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IKTRODUCTION 

This report covers the research and development activities of the Physics 
Division for the 1985 fiscal year, beginning October 1, 1984, and ending September 30, 
1985. 

The research activities of the Division remain centered on experimental nuclear 
physics, experimental atomic physics, and theoretical nuclear and atomic physics. 
The largest of these programs, experimental nuclear physics, 1s dominated by the 
heavy ion research program. A major part of this effort Is the responsibility for 
operating the Hoiifield Heavy Ion Research Facility as a national user facility. The 
operation of the Facility and the associated Internal research programs are described 
in Chapters 1 — 3 of this report. 

The activities of th* nuclear research staff, while centered at the Hollfield 
Facility, also involve the utilization of many other research facilities throughout 
the world. This work is also included In Chapter 2. A major new activity described 
here is the preparation for participation in an ultrarelatlvlstlc heavy Ion experiment 
to be performed at CERN In 1986. 

The experimental atomic physics program has two components: the accelerator-
based studies of basic colllsional phe.wnena and the studies In support of the 
controlled fusion program. These efforts are described In Chapter 4. Also associated 
with the fusion-related studies are a plasma diagnostics program and the operation of 
an atomic physics data center. The former is described In Chapter 7, and the latter 
is discussed in Chapter 9, along with our effort 1n support of the nuclear data 
compilation effort. 

The theoretical physics program, both nuclear and atomic, Is covered In Chapter 5. 
This chapter also Includes the theory effort associated with the UNISOR program. 

Smaller programs in applications and hlgh-ener^' physics are summarized in 
Ch.Hers 6 and 8. 

Jevelopment work on new booster accelerator concepts to provide a significant 
increase 1n Ion ene-gy performance far the Hollfleld Facility has continued actively 
throughout this period. A preliminary design was prepared for a booster synchrotron, 
having a bending power of 8 Tm, to be injected by the Hollfleld tmdem accelerator. 
Thlt study Is described In Chapter 10. At the end of this reporting period, a workshop 
was held to explore research opportunities in "Intermediate energy" heavy Ion physics. 
In response to the results of this workshop, the size of the booster will be Increased. 
As this report goes to press, a design and proposal for a 15-Tm synchrotron booster 
accelerator Is being prepared. Included also in Chapter 10 Is. a description of the 
efforts presently under way to design a 2-Tm synchrotron booster/cooler ring for the 
accelerator-based atomic physics program. 

Finally, this report concludes with some general Information on publications, 
Division activities, and personnel changes. 
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1. HOLIFIELD HEAVY ION RESEARCH FACILITY 

Technical highlights In this period include 
demonstration of tandea accelerator operation 
with aacropulsed beams, completion of a computer 
controlled emittance measurement system, 
installation of new control system computers for 
both the tandea accelerator and ORIC, develop
ment of a new tandem accelerator beam bunch 
phase-lock system, developaent of a new and aore 
effective procedure for setting up coupled beaas 
in ORIC, and developaent of a new aperture 
geometry for NEC acceleration tubes which pro
vides Improved electron and ion suppression. 
Details of these developaents are reported in 
later sections. 

Statistics on research activities are given 
in Tables 1.1-1.3. The spin spectrometer con
tinues to be the sost heavily used experimental 
device in the facil ity. Half of the research 
hours on this device were for studies of high-
spin states utilizing up to eleven Ge detectors 
witn up to .line cf these being encompassed with 
Compton suppression annul!. 

F1g. 1.1 Research hours per month for experiments utilizing the HHIRF accelerators. The Intervals 
denoted as PM are programmed maintenance periods. 

OVERVIEW 

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

Holifield Facility accelerator operation con
tinued to show significant improvement this 
year. Operational highlights in this reporting 
period include provision of 3904 research hours 
(an increase of 23%), improved tandea accelera
tor voltage performance, and provision of 
twenty-eight ion species ranging from *H to 
2 ? 8 U . 

Research hours per acnth since the first beam 
was available for research from the tandem 
accelerator are shown in Fig. 1.1. Beginning in 
January 1984, we have been using a cycle which 
has three to four months of research followed by 
about a mor.tn for minor accelerator development 
and programmed maintenance, which is denoted by 
" W in Fig. 1.1. The division of time between 
research- and machine-related activities appears 
to be near optimum. 

1 
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Teblr- 1.1- US' .>( ex-arinv-'t target 
stations for c>* > - i e i Octc-sr 1 , 1984 

thrwrw ce-?t.'!!*i:' 30, i985 

Table 1.2. Division of research hours 
by research activit ies for the period 

October 1, 1984 through September 30, 1985 

Kosorch Hoo.-s (No. •if Runs) 

Ta.get Station "a-ictfl 

5J4ilC) 

'33(1) 

Coupled Total 

T-ray sprct roust pr 
(tanden) 

T-ray spictrometc 
(coupled) 

Velocity f i l t e r 

"a-ictfl 

5J4ilC) 

'33(1) 

na 

0 

na 

534(10) 

18">(4) 

Atomic physics 
(tandrm) 

Spl i t -p i le mag.ie* 

89(2) 

191(7) 

na 

na 

8J(2) 

191(7) 

Applications (Be.im 
l ine 31) 

Beam line C-'J 

0 

na 

na 

320(2) 

0 

320(2) 

0.8-« .Jiarnb. r na 41(2) 41(2) 

Broad- ~ang» magnet 123(1) 488(6) 611(7) 

Tirne-o'-f 1 ig>i<. 
fac i l i ty 

1.6-m scat t ; rng 
chamber 

50(3) 

84(3) 

0 

12i(2) 

50(3) 

209(5) 

UNISOR 494(2;) 0 494(24) 

Spin spectrometer 766(11) 395(4) l , i61(15) 

Beam line 17 21(1) na 21(1) 

Total 2 ,535(66) 1,369(16) 3,904(32) 

r«a = not accessible to beam 

The broad range magnetic spectrometer with 
its associated vertical dr i f t detector has 
proven to be a remarkably high resolution 
device. When operating In the dispersion 
matched mode with the 0RIC cyclotron, the FWHM 
of a directly observed 1000-MeV 5 8 N1 beam was 
160 keV (AE/E « 1/6000). This system was also 
demonstrated to have mass resolution AM/M of 
1:60. 

The Joint Institute for Heavy Ion Research In 
Its f i rs t yjar of operation carried out Its 
mission of enhancing the research activities of 
the Hol i f ie ld Facil i ty principally by support of 
visitors - forty-six since July 1984. Another 
activity w?s the support of six workshops. The 

Activity Research Hours 

Tandem Coupled Total 

High-spin states 75s 135 890 
Low-lying level 

properties 436 436 
Giant resonances 18 146 164 
Quasi-elastic 268 377 645 
D3X>ed reactions 143 143 
Fusion 368 368 
Fission 81 16 97 
Reaction mechanisms 43 223 266 
Pion production 320 320 
Atomic 110 78 188 
Applications 153 153 
Tests of apparatus 134 134 
Tests of detectors 26 74 100 

Total 2,535 1,369 3,904 

largest of these, which dealt with the topic of 
intennediate energy heavy ion physics, was held 
to examine thi physics opportunities that might 
be made available i f a large synchrotron booster 
were put at the Holif ield Facil ity in place of 
the 0RIC cyclotron. 

ACCELERATOR OPERATIONS 

G. D. Alton R. C. Juras2 

J . A. Biggerstaff S. N. Lane 
S. L. Birch c. T. LeCroy 
M. R. Oinehart c. A. Ludemann 
D. T. Oowling c. A, Maples 
H. D. Hackler J . A. Martin 
C. L. Haley R. L. McPherson 
0 . L. Haynes G. 0 . rtills 
D. E. Hoglund' S. W. Mosko 
E. 0. Hudson S. N. Murray 
C. A. Ir lzarry 0 . K. 01 sen 
N. L. Jones E. G. Richardson 
C. M. Jones N. F. Zlegler 

In the current reporting period, FY 1985, 
"typical operation" of the Hollf leld Faci l i ty 
was provided for the entire year. As shown 
In Tables 1.4 and 1.5, beam was provided for 
research during this period for a total of 
more than 3900 h, an Increase of cit over 
1984. Other Important achievements during 
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Table 1.3. Number of researchers fro* 
different institutions who participated 

in experiments at the HHIRF in the 
twelve-month period between 

October 1 . 1984 and September 30, 198S 

Number of 
Institutions Researchers 

U.S. UNIVERSITIES 
Georgia State 'Jniv. 1 
Georgia Inst, of Tech. 8 
JIHIF 1 
Louisiana .State Univ. 1 
Massachusetts Inst, of Tech. 3 
Michigan State univ. 7 
Mississippi College 1 
ORAU 5 
State Universitj of New York S 
Tennessee Tech. Univ. 2 
Texas AJM Univ. 6 
Univ. of Florida 3 
Univ. of Kentucky 1 
Univ. cr Pittsburg 2 
Univ. of Rochester 6 
Univ. of Tennessee 12 
Univ. of Virginia 2 
Vanderbllt Univ. 10 
Washington UV.iv. 7 
Western Kentucky In'.. 2 
Yale Univ. 1 

NATIONAL LABORATORIES 

NON-U.S. INSTITUTES 

Hahn-Meltner Institute (Germany) 
Instl tut fur Kernphysik (Germany) 
Liverpool Univ. (England) 
Manchester Univ. (England) 
McMaster Univ. (Canada) 
Nells Bohr Institute (Denmark) 
Research Inst, of Physics (Sweden) 
Univ. de Sao Paulo (Brazil) 
Univ. of Aarhus (Denmark) 
Univ. of Bielefed (Germany) 
Univ. of Cologne (Germany) 
Univ. of Delhi (India) 

86 

EG&G Idaho 1 
NASH 3 
Naval Research Center 1 
Naval Surface Weapons Lab. 1 
Nuclear Research Center 1 ORNL S3 

60 

12 

Table 1.4. Tandem accelerator utilization 
for the period October 1, 1984 

through September 30, 1985 

Hours Percent 

Beam available for research 
(tandem-alone and coupled 
operation) 3904 45 

Beam available during ORIC 
tuning (coupled operation) 303 3 

Accelerator tuning (includes 
scheduled startup-shutdown) 1167 13 

Machine studies (incluaes 
conditioning not required 
for specific experiments) 439 5 

Unscheduled maintenance 874 10 
Scheduled maintenance 1727 20 
Scheduled shutdown 346 4 

Table 1.5. Cyclotron utilization for 
the period October 1, 1984 through 

September 30, 1985 

Hours Percent 

Beam available for research 
(coupled operation) 1369 16 

Accelerator tuning (includer 
scheduled startup-shutdown 
and operation during tandem 
tuning) 444 5 

Machine studies 73 1 
Unscheduled maintenance 139 2 
Scheduled maintenance 1478 17 
Scheduled shutdown 5257 60 

this period include reduction of tandem accel
erator unscheduled maintenance by almost a 
factor of two to 874 h, reduction of ORIC 
unscheduled maintenance by 331 to 139 h, and 
reduction of ORIC tuning time by 33% to 
2i n/run. Coupled operation continues to be 
limited by budgetary considerations. 
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A summary of Dews provided in FY 1985, 
including eight new ion species, is presented 
in Table 1.6. The Most notable of these are 
l H and 7 L i , which are the lightest ion 
species yet provided; 5 E N i , which was pro
vided for three experiments at energies 
exceeding 1 GeV; and 2 3 8 U , which is the 
heaviest ion species yet provided. A signi
ficant improvement in operating efficiency 
during this period resulted from the use of 
the ORNL axial geometry cesium sputter 
sources described in the previous Physics 
Division Progress Report3 and later in this 
section. 

As part of our continued focus on training, 
a formal training and cert i f ication program 
for ORIC operators was implemented during 

Table 1.6. Beams provided for research 
for the period October 1 , 1934 through 

September 30, 1985 

Maximum Provided for 
Ion Energy f i rs t time 

Species (MeV) rode in this period 

>H 25 T X 
7 L i 80 T X 
l*C 300 T.C 
' 3 C 67 T X 
160 403 T.C 
1^0 376 T.C 
1 9 F 170 T 
"Mg 138 T 
" f ig 160 T 
26S1 265 T 
32 S 725 T.C 
3 *S 145 T 
35C1 240 T 
37C1 187 T 
"•°Ca 210 T X 
**Sc 200 T 
< . 6 T 1 280 T 
".8T1 220 T 
50T1 200 T 
52Cr 230 T X 
5«N1 1010 T.C 
6*N1 235 T 
"Cu 126 T 
9 0 Z r 395 T X 
"Nb 276 T X 
H6Sn 634 C 
l ' 7 Au 357 T 
23«U 119 T X 

FY 1985. tn addition, one additional opera
tor was cert i f ied for tandem accelerator 
operation and one additional operator was 
cert i f ied for ORIC operation. 

1 . Co-op student, Virginia Polytechnic 
Institute and State University, Black sburg, 
VA 24061. 

2. Instrumentation and Controls Division. 
3. 6. D. A'.ton, Physics Oivision Progress 

Report for Period Ending September 30, 1984, 
0RNL-6120 (1985), p. 9 . 

TANDEM ACCELERATOR 

6. 0. Alton R. C. Juras2 

J . A. Biggertaff J . E. Mann3 

0. L. Haynes R. L. McPherson 
D. E. Hoglund1 6. 0 . Mills 
C. M. Jones E. 6. Richardson 

N. F. Zi egler 

Voltage Performance 

As shown in Fig. 1.2, vCicage performance 
of the tandem accelerator continued to improve 
durlnj FY 1985. During this period, the tan-
deir accelerator was operated routinely at 
20 MV and was operated for one scheduled 
experiment at 21.5 MV, a new world's record. 

ouni-owaMC-triM 
60 

SO 

5 40 
3 
a. 

30 

3 
z 20 

10 

£ ^ MACHINE RESEARCH 

I I EXPERIMENTAL PROORAM 

^m i-
10 IS 

TERMINAL VOLTAGE (MV) 
20 

*T * Tandem alone; C • Coupled mode. 

Fig. 1.2. The number of runs In l-MV-w1de 
Intervals 1s shown as a function of tandem 
accelerator terminal potential for the period 
October 1 , 1984 through September 30, 1985. 
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While the frequency of full column sparks 
Increased slightly to an average of 
eight/month, only 7% of full column sparks 
resulted in observed deconditioning. As a 
result of our encouraging experience, the 
routine voltage Unit for the experimental 
program was raised fro* 20 to 21 MV at the end 
of Ft 1985. 

As part of our effort to Improve voltage 
performance of the accelerator, a test of the 
hydrogen arc discharge cleaning technique 
described in the previous Physics Division 
progress report'* was performed on the top 
five units of the accelerator. Unfortunately, 
this test, which is described in detail later 
in this section, was inconclusive. 

Development work in preparation for the 
planned FY 1986 Accelerator Improvement and 
Modification (AIM) project, which will pro
vide for reconfigured acceleration tubes, has 
continued. As described later in this 
section, this work has resulted in an 
Improved tube design which will be tested in 
FY 1986. 

Improvements and Modifications 

The efficiency and quality of tandem accel
erator operation were further Improved by 
the routine use of the axial geo»«:try cesium 
surface ionization sources described in the 
previous Physics Division progress report5 

and later in this Section. Also described 
below are the development and testing of 
a macropulsed Ion source (for synchrotron 
Injection) and development of apparatus for 
measuring the emittance of negative ion source 
beams. 

The now-obsolete Perkln-Elmer 7/32 computer 
used for real-time operation of the tandem 
accelerator control system was replaced with a 
surplus Perkln-Elmer 8/320 computer obt aired 
from the ORNL Fusion Energy Division. With 
this change, both computers used in the tan
dem control system have now been upgraded to 
Perkln-Elmer type 8/320. In addition, 
surplus components obtained from the Fusion 

Energy Division were used to (1) upgrade the 
control system shared memory from 32 kB to 
128 kB. (2) upgrade the CSC (control and 
supervisory computer) fast memory from 512 kB 
to 768 kB, and (3) configure a third off-line 
8/32D computer. The result of these changes, 
which were made with only minimal cost, will 
be Improved reliability, easier maintenance, 
and increased system speed and capacity. In 
addition to the hardware changes noted above, 
work also continued on system software. The 
most important effort In this area was an 
extensive revision and improvement of the 
program which 1s used for recording accelera
tor parameters and setup of new beams. 

The quality of coupled operation was 
further Improved Ly development of a new 
phase-lock circuit. This circuit, which sta
bilizes the phase of beam bunches injected 
into the ORIC, utilizes a tuned resonant cir
cuit which Is excited by beam pulses passing 
through a cylindrical capacitive pickup ele
ment located in the transfer line between the 
tandem accelerator and ORIC. A phase error 
signal, which Is generated by comparing the 
phase in the tuned resonant circuit with the 
ORIC rf phase, is used to control the pre-
accelerator buncher phase so a to reduce 
time jitter in the injected beam. The effec
tiveness of this system is shown in Fig. 1.3 
where we show the time dispersion of bunched 
beams with and without the phase-lock clrcuU. 
Two of the most Important features of this 
circuit are that It functions with beam 
currents as low as 10 enA — a factor of five 
lower than the original prase-lock circuit, 
and that It operates o v r a frequency range of 
4 to 16 MHz. 

Engineering of the new beam buncher-chopper 
system was completed. Installation has been 
postponed to coincide with a major maintenance 
period for the accelerator when the low-energy 
tube will be at atmospheric pressure. One 
possibility is the Interval during which the 
compressed geometry tubes will be installed. 
In the Interim, this system will be tested 
off-line. 
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ORNL-PHOTO 1672-85 

Fig. 1.3. Total time dispersion of bunched 
beams measured with a time-to-pulse-height 
converter for which the start signal is pro
vided by gamma rays generated by the beam and 
the stop signal is provided by the ORIC rf . 
The upper figure is without phase-lock while 
the lower figure is with phase-lock. The 
examples shown were measured for a 30 enA, 
125 MeV " S 6 * beam for a period of four 
minutes each. 

SF£ System Operation 

Operation of the SF6 st.rage and recircula
tion system in FY 1985, including 15 transfers 
to and from storage, was without incident. 

1 . Co-op student, Virginia Polytechnic 
Inst i tute and State University, Blacksburg, 
VA 24061. 

?.. Instrumentation and Controls Division. 
3. Consultant. 
4. P. H. Stelson, J . E. Raatz, and R. 0. 

Rathmell, Physics Division Progress Report 
for Period Ending September 30, 1984, 
ORNL-6120 (1985), p. 14. 

5. G. 0. Alton, Ib id, p. 9 . 

ORIC ACCELERATOR 

D. T„ 0ow1<ng C. A. ludemann 
E. D. Hudson J . A. Martin 
S. N. Une S. W. Mosko 
R. S. Lord1 D. K. 01 sen 

Operation Highlights 

During the period of his report, 21 runs 
were completed with coupled operation of the 

cyclotron and tandem accelerator. The stand
alone rode of cyclotron operation, using the 
cyclotron internal ion source, was not used 
during the year. The heaviest ion accelerated 
was 1 1 6 S n + 2 7 (634 HeV). The highest energy 
bean was 1010 HeV 5*Ni+2"*, which was used in 
three experiments. A performance summary for 
runs of the past year Is given in Table 1.7. 
The accuracy of achie-lng the desired energy 
was within ~ I t RMS. Beam extract!jn e f f i 
ciency averaged about 701. Beam stabi l i ty was 
much improved as a result of the addition of a 
new phase-lock circuit to the tandem beam 
buncher system. Operational efficiency 
increased between FY 1984 and FY 1985: Tuning 
time was reduced from 31 h/run to 21 h/run; 
unscheduled maintenance time per research hour 
was reduced from 0.15 u to 0.10 h; the ratio 
of research tine to total scheduled time 
increased from 62% to 68%. These improvements 
were realized as a result of better setup of 
the cyclotron and the continuing program of 
replacing unreliable and obsolete equipment. 

Improved ORIC Setup Calculations 

During this reporting period, a clearer 
understanding of the factors coupling beam 
extraction and first-harmonic balance of the 
0PIC magnetic f ie ld has beer, achieved. From 
this understanding, a consistent methodology 
for setup calculations has been developed. 
This work has resulted in more predictable, 
reproducible, and stable ORIC operation. 

The compensated-1ron magnetic extraction 
enamel has both inside and outside coil 
currents which must be set during ORIC setup. 
These currents determine the channel's f ie ld 
contribution, both internal and external to 
the channel. The Internal f ie ld of the chan
nel must be adjusted to give the correct 
extracted beam path; whereas, the external 
f ield of the channel must be adjusted to give 
the correct first-harmonic f ie ld component 
for enhanced turn separation at extraction. 
To f i r s t order, the internal and external 
fields from the channel are linearly dependent 
on the inside and outside coll currents. 
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Table 1.7. Coupled operation f 
October 1, 1984 through 

Desired Measured 
Energy Energy Error* 

Date Ion (MeV) (MeV) (t) 

10/6/84 325*15 720 715.1 - 0.7 
10/11/84 5 8 N ? + 2 3 930 910.0 - 2.1 
10/17/84 58 N , : +23 930 910.0 - 2.1 
11/2/84 5 8 N 1 + 2 3 930 907.8 - 2.4 
2/21/85 5 8 H 1 + 2 3 930 933.9 + 0.4 
2/26/85 l 7 0 + « 375 376.7 + 0.4 
2/28/85 170*8 325 326.0 + 0.3 
3/1/85 32J+1S 700 700.8 + 0.1 
3/3/85 116sn+27 630 634.4 + 0.7 
3/27/85 16Q+7 215 212.3 - 1.3 
3/29/36 12r+6 300 299.6 - 0.1 
4/10/85 17Q+8 375 375.1 + O.fl 
4/30/85 32S+15 700 703.5 + 0.5 
6/25/85 5 « N i + 2 " 1005 1009.8 + 0.5 
8/8/85 3 2 S + 1 S 700 713.7 + 2.0 
8/26/85 16Q+8 400 403.3 + 0.8 
8/30/85 S 8 N 1 + 2 3 930 917.7 - 1.3 
9/2/85 32S+15 720 725.2 > 0.7 
9/4/85 5 8 N i + 2 - 1005 1008.5 + 0.3 
9/9/85 58NT+2" 1005 1010.6 + 0.6 
9/11/85 5 8 N 1 + 2 2 600 597.6 - 0.4 

*Err ur (t) * (Measured/desiref1 - i.00) x 100. 

Therefce, tnere exists a unique pair of 
channel currents for any desired extraction 
path and first-harmonic balance. 

In actual practice, this simple picture is 
confused because the channel's contribution to 
ORIC's first-harmonic balance is strongly 
dependent on the channel position, which in 
turn depends on the required extraction path, 
which in turn depends on the K (K • ME/q 2) 
and q/M of the beam. The balance is also 
strongly affected, of course, by the harmonic 
coil settings. In addition, the setup codes 
cannot correctly predict the inside- and 
outslde-coll currents. In order to reduce 
this confusion, channel entrance and exit 
positions were found by calculation which 
readily allow extraction of all beams with 60 
< K < 100 and 0.25 < q/M < 0.5. The channel 
has been fixed at this position for all ORIC 
runs during this reporting period. 3eams 
have been extracted only through adjustment 
of the extraction channel coll currents 

ir research for the period 
Septeaber 30, 1985 

Extraction Injection Tandem 
Efficiency Injected Energy Voltage 

(t) Ion (MeV) (MV) 

80 325+6 131.7 18.8 
75 5 8 N i + 9 167.4 16.7 
50 5 8 N i + 9 167.4 16.7 
90 S 8 N | + 9 167.2 16.6 
70 S 8 N 1 + 9 179.8 18.0 
35 " 0 * 3 71.9 17.9 
70 170+3 71.9 17.9 
75 3 2 S + 6 125.3 17.9 
55 H 6 S n + 7 138.5 17.3 
85 160+2 53.4 17.8 
75 12f+2 53.9 17.8 
60 170+3 71.9 17.9 
75 325+6 133.7 17.9 
90 5 8 N i + 9 177.8 17.7 
75 325+6 126.2 18.0 
75 16Q+3 71.3 17.7 
55 S 8 ^ + 9 179.9 18.0 
70 3 2 S + 6 127.0 18.1 
75 5 8 M 1 + 9 178.2 17.8 
70 5 8 N j + 9 178.8 17.9 
70 5 8 N j + 9 179.9 18.0 

and electrostatic deflector and coaxial 
magnetic channel strengths and positions. 

Fixing the channel position has allowed a 
systematic study of the coil currents. The 
straight line in Fig. 1.4 shows the measured 
first-harmonic balance line; that is, any 
pair of coll currents on this line give the 
same first-harmonic component to the ORIC 
field. Different points along this line give 
different internal channel field strengths. 
The data points are the coll currents 
used for the; last 17 ORIC runs. The points 
clustered around 2400 A of inside current 
are from K * 100 runs. The setup code for 
the same channel position tends to give a 
parallel balance line with - 300 A more out
side current. In any event, Fig. 1.4 gives the 
approximate channel currents required for 
extraction. 

All other injection parameters, extraction 
parameters, and trim-coll and harmonic-coil 
currents have been calculated following a 
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Fig. 1.4. The straight line 1s from measured 
pairs of Inside- and outslde-coll currents which 
glye the reoulred first-harmonic component to the 
ORIC f ie ld to deflect a K » 100, q/M - 0.23 beam 
at an extraction radius of 29.6 Inches. The 
lower channel entrance and exit positions were 
set at 33.8 and 36.4 Inches. The data points 
show the coil currents for al l ORIC runs since 
October 1984. 

fixed methodology with the goal of reducing 
the parameter differences from run to run. 
Folluwlng these procedures with s t r ic t 
adherence to calculated settings, a more 
predictable, reproducible, and stable opera
tion has resulted. The time spent tuning the 
beam through ORIC in coupled operation has 
been reduced signif icantly. 

Other operating Improvements have included: 
turning trim coils 1 , 2, and 3 off during nor
mal operation, giving a simplified, more e f f i 
cient cyclotron; including the injection fo i l 
energy loss in setup calculations; and 

measuring and including In the setup calcula
tions possible beam obstructions in the dee 
structure. 

New ORIC Control Computer 

The new ORIC control computer, a MOOCOMP 
Classic/55, was brought into operation, on 
schedule. In June 1985. The new hardware wi l l 
insure the long-range avai labi l i ty of spare 
components as well as re l iab i l i t y of the , 
system. Furthermore, the increased size of 
memory and disk storage w i l l enhance the 
capability for software development. 

Two areas of program development at this 
time are designed to improve on-line moni
toring of operation as well as evaluation of 
machine performance. A voice-synthesized 
annunciator wi l l augment CRT readout of 
errors detected in operating parameters. CRT 
graphics w i l l aid analysis of beam-energy 
resolution as well as the internal distr ibu
t ion of ion current in the machine. 

Two operator-assistance features that are 
expected to reduce occasional setup errors 
are also being developed. Operating param
eters w i l l be set directly from values com
puted from our setup code with minimal manual 
intervention. Furthermore, the Independent 
controls for the currents in the inside and 
outside coils of our compensated-iron extrac
t ion channel wi l l be replaced by the more 
appropriate physical parameters "strength" 
and "balance." This transformation wi l l 
mathematically constrain the two currents and 
provide better control of the first-harmonic 
f i e l l component produced by the channel. 

Cyclotron Improvements 

Power Supplies. A program for upgrading 
magnet power supplies and replacement of 
obsolete or unreliable units is continuing. 
Nevertheless, power supply breakdowns were a 
major contributor to accelerator outage; during 
the past year. Some of the most troublesome 
units Included the valley harmonic coll power 
supplies, which have vacuum tube amplifiers, 
saturable reactor pre-regulators, and germanium-
pass transistors. These power supplies wi l l 



soon be replaced by a group of newly purchased 
SCR-reguiated units, which are now being 
installed. 

The coaxial bean extraction nagnet power 
supply is another unit receiving considerable 
attention. The main contactor and several 
control-circuit components for this 6000-ampere 
unit were replaced, and a new "dc transformer 
current sensor* will soon replace a badly 
deteriorated "freon-cooled shunt." This power 
supply has many good design features and it 
would be costly to replace. Consequently, i t 
is hoped that these improvements will extend 
i ts useful l i fe for several years. 

A group of eight steering-magnet power 
supplies in the cyclotron control panel are 
being replaced by a new set of computer-
controlled bipolar unit., and a handy patch 
panel for simplification of load assignment 
and connection. The original units were uni
polar, vacuum-tube regulated, power supplies 
which have been in service for over 25 years. 
Six of the new units are already in use, and 
the remainder will follow soon. 

It was found tnat one of our older 
switching-magnet power supplies was having 
frequent breakdowns due to improper load 
matching. Other power supplies of this same 
transistor regulated design series are very 
reliable. We have now exchanged loads 
between the troublesome unit and another more 
flexible power supply. Both units are per
forming satisfactorily. 

RF System. The ORIC rf system has operated 
quite reliably during the past several years, 
but tuning range limitations prevented opera
tion at frequencies above 18.0 Hz. We have 
reduced the dee aperture by ?.5 mm to 
increase the dee-to-ground clearance and 
there y reduce capacltlve loading. The net 
result 1$ a usable tuning range of 6.70 MHz 
to 20.1 MHz, or a full 3:1 span. The rf 
system now uses less power at the up âr end 
of the tuning range and stability Is 
substantially Improved. A potentially costly 
plan to modify the resonator for extending 
the rr-tunlng range Is no longer necessary. 
There is no evidence of loss of beam trans

mission resulting from the reduced dee aper
ture. The present aperture is 2 cm. 

Vacuum System. Ti.e cyclotron vacuum system 
has received several improvements during the 
past year which are leading to better vacuum 
and easier maintenance. 

Automatic controls and valves were added to 
the ion source/foil positioner vacuum lock 
which throttle pump and vent lines so as to 
avoid damaging stripper foils during foil 
carrier installation. 

The cryopanels have been removed from the 
main magnet gap to improve gas conduction 
through the region. The cryopanels were ori
ginally intended for central region pumping 
when internal ion sources are in use. The 
panels were not effective for icn injection 
operation and they required excessive main
tenance. 

The 20-inch cryopump on the rear of the rf 
resonantor is st i l l unable to perform accord
ing to expectation. We have tried throttling 
the pump with a baffle plate, which permits 
some operation, however, the pumping head tends 
to overload after a few days of operation. 
Most recently, Air Products sent a new cold 
head which is said to be of an Improved 
design. So far, the new head looks better on 
cool-down rate, but proof of performance will 
require several weeks of testing. 

Main Magnet Coll Conductor Passivation. 
The cyclotron's main magnet colls are fabri
cated from aluminum, which requires periodic 
passivation treatment to prevent destructive 
corrosion. This treatment should be done 
annually but has not been permitted In the 
last few years because of environmental 
restrictions on disposal of the passivation 
solution. The treatment produces a waste 
product consisting of several thousand 
gallons of water containing 2.25 kg of 
dissolved potassium dichromate. The disposal 
cost for such a quantity of waste material 1s 
not acceptable. 

Recently, we learned that we could remove 
potassium dichromate from water in a resin-
bed deionizer. A set of delonlzer tanks was 
purchased and one successful passivation 
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treatment has been completed. The deionizer 
has sufficient capacity for two additional 
treatments, following these treatments, we 
will have to purchase additional resin and 
dispose of a small volume of "filled" resin. 

Instrumentation and Controls. Several 
refinements were implemented in the 
cyclotron's extraction system and injection 
system controls. Linear potentiometers were 
added to several positioner devices to 
i"iprove position readout resolution and 
accuracy. Position calibrations were 
verified for the range of positions required 
by our new setup procedures. 

New positioner readouts were provided on 
the stripping foil viewing mirror. We are 
now able to set mirror positions appropriate 
for any foil location without going through 
the former procedure of substituting an LED 
for the foil and pre-setting the viewing 
mirror. This reduces cyclotron setup time by 
more than one hour. 

A new programmable multichannel chart 
recorder has been added to the main control 
panel. This recorder is replacing an obso
lete unit, but it is adding several new capa
bilities to the cyclotron control system. 
The recording channels have programmable 
alarm levels which are being used to advise 
operators of undesirable operating conditions 
such as high water temperatures. 

Utilities. Installation of a new con-
pressed air dryer and distribution system 
was completed. The new dryers are somewhat 
smaller than the original units, but they are 
more efficient and have an Improved control 
system. A humidity sensor determines when 
dryer tower switching 1s required and extends 
the operating cycle as appropriate. The ori
ginal dryer system switched its dryer toweri 
at four-houi Intervals, but the new system 
delays switching for periods of several hours 
to several days. We hav.2 operated through 
the first summer 1n several years without a 
major compressed-air system breakdown. We 
have also experienced a substantial Improve
ment In the reliability of air-actuated 

controls components, which formerly sustained 
frequent damage due to a wet-air supply. 

Several changes and modifications in water 
coolant systems were impleme-.ced in the 
interest of energy conservation. A significant 
fraction of electrical energy consumption 
at HHIRF goes into pumping coolant through 
equipment. Consequently, improvements in the 
efficiency of the water system make a signi
ficant contribution toward reduction of HHIRF 
operating costs. We are operating the 
cooling tower with a single 150-hp circulation 
puinp rather than with two pumps, when ORIC is 
shut down. A low-flow "throttle line" was 
added to the main deion1 zed-water heat 
exchanger to permit operation with reduced 
llow. Also, a set of special operating pro
cedures was developed for reducing coolant 
flow to inactive areas and for maintaining 
adequate system pressure in the cooling-tower 
loop when only one pump is operating. The 
net result is a reduction of electric power 
consumption by 2.5 to 3.0 HWh per day during 
periods when ORIC is shut down. 

A cartridge-type deionizer was added to the 
300-psi water system for maintaining low con
ductivity. Formerly, this system could be 
cleaned only by flushing with deionized water 
from the 150-psl water system. The 300-psi 
system serves areas subject to radiation 
activation and includes cyclotron extraction 
system components and the cyclotron beam 
probe. Reduced conductivity Improves beam-
current monitoring in these components and 
reduces electrolysis damage in water-cooled 
electrical leads. 

1. Consultant. 

NEGATIVE ION SOURCc DEVELOPMENT 

High-Intensity Pulsed Beam Testing 
of the 25 MV Tandem Accelerator 

G. 0. Alton C. n. Jones 

Efforts were continued during this 
reporting period to develop h1gh-1r.tensity, 
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pulsed-mode negative Ion sources and the 
associated pulsing technology for synchrotron 
applications. Our interest in development of 
such capabilities has been stimulated by con
sideration of an 8-Tesla-meter synchrotron-
cooler ring as a possible addition to the 
Holifield Heavy Ion Research Facility and, 
more recently, by consideration of a 
2-Tesla-meter synchrotron-cooler atomic phys
ics facility for which the HHIRF tandem 
accelerator would also serve as an injector. 
Typical pulse widths and repetition rates for 
synchrotron injection applications are ~ 100 
usee and a few Hz, respectively. 
The cylindrical ionizer geometry negative 

ion source1 was evaluated for pulsed mode 
operation and found to produce high-
intensity, square waveform, negative ion 
beams at repetition rates of a few Hz from a 
variety of elements including Ag", Au", Cu", 
Ni~, and 0" with peak intensities ranging from 
100 to 350 wA. 2» 3 Furthermore, the dc and 
pulsed beam components were found to be 
essentially independent of t^.h other, i.e., 
the dc component could be adjusted without 
significantly affecting the pulsed beam com
ponent. The independence of the dc and 
pulsed beams is important for tandem accel
erator applications In that a small dc beam 
Is required for tandem terminal voltage 
control and for adjustment of beam line 
transport components (lenses, steerers, etc.) 
to assist 1P transport of the superposed 
pulsed beam through the accelerator and beam 
transport system. 

After successful demonstration of pulsed 
negative Ion beams with Intensities, wave
forms, and repetition rates commensurate with 
synchrotron applications, the question of 
whether such beams could be Injected into the 
HHIRF tandem accelerator without detrimental 
effects on the operational stability of the 
accelerator was addressed. High-intensity, 
yulsed 1 6 0 " beams were Injected Into the 
HHIRF tandem accelerator 1n order to evaluate 
operation of the accelerator 1n this mode. 
Parameters chosen for this evaluation were: 
pulse length 100 ys, repetition rate 8 Hz, 

and average pulse amplitude 100 pA. A 
6 ug/cn2 carbon terminal foil stripper and a 
terminal potential of 14.1 HV were chosen for 
the evaluation. Examples of the injected 
1 6 0 " (300 keV) and accelerated " O 6 * (99 HeV) 
beams are shown in Fig. 1.5. No evidence of 
voltage instabilities or terminal voltage 
droop were detected during these tests. 

ORNL/DHG 85-9684 
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F1g. 1.5. Waveforms of l 6 0 beams Injected 
into and accelerated by the Holifield Heavy 
Ion Research Facility tandem accelerator. 

However, the percentage transmission of the 
pulsed component of the beam was observed to 
be slightly lower than that of the dc com
ponent, Indicating perhaps the presence of 
space charge effects which are expected 
during low-velocity transport of such hlgh-
denslty negative Ion beams In the Injector. 
We also noted that the transport lenses 
required slightly Increased potentials for 
the pulsec been over those required required 
for transport of the *: beam. 
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The cylindrical ionizer geometry source has 
proven to be an excellent choice for pulsed 
code operation, producing high intensities of 
negative ion beans from a spectrua of ele
ments. The absence of any observable dele
terious effects during operation of HHIRF 
tandem accelerator with intense pulsed 1 6 0 
beans indicates that the tandem accelerator 
can be used effectively as a synchrotron 
Injector. 

The Spherical ionizer Geometry 
Negative Ion Source 

6. 0. Alton 

The radial geometry cesium plasma1* Ion 
source and the cylindrical Ionizer geometry 1» 5 

cesium sputter Ion source used for routine 
tandem acce'erator operation share In common 
the same mechanical features. The sources 
can be converted one to the other by the 
interchange of essentially one component. 
Thus, the basic source design permits easy 
and inexpensive change of the method and 
geometry for producing the cesium Ion beam 
used for sputtering the material of interest. 

The results of computer simulation studies 
of positive ion trajectories in the cylindri
cal Ionizer geometry source show the positive 
ion distribution at Impact with the cathode 
to be composed of two parts: a region con
centrated on axis with diameter of 0.75 mm 
and a low-density uniform region with 
diameter of 4.S mm. Sample wear patterns 
observed in practice are found to agree 
almost exactly with those predicted. 

The presence of a two-component beam 
prompted computer simulation studies of a 
spherical Ionizer geometry source, which 
would, in principle, not exhibit the halo 
beam effect and perhaps have a lower emit-
tance as a consequence. The spherical 
geometry is readily amenable to simulation by 
solving Polsson's equation for the electrode 
configuration. An example of positive ion 
trajectories through the ionizer/sputter 
probe region of the source after optimization 
of the cathode region for negative ion 
extraction 1s shown 1n Fig. 1.6; the computed 
ion current density resulting from positive 
1on Impact at the sample surface is shown in 
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Fig. 1.6. Calculated positive 1on trajectories 1n the Ionizer/sputter probe region of the spherical 
Ionizer geometry cesium sputter negative Ion source. 
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Fig. 1.7. As noted, there is no evidence of 
a halo bean; these simulations predict a wear 
pattern on axis of ~ 0.75 mm diameter. 

The ionizer support housing and cathode 
shapes and electrode positions were deter
mined iteratively during positive and nega
tive ion beam simulation studies through the 
chosen electrode configuration. The radius 
of curvature of the ionizer was arbitrarily 
chosen to be 25.4 on. 

Based on the results of the computer simu
lation studies, a spherical geometry ionizer 
was procured, and an ionizer support housing 
and a cathode electrode were fabricated. 
These components were assembled to form the 
spherical ionizer geometry cesiun sputter 
negative ion source6 and installed in the 
common housing for testing and evaluation. 

Important operational parameters such as 
ionizer heater current versus Ionizer tem
perature, r̂ gati'.'o ion yield versus cesium 
oven temperature, and negative ion yield ver
sus cathode probe voltage were determined. 
The source was evaluated extensively during 
test stand operation and subsequently used as 
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Fig. 1.7. Calculated positive ion current 
density distribution at the sputter probe region 
of the spherical geometry ionizer source. 

an "on line" source for routine tandem accel
erator operation. The cathode wear patterns 
observed in practice are identical to those 
predicted by computer simulation studies, 
again pointing out the value of this technique. 

Preliminary results indicate that the omit
tances of the spherical and annular geometry 
sources are almost identical. The source has 
been used to generate negative ion beams of 
Au", C", Ni~, 0" and T1H" with maximum 
observed intensities of 41 uA, 6 uA, 93 yA, 
6 uA, and 600 nA, respectively. The C~, 0" 
and T1H~ ion beams were recorded during 
"on-line" tandem accelerator operation and 
do not necessarily reflect optimized values. 

Evaluation studies of this source will be 
continued during the next fiscal year. Pres
ently a multiple sample indexing mechanism is 
being evaluated for use with both the spheri
cal and cylindrical ionizer geometry sources. 

The Emlttance Measurement Facility 

G. 0. Alton J. W. NcConnell 
S. Tajima7 

Ouring this reporting period, an IBM 
personal computer (PC) was Interfaced to an 
emittance measuring device6 by means of a 
Transiac 6001 CAHAC crate controller.9 The 
Interface is effected through a plug-in card 
designed for use with the IBM PC. The crate 
controller acts as an external register to 
hold CAMAC N, F, A commands and to transfer 
data to and from the CPU of the computer. 
The driver-call programs, which address the 
CAMAC modules (input/output register, analog-
to-digital converter, stepping motor con
troller), which, in turn, communicate with 
the emlttance hardware through an external 
electronics unit, are written in the high-
level computer language Basic. 

The emlttance measurement device consists 
of a vacuum housing, two identical steering 
motor driver-detector units for determining 
the emlttances of an ion beam in either the 
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x or y directions and a control unit for 
driving the detector hardware. The control 
unit consists of a CAHAC crate with a crate 
controller, Input/output register, stepping 
motor controller, and 12 bit analog-to-digital 
converter (ADC). The CAMAC crate -ontrol 
modules communicate with the ealttance measure
ment hardware via an external electronics unit. 
The electronics unit consists of a relay unit 
for x,y direction selection, fast switches 
for stepping motor brake control, a current-
to-voltage converter for processing detector 
current signals, current range logic cir
cuitry, current integrators and an analog 
multiplexer. 

The Ion beam diagnostic unit (Fig. 1.8) con
sists of an electrically isolated slit aper
ture, positioned 0.4 m in front of a detector 
unit which is made up of 32 electrically iso
lated plates. The current striking each of 
the detectors is used to determine the dif
ferential angular divergence of the Ion beamlet 
which is allowed to pass through the slit 
aperture at a given x or y position. 

An emittance measurement consists of 
stepping the slit-detector system through the 
Ion beam in a chosen direction while moni
toring the total ion current striking the 
slit unit and the differential Ion currents 
striking each of the 32 detectors during a 
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Fig. 1.8. Schematic drawing of the emit-
tance measurement detector unit. 

fixed integration time period (~ 5 ms). The 
position at which data is accumulated is 
determined by the voltage signal from a pre
cision linear potentiometer. The Ion 
currents from the slit unit and each of the 
32 detection plates are converted to voltage 
signals and, along with the position voltage 
signals for each of 50 positions, are digi
tized and stored as a file on hard disk. 

The control program is written in an 
Interactive menu-driven format and can be exe
cuted by running the program MEASURE*BAS and 
selecting one of the following menu options: 
(1) data acquisition (single mode); (2) data 
acquisition (double mode); (3) store data to 
file; and (4) end. 

A flow diagram for the data acquisition 
portion of the program is shown in Fig. 1.9. 
The data set can be called from file for data 
analysis. A complete set of x or y data, 
including background data, can be acquired and 
stored in memory in less than 20 minutes. An 
additional 20 minutes is required to process 
the data and extract emittance values. To 
date, the emittance measuring facility has 
been used to study emittance versus Ion mass 
and ion beam Intensity for the cylindrical and 
spherical Ionizer geometry sources. Future 
plans Include modifications to the electronics 
and control program and measurement of the 
emlttances from negative if*" sources operated 
In pulsed mode. The procedures and programs 
used for reducing the data and producing hard 
copy emittance Information are discussed in 
the following report. 

Emittance Data Analysis 
G. 0. Alton G. J. Nelsoni" 

Several programs, interface programs and 
modifications to existing programs have been 
written, all in Basic, for processing raw 
emlttance data. The programs, like the hard
ware control program, are executed on an IBM 
PC-XT equipped with 10 megabyte hard-disk 
storage. These programs are either written or 
exist 1n interactive menu driven format. 

1 
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Fig. 1.9. Flow diagram for emittance data 
acquisition. 

Prior to data storage or analysis, a menu 
selectable option permits a three-dimensional 
monitor display of the xx" or yy' versus 
Intensity data set. By visually Inspecting 
the raw data, a decision can be made whether 
to keep or erase the particular data file. 
If the data set is considered worthy of 
keeping, it is, first of all, subjected to 
po1nt-by-po1nt background subtraction by use 
of a background data file taken immediately 

after the beam measurement. This procedure 
is necessary because of the difficulty of 
electronically reducing the residual back
ground to zero in each of the 32 detector 
channels. 

In order to compensate for variations in 
beam intensity during a particular measure
ment, the data set is then normalized by 
multiplying each of the 32 detector channel 
readings by the ratio of the maximum slit 
current reading to the slit current reading 
at each of 50 positions. The data set is 
then ready for extraction of emittance 
information. 

By selecting the appropriate option, 
emittance contours are caleclated and 
automatically plotted. The contour levels 
are determined by performing a Simpson's rule 
volume integration over the xx* or yy* versus 
intensity data set. Contour levels which 
contain 10% through 80% of the total beam are 
calculated iteratively in increments of 10% 
to an accuracy of 0.1%. 

The crntour level information Is then 
passed to a topographical graphics program 1 1 

which produces contour plots from the data, 
the area within a particular contour is just 
the emittance for this particular beam frac
tion. 
Emittance is defined by th<> relation 
e x * A x » »xx' [wnnrmrad] 
ey • Ay • wyy' f- -mm'mrad] 

where A x and A y are the respective areas In 
the x or y directions defined by the percent
age beam contours. Examples of contour plots 
along with y direction emittance data for the 
cylindrical geometry ionlztr negative Ion 
source are shown 1n Fig. 1.10. 
Normalized emlttances are obtained by 

multiplying each emittance value by the 
square root of the particle energy In MeV and 
may be plotted versus percentage total beam 
by execution of the plot routine.11 A com
parison of normalized emittance versus per
centage total beam current from the 
cylindrical and spherical Ionizer geometry 
negative ion sources is made in Fig. 1.11. 
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Fig. 1.10. Y-direction emittance contours 
for the cylindrical geometry Ionizer negative 
Ion source. Bean Intensity: 6 pA. 
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Fig. 1.11. Comparison of the normalized 
omittances versus percentage beam intensity 
for the cylindrical and spherical geometry 
ionizer negative ion sources. 

Studies such as these Have been made as func
tion of mass and ion beam Intensity for each 
of the two sources. No strong mass or beam 
Intensity effects were observed. 
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TANDEM ACCELERATOR TUBE DEVELOPMENT 
Efforts to improve voltage performance of 

the tandem accelerator tubes continued during 
this reporting period. In this section, we 
summarize a hydrogen arc discharge con
ditioning test on the tandem accelerator and 
work on optimization of the design of the 
compressed geometry acceleration tubes which 
will be installed as part of the planned 
FY 1986 AIM project. 

Arc Discharge Conditioning Test on 
the Tandem Accelerator 

N. F. Zlegler 
J. E. Raatz1 

P. H. Stelson 
C. M. Jones 

In December 1984, a test of the hydrogen 
arc discharge cleaning technique2»3 was per
formed on the acceleration tubes of the top 
five units of the tandem accelerator. This 
test was motivated by our desire to evaluate 
this technique as a possible way to Improve 
the performance of our present acceleration 
tubes and as a method which might be used in 



cleaning the compressed geometry tubes* which 
we plan to install in the accelerator as part 
of the FY 1986 AIM project. 

Arc discharge cleaning of acceleration 
tubes Mas first attempted by Isoya et al. s 

of Kyushu University, Japan, and has been 
tested in several other accelerators6 » 7» 8 

Mith varying degrees of success. Results 
achieved in small accelerators have been 
encouraging, but in larger aachines, the 
results ..ave not been as conclusive. 

In both the low- and high-energy ttbes the 
arc discharge Mas operated for a period of 
six hours with an arc current of about 4 A 
and a voltage drop of about 60 V per 20 en 
tube section. The hydrogen flow was about 10 
atmospheric liters per hour and the pressure 
varied from nominally 200 mT (inlet) to 100 
mT (outlet) for the low-energy tube and from 
260 mT (inlet) to 150 mT (outlet) for the 
high-energy tube. Ceramic temperatures were 
monitored at two typical positions during the 
discharge and reached values of 170°C and 
155°C. Light emitted by the discharge was 
easily visible through the tube ceramic and 
appeared to change color during the course of 
the discharge. In general, the color changed 
from a pinkish-orange to a purplish-pink. 
Gap resistance measurements following the arc 
discharge indicated only minimal, if any, 
deposition of metal on the ceramic insulators 
due to sputtering. 

The arc discharge test was performed during 
a scheduled maintenance period for the tandem 
accelerator. During this period the terminal 
gas stripper leak valve was repaired. Follow
ing the arc discharge, the gas stripper system 
was tested. The leak valve, which was 
thought to be closed, flooded the vacuum 
system with nitrogen to a pressure of about 
600 Torr. The rapid gas flow blew titanium 
dust from the sublimitor pump Into the foil 
changer just above the top of the low-energy 
tube and, very likely. Into the tube Itself. 
This possibility Initially was viewed with 
consternation, but it now appears to have had 
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little, if any, effect on accelerator perform
ance. The vacuum accident, however, has cast 
doubt on the results achieved by the arc 
discharge. 

Following the scheduled maintenance period, 
the accelerator tank was pressurized in 
January 1985, and a preliminary check of tube 
conditioning Mas made* In February, a more 
detailed conditioning test Mas completed. 
The results of these test, may be summarized 
as follows. The maximum indicated stable 
vcltage of the top five units of the accelera
tor after the arc discharge cleaning proce
dure was 4.45 MV, a value essentially equal 
to the maximum indicated stable voltage prior 
to the test. Thus, the arc discharge 
cleaning procedure resulted in no apparent 
improvement in voltage performance. In 
contrast, a striking difference was noted in 
the pre- and post-discharge conditioning 
behavior of the acceleration tubes. Prior to 
the discharge, the tubes exhibited a typical 
conditioning pattern for the 25URC accelera
tor. This pattern has two features. The 
first is a "continuous* X ray, thought to be 
associated with field emission, which Is 
strongly but smoothly gradient dependent. 
The second feature is characterized by pulsed 
X rays and vacuum bursts which have a sharp 
gradient threshold that Increases with time. 
I.e., which "conditions" upward as the gra
dient is slowly increased. This feature is 
thought to be the familiar microdiseharge 
phenomc a resulting from positive-negative 
ion exchange. 

After the discharge, the pulsed X-ray con
ditioning was absent and tne continuous, 
time-independent X ray was markedly reduceJ. 
Instead, we observed continuous X-ray produc
tion, with corresponding vacuum activity, 
which responded to gradient 1'creases and then 
quickly conditioned away at fixed gradient. 
This behavior persisted until June 1985, when 
pulsed X-ray conditioning was again observed. 
At the end of this reporting period, these 
units exhibited "normal" pulsed X-ray 



conditioning, but no continuous X-ray 
background. 

As indicated above, the results of this 
test are somewhat clouded by the vacuum acci
dent described above. At the present time, 
we plan to postpone consideration of further 
arc discharge tests until a determination can 
be made of the gradient limits imposed by the 
column structure. Such a determination is 
planned for Kay 1986, as part of the AIM-1986 
project. 

Compressed Geometry Accelerator 
Tube Design 

K. A. Erb J. T. Mitchell9 

C. N. Jones J. E. Raatz1 

R. D. Rathmell1 

The overall effective insulator length of 
acceleration tubes in the tandem accelerator 
can be increased by approximately 18%, by 
eliminating the beatable apertures provided 
as part of the original design. This modifi
cation would not only reduce the voltage gra
dient for a given total voltage, and thus 
improve performance, but would also eliminate 
a large number of potentially troublesome 
vacuum feedthroughs and mechanical com
ponents. 

A compressed tube design meeting the above 
objectives was reported by Assmann et al. 1 0 

and tests of this tube were carried out 
In a 3 MV accelerator at the National 
Electrostatics Corporation by HHIRF and NEC 
personnel. 1 1' 1 2 While this tube performed 
satisfactorily, we have subsequently found 
that the apertures 1n this configuration can 
be shaped to achieve improved trapping of 
electrons and secondary Ions. Associated 
changes In the adjacent Insert electrodes are 
also required to shield the insulators. 
Trajectories of secondary ions released 

from the aperture with various initial con
ditions were calculated for a design similar 
to that of Ref. 3. As the results shown 1n 
F1g. 1.12A. Indicate, a significant number of 
these rays are accelerated Into subsequent 
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tube sections, where their increased energies 
render them progressively more troublesome. 

We have found that this problem can be 
reduced significantly by introducing vee-
shaped apertures, as shown in Fig. 1.128. I t 
is interesting to note that essentially 
complete one-tube suppression can be achieved 
when the apertures are pitched at even 
greater angles, but at the risk of possibly 
enhanced ion-exchange microdischarges. The 
geometry shown represents our best compromise 
between these two factors, and we intend to 
test the design under real ist ic conditions in 
May 1986, as part of the AIM-1986 project. 

1 . Rational Electrostatics Corporation, 
Middleton, WI. 

2. P. H. Stelson, .1. E. Raatz, and R. D. 
Rathmell, Physics Division Progress Report 
for Period Ending September 30, 1984, 
ORNL-6120 (1985), p. 14. 

3. N. F. Ziegler, P. H. Stelson, C. M. 
Jones, and J . E. Raatz, -roceedings of the 
Fourth International Conference on 
Electrostatic Accelerator Technology and 
Associated Boosters, Buenos Aires, April 
1985 (to be published in Nuclear Instruments 
and Methods in Physical Research). 

4. J . E. Raatz, R. D. Rathmell, P. H. 
Stelson and N. F. Ziegler, Ibid. 

5. A. Isoya. Y. Nakajima, T. Nakashima, 
N. Kato, K. iCobayashi, T. Suglmitsu, 
K. Kimura, S. Mitarai , T. Kseria and 
Y. Miyake, P r o c , Third In t . Conf. on 
Electrostatic Accelerator Technology, Oak 
Ridge, Tennessee (Apri! 13-16, 1981), p. 98. 

6. G. Korschinek, J . Held, A. Isoy:, W. 
Assmann, and H. Munzer, Nucl. Instrum. 
Methods, Phys. Res. A220 (1984) 82. 

7. N. F. Ziegler, P. H. Stelson, W. Car l l , 
H. Mu'nzer, and G. Korschinek, P r o c , 
Symposium of Northeastern Accelerator 
Personnel (SNEAP), Stony Brook, New York, 
1984 (to be published). 

8. E. Minehara, private communication. 
9. Summer research participant, Oak Ridge 

Associated Universities. 
10. W. Assmann, G. Kor^chinek, H. Munzer, 

Nucl. Instrum. Methods, Phys. Res. 220 (1984) 
86. 

11 . J . E. Raatz, R. 0. Rathmell, P. H. 
Stelson, and N. F. Ziegler, Physics Division 
Progress Report for Period Ending September 
30, 1984, 0RNL-6120 (1985), p. 15. 

12. J . E. Raatz, R. 0. Rathmell, P. H. 
Stelson, and N. F, Ziegler, Proceedings of 
the Fourth International Conference on 
Electrostatic Accelerator Technology and 
Assoc!ited Boosters, Buenos Aires, April 
1985 (to be published In Nuclear Instruments 
and Methods In Physical Research). 
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Fig. 1.12. Two possible compressed accelerator tube geometries: (a) top, a design similar to that pro
posed by Assmann et al. 1 0; and (b) bottom, the geometry with vee-shaped apertures developed for the HHIRF 
tandem accelerator. Trajectories of secondary Ions released from the apertures at the left are shown. 
Better Ion-trapping Is achieved with the vee-shaped apertures. 

CHARGE-STATE DISTRIBUTIONS OF 100, 175, 
275, AND 352 MeV GOLD IONS EMERGING 

FROH THIN CARBON FOILS 

J. A. Martin K. A. Erb 
R. L. Auble C. M. Jones 

D. K. Olsen 

These measurements were undertaken as a 
consequence of our failure early this year to 
accelerate Au + 1» 5 Ions In the ORIC using an 
injected beam of 352 MeV i 9 7Au*i 7 from the 
tandem accelerator. Following that unsuc
cessful test, wc made a preliminary measure
ment of the charge-state distribution of 352 
MeV 1 9 7 A u Ions emerging from a carbon foil 
using the bending magnet that 1s a part of 
the cyclotron beam fn;.ct1on system. The 
measured mean ch» ge w<.s ~ 38.5, about 4.5 
charge-states lower than predicted by the 
Sayer1 semi-empirical formula. 

In these measurements, gold Ions at 100, 
P 5 , 275 and 352 MeV were obtained from the 

tandem accelerator and the 90° double-
focusing tandem accelerator energy analyzing 
magnet was used to separate the charge-states 
following stripping In the post-accelerator 
foil stripper. Carbon foil thicknesses of 10, 
20, 40, and 80 ug/cm* were used depending on 
the beam energy. At least two different foil 
thicknesses were used at each energy to Insure 
that equilibrium distributions were measured. 

Table 1.8 summarizes the results of 12 
measurements. The charge transmission per
centage Is the ratio of the sum of the 
currents measured following the analyzing 
magnet image silt for the several charge-
states divided by the current measured In the 
Faraday cup just downstream from the stripping 
foil. Ideally, the charge-transmission ratio 
would be 1Q0X but the measurements show 
values ranging from 89t to 132%. This may be 
due to Incomplete suppression of electrons 
from the foil by the suppressor (1000 V) of 
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Table 1.8. Sumnary of " 7 A u Charge-State 
Distribution Measurements 

Foi1 Charge 
Meas. Energy Thickness Transmission 
No. (MeV) dig/cm*) (t) 

Table 1.9. Charge-state distributions 
for ' 9 7Au Ions 

1 352 40 
2 352 40 
3 352 80 
4 352 20 

117.4 38.3 
110.2 33.3 
105.6 38.2 
132.5 37.8 

5 275 40 88.9 35.3 
5 275 40 109.9 35.3 
7 275 20 112.8 35.6 

8 175 20 97.1 31.9 
9 175 10 97.2 31.4 

10 175 20 95.5 31.8 

11 100 20 97.7 28.0 
12 100 10 117.0 27.6 

the cup located just beyond the stripping 
foil. Charge-distribution curves for a given 
energy, normalized to 1001 transmission, are 
essentially identical for all of the thicker 
foils suggesting that the variation in trans
mission ratio is not significant. Normalized 
charge-state fractions for measurement No's. 
1, 6, 10, and 11 are given in Table 1.9. 

The mean charge derived from these measure
ments is plotted in Fig. 1.13 and compared with 
the prediction of the Sayer, Nikolaev and 
Omltriev,2 and Shlma et al. 3 semi-empirical 
charge-state prediction formulas. These data 
agree with the average of the three formulas 
at 100 HeV but deviate systematically at 
higher energies. As shown in Fig. 1.13, data 
measured at Brookhaven National Laboratory* 
at 235 HeV agrees with the trend of the pres
ent results. 

These measurements for 1 9 7 A u and the measure
ments of other groups for several heavy ions 
have been compared with the charge-state pre
dictions of Sayer, Nikolaev and Dimetriev, and 
Shlma et al. For "°Ar, « 3Cu, and 8"Kr, the 
measurements and predictions of mean charge 
typically agree within 0.5 charge state whereas 
the measurements and predictions of mean 
charge for > 3 2Xe, 1 9 7 A u , 2 0 8 P b , and 2 3 8 U show 
consistently larger discrepancies at energies 
greater than ~ 1 MeV/nucleon. These com
parisons are reported In detail In the 

Ion Energy (HeV) 

Ion 100 175 275 352 
Charge 

q 
Charge 

q Charge Fractions F q (X) 

45 0.4 
44 1.3 
43 0.3 2.7 
42 0.5 5.2 
41 1.1 8.0 
40 2.6 11.8 
39 5.1 14.8 
38 0.4 9.2 16.2 
37 1.1 13.3 15.2 
36 2.8 16.3 11.0 
35 6.3 17.5 7.5 
34 0.4 11.2 14.7 4.2 
33 1.2 16.0 10.0 1.8 
32 3.0 19.1 5.5 
31 7.0 17.7 2.6 
30 12.0 13.2 1.0 
29 18.0 7.6 0.2 
28 19.1 3.3 
27 16.4 1.2 
26 11.5 
25 6.5 
24 3.1 
23 1.3 
22 0.5 
21 

published paper.5 We have not attempted to 
develop a new semi-empirical formula to 
describe the present measurements and those 
noted above since we believe that additional 
measurements are probably needed before an 
adequate semi-rplrical formula can be 
devised. In the meantime, we note that the 
currently used chtrge-state prediction for
mulas should be used with caution for ions 
with Z > ~ 36 and energies above ~ 1 HeV/ 
nucleon. 

1. R. 0. Sayer, Revue de Physique Appliquee 
12 (1977) 1543. 

2. V. S. Nikolaev and I. S. Omltriev, Phys. 
Lett. 28A (1968) 277. 

3. K. Shlma, T. Ishlhara and T. Hlkumo, 
Nucl. Instrum. Methods 200 (1982) 60S. 

4. P. Thleberger, private communication. 
5. •). A. Martin, R. L. Auble, K. A. Erb, 

C. M. Jones and D. K. CI sen, Proceedings of 
the Fourth International Conference on 
Electrostatic Accelerator TecNnology and 
Associated Boosters, Buenos Aires, April 1985 
(to be published in Nuclear Instruments and 
Methods in Physical Research). 
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Fig. 1.13. Comparison of mean-charge derived from these measurements with the prediction of Sayer, 
Nlkolaev-Dmltrlev, and Shi ma et al . semi-empirical formulas. 

EXPERIMENTAL APPARATUS 

R. L. Auble 
J . L. Blankenshlp1 

H. K. Carter 2 

M. L. Halbert 

H. J. K1m 
J. W. Johnson 
N. R. Johnson 
R. L. Robinson 

A l is t of the major experimental devices 
available to HHIRF users Is given In Table 1.10. 
All of these devices have been In routine opera
tion during the past year and most have required 
l i t t l e or no modification. Brief discussion of 
the exceptions are given here. Additional 
details on specific projects are given elsewhere 
In this report. 

Spin Spectrometer 

Last ytar we reported that the average reso
lution of the Nal crystals of the spin spectrom
eter had slipped from the original value of 8.4% 
to 9.2%. This degradation has continued with 
the nest recent measurement yielding an average 

resolution of 10.4%. Orders have been plac-d 
for rebuilding or replacing 40 of the 72 units. 
I t Is estimated that this wi l l restore, the 
average resolution to 9.0%. 

The number of Ge detectors which are 
available for Insertion Into the spin spectrom
eter has been Increased to eleven. Nine Nal and 
one BGO Compton suppression shields are pres
ently available for use with these detectors. 
Liquid nitrogen f i l l systems for cooling the Ge-
detectors are being Improved to overcome 
problems caused by Ice formation. 

Velocity F i l t e r 

The major Improvement to the velocity f i l t e r 
was the Installation of newly designed and 
fabricated high voltage power supplies for the 
electrostatic deflectors. These have been 
tested at voltages up to 230 KV. 
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Table 1.10. Major experimental devices 
available to HHIRF users 

Device Beam Line Beans9 

Spin Spectrometer C15 T,C 

1.6-m Scattering Chamber C16A T.C 

UNISOR Cl£3 T,C 

Time-ot Flight Faci l i ty C17 T.C 

Broad-Range Magnetic C18 T,C 
Spectrometer 

0.8-m Scattering Chamber C20 C 

Gamma-Ray Spectrometer C7 C 

80-cm Spherical Chamber C9° C b 

S p l i t - P o l e Magnetic 33 T 
Spectrometer 

Velocity F i l ter 21 T 

Gamma-Ray Spectrometer 23 T 

Atomic Physics Station 35 T 

a. Accessible to beams from T - tandem 
accelerator only; C = ORIC or coupled accelera
tors only; T.C » both accelerators. 

b. Normal location; can be moved to other 
beam lines i f required. 

Other Improvements Mere the installation of a 
3-jaw "clean-up" s l i t and a cryopump placed at 
the entrance of the velocity f i l t e r and addition 
of a microprocessor control system for the power 
supplies to fac i l i t a te setup. 

Broad-Range Spectrometer 

The excellent performance of the BRS detector 
system was demonstrated using a well colHmated, 
low Intensity, 1-GeV 5 8 N1 beam. The BRS was 
positioned at 0", allowing the direct beam to 
enter the detectors thereby eliminating target-
dependent contributions. The vertical dr i f t 
chamber (VOC) exhibited a position resolution of 
0.25 mn (FUHM); this corresponds to an energy 
resolution of approximately 1:60C9. The angular 
resolution of the VOC was determined to be 0.3° 

(FUHM), which, due to the angular magnification 
of the BRS, implies a resolution of 0.08° in the 
neasured scattering angle. 

Some specific improvements to the broad range 
magnetic spectrometer are: 

1 . A viewer was installed which allows acre 
precise dispersion matching of the BRS and 
the 153s analyzing magnet. 

2. A 4-jaw collimator was added on the beam 
l ine to the BRS to l imit the angular 
divergence of t ie beam and to allow direct 
viewinr of incident beam by the focal plane 
detectors. 

3. The vacuum control /display system was 
replaced to provide easier and more reliable 
operation. 

1 . Instrumentation and Controls Division, 
0RNL. 

2. UNISOR, Oak Ridge Associated 
Universities. 

ATOMIC PHYSICS AND APPLICATIONS ANNEX 

R. L. Robinson D. L. Haynes 

Support has been obtained for the addition of 
an experimental target room adjoining the tandem 
tower as shown 1n Fig. 1.14. Included in this 
project is a corridor between the new room and 
the tandem counting room. The target room pro
vides sufficient space for four target stations 
to meet present and anticipated growing needs of 
researchers in the area of atonic physics and 
applications. 

The design of this addition Is 90% complete. 
The present schedule calls for start of 
construction early in 1986 and completion of the 
building before the end of the year. 

COMPUTER SYSTEMS 

J . A. Blggerstaff J . B. McGrory 
W. H. Atkins1 W. T. Mllner 
J . R. Beene R. 0. Sayer1 

J . W. McConnell C. N. Thomas2 

Data Acquisition/Reduction Computer System 

We now have 8 megabytes of memory 1n each of 
our three central processors. Half of this 
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Fig. 1.14. Floor plan of the experimental areas at the HHIRF showing the location of the new atomic 
physics and applications annex planned for construction In 1986. 

memory In each machine cannot be used by our 
aging CAMAC Interfaces and must be given special 
treatment by the operating system. Two mega
bytes In each machine are reserved for 
histogramming use by the on-line acquisition 
task. The remaining two megabytes are reserved 
for future use by parallel-data-processing tasks 
(see below). One processor ("CPU-C") now has 
two new fixed-media disk drives (each 630 Mbyte) 
and a 240-Mbyte removable-media drive. CPU-A 
and CPU-B each have three of the 240-Mbyte disk 
drives. An additional 6250-bpl tape drive (#8) 
was Installed. A Tektron^* 4695 color copier 
was Installed ylth a CAMAC Interface accessible 
from any CPU. We no longer support color hard-
copy on our three original Trllog 
printer /plotters, each of which 1s s t i l l 
accessible for monochrome plots from at least 

two CPU's. A memory module In our 3-way shared 
CAMAC crate now provides convenient end reliable 
means of transferring f i les between systems. 

The most spectacular hardware accomplishment 
was the expansion of CPU-C to a two-processor 
system. Perkln-Elmer has offered the 3200 MPS 
multiple processor system for some time. This 
system, based on the (then) top-of-the-llne 
3250 CPU and using auxiliary processors (APU's) 
essentially Identical to our 3230 processors, 
was beyond our means and would not have per
mitted us to use our Wrlteable Control Store 
(WCS) data processing microcode on the main CPU. 
We developed Instead a significantly less expen
sive system using our existing 3230 as the main 
CPU configured with standard Perkln-Elmer com
ponents. The components required for adding a 
single APU were procured and Installed In less 
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than one week. No significant problems were 
encountered; a functionally equivalent systew *« 
now offered by Perk in-Elmer as a standard pr 
uct. The system ful ly meets our expectations ~ 
two concurrent "tape-scan" tasks run in 
essentially the same time as one such task on a 
uniprocessor system. We have demonstrated that 
we s t i l l have reserve I/O capacity to serve 
additional APU's. Ultimately we wi l l want to 
develop software to provide parallel processing 
within a single task but our present load is 
such that, with the assistance of the system 
load-levelling executive, we make effective use 
of the additional capacity by simultaneous exe
cution of different tasks. The Improved 
interactive response time during periods of 
heavy load has been especially gratifying. 

Software developments include addition of 
procedures, for control of experimental appara
t u s to acquisition packages and the generation 
of a new, single-user, acquisition and display 
package for testing and medium-scale of f - l ine 
experiments (off- l ine means "not using the 
accelerators"). We have ported our data pro
cessing procedures and many of our u t i l i t y 
programs to the VAX computer. Part of the 
reason for this work was to generate 
FORTRAN-language equivalents of our lower-level 
(assembly language and microcode) procedures to 
aid users who wish to study our techniques for 
data processing; the primary motive was to 
generate programs for export to users' home 
f a c i l i t i e s . The graphics software package used 
on our VAX computer has been converted for use 
on the Perkln-Elmer computers. 

The VAX 11/780, FPS-164 Array Processor 
Computer System 

The scientific computing needs of the Physics 
Division have been net, In large part, by the 
VAX/AP system which Is operated by the Physics 
Division. The computer system was heavily u t i 
lized (> 60% of total available CPU time on the 
VAX and the AP). The VAX is known for I ts 
r e l i a b i l i t y . The FPS-164 had significant 
re l iab i l i ty problems early 1n the fiscal year, 
but the substitution of a hard disc for a floppy 

disc for error logging apparently fixed the 
problem, and the AP has since been highly 
rel iable. 

One itajor Modification of the system this 
year was the upgrade of the VAX 11/780 to a VAX 
11/785. This yields a 50-70% enhancement in 
execution time for a given operation. The other 
major modification was to add one matrix accel
erator board to the array processor. This gives 
a large enhancement for a small number of opera
tions which involve a product of a matrix times 
a vector. As an example, with the accelerator 
board and the use of a new read-only table 
memory, the wHip l ica t ion of a 120 x 120 matrix 
times a 120-dimensional vector was achieved at a 
rate of 22 million floating point operations per 
second (megaflops) as compared to 2.2 megaflops 
achieved without the new equipment. The 
22-megaflop rate is very close to the rate for 
the original CRAY. Since nuch of the computing 
en the AP involves such operations, i t is hoped 
that the throughput of the VAX/AP wi l l increase 
significantly for some of the "stock" calcula
tions. The accelerator board capability was 
added to the VAX/AP system by the Engineering 
Physics Division, which will now have access to 
the array processor from their newly acquired 
VAX 11/785. The hardware configuration of the 
system is shown here. 

VAX 

11/785 processor 
12 megabytes fast memory 
~ 1.5 gigabytes disc storage 
1 800/1600 b.p.1., 125 l.p.s. tape drive 
1 800/1600/6250 b.p.1., 125 l.p.s. tape drive 
1 900 l.p.m. prlntar 
1 TRILOG printer-plotter 

FPS-164 Attached Processor 

1 megaword of 64-bit fast memory 
1 matrix accelerator board 
270 mega words local disc storage 

1. Computing and Telecommundatlons 
Division. 

2. Oak Ridge Associated Universities. 
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USERS SUPPORT 
R. L. Auble C. A. Reed1 

R. P. Cumby C. N. Thomas1 

R. W. Miles M. E. Whitley 

The Users Support Group consists of several 
technicians who assist HHIRF users with the 
setup of experimental apparatus. Because of the 
demand for beam t ine and the consequently tight 
operating schedule for the HHIRF accelerators, 
i t is extremely important that each experiment 
be ready to start at the designated t ine . This 
goal has been net through the combined efforts 
of the experimentalists and the users support 
group. 

Assistance with vacuum systems and mechnical 
design is provi^d by Bob Miles and Charles 
Reed. Maintenance of the HHIRF electronics pool 
and testing of detectors is covered by Richard 
Cumby and Mark Whitley. Interfacing of the 
experimental apparatus with the HHIRF data 
acquisition computers is handled by Charles 
Thomas. 

In addition, the Support Group provides the 
in-house staff with technical assistance in the 
modification of existing, and the design of new, 
experimental apparatus. 

1 . Oak Ridge Associated Universities. 

JOINT INSTITUTE FOR HEAVY ION RESEARCH 

R. L. Robinson J . H. Hamilton1 

L. L. Rledlnger2 

In July 1985 the Joint Institute for Heavy 
Ion Research (JIHIR) completed I ts f i rs t year of 
operation as a funded organization. Because the 
Inst i tute is a new concept for the managing 
institutes (ORNL, University of Tennessee, and 
Vanderbllt University), this has been a year In 
which the JIHIR Policy Council has been devel
oping guidelines for best ut i l i z ing the re
sources of the JIHIR in f u l f i l l i n g its mission 
of enhancing the research programs of the 
HollHeld Heavy Ion Research Faci l i ty . The 
major use of the funds has been for support of 

guests. Between July 1984 and September 198S, 
there have been 46 guests with an average length 
of stay of 2l£ months. The Policy Council has 
attempted to choose persons, both experii*:n-
ta l i s ts and theorists, with a wide range of pro
fessional experience (from renowned scientists 
to promising post-docs) and with strengths in 
different subdisciplines (nuclear structure, 
reaction mechanisms, atomic physics, e t c . ) . 
Table 1.11 l i s ts the guests who began their 
JIHIR appointment during the July 1984-September 
1985 period. 

A second way in which the J I H I A is contrib
uting to the HHIRF program is through i ts spon
sorship and organization of meetings. Some 
specifics on the meetings are given in 
Table 1.12. These were held in the conference 
room of the JIHIR. 

The JIHIR continues to provide dormitory 
accommodations for HHIRF users. At the 
beginning of FY 1985 the number of available 
beds was increased from 8 to 10. The number of 
overnight guests was 218 during FY 1985 and the 
average length of stay was 6 days. 

During most of the year, the only regular 
employee of the JIHIR was a half-time secretary. 
This was clearly Inadequate secretarial support 
and the position has recently been Increased to 
fu l l time. 

1. Vanderbllt University, Nashville, 
Tennessee. 

2. University of Tennessee, Knoxvllle, 
Tennessee. 

USERS GROUP ACTIVITIES 

R. L. Auble 

During 1985, members of the HHIRF Users Group 
were requested to renew their membership, in 
keeping with the Users Group Charter. A total 
of 385 users renewed their memberships and the 
total membership presently stands at 407. 

Since October 1 , 1984, the Executive 
Committee has held five meetings to provide 
input to the HHIRF operations staff and manage
ment and to keep abreast of developments on the 
HHIRF accelerators and experimental apparatus. 
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Table 1.11. Visiting scientists at the 
Joint Institute for Heavy Ion Research 

during the period of 
July 1984 - September 1985 

Name Institute 

A. Arima Univ. Tokyo (Japan) 
S. Ay1k Western Kentucky Univ. 
M. A. Beckeraan Joint Institute for Heavy 

Ion Research 
R. Bengtsson Lund Univ. (Sweden) 
D. R. Bes Univ. Argentina (Argentina) 
A. Bracco Univ. Hilano ( I ta ly ) 
R. A. Braga Georgia Inst, of Tech. 
D. Brink Oxford Univ. (England) 
R. Broglia Niels Bohr Institute (Dermark) 
P. A. Butler Univ. of Liverpool (England) 
F. Canto Lawrence Berkeley Laboratory 
Y. S. Chen Inst , of Atonic Energy 

(Beijing, China) 
N. Cindro Ruder Boskovic Inst. 

(Yugoslavia) 
J. D. Cole INEL 
J . Eberth Univ. Cologne (West Germany) 
A. Faessler Univ. Tubingen (West Germany) 
J . D. Garrett Niels Bohr Institute (Denmark) 
H. Greiner Univ. Frankfort (West Germany) 
I . Hamamoto Lund Univ. (Sweden) 
P. 6. Hansen Aarhus Univ. (Denmark) 
F. lachello Yale Univ. 
H. Irvine Manchester Univ. (England) 
C. M. Ko Texas ASM Univ. 
S. Kconin Cal. Inst, of Tech. 
R. Liotta Res. Inst, of Physics 

(Sweden) 
0. J , Love Univ. Liverpool (England) 
C. Mahaux Univ. Liege (Belgium) 
J . A. Karuhn Univ. Frankfort (Vest Germany) 
E. Migneco Univ. Catania (Tcaly) 
H. P. Morsch Inst , fur Kernphysik 

(West Germany) 
U. Mosel Univ. Giessen (West Germany) 
H. Nazarewicz Lund Univ. (Sweden) 
P. Nolan Univ. of Liverpool (England) 
S. Pancholl Univ. Delhi (India) 
F. Paulano Niels Bohr Institute (Denmark) 
L. Peker Brookhaven National Laboratory 
P. Quentin Univ. Bordeaux (France) 
J . 0. Rasmussen Lawrence Berkeley Lab< ratory 
P. 6. Reinhard Univ. Erlangen (West uermany) 
P. Semes Georgia Inst. Tech. 
K. Schmid Univ. Tubingen (West Germany) 
K. Taulbjerg Aarhus Univ. (Denmark) 
K. Teh Vanderbllt Univ. 
C. L. Wu J i H n Univ. ( J i l i n , China) 
Y. Yamazakl Tokyo Inst, of Tech. (Japan) 
J . Y. Zhang Inst, of Modern Phys. 

(Lanzhou, China) 

The dates and locations of the meetings were: 

October 19, 1984 at Nashville, Tennessee; 
February 15, 1985 by telephone conference; 
April 26, 1985 at Crystal City, Virginia: 
June 24. 1985 at HHIRF; 
September 25, 1985 at JIHIR. 

Members of the Executive Committee are listed in 
Table 1.13. They are elected by the Users 
Group, with two new members being elected each 
year for a three-year term. The slate of can
didates is selected by a Nominating Committee 
whose members for 1985 were Doug Cline 
(Chairman), Joe Natowitz, Oemetrlos Sarantites, 
Glenn Young, and Ed Zganjar. 

The annual meeting of the Users Group was 
held in Nashville, Tennessee on October 19, 
1984, with approximately 50 persons in attend
ance. In addition to serving as a convenient 
mechanism for keeping users informed of hap
penings at HHIRF, this meeting provided a forum 
for users to express their questions and con
cerns regarding the operation of the HHIRF. 

PROGRAM ADVISORY COMMITTEE 

R. L. Robinson 

An indicator of the normality of facility 
operation has been the regularity of the meeting 
times for the Program Advisory Committee. As 
shown by the statistics given in Table 1.14, the 
time Interval between the last four PAC meetings 
was approximately six months. Statistics in 
this table also suggest that the number of 
requested hours has equilibrated at about 3000. 
If the Hollfield Facility can achieve near 4000 
hours of research per year, as is the current 
projection, about 60% of these requested hours 
can be approved. This allows for 10-15% of the 
research hours being reserved for discrationary 
time. 
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Table 1.12. Meetings sponsored by JIHIR during FY 1965 

Meeting Date 
Approximate 
Attendance Organizer 

Holif ield Theory Users 
Group Meeting 

Oct. 12-13, 1984 40 J . McGrory 
G. Leander 
M. Strayer 

Symposium on Directions 
in Nuclear Structure 
Research 

Oct. 15-16, 1984 120 JIHIR 

Holif ield Theory Users 
Group Meeting 

May 10-11, 1985 40 J . McGrory 
G. Leander 
H. Strayer 

Workshop on Future 
Directions for UNISOR 

June 26-27, 1985 40 K. Carter 

High Spin Workshop July 11-16, 1985 40 N. Johnson 
L. Riedinger 

Workshop on Intermediate 
Energy Heavy Ion Physics 

Sept. 23-25, 1985 140 0RKL Physics 
Division and 
JIHIR 

Table 1.13. Users Group Executive Committee 
Members for 1984-86 

1984* 

C. K. Gelbke, Michigan State University 
D. C. Hensley, Oak Ridge National Laboratory 
J . B. Natowltz, Texas AXM University 
D. G. Sarantltes.t Washington University 
E. H. Spejewski, Oak Ridge Associated 

Universities 
S. G. Steadman, "assachusetts Institute of 

Technology 
J . L. Wood, Georgia Institute of Technology 

1985 
M. W. 
D. C. 
A. C. 
0. G. 
S. G. 

The last colu».i of Table 1.14 gives the hours 
of the recommended experiments which remain, as 
of September 30, 1985, to be scheduled. The 
intention is to complete the majority of experi
ments within a year after approval. 

Table 1.15 lists the participants on the 
PAC's which net during FY 1985. Harvey Gould 
(Lawrence Berkeley Laboratory) is a new member 
of the committee. George Bertsch (Michigan 
State University) and Joe McGrory (Oak Ridge 
National Laboratory) were substituting for 
regular members who were unable to attend. 

Guidry, University of Tennessee 
Hensley. Oak Ridge National Laboratory 
Mignerey, University of Maryland 
Sarantltes, Washington University 
Steadman,t Massachusetts Institute of 

Technology 
L. Wood, Georgia Institute of Technology 

1986 
J . R. Beene, Oak Ridge National Laboratory 
M. W. Guidry, University of Tennessee 
I . Y. Lee, Oak Ridge National Laboratory 
A. C. Mignerey, University of Maryland 
S. G. Steadman, Massachusetts Institute of 

Technology 
J . L. Wood.t Georgia Institute of Technology 

* Seven members due to change from 2-year to 3-
year tenure. 

t Chairperson. 



28 

Table 1.14. Statistics on PAC's as of September 30, 1985 

Meeting 
Ti«e Requested Recomended Rec/Req. 

Yet 
to be 
Run 
(hrs) 

PAC-1 Nov. 80 4840 2120 441 0 
PAC-1A Jun. 81 2184 1032 47% 0 
PAC-2 Feb. 83 5120 1656 32* 0 
PAC-3 Apr. 84 5283 2232 42% 32 
PAC-4 Sept. 84 3272 2048 63% 334 
PAC-5 Apr. 85 3368 2056 61% 1301 

PAC-6 Sept. 85 2976 1776 60% 1776 

Table 1.15. Participants on PAC Meetings 
held in FY 1985 

PAC-5 
(April 15-16. 198S) 

G. F. Bert sen, Michigan State University 
C. K. Gelbke, Michigan State University 
H. A. Gould, Lawrence Berkeley Laboratory 
E. E. Gross, Oak Ridge National Laboratory 
1. Nix, Los Alamos National Laboratory 
P. H. SteUon, Oak Ridge National Laboratory 
D. Hard, Chalk River Nuclear Laboratory 

PAC-6 
(Sept. 26-27, 1985) 

C. K. iielbke, Michigan State University 
H. A. Gould, Lawrence Berkeley Laboratory 
0 . Hansen, Brookhaven National Laboratory 
J . B. McGrory, Oak Ridge National Laboratory 
R. Nix, Los Alamos National Laboratory 
P. H. St el son. Oak Ridge National Laboratory 
D. Hard, Chalk River National Laboratory 



2. EXPERIMENTAL NUCLEAR PHYSICS 

NUCLEAR STRUCTURE STUDIES 
VIA ELASTIC AHD INELASTIC SCATTERING 

MEASUREMENT OF THE SPIN-ROTATION PARAMETER FOR 
p • ™«Pb 9LASTIC SCATTERING AT 300 MeV 

C. H. Glover 
D. J. Horen 
0. Hausser1 

K. Hicks1 

K. P. Jackson1 

A. Cellar1 

R. Henderson1 

R. Abegg1 

C. 

C. A. M i l l e r 1 

R. Sawafta1 

C. Gunther2 

J. Lisantti 3 

D. K. McDaniels3 

L. W. Swenson1* 
H. P. Aflord 5 

R. Helmer5 

Broude6 

Over the past few years there has been a 
growing concern among some physicists that the 
Schrodinger equation of motion is not valid and 
that the Oirac equation of motion may be needed 
in solving the nuclear many-body problem.7 The 
most striking evidence in favor of the Oirac 
equation of notion has been in the study of pro
ton elastic scattering spin observables.6 By 
measuring the cross section, analyzing power, 
and the spin-rotation function Q, one can 
completely specify the proton-nucleus elastic 
scattering S-matru. Thus, i t is important that 
the measurement of these observables be made in 
order to constrain any model of elastic scat
ter ing. The calculations suggest that the spin-
rotation data wi l l display the most sensitivity 
to the differences between the re lat iv is t ic 
(RIA) and the non-relatlvlstic (NRIA) models. 
To date, only a few measurements haw been per
formed in order to determine al l the elastic 
scattering observables. Of those measurements 
which have been made, the RIA provides a better 
description of a l l the data above 500 MeV. 
There are several measurements from IUCF at 200 
MeV of the spin-rotation function. Neither the 
RIA nor the MUA are <n satisfactory agreement 
with al l the data from the IUCF work. 

In order to span the energy gap in the data 
between 200 and 500 MeV, we9 have designed and 
bui l t a focal plane polarimeter (FFP) for the 
medium resolution spectrometer (MRS) at TRIUMF. 
Using this fac i l i t y , we have measured the spin-
rotation function for 2<>8Pb(p\p*) a t 300 MeV. 

The principle or measuring Q is shown schemat
ical ly in Fig. 2 . 1 . In elastic scattering no 
spin transfer is possible to a spin-zero nucleus. 
Thus the polarization vector for the scattered 
proton is of equal length, but can be rotated 
by an angle p in the scattering plane with 
respect to the incoming proton's in-plane com
ponents of the polarization vector (see Fig. 
2 .1a) . The Q-function is related to p via the 
expression Q = / l - P z sin p. Therefore, to 
determine Q, we must measure the change of the 
in-plane components of the polarization vector. 

In this experiment a beam of polarized pro
tons with the polarization vector normal (N) to 
the reaction plane and perpendicular to beam's 
momentum (It) emerges from the cyclotron and is 
injected into a superconducting solenoid. The 
superconducting solenoid rotates the polariza
tion vector into the sideways (S) direction 
( i . e . , where the polarization vector is in the 
scattering plane and perpendicular to the beam's 
momentum vector t ) . An in-beam polarimeter 
between the solenoid and the Pb target provides 
a constant measure of the beam's transverse 
polarization. The interaction of the proton 
beam with the nuclear f ie ld of the target causes 
a rotation of the i n i t i a l polarization vector. 
The scattered protons emerging from the target 
with momentum £' have polarization components in 
the longitudinal ( L ' ) ( normal ( N ' ) , and sideways 
(S') direction. The MRS focuses the scattered 
beam Into the FFP. However, the magnetic f ie ld 
of the MRS dipole magnet precesses the scattered 
proton's spin vector about the S'-ax1s by an 
angle ( , thus, bringing i t into the ( S " t H", 
I " ) coordinate system. These coordinate 
systems are related by 

S " • S' 
M" • L'sln r. • N'cos 5 
I " • L'cos t, - N'sln t 

29 
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OCM.-OWG IS-I 7Wt 

SPIN ROTATION PARAMETERS 

MRSDIPOLE 

FRONT-ENO 
CHAMBERS 

SUPERCONDUCTING 
SOLENOIDS 

POLARIZED BEAM 
FROM CYCLOTRON 

Fig. 2 . 1 . (a) Shows that spin rotation function Q Is a measure of the rotation of the In-plane 
components of the proton's spin vector, (b) Displays schematically the TRIUMF MRS-FFP fac i l i ty used 
in the measurement for the spin rotation function Q. 

where the precession angle ( is 130° at this 
energy and converts about 76% of the longitudinal 
component (L ' ) Into the normal ( N " ) direction. 
After the precessed scattered beam emerges from 
the MRS dlpole I t enters the focal plane VDCs 
which are used to ray-trace I ts trajectory Into 
the FFP. The particles are then scattered in 
the FFP a second time by a 7 cm (thick) x 1 m x 
1 m secondary carbon target with a known ana
lyzing power. The trajectory of the secondary 
scattered particles are determined by ray-
tracing, using a stack of delay-line detectors. 

These measurements determine the transverse 
polarization components (S' and N") of the par
t icles emerging from the MRS dlpole. Separation 
of the L' and N' components 1s achieved by 
reversing the solenoid's current to fl ip the 
spin of the Incident beam (S • -S; this causes 
L' component to change sign and leaves h" com
ponent unaffected). 

This method is clearly vulnerable if an 
unknown longitudinal component exists in the 
Incident b»am. For this reason, different com
binations of spin directions of the incoming 



beam (up/down or ±N) and solenoid currents 
(positive/negative) must be used in order to 
prepare a beam with the same sideways polariza
t ion , but having longitudinal polarizations 
Kith opposite signs. A f i f t h independent 
measurement per scattering angle Mill be 
obtained by using an unpolarized beam. From a 
total of 10 measurements of N" and S" combined 
with results for S and N from the in-beam 
polarimeter, we derive four independent quan
t i t i e s : the polarization P. the spin transfer 
coefficients D s s , and D S L > , and the longitudinal 
component for the incident beam P. . The spin 
rotation parameter is calculated using the 
expression 

Q = D s s , sin e - D S L , cos e. 

In Fig. 2.2, we compare the data against the 
NRIA and RIA models of elastic scattering. The 
cross section and analyzing power data displayed 
in this figure is from Hutcheon et a l . 1 0 The 
RIA calculation displayed in the figure is from 
Ray et a l . 1 1 The NRIA calculations were per
formed using a folding optical model where the 
same ground state density used by Ray et a l . was 
averaged over the target's volume with one of 
two different nucleon-nucleon (NN) Interactions. 
The folding model calculation employing the 
density-dependent (DD) NN-lnteraction of 
von Geramb12 1s shown by a dashed curve in the 
figures. The folding model calculation using 
the free effective NN-lnteraction of Franey and 
Love 1 3 Is shown by the dotted curve. From the 
Fig. 2.2, one can see that the NRIA calculations 
provide a better description of tne cross sec
tion and analyzing Dover data than the RIA 
calculations. In the calculations for the spin 
rotation parameter, the forward angle (e < ',$*) 
data agrees better with the RIA model whereas 
the NRIA-DD calculations are far superior to a l l 
the other calculations for angles > 15°. From 
these calculations the NRIA-DD folding model 
provides the best description of the data. 

1. TRIUNF, Vancouver, B.C. V6T 2A3, Canada. 
2. University of Bonn, Bonn, West Germany. 
3. University of Oregon, Eugene, OR 97403. 
4. Oregon State University, CorvalHs, OR 

97331. 

OW^HXK M M m 

0 i tO IS to ti JO »S 40 45 SO 

Fig. 2.2. The new Q data at 290 MeV from this 
experiment 1s displayed along with the 300 MeV 
cross section and analyzing power data from 
Hutcheon et a l . The solid curve represents the 
RIA prediction from Ray et a l . The short dashed 
curve represents a NRIA folding model prediction 
using the same ground state density for 2 0 8 P b as 
Ray et a l . and the 200 MeV density-dependent 
NN-lnteraction from von Geramb. The long dashed 
curve Is a NRIA folding model calculation using 
same ground state density as the other calcula
tion and the free NN-lnteraction *rom Franey and 
Love. 
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5. University of Western Ontario, London RSA 
3X7. Ontario, Canada. 

6. Weizaann Institute. Rehovot, Israel. 
7. J. R. Shep^rd, C. Y. Cheung, and R. L. 

Boudrie, eds.. Proceedings of the LAHPF Morfcshop 
on Dirac Approaches to Wuclear~Pnysics. Los 
Alamos National Laboratory, U s Alamos, M , 
Nay 19TS, 

8. 6. M. Hoffmann, in Ref. 7. 
9. Otto Kausser et si., to be published. 
10. D. Hutcheon et al., private com

munication (TRIUMF). 
11. L. Ray and 6. M. Hoffmann, Phys. Rev. 

C 31. 538 (1985). 
12. H. V. von Geraab, Table of Effective 

Density and Energy Dependent Interactions for 
NucleonsTPart A: Central Potential. UnlversTtat 
Hamburg report, 1980; H. Bauhoff and H. V. 
von Geraab, Table of Effective Density and 
Energy Dependent Interactions for Nucleons. 
Part B: Spin-Orbit Potential, Univers1tat 
Hamburg report, 1980. 

13. M. A. Franey and H. G. Love, Phys. Rev. C 
31, 488 (1985). 

ELASTIC AND INELASTIC POLARIZED PROTON 
SCATTERING FROM «.7L1 at 200 NeV 

C. M. Glover 
J. Rapaport1 

T. N. Taddeucci1 

D. Wongi 
C. C. Foster2 

P. SchMandt2 

G. J. Magntr3 

J. SeubertH 

J. R. Co-fort5 

J . A. fe r* 
A. Carpenter' 
F. Petrovich6 

In an effort to test our understanding of the 
evolution of the proton-nucleus reaction mecha
nism fro*, low to Intermediate proton bombarding 
energies, we have Measured elastic and inelastic 
cross section and analyzing power angular 
distributions for 200-HeV polarized protons 
scattered froa 6 » 7 L1 . Data were obtained for the 
Inelastic transitions leading to the 3 + , T » 0 
state at 2.184-MeV and the 0+, T « 1 spin-flip 
state at 3.56 MeV in 6L1 and the 1/2", T « 1/2 
state at 0.478 NeV in 7 L 1 . The measurements 
were aade at IUCF using the QDOM spectrometer 
and the associated focal plane detector system.7 

The analysis of these data are compared with the 
analysis by Petrovich et a l . 8 of the same tran
sitions for proton energies of 24-50 NeV. 

The distorted-wave approximation (DMA) fs 
used both by us and by Petrovich et a l . ' In 
order to facilitate a comparison with the lower-
energy data, the same spectroscopic amplitudes 
used In Ref. 8 are used here. Transition den
sities generated from these spectroscopic ampli
tudes reproduce electromagnetic rtatic moments. 

transition probabilities, electron scattering 
form factors. The proton form factors are 
constructed by folding these transition den
sities with an effective nuileon-nucleon (KN) 
interaction. Two different effective 
NN-interactions are considered here. Tney are 
the parameterizations of the NN-interaction in 
free space (labeled IA) by Franey and Love9 and 
the density-dependent (DO) interaction of 
von Geraab.10 The DO interaction is a free 
effective interaction modified to account for 
the effects of Paull blocking in the nuclear 
aedlua. 

Three sets of distorted waves were used in 
the DMA calculations which were generated froa 
three different optical potentials. One optical 
potential was found phenoaenologically by 
adjusting the geometries of Moods-Saxon (MS) 
potential wells. The other two optical poten
tials were obtained by averaging the IA or DO 
UN-interactions over the ground state density 
distribution. Froa Fig. 2.3, one can see that 
the MS optical potential provides the best 
reproduction of the elastic data and that the DO 
folding model optical potential gives a better 
description of the data than the IA potential, 
this is particularly evident In the analyzing 
power data. 

In Fig. 2.4 shows the contributions due to 
higher-order wultlpoles for elastic scattering 
from 7 L1. It can be seen that the forward 
angle cross section 1s due to scattering froa 
a spherical potential, while the data beyond 
30" is due to the J * 2 quadrupole moment tera. 
This suggests that a coupled channels analysis 
aust be performed in order to describe the 7L1 
elastic data. Thus, one should be aware that 
any phenoaenologlcal spherical optical potential 
will lead to unusual well geometries In order to 
account for the deformation. 

Two different form factors for each tran
sition and three sets of distorted waves will be 
considered in the analysis of the Inelastic 
data. The two form factors were obtained by 
folding the IA or DO NN-lnteractions with each 
of the transition densities. The effects due to 
distortions were Investigated by combining in a 
self-consistent manner the distorted-waves 
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Fig. 2.3. The results fro* the standard WS phenomenological (solid curve) and folding optical 
model analyses are compared Mith the s . 7 L i elastic scattering data. The long- and short-dashed 
curves represent folding Model predictions froa averaging the 00- and free NN-interaction, respec
tively, over the saae ground state densities. 
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Fig. 2.4. The multlpole contributions to 7Li 
elastic scattering are displayed. The curves 
are labeled by their aultipolarlty. The domi
nate J • 0 and J « 2 are the contributions froa 
the spherical and quadrupole terms and the J » l 
and J - 3 arise froa "spin-flip" transitions. 

obtained froa the IA folding aodel optical 
potential. The calculations used factors calcu
lated using the saae IA NN-interaction (labeled 
IA in the figures). This saae type of aicroscopic 
parameter-free self-consistent calculation Mas 
performed using the 00 interaction (labeled DO). 
Also, calculations are presented where each of 
the different form factors are used in conjunc
tion with the distorted waves generated froa the 
phenomenological optical potential (labeled MS). 
The resjlts of these calculations are compared 
to the data in Figs. 2.5 and 2.6. 

