels, typically 
three tc five. A plasma current variation of this time 
characteristic cannot represent a wavelength 
character because the slit function of the spec­
trometer covers 20 channels. However, it is possible 
that the probability of observing a signal at that 
wavelength is low, and one is observing fluctuation in 
ihe signal level. In either case, the process of 
averaging over 11 channels erases this time feature 
and yields a broadened signal which is difficult to 
distinguish from the real 20-channel wavelength 
information. 

This analysis provides .vidence of why variations 
of the order of 0.25 A in the positions of real peaks 
occur. It also confirms that the signals are too close to 
the noise level to provide meaningful measurements 
of weak satellites. Finally, the major features of the 
profiles correspond to the basic Balmer emissions 
and to known impurity spectra. 

1. O. W. McCtore. fhyt. Rev. 141.47 (1966). 
2. J. £. Bayfield. Rev. Sci. huirum. 40, 869 (1969). I. Consultant. Boston College. Brighton. Mas*. 
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CHARGE-TRANSFER COLLISIONS 
OF MULTICHARGED IONS WITH 

ATOMIC AND MOLECULAR 
HYDROGEN: MEASUREMENTS WITH 

LOW-ENERGY ACCELERATORS 
R. A. Phancuf F. W. Meyer 

D. H. t randall 

The study of electron transfer in collisions between 
multiply charred ions and atomic hydrogen is 
fundamental to the understanding of charge-transfer 
mechanisms, due to the relatively small number of 
electrons comprising the ion-atom system. In 
addition, such studies are of practical interest because 
of potential applications in various areas of 
technology, such as the neutral-beam injection 
heating of fusion plasmas. 

Experiments to measure charge-transfer cross 
sections for multiply charged ions of helium, carbon, 
nitrogen, and oxygen incident on atomic and 
molecular hydrogen gas targets were initiated in June 
1976. utilizing the 600-kV accelerator located in the 
Fusion Energy Division.'" 

Charge- and mass-analyzed beams of up to triply 
ioni/cd C. N. and 0. as well as JHc' and 'He"", were 
produced in a simple hot-filament electron-impact 
ion source and accelerated through voltages ranging 
from IOto600kV.Chargestatcsgreaterthan3+ were 
produced by stripping fast 2+ and 3+ ions on thin 
Formvar foils or. in a few cases, on residual gas. The 
desired charge state was selected by electrostatic 
deflection and passed through a tungsten oven in 
which hydrogen could be thermally dissociated. The 
primary and charge-transfer components in the 
emergent beam were separated by a second stage of 
electrostatic deflection and were counted using a 
channel electron multiplier. 

The directly heated tungsten-hydrogen oven is 
essentially the same as (hat previously used and 
described by McClurc.' The degree of dissociation of 
hydrogen was determined by monitoring the varia­
tion with oven temperature of double-electron 
capture by 20-kcV protons with H and argon target 
gases in the oven.' For a heating current of 130 A. 
which resulted in an estimated oven temperature o( 
2350*K. the dissociation fraction was determined to 
be 95 rf. The target thicknesses were determined by 
normali/ing to well-known cross sections for single-
electron capture by 20-kcV protons incident on 
hydrogen and H; targets. 

Results of the electron-capture cross-section 
measurements for oxygen ions incident on both 
atomic and molecular hydrogen targets arc presented 

in Fig. 5.6. The results for both incident nitrogen and 
carbon ions are qualitatively similar. At the lower 
velocities, where the relative panicle motion is 
comparable to that of the outer atomic electrons (v 
about 2 X 10" cm sec). thecoHisioncrosssectionsare 
determined by the detailed behavior of the potential 
curves of the quasi-molccule formed during the 
collision, which can differ considerably from system 
to system. At these low velocities, no general trends 
are apparent in the data. The capture cross sections 
for C . N " . and O ions incident on H arc in good 
agreement with the measuremen's of Crandall ct al.'" 
over the range of velocities where the measurements 
overlap (5 X 10 < v < I X 10" cm secj. 

At higher velocities (v less than about 2 x 10 
cm sec), however, momentum transfer becomes the 
dominant mechanism for charge transfer. In this 
velocity region, the cross sections for C . V". and 
O" projectiles for q less than 2 are similar in 
magnitude, fall off similarly with velocity, and scale 
approximately as q . as predicted by the Bom 
approximation. At the highest velocities, the cross 
sections for electron capture from H ; targets are 

20 
( f 4 ENERGY (keV) 

CO 200 600 1000 MOO 

1 2 3 4 
INCIDENT ION VELOCITY (i08cm/s) 

Fig. 5.6. Experiments etaroii-tapairt cross sections for 0**+ 
H - 0 * r ' + H'(sc«pointtaiidcuives).andforO,,*+Hi-0*«-,+ 
Hi (open points and dashed curves). The solid curve* arc labeled 
by Che incide.il ionic charge ~q~. Diamond*, q = I: circle*, q = 2; 
Mtuarc*. q = J: triangle*, q = 4; inverted triangle*, q - i. 
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rnfMy double those for atonic-hydrogen targets in 
a l cases. Rcceat classical Monte Carlo cakvla-
uoas7~* of cross sections for electron capture at these 
higher velocities by multiply charged C. N, O. and He 
ions in atonic hydrogen are in good quantitative 
agreement with the present data. 

In the case of He'* ions incident on molecular 
hydrogen, our measurements of g;iando> agree well 
with previous measurements.1^'' For atomic 
hydiogen, the present data are in excellent agreement 
with the measurements of Shah and Gilbody."' and 
with those of Fite et al." as renormalized by Shah and 
Gilbody.1" but disagree substantially with those of 
Bayfield and Khayrauah.'' For collisions of He' ions 
with atomic hydrogen, the present o\.> cross sections 
are believed to be the first reported experimental 
values for total electron capture. 

In addition, the ORNL Penning ionization gage 
(PIG) heavy-ion facility was utilized for charge-
exchange cross-section measurements of lithium-like 
and helium-like ions of B, C. N. O. and F with atomic 
and molecular hydrogen targets at lower velocities (v 
less than or equal to I X 10* cm sec). The molecular-
hydrogen measurements are in excellent agreement 
with experimental results of CrandaM et al..'' and the 
atomic-hydrogen cross sections are in fair agreement 
with absorbing-sphere Landau-Zener calculations of 
Olson and Salop. '* These atomic-hydrogen 
measurements, however, disagree with experimental 
results of Bayfield et al.1" Additional experiments 
with Bayfield11 and Gardner' employing their 
apparatus and the ORNL PIG ion source are in 
progress. 

t. R. A. Phaneuf am< ft. H. McKnight. Bull. Am. Ph\s. W 21. 
126611976). 

2. F. W. Meyer. R. A. Phaneuf. and R. H. Mcknight. Topical 
Conference on Atomic Processes in High-Temperature Plasmas. 
Knoxville. Tenn.. 1977. 

3. C. W. McClurc. Phys. Rev. 148, 47 (1966). 
4. J. E. Bayfield. Rev. Sri. Insitum. 40, (69 (1969). 
5. C. J. Lockwood. H. F. Helbig. and E. Evcrhari. J. Chtm. 

Phys. 41,3820:1964). 
6. D. H.CnndaU.D.C. Kocher.and M. L. Mallory. Phvs. Rev 

A 15.61(1977). 
7. R. E. Obon and A. Salop, accepted for publication by 

Physical Review A. 
8. R. E. Obon et al.. submitted to Physical Review A. 
*. R. A. Phaneuf et a)., tetter submitted to Journal of 

Phytic* at 
10. M. §. Shah and H, B Gilbody. J. Phys. B 7,630 J1974). 
11. J. E. Bayfield and C. A. Khayrallah. Phrs. Rev. A 11,920 

(1974); Phys. Rev. A 12, 869(1975). 
12. L. I. Pivovar. M. T. Novikov. and V. M. Tubaev. Sov. 

Phys.-J£TP\S,\03Hm2). 

13. R. A. Bbnfjoai aad I. B. Ncaeirovsk*. V«rf. murmm 
V<-rW> IM. 511(1973) 

14. W. I. File. A. C. H.'SoMh. aad R F. Stcbbiagv Pruc. R. 
Sue. iMtthm, Set. A 26B. 52711962). 

15 R. E. Oboa aad A. Salop, ffcri. Rex. A 14. S79 (I9?6>. 
16 J. E. Bayfield ei al . Abumct* »r" the Fifth mtenrntmml 

Omfrnmr on Atomic Physics. Berkeley. Calif.. 1976. 
17. Panmpaots from the I'nhcnit) ot Pittsburgh. Pilbbargh. 
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ELECTRON COLLISIONS WITH 
MULT1CHARGED IONS 

D. H. Crandall P. O. Taylor' 
R. A. Phaneuf D. C. Gregory' 

G. H. Dunn' 

Electron-impact ionization and excitation of 
multicharged ions of C. N. and O were measured 
using ions from the ORNL PIG ion source' crossed 
by an electron beam, as illustrated in Fig. 5.7. These 
experiments are in cooperation with the Joint Insti­
tute for Laboratory Astrophysics (J I LA). Boulder. 
Colorado. The measurements extend our under­
standing of basic atomic-collision processes and have 
application for interpreting plasma-light emission 
and for modeling behavior of the high-temperature 
plasmas of astrophysics and fusion. 

The measured absolute cross section for excitation 
of the C'" (2s-2p) resonance transition shown in Fig. 
5.8 is the first excitation measurement of a multiply 
charged ion. The Gaunt-factor curve shown is a semi-
empirical estimate obtained by generalizing the 
behavior of known excitation cross sections for 
neutral atoms.' Such estimates have been used in 
plasma models and are of questionable accuracy, as 
illustrated by the present case. However, the theoret­
ical Coulomb-Bom and two-state close-coupling 
calculations4 are in excellent agreement with the 
experiment—the best agreement ever obtained by 
two-state approximations for near-threshold excita­
tion of a positive ion. The measurements will be 
extended to excitation of N4* (2s-2p) and possibly to 
some ions of other isoelcctronic sequences to provide 
further tests of theory. 

Electron-impact ionization cross sections have 
been measured for C'\ N". N 4 \ and O" for energies 
between threshold and 500 eV. Figure 5.9 shows 
results for C" and corr? irisons with other work. The 
Lotz,J* semiempirical cross-section estimates are 
similar to the Gaunt factor for excitation and have 
been most widely used in plasma modeling. Present 
data support other evidence7 that the exchange 
classical impact parameter (ECIP) theory due to 
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!*\ii/ev% provide* the most reliable calculatrd value* 
Jbi results deduced from wni/ation n»te* in a 0-ptnch 
plasma' are in food agreement with the pmcn» dau 
for the C case, but for V ' the plavma mcaMirctients 
were a factor of 2 lower than our data. 

Our ionization measurements will be extended to a 
few more ion* and to higrrr cnerg ie» during 1978. 
The existing results for bom ionimion and excita-
(ion cross-section measurement* will be prevented at 
the International Conference on Electron and 
Atomic Collisions in Paris. July 1977. and arc being 
prepared lor publication. 
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NEUTRAL-PARTICLE SPECTROMETERS 

J. A. kay 
C. I-. 

I) . A. Brisson' 
Barnclt 

A paraCcl-platc ion energy analy/cr and a Wicn-
typc io' velocity filter analyzer using an N gas cell to 
strip energetic hydrogen atoms have been fabricated, 
calibrated, and placed in operation on the El.MO 
Bumpy Torus (EBT) ,>lasma to determine the p'asma 
ion temperature. Measurements made by the EBT 
group have confirmed previously measured ion 
temperatures, indicating that previous measurements 
were not distorted by the presence of impurity 
neutrals escaping the plasma. 

('sing heat pipe techniques. *c fabricated a cesium 
oven and calibrated it to convert hydrogen atoms to 
H . KigurcS. 10 shows the spectrometer efficiency as a 
fnnction of hydrogen energy. Also shown for com­
parison is the efficiency of a conventional nitrogen 
conversion cell in which H" was converted to H . At 
an energy of 100 cV. the cesium conversion cell is 2' 
orders of magnitude more efficient than the nitrogen 
cell. The spectrometer has been placed in operation 
on EBT and has increased the reliability ol the data 
for low-energy neutrals. 

I. OKAC Kcw.rrch l*;irtn.ip;inl. Nnrlh Cari'limi Suite I niur-
Ml\. Kiik-rgh 
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6. Atomic and Molecular Physics 
Accelerator-Based Research 

INTRODUCTION 

P D Miller C D Moak 

The following research areas are being actively 
pursued, in most cases with beams of particles from 
the EN tandem accelerator Ion Stripping in Oases 
and Solids: Ionic States inside Solids. Inner-Shell 
and Outer-Shell Excitation of Multiply Charged 
Ions: Radiative and Nonradiativc Electron Capture 
by Multiply Charged Ions: Beam Foil Spectroscopy 
and Target Atom Radiation: Auger and Autoioni/a-
tion Processes; Stopping Powers of Heavy Ions in 
Gases. Solids, and in Crystal Channels: Coulomb 
Excitation and Molecular Orbital Promotion of 
Atomic States of Heavy Atoms: Electron Ejection 
from Solids: and Quasi-molecular X-Ray Studies. 

Results in theseareas have already made impacts in 
the related fields of fundamental atomic structure, 
ion penetration in matter, radiation damage in solids, 
ion-induced x rays for chemical analysis, accelerator 
technology. i.nd thermonuclear studies. Highly 
stripped heavy ions affect the performance of 
thermonuclear plasmas. These particles, if present as 
impurities in controlled thermonuclear reactor 
(CTR) devices, can produce serious power losses 
through radiative and nonradiativc electron capture. 
A better understanding of these loss processes may be 
helpful in the choice of materials that wi'l • „ exposed 
to plasmas. Stopping powers and range 
' easurements arc useful in understanding neutron 
radiation damage for fission and fusion technology, 
as well as in having a basic understanding of 
fundamental mechanisms of ion-stopping power and 
of solid-state pnysics. 

In 1962. the discovery of .nulticomponent heavy-
ion beams with the E.V tandem accelerator led to the 
routine use of heavy ions for solid-state physics 
research and to a program of stopping-power 
measurements: both these areas are still being 
pursued. Early use of bromine and iodine ions as 

simulated fission fragments led to studies of fission 
detectors, crystal channeling, and charge states of 
stripped ions, in addition to ordinary stopping 
phenomena. 

Table 6.1 summarizes the activities on the EN 
tandem Van de Oraaff accelerator for the past year. 
Some of the results of group I have been published.1 

Other work by this group has shown that, when ion 
and target /are matched, the target atoms are able to 
fill A-shell holes carried by the ion with high 
probability. This effect is so prominent that the 
charge-state distribution of chlorine ions passing 
through a KCI target is almost one-half charge less 
than is the case with carbon or aluminum targets. 
This direct transfer of electrons from inner shell to 
inner shell of identical particles is a subject under 
intensive study in several laboratories. Group VII in 
Table 6.1 has also been concerned with the direct 
transfer of electrons from the target K shell to A-shell 
vacancies in the incident projectile. These studies 
were made by measuring A' x-ray yields from "Ti. 
> u . and :Gc bombarded by 52-MeV , 4Si*\ 
When vacancies were present in the silicon (q = 13*. 
14). large contributions due toclectron transfer were 
observed, which increased by a factor of about 10 as 
/ approached / , These results and a quantitatively 
satisi.ir.ory comparison to a new theory of electron 
capture with no adjustable parameters have been 
accepted for publication in Physical Review A. 

Group II in Table 6.1 has developed a new method 
for the measurement of charge-state distributions of 
stripped ions: a system for doing the measurements 
has been built and has proved to be a better way 
to evaluate the performance of gas-stripper equip­
ment designed for tandem accelerators. The 
method consists of using a gas cell fitted with exit 
apertures which exactly conform to the acceptance 
cone angle of the assumed accelerator-tube optic 
system, followed by a magnetic quadrupole which 
selectively focuses the entire cone of ions of one 
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Tablet. I. Summary of cement atomic physic*acttvirte*ami recent acrnmtelshmenlaon the EN I—daw V— deOnttl 

Personnel group Activity and recent results 

C. D. Moal:. P. D. Millar. J. Gomai 
del Campr. S. Dan.' P. Dittner* 

Investigation of higher ordar Z\ effect* and effect* of 
tcreenins by bound projectile K electrons on the electronic 
stopping of channeled ions. Recent results: 

• Stopping of froien charge states of ions C *, N* *. 
0 « \ and F"* in the Au M111 planar channel it very 
cloatly proportional to q . 

• Stopping of bare nuclei with Z\ • I - 9 and velocities 
comspondlng to 2.0and J.S MeV/amu in the Au 11II) 
planar channel iinot proportional t o / i 1 and it not 
in agreement with proposed theories leading to additive 
Z\s and Z\ * corrections to the stopping power formula. 

Important for 'J 
of tilt sMerfcsg aown of cnntgjM 

a. fmdon ftagtnMta In 
b. raoottoMtaCTlt 
c beam pnrtkna hi 

or atomic 
for 

II. G. D. Alton, C. M. Jones, C. D. Moak. 
P. D. Miller. L. B. BridweU,6 Q. C. 
Kesaei." H. Scott,41 B. W. Wehring' 

Studies of absolute yields of highly stripped heavy ions from 
beams traversing gas and foil strippers. CI, Fe, and I Ions haw 
been studied with Nj, Ar, Kr, and Xc *a» strippers and in some 
earns compared to C foils. Particular emphasis on the smal-
angle angular distributions. 

4t4g»ofMO0<imMi 
oftheHHtRF154(V 

fot 
forth* 
In son* 

HI. a J. Kim, F. W. Mey-n, R. N. Phaneuf. 
P. H. Stelson. J. E. Bayfield/P. Koch* 
L. Gardner* I. A. SeUin,' R. S. Thoe/ 
J. P. Forester/ H. C. Haydenc 

Measurements of charge transfer cross tactions for protons and 
highly ionized Fe ions irvident on atomic hydrogen, Hj, and Ar. 

Tin raamtt fot Fe tons are of direct sateroat 
to MFC because of the presence of Mgft> 
stripped Pa impurity tone m CTR alaimei. The 
proton rewrite** important m dJataptMriXf 
asymptotic tatamantai thcortat amt am 
important Co; tho nentral I 
probmm for MPE. 

IV. C. 0. Moak, J. A. Bscjerstaff, B. R. 
Appkton.* T. S. Noggie.* C. W. 
White,* G. Clark' 

Investigation of surface and volume contributions u> radiative 
electron capture by fast heavy ions, using crystalline channeling. 

In crystal channels, tout cut move In i 
pure electron medium of very high density, by 
eMmmatmg nnclanr sto0neMv cjoee hieeaot 
coBiaVmsdo not obecwrc the tonga* tangs 
radiative capture afreet*. The channel simulates 
a stream of etacti one pataing the ion al velocities 
of interest to the MFF. program. 

P. M. Griffin. I. A. SeUin.' 0. J. Pet*.' 
R. S. Thoe,' S. B. Ebton,' J. P. 
Forester/ C. R. Vane/ K. S. Peterson. 
H. C. Hay den, J. J. Wright/" K.-O. 
Groeneveld." S. R. Schumann." 
S. Bashktn." K. W. )3ue%,p T. H. 
Kruae." D. J. Ptsano/' R. Laubertr 

Measurements of lifetimes and spectra of ultraviolet and soft 
x-ray emitting states of heavy ions which have been highly 
ionized and excited by passage through foils or case*. 
Recent results are the measurement of many lifetimes of An • 0 
transition* within the /. shell of highly ionized Si. S, amt CI and 
within the M shell of Fe. 

i many of these mm* ions occur as 
impurity COMIMSMHIS m plasma*, the recall* 
are of direct interest to the MFE program, 
and to astrophysics. 

J f^BJt ApphMon.* T. S. Noggie,* Measurenwnt* of radiation damage in Al by Al ions, at evidenced These st udiM ore men Big 
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P. M. GHflte. 1. A. Srilte.'a J. Vets.' 
R. S. Titos,' S. B. E t t W J. P. 
Forester/ C. R. Venn/ R. S. fetation, 
H. C. Hayden, J. J. Wright,"* K.-O. 
GroeneveM," S. R. Schumann " 
S. BashaJn,0 K. W. lone*.'' T. H. 
Kruse,* O. J. Pisano.* R. Uubert' 

VI. B. R. Appleton,* T. S. Noggle.* 
C.W. White* 

Measurements of !&&.*• •nd spectra of ultraviolet and soft 
x-ray emitting states of heavy tons which haw been highly 
ionised and excited by passage through foOt or pass, 
Recent results are the measurement of many ttfetimes of A* • 0 
transitions within the I ahsU of highly ionised Si, S, and a and 
within lhe M shell of Fa. 

Measurements of radiation damage in At by AI Ions, as evidenced 
by the dependence of AI resistivity on accumulated dote. 

• a * * * 

These studies are 
it* of. radiation 
material ttsstf. 

*t 
understand* 
atoms of the 

VU. P. O. Milter, C. Basbaa/ J. L. 
Duggan/ F. D. McDaniel/ J. D. 
Gresaatt,' D. Johnson,' B. D. Payne,' 
G. Peeper/ R. Rice/ A. D. Town/ 
J.' .-icomi/ R. P. Chaturvedt," 
R. M. Wheeler." F. EUiot," K. A. 
Kuenhoid,v J. McCoy." A. R. Zander." 
L. A. Rayburn * J. Un,y S. J. CipoUa/ 
G. Lapfcki1" 

Measurements <\f x-ray production cross tactions for a variety 
of heavy ions. Recent results include 

• cross teuton* for production of K x rays from targets 
Z 2 • 20-SO, t x rays from targets of Z-, « 56-83, 
M x rays from targets of Zj • 78-83 for incident ions 
ofZ, a $-9, as a function of bombarding energy, 

• Incident charge-state dependence of K x-ray production 
cross sections for Si on Sc, Ti, Cu, and Gs have been measured. 

a. These systematic ststdsat have led to the 
dsvesopntsnt of oosxsevesit tlssoistiosl osftno* 
tiont to the stances ptane wave Bon apatoxi-

b, A quantitative theory of tatgjM K-sesctroa 
capture by piojtrtilss with K varan rats has 
davejMpeej wMcJt is in afineewent with thass 
experfcnanti. 

"Chemistry Division. 
feMurray Sute University. Murray. Ky. 
"University of Connecticut, Storts. 
'Cornell University, Ithaca, N.Y. 
'University of Illinois, Urbana-Champaign. 
^University of Pittsburgh, Pittsburgh, Penn. 
'Yale University. New Haven, Conn. 
"Yale University, thesis student. New Haven. Conn. 
'University of Tennessee, Knoxville. 
'University of Tennessee, thesis student, Knoxville. 
*SoHd State Division. 
'Solid Sttte Division on assignment from Mineral Research Laboratory, CSIRO, Sydney, New Soulh Wales, Australia. 
mUniveraty of Nc-v Hampshire, Durham. 
"institute Mr Kemphysik der Untversit'at. D-6 Frankturt/M. 90, Germany. 
"University if Amona, Tucson. 
*Brookhaven National Laboratory, Upton. N.Y. 
^Rutgers University, New Brunswick, N.J. 
'New York University, New York. 
'North Texas Sute University. Denton. 
'North Texas State University, thesis student. Denton. 
"State University of New York, Cortland. 
"Tulsa University, Tuba, Okla. 
"East Tsxas Sute University. Commerce. 
'University of Texas, Arlington. 
^Tennessee Technological University, Cookeville. 
'Craighton University, Omaha, Nebr. 
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: into aa electrostatic analyzer 
of yield per unit 

: of that charge state can be made. The 
performs the integration of an entire 

distribution out to the correct sohd angle, 
by charge. rthnhwmg the computer errors 

very narrow angular 
\ are integrated numerically. The price is 

that, in principle, only one charge at a time can be 
. In practice, it has been found that, for the 

charge states, the scattering is so nearly 
forward that several charges can be measured on each 
run. Using the tandem Van de Graaff accelerator, 
group III m Table 6.1 has measured electron capture 
cross sections for F e r (6<q< 14) over the energy 
range 30 < £ H < 290 in atomic and molecular 
hydrogen and argon. The charge-state dependence 
ranges from qxi at low values of q and E to o*° for 
higher values of q and £ An empirical scaling 
formula has been found to relate the Fe** + H cross 
sections to those of H* + H. 

The unique constraints imposed on the interac­
tions of energetic heavy ions with target atoms as a 
result of the channeling effect have been utilized by 
the members of group IV in Table 6.1 for in­
vestigating the phenomenon of radiative electron 
capture for totally stripped oxygen ions. Along with 
the cross-section measurements, group IV members 
have measured the numbers of tons which capture 
electrons specifically at the two surfaces of the crystal 
specimen; they have found that the two surfaces give 
differing amounts uf surface capture, and sputter-ion 
cleaning does net seem to affect this difference. The 
cause of the difference is not known at this time. 

