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PROJECT STATUS

Holif.eld Heavy lon Research Facility—Phase |
(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 1, 1977. the building construction
was 36% complete. The most obvious part of the
construction is the tower, which nnw rises over 80
ft above the ground-floor level. Figure 1.1 shows
the artist’s conception of the appearance of the
completed facility; Figs. 1.2 and 1.3 show photo-
graphs of constructicn 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 installaticn of the accelerator pressure
vessel and completion of the tower and building
about one year later. Instalation 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 systews: 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 deviations
from the original schedule. Major achievements
during this period include completion of all com-
ponents requiring clectrode-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 10 four CAMAC Serial Highways. NEC
receired the computers and CAMAC equipment.
and the interface was designed. built, and tested.
The overall structure of the software controt
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 1o 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 SF. compressors and the three 2000-ft’



Fig. 1.2. Construction aite on April 20, 1977. Ccrcrete walls and roof of t'e first floor, which is predominantly below the
clevation of the street, are complete. Steel structure for the remaining two foors is in place to the right of the tcwer. The
comer of the gas-compressor building is rhown on the right. This building will house two 450-hp compressors used in
transferring the SF, and thres SF, storage tanks.
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Fig. 1.. In the foreground are fabricated sections of the pressure vesse) for the tandem accelerator. In the background, the tower that

will house the 1andem accelerator can be seen under construction above the ORIC building. A concrele pour and storage tank installation ure
in progress.
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Fig. 1.4. Pasograph of the lower one-fourth of the tandem
accelerator column structure tscen at the NEC plant in
Madison, Wisconsin, in Februssy 1977. In ascending order are
the forged sicel suppcri nng. four 24-n. modules. the fint
minor dead section, and three 24-n. modules. The equi-
potential hoops huve been placed in their f nal position only on
the first module.

liquid SF, storage vessels were instalied 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 alss in progress
within the Physics Division in preparation for
operaiion of the new tandem accelerator. These
activities include negative-ion source development,
buncher and buncher control system development,
stripping and ion-optics studies, and development
accekerator disgnostic 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
penivd from January to May 1977. Dunng this
time, the OR!C was shut down and the new dee
and rf trimmers were installed (Figs. 1.§ and 1.6),

Fig. 1.5. New dee mounted on the ORIC dee stem. The copper
surface of the dee siem is brazed to the copper dee.

v-12 PROTO 178087

Fig. 1.6. New of rimming capacitors. The surface that faces
the dee is at the top, snd the slot for the injected beam
can be sccis in this surface.



the of liner was modified to be compatible with the
dee and to fit the foil positioner, and the rails for
the inflection magnet were installed in the dee
stem. Tke 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. Start-up is now scheduled for
about June 1. Engineering is about 80% complete,
with 160 of 214 drawings and 39 of 65 data shects
comnpieted. Orders were placed for many of the
major hardware items. These include the foil posi-
tioner, the inflection magnet and power supply,
the quadrupoles and power supplics, the steering
magnets, and, of course, the dee and tnimmers.
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 Scien.es Division.

2. UCC-ND Engineering Division.

3. Instrumentation and Controls Division.

4. Chemistry Division. deceased.

$. Consultant.

6. Cn temporary keave at Michigan Sate 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 magncts. beams
from both acceicrators can be brought through
lines 61, 62, 64, and 65.

The time-of-flight system was comnpleted 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 cnsure a smooth-rurning
operation appropriate for a national facility. we
inttiated a systemn in which there will be a resident
scientist responsible for cach major expenmental
device and or beam line. The tasas of cach
“mentor.” as presently envisioned, are (1) to assure
that the beam lines and expenimental apparatus
available to users-at-large are maintained in good
condition: (2) to bu involved with equipment that
is or will be a part of tne mentor’s beam line (this
could range from onc cxtreme 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 _.cility); (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 1o Fig. 1.7 for
beam-line numbers) are:

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

C. Goodman- - A large new multipurposc scattcring
chamber.

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

N. Johnson—Germanium gamma-ray spectrometer
systems and as<ociated beam lines 41 and 23.

R. Miekodaj--" "he 'seam lines (31 and 62) between
the tandem accelcrator and University Isotope
Separator at O:k Ridge (UNISOR).

C. Moak—Beam line 35 for atoniic and solid-siate
physics apparatus.

R. Stokstad and I. Obenshain—The new time-of-
flight system and th~ associated beam lines 53 and
54,

F. Plasil—A new recoil mass spectromcier.



Oy, - WS TT-330%

IIII .“!«

SPUIT POLE SPECTAONETER
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We intend to provide dual data acquisition sys-
tems in cach of the two counting rooms (cyclotron
and 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 reduction. The systems will have large
amounts of disk st mge and core storage; emphasis is
being placed on capabilities f . real-time and “ucarly-
real-time™ data proces;ing of multiparameter data
requiring severai million channels of storage. All
interfacing to experimental equipment wil' be via
high-speed CAMAC data channels. We acquired two
300-megabyte disk systems and interfaced themtoan
existing data acquisition computer. Software drivers
for these units were completed, but development of a
file management system is being impeded by
demands for wuie 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. Instrumentaiion and Controls Division.
2. Neviron Physics Division.

USERS ACTIVITIES

E. Eichler’ R. L. Robinson

The HHIRF Users Group has a membership of
254. Another 169 people have requestud 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
cight 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,
Mugnetic Spectrometers, Neutron Spectrometers,



Recoil Mass Spectrometers, Scaitering Chambers.
and Time-of-Flight Systeris.

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
spectromcter;

2. Acquire computer hardware immediately and
begin software development;

3. Begin design _f a large (about 60-n.-diam) scat-
tering chamber;

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

5. Design a buncher/ chopper sysiem for producing

pulscd beams for experimental studies using or.ly
the tandem acceierator;

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

. Study the possibility of modifying the broad-
ronge 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);

-3

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

11. Develop more complete dats to evaluate necds
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-. =d that funds be
requested are listed is; Fig. i.8.

1. Chemistry Division, deceased.
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Fig. 18 Schedule proposed by weers for fabrication and
pracurement of new experimental apparatus and bear lmes.
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A complete redesign of the Phase 11 addition to
HHIRF was completed, and a conceptual design
report’ was prepared. The new Zhase 11 facihity
features a higher-energy separated-sector cyclotron
(SSC) and a more efficient arrangement of beam
transport systems and experiment arcas. 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
electriczl power consumption wherever possible.

Cyclotron

The basic zriteria for the SSC were developed in
1975* and refined in 1976. The present design has an
energy rating of 400 ¢’/ A MeV, where gis the charge
number and 4 the mass number of the :iccelerated
ion, to give energies up to 100 MeV/amu for fully



stripped light jons and ap to 12 MeV: amu for very
heavy jons such as uraniam. Figure 1.9 shows the
energy-mass characteristics cf the cyclotron, using
e 25-MV tandem as the injector.

The prncipal characternistics of the cyclotron are
given in Table 1.1. The facility olan giving the loca-
tions of the ORIC, the 25-MV tandem, and :he Phase
11 booster cyciotron is shown in Fig. 1.10.

Magnet design. The magnet design was evaluated
with a 0.15-scale model.’ The measurcments show
that the focusing characteristics were essentially ar
designed, with », and 5. away from significant
resomances over the full operating range of the
accelerator.

The magnetic ficld between adjacent poles is large
enough to require cancellation along the myected

I
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Fig. 1.9. Encrgy-ion mass cheencteristics of Onk Rixige heavy-
joa scoslerstors. Phase | of the Holifield Heavy-lon Research
Facility, the 25-MV tandem, and the Lz ~port; injection system to
wee the ORIC 83 213 energy booster will be compieted in 1979,
Fhase 11 is proposed for complso-. in 1983,

Table 1.1. Principel $SC charscteristics

Enesgy constant, X (E = £4%/4) (MeV) 400
Eseygy for U*? (MeV/amu) 12

Emergy for C*, 0%, Ca3% (MeV/amu) 100

8o (kG<m) 2957
Magnet fraction (52° hills) 058
Esergy ratlo, £ /E; 8-16
Injection mesn radius (m) 1.07-0.75
Extraction meen radius (m) 3.01

RS system froquency rangs (MHz) 9-20

beam path if a2 nearly fixed path were to be used.
However, using a special magnet outsade the cyclo-
tron, a solution was found that zccommodates the
trajectories of ions of differmg rigidities. This is
llustrated m Fig_ 1.11.

% et ]

Fig. 1.10. Holifield Heavy-jom Revearch Facility. Phase il is the
portion housing the sepanated-sector cyclotron and associated
CRPETIMENt arcas.
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Fig. 1.11. Plan visw dawing of the cyclotron. The injscted
beam is seen at the top of the figure entering the injection m ignet.



The radial profile of the average magnetic field is
free of significant saturation effects but exhibits a
roli-off of several percent near the center and at the
outer vdge. To adjust the magnetic field. a constant-
width sh:m section is provided al: -ug the center of the
pole tip. as shown in Fig. {.12. The shir section is
contoured 1o provide the aprropriate correction: the
result is ijlustrated in Fig. 1.13. With the approximate
fickd correct;n provided by the shim system, the
maximum tnmming coil power required is only 30
kW.

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

Fig 1.12. Coatoursd shim % adjnst the magnetic fisld contowr
fis in & slot in the middie of the face of the poles tip. Lower pole of
one sector of 0.15-scale model is shown.
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Fig. 1.13. Average magnetic field produced by the contoured

poles approtimates the isochronons magnstic field for 30 MeV/A.

frequency range of 7 to 14 MHz With this range. itis
not possible to use the ORIC as the injector above
about 45 McV amu. Above that energy. the SSC
must be opcrated on the second harmonic, but the
ORIC camnot acczlerate on even-numbered har-
monics because of the 180° dee design. To climinate
this basic incompatibility, the SSC of system raage
would have to bv extended to 20 MHz. The new
system (Fig_ 1.14), uses . >rixal half-wave resonators
to achieve a frequency range of 9 to 20 MHz and
provides compicte compaibility with the ORIC as
the injector. i‘or example, 100 MeV amu oxygen
ions ca. be obtained by accelerating O" ions in the
ORIC 10 5.6 MeV amu, stripping 10 O*", and accel-
erating in the SSC 10 100 MeV ' amu. The newdesign
eliminates second-harmonic flat-topping resonators.
Acceleration of 6°-wide beam pulses without flat-
topping resonator: gives the same resolution.
(AE; E ~ 107) that is achieved with 20° phase width
with flat-topping. A buncher efficiency of mosc than
50% for 6" bunches is predicted for the two-gap
bunchmg system being developerd for the 25-MV
tandem.*’

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
harge~hange cross section of about 107" cm’, a
pressure of 10" torr is required to keep beam losses
Jess than 10%. The present design uses cryogenic

ik 08 —<-y9R
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Fig 1.14. Elsvation sectios of the cyclotros, showing the
vertical stem hali-wave resonstor.



pumps and blower mechanical pumps, and the
symmhepuqedfmaumspl:mpmnto
107 torr in approximately 15 hr.

Totdmmﬂ-lpshdsmdwwnh-
ability, clastomer scals have been chmmated
wherever possible. Thin metal welded seals are used
chamber and between the pole-tip chambers and the
valiey vacuum chambers. Soft meial (mdum) seals
are used between the valley vacuum chambers and the
tf resonator as: -mblies.

Building and Facilities

The cyclotron vault, beam transport corndor, and
two experiment rooms are to be in a new structure
located south of the existing cyclotron building and
Phase 1 project, as shown in Fig 1.10. Shiclding is
provided by a combimation of poured concrete walls
and solid concrete blocks. Extra shielding is provided
on the forward direction of beams in positions where
high-intensity beams will be used. The experiment
areas were designed to facilitate future expansion by
providing more experiment stations or adding addi-
tonal areas. The facility incorporates a large count-
ing room adiacent to both experimental rooms.
Cozurol of the facility wiii be from either of the exist-
:ng control rooms, *ha: is, the ORIC controi room or
the new control room for the 25-MV tandem.

1. UCC-ND Engncering Division.

2. UCC-ND Compuser Sciences Division.

3. Nokifsed Heuvy-lon Research Fecibity — Phase 1] Conceprual
Design Report, X-OE-28 (May (977).

4. S. W. Mosko ¢ al.. “A Scpanated-Sector Cyclotron Post-
Accelerator ‘or the Osk Ridge Haavy-lcn Laboratory,” Proceed-
ings of Sevensh fnternarionel Conference on Cyclotrons and Their
Appihications, Bitkhadser. Basel (1979). p. 600.

S. E. D. Hodson et s\, “Magnet Model Studies for Separated-
Sector Heavy-lon Cyclotrons,” Proceedings of Sevenih Interne-
rionsl Conference on Cycloirons emd Their Applications,
Birkharises. Dusel (1975), p. 197.

6. W.T. Miiner et al.. “Transport of DC and Bunched Besnxs
through & 25-MV Folded Tandem Acceierator,” JEEE Trens.
Nucl, Sci. NS-22, 1697 (1975).

7. See this report, W. T. Milner and N. F. Ziegler, “Beam-
Dunching sad Pulse-Detection Test Facility.”

EXPERIMENTAL APPARATUS AND
ACCELERATOR DEVELOPMENT

CHARGED-PARTICLE
TIME-OF-FLIGHT FACILITY

F. Plasil

R. G. Siokstad
A. H. Snell

J. E. Weidley

The time-of-flight (TOF) facility now approach-
ing compiction consists of a J6-cm-diam scattering
chamber joined by a sliding sealto an arm that allows
a flight path of up to Imin length. The angular range
possible is £135°, with one port allowing an angular
range of -10 10 +70°. A byout of the TOF facility is
shown mn Fig. 1.15. The detector sysiem will consist
of two channel plate detectors for the start and stop
signals, followed by 2 gas ionization chamber and
silicon surface barrier detector as a AE X E counter.
All of the necessary clectronics for this system have
ather been built or purchased.

The chamber has four 10-cm-diam removabile
ports on which detector holders can be mounted so
that large area counters or other types of large
detectors can be used separately or m coincidence
with the detectors in the TOF arm. Two rotatng
wheels within the 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 will be approximately 45 min. Because the
TOF system is supported on a gun mount, it will be
possible to add a Juadrupoie to the system to increase
the solid angle, if there 's demand for it in the future.
Figure .16 presents the floor plan of the H:{IRF and
indicates the location of the TOF station, which will
be accessible to beams from either the new tandem or
the ORIC cyclotron.

Figure 1.17 is a phcograph of the system taken in
March 1977. The sliaing seal mechanism has proven
to be very successful, and the scattering angle can be
varied whilc maintaining a pressure of about 2 X 10”’
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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Fig 1.16. General HHIRF floor plan showing the location of the TOF facility, where it wik be sccessible to beame from both the
tandem aad the cyclotron.
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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 traasport lines has
now been completed. This selection should provide
beam line pressures n a2 range of 1 10 5 X 10°° torr
afte pumping about 12 hr and without baking.

The main components will be closed-cvcle
cryogenic vacuum pumps. ConFlat (copper gasket)
flange joints, stamless steel valves with Viton gate
seals. ar.d mechanically or chemically cleaned stain-
Jess stee! beam tubing.

The pump and beam tubing sclection was basod on
an evaluation program reported earlier.’ which tested
on a prototype beam line the following statc-of-the-
art ultra-high-vacuum (UHV) pumps: (1) cryogenic.
(2) clectrostatic ion-getter. (3) magnetic on-getter.
(4) wrbomolecular, and (5) oil diffusion with an LN:
trap. Pumps were compared for pump-down time of
a beam line mitaily at aimospheric pressure. for
throughput, ior base pressure. and for general
operating conditions. A comparison of the pump-
down time is illustrated in Fig. 1.18. The beam tubes
were comp>.ed for pump-down time and base pres-
sure.

1. ). W. Johason. “Recent Vacuum Work at Oak Rudge.™

Froceedings of the Symposism of Northeasiern Accelerator
Persomnel, Nov. 3 5. 1978, Florida State Universiry. Tella-
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BEAM-BUNCHING AND PULSE-DETECTION
TEST FACILITY

W_ T. Milner N. F. Zeegler

A beam-bunching and ulse-detection test facility
has beer: implemented on the EN tandem acoelerator.
The bunching system, a two-harmonic double-drift
klystron type. is designed (G operai. overa frequency
range of 4.5 to 14.5 MHz and wii! sventually be used
to produce bunched beams of i:ns (in the mass range
12 t¢ 240 amu) from the 25-MV Pelletron accelerator
for mjection mto ORIC.

Figure 1.19 illusirates t+: bunching system
diagnmmatically as it exists today. The beam
sncounters the first harmonic buncher. is somewhat
“overbunched.” drifts to the second harmonic
buncher (operating at twice the frequency of the first
buncher and 180° 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.

Preiiminary tests with three ion beam: (22.5-MeV
"*0.35-MeV S, and 30-MeV **Cu) wer. carried out
with observed results very close to those predicted.
Beam pulses were detected with a2 capacitive pickup
unit (CPU)and a fast Faraday cup and werc observed
with a sampling oscilloscope as well as a S00-MHz
(TEK 7904) oscilloscope. In the case of the 'O beam.
a time-to-amplituc. converter (TAC) spectrum was
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Fig. 1.19. Block diagram of the beam-bunching and puise-

Fig. 1.18. Comparison of pump-down time for severai /HV pumps.  detection test facility being used for system development.
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obtained by using timing pulses derived from the
CPU and a plastic scintillator that detected Coulomb
excitation gamsma rays produced i the stainless steel
beam stop of the fast Faraday cup.

Pulse widths of 1.1 and 1.6 nsec were observed with
a sacpling oscilloscope for the O and 'S beams
respectively. The *’Cu beam was too weak [less than
10 clectrical nancamperes (enA)] for an accurate
pulse width estimate, but pulses were observed. The
TAC spectrum (see Fig. 1.20) shows that about 55%
of the *O beam was bunched into 6° of the first
harmonic klystron phase (the acceptance window of
the ORIC).

Pulses from the CPU and the fast Faraday cup
were amplified by wide-band rf preamplifiers (HP-
S447F, gain = 48 db) prior to being fed into the time-
pickoff unit (ORTEC-260) and the sampling oscillo-
scope. By using such equipment, we should be able t-
reliably detect the phase of pulses with average beam
currents as small as 50 10 75 enA. The '*O* beam (1.4
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Fig. 1.20. Timme profils of an O ion-beam pulse produced by

14

MeV; amu, averaging 300 (enA) that we used cor-
responds closely in velocity to a 225-MeV ion of mass
150. We expect that most bunched beams from the
25-MV Pelietron will have intensities greater than
300 enA.

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

system.

COMPILATION OF EQUILIBRIUM
CHARGE-STATE DISTRIBUTION DATA

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

A datua base containing information on charge-
state distributions has been established at ORNL.
Included are experimental values of mean charge,
width, skewness, and charge-siate 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 Betz’ for projectiles of energy 2 MeV and higher
are contained in our dz1a file.’ 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 and produces plots of charge-state
distributior:s measured at various energies for a
specified projectile and target. A sample plot for 7y
in krypton is reproduced in Fig. 1.2i.

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 anc 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
ambigaities 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 ch«rge may be
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Fig 1.21. A sample plot for "' in krypon.

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

1. UCC-ND Computer Sciences Divis'on.

2. A.B. Wittkower and H. D. Betz, As. Data §, 113 (1973).

3. ‘The authors are indebted to Dr. Betz for sending us a tape
containing data reported in his compilation.

DEPENDENCE OF '’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. Sayer'  E. G. Richardson
P. Thicberger’

Injection of carbon and oxygen beams from the
25-MV tandem 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 3and 4at ¥, =
6 MYV 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 tandem 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. lons 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 forcharges2,3,4. 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 N; gas in the stripper
canal.

The observed yields in particle nanoamperes (pnA)
are shown in Figs. .22 and 1.23. Injected intensities
were 720 nA for '’C and 1990 nA for *O. Overall
maximum transmissions of 14% for '*C and 199 for
'*0 were obtained by summing the observed yields
with estimates for the unobserved 0+ and 1+ yiekds.
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Fig. 1.22. Analyzed currentin pnA vs pressureat the low-energy
end of MP-7 for ’C ions of charge 2, 3,4, and §.

Yields at the three highest pressures were normalized
to the maximum observed transmission (about 3 X
107 torr) 1o compensate for the rapid falloff in
transmission with increasing pressure, presumably
caused primarily by charg:-changing collisions inthe
high-energy accelerator tube.
Although insufficient gas could b irtroduced to
achieve peak yields of '’C** and 0", »eak yields of
36 pnA of C* and 110 pnA of O™ at lower
pressures were measured. These beams would be
more rigid and, thus, easier o inject into the ORIC

6

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

Ini Toml Maximum
fon njected tramsitted  Charge analyzed
curreat (pnA) curreat (pnA) current (paA)
°C 720 103 2+ 36
“0 1900 348 3+ 1o

These 20-MeV data indicate that, with a suitable flow
of stripper gas, about one-third of the towal vans-
mitted beam can be odtained in the desired charge
state (2+ for °C or 3+ for "*0).

What currents might be expcrted 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 vs pressure at the low-energy
end of MP-7 for "*O ions of charge 2, 3, 4, 5, and 6.



suggest that it will deliver at least 300 pnA of “C*" or
“O’". Of coursc, the MP inclined field tubes produce
larger excursions from the optic axis for higher
charge states. This effect may cias our yields in favor
of low charge states. On the 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
intensitics of °C** and '*O* beamsat ¥,=20 MV can
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
ngidity should considerably improve the chances for
successful injection of °C and '*O into the ORIC.

1. UCC-ND Computer Sciences Diviswon.

2. Brookhaven Natio- | Laboratory. Upton. N.Y.

3. R. O. Sayer and E. <. Richardson. Phys. Div. Annu. Pr g.
Rep. Dec. 31. 1975, 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 tanks of 2060 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-Fznjax three-stage
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, gas from the first and second compression stages
(CL1I and CL2) being passed through heat
exchangers (HEX | and HEX2)prior to injection into
subsequent stages. Gas from the third stage (CL3) is
cooled and; or ligucfied by an after-cooler (HEX3)
before being transferred into the storage tanks. Heat
is removed from ecach heat exchanger bya circulating
bath of cooling water,

The mostimportant objectives of this study were to
determine what conditions can lead to liquid SF.
being injected into a compressor cylinder (whichis 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.
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Fig 1.24. Simplified diagram of the system for transferring the
SF, insulating gas from the accelerator vusse] 1o the storage tanks.
Oxly onc of two three-stage compressors is shown.

“Realistic” thermodynamic quantities (enthalpy,
entropy, specific heat, and density) ,2re used in all
calculations. Stage compression ratios and SF, flow
rates were calculated from “first principles.” The heat
transfer in HEX1 and HEX2 was calculated using
standard engineering formulas, while theafter-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 tanks) as a
function of the percentags of total inventory of SFs,
which has beer, transferred to storage fora typical set
of operating conditions.

As a result of this study, we have recommended
that the discharge cooling water from HEX] be used
as the input for HEX2 (as shown in Fig. 1.24) in order
10 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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Fig. 1.25. Temperature of SF¢ at several locations in the systerx
as a function of the pcrcentage of the total SF; inventory, which
hes been transferred into storage.

should be adequate for cooling water temperatures
less than or equal 10 75° F with up to 40% degradation
of all exchanger heat transfer coefficients.

NEGATIVE-ION-SOURCE DEVELOPMENT
G. D. Alton

Negative-lon Spectra and Yields from
the ORNL Sputter Source

The ORNL negative-sputter ion source, in con-
junction with the negative-ion-source test facility,'”
was used during 1976 to study systematiczlly the
negative-ion yields from most of the naturally occur-
ring clements, excluding, of course, radioactive
elements and the noble gases. The study was initiated
to determine the negative-ion-yield capabiiities 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

certain reactant gases, such as H, N:, NH;,and O,
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 Il elements, which do not form stable
atomic negative ions, can be produced more effec-
tively by using NH; to form their hydrides, while
most other elements are more effectively generated in
molecular negative oxide form by using O: as the
reactant gas. The form of the moleculzr oxide from
which most intense beams can be generated depends
on the clement and usually varies from the monoxuie
to the trioxide, with uranium producing slightly more
intense beams of UQ,". Elements possessing high
electron affinities (eg., Au, Br,C,CLLF,1,0,P,Pt.S,
Se, and Si) usually can be produced readily in ele-
mental atomic form. The period-S elements of tin,
antimony, and tellurium form more intense di- and
triatomic, rather than monoatomic, negative beams.
Cluster negative-ion formation is characteristic of
many clements 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 1l element such as calcium are shown in Fig.
1.27. The spectra were obtained by feeding NH; and
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Fig. 1.26. Jon generstion and extraction regions of the ORNL
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Fig. 1.27. Negative-ion spectra obtained by feediag (1) NH, and
(2) O; onto elemental cakcium.

O; 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 tons from both constituents, neither of which
could be used in elemzatal form as 2 sputtering
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Fig 1.28. Negative-ion spectra obtained with and without O; on

sample. The figure shows the spectra obtained from
GaP with and without the reactant gas O;.

Surface-Ionization Source for
Production of UF,”

Preliminary investigations were initiated in 1976,
in collaboration with S. Datz and P. Dittner of the
Chemistry Division, to study the production of UF.
negative-ion beam by surface ionization, using the
wegative-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 1500°C. The UF, is subsequently reevapo-
rated trom the filament and efficiently surface-
ionized to form UF,". The ions formed are then ac-
celerated by the same ion extraction system used in
the ORNL sputter source.’ Datz and Dittner, 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 prelin:inary attemots have been
made and problems still exist, the technique has
yielded mass-analyzed beams of UF, up to 15 uA.
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Fig 1.29. Swfece-ionization source for the production of UF,".

Negative-lon: Source for Acceptance Testing
of the 25-MV Accelerator

The specifications for the 25-MV tandem accelera-
tor require that the source used in the acceptance test-
ing of the accelerator be capable of producing a
7.5-uA ncgative-ion beam of mass greater than or
equal tc 195 within 2 transverse-phase space arca
(emittance) ¢ = Ir cm-milliradians-MeV' ** The only
source that can readily meet the intensity and emit-
tance requirements to date is one based n principle
on the design by the University of Aarhus.’ A
modified source of this type has ccon designed at

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

I.G." Alion ct al., Phys. Div. Amu. Prog. Rep. Dec. 31,
1974. OF.. -5025.p. 192.

2. G. D. Alton. [EEE Trans. Nucl. Sci. NS§-23, 1113 (1976).

3. R Middictonand C. T. Adams. Nuxcl. Instrum. Methods 112,
329 (1974).

4. C. M. Jones et s\, Technical Specification for a 25-MV
Tondem Electrostatic Accelerator. ORNL TM-4942 (August
1975). pp. 130 32.

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

ORmL-Owg TT-%0197

Fig. 1.30. Modified ORNL version of the Univcrsity of Aarhus segative-ion sowrce.
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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 on-source gas have produced
large beam enhancements for high-charge-state light
ions (masses less than or esual to 20).

In the ORIC, the beam increase has been a factor of
5 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 scparate gas line, and the primary
gas flow is reduced by about 30%. The proposad
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 i~ 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 charzcteristic that is known
(but not understood) 1s that different cold cathode-
ion-source geometries require different amounts of
gas flow for source operatior.. For examzic, the
present ivn source of the ORIC requires about 3104
cc’ min gas flow for normal operation, whereas the
ion source of some other laborator:s requires a flow
of 0.5 to | cc; min.' Central-regicn pressure effects
and ion-source gas-usage effecis 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 linc have produced substantially the
same results. Results from mixing of krypton with
neon for an cxtracted beam of Ne"” 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
aic voliage started to rise. The neon beam intensity
increcased by approximately a2 factor of 5 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 '*N*" beam is plotted against the radius
squared for xcnon 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¢* extracied beam intensity vs the support-
gas flow (kryptom). For cach point, a smallamount of krypton was
supplied to the arc and then the primary gas (neun) was decreased
until the arc voltage started to incrcase. an mdication that the arc
was about (0 drop out. A maximum beam enhancement occurred
at 0.15 cc min of krypton.

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

The intensity of the “*Ne** 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 suppor gases (Ar, Kr, and
Xe) indicate that the maximum beam improvement
obtained is about the same for the three gases; the ¢
values of these gases are approximately equal.’
Xenon and krypton gas-mixing experiments with an
“Ar*" beam have not shown an increase in intensity
with gas mixing.
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Fig. 1.33. The ext:acted beom imtemsity for aa “O” besm v»
time. The imensity of oxygen without support gas tends 10 increase
slowly over s pesiod of hours. The beam ictensity with xenon
sepport gas reaches ax. even higher level in a few minutes and is
more stable.

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.

The data indicate that the large beam intensity for the
oxygen is obtained from the begnning of the ion-
source lifetime. An important side effect is that the
xenon gas mixing markedly anproves the stability of
the oxygen beam performance of the ion source.

1. On wmporary kkave at Michigen Sute University, East

2 E. D. Hudson, M. L. Mallory. and R.S. Lord, JEEE Trems.
Nucl. Sci. NS-23, No. 2. 1065-68 (1976).

3. M. L. Mallory and D. H. Crandall, JEEL Trens. Nucl. Sci
NS-23, No. 2, 1069-72 (1976).

4. 5. R_J. Beamett, JEEE Trams. Nucl. Sci. NS-19, No. 2. 48
(1972).

ORIC MAGNETIC FIELD MEASUREMENTS'

R. M. Beckers’ F. Irwin
J. A.Biggersaff  N. Lane
B. J. Casstevens’ R.S. Lord
H. L. Dickerson C. A. Ludemann
K. M. Fischer’ L. B. Maddox’
H. D. Hackler M. B. Marshall
C. L. Haley J. W. McConnell*
D. L. Haynes’ G. S. McNeilly’
D. C. Hensley S. W. Mosko
E. D. Hudson G. A. Palme;

J. D. Rylander’

In preparation for beam injection from the
uindem, 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 "ve needed
data on the fringe field through which the injected
beamn 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 15 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 of significant advances in instrumentation

technology. Field measurements were made using 39



search flip coils mounted at 1-in. increments on a
common shaft. The output of each coil was fed to a
separate clectronic integrator, and the integrator
outputs were scanned by a relay matrix and digitized
by a 16-bit ADC with |-G resolution. The data 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 compiete map of
7059 points required less than | 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 ia the program. and additonal
information such as flipping time. integrator diift,
and magnet coil currents could be monitored. A
series of data analysis programs was employed to

_ check the data for inconsistencies shortly after the

data were recorded. Error-checking programs identi-
fied out-of-tolerance data points. and display pro-
gram< gave radial and azimuthal plots of the basic
data and of differences between runs with a coil on
and then off. Fourer analysis displays of the
harmonic contr~t of the data were also avai.able. By
use of this “instant analysis™ system. we were able to
keep a close check on the accuracy of the data,
quickly identify equipment failure. and repeat any
runs that looked suspicious. Reproducibility of the

PHOTO 9987-70

Fig. 1.34. The 80-in. precision gear with the probe anm in the extended position as it would be for frings field mensurements.
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Fig- 1.36. Azimuthal plot i the same data as in Fig. 1.35.The
larger variation is due (o the small errors in azimutha! posit.onmg
of the probes in the high-gradient regions of the field (1200 G ).

daia 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.

1. S. W. Mosko et al.. "Magnelic Field Mcasuring System for
Remapping the ORIC Magnetic Field.” JEEE Trans. Nucl. Sci.
NS-24, No. 3 (1977).
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2 UCC-ND Enginccring Dnision.
3. UCC-ND Computer Scieaces Division.
4. Newtroa Physics Division

ORIC RF SYSTEM DEVELOPMENT' -

S. W. Mosko  J. D. Rylander’
G. K. Schulze’

A new dee was designed. iabricated. and installed
in conjunction with HHIRF-elated modificatrons to
the ORIC. This new dee festures an open periphery
for transmission of injecied son beams from the
HHIRF tandem acceicrator 10 the ORIC. The 2.5-cm
beam aperture of the new dee is smaller than that of
the onginal dee (4.8 cm) but still adequate for good
beam transmission. The dee-to-ground clearance was
Jecreased from 3.8 cm to 2.5 cm for increased capaci-
tive 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-
tura' bracing in the dee walls for improved dimen-
sional stability and some geometric improvermnent in
the dec vdges which raise the rf-voltage breakdown
threshold from about 44 kV to 66 k V.

A broadband solid-state rf power amplifier was
added to the main power amplifier driver circuit. The
new driver unit eliminates the former 4CX50000A
driver and several other tuned amplifier stages. The
power-amplificr 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
buiit as a companion 1o the new driver.

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

1. S. W. Mosko et al.. "ORIC Rf S;..cm  Preparation for
HHIRF.” JEEE Trans. Nucl. Sci. NS-24, No. 3 (1977),

2. UCC-ND Engincering Division.

3. Instrumentution and Controls Division.



ORIC OPERATIONS
S. W. Mosko H. D. Hackler
R.S. Lodd G. A. Palmer
C. A. Ludemann N. Lane
M. B. Marshali A. D. Higgins’
N. R. Johnson E. W. Sparks”
C. L. Viar W. F. Ohnesorge’
H. L. Dxckerson  C. L. Haky

The ORIC operated ona 15-shift-per-week sched-
ule throughaut 1976. A shutdown period of apgrox-
imately six nconths duration began on January 3.
1977. 1o permit major equipment modification and
magnetic ficld measiirements in preparation for on
beam injection frm the HHIRF clectrostatic tandem
accelerator.

Experiments using accelerated w01s heavier than
helium accounted for 87 of total machinc-operable
time. The most used beams of 25 to 172 MeV carbon,
90 to 180 McV nitrogen.43 to 170 MeV oxygen. and
7 10 213 MeV neon accounted for 78¢¢ of total
machinc-operable time.

Table 1.2 1s a summary of research bombardments
conducted duning 1976: Tabie 1.3 shows a summary
of beam ume according to the partcle used: and
Table 1.4 is 2 time analysis of machine operation
dunng the same penod.

A ncw broadband sold-state dnveramplificramay
was installed in the of system. A multitude of tuned
components :n the formor driver amplifier stages was
chiminated. The plat= circuit of the main power
amplifier and the dee resomator are the only tuned
components remaining n the rf system. A new rf dee
voltage regulator loop. which incorporates the new
driver amplificr, was mstalled. New fault detection
arcuitry that features computer-compatible logic-
level outputs for a future tie-m with the ORIC control
computer was also included. These modifications
have greathy 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 oclow mass 20 results m improved arc stability.

Table 1.2. Research bombordments st the ORIC im 1976

Cydotron
Research activity Investigators tme
(8-hr shifts)
UNISOR* Spejewski, Miekodaj, Caster, et al. 64
Heavy-ion fesion, fission, and fraasfers Mas#, Ferguson, Pleasonton, Hahn, 66
Obenshaim, Saell, Iems Silva, Webb,
Caretto.? Kaphan®
Mgz terials research Horak, Saltmarsh, WifTen, Bloom, i0
Washburn,. Ullmaier, Jenkins, Nogghe,
Reiley. Auble, Ludemann, Roberto.
Kalbunde, Coltman, Williams, Jung.
Duaan‘
Acceierator development and Ludemann, Mallory . Huedson, Lord, 52
machine research Martin, Hale
Dopplershift lifetime measurements Johnson, Eldlkl’, Yates© Slnus/ ukrl‘ 18
Powd: Daly Helppi; Sah
Coulomb-nuciear mterference Hillis ¢ Gross, Rledm m i
Halbert, Htvuka Scont ¥ Nmn
Baker® Guidry ¢ Johnson, Kahler 4
Vrba
Isotope production Mackey, Ottinger, Ratledge, Gross, 22
Ludemann, Johr.son
Excitation of giant resonances Bertrand, Kocker, Gross, Goodman, Auble 4

Atomic physics

Seltin, Mowit 7 Pegg 9 Griffin,

Haselton *! Pererson 2 Laubert 9
Datz, Thoc?
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Tohie 1.2. (continned)

Cydotron
Research activity Investigators tme
(8 s shifts)
Beckinading of rotationsl bands Riedinger ¥ Swctson_ Robimson, Johason, 18
Sayer, Eichier, Yates Roaminger X
Kahier ¥ Hichwe®
Liinduced seactions Halbert, Heasiey, Goodmen, Wharton.® 6
Debeved
Haavy ion trme’er senctions sad hesvyioa  Ford, Toth, Hensiey, Thornton.! Gross, y . |
«clastic scatsering Bell, Gustafson./ Rilley X Swell, DeViries,!
Ceaxy, Cramer,™ Goldbesg ™ Halbert
Preportionsl-comstey tests and Hensley , Gross, Stokcstad, Saell, Deyras, 10
T:amefey-seaction studies Hahm, Toth, Fwber: ” Flewry © 11
with secoll mmciei Delag: ange®
Properties of clements 104, 105, 106 Bemis, Siva, Hemsicy, Halm, Tarrant, Huat, 13
Haulet” Lowgheed”
Deep inclastic scatteving Stokstad, Hensicy, HaSbert, Sanaatites,’ 37
Westerberg ¥ Deyras, Robimson. Falmer, Socll
Limits on fesion cross sections Stokstad, Biggerviaff, Sacll, Secison, Dayras, p )
Gomez del Campo
Search for short-lived isomers Gross, Cleary, Heasley, Totls, Hungerford,” 9
Dingham 7 Burt”
Muitiplicity meassrements Saramtites¥ Gromemeyer ¥ Barker.? Halbert, 39

(®Li.*Fie) chargs exchenge reaction

Nuciear spectroscopy with
heligm-jet sochnigues

High-intcasity sevtron source

Eichier, Johmson, Deeae, Hensley,
Westerberg.® Jastrebaki’

Goodman, Hensiey . Stokstad
Toth. Bingham, Carter

Saltmarsh, Fulmey, Ludemana, Greenwood !
Heinrich,” Keanerley * Styles”

SUNISOR is a consortism of 12 amiversitics, Osk Ridge National Laboratory, and Osk Ridge Associated Uni-

versities.
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Tabie 1 3. Analysis of ORIC boum we by type of purticle (1976)
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Table 1.4. Time snalysis of ORIC opesations for 1976

. Enmsegy Te al howrs
(MeV) anigmed Percemt
Necloar sessasch
Lishinm 9%0-62 18 32
Beven 107-80 108 32
Castxa 1712-25 754 4 n2
Nitregen 180-90 583.2 17.1
Oxyge 17943 4380 143
Nasa 213-7 5160 M0
Asgon 159-36 8.0 26
Tassinm 43 120 03
Total, heavy-ion 2516 %.9
cxpeviments
Protens [ 16.0 0.5
Dentarens 40-22 136.0 40
e ;] 320 10
Alphas 95-33 260. 146
Toud, ight-ion 4440 13.1
cAperiments
Toud, muciear restarch 3401.6 1000
cxpeyimeats
Machine resmmch
Cmbon 195-130 9%.0 23,
Oxygs 208-100 156.3 316
Neon 165-131 4.0 154
Nitrogen 171-132 24.0 58
Titasinm 47 240 53
Argon 200 16.0 38
Lithinm L) 80 19
Total, hewvy-ion 588 93.3
expeTioneats
Protons 65-62 2.0 43
Dewterons 40 80 1.9
Total, light jon 280 6.7
cxperiments
Total, machine .exearch 4168 1000
expevimmants

reduced gas flow, and improved vacuum. Sourcces
with xenon support gas can operate with maximum
ion output over most of their lifetime, rather than
requiring several hours of conditioning prior 10 a
short period of good performance.

. Plant and Equipment Division.
. Instrumentation and Controls Division.
. Health Physics Division.

A 3 =

Howrs Percest
Beam on target 9 423
Beam adjustment 195 32
Target sctup 73 1.2
Strt-ep and machine shutdown 555 93
Machine research 438 73
Total sachine-operable time 3800 63.3
Source change 381 6.0
Vacwsm cutage 41 0.7
Rf nutage 161 27
Power supply cutage 9% 16
Electrical-component cstage 80 1.2
Mechanical-component outage 251 4.2
Wattrdeak outage 4) 0.7
Radistion onage 1 0
Total unscheduied outage 1034 171
Scheduled sainwnance 621 104
Scheduied engincering 555 9.2
Totzl scheduled downtime 1176 196
Total time available 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 theroughly 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
ks second by a broken belt guide and spring.

A spark, or transient, recording system has been
developed on the EN tandem 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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Table 1.5. Ressesch activisios an the tondom Van ds Ganafl sccelssster

- Approximsse
Type Proyecuile lnvestigators porcent of
weilioed beam time
Xony wudine 109 13 M0y Der, Baches.” Duggn.” McDasin* c—m.'u—' )
Payne,” Poppes.” fice.” Towen Trivomi.®
Waseler,” EBimrt.” Kuonheidd McCoy & Zandw © um-u.'
Liaf Cyot.” Lapicks’
Avomic phy ics 18 “r" Gritrn, Somin! Pgg! Thae ! Elston! Fovesne * ’
i :E‘ Vain. n-:‘u-’m"m"
Sc_.'u-.'ln-.’ll-'!-’l‘ut.‘
Righ-choege-stute stripping b T | Adom, Jomes, Moak, Migier, Bridwell” Kossl ¢ Scort? ’
sanding Wohsing”
Enge-mugnet haxvy ise e U Foud, Gommz das Caampe, Robineon, Shagira, Theraton™ 6
sanctivs stadiss
Asomic collisions iy sollds N0 Deue.” Biggerstaf. Miller, Mook, Dittmer,” Gomez del Campo, ¢

Radintivn domage offects My
Compound sucions studies ey
Coulomb excitarion snd ‘e
Nfetinne mogweements
Coulomd ¢ xcitation e
to-bonn gameme-tay stodics 6.7, 03¢
(" Li.*He) renctions L
Heavy-ion-groduced sestron "’"C."O
crom sections
(l ,h) renction .’N
Rafiotion duvngs stadivs 1%0.'F
Beem-foil spectroscopy b

Indvam gemme-ray spoctroscopy  *Li

Beyfiehd ™ Gendmer ~ Koch " Setin/ Pags./ Thoe!
lh,h.l"u‘t Kim
Buyfield.” Kine, Sesiocn

Noggie” Appirton” Mosk

Thoraeen” Cordel” Dennis.” Schweiser” Ford, Gomez dul Campo

Hamiloon.* ¥ McGuire  Plercey * Ramayya *

~“North Texas Stats University, Denton.
sowdest, North Texas State Usiversity, Deaton.
University of New York, Cortiand.
Universicy, Talm, Okie.
“East Texss Stwts Univennity , Commarce.

Usiversicy, Owale, Nebr.
‘New York Universiy, New York.
of Teansss, Knoxvills.
steduat, University of Tenncssse, Knouville.
'Udniudc.-uuav Saoers.
Usiversity of New Hampehive, Devhem

Mmmummrm»wm

PBrockhuven Netional Laboratory, Upton, N.Y.
YRutgers University, New Brunowick, N.J.

° Muney 20w Univernity, Mwray, Ky.
SCornell University, Itheca, N.Y.
"Universicy of (Nimois, Urbune-Champeigs.

" University of Vieginie, Chariottesville.
*Chomistry Division.

¥ of Maxico, Mexizo Cwy.

'Solld Stase Division on sesignment from Minersl Ressarch Laborstory . CSIRO, Sydney, New South Walss 2113, Australie.

'3 8iaboro State Collegs. Edinboro, Py.
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providing photogiaphs of terminal voltage duning a
spark. A spark also triggers the data logger. produc-
ing a pnntout at 0.l-sec intervals of operating
parameters just preceding and following the spark.

Other minor additions and modifications to the
EN system include a light .ink from terminal to
ground, a data link from the experimenters’ data
acquisition comgter to the operating data logger. 4
CAMAC crat: for the data logger. and new gaskets
for reduction of gas leakage.

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

1. Instrumentation and Controls Division.

5.5-MV VAN DE GRAAFF OPERATIONS
F. K. McGowan N. H. Packan'

G. F. Wells R. A. Buh!'
M. B. Lewis' Marthz liunan'
R. P. Cumby’

The 5.5-MV Van de Graaff continues to be used
routinely {or heavy-ion-induced radiatior 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 br
of ion beam on target. The heavy-ion-induced radia-
tion damage ranged from .«ss than about one dis-
placement per atom (dpa) to 600 dpa per specimen.

The zverage irradiation per specimer corresponded
to a dose of 120 dpa. which was produced at a rate of
35 10 50 dpa hr (70 dpa 1s equivalent to a fluence
about 10" neutrons cm’).

The model 910 Danfvsik 10~ source was refur-
bished 23 umes. For an initial charge of 200 mg of
“Ni in the ion source, the average useful hifetime is
about 75 hr. when operating witt a normai beam oi
1.5 puA on target. A summary of the use of the "Ni
ion beam i< given in Table 1.6

A rumber oi modilications to the facilins have been
completed during this reporting period:

I. Upgrading the E X H crossed-ficld analyvzer at the
terminal by tiling the magnetic pole picces 1o
correct the astigmatism.

2. Repiacement of nost of the heavy-ion beam line
with clectropolisaed stainless steel tubing and
ultrahigh-vacuum joints.

3. Implementatior of a multistation radiation
damage chamaer and a profiiometer chamber.

4. Installation of cryogenic pumps n the heavy-ion
beam ‘ine and damage chambes.

S. Implementation of simultancous 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
profilometer 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 beams. a

Table 1.6. Use of the **Ni jon beam

Activity Total hours Percent
Irradiation of 108 specimens (11,000 dpa) 352 27
Loading and removing specymens from damage chamber 378 28
(3.5 hr/sample)
Start-up time after refurbishing the ion source 276 21
(12hr)
Calibration of beam profile monitor and 216 16
microaperture scans
Preparation of beam for an irvadiation 108 8
Tord 1330 100




mask and microaperture strip diive, and viewing
ports for an infrared pyrometer. The mask drive
permits the experir.entalist to cover partof the 3X 3
specimen array during an irradiation. The micro-
aperture strip scans the beam cross section at the
target site for uniformity. This system is coupled to a
Fareday cup, a current digitizer, and a siznal-
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 bram profilometer may be calibrated prior toand
checked immediately after an irradiation. The value
of the total ion-flux incident on the target specimen 1s
believed known to within = 10%.

He’ Ion Injector

The He’ ion injector is now operative and capable
of implanting helium in targets concurrently with the
**Ni"* ion beam. The He beam is injected at a 15°
angie 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 are
available, with uniformity of beam intensity main-
tained within +109% over the cntire energy range and
+13% over 80% of the energy range.

The system is driven by a master ramp generitor
producing a triangular signal at the rate of 60
sec; cycle. Its primary fuaction is to vary the analyz-
ing magn:t 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. Becauss this method of energy variation
drives the corona amplifier to its limits to achieve the
desired 200-400-kV range, a small signal irom the
ramp generator is used to vary the belt charge power
supply synchronously with the corona signal. This
allows the cormiia amplifier to operate comfortably
over about one-half its range.

Two focusing devices are utilized to maintain beam
intensity uniformity. An electrostatic lens in the
accelerator terminal provides primary focusingof the
beam prior to acceleration. A magnetic guadrupole
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-
farmity in beam intensity due to its 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 mastcr ramp generator and mzy be adjusted 10
give constant target current at a variety of intensity
levels. At present, intensity levels from 1 to 50 nA
may be obtained at an ion-source current of 20 uA 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. Mctals and Ceramics Division.
2. Instrumentation and Controls Division.

OAK RIDGE ELECTRON
LINEAR ACCELERATOR

J. A. Harey' T.A. Lewis’
H. A. Todd*  J. G. Craven’

Operation

During this report period, the Oak Ridge Electron
Linear Accelerator (ORELA) was operated on the
average of 400 hr; month, B=cause of a limitation of
funds, the level of operaion 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 simultzaneously (up to
1), the actual number of experimenter hours per
month averaged 2000, 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 nestron measurements
below about 10 ke:\', but narrow pulses are needed for
high-resolution measurements at higher energies.
The low-repetition-rate operation i5 nceded for
measurements down to thermal neutron energics.

One klystron developed a vacuum lcak during the
period, but the leak was smail enough that a tem-
porary repair was made with vac-seal around the
Vaclon pump ceramic. This klystron was opeioted
for an additional 2800 hr after r=pair of the leak.
Klystron lifetimes have ~veraged about 15,000 hr.

The electron-gun iabrication 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 siow 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 “Ye occurrence of leaks in 11t area. There




Tabie 1.7. Distribation of accelerator operating conditions

Repetition

Pulse width (nsec)

rate (2ps) 3-6 10-20 3045 Toul (%)
25 1.5kW - 4% 4
200- 350 20 kW - 12% 12
600 33kW - 4% 4
800-1000 10KW- 36%  25kW-8%  SSKW - 36% 80
Total, % 36 56 100

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

A report’ has been prepared that summarizes most
of the recent information concerning the perform-
ance of ORELA that would b= of interest 10 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 calculaticns and hardware
tests have been encouraging and support the value of
the onginal plans, which included a buncher system
using klystron bunching, an improved electron gun.
and modified focusing along the early pant of the
clectron 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. G. Alsmiller,’ F. S. Alsmiller," and J. Barrish*
haveled to a final design of nine buncher gaps. There
is also a olenoidal magnetic confinement field start-
ing at 1 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 operat= on his data

sets through mathematical equations that are 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 inputand outputis handled by the program.
The user treats his data file as data arrays. specifying
where to start in the array by giving clement number.
clement 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. The
ORELA PDP-16 consists of a CPU, 2 disk cen-
trollers. 10 disk drives. 16 terminal slots, and a PDP-
15 communicatioas computer. The PDP-10is 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.

I. Codirector of OREL A (with R. W. Peelie. Neutron Physics
Division).

2. Instrumentation a:xd Controls Division.

3. UCC-ND Computer Sciences Division.

4. T. A Le-is. ORELA Perfornance. ORNL TM-5112(April
1976).

5. Neutror: Physics Division.

6. LCC-ND Computer Sciences Division.
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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 reactinas induced by heavy
ions. These experiments are done mainly with the Oak Ridge Isochronous Cyclotron
(ORIC) and the EN tandem accelerator. Over 859 of ORIC time during 1976 was
devoted to heavy-ion beams.

The Oak Ridge Electron Lincar Accelerator (ORELA) continues to excel as a
facility for accurate high-resolution neutron cross-section measurements. The nuclide
™Pb was studied in detail by all possible neutron techniques. A striking example of 2
“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 dismantied for
measurements and modifications required for its role as energy booster in the new
Holifield Heavy-lon Research Facility (HHIRF). The heavy-ion time-of-flight 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 fali into
three broad categories: peripheraicollisions, 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
"orogram outlined in the reparts below provides new
iuformation on all three aspects of heavy-ion
rei.ctions. Their interconnection is clearly shown n
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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 measur:ments 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
Pb has aiso been shown to exis with '°C on “™Pb.



In an experiment designed to define shielding needs
for heavy-ion accelerators, the spectrum of charged

icles from iron bombarded by 16 MeV - nucleon
’C ions was measured. As predicted by a theoretical
cakulation, protons of very high energy (up to 70
MeV) were observed at forward angles.

In the measurements of gamma-ray muitiplicity
with rare carth targets, clear evidence for pre-
equilibrium decay was found, and the transition from
statistical to nonstatistical behavior .ras
demonstrated. The multiplicity appanatus was
combined with a heavy-ion detector to provide a
more compiete picture of the energy and angular
momentum transfer in deep inelastic collisions.
These resuits indicate that for the low-Z products
from ®Ne + *’Cu at 165 MeV, the aogular
momentum transfer is 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 *N + '°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 ™Al compound nucleus. The *’ Al
compound nucleus at about 30 MeV has been studied
exhaustivelv, and the average coberence width of the
overlapping states has been determined. On the other
hand, nonstatistical structures in the excitation
functions, which may be due to nonoverlkappisg high-
spin levels, have been discovered. Studies of
compound nuclei formed with “°Ar and ***Kr bexms
on a number of dificrent targets were carried out at
the Super-Heavy-lon Linear Accelerator (Super-
HILAC).

A great deal of spectroscopic information was
obtained ia a variety of other experiments. Data from
in-beam gamma-ray measurements were used to
deduce lifetimes in '"’Pt, "™P1, and '*’Nd. Other in-
beam experiments elucidated the structure of the
band-crossing region of '“Er responsible for its
backbending and provided data on 'Auand odd-4
thallium isotopes. Much new data fornuclei with 4 =
64 10 74 have been ob*riner.

Studies of radioactive decay. principally of short-
lived activities separated by UNISOR, provided a
wealth of information on ruclei between 4 = 182and
201. Particularly notable was the three-pronged
attack on the A = 184 masschain involving studies of
alpha, beta, and gamma rays. Other decay studies
provided data on '**Sn and "**"**'*'Ho.

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

3

ELASTIC SCATTERING OF '*C BY
ASi AT 131 MeV

J. G. Cramer' R. M. DeVries®
D. A. Goldberg’ R. G. Stokstad
M. L. Halbent

An extensive survey of elastic scattering of heavy
ions, particularly 0. by Si has been made in
various laboratories.’ including a measurement at
ORIC.’ This work was extended by measuring the
clastic scattering of thé 131.5-MeV °C beam from
ORIC by an “Si target. The detection method
employed in ref. S was used (muhiple-slit collimator
with a position-sensitive silicon detector).

The results are shown by dots in Fig 2.1. It is
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Fig. 2.). Elastic-scatiering cross section relative 1o the Ruther-
ford croes section for 131.5-MeV '’C on ™Si. The dots are the
experimental points. The full curve is an optical-model calculation
based on the £18 Woods-Saxon potential of ref, 4; the parameters
are Vo=10,7021.32,0a=0.653. Wa=227,7/=).20,4'=0.599. The
dashed curve is a calculation using a folding-model real potential
derived from M3Y of ref. 5, with normalization N = 0.79; the
imaginary well i« of Woods-Saxon shape with Wo = 62.0, 7 = 0.9,
a = 1.0%0.
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notable that the measurements extend over nearly six
decades in o/ ox. The curves are preliminary fits with
two optical-model potentials. The solid curve is
derived from the encrgy-independent six-parameter
Woods-Saxon potential E18 of ref. 4, while the
dashed curve is a modification of the folded potential
M3Y.’ With further adjustments, good fits to the
data will be obtained with both of these potentials.

G. Cramer et al.. Hn's. Rev. (‘l‘ 2I$l(l976)
R. Saachicr ¢t al.. to be published in Naackoar Physics.

INELASTIC SCATTERING

The use of heavy-ion probes to explore nuclear
shapes has four distinct advantages over c¢r ven-
tional light-ion inclastic scattering.

1. The small de Broglic wavelengths of heavy-ion
progectiles yicld a greater sensitivity to the nuclear
shape.

2. Inclastically scattered heavy ions probe only the
surface region, while light-ion scattering me—
include effects of the mterior.

3. The large amount of angular momenta brough?
into the nuclear system by the heavy-ion projectile
gives a greater emphasis to the higher-order
moments of the matter distribution.

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

In a comprehensive study of '’C scattering on a series .

of neodymium targets, Hillis et al.'? demonstrated
that heavy-ion inelastic scattering, when analyzed in
a coupled-channels formalism, can be used to
consistently and relisbly 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.

1. D. L. Hillis et al., Phys. Rev. Letr. 36, 304 (1976).

2 D.L. Hillisetal., Phys. Div. Anmmu. Prog. Rep. Dec. 31, 1975,

ORNL-5137, p. 46.

78-MeV l‘c from Pt ’
F. T. Baker' J.L.C.Ford, Jr.
A. Scott' E. E. Gross
T. P. Cleary D. C. Hensley

The recent results of Hillis et al.’ have clearly
shown the importance of reorientition effects in the
inclastic scattering uf beavy ions. Before heavy-ion
inelastic scattering can be used confidently to actually
measure quadrupole momes:ts, vne must be certain
that the reaction mechanisms assumed in the
coupled-channels (CC) calculations will yreld results
consistent with previously measured quadrupole
moments for a variety of nuciei. An obvious choice to
test the CC theory is an oblate nucieus whose 2°
quadrupole moment (Q;) differs in sign from those of
the neodymium isoiones studied by Hillis et al.* We
have chosen Pt for such a test. Not only has Q;
been accurately measured using Coulomb ex-
citation,™ but “*Pt bas been studicd using inclastic
alpha-particle scatiering™ where standard CC
caiculations can be performec confidently.

Although the analysis of the data is not yet
complete, the fmdings to dateare: (1) The data for the
first 2° state are better fitted by CC calculations,
assuming an oblate intrinsic shape rather than a
prolate intrinsic shape. (2) Values of 8. extracted
from our data for the 4° statc are in good agreement
with the alpha-scattering resuits.® There is substantial
sensitivity 1o the sign of Bi. (3) The sign of the
interference term Ps = MaMuMn' Ms;' is unam-
biguously determined to be positive, as was found in
the alpha-scattering experiments.™® Therefore it
appears that the results of this experiment will lend
credence to our methods of analysis of heavy-ion
ineldstic scattering.