Displayed in Fig. 2.5 are the data and calcu
lations for the (1*;0) • (3*;0) transition in 
* U and the (3/2";l/2) • (l/2';l/2) transition 
In 7L1. These transitions proceed primarily by 
transferring two units of angular momentum 
(L • 2fi) to the target. From Fig. 2.6, one can 
see that all calculations overpredlct the magni
tude of the peak In the cross section and 
underpredict the magnitude of the data at the 
larger angles. The tmderpredictlon of the data 
at the larger angles 1s likely due to Inade
quacies In the transition densities because 
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Fig. 2.5. The DMA calculations for the predominately I « 2 transitions are compared with the data. 
The label FF(OD) + DU(DD) corresponds to a calculation in which the fora factor was calculated by 
folding the inelastic transition density fro* Ref. 5 with the OO-effective NN-interaction and the 
distorted-waves were calculated Microscopically by folding the ground state density with the save 00 
effective NN-interaction. Consequently, the FF(DD) + DH(MS) «eans that this saMe form factor was 
used in conjunction with distorted waves generated fro* the phenoMenological US optical MC^I parame
ters. The IA label Means that these same types of calculations were perforMed using the free Id-effec
tive interaction rather than the DO interaction. 

0KN.-OWS »»-«7S75 
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FF HAJ + OW (IA) 
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Fig. 2.6, The sane labeling scheme used 1r. 
Fig. 2.5 is used here for the 0*. T • 0 transition 
In *L1. 

these transition densities also underpredict the 
magnitude o' the electron scattering form fac
tors data at large values of momentum transfer 
(q). The calculations overpredict, by a factor 
of 2 and 1.45. the peak of the 3* and 1/2* cross 
sections, respectively. The overprediction of 
the data Is hard to understand because these 
transition densities describe the low-q electron 
scattering data quite well. This leaves as 
suspect our description of the reaction mecha
nism and/or the effective NN-interaction. It is 
thought that the effective NN-interactions used 
here are accurate at the 30-40* level and are 
probably not responsible for the total discrep
ancy between the data and calculations. For the 
1/2" transition 1n 7L1 we know that we have not 
taken into proper account the distortions via a 
coupled channels description. But this is not 
the case for *L1. Thus, it is suggested that 
the discrepancy may be explained by one or more 
of the following effects: (1) The first term 
In the Born series may not be sufficiently 

1 
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accurate, where rescattering effects with the 
dense l >He core aay need to be considered. (2) 
Coupling through the break-up channel aay not be 
negligible. With respect to the first point, 
Coaparat et al. 1 1 have shown that higher-order 
teras in the Multiple scattering expansion are 
needed in the IA description of p + '•He elastic 
scattering data at 156 HeV. 

Finally, froa Figs. 2.5 and 2.6, the effects 
due to distortions can clearly be seen in the 
analyzing power calculations. The analyzing 
power data are best described by calculations 
using the 00 NN-interaction for both the folded 
optical potential and the for* factor. This can 
be understood by considering the overlap between 
the for* factor end the distorting potential in 
the calculation of the scattering amplitude. 
The for* factors tend to be localized in a par
ticular region in R-space. As a consequence of 
this radial localization, the form factor places 
•ore weight on the shape and Magnitude of the 
distorting potential in the region of R-space, 
where the overlap is the greatest, whereas, 
elastic scattering is averaged over the entire 
nuclear volume. Thus, the distortions 
experienced by a proton for this transition is 
in closer agreement with that predicted by the 
density-dependent optical potential and is not 
very well approxiaated by the phenoaenological 
US optical potential which gives the best repro
duction of the elastic scattering data. This 
fora of radial localization has been noticed for 
other nuclear systems 1 2" 1 6 and has been discussed 
extensively by Kelly. 1 6 

The data and calculations for the cross sec
tion and anelyzing power angular distributions 
for the 0*; T - 1 spin-flip state at 3.56 MeV In 
'LI are displayed in Fig. 2.6. This figure is 
organized the saae way as Fig. 2.5 for the 
L • 2K transitions. 

The transition density extracted by Petrovich 
et al. B for fhe 0*, T • 1 state only reproduces 
the magnitude and shape of the B(Ml,q) distribu
tion for aoaentua transfers q < 1 fa" 1. Beyond 
this, the aodel predicts a dlffractive alniaua 
at a smaller Momentum transfer than the data 
Indicates and, for the most part, underestimates 
the strength In the second dlffractive lobe in 

the B(Hl;q) distribution. A discussion of this 
deficiency has been given by Bergstroa 1 7" 2 0 and 
others, 2 l- 2* where it was show, that the U fora 
factor can be described by Modifying the p-shell 
radial wave function. The resulting transition 
densities suggest that the valence nucleons in 
the T ' 1 state are pushed further out and have 
a longer tail than that given by the lp harmonic 
oscillator description used here. 

From Fig. 2.6, one can cee that the IA and 00 
cross section and analyzing power calculations 
are approximately the saae at low-q and over-
predict the cross section data by 1.4 for the 
most forward data point. All calculations under
estimate the cross section data beyond q ~ 1.2 
fa' 1, probably due to defects in the description 
of the transition density at these momentum 
transfers. The analyzing power angular distri
butions are well described when phenoaenological 
distorted waves are used, as compared with those 
obtained from the microscopic folded optical 
potential. This can be understood by noting 
that the 0*. T * 1 state is simply a spin-
isospin flip state of the ground state. 
Therefore, the transition density should have a 
similar shaf,» to that of the ground state. 
Thus, froa our previous arguments about the 
radial localization of inelastic transitions, 
one can see that the distortions experienced by 
a proton should be approxiaated by elastic scat
tering and mat the phenoaenological optical 
potential gives the best reproduction of the 
elastic data. 

The results from the present experiments 
demonstrate that the discrepancy In Magnitude 
between the DUIA calculations and the aa>asure-
ments of the the inelastic proton cross sections 
for *t7Li cannot be explained by employing a 
density-dependent effective NN-interaction in 
the lowest order OVA calculations. However, It 
was shown that for the elastic and the L • 2 tran
sitions the OwA calculations using the denslty-
dependeit NN-Interact ion were in better 
agreement with all the observables measured than 
the IA calculations. This was especially evi
dent in the analyzing power angular distribu
tions. And, as expected, the IA and the 
density-dependent DMA calculations give similar 
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results for 0+. T » l spin-flip state. These 
results suggest that the consequences of Pauli 
blocking aust be taken Into account even for a 
nucleus as diffuse as 'Li. Also, these results 
indicate that the lowest order DMA is not ade
quate enough to describe the data, and the 
effects froai higher-order processes need to be 
investigated. 
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ELASTIC AH) INELASTIC SCATTERING OF 500 Net 
PROTONS FROM " C a AMD EXCITATION OF 

GIANT MLTIPOLE RESONANCES 
B. L. Burks L. H. Swenson2 

F. E. Bertrand D. K. HcDaniels3 

R. L. Auble J. Lisantti3 

E. E. Gross K. H. Jones* 
D. J. Horen J . B. McClelland" 
R. 0. Sayer1 S. Seestroa-Horriss 

Investigations of the 12- to 30-MeV excitation 
energy region in sd-shell nuclei using 60-NeV 
protons* and 120-* V alphas7 have found a 
complicated fine structure of giant resonance 
strength, in contrast to the broad (2-6 NeV 
FMff) peaks foraed by isoscalar giant resonances 
in heavier nuclei. Although previous studies 
have been aade, a coaparison of results froa 
several different reactions Is needed to unfold 
the coaplicated observed resonance structures in 
the sd-shell nuclei. 

Me have aeasured cross sections and analyzing 
powers for elastic and inelastic scattering of 
500-MeV protons froa *°Ca at the MRS facility at 
LAMP* . The elastic scattering data were 
obtali '• in ±0.5° bins for 1 # steps between 3.5° 
and 21 ' laboratory angle. The inelastic scat
tering daca were obtained in ±0.5° ,bins for 14 
angles between 3.5" and 20.5°. Two settings of 
the magnetic field were required to obtain com
posite inelastic scattering spectra for excita
tion energies up to about 40 MeV (see F1g. 2.7). 
Elastic scattering data were aeasured in shorter 
runs at separate magnetic field settings. The 
typical energy resolution for all spectra was 
80 keV FHHM. 

Although the giant resonance region in *°Ca 
has been studied w h a variety of probes, 
intermediate energy proton scattering has tiie 
advantage of providing good discrimination 
between excitations of different miltipolarities, 
since significant differences exist between the 
shapes of cross section angular distributions 
for neighboring L-transfer values. An example 
1' given in Figure 2.8 where cross section data 
are plotted for several low-lying excited states 
and compared to DHBA calculations for L trans
fers between L • 1 and L • 5. with the range of 
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Fig. 2.8. Cross section angular distributions 
for several low-lying states 1n "•"Ca fro* the 

M , Ca(p ,p ' ) , , 0 Ca* reaction at Ep - 500 HeV. The 
solid curves are OWBA predictions for the Indi
cated L-transfer values. 

angles covered In this •easureaent, our analysis 
should unfold the contributions to the fine 
structure in the giant resonance region of % 0 Ca 
froa excitations with Multipolar I t i e s up to 
L * 5. 
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6. F. E. Bertrand et a l . , "Inelastic Proton 

Excitation of 6iant Resonances In sd-Shell 
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ELASTIC AMD INELASTIC SCATTERING OF 
250- AND SOO-NtV PROTONS FROM " S I AND 

EXCITATION OF GIANT MULTIPOLE RESONANCES 

B. L. Burks 
F. E. Bertrand 
R. L. Auble 
E. E. Gross 
C. M. Glover 
D. J. Horen 
R. 0. Sayer1 

L. M. Swenson2 

X. Y. Clao* 
D. K. McOanlels3 

J . U s a n t t l * 
0 . Mauser* 
K. Hicks* 
G. A. Mi l ler" 
K. H. Jones5 

J . B. McClelland5 

S. Seestrow-Morris* 

In addition to the 1 , 0 Ca(p,p') Measurements 

reported in the previous ar t ic le w have also 



58 

studied giant resonance structures In the sd-
shell nucleus 2 8 S i . These elastic and inelastic 
scattering data were Measured with 500-HeV 
polarized protons at LAMPF and with 250-MeV 
unpolarized protons at TRIUMF. As shown in 
Fig. 2.9, the excitation energy region from 
about 12 to 30 MeV in 2 S Si is populated by Many 
narrow structures rather than the broad isosca-
lar giant resonance peaks observed for inelastic 
proton scattering from heavier targets. Data 
from severe1 reactions mist be compared in order 
to understand the complicated fine structure in 
the giant resonance region of these nuclei. 

A limited set of data was obtained at the HRS 
facility at LAMPF, including elastic scattering 
cross sections and analyzing powers in ±0.5° 
bins for 1° steps from 3.5° to 22.5° laboratory 
angles. Inelastic scattering cros:> sections and 
analyzing powers were obtained at 4 angles 
between 3.5° and 12.5° for an excitation energy 
range up to about 22 MeV. For 4 additional 
angles between 6.5" and 10.5°, the data extend up 
to an excitation energy of about 40 MeV. A more 
complete set of cross section data was obtained 
at TRIUMF for elastic and inelastic scattering 
of 250-MeV protons. These data span an angular 
range from about 4° to 40" for the elastic scat
tering and have ample statistics In the 

inelastic scattering data for an angular range 
of about 4° to 27 s, including excitations up to 
about 50 MeV. Although the data obtained at 
LAKPF are incomplete and suffer in some instances 
from poor statistics, they have been useful to 
compare to the TRIUMF data since the energy 
resolution for the HRS data is typically 80 keV 
FWHM awvared to 150 keV FWHM for the TRIUMF 
data. 

The advantage of intermediate-energy proton 
scattering over lower-energy proton and alpha 
scattering measurements is that the cross 
section angular distributions differ markedly 
for neighboring L-transfers. Theiefore, the 
multipolarities of giant resonance excitations 
may be determined by comparison of differential 
cross sections to DWBA calculations. The range 
of angles at which we have cross section data 
includes the first maximum in yield for L-
transfers up to L » 5. When the analysis of 
these data is complete we shou'd be able to 
unfold the contributions to the fine structure 
in the giant resonance region of 2 a Si from exci
tations with multipolarities up to L = 5. 

1 . Computing and Telecommunications 
Division, ORNL. 
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ANALYZIfG POWER FOR THE INELASTIC CONTINUUM 
WITH 200-MeV PROTONS1 

J. Lisantti2 

J. R. Tinsley2 

0. M. Drake3 

1 . Bergqvist* 
L. W. Swenson5 

D. K. McDaniels2 

F. E. Bert rand 
E. E. Gross 
D. J . Horen 
T. P. Sjoreen6 

Inelastic proton scattering from targets of 
6 0 N 1 , 9 0 Z r , and 2 0 8 P b has been studied using 
200-MeV polarized and unpolarizerf orotons. The 
behavior with angle of a narrow region at the 
peak of the continuum underneath the giant reso
nance spectra follows that expected for free 
nucleon-nucleon scattering, modified by an 
energy shift dependent on target mass. 
Analyzing power results support the hypothesis 
that single-step quasi free scattering represents 
a significant fraction of the overall inelastic 
scattering for the excitation region near the 
proposed quasi free peak, but indicate that other 
processes start to dominate above this excita
tion region. 

1 . Abstract of published paper: Ptiys. Lett. 
147B, 23 (1984). 

2. University of Oregon, Eugene, OR 97403. 
3. Los Alamos National Laboratory, Los 

Alamos, MM 87545. 
4. University of Lund, Lund, S-223 62, 

Sweden. 
5. Oregon State University, Corvallis, OR 

97330. 
6. Solid State Division, ORNL. 

CROSS SECTIONS AND ANALYZING POWERS FOR 
QUENCHED SPIN EXCITATIONS IN 

"O.^Ca AT E p - 334 HeW 

D. J . Horen 
F. E. Bertrand 
E. E. Gross 
T. P. Sjoreen2 

D. K. McDaniels3 

J. R. Tinsley 3 

J . L isantt i 3 

L. W. Swenson* 
J . B. McClelland5 

T. A. Carey5 

S. J . Seestrom-Morrls5 

K. Jones5 

The Inelastic cross sections and analyzing 
powers for spin excitations 1n w^Ca have been 
measured at Ep - 334 MeV. The data for excited 

states in -°Ca at 8.424 MeV (2") and 10.31 MeV 
( 1 + ) and the 10.22-MeV (1*) state in ^Ca are 
f a i r l y well described by microscopic distorted-
wave impulse approximation calculations. 
Normalizations of the calculated cross sections 
to the experimental data show that these spin 
excitations are quenched. We deduce 
B(M2)t * 281 pZfm2 for the 8.42-HeV 2" state 
in '•oca. 

Phys. 1 . -v>stract of published paper: 
Rev. C 31 , 2049 (1985). 
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CROSS SECTION AND ANALYZING POWER MEASUREMENTS 
FOR THE GIANT RESONANCE RE6I0N IN 2 0»Pt> 

WITH 200-MeV PROTONS1 

D. K. McDaniels2 

J . R. Tinsley 2 

J . L isant t i 2 

D. M. Drake3 

I . Bergqvist1* 
L. W. Swenson5 

F. E. Bertrand 
E. E. Gross 
D. 0. Ho.en 
T. Sjoreen6 

R. Liljestrand? 
H. Wilson7 

The giant resonance region in 20Spt> has been 
studied using inelastic scattering of 200-HeV 
polarized and unpolarized protons. Both d i f 
ferential cross section o(e) and analyzing power 
Ay(9) measurements were made. The isoscalar 
quadrupole resonance at 10.6 ± 0.5 MeV, the iso-
vector dipole resonance at 13.6 t 0.5 MeV, and 
the Isoscalar monopo>e resonance at 14.1 t 0.5 
MeV are clearly observed. Data for a peak at 
20.9 t 1.0 MeV are found to be consistent with 
an Isoscalar giant octupole resonance. This 
conclusion Is based on a comparison of the <J(8) 
and Ay(e) data with distorted wave born approxi
mation (DWBA) predictions. Evidence Is found 
for an L * 4, 2flu peak with an excitation energy 
of about 12.0 MeV, just above the strong giant 
quadrupole peak. The continuum spectra and o(e) 
data for scattering angles less than 20 s are 
consistent with dominance of single-scattering 
processes for that portion of the spectrum below 
about 25 MeV of excitation. The Ay(e) data give 
further support for this hypothesis and Indicate 
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that Multiple-scattering processes dominate at 
higher excitation energies. 

1 . Abstract of paper submitted to Physical 
Review C. 

2. University of Oregon, Eugene, OR 97403. 
3. Los Alamos National Laboratory, Los 

Alamos, NM 87545. 
4. University of Lund, Lund, S-223 62, 

Sweden. 
5. Oregon State University, Corvallis, OR 

97330. 
6. Solid State Division, ORNL. 
7. University of Alberta, TRIUMF, Vancouver, 

British Columbia V6T 2A3, Canada. 

OR THE VALIDITY OF MICROSCOPIC CALCULATIONS 
FOR INELASTIC PROTON SCATTERING1 

D. K. McDaniels2 L. N. Swenson* 
J . L isant t i 2 F. E. Bertrand 
J . Tinsley* E. E. Gross 
I . Bergqvist3 D. J . Horen 

Recent measurements of transition rates for 
low-lying collective states and giant resonances 
in 2 0 8 P b using inelastic scattering of 200- and 
300-HeV protons are in accord with accepted 
values. This Is in sharp disagreement with 
earlier medium-energy proton inelastic scat
tering studies In which the val idi ty of the 
collective model formal ISM was questioned. 
Combining these results with Measurements at 
other energies, we conclude that the extraction 
of deformation lengths with the collective 
distorted wave Born approximation formalism is 
satisfactory to it least 800 NeV. The present 
results bring into question the Microscopic 
calculations of Inelastic scattering using RPA 
wave functions. 

1 . Abstract of paper accepted for publica
tion In Physics Letters. 

2. University of Oregon, Eugene, OR 97403. 
3. Lund Institute of Technology, Lund, 

S-223 62, Sweden. 
4. Oregon State University, Corvallis, OR 

97330. 

COMPUTER COOES FOR 
INTERMEDIATE ENERGY PROTON REACTIONS 

C. W. Glover 

The following Is a l i s t and a brief descrip< 
tion of computer codes available on the HH1RF 

VAX 11/785 for calculating proton reactions at 
intermediate energies. The user guides and 
sample input f i l es are available upon request 
from C. H. Glover (615-574-4729). 

ALLWRLD 
(Authors: J. A. Carr, J. Kelly, and 
F. Petrovich; modified by C M . Glover) 

This is a general purpose code that calculates 
transition densities in a harmonic oscillator 
basis from shell model spectroscopic amplitudes 
(the transition densities may also be read in 
point-wise from another file). From the 
transition densities the code calculates 
electromagnetic static moments, transition 
probabilities, and electron scattering form 
factors. For charge exchange reactions, the 
Fermi or GT matrix elements are calculated. For 
proton reactions, the code folds the transition 
density with a nucleon-nucleon (NN) interaction 
and returns a PWIA angular distribution and form 
factor for use In the distorted-wave code 
TAHVAX. The Ai.LURLD code can use two different 
NN-lnteractlons. One is the free-space effective 
interaction of Love and Franey1 or the density-
dependent interaction of von Geramb.2 If the 
proton reaction is elastic scattering, the 
code will calculate a folding Model optical 
potential from the ground state density using 
either one of the two NN-interactions. This 
optical potential can be used by TAMVAX for 
distorted waves. This allows one to perform a 
completely consistent, Microscopic, parameter-
free calculation for proton reactions. This 
same sort of analysis can be done for plon 
reactions, except that the «N-1nteraction is 
used and the form factors and optical potential 
are used in the code MSUDUPI. 

TAHVAX 
(Authors: J. A. Carr, J. Kelly, and 
F. Petrovich; Modified by C. M. Glover) 

This is a distorted-wave code which calculates 
proton scattering observables. The code is 
designed to accept Microscopic form factors and 
microscopic folded optical potentials from 
ALLWRLD. Although, it will accept standard 
Woods-Saxon optical model parameters, the code 
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can also calculate proton scattering observables 
for the standard collective model by deforming 
the US optical potential. 

NOTE: This code employs the zero-range single-
nucleon knockout exchange approximation. 

HSUOWPI 
(Authors: J. K. Carr and F. Petrovich) 

This code performs the type of calculations for 
pions as TAHVAX does for protons. 

SHOPPY 
(Author: P. Schwandt) 

This is an optical model code for spin 0, 1/2, 
and 1 projectiles. It calculates all elastic 
scattering observables. A complete description 
of the code is found in IUCF Report No. 81-3 by 
P. Schwandt. The elastic scattering data may be 
analyzed terms of a locel, spin-dependent opti
cal potential with relativistic kinematics. 
The code allows for automatic searches on poten
t ia l parameters which give the best f i t to the 
elastic scattering observables, with up to eight 
parameters varied simultaneously to minimize 
the chi-square. Grid calculations and automatic 
searches may be combined. Other options 
available include: input or generation of 
"external" (e.g., non-Moods-Saxon) potentials 
form factors, notch perturbations of potentials, 
and the generation of excitation of functions 
using energy-dependent potential parameters. 

DWBA80 
(Original Authors: J. Raynal; Modified by 
G. H. Love) 

This code calculates proton scattering 
observable* In the distorted-wave Impulse 
approximation using a finite range single-
nucleon knockout exchange mechanism. The code 
will accept transition densities or form factors 
along with folded optical potentials from 
ALLHRLO or It will build Its own form factors by 
folding the Love-Franey free NN-lnteractlon with 
shell model spectroscopic amplitudes. Also, 
standard Woods-Saxon optical potentials may be 
used. 

NJTE: The «a1n difference between this code and 
TAMVAX Is 1n the exchange. This code calculates 
the six dimensional exchange Integral in a multi-
pole expansion. 

DWBA81 
(Original Authors: 0. Raynal; Modified by 
J. R. Comfort) 

This code is a DWUCKized version of 0VBA80, 
except it will not accept transition densities 
or form factors and folded optical potentials 
from ALLHRLO. The code utilizes a MUCK-like 
input and some subroutines from DWUCK. This 
code restricts the user to using transition 
densities generated from a harmonic oscillator 
basis, standard Woods-Saxon optical potentials, 
and free NN-interactions, only. 

EFIT 
(Author: A. Carpenter) 

This is a search code. !t takes shell model 
spectroscopic amplitudes in a harmonic oscilla
tor basis and calculates electromagnetic tran
sition densities. It uses J»ese transition 
densities to calculate electromagnetic static 
moments, transition probabilities, and electron 
scattering form factors and compares these 
observables to the known data. Then it adjusts 
the transition densities until the best chi-
square is reached between all the data and the 
model. The results of the "best fit" densities 
can be used as Input to ALLWRLO. 

RIA 
(Authors: J. Shepard and E. Rost) 

This code is based on the formalism developed by 
Shepard, Rost, and others for the relativist 1c 
Impulse approximation (RIA); see for example: 
Phys. Rev. C 30, 1604 (1984), Phys. Rev. C 29, 
209 (1984), Phys. Rev. C 27, 2123 (1983). 
This code calculates a completely covarlant 
NN-interaction In a Breit frame from phase-shift 
data and folds this with a four-component splnor 
In the target space for the relativistic form 
factor. This form factor is then averaged with 
the projectile's distorted wavefunctions to pro
duce the transition amplitude. The distorted 
wavefunction Is obtained from a Oirac elkonal 
approximation using effective central and spin-
orbit distortions which, in turn, are derived 
from the covarlant NN-interaction. This code 
allows Input of nonrelativlstlc spectroscopic 
amplitudes and then assumes that the lower com* 
ponents have the same radial shape as the upper 
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components. The code outputs proton inelastic 
scattering observables. 

NOTE: There is no allowance made for an exchange 
tent in the theory. 

DROP 
(Author*: J . Shepard and E. Rost} 

This code is the sane as RIA, except i t is an 
ear l ie r version used to calculate elastic scat
ter ing only. 

RUNT 
(Author: E.D. Cooper) 

This code calculates a re la t iv is t ic optical 
potential for proton scattering by adjusting 
Hoods-Saxon shaped scalar vector potentials 
unti l a f i t to the experimental data is found. 
The formulism can be found in the ar t ic le by 
B. C. Clark, in Interactions Between Medium 
Energy Hud eons and Huclei-1983. edited by 
H. 0 . Meyer, AIP Conf. Proc. No. 97 (American 
Institute of Physics, New York, New York) and 
references contained within. 

PHASESHIFT 
(Author: C. H. Glover) 

This code calculates a l l nucleon-nucleon elastic 
scattering observables as a function lab or CM. 
angle at a given lab energy using Ardt's October 
1977 phaseshifts. 

PLOTIT 
(Author: C. W. Glover) 

This is a user friendly color graphics code. I t 
wi l l plot up to 10 sets of data and 10 sets of 
curves per graph. The graph may include: a 
t i t l e , axes labels, a legend, and additional 
labels placd anywhere on the graph with the 
cursor. The code can create an output f i l e 
which stores al l plotting parameters. The code 
prompts the user for a l l input. 

1 . M. A. Franey and H. G. Love, Phys. Rev. C 
31 , 488 (1985). 

2 . H. V. von Geramb, Table of Effective 
Density and Energy DependentTnteraciIons for 
Nuclecns, Part A: Central PotentlaT^ Universftat 
Hamburg report,T980; W. BaufiofT and H. V. 
von Geramb, TabJi £f Effective Density ajiji 
Energy Dependent Interactions for Hue!eons, 
jffiTT:~1»p7n^0"r'pTt PTTten'tTaT, Un1 vers i tat 
Hamburg report, 19750. 

U-DEPENDENCE Of THE EFFECTIVE REAL 
OPTICAL POTENTIAL NEAR NEUTRON THRESHOLD1 

D. J . Horen A. 0. MacKellar2 

C. H. Johnson 

Considerable effort has been expended in 
attempts to use microscopic principles to calcu
late an optical model potential which wi l l 
describe the scattering of a single nucleon in 
f in i t e nuclei . 3 In recent years a number of 
works have concentrated in an energy region 
close to the Fermi surface. A common procedure 
is to attempt to calculate corrections to th» 
Hartree-Fock (HF) potential for each t J , and 
then deduce an average potential ( i . e . , inde
pendent of x.J). Within -20 MeV of the Fermi 
energy, i t has been suggested that these correc
tions can be represented by a local surface 
imaginary potential from which one can deduce 
the corrections to V„ F by means of dispersion 
relations. 1* Hence, in this energy domain i t 
might be er.pected that the real part of the 
optical potential could be expressed as 

V(r,E) = » H | : ( r ,E ) + V j f r .E) , 

where V„ F (r ,E) is taken as a W-S volume poten
t i a l and V.(r .E) is a surface potential. Hahaux 
and Ngo suggested that V s ( r ,E) can be obtained 
from the imaginary part of the empirical local 
optical potential using a dispersion relation
ship.'* Furthermore, i f W s(r,E) had a derivative 
W-S form, they showed that V(r,E) would have a 
W-S form similar to % ( r , E ) but with a dif
ferent radius. That is to say, V(r,E) would 
have an energy dependent radius. This would 
then lead to a deviation of the volume integral 
of V(r,E) from that of V H F ( r ,E ) in the region of 
the Fermi surface ( i . e . , the so-called "Fermi 
surface anomaly"). 

We have used the unique features of low-
energy neutron scattering to investigate the 
behavior of the "effective" real optical poten
t i a l near the neutron threshold for the system 
2°8Pb + n. 

From high resolution measurements of total 
and differential elastic scattering cross sec
tions for E • 0.050-1.005 MeV, we have deter
mined sets of R-matrix parameters which describe 
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the data for the partial waves ^/2> p x / 2 , P3/2> 
and d 5 / 2 . Fro* these, for a given radius Me are 
able to deduce 'effective* real potentials for 
these partial waves at the same energy. A 
discussion of how we deduce OHP from the experi
mentally determined partial wave scattering 
functions has been given elsewhere.5 

(Technically, our one datum relating to the real 
potential is incapable of distinguishing between 
r and V ,. In fact, we find the data can be 
reasonably described by a function Vrjj with 
n-1.5.) In Fig. 2.10 we plot the depths of the 
"effective" real optical potential for 2 0 8 Pb + n 
versus energy. In this figure, we include points 
which correspond to potentials required to 
reproduce binding energies for bound states and 
differential neutron scattering data6 at higher 
energies using the sane geometry. Me observe 
that at E - 0.5 WeV, the "effective" real poten
t ial for s- and d-waves appears deeper than that 
for p-waves. 

The surface part of V(r,E) at these energies 
is believed to arise mainly from particle-
vibration excitations which are localizad near 
the nuclear surface. It is possible to simulate 
part of V (r,E) by the utilization of the 
coupled-channel formalism. He have performed 
coupled-channel calculations using the code7 

ECIS for the s-, p-, and d- partial waves in 
order to obtain e physical insight as to the 
behavior of the "effective" V ,. We find that 
the coupled-channel calculations can reproduce 

ext fairly well the neutron strengths and R , 
dec. ;ced from the data. Me observed that the 
neutron widths calculated with ECIS were sen
sitive to the depth of the scattering potential 
employed, especially for the p-wave channels. 
In fact, it was found that for resonances asso
ciated with the 3da3~ particle vibration, the 
neutron width went through a null as a function 
of the scattering potential. 

To better understand this, we have examined 
the individual functions which enter into the 

coupled-channel equations. In addition to the 
vibrational deformation parameter, the strength 
of the effective coupling potential is related 
to an overlap integral of the amplitude of the 
scattered wave, a bound-state wave function and 
the derivative of the optical potential (which 
is localized near the nuclear surface). In par
ticular, for lead we finJ that the amplitude of 
the scattered p-wave neutron in a real potential 
with V., 3 40 NeV has a node near the nuclear 

id 
surface. Some of the bound-state wave functions 
(e.g. , 3d5/2) also have nodes in the surface 
region. As a result, the overlap integrals 'or 
strengths of the particle-vibration couplings) 
can vary markedly for the different scattering 
channels, and change with neutron energy. 

An important result of the coupled-channel 
calculations is that the strength of the 
particle-vibration couplings at a given energy 
strongly depends upon the amplitude of the scat
tered wave in the vicinity of the nuclear sur
face. The presence of a node near the surface 
has the effect of decoupling the motion of the 
scattered particle from the surface vibrations. 
Me believe that this phenomenon might explain 
the variations with energy of the "effective" 
volume potentials In the region near the neutron 
threshold, and be the basis for the behavior of 
our deduced V.,. 

1. 8ased upon a paper to be published in 
Physics Letters B. 

2. University of Kentucky, Lexlngtoi;, KY 
40506. 

3. See, e.g., C. Mahaux et a l . , Phys. Repts. 
120, 1 (1985). 

4. C. Mahaux and H. Ngo, Nucl. Phys. A378. 
205 (1982). 

5. Phys. Div. Prog. Rept. for Period Ending 
Sept. lOSSClfcNL^T2oTp7 "5T 

87 " X R. M. Annand, R. M. Flnlay, and F. S. 
Dietrich, Nuclear Physics, to be published. 

7. J. Raynal, ECIS 79 (private communi
cation); the present version was modified by 
R. L. Hershberger. 
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Fig. 2.10. Effective real potential for motion of a single neutron In 2°*Pb • n system versus energy. 
The energy of the Fermi surface Is taken as e, • -6.0 MeV. The potentials for E<0 were deduced from 
bound state orbltals. A constant real radius parameter r R ••• 1.17 fm was used in determining the real 
well depths at a l l energies. The potentials shown at 4 alfd 7 MeV were deduced by " f i t t ing" differen
t ia l scattering cross sections calculated using OMP from Ref. 6 with a parity dependent potential. 
The data above 10 HeV are from Ref. 6. 



45 

HIGH RESOLUTION NEUTRON 
CROSS SECTION FOR *%• 

C. H. Johnson J . A. Harvey2 

R. F. Carlton 1 R. L. Kacklin 2 

Earlier Measurements3 at ORELA of the neutron 
total cross section of *%a revealed an unu
sually simple structure which Indicated haC* is 
essentially a doubly-closed-shell nucleus. The 
•win features observed for neutron energies up 
to 2 NeV are three broad d 5 / 2 states; these con
sume about 501 of the 2 d s / 2 strength and are 
described by shell-model-in-the-continuuM 
calculations. 1* 

Unfortunately, t" i large stat ist ical uncer
tainties of those data prevented detailed analy
ses, except for the broad d 5 / 2 resonances. Me 
have repeated the Measurements with improved 
techniques. As previously, ME used the 200-M 
f l igh t path and a burst width of about 7 nsec. 
But this time Me made the beam incident on the 
edge rather than the face of the scattering 
sample in order to increase the sample thickness 
by about a factor of 7 (from 126 b/a to 17.3 
b/a) . Also, we used compensators to cancel 
(nearly) the effects of C and 0 in the 
CaC03 sample. The compensators were BeO and C 
for the "out-beam" and Be for the "1n-beaM". 
The effect of these compensators was such that 
the measured transmissions are for a sample of 
89.1% " 8Ca, 3.7t "OCa, and 7.2% l «0. The 
corrections for the small amounts of ' • ta and 

1 6 0 were then calculated accurately from known 
cross sections. That is In contrast to the 
earl ier data analysis which involved subtraction 
of a l l of the C0 3 cross section. 

These new data allow a more accurate R-Natrfx 
analysis to be Made for energies froM 0.1 MeV to 
above 2 MeV. In Fig. 2.11 the points show the 
cross sections observed below 500 keV and the 
curve Is an R-Matrix f i t . Four well-resolved 
resonances art se.-n at 302, 401, 415, and 451 
keV. From the peak heights we can immediately 
assign J - 1 / 2 , 3/2, 5/2, and 1/2, respectively. 
The widths and shapes of the 401- and 415-keV 
resonances require the respective assignments, 
P3/2 and d j / 2 . The two J « 1/2 resonances can
not both have the same t-value because their 
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F ig . 2.11 Neutron total cross section for 
"•Ca below 500 keV. The curve is en R-matrlx 
f i t with the Indicated resonance J * assignments 
and appropriate nonresonance phase sh i f ts . 

interference patterns are quite d i f ferent . By 
appropriate choice of the non-esonance phase 
shifts one could f i t the data with either of the 
alternate assignments. I . e . , either P1/2 and 
S1/2, as shown In Fig. 2 . 1 1 . or the alternate 
s i / 2 "id P i /2 - Our assignments in Fig. 2.11 
are based on the following arguments. 

One reason for assigning p t / 2 to the reso
nance at 302 keV rather than to the one at 451 
keV is based on comparisons of the interference 
patterns to that of the p j / 2 resonance. Spin-
orbit effects, which are evidenced by the 
observed spl i t t ing of the bound 2p states, are 
expected to give a more negative phase shift for 
P i /2 than for Pa / 2 . From the observed asym
metries of the two J => 1/2 resonances we see 
that our assignments are consistent with this 
expectation whereas the alternate assignment Is 
not. 

A second reason comes from the observed5 

delayed neutron spectrum from the 9-decay of 
^ ( I » 3 / 2 * ) . The B-decay has a strong branch 
with log f t * 5.0 to the level corresponding to 
the 451-keV resonance. Therefore, the tran
sit ion has a high probability of being allowed 
and the state has even parity. I . e . , 1/2*. 

The scattering functions obtained by aver
aging 6 for each partial wave can be compared to 
those for an optical model potential. Since the 
s-and p-wave strength functions are very small 
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for this nucleus the averaging can be omitted 
and the off-resonance phase shifts can be f i t , 
using a real potential . Using a Woods-Saxon 
well with r 0 = 1.21 fm and a = 0.66 fa and a 
7-heV spin-orbit surface potential with the 
r 0 and a, we fln-J the observed shifts are f i t 
with central depths of V i / 2 + « 50 MeV, V 3 / 2 " » 
50 NeV and V 1 / 2 - « 46.5 HeV. The value for 
V,/2+ is about 3.5 NeV less than for 1 , 0Ca and 
this is expected because of the isospin term of 
about 25(H-Z)/A. However, the fact that the p-
wave potentials tend to be shallower than for s-
waves Is In contrast to ' • t a , where they were 
deeper. A further analysis to higher energies 
is in progress and should reduce the uncertain
t ies in the optical Model parameters. 
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ENER6Y AVERAGE OF THE SCATTERING MATRIX 
IN PICKET FENCE MODELS 

C. H. Johnson C. Mahaux1 

R. R. Winters 2 

From high resolution neutron cross section 
measurements at f ac i l i t i es such as ORELA one can 
obtain scattering functions for individual par
t ia l waves for energies up to about 2 MeV. By 
subsequent averaging, one finds scattering func
tions which are to be described by an optical 
model potential (0MP) for each partial wave. 
This abil ity to study the 0MP partial waves at a 
single energy is a unique feature of high reso
lution work. 

To I l lustrate the averaging process we con
sider s-wave neutrons on a spin-zero target. 
The scattering function in the R-matrlx for
malism reads 

where a is the boundary radius and where the R-

function includes terms of the form T?/(E -E) 

summed over al l levels both Internal and ex

ternal to the experimental region Ex to Eu 

R(E) - Rint(E) + R " t ( E ) . (2) 

The scattering function is unitary. 
Averaging produces a non-unitary <S> with a 
complex R-function 

* ( E ) - R(E) + ins(E) (3) 

Following Lane and Thomas,3 we f ind" that the 
quantities in Eq. (3) are given to a good 
approximation by simple prescriptions. The 
strength function s(E) is approximately the 
average reduced width per energy interval 
near E, 

s(E) - ^ . 

and R is found approximately from R e x t , 

E u s(E')dE' 
R(E) » Rext ( E ) • p / E V-'l 

(4) 

(5) 

Here P denotes the principle value of the inte
gral and s(E) i f the experimental strength func
tion from the right-hand side of Eq. ( 4 ) . The 
experimental quantity on tne right-hand side of 
Eq. (5) is denoted R(E). 

The derivation of Eqs. (4) and (5) is not 
t r i v i a l ; i t Involves analytical extensions to 
complex energies. In fact , recent papers 5" 8 

show disagreement on the subject. We have 
checked the approximation by performing 
straightforward numerical averages with simple 
picket fence models. For example, Fig. 2.12 
shows "data" for a rising picket fence of 
reduced widths and an R e x t . We average the 
scattering function of Eq (1) numerically. 

S(E) z!u M E . ^E.E 'WE'JdE ' (6) 

S(E) - e •21ka 1 + 1ka_R(E 
T 

+ 1ka_R(E) 
- Ika RfET (1) 

where Wj Is a normalized weighting function of 
width I and E 1s the corresponding averaged 
energy. In so doing we Introduce the variable 
E" only 1n the R-functlon part of S(E). I f the 
above prescriptions are correct, we expect the 
resulting average quantities, R and s, to agree 
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Fig. 2.12 Rising picket fence Model: (a) 
reduced widths, (b) the strength function, (c) 
the external R function (solid) and R (dashed). 

well with the "data", » and R. In Fig. 2.12 the 
dashed curves show s and R. Indeed, numerical 
averages show excellent agreement with these 
dashed curves. Further details and examples are 
given in Ref. 4. 

ISOSPIN EFFECT IN xi " C ELASTIC 
SCATTERING AT 50 Mev* 

C. S. NishraZ 
B. H. Preedom2 

B. G. Ritchie! 
R. S. Moore 2 

M. Blecher? 
K. Gotow 3 

R. L. Burman* 

M. V. Kynes* 
E. Piasetzkv* 
N. S. Chant5 

P. 6. Roos* 
F. E. Bertram! 
T. Sjoreen* 
F. E. Obenshain 

E. E. Gross 
Angular distributions have been Measured for 

«± elastic scattering at 50 HeV fro* l HC. 
Comparison with previously Measured distribu
tions for 1 2 C shows a significant isotcoic 
difference for %- scattering. The data were 
analyzed using the second order MSU optical 
potential proposed for low energy pi on nucleus 
elastic scattering. Agreement with the data was 
obtained using the same density distributions for 
the protons and neutrons. 
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ELASTIC AND INELASTIC SCATTERING OF 
158 HeV »Be IONS* 

C. B. Fulmer2 

G. R. Satchier 
K. A. Erb 
0. C. Hensley 

R. L. Auble 
J. B. Ball 
F. E. Bertrand 
E. E. Gross 

The elastic scattering of 158 HeV 'Be ions 
was measured for seven targets ranging In mass 
from 12 to 197. Inelastic data for exciting the 
lowest 2+ states of " C , 2«Hg, and «N1 were 
also obtained. The elastic data for 1 2 C and 1 6 0 
show pronounced structures at the most forward 
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angles which *n rapidly damped as the scat
tering angle Increases. The distributions for 
"Hg and " A l show marked structure with 
significant odd-even differences that can be 
ascribed to quadrupole scattering fro* the 2 7A1 
ground state. The elastic data were analyzed 
using the optical model with both woods-Saxon 
and folding-model potentials. The folded poten
tials *n too strong and require renormaliza-
tion; they do not give good fits to the data 
for the lighter targets. The inelastic data 
were compared to distorted-wave calculations. 

1. Abstract of published paper: Nucl. 
Phys. JM27, 545 (1984). 

2. Deceased. 

ZLASTIC AMD INELASTIC SCATTERING 
OF "OFROM 1 « . " * . 1 M | | 

R. L. Auble E. E. Gross 
C. E. Bemls, Jr. H. J. Kin 
F. E. Bertram! F. K. McGowan 
J . L. Blankenshipl R. 0. Sayer2 

Multidimensional barrier penetration calcula
tions in the quantum mechanical coupled-channels 
formalism offer the promise of a more complete 
understanding of the "enhanced* subbarrier 
fusion cross sections observed experimentally 
for many heavy-ion reaction systems. One such 
system of interest Is for 1 6 0 • l 8 H W, where 
"particular enhancements" to the subbarrier 
fusion cross sections nave been suggested and 
are associated with large negative static hexa-
decapole deformations.3 A r gorous coupled-
channels calculation would include couplings to 
all inelastic and transfer reaction channels and 
would use a realistic ion-Ion potential derived 
from experimental elastic and inelastic scatter
ing data. 

Comparative fusion cross sections for the 
UQ +• 182,I8>>,18«N systems are under experimen
tal Investigation in efforts to understand the 
predicted relationship between "enhani '" sub-
barrier fusion cross sections and static nega
tive hexadecapole deformations.1* To complement 

these studies, we have performed precision 
elastic and inelastic scattering measurements 
for these same systems in the angular range 
38«-74# for 100-fleV " 0 ions. This energy is in 
the nuclear-Coulomb interference region, and 
detailed knowledge of the ion-ion potential and 
matrix elements between states may be derived 
from the inelastic and elastic angular distribu
tion data. 

The elastic and inelastic scattering experi
ments were completed at HHIRF using the broad-
range spectrometer (BRS) equipped with the 
vertical drift chamber (VDC) in the fecal pl>-.i. 
The principles and operating characteristics of 
this detector have been reported5*6 previously. 
The analyses of data from these experiments are 
far from complete, anc" careful optimization of 
the parameters of the VDC is required in order 
to extract the elastic and inelastic differen
t ial cross sections. Initial scans of the data 
have indicated that the energy resolution *s 
adequate to permit separation of the elastic 
and 2* inelastic groups (-100 keV) and that 
statistics are adequate to allow binning of the 
differential cross section data into 0.25*-angle 
bins. However, an additional snort calibration 
experiment is required to provide an internal 
normalization of the data, due to the lack of 
sufficient angular overlap in the BRS settings 
used in our experiments. Extraction of the 
ion-ion potentials and coupling matrix elements 
will be performed after the data analyses are 
completed. 
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OPTICAL MODEL MB COUPLED CHMMEL 
AMUSES OF ELASTIC A» IICLASTIC SCATTERIK 

OF 1*0 FROM 2 a St AT 352 HeV 

8. L. Buries i. L. C. Ford, Jr . 3 

M. A. G. Fernandes1 E. E. Gross 
D. J . Horen D. C. Kensley 
R. L. Auble R. 0. Sayer* 
F. E. Bertrand D. Shapira 
J . L. Blankenship2 T. P. Sjoreens 

G. R. Satchler 

In a previous report,' the experimental pro
cedures for a aeasureaent of elastic and Ine
lastic scattering of 1 8 0 fro* "Si at 352 PfeV 
were presented. In this section we discuss the 
analysis of the elastic and inelastic scattering 
data; the reaction data analysis is presented in 
the following sections of this report. 

An optical model analysis of the elastic 
scattering data was performed using the code 
PTOLEHY.7 Three sets of optical model parame
ters, each obtained by fitting cross section 
data, were used as starting points for the 
parameter search. These three sets of optical 
model parameters are designated in the litera
ture as: A-type,« E-18,' and S-7." The well-
known first and second potentials have been used 

to describe l s 3 • *«Si elastic scattering over a 
large incident energy range; the S-7 set was 
obtained from the f i t of " 0 + 2 8 Si elastic and 
transfer data at E i n c > 56 NeV. The optical 
parameters derived from each initial potential 
set, '•: a search allowing ry. ry, ay, and a* to 
vary while keeping V and H fixed, are listed in 
Table 2.1 . Figure 2.13 shows the good agreement 
between the optical ai<del predictions and data. 
The fits with S-7F anJ A-F potentials differ 
l i t t l e over the entire angular range. 
Comparable descriptions of the data were 
obtained with other parameter sets derived from 
the same three initial optical model potentials. 

The inelastic "Si(1.78 NeV, 2+) data were 
analyzed using the coupled channel code ECIS,1 1 

assuming the axlally symmetric rotational model. 
The Coulomb deformation parameter was derived 
from the B(E2t) value with Re * r C 0 -A^ / 3 fn, 
corresponding to the experimental intrinsic 
quadrupole moment.i* The nuclear deformation 
parameters of the real and imaginary parts of 

M II 
the optical potential, B-y a n o Par w e r e d e r i v e d 

by equating nuclear and charge deformation 

Table 2.1. Optical model parameters extracted from 1 8 0 • "SI elastic 
scattering. These parameters were used in DMBA calculations described 

in the following two reports. 

Set V 

( * V ) 
rv 

(f«) 
»v 

(fm) 
W 

(*V) (fm) (fm) * 2 a (per point)' 

E-18Fb 10.0 1.291 0.725 23.40 1.191 0.599 3.1 

E-18F CC 10.0 1.29 0.689 23.69 1.191 0.561 4.3 

A-F c 100.0 0.971 0.6S2 44.1 1.043 1.051 4.8 

A-F CC 100.0 0.97 0.674 43.51 1.043 1.961 6.0 

S-7F d 50.0 1.077 0.641 43.0 1.041 1.004 5.0 

CC Identifies potentials derived by coupled-channel calculations. 
aThe values shown were obtained assunlng a 10* overall uncertainty In the 
experimental elastic cros» sections. 

r^ • 1.0 fm 
c r c o - 1.30 fa 

r c o • ry 
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Fig. 2.13. Elastic and inelastic angular 
distributions. The solid (dot-dashed) curves 
are optical Model predictions with S-7F(E-18F) 
potentials given in Table 2 . 1 . The dashed 
curves are coupled channel predictions with 
E-18F CC given in Table 2 . 1 . 

lengths. Only quadrupole deformation was 
assumed for the optical potentials. 

Potentials A-F CC and E-18F CC (Table 2.1) were 
obtained by f i t t i n g the elastic and 2* inelastic 
cross sections. The starting optical potential 
sets were A-F and E-18, respectively, and in the 
search only the parameters a y , •', and a„ were 
allowed to vary in a 0 + - 2 + coupling calculation. 
The coupled-channel calculations are seen to f i t 
the elastic and inelastic cross section data 
very well over the angular range Measured (see 
dashed lines in Fig. 2.13) . The deformation 
parameters used in the calculations with both 
potentials a-e presented in Table 2 .2 . 
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Table 2 .2 . Spectroscopic values used in the coupled channels 
calculations. 

Nucleus (MeV) J * 
B(E2)t a 

e2b2 & t 2V P2W 

28 S 1 1.780 0.0370 -0,369Q 

-0.624*' 
-0.265 t 

-0.259*1 

-0.247 t 

-0.281 d 

aRef. 12. 

°Deduced using ef - ~ z r [B(EL;+)]^. 
T C CA-F CC. 

dE-18 CC. 
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THO-OCTUPOLE PHONON STATES IN ««Pb 

J . R. Beene M. L. Halbert 
F. E. Bertrand I . Y. Lee 

R. 0 . Sayerl 

The study of low l y ing surface v ibrat ional 

states in nuclei has played an laportant ro le in 

the development of our understanding of elemen

ta ry aodes of nuclear e x c i t a t i o n . The study of 

the Interact ion between simple exc i ta t ion modes 

continues to be an act ive f i e l d of invest iga

t i o n . One aspect of t h i s f i e l d is the study of 

multi-phonon v ibrat ional s ta tes . A reasonable 

body of data has been assembled for two-

quadrupole-phonon states but data on two-

octupole-phonon states is almost nonexistent. 
2 0 8 P b , whose f i r s t excited state is a strongly 

co l l ec t i ve (~39 s.p.u. ) 3" s ta te , would appear to 

be a good place to look fo r two-octupole (n - 2) 

phonon s ta tes , and considerable e f fo r t has been 

expended in searching for candidates, but no 

convincing data ex i s t s . 

In the course of studies of the gamma decays 

of unbound s ta tes 2 in 2 0 8 P b , we have acquired 

data which suggest the existence of states near 

5.2 Nev ( i . e . , twice the energy of the 2.6 MeV 

3~ state) which have many properties expected of 

the n * 2 octupole s ta tes. The experiment was 

not optimized for the study of t h i s problem and 

therefore our data are inadequate In many 

respects. In early 1986 we w i l l perform a 

straightforward extension of our previous 

experiment to fol low up on these resu l t s . 

States of 2 0 8 P b were excited by ine las t ic 

scat ter ing of 380-MeV 1 7 0 . The Ine las t l ca l l y 

scattered l 7 0 Ions were detected 1n six SI sur

face barr ier telescopes at ei_ab " l 3 " * 

Associated gamna radiat ion was detected In 70 

elements of the ORNL Spin Spectrometer. Data on 

the re lat ive gamma decay strengths to various 

low l y ing states as a funct ion of 2 0 8 P b exc i ta

t i o n energy i s reproduced in F i g . 2.14. The 

exc i ta t i on energy p lo t ted was obtained f ron 

the summed gamma-ray energy in the Spin 

Spectrometer, but was required t o agree, wi th in 

experimental reso lu t ion , wi th the exc i ta t ion 

energy obtained from energy of scattered l 7 0 i o n . 2 

at 0 
I 30 
< o 

15 

0 

30 

15 

\ % | | ) 

» 12 
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F ig . 2.14. Relative gamma-decay strengths 
for t rans i t i ons to a number of l^w- ly lng levels 
1n 2 0 7 P b : (a) for ground-state decays; (b) for 
t rans i t ions to the 2.61-NeV, 3" s ta te ; (c) the 
4.08-MeV, 2+ s ta te ; (d) the 4.97-MeV, 3" s ta te . 
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A strong peak centered near 5.3 HeV excitation 
Is the dominant feature of Fig. 2.14b (decays to 
the 2.6-MeV 3~ state) and noticeably absent In 
the other plots. These data reveal a structure 
near 5.2 NeV which has a strong branch to the 
2.6-MeV state and no significant branch to the 
ground state or 4.08-HeV 2* state. The plots 
In Fig. 2.14 show gamma branching (gamma yield 
to specified final states divided by total gamma 
y i e l d ) . In Fig. 2.15 the total yield of gamma 
decays directly populating the 2.6-MeV 3" state 
Is plotted, demonstrating that the structure of 
interest is reasonably strongly excited (da/do 
> 1 mb/sr). 

The n = 2 octupole manifold should consist 
of states with J« « 0 + - 6 + . According to the 
simplest models the An « 2 decays of these 
states to the ground state should be forbidden. 
The state sho-jld have strongly enhanced E3 tran
sitions to the 3" 2.6-WeV state , 3 but i t seems 
l ikely that El decays of the 2* an-J 4 + members 
to the 3" state will probably be their dominant 
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Fig. 2.15. Distribution of strength directly 
populating the 2.6-MeV 3 ' state In 2» 8Pb as a 
function of 2 0 8 P b excitation energy. 

decay modes. The 6 + member wi l l also have 
allowed El transitions to the 5~ states below 
5.2 MeV. 

We wi l l investigate the gamma decays of the 
region around 5.2 MeV in detail by repeating our 
previous experiments with the addi t i t i of 8 to 
11 Compton suppressed Ge gamma detectors 
replacing elements of Spin Spectrometer. From 
the high resolution Ge data we wil l obtain pre
cise values for the excitation energy of states 
of the potential n = 2 manifold and also deter
mine the spins of the candidates from ft 
(Ge-Nal) angular correlations. 

1 . Computing and Telecommunications 
Division, ORNL. 

2. J . R. Beet,> et a l . , p. 503 in Nuclear 
Structure 1985 (P oceedings of the Niels Bohr 
Centennial Conference, Copenhagen, May 20-24, 
1985), edited by R. Broglia, G. Hagemann, and 
B. Herskind (North-Holland, 1985). 

3. A. Bohr and B. Mottelson, Nuclear 
Structure, Vol. I I (W. A. Benjamin, Reading, 
Mass., 1975). 

INELASTIC SCATTERING OF " S I AND 3 2 S 0*i 2 0 8 P b 
STUDIED IN THE SPIN SPECTROMETER 

D. C. Hens ley 
J . R. Beene 
F. E. Bertrand 

M. L. Halbert 
D. Humphrey1 

G. Vourvopoulos1 

Heavy ion inelastic scattering has been shown 
to be useful In studying collective nuclear 
structure propert ies. 2 * 3 The analysis of such 
experiments with the coupled-channel rotational 
model formalism can provide Information on 
deformation parameters p2

 a n < 1 0>»» static quadru-
pole moments of 2 + states, tr laxial shape 
parameters, and the relative phases of matrix 
elements. 

Although collective nuclear structure proper
ties can be studied via other methods such as 
(e,e')» ( p . p ' L or (ofO*), there are certain 
advantages to the use of heavy Ions. For 
example, values for B(E2+), Q k 0 , and Q2 may be 
derived simultaneously, and heavy ion Inelastic 
scatter provides Information on the 2+ * 4* 
matrix element - the light Ion reactions study 
only the .natrlx elements 0+ • 2* and 0* • 4 + . 
And 1t 1s possible that f i t t ing the differential 
cross sections helps establish the magnitude of 
the spin-orbit part of the heavy 1on potential. 
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Previous heavy ion studies based their 
results on the analysis of elastic scattering 
data and data for the excitation of the first 2* 
collective state. It has been shown in the 
scattering of 2 0 N e 2 and "si*.* „, 208^, 
however, that the 2* angular distribution in the 
region of the grazing angle is very sensitive to 
the addition of pi, deformation. Furthermore, 
for the case of 2 8 S i , it was found that a range 
of values for the hexadecapole deformation 
parameter % gave excellent fits to both the 
elastic and the 2 + inelastic angular distribu
tions. It is apparently necessary to have 
information on higher collective states in order 
to determine deformation parameters uniquely. 

Due to the existence of overlapping charged-
particle peaks in the vicinity of the peak for 
the 4+ state, it has not been possible to 
extract reliable experimental values for the 4 + 

cross section for the cases studied. Although 
magnetic spectrographs provide intrinsic 
resolution sufficiently good to separate the 
states of interest in most cases, the fact that 
the detected particle is excited and emits Y 
rays in flight causes the observed groups to be 
Doppler broadened so as to obscure the states of 
interest. We have chosen, consequently, to per
form the experiments in the Spin Spectrometer 
using position-sensitive charged-particle 
detectors in coincidence with the Nal detectors 
of the spectrometer. The good Y-ray efficiency 
and resolution of the Spin Spectrometer enable 
us to Identify the states of interest via their 
Y decay while tie charged-particle detectors 
provide the data for the needed inelastic-
scattering angula' distributions. 

We have now studied the 2oap b(28 Si,28 S1*) 
and 208p b(32 S >J2 S*) reactions at 8.5 
MeV/nucleon. The initial results for the 2 8 S 1 
experiment will be described; the 3;'S results 
are very similar. A beam of 2 pna on a 440 
vig/cm2 208pb target was sufficient to provide 
adequate counting rates 1n the charged-particle 
detectors which spanned the angular region from 
22° to 65° (the grazing angle was near 4 2 s ) . 
The counting rates In tfe Hal detectors were 
typically about 20 kHz, 

A great asset of the Spin Spectrometer for 
reactions producing few y rays is its ability to 
"count" the y rays. This is done by finding and 
summing the pulse heights from isolated clusters 
of detectors. (A cluster Involves about 1.5 
detectors, on the average.) As long as the 
number cf y rays is small, the probability that 
two clusters interfere is correspondingly small. 
Thus one can separate the various parts of the 
reaction into components with no y ray (chiefly 
the ground state), one y ray (chiefly the 2 8 S i 
2 + tate and the 2 0 8 P b 3" state), two y ravs, 
etc. In addition, since the direction and 
velocity of both the projectile and the recoil 
are known as is the angle at which each y ray 
was detected, it is possible to correct the v-
ray spectrum for the effect of any Doppler 
shift. The Y-ray spectra shown in Fig. 2.16 

oua-ouu. •»-;•]} 

Fig. 2.16. One cluster >-ray spectra 
measured 1n the Spin Spectrometer for the 
2 o e p b ( 2 8 S 1 ( 2 8 S l * ) reaction. The upper spectrum 
has been corrected for Doppler shifts assuming 
the v ray came from the detected SI nucleus. 
For the lower spectrum I t was assumed that the 
Y ray came from the recoil Pb nucleus. Peaks 
arising from the «»Pb( 2 8 S1, 2 »S1) 2 C 7 Pb reaction 
have been indicated also. 
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are single cluster spectra fro* the Spin 
Spectrometer for the 2 8 S i reaction. The upper 
spectrum was obtained by asv-^ing that the y ray 
was emitted by the scattered 2 B S i , while the 
lower spectrum was obtained by assuming that the 
Y ray was emitted by the recoil 2 0 8 P b nucleus. 
The effect of this "Donpler focusing" is quite 
dramatic, especially for the higher energy y 
rays. As was expected, the Z* state of 2 8 S i 
accounts for much of the one-cluster spectrum. 

In Fig. 2.17 a two-cluster plot is shown 
where the axes of the histogram reflect the 
energies of the two clusters. The histogram has 
been made symmetric by histogramming the two 
clusters f i rs t as #1 vs #2 and then as #2 vs #1. 
I t was assumed for this figure that both y rays 
were emitted by 2 8 S i . Figure 2.18 shows the 
same data where i t was assumed that one T ray 
was emitted by 2 8 S i and the other by 2 0 8 P b . The 
region of interest for the 4 + state of 2 8 S i is 
indicated in Fig. 2.17. The corresponding 
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Fig. '(£.17. A two cluster y-ray histogram 
measured 1n the Spin Spectrometer for the 
208pD + 28si reaction. The two clusters have 
been plotted as (1,2) and (2,1) so as to make 
the display symmetric. Both clusters were 
corrected for a S1 Ooppler shift . 2 8 S1 groups 
are indicated. FOst of the peaks near the axes 
came from the 2 0 8 P b ( 2 8 S 1 , 2 9 S 1 ) reaction. 
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Fig. 2.18. This histogram differs from that 
of Fig. 2.17 in that the larger cluster (#1) was 
Pb Doppler corrected, the smaller cluster (#2) 
Si Doppler corrected, and plotted as (1,2). 
Then the larger was Si Ooppler corrected, the 
smaller Pb Ooppler corrected, and plotted as 
(2,1). The histogram is now no longer symmetric 
about the 45° axis. Mote that the 2 8Si 4 + group 
indicated in Fig. 2.17 has washed out and the 
2OHpb 3- group has come into focus. 

region in Fig. 2.18 is seen to be shifted 
slightly to lower energy, Indicating the pres
ence of the y ray from the 3" state of 2 0 B P b 
mutually excited along with the 2* state of 
2 8 S i . (The energy of the 2 8S1 4+ Y ray is 2.84 
Mev, and the energy for the 2 0 8 P b 3" y ray Is 
2.62 Mev.) The Spin Spectrometer cleanly 
resolves the two contributions, allowing the 
angular distribution for the 2 8Si 4 + state to be 
obtained along with that for the mutual excita
tion of 2 0 8 P b 3- and 2 8Sf 2*. host of the 
counts in Figs. 2.17 anc 2.18 arise from the 
2« 8Pb( 2 8Si, 2 9S1) neuron p1ck-u? reaction In 
which a Y ray from 2 9S1 Is In coincidence with 
Y rays from the lowest excited states of 2 0 7 P b . 

A close examination of the y-ray spectrum 1n 
coincidence with the 2 8S1 2* r ray shows clearly 
that we can measure the angular distribution for 
the 2 9Sf 4+ state, for the 0 + state just above 
ft, and for the mutual excitation of the 2 8S1 2 + 
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state with both the 3- (2.61 Hev) and 2 + (4.C? 
MeV) states of 2 0 8 P b . Even though these states 
have peak differential cross sections of less 
than a few mb/sr, we are able to obtain detailed 
information over the whole angle range largely 
because of the very high efficiency of the Spin 
Spectrometer. 

On the other hand, the scattering chamber in 
the Spin Spectrometer is relatively small, and a 
precise determination of the charged-particle 
scattering angle from this experiment is 
impossible to obtain. Consequently, a short run 
in a larger scattering chamber has been planned 
during which we will measure the elastic angular 
distribution and the Z* angular distribution for 
both the 2 8Si and 3 2 S beams. From these data it 
will be possible to normalize the data taken in 
the Spin Spectrometer, so that angular distribu
tions for all of the more weakly excited states 
can be obtained. 

As a final note, we are able to obtain y-ray 
angular correlation information for many of the 
states, from which we will be *ble to deduce m-
substate populations for the reaction. This 
will provide one more piece of information to 
help the coupled-channel code make a unique 
determination of the nuclear structure proper
ties of the nuclei being studied. 
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EXCITATION OF THE HIGH ENERGY NUCLEAR CONTINUUM 
IN 2° 8Pb BY 22 MeV/NUCLEON 1 7 0 AND " S 1 
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with a magnetic spectrograph, show no evidence 
for peaks in the 30-100 MeV region of excita
t ion . This is in contradiction to recently 
published results. The 1 7 0 spectra are found 
to be remarkably similar to those from medium 
energy proton scattering, thus showing the 
"cleanliness" of 1 7 0 as a probe for neavy-ion 
excitation of giant resonances. 

1 . Abstract of paper submitted to Physical 
Review C. 

2. Computing and Telecommunications 
Division, 0RNI. 

3. jo int st i tute for Heavy Ion Research, 
Oak Rioye, TN J7831. 

4. Instrumentation and Controls Division, 
0RNL. 

5. Universidade de Sao Paulo, Sao Paulo, 
Brazi1. 

6 . Inst i tut fur Kernphysik, Jul ich, Vest 
Germany and Joint Institute for Heavy Ion 
Research, Oak Ridge, TN 37831. 

ELECTROMAGNETIC DECAY OF GIANT RESONANCES 
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The 208pD high excitation continuum has 
been studied using Inelastic scattering of 22 
MeV/nucleon 1 7 0 and 3 2 S . The spectra, taken 

R. L.. Varner 

During the ' ist two years, we have carried 
out a series of experiments designed to in>esti-
gate the electromagnetic decays of giant reso
nances (GR), primarily in 2 0 8 P b and 9 ° Z r . 3 . " An 
extensive report on the current status of these 
experiments, including a discussion of the pro
cedures we have developed for data analysis, can 
be found in Ref, 3. 

In these experiments we attempt to obtain as 
complete a set of data as possible on the decay 
of the region of excitation energy dominated by 
the T * 0, E2 and E0 resonances and th<» T » 1, 
El resonance (-9-15 MeV in 2 0 t P b , 12-21 MeV 1n 
9 0 Z r ' . Ut i l iz ing the ORNL Spin Spectrometer, 
we have been able to isolate and quantitatively 
study decay branches to the ground state and 
low-lying excited states. These data stimulated 
a number of calculations of the giant resonance 
decay proper t ies . 5 ' 6 One Interesting aspect of 
these calculations, which 1s borne ait by the 
data, Is the extreme suppression of the El 
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gamma-decay branch from the T » 0, E2 resonance 
(GQR) in 2 0 8 P b to the 3", 2.61-MeV state . These 
same calculations, on the other hand, predict a 
strong enhancement of the El decay from the T * 
1 GQR (E x ' 22 HeV) to the 3", 2.61-HeV state. 
Later in this report there is a brief discussion 
of plans for an experiment stimulated by this 
prediction. 

A major development during the last year has 
been an improved understanding of the ground-
state decays from the T = 0 GQR.3.7 The experi
ments give ground-state decay probabilities for 
the GQR of 

£j£ = (3.27 ± 0.45) x 10-4 ( 2 0 8Pb,GQR) ; 

£*° • (6 ± 3) x 10-5 («°Zr,GQR) • 

The Ir result suffers from very poor s ta t is t ics . 
This will be much improved when the analysis of 
a new experiment on Zr is completed. We es t i 
mate that we have increased the amount of data 
available by a factor of 20-50. 

The results for r Y n can be compared to 
expectation based on the energy-weighted sum 
rule (EWSR). I f we consider the ground-state 
gamma decay to occur directly from the GR door
way state, then i t should be considered as 
occurring in competition with the damping pro
cess, characterized by r*. (See Ref. 3 for a 
more detailed discussion.) We identify r* with 
the experimentally observed resonance widths 
r e x p (2.0 MeV in 2 0 8 P b and 3.4 MeV in ^ Z r ) . 
The ground-state gamma wioth for a state 
exhausting lOOt of the isoscalar I » 2 EWSR8 is 

, 5 
r y 0(EwsR) » 8.07 x i o - 7

E Y 0 B(E20EWSR 1 V ; 

B ( E 2 t ) E W S R *5B(E2*)-WSR • V ^ 2 ^ f m * • 

Using these expressions we find for the direct 
ground-state branch 

r v o (C)1 
r* loot EWSR 

8.82 x 10" 5 ( 2 0 8 Pb) ; 

b3J2l] . 4.6 x 10-5 ( 9 0 Z r ) . 
T* J 100% EWSR 

Taken at face value, this implies that the r T o 
strength in 2 0 8 P b corresponds to 379X of the 
EWSR and that in 9 0 Z r to -130X! Apparently, we 
should look either for some process associated 
with the reaction mechanism which might enhance 
the ground-state decay or for some process other 
than the direct process which might contribute 
to i t . The simplest explanation fa l ls in the 
lat ter category and involves the decay of the 
compound states into which the GQR is damped. 
We can estimate this effect: 

rYo (CN) <rT0>2» 
< T n > 2 + 

LGQR 

where < T T o > ' s t h e average g r o u n d - s t a t e branch 

of the individual compound states and <Tn> is 
the corresponding average neutron width. 9 

„ , , EyO fE2(EvO) 
< rrO(E T)> - p g . 2 > E G q R ) , 

where f£2(E Y) is the E2 gamma strength function 
and p is the density of states. 

Similar expressions can be given for the 
average neutron width , 1 0 

<r„> 

l

f(®f^h*i «**&**) 
p(J = 2, EGQR) 

where the sum is over final states (spin I ) in 
the A - 1 nucleus, v^ is the penetrability fac
t o r , 1 0 ' 1 1 t n is the neutron kinetic energy 
(MeV), and Ŝ  is the neutron strength func
t i o n 1 0 " 1 2 for orbital angular momentum t . 

Since both the CN and direct contributions 
depend on the EWSR strength, M<- data can be 
compared with the sum of the two to give 

2 0 8 P b E2 Y 0 strength ~ (107 ± 13)t EWSR, 
and 

9 °Zr E2 Y0 strength ~ (113 ± 60)% EWSR. 

'.he quoted uncertainties do not Include the 
uncertainty 1n the calculated relative neutron 
widths. 

Note that In earlier reports,1' due to an 
e-ror In our expression for the direct r y o sum 
ru e of a factor of (A /Z ) 2 , we quoted values of 
~85V of the EWSR for the EWSR for the direct 
compofvnt alone In 2 0 8 P h . 
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The strength of the ground-state E2 gamma 
branch from the GQR of both 2°8Pb a n d 9 0 Z r 1 s 

accounted for reasonably well i f effects of com
pound decay are included. Quantitative conclu
sions are hampered by the limitations of our 
estimate of the compound-state <Tn>, but this 
estimate offers a straightforward explanation 
of the ouch greater importance of compound 
decays in 2°8Pb ^^ l n 9 0 z r . The total gamma -
decay strength, given by the EWSR, controls both 
the direct and compound >*amma widths. The 
direct gamaa yield is thus completely determined 
by the EWSR and the spreading width, both of 
which vary slowly and systematically with 
nuclear species. The CN gamma y ie ld , however, 
depends, in addition, on the average neutron 
width at the QQR, which can vary enormously from 
nucleus to nucleus. Calculations can guide us 
to systems for which, l ike 9 0 Z r , the direct 
branch dominates. Bismuth-209 is an example in 
the Pb region. 7 

Some interesting inconsistencies s t i l l 
remain when these ideas are applied to some 
other GQR gamma-decay branches. The absence of 
a direct El branch from the GQR to the 2.61-fteV, 
3- state in 2 0 8 P b is well accounted for by cal 
cu la t ions; 5 ' 6 however, we must also consider 
the compound contribution to this decay, and in 
a purely stat ist ical decay, this branch should 
be about 301 as large as the E2 ground-state 
branch. The compound decay to this state is 
apparently also suppressed. 

Calculations 5 »6 stimulated by this work have 
shown that the T - 1 GQR in 2 0 8 P b (E x - 22 MeV) 
should have an extremely large decay branch 
to the 3 ' , 2.61-MeV state. We have determined 
that this isovector resonance can be strongly 
excited (mostly by Coulomb excitation) with 
100-NeV/nucleon " 0 Ions. We have proposed an 
experiment, to be carried out at the GANIL 
fac i l i t y 1n France, to use the strong excitation 
and distinctive gamma-decay rode to isolate the 
T • 1 GQR, a state for which almost no reliable 
experimental data exist . 
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The giant electric multipole resonances in 
heavy nuclei are simple nuclear states embedded 
in a dense spectrum of more complex states, with 
which they mix. The consequent damping of the 
giant resonances (GR) offers an excellent test 
of our understanding of many-body physics in 
atomic nuclei. The questions now being asked 1*' 5 

concerning the microscopic structure and the 
damping of these resonances require more 
detailed experiments than those which have 
served to build up the systematic catalog of 
gross properties of the resonances over the last 
decades. 6 _ e The data required are coincidence 
data on the particle and gamjna decay of the 
resonances, which can probe aspects of the reso
nance structure not addressed by the existing 
systematlcs. 6" 8 

We have carried out a series of experiments 
which provide important data on the neutron 
decay of giant resonances (primarily the T-0 E2 
and E0 resonances) In » ° i - and 2 0 ^ 9 , 1 0 j n 

these systems neutron decay accounts for the 
bulk of all decays (>99.9X) 1n the excitatio.i 
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energy region of i n te res t . Experimental tech

niques and data analysis procedures are 

discussed at some length in Ref. 9. 

The analysis of experimental data on the 

d i s t r i bu t i on of neutron-decay strength among 

various low ly ing states of the A- l system is 

now complete for both 2°8pb and 9 0 Z r . He clso 

have extracted neutron angular d is t r ibu t ions 

for strong t rans i t ions in the Pb system. The 

in terpreta t ion of these data is not s t ra igh t 

forward. Our goal is to i den t i f y and study 

any "nons ta t i s t i ca l " neutron emission. In 

order to do th i s we require extremely careful 

s t a t i s t i c a l model ca lcu la t ions, including 

thorough explorat ion of the reasonable parameter 

space of the model, i f conclusions are to have 

any real s ign i f icance. Cursory calculat ions 

employed to extract small nons ta t is t i ca l 

ef fects — or even worse - simple subtraction 

of assumed Maxwell Boltzmann s t a t i s t i c a l neutron 

s K ect have been, unfor tunate ly , a l l too common 

a character is t ic of previous work in th is f i e l d . 

Our goal over the next several months is to 

carry out s t a t i s t i c a l ca l :u la t i ons of su f f i c ien t 

qual i ty and deta i l that we can i den t i f y genu

inely nonstat is t ica l cnaracter is t ies in the 

data, and be able to address questions of s ig 

nif icance and uniqueness of our analysis in a 

quant i ta t ive way. 

1 . Universita Oegli Studi di Milano, 20133 
Milano, I t a l y . 

2. Solid State Oiv is ion , ORNL. 
3. Computing and Telecommunications 

D iv is ion , ORNL. 
4. 6. F. Bertsch, P. F. Bort ignon, and R. A. 

Brogl la, Rev. Mod. Phys. 55, 237 (1983). 
5. P. F. Bortignon and R. A. Brogl ia , Nucl. 

Phys. A371, 40b (1981). 
6. F. E. Bertrand, Annu. Rev. Nucl. Sc i . 26, 

457 (1976). 
7. G1 ant jtal t i po je Resonances, ed. F. F. 

Bertrand THarwood Academic," New York, 1980). 
8. F. £. Bertrand, Nucl. Phys. A354, 129c 
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9. J . R. Beene et a l . , p. 503 in Nuclear 

Structure 1985 (Proceedings of the Nfels" "Bohr 
CentVnni'a 1 "Conference, Copenhagen, May id-24, 
1985), edited by R. Brog l la , G. Hagemanr,, and B. 
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10. J . R. Beene et a l . , p. 34 in £hys. Olv. 
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TEST OF THE TRIAXIAL ROTOR MOB. AND THE IBFA 
MODEL DESCRIPTION OF COLLECTIVE STATES IN I 9 3 I r 

F. K. McGowan C. Rou le t l 

N. R. Johnson Y. A. E l l i s -Akova l i 
I . Y. Lee R. M. Diamond2 

W. T. Milner F. S. Stephens 2 

M. H. Guidry* 

Coulomb exc i ta t ion of states in 1 9 3 I r up to 

J = 21/2 have been observed with 160-MeV I , 0 Ar 

anc 617-MeV 1 3 6 Xe ions. Most of these states 

are g'-ouped into three ro ta t i ona l - l i ke bands 

base J on the 3/2+ ground s ta te , the 1/2+ f i r s t 

ex" i :ed s t a te , and the 7/2 + y -v ib ra t iona l - l i ke 

sta'.e at 621 keV. The average deviat ion between 

experimental and theoret ica l energies for 17 

states is 54 keV for the particie-asymmetric-

r i g i d - r o t o r model and 66 keV for the IBFA model 

( l im i ted to broken Spin(6) symmetry and only the 

d - . ? o rb i t a l is considered). The overal l agree

ment of both model predictions with experimental 

Y-ray y ie lds for t rans i t ions wi th in the 3/2 + 

banc is qu i te good. For interband t rans i t ions 

o r ig ina t ing .in the K = l / 2 + and 7/2* bands, the 

IBFA model tends to underestimate the y-ray 

y ie lds by one to two orders of magnitude. There 

are f ive moderately cr active t rans i t ions cor

responding to M i » 2 t rans i t ions in the U(6/4) 

and U(6/20) supersymnetry schemes''' 5 and are 

s t r i c t l y forbidden in these schemes. The U(6/4) 

supersymmetry scheme assumes that the proton 

moves only in the s ing le - j o rb i ta l d , . , . the 

mul ' . i - j U(6/20) super symmetry scheme includes 

a l l four pos i t ive par i ty s ing le -par t i c le o rb i -

t a l s , v i z . , g 7 . 2 > d 5 . 2 , d j . 2 > and s ^ 2 . The 

predict ions of exc i ta t ion energies are v i r t u a l l y 

i d e i t i c a l in U(6/4) and U(6/20). 

There Is one t rans i t i on 3/2 * 3/2 of 180 keV 

in 1 9 3 I r with a B(E2, 3/2 * 3/2) * 14 B(£2) s p 

which Is a s t r i c t l y forbidden A ^ = 2 t rans i t i on 

1n both supersymmetry schemes. This co l lec t ive 

E2 t rans i t i on 1s not a special s i tuat ion in 

" M r but a general feature In 1 9 M r and 1 9 7 A u . 6 

Table 2.3 presents a comparison of the experi

mental and model-predicted B(E2) values for 
1 9 M r . The B(E2) values preJicted by U(6/20) 

and U'6/4) supersymmetry schemes d i f f e r by only 

about 25%. For both supersymmetry schemes there 

is i l ick of detai led agreements with the B(E2) 

values for the AT , , i t rans i t ions from the 
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Table 2.3 Comparison between experiMental and model-predicted B(E2) values for I 9 3 I r . 

The B(E2) va'.ues are given in units of B(E2) s p = .00662e 2b 2 for A = 193. The adjustable 
ionst»-t :.. the E2 operator dedjced from B(E2) e x p for l , 2 0 s is v 2 » 3.32 B(E2) s p . In 
U(6/20) a t = 17/2 and in U(6/4) ^ * 15/2. 

T i i J i •Hf J f E T 
8< E 2>exp 

B(E2) Calculated 

Nucleus T i i J i •Hf J f E T 
8< E 2>exp U(6/20) U(6/4) 

Broken 
Spin(6) 

TM axial 
Rotor 

(keV) 
I 9 3 I r 3/2 

3/2 
3/2 

1/2 
5/2 
7/2 

1/2 
1/2 
1/2 

3/2 
3/2 
3/2 

73.0 
138.9 
357.7 

41.4 • 4.8 
7 7.0 • 1.5 
38.5 * 0.8 

69. 
69. 
69. 

56. 
S6. 
56. 

32.8 
63.0 
45.2 

14.4 
74.1 
38.1 

5/2 
5/2 
5/2 

3/2 
5/2 
7/2 

1/2 
1/2 
1/2 

3/2 
3/2 
3/2 

180.0 
361.8 
621. 

13.9 t 1.1 
1.40 t 0.60 
8.7 t 0.3 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.27 
0.5 
0.08 

16.S 
5.7 
3.6 

3/2 7/2 3/2 5/2 218.8 22.7 s 5.4 15.4 12.6 23.9 18.0 

5/2 3/2 3/2 1/2 107.0 "»:\ti 32.5 25.9 27.3 41.3 

5/2 
5/2 
5/2 
5/2 

5/2 
7/2 
9 / ' 

11/2 

3/2 
3/2 
3/2 
3/2 

1/2 
5/2 
5/2 
7/2 

289. 
482. 
382.9 
499. 

71.0 * 12.1 
20.4 t 3.0 
74.9 • 2.7 
50.3 t 3.5 

55.8 
47.4 
73.0 
93.0 

44.4 
37.7 
58.1 
74.0 

39.0 
28.5 
53.6 
78.7 

34.5 
14.1 
68.3 
£8.0 

a i i=13/2 1/2 3/2 1/2 3/2 460. 3.5 ± 0.3 0.0 0.0 0.02 6.3 
°ii=13/2 1/2 3/2 3/2 1/2 387. 0.62 t 0.41 0.0 0.0 0.54 5.6 
°ii=13/2 1/2 3/2 3/2 5/2 321. 0.74 t 0.26 0.0 0.0 0.09 4.7 

°ii=13/2 1/2 3/2 5/2 3/2 280. 
+0.29 

° - 2 1 - 0 . l 7 0.0 0.0 11.1 0.27 

5/2 5/2 5/2 3/2 182. 28.7 i 6.0 1.8 1.4 0.02 3.2 

1/2 3/2 1/2 3/2 0.0 (42.4 t 1.1) b 73. 60. 53.6 31.7 
l 9 2 0 s 1 2 0 0 205.8 (63.3 t 0.6) c 

aRef. 7 and 6 
"Ref. 9 
CRef. 10 

decay of the i j = 3/2 states to the 3/2 ground 
state. These features are, however, reproduced 
to a much better degree by the broken spin^C) 
calculations. Besides the five moderately 
collective transitions with ATJ « 2, there are 
four transitions in Table 2.3 with A ° I • 1 which 
are str ic t ly forbidden in the U(6/20) and U(6/4) 
supersyirmetry schemes. By far the most success
ful interpretation of the B(E2) values in " J I r 
is the particle-asymmetric rigid rotor mo'iel. 

1 . Present addr ss: Etudes et Productions, 
Sch1ufflbi»rijer, Clamar, 'ranee. 

CA. 
2. Lawrence Berkeley laboratory, Berkeley, 

3. Adjunct staff member from University of 
Tennessee, Kncxville, TM. 

4. A. 8. 8a1antekin et a l . , Nucl. Phys. 
A370. 284 (1981). 

5. Yin-Sheng Ying et a l . , Phys. Lett . 
1488. 13 (1984). 

6. F. K. McGowan et a l . , Ann. Phys. (N.Y.) 
63, 549 (1971). 

7. V. S. Shirley, Nucl. Oata Sheets 32, 593 
(1981). 

8. J . X. Salaoin et a l . , Bull . Am. Phys. 
Soc. 27. 705 (1982). 

9 . Y. Tunaka et a l . , Phys. Rev, Lett . 5 1 , 
1633 (1983). 

10. M. V. Hoehn et a l . , Phys. Rev. C 24, 
1667 (1981). 
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TEST OF THE TRIAXIAL ROTOR MODEL AND THE IBfA 
WOEL DESCRIPTION OF COLLECTIVE STATES IN ^ I r 1 

F. K. McGowan 
N. R. Johnson 
I. T. Lee 
W. T. Winer 
C. Roulet 2 

J. Hattula3 

M. P. FeweU'* 
Y. A. Ellls-Akovali 
R. H. Diamond5 

F. S. Stephens5 

M. W. Guidry6 

Coulomb excitation of «*»tes in m I r up to 
J = 21/2 have been observed with 160-HeV , , 0Ar 
and 617-NeV 1 3 6 X e ions. Most of these states 
are grouped into three rotational-l ike bands 
based on the 3/2* ground state, the 1/2* f i rs t 
excited state, and the 7/2 y-vibratlonal-like 
state at 686 keV. The average deviation between 
experimental and theoretical energies for 20 
states is 45 keV for the particle-asymmetric-
rlgid-rotor model and 125 keV for the IBFA model 
(limited to broken Spin(6) symmetry and only the 
d3/2 orbital is considered). The overall agree
ment of both model predictions with experimental 

T-ray yields for transitions within the 3/2 
band is quite good. For interband transitions 
originating in the K * 1/2 and 7/2 bands, the 
IBFA model tends to underestimate the r-ray 
yields by one to two orders of magnitude. These 
six moderately collective transitions correspond 
to 4^=2 transitions in the U(6/4) and U(6/20) 
supersyimetry schemes and are str ict ly forbidden 
in these schemes. For both supersymmetric sche
mes 7 ' 8 there is a lack of detailed agreement 
with the very collective E2 transitions which 
have At^O. t l in Table 2.4. The t r iax ia l rotor 
model description of the experimental energies 
and the collective E2 transitions is the most 
successful approach. 

1 . Summary of a paper to be published in 
Phys. Rev. C. 

2. Present address: Etudes et Productions, 
Schlumberger, Clamar, France. 

Table 2.4 Comparison between experimental and model-predicted B(E2) values for 1 9 1 I r . 

The B(E2) values are given in units of B(E2) s p and B(E2) s p » .00652 e 2 b 2 for A 
The adjustable parameter in Eq. (2) deduced from B ( E 2 ) e x p for l 9 0 0 s Is y 2 = 3.; 
In U(6/20) ot = 19/2 and in U(6/4) c^ « 17/2. 

191. 
25B(E2) s p . 

T H J 1 V J f (key") B(E2)exp 

B(E2) Calculated 

Nucleus T H J 1 V J f (key") B(E2)exp U(6/20) U(6/4) 
Broken 
Spin(6) 

TH axial 
Rotor 

I 9 1 j r 3/2 
3/2 
3/2 

1/2 
5/2 
7/2 

1/2 
1/2 
1/2 

3/2 
3/2 
3/2 

82.5 
129.4 
343.2 

20.9 ± 2.4 
91.7 t 2.6 
42.6 ± 0.9 

82 
82 
82 

68 
68 
68 

28.5 
95.6 
55.2 

17.9 
88.2 
46.3 

5/2 
5/2 
5/2 

3/2 
5/2 
7/2 

1/2 
1/2 
1/2 

3/2 
3/2 
3/2 

179.0 
351.1 
686.3 

16.6 t 1.4 
3.1 t 0.8 
9.7 i 0."* 

0.0 
0.0 
0.0 

0.0 
O.O 
0.0 

2.0 
0.5 
1.2 

34.4 
4.4 
3.5 

3/2 
3/2 

5/2 
7/2 

3/2 
3/2 

1/2 
5/2 

46.9 
213.8 

6.6 ± 3.4 
44.5 t 6.1 

12.3 
18.0 

*0.3 
15.1 

3.1 
41.1 

12.0 
26.5 

5/2 
5/2 
5/2 
5/2 
5/2 

3/2 
5/2 
7/2 
9/2 
11/2 

3/2 
3/2 
3/2 
3/2 
3/2 

1/2 
1/2 
5/2 
5/2 
7/2 

96.5 
268.6 
556.8 
373.1 
489.0 

54 t 11 
>89 
19.5 t 3.4 
102 t 3 
72 t 4 

39 
67 
57 
88 

111 

32 
55 
46 
72 
91 

38.2 
48.0 
34.2 
74.4 
80.8 

32.7 
48.5 
14.0 
78.7 
80.4 

a H-15/2 
o-n-15/2 
a l f »15/2 
<»i1"15/2 

1/2 
1/2 
1/2 
1/2 

3/2 
3/2 
3/2 
3/2 

1/2 
3/2 
3/2 
5/2 

3/2 
1/2 
5/2 
3/2 

539. 
457. 
409. 
360, 

(1.5 t 0 .7 ) c 

0.6 ± 0.6 
0.6 t 0.3 
0,5 t 0.3 

0.9 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.02 
0.55 
0.09 

11.3 

5.6 
5.0 
3.8 
0.21 

cil-15/2 1/2 3/2 5/2 5/2 188. 2 4 * 1 3 ' -1.8 0.0 0.0 4.0 2.4 

1/2 3/2 1/2 3/2 0.0 (50,8 t 1.1)' 85 71 69 21.0 

190Q5 1 2 0 0 186.7 (76.0 • 0 .6 ) b 

"Ref. 9 
°Ref. 10 
:Refs. 11 and 12 
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SPIN-FLIP DECOMPOSITION OF THE SPECTRUM FOR 
>°Zr(p,n) AT Ep • 160 Me¥* 

T. N. Taddeucci 2* 3 

C. D. Goodman3 

R. C. Byrd3 

I . J. Van Heerden3 

T. A. Carey* 

D. 0 . Horen 
J . S. Larsen5 

C. Gaarde5 

J . Rapaport2 

T. P. Welch2 

E. Sugar-baker6 

The transverse polarization transfer for 
the '"Zrtp.n) reaction has been Measured for 

160 NeV and 8 A sequence of a l te r 
nating unnatural parity and natural parity 
excitations is clearly revealed. Some of the 
observed features are consistent with the known 
or predicted excitation energies of 0* , 0", 1 * . 
and 1~ resonances. 

NUCLEAR STRUCTURE STUDIES 
VIA CHAR6E-EXCHANGE REACTIONS 

6AM0W-TELLER STRENGTH FUNCTION IN 7*Ge VIA 
THE (p.n) REACTION AT MEDIUM ENERGIES* 

D. Krofcheck 2 C. C . Foster 5 

E. Sugarbaker 2 C O . Goodman5 

J . Rapaport 3 I . J . Van Heerden 5 

D. Wang3 C. Gaarde 6 

J . N. Bahcal l 1 1 J . S . Larsen 6 

R. C. Byrd 5 D. J . Horen 
T . N. Taddeucci 3 « 5 

The GT strength function in 7 1 Ge has been 
measured using the 7 l Ga(p,n) reaction at 
E p = 120 and 200 HeV. While a significant frac
tion of the total strength is associated with 
excited states located below particle emission 
threshold, the f i r s t excited state exhibits 
l i t t l e GT strength. Excited state contributions 
to the total solar neutrino capture rate for a 
7iGa detector are about 14 SNU for the neutrino 
spectrum of the standard solar model and about 
3-4 SNU for representative nonstandard solar 
models. 

1 . Abstract of published paper: Phys. Rev. 
Lett . 55, 1051 (1985). 

2. Ohio State University, Columbus, OH 
43210. 

3. Ohio University, Athens, OH 45701. 
4. Institute for Advanced Study, Princeton, 

NJ 08540. 
5. Indiana University, Bloomington, IN 47405. 
6. Niels Bohr Inst i tute, Copenhagen, 

Denmark. 

1 . Abstract of paper sub*'tted to Physical 
Review C. 

2. Ohio University, Athens, OH 45701. 
3. Indiana University Cyclotron Fac i l i ty , 

Bloomington, IN 47405. 
4. Los Alamos National Laboratory. Los 

Alamos, MM 87545. 
5. Niels Bohr Inst i tute, Copenhagen, 

Denmark. 
6. Ohio State University, Columbus, OH 

43214. 

THE l»F(p,n)l9Ne AND 3»K(p,n) 3»Ca REACTIONS 
AT INTERMEDIATE ENERGIES 

AND QUENCHING OF THE GAMOW-TELLER STRENGTH 1 

J . Rapaport2 

C. Gaarde3 

J . Larsen3 

C. Goulding1* 
C. D. Goodman5 

C. Foster 5 

0 . J . Horen 
T. Masterson6 

E. Sugarbaker7 

T. N. Taddeuccl^.5 

The (p,n) reactions on 1 9 F and 3 9 K targets 
were studied at 120 MeV and 160 MeV using 
the Indiana University Cyclotron t ime-of-f l ight 
f a c i l i t y . States up to 12-MeV excitation energy 
were observed and angular distributions for 
these neutron groups are presented. The ground' 
state mirror transitions have accurately meas
ured ft values. This information is used to 
normalize the zero-degree energy spectra to a 
scale of Gamow-Tel1er (GT) transition proba
b i l i t y to obtain GT strengths to excited states. 
The experimental sum GT strengths are smaller 
than the sum-rule-limlt values, showing strong 
evidence for GT quenching. 
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1 . Abstract of published paper: Nucl. Phys. 
A431, 301 (1984). 

2 . Ohio University, Athens, OH 45701. 
3. Niels Bohr Inst i tute, Copenhagen, 

Denmark. 
4. Los Alaaos National Laboratory, Los 

Alajns, m 87545. 
5. Indiana University Cyclotron Faci l i ty , 

Bloomington, IN 47401. 
6. Colorado University, Boulder, CO 80309. 
7. Ohio State University, Columbus, OH 

43201. 

THE siv(p,n)5iCr REACTION AT E„ « 160 HeV1 

J. Rapaport2 

R. Alarcon2 

B. A. Brown3 

C. Gaarde1* 
J. Larsen* 

C. D. Goodmans 

C. C. Foster5 

D. Horen 
T. Hasterson6 

E. Sugarbaker7 

T. N. Taddeucci 2. 5 

The 5 1 V ( p , n ) 5 1 C r reaction was studied at 
E « 160 MeV using the Indiana University beam-
swinger fac i l i t y . Data were obtained at several 
angles up to 9. - 20°. The 0° spectrum was used 
to obtain a AL « 0 response function from which 
Gamow-Teller strength was derived. A shell-
model calculation of the GT strength d is t r i 
bution was presented and compared with the 
experimental results. The Ml strength was also 
calculated and compared with available results 
from (e .e ' ) and (p,p' ) experiments. A compari
son was made with other N • 28 nuclei. Effects 
of a truncated shell-model space are presented. 

1. Abstract of published paper: Nucl. 
Phys. A427, 332 (1984). 

2. Ohio University, Athens, OH 45701. 
3. Michigan State University, East Lansing, 

MI 48824. 
4. Niels Bohr Institute, Copenhagen, 

Denmark. 
5. Indiana University, Bloomington, IN 

47405. 
6. University of Colorado, Boulder, CO 

80309. 
7. Ohio State University, Columbus, OH 

43214. 

SOLAR-NEUTRINO DETECTION: 
EXPERIMENTAL DETERMINATION OF GAMM-TELLER 

STRENGTHS VIA THE '*Mo AND " 5 I n ( p , n ) REACTIONS1 

J . Rapaport2 

P. Welch2 

J . Bahcall 3 

E. Sugar-baker" 
T. N. Taddeucci2>5 

C. D. Goodman5 

C. F. Fosters 
0. Horen 
C. Gaarde6 

J . Larsen6 

T. Masterson7 

The empirical distribution of Gamow-Teller 
strengths in 9 a Tc and ' l 5 S n have been obtained 
via the (p.n) reaction at E * 120 Mev and 
E * 200 MeV on 9 8Mo and " M n targets. This 
information is used to calculate the cross sec
tions for absorption of solar neutrinos in 9 8 Mo 
and 1 1 5 I n , nuclides which are being considered 
as neutrino detectors to accomplish solar-
neutrino spectroscopy. 

1 . Abstract of published paper: Phys. Rev. 
Lett . 54, 2325 (1985). 

2. Ohio University, Athens, OH 45701. 
3. Institute for Advanced Study, Princeton, 

NJ 08540. 
4. Ohio State University, Columbus, OH 

43201. 
5. Indiana University, Bloomington, IN 

47401. 
6. Niels Bohr Inst i tute , Copenhagen, Denmark. 
7. University of Colorado, Boulder, CO 

80309. 

MEASUREMENTS OF GAMOW-TELLER STRENGTH 
DISTRIBUTIONS IN MASSES 13 AND 15 

C. D. Goodman2 

R. C. Byrd2 

I . J . Van Heerden2 

T. A. Carey3 

0. J . Horen 

J . S. Larsen1* 
C. Gaarde" 
J . Rapaport5 

T. P. Welch5 

E. Sugarbaker6 

T. N. Taddeucci :- 5 

The differential cross section and the trans
verse spin-flip probability have been measured 
for the dominant transitions In 1 3C(p,n) 1 3N and 
l 5N(p,n) l 5t) at E p « 160 MeV. The Gamow-Teller 
transition strengths deduced from the data show 
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1" 3" that the Major -~ * -x transitions are strongly 
1" 1~ 

quenches relative to the j * j Mirror tran
sit ions, in strong disagreement with simple 
shell-aodel expectations. 

1 . Abstract of published paper: Phys. Rev. 
Lett . 54. 877 (1985). 

2. Indiana University Cyclotron Faci l i ty , 
Blooaington, IN 47401. 

3. Los Alaaos National Laboratory, Los 
Alaaos, m 87545. 

4 . Niels Bohr Inst i tute, Copenhagen, 
Denmark. 

5. Ohio University, Athens, OH 45701. 
6. Ohio State University, Columbus, OH 

43201. 

AN INVESTIGATION OF THE M S I ^ ^ ' F ^ ' A I 
SINGLE CHARGE EXCHANGE REACTION AT 

19.5 HeV/NUCLEON 

0. J . Horen 
D. L. Burks 
M. A. G. Fernande;1 

R. L. Auble 
F. E. Bertrand 
J . L. Blankenship2 

J . L. C. Ford, J r . 3 

E. E. Gross 
D. C. Hensiey 
F. Petrovlch* 
R. 0. Sayer5 

G. R. Satchler 
D. Shapira 
T. P. Sjoreen6 

Measurements on the 28 S f ( i8o, i8F)28 A i charge-
exchange reaction at Ej ab ' 352 MeV have been 
completed7 for GQ, -4" -12 0 , and the data have 
been analyzed. The target used was a self-
supported foi l of 117 ug/cm2 of natural si l icon. 
An experimental energy resolution of -265 keV 
was attained. A spectrum obtained by setting 
mass and charge gates to identify I 8 F icr*; 
detected with the broad-range spectrograph focal 
plane detector system is shown in Fig. 2.19. 
The peaks centered near channels 1190 and 1145 
correspond to excitations in 2 8A1 where the l 8 F 
eject) le was le f t in its ground state. The peak 
at channel 1190 arises from transitions to the 
ground (3 + ) and f i rst excited (2 r ) states in 
2 8 A l . The peak at channel 1145 could be asso
ciated with excitation of states 1n 2 8 A1 at 
2.139 ( 2 + ) , 2.202 ( 1 + ) . and 2.27 (4 + ) MeV. 

In Fig. 2.20 are plotted the charge-exchange 
differential cross sections for excitation of 
these two multiplets. We have performed single-
step OUBA calculations using microscopic form 
factors and optical model parameters deduceo 
from f i ts to elastic scattering data (described 

Fig 2.19. 2 8 S i ( i « 0 , l 8 F ) 2 8 A l spectrum at 
e i a o = 3.12°. 