The activities of group V in Table 6.1 are 
summarized in the next section. The activity of group 
VI. consisting entirely of personnel from the Soiid 
State Division, is summarized in Table 6.1. 

I. S. D»U et »L. fhyt. Rev. Lett. 3$. 1143 (1977). 
I G. Upicki Mid W. LoMMky, Phys. Rtv. A I J, W* (IV77). 

ATOMIC STRUCTURE AND 
COLLISION EXPERIMENTS 

P. M. Griffin 
D J. Pegg' 
I.A.Sellrn1 

S. B. Rtston' 
J. P. Forester1 

K.-O. Groeneveld2 

H. C. HaydW 
R. S. Peterson1 

S. R. Schumann2 

R S. Thoe' 
C. R. Vane1 

J. J. Wright* 

Our principal research activity concerns the atomic 
structure and collision phenomena of highly stripped 

ions in the range Z « 10 to 35. The primary objective 
of our research is die study of atomic structure of 
highly ionized heavy ions and their modes of 
formation and destruction in collisions. The decay of 
excited states of these ions by radiative and by 
ckctron-cmistion processes is the phenomenon we 
study in carrying out these experiments. Our major 
tools are die various heavy-ion accelerators at Oak 
Ridge National Laboratory (ORNL) and 
Brookhaven National Laboratory (BNL); x-ray, soft 
x-ray, and extreme-ultraviolet spectrometers; elec­
tron spectrometers; and a variety of peripheral 
equipmev issockted with these devices. Our main 
experimental activities of die past 18 months are 
summarized in die succeeding paragraphs. 

Lifetimes and Spectra Using 
Beam-Foil Excitation 

We have concentrated our efforts in mis area on 
multiply charged heavy ions of simple structure, that 
is, ions with only a few active electrons. Most of the 
transition! studied are in-shell (An = 0) electric-
dipoie processes, a large number of which *x the 
principal resonance transitions of highly stripped 
ions. The beam-foil excitation method has been 
employed to measure both wavelengths (transition 
energies) and lifetimes (transition rates) by a time-of-
flight technique. From a combination of both of these 
quantities, the/value, a measure of the strength of a 
transition, can be obtained, which is of great value to 
spectroscopic diagnostics in high-temperature 
plasmas and astrophysics. 

This / value also serves as a convenient "bridge" 
between experiment and theory in atomic structure. 
Our / value results are compared with relattvijttc 
calculations which often involve intermediate cou­
pling due to the substantial magnitude of the spin-
orbit interaction in these highly ionized systems. One 
jf the purposes of our work is to confirm these recent 
calculations in an attempt to extrapolate the/-value 
regularities along isoelectronic sequences r/vs 1/ Z) 
that have already been established in the non-
relativistk region of lower Z ions. 

In this report period we have studied An - 0 
transitions5'10 in highly ionized Si, S, CI, Fe, Cu.and 
Br. In the elements Si, S, and G, we studied intrashell 
L-shell transitions for ions isoelectronic with lithium 
through fluorirs. These measurements were made 
using MeV/amu ion beams from die ORNL tandem 
Van de Graaff accelerator. Similar in-sheU tran­
sitions were studied in die M shells of die elements Fe, 
Cu, a.wl Br Specifically, we limited this work to 
sodium-like and magnesium-like structures such *» 
Fe"* and Fe14*. The work'0 on sodium-like copped 
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and bromine was performed on the BNL MP 
tandem Van de Graaff accelerator due to tLe energy 
limitations of the ORN'L EN tandem. The work on 
Br", which required a beam energy of 151 MeV. 
represents lifetime measurements on the most highly 
stripped member of the sodium isoclectronic group 
ever studied to date. These higher energy experiments 
were performed by two of us in collaboration with 
B. M. Johnson and K. W. Jones of Brookhavcn 
National Laboratory. J. L. Ceccfii of Princeton 
University, and T. H. Krusc of Rutgers University. 
Typical examples of some of our results are shown in 
Figs. 6.1 and 6.2 and in Table 6.2 

omn-MC 1-tfMl 
•COO' 

I 

Fig. 6.1. Spectral n a showing the do«Me< ipMnwn of the 
l»»o—etliBW0flidu»»lifcciulpfcur(5") lh<*»ve»engih«ca)e 
a "»% otner>«2." in wh'ch Itwre is a Doppler vhifl of approximately 
0.46 A 

In an experiment involving the "neon target 
spectrum" produced by impingement of foil-
transmitted highly stripped heavy projectile ions, it 

(2*1 *P° 

X4I7 

T(2/> 2P°)i75e*?»( 

10* i-
0 4 8 12 16 20 24 

DISTANCE (mm) 

fig. t>2. Typical decay ran* from the 0ilpfKM level of 
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was found that the cross section for production and 
excitation of Ne** L x rays, belonging to charge *tt'.es 
f » 2 to5 and (ailing in the energy range of 25 to ISO 
eV. was great enough that a grazing incidence grating 
spectrometer could be used for thrir dispersion and 
detection. This gave rise to line widths less than or 
equal to 0.007 eV which were due entirely to 
instrumental broadening because oftherelativelylow 
recoil velocities of the emitters, which in turn led to 
negligible Doppter broadening." 

Electron Spectroscopy and Collision Studies of 
Core-Exmed States of the Alkalii Metals 

Our previous spectroscopic observations'' have 
made possible a study of the mechanisms responsible 
for populating core-excited states in alkali ion-atom 
collisions at impact energies in the 10- to 50-keV 
range 

Autoionization electron spectra from low-energy-
collisions of Li* ions with gaseous helium Urge's are 
of considerable current importance for several 
reasons. First, the (l.i.He)' system is the simplest 
asymmetric collision svstem involving atomkally 
structured particles in which core excita' on occurs, 
and is thus potentially amenable to a., ab initio 
theoretical treatment. Second, core-excited states a re 
copiously produced in these collisions, 
predominantly through the quasi-molecular promo­
tion mechanism proposed by Fano and Lichlen." 
Third, core-excited states of light atoms and ions 
decay almost exclusively through autoionization 
rather than by radiative modes: hence, observation of 
the ejected electrons is superior to detection of 
radiation as a means of probing the excitation 
mecnanism. Fourth, because only one final state is 
possible for the autoionization decay of singly core-
excited states in lithium, interpretation of the spectra 
in terms of populated states is relatively straight­
forward. 

Current models14 of the molecular-orbital promo­
tion mechanism are almost exclusively independent 
electron models; that is, the molecular states are 
treated essentially as products of one-electron 
orbitals, with electron-electron interactions included 
only to the extent that they cause a screening of the 
nuclear charges. We have obtained and reported" 
preliminary results which appear to be at variance 
with these stmnle models; an example of the pertinent 
spectra appear- in Fig. 6.3. Shown are the spectra of 
electrons ejected from neutralized lithium projectiles 
after single collisions at 10 and 50 keV with helium 
target atoms. Of particular interest is the behavior as 
a function of impact energy of th: two lines attribu ted 

50 55 60 
Fnj. 6.3. Spccum of electron* ejected by neutralized lithium 

projcctilet after single COUMOM with • henun gas target, for 
impact energies of 10 and 30 keV. The 10-keV spectrum hat been 
magnified by a factor of 4. Electron energies are given in the m l 
frame of the projectile, and line auignment* arc thox given by 
Pcgget al. Iref. 12). 

to autoionization decay of \s(2s2p'P):P" and 
\si2s2p'P)2P" core-excited states of neutral lithium. 
Because these states have the same electronic 
configu ation and differ only in the coupling of the n 
= 2 electrons, independent-electron models do not 
explicitly distinguish between them, but instead 
predict a constant ratio for their relative line 
intensities. Accordingly, a study of exciution cross 
sections of these and other states is expected to 
provide important clues to the man)-electron aspect 
of quasi-molecular promotion mechanisms. Similar 
work is in progress to study excitation of other alkalis 
in collision with various gas targets. 
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Low-Energy Ne** + Ne Collisions 
Involving X-Vacancy Production 

In an experiment on the Penning Ion-Source 
Facility and at New York University. A-vacancy 
production (signatured by the emission of x rays) has 
been studied at various projectile energies in the 
collision system 4\c"' - '\c (A.B~ 20OT22:q = I — 
5). One of the principal purposes of this experiment 
was to study the influence of the number of 2p 
vacancies carried into the collision by the projectile. 
Our results indicate that K x-ray production cross 
sections for this system scale appreciably more 
strongly than n b (n = number of initial 2p 
vacancies), the result predicted by Briggs and 
Macck'* for symmetric collisions. Eichlcr and 
Willc. however, have shown recently that the Ne* 
* Nc system cannot be considered as being symmetry 
for large q. and our results would seem to confirm 
this. 

Another objective of this work was to test the mass-
dependence (isotope) effect, using both"' Ncand " Nc 
as cither projectile or target in experiments. Tins 
hypothesis is fundamental in the theory of A-vacancy 
production as given by Briggs and Macek. " A basic 
approximation employed in (he theory assumes that 
A-vacancy production in symmetric collisions 
between different isotopes of the same element would 
be approximately the same in collisions at the same 
relative velocity (the "equal velocity rule"). 

The most significant result of our mass-
dependence studies is that, at sufficiently high relative 
velocities, the previously mentioned "equal velocity 
rule" holds very- well. For velocities near threshold 
(where A-vacancy yield varies nearly vertically with 
beam energy), isotope effects as large as 40'i have 
been observed. This large isotope effect (40/7 yield 
difference for a 10*7 mass difference) can be 
understood in terms of the molecular-collision model 
of Barat. Fano and Lichien ' at small collision 
velocities. The mass-dependence experiment was 
done at New York University in collaboration with 
R. Laubert and F. K. Chen and provided the first 
precise test of the theoretical predictions, using K x-
ray production as a measurement of the A-vacancy 
production.'* 

Electron Capture by keV Energy Multiply 
Charged Ions in H, Hi, He, and Ar Targets 

Another application of the ORNL Penning Ion-
Source Facility involved the measurement of electron 
transfer at keV beam energies. Projectiles used in this 

work were h' \q = 2 4). O' iq - 1 4). V* iq=2 5). 
and Of iq =• 2 5). Targets were atomic and 
molecular hydrogen and heliumand arpon. The work 
was a collaborative effort with members of the Yale 
University collisions group (J. E. Bay field. L. D 
Gardner, and P. M. Koch), which supplied the atomic 
hydrogen target. The essential results can be found in 
(he paper by Bayfield et al. " 

In another collaboration with this same group, we 
studied electron transfer at MeV beam energies for 
the fundamental collision system H" + H. These 
studies are of considerable significance because they 
relate to one of the most basic problems of scattering 
theory, the three-body problem. Prelimina- results 
of this work are given in the paper by Gardnet et al. :' 
At this time, analysis of :he data is still under way. 
Because the electron transfer cross sections at these 
energies arc so small, the experiment is very sensitive 
to even small concentrations of contaminants in the 
target, and these impurities will set the limit of 
precision attained in this work. 
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Atomic and Molecular Physics Other than 
Accelerator-Based Research 

ELECTRON SPECTROSCOPY 

INTRODUCTION 
T. A. Carbon P Agron 
W. B. Dress G. L. Nyberg 

F. A. Grimm' 

The program on electron spectroscopy has been 
directed toward the development of x-ra> and 
ultraviolet photoelectron spectroscopy as tools for 
the study of surfaces. An important breakthrough in 
our program occurred in February 1977 when an 
ultraviolet lamp, which has been designed to >ield 
polarized He (21.22-cV) radiation, was successfully 
integrated into our spectrometer. A detailed descrip­
tion of this lamp appears in a separate section of this 
report. Data have been obtained on oriented crystals 
of copper and nickel, both in clean condition and 
after exposure to gases to effect monolaver adsorp­
tion These studies arc being carped out asa (unction 
of surface orientation and direction ol polarization. 
From these studies, one hopes to deduce the nature ot 
the chemical bonding of the molecule to the surtacc 
and the orientation of the molecule relative to the 
surface. The information derived from ultraviolet 
studies can be coupled wi:h t tat obtained from Auger 
and core-shell phot'^electron spectroscopy to provide 
a powerful tool for characterizing molecular 
behavior on surfaces, which is of important interest 
to heterogeneous catalysis. For this purpose, a 
cooperative program with the catalysis group in 
chemistry has been initiated. 

In addition to performing photoclcctron spec­
troscopy stud-es. we have also been involved in 
photon-induced Auger spectroscopy. (A summary of 
this work also appears below.) The advantages of 
photon-induced Auger spectroscopy as opposed to 
electron impact are that the spectra have much better 
peak-to-background ratios and arc less susceptible to 
charging and radiation damage. In addition, 
photoelectron data can be taken simultaneously, 
which is of particular interest in evaluating the basic-
nature of chemical shifts in the two different electron 
spectroscopies. Concomitant to the experimental 
program, an attempt is being made to support the 
program with theoretical calculations. Computations 
have been carried out on the effect of chemical shifts 
in Mg MgO systems and in gaseous H.S for both the 
photoelectron and Auger processes. Calculations on 

angular distribution have also been initiated in 
collaboration with Burke Ritchie * 

1 ( hcfiii\in. DiMMon 
2 l a Irohc I niversiiv Hundtuira. W t o r u \u%tMli.t 
I ( untulunl n > O K \ l tn>m I rmcrviiv »l I cnno icr Kn.-\-

vilk 
4 I rmcrsiH i»l AUteima. IUM..IM>I>NJ 

K-LL AUGER PROCESSES IN 
THIRD-ROW ELEMENTS 

I. A. Carlson (». I.. Nybcrg 
W B Dress 

The third-row elements, which in the periodic table 
begin with neon ( / = 10)and conclude with argon!/ 
= IK), form an important group with which to 
examine the basic nature ol the Auger process 
because they arc the lightest elements for which an 
Auger process can take place involving only tilled 
core shells. Auger transitionsarc fairly welldescnbed 
by the /.-.S coupling scheme, and there appear lor all 
practical purposes only five lines in the spectrum: 

(1.2) l5-2^2^A-/.,|/.„|/'I». A-AM/IK'S)]: 

(3.4) lv2/>2!lA'-/.,/.|u,|('P). K-l.\l.\iiP)\: 

(5) I.V-2J2*(A-/.,/.,! S)). 

The P states associated with the \s-2p2/> transition 
arc not allowed in I.S coupling, and the P states 
associated with the l>-2.v2/> transition are insuf­
ficiently split in energy that they appear as one line. 

The K-t.l. Auger processes of the third-row 
elements arc of particular interest because they are 
highly sensitive to electron correlation effects: and 
though involving only core atomic-like orbitals. they 
may be strongly affected by the chemical environ­
ment, because the valence shell isdircctly above the /. 
shell. 

In our report, we have concentrated our attention 
on Mg. Al. and Si metals and their respective oxides, 
although we have carried out preliminary studies on 
a variety of other solids containing third-row 
elements. To gain a comprehensive picture of the 
problem, we have compared our results with 
literature values for both theory and experiment for 
elements from / = 10 to 20. The principal phenomena 



of interest tall into tour topics energy, trttcnsiiv. 
chemical shifts, and satellite structure 

Energy 

Figure 6.4 shows a typical K-LL spectrum of 
aluminum. The spectra arc obtained with a double-
focusing electron spectrometer, using the aid of a 
position-sensitive detector." The metal is 
poly crystalline and is cleaned in situ with an argon 
ion gun. The Auger electron spectra are taken under 
I HV conditions. The initial K vacancies arc created 
by photoionization. using Al A'„ x rays for 
magnesium and Ag L x rays for Z greater than 12. In 
addition to the normal K-LL Auger lines. Fig. 6.4 
shows additional structure due to plasmon losses, 
both bulk and surface. It may also be noted that the 

\uger peaks broaden for transitions involving the L\ 
shell due to Osicr-Kroning transitions that occur 
with 2\ vacancies. 

In Table 6 3 a re listed the Auger energies of Mg, Al. 
and Si meuls. Results previously obtained on 
magnesium' and aluminum4 show that agreement 
with our data is good. The relative energy spacings 
between the different Auger lines also agree fairly 
well between magnesium metal and the atomic state 
of magnesium. In comparing experimental results 
with theoretical calculations of Shirley/ one finds 
that, except for the K-L;L:('S) transition, the energy 
separations are larger for experimental values. The 
discrepancy lies partly in the fact that relaxation 
energy in Shirley's calculation has only been treated 
approximately (static relaxation) and partly through 
the neglect of electron correlation. 

i 1 1 1 1 1 r 1 r i 

-120 -110 
_| 
-100 

J L j i. i :. 
-20 -10 - » 0 -BO -70 - « 0 -SO - 4 0 -SO 

ENERGY :tV) R U A T l v f TO KL,L j ( 'D) 

K L L Augtr Sp«Clrum of A l u m i n u m Mttol 

Fix. 6.4. Aluminum K-LL Auger spectrum. The K-I.l. Auger lines are labeled as to the particular configuration. The peaks iabcicd 
w< and cut arc the surface and bulk plasmon loss peaks, and as such are always lower in energy than the parent line. a> indicates 
a second plasmon loss. etc. 

Table 6.3. K-LL Auftr energies for magnesium, 
aluminum, and silicon metals (cV) 

Transition Magnesium Magnesium 
(theory)' Aluminum Aluminum 

(theory)" Silicon 
Silicon 

(theory) 

A•/..-/.. D 0(1185 10) 0(1174) 0(1393.44) 0(1383) 011616.48) 0(1607 
IX. S 5.25 6 6.01 7 693 8 
1,1.., P 31.52 29 36.24 35 41.09 39 
1,1.. P 4553 43 52.03 51 58.48 57 
1,1, S 79.4i 73 9089 87 10289 % 

*D. A Shirley. Ph\< ..Vv. A 7. i 520 (1973) 

- 6 0 -SO - 4 0 -SO 
I RUATlvf TO KL,Lj('D) 

urn of A l u m i n u m Mttol 

er lines are labeled as to the particular configuration. The peaks iabcicd 
as such are always lower in energy than the parent line. a> indicates 

er energies for magnesium. 
I silicon meuls (cV) 

Muminum Aluminum 
(theory)" 

Silicon 
Silicon 

(theory) 

(1393.44) 0(1383) 011616.48) 0(1607 
6.01 7 693 8 

36.24 35 41.09 39 
52.03 51 58.48 57 
9089 87 10289 % 

[1973) 
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Intensity 

The relative intensities of the K-LL Auger lines for 
light dements have been of concern for many yean. 
because, although the relatively simple L-S coupling 
scheme could be applied, the comparison between 
theory and experiment has been much poorer than 
for heavier elements. The reason for this lies in the 
importance of electron correlation. The inclusion of 
S-state configuration interaction greatly improved 
the situation, but not until Kelley* applied his many-
body perturbation theory in the case of neon was 
there good agreement between theory and experi­
ment. 

In Fig. 6.5 is plotted the intensity of the K-l. •, l..\' P) 
line relative to the most intense Auger line as a 
function of Z and chemical state. Similar plots arc 
available for the other lines. Theoretical calculations 
with only limited configuration interaction arc show n 
by a dotted line. The behavior of free atoms is 
indicated by a dot-dash line. It is evident that both 
electron correlation and the nature of the chemical 
state play crucial roles in the transition probabilities 
of K-LL A 'sger processes for the third-row elements. 

Chemical Shifts 

Figure 6.6 shows a portion of the K-I.L Auger 
spectra of a highly oxidized surface of aluminum. 

together with the photoelcctron spectra arising Irom 
x-ray photocmission in the 2i and 2p shells ot 
aluminum. Fortuitously, both the Auger and 
photoelectron spectra occur in the samcencrgs range 
and can be easily compared. Three doublets occur 
ductothr presence of both the aluminun metal and 
aluminum oxide. It is to be noted that the chemical 

12.000 

8000 -

4000 

VA-jO, 

2p 

>- / 

'360 «M0 '400 
e>*i) 

Fig. 6.6. Portion of a ^cctnini taken with oxidized ahMninum. 
the central large peak is due in an ^uger transition in the oxide, 
while the peak to the right n the corresponding transition in the 
metal, the difference m encrgs between these two lines is the 
chemical shift The doublet on the right is due to phoiocjcction 
from the 2f shell of aluminum, the left-hand member showing the 
effect of the oxide. The same is true for the doublet on the left, 
which is due to photocfcction from the 2» shell. 
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fig, 6.S. Iatcuiry of the K-L\L4'P) Auger tine relative to the moH interne K-LL Auger line as a function of Z and 
Wi. Limited configuration-intenclion calculations are jhr»'»n by the dashed line, and free-atom behavior is indicated 

by the dot-dish line. 
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shift in the case <»t the Auger process is lonstdcrabK 
larger than in the case o! phot»umi/atu>ii I his 
dillcrencc has been relatcJ to the diltcrcncc in 
relaxation energies between the two processes, and it 
can be shown that the change in chemical shilts 
observed in -\ugcr processes as omparcd with 
photoiom/ation. A«. is relative to the extra-atomic 
relaxation created by a single hole -̂ <» = 2±K . 
where R is the extra-atomic relaxation energy. 

I able 6.4 lists various chemical shilts tor metal and 
metal oxide systems It is to be noted thai in each case 
the Auger process vtekisa much larger chemical shift 
than the corresponding photoelcctron shit!. I rom the 
above expression. .1 would appear that the extra-
alo.nie relaxation energy tor the metal metal oxide 
painng is tairlv constant between Mg. M.and Si. It is 
also interesting to note that the chemical shitt tor the 
K shell is slightly larger than lor the / shell, and the 
shitt tor the 2/> orbital is greater than (hat ot the 2\ 
orbital. I he shifts for the vanour. Auger lines lor a 
given metal metal oxide pair arc fairly constant, 
although the \\-2p2p transition may contain the 
largest shilt. It is also noteworthy to point out that 
when correction is made for extra-atomic relaxation 
energy in the case ot magnesium, the photockrcln n 
chemical shift is negative, suggesting thai in the 
Iro/en-orbital approximation it may be more 
difficult to remove a core electron from the 
magnesium metal than from magnesium oxide. 

Satellite Structure 

Satellite structure in an Auger process may occur 
as the result of extra excitation ir. U.J original 
formation ol the core vacancy. Augei processes 
taking place in such excited atoms will rive lines at 
slightly diftcrcm energies (usually lower) than the 
normal diagram lines. In addition, excitation such as 
electron shake-up can also occur in the Auger nrocess 
itself, yielding satellite structure. I igurcs 6.7 6.9 
snow comparison of a portion of an Auger spectra for 
Na . K'. and Rb'. together with the spectrum ol the 
rare gas that is adjacent to the alkali metal ion in the 
periodic table. In gases a multitude of satellite lines 
arc found in Auger spectra, but as seen in the Na( I 
spcctr.i. these lines arc not readily observable, partly 
because of poorer pcak-to-hackgrnund ratios in 
solids and partly because the satellite lines in solids 
may be broadened due to a multiplicity of states. 
However, in the case of potassium. Fahlman' 
discovered a number of years ago the presence of a 
very intense satellite structure. A similar structure has 
been seen by us in K.HPO*. Although there arc a 
number of satellite lines in argon, these lines do not 
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Keg 6 7 Comparison oi the Auger spectrum of sodium in NaCI 
(da'a curve) with the neon Auger spectrum (vertical bars). 
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Fig. 6.K. Comparison uf the Auger spectrum of potassium m 
K1HPO4 (dash curve) with the argon Auger spectrum (vertical 
bars). 

file://-/ugcr
file:////-2p2p


1X0 

1 1 1 

-40 -20 0 
Af(tV) 

KB. M . C M f m * tac Aasjrr **ctr«ai of ntotaai m 
nrntmtmn)wak**\,,rmm ^api yui—(<cnk»i»m). 

have the intensity of those found with potassium. We 
extended the search to Rb (Z = 37), but for practical 
reasons looked at the L-MM Auger spectrum rather 
than the K-LL. The observed spectrum is similar to 
that seen with krypton. The L-MM lines have not 
been assigned according to diagram and satellite 
structure. However, unlike the potassium spectra, 
rubidium show:' no strong structure not seen in the 
corresponding rare gas, krypton, and the results on 
potassium remain a curious aonormality. 

1. La Trobe University. Bundoorc. Victoria. Australia. 
2. For a description of the latest version of our electron 

spectrometer see tori. Div. Anmi. Prog. Rep. Dec. il. 1975, 
ORNL-5137. p. 157. 