. University of Georgia, Athens.
D. L. Hillis et al, Phys. Rev. Leu1. 36, 304 (1976).
. J. E. Glenn and J. X. Saladin, Phys. Rev. Lets. 2, 198
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J Sprinkie et al., Bull. Am. Phys. Soc. 22, 345 (1977).
. F. T. Baker et al., Phys. Rev. Lers. 37, 193 (1976,
. F. T. Baker et al., Nucl. Phys. A266, 377 (197¢ ;.
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®Ne + ™Pb Elastic and
Inclastic Scattering at 131 MeV

E. E. Gross J.L.C. Fodd, Jr.
T. P. Cleary D. C. Rensley
K.S. Toth

Because the “Ne deformation parameters derived
from light-ion'’ and Coulomb excitation® ex-
peniments are i disagreement, MEaUCMEnts were
made of inclastic scattering of *Ne on *Pb 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 gmupoflevchcotmndingto
excitation of the *Ne 4° (4.25 MeV), ™Pb 2° (4.09
MeV), and “Pb 4° (4.32 MeV) states was me:sured
by means of a large solid-angle spectrograph.’ More
detailed angular distributions for the elastic and “Ne
2’ transitions were obtained by means of a position-
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Fig. 2.3. Differeatial cross section for cxciting the *Ne™ sase
(1.63 MeV). The curvss are CC cakulations corresponding 1o the
ground-state cziculations shown in Fig. 2.2

sensitive solid-state detector, which was adjusted to
simultancously provide data in 1° steps at 15 angles.*

The results from these two measurements for the
clastic and 1.63-MeV transitions are shown in Figs.
2.2 and 2.3. The strong coupling of the clastic and
®Ne 2" reaction channels, signified by the dramatic
falloff of the clastic data from Rutherford scattering
beyond 20°, cannot be simulated by ary reasonable
parameter variation of the traditional opticai-model
potential. However, CC calculations’ employing the
rotational model and including the coupling to the
®Ne 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
anguiar 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 B
While the small-angle region (30° <8<50°)of the 2’
calculation depends predominantly on the value of
B, the large-angle region (70° < 0 < 80°) depends
most sensitivtly on the value of Oy This partial
separation of the different aspects of the excitation
process allows fu: the possibilily that a final fit to
these daiz will result w1 a unique set of parameters.



Preliminar- atiempts to achicve a ssmulancous fit to
the data for the clastic scatiering, for inelastic
scattering to “*Ne 2, and for transitions to the group
of Jevels above 4.0 MeV excitation (not shown) with
the potential given in Table 2.] yield the following
results: ;' = 0.47, B =0.15, and Q- = 1.6 Onc The

Tabie 2.1. Poscatial pamsezeers”

V. fa - w r ']

Optical model ns 133
Coupled channcls 225

044 152 129 067
129 0351 50 143 vl

"All depehs in MeV and grometrical factors m fm.

nucicar deformations (87) were determined from the
Coulomb deformations ('), using the Hendric
scaling procedure.”

1. R de Swiniarski ct al. Nurl. Phyvs. A281, 111 (1976).
2 H Rebel et al. Ninl. Mhrs. AIB2, 145 (1972).

3. F. Huerberger et al.. Nucl. Phys. Al1S, 570 (1968).
4. K. Nakai et al.. Nucl. Phys. AISD, 114 (1970).

S. E E. Gross. Nucl. lnsirum. Methods 121, 297 (1974).
6. J. B. Ball cval, Nucl. Phys. A252, 208 (1979).

7. J. Raynal. computer code EC'S73 (uapublished).

8. D. L. Hendrie, Phyvs. Rev. Leri. 31, 478 (1974).

Mutua! Excitation of “Ne and
'%Te in Inclastic Scattering

T. P. Cleary D. C. Hensley
J.L.C.Ford, Jr.  C.R. Bingham'
E. E. Gross J. Vrba'

One aspect of heavy-ion collisions that might
aiford us new insight into nuclear shapes is the
possibility of achicving simultaneous excitation of
both target and proiectile nuclei in inelastic scatter-
mg.Thnphenomonlmbeenobservedonlymdn
scattering of beavy ions from light-mass targets.” 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° states in
both of these nuclei and the energy spacing of the
low-lying | svels made this an ideal system in which to
look for such excitations.

A magnetic spectrograph was used to measure

distributions for transitions to the ground
states, the '**Te 2° state at 0.666 MeV, the “’Ne 2° at
1.27 MeV, and a weak transivion ata Q value of ~1.94

McV. This last transition is identified with the mutual
excitation of both "Te and “Ne to their 2°
states. The results ¢ btained for the ‘*Te 2" and *’Ne 2”
transitions are shown in Fig. 2.4, and the angular
distnbution for the mutual excitation is shown in Fig.
2.5. While the owerall shapes of the anguiar
distributions for the 2° transiticns are similar, with
Coulomb excitation dominatng the forward angle
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Fig 2.4. Anguiar distribations for transitions 1o the '*Te 2°
snate a1 0.666 MeV and he “Ne 2° state at 1.27 McV. The curves
represent the results of CC cakulations that nclude vouplings to
cach of the 2" channcls.
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system.



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 0 the
cross section could provide a sensitive measure of the
nuclear surface deformations of the two colliding
systems. Initia! CC cakculations,’ which include only
couplings to the '*Te 2" and **Ne2’ states, are shown
in Fig. 2.4. Efforts are under way to incorporate the
mutual excitation channel nto the calculation.

1. University of Tennessee. Knoxville.

2. G.T.Garvey. A. M._Smith.and J. C. Hicbert, Phys. Rev. 130,
2397 (1963).

3. P. D. Kunz, Computer Code CHUCK (unpublished).

SINGLE-PARTICLE TRANSFER
REACTIONS INDUCED BY *C ON ™Pb

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

S. T. Thomton'

As part of a continuing effort to explore the
systematics of '*C-induced reactions in the lead
region, initiated by work® on a “*Pb target, we have
measured angular distributions for the “*Pb('’C,"'B)
and 1"°C,"'C) reactions. The measurements were
carried cut with magnetic spectrograph at anincident
energy of 95 MeV. Spectra obtained at a fab angie 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 gencral distributions of strength are 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 angular distributions for the ('’C,
C) reaction. This is consistent with the agreement
observed in the analysis of the *™Pb("’C,"C) data.
However, the systematic discrepancy between
calculation and experiment that was originally
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Fig. 2.6. Spectra of "’C and ''B obuined from “'C-imduced
reactions on *™Pb

ohserved’ for the ™Pb('’C,''B) reaction is found to
persist for the present study on Pb. The angular
distributions for both of these reactions and the
corresponding LOLA calkculations 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
account for this discrepancy.
1. University of Visginin, Charlotsesville.

2. K. S. Totk et al, Phys. Rev. C W4, 1471 (197%).
3. R. M, DeVries, Phys. Rev. C 8, 951 {1973).

HIGH-ENERGY PARTICLES FROM
HEAVY-ION-INDUCED REACTIONS

J.B.Ball C. B. Fulmer
R. L. Robinson

Recent calculations by Bertini et al.' of nucleun
spectra emitted from '’C reactions with iron targets

at seversl incident pasticle energies ranging from 16
to 75 M V/nucleon predict appreciable numbers of
nucleons with encrgics greater than the energy per
nucleon of the incident projectile. The calculations
are based on a modei’ that treats heavy-ion reactions
as the interaction of two Fermi gascs. According to
these calculations, these energetic nucleons are due to
evaporstion from the excited projectile-like nuclei
which, after the interaction, are moving n the
forward direction. These resuits are in contrast to
experimental measurements of heavier fragments (A
3 4) from fragmentation of 29-GeV "N ions on a
variety of targets,’ where the most energetic fragment
energics were of the same energy per nucleon as that




of the incidemt projectile. Experimental results are
of imterest to clucidate mechanisms of emergetic
fragment cooling and, particularly, to compare with
the cakculations of Bertini et al as a test of
the cvaporation-cascade model Experumental
measurements are also of practical iaterest for
accelerazors such as the proposed phase 11 boosser for
the Holifseld Heavy-loa Research Facilty (HHIRF).

We used a beam of 194-MeV '’C ioas from ORIC
t0 bombard an *Fe target and measured emergy
spectra of protoas and other charged partcles at a
sumber of angics between 8 and 65°. Particles were
detected by a AE-E ielescor to provide particle
WMWMLMWQM
tion of the detector was obtained by measuring
clastically scattered proton recoils from a
polyethylene target at a number of anghs.

Figure 2.8 presents energy spectra of protons,
deuterons, and tritons observed at a aboratory angle
of 15°. The proton energy spectra extend to 70 MeV,
which is more than a factor of 4 times the energy per
nucleon of the incident beam. Surprisingly, the
deuteron and triton spectra also extend 1o energies
per nucieon that are appreciably higher than that of
were also obtained with bearr; of '“N and O ions
and other target materials.
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Fig 1.8. Eaergy spectra of protons, dewterons, and tritons from
16-MeV/ mucloon ' reactions on an iron weget. These
data were obtained at 15 hborauvy angle.
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In Fig. 2.9, wecompare proton energy specira with
yields obtained from the calculations of Bertmi et
al' There is reasonable agreerent between the
experimental and the cakculated results. It is
obviously desirable 10 obuain data at higher incident
particle energies. We plan to obtain such
measurements at the Indiana University Cyclotron
Facility, using incident projectile beams of 25 1o 30
MeV/nucleon.

1. H. W. Batm, R. T. Sestoro. and O. W. Herommn, Phys.
Rev. C 14, 590 (1976).

2 H. W_Bertimi. 7. A. Gabricl. and R. T. Samsoro. Phys. Rev. C
9, 522 (1974).

3. H. H. Heckman et i, #fys. Rev. Lets. 14,926 (1972).

POSSIBLE ANOMALY IN THE
C(’Li,*He)'*'N TRANSFER REACTION
C. F. Maguire' R. B. Piercey'
A. V. Ramayya' J.L. C. Ford, Jr.
R. M. Ronningen'  J. Gomez del Campo

One of the more disturbing failures of the DWBA
app-oach to the analysis of heavy-ion-induced
transfer reactions is the so-called =/ = | anomaly.”
First seen by DeVries et al.’ in the ’C(*N, 'N) ’C*
('/i’, 3.09 MeV) neutron transfer reaction, the



aoomaly refers o the predicied wniquely allowed / =
1 aagular distribution having an oscillatory shape
that is almost exactly owt 1 phase with the
experimental data. The anomaly kas since been seen
in other such reactions,’ although there are a few
knowa cases for which the predicted umiquely
allowed shape is im phase with. the data. No
mtisfactory cxplamation is availabie for this effect.
In all the reported studics, the anomaly shows up
whes the transferred particie goes from or nto an
odd-odd sucicus, but the anomaly does not appear
otherwine. In order to test whether this is an
accidental correlation, we decided to look at the
'“WJH;%kf““‘naanm;ewumMyatﬂws
final states represeating wmiquely allowed / = 1
transfers. With the “C target, no odd-odd system is
preseat for the location »f the transferred proton,
while 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
ot appearing in the former. These reactions were
performed Puwmub by Schumscher and
collaborators” at 36 MeV, using solid-state detectors,
which, however, did not resolve the groups of mterest
bere.
'ﬂncqnnnau-mnndumndonﬂrENnudﬂn
accelerating sputter-source-produced 'Li jons to the
scar smximum coe/gy of 25 MeV. Reaction products
were momentum-analyzed by the Enge magnetic
spectrometer and detected in the 60-cm-long doubie-
chambered gas proportional counter, which yielded
position (momentum) and dE/dx (Z identification).
Figure 2.10 illustrates the data obtained for the '’C
taget, keading to the ground |° (predominantly an /=
2 tnasfer), the 4.92-MeV 0™ (uniquely /= 1), and the
5.65-MeV 1™ (also uniquely /= 1) residual states. Fits
to these data were genenated, with the full-recoil code
NICOLE employing the potentinl 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
/ = 1 wransfer groups are markedly inferior. The
predicted local maxinum at about 24° c.m. appea:s
as a Jocal minimum in the data of these groups.
However, the angular distributions are not struc-
tured enough to conclude that the snomaly is
The second part of the experiment, the comparison
of a similar transition to '*N, was not successful. The
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“He background in dE/dx was t0o s'rong for the
wesker ‘He groups to be resolved. This was all the
more unfortunate because of the possibic anomaly in
the tramsitions to '*N. In this regard, future
experiments at higher energies where the angular
distributions become much more structured are now
under consaderaticn clsewhere.

I. Vanderbih Umiversity. Nashville, Temn.

2 R. M. DeVrics ctal., Phys. Rev. Lent. 32, 680 (1974).

3. K- Kubo, K. G. Nair,and K Nagatani. Phys. Rev. Lent. 37,
m 9%

& P. Schamacher ¢t al.. Nad. / “y3. A212, 573 (1973).

STRONGLY DAMPED COLLISIONS
INVOLVING MEDIUM-MASS TARGETS

R. A. Daynas R. L. Robinson

C. B. Fulmer D. G. Sanantitcs’

M.L. Halbert  A. H. Snell’

D.C. Hensley  R. G. Stokstad
L. Westerberg'

Strongly damped collisions have been studied
mainly by measuring the energy, mass, and angular
distributions of the projectile-like fragments. Such
measurements characterize the gross features of these
reastions (ic., the cnergy damping. the mass
wansfr, and the time scale of the interaction). More
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 collisions are under investigation at
ORIC, using several reactions involving medum-
mass targets.

Multiplicity and Energy of Gamms Rays

The average number, M., and the average energy.
E,, of the gamma mys accompanying strong’:
damped collisions are measured as a function of the
atomic number Z and the energy of the projectile-like
fragments. A set of nine Nal (Thdetectors (2by 3in.)
is operated in coincidence with a heavy-ion telescope
consi.:ing of a AE gas ionization chamber and a
1500-um surface-barrier E detector subtending a
solid angle of 12 millisteradian (msr). The front faces
of the individually shielded Nal detectors are 'ocated
10 cm from the target, and their threshokds are set at

100 keV. The digitized AE and E signals are stored
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on-line in onc Jf- five 200 by 300 channel armays
according to whether 0, 1. 2, 3, 4, or more Nal
detectors record gamma rays in coincidence with the
beavy-ion telescope. Simultaneously. and in con-
cidence with the beavy-ion telescope, the linear
signals from three of the Nal detectors are recorded
cvent by event on magnetic tape.

A list of the reactions under investigation and the
experimental conditions are given in Table 2.2. Some
of the experimental results are shown in Fig. 2.11 for
the ®Ne + “Cu reaction. The energy spectrum for the
reaction products with Z = 11 exhibitsa quasi-elastxc
coicpment and a sirongly damped component. The
energy specira for the reaction products with Z=7
and Z = 12 (further removed from the Z of the beam)
are dominated by the strongly damped component.
For the ®Ne + “’Cu reaction. the average gamma-ray
mubtiplicity M. measured in coincidence with all the
observed reaction: products increases with the
inck:sticity of the collision to reach 2 maximum
ncar the optimum Q value for strongly
damped collisions. As the cnergy dnsipated
in the collision continues to increase, i, appears :0
drop sharply (dotted line}. The value of M, nearly
equal to [0.5 for the lowest energy reaction products
(shaded arca in Fig. 2.11) represents the average
multiplicity for the evaporation residues.

The decrease in M, for large energy loss is still
under experimental investigation. Fusion reactions
by *Ne bombarding carbon and oxygen con-
taminants on the target —an produce evaporation
residues in the same mass range as the projectile-like
fragments from the ®Ne + “Cu deep inchasic
reaction. Such light evaporation residues would have
a very low gamma-ray multiplicity. The presence of 2
sufficiently large amount of carbon and/or oxygen
on the target suiface, therefore, couid contribute to
the apparent drop in M, 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 decreasc in M, at
large energy loss would be evidence for the emission

Table 2.2 Deep inclastic reactions for which gamme-ray

mukiplicity is being mvestigased
Incdent  Laboratory angle
Target Projectile  energy of the heavy-
(MeV)  ion telescope (°)
YCu (1 mg cm’) ¢ 130 16. 20, 0
86 p: |
™Ne 168 2%
%Gd (1.5 mgicm’) e 195 23,33
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points are to guide the cye. The shaded region in the lowest energy
portion of the spectrs corresponds 0 low-energy heavy particies
(mainly evaporation residues) which have an energy Joss in the gas
comparable to that of the light fragment.

of particles prior to the scission of the intermediate
system into projectile- and target-like fragments.
From the measured average gamma-ray energy E,
equal to about 2.0 MeV and from the values of M,
equal to about 8 to 10 obtained in the main portion of

the strongly damped spectrum, we deduce that only
about 25% of the energy absorbed in the collision is

dissipated by gamma-ray emission. Consequently,
the pain portion of this energy has to be dissipated
by the emission of light particies such as protons,
peutrous, and alpha particles.

From the multiplicities M, onc may attempt to
deduce the internal angular momentum / imparted to
themfnmumhm.ﬁomww
collisions. Light-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 mternal
angular momentum J imparted to the fragments
dur.ng the collision is plotted asa function of the Z of
the projectile-like fragment. It has been assumed that
each gamma my carmies two units of angular
momentum. Correction for light-particle emission
has been applied in a way described by Albrecht et
al’ For comparison, the angular momentum /
imparted to both fragments has been calcvlated,
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assuming thst transfer of angular momentum of
relative motion mto internal degrees of freedom
occurs under the action of frictional forces between
two spherical suclkei. In the initial stage of the
collision, the two nuclei slide 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 stickiny
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 L, =55 h and the grazing angular momentum
& = 72 h, which constitute the limiting / values for
strongly Gamped coliisions. Within the uncertainty of
the corrections for particle emission, it appears
that frictional forces Jead to a sticking condition for
fragments heavier than the beam. A situation
intermediate between rolling and sticking is indicated
for fragmenis with atomic numbers less than 10.

Gamma-Ray ldentification of
Reaction Products

In the bombardment of ’Cu with 130-MeV ’C
projectiles, as one additional technique for obtaining
information oa deep inelastic process and other non-
fusion reaction mechanisms, gamma mays were
detected in a 50-cc Ge(Li) detector at 90° from the
beam direction, in coincidence with the heavy-ion
telescope positioned at 20°. The gamma-ray spectra
in coincidence with each clement with Z=2t0 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 clements.

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

1. Reactions in which nucleons are emitted by the
target and tke '’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.

Reactions in which some nucleons are transferred
to ihe target nucleus and some additional
nuclecons are emitted by the system. There is
evidencz for 1| different reactions in which one to
three particles (neutrons, protons, alphas) are
transferred to the target nucleus, and one to three

4]

particles arc emitted. In these reactions, the
residual heavy fragment is equal to or heavier than
the target nuckeus “Cu.

. Reactions m which nucleons -.re transferred to the
target nucicus and the target emits more mass than
has been transferred to it. In the five cases
Mentified as having this process, all but one emit
only an alpha particle. The fifth case emits an
alpha and a neutron.

1. Washingtoa Uaiversity. St. Lours. Mo.
2. Coasultant with tse Physics Division.
3. R. Albrecit et al.. Phys. Rev. Lens. 34, 1400 (1975).

DEEPLY INELASTIC AND OTHER
REACTIONS OF ®Ne WITH “Ti AND »2;

R. L. Ferguson' F. Pleasonton

H. Nakahana’ A. H. Snell

F. E. Obenshain M. P. Webd .
F. Plasil

Studies of the reactions “Ne on “Ti and “Zr
extend our systematic survey of neon-induced
reactions in the medium-mass region.’ There are no
reaction models that have been specifically applied to
this mass region, and we pian to investigate whether
models designed ior heavy nuclear systems will be
applicable. However, the diversity of reaction
products is qualitatively the same in the twn 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 discussed here, as well as for
®Ne on "Ni reported carlier, we have chosen to
obtain data for all three systems at equal energies
above the Coulomb barrier as shown in Table 2.3. In

Table 2.3. Estimate of the rangs of valuss

popuinting direct reactins

Elastic-

E. on L scaltering
Tame (Mevr  (mb)  (md)  qwerierpomt angle <

(0 oe= J1*)

e {1 155 1913 [} pid ) 6 55
N 166 1903  1led M2 7 2 )
“Zr 166 2430 1578 2 [ I ]

“The projectile was ~Ne i each case with the leboratory energy
as listed.

*The angle given here was obtsined from the clastic-scatiering
curve and converied 1o the ¢.m sysiem m order to calculate the total
reaction ¢ross section o column 3.



order to compare our rcsults with reaction models, it
will probably be necessary to make measurements as
a function of excitation energy.

The experimental setup consisted of several gas-
filled ionization chambers with silicon surface-
barrier detectors mounted in the rear of the
chambers. These were mounted on movablearmsina
s.attering chamber. The gas serves as a variable-
thickness AE detector and the solid-state detector as
an E-AE detector. For our systems, atomic numbers
(Z) produced in the reactions may be resolved upto Z
= 24. As a result, individual Zs for evaporation-
residue products cannot be resolved. These prodrects
do form a well-defined mountain in the £-AE plane,
and the number of events is observed to decrease
exponentially with jacreasing angle. The neon
clastic-scaitering data ar: obtaired at the same time
as the cvaporation-residue products, und 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 othes related informa-
tion. The nickel target data are included for
completeness.

The angular distributions for a number of reac’ion
preducts of Ne and “*Ti are shown ir Fig. 2.13. The
products with atomic numbers near that of the
projectife show a strong forward peaking, and the
angular distributions for those far from the projectile
become nearly 1/sine in Ocm. Figure 2.14 shows
contour plots of the relative yield as a function of the
c.m. energy E and the c.m. angle 8., The Z= 8 map
shows a pezk betwzen 50 and 60 MeV which isdue to
the quasi-elastic reaction. The deeply inelasticevcni-
do not form a distinct peak in thiscase. Howev:. . ..
map for Z= 12 does show a peak near 25 MeV v.hich
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 highe-
in the zirconium case than in the other two. Figure
2.15 shows the Z distributions 2t two angles for the
Nc¢ + Ni and Ne + Zr systems, where the yields are
arbitrarily normalized at Z = 1. The yicid for
reaction products with Z greater than that of the
projectile decreases relatively more quickly in the Ne
+ Zr system than in the Ne + Nicase This{:aturecan
be qualitatively explained by examining the liquid-
drop potential-energy surface as a function of both
the massasymmetry 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
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Fig. 2.13. Differentinl crom sections %/ dv piotted v» b.o. for
various resctivn products from 155-MeV *Ne on “Ti.

partial waves, we can estimate the range of / values
populating these veactions from estimates of the total
reaction and complete fusion cross sectione. From
the elastic-scattering quarter-point angle (where o/
or = "s), 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 smallcross
secinn), 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 whick complete fusion is assumed 10 be
the only reaction) may then be estimated tobe /,,=75
h. Thus the range of / values populating the direct
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Fig. 2.16. Powentisl energy curves for various angular
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reactions is approximately 75 to 91. Figure 2.16
shows the potential energy as = function of / and of
mass asymmetry. The irjection poinis 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 systern may exhibit a preference
for pickup. The range of / va.ues contributing in this
nickel reaction is about 56 te 72. Other factors that
have not been taken into account may play equally
importart rcles in the transfer process and drive the
reaction inoic toward transfer of particlesaway from
the projectile.

1. Chemistry Division.

2. Tobv: Metropolitan University, Tokyo, Japan.

3. Phys. Div. Annu. Prog. Rep. Dec. 3., 1975, ORNL-S137.
pp.26-32.

PRODUCTION OF ***(f IN REACTIONS'
OF *Pu WITH '’C, "0, ®Ne, AND “N

R. L. Hahn? F. Hubert’
K.S. Toth P. F. Dittner’

In our cont.nuing study of the meLhanisms of deep
inelastic or multinucleon transfer reactions in the
heavy eluments, we have useu recoil techniques in
irradiations of ’*Pu with beams oi '’C, "0, *Ne,and
"“N to produce ***Cf and ““Cf. Because of the large
Coulomb barriers for charged-particle emission and

1.0



becs:. * ['a/ T’y decreases ranidly with increasing Z m
this ... on of the periodic table, one would expect
that e production of californium nuclides from
plutonium mvolves little or no contribution from the
transfer from projectile to target of clusters con-
taining more than fQur protons. Thus, these reactions
may offer a way of selecting a particular transfer
reaction path for investigation.

Our data strongly support this notion. Further-
more, they indicate that the same type of mechanism
occors in the transfer reactions induced by '’C, O,
and ®Ne, namely, a two-step process, such as (1) the
transfer of a beryllium-like cluster from projectile
(HI)to target, *”Pu + Hl — *'Cf* + (HI-Be); and (2)
the evapornation of neutrons, in competition Wwith
fission, from the excited intermediate nucleus, *"Cf*
—~ ¥Cf + xn. In particular, the experimental
excitation functions obtained with '*C, '*O, and *Ne
have similar maximum values, about 10 ub, and have
the same energy dependence when plotted as &
function of the excitation energy of *Cf*. Some 20
to 40 MeV of excitation energy are deposited in the
mtermediate nucleus as 3 result of the transfer. The
average kinetic encrgies 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 "N indicates that the recoil
enecrgies are consisteat with the proposed transfer

mechanism, but that the cross sections obtaned are
much smaller than those obtained with alpha-particle
cluster projectile, such as '’C, "0, and *Ne.

1. This account will appear in the Chem. Div. Anme. Prog. Rep.
Mer_3i. 1977, ORNL-SDT (10 be published).

2 Cnemistry Diviss

3. Centre d’Etudes Nucidaires, Bordeaux-Gradignen, France.

NONSTATISTICAL EFFECTS IN THE DECAY
OF THE COMPOUND NUCLEUS '™Yb

D. G. Sanantites'  R. A. Dayras
J. H. Barker? M. L. Halbert
L. Westerberg’ D. C. Hensley

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

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

Teble 24 Dombardmen conditions for experimants cading %0

b compound nuciei
Particle detector angle (°)
mgyp“m — Anti- p.a pa
Beam T excitation P .
e (Mey)  (MeV) Compton (in plane)  (in plane)
‘He '™Er 676 64.2 X
0.2 76.6 X
95.3 91.3 X
HC MG M4 944
1250 106.2
1422 121.7 X
1523 1313 .82 % 55,125,138
1530 131.8 .
164.9 1429 X
®Ne '*Né¢ 915 632 X
137 1 X
128 927
1482 107.1
164.6 123.)
173.2 1322 15,90 45
175.2 134.3 143
“Ar ™Te 15838 6.5

kL i e



1. Two additional ®Ne + '**Nd bombardments were
made at lower energics. As before, the first three
moments of the multiphicity distribution were
determined for several reaction channels.

2. Cross bombard ments werc made with three other
systems leading to the same compound nucleus at
approximately the same excitation energies to
obtain gamma-ray multiplicity information.
Particle-gamma coincidence measurements were
made with both ®*Ne and '*C, forming 'Ybat 132
MeV excitation. 'n these runs, spectra of
neutrons, charged particles, and gamma rays were
ohained simultaneously with the multiplicity
information.

. 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 the experiments included in
steps ! 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 by 0, 1, 2, ..., 9 Nal 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 cmin diameter) 80 or 100 cm from the target
were used to produce time-of-flight neutron spectra,
using the cyclotron rf as a time reference. The
digitized linecar signals from the silicon detectors,
TAC outputs, and two of the Nal counters were
recorded event by event o2 magnetic tape along with
the coincident Ge(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 (‘Hexn),
(®Ne,xn), and (“Arxn) 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
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rays in the cascade that populates the ground state
for the xn exit channel. For the *Ne and ®Ar
bombardments, the number of gamma mays
increases strongly as fewer neutrons are emitted, in
agreement with what is expected if the neutrons arc
statistically evaporated. For large x in the (‘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 2 6.This
result is consistent with the well-known behavior’
of (‘Hexn) reactions above about 25 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 wiling effect: although the
(‘Heomn) yield for large x matches that for
(®Ne,xn), there is a very large excess yield for small
X.

The deviations {rom statistical behavior have
been successfully accounted for in many ‘He
reactions by emission of one particle before
equilibrium has been established.” The full lines in
Fig 2.17 show that caiculations based on this
model® reproduce the cross sections quite well,
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dashed and dotted lines are meant only to connect the data points.
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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 (**C xn) results are compared with (*Ne,xn)
results in Fig. 2.18. There is a remarkable transition
in (M), vs x for "*C from near-statistical behavior
at the lowest ecxcitation energy to very
nonstatistical behavior at the highest energy, a
condition reminiscent of the preequilibrium results
for *He.

Particle jamma-ray coincidence data for both
C and ®Ne beams were taken at 132-MeV
excitation encrgy. Some of the alpha spectra are
shown in Fig. 2.19. In the '’C data, there is a
marked trend toward higher alpha energy with
decreasing x, another indication of preequilibrium
emission. The cffect with ®Ne at the same
excitation energy is much sma'ler, aithough there is
some evidence for it in the 7na channel. [In this
connection, we note from Fig. 2.18 that the
(®Ne.7n) multiplicity for 132-MeV excitation is
somewhat lower than expecied from the slope of
the Ne data at lower energies. Perhaps a deviation
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Fig. 2.19. Spectra of alpha particies in coincidence with gamms
rays idewtifying the various reaction channels.

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 "*C at its lowest
bombardment snergy.]

In summary, the results indicate that, except
possibly at the highest energy, the *Ar anu “Ne
bombardments produce compound nucei that



de-excite statistically according to the expectations
for a fully equilibrated system. The ‘He-induced
reactions show dramatically the influence of
preequilibrium emission of one or more particies.
The "’C bombardments display a transition from
near cquilibrium at the lowest beam enerzy to

stroag nonequilibrium effects at the highest energy.

1. ORAU summer research particinant., 1976 permanent
affiiation: Washiagtc ('miversity, St. Lours. Mo.

2. St. Lowms Un'versity, St. Louis, Mo.

3. Washington Umiversity, St. Louis, Mo.

4. Phys. Div. Annu. Prog. Rep. Dec. 51, 1975, ORNL-5137,
p- 38

S. D. G. Seratites =t al.. Phys. Rev. C )3, 2138 (1976).

6. L. Westerberg et al, submitted 10 Nuckear Instrumenis and
*,ethods.

7. M. Blann, Ann. Rev. Nuc! Sci. 25, 123 (1975).

8. M. Blanr, Overiaid ALICE—A Siatistical Model Com-
puter Code Including Fission and Preequilibrium Models, ERDA
Report COO-3493-29 (1976). unpublished.

FUSION OF ®Ne AND '*Nd AT 175 MeV

M. L. Halbet  R. L. Ferguson'
R. A. Dayras F. Plasil
D. G. Sarantites’

Measurements’ of gamma-ray yields from bom-
bardments of '**Nd by °N= showed that at 128 MeV
the xn and xna product yields accounted completely
for the fusicn cross section predicted by the Bass
model.* 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 79 of the fusion cross
section at 144 MeV and is expected to increase with
energy.’

Measurzinents 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.
Thetarget wasan '*°Nd foil rolled to a thickness of
0.5 mg/cm’.

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

Tabie 2.5. Croes sections for *Ne
+ '"Nd at 1753 MeV

o (mb)

o (xm) + o({xma)’ 91
Evaporerson resadues 1150 = 90

Frssion 230+ 35
Fusion 1440 * 105
Bass model” 1398

Total rez2-tion* 2630 + 20°

“From gamms-ray ywld at
172.4 McV (ref. 3).

*sing parameters (ry =1.07
fm.d= 135 fm a. =170 MeV
(ref. 4%

‘From quarter-pomt recipe.
6. =304%02 hboratory (ef.

“Error due 10 unceraintly m
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Fig. 220. Measured (points) and calculated (cusves) croes
sections for ®Ne on'™Nd. The o (xn) + o (xna) from gamma
measurements (ref. 3). A; evaporation residues, &; fusion, @; total
reactions, ® . The full points at i44 McV are from ref. 5; the full
points at 175 MeV arr from the present work. The full curves are
from ref. 6, the lower une (fusion) using parameters based on the
Bass mudel (rar = 1.07 :m. Vern = 62.1 MeV), while the upper one
(reaction cross section) was forced to pass thiough the measured
value by choosing rez = 1.53 fm and V= 68.34 McV. The dashed
line is the Bass-model prediction (ref. 4) for ro= 1.07.d=1.33.a,=
17.0

agreen,;ent with the Bass-model* prediction or the
similar  Glas-Mosel model® prediction with
cquivaler,t parameters. Thus the cross section
nissing from the xn and xna gamma yields is due to
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the opening of other evaporation channels and the
appreciable fission cross section (20% of Ofeies).
The removal of flux from the elastic channel
provided the estimate of the total reaction cross
section by means of the quarter-point recipe.”” The
interaction distance R implied by the resulting cross
’u is 1228 fm if evaluated from the asymptotic
form

0—_=ka0- Va(RY Ecw )

¥»(R) was taken to be the Coulomb potential of two
touching spheres (70.34 MeV) plus a nuclear poten-
tial of ~2 MeV." This result is insensitive to the
choice of the nuclear potential and corresponds to
re =153 £ 0.01 fm, the uncertainty being given by a
+2-MecV vacertainty in V3(R). This value of r, is
'arger than the usual onc (about 1.4 fm) obtained
from directly measured reaction cross sections close
to the barrier.'™"> However, it is consistent with
results from similar analyses of the “Ne-induced
reaction data reported above and of the detailed
clastic data obtained at this laboratory for '’C, "0,
and ®Ne on ™Pbat8and 12 MeV/ nucleon;'* and for
“0 on *Si, *Co, and “Ni at 142 MeV."
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FUSION OF LIGHT NUCLEI

The “N + "2C System and the
J. Gomez del Campo  R. G. Stokstad

R. A. Dayras
P. H. Stelson

The experimental program on the fusion of light
nucle: has concentrated on studying the fusion cross

section for one system, “N + '’C, over a wide
range of bombarding energy. Previous measure-
ments’ covered the range E= 43 to 178 MeV, using
"“N beams from ORIC. The measured fusion cross
sections (0m) were consistent with the entrance
channel model of Gilas and Mosel,’ and st the
highest energy (178 MeV) the deduced critical
angular momentum for Al was equal to the
prediczed liquid-drop limit * In order to establish
whether the compound nucleus could be formed with
measurements at £ = 248 and 158 McV were made
using the LBL 88-in_ cyclotron. Energy spectra and
angular distribution were measured for reaction
products with 2 € Z < 13, using solid-state 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 1o evaporation
residucs and the higher energy component to direct-
reaction products. The features of the energy spectma
taken at 248 MeV were qualitatively similar to those
observed at lower energies and therefore could be
analyzed in the manner described in ref. 2.

At sufficiently high bombarding encrgies, there
can be a nonnegligible probability for the compound
nucleus to evaporate five alpha particles or four
alpha particles plus 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 valuesare 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
wm energies, using a single set of
psrameters.” Figure 2.21 shows the measured and
predicted relative intensities of the evaporation
residues at E = 158 and 248 MeV respectively.

The deduced values of om at £ = [58 MeV
(including the 4% estimated increase for residues with
Z less than or equal t0 4) is 987 = 80 mb. At E= 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 of oimat 248 MeV representsa
decrease of 219 mb below the cross section expected
by an entrance-channel model’ for the fusion process.



http://ofoh.it

ORseL -OWG ?P7-7947

o4 -
—(a E'...z - N 2¢ -
— . ! D DPERMENT -
L} M '
Q3 - 56 Mev : : R-F B
_ - - -
-; ot — H . -
b i ! -
3 o I——-—-J: ——, ﬂ-.}'__
g 0a ‘ ‘
= _ ’ . - -
Q (» E“. )
03— 248 MV i -
02 - l -
- | - -
——d
ot - 1 -
o

Fig. 221. Aagic-integrased yields for evaporstion residwes with
Z= 51w 11, expressed as a fraction of os- The histograms are the
predictions of the code LILITA.

ORI -OWG 77-TI8R

MOr—T T T T T T r| 1
- —_——a— y4
Jmez = 26.6 /
120 - // ,
- — / -
>
. /
-:- f00 — / - —
o
z e nd
Z g0 —
3 L
S —
-
- 80 — —
£ FusiOn oF *y+'%
 — —
L o ORNL
40 4 ORNL-LBL ﬂ
L | S A O T D O O U | +
o 200 400 600 800 1000
JJ+ 0 ind)

Fig. 2.22. Values of the critical sngulsr momentum, J, plotted a3
XJ + 1) v excitation energy is *AlL The dashed line is 2 fit 1o al}
data points except that ac 130-MeV excitation.

However, the deduced critical angular momentun of
275+ 1.7 h isin agreement with the prediction of
the rotating liquid-drop limit.* This fact suggests that
we have observed the absolute maximum angular

51

momentum which the **Al compound nucleus can
sustain. Our results for the critical angular momen-
tum deduced from os. are presented in Fig. 2.22.
where the round points correspond to the ORIC
measurements” and the triangies to the results
obtained at the LBL 88-in. cyclotron. The solid line at
KXJ + ) = 734 & comresponds to the predicted
liquid-drop limit." Jue: = 26.6 h.
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THE '*0 + *B SYSTEM
Limitation on the Fusion Cross Sections,
Eantrance Channel or Compound Nucleus

J. Gomez del Campo  A. H. Snell’
J. A. Biggerstaff P. H. Stelson
R. A. Dayras R. G. Stokstad

The fusion cross section for '°B + 'O has been
measured with 'O beams at energies of 42,46.5, 50.9,
and 93.5 MeV in an attempt to determine whether the
limitation ¢n o+ arises from entrance-channel (EC)
dyragucs or with the compound nucleus (CN}. This
can he determined in principle by comparing the
ratio’ of ore for "*N + '’C 10 "*O + "*Bat the same ex-
citation energy, E.. in Al Table 2.6 shows the ratio
R = oml"*N + "’C)/ w0 + 'B), where Rcx and
Rec correspond to the ratios expected fora limitation
onginating with the compound nucleus and i the
entrance channel respectively. Rec has Deen
calculated using the Glas-Mosel’ prediction for ore
which fits the **N + "’C data. The last column in
Table 2.€ shows the exrcrimcnnl ratio, Rayp,
obtained from our previous '*N + *C measurements *
and the present '*O + '°B data. As can te seen from
Table 2.6, the experimental ratios for £, = 35.67 to
39.12 are in complete agreement with the =ntrance-
channel limitstion. At the highest excitation energy
(55.5 MeV), however, the vatue of om for 'O+ “Bis
22% larger than the one predicted by the entrance-
channe} 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 + "B
measurements). The presence of '’C and O
contaminants, however, might affect the results of
the highest energy, because almost 60% of or 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 '°B
targets ate in progress.

Figure 2.23 shows the comparison between the
yields of evaporation residues obtained for N + '’C
(solid line) and 'O + '*B (dashed line) at E, = 55.56
MeV. The major discrepancy between the two
systems occurs for residuer with Z l=ss than or equal
tc 8, whereas for heavier residues the decay of the
compound nucleus appears indej. endent of its mode
of formation.

1. Consuliamt with the Physics Divsion.
2 K. G. Stokstad ct sk, Phys. Rev. Letr. 36, 1529 (1976). The

results present in Fig. 2.22 for 145 < Ewb < 178 have been revised
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uwpward by saal zc:iownts corresponding to the cstimmased 7 = 3
and 7 = 4 residmes. Also. new measurements are mchedod for
Bwn = 375 and 53 MeV.

3. D. Gias and V. Mowd. Sac/ PRys. ADYT, 429 (1974,

YRAST LFVELS IN "Al SUGGESTED
BY RESONANCE STRUCTURE IN THE

2C(**N.a) REACTION
J. Gomez del Campo M. E. Oniz'
J.L.C.Ford, Jr. A. Dacal’
R. L. Robinson E. Andrade’

Resonances have been observed in the excitation
functions for a number of heavy-ion reactions,
although most notably in the exit chamnels of '*C +
C and "XC + 0.’ We have also observed many
strong resonances in the '’C('*N.a)Na reaction,
which may be due to the strong population of
nonoverlappmg states necar the yrast line i the
compound nucleus TAlL

A total of 30 excitation functions were measured in
200-keV intervals with 80-k2V 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. " Na were measured over a more limited
range of bombarding energies. These measurements,
which covera wide interval of incident and excitation
energies, then yield a very large sample (contaming
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 angie such as 7° (lab), a second underlying
structure is nevertheless apparent. A measurement of
the coherence width by the conventional peak-
counting method" yields a width, I';, of 158 keV atan
excitation erergy of 32 MeV in YAl 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 incvient energies for the different particie
groups. For example, correlations occurat 10.7 MeV
{c.m.) 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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Fig 2.25. Excitation functions for the '’C{"’N.a) reaction
averaged over an intervel, A, equal (0 three tones the coherence
width. The results of H-F calculations without angular-
momentum cutofi (dashed curves) and with cutoff (solid curves)
are indicated for states of known or probabie 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 sibtracted. The average width was
044 * 0.1 MeV. The resonant energies of ap-
parently correlated states were averaged to obtain
values for the average resonant energy, £, and the
standard deviation, AE, which was typically 0.1



MeV. Figure 2 25(¢) displays the namber of such
alpha-particie groups as histograms whose positions
and widths correspond to E + AE. The observed
corrciations, large widths, about 3Ty 200 lang
deviations from the average cross sections seen in the
data are not easily explained by the statistical model
alone.

averaged excitation functions displayed m Fig 2.25
arce the results of Hauwser-Feshbach (H-F)
calculations with and without the effects of angular
momentum cutoff. The parameters used were the
same as for the previous amalysis of this reaction.*
The valwes for the angular momentum cutoff, J¢,
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 (c.m.) for
the 0.0- and 4.43-MecV states, above 13 MeV for the
4.T7-MeV level, and between 13 and 15 MeV for the
0.44-MeV state. The Jc values determined by the
procedure are given by E, = (87)"J¢(J¢+ 1)+ 16.25
MeV for excitation energies, E,, in Al between 27.3
and 34.5 MeV; for this energy range, Jc is greater
thnoweqmlto"/:.lnmnl,theﬂ-l—'calcuhtiom
give reasonable fits to nonresonant regions of the
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Fig. 2.26. (s) Hiswogran: indicating the sember of correlated
sates obesrved as & fonction of the incident energy (c.m.); ()
oum of ths yislds, or resomance strengths, for the correlated
resomsaoe of (s8). Solid and dashed lines are calculated
theoretical resonance cross sections with the spins and parities
indicated.

excitation functions or pass through the minima n
the resonant structure, thus adequately accounting
for the portion of the observed cross sections due to

Angular-momentum considerations may account
for the origin of the resonant structure. In the present
experiment, we are in the vicinity of approaching the
members of the yrast ine at high excitation energies
in AL Therefore, the values of the angular-
momentum cutoff required 10 fit the nonresonant
structure may represent the spins for which the
condition I'/ D very much greater than | cecessary
for the statistical model-+s no longer valid. However,
a narrow range of spin values contributes to the
observed resonant structure. Spins less than J will be
included in the H-F calculations, and the contribu-
tion of levels with these angular-momentum values
will be in the general background underlying the
resonances. If the total angular momentum is greate:
than 7, then the transmission coefficients arc
vannhmgly slnall Consequently, only values
between *'/2 and 7'/; can produce resonances, because
these levels are close to the yrast line and have widths
comparable to or less than the level spacing.

The resonance strengths may be used to yield
compound nuciear spins, as was demonstrated by
analyses of (ap) reactions.”” The points in the lower
portion of Fig. 2.26 are the resonant areas summed
over all correlated peaks as a function of the c.m.
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 the appropriate optical-model transmis-
sion coefficients. However, it is necessary to
normalize the set of calculated curves 10 the data at
one point. Only normalizing the curve for %" to the
second resonance at 10.7 MeV provides the satisfac-
tory fit to all the data seen in Fig. 2.26(b). Note that
the curve for each Jvalue terminatesat the excitation
energy cakulated from the equation for F; as a
function of Jc, because overlapping resonances for
higher encrgies are once more to be expected. If the
resonances at incident energies of 10.4 and 16.0 MeV
(c.m.) are interpreted as due to 2%’ and 72" levels,
then the excitation energies of these states are close to
those predicted by an extrapolation of the ground-
state band. Thus the curves suggest a value for the
spin of the level in Al corresponding to each
observed resonance.

In conclusion, a large number of correlated
resonances with intermediate widths were observed
in the '’C(*N,a) excitation functions, as well as in



more rapid statistical fluctuations. Hauser-Feshbach
calculations appear to reproduce the statistical
portion of the cross sections. The resonaat strengths
of their energy dependence suggest that the
resomances result from the excitation of high-spin
states in 7Al
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MEASUREMENTS OF THE COHERENCE
WIDTHS I' IN Al BY THE
C(**’N.a) REACTION

J. Gomez del Campo M. E. Ortiz'
J. L. C. Ford, Jr. A. Dacal'
R. L. Robinson E. Andrade’

In a previous study’ of the coherence widths I" in
S, it has been shown that the dependence of I' vs the
excitation energy of the compound system provides a
way to extract the moment of inertia and spin-cutoff
parameters of (e nucleus in the framework of the
statistical model. As part of a systematic study of this
effect, we have measured the coherence widths in
TA), using the "’C(**'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 **Na from 0.0
to 9.04 MeV. An additional ten excitation functions
from 9.15 to 12 MeV for a reduced bombarding
energy range were also mneasured. The targets were
"3C foils (10 ug/ cm’ thick) and were bombarded with
N ions extracted from the EN tandem accelerator to
givean overall energy resolution of 80 keV. Thealpha
particles were detected using a 60-cm-iong gas
proportional counter placed at the focal plane of an
Enge magnetic spectragraph.

Figure 2.27 shows 14 of the measured excitation
functions. The I' values were extracted by the usuai
peak-counting technique, but the autocorrelation
functions did not yield reliable I' values due to the
presence of strong intermediate structure of about
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Fig. 2.27. Excitation functions for states in ’Na measured by
the '’C(*’N,a) reaction at a lsboratory angle of 7°.

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 //h?
indicated in the figure. As can be seen, a value of 5.3
can be clearly preferred for //h’. This wziue is
consistent with that previously obtained for **Si.?
The values for the level density parameters for Al
used in calculating the I' values in Fig. 2.28 werea=
3.56 MeV ' and A = 1.18 MeV.

The H-F calculations used to estimate the number
of open channels employed in the caiculation of I
used the same set of parameters as in ref. 4 (the
entrance-channel! optical potential was taken from
ref. 5). In order to account for the nonstatistical
portion of the cross sections, an angular momentum
cutoff was used’ according to the relation £,=(8.7)"'
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Fig 2.30. Results similsr to those of Fig 2.29 except tha® the
denominator has been replaced by the approximation of
Eberhard et al, (ref. 6).

Jc(Je + 1) + 16.25 MeV for excitation energies
between 27.3 and 34.5 MeV.

It was pointed out in ref. 2 that the slope of ' vs E,
depends only on //h? and not on the level density
parameters g 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 etal.® Figures 2.2 and 2.30 show the effect
due to changes in the H-F denominator on the partial



widths T'; Figure 2.29 shows the results of the
calculations, using the H-F denominator as com-
puted by code HELGA.” The dashed fines corre-
spond to the different I'; values cakukited for the
indicated J values. The set of curves on the bottom of
the figure is calculated with /; h* = 4.8. The solic Lines
shown in the figure connect the I values for whicho
(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 results are
shown in Fig. 2.30, except in this case the H-F
denominator has been calculated using the Eberhard
approximation.® The values for a, A, and //h’ are
identical to those used fc- 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 siope of the solid lines is but slightly changed. This
resuit then confirms our previous observation that
the most sensitive parameter affecting the slope of the
I' vs E; curve is the moment of inertia, /' h*.
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3 Sec this report. J. Gomez del Campo et al.. “Yrast Levelsin
! ! Suggested by Resonance Structure in the C(*’N o) Reac-
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HIGH-SPIN STATE STUDY' OF "Na

S. T. Thomton® L. C. Dennis’
D. E. Gustafson®  T. C. Schweizer!
K. R. Cordell’ J.L.C. Ford, Jr.

Angular distributions of the “C(“’N.a)”Na
reaction have been repeated with improved resolu-
tion for four bombarding energies between 36.4 and
388 MeV with the Enge splitpole magnetic
spectrograph on the EN tandem accelerator. The
improved resolution of 60 keV enabled us to sepanate
doublets at 2.64 10 2.70 MeV, 33510391 MeV,and
6.04t06.11 McV. Each doublet contains one member
of the K* = ', rotationai band. This band appeared
to be enhanced in earlier data.’ States with excitation
encrgies up to 12 MeV in P’Na were populated in the
new data, and 2 new statistical compound-nucleus
calculation has been performed with the code
HELGA for comparison with the energy-averaged
a19) 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 ', is consistent
with the grazing angular momentumin the entrance
channel and with a more sophisticated analysis based
on relative experimental and HELGA-predicted
coss sections.

The suggestions of high-spin state assignments
were performed for three rotational bands (K" ="',
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2", and %7), as weli as for many other states, and are”’

shown in Fig. 2.31. The positive-parity band spin
assignments were axded grutly by the shell-model
calculations oi \Vl-icnthal Spin suggestions
through ;" for the ’," band and through '’z for the
'»" band were made.

The negative-parity states data have not been
previoush: reported. The K™ = ;" band is extremely
interesting because it may be interpreted in terms of
strong coupling through the Nilsson model or as
weak coupling by a pi2 hole coupled to the *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
" for thisband. From the work of Wattetal.,’ there
are reasons to believe the *Mg ground-state band
raay terminate with the 8" member, which couples
with the proton hole to create the '’ state 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.

. Supported in part by the National Science Foundation.

2. University of Virginis. Charlottesville.

3. D. E. Gustafson et al., Phys. Rev. C 13, 631 (1976).

4. B. H. Wildental, private communication.

S. A. Watt, D. Kelvin, and R. R. Whitehead, Phys. Leir. 63B,
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CO: TERENCE-WIDTH MEASUREMENTS
OF THE COMPOUND
NUCLEI Al AND Mg’

K. R. Cordell’ P. G. Lookadoo?

S. T. Thornton’ 1. C. Schweizer’

L. C. Dennis’ J. Gomez de! Campo
J.L.C. Ford, Jr.

Excitation functions have been measured for 20
excited states or unresolved multiplets of *Na
populated by the 'C(**N,a)®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 '*N beams were extracted from the EN
tandem accelerator, and the alpha particles were
momentum-analyzed with the Enge split-pole
magnetic spectrograph.

By carefully determining level density parameters
and by using various optical-model potential sets, we
were abdle to correctly predict our alpha cross
ncuom, as well as previously measured

IC(“N,d**Mg and C(**N,Li)*Ne daa,’ with the

H-F code HELGA. We used the same parameters to
predict cross sections consistent with our previous
analyses’™ for the same exit reaction channels but
with a different entrance channel, '*O + °B.

Volant et al.’ huve reported that the C(“N,-
‘Li)Ne reaction data are quite sensitive tc 2 critical
angular momentum cufoff, J¢, below about 40 MeV,
whereas the d channel is not sensitive. We found that
th= ser-itivity 10 Jc of t.» absolute cross sections for
the alpha channel depends a great deal on the optical-
mode] parameters uscd in the entrance channel.
However, by examining relative cross sections, as
suggested by Klapdor et al.,” the same J is found for
all optical-model potentials in the entrance channel.
We used the latter method to determine Jc=10h and
12 h for excitation energies of 29 and 32 MeV,
respectively, in 2*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 (I') was extracted by the peak
counting method and was compared with theoretical
predictions of T calulated from the partial cross
sections o(J) and the level density parameters of *Al.
Figure 2.32 shows the comparison. The value of (=
I/h%) that best fit the data is 5.65 MeV ™', and the
extracted ro (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 Si and YAl
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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Fig. 2.32. Theoretical calculations for *Al, using leve] density

painmeter a = 3.54 MeV and moment-of-inertia (//h’ MeV)

5.6). The spin cutoff parameter o’ is related to the moment of
inertia by 0" = [/’ T. where T is the nuciear temperature.



favors a lower value of ro. improving the agreement
with the value of 7o for other nuclei in the s-d shell.
A similar study of the coherence widths of ~*\ig
was performed by studying the "“C(“’C.a)'Ne
reaciion. Excitation functions were measured at
7°(laboratory) for bombarding encrgics from I8 to
32 McV in 200-ke V steps for states in *'Ne up to an
excitation energy of 9 MeV. A resolutior of 45 keV
enabled us to resolve some 40 states. Critical 2ngular
mnomentum effects were considered. The experimen-
tal and theoretical coherence widths were compared
as done previously for *Si. Al and AL
Energy-averaged o(0) 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 cakulations was used
§? locate the suggested member of rotational bands in
Ne.

. Supported in part by the National Science Foundation.
. University of Virginia. Char'sttesville.
. C. Volant et al.. Nucl. Phys. A238, 120 (1975).
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VAl Suggested by Kesonance Structure in the “C('*N.a) Reac-
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HEAVY-ION NEUTRON YIELDS

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

Final data are now available for the total neutron
yiclds resulting from the bombardment of thin
targets of °C, °C, '*0, and *O by '’C, "’C, %0, 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 on these results.

RESONANCE STRUCTURE IN THE TOTAL
NEUTRON YIELD FOR THE
"C + "'C SYSTEM

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

As partof a program of searching for nonstatistical
resonances for heavy-ion systems, wnere the mass

9

numbers of the target and projectile are greater than
or equal to 20, the total neutron yield for the *C +*C
system has been measured. The vield curve Y was
measured for Ews = 7 10 40 McV in 200-keV steps.'
Figure 2 33 displays a portion of the yield from Eca =
5 to 13 MeV. A statistical analysis of the data from
L =5 to 10 MeV has been performed’ using a
running average A = 2 MeV (about 20T, where I"is
the coherence width). The number of effective
channels (N} was calculated using the STATIS code,’
and a comparison of the theoretical probability
distribution Py vs the experimental onc indica‘es the
presence of strong nonstatistical components. The
smooth (solid) curve Ysco on Fig. 2.33 follows the
energy dependence of the H-F cross section for single
neutron emission for Ec= < 10 MeV and has been
normalized to t'.e data in such a way that ¥ 22 Yeco.

Figure 2.34 shows the result of substracting the
Yo curve from the measured yield; as can be
seen, a strong resonant behavior is present. The
vertical arrows drawn on the figure correspond (o
the resonance energies previously observed for a, p,
. and "Be channels. The resonances at Eca = 5.6,
5.9. and 6.3 MeV correspond to the well-known sub-
Coulomb resonances.’ However, we also observe at
6.6 and 7.15 MeV strong resonances previously
unreporied. The arrows labeled a for E. ., larger than
7.5 MeV agree within 100 keV with our present
measurement.’ A total of eight resonances of those
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reported® 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)
resonances’ at {1.3 and 14.7 MeV.

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

i. The yield Y is defined as ¥ = og.», where o, is the total
neutron cross section and » is the average number of emitted
neutrons per neutron-producing event.
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OBSERVED DIFFERENCES IN ™Po
COMPOUND NUCLE!I PRODUCED BY

“Ar AND “Kr PROJECTILES'
R.L. Hahn’ Y. LeBeyec’
K.S. Toth M. W. Guidry*

As part of our program to study compound nuclei
produced in reactions with very heavy ions, we have
produced *®Po compound nuclei with beams of “Ar
and Kr. 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 daia for the
reactions “Ar(*®Dy,xn)™ *Po h:zve been discussed
previously.

Recently, we obtained data for the reactions
YK r(""*Cd xn)*® *Po. These results, along with the
carlier data for “Ar, are plotted in Fig. 2.35 as
excitation functions. It is seen for a given (heavy-ion,
xn) 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 *Kr + ''*Cd. The curves of part
(a) are from ref. 5. while part (F; cnows data for the krypton
reactions as a function of excitation encrgy. £®. and of “Kr
bombarding encrgy.

with respect to the .rgon curves. These observations
are qualitatively consistent with our earlier results for
erbium compound nuclei produced with argon and
krypton beams’ 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 1s also included in the Chem. Div.
Annu. Prog. Rep. Mar. 31. 1977. ORNL-5297 (10 be published).

2. Chemistry Dwision.

1. Institut de Physique Nucleaire, Orsay, France.

4. l.awrence Berkeley Laboratory, Berkeley. Calif.
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5. Chem. D Annu. Prog. Rep.. Nov [ 197S_ORNL-SI1L p.
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6. Y. fcBeyec et al. Pins. Rev C 14, 1038 (1976).

7. H. Gauvmie et al.. Phvs. Rn. C 10, 722 (1973).

STUDY OF EVAPORATION RESIDUE
PRODUCTS FROM “kr BOMBARDMENTS

OF “Cu, ™Zr, AND "Ag
M. Blann' P. D. Goldstone®
H. C. Britt’ H. H. Gutbrod*
B. H. Erkkila’ F. Plasil
R. L. Fergusen’  R. H. Stokes’

Wec have continued our study’ of heavy-ion fusion
reactions at the LBL Super-HILAC by measuring
both cross sections aad mass and charge distributions
of evaporation residuc products in “Kr bom-
bardments of *’Cu. ®Zr. and '”Ag. In interpreting
the results of these experiments, we have utilized a
nuclear de-excitation calculation that includes fission
competition.*

Our carlier resuits on evaporation residue cross
sections from the *Ar + '®Ag reaction were in good
agreement with theoretical calculations’ 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 *Kr + “Cu, at two
energies for *Kr + ™Z.. and at one energy for “Kr +
‘PAg.” The Gata for *¥Kr + **Cu are shown in Fig.
2.36. The experimental points are bracketed by two
options of the theoretical calculation, and the
agreement is satisfactory.

Ome. -OWs 76-10872
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Fig 2.36. Cross section for evaporation residue products as s
function of laboratory bombarding energy for *Kr+ *Cu. Dashed
curves represent theorerical calculations. A/ = NO indicates that
particles do not remove sngular momentum. op is the total
reaction cross section calculated with an optical model.