<6> OWHt-OW* K-tTtlt 

». to 5 

.00 

352 MtV 

GS (S*) + 0.0SI(2*) 

F1g. 2.20. Comparison of 2 8 { i 8 0 , l * F ) 2 9 A l 
data with the microscopic DWBA predictions for 
the (g.s. + C.031 MeV) and 2.20 MeV doublet 
transitions. The S-7F optical model potential 
derived from f i t t ing the l 8 0 • 2»a1 elastic 
data and used 1n the one-nucleon transfers 
(contributions In the present report) was used 
in the entrance and exit channels. 
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by Burks et a l . , "Optical Model and Coupled 
Channels Analyses of Elastic and Inelastic 
Scattering of l"0 from " S i at 352 HeV," 
earl ier in this section). The form factors 
were calculated using a double folding Model 
with harmonic oscillator wave functions and 
transition amplitudes provided by Wildenthal, 8 

and the M3Y effective nucleon-nucleon inter
action. The calculated cross sections are also 
shown in Fig. 2.20. For the ground and f i rs t 
excited state doublet, the calculated cross sec
tions for each state are plotted separately. 
The reason that the cross section for the 3 + 

state is less diffractive than that for the 2+ 
state can be traced to the fact that the ampli
tudes of the central plus exchange (+E) and 
tensor (T) components are nearly equal for the 
3* state, whereas the 2+ state is Mainly excited 
via the C+E force. The calculated cross sec
tions leading to excitation of the 2* and 4+ 
states near 2.2 NeV were negligible relative to 
that for the 1* state. In the lo*&r portion of 
Fig. 2.20 we show the calculated cross section 
for the 1 + state as well a« the separate C+E 
and T components of .he interaction. 

At the present time, we do not believe that 
the relatively good agreentent in magnitude 
between the experimental and calculated cross 
sections can be taken as an indication that the 
reaction takes place entirely by » one step 
process. F i rs t , we know from intermediate 
energy (p,n) measurements that tne spin-isospin 
6T transitions are quenched. I t is generally 
believed that a major part of this quenching 
arises from configuration mixing which is not 
taken Into account in our calculation. 
Furthermore, i t has been suggested9 that the 
strength of the central part of the M3Y inter
action might be too large by about a factor of 
two. Hence, we suspect that at least half of 
the experimental cross section to the 2.2-HeV 
peak arises from other than a one step process. 

The same microscopic form factors for excita
tion of the ground-state doublet were also u t i 
lized Kith the S-7 OMP of Ref. 10 to calculate 
the charge-exchange cross section at 3.1 
MeV/nuc'eon. The calculated cross section was 

found to be two orders of Magnitude smaller than 
that experimentally observed. 1 0 

In summary, we interpret these results as 
indicating that in the * 8 S i ( 1 8 0 . l 8 F ) 2 8 A l charge-
exchange reaction the one-step contribution is 
insignificant at 3.1 NeV/nucleon but is becoming 
comparable to other reaction paths at 19.5 
NeV/nucleon. Further experimentation is 
required to determine whether this reaction at 
-20 NeV/nucleon wi l l prove useful in deducing GT 
matrix elements. 

1 . Universidade de Sao Paulo, Depart amento 
de Fisica Nuclear, Sao Paulo, Brazil . 

2 . Instrumentation and Controls Division, 
ORNL. 

3. Deceased. 
4. Florida State University, Tallahassee, FL 

32306. 
5. Computing and Telecommunications 

Division, ORNL. 
6. Solid State Division, ORNL. 
7. Phys. Div. Prog. Rept. for Period Ending 

Sept. 30, 1983T~0RNL 6004T"pT 757 
87 ~~B~7 H. Wildenthal, private communication. 
9. F. Petrovich, in the (p.n) Reaction and 

the Nucl eon-Nud eon Force, edited by C. D. 
Goodman et a l . (Plenum, New York, 1980), p. 115. 

10. B. T. Kim et a i . , Pliys. Rev. C 20, 1396 
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NUCLEAR STRUCTURE STUDIES 
VIA TRANSFER AND CAPTURE REACTIONS 

SPINS AND PARITIES OF LOW-LYING STATES IN 8 l Kr 
FROM THE »<»Kr(a,p)«1Kr REACTION AND 

IMPLICATIONS FOR A "BR SOLAR NEUTRINO DETECTOR1 

B. L. BiTks T. B. CI egg3 

R. E. Anderson2 E. J. Ludwig3 

R. L. Varner 

The structure of 8 1 K r has been investigated 
via the 8 0 K r ( 3 , p ) 8 l K r reaction using an 11.0-MeV 
vector-polarized deuteron beam. Differential 
cross sections, a, and vector analyzing powers, 
Ay, have been measured from 20° to 90" for 17 
excited states below 3.0-MeV excitation energy. 
Comparisons of these distributions to DWBA 
calculations and empirical shapes were made to 
extract spectroscopic factors and values of spin 
and parity for these states. The significance 
of these measurements to the design of a bromine 
solar neutrino detector is discussed. 
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1 . Abstract of published paper: Nucl. Phys. 
A442, 300 (1985). 

2. Rockwell International Corp., Golden, CO 
80401. 

3. University of North Carolina, Chapel 
H i l l , NC 27514 and Triangle Universities Nuclear 
Laboratory, Durham, NC 27706. 

ALPHA-PARTICLE D-STATE AND CONFIGURATION-MIXING 
EFFECTS IN THE 8 ' Y ( d , a ) 8 7 S r REACTION* 

B. C. Karp2 B. L. Burks 
E. J . Ludwig3 T. B. Clegg3 

J . E. Bowsher3 F. D. Santos" 
A. M. £1™* 

Angular distributions and cross sections of 
vector and tensor analyzing powers have been 
measured for low-lying levels populated by the 
8 5 Y ( d , a ) 8 7 S r reaction at 9 .0 , 12.0, and 16.0 
MeV. Full finite-range MBA calculations that 
include the effects of an alpha-particle D-state 
component and (L.J)-mixing have been performed. 
The ground-state transition indicates that the 
D-state parameter D2 • -0.35 ± 0.1 fro 2. The 
angular distributions of tne tensor analyzing 
powers are very sensitive to the magnitude and 
sign of the mixing amplitudes and can be used to 
determine the neut on-proton configurations 
transferred. The mixing amplitudes for the 
0.388-MeV and 0.873-MeV states in 8 7 S r are 
established from the analysis. 

1. Abstract of paper submitted to Nuclear 
Physics A. 

2. AT4T Bell Laboratories, Holmdel, NJ 07723. 
3. University of North Carolina, Chapel H i l l , 

NC 27514 and Triangle Universities Nuclear 
Laboratory, Durham, NC 27706. 

4. Centro de Fisica Nuclear da Universidade 
de Lisboa, Av. Gama Pinto, 2, 1699 Lisbon Codex, 
Portugal. 

A MBA ANALYSIS OF THE »«Sr(J,p) 8 7 Sr REACTION1 

B. L. Burks E. J . Ludwig3 

R. E. Anderson? B. C. Harp* 
T. B. Clegg3 Y. Aoki 5 

Tne structure of 8 7 S r has been investigated 
via the 8 6 S r ( 3 , p ) 8 7 S r reaction using an 11.0-HeV 
vector-polarized deuteron beam. Differential 
cross sections, a, and vector analyzing powers, 
Ay, have been measured from 20° to 105° for 18 
excited states below 4.0 MeV excitation energy. 

Comparisons of these distributions to DWBA 
calculations and empirical shapes were made to 
extract neutron spectroscopic factors and values 
of spin and parity for these states. Angular 
distributions j f a and Ay were also ne^ured 
from 25° to 165° for 8 6 S r ( 3 , d ) 8 6 ' , r elastic scat
ter ing. An optical-model analy* s of these data 
provided deuteron potential parameters for the 
MBA calculations. The significance of these 
measurements to the design of a rubidium solar 
neutrino detector is discussed. 

1 . Abstract of paper submitted to Nuclear 
Physics A. 

2. Rockwell International Corp., Golden, CO 
80401. 

3. University of North Carolina, Chapel 
H i l l , NC 27514 and Triangle Universities Nuclear 
Laboratory, Durham. NC 27706. 

4. AT&T Bell Laboratories, Holmdel, NJ 
07723. 

5. University of Tsukuba, Ibaraki, Japan. 

STATES OF 3 8 S FROM THE 3 « S ( t , p ) » S REACTION* 

N. J . Davis 2 M. C. Ve t te r l i 2 

J . A. Kuehner2 C. Bamber2 

A. A. Pi I t 2 E. K. Warburton3 

A. J . Trudel 2 J . W. Olness3 

S. Raman 

The 3 6 S ( t , p ) 3 8 S reaction was studied at 
18-MeV bombarding energy with an overall energy 
resolution of 55 keV. Excited states of 3 8 S 
were identified at energies (uncertainties in 
parentheses) of 1295(10), 2835(14), 3375(17), 
3690(17), 4336(20), 4478(22), 4955(25), 
5064(27), 5278(28), 6000(30), and 6605(60) keV. 
Angular distributions were measured for protons 
leading to the ground state and ten lowest 
excited states. The data are compared with 
distorted-wave Born approximation calculations 
in which a microscopic two-nucleon form factor 
was employed. On this basis spin assignments 
have been made for several states. A comparison 
1s made between levels observed in 3 8 S and those 
predicted by the weak coupling and shell models. 

1 . Abstract of published paper: Phys. Rev. 
C 32, 713 (1985). 

2. McMaster University, Hamilton, Ontario, 
Canada L8S 4K1. 

3. Brookhaven National Laboratory, Upton, NY 
11973. 
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ONE-NUCLEON-TRANSFER REACTIONS INDUCED BY 
352-NeV " 0 ON 2«S1 

M. A. G. Fernandes1 

B. L. Burks 
D. J . Horen 
R. L. Auble 
F. E. Bertrand 
J . L. Blankenship 2 

J . L. C. Ford, J r . 3 

E. E. Gross 
D. C. Hensley 
R. 0. Sayer1* 
G. R. Satchler 
D. Shapira 

T. P. Sjoreen 5 

Previous one-nucleon transfer studies induced 

by heavy ions have shown that DHBA calculat ions 

reproduce reasonably well the magnitude and 

shape of angular d is t r ibu t ions for t rans i t ions 

to states with strong s ing le-par t ic le or s ing le-

hole components. 

In the present 2 8 S i ( 1 8 0 , l 7 0 ) and 
2 8 S i ( 1 8 0 , 1 9 F ) transfer studies, f in i te- range 

DUBA calculat ions were performed with the code 

PTOLEMY. Data taken previously 6 for these same 

reactions at E l e f l = 56 MeV were reanalyzed with 

rTOLEMY, in order to compare the incident energy 

dependence of the experimental cross sections 

with that predicted by the WBA. Therefore, the 

same bound-state parameters were used at 56 MeV 

and 352 MeV for a l l t rans i t ion- ; : r = r s o = 1.20, 
a o = a s o = ° - 6 5 fin a n d v s « ; = 7 ^ V . 

In the case of the r«-MeV dati analysis, only 

tht- S-7 parameter set obtained in Ref. 6, was 

t r i ed in the present ca lcu lat ions. For the 

(180,170) and ( , 8 0 , > 9 F ) transfers at 352 MeV, 

the three opt ica l potentials (S-7F, A-F, and 

E-18F) deduced from the e last ic data analys is 7 

were invest igated. The same optical potent ial 

was used in the entrance and ex i t channels in 

each c a j * . 

0WBA predictions and measured ( 1 8 0 , l 7 0 ) angu

lar d is t r ibut ion" : for well known predominantly 

s ing le -par t i c le states in 2 9 S i are compared in 

F ig . 2.21. Potentials S-7F and A-F reproduce 

the magnitude and shape of the data reasonably 

w e ' l . On the contrary, DWBA predictions with 

the E-18F potential overestimate the magnitude 

of tht measured cross sections by a factor of 

two at 352 MeV. The spectroscopic factors of 
2 9 S i states obtained using the various optical 

parameters sets , and assuming Sl{liQ-i70) * 1.59 

(Ref. 8) are giv<?n ir, Table 2.5. The values 

l i s t ed are normalized to Sg. s(d,p) * 0.51 (Ref. 

9 ) , and agree with the (d,p) (Ref. 9 ) , ( 1 8 0 , 1 7 0 ) 

t ., 

0 2 4 6 a io 12 M 16 IS 

Fig . 2 .21. 2 8 S i ( 1 8 0 , 1 7 0 ) 2 9 S i angular d i s t r i 
but ions. The sol id curves are DWBA predictions 
using S-7F opt ical po ten t i a l . The dot-dashed 
curve was obtained with the E-i8F opt ical poten
t i a l . 

at 56 MeV (Ref. 6 ) , and ( ^ N . ^ N ) (Ref. 10) 

studies. 

In the case of the ( 1 8 0 , 1 9 F ) reac t ion , the 
1 9F(0.199 MeV, 5/2+) state is strongly excited 

in comparison with the 1 9 F ground s ta te . Such 

behavior is 1n agreement with l 8 0 ( 3 H e , d ) 1 9 F 

results (Ref. 11). The several measured and 

calculated angular d i s t r i bu t i ons displayed in 

F ig . 2.22, represent mutual exc l ta t lo rs of the 
1 9 F state t*. 0.199 MeV and the varlou' predomi

nantly single-hole states In 2 7 A ! l i s ted in the 

f i gu re . As was the case for the f 1 8 0 , 1 7 0 ) 
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Table 2.5. Comparison of the spectroscopic factors S 2 for " S i states extracted in the present 
( u 0 , l 7 0 ) OWEA calculations with results from other work. 

Ex 
J» A-F 

("O. l 'O) 
Present Hork 

E-18F " S-7V 
56 MeV° 

S-7 S(d.p)C hi ISN.^Njd 

0.0 1/2* 0.53(0.81) 0 .53(C28) 0.53(0.66) 0 .53(0.66) 0.53 0.525 

1.28 3/2* 0.73(1.11) 0.63(0.33) 0.72(0.91) 1.24(1.56) 0.74 1.154 

2.03 5/2* 0.13(0.19) 0.13(0.17) Hot resolved 0.12 0.155 

3.07 5/2* 0 .08(0.12) 0.08(0.10) Not resolved 0.06 0.060 

3.62 7/2- 0.30(0.45) 0.32(0.40) 0.46(0.57) 0.40 0.546 

4.93 3/2" 0.50(0.77) 0.53(0.67) 0.41(0.5L) 0.55 

'Assuming S i ( l 8 0 . 1 7 0 ) spectroscopic factors S^d j / j ) - 1.59 (Ref. 8 ) . On each column the f i rs t 
values were obtained by normalizing to the the S 9 s U.P) * ° ' 5 3 (Re f- 9 ) . resulting in N - 1.26 
(S-7f) , N = 1.52 (A -F \ and N = 0.53 (E-18F) for the different potentials. In parentheses are 
listed the vi'ues obtained for N * 1. 

^Data from Ref. 6 and reanalyzed in the present work using the procedure in a. 

CRef. 9. 
dRef. 10. 

mL-mc $>-mt 

< _ os%* «0' -

1 : 1 1 r 
2 , S. ( "O ."F I "A , 
£ - • 3 3 2 MtV 

- IOI sh 

KT' 

transfer, DWBA predictions with S-7F and A-F 
potentials describe in magnitude and shape the 
( l * C , 1 9 F ) data but the shallow E-18F potential 
'-jain overestimates the measured cross sections 
by a factor of about two. Table 2.6 shows the 
good agreement between the 2 7 A1 spectroscopic 
factors extracted in the present work and those 
from (d, 3He) (Ref. 12) and ( l s N , 1 6 0 ) (Ref. 10). 

Previous studies of the incident energy 
dependence of transfer cross sections were per
formed with closed-shell systems: 1 6 0 + 2 0 8 P b 
(Refs. 13, 14) and i f i 0 + '•8Ca (Ret. 15). In the 
case of 1 6 0 + 2°8Pb for incident energies 
spanning the E/En, ~ 1-4 region in relation to 
the Coulomb barrier, the DWBA predictions at the 
higher energies overestimate the data by factors 
2-3, whereas no such discrepancy between experi
mental and calculated cross sections *as 
observed for the 1 6 0 + 1 , 8Ca systems at E/Eg » 4. 
The present DWBA calculations using the E-18F 
potential show similar behavior as 1n the case 
0 f 16Q + 208p b, 

Fig. 2.22. 28Si( l f l0, 1 9F)"AJ ar,gular distrl 
butlons. See legend of Fla. 2.21. 

1. Universidade de Sao Paulo, Sao Paulo, 
Brazil. 

2. Instrumentation and Controls Division, 
ORNL. 

3. Deceased. 
4. Computing and Telecommunications 

Division, ORNL. 
5. Solid State Division, ORNL. 
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Table 2.6. Comparison of the spectroscopic factors S 2 for 2 7 A1 states extracted from the present 
i * s u, '»M UNVA analysis with results fro* other «ork. 

Ex 
J* 

Present Work' 56 MeV° 
S-7 S(d . 'He) c hi (NeV) J* A-F t - l W S-?F 

56 MeV° 
S-7 S(d . 'He) c hi l*N,l*0)d 

0.0 5/2* 4.02 3.76 3.80 

0.84 1/2* 0.49(0.6I» 0.49(0.20) 0.49(0.51) 0.49 1.02 

1.01 3/2* 0.89(1.12) 1.00(1.04) 0.56 1.03 

2.21 7/2* (<0.4) 0.71 

2.73 5/2* 0.70(0.87) 0.65(0.68) 0.61 

4.05 1/2" 2.06(2.57) 1.93(2.00) 1.80 

4.41 5/2* 0.38(0.39) 0.35 

5.16 3/2" 1.16(1.45) 1.08(1.12) 1.0 

*The f i rs t values on each colunn were obtained by nonaalizinq to the SQ 8 4 ( < ' . 1 H * ' ° - * 9 (Ref. 11). 
and assuming for the ( l 9 0 , l » F ) system So.i99(3He,d) * 0.408 (Ref. 6 ) . 

b0ata from Ref. 6, where only the 2 7 A l q . s transition » 
these data, we assumed S g . s ( i 9 0 - " F ) ' 0.21 (Ref. 11) 

was studied. In the present reanalysis of 

cRef. 12. 

dRef. 5. 

6 . B. T. Kim et a l . , Phys. Rev. C 20, 1396 
(1979) . 

7. B. L. Burks et a l . , "Optical Model and 
Coupled Channels Analyses of Elastic and 
Inelastic Scattering of 1 8 0 from 2 8 S i at 352 
MeV," this section. 

8. R. D. Lawson, Theory of the Nuclear Shell 
Model (Oxford University, Lond"on, 1980). 

9. M. C. Mermaz et a l . , Phys. Rev. C 4 , 1778 
(1971) . 

10. J . C. Peng et a l . , Phys. Rev. C 18, 2179 
(1978) . 

11. F. Ajzenberg-Selove. Nucl. A300, : (1978). 
12. B. H. Wildentha! and E. Newman, PI. 'S. 

Rev. 167, 1027 (1968). 
13. S. C. Pieper et a l . , Phys. Rev. C 18, 180 

(1978). 
14. C. Olnier et a l . , Phys. Rev. C 18, 205 

(1978). 
15. T. J . Humanic et a l . , Phys. Rev. C 26, 

993 (1982). 

revealed a total of 35 resonances below a 
neutron energy of 500 keV. At least 27 of the 
resonances are p-wave resonances. The near 
absence of s-wave resonances in this energy 
region resulted in an extremely low value for 
the s-wave neutron strength function. The 
current -v-ray data complement earlier studies 
of y rays and delayed neutrons following the 8 
decay of 1 3 7 I . By combining al l data, we have 
obtained a detailed picture of the level density 

in l 3 7 X e for a wide range of angular momenta. 
I + 1 • 

With the exception of j and j levels, the 
overall agreement is good between the current 
data and predictions of the Fermi gas model. 

TEST Of FERMI GAS MODEL PREDICTIONS OF 
LEVEL DENSITY IN l"Xe* 

B. Fogelberg2 

J . A. Harvey3 
M. Mizumoto" 
S. Raman 

We have studied the unbound levels of 1 3 7 X e 
via neutron resonance reactions and p decay of 
1 3 7 I . High-resolution neutron transmission data 

1. Abstract of published paper: Phys. Rev. 
C 31 2041 (1985). 

2. The Studsvlk Science Research Laboratory, 
S-61! 32 Nykoping, Sweden. 

3. Engineering Physics and Mathematics 
Dlv is . jn , ORNL. 

4. Guest scientist from the Japan Atomic 
Energy Research Insti tute, Tokal-mura, Naka-gun, 
Ibraki-ken, Japan under the 1984 JAERI/USOOE 
Agreement on Cooperation in Research 1n the area 
of Nuclear Physics. 
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THERMAL NEUTRON CAPTURE GAMMA RATS 
FROM SULFUR ISOTOPES: EXPERIMENT AND THEORf1 

S. Raman J. C. Wells 3 

R. F. Carlton2 E. T. Jurney1* 
J. E. Lynn 5 

We have carried out a systematic Investiga
tion of y rays after thermal neutron capture by 
all stable sulfur isotopes ( 3 2S, 3 3 S , 3"S. and 
3 6 S ) . The measurements were made at the inter
nal target facility at the Los Alamos Omega West 
Reactor. We detected a larger number of y rays: 
-100 in 3 3 S , -270 in 3 " S , -60 in 3 5 S , and -15 in 
3 7 S . Before developing detailed level schemes, 
Me culled and then consolidated the existing 
information on energies and J* values for levels 
of these nuclides. Based c- the current data, 
we have constructed detailed decay schemes 
which imply that there are significant popula
tions of 26 excited states in 3 3 S , 70 states in 
3 I»S, 20 states in 3 5 S , and 7 states in 3 7 S . By 
checking the intensity balance for these levels 
and by comparing the total intensity of primary 
transitions with the total intensity of second
ary y rays feeding the ground state, we have 
demonstrated the relative completeness of these 
decay schemes. For strongly populated levels, 
the branching ratios based on the current 
measurements are g-nerally better than those 
available from previous measurements. In all 
four cases, a few primary electric dipole (El) 
transitions account for a large fraction of the 
capture cross section for that particular 
nuclide. To understand and explain these tran
sitions, we have recapitulated and further 
developed the theory of potential capture. 
Toward this end, we reviewed the theory relating 
off-resonance neutron capture to the optical -
model capture. We studied a range of model -
dependent effects (nature and magnitude of 
Imaginary potential, surface dlffuseness, etc.) 
on the potential capture cross section, and we 
have shown how experimental data nay be ana
lyzed using the expression for channel capture 
suitably modified by ,.• factor that takes into 
account the model-dependent effects. The calcu
lations of cross sections for most of the 
primary transitions in the sulfur isotopes are 

in good agreement with the data. Some discref-
ancies for weaker transitions can be explained 
by an interfering compound-nucleus contribution 
to capture. This contribution is of the magni
tude expected from statistical surveys of 
resonance capture data. Estimates of the cross 
section due to the valence capture mechanism in 
s-wave resonances show that this cross section 
should dominate the more complicated co»v>und-
nucleus contributions. 

1. Abstract of published paper: Phys. 
Rev. C 32, 18 (1985). 

2. Middle Tennessee State University, 
Murfreesboro, TN 37132. 

3. Adjunct staff member from Tennessee 
Technological University, Cookevilie, TN 38501. 

4. Los Alamos National Laboratory, Los 
Alamos, New Mexico 87545. 

5. Atomic Energy Research Establishment, 
Harwell, England 0X11 ORA. 

NUCLEAR STRUCTURE STUDIES 
VIA COMPOUND NUCLEUS REACTIONS 

SINGLE-PARTICLE STATES IN l * * r AND " * > , » 
AND THE EFFECT OF THE Z - 64 CLOSURE 

K. S. Toth J . M. Nltschke 3 

Y. A. Ellls-Akovall P. A. Wllmarth 3 

F. T. Avignone, I I I 2 P. K. Lemer tz 3 

R. S. Moore 2 0. C. Sousa* 
0. M. Hol tz 2 A. L. Goodman5 

Earlier we presented6 data on the decay o r 

l H S E r produced in bombardments of 1",,,Sm by 
135-MeV l 2 C ions from the Oak Ridge Hollf lelc 
Heavy Ion Research Facil i ty tandeir acceleratcr. 
Products recoiling out of the target were ther
mal! zed in helium gas and transported to a 
shielded area for singles and coincidence 
measurements with y- and X-ray detectors. Tc 
obtain mor; definit ive Information, particularly 
for the l H^Er Isomeric decay, we produced the 
isotope 1n the , M Mo( : > , N1, n2p) reaction at the 
Lawrence Berkeley Laboratory SuperHILAC and mass 
separated i t with the OASIS on-line separator. 7 

Table 2.7 summarizes energies and relative 
intensities for transitions that were assigned 
unequivocally to ' ^ r decay on the basis of 
measured hal f - l ives, y-ray coincidence rela
tionships, and energies of coincident K X rays. 
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Table 2.7 Transition energies and intensit ies. 

Relative Intensities 

Nucleus ET(keV) I y ly * I c e 

l l , 9 E r 111.0 t 0.1 100 a 316 

U 9 E r 630.5 ± 0.3 248 ± 25 329 ± 33 

u »Ho 171.2 ± 0.1 100a 158b 

1" ,Ho 343.9 ± 0 . 2 58 ± 5 62 : 6* 

I I , 9 Ho 436.9 ± 0.2 33 ± 5 35 • 6* 

.Normalization points for l"Kr and 1 1 , 9 Ho transitions. 
Assumed Ml multipolarity for I c e determination. 

A cascade of three Y rays (171.2, 343.9, and 
436.9 keV) follows l"%r B decay while two tran
sitions (111.0 and 630.5 keV) in coincidence 
with one another are ascribed to 1 1 , ^ r isomeric 
deexcitation. The proposed partial decay scheme 
for ' - * r is shown in Fig. 2.22. 

Based on single-proton-level systematics for 
N = 82 isotones (see Kefs. 1 and 6) we found 
that the l"^to states f i t the overall trends and 
that the effect of the Z = 64 closure is clearly 
not as pronounced as had been concluded by Nagai 
et a l . 8 Rather our data support a more modest 
gap at Z * 64 as also implied by o-decay energy 
systematics (see e.g. Ref. 9) and o-decay tran
sition r a t e s . 1 0 

Single particle energies for nuclei in this 
mass region have been calculated previously (see 
e.g. Refs. 8 , 11, and 12) by uslnc phenonenolo-
glcal interactions with adjustal-.e parameters. 
We performed spherical Hartree-Fock-Bogollubov 
(HFB) calculations with realistic interactions 
in a core-plus-particle description for N » 82 
odd-Z and N « 81 even-Z isotones. Equations are 
given In Ref. 13, while the model space and core 
energies are 1n Ref. 14. The Interaction Is the 
Brueckner G matrix derived from the Re1d soft
core p o t t o t l a l . 1 5 Pairing gaps and single 
nucleon energies are calculated with this 
Interaction. Core energies were chosen so that 
the HFB single-particle energies coincide with 
the deduced1 6 single-particle energies 1n i , 6 G d . 

The theoretical trends, particularly for the 
single-proton levels, agreed with experiment. 
For the neutron states, the calculations repro
duce the experimental behavior of the spl i t t ing 
between the h u . 2 and d 3 . 2 neutron orbi ta ls . 
This spli t t ing increases with increasing Z, 
reaches a maximum at Z = 56-58, and then 
begins to decrease as a result of proton pairs 
f i l l i n g f i rs t the g7/2 and then the ds/2 orbi-
t a l s . However, the calculations do not explain 
why the experimental n

u / 2 levels have a 
constant excitation energy for Z > 58. 
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Fig. 2.23 Partial decay scheme for ' ^ r . The isomeric branch is estimated to be 2.7%. 
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STRUCTURE IN S-DELAYED PROTON SPECT .A 
OF N - 81 PRECURSORS 

K. S. Toth J . M. Nitschke 2 

V. A. Ellis-Akovall P. A. Hilmarth 2 

F. T. Avignone, I I I 1 P. K. Lemmertz2 

0. M. Moltz 2 

Recently we measured3 the delayed-proton 
spectra of u 7 D y and of l l , , E r . The u ^ ) y spec
trum, was found to be dominated by distinct 
peaks below 4 MeV, while the u 9 E r spect.-usi had 
much less structure In I t . The difference be
tween the two spectra was attributed to the dif
ference in level densities In the B-decay 

daughters: lh7Tb has just one proton beyond the 
(N » 82 + Z » 64) core of 1 , , s Gd, while '"^lo has 
two additional protons. To understand better 
the nature of this peak structure we extended 
the Investigation to tne next N » 81 isotone, 
I . e . , l 5 1 Y b . 

A target of , 6Ru was boabarded by 252-MeV 
S 8N1 Ions accelerated 1n the LBL SuperHILAC. 
Following mass separation at the OASIS on-line 
f a c i l i t y , the A » 161 products were assayed with 
a solid state *E-E particle telescope, a plastic 
sc int i l la tor , and y- and X-ray germanium detec
tors. 

Figure 2.24(a) shows the accumulated delayed-
proton spectrum. The h a l f - l i f e of i^ese protons 
was measured to be 1.6 ± 0.1 s. We cone' -• 
that they follow the 6 decay of the new Isotope 

1 5 1 Yb on the basis of a new l .a1f-l i fe 1n the 
1sot>ar1c chain, and coincidences with 
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Fig. 2.24 1 5 1Yb 0-delayed protons: 
(a) singles spectrum, (b) spectrum 1n coin
cidence with positrons, and, (c) spectrum 1n 
coincidence with Tm x rays. 

Tm K X rays and with several 1 5 0 Er y rays 
observed in-beaia.1' Note that Intense peaks are 
st i l l present despite the fact that the B-decay 
daughter, 1 5 1Tm, has five protons above the 
Z * 54 sub-shell. The structure Is therefore 
associated primarily with the N • 82 shell. The 
apparent suppression3 of the peaks In going from 

1"'Dy to l < *^r was the result of an Increase in 
the JEC which opened to B-decay feeding a larger 
nutter of high-lying states and added to the 
statistical component in the l " t r spectrum. 

In even-Z, H = 81 i sot ones,5 there are h-u/2 
isomers located -0.75 MeV above U»e s ^ 2 ground 
states. Since high-spin isoaers are produced 
preferentially in heavy-ien reactions one would 
assume that the delayed protons originate 
mainly from the h level in l 5 l Yb - anc. in 
fact, our proton-Y coincidence data show that 
protons do indeed populate the first 2 , 3', S~, 
4 , and 6* states in ^^tr.* However, these 
excited-state proton decays account for only 401 
of all observed delayed protons; the remainder 
proceed directly to ground. From consideration 
of angular momentum hindrances the ground-state 
protons cone mostly from the slf2 state. Sta
tistical model calculations agree: ground-state 
protons comprise 96% and 6% of protons origi
nating from the s 1 / 2 and h u < 2

 1 5 1Yb levels, 
respectively. The remaining 94% of the 
n . protons are predicted to be distributed 
amongst the 2 , 3 . 5 , 4 , and 6 levels. 

Figi-res 2.24(b) and 2.24(c) show proton 
spectra in coincidence with positrons and 
Tm K X rays, respectively. The peaks In Fig. 
2.24(a) are present in Fig. 2.24(b) but not in 
Fig. 2.24(c). Also, there is a displacement in 
the average (recoil corrected) proton energies: 
4.05 MeV [Fig. 2.24(b)] and 4.86 MeV [Fig. 
2.24(c)]. This second energy Is close to that 
measured for protons [see Fig. 2.25 inset (a)] 
1n coincidence with the 3" • 2*, 208-keV Y ray. 
I .e . , 4.77 MeV. Additionally, both spectra are 
structureless, suggesting that the same 15!Tm 
states are Involved. 

Figure 2.25 shows the l s l Yb del ay3d-proton 
decay sequence. Protons In coincidence with the 
20tt-keV Y ray determine the average excitation 
energy of their parent 151Tm states to be 6.95 
MeV; at this energy the EC/> ratio for 1 5 1Yh 0 
decay is 3.3. On the other hand, protons 1n 
Fig. 2.24(b) [also shown in Fig. 2.25 Inset 
(t>)3, being 1n coincidence with positrons, must 
be connected to lowar-lylng 1!11Tm levels. He 
suggest that they proceed to the 1 S ( t r ground 
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Fig. 2.25 Energy level diagram for 1 5 1Yb Melayed-proton decay. Insets represent protons 
In coincidence with: (a) the 1 , 0 Er 208-keV Y ray, and, (b) positrons [see Fig. 2.24(b)]. 
WUh.n O . I U I limits no difference could be measured for the half-lives of the r<w2 and hn/2 

1 5 1Yb levels; the isomeric decay of the hn/2 state is estimated to have a brancn of ~ 6 x lO"1*. 

state from 151Tm states at 4.32 MeV (EC/9* ~ 
0.3) and follow the decay of the 1 5 1Yb $ . , , 
level. This 6 decay populates a region in 1 5 lTm 
where the level density is apparently low, as 
reflected by the structure In the accompanying 
proton spectrum. 
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SEARCH FOR SUPEROEFORHED SHAPES IN 1 M W J 
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Evolution of nuclear shapes with angular 

Momentum has become a focus of nuclear structure 

studies in recent years. Nuclei are expected to 

become oblate under the stress of the c e n t r i f u 

gal force according to the rotat ing nqu id drop 

model, and change-over to a t r i a x i a l shape be

fore f i j s io r . i ng at very high angular momentum. 

This general behavior, however, w i l l be modified 

by shell e f fec ts . Applying the Strut insky 

method to calculate the potent ia l energy sur

faces of rapidly ro ta t ing nuc le i , Neergard and 

Pashkevich 9 concluded that shell corrections can 

s t a b i l i z e superdeformed shapes at high spins in 

some nuc le i . In a more detai led study, 

Andersson et a l . 1 0 pointed out that these shell 

correct ions are pa r t i cu la r l y important in the 

l i g h t rare-earth nuclei (Z =• 64, N » 82) and may 

resu l t in a t rans i t i on from oblate shapes at low 

spins to superprolate (e * 0.6) shapes at high 

spins. In the most recett theoret ical study of 

shape evolut ion in the rare-earth region, Oudek 

and Nazarewicz 1 1 have performed cranked shell 

model calculat ions with a deformed Woods-Saxon 

po ten t i a l . Their calculat ions suggest that 
l l"*i id is po ten t ia l l y the most favorable case for 

observing superdetormation. 

The Y-Y energy corre lat ion technique i s par

t i c u l a r l y suited for the study of superdeformed 

shapes. Since, for an Ideal r i g i d ro to r , no two 

y-ray coincidences have the same energy, 1n 

E Y l vs E T 2 space one observes a val ley that runs 

para l le l to the E Y » E i 2 diagonal and separates 

the two r ldg is formed by coincidences between 

neighboring Y rays. The moment of Ine r t ia of 

the ro ta t ing body 1s then related to the width 

of t h i s va l ley , W, through 2 ^ U ) / ! ? 2 = 16/U. 

The method can be improved considerably i f 

Compton-suppressed Ge-detectors, which have both 

good energy resolut ion and high peak-to- total 

ra t i os , are used. Employing -u l t i -e lement Ge-

detect ion systems, two g r o u p s 1 2 - 1 3 have reported 

observation of correlated Y rays in 1 5 % y . The 

deduced moments of i ne r t i a are very close to the 

values predicted for superdeformation. 

In the present experiment, the residual ''•'•Gdl 

nucleus was formed in the fusion-evaporation 

reaction induced by a 145-HeV 2 8 S i beam from the 

HHIRF tandem accelerator. The target consisted 

i f a 1.5-mg/cm 2-thick isotop ica l ly enriched 
l ? 0 S n target evaporated on a 20-«g/cm 2-thick 
20<>?r> backing. The Y-Y coincidences were re

corded wi th nine Ge detectors each of which 

replaced a s ingle element of the Spin Spectrom

e te r . Six detectors were inserted in annular 

truncated conical Compton suppression shields of 

Nal with pentagonal cross sections. The average 

of the peak- to- tota l ra t ios for the suppressed 

detectors was approximately 0.4 for 1-MeV 

Y rays. During data acqu is i t ion , the 4n ex i t 

channel was selected with nearly 100% ef f ic iency 

by requir ing in the Spin Spectrometer at least 

three delayed Y rays which tagged the 10*. 

T [ / 2 ' 131 ns isomer assigned to l " , l , Gd. In th is 

experiment a t o ta l of over 30 m i l l i on pairs of Y 

rays were recorded with the six suppressed 

detectors. From a Monte-Carlo simulation 

(JULIAN-PACE) of the deexcitation of the com

pound nucleus formed in th is react ion, we 

deduced that the entry state spin d i s t r i bu t i on 

for ' ' ' ' l id spans I-values between 26 and 56, with 

the mean value at I * 41 . 

In the o f f - l i n e ar a lys is a l l the detector 

gains were matched and two Y-ray energy corre la

t ion matrices (E Y vs E Y ) were constructed for 

a l l possible coincidences between any pair of 

these detectors. One matrix was not Doppler-

s h i f t corrected, assuming that a l l of the r-ray 

l i fe t imes are large compared with the slowing 

down time of the recoi l ing nucleus 1n the lead 

backing. The second matrix was Doppler-shlf t 

corrected to take into account tr-at y rays 

cascading along possible superdeformed rota

t iona l bands would be emitted before the nucleus 
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coaes to rert in the backing. The matrices Mere 
then unfolded to remove the remaining contribu
tion froa Coapton-scattered events and the 
resulting data Mere corrected for the photopeak 
efficiency of the Ge detectors. 

Figure 2.26 shows a number of energy slices 
projected perpendicularly to the E - = E Y diag
onal. They correspond to the average energy 
intervals of 200 keV between 1.1 NeV and 1.5 
HeV. The two projections in Fig. 2.26(a) are 
taken froa the unfolded matrix without Doppler 
correction. A very weak ridge structure is 
observed in the lower panel and would corre
spond, i f due to transitions within a rotational 
band, to a moment of inertia 2^ ( z ) »120r i 2 MeV 1 . 

The projections in Fig. 2.26(b) are taken froa 
the matrix with the Doppler-shfft corrections. 
The ridge structure is apparently enhanced. I t 
could thus be concluded that the transitions 
building up this ridge structure are fast com
pared with the slowing down time of nearly 1 ps 
of the recoiling nucleus in the lead backing. 
Nevertheless, a close examination of the T - T 
correlation matrix suggests that the ridge 
structure is not continuous. Even after apply
ing the method proposed in Ref. 14, which would 
enhance correlated events over uncorrelated 
ones, .to obvious continuous ridge structure was 
observed. He therefore suspected that the 
ridges seen In the projections aay be due to 
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(lower spectrum 1n each case) and 1.3 < ( E y + E Y ) /2 < 1.5 H*V: 
(E Y l + E Y 2 ) / 2 < l.VMeV 1' Y2 
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(c) from the matrix obtained after discrete lines removal. The dashed vertical lines 
point to the position of the n»ige« 1n panel (b) and correspond to (2«?( 2)/h" 2) « 120 Mev"1. 
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discrete l i nes . To tes t th is hypothesis, we 

removed froa the aa t r i x the contr ibut ions due to 

the discrete peaks. Figure 2.26(c) shows the 

project ions froa the aa t r i x fo l lowing t h i s sub

t r a c t i o n . The ridge st ructure completely disap

pears in both energy s l ices froa the y-ir mat r ix , 

thus conf i ra inq our hypothesis regarding t he i r 

o r i g i n . 

With the present data i t would be very haz

ardous to in te rpre t t h i s negative resul t as 

proving the non-existence of superdeforaatlon In 
1 '**Gd. The fact that the predicted superdefor

aat lon has been observed i n 1 S 2 Dy and that 

calculat ions predict "•'•Gd to be the most 

favorable case in the rare earth region ca l l s 

fo r a c r i t i c ! assessment of the experimental 

technique which has been used. The main d i f 

ference between the experiment of Ref. 13 and 

the present one Is the choice of the lead-backed 

target in the present experiment instead of a 

sel f -support ing th in ta rge t . I f the ef fect ive 

feeding time is comparable to the stopping time 

in th<> lead backing, the Doppler s h i f t w i l l wash 

out the ridge structure so that i t cannot be 

recovered by means of o f f - l i n e correct ions. To 

a r r i ve at a d e f i n i t i v e conclusion regarding tne 

presence of superdeformed structures at high 

spins In ^'•Gd, t h i s experiment should be 

repeated wi ih a t h i n , unbacked ta rge t . 
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Study of the interplay between the macro

scopic and microscopic ef fects in nuclei as a 

funct ion of angular momentum has become the 

focus of nuclear structure studies in recent 

years. Theoret ica l ly , cranked shel l model 

calculat ions by several groups predict shape 

t r ans i t i on patterns in the l i g h t rare-earth 

nuclei which depend sensi t ive ly on the neutron 

number. 9 For example, the Er isotopes wi th 

N < 86 are predicted to have nearly spherical 

shapes at low spins and gradually become oblate 

a t higher angular momenta ( r i g . 2.27) . In con

t r a s t , for neutron number N > 88, the equi

l i b r i um shapes are expected to change from 

pro late at spins I < 40 to t r i a x i a l at I > 50. 

Of par t icu lar in terest is the predicted t r a n 

s i t i o n to superprolate (B » 0.6) shapes for 

U ' 82 isotopes at very high spins. Exper i 

mental ve r i f i ca t ion of these predict ions pro

vides, a very str ingent test of the v a l i d i t y of 

these calculat ions, which have been very suc

cessful in describing the nuclear behavior at 

high angular momenta. To invest igate these pre

d ic ted spin-induced shape changes in 1 5 t ^ r , we 

used the 1 2 T e ( 3 1 , S, 4n) reaction to populate 

the high spin states In th i s nucleus. The 3 MS 

beam (170 MeV) was obtained from the double tan

dem f a c i l i t y a t Brookhaven National Laboratory. 

The experimental setup consisted of six Ge and 

eleven Nal detectors which served as a m u l t i 

p l i c i t y f i l t e r . Four of the Ge detectors were 

surrounded by annular Nal Compton-suppression 

shields which gave a suppression factor of 

bet ter than 2.5 for the 6 0Co source. By 

demanding a coincidence of at least two Ge and 

two Nal detectors, high m u l t i p l i c i t y events were 

emphasized. Nearly 140 m i l l i on such events were 

col lected on an event-by-event basis. 
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Fig. 2.27 Predicted equilibrium shapes as a function of angular momentum and 
excitation energy for erbium-isotopes (Ref. 8) . 

In the off-line analysis, the gains of all Ge 
detectors were equalized and the Ge-Ge coinci
dence data were scanned to generate an Ey-Ey 
matrix. This matrix contained nearly 12 million 
photo peak-photo peak counts before symmetrlza-
tlon, of which approximately 40% belong to 

1 5 l ,Er. These data formed the basis for an 
expended decay scheme of 1 5 t r . Angular corre
lation Information were used to deduce the 
multlpolarlty of the newly found transitions. 
The noteworthy features of the decay scheme 
Include: 

(1) The level scheme shows a shell model 
structure up to the maximum observed spi.. of 
39. 

(2) All of the expected optimal states 
generated by the alignment of the valence 
nucleons around the oblate symmetry axis are 
clearly established in the decay scheme. 

(3) Existence of high energy •, rays feeding 
the highest optimal sate, ! * • 36*, raflects the 
face that above this state core excitation be
comes necessary. Consistent with this picture 
1' fragmentation of the feeding into this 
state that w.is experimentally observed. 

(4) The evel spacings of states with 
1* • 27", Vr, 31", and 33" closely resemble 

those of the I *» 10+, 12+, 14+, and 16+, states 
In 1S0Er formed by (h^n/j) proton-excitation. 
Also, the 1467-keV y ray between I * - 36+ and 
33" optimal states Is very similar to the octu-
pole transition that connects the corresponding 
optimal states in 1 5 3Ho. They both arise from 
* n/2 * f7/2 neutron transition, and reflect the 
excitation energy of the i n / 2 neutron orbital. 

The above observations are in good agreement 
with theoretical predictions that noncollectlve 
excitations dominate the yrast structure of 

l 5 1 t r below spin 50. To verify the predicted 
onset of collectivity at higher spins, we have 
searched for the ridge-valley structure In the 
unfolded Ey-Ey correlation maps. Such a struc
ture has been observed in l 5 3 D y , 9 and Inter
preted to arise from collective rotation of a 
superdeformed shape. We have found no evidence 
for such structures 1n the Ey • 1000-1400 keV 
range, where a strong quadrupole structure has 
been observed In the energy spectrum. This 
Implies that either the predicted collective 
bands are not fed even at the highest angular 
momentum populated 1n this reaction (69 If), or 
the use of backed target might have wished out 
the expected weak ridge-valley structure. In 
the latter case, the combined feeding plus state 
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lifetimes would have to be comparable to the 
stopping tine of the recoiling nucleus in the 
lead backing. 
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ON THE PROLATE-OBLATE TRANSITION AND THE 
PRONOUNCED COLLECTIVITY OF THE SID; BANDS IN 

RAPIDLY ROTATING N - 88, 90 NUCLEI 

Y. S. Chen1 L. L. Ried'nyer-

Muclei with N > 90 behave as pnlate rotors 
while nuclei with 8 2 < N < 8 6 a t I < 1 0 ( i behave 
as oblate rotors. The N = 88, 90 nuc ei are tran
sitional nuclei in which there may be prolate-
oblat2 transitions facilitated by a sequence of 
triaxlal shapes. The experimental evidence Is 
(1) the quenching of signature splitting In 
h n / 2 proton bands, (2) the reductlor of E2 
transition probabllltes, (3) the loss of the 
collectivity of the yrast sequence and (4) the 
pronounced collectivity of the side baids. 

All these experiments may b<* interpreted 1n 
terms of multlquasipartlcle-lnduced tr axial 
shapes. The model ised 1s h1gh-j orbits coupled 
to a Y-po1ar1zable superflult* core.3.1* The 
total Routhlan for a given configuration 1s 
calculated as: 

E ' c o n f > » > - - k , o C o s ( 3 ^ 
• E' (v..) + ;jtC(Y.«) 

conf. 

where V ts a potential parameter repre>ent1ng 
the energy difference between the prolan and 
oblate shapes. The collective rotatlona energy 
E ' r o t may be calculated microscopically.' 

Letters have been assigned to the varlou'-
conflguratlons. A, B, C and 0 are the fojr 
lowest quaslneutron orbltals of the I13/2 shell. 

E and F are the two lowest quasineutron orbitals 
of the h s / 2 shell and a and b are the two lowest 
quasi proton orbltals of the h u y 2 shell. The 
one q. p. Routhlans as functions of the Y defor
mation are calculated at fi«i « 0.225 NeV for 

1 5 S Er and are shown in Fig. 2.28. The total 
Routhiar.s seen in Fig. 2.29 are built by summing 
the appropriate one - quasiparticle Routhians. 
The minimum of the total Routhlan gives the 
equilibrium Y-deformation. An ~ 20° change in y 
deformation from the ground configuration [0] to 
configuration [AB] is due to the drive of orbl
tals A and B towards positive Y values (see Fig. 
2.28). Since both E and F have a very strong 
Y-drivIng force towards 60° (oblate), con
figuration [ABEF] has a Iriaxial shaoe with a 
very small prolate-oblate barrier (P08) and 
therefore is almost unstable towards oblate 
shapes. Thus the gentle positive Y-drive of the 
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F1g. 2.28 The quaslpartl. le Routhlans calcu
lated as functions of the Y deformation at 
l?u • 0.225 MeV 1n 1 5 ( Er . A, B, C and 0 are the 
lowest four 1j3/j quasi neutrons, E and f are the 
lowest two h 9 / 2 quaslneutrons and a and b are 
the lowest two h u / 2 quaslpi rtons. 
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Fig. 2.29 The calculated total Routhlans as 
functions of the Y deformation at Ku = 0.225 MeV 
In 1 5 6 Er for given configurations Indicated by 
the letters In parentheses. 

a and b orbitals could finally complete the 
shape transition to the oblate through [ABEFab] 
which has 30 fi units of aligned angular momen
tum. This explains in a natural way the loss of 
the collective rotational structure of the yrast 
sequence at spin I » 30 fi observed in l 5 6 E r . 5 

The same kind of calculation is carried out for 
other N » 88 and N » 90 nuclei. I t 1s found 
that the angular momentum at which oblate shapes 
are reached 1s strongly N-dependent, with I - 30 
K for N » 88 and I - 40 I? for N - 90 nuclei. 6 

A striking feature 1n F1g. 2.29 Is the fact 
that the configuration Involving the C orbital 
has essentially a prolate shape and large POB 1n 
contrast to the Instability of [ABEF] and 
[ABEFab] towards the oblate shape. This feature 
is attributed to the very strong negative 
T-dr1ve from 60° to 0", generated by both the C 
orbital itself and its taking the place of E or 
F In configurations [ABEf] and [A&EFab]. I .e . . 
the replacement of the strong positive y-drlve 

of E or F by the strong negative y-drlve of C 
must Initiate a doubly strong negative vdrlve. 
This feature explains the pronounced rotatioial 
collectivity of the side bands AE or AF. r.te 
triaxiality, together with the extremely shallow 
minimum of the total Routhian [ABEF], may be 
responsible for the so-called quasivibrational 
band observed for the first time in the yrast 
sequence of 1 5 8Yb after the second discontinuity 
at spin 24 where the extreme form of the ver
tical rise of the moment of inertia j ( ) takes 
place, exceeding the rigid-rotor value by about 
40%.7 On the other hand, the pronounced collec
tive rotational behavior of the AE band in the 
same nucleus after its first band crossing 
(AE * AE8C) at h*« - 0.36 MeV [indicated by the 
almost constant j ( l ) 3 is « * " understood by 
the nearly prolate deep minimum of the total 
Routhian [AEBC]. The nearly prolate deep mini
mum of the total Routhians [AFBC] and [AFBCab] 
explains the fact that the observed AF band in 

1 5 6 £r extends the collective rotational struc
ture up to spin I « 36 It, far above the last 
collective rotational state I * » 30* in the 
yrast sequence.8 

Further study concludes that the positive 
Y-dr1v1ng feature of A and B Is due to the 
trlaxlallty-induced K-couplIng and the negative 
Y-dr1v1ng behavior of C Is attributed to the 
Y-dependent j-mixture, which must be considered 
in solving a deformed Hamlltonlan.6 The 
features discussed above should be general in 
the case of any hlgh-j shell. 
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High-spin states In the transitional nucleus 
l 5 , T b Mere populated via several (HI,4n) reac
t ions. Two yrast bands Mere established up to 
I * » (40+) and (31"). In contrast to the 
negative-parity band up to I » 31 and the 
positive-parity states up to I » 24, both of 
which show collective rotational pattern!, 
states with I * - 26 + -36 + exhibit a n»r1y vibra
tional excitation node. Such a quasivlbratfonal 
pattern suggests a gradual transition toward 
oblate shapes and Is the f i rs t evidence for a 
"band termination" In a heavy nucleus. 
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THE EVOLUTION OF NUCLEAR SHAPES^ATHIGH SPINS 
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Discrete-line spectroscopy In 1 S 8 Y b (Ref. 7) 
suggests coexistence of two different band 
structures at high spins. Mhlle the energies of 
the positive-parity band up to I « 2' and the 
negative-parity band up to I ts maximum observed 
spin of I • 31 show collective rotational pat
terns, Y rays deexdting states with I * * 24* 
to 36* have nearly equal energies. The lat ter 
behavior Is Interpreted* as due to termination 

of a band wherein the nucleus continuously 
adjusts i ts shape parameters while gradually 
evolving toward an oblate shape. To ascertain 
which band structure dominates above the yrast 
l ine and beyond spin 40. we have examined the 
continuum Y ray data. 

The experimental setup consisted of six Ge 
detectors placed in the Spin Spectrometer as 
described in Ref. 7. Use of the 5pin Spectrom
eter allows a detailed characterization of con
tinuum v-ray spectra by their mult ipl ic i ty, 
total energy, and angular-distribution coef
f ic ients . Therefore, i t is possible to study 
the evolution of the r-rav spectra as a function 
of spin or temperature for constant values of 
excitation energy or spin, respectively. 

The high-spin states in 1 S 8 Yb were populated 
* ia the 9 8 Mo( 6 , | Ni,4n) reaction at 285-MeV beam 
energy. To reduce the severe Doppler broaden
ing, a l-mg/cm2-thick target backed with approx
imately » 15 mg/cm2 of natural lead was used. 
All of the energy and timing information of the 
Nal-and Ge-detectors were recorded event by 
event on magnetic tapes. 

In the of f - l ine analysis of the data, the 
gains of al l Nal detectors were matched, and 
pulses due to neutrons were removed by their 
time of f l i gh t . The corrected data were then 
scanned to generate a series of Nal spectra that 
were simultaneously gated by: (a) discrete y 
rays that deexclte states with I * * 2* through 
12+ in 1 5 8 Yb for channel selection; (b) total 
pulse height (H) 1n steps of W - 1.6 HeV; (c) 
total coincidence fold (K) 1n steps of t*. • 1 ; 
and (d) azlmuthal angle of the Nal detectors 
( 6 - 0», 24°, 4 1 # , 49° . 6 4 ' , 6 8 # , 78* . 88* ) . 
The resulting spectra were then corrected for 
double h i ts , and unfolded using the measured 
response functions of the Individual Hal ele
ments. The response functions were also used to 
transform the coincidence fold to multiplicity 
(M) and total pulse height Into excitation 
energy (E) . The values of the excitation energy 
above the yrast l ine (E*) obtained In this 
manner fa l l within 20% of the values estimated 
by f i t t i n g an exponentially decaying curve to 
the high energy t a l l (Ey > 3 HeV) of the y-ray 
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spectra. For each distinct set of (E,H) gate-
values, the unfolded spectra were sliced Into 
bins of 100 keV and the angular distribution of 
the Intensity in each bin was f i t ted to the 
expression 

" (8 ) - AQ (1 • a2P 2 (Cos8) + a i j \ (Cose)). 
Using the f i t ted values of the a 2 (Ey) coef
f i c ien ts , and assuring that a l l transitions are 
of th* stretched character, we were able to 
decompose the energy spectra Into two spectra of 
stretched dipoie and stretched quadrupole T 
rays. The spin values ( I ) were estiMated from 
the relative strengths of these two MuKipo
l a r i t y spectra and the corresponding Mul t ip l i 
c i ty values. In the following, we sha vi examine 
the evolution of these Multipolarity spectra as 
a function of both spin and excitation e.iergy. 

The quadrupole y-ray spectra show two 
distinct structures. F i r s t , there exists a 
strong and narrow peak around Ey » 750 keV which 
is rather stable with increasing I and E* (See 
Fig. 2.30). I t contains Mostly the yrast tran
sitions that deexclte states in the I » 26-36 
spin range. The higher edge of this peak fa l ls 
rapidly and does not Move noticeably with In 
creasing n or E*. Instead, a second and Much 
broader structure gradually develops around 1.15 
NeV at high mul t ip l ic i t ies and at excitation 
energies in excess of several NeV above the 
yrast l ine . From F ig . 2 .30 , i t is apparent that 
the intensity of this structure grows with 
increasing excitation energy and persists up to 
about E* - 1C NeV. Comparisons of the spectra 
corresponding to angles of 6 « t 24" and 

V b M=20.5X=10.0 

I 2 
EGAMMA(MeV) 

OKI-par. iS - | -«4* 

•rb M=29.0.E=10.0 

r 2 
EGAMMA(MeV) 

**Yb M=20 5Z=3.0 "•rb M=29.0X=3.0 

I 2 
ECAMMA(MeV) 

1 2 
EGAMMA(MtV) 

Fig. 2.30 Evolution of tht quadrupole (solid lines) and dipole (dashed 
lines) spectra with excitation energy (E*) and multiplicity (M). Each panel 
Is labeled with the corresponding values of I and * . The strong quadrupole 
pe«.k at Ey « 750 keV Is Mostly due to discrete yrast transitions. Noteworthy 
structures that become strong at high Mult ipl ici t ies are: A qitadrupole bump 
(Ey - 1.15 MeV) at high E* ; a broad dipole structure (Ey - 1.5-3 N»V) at high 
E ; and a low energy continuum dipole (Ey < 750 keV) at low E . 
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e » -24° indicate that this structure is fully 
Doppler shifted. Since the stopping time of the 
recoiling nuclei in the lead backing of the 
target is less than 1 ps. this observation 
implies that these transitions are collective. 

The dipole y-ray spectra also show two 
distinct features. F i rs t , at energies of less 
than = 750 keV, WE observe a continuum of r rays 
whose intensity grows with increasing Mul t ip l i 
c i ty , but diminishes with E*. This clearly 
identifies the near-yrast high-spin states as 
their or igin. In contrast, a very broad struc
ture, with a centroid at about 2.5 MeV, develops 
at high spins and high excitation energies as 
seen in Fig. 2.30. Again, these T rays are 
fully Doppler-shifted, indicating that they are 
most likely Hi in character (B(H1) » 1 W.U.). 

Ta'an together, these observations point to 
the existence of two very different structures 
at high spins in 1 5 8 Yb nucleus: In th« vicinity 
of the «rast l ine , the presence of low-energy 
dipole r rays (most likely Ml) rather than 
strong E2 transitions indicat: that these states 
are only weakly collective. Possible candidate 
structures are: (1) The continuation of the 
terminating bands which have been observed at 
spins 1 » 40 in the discrete Y ray spectroscopy 
data (Ref. 7); or (2) weakly collective, t r i -
axial bands. In contrast, at high excitation 
energies, the presence of collectively enhanced 
E2 transitions at * 1.15 MeV, and Ml y rays with 
EY » 2-3 MeV signal the onset of collectivity 
well above the yrast l ine. The latter obser
vation clearly Indicates that shell e'fects both 
survive and dominate the structure of -ilgh spin 
states In 1 5 8 Yb up to the highest temperatures 
( • 1 MeV) observed in this experiment. 

HIGH-SPIN STATES OF 1 5»Tb 
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A discrete-line spectroscopy experiment has 
been performed using the Spin Spectrometer. 
This measurement was performed in order to see 
i f the termination seen in 1 5 8 Yb (Ref. 8) is 
present in 1 S 9 Y b . A 268-HeV **Ni beam was used 
to bombard a 9 8Mo target. Incorporated into the 
experiment v*ere Hal Compton suppressor shields 
around six of the nine Ge detectors used to 
replace Nal counters in the Spin Spectrometer. 

In the analysis of the data, two gates were 
set on (H,K), i . e . , the total gzana-ray energy 
and the total fo ld , respectively, for each 
event, to separate the two major reaction prod
ucts, l 5 8 Y b and 1 5 9 Y b . 6e-Ge coincidence matri
ces were produced based on these gttes. On the 
basis of these data and data from a previous 
i59,i60v D s p i n spectrometer experiment, a level 
scheme has been constructed. Spins for the side 
bands have been assigned, based on data taken in 
an angular distribution experiment performed at 
McMaster University with an oxygen-Induced reac
t ion. 

The assignment of quariparticles to the ob
served bands in l 5 9 Y b is based on the systema
t i c * of the region. The v 1 n / 2 orbitals lying 
lowest relative to the Fermi surface are denoted 
by A, B, C and D, while the lowest v h 9 / 2 orbi
tals are denoted by E, F, G and H. For protons, 
the lowest h u / 2 orbitals, relative to the Fermi 
surface are called a, b, c and d. The yrast 
band has a high degree of rotational alignment 
and is assigned to the v 1 l 3 / 2 configuration 
denoted by A, I t is observed up to the 
I * - 65/2* leve l . As shown In Fig. 2 .31 , this 
band has an upbend around n*u • 0.4 MeV, with an 
alignment gain of roughly 8 n\ .As In the Iso-
tone 1 S 7 E r (Ref. 9) this crossing 1$ Interpreted 
as resulting from both the v l13/ 2 alignment, BC, 
and the * h n / 2 alignment, ab. Also present are 
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Fig. 2.31. Plot of the particle alignment, i , 
versus angular frequency, w, for various bands 
in (a) I5»Yb and (b) l S*Yb. The core angular 
momentum has been extracted using the Harris 
parameters > 0 and . / „ (Ref. 12). In (a) 
squares denote the v i i 3 / 2 yrast band with 
I * even Integer • 1/2. The » h , / 2 band is 
denoted by triangles for I » even integer +1/2 
and diamonds for I » even integer - 1/2. In (b) 
squares denote the ( v i l } / 2 ) 2 band with I « even 
integer and triangles the »113/2*9/2 band with 
I • even integer • 1. 

bands built on the vh,/ 2 quasiparticles, (Lnoted 
by E and F, observed mostly after the alignment 
of the v 1 u / 2 pair A8 (as In l 5 7 Er (Ref. 9) and 
In l 6 1Yb (Ref. 10)). The « h , l / 2 alignment at 
flu ~0.4 HeV, affects both these bands, pro
ducing five quaslparttcle strucutres EABab and 
FABab. 

The observed structures in l S 9 Yb are therfore 
understood on the basis of band crossings ex
pected in the N » 89 region. Even after the 
multiple crossing at Ku ~ 0.4 MeV, tie rota

tional pattern seems to continue up t j a fre
quency of 0.55 HeV, similar to they.-ast 
sequence of l 6 0 Yb (Ref. 11). The 1 S 9Yb bands 
show a behavior different from the yrast line of 
1 5 8 Yb, as indicated in Fig. 2.31b. There the 

yrast line has a major change in structure 
around fiw < 0.4 MeV, which is interpreted as the 
termination of the collective structure.8 

However, the AE side band in 1 S 8Tb shows no 
such tendency, indicating that the band termi
nation is very sensitive to the quasiparticle 
structure. 
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In-beaw spectroscopic investigation of u * P r 
was done in order to study the Y-deformatlon of 
this nucleus at high spins. The experiment was 
done at the Brookhaven National Laboratory using 
the 91-MeV l 2 0 Sn(»*,4n) reaction. Coincidence 
data were recorded between 4 Compton-suppressed 
Ge detectors at -40" relative to the beam and 2 
unsuppressed Ge detectors at -65 s, In addition, 



an array of 11 Nal detectors around the target 
Mere used as a Mult ipl ici ty selector. 

The 1 3 5 P r decay scheme shorn in Fig. 2.32 Mas 
constructed from the y-coincidence, Intensity, 
and angular correlation Information. *. pair of 
decoupled rotational bands is observed with 
(v.a) • ( • , ± l£ ) . Also a strong negative parity 
band ( - , -1&) is observed. There is some indica
tion for a decoupled ( - , +Vz) band (seouence 482, 
725, 843. 956, and 1112 keV). A plot of the 
experimental aligned angular •omentum is shown 
In F ig . 2.33. These features were compared with 
the cranking shell model calculations. The 
positive parity bands are based on the 
[413 S / 2 ] 3 } 7 / 2 proton configuration. The f i rs t 
back bending at *!•«£ * 0.32 NeV 1s due to the 

alignment of the h u / 2 protons and the second 
backbendlng at fi«tb * 0.49 NeV is due to the 
alignment of the h n y 2 neutrons. In addition, 
the ( - . -Vz) band is based on the [541 3 / 2 ] h i : / 2 

proton configuration. The f i rs t backbending at 
K«JC * 0.46 MeV is caused by the alignment of 
n n / 2 protons. The shifting of the crossing 
frequency to a relatively large value is due to 
the blocking of the A proton orb i ta l . The small 
upbend in the ( - , -i/i) band is caused ty the 
alignment of the h u / 2 neutron orbitals (ab), 
simile1* to the second backber.ding in the 
positive-parity band. 

The alignment of the protons from the 
beginning of h u / 2 shell at the f i r s t back-
bending in both parity bands moves T towards 
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Fig. 2.32 Decay scheme of 1 3 5 P r . The rotational bands tre Identified by 
the (w.a) numbers. 
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Fig. 2.33 Experimental aligned angular 
momentum vs the rotational frequency for the 
positive and negative parity bands In 1 3 5 P r . 

~ 15 s, causing the signature Inversion In the 
positive parity bands. The essentially prolate 
shapes at high spins in 1 3 5 Pr are in contrast 
with the 1 3 I |Ce core, where the h n / 2 neutron 
holes were interpreted to align, causing oblate 
shapes.9 1 3 3 Pr behaves similarly to 1 3 S Pr, 
except that the crossing frequencies art 
slightly lower and there is no inversion of 
signature splitting in positive oarlty bands.1 0 
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The population of rotationally aligning high-
j orbitals In nuclei may provide a sensitive 
probe of the t r i v i a l i t y parameter y, and could 
be used to trace the evolution of Y with angular 
momentum.9"11 These observations are based on 
the fact that a particle (hole) In a high-j 
orbital polarizes the core toward oblate 
(prolate) shape; whereas, a quasi-parti :le In a 
half-filled high-j orbital shell generates the 
intermediate situation leading to a triaxial 
shape. These expectations were confirmed In a 
cranked shell-wodel calculation by Leander11 who 
concluded that, in a t-soft nucleus, the pres
ence of a high-j quasi-particle with favored 
signature will stabilize the shape of the 
nucleus at a r value that depends initially on 
the position of the Fermi level in the shell. 
For non-Y-soft nuclei that have a potential-
energy minimum at some other t value, the quasi-
particle exerts a driving force toward positive 
Y values when the shell is less than half-full 
or toward negative Y values when It is tore than 
half-full . In contrast the unfavored signature 
states are much less sensitive \o variations of 
Y and x, the position of the Fermi level in the 
shell. This results in signature splittings 
that become a sensitive measure of the variation 
of Y-deformation with spin and x. Inversion of 
signature splitting above the backbond in 
"^Hogo (Ref. 12) and in l*ltm, 0(Ref. 13) In the 
*7/2-[S23] band was explained by the positive 
driving Influence of the two 1 l 3 / 2 neutrons 
above the backbond, resulting in a change from 
negative to slightly positive Y above the back-
bend. 

To explore the possibility of similar changes 
in Y as a function of the proton number, wa have 
studied the high spin structure of l ' iLu M "n1ch 
has two protons and two neutrons more than 
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The high spin states in l s \ u were populated 
via the 1 2 2Sn(' , sSc,4n) reaction at 192 HeV with 
the tandem accelerator at the Holifield Heavy 
lcn Facility. The y-ray spectroscopic infor-
mation was obtained using an array of five Ge 
detectors with pentagonal NaT anti-Coapton 
shields, all located at 63° to the beam, and 
three additional Ge detectors at 24*. Two-fold 
or higher coincident events froa these detectors 
were used as event triggers for the Kal detec
tors of the Spin Spectroaeter. 

In Fig. 2.34 are shown three band structures 
believed to be associated with l b 3 Lu. Energy 
systeaatics in the heavier odd-A Lu isotopes 
show that the i9/2-[514] land should be the 
yrast band, although the »l/2+[411] decreases 
rapidly in energy with decreasing A relative to 
the w7/2*[404] state, and in the l 6 5 t u and 1 6 \ u 
••ay becoae the ground state. In U 5 l u the 
i«/2-[514] band is yrast ^ and In li\u is also 
the strongest band populated. The decay scheae 
shown in Fig. 2.34 is preliminary and further 
analysis is in progress to connect the different 
structures based on observed coincident T-rays. 

ORKL-PKC 1 S - I 7 7 * : 
17 

163. 
71^92 

wi/r IMIJ W9/3T 1514) 

Fig. 2.34 Tentative decay scheme for the 
three band structures assigned to l f \ u . The 
spin 9/2* for the lowest observed level In the 
«9/2*[S14] band was assumed based on systema
t ic* . 

The transitions froa all these structures have 
yields associated with (H,k) distributions 
characteristic of the ("Hc^n) reaction and. 
thus, were assigned to 1 6 \ u . 

There is a striking similarity between soae 
of the bands In l 6 \ u and 1 6 5 Lu. In 1 6 \ u the 
9/2"[5l4] bana was seen up to I = 43/2' and i t 
has a significant signature spl i t t ing. 1 H Based 
on systeaatics froa the odd-A Lu isotopes, we 
have assigned the yrast band as the i9/2~[514]. 
The backbending in this region is due to break
ing and alignment of an l j j / 2 neutron pair, 
which places the backbending at about 12 units 
of rotational angular momentum. A second band 
was assigned as *1/2'[S41] based on systeaatics 
and in analogy with 1 6 5 Lu. A third band struc
ture shown In Fig. 2.34 is most likely a part cf 
the 7/2*[4C<] band. 

The favored and unfavored bands [a * -Vz and 
\fl) gain 7.2 and 8.2 units of angular momentum 
above the backbend, respectively (Fig. 2.351. 
This Is consistent with the decoupling and 
alignment of an i n / 2 neutron pair. The 
crossing frequencies for the <x - -\fz and o » 1/2 
bands are 0.263 and 0.280 MeV, respectively, as 
is seen from Fig. 2.35b. Below the backbend the 
*9/2~[514] band shows a large negative signature 
splitting which Increases with u froa ~ 55 to 
120 keV (Fig. 2.35b), but above the backbend a 
signature Inversion occurs with a splitting of 
1C keV which remains constant with Increasing u. 

A cranked shell-model calculation for 1 6 3 l u 
gave an ~80-keV negative signature splitting for 
the quasi-protons for a y value of -10' at 
Ku • 0.24 MeV. A signature inversion is pre
dicted for the quasi-proton configuration at 
r * 0°. Above the backbend the two I n / 2 
quasi-neutrons are driving toward positive v 
values. When the Routhlans for these 3-quasi-
partlcles are added and the effect of the core 
is Included, a Y value for this configuration 
can be obtained. Qualitatively, It appears that 
a significant shape change from negative to 
slightly positive y values is present 1n this 
case. Thus, the signature Inversion 1n the 
«9/2-[514] band is quite similar to that 
observed In 1 S 5Ho on 1S9Tm where the 7/2"[523] 
quasi-proton configuration was pushed toward 
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Fig. 2.3S Panels a and b show the aligned angular momentum and the energy in the rotating 
frame E' - E L e v € ; - timlx) for the bands indicated. 

slightly positive y values by the positive 

driving Influence of the two strongly aligning 

* i 3 / 2 quasi-neutrons. 
The gradual gain in align«ent of the 

K 1 / 2 - [ 5 4 1 ] band with Increasing u (Fig. 2.35a) 
suggests that either the aligning quasiparticles 
exhibit a strong interaction, or that an e 2 

value larger than 0.2 and possibly a different r 
value are needed for the *9/2~[514] band in 
order to explain i ts behavior. 
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Heavy ion transfer reactions offer the 
possibility of studying collective bands bui l t 
upon intrinsic excitations in deformed nuclei. 
Recently,' total y-ray energy and mult ipl ici ty 
measurements have been made for the system 

seM * 1 6 1 0 y , which demonstrates that two 
regions of mult ipl icity and energy art populated 
by 1-neutron pick-up. These results have been 
explained as a superposition of two populations: 
the lower mult ipl icity and sum energy distribu
tion corresponds to direct excitation of the 
ground-state band, and the higher mult ipl icity 
and sum energy distributions corresponds to the 
transfer to low-lying two-quasl-partlcle (q.p.) 
bands In 1 6 0 Dy. 
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He have carried out an experiment at the HHIRF 
in order to obtain further Information on the 
population of non-yrast states In l " b y via the 

1 6 1 0 y ( 5 » * i . 5 * i ) l s , * > y reaction. The 270-NeV 
5 S Ni beam nas supplied by the Hoi1 f i e ld Facil i ty 
tandem accelerator. The measurements were 
carried out using an array of 10 Ge detectors 
which are elements within the Spin Spectrometer. 
Five of the Ge detectors were escape suppressed. 
Events were collected when a backscattered Wi
l l ke fragment was detected in an array of X and 
Y position-sensitive, parallel plate avalanche 
detector and when any one Ge detector f i red . 

Figure 2.36a shows the f r a y spectrum in the 
Ge detectors t*en at least two of these were in 
coincidence. The observed t-rays come mostly 
from Inelastic scattering and one neutron pick
up; these channels were . ectec by requiring an 
energy window In one detector v» the strongest 

I 6 1 Dy transitions (Fig. 2.36b) and the strongest 

2000 -

M O TOO 
ENERGY flwV) 

Fig. 2.36 Gamma ray spectrum in the Gt 
detectors In coincidence with backscattered N1-
Hke part icles, (a) Spectrum corresponding to 
at least two Ge detectors f i r i n g , (b) As ( i ) , 
spectrum In one Ge detector with energy window 
on the strongest '"Oy transitions in the other, 
(c) As ( a ) , spectrum in one Ge detector with 
energy window on the strongest 1 6 0 Dy transitions 
In the other. 

1 6 % y transitions (Fig. 2.36c). In these 
spectra. Ooppler corrections were made assuming 
the t-rays were emitted by the Dy-llke fragment. 
The 'pectrum of Fig. 2.36c s.*wws that the ground 
state band in l s < b y is excited strongly up to 
J * * 10* . but this drops off rapidly so that the 
16* - 14* transition Is very weak, and that at 
least three side bands (two negative parity and 
t n * r-band7) are weakly populated. 

Figure 2.37 shows the spectrum recorded in 
the Hal detectors, unfolded for energy-dependent 
response to T radiation, when in coincidence 
with the strongest l < I 0 y and " % y transitions 
which are observed in the Ge detectors. Figure 
2.37 reflects the observed strong discrete tran
sitions in the yrast band of l s l D y and the decay 
of the f i rs t excited state of 5 % 1 . Figure 2.37 
is the corresponding spectrum for u % y and 
shows additional features to the observed 
discrete l ine Intensity. There Is a pronounced 
broad peak at about 1 He*, the Intensity of 
which is about one-third of the total r-ray 
Intensity for this reaction. The mean energy of 
this peak is similar to the observed discrete 
transitions from the known side bands to the 
g.s. band in " f y . 
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Fig. 2.37 Spectrum recorded In the Hal 
detectors in coincidence with backscattered 
Nf. l ike fragments and energy window In one Ge 
detector on (a) 1 < i 0 y strongest transitions and 
(b) l i ( fcy strongest transitions. 
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These spectra nave been interpreted as 
arising from t ie decay of many 2 q.p. bands 
which are populated by the heavy Ion transfer 
reaction. The large distribution of states 
within these bands will decay to lower lying 
2 q.p. or vibrational states (rather than via 
in-band transitions), which then in turn decay 
to •cabers of the g.s. band. 
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HIGH-SPIN LEVELS » OT ISOTOPES MEAS'jRED IN 
HEAVY-ION INELASTIC SCATTERING EXPFRINENTS 
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I . T. Lee C. Baktash 
D. Cline 3 M. Keman3 

The aost neutron rich nuclei cannot be 
studied by means of heavy-ion-induced fusion 
reactions. In this case Couloab excitation or 
inelastic excitation is a possible alternative 
to study high spin structure. 

In work reported elsewhere In this progress 
report we have recently initiated an extensive 
series of heavy-ion transfer reaction studies.5 

As a sidelight of those experiaents a comprehen
sive set of heavy-Ion Inelastic scattering data 
has been obtained. This Inelastic scattering 
data Is of consequence for two reasons. (1) It 
can be used to determine precise Ion-Ion poten
tials in the aanner described in Ref. 6. (2) 
Froa r-r coincidence Measurements In the ine
lastic channels I t has been possible to extend 
the energy level schemes for several deformed 
nuc'el beyond that reported in tne literature. 

As an Illustration of these methods we 
discuss the extension of the high-spin level 
schemes of , 6 , Dy and 1* l ,Oy. The partlcle-r 
coincidence techniques employed trt described In 
a separate report of this document.5 

Requiring that no neutrons were detected in 
the spin spectrometer, that the Q-value Is be
tween -30 NeV and + 30 HeV, and that the r-fold 
is less than 6, the peak-to-background ratio for 
inelastic transitions was Improved by a factor 
of 5. This gating method enabled us to con
struct side bands in l t 3 Dy and l s*Dy. 

Very l i t t le is reported in the literature 
about the level scheme of 1 6 3 Dy. The yrast band 
5/2 [523] is known to spin 15/2 and side bands 
even lower. Based on data obtained from the 
l l 6 Sn • l 6 3Dy experiment, we have been able to 
extend the favored and unfavored signatures of 
the 5/2 [523] band to spins 37/2~ and 35/2". 
The 5/2 [642] signatures were observed to spins 
29/2* and 27/2*. and the 1/2 [521] signatur-s to 
spins 23/2- and 21/2". The population of the 
positive-parity band is mostly feeding from the 
strongly populated 5/2 [523] band. The level 
scheme for U 3 Dy from the present wort; Is shown 
in Fig. 2.38. 

u *0y is much better known than 1 6 3 Dy. The 
ground state band is known to spin 14+ and the 
T-band to spin 6*. In this work we were able to 
add three more transitions above the 14+ state 
and continue the v-band to the spin 14+. 

The ground-state band and the aligned I n / 2 
band cross at Aw - 0.3 NeV in these nuclei. 
Light Dy isotopes show a clear backbending, 
while 1 6 0Dy and 162Dy only upbend due to the 
large Interaction between the ground state band 
and the s-band. The aligned angular momenta 
( I x ) In the rotational bands In l S JDy and ""Oy 
ar» shown In Fig. 2.39. Both the 5/2 [523] band 
In U30jf and the ground state band In 16*Dy seem 
to experience a very gentle upbendlng at h"w ~ 
0.3 NeV compared wuh the i 1 3 / 2 band In U 3 D y , 
where band crossing Is presumably blocked. 
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Fig. 2.38 Level scheme for U 3 Dy deduced from 
U 6 Sn • l 6 3 Dy Inelastic wittering at energies just 
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FIRST EVIDENCE FOR LOSS OF COLLECTIVITY AT NIGH 
SPINS IN A STRONGLY KFORHED NUCLEUS1 
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Recent lifetime measurements7-9 of H * 90 
nuclei have provided transition quadrupole 
Moments (Qt) which show in the ground band an 
increase with angular momentum as a result of 
centrifugal stretching, while in the s-band 
there is a significant decrease in Qt. This 
reduction of Qt at higher spins has been 
interpreted with qualitative success on the 
basis of both cranked Hartree-Fock-Bogoliubov 
(CHF8)»o-i> a n d cranked shell-model (CSK) 1 2 * 1 3 

calculations. Both approaches depend on the 
fact that the H ~ 90 nuclei have potential 
energy surfaces which are very shallow, ren
dering the nucleus susceptible to the defor
mation driving influences of the quaslpartlcles 
at higher spins. The conclusion for these 
nuclei near N « 90 *s that they are driven to 
triaxidl shapes (+T In the s-band with a 
resulting loss of ol lect iv i ty . 

Inherent in the 3M perspective is the fact 
that as the neutron Feral surface approaches the 
Middle of the i 1 3 / : neutron shell, the driving 
force towards positive T values reverses and 
Moves towards the collective sector ( - T ) . This 
fact, coupled with the More strongly deformed 
nature of these mulei. leads one to assume that 
these mid-shell nu< lei will not demonstrate the 
dramatic loss of collectivity in the s-band as 
we have observed f>r 1 M . u , Y b (Ref. 8) and 

l i 8 E r (Ref. 9). lo test these Ideas we have 
carried out Dopplfr-shift recoil-distance l i fe
time neasurements on the N » 98 nucleus l 7 2 W. 

Excited 172W ruclei were produced by the 
1 2 1 ,Sn("Cr, 4n) -eaction at an Incident beam 
energy of 230 Me*. The recoil velocity of the W 
nuclei wis 0.02fx. Details of the recoil 
distance device used trt discussed In Ref. 14. 
Data were recorded with a BGO Compton suppressed 
Ge detector at 0* to the beam direction under 
the coincidence requirement that at least one of 
an arrty of s x large volume Ge detectors 
(positioned it 90s to the beam) be triggered. 
Coincidence ipectra ware thus obtained for a 
total of 18 target-stopper separations ranging 
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froa 16 im to 7 am and the data were stored In *n 
event-by-event mode on magnetic tape. 

Lifetimes for the yrast sequence of 1 7^f were 
determined froa spectre generated In three ways: 
(1) by gating on the y-ray transition above a 
group of several transitions of Interest [gated-
above (GA) type data]; (2) froa the sua of 
spectra obtained by gating on Individual y-rays 
in cascade below the transitions of interest 
[sua-gated-below (5GB) type data]; and (3) with 
the entire 90* spectra below 1.5 fleV as the 
gate [total-projected (TP) type data]. The data 
froa the GA-type spectra are of relatively poor 
statistical quality, but they provide decay 
curves free froa contributions of direct side 
feeding to the levels under study. For the 
analysis of the spectra of the latter two types, 
wherein the probleas of the unknown side feeding 
are not elialnated, two-step-cascade side feed
ing was aodeled to each of the levels under 
study. In all cases, a rotational band was used 
to mode the feeding into the top level of the 
sequence. 

Lifetiaes were extracted by using the com
puter program LIFETIME (Ref. 15) which applies 
all the usual corrections 1 6* 1 7 to the data and 
handles the problem of feeding by direct solu
tion of the Bateman equations. The Initial 
populations and transition rates are adjusted by 
the program to obtain the best f i t to both the 
shifted and unshif*ed intensities as a function 
of target-stopper separation. 

Typical fits to the corrected experimental 
decay curves are shown in Fig. 2.40. The re
sults obtained for the lifetimes are displayed 
In Table 2.8. The experimental transition 
quadrupole moments, Qt, listed In column 4 of 
Tabie 2.8, rere obtained froa the reduced tran
sition probabilities according to the expression 

B(E2; ! • 1-2) • -jy; <* 2 0 0 | 1-2 0>* Q* 

The uncertainties in the lifetimes and Qt val
ues quoted in Table 2,8 were determined by the 
method of the subroutine MINOS described in 
Ref. 18. 

Fig. 2.40 Illustrative decay curves showing 
unshlfted (open circles/ and shifted (solid 
circles) T-ray Intensities as a function of 
flight time. The solid curves are the fitted 
time distributions. 

Table 2.8. Lifetimes and transition quadrupole 
nts in " 2 * 

I? E* (keV) *°(ps) Qt b(eo) 

2* 123.4 892 • 5 6 * 7.62 ± 0.24* 
4+ 254.0 44.5 •2.1C 7.29 ±0.18* 
6* 350.6 7.18 t 0.56 8.03 ± 0.31 
8* 419.6 3.40 t 0.12 7.38 ±0.15 

10* 470.7 1.92 ± 0.21 7.31 ±0.46 
12* 513.0 1.57 ± 0.10 6.44 ±0.28 
14* 549.9 1.10 tO.10 6.45 ±0.29 
16* 576.9 0.82 t 0.06 6.60 ±0.28 
18* 598.3 0.72 * 0.18<l 6.52 ± 0.81 d 

20* 644.3 0.53 • 0.14. 
- 0.13 6.21 • n.90. 

- 0.81 

22* 711.1 0.39 • 0.17. 
- 0 .14 e 5.65 • 1.56 e 

- 1.09 

'The uncertainty in transition energies Is 
± 0.1 keV. 
bValue represents a weighted average of two 
numbers; the f i rs t , an unweighted arithmetic 
average of the results of TP and SGB data and 
the second, an unweighted arithmetic average of 
GA results. 
CTP and GA results only. 
dTP and SfiB results only. 

•TP results only. 
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It Is clear fro* Fig. 2.41, In which the 
Qt values are plotted as a function of the rota
tional frequency, that there Is a reduction of 
- 15% In the Qt values for spins I > 12. Fro» 
the present data It Is not possible to conclude 
whether this drop occurs suddenly at I • 12 or 
If there Is a general downward tendency of tt,± 
Qt values throughout the yrast band to spin 22. 
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Fig. 2.41 Transition quadruple moments of 
the yrast sequence of 1 7 2W as a function of 
rotational frequency. 

In either case, this Is a surprising and very 
Interesting result, and certainly was not the 
expected outre** based on previously held Ideas 
about such "strongly" deformed nuclei. At this 
point we do not have a theoretical explanation 
for this behavior, but calculations are in 
progress by several groups. 
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Data on l S 3 P t were collected using a 163 MeV 
3 H S beam on a ls"Sm target. The experimental 
set-up Is the same as that described In the 
contribution "Rotational Alignment Processes In 

, 8 "Pt" also Included 1n this report. In the 
case of 1 8 3 P t , selective gating on the total sum 
energy and r-ray fold observed in the spin spec
trometer was used to enhance the 5n reaction 
channel. Three different odd-neutron structures 
were observed: (1) the favored signature of the 
P3/2 band, (2) both signatures of the 7/2"[514] 
band and (3) both signatures of the 9/2 +[624] 
band. In this region of transitional nuclei, 
the configuration of the odd quaslpartlcle can 
directly Influence the equilibrium deformation 
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of the core. These deformation effects are 
expected to differ for the vf 7 / 2 and vt 1 3 / 2 

bands. 
In Fig. 2.42, the experimental Routhlans are 

plotted as a function of rotational frequency for 
the v f 7 / 2 (K « 7/2) and vl l 3 / 2 (K - 9/2) bands. 
I t Is clearly shown that although no signature 
splitting Is observed In the f 7 / 2 bands, a 
significant splitting 's observed in the 
^13/2 bands. Both of these structures font 
high-K bands where essentially no signature 
splitting is expected to occur for a sym
metrically deformed potential. However, i t is 
well-known that In the N * 90 region signature 
splitting in hlgh-K bands can occur due to the 
Y-drlvIng Influence of the odd quaslparticle on 
the core.8 

In the N « 106 region, there is a further 
complication which arises from the very large 
hexadecapole (eH) deformations which can exist 
for these nuclei. Large E^ deformations appear 
to account for the large signature splitting 
observed in the v i i3 / 2 bands in odd-N 7 f i0s 

1.0 

0 

5 
5 

-'.0 -

-2.0 

• a=-1/2 
A a = +1/2 
• a = -
• c 

-1/2? 
+1/2! 

"fr/2 

«"«/2 

183o> 
78 r l 10S 

0.1 0.2 0.3 
ttu> (MeV) 

0.4 

Fig. 2.42 Experimental Routhlans (e') for 
i8iH as a function of rotational frequency. 
The reference parameters used were 4. • 22 n"2 

MeV- i and / « 90 I f MeV*». 

nuclei. 9 A large ê  value has the effect of 
contracting the i i 3 / 2 orbital, bringing the 
l/2[660] configuration much closer to the high-k 
states. Therefore, even when the Fermi surface 
lies foirly high In the shell there can st i l l be 
a significant mixing of the K * 1/2 configura
tion. In Cranked Shell Model (CSM) calcula
tions, as e% is increased, the signature 
splitting of the 1 1 3 / 2 configurations also 
increases. Potential energy surface minimiza
tion calculations using a folded Yukawa poten
t ial give Cj/c,, values of 0.225/0.04, 0.21/0.055 
and 0.19/0.065 for 1 8 * t , l 8 5 P t and 1 8 * t , 
respectively. The decreasing e 2 values, and 
increasing e values should result 1n an 
increase in the signature splitting from la3Pt 
to 1 8 7 Pt . However, recent data on 1 8 ¥ t (Ref. 
10) indicate that the observed signature 
splitting In 1 8 S Pt is only half of that observed 
in " ¥ t . 

In the N = 106 region, the effects of both 
E1( and Y need to be considered in,explaining the 
observed signature splitting. The magnitude of 
the Y-driving force of the quaslpartlcle on the 
core can be estimated roughly I f the energy 
dependence of the quaslpartlcle Routhlan as a 
function of Y IS known. The quasiparticle 
Routhian can then be added to the core energy 
and the equilibrium shape can be determined.8 

The one-quasiparticle Routhlans for the vf?/ 2 

and vi l 3 ^ 2 configurations are shown In Fig. 
2.43a. These have been calculated with a CSM 
code using the Nllsson potential. In order to 
be more self'Consistent the e 2 and ch values 
used 1n the calculation were determined 1n a 
potential energy surface minimization calcula
tion also using the Nllsson potential. The 
energy of the core was calculated using 

Ecore * X O C O $ 3 Y * 7» 2 ( J o * 7 " 2 ' » > * 

yCOS2(Y+ 30"), 

where the first term gives the deformation 
energy. The V factor 1s a fitted parameter 
representing the potential energy dUvcence 
between the prolate and oblate shapes. Tht 
second term represents the contribution from the 
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ant-WC. n - w n 

-60° -40- -20° 20° 40° 60° 

Fig. 2.43 (a). Calculated Routhians for the 
v < i 3 /2 an<!„Xf?/2 we quasiparticle configura
tions in 1 9 ? t as a function of Y-deformation. 
The CSM calculation was done using e z = 0.229, 
t„ = 0.037, A = 0.10 K»fr and flu = 0.023 h*t>0. 
Also shorn is the calculated core energy, using 
reference parameters S0 » 22n"2 HeV"l and S\ = 
90 fi* MeV- 3. ( f . . Total energy curves for the 
v i 1 3 / 2 and v f 7 / t one quasiparticle configura
tions in l 8 ? t a; a function of y-defomation. 
The Vp,, needed t i f i t the experiments! ly 
observed signature splitting 1n the v i 1 3 / 2 

bands is -1.23 *>V. 

show a strong preference for negative Y values 
and will exert a driving force on the core in 
that direction. The resulting total energy 
curves as a function of T are shown in Fig. 
2.43b. The favored and unfavored signatures of 
the v 1 l 3 ^ 2 configuration show minima at Y = -13° 
and T = -7°, respectively. The V for 1 8 3 Pt 
was fitted so that the energy difference between 
these two minima is equal to the observed signa
ture splitting. The V so determined is -1.23 
HeV, which is very close to the V predicted by 

po 
the potential energy minimization calculation. 
The total energy curves for the v f 7 / 2 configura
tion show no significant change In their r-
defonution relative to the core and no sig
nature splitting, as expected. 

The above calculations indicate that Y-
defomatlons also need to be considered in ex
plaining the signature splitting In the odd-N Pt 
nuclei, although it is not clear just how the 
interplay of both e I ( and y affect the signature 
splitting. In order to get a better feel for 
the deformations in the N = 106 region it is 
necessary to do the potential energy surface 
minimization calculations as a function of 
e 2 , e,̂  and y. Such calculations are currently 
underway. 

rotational energy using the Harris expansion in 
terms of the moment-of-lnertia parameters J and 
*. The total energy of the core is then given 
by 

tot - I e!, • E core 

when ej, is the quasiparticle Routhian for a 
given quasiparticle u. 

In Fig. 2.43a, the core energy is seen to 
minimize near Y * 0°. In this region the v f 7 / 2 

Routhian Is fairly flat as a function of y and 
therefore is not expected to affect the equi
librium Y value. However, the vt 1 3 / 2 Routhians 
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The study of 1 8*Pt was carried out at the 
Hollfleld facility using a 151,Sm(3'>S,4n) tac
tion at 163 MeV. Seven Nal counters In the Spin 
Spectrometer w»re replaced by 6e detectors, six 
of which were suppressed using Nal annuli. 
Selection o* the 4n reaction channel was en
hanced by setting selective gates on the total 
energy and total T-ray fold observed in the Spin 
Spectrometer. The T-Y coincidence data were 
analyzed and the yrastband was extended up to 
!* = 26*. A highly aligned side band which 
feeds Into the yrast band at spins 14* and 16* 
was observed for the first time. The nature of 
this side band 1s not yet understood. 

In Fig. 2.44, the alignment (1) 1s plotted 
versus the rotational frequency for the yrast 
structure of 1 8 k P t . A gentle upbend is observed 
starting at rT« = 0.23 HeV, with a total align
ment gain of 9.7 ft. In "ffl 

s106» a sharp upbend 
occurring at Ku ~ 0.25 NeV has been attributed 
to the alignment of a pair of i,, / 7 neutrons.8 

In 7 $ S I O H , tro distinct upbends are observed. 
The first upbend at n%» =0.26 NeV is attributed 
to the alignment of a pair of 1 1 3 , 2 quasl-
neutrons and the second at K J ~ 0.38 NeV to a 
pair of h 9 » 2 quaslprotons.e In 1 8 l |Pt, the upper 
limit of rotational frequencies observed Is 0.4 
NeV but only one upbend Is observed. 

Blocking experiments carried out on 1 8 5Au 
(Ref. 9) and l 8 5 P t (Ref. 10) indicate that pairs 
of both *,3/2 quasineutrons and h 9 > 2 quasl
protons are involved in the upbend seen in 
l 8 l*Pt. Alignment plots for the a • 1/2 signa
tures of the »h 9. 2 band in : 8 5Au and the 
^13/2 b a n d 1 n l 8 S p t a r e 8 l i J s n o w n 1 n F 1 9 * 
2.44. In l 8 S P t , a sharp upbend at If* % 0.25 NeV 
is seen with a total alignment gain M • 5.1 If. 
Since the alignment of the 1 1 3 / 2 quasineutrons 
will be blocked In 1 8 5 P t , the upbend 1s most 

0.2 0.3 
ficu (MeV) 

Fig. 2.44 The alignment (1) versus the rota
tional frequency for the yrast band in 1 8 *Pt, 
the o= 1/2 v i , j / 2 band in 1 8 5 Pt and the 
a » 1/2 « h 9 / 2 band In 1 8 5*u. The reference 
parameters used were S0 * 22 fi*2 NeV-l and 
S, * 110 fi"" NeV- K 

likely due to the alignment of a pair of 
N /2 c , u a s * P r o t o n s « T n e 9entle upbend observed 
In the *h 9 # 2 band In l 8 SAu occurs at ff« c 0 . 3 2 
"eV with an alignment gatn M » 5.7 h*. Blocking 
arguments, coupled with the results of Cranked 
Shell Model calculations. Indicate that In the 
case of 1 8 5 Au, a pair of 1 1 3 . 2 quasineutrons are 
aligning. Each of the alignment processes 
observed in 1 8 S Pt and 1 8 5Au occurs in the same 
frequency range as the upbend seen In 1 8 t t and 
each has about half of the total alignment gain 
measured for 1 8 *Pt. The upbend in 1 8 < ?t thus 
appears to result from the alignment of four 
quasi particles, two h 9 # 2 quaslprotons and two 
1 1 3 # 2 quasineutrons. 

In Fig. 2.45 a plot of the differences In 
crossing frequencies between the h . quasl
protons and the 1 | 3 < 2 quasineutrons Is shown 
from CSN calculations. The deformation parame
ters used In the CSN calculation were derived 
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0.25 

Fig. 2.45 The difference In crossing fre
quencies for the proton and neutron crossings In 
the Pt isotopes Is shown as a function of 
neutron number N, «4iere tu^ « «t( 1*9/2 crossing) 
- *v-.(v1i3/2 crossing). The crossing frequencies 
MP-.e calculated using a CSK Nilsson code with 
deformation parameters for ea-'h isotope taken 
frrm deformation energy minimisation calcula
tions in the e 2 and c* plane. 

from deformation energy minimization calcula
tions using a Nilsson potential and carried out 
for each Pt isotope. In the CMS calculations, 
the vl 1 J > 2 quasineutrons always align before the 
* 9 / 2 quasiprotons. Even though the minimum 
difference 1n the proton and neutron crossing Is 
calculated to be -70 keV, I t is significant that 
this minimum occurs for the N - 106 isotope. 
These calculations are therefore compatible with 
the experimental evidence that the proton and 
neutron crossings 1n l 8"Vt are occurring at 
nearly simultaneous frequencies. Better calcu
lations are currently being carried out which 
include f e effect of Y-deformat1on on the 
potential eiergy surface minimization calcula
tions. 
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A POSSIBLE NILSSON K,» PARAMETER SET IN THE 
Au-Pt REGION 

Jing-ye Zhang1 L. L. Riedinger2 

A. J . Larabee3 

The modified harmonic oscillator potential 
Introduced by S. G. Nilsson et al . has been 
extensively and successively employed In the 
interpretation of the single-particle motion In 
deformed nuclei. There are two shell parame
ters, K and u, which appear in the potential 

V - -rff». {2{ t-S + ;i (1 * - <!*>„)} 

where L Is defined in stretched coordinates. 
As emphasized by the authors'*, the parameters * 
and |i are optimized to reproduce the experimen
tal level schemes for the rare-earth nuclei 
(A * 165) and the actinldes (A * 242). For the 
other regions, the K and i> are assumed to vary 
linearly with the mass number A. In order to 
better f i t the experimental data in these 
regions, I , Ragnarsson et a l . 6 . 7 assumed the 
parameters K and u to be dependent on the main 
oscillator quantum number N. Hrwever, such a 
•c(N), u(N) set does not fully rroroduce slngla 
particle behavior in the A * 187 region as will 
be discussed below. 

Recently, several new spectroscopic measure
ments for »M. iM , iw *„ ,„,, l t i . i t t . iss P t 

have been done, and these allow a more thorough 
examination of the validity of the latest set of 
K and » parameters by giving a mare sensitive 
test of the relative positions of the different 
Nilsson single-particle orbits. A comparison of 
the data, with values calculated using the para
meter set of Ref. 6, Indicates that the f7/2 
orbital Is too high and the 1 n / 2 orbital too 



97 

Table 2.9 A Hew Set of K(M), U(R) Parameters 

Protons Neutrons* 
"rot Sc u k u 

0 .120 .00 ,120 .00 
1 .120 .00 .120 .00 
2 .105 .00 .105 .00 
3 .090 .30 .090 .25 
4 .065 .57 .070 .39 
5 .060 .54 .062 . « 
6 .054 .52 .062 .v4 
7 .054 .52 .062 .26 
8 .054 .52 .062 .26 

The as described In Ref. 6. 

low. On the other hand, use of Uie K(N) and 
u(N) values listed In Table 2.9 mables a rea
sonably good teproductlon of the win features 
of the single-particle structure for nuclei in 
this region. 