X L Ley et ai.. Phyy Rev B I I , «00 (1975). 
4. G. Dufour et al . Phyy Srr. 13, 370 (1976). 
5. D. A. Shirley, toys. Rev. A 7,1520 (1973). 
6. H. P. KeDey. Phri. Rev. A I I , 550(1975). 
7. C. D. Wamer. Faraday Dixuu. Chem. Soc 60,291 (1975). 
S. A. Fahlman ct al, Z. Phyy 192,402 (1966). 

POLARIZED Hel RADIATION FOR 
SURFACE STUDIES 

W. B. Dress F. H. Ward1 

T. A. Carlson G. L. Nyberg2 

A polarized-radiation source has been designed 
and built for use in our surface-studies program. The 
lamp, based on the work of Horton et al.. 3 is 

windowtess and employs tripse-diffcrential pumping 
for compatibility with the ultrahigh-vacuum source 
chamber. The light from the discharge in helium is 
polarized by a triple reflection from a series of gold 
mirrors, producing a plane polarized beam of Hel 
radiation (21.22-eV) with a polarization of 80%. The 
plane of polarization can he routed thiough more 
than 180° without breaking vacuum. 

We have thus far used the lamp to study single 
crystals of copper and nickel as well as absorbed CO 
and benzene thiol (a model heteromolecult en­
countered in coal catalysis work). In these studies, the 
crystal surface—usually the 110 or I I I face—was 
cleaned by ion bombardment, and spectra as a 
function of angle and polarization were taken. The 
dean crysul was then exposed to a few L ( I L = I 
Langmuir = 10"* ton-sec) of adsorbate such as CO. 
and the same series of measurements were repeated. 
Comparison between the clean crysul and the crysul 
plus adsorbate, combined with a knowledge of the 
spectrum o' the ir*.* .ule in a gaseous sute, allows 
one to determine » lich orbiuls in the adsorbete 
molecule are resp> nsible for the bonding to the 
crystal. Similarly, the change in the 3d band structure 
(the structure lying a few electron volts below the 
Fermi energy) reflects those crysul orbiuls involved 
in the bonding; thus, a knowledge of specific bonding 
sites on the crysul may be inferred. These studies 
have a bearing on the fundamenul problem of 
catalysis. 

The information obuined by varying the polariza­
tion direction and the direction of the ejected electron 
with respect to 'he crysul normal will, when coupled 
with a good theory of angular emission of photoelec-
trorts, provide information about the chemisorption 
bond geometry and the angular variations of the 
molecular orbiuls involved in the bond. Figure 6.10 
shows a preliminary study on a clean copper crysul. 
Spectra are shown as a function of angle and 
polarization direction. The differences between the 
various specie indicate both the geometrical 
structure of the crysul (its Fermi surface, more 
precisely) and its orienution in our source chamber. 
The dramatic changes produced by varying the 
polarization direction show the increased -^solution 
obuinable trith polarized radiation (the result using 
unpolarized light would be a sum of the spectra with 
the different polarizations). 

During the coming year, we plan to explore the 
most interesting possibilities given to us by this lamp, 
such as bond direction, molecular orienution, energy 
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Fa>6.10. Aasakr«a4)rofiheIIOfMrofcopper.Thetwoiets 
of curves are taken with parallel polarization (the electric vector in 
the plane of incidence defined by the crystal normal and the 
direction of Ike incident radiation) and perpendicular polarization 
(die electric vector perpendicular to the plane of incidence). The 
angle • is the polar ancle between the ejected electron and the 
crystal normal. The angle between the photon beam and the ejected 
electrons was 90° for these measurements. 

shifts due to adsorption, and possibly even some 
surface reactions. 

1. Plant and Equipment Division. 
2. La Trobe University. Bundoore, Victoria. Australia. 
3. V. C. Horton et al.. Appl. Opi. I, 667 (1969). 

HOLOGRAPHIC OPTIC ELEMENT 
RESEARCH 

J. J. Cowan 

This project was initiated last year with support 
from the Exploratory Studies Program. The objec­
tive was to study means of making blazed. 

aberration-corrected diffraction gratings by a new 
process utilizing optical guided waves. In the past 
several months, research has been carried out to meet 
this objective; in addition, other related results have 
been obtained, some of which are summarized below. 

Holographic Gratings: Planar and 
Abenataon-Corrected Concave Types 

Experiments have been conducted to produce 
diffraction gratings hoiographically. The method 
consists of coating glass blanks with a positive-type 
photoresist, exposing with intersecting argon ion 
laser beams (488 nm) that have been spatially filtered 
and expanded, and then developing. Exposed 
portions of the photoresist are dissolved, leaving a 
sinusoidal relief pattern, and the glass blank may then 
be used as a transmission grating. When the blank is 
coated with a layer of aluminum, a reflection grating 
results. Plane and concave glass blanks have been 
utilized. Using the former, orr makes an ordinary 
planar reflection grating; using the latter, one can 
make a special type of reflection concave grating that 
is corrected for coma and astigmatism arid is more 
efficient than the ruled type. A concave reflection 
grating corrected for astigmatism was made that 
showed a measured efficiency almost twice that of a 
ruled grating for the spectral region of the argon ion 
laser wavelengths. Several types of photoresist have 
been studied to test their usefulness as holographic 
recording materials. These include, in addition to the 
positive Shipley AZ I350B used above. Kodak KPR 
negative resist. Horizons Research negative Aquarist 
and Sorvarist, and NRC photopoiymer. 

Blazed and High-Line Density 
Holographic Gratinp Produced by 

Use of Optical Guided Waves 

A method of producing asymmetric (blazed) 
groove profiles and high-line densities on 
holographic gratings by use of optical guided waves 
has been developed. A layer (400 nm) of photoresist 
(n = 1.64), acting as both a recording medium and a 
wave guide, was spin coated onto one face of an 
equilateral glass prism (n = 1.5) that had been coated 
with a thin (35-nm) coupling silver layer. The prism 
was illuminated with a collimated beam of !«ght (488 
nm) from an argon laser. Part of this beam excited a 
guided mode (TM:, 463.3 nm) within the photoresist, 
and part was reflected internally within the prism, 
passing through the photoresist as an ordinary wave 
(297.6 nm). Interference of these waves produced, 
upon development, an asymmetric groove profile 
(blaze angle = 22.2°. period d * 748 nm) that had a 
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decided on-to-off Maze intensity ratio (almost 2:1 for 
das casr). If two incident beams were used, each of 
which excited a surface mode ( f t / i ) but in opposite 
dwettioas, a smal grating period (d= 163.5 run or 
6112 hues/arai) would be achieved. With a denser 
prism aad '.xcitation of die pfcsmon (TA4») mode, a 
period samler than half dw wavelength in the 
amount can be obtained (over 6720 lines/mm). The 
hjga energy deatitics realizable wkh guidfd waves 
permit a considerable redaction iathe usual exposure 
times for photoresist, thus allowkg the use of the 
shorter wavelength weak laser hues for recording. 

Holographic Zone Plates 

Initial experiments have been attempted to 
produce holographic zone plates. This is done by 
allowing two coherent beams of light, one of which is 
a plane wave and the other a spherically diverging 
wave, to interfere on a photoresist-coated glass plate. 
A zone plate was made in this fashion, using a 
coDimaied beam of tight and another beam diverging 
from a pinhole spatial filter after having passed 
thnmgh a SX microscope objective lens. The zone 
plate prepared this way demonstrated excellent 
focusing properties with visMe light, and the zone 
structure, when examined by microscope, showed the 
proper concentric regularity. The next step in this 
development will be to process the zone plate and 
coat it in such a way that one has concentric metal 
zones on a glass substrate. When this technique is 
perfect sd, a similar structure can be prepared on a 
substrate transparent to x rays, such as carbon. If one 
uses a thin carbon film coated on a glass plate for a 

substrate, the carbon film can be sepanted and will 
be self-supportrag. Once zone plates are prepared in 
this fashion, tests will be run with soft x rays, using 
our grazing incidence monochromator to determine 
their efficiencies and resolution. 

USE OF GROUP THEORY IN THE 
INTERPRETATION OF INFRARED 

A N D RAMAN SPECTRA 

E. Silberman1 H. W. Morgan 

Application of the mathematical theory of groups 
to the symmetry of molecules is a powerful rsthod 
which permits the prediction, classification. .*nd 
qualitative description of many molecular properue* 
In the particular case of vibrational molecular 
spectroscopy, applications of group theory lead to 
simple methods for the prcdicticn of the number of 
bands to be found in the infrared and Raman spectra, 
their shape and polarization, and the qualitative 
description of the normal modes with which they are 
associated. A summary has been prepared which 
contains the tables necessary for the application of 
group theory to vibrational spectroscopy and 
instructions on how to use them for molecular gases, 
liquids, and solutions. A brief introduction to the 
concepts, definitions, nomenclature, and formulas is 
also included. 

i. Fbk University. Nashville. Tern. 



7. High-Energy Physics 
H. O. Coon E. L. Hart' 
G. T. Condo1 H. R. Bnshear 
W. M. Bugs' T. H. Handler3 

INTRODUCTION 

High-energy research at Oak Ridge National 
Laboratory (ORNL) is geared toward experiments 
that study the interaction and production of 
elementary particles in a bubble chamber. Became 
the maximum measurable momentum of a track in a 
bubble chamber is limited by the track length, 
magnetic field strength, and distortion, it is desirable 
to augment bubble-chamber measurements with 
external position-sensitive particle detectors. If one 
also wishes to obtain information on neutral 
particles, it is necessary to add efficient shower 
detectors. At ORNL. we have participated in a 
number of experiments to implement these goab. 
Such experiments have been approved to be run at 
Fermi National Accelerator Laboratory (FNAL). 
Stanford Linear Accelerator Center (SLAC). and 
Argonne National Laboratory (ANL). 

EXPERIMENTS AT 147 GeV/c 

Further results were obtained in the experiments at 
147 GeV r in the FNAL hybrid spectrometer. In a 
study of p" inclusive production, it was found that the 
average number of p' per inclusive v'p interaction u 
0.3S ± 0.06, which is almost uncLanged from the 
value found for interactions as low as IS GeV c. 

The two-prong inelastic events were found to be 
8096 due to diffractive dissociation of beam or target 
particle in equal amounts. Four constraint-class 
analyses of w'p — w'pw'w' were possible. The 3>r 
mass spectrum displayed A\,Ai. and A » peaks. Also, 
evidence for charged-cluster emission in 147 GeV <• 
w'p collisions was found. Runs with positive incident 
particles (<r* and p) were made, and for part of the 

data a lead-glass shower detector was tested. In this 
detector, a spatial resolution of about 3 JS mm for 
determining the position of electronic showers in the 
energy range of 30 to 100 xieV c is possible. These 
experiments involve a collaboration with about 12 
institutions. 

ir*-DEUTERON INTERACTION 

In collaboration with Florida State University 
(FSL). 3114 events of the reaction r'J — r > pp. at 
IS GeV <-. where p. is a nonparticipating spectator, 
wcrr studied in the SLAC 82-in. bubble chamber. A 
longitudinal phase space (LPS) analysis was 
performed to separate the various /-channel 
exchange mechanisms, such as r or Pomeron 
exchange. The validity of the LPS method was tested 
for pion exchange by generating events using the onc-
pion-exchange model modified by absorption 
(OPEA). The model and the data agreed extremely 
well. The principal features of the data include thep". 
/" . £'. and V s . The LPSanalysisalso rc\cal> thc.«r. 
but a slight modification of the standard I.PS 
selection criteria enhances the x . as expected by 
OPEA model calculations. 

w'-p INTERACTIONS AT 8 GeV/c 
About 150.000 events have been measured at 

ORNL for this experiment. Our collaborators 
[Massachusetts Institute of Technology (MIT) and 
Tahoku University] have measured equal amounuof 
data. The data are being readied for analysis in the 
form of data summary tapes. 

Our principal goal from the n -p experiment is (o 
examine the one-constraint channels, w'p — 
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mr'tr'w'w' and w'p — wpw'm"a*, for evidence of 
aawd«ted/«i< 1320) A (1238) production. Became all 
three charge states of the Az are available in a single 
experiment, sach an observation should provide an 
jatcftataag check on the hypothesm of charge 

tnehugcasortlKcxoeninea^aHajDticqiatedtbat 
the coBaborators wiB also aadeitake projects where 
huge saratics arc mandatory. This woold include, 

pmdnctioa in the reactions w'p —• w'w'n. 

HYBRID 40-TN. w-d EXPERIMENT AT 5LAC 
Tha experiment has been approved by SLAC to be 

ran in collaboration with Duke University and 
Florida State University. The unusual feature will be 
a very huge (185 by \2 m and 65 cm thick) lead-
glass shower detector. 

The purpose of this experiment is to make a 
definitive study of w'd reactions for which more than 
a single r" is produced. Aside from an analysis of the 
reactions such as w'n — /nrV, jnrV. p r V , pnW-
etc^ it should also be possible to isolate the 
noodeuteron breakup reactions such as r*D — 
rV*D and w'w'w'wt>, which have generally been 
elusive because of the large elastic and/or diffractive 
backgrounds and the low-constraint nature of the 
events. Another strong impetus for doing this 
experiment is the possibility of obtaining a 
reasonable sample of w'D— Pjnr'w***events, which 
could prove decisive in indicating the dynamic nature 
of the ,4, 

1. riwirtnw villi ORSL from the Uwvcfwy of Tcmeaee. 
KaojmBe. 

2. lawn— nrtriwn aad Coauob Dhriskra. 
3. Gam uiymtr 10 OR.NL from the L orverjify of TCBDOKC. 

Kwwviae. 
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Saltmarsh. M. J., and R. E. Worsham. ISGRID—A Proposal foran Intense Seumm Generator for Radiation-
Induced Damage Studies in lite CTR Materials Program. ORNL TM-5233 (January 1976). 
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ARTICLES PENDING PUBLICATION AS OF MAY I. 1977 

Alkn. B. J.. J. W. Boldeman. A. R. de L. Musgrovc. and R. L. Macklin. "Resonance Neutron Capture in the 
Isotopes of Titanium." Suclear Physics. 

Allen. B. J.. A. R. dc L. Musgrovc. J. W Boidcman. and R. L. Macklin. "Valence Neutron Capture in MFe.~ 
Suclear Physics. 

Amsden. A. A.. N. J. Gmocchio. F. H. Harlow. J. R. Nix. M. Danos. E. C. Halbert. and R. K. Smith. Jr.. 
"Comparison of Macroscopic and Microscopic Calculations of High-Energy "̂ Ne + :aV.'" Physical Revien-
Letters. 

Andetwi. O.. R. Bauer. G. B. Hagemann. M. L. Halbert. B. Herskind. M. Neiman. H. Oeschler.and H. Ryde. 
" A Study of y-Decay Modes from High Angular Momentum Nuclear States by High-Order Multiplicity 
'M rasurements." Suclear Physics A. 

Appkton. B. R.. R. H. Ritchie. J. A. Biggcrstaff. T. S. Noggfc. S. Datz. C. D. Moak. and H. Verbeek. 
"Energetic Heavy-Ion Channeling as an Experimental Technique for Simulating Radiative Electron 
Capture by Plasma and Impurity Ions in a CTR Type Plasma." Proceedings. International Conference on 
Surface Effect* in Controlled Fusion Devices. San Francisco. California. February 1976. 

Ball. J. B. (invited paper). "A New Generation of Heavy-Ion Facilities.'* IEEE Trans. Xucl. Sci. (Proceedingsof 
the 1977 Pankk Accekrator Conference. Chicago. III.. March 1977). 

Ball. J. B.. "The Use of Cyclotrons as Energy Boosters for Electrosutic Accekrators." Proceedings. Secord 
International Conference on Electrostatic Accelerator Technology. Strasbourg. France. May 1977. 

Ball. J. B.. J. A. Martin. J. A. Biggerstaff.C. M. Jones. R. S. Lord.and R. L. Robinson."The Holifield Heavy-
Ion Research Facility at Oak Ridge." Proceedings. Conference on Suclear Physics \cith Heavy Ions. Caen. 
France. September 1976. 

Barnett. C. F. (invited paper). "Compilation and Evaluation of Atomic and Molecular Data Relevant t > 
Controlled Fusion Research." Proceedings. IAEA Conference on Atomic Data for Fusion. Culham. 
England. Sovember 1976. 

Barnett. C. F.. "Controlled Fusion Atomic Data Center." Transactions of the American Suclear Society. 

Becker. R. L.. and J. A. Smith. "Is There a Central Hok in the Alpha Partick?" Suclear Physics. 

Boldeman. J. W.. B. J. Allen. M. J. Kenny. A. R. de L. Musgrove. and R L. Macklin. "Valenceand Doorway 
State Effects in Neutron Capture Near Closed She lb." Proceedings. Third Sational Soviet Conference on 
Seutron Physics. Kiev. L.S.S.R.. June 1975. 

Boldeman. J. W.. B.J. Allen. A. R. deL. Musgro "..and R. L. Macklin.The Neutron Capture Cross Section of 
"Y." Suclear Phyws. 

Butkr. G. W.. D. G. Perry. L. P. Remsbcrg. A. M. Poskanzer. J. B. Natowitz.and F. Pbsil. "Observation of the 
New Nuclides : N e . "Mg. UAI. and "*P." Physical Review Letters. 

Carlson. T. A.. "Hot Atom Chemistry." Encyclopedia of Physics, ed. Rita G. Lemer and George L. Trigg. 
Dowden. Hutchinson, and Ross. Stroudsburg. Pa. 

Carlson.T. A..and C. W. Nestor."Calculation of Kand L X Rays forEkmentsofZ =95to 130."Atomic Data 
and Nuclear Data Tables. 

Chen. F. K.. G. Lapicki. R. Laubert. S. B. Elston. R. S. Peterson, and I. A. Sellin. "Projectile Charge-State 
Dependence in AT-Shell Ionization of Neon. Silicon, and Argon." Physics letters. 

Cowan, J. J., and E. T. Arakawa. "Artificial Polarization Anomalies from Holographic Gratings." Journal of 
Optics (Communications). 

Crandall. D. H. (invited paper), "Electron Capture by Multkharged \om.~IEEE Trans. Nucl. Sci. (Proceedings 
of the Fourth Conference on the Use of Small Accekrators. Denton. Texas. October 1976). 
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Grandal, D. H.. "Atomic Reactions in Very High Temperature Plasmas." Proceedings. Third International 
Symposium on Plasma Chemistry. Limoges. France. July 1977. 

CrandiM, D. H„ P. O. Taylor, and R. A. Phancuf. "Electron Impact Ionization of C-IV and N-V." Proceedings. 
Tenth InternationalConference on Physics of ElectronicandAtomicCollisions. Paris. France. July 1977. 

Cnsson. R. Y._ J. A. Marahn. and H. W. Mddner. "Quanul Theory of Heavy-ton Collisions Using a Thrcc-
PimenjiuiMl Time-Dtpendent Haruce-Fock Scheme." Annals of Physics. 

Dagcalnit. V K. P H. Stetson, F K. McGowan. R. L Robinson. W. T. Miner. S. Raman, and W K Tuttk 
III, "Coulomb Excitation of "*Sn.~ Suclear Physics. 

Dnvies. K. T. R.. R. A. Managan. J. R. Nix. and A. J. Sierk. "Rupture of the Neck in Nwlear Fission." Physical 
Review. 

Dayras. R. A.. R. G. Stokstad. D. C. Hensley. M. L. Halbert.C. B. Fubner. A. H.Snell. R. L. Robinson. D. G. 
Sanntitcs. and L. Westerberg. "Prc-Scission Cooling in Strongly Damped Collisions." Physical Review 
Letters. 

Dress. W. B.. T. A. Carlson. F. H. Ward, and G. L. Nyberg. "Polarized Hel Radiation for Surface Studies." 
Proieedings. Thhty-sevenih Conference on Physical Electronics. Stanford, California. June 1977. 

Eagle, R.. N. M. Clarke. R. J. Griffiths. C. B. Fulmer. and D. C. Hensley. "Inelastic Scattering of 'He from 
Samarium Isotopes at 53 MeV." Physical Review C. 

Fwbank, W. B.. "Computer Processing of 'Free-Text* Keyword Strings." Proceedings. Fifth International 
COD AT A Conference. Boulder. Colorado. June 1976. 

Ewbank. W. B.. "Evaluated Nuclear Structure Dau File (ENSDF) for Bask ind Applied Research." 
Proceedings. Fifth mienrational COO ATA Conference. Boulder. Colorado. June /°74. 

Ewbank, W. B. (invited paper). "Evaluated Nuclear Structure Dau Fik (ENSDF) for Bask *•** Applied 
Research." Transactions of the American Suclear Society. 

Feng. Da Hsuan. W. W. Eidson. R. F. Kollarits.C.C. Foster. N. M. OTallon. S. A. Gronemeyer. C. B. Fulmer. 
and D. C. Hensley. "Energy Dependence of Back-Angk Alpha Scattering to the Octupok Unnatural Parity 
State in u Mg." Physical Review C. 

Fowler. J. L.. book review—Gamma-Ray Astronomy: Suclear Transition Region (E. L. Chupp. D. Reidel 
Publishing Company. 1976). American Sr'eniist. 

GomezdelCampo. J..J. L. C. Ford. Jr.. R. L. Robinson. M. E.Ortiz. A. Dacal.andE. Andrade.~Yrast Levels 
in ,:C("N^r) Resonance." Physical Review- Letters. 

Goodman. C. D.. J. Rapaport. D. Bainum. and C. Brient. "Large. Time-Compensated Scintillation Counters for 
High-Energy Neutron Time-of-Flight Measurements." Suclear Instruments and Methods. 

Halbert. E. C . J. B. McGrory. G. R. Satchkr. and J. Speth. "Hadronk Exciution of the Giant Resonance 
Region of '"""Ph." Proceedings. Symposium on Highly Excited States in Suclei. Julich. Germany. 
September 1975. 

Hayden, H C , and R. S. Thoe. "Least-Squares Dcconvolution Method for Spectroscopic Data." Proceedings. 
Tenth International Conference on the Physics of Electronic and Atomic Collisions. Paris, France. July 
1977. 

Horen, D. J.. "Nuclear Spectra." Encyclopedia of Science and Technology. McGraw-Hill. New York. 

Horen.D. J., J. A. Harvey,and N. W. Hill. "First Observation of (j+d>Wave Admixture in Low-Energy Elastic 
Neutron Scattering.'* Physics Letters. 

Horen, D. J., J. A. Harvey, and N. W. Hill. "Giant Magnetk Dipok States in '""Pb Observed in the n P b + n 
Reaction," Physical Review Letters. 
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Hudson. E. D..and M. L. .Vtailory. 'Heavy-Ion Source Support Gas Mixing Experiments.' IEEE Trans. Surf. 
Sri. (Proceedings of the 1977 Panicle Accelerator Conference. Chicago. III.. March 1977). 

Hunter. R. C . L l„ Ricdinger. D. L. HillisX. R Bingham.and K. S. Toth. "Levels in '"Yb from '"Lu Decay." 
Physical Review. 

Huray. P. G.. C. M. Tung. F. E. Obcnshain. and J. O.Thomson. "Character of the Charge Density Distribution 
Surrounding Impurities in Gold MctaL" Proceedings. International Conference on the Applications of the 
.Mosshauer Effect. Corfu. Greece. September 1976. 

Hutchinson. D. P.. "OR NT. Plasma Diagnostic Research.- Proceedings of the Society of Photo-Optical 
InsirumeniatHtn Engineers. SPIESPSE Technical Symposium East. Reston. Virginia. April 1977 

Hutchinson. D. P.. and K. L. Vandcr Slub. 'Design of a High-Power Submillimetcr Oscillator-Amplifier 
System." Proceedings. Second International Conference and Winter School tm Suhmillimeter Waves and 
Their Applications San Juan. Puerto Rico. December 1976. 

Ija/. M. A . C. R. Bingham. H. K. Carter. E. I.. Robinson, and K. S. Toth. "Further Study of "*TI Alpha 
Decay." Physical Review C. 

Judrsh. J. P.. C. M. Jones. F. K. McGowan. W. T. Milncr.and P. Z. Peebles. Jr.. "Measurements of the l.ow-
Tcmpcraturc rf Surface Resistance of Lead ai Frequencies from 136 to 472 MHz." Physical Review B. 

Laubcr.. R. R. S. Peterson. J. P. Forester. K. H. Liao. P. M. Griffin. H. Haydcn. S. B. Elston. D. J. Pcgg. R. S. 
T MK. and I A. Scllin. "Differences in the Production of Nonch.iractcrisik Radiation in Gaseous and Solid 
T. rgcts." Physical Revievc letters. 

Love. W. G.. I. Tcrasawa. and G. R. Satchkr. "A Dynamic Polarization Potential for Coulomb Excitation 
Effects on Heavy-Ion Scattering." Physical Review letter*. 

love. W. G.. T. Tcrasawa. an-J G. R. Satchkr. "A Dynamic Polarization Potential for Heavy-Ion Scattering." 
Suclear Physics. 