The "®Ag + “Kr experiment was carried out at a
bombarding encrgy of 720 MeV. The evaporation
residue cross section was found to be 28 + 8 mb. This
is considerably lower than the theoretical prediction
of 135 mb, which was obtained without the
adjustment of any parameters. When the level density
parameiers were varied, however, the calculated
cvaporation residue cross section was found to be
very sensitive to the ratio of the level density
perameter for fission, a5, to the level density
pazameter for particle emission, ar. For example, for
asia, = 1.0, oen = 135 mb; for as/a, = 1.05, oex = 31
mb; and foray/a, = 1.1, 0ea=0.4 mb. Becausea,/ a. =
1.1 is not an unreasonable vafue, the experimental
value of 28 mb is not in sharp disagreement with

_theory. On the other hand. since the caiculated vatue
of oen is 50 sensitive to the value of ay/ a, and since the
exact value of g/ a, is not known for cack 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 barricr 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 *Kr + **Cu), gex cakculations are not too
sensitive o the value of a//a,. For example, in the
case of 506-MeV “Kr bombardments of *’Cu, cal-
culated oer valuesare 353 mb with a//6.= 1.0 and 289
mb with a,' a, = |.1. Therefore, provided 5,° is con-
sidcrably greater than the lowest particle-binding
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Fig. 2.37. Cakulated snd experimental mass distributions of
a’omb- re.idue products from 716-MeV “Kr bomberdments
of “Cu. The absolute experimental mass scale is subject to some
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energy, the calculations may be used o nmie predic-
tions of evaporation residue cross sections because
these are fairly insensitive to the choice of a/ a..

For 716- and 366-McV “Kr + “Cu, we have
determined mass and charge distributions of
evaporation residue products, using the time-of-
flight apparatus and a AE-E telescope. The mass
distribution from the 716-MeV experiment is given in
Fig. 2.37 by the ponts. The histogram indicates the
result of a theoretical calculation® of the type
mentioned above. Except for the shift in scales, which
ts due to inadequate calibration of the time-of-flight
apparatus, the agreement is excellent. The measured
charge distribution was found o be broader than that
calculated, but the broadening could be accounted
for by the relatively poor resolution of the AE
countzr used. In subsequent runs, both the time-of-
flight calibration and the AE detector resolution have
beer: improved, and our experiments at the Super-
HILAC are continuing.
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3. Chemistry Division.
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LIFETIMES OF GROUND-BAND STATE
IN '’Pt 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 '*Pt and '"™Pt.
There are two primary reasons for these
measurements. First, we areinterested in understand-
ing some of the strong irregularities observed’™® in
the rotational-like band structure of the even'** '*Pt
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



‘and ""Pt resembles that of the iow-spin states.
Furthermore, a &E2; 12° — 10°) value of (0.33 =
0.06)e’b” has been deduced fror:: the measured” half-
life of the 12 fevel in '"Pt; this value is only zhout
505 of the rotational limit based on an average of the
Pt AE2 2" —~ " measurements. The above
observations have been interpreted”® within the
rotation-alignment (RA) model.'™" and the
anomalies are reproduced if an oblate dJefonnation is
assumed for the nucleus together with alignment of
two i3 2 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 tie
previously measured'” half-life value of the4” statein
Pt and that prediciad by cither the RA or the pure
rotational models.

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

were Coulomb-excited by a beam of 149-MeV “Ar
ions from the ORIC. The target was a 3.1-mg. cr’
metallic platinum foil enriched to 576 in '*Ptand 10
265 in "*'Pt. When the *Ar backscattered ions were
detected in coincidence with an annular silicon
detector, the average recoil velocity imparted to the
platinumn ions was »- ¢ = 0.0249 * 0.0004. Details of
the experimental method and data analysis techni-
ques are described by Johnson et al."’ and by Sturm
and Guidry."

Due to the low Coulomb excitation cross section
with “’Ar ions. we were able to get good data for only
three states in '*’Pt and only two states in '*Pt. A
summary of the restits and comparisons with
previous measurements are given in Table 2.7.

As pointed out 11 a recent paper.’’ both the RA
and purc rotational models give essentially the same
predictions, which are in excellent agreement with
our experimental values for the states obtained here.

Table 2.7. Halfdife and B(£2) valwes for '**Prand '**Pr

T172 (psec)

Transition l:'7 (keV)

Previous work

B(E2). '
Present work :

192p 2-0 316.49 353 ¢ 2.

33624,

ab
§€

451 :059

428 +1.

5

193:22

468.06 11.8+2

580.30

194p 328.50

377+ 1.
50512
4181
418 ¢ 0.
347 + 3.
418+ 2

4-2 482.65 44 :0.

ib

8/
b
0"
sd
5!
o
o

485:25 0.0831 0.34 :0.02

0.0287
0.0172
0.0746

42:02
18+:0.7
45024

0.58:0.03
047 :0.18
0.31 :0.02

37:02 0.0267 0.57 :0.03

“Total internal conversion coefficients have been reduced by 277 to account for possible deviations from theory found
in this region by Stelson and Raman. Sowrces: R.S. Hager and E. C. Seltzer, Nucl. Data A 4,397 (1968); O. Dragoun, Z.
Plajner, and F. Schmutziler, Nucl. Dara A 9, 119 (1971); and P. H. Stelson and S. Raman. private communication, 1976.
bValuc from Schwarzschild determined by delayed-coincidence method (ref. §2).
“Value from Beraud et al. determined by centroid-shift method. Source: R. Beraud et al., Phys. Rev. C 1. 303 (1970).
Calculated from (o, a') Coulomb excr.ation B(£2) values of Ronningen et al. Source: R. M. Ronningen et al.. Bullctin

of the American Physical society. in pres..

“Value from Smith and Simms determined by centroid-shift method. Source: G. J. Smith and P. C. Simms, Nuel. Phys.

A202,409 (1973).

JCalcutated from the Coulomb excitation B(E2) value of Milner et al. Source: W. T. Milner et al., Nucl. Phys. A177,1

(1971).

fRecoil-distance measurement by Nord.’Sourtr: R. H. Nord. Thesis. University of Wisconsin, 1971, unpublished.
"("alcuh(cd from 1“0.“0) and (p.p) Coulomb excitation R(£2) values of Glenn et al. Source: J.E. Glenn ctal.,

Phys. Rev. 188, 1905 (1969).

‘Value from Berkcs et al. determined by centroid-shift method. Source: |. Berkes et al.. Phys. Rer. C6. 1098 (1972).
ICalculated from inelastic alpha-particle-scattering work of Baker et al. Source. F. T. Baker et al.. Phvs. Rev. Letr. 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 nigorous
test of the RA modei. This is based on the suggestion
by Piiparinen et al.* that the (wh 2w configuration
is the main component in the wave function of the 10°
state, while the /3 12 states are primarily described
by the vii; : configuration. Calculations® in the RA
model indicate that if this is the case, then the X E2);
10" — 8°) as well as the AE2; 12'— 10°) will be
reduced considerably so that ihe lifetime of the 10
state ‘would be about | psec.

1. On lcave from: University of Bordeaux. Framce.

2 Dheceased.

3. Washington University. St. Louis. Mo.

4. Universty of Kentucky. Lexington.

5. Rescarch Institute for Physics. Stockholm, Sweden.

6. An account of this work appears m the Chem. Div. Anmu.

Prog. Rep. Mar_ 31, 1977. ORNL-5297 (1o be published).

1. L. Funke et ai.. Phys. Lerr. 35B, 436 (1975).

8. M. Pliparinen ct al.. Phys. Rev. Ler. M, 1110 (1975).

9. S. A. Hjorth ct al.. Sucl. Phys. A2, 328 (1976).

10. . S. Stephens and R. S. Simon. Vucl. Phvy. AlS3, 257
(1972).

11, F.S. Stephens et al.. Nl Phvs. A222, 235 (1974).

12. A Schwarnchild. Phvs. Rev. 141, 1206 (1966).

13. N.R. Johnson ct al.. Phrs. Rev. C 12, 1927 (1975).

14. R J.Sturm and M. W Guidry. Nucl. Instrum. Miethods
138, 345 (1976).

15. N.R._Johnwn et al.. 2. Rev. C 15, 1325 (1977).

PROPERTIFS OF '“Er IN THE
BAND-CROSSING REGION

N. R. Johnson LY. Lee'
E. Eichler' D. Cline’
S. W. Yates' R. S. Simon'
R. M. Ronningen' P. A. Butler'
R. D. Hichwa' P. Colombani’
J. H. Hamilton' M. W. Guidry'
L. L. Riedinger* F. S. Stephens’
A. C. Kahler* R. M. Diamond*

Erbium-164 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 backbending nuclei is
established from the gamma-ray cascade down
through the yrast sequence following a compound-
nucleus reaction. However, during the past vearin a

collaborative effort camed out at the Berkeley
Super-HILAC, we showed {or the first time that it is
possible to excite the ground band of '“Er through
the hackbend and up to the 18° level in the yrast
sequence by the Coulomb excitation mechanism.” 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
'"“Er, and hopefully to find the 14” member of tisc
excited band, we carried out extensive gamma-
gamma coincidence measurements at the ORIC,
utilizing the reaction 'Nd(**0.4ny)'“Er. These
expenments were quite successful. as the deduced
level scheme of Fig. 2.38 illustrates. Above the band-
coossing 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 clement
between the two bands. This matrix element is 54
keV, 2 small value that is completely compatible with
interpreting the backbending here in terms of the
rotation-alignment model.*
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Fig 2.38. Level scheme of "“Er deduced f.om both Coulomb
excitation and compound-nucleus reaction expe-‘mente The
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parentheses.
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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 cf this band with a second
excited band.

I. Deceased.
2. University of Kentucky. Lexington.
3. Vanderbilt Unwersity, Nashville, Tenn.
4. University of Tennessee. Knoxville.
5. Lawrence Berkeley Laboraioy. Berkeley. Cahf.
6. An account of this work appears in the Chem. Div. Anmu.
Prog. Rep. Mar_ 31. 1977, ORNL-5297 (10 be published).
7. LY. Lee et al.. Phys. Rev. Leis. 37, 420 (1976).
8. F. S. Stephens and R. S. Simon. Sucl Phys. Al83, 257
(1972).

LIFETIMES OF GROUND-BAND
STAYES IN "°Nd

S. W. Yates' L. L. Riedinger’
N. R. Johnson 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.’

65

However. pronounced deviations from the rotational
description have been observed for B(E2) 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
gamma-vibrational bands. The observed increase in
B(E2) for such nuclei has been taken® to be of the
form

BEXI—~1~-2)=BdE2:1—1-2)

x Q1+ 3 I+ n+a-220- D3
where By( E2) is the unmixed nigid rotor valueand a is
a ruxing (or stretching) parameter. Although
previous work has accounted for deviations in terms
of the sirgle parameter a. it may well be that other
exnlanations such as fourth-order cr2nking. cen-
tnfugzal stretching. and Coriolis antipairing can also
account for nonrotatronal behavior.

In a further study of the problem with these nuclei
just at the boundary of thestrongly deformed region,
the ground-state rotational band of "**Nd has been
investigated by using the Doppler-shift recoil-
distance technique. Recoil-distance measurements
are 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 cxcitation
yields.

An isotopically enriched 2.8-mg cm’ 'Nd foil
was bombarded with 149-MeV “ Ar" ions from the
ORIC. Following Coulomb excitation of the target
nuclei. the backscattered “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(£2)
values are sum:narized 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 is 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 2 half-life value for this state.

It is clear from th~ B(L2) ratios in Tabie 2.8 that
there is enhancement in the transition strength asone
goes to higher spin. The enhancements are very
similar to those found in the case of "**Sm (ref. 7). An
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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 @ and the
intercept, Bo(£2). A weighted least-squares fit to the
data indica:es 2 constant value fora=(1.9+04) X
107 and Bo(E2) =0.542 + 0.008. Note that this value
is nearly identical to values of the mixing parameter
determined fo: the other N = 90 isotones, '*’Sm and
1Gd, which indicates only small changes in the
nuclear structure with increasing proton number in
this region.

1. University of Kentucky, Lexington.

2. University of Tennessee, Knoxville.

1. Anaccount of this work is also included in Chem. Div. Anrmi.
Prog. Reg. Mar. 31, 1977, ORNL-5297 (to be published).

4. R. M. Diamond et al.. Nucl. Phys. A4, 481 (1972).

5. N. R. Johnson et al. Phys. Rev. C 12, 1927 (1975).

6. R.J. St'urmand M. W. Guidry, Nucl. Instrum. Methods 138,
345 (1976).

7. N. Rud et al., Nucl. Phys. A191, 545 (1972).

In the past year. experiments at the ORIC on
T have been completed. In addition. work on
"*T1 has been initiated at the Rerkeley 88-in.
cyclotron, using an (*'Si,4ny) reactioa. A primary
purpose of these measurements is to follow the
systematic trends of odd-A proton bards in this
transitional region immediately below .ead. This
region is quite interesring in that it displays a variety
of nuclear shapes arnd coupling scheme-,.

The /1o : and i)y ; bands observed in thailium nuclei
can be viewed as rather strongly coupled particles on
slightly oblate mercury cores. Both o! these Nilsson
orbitals intrude across the Z = 32 shell model gap
into the low-energy level schenes of thallium nuclei.
By studying the spacings in :hese bands, we hope to
learn much about the details of the co iplings of
these particles to their respective cores.

The yrast structure in the odd-A thallium nuclei is
the /iy;; band. The systematics of this band in the
thallium nuclei are shown in Fig. 2.42. The work on
'"T] has been performed in a Stockholm-

" Jiilich collaboration * and the '*"'*’TI results are

n,

from our experiments. In cach case, the */; member
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of the band breaks the trend established by tne lower
members. Furthermore. comprassed levels are
observed at higher spins in *“"*'TI. The cause of
this change in the hs: 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-paiity bands are also observed in these
thallium nuclei. as shown in Fig. 2.43. However, it
scems that we observe a vastly different structure in
BIBT) than that seen in "*"*'T1. Our in-beam
work, our UNISOR measurements on '*’Pb decay,
and the carlier work of N:wton et al.* lead to the
placement of an i;32 band in "*’TI. We observe in
'T1 a similar band at a slightly lower energy. This
band is evidently not the same as that observed in
9'T]. the latter begins with '*;" level and is
explained’ as a three-quasi-particle structure. The
rapidly falling i;52 band evidently absorbs reaction
strength in ""'*’T1, although we have candidates
for an analogous '3 state in these nuclei.

|. Graduate student, University of Tennessee. Knoxville.

2. Consultant, University of Tennessee, Knoxville.

3. Chemistry Division.

4. R. M. Lieder et al.. p. 112 in Siockholm Anmu. Rep..
1975.

5. R. M. Lieder, International Conference on Collectivity of
Mediumn and Heavy Nuclei. Tokyo, September 1976.

6. J. O. Newton, F. S. Stephens. and R. M. Diamond, Nucl.
Phys. A236, 215 (1974).



HIGH-SPIN STATES IN '“As

A. C. Kahlker' R. L. Robinson
L. L. Riedinger’  E. F. Zganjar*
N. R. Johnson’ A. Visvanathan*

As part of our continuing study of high-spin states
in odd-A transitional nuciei, levels in '’ Au have been
observed following the “*Tm(*Ne, 4my) reactions at
ORIC. We have accumulated y-y-;, 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 i: believed to be buiit on the
[541]: : As2proton orbital. In the heavier odd-A gold
isotopes, this orbital is rapidly approaching the
ground state. In fact, the "**Au ground state of *» is
thought to be part of the [541], ; band structure. Itlies
anomalously low in energy, asdo the %2, 2, V1, ...
levels, because of the large decoupling parametcr for
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Fig. 244. Band structure of 'YAu. Gamma-ray intensities
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the transition energies in keV. The low-energy *: — '
transition has not been observed.

this orbmi At thns point, a low-enecrgy highly
converted °;” — *; quadrupole transition has been
uno::scrved and all energies are given with respect to
the "3

Tbe seoond decoupled band is tentatively iden-
tified as the[660), . i1s 2 proton. The band head is seen
only weakly 1 the present measurements but is more
strongly populated in the decay of 2 high-spin '**Hg
isomer, as observed in UNISOR measurements
(described also in this report). As in the Ay 2 band, the
proposed 3, ‘'3, 3", .. levels are evidently
depressed ;1 energy relative to the %", %", .. levels.
Electron measurements are in progress to confirm or
deny the E1 character of the 424-keV dipole gamma
ray. The only other high-j particle on which 2 band
could be buiit is the [505]:, : A1, 2 proton. However,
this high-(2 orbital should not give rise 1o adecoupled
band. Additionalty, if this band resulted from the
hy; 2 protca, the 103;.4-keV level would be %5, but
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the angutar 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]; 2 assign-
men:. '“Au presents an excelient opportunity to
study the cause ol backbending n this transition
rcgion. The downsloping nature of both [541}; ; and
[660): : orbitals as a function of deformation
guarantees that both particles have the same
deforming effect on the '*Pt core. As shown in Fig.
245, the hy; band does not backbend, while the
proposed i3 ; proton band closely follows the Pt
core in its slight backbending. This contrasting
behavior presents the first conclusive proof that the
Coriolis alignment of hy; protons is responsible for
backbending in the light, prolate platinum and
osmium nuclei. The iiy; proton orbit evidently
contributes little to backbending because of its
clevated energy relative to the Fermi surface. There
are i3 ; neutron orbits near the Fermi surface, but our
resulis demonstrate that they do not play a crucial
role here, contrary to the conclusions of Beshaietal.’

Graduate student. University of Tennessee. Knoxville.
Consultant. University of Tennessee. Knoxville.
Chemustry Dwision.

Louisiana State University. Baton Rouge.

S Beshai et al.. Z. Phys. A277, 351 (1976).
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ODE TO AN UNIDENTIFIED ISOTOPE

R. B. Piercey' A. V. Ramayya'
J. H. Hamilton' R. L. Robinson
R. M. Ronningen' H. J. Kim

“M; heart aches and a drowsy
numbness pains my sense,
as though of hemlock I had drunk™*
While in-beam gamma rays
have fallen like the rains,
one group unidentified
has brought on us a blue funk.

In studying "“Se produced by bombarding “Ni
with 46-MeV '%0 ions at the ORNL tandem
accelerator, a group of unidentified gamma rays were
observed. From y-y coincidence studies, 13 tran-
sitions could be assigned to energy levels at 187, 383,
650, 813, 878, 1161, 1474, 1646, and 2054 keV and
four to tentative levelsat 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.
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Fig 246. Experimental level scheme sttributed to "*Br.

From calculations of the cross section with che
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 "*Brin our in-bcam study. We s~ .
in-beam some weak transitions that feed the I, 28-
min isomer of "*Br.

In the radioactive decay, however, we see more
strongly the decay of the 4", 42-min isomer of "*Br.
Thus, we know we are populating states that feed the
high-spin isomer. If we assign the above unknown
group to Br, the exper:mental cross sections are in
2eneral agreement with the calculations. Nothing is
known about high-spin levels in *Br at present. We
believe these new transitions are from high-spin
states that feed the 4™ level in "*Br. Much less likely,
but possible. :s that these transitions involve decays
into the spin ', isomers of "*"’Se.

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

IN-BEAM GAMMA-RAY
SPECTROSCOPY OF "'Ge
A. C. Rester' A. V. Ramayya’
A. P. de Lima™’ H. Kawakami™*
J. H. Hamilton? R. M. Ronningen®
R. L. Robinson H.J. Kim

The levels of "Gz have been investigated to higher
spin via the **Zn(*Lipn)"’Ge reaction at a beam
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energy of 26 MeV. Gamma-gamma coincidence and
angular distribution measurements were carried out.
From the y-y coincidence studies, two and possibly
three new levels are established in the yrast cascade as
shown in Fig. 247. Analysis of the angular
distribution data to obtain the spins is in progress. All
the levels below 2550 keV have been seen in the decay
of As to Ge.’

More of the ferding goes by the main yrast cascade
in 2Ge. Also, the transition fromn the 8" to the 6 level
is lower in energy than the 6 to 4 transition which may
mdlate that this 8" levelisa two-pamcle state witha
(8+2)’ configuration as suggested in our *Ge work®
rather than a continuation of the ground-state band.

1. Tennessee Technological University, Cookeville.

2. Vanderbilt University, Nashville, Tenn.

3, On fellowship sponsored by the Portuguese government.

4. On leave from the Institute for Nuckar Study, Tokyo.

$. K. R. Alvar, Micl. Dase Sheets 11, 121 (1974).

6. Ser this report, A. P. de Lima et al., "Multiple Band
Structure in “Ge and the go1 Orbital.”

MULTIPLE BAND STRUCI ! RE IN “Ge AND

THE Gy, ORBITAL
A. P.de Lima'" R. M. Ronningen’
J. H. Hamilton® H. Kawakami™
R. L. Robinson R. B. Piercey’
A. V. Ramayya’ H. J. Kim
B. van Nooijen™ W. K. Tuttle
L. K. Peker’

Even- and odd-parity bands have been observed in
nuclei in the 4 = 70 region with rotational-like level
spacings.*’ 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), vy-y coincidence, and lifetime
measurements were made via the *Ni(*’C,2p)*Ge
reaction with 2 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 band 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 A;and
A, coeffizients 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 oricnted states
(DCO) vy-y correlasion 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 b=havior
of the moments of inertia, J, 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 sne 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 ing
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 2=,
large f(i13.2, A1, g91) levels, strong Coriolis coupling
is expected to gwe rise to aligned (J= [, b, 2 ..)
bands based on (j)’ two-particle configurations and
to partly aligned rotational bands based on negative-
parity two-particle configurations (i32; fsa2, Pin),
(hun; dsp, g1n), or @i f3n, p3n), 1= 57,177,976, 8,
10°. Such bands hzve been seen in Pt; in Hg nuclei
with #{i132); in Ba, Ce, and Nd with #(h;3); and in
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three cascades in “Ge.

Ru, Pd, and Cd with ¢(hi: ) configurations. In these
nuclei with ¥ 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 neutiof: Lands are observed. In the 4
= 70 region, however, where both Nand 7Z=3)to 38,
one could have both proton and neutron bands based
on these go, orbitals. The two observed rotational
bands built on the two 8 leve's in *Ge car be
considered the first evidence fcr both proton m(ge)*
and neutron v(gy 2)* bands. Further support of this
idea is fouad in the negative-parity states, where we
can expect negative-parity bands baicd on proton
(92, fs2. pya) and nevtron (g2 fsa. p3i) con-
figurations. Indeed, there are several negative-parity
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bards seen in *Ge which have the expected proper-
twes.
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EVIDENCE FOR BAND STRUCTURE
AND POSSIBLF TRIAXiIAL
DEFORMATION IN “Ga

H. Kawakami'? A. V. Ramayya’

A. P. de Lima™ R. L. Kobinson
J. H. Hamilton® H.J Kim
R. M. Rouningen’ L. K. Peker®

Rotauunal-aligned bands are well established in
keavy add-A nucles. In the region of weak deforma-
tion for heavv nuclei. evideace for triaxial shapes has
been extracted from such bands, for viamples, sec
refs. 5and 6. Bands with moderate deformation butlt

sl &

1528 (375
= 1326.0

0783 T/

on the g»; orbitzl 1n odd-A nuclel in the mass-70
region are now observed; for ecxamples, sec refs. 7 and
8. As reported clsew here,” /idence for the impor-
tance of the go 2 orbital is seen also ineven-A nuclelin
this region. Additwnal information on high-spin
states in odd- A nuclei is needed 10 tost the rotational-
aligned coupling model'® and the possible existence
of triaxial shapes in the A = 70 region.

The levels in *‘Ga have been investigated by in-
becam gamma-ray spectroscopy through y-y coin-
cidence and gamma-ray angular distnibution
measurements. The reaction *Nu'’C.ap)*’Ga at a
projectile energy of 39 MeV was used. The pnimary
levels ohserved are shown in Fig. 2.50. where they are
grouped into cascade bands. One sees evidence for
bands built on the /s ; and gy : proton orbitals. Note
the unusual spin sequence for the negative-parnity
baad of *; . %:. 2. ", .and "', . For the positive-
parity gs: band. there is also evidence for such
stagger:ng. These staggered-spin cascades suggest
that **Ga may have triaxial deformation and. since
E®1—" 3> K" ;= ")) suggest that gamma is less
than 36°.

The other very interesting feature of thesc levels is
the .7 level at 4333 keV. The low cnergy, 310.6
keV. of the *';" — "2 trausition clearly indicates a
change in the level structure from the band bwlit on
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Fig. 2.30. Levels in *'Ca.



the g9 : state at 2037 keV. Nearby even-mass nucier
have 8 states in the range of 4.510 5 MeV : these have
been imerpreted as (s 2)° configurations.” Since the
lowest spin of a (g 2)’ configurationis ' ;” we suggest
that the level at 4333 k- V may be such a three-particle
configuration.

On lcare fromthe Institute for Nuclear Study . Tokso. Japan
Manderbelt Unisersity. Nashyv:lie, Tenn
On (cliowship. sponsared by the Portuguose government
Free Univeruty of Amsterdam. \etheriands
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9 Secc this report. A P de Iima et 3l . ~Mulupic Band
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HIGH-SPIN STATES IN %Zn

J. C. Welis, Jr.! H. J. Kim

Linda Fugate' W. T. Milner

R. O. Sayer’ G. J. Smith

R. L. Robinson R. M. Ronningen’

As part of a program to systematically study
higher-spin s.ates of even-mass nuclei in the range A
= 70. we have investigazea iz gamma rays of *Zn

~3

resulting from the heavy-ion reactions *'V(*Op2n)
with £5,, = 361046 McV and Co( 'Li.2n)with £-,

= 18 MeV. Mceasurements were made of excitation
tunctions. gamma-ray singles and y-y coincdence
spectra, and Doppler broadening for gamma-ray
hnes. We have constructed an energy-kevel scheme
and deduced spins and parities, gamma-ray
branching ratios. and gamma-ray radiative admix-
tures. The energy-level scheme is shown in Fig. 2.51.
Preliminan results have been reperted previously.

We have determined -lifetimes of a number of the
gamma rays from **Zn by analysis of the Doppler-
broadened line shapes irom spectra obtained at 0° to
the beam direction. We also obtained lifstime
mecasurements by the Doppler-shift recoil-distance
method. in which the reaction products recoiled into
avacuum and were stopped by a movable plunger set
at distances of 56 10 1270 um from the target. Our
lifetime results are given in Table 2.9. We find good
agreemient with the results of Charvet et al.” and
Bruandet et al.’

The 4236.7-.2736.1-. and 1799.2-keV levels may be
the 6. 4", and 2" members ( f a second band. Second
2" and 4’ levels are found in **Zn and “Zn.** but a
sccond 6 level is not rejorted.

It the levels at 2999.0. 3924.5 and 4980.8 keV are in
fact 3.5 .and 7 . weseeastriking similarity tothe 3 ,
S.and 7 levelsin ***Zn and **Ge.* " However. in
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Tabie 29 Compovite menn Iafctune s of
gemma rays from “Za obtained fom

the shape of the Doppler-orasiened
gamums-ray peaks and frum the
"
Level Ey Thre work, Mher worus.
kev) (keV) .p;.c, ‘p;ﬂ
17992 807 4 122 2607
17993 322 26:-07
2306 6 1318 14:0% 063-012
273 2 429 $+3
9367 2510 o1
29990 20070 015 =005
WY 1705 1404 10-172
2006 9 15058 251
39253 9249 <25
993e 16870 022+00%
4237 1500 6 15+01}
4635 1) I9% 3 152+ 14
641} 143 8 - st
4980 X 1056.6 19:06
S6K} 3 1046 ) 14+0)
*Ref 6
*Ref. 7

each of these is reported 2 6 level between the S and
7 levels. We do not find a 6 level in “Zn.

Note the long lifetime (145 psec) of the 7° 4635.0-
keV level. This level is de-excited by two El
transitions, each of which is retarded by $ X 10°. A
possible explanation is that this state consists of a
totally aligned gy.: quasi-particle and an f;; quasi-
particle.

I. Tennessee Technological Univermity. Cookeville.

2 UCC-ND Computer Sciences Divisron.

3. Vanderbilt University, Nashville, Tenn.

4. R.O.3aycretal.. p. 146in Proceedings of the iniemarional
Conference on Reacin;s between Complex Nuclei, Nashville,
Tennessee. 1974, ed. R. 1. Robinson et al.. North-Holland,
Amsterdam, 1974.

S. Linda Fugate et al., Bull. Am. Phys. Soc. 12, 565 (1977).

6. A. Charvet et al.. Phys. - -v. C 13, 2237 {1976).

7. . F. Bruandet et al., J. Phys. (Paris) Leir. 37, L-63 1 1976).

8. J. ¥. Bruandet et al., Z. Phys. A279. 65 (1976).

9. J. F. Bruandet et al., Phys. Rev. C 12, 1739 (i975).

F. Bruandet et al.. Phys. Rev. C 14, 103 (1976).
Nolte et 9!, Z. Phys. 268, 267 (1974).
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po AND ™Bi DECAY

R. W. Lide' L. L. Piedinger'
C.R. Bingiam'  J} A. Vrba'

The alpha decay of *®Po has been the subject of
many experimental studies,” but 1o our knowledge,

no relable information exists concerning the electron
capture decay of this nucleus to levels in “Bi. While
the decay of ™Bi has been reported previously.’ 2
thorough spectroscopic study with extensive -y
coincidence data and conversion clectron data is stidl
lacking. Because *Po decays to the odd-od¢ nucieus
“*Bi. theorctical nterpretation of the levels may be
difficult. The low-lying states in “*Bi arc formed by a
combination of both odd proton and odd ncutron in
the shell above N =82, and thus there will be several
ways to form positive-parity states, and. in par-
ticular, 17 states. which can be fed by a spin-allowed.
isospin-allowed transition. Hence, we expect the
decay scheme for **Po tu be somewhat complex. It
will perhaps be possible to Joczte 2 number of I’
states in “ Bi and then 10 speculate about their
structure. The ground state of “™Bi is a known 7°
state’ probably resulting from the (ufs:mhy2)
configuration. By exciting the proton from the hy ;
orbit to the /7 ; orbit. a 1’ state should be produced at
low excitation cnergy having a large beta decay
feeding from *Po. The rapid decay of sucha state to
the (7°) giound state would require at least three
transitions 1nd. unless intermediate spin states
intercede, would be prohibited.

The ““Bi nuclei decay to “®Pb. a closed-shell
nucleus. We have an interest in locating the collective
bands in such nuciei to compare their level spacings
with the predictions of a vibrational model such as
the interacting boson model (1BA).* The interpreta-
tion of excited bands suchas theexpected5 .7 .9 . ...
bands in terms of panticle-core decoupling by the
Coriolis force will also be pursued. The 1BA model
predicts a 3 state at an energy belowthe 5 .7 .9, ...
bands, such as those seen carlier in '**Hg. It would be
of interest to search for sucha 3 state and thus give
additional credibility to the phonon model. Perhaps
a closed-shell nucleus such as *™Pb would be a
suitable nucleus to search for such an octupole
vibrational state.

During a UNISOR run with an ““N beam and 2
natural iridium target we obtained gamma-ray
multiscale data and -y coincidence data on the
mass-200 sources. Analysis of the multiscale data has
revealed approximately 30 transitions with a half-life
near 11 min, the half-life previously reported for the
alpha decay of “®Po. 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 hrve been obtained for every transition. The
decay scheme resuiting from the analysis of the
coincidence data is shown in Fig. 2.52. The tw»
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taken for onls a imited ime (=20 min). we estimate
that the half-life of the ™ ground state 1s 35 min. We
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10 smuth 18 pot known

strongest transitions at 618 and 671 keV criginate
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 f7 of 5.7 (which means
that it is a spin-allowed. isospin-allowed transition)
and is hence a 1” state. Conversion electron data are
nceded to determine the multipolarity of the
observed transitions and “ence to shed light on the
spins of the observed states in ‘Bi. Since the ground
state is & known 7 state, we shouid point out that the
lowest level shown in Fig. 2.52 is not the ground state
but is probably a new unstudied low-spin isomer of
1%Bi. Also, some of the decay structures o :he right
part of the figure may not actually end on the level
shown but on some other level.

We have some evidence that the lowes: ievel shown
in Fig. 2.52 isa low-spin isomer which decavsdirectly
by electron capture. By comparing the ir1easities of
gamma rays in lead with those of previous studies
where bismuth was made directly.” it is obst.ed that
the present sources populate high-spin stat - a1 lead
mucs. lessstrongly. Forexar.,-le, the ratiov: 7 to5
intensity to the 2° — 9" ground-state inten.1: 50.06
for the present study and about 0.44 from the airectly
produced bismuth sources.” While our data were

The purposc of the present study is to observe the
trend of the single proton states immediately above
the Z = 82 g2 and the collective bands built on these
single-particle states. In gold and thallium the shape
of the core 1s apparently vuite crucial in determining
the detailed ordering of levels in these bands. Sii.ce
bismuth is on the other side of a shell closure. the Ay
state wili be a hole ir a po.sibly deformed polonium
core, and ihe Ay, structur~ chiould be a particle
weakly coupled to a spheri-al lead core.

Gamma-ray multiscale and y-v coincidence data
were obtained for mass-199 an-! -201 sources
produced in the UNISOR facility. Preliminary
analysis of the mass-199 and -20! 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 haif-lives of 4.1 + 0.2 min,
which is cons ‘ent with the previously reported haif-
life of 4.2 = 0.3 min and is also consistent with their
relative intensities. However, the previously reported
transition at 274 kcV 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 k2V. The 362-keV transition was
previously assigned to the low-spin isomer, but the
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:emainder of these and about five weaker transitions
were not reported. Our preliminary znalysis also
1=veals a very strong transiion at 1034 keV with a
half-life of 5.4 = 0.3 min, which is consistent with the
half-lifc of the low-spin isomer in '"Po reported
previously.” However. nine  other transitions
reported previously as following the decay of the low-
spin isomer were N+t present in the present spectra,
although judging by the 1034-keV transition. they
should he casily measured. We conclude that cither
the other transitions were not duc to the decay of a
“®Po isomer or that the 1034-keV transition isdue 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 v-7 coincidence data will perhaps
shed new light on thesc discrepancies. We still wish to
measure the cor.version electron coefficients in order
to determine multipolanties and possible spins.
Interpretation of the level scheme in terms of particle
core coupling. including Coriolis mixing., will be
attempted.

—_ P
I Unnnersity of Tennessee. Knoxvilk

2 Georpra inmtitute of Technology, Adanta
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PARTICLE AND HOLE STRUCTURES
IN 19819

L. L. Riedinger'  G. D OKclley”

L. L. Coltins' J. L. Wood'
C. R. Bingham' 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 UNISOR facility, and
previously initiated '*"**'Pb experiments have been
completed. The 4 = 197 measurements have been
crucial in clucidating the trends suggested hv the
lighter nuclei. The i1 » isomer in '* Pb populates 23

levels which cascade into the A, : statcin thalhumand
12 other levels which feed the A. . : level. In addition.
its 19¢¢ 1someric branch to the low-spin ground state
of * Pb results in the obsenation of 22 low-spin
levels 1n thallium. many more than those scen m the
A = 193 and 195 cases.

In ail these 1sotopes. the difference between the
particic and hole states is striking. In * T1. 12 levels,
all at least 616 keV above the h:. : excitation. feed
only the A ; state. The absence of band structure 1s
indicatrve of the fact that the A ; level is actually a
hole state coupled to the rather spherical “"'Pb core
(E.. = 1063 keV). 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
couplhings of other hole states to higher lying states in
" Pb. The fact that these 12 high-spin levels ex identl;,
do not decay to the high-spin states built in the A. :
particle excitation is indicative of this great difference
in the cores for particle and hole states.

fhe corc for the A, : level 1s a slightly oblate
mercury core. and consequently a quasi-rotational
band results. The non-yrast members of this structure
arc quite sensitive to core triaxiality. Figure 2.53
displays the trend of these A, :levelsin """ Tland
a companson with a Meyer-ter-Vehn triaxial rotor
calculation. The second . is readilv explained as
the coupling of the h.: parucle with the second
(triaxial) 2" state of the core. Candidates for the " :
band (opposite coupling of A, : and second 27) exist
close to the predicted values for v = 38°. Another
band of levels is secn at least partially 1n all three
nucler. The calculation of Fig. 2.53 used a largevalue
of A. the Fermi-surface parameter. to bringthe A=
component of the A, : 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
¢, values.

I. Univeisity of Tennessee. Knoxvilic.
2. Chemuntry Division.
Y. Georgia Institute of Technology. Atlanta
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LEVELS IN ODD-ODD *Ti
J.A Viba C. R. Bingham
l.. L. Ricdinger E. 1. Robinson’

B. O. Hannah

In the past few vears, much effort at UNISOR has
been expended in studying the behavior of single-
proton and -ncutron states in the Au-Hg-Tl region.
Much has been learned about the positions of these
shell-modei states. and now is the time to look into
the couplings of these various orbitals to form states
in odd-odd gold and thallium :uclei. Theorists arc
beccming interested in rotational bands in these
nuclei at high spins. but a khowl-dge oi the low-
cnergy low-spin states will be necessary for the
interpretation of (Hl.xn1) data on high-spin states.
We have studied the decay of 37-min "“Pb at the
UNISOR facility. gamma-ray data (singles and coin-
cidence) and conversion-clectron data were accumu-
lated as the activity was produced by Re(**0, x77) and

("O.pxn) reactions. The 4.5-min "Bi activity was
also observed. but most of our effort to date has been
spent on analyzing the Pb - T1 results. Approxi-
matcly 49 transitions have been placed in a decay
scheme containing 16 levels. The most recent pre-
vious work on this activity led to the assignment of
the lowest seven states.

Our results on levels in *"Tlare compared in Fig.
2.54 with levcls scen in adjacent thallium nuclei. The
results on the 4.= 192 and |94 cases come from other
UNISOR measurements by the same group. whercas
the A = 198 and 200 experiments were performed by
Jung’ and by Docbler et al.” respectively. In spite of
the complexity of the individual decay schemes. one
can definitely notice systematic trends. In assigning
certain proton and ncutron conplings to these levels.
onc must consider the neighboring odd-A nuclei. In
"T1. the lowest-lying proton states are the s, :
(ground state), . ;. and k.. The lowest neutron
states in ""*Hg are thep, - (ground state).p. :.and /< .
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Fig 2.54. Trends of jevels in odd-odd thalliom nuclei. The 4 = 192, 19+, 196 results come from UNISOR measurements. while the 4 =

198 and 200 results come from refs. 4 and 5 respectively.

The 2° ground state of the even-A thallium isotopes
likely results from the (p,n) coupling of (s, 2,ps 2). The
1" state resuiting from the other coupling of these
orbitals is probably the fourth excited fevel at 366
keV in '™TI, since, in the other even-A :hallium
nuclei, it maintains a rather constant energy relative
to the ground state. The low-lying 0" state nses with
decreasing neutron number and seems to be asso-
ciated with the (s,,1,p17) configuration, since the p, »
proton orbital similarly increases refative t6 the p;.;
state in odd-A thdllium nuclei. The rising fifth excited
state at 494 keV in "1 may be the 1" coupling of
these states. A 1" levelin '™ Tlat 775 keV seems also to
be asscciated with levels rising with decreasing neu-
tron number, as is the state at 953 k~V. These are
possibly differenmt couplings of the {d)..p:.1) con-

figuration, in view of the trend of the p, : state in odd-

A thallium nuclei. A possible 1" state isseen is, "** T

and has been tentatively assigned to the (A 3,h2)

coupling. A search of our datz for high-energy E1°
transitions has heen unsuccessful so far, indicating

that this 1° level has probably moved to a higher

energy in '**Tl and thus receives little population in

the decay of the parent. Work is continuing on

interpretation. of these levels and trends.
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R. E. Dozbler, W. C. McHarris.and W. H. Kelly, Phys. Rev.
, 2422 (1970).

R Py

c



POSITRON MEASUREMENTS
J. L. Well B. D. Kemn’

Positron measurements on mass-stparated sources
from the UNISOR facility have been made onithe 4=
186. 187, and 188 chains (starting with thalhum)
produced by "W + ‘N Lifeume and endpoint
encrgy determinations have been made for the 4 =
136 chair on-line. for the A = 187 chain both on-linc
and off-lhne. and for the 4 = 188 chain off-linc with
the inclusion of 8-y coincidence spectra. Hign-
cnergy positrons of approximately 6 MeV cnerzy
have been observed in the decay of ““*Tl. in agreement
with mass-table predictions. T':e study of thew
chains is being continued. Analysis ot similar data on
the 4 = 190, 191. and 193 chains 1s in progress.

1. Department of Paysws. Unnersity of Kentucky, 1 cunyg-
ton

FURTHER STUDY OF '“Ti ALPHA DECAY

M. A ljaz7  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 '*"T| had an alpha branching ratio
of (6= 2) X 10 * and an alpha decay energy of 5.641 =
0.019 MeV. The nuclide had been produced in a
"“W(*N,10m) reaction. and. following mass scpara-
tion at the UNISOR facility. its decay propertics were
investigated with alpha-particle and gamria- and x-
ray detectors. The presence of “*Tl was estab;:.hed
by the gamma-ray messuremerts, its electron-
capture decay to '"*Hg being well characterized.” In
addition to the "**Hg alpha group. the alpha-particle
spectra contained a doublet with about 12 keV sepa-
ra‘ing the components. The higher-energy portion,
5.653 MeV, was known  to be 48-sec **'Hg. Itsalpha
decay branch is more than 300 times greater than that
of "™ Hg; 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 T

A "W target (enriched t0 92.65;) recently became
available to us. Because of the confusing structure of
the doubiet peak, we decided to repeat the experi-
ment by producing ‘*“Tlin the """W('*N_8n) reaction.
This producticn mode was expected to improve the

vicld of  T1 with respect to neighboning products
imohing charged-paniiclke evaporation from the
compound system. Indeed. we found in the new
gamma-ray measurements that the “"Ti vield had
increased by a factor of 3 from the previous exper:-
ment. while that of *"Hg had remained the same.
rrom the previously mentioned alpha branch. we
should have observed 70 alpha-part«cle countsdue to
"“Tlinthe first 30 sec of counting. Instead. only seven
counts were seen around the encrgy region of the
doubler. Therefore. the 5.641-MeV peak cznnot be
due to Tl alpha decay. While the nature of the
doublet originally obsernved atabout $.65 MeV 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 1s explained in terms of the
improvement of the (*“N.xn) vs {*N_pxn) vields.)

Scattered counts clustered around 5.76 MeV were
obsenved to decrease in number with a half-life of >20
sec. The energy 1s 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.” If
this assignment 1s cor::ct, then the alpha branching
ratio of ‘""Tlis about u 2ctor of 10 less than the value
of 6 < 10 * reported cuitier.’

t Virginia Polytechnic Instiiuie and State Umiversity, Blacks-
burg.

2. University of Tennessee, Knonville.

3. UNISOR. Oak Rudge. Tenn

4. Univerwity of Alabama a' Birmingham.

£ K.S Totncetal. Phys. Inv. A Frog. Rep. Dec. 311975,
ORNL.-5137. p. 20.

6. J. H. Hamiltor. ct al., Pvs Rev. Lerr. 35, S02 (1975).

7. P. (. Hansen et al.. Sucl Phvs 4 148, 249 (1970).

#. H. Gauvin et al.. Ann. Phyvs. %(5), 241 (1975)

DECAY OF '“Hg TO '“Au

W. G. Nettles'  J. H. Hamilton'

R. Beraud' A.V. Ramayya'

J. D. Cole’ E. 4. Spejewshi’
K. S. R. Sastry’

The levels in "“Au have deen investigated by
electron 1nd gamma multiscale and eiectroi-gamma-
time and gamma-gamma-time caincidence studies of
the decay of '"Hg mass separaied on-line at
UNISOR. The Hg mass chain was entered at
mercury and thallium in bombarding """W with **N.
No previous levels have been assigned in ""*Au. We
have established eight definite levels and (wo tenta-~
tive lev:ls, as shown in Fig. 2.55.
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The hifetimes of sevcral levers were extracted from
the r-gamma-/ and gamma-gamma-/ data. By pulling
gates on the 156.2- and 236.2-keV transtions and
buikd:ng the time spectra. we ootablished that the
156.2-kcV transition follows the onc at 236.2-keV.
The 156.0-keV-level hatf-life is 36 = 6 nsec(Fig. 2.56).
which is consistent with an £2 transition. For four ot
the next five levels, 7. : < 2 nsec to indicate dipole
depopulation.

Facssier and his collaborators are following up
their work on even-even nuckei” in this region to
calculate the propertics of the odd-odd nucle..” The

xH

levely in "Au prosade a sensitive test In comparison
to gold nucler with 4 = 194 becausce the large change
in ncutron number brings n ditferent orbitaly
Further information on spins and panties In “Au s
nceded 1o test their cakulations.

I Vanderbalt ¢ anervity. Nashwilie. leon

2 UNISOR. Oak Rudge. Tenn

1 1 niveruty of Massachusetts. Amherst

4 H Tohictal. Sl Phis A2, 1 (1977

5 A Fhacwkr. private communcaton. Apai 1977
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Fig. 2.55. Levels iz "“Au ponulated in the decay of *“Hg.
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BEHAVIOR OF THE EXCITED DEFORMED
BAND AND SEARCH FOR
SHAPE ISOMERISM IN '*Hg

J. D. Cole’ K.S. Toth

J. H. Hamilton’ E. 1. Robinson*
A. V. Ramyva" K. S. R Sasuny’
W. G. Nettley' J.Lm"

H. Kawakami’
E. H. Spejewski’
M. A Las'

F. T. Avignone
W_ H. Brantley’
P. V. G. Rao’

In a recent letter.”” we reported the coexistence and
crossing of two bands of states, one built on a ncar
spherical and onc 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
ccmpared with " Hg (ref. 14) is presently explained
by these calculations.'' ' A continued drop inenergy
of the deformed band predicted for *‘Hg must occur
if this explanation is correct. Equally important,
Kolb and Wong'' have pointed out that the ground-

state propertic: in this transitional region depend
sensitively on the single-particle spectra. and this is
why carlier calculations’*" have incorrectly pre-
dicted permanent large deformations in ““‘Hg and
""Hg. Conversely. Kolb and Wong' emphasize that
these mercury nuclei provide a good probe of .the
single-particle spectrum in the dcformed region.
Dickmann and Dietrich’’ predict that the 0
deformed band heads in '"*"""Hg should be shapz
isomers. They predict that the £2 decay of (°
d=zformed band heads to the first excited 2° states,
considered to be a mix-ure of near spherical and
deformed states. will be hindered so that thes. 0
states will be shape isomers with roughly 10to 20 nisec
mean Jives in "™ Hg.

To test these theoretical ideas. we identified (at the
UNISOR facility) the new isotope ""T1, which was
produced by bombarding an isotopically enriched
target of '™'W with "*N ions of 177 MeV. Multiscale
alpha, gamma, and conversion-electron singles, and
e-gamma and gamma-gamma coincidences were
carried out on-line for the 184 mass chain. There is



beta decay to the 87 yrast kevel. but the dominant
decay is 1o the finst 2 Jevel. The 8 ~ 6.6 4.4 ~ 2.
and 2 ~ 0 transitions, alpha. and clectron spectra all
have 11 = | sec half-lives within Limits of error. Thus.
cither the high- and low-spin 1somen of ““Ti have
similar half-lives or there 18 unobsened someric
feeding between them. Our egamma coincidence and
singles data established 2 0 level at 375 keV ., in good
agreement with the energy predicted from fHitting the
10, 8. and 6 cnergics’ 1o a rotational cncrgy
formula. The band structure of “"*Hg is compared
with the heavier mercury nuclei in Fig. 2.57.

The encrgy extracted for the deformed 27 state
from the rowational formula on the basis of other
band members is very near the nearly constant energy
of the 2" spherical statesin ™ " Hg(Fig. 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’ states. In
summary. the energies of these new 0 and 2
members of the deformed band are in very good
agreement with the thecretical caiculations’ ' and
substantiate the predicted drop in deformed-band-
head encrgy in '**Hg. The systematic behavior of the
near-spherical and deformed bands shown in Fig.
2.57 confirm the more recent theoretical calula-
tions'' ", including the details of the cnergy spacings
and branching ratios."'

Other than the yrast cascace and the 0°, 2", and
tentative 4’ levels discussed above. only one cther
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) gamma-ray
branching ratio nearly ejual to 1.3.(Animpurity line
prevents a precise determination.) The 608.3-keV
transition is the strongest line in the gate on the Kline
of the 375.2-keV transition, and no such high-energy
decays to the 0" band heads were observed in the
19413871 decays.'” The 983-keV level is in the energy
range cxpected for a two-phonon-type 2° statc.
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 built 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
EO transitions and gamma rays (primarily Sti
annihilation radiation and 608-kcV gamma rays,
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Fig 2.57. Systenmtcs of the deformed and near-sphencal
bands in hght-mess mercury sotopes. Source J 1) Colcctal.
~Bchavior of the Excited [Detormed Rand and Scarch for Shape
Ivomerism in Hg™ Phis. Rev Lett 37, 1185 (1976) U sed by
permission of the Amenican Ph:vaal Soucty
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Fig. 2.58. Delayed coincidences of X electrons of the 375-keV
ED transition with gamma rays. The promat cunvce is also shown.
Saurce: J. D, Cole et al.. “Behavior of th: Excited Deformed Band
and Search for Shape Isomerism in """Hg.” Phvs. Rev. Len. 37,
1188 (1976). Used by permission of the American Physical
Society.
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with x ravs excluded). The centrond-shiit methad
swclded a mean bte 01 0.9 - 0 Insec. whichisanorder
of magmitude shorter than predicted.  The predic-
uon. however. was based on the £2 strength. which i
probably neghgible tor the ¥-keV tranvinonin “"Hyg
Our data show the importance ot the neglected £0)
mode i ‘Hg. where the detormed and near-
spherical states are weakly mi ed. according to Kolb
and Wong. ~ In any predictic v of itenmes of shape
isomers. this mode must be consdered. There issull
the quertion of hindrance of the £O mode. U ntor-
tunately. there are no accurate measurements of ()
state lifetimes in this region. For essentially no decay
via an 8-keV transiion. we extract from - &
monopole matrix element p = 007 . Thin p v a
factor of § smaller than thosc obsenved from 0 beta-
tvpe vibrational states in detormed rare-carth nucier
While these bzta vibrational states arcin a ditterent
region, the differences in p are suggestne that
retardanon tor a shape isomer has ovcurred as
expected. The monopole strength in a cocantence
model must be calculated before predictions of shape
isomerism really can be tested. Indeed. these O states
provide sensitive tests of tuture calculations.

I Vandermlt Unneruty. Nashuille. Tenn

2. UNISOR. Oak Ridge. Tenn
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11975).
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ALPHA-DECAY PROPERTIES OF THE NEW
ISOTOPES '*T1 AND ‘**Ti, AND SEARCH
FOR THE ALPHA EMITTERS '“*TI AND '*’T1

K.S. Toth 5. Lin'
M. A. ljar' E. L. Robinson®
C. R. Bingham"  H. K. Carter'

“TI and '"T1

A preliminary search for the alpha-decay prop-
erties of the unknown isotopes '“Tl and '"*T] was

reported’ previowsiy. The attempt was made by
tombarding ~ W with 180-McV "N :ons. While this
incident energy s the manimum "N beam attain-
abie at the ORIC. it is below the expected maxima of
the “N.mand € "N 12m) exaitation functions. The
alpha spectra of the mass-separated ~ources showed
the presence of smalt amounts ot~ Hgand “Hg at
A = 185 and I¥4 respectivel . Extremels weak new
alpha groups were alwo seen at these mass numbers,
but their nuchdic asgnments could not be
established.

Therefore. the indications were that the production
of these nucler would necessitate the use of 2~ W
target. This isotope comprises only 0.137¢ of natural
‘ungsten. It savaslable enriched 1092.6 ¢ butonly in
vostorm of WO.. The cost of manutacturing a selt-
supporting metallic foil tor use in the UNISOR-
integreted target-lon source was prohimtine. The
powdeied oxide was theretore used as follows. [t was
tirst pressed into a graphute felt cloth and then
bomba.ded with an clectron beam. The heating
conver.ed the oxide to the metal. which then bonded
to the graphite and. in this manner. could be used in
the 10n source.

As belore. the target was irr~diated with N ions.
After scparation. products with a given mass number
were extracted from the focal plance 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 cffi-
ciencies of the three detectors used were determined
by calibrating them with standard sources of known
strengths.

The alpha spectra measured at.! — 185and 184 a:e
shown in Fig. 2.59. Ar alpha group. 5975 * 5 keV
with a half-life of 1.7 % 0.2 sec, was assigned to "' T1.
At A= 184, two aipha groups. 6162+ Sand 5988 + §
keV, were found to decay with the same 10 * 2 sec
half-life and were assigned to ‘**Tl. Several weak
alpha-particle peaks (labeled by question marks) are
unassigned because their haif-ives could not be
determined.

Inthe A =184 gamma-ray spectra.the8 —6°,.6" —
4.4 — 2, and 2° —~ 0" "™Hg 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 '*“T1 alpha groups. The 2’ — 0"
367-keV '**Hg transition encompasses essentially all
of the ‘Tl electron~capture-8° decay strength. From
its intensity and by summing the intensities of the
5.99- and 6.16-MeV alpha peaks, we deduce the '*T]
alpha-decay branch to be (2.1 + 0.7) X 10°. The
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Fig 2.599. Alpha-perticle specira measured in '*N bombardments of ‘W for masses of 185 and 184. | ncrgics shuwn above the

vatious poaks arc an unity of Mev The 5 97-Mced alpha-group wen at 4

iwo alpha-groups. 599 and 616 McVare asaigned to the new
alpha-groups labcied by yuestion Marks are unassigned

el:ctron-capture 8" decay scheme of ' Tlis not well
urderstood 21 tins 2ime. and no attempt was made to
dedece its branching ratio.

The identification of the new sotope  “*T1 has
provided the basis for the study of its clectron-
capture 8 decay schemc: this parallel investigation’
has found the 0" band head of a strongly deformed
rotational band to lic at 375 keV. This represents a
steady drop in the cxcitation energy of the band head
as one goes from '"Hg to '"Hg. which is in
agreement with theoretical predictions.”

The discovery of ""*TI now permits the investiga-
tion of its electron-capture B 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-
crally accepted explanation of the suiden increase '
in the charge radius at "*'Hg. but this explanation has
not been verified.

Search for '**T1 and '*'TI

From the known alpha-decay properties of
%1571, or.c 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 (**N,11n) and ('*N.12n) excitation functions, the
hope was that this could be compensated for by the
increase in the branching ratios.

RS assigned 1o the new wotope R R SO ) (3}

11 isatope bocaase they decay with the seme halt-hilc Severab woa

Fhe halt-hives of these sotopes are expected o be
less than 1 sce. while the transit time of the UNISOR
collection tape system is about 0.5 sec. Therefore the
following technique was developed. A Si(Au) alpha
detector was placed so that the source could be
moved from the deposition point in front of the
detector in 50 mace. The ume ot arrival of cachalpha
cvent and the digitized pulse heightwere stored in hist-
mode fashion on magnetic tape. Fhe data could then
be used to build alpha-particle spectr as a function
of time or Gime spectra for a given alpha group.

Approximately 8 hr of bombardment time was
utihized to collect data at each mass number. A smail
amount of “"Hg and “'Hg alpha activity way
observed: no new alpha groups were scen. We
conclude that the production cross sections for " Ti
and ""'Tlareextremely lowand or their half-lives are
short as comparcd with the holdup time in the
separator ion source,

L. Virgimia Polvicchmic Institute and State Uninersts, Blacks-
burg.

2 Unseruty of Fennessee. Knoasille,

1. Tennessee Technological University, Cookesilie.

4. University of Alabama at Birmingham.

5. UNISOR, Oak Ridge. Tenn

6. K.S. Toth et al. "On Line Mass Separator Studies of 1 Rai-
llum and Mercury Alpha Emitters with A = 186" Phns. Dy,
Annu. Prog. Rep. Dec. 31, 1975 (1976). p. 20.
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DECAY OF HOLMIUM ISOTOPES
TO LEVELS IN DYSPROSIUM NUCLE!
NEAR THE NV = 82 CLOSED SHELL

K S. loth MoA fas
. (. R. Bingham P Singh
H K. Carter D Sousa”

I hiy report deals with an extension of what ha
been a syslematic study o Jow-Ivimg states 0 nocle)
ncar the v K2 clonedd shell, One assumies that these
states can thus be dewernibed in ferms ot the singie-
particle mode! Qur carhier work had ~iopped at
terbum (/7 = 65, v eare now in the processof ook ing
at dysprosium nucler (7 < 66) Farlier. the decay of
SINT N = %) was imestigated. and the exeitation
cicrgies of they .d. candh sngle-peution states
i Iy weredetermined. The mam motnaton ot the
pre seh study s the snvestigation of levelsin I a
nucleus that has 83 ncutrans, so that its states should
be describable by neutron orbitats bevond the V- X2
sheil Levels in Dy have recenth” been studied by
the 1n-beam technique: Gur mvestigation was in-
tended to complement these data via the decay of
“Ho. This motope had not heen obsened
previoushy. We felt that the decay of ~ Ho(looked at
only briefly by Bowmanetal. ) should abo be studied
befe.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 crergies were sclected on the
basis of statistical model calculations, that is. 60 and
75 MeV 1o peak on the “Sm('B.dn) .d
“'Smi""'B.Sn) cxcitation functions.