Figure 2.46 Is the Minimization calculation 
of" the potential energy surface for different 
proton configurations In l s 5Au (assuming y « 0). 

The h$/2 [541] 1/2 is found to be the ground con
figuration, while the i 1 3 / 2 [660] 1/2 state lies 
~1 NeV above the ground state. The h 9 / 2 proton 
crossing appears at h« ~ 0.255 NeV. These are 

c • 
in agreement with the data. 

So far, 1 8 SAu is the first nucleus where such 
a low-lying f 7 / 2 band structure Is identified. 
Therefore a systematic search for the f 7/2 band 
in neighboring Au Isotopes and Ir and Re isoto
pes will be critical for further testing of the 
single-particle model in this region. Fig. 2.47 
shows the theoretical location of the fj/2 band 
head in the Au isotopes using the *(«.) and u{N) 
set In Table 2.9. Along with 1 8 5 Au, there are a 
few other candidates containing a low-lying 
fjf2 band structure, such as 1 8 3 Au, 1 8 7 Au, l 8 3 I r 
(with f 7/2 band head ~ 0.257 MeV) and 75 W 
(with f 7 / 2 band head ~ 0.327 NeV). These band-
head calculations are very sensitive to the K(N) 
and |>(N) used. An alternative c, u parameter 
set is shown by the dashed lines in Fig. 2.47. 
This set also differs from the set given in Ref. 
6 for the N « 5 parameters. This second set 
uses K(5) » 0.065 and u(5) » 0.52. A comparison 
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Fig. 2.46 Deformation energy curves as a 
function of t. for various band heads in 1 8 SAu. 
At tatry t, tne minimization was carried out for 
the e. deformation parameter. 
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Fig. 2.47 Calculated band head energies from 
potential energy surface minimization calcula
tions for the wf,/ 2 configuration 1n the odd-M 
gold Isotopes. Two different calculations are 
shown. The solid lines were determined using 
the K(N), M(N) Nilsson parameter set given in 
Table 2.7. The dashed lines use a slightly dif
ferent set or parameters than those given In 
Table 2.9, i .e. , «r(5) - 0.065 and u(5) - 0.52. 
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of the results for this set coapared to the set 
used in Table 2.9 shows very l i t t l e difference 
in the f7/2 band-head energy 1n 1 8 5 Au (the two 
results di f fer by only 20 keV). However, this 
second set results in much higher energies for 
the f7 /2 band-head in the neighboring odd-A gold 
isotopes. Information on the fy2 band-head in 
neighboring nuclei is therefore necessary in 
order to pin down the most valid set of K and |i 
parameters. In order to get a universal K, p 
set over a wide region, i t is clear one oust 
systematically compare the theoretical and 
experimental results for components such as the 
band-head energies for different configurations 
and the single-particle structure of high-spin 
states. 
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SEARCH FOR l , 2 T l 

K. S. Toth R. L. Mlekodaj1 

H. K. Carter 1 0 . M. Moltz 2 

Levels in ^",i»6,i9»Hg h a v e ^^ i n v e s t i -
gated 3 ' " at the UNISOR fac i l i ty via the decay of 
their thallium parents. These studies, coupled 
with In-beam data obtained at other labora
tor ies , established 1n each of the three mercury 
nuclei the presence ov an excited, strongly de
formed banri coexisting with levels built on the 
near splerlcal ground ".ate. The 0* deformed 
band hearts 4rop from 824 to 522 to 375 keV as 

one goes from 1 8 8 Hg to l 8 * H g . Theoretical 
models predict that this deformed band should be 
lowest midway r?tw>:en N = 126 and H = 82 and 
that i t should then go up in energy or else 
vanish as the neutron number decreases further. 
A crucial way to test rhese predictions is to 
locate the 0+ deformed state in 1 8 2 Hg and 1 8 0 H g . 

Recent in-beam data 5 have shown the 1 S 2 Hg 
ground state to be near spherical. However, the 
0* deforced level was not observed, indicating 
the necessity for an investigation of 1 8 2 T 1 
decay to levels in I 8 2 H g . 

Early attempts6 to identify l 8 2 T l by using 
beams from the Oak Ridge Isochronous Cyclotron, 
e . g . , in ..he 1 8 0 U( l l , N,12n) reaction, were unsuc
cessful presumably because the incident energies 
were too low. More recently, we bombarded 1 5 2 Gd 
with 3 SC1 ions from the HHIRF tandem and focused 
on the nuclide's a-decay properties as a means 
of identif ication. A helium gas-jet system was 
used to transport products to a shielded area 
for assay with a Si(Au) surface barrier counter 
and a Ge(Li) detector. Mercu-y, gold, platinum, 
and other thallium nuclei were also made in re
actions not only with 1 5 2 6 d (41.2%) but with 
heavier gadolinium Isotopes as wel l . These 
other radioactivities were not expected to be a 
problem because 1 8 2 T 1 , based on E a systematics, 7 

was anticipated to have the highest a-decay 
er.ergy of any reaction product. I ts a group 
would therefore not be obscured by other peaks. 

Despite varying both the 3 SC1 bombarding 
energy and the Irradiation and counting time, 

l 8 2 T l wis not seen. The explanation does not 
appear to be an unexpectedly low production 
cross section. Compound-nuclear calculations 
predict a peak cross section of ~ 30 mb, and 
the neighboring nuclide 1 8 T l ( T i / 2 • 11 sec), 
produced In the ( 3 5 Cl ,5n) reaction on 15 l*Gd was 
observed in both o-part1cle and y-ray spectra. 
The answer seems to be that the 1 8 2 T 1 h a l f - l i f e 
Is mucn less than 0,5 sec, a l imit set by the 
helium gas-jet transport time and the move time 
cf the tape collector. 

1 . UNISOR, Oak Ridge Associated Un1vers1 
t i e s . Oak Ridge, TN, 37830. 
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THE o-REOUCED MDTH OF 1 91>b AKD THE 
Z « 82 CLOSED SHELL 

Y. A. Ellis-Akovali H. K. Carter 1 

K. S. Toth R. L. Hlekodaj 1 

He recently discussed2 the s-wave o-reduced 
widths of I 86 ,u8 , i90 , i92p b # These widths were 
found to have a dependence on N similar to that 
observed for other neighboring elements, i . e . , 
they decreased in value as the N - 126 shell was 
approached. However, contrary to the expec
tation of a shell effect on o-decay rates at 
Z = 82, they were larger than those of mercury 
isotopes with the same neutron numbers. We 
suggested2 that this result could be related to 
a possible disappearance of the Z = 82 gap mid
way between N = 82 and N = 126. I f correct, 
this suggestion implies that widths for lead 
nuclides with A > 192 should f i rs t come closer 
• . . and then, for larger neutron numbers, fa l l 
below mercury values. 

A major di f f icul ty in confirming this expec
tation arises because o-decay energies decrease 
with increasing N and the concomitant a branch
ing ratios become extremely small. In fact, the 
o decay of l 9 M Pb has not been observed. Vte de
cided to search for the a decay of 1 9 l*Pb and to 
determine I ts o-branchlng ratio by examining i ts 
(E.C. • B¥) decay scheme In deta i l . Available 
data 3 . " l i s t only a 204-keV transition In 1 91>b 
decay. 

To this end we produced l 9 M Pb in bombardments 
of W with 1 6 0 Ions from the HHIRF tandem accel
erator. Following mass separation, the Iso
tope's decay properties were Investigated. The 

a decay of 1 91>b was identified for the f i r s t 
time ( E a = 4.64 ±0.02 MeV}. In addition, a 
comprehensive B-decay scheme was constructed 
incorporating at least 40 r-ray transitions. 
Based on this information the I 9 > l Pb o-branchlng 
ratio was determined to be (1.0 ± 0 . 4 ) x 10~ 7 . 

As in Ref. 2 , we consider o-decay rates 
within the theoretical framework developed by 
Rasmussen.5 A reduced width, < 2 , is defined In 
this formalism as x = * 2 P/h where X is the 
decay constant, h is Planck's constant, and P is 
the penetrability factor for the a particle to 
tunnel through a barrier. F ig . 2.48 shows < 2 

values for ground state to ground state a t ran
sitions of even-even nuclei with Z from 78 to 
100. One sees the regularity of these widths as 
a function of N, with the extremely sharp brjak 
at H = 126. This discontinuity has been shown 
to be a shell structure ef fect . A less pro
nounced minimum is seen at the N = 152 subshell. 
Note that while the 6 2 values for given neutron 
number; decrease as Z approaches 82 those of 
186,188,190, i92pD a r e i a r g e P than neighboring Hg 

widths contrary to the expected shell effect at 
Z - 82. The 1 9"Pb width, however, is less than 
those of Pb, Hg, and Pt nuclei with A < 192 
indicating that perhaps the Z * 82 gap is being 
restored for N > 112. We also show an estimated 
width for 1 8"Pb based on the data of Schrewe 
et a l . 6 and on the assumption of a 100% a 
branch. I t is appreciably smaller than those of 
I86, i88, i90p b . t h 1 s m y oe a n indication that 

the Z * 82 gap 1s also reappearing for N < 102. 

1 . UNIS0R, Oak Ridge Associated Universi
t i e s , Oak Ridge, TN, 37830. 

?.. K. S. Toth et a l . . Phys. Rev. L*tt S3, 
1623 (1984). 

3. 8. Jung and G. Andersscn, Nucl. Phys. 15, 
108 (1960), 

4. K. H. Hicks, et a l . , Phys. Rev. C IS , 
2710 (1982), 

5. J , 0. Rasmussen, Phys. Rev. 113, 1593 
(1959). 

6. Schrewe et a l . , Phys. Lett 916, 46 
(1980). 
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Fig. 2.48 Reduced widths for : -wave a transitions plotted as a function of N for isotopes 
with Z from 78 to 100. widths for Z - 82 are Indicated by open points. 

QUASI-ELASTIC HEAVY-ION REACTIONS 

QUASIELASTIC SCATTERING OF 5«W • «•«> 
AT 15.7 HeV/NUCLEON 

N. Beckerman1 B. L. Burks 
E. E. Gross C. W. Glover R. L. Auble R. 0. Sayer1 

F. E. Bertrand 0. Shaplra J. L. Blankenshlp2 Y. Suglyama1* 
These measurements were undertaken to provide 

information on the quasielastic reactions 
between massive (A > 40) nuclei at energies above 
10 MeV/nucleon, of which l i t t le Is known. In our 
study, 913 MeV S 8N1 ions provided by coupled 
ORIC • tandem operation were used to bombard 
thin, Isotoplcally enriched 2 0 'Pb targets. 
Quaslelastlcally scattered ( H 2 5 * , H 1 2 S + , and 
N127+ Ions were detected in small angular steps 
from far Inside to well beyond the grazing angle, 
9 g r . Unit Z and A separation and better than 
1-MeV energy resolution were achieved using AE, 
TOF, Bp, and E signals from the BRS focal plane 
detectors and a mlcrochannel plate "start" 
detector. 

Displayed in Fig. 2.49 are angular distribu
tions of quasielastic events. Shown are the 
ratios of elastic to Rutherford cross sections, 
differential cross sections for the excitation 
of the 1.454-NeV 2+ level in 5 8 N 1 , the summed 
cross sections for higher-lyln-] excitations of 
target and projectile, and differential cross 
sections for one- and two-mid eon transfer. Me 
find considerable Inelastic strength in the 
vicinity of 4 MeV. At angles near and beyond 
8gr» differential cross sections for the 1.454 
MeV and higher-lying excitations are comparable. 
As can be seen In Fig. 2.49 the transfer yields 
are sharply focused near 9 9 r . These processes 
have narrow angular ranges (2.9" to 3.2 s FWHM) 
and large peak differential cross sections 
(~650 mb/sr for 5 'N1). The angle and energy 
Integrated cross sections for neutron transfer 
are compared in Table 2.10 to values deduced 
by Rehm et a l . * from measurements at 375 MeV. 
We see that the cross section for one neutron 
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F1g. 2.49. Plots of quasielastlc cross sec
tions. Experimental results are preliminary. 
Final corrections to the data due to hit VDC 
wires have not been applied. The higher lying 
Inelastic strength M S treated in the coupled-
channel calculations by placing an effective 
(fictitious) 2 2 level at an excitation of 3.0 NeV. Smooth curves through the transfer data 
are visual guides. 

Tabie 2.10. Total cross sections for acatroo traasfcr. 
The results at 913 MeV arc for excitat ion from 0 to IS IfcV. 

Reaction AM) 
913 * V 37S * V 

*••«>{*•« .S»M)*«Pb • l .« 8S 2CS 

2««PB(MR1,"M)2Mn •«.3 6 « 
*••»(*••» .«»!)*•»» -8.3 41 -10 

pickup decreases by a factor of 3 in going 
from 375 to 913 NeV while the corresponding 
cross section for one neutron stripping 
increases by a factor of 4. The cross section 
for tMO-neutron pickup is only 6 mb at 913 NeV, 
declining by an order of magnitude from the 
value at 375 NeV. 

MBA and coupled-channel analyses of the 
transfer data are in progress. Results of a 
coupled-channel analysis of the elastic and 
inelastic data are presented in Fig. 2.49. The 
optical potential deduced in the analysis was 
V - 27.7 NEV, W » 38.8 NeV, r 0 « 1.21 fm, 
r 0j « 1.16 fm, a -'ft 934 fm, and ai •'0.896 fm. 
The deduced B 2 for the 1.454-NeV 2+ level was 
B 2 * 0.173; the effective p 2 describing the 
higher-lying excitations was p 2 * 0.170. The 
total reaction cross section was found to be 
5.56b. Upon subtracting Inelastic scattering 
cross sections of 619 mb and 356 mb from the 
total reaction cross section we end up with a 
reaction cross section of 4.59b, in close 
agreement with the value o.' 4.48b deduced from 
a quarter-point analysis of .'•e elastic data. 

1. 
ORNL. 

2. 
O R * . 

3 . 

;oint Institute for Heavy Ion Research, 
jak Ridge, TN 37831. 
Instrumentation and Controls Division, 

Computing and Telecommunications 
Division, ORNL. 

4. Japan Atomic Energy Research Inst i tute , 
Tokal Research Establishment, Tokal-mura, 
Naka-gun, Ibarakl-ken, Japan. 

5. K. E. Rehm et a i . , Phys. Rev. Lett . S I , 
1426 (1983). 
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HEAD-ON SCATTERING AT UM ENERGIES 

H. J . Kia B. A. Harmon* 
H. Beckeraan1 D. Shapira 

P. H. Stelson 

Studies of fusion between T1 isotopes and Nb 
and Zr targets near and below the Couloab barrier 
have shown narked differences in the Magnitude 
and the energy dependence of the Measured fusion 
cross sections. 3 Attempts at explaining these 
differences with the standard models which cow-
bine one-dimensional barrier penetration with 
; iF last ic scattering and nucleon transfer at long 
range have produced soae success.* 

As a step toward understanding the d i f fer 
ences Mentioned above, a survey study of other 
processes that occur at relatively large inter-
nuclear separation of colliding medium heavy 
ions was in i t ia ted . The study involves 
measurement of reaction products eaitted at for
ward angles frow nuclear collision at energies 
below and near the Couloab barrier. The yield 
of target- l ike ejectiles resulting froa the * 6 T1 
projectiles on " Z r and 9 3 Nb at energies ranging 
f ro* 150 to 166 MeV was investigated in this 
in i t i a l study. Me used the velocity f i l t e r to 
separate the ejecti les froa the beaa around 0 ° , 
Results froa our i n i t i a l aeasureaent show that 
at subbarrier energies, nucle?r collisions are 
comple>. Long-range Couloab excitations and 
nucleo -transfer reactions aay not be the only 
significant processes besides the fusion at 
' jbbarrier energies. He observe target- l ike 
products eaitted near 0° with energy losses as 
large as 38 MeV and also the transfer of 
substantial amounts of charge between the pro
jec t i l e and target. 

1 . Joint Institute for Heavy Ion Research, 
Oak Ridge, TN 37831. 

2 . University of Virginia, Charlottesville, 
VA 22901. 

3. Phys. D1v. Prog. Rep, for Period Ending 
Sept. 3grfe8T7T)Rnl '^27rp.~6?. 

<TT "77 H. Stelson et a l . , "Fusion Cross 
Sections for Beams of *•« »*»Ti on Targets 9*2r 
and " N b , " this chapter. 

NUCLEAR STRUCTURE AND MHBAROIK ENERGY 
DEPENDENCE OF QUASIELASTIC SCATTERING 

H. Beckenuni B. L. Burks 
R. L. Auble C. W. Glover 
F. E. Bertram! R. 0. Sayer3 

J . L. Blankenship2 D. Shapira 
R. L. Varner 

In order to probe the nuclear processes 
characteristic of two aassive atoaic nuclei in 
weak contact, quasi elast ic scattering yields 
were aeasured for the s *N i • 2 0 * P b systea at 
several boabarding energies froa 600 to 1011 HeV 
(10.3 to 17.4 HeV/micleon). As in our previous 
study at 913 NeV, e las t ic , inelast ic, and 
transfer components were completely resolved 
using the ORNL Broad Range Spectrograph plus a 
MicroChannel plate "start" detector. 

Spectra for the one-neutron pickup reaction 
"»Pb( 5 »H1, 5 »l«i )« 7 Pb taken at boabarding 
energies of 600 and 1011 IfeV are displayed in 
Fig. 2.50. The energy resolution achieved in 
the measurements was 600 to 700 keV. With this 
resolution we observe that there are two 
distinct structures in the spectra. F i rs t , 
there is a fair ly narrow peak located at a low 
energy near the ground state. Second, there is 
a large, broad structure centered at an excita
tion of some 7 MeV. Previous studies of 
quasielastic transfer In the 5»N1 • ' 0 8 P b systea 
at 375 HeV* and In the «ICr • 2 0 8 P b systea at 
695 MeV5 carried out with lower energy resolution 
gave no indication for structure in the one-
neutron pickup spectra. We observe In Fig. 2.50 
that the spectral shape is remarkably stable as 
a function of bombarding energy. The main d i f 
ference between 600- and 1011-MeV spectra is a 
mild shift in the relative population of' the two 
structures. 

A typical spectrum for the two-neutron pickup 
reaction "»Pb(5«m,«0H1)™«Pb at 1011 MeV Is 
shown In Fig. 2.51. In contrast to the one-
neutron pickup spectra, t>.e two-neutron pickup 
spectrum does not exhibit evidence for substan
t i a l strength In the vicinity of the ground 
state. Instead, there is a single broad 
structure centered at an excitation energy of 

/ 
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Fig. 2.50. Energy spectra for the one-neutron 
pickup reaction 2"Pb(58N1,5»N1)™7Pb. Upper 
portion: Spectrum at a bombarding energy of 
1011 HeV for 8 ] a D • 14°. Lower portion: 
Spectrum at a bombarding energy of 600 HeV for 
e j a b • 32°. The peak in the 1011-NeV spectrum 
near channel number 760 Is due to elastic scat
tering. 
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2.51. Energy spectrum for the two-neutron 
reaction 2°8Pb(5*N1 , 6 0 Ni) 2 0 S Pb for 
14°. 

approximately 12 MeV. Me observe In all reac
tion channels that there is transfer to unbound 
levels. This process appears In the appropriate 
transfer spectra as broad structures at high 
(>30 NeV) excitation. In the two-neutron pickup 
reaction the strength seen In these channels Is 
comparable to that observed at the lower excita
tions. 

1. Joint Institute for Heavy Ion Research, 
ORNL. Oak Ridge, TN 37831. 

2. Instrumentation and Controls Division, 
ORNL. 

3. Computing and Telecommunications 
Division, ORNL. 

4. K. E. Rehm et a l . , Rhys. Rev. Lett. SI, 
1426 (1983). 

5. A. J. Baltz et a l . , Phys. Rev. C 29, 2392 
(1984); H. Sohlbach et a l . , Phys. Lett. 1538. 
386 (1985). 
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MUTirMl ICLE HEAVY-IOR TKARSFEX NO THE 
TtMSmOK RON QUASIELASTIC TO BEEP 

IhELASTIC tEACTHMS 

S. Juut.nen1 0. Cllne 2 

S. Sorensen1 W. Kernan2 

X. T. Liu 1 N. L. Halbert 
H. W. Guidry2 C. Baktash 

I . T. Lee 

Rather l i t t le Is known about the detailed 
evolution of the reaction mechanism from single 
nucleon transfer through aultinucleon transfer 
to deep inelastic scattering (DIS), although 
both extreaes, one or two neutron transfer and 
DIS, have been studied with heavy Ions by Many 
groups. Sane aspects of wltinucleon transfer 
have been illuminated by H. Sieckman et a l . , * 
who studied reactions of 8 6Sr with 8 8Sr, 9 0Zr 
and 92Mo. 

In the present work we have used particle 
particle - T coincidence Methods to study 
transf-.- reactions with a S 8Hi beam and 
X6i, i62Qy targets with bombarding energies near 
( E L A B > 270, 285 MeV) and above (345 HeV) the 
Coulomb barrier. The ORNL Spin Spectrometer was 
used to Measure total y-ray energies and 
Multiplicities and to give approximate neutron 
Multiplicities. Sow of the Na(I) detectors In 
the ball were replaced by high resolution 
Compton-suppressed Ge-dtlectors. Scattered 
particles were observed <ri<.h parallel plate ava
lanche detectors, whl.h y e the scattering 
angles for the sca^ered Ions and the time dif
ference between beam-like and projectile-like 
Ions In the counters. 

From scattering angles measured in the 
experiment I t was possible to calculate the 
momenta of the reaction fragments. Using the 
measured time difference AT we calculated low-
resolution masses for the reaction iragments. 
Once the fragments were Identified, A » 58 was 
assumed for the lighter fragment and A > 161 or 
162 for heavier fragment because of the poor 
mass resolution. Scattering angle Information 
and the calculated velocities of the reaction 
fragments were used to give Doppler shift 
corrections for the emitted y-rays for discrete 
transitions 1n Ge-detectors anc Na(I) detectors. 
Knowing masses and moments for the Oy-llke and 

Hi-like fragment, one obtains approximate Q-
value for the reaction. The full width half 
maximum of the 0-value spectrum for the ine
lastic excitation (Q * 0) is about 30 HeV, which 
gives an estimate for Q-resolution. The poor 
resolution is mostly due to poor (-2 degrees) 
resolution in particle councers. Good timing 
properties of the particle detectors allowed us 
to get a reliable T 0 for an event, which in turn 
gave a good neutron-gamma separation in the Spin 
Spectrometer. 

At f irst glance 5 8Ni • i6»,i*%y T-ray 
spectra look very simple: strong inelastic scat
tering and somewhat weaker In and 2n transfer 
seem to be the only discrete-line reaction chan
nels. Inelastic scattering is concentrated near 
the orlgl.-. in the T-ray fold (K) and total T-ray 
energy (H) map, while In and 2n transfer reac
tions are associated with <K> <* 5 and <H> = 3-5 
HeV. However, we can find many other reaction 
channels from the data by setting gates on Q 
value, K, H, or neutron fold. As an example, an 
'ungated" Ge-spectrum and a spectrum which is 
optimized for these weak reaction channels 
integrated over the scattering angles from 40 to 
62 degrees for the Oy-like fragment at EL Ag « 
345 HeV is shown in Fig. 2.52. Comparing 
neutron energies and Intensities In the latter 
spectrum with known level schemes of nuclei 
around the targets 1 6 ' » i '%y , we have found that 
Y-ray spectra can be explained by assuming reac
tions that populate high spin states In 
lSfc-isegy „,«, i s * - u t r . similar nuclei seem to 
be populated In **N1 • 1 M Dy at E - 285 HeV and 
In "N1* »6M>y at E - 270 HeV. 

In the T-ray spectrum of the 5 8 N1* V M Dy 
reaction at E * 345 HeV, the background Is much 
higher than at 285 HeV, a behavior which has an 
explanation In deep inelastic scattering. DIS 
Is a weak reaction channel at bombarding 
energies near the Coulomb barrier, but becomes 
stronger at higher bombarding energies. 

Based on potential energy surface calcula
tions we would expect that. In reactions where 
charge is transfered, there would be a charge 
flow from N1 to Dy and a neutron flow in the 
opl «1te direction. Ground state Q-values favor 
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In the 5 8 N i + 1 6 2 0 y reaction at E - 285-feY. the 
strongest transitions belonging to Er nuclei are 
About 20% of the Intensity of the 4+ + 2+ t r a n 
sition in l " D y , while at 345-HeV bombarding 
energy Er transitions are only slightly weaker 
than the 1 6 0 0 y transit ion. 

He have coapared reactions populating 
lse-issp, Md ise-UH£ r ^ t h i „ . 2n-transfei 

and DIS. The results of the comparison are 
summarized in Table 2 .11 . A clear evolution 
f ro* inelastic excitation to DIS is seen in the 
data. Reactions populating iss-ise©/ and 
158-ity.fc. see, to t a m , different character at 
bombarding energies near the Coulomb barrier 
than soaeMhat above the Coulomb barr ier . I t is 
obvious that y-ray fo ld , total y-ray energy, 
and neutron fold increase when more and more 
nucleons are transferred, and that reactions at 
345-MeV are hotter than at 285-HeV bombarding 
energy. At 285-NeV bonbarding energy, reactions 
that populate iss-isspy j , ^ iS8 - i6H E r 5 ^ to te 

mostly dlrec*. transfer with sow neutron evap
oration, while at 345-MeV, neutron evaporation 
is associated with almost every c e n t . 

A difference in the reaction Mechanise) for 
the nultinucleon transfer between two bonbarding 
energies Is also seen in the scattering angle 
spectra of the Ni- l lke fragments, as presented 
In Fig. 2.53. At a bombarding energy near the 
Coulomb barrier the multlnucleon transfer scat
tering angle distribution Is similar to that of 
2n transfer. At 345-MeV bombarding energy the 

Table 2.11 Average Q Values <Q>, neutron mult ipl ic i t ies OC >, y-ray folds <Kfi> 
and total y-ray energies <H> for different reaction channels 

In the 5 % 1 * 1 6 D y reaction. 

FINAL s * 1 + lMh/ E-285 HeV 5*41* l«%y l>3»5 MeV 

NUCLEUS <Q>/HeV Of « G > <H>/MeV <Q>/Me;» « „ > <Kfi> <H> 

ISftOy 

l S » D y 

'"•Er 

»"Er 

»«Er 

»*«Er 

DIS 

"0 0.2 6 5 

-0 0.4 6 5 

-10 0.4 6 6 

-20 0.7 8 7 

-25 1.1 9 7 

-0 0.3 6 5 

-6 0.7 8 5 

-30 1.3 8 8 

-33 1.6 9 8 

-50 2.2 11 10 

-60 3.9 12 13 

<-40 3.8 13 11 

4,000 -

3J0O0 

2,000 -

1.100 

200.OO0 

WOjOOO -

7,000 
150 300 

ENERGY !k«V) 
450 

Fig. 2.52 ungated (b) Y-ray spectrum and 
spectrum gated (a) to optimize multlparticle 
transfer In the b 8 H1 • l 6 2 0 y reaction at 
345 MeV. 

population several MeV above the yrast line In 
Er Isotopes and reactions to nuclei that have 
larger neutron number than the target nuclei are 
unfavored, which is In good agreement with 
experiment. 

Reaction channels that populate i S 6 - i * » [ y and 
i58-i6". E r a r e t j n peneral, weaker than In ard 2n 
transfer channels In the l 6 l D y and l 6 2 0 y data. 
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^1g. 2.53 Scattering angles of projecti le-
l ike vs target-like^fragments In various 
reaction channels. 

situation Is rather different. The scattering 
angle of the M- l Ike fragment moves forward when 
going from 2n-tranfer to nultlnucleon transfer 
and DIS, which represents a process where target 
and projectile begin to touch each other and 
rotate together more and more. 

In conclusion, we have demonstrated the 
abil i ty of partlcle-particle-Y coincidence 
methods to study multinuc'ieon transfer reac
tions. For bombarding energies near the Coulomb 
barrier, multinucleon transfer seems to follow 
the Rutherford trajectory, while with bombarding 
energies about 20% above the Coulomb barrier 
multlnudeon transfer resembles More DIS than 1 
or 2n transfer reaction. 

1 . University of Tennessee, Knoxv1lie, TN. 
2. Adjunct staff member from University of 

Tennessee, Knoxvllle, TN. 
3. University of Rochester, Rochester, NY. 
4. H. Siekmann, et a l . , Z. Phys. A307, 113 

1982). 

COMPARISON OF PAIRING ENHANCEMENT FOR TWO-
PART I CLE TRANSFER USING Sn AND N1 PROJECTILES 

X. T. L iu 1 I . Y. Lee 
H. «. Guldry2 C. Baktash 
S. Juutlnen l M. L. Halbert 
c. R. Bingham11 0. Cl lne 3 

R. W. Klncald 1 C. y. w u 3 

H. P. Carpenter1 W. Kernan3 

A. Larabee1 E. Vogt 3 

Two-particle transfer reactions offer the 
possibility of studylnq pairing correlations. 
In the ( t ,p) or (p , t ) reaction on "superfluld" 

nuclei the transfer rates are enhanced by - 50 
over uncorrelated single particle rates, and the 
enhancement Is ascribed to coherent pairing 
effects. In a heavy-Ion collision 1t Is 
possible for both collision partners to be 
superfluld, and considerably more dramatic 
effects may be expected. 

Such effects are often discussed in terms of 
an "enhancement factor" which Is generally of 
the form F ~ P^i^i)2, where P 2 is the probabil
i t y for 2-particle transfer and P t is the proba
b i l i t y for 1-particle transfer. Although 
appreciable enhancement has been observed in \ 
some experiments (e.g. Ref. 4 ) , no experiment 
has demonstrated a definit ive mech.inism for that 
enhancement. In the absence of information 
about the spin and energy o* states populated in 
transfer, i t is d i f f icu l t to decide whether a 
given enhancement occurs because of collective 
pair f ie lds. Large 2-particle cross section 
•night occur, not because of pairing, but because 
of enhanced tunneling of quaslpartlcles. This 
tunneling could be due to some combination of 
excitation before transfer and to a large den-
s i t / of 2QP states which satisfy kinematic 
constraints in the reaction. Inclusive cro~s-
section measurements thus cannot distinguish the 
enhancement because of pairing from other sour 
ces. Von Oertzen has discussed this problem in 
some detai l . 1 * 

We suggest that a minimal requirement is a 
measurement which distinguishes quasi-elastic 
from deep Inelastic processes and which gives 
(1) the energy of states populated In the 
transfer, and (2) the angular momentum of states 
populated In the transfer. The measurement of 
total energy and multiplicity In transfer reac
tions Is the key to resolving this problem. 

A series of experiments of 2-neutron transfer 
reactions at near-barrier energies for deformed 
nuclei has been performed 1n the Spin 
Spectrometer for " f y f S - N I , 6 0 N 1 ) l 6 ( b y ELAB -
285 MeV, 1 6 % ( 5 » N 1 , 6<>N1)l60Dy ELAB « 345 MeV, 

1 6 2 D y ( 1 1 6 S n , l l 8Sn)»6«Dy Ei_AB - 637 MeV, and 
" t y J ^ S S n , 1 1 8 S n ) 1 6 ( b y Ei_AB - 637 MeV. The 
general experimental method Is described 1n a 
separate contribution 5 to this progress report. 
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Figure 2.54 shows the total energy and Mul t ip l i 
c i ty plots for the reaction 1 6 % y ( s a N i , &<Ki) 
»«%, and i " u y ( i « 5 n , » 1 8Sn) 1 6%y. An 
approximate 1 6 %y yrast l ine that assumes no 
excitation of 5 * i and n 6 S n 1s shown. The 
distributions of both cases are concentrated 
near the yrast l ine. This population pattern 
provides direct evidence for a cold mechanism 
giving large cross sections for transfer. This 
cold transfer mechanism is obviously significant 
for using these distributions as a tool to study 
pairing correlation. The transfer energy and 
mult ipl ic i ty distributions appear to have two 
maxima. The loner part corresponds to the 
ground band of the Dy daughter and Is the por
tion of ttft-cross section which is most sen
si t ive to pairing correlation. The upper part 
corresponds to population of the 2-quaslparticle 
(2QP) bands, and is much less dependent on the 
pairing. Thus, the ratio of the ground band and 
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Fig. 2.54 Comparison of total energy vs 
mult ipl icity for the two-particle transfer reac
tion l "Dy * U 0 Dy induced by 285 MeV "NI and 
683-MeV u 6 S n projectiles. The results are 
based on a partial data analysis and are not y»t 
ful ly corrected for Spin Spectrometer response. 

2QP band populations contains information about 
pairing correlation. 

In the Sn case the relative population of the 
region that we interpret as the ground band is 
considerably enhanced relative to the 2QP region 
when compared to the Ni case. In l ight of the 
preceding discussion, a possible Interpretation 
presents i t se l f . The Sn projecti le Is expected 
to have stronger pairing correlation than the Hi 
project i le. Thus, the enhancement of the ground 
band transition In the Sn reaction at the ex
pense of 2QP transitions could be a measure of 
the pal' ing enhancement of the 2-Neutron trans
fer. However, kinematical factors also play 
important roles for these two reactions. These 
factors are at least part ial ly responsible for 
the differences between the Ni and Sn data of 
Fig. 2.54. This 1s primarily because the 
ground-ground Q is 5.7 MeV for NI reaction and 
1.7 HeV for the Sn reaction. Preliminary e s t i 
mates indicate that a factor of 2-3 for the 2QP-
to-ground-band ratios could come from pure 
Q-window effects when comparing the Ni and Sn 
data. Thus, at this intermediate stage of 
analysis we believe that there Is not much ev i 
dence for strong pairing enhancement In going 
from Ni to Sn projecti les. This estimate of 
relative pairing enhancement wi l l be made more 
quantitative with completion of the energy win
dow calculations such as those discussed in 
Ref. 6. 

1. University of Tennessee, Knoxvllle, TN. 
2. Adjunct staff member from University of 

Tennessee, Knoxvllle, TN. 
3. University of Rochester, Rochester, NY. 

W. Von Oertzen, et al., Z. Phys. A313, 189 4. 
(1983): 
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6. 

S. Juutlnen, et a l . , this section. 
R. H. Kincald, et a l . , this section. 

PARTICLE BOUND EXCITED STATE YIELDS PRODUCED 
IN THE REACTION: l81-Ht¥ 1»F • "»T1> 

L. 6. Sobotka1 

H. Puchtai 
M. Jaaskelalnen1 

M. L. Halbert 
J . R. Beent 
D. C. Hensley 

D. G. Sarantltes1 

F. A. Wlminlanl 
R. Woodward 1 
J. H. Barker 
R. L. Ferguson 
6. R. Young 

The extent of sequential decay of pro jact l I t -
l ike fragments in heavy Ion reactions Is a facet 
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of the aore general question of the excitation 
energy Imparted to the projectile-like fragment 
in the primary interaction. Recently, a great 
deal of effort has focused on the population of 
particle unbound levels. He have studied the 
complementary issue of the population of 
particle-bound levels. Me have directly meas
ured the bound excited state population for 
projectile-like fragments produced in the reac
tion 9.5-MeV/nucleon " F • "»Tb. 

A 181-KeV " F beam was obtained from the HHIPC 

facil ity. The 15»Tb target was installed at 
the center of the Spin Spectrometer which served 
as the y-ray detector. Inside the spectrometer 
were 11 silicon counter telescopes, positioned 
from 15° to 150°. The telescopes at 20°, 30°, 
40°, and 50° provided data on heavy ions from Li 
to Hg. However, only the 20° and 30° telescopes 
yielded isotope resolution and therefore only 
these data will be presented here. A brief 
report of this experiment has appeared 
previously.2 

The data analysis can be divided into two 
steps. In the first step neutron pulses in the 
Mais are removed and the gamaa ray pulse heights 
are corrected for the Doppler shift of the 
detected projectile-like fragment. The separa
tion of neutrons from gamma-rays is done by 
setting a prompt gate o>-> the time difference 
between a Mai pulse and the mean time of the 
gamma flash. These corrections are done on an 
event-by-event basis. The second step Involves 
correcting the Integrated intensity of a given 
transition for the detection efficiency. These 
efficiencies are determined by Interpolation 
from the calibration response functions. These 
response functions were obtained from both y-ray 
sources and proton Inelastic scattering. Gamma-
ray sources spanned the energy region from 136 
keV to 2.75 MeV and additional points at 4.4, 
6.1, and 15.1 MeV were obtained from proton 
Inelastic scattering on C and mylar. 

Figure 2.55 shows the observed gamma-ray 
structures In coincidence with carbon isotopes. 
This figure displays the difficulties In 
extracting yields of Individual excited states 
for some Isotopes. In the case of 1 2 C , with 
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Fig. 2.55. Gamma-ray spectra In coincidence 

with carbon isotopes detected at 20 s. A Doppler 
correction has been applied to the observed 
pulse heights, see text. 

only one bound excited state, chere is no 
difficulty In extracting the Intensity of the 
4.4-HeV transition. However, for 1 3 C the promi
nent structure at 3.8 NeV undoubtedly contains 
contributions from the decays of both the 3.68-
and 3.85-MeV levels. Furthermore, the single 
escape peaks of the gamma rays from these levels 
are not resolved from the gamma transition from 
the first excited state In » C (3.09 HeV). In 
the case of l H C a broad intense structure 1s 
observed at approximately 6 NeV. This structure 
can be explained by mixture of the deexcltatlons 
of all of the bound levels of lHC (6 levels 
between 6.0 and 7.4 NeV). In our analysis we 
consider the population of unresolved tran
sitions jointly. However, we use the response 
functions to extract the Intensities of tran
sitions which are unresolved from the single 
escape peak of another. 

The energy spectra of selected Isotopes are 
shown In Fig 2.56a (top). The dependence of the 
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Fig. 2.56. Energy dependence of gamma ray 
yield. The particle energy spectra at 6L • 20" 
are shown in (a). The gamma ray fractions 
(f » Y's/partlcle) for selected gamma ray struc
tures are shown in (b) for k > 2. Bottom panel 
(c) , requires k > k a v g . 

nuMber of gamma rays per particle (f) is shown 
in the bottom sections of this figure. Figure 
2.56b Includes all data with gamma-ray fold (k) 
greater than 2, while Fig. 2.56c selects k > k a v ( 

lne Magnitude of the fractions for all observed 
transitions range fro* a 2.5X to as much as 66X. 
The fractions for most of the y rays do not 
exhibit any dependence on particle energy. 
On the other hand, the fractions fro* ^C and 
1 6 0 (closed symbols) exhibit a strong dependence 
on particle energy. For these isotopes the 
population of excited states Increases as the 
particle energy decrease*. This trend continues 
to energies significantly lower than the most 
probable particle kinetic energy. However, for 
the smallest particle energies the excited state 
populations seem to level off. 

The gamma ray fractions determined In this 
work are significantly larger than those deter
mined for fragments in the reactions: 35-
NeV/nucleon " N + Ag (Ref. 3) and 20-MeV/nucleon 
IHH • i*"»Dy {Ref. 4 ) . This difference could be 
explained by a substantial Increase of sequen
t ial particle decay, with preference for the 

ground state of the residual, with bombarding 
energy. This explanation is supported on one 
hand by the plastic box study of 11-MeV/nucleon 
Me + Au (Ref. 5) which indicates a 90% survival 
of primary fragments, and on the other hand by 
the discrete gamma (target-like fragment) light 
fragment coincidence work for the system 20-
HeV/nucleon l"»H + "*Dy, which indicates that 
only 2K of the carbon isotopes originate in 
binary reactions. 

Another difference between our results and 
those obtained from the higher energy experi
ments Is our observation of a strong dependence 
of the excited state fraction with particle 
kinetic energy for certain isotopes (Fig. 
2.56b. c ) . 

This suggests that in our experiment 1 6 0 and 
iT . are predominant primary. In this case the 
sum of tha excitation energies of the two exit 
channel fragments increases with decreasing 
kinetic energy of the detected fragment. Since 
the light fragment will get some fraction of the 
available excitation energy the excited state 
populations should increase with decreasing par
ticle energy. 

1. Washington University, Department of 
Chemistry, St. Louis, MO 63130. 

2. N. L. Halbert et s i . , Physlca Script* 
T5, 91 (1983). 

3. D. J . Morrlssey et a l . , Phys. Rev. C 32, 
877 (1985). 

4. K. Siwek-Wilczynska et a l . , MMJ Preprint, 
submitted to Physical Review C. 

5. S. Wald et a l . , Phys. Rev. C 32, 894 
(1985). 

EXCITATION ENERGY DIVISION 
IN QUASI-ELASTIC TRANSFER REACTIONS 

S. P. Sorensen1 

The problem of how the total excitation 
energy created In a heavy-1on collision Is 
shared between the two emerging fragments has 
recently received considerable attention. In 
strongly damped collisions i t has been demon
strated that thermal equilibrium has been 
reached (excitation energy proportional to 
fragment mass),3'* but for partially damped 
collisions recent experiments'*•* have shown that 
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the excitation energy is shared nearly equally, 
even for very asymmetric <sxit channels. In 
order to get a better understanding of this dif
ference, the excitation energy division in 
quasi-elastic direct-transfer reactions has been 
studied. 

In contrast to strongly daaped collisions, 
where a neck has developed between the two frag
ments, the single-particle potential at the 
distance of closest approach will have a barrier 
between the two nuclei in the case of quasi-
elastic collisions. In Fig. 2.57 are shown 
schematically two different transfer transitions 
between the donor nucleus and the acceptor 
nucleus. Both transitions have the same Q value 
so that the total excitation energy in the exit 
channel will be the saw. In transition I the 
nucleon is picked up from the Feral level 1n the 
donor and transferred to a highly excited state 
in the acceptor; whereas In transition I I the 
nucleon is transferred to the Fermi level of the 
acceptor by creating a deep-lying hole state In 
the donor. In transition I all excitation 
energy will be deposited in the acceptor, while 
in transition I I it will be deposited in the 
donor. If the transition probabilities I and i l 
are identical, the excitation energy w i l l , on 
the average, be shared equally. 

However, since transition I Is between states 
at higher single-particle energy than transition 

OWL-MS M-17399 

DONOR ACCEPTOR 

Fig. 2.57. Schematic drawing of the 
single-particle potential in a nxleus-nucleus 
grazing collision, ej and e 2 are the single-
particle energies and t\ and e 2 are the 
Fermi energies 1n the donor and the acceptor, 
respectlvely. 

I I , the barrier penetrability will be larger for 
I than for I I . As a consequence, the acceptor 
nucleus w i l l , on the average, receive most of 
the excitation energy. I f several nucleons 
are exchanged in both directions, the excitation 
energy will be shared equally, but in situations 
where there Is a net drift of nucleons in one 
direction the donor nucleus will remain "cold" 
while the acceptor will become "hot-" 

In order to estimate the magnitude of this 
effect, a recent semlclassical model for trans
fer probabilities by Lo Monaco and Brink6 has 
been used to derive the following expression for 
the average excitation energy in the acceptor 
nucleus: 

1 
e* 1 - e"0e* Be* * 

Here e* is the total excitation energy, and B is 
given by: 

„ d /m 
P " IT ^ 

where 
1 (Q - c r )2 

? 
c r r F 

e2 * 

e r Is the kinetic energy per nucleon at the 
barrier; d Is the nucleus-nucleus distance at 
closest approach; and m Is the mass of the 
transferred particle. Typically, between 60% 
and 70% of the total excitation energy will be 
deposited in the acceptor In one-nucleon 
transfer reactions. 

This donor-acceptor asymmetry explains a main 
feature of the only published experimental data 
on excitation energy division In quasi-elastic 
transfer reactions.7 In the one- and two-
neutron transfer reactions Induced by s 6Kr on 
2 0 8 Pb, I t was observed (by analyzing "bumps" In 
the energy spectra) that the excitation energy 
division was strongly exit-channel dependent. 
Especially, the pickup channels leading to 8 7 Kr 
and B 8Kr were found to have large excitation 
energies, and the reason was ascribed to nuclear 
structure effacts. In contrast to this explana
tion, the model described above explains this as 
a consequence of the reaction mechanism. 
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MBA calculations with the code ONEFF have 
also shown the donor-acceptor asyaaetry in exci
tation energy sharing. Here the effect is 
further enhanced since, for reasonably large 
energy losses (>5-10 NeV), only transitions with 
large angular aoaentum transfer will be Matched. 
These transitions can only take place between 
single-particle states with large spins, which 
are preferentially located at or abov* the Ferai 
level. This effect will again enhance tran
sitions of type I I relative to those of type I . 

1 . Adjunct research participant fro* the 
University of Tennessee, Knoxvllle. TN. 

2. Y. Eyal et a l . , Phys. Rev. Lett. 4, 625 
(1978). 

3. D. Hi 1 scire.- et a l . , Phys. Rev. C 20, 576 
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4. T. Awes et a l . , Phys. Rev. Lett. 52, 251 
(1984). 

5. R. Vandenbosch et a l . , Phys. Rev. Lett. 
52, 1964 (1984). 

6. L. Lo Monaco and D. N. Brink, J. Phys. 
Gi l , 1935 (1985). 

7. H. Sol bach et a l . , Phys. Lett. 153B, 386 
(1985). 

Q-MINDOWS AM) 5INDING ENERGY EFFECTS 
FOR HEAVY ION TRACER IN THE PRESENCE 

OF STRONG COLLECTIVE EXCITAT'ON 

R. W. Kincald1 J . 0, Rasaussen3 

M. H. Guldry2 L. F. Canto*1 

6. A. Leander5 

The general structure observed In transfer 
total energy-aultlpi 1 city distributions can be 
understood In teras of a simple aodel. I t Is 
the result of an Interplay between kinematic 
factors, i .e. , the so-called energy window, 
which determines to what region of the E-H plane 
transfer Is energetically possible, and to 
structure factors related to whether or not 
there actually are states of the proper for* 
that can be populated by transfer within this 
region. 

Figure 2.58a Illustrates the proposed mecha
nism for the 1-neutron pickup reaction. In this 
explanation we will assume that the Nl-llke Ion 
remains 1n Its ground state, or low-lying 
excited states. The data support this assump
tion. Shown are the experimental yrast lines 
for these systems with this assumption, plotted 
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Fig. 2.58 (a) Evolution of a 1-neutron 
transfer reaction In the energy-angular aoaentua 
plane. 

(b) A schematic picture of one- and two-particle 
transfer reactions populating even-even nuclei. 

on a mass scale with the mass of 1 6 0 D/(g.s.) • 
5 8N1(g.s.) as the origin. In the entrance chan
nel the 1 6 1 0y Is Inelastlcally excited (predomi
nantly by Coulomb excitation) to an average 
angular momentum ~ 17/2 at the turning point 
where particle transfer Is assumed to take 
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place. The contours of the energy window are 
shown as dashed lines in Fig. 2.58a. Thus, 
kinematics and binding energies favor the popu
lation of "°0y states lying wfthln this window. 
A cranked shell model calculation Indicates that 
at I - 17/2 the core angular momentum In l 6 l Dy 
is ~ 4-6 15, with the remainder primarily carried 
by allgnwnt of the unpaired particle. I f the 
transfer operator is approxiaately one-body, the 
transfer cannot change the core angular moaen-
tiM, so the transfer Mist proceed to states in 
1 M Dy with a core angular momentum R - 4-6 fi. 
Analysis of the cranked shell model calculation 
shows that there are two general regions within 
the energy window which satisfy this condition: 
The ground band around I « 4-6, and the 2-quasi-
partlcle bands near I ~ 10-12 (Che average 
alignment in these bands is 1 ~ 6) . Thus the 
transfer can proceed to the two regions indi
cated by the dashed arrows in Fig. 2.58a. Both 
regions are expected to involve states within 
collective bands, so exit channel inelastic 
excitation will further excite the 1 6 0Dy nucleus 
as indicated by the heavy lines lying to the 
right in Fig. 2.58a. The flatter slope of the 
exit channel excitation in the 2QP bands re
flects the structure given by the cranked shell 
model calculation. 

Thus, at least schematically, two regions of 
the (E,M) plane should be populated In the 
1-neutron transfer reaction as Is Illustrated in 
Fig. 2.58b (the ground band at an angular momen
tum comparable to that for inelastic excitation, 
and 2QP bands at higher angular momentum, with 
the difference in angular momentum between the 
two regions approximately given by the average 
aligned angular momentum In the 2QP bands). The 
data are qualitatively and quantitatively In 
agreement with this picture. 

Figure 2.59 illustrates energy window con
tours for the 2-neutron transfer from l b 2Dy with 
a u 6 S n beam. Analysis similar to that above 
again yields results In agreement with the data. 

4. Federal University of Rio de Janeiro, 
Brazil and Joint Institute for Heavy Ion 
Research, ORNL, Oak Ridge, TN. 

5. UNISOR, Oak Ridgt Associated 
Universities, Oak Ridge, TN. 

1 . University of Tennessee, Knoxv1lie, TN. 
2. Adjunct staff member from University of 
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3. Lawrence Berkeley Laboratory, Berkeley, 

CA and Joint Institute for Heavy Ion Research, 
ORNL, Oak Ridge, TN. 

Fig. 2.59 The energy window contours for 
1 6 % y ( l l t S n , l l 8Sn) 1 6<6y In the region of the 
E-I plane accessible by transfer from I 6 3)y at 
I ~8fi followed by Inelastic excitation in the 
exit channel. 

STRONGLY DAMPED HEAVY-ION REACTIONS, 
FUSION, FISSION 

ENER6Y DISSIPATION IN BINARY REACTIONS-EJECTILE 
EXCITATION AND DECAY IN 12-MeV/NUCLEON 

*«T1 + 150(1,, 

T. M. Semkow* J . R. Beene 
D. 6. Sarantltes1 N. L. Halbert 
K. Honkanen1 D. C. Hensley 

N. Rossi 

In order to obtain some exclusive information 
on the energy and angular momentum dissipation 
in a moderately heavy, yet asymmetric, system we 
studied the binary reaction 12-HeV/nucleon "8T1 
on 1 5 0 Nd. An Important quantity for the eluci
dation of the mechanism of binary reactions Is 
the partition of the excitation energy between 
the primary fragments. Until recently, an equal -
temperature assumption has been comronly 
applied.2 This Implies a partitfon of excita
tion energy proportional to the fragment mass 
and leads to a low excitation energy for the 
ejectile In wry asymmetric systems. However, 
recent results3 suggest an approximately equal 
sharing of the excitation energy between the two 
fragments. 

We have detected the ejectlles (projectile-
like fragments) using 7 SI (E.AE) telescopes 
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(4 at 20° and 3 at 50° relative to the beaa). 
Figure 2.60 shows the (E.AE) up of the par
ticles detected at 20 s. The transition froa the 
quasi-elastic and transfer component below the 
projectile to the fully damped component is 
clearly seen. In this way we Measured the Z ,̂ 
AL of the secondary light fragment and its 
kinetic energy. The particle telescopes were in 
coincidence with any of the 6 Coapton-suppressed 
Ge detectors inserted in the Spin Spectrometer. 
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AE 
Fig. 2.60. (E.iE) map of the ejectiles at 

8 » 20° relative to the beaa. A compression 
factor of 4 has beer, applied on both axes. 

Froa the Ge spectra we can deduce the ly\. AH of 
the secondary heavy pat-tner. In addition, the 
Spin Spectrometer supplies the total y-ray 
multiplicity and energy, as well as neutron 
energy and multiplicity. The y-rays from the 
Spin Spectrometer will be used for spin align
ment studies and bound-state population studies 
of some of the ejectiles. The neutrons will 
be used for the excitation-energy partition 
studies. The neutrons and y's were separated by 
time of flight. A modified version of the t 0 

calculation* was done In which the most forward 
Hal detectors (A1-A5) were not Included 1n the 
calculation. The NaI pulses were corrected for 
timing walk. As a result one can separate the 

neutrons froa the v's as illustrated in Fig. 
2.61, In this figure an n-y separation line is 
shown. He observe a strong kineaatical focusing 
of the neutrons, resulting froa preequilibrium 
and ejectile emissions.5 The presence of some 
neutrons in the backward NaTs is due to 
emission from the heavy fragments. In order to 
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Fig. 2.61. (h,At) map of the pulse height 
vs time of flight for a Ma I detector In the 
Spin Spectrometer at e * 24°. The resolution on 
the x-axis is 0.25 ns/channel, and the gain on 
the y-axis 1s 40 kef/channel. 

unfold the neutron spectri and get the energies 
and multiplicities, calibrations of the Spin 
Spectrometer for the neutron response are in 
progress. Although the light charged particles 
were not detected here (unless in coincidence 
with heavy ions), their multiplicities relative 
to those of neutrons can be estimated from 
statistical evaporation calculations for the 
heavier ejectiles. This will provide us with a 
reasonable estimate of the excitation energy 
Imparted to the ejectlie and will allow us to 
determine the excitation energy division. 

1. Washington University, St. Louis, NO 
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5. E. Holub et al., Phys. Rev. C 28, 252 
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ANGULAR MMERTIM TRANSFER 
IN N1-MDUCED REACTIONS 

S. P. Sorensen1 

T. C. Awes 
J . R. Beene 
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R. L. Ferguson 
N. L. Halbert 
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M. Rajagopdian3 

J . RandrupH 
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D. G. Sarantites 3 
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T. Semkow3 

6. R. Young 

The dynamics of the transfer of angular 
momentum from orbital angular momentum to 
Intr insic spin and the gradual excitation of the 
dlnuclear spin modes are two aspects of heavy-
ion reactions that s t i l l are not very well 
understood. Most of the experimental data have 
been discussed in terms of simple classical 
models ( f r i c t ion , sticking, etc . ) combined with 
the excitation of the dinuclear modes in the 
thermal equilibrium U n i t . The aim of the pres
ent work is to provide a systematic set of gamma 
mult ipl icity data for several targets and bom
barding energies in order to investigate whether 
the statist ical model can account for the data 
or whether a more refined dynamic model has to 
be invoked. 

The experiment was performed with the ORNL 
Spin Spectrometer. A S 8 N i beam at energies of 
350 and 450 MeV was used to bombard ">Ni, ' " S n , 
and 1 7 l , Y b . The project i le l ike fragments were 
detected with two solid state &E-E detectors. 
In order to minimize the uncertainties in the 
transformation from the raw gamma fold and Nal 
pulse height sum signal (k.H) to the gamma mul
t i p l i c i t y and sum energy (M,E), a new i terat ive 
unfolding algorithm was developed, based on the 
method of decomposition of the Euclidian norm.6 

The algorithm has the virtue of being very fast 
for large systems (dimensions larger than 1000), 
robust for il l-conditioned systems, and has low 
sensitivity to the sampling noise in the experi
mental spectra. 

The connection between the gamma multiplicity 
My and the compound nucleus spin I , before the 
evaporation of particles and gammas, was studied 
In detail by combining the particle evaporation 
code ZPACE with the gamma-decay code GAMBLE. I t 
was found that a major source of the large 
observed second moments of the MY distributions 7 

is the summing over several exit channels with 
very different gamma-decay modes. 

The f i rs t and second moments of the My 
distributions were extracted from the data 
(F ig . 2.62), and as a new feature, i t was also 
possible to calculate the skewness with reason
ably small uncertainties (Fig. 2 .63) . The 
total-kinetic-energy-loss (TKEL) dependence of 
the f i r s t moments has been compared to calcula
tions with the nucleon exchange transport model 
(KETM).8 After corrections for part icle evapora
tion effects, the model, in general, f i t s the 
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F ig . 2.62. The average and standard deviation 
of the Ny distributions as a function of the 
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maximum value of <M>, but the tangential fric
tion is too strong and results in a steep energy 
dependence at sull energy losses. This proolem 
has now been analyzed in more detail' and 
seeas to be connected with the presence of a 
barrier in the single-particle potential of the 
dinuclear systea at small energy losses. This 
barrier inhibits the transfer of nucleons with 
large tangential velocity components. As a con
sequence. t He tangential friction is reduced by 
a factor of two in the partially damped energy 
region, which will give a much better fit to the 
data. 

Another prediction from the NET* 
calculations8 is that some of the di nuclear 
spin modes (bending an-J twisting) will have very 
long relaxation times and might not be strongly 
excited. In order to test whether such an 
effect could be observed, calculations within 
the statistical model 1 0 were carried out. The 
Monte Carlo calculations included the spin 
carried by each of the six orthogonal dinuclear 
modes, as well as the total orbital angular 
momentum L, and assumed that the sticking limit 
had been reached. Based on cross section sys-
tematics, it was estimated that a typical value 
of I is 136 for fully damped events. As can be 
seen in Fig. 2.64, the assumption of full ther
mal excitation of the dinuclear modes combined 
with the sticking picture results in gamma mul
tiplicities that are much too large. Sticking 
or rolling only slightly underestimates Mr at 
mass symmetry. This indicates that the 
dinuclear modes are not fully excited but have 
relaxation times that are longer than the 
relaxation time for the energy dissipation. 
Variations of L within reasonable limits does 
not change this conclusion qualitatively. 

The NETM also predicts that the relaxation 
time for the rolling motion is shorter than for 
sticking. The flat Z dependence of Mr as shown 
in Fig. 2.64 seems to Indicate that only the 
rolling limit has been reached. It should be 
stressed, however, that by assuming a yery 
strong orbital angular momentum fractionation,10 

a fit to the data with the sticking model can be 
obtained. 
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Fig. 2.64. The average Mr as a function of 
the Z of tte projectile fragment. The curves 
are the results of model calculations (see text 
for details). 

The large second moments of the Mr 
distributions can be understood within the 
NETM as a consequence of the strong excitation 
of the wriggling mode which, in contrast 
to bending and twisting, enhances spin 
fluctuations. 

Even if the original skewness of the spin 
distribution will tend to be washed out by 
subsequent particle and gamma emission (a con
sequence of the central limit theorem), the 
general trend of the skewness of the Mr dis
tributions seems to reflect the original spin 
distribution. This distribution 1s expected to 
have a positive skewness in the partially damped 
region, where sliding Is dominant, and a nega
tive skewness 1n the completely damped region, 
where the distribution is proportional to 
2*L * 1 In the sticking limit. The gradual 
buildup of the dinuclear spin modes, which have 
a spin distribution with positive skewness, will 
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tend to change the skewness from negative to 
slightly positive values at the largest energy 
losses. 
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FISSION DECAY OF REACTION PRODUCTS HITH A < 150 1 

T. C. Awes 
R. L. Ferguson 
R. Novotny2 

F. E. Obenshaln 

F. Plasll 
V. Rauch3 

G. R. Yoi i* 
H. Sanrr-

The present experiment was performed with 
an 889-HeV beam of S 8N1 produced by coupled 
operation of the tandem electrostatic and cyclo
tron accelerators of the Holifield Heavy Ion 
Research Facility in Oak Ridge. Inclusive and 
two-fragment exclusive measurements of products 
resulting from Interactions with a 5 8N1 target 
(1.96 mg/cm2) were made using two large solid-
angle gas Ionization chambers. 

The experimental fission probabilities are 
shown 1n Fig. 2.65 for all fissionlike events 
with 1\ and I2 > 3.5 and also for symmetric 
fission events only {1\ and Z2 > 8.5). To 
extract the fission probabilities, a Monte Carlo 
simulation was made to determine the coinci
dence detection efficiency. The primary distri
bution of decaying fragments was taken from the 
measured Inclusive distributions.5 In the 
Intrinsic frame, we have assumed the fission 
decay to be Isotropic in the reaction plane with 
a Gaussian distribution out of the reaction 
plane. The calculated coincidence efficiencies 
are typically a few times 10"3 with an estimated 
uncertainty of 50%. The excitation energy of 
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F1g. 2.65. Fission probabl Ity for all heavy 
fragment decays with 19.5 < _j + Z2 < 30.5 for 
U i and Z2) > 3.5 (solid po'nts) and symmetric 
decay only (Zi and Z2) > 8,5 (open points). 
Fission evaporation calculitlons for S 8N1 are 
shown for af/a n « 1.0, a • A/7.5, and J * 25 ft 
(solid curve) or J • 15 IS (dashed curve). 

the decaying nickellike fragment was assumed to 
be half of the calculated energy loss. This 
neglects the effects of particle evaporation and 
Q values for mass transfer which, however, may 
be compensated by the width In the sharing of 
the excitation energy. 

In order to determine whether the observed 
probabilities for fissionlike decay are consis
tent with an equilibrium process or Instead 
Indicate nonequlllbrlum effects, we have made 
statistical model calculations using the evapo
ration code PACE.6 This code has recently been 
modified to Include the fission barriers and 
moments of Inertia calculated in the rotatlng-
flnlte-range model (RFRM) of Slerk. These 
Include the effects of the finite range of the 
nuclear force as well as the dlffuseness of the 
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nuclear surface. There are two parameters of 
importance for the calculation, the ratio of 
saddle point to ground-state level densities, 
»f/a„, which Me take to be 1.0, and the spin of 
the decaying nucleus. The calculated result is 
shown in Fig. 2.65 for the decay of "H i with 
J * 25 ft (solid curve), which corresponds to 
two-thirds of the grazing value and is probably 
a realistic estimate of th* average. An addi
tional result is shown for J » 15 fi (dashed 
curve) to demonstrate the spin dependence. Fro* 
these calculations we conclude that the observed 
decay is consistent with a statistical process. 

This Is in contrast to conclusions reached 
for the u , f e + l"Sn reaction,7 which suggested 
a nonequillbriim fission process, based in part 
on Measured fission probabilities which were 
found to be one to two orders of Magnitude 
larger than those estimated using the statis
tical model with reasonable parameter values.7 

However, we have used PACE with the same parame
ters of Ref. 7 (af/a„ - 1.03 and J » 40 ft), and 
with RFRM barriers, and obtained adequate agree
ment with experiment, implying that, in this 
case, the measured fission probability is also 
consistent with a statistical process and not 
necessarily the result of a dynamical mechanism. 

However, for the 1 2 , Xe • i 2 2 Sn reaction I t 
has been shown7 that the sequential fission 
decay is not a fully equilibrated process by 
the observation of a preference for asymmetric 
fission with the heavy fragment emitted opposite 
to the direction of the third body. These 
results Indicated that the reaction products 
decay from an asymmetric deformation induced by 
the first step of the reaction. The fact that 
the observed decay probability 1s consistent 
with the statistical model, albeit assuming a 
symmetric saddle point, suggests that the 
dynamics of the first reaction step are not 
necessarily carrying the system over the con
ditional saddle point. As a consequence, the 
sclsslon-to-sclsslon time of 0.75-1. x 1 0 - 2 1 sec 
extracted7 from the observation of p oxlmlty 
effects provides an upper bound on t e saddle-
tO'Sdsslon time of the fissioning xenonlike 
nucleus. 

The above limit, when compared to theoretical 
calculations of the saddle-to-scission time in 
fission, can provide unlqu information 
regarding the nuclear dissi). -tion strenv-h, Y» 
(For a definition of v. see Ref. 8.) Within 
the framework of Kramer's stationary solution of 
the Fokker-Planck equation for an inverted 
oscillator,* a limit on the saddle-to-scission 
time of 0.75-1.0 x 10-21 s ^ f^. lWfe corre
sponds to an upper limit for the nuclear dissi
pation strength of Y " 1.0-1.4 (see Fig. 2.66), 
ruling out strongly overdamped dissipation 
strengths. Furthermore, i f allowance is made 
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Fig. 2,66. Calculated saddle-to-scission time, 
x s s , for fission of 1 2 9 Xe as a function of the 
nuclear dissipation strength, Y (solid curve). 
The calculation »as performed (Ref. 8) for an 
excitation energy E* - 250 MeV, spin J » 40 ft , 
and level density parameter a - A/7.5. Also 
shown by the shaded region Is the experimentally 
.'educed (Ref . 7 ) sclsslon-tc-sclsslon time of 
0.75-1. x 10~ Z 1 sec, which provides an upper 
limit on the calculated saddle-to-scission time. 
Note: Y " 1>° corresponds to critically damped 
motion. 

for the time to reach the saddle point after the 
Initial separa.lon of the damped reaction prod
ucts which, although highly uncertain, might be 
expected to be of the order of the lifetime of 
the xenonlike product nucleus at 250-MeV excita
tion, hVrtot " 5 x 1 0 ~ 2 2 * t c » tten dissipation 
strengths of the order of y - 0.5, corresponding 
to underdamped motion, are obtained. 
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TIME DEUTS OF 10~" SEC MEASURED FOR 
THE PROJECTILE-LIKE FRAGMENTS OF 

1760-MeV '"Ar • [110] Ge1 

J . Gomez del Campo* E. Pollacco" 
J. Barrette3 F. Saint-Laurent5 

R. A. Dayras3 M. Toulemonde6 

J. P. Weleczko3 N. Neskovic7 

R. Ostojec7 

To achieve a better understanding of the 
reaction mechanisms in the peripheral collisions 
between heavy ions for Intermediate bombarding 
energies (30-100 NeV/nucleon), i t is necessary to 
know the amounts of mass and energy transferred 
to the primary fragments during the collision. 
These quantities can be obtained only through a 
detailed Measurement of all the light particles 
and Y rays emitted in coincidence with the 
fragments and, hence, becomes an extremely dif
ficult experimental problem. In this work a 
different approach was taken, namely, to measure, 
by the crystal blocking technique, the time of 
formation of secondary fragments that result 
from the light-particle decay of the excited 
primary fragments formed at the moment of 
interaction between target and projectile. The 
experiment was done by bombarding a mono-crystal 
of germanium with a 1760-MeV "Ar beam extracted 
from the GANIL (Caen, France) cyclotron facility. 
The reaction products were detected by a system 
consisting of a two-dimensional position-
sensitive proportional counter and a solid-state 
telescope (300 pm, 5000 pm) to Identify the 
nuclear charge of the fragments. The fragiients 
of I > 9 have Lr«n analyzed and their energy 
spectra and angular distributions show the same 

fragmentation feature;, as those previously 
studied (Refs. 8, 9; with the same beam on 
targets of comparable mass. Figure 2.67 shows 
the two-dimensional blocking pattern obtained 
for all reaction products of Z > 9 emitted at a 
laboratory angle of 5.3 deg and along the direc
tion of the [110] axis in the germanium crystal. 

OML-OW 15 -HHO 

MX) U S 5.50 575 

Fig. 2.67. Blocking pattern for all the 
projectile-like fragments of Z > 9 observed at 
»,ab " 5 ' 3 * 9 -

The typical crystallographlc structure of the 
[110] axis can be seen, where also the major 
(110), (100), and (111) planes are observed. 
The blocking patterns can be obtained only after 
a very precise alignment of the beam and crystal 
has been achieved. For the present experiment, 
this was done by channeling the beam through 
the [110] axis observing the channeling 
pattern on a screen of zinc-sulfide placed at 
zero degrees. For the beam energy (1760 MeV) 
the channeling angle is approximately 0.08 deg 
and therefore channeling required the wry high 
beam quality delivered by the GANIL facility. 
A stable beam of about 0.02-deg divergence and 
2 mm x 2 mm size was used. In Fig. 2.67 It Is 
Important to point out that a reduction of the 
yield 1s seen In the center of the pattern, 
indicated by the Intersection of the planes, and 
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It Is precisely the amount of this reduction 
that Is directly proportional to the lifetime of 
the fragment. For very short lifetimes, the 
primary fragments deexcite on a crystal lattice 
site and hence the secondary fragments ate 
blocked by the lattice atoms and the reduction 
of the yield has its maximum. For longer life
times the deexcltation point is displaced 
towards the center of the channel between 
crystal planes, incrementing the yield along 
the channeling direction. This effect can be 
studied in a more quantitative ray by inte
grating the area of the center hole in Fig. 2.67 
normalized to the nonchanneled (randoa) yield. 
This procedure was done for the present data and 
the area Is displayed in Fig. 2.68 as a function 
of scattering angle and Z of the fragments. 
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Fig. 2.68. Variation as a function of scat
tering angle of the area of the blocking dip 
measured along the [110] axis. The curves 
represent theoretical calculations for different 
decay t..-e» of the primary fragments. 

Measurements were carried out for scattering 
angles of 3.5. 5.3, 8.0, and 11.8 degrees. The 
main observation to be drawn from Fig. 2.68 is 
that there is a reduction of the area as a func
tion of the scattering angle for all the 
fragments - an indication of a time delay 
effect. To quantify this delay, four curves have 
been drawn (Fig. 2.68) representing theoretical 
calculations of the yields for different decay 
times ranging from 5 x 10"" sec to 7 » 10-1" 
sec. This calculation takes into account 
dechanneling effects due to crystal thickness 
(10 urn), thermal motion, and static crystil 
Imperfections. Also, the angular distribution 
of the primary fragments, used to compute 
the initial recoil velocities, was calculated 
with a simple abrasion model (Ref. 10). The 
dotted lines on Fig. 2.68 show the results for a 
decay t'me of 5 x 10~ 1 9 sec, corresponding to an 
average recoil distance of about 0.1 A which is 
the lower limit of the present experiment. For 
this time the area should be essentially Inde
pendent of the scattering angle, contrary to 
what is observed experimentally, namely, a 30X 
reduction from 3.5 deg to 11.8 deg. Decay times 
of 3, 5, and 7 x 10~ 1 8 sec are also given In 
Fig. 2.68 to indicate that for all the fragments 
their respective times are within these values 
and that no obvious dependence of the time as a 
function of the Z of the fragments Is observed. 
A more detailed Interpretation Is In progress 
but already It Is possible to note that the 
extracted times are similar to those measured 
for the decay of the 2 8S1 compound nucleus 
formed by the fusion of " 0 • 1 2 C (Ref. 11) at 
an excitation energy of 65 NeV, indicating that 
the process of secondary emission is wry Impor
tant in the production of projectile-like 
fragments In peripheral reactions. Preliminary 
calculations show that the >wasured decay times 
are consistent with a broad primary distribution 
of fragments at relatively low excitation 
energy (<60 MeV), and are not consistent with a 
highly excited primary fragment having a tem
perature of about 8 NeV (derived from the width 
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of the energy spectra) as suggested by simple 
fragmentation models (Ref. 10) . 
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HAOSER-FESHBACH CALCULATIONS FCR 
HEAVY FRAGMENT EMISSION1 

J . Gomez de l Campo2 

The yield distribution, Y, of heavy Fragments 
(Z > 2) in relat lvlst ic nucleon-nucleus coll isions 3 

follows a simple power law, Y * CxA~ ( t * 2.6 
for p + Kr and p + Xe reactions). Using the 
Fisher droplet model Z1 this power law can be 
Interpreted as a manifestation of cr i t ical phe
nomena, namely, a liquid-gas phase transition at 
a cr i t ical temperature T c of about 5 MeV.3 In 
heavy-1on collisions a similar power law has 
been observed5 In studies of the heavy fragment 
emission for 15- and 30-MeV/nucleon 1 2 C + Ag, and 
a possible correlation between the apparent 
exponent, t , and the crit ical temperat'ire, T c , 
has been pointed-out. 6 Theoretical calculations 
to explain the heavy fragment emission have been 
given In terms of statistical models. Recently 
Sobotla et a l . , 7 > 8 using the theoretical frame
work given by Moretto, 9 have shown that the 
emission of heavy fragments can be Interpreted 
as an asymmetric fission decay of the compound 
nucleus. Freedman and Lynch1 0 have developed a 
muHistep heavy fragment evaporation code from 
which they can follow the decay of the system as 
a function of time in a zero angular 

approximation. In this work, an alterrat ive 
stat ist ical model calculation Is presented which 
uses the ful l angular momentum coupling in the 
framework of the Hauser-Feshbach formula. The 
study of cluster emissions ( L I , Be, B, and C 
isotopes) has been the subject of intense 
studies using reactions of l ight heavy Ion 
systems, and Hauser-Feshbach calculations with 
adequate values of the cr i t ica l angular momentum 
(J c ) have been extremely useful in the under
standing of compound nucleus decays. (A review 
on this subject Is given in Ref. 11.) 

The present calculations use the Hauser-
Feshbach formula and level densities as given 
in Ref. 12 with stat ist ical model parameters 
of Ref. 13 and optical model transmission 
coefficients — parametrized by a Fermi function 
- obtained from the optical potential parameters 
given in Ref. 14. A total of 175 heavy fragment 
decay channels have been included, in addition 
to neutron decay and the Z = 1 and Z = 2 
channels. A decay channel in the present calcu
lations Is defined by Its respective Z, A, 
excitation energy, and angular momentum; there
fore, decays to excited states of the emitted 
fragments are Included. Results of the calcula
tions are shown for two systems: 3He + 1 0 9 A g 
(Fig. 2.69) at E(3He) » 90 MeV and " C + 1 0 9 A g 
at E("C) - 180 MeV (Fig. 2 .70) . The experimen
ta l cross sections (crosses) given on Fig. 2.69 
have been obtained by integrating the differen
t i a l cross sections (given In Ref. 7) from 90 to 
180 deg and then multiplying by two. The calcu
lation* shown on Fig. 2.69 reproduce the dati 
for a value of J c • 17R, corresponding to a 
fusion cross section.- of 827 mb. The angle 
Integrated cross sections for the 1 2 C • 1 0 9 A g 
system given on Fig. 2.70, solid dots, were 
obtained using the differential cross sections 
reported In Ref. 5 and assuming a l /sin(e) 
dependence on the angular distribution. The 
Hauser-Feshbach calculation (solid line) 
reproduces the experimental data for a value of 
J c • 35lf, corresponding to a fusion cross 
section of 483 mb. Hi though experimental fusion 
cross section* do not exist for the systems 
studied. I t Is Interesting to point out that 
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Fig. 2.69. Hauser-Feshbach calculations 
(solid and dashed lines) for the heavy fragment 
emission of 3He + "'Ag at E(»He) - 90 HeV. 

from the systematic study of the Rochester 
group15 a value of 827 mb of fusion Is obtained 
for the JHe • l 0 9Ag at E(3He) » 90 HeV and 
940 mb for the "C + ™»Ag at e(»C) - 180 HeV. 
The agreement for the 3He • 1 0 9Ag Is perfect but 
there Is about a factor of two discrepancy for 
the 1 2C * 1 0 9Ag system. This discrepancy can be 
due partially to the fact that the total 
(backward cm. angle) cross sections for heavy 
fragment emission have not been measured (only 
differential cross sections exist at a few 
angles), and that Important amounts of 
Incomplete fusion may be present. 

To Illustrate the importance of the critical 
angular momentum in the statistical emission of 
heavy fragments, Figs, 2.69 and 2.70 show the 
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Fig. 2.70. Hauser-Feshbach calculations 
(solid and dashed lines) for the heavy fragment 
emission of l 2 C • "»Ag at E("C) - 180 HeV. 

results obtained for substantially lower values 
of Jc of 8n for 3He + «»Ag and 1611 for the 
" C • 10»Ag (dashed lines). Both calculations 
have been normalized, to the yield at Z » 3, by 
the indicated factors and, as can be seen, the 
predicted cross sections decrease more than an 
order of magnitude. 
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FUSION GROSS SECTIONS FOR BEAMS OF « . S 0 T1 
ON TARGETS »«Zr AND «H> 

P. H. Stelson N. Beckerman1 

H. 0. Kin D. Shapira 
R. L. Robinson 

The collective properties of the f irst 2* 
states of the nuclei *'Tf and 5 0 T i are quite 
different ( « T i : E x » 0.89 MeV, p 2 = 0.314; 
5 0 T 1 : Ex * 1.55 MeV, p 2 * 0.173). For sub-
barrier fusion reactions involving these nuclei, 
the coupling of these inelastic channels to tha 
elastic channels leads to the prediction that 
the subbarrier fusion cross sections for " , 6 i 5 0 T1 
on 9 0 Zr should differ by a factor of -20. We 
have used the velocity f i l ter to measure these 
cross sections and also the cross sections for 
•»6»50T1 on the neighboring nucleus »3Nb. 

The measured fusion cross sections for these 
four systems are presented in Figs. 2.71 and 
2.72. To facilitate the comparison of the dif
ferent systems, we have plotted the cross sec
tions vs the quantity ( E C # M # - Eg)(MeV), where 
EB - (1.44 Z ^ / r , , ^ } / 2 + A*/*) . We have taken 
r 0 • 1.477 fra because this value gives good 
agreement with the barriers extracted from the 
measurements. 

The results shown In F1g. 2.71 Indicate 
progressively larger differences in fusion cross 
sections as we move farther below the barrier. 
We are now 1n the process of comparing these 
cross sections with different theoretical 
predictions. 

The measurements show that all four systems 
have the same cross sections at and above the 
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Fig. 2.71. Fusion cross sections for beams of 
I , 6 » 5 0 T1 on targets , 0 Z r and 93Mb in the region 
below the barrier. 
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barrier. However, the observed cross sections 
are rather uniformly about 30% less than the 
total calculated reaction cross section in the 
region above the barrier, which suggests that 
the evaporation residue fusion cross section 
•ust coapete with other reaction mechanisms in 
the region of the barr ier . 

ORML-DWG 89-15433 

1 . Joint Institute for Heavy Ion Research, 
OKNL, Oak Ridge, TN 37831. 

AN ENTRANCE CHANNEL LINIT ON THE FUSION OF 
" S I WTO 12C AT HIGH BERGY1 

B. A. Harmon2 D. Shapira 
S. T. Thornton2 J . Goaez del Caapo 

N. Beckerman3 

The analysis of fusion data in the energy 
range 4.6 to 6.4 NeV/nucleon for the 2 8 S i + 1 2 C 
system ( 2 8 S i projectile) f i r s t reported last 
year" Is now coaplete. The data in Fig. 2.73 
show an entrance channel-imposed H a l t on the 
fusion cross section. The cr i t ica l angular 
aoaentua extracted is considerably lower than 
those of other systeas foraing the saae coapound 
nucleus. *°Ca [see part (b) of Fig. 2.73]. 

As the boabarding energy Is increased, 
separation of products resulting froa formation 
and evaporative decay of l*°Ca froa those of 
other processes becoaes d i f f i c u l t . Therefore, 
an extensive analysis was carried out comparing 
velocity and energy distributions for uniquely 
identified products (charge and mass) to kine
matic calculations. The cross sections for each 
(Z,A) combination Identified are shown In Fig. 
2.74 for two boabarding energies along with the 
predictions of the Monte Carlo evaporation code 
PACE.5 Fractions of the total yield for several 
products (Indicated by upwardly extended 
crosses) were excluded from the fusion cross 
sections of Fig. 2.73. The velocity spectra for 
these Isotopes, which contain contributions from 
other processes, show deviations from the calcu
lated shapes of the velocity and energy spectra 
predicted for coapound nucleus residues. 

The cr i t ical angular mar tun for the fusion 
of 2 8 S 1 and " C is In fact the sine crit ical 
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F1g. 2.73. (a) Fusion data for the 2 8 S 1 • 1 2 C 
system as a function of the reciprocal of the 
center of aass energy consisting of the present 
results and data froa Refs. 8-10. Curves 1 and 2 
are Bass model calculations11 which incorporate 
the empirical nuclear potential used in the 
extraction of the critical angular angular 
aoaentua for the orbiting 2 8S1 + 1 2 C system.* 
Curve 2 represents a nucleus-nucleus potential 
strength yielding excitation functions in 
agreement with both the fusion and orbiting 
cross sections.7 (b) Fusion data plotted as 
excitation energy versus critical angular aoaen-
tua for systeas which fora the coapound nucleus 
"Ca. The present results are shown along with 
data froa Refs. 8, 12-13. The yrast line froa 
the evaporation code PACE and the r/D"l cri
terion for coapound nucleus formation1* are also 
shown. 

angular aoaentua that was found to Halt the 
foraatlon of an orbiting dlnuclear system.'.'' 

1. Summary of a paper to be submitted to 
Physical Review C. 

2. University of Virginia, Charlottesville, 
"A 22901. 

3. Joint Institute for Heavy Ion Research, 
Oak Ridge, TN 37831. 
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Fig. 2.74. Integrated partial yields for 
evaporation residues with the identified charge 
and mass of the reaction products. Upwardly 
extended crosses indicate the presence of non-
fusion yields excluded fro* the fusion cross 
sections of Fig. 2.73 (see text). The bars are 
the result of the Monte Carlo evaporation code 
PACE. 

BAOQMRD ANGLE YIELDS » THE " S I • "R 
REACTION; EVIDENCE FOR THE EQUILIBRATION OF 

H>SS IN ORBITING REACTIONS 

B. Shivakuaarl B. A. Harmon3 

D. Shaplra P. H. Stelson 
N. Beckerwn2 K. Teh* 

We have Measured the back angle yields of 
target-like products in a reaction between a 
2*Si beaa and a "N target at lab energies 
between 100 NeV and 170 NeV. The scientific 
Motivation behind this measurement was to 
ascertain whether the orbiting process lasts 
long enough to allow for the equilibration of 
•ass, and I f the Microscopic structure of the 
Interacting nuclei has any effect on the 
nucleus-nucleus potentials and the yields in 
the different channels. 

The existence of a long-lived dinuclear 
coMplex (DC) has already been established for 
the 2 *Si + i-H reaction (Ref. 5) as was done for 
the 2 8S1 + 1 2 C . Though both systems are similar 
in total mass, they are different In character, 
as shown in Fig. 2.75. This figure is a plot of 
the ground state Q-values of some of the 
channels open to the 2 S Si + l 2 C and 2 8 Si + "N 
reactions. It Is obvious that the 1 2 C + 2 8 Si 
system has only two channels available at low 
Q for the DC to fragment Into, whereas the 

Fig. 2.75. 1. A plot of the around state 
Q-values of channels resembling 1 2C + 2'S1 and 
" N + 2 * S 1 . The vertical axis has been adjusted 
so that the entrance channel Is st Q • 0. 
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"II + 2»Si has several. In the " C • 2«S1 
system, the strongest channels are carbon and 
oxygen respectively. This observation can be 
accounted for by either of two possible conclu
sions: (a) Orbiting Is a fast process and the 
DC formed does not live long enough to change 
appreciably from the entrance channel, or (b) 
orbiting is a process slow enough to allow for 
the equilibration of mass, and the final yields 
in the different channels are determined by 
their respective Q- values. [The Q-value of a 
channel can be related in a simple way to the 
available phase space In that channel (Refs. 6 
and 7).] 

This ambiguity can be resolved by a study of 
the 2"Si + " N system. The backward angle (163 
deg to 174 deg in c m . frame) yields of reaction 
products (10 < A <21) were measured at the ORNL 
HHIRF facility using a supersonic gas jet target 
(Ref. 8 ) . Figure 2.76 shows a spectrum of the 
back angle yield of " C from the "S1 + " C 
reaction. Since we are dealing here with con
tinuum spectra, It becomes hard if not 
impossible to deconvolute yields coming from 
contaminants, especially carbon, in the target. 
Therefore, it is Imperative that we have pure 
targets. The nitrogen gas target we used was 
free of impurities and contaminants. This 
unique feature of gas targets gives credibility 
to the conclusions we draw from our measure
ments. Figure 2.77 shows the orbiting cross 
sections measured for the 2 9S1 + " N system 
(Ref. 9 ) . It Is clear that at all the energies 
measured, the l 2 C and 1 6 0 yields are larger than 
the l l ,N. This suggests to us that orbiting Is a 
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Fig. 2.76. A backangle spectrum of l 2 C nuclei 
in the " S i • l *M reaction. The data are from 
Ref. 9 . 
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Fig. 2.77. Orbiting cross sections for the 
" C , " M , and " 0 channels in the " M + "Si 
reaction. The data are from Ref. 9. 

process that is Indeed sufficiently long-lived 
to allow for the equilibration of mass. The 
channel with the lowest Q-value is found to have 
the largest cross section. 

How is it then that the 1 6 0 channel has a 
higher yield than the " N ? If we adjust the Q-
values shown In Fig. 2.75 by the difference in 
Coulomb, nuclear and centrifugal energies 
between the different channels, the Q-
dlfferences between the three channels decrease 
with increasing angular momentum. However, the 
relative ordering still persists and hence falls 
to resolve why the " 0 yield exceeds the 1 H H . 
He believe that the enhanced oxygen yield over 
that expected by simple Q-value arguments has 
Its origin In the difference In the phase space 
available to the " N + 2*51 and the " 0 * »A1 
channels. This arises primarily from the dif
ference In microscopic structure between the 
2»S1 and 2 6A1 nuclei. 

He are now In the process of studying 
orbiting phenomena and their connection with 
fusion In the framework of compound nuclear 
(Ref. 10) and dinuclear models (Ref. 7). 

1. Ph.D. thesis student, Vale University, 
A. W. Wright Nuclesr Structure Laboratory, 
New Haven, CT 06511. 

2. Joint Institute for Heavy Ion Research, 
ORNL, Oak Ridge, TN 37831. 

3. Ph.D. thesis student, University of 
Virginia, Charlottesville, VA 22901. 
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A MODEL FOR ORBITING AND FUSION 

B. Shivakuaar1 

S. Aylk* 
B. A. Haraon3 

D. Shapir? 

Previous measurements at Oak Ridge and 
elsewhere have provided evidence for the for-
aation of a long-lived dinuclear aolecular 
coaplex (DMC) In the deep inelastic collisions 
between nuclei (Ref. 4). For the case of the 
28Si + l̂ C systea the maximum angular aoaentua 
that the DMC can sustain was Inferred to be 18li 
(Ref. 5). The fusion cross section for the saae 
systea has been Measured recently and found to 
be Halted by the saae maximi* angular aoaentua 
(Ref. 6). He present here a aodel (Ref. 7) that 
provides a unified description of both these 
observations In teras of the formation, breakup 
(orbiting yield) and coalescing (fusion yield) 
of a OMC. Although atteapts to describe fusion 
proceeding via a dinuclear configuration exist, 
none to our knowledge atteapt to calculate the 
yield froa the two phases of this process, i .e. , 
products from the dinuclear and the fused 
systea. 

A schematic description of the transitions 
considered by this aodel appear In Fig. 2.78. 

OAK A t f t l l W 

fVIVOMnOft MSOUff 
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Q©=r00. 
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Fig. 2.78. Schematic diagram of the model. 

As in other models describing deep Inelastic 
scattering and fusion, a DMC is formed under the 
influence of conservative and disslpative forces 
in the collision between two ions. Once the DMC 
is formed it evolves through the exchange of 
particles to different dinuclear configurations. 
In our aodel each of these configurations has a 
probability to fragaent into the outgoing chan
nel it most resembles and results in the 
orbiting yield. What does not fragment is 
assumed to relax into a compound nuclear con
figuration and is identified as the fusion 
yield. In this way, the approximation used here 
circumvents the problem of dealing with the 
evolution of the dinuclear configuration into 
that of a compound nucleus. 

The theoretical framework for this model is 
provided by taking the equilibrium limit of two 
coupled diffusion equations that describe the 
flow of mass, charge, and energy in an extension 
of the standard diffusion model (Refs. 8, 9 ) . 
The evolution of the DMC between dinuclear con
figurations represented by a r.ucleus-nucleus 
potential energy surface (PES), defined in terms 
of the variables mass, charge, position, angular 
aoaentua, and energy, is described by a dif
fusion equation. A similar equation describes 
the fragmentation of each of the dinuclear con
figurations. In the equilibrium limit of such a 
formalism, the orbiting yields in each of the 
outgoing channels is determined by the density 
of states at the corresponding saddle point of 
the PES. 

An additional Ingredient of this model Is the 
condition. In the Initial stages of a collision, 
that determines whether a DMC can be formed at 
all. If the DMC cannot be formed, there can be 
no fusion. This condition is Introduced, as in 
critical distance models (Ref. 10), by requiring 
that there be a pocket In the entrance channel 
PES. Trapping In such a pocket takes place with 
the dissipation of the energy of relative motion 
and angular momentum Into the Intrinsic excita
tion of the participant nuclei. 

This model Is expected to account for the 
fusion cross section, and the final kinetic 
energies and cross sections of the orbiting 
yields. Figure 2.79 shows the results of c 
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F1g. 2.79. Plot of the final kinetic energies 
and cross sections of the orbiting yield. The 
data are from Ref. 2. The continuous curves are 
the model predictions. 

calculation for the orbiting yields of the 
carbon and oxygen channels in the 2 8Si • l 2 C 
reaction. Figure 2.80 shows a calculation of 
the fusion cross section for the same system. 
The agreement of our theory with the data in 
both these cases is very encouraging. 
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Fig. 2.80. Plot of the fusion cross section 
for the 2 8 S i + l 2 C reaction. The data are from 
Refs. 6, 11, 12, and 13. The continuous curve 
Is the model prediction. 

The availability of both fusion and orbiting 
data Imposes stringent restrictions on the range 
of potentials that can be used in the descrip
tion of the processes under discussion. The 
final kinetic energies of the reaction products 
essentially determine the heights of the poten
tial barriers at the saddle point, something 
that any parametrizatlon of the process should 
be expected to reproduce. As of now, such data 
are available for only the 2 8S1 * l 2 C system. 
The success of our model In describing the 
available data we hope will spur some Interest 
in the measurement of complementary fusion and 
orbiting data for other systems. 

1. Ph.D. thesis student. Vale University, 
A. W. Wright Nuclear Structure Laboratory, 
New Haven, CT 06511. 

2. Joint Institute for Heavy Ion Research. 
ORNL, Oak Ridge, TN 37831, ami Tennessee 
Technological University, Cookevllle, TN 38S0S. 

3. Ph.D. thesis student. University of 
Virginia, Charlottesville, VA 22901. 
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ZERO-POINT FLUCTUATIONS AND THE DIFFUSENESS 
OF THE NUCLEAR SURFACE 

H. H. Guldryl J . 0. Rasawssen3 

R. Donangelo2 N. S. Hussein * 

For heavy ton reactions such as deep Ine
lastic scattering or subbarrler fusion, the 
notion of classical nuclei of various static 
shapes on classical trajectories often provides 
a convenient starting point for the understand
ing of the reaction. In processes such as 
these, the distance between nuclear surfaces in 
the collislc plays a crucial role and zero-
point surface fluctuations near the point of 
closest approach May have a significant effect 
on the reaction, as Illustrated in Fig. 2.81. 
This point has been emphasized for deep In
elastic processes in Ref. 5. In this report 
we will be concerned primarily with the effect 
of low-frequency, large-amplitude, zero-point 
modes on heavy-1 on scattering, and will ignore 
the effect of high-frequency, small-amplitude 
motion connected with giant resonances. We will 
also restrict attention to spherical vibrators, 
even though similar arguments may apply to 
vibrations about deformed equilibrium shapes. 

For the most collective of such modes the 
amplitude associated with the zero-point motion 
is large. I f the Hamiltonian is assumed to be 
of the standard form 

Xu 
the zero-point amplitude for a quadrupole mode 
is* 

,J 0 . / _ 1 L V / " -<E*/2C 2 )V* . 

ORNLOWGas-tam 

I 
Overlap 

I 
•5s No Overtop 

a20 (—V 

Fig. 2.81 Illustration of the effect of 
zero-point fluctuation on subbarrler fusion and 
deep inelastic reactions. 

Parametrizing the radius as R ~ r 0 ( l * «2oT2o(8)) 
and estimating B 2 and C2 from the energies and 
B(E2) values associated with low-lying 2+ 
states, 7 one finds that for the softest nuclei 
the zero-point fluctuations correspond to sur
face displacements of 0.5-1 fm. Thus 'n some 
cases these fluctuations are as large as the 
measured dlffuseness in heavy-ion scattering. 

In the classical limit of quantum mechanics, 
the cross sections for various processes result 
from a superposition of all Initial phase angles 
for the zero-point fluctuations &•. **»e beginning 
of the classical trajectories. Thus, the evu l 
sion of two sharp classical surfaces Is replaced 
by a collision In which the surfaces are smeared 
by zero-point motion and the quantum-mechanical 
superposition principle. The question we pose 
Is whether this phase Information 1s Irretriev
ably lost, or whether I t is possible to recover 
i t In such a fashion that the contribution to 
the nuclear dlffuseness from collective zero-
point motion can be determined. 

I t has been pointed out' that for the collec
tive excitation of deformed rotors by spherical 
projectiles there is an uncertainty principle 
relation between the maximum classically allowed 
angular momentum 1^,.. which can be excited in a 
heavy-1 on collision and the uncertainty aX0 In 
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the Initial orientation angle of the rotor In 
the collision AXo ~ 1 / 1 ^ . Thus, In ieavy-ion 
collisions where 1 ^ can be large t:« orien
tation of the rotor In the collision can become 
highly localized, and the projectile "sees" dif
ferent regions of the deformed nuclear surface 
when i t excites different rotational states of 
the deforaed nucleus.•»' 

An analogous uncertainty principle argument 
•ay be applied in the case of vibrational exci
tation. For that case, the canonically con
jugate variables are the phonon nuaber N. and 
the phase angle q for the vibration, and we find 

* , ° ~ lfHmx w h e r e * " > 1 s *"* ""certainty in 
the initial phase angle for the zero-point fluc
tuation of a particular mode, and N ^ is the 
aaxiaua nuaber of phonons of that aode which can 
be excited in a classical collision. Thus, in a 
heavy ion collision i f N ^ becomes large, a 
localization is possible In the phase angle of 
the vibrator. 

These ideas are seen most clearly for the 
rotor i f the problem is formulated in terms of 
the Classical Limit S-Matrix (CLSM).8.9 An 
analogous formulation Is possible for the coll i 
sion of spherical vibrators. This has been 
discussed by Miller for the molecular scattering 
case 1 0 and the transcription to nuclear scat
tering is straightforward. He omit the details 
and discuss only the classical quantum-number 
function, which for the vibrator 1s the final 
phonon number N f (considered as a continuous 
classical variable) vs the Initial phase angle 
qo for the zero-point fluctuation. The general 
shape of this quantum nuaber function Is shown 
In Fig. 2.82 for several representative systems. 
There we see that I f the phonon coupling 1s 
large, as might be expected In vtry heavy Ion 
collisions, the excitation of particular phonon 
states occurs only for highly localized ranges 
of phase angles. 

The experimental procedure to determine the 
optical potential could be as follows. Very 
heavy ions are used at energies in the Coulomb-
nuclear Interference region to excite multlpho-
non vibrational states. A detailed coupled' 
channel f i t to the corresponding angular 

^•"•ca 
•ft i*nzr777j$tfj>tu^> -r^gssKysssft^w ,. 

90* 
Pima * • * • ( « , ) - » znr 

Fig. 2.82 The classical quantum nuaber func
tions for vibrational excitation In light and 
very heavy Ion reactions, assuming backward 
scattering of the projectile. In the calcula
tions, aonopole plus quadrupole Coulomb poten
tials and a real Hoods-Saxon nuclear potential 
were included, with r 0 « 1.2 fm, a - 0.72 fm, 
V« - SO MeV, E w (Cd) - 558.5 keV, and 
B(E2, 0* + 2+) « 5640 fm%. Projectile excita
tion was Ignored, and the laboratory energies 
were 15 HeV ( l i e ) , 50 MeV("0), and 230 
HeV(s*N1). High localization In q 0 is I l lus
trated by hatching In the Ni Reaction. For 
example, excitation of the 2-phonon vibrational 
state occurs only i f the phase angles l ie In two 
narrow bands at q 0 O) and q„( 2 ) . The larger 
"MAX. *••*, jore "arrow these bands. In contrast, 
for the l *0 and "He reactions there Is almost no 
localization because NMAX is small. The inset 
shows the classical time evolution of the phonon 
nuaber for the N1 reaction for q 0 » ioo*, with 
tiae in dlmensionless units. 

distributions (or excitation functions) is used 
to find an Ion-Ion potential which simulta
neously fits j l l , the inelastic scattering data 
(state by state). By the preceding arguments, 
such a potential should have most of the dlf-
fuseness due to zero-point fluctuation of the 
explicitly coupled modes removed. Conversely, a 
nuclear potential determined to f i t only the 
total quasi-elastic cross section will Include 
an average over all phase angles (cf. Fig. 
2.82) and should exhibit a larger dlffuseness. 
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Ine Implementation of such a study is possible, 
using particle-T coincidence spectroscopy9 and 
either classical-Halt Methods8-10 or fast 
coupled-channels codes (e.g., Ref. 11). 