Love. W. ( i . . T. Tcrasawa. and G. R. Satchkr. "Coulomb Excitation Effects on Heavy-Ion Elastic Scattering." 
PriHvedings. Meeting on Heavy-Ion Collisions. Pikeville. Tennessee. June 1977. 

Macklin. R. I... and J. Ha I per in. ~ ' TrKn.7) Cross Section from 2.6 X00 kcV." Suclear Science and 
Engineering. 

Macklin. R. I... J. Halpcrin. and R. R. Winters. "Neutron Capture by '"Pb at Stellar Temperatures." 
Astrophysical Journal. 

Martin. J. A.. J. B. Ball. E. D. Hudson. R. S. lord. G. S. McNcilly. and S. W. Mosko. "Design Status of a 
Scparaied-Scctor Cyclotron Booster Accelerator for the HHIRF." IEEE Trans. \inl. Sci. (Proceedingsof 
the 1977 Particle Accelerator Conference. Chicago. 111.. March 1977). 

Martin. M. J., cd.. "Nuclear Decay Data for Selected Radionuclides Appendix.".-! Manual of Radioactivity 
Measurements Procedures. National Council on Radiation Protection and Measurements. 

Maruhn. J. A.. "FC RGEN: A Fast Fourier Transform Program (knerator." Computer Physics 
Communications. 

Maruhn. J. A.. C. Y. Wong, and I . A. Wclton. "NuclearCollisions in a One-Dimensional Fluid-Dynamical 
Calculation." Physics Letters B. 

Maruhn-Rezwani. V.. K. T. R. Davies. and S. E. Koonin. "Time-Dependent Hartrcc-Fock Calculations for 
l 4 N + '"C Reactions." Physics letters. 

Mateja. J. F.. C. P. Browne. C. E. Moss, and J. B. McGrory. "Level Structure of ' Mn from a "Mnit.pf Mn 
Reaction Study and a Mixed-Configuration Shell Model Cakulation." Physical Review. 
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MiDankl. F. D„ J. L D*ggM. G. Bastes. P. D. Mffler. and G. Lapkki. "Projectile Charge-State Dependence 
of K-Shefl Ionization by Silicon Ions: A Comparison of Coulomb Ionization Theories for Direct Ionization 
and Electron Capbuc with X-Ray Production Data." Physical Review. 

McGowna, F. IL. W. T. Miner. R. O. Sayer. R. l_ Robinson, and P. H. Stebon. "Coulomb Exciution of 
*»"**"*W and *~Et with 4He and "O Ions.- Hurler Physics. 

McGrory, J. B. (invited paper). "Shell Model Calculations of Electromagnetic ObservaMes of Nuclei in the «/-
She! Region." PimeaJingx htiematkmai Conference on Gamma-Ray Transition Probabilities. Delhi. 
M0M. Noventbet 1974. 

Monk, C. D_ "Sources of Protons.'* McGraw-Hill Encyclopedia of Science and Technology. 4th ed.. Daniel N. 
Lapedes. ed., McCraw-HiD. New York. 

M«afc,C. V."Chai««lk^m Solids," VrGrn^^^ 
Lapedes. ed . McGraw-Hill. New York. 

Monk, C. D. (invited paper). "Accelerator-Based Atomic Physics Experiments: An Overview.- IEEE Trans. 
Nud. Set (Proceedings of the Fourth Conference on Applications of Small Accelerators. Denton. Tex.. 
October 1976). 

Mosko. S. W.. E. D. Hudson. R. S. Lord. D. C. Hensky. and J. A. BiggcrstafT. "Magnetic Field Measuring 
System for Remapping the ORIC Magnetic Field." IEEE Trans. Sucl. Sci. (Proceedings or the 1977 
Particle Accelerator Conference. Chicago. III.. March 1977). 

Mosko. S. W . J. D. RylandeT.and G. K.Schulze."ORIC RFSystcm—Preparation for HHIRF." IEEE Trans. 
Nucl. Sci. (Proceedings of the 1977 Particle Accelerator Conference. Chicago. III.. March 1977). 

Musgrove, A. R. de L.. B. J. Allen. J. W. Boldeman. and R. L Macklin."Nonstaiistical Effects in the Radiative 
Capture Cross Sections of the Neodymium Isotopes." Suclear Physics. 

Musgrove. A. R. de L.. B. J. Allen. J. W. Boldeman. and R. L. Macklin. "Nonstaiistical Neutron Capture in 
'"Ce." Suclear Physws. 

Musgrove. A. R. de L., B. J. Allen. J. W. Boldeman. and R. L. Macklin. ~keV Neutron Resonance Capture in 
"Ba," Australian Journal of Physics. 

Muigrovc. A. R. de L.. B. J. Allen and R. L. Macklin. "Resonant Neutron Capture in ' "La." Suclear Physics. 

Musgrove, A. R. de L., J. W. Boldeman, B. J. Allen, J. A. Harvey, and R. L. Macklin. "High-Resolution 
Neutron Transmission and Capture for "Zr," Nuclear Physics. 

Musgrove. A.R.deL.J.A. Harvey.andW.M.Good."NeutronResonanceParamctersof"*Zrbelow300keV." 
Nuclear Physics. 

Nann. H.. E. Kashy. D. Mueller. A. Sana, and S. Raman. "Mass of '"Ni." Physical Review. 

Nathan. A. M.. J. W. Omcss. E. K. Warburton. and J. B. McGrory, "Yrast Decay Schemes from HI + "Ca 
Fusion-Evaporation Reactions. I: v *Mn. *Cr. and ''"V." Physical Review. 

Obon. R. E.. A.Salop. R. A. Phaneuf.and F. W. Meyer, "Electron Loss by Aiomicand Molecular Hydrogen in 
Collisions with 'He:' and ''He'." Physical Review A. 

Pegg. D. J.. "Beam-Foil Spectroscopy." Scientific American. 

Pegg, D. J.. J. P. Forester. S. B. Elston. P. M. Griffin. K.-O. Groeneveld. R. S. Peterson. R. S. Thoe. C. R. 
Vane, and I. A. Scllin. "The Splitting and Oscillator Strengths for the 2s:S-2p:p" Doublet in Lithium-like 
Sulfur," Astrophysical Letters. 

Pegg, D. J.. J. P. Forester, C. R. Vane. S. B. Elston, P. M. Griffin, K.-O. Groeneveld. R. S. Peterson. R. 3. 
Thoe. and I. A. Sellin. "Oscillator Strengths for Jk/t + 0 Dipole Transitions in Li- and Be-like Sulfur: 
Comparisons with Recent Rebtivistic Calculations." Physical Review Letters. 
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Pegg. D. J.. P. M. Griffin. B. M. Johnson. K. W. Jones. J. L. Cecchi. and T. H. Kruse. "Field-Free Intensity 
Modulations and *Yrast' Cascades in Decay Studies of the n + 3 Levels of Sodium-like Copper." Physical 
Review Let ten. 

Peterson. R. S.. F. K. Chen. S. B. Elston. J. P. Forester. P. M. Griffin. H. C. Hay den. R. Laubert. C. A. 
Peterson. R. S. Thoe. C. R. Vane, and I. A. Sellin. "Neon Characteristic X-Ray Production in Neon-Neon 
Collisions as a Function of Incident Projectile Charge Sate." Proceedings. Tenth International Conference 
on the Physics of Electronic and Atomic Collisions. Parts. France. July 1977. 

Pctitt. G. A., and F. E. Obenshain. "Perturbed Angular Correlation of m C d " in Nk-cl-Cadmium Ferrites." 
Physical Review B. 

Petht, G. A., and F. E. Obenshain. "Time Differential Perturbed Angular Correlations Using ""Dy." Physical 
Review A 

Phaneuf. R. A.. F. W. Meyer. R. H. McKnight.and D. H.Crandall. "Electron Transfer between Multicharged 
Ions and Atomic Hydrogen," Proceedings. Tenth International Conferemt on Physics of Electron and 
Atomic Collisions. Paris. France. July 1977. 

Phaneuf, R. A.. F. W. Meyer. R. H. Mcknight. R. E. Obon. and A. Salop. "Electron Capture and Impact 
Ionization Cross Sections of N** in Atomic Hydr^ssn." Journal of Physics B (Letter). 

Plasil. F., "De-excitation of Compound Nuclei with High Angular Momenta." Physkjl Review 
(Communications). 

Plasil. F.. "Fusion in Kr Bombardments of Medium-Mas^ Nuclei." Proceedings. Fifteenth International Winter 
Meeting on Nuclear Physics. Bormio, Italy, January 1977. 

Rapapon. M. S.. R. W. Fink. L. L. Collins, and L. L. Riedinger. "Isomerism in ">b." Physical Review C. 

Rei>5, H., H. V. Klapdor. G. Rosner. J. L. C. Ford. Jr.. and S. T. Thornton. "Enhanced *Be Production in the 
, 4 N + "B Reaction," Nuclear Physics. 

Roberto, J. B., C. E. Klabuntle. J. M. Williams.R. R.Coitman. Jr.. M. Saltmarsh.andC. B. Fulmer."Damage 
Production by High-Energy rf-Be Neutrons in Cu. Nb. and Pt at 4.2° K." Applied Physics Letters. 

Ronningen, R. M., J. H. Hamilton, A. V. Ramayya. L. L. Riedinger. G. Garcia-Bermudez. J. Lange. 
W. Lourens. L. Varnell, R. L. Robinson, P. H. Steison. and J. L. C. Ford. Jr.. "Reduced Transition 
Probabilities of Vibrational Sta'es in Deformed Rare-Earth Nuclei." Proceedings. International 
Conference on Gamma-Ray Transition Probabilities. Delhi, India. November 1974. 

Ronningen, R. M., J. H. Hamilton, A. V. Ramayya, L. Vamell, G. Garcia-Bermudez. J. Lange. W. Lourens. 
L. L. Riedinger, R. L. Robinson, P. H. Steison, and J. L. C. Ford. Jr.. "Reduced Transition Probabilities 
of Vibrational States in ""°Gd and ^""Hf." Physical Review. 

Ronningen, R. M.. R. B. Piercey, A. V. Ramayya. J. H. Hamilton. S. Raman '. H. Steison. and W. K. 
Dagenhart, "Coulomb Excitation of 2* and 3" States in , , : Pt and , f 4Pt." Physical Review C. 

Saltmarsh, M. J.. C. A. Ludemann. C. B. Fulmer. and R. C. Styles. "Characteristics on an Intense Neutron 
Source Based on the D + Be Reaction," Nuclear Instruments and Methods. 

Saltmarsh, M. J., C. A. Ludemann, C. B. Fulmer, and R. C. Styles (invited paper). "Neutron Yields and 
Dosimetry for Be(c/.n) and L\{d,ri) Neutron Sources at Et~ 40 MeV." Proceedings. International 
Specialists Symposium on Neu,.r-n Standards and Applications, Gaithersburg, Maryland. March 28-31. 
1977. 

Satchler, G. R. (invited paper), The Study of Giant Resonances in Nuclei by Inelastic Scattering.*' Proceedings 
of the International School of Physics "Znrico lermir Varenna, Italy, July-August 1976. 

Satchler, G. R., M. L. Halbert, N. M. Clarke, E. E. Gross,C. B. Fulmer. A. Scott. M. D. Cohler. D. C. Hensley. 
C. A. Ludemann, J. G.Cramer, M. S. Zisman.and R. M. DeVries. "Heavy-Ion Elastic Scattering II: 142-
MeV '*0 on : ,Si, "Co, and "Ni," Nuclear Physics. 
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Saver, R. O.. "Semi-Empirical Fonnulas for Heavy-Ion Stripping Data." Proceedings. Second International 
Conference on Electrostatic Accelerator Technology. Strasbourg. France. Mcy 1977. 

Schmorak, M. R.. "The Nuclear Data Project Data Bank." Proctrdings. ERDA Symposium on X-and Gamma-
Ray Sources and Applications, .inn Arbor. Michigan. May 1976. 

Schumann, S., S. B. Elston. C. R. Vance. J. P. Forester. P. M. Griffin. D. J. Pegg. I. A. Sellin. R. S. Thoe.and 
J. J. Wright. "Spin-Dependent Excitation of Autoionizing States of Li Produced in Collisions with Noble 
Gas Targets," Proceedings. Tenth International Conference on the Physics of Electronic and Atomic 
Collisions. Paris. France, July 1977. 

Sellin. I. A., S. B. Elston. J. P. Forester. P. M.Griffin. D. J. Pegg. R. S. Peterson. R. S.Thoe.C. R. Vane. J. J. 
Wright, and K.-O. Groeneveld. "Recoil Ion Spectroscopy in the X LiV Soft X-Ray Region Following 
Hea'7-lon Impact on Thin Gas Targets." Proceedings. Tenth Internathmal Conference on the Physics of 
Electronic and Atomic Collisions. Paris, France. July 1977. 

Sellin, I. A.,S. B. Elston.J. P. Forester. P. M.Griffin.D.J.Pegg.R. S.Peterson.R. S.ThoeX. R.Vane.J. J. 
Wright. K..-0 Groeneveld. R. Laubert.and F. Chen. "Production of Soft X-Ray-Emitting Slow Multiply 
Charged Ions: Recoil Ion Spectroscopy." Physics Letters A. 

Stelson. P. H.. "Coulomb Excitation." McCraw-HUI Encyclopedia of Science and Technology. 4th ed.. Daniel 
N. Lapedes. ed.. McGraw-Hill. New York. 

Stokstad, R. G.. R. A. Dayras. J. Gomez del Campo. P. H. .Stelson. C. Olmer. and M. S. Zisman. 
"Measurements of the Fusion of , : C + M N and the Liquid-Drop Limit for "*Ai.~ Physics letters. 

Thoe. R. S.. R. S. Peterson. D. J. Pegg. J. P. Forester. P. M. Griffin. H. C. Hayden. and I. A. Sellin. 
"Polarization Measurements on Noncharactenslic Radiations Emitted in Energetic Heavy-Ion Atom 
Collisions." physical Review A. 

Tricomi. J.. J. L. Duggan. F. D. McDaniel. P. D. Miller. R. P. Chaturvcdi. R. M. Wheeler. J. Lin. K. A. 
Kuenhold. L. A. Raybum. andS. J. Cipolla. "A Shell X-Rav Production in Ge. Rb. Y.Zr. and Ag by l 4N 
Ion Impact." Physical Review. 

Van der Borg. K.. M. N. Harakeh. S. Y. van der Werf. A. van der Woude. and F. E. Bertrand. "A High-
Resolution Study if the Giant Resonance Region in 'Si by Inelastic Alpha-Particle Scattering." Physics 
Letters. 

Vane, C. R.. I. A. Sellin. F. Chen. S. B. Elstcn. J. P. Forester. P. M. Griffin. K.-O. Groeneveld. R. Lautert. 
D. J. Pegg. R. S. Peterson. R. S. Thoc. and J. J. Wright. "High-Resolution Studies of Extensive Nc L-
Shell Excitation by Energetic Heavy-Ion Impact." Proceedings, Tenth International Conference on the 
Physics of Electronic and Atomic Collisions, Paris, France. July '.977. 

Wagner. G. J., K.T. Knopfle.G. Mairle. P. Doll, H. Hafncr.andJ. L. C.Ford.Jr. A Strong Effect of Isospin 
Mixing in '"O," Physical Review Letters. 

Wells, G. W.. "The Heavy-Ion Simulated Neutron Damage Facility at Oak Ridge National Laboratory." 
Proceedings, Fourth Conference on Application of Small Accelerators, Denton, Texas. October 1976. 

Welton, T. A., "Optimized Programs for Testing Image Processing Algorithms," Proceedings, Thirty-fifth 
Annual Meeting if the Electron Microscopy Society of America, Boston. Massachusetts. August 1977. 

Wong. C. Y.. "Quantum Stress Tensor and Density Oscillations," Physical Review Letters. 

Wong, C. Y.. "Some Nuclear Spin and Isospin Properties in the Hydrodynamical Model." Physics Letters. 

Wong, C. Y.. and J. A. McDonald. "Dynamics of Nuclear Fluid III: General Considerations on the Kinetic 
Theory of Quantum Fluids." Physical Review. 

Worsham, R. E., "Field Emission Gun for a 150-HV CTEM." Proceedings, Analytical Electron Microscopy 
Workshop, Ithaca, New York, August 1976. 

Worsham, R. E., and J. E. Mann, "A Liquid-Helium Cryostat fora Surerconducting Objectiveand Cold Stage," 
Proceedings, Sixth European Congress on Electron Microscopy, Jerusalem, Israel, September 1976. 



9. Papers Presented at Scientific 
and Technical Meetings 

Prepared by Wjlma L. Stair 

American Physical Society Meeting (Topical Conference on Diagnostics of High-Temperature Plasmas), 
Knoxvilie, Tennessee, January 7-9, 1976 

D. P. Hutchinson and K. L. Vander Sluis. "Development of a F?r-lnfrarcd L?-~r for Ion Thomson 
Scattering." Bull. Am. Phis. Six: 21, 848 (1976). 

International Workshop IV on Gross Properties of Nuclei and Nuclear Excitations, H irschegg, Austria, January 
12-17, 1976 

C. Y. Wong and K. S. Low. Time-Dependent Hartrce-Fock Formalism with Phenomenological 
Dissipation." 

International Research Workshop on Atomic, Molecular, and Solid-State Theory, Sanibel Island, Florida, 
January 15-17, 1976 

T. A. Carlson (invitrd talk). "Use of Quantum Chemistry in Pholoelectron Spectroscopy." 

Annual Symposium on Applied Vacuum Science and Technology, Tampa, Florida, February 2-4,1976 

J. W. Johnson. "Evaluation of Vacuum Compoi.»nts for Beam Lines for the ORNL 25-MV Heavy-Ion 
Accelerator." 

American Physical Society Meeting, New York, New York, February 2-5, 1976 

C. D. Goodman. W. R. Wharton, and D. C. Hcnslcy. "The Reaction u t ( ' Li.' Hc) uN and the Distribution 
of Gamow-Teller Strength." Bull. Am. Phy.\. Soc 21, 82 (1976). 

M. A. Ijaz. K. S. Toth. J. Lin. and F. I.. Robinson. "Alpha-IXxay Studies ol Thallium and Mercury 
Isotopes with A < 186." Bull. Am. Plus. Soc 21, 96 (1976). 

D. C. Kocher and F. E. Bcrtrand. "Study of the Giant Resonance Region in "Pb \ ia the (/»./»') Reaction." 
Bull. Am. Phys. Soc 21, 30 (1976). 

R. Mehla. J. L. Duggan. F. D. McDanicl. G. Monigold. P. D. Miller. R. P.Chaturvtdi. R. M. Wheeler. 
K. Kuenhold. J. Lin. and L. A. Rayburn. "Production of A X Rays by 4- to 38-McV Boron Ions Incident on 
Selected Elements from Cu to Sr." Bull. Am. Pins. S.n: 21, 33 (1976). 

G. A. Petittand F. E. Obenshain."DPAC Measurements with " - ,Dv inGd.-Otat High Temperature."Bull. 
Am. Phys. Soc 21, 22(1976). 

International Conference on Surface Effects in Controlled Fusion Devices, San Francisco, California, February 
16-20, 1976 
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B. R. Appfcton, R. H. Ritchie. J. A. Biggerstaff. T. S. Noggk. S. Datz. C. D. Moak. and H. Verbcck. 
"Energetic Heavy-Ion Channeling as an Experimental Technique for Simulating Radiative Electron Capture by 
Plasma and Impurity Ions in a CTR Type Plasma." 
Workshop on Electron Mkroscop v of Biological Materials at Atomic Resolution, Pacific Grove, California, 
Much 16-19,1976 

T. A. Wdton (invited talk). Theoretical Simulations." 
Symposium on Macroscopic Features of Heavy-Ion Collisions, Argonne, Illinois, April 1-3, 1976 

J. P. Bondorf, P. J. Siemens, H. FeMmeier, S. Garpman. and E. C. Halbert. "Classical Microscopic 
Description of Fast Heavy-Ion Collisions." 

M. L. Halbert, R. G. Slokstad. R. L. Ferguson. F. E. Obenshain. D.C. Hcnsky. A. H.Snell. F. PlasiUnd 
F. Pkasonton, "Strongly Damped Collisions of °̂Ne on Ni." 

J. A. Maruhn, R. Y. Cusson, and R. K. Smith. T.D.H.F. Study of the Reaction ""O + '"Oat Finite Impact 
Parameters in Three Dimensions." 

L. D. Rickertsen, G. R. Satchler. R. M. Wieland.and R. G. Stokstad. "Macroscopic Folding Form Factors 
for , : C- , : C Inelastic Scattering." 

G. R. Satchler (invited talk). "Potential Model Description of Heavy-Ion Elastic and Inelastic Scattering." 
R. G. Stoksud, J. Gomez del Campo. J. A. Biggerstaff. A. H. Snell. and P. H. Steison. "The Fusion of 

, 4N + , :C at High Energies." 
American Chemical Society Meeting (Division of Nuclear Chemistry and Technology), New York, New York, 
April 4-9, 1976 

K. S. Toth (invited talk), "Alpha Decay Systematics for Elements with SO < Z < 83." 
Workshop on Deep Inelastic Processes and Compound Nucleus Formation in Hcavy-lon Reaaions, Stony 
Brook, Long Island, New York, April 23-25,1976 

F. Plasil (invited talk), "Fission and Fusion Induced with Ar, Cu. and Kr Ions." 
R. G. Stokstad (invited talk). "Studies of Deep Inelastic Reactions at the ORIC." 

American Physical Society Meeting, Washington, D.C., April 26-29, 1976 
G. D. Alton, M. Reeves, and W. R. Garrett. "Optical-Model Analysis of Electron and Positron Scattering 

from Atomic Hydrogen." Bull. Am. Phys. Soc. 21, 574 (1976). 
J. B. Ball, C. B. Fulmer. and R. L. Robinson, "Light-Particle Emission from Heavy-Ion Reactions." Bull. 

Am. Phys. Soc. 21, 680 (1976). 
J. E. Bayfield. P. M. Koch, L. D. Gardner. I. A. Sellin. D. J. Pegg. R. S. Peterson. D. H. Crandall. and 

M. L. Mallory, "Single and Double Electron Transfer in B*" (q + 2.3.4) Collisions with He. Ar, and H:," Bull. 
Am. Phys. Soc. 21, 549 (1976). 

R. L. Becker and N. M. Larson. "Second-Order Brueckner Calculations for *"€»." Bull. Am. Phys. Soc. 21, 
640(1976). 

F. E. Bertrand (invited talk), "Excitation of New Giant Resonances in Nuclei by Inelastic Scattering." Bull. 
Am. Phys. Soc. 21, 678 (1976). 

F. E. Bertrand. D. C. Kocher.and E. E. Gross, "Inelastic Proton Excitation of Giant Resonances in 5</-Shell 
Nuclei," Bull. Am. Phys. Soc. 21, 516 (1976). 

R. R. Carlton, S Raman, and G. G. Slaughter. "Capture Gamma Rays from '"Sn + n and ,:*Sn + n 
Systems," Bull. Am. Phys. Soc. 21,634 (1976). 
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T. P. Cleary. J. L. C. Ford. Jr.. J. Gomez del Campo. E. E. Cross. D. C. Hensley. K. S. Toth. and S. T. 
Thornton. "Single-Particle Transfer Reaaions Induced by , : C on ^Pb." Bull. Am. Phys. Soc. 21,579(1976). 

L. L. Collins. L. L. Riedinger. G. D.OTtelley.C. R. Bingham. J. L. Wood. R. W. Fink. E. H. Spejewski. 
and H. K. Carter. "Triaxial Band in , , , v n . " Bull. Am. Phys. Soc. 21, 559 (1976). 

J. W. T. Dabbs (invited talk). "The Nuclear Fuel Cycle and Actinide Wastes: Cross-Section Needs and 
Recent Mea»ui.-mems." Bull. Am. Phys. Soc. 21, 507 (1976). 

S. Datz. P. Y. Dinner. J. Gomez del Campo. P. D. Miller, and J. A. Biggerstaff. "Screening by Bound K 
Electrons in Electric Stopping." Bull. Am. Phys. Soc. 21, 689 (1976). 

R. A. Dayras. M. L. Halbert. D. C. Hensley. C. B. Fulmer.and R. G. Stokstad. "Deep-Inelastic Collisions 
in the , : C + "Cu Reactions." Bull. Am. Phys. Soc. 21, 606 (1976). 