The technique involves the usc of a gas-jet sysiain
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 shiclded area for
gamria-ray measurements. The recnils are cotlected
on a tape attached to an automated system. The
radioactive recoils are collected for a presct time and
then moved in front of Ge(li) detectors, where
counting begins while a new source of activity is
collected. Coincidence and singles gamma-ray mea-
surements are made simultancously.

L\

.'ZHO

At the 6-Med bonmibarding cnergy, a 827 [-keV
gammua ray was obsenced. Because of its halt-bit- and
because it was not seen at ~8 MeV _we believe that i
represents the electronwapture decay of 3-we¢ Ho.
thet "N 3m product. Eaud now. ol itsalpha-decay
propertics have been studsed * Fromi those - tudies st s
known thet this 38-sec comnaty represents a high-spir
species due to the /i proton orital. The tace tha
oniy one garmma iay has been Wdentibied at this ime s
consistent vath the decay properties of the high-spin
womern TTb e sotoneo! T Hol Inthat instance.
2 790 O0-ked gamma ray represents” essentially ail ot
the beta-decay strength. This gamma ray oliows an
allowed tieg 71 3.2) beta transition corresponding
tcachargevianh  protonorbialin Thtoanh,
neutron located at ™60 keV in TGd.
Jheretore. we propose that the new gamma
obsenved 11 the present study establishes the focation
of the A, neutron state in 1Dy 1o be at 5271
el

state

I’OHO

As 10 the previous work on  Ho decay. four
stiong gamma rays (394.2, 551§, 653.4. and 8034
keV) werc obsened in concidence with one another.
With the exception of the 394.2-keV gamma ray.
these trapsition cnergics agree with those measured
cathe=. Vhe half-life of ~“Ho. however. was
determined to be 30 = 2 vec rathzrthanabout 20 sec as
reported by Bowman ¢t al.

Fhe four transitions are placed in a "~ Dy level
scheme. as shown in Fig. 2.60. The scheme is based
primaniy on analogies with neighboring even-cven
nuclei. particularly “"Gd. the isotanc of “"Dy. The
levet scheme’™ of “*’Gd as populated in the decay of
the "*“To high-spin isomer is also included in Fig.
2.60. Again, four strong transitions are seen in
cuncidence. In this instance. there are several in-
beam studics that corroborate the '*Gd level scheme.
The proposal s that high-spin isomers in odd-odd
nuci.: in this mass region result from coupiingan A, -
proton to an f- ; neutron, giving rise toa 9" spin. The
isomer decays primarily to an 8" state in the even-even
dauphter via an allowed beta transition. the 8° state
:1sing from the coupling hs : and /- : neutrons. The
"Dy ¢z scade is such that the upper three gamma rays
a~: abo.’ 385 of *,¢ 2° — 0 transition intensity. In
“3d the ruwber is more like 95%. with the less
inwnse cascade :rongh the negative parity states
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Fig. 260. Levels ia *Gd and '™Dy o3 popuisted in the decay of the high-spin isomers in '*Tb and '*Ho respectively.

making up the difference. In the "*Ho case, another
state(s) in '“Dy is apparently being populated whose
de-exciting trunsitions we have been unable to
observe so far.

1%Ho

At the 75-MeV incident energy, a gama ray was
observed with an energy of 1090.8 keV and a half-life
of about 20 sec. We assign it to the new isotope '*Ho
hecause it is in coincidence with dysprosium K x rays,
and its excitation function is similar to those of
gamma rays following the decay of '*Dy and '*Tb.
In the in-beam study,’ the most intense gamma ray
observed had an energy of 1073 keV and represented
the de-excitation of the first excited state to the
ground state in '’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 '’Dy. According to ref. 6,
the ij;2 state located at 997 keV in '’Gd has moved
up to 1073 keV. Our proposal is that the new isotope
represents the hy, high-spin isomer in '“Ho. The
decay of the ana..gous state in ''Tb populates'
three levels in ''Gd (see Fig. 2.61) as follows: (1) 1397
keV, hy;2 neutron state, 85%; (2) 1798 keV, a fragment
of the same orbiwal, 14%; and (3) 997 keV, i
neutron state, 1%. Therefore, we suggest that the
1090-keV trar..ition de-excites the main hy; neutron
state, which has moved down in energy from 1397 to
1090 keV, as one goes from '’Gd to '“Dy. At this
time, the other "Dy %" level (at 1798 keV in '’Gd)
has not been identified. We also hope to find the ds
proton state in '“’Ho that should populate the py:
and f;; neutron states. This low-spin species in '*'Tb
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is known'® to decay t2 these '’Gd states Jocated at
1153 and 1847 keV respectively (see Fig. 2.61).
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LIFETIME OF THE FIRST EXCITED
0° STATE IN '"Sn

E.P.deLima' A.P delLima'

H. Kawakami' W. Dunn'

A. V. Ramayya' J. H. Hamiiton'
H. K. Carter’

The first excited 0° state in ''*Sn is only 464 keV
above the first 2" state at 1293 keV. Studies of the
anomolously low 0’ state in "’Se have led to a picture
of the coexistence of near-spherical and deformed
shapes,”” with the excited 0" state the band head 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-Tennelec data
acquisition system. The data were stored in the
gamma-gamma-time mode. The levels in ''*Sn were
populated from the decay of 54-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 state. The daia were analyzed by the best-
fit method, and a kalf-life of 150 + 5V psec was found
forthe 0’ level. Unfortunately, the FO matr;x element
is unknown. A theoretical calculation has been done
for '"*n. If we use that result, we find the lifetime is
essentially that of the E2 transition; because the E2
conversion coefficient is so small, it is for the E2
gamma ray. In Weisskopf single-particle units, there
is an enhancement of 5.1. If we use the single-particie
formulas’ as used for '>"*Se, where enhancements of
36 = 7 and 14 + 2 were found for the 0 — 2°
transitions, there is cssentially no enhancement.
Thus, there is less collective strength to the first 2°
level than in the selenium cases. Recently, a group at
the Free University in Amsterdam’ found a rota-
tional-like band built on this 0" state. The 2’ member,
however, is far from the first excited 2° level, so these
states may not be mixed as found in "*Se, and the
0~ — 2" transition may not be enhanced as in the



selenium nuclei. The ''Sn case may be closer to a
true-shape isomer.

1. Vanderbik Usiversity. Nashville. Tean.

2. UNISOR. Osk Rtidgr. Tena

). ). Hamibkon. "Avs. Rev. Lete. 32, 299 (1978)

4. V. Ramayya et al.. Plss. Rev. C 12, 1360 (1979).
5. L Peker. privatc communication. May 1977.

UNISOR DEVELOPMENT

R. L. Mickoda)' ). H. Hamilton’
H. Spejewski’ R. A. Baga’

V. Ramayya® E. F. Zganjar*

S. R_Sastry’  A. Visvanathan'

. K. Carter' E. L. Robinson’

T. Avignone'  R. W. Fink’

lon Sources and Targets

The on-line surface-i 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 casy to surface ionize. This
graphite source has yielded very high efficiencies in
on-linc runs with rubidium and cesivm products. The
clements more difficult to surface ionize are run ina
source with a tantalum body and cicher a tungsten or
rhenium ionizing tip. The operatior with stable rare-
carth elements is now routine, and on-line tests for
rare carths have been planned. These sources are
openated with about | ing cm® wolfram windows,
which have shown excellent stability at ion-source
temperatures (<2600°C) and under heavy-ion
bombardment.

A new high-temperature plasma source has been
designed and constructec. The high temperature of
this source is achieved by an eightfold reduction in
the volume, as compared with our Nieksen-type
source, while maintaining the same power input. The
temperature of the discharge a-za of this source is
estimated to be 2000°C. Efficiencies of 13 have
been achieved for stable xenon separations. On-line
runs for volatile elements such as mercury have given
efficiencies comparable to our Nielsen source, but
efficienc.es for less volatile elements like lead and
bismu2 are greatly improved. This new source has
also y.elded short-lived gold tsotopes. which have not
been observed coniing out of the Niclsen source. This
source will also be tested for use with rare-earth
products.

‘Targets of "W have been fashioned by direct
conversion of WO, to tungsten by electron-beam
keating while supporred i the graphite felt matrix.
Nearly quantitative conversion has resulted in requir-
ing only a few milligrams of the very expensive '*\
(92.6% enriched) to produce these targets. These
targets have shown excelient long-term durabikity in
our Nielsen source, but they are gradually destroyed
if used in the new high-temperature source.

Experiments with powder targets have been
carnied out for elements whose meiting points are too
low to be used directly as targets. Both CeO: and ZnO
have been tried as powders supported in the graphite
felt 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 10 the extent necessary to prevent evaporation
of the 1arget matenal.

One problem area for the UNISOR mass separator
has been that the target area is at high potential and
the incidert cyclotron beam s stopped in the on
source. making it difficult to continuously monitor
the beam on target. To relicve this situation, a new
beam monitor system that allows the cyclotron beam
to be continuously monitored has been developed.
This monitor is based on secondary electson emission
as the beam passes through a thin foil just before
striking the target. The secondary clectrons emitted
from the foil are collected in a positively biased
section. This clectron current information is then
transmitted (o 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 data acquisition that will enable new
expeniments to by carried out at UNISOR, improve
the quality of data. and reduce the lower limit of half-
life that can be studied. First, changes have been
made to the tape transport' control system and
driving motors. reducing the transport time 10 the
first detector station to 0.2 sec. To reduce the losses
incurred in acquiring spectrum multiscale data,
additional memory has been added. A total of 32,768
channels of data storage is now available to be used
for singles. spectrum multiscaling, or coincidence
monitoring. A turbomolecular pumping system has




pump on the tape transport that enables the use of
high-quality cooled-election Jetectors.

A scanning Gerhoim-lens spectrometer’ has been
installed on the tape transport and has been tested
offdine. A special wide-pass baffle and cooled Si(Li)
detector were developed to provide an electron spec-
trometer with an absolute efficiency of zreater than
29 and with a transmission-independent energy
resolution. The resulting clectron spectra are free
from gamma-ray interferences and summing pcaks.
A Ge(Li) detector can view the source position, thus
cmabling high-quality electron-gamma-ray comnci-
dence data.

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

A digial clock has been mterfaced to the com-
puter-based data acquisition system. The 16-bit
digital output has a time resohition from 1 usec to 1
sec and 1s designed so that the time of cach cvent can
be stored in the computer. Typical usage has been to
store the digitized energy pulse height and digitized
time of arrival of the pulse m 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 multiscaling) or time spectra for a par-
ticular encrgy window. A teci.nique’ for determining
state lifetimes in the millisecond-to-second range has
been adapted by using this clock 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°
separator beam lines. The new tape iranspont is
cssentially a vacuum tube through which the tape
passes with tape seals'® mainaining the vacuum in
the chamber. This design allows the feed, take-up
reels, 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 sepanator 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
derectors. For measurements requiring the source to
remain in vacuum, 8 <iamber 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 w all othe: aspects while being about
an order of magnitude cheaper to build.
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DECAY-IN-FLIGHT MEASUREMENTS OF

ALPHA ACTIVITY
T. .Cleary K.S. Toth
F. E. Gross S. Bart'
D.C. Hensley  E. V. Hungerford'
C. R. Bingham’

The heavy-ion beams available at the ORIC make
possible the investigation of half-lives in the 1-nsec to
l-usec range by the observation of charged-particie
decays-in-flight. The basic features of this technique
are ilfustrated in Fig. 2.62. The nuclear recoils
produced in reactions induced by heavy ions mcident
on a suitable target are scattered forward into a sold
angje centered about the primary beam. A detectoris
positioned downstream from the target to Jook for
decay activity from the recoils. A trapectory detector
designed especamlly for this purpose is shown in Fig.
2.63. It consists of three detection elements placed
inside a gas-filled chamber. A thin window permits
the nuclear particies to enter the chamber. In the first
stage of the system (see Fig. 2.62), a position-sensitive
wire is used to determine the position of the decay
particle at the entrance to the detector. An ionization-
chamber region then provides a2 AE signal. Finally,a
position-sensitive solid-state detector is used 10
obtain an £ signal and to ascertain the position of the
particie at the rear of the dstector.

The AE-E signals provide mass identification of
the particle, while the two position signals permit
reconstruction of the flight path of the decay particle.
Finally. timing signals from the front stage of the
detector and the cyclotron 1f are used to gencrate a
time-to-amplitude converter (TAC) spectrum. From
this information, it should be possible to derive the
haif-life for the decay and a precise energy determina-

s A




tion of the decay by removal of the Doppler-broaden-

In order to test the trajectory desector, measure-
ments were made using the **Pb(*“N.5#) reaction at
$8 MeV to produce the alpha-radicective nuclide
7 Ac. The data are being analyzed to extract alpha-
decay encrgy and half-life imformation and to
compare thest results with previous measurements’
on the same isotope. In addition to searching for new
alpha emitters, the technague is also suitable for use in
investigating new delsyed-proton and fission-isomer
activities. Another use of the detector is for the study

of the emission of long-raage alpha-particie groups

and the resulting provision of structure information
concerning nuclel far from stability (see, e.g., the
recent work of Nomura® on “Ra).

menswring hall-iife activities.

1. University of Houston, Houston, Tex

2. University of Temncssee, Knoxville.

3. T. Nomwra ct al. Phys. Lens. 408, 54) (1972).
4. T. Nomurs ct al. Phys. Lerr. 588, 273 {1975).

LIGHT-ION NUCLEAR RESEARCH

Radtion-induced cffects in solids have been
studied with alpha-panicle and deuteron beams from
ORIC. Although occupying only a small part of the
total beam time, such measurements are prompted by
problems of enormous practical significance in the
development of new energy sources.

Basic rescarch with light-ion beams was carned out
at ORIC, a1 ORNL with the EN tandem accelerztor,
at the Indiana University Cyclotron Facility (IUCF),
and at KVI Groningen, Netherlands, with the iso-
chronous cyclotron. A description of the (p,n) time-
of-flight facility at IUCF is included. Many F2 and
EA matrix elements have been determined n rare-
carth nuclei through the use of Coulomb-excitation
studies with alpha beams. A measurement of the
magnetic moment of the neutron was completed at
the Institut Lave-Langevin, Grenoble, France. The

Fig 1463 Pissews of wujsssor dotsster. The threx stages of the detector sysiem are stisched 1o the chamber lid shown
on the left, with the chamber itsell shown on the right.



measurement is nearly 100 times more precise than
the previous one.

RADIATION-ENHANCED CREEP
MEASUREMENTS

T.C. Reiley' R. L. Aublke
P. Jung' 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 “He beam from ORIC to
simulate the cffects of high-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 QPTIC
calculations were generated prior to the run, and
beam scanning was performed to test *heir accuracy.

was found that the predicted beam profiles and
transmission were reasonably well reproduced,
although the predicted quadrupole currents were as
much as 20%; too high. In the second experiment, the
compicted creep machine was installed. and all
systems were tested. Most of the equipment was
found to openate 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 mnterface at ORIC and software
provided by D. C. Hensky worked quite well.
However, a number of problems were uncovered. and
many corrections and improvements have been made
as a result of this test run.

1. Metals and Ceramacs Division.
2. Consukant.

THICK-TARGET NEUTRON YIELDS
FROM d+ Be AND d + Li AT E,= 40 MeV

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

Neutron sources based on the d + Be or d + Li
reactions can provide a good simulation of the neu-
tron spectrum to be expected at the first wall ofa D-T
fusion reactor and are therefore useful for fusion-
related radiation-damage studies. In order to better
characterize the existing ORIC 4 + Be source’ and to
provide data for the proposed d + Li sources,™
have measured the thick-target neutron yields by
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YIELO (neutrony - MoV~ - uC - wt)

both time-of-flight (lithium and beryliium) and foil-
activation (beryllium) techniques in the angular
range of O to 90°. The resvits were used to develop a
dosimetry technique swmtable for this type of
SOunxe.

Figure 2.64 skows so.ne of the time-of-flight (TOF)
data from d + Be tak >n at two different flight paths.
0.75 and 3 m. The orerall normalization uncertainty
is estinated to be +155. Total neutron yields (E.
greater than 2 MeV) as a function of scattering angle
are shown m Fig_ 265, ihe experimental points bemng
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 *156¢ (TOF. nickel) and 105
(cobalt, niobum). The solid line represents the
weighted average of all the data. Time-of-flight data
taken using a lithium target were very similar to the
d + Be data’

The yicld measurements outlined above were all
made in good geometry. while irradiations made with
the d + Be neutron source require the samples and
dosimetry foils to be placed very close to the >2ryl-
lium target n order to maximize the neutron flux.
The basis of our dosimetry technique is to assume

d'

”""""ln FLIGHT PATH ]

%

%

10

Fig. 2.64. Trme-of-Nligit data from 40-MeV dewterons on 8
thick berylinm tarpet, shewing represemtative crror bars. The
0.75-m data {open circles) have been normafized to the )-mdata in
the encrgy range 7.5 MeV < £,< 12.5 MeV. The sysiem resolstion
(3-m data) varies from about 200 keV at £, = 5 MeV 10 about 6
McV at £, = 40 McV.
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that the shape of the neutron Dectrum at a given
point on the sample can be represented by the shape
seen in good grometry at some effective scattering
angle, 6.n. This angle is derived from the ratio of the
810-keV gamma activities from the *Nin.p) and
PCo(n,2n) reactions, while the total neutron yield is
derived from the absolute value of one or the other of
these activitics. This sequence of measurements is
flustrated in Fig. 2.66. The nickel and cobalt dosim-
etry foils ere m the form of 2.5-cm-diam disks from
which | S-mmdiam sam_ es are punched in the
patiern indicated at the top of Fig 2.66. The point of
maximum activity (i.c., the center of the neutron
beam spot) is found by inspection, and the activity of
each sample is plosted as a function of the distance r
from this point, as shown in the upper pant of Fig.
2.66. From these curves, the spectrum shape param-
eter, 8.0, and the neutron fluence are derived as a
function of 7, as shown n the lower pan of
Fig 2.66.

). Osk Ridge Amociated Universities sndergradustc reses:h
traimee from Berry College:. presemt affilmtion. Univensity of
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DAMAGE PRODUCTION BY
d + Be NECUTROMS

J.B. Robero' R, R.Coltmaa, Jr.'
C. E. Khounde’ M. J. Sabmarsh
J. M. Williams’ C. 8. Fulmer

The damage producer by high-energy /about 1(-
MeV) neutrons is of considerable experimental and
theoretical intesest due to the potemially deleterious




effects of such neutrons on fusion-reactor first-wall
materials. Knowledge of point-defect generation
rates for these ncutrons 1s contral to an wnderstanding
of fusion-ncutron damage processes.

We have estimated defect production rates in Cu,
Nb, and Pt induced by d + Be ncutroas from the
ORIC by measuring the changes in electrical
resistivity at 4 2°K duringn .«ron imadiation.’ The
resuls, shown in Fig. 2.67, mdicate that the damage
produced was proportional to newtroa flence over
the range of the experiments.

A comparson was made of the damage produced
by d + Be reutions to that 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
2.10. Isochromal anacaling studics were also made on
the irradisted samples from 10 w0 400°K and were
compared with data from samples irmadiated
thermal and fission neutron spectra.’ The platinum
results (Fig. 2.68) showed the greatest dependence of
the damage recovery curve upon the neutron spec-
uum. The differences suggest substantial configura-
tional differences in the primasry damage sate
resulting from d-Be neatrons and fission nevtrons i
platinum, indicating the fonzation of more stable
cascade structures at the higher neutron energies.
However, the agreement between the experimental
and theoretical ratios for total dasaage producticn
summarized ir Table 2.10 shows that the damage

Tabic 210. Ratio of damage production pev

ascutron, (4 + Be); fumion
Sempic Expererent Theory
Copper 3307 17204
Niobvam 2605 23+04
17%05 17+05

Plasmen
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production at 4.2°K scales withdamage energy. Thus
the increased cascade stability i platinum appears
not to be due to increased recombination of nascent
close pairs during the damage process. Instead, for
the higher-energy neutrons, a refatively higher
proportion of interstitials is produced in clusters or in
close enough proximity to cluster after a few
jumps.

i. Solid Sime Division.

2 M_J. Sakworsh et al . Chavocseristics of an Intense Neweron
Sowwce Basea on the d + Be Reaction. ORNL TM-5696 (1976).
Tiws report has also been submitied 0 Nuckewr Instrasments
and Meskods.

3. 3.8 Robeno a1 al.. "Damage Prodwcton by High-Energy &
Be Newtrons in Cu. Nb. aad Prat 4.2 K." 10 be published in Applied
Physics Letiers.

4. J. B. Roberio ot al.. “Isochronal Recovery of High-Energy 4-
B Newtron Damage in Ca. Nb. and Pt from §- 400 K.~ submirsed
10 the Jowne! of Nuclesr Meseriols.
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(CHe,) REACTIONS ON

SELF-CONJUGATE TARGETS
C. D. Goodman F. E. Bertrand
R. L. Auble D. C. Kocher

We have measured, with high resoluion, triton
from “OCHe,)"F. "“CC’He.)"N, and
g' *He,1)™P 1o follow up our earlier discovery of an
isolated peak in the “O(’He,/)“F spectrum.’ Because
the oxygen target was a quartz flake, we also mea-
sured the spectrum from a silicon target to be abie to
subtract the background from the oxygen spectrum,
and we measured the spectrum from carbon to be
abie 10 use the resolved 0~ 17,0° — 2", and 0" — 27
transtions as cahbrations.

The spectrum from the oxypen target is simpie,
having only two strong peaks, the ome discovered
earliesr and one correspoading to the 0.42-MeV level
of “F. Other levels of “F are only weakly excised.
Vicwed with the good resolution of the present exper-
muneat, the high-exctation peak appears 10 be
due 10 a level at 6.7 MeV in “F with a sascllite at
69 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 5°.

Because '°O is both a seif-conjugate and a closed-
shell nucleus, no sospin-flip or spin-flip isospin-flip
(also known as A1 or Gamow-Teller) transitions arc
possible. The low-lying particie-hole strength should.
therefore, be associated with (p) '(s.d)' negative-
parity states. The excitation of these states should be
via L =1 and L = ). The data suggest that nearly all of
the L= | strength bies in the 0.4-MeV state, and nearly
all of the L = 3 strength lics m the 6.7-MeV state.

For the carbon target. we expext 10 see particie-
hole states within the p shell, and mdeed both the 1°
ground state and the 2° first excited stateare strongly
excited. As we noted in the discussion of (p,n) reac-
tions in another contribution to this annusal report,
the transition '’C ground state — "N ground state is
the analog of an M1 transition. At higher excitation,
there 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 10 particle-hole states involving a particle in
the s-d shell and possibly in the / shell. The only
clearly 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 A
analog state, at 2.} MeV in **P, is strongly excited as

s in (p. n). }f one smears ihe resolution, one obtams
a specirum that looks qualitatively similar to the
*Sip.n)"P spectrum. The ('He.r) data are being
analyzed.

1. P Div. Ammm. Prog. Rep. Dec. 31. 1975. OR™"_.137.
p A

“NGe(p.r) REACTION STUDIES

A.C. Rester' J.B. Ball
R. L. Auble

it has been suggested” that the rather unmswal
properties of the anomalously low-lying 0.690-MceV
0" excited state in “Ge might be explained on the
basis of a coupling of pairing and quadrupole vibra-
tional modes. We have attempted to test this propos:-
tion with two-nucicon transfer reactions oa the
germanium isotopes. On the basis of the pairng-
phonon vibrational explanation, one would expect
that. in (p.?) tracsitions to the ‘Ge 0" states, almost
all of the L =0 strength would go to the ground state,
whereas in (p.1) transitions 10 the “Ge 0 states, a
considerable amount of the L = 0 strength would go
10 the 0.690-MeV excited state and, as a resuk of
anharmonicities. to higher-lying 0° states as well.’

Just this picture is observed n X (Fig
2.69). Greater than 98% of the total - )L=0
strength goes 10 the ground-state transition, whereas
in ‘Ge(p.1). the L = 0 strength is fractionated, with
726 going 1o the ground state. 195 10 the 0.690-MeV
state. 55 to1he 3.155-MeV state. and 45 to the 4.180-
MeV state transitions. Within the 1 5% error imits on
Our cross-section measurements, the total strength of
all L = 0 wansitions to each nucieus is the same.

A rather surprising feature of the present results is
that within cach nucieus, there are families of states
whose angular distributions lmve the same shapes
which are very well reproduced by the single-step
distorted-wave Bom-approximetion (DWBA) cal-
culations as well as families whose angular distribu-
tion shapes are not at all fitted by the DWBA. The
latter type are predominant in 'Ge, whereas the
former are predominant in "*Ge. Evidently, a struc-
tural-phase transition is taking olace between “Ge
and ‘Ge. Preliminary results of a theoretical investi-
gation’ of the nuclear structure in this region suggest
that the addition of two neutrons to ''(v¢ may cause
the nuclear shape to change from oblate to asym-
metric. The effeui such a picture wouid have on the

Ry
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patring vibrational interpretation of the 0" state
streciure is 20t yet clear.

1. Tonwessce Techmological Umiversity. Cookeville.
2. ). Hodermaon snd A. C. Resser. Nard. Phys. AD, 1D
(1974).

). B. Sorcmsen. Nucl Plys. A-34, § (1969).
4 K. Kumer and A C. Resties. privaie COMMERICMION.

*Ni(p2) REACTION AT 60 McV: 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 E. E. Gross
F.E. Bertrand E. Newman®

The anslyzing power of the giant-resonance region
of the nucicar contmwum and of low-lying bound
states for incident 60-MeV nolarized protons from
the ORIC has been investigated in the *Ni(p.p)
reaction. The measurements are compared with col-
lective-model DWBA calculations employing a spin-
orbit transition potential of the full-Thomas form
and optcal-model parameters whch give a good
description of the analyzing power for proton clastic
scattering from **Niat 60 MeV. The predicted analyz-
ing powers for the giant quadrupole ( £2) resonance ai
E, = 165 MeV and for low-lying hound states with
J*=2.3 . and 4 arc in qualitative agreement with
the measurements Jor 6w = |5 10 60°. However, a
systematic discrepancy is observed for the quadru-
pole resonance, where the measurements for 8y, = 15
10 30° are considerably more negative than i the
cakulations. A similar but less pronounced effect is
observed for the strongly excited 2° and 3° bound
states. Improved fits 1o the analyzing power for the
quadrupole .csonance are obtained by reducing the
spin-orbit diffuscinas persmxcier vi »v including an
attractive imaginary spin-orbit potential. Axalysis of
the cross section for a weaker resonanceat E,= 3.5
MeV indicates an E2 assignment. The analyzing
power for the unsiructured nuckear continuum above
the giant resonance s A, ~ —0.05 * 0.01 at most
angies betweern: 15 and 40°.

I. Absract of paper published m Phvs. Rev. C 14, 192
(1976).
2. Chemical Technology Division.

DIRECT EVIDENCE FOR A NEW GIANT
RESONANCE AT 80 A"’ MeV IN

THE LEAD REGION'
F.E.Bertrand H. P. Morsch’
T. Ishimatsu® K. van der Borg’
M. N. Harakeh’ A. van der Woude®

The giant-resonance regions of “Pb, ™Pb, ‘" Au,
and "™ Bi have been studied using inelastic scattering
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of 120-MeV alpha particies from the KV cyclotron. ARthough the spestra are dominated by the now well-
The scatiered marticles were detected in semicon-  established’ giant quadrupole resonance located at 63
ductor-counter telescopes. yicldingan cnergy resolu- 4™ ', each spectrum provides evidence for a second
tion of about 100 keV (FWHM). Figure 2.70 shows  3cak located atabout 80 4 ' *. Figure 2.71 shows the
gant-resonance spectra from all four targets.

ORNL DWG 77-9568

ORNL DWG 77-9567 6' =13°" - !
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Fig 2.71. Spactra makem at | P* for "'Au, Py, Py, and Bi.

Fig 1.70. Specirn of "™Pb wmken at 14 and 17°. The two The neutron scpmiion energy and the excitation corresponding

Gaussian peaks and the assumed undcrlving continuum that were 1063 A * ' MeV are indicated by arrows. The straght line s only to
frited (0 the data are mdicated. gurde the eye.




decomposition of a “*Pb spectrum into the two giant-
FESONANCce components.

distributions for the 10.9-MeV resonance
(63 A’ in ™Pb are in excellent agreement with
calculated L = 2 angular distributions normalized to
exhaus: about 1005 of the T=0, F2 energy-weighted
sum rule (EWSR). The angular distribution for the
13.9-MeV resonance is equally well described by L=
0, 2, or 4 calculations which correspond to 100, 50, or
17% exhaustion of the corresponding ED, E2, and F4
EWSR respectively.

1. Semmary of work published in Phys. Rev. Lenr. 38, 676
(1. .

2. Kernfysisch Versacller Institust, Groningen, Netherlands.

3. F. E. Bertrand, Anms. Rev. Nucl. Sci. 26, 457 (1976).

HIGH-RESOLUTION STUDY OF THE
GIANT-RESONANCE REGION IN
¥Si BY INELASTIC
ALPHA-PARTICLE SCATIERING

F. E. Bertrand M. N. Harakeh'
K. van der Borg'  S. Y. van der Werf®
A. van der Woude'

For nuclei with mass number greater than about
40, the giant quadrupole resonance (GQR) is ob-
served as a singie broad peak.’ However, for lighter
nuclei some evidence had been obtained’” for con-
siderable fragmentation of the GQR strength. We
have studied the **Si giunt-resonance region, utilizing
a high-resolition alpha-scattering experiment.*

The dita were obtained using the 120-MeV alpha-
particle beam from the KVI cyclotron. The scattered
alpha particles were detected with semiconductor
detectors, yielding about 90 keV (FWHM) energy
resolution, Figure 2.72 shows inclastic alpha spectra
at several angles from 'Si. Bzcause isovector states
(e.g., giant dipole resonance) will not be excited by
the **Si(a,a’) reaction, only T =0 states appear in the
alpha spectra.

Considerable structure is observed in the giant-
resonance region of **Si. The angular distributivns
for the various peaks have been compared with col-
lective-model DWBA calculations. While moit of
the observed structure is found to be £2, some peaks
are better described by L =13 and, in one casc, L=0
calculations. The sum of the E2 cross sections in tie
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Fig 2.72. Smdwlwﬁmgmﬁmns.i.
The assumed continuum underlying the rescnance peaks is
indicated for cach angle by a sclid line. Energy bins are shown
which define the spectral region integrated over 1o obtain cross
sections for the various peaks.

15.5- to 23-MeV region of **Si exhausts 27 + 6% of
the T =0, E2 energy-weighted sum rule.

emfysisch Versneller Instituut, Groningen, Netherlands.
F. E. Bertrand, Annu. Rev. Nucl. Sci. 26, 457 (1976).
3. M. N. Harakeh »t al., Nucl. Phys. A 263, 189 (1976).
4. F. E. Bertrand et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1975, ORNL-5127, p. 63.

3. Summary of work to be published in Physics Letters.

1
2.
7.



SEARCH FOR GIANT RESONANCES

WITH (p.n) REACTIONS
C. D. Goodman J. Knudson'
F. E. Bertrand T. Witten'
R. Madey' J. Rapaport”
B. Anderson’ D. Bainum®
A. Baldwin' M. B. Greenfield®
C. C. Foster®

Neutron spectra from '“C(p,n)"*N and *Sip, n)"’P
are cach dominated by a prominent sharp peak (see
Fig. 2.73), which in each case is the analog of the giant
M| resonance in the target nucleus. The M! reso-
nances are the 15.1-MeV T=1, |” statein ’C and the
11.4-MeV T= |, I’ state in *Si.

The relationship between the M| character of these
levels and the excitation of their analogs in (p.n)
reactions provides an example of how certain aspects
of nuclear structure become manifest in different
modes of excitation. The so-called M! giant reso-
nances in sclf-conjugate nuclei have been predicted
theoretically’ and observed experimentally® through
electromagnetic interactions. It hasalso been pointed
out that the largest part of the M| operator operating
on a 7 = 0 nucleus is essentially equivalent to an
isovector spin-flip.” Thus the giant M1 resonance is
connected to the ground state by an isospin-flip, spin-
flip. The M1 stateis the T;=0memberofa 7=1,1"
isospin triplet.

That the analog of the M1 state is excited strongly
in the (p, n) reaction can be understood qualitatively
through recognizing that it isalso 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 theinteraction
operator (o, 0) 7. 1), where the subscripted operators
refer to the nucleons in the nucleus, and the non-
subscripted operators refer to the projectile. The spin
operator is 0, and the isospin operator is 7. The spin-
flip transitions are the only ones that can take place
without change of crbital angular momentum or
principal quantum number in a T = 0 nucleus, be-
cause (7,'7) by itself operatingona 7=0 nuclear wave
function gives zero. Furthermore, we have already
noted that spin-flip (M1) 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,
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Fig 2.73. Energy spectra for "C(p)'’N and "Si(p )P a1
&(lab) = 12°. The prominent sharp peak in each spectrum is the
analog of the giant M1 resonance.

The experiment was originally undertaken to pro-
ject out the 7= | components of collective multipole
resonances.”’ The spectra do not clearly show evi-
dence of concentrated multipole strength other than
the M1. In particular, the analog of the giant dipole
resonance is not evident. The conclusion to bedrawn
is probably that the (p,n) reaction does not couple
strongly to that mode of excitation, because the El
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 Moffa and Walker."
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The data were obtained by time-of-flight mea-
surements at the JUCF, using61.9-MeV protons. The
experiment is in progress, and data on other targets
are expected soon.

1. Kent Siate University, Kemt, Obwo.

2 Ohio Umiversity, Athens.

3. Florida Agricuhural and Mechanical University, Tallahas-
see.
4. Indiana Universty. Bloomington.

5. D. Kurath. Phys. Rev. 138, 1525 (1963).

6. L. W_Fagg. Rev. Mod Phys. 41, 683 (1975). and references
thercin.

1. G. Morpurgo. Phrs. Rev. 110, 721 (1958).

8. F. E. Bertrand. Amm. Rev. Nucl. Sci. 26, 457 (1976).

9. G. R. Satchicr. Nucl Phyx. A195, 1 (1972).

10. P. J. Mofta aad G. E. Walkker. Nucl. Phys. AI22, 140
(1974).

NEUTRON TIME-OF-FLIGHT EXPERIMENTS
AT THE INDIANA UNIVERSITY

CYCLOTRON FACILITY
C.D. Goodman €. Goulding’
C. C. Foster' J. Rapaport’
M. Greenfield’ D. Bainum'

We are engaged in an ORNL-IUCF collaborative
program with participants from other universities to
study medium-energy (p,n) 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 havedeveloped a highly efficient time-compen-
sated neutron detector.’ The scintillator volui ae is
almost 20 times as great as that of the detectors used
to obtain the data on '’C(p.n)"’N and "Si(p,n)"'P
described above, and the observed overall time
resolution is slightly better.

The detector employs a scintillator 15X 15 X 100
cm viewed at one end by a single phototube. Time
compensation is accomplished by tilting the axis with
respect to the flight path so that 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
(15X 15 cm) face. It will enable us to perform experi-
ments that were not feasible with the smaller
detectors.

1. Indmma University. Bloommgton.

2 Flornda Agriculture and Mechanics University. Tallahas-
see.
3. Ohio University. Athens.

4. C. D. Goodwman ct al.. ssbmited to Nuchesr brstruments end
Methods.

COULOMB EY.CITATION OF 2 AND 3"
STATES IN 'Pt AND "*Pt

R. M. Ronningen'  J. H. Hamilon'

R. B. Piercey' S. Raman

A. V. Ramayya' P. H. Steison
W. K. Dagenhart

Transitional nuclei and recently platinum isotopes
have become the subjects of much experimentation.
The high-spin level spacings in '™ "*'Pt have been
mapped out by heavy-ion reactions’* with the rota-
tion-alignment model’ invoked to explain’™* the
anomalous level behaviors. Also, Coulomb nuclear
interferences in the excitation of ‘Pt have been
studied’ to yield relative phases as well as magnitudes
of transition-matnx clements connecting the ground
states and the first two J* = 2° states.

In this work we have obtained precise values of
B(E2;0° — 2;)for both "*Ptand '*Pt by employing
the magnetic-spectrographic analysis of ’He ions,
scattered after Coulomb excitation from thin targets
of high purity.

The Coulomb excitation of '**'*Pt, by 14.9-MeV
“He 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-ug/ cm’ separated
material of greater than 99% isotopic purity de-
posited on 65-ug/cm’ carbon-foil backings.

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

Our study indicates smaller B (E2) values to the 2
states thai, 1o most previous measurements for both
1731%py, Such data should be of interest not only to
experimentalists needing precise values tn interpret
their experiments, but also to theorists as well.



A report of our experument and results has been
prepared and accepted for publication.
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COULOMB EXCITATION OF “44&%g,

WITH ‘He IONS
F. K. McGowan R. L Robinson
W. T. Milner P. H. Steison

The ;eaction on "*'**'Er induced by 'fie ions
selectively excites 2 and 3 states by direct E2and E3
Coulomb cxcitation. We present results from
gamma-ray spectroscopy with 14-MeV *‘He ions on
isotopically enriched targets of '“Er, "**Er,and ' “Er.
Gamma-ray spectra were observed at 8, =0, 55.and
90° with respect to the beam direction with a 30-cm’
Ge(L1) detector located 7 cm from the target. For the
conditions of the experiment, the use of first-order
treatment of the excitation process isadequate for the
analysis of thick-target gamma-ray yiclds. The exper-
iment2l results for the reduced transition probabil-
ities. B(EA.0 — J = A), are summarized in Table 2.11.

1]

The K.J * assignments were deduced primarily from
our gamma (§) measurcments. ratios of reduced-
traunsition probabilities, and other nuclear-spectros-
copy studies that have been summarized.'

1. A. Buymn. Nuxl. Dasa Sheets 14, 471 (1975).

2 L R. Groenwood. Nl Dess Sheets 11, 385 (1974).

3. M. R_Schmorak and R. L. Auble. Nucl. Desa Sheets 15,371
9.

E2 AND E4 REDUCED-MATRIX ELEMENTS

OF 3156kl q AND ™o yf
R. M. Ronningen' W. Lourens'
J. H. Hamilton' L. L. Riedinger’
L. Vamnell’ F. K. McGowan
J. Lange’ P. H. Stelson
A. V. Ramayya' R. L. Robinson
G. Garcia-Bermudez’  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 warried out to test the theoretical predictions of
hexadecapole deformations. ' The hexadecapole
deformation with 8, greater than 0 is expected " to
maximize in the region 146 < 4 < 160, pass through
zero for 160 < A < .170. and become maximum-
negative around 178 < 4 < 190. Since 1971, we have
been involved in measurements to test the region of
maximum-positive deformation and the region when

Table 2.11. Experimental results for M(EA, 0 —~ J = A)*

Level

BEr.0— )

Nucleus (keV) KT Ea 5" M B BB,
“Er 786 Y (¥ 0.140 + 0.00% 52
1159 22 [ 7] 0.0042 + 0.0006 0.15
1514 23 B €061 +0.010 53
1528 22 £ 0.018 + 0.002 0.66
1n9 23 3 0.032 + 0.005 23
“Er 821 2. >4 0.131 + 0.008 47
1431 0.3 £ 0.043 + 0.006 36
1633 23 LX) 0.060 + 0.012 5.1
""Es 94 .Y r 0.102 + 0.006 36
960 0 7] 0.0079 + 0.0009 0.3
1332 N2 K 0.0074 + 0.0011 0.7
1371 i3 I 9] 0.0032 + 0.0005 0.1l
or
"3 LX) 0.020 + 0.003 16

“Far those caser where the K./” assignments of the states are not known from
other nuclear-speciroscopy studies, the B(EA, 0 — J = A) are given for both 2 vgn-

menisJ =2 and /=3,

"BUEA), =27 + 1) 47)3.A + 3V (0.124' )" b for 1, =0, J, = a.
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the values were predicted 10 go megative.” We
semmarize b* ¢ the findings for the M. matrix
clements for * < vl gadolinium and hafnium aeciei.
Tae Couicmb excitation stedies were carried owt
with a;;2a particles well below the Coulomb barrier
by requiring the target and projectile suciear surfaces
to be separsted by abowt 7 F. Experiments were
carried owt at [50° and in some cases at 90°. The
experimental ratios of the different cross sectioas for
matios calcuinted with the aid of the quantam
mechenical Cowlomb cxcitation code AROSA.
Corrections were applied for the 6° ground; for 0, 2,
and 4K" =0’ and 2" levels; and for stretching. Our
results are given in Tabie 2.12, along with other
values which have been obtaimed comcurremtly by
other groups. In Fig. 2.74, the systematics of all the 8,
measurcments in the 150 1o 190 region are presented.
The important new resulis found in our work
concern the hafnium nuclei. There are two values of
the F4 matrix element which will reproduce the 4°
cross section—one with a positive and one with a
pegative sign. The positive-sign values for
gadolinium are in good agreement with theory and
other measurcments which chose this sign. In
hafnium, however, the positive sign leads to a g that
systematically does not agree with the theoretical
prediction, although the errors are large on each

shape for "lllﬁcthlohmal.lsaw
Coulomb-auciear interfereace experiment,’’ we have
found that mdecd the large negative solwtion of the
54 matrix clement reported here is correct.

I VMU-H-, Nashville. Temn

6. University of Teamessee, Knoxville.

7. §. G. Nilisoe et al. Nucl Phys. Al3l, 1 (1999).

8. U. Gz et al. Noxcl Phyx AI92, 1 (1972).

9. P. Moller, Naxl Phys. Al | (I999).

10. H. Flocard, P. Quentin. and D). Vautherin. Phvs. Lets. 468.
304 (1973).

11. Bozena Nevio-Pomorska, “Electric Multipole Voments of
Asomic Nuciei,” Report {538, insticate of Neciesr Research,
Warsaw. Foland (1974).

12. Bozens Nerio-Pomorska, private communication.

13. J.A.Gaseev.S. P. Ivanova.and V_ V. Pashkevich, Yed. Fiz.
11. 1200 (1970); transieted in Sov. J. Nucl. Phys. 11. 667 (1970).

4. L Varnell et al.. Bl Am. Fhys. Soc. 17, 999 (1972).

15. R. M. Rossingen ct al., 10 oe published.
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1%0 140 217609 018}H or -0.0209
Av2176(10) Av 021} or —0.45416)
3. 5. Wellorshoims snd Th. W. R, Muct Phys. ATTS, 87 (1977).
O, K. Shew ond ). 3. Crosnberg, Piyx. Rev. C 16, 263 (1974).
K. A TS ot sk Piys. Rev, Lerv. 39, 1010 (1971).
51 ). Wollershwie ¢t ol., PRy, Lets, 808, 313 (1974); H. J. Wollersheim, W. Wikck, and Th. W. Ziue, Mtys. Rev. € 11, 2008 (1975).
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COULOMB EXCITATION MEASUREMENTS
OF REDUCED E2 AND E4 TRANSITION

MATRIX ELEMENTS IN “*Dy,
W2leEe, AND YD
R. M. Ronningen'  H. Kawakami
R. B. Piercey' B. van Nooijen'’
J. H. Hamilton' R. S. Grantham™*
C. ¥. Maguire' W. K. Dagenhant
A. V. Ramayya' L. L. Riedinger’

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 this
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 prerise
knowledge of the E2 and F4 reduced-transition
matrix elements to the 2° and 4° members of the
ground band. Also, current theoreticai
calculations®"’ 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
asymmetrics, prolatc-oblate ground-state shape
transition regions, and stability against beta decay,
alpha decay, and spontaneous fission.

To provide accurate knowledge of the E2 and E4
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,
whizh is 1.6%) isotopes '**'*' Dy, '**'“Er, and '**Yb.
High-purity (99%) targets were prepared in the Oak
Ridge Sector Isotope Separator. The measurements
and anaiysis were carried out as in our galodinium
and hafnium studies.'® Our results are presented in
‘Table 2.13. Our Mo, values are in agreement, within
errors, with the theoretical predictions.* "’

1. Vanderbiit University, Nashville, Tenn.

2. On leave from Uniwersity oi Tokyo, Japan.

3.On leave from Delft ‘Vechnical Univenity, Deift,
Netherlands.

4. Osk Ridzc Associated Universities Summer Fellow.
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5. University of Teanessee. Knoxville.

6. S. G. Nikson ct al.. Nl Phys. Al3L, | (1969).

7. U. Gtz er al.. Naxl. Phys. AI92. 1 (I972).

5. P. Moller. Nucl. Phys. Al42. | (I90).

9. H. Flocard. P. Quentin, and D). Vautherin, Phys. Levr. 46B.
304 (1973).

10. Borena Nerlo-Pomorska. ““wcl. Phys. A299_ 481 (1976).

11. Borena Nerio-Pomorska. “Ekciric Multipole Moments of
Atomix Nuclei.™ Report 1538, Institute of Nuckear Revearch.
Warsaw. Poland (1974).

12. Bozens Nerio-Pomorska, private communication.

13. F. A. Gareev. S. P. Ivanova, ang V. V. Pashkevich. Yod
Fiz. 11, 1200 (1970). translated in Sov. J. Swcl. Phys. 11, 667
(1970).

14. R. M. Ronningen et al.. to be published

NUCLEAR TRANSITION PROBABILITY,
KE2), FOR O, = 2t
TRANSITIONS

S. Raman C. W. Nestor, Jr.'
W. T. Miiner P. H. Stelson

A widely used compilation of experimental results
for the reduced electric quadrupole transition

probability [ B{ £2)1] between the 0 ground state and
the first 2° state in even-even nuclei was published
in 1965.° This compilaiion contained 476 measured
B E2) values from |33 references, leading to adopted
B E2) values for |55 nuclei. We have updated this
compilation with coverage of literature up to April
i977. The present compilation contains 1400 entries
from 550 references, leading to adopted B E2) values
for 250 nuclei. Preliminary summary drawings (Fig.
2.75) are shown here.

We note that (1) many nuclei have now been
studied by more than one technique, (2) the A E2)
values have greatly improved accuracies, especially
through inelastic scattering measurements, (3) A 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 Selzer
theoretical E2 conversion coefficients are
systematically about 2% higher than those derived
from B(£2) values and T; : measurements.
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The present compilation is expected to appear in
Atomic Data and Nuclear Daia Tables by the end of
1977.

1. UCC-ND Computer Sciem.s Division.
2. P. H. Stelson and 1. Grodzins, Vixl Data Sect. A 1. 21
(1965).

NEUTRON YIELDS FROM
(a,n) REACTIONS

J. K. Bair

When the neutron yield from a “"PuO; source.
calculated from thin-target (a.n) cross-section data'”
and the alpha-particle dE/dx values,' was compared
with the precision experimental value. th- caiculated
value appeared to be low by about one-third. This
discrepancy was surprising but not impossible in view

J. Gomez de; Campo

of the stated *235¢ error in the cross section and the
+5 to 10 uncertainty in the encrgy-loss values. Our
interest in this discrepancy. together with recent
engineering interest in infinitely thick-target (a.n)
yields. has prompted the present series of
measurements.

The "Ofa.n) cross section has been remeasured
using an anodized tantalum target confaining 50.¢
ug cm’ (£69%) 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 errorassigned of
about +8%.

Total neutron-yield measurements have been made
on infinitely thick targets of SnO; and *'SiO:. 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



3
}

®Si0; is abowt 1.5% hiCh. The cu'calste? “*PuO;
yickd is less sccurate tham the precision sosrce
mecasurcmment, because the cross-section dots tad
the calcalatioa ewd some 0.4 MeV below the energy of
*pu alpha particies. If  ce wies the SuO: thick-
gt Jen 10 amale this extrapoiatioc, one finds thet
the calcninted value is abowt 8 w 0% low.

The general agreemenst between the messured
from the .him-target cross section is comsidered
stufactory im view of the 9% crror on the cross-
section deta and the 5 or 0% ervor os the alpbe-
perticic encrgy-loss valwes.

The (o.n) yicdd Ims also been measured for
mfinieety thick natwral isctopic targets <f Si, 3, and
Mg The bombarding alpha-particle encrgy ranges

from 3 or 4 McV w a maximum of 9 MeV.

L 3. K. Doiv ot H. B Willaed, Phys Rev. 128. 299 (1902).
2 J. K Beirand F. X. Hocs. Phys. Rev. C 7. 1356 (197)).
3. L. C. Nerthclific and R. F. Schilling. Nwxl Ness Tabdes 1.

DI
4. 1. K. Boir and H M. Busicr, Saxcl Techmol. 19. 202 (1973).

PRECISION MEASUREMENT OF THE
MAGNETIC MOMENT OF THE NEUTRON

W.B.Dress N.F. Ramsey'
P.D. Miller U I.. Greene’
J. M. Pendiebury’

We have compicted a precision measurement of the
magnetic dipole moment (MDM) of the neutron at
the High Flux Reactor, Institute Laue-Langeviz,
Grenoble, France. This experiment employed a novel
method of nuclear magnetic resonance in flowing
waler in order to monitor the magnetic environment
of the neutrors as they passed chrough our spec-
tromeier. The neutron magnetic resonance spec-
trometer, designed and built st ORNL for a sesies of
measwmiements designed to search for the electric
dipole moment of the nettyon, was modified for the
MDM experi‘mem after the last electric dipole
measurement.

Figure 2.76 shows tne spectrometer as modifed for
flowing water (omitted from this figure are desails of
the neutron polarization and detectinn). The protons
in H;O were polarized by pastage through a baffled
chamber immersed ina 14-kG 13¢e)d. They then passed
either through an utter tube (when used as a monitor)
or through the middle tube (normalsy the neutron
beam tube) when comparisons between middle and
outer tubes were being made.

Each of the three tubes passes through two of coiis
separated by 60 cm (see Fig. 2.77). These coils

mtroducr spi-fkps of the Ramse> type ia the
polarized protocs aad myJtroms. A typwcal protos
resouance is shown = Fig. 2.78, where the froquency
of the 1f power » 2be \we cois was chenged in ovder

The MDM mecasurement comzisted of fust
cahbrating the owier, or monitor, tube by comparnng
the resomamt freqaeacy of the protons ia the middle
and Bevhroms were allowed 0 pass throwgh. The
resonamt frequeacy of the newtroas was compered
with the proton frequency m the oster tube. The
result,

p=in )N (1Y)

is the product of thee ratios of the four eaperimentally
measured frequencics. The subscripts #aad p refer o
neutrons apd 2wotons sespectively. “md” and “omt™
refer 10 the miidle and outer tubes. The calibration
(comparison of proton frequencics) was remeasured
after each run.

The apparatus was rorted by 180° in ocder o
cancel smal effects, suck as the Doypeer shift 4u= to
motioa toward and away from the sf coils; any
constant phasr shifts Cue to geometry or elcctrical
circuit differences: and the Millman thift. which is
produced by fringing effects upom entering ond
leavire the of regioks. The most serious effect. the
Iloii. Siegert shift due ;o the presence of a con-
trarotating magnetic field (the other half of ocr
appbied oscilbyting 1f feid), was det-vmined by
varying the r{ powzr and extuoolaticyg to zero.

The prelininary result, as yet uncotrscted for
temperatcse effects on tne diamagmetism of Cissolved
oxygen in the wate- (sn Tect of a few partsin 10"), is

Mol py = G.68497969 (19)

where 19 is *Os uncertainty in the last two digits.
Corrections have been made for the geometry of the
H:/C sample, the presence of the H;O near the
neutron beam, and the shielding of the protons in
H:O. This number is r.ecrly 190 times more precise
thar the previous measurement.’ Simple symmet-y
theory without any symmetry brcaking gives a
prediciion of exactiy two-thirds for | un/api.

I. Har/ard University, Cambridge, Mass.

2. Gradusie stuwient from Harvard Univensity, Cambridge,
Mass.

3. Uaiversity of Suseex, Brighton, United Kingdom.

4. W.B. Dress et 8i.. Phys. Rev. D 15,9 (1977).

3. V. W.Cohen, N. XK. Comgold.and N. F. Ramsey. Phys. Rev.
104, 283 (1936).
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Fig. 27 Pictorial represemstion of the experiment showing the H;O (protos) circwit. For clarity. the details of the ncutron
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Fig. 2.77. Schemmtic view of both neutron and proton flows. For neutron measurements, the middle tube was emptied of wa'er.
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NEW RESULTS FROM STUDIES ON

RADIOACTIVE HALOS
S. Raman E. Riccd’
R. V. Gemtry' H. L. Yaker’
C.J. Sparks, Jr'  C. A. Gosseut®
M. O. Krause' W. T. Milmer
W. H. Christic’ J. B. Bates’

Despute the pessmism geacrated by calculations
showing that the formation of seperheavy siements
during most of the r-process is quite difficuk, several
mtensive searches have been undertaken m the past
for these clements. A receat letier” presented evidemce
[«lkmdmnlspubavymm

Madagascar mica in which the inclusions had
generated giant halo discolorations. A more seasitive
x-ray fluorescence experniment was carmied out
subsequently at the Stanford Syncarotron Radiation
Project. No evidence was found ' in the x-ray spectra
for the existence of superheavy clements in these
inclusions. For example, n Fig 2.79. we have
compared the x-ray spectra from sample 19-D
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Fig 2.7. Comparison of our data with those obtained at Florida State University.



excited either by 59-MeV protons (Flonda State
Umiversity data) or by 37.5-keV photoas (our data).
Any x-ray peak attnibutable 1o superbeavy clements
should be emhamced about 50 tmmes in our data
compared with the Florida State University data.
Duta from the Sanford experiment and carhier
carned out at Oak Ridge have. however. provided
wmexpected oew results. These results are from
by both regular and giant halos. extracted from the
same picce of Madagascar mica which has beena rich
source of transparent crystallme monazie mclusions.
In the x-ray fluorescemce results. the amorphous
mclusions show a depiction of lead (Fig. 2.80) by a
factor of 7. The ion-microprobe results are even more
striking (Fig_ 2.81). While the spectra from monazite
inclusions show “*Pb and **Pb peaks arising from
the decay of “*U and “Th. respectively. those from
the opaque inclusions show only the ““Pb peak. The
**Pb peak is diminished by a factor of 20 compared
with the monazite inclusion. These observations raise
some ateresting geological and cosmological
questios s. Finally, new measurements (mfrared and
Raman .~ ~~roscopy) are under way at Oak Rudge 10
test the hypothesis® that the giant halos are produced
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bv knock-on protons due to the interaction of alpha
paiiicles with water presumed 10 be present inor near
the inclusions.

1. Chemistry Division.

2. Metals and Ceramics Division.

3. Analytical Chemustry Division.

4. Great Lakes Colieges Assocmation. DePauw Unnersity.
Greencastie. Ind.

5. Solud Statc Division.

6. R V. Gentry et al.. Phys. Rev. Lent. 3711 (1976).

7. C. 5. Sparks. Jr.. et al.. Phys. Rev. Lerr. 38. 205 (1977).

8. U von Wimmersperg and J. P. F_Sclischop. Phvs. Rev. Lenr.
38. 386 (1977).

NEUTRON PHYSICS

INTRODUCTION

During this repor: period, the nuclide “*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 1 keV) of ORELA is needed to interpret
both meutron measurements and previous
photoncutron measuren.ents. In order to determine
the spins, parities. and neutron widths of the excited
states in this energy region, 7 detailed multilevel



These assignments arc nceded 10 permit gamma-1ay
sadiative streagths (also measured at ORELA) 10 be
assigned o the appropriate muktipole, that is, F] or
M1. The combimed experniacuts bave secceeded
locating about 50% of the M1 streagth expected for
this amclide, with a2 sizable fraction of it a1 aa
excitation encrgy of 7.5 MeV. Four statesat 7.5 MeV
with spins at |” have a factor of 4 10 5 larger gaman
and sewtron wilths thas the average of other 1 stases
aad constitese 2 “docrway” i both the acwtron and
photoa chanacls.

Information was also obtained on the E2 strength
for ™ P, pomsible doorway stases i the s-, p-, and 4~
wave mewtron cheamels, and for p- and d-wave
neutron strength functions for the three permissible
J valwes. Addiomal work is required to mvestigate
the region above an excitation energy of 8.0 MeV to
locate defimitely the resminder of the M1 strength
and 10 search for higher-energy doorway states.

Amhadmyddnpemdmtkm
tiom of three 7=’ analog states from hi
total cross-section measurements on >*Mg. Thisis the
first time that a T> state had been reported from
ncstron measurements. The strengths of these states
give miormation on the isospin impurities of the
states and the average mixing-matrix clement.

A program to measure and analyze the differential
clastic-scattering cross section at several angles at
both the 80- and 200-m: fisght stations was mitiated.
The measurement of i< shape of resonances at
appropriate angles is a very semsitive method of
determining / values of resonances, as was shown for
¥Pb and Mg This technique supplements the
procedure we have used previously of assigning /s
and /s to the resonances from a careful analysis of
total cross-section data alone, such as the 2nalysis
done for “*Ca presented in 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= 100 in neutron and proton strength functions.
Using the codes developed, available level densities,
and a simple panmeterization of the gamma-ray
strength function, an excellent fit is obtained to the
average radistive widths for s-wave resonances for 75
< A < 130. The resulting prediction of the radiative
widths of p-wave resomances for 4 about 90 requires
significant valency capture to obtain agreement with
experiment.