Finally, we discuss the implications of these 
results, first with respect to reactions, and 
then with respect to structure. Potentials 
determined in the way suggested here provide a 
realistic starting point for the evaluation of 
zero-point fluctuations on more complicated 
heavy-ion reactions, fry the present arguments, 
potentials determined in less restrictive 
fashion (e.g., fro* analysis of quasi-elastic 
scattering data) already contain appreciable 
effects due to zero-point motion, and i t Is 
inconsistent to use those potentials to govern 
trajectories to which zero-point Motion effects 
are added by hand. A similar point has been 
made by Esbensen, et a l . 5 

With respect to nuclear structurte, one may 
ask what is the physical Meaning of the dif
fuseness associated with the zero-point fluc
tuation. He suggest a simple interpretation. 
The nuclear density diffuseness is composed of 
two parts, which we denote the mean-field and 
residual parts, respectively. The first is the 
diffuseness of the matter distribution of a pure 
shell model, without residual Interactions. The 
second is the additional diffuseness due to the 
scattering of particles by the residual Interac
tion, which manifests Itself Macroscoplcally In 
the zero-point fluctuations of the collective 
nvles. These two contributions to the Matter 

rlbution diffuseness generate the Ion-ion 
potential diffuseness when folded with effective 
nucleon-nucleon interactions. I t will be in
teresting to see whether the experiments 
suggested here are sufficiently precise to 
separate these two components. 
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ENTRY STATES IN SUB8AKRIER FUSION 

K. L. Halbert K. Honkanen* 
J . R. Beene T. Semkow1 

D. C. Hensley V. Abenante1 

0. G. Sarantites1 

Over the past five years i t has become clear 
that the cross section for fusion of heavy Ions 
below the Coulomb barrier can be orders of 
magnitude larger than the predictions of Models 
that are quite successful above the barrier. 2 

More recently, studies of v-ray Multipl icity 3 - ' 
have shown that the average i of the partial 
waves participating In subbarrier fusion is much 
higher than expected. The discrepancies become 
larger as the Mass asymmetry of the projectile 
and target decreases. 

He have used the Spin Spectrometer, an Ideal 
instrument for study of such angular-momentum 
effects, in coincidence with identified products 
from two reactions leading to the same compound 
nucleus, ' '"Yb. The reactions were «*N1 • »<"No 
and " 0 + " 8 Sm; the conditions of bombardment 
are listed in Table 2.12. The two reactions 
cover similar ranges of excitation energy In the 
compound nucleus. 

Exit channels were Identified by known char
acteristic Y-ray lines observed in six Compton-
suppressed Ge detectors which replaced a like 
number of pentagonal Nil units of the Spin 
Spectrometer. Recording of an event on tape was 
triggered by detection of a "clean" Ge pulse 
( i . e . , no Y r *y detected In Its surrounding Nal 
shield). To reduce the recording of the many 
uninteresting events In the N1 • Mo bombardments 
due to Coulomb excitation (Coulex), the event 
trigger also required that at least one of the 
Nal detectors in the spectrometer had fired. 
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Table 2.12. Boabarding conditions. Energies 
are in NeV. E ^ is the boabarding energy half
way through the target. E^ is the center-of-
mass energy halfway through the target. Egn* 
is the excitation energy in the coapound 
nucleus l s *Yb. 

Projectile Target E ^ E, i b E^ £,.„» 

6 » M loopfc 2 1 ( L 0 207.2 126.3 34.0 

215.0 212.2 129.4 37.1 

220.0 217.2 132.4 40.2 

225.0 222.2 135.5 43.2 

235.1 232.3 141.7 49.4 

U 0 ^"Si 71.2 70.3 63.5 40.4 

81.3 80.4 72.6 49.5 

Table 2.13. Cross sections (in mb) for the four 
dominant exit channels. Energies are fn HeV. 
Uncertainties are about ±15%. 

System E ^ ^ 2n 3n 4n «2n Sum 

"Mi • 1 0 0 N o 210 0.26 -

215 1.43 0.78 -

220 3.26 4.19 -

225 6.3 14.2 0.9 

0.26 

2.21 

7.46 

21.4 

235 11.0 39.3 18.1 2.3 70.7 

" 0 • l*«Sm 71 22.2 72.7 1.5 5.5 101.9 

81 6.4 208.9 166.3 35.7 417.2 

This last requirement was removed for about 10% 
of the Hi • Mo data in order to measure the 
Coulex yields for normalization of the Hi • No 
cross sections. 

An independent normalization of the absolute 
cross sections was obtained from the Integrated 
beam current 1n the Faraday cup, measured target 
thicknesses, and calibrated efficiency-solid 
angle products of the Ge dettctors. The two nc-
malizations for the Ml + Mo agreed well within 
the estimated uncertainties. For the 0 + Sa 
reactions the Faraday cup provided the only 
normalization. 

The cross sections listed in Table 2.13 are 
based on the observed yields of the 2* * 0* 
transition In i«Yb (2n channel), "°Yb (4n), 
and i"Er (o2n), and the 17/2+ • 13/2* plus 
the 9/2- •* 5/2- transitions in i«Yb (3n). 
Corrections were made tor Internal conversion 
and angular distribution effects. No signifi
cant yield of 1 6 3Yb (In channel) was observed at 
any energy. Small amount; of 1 < lTm (p2n), ' i 7 E r 
(o3n), or other channels might have been present 
at the level of a few percent each of the total 
cross section. Fission is unlikely to contrib
ute at these low bombarding energies. This tb'; 
cross section for fusion may be estimated by 

adding 5-10% to the sum of the four cross sec
tions shown In Table 2.13. This estimate of 
5-10% is confirmed by the statistical model 
calculations described below. 

The points in Fig. 2.83 show these estimated 
fusion cross sections (<Tfus) for both reactions 
as a function of i'*Yb excitation energy. The 
dashed line Is the value of af u s for HI + No 
given by the Bass model.7 I t is far from a 
satisfactory representation of the data. The 
full line represents a similar calculation8 

which incorporates effects of coupling to 
excited states in both projectile and target;9 

all inelastic couplings with the ground states 
were included with the appropriate p x taken 
from experiment. The calculated* barrier 
parameters for Hi • Mo (0 • Sm), are as follows: 
barrier height * 141.6 (62.6) MeV, barrier 
radius - 10.92 (10.66) fm, and If* - 2.28 (4.37) 
NeV. These values were obtained with the 
choices AV - -20 (0) NeV, where AV allows 
adjustment of the nuclear potential well depth 
to f i t the magnitude of the cross section. The 
shape of the excitation function Is not sen
sitive to AV. The good agreement of the pre
dicted and measured oiu% * ' * function of energy 
Is wry encouraging. 

The a, distributions that the channel 
coupling model predicts, when used as Input to 
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Fig. 2.83. (a) . Fusion cross sections as a 
function of compound nucleus excitation energy. 
Experimental points (• - <"N1 • I 0 0 Ho, • -
160 • i*»8S») are suns of the measured 2n, 3n, 
4n, and o2n cross sections plus a 5-10% 
allowance for all other channels. The full 
curves are predictions of the channel-coupling 
nodel (Refs. 8, 9 ) . The dashed curve shows the 
prediction of the 8 m model (Ref. 7). (b) and 
(c). Fractional yields, as a function of 
compound-nucleus excitation energy, of the four 
principal exit channels measured in the reac
tions «*N1 • 1 0 0Ho (b) and »«0 • i*»Sm (c). 
Experimental points: t • 2n, a • 3n, f • 4n, 
i » «2n. Full curves: the statistical model 
with initial compound-nucleus x distributions 
predicted by the channel-coupling mHel. Dashed 
curve: 2n fraction calculated with initial * 
distributions from barrier-penetration calcula
tions with the Bass potential (Ref. 12). 

the statistical model, are quite successful In 
predicting the relative cross sections of the 
various exit channels. The results of these 
calculations are compared with experiment in Fig. 
2.83b and c; the agreement is good for both 
reactions. The experimental lack of measurable 
1 6 3 Yb (In channel) is also well reproduced: in 
no case did the calculation predict a 1 6 3 Tb 
cross section larger than 0.6* of of u s . Similar 
ca?:ulat1ons using « distributions obtained 
from barrier-penetration calculations with a 
parabolii approximation11 to the Bass potential, 1 2 

tend to underestimate the 2n fraction severely, 
as shown by the dashed curve In Fig. 2.83b. 
Likewise, the a, distribution given by a rounded 
sharp-cutoff model requires an unusually large 
smoothing parameter (for example, tt i. 8 for 
Fermi-function rounding) in order to give suf
ficient 2n yield. The channel-coupling model8.' 
naturally predicts 1 distributions extending to 
higher l values than those predicted without 
coupling. 

These calculations were carried out with the 
statistical model program PACE2S10 using the 
following conditions: (1) a - A/8.5, (2) giant-
resonance El shape with strength « 100% of 
classical sum rule, (3) collective E2 strength • 
100 M.u., (4) default values of other t-ray 
strengths, and (5) yrast lines adjusted to pro
vide a realistic representation of the known 
yrast lines of nuclei near A • 164. The calcu
lations are rather insensitive to reasonable 
variations in (1), (3) , and (4) , but do show 
large discrepancies with experiment (insuffi
cient 2n) when the default yrast-line option Is 
taken Instead of (5) . Also, calculations In 
which the odd-even effect 1n the level density 
is ignored are noticeably less successful. 

In summary, Fig. 2.83 shows that the statis
tical model reproduces our data excellently 
provided that (a) realistic nuclear properties 
ere chosen (yrast line, y-dtcty strength), and 
(b) high t values are prominent in the entrance 
channel. We find no need to Invoke super-
deformation.* 

The data from the Spin Spectrometer provide, 
of course, rather direct Information on the t 
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distr ibutions. The analysis of these data is 
incomplete at this wr i t ing, but substantial 
progress has been made using standard proce
dures , 1 3 naaely: (1) The raw Nil data have been 
corrected for energy response and pulses due to 
neutrons have been excluded. (2) (H,k) arrays 
In coincidence with each identif ied Ge peak (and 
background) have been generated [H * sua of 
corrected Ma I pulse heights, k « nuaber of 
responding detectors for each event]. (3) (E.N) 
arrays have been obtained for i terat ive 
unfolding for anst of the (H,k) arrays by using 
the Measured response function of each detector 
in the Spectrometer [E » entry-state excitation 
energy, N = v-ray Mul t ip l ic i ty ] , 

Figure 2.84 presents saaples of the k projec
tions (peak-background) for the two reactions at 
nearly equal coapound-nucleus energies. The entry 
states for Ni + No involve Much higher k values 
than do those for 0 + S i , showing clearly that 
higher angular KMenta are involved in the more 
symmetric systea. Further analysis Is expected 
to quantify this salient feature. 
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F ig. 2.84. Projected S distributions for xn 
channels f ro* reactions of (a) 220-NeV and (b) 
235-HeV " N I on 1 0 0 N o , and (c) 71-NeV and (d) 
81-NeV 1*0 on " * S M . Reaction pairs [ ( a ) , ( c ) ] 
and [ ( b ) , (d)] lead to " * Y b compound nuclei at 
nearly the same excitation energy. 

SPINS AND SADDLE POINT SHAPES FROM LARGE 
FRAGMENT EMISSION STUDIES 

D. G. Sarantites* N. L. Halbert 
L. 6. Sobotka1 D. C. Hensley 
E. L. Dines1 H. C. Gr i f f in * 
L. A. Adler 1 R. Schmitt3 

V. Abenante1 G. Nebbla3 

L1 Zei Z. Najka 3 

J. R Beene J . C. Lisle" 

The object of studying heavy Ion Induced 
fission Is to determine the magnitude and L-wave 
dependence of the fission barr ier . The sym
metric fission barrier can be considered as the 
central point in an Ion-Ion potential energy 
surface which extends into the mass asymmetry 
degree of freedom. I t Is this potential energy 
surface which determines the fate of a compound 
nucleus and wi l l Influence the pathway of non-
compound heavy-ion reactions. Since reactions 
wi l l not only proceed via a symmetric pathway, 
we must L« concerned with the asymmetry depend
ence of th" fission barrier. 
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Recently, the study of the emission of large 
fragments, Intermediate in ass between alpha 
particles and fission fragments, fro* compound 
nuclear reactfons has been used to deteniine the 
conditional saddle point masses, or barriers, as 
a function of asymmetry.5-7 This work has con
f ined the Businaro-fiallone transition 7 and 
verified the importance of a finfte range 
correction to liquid drop models.7*8 

The work Mentioned above 5 - 8 does not, 
however, address the subject of the angular 
momentum dependence of these conditional 
saddles. In this report we present preliminary 
results of an experiment designed to address 
thfs issue. 

He have recently studied the emission of 
large fragments from n o S n * compound nuclei pro
duced in the reaction 200-MeV '•ssc * «5Cu. In 
the Spin Spectrometer scattering chamber we 
positioned two large-area gas, solid-state 
telescopes near 90* or 60* in the center of mass 
(each telescope covered an angular span of 18" 
in the lab}. By running with low- and high-gain 
amplifiers for the AE detectors we were able to 
achieve individual Z resolution for 2 * 2 to 25. 

The fact that the yield of the observed 
fragments with relaxed kinetic energies peaks 
near symmetry (Zj « 25} and not at or below the 
projectile (Zp » 21} is an fodfcation that the 
fragments are emitted from the compound system. 
This is not surprising in view of the fact that 
approximately 65X of the reaction cross section 
is expected to fuse and that much of the 
remaining cross section irvolves transfer. 
Although there is likely to be a small deep Ine
lastic contribution to the total reaction cross 
section, products from these reactions will be 
focused near the grazing angle and therefore 
well forward of our detectors. 

The yitU of large fragments detected near 
45" in the laboratory is shown in Fig. 2.85. 
The prominent feature* seen in this figure are 
the minimum netr Z • 8, where one observes a 
strong even-odd effect, and above 2 « K i 
gradually increasing yield at symmetry is 
approached. The overall trend of these data can 
be reproduced quite nicely with a liquid dr«p 
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Fig. 2.85. Tields of heavy fragments emitted 
in the decay of 1 1 0 Sn* compound nuclei from the 
reaction of 200-MeV **Sc „f t h «Cu. The data 
points are connected with lines to guide the 
eye. The smooth solid line is from a liquid 
drop model calculation as described in the text. 

calculation of the type described in Bef. 7 
(solid line in Fig, 2.86). For this calcula
tion, two rigidly rotating spheres separated by 
2.5 fm are used to mode) the conditional saddle, 
we have however, scaled the barriers calculated 
from our simple sphere-sphere model such that 
fot each L-wave the symmetric barrier agrees 
with finite range corrected liquid drop values.8 

Rigid body moments of inertia are used and t -
waves less than 65 15 are included. 

The y-ray fold (ky) distributions for 
fragments of each 2 were determined from 
coincidences with the Nal detectors of the Spin 
Spectrometer. Distributions for selected I 
values are shown in Fig. 2.86. !t is seen that 
the wean <ky> values anrt the upper edges 
decrease rapidly with incr̂ Msfng I of the 
detected fragment, 'hi-, ir„}ir.at« a decreasing 
transfer of -in>/<iUr uon.Mf.ijm to the fragments 
with i ivre.r . i r . j .,,,> riunnol symmetry. This , 
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Fig. 2.86. Gamma ray fold distributions 
observed In coincidence with fragments observed 
at 55° with the Z values Indicated. The yield 
for Z « Z is in an arbitrary scale (due to 
scale-down during the experiment). The yields 
for Z « 6 and 10 and for Z « 16 and 22 have been 
multiplied by factors of 50 and 10, respec
tively. 

trend is observed In the liquid drop calculation 
of Fig. 2.85. The calculation Indicates that 
even though the symmetric divisions are biased 
towards the larger L-waves, the fraction of 
this angular momentum transferred dramatically 
decreases as symmetry Is approached. This 
produces an overall trend of the calculated 
(I(_ + IH ) Z-dependence similar to the experimen
tal Z-dependence of <ky>. 

Although the Z-dependence of the calculated 
<I|_ + IH> and experimental <ky> have the same 
trend the slopes and second moments differ con
siderably. Improved calculations, including 
fluctuations In the transferred spin9 and con
sideration of the I I + IH ta k y transformation, 
are in progress. 
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FISSION CROSS SECTIONS UP TO 20 MeV/1WCLE0# 
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Fission cross sections have been measured for 
the following reactions: 1 2 C (at Eb - 95, 122, 
186, 245, and 291 MeV) on 1 7 *Yb. "«Pt , and 
238U ; 160 (at E,, - 140, 175, 8 6 , 250, and 315 
MeV) on i«Md. l 7 0 E r , » 2 0 s , and «»U; « S (at 
E b » 350, 500, and 700 MeV) on i 2 6 Te , "'•Kd, and 
2 3 8 U ; and 58M1 (at ED - 352 and 875 MeV) on 
9 6 Zr , n«Cd, and « *U . We find that use of sta
tistical model calculations with the bass heavy-
ion potential, which f i t the data below 10 
MeV/nucleon, do not f i t fission cross sections 
at higher energies. Invoking dynamical limita
tions to fusion, such as "extra-push" model 
calculations. Improves the f i t to most of the 
data. For l 2 C and 1 6 0 projectiles on lighter 
targets, the fission cross section at Mgher 
energies Is significantly below the value 
obtained from the rotating liquid drop angular 
momentum limit. Indicating that Incomplete 
fusion reactions may be limiting the fusion pro
cess. For S and N1 projectiles, the cross sec
tion Implies the existence of a composite system 
sustaining angular momenta far above the limit 
beyond which, on the basis of liquid drop model 
predictions, compound nuclei are not expected to 
have a finite fission barrier. The angular 
distribution of fission fragments In l 2 C - and 
l*0-1nduced reactions has been measured and com
pared to calculated values. Discrepancies 
between the measurements and calculated values 
Imply conditions for the breakdown of the tran
sition state model. 



136 

1 . Abstract of published paper: Phys. Rev. 
C 30, 1550 (1984). 

2 . Los Alamos National Laboratory, Los 
M a m s , NH. 

3. Present address: Un1vers**.y of Helsinki, 
Helsinki, Finland. 

4. Present address: Mainz University, Mainz, 
F.R.G. 

5. Lawrence Berkeley Laboratory, Berkeley, CA. 

EMISSION OF LI6HT IONS, NEUTRONS. 
PIONS, AND PHOTONS IN HfcAVY-ION RFACflONS 

for l s0-1nduced reactions on 1 9 7 A u . Final-state 
Interactions are observed for a l l Measured 
correlations. Analysis of the Measured two-
deuteron correlations favors the d-d phase 
shifts extracted by R-*atr1x techniques over 
those found froM the resonating-group approach. 
The two-deuteron correlations, which cannot be 
explained by the decay of unbound resonances, 
y ie ld source radii which are considerably 
larger than those extracted froa two-proton 
correlations. 

STATISTICAL EMISSION OF 2He 
FROM HIGHLY EXCITED NUCLEAR SYSTEMS* 
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G. R. Young 

Correlations between two protons at small 
relat ive amenta are presented for l 60-1nduced 
reactions on l 2 C and 2 7 A1 at 400 MeV. These 
data are well described by a stat is t ica l calcu
lation which incorporates the thermal emission 
of the particle-unstable nucleus, 2 He, from the 
compound nucleus. The good agreement suggests 
that the emission of particle-unstable l ight 
nuclei can be an important decay channel for 
highly excited nuclear systems and can strongly 
Influence two-particle correlations. 
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FINAL-STATE INTERACTIONS 
BETWEEN N0NC0MPOUND LIGHT PARTICLES 

FOR "0-INDUCED REACTIONS 
ON l » 7 Au AT E/A - 25 MtV* 
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Correlations between protons, deuterons, and 
tritons at small relative momenta were masured 
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AZIMUTHAL CORRELATIONS BETWEEN LIGHT PARTICLES 
EMITTED IN "O-INDUCED REACTIONS 

ON " C AND " 7 A u AT 400 MeVl 
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Azlauthal correlations between light 
particles emitted to polar angles of 40° and 70° 
with respect to the beam axis were measured for 
"0-lnduced reactions on 1 2 C and l 9 7 A u at 400 
MeV. Coincident l ight particles are preferen
t i a l l y emitted in a plane which contains the 
beam axis. For reactions of 1 2 C , coincident 
l ight particles are preferentially emitted to 
opposite sides of the beam or is . These cor
relations nay be understood in tents of the 
phase-space constraints imposed by Momentum 
conservation on systems with f i n i t e number of 
nucleons. For reactions on 1 , 7 A u , on the other 
hand, preferential emission of coincident 
deuterons and tritons to the same side of the 
beam axis may be caused by the shadowing of 
preequlllbrlum particles by the adjacent cold 
spectator nuclear matter. 
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The determination of nuclear dissipation, a 
fundamental nuclear property, has proved to be 
elusive, largely because of the difficulty of 
distinguishing the final effects of dissipation 
from those resulting froa the excitation of spe
cific collective degrees of freedoa. In this 
work, Me have approached this problem froa both 
the experimental side and the theoretical side 
by investigating the average nuaber of neutrons 
emitted during the fission process, prior to 
scission. In previous experiments carried out 
at relatively high excitation energies, a sig
nificant enhancement has been found in the 
nuaber of neutrons eaitted prior to scission 
relative to the nuaber calculated froa a stan
dard statistical model. Proposed explanations 
have included neutron emission during the 
descent froa saddle to scission, as well as 
during the acceleration of the fission 
fragments. 

From theoretical considerations, nuclear 
dissipation Is expected to affect the nuaber of 
neutrons emitted prior to scission in three 
significant ways. First, according to Kramers,6 

when fission is viewed as a quasi-stationary 
diffusion process over the barrier, dissipation 
Increases the fission lifetime relative to that 
calculated with the standard Bohr-Wheeler sta
tistical model. Second, dissipation affects the 
transient time needed for the systea to build up 
the Quasi-stationary probability flow over the 
barrier, 7 which further increases the tlae 
available for neutron emission before i t , asses 
over the barrier. Third, dissipation increases 
the mean time required for the system to descend 
froa the saddle point to scission, during which 
time additional neutrons can be emitted.8 

Neutron emission measurements were made for 
the 1 S 8 Er composite systea, for which the 

fission barrier and statistical model parameters 
had been studied earlier. 9 Neutrons in coinci
dence with either fission fragments or evapora
tion residues were measured at a nuaber of 
angles. The nuaber of neutrons preceding f is
sion was inferred by comparing our experimental 
spectra to simulated results obtained by 
assuming that three sources of neutrons are 
responsible for the measured neutron spectra. 
In each case the c.a. spectrum was taken to be 
isotropic and of the fora e expC-e/Tf), where e 
is the c.a. neutron energy and Tf is the nuclear 
temperature of the particle source. The three 
sources are (1) nonequlllbriua neutrons eaitted 
froa a moving source of velocity *KE U«* ca/ns) 
and temperature TN£ (5.5 MeV); (2) neutrons 
evaporated froa the composite systea; and 
(3) neutrons evaporated froa fission fragments. 
A Monte Carlo technique was used in performing 
a five-paraaeter f i t . Corrections for various 
experimental and kinematic effects were 
Included. The results are 0.8 t 0.1 nonequlllb-
rlua neutrons, 2.7 t 0.4 neutrons evaporated 
prior to scission, 1.9 t 0.2 neutrons evaporated 
froa each fission fragment, 2.2 ± 0.1 MeV 'or 
the effective temperature of the composite sys
tem, and 1.4 ± 0.1 MeV for the temperature of 
the fission fragments. The above value of 2.7 ± 
0.4 neutrons evaporated prior to scission is to 
be contrasted with 1.6 neutrons obtained from a 
standard statistical model using parameters 
determined earlier. 9 

To Interpret our experimental results, we 
take Into account the three effects of nuclear 
dissipation on neutron emission listed above. 
This 1s done by first relating various times 
associated with the fission process to 0 , the 
reduced dissipation coefficient obtained by 
dividing the dissipation coefficient by the 
Inertia. In the next step, the time-dependent 
fission rate Is related to the neutron multi
plicity by following In time the competition 
between neutron emission and fission. This 
calculation is also performed as a function of 

p. 
First, we modify the statistical model 

expression for the fission lifetime by Including 
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the effect of dissipation, as discussed by 
Kramers.6 Second, we take Into account the 
transient tiae x needed for the systea to build 
up the quasi-stationary probability flow over 
the barrier. 7 The result describes the gradual 
spreading of the Init ial probability distribu
tion which arises physically from the coupling 
of the collective degree of freedom with the 
Internal degrees of freedom. Since the proba
bil i ty current over the barrier rises saoothly 
froa zero to the quasi-stationary value calcu
lated by Kramers, this determines a time-
dependent fission rate * . f ( t ) . He denote by x 
the tiae required for Xf(t) to reach 90% of 
Kramers' value, and refer to x as the transient 
time. 

The transient tiae x is shown In Fig. 2.87 
(solid curve) as a function of the reduced 
dissipation coefficient p for angular momentum 
J * 65 n, which Is the beginning of the angular 
momentum window that contributes to fission. 

The third effect taken into account is the 
mean time required for the systea to move from 

«a.-«s «-u7B 

w_ 
j=es f i 

• 2!-

9 " -

TI
M

E 
( 

S 
6 

i 
i 

- — - - —^~ am 

o 
1 1 

0 1 , , 2 
P M O 2 ' . - ' ) 

Fig. 2.87. Dependences of the transient time 
t (solid curve) and the mean saddle-to-scission 
time I (dot-dashed curve) upon the reduced dis
sipation coefficient p for angular momentum 
J » 65 H. The constant dashed curve gives the 
corresponding lifetime t n for the first neutron 
emitted; this lifetime increases substantially 
for the emission of subsequent neutrons. 

the saddle point to the scission point.8 For 
angular momentum J = 65 ft, the dot-dashed curve 
in Fig. 2.88 shows the dependence of the mean 
saddle-to-sciss1on tiae t on p. 

In the next step, the time-dependent fission 
rate x.f(t) was used to calculate the neutron 
multiplicity by following in time the competi
tion between neutron emission and fission. This 
was done by solving a set of coupled differen
t ial equations, with a gain term describing the 
feeding of a given nucleus by neutron decay of 
the preceding nucleus and a loss term accounting 
for both neutron decay and fission. 1 0 
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p( 10 2' «"' ) 
Fig. 2.88. Dependence of the average neutron 

multiplicity upon the reduced dissipation coef
ficient p as three modifications to the constant 
statistical model result, labeled SN, are suc
cessively taken into account. The curves 
labeled K, T, and SST refer to the Inclusion of 
Kramers' formula, transients, and the saddle-to-
scission time, respectively. 

Figure 2.88 shows how each of the three 
effects of dissipation that we are considering 
successively modifies the average neutron 
multiplicity v. Compared to the constant sta
tistical model value of v - 1.6, the inclusion 
of Kramers' result leads to a monotonlc Increase 
of v with Increasing dissipation. The further 
inclusion of the transient time required to 
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build up the quasi-stationary probability 
current over the barrier leads to an initial 
decrease of v with increasing dissipation, 
followed by a gradual rise after passing through 
a minimum value. This results fro* the behavior 
of the transient time in Fig. 2.87. Finally, 
inclusion of the saddle-to-scission time causes 
a monotonlcal increase in this curve with 
increasing dissipation, but the final result 
is qualitatively similar and st i l l contains a 
minimum. 

By comparing the upper Halt of our 
experimental result of 2.7 • 0.4 neutrons prior 
to scission with the top curve of Fig. 2.88, we 
obtain the range 0.5 < p < 1.4 for the reduced 
nuclear dissipation coefficient, in units of 
10?* s - 1 . Tie corresponding sua of the tran
sient and aean saddle-to-scission tiaes, 
averaged over angular aoaentua, ranges froa S.7 
to 7.6 x 10-" s. 

The above result for the range of p is to be 
regarded as preliminary, since I t may be modi
fied by the following considerations. I t 
appears likely that the effect of dissipation on 
the fission width, discussed by Kramers, has 
been taken Into account implicitly In previous 
analyses of experimental fission excitation 
functions, such as those of Ref. 9, through 
an adjustment of the ratio af/a n of the level 
density parameter for fission to that for neu
tron emission. The much smaller effect of tran
sients on fission excitation functions seems 
to have been similarly taken into account 
implicitly through the adjustment of af /a n . 
Thus, it appears that af/a n values, consistent 
with experimental results, should be determined 
as a function of p, and Fig. 2,88 should be 
recalculated with the dependence of af/a n on p 
taken Into account. These new calculations will 
probably be closer to the experimental multi
plicity of 2.7 t 0.4 neutrons prior to scission, 
and the upper 11i*1t on the extracted range of p 
is likely to be significantly larger. 
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NEUTRON EMISSION IN INELASTIC REACTIONS 
OF »C + "*Gd AND 2«Ne • "•No* 

G. A. Petitt 2 F. E. Obenshain 
A. Gavron3 F. Plasll 
J . R. Beene G. R. Young 
B. Cheynis* N. JUskelainen5 

R. L. Ferguson 0. G. Sarantltes5 

C. F . Maguire6 

Energy spectra and angular distributions of 
neutrons emitted in coincidence with projectile-
like fragments produced In Inelastic collisions 
of "C with l 5 8Gd at 192 MeV and "Ne with l s 0 Nd 
at 176 and 239 MeV have been measured. No evi
dence for nonequllibrlum neutron emission is 
found for the Ne • Md reaction at either energy. 
For the C • Gd reaction a small fraction (~9%) 
of the neutrons emitted 1s due to nonequilibrium 
emission. The multiplicity of neutrons emitted 
from the targetlike ft igment is, in all cases, 
approximately six times that of neutrons emitted 
from the projectilelike fragment. 
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NEUTRAL PIOH EMISSION 
IN 25-MeV/NUCLEON " 0 + A1.N1 REACTIONS1 

P. Braun-Hunzi'tger2 P. Paul 2 

R. Frel fe lder 2 F. Plasll 
F . E. Obenshaln J . Stachel 2 

G. R. Young 

Significant pi on production cross sections 
have been observed recently In nucleus-nucleus 
collisions at energies 3̂5 < E l a b / A < 100 HeV. 3" 6 

While models based on production from Indepen
dent nucleon-nucleon collisions generally f a l l 
to reproduce the observed cross sections and 
spectral distributions by severaj orders of 
magnitude, 7 ' 1 0 the data above 50 NeV/nucleon 
admit an Interpretation In terms of various 
stat ist ical descriptions based on local equi l ib
rium and/or cooperative action of several of 
the target and projectile nucleons a'.ong with 
cluster formation in the f inal channel . 1 1 ~ 1 H 

However, at 35 NeV/nucleon there are already 
significant discrepancies between the data and 
the predictions of such models. 1 5 

The measurements were performed using an 
E/A » 25 HeV beam of 1 6 0 provided by the 
Hol i f le ld Heavy Ion Research Faci l i ty at ORNL. 
Beams with an average current of 16 particle nA 
were used to bombard natural Al and Ni targets 
which had areal densities of 41 and 45 mg/cm2, 
respectively* Neutral pions produced were 
detected by measuring the two T rays emitted 
in their main (98.8%) decay mode, with the use 
of an array of 20 Pb-glass Cerenkov-detector 
telescopes. More details of the s.'tup and 
analysis procedure can be found in . M s . 4 and 
16. To tag cosmic-ray events occurring during 
the experiment, the front of each telescope was 
covered by a 2.5-cm-th1ck plastic Cerenkov veto 
detector , 1 7 12.5 x 12.5 cm2 In area. 

Energy and angular distributions of the pions 
and the corresponding total cross section were 
obtained with the method described In Ref. 4, 
except that Monte Carlo simulations 1 8 were used 
to determine the energy dependence of the photon 
detection efficiency of the converters. 

The resulting plon production cross sections 
for 1 6 0 • 2 7 A 1 are shown as a function of * ° 
polar angle In F ig . 2.89. The kinetic energy 
spectra exhibit a peak near T„ - 10 HeV with an 
exponential f a l l off towards higher energies. 
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Fig . 2.89. Laboratory angular distribution for 
neutral pions observed in the reaction E i a D / A > 
25 HeV " 0 + Al * ifi + X, The solid lines are 
the predictions of the simple thermal model dis
cussed in the text , with T - 11.6 HeV and source 
speeds B s - 0.083, 0.17, and 0.23. 

The spectra can be examined to determine 
whether they are consistent with emission from a 
common source, as would be expected In present 
thermal models. For a single thermal source, 
Hagedorn19 has derived an expression for do/dp i t 

which depends only on the temperature of the 
moving source and is not distorted by source 
motion along the beam axis. The expression 1s 
(for bosons): 

da 
dpx 

• const • p x 

r dPz 

• * P [ K • Pi • Pi W^ U) 

The best f i t result using this expression yields 
a temperature of T - 11.6 t 0.8 HeV (the error 
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corresponds to a 10% Increase In x 2)> Since 
eq. (1) implies isotropic emission with 
d^/dp 3 - e " ^ ^ in the frame in which the 
source is at rest, the value of d3o/dTmdQ in 
the laboratory frame can be computed for vari
ous values of the source velocity, 8 S , and the 
results integrated and compared with the mea
sured ds/dT, and do/do, spectra. The solid 
curves drawn in Fig. 2.89 correspond to emission 
from the center-of•momentum frame (p$ * 0.083), 
emission from a frame having the average 
rapidity of the observed plons (Bs - 0.17), and 
emission from the projectile frame (Bs • 0.23), 
al l for T - 11.6 NeV. The calculated values 
have been normalized to give the measured total 
cross section. The results for the calculated 
angular distribution indicate that values B s > 
0.15 are clearly favored. Although these 
results indicate that the data are not incom
patible with isotropic emission by a single 
"source," they are at variance with the predic
tions of the models in Refs. 11-14, which 
predict p s < 0.11. From the shape of the angu
lar distribution at forward angles, i t appears 
that reabsorptlon of the plons 1 5» 2 0 in the 
surrounding nuclear matter may be an important 
consideration. 

The measured inclusive «° cross section for 
the system 1 S 0 • "Al Is a%0 » l.tZ t 0.11 ± 
0.16 nb, where the first error Is systematic 
as a result of the finite opening angle of the 
converters and the second Is statistical. Ti:e 
measured Inclusive «° production cross section 
for the system u 0 + N1 is o,o - 2.311 0.26 t 
0.45 nb, which is again acre than two orders of 
magnitude larger than predicted by Ref. 11 or 
14. Models based on a nucleon-nucleon single 
collision production mechanism9 « l° underestimate 
the measured total cross sections at E^aD/A • 25 
NeV by more than four orders of magnitude and 
are, therefore. Inadequate to describe these 
data. All theoretical estimates are upper 
limits as they do not account for the possible 
reabsorptlon of the plons after their creation. 
Estimates15.2° of this rtabsorptlon probability 
Indicate that the theoretical cross sections 
will be reduced by factors of two to five 

depending on pion mean-free path and source 
geometry. 

An idea of the restricted phase space 
available for «° production in the 1 6 0 + Al 
reaction can be had from the fact that already 
at T„ » 40 HeV, two-thirds nf the cm. energy Is 
taken by the single «° . 

Vasak et a l . 2 1 propose that the plons are 
produced in a process called pionlc bremsstrah-
lung. In this process plons are radiated as a 
result of the rapid deceleration of the projec
t i l e as i t plunges into the target. This model 
assumes a collective deceleration of target and 
projectile. For the symmetric system 1 2 C + 1 2 C , 
excitation functions have been calculated21 

which fall much less steeply with decreasing 
beam energy than those predicted in Refs. 10-14. 
Since at 25 HeV/nucleon the react*on 1 2 C + 1 2 C * 
«•> • X is only -17.7 HeV above the absolute 
threshold determined by 1 2 C + 1 2 C • M Ng 
(T » 1) • «° , such calculations cannot be com
pared to our data. The extension of such 
bremsstrahlung calculations to asymmetric sys
tems w uld therefore be interesting as it would 
also allow comparison of the calculations with 
the measured energy and angular dependences of 
the «° production cross section. 

Brown and Deutchmann22 have proposed a model 
in which plons are produced by coherent excita
tion of a a(3,3) isobar In one nucleus while the 
other Is excited to an S » 1, T • 1 state. 
Although the original model would not apply at 
the low bombarding energies studied here due to 
rapidly decreasing form factors, recent work21 

Indicates i t can be extended by using closure 
and thus including all possible excitations of 
the projectile and target nuclei. 
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22-MeV/NUCLEON J 2 S • Al,N1 %° PRODUCTION 
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G. R. Young 

We have continued the measurements of 
subthreshold * ° production described In the 
preceding write-up and the references therein 
to lower bombarding energies and more massive 
project i les. The measurements were performed 
using an E/A • 22 MeV beam of J 2 S provided by 
the Hoi1 f ie ld Heavy Ion Research Faci l i ty at 
ORNL. Beams with an average current of 10 par
t i c l e nA were used to bombard natural Al and 
N1 targets which had areal densities of 13.7 
and 19.3 mg/cm2, respectively. The beam lost 
less than 70 MeV passing through these targets. 
Neutral plons produced were detected by measur
ing the two Y rays emitted In their main 
(98.8%) decay mode using an array of 20 Pb-glass 

Cerenkov-detector telescopes. Each telescope 
consisted of a 5-cm-deep active converter, 
9 x 9 cm2 in area, backed by a 35-cm-deep 
absorber, 15 x 15 cm2 In area. More details 
of the setup can be found in Refs. 3-5. The 
telescopes were placed on two symmetric conical 
surfaces centered above and below a horizontal 
plane containing the beam axis and target. 
Telescopes were located at intervals corre
sponding to 30° in the horizontal plane. Each 
telescope had i ts front face at 35.9 cm from 
the target and subtended a solid angle of 
60 msr. An energy calibration was obtained from 
cosmic-ray muons whose pulse height relative to 
that of 123-MeV electrons had been measured 
ear l ie r . To tag cosmic-ray events occurring 
during the experiment, the front of each 
telescope was covered by a 2.5-cm-thick plastic 
Cerenkov veto detector, 6 12.5 x 12.5 cm2 in 
area. As their radiation length 1s quite long 
(-48 cm), these paddles have less than a 10% 
chance of rejecting a valid two-photon event I f 
the rejection criterion is that neither veto 
may f i re in a good candidate event. During the 
experiment, energy thresholds of ~8 MeV were 
set separately for the converter and absorber 
in each telescope. Events of twofold or higher 
coincidence between any valid telescopes 
(defined as converter and absorber, both exceed
ing threshold within 35 ns of one another) were 
recorded on magnetic tape, together with paddle 
Information, for o f f - l ine analysis. 

Candidate events were selected by requiring a 
prompt (FWHM < 2 ns) coincidence between absorb
ers of candidate telescopes and a second prompt 
(FUHM < 3.3 ns) coincidence between converter 
and absorber of each telescope. These events 
were then sorted Into a two-dimensional array 
of invariant mass M , n v - 2 ( E Y l E y 2 ) l / 2 $ 1 n ( # / 2 ) 
(where c = 1) versus the opening angle * between 
the two telescopes. Neutral plons are clustered 
about Mt„y • 135 MeV Independent of • on such a 
p lot . A loose gate on candidate plons of 50 
MeV < Mf n v < 200 MeV and * > 80° then Indicated 
that a threshold could be placed on total photon 
energy In each telescope of 31 MeV with less 
than 2% loss of eff iciency. A candidate event 
was rejected I f any veto paddle fired in the 
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spectrometer. Lastly, an event «ns required to 
occur within ±1.1 ns of the cyclotron rf pulse 
In order to reduce the cosalc-ray background by 
an additional factor of 35. 

Energy and angular distributions of the plons 
and the corresponding total cross section were 
obtained with the Method described In Ref. 3, 
except that Monte Carlo simulations7 were used 
to determine the energy dependence of the photon 
detection efficiency of the converters. 

The preliminary total cross section determined 
for 3 2 S + Al Is 0.3 ± 0.1 nb. This value 1s 
Included In Fig. 2.90 as the open diamond. 
Plotted there as a function of projectile energy 
per nucleon 1n toe laboratory Is the Inclusive 
cross section for c° production divided by the 

onnL-Dwa i K - m n 

100 
B„ b/A IM«V| 

Fig. 2.90. Inclusive cross section for *° 
production, divided by (A.*/* . A y 2 / 3 ) . Where Ap 
and Ay are the projectile and target mass num
bers, respectively, as a function of laboratory 
bombarding energy. (Open circles: Ref. 15; 
open triangles: Ref. 16; open squares: Ref. 3; 
closed diamond: previous write-up; open 
diamond: present work. The theoretical curves 
are from Ref. 8 (dotted line), Ref. 9 (long 
dashed line), Ref. 11 (dash-dot l ine), and 
Ref. 12 (solid line). 

product Ap 2/ 3 A r 2 / 3 , where Ap and Ay are projec
t i l e and target mass rjmbers, respectively. 
The curves shown In Fig. 2.90 give the predic
tions of the models In Refs. 8-12 for the total 
*° cross section as a function of bombarding 
energy. All theoretical estimates are upper 
limits as they do not account for the possible 
reabsorptlon of the plons after their creation. 
Estimates5»13 of this reabsorptlon probability 
Indicate that the theoretical cross sections 
will be reduced by factors of 2 to 5 depending 
on plon mean-free path and source geometry. Me 
therefore conclude that at very low bombarding 
energies ( E j a D < 35 NeV/nucleon), the major part 
of the observed plon production cross section 
can be understood neither In models based on 
nucleon-nucleon collisions 8» l H nor in models 
using statistical phase-space approaches.'"12 A 
more collective mechanism must be found. 
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In recent experiments to Measure subthreshold 
«° production3 and attempts to Measure subthresh
old «+ production11 below 65 HeV/nucleon. it 
has been noticed that there is a much larger 
yield of energetic single photons. Whereas the 
production cross sections for *• eaisslon range 
froa ubarns at 60 HeV/nucleon to less than a 
nanobarn at 22 HeV/nucleon, the inclusive single 
photon production cross sections exceed 100 
ubarns, even at 17 HeV/nucleon as discussed 
below. 

Theoretical Models advanced to account for 
the large yield have investigated production via 
coherent breasstrahlung by the two colliding 
nuclei5 and both coherent and incoherent 
breasstrahlung originating frou nucleon-nucleon 
pairs whose relative wotion has been Modeled in 
an intranuclear cascade Model.' A general theo
retical presentation 1s given in Ref. 7. 

Me have Made Measurements of the inclusive 
single photon yield In a variety of reacting 
systems. Beaas of 25.2-HeV/nucleon 1 6 0 , 22.7-
HeV/nucleon 3 2 S , and 15.8-MeV/nucleon S 8N1 were 
each used to bombard targets of Al, HI, and Au. 
Target thicknesses were chosen to cause a pro
jectile to lose less than 10X of Its kinetic 
energy while passing through the target. The 
targets were placed at the center of an 80-cm-
dlaaeter spherical chamber, which has a 
3-an-thlck Al wall. 

Photons were detected using the 6" x 6" x 15" 
lead-glass absorber blocks from the *° spec
trometer. These are made of type SF5 lead glass 
which has a critical energy of 15.2 HeV. The 
resolution has been measured, using the tagged 
photon beam at Mainz, to be a/E - 3001//F, E 
measured in MeV. Four of the absorber blocks 
were placed at polar angles of 20*, 6 0 \ 100», 
and 140* for al l bombardments. Four of the 
remaining 16 absorbers were placed on the tops 
and sides of each of these "primary" absorbers 

1n order to teg cosmic-ray events and to reject 
showers from single photons which hit too near 
the edge of the primary absorber, thus producing 
a shower that wis not contained in the primary 
absorber. The plastic veto paddles froa the * ' 
spectrometer were placed in front of the primary 
absorber in order to tag cosmic rays entering 
froa that dii-ection and to tag electrons or 
positrons coming from the target. Such elec
trons or positrons could arise either from 
prompt production In a reaction or froa con
version of outgoing energetic photons in the 
3-aa ('1/29.7 XQ) aluminum wall of the vacuum 
chamber. The number of such events seen In this 
experiment is consistent with their all being 
produced by photon conversion in the chamber 
wall. 

After rejecting events hitting the veto 
paddles and absorbers, a correction was made 
for background events and nonrejected cosmic 
rays by subtracting spectra gated off the cyclo
tron rf peak from those gated in prompt coinci
dence with that peak. Some of the resulting 
photon energy spectra are shown In Fig. 2.91. 

wttMeV^+Au 

wo «90 0 
CNtMYMMV) 

Fig. 2.91. Representative energy spectra of 
sing?* photons produced In heavy-ion collisions 
at E/A - 16-25 HeV. The abscissa Is in HeV. 
The production angle 1$ noted on the figure. 
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I t Is seen that they extend to energies in 
excess of 100 NeV. even for bombarding energies 
of 15.8 NeV/nucleon. The falloff below 25 NeV 
is due to electronic thresholds. 

Table 2.14 gives energy-Integrated yields of 
single photons for photon energies fro* 25 to 
125 NeV at each i f the 4 angles Measured for the 
12 projectile-target combinations. Figure 2.92 
shows the yields plotted as a function of polar 
angle for a few representative cases. I t is 
expected that dipole radiation from Incoherent 
neutron-proton collisions will peak at e - 90" 
and that quadrupolar radiation frum coherent 
ealsslon In proton-proton collisions will peak 
near 45* and 135*. The degree of coherent pro
duction Is expected to Increase Markedly with 
the Z's of the colliding partners. 

The similarity of the production cross sec
tions for the different targets for a given 
Incident projectile does not appear to favor 
coherent emission from deceleration of the two 
colliding nuclei as a whole. The lack of a 
Measurable (<3X contribution) direct yield of 
positrons or electrons also does not favor 
•odels predicting an appreciable yield of lep-
tons relative to photons. 

T ^ M e V ^ S 
ORMLHMPG 95—ITMO 

948 MeV9*!*-
6O0 

500 -

| 4 O 0 r -

f'aoo H 
G 

$ 2 0 0 -
100 -

T 1 — I — r 
• * TARGET 
• Aa TARGET -

J l_ 
40 80 CO 160 0 

NY. 
1 . State University of Hew York, Stony Brook, 

Tig. 2.92. Angular distributions of energy-
Integrated (25-125 NeV) photon yield for various 
projectile-target coMblnatlons. 

2. GLCA Science Semester Student fron Rollins 
College, Winter Park. FL. 

3. See previous two articles on subthreshold 
,o production In this section and references 
therein. 

4. K. B. Beard et al . , Phys. Rev. C 32, 1111 
(1985). 

5. T. de Reus and H. Grelner, to be pub
lished; D. Vasak et a l . , Duel. Phys. A428, 291c 
(1984). 

6. Che Ning Ko, 6. Bertsch, ar.J J . Alchelin, 
Phys. Rev. C 31, 2324 (1985). 

7. H. Nifenecker and J . P. Bondorf, hucl. 
Phys. A442, 478 (1985). 

Tabl* 2.14. Energy-integrated (fron 25 to 125 NeV) Inclusive yield of photons 
for the projectile-target systems Indicated. 

dOy/dDy is given in units of microbarn/steradian. 

Projectile E/nucleon Target 20* 60* 100* 140« 

1*0 

«S 

"N1 

25.2 

22.7 

15.8 

Al 
N1 
Au 

34.6 
29,5 
48.8 

63.6 
69.0 

123.8 

53.4 
96.4 

163.0 

142.3 
67.9 

156.1 

Al 
N1 
Au 

33.8 
44.6 
81.0 

74.3 
108.6 
241.1 

161.6 
203.9 
421.5 

70.9 
96.1 

217.9 

Al 
N1 
Au 

32.0 
45.5 
68.4 

76.7 
122.6 
243.0 

151.4 
222.8 
479.0 

77.1 
116.5 
276.7 
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MSCELLMEOUS TOPICS 

E2 MO E4 DEFORMATIONS 
IN 2«Th AND 23»,2«.»2pul 

J . 0. Zumbro2*3 U. Reuter*.5 

R. A. Nauaann2 E. B. Shera*1 

H. V. Hoehn* C. E. Bemls, Jr. 
Y. Tinaka1*.6 

High-resolution muonic K, L, and N X-ray 
spectra from 2 3 2 Th and 239,2M),2*2pu have been 
measured using a stopping \i~ beam at the bio
medical channel of LAHPF in a manner previously 
described for the isotopes of uranium (Ref. 7) . 
Precise intrinsic quadrupole (%) and hexadeca-
pole (Hg) moments have been determined for these 
nuclides from analyses of the spectra. The 
resultant parameters of the deformed Fermi 
charge distribution (c, a, a 2 , and p\) , tne ras 
radii (< r 2 > 1 / 2 ) and the intrinsic moments are 
listed in Table 2.15. 

For the odd-A case studied here, 2 3 9 Pu (K * 
1/2), the large amount of information contained 
in the muonic hyperfine structure enabled us 
to independently determine nine E2 intraground-
state-band matrix elements as listed In 
Table 2.16. These matrix elements are completely 
specified in zero order by the single parameter. 

Q 0, and the rotational quantum numbers. Small 
deviations may be expected for odd-A nuclides 
due to Corlolis coupling (A* » 1). The adia-
batic rotational model agrees with experiment to 
within ±3% for all nine matrix elements, and a 
slight improvement Is obtained when the first 
order (AK » 1) band mixing correction Is 
included and when the band mixing coefficient, 
C, is adjusted to best f i t the experimental 
values. A comparison of the experimental and 
model matrix elements for 2 3 9 Pu is ._ ven in 
Table 2.16. The band mixing coefficient, 
C « -(1.8 ± 0.5) x 10-3, i s consistent with 
values observed by us for the odd-A uranium Iso
topes, 2 » U and 2 3 5 U . 

1. Sumnary of paper in press: Physics 
Letters B. 

2. Pri.iceton University, Princeton, NJ. 
3. Present address: Physics Department, 

University of Pennsylvania, Philadelphia, PA. 
4. Los Alamos National Laboratory, Los 

Alamos, NH. 
5. Present address: University of Tubingen, 

Tubingen, F.R.G. 
6. Present address: The Chukyo College, 

Gifu-ken, Japan. 
7. J. 0. Zumbro et a l . , Phys. Rev. Lett. 53, 

1888 (1984). 

Table 2.15 « 2 Th and 239,2*o,2'._2pu charge parameters. The parameters 
c, a, and <r 2 > 1 ' 2 are given' In units of fm, % in units ot eb, 

and Hg in units of eb 2 . 

Nucleus 2 3 2 T h 
2 » P u 2"»0pu 

2" 2Pu 

c* 6.9445 (16) 7.0366 (17) 7.0369 (15) 7.0632 (14) 

a* 0.5110 (12) 0.4985 (13) 0.5055 (11) 0.4988 (11) 

Q0t 9.645 (53) 11.563 (61) 11.860 (65) 11.901 (63) 

Hgt 2.48 (19^ 2.84 (6) 2.47 (13) 2.08 (12) 

PV 0.2331 . ; 0.2607 (7) 0.2718 (17) 0.2766 (15) 

P \ * 0.0946 (94) 0.0896 (18) 0.0700 (57) 0.0498 (52) 

< r 2 > l / 2 * 5.8024 (43) 5.8765 (22) 5.8867 (30) 5.8973 (25) 

•Model-dependent analysis (statistical uncertainties only). 
tQ0 and Hg Include 0.5% and 2.0% model uncertainty, respectively. 
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Table 2.16. Spectroscopic quadrupole moments and B(E2) values for 
2 3 , P u . Spectroscopic and intr insic moments (q and Q, respectively) an 
given in units of eb, and the B(E2) values are given in (eb) 2 . Errors, 
enclosed in parentheses, do not Include Model uncertainties. The value 
l isted in [ ] is the change in the given quantity corresponding to a 
0.06 eb2 change in the intr insic hexadecapole moment ( i . e . , the uncer
tainty in Ho l isted in Table 2.15). 

Present 
experiment 

Theory 
Present 

experiment Adiabatic 
rotation 

Rotation 
*&K - 1 Mixing 

B(E2; 1/2 • 3/2) 5.313 (22) [2 ] 5.347 5.314 

B(E2; 1/2 + 5/2) 7.951 (35) [1] 8.020 8.C31 

q(3/2) -2.319 (7) [1] -2.319 2.327 

B(E2; 3/2 • 5/2) 1.097 (26) [3] 1.146 1.111 

B(E2; 3/2 * 7/2) 6.999 (38) [4] 6.875 6.884 

q(5/2) -3.345 (13) [1] -3.312 -3.324 

B(E2; 5/2 + 7/2) 0.476 (13) [0] 0.509 0.476 

B(E2; 5 / 2 * 9/2) 6.428 134) [1] 6.365 6.374 

q(7/2) -3.826 (26) [4] -3.864 -3.878 

Q20 11.592 (13) 11.583 (13) 

C 0.0 -1.8 (5) x 10-3 

X2/DF 4.61 3.41 

SEARCH FOR SUPERHEAVY ELEMENTS 
IN DAMPED COLLISIONS BETWEEN 2 " U AND 2**Cd 

J . V. Kratz 2 

W. Bruchle 2 

H. Folger 2 

H. ttggeler2 

M. Schadel 2 

K. SUmmerer2 

G. M i r t h 2 

N. 6reu11chJ 

R. L. 

6 . Herrmann3 

U. Hlckmann3 

P. Peuser3 

N. Trautmann3 

E. K. Hulet" 
R. U. Lougheed** 
J . M. Nltschke 5 

R. L. Ferguson 
Hahn6 

Upper l im i t s fo r the production of superheavy 

elements (SHE's) In damped co l l i s i ons between 
2 3 B U pro jec t i l es and 2 < , 8Cm targets were mea

sured. This reaction Is believed t o permit a 

closer and more generally applicable approach t o 

the predicted Island of s t a b i l i t y near Z • 114 

and N • 184 than any pract ica l fusion react ion . 

Aqueous and gas-phase chemistry techniques were 

used to Iso la te SHE f rac t i ons . The f ract ions 

were counted for spontaneous f i ss ion a c t i v i t y ; 

fragment k ine t i c energies and neutron m u l t i 
p l i c i t y were measured. Cross section l im i t s 
f o r ha l f -Hves from hours to several years are 
<4 x 1 0 - " cm2. 

1 . Abstract of paper to be published: 
Physical Review C. 

2. 6SI , Darmstadt, F.R.G. 
3. Inst l tut fur Kemchemle, Unlversltat Mainz, 

Mainz, F.R.6. 
4. Lawrence Llvermore National Laboratory, 

Llvermore, CA. 
5. Lawrence Berkeley Laboratory, Berkeley, CA. 
6. Chemistry D i v i s i on , ORNL. 

MEASUREMENTS Of MOELLER AND BHA8HA 
SCATTERING NEAR E - 1.6 NeV 

K. A. Erb 
I . Y. Lee 

W. T. Mllner 
D. Shaplra 

The narrow peaks observed 1n positron spectra 

from co l l i s i ons of very heavy nuclei have 
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He are Measuring electron-eli 
electron-positron elastic scattettfj 
functions over the relevant range of 
order to probe this possibility. The} 
and positron beans are obtained fro*, 
sources. Various Metallic targets are 
studied. The scattered leptons are 
Mini orange spectrometers constructed 
Manent rare earth Magnets, following a design'; 
Saladtn.3 Preliminary electron-electron data 
have been Measured and we are now beginning the 
electron-positron measurements. 

1 . C. V. Wong, ORNL Preprint, 1985. 
2. A. B. Balantefcln, C. Bottcher, N. R. 

Strayer, and S. J . Lee, Phys. Rev. Lett . 55 , 461 
(1985). 

3. J . X. Saladin, private communication. 

PHYSICS KITH ONE-ELECTRON, HI6M-Z IONS: 
PREPARATIONS FOR EXPERIMENTS AT THE 8EVAUC 

C. E. Bemls, Jr . H. Gould1 

J . R. Beene C. Hunger1 

J . Gomez del Campo J . Alonso1 

C. R. Vane R. McDonald' 
G. Drake3 

Exciting new research opportunities In the 
Interface area of atomic-nuclear physics are 

opened when f u l l y str ipped (bare) and single-
electron (hydrogenlike) ions of high Z (Z > 80) 

are avai lable for experimentation. The next 
generation of proposed higher energy heavy-ion 
accelerators w i l l al low such opportuni t ies to be 

f u l l y exp lo i ted , but at present, the Bevalac at 
Lawrence Berkeley Laboratory i s the only acce l 

erator capable of providing such ions . Host 

atonic-physics-or iented experiments at the 
Bevalac, to date, for ions with Z > 50 have 

dealt witn charge-changing phenomena, such as 

electron capture and loss, and with energy loss 

and stopping processes. The remainder have 

dealt w i t n tests of quantum electrodynamics 

(QED) in ore- and two-electron ions. 

We have an approved 3evalac experiment3 t o 

explore the select ive preparation and detection 

of e lectron-spin-polar ized one-electron ions 

of high Z. Such state-selected one-electron 

ions can then he used in other experiments, 

surh ob determination of the QED contr ibut ions 

t o the magnetic rodent of hound electrons in 

the high Coulo-1 1 ' i e l i l ' - i i t and unique determi

nations of hype-fine structure and hyperfine 

Structure anomlies wni ;n, in tu rn , can provide 

unique information on ni jner order jEO terms. 

Hyperfine st ructure ann-»,lies in s ingle-electron 

1/2 ions may be re la te : v. t re :i s t r i oution 

nuclear magnetism in tne -.-.'.-:.-, r- >.-

Iguous fashion. 

jpsftir i n i t i a l experiment!; : - . • ; - • : : - . • - • w : : 

axial channeling ;;n.•-,--•• • • ' . - • • • 

-pickup and e lect ron- : •.-

to have become jr.•-•.* '• . -. 

^present In an amorphous 

mjS%j$l*» for well-channel-1 

fWlI^jfeflpped »«U Ions, the , ,r- : 

• I p ^ i ^ p t u r e mechanism is exp---.- : • 

d1f»rt,$r£PNrtl rad ia t ive capture \Y,« . -.!-

th t nonrjfjflatlve capture processes, whi r 

require .ffalT iMpact parameter collision-., are 
greatly Suppressed. The KREC cross section may 

bt calculated exactly and Is 40 barns/eler.r.ron 

for tn\H*9Z) at 400 HeV/nucleon. S im i l a r l y , 

the electron-loss mechanisms in axial channeling 
have also become simpHfied. We expect that 
electron-impact Ionization would be the dominant 
electron removal M/OCMS for the single K-shell 
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electron 1n 400-MeV/nucleon 2 3 8 U ( + 9 1 ) , again 

since ha. - ion-atom co l l i s ions are suppressed 

f o r Mell-channeled ions. 

Demonstration of channeling for 2 3 8 U ions at 

400 NeV/nucleon requires a beam emittance that 

must be achieved by brute col l imat ion at the 

Bevalac. Axial channeling half-angles in the 

<110> axis of Si are 0.02°. Channeling may be 

detected by an analysis of the emergent charge-

state spectrum and by the beam energy loss, both 

of Mhlch are provided by magnetic analysis. The 

simplification of capture and loss processes in 

channeling at these energies make, the channel

ing process I t s e l f in terest ing for study, but 

the goal of our e f f o r t s is to produce sp in-

state-selected one-electron ions which might be 

achievable by channeling in ferromagnetic single 

crystals. Pickup of polarized electrons by KREC 

• Ight provide this se lec t ion . 

1 . Lawrence Berkeley Laboratory, Berkeley, CA. 
2 . University of Windsor, Windsor, Ontar io, 

Canada. 
3. H. Gould and C. £ . Bemis, J r . , Bevalac 

Propxal I719H, "Polarized Hydrogenlike 
Uranlim" (unpublished). 

STUDY OF KCLEUS-NUCLEUS COLLISIONS 
AT AELATIfTSTIC ENERGIES: 
cf*-s?s Hue iJKRIHENT 
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K. Soderstroirf* 
S. P. Sorensen7 

E. Stenlund"' 
Y. Stepanlak6 

R. Wlenke2 

G. R. Young 
I . Z i e l i r s k i 6 

WA80 is an approved experiment to be carr ied 

out at .CKN fn 1986 and 1987. I t or iginated 

from experiment PS190 ( k t ' . 8 ) , which was 

proposed in 1981 and aiproved in 1982 as a 

three-part a c t i v i t y . PS190 consisted of the 

i n s t a l l a t i o n of an in jector-preaccelerato *or 
1 6 0 ions at CERN by GSI and LBL, toge'.ner wi th 

the simultaneous operation of two experiments 

referrsd to as "streamer chanber" and "p las t i c 

b a l l , " in accordance with t h e i r respective 4* 

vertex detectors. In a subsequent development, 

the scope of the p las t i c ba l l experiment of 

PS 190 was expanded, and was then independently 

approved by the CERN SPS committee in 1984. I t 

was assigned the name WA80. 

The primary physics goals of WA80 are : 

1 . survey of high 2nergy nucleus-nucleus c o l l i 

sions ( i . e . , ''He, 1 6 0 , and 3 2 S p ro jec t i l es 

of 60 and 225 GeV/nucleon incident on A l , Ag, 

and Au targets) and comparisons with pi on and 

proton-nucleus c o l l i s i o n s ; 

2 . search for indicat ions of the formation of 

the quark-gluon plasma (QGP) or s imi lar phase 

t r a n s i t i o n s ; 

3. determination of nuclear stopping power and 

thus the maximum baryon density l i m i t . 

The survey part of WA80 fol lows from the 

experience of the LBL and GSI groups at the 

Bevalac. I t is evident that global observables 

of these co l l i s ions have to be established to 

d i f f e r e n t i a t e between the various classes of 

react ions. There is no simple way to d i s t i n 

guish, in a single event, between a few hard 

nucleon-nucleon co l l i s ions and many soft 

nucleon-nucleon c o l l i s i o n s . WA80, there fore , 

aims at d i f f e r e n t i a t i n g a c o l l i s i o n by impact 

parameter, by the entropy produced, and by the 

transverse energy content. (The mean transverse 

energy per pa r t i c le can be related to the tem

perature in a thermal 1 zed system.) Below we 

ind icate the studies that we intend to perform 

as a function of p ro j ec t i l e and target masses. 

In the baryon-rich fragmentation region, 

which coincides mostly with the target region 

due to the kinematics Involved in co l l i s i ons of 

l i gh t ions with heavy target nuc le i , we plan t o : 

1 . Determine matter flow from a global analysis 

approach. 9 I f f i n i t e f low angles are 

observed, then the reaction plane is def ined, 

and together with m u l t i p l i c i t y measurements, 

the impact parameters can be deduced. The 
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observation of flow will allow us to Investi
gate shock phenomena in the collision. 

2. Measure the extent of spectator drag from 
determinations of the average value of p ( in 
this rapidity region. 

3. Determine pertinent temperatures from 
inclusive energy spectra.1 0 

4. Determine the entropy from d/p ratios. 1 1 

5. Determine the size of emitting sources from 
two-particle correlations, such as « + - * + or 
p-p correlations.1 2 

6. Search for high-energy nuclear states through 
two- and three-particle correlations. 

The above set of studies is, in effect, an 
extension of the current GSI/LBL plastic ball 
program from Sevalac energies of 1 6eV/nucleon 
to high energies. 

I t is difficult to predict what might be 
observed in the mid-rapidity region in the 
collisions of 1 6 0 nuclei with heavy target 
nuclei. From nuclear emulsion studies13 i t is 
evident that from the charged-partlcle multi
plicity distribution, it is possible to extract 
the effective target size involved in the col
lision and thus to define the collisions 
kinematics. Furthermore, assuming all charged 
particles to be pions, or having originated from 
plons, their number Me can be related directly 
to the entropy produced in the participant 
region, which, In turn, can reflect possible 
phase transitions. Strong fluctuations of \ 
with pseudorapldlty could be attributed to 
deflagration phenomena of the QGP." I t Is, 
therefore, the goal of WA80 to measure care
fully, In geometrical detail, all charged 
particles In e and * so that all possible fluc
tuations in dMc/d0d* can be spotted. 

Along with the matter- or energy-flow data 
from the fragmentation region, i t Is very impor
tant to study the transverse energy distribu
tion (dEx/dn) in the mid-rapidity region as a 
function of the number of participants. If 
multiple collisions of constituents dominate the 
reaction, then the transverse energy Increases 
with Increasing number of participants.1 0 

Furthermore, azlmuthal asymmetries 1n the Ex 

distribution, If detected, could yield Infor
mation on the reaction mechanism. We Intend 

to measure dEj/dt) in the forward part of the 
mid-rapidity region, together with the full 
coverage of Ex in the target-fragmentation 
region. 

Complementary to global observables, such 
as E ,̂ there are single-particle observables of 
great importance, such as p x . For studying 
intermediate to large pA phenomena as seen in 
""He-̂ He collisions at the ISR,1 5 we have chosen 
to study x° and single photons at intermediate 
to large p x near 90° in the nucleon-nucleon 
center of mass. In this region, "temperatures" 
beyond the Hagedorn limit can be studied. The 
use of Pb-glass Cerenkov detectors in a finely 
segmented array helps to suppress the low-energy 
soft particles and allows the identification of 
* ° . The observation of direct gamma production 
may be one of the signatures of a QGP.16 

Finally, the projectile rapidity region needs 
to be addressed primarily for the purpose of 
providing a trigger for other components of the 
experiment. Thus, i t needs to be determined 
whether or not the projectile has undergone 
any type of interaction with a target nucleus. 
Furthermore, the study of nuclear stopping will 
involve the measurement of leading particles as 
a function of target thickness. Also, brems-
strahlung photons are predicted to be produced 
at projectile rapidity in reactions where the 
projectile has been stopped by the target, and 
an effort may be made to detect them. 

The experimental arrangement is shown in 
F1gs. 2.93 and 2.94. It consists of five major 
pieces of equipment: the plastic ba l l , 1 7 

SAPHIR (single arm photodetector for heavy-ion 
reactions),1 8 the wall calorimeter,19 the 
multiplicity array, 7 0 and the zero-degree 
calorimeter.19 In addition, there is a vacuum 
pipe containing a beam counter upstream of the 
target and a bull's eye detector downstream. 

The plastic ba l l , 1 7 presently In operation 
at the Bevalac, consists of 655 AE-E telescopes 
and will detect target rapidity fragments from 
protons through alphas and %*. I t will be 
modified, opening It up at forward angles, so 
as not to shadow the downstream detectors. A 
t1me-of-fl1ght wall of 60 pairs of 8-cm-w1de by 
72-cm-long and 4.5-cm-th1ck scintillators will 
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Fig. 2.94. Side view of the WA80 experimental arrangement. 
The distances Indicated are In mn. 

cover th» angles of 10° < e < 30* on both sides. 
The double layer allows a good discrimination 
against neutral particles. Of special Interest 
Is the detection of Z > 2 fragments of energies 
below 1 GeV/nucleon. 

SAPHIR'8 Is a lead-glass calorimeter for x° 
and direct gamma Identification, consisting of 
1350 modules. The modules of SF5 lead glass are 
48 cm long and 3.5 x 3.5 cm at the front face. 
It will be placed under the beam line at 8° < 
e < 18s and cover approximately 40* In azlmuthal 
angle. A streamer-tube multiplicity detector 
will serve for charged-particle discrimination. 

The 6-m2 wall calorimeter19 at a distance of 
6.5 m from the target will detect mid-rapidity 
baryons and plons. I t Is a modified version of 
the Fabjan-Uillls sampling calorimeters used at 
CERN. It consists of 150 towers with a lead-
sdntll 'ator electromagnetic section (15 radia
tion lengths) and a stainless steel-sc1nt1llator 
hadronlc section (6.2 nuclear Interaction 
lengths). 

Multiplicity arrays3 0 will determine the 
pseudorapldlty of all charged particles. LAM 
(the large-angle multiplicity detector) will 
cover the angles from 9 s to 30*. Just behind 
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LAM and covering the area of SAPHIR will be SAN, 
the small-angle multiplicity detector. HIRAM 
(•id-rapidity multiplicity detector), consisting 
of a double layer (for 100% efficiency), will be 
placed in front of the wall caloriaeter. The 
Multiplicity arrays will be aade of streamer 
tubes of the Iarocci type with pad readout 
setting of a bit for each of the 25,000 cells. 

The zero-degree calorimeter19 will Measure 
the total kinetic energy of the projectile frag
ments for use in the trigger. I t contains both 
electromagnetic and hadronic sections, each con
sisting of interleaved uranium-scintillator 
plates. 

The upstream beam counter will identify the 
Z of the projectile (from protons to "0Ca) and 
generate the timing signal which will be used 
as a trigger. The bull's eye detector at the 
exit of the vacuum pipe downstream of the tar
get will measure the sum of the square of the 
nuclear charges of the projectile fragments for 
use in the trigger. Both detectors will proba
bly be Cerenkov counters made of thin sheets of 
quartz; these are being developed. 

The survey part of the experiment requires 
the choice of at least three targets, spread 
in mass. Due to the high Multiplicity of 
secondaries and due to the detection of photons 
and of relatively slow fragments, the target 
thickness cannot be more than 200 mg/cm2, or 
about 0.5% of the Interaction length. He have 
chosen our targets to be Al, Ag, and Au. The 
first beam period of about two weeks is expected 
to occur in December 1986. I t is to be followed 
by a second beam period of about equal length in 
the first part of 1987. 
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The CERN WA80 experiment Is described In the 
preceding article. Two calorimeters are being 
built for this experiment. Both are the respon
sibility of ORNL. The wall calorimeter is one 
of the main detector systems of the experiment. 
I t is a joint venture with LBL, Lund University, 
and GSI, Darmstadt. The zero-degree calorimeter 
is primarily a trigger calorimeter, and only 
ORNL is involved In Its design and construction. 

Wall Calorimeter 

The wall calorimeter covers an area of 6 m* 
and will be located 6 m downstream from the 
target. I t has been designed to study the par
ticipant mid-rapidity region (rapidity > 2). 
In addition to providing results of Intrinsic 
Interest, i t is also to be used as a specialized 
trigger, capable of selecting events with a high 
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associated transverse energy, ET. When coablned 
with the Multiplicity array located just In 
front of i t , i t is an excellent tool for the 
study of global energy flow, of energy fluctua
tions, and of the relative contributions of 
itadronic and electromagnetic components. The 
extremely large multiplicities anticipated from 
central events make the use of calorimeters 
particularly desirable. Aside from the obvious 
advantage of circumventing the measurement of a 
large number of individual particles, calorime
ters have the advantage that effects of fluc
tuations In the number of particles emitted 
from a quasi-thermal distribution are relatively 
snail, even in the case of single events. This 
fact, together with the tendency to average-out 
instrumental fluctuations, results in an accu
rate determination of the energy flow on an 
event-by-event basis. Thus, any observed 
structure (as a function of rapidity or azi-
muthal angle) may be attributed to the physical 
process involved. For example, in the case of a 
deconfinement transition Involving large latent 
heat, structure in the energy flow is predicted. 
During the expansion and cooling stages, the 
latent heat may manifest itself In the form of a 
deflagration shock wave,3 resulting 1n obser
vable structure that is expected to be quite 
different from that associated with jets. 

The choice of calorimeter was determined by 
the requirements of granularity, of separate 
electromagnetic and hadronlc readouts, and of 
adequate energy resolution. The design chosen, 
after extensive Monte Carlo simulation studies,1* 
is a modified version of the modular uranium 
calorimeter stacks of the AFS collaboration at 
CERN.5 The constituent towers of this calori
meter each cover an area of 20 x 20 cm2. The 
primary modifications to the AFS design are as 
follows: 
1. Instead of uranium and copper, lead is used 

in the electromagnetic section, and stainless 
steel 1n the hadronlc section. 

2, The length of the electromagnetic section was 
increased from 6 to IS radiation lengths, 
corresponding to 97.4% containment for i-GeV 
v's and 91% containment for 30-GeV Y ' s . 

3. The length of the haironic section was 
increased to contain 96% of the energy of a 
SO-GeV proton. 

4. The mechanical rigidity of the stacks was 
increased by the replacement of come, 
washers in the scintillator sheet: with rods 
and washers. 

5. The center rod was replaced by a tube to 
permit the insertion of a calibration 
source. 

6. An optical laser light fiber system was 
added for stability checking and calibration 
procedures. 

7. Grooves have been cut into the plastic sheets 
along the boundaries of individual towers in 
order to increase the position sensitivity. 
From the Monte Carlo calculations, the 

optimum thickness of the steel plates was found 
to be 8 m. The overall composition of each 
stack is as follows- The electromagnetic sec
tion consists of 27 lead sandwiches (consisting 
of 0.8-mm Al • 3-mm Pb + 0.8-mm Al), Interleaved 
with 27 scintillator sheets (3 mm thick). The 
length of the section is 21.6 cm, and the weight 
is 280 kg. The nominal size of all plates is 
20 cm x 120 cm, as In the case of the AFS calo
rimeters. The 122 8-mm-thick steel plates of 
the hadronlc section are interleaved with 122 
scintillator plates of 3-mm thickness. The 
length of the hadronlc section Is 134 cm, and 
the weight Is 1947 kg. The overall length is 
156 cm, and the overall weight Is 2227 kg. A 
stack of the wall calorimeter is Illustrated in 
Fig, 2.95. For this design, the fvllowing calcu
lated results were obtained by T. A. Gabriel: 

1 GeV 5 GeV 

Resolution for 
protons o/E(%) 37 (45) 22 (22) 

e/p ratio 1.50 (1.15) 1.86 (1.24) 

The numbers in parentheses are balanced numbers. 
They result from Multiplying the signal from the 
hadronlc section by 1.86, which Is the ratio of 
the energy loss in a unit cell cf the hadronlc 
section to that In a unit cell of the electro-
maanetic section. 
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Fig. 2.95. One of the stacks of the wall calorimeter. 

Extensive simulation calculations have been 
performed by S. P. Sorensen6 1n order to ant ic i 
pate the response of the wall calorimeter to 
l ikely events. The event generator used Is 
the Lund model, as applied to nucleus-nucleus 
col l is ions. 7 The results are very encouraging 
and show that the wall calorimeter wi l l detect 
a large fraction of the particles produced In 
central col l is ions. 

Zero-Degree Calorimeter 

The primary considerations In the case of 
this trigger calorimeter were: (1) near-total 
containment for protons of 225 GeV; (2) excel
lent energy resolution; and (3) fast count rate 
capability. Konte Carlo calculations'* were used 
to optimize the design. The calorimeter was 
designed to have good energy resolution so that 
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the difference of one nucleon could be distin
guished; i .e . , 14 or 15 nucleons could be dis
tinguished fro* the oxygen projectile having 16 
nucleons. It was determined that a uranlum-
plastlc sampling caloriaeter would provide the 
required resolution. The optimum area turned 
out to be 0.6 x 0.6 • . The device has an elec
tromagnetic section consisting of 32 uranium 
sheets (2 m thick) interleaved with 3-me-thlck 
scintillator sheets. The hadroric section 
contains 275 uraniua sheets (3 on thick) inter
leaved with 275 3-aa-thick scintillator sheets. 

For this design, the following results were 
obtained:11 

Resolution 'or 
protons a/l'%) 

e/p ratio 

5 GeY 

17 (18) 
1.3 (1.1) 

50 6eV 

10 (11) 
1.3 (1.1) 

The numbers in parentheses are the balanced 
numbers. 

The zero-degree calorimeter consists of only 
one stack. Thus, close packing of stacks Is 
not required, and the plates are enclosed in 
a frame, with two dual readout systems on al l 
four sides. Corner rods are also used to 
stabilize the assembly. The caloriaeter Is 
illustrated in Fig. 2.96. 
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Fig. 2.96. 7ero-degrte calorimeter. 
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SIMULATIONS OF THE RESPONSE 
OF THE HA80 HALL CALORIMETER 

S. P. Sorensen1 

As part of the preparations for the HA80 
experiment,2 the response of the wall calorime
ter has been simulated. The two major ingredi
ents in the calculations are (a) the LUM) event 
generator which calculates particle species, 
multiplicities, and four-momentum distributions 
in high-energy nucleus-nucleus collisions and 
(b) the response of the wall calorimeter to each 
of the impinging particles. 

For the calculation of this response, there 
exist several Monte Carlo programs, which 1n 
great detail simulate the development of both 
electromagnetic and hadronlc showers. They are, 
however, extremely time-consuming and costly to 
run, so we have chosen to find an analytical 
parametrizatlon of the energy deposition for 
both types of showers. Based partly on 
Monte Carlo calculations by T. Gabriel with the 
code HETC3 and partly on results from the 
UA1 group,*• the following parametrlzatlon for 
the average energy deposition has been chosen: 

. d3E 
dxdydz > - N F(z) G(r) ; 

F(2) r ( a t ) l 
t "i e wi • 1-

r ( a 2 ) * 
t V e-%2 

The normalization factor N depends on the 
type and energy of the incoming particle. F(z) 
describes the longitudinal shape of a shower 
measured from the start of the shower. The 
first term, which scales with the radiation 
length X , represents the electromagnetic part 
(neutral pions) of the shower, and the second 
term represents the pure hadronlc interactions 
and scales with the absorption length X. For an 
electromagnetic shower the second term is not 
used. G(r) describes the transverse profile of 
the shower. For hadronic showers It contains 
two exponential components: a long-range term 
(X. * 6 cm) originating from neutrons and a 
short-range term (x2 » 1-4 cm) caused by the 
rest of the hadronlc particles. For hadronic 
showers the free parameters were determined by a 
least-squares f i t to the HETC results; for elec
tromagnetic showers, values from the literature 
were used.1* 

Only the energy deposited in the plastic 
scintillators results In emission of light. 
This energy can be estimated from the ratio 
between the energy loss of minimum ionizing par
ticles in the scintillator and the passive 
absorber. The light collection Is simulated by 
taking the absorption In both the scintillator 
and the wavelength shifter into account. For 
the electromagnetic section also, the reduced 
cros.-talk due to slotting the scintillator 1s 
included. 

Due to the stochastic nature of a shower, the 
energy deposited in the calorimeter will have 
very large fluctuations, both 1n total magnitude 
and in spatial position. These fluctuations 
have oeen approximated by randomly varying the 
origin of the shower, the total deposited energy, 
the length of the shower, and the radial size 
of the shower. The magnitude and probability 
distributions for the variations were again 
determined from the HETC calculations. 

Ultrarelativlstlc nucleus-nucleus collisions 
will produce extremely high particle multiplici
ties. Our calculations have shown that, for 
1*0 + 1 9 7 Au at 22SA GeV, a typical central event 
will produce 600-800 particles ami that half of 
them will hit the wall calorimeter. The towers 
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at the smallest angles will each be hit by up to 
40 particles, and the total deposited energy can 
go up to 400-500 GeV. These high Multiplicities 
have a positive effect on the energy resolution 
of the calorimeter, since the individual shower 
fluctuations are averaged out. As can be seen 
from Fig. 2.97, the total transverse energy 
Impinging on the calorimeter can be estimated to 
within 4-5%. Since the calorimeter samples a 
large fraction of all particles produced In each 
event, the total transverse energy of all par
ticles emitted in an event can be determined 
with an uncertainty of between 10% and 15%. 
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Fig. 2.97. Transverse energy deposited in the 
wall calorimeter as function of (a) the incident 
E T , and (b) the total event E. for 500 LUND model 
events. 

An Important feature of the WA80 experiment 
Is the measurement of the energy flow on an 
event-by-event basis. It Is therefore essential 
to know to what extent the original spatial 
energy distribution In an event will be dis
torted by the calorimeter response and how well 
the off-line analysis will be able to restore 
this distribution. Figure 2.98 shows that most 
of the energy is deposited in a few towers at 
the smallest angles and that the gross features 
of the energy distribution are preserved by 
the calorimeter response. A closer inspection 
reveals that a substantial fraction of the 
energy of the hadrons is deposited in the 
electromagnetic section and that many of the 
finer details in each section are washed out. 
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Fig. 2.98. The simulated energy deposition 
in each tower of both the electromagnetic and 
hadronlc sections for a "typical" high multi
plicity LUND model event. The upper row shows 
the Incident energy; the middle row shows the 
uncorrected deposited energy; and the lower row 
shows the energy deposition corrected with the 
off-line analysis algorithms. 

Based on the same algorithm that Is used to 
unfold the detector response In the Spin 
Spectrometer, we have found that the off-line 
analysis, to a large extent, can restore both 
the original electromagnetic to hadron balance 
and many of the finer details In the energy 
distribution. 

The simulation code has also been used to 
(a) determine the multiplicity and energy dis
tributions In each tower, (b) Investigate 
whether rapid fluctuations In the pseudorapldity 
distributions can be detected, (c) estimate the 
effects of "dead" photomultlpllers on the Ey 
trigger and the energy-flow measurements, and 
(d) test a variety of off-line correction 
algorithms. 

1. Adjunct research participant from the 
University of Tennessee, Knoxvllle, TN. 
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SUPPRESSION SPECTROMETER SYSTEM 
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In recent years there has been an intense 
Interest in understanding the behavior of nuclei 
•then excited into states of very high energy and 
very high angular momentum. At present there 
exists at the Hoi1 f ie ld Heavy Ion Faci l i ty of 
ORNL an outstanding device, the Spin Spectrom
eter, for studying nuclei under these extreme 
conditions. However, this device, consisting of 
a 4* array of sodium iodide (Hal) detectors, 
does not have the resolution necessary for the 
study of properties of the many closely spaced 
r-ray lines found In the spectra of highly 
excited nuclei formed In compound nucleus reac
t ions. Replacement of some of the Nal elements 
with solid-state germanium (Ge) detectors pro
vides the high resolution needed for these 
experiments, but has the shortcoming of having a 
large unusable background component arising from 
Compton-scattered photons. The result Is that 
many weak transitions are simply ma:<ced in the 
spectra. A far more favorable situation can be 
achieved i f the Ge detector Is surrounded by a 
high stopping power medium which senses the 
Compton scattered photons and provides a veto 
signal to reject the residual energy le f t 1n the 
Ge detector. In so doing, much of the back
ground in a Y-ray spectrum Is eliminated, offer
ing exceptional capabilities for the study of 
these highly excited nuclear systems. Conse
quently, we have begun a project to develop a 
Compton suppression spectrometer system whose 
units can either be Inserted into the Spin 
Spectrometer or can be arranged In stand-alone 
configurations. 

After a considerable effort In formulating 
the design concept, we purchased a prototype 
suppression unit to f i t into the Spin Spec
trometer. The unit was comprised primarily of 
the sc int i l la tor bismuth germanate (BGO) because 
of i ts large absorption coefficient for Y rays 
(more than twice that of Nal) . However, since 
BGO has a much smaller l ight output than does 
Nal, we decided to make the front 0.4O-1nch-
thlck l ip of the prototype from Nil for effec
t ive detection of the low-energy photons back-
scattered from the Ge detector. Monte Carlo 
calculations were performed for the prototype 
design and these Indicated that , for a 1-HeV 
photon incident on the Ge detector, an average 
Compton-suppression factor of about 6 should be 
obtained. 

Once received, the prototype system was 
tested extensively, and the results were very 
grat i fying. The test data revealed that for 

6 < t o Y rays the suppression below the f u l l -
energy peaks averages almost a factor of f ive . 
This result is In good agreement with the value 
obtained in the Monte Carlo calculations. 

From these tests we concluded that our design 
concept could provide the Improved y-ray detec
tion capability needed at the HHIRF and that we 
could enhance the performance by reducing the 
diameter of the opening In the front face of the 
detector, by Increasing the thickness of this 
front l ip to 0.78 Inches, and by making the l i p 
of BGO also. These modifications should yield 
further suppression, particularly 1n the region 
of 700-1000 keV 1n the spectrum of 6 0 Co. Based 
on the excellent performance of this prototype 
uni t , we placed orders for f ive more pentagonal 
BGO suppression units and for six hexagonal 
units and returned the prototype for modifica
tions to the front l i p . 

The final design of the Compton suppression 
unit 1s I l lustrated 1n Fig. 2.99. To each of 
the five optically isolated segments of this 
pentagonal unit there Is attached a 1.5-1nch-
dlameter photomultlpHtr tube to collect the 
l ight output. The Ge detector is Inserted down 
the 2.5-1nch-d1ameter well 1n the BGO unit to a 
point near the front U p . Just behind the Ge 
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Fig. 2.99 Illustration of a full Coapton-suppressed Ge detector unit. 

detector, and around Its 0.75-inch cooling arm, 
are attached the two halves of an additional 
small B60 cylinder which Intercepts the photons 
scattered In the forward direction. 

Recently we received the first three BGO 
suppression shields. The power of this Conpton 
suppression device Is obvious fro* an examina
tion of the test data shown In Fig. 2.100. The 
top spectrum contains the unaltered results 
(normal spectrum) from a 60Co source as seen by 
the fie detector. This detector Is a large 
volume ORTEC "y-x" type germanium diode. The 
nlddle spectrum shows that portion of the normal 
spectrum which Is rejected by the suppression 
shield. (Note that the heights of the ful l -
energy peaks at 1173 and 1333 kev are off scale 
but are normalized In these data.) Finally, the 
bottom spectrum shows the net results that art 
recorded and used from such a Compton-suppres-
sion system. As we had anticipated after the 
prototype tests, our design modifications pro
vided substantial improvement In the detection 
of large-angle scattered photons, resulting in 
better quality suppression at high energies. 

Because of predicted slow delivery times on 
BGO suppression units and of the time to be con
sumed In testing the prototype, we elected to 
purchase several Hal suppression shields which 
could be delivered more rapidly. At the present 
time a total of nine Nal suppressors Is avail
able. These units provide modest suppression 
factors of from 2,5 to 3. In this Interim 
period, more than a dozen exoerlments have been 
carried out with whatever components of the 
Compton suppression system were available at 
that given time. These involved mostly nuclear 
structure studies of high-spin states, but also 
have Included several reaction mechanism stu
dies. The large central cavity (35 cm diameter) 
of the Spin Spectrometer provides exceptional 
capability for experiments on reaction mecha
nisms because i t can accommodate large and 
complex arrays of particle detectors. 

In the fall of 1985, high efficiency Y-T 
coincidence measurements will be carried out 
with from 12 to 15 Compton suppressed 6e detec
tors in the Spin Spectrometer. In the spring of 
1986, we expect to have 17 units operational 
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Fig- 2.100. 60Co spectra taken with the 
Compton-suppression unit shown in Fig. 2.99. 
The top spectrun contains the unaltered results 
(normal spectrum) from a 60Co source as seen 
by the Ge detector. The middle spectrum shows 
that portion of the normal spectrum which Is 
rejected by the suppression shield. Note that 
the heights of the full-energy peaks at 1173 
and 1333 keV are off scale, but have been 
normalized in these data. The bottom spectrum 
shows the net results that are recorded and 
used from such a Compton-suppression system. 

(with 12 BSO and 5 Nal suppressors). This 
system will Include dedicated electronics and an 
automate; liquid nitrogen filling system. 

1 . Adjunct staff member from the University 
of Tennessee, Knoxv1lie, TN. 

2. Washington University, St. Louis, MO. 
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Detailed design of the proposed counter 
system* Is complete and actual construction Is 
underway. Two test runs were performed with a 
coupled 15-NeV/nucleon N1 beam. 

The first test run In November 1984 was to 
study beam transmission and beam quality for 
coupled operation into the 76-cm chamber site, 
the actual site intended for HILI. Particular 
attention has been paid to ascertain that the 
beam can be transferred down a 2-cm-diameter 
tube placed at a distance further than 60 cm 
from the target. Test results have shown that 
this can be done provided the beam can be tuned 
to a 4 x 3 mm or larger spot on the target with 
a focus (or waist) past the target position. 

The second test was performed in February 
1985 to study the performance of a phoswich 
detector. Several types of plastic scin
tillators were studied and the performance of 
different phototubes evaluated. The results 
showed that the intended seperatlon of protons 
and a particles Is easily obtained over the 
whole dynamic range desired. The signal proc
essing scheme that was used and the quality of 
&E-E map identifying various products are shown 
In Figs. 2.101 and 2.102. 

The event-by-event output from the evapora
tion code PACE5 Is used to simulate the coin
cident yield of light and heavy particles 
emitted by different heavy Ion reactions. The 
program has just been brought on line and will 
be used to evaluate and predict the response of 
the counter system. 

In a subsequent test run6 an alternate scheme 
of processing phoswich signals was tested. I t 
Is similar to the scheme shown In Fig. 2.102 but 
has a fast linear gate for the current signal. 
This Is the actual scheme adopted for processing 
the signals from the HILI hodoscope. 
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F1g. 2.101. A block diagram of signal 
processing for the phoswich detector signals. 
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Fig. 2.102. Total energy vs energy loss M p 
note that a snail fraction f « 1 of the slow 
plastic signal is included In the &E signal. 

Procurement of most of the parts for the HILI 
is complete. Pending still are the detailed 
design work and construction of a position-
sensitive parallel-plate avalanche counter that 
will provide trigger signals for the HILI, and 
the necessary nodification to the existing scat
tering chamber. 

1. Vanderbilt University, Nashville, TN 
37235 and Joint Institute for Heavy Ion 
Research, ORNL, Oak Ridge, TN 37831. 

2. Instrumentation and Controls Division, 
ORNL. 

3. Oak Ridge Associated universities, Oak 
Ridge, TN 37831. 

4. D. Shaplra, J. L. Blankenship, and B. L. 
Burks, Phys. Dlv. Prog. Rept. Sept. 30. 1984. 
0RNL-61?0Tp.~n4". 

5. J. R. Beene, private communication. 
6. K. Teh et al., following article in this 

section. 

DECAY TIMES OF SLOW PLASTIC SCINTILLATORS 
K. Teh» R. L. Varner 
C. F. Magulre1 J . L. Blankenship2 

D. Shaplra E. J. Ludwig3 

B. L. Burks R. E. Fauber3 

The recent introduction of plastic scin
tillators with relatively long decay times has 
enabled the phoswlch technique to be used for 
charged particle detection and Identification. 
This technique Involves the optical coupling of 
two plastic scintillators with different 
thicknesses and decay times. In our application 

a thin, fast scintillator and a thick, slow 
scintillator were used. Light produced when 
radiation is Incident on this particle telescope 
is viewed with a single photomultipller tube. 
Contributions from the two scintillators in the 
combined light signal can be easily differen
tiated by their characteristic decay constants. 
By 1ntegr«t*s« appropriate portions of the light 
signal one Is able to essentially measure (1) 
the ene-gy loss In the thin piece am! (2) the 
total energy deposited by the incident 
radiation. The feasibility of such a scheme was 
tested earlier this year at the Hoi1field Heavy 
Ion Research Faci l i ty/ A 5 8N1 beam was used to 
bombard a 1 2 C target and the reaction products 
were detected with the phoswlch telescope. From 
a two-dimensional plot of the light yield in the 
thin plastic versus the total light yield In the 
telescope, products ranging from protons and 
deuterons to carbon nuclei were easily 
Identified. 

The effective use of the phoswlch technique 
for particle Identification requires (1) estab
lishing the time structure of the light signal, 
(2) calibrating the light yield as a function of 
energy deposited, and (3) determining the scin
ti l lator's response to specific Ionization. 
Since such Information Is not yet available for 
slow plastic scintillators, measurements were 
made to determine the above characteristics. 
This was done at the Triangle Universities 
Nuclear Laboratory, where monoenergetic protons 
and alpha particles were used to bombard a gold 
target. Beams of 8- , 12-, 16-NeV protons and 
12-, 18-, 24-MeV alpha particles were elastlcally 
scattered from the target and detected with a 
single piece of the slow scintillator. 

Two different slow scintillators were 
examined: NEU5 (Nuclear Enterprises) and BC444 
(Blcron). Each piece, 10-cm-long and 2.5 cm In 
diameter, was coupled to a single photo-
multlpliar tube and mounted approximately 10 
Inches from the target at a scattering angle of 
30" on either side of the beam direction. The 
signal from the PUT was analyzed with a charge 
Integrating ADC (see F1g. 2.103). The gate 
signal was varied In width to determine the 

! 
i 
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Fig. 2.103. The Integrated charge (Q x , Oj , 
. . . Qh) as a function of Integration time is 
obtained by varying the gate signal width 
( t l t t 2 , . . . t n ) . The decay time is deduced by 
assuming dq/dt ~ exp(pt/t , j ) . 

integrated charge as a function of integration 
time. By assuming the following functional form 
of the current pulse 

I(t) = dQ/dt = A*exp[-(t-t 0)/t 0] 

the decay time t n can be deduced by performing a 
least-squares f i t to the derivative of the data 
points. The central difference form>rta was used 
to approximate the time derivative of the 
charge. Figure 2.104 shows a sample f i t using 
this method. 

The results are tabulated in Table 2.17. 
Both plastics have long decay times — on the 
order of 300-350 nsec. The NE115 has on the 
=>»erage, a 50 r.sec longer decay time than the 
BC444. There is no indication of any systematic 
dependence on the incident energy. The est i 
mated accuracy of the method used to extract the 
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F1g. 2.104. Shown here 1s a fit to data which 
were extracted using the procedure shown 1n F1g. 
2.103. The dotted lines are calculations for decay 
constants that differ fnxr, the fitted value by 
±25 ns. 

Table 2.17. Decay times from TUNL data. The 
uncertainties in the least-squares fit are given 
in parentheses. This value does not include 
statistical errors from the determination of 
peak centroids or other uncertainties from the 
experimental technique. The overall uncertainty 
in these measurements is about ±20 nanoseconds. 

Bicron BC444 

Alphas 24 NeV 
18 NeV 
12 H»V 

317 (8) ns 
280 (5) ns 
292 (8) ns 

Avg. decay time 296.3 ns 

Protons 16 NeV 
12 NeV 
8 HeV 

263 
295 
299 

(11) ns 
(9) ns 
(8) ns 

Avg. decay time 285.6 ns 

Nuclear Enterprises IC115 

339 
334 
336 

Alphas 24 HeV 
18 NeV 
12 HeV 

339 
334 
336 

(8) ns 
(6) ns 
(8) ns 

Avg. decay time 336.6 ns 

Protons 16 HeV 
12 HeV 
8 NeV 

330 
378 
345 

(5) ns 
(6) ns 

(10) ns 

Avg. decay time 351.0 ns 

decay times 1s approximately ±20 nsec. Noting 
this, the data also Indicates that the time 
structure of the light signal Is independent of 
specific Ionization. 

The application of the ptioswich technique is 
a recent development 1n nuclear detactlon 
methods. The lack of a decay time dependence on 
specific Ionization Implies that this method of 
identification can be extended to heavy Ions as 
well. Besides understanding the time structure 
of the light signal from these new scintilla
tors, the light yield as a function of energy 
has to be examined. Analysis of the calibration 
data 1s now underway. 

1. Van^erbllt University, Nashville, TN 
37235, and Joint Institute for Heavy Ion 
Research. ORNL, Oak Ridge, TN 37831. 

2. Instrumentation and Controls Division, 
ORNL. 
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3. university of North Carolina, Chapel 
H i l l . NC 27514. 

4. D. Shapira et a l . , preceding a r t i c le , 
this report. 

MAJORITY-LOGIC NE-110 DETECTOR FOR keV NEUTRONS1 

N. U. Hi 112 D . j . Horen 
J . A. Harvey2 6. L. Morgan3 

R. R. Winters'* 

An NE-110 protor.-recoil scinti l lat ion counter 
whose efficiency is reproducible and stable has 
been developed for neutrons in the energy range 
fro* 5 keV to 1 MeV. Majority-of-two logic at 
below the single photoelectron level is used 
between two or wore phototubes viewing the same 
scint i l la tor . Pulse height distributions as a 
function of neutron energy have been measured 
between S and 350 keV with two different detec
tor configurations: a thin square slab of 
NE-110 and a cylinder of NE-110. The absolute 
efficiency of the slab detector has also been 
determined. The measured results are in good 
agreement with results from Monte Carlo calcula
t ions. 

1 . Abstract of published paper: lfEE Trans. 
Nucl. Sci. NS-32, 367 (1985). 

2. Engineering Physics and Mathematics 
Division. ORNL. 

3. Denlson University, Grar.ville, OH 43023. 
4. Los Alamos National Laboratory, Los 

Alamos, MM 87545. 

A NEUTRON POLARIKETER FOR (p.n) MEASUREMENTS 
AT INTERMEDIATE ENERGIES 

T. N. Taddeucci 2- 3 T. A. Carey* 
C. D. Goodman3 D. J . Horen 
R. C. Byrd3 J . Rapaport2 

E. Sugarbaker5 

A large-volume large-acceptance neutron 
polarimeter consisting of two parallel planes of 
plastic scinti l lators has been used to measure 
transverse polarization transfer in (p,n) reac
tions In the energy range 80 MeV < Ep < J60 MeV. 
The effective analyzing power obtalneo from 
'Hfif.nMH reactions In the plastic scinti l lator 
has been measured by observing neutrons from the 
1"C(f.n>)i ,»N (2.31 K?V) reaction at e • 0° . 

Neutron energies are determined by time-of-
f l ight with a resolution of about 1 MeV for 160-
MeV neutrons. At this same energy the effective 
le f t - r igh t analyzing power is 0.34 ± 0.02 and 
the effective area is 1.9 ± 0.3 cm 2. 

1 . Abstract of paper to be published in 
Nuclear Instruments and Methods in Physics 
Research. 

2. Ohio University. Athens. OH 45701. 
3. Indiana University Cyclotron Fac i l i ty , 

Bloomington, IN 47405. 
4. Los Alamos National Laboratory, Los 

Alamos, NN 87545. 
5. Ohio State University, Columbus, OH 

43214. 

A COMPACT AM) RELIABLE 200-kV POWER SUPPLY 
FOR THE RECOIL MASS SEPARATOR (RMS) 

J . L. Blankenship1 

A 200-kV power supply was designed to provide 
reliable operation under repeated vacuum spark 
discharges and to f i t into a cavity 4.75 in . 
(12.1 cm) diameter by 10.25 in. (26.0 on) deep. 
Four of the supplies, two negative and two posi
t i v e , are used in the Recoil Mass Separator 
(RMS). The power supply is comprised of a 20-
stage, half-wave multiplier housed in a PVC 
cylinder f i l l e d with mineral o i l and sealed with 
an aluminum flange. All capacitors and rec
t i f i e r s are conservatively rated, and al l 
capacitors have resistors In series to ' imlt 
peak currents during discharge. 