S. B. Elston. D. J. Pegg. P. M. Griffin. J. P. Forester. H. C Hayden. R. S. Peterson. R. S.Thoe.and I. A. 
Sdlin. "Lifetimes and Spectra of Highly Ionized Sulfur." Bull. Am. Phys. Soc. 21,626 (1976). 

H. Feldmeier. K. T. R. Davies. V. Maruhn-Rezwani, S. E. Koonin. S. J. Krieger. and J. W. Negele. 
"Time-Dependent Hartree-Fock Calculations for '*0 + '*0 and "Ca + *Ca Reactions." Bull. Am. Phvs. So-
21,511(1976). 

J. L. C. Ford. Jr.. R. L. Robinson. P. H. Stelson. J. Gomez del Campo. M. E. Ortiz. A. Dacal. and S. T. 
Thornton. "Coherence Widths in :*Si Measured by the i :C('*0.a) Reaction." Bull. Am. Phis. Soc. 21, 679 
(1976). 

J. L. Fowler. C. H. Johnson, and N. W. Hill. "Resonant States of :"*Pb from Neutron Total Cross-Section 
Measurements." Bull. Am. Phys. Soc. 21, 537 (1976). 

C. B. Fulmer. D. C. Hensley. S. Raman. A. H. Snell. P. H. Stelson. R. G. Stokstad.and R. M. Wieland. 
~' :C + , : C Transfer Reactions." Bull. Am. Phys. Soc. 21, 579 (1976). 

J. Gomez del Campo and R. G. Stokstad. "Montr-Carlo Calculations of Evaporation Residues from the 
, 4 N + , : C Reaction," Bull. Am. Phys. Soc. 21, 657 (1976). 

G. M. Gowdy, J. L. Wood. R. W. Fink. E. F.Zganjar.and A. G.Schmidt. "Systematic* of the Levels in the 
Neutron-Deficient Odd-Mass Mercuries," Bull. Am. Phys. Soc. 21, 559 (1976). 

E. E. Gross, T. P. Cleary, D. C. Hensley. R. G. Stokstad, K. S. Toth. and E. V. Hungerford. "Decay-ii,-
Fiight Measurements of Alpha Activity." Bull. Am. Phys. Soc. 21, 681 (1976). 

M. L. Halbert. R. G. Stokstad. D. C. Hensley. F. E. Obenshain. F. Pbsil. R. L. Ferguson, and 
F. Pleasonton. "Deep Inelastic Reactions Induced by 164- and 173-MeV : o Ne or Ni." Bull. Am. Phys. Soc. 21, 
607(1976). 

J. A. Harvey. J. Halperin. N. W. Hill, and S. Raman. "(n.a) and (n,p) Measurements on "Ni." Bull. Am. 
Phys. Soc. 21,536(1976). 

D. C. Hensley, R. G. Stokstad, M. L. Halbert. R. A. Dayras. and C. B. Fulmer. "Deep Inelastic Reactions 
Induced by 113-MeV '*0 Bombardment of Ni." Bull. Am. Phys. Soc. 21, 606 (1976). 

D. J. Horcn, J. A. Harvey, C. H. Johnson, and N. W. Hill, "(a* + s)-Wave Admixture in the 256.25-keV 
Resonance in m 7 Pb + n." Bull. Am. Phys. Soc. 21, 582 (1976). 

P. G. Huray, C. M. Tung, J. O. Thomson, and F. E. Obenshain, "Electron Charge Density Distributions 
Surrounding Impurity Atoms in Gold Metal," Bull. Am. Phys. Soc. 21, 566 (1976). 

A. C. Kahlcr, C. R. Bingham. L. L. Riedinger, R. L. Mlekodaj, A. G. Schmio*. J. L. Wood. R. W. Fink, 
and J. H. Hamilton, "Decay of "Pb." Bull. Am. Phys. Soc. 21, 559 (1976). 

H. J. Kim. R L. Robinson, W. K. Tuttle HI, R. Ronningen, R. O. Sayer, and J. C. Wells, Jr.. "50Cr High-
Spin States," Bull. Am. Phys. Soc. 21, 680 (1976). 
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F D McD«nietJ L. Duggan,J Tncomi.P D MUler.K A. Kuenhoid. F. Elliott.J. L.n.R M. Wheeler. 
ami R. P. CbaturvedL "X-Ray Production for "N Ions Incident on Thin Targets of Elements from Ti to Zn." 
Bui Am. Phys. Soc. 21,650 (1976). 

J. A. McDonald and C. Y. Wong. "General Considerations on the Kinetic Theory of Nuclear Fluid.** Bull. 
Am. Phys. Soc. 21, 360 (1976). 

R. L Mlekodaj. E. H. Spejewski. H. K. Carter, and A. G. Schmidt. "Target-Ion Sources for Mass 
Separators On-Line with Heavy-ton Beams."* Bull. Am. Phys. Soc. 21,611 (1976). 

G. Mowgotd, F. D. McDaniet J. L Duggan. R. Mhcta. P. D. Miller. J. Lin. K. A. Kuenhoid. R P. 
Cbaturvcdi, R. M. Wbeelcr, C. J. Cipolla, and L. A. Raybum, "tf-Shell X-Ray Production Cross Sections of 
Selected Elements P to Ni for 0.4-3.8 MeV/amu , 0B Ions." Bull. Am. Phys. Soc. 21,651 (1976). 

C. Ngo, S. OuichaouL J. Peter, F. Pbsil. B. Tamain. M. Berlanger. and F. Hanappc. "Quasi-fission from 
•^An + *Ar at 220 MeV," Bull. Am. Phys. Soc. 21, 606 (1976). 

D. 1. Pegg (invited talk). "Beam-Foil Studies of Highly Ionized Atoms." Bull. Am. Phvs. Soc. 21, 508 
(1976). 

D. J. Pisano. K. W. Jones. P. Griffin. D. Pegg. I. Sellin, T. Krusc.and S. Bashkin. "Beam-Foil Radiative 
Lifetime Measurements in SilX-SiXII." Bull. Am. Phys. Soc. 21,689 (1976). 

S. Raman, G. G. Slaughter, and R. F. Carlton. The "*Sn(n.y)"",Sn Reaction." Bull. Am. Phvs. Soc. 21, 
634(1976). 

A. D. Ray. F. D. McDaniel, J. L. Duggan. J. Tricomi, P. D. Miller. J. Lin. L. A. Raybum. and F. Elliott. 
"/.-Shell X-Ray Production in Sm, Gd. Ho, Yb. Au.and Pbby Incident 7-to35-MeV "N Ions." Bull. Am. Phis. 
Soc. 21,650 (1976). 

R. L. Robinson and J. K. Bair. "Total Reaction Cross Section near the Coulomb Barrier for """O. Cu. Zn 
Systems," Bull. Am. Phys. Soc. 21, 680 (1976). 

A. G. Schmidt. G.M.Gowdy.R.W.Fink.andC. R.Bingham. "The Decay of Mass-Separated "Tl."«u//. 
Am. Phys. Soc. 21, 559 (1976). 

M. Schmorak. "Alpha-Decay Systematics for the Heavy Nuclides." Bull. Am. Phys. Soc. 21,583 (1976). 

R. G. Stokstad. J. Gomez del Campo. A. H. Snell. J. A. Biggerstaff. and P. H. Stelson. "The Fusion of 
M N + , : C at Energies up to £( M N) = 178 MeV." Bull. Am. Phys. Soc. 21,656 (1976). 

R. G. Stokstad. D. C. Hensley. and A. H. Snell."A Position-Sensitive A£-£CountcrTelescope," Bull. Am. 
Phys. Soc. 21,657(1976). 

R. S. Thoe. J. P. Forester. D. J. Pegg, R. S. Peterson, K. H. Liao. and I. A. Sellin. "Radiative Electron 
Capture Cross Sections for High-Energy AI-AI and Al-C Collisions." Bull. Am. Phys. Soc. 21, 650 (1976). 

R. S. Thoe, J. P. Forester, R. S. Peterson. D. J. Pegg. P. M. Griffin. K. H. Liao. and I. A. Sellin. 
"Characteristic KX-Ray Production from High-Energy AI-AI Collisions." Bull. Am. Phys. Soc. 21,650(1976). 

K. S. Toth, J. L. C. Ford, Jr., G. R. Satchler. E. E. Gross. D. C. Hensley. S. T. Thornton, and T. C. 
Schweizer, "Analysis forthe( , 2C, , ,Qand( , 2C,"B) Reactions Induced by , 2Con :o,Pb,"Bull. Am. Phys. Soc. 21, 
579(1976). 

G. J. Wagner, K. T. Knopfle, G. Mairle. J. L. C. Ford, Jr., and S. T. Thornton. "A Puzzling Case of Strong 
Isospin Mixing in "O," Bull Am. Phys. Soc. 21, 514 (1976). 

J. C. Wells, Jr., S. Raman, and G. G. Slaughter, "Energy Levels in "*Nd from Resonance Neutron Capture 
in Gamma-Ray Measurements," Bull. Am. Phys. Soc. 21,657 (1976). 

R. M. Wieiand, R. G. Stokstad, G. R. Satchler, and L. D. Rickertsen. "Analysis of , : C + i : C Elastic 
Sea tering with Folded-Model Potentials." Bull. Am. Phys. Soc. 21, 578 (1976). 
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C. Y. Wong (invited talk). "Dynamics of Nuclear Fluid in Heavy-Ion Collisions." Bull. Am. Phis. Soc. 21, 
530(1976). 

Ninth International Conference on Electromagnetic Isotope Separators and Related Ion Accelerators, Kibbatz, 
Kiryat Anavim, Israel, May 10-13, 1976 

H. K. Carter. E. H. .Spejewski. R. L. Mlekodaj. A. G. Schmidt. F. T. Avignone. C. H.. Singham. R. A. 
Braga. J. D. Cole. A. V. Ramayya. E. L. Robinson. K. S. R. Sastry. and E. F. Zganjar. "The UNISOR ISOL 
Data Acquisition.'' 

R. L. Mlekodaj. E. H. Spejewski. H. K. Carter, and A. G. Schmidt. "The UNISOR Integrated Target-Ion 
Source." 

ERDA Symposium on X- and Gamma-Ray Sources and Applications, Ann Arbor, Michigan, May 19-21,1976 

M. R. Schmorak and M. J. Martin. "The Nuclear Data Project Data Bank." 

Third International Conference on Nuclei Far from Stability, Cargcse, Corsica, France, May 19-26, 1976 

J. D. Colc.J.H. Hamilton. A.V. Ramayya. K.S. Toth. M. A. Ijaz.E. L.Robinson.J. Lin.W. H.Brantley. 
K. S. R. Sastry. P. V. G. Rao. E. H. Spejewski. and R. L. Mlekodaj. "New Isotope , v T l and the Excited 
Deformed Band in '"Hg." 

J. L. Wood. R. W. Fink. E. F. Zganjar. R. I.. Mlckodaj. L. L. kkdinger. and C. R. Bingham. "The 
Structure of Neutron-Deficient Ode' Mass Nuclei in the Au.TI Region: Evidence for Coexisting Triaxial Shapes 
and a Two-Component Pairing Force." 

J. I.. Wood. G. M. Gowdy. R. W. Fink. D. A. McClure. M. S. Rapaport. R. A. Braga. E. H. Spejewski. 
R. L. Mlekodaj. H. K. Carter. A. G. Schmidt. J. D. Cole. A. V. Ramayya. J. H. Hamilton. H. Kawakami. 
E. F. Zganjar. C. R. Bingham. L. L. Riedingcr. A. C. Kahlcr. L. L. Collins. E. L. Robinson. J. Lin. B. D. 
Kern. J. L. Weil. K. S. R. Sastry. F. T. Avignonc. M. A. Ijaz. and K. S. Toth. "Recent Work at UNISOR on 
Neutron-Deficient Au. Hg. and Tl Nuclei in the Mass Range 184 ^ A ^ 197." 

E. F. Zganjar. G. M. Gowdy.J I.. Wood. R. W. Fink. A. G.Schmidt. H. K. Carter. R. L. Mlckodaj.and 
E. H. Spejewski. "The Structure of the Light Odd-Neutron Hg and Pt Nuclei." 

Southeast Electron Microscopy Society Meeting, Orlando, Florida, May 21-22. 1976 

R. E. Worsham. J. E. Mann. E. G. Richardson, and N. F. Zicgkrr. "A 150-kV High-Coherence 
Microscope." 

1976 National Computer Conference, New York, New York, June 7-10, 1976 

C. A. Ludemann. "Raise Your Hand if You Know What CAM AC Is!" 

American Nuclear Society Meeting, Toronto, Canada, June 13-18. 1976 

R. L. Auble. "The NDP Nuclear Structure Information System." 

M. J. Saltmarsh. "rf-Li Neutron Sources Application to the O R Materials Program." 

International Conference on Selected Topics in Nuclear Structure, Dubna, U.S.S.R.. June 15-19, 197ft 

A. P. dcl.ima. B. van Nooijen. R. M. Ronningen. H. Kawakami. J. H. Hamilton. A. V. Ramayya. R. B. 
Picrcey. R. I.. Robinson. H. J. Kim. and W. K.Tutflc."High-SpinStatcsand Possible Band Crossings in "Gc." 

R. B. Picrcey. A. V. Ramayya. R. M. Ronningen. J. H. Hamilton. R. I.. Robinson, and H. J. Kim. 
"Evidence for an Octupolc Rotational Band in 4Se." 

Gordon Research Conference on Nuclear Chemistry, New London. New Hampshire, June 21-25, 1976 

F. Plasil (invited talk). "Quasi-fission and Compound Nucleus Reactions." 

K. S. Toth (invited talk). "Heavy-Element Production at Dubna and Elsewhere: What Arc We Learning?" 
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Infcrnational Conference on Radial Shape of Nocfci, Cracow, Poland, June 22-25,1976 

G.Bagieu, A. J.Cok, R.deSwnuarskLC.B. Fulmer.D. H.Koang.andG. Mariolopoulos."Optical-Model 
Analysis of 41-MeV Alpha Particles Scattering from : w r * *Si and r A I and Nuclear Matter Distribution." 

Fifth International CODATA Conference, Bonlder, Colorado, June 28 Jury 1,1976 

W. B. Ewbank, "Computer Processing of 'Free-Text* Keyword Strings." 

W. B. Ewbank. "Evaluated Nuclear Structure Data File (ENSDF) for Basic and Applied Research." 

International Conference on the mtencxioa of ffcnrrom with NiKleL L ^ ^ 

J. W. T. Dabbs. N. W. Hill, C. E. Bonis, and S. Raman. "Fission Cross-Section Measurements on :'*Ctn 
a n d I W C m . -

J. L. Fowler (invited talk). "Neutrons and Energy." 

J. A. Harvey. "Neutron Resonances: Neutron Reaction Mechanisms and Nuclear Structure." 

D. J. Horen, J. A. Harvey, and N. W. Hill. "Resonances in "" Pb + n Including d + s Wave Admixture." 

C. H. Johnson. S. K. Penny. J K. Bair. and C. M. Jones. "Competition of Gamma-Ray and Neutron 
Emission above the Sntp.n) Thresholds." 

S. F. Mughabghab. A. I. Namenson. G. G. Slaughter, and S. Raman. "Search for Nonstatistkal Effects in 
, r , YNn.>) , 7 4 Yb." 

S. F. Mughabghab. O. Wasson. G. G. Slaughter, and S. Raman. "Determination of Parity of "Mo 
Resonances with Low-Energy Gamma Rays." 

S. Raman, N. W. Hill. J. Halperin.and J. A. Harvey."Angular Anisolropy in the "Li(n.a)'\i Reaction in the 
eV and keV Energy Region." 

R. R. Winters. E. D. Earle. J. A. Harvey, and R. L. Macklin. "The Neutron Strength Functions and 
Radiation Widths of T l Resonances." 

Fifth International Conference on Atomic Physics, Berkeley, California, Jury 26-30,1976 

C. F. Barnett (invited talk). "Role of Impurities in Magnetically Confined High-Temperature Plasmas." 

J. E. Bayfield. P. M. Koch. L. D. Gardner. I. A. Sellin. D. J. Pegg. R. S. Peterson.and D. H. Crandall."An 
Experimental Survey of Electron Transfer in keV Collisions of Multiply Charged Ions with Atomic Hydrogen." 

D. J. Pegg. S. B. Elston. J. P. Forester. P. M. Griffin. H. C. Hayden. R. S. Peterson. I. A. Sellin.and R. S. 
Thoe, "Lifetimes and Transition Rates for Allowed 'In-Shell* Transitions in Highly Stripped Sulfur." 

Enrico Fermi International School of Physics, Varenna, Italy, July 26-August 7,1976 

G. R. Satchler (lecture series). "The Study of Giant Resonances in Nuclei by Inelastic Scattering." 

Gordon Research Conference on Particle Solid Interactions, Andover, New Hampshire, August 2-6,1976 

C. F. Barnett (invited talk). "CTR Fusion Research." 

Aaaryticaf Electron Microscopy Workshop, Ithaca, New York, August 3-6,1976 

R. E. Worsham. "Field Emission Gun for a 150-kV CTEM." 

Tbirty-foartb Annual Meeting Electron Microscopy Society of America, Miami, Florida, August 9-13,1976 

T. A. Wciton (invited talk), "Clean Calculations for Dirty Data: Fourier Optics for the Practicing Electron 
Microscopist. 

T. A. Wehon. "Synthetic Electron Micrographs for the Study of Reconstruction Algorithms." 

I t E. Wooham and J. E. Mann. "A Liquid-Helium Cryostat for a Superconducting Objective and Cold 
Sajge." 
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European Conference on Nuclear Physics with Heavy Ions, Caen, France, September 6-10, 1976 

J. B. Ball. J. A. Martin. J. A. Biggerstaff. C. M. Jones. R. S. Lord, and R. L. Robinson. "The Holifield 
Heavy-Ion Research Facility at Oak Ridge." 

A. P. dc Lima. J. H. Hamilton. A. V. Ramayya. R. van Nooijen. R. M. Ronningen. H. Kawakami. R. B. 
Picrcey. R. L. Robinson. H. J. Kim. W. K. Tuttle. and L. K. Peker. "Anomalous Behavior of Yrast States in 
"Ge." 

H. J. Kim. R. L. Robinson. W. K. Tuttk III. R. Ronninger R. O. Saver, and J C Wells. Jr.^'Cr High-
Spin States." 

S. Koonin. V. Maruhn-Rezwani. K. T. R. Davies. H. FcUmeier. S. J. Krieger. and J. W. Negele. 
"Microscopic Calculation of Energy Loss in Heavy-Ion Collisions." 

W. G. Love and G. R. Satchler. "A New Interaction for Heavy-Ion Scattering." 

R. B. Picrccy. A. V. Ramayya. J. H. Hamilton. R. M. Ronningen. R. L. Robinson, and H. J. Kim. "Band 
Structure in 4Se." 

L. D. Rkkertsen and C. R. Satchler. "On the Single-Folding Model for Heavy-Ion Potentials." 

R. L. Robinson. H.J. Kim. R.O.Sayer.J.C Wells. Jr.. and R. M. Ronningen. "High-Spin States in ""Ge." 

International Conference on the Applications of the Mossbauer Effect, Corfu, Greece, September 13-17,1976 

P. G. Huray. C. M. Tung. F. E. Obenshain. and J. O. Thomson. "Character of the Charge Density 
Distribution Surrounding Impurities in Gold Metal." 

Sixth European Congress on Electron Microscopy, Jerusalem, Israel, September 14-20, 1976 

R. E. Worsham and J. E. Mann. "A Liquid-Helium Cryostat for a Superconducting Objective and Cold 
Stage." 

Optical Society of America Meeting, Tucson, Arizona, October 17-21, 1976 

J. J. Cowan. "Holography with Optical Guided Waves." 

J. J. Cowan. "Blazed and High-Line Density Holographic Gratings Produced by Use of Optical Guided 
Waves-
Fourth Conference on Use of Small Accelerators in Research, Teaching, and Industrial Applications (APS 
Topical Conference), Denton, Texas, October 2S-27, 1976 

D. H. Crandall (invited talk). "Electron Capture by Multkharged ions." Bull. Am. Phvs. Soc. 21, 1327 
(1976). 

K. A. Kucnhold. J. L. Duggart. F. D. McDaniel. A. D. Ray. A. Zander, and P. D. Miller (invited talk). 
"Production of L X Rays by 9.S- to 41.8-MeV Fluorine Ions Incident on Six Elements from Pr to Bi." 

C. D. Moak (invited talk). "Accelerator-Based Atomic Physics Experiments: An Overview." Bull. Am. 
Phys. Soc. 21,1320(1976). 

G. Monigold, F. D. McDaniel, J. L. Duggan. R. Menu, R K ice, and P. D. Miller(invited talk),"ff-Shell X-
Ray Production Cross Sections of Selected Elements Al to Ni f. r 4.0 to 38.0 MeV," Bull. Am. Phys. Soc. 21,1323 
(1976). 

I. A. Sellin (invited talk). "Overcoming the Doppler Limitation in Beam-Foil Experiments by Target Ion 
Spectroscopy." Bull. Am. Phys. Soc. 21, 1333 (1976). 

G. F. Wells, "The Heavy-Ion Simulated Neutron Dam: g- Facility at Oak Ridge National Laboratory.' 
Bull. Am. Phys. Soc. 21, 1341 (1976). 
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B. Arlcfsoa. A. Baldwin. J. Knudson.T. Wkten. R. Madcv.C. D.Goodman. D. F. Bainum. J. Rapaport. 
aad C. C. Foster. "Neutron Spectra at 9 J° from 'Bcty>./i> and Cipji) Reaction at 61 Ji M C V . " Bull. Am. Phr\. 
Soc. 21,978(1976). 

G. Bagieu. A. J. Cole. R. de SwiniarskL D. H. Koang. G. Mariolopoulo,. C. B. Fulmer. and I.. D. 
Rkkertscn,"45-McV 'He ElasticScattering from AL " ~ " * ^ i . " Bull. Am. toys. Sot. 21,9*6 (1976). 

F. T. Baker. A. Scott, T. P. Cfcary. J. L. C. Foid. Jr.. E. E. Gross, and D. C. Hensky. -Inelastic ' C 
Scattering from ""PC Bull. Am. toys. Soc. 21,970 (1976). 

M. D. Barker. J. D.Gahrabos. A. C. Rester. H. Kawakami. A.dcLima. R. M. Ronningen. J. H. Hamilton. 
H. K. Carter. R. L Mkkodaj. and E. H. Spejcwski. "Exploratory Studies in the Mass Region A = 60 to X0 Far 
from Stability." Bull. Am. toys. Soc. 21.96* (1976). 

K. R. CococU. S. T. Thornton. L. C. Dennis. T. C. Schweizcr. J. L. C. Ford. Jr..and J. Gome/ del Campo. 
"Excitation Functions of the , ;C( uN.<»)"Na Reaction." Bull. Am. toys. Soc. 21.970 (1976). 

C. D. Goodman. M. B. Greenfield. C. A. GouMing. and C. C. Foster. "A Beam Swinger for Neutron Timc-
of-Fught Experiments at IUCF." Bull. Am. toys. Soc. 21, 1007 (1976). 

E. E. Gross, T. P. Cfcary. J. L. C Ford. Jr.. D. C. Henslcy. and K. S. Tolh. "Nuclear Shapes from ""Nc * 
""Ph." Bull. Am. toys. Soc. 21,985 (1976). 

E. D. Hudson and M. L. Mattory. "Enhancement of Cyclotron Beam Intensity by Using an Easily Ionized 
Support Gas in the Ion Source." Bull. Am. toys. Soc. 21,988 (1976). 

M. A. Ijaz. K. S. Toth. J. Lin. E. L. Robinson. C. R. Bingham, and H. K. Carter. "Observation of Alpha 
Decay in , M J * % • ' " • w T l . " Bull. Am. toys. Soc. 21, 975 (1976). 

C H.Johnson. J. K. Bair.C. M. Jones. S. K. Penny, and D. W. Smith. "/>-Wave Size Re onances Observed 
by 2.6- to 7-McV Protons Incident on Isotopes of Sn." Bull. Am. Phys. Soc. 21,987 (1976). 

N. R. Johnson. S. W. Yates. R. M. Ronningen. R. D. Hichwa. L. L. Riedinger. and A. C. Kahler. 
"Properties of , M E r in the Band Crossing Region." Bull. Am. toys. Soc. 21, 984 (1976). 

A. C. Kahkr. L. L. Riedinger. P. Hubert. N. R.Johnson.E. Eichler. R. L. Robinson.andG. J.Smith."In-
Beam Spectroscopy of " " * v n . - Bull. Am. toys. Soc. 21,976 (1976). 

H. Kawakai i. P. A. dcLima. R. M. Ronningen. J. H. Hamilton. A. V. Ramayya. R. L. Robinson, and 
H. J. Kim. "Level Structure of "Ga." Bull. Am. toys. Soc. 21,968 (1976). 