New developments m the capture cross-section
PIOIAm WETC mprovemnents | clectronics, permit-
timg reliable messurcments 0 be made wpto 2 MeV (2
xsec afier the gammn flash), and 2 thin-wall gas
sampie nolder for rare-gas samples.

Afer several years of cfiont, two experiments
relating to newtroa stamdssd cross sectioas were
concleded wih gratifymag resulits. The resalts of 3
cooperative experiment at Harwell on the (np)
scattering angular distribwtion at 273 MeV s
considered to have an uncertaimty of approximateiy
less than 2% Direct meassrements of the ‘Li(n.e)
cross section have beea analyzed 1o give 3 vabee of
3.34 & a1 244 keV with an sncertaimty of about 3%,
excclient agreement with the valse obtained from R-
matrix calculations fitting the ORELA total cross-
section data.

Active programs have contimued for the measare-
ment of fission, capture, and total cross sections. The
fission measurements arc on the actimdes such as
Cm and *’Cm. In order 0 measure the fission
cross section of **'Am, a new fission chamber with an
inpovation 1o reduce the effects of alpha pileup 1s
being developed. The capture measurements were
concerned with nuclides such as *Pb and *™Bi, of
interest in nucieosynthesis; **Th and *'Zr, of interest
in reactor design; and nuclides of interest to basic
nuclear physics. The total cross-section
measurements were on nuclides such as 'Li, of
interest in fusion; **'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 inost current interest have been selected for
presentation.

POSITIVE IDENTIFICATION OF
J* =1’ (M1 RADIATING)
LEVELS IN *Pb

D.J. Horen J. A. Harvey
N. W_Hil'

From high-resolution neutron transmission and
elastic scattering measurements on *Pb, we have
been able to make the first definitive assigoment of
J = 1" 10 levels in *Pb. By combining our results
with the *”Pb(n, ) data from Allen and Macklin,’ we
can make the firsi positive assignment of M1 strength

in ™Pb. The search for such strength has been the
subjea of numerous works published during the past
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Fig 2.83. Newtron transmiseion and differential cims” .. scuter-
ing spectra for *’PY. The differential cross sectin-., are given in
relative units. The cakulated cross sections for the 115.7-keV
{resonance plus interference only) resonance (assuming /= [ or 2)
normalized to the same relative scale a3 the experimental dats at
45° are also shown for comparison. The potentin! phase shifts were
taken as éy = —40.1° and ¢1 = —1.3°,

ten vears. Much confusion has been generated ducto
the imability of the expermmental methods cmployved
10 allow the assgnment of unambiguoss parity to
levels deduced to have J = 1.

In our work.’ a significant change in the p-wave
strength function ("doorway state™) was observed to
occur at E, =~ 120 keV (ic.. 749 MeV in Pb) (sce
Fig 2.82). The pnmary resonances responsible for
this change were determined from the transmission
data to have J = |. The paritics have been determincd
uniquely from the observed changes in shape of the
resonance cross sections {i.c.. of £.0)] with angle (sce
Fig 283)

Add#tional work 1s required tc locate defmitively
the -emainder of the M1 strength in ™Pb and 10
resolve incomsistencies in reporied works on this
subgect before a2 comparson with theoretical predic-
tions will become meaningful.

1. Instrumentation and Controls Division.

1. 8B J Allen amd R L. Mackin. Procerdimgs of rve Therd
Newiron Cross Section end Techmology Conferesce. Knoxvilke.
Tenn.. CONF-710301 (March 1971). p. 764.

3. D. 5. Horen. J. A Harvey_ and N. W. Hill. Ball. 4m. Phrvs.
Soc. 22. 543 (1977):. paper submitted 10 Physicel Review Letrers.

PHOTON AND 4d-WAVE NEUTRON
J* = 1" CORRELATED DOORWAY
STATE IN *Pv

D. J. Horen

In a study of the ™ Pb + n1 reaction. we have shown
that a number of J* = | resonances are formed by an
admixture of (s + d)-wave neutrons.' The fact that the
reduced neutron width for the d-wave 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 d-wave components of obscrved S5 = |
resonances. Here the reduced width is defined as
I3/ VE.vi, where I is the observed neutron width, E.
is the neutron energy in ¢V, and v; is the penetration
factor for neutrons with orbdital angular momentum /.
Also shown in Fig 2.84 arz the ground-state radiative
widths determined from measurements of the
*’Pb(n,y) and ™*Pb(y.n) reactions.’”’

Note that strength in the s-wave channel is
concentrated in the vicinity of 450 keV. while, as
mentioned above, the d-wave strength is mainly
con‘ained in the 256.43-keV resonance. The photon
channel aiso shows an enhancement of strength in the
vicinity of 256 keV. Lane has pointed rut that the 14s-
v3p”' and v3d-v3p”' Ip-1h states do not participate
completely in the giant £] resonancu. and part of the

J. A. Harvey
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Fig. 204. Plots of grosad-state nadiative widths and reduced
netron widths vs neutron eaergy for Jx = 1™ resoaances in Pb+
N

dipole strength from these configurations is located
in the region of 3 to 7.6 McV in *"Pb.’

We suggest that there is a correlated doorway state
(i.c.. in the El photon and d-wave neutron channels)
in the vicinity of 76 keV which is associated witn a
fragment of the »3d-¥3p”' configuratior. Whether
there is a correiation in the photon channel with the
doorway state near 450 keV in the s-wave channel
remains to be investigated.’

i. D.J. Horen. J. A. Harvey and N. W_ Hill. to be published in
Physics Letters.

2 S. Raman. M. Mizumoto, and R. L. Macklin, (privaic
communication).

3. C. D. Bowman ct al.. Phys. Rev. Len. 25, 1302 (1970).

4. L. C. Hackeand K. G. McNeill,. Can. J. Phys. 53. 1422 (1975).

5. R.E. Toohey and H. E. Jackson, Phrs. Rev. C6, 1440(1972).

6. A. M. Lane, Ann. Phys. 63. 171 (1971).

7. This Joorway state has been pointed out by F. T. Seitel. E. G.
Bilpuch, and H. W. Newson. Ann. Phys. 69. 451 (1972)

FIRST MEASUREMENT OF SEPARATED
NEUTRON p-WAVE STRENGTH -
FUNCTIONS ZOR 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 “”'Pbhas /=",
neutrons which carry in one unit of angular
raomentum can form levels in the **?b compound
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system withJ=9", 1" and 2". Levels baving J=0"can
be formed only by neutrons which have theirintrinsic
spin opposite to the direction of their angular
momettum (i.c., p; 2), while those having J= 2" must
be formned with neutrons in a p;: state. Hence,
measurements of the ncutron widths of resonances
having J =0" or 2’ yield information on the p; : and
p» - neutron strength functions respectively.

If the compound-nucleus theory is appliccbie, the
spin-spin interaction is negligible, and the strength
function depends solely on / and J. then the strength
function for formins, /* = 1" resonances should be
equa! to the sum of the strength functions for forming
J =0 and 2° resonances.

From analyses of our transmission and scattering
data on ™ Pb, we have been abie to make definitive or
probable assignments of about 24 resonances cach
having J* =0 or 2" and approximately 40 resonances
with J* = I’ in the ncutron energy interval 3 to 400
keV. The p-wave strength functions for each J value
are shown in Fig. 2.85. From the shapes of the curves
of 3I'.'(J) vs E, above the “doorway state” (i.c.. E.
greater than 150 keV), we find S'(07)=4.1% 107,
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$'(2) =28 X 107, and S'(1") = 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.c., 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 achicvable at ORELA.

1. Instrumentation and Controls Division.

NEUTRON CAPTURE BY
¥Pb AND *Bi

R. L. Macklin  J. Halperin'
R. R. Winters’

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 s-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 raaiative widths (about 2 eV)
were also found for a group of six resonances (721 to
826 keV) also scen 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. the
level density is enough greater than for “**Pb + nthat
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 10 30 keV as well as
to those resonances reported in transmission from 30
1o 70 keV. The *™Bi(n,7) work has been repo:ted in
the Physical Review” and the *™Pb(n,v) work in the
Astrophysical Journal.

1. Chemistry Division.

2. Denison University. Granville, Ohio.

3. R. Macklin and J. Haiperin. “Resonance Neutron Capture
by “"Bi.” Phys. Rev. C. 14, 1357 (i¥76).

4. R. .. Macklin, J. Halperin. and R. R. Winters. “Neutron
Capture by “"Pb at Stellar Temperatures.” to be published in
Astrophysical Journal.
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22T, y) Cross Section

Below a neutron energy of a few keV. the resonance
parameters for thorium have been well determined in
carlier work. At much higher energies of primary
importance in some breeder and converter nuckear
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 rted since 1972 in lying
significantly below cusrent cvaluations (by about
30% from 100 t0 400 keV in the case of our data and
ENDF; B-1V). The effect of inclastic scatieringio the
49-keV level shows up stro -gly as competition with
capture above the inclastic threshold. Intermediate
structure was not found. but the cross-section
fluctuations (in the 0.25-keV steps up to 100 keV)
were measured. .

FINE STRUCTURE F A NEW M1

GIANT RESONANCE AND THE
TAIL OF THE ISOSCALAR E2
GIANT RESONANCE IN *Pb

S. Raman G. L. Morgan’

M. Mizumoto'  J. Halperin’

R. L. Macklin G. T. Chapman’

G. G. Slaughter  R. R. Winters*

In a simple shell-model picture, two 1° states are
expected in “Pb atabout 7 MeV, resulting from the
one-particle, one-hole (ip-1h) configurations
Wi 132,011, 2) and w(h™'s1s 2 2). These states are
expected to nearly exhaust a transition strength of
about 36 uo’. The inclusion of 2p-2h configurations
results in the splitting of these states into many
components.

We have identified 18 M1 transitions in “*Pb 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.’ In the excitation region
between 7.37 and 8.23 MeV, about 50% of the
expected total M1 strength in *Pb has been located.
Recent (y,n) polarization measurements® have
located an additional about 30% M1 strength in the
unbound region (see Fig. 2.86).

Primary £2 transitions are extremely rare in (n,v)
reactions. In ’*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 total energy-weighted isoscalar sum-rule
strength, the expected strength in the Lorentzian tail

e . ———

TN .


file:///p-/h

b
D"r“,:_-/‘;)a,‘». s

S, g TT-gesd

- - E_——--—-..:...-———’ R

. l“;l..;l_ I [ l I

]

R
Fig. 286. Semmary of M] streagths in the wabound region of

¥PY. Previous work refers to the findingsof Laszewski. Holt.and
Jackson (ref. 6).

Qi - guih T+ wputs

-y

ot

led L |

”»
Excigtion owrgy (W0V)

ml-';u‘l. Semmary of E2 strengths in the unbound region of

——

assuming that a giant E2 resonance 3 MeV wide at
10.9 MeV is about 3%.

1. Japan Atomic Energy Rescarch Institute, Tokai-mura.

3. Chemistry Division.

4. Denison University, Granvitle, Ohio.

S. D.J. Horen, J. A. Harvey, and N. W. Hill, to be published in
Physicsl Review Letters.

6. R. M. Laszewski, R. J. Holt,and H. E. Jackson, Phys. Rev.
Lets. 38, 813 (1977).

PARITY OF THE J = |, 7.060-MeV

LEVEL IN P
D.J. Horen F. P. Calprice'
D. Muelie'  D. Kouzes'

The 7.061-MeV level in *Pb has been tentatively
assigned by Freedman et al.? as having a value of
J* = 1'. Because this level has a ground-state
radiativé width of about 23 eV, such an assignment
would exhaust a significant fraction of the expected
M srength in ™Pb. In fact, the sum of rported M1
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strength in *Pb by researchers at ORNL”™ and at
Argonne®”” and by Freedman et al.’? exceeds that
predicted in theoretical calculations. For this reason,
it was considered desirable to perfonm experiments
that might verify levels which have been tentatively
assigned as |° and bave large I',o.

The Princeton University AVF cyclotron and
QDDD spectrograph were utilized 1o measure the
*'Pb(dp) reaction. An experimental resolution of
about 10.5 keV was achieved. Preliminary angvlar
distributions for forming levels a1 7.060 and 7.080
MeV are shown in Fig 288. Among others,
Freedman et al.? have assigned the 7.080-MeV level
as having J° = 1. From Fig. 2.88, it can be seen that
the 7.060- and 7.080-MeV ievels 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 M1 strength in ™ Pb. However, final
conclusions on this point must await the results of
final analysis and DWBA calculations.

1. Princeton University. Princeton, N. J.

2 S. ). Freedman et al., Phys. Rev. Lett. 37, 1606 (1976).

3. D. J. Horen, J. A. Harvey, and N. W. Hill. Bull. Am.
Phys. Soc. 22, 543 (1977).
Raman ct al., Bull. Am. Phys. Soc. 12, 542 (1977).
E. Toohey and H. E. Hackson, Phys. Rev. C 6. 146
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i
J. Holtand H.E. Jackson, Phys. Rev. Le11.36,244(1976).
M. Lazewski, R. J. Hoit, and H. E. Jackson, Phys. Rev.
Lens. 38, 813 (1977).
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RESONANCES IN *'Pb + n OBSERVED
IN TRANSMISSION AND
ELASTIC-SCATTERING MEASUREMENTS

D. J. Horen J. A. Harvey
N. W Hill'

The analyses of high-resolution neutron transmis-
sion and clastic-scattering data on *”’Pb have been
completed in the energy intervel 3 to 500 keV.
Approximately 120 resonances have been analyzed
and definite or probable J° values assigned. In this
energy interval, only two s-wave resonances with J°
=0 have been observed. The main neutron s-wave
strength is located in the vicinity of E,= 450 keV and
supports the suggestion of a common “doorway
stazte" in the lead isotopes as proposed by Farrell et
al.

Because the probability of missing J = |, s-wave
resonances in these measurements is rather small, the
ratio of the number of observed S = 1" 10 J° = |’
resonances (i.c.. about 4:1) would imply that either
there are a number of missed J° = |~ resonances
which are formed by neutrons with / = 2,
orthat the expression for the leveldensity, o E.J). has
a parity-dependent term in this energy interval. It
should be noted that we have tentatively assigned
three resonances with J° = (1')and /=2. Also, there
are a number of levels reported to have J° = 1" in the
bound-state region of **Pb, but only one as yet with
J"=(I'), and this latter assignment is tentative.

These results are being prepared for publication.

1. Instrumentation and Controls Division.
2. ). A. Farreli et al.. Phys. Lesi. 17, 286 (1965).

ABSOLUTE MEASUREMENT OF THE
“Li(n,2) CROSS SECTION
IN THE REGION OF THE
244-keV RESONANCE

N. W. Hill?
K. Rush?

For nearly 30 years, the *Li(n,a) cross section has
been used as a standard for neutron cross-section
measurements below about 500 keV. The ‘Li(n.a)
cross section was selected as a standard cross section
because it varies as 1/v below about 10 keV and
because of its relatively large cross secticn, the large
Q value of the reaction, and the availability of ‘Li
detectors (notably *Li glass scintillators). About
three years ago, after 25 years of effort involving

C. Renner'
J. A. Harvey
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dozens of independent measurements of the *Lin.a)
cross section at many different laboratonies 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)]. it was hoped that the peak
value of 3.0 b from direct (n,a) measurements was
known to about 56;. However, using a multichannel
multilevel R-matrix analysis of total cross-section
data, Hale' obtained a value of 3.5 b for this (n.a)
peak cross section; when he also included (1 + a)
elastic scattering. Hale obtained a value of 34 b,
obviously in disagreement with the directly measured
(n.a) value.

In 1975. a program was begun at ORELA to
measure the “Li(n.a) cross section, using a neutron
beam filtered through 8 or 12 in. of Armco iron,
which produces severai monoenergetic groups of
ncutrons 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
«liminated. Of particular iaterest 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, | | 1-mm-diam piece of
“Li glass scintillator. The 12.7-mm lithium glass was
mounted in a transmission configuration and was
used as the neutron monitor. The *Licontent of the 1-
mm piece of *Li glass was determined from the 1/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 or measurements ranging from
about 10 to 1000 V. 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 15. 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 nine 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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comperison between the counting rates of the 1-and
the 12.7-mm ‘Li glass afier a normalization to the
same flux and multiple-scattering corrections were
applied. Although the corrections involved were
very large for the 12.7-mm glass (30% at 244 keV
and 50% at 310 keV), we obained good agreement
(about 4%) between the counting rates of both
detectors at the two energies. From this we can
estimate an accuracy of about 1% 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 pulse-height
distributions for the same ~20 neutron groups and
backgrounds were measured for both NE-110
detectors. Forthe 7.5-cm-thick NE-1 10 flux monitor,
the efficiency for a neutron interaction in the detector
is very high (about 995 at 220 keV) and can be
determined accurately vs neutron cnergy, but the
probability of producing enough light to produce a
measurabie pulse is only 90 + 19 and drops sharply
below about 150 keV. For the 2-cm-thick NE-ii0
monitor, the efficiency for a neutron interaction is
lower (about 705 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 cakulated
responses, using Monte Carlo techniques. In order to
make this cakulation, the light response of the NE-
110 for protons was measured relative to the electron
pulse-height response for gammas from an *Na
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
protozis 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 overali 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 G. 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
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excellent agreement with the R-matrix calculations
made by Hale' for the recent ENDF/B-V. It also
agrees with the recent value of 3.15+ 0.15 b reported
by Lamaze® and of 3.306 b reported by Gayther.”

1. Vistor from lnstauto de Enc'gia Alomica. Brazil.

2. lastrumentation and Controls Division.

3. D. I. Garber and R. R. Kinsey. Newtrona Cross Sections,
BNL-325.3d od.. vol. Il (January 1976).

4. G. M. Hale. “R-Matrix Analysis of the Light Elenent
Siandards.” Procredings of a Conference on Newtron Cross
Sections and Technology. vol. 1. 302 (1975).

5. G. M. Hale. “R-Matrix Analysis of the 'Li System,”
Insernationsl Specialists Symposism on Neutron Sianderds and
Applications, Nationa! Burcau of Standards. March 1977.

6. G. P. Lamaze &t al.. Procecdings of the Miernationsl
Conference on the Mteractions of Neutrons with Nuckei. vol. 2.
1341 (1976).

7. D.G.Gayther. A Measurement of the* 1.i{n.a) Cross Section,
AERE-R 8556, Atomic Encrgy Resecarch Establshment, Harwel,
England (1977).

EMP'"ICAL PREDICTIONS OF RADIATIVE
WIDTHS FOR 75 < A< 13

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 arc 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 15 of the dipole sum resides in
the neutron-separation energy. In that regard, the
important quantity is o,l‘,’;’ E,;', where E, is the
dipole-resonant energy, Iy is the width, and o, is the
peak cross section. In Fig. 2.89, the data points are
observed' values of this quantity. But the use of these
values in the statistical theory along with level
densities from the back-shifted Fermi gas modal’
leads to total radiative widths often in poor
agreement with those observed. In particular, the
values near A= 100 are predicted too large by a factor
of 3.

The empirical curve in Fig. 2.39 leads to radiative
widths for s-wave neutron resonances agreeing to
+25% with two-thirds of the observed values. This
curve corresponds to two standard expressions in
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addition to an empirical one. The standard ex-
pressions give the observed dipole encrgy and the
sum rule:

E;=76 A"'MeV ,
o s=38 NZ A MeV-mb .

The additional empirical expression for this mass
region is

I, = 1004 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.")

I. B. L. Bermanm. Ar. Data Nucl. Data Tables 18, 319 (1975).
2. W.Dilgetal.. Sucl. Phys. A217, 269 (1973).

"7

3. Resonence Paramesers. compiled by S. F. Mughabghab and
D. L. Garber, BNL-325. 3d ed.. vol. |. National Technical
Information Sexvice. Springficid. Virgina. 1973.

4. S. K. Penny. private communication.

PROTON AND NEUTRON 3p RESONANCE
NEAR 4 = 100

C.H.Johnson A.Galonsky'

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 measurements’ showed a
double peak with maxima near 4 =92 and 108. The
presence of two maxima was first attributed™ to the
spin-orbit potential, but later calculations™ showed
that the normal spin-orbit coupling has a negligible
effect on the resonant shape. Buck and Perey’
attributed the splitting to quadrupole vibrations and
found. using known deformation parameters, that
the size resonance should fall sharply on the high-
mass side (4 = 95 to 105) and have a broad structural
shoulder near 4 = 110. Improved later data* agreed
fairly well with these calculations.

However. in 1974, Camarda’ made precision
necutron 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 clements 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 resuits 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 (p.n) cross sections, for protons incident helow
the Coulomb barrier. The neutron and proton
projectiles each have their merits. A virtue for
protens is that the 3p state is quasibound by the
Coulomb potential. Thus, a giant p-wave resonance
may be seen as a function of proton energy for a given
target with a given deformation parameter. Such
resonances were found from precision (p.n) cross



sections for isotopes of tin and were published during
the present period.”®

Earlier (p,1) data from the 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 encrgies fairly
reliably from those observed for the tm isotopes.
Thus, if a conventional optical model 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 model parameters for tin may not be
valid near 4 = 105.

Using the optical-model search routine GENOA, "
we analyzed the observed (p 1) cross sections for 2.5-
10 5.5-MeV protons onnuclei from A =89to 130. We
corrected for gamma-ray competition with neutron
emission, using the Hauser-Feshbach program
HELGA."™" Each excitation function was fit by
adjusting the absorptive surface diffuseness ap and
well depth Wp. The results are that all of these nuclei
require nearly the same diffuseness (ap nearly equal
to 0.4 F), but th: absorptive well 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 determined'® values for the tin
isotopes arc designated by “x.” The curve is drawn
visually.
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It is probabile that these data could be described by
introducing some sort of A-dependence in one or
more of the several optical-model parameters, but it
is clear that a simple model with the usual small 4
dependences in all parameters cannot fit the data.
This is evidence that an analogou* variation occurs
for neutrons.
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THE 292.4-¢V NEUTRON RESONANCE

PARAMETERS OF ZIRCONIUMS1
R.L. Macklin  J. Halperin'
J. A. Harvey N. W. Hili*

The lowest strong s-wave neutron resonance in
zirconium has a major influence on the magnitude of,
and change in, necutron 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 is
used for reactor fuel clad and for some structural
components. We have analyzed both neutron capture
and transmission data taken at the ORELA neutron
time-of-flight facility for the 292.4-¢V resonance
parameters. The spin assignment J = 2 is supported.
We find that the neutron width I',= 866 + 11 MeV
and the radiative width ', = 86.8 + 2.2 MeV indicate
less neutron capture than do parameters derived
from earlier studies. This lower capture, however, is
more compatible with integral measurements and a
lead slowing-down spectrometer measurement.

1. Chemistry Division.
2. Instrumentation and Controls Division.




keV CAPTURE CROSS SECTIONS

B. J. Allen’ M. Mizumoto*

J. W.Boldeman'  A. R. Musgrove'

G. T. Chapman M. S. Pandey’

D. Drake C. Perey

E. D. Earle’ F.G. J. Perey

J. B. Garg* R. B. Perez

J. Halperin® S. Raman

W. J. Kenney' G. de Saussure

R. L. Macklin R. R. Spencer

J. Malanify’ H. Weigmann'
R. R. 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:

’lJl.’er «.n.u.n_»n 2‘.2!.20 lt!H o: ‘01_
”Bl.‘”’Cu, "'“Fe' WMC‘ ML‘.IQM o;

BCo; WM By Py, BRI,
Iu,l‘).l“,l‘s.l‘“l“Nd

Most of this work involved extracting single-level
parameters, and the results were studied for evidence
of valence ncutron capture. Nev' measurements
during the reporting period were made on the
following

BNg: P, ™Cd; ™Mg; *7ph. “'Pbin,2y);

T piim,yo), °Bi; TN, M Ly
io10LI0ZI00p . 28gien o)

I. Austnaiian Atomic Energy Commission, Lucas Heights.
Austnalia.

2. Los Alamos Scientific Laboratory, Los Aamos, N. M.

3. Chalk River Nuclear Laboratories, Chalk River. Ontario,
Canada.

4. State University of New York at Albany.

. Chemistry Division.

6. Japan Atomic Energy Research Institute. Tokai-mura,

Japan.
7. College of William and Mary, Williamsburg, Va.
8. Bureau Central de Mesures d'Nucleaires, Geel. Belgium.
9. Denison University, Granville, Ohio.

STATISTICAL ENHANCEMENT OF
p-WAVE NEUTRON
CAPTURE FOR A~ 9%

C. H. Johnson

Measurements'* at ORELA of average total
vadiative widths T, from neutron capture on nuclei
near A ~ 90, namely, isotopes of Y, Sr, Zr, and Mo,

have shown that I",, fr p-wave neutron resonances is
usually somewhat larger than T,, for s-wave
resonances. Qualitatively, this is expected because
the low-lying final states in this mass region are
mostly of even parity; these can be reached by El
transitions from the odd-parity p-wave resonant
levels. Because the neutron and gamma-ray widths
show correlations, we know' * that valency capture
occurs, and we migh® expect the valency theory to
account quantitatively for the excess p-wave capture.
However, Musgrove et al.'* calculated that the
valency part is generally Jess 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 caiculated the p-wave enhancement
expected from the statistical model under the
assumption that the E£1:M1 strength ratio is 7:1. In
Fig. 291, the predicted differences, I'yp—T'ys, 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 nonstatistical effects such as
doorway states.

. Mwgrove et al.. Nuc!. Pivs. A2, (08 (1996).

. Boldeman ct al.. Nucl. Phys. A, | (1975).

. Boldeman ct al.. Sucl. Phvs. A2D. 397 (1976).

. Boldewnn et al_. 10 be published in Naucirwr Physics.
Hwad lobcM.Nnrh-Pkrm

Radiative Widths for 75 < A < 130"

ISOSPIN IMPURITIES IN ISOBARIC
ANALOG STATES IN *Mg + »

H. Weigmann' R. L. Macklin
J. A. Harvey

Within 2 MeV above the ncutron separation
energy of “Mg, there are three T = ; kevels: the
isobaric analog states of the ground state (J = *»)
and the first two excited states (J = " and ':’) of
*Na. These threz analog states have been observed
previously from charged-particle reactions and
photonucicar measurements; however. they had not
been observed in neutron-induced reactions. In fact,
a T. state has n=vcr 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 state.

We have made high-resolution (AE E < 0.16)
transm;ssion measurements on a sample of natural
magne-ium, using the 200-m flight path at ORELA,
and caplure cross-section measurements, using
enriched samples of the magnesium isotopes. The
daia have beenanalyzed to obt»in the neutron widths
and the radiation widths of at .ut 25 resonances in
¥Mg + n. The neutron resonances at 475.4. 555.4,
and 1567 keV are the three T = '; analog states of
specia! interest. The first two resonances are d-wave
resonances (corresponding to states with /= 7, and
%207 and have reduced neutron widths about 50 times
smaller than the average width for 7= " d-wave
resonances, indicaling an isospin impurity of about
2%. However, the resonance at 1567 keV isa large s-
wave, T = ; resonance which has a reduced nevtron
width about 18% that of the average of three 7= ",
s-wave resonances observed at lower neutron
energies. This corresponds to an average-mixing
matrix element of from 90 to 150 keV.

A detailed paper on this work has recently been
published.’

). Visiting scientist from Bureau Central de Mesures
d'Nucleaires, Geel. Belgium.
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2 H. Weigmasa, R L. Mackia. and J. A. Harvey, Phys. Rev.
C 4, 1328 (19%).

STRENGTH FUNCTIONS FOR p-WAVE
NEUTRON RESONANCES IN “Ca

J.L.Fowler C. H. Jobason

There have been extensive measurements and
compilations of s-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 on p-
wave strength functions is rather sparse and
somewhat contradictory. The neutron energy resofu-
tion available from ORELA enables us to resolve
resonances at higher energies where p-wave
resonances are prominent. In the case of “Ca neu-
tron scattering, we have assigned / values for
resonances up 1o | 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 energics 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 5.70 F, which corresponds to
10% depth of a Woods-Saxon potential of radius4 F
and diffuseness of 0.77 F.

Figure 2.92 shows plots of the sum of the reduced
widths from 50 keV to an energy. E,asa functionof £
for /=" and J= "/’ resonances. The slopes of the
lines through the data give the strength functions,
except for small corrections for missed levels.
Because our experimental resolution AEin the McV
varies with energy as AE=(1/0.235+0.71 E) EX 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
data indicate this is approximately true. The peaks
we neglected to analyze (about ': b) corre-
spond to 2 reduced width for p; : resonances of about
30 eV, and this value is constant 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 50 to 350 keV
suggests that we missed about 50% of narrow p; :
resonances and somewhat fewer p;: resonances.
Porter-Thomas plots of our reduced widths are
consistent with our missing p,.; levels with reduced
widths of less than 30 ¢V 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 p; : resonances, the correctinn amounts to a 2.06;
addition.

The final values for the strength functions in
dimensionless units are

(vi)/(D)=@&3+05) x10",
(y32)(D)=59+06) X (0",

with the more usual definition of p-wave reduced
widths,

1eV 1+ p

r=r. S
E (eV) P

where p = k Ry, with Ro=1.4 A'* F, the p, , strength
function is (1.4 £ 0.14) X 10, and the p, ; strength
function is (1.8 £0.2) X 10,

I. C. H. Johnson and J. L. Fowler. Bull. Am. Phys. Soc. 18,
1401. (1973).

2. ). L. Fowler, C. H. Hohnson, and N. W. Hill, p. 523 in
Proceedings of the International Conference on Nuclear Physics,
Munich. Germany, August-September [973.

3. A. R, Musgrove et al.. Nucl. Phys. A299, 365 (1976).
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MEASUREMENT OF THE NEUTRON TOTAL
CROSS SECTION OF SODIUM

D.C. Larson'  J. A. Harvey
N. W. Hi?

Sensitivity-analyses studies for the upper 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 mimimum of the 300-keV resonance.
Due to the large quantities of liquid sodium coolant
present in this reacter. this “window™ below this
resonance takes on new significance, because a small
change in the cross section produces a large change in
the transmission. Also. recent thick-sample
measurements on this minimum by Brown et al.’
showed a significant discrepancy with earlier data of
Cierjacks et al.* Furthermore. no high-resolution
data were available at lower energics. keading to large
unccrtainlies estimates in the ENDF. B-1V evalua-
tion.’

We have made high-resolution transmission
measurements on an 8.1-cm (i. N = 490 b atom)
sample of pure sodium from 32keV t0 37 MeV. using
S-nsec electron bursts. The transmitted beam was
detected by an NE-110 proton-recoil deteciorlocated
at the 200-m flight patk.

Figure 2.93 shows a comparison of our data
{averaged by ten channels) with the ENDF, B-1V
evaluation from 190 to 310 keV. the region of most
serious disagreement. We observed cight 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. Resrnance

ORR.-ONC 76-2578

Cross Secztion (b)

Fig. 2.93. Comparison of data (sverngsd by 10 chnancls) with
the END¥/ M-IV evaluation from 190 10 310 keV.
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ceaergies are 2012, 214, 236.8%, 239.5%, 298.1, 299.4°,
and 3052* keV, where the asterisk labels the new
resosances. The minimum at 296.8 keV is about 10%
lower than ENDF/ B-IV values and results in a factor
of about 2 more leakage than had previously been
calculated. A detailed listing of the cross sections
with errors and graphs is given in the work of Larson,
Harvey, and Hill.*

1. Nestron Physics Division.

2 Instresmentation and Controls Division.

3. P. H. vown et al.. Trans. Am. Nixl. Soc. 21, 505 (1975).

4. S. Cesjacks et al., High-Resoiution Tossl Newtrom Cross
Sections between 0.5 s0 J0 MeV, Karisrube report KFK-1000
(Juse 1968).

5. N. C. Paik and T. A_ Pinterie. Evalusrion of Sodium-23
Newtron Desa for the ENDF/| B Version 11l File, Appendix A,
WARD-J045T4B-2, Westmghouse Advanced Reactors Division
(April 1972), and ENDF/B-IV. MAT 1156, National Neutron
Croms-Section Center, Brookbaven Nationsl Labomatory, Upton,
N.Y. (1974).

6. D.C. Larvon. J. A. Harvey. and N. W. Hill, Mewsurement of
the Newtron Towsl Cross Section of Sodwm from 32 keV 10 37
MeV, ORNL - TM-5614 (October 1976).

NEUTRON TOTAL CROSS SECT{ON OF **Cf

N. W. Hill’
S. Raman

J. A. Harvey
R. W. Benjamin'

In June 1975, transmission measurements were
made on two samples of *?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% “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
giass scintillator located ata 17.8-mflight 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 0.3%.

Of the 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 V. The
present data will be analyzed in conjunction with the
earlier *”Bk total cross-section dataand the ORELA
fission cross-section data of **Cf measured by Dabbs
et al’ to determine the pammeters of the
resonances. Because it is not possible to make a
direct capture cross-section measurement on this
nuclide, the capture cross section must be determined
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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 Labonatory.

1. Savanmsh River Laboratory, Aiken, S.C.
2. Isstrementation and Controls Division.

3. ). W. T. Dabbs &t al. Phys. Div. Amwws Prog. Rep.
Dec. 31, 1973, ORNL-#937, p. I81.

FISSION CROSS-SECTION MEASUREMENTS
ON SMALL ULTRAPURE
CURIUM SAMPLES

J.W.T.Dabbs N. W._Hill
C. E. Bemis, Jr. S. Raman

Measurements on >**Cm began in December 1975
These runs were completed in mid-July 1976 and
included the new °LiF-NE-110 neutron flux
monitor.’ The results of the *’Cm measurements
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 **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 >*Cm measurements, a
sequence of background runs was made using
different thicknesses of **U and natural copper
filters for blacking out “ncutrons” 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 *’Cm. The *’Cm data will be completed
first because there are no remaining problems, except
with the ‘Li beam monitor response.

The *°Cm data will require a very careful
background analysis in order to incorporate the
substantial body of data taken prior to the change to
the “LiF-NE-110 beam monitor installation, which
was accompanied by an improved collimator system.
These data are sufficiently valuable to justify the
effort to retrieve them.

1. J. W.T. Dabbs et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1973, ORNL-5137, p. 3.



2 See this report, C. Reamer et al_. “Absolwte Measurement of
the ‘Liin.a) Cross Section im the Region of the 244-keV
Resomance ™

FISSION CROSS-SECTION MEASUREMENTS
ON *'Am

J.W.T.Dabbs H. Weigmamn
H. W. Sang'

A program for measurement of the fission cross
section of *’Am has been started. Because of the
small subthreshold fission cross sections expected
with this nuclide, a large-area chamber containing
several milligrams of **' Am appeared desirable. This
has led to the design of a fission ionization chamber
with paraliel plates in which a sepanator constructed
of bexagonal-shaped cells of phenolic plastic has
been introduced. The ratio of the dimension of cach
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,’ indicates that it should be
possible to utilize alpha-particle rates as great as 10*
events/ sec in cach 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 simula‘ion 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.

I. Summer gradust> research participanmt from the
Massachusetts Institute of Technology. Cambridge, Mass.

2. J. W.T. Dabbs, Phys. Div. Anras. Prog. Rep. Dec. 31, 1975,
ORNL-5137, p. 4.
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ANGULAR MOMENTUM DETERMINATION
OF RESONANCES IN *Mg + n BY
ELASTIC NEUTPON SCATTERING

D. J. Horen J. A. Harvey
N. W. Hill*

The angular momentum values of 15 resonances in
*Mg + 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.c., 0:{ E,0)] vs
angle has been observed for most of these resonances.
Assignments of / = 2 for five resonances could be
made on the basis of their distinct interference
pattern in the 90° cross-section data.

These results have been published’ and compie-
ment the neutron transmission data obtained by
Weigmann et al.’

1. Instrumentation and Countrols Division.

2. D. J. Horen, J. A. Harvey. and N. W. Hill. Pins. Rev. C
18, 1168 (1977).

3. H. Weigmana, R. L. Macklin. and J. A. Harvey, Phys. Rev.
C 14, 1328 (1976).

NUCLEAR STRUCTURE OF ODD-4
ISOTOPES STUDIED VIA (n,7) REACTION

S. Raman G. G. Slaughter
R. F. Carlton' M. R. Meder’

The tin isotopes are well suited to a study of
nuclear structure within the framework of the nuclear
she!l model. because the magic number of protons (£
= 50} minimizes the need for considering 7, p paining
interactions in theoretical calculations, and because
the large number of stable isotopes makes it possible
1o study systematic trends in both experimental and
shell-model features. The experimental data
presently available concerning the energy levelsin 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-A tin isotopes. Most
experimental studies (especially nucleon transfer
studies) are beset with the problem of interference
from isotopic impurities. This usually necessitates an
extensive study of all tin isotopes before conclusive

vy



resuits may be obtained. Resonance neutron capture
offers a powerful technique for studying tin isotopes,
because interference from unwanted isotopes can be
greatly suppressed through the combination of
enriched targets and sclection of resonances known
to be in the nucieus under study. We have, therefore,
undertaken a systematic study of the level structure
of six odd tm isotopes between A =116and A =125.
Results obtained for ''Sa, '*’Sa, and '“Sa have
been aiready published.’ Analyses of results for '**Sn,
'"Sn, and 'Sa have been completed.

In a parallel effort, we have also calculated
spectroscopic  mformation (level energics, elec-
tromagnetic moments, and transition rates) for the
odd-mass tim isotopes. Our basic model of the odd-
mass nucleus pictures it as being formed by
coupling the motion of the odd neutron quasi-
particie to the states of the neighboring even-mass
core, where the core is assumed to exhibit quadrupole
vibrations. The effects on energics 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 measurements and calculations is
being prepared for publication.

I. Middle Tennessee State University, Murfreesboro.

2. Georgis State University. Atlanta.
3. R.F.Carlton, S. Raman,.and G. G. Slaughter. Phys. Rev. C
14, 1499 (1976). Phys. Rev. C 185, 883 (1977).

ANGULAR DISTRIBUTION OF
NEUTRON-PROTON SCATTERING
AT 27.3 MeV

Fowler' M. Hussain’
Cookson’ C. A. Uttley’
R. B. Schwanz*

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 Iacking. Bryan and Binstock,’ among
others, have pointed out that, to determine the singh t
p-wave phase shift for np scattering, one needs good
forward-angle differential cross sections between 25
and 50 MeV.

Figure 294 shows a schematic layout of the
experiment we set up at the Atomic Energy Research
Establishment Laboratory in Harwell, England,*” 10
measure the differential scattering of neutrons from
protons at 27.3 MeV. Ten-MeV deuterons from the

J L
J. A
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Harwell tandem generator bombarded tritium: gas in
a 10-cm-long cell. The resulting T(d,n) He neutrons
scatter from a 3-cm-diam by 3-cm-long plastic
scintillator and are detected by a 10-cm-diam by 2.54-
cm-thick NE-102A plastic scintillator. The signal due
to the pulse from the detection of the neutron in the
large scintillator gave the start signal for a time-of-
flight measurement of the neutreas, and the delayed
pulse from the proton recoil in the scattering
scintiflator gave the stop signal. A neutron monitor
used a similar technique to identify scattered
neutrons from the T(d,n)'He reaction.

Figure 295 shows the neutron ume-of-flight
spectra when the 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 arnising from
inclastic scattering of neutrons from '*C. The
inclastically scattered neutrons gave the start pulse in
the large scintillator. and the 4 43-MeV de-excitation
gamma ray gave the delayed stop pulse in the
scattening scintillator. At angles between 26.6 and
45.0°, the "C(n,n’y) peaks were under the T(d.n)
neutron peaks, but 21 50.8° the inelastic peak isabove
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 '’C(n,n’y) neutrons
under the n-p peak, we have used the measured
C(n,n"y) cross section to cxtrapolate the *C(nn’y)
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(d )’ He reaction or
the T(dn)'He reaction in the chamber, and a
collimated beam of "He or ‘He particles is detected
with a AE 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 ‘He
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18 simply the counts in the neutron spectra divided by
the 'He or ‘He counts. Figure 296 gives our
messurements of the absolute efficiency of the lnrge
acutron éetector asa function of neutron energy. The
solid iime is a Gakulated efficiency curve from a
Moute Carlo code of Stanton with modifications by
McNaughton! We used the actval data points,
however, to calibrate our detecting system.
Figure 2.97 gives our relative cross sections for n-p
ing together with relative cross sections of
Burrows™ for backward scattering of neutroas.
Notice the suppressed 2ero. The errors for our
forward scattering data do not include an unceriainty
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for cur efficiency measurements, which from Fig.
296 we cstimate to be about +14%. The
data agree best with the phase shift analysis of
Hopkins and Breit."
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ANALYSIS OF RESPONSE
OF ‘LiF-NE-110 BEAM MONITOR

J. W.T.Dabbs  R. L. Macklin
L. M. Perric!

A Monte Carlo analysis of the response of the new
beam monitor to neutrons of various energics 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 asa
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.

). UCC-ND Colputer 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 rer7archers have participated ir .1l phases of
these projects.



x"-NUCLEUS ELASTIC SCATTERING

AT LOW ENERGIES
F. E. Bertrand C. W. Darden*
T. P. Cleary R. D. Edge’
E. E. Gross D. Malbrough*
N. W. Hill' T. Marks*
C. A. Ludemann B. M. Preedom’
R. L. Burman® M. Blecher’
R. P. Redwine’ K. Gotow’
M. Moinester’ D. Jenkins®

F. Milder’

Elastic scattering is the simplest form of pion-
nucleus interaction. High-precision angular distnibu-
tion measurements will permit the testing of the large
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-nucleus :clastic scattering which, when com-
pleted, will provide data at several incident energies
between 10 and 100 MeV on five target nuclei.
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Data have been taken for 'C, '*O, "'Ca,"Zt and
™ Pb, using 50- and 40-MeV incident ="' projectiles.
Inaddition, data were obtained on 1C, using 30-MeV
=" projectiles. The measurements were made using
AE vs E counter telescopes constructed of plastic
scintiliators. Ten counter telescopes were used simul-
tancously, and data were obtained at 18 angles
between 25 and 160°.

Figure 2.98 shows preliminary angular distribu-
tions for 50-MeV =z projectiles on the several targets
studied. Absolute uncertainty for the final data
should range from 3 to 7%. Phase shift and optical-
model analyses of the data are now in progress.

1. Instrumentation and Coatrols Division.

2. Los Alamos Scientific Laboratory, Los Alamos, N.M.

3. On leave st Los Alsmos Scientific Laboratory from the
University of Tel Aviv, Tel Aviv, Istael. Consaltant to ORNL
Physics Division, June 1976-March 1977.

4. University of South Carolina. Columbia.

S. Virgnia  Polytechnic Institute and Siate University,
Blacksburg

INELASTIC SCATTERING OF 50-MeV x*

F. E. Bertrand E. E. Gross
R.L. Burman' M. Moinester’
R. D. Edge’ T. Marks’

M. Blecher’ D. Jenkins’

T. P. Cleary C. A. Ludemann
R. P. Redwine'  C. W. Darden’
D. Malbrough’  B. M. Preedom’
K. Gotow’ F. Milder’

We have init‘ated a systematic study of pion-
nucleus inelastic scattering for pion energies below
approximately 100 MeV. Thess studies should
provide information on the pion-nucleus reaction
mechanism and may provide nuclear-structure in-
formation for states not strongly excited by other
projectiles.

The measurements will be made using the bicen-
tennial spectrometer, 8 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 helical 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






limit. However. the resolution broadened to about
700 keV {FWHM) 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 '*O,
“Ca, *Ni, and "*Pb during the spectrograph devel-
opment run. Figure 2100 shows a spectrum of *°Ca at
80°. In addition to the elastic peak, two other peaks at
about 3.7 and 6.6 MeV of excitation are prom.nently
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 10 permit analysis of the high-excitation
regious of the spectra.

Based on the spectra presently available, which
show reasonably large cross sections (0.5 1o | mb; sr)
for excitation of low-lying states, additional runs are
planned for carly '978 in which angular distributions
will be obtained.

1. Los Alamos Scientific Laboratory. Los Alamos. N.M.

2. University of South Carolina. Columbia.

3. Virginia Polytcchnic Institute and State University. Blacks-
burg.

4. On lcave at Los Alamos Scentific Laboratory from the Uni-
versity of Tel Aviv, Tel Aviv. Israel. Consulant to ORNL Physics
Division, Junc 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 chaiacterized by
both depth and breadth. Three different, but complementary, approachesare 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
MICTOSCOpic scattering.

For the TDHF and nuclear hydrodynamics calculations, numerical integration
techniques arc used. The computer time required {or these procedurces depends
critically on the dimensionality and mesh size used. Thus, in both cases, codes to do
two-dimensional and three-dimensional caky:iations have been made. The fastes 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 ecnough 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 modeis is being formulated.

These detailed calculations have been complemented by some more traditional
liquid-drop model calculations in which we have studied surface diffuseness effectsand
the effects of the rupturc of fmite-radius necks. Also, some study continucs 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 wo=d0/di= L1
CALCULATIONS FOR AXIALLY
SYMMETRIC SYSTEMS where L is the angular momentum of the systemand /
.1 . is its moment of inertia.
i‘ ﬁ. :ool;'::ics : JFerW, Since last year a number of new features have been

V. Maruhn-Rezwani  J. W. Negele'

Time-<dependent Hartree-Fock (TDHF) cakula-
tions ior the collision of two nuclei have been per-
formed in the two-dimensional axial-frame ap-
proximation.** In this model it is assumed that the
nucicar system remains axially symmetric about the
line joining the two colliding nuclei. This line then
rotates in real three-dimensional space with an
angular frequency o:
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incorporated into our axially symmetric TDHF
program. Five of these feziuic. are discussed
below.

Separation of Neut-on and Proton States—
Calculations with the Full Skyrme Force

We now allow for he isospindegree of freedom, so
the neutron and prot »n wave functions are no longer
identical. To avoid :reating ncutrons and protons
separately, we previously used an effective charge,'*



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 Skyrme
force. The two-body part of the Skyrme force.
without the spin-orbit contribution. is of the form

viz = t{ 1 + XoPe)S(1; - 12)
+ 'l -+ psrn 1))
+ npb(r; - r)p . (2a)

where P. is the spin-exchange operator and
pP= VUV - V).

The force also contains a three-body term.

Vi = heln - e - n) . (2h)

The parameters f... Xo. 1. I:. 2nd 7: have been deter-
mined by fitting the binding encrgy and density of
infinite nuclear matter and also the binding energy
and radius of "*Q.” In our previous studies, " we used
a simplified version oi the Skyrme force in which 7, =
1: = 0. It is thought that this simplified force is too
naive and restrictive. especially for heavy systems.

Mass-Asymmcetrical Collisions

Our codes have been generalized to treat systems
which are not refleciion-symmetric about the mid-
plane of the collision axis.

Self-Consistent Phase Theory

In our previous studies.”” the momen- of inertia in
Eq. (1) 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 interpenctrate one another. This
approximation has been removed by the develop-
ment of a fully self-consistent phase theory for the
cakulation 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-particle wave functions

¥i(p. 2y explime). i=1.2..... A .

where §,is complex and p, z, and ¢ refer to cylindrical
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coordinates. In the phase theory this wave functionis
replaced by the more general form

¥4p. ) expli{md + gtp. c)cosof.i= 1. 2..... 4.(3)

where g 1s 2 real function of p and =. One then takes
vanations with respect to the &.s and g. which viclds
TDHF equations for the ¥.'s and an inhomogencous
partial differential equation for g.” The latter can be
casily solved by the Pcaceman-Rachford method.”
This method results in TDHF calculations that are
only about 5¢ slower for light nuclei than those using
the rigid. clutching model. This percentags decreases
as we go to heavier systems.
Self-Consistent Initinl Wave Functions

In order to avoid energy and density oscillations at
the beginning of the calculation. it is important at
1 = 0to use correct sclf-consistent single-particie wave
functions for each of the two colliding ions. The force
used for calculating the static wave functions should
be exactly the same as that used in the TDHF cakcula-
tion. A code has been developed to calculate static

HF 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 scparated
ions. Thus, at 7 = 0 the wave function isan eigenfunc-
tion of the operators Vs and N.. which count the
number of nucleons to the right (= > z.) and to the left
(z < z,) of the dividing plane z, for the reaction. Of
course, No+ N = N, the total number operator. After
the reaction. the wave function is no longer an cigen-
function of the secparate operators N, and N: but
rather only of N. That is. atany later time, 1. the wave
function will, in general. be a wave packet containing
states 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. A Ax). that the
final state contains A particles in the right-hand
space (and A, = A - Aqx particles in the left-hand
space). We have written a code to calculate the
quantity:

!

A' 24
P(Aq) = VRV dzdz; ... dz,L X

A'Ax
f dz‘lol e

dzdé’ . (4)



where for simplicity of notation all other integration
varisbles other than z have been suppressed. We also
calculate for a given number of particles on the right-
hand side. A the separate probabilities for finding Z»
protons and N, neutrons on the right-hand side (wich
Zx + Nu = As). The calculated charge and mass
distributions can be directly compared with the
cxperimental results.

Comsiderable cffort has also been devoted in the
last year to various methods (or speeding up the
computer codes 1o make them more cfficient. Other
features which we plan 1o include in our future calcu-
tations arc pairing effects and spin-orbit forces. We
now present some results oi our calculations.

In Fig. 3.1 the cnergy loss and scattering angle are
plot’ed s a function of the angular momentum L for
TDHF cakculations of O+ O 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 toanorbiting
trajectory. As the angular momentum is increased
beyond the orbiting value. the attraction of the
nuclear potential is 2lmost counterbalanced by the
centrifugal and Coulomb repulsion. For /. above
grazing (=45 for "0+ ""O; =100 for *'Ca + *'Ca)the
trajectories are nearly pure Coulomb. Plots of the
cnergy loss and deflection-function curves for the
scif-consistent  phase  thcory anc  dramatically
different from the curves shown in Fig. 3.1, In the
phasc theory there is much morc cnergy loss.
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particularly for low L. and the orbiting /. s shifted to
a considerably smaller value.

The scattering behavior for the reaction "N+ °Cis
shown in Fig. 3.2, which displays thz asymptotic
laboratory energy of the more epergetic reaction
product as a function of the fimal laboratory scatter-
ing angle. (or various L values." Comparable experi-
mental curves were extracted (rom the fragmemt
energy distributions at a given angle by determining
the mean energy of the direct inclastic component. "
There is, of course. one ex perimental curve for cach
outgoing mass, each of which is inciuded in the
TDHF final state. The intrinsic mass spread is further
broadencd by the evaporation of kght particles from
the excited. inclastically scattered fragment. The
direct inclastic 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
encrgy and are assumed to have fused. Theagreement
with experiment for the upper branch is excellent.

Finally. in Fig. 3.3 we show a density profile for the
reaction O + *’Ca at a laboratory energy of 224
McV and an angular momentum of 15. This calcula-
tion was made using the full Skyrme force, Eq. (2).
with separate neutron and proton states. and using
the sclfconsistent phase theory. The two ions
approach cach other with little distortion until they
coalesce at 1~0.15. The compound sysiem undergoes
a series of shape oscillations until ¢ ~ 0.375, when a

Pig. 3.1. Deflostion and casrgy-loss fenctions for represeasative 0+ 0 and “Ca + “Ca reactions. The dotied line represents clastic

scatiering.
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Fig. 3.2. Outgoing cncrgy per particic as s function of the lsboratory scaticring sngie 51 bombasding caergy of 145.5 MeV for the N+
“C reaction. The numbers on cach cusve indicate the TDHF anguiar momenta. The experanental curve (dashed lines) is for direct
nclastic reaction products of various masses and should be compared with the upper part of the theoretical curve. The shaded area
corresponds 10 the width of the energy distribution of the direct inchstic *“C fragment yield.
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Fig. 3.3. Densiny profils for aa “0 + “Ca reaction, at Bes = 224
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the (p. 2) plane. The times are in units of 10" sec.

pronounced neck starts to form. However, dueto the
delicate balance of nuclear. Coulomb. and centri-
fugal forces. the system does not undergo scission
until r =~ 0.775, after which the two ions separate.
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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 t0a
study of the "N + "*C reaction at 8 MeV per nucieon,
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where a comparison of results with the measurements
of Stoksta et al.’ is possible.

The behavior of the nuclei according to these calow-
Intions may be waderstiood t0 a large extemt in
asalogy to that of waserdrops colliding. as studied
experimentally in ref. 3. Atquite large impact param-
eners, owtside the range of the suclear forces, there is
only Coslomb intcraction, and the scattcring angic is
smell and positive, as showw' in Fig. 3.4. At smaller
impact paramcters the influence of the nuclear forces
is felt, which opposes the Coulomb repulsion, so that
‘the scattering angle, after reaching a maximum, the
“paziag angic,” goes down sharply and turns toward
negative values.

Still going toward decreasing values of the impact
parameter, we then see a relatively narrow ares of
very large scatiering angles, which correspond to a

long period of joint rotation of the interacting nuclei,

i this casc allowing for almost one full revolution.
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At still smaller impact parameters, however, and
extending to central collisions, the interaction time
and the net scattering angle decrease again.

In fact, for central collisions a very rapid resepara-
tion of the fragments is observed, analogous to the
“vibrational -muluy known from waterdrop
experiments.’ However, the masses of the two frag-
mentsare exchanged in the process. whizi keads to the
assumption that they actually “pass through™ each
other. This assumption cannot be made definite in
quantum mechanics, though, because nucieon
exchange and “passing through™ are indistnguish-
able processes. The time dependence of the density
for a small impact parameter is depicted n
Fig 35.

The main data obtained from a TDHF calculstion
are thus the final scattering angles for each angular
momentum and also the fnal energies. Their de-
pendence on angular momentum isshown in Fig. 3.6.
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These two quantitics are sufficient to determine the
scattering cross section completely within the frame-
wark of classical mechanics. The results obwained in
this way. however, stromgly disagree with experi-
mental data. It thus appears that there are serious
shortcomings in the simplke pure TDHF model.
Closest examnation of the problem reveals some
features of TDHF that may be responsibie:

I. The TDHF wave function. being constrained toa
single Slater determirant. does not desciibe
population of seviral outgoing channels with a
fractional transmiszion coefficient for cach. In
this case, for exampic. there is no amplitude for
complcte fusion. although fusion is known ex-
perimentaily to be the dominating process.

2. Like every shell model wave function. the TDHF
wave function does not describe a (ree-wave
packet for its center-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 1o circumvent these difficulties. it was
decided 1o add considerations that were extrancous
to TDHF as such but were assumed to supph
reasonabic physical behavior where it is lacking in the
puie TDHF theory.

The fint 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 E® as a function of time, we can
wtilize a statistical model to compute the probability
for evaporation. exp(-F. h). at 2 given time. The
probability for evaporating at least onc particie
during the collision will then be given as

I-C =exp {— %Il‘[ﬁ‘u)] dl}

for each anpular momentum /. Since it 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 10 some approximation identify
the probability C/* for no evaporation with that for
staying in the direct inclastic channel and not fusing.
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The C/’ thus acts as transmission coefficients in the
scattering problem.

To remedy the second problem, we take recourse to
semiclassical scattering theory. which allows us o
compute the scattering phase shift & from the
classical deflection function &/) as'

o= "' f  ond.

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 encrgy-dependent weight function g{£) «
expl(E  E)]. wicre E is the final energy for
angular momentum / as obtained from TDHF.

With these modifications the differential cross
section for direct inclastic scaticring may be obtained
from the scattering amplitude

P 0+
'2-' ). ! X I)g.(f)(: exp(2id)Picos 8) .

Al the quantitics entering this equation arc now
computabic from the TDHF results. The amplitude
Ci (Fig. 3.6) is ] 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 energics encountered. there is still a
considerable probability for fusion in spitc of the
short collision time.

Finally. the direct inclastic cross scclion 1y
compared with expenimental data (Fig. 3.7). Lt shows
the same average cexponental decay as for the
experimental cross section. but with an oxcillation
superimposed. This oscillation probably will b
damped if the distribution of fmal states in angular
momentum. as well as in energy. is consdered.

Knowledge of the transmission coefficients C;
also enables us 10 compuie the fusion cross
section:

6~=f_. X2+n0-Ch.

With the data shown in Figs. 3.4 and 1.6 the renult
was 850 mb. compared with the cx perimental saluc of
900 + 100 mb.
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NUCLEAR HYDRODYNAMICS IN TWO
AND THREE DIMENSIONS

Henry Tang' C.Y. Wong

In order to simulate the dynamics of heavy-ion
collisions in the hydrodynamical model, we solve
numenically the complete set of hydrodynamical
equations for the collision of two cylinders or two
spheres of nuclear matter,’ using the Boris-Book
algorithm of flux-corrected transport and the time-
step splitting method. ' The two-dimensional result is
useful in assessing the accuracy of the method and in
paving the way for three-dimensional cakulations
which are required in onder to compare with experi-
mental results.

Apant from the features due to nuclear interac-
tions, the nucieas fluid is ascribed to be viscous, com-
pressible, and thermally conducting. The scparation
of the nuclear interaction into a short-range density-
dependent part and a long-range Yi:kawa partallows
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 our plots tne density contoursare graded m
steps of 0.025 fm ™, and the current vectorat 2 point is
displayed asan arrow which criginates from the point
in question and h:s a length propontional to the
magnitude.