The power supply has been tested in mineral 
o i l to 230 kV without internal breakdown or 
fai lures, and has been subjected to repeated 
breakdown in air and In vacuum without component 
fai lure in the multiplier stack. The only 
observed failure mode has been in the coaxial 
cable and connectors between the 7-kV ac f h ack 
transformer and the multiplier housing. A 
design change will Incorporate the flyback 
transformer 1r a box on top of the flange of the 
multiplier stack, and wil l eliminate the coaxial 
cable and connectors. 

1. Instrumentation and Controls Division, 
ORNL. 
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IMPROVEMENTS IN TIMING AND DETECTION EFFICIENCY 
OF THE TIME ZERO, MICROCHANNEL PLATE DETECTOR 
USED IN THE BROAD RANGE MA6NETIC SPECTROGRAPH 

MULTIPARAMETER DETECTION SYSTEM 

J . L. Blankenship1 R. L. Auble 

A time zero detector is used in the Broad 
Range Spectrograph (BRS), along with a Parallel 
Plate *valanche Counter (PPAC) as a stop detec
tor , to Measure t * *e of f l ight of the heavy ion 
being analyzed. The time zero detector o r ig i 
nally used Mas comprised of a thin carbon fo i l 
in the particle path, and a MicroChannel plate 
assembly located coaxial to the fo i l a t a 
spacing of 0.7 cm to detect electrons knocked 
out of the f o i l . In this detector design, the 
MicroChannel plates have a 1.08-CM hole in the 
center for the passage of heavy ions, and an 
annular, sensitive region. The detection e f f i 
ciency for 5 8 N i ions at 913 MeV was i n i t i a l l y 
about 30 per cent. 

The electron optics in the foil-NCP region 
were redesigned to improve electron collection 
and to allow higher MCP gain without ion feed
back. A radial f ie ld gradient was produced 
by placing a wire cross made of tungsten of 
diameter 20 urn at a point about two-thirds 
of the distance between the fo i l and the 
suppressor electrode, and biased at a voltage 
which repels the electrons, ihe wire cross 
introduces a radial velocity component to the 
electron motion a^J directs electrons into the 
sensitive region of the MCP. A suppressor 
electrode in the shape of a "top hat" was placed 
in front of the MCP and was biased at a poten
t i a l such that ions created in the f i r s t third 
of the MCP would be repelled, thus preventing 
multiple pulsing at high bias and gain. Both of 
the changes In the detector design increased the 
pulse height for a heavy ion. The detection 
efficiency for 1011-MeV 5 8 N1 Ions has Improved 
to almost 100 per cent, and a better ".nan 10 to 
1 peak-to-valley ratio was achieved tween 
"mass" spectra for A • 58 and A « 59. 

1 . Instrumentation and Controls Division, 
ORNL. 

BRS FOCAL PLANE DETECTOR PERFORMANCE 

R. L. Auble R. 0. Sayer* 

Hardware Development 

Several modifications have been made to the 
beam line and focal plane detectors which have 
improved the performance of the BRS. These are 
summarized below. 

(a) A viewer has been installed on the beam 
l ine between the BRS and the 153-degree 
analyzing magnet. This allows precise 
positioning of t*ie intermediate focus 
required for di«oersion matching and 
optimum position resolution at the focal 
plane. 

(b) A 4-jaw collimator installed 4.4 m 
upstream of the target allows one to 
control the angular divergence of the 
Incident beam, which is particularly 
important for small-angle measurements. 
I t also provides for limiting of the 
beam intensity and emittance for zero-
degree beam measurements allowing more 
rapid optimization of the focal plane 
detector system. Using this technique, 
we have studied the characteristics of 
the detector system with 1-GeV 5 8 N1 
projecti les. The position and angular 
resolution obtained with the VDC are 
I l lustrated in Fig. 2.105. The 0.26-m 
FWHH spatial resolution, which includes 
contributions from the analyzing magnet 
entrance s l i t , magnet aberrations, e tc . , 
is believed to be the l imit on the 
achievable experimental resolution even 
though the intrinsic resolution of the 
VOC Is probably much better than t h i s . 
The angular resolution of 0.3-deg FWHM 
implies an uncertainty of only 0.08 deg 
in the scattering angle (due to the 
angular magnification of the BRS). 

(c) The micro-channel-piate detector, used 
for t lme-of-f l lght measurements with 
heavier projectiles ( e . g . , A > 32), was 
modified to provide larger signals and 
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Fig. 2.105. Position and angle resolution obtained with the VDC using a 1-GeV 5 8N1 pea* at 0°. 

lower background counting rates. These 
modifications are discussed in the 
detector development section of this 
report. 

(d) The cathode planes In the vertical drift 
chamber have been decoupled from the 
outer framework. This has eliminated 
the wrinkling which had occurred due to 
stresses Induced during assembly and 
Improved the uniformity of the drift 
field. 

(e) Improved time-of-flight resolution and 
position independence of the "start" 
signal were achieved by a redesign of 
the 5 x 40 cm2 avalanche counter used to 
trigger the focal plane detector system. 
In the original design, the signal was 
obtained from a contact located at the 

center of the anode. This introduced a 
-1 ns variation in the time of arrival of 
the start signal, depending on W e posi
tion of the Incident particle. The 
anode was modified to provide signals 
from both ends of the detector which are 
then sent to a "mean timer" (LeCroy 624) 
to give a position Independent time 
signal. The time resolution was checked 
by using 2 l , l ,Cm alpha particles traversing 
this detector and a small PPAC posi
tioned back-to-back. A time spectrum Is 
shown 1n Fig. 2.106. The two praks were 
obtained by Inserting a 1.0 ns delay In 
the stop signal. Spectra were obtained 
at several positions along the detector 
and shifts due to particle position 
were less than 40 ps. 
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Fig. 2.106. TAC spectrum from 5 x 40 a 2 "start" 
detector and 2.5 x 2.5 at2 "stop" detector using 
^"•Cm a-par t ic les . ' A 1.0-n«> Jelay was inserted 
to obtain the two peaks. 

290 

Fig. 2.107. Plot of m/Q vs. Q used to determine 
the charge state of a particle entering the BRS 
focal plane detector systen. 

Software Enhancements 
For heavy ions such as Ni at 17 NeV/nucleon, 

several charge states are detected simulta
neously, and therefore there is an ambiguity in 
mass as determined from tlme-of-flight (TOF) 
through the system. This ambiguity is removed 
by specification of "Q-contours" on a map of m/Q 
vs Q as shown in Fig. 2.107 for (58 H i)+2S,+26,+27 # 

The charge state Q is calculated from the total 
energy deposited In the Ion chamber, Bp, and 
velocity from TOF. For each specified com
bination of Z- and Q-contours, a "mass contour" 
may be drawn on a map of mass vs focal plane 
positio.. This technique has been applied to 
separate individual nickel isotopes (AA/A < 
1/60). 

Variation In energy loss with angle occurs 
because projectiles traverse varying thicknesses 
of window and gas. The resulting degradation in 
E and dE resolution may be particularly severe 
for heavier Ions and/or lower energies. A pro
cedure was developed to optimize E and AE reso
lution by empirical first- and second-order 
corrections for variation In energy loss. 
Corrected and uncorrected E-spectra from the 
ion chamber are rhown 1n Fig. 2.108. 
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Fig. 2.108. Energy spectra obtained with the 
&E-E 1on chamber before ant! after empirical 
correction for energy loss 1n detector windows. 

Enhanced standard software modules for setup, 
calibration, and diagnostic procedures were 
developed to further automate the process of 
optimization of the BRS focal plane detector 
system. TDCAL automatically fits centroids 
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generated by a pulser and 'tetermlnes TDC slope 
values. CELLTOFF searches on TDC offset values 
to minimize the VOC cell precision. LOGSCA 
monitors experimental conditions such as target 
deterioration by displaying and recording scaler 
rates and ratios of rates. 

1 . Computing and Telecommunications 
Division, ORNL. 

PREPARATION OF TARGETS 
FOR WCLEAR PHYSICS RESEARCH 

D. N. Galbraith F. K. NcGowan 

The preparation of thin targets for particle 

spectroscopy in nuclear physics research by the 

focused ion-beam sputtcU.g system has continued 
to be extremely useful. Self-supporting targets 
of 5 8 M as thin as 100 ug/cm* have been pro
duced. An annealing system ut i l i z ing a projec
tor lamp Mas developed for use in the focused 
ion-beam sputtering system. The purpose of this 
is to anneal the material deposited on the sub
strate during the sputtering process. Table 
2.18 contains examples of the targets prepared 
by Ion-beam sputtering and by evaporation. 

Many evaporations of Al for prod je t ion of 
detector windows and planes for avalanche coun
ters were done. Production runs of slackened 
carbon stripper fo i ls for the tandem and ORIC 
accelerators were completed. 

Table 2.18 Targets for nuclear physics research 

Element Weight Backing Method Remarks 
" A l lOOug/cm2 none evaporation 
5 8 N 1 lOOMg/cm2 none sputtering 
5 8 M1 100|ig/cm2 JOvg/cmK sputtering 
»°Zr 20O|jg/cm2 SOng/cm^ sputtering 
9 0 Z r SOpg/cm2 S O ^ / c m ^ sputtering 
9 0 Z r 100pg/cm2 JOMS/cm^ sputtering 
In lmg/cm2 none evaporation 

1 2 " S n lmg/cm2 none evaporation 
1 8 2 W SOpg/cm2 song/cm^ sputtering 
i e . . H 50pg/cm2 30pg/cm2C sputtering 
1 8 * W 50|ig/cm2 30M9 /C IH 2 C sputtering 
182„ 33Mg/cm2 10ng/cm2C sputtering 
i8*W 33«/cm 2 10ng/cm2C sputtering 
i»7Au lpg/cm 2 100^/cm 2 C evaporation 
i"Au 2 « / c m 2 

ZQiiQ/t*2?' evaporation 
»"Au 50M9/cm2 30Mfl/cm2C evaporation 
208pD 300pg/cm2 none evaporation 
20 8pb SOOng/cm2 none evaporation 
2 0 8 P t 200pg/cm2 30«/cm2C evaporation 
2 0 8 P b 5O-20Q 

ug/cm7 
20M9/CIH2C evaporation 

Reco'." mass spectrometer 
Recr 1 aass spectrometer 

Recoil distance device 
Broad range spectrometer 
Broad range spectrometer 
Broad range spectrometer 
Broad range spectrometer 
Broad range spectrometer 

Recoil mass spectrometer 
Broad range spectrometer 



3. THE UNISOR PROGRAM 

The University Isotope Separator - Oak Ridge is a cooperative venture of ten 
universities. Oak Ridge Associated Universities, Oak Ridge National Laboratory, 
the U.S. Department of Energy, and the State of Tennessee. The primary purpose of 
the UNISOR consortium is to investigate the structures and decay mechanisms of 
rare, short-lived atomic nuclei which are prepared by means of a magnetic isotope 
separator coupled to the accelerators In the Hoiifield Heavy-Ion Research Facility. 
The accounts which follow describe work at the UNISOR facility or work associated 
with UNISOP research performed principally by investigators outside cf the Physics 
Division. Theoretical research performed by UNISOP st*ff and coll ">orators is 
included in the Theoretical Physics section of this report. Research and develop
ment performed at UNISOR by Physics Division staff members are included in the 
Nuclear Physics section. 

THE UNISOR EXPERIMENTAL FACILITY 

R. L. Hlekodaji R. W. ink 3 

C. R. Bingham2 J . C. Gr i f f in 3 

J . A. Bounds2 V. T. Winer 
R. A. Braga3.1* C. A. Reed i 
H. K. Carter i C. N. Thomas1 

V. Carwichael5 E. H. Spejewski1 
W. M. Fairbank* E. V. tteber? 

A new thermal-ionization source with internal 
temperatures up to 3000°K has been brought into 
routine service. This source, shown in Fig. 
3.1, is being used for the production of iso
topes In the neutron-deficient light rare earth 

&•(*«• D T.E3 « 0 

iimmiimmmmminiiimimiiimmmniiiimiiii 

region. Good results with Eu, Sm, and PM iso
topes have been obtained in the mass range 
A = 135-140. 

A new, very high temperature ion source based 
on the FEBIAD concept and similar to the GSI8 

model F has been designed, constructed, and 
tested on-line. This source is depicted In 
Fig. 3.2. The main thrust of this source fs 
to give high yields of Isotopes for col 11 near 
laser studies. In initial rests, yields of Pt> 

1 2 
CtntmMMvY 

Fig, 3.1. UNISOR therm 1-ionization source. 
(1) target/window, (2) grap 1te felt catcher, 
(3) tungsten filament, (4) target retainer, 
(5) graphite felt heat shielding, (6) Ta heat 
shield, (7) Ta support for graphite feU. 

F1g. 3.2. UNISOR-FEBIAO Ion source. (1) exit 
hole, (2) heat shields, (3) extraction electrode, 
(4) electron-emitting surface, (5) tungsten f i la 
ment, (6) target mounting hole, (7) graphite felt 
Insulation. 
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and T1 Isotopes up to 4.5 x 10 6 atoas sec - 1 

parti c le-uA - 1 have been obtained. 
The HHIRF data acqulstlon system has been 

integrated Into UNISOR experiments. Special 
acquisition software was written to enable 
"UNISOR-style" experiments to be run on the 
Perkin-Elmer. Simultaneous coincidence and 
spectrum aultiscaling data can be acquired on up 
to 10 separate experiments. 

A short-lived conversion electron and alpha-
particle standard energy and relative intensity 
calibration source has been developed and is now 

232 

in use. The source consists of 500 pg of U 
(73 yr) in secular equilibrium with i ts 
daughters. A conical glass sleeve is inserted 
into the container which allows only the Rn 
gas daughters to be deposited onto the source 
holder. The resulting source is vir tual ly mass-
free and decays with a 10.6-hoiir h a l f - l i f e and 
gives conversion lines from 24 keV to 2526 keV. 

Design details for the UNISOR on-line 'he/^He 
dilution refrigerator for low-temperature 
nuclear orientation have been finalized and site 
preparations are under way. The system Is 
expected to be operational in early FY 1987. 

Current work at the UNISOR laser fac i l i t y 
includes the conclusion of experiments on T1 
Isotopes and the development of new techniques 
for the study of other nuclei of Interest. A 
scheme using resonance ionization spectroscopy 
to study Kr and other nuclei has undergone i n i 
t ia l testing. A detection scheme was developed 
and apparatus built and tested. Due to col 11-
slonal Ionization In the residual gas, the back
ground was too high to ttable a signal to be 
observed. A much improved vacuum in the detec
tion region should solve the problem. A method 
to measure nuclear spUs by observing atomic 
hyperfine spli t t ing In a magnetic f ie ld Jlso had 
some developmental work. A code was written to 
predict the Zeeman spectra at any magnetic 
f ield for the special case of I or J » 1/2. The 
predicted spectra compared quite favorably with 
data obtained on the UNISOR laser system. At 
the conclusion of the laser experiments en T l , 
the next nuclei to be studied will be the 
neutron-uefldent lead isotopes. The detection 

scheme for Pb has been worked out. The change
over from Tl experiments has been accomplished 
by changing the dye and optics in the dye laser 
and the colored glass f i l t e r for the ,noto-
mult ipl ier . A signal from stable Pb has been 
observed with a measured efficiency close to 
that observed for T l . 
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THE DECAY OF MASS-SEPARATED 2 0 S A t 

,1 J . L. Wood! P. B. Semmes* 
R. A. Braga2 R. U. Fink' 

J . 0. Cole3 

The neutron-deficient Po Isotopes H e in a 
l itMe-explored region of the nuclear mass sur
face. The nuclei 2 0 9 » 2 l 0 P o are only a few par
t ic les beyond the doubly magic 2 0 8 P b and, 
consequently, their structures are dominated by 
single-particle effects, lhe »o isotopes become 
mere collective with decreasing neutron number, 
and their properties reflect the competition 
between collective and single-particle effects."» 

The Isotope 2 0 3Pc< 1s at the HmU of present 
detailed experimental data for low-spin excited 
states and, therefore, a study of the 2 0 3 A t * 
20 3 

Po decay scheme was undertaken to extend the 
systematlcs of the low-spin states In odd-A Po 
nuclei. Tlme-sequenced spectra of gamma rays, 
X rays, and conversion electrons were obtained, 
together with y - f - t and e _ - y - t coincidence data. 
From this Information a decay scheme has been 
constructed consisting of 30 excited states and 
45 transitions that Incorporate approximately 
90% of the decay Intensity assigned to 2 0 3 A t . 
Prior to this only three excited states were 
known 1n 2 0 3 P o . All excited states below 1 HaV 
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have been assigned unique spin-parity values, 
and the observed level scheme can be understood 
qualitatively in terns of a particle-core weak 
coupling description. For example, a multir'.et 
of negative parity states observed near 70? keV 
(9/2-: 803 keV; 7/2":719, 639 keV; 5/2": 686. 
532 keV) correspond to the low-lying negative 
parity shell model orbitals (f«;/2. P3/2 and 
Pj/2) coupling to the 2* core state. Additional 
negative parity states which belong to this 
multiplet are expected with spins of 3/2 and 
1/2, but are not populated strongly in the 2 0 3 A t 
decay (ground state spin-parity 9/2'). Further
more, a number of positive parity states built 
on the 13/2+ isomer (113/2 s n e 1 1 ""^^ orbital) 
were identified. Unique spin and parity assign
ments were made for the states at 1129 keV 
(9/2+) and 1671 keV (11/2+). 
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DECAY OF 1 3 7 S m AND DEFORMATION IN THE 
LIGHT Pm REGION 

K. A. Braga1 8. 0. Kern* 
R. W. Finkl G. A. Leander* 
B. E. Gnade 2 R. L. Mlekodaj" 

K. S. Toth 

The ongoing investigation of the predicted5 

new region of deformation in the Z > 50, N < 82 
rare earth nuclei has involved detailed spec
troscopic studies of the transitional nuclei 
l 3 7 S m and 1 3'Pm populated from the decay of 
9-sec 1 3 7 E u and 45-sec l 3 7 S m , respectively. The 
activities were produced by the bombardment of 
natural Ag targets with 160 MeV 3 SCJ and , 2 M o 
targets with 220-MeV " 8T1 beams. 

The y rays associated with the A • 137 mass 
chain have been identified and, for the first 
time, a partial decay scheme for 1 3 7 P m has been 
constructed. Of particular interest in the 
level structure of , 3 7 P m is the position of the 

11/2- state observed in the heavier odd mass Pm 
isotopes. This h u / 2 odd proton state comes 
lower in energy as nuclei become more neutron-
deficient. If this trend continues, the 11/2-
state should eventually become the ground state 
This has been recently shown6 to occur in the 
odd mass Eu isotopes at 139, Eu. 
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SHAPE COEXISTENCE IN l a 5 A u 

E. F. Zganjar1 

J . L. Hood2 

R. H. Fink 3 

M. Carpenter* 
C. R. Bingham* 

C. 0. Papanicolopoulos2 

R. A. Braga3 

A. J . Larabee" 
0. Le.%•«* 
L. L. KiedlnnAf* 

J . C. Waddington* 

Shape coexistence appears to be a general 
feature of nuclei in the neutron-deficient 
region near 2 » 82. The coexistence observed in 
the odd-mass Au Isotopes can be understood as 
arising from the coupling of the proton particle 
( h 9 . 2 ) and the proton hole ( h u / 2 ) t 0 t n e d i f 
ferent core shapes in the even-even Pt and Hg 
isotopes, respectively. These ideas were stimu
lated by the study 6 ' 7 of the low-energy struc-
ture of Au following the decay of isomeric 
and ground state l 9 7 H g . In that case, the h 9 / 2 

particle couples to the l 8 6 P t core to form two 
bands with states of the same spin connected by 
transitions of E0+M1+E2 mult lpolaMty. 7 

We init iated a careful and detailed study at 
UNIS0R of the decay of the isomeric and ground 
state of 1 8 5 H g to explore further the shape 
coexistence phenomenon, to resolve the disagree
ment between our ear l ie r 7 data on this decay and 
that of the Orsay8 group, and to provide comple
mentary Information for an in-beam study9 of 
l 8 5 A u . The decay of Isomeric (28s, 13/2*) and 
ground state (55s, 1/2-) 1 8 5 Hg to excited states 
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In Au Here studied by ?-ray and conversion-
electron singles, time-sequence spectroscopy, 
and coincidence measurements. An important 
feature of the coexisting bands are the E0+M+E2 
transitions which connect then. Preliminary 
analysis of our results on i^sa^ supports our 
ea r l i e r 7 interpretation of such transitions as 
E0+K1+E2 in X 8 7 Au and contradicts the interpre
ta t ion 8 that these transitions in "SAu have 
anomalous 1.1 components. The Orsay group8 were 
forced to conclude that anomalous Ml components 
were involved since they obtained conversion 
coefficients larger than Ml or E2 for a number 
of transitions between levels of different spin. 
Our coincidence data were of sufficient s ta t is 
t ical quality that we could quantitatively 
distinguish unresolved doublets. In essentially 
a l l cases, we were able to account for the 
anomalous internal conversion by locating 
another transition cf nearly the same energy 
which connected states of the same spin and 
coulu thus contain an EO component. 

As in the 1 B 7 Au study, transitions in 1 8 5 A u 
with strong EO components were observed to feed 
the h 9 . 2 and h l l / 2 bands. These results are 
summarized in Fig. 3.3. 
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DECAY OF 1 J , E u . I 3 s E u AND DEFORMATION 
IN THE Sm REGION 

R. L. Mlekodajl B. D. Kern3 
G. A. Leander* K. S. Toth" 
R. A. Braga2 B. Gnade5 

I t has long been recognized that a region of 
permanently deformed nuclei exists In the region 
where Z and A are both between 50 and 82. This 
region, however, is located well away from the 
line of e-stabl l l ty with the centroid lying 
beyond the proton drip l ine . The recently 
developed UNISOR on-Hne thermal-ionization ion 
source7 capable of ef f ic ient ly ionizing the ele
ments in this region has been coupled with the 
favorable targets with Z from 40 to 47 \lr to 
Ag). This target/ion source system, together 
with good beams of 3 2 S , 3 5 C 1 , l , 8 T 1 , and I , 6 T i 
from the HHIRF, has led to the In i t iat ion of a 
program to study the unknown or l i t t l e known 
nuclei In this region. The specific experiments 
described here are the production of m E u and 
I 3 8 E u and the f i rs t observation of gamma rays 
from their decays. 

The 12 s h a l f - l i f e obtained for l J 8 E u from 
gamma rays agrees with a value obtained in an 
earlier reported analysis of X rays and a t t r ib 
uted to 1 3 8 E u . 8 The level scheme derived for 

Sm based on a complete analysis of the gamma-
gamma coincidence relaclonshlps 1s given in Fig. 
3.4. In addition, the 1 3 6 E u decay was Investi
gated for a brief time. Although no gamma lines 
could ... discerned 1n the singles data, the 
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'»s«. 

Fig. 3.4. Derived level scheme for 1 3 8 S « . 

256 keV (2+ • 0+ transit ion' In l"Sm) 1 1 n « " " 
observed In the total coincidence spectrum. 

In Fig. 3.5 the 2+ energies from this work, 
along with other known 2+ energies for even-even 
Sm Isotopes, are plotted along with the results 
of some theoretical predictions. The IBM2 
calculations were carried out as described by 
Scholten 1 0 using parameters for the light Sm 
isotopes derived from Puddu et a l . 1 1 The 

cranking calculations were made with the modi
f ied oscillator (Nilsson) single-particle model 
at the Strutinsky equilibrium deformations. BCS 
pairing was treated by the average gap method. 
The average gap was obtained by scaling the 
global formula of Jensen et a l . 1 2 The present 
cranking calculations are slight extensions and 
modifications of calculations by RagnXrsson 
et a l . 1 3 

The experimental points for l 3 8 Sm (N » 75) 
and m S m (N - 74) f a l l between the predictions 
of the two calculations. The trend of the 2+ 
energies shows a smooth rapid decrease out to 
N = 74. The 2+ energy at N • 72 as determined 
by Lister et a l . 9 is 163 keV, again within the 
range of the calculations, and continues the 
rapid decrease. The trend from N = 76 to 72 
appears more compatible with the recently pre
dicted ̂  large increase in deformation between 
these neutron numbers (lower branch of the 
dashed curve in Fig. 3.5) than with the smooth 
evolution of deformation obtained e a r l i e r 1 3 

(upper branch) and also suggested by the IBM2 
results. Final ly, we note that the theoretical 
2+ energies are higher for N < 82 than for N > 
82 , and this prediction is borne out by the 
data. 
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Fig. 3.5. Comparison of experimental data with 
cranking and IBM2 models. 
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MEASUREMENT OF THE ISOTOPE SHIFTS AND 

HYPERFIKE STRUCTURES OF 1 M - M * n AT THE 
UNISOit LASER FACILITY 

J. A. Bounds1 J. C. Griffin11 

C. R. Bingham P. Juncars 

H. K. Carter2 6. A. Leander2 

U. H. Falrbank, Jr. R, L. Mlekodaj2 

E. H. Spejewski2 

The laser facility on-line to the UNISOR 
separator was utilized to measure the atomic 
hyperfine structures and isotope shifts in a 
series of on-line produced light Tl isotopes In 
the range A =• 189-194. For each mass, the Iso
meric nuclear state was produced; 1n addition, 
the A » 193 ground state Mas populated suffi
ciently to be observed. Hass separated beam 
rates for the various Isotopes ranged from 
7 x lO1" to 3 x 10 s atoms per second. The atomic 
spectra Mere measured using the laser facility 
essentially as described earlier.* 

From the hyperfine structure, the magnetic 
dlpole moments were determined and, in several 
cases, the electric quadrupole moments Mere also 
deduced. In addition, the isotope shift of each 
mass was measured. An atomic isotope shift is 
composed of a mass shift related to the mass 
change of the nucleus, and a field shift which 
1s nearly proportional to the change 1n charge 
radius, «<r 2>, of a nucleus. We have Inter
preted the Tl atomic Isotope shift data in terms 
of nuclear deformation by fitting droplet model7 

predictions to the deduced field shifts. We 
normalized the a » 0 droplet mode' e<r 2> predlc-

207 
tlon to Tl, which, due to Its proximity to a 
doubly closed shell nucleus should have near-
zero deformation, and to 2 0 0 T 1 , which from the 
data has the greatest field shift per change In 
mass number relative to 2 0 7 T 1 . This done, 
deformations for the other isotopes may be 
deduced (see F1g. 3.6). If 2 0 0 T 1 In fact has a 
nonzero deformation, the droplet model lines 
would have steeper slopes and, thus, the defor
mation taken from Fig. 3.6 would represent mini
mum possible values. Regardless of absolute 
values, it is clear that for each nuclear spin 
the deformation Is Increasing 1n going away from 
the closed neutron shell at N - 126, Further-

m i»i ita 

-16 

Fig. 3.6. Field shifts In Tl with droplet 
model predictions. All errors are ± (< 120 MHz). 
Data for A < 193 are from the present work; 
results for A > are cited in Ref. 8. 

more, there Is a large isomer shift observed for 
A = 193, reflecting a considerable change In 
deformation In the Isomeric 9/2* nuclei relative 
to the 1/2+ ground state nuclei. 

A theoretical calculation was carried out to 
see if all of the observed features of the Tl 
Isotopes would emerge from the deformed shell 
model. Information on these calculations are 
reported by G. A. Leander In section 5 of this 
report. Briefly, the microscopic calculation 
has reproduced the minimum observed in ;he 
energy of the h9.2-1evels and the nearly con
stant band spadngs built on the h 9 / 2 states. 
Earlier, changing deformation could explain the 
minimum, but seemed to be ruled out by the 
nearly constant band tpadngs. The laser 
experimental results now show that deformation 
1s Indeed Increasing in going away from stabil
ity. The theoretical calculations reproduced 
all of the observed features by letting the 
neutron superfluid correlations also increase 
with decreasing neutron number, which compen
sates for the Increasing deformation's effect on 
the collective excitation energy. 
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SYSTEMATICA OF THE VERY NEUTRON 
DEFICIENT Au ISOTOPES 

J . L. Hood1 E. F. Zganjar 

The neutron def ic ient odd-mass Hg * Au decay 
schemes have been a major focal point of our 
e f for t to find new degrees of freedom in the 
low-energy spectra of nucle i . These studies, 
which extend from A - 185 to 195, have been done 
systematically in order to reveal the dependence 
of excitation modes on changing neutron number. 
Such systematic studies provide 3 a bridge between 
nuclei near the ^ - s t a b i l i t y l i n e , where detai led 
spectroscopic information is avai lable , and 
nuclei far from g - s t a b i l i t y . 

Two features make these decay schemes par t ic 
u la r ly a t t rac t i ve : F i r s t , a l l of the odd-mass 
Hg Isotopes have p-decaying high-spin Isomers 
(13/2) and low-spin ground states (1 /2 or 3 / 2 ) . 
Second, the spins of these states and of the 
corresponding Au ground states are known from 
atomic spectroscopic measurements. Consequent
l y , an extensive ranee of spin states (J « 1/2 
to 15/2) are populated and mult lpolar l ty Infor
mation can be used to f i x thei r spin values, 
thus prov4J?.-g an essential ly complete picture 
of the low-energy structure of the odd-mats Au 
Isotopes. Addit ional ly, because of the exten
sive high-spin population, i t is possible to 
have a large overlap of states seen In decay 
with those seen In-beam. 'n addition to early 
1n-beam experiments,1* recent 5 In-beam work on 
1 8 * A u has confirmed the assignments made in the 
radioactive decay studies. 

The recent extension of these systematic; for 
mass numbers 185 • 189 are shown In Figs. 3 .7 -
3 ,10 . These are a product of the unpublished 
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Fig. 3.10. Systematics of high-spin states 
associated with the h g / 2 intruder state. 

data, a thesis , 6 and the available publ ished 7 ' 1 1 

information. 
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A NEW CUSS OF LOW-ENERGY STRUCTURE AT CLOSED 
SHELLS: LEVELS IN I M - ^ ' A u 

E. F. Zganjar1 J . L. Wood2 

The mechanism of pair excitation across a 
shell gap to produce shape coexistence appears 
to be fa i r ly well established near closed 

shel ls . 3 The results of our studies* i s on 
the neutrop deficient n s - m a ^ , isotopes support 
this view. We believe that tie have observed 
four families of states which arise from the 
couplings associated with the h 9 / 2 intruder 

and 

18H,186pt [ 0 j , (2p-6h)] + , h , / 2 

I8%,186pt [0* , ( 4„ )1 + w h J / 2 , 

depicted in Fig. 3 .11, and the couplings 
associated with the h 1 1 / 2 hole states 

i86,i88Hg [ 0 j »(2h)] + w h 1 1 / 2 

and 
i86.i88Hg [o 2 ,(2p-4h)] + » h l l / 2 , 

depicted in Fig. 3.12. 
Transitions with strong E0 components feeding 

the h 9 / 2 and h u . 2 bands are interpreted as 
decays out of the h 9 / 2 and h{ x . ? bands which 
result froa the coupling of the h 9 / 2 and h j j . 2 

single proton configurations in the iB"»»nspt 
and i86,i88Hg cores, respectively. 

These Au Isotopes l i e in a most interesting 
region of shape coexistence where many different 
shapes are observed at low energies. Recent 1n-
beam work6 on 1 8 S Au suggests that these various 
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F1g. 3.11. Portions of the h 9 . 2 and h , . , 
bands in 185,187^U compared to the 0* and of 
( 0 + l ) bands In ">'».i«*Pt, The corresponding 
core-particle couplings are noted with dashed 
l ines. Only transitons w.th EO components are 
shown. 
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shapes are made up of both oblate and prolate 
structures which can be understood as arising 
from competition between close-lying K * 1/2 
(oblate) and K * 11/2 (prolate) states for 
h U / 2 ; and K * 1/2 (prolate) and K * 9/2 (oblate 
for h 9 . 2 ) . While the results of these studies 
are consistent with the explanation of shape 
coexistence based on the promotion of a pair of 
particles into an Intruder orb i ta l , additional 
experimental and theoretical work is needed to 
ful ly determine which mechanism gives rise to 
shape coexistence In the Z » 82 region. 
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SEARCH FOR BARELY BOUND HILTINEUTRON SYSTEMS 

R. L. Kozubl 

A preliminary search for bound clusters of 
four or five neutrons which may be produced in 
heavy-ion ructions at low center-of-mass ener
gies was conducted using the of f - l ine counting 
fac i l i t i es of UNISOR. A beam of 200-HeV S 0 T i 
bombarded a *Be target. The "reverse" kinema
t ics of this combination Is such as to force 
nost of the light reaction products to be 
emitted in the forward hemisphere. Adjacent to 
and downstream from the target were sufficient 
combined thicknesses of Ta and Al (~ 3 m each) 
to stop the beam and the most energetic tritons 
which could be created in the target. A large 
quantity (500 g) of 99.9991-pure MgO was placed 
outside the vacuum system just downstream from 
the target. I f clusters of neutrons were pro
duced and lived long enough (at least a few ns), 
some of them 'hould have Init iated reactions of 
the type 2 6Mg(An,A-? n) 2 8Mg(21 hr ) . 

After bombardment, activit ies from the MgO 
sample were recorded as a function of time using 
the TENNECOMP system at UNISOR and five Ge 
detectors. One of the detectors was Compton-
suppressed, but the sacrifice In overall 
counting statistics owing to the small solid 
angle proved to be greater than the gain in 
sensitivity with lower background. Thus, the 
most useful data were acquired with the four 
unsuppressed detectors. A key y-ray line is the 
one from decay ot the f i rs t excited state of 
2 8 5 f at 1779 keV, which would be populated even
tually by al l 2 8Mg $ decays. Although the 
Compton background from 2l*Na activity in the 
sample is large at the 1779-keV position in the 
spectra, the spectra are quite clean in this 
region. No evidence for a peak was observed, A 
detection threshold (one standard deviation) on 
the product of the cross sections for production 
of neutron clusters In the 9Be target a>td for 
the production of 2 8Mg Is conservatively e s t i 
mated to be - 100 nt>2, which would probably 
correspond to a bound multineutron production 
cross section of a few mb. It Is anticipated 



that the sensitivity can be improved by about 
two orders of Magnitude by Making several 
changes in the experiMent. These include longer 
bombardment times, thicker targets to degrade 
the beaa energy, different detection Materials, 
ar-j aore (at least six) Ge detectors for off
line counting. An experiment incorporating such 
improvements is planned. 

177 

The author appreciates contributions by TTU 
undergraduate students M. G. Prahovic, 
T. R. Campbell, and R. W. Tramel. 

1. Tennessee Technological University, 
Cookeville, Tennessee. 



4. EXPERIMENTAL ATOMIC PHYSICS 

The experimental atonic physics program within the Physics Division is carried 
out by two groups, w.ose reports are given in this section, wort of the accelerator 
atomic physics group is centered around the 6.5-MV EN tandem accelerator; conse
quently, most of its research is concerned with ator.ic processes occurring to, or 
initiated by, few HeV/nucleon heavy ions. Additional activities of this group con
cerns itself with lower energy atomic collision physics in support of the Fusion 
Energy Program. A new electron cyclotron resonance source of low-energy multiply 
charged ions is central to this activity, and some recent results obtained using 
this facility will be presented !:ere. In addition to these two activities in 
experimental atomic physics, other chapters of this report describe the progress in 
related activities of these groups in theoretical atomic physics experimental plasma 
diagnostic development, and atomic data center compilation. 

ATOMIC PHYSICS FOR FUSION PROGRAM 

THE ECR HULTICHARGED ION SOURCE 
F. W. Meyer J. W. Hale 

During the past year, performance of the ECR 
multicharged ion source has been optimized. The 
first stage of the ion source was redesigned to 
operate at 10.6 GHz in the electron cyclotron 
resonance mode. Microwave power to the first 
stage is obtained from the main 10.6 GHz supply 
providing power to the second stage by means of 
a low reflectivity variable power divider. 
Addition of this improved first stage has been 
found to significantly enhance stability of 
very-high-charge-state ion beams, and of ion 
beams of the lighter elements. In order to com
pensate for the lower magnetic field in the 
first stage relative to earlier over-dense 
operation, an auxiliary coil was added to the 
middle second-stage coil. 

In order to maximize axial field tuning 
capability, a third axial field coil supply was 
installed. In this new configuration, the cur
rents in all three axial field coils can be 
varied independently over a sufficiently wide 
range to find the optimum axial magnetic field 
profile. 

The capabilities of the ECR source were 
extended to metallic ion production by use of a 

solid sample feed technique. Using this tech
nique, a metallic vapor is created from a thin 
foil sample heated by insertion into the second 
stage plasma edge. The foil is clamped to the 
end of a lever arm that can be rotated about a 
pivot. Rotation of the sample into the plasma 
edge is achieved via a mechanical linkage to a 
linear motion feedthrough located on the micro
wave feedthrough flange. A 0.2-mn-thick sample 
of type 302 stainless steel sheet was used in 
this manner to obtain beams of Fe, Cr, and Ni 
ions. Charge states of iron up to 15+ were pro
duced with sufficient beam intensity for use in 
crossed beams experiments. 

Table 4.1 summarizes ion currents presently 
attainable with the ECR source for beams pro
duced from three representative permanent gases, 
as well as for iron beams produced by the solid 
feed technique described above. 

ION-ATOM MERGED BEAM EXPERIMENT 
C. C. Havener1 R. A. Phaneuf 

P. A. Schulz* 
Our objective is to measure the total elec

tron capture cross section .'or collisions of 
multicharged ions with H (or G) in the energy 
range of 1-500 eV/nucleon. At such low ener
gies, theoretical models remain essentially 
untested. In some multiply ionized systems, an 
orbiting mechanism 1s predicted to give very 
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Table 4 . 1 . Representative ORNL ECR source 
beam currents ( e l . jiA). 0 beam currents 
for 10 kV source voltage; Ar and Kr beam 

currents for 12 kV source voltage 
(15 * 15 mm charge analyzer s l i ts ) 

0 Ar Fe Kr 

•1 105 110 10 
+2 95 120 * 
+3 80 90 20 
K4 * 75 * 
•5 83 * 23 20 
4-6 50 65 25 25 
+7 2.5 73 * 26 
•8 0.1 105 * 27 
•9 45 20 33 
+10 * 10 31 
• 11 3.0 5 33 
•12 0.7 * 40 
•13 2 23 
T!4 * 21 
•15 0.5 10 
•16 
•17 1. 
+18 * 
+19 0, 

' indicates ra/q degeneracy with contaminant beam. 

large electron capture cross sections wi.h a 1/v 
velocity dependence. 

Details of the apparatus can be found else
where. 3 5-7 keV beams of D° have been success
ful ly merged with 30-40 keV beams of N 3 + in a 
76-cm-long ultrahigh vacuum merge path yielding 
center-of-mass energies of 4-70 eV/nucleon. A 
D" beam from a duoplasmatron ion source is 
photodetached using a 1.06-um Nd:YAG laser pro
ducing a highly colllmated beam of D°. A N 3 + 

beam was produced by the 0RNL-PIG ion source. 
Significant improvements in beam-line optics, 
vacuum, and noise reduction have led to the 
operating parameters presented in Table 4.2. 
The secondary electron emission coefficient, \, 
needed to calibrate the neutral Faraday cup can 
be experimentally determined In situ to a few 
percent. Signals In the D* detector (channel 
electron multiplier) resulting from beam-beam 
Interaction are measured above the background 
frcm beam-gas interactions by using a standard 
beam-modulation scheme to chop both the multi-
charged Ion and neutral beams, and to gate dual 
counters to record both signal-plus-background 

Table 4 .2 . Typical operating parameter* 

D" ieam: E = 4.00 keV, I(D") = 1.5 pA 
1(0°) = 13 nA, v * 0.59 t 0.02 

N 3 * beam: E = 36.0 keV, I ( N 3 + ) = 1.0 M* 

Center of mass tiergy: 35.9 eV/nucleon 
Merge path pressure: 2 * 10" 1 0 Torr (base) 

7 x 10" 1 0 Torr (w/bea«s) 
D + background rate due to D° stripping: 3 kHz 
Noise from N 3 + beam: 50 Hz 
Beam-beam signal: 120 Hz 
Average two-diaensional form factor: 2.5 cm" 2 

Time for s.d. of 101 on signal: 3 minutes 

and background events. The form-fact** is a 
measure of the two-dimensional beam-beam overlap 
and is measured at four positions along the 
merge path by two mechanical knife edge scanners 
and two commercial rotating wire scanners. The 
two rotating wire scanners provide a real time 
two-dimensional profile of the beams that has 
proved essential in tuning the 0° and N 3* beams 
to achieve a good overlap throughout the merge 
path. 

Extensive diagnostics have been performed o>> 
the beam-beam signal observed in the N 3* + H 
system. Horizontal and vertical scans of the 
signal indicate that all the signal is being 
collected. The signal was observed to he inde
pendent of the beam chopping frequency above 
500 Hz, indicating that beam-produced gas-
pressure modulation effects were being correctly 
subtracted from the background. However, since 
the N 3 + beam was obtained from the 0RNL-PIG ion 
source, measurements of the beam-beam overlap, 
signal, and diagnostics on the signal were not 
possible before the chiracterlsties of the N 3* 
beam changed. This Instability and the presence 
of an unknown admixture of metastables in the 
N 3" beam made meaningful measurements of a cross 
section impossible. 

The merged-beams experiment Is presently 
being installed on the new ORNL-ECR ion source. 
This source has produced Ion beams significantly 
more Intense and stable than the ORNL-PIG Ion 
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source and In considerably higher charge star.es. 
This wi l l allow Measurements of more interesting 
systems, e . g . , 0 s * and C 3 * , which are L i - l ike 
and contain no Betastables to compliccte com
parisons between theory and experiment. 

1 . ORAU Postdoctoral Research Associate. 
2 . ORAU Simmer Faculty Research Participant, 

Georgia Institute of Technology, Atlanta. 
3 . Abstracts of Contributed Papers of XIV 

IntemaTlonal Conference on the Physics of 
Electronic and Atomic Collisions, p. 662, Ju'y 
1985, Palo Alto, California. 

ELECTRON-IMPACT IONIZATION OF 
HULTICHARGED IRON IONS* 

0. C. Gregory 
F. W. Meyer 

A. Wi l ie r 2 

P. Oefranee1 

Electron-impact ionization cross section 
measurements have been made for a number of 
multicharged ircn Ions as part of our continuing 
work in support of the fusion energy program. 
In addition to its astrophysicai significance, 
iron is expected to be a contaminant in any 
laboratory plasma contained fn a stainless steel 

vessel, so I t Is one of the cr i t ical elements 
for which atomic collision cross sections are 
needed in order to model plasmas and to inter
pret diagnostics. The only data available for 
ionization of iron ions are crossed-beams mea
surements for Fe* ( re f . 4 ) , Fe 2 * (measured at 
0RNL s), and rate coefficient measurements6 for 
F e 8 + - F e 1 0 * (which are considered to have rather 
large absolute uncertainties). The development 
of the new ORNL ECR ion source and recent 
improvements in our experimental apparatus have 
made i t possible to extend ionization measure
ments to higher charge states. 

The experiaental apparatus is shown in 
Fig. 4 . 1 . After entering the ultrahigh vacuum 
chamber, the incident ion beam is e lectrostat i 
cal ly analyzed in the charge pur i f ier . The beam 
then passes through the interaction region where 
i t is crossed at 90 s by a magneticclly-conflned 
electron beam of variabl* energy. Tht ions are 
separate*! by charge state In (he post-coll if. ion 
analyzing magnet, and the Ionized »ij>~.:! ions 
are counted in a channeltron detector while the 
parent ion beam current is measured in one of 
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Fig. 4 . 1 . The ORNL electron-Ion crossed beams apparatus. 
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two novable cups. The apparatus is capable of 
resolving parent/product ion charge ratios in 
the range 5/6 to 15/16. 

In the present study, absolute cross sections 
for electron-impact ionization of Fe 5 + , Fe s*, 
and Fe** wera Measured as a function of electron 
energy. Fe 5 + and F; 6 + cross sections are about 
twice that predicted for direct ionization by 
distorted-ittve theory.7 Concurrent work on 
indirect ionization theory for these ions8 

attributes the difference to the process of 
electron-impact excitation of the target ions to 
autoionizing levels, and good agr..>ment is found 
betwear. theory and experiment when these 
excitatlon-autoionization contributions are 
included. The outstanding feature of the Fe** 
cross section curve is that the ionization onset 
is observed 50 eV below the energy expected for 
the ground state ion, indicating a large meta-
stable component in the target ion beam coning 
from the ECR ion source. The presence of a 
large number of highly excited metastases in 
Fe** is therefore predicted to be found in many 
plasmas containing Fe contaminants. 

The rate coefficients for ionization of all 
Iron ions for which crossed beams data exist are 
summarized in Fig. 4.2. It is clear that the 
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1000 

kT («V) 

F1g. 4.2. Rate coefficients for electron 
Impact Ionization of Fe Ions. The curves are 
calculated from cross section measurements 
(referenced In the text), and the two points are 
rate measurements for Fe' + (ref. 6). 

earlier rate-coefficient measurements for Fe** 
were correct in slope but a factor of three low 
in magnitude. We expect to extend our studies 
of iron ions to even higher charge states and to 
include other metal ions of interest to the 
fusion community. 

1. Summary of paper to be submitted for 
publication. 

2. Joint Institute for Laboratory 
Astrophysics, Boulder, Colorado, on leave from 
Justus-Llebig Unlversitat, Giessen, west 
Germany. 

3. Universite Cathollque, Louvain-la-Neuve, 
Belgium. 

4. R. G. Montague, M. J. Diserens, and 
M.F.A. Harrison, J. Pfcys. 8 17, 2085 ( » » ) . 

5. 0. W. Mueller et a l . , Phys. Rev. A 31, 
2905 (1985). 

6 . R. L. Brooks, R. U. Datla , A. D. 
Krumbein, and Hans R. Sriem, Phys. Rev. A 2 1 , 
1387 (1980) . 

7. S. M. Younger, Atomic Data for Fusion 
(Bulletin of the Controlled Fusie.i Atomic Data 
Center - ORHL) 7, 190 (1981). 

8. See C. Bottcher, M. S. Pindzola, and 
D. C. Griffin, Chapter 5 of this report. 

ELECTRON-IMPACT DISSOCIATION OF Hfi*1 

P. A. Schulz* 
0. C. Gregory 

F. H. Meyer 
R. A. Phaneuf 

Electron-impact dissociative recombination 
(e" + AB"1- • A + 8) has long been recognized as 
an important process at electron energies of a 
few eV and below In astrophysical plasmas and In 
other areas of research such as exdmer laser 
development. The competing process of '.iectron-
impact dissociation (e* + AB* * A* + 3 • e ' ) , 
however, generally has a larger cross section at 
energies above 5 eV and has received relatively 
l i t t l e attention. The present study of disso
ciation of H30* was undertaken to determine the 
absolute cross sections for the various disso
ciation channels and to determine, if possible, 
the mechanisms leading to dissociation. The 
cross sections for dissociation of HjO* due to 
collisions with background gas have also been 
determined. 

The apparatus used In this experiment Is 
exactly the same as that described In the pre
vious section. The post-collision magnetic 
charge analyzer can also serve as a mass ana
lyzer so that no modifications were necessary. 
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Hfi* (and DjO+) ions Mere produced in the f i r s t 
stage of the ORNL ECU ion source, then Mere 
allowed to d.-'ft through the second stage of the 
ion source before being accelerated. For this 
application, the second stage was used only as a 
d r i f t section to transport the H3O* ions to the 
extraction region ( i . e . , no Microwave power was 
applied). Since the transit tiwe through the 
second stage (~ Msec) was long compare*! to the 
excited vibrational-state lifetimes of the ions, 
the target ion beam was probably quite "cold" in 
the collision region. This important feature of 
the ECR ion source May Make i t an unexpectedly 
valuable source for experiments involving 
Molecular Ions. 

Cross sections for the process of dissocia
tion of the 5-kV H3O+ ions in collision with 
residual gas in the target region were estimated 
from the background count rate In the signal 
detector The cross sections for the t<>ss1ble 
dissociation products are 3 x 1 0 " 1 B cm2 for 0 * , 
4 x 1 0 " 1 7 cm2 for 0H+, and 7 x N T 1 * cm2 for 
O ^ * . The exact composition of the residual gas 
Is not known, but is most l ikely a combination 
of N2, H2, and CO. These effective cross sec
tions are based on a number of assumptions, but 
are ainost certainly accurate within a factor of 
4. The relative magnitudes of the cross sec
tions are more accurate, and I t is somewhat 
surprising that roughly an order of magnitude 
separates the relative probabilities of cisso-
clation Into each of the channels. 

Electron-Impact dissociation of H3O+ yields 
0 + , 0H + , and H2O+ products. Since the apparatus 
was not able to adequately separate HjO* from 
H3O*, the production of DjO* from target D3O* 
Ions was studied in Its place. This reaction is 
assumed to have the same cross section as that 
producing HjO*. 

The cross sections for electron-Impact disso
ciation of H30* to produce 0* as a function of 
energy are shown in F1g. 4 .3 . The threshold Is 
observed near 18 eV, which Is consistent with 
the estimated onset of this dissociation channel 
from the ground vibrational state of H3O*. The 
cross section rises sharply at the threshold, 
then continues to rise gradually to a peak of 
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Fig. 4 .3 . Cross sections for electron impact 
dissociation of H 3 0 + to 0+. 

8 x 1 0 * I 8 c« 2 at about 150 eV. The gradual rise 
is characteristic of an ionization process, and 
we conclude that this dissociation channel is 
fed predominantly by ionization of H3O*. The 
cross section curve for production of OH* from 
HjO* is shown In Fig. 4.4. The threshold is 
between 14 and 17 eV and, in contrast to 0* , the 
maximum cross section of 45 x i o - 1 8 cm2 is 
observed at threshold. This energy dependence 
(maximum cross section at threshold) Is charac
ter is t ic of excitation of Ions, and we conclude 
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that the dominant channel for production of OH* 
is through excitation of H3O*. The cross se;-
tion for production of D2O* fro* D3O* Is not 
stown here. Due to the high rate of DjO* pro
duction through collisions of the target ions 
with residual gas, high background count rates 
made the accuaulation of signal statistics dif
ficult at low energies, and noraal diagnostic 
measurements even more difficult. The peak 
cross section for this dissociation channel is 
about 70 » 10~ 1 8 an 2 , but we were unable to 
extend measurements to low energies with suf
ficient accuracy to determine i f the disso
ciation is produced through crcitation or 
Ionization of the parent D3O* ion. 

This initial study of electron impact disso
ciation of Molecular ions has opened a new field 
of research for our laboratory. Future studies 
will include ionization or dissociation of ions 
of interest In laser development or astrophysi-
cal studies 

1. Sumary of paper to be submitted for 
publication. 

2. OKAU Summer Faculty Research Participant, 
Georgia Institute of Technology, Atlanta. 

ELECTRON-IMPACT IONIZATION OF LI-LIKE 
MULTICHARGED IONS' 

D. H. Crandall2 D. W. Mueller1* 
R. A. Phaneuf T. J. Morgans 

0. C. Gregory 6. H. Dunn* 
A. M. Howald3 R.J.N. Henry6 

Measurements of electron-Impact ionization 
of ions are of general Interest because of the 
uncertain state of basic collision theory as 
applied to Ionization and because of the Impor
tant role of ionization In laboratory and astro-
physical plasmas. In recent years, we have 
provided accurate experimental data from 
crossed-beams experiments along a number of 1so-
electronic sequences in order to test theoreti
cal approaches In a consistent manner, and to 
establish a database of results for Ionization 
of multlcharged 1ons.7»* The present results 
for B2* and 0** complete a series of experiments 
on ionization of L1-11';e Ions for the first five 
Ions of the isoelectronlc sequence. Because of 

the absence of metastable ions in the *ams, 
simple electronic structure, and prominence of 
emission lines from plasmas, the lithium 
sequence is a prime candidate for extensive 
study by experiment and theory. These measure
ments also provide a reasonable basis for 
extrapolation of the predicted magnitude of 
indirect ionization effects to higher members 
of this sequence. 

The first measurements9 on ionization of 
Li-like ions C 3 *, N*+. and 0 s * provided a mild 
surprise in that inner-shell excitation followed 
by autoionization produced - measurable contri
bution to the ionization cross section. 
Subsequent calculations1 0 showed that almost al l 
of the inner-shell excited states of these ions 
would decay by autoionlzation rather than by 
radiative stabilization and that the calculated 
inner-shell excitation cross sections were 
roughly appropriate for the observed structure 
in the ionization cross sections. However, 
trends in the experimental data indicated that 
the relative Importance of excitation-
autoionization Increased more rapidly with Ionic 
charge than predicted by theory. 1 1 In addition 
to the basic questions raised about collision 
physics, this discrepancy Implied significant 
uncertainty for even the most refined predic
tions of ionization and excitation rates for 
other, more highly charged Ions of this sequence 
(e.g. , Fe 2 3 * , which Is important In analyzing 
high temperature plasmas of fusion and astro-
physlca'. Interest). 

The present studies were undertaken 1i an 
attempt to ciarify the scaling of cxcltatlon-
autolonizatlon effects 1n multiply charged 
Li-like Ions. In the six years since the publi
cation of the original data, a number of 
Improved calculations of both excitation and 
direct ionization have been published, as well 
as experimental data 1 2 for Be*. He have added 
measurements for Ionization of B2* (previously 
unmeasured) and have remeasured the 0 s * system 
which was significantly larger than theory In 
the previous analysis. Sophisticated distorted-
wave calculations13 for direct Ionization have 
been taken as a basis for extraction of the 



excitation cross sections from the total ioniza
tion Measurements for each member of the iso-
electronic sequence fro* Be* through 0 5 * . 

The experiaental technique and apparatus have 
beer described.1* The B 2* measurements used the 
ORNL-PIG ion source, while the latest 0 s * 
results were obtained with the new ORNL ECU ion 
source. In both cases the ixperiments were 
pursued with the highest level of precision in 
the energy regions where the excitation thresh
old occurs. Absolute uncertainty in the overall 
Magnitude of tt» cross section curve was about 
±8% of the peak cross section at good confidence 
level, while the relative uncertainty in the 
excitation threshold region is considerably 
less. The B2* measurements are in reasonably 
goor" agreement with distorted-wav alculations 
of Younger,13 both In shape and in magnitude 
(experiaental results are consistently 10% 
higher than theory). 0 s * .aeasurements are in 
excellent agreement with the distorted-wave 
results up to about 400 eV, where the cross sec
tion suddenly increases by about 7%. Independent 
measurement'..15 corroborate the existence of this 
feature, although the physical process causing 
I t is st i l l unidentified. 

The extracted total excitation cross sections 
(obtained by subtracting Younger's direct ioni
zation prediction - scaled where appropriate -
from the total measurements) for each of the 
Li-like ions studied to date are presented in 
Table 4.3. The ratios of these deduced excita
tion cross sections to six-state close-coupling 
calculations o* tot si excitation are also 
included in the table, and the agreement is seen 

Table 4.3. Excitation cross sections 
for Li-like ions (10" 1 ' a* 2) 

Ion Six-State Presently Ratio 
Close-Coupling Deduced (Expt./Theory) 

Theory Experiment 

Be + 9.3 20 • 8 2.1 
B 2* 4.1 4.0 + 1.0 1.0 
C*+ 2.24 2.3 • 0.7 1.0 
H * 1.27 1.6 + 0.4 1.3 
05* 0.74 0.9 • 0.3 1.2 

to be excellent for all members of the isoelec-
tronic sequence except Be*. The reason for this 
agreement, as opposed to the aarked disagreement 
of previous analyses, is twofold. First, an 
error in the distorted-wave ionization calcula
tions used as a basis for obtaining the excita
tion cross sections has recently been corrected, 
oroducifH) *'ch aore accurate estiaates of the 
direct ionization component for each of the 
ions. Second, the new 0 5 + results indicate a 
srsller indirect ionization component than the 
previous measurements. It is felt that the new 
data are aore accurate and precise than the pre
vious results due to the Improved beam intensity 
and stability obtained with the new ion source. 
The only remaining discrepancy between theory 
and experiment for excitation In this Isoelec-
tronic sequence is found in the lowest charge-
state ion of the sequence. Additional 
comparisons between theory and experiment for 
selected highly charged Li-like ions will be 
necessary, however, to assure the accuracy of 
scaled cross sections many charge states further 
along the isoelectronic sequence. 
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ELECTRON-IMPACT IONIZATION OF Mg-UKE IONS1 

A. M. Howald2 R. A. Phaneuf 
D. C. Gregory A. H i t l e r 3 

F. M. Meyer N. Ojuric 3 

G. H. Dunn3 

The implementation of the ECR multlcharged 
Ion source provided an opportunity to extend our 
systematic studies of coll ision processes along 
Ionic sequences. The f i r s t intersecting-beams 
experiments Involved cross-section Measurements 
for electron-impact ionization of three ions in 
the Hg-isoeleccronlc sequence: S**, C I 5 * , and 
Ar 6 * . These experiments were performed in col
laboration with the JILA group led by G. H. 
Dunn, which had previously made measurements 
for A l * , the f i r s t member of the sequence. 

The electron-ion crossed-beams apparatus arc* 
experimental technique have been described in 
detail in previous reports.1* The experimental 
total slngle-ionlzation cross section measure
ments are compared in Fig. 4.5 to scaled 
Coulomb-Born calculations 5 for direct ioniza
t ion , and also to the predictions of the Lotz 
semiempirical formula. 6 The changes In slope 
of the cross sections at electron energies near 
170, 190, and <20 eV for S**, C I 5 * , and Ar 6 * , 
respectively, are signatures of the onset of 
2p-nl inner-shell excitat ion, followed by 
autolonization. This Indirect excitation-
autoionization mechanism (EA) contributes a 
relatively larger fraction to the total ioniza
tion cross section as the Ionic charge increases 
along the sequence. Detailed distorted-wave 
theoretical calculations of this process have 
been performed for these 1ons by Pindzola, 
Gr i f f in , and Bottcher, and are summarized in 
Chapter 5 of this report. 

A number of Interesting features emerge from 
a detailed analysis of the data. F i rs t , the 
experimental Ionization onsets are lower than 
the ionization potentials of the 2p 6 3s 2 ground 
state, Indicating that a significant fraction 
of the Incident Mg-ilke ions are in metastable 
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levels of the 2p63s3p configuration. Second, 
the single-ionization cross sections show con
tributions due to direct 2p inner-shell ioniza
tion. The 2p-vacancy state is predicted to 
decay alaost completely by autoionization, in 
which case 2p ionization would contribute to 
double rather than single ionization. This was 
perplexing, until it was realized that removal 
of a 2p electron fro* a metastable 2p63s3p «g-
like ion produces a Na-like ion in the 2p53s3p 
configuration, in which Many of the levels are 
also netastable with lifetimes against both 
radiative and Auger decay of tens of Micro
seconds or longer.7 Such times are longer than 
flight times in the apparatus. This realization 
also has allowed us to resolve so*e outstanding 
issues relative to earlier experiments on Na-
like ions, which were characterized by large 
autoionizing backgrounds. The apparently 
nlssing contribution of the 2p-3p EA contribu
tion to single ionization of Na-like Al 2 * 
(ref. 8) may be attributed to metastability of 
the 2p53s3p levels. 

Low-lying metastable levels clearly play 
Important roles in the state dynamics of many 
high-temperature plasmas. Such levels nay well 
account for unresolved discrepancies between 
predictions and recent measurements on Ne-like 
ions in X-ray laser plasmas.9 
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MULTICHARGED ION - SURFACE SCATTcRING 
AT GRAZING INCIDENCE 

F. U. Meyer W. Hell and2 

C. C. Havener1 S. Overbury3 

D. Zehner1* 

In an experiment designed to investigate the 
feasibility of studying the ion-surface inter
actions using the ORNL ECR multicharged ion 
source, we have measured the energy distribu
tions of secondary electrons produced during 
collisions of H-like and He-like light ions with 
a gold surface at grazing incidence. The study 
of multich?.r<jed ion-surface interactions is of 
considerable current interest, in large part due 
to the significant neutralization potential 
energy that the multicharged projectiles carry 
into the collision. Experiments studying the 
reflected ior charge state distributions and the 
secondary electron emission coefficients for col
lisions with W surfaces have been reported.5*6 

The present experiment is the first to our 
knowledge to investigate the energy distribu
tions of secondary electrons produced during 
multicharged ion-surface collisions. 

Beams of N 5 + , N s*. 06+, and 0 7 * were produced 
by the ORNL ECR ion source at 10 kV source 
potential. After charge selection and bean 
collimatfoR, the ions were made incident at 5s 

on the (110) surface of a gold single crystal 
mounted in an ultrahigh vacuum chamber equipped 
with a 4-grid low energy electron diffraction 
(LEED) system. The condition of the surface of 
the Au crystal was determined by the use of 
electron-induced Auger spectroscopy and the 
observation of LEED patterns. In addition, the 
energy distributions of the multicharged-lon-
Induced secondary electrons were obtained by 
using the LEEP grids in the retarding field mode 
and numerically differentiating the transmitted 
secondary electron current vs retarding voltage 
curves. 

Figures 4.6 and 4.7 show the secondary elec
tron spectra observed for N 6 + and 0 7 + Incident 
projectiles. Both spectra show two peaks super-
Imposed on a "kinetic emission" background 
having a monotonlc energy dependence. The 
higher energy peaks at -350 eV and -480 eV in 
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t a l " width Introduced by numerical di f ferentia
t ion ) . 

the case of the H6* and O 7 * induced spectre, 
respectively, are believed to be associated wl'.h 
Auger decay of the K-shell vacancy In the H-Hke 
projecti le via electrons In highly excited 
states. These high-lying states are populated 
during the collision by resonance neutralization 
from the valence band of the solid. The lower 
energy peaks at -250 eV occur at the same energy 
1ii both spectra and are believed to be asso
ciated with Auger decay of a target-atom Inner-
shell vacancy created during the col l is ion. 

Secondary-electron spectra were obtained both 
for the case of a "clean" surface that was 
etched by a 10-keV A r 1 + beam and subsequently 
annealed, and for the case of a "dirty" surface 
that had just previously jeen exposed to atmo
sphere. The "clean" surface was characterized 
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Fig. 4 .7 . 0 7 + Incident on Au at 5»: 
description of curves same as Klg. 4.6. 

as having less than 20% of a monolayer of C sur
face contamination. The spectra acquired under 
the two surface conditions were Indistinguish
able. 

Secondary-electron spectra were also measured 
for N 5 * and 0 6 + Incident projecti les, whose 
ground-state configurations have f i l l e d K-shells. 
Although the lat ter spectra were dominated by 
the "kinetic emission" background, the same 
peaks as were observed for the H-Ilke Incident 
Ions could be discerned, albeit greatly reduced 
I n size. These spectra Indicate that a small 
fraction of the He-like Ions extracted from the 
ECR source »re created In ls2s metastable 
states. Since these metastable Ions necessarily 
have K-shell vacancies, the secondary electrons 
they produce during surface collisions manifest 
the same Auger peaks as were observed for the 
H-IIke Ions. 
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Further work 1: planned to determine the 
extent to which 1on-1nduced secondary electron 
spectroscopy nay be used as a quantitative tool 
for studying the aetastable content of Ion 
beaas, as well as to study in greater detail the 
mechanisms underlying ion neutralization and 
secondary electron emission during multicharged 
ion-surface interactions. 

1. ORAU Postdoctoral Research Associate. 
2. Vanderbilt University, permanent address: 

Osnabruck Universitat, Osnabruck, Federal 
Republic of Germany. 

3. Chemistry Division , ORNL. 
4. Solid State Division, ORNL. 
5. S. T. de Zwart, T. r. led, U. Jell en, 

A. L. Boers, and A. 6. Orentje, J. Phys. B 18, 
1623 (1985). 

6. N. Delaunay, S. Dousson, and R. Geller, 
Proc. XIV ICPEAC, Palo Alto, July 23-31, 1985, 
p. «77. 

ACCELERATOR-BASED ATOMIC PHYSICS 

kESONANT COHERENT EXCITATION OF 0 7 + , F 8 <, AND 
C 5 * IN THE <100> AXIAL CHANNEL IN GOLD 
P. D. Miller H. F. Krause 
J. A. Biggerstaff 0. H. Crawford2 

S. Datz P. F. Dittner 
J. Gomez del Campo C. 0. Moak 
N. Neskovic1 M. D. Brown'' 

P. L. Pepmiller 

When an ion moves along an axial channel in a 
crystal 1t interacts with the static periodic 
potential arising from the lattice, and it 
Interacts dynamically with the wlence and con
ducts., electrons in the channel. An lot with 
several MeV/nucleon energy has sufficient momen
tum that its motion within the channel can be 
treated classically. For a thin enough crystal, 
the impulse approximation may be used. The dyna
mic interaction results in a primarily longitu
dinal force acting on the ion, and this braking 
force we call the electronic stopping power in 
the channel. This interaction is dependent on 
both velocity and electron density, and through 
this density dependence it varies with impact 
parameter. The static periodic potential may be 
Fourier analyzed, 1n thr frame of the moving 
Ion, into an average value and a series of har
monics of the fundamental string frequency v/d, 

where v is the velocity of the projectile, and d 
is the spacing of the atoms within the strings 
bounding the channel. The negative gradient of 
the average value of this static potential gives 
the transverse force acting on the ion. The 
action of this impact parameter dependent iorce 
is responsible for the rainbow scattering 
reported in the previous contribution.** 

The Hamiltonian of an electron bound to the 
projectile ion can be written as 5 

H = Ho + V s(x,y) + V o s c(x,y,t). (1) 

H0 is the hydrogenic Hamiltonian; Vs(x,y) is the 
tine average of the crystal static potential 
plus a potential equivalent to the dynamic 
stopping field; and V o s c (x ,y , t ) can be repre
sented as a Fourier series of potentials having 
frequencies Kv/d. Resonant coherent excitation 
(RCE) of the ions may occur when the frequency 
of one of these components of V o s c (x ,y , t ) is 
close to a transition energy in the ion divided 
by Planck's constant. For the case where a one-
electron ion may be excited to the n •- 2 excited 
states, electric fields derived from Vs (x,y) 
act on the projectile electron to remove the 
degeneracy and Stark shift and split the n = 2 
manifold into four states. 

RCE has been observed for a number of one-
and two-electron light Ions 1n several axial and 
planar channels in gild and silver crystals. 6- 8 

Ma:iy of these resonances exhibited complex 
shapes, but the theoretical interpretation of 
the details of these splittings and asymmetries 
were not entirely clear. 5 The origins of these 
features of the resonances might be clarified by 
higher energy experiments since the energy 
losses in ĥe crystal would be smaller. 

Beams of the one-electron Ions C 5 + , 0 / + , and 
F 8 + were furnished by the Hoiffield Heavy Ion 
Research Facility (HHIRF) tandem accelerator. 
ColHmatlon 1n front of the crystal assured a 
maximum beam divergence of «10-"* rad. The gold 
crystal wis 1600 A thick along the <100> axial 
channel. Charge states of the Ions leaving the 
c-ystal were electrostatically analyzed. The 
acceptance of the analyzer was 0.3 mrad. Each 
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resonance Mas scanned twice, with the crystal 
alignment being renavigated between the scans. 
In all three cases the two scans were 
indistinguishable. 

The fundamental (K = 1) resonance for C 5 + 

would occur at an energy, E r, of 81.634 NeV in 
the absence of any Stark shift of the n = 2 
states. Figure 4.8 shows the observed surviving 
fraction of C 5 + ions as a function of proiectile 
velocity divided by the velocity at E = E r. The 
resonance is extremely broad and very deep com
pared to resonances previously observed at lower 
energies. 6 - 8 This large strength indicates that 
power broadening should be considered in any 
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Fig. 4.8. Surviving fraction of C 5 + ions 
transmitted through a 1600 * gold crystal 1n the 
<100> axial channel. The Is • 2p unperturbed 
transition energy 1s 13.506 Hartrees, 
corresponding to a projectile energy of 81.634 
MeV for a K « 1 resonance. The fraction Is 
given versus the velocity of the projectile 
divided by the velocity at resonance for the 
unperturbed state. The results of two different 
velocity scans are Indicated by the closed and 
open circles. 

theoretical attempt to calculate transition 
probabilities. Statistical errors are com
parable to the sizes of the circles. 

The K = 2 resonance for F 8 + is shown in 
Fig. 4.9. The data are characterized by a very 
narrow dip (FWHM = .0037 v/v r) located zi. 
"/v r = 0.9985 superimposed on a much broader 
asymmetric structure centered at about 
v/v r = 0.98. The K = 2 resonance for 0 7 + is not 
shown, but it is very similar to Fig. 4.9 except 
that the narrow dip is about 601 wider. These 
resonances are qualitatively different from the 
K 2 resonances reported for C 5 + and N 6*. 7 

The experimental data were compared to Monte 
Carlo calculations using a procedure developed 
by Neskovlc9 which utilizes the following 
approximations: For the calculation of the ion 
trajectory and the energy levels of the n = 2 
states of the ion, we consider only the time 
average of the perturbing potentials V s(x,y). To 
determine the Ion trajectory, an impact param
eter is chosen, and the scattering angles 9x 
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turbed transition energy Is 30.40 Hartrees, 
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and 6 V are calculated in the impulse approxima
tion using the Lindhard p o t e n t i a l . 1 0 The 
acceptability of the impact parameter was tested 
by requiring that the nearest approach of the 
ion to a string be greater than a screening 
length, and by requiring that the scattering 
angles l i e within the acceptance of the charge 
state analyzer. For trajectories passing these 
tests, the electronic energy levels for the 
n = 2 states were calculated using the entire 
tine-independent part of the perturbation 
Vs(x,y). The dynamic part of the pert-jrbation 
was treated according to the formalism of 
Neufeld and R i tch ie . 1 1 The positions of each 
of the four n = 2 states were tr^n histogrammed 
far a l l acceptable impact parameters. 

Figures 4.10 and 4.11 show the results of the 
Monte Carlo calculations *nd a qualitative com

parison with experiment for two K = 2 reso
nances. The experimental data in Fig. 4.10a, 
N 6 + , sre " ken from Moak et a l . ' For comparison 
with t... alculations, the bare ion fraction is 
shown instead of the surviving one-electron 
fract ion. The Monte Carlo calculations are 
shown only at a projecti le energy E r since there 
is very l i t t l e change in the histogrammed state 
energies in scanning the projectile energy 
across the resonances. The four calculated 
transition energies correspond to the four Stark 
shifted members of the n = 2 manifold. 

Several features of Figs. 4.10 and 4.11 
should be noted: (1) In both cases the low-
energy t a i l of the resonance is given by state 
1 , and the low-energy part of state 2. (2) The 
low-energy peak in the nitrogen data and the 
sharp peak in the fluorine data result from the 
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F1g. 4.10(a). Bare Ion,fraction leaving a 
1450 A gold crystal for N b + ions incident 1n 
the <100> direction. The excitation energy is 
given by E - hKv/d. The harmonic number 1s 
K • 2. (b) Monte Carlo calculations of the four 
trajectory-dependent, Stark shifted transition 
energies of the projectile electronic states. 
1000 trajectories were followed and the results 
were histogrammed 1n 0.01 Hartree bins. 

Fig. 4.11(a). Bare Ion fraction leaving a 
1600 A gold crystal for F 8 + Ions Incident 1n the 
<100> direction. The excitation energy is given 
by E » hKv/d. The harmonic number 1s K«2. (b) 
Monte Carlo calculations of the four trajectory-
dependent, Stark shifted transition energies of 
the projectile electronic states. 1000 trajec
tories were followed and the results were 
histogrammed In 0.01 Hartree bins. 
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nearly degenerate states 2 and 3. (3) It is par
ticularly interesting to note that state 4 is 
quite sharp for the 44.16-NeV N b + ions, but it 
Is broader for the 163.6-MeV F 8+ ions. This 
phenomenon is quite reasonable, considering the 
behavior of the energy of the highest energy 
member of the n = 1 to n = 2 manifold as a func
tion of the Stark field [e.g., ref.12]. The 
energy of this state versus electric field goes 
through a maximum. The Stark field acting on 
44.16-MeV N 6 + ions is much larger due to their 
lower projectile velocity; the transition energy 
of the uppermost state is near the maximum, and 
hence nearly constant as a function of electric 
field. In contrast, the energy of the uppermost 
state of the 163.6-NeV F 8 + ions varies rapidly 
with the weaker Stark fields corresponding to 
different trajectories in the channel leading to 
a broader distribution of histogrammed state 
energies. One may speculate that this dif
ference might accourt for the absence of the 
second peak in the flourine data, but a definite 
conclusion can be reached only by comparing with 
calculations of the transition probabilities 
using the time dependent part of the pertur
bation V o s c(x,y,t). (4) The origin of the 
splitting of states 1 and 2 into a high-energy 
group and a low-energy group in the Monte Carlo 
calculations was Investigated. For our accep
tance solid angle of 0.3 mrad, the acceptable 
region of impact parameter space was mapped. 
Seventy percent of the acceptable trajectories 
originate near the center of the channel where 
the electron density Is low and deflections are 
small. The second region producing small deflec
tions lies near the bisector of a line con
necting two adjacent strings. Since the 
electron density 1s much higher In this region, 
larger Stark shifts are produced, and projec
tiles having these Impact parameters are In the 
lower energy group of state 1. The oscillating 
fields 1n this second region are stronger, since 
the ions are nearer to strings, so we , fght 
expect that the transition probabilities would 
be larger than for those ions near the center of 
the channel.5 Similar calculations and com
parisons have been made for the case of the 
K » 1 resonance of C 5 + . 1 3 

In order to quantitatively understand RCE, it 
will certainly be necessary to calculate the 
transition probabilities as a function of pro
jectile velocity using the time dependent por
tion of the interaction Hamiltonlan. It will 
also be necessary to include trajectory depen
dent multiple scattering. Fitting the strength 
of the experimentally observed resonances and 
the background shape of the charge state frac
tions on each side of the resonances will 
require the use of the electron impact ioniza
tion cross sections for both the ground state 
and the n = 2 states of the projectile. For 
example, if the electron density calculated from 
the Lindhard potential 1 0 is used with the 
electron Impact ionization theory of Golden and 
Sampson1'' to calculate the mean free paths 
(HFP's) of 163.6-Mev F 8 + ions in the gold <100> 
channel, the Is ground state varies from 4500 to 
14,000 A, depending on impact parameter, while 
the MFP for ionization of the n = 2 states 
varies from 800 to 2400 A. These distances are 
comparable to the thickness of our channeling 
crystal. It would be particularly interesting 
to investigate experimentally and theoretically 
how the different regions of scattering angle 
space, corresponding to different regions of 
impact parameter space, contribute to RCE. 
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THE RAINBOW EFFECT IN AXIAL ION-CHANNELING 

H. F. Krause 
S. Datz 
P. F. Dittner 
J . Gomez del Campo 

P. D. Mil ler 
C. D. Moak 
N. Neskovic1 

P. L. Pepmiller 

In a previous report , 2 wc liscussed a study 
of the angular scattering distributions produced 
in axial channeling when incident protons 
(7 MeV) are well aligned to the axial direction 
of a thin silicon crystal (1400 * ) . Measured 
angular distributions obtained in the <100> and 
<110> directions using a two-dimensional (2-D) 
position-sensitive detector (resolution <0.015°) 
were interprat-^u by comparison with Monte Carlo 
trajectory calculations for these channel" in 
the momentum approximation. The measured 
angular distributions showed patterns in two 
dimensions which were in oood agreement with 
the calculations. The patterns depend on the 
location of atomic strings and the nature of 
the interatomic interactions. We believed 
that the general shape and structure In the 
angular contour maps for each channel might be 
a consequence of extrema in the 2-D classical 
deflection functions via a rainbow effect 
(analogous to the peaking of light flux scat
tered from water droplets at r«rtain angles 1n 
optical rainbows). However, a study of the 2-D 
deflection function versus the channeling Impact 
parameter (that could support this hypothesis) 
had not been performed. By performing these 
studies we have now .'irmly established that (1) 
the rainbow effect can occur for Ions axially 
channeled In wry thin crystals and (?) the 2-0 
deflection function for /-.1eV protons channeled 
in Silicon has extrema at the observed angular 
locations. The work dlscusseo previously2 1s 
the f i rs t observation of a rainbow in 
transmitted channeling angular distributions. 
In this report w> wi l l show that the rainbow 

arises when a projectile interacts simulta
neously with the atomic strings surrounding an 
axial channel. 

The origin of the rainbow in scattering pro
cesses is an extremum in the classical deflec
t ion function that gives rise to an in f in i te 
di f ferent ia l cross section at certain scattering 
angles. In order to show that the rainbow can 
occur in axial channeling, we wi l l examine the 
deflection function for the case of 7-MeV pro
tons axial ly channeled in silicon and show that 
the extremum is a consequence of the geometrical 
arangement of atomic strings, r^sider the <100> 
axial channel defined by the four atomic strings 
shown in Fig. 4.12a. Let the 2-0 cartesian 
scattering angles in the laboratory frame be 

ORNL-DWG 85-11550 
(0) Y 

1 

<100> N 
N 

\ 

/ / 
xf 

s 

/ 

> A, N 
• b -

/ \ 
\ 

to 
(b) 

11 
0 

1 1 ' 1 ' 1 " 

-0.01 / -

-0.02 

I I • i 

0 0.5 1.0 1.5 
IMPACT PARAMETERS (A.U.) 

F1g. 4.12. (a) Atomic string positions for 
the <100> axis of si l icon. An imp<ct parameter, 
b, lying along the X-axis (and measured from the 
center of the channel) 1s shown, (b) Deflection 
function, 8x(b), for a wry thin crystal 
generated for y • 0. The deflection function 
has an extremum which gives rise to the rainbow 
(see tex t ) . 
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denoted by 3 X, and 8 y for the small-angle scat
tering problem at hand. A projectile entering 
at the center of the channel (x = o, y = o) will 
experience a symmetrical repulsion from each 
string that imparts no net transve*-;e momentum 
to the projectile in a simultaneous interaction 
with all strings and therefore the projectile 
suffers no angular deflection. A particle 
entering the crystal at (x = x 0, y = o) will 
experience no deflection in the 8y direction but 
it will be increasingly deflected toward 
increasing negative 8 X as x 0 is increased posi
tively. The deflection function for 8 x t calcu
lated for such a sequence of impact parameters, 
x 0, is shown in Fig. 4.12b. Referring to 
Fig. 4.12b, we see that the deflection angle 
decreases until it reaches a minimum (a turning 
point) at the rainbow angle corresponding to 
8 X = -0.0257 deq (corresponding to an impact 
parameter of x 0 = 0.98 a.u.) and then increases 
until it reaches * turning point in the channel 
located to the right of that shown in 
Fig. 4.12a. The physical reason for the 
extremum in the deflection function (i.e., the 
rainbow) is readily explained on the basis of 
geometrical considerations. As x 0 increases 
from the center of the channel, the repulsive 
force from strings 1 and 2 increases <".s the 
distance from each string decreases, but the 
component of tnese forces in the negative x 
direction eventually weakens when the angle 
denoted by a becomes large. Even though the 
repulsive interaction with strings 3 and 4 is 
weakening when the projectile moves closer to 
string* 1 and 2, the angle denoted by 6 is 
decrjsing and strings 3 and 4 direct more of 
the repulsive force in the positive x-direct1on. 

Thus, w>j see that the vector sum of monotonl-
cally decreasing repulsive forces simultaneously 
acting on the projectile, in combination with 
the geometrical location of atomic strings, pro
duces the rainbow effect in axial channeling. 
Rainbow scattering in axial channeling therefore 
gives rise to a transverse correlation effect. 

A Monte Carlo angular distribution for 7-Me« 
protons scattered in the <100> axial channel 
that illustrates the full 2-0 consequences of 

the rainbow and simulates the angular broadening 
effects (produced by electron multiple scat
tering) is shown in Fig. 4.13. An experimental 
angular distribution3 is similar to Fig. 4.13. 
Intens y maxima occur in the angular distribu
tion where the 2-0 deflection function has 
extrema. The maxima lying along the <110> axial 
directions correspond to the extrema in the 
deflection function illustrated in Fig. 4.12. 
The 2-D rainbow (i.e., the maximum that lies 
between the 60* level contours was resolved only 
in the measurements where peaks are shown at the 
90% contour levels. These peaks are the con
sequence of two overlapping branches of the 
rainbow. Finite detector resolution prevented 
complete resolution of the rainbow. 

We have established the connections between 
the unusual focal properties of very thin 
crystals and individual particle trajectories. 
The unusual channeling patterns, which depend on 
the geometrical locations of atomic strings in a 
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Fig. 4.13. A calculated angular distribution 
for 7-Hev protons axially channeled in the <100> 
direction of silicon which illustrates the rain
bow ridge. An effect 1 /e angular dispersion of 
0.006° (FWHM) was used to simulate angular-
broadening In the crystal due to electron 
multiple scattering, intensity cuts through the 
distribution at a fraction of the peak Intensity 
(percentage) are plotted as contours at the 20, 
60, 70, and 90 percent levels. The rainbow 
ridge lies between the 60 percent level con-
tours. 
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given channel, are explained by the rainbow 
effect. We hope that the low angular dispersion 
Monte Carlo calculation (Fig. 4.13) will 
challenge channeling experimentalists to perform 
better experiments since there is a wealth of 
scattering-potential information that may be 
extractable by studying structures lying on the 
rainbow ridge. 
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DOUBLE- AND SINGLE-ELECTRON CAPTURE IN 
1-2 MeV/Nucleon 08-He COLLISIONS1 

R. Hippler2 

P. 0. Miller 
S. Oatz 
P. L. Pepmiller 

He report results of an experimental study of 
charge changing collisions of bare nuclei with 
He atoms, with particular emphasis on the 
dcuble-capture process. In Fig. 4.14, we iresent 
the results for 16- to 32-MeV 08 +-He collisions. 
Our measured single-capture cross sections agree 
with measurements of MacDonald and Martin3 

within the quoted accuracy (±10% for the present 
measurements). Our measured double capture 
cross sections are typically more than two 
orders of magnitude smaller than single-capture 
cross sections (Fig. 4.14). At 1 MeV/nucleon, 
the douDle-capture to single-capture ratio is 
~6 x 10" 3. At 2 MeV/nucleon the ratio drops to 
4 x 10" 3. These numbers are consistent with a 
ratio of ~10"2 estimated by Tawara et al. 1* for 
15-MeV F9+-He collisions. However, our measure
ments tor double-capture cross sections are a 
factor of -10 smaller than those reported by 
MacDonald and Martin3 for the same system. The 
discrepancy may be due to the small ratio of 
double- to single-capture events. This separa
tion was achieved, in the present investigation, 
by performing measurements at different gas 
pressures and by a careful analysis of this 
pressure dependence. 

2 0 
ENERGY (MtV) 

Fig. 4.14. Present data for single (o) and 
double (•) electron capture cross section for 
0 8 +-He collisions, A, data of Ref. 1 fcr single 
capture. 

The present double- to single-capture cross 
section ratios are -.lso considerably smaller 
than first-order theoretical estimates. Using, 
for example, a classical Bohr-Linhard model, the 
probability F c for electron capture may be 
expressed as 5 

P c = (v/a) (Rc/v,) 

with v and a the target electron velocity and 
radius, respectively, and v̂  the projectile velo
city. The distance R c below which capture 
occurs is given as 

R c * 2 1 ao (V v i ) 2 

with a 0 and v 0 Bohr radius and velocity, respec
tively, and q the projectile charge. In an 
Independent electron model, the double- to 
single-capture cross-section ratio is ~Pc/2, 
amounting to 0.22 and 0.08 at 1 and 2 
MeV/nucleon, respectively. These numbers are 
larger than trie experimental values by factors 
of about 36 and ?0, respectively. 
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At the velocities under consideration here, a 
large fraction of electrons is expected to be 
captured into excited projectile states. For 
two-electron capture, these states can auto-
ionize and escape detection as double-capture 
events. 6 To be detected as a double capture 
event, either one or both of the two electrons 
Must be captured into a Is state (about 0 and 5X 
probability at 1 and 2 MeV/nucleon) or the 
doubly excited states must be radiatively stabi
l ized (estinated fluorescence yield -10%). With 
these considerations, the present data are 
qualitat ively understandable. Data which wi l l 
be presented on other bare nucleus-He atom 
collisions show similar tendencies. 

1 . Suimary of this paper published in 
Electronic and Atomic Collisions, ed. 
H. J . Coggiola, D. L. Huestis, and R. P. Saxon, 
Palo Alto, 1985, p. 505. 

2 . Permanent address: Fakultat fur Physik, 
Universitat Bielefeld, Bielefeld, F.R.G. 

3. J . V. MacDonald, F. W. Martin, Phys. Rev. 
A4, 1965 (1971). 

4 . H. Tawara, P. Richard, K. A. Jamison, 
T. J . Gray, J . Newcomb, C. Schmiedekamp, Phys. 
Rev. A19, 1960 (1979). 

5. H. Knudsen, H. K. Haugen, P. Hvelplund, 
Phys. Rev. A23, 597 (1981). 

6 . J . Newcomb, T. R. Dillingham, J . Hal l , 
S. L. Varghese, P. L. Pepmiller, P. Richard, 
Phys. Rev. A30, 106 (1984). 

OH THE DEPENDED OF ELECTRON PLANAR CHANNELING 
RADIATION .-ON LATTICE VIBRATION AMPLITUDE 

S. Dat.: J . 0. Kephart2 

B. A. Dahling1 R. H. Pantel l 2 

H. Park2 B. I . Berman3 

R. K. Klein 2 M. V. Hynes" 

At this writing, the observation of chan
neling radiation from a considerable number of 
monatomlc and binary crystals has been re
ported. 5 The application of channeling 
radiation as a tool to understanding crystal 
properties requires f i rs t that simple parameters 
such as temperature dependence be understood 
quantitatively. Some measurements have been 
noted 6 for 54-MeV electrons in Si at elevated 
temperatures and Andersen et a l . ' reported some 
temperature dependent measurements on 2p * Is 
and 3p * Is transitions for 3.5 MeV electrons 1n 
the SI <1U> axis. Here, we report on electron 
planar channeling in SI and compare results with 

those obtained with other diamond structure 
crystals (C, Ge, and GaAs). 

Channeling radiation (CR) arises from tran
sitions between eigenstates of electrons bound 
to a continuum potential; two-dimensional 
(axial) or one-dimensional (planar), as the case 
may be. This continuum potential is made up in 
a coherent way from the individual potentials of 
the atoms making up the row or plane. In prac
t ice , i t is rare convenient to use the many-beam 
method for calculating eigenstates, in which 
case one can use Doyle-Turner scattering factors 
derived from Hartree-Fock atomic wave functions. 

A static lat t ice potential may be constructed 
in this manner in which one assumes that the 
atoms are at rest in their la t t ice positions. A 
more real ist ic potential must take into account 
the thermal vibrations of atoms at their la t t ice 
sites. Since the velocity of cnanneled par
t icles is rapid compared to la t t i ce vibrational 
motion, the particles see a frozen lat t ice and 
the continuum potential experienced is obtained 
by averaging over the thermal displacements from 
individual lat t ice si tes. Assuming that the 
atomic displacement, x, is independent of i ts 
neighbors' motion, that I t is isotropic, and 
that i t has a Gaussian distribution. The 
prob*bility 

P(x) = ( 2 « u 2 ) - 1 / 2 exp[ -x 2 / (2u 2 ) ] 

where u is the rms displacement obtained from 
the Debye theory. 

The principal effect of the thermal vibra
tions is upon the bottom of the potential well, 
larger vibrations rounding it more and making it 
more shallow (Fig. 4.15). The level of the 
lowest eigenstate 1s most affected and, hence, 
the highest energy (n • 1 • 0) spectral line. 
The dependence on vibrational amplitude should 
also be evident 1n room temperature (T * 300 K) 
measurements. Shown in Table 4.4 is a sampling 
of our room temperature data. Excellent 
agreement is shown between theory and experiment 
for diamond,8 Ge, 5 and GaAs. 1 0 The exception 1s 
SI where there is a significant discrepancy. 

Turning things around, one might ask if the 
CR spectra can be used to measure lattice vibra
tion amplitudes and hence Debye temperatures. 
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Fig. 4.15. Potentials and eigenvalues for 
the 110 plane in i i for two different tempera
tures, 80°K and 293°K. The eigenvalues are 
calculated for 54.4-HeV ( T = 107.5) electrons. 
A Debye temperature of 495"K was used in the 
potential calculation. 

To do th is , we calculated the expected energies 
for the 1 * 0 transitions in (100) and (110) Si 
as a function of u at three different electron 
beam energies (16.7, 30.5, and 54.4 MeV) where 
we have made measurements. We then plotted phi-
ton energy versus u and from the experimental 
peak position we determine u. Since the 
eigenstates move down with increasing electron 
energy, checking on the energy dependence is 
another way to sense the bottom of the wel1. 
The results are shown in Fig. 4.16 together with 
an associated Debye temperature (9Q) scale from 
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Fig. 4.16. Lattice displacement amplitude u 
in A obtained from measurements of n » 1 + n = 0 
channeling radiatiof. transition energies in the 
(100) plane (o) and (110) (&) plane of Si as a 
function of electron energy. 

which i t is seen that a % - 490 K f i t s al l the 
data quite wel l . The data are clearly in 
disagreement with the X-ray r e s u l t s , 1 1 

6Q = 543 K and the calculations Nielsen and 
Webber12 e D =. r?6 K. 

A possible soupce of error in our deter
mining the Oebye temperature in this way may 
be inherent in the use of an average crystal 
potential. In calculating peak energies in 
planar channeling radiation, one starts with the 
planar-averaged potential . Assuming a Gaussian 
distribution of atoms, one can get a f inal form 
of the potential. From the potential, one then 
can calculate the radiation peak energies easily 

Table 4.4 Several properties of channeling radiation from diamond structure crystals. 

Electron 
Energy 

Z Crystal (MeV) e n 

CUP) Plane 
u(A) cTTc. Meas 

n » 1 • n » 0 energy (keV) 
(TOO) pi 

TJaTc 
ane 

HeasT 

6 C(Diamond)a 54.4 2000 0.040 163.7 161 ± 0.5 120.6 119.8 ± 0.7 

14 S1 54.4 543 0.075 128.5 122.2 * 1.0 IOC.0 9 7 . 5 * 1 

32 Ge 16.9 290 0.085 26.94 27.6 t 0.5 

31-33 GaAs 16.9 260 0.088 26.6 26.6 ± 0.4 -20 .5 a 20.6 ± 0.5 

aMean value between 20.0 for Ga plane and 21.0 for As plane. 
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and conveniently. However, the rigorous 
approach is to solve the Schrodinger equation 
for the frozen lattice sites at different tines 
and to average the peak energies subsequently. 
This rigorous Method is quite conplicated and 
very involved, but should be looked into to see 
whether it yields a different value. 

Be that as it aay, it is difficult to see 
why Si should be the only crystal to exhibit 
this difficult:-. It should be expected that in 
the case of diaaond with such a high 6 Q the line 
energies would not be much affected by the par
ticular choice of %. But for the Ge and GaAs 
lattices, with even lower 69 than Si, even 
greater sensitivity is obtained and the 
agreement with experiment is excellent. 

To test the temperature dependence, we 
measured planar CR spectra for 54.4-HeV 
electrons in (110) and (100) Si over a range 
from -190°C to room temperUure. Peak energies 
in the (110) spectra taken at seven different 
temperatures are shown in Fig. 4.17. The solid 
lines are calculated energies using 0Q * 495 K; 
the dashed line *; for n = 1 • 0, using 
Un. = 543 IC 
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Fig. 4.17. Channeling radiation peak 
energies for 54.4-MeV electrons in (110) 
SI as a function of temperature. Solid 
lines are calculations using 6Q - 495 K 
dashed line 1s for n • 1 • n • 0 tran
sition using 9n . 549 K. 

From this data i t is evident that the ther
mal vibration amplitudes derived from the quoted 
Debye temperatures do not predict the peak posi
tions for Si accurately. I f this were the case 
for other members of the C, Ge, and GaAs group, 
one would be tempted to suspect the efficacy of 
the calculational method or of the assumptions 
implicit in the use of a Debye-Waller factor to 
represent thermal la t t ice displacements. Since 
this is not the case, one is led to question the 
accuracy of the previously reported Debye tem
perature for Si and more signif icantly, to pro
pose the possibil i ty of determining la t t ice 
vibration amplitudes from measureaents of chan
neling radiation spectra. 
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L X-RAY EMISSION FROM HIGH-Z ELEMENTS AFTER 
IONIZATION BY 1 MeV U" 1 Ag IONS1 

W. Uchal 2 W, T. Milner 
G. Lapicki S. Raman 

C. R. Vane 

L X-ray spectra from even elements (Yb, Ta, 
W, Pt, Au, Pb and Th) bombarded by 1-MeV u" 1 

silver Ions were studied with a SI (L i ) detector. 
The observed Intensity ratios are consistent 
with theory 1f the rates calculated for a single 
vacancy are multiplied by a stat ist ical scaling 
factor. Conversely, the measured ratios imply a 
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high degree of Multiple ionization in the outer 
shell. An Li-0*,s transition is discovered in 
ion-aton collisions. 

1. Abstract of published paper: J. Phys. B: 
At. Mol. Phys. 18, L389 (1985). 

2. Guest graduate student from Emory 
University, Atlanta, GA. Portions of this paper 
were submitted as part of a Ph.D thesis. 

3. Emory University, Atlanta, GA 30322. 

ATOM CAPTURE AM) LOSS IN ION MOLECULE COLLISIONS 
H. Breinig1 

He report progress in measuring the energy 
and angular distribution of protons emerging 
with velocity close to the beam velocity from 
the target region when Ar + beams collide with a 
CH^ target and ArH + beams collide with a He 
target at asymptotically high speeds, much 
greater than the characteristic vibrational 
speeds of atoms in molecules. The protons 
result from the transfer of a target constituent 
to the projectile (atom capture) or from the 
dissociation of the projectile molecule in the 
collision (atom loss). For atom capture pro
cesses the Thomas peak is clearly observed. 

In 1927, Thomas2 gave a classical treatment 
of the transfer of a light target constituent to 
a heavy project!!- valid in the asymptotic 
regime. Thomas scattering is a two-step pro
cess. The 'ight particle is first scattered by 
the projectile and then by a heavy target 
constituent 1n such a manner that projectile and 
captured particle emerge with almost the same 
velocity at a critical angle e c with respect to 
the incident beam direction. For atom capture 
at asymptotically high velocities we have 
observed the Thomas peak at 8 C • 1.3" with Ar* 
projectiles and a CH^ target.3 

In our early measurements we recorded 
the number of protons emerging into a cone of 
half angle 8 0 about the forward direction as a 
function of proton energy for 100-300 eV/u Ar + 

and Kr* projectiles Incident on CH,,. States 1n 
the vibrational continuum of ArH* and KrH + 

dissociate into Ar + H* and Kr + H +, respec
tively. ** After a continuum capture event the 

electron follows the projectile ion and the pro
ton emerges with velocity v p H V. If atom cap
ture proceeds via the double scattering 
mechanism, then the projectile and the captured 
atom emerge at a critical angle 8 C. For Ar + on 
CH„, e c = i.3« and for Kr + on CH„, 8 C = 0.6°. 
For Ar + projectiles we have varied 8 Q from being 
smaller to being larger than the critical angle, 
while still collecting protons emerging at all 
azimuthal angles. For acceptance angles 8 C > 8 C 

we observe a central peak in the. proton spectra 
centered at a proton velocity Vp = v', where v' 
is close to but slijhtly less than the beam 
velocity v. This peak vanishes for 8 0 < 8 C . We 
interpret this central peak as the atom capture 
to the continuum peak, produced via the double 
scattering mechanism. For 100-300 eV/u .'.r+ and 
Kr + projectiles on the CH U, measured integrated 
cross sections are small - they lie between 5 and 
100 barn. 

Differential measurements in proton scat
tering angle and energy are now being made using 
a two-dimensional position-sensitive particle 
detection system. 

Our beams pass through a 1-cm-long target gas 
cell located at the entrance focus of a doubly 
focussing, spherical sector, electrostatic ana
lyzer accepting protons emitted ir.to a cone of 
half angle 8 < 6° about the beam direction. A 
1-mn aperture in the exit focus of the analyzer 
sets the energy resolution to &E/E * 1% FWHH. 
The position-sensitive detector system 1s 
mounted 15 cm away from the exit aperture. He 
record an atom capture to the continuum or atom 
loss event by detecting a proton emerging from 
the collision with velocity v p close to the beam 
velocity v. We measure the angular and energy 
distribution of the protons emerging from the 
collision, I.e., we measured d2o/dflpdEp. The 
angular distribution of the protons with v p 

close to v In the scattering region is imaged 
one to one into the detection region. The 
entire distribution In polar angle 8 ar-1 azi
muthal angle • can be acquired simultaneously. 
A mlcrochannel electron multiplier array of 
25-nm-d1ameter active area 1s the primary event 
detector. Output pulses are collected on a 
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resistive anode, and position decouing utilizes 
the charge division Method. Computer assisted 
data acquisition is implemented using the modu-
lar CAMAC standard and a Multitasking control 
program. 