C. H. King. B. A. Brown.T. L. Khoo. E. Eichler. > . R. Johnson. A. C. Kahler. L. L. Ricdinger.and A. G. 
Schmidt. "High-Spin States in ' " u : , 4 *"*Sm." Bull. Am. toys. Soc. 21, 1004 (1976). 

W. G. Love. "Mic.oscopic Description of Sn{p.n) Reactions." Bull. Am. toys. Soc. 21,963 (1976). 

D. Malbrough. R. D. Edge. C. W. Darden. T. Marks. B. M. Freedom. F. E. Bertram!. E. E. Gross. C. A. 
Ludemann, M. J. Saltmarsh. R. L. Burman. R. P. Redwine. K. Gotow.and M. Moinester. "Measurements of 
Pion-Nuclear Elastic Scattering at Low Energies." Bull. Am. toys. Soc. 21,983 (1976). 

M. L. Mallory. K. W. Fischer, and E. D. Hudson. "Space Charge Beam Loss in Heavy-Ion Cyclotrons." 
Bull. Am. toys. Soc. 21, (1976). 

G. S. McNeilry, E. D. Hudson. R. S. Lord. S. W Mosko. J. E. Mann. K. N. Fischer. J. A. Man in. and J. B. 
Ban. "Development Studies on a Separated-Sector Cyclotron for Phase I I of the Holifield Heavy-Ion Research 
Facility." Bull. Am. Phys. Soc. 21,989 (1976). 

H. Nann. A. Saha. and S. Raman. "The "Ni(p./)' 7Ni Reaction." Bull. Am. Phys. Soc. 21, 967 (1976). 

A. V. Ramayya. J. D. Cole. J. H. Hamilton. H. Kawakami. E. H. Spejewski.and K. S. R.Sastry."Shape 
Isomerism in '"Hg." Bull. Am. Phys. Soc. 21,975 (1976). 
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R. L. Robinson. H. J. Kim. R. O. Saver. J. C. Welk.and R. M. Ronningen. "High-Spin Stalesin "Ge.~ 
Bull. Am. Phis. Stx. 21. 961* (1976). 

R. M. Ronningen. R. B. Pierccy. R. S. Grantham. J. H. Hamilton. A. V. Ramayya. B. van Nooijen. 
H. Ka»akami.C. Maguirc. I.. I.. Ricdinger.and W. K. Dtegcnhart."E2and £4 Moments in '~ ! > "Dv. '*" '^Er. 
and "Yb." Bull. Am. Phi a. Soc. 21,985 (1976). 

R. M. Ronningen. R. B. Pierccx. A. V. Ramayya. J. H. Hamilton. W. K. Dogenhart.S. Raman.and P. H. 
SICIMHI. "Coulomb Excitation of :" '*Pt.~ Bull. Am. Phys. S*x. 21.976 < 1976). 

S. T. Thornton. L. C. Dennis. K. R. Cordell. R. C. Schwei/er. P. G. Lookadoo. J. I.. C. Ford. Jr.. and 
J. Gome/ del Campo. - : : C ( : C a ) : : N e Reaction Exciuiion Functions." Bull. Am. Phys. Sue. 21,970(1976). 

C. Y. Wong. "On the Primordial Superheavy Element 126." Bull. Am. Phis. Six. 21,981 (1976). 

IAEA Conference on Atomic Data for Fusion. Curaam. England. November 1-5,1976 

C. F. Barnctt (invited talk). "Compilation and Evaluation of Atomic and Molecular Data Relevant to 
Controlled Fusion Research." 

Symposium of Northeastern Accelerator Personnel (SNEAP1976). Tallahassee, Florida. November 3-5 (1976) 

J. W. Johnson. "Recent Vacuum Work at Oak Ridge." 

Southeastern Section Meeting of the American Physical Society. Virginia Beach. Virginia. November 11-13, 
1976 

T. A. Carlson and C. W. Nestor. Jr.. "Calculation of K and /. X-Ray Energies for Elements from / = 95 to 
130." Bull. Am. Phi>. Six. 22, 487 (1977). 

R. I.. Mkkodaj(invited talk)."Technological Advancesai L'MSOR."Bull. Am. Phys. Six.22.488J 1977). 

W. G. Nettles. R. Beraud. J. D. Cole. J. H. Hamilton. A. V. Ramayya. E. H. Spejcwski. and K. S. R. 
Sastry. "Decay of w H g »c " A u . " Bull. Am. Phys. Six. 22,488 (1977). 

R. B. Pierccy. J. H. Hamilton. R. M. Ronningcn. A. V. Ramayya. R. I.. Robinson.and H. J. Kim."Odeto 
an Unidentified Isotope." Bull Am. Phis. Six. 22.488 (1977). 

K. S. Toth and M. A. Ijaz (invited talk), "Alpha Decay lor Isotopes with / < 83: Recent Experiments al 
INISOR." Bull. Am. Phis. Six. 22, 488 (1977). 

American Physical Society Meeting. San Francisco, California, November 15-19, 1976 

H.J. Kim. P. H. Stclson.J. E. Bayfield. P. M.Koch.andL. D. Gardner. "Elcctron-CapturcCrossScctions 
for Multiply-Charged ">e Ions Incident on Atomic Hydrogen Targets." post-deadline paper. 

American Physical Society Meeting, Lincoln, Nebraska, Deccmbtr 6-8, 1976 

D. H. Crandall. P. O.Taylor, and R. A. Phancuf."Elcciron Impact Ionization of (."." Bull. Am. Phys. Six. 
21,1256(5976). 

J. P. Forester. I). J. Pcgg.S. B. Elston. P. M.Griffin. K -O.Grocncvtld.R. S. Peterson. R. S.Thoc.C. R. 
Vane, and I. A. Scllin. "Radiative Lifetimes and Oscillator Strength for then = 2 Stales ofBc-likc Sulfur. "Bull. 
Am. Phis. Sin. 21, 1253 (1976). 

F. D. McDanicl. J. L. Duggan. R. K. Rice. R. Mchta. B. I ) . Payne. G.C. Monigold.O. W. Holland. I ) . E. 
Johnson. P. D. Miller. I . A. Rayburn. A. Zandes. K. A. Kucnhold. R. M. Whccicr. R. P. Chalurvcdi. and 
S. J. Cipolla. "Evidence for fc-Shcll Charge Exchange for 'Si Ions Penetrating Thin Solid Targets." Bull. Am. 
Phis. Six. 21, 1248(1976). 

R.S. Peterson.S. B. Elston. I. A. Scllin. R. I.aubcrt. F. K.Chen.andC. A. Peterson."Mass DcpcndcrtvCof 
Nc A X-Ray Yields from Nc"-Nc Collisions at kcV Energies." Bull. Am. Phys. Six.lX, 1248 (1976). 
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R. A. Ptaaneuf and R. H. McK night. "Charge Transfer Collisions of N" with Atomic and Molecular 
Hydrogen" Bull. Am. Phis. Soc. 21. 1266 (1976). 

L A. SeDm (invited talk). "High tonization-Excitation States of Ne*" Ions and Their Mass-IX-ncndcnt 
Symwtric Cofeion Interactions.'' Bull. Am. Phys. Soc. 21. 1250 (1976). 

P. H. Stetson (invited talk). T h e Atomic Phvjics Potential of New Accelerators." Bull. Am. Pins. .**. 21. 
1260(1976): 

P. O. Taylor. R. A. Phaneaf. G. H. Dunn, and D. H. CrandalL "Electron Impact Excitation Cross Sections 
for C" from a Crossed-Bcams Measurement." Bull. Am. Phys. Soc. 21. 1256 (1976). 

C. R. Vane. D. J. Pegg.S. B. Elston. J. P. Forester. P. M.Griffin. K.-O. Groenevcld. R. S. Peterson. R. S. 
Thoe. and I. A. Scilin. "A Beam-Foil Study of the 2s2pp Doublet in Li-like Sulfur." Bull. Am. Ph.s. .**-. 21. 
1232(1976). 

Second lateraatkmal Conference and Winter School on SubmiDimeteT Waves and Their Applications. San 
Jana, Puerto Rico, December 6-10.1976 

D. P. Hutchinson and K. L. Vandcr Sluis. "Design of a High-Power Submillimetcr Oscillator-Amplifier 
System." 

Fifteenth International Winter Meeting on Nuclear Physics. Bormio. Italy. January 17-22. 1977 

F. Plasil (invited talk). "Fusion and Other Strongly Damped Collisions in Kr Bombardments of Medium-
Mass Nuclei." 

American Physical Society Meeting, Chicago, Illinois, February 7-10. 1977 

Y. A. Ellband K. S. Toth. "Alpha Systematic* for the 214 < A $ 242 Region."Bull. Am. Pins. -V«-. 22.54 
(1977). 

J. L. Fowler. J. A. Cookson. M. Hussian. C. A. L'tllcy. and R. B. Schwartz. "Angular Distribution of 
Neutron-Proton Scattering at 27.3 MeV." Bull. Am. Phys. Sot. 22,53 (1977). 

S. Raman (invited talk). "Search for SuperheavyElements with Synchrotron Radiation."*///. Am. Pins. 
Soc. 22,71 (I9?7). 

Conference on Atomic Processes in High-Temperature Plasmas (American Physical Society Topical 
Conference). Knoxville, Tennessee, February 16-18, 1977 

D. H. Crandall (invited talk). "Atomic Collision Cross Sections for Plasma Applications." 

T. H. Kruse. J. I.. Cccchi. B. M.Johnson. K. W. Jones. P. M. Griffin, and D. J. Pcgg."I)ccay Studies of the 
n + 3 States of Sodium-like Copper Using Foil Excitation." 

F. W. Meyer and R. A. Phaneuf. "Charge Transfer Collisions of Mulikhargcd Carbon. Nitrogen, and 
Oxygen Ions with Atomic and Molecular Hydrogen." 

I. A. Scilin (invited talk). "Contributions of Beam-Foil Spectroscopy to/-Value Measurements on Ions of 
Interest in High-Temperature Plasmas." 

German Physical Society Meeting, Munster, West Germany, March 11,1977 

J. Fink. G. Czjek. H. Schmidt, K.Tomala.and F. E.Obenshain. "Measurement of Local Susceptibility and 
Moments in Alloys of Pd-Ni with *'Ni." 

1977 IEEE Particle Accelerator Conference, Chicago, Illinois, March 16-18,1977 

J. B. Ball (invited talk). "A New Generation of Heavy-Ion Facilities." Bull. Am. Phys. Sac. 22,135 (1977). 

E. D. Hudson and M.L. Mallory. "Heavy-Ion Source Support Gas Mixing Experiments." Bull. Am. Phvs. 
Soc. 22, 175 (1977). 
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J. A. Martin. J. B. Ball. E. D. Hudson. R.S. Lord.J. E. Mann.G. S. McNcilh.andS. W. Mosko. "Design 
Status of a Separated-Sector Cyclotron Booster Accelerator for the Holifield Heavy-Ion Research Facility." 
Bull. Am. Phis. Sex. 22, 153 (1977). 

S. W Mosko. E. D. Hudson. R. S. Lord, and J. A. Biggcrstaff. "Magnetic Field Measuring System for 
Remapping the ORIC Magnetic Field." Bull. Am. Phys. Soc. 22, 145 (1977). 

S. W. Mosko. J. D. Rybnder.andG. K.Schulzc.-ORIC RF System Preparation for HHIRF." A///. Am. 
Phys. Sex. 22, 162(1977)! 

American Chemical Society Meeting, New Orleans, Louisiana, March 21-24, 1977 

C. E. Bemis. Jr.. R. L. Fe.guson. F. Plasil. R. J. Sirva. Frances Pkasonton.and R. L. Hahn. ~Hea>y-lon 
Reactions and Fission in the Actinide and Transactinidc Region." 

R. L. Hahn. K. S. Toth. F. Hubert, and P. F. Dinner. Transfer Reaction Studies: The Production of 
:**-""Cf in Reactions of w Pu with , : C . "O. ""Ne. and "N." 

F. Plasil (invited talk). "Heavy-Ion Reactions and Fission in the Actinide and Transactinidc Region." 

American Physical Society Meeting, San Diego, California, March 21-24, 1977 

D. H. Crandall (invited talk). "Atomic Collision Cross Section for Plasma Impurities." Bull. Am. Phrs. 
Soc. 22,251(1977). 

Joint German and Dutch Physical Society Meeting, Konstanz, Germany, March 21-26,1977 

E. E. Gross, T. P. Cleary, J. L. C. Ford, Jr.. D. C. Hensley, and K. S. Toth, "Multistep Processes in "Ne + 
^ P b Scattering." 

Nordic Symposium on Atomic and Molecular Transition Probabilities, Lund, Sweden, March 28-29, 1977 

D. J. Pegg. P. M. Griffin. S. B. Elston. J. P. Forester. K.-O. Groeneveld. H. C. Hayden. R. S. Peterson. 
R. S. Thoe. C. R. Vane, and I. A. Sellin. ~±n -+• 0 Transitions in Highly Ionized Ions." 

International Specialists Symposium on Neutron Standards and Applications, Gaithersburg, Maryland, March 
28-31, 1977 

M. J. Saltmarsh. C. A. Ludemann. C. B. Fu!mer. and R. C. Styles (invited talk). "Neutron YieHs and 
Dosimetry for Be{d.n) and Lt(d.n) Neutron Sources at Ej + 40 MeV." 

American Physical Society Meeting, Washington, D.C., April 25-28, 1977 

C. E. Bemis, Jr.. R. L. Ferguson. R. J. Sirva. F. Plasil, G. D. OKelley. R. L. Hahn. D. C. Hensley. E. K. 
Hulet. and R. W. Lougheed. "Production and Decay of "'""'l 05 and Spontaneous Fission Properties of > : I05-
: 6 ;I04," Bull. Am. Phys. Soc. 22,611 (1977). 

C. R. Bingham, R. W. Lide. J. A. Vrba, L. L. Riedinger. H. K. Carter. R. L. Mlekodaj. E. H. Spejewski. 
R. A. Braga. W. R. Western, and R. W. Fink. "Decay of Mass-Separated '""Po." Bull. Am. Phis. Soc. 22,546 
(1977). 

F. K. Chen. G. Lapicki. R. Laubert. S. B. Elston. R. S. Peterson, and I. A. Sellin. "Projectile Charge-State 
Dependence in K-Shell Ionization of Neon, Silicon, and Argon Cases by Lithium Projectiles," Bull. Am. Phvs. 
Soc. 22,655(1977). 

T. P. Cleary, J. L. C. Ford, Jr., E. E. Gross, D. C. Hensley, C. R. Bingham,and J. Vrba, "Mutual Excitation 
of "Ne and ,:*Te in Inelastic Scattering," Bull. Am. Phys. Soc. 22, 564 (1977). 

S. Datz, P. F. Dittner, J. A. Biggerstaff, J. Gomez del Campo, P. D. Miller, and C. D. Moak, "K-Shell 
Vacancy Effects on Charge Sutes of 50- to 60-Me V CI Ions Emerging from Solids," Bull. A m. Phys. Soc. 22,624 
(1977). 

R. A. Dayras, R. G. Stokstad, M. L. Halbert, D. C. Hensley, A. H. Snell, R. L. Robinson. C. B. Fulmer, 
D. G. Sarantites, and L. Westerberg, "Gamma-Ray Multiplicity in DI Reactions,"Bull. Am. Phys. Soc. 22,593 
(1977). 
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S. B. Ekton.C. R. Vane.J. P. Forester. D.J. Pegg.I. A.Sdlin.andS. R.Schumann."ProductionofCore-
Excitcd States of Li and Li' in Collisions with Gas Targets." Bull. Am. toys. Soc. 22,655 (1977). 

R. l_ Ferguson. F. E. Obenshain. F. Plasil. F. Pleasonton. and A. H. Snell. "Reactions Induced bv 155-
MeV *Ne Bombardment of " T V Bull. Am. toys. Soc. 22. 593 (1977). 

J. L C. Ford. Jr.. J. Gomez del Campo. R. L. Robinson. D. Shapira. E. Aguilera. E. Andrade. A. Dacal. 
A. Menrhaca-Rocha. and M. E.Ortiz."Yrast Levels in : AI Suggested by Resonance Structure in the' C('*N.a) 
Reaction," Bull. Am. toys. Soc. 22, 630 (1977). 

Linda Fugate. J. C. Wells. Jr.. R. O. Saver. R. L. Robinson. H. J. Kim. W. 1 Mimer. and G. J. Smith. 
"Lifetimes of Levels in "Zn via die "V( ,fcO/»2n)'aZn Reaction." Bull. Am. toys. Soc. 22, 565 (1977). 

J. Gomez del Campo. J. K. Bair. P. D. Miller.and P. H. Stelson. "Measurements of Toul Neutron Yields 
for the '-C + , :C, ' C . "C. and "C + "C Systems." Bull. Am. Fhys. Soc. 22,628 (1977). 

C. D. Goodman, F. E. Bcrtrand. R. Madey. B. Anderson. A. Baldwin. J. Knudson. T. Whitten. 
J. Rapaport. D. Bainum, M. B. Greenfield, and C. C. Foster. "Charge Exchange Reactions ,:C{p.n)':S and 
; ,SiO».n)3P.- Bull. Am. toys. Soc. 22, 544 (1977). 

M. L. Halbert, R. A. Dayras. F. Plasil. R. L. Ferguson, and D. G. Sarantites. "Fusion Cross Sections for 
175-MeV -'"Ne on "°Nd." Bull. Am. toys. Soc. 22,630 (1977). 

D. J. Horen and J. A. Harvey, "Giant Magnetic Dipole States in '""Pb." Bull. Am. Phys. Soc. 22.543 (1977). 
C. H. Johnson and A. Galonsky. "Anomalous A Dependence (90 < A < 130) for the Absorptive Potential 

for Protons below the Coulomb Barrier." Bull. Am. Phys. Soc. 22, 544 (1977). 
A. C. Kahler. L. L. Riedinger.N. R.Johnson. R. L. Robinson. A. Visvanathan.andE. F.Zganjar. "High-

Spin States in ""Au." Bull. Am. Phys. Soc. 22, 615 (1977). 
D. J. Malbrough. R. D. Edge. C. W. Darden. B. M. Precdom. F. E. Bertrand. T. P. Cleary, E. E. Gross. 

C. A. Ludemann. R. L. Burman, R. P. Redwine. K. Gotow. and M. A. Moinester. "Pion-Nuclear Elastic 
Scattering at 50 MeV." Bull. Am. Phys. Soc. 22, 525 (1977). 

F. D. McDaniel. G. Basbas. J. L. Duggan. P. D. .Miller.andG. Lapicki,~Projectile Cross Sections Inferred 
from Measurements of Target X-Ray Production." Bull. Am. Phys. Sot. 22, 656 (1977). 

F. Milder, M. Bkcher. K. Gotow. D. Jenkins, P. Roberson. F. E. Bertrand.T. P. Cleary. E. E. Gross. C. A. 
Ludemann, C. W. Darden. R. D. Edge. B. M. Preedom. T. Marks. D. Malbrough. R. L. Burman. R. P. 
Redwine, and M. Moinester. "Pion-Nuclear Inelastic Scattering at 50 MeV." Bull. Am. Phis. Soc. 22, 525 
(1977). 

D. J. Pegg. P. M. Griffin. B. M. Johnson. K. W. Jones. J. L. Cecchi. and T. H. Kruse. "Lifetime 
Measurements in Cu XIX." Bull. Am. Phys. Soc. 22, 609 (1977). 

G. A. Petittand F. E. Obenshain. "Perturbed Angular Correlation of '"Cd" in Nickel-Cadmium Ferritcs." 
Bull. Am. Phys. Soc. 22, 573 (1977). 

F. Plasil, "Angular Momentum Effects in the De-excitation of Compound Nuclei with High Angular 
Momenta," Bull. Am. Phys. Soc. 22,646 (1977). 

S. Raman, M. Mizumoto, R. L. Macklin, G. G. Slaughter. G. L. Morgan. J. Halperin. G. T. Chapman, 
and R. R. Winters, "Location of Dipole and Quadrupole Strengths in : , MPb via the :nTPb<n,-y) Reaction." Bull. 
Am. Phys. Soc. 22, 542 (1977). 

S. Raman, C. J. Sparks, Jr., R. V. Gentry, M. O. Krauu, H. L. Yakel, and E. Ricci. "A Search with 
Synchrotron Radiation for Superheavy Elements in Giant Halo," Bull. Am. Phys. Soc. 22, 611 (1977). 

A. C. Rester, J. B. Ball, and R. L. Auble, "74'*Ge(p.0 Reactions with 35-MeV Protons," Bull. Am. Phvs. 
Sot. 22, 544 (1977). 
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D. G. Saramites. L. Westerberg. J. H. Barker. R. A. Dayras. M. L. Halbert.and D. C. Hemley.-Gamma-
Ray Multiplicities from the Decay of "Yb Compound Nuclei at Excitation Energies of 67 94 MeV Formed in 
Reactions of He + ~Er and Ne + "Nd." Bull. Am. Phys. SIH: 22, 630 (1977). 

M Schmorak. "Level Structure of X.~ Bull. Am. Phis. SIH: 22,644 (1977). 

I. A. Sellin. C. R. Vane. S. B. Elston. J. P. Forester. P. M. Griffin. D. J. Pegg. R. S. Peterson.and R. S. 
Thoe. "Rcc il Ion Spectroscopy: Reduction of Doppler Shifts and Spreads in Fr.st-Beam Experiments." Bull. 
Am. Phys. SIH: 12, 610 (1977)! 

I ) . Shapira. R. dcVries. M. Clover. R. Cherry, and R. V Boyd. "Exciution Functions and Angular 
Distributions for C + *0 Scattering." Bull. Am. Phys. Sue. 22, 629 (1977). 

R. G. Stokstad. R. A. Dayras. J. Gomez del Campo.and P. H. Steison. "Fusion of U N + : Cand the Liquid-
Drop Limit." Bull. Am. Phys. SIH: 22, 628 (1977). 

H. H. K. Tang and C. Y. Wong. "Two-Dimensional and Thrcc-Dimcnsional Nuclear Hydrodynamical 
Calculations." Bull. Am. Phys. SIH: 22, 645 (1977). 

K. S. Toth. P. Singh. C. R. Bingham. H. K. Carter. M. A. Ijaz. and D. C. Sousa. 'Decay Studies of 
Neutron-Deficient Holmium Isotopes." Bull. Am. Phys. SIH: 22, 614 ; 1977). 

C. R. Vane. S. B. Elston. I. A. Sellin. J. P. Forester. P. M. Griffin. D. J. Pegg. R. S. Peterson. R. S.Thoe. 
J. Wright. K.-O. Groencvcld. R. lauben. and F. Chen. "Lower Limits on Resolved Neon L-Shcll Exciution 
Cross Sections by Impact of 1.5 MeV A ~ S 1 CIJ Ions." Bull. Am. Phys. SIH: 22, 609 (1977). 

A. Visvanathan. E. F.Zganjar. M. A.Grimm.J. L. Wood. R. W.Fink. A. C.Kahler.L. L. Riedingcr.E. L. 
Robinson, and H. K. Carter. "Decay of Mass-Separated "Tl . "Hg and the Structure of *Au." Bull. Am. 
Phys. SIH: 22, 615 (1977). 

J. A. Vrba. L. L. Ricdingcr. C. R. Bingham. E L. Robinson. B. O. Hannah. E. H. Spejcwski. R. L. 
Mlekodaj. and H. K. Carter. "I>ecay of ~Pb." Bull. Am. Phys. SIH: 22, 546 (1977). 

M. P. Webb. F. E. Obcnshain. R. L. Ferguson. F. Plasil. F. Pleasonion. A. H. Sncll. and H. Nakahara. 
"Strongly Damped Reactions in the ' Ne + "Zr System at 166 McV.~ Bull. Am. Phys. SIH: 22, 3v4 (1977). 

J. C. Wells. Jr.. S. Raman, and G. G. Slaughter. "Neutron Capture Gamma-Ray Studies of Levels in * Fc 
and '"Fc." Bull. Am. Phys. SIH: 22, 52X (1977). 

L. Westerbcrg. D. G. Sara nine. R. A. Goldworm. J. H. Barker. M L. Haibcrt. R. A. Dayras. and D. C. 
Hensley. "Decay of ' ' Yb Compound Nuclei at 132 MeV of Excitation Formed in Reactions of "Nc with1 "Nd. 
and 'C with Vid." Bull. Am. Phys. SIH: 22, 630 (1977). 