Figure 3.8 shows the dymamis for the two-
dimensional case of a collsion of two "nuclei”
(cylinders) with radii 2.5 fm at an energy £ (per pro-
Jectile nucieon with the target at rest) of 20 MeV. The
impact parameter B for this case is 0 fm. The shear
viscosity coefficient n and the compmmoml
viscosity coefficient [ are set equal 10 10°
MeV/(fm’-c) and the thermal conductivity « is set
squal 1o 10™ ¢/ fm’.

In our equation of state for nuclear matter, we used
an incompressibility of 143 MeV, which corresponds
to a critical kinetic energy of 7.9 MeV p=: nucleon
above which the speed of sound is exceeded. Thus. in
our case with the collision of 20 McV per nucieon, the
dennymtheml region mcreases rapidly from
0.15fm” 100.25 1m”’. This high density drops Jown
slightly to about 0.20 fm™’ at 1 =~ 35 fm/ c, at which
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time the current ficld becomes nearly isotropacal. The
dynamics do not appear to alter significantly for the
next 100 fm/ c. There is at the early stage a rapud flow
in a direction perpendicular to the collision axis, to be
followed by a nearly isotropical current distribution
at the later stage. The large velocities at the surfane,
upon cxceeding a certain limit, provide the necessary
escape velocities for nucieons. One therefore expects
emission of nucleons first in a direction perpendicular
to the collision axis, to be followed by an isotropic
emission at a jater stage.

In Fig- 3.9, we show the same collision at an impact
parameter of 4 fm_. With such an impact parameter,
the resultant central density is not as high as in the
head-on case. At r = 20.25 fm/c, after the central
density attains a single peak, there develops an
attempt to split the density into two parnts. However,
for such a small system, the attractive nucleon-
nucicon interaction is able to bring the system to-
gether without splitting at a later 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 coeflicients and thermal conduc-
tivity. Now. if one uses the shcar viscosity coefficient
determmedbyDnmetal tlntu.n—-_‘n
MeV; (fm’-c), and uses {= 0.01 MeV/(fm*-c)and x=
0.) MeV {m’. one finds that for the same head-on
collision at 20 MeV the maximumdensity achieved is
only 0.20 fm ", as compared with the0.25 fm " for the
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
cxpansion. Such an expansion is possible in spite of
the low densities, since the temperature is now high
enough to generate sufficient pressure for the expan-
sion.

Using algorithms similar to those used in the two-
dimensional calculations, a three-dimensional code
has also been written which allows for shear. com-
pressional viscosity. and thermal concuctivity. We
show in | .g. 3.10 a collision of "°O with O at 320
MeV laboratory energy and an impect parameter of
4 fm. The viscosity parameters are chosen tobe n=(
= 10" MeV/(fm'c) and x = 10”° MeV,fm’. We
are plotting the density contour only along a cut
about the symmetry plane. As is observed. the central
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density rapudly merges to force a high-density core
region which is followed by a rotation of the whole
region.

1. Yale University. New Haven. Comn.
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FLUID-DYNAMICAL MODEL IN
THREE DIMENSIONS

J.A.Marulm T. A. Welton

In the past year, significang progress was made o
the development of an cfficient, fully three-
dimensional code for solution of the hydrodynamic
equations.’ Extensive tests have been done with the
code representing the macroscopic fluid variables on
a spatial mesh of 32 X 32X 17 ponts, which for repre-
senting an "*O + '°O 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 moge (0.5 fm) of the Yukawa potential
involved, the mesh point scparation should be below
this value 10 yield a reasonable accuracy in con-
sistency checks—for example, encrgy conservation.
The value 0.6 fm cerainly does not fulfill that re-
quire nemt, so one can only assume the results are at
best supgestive.

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 is reason-
able—that is, fusion and settling down to a
compound system occurring at the low energy and
flmenin;wadiﬁlikedupeamnlﬁghmrg.mu
are shockfronts separuting the compressed overlap
zone from the inflowing matter.

In detail, however, there are serious problems
~hich make these results unacceptable. The shapes

have a marked tendency to exhibit four dimmond-like

configurations, evea in the equilibrinm state, which is
unrealistic. Also, there is an energy loss during the
collision comparabic in magnitude to the imitisl
Kkinetic energy. (TLis energy can be accounted for by
properly heating up the shock zone, but since the
shocks are too nasrow this cannot be dons setisfac-

torily.)
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Fig 3.11. Hoad-on collision of "0 + ™0 2112 MeV/ A in the
cA. syviem.

Since it thus appears obvious 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 unreslistic case:

1. It is a relatively simple code, which uses about the
maximum sumber of mesh points that can be
dealt with in the computer core memory without
using & swapping space on disk.

2. It nade possible nmny numerical tesis at a
ressonsbie expense. A number of properties of the
wnderlying algorithm could be tested without need

3. It provided a first glimpse at the behavior to be
expected of the physics! system.
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Fig. 3.12. Head-on collision of “O + "“O a1t 19 MeV/A in
the c.m. system.

. It gave computing time estimates which can be
extrapolated 1o the higher-accuracy code. The
time of 3 sec per time step seemed quite
encouraging as to the feasibility of the latter.

. Sinceitisa 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.

1. 5. A. Maruhn. T. A. Welton, and C. Y. Wong. Phvs. Div.
Annu. Prog. Rep. Dec. 31, 1975. ORNL-S137, pp. 134 35.

MANIFESTATIONS OF THE QUANTUM
STRESS TENSOR

C.Y. Wong

Previoushy, starting from the time-dependent
Schrodinger cquation. we introduced 2 guantum
stress tensor to exhibit the correspondence principle
explicitly.’ We have now mvestigated how such a
quantum stress tensor manifests itself n providing
peculiar nonclassical effects. We find that for a
fermion system in a relatively smooth potential. the
quantum stress tensor is related 10 the deusity 72 by

LY <_6_r_
Sm\ g

)].s

The second term in the squared bracket is the
usual pressure for a degenerate Fermi gas with
degeneracy order g. whike the first term. which
appears ta be novel. is proportional to the second
spatial denivative 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 smgle-pamclc states.” The quantum stress
tensor is found to be proportiona) to the first spatial
derivative of the displacement vector. The equation
of motion becomes the Lamé equation which
describes the propagation of clastic waves. a charac-
terization first observed by Bertsch.”
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2. G. ¥. Bertsch. Ann. Phys. 86, 138 (1974). Nucl. Phyvs. A28,
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DIFFUSE-SURFACE CORRECTIONS
K. T. R. Davies J. R. Nix'

We have caiculated several quantities of physical
interest for zn arbitrarily shaped diffuse-surface



nuclear demsity distribution.” The surface is made
diffuse by lolding 2 short-range fanction over a uni-
form sharp-surface distribstion of appropriate
shape: that i, the deasity is described by

p(n)=p..[d’rgqn-u) . 1)

where the insegnation is over the sharp-surface
shape. 7 " of our methods apply to arbitrary fold-
ng functias g. but for defmiteness we have
specialized most of our results to the Yukawa

shape,

| _exp(r—ry a)
4xs’ n-ria )

nn )=

The quantities calculated include the moment of
inertia abcut an arbitrary axis, generalized multipole
moments, Coulomb and nuclear potentials, and
Coulomb and nucicar energies.

Many of our results’ are of practical importance in
the theory of nuclkar fission and beavy-ion reactions.
In nuciei, the distance over which the density changes
from 10 to 90% of its central value is approximately
2.4 fm. This distance is comparable to the nuclkar
radius for very light nuclei and is roughly 30% of the
radius for very heavy nucleir. Thus, diffuse-surface
corrections can be substantal, 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-nucieus
formation is no longer possible. Also, the diffuseness
corrections 1o the Coulomb energy contain a term
that is proportional to the surface arca. which
increases somewhat the effective surface energy of
nuclei.

Recently, we have also derived expressions for the
diffuse-surface corvections o0 the two central
moments for reflection-symmetric shapes'

r=282) . 3
o=z~ §24)) " . )

where the angular brackets denote an average over
the haif-volume to the right of the midplane of the
shape. These moments are coordinates for the (wo
most imporiant symmetric degrees of freedom
encountered in dynamical calculations of fission and
heavy-ion reactions. The coordinate 7 gives the

L ey hma e o e hea i
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distance between the centers of mass of the two halves
of the system, and o is 2 measure of the clongation of
cach half about its center of mass. We estimate that in
very light nuclei the diffuse-surface corrections to 7
and o arc roughly 20 and 405 respectively.

1. Los Alamos Scucmific Laboratory. Los Alamos. N .M.

2 K. T.R Davics and J. R. Nus. Pirs. Rev. C 14, 1977
(1976).

KT R Davies. AJ Sierk.and ). R Nx_ Phes Rev. C13,
2335 (1976).

RUPTURE OF THE NECK
IN NUCLEAR FISSION

K. T.R Davies  J.R Nix'
R. A. Mamagan' A_J Sierk

We have completed new fission studics which take
into account the rupture of the neck at a nonzero
radius. These dynamical cakculations are performed
using classical equations of motion.** The collective
potential energy is calculated by means of 2 modified
liquid-drop model. in which the nuclear energy is
obtained from a double-volume integral of 2 Yukawa
cffective two-body potential. ™ This interaction takes
into accouni the finite range of the nuckar potential.
which is very important for describing neck forma-
tion in finsion or two nearly touching nuclei :n a
heavy-ion reaction. The collective kinetic energy is
calculated for incompressible. nearly irrotational
fiow by use of the Werner-Wheeler method. ™’ The
transfer of cnergy from collective motion into
internal motion is included by means of the Rayleigh
dissipation function. which is calculated for two types
cf dissipation: (1) 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 cakulations 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 nuckeus
reaches this limiting configuration because of the
delicate balance between the Coulomb and nuclear
forces Guring the dynamical descent from the fission
saddle point. For large necks the attractive nectzz;
force is larger than the repulsive Coulomb fo.ce, and
the nucleus is stable against neck rupture. Eventually
the repulsive Coulomb force becomes larger in




magnitude than the attractive nuclear furce. The neck
then ruptures at a nonzero radwss..as jikustrated in
Fig. 3.13.

We calculate the Coulomb and nuclear mteraction
encrgies for a shape like that shown i Fig 3.13. These
energics can be casily evaluated®” as functions of the
separation parameter s between the two portions of
the syst=m_ The total interaction force is then given by

— | ZOE)
F !ﬂ[ Os ] ) )
where

BAs) = Ex(s)+ Eds) . (6)

the sum of the nuclear and Coulomb interaction
energics. Note that we have mentally shced the system
irto two portions at its minimum neck radius and
hav¢ calculated the force required to separate these
portions while keeping their shapes fixed. Scission is
defined as that configuration where £ vanishes.
For cither one- or two-body dissipation. we find
that the neck radius at rupture is about 2 fm for
actinide nuclei. This relatively large neck-rupture
radius increases somewhat the translational kinetic
encrgy of the fission fragments at infinity as
compared with that calculated for a zero-neck-radius
scission configuration. The calculated fission-
fragment kinctic encrgy is shown in Fig. 3.14 as a
function of Z° A'"' for various values of the two-
body viscosity coefficient u_ The dashed curves give
the contnbutions 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

O

Fig. 3.13. Iustration of the neck-repture degree of fresdom.
The nuckus is sliced nto two portions at its minimum neck ragdius.
In evaluating the mierfragment forces, we take the lim:t of s —~0.
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Fig 3.14. Comparinca ¢~ experimental most-probabic fission-
fragment kimetic cncsgies with results calculnted for different
valaes of the two-body viscosity coeflicient » (solid casves). The
dashed corves give the cakulesed iransistional kmetic energics
acquired prior te neck rupure. The experimental data are for the
fission of nuclei st high cxciation enmergics. where the most
probable mass division is mto fwo cqual fagments. The open
symbols represest values for equal mass divisions only, and the

solid symbols represent valoes averaged over all mass divisions.
The expenmental data are exactly the same as those in Fig. 12 of

ref. 3. where references 1o the appropriaie experimental papers can
be found.

at neck rupture lead to final kinetic energics that are
always larger than those cakculated for a zero-neck-
radius scission. Therefore, 10 reproducs the same
experimental data with the present cakulations
requires a larger two-body viscosity than with the
earhier ~alcu'ations.

in part'cv . ar, it can be seen from Fig. 3.14 that the
value

u = 0.03 £ 0.0] terapoise
=19+ 6X 10 MeV-sec/fm'



accownts fo- most of the experimental data 10 within
thew uncerta.atics. As in ref. 3, we place greater
weight on the >xperimental data for lighter actinide
muclei than on tat for very beavy auciei. The present
value of x is twice as larze as that obtained in ref, 3
and s abowt 60%¢ of the valne required to critically
damp quadrupox: sscillations of hervy actinide
suciei. Thes large change n the value of 4 arising
solely from incorporating 2 fmite neck rupture
indicates the sensitivity of the results to the precise
details of the model.

1. Rice Umiversity. Howsson. Tex.
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5. 3. R Nix asd A_J. Sicrk. Phns. Scr. J0A, 94 (1974).

6 K.T.R. Devicsand J. R. Nix_ Phys. Rev. C §4, 1977 (1976).
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ROTATING TOROIDAL NUCLE!
C. Y. Wong

The equilibtium shepe of 2 nucleus under rotation
has been the subject of many mvestigations. From the
survey of Cohen, Plasil, and Swiatecki.' w= know
how, in the liquid-drop model, the equilibrium
shapes vary with the angular momentum J4nd the
frssility parameter. As of yet, much of the discussion
of a rotating nucleus is ‘imited to shapes »ith the
topology of a sphere. However, for very rapidly
rotating systems, the moment of inertia can by readily
increased if the mass is distributed in the form of a
torus. Equilibrium or quu-eqmlimm toruidal
systems become possible.’ Indeed, many rapidly
rotating and gravitating toroidal obgects have been
observed.’ It is therefore of interest to investigate the
stability of rotating torowdal nuclei.

In the discussion of rotating toroidal nuclei in
equilibrium, we shall restrict ourselves to cases where
the fluid clements of the nucleus are in a uniform
rotation about the symmetry axis with 2 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 amalytic expressions Sus various relevant
quantitics are aiready known.*

The toroidal threshold, above which rotating
toroidal nuclei can be in equilibrium, isshown in Fig.
3.15 as a solid curve in the x-y plane. Here x is the
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Fig 3.15. Tevvidal thresheld and regions smble agninst son-
sage dntortions i the x-y plane, whes x is the fissility and y
the rotationsl pacametes. The solad curve is the toridal threshold
above which toroidal figwres of cquilibriem are possible. The
shaded region i the stable region when the oucices still wndergocs
sniform rotation aftey 3 sawsage distortion. while the doticd
regron i the stable region if an axally sonuniform flow follows a
sausage distortion.

fissility parameter defined in the usual way. and v is
the rotational parameter defined by’

¥ = Elﬂ/ E‘m; .

where £/ and E,” are, respeciively, the rotational
energy and the surface energy if the nucleus is in the
spherical shape. One obs:rves that the threshold
curve can be approximated by the straight line x + 5
= |,

Thetoroidal equilibrium we have obtained is stable
against axisymmetric distortions of the nucleus.
Hrwever, in our previous anzlysis of the stability of a
nonrotating loroidal nucleus, the axially asymmetric
s~usage instability was found to be the most
important instability. Fora rotating toroidal nucleus.



a ngorous treatment of stability agamst sausage
distortions would require a complete
hydrodynamscal analysis. since the perturbation of
the shape wifl in general be associated with 2
nonuriform perturbation of the flow. We shall defer
such 2 dynamical treatment until a later date and
content oursehves with simple cases where the flow
patierns are assumed known.

In the presence of dissipation. viscous forces can
transfer the necessary angular momentum pomnt by
poit and can dissipate the necessary encrgics to
convert 2 ponuniform rotation into 2 umform
rotation, after a certain kapse of time. How rapid such
a conversion ca: take phce is complctely unknown.
For the case when uniform rotation follows rapud’y
from an axmlly asymmetric hyvdrodynamical flow,
onc can determine the region of stability for the
torosdal nuciei. They are shown as the hatched region
m Fig. 3.15. The region of stability &s very small
indeed. However. in the opposite extreme of axally
asymmetric flow under axamlly asymmetric distor-
tions. one can follow Dyson" to assume that the flow
speed adjusts itself 1o 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.
3.15. In terms of the units of angular momentum for
nuckei along the beta stability line, the stable torowdal
region is shown a. the dotted region in Fig. 3.16. It

O, - POE 7T -9388
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Fig 1.16. Region of smble toroid wader the assusmption of
sosuaiform flow in s mywge distortion represented in the sagular
momentem (/) snd mass (4) plane for suciei along the S-stabilicy
lins.

appears that, under Dyxon’s assumption. rotatmg
torouds are stable against sausage deformation with
angular momentum as large as /=~ 300 h. and these
nuclel onoe formed. will de-excite with the emission
of a sequence of gamma rays whose energies are
characterized by the large moment of meriia of the
toroid. Such de-excitations will bring the nucia to the
toroidal thresholds at which a change of topology will
occur. Since the rot.:*onal parameters at the torosdal
threshold are greater than those of Coben. Plasil. and
Swiatecki’s himits for the fission barner to vanish.
these nuclet will undergo fission. The fission event is.
however. delayed by the emission of the sequence of
gamma rays and may provide 2 signawre for the
detection of the intermedmate states of rotating
torosdal nucia

1.S. Coen F. Plasil_and W_ ). Swiatccke. Ame. Phrs. /N Y.
€2, 557 ¢1974).

2. C. Y. Wong. Astrophys. J. 198, 675 (1974).

3. ). Teys. “Ring Gabanwes.™ PhD. thesis. Columbia Univer-
sty 1973 V. C. Rubw and W_ K. Ford. Astrophvs. 5. 199,39
(1970).

4. C. Y. Wong. Amm_ Ph:s. T7. 219 (1973).

3. F. W._Dvson_ Pulos. Trems. R. Soc. London 188,43 (1992).

CLASSICAL MANY-BODY CALCULATIONS
OF FAST HEAVY-ION COLLISIONS

J.P.Bondorf'  S. Garpman'
H.T. Feldmeier  E. C. Halbent

Here we repor. on “SIMON. " a simple simulation
method for describing heavy-ion collisions. It is a
classical many-body method and is most suitable for
beam energies of several hundred MeV per nucleon.
Such high-energy coliisions are of great interest
because they may lead to new phenomena—for
example. to nuclear-matter densitics several times
that of ground-state matter. However, for beam
encrgies 2100 MeV per nucleon. present-day many-
body quansum rechanicai 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 t0 make quantum
mechanical caiculations 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



calculases the motion of afl the individual sucicons by
wsing sucicon-nucicon cross sections rather thaa
suticon-aucicon posentials.

At preseat. owr SIMON code mcorporaies very
cruie physical assumptions—for example, we wse
sonrchativistic mechanics; we neglect nuclear bind-
ing, Coulomb cficcts, and internal kinetic energy of
amcicon-nucicon scattcrimg. w *h the cross section o =
25 mb independeat of emcrgy. charge. and density.
For beam encrgies of 200 10400 McV per nucleon. the
25-mb cross section #s roughly realistic. Some other
classical methods are sow considerably superior %o
SIMON m imcorporating realistic features. For
cxampic, cquations-of-motion methods wse nucicon-
mucicon potemtials and so mcorporate some bindmng
cfiects, and some imranucicar cascade methods
mcorporate not only detailed cnergy-dependemt
differemtial wucicon-nucicon cross sections but also
pon production and picn absorption. It is possible 1o
improve the prescnt SIMON code by imcludimg the
realistic features now i mtrasucicar cascade codes.
Such an cffort migin be well worthwhile. because the
basic scheme of SIMON scems 10 allow more rapid
and economcal computation than do the basic
schemes of the other classical methods,

Simce our SIMON scheme 1sa classical many-body
method. most of the numerical results which we
repon are averaged in TWO Ways—Over appropriate
portions of phasc space and over many simulsted
auclear collisions. Figures 3.17 through 3.20 show
some results from application of SIMON 10 head-on
U +7"*U collisions. and to “Ne + “"U collisions at
all impact parameters.”

In Fig 3.17 we illustrate how a head-on-colliding
U + U system changes shape with time and eventually
disintegrates. The results i 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 MICTOSCOPIC asymmetrics m contrast ic
the macroscopic cylindrical symmetry and
macroscopic forward-backward symmetry of a head-
on U+ U collision.

Figure 3.18 shows cakulted central densities vs
time during a head-on U+ U collision. The SIMON
results in this figure were averaged within smalil
cylindrical volumes and over nime or ten simulated
U + U collisions. The figure shows results obtained
from three akernative “scatiering mechanisms™

1. Hart-sphere scattering. The nucleons are modeled
as spheres of dameter D= \/u/x=0.91m(so that

0 =25.4 mb). Here. if iwoapproaching suciei have
mpuct paramcier b < 0.9 fm. they scatter as soon
as theiwr scpantion decreases 0 0.9 fm. The
scatecring angic s calculated by wsing billiard-ball
mechancs. )

2. RIHC (repuisive impact scaticring with hard
cores). Here. if two approachmg necicons have
mpact parameser b< \/:—;. they scaticr as sooR
as their separation decreases w0 & or 0 05
fon — whichever happens sooscr. In cither case the
scattering angle 1 (ia the nucicon-nucicon c.m.
system) is chosen randomly. asseming uniform
distnbetion over the hemisphere correspondimg w0

i i

1. 4x impect scaticrng. This s the same as (2). wich
two exceptons. The hard core is absent (so that all
scaticrmgs occur at impact-parameter distance),
and ] B distnbuted vniformly over 4.

Meochanism (1) allows mernucieon distances <09
fm: mechansm (2). <05 fm: and mecharzsm (3). 0
fm. These differences obviously affect the density
achieved durmg nuckeus-nuckeus collision. As Fig.
3.18 shows. the calculated ratw of maxmmum particle
densuty to the precollision nuclear densay s =2 or 3,
depending on  the nuckonniucikon scatiering
mechanism used.

Figure 3.19 illustrates further re~ults from head-on
U + U collisions; it shows RIHC results fo. density all
along the collision axis. During the collision. the
RIHC density nises to a2 maximum =25 times
normal:. the central dense region (ic.. the region in
which the density exceeds the precoilision nuclkear
density) & significantly smaller than the overlap
region of two noninteracting nuciei; and there s no
evidence ior cither a sharp shock fromt or a sharp
overtap front.

Figure 3.20 shows double-differential cross sec-
tions. d°o (dE df}) vs E. for protons emiticd from
bombardment of ““U by "Ne at 250 MeV per
nucicon (lab). The experimentally observed results”
are plotted as triangies. The heavy-line histogram
shows resulis from a hard-sphere SIMON akula-
tion. The other two histograms show results from two
other recent detailed calculations” 2 fluid-dynamic
cakulation and an infranuckear cascade calculation.
None of the three detailed calcubations give results
that fit the measured data well at all angles and
energics. but all three dewiled calkulations show
some features in qualitative agreement with the
measured data, and the hard-sphere SIMON results
are not outclassed by results Irom cither of the other
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O TWO-NUCLEON SCATTERINGS
t=0

|

HEAD-ON COLLISION OF U+ U

100 TWO-NUCLEON SCATTERINGS
1=0.5 R/v,

700 TWO-NUCLEON SCATTERINGS
1=1.9 R/vo

) -

1300 TWO-NUCLEON SCATTERINGS
1=1.8 R/v,
[

Fig. 3.17. Projections, on 2 plane through the collisien axis, of the r.esitions of ndividm! sucicens during s head-en collsion of two
Y waclei. Each projection plot s lebeled with the number of already-orcurred nuckec 1-nucikon scatiermgs. sad also the time 7 in wesits of

R o (Here R s the “*'U radiws. and 2o s the refative speed of

the tro miml nuciei.)
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Fg 1 19. Dewsitics caicuinesd along the collision axis 2, &
dillfcyent times duning collision. At cach time. the cincic diagraar
spheres of demsity po. AR otbey resalts ase densitics calculased by
wsing the RIFC imteractivn. then averaging within fimite volume
clomeats. and then ferthey averaging over 10 cvilisions differing
ouly ia thei: rzndom sumbers. We first calcuiased p + (A1), for
which the velume ciorats were saefl cylmders. symmmetrc
around the collision axis >. cach of radies 37. = spam 1.13 fm. and
mean = +13 as ploncd. To get p + (A0). e made 2 fusther average
over two smilar Cylmdens 2t - = + 13 and - 1.

P/Ry: BATO OF GINTY TO PRE-COLLISON NUCLEAR BRNBITY

4

Fig 3.18. Tamo-dependent domsitios near the colliding syveem’s
e, for thyee differant choices of the sucison-sucioes scaticring
mweheniom. Each curve is 8 9- or 10-collision average of volsme-
sveraged densities. In cach case, the volsme was 3 disk,
cylimicically symssetsic around the z axis, with mean 2= 0, 7
thickaess 1.} fm, and owter mdims 28 fm. Al time 1, two w’
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moninteracting collifing spiveres would first touch: 81/ they woukd O o oy e ot ey

complesely overlap; snd ot 1) they would have just finished passing

through each other. Fig 3.20. Caiculated snd experimental proson energy specia.
Aagular biss of 10° width are used for the calcalated histograms.
The experimental results and the fircball-mode! results are from
ref. 6.
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two detaded caiculations. The dashed cune m Frg.
3120 shows resulis cakulaied from am cxtremch
sumple. nondetaiicd grometnc-thermodysamic “fire-
ball” model’ We call it momdetailed becawse.
ualike the three methods represenicd by histograms.
#t docs not purport to calculase time-and-position-
depeadenmt detaiks. such as masier density durng the
nuckar Joflsion. Insicad. ' makes sumpic
geometneal assumptions about the number of
sucicons suficring micraction during the heavy-son
collision. and then it assumes an sotropec Maxwell-
Bolumann drstnbetwon for those nuckcons con-
sidered to have micracted. Despite ws samplicny . the
furcball model grves resalts which ft the measured
data m Fig_3.20 beticr than do am of the histograms
resulting from detailed cakulatwons. Work s m
progress nos (0 amah7e and understand the
discrepancies amoag these Ne + U results.

1. Nucls Bobr lantstutc. Copenbiagen. onmzrk

2 Guewt avagmee trom Focmncie Hocinchoke Darmsiadt.
Germany . wnder NATO Fellonhisp.

X NORIATA. Copcmiiagen_ {Xcamadd

4 AR Bodmcrand C.\_ Pasos Pl Rev (15, 1147¢1977).

SR K Samthand M. 1ann. p 49m Prew_ bwr. Mok uop o
Grons Properiaes of Nawlevaml \awlewr Fvingtnwns | . Harvhres.
Airwwn oberial. Auvina. 1974, Fechmng e Hocoirchueie [armnaadt
Report No. AED-CONF 77017-000. 197" (anpublnhod).

& G.D Weulalictal. Py R Tenn 37, 102 (1976).

TOACA Amdan &t al. 1o be pubinbcd M Phiosuel Rovaen
Levsers.
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NUCLEAR REACTION THEORY:
A DYNAMIC POLARIZATION POTENTIAL
FOR COULOMB EXCITATION EFFECTS
ON HEAVY-ION SCATTERING

W.G. Lone T. Terasawa
G. R. Sawchiker

Recent masuremxents  on  heavv-wa  chastic
scattenng have confirmed ven hange dev 2t from
the sumpic Frowel diffraction patterm duc to
Coulomb excitatson. We have dern ed a vecond-onder
polarvatwon powental which s ablke to reproducc
these effects and whxch. comequentiy. does not
require the costhy soluton of ceupled aguations. This
docs not make use of an adabatic approximation:
mdced. the magnan pent of the potential
dommant and the real part s negligible. Quadrupolke
cxctation of lon-hmmg stais 5 by far the most
important contribution (0 (e IMagmary posential,
and cach of these excitations is proportional w0
BE2). The radial dependence s basically | 7' but
with a correction factor for the slowmg down of the
wons duc 10 their mutual Coulomb repulsion. The
Ratter shortens the range of the potential somewhat.
There are no adjustabie parameters. and the accuracy
of the predicted potental was testod by comparison
with “exact™ coupledchanmnel cakculations. An
examplc of an application 10 actual data’ is shown in
Fig. 3.21. The polanzation potential U was added to
a conventional Woods-Sax~ notential U, whose
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resl depth was fixed but whose radims, diffesencss.
and smaginary strength were adpusted for optimem fit
1o thedata The deviation from Rutherford scaticring
at the forwasd angk_ . rs due 10 absorption by the long-
raged pohnzation posemaal The dashed curve
shows the Fresncl-like pattern dwe to L. alome.

1 Semaect rowarch pastacant tyows thc 1 mn craty of Caouepsa .
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MICROSCOPIC DESCRIPTION
OF SCATTERING

W. G. Lone 1.. ). Rckertsen
G. R. Sachker

“Mxroscupee” means a doeription using nuckon-
nuckon iorces and detaikd nuckear wave (unchons
rather than phenomenslogacal optcal potentab and
collectine modehs. In practce st means vmpic lolding
modceh in which ar cliccine nucicon-nuckcon
micracon i jolded mic the nuckar densitics for
transion denvixn lor inchasic scaticning). together
with somc treatment oi nuckeon cxchange. The furst
am 1o oM “raalixe” eliecive interactions agant
caxpenmemt 10 v where the dersities are known
rcasonably wcll. Further. we winh to sev whether such
intcractions arc cyualh clfectne lordight and heavs
s, since theve probe difficrent regiom of the nucker.
If the micractions satnfy these (s, we have a modcl
with some predictine powcer: alicrnatively it can then
be uscd 1o 1o mode! wave functions.

Two such (real) interactions have been obtained.
The first, which was derived from G-matrix clements
based on the Reid potential. accurately reproduces’
empircal heavy-ion potentials as well as givieg good
fits 10 (p.n). ‘p.p). and (n.n") data. The second
interaction. also based” on the Reid potential. is a
density-dependent G-matrix. Each is represented by
a sum of three local Yukawa terms. Their $=7=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-ivn systems have been calculated. an¢ these
genenally agree to within about 10¢; with the areas
determined empirically (in the region of the strong
absorption madii to which the scattc:ing is sensitive).
Figure 3.22 shows an example’ for O+ "“'Ni. These
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Fig 3.2 Caicuinted poceatinl for “O + “N ncor the stromg
shesrptisa radims D ;. D = Siwect, E = cxchange.

rewulis arc being revicwed. Preliminan results for
heavv-ion inclasiic scattering are also encouraging
for thoxe cases in which some ndependent informa-
tion about the transition denvitics are availablke  for
cxampk. from clectron scaticring (sec abo con-
tributions in the cxpenmental section of this report).

The same interactions give optical potentials for
ncutron and protown elastic scattening which are in
satisfactory ap-cement with cxperiment. although
they tend 10 have .mean wjuare radii that arce shightly
too small. Such dch “icncies could be duc 1o higher-
order cffects whach 1 we been neglected. such as
virtual cxcitation of co.lective surface modes and
coupling 1o pickup channc. .. The mitial applications
of thesc interactions (o inck stic scaticning have been
madc to transitions such i s the cexcitation of the
lowest 3 statenin “Caand  Phfor which good RPA
transition densities arc avai’: ble. The resulis are very
good. Initial attempts to cx) lorc other parts of the
forces [c.g.. by application - (p.n) reaclions'] are
also cncouraging.

One important application of t,ese techniques is to
the analysis of light-lon cxciiation of giant

I T



resomances m aucicr” The new micractions will be
uwsed together wth improned wmave functions that
kave become avaddable.
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PROTON DENSITY DISTRIBUTIONS
IN LIGHT NUCLEI

R. L. Becker J.A. Smith

Recent inclusion of meson-cxchange contributions
to high-momentum-transier. chastic. clectron scatter-
ing from nucle has stronghy reduced the discrepancy
between cakcalated and expenmental cherge form
factors. Howerer. the exchange calculations

depend on the assumed nachaar forces. auckear
structure theonn. and meson theonn. 1hercfore.
comentivnzl sngic-auckon change and body den-
sitis mlerred from caperment are now model
dependent. Uncertamntes 1a cxpenmentai data and
Lk of date brvond 2 mavmum momcntcm tramsier
Icad to uncertar ixs 0 the mferred denvatees. 1 these
uncertaintzes are small cnough. 2 consetency check
can bec mad- betneen e dematy assumad m the
meson-cxchrape akulaton and the output density
band.

We bave muotegated the uncestamt: .« n the quase-
expenmxntal bodv densites i Cile obained by
subtiacting movon-cxchange contribut:ons based on
the Rad and Hamada-Johmion mteractiom. A
strhingly ki x unceramtn n the central body
density mas obtained: shapes rangmg from a large
central deprasion 1o 2 pealb were allomad. By
conwdering  the  mterference  Iktween  meson-
exchange 2nl ungic-nuckon amplitudes. we con-
cluded that data bctwecn g-.. =45Ifm and I.5q. .
might consaderably improzve the iest of comntency of
the nu< bear force modcels emploved. Similar analves
of clectron scattierag from other light nucksi are in

progress.

I. Provent aduarcss [epartaaent of \stronomy, Yake | nreervn .
New Haven. Conn

2% M Khxtam! J N\ Ipea. Phv Torr 898, 319 (1975
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4. Nuclear Data Project

R. L. Auble' J. Halperin' S. J. Bal¥’

J. R. Beenc B. Harmatz S. H. Dockery"
F. E. Bertrand' M. J. Martin R. L. Haese'

Y. A. Ellis M. R. Schmorak  F. W. Hurley’
W. B. Ewbank K.S. Toth' M. R. McGinnis
M. L. Halbe' 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 programg which require a documented authoritative
base of radioactive decay or other nuclear structure information.

The project staff at Oak Ridge National Laboratory (ORNL) operates as a
comprehensive integrated data cvaluation center which inciudes 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, NDP
provides technical leadership and guidance for national and international networks for

nuclear structure data evaluation.

TECHNICAL DOCUMENTATION CENTER

In suppont of its daia evaluation work, the NDP
maintains a complete muiltiply 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
struciure measurements and calculations were
indexed and added to the NSR master file. New
entries are sorted by topic and published three
times each year in “Recent References” issues of
Nuclear Data Sheets.

A magnetic tape version of the conplsts master
NSR file (about 50,000 indexed entries, 1960-
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1976, in ORNL's ADSEP format) was sent to
the Kurchatov Institute (U.S.S.R.) as parn of the
U.S. pasticipation in an intematioral exchange of
nuclear structure information. The twpe was
successfuliy 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
reporred at three recent Russian conferences was
received from the U.S.S.R. These references (aiso
in ADSEP format) are bing merged into the NSR
file.

Relevant new entries to the NSR file are

distributed every month to each mass<chain
eveluator. This regular service is being provided

for 21 A<hain data evaluators. Three additional
groups receive regula; notification of ncw literature
relevant to special data compilation. (atomic



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 capabiliies for
ADSEP data bases. For long computer printouts.
NP 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.

I. Part-time assignment to Nuckar Data Project.
2. Technial support staff.
3. Soenulic support safil.

- v ®» @
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SCIENTIFIC DATA CENTER

The evaluated nuckear structure data file
(ENSDF) summarizes the experimental knowledge
about cach nucleus. cach reaction. and each decay
scheme. The ENSDF is a valuable source of
established data for use in cakulations. systematic
studies of nuclear propertics. 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 evaliations from Nuclear
Data Sheers. Nuclear lkevel 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 cuverage of the periodic
table is illustrated for “adopted levels™ and “decay
schemes™ by the graphs in Fig. 4.1.

ORNL DWG. 779929

ENSDE Data fank Inventors

» o

A e M B # ¥ 3 # A W w = s € - ® ® ® @& @& = =

ORNL DWG. 77-9930
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Fig. 4.1. Evaluated nuclear structure data file status, May 1977. (a) Nuclei included in ENSDF: (b) decay schemes included in ENSDF

(by parent).



Complete magnctic tape copics of the permanent
master file ENSDF are prepared at six-momth
imtervals for distribution by the National Nuclear
Data Center (NNDC) at Brookhavea. Copics have
sho been semt directly to network groups in the
United Kingdom and West Germany, together with
programs for maintaining the ENSDF system in an
IBM computer environment. A tape coolaming
only decay-scheme data has been sent to Idaho
Nationa! Engincering Laboratory (INEL) (to be
ased in preparing imput for ENDF/B) and to
Grenoble, France (for use in a similar radicactivity
file). Duta checking performed by cach user
provides information for further impro ement in
ENSDF quality and consistency.

A number of requests for nuclear structure data
have been filled from ENSDF by retricving a
desired selection of data, then using one or more of
the NDP supporting programs 1o prepare ishks; or
displays in a format that is e2<ily understoo! by the
user, such 25 the radioactivity files described ip an
accompanying abstract.

SCIENTIFIC DATA
EVALUATION GROUP

The NDP data evaluation group consists of
scientists who are skilled in understanding and
interpreting experimental results from radicactivity
or nuckar reactions. The principal activity of this
groug is to review and update the ENSDF as new
experimental results appear. The scientists of the
NDP evaluation group als~ provide a pool of
experienced talent which can focus on specific
problems as required by other Energv Re-
search and Development Administration (L DA)
programs.

The NDP data 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 Nuciear Information Rescarch
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
data evaluation (see “Nuclear Data Networks”) and
full- or part-time work with NDP.

A natural consequence of a systematic review of
experimental data 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.

i

Many NDP staff members arc involved n
rescarch work in addition 0 their evalwation
respoasibilitics. These activities are not mentioned
here, but are dexcribed in other sections of the
Physics Divisi
PUBLICATIONS:
NUCLEAR DATA SHEETS

The NDP publications group uses the master
files of bibliographic and numeric data to preparc
camera-ready copy for Nuclear Data Sheets. The
computer programs which perform these tasks have
been designed to take advantags of hardware and
softwarc maintained by the Computer Sciences
Division in suppon of extensive information center
activities at ORNL. During the past 18 months, the
NDP prepmcd 12 A-chain issues and 5 issues of
“Recent References™ for publication in Nuckear
Data Sheets. The A-chain issues contain complete
revisions of Nuclear Data Sheets for 62 mass
valucs.

Data for cach mass chan were prepared in
computer-readable ENSDF forn.t; data sheets
and drawings were assembled automatically from
the ENSDF data sets; and the data sets have been
filed onto the permanent master file of evaluated
data.

A new section has been added t» “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 thc 1974-1976 reacticn list for
charged-particie reactions concludes the activities
of the Charged-Particlke Cross-Section Center at
Oak Ridge. The Reaction Index section of “Recent
References™ indexes much of the same literature in
slightly less detail. The NNDC at Brookhaven has
assumed responsibility for investigating additionai
indexing required by users of charged-particle
bibliographies.

NUCLEAR DATA NETWORKS

With the establishment of national and
international networks of data evaluators, NDP
has assumed the additiomal 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 data
evaluations that can be merged into ENSDF. The
NDP data evaluation group hasa reduced evaluation
responsibility (about 100 A-<chains rather than
about 200). which can be maintained on the
four-year cycle requested by ERDA.



. Three training sessions for new data evaluators
have beenm organired and conducted. These
meetings introduced each new data evalsator to
the structure of the data file, services available
from NDP, and techniques used at NDP 10
choose adopted values from among varous
measurements. These sessions were attended by
new data cevaluators from Osk Ridge,
Brookhaven, Idaho Falls, Daresbury (United
Kingdom). and Karisruhe (Wesi Germany).

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 U.S. network locations, as
well as from ERDA and National Academy of
Sciences (NAS).

. Compicte copses 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.

. A tape contairing several physics programs used
by NDP in daia evaluation was sen! 10 US.
network groups at NNDC and INEL for use by
their new evaluators.

. A complete indexed reference tape was sent to
the Kurchatov Institute for use in the USS.R.
data evaluation effort. A tape containing
indexed references to three Soviet conferences
was teceived from Moscow in a similar format.
The tape exchange is a step toward defining an
acceptable format for exhange of bibliographic
information.

. Documentation of programs used by NDP for
physics calculations was prepared for
distribution to the networks. These programs
have been developed by NDP and are used
routinely to extend and to check ENSDF
data sets. (Cxamples include log-ft calculation.
internal-conversion-coefficient interpolation, and
least-squares level calculation.)

. A rseview 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.
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8. At the request of the miernational network,
NDP has drafied a list of suggested procedures
for data cvalumation. Agreement on certaim
standard procedures can simplify the review
throughout ENSDF. The NDP has also
prepared a critique of an automated “data
evaluation™ procedure suggested by the US.S.R.
data evaluators.

9. At the Junc 1977 meeting of the American
Nuclear Society (ANS), NDP inniated and
organized a special scssion to describe several
sources of technical information for nuclear
scientists and engineers. The special session was
jointly sponsored by three ANS divisions.

COMPUTZR FILE OF DECAY
RADIATIONS FOR APPLIED USERS

M. J. Martin R. L. Haese
D. C. Kocher' R. L. Auble
W. B. Ewbank

In response to requests from users of
radioactivity data, the Nuclear Data Project has
included in ENSDF an extensive collection of
decay scheme information. For this collection of

abaut 400 nuchdes, the nuclear decay information.

contained in ENSDF has beer. 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-clectron 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 data
sets included :n this collection. additional eval-
uation has been performed so as to include the
results of new research published since tihe most
recent complete mass-chain evaluation.

The following is a list of requests; it should be
noted that they contain considerable overlap.

1. NCRP (220 decay schemes)—prepared over a
period of several years by NDP for the National
Council on Radiaiion Protection (NCRP). A
MEDLIST output will be included as an
appendix in an NCRP report.’” A preliminary
version of the data on 194 of these nuclides has
already been published.’

PR W
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2 ESD/NRC (240 decay schemes)—prepared
for the Nuciear Regulatory Com™isioa (NRC)
by the ORNL Eavironsmental Sciences Division
(ESD)* using the ENSDF formats and systems
designed by NDP Most of these radionuchdes
occur s the routime release of cffluents from
muciear reactors. Data for many of the nuclei
this growp were taken from the NCRP file;
others were prepared by extending decay sets in
ENSDF which were based on dats i the
Nuclear Dats Sheets. In some cases, newer
results were evaluated by ESD and later merged
with ENSDF.

3.CTD (up 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 wsed to generate as many of these decay
schemes as have bee1 experimentally estab-
lished. For other niclei, the ENSDF data
are being further supplemented by calculated
values cr other estimu'»s ¢ half-lives and cecay
energics.

4. ALSDECAY (85 decay schemes)—assembied

from ENSDF for amalysis of cooling problems
eacountered in the irradiation of stainless steel.

2 / Maewel of Radioactivity Messuremenss Procedures,
NCRP report, 10 be published.

3. Nuciear Decay Duwta for Selecred Radiomuclides. M. J.
Mastin, ed.. ORNL-5114 (March 1976).

4. Nuciear Decay Dass for Rediomclides Occurring in
Rowtine Releases frum Nuclear Power Reactors, D. C. Kocher.
ed., ORNL/NUREG/ TM-102, 10 be published.

ALPHA-DECAY RATES FOR EVEN-EVEN
NUCLE] IN THE 204 € A < 256 REGION

Y.A.Ells K % Toth

As pert of data-compiling activities, alpha-
decay s are systematically examined and
reviewed for nuclei which undergo that pasticular
mode of decay. Transition rates are considered
within the spm-mdependem 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 R and equal
to 2Z¢*|r for r greater than R. The atomic number,
Z, and the radius, R, used in the calculation are
those of the daughter nuclei.
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In alphs-decay theory, tramsitions that proceed
between the ground states of even-cven nuclei are
assumed tc be unhindered so that their theoretical
rates arc takea to be idemtical to exprrimental
alpha-decay cnmergies are therefore used to
determine R and V. For all other alpha-decay
transitions, R values arc chosen from acighboring
evwn-cven nuclei and are used together with
experimental alphs-decay emergies 0 calculnte
theoretical rates. These raves are thea compared
with experimental rates to determime hindrance
factors. In meny nstances, hindmance factors can
be useful in spin and parity astignments.

A convenient way to study the systemmatics of
alpha-decay mates 13 tc examine the treads with
both neutron and atomic numbers of the ry
p-nmeterasd\.fmed in the usual manrer; that is,
R = (A" )10 cm. As part of reviewing the
mass chains (4 = 214, 218, 222, 226, 230, 234, 238,
242), we cvaluated and chose the best available
alpha-decay data for eveneven nuclei in the
region above lead. Figure 4.2 shows the deduced 7o
parameters &s a function of ncutron number for
isotopes ranging from polonium (Z = 84) 1c
fermium (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 Jess pronounced effect
can be noted as a result of the N = 152 subshell.
The effect of the proton closed shell at Z = 82 can
also be scen; namely, the 7o parameters decrease as
onc goes from radium (Z = 88) to polonium (Z =
84).

In the neutron region between about 130 and
150, the curves for each element vary rather
smoothly. Therefore, it is possible 10 obtain
reasonably accurate o values by extrapolation, as
indicated in Fig. 4.2 for two elem:nts, curium and
californium. These extrapolated values can be used
to estimate undetermined alpha-decay branching
ratios. Two nuclides were selected as examples,
MCm and *“Cf. In Fig. 4.3, we have plotted
alpha-decay branches as a function of ro for the
two isotopes. Cross-hatched areas indicate the
range of ratios consistent with the extrapolations
from Fig. 42. For ™Cm, one deduces an
alpha-branch of (4-‘)% The only value available in
the literature’ is given as about 1%. We feel that
our errurs on ihe 7y parameter are extreme ones;
tnerefore, the alpha-decay branch of **Cm is
larger than 1%. In the case of ***Cf, no branch has
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been reported.' We estimate its  alpha-decay
branching 10 be (5279%.

We plan to extend this survey into the region
below lead and then to systematically deduce
estimates for unknown alpha-decay branching
ratios.
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I. M. A. Preston. Phys. Rev. 71, 865 (1947).

2. G. H. Higgins. Thesis. Univensity of California (1952).
UCRL-1796 (1952).

3. R.J. Silva &1 al.. Phys. Rev. C 2, 1948 (1970).

Fig 4.3. Aiphe-decay branching ratios plotied as 8 function of
1o purameters for *CYand ™ Cm. Cross-hatched areas indicate the
poss.bie range of alpha branches consisient with exirapolated
values of 7. 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. Barmett

Blistering of stainless steel by an energy-dispersad
(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 clectron
capture and stripping cross sections of He and He'in
helium gas, the computed He® energy distribution
was a maximum at low cnergies (100 eV) and
decreased approximately 10%, reaching a sharp
cutoffl at 40 keV. Figure 5.1 shows two electron-
microscooe photographs for (wo stainless steel
specimens bombarded by a monoenergetic, 40-keV

He’ beam and an energy-dispersed helium beam of 0
to40keV toadoseof 1.9 X10°and 2.6 X 10" pjcm’
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
cakculated 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.

Ofm, -0W6 76-12603

MAGNIFICATION - 873

40 hev He® ON SS
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Fig. 5.1. Electron-microscope photographs of two stainless 5.2} specimens bombarded by monoenerpetic and energy-dispersed belium

beame.
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CONTROLLED FUSION ATOMIC
DATA CENTER

C. F. Barnent M. L. Wilker
S. W.Hawthome  G.S. McNeilly

The compilation Atomic Dasa for Controlled
Fision Research has been distributed to the fusion
research community. Because parts of the compila-
tion are now two years old, data revisions are being
made with emphasis on those atomic collisions
mvolving impurities found n high-temperature
plasmas. Evaluated cross-section compilations are in
progress for charge exchange and electron excitation
and ionization collisions for multicharged 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-
Maxweitian distributions.

n cooperation with the Atomic Transition
Probabilities Data Center at the National Bureau of
Standards, the bimonthly publication of the Atomic
Daita for Fusion brlietin has continued. From an
init;al 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 tix fusion
community severai months before the data appearin
laboratory records or open literature.

Searching, evaluating, and cntering biblio-
graphical data into ‘*he computer file have
continued. Work is proceeding to evaiuate critically
the completeness of the file. Alter references that had
been omitted have been added to the file, an index
bibliography for specific collisional processes will be
published.

During 1976, 1alks 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 States, the United Kingdom,
the Federal Republic of Germany, the USS.R.,
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 submillimeter laser system to

i6i

measure the ion temperature i thermonuciear
plasmas via cuierent Thomson scattering. Basodons
feasibility study performed in 1975,' the Thomson
scattering experiment requires a2 submillimeter
source with the following parameters: (1) a
wavelength between 300 and 600 um. (2) a power
Jevel of less than or equal 1o 1| MW, (3) a line
width at FWHM of less than or equal to 30
MHz, and (4) 2 pulse length of 200 to 300
nsec. The detector for the scattered signal will
be a heterodvne receiver with a noise-equivalent
nower of 107" W/ Hz, a bandwidth of § GHz or
greater, and a cw submillimeter laser foruse asa local
oscillator. Therefore, we are developing both cw and
pilsed lasers for the Thomson scattering experiment;
the CH,,F laser has been im;,. oved, and, in addition,
both a cw and a pulsed submillimeter laser based on
the 447-um CH;l line have been developed for use in
this measurement. The cw CH;i laser, optically
pumped by the P(18) 10.6-um CO: line, exhibited
better power conversion efficiency and amplitude
stability than did the CH,F operating in the same
laser cavity. The amplitude stability is greater,
because the CH,1 molecule is pumped by a CO: laser
operating at line center, as opposed to the CH,*
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 um), CH>* 1496 um), and D;O (385 and
361 um). Avera: sar cotout varied from
approximately 12 x W with CHsI to 125 kW with
D:0. A schematic diagra.m 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 1- and a 2.5-m cavity length.
For the two cavities used. the measured gquantum
efficiency or output power of the I-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 2.5mto 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 puises.

Two different CO; lasers were used in these
investigations. One was a 10-J grating-tuned TEA
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CO; Iaser, which typically produced 7.3 J on the
P(22) 9-pm line used to pump D;0, 8.5 J on the P(20)
9-um line used to pump CH;F, and 7.8 J on the P(18)
10-pm line used to pump CH;1. The other laser relied
on the injection of & cw signal tuned to the desired
wavelength to pull the TEA CO; laser to oscillation
on the proper transition. This injection-tuned inser

| et At it i,

produced approximately 4 J on e2ch of the pump
lines. The significant differenc: between these two
lasers is the CO; line width. Puises from the twe lasers
were observed by a l-nsec-response photon drag
detector and were recorded on a transient recorder.
When the frequency was computer-analyzed by a fast
Fourier transform routine, the frequency spectrum of
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 50 MHz.

The unstable resonator was developed to serve as
the oscillator in a 1-MW oscillator-amplifier system
for the ion temperature measurement. A schematic
diagram of the proposed system is shown in Fig. 5.4.
The oscillator will be excited by a 15-} TEA CO,
laser, and the amplifier will be driven by a :50-J TEA
CO; laser. The wavelength tuning of the CO: laser
will be achieved by an injection tuning technique
developed last year. The submillimeter amplifier
utilizes parabolic beam-expanding optics that
produce a large volume necessary to absorb the 150-)
pump pulse. At the same time, the amplifi=r has a
short length to inhibit superradiance: the overall
length of the amplifier is | m, with a diameter of 0.64
m. This geometry yields an active voiume of 230
liters. The construction of the ariplifier stage has
recently been completed, and the system is undergo-
ing initial tests to determine the conversion ef-
ficiency, spectral purity, and transverse-gain profile.

The detector for the Thomson scattering
diagnostic test will be a heterodyne receiver using a
cw submillimeter 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
osciflator. The scattered signal with a bandwidth of |
GHz will be stored by a Teletronix transient digitizer
system, and the spectrum will be analyzed by a fast
Fourier transform program in the PDP-11 computer,
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Fig 5.4 Schematic dngram of the oscillstor-amplificr system.

which forms part of the digitizer package. When this
analysis device was used to determine the spectra of
the two CO: pump lasers described above, the results
confirmed that the device has :he frequency
capabilities necessary to analyze the Thomson
scattered spectrum.

Based on our work with CH,l, a high-power (40
mW) cw submillimeter laser has beenbuilt 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.

1. D. P. Huichinson and K. L. Vander Sluis, Proposed Sputial
fon Temperature Measuremenis with an FIR Laser, 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, C*, N*, and O% in

collision with helium at velocities between 0.5 and
1.2 X 10° cm; sec. The single-clectron capture cross
sections peak near 15 X 107'* cm’ for each case except
C", where single capture is anomalously Jow. The
double-capture cross sections areabout 3 X 107" cm’
except for B”, where the highest observed value is
1.5 X 10°** 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 B’ cross sections exhibit
variation with velocity, but N** and O*" cross sections
remain constant.

CHARGE-TRANSFER COLLISIONS OF
MULTICHARGED IONS WITH ATOMIC
HYDROGEN: MEASUREMENTS WITH
THE TANDEM VAN DE GRAAFF

H. J. Kim R. A. Phareuf
F. W. Meyer 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
clectron capture cross sections, v,,.-1. for *Siionson
2 %vdrogen target. Molecular hydrogen was ther-
nally dissociated by direct ohmic heating of a gas
target cell.’ The incident ion charge ranged from g =
210 7, and theincident energy mnged from E= 1.4t0
5.7 MeV. This energy range is equivalent to 50 to 200
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keV hydrogen energy £u (or incident energy per
nucieon) and encompasses the Tokamak Fusion Test
Reactor injection energy, £y = 60 keV. The
me-.sured cross sections are shown in Fig. 5.5. Also
shown for comparisonare proton + H cross sections,
On.

Cross sections o,,: decrease rapidly and
monotonically with energy in a manner similarto oy,
although the values are much greater. At a given
incident energy, the cross section increases with
incident charge, g, for all energies: a simple
expression o,, 1ag™"  with 2 < a <2.5 represents
the data well.

In order to cross-check our previous o,., : values
for fast Fe* + H measured by using an indirectly
heated target,” we remeasured a number of Fe” cross
sections with the present target. For reasons as yet
unknown, presently measured values are

significantly smaller.

. G. W. McCiure, Phys. Rev. 148, 47 (1966).
J. E. Bayfld, Rev. Sci. Insirum. 80, 369 (1969).
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STARK MEASUREMENTS OF
ELECTRIC FIELDS IN ORMAK

K. L. Vander Sluis  P. M. Bakshi'

Previous analysis of line profile measurements of
the Balmer aipha, beta, gamma, and deita radiation
of hydrogen in ORMAK involved data-averaging by
a computer. In order to climinate these computer
routines as an influencing factor, several sets of daia
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 sccond, 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 [0-usec average of the
photomultiplier current. In Jhis time interval, the
rctating 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-u slit used, is 0.65 K.
‘This technique provided a distinguishing feature to
separate qualitatively real wavelength vanations
from random time events. Examination of the raw
Biomation data shows many single events which have
a risc and decay time of overa few channels, typicalily
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, 2nd one is observing fluctuation in
ihe signal level. In cither case, the process of
ave.aging over 1) channels erases this time feature
and yiclds a broadened signal which is difficult 1o
distinguish from the real 20channel wavelength
information.

This analysis provides vidence of why variations
of the order of 0.25 A in the positions of rea! peaks
occur. ltalso confirms that the signalsare too close to
the noisc level to provide meaningful ineasurements
of weak satellites. Finally, the major features of the
profiles correspond to the basic Balmer emissions
and to known impurity spectra.

.

I. Consultant. Boston College. Brighton. Mass.



CHARGE-TRANSFER COLLISIONS
OF MULTICHARGED IONS WITH
ATOMIC AND MOLECULAR
HYDROGEN: MEASUREMENTS WITH
LOW-ENERGY ACCELERATORS

R. A. Phancuf F. W. Meyer
D. H. Crandall

The study of clectron transler in collisions between
muluply chareed ions and atomic hydrogen is
fundamental to the understanding of charge-transfer
mechanisms. due to the relatively small number of
clectrons comprising the ion-atom system. In
addition. such studies are of practical interest because
of potential applications in varnous areas of
technology. such as the neutral-bcam injection
heating of fusior: plasmas.

Experiments 10 measure charge-transier cross
sections for multiply charged ons of helium. carbon,
nitrogen. and oxygen incident on atomic and
molccular hydrogen gas targets were initiated in Junc
1976. utilizing the 600-kV accelerator located in the
" Fusion Energy Division."”

Charge- and mass-analyzed beams of up to triply
ionized C. N.and O. as well as “He” and ‘He™. were
producced in a simple hot-filament electron-impact
ion source and accelerated through voltages ranging
from 1010600k V. Charge states greater than 3+ werc
produced by siripping fast 2+ and 3+ ions on thin
Formvar foils or. in a few cases. on residual gas. The
desired charge statc was selected by clectrostatic
deflection and passed through a tungsten oven in
which hydrogen could be thermally dissociated. The
primary and charge-transfer components in the
cmergent beam were separated by a second stage of
clectrostatic deflection and were counted using a
channel clectron multiplicr.

The dircctly heated tungsicn-hydrogen oven is
essentially the same as that previously used and
described by McClure.’ The degree of dissociation of
hydrogen was determined by monitoring the varia-
tion with oven temperature of double-ciectron
capturc by 20-keV protons with H: and argon target
gases in the oven.” Fora heating current of 130 A,
which resulted in an estimated oven temperature of
2350°K. the dissociation fraction was determined to
be 95¢¢. Thc target thicknesses were determined by
normalizing to well-known cross sections for single-
clectron capture by 20-keV protons incident on
hydroger and H: targets.