Figure 4.18 shows the angular distribution of 
protons emerging from the target region with 
speed equal to the projectile speed v, for 7 keV 
Ar* projectiles on CH,,. It can be seen that the 
protons emerge preferentially at a nonzero angle 
9 2 1.4* relative to the beam direction. This 
measured anglr agrees well with 8 C = 1.3° pre
dicted for atom capture via Thomas double scat
tering. Figure 4.18 shows raw data, not yet 
corrected for slight distortions due to the 
imperfect focussing properties of the 160° 
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Fig. 4.18. Angular distribution of protons 

emerging from the target region with speed equal 
to the projectile speed v for 7-keV Ar* projec
tiles on Ch%. The protons emerge preferentially 
at a nonzero angle e s 1.4° relative to the 
beam direction as predicted for contnuum cap
ture proceeding via the Thomas double scattering 
mechanism. The lower graph shows a cut through 
the channel plate Image shown 1n the upper 
graph. 

spherical sector proton energy analyzer. 
Because atom capture cross sections are so small 
(on the order of barn) great care must be taken 
to eliminate background. Here we have not 
oeen completely successful and the ring struc
ture in the angular distribution, which is the 
Thomas peak, does not have perfect symmetry. 
Background problems are being corrected. The 
results presented in Figure 4.18 show that atom 
capture to the continuum at asymptotically high 
speeds proceeds via the Thomas double scattering 
mechanism. To investigate the detailed shape of 
the Thomas peak, measurements are now being made 
of the angular distribution of the protons 
emerging from the target region as a function of 
proton energy. He will then be able to map the 
complete velocity distribution of the captured 
particles. The velocity of a detected proton 
along the beam direction is determined by the 
analyzer field and the velocity transverse to 
the beam direction from the measured position of 
arrival on the channel plate. 

For atom loss processes compete velocity 
distributions will also be obtained from 
measurement of proton spectra differential in 
proton energy and scattering angle. 

1. Adjunct staff member from the University 
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2. L. H. Thomas, Proc. R. Soc. London 114, 
y;i, (1927). 

3. M. Breinig et al., Phys. Rev. Lett. 51, 
K51 (1979). 

4. P. Rosmus and E. A. Reinsch, Z. 
Naturforsch. 35a, 1066 (1980). 

ION-ION COLLIDER EXPERIMENT 
H. J. M m 

As the result of a major effort, the 
folded beam ion-1on collision apparatus was 
Improved in reliability, and simplified In 
operation. With these Improvements, and 
using the more stable beams provided by the 
newly commissioned electron cyclotron reso
nance (ECR) source, more reliable electron 
loss cross sections can now be measured. 
Absolute values of the electron-loss cross 
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sections o(3* * 4*) for the head-on 
(col l inear) interactions of colliding beans 
of 30-keV isotopicall:' separated "°Ar and 
8 2 . » " , » 6 ) C r ions in the 3* charge state were 
•easured. Table 4.5 summarizes the results. 
Due to the d i f f icu l ty of determining the beam 
overlap in the interaction region, the uncer
ta int ies of the absolute cross sections are 
rather large. As shown in the table, 
however, the ratios of the cross sections are 
considerably more precise. A Measurement of 
the energy dependence of these cross sections 
is being planned. 

Table 4 .5 . Sumnary of a (3* • 4*) for 

X 3 + • X 3* * X1** • ? 

Ion ( X 3 + ) o Relative o ( l 0 ' 1 6 cm2) 

""Ar 6.01 * 2.90 

8 2 Kr 1.02 i 0.06 2.92 * 1.90 

6"Kr 1 (reference) 2.86 ± 1.40 

8 6 Kr 1.01 * 0.07 2.89 ± 1.80 

C0RRELATE0 ELECTRON TRANSFER IN HIGHLY CHARGED 
ION AT0N COLLISIONS; CHARGE CHANGING COLLISIONS 

OF 2 3 f y » * (0.25 - 1 MeV/NUCLEON) WITH He 

S. Oatz L. H. Andersen1 

P. F. Dittner R. Hippler 2 

H. Knudsen1 P. 0. Miller 
P. I, Pepmiller N. Stolterfoht 

Last years's annual report 3 described a 
transfer Ionization (TI) experiment in which 
20-MeV A u l 5 + Ions were used to bombard He gas. 
In TI the projecti le captures one electron and 
the target loses two. For the case in question, 
a very large TI cross section ~6 x 1 0 " 1 6 cm2 Is 
observed. A rather remarkable result of these 
experiments was to find that >85% of the cross 
section for producing He** was accounted for by 
the following single mechanism: A u 1 5 * + He0 • 
Au1 1** + He** + e p c , where e p c signifies an 
electron moving at a very small velocity with 
respect to the project i le, hence, projecti le 
centered. The shape of the energy spectrum of 
the projectile centered electrons was measured 

and found to be cusp-shaped and symmetric with 
the velocity peaked at the projecti le velocity. 
The mechanism for TI in this case was hypothe
sized to involve a process in which two 
electrons are transferred as a correlated pair 
to the rest frame of the moving ion whereupon 
one is lost to the continuum and the other *s 
le f t in a bound state. 

At sufficiently high velocity or low charge 
state, q, a breakdown in correlation should 
occur and the independent particle model may 
become val id. To test this hypothesis we 
collided HHIRF tandem beams of 2 3 S U at 0.25 
MeV/nucleon with q = 17 * 30, 0.5 MeV/nucleon 
with q = 23 * 37, and at 1.0 MeV/nucleon with 
q = 26 • 45 with a He target and measured the 
recoiling He ion charge state in coincidence 
with the emergent uranium ion charge state. 
From these measurements we could determine the 
partial cross sections for the various charge 
changing processes. 

We found a drastic c/iange In behavior between 
0.25 and 0.5 MeV/nuclejri and a reasonable 
extrapolation of the results between 0.5 MeV/ 
nucleon to 1.0 MeV/nucleon. At 0.25 MeV/nucleon 
and for a typical charge state, say q - 30+, the 
process can be ranked in decreasing order of 
importance as follows. Single ionization was 
dominant at ~6 x 10~ 1 & cm 2, followed by single 
capture (5 x 1 0 " 1 5 ) , "transfer ionization" 
(3 x 1 0 " 1 5 cm 2 ) , double capture (6 x 1 0 " 1 6 cm2) 
and double ionization (2 x 1 0 " 1 6 ) . For the same 
charge state (30+), single ionization retrained 
approximately constant at 0.5 and 1.0 MeV/ 
nucleon while double ionization rose a factor of 
5 from 0.25 to 0.5 MeV/nucleon; single capture 
and transfer ionization dropped by a factor of 
50 from 0.25 to 1 MeV/nucleon. With the excep
tion of single ionization, the data seem con
sistent with our previous 0.1 MeV/nucleon data 
and the higher energy data. Further Investiga
t e on these systems wi l l Include the measure
ments on cusps in coincidence with T I . 

1 . University of Aarhus, Denmark. 
2. Permanent address: Fakultat fur Physlk, 

Unlversltat Bielefeld, Bielefeld, F.R.G. 
3. C. Boucher et a l . , Phys. Pi v. Prog. 

Rep.. Sept. 1984. 0RNL-6120, p. 126. 
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ENERGY SHIFTS OF L X RAYS FROM 70 < Z < 90 
REHENTS DUE TO MULTIPLE M-VACANCIES1 

W. Uchai 2 

C. W. Nestor, J r . 3 

S. Raman 
C. R. Vane 

The transition energies of L x-ray for states 
with 1-11 M-shell spectator vacancies are calcu
lated by using a Dirac-Fock computer program. 
The calculations are done for 7 elements with 
atomic numbers in the 70 < Z < 90 range. In 
each of these elements, the transition energies 
of 10 L x-rays ( L i , L 0 2 . Lai . <-,,. L 6 1 , L T I . L T 2 . 
L T 3 , tyi,,, LTi») are calculated as differences of 
average-of-configuration energies. The energy 
shifts of these X rays for various multiple M-
vacancy states are deduced from the transit!or 
energies and plotted as a function of atomic 
number. 

1 . Abstract of a paper to be published in 
the Atomic Data and Nuclear Data Tables. 

2. Guest graduate student from Emory 
University, Atlanta, GA. Portions of this 
cof.ipil ition were submitted as part of a Ph.O 
the. i s . Authors's permanent address: 
Chulachomkloa Royal Military Academy, Bangkok, 
Thailand. 

3 . Computing and Telecommunications 
D i v i s i o n , 0RNL. 

COHERENT EXCITATION IN ELECTRON CAPTURE 
COLLISIONS 

J. Burgdorfer1 L. J. Oube 2 

nearly degenerate hydrogenic levels due to the 
Coulomb f ie ld of the residual target ion. This 
process can be treated analytically using the 
Post Collision interaction (PCI) 5 model leading 
to (c) the CDW-PCI and (d) the OBK-PCI approxi
mations. 

We have ut i l ized the multipoles of the angu
lar momentum, L, and of the Runge-Lenz vector, 
A, to classify the ten (6 real diagonal and 4 
complex off-diagonal) elements of the n « 3 den
sity matrix. For example, Fig. 4.19 displays 
the z-component of A of the perihelion vector, 
LxA, i . e . , <AZ> («<d z>) and <(LxA) z>, both 
multipoles of rank 1 , with available experimen
ta l data. This comparison exhibits clearly the 
sensitivity of the coherence parameters upon the 
details of the underlying approximations. 

The f in i te value of <AZ> is a direct measure 
of the existence of second and higher order 
contributions to the capture amplitude. 
Furthermore, the superiority of the CDW-PCI 
calculation (Fig. 4.19b, indicates the impor
tance of including the PCI effect in a pertur-
bative treatment of electron capture. 

We have also used the expectation values of A 
and LxA to construct a classical orbit dsscrip-
tion of the coherently excited manifold. In 

ORNb-DUC. 65-18507 

We have calculated the complete axial sym
metric n = 3 density matrix produced during the 
capture process, H + + He * H(n » 3) + He +. The 
rtudy of this particular system Is motivated by 
the corresponding experimental Investigation3 

which reveals a large positive dipole moment for 
the excited electron, <dz> >0, in contrast to 
the first Born (OBK) approximation which pre
dicts a vanishing value. 

For the capture amplitude, we have used (a) a 
multiple scattering approach, namely, the 
Continuum Distorted Wave (CDW) approximation,"* 
and, as a standard for comparison, (b) the OBK 
approximation, which Includes single scattering 
contribution only. Moreover, an Improvement of 
the primary capture amplitude has een achieved 
by Including the final-state mixing of the 
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F1g. 4.19. (a) <AZ> and (b) <(L x A) z> as a function of the projectile velocity. • experi
mental data of Ref. 1. 
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the CDW-PCI model, we have obtained the 
following picture: A stays inclined with 
respect to the beam direction, while the rota
tional sense changes with increasing energies. 
Furthermore since <A2> >0, one expects the 
electron to lag behind the center of attraction 
(Fig. 4.20a). An alternative interpretation can 

HULTIPOLE MMCNTS OF FORWARD ELECTRON EMISSION 
IN HIGH VELOCITY I ON-ATOM AND ION SOLID 

COLLISIONS1 

S. B. Elston 2 

M. Breinig 2 

R. DeSerio0 

K.-O. Groeneveld1* 
P. Koschar1* 
I. B. E. Nemirovsky5 

S. D. BerryJ 

J. Burgdorfer3 

C. E. Gonzalez-Lepera3 

D. Hofmann1' 
L. Liljfcby 6 

I . A. Se l l i n 2 

ORNL-DMG. 85 -18508 

08 (a) 

CDW-PCI 
/COW 

Fig. 4.20. "Classical" orbits of the 
coherently excited electron, (a) model 
suggested by the CDW-PCI approximation; (b) 
possible alternative also consistent with the 
data of Ref. 1. 

be formulated however where the sense of rota
tion remains fixed while A rotates (Fig. 4.20b). 
Further work is needed to distinguish between 
these two (consistent) possibilities. 

1. Department of Physics and Astronomy, 
University of Tennessee, Knoxville, TN 37996. 

2. Fakultat fur Physlk, Unlversltat 
Freiburg, 7800 Freiburg, FRG. 

3. C. Havener et al., Phys. Rev. Lett. 48, 
926 (1982). 

4. I. M. Cheshire, Proc. Phys. Soc. 84, 89 
(1964). 

5. J. Burgdorfer, Phys. Rev. A24, 1756 
(1981). 

The spectrum of electrons emitted near zero 
degrees in ion-atom and ion-solid collisions is 
dominated by a strong 'cusp'-shaped peak 
corresponding to electrons nearly matched in 
vector velocity to that of the projectile ion. 
Two fundamental processes contribute to the 
forward peak: projectile capture of target 
electrons into low continuum states in the pro
jectile rest frame, often referred to as 
Electron Capture to the Continuum (ECC), and 
loss of projectile electrons due to collisions 
with the target, or Electron Loss to the 
Continuum (ELC). Production of electrons in the 
forward peak in ion-solid collisions is more 
complex, and must involve some combination of at 
least these two processes and may involve others 
as well. In solid collisions, the forward peak 
electrons are named convoy electrons. The 
generic phenomenon is frequently called Electron 
Transfer to the Continuum (FTC). 

Advances in experimental technique and theory 
permit simplification of the description of the 
spectrum of cusp electrons and suggest new 
approaches to long-standing questions about the 
importance of excited states of ions traversing 
condensed matter. In short, the asymmetric 
spectral signature of cusp electrons produced by 
capture processes 1s now seen as the result of 
a strong dipole moment in the emitted charge 
distribution, explainable 1n second Born 
approximation. That produced by projectile 
Ionization processes is a transversely emitted 
charge distribution characterized by even-order 
multipole moments (monopole, quadrupole, hexade-
capole, etc.) and maximum multipolarlty < « 2n 
determined by the principal quantum number n of 
the contributing projectile orbital. The cusp 
produced by swift charged particles passing 
through solid materials possesses the transverse 
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signature of the projectile loss mechanism and 
becomes enriched in high-order multipoles with 
increasing projectile speed, suggesting steady-
state excitation of high n-statt* during passage 
through the bulk material. 

The theoretical basis of this work stems 
from the development by Burgdorfer7 of a density 
matrix description of the ELC process which 
exploits smooth continuation of projectile 
excitation across the ionization limit to show 
that a set of dynamical multipoles originally 
introduced to describe bound-stite coherences 
are suited for the description of continuum-
state coherences as well. Consequently, the 
anisotropics in the doubly differential cross 
section (DDCS) for ETC can be expressed as 
expectation values of the dynamical multipoles, 
which contain the orientation and alignment 
parameters introduced by Fano and Macek8 as a 
subset. 

In this method, the DOCS for ETC processes is 
expanded in the zero-velocity limit as 

^ = [ i ] I PK(COS8)6lc 

OnL-DHC. S3-I35M 

dv K=0 

where v is the electron PRF emission velocity, 
9K are the Legendre polynomials, and 8 K are 
asymmetry parameters derivable from the theory. 

Experimental results are obtained with a 
novel apparatus which permits rapid and ef f i 
cient data acquisition by employing position-
sensitive electron detection to combine emission 
angle definition with conventional electrostatic 
spectrometry. 

The resulting doubly differential distribu
tions, corresponding least-squares fits using the 
previous expansion, and theoretical predictions 
are shown 1n summary form In Figure 4.21. The 
data shown are contours of equal intensity of 
electron emission in the emission-energy and 
polar-emisslon-angle plane for single collisions 
of vp • 10.1, 14.3, and 16.2 au 0 5 + 1ons with He 
and Ar targets. The longitudinal (emission 
energy) and transverse (emission angle) axes are 
scaled so that equal intervals In either d4rec
t i on represent approximately equal Intervals 1n 
longitudinal projectile-frame emission velocity 

E (keV) 
3X> 3.3 M 

Fig. 4.21. Contour plots for ELC by 0 5 + In 
Ar and He at v« = 14.3 atomic unit, and ECC by 
0 8 + in Ne at 15.4 atomic unit. Contours shown 
represent multiples of 12.5% of peak height. 
Kirizontal scale represents lab frame electron 
energy; vertical scale represents polar electron 
ejection angle. Scaling is chosen so that 
Isotropic emission would produce essentia1ly 
circular contours, (a) Measured dlstribition 
for Ar target, (b) Corresponding best f i t to 
(a), normalized to peak heigh: of data, (c) 
Theoretical distribution a f t c convolution with 
spectrometer acceptance, also normalized to peak 
of (a), (d) Measured distribution for He tar
get, (e) Corresponding He target f i t , nor
malized to peak of (d). (f) Measured ECC 
distribution for 15.4 au O8* in Ne. 

vi and transverse projectile-frame emission 
velocity V f As might be expected, the 0 5 * 
distributions are dominated by ELC from the 
loosely bound n • 2 levels by an order of magni
tude over ECC and ELC from n - 1. The immediate 
appearance of these data are of strongly trans
verse emission, as predicted by Burgdorferi 
calculation7, and 1n striking contrast to tne 
strong dlpole character of the ECC distribution 
obtained from a vp » 15.4 atomic unit collision 
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in Ne, shown in part f of the same figure. Also 
shown is the theoretical angular distribution 
calculated by Burgdorfer, convoluted with the 
spectrometer acceptance function. 

Comparison of ELC cusp moment distributions 
with those for cusps produced by passage of ions 
through solids implies a dominant role for bulk 
E'.C processes in the formation of the convoy 
peak. Attempts to fit multipole moments to the 
envoy distributions in the same manner as was 
done with the ELC data produced poor results 
until multipoles of the order up to < - 10 were 
included in the fitting procedure. A close ex
amination of the B K values shows the multipo-
larity of convoy emission skewing toward higher 
multipoles with increasing projectile velocity. 
Since the maximum multipolarity P K of ELC from a 
given n level is < - 2n, the data then suggests 
convoy production via loss from highly excited 
states formed by capture or capture plus excita
tion within the bulk plus excitation within the 
bulk material of the target. While it is 
expected that elastic and inelastic electron 
scattering processes which occur after convoy 
production and prior to or during exit from the 
foil surface (including the effect of the exit 
potential 'step') must be taken into account in 
any detailed examination of convoy multiple 
distributions, the strong Coulomb 'focusing'9 

provided by the nearby projectile Ion may make 
these effects smaller than they would appear to 
free electrons of the same speed, at least for 
the highly charged ions studied here. 
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AUTODETACHMENT STUDIES OF THE He" 
METASTABLE MOLECULAR NEGATIVE ION 
G. D. Alton T. J. Kvale 2 

R. N. Compton1 D. J. Pegg1 

J. S. Thompson3 

During the fiscal year, the structure and 
decay processes of the recently discovered 
Hez" dimer" were investigated for the first 
titie by the negative ion physics research 
group at the modified Negative Ion Source 
Test Facility5 using electron energy 
spectroscopy techniques and the experimental 
apparatus described previously.6 The nega
tive ion is formed by electron capture to the 
metastable He2(a3Ej) state to form either 
He2 _(a"w g) or h ^ - f a * ^ ) . 7 The data Indi
cate that only one long-lived state with a 
lifetime of the order of microseconds exists 
below the a 3££ threshold with the more likely 
state being a "•»„ state. This state decays 
by two different processes. Two distinct 
autodetachment channels are observed in the 
electron energy spectra of He2 _ formed by 
double-charge exchange of energetic He2 + 

(30-65 keV) in Li vapor. A single narrow 
peak, present in the spectra, has a center-
of-mass energy of 11.4 MeV; the decay mecha
nism which produces this peak is attributed 
to vibrational »utodetachment [e.g., 
He2-(1,»g)v,i • He2(a3Ej)V!,o + e]. A second 
broad peak is observed which has a center-of-
mass energy of 15.85 eV. The peak results 
from autodetjchment of He2" Into the x 1 ^ 
He2 + e repulsive continuum. The dominant 
decay mechanism appears to be vibrational auto
detachment, where the (a^gjy.i state decays 
into the (a 3^) v.Q state plus an electron. 
This Identification 1s supported by recent 
theoretical calculations.7 Figure 4.22 
shows measured electron energy spectra for 
the low-energy decay processes for 50 keV 
3He2" and 40 keV "Hez". The second decay pro
cess Is "exlmer" autodetachment where the 
(a^'glyo state decays to the repulsive x 1 ^ 
state to form 2 Hefl's) + e. The high 
electron energy peak, shown In Fig. 4.23, 1s 
an Indication of this process. The x 1 ^ 
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Fig. 4.22. Low energy vibrational auto-
detachment electron spectra for 50 keV 3He2' 
and 40 keV -He2-. 
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F1g. 4.23. Autodetachnent electron energy 
spectra and potential energy curves for He2". 

potential energy curve was reconstructed by 
deconvolving the apparatus resolution func
tion fron the Measured high-energy electron 
distr ibution. The electron a f f in i ty E A for 
the He2"( , ,«g) state, with value E A = 0.172 
eV, was also determined by comparing the 
autodetachnent spectra from l*He2~, and 3He2~. 
This procedure constitutes a new method for 
solving the classic quantum chemistry 
problem, i . e . , the interaction between two 
ground state helium atoms. The He2~ • 
H e ' ^ P 0 ) + He decay mode is not observed. 
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ENERGY LEVEL MEASUREMENTS OF Be-(ls 2 2s2p 2 ) l , P 

G. 0. Alton T. J Stole 2 

R. N. Compton1 5. J . Pegg1 

J . S. Thompson3 

During the fiscal year, f i r s t •neasuremcras 
were made of the energy level for metastably 
bound ( ls 2 2s2p 2 ) , , P state of Be- (Ref. 4) by 
the negative 1on research group. The 
measurements were made at the modified 
Negative Ion Source Test Faci l i ty* using the 
electron spectroscopy apparatus and tech
niques described previously. 6 The energy 
level of the negative 1on state was deter
mined by measuring the energy distribution of 
electrons autodetached from energetic (50 * 
60 keV) Be' formed by double-charge exchange 
of Be* In L1 vapor. This negative Ion species 
1s formed In a l ,P state much l ike the exten
sively studied V state of He- (Ref. 6) and 
1s of considerable Importance from a theore
t ical as well as a practical viewpoint. The 

i 
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efficiency at which the ion can be formed' 
(~5X), Makes i t a viable candidate for tandem 
accelerator applications. 

The netastabil ity of the species has long 
been speculated due to the fact that produc
tion can be ef f ic ient ly effected only through 
double-charge exchange of Be*. This specula
t ion has been bom out by recent theoretical 
predictions of a long-lived "P s t a t e 8 * 9 and 
by observation of i ts decay. 1 0 The results 
of the present investigation support theore
t ica l predictions that there is only one 
state of the beryllium negative ion which l ies 
below the Be(ls z2s2p) 3P° threshold and is 
metastable against both autodetachment and 
radiative decay. Figure 4.24 displays a 
high resolution electron energy spectrum 
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taken with and without argon target gas which 
was introdued into a gas cel l preceding the 
electron spectrometer. The electron peak 
centered at a laboratory energy of ~3.3 eV 
is produced by electron detachment which 
occurs during collisions between the Be~ 
beam and the argon target. The peak centered 
at 11.71 eV is attributable to autodetaching 
electrons from the V state of Be". The 
center-of-mass energy of this state was found 
to be 2.53 eV with respect to the ground 
state of neutral beryllium. From this result 
and the experimental value from Bashkin and 
Stoner 1 1 for the Be(ls 22s2p) 3P state, an elec
tron a f f in i ty of 195 MeV * 90 for the 
Be~(ls 22s2p 2)"P state is deduced. 

Experiments designed to measure the l i f e 
times of the decaying fine structure com
ponents of Be~(ls 22s2p 2) l ,Pj wil l be performed 
in the near future. 

F1g. 4.24. Autodetachment electron energy 
spectra from the decay of Be '^P) . 
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FURTHER PROGRESS IN THE MEASUREMENT 
OF DiaECTRONIC RECOMBINATION 

S. Oatz C. H. Foux 

P. F. Dittner P. D. Mil ler 
P. L. Pepmiller 

The apparatus and technique for the measure-
nent of dielectronic recombination (DR) was 
described in the previous progress report . 2 We 
have concluded our measurements and analysis of 
the data for the Na-like ions, P"**, S 5 * , and 
C I 6 * undergoing DR via the 3s-3p transit ion. 
From our measurements we have now deduced a 
relative velocity distribution, f ( v r ) t of our 
electron beam which has a component parallel to 
the ion beam, f | , given by, 

f , = a / /^ e x p [ - a 2 ( v | - v 0 ) 2 ] 

and a component transverse to the ion beam, f j . , 
given by, 

f i = 2 B vj. exp( -8 2 v x

2 ) 

where vi and vj. are the relative velocity com
ponents parallel and transverse to the ion beam 
respectively, a and 8 are constant::, and v 0 is 
given by 

v 0 • Ee/m + E,/M - 2(E eE i/mM)V2, 

where E e and m are the energy and mass of the 
electron, and Ef and M are the energy and mass 
of the ion, respectively. We have convoluted 
the calculated cross section,3 o, with the velo
city distributions above and deduced the values 
of « » 6.89 x 10- 8 sec/cm and B * J.ri x 10" 9 

sec/cm from our CI 6* data. Using these values, 
we convolute the theoretical a with the relative 
velocity, v r, and f(v r) to get the calculated DR 
rate, <vr«>, given by, 

<vro> * / f(v r)v rodv r. 

Since ° depends on the f ie ld in the interaction 
region, the <v r«> is calculated for each value 
of the f ie ld for which a 1s calculated.* The 
comparison of our measurements of the DR rate 
with the rates calculated from theory for C 1 6 + 

1s shown 1n Fig. 4.25. 

10.0 

0.0 5.0 10.0 15.0 20.0 25.0 
ENERGY (eV) 

Fig. 4.25. The DR rate, <vr «>, vs. the 
relative energy, E r , for CI * . Solid circles 
are the experimental data, the curves are calcu
lated from the a of Ref. 3 for a field (in 
V/cm) in the Interaction region = 0 ( . . . . ) , 5 
( — ) , 25 ( - . - ) , 125 (- . . - ) and 625 ( - ) . 

The agreement with theory is excellent i f the 
effective field in the interaction region is 25 
V/cm (a value which roughly agrees'with what one 
would calculate from the experimental parame
ters). The agreement of the Ph* and S 5 + data 
with theory (for 25 V/cm) is equally good. 

In another series of experiments5, we 
Investigated the DR of the L1-Hke ions, i u , 
C 3* and 0 s * . Here we find that the measured 
rates .re much larger than the rates calcu
lated from theory for a field of 25 V/cm (see 
Fig. 4.26) for all three Ions. Even for ex
tremely large and physically unlikely fields 
1n the Interaction region, the measured rates 
are larger than or equal to the calculated rate. 
I t Is not known why agreement between theory and 
experiment occurs In the DR via 3s-3p of Na-like 
Ions but not for the DR via 2s-2p of Li-like 
Ions. 

We have also measured DR rates In other 
Ionic systems for which no theoretical values 
have been calculated. The first of these Is DR 
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F i g . 4.26. Same as F ig . 4.25 fo r B 2 + . 

via 2s-2p in B- l i ke 0 3 * and F1**, which is 

i n te res t ing because three f i n a l recombined 

s ta tes, 2 0 , 2 S , and 2 P r e s u l t . The re la t i ve 

energies at which the 2 D , 2 S , and 2 P resonances 

occur are 15.707, 20.347 and 22.365 eV in 0 3 + 

and 18.894, 24.434 and 26.619 eV in .F "+ , respec

t i v e l y . The OR « versus n fo r 0 3+ and F1** Is 

s i m i l a r 6 to the calculated case of C+ and th i s 

and the r e l a t i ve energies of the resonances 

allowed JS to model the OR « for 0 3 + and fH+. 

He then convoluted the a wi th our ve loc i ty 

d i s t r i b u t i o n to get a OR rate and d id a least 

squares f i t w i th our measured OR rate to extract 

the magnitude of o for each resonance. The com

parison of our data wi th the rate calculated as 

above i s shown in F ig . 4.27. Another ionic 

system we invest igated is the Be-l ike ions C 2 + 

and 01** which again undergo OR via 2s-2p. 

However, the ion beam coming from the EN-tandem 

contains an appreciable unknown f r a c t i o n , f , of 

metastable ions i n the 3P state and a fraction 

( 1 - f ) in the l S ground s ta te , both of which 

undergo DR. The resul tant OR signal c l ea r l y 

re f lec ts the presence of the two I n i t i a l states 

but u n t i l we can determine the f rac t ion of 

F ig . 4.27. The OR ra te , <v r«> vs. E r for 0 3 + 

where the so l i d c i r c l es are the experimental 
data. The curves are calculated for the ^ 
( ) , 2S ( — ) and 2P ( ) resonances and 
the so l i d curve i s the sum of the three com
ponents. 

metastables in the beam, we cannot determine the 

indiv idual OR rates. 

We have also attempted to measure DR via 

2s-3p in B 2 + for which calculat ions without 

such complicating factors as the f i e l d ef fect 

e x i s t . We did not observe any signal above 

our background and fur ther analysis to deter

mine an upper l i m i t for the DR rate and com

parison with theory i s under way. 

1 . Department of Physics, Universi ty of 
Delaware, Newark, DE 19711. 

2. For the experimental apparatus and 
procedure, see pp. 134-135 In Physics 
Divis ion Progress Report, Sept. 30, 1984, 
ORNL-6120. — 

3. 0 . C. G r i f f i n , M. S. Pindzola and 
C. Bottcher, submitted to Physical Review A. 

4. P. F. Ol t tner , S. Datz, P. D. M i l l e r , 
P. L. Pepmiller and C. M. Fou, Physical Review 
A, to be published. 

5. P. F. DUtner, 
P. L. Pepmlller and C 
Physical Review A. 

6. K. LaGatutta, pr ivate communication. 

S. Datz, P. D. M i l l e r , 
M. Fou, submitted *.o 



EN TANDEM OPERATIONS AND VAX-BASED 
DATA ACQUISITION SYSTEM 

P. L Pepmiller H. F. Krause 
P. D. Mi l ler 

The EN tandem accelerator has operated 
quite reliably during the reporting period, 
requiring only tiro short tank openings while 
providing about 2000 hours of beam on target 
for research. The accelerator has been used 
for a variety of experiments in basic atomic 
physics. These have included the in-house 
groups, and groups from the University of 
Tennessee, North Texas State University, 
ORAU, and the Chemistry Division of ORNL. 
The major down times were the result of 
source development. During the year we 
installed two new ion sources, replaced many 
of the ion source power supplies, and devel
oped new lower emittance beams. Problems 
with the re l iab i l i ty of these power supplies 
are gradually being resolved. The new lower 
emittance sources have resulted in greatly 
improved transmission through the EN-tandem. 
We have now supplied beams of H, B C, N, 0 , 
F, Si , P, S, CI, Ni, and Au, with good 
intensit ies. We are confident that other 
beams wi l l follow. Major improvements have 
been made in operator training, safety guide
l ines, and documentation. 

The computer/data acquisition system for 
the EN Tandem Faci l i ty was upgraded by the 
purchase and instal lat ion of a VAX 11/750 
computer, CAMAC data acquisition hardware and 
numerous supporting peripherals. The com
puter, operating under the VAX/VMS operating 
system, presently supports the FORTRAN 
language and numerous numerical u t i l i t i e s 
(such as the NAG library and the OftNl-
generated CORLIB and GRAFIX l ibrar ies) for 
data processing, g-aphics, and computation by 
up to 17 interactive users. The CAMAC hard
ware was configured to run under the XSYS 
data acquisition software that was developed 
and provided by the Triangle Universities 
Nuclear Laboratory (TUNL) at Duke University. 
Data acquisition using one CAMAC crate was 
debugged and operating in less than three 
man-months after receipt of the computer by a 
person previously unfamiliar with VAX/VMS and 
the X-SVSTEH. Five data acquisition pro
grams, tai lored to EN-Tandem user needs 
(different from TUNL), are now running. 
Users are presently becoming familiar with 
the computer and the X-SYSTEM, and their 
reactions to the system have oeen over
whelmingly favorable. Users have logged 
more than three months of CPU usage in six 
months of operation. 



5. THEORETICAL PHYSICS 

INTRODUCTION AND OVERVIEW 

Theoretical research programs in both nuclear and atomic physics are carried out 
within the Physics Division. Many of the projects in nuclear physics are stimulated 
by tns current research program on the Hoiifield Heavy Ion Research Facility or by 
future experiments planned by Physics Division staff . The atomic theory program 
benefits from and contributes to the experimental atomic physics program on the EN 
tandem accelerator at ORNL and the experimental program to support the plasma 
physics projects. 

In nuclear theory, major efforts continued in the areas of direct nuclear reac
t ions, the structure of nuclei at low and high temperatures and in regions of strong 
deformation, time-dependent Hartree-Fock calculations of heavy-ion reactions, and 
u l t rare la t iv is t ic heavy-ion coll isions. The study of re la t iv is t ic nuclear models 
continues to increase. There was major activity this year to find new models for 
the production of discrete-energy positrons in low-energy collisions between highly 
charged systems. 

In atomic physics, the development of quantitatively accurate models to describe 
L-shell vacancy production in heavy-ion collisions continues. Various ionization 
and dielectronic recombination processes have been studied in de ta i l . 

This year, the theory program was significantly enhanced by the presence of an 
ORNL-UT Distinguished Scientist in nuclear theory, and by the generous funding of 
the Joint Institute for Heavy Ion Research Faci l i ty through, in large part, the 
University of Tennessee Centers of Excellence grant from the State of Tennessee. As 
a direct result of the Distinguished Scientist program, there were two post-doc 
positions f i l l ed joint ly at ORNL and UT. Through the Joint Inst i tute, a nuirtber of 
theory visitors were at ORNL for periods of two weeks to one year, with a total of 
two man-years. The presence of these visitors and post-docs created an intel lec
tual ly stimulating atmosphere. Much of the effort of these new researchers was in 
the area of intermediate heavy-ion physics which is relevant to the physics of a 
possible booster to HHIRF. The Distinguished Scientist position in nuclear theory 
was vacated in August, 198S. In addition to these new programs, the nuclear theory 
effort was also enhanced by a Laboratory-funded Wigner post-doctoral appointment in 
nuclear theory. 

Most of the theory computing was done on the Physics Division VAX/FPS-164 array 
processor system. Towards the end of this reporting period, the VAX 11/780 was up
graded to a VAX 11/785, and a matrix accelerator capability was added to the 
FPS-164. The system was heavily ut i l ized and proved to be reliable and highly 
satisfactory. 

LOW-ENERGY HEAVY-ION PHYSICS the flux into nonelastlc channels is drastically 

reduced. 

DISPERSION RELATION AND THE LOW-ENERGY BEHAVIOR 
OF THE HEAVY-ION OPTICAL POTENTIAL1 

M. A. Nagarajan2 C. C. Mahaux3 

G. R. Satchler 

1 . Abstract of paper: Phys. Rev. Letts. 54, 
1136 (1985). 

2 . Oaresbury Laboratory, Daresbury, 
Warrington, England. 

3. Unfverslte de Liege, Liege, Belgium. 

A dispersion relation is used t i show that 
the "anomalous" behavior of the real part of the 
optical potential for 1 6 0 + 2 0 8 P b scattering at 
low energies Is an example of a general property 
of heavy-Ion optical potentials at energies ap
proaching the top of the Coulomb barrier , where 

CAUSALITY AND THRESHOLD ANOMALY OF THE 
NUCLEUS-NUCLEUS POTENTIAL1 

C. C. Mahaux2 H. Ngo3 

G. R. Satchler 

According to the causality principle, * scat
tered wave cannot be emitted before the arrival 
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of the incident wave. This principle inplies 
the existence of a dispersion relation between 
the real and the imaginary parts of the optical 
potential. We discus* the difference between 
the dispersion relations which hold for nucleus-
nucleus scattering on the one hand and for 
nucleon-nucleus scattering on the other hand. 
In the case of nucleus-nucleus scattering, the 
dispersion relation predicts that the modulus of 
the real part of the optical potential has a 
bell-shaped Maxima, as a function of energy, 
when the imaginary part approaches zero, i.e., 
for energies near the top of the Coulomb 
barrier. The shape of this apparent anomaly is 
investigated in the framework of several models. 
It is shown that there exists an algebraic model 
which is at the same time simple and sufficient
ly accurate in the sense that the difference be
tween its outcome and that of more realistic 
models is smaller than the uncertainties intro
duced by the assumptions which have to be made. 
Various systems are discussed, in particular 1 6 0 
+ 2 0 8 P b and « + "•"Ca. Several implications of 
the anomaly are pointed out. Including its ef
fect on the sub-barrier fusion of two heavy 
ions. 

1. Abstract of paper accepted for publica
tion in Nuclear Physics A. 

2. Universite de Liege, Liege, Belgium. 
3. Institut de Physique Nucleaire, Orsay, 

France. 

RADIAL DEPENDENCE OF THE DISPERSIVE CONTRIBUTION 
TO A NUCLEUS-NUCLEUS POTENTIAL NEAR THE 

THRESHOLD ANOMALY 
C. Mahaux1 H. Ngo 2 

6. R. Satchler 
Previous work (see preceding abstract) on the 

application of a dispersion relation to the 
energy dependence of the strength of the 
nucleus-nucleus potential near the threshold 
anomaly has been extended to consideration of 
the radial shape, and its energy dependence, 
expected for the dispersive correction to the 
real potential, AV(r;E). The shape has been 
studied both explicitly and in terms of certain 
weighted samples, such as radial moments. De

tailed applications have been made to the opti
cal potentials for the scattering of o • 1 6 0 and 
a + "°Ca. 

1. Universite de Liege, Liege, Belgium. 
2. Inst i tut de Physique Nucleaire, Orsay, 

France. 

ABSORPTION CROSS SECTIONS AND THE USE OF COMPLEX 
POTENTIALS IN COUPLED-CHANNELS MODELS1 

G. R. Satchler 

We give a simple and transparent derivation 
of a result obtained recently by Kim, Udagawa, 
and Tamura for the loss of flux occurring in the 
coupled-channels scattering problem when a com
plex potential is used. The loss of flux, or 
absorption cross section, consists of three com
ponents: absorption from the elastic channel, 
absorption from the nonelastic channels, and 
absorption occurring during the elastic-
nonelastic transitions. Some discussion is 
given of these results and their application to 
fusion reactions. 

1. Abstract of paper accepted for publica
tion in Physical Review C Comments. 

ASYMMETRIC DEFLECTION FUNCTIONS AND THE 
EXTINCTION OF RAINBOWS: A COMPARISON 

OF a-PARTICLE SCATTERING FROM 
"°Ca ANO ""Ca 1 

K. W. McVoy2 M. M. Shalaby3 

H. M. Khal i l 3 G. R. Satchler 

A decomposition of elastic scattering ampli
tudes into their nearside and farside components 
is employed to exhibit the presence of a spec
tacular farside ("nuclear") rainbow in the angu
lar distributions for a • 1,0Ca scattering at 
energies from 30 to 60 MeV. The rainbow is 
Identified by a deep "Airy minimum" which is 
present in the farside components of the angular 
distributions throughout this energy region. 
Over the same energy range, the angular d i s t r i 
butions for the more absorptive o + '•'•Ca scat
tering exhibit no Airy minima, and in this 
sense, show no nuclear rainbow. However, a 
steepening of the slope of their smooth farside 
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component, which appears at energies above that 
(-60 HeV) for which the rainbow angle for a + 
"•"Ca becomes less than 180°. may serve to iden
tify a residual rainbow effect, even in a + 
'"'Ca, at energies above 60 HeV. The manner in 
which the Airy minima of this and other nuclear 
rainbows are extinguished by absorption is ex
amined in detail and is found to depend cr i t i 
cally on the asymmetry in the shape of their 
low-energy deflection functions. 

1 . Abstract of paper to be submitted for 
publication in Nuclear Physics A. 

2. University of Wisconsin, Madison, HI 
53706. 

3. Ain Shams University, Abbassia, Cairo, 
Egypt. 

OPTICAL-POTENTIAL AMBIGUITIES AND FUSION CROSS 
SECTIONS FOR HEAVY IONS1 

H. H. Shalaby2 G. R. Satchler 

We explore some of the effects of optical-
potential ambiguities on the fusion cross sec
tions for heavy-ion collisions, especially at 
energies below the top of the Coulomb barrier 
when the barrier-penetration model is used. Am< 
biguities of the Igo type In the real potential 
are found to have l i t t l e effect except when the 
potential is wry shallow. The cross sections 
are seen to be very sensitive to the imaginary 
potential adopted If this allows for some ab
sorption within the barrier; both the magnitude 
and shape of the excitation function may be 
changed. 

1. Abstract of paper: Nucl. Phys. A442, 469 
(1985). 

2. Ain Shams University, Abbassia, Cairo, 
Egypt. 

F0L0IN6-H00EL POTENTIALS AND COUPLED-CHANNELS 
EFFECTS IN THE FUSION OF T1 • Zr 

6. 8. Satchler 

Potential-model calculations are being made 
for comparison with fusion cross sections re
cently measured1 for l , '» S 0 T1 + iaZr at energies 
near and below the top of the CoulonA barrier. 
Comparison of the two systems 1s of Interest be
cause the two T1 isotopes have very different 

quadrupole deformation parameters, hence 
coupled-channels calculations including this de
gree of freedom are being studied. 

Init ial ly, the real parts of the optical po
tentials were constructed using the folding 
model with the K3Y interaction.2 Fermi-shaped 
density distributions were assumed, with radii 
and diffusenesses of 4.9, 0.515 ( , 0 Z r ) ; 3.85, 
0.5 C m ) ; 3.95, 0.5 ( 5 0 T i ) , all in fm. These 
resulted in Coulomb barriers for "'Ti and S 0 T i 
with peak heights of 138.3 and 107.0 HeV at 
radii 10.9 and 11.05 fm, respectively. These 
folded potentials may be compared with other, 
"standard," potentials. That of Christensen and 
Winther3 is appreciably steeper and stronger in 
the vicinity of the barrier top (-11.7 HeV at 
10.9 fm, compared to -7.9 HeV for the folded 
one). The later prescription of Akyuz cr..: 
Winther1' is also somewhat steeper and stronger 
(-9.1 HeV). The Woods-Saxon proposed by Broglia 
and Winther5 has a slope very similar to the 
folded one, but is 51 stronger. The usual prox
imity potential6 (with b = 1 ft) has the same 
slope in the barrier region, but is considerably 
weaker (-4.4 HeV at 10.9 fm). 

For convenience in the coupled-channels 
calculations, the folded potentials were re
placed by Woods-Saxon potentials, with radius 
parameters of 1.15 fm, fitted to the folded ones 
over the Important radial range of »?.5 tu 13 
fm. A diffuseness of 0.67 fm, with depths of 
97.7 MeV ( , , 6T1) and 100 HeV ( 5 0 T1) , were found 
to be satisfactory and give essentially the same 
barrier heights, positions, and curvatures. 
These real potentials were used In conjunction 
with short-ranged Imaginary potentials chosen to 
ensure complete absorption after the real poten
tial barrier had been penetrated.7 A Woods-
Saxon shape was used with depth 10 HeV, radius 
parameter 1.0 fm, and diffuseness 0.25 fm. The 
fusion cross section Is Identified with the ab
sorption cross section calculated with this 
model.7 

The one-channel version of the model corre
sponds to the simple barrier penetration model.8 

This reproduces quite well the fusion cross sec
tions measured at the highest energies (E > 

* cm -
113 HeV) when the potentials just described are 
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used, but completely fa l ls to reproduce those at 
energies close to , and below, the barr ier . One 
way of representing this fai lure is to ask by 
what factors do the r<»al, attractive nuclear 
potentials have to be enhanced in order to yield 
the observed fusion cross sections. As shown in 
Fig. 5 . 1 , these factors steadily increase above 
unity as the energy is reduced, reaching about 
2.2 for * 6 T i and 1.7 for 5 0 T i at the lowest 
energies (E - 100 HeV). This behavior is very 
much like that typically found9 for the disper
sive correction to the real optical potential i -
the vicinity of the Coulonb barrier (the so-
called "threshold anonaly"). These renomaliza-
tions correspond to lowering the height of the 
barrier by 6 MeV {" 'Tl ) or 4 NeV ( 5 0 T i ) , at the 
sane tine noving i ts peak to larger radii by 0.8 
f « C»6Ti) or 0.5 fn ( S 0 T i ) . 

I n i t i a l l y , coupled-channels calculations 
(performed with the program PTOLEMY10) were made 

including only coupling to the lowest 2+ states 
of the Ti nuclei, assuning a hamonic vibration 
with deformation parameters $ 2 » 0.314 f 6 T 1 ) , 
0.173 ( S 0 T i ) . Although this provides consider
able increase of the fusion cross section at 
subbarrier energies (by a factor of 3 for 5 0 T 1 , 
and nore than an order of magnitude for * 6 T i , at 
E = 105 MeV), i t is s t i l l far short of the ob
served enhancenent. Adding the lowest 3~ states 
of the * ' T i and Zr nuclei, or adding the 
(0+.2+.4+) two-phonon t r ip le t in H 6 T i , each pro
duce further enhancement at E - 105 by nearly 
a factor of 3. Including both sets of states 
nearly doubles the cross section again at this 
energy, to about 6 mb, s t i l l appreciably less 
than the measured 14 st>. Further, the slope of 
the cross section curve with respect to energy 
is too steep compared to the measured one, d i f 
fering l i t t l e from the slope of the uncoupled 
optical model curve. 

This analysis is being continued. 
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Fig. 5 . 1 . Oepth V of the Woods-Saxon nuclear 
potential required to reproduce the measured 
fusion cross sections for 1 , * . 5 0 T i + 9 °Zr at var
ious energies. The dashed lines Indicate the 
values that are equivalent to the folding-model 
potentials. The solid curves are drawn to guide 
the eye. The lefthand ordinate scale 1s for 
S 0 T 1 , the Hghthand one Is for " 6 T 1 . 
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TIME-DEPENDENT HARTREE-FOCK STUDIES Of THE 
SENSITIVITY OF DYNAMICAL FUSION THRESHOLDS 

TO THE EFFECTIVE TMO-BOOY INTERACTION1 

J . A. Maruhn2 K.T.R. Davles 
M. R. Strayer 

Results are presented for time-dependent 
Hartree-Fock calculations of mostly head-on col
lisions of « K r • 1 J , L a and l * 0 • 1 6 0 . These 
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studies demonstrate the sensitivity of the time-
dependent Hartree-Fock dynamical fusion 
thresholds to the effective two-body interaction 
used in the calculations. The main thrust of 
this paper is to investigate the dynamical 
threshold which is the microscopic analog of the 
macroscopic extra-push threshold. He find that , 
for head-on collisions at bombarding energies 
above the interaction barrier, the onset of 
fusion is extremely sensitive to the interaction 
used. The thresholds calculated with different 
Skyrme forces d i f fe r by several hundreds of MeV 
or more, and i re related to the effective mass 
of the interaction. We also show that the high-
energy angular momentum window threshold has a 
pronounced force dependence, a feature which 
must be properly taken into account In comparing 
time-dependent Hartree-Fock window predictions 
with experimental data. Final ly, i t is shown 
that the fusion behavior can be sensitive both 
to the numerical time step used and to f*ie pre
cision of the calculation, a problem which nay 
have implications regarding the validity of the 
time-dependent Hartree-Fock results after time 
scales of the order of 10" 2 0 s . 

1 . Abstract of paper: Phys. Rev. C 3 1 , 1289 
(1985). 

2. University of Frankfurt, Frankfurt, West 
Germany. 

TINE-DEPENDENT HARTREE-FOCK CALCULATIONS OF 
••He • U C , 1 2 C • 1 2 C ( 0 * ) , AND *He • ™Ne 

MOLECULAR FORMATIONS1 

A. S. umar2 R. Y. Cusson3 

M. R. Strayer P.-G. Reinhard1* 
D. A. Bromley5 

Time-dependent Hartree-Fock calculations for 
head-on collisions of '•He + U C , l 2 C + l 2 C ( 0 + ) , 
and ''He + 2 0 He have been performed at bombarding 
energies near the Coulomb barrier. The results 
are Interpreted in terms of their classical 
quaslpeModlc and chaotic behavior. The posi
tion of the time-dependent Hartree-Fock collec
t ive path with respect to the multidimensional 
energy surface of the compound nuclear system >s 
shown. Dynamlcai -nl lectlve degrees of freedori 
are Identif ied and classical frequencies associ

ated with each degree of freedom are calculated. 
For 2 HMg we calculate molecular frequencies of 
about 0.8 and 1.0 "*V and a characteristic 
moment of inertia of 15 MeV- 1. 

1 . Abstract of paper: Phys. Rev. C 32, 172 
(1985). 

2 . University of Pennsylvania, Philadelphia, 
PA 19104. 

3. Consultant from Duke University, Durham, 
NC 27706. 

4 . University of Erlangen, Erlangen, best 
Germany. 

5. Yale University, New Haven, CT 06510. 

DENSm AS A CONSTRAINT AND THE SEPARATION 
OF INTERNAL EXCITATION ENERGY IN TDHF1 

R. Y. Cusson2 H. R. Strayer 
P.-G. Reinhard3 J . A. Maruhn* 

W. Greiner1* 

We present a fast and eff icient constrained 
Hartree-Fock iteration scheme which constrains 
the complete density distribution to remain con
stant. The scheme is particularly suited to a 
coordinate- or momentum-space representation. 
The technique is applied to separate the collec
t ive and the internal energy in a propagating 
TDHF state. We study the behavior of these two 
energies In an 1 6 0 + 1 6 0 col l is ion. 

1 . Abstract of paper: Z. Phys. A31J, 475 
(1985). 

2. Consultant from Duke University, Durham, 
NC 27706. 

3. University of Erlangen, Erlangen, West 
Germany. 

4 . Consultant from University of Frankfurt, 
Frankfurt, West Germany. 

DYNAMICAL SPIN-ORBIT CURRENTS IN HEAVY-ION 
COLLISIONS 

P.-G. Reinhard1 M. R. Strayer 
A. S. Umar2 

I t Is generally acknowledged that the time-
dependent Hartree-Fock (TDHF) method provides a 
useful foundation for a fully microscopic many-
body theory of low-energy heavy-1on reactions. 3 

This assumption 1s predicated In part on the re
sults of fusion excitation function calculations 
for light mass systems and particular energy 
angle correlation function calculations for 
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strongly damped heavy mass collisions.'* The de
tails of these calculations suggest that the 
Pauli principle plays an important role in 
simultaneously building up a time-dependent nean 
field and suppressing the propagation of the 
strong N-N interaction teras. These calcula
tions exhibit an unusual degree of transparency 
for the very central collisions which affects 
the interplay between fusion and inelastic scat
tering and which seems to disagree with expert-
•ent . * ' 5 

However, all of the TDHF calculations which 
have addressed this question have been carried 
out with approximations which impose symmetries 
on the TDHF wavefunctions and thereby reduce the 
number of degrees of freedom carried by the sys
tem. I t is argued that the restoration of sym
metries to the TDHF wavefunction reduce the 
amount of dissipation and hence the amount of 
fusion. 

To this end, we consider the addition of 
spin-orbit current interaction terms to the TDHF 
Hamiltonian. Thus far, all TDHF calculations 
have ignored these terms by assuming completely 
spin-degenerate and spin-saturated states. In
cluding the spin-orb I t coupling terms In Skyrme 
forces provides an additional term to the TDHF 
Hamiltonian density,6 

H(r) • - t 4 fpf-J +1 P q * - j j l / 2 (1) 

In (1) t^ is the strength of the spin-orbit 
force, p is the nuclear density for isospin 
q » !•• 1/2, and the divergence of the current in 
state q is given in terms of single-particle 
states * a q , 

H - 1 1 [(*«,)* •«(*„)] (« 
We have solved the TDHF equations to head-on 

collisions of 1 6 0 + 1 6 0 at a variety of bombard
ing energies using the Skyrme II force with the 
spin-orbit interaction as given above. We find 
a threshold for the onset of Inelastic scatter
ing occurring >+ a bonfcardlng energy per parti-
cl of about 9 MeV. In contrast, calculations 
without spln-orMt forces give an Inelastic 

threshold occurring at about 3.5 MeV for this 
system. Thus, we note that the dynamical 
breaking of the spin degeneracy substantially 
modifies the amount of dissipation observed in 
TuHF calculations. 

1. University of Erlangen, Erlangen, West 
Germany. 

2. University of Pennsylvania, Philadelphia, 
PA 19104. 

3. J . W. Negele, Revs. Nod. Phys. 54, 913 
(1982). 

4. K.T.R. Davies et a l . , in "Treatise on 
Heavy-Ion Science," Vol. 3, ed. by D. A. Bromley 
(Plenum, New York. 1985). 

5. A. Lazzarini et a l . , Phys. Rev. C 24, 309 
(1981). 

6. Y. N. Engel et a l . . Nucl. Phys. A249, 215 
(1975). 

NUCLEAR SHAPE-ISOMERIC VIBRATIONS 

A. S. Ur̂ ar1 M. R. Straye--

I t has been suggested that states built on 
shape-isomenc configurations could represent 
the underlying physics of the observed corre
lated resonances in the collisions of light 
heavy ions.2 In calculating these states, we 
face the difficulty of performing nuclear struc
ture calculations for triaxially deformed 
nuclei. However, for a variety of reasons, i t 
is physically reasonable to consider vibrational 
states having a particular symmetry. Thus, we 
calculate the low-lying vibrational states built 
on the axially symmetric shape-lsomer of 2 l ,Hg. 

The density vibrations of the isomer are cal
culated using the linear response formalism.3 

We study the response of the nucleus to a time-
dependent one-body external perturbation coupled 
to the nuclear density 

Hx(t) - / d'r p(f,t)F(f.t) (1) 

where p 1s the nuclear density, and F represents 
an arbitrary external field. Under general as
sumptions, the equations of motion for the den
sity matrix, p can be written as 

1 dp/dt - [(h(p) • f(t)).p] (2) 
where h(p) 1s the single-particle Hartree-Fock 
Hamiltonian, and f Is 
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f(r,t) = \ 6(t) 
r L Y L 0(r) L * 0 

L = 0 
(3) 

In coordinate space, the response function, 6p, 
is defined to be the change in the density with 
respect to the eq- iibrium density and the 
strength function which measures the transition 
strength from excited states to the ground state 
is 

S L(») = J d 3r dt e _ 1 - t f(?,t)«p(?,t) (4) 
We have computed the response 6p, and the 

strength function for vibrations about the 
axially symmetric isomer of 2 HMg using the 
Skyrme I force. The time dependence of the 
second moment of the response function and the 
energy dependence of the strength function are 
shown in Fig. 5.2. In Fig. 5.2(a) we see that 
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Fig. 5.2. a) The time of the nuclear 
radius for the oscillating 2 1 ,Mg Isomer with the 
Skymse I force, (b) The strength function 
So(») computed for the oscillations shown 1n 
(a). . 

the time evolution is nearly periodic over a 
range of very long times and has a frequency of 
about 1 NeV, as can be seen from the strength 
function in Fig. 5.2(b). The energy spacings 
observed in Fig. 5.2(b) are in agreement with 
those of the U(4) model and the experimental 
data. 

1. University of Pennsylvania, Philadelphia, 
PA 19104. 

2. K. A. Erb and D. A. Bromley, in "Treatise 
on Heavy-Ion Science," Vol. 3, ed. D. A. Bromley 
(Plenum, New York, 1985). 

3. G. F. Bertsch and S. F. Tsai, Phys. Rep. 
18, 125 (1975). 

CHANNEL COUPLING EFFECTS IN THE SUBBARRIER 
FUSION OF l 6 0 ON " 0 AND " O 1 

J. Q. Wu 2 G. F. Bertsch3 

A. B. Balantekin1* 
Isotopic differences in the fusion cross 

section for oxygen on oxygen, observed by Thomas 
et al., s are interpreted with a coupled-channel 
model. We find that most of the subbarrier en
hancement of 1 8 0 + 1 6 0 over 1 6 0 + 1 6 0 is 
attributable to the excitation of the low 2+ 
state In 1 8 0 . However, our model predicts the 
enhancement to persist above the barrier con
trary to the experimental findings. 

1. Abstract of paper: Phys. Rev. C 32, 1432 
(1985). 

2. Guest assignee from University of 
Tennessee, Knoxv1lie, TN 37916. 

3. Michigan State University, East Lansing, 
MI 48824. 

4. Eugene P. Wlgner Fellow. 
5. J. Thomas et al., Phys. Rev. C 31, 1980 

(1985). 

PATH INTEGRAL APPROACH TO THE NULTI-DIMENSIONAL 
QUANTUM TUNNELING IN TKE FINITE TEMPERATURE CASE 

A. 6. Salantekln1 N. Taklgawa2 

Recently, we formulated the path Integral 
approach to the coupled channels problem and 
worked out transmission probabilities for some 
simple cases.3 We extended this work to include 
the ejects of the finite temperatures in the 
tunneling process. Starting from the 
Hamlltonlan 
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H = T(ft) + V{R) • H o(q) • H.^ q . R ) 

Mhere R Is a translatlonal degree of freedom and 
H (q) Is the Haslltonlan of the internal system 
coupled to this degree of freedom, the finite 
temperature influence functional can be written 
as 

—AH 
P B = I <n| e ° Ut(R,f)0(R,T) | n> 

where the operator D satisfies the equation 

ifi | ^ = [H + H. .]U. 3t l o int J 

The path integral expression for the penetrabil
ity is calculated using the above temperature-
dependent influence functional for the simple 
casr-; where the influence functional reduces to 
a group character. 

1. Eugene P. Higner Fellow. 
2. Tohoku University, Sendai, Japan. 
3. A. B. Balantekin and N. Takigawa, Ann. 

Phys. (N.Y.) 160, 441 (1985). 

EFFECTIVE RADIUS DETERMINATION FROM r-RAY 
MULTIPLICITIES IN FUSION REACTIONS1 

A. B. Balantekin2 P. E. Reimer3 

The angular momentum quantum number depen
dence of the transmission probability in fusion 
reactions is usually approximated as 

v»-'.['-^] »> 
where the effective moment of inertia mR 2(E) is 
not explicitly known. The energy dependence of 
R(E) 1s approximated in various ways. We have 
shown that using the Integral equation 

simultaneous measurements of the fusion cross 
section and the gamma my multiplicities can be 
used to determine R't). Results obtained using 
model potentials is shown in Fig. 5.3. The 
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Fig. 5.3. Results obtained using the Hoods-
Saxon potential for 1 2 C- 1 2 C and the Krappe, Nix, 
and Sierk potential for 6 I ,N1- 6*N1. !pper and 
middle portions are the cross section and aver
age angular momenta determined using the UKB 
formalism. The lower portion shows the effec
tive radius R(E) (solid line) obtained using 
o(E) and <t>(E) given above. The dashed line is 
the actual position of the barrier maximum, and 
the arrow identifies the position of the 
barrier. 

average angular momentum quantum number <L> Is 
usually related to the gamma-ray multiplicity as 

<L> =a MT - B . (3) 

Since the information to be obtained from R(E) 
(position, height, and the thickness of the bar
rier) can also be accurately determined from 
other experiments, the consistency between the 
two sets of information indicates that the 
values of the parameters a and 6 used to deter
mine <L> are correct. He have used our results 
to study the data* for the systems 1 2 C - 1 5 l , S m and 
1 60- 1 5 , ,Sm. The result for the latter system Is 
shown In Fig. 5.4. 

1. Sumrary of paper: Phys. Rev. C 33, 379 
(1986). 

2. Eugene P. Higner Fellow. 
3. Student Research Participant from Bethel 

College, North Newton, KS, summer, 1985. 
4. R. Vandenbosch et al., Phys. Rev. C 28, 

'.161 (1983). 
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F ig . 5.4. The effective radius for the 
1 6 0 - l 5 * S m system. 

CORRELATIONS BETWEEN PRE-EQUILIBRIUM NUCLEONS1 

D. J . Ernst 2 M. R. Strayer 
A. S. Umar3 

A quantum-mechanical model for the emission 
of fast nucleons 1n low-energy nucleus c o l l i 
sions Is presented. The role of a classical 
emission function is shown to be played by the 
time derivative of an Impact-parameter-
Integrated, time-dependent, distorted-wave 
Wlgner function. Correlations between the 
emitted particles are shown to be caused by the 
Paull principle, by the Impact-parameter depen
dence of the emission process, and by two-body 
collisions Including the f inal-state interac
t ions, as well as those due to the size of the 
emitting source. 

1 . Abstract of paper: Phys. Rev. Letts. 55, 
584 (1985). 

2 . Texas A S M University, College Station, 
TX 77843. 

3. University of Pennsylvania, Philadelphia, 
PA 19104. 

SUBTHRESHOLD w°-PR00UCTI0N IN rME 
B0LTZHANN-UEHLIN6-UHLENBECK THEORY1 

J . Alchelln 2 

i"-production in medium-energy heavy-1on re 
actions is studied via the Boltzmann-Uehling-
Uhlenbeck approach. The mass dependence and 
bombarding energy dependence of the calculated 

absolute pion cross sections agree remarkably 
well with the recent data of Noll et a l . for 

l 2C(60,75,85 MeV/N)+C, N i , Au. Pion reabsorp-
tion occurs in >50t of the eve.its. Shadowing is 
important for the angular distributions of pions 
produced in heavy systems and also changes the 
apparent velocity of the "pion emitting source." 

1 . Abstract of paper submitted to Physical 
Review Letters. 

2 . Max-Planck Institut fur Keraphysik, 
Heidelberg, West Germany. 

CONDITIONAL SADDLE POINT CONFIGURATIONS1 

K.T.R. Davies A. J . Sierk 2 

A general method is presented for determining 
an equilibrium point on a potential energy sur
face subject to an arbitrary number of con
straints. The method is then specialized to the 
calculation of a conditional saddle point in the 
liquid-drop model for which the constraint is 
the rass-asymmetry degree of freedom. This ap
proach Is useful for cases in which the mass 
asymmetry is not one of the chosen coordinates 
but instead is a function of these coordinates. 
Conditional saddle points are calculated for the 
liquid-drop and Yukawa-plus-exponential nuclear 
energy models, with the nuclear shape parame
tr ized using both a three-quadratic-surface 
model and a Legendre polynomial expansion of the 
nuclear surface function. Ue show how the con
ditional saddle-point shapes and energies change 
as the f i s s H i t y x and the mass asymmetry value 
a are varied. As o increases for fixed x, the 
Siddle point configurations effectively behave 
l i . » lighter (less f iss i le ) nuclei. For f i s s i l -
i t ies less than the Businaro-Gallone value 
( x B G J , the conditional saddle point energy a l 
ways decreases with Increasing a . For x > XQ~, 
with increasing a the conditional saddle point 
energy Increases intl l i t reaches the limit of 
the Businaro-Gallone peak, after which the 
energy decreases. 

1 . Abstract of paper: Phys. Rev. C 31, 915 
(1985). 

2. Los Alamos National Laboratory, Los 
Alamos, NM 87545. 
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S i r LE OPERATORS FOR 0BTAININ6 SEMI-INCLUSIVE 
iRANSITION PROBABILITIES IN TIME-DEPENDENT 

PROBLEMS 

J . E. Purcell 1 M. R. Strayer 
C. Bottcher 

In neari-field theories, i t Is presently not 
known how to calculate directly the particle 
emission energy spectrum associated with the 
low-energy collision of two heavy ions. To this 
end, we need the collision-induced probability 
of a transition from the i n i t i a l single-particle 
bound state to a final continuum state. We have 
found two operators which, when used together 
with the final wavefunction, produce the desired 
transition probability. They are: 

and 

11i (exp(-(E-H) 2/l*)") 
N-H. 

lim UE-H)- 1)", 
No

where H is the f ina l ( i . e . , t * » ) Hand Hon i an. 
We use these operators on a grid i n coordi

nate space and require that the wavefunctions go 
to zero on the boundaries. The e f f e c t of the 
above operators is to project out of an a r b i 
t r a r y wavefunction that the eigenfunction of H 
whose energy Is nearest to E. From th is we get 
the exact eigenvalue, E. , and, given the f ina l 
t ime evolved wavefunction, ? f , we can obtain the 
p a r t i c l e emission probabi l i ty at the energy 
E. from the overl :p <** | 0 | • - > where 0 1s 
e i ther of the above operators. 

We have tested the method In several one-
dimensional models where exact p r o b a b i l i t i e s can 
be obtained for comparison. More r e a l i s t i c 
cases are currently being studied In which both 
energy and angular d ist r ibut ions are to be ob
ta ined . 

NUCLEAR STRUCTURE 

THE UNISOR NUCLEAR STRUCTURE THEORY PROGRAM 

Introduction 

G. A. Leander 1 

A structure theory program is supported by 
UNISOR, the university isotope separator at 
ORNL. It has been greatly strengthened, especi
ally In the area of high spins, by the new visi
tor program at JIHIR. The aim is to conduct and 
stimulate theoretical research on nuclear struc
ture, particularly in areas where experiments at 
the Hoiifield facility have or potentially could 
have an impact. The main areas of current in
terest are: the low-energy structure of nuclei 
far from stability, the Intrinsically cold 
states at high angular momentum that are ob
served in discrete-line spectroscopy, and the 
warmer states that are studied by quasicontinuum 
spectroscopy. The theoretical approaches focus 
on nuclear collectivity, its basic principles, 
microscopic origin, and physical consequences. 

The major development during the past year is 
a theory of static Isovector El deformations in 
nuclei. This theory accounts for the low-energy 
collective El mode that has been discovered re
cently in certain nuclei. Other highlights 
have been the first charting of reflection asym
metric equilibrium shapes at high angular momen
tum, and an evaluation of UNISOR laser data 
which sheds light on the collectivity In semi-
magic nuclei. These and other results are sum
marized below under four topical headings with 
reference to the respective publications. 

Low-Energy Structure 
A. F. B a r f l e l d 2 W. Nazarewlcz 1 0 . 1 1 

F. Donau3 J . R. Nix 9 

J. Dudek1* Ph. Quent ln 1 0 . 1 2 

B. E. Gnade5 P. B. Semites 1 0 . 1 3 

W. M. Howard6 0. Scholten11* 
G. A. Leander1 J . L. Wood13 

D. L e w e l l e n 1 . 7 L. Zamlck15 

P. Hol ler* . 9 J . - y . Zhang 1 0 . 1 6 

1. Consultant from Georgia State University, 
Atlanta. GA 30303. 

The ability to describe the onset of collec
tivity 1s a trlngent test of nuclear models. 
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and a part of the theoretical and experimental 
work at UNISOR is geared to this problem. 

A long-standing puzzle regarding the onset of 
deformation in the Tl isotopes has been re
s o l v e d . 1 7 ' 1 8 Early UNISOR experiments had shown 
that the h 9 ~ proton orbi t , located above the 
Z=82 spherical shell gap, cones down in energy 
with decreasing neutron number below N = 126 and 
reaches a minimum at N - 108 (A = 189 in Fig. 
5.5, top frame). One of several theories 
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F ig . 5.5. Theory vs. experiment for 
i 85 - i 99 T i . (a) Energy of the 9 /2 ' Isomer with 
respect to the 1/2* ground state, (b) Energy 
of the f i rs t state 1n the band based on the 9/2" 
Isomer. (c) Deformation, e 2 , of the 9/2- Iso
mer from theory (dashed line) and from the ex
perimental Qs («•) and isotope shifts ( • ) ob
tained in this work. The odd-even energy dif
ference, An> f r o m RCS theory (solid line) and 
from experimental masses ( i ) . Note that both 
An a n d [ e 2 1 Increase for an Increasing nun*er of 
neutron holes below N • 126, with compensating 
effects on the moment of Iner t ia . The arrows In 
(b) Indicate the effect of a self-consistent In
stead of fixed A n . 

attributed the changing h 9 / 2 energy to the onset 
of oblate deformation, despite the proximity to 
the Z=82 shfli closure. Rotational-like bands 
built on the 9/2" levels were in fact observed. 
However, the energy spacings within these bands 
are almost identical along the isotopic chain 
(Fig. 5.5, middle frame), and this was inter
preted as evidence against a changing deforma
t ion . A UNISOR laser measurement has now estab
lished that the deformation does change (Fig. 
5.5, bottom frame), and a theoretical calcula
tion based on the Nilsson mdel has explained 
the seemingly contradictory aspects of the data. 
The minimum In the hg/2 energy was reproduced 
for the f i r s t time (Fig. 5.5, top frame), the 
key being, as is so often the case in nuclear 
structure, a better parametrizitlon of the 
single-particle potential. The energy of col
lective excitations based on the 9 /2 ' bandheads 
was obtained by a method we developed a few 
years ago for K-bands. This rotational energy 
was Indeed found to be nearly constant (Fig. 
5 .5 , middle frame) despite the changing quadru-
pole deformation, e 2 (F ig. 5.5, bottom frame). 
The ,-eason is that with an increasing number of 
neutron holes there is an Increase of both the 
deformation and the neutron superfluid correla
tions (Fig. 5.5, bottom frame), with offsetting 
effects on the collective excitation energy. I t 
is interesting to speculate that this mechanism 
is responsible for the near-constant collective 
energy spacings that seem to be a rather general 
feature In sequences of setnlmaglc nuclei. 

In the 6 2Sm isotopes, I t is well known that 
ground-state deformation sets in via a sharp 
phase transition for N > 82. Most models pre
dict a smoother transition for N < 82, but a few 
years ago I t was found that a relatively sudden 
transition Is predicted by the folded Yukawa 
single-particle model specifically for Pm and 
Sm. Measurements of 2* energies In the light Sm 
Isotopes, partly done at UNISOR, are consistent 
with the sudden t rans i t ion , 1 9 c . f . the lower 
branch of the dashed curve In Fig. 5.6. 

The Interacting boson model (IBM) 1s a model 
designed to describe thr onset of quadrupole 
col lect ivi ty In nuclear spectra, and 1t Is being 
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Flg. 5.6. Theory vs. experiment for the 
energy of the first 2* level In the Sm isotopes. 
The experimental points for N = 72, 74, and 76 
are new. They lie on a line which slopes even 
more steeply than the lower branch of the dashed 
curve, which latter corresponds to a rapid shape 
change. 

studied and tested. Calculations have been made 
for the phase transition In the light Sm 
isotopes19 (c.f. Fig. 5.6). Work Is under way20 

to describe octupole vibrational bands by the 
Inclusion of a f-boson In IBM. A form of the 
IBM Hamlltonlan has been found which Incorpo
rates the equivalent of Corlolis coupling be
tween the K-bands, and which gives rise to 
appropriate splittings of the octupole K-
bandheads. An appropriate form of the exchange 
interaction 1s essential to describe cases where 
Kw « 1" or 2" comes lowest. The same form of 
the octupole operator Is used for the 
Hamlltonian and the E3 transition rates. The 
systematic trends of the parameters are 
currently being studied by fitt ing the spectra 
of twelve rare-earth nuclei. Another region of 
interest 1$ the light Pt, Au, Hg, Tl, and per
haps Pb and B1 Isotopes, where wel1-deformed 
states coexist at low energy with less deformed 
or spherical states. The stability of IBM pre

dictions for this region is being examined.21 

Also, the validity of the IBM parametrizations 
for even-even nuclei is being tested by coupling 
on an odd particle and comparing with experimen
tal data for odd-mass nuclei. 2 2 Previously pub
lished parametrizations are shown to be unsatis
factory in some respects. The odd-particle 
coupling calculations are carried out by the 
dynamical core-quasiparticle coupling method, 
rather than the interacting boson-fermlon model 
(IBFM). These two methods have been compared 
systematically.23.2"* One conclusion is that 
'Corlolis attenuation' can be engineered in IBFM 
with the parameter A (Fig. 5.7). However, 
there are several other spectroscopic consequen
ces of changing A which would show up in a suf
ficiently extensive experimental spectrum or 
spectra for a sequence of nuclei. Phenomeno-
loglcally based conclusions regarding IBFM and 
Coriolis attenuation in the present literature 
can therefore be deemed Inconclusive. 
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Fig. 5.7. The effective Coriolis matrix ele
ment extracted from the E2 transition rate be
tween the first and second 9/2 states In the 
IBFM spectrum for j • 9/2, v2 • 0.8, and an 
SU(3) core. The IBFM results we shown as a 
function of the exchange term parameter A 0. The 
horizontal dashed line shows the result from 
core-quaslpartlcle coupling using the same j , 
v 2 , and SU(3) core, with the BCS gap parameter 
A • 1 MeV. 
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The odd-mass nuclei l 0 7 » l 0 , A g were studied 
following a measurement of excited-state Magne
tic moments at Rutgers.25 These moments contra
dict the old interpretation of the low-lying 
levels as basically spherical single-particle 
states. The moments had been reproduced pre
viously by an IBFM calculation. Now it was 
shown that a simpler even-even core, the t r i -
axial rotor, is sufficient to describe even more 
extensively the electromagnetic properties of 
these transitional nuclei. 

The onset of pairing, or "deformation in 
gauge space," is poorly described by standard 
BCS theory. Many years ago, Lipkin proposed a 
slight modification of BCS, which improves the 
solutions in the transition region. A numerical 
method of solution which converges in the gener
al case was previously lacking but has now been 
developed.26 Lipkin's scheme is useful in near-
magic nuclei like Au and Tl , where BCS correla
tions break down for some configurations. 
Following up on Lipkin's idea, equations have 
also been derived for rotating nuclei. These 
equations may provide the most viable solution 
to the problem of pairing reduction at high 
spins. 

Microscopic theories of nuclear structure are 
often based on single-particle orbits in a mean 
field, and an important activity Is to follow up 
the results of spectroscopy in order to test and 
improve models for calculating such orbits. The 
analysis of ORNL-KcMaster data on l 8 5 Au showed 
that the proton orbits In this region are ade
quately described by the Warsaw Woods-Saxon po
tential but not by any previous set of Nils son 
model parameters.27 A new set of Nilsson proton 
parameters has been proposed.26 The 1981 param-
etrizatlon of the folded Yukawa model, featuring 
a linearly A-dependent spin-orbit strength, has 
been explored in the region of very heavy and 
superheavy n u c l e i . 2 9 ' 3 0 The shell energy Is 
minimized at N » 178 rather than 184. There Is 
also a new local minimum around Z * 110 and N • 
162, which should enhance the stability of these 
elements relative to systematlcs. These predic
tions might be tested within the framework of 
the proposed LEAP project. 

Intrinsic Reflection Asyaaetry 

G. F. Bertsch 3 1 . 3 2 P. Holler 8. ' 
Y.-s. Chen 1 0 . 3 3 W. Nazarewicz1 0'1 1 

J. Oudek" P. Olanders8 

G. A. Leander1 I . Ragnarsson8 

A few years ago we found that reflection 
asymmetric equilibrium shapes occur in certain 
nuclei according to mean-field theory. The 
asymmetric intrinsic shapes are an "exotic" 
state of nuclear matter, where phenomena can be 
observed which do not occur elsewhere. An on
going effort is now being mad'! to understand the 
consequences of this asymmetry, and to relate it 
to a body of relevant experimental data that has 
begun to emerge largely during the past few" 
years. A review is provided in Ref. 34. 

Two significant theoretical advances have 
been made during the past year. One is the Ini
tiation of calculations to map out the evolution 
of reflection asynmetric shapr<: at high angular 
momentum.35'36 This Is described below under 
the heading 'High Spins.' The other advance is 
a theory for the isovector El moments that 
accompany isoscalar reflection asymmetric defor
mations. 3"». 3 7 . 38 The idea is to calculate the 
static El deformation of the equilibrium shape 
using the Strutinsky method. The semiclassical 
dependence of the El moment on Isoscalar defor
mation is obtained from the liquid-drop model. 
A quantal shell correction is obtained from the 
deformed shell model taking into account the re
sidual dipole-dipole interaction, which latter 
is not included in the one-body field and 
strongly affects the El moments. Experimental
ly, collective El transitions have been observed 
at both high and low spins. An example from 1n-
beam work Is the alternating parity ground band 
of 2 2 2 T h , where the El transition Intensities 
are about as strong as the collective E2 Inten
sities. The El transitions In 2 2 6 Ra are also 
fast, nevertheless the B(E1)/B(E2) ratios In 
2 2 6Ra are an order of magnitude smaller than in 
2 2 2 Th (Fig. 5.8). The theory explains this as a 
shell effect. For 2 2 2 Th the shell correction 
and the liquid-drop term have the same sign, but 
for 2 2 6 Ra they have opposite signs and tend to 
cancel (Fig. 5.9). A quantitative comparison 
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Fig. 5.8. The experimental yrast bands of 
2 2 2 Th and 2 2 6 Ra, which exhibit the characteris
t ic features of soft intrinsically reflection 
asymmetric rotors. The numbers below the levels 
are the 8(E1)/B(EZ) branching ratios In 10"* 
fm- 2 . 

between theory and experiment in the Ra-Th 
region is shown in Table 5.1. Experimental data 
are more scarce in the rare earth region. Fast 
El transitions within alternating parity bands 
are, however, observed In nuclei around 1 > , 8Sai l 

and a large El shell correction with the same 
sign as the liquid-drop contribution Is Indeed 
predicted for these nuclei. 

An interesting problem has arisen3 9 from the 
measurement of three El transition rates between 
low-lying states of 2 2 5 Ra. The El rates are 
fast and support our previous Interpretation of 
these states as Kw • 1/2*. 1/2" parity doublet 
hands based on a single reflection asymmetric 
Nllsson orbital. All three El rates can be 
fitted with two parameters, the El moment and 
the electric decoupling factor. This first em
pirical electric decoupling factor turns out to 
be nonzero, although zero would be required by 
symmetry 1n the limit of strong coupling. 

There are many other deviations from the re
flection asymmetric strong-coupling limit in the 
spectra of relevant odd-mass nuclei. These de
viations are sometimes cited as evidence against 
the usefulness of reflection asymmetric mean 
fields. However, significant deviations are ex
pected to arise from nonadiabatic decoupling of 
the odd particle, both Coriolis decoupling and 
decoupling from the reflection asymmetry. In 
order to investigate the role of decoupling more 
quantitatively, numerical applications of the 
rigid reflection asymmetric rotor plus particle 
model are in progress.*0 The Ra, Ac, light Th, 
and heavy Ba nuclei are the most likely candi
dates for reflection asymmetry at low 
spins.M.* 2 Experimental items of prime inter
est, in addition to the K*l/2 bands of 2 2 5 Ra, 
are some spectroscopic factors in 2 2 7 Ac that 
were measured at Livemore, and a spectrum for 
l H 5Ba from TRIS.AH. 

High Spins 

R. Bengtsson8tio 
T. Bengtsson8 

Y.-s. Chen1 0»3 3 

J. Oudek" 
S. Frauendorf3 

G. A. Leander1 

W. Nazarewlcz1 0.1 1 

P. Olanders8 

I . Ragnarsson8 

P. B. Semmes10.13 

J.-y. Zhang 1 0 . I S 

Nuclear rotation was found to be strongly In
fluenced by intrinsic reflection asymmetry in 
our previous studies with the cranked Woods-
Saxon-Bogollubov model. The collective aspect 
of rotation is enhanced, single-particle aspects 
are suppressed, and the surprisingly smooth 
level sequence in 2 2 2 Th could be reproduced, 
assuming that the reflection asymmetric shape 
calculated for the ground state Is also valid at 
high spins. The same model has now been applied 
to calculating the equilibrium shapes at high 
spins for 2 2 2 Th and several other nuclei. 3 5 The 
results for the Th Isotopes are summarized in 
Fig. 5.10. Similar results were obtained for 
the Ra Isotopes with A • 218-226. Constant de
formation is seen to be a good approximation for 
2 2 2 Th at I < 20, but is by no means the univer
sal rule. In the heavier isotopes, a reflection 
symmetric band with both » 1 U / 2 and v J 1 5 / t 
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Fig. 5.9. The shell-correction and liquid-drop contributions to the Intrinsic electric dipole 
ent , plotted vs. octupole deformation B 3 for 2 2 2 T h and 2 2 6 R a . The calculated equilibrium shapi shapes 

occur at 0 3 1 - 0 . 1 . Note at these equilibrium shapes the coherent sign of the two contributions In 
2 2 2 T h and the cancellation In 2 2 6 R a , which explains the order of magnitude difference In the 
B(E1)/B(E2) ratios for these two nuclei (c . f . Fig. 5 .8 ) . 

rotation-aligned quaslpartlcles crosses the re
flection asymmetric ground band at high spin ( I 
- 26 1n 2 2 2 T h ) . The lighter Isotopes, 2 1 » . « ° R a 
and 2 2 0 T h , have spherical ground states, but 
under rotation they acquire reflection asymmet
ric shapes which persist up to very high spins. 

Experimentally, alternating parity yrast 
sequences and an absence of quasiparticle a l ign
ment phenomena have been observed at very high 
spins, I > 30, for some rare-earth nuclei. I n i 
t ia l cranking model calculations 3 6 have provided 
examples, such as l 6 * Y b , where reflection asym
metric equilibrium shapes occur at the appropri

ate spins In the appropriate nuclei and help to 
explain the data. 

In order to better understand the systematic 
effects of reflection asymmetric deformation on 
rotation and backbendlng, a schematic cranked 
two-j-shell model was considered.1'2 The contri
bution of the two j -shel ls to the collective 
ground-band moment of Inertia Is increased by 
reflection asymmetry. Backbendlng may s t i l l 
occur but Is less l ike ly , because the admixture 
of the lower-j shell decreases the number of 
zeros 1n the Interband Interaction matrix e le
ment V (x p ) , increases the average amplitude of 



225 

Table 5.1. Theory vs experiment for the 
B(E1)/B(E2) branching ratios in doubly even Ra-
Th nuclei. Column 1 indicates the approximate 
region of angular momentum, column 2 gives the 
rotational model branching ratio obtained from 
the El and E2 moments at the equilibrium shape, 
and column 3 gives the experimental branching 
ratios, which may have sizeable uncertainties. 

ORNL-OUG 85-18104 

Nucleus <I> B(E1)/B(E2) 
TH. 

(fm-2) 
EXP. 

"»Ra 12 5.0 10-6 3 10-< 

"«Ra 9 
17 

1.1 10"6 

2.3 10-7 
1 10"« 

2"Ra 5-12 
21 

3 lO"7 

8 10-6 

""Ra 8 
23 

2 10-7 

0 
1 10-7 

2"Ra 3-11 
24 

3 10"8 

3 10"8 
< 2 10-7 

"»Th 13 2.5 10"* 1.9 lO"6 

222 T n 0-12 
26 

2.0 10-« 
0 

2 10-< 

22- T h 5-14 1.6 lO"6 

2 " T h 6 
20 

9.6 10-7 

0 
4 10-7 

2 2 8 T h 8 
15 

9 10-* 
0 

8 10"8 

v ( x c)» and reduces the quasipartlcle alignment. 
The effect that 'spectator' quasipartlcles 

have on backbending due to angular momentum 
coupling Is being Investigated."3 In the 
cranking model, quasipartlcles have l i t t l e ef
fect unless they polarize the self-consistent 
fields, as 1s further discussed below. In core-
particle coupling to good angular momentum, how
ever, each state contains a superposition of 
several core states and therefore the core back-
bends are smoothed In the coupled system. 

Widespread experimental progress Is being 
made In charting out bands and band crossings, 
and theoretical cranking calculations can be 
helpful In characterizing the observed struc
tures. Thus, alignment phenomena observed 1n 
experiments on l* 5Au and 1 8 "« l B 6 Hg could be 
ascribed to the alignment of 1 n „ neutrons and 

0 1 0 
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TV 220 224 226 
222 \ y 

\ '•' i it 
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f>2 
0.16 0.20 

Fig. 5.10. Calculated evolution of the equi
librium shape with rotation for the nuclei 
220-228jhf l n t e n t s o f y , e quadrupole ( B 2 ) and 
cctupole (Bs) deformation coordinates. 

h9/2 P ' J t o n s at similar rotational frequencies 
and for prolate shape.30 »1*1' An unexpected band 
observed in 1 8 SAu was Identified as predominant
ly f 7 , 2 . The yrast band of l 6 3 Lu could be iden
tified as h u „ on the basis of signature split
ting and Nl rates." 5 Many bands have been ob
served in 1 3 3 . l 3 5 P r ; the present status of In
terpretation*5 Is that negative T-deformations 
and neutron band-crossings are not observed, 
contrary to expectations based on l 3"Ce data and 
on theory. 

A simple method to calculate the gamma 
deformation-driving effect of rotating quasipar
tlcles is to minimize the total Routhlan of a 
semiclassical core plus rotating quasipartlcles 
with respect to Y. Such calculations have now 
been repeated for the N«88 and 90 nuclei,"6 

using microscopic moments of Inertia for the 
core Instead of phenomenologlcal expressions. 
Transitions to Y • *60*, where the rotation Is 
noncollectlve, are obtained at spins which agree 
with experiment. On the bos Is of a more fully 
microscopic calculation, the observed yrast 
levels of I 5 8 Yb had previously been proposed to 
exhibit band termination due to such a transi
tion to the noncollectlve regime."7 A meclunlsm 
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has also been found to explain why the negative-
par'ty sideband in this nucleus, 1 5 8 Y b , is co l 
lective up to much higher rotational frequency 
than the yrast band.1*5 The excited neutron 
* ia /2 R o u t n i a n . denoted C in cranking Model ter 
minology, is found to be strongly Y deformation 
driving away from +60°. The sideband is ob
tained by occupying this Routhian instead of an 
h . Routhian which drives towa-ds +60°. 

Cranked Hoods-Saxon-Bogoliubcv calculations 
for the Pt-Au-Hg region are in progress, in 
order to determine the equilibrium shapes in 6 , 
T , and 0 for different configurations as a 
function of spin. 1* 8 The goal is a consistent 
description of a l l the bands in this region. 
The 1*0 potential-energy surfaces are available 
at this stage. They support prolate-oblate 
shape coexistence in the A<190 Pt as well as Hg 
isotopes. 

When sufficiently systematic measurements of 
high-spin states are available, i t becomes 
possible to obtain 'double' Routhians, meaning 
that the collective energy of rotations in both 
configuration space and gauge space are sub
tracted out.1** Double Routhians have been con
structed for 159-I70y b and used to compare the 
correlations at high and low spins in different 
configurations. 

The Ml transition rates at high spin can be 
valuable probes of nuclear structure. They have 
previously been calculated by methods with a 
limited range of appl icabi l i ty. A method based 
on the cranking model which could be applied to 
very h" .pins and the quasi continuum is now 
being examined.5 0 The nucleus 1s divided Into 
one active quasiparticle and a rotor core. The 
g-factor of the core Is obtained by projecting 
the magnetic moment and angular momentum of its 
microscopic cranking wave function on the 
cranking axis. Experimental data for 1- and 
3-quasipart1cle bands of 1 5 9 Tm are reproduced. 
Further tests of this method versus models and 
experiments are in progress. 

The merit of the t r laxia l rotor plus particle 
model In connection with the signature depen
dence of Ml properties has previously been 
expounded in the literature. This model was 

appl ied 5 1 to new data on branching and mixing 
ratios in 7 5 K r . An 'effective' value of 
( g K - g R ) 2 / Q 0

2 can be extracted from either of 
these ratios using the strong-coupled rotational 
model formulas. In Fig. 5.11 the rotational 
model formulas have been applied to the experi
mental and t r iax ia l rotor branching and mixing 
ratios in the 5/2[422] band of 7 5 K r . Experiment 
and theory agree on a substantial reduction of 

the effective i9K-\)2/%Z ^ low t h e strong-
coupling value, and on the staggering between 
the signatures obtained from the branching 
rat ios. However, conflicting signature s p l i t 
ting is obtained from the mixing ratios. The 
domain of validity of the model remains to be 
established. 
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0.12 
1 1 1 1 1 1 1 1 1 1 ! 

008 
" (o) (*) 

004 % 
/ \ -
/ * 

0 - i i i i i • • ! i i ! 7 i -

% *2 1V4 «*8 Mfc 44 VZ *S «VS i*S IS/S 
I 

• EXPERIMENT 
THEORY 
THEORY (STRONG COUPLING) 

Fig. 5.11. The ratio (gK"9R)2/0o2 1" the 
5/2[422] band of 7 5 K r obtained by a rotational 
model Interpretation of inband branching ratios 
(left) and mixing ratios (right) from experiment 
(points and solid lines) and from a trlaxial 
rotor plus Nilsson quasiparticle coupling calcu
lation (dashed lines). Note the anomalous sig
nature splitting fron the mixing ratios. 

Quasi continuum Spectroscopy 
T. Bengtsson8 Y.-s. Chen 1 0." 

6. A. Leander1 

The experimental study of nuclei ut high spin 
and finite temperature by quasi continuum gamma-
ray spectroscopy 1s undergoing rapid develop
ment. The design of both the experiments and 
the IKJIt 1 detector arrays with which they are 
carried out is becoming more sophisticated. On 
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the theory side, two approaches are being 
followed. One is to explore microscopic models 
in search of spectral features that might also 
show up in experimental quasicontinuum spectra. 
The other is to carry out Monte Carlo cascade 
calculations that simulate the experiments. 

The microscopic model is usually some form of 
the cranking model. For example, the so-called 
dynamical or second rotational moment of inert ia 
can be calculated for a number of bands, i f the 
average f ie ld is adjusted self-consistently 
within each band separately, and the results may 
be compared with E -E correlations in the 
quasi continuum spectrum. 5 2" 5 1* Another approach 
is to look for many strong Ml transitions of 
about the same energy in thp cranked single-
particle spectrum, which might give rise to a 
bump at that transition energy in the quasicon
tinuum spectrum. For example, the quasicon-
tinuum data on 1 5 8 Y b exhibit a bump around E * 
2.5 MeV which emerges from the spin region I * 
40-50. Theory predicts t r iax la l structures with 
c - 0.4 and T • 20" in precisely this spin 
region, with a bunching of strong Ml transitions 
near the energy of the observed bun^p.^5 

The Monte Carlo code GAMBLE for gamma cascade 
calculations underwent significant development 
during the past y e a r . 5 5 In order to simulate 
the bias toward higher gamma-ray energies caused 
by competition from particle emission, without a 
full-blown evaporation calculation in GAMBLE i t 
se l f , the effective level density for gamma 
transitions is defined as p f { * o f

e / f

D » "'here 
f 1s the entry distribution and f the total e P 
pass-through distribution for the final nucleus 
under consideration. Spreading of the collec
tive E2 strength in the quasicontinuum plays a 
role In the pathway problem and for E-E corre
lations, and some alternative phenomenologles 
for the spreading were developed. Notably, 1f 
the B(E2) distribution is Gaussian, N(»,a) , 
around the inband transition energy, w, then the 
T(E2) distribution 1s to a very good approxima
tion Gaussian, N(uT,7), with 

a • ~ (u + / u 2 • 20o 2 ); "a • am Ju2 * So2 

Selection of gamma-ray cascades on the basis of 
the spin spectrometer observables H and K, as 
opposed to E and I or M, was implemented. The 
evaluation of H,K-gated experimental spectra is 
in progress . 5 6 * 5 7 Yrast feeding patterns, E -E 
correlations and difference spectra for d i f fe r 
ent H,K are being st-jdied as functions of the 
nuclear structure input. 
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COLLECTIVE HI STATES IN THE CLASSICAL LIMIT OF 
THE NEUTRON-PROTON INTERACTING BOSON MODEL1 

A. B. Balantekin2 8 . R. Barrett 3 

The recent discovery* of the collective 
magnetic-dipole excitation mode in 1 5 6 G d has re
newed interest in such modes. Although such a 
mode had been predicted and discussed in earl ier 
work, 5 the motivation for the 1 5 6 6 d experiment 
was provided by the neutron-proton Interacting 
Boson Model6 (IBM-2). In earl ier work7 we 
looked at potential energy surfaces in the 
classical l imit of IBM-2. We expanded our pre
vious work by including the appropriate kinetic 
energy terms in the IBM-2 Hamiltonian to study 
the properties of collective 1* states. By 
writing the Hamiltonian in the form 

H » \ v x 2 • V ( B , 0 , B „ 0 , T , = T W - 0, x ) 

where x Is the angle between the static deformed 
valence neutron (Bv_) and pro on (B» 0) distribu
tions, we obtain the energv of the collective Ml 
mode as /2D/u where 

D =^-f 
»X 2 

nd 

with 

p \ P / all p = 0 

This result can be used to determine the excita
tion energy in the classical l imit as a f i r s t -
order approximation. 

1 . Summary of paper: Phys. Rev. C 32, 288 
(1985). 

2. Eugene P. Wlgner Fellow. 
3. University of Arizona, Tucson, AZ 85721. 
4. D. Bohle et a l . , Phys. Lett . 137B, 27 

(1984). 
5. N. Lo Iudice and F. Palumbo, Phys. Rev. 

Lett . 41 , 1532 (1978). 
6. F. lachello, Nucl. Phys. A358, 89c 

(1981). 
7. A. B. Balantekin, B. R. Barrett, and S. 

Levit, Phys. Lett. 129B, 153 (1983). 
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A NEW SUPERSYMMETRY CHAIN FOR THE DESCRIPTION 
OF 000-000 Au NUCLEI1 

0RNL-0WG 85-16377 

A. B. 8alantekin z V. Paar3 

Recent dynamical supersyametry schemes* have 
been very successful in studying correlations 
between the energy spectra and the electromag
netic transition probabilities of even-even, 
odd-even, and odd-odd nuclei. A new possibility 
arises when the dimension of the unpaired proton 
subspace is equal to the dimension of the un
paired neutron subspace in which case i t is 
possible to construct the dynamical super-sym
metry chain starting with the decomposition 

U(6/2m) D U B(6) * l>F(2m) D Ug(6) « SpF(2m) 

The most appealing aspects of this chain are 
that (a) i t emphasizes the residual interaction 
between the unpaired fermions, and (b) i t dis
tinguishes the unpaired fermions which are 
part ic le- l ike from those which are hole-l ike. A 
typical spectrum predicted by this scheme for 
the odd-odd gold isotopes is shown in Fig. 5.12. 
Contrary to the previous attempts,1* a comparison 
of the predictions of this new scheme with the 
experimental spectra for 1 9 6 A u and 1 , 8 A u is very 
encouraging. 

1 . Summary of paper submitted to Physical 
Review Letters. 

2 . Eugene P. Wigner Fellow. 
3. University of Zagreb, Zagreb, Yugoslavia. 
4 . P. Van Isacker et a l .„ Phys. Rev. Lett. 

54, 653 (1985). 

EXACTLY SOLVABLE BOSON-FERMION HAMILTONIANS AS A 
GENERALIZATION OF THE PAIRING HAMILTONIAN 

A. B. Balantekin 1 

The general form of the boson-fermion inter
action In the Interacting Boson-Fermlon Model 
(IBFM) Hamlltonian contains many different 
parameters. Consequently, 1t 1s not practical 
to analyze the spectra of odd-even nuclei uslr.y 
this general form. However, using a microscopic 
approach In the context of the shell model, one 
can simplify the boson-fermion Interaction con
siderably. In this simplified form, there Is an 
exchange interaction which takes into account 
the fact that bosons are correlated fermlon 
pairs. I t Is given by2 

0.50 — 

> 
m 
2 
UJ 0.25 

(n • 1, ',01 <n* 2.0,0) 

- 1 6" 

<3,0)| - 4" 
3" 
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2" 

<2,t>| 
4" 
3" 
2" 
r 

<2,t>| 
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r 
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2" 
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SU B (6) < Spp (24) SU B (6) < Spp (24) 

Fig. 5.12. A typical spectrum predicted by 
the UB(6) x Spr(2m) scheme for the odd-odd Au 
isotopes. 

I . . .K ( * > , < 1 " ' - ( A J ) U " , ] W -j j J 

where A..- can be related to the single-particle 
occupation properties. 

We have studied an extremely simplified ver
sion of the IBFM Hamiltonian for the case of 
bosons with angular momenta 0 and 1 and fermions 
occupying the J»l/2 orbital. I t turns out that 
a Hamiltonian which includes a pairing term for 
the bosons In addition to the exchange Interac
tion given above, can be exactly solved using 
the noncompact orthosymplectlc supergroup 
Osp(2/2). An extension of this work to more 
realistic cases 1s currently under 
investigation. 

1 . Eugene P. Wigner Fellow. 
2 . 0 . Scholten, Ph.D. chesls. University of 

Gronlngen, 1980. 
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CLASSICAL DESCRIPTION, CLASSIFICATION, AND 
QUANTIZATION OF COMPLICATED NUCLEAR 

COLLECTIVE NOTION 

N. Baranger1 K.T.R. Davies 

Complicated nuclear collective motion my be 
bound or unbound. Bound collective motion leads 
to families of collective energy levels con
nected by collective transitions. Unbound col
lective notion leads to elastic or inelastic 
scattering of heavy nuclei and nuclear frag
ments. In both cases, a manageable description 
exists in terms of a time-dependent Hartree-Fock 
(TDHF) approximation or some similar mean-field 
approach. In this approach, the nuclear wave-
function is essentially a wavepacket in the 
space of the collective coordinates, or of the 
one-body density, and therefore the approxima
tion contains a large classical element. Hence, 
i t is not capable of describing the features of 
individual energy levels and transitions, or the 
finer features of the scattering. I f one wants 
i t to do these things, i t has to be requantized. 