10. General Information 

Prepared by R. L. Macklin, B. F. McHarguc, and W. L. Stair 

PERSONNEL ASSIGNMENTS 
During 1976-77 the Physics Division was host to guests from abroad as well as from the United Suits. 

Some of these were short-term assignments, variously sponsored by different organizations and institutions. 
Physics Division staff members have also been the guests of laboratories locatec outside the United Sutes. 

Research Participants from Abroad 
E. F. Aguiient-Reyes—Institute Nacional de Energia 

Nuclear, Mexico 
E I. Andrade—Universidad Nacional Autcnoma, 

Mexico 
A. A. Dacal—Ciudad Unhersitaria, Mexico 
H. T. Fcldr.icicr—Technischc Hochschule, 

Darmsudt, West Germany 
J. Gomez del Cainpo—National University of 

Mexico (now an O^NL employee) 
K.-O. Groeneveld—University of Tennessee (on 

leave from Universita't Frankfurt, Frankfurt am 
Main, West Germany) 

H. B. Gilbody—Queen's University, Belfast, 
Northern Ireland 

G. D. James—Atomic Energy Research Establish­
ment, Harwell, England 

Vida Maruhn—University of Frankfurt, Frankfurt, 
Germany (now an ORNL employee) 

R. A. A, Menchaca—University of Mexico 
M. Mizumoto—Japan Atomic Energy Research 

Institute, Tokai-Mura, Japan; Oak Ridge Electron 
Linear Accelerator Program 

M. A. Moinester—Los Alamos Scientific 
Laboratory at LAMPF (on leave from Tel Aviv 
University, Israel) 

H. Nakahara—Tokyo Metropolitan University, 
Tokyo, Japan 

G. L. Nyberg—tatrobe University, Bundoora. 
Australia 

S. M. E. Ortiz—Universidad Nacional Autonoma, 
Mexico 

Cleide Rentier— Instituto df Energia Atomica. Sao 
Paulo, Brazil 

S. R. Schumann—University of Tennessee (on leave 
from J. W. Goethe b'niversitat, Frankfurt am 
Main, West Germany 

T. Terasawa—University of Tokyo, Japan 
H. Verheul—Natuurkundig Laboratorium der Vrije 

Universiteit, Amsterdam, Netherlands 
A. van der Woude—Kernfysisch Versneller Instituut 

der Rijksuniversiteit, Groningen, Netherlands 
Herman Weigmann- -Central Bureau tor Nuclear 

Measurements (CBNM), Euratom, Geel, Belgium 

Research Participants from 
United Sutes Institutions 

Visiting scientists participate in the activities of the 
Physics Division under a »«riety of auspices. Many 
are sponsored in part under programs of Oak Ridge 
Associated Universities (listed separately). Others, in 
addition to support from their home institutions, are 
aided by ORNL subcontracts, ERDA contracts, 
various grants, and awards. Their tesearch at ORNL 
is generally in collaboration with staff members. 

Ali Abdel-Ghany Antor— University of Connecticut 

221) 
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George Auchampaugh—Los Alamos Scientific 
Laboratory 

P. M. Bakshi—Boston College 
J. H. Barker—St. Louis University 
J. E. Bayfield—Pittsburgh University 
C. R. Bingham—University of Tennessee 
M. Bkcher—Virginia Polytechnic Institute and State 

University 
i!. G. Blosser—Michigan State University 
D. A. Bromley—Yak University 
D. A. Brown—Michigan State University 
W. M. Bugg—University of Tennessee 
R. F. Carlton—Middle Tennessee State University 
H. K.. Carter—Oak Ridge Associated Universities 
G. T. Condo- University of Tennessee 
R. Y. Cusson—Duke University 
P. J. Daly—Purdue University 
D. M. Drake—Los Alamos Scientific Laboratory 
S. B. Elston—University of Tennessee 
John Felvinci—Columbia University 
L. D. Gardner—Pittsburgh University 
J. B. Garg—State University of New York at Albany 
F. A. Grimm—University of Tennessee 
D. C. Gregory—Joint Institute for Laboratory 

Astrophysics 
S. Gronemeyer—Washington University 
M. W. Guidry—University of Tennessee 
H. Haelppi—Purdue University 
E. L. Hart—University of Tennessee 
T. Handler—University of Tennessee 
H. C. Hayden—University of Connecticut 
P. G. Huray—University of Tennessee 
J. Jastrzebski—Indiana University 
B. R. Junker—University of Georgia 
A. C. Kahler—University of Tennessee 
Constance Kalbach—University of Tennessee 
T. L. Khoo— Michigan State University 
C. H. King—Michigan State University 
R. F. King-self, ORNL retiree 
P. M. Koch—Yale University 

J. D. Larson—serf 
Bernd Luers—Columbia University 
J. J. Malanify—Los Alamos Scientific Laboratory 
D. J. Malbrough—University of South Carolina 
E. R. Marshakk—Notre Dame University 
E. W. McDaniel—Georgia Institute of Technology 
R. H. McKnight—University of Virginia 
Ed Mdkonian—Columbia University 
F. L. Milder—Virginia Polytechnic Institute and 

State University 
R. L. Mkkodaj—Oak Ridge Associated Universities 
T. J. Morgan—Wesleyan University 
Ron Nelson—Los Alamos Scientific Laboratory 
P. Z. Peebles—University of Tennessee 
D. J. Pegg— University of Tennessee 
Frances Pleasonton—self. ORNL retiree 
S. Popick—Purdue University 
C. A. Rester—Tennessee Technological University 
L. L. Riedinger—University of Tennessee 
R. Ronningen—Vanderbilt University 
A. Russek—University of Connecticut 
S. K. Saha—Purdue University 
A. G. Schmidt—Oak Ridge Associated Universities 
I. A. Sellin—University of Tennessee 
J. A. Smith—Yale University 
A. H. Snell—self, ORNL retiree 
P. C. Simms—Purdue University 
E. H. Spejewski—Oak Ridge Associated Universities 
R. M. Tate—University of Tennessee (with In­

strumentation and Controls Division) 
P. O. Taylor—Joint Institute for Laboratory 

Astrophysics 
R. S. Thoe—University of Tennessee 
E. W. Thomas—Georgia Institute of Technology 
J. R. Thompson—University of Tennessee 
J. O. Thomson—University of Tennessee 
S. T. Thornton—University of Virginia 
L. Westerberg—Washington University 
R. M. Wieland-Franklin and Marshall College 
L. Wileto—University of Washington 
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J. J. Wright—University of New Hampshire 
S. W. Yates—University of Kentucky 

J. D. Bell—Earihun College 
H. E. Doughty II—University of Tennessee 
C A. Gossett—DePauw University 
M. W. Howard—University of Tennessee 
C M. Maiming—University of Tennessee 
R. L. Monday—University of Tennessee 
H. A. Scott—Cornell University 
V. D. Vandergriff— University of Tennessee 

Staff Assignments 

F. E. Bertrand—Groningen Cyclotron Laboratory, 
Kemfysisch Versndler Insthuut, Groningen. 
Netherlands, June-September 1976 and May 1977 

E. E. Gross—Grenoble Cyclotron Laboratory, 
Grenoble. France, February-May 1977 

D. P. Hutchinson—Kurchatov Institute. Moscow. 
U.S.S.R., May-June 1977 

N. R. Johnson—Institute de Physique Nucleaire, 
Orsay, France, and Centre DEtudes Nucleairesde 
Bordeaux, Bordeaux, France, February-March 
1977 

R. L. Macklin—Los Alamos Scientinc Laboratory, 
Jury-August 1976 

M. L. Mallory—Michigan State University; began 
twvyear assignment in July 1976 

J. B. McGrory—Continued loan assignment to 
Program Planning and Analysis Office begun in 
October 1975 

C. D. Moak—Completed in March 1976 a 13-month 
assignment including seven months at the Institute 
of Physics, University of Aarhus, Denmark, and 
six months at the Daresbury Laboratory, 
Daresbury, England 

M. J. Sahmarsh—Began a loan assignment with the 
ORNL Fusion Energy Division October 1976 

Personnel Changes 

J. R. Beene—Nuclear Data Project; began a two-year 
postdoctoral appointment in November 1976 

J. A. Benjamin—Houfield Heavy-Ion Research 
Facility; began a two-year appointment in August 
197* 

T. P. Ckary—Oak Ridge Isochronous Cyclotron; 
began a one-year postdoctoral appointment in 
August 1976 

J. J. Cowan—Infrared Spectroscop; Program; 
transferred from Health Physics .^vision to 
Physics Division in July 1976 

R. A. Dayras—Oak Ridge Isochronous Cyclotron; 
continued a two-year postdoctoral appc;Fitment 
begun in October I97S 

J. Gomez del Campo—Van de Graaff Laboratory: 
began a two-year appointment m May I9"6 

W. W. Harris—Electron Microscopy Program; 
transferred from Physics Division to Metals and 
Ceramics Division in March 1976 

D. C. Kocher—Nuclear Data Project; transferred 
from Physics Division to Environmental Sciences 
Division in September 1976 

M. B. Marshall—Oak Ridge Isochronous Cyclotron; 
retired in February 1977 

J. A. Maruhn—Theoretical Physics Program; 
continued a temporary appointment begun in 
September 1974 

Vida Maruhn—Theoretical Physics Program; began 
one-year part-time employment in August 1976 

F. W. Meyer—CTR-Related Atomic Physics 
Program; began a two-year appointment in 
September 1976 

R. A. Phaneuf—CTR-Related Atomic Physics 
Program; transferred from Thermonuclear Divi­
sion to Physics Division in October 1976 for two-
year appointment 

Frances Pkasonton—Physics of Fission Program; 
retired in December 1976 

L. D Rickertsen—Theoretical Physics Program; 
completed a two-year postdoctoral appointment in 
July 1976 

D. Shapira—Van de Graaff Laboratory; began a 
two-year postdoctoral appointment in September 
1976 

M. P. Webb—Nuclear Data Project and Heavy-Ion 
Program; began a two-year postdoctoral appoint­
ment in December 1976 
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RESEARCH PARTICIPANTS UNDER CONTRACT 
ARRANGEMENT WTTH OAK RIDGE ASSOCIATED UNIVERSITIES 

Under arrangements with Oak Ridge Associated Universities ("S" contracts and **U" contracts). 86 
university or college faculty members and students visited the Physics Division for consultation and 
collaboration during 1976 77. These individuak and their affiliation are listed below: 

William J. Atkinson. Jr.. University of Alabama at 
Birmingham 

Frank T. Avignone III. University of South Carolina 
Nestor Azziz. University of Puerto Rico at Mayagucz 
F. Todd Baker. University of Georgia 
James H. Barker. Saint Louis University 
Stephen Ban. University of Houston 
Stanley Bashkin. University of Arizona 
James E. Bayfield. University of Pittsburgh 
Robert A. Braga. Georgia Institute of Technology-
William H. Brantley. Furman University 
Lynn B. Bridwell. Murray State University 
David A. Brisson. North Carolina State University 
Ram P. Chaturvedi. State University of New York at 

Cortland 
Sam Cipolla. Creighton University 
JcrakJ D. Cole. Vanderbilt University 
Kathryn R. Cordell. University of Virginia 
Philip W. Coulter. University of Alabama 
John G. Cramer. University of Washington 
Frederick L. Culp. Tennessee Technological Univer­

sity 
Lawrence C. Dennis. University of Virginia 
Ralph DeVries. University of Rochester 
Robert R. Doering. University of Virginia 
Jerry P. Draayer. LOUISMH. State University 
Jerome L. Duggan. North Texas State University 
Richard W. Fink. Georgia Institute of Technology 
John D. Fox. Florit'a State University 

Thomas A. Girard. University of South Carolina 
David A. Goldberg. University of Maryland 
John D. Cresset!, North Texas State University 
Marvin A. Grimm, Jr., Georgia Institute of 

Technology 
Suzanne A. Groneineyer, Washington University 

Joseph H. Hamilton. Vanderbilt University 
Bernie O. Hannah. University of Alabama at Bir­

mingham 
Richard D. Hichwa. Vanderbilt Univeisity 
Ed V. tlungcrfocd III. University of Houston 
M. A. Ijaz. Virginia Polytechnic Institute and Slate 

University 

Hirokane Kawakami. Vanderbilt University 
Kirby W. Kemper. Florida Slate University 
Bernard D. Kern. University of Kentucky 
Quentin Kessel. University of Connecticut 
Stephen J. Krieger. University of Illinois 
Kenneth A. Kuenhold. University of Tulsa 
Krishna Kumar. Vandcrbill University 
Roman Laubcrt. New York University 
Robert S. Lee. Vandcrbilt U nivcrv'y 
Jung Lin. Tennessee Technological University 
Phillip G. Lookadoo. University of Virginia 
W. G. Love. University of Georgia 
Alan D. MacKellar. University of Kentucky 
Charles F. Maguire. Vandeibili University 
Donald A. McClurc. Georgia Institute of 

Technology-
Floyd D. McDaniel. North Texas State University 
Martin R. Mcder. Georgia State University 
Thomas F. Parkinson. Virginia Polytechnic Institute 

ana State University 
Bobby D. Payne. Jr.. North Texas State University 
Rodney B. Piercey. Vanderbilt University 
W. T. Pinkston. Vanderbilt University 
Arthur R. Quint on. University of Massachusetts 
A. V. Ramayya. Vunderbilt University 
Venugopala r<ao. Emory University 
Metr S. Rapaport, Georgia Institute of Technology 
Louis A. Rayburn. University of Texas at Arlington 
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A I M C Rater, Jr n Eamry Unrversiry 
Rice, North Texas SuteUniversky 

Lee Robiaioa, University of Alabama at 

Deaaetrios G. Saraatitey Washington University 

S. R. Ssstry. University of Massachusetts 

i C Scawtuer, University of Virginia 
Attn Soon, University of Georgia 
Enrique Suucriaaa, Hsk University 
raraasjit Siagh, Virginia Polytechnic Institute and 

State Ueivcrsify 
Robert K. Snath, Jr., Duke University 
David C Soma, Eastern Kentucky Ur /ersity 
Aral D. Totcn, Jr., North Texas Sute University 
Ashok Vavanathan. Louisiana Sute University 
Thomas A. Walkiewicz, Edinboro Sute College 
Jesse L. Wefl, University of Kentucky 
JohnC. Wefts, Jr.. Tennessee Technological Univer­

sity 
Warren R. Western, Georgia Institute of Technology 
Richard M. Wheeler, Sute University of New York 

at Cortland 

Bryan H. WildeathaL Michigan Sute University 
Ron R. Winters, Denison University 
John L. Wood. Georgia Institute of Technology 
Steven W. Yates. University of Keau^ky 
Arten R. Zander, East Texas Sute University 
Edward F. Zganjar, Louisiana Sutc University 

Undergraduate Research Trainees 

Terry C. Awes, University of Wisconsin 
David F. Chemoff. Yale University 
Cheryl A. Houser, Pennsylvania Sute Un ersity 
Robert A. Managan. Rice University 
Richard T. Snodgrass, Cartoon College 
Robert C. Styles, Berry College 
D. M. Thomas, Emory University 
Walter H. Thompson III. University of Southwestern 

Louisiana 
David E. Toodle, Samford University 
Larry E. Williams. University of Tennessee 

GRADUATE THESIS RESEARCH 

During 1976-77, Physics Division sttff and associates served as advisors or supervisors for 16 studenu 
engaged in thesb research. All projects listed below were carried out with facilities operated at least in part by the 
Division. 

Cwndkhtr 

A. V. Ahmed, 
Vandcrbih University 

W. K. Dagenhart, 
University of Tennessee 

A. P. DeLima. 
Vanderbilt University 

E. J. Fuller, 
University of Pittsburgh 

J. P. Forester, 
fJnrvcnity of Tennessee 

Ph.D. Them Research 

Advisor(s) 

R. L. Robinson 

P. H. Stetson 

R. L. Robinson 

D. H. CrandaU 
and C. F. Bamett 

D. J. Pegg. University 
of Tennessee 

Thesis title or 
field of research 

ln-Bcam Gamma-Ray Spectroscopy 
of"K 

CouInr.Mj Exciution of m S n 
(degree conferred Marcii 1977) 

High-Spin Sutes in **':Ge 

Charge Exchange in Multiply 
Charged Ion Collisions 

Lifetimes and Spectra of Multi-
charged Ions Using Beam-Foil 
Exciution 
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Candidate 

G. M. Gowdy. 
Georgia Institute of 
Technology 

M. A. Grimm, 
Georgia Institute of 
Technology 

D L Hilhs. 
University of Tennessee 

R. S. Peterson. 
University of Tennessee 

R. Piercy. 
Vanderbilt University 

P. J. Singh. 
Virginia Polytechnic Institute 
and State University 

Henry H. K. Tang, 
Yale University 

Cheng-May Tung. 
University of Tennessee 

C R. Vane 
University of Tennessee 

J. A. Vrba, 
University of Tennessee 

David Brisson, 
North Carolina State 

M. D. Barker, 
Emory University 

Advisors) 

E. J. Spejewski and 
N. R. Johnson 

E. J. Spcjewski and 
R. L. Mkkodaj 

E. E. Gross 

I. A. Scihn. University 
of Tennessee 

R. L. Robinson 

X. S. Toth; M A. Ijaz. 
Virginia Polytechnic 
Institute and Sute 
University 

C. Y. Wong and 
D. A. Bromley (Yale) 

F. Obenshain 

I. A. Sellin. University 
of Tennessee 

C. R. Bingham and 
E. E. Gross 

Master's Thesis Research 

C. F. Barnctt 

Bachelor's Thesis Research 

E. H. Spejewski and 
H. K. Carter 

Thesis tide or 
field of research 

Decay Scheme Studies of Ncutron-
Defkient Odd-Mass Thallium 
Isotopes and die Systcmatics of 
the Odd-Mass Mercury Levels 
(degree conferred December 1976) 

Shape Coexistence near the Z = 
82 Closed Shell 

Shape Effects in the Elastic and 
Inelastic Scattering of 70.4-MeV 
| : C Ions from the Even Neodymmm 
Isotopes (degree conferred March 
1976) 

Collision and Structure Experiments 
on Low-Energy Multiply Charged Ions 

High-Spin States in 7 4Se 

Investigation of Single-Particle 
States in Dysprosium Nudei 

Dynamics of Nuclear Fluid 

Isomer Shift Studies in Dilute 
Au Alloys (degree conferred 
August 1976) 

Heavy-Ion Atomic Collisions 

Inelastic Scattering of Heavy 
Ions 

A Cesium Heat-Pipe Neutral Particle 
Spectrometer 

Exploratory Studies in the Mass 
Region A ~ 60 to 80 Far from 
Stability (degree conferred June 
1976) 
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MISCELLANEOUS PROFESSIONAL ACTIVITIES 
OF DIVISIONAL PERSONNEL 

Staff numbers are frequently involved in professional work incidental tc their primary laboratory 
responsibilities. For example, a majority of the professional staff act as refer-rs for over two dozen joumab. 
principaly the Physical Review. Physical Review Letters, and Suclear Physks. and many- review proposab for 
nmomg organfrafions. Other activities include those listed below. 

J. B. Bal • member of program committee for 
Nuclear Physics Division of APS; member of 
organJring committee for 2d International Con­
ference oa Electrostatic Accelerator Technology 
(Strasboarg); member of ORNL Landscape and 
Aidntecturc Coaamkiee; member of ad hoc 
mmmittcr oa Guidelines for Management and 
Control of Construction Projects at ORNL 

C. F. Harnett—Research Advisory Committee for 
ERDA-EMFE; consultant to IAEA on atomic 
data; organized APS Topical Conference on 
.'tontk Physics in High-Temperature Plasmas. 
Knoxvilk. Tennessee. February 16.1977; member 
of committee to review a National Research 
Plasma Facility. ERDA Security Review Board, 
and ERDA advisors committee on Neutral 
Injection Heating 

R. L Becker—lecturer. University of Tennessee: 
reviewer of research proposals for the Division of 
Physical Sciences of ERDA and for the National 
Science Foundation 

F. E. Berirand—chairman. Indiana University 
Cyclotron Facility Users Group: member. 
LAMPF Users Group. IUCF Advisory Committee 
for Five-Year Development Plan 

T. A. Carlson—joint editor-in-chief of the Journal of 
Electron Spectroscopy; chairman of 1976 Gordon 
Conference on Electron Spectroscopy; advisor to 
1977 Nobel Prize Committee 

D. H. Crandall—member of local committee for the 
APS Topical Conference on Atomic Physics in 
High-Temperature Plasmas, Knoxville, 
Tennessee, February 16, 1977. 

J. W. T. Dabbs—Registered Professional Engineer 
(Tennessee No. 11,475) October 1976; University 
Relations Coordinator for the OR AU and ORNL 
Summer Student Trainee, Faculty Research 
Participant, and Exceptional Graduate Student 
summer programs. 1975-77 and for the GLCA 
Science Program, 1976; moderator. Breeder 
Reactor Workshop. April 16,1977. sponsored by 
Scientists and Engineers for Appalachia and the 
University of Tennessee 

E. Eichler (Chemistry Division) Physics Division 
Seminar Chairman: Heavy-Ion Laboratory Users 
Group Liaison Officer 

W. B. Ewbank—Research Advisor for Great Lakes 
Colleges Association Science Semester 
(September December 1976). 

J. L. C. Ford—member. HHIRF Users Group 
Executive Committee; member. LBL 
SuperHILAC. Brookhaven National Laboratory, 
and Indiana Cyclotron Facility Users Groups 

J. L. Fowler part-time professor. University of 
Tennessee: organizer of 1979 Conference on 
Nuclear Cross Sections and Technology 

C. B. Fulmer safety officer and radiation control 
officer for Physics Division: instructor for ORNL 
Personnel Development Programs 

C. D. Goodman- chairman of the ORNL Science 
and Technology Colloquium: Physics Division 
Quality Assurance Coordinator, member of 
Indiana University Cyclotron Users Group: 
chairman of the Nominating Committee. IUCF 
Users Group 

P. M. Griffin -memo..-. Users Group of 
Brookhaven National Laboratory 

J. A. Harvey -labor coordinator for the Physics 
Division: Physics Division coordinator for ORNL 
Awards Committee: secretary-treasurer of the 
Division of Nuclear Physics of the American 
Physical Society (1967-77); member, organizing 
committee of the 1976 International Conference on 
the Interactions of Neutrons with Nuclei; member 
of the editorial board of the Atomic and Nuclear 
Data Tables 

N. R.Johnson (Chemistry Division)—member of the 
ORIC Planning Committee: member of HHIF 
Users Liaison Group; ORIC Scheduling Coor­
dinator 

C. M. Jones—member. Program Committee. 1977 
Particle Accelerator Conference 
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H. J. Kim Neutron Spectrometer Section chairper­
son. 1976 Experimental Apparatus Working 
Groups, Holifictd Heavy-Ion Research Facility, 
local committee member. 1977 Conference on 
Atomic Processes in High-Temperature Plasma. 
Knoxvillc. Tennessee. February 16. 1977 

C A. I.udemann Physics Division representative. 
' nion Carbide Nuclear Division Affirmative 
/v tion Program: member. I.AMPF I sen. Group 

F. K. McGowan member, editorial board of 
Atomic Data and Nuclear Data Tables 

J. B. McCrory O R M . Ad Hoc Committee on 
Long-Rangc ADP Acquisition: Physics Division 
ORIC Scheduling Committer, on leave to 
Program Planning and Analysis Group 

R. I.. Macklin Physics Division Technology 
Utilization Coordinator: member of Criticalily 
Safety Approvals Committee. ORGDP 

J. A. Martin chairman. Meeting:. Committee of 
Technical Activities Board of IEFE: chairman. 
Technical Committee on Accelerators and member 
of Administrative Committee of the IEEE Nuclear 
and Plasma Sciences Society: deputy member. 
International Organizing Commiuec.WorW Elec-
frotcchnical Congress. Moscow. June 1977: 
member. Editorial Advisory Board of Particle 
Accelerators: consultant. National Science '. oun-
dation Physics Section as member of Visiting 
Committees for Indiana University Cyclotron 
Project and Columbia University Synchrotron 
Improvement Project: member. Organizing Com­
mittee for the 1976 Particle Accelerator Con-
fcicncc. Chicago. Illinois: member. International 
Organizing Committee for Vlllth International 
Conference on Cyclotrons and Their Applications 
to be held at Indiana University. September I97K: 
member. Lawrence Berkeley Laboratory 
Accelerator Division Review Committee 

J. A. Maruhn lecturer. University of Tennessee 

H. W. Morgan faculty member of Fisk University 
Infrared Spectroscopy Institute: member of Board 
of Trustees of C'ordcll Hull Foundation for 
International Education: member of Board of 
Directors of Tennessee Partners of the Americas, 
and Chairman of Committee for Scientific Ex­
change: Senior Research Associate. Department of 
Natural Sciences. Hollins College: local-section 
lecturer. American Chemical Society 

S. W. Mosko - member. ERDA Electrical Safety 
Criteria Committee: member. Program Com­
mittee of 1977 Panicle Accelerator Conference. 
Chicago. Illinois: Board of Directors. Oak Ridge 
Section IEEE 

F. E. Obcnshain part-time professor. University of 
Tennessee 

F. Plasil chairman. ORNL Graduate Fellow 
Selection Panel: Lawrence Berkeley Laboratory 
SuperHILAC Users Executive Committee: 
Cochairman Physics Divisnn Seminars; Vice-
Chairman 1977 Gordon Conference on Nuclear 
Chemistry: member LAMPF Users Association 

R. L. Robinson liaison officer and chairman of the 
Nominating Committee for the Users Group of the 
Holificld Heavy-Ion Research Facility 

M J. Saltmarsh member. LAMPF Advisory 
Committee. I .AMPF: member. American Society 
for Testing Materials Subcommittee E 10.08 
(Procedures for Radiation Damage Simulation) 

( i . R. Satchlcr member. Executive Committee. 
Division of Nuclear Physics. American Physical 
Society: member. Program Committee. Division 
of Nuclear Physics. American Physical Society: 
member, editorial board of Atomic Data and 
Nuclear Data Tables 

P. A. Staats staff member. Fisk University Infrared 
Spectroscopy Institute: participated in organiza­
tion of and directed laboratory portion of Twenty-
seventh Annual Fisk Infrared Institute. Vanderbilt 
University. Nashville.Tennessee. July26 30.1976; 
Physics Division Quality Assurance Coordinator 

P. H. Srclson part-time faculty member. Depart­
ment of Physics. University of Tennessee: associate 
editor of \uclear Phvxicx: member, advisory 
committee for the ORNL Instrumentation and 
Controls Division 

R. Ci. Stokstad member. Ad Hoc Panel on the 
Future of Nuclear Science (CNS-NAS): member. 
SuperHILAC Program Advisory Committee 

K. S. Loth chairman. UNISOR Scheduling Com­
mittee: Major Nuclear Chemistry Facilities Com­
mittee of the American Chemical Society: acting 
member. UNISOR Executive Committee 

T. A. Wclton part-time consultant to the ORGDP 
(ias Centrifuge Program: part-time professor and 
colloquium chairman. University of Tennessee 
Physics Department 

file:///uclear


23 

PHYSICS DIVISION SEMINARS 

t add oacea week oa the avenge. The seminarcocfaairmen during the period 
; W.H Press. E. EkMer(ChriBi»i> DwisioaLand F. PhsiLThestwinarsiistcd bdow are announced to the 
* Laboratory m the ORNL Technical Cakadar. la addkkNL groaps withm UK Drvisioolioid meetings of 

i as the Nadear Research codec meetings on aheraaie Wednesday afternoons, the 
I Ciicas oa Fridays. Atomic Physics seminars, and ORELA seminars. 