Results of the clectron-capture cross-section
mcasurements for oxygen ions incident on both
atomic and molecular hydrogen targets are presented
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in Fig. 5.6. The rcsults for both incident nitrogen and
carbon wons are qualitatively similar. At the lower
velocities. where the relative particic metion s
comparable to that of the outer atomic clectrons (v
about 2 X 10" cm sec). the collision cross sectionsare
determined by the detailed behavior of the potential
curves of the quasi-molecule formed dunng the
collision. which can differ considerably from system
1o 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 etal.”
over the range of velocities where the measurements
overlap (S X 10 < v < I X 10" cm sec).

At higher velocities (v less than about 2 X 10
cm sec). however. momentum transfer becomes the
dominant mechanism tor charge transfer. In this
velocity region. the cross sections for C°. NY'_ and
O" projectiles for g less than 2 are similar in
magnitude. fal) off similarly with velocity. and scale
approximately as ¢. as predicted by the Bom
approximation. At the highest velocities. the cross
sections for clectron capture from H: targets are

0% ENERGY (keV)
20 100 200 00 1000 K00

v T LS LARAE. LA 2

L - —OXYGEN ON H --- OXYGEN ON H, |

|

e |

0 R SR S—
INCIDENT ION VELOCITY (108 cmys)

Fig 5.6. Experimental electron-capure cross sections for O™+
H ~ 0" + H’ (solid points 2nd curves),and for O™+ H, -0 +
H;" (open points and dashed curves). The solid curves are labeled
by the incideat 1onic charge g™, Diamonds. ¢ = I; circles. g = 2.
squares, ¢ = . triangles, g = 4. inverted triangles. ¢ = 5.
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roughly double those for atomic-hydrogen targets n
all cases. Recent classical Monte Carlo calcula-
tions’ ™ of cross sections for clectron capture at these
higher velocities by muitiply charged C. N, O, and He
ions in atomic hydrogen are in good quantitative
agreement with the present data_

In the case of He™ ions incident on molecular
hydrogen. our measurements of o> and o agree well
with previous measurements.” "' For atomic
hydrogen, the present data are n excellent agreement
with the measurements of Shah and Gilbody.'" and
with those of Fitcet al."* as renormalized by Shah and
Gilbody." but disagree substantially with those of
Bayficld and Khayrallah.'' For collisions of He” iens
with atomic hydrogen. the present o)., cross sections
are believed to be the first reporied expenmental
values for total electron capture.

In addition. the ORNL Penning ionization gage
(PIG) heavy-ion facility was utilized for cha:ge-
exchange cross-section measurements of lithive-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 | X 10” cm; sec). The molecular-
hydrogen measurements are in excellent agreement
with experimental results of Crandal! et 2l.." and the
atomic-hydrogen cross sections are in fair agreement
with absorbing-sphere Landau-Zener calculations of
Oison and Salop.'”" These atomic-hydrogen
measurements, however. disagree with experimental
results of Bayficld et al.'" Additional experiments
with Bayfield'’ and Gardner'” employing their
apparatus and the ORNL PIG ion source are in
progress.

I. R.A. Phancuf and . H. McKnight, Bull. Am. Phys. Soc. 21,
1266 (1976).

2. F. W. Mcyer. R. A. Phaneuf. and R. B. McKnight. Topical
Conference on Atomic Processes in High-Temperature Plasmas.
Knoxville. Tenn.. 1977.
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A 15,61 (497D
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ELECTRON COLLISIONS WITH
MULTICHARGED IONS

D. H. Crandall  P. O. Taylor'
R. A. Phancufl  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 clectron beam, as illustrated in Fig. 5.7. These
experiments are in coopcration with the Joint insti-
tute for Laboratory Astrophysics (JILA). 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*" (25-2p) resonance transition shown in Fig.
5.8 is the first excitation measuremem of 2 multiply
charged ion. The Gaunt-factorcurve 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-Born and two-state close-coupling
calculations’ 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 N** (2s-2p) and possibly to
some ions of other isoelectronic sequences to provide
further tests of theory.

Electron-impact ionization cross sections have
been measured for C**, N'", N*, and O for energies
between threshold and 500 eV. Figure 5.9 shows
results for C** and comrrarisons with other work. The
Lotz** 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 evidence’ that the exchange
classical impact parameter (ECIP) theory due to
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Fig. 5.7. Schematic diagsam of the spparatus for clectron-impact excitation and ionization experiments.
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Ryigoss provides the most relable calculated values.

Th: results doduced from wnuation rates 10 a 8-pinch

plasma’ are in good agrecment with the present Jatz
for the €' case. but for N*' the plasma measurerents
were a factoi of 2 lower than our data.

Our ionization measurements will beextended to a
fcw morc ions and to high=r energics duning 1978
The exiMing rosulis for both sonizauon and excita-
tion crons-section measurcments will be presented at
the International Conference on Electron and
Atomic Collistions in Parn. July 1977, and are being
preparcd for publication.

L faripants from  the Jomt Invitute for | akoraton
Astophysos. Boulder. Cokorade.

2 M1 Mallons and 1) M. Caandall ILLE Pearts. Vim! Nei.
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wparatch b WO 2 Robhb gt o Alsmos Soentifee | aboraton
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of Les Alamun. M od these sosufis anmd present dats were reporicd
at the vonlerenwe on romise Prisesses i High- lemperunere
Plavmas. Knovvlle. feen  Foebrsan 1977 spons o by ERIA-
DMET and the ORNE Comgnikio 3 ovon Avomie $xata Center
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NEUTRAL-PARTICLE SPECTROMETERS

J.A. kay  D.A. Brisson'
C. k. Bamnett

A paralicl-platc ion cnergy anatyzcr and 2 Wien-
type 10" velocity filter analyzcr using an N gas celi to
strip encrgetic hy-drogen atoms have been fabricated,
calibrated. and Maced in operation on the E1L.MO
Bumpy Torus (EBT) plasma to determine the plasma
ion tcmperaturc. Mcasurements made by the EBT
group have confirmed previously measured ion
temperatures, indicating that previous measurcments
were not distorted by the presence of impurity
neutrals excaping the plasma.
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Fig 5.10. Efficiem 4 of a cesinm hest-pipe vapor cell to convert

low-encrgy hydrogen atoms 10 H'. Shown 1or comparison is the
clfwency o s comeational N gas cetl to convert hydrogen atoms
twoH.

Using heat pipe technwgues, we fabricated a cosium
oven and calibrated st to convert hvdrogen atoms to
H . Figurc 5. 10 shows the spectromeicr effieicncy asa
finction of hydrogen cnergy. Also shown for zom-
parison is the cificicncy of a conventional nitrogen
comversion cell in which H” was converted 1o H'. A
an ¢nergy of 100 ¢V, the cosium eonversion cellis 27 -
orders of magnitude more clficient than the nitrogen
ccli. The spectrometer has been placed in operation
on EBT and has increased the reliability of the data
for low-cnergy ncutrals.

1L ORAU Rescarch Partiopant, Sorth Carohima State 1 niver-
sy, Rakigh.
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6. Atomic and Molecular Physics

Accelerator-Based Research

INTRODUCTION
P.D. Miller C. D. Moak

The following rescarch areas are being actively
pursued. in most cases with beams of particles from
the EN tandem accelerator: fon Stripping in Gases
and Solids; lonic States inside Solids. Inner-Shell
and Outer-Shell Excitation of Multiply Charged
lons. Radiative and Nonradiative Electron Capture
by Multiply Charged lons: Beam Foil Spectroscopy
and Target Atom Radiation; Auger and Autnioniza-
tion Processes; Stopping Powers of Heavy lons in
Gases. Solds. and in Crystal Channels. Coulomb
Excitation and Molecular Orbital Promotion of
Atomic States of Heavy Atoms: Electron Ejection
from Solids: and Quasi-molccular X-Ray Studics.

Results in these areas have already made impacts in
the related fields of fundamental atomic structure.
on penetration in matter. racdiation damage in sohds.
ion-induced x rays for chemical analysis. accelerator
technology. wnd thermonuclear studies. Highly
stripped heavy ions affect the performance of
thermonucicar plasmas. These particles. if present as
impurities in controlled thermonuclear reactor
(CTR) devices. can produce sericus power losses
through radiative and nonradiative electron capture.
A better understanding of these loss processes may be
helpful in the choice of materials that will * . exposed
\n  plasmas. Swopping powers and range
r-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, ihe discovery of .nulticomponent heavy-
ion beams with the E N tandem accelerator led to the
routine use of heavy ions for solid-state physics
rescarch and to a program of stopping-powe;
measurements; both these areas are still being
pursued. Early use of brominc and indine ions as

simulated fission fragments led to studies of fission
detextors. crystal channeling, and charge states of
stripped ions. in addition to ordinary stopping
phenomena.

Table 6.1 summarizes the activities on the EN
t1andem Van de Graaff accelerator for the past year.
Some of the results of group | have been published.’
Other work by this group has shown tkat, when ion
and target 7 arc matched. the target atoms are able to
fil A-shell holes carried by the ion with high
probability. This effect i1s so prominent that the
charge-state distribution of chlorine ions passing
through a KCl target is almost one-half charge Jess
than is the case with carbon or aluminum targets.
This direct transfer of clectrons from inner shell to
inner shell of identical particles is a subject under
intensive study in several laboratories. Group VIl in
Table 6.1 has also been concerned with the direct
transfer of clectrons from thetarget A shell to K-shell
vacancies in the incident projectile. These studies
were made by measuring K x-ray yields from “Ti,
“Cu. and “Ge bhombarded by 52-MeV ''Si”.
When vacancies were present in the silicon (g = 137,
14°). large contributions due to clectron transfer were
observed. which incrcased by a factor of about 10 as
Z: approached /.. Tkese results and a quantitatively
satisiac.ory comparison (0 a new theory of electron
capturc’ with no adjustable parameters have been
accepted for publication in Physical Review A.

Group 11in Table 6.1 has developed a naw method
for the mecasurement of charge-state distributions of
stripped ions; a system for doing the measurements
has been buil: and has proved to be a better way
to cvaluate the performance of gas-stripper equip-
ment designed for tandem accelerators. The
mcthod consists of using a gas cell fitted with exit
apertures which exactly conform to the acceptance
cone angle o1 the assumed accelerator-tube optic
system, followed by a magnetic quadrupole which
seictively fucuses the entire cone of ions of one
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Table 6.1. Summary of curvent stomic physics activities and recent sccomplishements on the EN tandem Vae de Greef¥

Perscnnel group Activity and recent results Significance
1. C. D. Moak, P. D. Millor, J. Gomez Investigation of higher order Z, effects and effects of important for “he quantitative enderstanding
S dei Campc, §. Datz,” P. Dittner” screening by bound projectile X electrons on the electronic of the slowing down of cherged patticies

stoppiag of channeled ions. Recent results: such as

¢ Stopping of frozen charge states of lons C¥°, N9°, . fisslon fragments in reactors,
0".mdF°'lntlnAuLllllphmchlnmlhmy b. recodl ions in CTR resctions,
clossly proportional to ¢°. ¢. beam particles in targets for sucienr
e Stopping of bare nuclel with Z; = 1-9 and velocities or atomic physics experiments.
cortesponding 10 2.0 and 3.5 Me"//amu in the Au [111)
planar channel is not proportionsl to 2, 1 andis not
- in agreement with proposed theories leading to sdditive
Z, Yand Z.‘ corrections to the siopping power formula.
Reaults of thess studies will bs used for the

- 1. G. D. Alton, C. M. Jones, C. D. Mosk, Studies of absolute yields of highly stripped heavy ions from

P. D. Miller, L. B. Bridweil,? Q. C. beams traversing gas and foil strippers. Q1, Fo, and | ions have design of an optimum stripper (or the torminel

Kessel,” H. Scott.? B. W. Wehring® beon studied with Ny, Ar, K, and Xo sas strippers and in some of the HHIRF 23-MV tandem. In some cases -
cases compated to C foils. Particular emphasis on the snall- maitiple slectrondos crom sections are b
angle angular distributions. derived.

The results for Fe tons are of direct interent

2o MFE becauss of the pressace of high'y
stripped Fe impurity ions in CTR plasmes. The
Pproton results ¢ @ important in distingsishing
stymptotic fumlamental theories and are
importanat (o thn' asutral beam injetion
problem (or MFE.

1L K. ). Kim, F. W. Meyar, R. N. Phaneuf,
P. H. Swelson, J. E. Bayfield/ P. Kuch £
L. Gardner,” L. A. Sellin.! R. S. Thoe,
J. P. Forester! H. C. Haydon®

Measurements of charge transfer cross sections for . rotons and
highly ionized Fe ions ircident on atomic hydrogen, Hy, and Ar.

In crystal channels, lons can move in an almont
pure slectron medium of wry high density , by
olimimating nuciear stopping, close impect
collislons do not obscure the longs: range
radiative capture effects. The chennel simulstes
a stream of elect: vas passing the ion at velocities
- of interest to the MFE program.

Investigation uf surface and volume contributions 1o radiative
electron capture by fast heavy ions, using crystalline channeling.

IV. C.D. Moak, J. A. Biggerstaff, B. R.
- Appleton.* T. S. Noggle.* C. w.
White.* G. Clark’

V. P. M. Giffin, 1. A. Sellin.! D. ). Pegg.!
: R. S. Thoe,' S. B. Elston,' J. P.
Forester/ C. R. Vane/ R. S. Peterson,

Because many of these mme jons occurs as
impurity comstituents in plasmas, the results
are of direct interest to the MFE program,

Measurements of lifetimes and spectra of ultraviolet and soft
x-ray emitting states of heavy ions which have been highly
wnized and excited by passage through folls or gasvs.

H. C. Hayden, ). ). Wright,” X.-O.
Groeneveld.” S. R. Schumann.”
S. Bashkin,” K. W. Yanes,” T. H.
Kruse ? D. J. Pirano.” R. Laubernt”

B. R. Appleton,” T. 5. Noggle,*

Recent results are the moasurement of many lifetimes vf an = 0
transitions within the /. shell of highly ionized Si, S, and Cl and
within the M shell of Fe.

Measurenwnts of radiation damage in Al by Al ions, as evidenced Thess studise are m_a_am 0 on understand- .

and to astrophysics.



BLANK PAGE




o“dmmhhum

of interest %o the MPE pregam.
. Pl.Gdﬂh.l A.Sdh.‘b..l hn.' Measurenwnts of 1f2215,.0¢ snd spectza of ultraviolet and soft Becouse many of thess mme loas sesur as
R.S. Thos! S. B. Elston,’ J. . x-tay emitting states of heavy ions which have been Aighly impueity constitwents in plasmes, the semils
Forester/ C. R. Vame/ R. 8. Poterson, ionized and excited by passage through joils or gases. e of disect interest to the MFE pregram,
K. C. Hayden, 1. J. Wright,™ Q. Rocent resuits are the measurement of maay lifetimes of an = 0 and %o astrophysics.
Groeneveld.” S. R. Schumann,® transitions within the L shell of highly jonized Si, S, and Cland
S. Bashkin,® K. W. Jones ® T. H. within 1he Af shell of Fe.
: Kruse,? D. J. Pisano.? R. Laubert”
Vi. B. R, Apphton." T.S. No.du.‘ Moasurements of radiatica damage in Al by Al lons, as evidenced Them studies are fundamentsl to an undersiand-
C. W. White* by the dependence of Al resistivily on accumulated doss. ing of radintion damage by recolling atoms of the
material {1oetf.
ViI. P. D. Miller, G. Basbas,” 5. L. Measurements of x-ray production cross sections for s variely s. Them systematic studies have 1nd to the
Duggan,.® F. D. McDaniel,” 1. D. of heavy jons. Recent results include: development of consistent theoretical corree-
' [} t
- Gressett, D. Johnson, " B. D. Payne, ® cross sections for production of K X rays ftom targets tions to the simple plane wave Barn approx-
G. ngm_.'l- Rice,” A. D. Toten, 25 = 20-50, L x rays from tasgets of Z; = S6-83, mation.
J." ticomi,” R. P Chaturved, M X rays from targets of Z5 » 78- 83 for incident jons b. A quantitative theary of target K -electron
R. M. Wheeler,” F. Eltiot,” K. A. of Zy = $-9, as a function of bombarding onergy. capture by projectiies with X vacancies hes beon

Kuenhold.” J. McCoy," A. R. Zander,"
L. A. Rayburn.* J. Lin,” S. J. Cipolla,®
G. Lapicki™

® Incident charge-state dependence of K x-ray production developed which s in agresment with thess
cross sections for Sion Sc, Ti, Cu, and Ge have besn moasured. oxperiments.

“Chemistry Division.
- ’Humy State University, Murray, Ky.
“University of Connecticut, Storms.
9Comell University, Ithaca, N.Y.
€University of lllincis, Urbana-Champaign.
] University of Pittsburgh, Pittsburgh, Penn.
£Yalo University, New Haven, Conn.
- Make University, thesis student, New Haven, Conn.
‘Univouhy of Tonneswe, Knoxville.
IUniversity of Tennessoe, thesis student, Knoxville.
XSolid State Division.
lSolid State Tivision on astignment from Mineral Ressarch Laboratory, CSIRO, Sydney, New South Wales, Australis.
MyUniveraty of Nciv Rampshire, Durham.
Mlastitute fiit Kernphysik der Universitit, D6 Frankfurt/M. 90, Germany.
University >f Arizona, Tucson.
PBrookhaven National Laboratory, Upton, N.Y.
TRutgers University, New Brunswick, N.1.
"New Yotk University, New York.
INorth Texas State University, Denton.
"North Texas State University, thesis student, Denton,
¥State University of New York, Cortland.
YTulsa University, Tulsa, Okla.
"East Texas State University, Commerce.
XUniversity of Texas. Arlington.
Y Tonnessoe Tochnological University, Cookeville.
3Creighton University, Omaha, Nebr.
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charge state at a time o an clectrostatic analyzer
where quantitative measurements of yield per unit
input current of that charge state can be made. The
new gystem performs the integration of an entire
angular distribution out to the correct solid angie,
charge by charge, climinating the computer errors
which accumuiste whea very narrow angulsr
dintributions are integrated numerically. The price is
that, im principle, only one charge at a time can be
messured. In practice, it has been found that, for the
smaller charge states, the scattering is 30 nearly
forward that several charges can be measured on each
run. Using the tandem Van de Graaff accelerator,
group 111 in Table 6.1 has measured electron capture
croms sections for Fe™ (6 < g < 14) over the energy
range 30 < E,; < 290 in atomic and molecular
hydrogen and argon. The charge-siate dependence
ranges from ¢"* at low values of g and E to ¢*° for
higher values of ¢ and E. An empirical scaling
formuia 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 -
vestigating the phenomenon of radiative clectron
capture for totally stripped oxygen ions. Along with
the cross section measurements, group |V members
have measured the numbers of ions which capture
electrons specifically at the two surfaces of the crystal
specimen; they have found that the two surfaces give
differing amounts of surface capture, and sputter-ion
cleaning does net seem to affect this difference. The
cause of the difference is noi known at this time.

The activities of group V in Table 6.1 are
summarized in the next section. The activity of group
V1. consisting entirely of personnel from the Solid
Sute Division, is ssmmarized in Table 6.1.

1. S, Dtz et al, Phys. Rev. Leus. 38, 1145 (19TD).
1. G. Lapicki and W. Losonsky, Phys. Rev. A 15, 89 (1Y77).

ATOMIC STRUCTURE AND
COLLISION EXFERIMENTS
P. M. Griffin H. C. Hayden'
D. }. Pegg’ R. S. Peterson'
L A. Sellin' S.R. Schumann’
S. B. Riston' R. S. Thoe'
J. P. Forester' C. R. Vane'

Our principal rescarch activity concerns the atomic
structure and collision phenomena of highly stripped

in

jons in the range Z = 10 10 35. The primary objective
of our research is the 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 madiative and by
clectron-emission processes is the phenomenon we
Mynauymgomlhueam Our major
tools are the various heavy-ion accelerators at Oak
Ridge National Laboratory (ORNL) and
Brookhaven Nationa] Laboratory (BNL); x-ray, soft
x-ray, and extreme-ultraviolet spectrometers; clec-
tron spectrometers; and a variety of peripheral
equipmer. ssociated with these devices. Our main
experimental activities of the past 18 months are
summarized in the succeeding paragraphs.

Lifetimes and Spectra Using
Beam-Foil Excitation

We have concentrated our efforts in this arez on
multiply charged heavy ions of simple structure, that
is, ions with only a few active electrons. Mos* of the
transitions studied are in-shell (An = 0) electric-
dipole processes. a large number of which ace the
principal resonance transitions of highly stripped
ions. The beam-foil excitation method has been
employed to measure both wavelengths (traasition
energies) and lifetimes (transition rates) by a time-of-
flight techniquc. From a combination of both of these
quantities, the s value, a measure of the strength of a
transitioa), can be obtained, which is of great value to
spectroscopic  diagnostics in  high-temperature
plasmas and astrophysics.

This f value also serves as a convenient “bridge™
between experiment and theory in atomic structure.
Our f valoe results are compared with relativistic
~alcnlations which often involve intermediate cou-
pling due to the suhstantial magnitude of the spin-
orbit interaction in these highfy jonized systems. One
f the purposes of our work i1sto confirm these recent
calculations in an attempt to extrapolate the f-value
regularitics along isoclectronic sequences (/' vs 1/ Z)
that have already been established in the non-
relativistic region of lower Z ions.

In this report period we have studied An = 0
transitions’ '® in highly ionized Si, S, C), Fe, Cu, and
Br. In the elements Si, 8, and Cl, we studied intrashell
L-shell transitions for ions isoelectronic with lithium
through fluorirs. These measurements were made
using MeV/amu lon beams {from the ORNL tandem
Van de Graaff accelerator. Similar in-shell tran-
sitions were studicd /n the M shells of the clements Fe,
Cu, and Br. Specifically, we limited this work to
sodium-like and magnesium-like structures such 48
Fe'" and Fe'“. The work'® on sodium-like copper



and brominc was performed on the BNL MP
tandem Van de Graaff acctlerator due 1o tle energy
limitations of the ORNL 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
cver studsed to date. These higher energy experiments
were performed by two of us in collaboration with
B. M. Johnson and K. W. Jones of Brookhaven
National Laboratory, J. L. Ceccti of Princeton
University. and T. H. Kruse of Rutgers Universaty.
Typical examples of some of our results are shown in
Figs. 6.1 and 6.2 and in Table 6.2
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Fig 6.1. Spectral saan showing the doublet wlitting of the
resonance lines of lithiwm-like sulpienr ($'”). F'he waveleagth scak
i "asobsenned.” in whch there na Doppler shiftof approximately
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In an c¢yjenment involving the “neon tarpet
spectrtum”™ produced by impmgemenmt of foil-
transmitted highly stripped heavy projectile ions, it
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Fig. 6.2. Typical decay curve from the (15°20Y ;3 level of
lithium-tike sulpbur (S'*).
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was found that the cross section for production and
excitation of Ne™ L x rays, belonging tocharge sta'es
q=2t0 5 and falling in the energy range of 25 to 180
eV, was great enough that a grazing incidence grating
specsrometer could be used for th:ir dispersion and
detection. This gave nise 1o line widths less than or
equal to 0.007 ¢V which were due entircly to
instrumental broadening because of the relatively low
recoil velccities of the emitters, which in tum led to

negligible Doppler broadening. '’

Electron Spectroscopy and Collision Studies of
Core-Excited S of the Alkali Metal

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 crergics in the 10- to 50-keV
range

Autoionization clectron spectra from low-enesgy
collisions of Li’ ions with gascous helium targers are
of considerable current importance for several
reasons. First, the (Li.He) sysiem is the simplest
asymmetric collision svstem involving atomically
structured particles in which core excita’ on occurs,
and is thus potentially amenabie to a.. ab initio
theoretical treatment. Second. core-excited statesare
copiously produced in thesc collisions,
predominantly through the quasi-molecular promo-
tion mechanism proposed by Fano and Lichten.''
Third, core-excited states of light atoms and ions
decay almost exclusively through autoionization
rather than by radaative modes; hence, observation of
the cjected 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 specira
in terms of populated states is relatively straight-
forward.

Current models" 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 ti:e extent that they cause a screening of the
nuclear cherges. We have obtained and reported"
preliminary results which appear to be at variance
with these simnle m.odels; an example of the pertinent
spectra appeac- in Fig. 6.3. Shown are the spectra of
electrons ejecte.! 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 ti. : two lines attributed
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Fig 6.3. Spectma of electrons cjected by neutralized lithium
projectiles after single collisions with & helium gas tarpet, for
impact energies of 10 and 50 keV. The 10-kcV spectrum has been
magmiied by a factor of 4. Electron energres are given in the rest
frame of the projectik, and line assignments are those given by
Pegg ct al. (ref. 12).

to autoionization decay of 1s(2s2p'P)'P° and
15(252p' P)’P° core-excited states of neutral lithium.
Because these states have the same clectronic
configu ation and differ only in the coupling of the n
= 2 clectrons, independent-clectron models do not
explicitly distinguish between them. but instead
predict a constant ratio for their relative line
intensities. Accordingly, a study of excitation cross
sections of these and other states is expected to
provide important clues to the many -electron aspect
of quasi-molecular promotion mechanisms. Similar
work is in progress to study excitation of other alkalis
in collision with various gas targets.



Low-Energy Ne* + Ne Collisions
Involving K-Vacancy Production

In an experiment on the Pernming lon-Source
Faciity and at New York Unnersity. A-vacana
production (signatured by the emussion of x rays)has
been studied at vanous projectike encrgey in the
collision system ‘Ne* = *Ne(A4.8-200r22:g= 1~
5). Onc of the principal purposes of this experiment
was to study the influence of the number of 2p
vacancies carried into the collision by the proyectile.
Our resuits indic:1e that K x-ray production cross
sections for this system scale appreciably more
strongly than n 6 (n = number of nual 2p
vacancics), the result predicted by Briggs and
Macek™ for symmetnc collisions. Eichler and
Wille." however, have shown recently that the Ne*
+ Ne system cannot be considered as being symmetrn
for large gq. and our results would seem to confirm
this.

Another objective of this work was to test the mass-
dependence (isotope) effect, using both “"Neand *~Ne
as cither projectile or target in expeniments. Tins
hypothesis is fundamental in the theory of A-vacancy
production as given by Briggs and Macek. " A basic
approximation employed in the theory assumes that
KR-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 ruie™).

The most significant result of our mass-
dependence studics is that. at sufficiently high relative
velocities, the previously mentioned “equal velocity
rule™ holds very well. For velocities near threshold
(where K-vacancy yield varies nearly vertically with
beam energy). isotope effects ay large as 40¢ have
been observed. This large isotope effect (4077 vicld
difference for a 107 mass difference) can be
understood in terms of the molecular-collision model
of Barat, Fano. and Lichten’” 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 lons in H, H;, He, and Ar Targets

Another application of the ORNL Penning lon-
Source Facility involved the measurement of electron
transfer at keV beam energies. Projectiles used in this
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work were B (¢ =2 4. C (¢g=2 4. X" (g=2-9).
and O (¢ = 2 85). Targets were atomc and
molecular hydrogen and heliumand arpon. The work
was a collaborative effort with members of the Yale
University collisions group (J. E. Bayfeeld. L. D
Gardner. and P. M. K och), which supplied the atomic
hydrogen target. The essental results can be found in
the paper by Bayfield et al.™

In another collaboration with this same group. we
studied clectron transfer at MeV beam energies for
the {undamental collision system H™ + H. These
studies are of considerable significance because they
relaie 10 one of the most basic probiems of scattering
theory. the three-body problem. Prelimina—. results
of this work are given in the paper hy Gardner etal.™
At this time. analysis of the data is still under way.
Becausc the electron transfer cross sections at these
encrgics arc so small, the experiment is very sensitive
1o cven small concentrations of contaminants in the
target. and these impuntics will set the limit of
precision attained in this work.

I Cancrwty of Tennessee, Knoxvilke
2 tnvttur tur Kernphysik  der
rankfurt M. Woest Germans
I U niverany of Connecticut. Storrs
4 [ nnervts 6f New Hampshire, Durham.
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Atomic and Molecular Physics Other than
Accelerator-Based Research

ELECTRON SPECTROSCOPY

INTRODUCTION

T.A.Carlson P Agron’
W. B. Dress G. L. Nyberg’
F. A. Grimm'

The program on clectron spectroscopy has been
directed toward the development of x-ray and
ultraviolet photoclectron 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 vield
polarized He (21.22-¢V) radiation. was successfully
integrated into our spectrometer. A detailed descrip-
tion of this lamp appears in a separate section of this
report. [Jata have been obtained on oriented crystals
of copper and nickel. both in clean condition and
after exposure to gases to effect monolaver adsorp-
1:on. These studies are being carried out asa function
of surface orientation and direction of polarization.
From these studies. onc hopes to deduce the natuie ot
the chemical bonding of the molecule to the surtace
and the onentation of the molecule relative to the
surface. The information Jerived from ultraviolet
studies can be coupled %ith tiatobtained from Auger
and core-shell photoelectron spectroscopy to provide
a powerful 100l for characterizing molccular
behavior on surfaces. which is of important interest
to heterogencous catalysis. For this purposc. a
cooperative program with the catalysis group in
chemistry has becn initiated.

In addition to performing photoclectron 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
clectron impact are that the spectra have much better
peak-to-background ratios and are iess susceptibic to
charging and radiation damage. In addition,
photoelectron data can be taken simultancously.
which is of particular interest in cvaluating the basic
nature of chemical shifts in the two different electron
spectroscopics. 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 dntribution have abwo been initiated in
collaboration with Burke Ritchic

I Chemintnn Divisnion

2 fa Trote § ninerany. Bundoora, Victor, Austrahia

3 {onwltant 15 DRSS srom U nnenass ot fennossee. Anoy-
ville

4 Unnoaauty ol Alabama. Tusaioosa

K-LL AUGER PROCESSES IN
THIRD-ROW ELEMENTS

T. A. Carlson G. 1. Nyberg
W. B. Dress

The third-row clements. which in the peniodic table
begin with necon (Z = 10) and conclude with argon ¢/
= 18). form an important group with which to
examne the basic nature of the Auger process
because they are the lightest elements for which an
Auger process can lake place involving only tilled
core shells. Auger transiticons arc tairly well deseribed
by the 7.-5 coupling scheme. and there appear tor all
practical purposes only five lines in the spectrum:

H2) l.s’—Zp2p[I\'-l.||l.|"(il)). k—l.nl,u‘lsn;
(3.4) 1s-2p25(A-LyLyy it ' P). R-LyLqt ' PY):
(5) 15-2525[ -2y 14('S)].

The 'P states associated with the 15-2p2p transition
are not allowed in LS coupling. and the P sates
associated with the 1:-232p transibon are insu!-
ficiently split in cnergy that they appear as onc line.

The K-I.I. Auger processes of the third-row
elements are of particular interest because they are
highly sensitive to clectron correlation effects: and
though involving only core atomic-like orbitals. they
may be strongly affecied by the chemical environ-
ment, because the valence shellis directly 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 resuits with
literature values for both theory and experiment for
elements from Z= 10t0 20. The principal phenomena



of interest tall nto tour topiey encrgy. intenstiv .
chemical shifts, and satellite ~tructure.

Energy

Figure 6.4 shows a typical A-LL spectrum of
aluminum. The spectra are obtained with a double-
focusing clectron spectrometer. using the aid of a
position-sensitive detector.” The metal is
polvcrystalline and is cleaned in situ with an argon
ion gun. The Auger electron spectra are taken under
UHV conditions. The initial A" vacancies are created
by photoionization. using Al K. x rays for
magnesium and Ag L x rays for Z greater than 12. In
addition to the normal K-LL Auger lines. Fig. 64
shows additional structure due to plasmon losses.
both bulk and surface. It muy also be noted that the

Auger peais broaden tor transitions imvolving the L
shell due to Coster-Kroning transitions that occur
with 2s vacancies.

In Table 6.3 arc listed the Auger encrgies of Mg, Al
and Si1 metals. Results previoushy obtained on
magnesium' and aluminum® 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 expenimentzl values. The
discrepancy lies partly in the fact that relaxation
energy in Shirley’s caiculation has only been treated
approximately (static relaxation) and partly through
the neglect of clectron correlation.
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Fig 6.4. Aluminum K-LI Auger spectrum. The K-1.1. Auger lines are labeled as 1o the particular configuration. The peaks iabcicd

ws and wy are the surface and bulk plasmon loss peaks, and as such are aiways lower in energy than the parent line. o indicates
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Table 6.3. K-LL Auger energies for magnesium,
aluminum, and silicon metsis (eV)

. . Magnesium . Aluminum Silicon
Transition Magnesium (theory)’ Aluminum (theory)’ Stlicon (theory)
KI:I.'D 0(118510) 0(1i74) 0(1393.44) O0(I38)) O01161648) 0(1607)

L:L:’S 5.28 -6 6.01 7 693 8
L1 'P 31.52 2 35.24 15 41.09 k1]
LL.'P 45.53 43 52.03 L] S8.48 §7
1.1,°S 19.44 n 90.89 87 102.89 9%

'D. A. Shirley, Phys. ..ev. 47, i520 (197))
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The relative intensities of the K-LL Auger lines for
light clements have been of concern for many vears.
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 ncon was
there good agreement between theory and expert-
ment.
In Fig. 6.5 is plotted the intensity of the K-1.; 1.1 'P)
line relative to the most intense Auger linc as a
function of Z and chemical state. Similar plots are
available for the other lincs. Theoretical calculations
with only limited configuration interaction are shown
by a dotted line. The hehavior of free atoms s
indicated by a dot-dash fine. It is evident that both
clectron correlation and the nature of the chemical
statc play cruc:al roles in the transition probabilities
of K-LL Avger 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.

178

together with the photockctron spectra anising trom
x-ray photoemission in the 25 and 2p shells of
aluminum. Fortuitously. both the Auger and
photoelectron spectra occur in the same energy range
and can be casilv compared. Three doublets occur
duc to the presence of both the aluminum metal and
aluminura oxide. It 1s to be noted that the chemacal
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Fig. 6.6. Portion of a spectrum taken with oxidized sluminum.
The central large peak 18 due to an Auger tranvition 1n the nude.
while the peak to the nght 15 the corresponding transition in the
metal. the difference i encrgy between these two hines s the
chemical shift The doublet on the right 1s due to phatocjection
from the 2> shell of aluminum. the lefi-hand member showing the
cffect of the oxde. The same 15 true for the doubket on the left.
which 1 due to photoep:ction from the 2s shell.
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shitt 1n the Gase of the Auger provessis consderabhy
larger than 1n the vax ot photoonization  This
ditterence hasy been related to the ditterence in
relanation energices between the two processes, and 1t
can be shown  that the charge in chemical shiits
obsened In Auger proceses ay compared  with
photoonization. da. i~ relative o the extra-atomic
relanation created by a wingle hole 3o = 2AR .
where R iy the eatra-atomic relaxation encrgy
Fable 6.4 lists vanous chemical shitis tor metal and
metal onide ssstems. s (o be noted thatin cach case
the Auger process viekds a much Larger chemical shitt
than the corresponding photoclectronshatt. b rom the
above cxpression. it would appear that the extra-
atozme relanation energy tor the metal metal onude
paining i~ karly constant between Mg AL and Su s
aboanteresting to note that the chemical shatt tor the
A shell s shghtly larger than 1or the £ shell. and the
shitt tor the 2p orbital is greater than that of the 2y
orbital. [he shifts for the vanous Auger lines for a
gnen metal metal oxide pair are fairly constant.
aithough the 11-2p2p transiion may contain the
largest shuft. It 1s also noteworthy to point out that
when correction 1s made for extra-atomic relaxation
cnergy 1t the case of magnesium. the photoclectron
chemical shift 1y negative. suggestuing that in the
frozen-orbital approximation it may be more
ditficult 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 rosult of extra exctation . the onzinal
formation of the core vacancy. Auger processes
taking placce in such excited atoms will rive hines at
shightly different encrgies (usually lower) than the
normal diagram lincs. In addition. excitation such as
clectron shake-up can also occur in the Auger nrocess
iself, yielding satcllite structure. Figures 6.7 69
show comparison of a portion of an Auger spectra for
Na', K, and Rb’. together with the spectrum of the
rare gas that is adjacent to the alkali metalion in the
periodic table. In gases a multitude of sateliite lines
arc found in Auger spectra. but as seen in the Na(l
spectrii. these lines are not readily obseryable, partly
because of poorer peak-to-background ratios in
solids and partly hecause the satellite lines in solids
may be brcadened duc to a multiplicity of states.
Howcever, 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 are a
number of satellite lines in argon, these lines do not
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have the intersity 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
struciure. 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. Bundoore, Victorie. Australia.

2 For a description of the Istest version of our electrcn
spestrometer see Phys. Div. Anmu. Prog. Rep. Dec. 31, 1975,
ORNL-5137. p. 157.

. L. Ley etai.. Phys Rev. B 11, 600 (1975).

. G. Dufour et al, Phys. Scr. 13, 370 (1976).
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. H. P. Kelley, Phys. Rev. A 11, 556 (1975).
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. A. Fahiman et al, Z. Phys. 192, 482 (1966).

-

[N - T

POLARIZED Hel RADIATION FOR

SURFACE STUDIES
W. B. Dress F. H. Ward'
T.A. Carlson  G. L. Nyberg’

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..’ is

%0

windowless and employs triple-differential 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 gokd
mirrors, producing a planc polarized beam of Hel
radiation (21.22-eV) with a polarization of 80%. The
plane of polarization can he rotated thiough more
than 180° without breaking vacuum.

We have thus far used the lamp to study single
crystais of copper and nickel as weil as agsorbed CO
and benzene thiol (a model heteromolecule en-
countered in coal catalysis work). In these studies, the
crysial surface—usually the 110 or 111 face—was
cleaned by ion bombardment, and spectra as a
function of angle and polarization were taken. The
clean crystal was then exposed oafew L(1 L =1
Langmuir = 10™ torr-sec) of adsorbate such as CO,
and the same series of measurements were repeated.
Companson between the clean crystal and the crystal
plus adsorbate, combined with a knowledge of the
spectrum 0 the mure :ule in a gaseous state, allows
one to determine v iich orbitals in the adsorbate
molecule are respr nsible for the bonding to the
crysial. Similarly, the change in the 34 band structure
(the structure lying a few electron volts below the
Fermi energy) reflects those crystal orbitals involved
in the bonding; thus, a knowledge of specific bonding
sites on the crystal may be inferred. These studies
have a bearing on the fundamental problem of
catalysis.

The information obtained by varying the polariza-
tion direction and the direction of the ejected clectron
with respect to the crystal normal will, when coupled
with a good theory of angular emission of photoelec-
trons, provide information about the chemisorption
bond geometry and the angular variations of the
molecular orbitals involved in the bond. Figure 6.10
shows a preliminary study on a clean copper crystal.
Spectra are shown as a function of angle and
polarization direction. The differences between the
various specits  indicate both the geometrical
structure of the crystal (its Fermi surface, more
precisely) and its orientation in our source chamber.
The dramatic changes produced by varying the
polarization direction show the increased -esolution
obtainable vith 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 orientation, energy
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shifts due to adsorption, and possibly even some
surface reactions.

Plant and Equipment Division.
La Trobe University, Bundoore, Victorm, Australia.
V.

1.
2,
3. V. G. Horton et al., Appl. Op1. 8, 667 (1969).

HOLOGRAPHIC OPTIC ELEMENT
RESEARCH

J. J. Cowan

This project was initiated 1ast 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 gusded waves. In the psst
several months, rescarch bas been carnied out to meet
this objective; in addition, other refated restlits have
been obtained, some of which are summarized below.

Holographic Gratings: Planar and
Aberration-Corrected Concave Types

Experiments have been conducted to produce
diffraction gratings holographically. 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, on~ 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 arnd 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 1350B used above, Kodak KPR
negative resist, Horizons Research negative Aquarist
and Solvarist, and NRC photopolymer.

Blazed and High-Line Density
Holographic Gratings 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 (7 = 1.5) that had been coated
with a thin (35-nm) coupling silver layer. The prism
was illuminated with a collimated beam of !ight (488
nm) from an argon laser. Part of this beam excited a
guided mode ( TM:, 463.3 nm) within the photoresist,
and part was reilectes 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



decided on-to-off blaze mtensity ratio (almost 2:1 for
this casr). If two incident beams were used, each of
which excited a surface mode (TM:) but in opposite
directions, a ssmll grating period (4 = 163.5 nm or
6112 limes/ wm) would be achieved. With a denser
prism and r:xcitation of the plasmon (TM,) modc. a
period smaller than half the wavelength in the
medivm can be obtaimed (over 6720 knes/ mm). The
permit & considerable reduction ia the usual exposure
times for photoresist, thus allowi:g the use of the
shorter wavelength weak lnser lines for recording.

Holographic Zose Plates

Initinl experiments have been attempted to
produce holographic zone plates. This is done by
allowing two coherent beams of hight, one of which is
a planc wave and the other a spherically diverging
wave, to interfere on a photoresist-coated glass plate.
A zone platc was made in this fashion, using a
collimated beam of light and another beam diverging
from a pinhole spatial filter after having passed
through a 5X microscope objective lens. The zone
plate prepared this way demonstrated excellent
focusing properties with visible light, and the zone
structure, when examined by microscope, showed the
proper concentric regularity. The next step in this
devziopment will be to process the zone plate and
coat 1t in such a2 way that one has concentric metal
zones on a glass substrate. When this technique is
periead, a similar structure can be prepared on a
substrate transparent to x rays, such as carbon. [f one
uses a thin carbon film coated on a glass plate for a
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substrate, the carbon film can be separated and will
be self-supporting. Once zone plates are prepared in
tkis fashion, tests will be run with soft x rays, using
our grazing incidence monnchromator to determine
their efficiencies and resoiution.

USE OF GROUP THEORY IN THE
INTERPRETATION OF INFRARED
AND RAMAN SPECTRA

E. Silberman' H. W. Morgan

Application of the mathematical theory of groups
to the symmetry of molecules is a powerfui :~+thod
whach permits the prediction, classification. .:nd
qualitative description of many molecular properties.
In the particular case of vibrational molecular
spectroscopy. applications of group theory kead to
simple methods for the predicticn 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
abso included.

i. Fisk University. Nashville. Tenn.



7. High-Energy Physics

H. O. Cobn
G. T. Condo’

W. M. Bugg'

INTRODUCTION

High-energy research at Oak Ridge National
Laboratory (ORNL) is geared toward expenments
that study the interaction and production of
clementary particles in a bubble chamber. Because
the maximum measurable momentum of a track ina
bubble chamber is limited by the track length,
magnetic field strength, and distortion. it is desirable
10 augment bubble-chamber measurements with
external position-sensitive particle detectors. If one
also wishes o obtain information on ncutrai
particles, it is necessary to add cfficient shower
detectors. At ORNL, we have participated in a
number of experiments to implement these goals.
Such experiments have been approved to be run at
Fermi National Accclerator Laboratory (FNAL),
Swanford Linear Aucclerator Center (SLAC). and
Argonne National Laboratory (ANL).

EXPERIMENTS AT 147 GeVjc

Further results were obtained in the ex periments at
147 GeV c in the FNAL hybrid spectrometer. In a
study of p" inclusive production, it was found that the
average number of p” per inclusive = p interaction is
0.35 + 0.06. which is almost uncl.anged from the
value found for interactions as low as 15 GeV .

The two-prong inelastic events were found to be
80% due to diffractive dissociation of beam or target
perticle in 2qual amounts. Four constraint-class
analyses of #°2 — »x px'n” were possible. The 3r
mass spectrum displayed A, A;,and A, peaks. Also,
evidence for charged-cluster emission in 147 GeV ¢
» p collisions was found. Runs with positive incident
particles (#° and p) were made, and for part of the
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E. L. Hant'
H. R. Brashear’
T. H. Handler’

data a lead-glass shower detector was tested. In this
detector, a spatial resolution of about 3.5 mm for
determining the position of clectronic showers i the
enurgy range of 30 to 100 eV c is possible. These
experiments involve a collaboration with about 12
institutions.

»'-DEUTERON INTERACTION

In collaboration with Florda Statc University
(FSU). 3114 cvents of the reaction ='d — = = pp. at
15 GeV ¢. where p. is 2 nonparticipating spectator.
were studied in the SLAC 82-in. bubble chamber. A
longitudinal phase spacc (LPS) analysis was
performed to scparate the various /-channcl
cxchange mechanisms. such as = or Pomeron
cxchange. The validity of the LPS method was tesied
for pion cxchange by generating cvents using the onc-
pion-cxchange model modificd by absorption
(OPEA). The model and the data agreed cxtremely
wcll. The principal features of the data include the p'.

£, A", and N*'s. The LPS analysisalso reveals the g

but a slight modification of the standard 1.PS
sclection critcria cnhances the g as cxpecicd by
OPEA modecl cakulations.

= -p INTERACTIONS AT 8 GeV/c

About 150.000 cvents have been measured at
ORNL for this experiment. Our collahorators
[Massachusetts Institute of Technology (MIT) and
Tahoku University] have measured equal amounts of
data. The data are being readied for analysis in the
form of data summary tapes.

Our principal goal from the w -p experiment is lo
examine the one<constraint channels, »p —



s x and xp — zpx'w =°, for evidence of
associased 4:(1320) A (1238) production. Because all
three charge states of the A; are available in 2 single
experiment, such an observation should provide an
imeresting check on the hypothesis of charge
independence for resomance production. Because of
the Jarge size of the experiment, it is anticipated that
the collaborators will also undertake projects where
for cxample, a phase-shift analysis of single-pion
production in the reactions *p — ' x 1

HYBRID 40-IN. »'-4 EXPERIMENT AT SLAC

This experiment has been approved by SLAC to be
run in collaboration with Duke Univessity and
Florida State University. The unusual feature will be
a very lasge (285 by 1.2 m and 65 cm thick) lead-
glass shower detector.
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The purpose of this experiment is to make a
definitive study of x"d reactions for which more than
a single »° is produced. Aside from an analysis of the
reactions such as x°'n — px’x’, px'y’, px's’, pn'y’.
etc., it should also be possible to isolate the
noodcutcron breakup reactions such as =D —
»"=’D and » x = =°D, which have generally been
clusive because of the large elastic and  or diffractive
backgrounds and the low-constraint nature of the
events. Another strong impetus for domg this
experiment is the possbility of obwining a
reasonable sample of x° D — Ppx"r*s" events, which
could prove decisive in indicating the dynamic nature
of the A,.

1. Consultast with ORNL from the University of Teanessee.

Kaoxville.
2. lastrementation and Comtrols Division.

3. Guest asngnee 1o ORNL from the University of Tenncsice.

Knoxville.
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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. Wieland, R. G. Stokstad, G. R. Satchler, and L. D. Rickertsen, “Analysis of '*C + "‘C Elastic
Sca'tering with Folded-Model Potentials,” Bull. Am. Phys. Soc. 21, 578 (1976).
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C. Y. Wong (invited talk). “['ynamics of Nuckear Fluid in Heavy-lon Collisions.”™ Bull. Am. Phys. Soc. 21,
530 (1976).

Ninth International Conference on Electromagnetic Isotop: Separatorsand Related lon Accelerators, Kibbutz,
Kiryat Anavim, Israel, May 10-13, 1976

H. K. Carter. E. H. Spejewski. R. L. Mlekodaj. A. G. Schmdt. F. T. Avignone. C. K. 3ingham. R. A.
Braga.J. D.Cole. A. V. Ramayya. E. L. Robinson. K. S. R.Sastry.and E. F. Zganar. “The UNISOR ISOL
Dawa Acquisition.”

R. L. Mickodaj. E. H. Spejewski. H. K. Carter. and A. G. Schmidt. “The UNISOR Integrated Target-lon
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, Cargése, Corsica, France, May 19-26, 1976

J.D. Cole.J. H. Hamilton. A.V. Ramayva.K.S.Toth. M. A.laz.E. L. Robinson.J. Lin, W. H. Brantley.
K. S. R. Sasiry, P. V. G. Rao. E. H. Spejewski. and R. L. Mickodaj. “New Isotope Tl and the Excited
Deformed Band in "'Hg.~

J. L. Wood. R. W_ Fink. E. F. Zganjar. R. .. Mickodaj. L. L. Kredinger. and C. R. Bingham, “The
Structure of »cutron-Deficient Od¢ -Mass Nuclei in the Au. Tl Region: Evidence for Coexisting Triaxial Shapes
and a Two-Component Pairing Force.”

J. L. Wood. G. M. Gowdy. R. W._ Fink. D. A. McClure. M. S. Rapaport. R. A. Braga. E. H_ Spejewski.
R. L. Mlekoda). H. K. Carter. A. G. Schmidt. J. D. Cole. A. V. Ramayvya. J. H. Hamilton. H. Kawakami.
E. F. Zganjar. C. R. Bingham. L. L. Ricdinger. A. C. Kahler. L. L. Collins. E. L. Robinson. J. Lin. B. D.
Kern, J. L. Weil. K. S. R_Sastry. F. T. Avignone. M. A. ljaz. and K. $. Toth. “"Recent Work at UNISOR on
Ncutron-Deficient Au. Hg. and T} Nucles in the Mass Range 184 < 4 < 197.7

E. F. Zganjar. G. M. Gowdy.J. L. Wood. R. W_Fink. A_ G.Schmidt. H. K. Carter. R. [.. Mickodaj. and
E. H. Spejewski. "The Structure of the Light Odd-Neutron Hg and Pt Nuclet.”

Southeast Electron Microscopy Society Meeting, Orlando, Flonda, May 21-22, 1976

R. E. Worsham, J. E. Mann. E. G. Richardson. and N. F. Zwegler. “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 CAMAC Is'”
American Nuclear Society Meeting, Toronto, Canada, June 13-18, 197¢

R. I.. Aublc, "The NDP Nuclear Structure Information System.”

M. J. Saltmarsh, “d-Li Neutron Sources Application to the CTR Matcrials Program.”
International Conference on Selected Topics in Nuclear Structure, Dubna, US.S.R., June 15-19, 1970

A. P, del.ima. B. van Nooijen. R. M. Ronningen. H. Kawakami. J. H. Hamilton. A. V. Ramayva. R. B.
Piercey. R. I.. Robinson, H. J. Kim.and W. K. Tuttle. “High-Spin States and Possible Band Crossings in“"Ge.”

R. B. Picrcey, A. V. Ramayya. R. M. Ronningen. J. H. Hamilton, R. I.. Robinson. and H. J. Kim.
“Evidence for an Octupole Rotational Band in 'Se.”

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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Intcrantional Conference on Radial Shape of Nuclei, Cracow, Poland, June 22-25, 1976

G. Bagieu, A. J. Cole, R.deSwinmrski, C. B. Fulmer, D. H. Koang.and G. Mariolopoulos. “Optical-Model
Amalysis of 41-McV Alpha Particles Scattering from ™"-"Si and 'Al and Nucicar Matter Distribution.™

Fifth Interastional CODATA Coaference, Boulder, Colorado, June 28-July 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 Rescarch.™
Intermational Conferesice on the Interaction of Neutrons with Nuclei, Lowell, Massachusetts, July 6-9, 1976

J. W. T. Dabbs. N. W. Hill, C. E. Bemis. and S. Raman. “Fission Cross-Section Mcasurements on ~*‘Cm
and *’Cm."

J. L. Fowler (mvited 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 Sn(p.n) Thresholds.™

S. F. Mughabghab. A. I. Namenson, G. G. Slaughter.and S. Raman, “Search for Nonstatistical Effects in
"“YNII.‘Y)'"“.'

S. F. Mughabghab. O. Wasson. G. G. Shaughter. and S. Raman. “Determination of Parity of Mo
Resomances with Low-Energy Gamma Rays.”

S.Raman,N. W_Hil!, J. Halperin.and J. A. Harvey. “Angular Anisotropy in the “Li(n.a) 'H Reaction in the
&V and keV Energy Region.”

R. R. Winters. E. D. Earle, J. A. Harvey. and R. L. Macklin. “The Necutron Strength Functions and
Radiation Widths of "™T1 Resonances.”

Fifth International Conference on Atomic Physics, Berkeley, California, July 26-30, 1976
C. F. Bamnett (invited talk). “Role of Impurities in Magnetically Confined High-Temperature Plasmas.”

J. E. Bayfield. P. M. Koch.L. D. Gardner. 1. A.Sellin, D. J. Pegg. R. S_Peterson.and D. H. Crandall.”An
Experimental Survey of Electron Transfer in keV Cotlisions of Multiply Charged lons with Atomic Hydrogen.”

D. J. Pegg. S. B_ Elston. J. P. Forester, P. M. Griffin, H. C. Hayden,R. S. Peterson. 1. A.Sellin.andR. S.
Thoe. “Lifetimes and Transition Rates for Allowed “In-Shell’ Transitions in Highly Stripped Sulfur.”

Enrico Fermi International School of Physics, Varenna, Ialy, 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. Bamett (invited talk). "CTR Fusion Research.”
Analytical Electron Microscopy Workshop, Ithaca, New York, August 3-6, 1976
R. E. Worsham, “Field Emission Gun for a 150-kV CTEM."

Thirty-fourth Annual Meeting Electron Microscopy Society of America, Miami, Florida, August 9-13, 1976

T. A. Welton (invited 1walk), “Clean Calculations for Dirty Data: Fourier Optics for the Practicing Electron
Microscopist.”
T. A. Wehon, “Synthetic Electron Micrographs for the Study of Reconstruction Algorithms.”

& " R. E. Worsham and J. E. Mann, A Liquid-Helium Cryostat for a Superconducting Objective and Cold

Swege.”
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European Conference on Nuclear Physics with Heavy lons, 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-lon Research Facility a1 Oak Ridge.”

A.P.dc Lima, J. H. Hamilton. A. V. Ramayva. R. van Nvotjen, R. M. Ronnir.gen. H. Kawakami, R. B.
Picrcey. R. L. Robinson. H. J. Kim. W. K. Tuttle. and L. K. Peker, “"Anomalous B-havior of Yrast States in
“Ge.-

H. J. Kim. R. L. Robinson. W. K. Tuttle 1i1. R. Ronninger . R. O.Sayer.and J. C. Wells. Jr..~“Cr High-
Spin States.™

S. Koonin, V. Maruhn-Rezwani. K. T. R. Davies, H. Feldmeier. S. J. Kreger. and J. W. Negele.
~Microscopic Calculation of Energy Loss in Heavy-lon Collisions.”

W. G. Love and G. R. Satchler, “A New Interaction for Heavy-lon Scattering.”

R. B. Piercey. A. V. Ramayya. J. H. Hamilton. R. M. Ronningen. R. L. Robinson.and H. J. Kim. “Band
Structure in ‘Se.”

L. D. Rickertsen and G. R. Satchler. “On the Single-Folding Model for Heavy-lon Potentials.™
R. L. Robinson. H.J. Kim, R.Q. 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 Ele.tron 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 25-27, 1976

D. H. Crandall (invited talk). “Electron Capture by Multicharged ions.™ Bull. Am. Phys. Soc. 21, 1327
(1976).

K. A. Kuenhold. J. L. Duggan, F. D. McDaniel. A. D. Ray, A. Zander, and P. D. Miller (invited talk),
“Production of L X Rays by 9.5- to 41.8-MeV Fluorine lons 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. Mchta, R Rice,and P. D. Miller (invited talk), “K-Shell X-
Ray Production Cross Sections of Selected Elements Atto Nif. r4.0t038.0 MeV,” Bull. Am. Phys. Soc. 21,1323
(1976).

1. A. Sellin (invited talk), “Overcoming thc Doppler Limitation in Beam-Foil Experiments by Target lon
Spectroscopy.”™ Bull. Am. Phys. Soc. 21, 1333 (1976).

G. F. Wells, “The Heavy-lon Simulated Neutron Dam: g2 Facility at Oak Ridge National Laboratory. *
Bull. Am. Phys. Soc. 21, 1341 (1976).
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American Physical Socicty Mecting, East Lansing, Michigan, October 28-0, 1976
B. Arderson. A. Baldwin. ). Knudson. T. Witten. R. Madey.C. D.Goodman. D. E. Bainum_J. Rapaport.

and C. C. Foster. “Neutron Spectra at 9.3¢ from "Beip.n)and ““Cip.n) Reactionat 618 McV .~ Bull. Am. Phr.
Soc. 21, 978 (1976).

G. Bagicu, A. J. Cole. R. de Swiniarski. D. H. Koang. G. Mariolopoulo_. C. B. Fulmer. and L. D.
Rickertsen, “45-McV ‘He Ehstic Scattering from - AL ™7Si.” Bull. Am. Phys. Soc. 21, 986 (1976).

F. T. Baker. A. Scott, T. P. Cleary. J. L. C. Ford. Jr.. E. E. Gross. and D. C. Hensley. “Inetastic ''C
Scateering from "'Pv." Bull. Am. Phys. Soc. 21, 970 (1976).

M. D. Barker. ). D.Galambos. A. C. Rester. H. Kawakami. A_dcLima.R. M. Ronningen.J. H. Hamilton.
H. K. Carter. R. L. Miekodaj. and E. H. Spejewski. “Exploratory Studies in the Mass Region 4 =60 1o 80 Far
from Stability = Bufl. Am. Phys. Soc. 21, 96R (1976).

K. R.Cordell. S. T. Thomton. L. C. Dennis. T. C. Schweizer.J. L. C.Ford.Jr..and J. Gomcz del Campo.
“Excitation Functions of the '"C('*N.a)"Na Reaction.™ Bu/l. Am. Phys. Soc. 21, 970 (1976).

C.D.Goodman. M. B. Greenficld, C. A. Goulding. and C. C. Fosicr. “A Beam Swinger for Neutron Time-
of-Flight Experiments at IUCF.” Bull. Am. Phys. Soc. 21, 1007 (1976).