1/13/76 D. L laaa, Phjai i Division, ORNL 

I/I6YW EricShcMoa, University of Load. 
Loaast, ataanjcaaseiis 

1/19/% Yaon LeBeyec, fctstitate of Nuclear Physics, 
Onay, France 

1/22/76 Ken Toth, Physics Division, ORNL 

1/22/76 Mkhael P. Webb, University of 
WawJagmn, Seattle 

1/29/76 Dan O a , Boston University, 
Aa^^BjaA^aBf a^ala^aa<a*tfr«a^maw^4*v 

2/24/76 P. J. Moffa, Brookhavcn National Laboratory, 
Upton, New York 

2/26/76 i. 0 . Rasmusaen, Lawrence Berkeley Laboratory 
and Chemistry Division, University of 
California. Berkeley 

3/11/76 Dag Horn, Massachusetts Institute of Technology 
Cambridge 

3/17/76 V. Schmidt, University of Freiburg, Freiburg. 
West Germany 

3/31/76 Utrich Motel, University of Giessen. 
Giessen, West Germany 

4/1/76 M. W. Guidry, Lawrence Berkeley Laboratory. 
Berkeley. California 

4/7/76 Help G. Kalmowski, tfahn-Meitner Institute, 
Berhn, West Germany 

4/8/76 Steven Young, University of California at 
Los Angeles 

4 / 9 / * Dan Shapira, Universiry of Rochester, 
Rochester, New York 

4/9/76 S. t i . Perez, University of Oxford 

4/12/76 W. E. Cleveland, Louisiana State University, 
Baton Rouge 

Shape Effect* ia da; Elastic and Inelastic 
Scattering of 70MeV ' 2 C Ions from the Even 
Neodymnnn Nudei 

Neutron Scattering Studies by the University of 
Lowell Nuclear Group 

Complete Fusion in Heavy-lon-taduced 
Reactions: Production of Neutron-Deficient 
Isotopes 

window Overlooking the Volga or a Five-Monm 
Assignment in Dubna 

Elastic and Deeply Inelastic Scattering of **Kr 
from" , Pband , , »La 

Recent Theoretical Developments in Photoelectron 
Cross Sections of Molecules 

Heavy-Ion Reaction Studies - Localization and 
Inelastic Scattering 

Classical Equations of Motion Approach to 
Heavy-Ion Collisions 

Fusion Studies of " S on 5*Ni 

Double Photokmization in the Outer Shell of 
Rare Gases 

Thermal Properties of Nuclei 

Reduced Tramition Probabilities for High-
Spin States 

Heavy-Ion Collisions in a Classical Model 
Including Single Particle Surface F ictkm 

Multiple Diffraction Ex,)ansion fv» Intermediate 
Energy Nuclear Reaction 

The Rochester Heavy-Ion Counter in Recent 
Experiments 

Sum Rules for Nucleon Spectroscopic Factors 
Structure of * ' 4 Pt 
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Topic 

4/22/76 RepnaMRoaungeii.Vaflderbat 
Umrernty/ORNL 

5/3/76 HsasJorg Man*. Tecba^ University of 
Muucn, Gcwuuy 

5/4/76 I t E. Hwun, Texas A 4 M University, 
CoBege Station, Texas 

5/13/76 M. Danes, National Bureau of Standards. 
Washtô Mifi, r.C. 

5/13/76 Burke Ritchie, University of Alabama. 
University 

6/7/76 Arnold R. Boomer, Argome National 
Laboratory, Argonne. IKnoB 

6/8/76 L. WBet$. University of Washington, Seattle 

6/22/76 P. J. Twin. University of Liverpool 
6/24/76 R. Y. Cusson, Duke University. 

Durham. North Carolina 
6/29/76 R.Babinet CJE.fi. de Saday, France 

7/1/76 J. R. Bird, Australian AEC Research 
Establishment, Lucas Heights 

7/8/76 C. Siegert. Institut Laue Langevin. 
Grenoble, France 

7/12/76 V. G. Soloviev, Joint Institute of Nuclear 
Research, Dubna 

7/12/76 V. I. Lushchikov, Joint Institute of Nuclear 
Research. Dubna 

7/14/76 A. M. Lane. AERE. Harwell 
7/15/76 James Byrne, University of Sussex 
7/22/76 P. Colombani. Lawrence Berkeley Laboratory. 

Berkeley, California, and Institute of 
Nuclear Physics, Orsay, France 

9/23/76 Michael Howard, Lawrence Livermore Laborjtory, 
Livermore. California 

9/30/76 Alan Goodman, Tulane University. New Orleans. 
Louisiana 

10/1/76 John Zaboiitzky, University of Bochum, 
West Germany 

10/7/76 Z. Switkowski. Niels Bohr Institute. 
Copenhagen, Denmark 

10/14/76 ClelandH. Johnson, ORNL 

Recent Coulomb Excitation Studies in die 
Rare-Earth Region 

A Smgle-Partick Model for Rotational Sates 

Nuclear Spectroscopy with Heavy-Ion-Induced 
Mulo-Nudeon Transfer Reactions 

Nuclear Shock Waves: Yes and No 

Theory of the Angular Distribution of 
Molecular Photoekctrons 

Classical Microscopic Calculations of High-Energy 
Collisions of Heavy Ions 

Semidassical Calculation of the Nuclear Many-Body 
Problem for Heavy-Ion Collisions 

Gamma-Ray Spectroscopy in Ni and Zn Isotopes 
Three-Dirnenskxial Time-Dependent Hartree-Fock 

Calculations of Heavy-Ion Reactions 
Deep Inelastic Collisions - The Approach to 

Equutbrivn in the *• Ar + s a N i Systems 
Recent Developments in Prompt Nuclear 

Analysis 

Current Research at the Institut Laue Langevin 
and Recent Fission Charge Distribution Results 

Some Aspects of Nuclear Reaction Theory 

Ultra-Cold Neutrons 

Theoretical Approaches to Giant Multiples 
Measuring the Neutron Lifetime 
Subcoulomb-Fission Induced by Xe and Kr Ions 

Heavy-Ion Reactions of Astrophysical Interest 

Microscopic Calculations of Backbending in 
Nuclei 

Many-Body Theory and Mesonic Degrees 
of Freedom in Finite Nuclei 

Sub-Barrier Heavy-Ion Fusion 

Observation of Single-Particle Proton States 
Quasibound by the Coulomb Potential 

http://CJE.fi
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Tofic 

i1/3/76 

IW77 

1/13/77 

1/17/77 

1/27/77 
2/3/77 

2/10/77 

vwn 
3/3/77 

3/10/77 

3/24/77 

3/25/77 

3/31/77 

4/5/77 

4/7/77 

4/13/77 

4/21/77 

5/2/77 

sum 

SI9IT} 

5/19/77 

J. A. Cooksoa, AERE, HarveB 

Aaron Gaknsky 
East Lansing 

Dave OsfldaU. ORNL 

State University. 

Remhard Simon, Lawrence Berkeley Laboratory. 
Berkeley, California 

E. L Hart, University of Tennessee, Knoxvflle 

TaroTamura, University of Texas, 
Austin 

H. C. Brit!, Los Alamos Scientific Laboratory. 
Los Alamos, New Mexico 

Peggy L. Dyer. University of Washington, 
Seattle 

I. Setm, University of Tennessee, Knoxvile 

Fred R. Mynatt, Neutron Physics Division, 
ORNL 

I. Y. Lee. University of California, Berkeley 

R. Y. Cosson, Duke University. 
Durham, North Carolina 

C. J. Herrtander, Michigan Sute University. 
East Lansing 

J. W. Hugg. Stanford University. Stanford. 
California 

O. F. Nemets, Institute of Nuclear Research of 
the Ukrainian SSR, Kiev 

A. Faessler, Kernforschungsanlage 
Jubch. West Germany 

G. T. Garvey, Argonne National Laboratory, 
Argonne, Illinois 

D. J. Malbrough, University of South Carolina, 
Columbia 

L Peker. Vrije Unrverriteit, Amsterdam. 
Netherlands 

C. Mahaux, Univershe' de Liege, Liege, Belgium 

S. Raman, Physics Division, ORNL 

Analysis Using Focused Beams of Nuclear 
Particles, with Comments on Search for 
Superheavy Elements 

Giant Fermi and Giant Gamow-Tdfcr Transiticas 
in OvO Reactions 

Atomic Collision Cross Sections for Plasma 
Application 

Experimental Studies of High-Spin Nuclear 
States 

Quarks with Color. Flavor, and Charm 

Multi-Step Direct-Reaction Treatment of Deep 
Inelastic Reactions 

Fission Studies Using Direct Reactions 

Angular Momentum Transfer m the **Kr + 
I # * B i Reaction 

righry Ionized Ions and Their Symmetric 
Collision Interactions 

The Accelerator Breeder as an Alternate to the 
LMFBR 

Coulomb Excitation of Pt botopes with Xe Beam 

Quantal Theory of Heavy-Ion Collisions Using a 
3-Dimensional TDHF Scheme 

High-Spin States znd Quairupok Interaction in 
the Lead Region 

Nuclear Moments of Conjugate Nuclei 

Measurement of g Factors of Excited Slates 

Spins. High Spins, and Very High Spins in 
Nuclei 

Are There Any First-Class Experiments on 
Second-Class Currents? 

t'-Nucleus Elastic Scattering at Low Energies 

Backbending and iheg9/J Shell 

Calculation of the Complex Optical-Model 
Potential from a Realistic Nucleon-Nucleon 
Interaction 

Where Have All the M\ Strengths Gone in 2 0 *Pb? 
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COLLOQUIA AND SEMINARS 
PRESFNTED AT OTHER INSTITUTIONS 

Sufi members of the Physics Division and other scientists associated viith the Division frequently receive 
invitations i-> present seminars and colloquia at institutions both in the United Stttes and abroad. Partial 
support for some of the requests was provided through the Traveling Lecture Program (TLP) administered by 
Oak Ridge Associated Universities. 

Following is a list of seminars and colloquia presented in 1976 77: 

G. D. Alton Murray Sutc University. K-bruary 11. 
1976. "Ion Sources" 

J. B. Ball University of Rochester. September 17. 
1976. "The User Mode in Nuclei: Physics": Case 
Western Reserve University. V vember 18. 1976. 
"Heavy-Ion Research and the New Accelerator 
Facility at Oak Ridge": Michigan Sutc University. 
February 18. 1977. "Sutus Report o.i the Heavy-
Ion Facility at Oak Ridge" 

C. F. Barnctt Battelle Research Laboratory. 
February 6. 1976. "The Role of Atomic Physics in 
the Controlled Thermonuclear Research 
Program" 

F. E. Bertram! Inslitut fur Kcrnphysik. Ju'ich. 
West Germany. May 24. 1976. "The New G m 
Resonances**: Max-Planck-lnstitut fur 
Kcrnphysik. Heidelberg. West Germany. May 26. 
1976. "Excitation of Giant Resonances via In-
clastic Scattering": Institut dc Physique Nucleairc. 
Orsay. France. May 31. 1976. "The New Giant 
Resonances": Niels Bohr Institute. Copenhagen. 
Denmark. June 21. 1976. "The Giant Quadrupolc 
Resonance 1976": Kcrnfysisch V'crsncllcr In-
stituut. Groningcn. Netherlands. July 21. 1976. 
"The Nuclear Continuum Theory and Experi­
ment": Kcrnfysisch Vcrsncllcr Instituut. 
Groningcn. Netherlands. August 10. 1976. "The 
New Giant Resonances" 

T. A. Carlson Auburn University. January 12. 
1976. "Angular Distribution in Photoclcctron 
Spectroscopy": Research Institute of Physics 
Stockholm. May 12. 1977. "Angular Distribution 
in Photoclcciron Spectroscopy": University of 
Linkoping. May 16. 1977. "Angular Distribution 
in Photoelectron Spectroscopy": Los Alamos 
laboratory Colloquium. June 28. 1977. "Electron 
Spectroscopy and Its Applications" 

D. H. Crandall Sunford Research Laboratory. 
October 29. 1976. "Collision Cross Sections for 
Plasma Applications": Regional Meeting of 
Society for Physics Students. Murray. Kentucky. 
April 16. 1977. "Atomic Physics Processes in 
High-Temperature Plasmas- Fusion and 
Astrophysics" 

J. L. Fowler University of Tennessee. April 21. 
1976. "Resonance Structure of"" Pb from Neutron 
Scattering": Vanderbilt University. October 16. 
1976. "Nuclear Physics and Energy"; University of 
Tennessee. May 9,1977, "Neutron-Proton Scatter­
ing and Nucleon-Nuclcon Interaction" 

C. B. Fulmer Drexcl University. April 30. 1976. 
"Some Heavy-Ion Experiments at Oak Ridge" 

Jorge Gomez del Campo University of North 
Carolina. March 24. 1977. "Fusion Reactions of 
1 C with " N " 

E. E. (iross Iowa State University. March 22.1976. 
"Heavy-Ion Research at thcORIC": University of 
Strasbourg. Strasbourg. France. June 3: Univer­
sity of Gottingen. Gottingen. West Germany. 
June 6: Institute for Nuclear Physics. Jiilich. 
Germany. June 8: Niels Bohr Institute. 
Copenhagen. Denmark. June 13: University of 
Cironingcn. Groningcn. Netherlands, week of June 
18. 

M. L. Halbcrt Washington University. Department 
of Chemistry. December 9. 1976. "Strongly 
Damped Collisions of Heavy Ions" 

J. A. Harvey Lowell University. October 20. 1976. 
"Fast Neutron Physics (Basic and Applied) at the 
OREI A" 
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D. P. Hutchinson—University of Mississippi. 
February 25-26. 1976. "Design of High-Power 
Sub-Milrimeter Lasers for Plasma Diagnostics'* 
and "The Tokomak. a Promising Fusion Device*': 
Medical University of South Carolina. November 
17, 1976. T h e Tokomak. a Promising Fusion 
Device**; The Citadel, November 17. 1976. "The 
DevelopacBt of High-Power. Far-Infrared Lasers 
for Plasma Diagnostics": Hardin-Simmo'-s Un­
iversity, February 21. 1977. T h e Tokomak. a 
Promising Fusion Device": Vanderbilt University. 
March 25,1977. T h e Development of High Power 
for Infrared Lasers": University of Puerto Rico. 
Mayaguez, April 6, 1977, "The Tokomak. a 
Promising Fusion Device" 

J. W. Johnson—Florida State University. November 
3-5, 1976. "Evaluation of Vacuum Components 
for Beam Lines for the ORNL 25-MV Heavy-Ion 
Accelerator" 

N. R. Johnson—William and Mary College. 
February 7, 1976. "High Angular Momentum 
States in Nuclei"; American Chemical Society. 
New York, April 5-9,1976. "flf£2) Information on 
High-Spin Rotational States from Doppler-Shift 
Lifetime Measurements": Brookhaven National 
Laboratory. April 13.1976. "Coulomb Excitation 
and Lifetime Measurements of High Angular 
Momentum States in Deformed Nuclei": Emory 
University. May 18. 1976. "Properties of High 
Angular Momentum States in Deformed Nuclei" 
(TLP): University of Kentucky. February 8.1977. 
"New Insight into the Properties of High Angular 
Momentum States in Nuclei": University of Paris. 
South Orsay, France. February 24. 1977. "Report 
on the Heavy-Ion Accelerator Project at Oak 
Ridge": University of Bordeaux. Bordeaux. 
France. March 11.1977. "Properties of , MEr in the 
Backbend Region"and "Report on the Heavy-ion 
Accelerator Project at Oak Ridge": Research 
Institute of Physics. Stockholm. Sweden. March 
16, 1977, "Report on the Heavy-Ion Accelerator 
Project at Oak Ridge" and "Lifetime and Coulomb 
Excitation Measurements on High Angular 
Momentum States in Deformed Nuclei" 

C. H. Johnson— University of Kentucky. October IS. 
1976. "Unbound Single-Particle Proton States in 
Tin: The First Observation of Energy-Dependent 
Size Resonances": University of Minnesota. 
Ouober 25. 1976. "Unbound single-Particle 
Proton States in Tin: The First Observation of 
Energy-Dependent Size Resonances" 

* 

R. L. Macklin—Los Alamos Scientific Laboratory. 
Augusts. 1976. "Neutron Capturcat the OREL A" 

J. A. Manihn—Michigan State University. March 
31. 1976. "Non-Head-on Collisions of ""0+ "Oin 
a TDHF Description": University of Frankfurt. 
Germany. February 19. 1977. "The Time-
Dependent Hartree-Fock Model of Heavy-Ion 
Collisions" and " Hydrodynamicai Calculations for 
Heavy-Ion Collisions" 

C. D. Moak—Institute of Physics. University of 
Aarhus. Denmark. February 1976. "Nanosecond 
Ion Pulse Detection for Tandem Accelerators": 
University of Witwatersrand. Johannesburg. 
South Africa. March 1976. T h e Accelerator 
Atomic Physics Program at ORNL": Australian 
National University. Canberra. Australia. March 
1976. "Heavy-Ion Charge States" 

H. W. Morgan—Tennessee Technological Institute. 
February 26. 1976: Armstrong State College. 
March 16. 1976: Coastal Empire Section. ACS.' 
March 17. 1976: South Carolina Section. ACS.' 
March 18. 1976: Ball State University. June 21. 
1976: Dayton Section. ACS.' February 8. 1977; 
Marietta College.' February 9. 1977; Fairmont 
College. ' February 10. 1977: West Virginia State 
College.' February 10. l977:Central Ohio Section. 
ACS.' February II. 1977. "Coherent Light and 
Holography" (Lectures sponsored by American 
Chemical Society lecture program1): Sloan-
Kettering Research Institute. February 8. 1976: 
Loyola University. November 16. 1977. "Sub-
millimeter Waves" 

F. E. Obenshain -Auburn University. February 27. 
1976. T h e Mossbauer Effect: Studies of Hypcrfinc 
Interaction in Metals and Alloys" (TLP); Univer­
sity of Alabama. February 25. 1976. "Experimen­
tal lest of Wcyl's Gauge Invariant Geometry" 
(TLP); Florida Technological University (TLP). 
April 13,1976; Florida A & M University. April 14. 
1976. The Mossbauer Effect: Studies of Hyperfine 
Interactions in Metals and Alloys" (TLP) 

F. Plasil C.E.N.. Saclay. September 15, 1976. 
"Reactions Induites par "Kr"; G.S.I.. Darmstadt. 
West Germany. January 14. 1977. "Heavy-Ion 
Experiments at Oak Ridge and Berkeley" 
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S. Raman—Los Alamos Scientific Laboratory. July 
22. 1976. and Livermorc Laboratory. July 29. 
1976. "An Overview of the Research Program at 
the ORELA": University of Tennessee. November 
9.1976: Lawrence Berkeley Laboratory. December 
14. 1976: Brook haven National Laboratory. 
January II. 1977: Vanderbilt University (TLP). 
February II. 1977: Louisiana State University. 
February 25. 1977; Michigan Sute University. 
February 28.1977: Florida State University (TLP). 
March 4. 1977: and Georgia State University 
(TLP). April 18. 1977. "Search for Superheavy 
Elements" 

L. D. Rickertsen—Murray Sute University. April 
19. 1976. "Computer Simulation of Nuclear 
Heavy-Ion Scattering" 

R. L. Robinson-The Citadel. February 9. 1976. 
"The Heavy-Ion Accelerator Facility at ORNL" 

M. J. Saltmarsh—The Institute of Experimental 
Nuclear Physics. Karlsruhe Nuclear Center. 
Germany. February 16, 1977, ~</,Li Neutron 
Sources" 

G. R. Satchler—Daresbury Laboratory. England. 
September I. 1976. "Giant Resonances" and 
"Heavy-Ion Scattering": International School of 
Physics "Enrico Fermi." Varenna. lu'y. July 
26-August 7. 1976. "The Study of Giant 
Resonances in Nuclei by Inelastic Scattering" 

C. K. Bockelman. Yale University 
R. E. Chrien. Brookhaven National Laboratory 
Alexander Dalgamo. Center for Astrophysics 
H. A. Enge. Massachusetts Institute of Technology 

E. J. Spejewski—Florida Sute University. December 
2. 1976. "The Study of Nuclei Far from Subility" 

R. G. Stoksud-Yale University. July 26. 1976. 
"Fusion of '"C + l 4 N and the Liquid Drop Limit"; 
California Institute of Technology. November 17. 
1976. "Fusion of Light Nuclei": Chalk River 
Nuclear Laboratories. January 26. 1977. "Fusion 
Reactions with Light Nuclei": Laboratoirc dc 
Physique Nucleaire. Universitc de Montreal. 
January- 27. 1977. "The Question of Intermediate 
Resonances": Washington University. February' 
10. "Fusion of Light Nuclei at High Energies": 
University of Rochester. April 20. 1977. "Pre-
Scission Cooling in Strongly Damped Collisions" 

K. S. Toth Virginia Polytechnic Institute and Sute 
University. April 7. 1977. "Heavy-Element 
Research at Dubna. Berkeley-, and Elsewhere" 

T. A. Welton—University of South Carolina. 
February 5. 1976. "Seeing Atoms with the Com­
puter" 

C. Y. Wong-McGill University. April 13. 1976, 
"Dynamics ot Nuclear Fluid in Heavy-Ion 
Collisions": College of William and Mary. 
September 24. 1976. "Nuclear Fluid Dynamics": 
University of Tennessee. February I. 1977. 
"Schrddinger Equation Revisited" 

Out of the country al the time of the 1976 meeting. 

J. R. Nix. Los Alamos Scientific Laboratory 
H. E. Wegner.1 Brookhaven National Laboratory 

'Out of the country it the time of the 1976 meeting. 

ANNUAL INFORMATION MEETING 

The 1976 Physics Division Information Meeting was held on June 9 and 10. Members of the Advisory 
Committee were: 