E. E. Gross. T. P. Cleary. J. L. C. Ford. Jr.. D.C. Hensky. and K. S. Toth. "Nuckar Shapes from ™"Ne +
™Pb.” Bull. Am. Phys. Soc. 21, 985 (1976).

E. D. Hudson and M. L. Mallory. “Enhancement of Cyclotron Beam Intensity by Using an Easily lonized
Support Gas in the lon Source.” Bull. Am. Phys. Soc. 21, 988 (1976).

M. A.ljaz.K.S. Toth. 1. Lin. E. L. Robinson. C. R. Bingham. and H. K. Carter. “Obsevation of Alpha
Decay in """ T1." Bull. Am. Phys. Soc. 21, 975 (1976).

C. H.Johnson.J. K. Bair,C. M. Jones. S. K. Penny.and D. W.Smith, ~P-Wave Size Re ‘onances Observed
by 2.6- to 7-MeV Protons Incident on Isotopes of Sn." Bull. Am. Phys. Soc. 21, 987 (1976).

N. R. Johnson. S. W. Yates. R. M. Ronningen. R. D. Hchwa, L. L. Riedinger. and A. C. Kahler.
“Propertics of '“Er in the Band Crossing Region.” Bull. Am. Phys. Soc. 21, 984 (1976).

A. C. Kahler. L. L. Riedinger. P. Hubert. N. R_Johnson. E. Exchler. R. L. Robinson.and G. J. Smith. “In-
Beam Spectroscopy of '*'*'T1.” Bull. Am. Phys. Soc. 21, 976 (1976).

H. Kawaka.. i, P. A. deLima. R. M. Roaningen. J. H. Hamilton, A. V. Ramayya. R. L. Robinson, and
H. J. Kim. “Level Structure of “‘Ga.” Bull. Am. Phys. Soc. 21, 968 (1976).

C. H.King.B. A. Brown. T. L. Khoo. E. Eichler. * . R. Johnson. A. C. Kahikr. L. L. Ricdinger.and A. G.
Schmidt, “High-Spin States in "**"*"'**''Sm.” Bull. Am. Phys. Soc. 21, 1004 (1976).

W. G. Love, "Microscopic Description of Sn(p.n) Reactions.” Bull. Am. Phys. Soc. 21,963 (1976).

D. Malbrough, R. D. Edge, C. W. Darden, T. Marks. B. M. Preedom. F. E. Bertrand. 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. Phys. Soc. 21, 983 (1976).

M. L. Mallory, K. W. Fischer, and E. D. Hudson. “Space Charge Beam Loss in Heavy-lon Cyclotrons.”
Bull. Am. Phys. Soc. 21, (1976).

G. S. McNeilly, E. D. Hudson, R.S.Lord,S. W. Mosko.J. E. Mann, K. N. Fischer,J. A. Martin.andJ. B.
Ball, “Development Studies on a Separated-Sector Cyclotron for Phase 11 of the Holifield Heavy-lon Research
Facility.” Bull. Am. Phys. Soc. 21, 989 (1976).

H. Nann, A. Saha, and S. Raman, “The “*Ni(p.7)"'Ni 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. Robimon. H.J. Kim. R. O. Saver. J. C. Welk. and R. M. Ronningen. “High-Spin Statesin “Ge.™
Bull. Am. Phys. Soc. 21, 968 (1976).

R. M. Ronningen. R. B. Prrcey. K. S, Grantham. J. H. Hamilton. A. V. Ramayva. B. van Nooijen.
H. Kawakami. C. Maguirc_ L. I.. Riedinger.and W. K. Dagenhant. ~£2 and £4 Moments in '™ "Dy, "*~"“Er.
and 'Yb.” Bull. Am. Ph». Soc. 21, 985 (1976).

R. M. Ronningen. R B. Prrcey. A. V. Ramayya. J. H. Hamilton. W. K. Dagenhart. S. Raman.and P. H.
Stelvon. "Coulomb Excitation of "™ P1.” Bull. Am. Phys. Sox. 21,976 (1976).

S. T. Thomton. L. C l')_cmis‘t K. R. Cordell. R. C. Schwewzer. P. G. Lookadoo_ ). 1. C. Ford. Jr.. and
J. Gomes del Campo. = "Ct" Car) "Ne Reaction Excitation Functions.” Bull. Am. Phys. Soc. 21,970 (1976).

C. Y. Wong. “On the Pnmordial Superheavy Element 126.” Bull. Am. Phyvs. Sox. 21, 981 (1976).
IAEA Conjcrence on Atomic Data for Fusion, Culham, England, November 1-5, 1976

C. F. Bamett (invited walk). “Compilation and Evaluation of Atomic and Molecular Data Relevanti to
Controlled Fusion Research.™

Symposium of Northeastemn Accelerator Personnel (SNEAP 1976). Tallahassee, Florida, November 3-5(1976)
J. W_ Johnson. "Recent Vacuum Work at Oak Ridge.”

Souiheastern Section Mereting of the American Physical Society, Virginia Beach, Virginia, November 11-13,
1976

T.A.Carlsonand C. W. Nestor_Jr.. “Calculation of A and /. X-Ray Encrgie for Ekements from Z =9510
130.7 Bull. Am. Phys. Soc. 22, 487 (1977).

R. .. Mickodaj (invited talk). “Techaological Advances at UNISOR.”™ Bull. Am. Phys. Soc. 22,488 (1977).

W. G. Nettles. R. Beraud. J. D. Cole. J. H. Hamilton, A. V. Ramayya. E. H. Spejewski. and K. S_ R.
Sastry. “Decay of “‘Hg ' “*Au.” Bull. Am. Phvs. Sov. 22, 438 (1977).

R. B. Picrcey. J. H. Hamilton. R. M. Ronningen. A. V. Ramayya. R. 1..Robinson.and H. J. Kim.~Odc to
an Unidentified Isotope.”™ Bufl. Am. Phys. Soc. 22, 488 (1977).

K. S. Tothand M. A. ljaz (invited talk), “Alpha Decay for Ivotopes with / < 83: Recent Experiments at
UNISOR.™ Bull. Am. Phns. Soxc. 22, 488 (1977).

American Physical Society Meceting, San Francisco, California, November 15-19, 1976

H.J. Kim. P. H. Stelson. J. E. Baylicld. P. M. Koch.and 1. I). Gardner. ~Elkectron-Capture Cross Scctions
for Multiply-Charged “Fe lons Incident on Atomic Hydrogen Targets.”™ post-deadline paper.

American Ph;sical Society Mereting, Lincoln, Nebraska, ireccmber 6-8, 1976

D. H. Crandall. P. O. Taylor.and R. A. Phancuf. “Ekeciron Inipact lonizationof C ™. Bull. Am. Phys. Sox.
21, 1256 (i976).

J.P. Forester. 1). ). Pegg. S. B. Elston, P, M. Griffin. K.-O. Groeneveld. R, S. Pcterson. R. $. Thoe . C. R,
Vane, and |. A. Sellin, “Radiative Lifctimes and Oxcillator Strength for the n = 2 States of Be-like Sulfur.” Bull,
Am. Pins. Soc. 21, 1253 (1976).

F. D. McDaniel. J. L. Duggan. R. K. Rice. R. Mchta. B. D. Paync, G.C. Monigold. ). W. Holiand. D). E.
Johnson, P. D. Milicr. I.. A. Rayburn, A. Zandei. K. A. Kucnhold. R. M. Wheeker. R. . Chaturvedi. and
S. J. Cipolla. "Evidence for K-Shell Charge Exchange for 'Si lons Penctrating Thin Solid Targets.” Bull. Am.
Phys. Soc. 21, 1248 (1976).

R.S. Pcierson. S. B. Elston. 1. A. Sellin, R. Laubert, F. K. Chen.and C. A. Peterson. “Mass Iependencc of
Ne A X-Ray Yiclds from Ne’'-Ne Collisions at keV Encrgies.” Bull. Am. Phys. Soc. 21, 1248 (1976},

Ly v
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R. A. Phancuf and R. H. McKnight. “Charge Transfer Collisions of N with Atomi and Molkecular
Hyd-ogen.” Bedl. Am. Phys. Soc. 21, 1266 (1976).

L A. Sellin (imvited talk). “High lonization-Excitation Sitates of Ne¥ lons and Their Mass-Dependent
Symmctric Collision Interactions.” Bull. Am. Phrs. Soc. 21, 1250 (1976).

P. H. Stetson (invited talk). “The Atomic Physics Potential of New Accelerators.” Bull. Am. Plivs. Soc 21,
1260 (1976).

P.O. Taylor. R. A. Phancuf. G. H. Dunn_and D. H. Crandall. “Ekctron Impact Excuation Cross Sections
for C* from a Crossed-Beams Mcasurement.™ Bull. Am. Phys. Soc. 21, 1256 (1976).

C.R.Vane.D.J. Pegg.S. B. Elston_J. P_Forester. P. M. Griffin. K _-O. Groemeveld.R. S. Petenon. R S.
Thoe. and |. A. Scilin. “A Beam-Foil Study of the 25°2p°p' Doublet in Li-like Sulfur.” Bull. Am. Phes. Soc 21,
1252 (1976).

Second Intermational Conference and Winter School on Submillimeter Waves and Their Applications. San
Juan, Puerto Rico, December 6-10, 1976

D. P. Hutchinson and K. L. Vander Sluis. “Design of 2 High-Power Submillimeter Ohcillator-Amplifeer
System.”

Fiftcenth International Winter Meeting on Nuclear Physics, Bormio, ltaly, January 17-22, 1977

F. Plasil (invited walk). “Fusion and Other Strongly Damped Collisions in Kr Bombardments of Medium-
Mass Nucler.™

American Physical Society Meeting, Caicago, lllinois, February 7-10, 1977

Y. A.Ellisand K. S. Toth. “Alpha Systematics for the 214 < 4 < 242 Region.”™ Bull. Am. Phvs. Soc.22.54
(1977).

J. L. Fowker. J. A. Cookson. M. Hussian, C. A_ Uttley. and R. B. Schwarts. “Angular Distribution ol
Neutron-Proton Scattering at 27.3 MeV.™ Bull. Am. Phys. Soc. 22,53 (1977).

S. Raman (invited talk). “Search for Superhecavy Elements with Synchrotron Radiation.” Bull. Am. Phys.
Soc. 22, 71 (1977).

Conference on Atomic Processes in High-Temperature Plasmas (American Physical Society Topical
Conference), Knoxville, Tennessee, February 16-18, 1977

D. H. Crandall (invited 1alk). “Atomic Collision Cross Sections for Plasma Applications.”

T. H. Kruse. J. L. Cecchi. B. M. Johnson_ K. W. Jones. P. M. Griffin.and D. J. Pegg. “Decay Studicy of the
n + 3 States of Sodium-like Copper Using Foil Excitation.”

F. W. Mcyer and R. A. Phancuf. “Charge Transfer Collisions of Multicharged Carbon. Nitrogen. and
Oxygen lons with Atomic and Molecular Hydrogen.”

I. A. Scllin (invited talk), “Contributions of Beam-Foil Spectroscopy to /~-Value Measurcments on lons 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. "Measurcment of Local Susceptibility and
Moments in Alloys of Pd-Ni with *'Ni.”

1977 IEEE Parnticle Accelerator Conference, Chicago, illinois, March 16-18, 1977
J. B. Bali (invited talk). “A New Generation of Heavy-lon Facilitics.” Bull. Am. Phys. Soc. 22,135 (1977).

E. D. Hudson and M. L. Mallory. “Heavy-lon Source Support Gas Mixing Experiments.” Bull. Am. Phys.
Soc. 22, 175 (1977). .
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J. A. Martin J_B.Bail.E. D. Hudson. R.S_ Lord.J.E. Mann.G. S. McNeilv.and S. W.Mosko. “Design

Suatus of a Separated-Sector Cyclotron Booster Accelerator for the Holifweld Heavy-lon Research Facility.™

Bull. Am. Phys. Soc. 22, 153 (1977).

S. W. Mosko. E. D. Hudson. R_ S. Lord. and J. A. Biggerstaff. “"Magnetic Field Measuring System for
Remapping the ORIC Magnetic Field.™ Bull. Am. Phys. Soc. 22, 145 (1977).

S. W. Mosko. J. D. Rylander.and G. K. Schulze, "ORIC RF System—-Preparation for HHIRF. ™ Bull. Am.
Phys. Soc. 22, 162 (1977).

American Chemical Society Meeting, New Orieans, Louisiana, March 21-24, 1977

C.E. Bemis. Jr..R_ L. Fe.zuson. F. Plasil. R_J.Silva, Frances Picasonton. and R. L. Hahn. "Heavy-lon
Reactions and Fission in the Actinide and Transactinide Region.™

. R. L. Hahn. K. S. T_o(h. F. Hu‘ben. and P. F. Dittner. “Transfer Reaction Studics: The Production of
“#~5Cf in Reactions of ~ "Pu with "C. **O. Ne. and '*N.”

F. Plasil (invited talk). "Heavy-lon Reactions and Fission in the Actinide and Transactinide 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. Phys.
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 +
"Pb Scattering.”

Nordic Symposium on Atomic and Molecular Transition Probabilities, Lund, Sweden, March 28-29, 1977

D.J. Pegg. P. M. Griffin. S. B. Eiston. J. P. Forester. K.-O. Groeneveld. H. C. Hayden. R. S._ Peterson,
R.S. Thoe. C. R. Vane. and 1. A. Sellin. ~An + 0 Transitions in Highly lonized lons.”

International Specialists Symposium on Neutron Standards and Applications, Gaithersburg, Maryland, March
3-3 l » |977

M. J. Saltmarsh, C. A. Ludemann, C. B. Fulmer. and R. C. Styles (invited talk). “Neutron Yiclds and
Dosimetry for Be{d.n) and Li{d.n) Neutron Sources at £, + 40 MeV.”

American Physical Society Mecting, Washington, D.C., April 25-28, 1977

C.E. Bemis, Jr.. R. L. Ferguson, R. J. Silva. F. Plasil, G. D. OKelky. R. L. Hahn. D. C. Hensky, E. K.
Hulet, and R. W. Lougheed. “Production and Decay of 105 and Spontaneous Fission Propertics of **105-
**104,” 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. Westem, and R. W. Fink. “Decay of Mass-Separated “"'Po.” Bull. Am. Phys. Soc. 22, 546
(1977).

F. K. Chen. G. Lapicki, R. Laubert, S. B. Eiston, R. S. Peterson, and 1. A. Sellin, “Projectile Charge-State
Dependence in K-Shell Ionization of Neon, Silicon, and Argon Cases by Lithium Proicctiles,”™ Bull. Am. Phys.
Soc. 22, 655 (1977).

T.P.Cleary,). L.C. Ford, Jr.,E. E. Gross, D. C. Hensley, C. R. Bingham,and J. Vrba, “Mutuai 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 States of 50- to 60-MeV Cl Ions Emerging from Solids,” Bull. Am. 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 D1 Reactions,” Bull. Am. Phys. Soc. 22,59
(1977). ‘

G — e A



oty v
. "

218

S. B. Elston, C. R. Vane. J. P. Forester. D. ). Pegg. 1. A.Sellin.and S. R. Schumann. “Production of Core-
Excited States of Li and Li’ in Collisions with Gas Targets.”™ Bull. Am. Phys. Soc. 22, 655 (1977).

R. L. Ferguson, F. E. Obenshain. F. Plasil. F. Pleasonton. and A. H. Snell. “Reactions Induced by 155-
MeV “Ne Bombardment of “T1.” Bull. Am. Phys. 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. Menchaca-Rocha, and M. E. Oniz.*Yrast Levelsin - Al Suggested by Resonance Structuren the '“C('“N.a)
Reaction,”™ Bull. Am. Phys. Soc. 22, 630 (1977).

Linda Fugate, J. C. Wells, Jr.. R. O. Sayer. R. L. Robinson. H. J. Kim. W. T. Milner. and G. J. Smith.
“Lifetimes of Levels in “*Zn via the "'V('*0p2n)"Zn Reaction.” Bull. Am. Phys. Soc. 22, 565 (1977).

J. Goma del Campo. J. K. Bair. P. D. Miller.and P. H. Stelson. "Measurements of Total Neutron Yields
for the "C + “C, "C, "'C. and ''C + ''C Systems.™ Bull. Am. Fhys. Soc. 22, 628 (1977).

C. D. Goodman, F. E. Bertrand. 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)'"N and
7Sip.n)"P.” Bull. Am. Phys. 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. Phys. Soc. 22, 630 (1977).

D. J. Horenand J. A. Harvey, “Giant Magnetic Dipole Statesin “"Pb.” Bull. Am. Phys. Soc. 22, 543 (1977).

C. H. Johnsonand 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.and E. 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. Preedom. 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 MceV.” Bull. Am. Phys. Soc. 22, 525 (1977).

F. D. McDaniel, G. Basbas, J. L. Duggan. P. D. Miller.and G. Lapicki, “Projectile Cross Scctions Inferred
from Measurements of Target X-Ray Production.” Bull. Am. Phys. Soc. 22, 656 (1977).

F. Milder, M. Blecher. 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. Phys. 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, 605 (1977).

G. A. Petitt and F. E. Obenshain, “Perturbed Angular Correlation of '''Cd™ in Nickel-Cadmium Ferrites.”
Bull. Am. Phys. Soc. 22, 573 (1977).

F. Plasil, “Angular Momentum Effects in the De-excitation of Compound Nuclei with High Anguiar
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 “”Pb via the *"Pb{n.y) Reaction.” Bul/.
Am. Phys. Soc. 22, 542 (1977).

S. Raman, C. J. Sparks, Jr., R. V. Gentry, M. O. Krause, H. L. Yakel, and E. Ricci, A Scarch 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, *’*"*Ge(p.1) Reactions with 35-MeV Protons,” Bull. Am. Phys.
Soc. 22, 544 (1977).
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D. G. Saranutes. L. Westerberg. J. H. Barker. R. A. Dayras. M. L. Halbert.and D. C. Hensley."Gamma-
Ray Multiplicities from the Decay of © "Yb Compound Nuclei at Excitation Encrgics of 67-94 MeV Formed in
Reactions of "He + ““Erand “"Ne + “"Nd.™ Bull. Am. Phys. Soc. 22, 630 (1977).

M Schmorak. “Level Structure of ““U.™ Bull. Am. Phys. Soc. 22, 644 (1977).

I A. Sellin, C. R. Vane. S. B. Elston. J. P. Forester. P. M. Gniffin. D. J. Pegg. R. S. Peterson.and R S.
Thoe. “Rec il lon Spectroscopy: Reduction of Doppler 3hifts and Spreads in Fi.st-Beam Expeniments.” Bull.
Am. Phrs. Soc. 22, 610 (1977).

D. Shapira. R. deVries. M. Clover. R. Cherry. and R. N. Boyd. “Excitation Functions and Angular
Dis:ributions for "C + "0 Scattering.™ Bull. Am. Phys. Soc. 22, 629 (1977).

R_G.Stokstad. R. A. Davras.J. Gomez de! Campo.and P. H. Stelson. “Fusion of '*N + *Cand the Liquid-
Drop Limit.™ Bull. Am. Phyvs. Soc. 22, 628 (1977).

H. H. K. Tang and C. Y. Wong. “Two-Dimensional and Three-Dimensional Nuclear Hydrodynamical
Calculations.” Bull. Am. Phys. Soc. 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 lsotopes.™ Bull. Am. Phys. Soc. 22, 614 (1977).

C.R. Vane.S. B. Elston. [. A, Sellin. J. P. Forester. P. M. Gniffin. D. J. Pegg. R. S. Peterson. R. S.Thoe.
J. Wright. K.-O. Groeneveld. R. Laubert. and F. Chen. “Lower Limits on Resoived Neon L-Shell Excitation
Cross Sections by Impact of 1.5 MeV A ~ S'"CI'”" lons.” Bull. Am. Phys. Soc. 22, 609 (1977).

A. Visvanathan. E. F. Zganjar. M. A. Grimm.J. L. Wood. R. W_Fink. A. C_Kahler.L.. L. Ricdinger E. L.
Robinson. and H. K. Carter. "Decay of Mass-Scparated " "TI. ““"Hg and the Structure of “*Au.” Bull. Am.
Phys. Soc. 22, 615 (1977).

J. Al Vrba. L. L. Riedinger. C. R, Bingham. E. L.. Robinson. B. O. Hannah. E. H. Spejewski. R. L.
Miekodaj. and H. K. Carter. “ecay of “Pb.” Bull. Am. Phys. Soc. 22, 546 (1977).

M. P. Webb. F. E. Obenshain. R. L. Ferguson. F. Plasil. F. Pleasonton. A. H. Sncll. and H. Nakahara.
~Strongly Damped Reactions in the ““Ne + "‘Zr System at 166 McV.” Bull. Am. Phys. Soc. 22, 344 (1977).

J. C. Wells. Jr.. S. Raman. and G. G. Slaughter. “Ncutron Capture Gamma-Ray Studics of Levels in ~ Fe
and Fe.” Bull. Am. Phys. Soc. 22, 528 (1977).

L. Westerberg. D. G. Sarantites. R. A. Goldworm. J. H. Barker. M L. Haibert. R. A. [)a:\'r.n.and D. C.
Hensley. “Decay of ' "Yb Compound Nucleiat 132 MeV of Excitation Formed in Reactions of "Newith ™ Nd.
and “C with ""Gd.™ Bull. Am. Phys. Soc. 22, 630 (1977).



10. General Information

Prepared by R. L. Macklin, B. F. McHargue, and W. L. Stair

PERSONNEL ASSIGNMENTS

During 1976-77 the Physics Division was host 1o guests from abroad as well as from the United Statcs.
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 States.

Research Participants from Abroad

E. F. Aguilera-Reyes—Instituto Nacional de Energia
Nuclear, Mexico

E. 1. Andrade—Universidad Nacional Autcrioma,
Mexico

A. A. Dacal—Ciudad Universitaria, Mexico

H. T. Feldr.icier—Technische Hochschule,
Darmstadi, West Germany

J. Gomez del Caiapo—National University of
Mexico (now an ORNL emplovee)

K.-O. Groeneveld—Uaiversity of Tennessee (on
leave from Universiiit Frankfun, Frankfurt am
Main, West Germany)

H. B. Gilbody—Queen’s
Northern Ireland

G. D. James—Atomic En=rgy Research Establish-
ment, Harwell, England

University, Belfast,

- Vida Maruhn—University of Frankfun, 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, Isracl)

H. Nakahara—Tokyo Metropolitan University,
Tokyo. Japan -
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G. L. Nyberg—Latrobe University, Bundoora,
Avustralia

S. M. E. Ontiz—Universidad Nacional Autonoma,
Mexico

Cleide Renner—Instituto de Energia Atomica, Sao
Paulo, Brazil

S. R. Schumann— University of Tennessee (on leave
from J. W. Goethe Universitit, Frankfunt 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 tfor Nuclear
Measurements (CBNM), Euratom, Geel, Belgium

Research Participants from
United States Institutions

Visiting scientists participate in the activities of the
Physics Division under a .ariety of auspices. Many
are sponsored in part und2r 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 iesearch at ORNL
is generally in collaboration with staff members.

Ali Abdel-Ghany Antar—University of Connecticut




George Auchampangh—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. Blecher— Virginia Polytechnic Institute and State
University

i!. G. Blosser—Michigan State University

D. A. Bromley—Yale University

D. A. Brown—Michigan Siate University

W. M. Bugg— University of Tennessee

R. F. Carlton—Middle Tennessee State University

H. K. Carier—QOak Ridge Associated Universities

G. T. Condo- University of Tennessece

R. Y. Cusson—Duke University

P. J. Daly—Purdue University

D. M. Drake—Los Alamos Scientific Laboratory

S. B. Eiston—University of Tennessee

John Felvinci—Columbia University

L. D. Gardner—Pittsburgh University

J. B. Garg—State Univérsity 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
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J. D. Larson—seif

Bernd Luers—Columbia University

J_ J. Malanify—Los Alamos Scientific Laboratory
D. J. Malbrough--University of South Carolina
E. R. Marshalek—Notre Dame University

E. W. McDanicl—Georgia Institute of Technology
R. H. McKnight—University of Virginia

Ed Melkonian—Columbia University

F. L. Milder—Virginia Polytechnic Institute and
State University

R. L. Mickodaj—QOak Ridge Associated Universities
T. J. Morgan—Wesleyan University

Ron Nelson—Los Alamos Scientific Laboratory
P. Z. Pecbles—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 Cornecticut

S. K. Saha—Purdue University

A. G. Schmidt—Oak Ridge Associated Universities
1. 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. 7Jaylor—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. Thomton—University of Virginia

L. Westerberg—V/ashington University

R. M. Wieland—Franklin and Marshall Coliege
L. Wilets—University of Washington

v varer
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J. ). Wright—University of New Hampshirs
S. W. Yates— Univensity of Kentucky

Undesgraduates

J. D, Bell—Earibam College

H. E. Doughty [I—University of Tennessee
C. A. Gossett—DePauw University

M. W. Howard—University of Tennessee
C. M. Manning—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 Versneller Instituut, Gromingen,
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 D'Etudes Nucleairesde
Bordeaux, Bordeaux, France, February-March
1977

R. L. Macklin—Los Alamos Scientific Laboratory,
July-August 1976

M. L. Mallory—Michigan State University; began
tw >-year assignment in July 1976

J. B. McGrory—Continued loan assignment to
Program Planning and Analysis Office begun in
Oxtober 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. Salimarsh—Began a loan assignment with the
ORNL Fusion Energy Division October 1976

Personnel Changes

J. R. Beene—Nuclear Data Project; begana two-year
postdoctoral appointment in November 1976
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J. A. Benjamin—Hoiificld Heavy-lon Research
Facility; began a two-year appointment in August
1975

T. P. Cleary—Qak 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—Qak Ridge Isochronous Cyclotron:
continued a two-year posidoctoral appc ‘miment
begun in October 1975

3. Gomez det Campo—Van de Graaff Laboratory:
began a two-year appoiniment in May 1976

W. W. Hams—Electron Microscopy Program:
transferred from Physics Division 10 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 {977

J. A. Maruhn—Theoretical Physics Program:
continued a temporary zppointment 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. Phancuf —CTR-Related Atomic Physics
Program; transferred from Thermonuclear Divi-
sion to Physics Division in October 1976 for two-
year appointment

Frances Pleasonton—Physics of Fission Program;
retired in December 1976

L. D. Rickertsen—Theoretical Physics Program;
completed atwo-year postdoctoral appointment in
July 1976

D. Shapim—Van de Graaff Laboratory; began a
two-year postdoctoral appointment in September
1976

M. P. Webb—Nuclear Data Project and Heavy-lon
Program; began a two-year postdoctoral appoint-
ment in December 1976
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ARRANGEMENT WITH 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 dvring 1976 -77. These individuals and their affiliation are listed below:

William J. Atkinson. Jr., University of Alabama at
Birmingham

Frank T. Avignone I11. University of South Carolina

Nestor Azziz, University of Puerto Rico at Mavaguez

F. Todd Baker. University of Georgia

James H. Barker. Saint Louis University

Stephen Bart, University of Houston

Stanley Bashkin, Umiversity of Arizona

James E. Bayfield. University of Pitisburgh

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 a1
Cortland

Sam Cipolla. Creighton University

Jerald 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, Louisiaim 3tate University

Jerome L. Duggan, North Texas State University

Richard W. {"ink, Georgia Institute of Technology

John D. Fox, Florida State University

Thomas A. Girard. University of South Carolina

David A. Goldberg, University of Maryland

John D. Cressett, North Texas State University

Marvin A. Grimm, Jr., Georgia Institute of
Technology

Suzanne A. (Gronemeyer, Washington University

Joseph H. Hamilion, Vanderbilt University
Bernic O. Hannah, University of Alabama at Bir-
mingham
Richard D. Hichwa. Vanderbilt University
Ed V. Hungerford 111, University of Houston
M. A_ ljaz, Virginia Polytechnic Institute and State
University
Hirokane Kawakami. Vanderbilt University
Kirby W. Kemper, Florida State University
Bernard D. Kern. University of Kentucky
Quentin Kessel, University of Connecticut
Stephen J. Knieger. University of Illinois
Kenneth A. Kuenhold, University of Tulsa
Knshna Kumar, Vanderbilt University
Roman Laubert. New York University
Robert S. Lee. Vanderbilt Univers:’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. Vanderbilt University

Donald A. McClure.
Technology

Floyd D. McDaniel. North Texas State University
Marntin R. Meder. Georgia State University

Georgia Institute  of

Thomas F. Parkinson, Virginia Polytechnic Institute
ang State University

Bobby D. Payne. Jr.. North Texas State University
Rodney B. Piercey. Vanderbilt University

W. T. Pinkston, Vanderbilt University

Arthur R. Quinton, University of Massachusetts
A. V. Ramayya, Vanderbilt Unmversity
Venugopala Kao. Emory University

Mecir S. Rapaport, Georgia Institute of Technology
Louis A. Rayburn, University of Texas at Arlington



Alfred C. Reseer, Jr., Emory University

Roger Rice, North Texas Stase University

Edwasd Lee Robiason, Usiversity of Alabama at
Bawminghsm

Demetrios G. Sarantites, Washington University

Kanduls S. R. Sastry, University of Massachusetts

Thomas C. Schweizer, University of Virginia

Alan Scott, University of Georgia

Ewrigue Silberman, Fisk University

Paramjit Singh, Virginia Polytechnic institute and
State Untversity

Robert K. Smith, Jr_, Duke University

David C. Sous, Eastern Kentucky Ur -ersity

Arvel D. Toten, Jr., North Texas State University

Ashok Visvanathan, Louvisiana State University

Thomas A. Walkiewicz, Edinboro State College

Jesse L. Weil, University of Kentucky

Joha C. Wells, Jr., Tennessee Tedmolopm Univer-
sity

Warren R. Western, Georgia Institute of Technology

Richard M. Whetler, State University of New York
at Cortland

Bryan H. Wildenthal, Michigan State University
Ron R. Winters, Denisson University

Jobn L. Wood, Georgia Institute of Technology
Steven W. Yates, University of Kemucky

Arien R. Zander, East Texas State University
Edward F. Zganjar, Louistana State University

Undergraduste Research Trainees

Terry C. Awes, University of Wisconsin

David F. Chernoff, Yale University

Cheryl A. Houser, Pennsylvania State Un* ersity
Robert A. Managan, Rice University

Richard T. Snodgrass, Carleton College

Robert C. Styles, Berry College

D. M. Thomas, Emory University

Walter H. Thompson 111, University of Southwestern
Louisiana

David E. Toodle, Samford University
Larry E. Williams, University of Tennessee

GRADUA] E THESIS RESEARCH

During 1976-77. Physics Division staff and associates served as advisors or supervisors for 16 students
engaged in thesis research. All projects listed below were carried out with facilities operated at least in part by the

Division.
Ph.D. Thesis Research
Candidate Advisor(s) rmmor

A. V. Ahmed, R. L. Robinson In-Beam Gamma-Ray Spectroscopy
Vandcrbilt University of "K

W. K. Dagenhan, P. H. Stelson Coulenio Excitation of ''*Sa
University of Tennessee - (degree conferred Marci 1977)

A. P. DeLima, R. L. Robinson High-Spin States in *Ge
Vanderbilt University

E. J. Fsher, D. H. Crandall Charge Exchange in Multiply
Univensity of Pittsburgh and C. F. Bamnett Charged lon Collisions

J. P. Forester, | D. 5. Pegg. University Lifetimes and Spectra of Multi-

. University of Tennessee of Tennessee charged lons Using Beam-Foil

!

Excitation



G. M. Gowdy.
Georgia Institute of

M. A. Grimm,
Georgia lnstitute of

D. L. Hillis,
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

Advisor(s)

E. J. Spejewski and
N, R. Johnson

E. J. Spejewski and
R. L. Mickodaj

E. E. Gross

1. A. Sellin, University
of Tennessee

R. L. Robinson

X.S. Toth; M. A. ljaz,
Virginia Polytechnic
Institute and State
University

C. Y. Wong and
D. A. Bromiey (Yale)
F. Obenshain

1. A. Sellin, University
of Tennessee

C. R. Bingham and
E. E. Gross

Master'’s Thesis Research

C. F. Barnett

Bachelor's Thesis Research

E. H. Spejewski and
H. K. Carter

Thes:s title or
" field of rescarch
Decay Scheme Studies of Neutron-
Deficent Odd-Mass Thalium
Isotopes and the Systematics of
the Odd-Mass Mercury Levels
(degree conferred December 1976)

Shape Coexistence near the Z =
82 Closed Shell

Shape Effects in the Elastic and
Inclastic Scattering of 70.4-MeV
"C lons from the Even Neodymium
Isotopes (degree conferred March
1976)

Colhision and Structure Experiments
on Low-Energy Multiply Charged lons

High-Spin States in "“Se ;

Investigation of Single-Particle
States m Dysprosium Nuciei

[ PRIl g Gamy

Dynamics of Nuclear Flud

Isomer Shift Studies in Dilute
Au Alloys (degree conferred
August 1976)

Heavy-lon Atomic Collisions

Inclastic Scattering of Heavy
lons

s 2 R T TV R

A Cesium Heat-Pipe Neutral Particle
Spectrometer

Exploratory Studies in the Mass
Region A = 60 to 80 Far from
Stability (degree conferred June
1976)

P
e
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MISCELLANEOUS PROFESSIONAL ACTIVITIES
OF DIVISIONAL PERSONNEL

Staff members are frequently involved in professional work incidental (e their primary laboratory
respounsibilities. For cxampic, a majority of the professional staff act as referses for ovur two dozen journals.
primcipally the Physical Review, Physical Review Letters, and Nuclear Physics. and many review proposals for
funding organizations. Other activities include those listed below.

J. B. Ball—member of program committee for
Nuclear Physics Division of APS; member of
organizing commitice for 2d International Con-
feremee on Electrostatic Accelerator Technology
(Strasbourg): member of ORNL Landscape and
Architecture  Commitiee; member of ad hoc
committee on Guidelines for Management and
Control of Construction Projects at ORNL

C. F. Bamnett—Research Advisory Commitice for
ERDA-EMFE; consultant to IAEA on atomic
data; orginized APS Topical Conference on
."tomic Physics in Hgh-Temperature Plasmas,
Knoxville, Tennessee, February 16, 1977; member
of commitice 10 review a National Rescarch
Plasma Facility, ERDA Security Review Board.
and ERDA advisors commitiee 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. Bertrand—chairman. Indiama University
Cyclotron Facility Users Group: memnber.
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 Engincer
(Tennessee No. 11,475) October 1976; University
Relations Coordinator for the ORAU and ORNL
Summer Student Trainee, Facuity Research
Participant, and Exceptional Graduate Student
summer programs, [975-77 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. Exchler (Chemistry Division) Physics Division
Seminar Chairman: Heavy-lon Laboratory Users
Group Liaison Officer

W. B. Ewbank —Rescarch 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. Grnffin-memb.;, Users Group of
Brookhaven National Laboratory

J. A. Harvey —labor coordinator for the Physics
Division; Physics Division coordinator for ORNL
Awards Comriittee; secretary-treasurer of the
Division of Nuclear Physics of the American
Physical Society (1967-77); member, organizing
committee of the 1976 Intemational Conference on
the Interactions of Neutrons with Nuclei; member
of the editorial board of the Atomic and Nuciear
Daia Tables

N. R. Johnson (Chemistry Division)—member of the
ORIC Planning Committee; member of HHIF
Users Liaison Group; ORIC Scheduling Coor-
dinator

C. M. Jonzs—member, Program Committee, 1977
Panticle Accelerator Conference



H.J. Kim Nceutron Spectrometer Section chairper-
son. 1976 Expenimental Apparatus Working
Groups. Holifwcld Heavy-lon Research Facilit.:
local committce member. 1977 Conference on
Atomic Processes in High-Temperature Plasma.
Knoxville. Tenncssee. February 16. 1977

C. A. Ludemann  Physics Division representatine.
""nion Carbide Nuclcar Dinision Alfirmative
A tion Program: member. LAMPF Usen Group

F. K. McGowan member. cditorial board of
Atomic Data and Nuclear Data Tables

J. B. McCronn  ORNL. Ad Hoc Committee on
long-Range ADP Acguisiion: Physics Division
ORIC Scheduling Committee: on leave to
Program Planning and Amalyvsis Group

R. L. Macklin Physic Dnision Technology
Culization Coordinator: member of Criticality
Safety Approvals Committee. ORGDP

J. A. Manin chairman. Mecting: Committee of
Technical Activitin Board of IEEE: chairman,
Technical Committee on Accelerators and member
of Administrative Commitice of the IEEE Nuclear
and Plasma Scicnces Socicty: deputy member.
International Orgamizing Committec,World Elec-
rotechnical  Congress.  Moscow. June 1977:
member. Editorial Advisory Board of Particle
Accclerators; consultant, National Science { oun-
dation Physics Section as member of Visiting
Commtitces for Indiana University Cyclotron
Project and Columbia Univensity  Synchrotron
improvement Project: member. Organizing Com-
mittee for the 1976 Particle Accclkerator Con-
fzience. Chicago. lilinois: member. International
Organizing Committee for VIiith International
Conference on Cyclotrons and 7heir Applications
to be held at Indiana University. September 1978;
member, lawrence Berkcley lLaboratory
Accclerator Division Review Committec

J. A. Marubn lecturer. University of Tennessee

H. W. Morgan faculty member of Fisk University
Infrared Spectroscopy Institute: member of Board
of Trustces of Cordell Hull Foundation for
International Education: member of Board of
Directors of Tenncssee Parners of the Americas.
and Chairman of Committee for Scientific Ex-
change: Senior Rescarch Assaciate, Department of
Natural Sciences. Hollins College: local-section
lecturer. American Chemical Society

S. W. Mosko - member. ERDA Electrical Safety
Cniteria Committee: member. Program Com-
mitice of 1977 Panicle Acceleraror Conference.
Chicago. lllinots: Board of Directors. Gak Ridge
Section IEEE

F. E. Obenshain-- part-time professor. University of
Tennessee

F. Plasil- chairman, ORNL Graduate Fellow
Sclection Pancl: Lawrence Berkeley Laboratory
SuperHILAC Users Executive Committee:
Cochairman Physics Divisizn Seminars; Vice-
Chairman {977 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-lon Research Facility

M. J. Saltmanh member. LAMPF Advisory
Committee, LAMPE:. member, American Society
for Tosuing Materials Subcommitice E10.08
(Procedures for Radiation Damage Simulation)

G. R. Saichkr member. Executive Committee.
Division of Nuclcar Physics. American Physical
Socicty: member. Program Committee, Division
of Nuclcar Physics. American Physical Society:
member, editonial board of Atomic Dawa and
Nuclcar Data Tables

P. A. Staats staff member, Fisk University Infrared
Spectroscopy  Institute: participated in orgzniza-
tion of and directed laboratory portion of Twenty-
scventh Annual Fisk Infrared Institute. Vanderbilt
University. Nashville. Tennessec. July 26 30, 1976
Physics Division Quality Assurance Coordinator

P. H. Stchvon  part-time faculty member. Depant-
ment of Physics. Univensity of Tennessee: associate
cditor of Nuclear Physics: member. advisory
committce for the ORNL Instrumentation and
Controls Division

R. ;. Siokstad member. Ad Hoc Pancl on the
Futurc of Nuclear Science (CNS-NAS). member.,
SuperHILAC Program Advisory Committee

K. S. Toth chairman, UNISOR Scheduling Com-
mittce; Major Nuclear Chemistry Facilities Com-
mittce of the American Chemical Society: acting
member. UNISOR Executive Commitice

T. A. Welton  pant-time consultant to the ORGDP
Gas Centrifuge Program: part-time professor and
colloquium chairman. University of Tennessee
Physics [epartment

s
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PHYSICS DIVISION SEMINARS

Physics Division scminars were held once a week on the average. The seminar cochairmen during the period
weze W. B. Dress. E. Eichier (Chemintry Division). and F. Plasil. The scmmars listed below are announced to the
entive Leboratory in the ORNL Techaical Calendar. In addition. growps within the Division bold mectings of
more specialized imterest, such as the Nuclear Research coffoe mectings on alternate Wedaesday afternoons. the
Theoretical Circus on Fridays, Atomic Physics semimars. and ORELA seminars.

1/13/7%

116/%

1/19/%

y22/76
1216
1/29/76
2/24/76

22676

3117
317776
313176
411
41176
4/8/76
41976

4976
4/12/76

Spesker and affilintion

D. L. Hillis, Physics Division, ORNL

Eric Sheldon, University of Lowell,
Lowell, Messachusetts

Yvoa LeBeyec, Institate of Nocless Physics,
Orsay, France

Ken Toth, Physics Division, ORNL

Michae! P. Webb, University of
Washington, Seattle

Den Dal, Boston University,
Boston, Massachusetts

P. J. MofTa, Brookhaven National Laboratory,
Upton, New York

J. 0. Rasmuseen, Lawrence Berkeley Laboratory
ad Chemistry Division, University of
Californis. Berkeley

Dag Homn, Mz sachusetts Institute of Technology,
Cambridge

V. Schmidt, University of Freiburg, Freiburg,
West Germany

Ulrich Mosel, University of Giessen,

Giessen, West Germany

M. W. Guidry, Lawrence Berkeley Laboratory,
Berkeley, California

Helga G. Kalinowski, Hahn-Meitner Institute,
Berlin, West Germany

Steven Young, University of California at
Los Angeles

Dan Shapira, University of Rochester,
Rochester, New Yurk

S. M. Perez, Univensity of Oxford

W. E. Cleveland, Louisiana State University,
Baton Rouge

Tepic

Shape Effects in the Elastic and Inefastic
Scatsering of 70-MeV ' 2C lons from the Even
Neodymiom Nuclei

Neutron Scattering Studies by the University of
Lowell Nuclear Group

Compiete Fusion in Heavy-lon-taduced
Reactions: Production of Neutron-Deficient
Isotopes

Wndow Overlooking the Volga or a Five-Month
Assignment in Dubna

Elastic and Deeply Inelastic Scattering of **Kr
from 2**Pb and '**La

Recent Theoretical Developments in Photoelectron
Cross Sections of Molecules

Heavy-lon Reaction Studies — Localization and
Inelastic Scattering

Classical Equations of Motion Approach to
Heavy-lon Collisions

Fusion Studies of 23S on **N;

Double Photoionization in the Outer Shell of
Rare Gases

Thermal Properties of Nuclei

Reduced Tramition Probabilities for High-
Spin States

Heavy-lon Collisions in 2 Llassical Model
Including Single Partic'e Surface F-iction

Multiple Diffraction Ex ansion fur Intermediate
Energy Nuclear Reaction

The Rochester Heavy-lon Counter in Recent
Experiments

Sum Rules for Nucleon Spectroscopic Factors

Structure of ' **Pt



Date
4/22/76

5/3/%6

5/4776

5N3/76

5/13/76

6/7776

6/8/76

6/22176
6{24/76

6/29/76

776

7/8/76

711276

7276

7/14/76
7/15/76
712276
9/23/76
9/30/76
10/1/76
10/7/76

10/14/76

Speaker and affiliation
Reginald Romningen, Vanderbilt
University /ORNL
Haxs Jorg Mang. Technical University of
Munich, Germany
M_E. Hamm, Texas A & M University,
College Station, Texas

M. Danos, Natiaal Bureav of Stavdards,
Washis,.on, I'.C.

Burke Ritchie, University of Alabama,
Usiversi

Amold R Bodmer, Argonne National
Laboratory, Argonae. IRinois

L. Wilets, University of Washington, Seattle

P.J. Twin, University of Liverpool

R. Y. Cusson, Duke University,
Durham, North Carolina

R. Babinet CE.N. de Saday, France

J. R Bird, Australian AEC Research
Establishment, Lucas Heights

G. Siegert, Institut Lave Langevin,
Grenoble, France

V. G. Soloviev, Joint Institute of Nuclear
Research, Dubna

V. 1. Lushchikov, Joint Institute of Nuclear
Research, Dubna

A. M. Lane, AERE, Harwell

James Byme, University of Sussex

P. Colombani. Lawrence Berkeley Laboratory,

Berkeley, California, and Institute of
Nuclear Physics, Orsay, France

Michael Howard, Lawrence Livermore Laboratory,
Livermore, California

Alan Goodman, Tulane University, New Orleans,
Louisiana

John Zabolitzky, University of Bochum,
West Germany

Z. Switkowski, Niels Bohr Institute,
Copenhagen, Denmark

Cleland H. Johnson, ORNL

ey

Topic
Recent Cuulomb Excitation Studies in the
Rare-Earth Region
A Sigle Particie Model for Rotational Sttes

Nuclear Spectroscopy with Heavy-lon-Induced
Multi-Nucieon Transfer Reactions

Nuchear Shock Waves: Yes and No

Theory of the Angular Distribution of
Molecular Photoelectrons

Classical Microscopic Calculations of High-Energy
Collisions of Heavy lons

Semiclassical Calculation of the Nuclear Many Body
Problem for Heavy-lon Collisions

Gamma-Ray Spectroscopy in Ni and Zn Isotopes

Three-Dimensional Time-Dependent Hartree-Fock
Calculations of Heavy-lon Reactions

Deep Inclastic Collisions — The Approach to
Equilibrivm in the *®Ar + **Ni Syswein

Recent Developments in Prompt Nuclear
Analysis

Current Research at the Institut Lave Langevin
and Recent Fission Charge Distribution Results

Some Aspects of Nuciear Reaction Theory

Ultra-Cold Neutrons

Theoretical Approaches to Giant Multipoles
Measuring the Neutron Lifetime
Subcoulomb-Fission Induced by Xe and Kr lons

Heavy-lon Reactions of Astrophysical interest

Microscopic Calculations of Backbending in
Nuclei

Many-Body Theory and Mesonic Degrees
of Freedom in Finite Nuclei

Sub-Barrier Heavy-fon Fusion

Observation of Single-Particle Proton States
Quasibound by the Coulomb Potential

:


http://CJE.fi

Y b e e

13/7%

Lem
mnsrm

Wi

237
210717
22T
33
310/77

31247
3725117

3BYM
4577
4nm
413/77
4/0/1
siym
513177

s/917

snoim

2%

Speaker snd affilistion
J. A. Cookson, AERE, Harweil

Aaron Galoasky, Michigan State University,
East Lansing -
Dave Crandal), ORNL

Reinhard Simon, Lawrence Berkeley Laburatory,

Berkeley, California
E. L Hart, University of Teanessee, Knoxville

Taro Tamura, University of Texas,
Awstin

H. C. Britt, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico

Peggy L. Dyer, University of Washington,
Seattle

1. Seflin, University of Tennessee, Knoxville

Fred R. Mynatt, Neutron Physics Division,
ORNL

LY. Lee, University of California, Berkeley

R. Y. Cusson, Duke University.
Durham, North Carolina

C. ). Herrlander, Michigan State University,
East Lansing

J. W. Hugg, Stanford University, Stanford,
California

O. F. Nemets, Institute of Nuclear Research of
the Ukrainian SSR, Kiev

A. Faessler, Kemforschungsanlage
Jislich, West Germany

G. T. Garvey, Argonne National Laboratory,
Argonne, lllinois

D. J. Malbrough, University of South Carolina,
Columbia

L. Peker, Vrije Universiteit, Amsterdam,
Netherlands

C. Mahaux, Université de Liege, Liege, Belgium

S. Raman, Physics Division, ORNL

Topic

Analysis Using Focused Beams of Nuclear
Particles, with Comments on Seasch for
Superheavy Elements

Giant Fermi and Giant Gamow-Teller Transiticns
in (p.n) 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 Jsing Direct Reactions

Angular Momentum Transfer in the **Kr +
199R; Reaction

Highly lonized lons and Their Symmetric
Collision Interactions

The Accelerator Breeder as an Alternate to the
LMFBR

Coulomb Excitation of Pt Isotopes with Xe Beam
Quantal Theory of Heavy-lon Collisions Using a
3-Dimensional TDHF Scheme

High-Spin States znd Quadrupole Interaction in
the Lead Region

Nuclear Moments of Conjugate Nuclei
Measurement of g Factors of Excited States

Spins, High Spins, and Very High Spins in
Nuclei

Are There Any First-Class Experiments on
Second-Class Currents?

x*-Nucleus Elastic Scattering at Low Energies
Backbending and the g9, Shell

Calculation of the Complex Optical-Model
Potential from a Realistic Nucleon-Nucleon
Interaction

Where Have All the M1 Strengths Gone in 2°°Pb?
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COLLOQUIA AND SEMINARS
PRESFNTED AT OTHER INSTITUTIONS

Suaff membens of the Physics Division and other scientists associated with the Division frequently receive
imvitau™ns 9 present seminars and colloguia at institutions both in the United States and abroad. Partial
support for some of the requests was provided through the Traveling Lecture Program (TLP) administered by
Oak Ridge Associated Universitices.

Following s a list of seminars and collogquia presented i 1976 77:

D. H. Crandall- Sunford Rescarch Laboratory.
October 29. 1976. ~Collision Cross Sections for
Plasma Applications™ Regional Meeting of

G. D. Alton  Murray State Umiversity. February 11,
1976. “lon Sources™

J. B. Ball - University of Rochester. September 17,

C. F. Bamett

. E. Bertrand

1976. “The User Mode in Nuclea: Physics™: Case
Western Rascne University. No.vember 18, 1976,
“Heavy-lon Rescarch and the New Accelerator
Facility at Oak Riudge™; Michigan State University.
Februar, 18, 1977. “Status Report Ga the Heavy-
lon Facility at Oak Ridge™

Bauclle Rescarch  Laboratony.
February 6. 1976. “The Rolc of Atomic Physics in
the Controlled Thermonuclcar Rescarch
Program™

Institut fir Kemnphysik. Sdhch,
West Germany. May 24, 1976. “The New G-t
Resonances™ ~ Max-Planck-Institut [y
Kernphysik. Heidelberg. West Germany. May 26,
1976. “Excitation of Giant Rcsonances via In-
clastic Scattering™. Institut de Physique Nucleaire.
Onay. France. May 31, 1976. “The New Giant
Resonances™ Niels Bohr Institute. Copenhagen,
Denmark. June 21. 1976, “The Giant Quadrupole
Rosonance 19767 Kernfysisch  Versnclier In-
stituut. Groningen. Nctherlands, July 21, 1976,
“The Nuclear Continuum Theory and Experi-
ment™. Kernfysisch Versneller  Instituut,
Groningen. Netherlands. August 10, 1976, “The
New Giant Resonances™

T. A. Carlson Auburn University. January 12.
1976. “Angular Distribution in Photoclectron
Spectroscopy™  Research Institute of Physics
Stockholm. May 12, 1977, “Angular Distribution
in Photoclectron Spectroscopy™  University of
Linkdping. May 16. 1977. “Angular Distribution
in Photoelectron Spectroscopy™ l.os Alamos
lLaboratory Colloguium. Junc 28, 1977.Elcctron
Spectroscopy and lts Applications™

C. B. Fulmer

E. E. Gross

J. A. Harvey

Socicty for Physics Students. Murmay, Kentucky.
Apnil 16, 1977, “Atomic Physics Processes in
High-Temperature Plasmas—Fusion and
Astrophysics™

. L. Fowler - University of Tennessce, Apnl 21,

1976. “Resonance Structure of "”Pb from Neutron
Scattering™ Vanderbilt University, October 16,
1976, “Nuclear Physics and Encrgy ™. University of
Tennessee, May9, 1977, "Ncutron-Proton Scatter-
ing and Nucleon-Nucleon Interaction”

Drexel University. April 30. 1976.
“Some Heavv-lon Experiments at Qak Ridge™

Jorge Gomez del Campo University of North

Carolina. March 24. 1977, “Fusion Reactions of
"“C with "*N"

lowa State Un.versity, March 22. 1976.
~Hcavy-lon Research at the ORIC™: University of
Strashourg. Strashourg. France. Junc 3: Univer-
sity of Gottingen. Gottingen, West Germany.
June 6. Institute for Nuclcar Physics. Julich.
Germany. June 8: Nicls Bohr Institute,
Copenhagen, Denmark. June 13: University of
Groaingen, Groaingen. Netherlands. week of June
I8.

M.I.. Halbert Washington University. Department

of Chemistry. December 9. 1976, ~Strongly
Damped Collisions of Heavy fons™

Lowcell University, October 20, 1976.
“Fast Neutron Physics (Basic and Applicd) at the
OREILA~™
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D. P. Hutchinson—University of Mississippi.
February 25-26, 1976, ~Design of High-Power
Sub-Millimeter Lasers for Plasma Diagnostics™
and “The Tokomak, a Promising Fusion Device™;
Medical Univensity of South Carolina. November
17, 1976, “The Tokomak. a Promising Fusion
Device™, The Ciadel, November 17, 1976, “The
Develorzcn: of High-Power, Far-Infrared Lasers
fer Plasma Diagnostics™ Hardin-Simmors Un-
iversity, February 21, 1977, “The Tokomak. a
Promising Fusion Device™ Vanderbilt University.
March 25, 1977, “The Development of High Power
for Infrared Lasers™ University of Puerto Rico.
Mayaguez, April 6, 1977, “The Tokomak. a
Promising Fusion Device™

. W. Johnson—Florida State University, November
3-§, 1976, “Evalation of Vacuum Components
for Beam Lines for the ORNL 25-MV Heavy-lon
Accelerator™

N. R. Johnson—Willam and Mary Coliege.
February 7, 1976, “High Angular Momentum
States in Nuclkei™ American Chemical Society.,
New York, April 5-9, 1976, = & £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
Mor:entum 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,
Souvth Orsay, France, February 24, 1977, “Repont
on the Heavy-lon Accelerator Project a1 Oak
Ridge™, University of Bordeaux. Bordeaux,
France. March I 1. 1977, “Properties of '“Er in the
Backbend Region™and “Report on ihe Heavy-icn
Accelerator Project at Oak Ridge™ Research
Institute of Physics. Stockholm, Sweden, March
16, 1977, “Report on the Heavy-lon Accelerator
Progect at Oak Ridge™ and “Lifetime and Coulomb
Excitation Measurements on High Angular
Momentum States in Deformed Nuclei™

C. H. Johnson— University of Kentucky. October 15,
1976, "Unbound Single-Particle Proton States in
Tin: The First Observation of Energy-Dependent
Size Resonances™ University of Minnesota,
October 25, 1976, “Unbound “~ingle-Particle
Proton States in Tin: The First Observation of
';,.f!crzy-Dependem Size Resonances™
T
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R. L. Macklin—Los Alamos Scientific Laboratory,

August 5, 1976, “Neutron Capturcat the ORELA™

J. A. Maruhn—Michigan State University. March

31. 1976. “Non-Head-on Collisions of "O + ""O in
a TDHF Description™ University of Frankfurt.
Germany. February 19. 1977, “The Time-
Dependent Hartree-Fock Model of Heavy-lon
Collisions™ and “ Hydrodynamical Calculations for
Heavy-lon Collisions™

C. D. Moak—Iastitute of Physics. University of

Aarhus, Denmark. February 1976. “Nanosecond
lon Pulse Detection for Tandem Accelerators™
University of Witwatersrand. Johannesburg.
South Africa, March 1976. “The Accelerator
Atomic Physics Program at ORNL™ Australian
National University, Canberra. Australia. March
1976. “Heavy-lon Charge Swates”™

H. W. Morgan--Tennessee Technological Institute.

February 26. 1976. Armstrong Stare 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
Coliege. ' February 10. 1977: West Virginia State
College.' February 10. 1977:Central Ohio Section,
ACS.' February 11. 1977. “Coherent Light and
Holography™ (Lectures sponsored by American
Chemical Society lecture program'). Sloan-
Kettering Research Institute, February 8. 1976;
Loyola University. November 16. 1977, “Sub-
millimeter Waves™

F. E. Obenshain - Auburn University. February 27.

1976.The Mdassbauer Effect: Studies of Hyperfine
interactior- in Metals and Alloys™ (TLP); Univer-
sity of Aiabama. February 25, 1976, “"Experimen-
tal Test of Wevl's Gauge Invariant Geometry™
(TLP). Florida Technological University (TLP).
April 13,1976 Florida A & M University, April 14,
1976.“The Mdssbauer Effect: Studies of Hyperfine
Interactions in Metals and Alloys™ (TLP)

F. Plasil-- C.E.N., Saclay. September 15. 1976,

“Reéactions Induites par K™ G.S.1.. Darmstadt.
West Germany, January 14, 1977, “Heavy-lon
Experiments at Oak Ridge and Berkcley™

\




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, Naovember
9. 1976 Lawrence Berkeley Laboratory. December
14. 1976. Brookhaven National Laboratory,
January 11, 1977. Vanderbilt University (TLP).
February [1. 1977. Louisiana State University.
February 25. 1977. Michigan State University.
February 28, 1577: Florida State University (TLP).
March 4. 1977. and Georgia Stare University
(TLP). April 18. 1977, “Search for Supcrheavy
Elements™

L. D. Rickertsen—Murray State University. April
19. 1976. “Computer Simulation of Nuclear
Heavy-lon Scattering™

R. L. Robinson—The Citadel. February 9. 1976.
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The 1976 Physics Division Information Meeting was held on June 9 and 10. Members of the Advisory

Committee were:
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R. E. Chrien, Brookhaven National Laboratory
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'Out of the country 1t the time of the 1976 meeting.
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