Our work is concerned with this requantization 
ooth for the bound and for the unbound case. Up 
to this point, however, we have put most of our 
emphasis on the bound case, and we shall re
str ict ourselves to i t for the remainder of this 
report. We do have several new Ideas on how to 
deal with the unbound case, i . e . , the scattering 
of heavy Ions, and we are considering developing 
them in the future. 

Let us start by discarding two obvious ideas. 
(1) I f the collective motion can be linearized, 
then the well-known random phase approximation 
can be used. Unfortunately, most nuclear col
lective motion Is not linear. (2) One could 
adopt some kind of ad hoc quantization proced
ure, for Instance Paul! quantization, as was 
done n the old work of Baranger and Kumar.2 

This Idea Is deficient for many reasons: 1t Is 
arbitrary; It assumes the existence of a quad
ratic kinetic energy, which can be a bad ap
proximation; and generally Its accuracy 1s out
dated for modern experiments and theory. Some
thing better must be done. 

The solution that we know, the TDHF solution, 
1s classical 1n appearance; therefore the prob

lem is similar to that faced originally by the 
founders of quantum mechanics: how to go from 
classical trajectories to stationary state wave-
functions and energy levels. The complete, cor
rect way to do this is the Schroedinger equa
t ion , of course. However, the TDHF method does 
not present us with a simple, low-dimensional 
Hamiltonian, from which some reasonably solvable 
jchroedinger equation could je obtained. 
Rather, TDHF is a aultidimen^ijnal formal ism, in 
which the collective and the single-particle de
grees of freedom are inextricably mixed up. The 
only relatively simple thing that one knows how 
to do with TDHF is to calculate the multidimen
sional, classical trajectories. Hence the prob
lem Is more l ike the Bohr-Sommerfeld quantiza
t ion problem, i . e . , going directly from tra jec
tories to energy levels. Do we know an exact 
way of doing this? 

This is a very >amous, unsolved problem, to 
which an enormous urount of l i terature has been 
devoted in the last 13 years. 3 Much interest 
has been directed to the distinction between 
regular and chaotic classical trajectories, and 
how this affects quantization.1* Of course, UKB 
provides an Immediate approximate solution for a 
one-dimensional system, and the so-called "inte-
grable" multidimensional systems can be 
quantized in the same way, but this is the t r i v 
ial case: such systems are exceedingly rare. 
The classical dynamics of nonintegrable systems 
is very complicated and s t i l l badly understood. 
We see that anyone seeking to quantize TDHF t ra 
jectories gets drawn Into I t unavoidably. 

One of us has shown5 that exact energy levels 
can be obtained from classical trajectories In 
the form of series expansions. This Is a fully 
quar.tal treatment 1n which the zeroth-order 
wavefunctlon consists of a moving wavepacket 
(for a one-body problem) or a TDHF wavefunctlon 
(for a many-fermlon problem). The series In 
volves an Inf in i te set of diagrams, requiring a 
complete time-dependent basis. I t turns out 
that this expansion 1s possible only when the 
zeroth-order wavefunctlon Is periodic. This 1s 
the motivation for the study of periodic classi
cal trajectories. However, even In the simplest 
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two-dimensional nonintegrable problems, the 
classification and the topology of periodic t r a 
jectories can be very complicated. Their study 
rejoins the studies of chaos,6 which have been 
so popular recently for quite different reasons. 

We have found that periodic trajectories 
occur in one-parameter families, which can be 
plotted as continuous lines in the plane of T 
(the period) and E (the energy). No line ever 
ends; rather, the various families branch into 
each other in a variety of ways, and the resul
t ing plot looks l ike an inf ini te t ree. We have 
a systematic method for finding a l l of the 
branches of this t ree. Moreover, each branch 
can be either stable or unstable, and our 
methods work equally well for both kinds. This 
is important, because people who work on chaos 
are used to following one stable family, with 
the consequence that they miss the unstable 
branches, but these unstable branches could lead 
them to discover some previously unknown stable 
branches. 

The distinction between stable and unstable 
trajectories is crucial , because we have reasons 
to believe that the series expansion mentioned 
ear l ier , which is formally equal to an exact 
energy leve l , w i l l be convergent when the t ra 
jectory 1s stable and divergent when i t Is un
stable. I f this is so, we shall have a quanti
zation method yielding exact energy levels from 
the regular regions of classical phase space, 
but not from the chaotic regions. 

To return to nuclear physics, the main con
clusion of our work so far is that i t should be 
possible to identify collective coordinates by 
looking for periodic solutions of the TOHF equa
tions, which Is something that we know now how 
to do in a systematic way. We should not be so 
naive as to expect a total ly clean separation 
between collective and other coordinates. Even 
,n the simplest cases7 there will be branches, 
resonances, and other Interactive phenomena. We 
can confidently expect, however, that the main 
collective branches wil l be stable (as they are 

in Ref. 7 ) , and therefore quantization should be 
straightforward. 

1 . Massachusetts Institute of Technology, 
Cambridge, MA 02139. 

2. M. Baranger and K. Kumar, Nucl. Phys. 
A122, 241 (1968). 

3. For a review, see for instance M. Berry, 
"Semiclassica? Mechanics of Regular and 
Irregular Notion," Lectures given at the Nordita 
School on Chaos, June 1982. 

4 . See Ref. 3 or, as an i l lus t ra t ive exam
ple , E. J . Heller, Phys. Rev. Letts. 53, 1515 
(1984). 

5. I . Zahed and M. Baranger, Phys. Rev. C 
29, 1010 (1984); N. Baranger, to be published. 

6. See, for instance, J . M. Greene et a l . , 
Physica 3D, 468 (1981). 

7. Such as potential Vx in K.T.R. Davies et 
a l . , "Exploring the Tree of Periodic Trajec
tories for Two Non-Integrable Two-Oimensional 
Potentials," this report. 

HOT BUBBLE AND ROTATING TOROIDAL NUCLEI1 

J1ng-Ye Zhang2 Cheuk-Yin Wong 

As nuclear temperature Increases, the surface 
tension coefficient decreases and the Coulomb 
repulsion is effective in pushing the nuclear 
matter outward, leading to the formation of 
toroidal and bubble nuclei. We obtain the 
threshold temperatures, above which these nuclei 
are stable against symmetry-preserving distor
t ions. They are found to decrease with the mass 
number. We further examine the effect of 
nuclear rotation for which the centrifugal force 
Is also effective in pushing the nuclear matter 
outward. For a given angular momentum, we cal 
culate the temperature threshold above which a 
toroidal nucleus Is stable against symmetry-
preserving distortions. The temperature 
threshold for a hot and rotating toroidal 
nucleus 1s lower than that for a nonrotatlng 
nucleus. 

1 . Summary of paper: Phys. Rev. Lett. 55, 
1973 (1985) and paper to be published. 

2. Guest assignee from Institute of Modern 
Physics, Lanzhou, People's Republic of China. 
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THE SYMPLECTIC SHELL-MODEL THEORY OF COLLECTIVE 
STATES1 

J . Carvalho2 H. Vassanjl 2 

R. Le Blanc2 0 . J . Rare2 

J . B. McGrory 

The Implications of the microscopic structure 
of collective Lie algebras and their hydrodynaa-
1c (contraction) limits are explored. A decom
position of the nuclear Hllbert space i .o col
lective subspaces and symplectic shells is pro
posed. The resultant symplectic shell model is 
shown to provide a basis for microscopic calcu
lations which are Immediately Interpretable in 
collective model terms. 

1 . Abstract of paper submitted to Nuclear 
Physics A. 

2 . University of Toronto, Toronto, Ontario 
N5S 1A7, Canada. 

POSITRON PRODUCTION IN STRONG 
ELECTROMAGNETIC FIELDS 

NEW PARTICLE PRODUCTION IN HEAVY-ION COLLISIONS1 

A. B. Balantekin2 N. R. Strayer 
C. Bottcher S. J . Lee3 

I t was suggested some time ago that positrons 
would be emitted nonperturbatlvely" from the 
vacuum In low-energy collisions of heavy Ions 
with a combined charge greater than 173 as a 
result of the diving of the Is state Into the 
negative energy continuum. The spectra of posi
trons emitted from the center of mass of the 
heavy-ion system have been studied experimen
t a l l y ; in particular, some sharp lines were 
Iden t i t l f i ed . 5 The existence of such peaks were 
attributed to the possible existence of nuclear 
reactions with a wry long time delay. Forma
tion of quaslmolecular nuclear configurations 
with a lifetime of 10 - 2 0 sec or more has been 
proposed6 as a possible mechanism to obtain such 
a delay time. However, our present under
standing of such systems requires that the 
energy of the peak change considerably from sys
tem to system. For systems stud'ed experimen
t a l l y so far, the sharp lines 1n the positron 
emission spectra occur at approximately the same 
positron kinetic energy of 300 keV, with inte

grated cross sections of about 200 nb and with 
widths less than approximately 70 keV.7 

He have shown that the production and subse
quent decay of a new neutral, pseudoscalar par
t i c l e is a viable alternative explanation of the 
sharp peaks in the positron emission spectra to 
the formation of a long-lived superheavy nuclear 
complex. The mass of this particle is about 1.6 
~ 1.7 Nev and i t s l i fet ime is approximately 
10" 1 3 sec. The existence of such a particle is 
demonstrated to be consistent with al l presently 
known experimental, observational, and theoreti
cal l imits. I t is further shown that I f this 
particle exists, i t is not the standard axion, 
and i t must be produced by nuclear and/or non-
perturbative electromagnetic processes. 

There are two experimental tests to confirm 
the validity of our interpretation of the heavy-
Ion data. F i r s t , in the heavy-Ion reactions i t 
is desirable to measure the yield versus Invari
ant mass by detecting electrons and positrons in 
coincidence. Second, i t would be possible to 
observe such particles directly 'n electron-
positron collisions In the appropriate energy 
range. 

1 . Summary of paper: Phys. Rev. Lett . 55, 
461 (1985). 

2 . Eugene P. Wlgner Fellow, 
3. Predoctoral guest assignee from Yale 

University. 
4 . H. Greiner, ed. Quantum Electrodynamics 

cf Strong Fields (Plenum, N.Y., 1983). 
5". J . Schweppe et a l . , Phys. Rev. Lett . 51 , 

2261 (1983); M. Clemente et a l . , Phys. Lett. 
137B, 41 (1984). 

6. U. Heinz et a l . , Ann. Phys. (N.Y.) 151, 
227 (1983). 

7. T. Cowan et a l . , Phys. Rev. Lett . 54, 
1761 (1985). 

POLYELECTRON P**" PRODUCTION IN HEAVY-ION 
COLLISIONS1 

Cheuk-Yin Wong 

We explore the possibility of whether the 
anomalous positron peak observed recently in 
heavy-1on experiments may be due to the poly-
electron 2 P + + " . The decay of P*+" with the 
emission of a photon leads to a positron with a 
kinetic energy of 340.66 keV which coincides 
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with the recently observed anoaalous positron 
peak to within the experimental error. 

1 . Abstract of paper submitted for publica
tion in Physical Review Letters. 

2. J . A. Wheeler, Aim. N.Y. Acad. Sci. 48, 
219 (1946). 

PAIR PRODUCTION AT GeV/u ENERGIES1 

C. Bottcher N. R. Strayer 

Electron and positron production 1n relativ
ist 1c 1on-atoM collisions is discussed within 
the context of the time-dependent Dirac-Hartree 
approximation to a fully relativistic field 
theory of the collision. The tine-dependent 
fields are treated classically, and the numeri
cal methods employing basic splines are dis
cussed In detail and contrasted with results ob
tained from the case of nonrelativistlc veloci
t ies. The results of a one-dimensional model 
are presented and show a moderately large proba
bi l i ty for pair production followed by electron 
capture. 

1. Abstract of paper to be published in 
Proceedings of the Atomic Theory Workshop on 
Relativistic and QEO Effects In Heavy Atoms, 
Washington, DC, Hay, 1985. 

RELATIVISTIC NUCLEAR MODELS 

THE TINE-DEPENDENT DIRAC EQUATION (TDD') WITH 
RELATIVISTIC NEAN-FIELD DYNAMICS APPLIED TO 

HEAVY-ION SCATTERING1 

R. Y. Cusson2 H. Stocked 
P.-G. Relnharo3 M. R. Strayer 
J. J. Homo^s" W. Grelner5 

We treat the relativistic propagation of 
nucleons coupled to scalar and vector meson 
fields in a mean-field approximation. The time-
dependent Dirac (TDDE) and mean meson field 
equations are solved numerically 1n three dimen
sions. Collisions of 1 60(300, 600, and 1200 
MeV/nucleon) +• 1 6 0 are studied for various Im
pact parameters. The TDDE results are compared 
to other recent theoretical approaches. The 
TDOE calculations predict spallation, large 

transverse momentum transfer and positive angle 
sidewards flow, in qualitative agreement with 
the data in this energy regime. 

1 . Abstract of paper submitted to Physical 
Review Letters. 

2. Consultant from Duke University, Durham, 
NC 27706. 

3. University of Erlangen, Erlangen, West 
Germany. 

4. Michigan State University, East Lansing, 
HI 48824. 

5. Consultant from University of Frankfurt, 
Frankfurt, West Germany. 

RELATIVISTIC KAR7REE CALCULATIONS FOR AXIALLY 
SYMMETRIC NUCLEI 

S. J. Lee1 M. R. Strayer 
P.-G. Relnhard2 A. B. Balantekin3 

A. S. Umar* 

Most of the relatl 'istlc calculations for 
finite nuclei have beei carried out for spheri
cal systems.5»6 Such cilculations test only the 
relativistic propagation of nucleons in nuclei 
indirectly via their density and momentum depen
dence induced by the small components of the 
Dirac wavefunctions. However, the detailed 
shell structure of deformed nuclei provide a 
much wider range of experimental data to test 
relativistic nuclear shell models. Axially sym
metric deformed nuclei require a representation 
in at least two spatial dimensions. We have 
derived the relativistic expressions for the 
axlally symmetric nuclei starting from the 
Lagranglan density which Is constituted of 
nucleon, scalar meson, and vector meson fields. 
The coupling of the nucleon fields Is through a 
vector meson field and a nonlinear scalar 
f ie ld . 7 

For axial symmetry, we can eliminate the a:1-
muthal angle dependence In the field equations 
and therefore need only to consider r and z 
variables 1n a cylindrical coordinate system. 
We first dlscretlzed the action of the system 
with r - (1-l/2)Dr and z - (j-l)Dz, where Or Is 
the step size In r direction and Dz In z direc
tion. We apply the variational method on this 
dlscretlzed action to obtain the equations of 
motion for each of the fields. To eliminate the 
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feral on doubling problea,8 Me have used differ
ent Mesh points for each component of the nucle-
on field, i .e. , (r,z) » (( i - l /2)Dr, (j-l)Dz) for 
spin-up of large components of the nucleon 
field, (1DR, (j-l/2)Dz) for spin-down of large 
components, ( ( i - l /2)0r , (j-l/2)Dz) for spin-up 
of snail components, and (iDR, (j-l)Dz) for 
spin-down of snail components. The one-
dimensional dispersion relation for free Dirac 
particles on this lattice is E**2-m**2 = 
I2sin(kDz/2)/Dz]**2 where k is the wavenuaber 
instead of the usual result [2sin(kDz)/Dz]**2. 
The latter result, as shown in Fig. 5.13, has 
the doubling of the spectrum. 

ORNL-DWG 03-17868 

T 

Fig. 6.13. (a) normal spectrum, (b) fermion 
doubled spectrum. 

To solve these equations numerically for 
finite nuclei, we have used the damped gradient 
iteration method for the discretized Dirac 
equation and Gaussian elimination methods for 
the discretized Helmholtz equations. To check 
the validity of this method, we are applying 
this method to the structure of spherical nuclei 
such as , 6 0 . 

1. Predoctoral guest assignee from Yale 
University, New Haven, CT 06510. 

2. University of Erlangen, Erlangen, West 
Germany. 

3. Eugene P. Wlgner Fellow. 
4. University of Pennsylvania, Philadelphia, 

PA 19104. 
5. C. J. Horowitz and B. D. Serot, Nucl. 

Phys. A368, 503 (1981). 

6. L. D. Hi H e r , Phys. Rev. C 9, 537 (1974). 
7. J . 0. Ualecka, Ann. Phys. (N.Y.) 83, 491 

(1974) 
8 . C. M. Bender, K. A. Kilton, and D. H. 

Sharp, Phys. Rev. Lett . 5 1 , 1815 (1983). 

ONE-DIMENSIONAL HARTREE MEAN-FIELD MODEL OF 
RELATIVISTIC HEAVY-ION COLLISIONS 

M. R. Strayer C. Bottcher 

Walecka and his associates1 have proposed a 
covariant description of nuclear processes at 
intermediate and high energies, in which a l l 
strong interactions are mediated by classical 
massive boson f i e lds . They refer to this ap
proach as Quantum Hadro-Dynamics (QHD). I f a 
single scalar f i e ld • and a single vector f ie ld 
V are introduced, the equations describing the 
baryon spino- f ie ld • as i t evolves along with 
the meson f i ; l d s , have the form 

i 5f - HV-* • tyo * Vo# * w / 1 * ( 1 ) 

(32-72 + ^ 2 ) , = ^ <, t > (2) 

(J2-V2 + N ^ = gy <* T j i •> (3) 

The meson couplings and masses are adjusted to 
f i t nuclear structure data. 

Most of the l i terature on this model to date 
is concerned with static solutions. Time-
dependent solutions of ( l ) - ( 3 ) describing heavy-
ion collisions have indeed been carried out for 
a limited number of velocities, but the -Himeri-
ral techniques used were cumbersome and failed 
to resolve questions associated with current and 
gauge conservation. Me believe that our new 
basic-spline collocation methods (described 
elsewhere In this report) represent a great Im
provement, and they are being applied In a pilot 
study of the 10 form of ( l ) - ( 3 ) . I f the numeri
cal problems are resolved. I t wil l be possible 
to obtain from the model a fully covarlant de
scription of u l t rare la t lv ls t lc heavy-Ion 
coll isions. 

1 . J . D. Walecka, Ann. Phys. (N.Y.) 83, 491 
(1974). 

2. R. Y. Cusson et a l . , ORNL Ann. Rept., p. 
171 (1984). 
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INTERMEDIATE-ENERGY HEAVY-ION PHYSICS 

NUMERICAL SIMULATION OF MEDIUM-ENERGY HEAVY-ION 
REACTIONS1 

J . Aichelin 2 G. Bertsch3 

Reactions between heavy ions at medium energy 
are calculated using the Boltzmann-Uehling-
Uhlenbeck equation. This equation incorporates 
the effects of a mean f ie ld as well as P»uli 
blocking of the nucleon-nucieon collisions. The 
numerical solution for two l ight system, 1 6 0 + 
1 2 C at 25 AMeV bombarding energy and 1 2 C + 1 2 C 
at 8* AMeV bombarding energy. Is presented and 
discussed in de ta i l . In the absence of nucleon-
nucleon coll isions, the theory reduces to class
ical Mean-field physics and agrees well with the 
quantal tine-dependent Hartree-Fock theory. 
With coll isions, the system is driven toward 
equilibrium even at the lower bombarding energy. 
The f inal-state nucleon distribution is compared 
to single-particle spectra and is found to agree 
quite well in shape. 

1 . Abstract of paper: Phys. Rev. C 31, 1730 
(1985). 

2. Max-Planck Inst i tut fur Kernphyslk, 
Heidelberg, West Germany. 

3. Michigan State University, East Lansing, 
MI 48824. 

PROBING HEAVY-ION COLLISIONS WITH 
BREMSSTRAHLUN61 

Che-Ming Ko2 G. Bertsch3 

J . Aichelin1* 

We calculate bremsstrahlung spectra for 
intermediate-energy heavy-ion collisions to see 
the sensitivity of photon cross sections to re
action dynamics. Modeling the collisions with 
the intranuclear cascade, we find a clear col
lective quadrupole bremsstrahlung signal only 
for heavier nuclei, A > 40. Maximum sensitivity 
to dynamics is l ikely to be for photons In the 
range of 10-30 MeV. For hioher-energy photons 
or lighter nuclei, there 1s a large background 
coming from the incoherent dlpole component of 
the bremsstrahlung. 

1. Abstract of paper: Phys. Rev. C 31, 2324 
(1985). 

2. Texas A S M University, College Station, 
TX 77843. 

3. Michigan State University, East Lansing, 
MI 48824. 

4 . Max-Planck Inst i tut fur Kernphysik, 
Heidelberg, West Germany. 

LAMBDA PRODUCTION FROM ANTI-PROTON ANNIHILATION 
IN NUCLEI1 

Che-Ming Ko2 G. F. Bertsch3 

J . Aichelin1* 

The lambda particle production in p-nucleus 
annihilation is estimated due to multiple inter 
actions ot ~p and interactions of the secondary 
pions produced in the annihilation. We find an 
enhancement over the J-p production of a factor 
of ~10O, compared with the experimentally 
measured value of -400. 

1 . Abstract of paper submitted to Physical 
Review C. 

2. Texas A I M University, College Station, 
TX 77843. 

3. Michigan State University, East Lansing, 
MI 48824. 

4. Max-Planck Institut fur Kernphysik, 
Heidelberg, West Germany. 

HYPERNUCLEUS PRODUCTION IN HEAVY-ION COLLISIONS1 

Che-Ming Ko2 

In terms of the participant-spectator model 
for high-energy heavy-ion coll isions, the proba
b i l i t y that a hyperon Is created from the par
ticipants directly 1n the mxlear single-
particle states of the spectator fragment Is 
evaluated. I t is found that the magnitude of 
the cross section for producing a hypernucleus 
depends on both the lifetime of the hyperon 
source and the impact parar >r of the reaction. 

1 . Abstract of paper: Phys. Rev. C 32, 326 
(1985). 

2. Texas A S M University, College Station, 
TX 77843. 

KAON AS A PROBE TO THE NUCLEAR 
EQUATION OF STATE1 

J . Aichelin 2 Che-Ming Ko3 

The production of kaons from heavy-Ion c o l l i 
sions 1s sensitive to the nuclear equation of 
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state. In the Boltzmann-Uehling-Uhlenbeck 
model, the number of produced kaons f ro* central 
collisions between heavy nuclei at incident 
energies around 700 MeV/nucleon can differ by a 
factor 2-3, depending on the equation of state. 

1 . Abstract of paper submitted to Physical 
Review Letters. 

2 . Max-Planck Inst i tut fur Kernphysik, 
Heidelberg, West Germany. 

3 . Texas A * M University, College Station, 
TX 77843. 

ULTRA-RELATIVISTIC HEAVY-ION COLLISIONS 

STOPPING OF HEAVY NUCLEI IN RELATIVISTIC 
HEAVY-ION COLLISIONS1 

Cheuk-Yin Hong 

We examine the space-time dynamics of the 
baryons in nucleus-nucleus collisions and e s t i 
mate the energy density reached in the central 
rapidity region. I t Is found that with an Inc i 
dent laboratory energy of 15 GeV per projectile 
nucleon, a head-on collision of Au on Au wi l l 
leave a substantial spatial region with an 
energy density of 1.5-3 GeV/fm3 which may exceed 
the energy density for a quark-gluon plasma 
formation. 

1 . Abstract of paper submitted for publica
tion in Physical Review. 

TRANSVERSE-MOMENTUM DISTRIBUTION OF PRODUVED 
PARTICLES IN ULTRA-RFLATIVISTIC 

NUCLEUS-NUCLEUS COLLISIONS1 

Ban-Hao Sa2 Cheuk-Yin Hong 

In order to discern coherent or collective 
processes from incoherent processes in nucleus-
nucleus reactions at high energies, we study the 
transverse-momentum distribution of the produced 
particles with an Incoherent-multiple-colllslon 
model. In this model, the projectile nucleon 
makes successive inelastic collisions with 
nucleons In the target nucleus, the probability 
of such collisions being given by the thickness 
functln and the nucleon-nucleon Inelastic cross 
section. I t Is assumed that each baryon-baryon 

coll ision produces particles and degrades momen
ta just as a barycn-baryon collision in free 
space, and that there are no secondary c o l l i 
sions between the produced particles and the 
nucleons. He found that the average transverse 
momentum and the charged-multiplicity data at 
Fermilab and CERN ISR energies can be well ex
plained by such a model. However, the average 
transverse momentum for some events observed by 
the Japanese-American Cooperative Emulsion Ex
periment (JACEE) associated with large energy 
density in the central rapidity region differ 
markedly from the model results. Such a devia
t ion indicates the presence of coherent or col
lective effects for these collisions and may i n 
dicate the possibility of a formation of quark-
gluon plasma. 

1 . Abstract of paper: Phys. Rev. D 32, 1706 
(1985). 

2 . Institute of Atomic Energy, Beijing, 
People's Republic of China. 

TRANSVERSE MOMENTUM DISTRIBUTIONS OF w° AND ITS 
PRODUCT GAMMA RAYS1 

Cheuk-Yin Wong 

He study the relationship between the trans
verse momentum distribution of the »° and that 
of i ts product gamma rays. A new relationship 
between the average transverse momenta is ob
tained by taking into account the mass of the 
pion. The correlation between the average 
transverse momentum and energy density as ob
served In the Japanese-American Cooperative 
Emulsion Experiment fs discussed. 

1 . Abstract of paper to be published 1n 
Physical Review D (1n press). 

RAPIDITY DISTRIBUTION OF PRODUCED PARTICLES IN 
NUCLEON-NUCLEON COLLISIONS1 

Cheuk-Yin Wong 

He parametrize the rapidity distribution of 
the produced charged particles In nucleon-
nucleon collisions In terms of simple functions 
of the 11ght-cone variables. The unknown con
stants In the parametrfzatlon are fixed by using 
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the data of average mult ipl ic i t ies, the rapidity 
densities at the central rapidity region and the 
rapidity distribution at / ? « 540 GeV. 
Energy losses due to particle production 
are inferred f ro* the parametrized d i s t r i 
bution. 

1 . Abstract of paper to be submitted for 
publication in Physical Review D. 

PHOTON BREMSSTRAHLUNG FROM ULTRA-RELATIVISTIC 
NUCLEAR COLLISIONS1 

Che-Ming Ko2 Cheuk-Yin Wong 

The photon bremsstrahlung spectra f ro* 
nucleus-nucleus collisions at u l t rare lat iv ls t ic 
enerc •% are calculated using the proton spectra 
obtained in a w l t i p l e scattering Model. At 
snail laboratory angles they are sensitive to 
the law of stopping when nucleons of one nucleus 
pass through the other nucleus. 

1 . Abstract of paper: Phys. Rev. C 33, 153 
(1986). 

2 . Cyclotron Insti tute, Texas A S M 
University, College Station, TX 77843. 

ATOMIC PHYSICS 
MULTIPLE VACANCY PRODUCTION BY HIGH-ENERGY 

HEAVY IONS1 

R. L. Becker A. L. Ford2 

J . F. Reading2 

Multiple vacancy production (MVP) is a slgna 
ture for and probe of strong interactions be
tween an ionic projectile and the target elec
trons. I ts theoretical description requires a 
unit»ry, nonperturbative treatment, now avai l 
able in the coupled-channels theory of atomic 
collisions. 3»'• For special problems, analyt i 
cally tractable models have been devised. For 
example, a simple, unitary, "geometrical en
counter probability" model for the calculation 
of Pi (o ) , the inclusive L-shell vacancy proba
b i l i t y per electron In collisions with Impact 
parameter B « 0, has been Introduced.1 Along 
with earl ier coupled-channels calculations 6 * 7 

and f i r s t Magnus calculations, 7 this model Is 
able to describe the "saturation" of p.(o) with 
projecti le charge, Z , whereas a l l f irst-order 
theories predict p, « Z 2 , which eventually ex
ceeds unity. He have previously reviewed7 some 
of the new measurements and calculations of MVP 
in close collisions detected through K X-ray or 
Auger satel l i tes ( K l L v holes) and hypersatel-
l i tes ( K Z L V ) , especially those comparing sate l 
l i tes and hypersatellites for the same coll ision 
systems, and those for rather highly charged 
ions. In the last two years, there have been 
exciting new measurements of MVP In primarily 
distant coll isions, with experimental separation 
of those reactions involving, or not involving, 
electron transfer to the project i le ( e . g . , 
OuBois 8). The distributions for the number of 
(primarily outer shell) vacancies in coincidence 
with charge transfer are dist inct ly nonblnomial 
in character; they lack the v O component of a 
binomial distr ibution. 

Aside from our work, the atomic structure 
theory used for MVP has always Ignored correla
tions between the vacancies. We have termed9 

the conventional model a single-particle model 
(SPM) because i t uses quantum mechanics only for 
single-electron transitions and obtains the 
cross sections for nult iple vacancy production 
by combining single-electron probabil i t ies, not 
complex-valued quantal amplitudes. The SPM dis
tribution of multiple vacancies is binomial. 
Our work has Involved generalizing from the SPM 
to the Independent Fermi particle model (IFPM), 
which is obtained by working at a l l stages with 
an antisymmetrized many-electron wavefunction.9 

In the case of multiple outer-shell vacancies In 
coincidence with one or two electron transfers 
to the K-shell of the project i le , we report here 
for the f i rs t time that the IFPM gives strongly 
nonblnomial distributions in which for single 
charge transfer the v»0 component, and for 
double transfer the v«0 and v-1 components, are 
negligible. There Is a Paull correlation be
tween the transferred electron and the electron 
vacated from the outer shel l . This result Is in 
agreement with our earl ier f inding 3 that there 
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Is a large effect of Pauli correlations on the 
cross section for electron transfer in coinci
dence with a vacancy in the target K-shell. 

1 . Summary of paper: Proceedings of Second 
Workshop on High-Energy Ion-Atom Collisions, 
Debrecen, Hungary, August 1984, ed. P. Bersnyi 
and 6. Hock (Mcaoemial ktado, Budapest, 1985), 
pp. 141-154. 

2. Consultant from Texas ASM University, 
College Station, TX 77843. 

3. R. L. Becker, A. L. Ford, and J . F. 
Reading. J. Phys. B: Atoa. Hoi. Phys. 13, 4059 
(1980). 

4. J . F. Reading, A. L. Ford, and R. L. 
Becker, J . Phys. B: Atoa. Mol. Phys. 14, 1995 
(1981). 

5. B. Sulik, 6. Hock, and 0. Berenyi, J. 
Phys. B: Atoa. Hoi. Phys. 17. 3239 (1984). 

6. R. L. Becker, A. L. Ford, and J. F. 
Reading, Nucl. Instr. Heth. B3, 43 (1984). 

7. R. L. Becker, A. L. Ford, and J. F. 
Reading, Nucl. Instr. Heth. B4, 271 (1984). 

8. R. D. OuBols, Phys. Rev. Lett. 52, 2348 
(1984). 

9. R. L. Becker, A. L. Ford, and J. F. 
Reading, Phys. Rev. A29, 3111 (1984). 

THEORY OF K V MULTIPLE VACANCY PRODUCTION 
BY HEAVY IONS1 

R. L. Becker A. L. Ford2 

J . F. Reading2 

Observation of intensities of K X-ray or 
Auger satellites and hypersatellltes together 
with fluorescence yields provides knowledge of 
KLV and K2L* vacancy distributions produced by 
ion-atoa collisions. The traditional theory 
used since about 1972 employs a single-particle 
aodel and a weak-coupling ionization approxima
tion. We review our recent extensions of the 
theory to include Pauli correlations in the 
Independent-Fermi-particle model, a unitary col
lision theory 1n the first Magnus and coupled-
channels approximations, electron transfer to 
the projectile, and contributions from shakeoff 
which interfere with the collision-induced 
amplitudes. 

1, Abstract of invited paper presented at 
the Eighth International Conference on the 
Application of Accelerators in Research and 
Industry, published In Nucl. Instrum. and Meth. 
810/11, 1 (1985). 

2. Consultant from Texas A * M University, 
College Station, TX 77843. 

MULTIPLE-ELECTRON PROCESSES IN H* • (He.Ne) 
COLLISIONS AT 300 keV1 

R. L. Becker 

Pauli exchange terms (PET's) play an impor
tant role in the Hartree-Fock independent-Fermi-
particle aodel (IFPM) of atomic structure, but 
are usually neglected in ion-atom collisions. 
We have developed the IFPM formulation of coll i 
sion theory over the past few years.2 I t was 
applied first to close collisions: (a) K-
vacancy production in coincidence with charge 
transfer,3 in which the PET's strongly correct 
the single-particle-model (SPM),2," leading to a 
cross section close to that of the single-
electron-transition (SET) model ;*•* and (b) K*LV 

multiple-vacancy distributions for K satellites 
(m * 1) and hypersatellltes (m » 2), where the 
sum of PET's Is small oecause of a tendency 
toward random phases In the transition ampli
tudes6 so that the distributions are determined 
by the mean L-shell vacancy per electron, p j" ' . 
More recently, we have applied the IFPM to more 
distant collisions, corresponding to coincidence 
measurements (summarized in Ref. 7) of the final 
projectile and target charges, In which target 
K-shell vacancies are not detected. The calcu
lations were done with the coupled-channels 
method In the single-center-expansion approxima
tion (see Ref. 3) or with our "one-and-a-half 
center" expansion (OHCE).8 The cross sections 
will be denoted7 by « * where q and q' are the 
Initial and final Ionic charges of the projec
t i le and v Is the final number of vacancies In 
the target. We also define cross sections for 
inclusive electron ejection, 

"n • l v W "to ' z (v-D-ioy- ° e " 

single-electron capture, 

N 
°io ' I , "IOV* 

V " l 

and noncapture ("direct") Ionization, 

i 



239 

N 
a l l = I. " l l v v*l 

(N ' 2 for He and 8 for Ne). 
Hippler et a l . ' have Measured the energy and 

angle of an ejected energetic ("4") electron in 
H* + (He.Ne.Ar) at 300 keV, together with the 
f inal charge v of the recoiling target, 
obtaining values of 

d 2 'v" * S w + , n

d 2 ° l 0 v 

for v = 2 and 3(Ne) relative to v = 1 . 
Additional unpublished work in which q' instead 
of v is Measured gives th* ratio of ejection 
plus transfer to total ejection, 

d2°?0 /c rV" 

They have suggested that the cross sections d i f 
ferential in E. could give information on the 
Impact-parameter dependence of the transition 
probabilit ies, and proposed that ejection at 
energy E. cones predominantly from b « 
hv / ( I + E . ) , where I Is the ionization potential. 

We have calculated the impact-parameter 
dependent IFPM probabilities for a l l of the 
above processes. The PET terms are Important 
for all transitions Involving charge transfer. 
Integration over b gives good agreement with 
measured o 1 Q , o e " , and the cross section for 
nor.-v-welghted vacancy production, a * a . 
In neon our K -sate l l i te "p. value, 0.100, Is 
close to the experimental 0 .105. 1 0 The Impact-
parameter dependence suggests that electrons of 
high energy E. correspond to values of b larger 
than those of the equation above by factors of 
two or more. Calculations for argon are in 
progress. 

1 . Summary of paper presented at the 14th 
International Conference on the Physics of 
Electronic and Atomic Collisions published In 
Electronic and Atomic Collisions, ed. by M. J . 
Cogglola, D. L. Huestls, and R. P. Saxon (Palo 
Alto, 1985) p. 454. 
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Reading, Proceedings Second International 
Seminar on High Energy Ion-Atom Collisions, ed. 
by G. Hock and D. Berenyl (Akademlai Kiado, 
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(1984). 
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IFPM THEORY AW OHCE CALCULATIONS OF SINGLE 
AND DOUBLE K-VACANCY PRODUCTION BY 

CI ( " - « ) • INT1 

R. L. Becker 

In 1981 James Hall, Pat Richard, and collabo
rators presented the first systematic study1 of 
double K-shell to K-shell electron transfer In 
heavy-ion-atom collisions. K X rays were de
tected with resolution sufficient to distinguish 
hypersatellltes (K 2LV holes) from satellites 
(KL V). This separated the inclusive K-vacancy 
production cross section ( O into double (o^) 
and single («Ki * a^-Za^) vacancy components. 
The vacancies can be produced by excitation, 
direct ionization, transfer to the projectile K-
shell (7), or transfer to higher shells of the 
projectile. To Isolate the contribution of 
transfer to 7, they varied the Ionic charge of 
the projectile. As the Initial number of elec
trons on the projectile 1s decreased, the cross 
sections o Ki and a^ Jump upward for hydrogenlc 
and again for bare projectiles. The Jumps are 
attributed to single and double transfer, re
spectively, to the projectileT shell. Addi
tional experiments followed.2 Recently, new 
work Involving six collaborators from ORNL 
(Pepmlller, Gregory, Miller, Moak, C. Jones, and 
Alton) has appeared.3 In all of these works the 
K-to-K transfer cross sections have been In
ferred only Indirectly. In particular, a number 
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of assumptions have been Made, e.g., that the 
direct ionization cross section is independent 
of the ionic charge of the projectile. Hore-
over, in the calculations eaployed, different 
•ethods Mere used for the direct ionization and 
for the electron transfer, and the transfer cal
culations Mere done with a simple two-state 
Model which allows only K-to-ST and 2K-to-2K, but 
not transfer and ionization froM the K-shell nor 
double transfer to IT fro« K and L or from L 2. 

To put the theoretical analysis on a better 
footing, we have Made coupled-channels calcula
tions with our one-and-a-half center (OHCE) 
Method and have included Pauli exchange terns 
with our independent-Fenil-particle Model 
(IFPM). The direct ionization and electron 
transfer are calculated, thereby, In the same 
framework and transfers from shells above the K-
shell and combined transfer and direct ioniza
tion are included. He find that when the pro
jectile has an Initial hole In its 7 shell, the 
opening of the channel for electron transfer to 
the 7 shell can affect the direct ionization 
channel, either reducing or enhancing it (depen
ding on the impact speed). We also find signif
icant contributions from o£i (double capture In
to the T shell and a single K-vacancy) and ojs 
(single capture into the K shell and two K 
vacancies). I t is suggestd that measurement of 
the Ionization cross sections for these coll i
sions, as a function of the Ionic charge of the 
projectile, would provide valuable additional 
Information. 

1. J. Hall et a l . , Phys. Rev. A 24, 2416 
(1981). 

2. J . Hall et a l . , Phys. Lett. 90A, 129 
(1982); J. Hall et a l . . Phys. Rev. A 28, 99 
(1983). 

3. J. Hall et a l . , Bull. Am. Phys. Soc. 30, 
885 (1985) and paper submitted to Physical 
Review A. 

CALCULATIONS OF K„ X-RAY, IONIZATION, AND 
EXCITATION-IONIZATI0N COINCIDENCE CROSS 
SECTIONS IN He2* • u , S 1 I I + COLLISIONS 

R. L. Becker 

In connection with their research program at 
the Triangle Universities Nuclear Laboratory on 

resonant and non-resonsnt electron transfer to 
the projectile accompanied by excitation of the 
projectile, S. Schafroth, J. Anthony, and col
laborators have made compleme'.tary measurements 
of the coincidence cross section for combined 
excitation and ionization of the projectile un
accompanied by capture of an electron from the 
target. Their first experiments1 were for 
lithium-like silicon Incident on He for E/A « 
0.5 to 3.4 NeV. Our interest in electron-
electron correlations, which sometimes show up 
in coincidence measurements, has led us to per
form coupled-channels calculations for these 
experiments. He neglect the electrons on the 
helium atom target and consider He2* + S i l l + , 
regarding Si as the target. Heretofore, our 
independent-Feral-particle Model (IFPM) formal
ism had been used only for targets with all 
shells closed. S i 1 1 * provided an in i t ia l , sim
ple case for the generalization to an open 
shell. 

Our Inclusive ionization cross section is in 
good agreement with the singles data. It is 
mostly from ionization of the L-shell (2s) elec
tron and shows the expected peak near E/A - 0.6 
MeV corresponding to the matching of the projec
t i le and 2s-electron speeds. Our inclusive K 
X-ray cross section Is slightly lower than ex
perimental singles data at all energies when we 
assume a fluorescence yield of one. A fluores
cence yield of -0.3 (Ref. 2) would appear to be 
too low. A reinvestigation of the fluorescence 
yield is called for. The coincidence cross sec
tion data and calculation (again assuming unit 
fluorescence yield) are shown in Fig. 5.14. The 
full curve lies below the data by about the same 
ratio as for the K cross section. With the a 
convention that the 2s electron initially has 
its spin up, the dashed curve is the contribu
tion in which a 2pt state is excited (either 
from the 2s or the Is) and the dotted (lowest) 
curve is the contribution in which a 2p+ state 
is excited from the Is shell. The 2pt contribu
tion contains the effect of Pauli correlations 
between the two spin-up electrons. Further work 
on this calculation will separate the contribu
tions of all the Important transitions and 
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Fig. 5.14. Cross section for a projectile Ka 
X ray in coincidence with single-iooization of 
the projectile in S 1 u + + He collisions. The 
data are from Ref. 1 . The theoretical curves 
are described in the tex t . 

exhibit the Pauli exchange terms. Experiments 
and calculations for Ne and Ar targets are in 
progress. We hope these wil l sharpen the re
sults concerning both the fluorescence yield and 
the Pauli correlations. 

1 . M. Clark et a l . , in Electronic and Atomic 
Collisions, ed. by M. J . Coggiola, D. L. 
Huestls, and R. P. Saxon (Palo Alto, 1985), p. 
398 

2 . B. L. Doyle et a l . , Phys. Rev. A 17, 523 
(1973). 

IONIZATION PR0CESS£S IN TRANSITION METAL IONS1 

M. S. Pindzola2 D. C. Gr i f f in 3 

C. Bottcher 

In the last decade, experiment and theory 
have shown1* that Indirect resonance processes 
may make substantial contributions to the 
electron-impact ionization of transition metal 
ions 1n low stages of Ionization. Contributions 
to the electron-impact single-lonizatlon cross 
section can be made by the following processes, 

e" + A«* • ( A " V • e* 

L A * " * 1 ) * • . " . 

(1) 

(2) 

e - + A q * + [ ( q - U Y 

L 
L 

+ e (3) 

A<« + 1 > + + e - . 

where A represents an arbitrary ion with charge 
q. The f i r s t process is called direct ioniza
t ion , the second excitation-autoionization, and 
the third resonant-recombination double autoion-
izat ion. Contributions to the electron-impact 
double-ionization cross section can also be made 
by the following processes, 

e" • A"+ * (A<1 + 1 >V + e + e 

L A « + 2 > * • e". 
(4) 

and 

e ' • A q + • (A** ) * + e" 

( A ^ + 1 ) + ) * • e" L (5) 

L A ^ 2 > + • e" 

The f i r s t process is called ionization-
autoionization and the second excitation-double 
autoionization. 

Though other processes are possible, these 
are of most interest in fusion plasmas. We are 
engaged in a survey of ( l ) - ( 5 ) for a l l stages of 
ionization of the stainless steel impurities 
present in such plasmas, notably iron. Our ap
proach Is to make an in i t i a l survey using con
figuration average approximations, e . g . , i f the 
I n i t i a l state belongs to the complex 3p 5 3d 2 , we 
average over a l l LS terms 1n this complex. I f 
some case shows Interesting features or anoma
l i e s , or the average approximation is dubious 
for any reason, we carry out calculations with 
fu l l allowance for intermediate coupling in the 
final state. Recently we have developed the 
ab i l i ty to Include configuration Interactions as 
wel l , e .g . , the mixing of 3p 53d 2 with 3p33<f'. 
For systems with several d-electrons, consider
able optimization of algorithms 1s needed to 
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make these calculations feasible at a l l . A 
single case may s t i l l take several hours to run 
on a Cray-XNP. 

We began with low stages of ionization as de
scribed in Ref. 5, and have now reached F e 1 3 + in 
the iron sequence. The single ionization cross 
section is plotted as a function of electron im
pact energy in Fig. 5.15. The enhancement due 
to the indirect process (2) is about a factor of 
3 over a wide range. 
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Fig. 5.15. tleciron-impact. single-
ionization cross sectnn of F e ' 3 + . Thresholds 
for various excitation-lonization processes are 
indicated by arrows. 

Much interesting physic: Is contained in 
these cross sections. We cite two examples. In 
low stages of ionization, double ionization can 
be comparable with single due to process (3) . 
This Is the cases in F e 2 + . In higher stages, 
low-lying metastable states (living longer than 
1 us) can dominate ionization both in plasmas 
and beam experiments, which appears to be the 
case In F e 9 + . Metastable states are discus?"" 
further elsewhere in this section and In the Ex
perimental Atomic Physics section of this 
report. 

1 . Summary of paper submitted for publica
tion in Nuclear Fusion. 

2. Consultant from Auburn University, 
Auburn, AL 36849. 

3. Consultant from Rollins College, Winter 
Park, FL 32789. 

4 . D. H. Crandall, in "Physics of Electron 
and Atomic Collisions; Invited Papers of the XII 
ICPEAC," ed. S. Oatz (North-Holland, Amsterdam, 
1982), p. 595. 

5. M. S. Pindzola et a l . , ORNL/TM-9436 
(1985). 

DIELECTRONIC RECOMBINATION IN EXTERNAL ELECTRIC 
FIELDS1 

D. C. Gr i f f in 2 H. S. Pindzola3 

C. Bottcher ' 

Dielectronic recombination (DR) can be 
thought of as a two-step process. In the f i rs t 
step, a free electron collisionally excites an 
N-electron ion and is simultaneously captured 
into a doubly excited autoionizing state of the 
(N+l)-electron ion: 

e • X ^ Z . N ) Xj (Z.N+1). (1) 

I t can then autoionize back to the in i t i a l state 
i , or to an excited state k of the N-electron 
ion: 

X**(Z,N+1) • X*(Z,N) + e". (2) 

However, i t can also emit a photon and decay to 
an excited state f of the (N+l)-electron ion: 

X. (Z.N+1) • X f(Z,N+l) + hv. (3) 

I f this state is below the f i r s t ionization 
l imit of the (N+l)-electron ion, i t wil l be 
stable, and the DR process wi l l be complete. 

We have considered DR transitions associated 
with in«0 excitations. For such transitions 
within high temperature plasmas, recombination 
through the multitude of doubly excited Rydberg 
states with very high-principal quantum numbers 
wi l l normally dominate the total OR process. 
Therefore, the cross section wi l l be very sensi
t ive to the existence of external electric 
f ie lds, which surely are present 1n plasmas and 
electron-1on beam experiments. First of a l l , 
such fields can ionize electrons In hlgh-Rydberg 
states and thereby decrease the DR rate. 
Secondly, electric fields redistribute the angu
lar momentum among the doubly excited Rydberg 
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states which tends to open up more recombination 
channels and enhance the rate of dielectronlc 
recombination. 

In an earl ier study*»5 we examined the syste-
•atics of f ie ld mixing In dlelectronlc recombi
nation In the LI and Na Isoelectronlc sequences 
by employing the configuration-average and 
linear-Stark approximations. This provided 
physical insight into field-mixing effects and 
enabled us to determine the maximum f ie ld en
hancement of OR cross sections as a function of 
ionization stage. More recently, we have per
formed extensive distorted-wave calculations of 
dielectronic recombination as a function of 
electric f ie ld strength. The intermediate-
coupled, field-mixed eigenvectors used to repre
sent the doubly excited Rydberg states were de
termined by diagonalizing a Hamilton!an which 
includes the spin-orbit, internal electrostatic, 
and Stark matrix elements. These calculations 
then properly take Into account the mixing be
tween individual doubly excited states with the 
same value of n but different values of i due to 
the presence of an external electric f i e l d . 
However, as in earl ier studies, we do not in 
clude mixing between Rydberg states with d i f fe r 
ent values of n, and we ignore the effect that 
the electric f ie ld may have on the incoming con
tinuum electron. 

Studies are complete on the a lka l i - l ike ions 
extensively Investigated by means of the merged-
beam experiment at ORNL (described In the Exper
imental Atomic Physics section of this report ) . 6 

A typical comparison of theory and experiment is 
shown 1n Fig. 5.16. The data are f i t by the 
calculation corresponding to the mean f ield in 
the collision region of the apparatus (25 \l/cm). 

These calculations are very expensive and, 
unfortunately, they have not so far suggested 
any simple model for the variation of cross sec
tion with f i e l d , especially at very low f ield 
values (< 10 V/cm). 

3. Consultant from Auburn University, 
Auburn, AL 36849. 

4. 0. C. Gr i f f in , H. S. Pindzola, and C. 
Bottcher, Atomic Excitation and Recombination 
in External Fields, eds. N. H. riayteh and t . W. 
Clark, Harwood Academic Publishers, New York, 
1985. 
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1. Summary of paper submitted for publica
tion in Physical Review A. 

2. Consultant from Rollins College, Winter 
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Fig . 5.16. Theoretical values of the dielec

tronic recombination rate coefficients for S 5 * 
(as measured in the electron-ion merged-beam 
experiment) as a function of electron energy for 
five different electric fields In the Interac
tion region F»0 V/cm; F*5 V/cm; 
- . - . - F-25 V/cm; - . . - . . - F-125 V/cm; F-625 
V/cm. The calculations Include al l resonances 
up to fimjx » 63. The circles are the experimen
tal data from Ref. 6. 

ROLE Of METASTABLE STATES OF COMPLEX IONS IN 
CROSSED-BEAM EXPERIMENTS1 

M. S. Pindzola2 D. C. Gr i f f in 3 

C. Bottcher 

We have studied the contributions of 
excitatton-auto1on1zat1on to the electron-impact 
Ionization of several multiply charged ions in 
the magnesium Isoelectronlc sequence. The larg
est contributions are due to 2p+3p ronopole and 
2p*3d dlpole excitations which are of current 
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interest in short wavelength laser research.1* 
The recent experimental crossed-beams measure
ments of Howald et a l . 5 for S**, C l 5 + , and Ar 6* 
show a clean separation between sizable 
excitation-autoionization features and the back
ground direct ionization process at incident 
electron energies around twice the ionization 
threshold. Th«>se measurements present a clear 
challenge to theoretical interpretation and cal
culation. 

Electron-impact ionization of an atomic ion 
labeled A can follow two paths: 

o m i « K » < > < > 

e + A' n+ «(n+l}+ ^ - . -
, • A1 ' + e + e e , 

or 
n+i e" • A n T • (A n T ) • e", 

L A < n + 1 > + • e \ 

(1) 

(2) 

The f i rs t process is direct ionization, while 
the second is excitation-iutoionization. I t is 
assumed that these processes are indepenoent and 
thet radiative stabilization of the autoioniza-
tion states is negligible for low stages of 
ionization along the Mg isoelectronic sequence. 
This latter assumption was tested by explicit 
calculation of branching ratios for several of 
the doubly excited configurations considered in 
this paper. 

Most of the calculations were performed using 
the average-configuration distorted-wave approx
imation. The energy spread within configura
tions was then established by a procedure we 
call the a^erage-statlstl'al mode! (ASM), In 
which the total cross section Is divided among 
the levels of the final complex according to the 
statistical weights of the various terms. For 
S l , + in the threshold energy region, we compared 
the ASM with a detailed Intermediate-coupled 
level-to-level calculation. Except for some re
fined details, the ASM Is acceptable. 

Results for S1** are shown in Fig. 5.17 and 
compared with experimental crossed-beams 
measurements of Howald et a l . 5 over a wide 
energy range. Although the overall agreement 1s 
quite good, three discrepancies were noted: (a) 
The Ionization t>" shold is too low. (b) The 

100 200 300 400 5 0 0 

ELECTRON ENERGY (eV) 

Fig . 5.17. Electron impact ionization of S"**. 
Solid curve: total cross section from the 
2p 6 3s 2 ground configuration in the average sta
t i s t i ca l TOdel; dashed curve: direct cross sec
tion only- solid circles: experimental measure
ments (Rer. 5 ) . 

experimental «"rcii.dt1on-autoion1zat1on features 
are spread over a wider energy interval than 
predicted by theory, (c) Experiment and theory 
diverge Increasingly above 240 eV. The same 
discrepancies were repeated in C I 5 * and Ar 6 * . 

The puzzle was resolved by repeating the cal 
culations for ions In i t i a l l y in the metastable 
2p63s3p3P state, which lives longer than the 
transit time through the apparatus. These re
sults are compared with the same data In Fig. 
5.18; the discrepancies are seen to be resolved. 
The data are consistent with between 50% and 
100% metastases 1n the beam for all the ions 
studied. 

He believe that low-lying metastable states 
wil l dominate the measured cross sections for 
many highly ionized species. They may also 
dominate the physics of the same species In 
plasmas, including X-ray laser plasmas, where 
they may help to resolve the longstanding dis
agreement between observations and computer 
simulations. 

1 . Abstract of paper submitted for publica
tion In Physical Review A. 

2 . Consultant from Auburn University, 
Auburn, AL 36849. 
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F i g . 5.18. Electron itr^ct ionizat ion of S1**. 
Sol id curve: t o t a l c ros; section from the 
2p63s3p excited configur t i o n in the average 
s t a t i s t i c a l model; dashe curve: d i rec t cross 
section on ly ; so l i d c i r c . e s : experimental 
measurements (Ref. 5 ) . 

3 . Consultant from Rol l ins College, Winter 
Park, FL 32789. 

4 . P. Hagelstein, in Atomic Physics 9, eds. 
R. S. Van Dyck, J r . and E. N. Fortson 
(World S c i e n t i f i c , Singapore, 1984). 

5. A. N. Howald et a l . , submitted to 
Physical Review A. C.f . also the Experimental 
Atomic Physics section of th is report . 

THEORY OF ELECTRON-IMPACT IONIZATION NEAR 
THRESHOLD1 

C. Bottcher 

We have continued to study the Peterkop model 

of low-energy Ion iza t ion , based on the 

Schroedinger equation 

CD 

The calculation of ionization cross sections 1s 
hindereo by a lack of understanding of the 
asymptotic solutions of (1). We have made pro
gress In two directions. 

The first direction is to obtain asymptotic 
solutions of (1) with uniform error on the 
hyperspherlcal ar; 0 < o < w/4 where (rj.rJ • 
(p cos o, p sin a ) . These solutions are ob
tained by Joining exact semlclasslc. . wave-
functions valid in a. < a « »/4, to a "near-axis 
expansion" valid in 0 < a < o. where a. > a,. 

The exact semiclassical wavefunction has the 
form 

• U.n) - [ P K . n M e . n ) ] - 1 / 2 « w | - l L d s p<*» n>| 

(2) 
where (5,n) refer to a bundle of classical tra
jectories emanating from a single "condensation 
point" (p ,o ) . The initial condition, apart 
from energy, is n and the distance along the 
trajectory is £; two adjacent trajectories n and 
i\ + in are separated by a distance u(5»i)&n at 
later times. Thus » is the c-"ss section of a 
tube of flux. As usual, P is the momentum along 
€. When the trajectories have been computed, 
(t,n) have to be mapped numerically onto (P,<J). 

The near axis expansion is obtained by making 
the ansatz (for r. » r») 

• ( r j . r g ) - ' 2 l / 2 "l [ ( 8 r ? ) i / 2 ] exp ikr, 
(3) 

in (1), where Hfj are Hankel functions and K 2 • 
2E. The functions ^(x) satisfy a hierarchy of 
nonlinear ordinary differential equations which 
are readily integrated numerically. 

To compare (2) and (3), we calculate AS =» 
ReS(p.a) - KP both ways, where • =• exp(IS). 
Typical results are shown in Fig. 5.19. The two 
expressions have a common interval of validity 
around 30 s (this number depends on p) and so may 
be patched together to sp*n the whole range of 
a. The arbitrary constant which may be added to 
one or the other expression for AS Is indepen
dent of P. so that we have a uniform solution of 
(1), valid in this example for all P i 40 a . 
Our hope Is that this solution can be extended 
to smaller values of p by numerical integration. 

The second direction is the ipplicatlon of 
(2) to obtain exact threshold laws numerically. 
The Ionization probability for producing two 
particles of energies t and E-e can be written, 
fo r small E, as 

P(E,e) - C E l 4 a f(e/E) (4) 
Analyt ic treatments 2 va l id near e - E/2 suggest 
that a * 0.1269 and f « 1 . The funct ion P/E 

http://circ.es
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Fig. 5.19. AS - KeS-cp vs o for < = 1 , p = 
90a 0 . SC is the exact semiclassical result , (2) 
and NA+, NA- are the solutions defined by (3 ) . 

turns out to be simply proportional to the <•» 
appearing in (2 ) . Our calculations reproduce 
o = 0.127 ± 0.001, but show deviations of f from 
unity as shown in Fig. 5.20. Indeed, f has a 
bonafide singularity, albeit a weak one, f ~ 
e - 1 / 1 * near e = 0. These results agree fa i r ly 
well with purely classical ca lcula tors 3 of f , 
except for the singularity; either behavior of f 

ORNL--DWG 85-17431 
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Fig. 5.20. The function f(x) defined 1n (4), 
calculated from (2). The error bar Indicates 
residual numerical uncertainty. 

is consistent with expei'mental data. The 
singularity is, of course, a semiclassical 
pathology which emphasizes the need for a fully 
quantal solution of the problem. 

1. Summary of contributed paper at 13th 
ICPEAC meeting. 

2. R. Peterkop, J. Phys. B: Atom. Holec. 
Phys. 4, 513 (1971). 

3. F. H. Read, J. Phys. B: Atom. Molec. 
Phys. 17, 3965 (1984). 

MATHEMATICAL PHYSICS 

BASIS SPLINE AMD COLLOCATION METHODS FOR NUCLEAR 
AND ATOMIC COLLISION PROBLEMS 

C. Bottcher H. R. Strayer 

The use of numerical techniques for solving 
the Schroedinger and Dirac equations in atomic 
and nuclear physics is now well established. In 
the realm of complicated many-body systems, es
pecially at re lat lv ist ic velocities, the power 
of numerical approaches is unrivaled. Since the 
subject has acquired some maturity, i t is now 
timely to develop methods more sophisticated and 
accurate than the early f in i te difference and 
finite-element algorithms. I t is also timely to 
address problems such as fermlon doubling, con
servation laws and gauge conditions in a syste
matic way. We have thus turned to the use of 
basis splines (or B-spllnes) of arbitrary order, 
combined with the isethod of collocation. 1 

Basis splines are simply localized, piecewise 
continuous and d i f f e ren t i a te polynomials, erec
ted on a grid of points, called knots. A simple 
example Is shown 1n Fig. 5.21. An arbitrary 
function Is written as a linear superposition of 
these functions, 

* (x) I uk(x)*\ 
k«l K 

(1) 

Between the knots, we choose collocation points 
(S a) at which the equation to be solved, say L* 
• 0, is identically satisfied. The coefficients 
{• } are eliminated in favor of |* }, the values 
of • at the collocation points. Thus we arrive 
at a matrix equation 

L * • 0 (2) 
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Fig. 5.21. Quadratic (third-order) basis 
spline. The knots are Indicated by the filled 
circles and the collocation points by the open 
circles. 

for the vector of {•„}• This technique 1s accu
rate, stable, efficient, and easy to code, par
ticularly In more than one dimension. A slight 
drawback 1s that (2) is not, In general, self-
adjoint. 

The doubling of the fermion spectrum when the 
Dirac equation is discretized2 can be traced to 
a pathology of most numerical methods; the 
matrix 6 representing d 2/dx 2 Is not, in general, 
the square of 0 representing d/dx. Our pre
scription 1s to replace first derivatives in the 
Dirac Hamlltonian by the matrices which provide 
an LU decomposition of A, 

A * D.0 t. (3) 

The use of D± to represent d/dx can be justified 
In a fairly rigorous way. I f certain auxiliary 
conditions are satisfied, D± satisfy Identities 
pertaining to vectors of moirents of the colloca
tion points « - Up/w!} 

tU % ?• (4) 

Thus D ± and their powers and inverses behave 
Intuitively as operators of differentiation and 
integration should. 

Using (3) and (4), we can define current 
operators which satisfy finite analogues of all 
desliable conservation laws in both differential 
and integral forms. This program has now been 
carried through for Dirac and Maxwell fields 1n 

three dimensions. Applications of our methods 
are described elsewhere In this section. 

1. C. de Boor, A Practical Guide to Splines, 
Sprlnger-Verlag, Mew York, W78. 

2. C. N. Bender and D. H. Sharp, Phys. Rev. 
Lett. 50, 1535 (1983). 

ACCIDENTAL DEGENERACIES AND SUPERSYMHETRIC 
QUANTUM MECHANICS1 

A. B. Balantekin2 

We consider two Hamiltonlans motivated by the 
nuclear shell model 

H = | ( P 2 + £ ) +x(«-t +3/2) 
and 

H^tf 2**)^** 8c2 

For the first Hamilton!an when we fix j, there 
is a degeneracy for the two cases A = +1, * « j 
+ 1/2, and X = -1, t * j - 1/2. For the second 
Hamlltonian, the degeneracy is between X = +1, j 
= l + 1/2, and A = -1, j » t - 1/2 with fixed t. 
It is shown that the degeneracy of such 
Hamlltonians is due to an underlying supersym-
metrlc quantum-mechanical structure, I.e., H can 
be written as 

H =4(6.8*}. 
To study such systems, spectrum-generating 
superalgebras are introduced and developed. In 
this context, u-e-parameter realization of the 
relevant noncompact superalgebras 0xp(l/2) and 
0sp(2/2) are worked out. In both cases, the 
antlcommutlng charges are Identified with the 
fermion1c generators of the superalgebra 
0sp(2/2). The Hamiltonlans (1) and (2) with A -
+1 and A * -1 can be written together as 

H 2(VY )« 
where K is the diagonal element of the subalge-
bra Sp(2) which acts on the bosonic subspace, 
and Y is the element of the subalgebra SO(2) 
which acts on the T?nnion1c subspace. 

1. Summary of paper: Ann. Phys. (N.Y.) 164, 
277 (1985). 

2. Eugene P. Wigner Fellov. 
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COHERENT STATES FOR ORTHOSYMPLECTIC SUPERGROUPS 

A. B. Balantekin1 H. SchMltt2 

Aside from their mathematical significance in 
relation to the geometry of the group manifolds, 
coherent states have been very useful in 
studying classical (geometrical) Uni ts of 
quantum-mechanical Hamilton!ans with specific 
symmetry properties. In particular, SU(6) co
herent states have been successfully used3 in 
studying the geometry associated with three 
limits of the Interacting Boson Hamiltonian of 
the low-lying quadrupole collective states in 
even-even nuclei. Although this approach to 
nuclear spectra has been generalized to describe 
odd-even nuclei by including fermionic, in addi
tion to the boson1c degrees of freedom, the 
geometry of the nuclear models obtained in this 
way has not been studied. In a parallel devel
opment, supersymmetric quantum mechanics have 
been associated" with superalgebras and super
groups. Time development of states of such 
S'jpersynmetric quantum-mechanical HamiltonIans 
is also coherent. 

To fac i l i ta te the study of supergroup coher
ent states, we examined the coherent states as
sociated with the simplest orthosymplectlc 
supercyoups, namely 0sp(l /2) and 0sp(2/2) ~ 
SU(1,1/1). The resolution of identity for these 
coherent states has been derived and expectation 
values of the group generators have been calcu
lated. At the present, we are extending our 
analysis to the higher rank orthosymplectlc 
supergroups. 

1 . Eugene P. Wigner Fellow. 
2 . ORAU Student Research participant from 

University of Arizona, Tucson, AZ 85721. 
3. R. r.iimore, J . Math. Phys. 20, 89i 

(1979). 
4. E. D'Hoker and L. Vinet, Phys. Le w t . 

137B, 72 (1984); A. B. Balantekin, Ann. n v s . 
(N.Y.) 164, 277 (1985). 

NUMERICAL HETHOOS FOR FINDING PERIODIC 
TRAJECTORIES OF R0N-INTEGRA8LE 

CLASSICAL PROBLEMS 
K.T.R. Davies M. Baranger! 

H. Saraceno2 

The classical equations of motion for a two-
dimensional periodic trajectory can be expressed 
as 

i*3S$£*l-0. (la) 

(2) 

y + iV |2b/ l = 0 . ( lb) 

with the boundary conditions 

x(t+r) = x ( t ) , y(t+t) = y ( t ) , 

*(t+r) = x ( t ) , y(t+r) = y ( t ) . 

The dot refers to a time derivative, x is the 
period of the motion, V is the potential energy, 
and we chose a position-independent inert ia, m s 
1 . I f we discretize these equations on a time 
mesh (T = Ne), we obtain 

9 x n ( x . y ) s c-2 ( x n + 1 - 2xn • xnml) 

3V 

9 y n ( x , y ) H e - 2 ( y n + 1 - 2yn * y ^ ) 

•?7 (V^= 0 ' 

(3a) 

(3b) 

with 
n * 0 , 1 , 2 , . . . N - 1 , 

(^•V * ' v y

0 ) ' ( X N + I «W * K^i)- (*) 
A variety of methods have been used to solve 
Eqs. (3) and ( 4 ) . Here we discuss two methods 
which we have foond to be especially efficient 
for calculating periodic trajectories. Both of 
these methods assume that one can linearize in 
the vicinity of an approximate solution, namely 

xn *n V 

(o) 
y » y ' ' + y . 
'n 'n ' n * 

(5a) 

(5b) 

and %.'n and y' are taken to be small corrections. 
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A. The Vector Newton's Method 

Usino Ens. (5 ) , Eqs. (3) can be rewritten as 

G(x,y) = < * x ( 0 ) , y ( 0 ) ) • D ( x ( o ) , y ( o ) ) Z ' = 0, (6) 

where 

*X0 

*xi 

9 x , N - l 

v 
s y.N- i 

and Z 

x. 

AN-1 

y o 

y l 

y N - l 

(7) 

are 2N component column vectors and D Is a 2N*2N 
derivative matrix 

[D(x .y) ] . 2 Jg. /az . . (8) 
1 »J • J 

These equations can be solved by using a vector 
version of Newton's method,3 which gives 

l - l M - [ D ( x ( 0 ) . y ( 0 ) ) ] - 1 G ( x ( o \ y ( o > ) . (9) 

The derivative matrix can be separated Into N«N 
submatrices, which for many potentials simplify 
into diagonal and tridiagonal form. However, 
the usual methods of Gaussian elimination1' are 
not applicable here because of the periodic 
boundary conditions. One solves Eq. (3) by 
Iteration, picking an initial set of Xp and 
y n ' which generates a new set of x and y n to 
be used In ".he next iteration. How fast this 
procedure converges depends upon how close one 
1s Initially to the true solution. The vector 
Newton's method is moderately fast for dimen
sionalities of N < 100, with convergence usually 
taking place in 3-8 Iterations. 

B. The Monodromy Matrix Hethod 
There Is another way of expanding Eqs. (3) 

using Eqs. (5), namely 

n+i n n-i j x2 v n n ' n n 
(10a) 

e ixiy l xn ^n >yn V 

v' - 2v' *• v' *• t* i ^ - f x ( o ) v ( o ) V yn+l ^ n yn-l e 3y3x l x n , y n J x n 
(10b) 

* •' 0 t^J-V. -v 
where 

-a = x ( o> - 2 x { o ) • x ( 0 ) • e* H f x ( o ) . y ( 0 ) } an V l "n xn-l e 3x l *n ^n > 
(Ha) 

( l i b ) 

We now define a four-component column vector 

(12) 

" xn 
y n 
xn--1 

. y n - • 1 . 

and one obtains the recursive relation 

Zn+1 = U Z n n 
, c „ -

where 

C r '(I ) 
is a four -component vector, and 

/ ' . - l \ 

(13) 

(14) 

.1 
(15) 

Is a 4x4 matrix. Each block 1n Eq. (15) is a 
2«2 matrix and P is given by n 

' 2. £2 l!v , (o) (o), 2 a£y_ , (o) (oK 
c e

 3v2 ̂ Xn , y n > * Jx3y ^ xn * yn > 

. C 2 l !y_ f x ( o ) (o) , 2 2 iiV , (o) (o), 
c Jyax l X n , y n J c * 3 y 2 l x n , y n J 

From Eq. (13) we obtain 

Z N+1 * M 1 Z 1 * B l ' 

( 1 6 ) 

( 1 7 ) 
where 

B l * I, UN U N-1 - V l C n - < 1 8 > 
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and 
H l - UN "N- l - • U 2 U ! ( 1 9 ) 

I s the monodromy matr ix . I f we now impose the 

boundary condi t ions, Eq. ( 4 ) , we f ind 

ZN+1 = Z 1 " ( ^ i ) " 1 V <») 
which gives us e x p l i c i t values fo r *\, y\, x | j , 

yo provided we solve a system of 4x4 l inear 

equations. The other xfj, y n fo l low from Eq. 

(13) . Then from Eqs. (5) we compute a new set 

of x , y to be used in the next i t e r a t i o n , n n 
This method is completely equivalent to that 

described In part A s ince, i n each i t e r a t i o n , 

the values of x and y are ident ica l for the n n 
two methods. C lear ly , the two methods are 

equivalent because they are based on the same 

expansion, namely Eq. ( 5 ) . However, the monod

romy matrix method Is ir^ny times faster than the 

Newton's method, as we show in Table 5.2. This 

Table 5.2. Comparison of typical CPU times on 
the VAX computer for the vector Newton's method 

and the monodromy matrix method. 

CPU time 
CPU time in min. 

in minutes using the 
using the monodromy 

No. of vector Newton's matrix 
N i te ra t ions method method 

96 3 3.89 0.038 
192 7 71.98 0.082 

behavior arises from the dif ference In the order 

of the system of equations which must be solved: 

In Eq. (9) the matrix is 2N * 2N (which In most 

cases can be reduced to N» N), whereas in Eq. 

(20) , the na t r l x 1s 4 x 4, which Is considerably 

smal ler. 

1 . Massachusetts I ns t i t u te of Technology, 
Cambridge, MA 02139. 

2 . Oepartamento de F ls l ca , Comlslon National 
de Energta Atomica, Av. del Ubertador 8250, 
1429 Buenos A i res , Argentina. 

3. S. Trentalange, S. E. Koonin, and A. J . 
S le rk , Phys. Rev. C 22, 1159 (1980). 

4 . S. E. Koonin et a l . , Phys. Rev. C 15, 
1359 (1977). 

EXPLORING THE TREE OF PERIODIC TRAJECTORIES FOR 
TWO RON-INTEGRABLE TWO-DIMENSIONAL POTENTIALS 

K.T.R. Oavies M.A.M. de Aguiar 2 

M. Baranger1 C. P. Malta* 
E.J.V. de Passos2 

We are now ca lcu la t ing c lass ica l per iodic 
motion in two nonintegrable, two-dimensional 
po ten t i a l s : 

V ^ x . y ) = .05 x 2 + (y - f x 2 ) 2 . (1) 

and 

V 2 (x ,y ) = } x 2

 + f y 2 - x 2 y + - L - X * . (2) 

For a given potent ia l there are many fami l ies of 

per iodic t r a j e c t o r i e s . I t i s of in terest to 

p lo t these fami l ies in a ( t ,E) or (per iod, ener

gy) plane. Such a p l o t , portions of which are 

shewn in Figs. 5.22 and 5.23, displays an i n f i 

n i t e "tree" of the various fami l ies . 

Our central purpose has been to study th is 

t r e e , and we have developed several new, e f f i 

c ient numerical methods for ca lcu lat ing the per

iodic t r a j e c t o r i e s . 3 As we show in Figs. 5.22 

and 5.23, wi th in one family the t ra jec to r ies 

often switch back and for th between being stable 

and unstable, and our methods allow us to f ind 

the unstable ones as easily as the stable ones. 

In Figs. 5.24 and 5.25 we p lot in the x,y plane 

various fami l ies from Figs. 5.22 and 5.23, re 

spect ive ly . The potent ial Vj was chosen because 

i t has a deep narrow curved valley (see i t s con

tours In F1g. 5.24). We can think of th is 

val ley as the locus of the co l lec t i ve configura

t ions of a nucleus. We .>ould expect co l l ec t i ve 

motion to correspond to t ra jec tor ies which 

remain near the bottom of t h i s va l l ey , but the 

va l ley fs not c i ra ight and therefore th fs motion 

does not uncouple. We see from Figs. 5.23 and 

5,25 that there are indeed periodic t ra jec to r i es 

of varying amplitude which fol low the valley 

f l oo r approximately. But these t ra jec to r ies do 

not form a single fami ly ; as the amplitude 1s 

var ied , the t ra jec to r ies of one family w i l l sud

denly begin to climb the walls and leave the 

val ley (see F ig . 5.25); then, there 1s usually a 

small gap in the amplitudes, af ter which another 

family comes down from the mountains and takes 
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Fig. 5.22. Energy vs period for the "boomer
ang" faml'.y obtained using potential Vj. 
Branchings are also included In the plot. The 
full lines are for stable periodic trajectories 
while the dashed lines are for unstable ones. 
The dot-dashed lines Indicate branchings to per
iod doubling trajectories. 

over the valley. Presumably the gap which 
occurs between two adjacent families In the 
valley is due to some kind of resonance, In the 
sense of the KAM theorem.1* 

Also, our methods are especially useful for 
calculatinq new me.it.ers or shapes of the family 
where "branching" occurs. Branching behavior Is 
determined by the eigenvalues of the monodromy 
matrix, M. 3 This matrix describes the shape of 
a new trajectory when a small perturbation 1s 
propagated onro around a periodic trajectory, 
and the trace of M tells you where the branch
ings occur. For example, if Trace(M) « 4, there 
is a branchlny to a new shape with no ct.ange of 
period, and 1f Trace(M) • 0, there is * branch
ing to a new type of trajectory whose period 1s 
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Fig. 5.23. Energy vs period for the horizon
tal family and other farilles obtained using po
tential Vi. See the caption to Fig. 5.22 for 
further details. 

OM«.-0«6 (S-«ro 

mmi 
Fig. 6.24. "Roomerang" family in the x,y 

plane fcr the potential Vi. The full curves are 
the periodic trajectories for different values 
of the period, while the dotted and dashed 
curves are the equipotential contours. 

http://me.it.ers
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Fig. 5.25. Horizontal family of periodic 
trajectories In the x,y plane for potential V t . 

or small amplitudes, the curves form the family 
of small horizontal oscillations. 

twice that of the original trajectory (period-
doubling branch). There are also branchings 
giving period tripling, period quadrupling, etc. 
Typical branchings are shown in Figs. 5.26 and 
5.27. In Fig. 5.26, the double open symmetric 
boomerang and the double mushroom-shaped trajec
tories are examples of period doubling; the 
other two shapes in Fig. 5.26 and the one shown 
In Fig. 5.27 are examples of isochronous 
branchings (Trace(M) » 4) . Figure 5.27 shows 
the transition from one family to anotner at a 
branching. Finally, In Fig. 5.24 we see that 
the boomerang family starts out as a period 
doubling branching from the vertical family of 
oscillations. In general, the tree displays a 
rich variety of shapes, with many examples of 
both Hbrational and rotational periodic motion. 

1. Massachusetts Institute of Technology, 
Cambridge, MA 02139. 

2. Instituto de Fisica, Unlversidade de Sao 
Paulo, CP 20516, 01000 Sao Paulo SP, Brazil. 

3. ••Numerical Methods for Finding Periodic 
Trajectories of Non-Integrable Classical 

Problems'' by K.T.R. Da vies, M. Baranger, and M. 
Saraceno, this report. 

4. V. I . Arnol'd, Russ. Math Survey 18, No. 
5, 13-39, No. 6, 61-196 (1963). 
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Fig. 5.26. Four branchings from the "boomer
ang" family in the x,y plane obtained using po
tential Vj. Clockwise from top right, we have 
the following: double open symmetric boomerang 
(rotation), asymmetric boomerang (Hbration), 
open symmetric boomerang (rotation), and double 
mushroom-shaped trajectories (rotation). 

OftNL-OWG M-72S9 

Fig. 5.27. Example of branching for poten
tial Vj. The three outermost curves are 
"cloverleaf"- or "cowboy hat"-shaped trajec
tories. These trajectories branch orr of the 
innermost curve, which is U-shaped. 



253 

RELATIONSHIP OF TDHF TO QUANTUM-FIUID DYNAMICS 

C. Bottcher V. Protopopescu1 

He have begun to investigate the relationship 
of time-dependent Hartree-Fock (TDHF) theory to 
classical nonlinear phenomenologies such as 
kinetic theory and f lu id dynamics. As a focus, 
Me have chosen the f in i te one-dimensional elec
tron gas with a screened Coulomb interaction. 
In particular, we want to explore how plasmons 
emerge from the single-particle spectrum. This 
problem is addressed by studying how collective 
descriptions, e . g . , f lu id mechanics, can be de
rived from independent-particle descriptions, 
e . g . , TDHF. 

Me are developing two approaches. The f i r s t 
is to make numerical experiments on the long
time behavior of the TDHF equations, of which 
l i t t l e Is known. Standard nonlinear diagnostics 
such as Poincare sections and time spectra are 
beginning to show evidence of interacting reso
nances and some degree of "thermalization." 
While the problem Is too complicated to expect 
rapid simple answers, almost any Information 
would be of widespread Interest. 

Our second approach is to derive quantum 
f lu id mechanics by expanding the density matrix 

of a many-electron system in a ring of operators 
Oj such that TrCOjOj) * « I ( J . 

He circumvent the d i f f icu l t ies of ear l ier 
discussions by working entirely with discrete 
representations of the system. Then we can de
rive from TDHF operator equations with a fami
l i a r form, e . g . , densities P and currents J 
satisfy 

3 - Fp . ^ - . ( j p - i j + i ) . (2) 

As operator or matrix equations, these are 
equivalent to infinite systems of linear equa
tions. However, if the operators are replaced 
by average values, they become finite systems of 
nonlinear equations. This paradigm occurs In 
several branches of physics under various dis
guises, but it has never been formalized nor its 
validity explored. This we propose to do with 
numerical experiments, particularly on the sane 
electron gas model which can be investigated by 
TDHF. 

1. Engineering Physics and and Mathematics 
Division. 



6. NUCLEAR SCIENCE APPLICATIONS 

Nuclear science has common frontiers with other basic sciences. The current 
program concentrates on three areas: (1) In cooperation with the Engineering 
Physics and Mathematics, Analytical Chemistry, and Computing and Telecommunications 
Divisions, a program Is currently underway to obtain verification of the neutronic 
and irradiation performance of higher actinldes in fast spectrum reactors. This 
program utilizes the Dounreay Prototype Fast Reactor in Scotland and will be 
completed by 1988. (2) In association with the Analytical Chemistry Division, the 
technique of studying the heavy-Ion-Induced X-ray satellite spectra has been 
advanced to the point that it can be applied to metal alloys and other materials of 
interest to the Metals and Ceramics Division. This program utilizes the EN Tandem 
and the HHIRF. Significant advances In this area are expected with the implemen
tation by early 1986 of an ultrahigh resolution Von Hairos spectrometer. (3) 
Working with personnel from outside agencies, a program to study single event 
upsets in Integrated circuits has been started. Plans are being drawn up to build 
a beam line at HHIRF dedicated to this program. 

CONTINUED ACTIVITIES IN SUPPORT OF THE US/UK 
JOINT EXPERIMENT IN THE POUNREAY 

PROTOTYPE FAST REACTOR 
S. Raman D. A. Costanzo2 

H. L. Adalri J. K. Dickens'* 
J. L. Botts 2 J. F. Emery* 
B. L. Broadhead* R. L. Walker2 

The United States and the United Kingdom are 
engaged in a joint research program in which 
samples of the higher actinldes are irradiated 
In the Oounreay Prototype fast reactor 1n 
Scotland. The purpose of the program Is (1) to 
study the materials behavior of selected higher 
actlnlde "fuels" and (2) to determine the 
Integral cross sections of a wide variety of 
the higher Isotopes. Samples of the actlnides 
are Incorporated in fuel pins Inserted 1n the 
core. For the fuel study, the actlnides 
selected are 2 l , 1Am and ̂ C m in the form of 
Am 203, Cm 203, and AiB6Cm(RE)702i. where (RE) 
represents a mixture of lanthanides. For the 
cross-section determinations, the samples are 
milligram quantities of actinlde oxides of 
2* 8Cm, 2*6Cm, ""Cm. 2 1 , 3Cm, 2*3Am, ^ P u , 
2M2p u > 2<.lpUf 2".0pJf 239p u > 2 3 8 U f 2 3 6 U f 

2 3 5 U f 23mj # 2 3 3 U f 2 3 2 T h > 2 3 0 T n > a n d 231p a 

encapsulated in vanadium. The development and 
application of the technology for preparing the 
actlnlde samples have been described in a 
report by Quinby, et al. 5 The characterization 
of the starting materials used In the samples 
for the cross-section determinations (denoted 
as physics specimens) and in the dosimeters has 
been described in a report by Walker, et al. 6 

Preanalysis calculations were carried out7 con
cerning actlnlde buildup and burnup in order to 
aid the experimentalists in the planning and 
preparation of their respective measurements. 

Following the removal of the first fuel pin 
(FP1) experiment in late 1983 and subsequent 
shipping to ORNL, three separate series of 
measurements were performed beginning in Hay 
1984 and ending In mid-1985. These measurements 
are herein compared to the final calculatims to 
provide an Indication of the reliability of the 
results. 

The initial set of experimental investigations 
provided measurements of the fission product 
activities for several of the dosimeters. The 
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experimental-to-calculational (E/C) ratios are 
presented In Table 6.1 for four dosimeters, 
23S U f 238 U t 239p u a n d 2 3 7 M p a t t h r e e locations 

each In the fuel pin. The calculated values are 
In general 5 to 10% higher than the Measured 
values and, with the exception of 2 3 8 U , shot* 
only slight sensitivity to the axial position In 
the fuel pin. The variation In the 2 3 8 U E/C 
values as a function of axial position Is prob
ably attributable to the variation In the high 
energy flux In the axial direction, because the 

Table 6.1. E/C Values for Dosimetry 
Material Activities in Fuel Pin FP1 

238(J 238(j 238|J 
K-=. #1 POS. #17 POS. #33 

«Zr 0.94 0.84 1.02 
103RU 0.98 0.87 1.09 
1 0 6 R u 0.96 0.88 1.07 
i"Cs 0.92 0.79 1.05 
"•••Ce 0.98 0.92 1.29 
Average 0.96 0.86 nio 

2 3 S 0 23S U 2 3 5 0 

Pos. #1 Pos. #17 Pos. #33 

« Z r 0.97 0.97 1.02 
103RU 0.94 0.89 0.96 
1 0 6 R u 0.88 0.88 0.91 
i"Cs 0.93 0.93 0.98 
»""Ce 0.97 1.00 0.98 
Average 0.94 0^91 6.~97 

239p u 239p u 239p u 

Pos. #2 Pos. #18 Pos. #34 

" Z r 0.85 0.87 0.95 
1°3RU 0.87 0.87 0.86 
1 0 6 R u 0.89 0.91 0.95 
i " c s 0.85 0.87 0.94 
i-»Ce 0.84 0.87 0.94 
Average " O S 0.88 0.93 

2 3 7 N p 
2 3 7 N p » 7 N p 

Pos. #2 Pos. #18 Pos. #34 

9 S Z r 0.95 0.93 0.93 
1 0 3 R u 1.00 0.97 0.98 
1 0 6 R u 0.91 0.92 C.86 
i"Cs 0.97 0.94 0.93 
»**Ce 0.93 0.91 0.89 
Average ~ O S 0~^3~ 075? 

2 3 8 U fission cross section has a high energy 
thresnold. FroM the overall E/C values I t 
appears that 51 and 71 increases in the total 
flux at the first two locations ( i . e . , positions 
#1, #2 and #17, #18), respectively, are 
indicated. 

The next series of experiments Involved a 
similar set of measurements, this time Including 
most of the remaining actinldes. The experiment 
Involved a gamma-ray characterization of some 19 
different actinldes. Table 6.2 gives the 

Table 6.2. E/C Values for Fission Yields 
(atoms) of »37Cs In Fuel Pin FP1 

Actlnide E/C Actlnide E/C 

2 3 °Th 0.32 2"°Pu - #2 0.90 
2 3 2 T h 0.92 2 » l p u 0.65 
231p a 0.88 2«"»Pu 0.85 
233(j 1.02 2kl»m - #1 0.85 
23*0 1.01 2"»Am - #2 0.89 
235u 0.89 2*3** 0.79 
2 3 6 0 0.91 2"3cm 1.29 
2 3 8 0 0.89 2*-Cm - #1 0.72 
238p„ 0.14 ^"Cm - #2 0.38 
239p u 0.04 2*6C« 0.86 
2"»Pu - #1 0.98 2*8cm 0.75 

results for the fission product yield of l 3 7 Cs 
from each of these actinldes. With the excep
tion of the results for 230 T h f 238pu> 239 P u a n d 

2 t , , ,Cm, the agreement between the calculated and 
measured values Is quite good, particularly 
since ENDF/8-V contains evaluated yields only 
for 2 3 2 T h f 2 3 3 U # 236 U f 2 3 8 U f 239p u > 2".0pUt 2<.lpu 

and 2 u 2 P u of the actinldes shown In Table 6.2. 
The four actinldes with 'ess than desirable 
E/C ratios are all either known or suspected 
damaged capsules. Thus the results for 1 3 7 C s 
are flso very encouraging. 

The third set of experiments consisted of 
examining the final concentrations and isotoplc 
determinations for each of the actlnide samples 
contained 1n the fuel pin FP1. The results 
from the analysis of the 2 3 3 U sample are shown 
In Table 6.3, where both the measured uranium 



Table 6.3. Isotopic and Concentration 
Analysis Results for 2 3 3 U Sample 

in Fuel Pin FP1 

I n i t i a l Predicted Measured 

Isotopic Analysis, At. X 

2 3 3 U 99.89 99.38 99.41 
""ii 0.052 0.55 0.55 
2 3 5 U 0.003 0.007 0.005 
2 3 6 U 0.002 0.002 0.001 
2 3 8 U 0.056 0.059 0.031 

Concentration Analysis, mg 

2 3 3 U 7.92 7.52 7.45 

isotopic coMpositions and the mass of the prin
cipal isotope, 2 3 3 U , are compared to the 
"predicted" values obtained by the 0RI6EN deple
tion analysis code. These comparisons are not 
meant to be typical of the remaining samples. 
The comparisons for the Isotopic* are, in 
general, good; however, there are problems in 
the concentration results which are continuing 
to be investigated and should be resolved at a 
later date. 

1 . Operations Division, ORNL. 
2 . Analytical Chemistry Division, ORNL. 
3 . Computing and Telecommunications Division, 

ORNL. 
4 . Engineering Physics and Mathematics 

01 vision, ORNL. 
5. T. C. Quinby et a l . . Preparation of Actl 

nlde Specimens for the US/UK Joint Experiment 
In the Dounreay Prototype Fast Rector. 
0RNL-585d (1985). 

6. R. L. Walker et a l . , Characterization of 
Actlnlde Physics Specimens for the US/UK"Joint 
Experiment in the Do"jnreay Prototype Fast 
Reactor, ORNL-5986 v 1983). 

T. 5". L. Broarfhead, N. B. Gove, and S. 
Raman, Preanalysis Calculations In Support of 
the US/UK Joint Experiment in the Dounreay 
Prototype Fast Reactor. QRNL-6058 (19C4). 

FISSION-PROOUCT YIELD DATA FROM THE US/UK JOINT 
EXPERIMENT IN THE DOUNREAY PROTOTYPE FAST 

REACTOR 

J . K. Dickens1 S. Raman 

The heavy actlnlde experiment discussed 1n 
the previous section was extended to determine 
fission-product actIvltatIon following the I r ra 
diat ion. In this experiment allquots of the 

samples were prepared for t -ray assay, which 
used high-resolution T-ray and X-ray detectors. 
Two sets of y-ray and X-ray counting measure
ments were performed, one set at approximately 
nine months following the end of the irradiation 
and the second set approximately six months 
l&ter. The resulting spectral data were ana
lyzed to obtain absolute values of act iv i t ies 
for several long-lived fission products, namely 
9 1 Y , 9 5 Z r , 9 5 N b , i ° 3 Ru, »«6Rh (following decay 
of I « 6 R U ) , u ° m A g t i25 S b, " - C s , i " C s , i"iCe, 
i^Ce • l ^ P r , and i s s E u . 

Because of uncertainties associated with the 
experiment, i t was found that the experimental 
data could not be reported on an absolute basis. 
Instead, the yield data for the fission product 
1 3 7 Cs were designated as monitor data for the 
y ie ld data of the other fission products. The 
fission product I 3 7 C s was so chosen because 

(a) i t s yield per fission is near the peak of 
the heavy-mass distribution for fast-neutron 
fission of a l l of the actinldes in this study, 
(b) the ha l f - l i f e of 1 3 7 Cs (T]£ - 30 yr) is suf
f ic ient ly long that details of the PFR i r r a 
diation during the 1-yr Irradiation are not 
important in deducing the yield of this fission 
product, end (c) the decay of 1 3 7 Cs Is charac
terized b> a dominant single Y-ray having EY * 
662 keV and the yield determinations have essen
t i a l l y no uncertainties other than counting 
statist ics which were small for al l samples 
studied. 

The deduced fission-product yields for 9 1 Y to 
1 3"Cs and ^ C e to l s s E u (from the l i s t above) 
have been prepared as ratios to the yield for 
1 3 7 C s . A correction factor as a function of the 
half l i f e of a given fission product vis-a-vis 
the PFR Irradiation history was deduced so that 
the experimental ratio data could be corrected 
to represent similar ratio data that would have 
been measured at the end of a short Irradiation. 
Then these corrected ratios can be compared with 
ratios deduced from evaluated 2 fission-product 
yields from fast-neutron fission. In addition, 
the variation of yields for a given fission pro
duct as a function of the mass of the fissioning 
actlnlde can be represented. One such trend, 

I 
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for the fission product 9 5Zr, is exhibited in 
Fig. 6.1; another, for the fission product 
^'Ce, is shown in Fig. 6.2. The experimental 
ratios (solid dots in the figures) agree quite 
well with the ratios deduced fron the evaluation 
(shown as open circles in the figure) for fast-
neutron fission Of 2 3 1 P a . "3-236y > 238 U > 

2J8-2-.2pUf a n d 2-1,2-3/fc. Disagreements are 
observed only for fast-neutron fission of 2 3 2 T h , 
disagreements which we have not yet resolved. 
For the other actinides of the experiment which 
Jo not yet have evaluations, namely 2 3 0 T h , 2 1 , , ,Pu 
and 2'»3,2'.*,2%6,2".8att the ratio results appear 
to be consistent with apparent trends as a func
tion of principal actinide mass in these two 
figures. 

A report is being prepared describing this 
portion of the experimental program in some 

<m.-MC H-IIH7 

125 -

2 
fe 075 h 

025 l—I 

1 1 
FAST-NEUTRON FISSION 

FISSION PRODUCT * u , C t 

RATIO OF YIELD TO YIELD OF " t j 

J EXPERIMENT 

J E\M.UATION 

230 235 240 
PRWC4PAL ACTINIDE MASS 

245 

[-

OHM.-MS *3-1M+4 
125 

100 

0.75 -

a 
O 

o 
050 

0?5 

\h Np. 

FAST-NEUTRON FSSION 

FISSION PROOUCT • * Z r 

RATIO OF YIELD TO YIELD OF , J ' C s 

J EXPERIMENT 

I E Q U A T I O N 

_L 

Fig. 6.2. Relative yields of lhlCe following 
fast-neutron fission of actinides between 2 3 0 Th 
and 2 l , 8Cm. The present measurements are plotted 
as ratios to the experimental 137Cs-fiss1on-
product yields. The experimental data agree 
quite well with equivalent ratios deduced from 
the evaluation. 

detail. The deduced experimental ratio data 
will be completely reported, both graphically 
and tabulated. Needed are experimentally deter
mined absolute values for the yields of 1 3 7Cs 
and these may be forthcoming from the next fuel 
pin. However, even as ratios the current 
results nay provide a stringent test of the 
capabilities and data bases for computational 
programs designed to calculate fission-product 
inventories 1n a real fast-neutron reactor 
environment. 

230 235 240 
PRINCIPAL ACTINIOE MASS 

245 

Fig. 6.1. Relative yields of 9 5Zr following 
fast-neutron fission of actinides between 2 3 0Th 
and 21,8Cm. The present measurements are plotted 
as ratios to the experimental ! 3/Cs-f1ssion-
product yields. The data agree well with 
equivalent ratios deduced from the evaluation. 

1. Engineering Physics and Mathematics 
Division. 

2. B. F. Rider, Compilation of Fission 
Product Yields. NEOO-12l54-3(C), ENuF-322, 
General Electric Company, 1981; T. R. England 
(private communication, 1985). 



258 

VON HAMOS CRYSTAL SPECTROMETER FOR 
STUDIES OF HEAVY-ION INDUCED X RAYS 

ORNL-DNG 85-180S2 

C. R. Vane 
G. Morford1 

0. Sagsl 2 

S. Raman 
B. Sales3 

M. S. Smith1* 

Studies of X rays emitted after c o l l i -
sional excitation offer a direct pathway to 
quantitative description of many properties of 
excited atomic systems as well as a method of 
elucidating the excitation process i t s e l f . 
Heavy-ion impact at MeV energies produces 
large X-ray yields compared to other excitation 
methods allowing detailed studies of what are 
normally low probability (hence low signal) 
processes, such as environmental effects on 
higher X-ray sate l l i tes , which have been rela
t ively neglected in past research. 

As noted previously, 5 systematic measurements 
of X-ray satel l i te fine structures found in 
heavy-ion induced fluorescence of chemically 
complex targets require a dispersive instrument 
having both high energy resolution and yet good 
collection efficiency. Based on a narrow-band 
instrument borrowed from plasma diagnostic 
work, 6 we have designed, constructed, and tested 
a n c Von Hamos geometry7 crystal spectrometer 
which meets the above requirements by employing 
large curved crystals and a position-sensitive 
detector. 

We have successfully used this instrument to 
measure ion-impact generated X-ray spectra in 
the 1.5-8.5 keV region from the following 
targets: Al and Si alloys (K X rays); Fe, N1, 
and Cu (K X rays); and Tm and Ta (M X rays). 
Figure 6.3 shows a comparison of Aluminum K X-
ray spectra produced by electron Impact and by 
64-MeV S 1 , + Ions from the HHIRF tandem accelera
tor. Drastic enhancements of multiply-Ionized 
target states are clearly dlsplaysd 1n the lon-
Inouced spectrum. The data were taken with a 
small ADP(lOl) crystal designed for erstwhile 
use 1n a commercial X-ray spectrometer based on 
a Rowland Circle geometry. The measured line 
width of K a i 1s -1.5 eV. Detailed charac
terization studies of this particular crystal 
have shown that i t contains serious flaws which 
limit the valU'lty of measurements made from 
these raw data. 

1.500 
X-RAY 

1.550 
ENERGYfceV) 

Fig. 6.3. Comparison of target Al K X rays 
generated by (a) 7 keV electrons and (b) 64 MeV 
S 5 + ions. Extra peaks in Ion-impact spectrum 
result from multiple Al L-Shell ionization. 

Fig. 6.4 shows a targe* re K Xray spectrum 
produced by 126 MeV C u 5 + ions from the HHIRF 
tandem accelerator. The diffracting crystal 
used was a large, f la t SI(100), 2d » 2.715 A 
crystal. Characterization (especially spatial 
uniformity of the ref lect iv i ty) of the S1(100) 
crystal was also carried out during these 
measurements and I t has been returned to the 
Naval Research Laboratory for preparation and 
curved-mounting at the design radius. The 
entire spectrum (caken at one positioning of the 
crystal and detector required 5000 seconds at 
~8 pnA beam current on target. With this 
crystal bent to a 25.4-cm radius of curvature we 
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expect an Improvement In collection efficiency 
of - 2 W 0 . 

?n Fig. 6.4 the two sharp lines near 6.40 
keV are Fe KQ, and K a t which are separated by 
13 eV. The major sa te l l i te structure labelled 
K a L n is due to Fe Ka emission while the atom 

3. Solid State Division, ORNL. 
4. Now a graduate student at Yale 

University, New Haven, CT 06511. 
5. Physics Division Progress teport for 

Period Ending September 30, 1984, ORNL~ 
6120.(1^84). 

6. E. Kallne and J . Kallne, Physica Scripta 
T3, 185 (1983). 

7. C. R. Vane, M. S. Smith and S. Raman, 
ORNL report, in preparation. 
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Fig. 6.4. Fe K X rays generated by 126 MeV Cu 5 + 

ions on a thick Fe target. 

has varying degrees of L-shell ionization. (Each 
additional L-vacancy shifts the energy by ~40 
eV.) The resolved high energy peak is Fe Kg at 
/.06 keV. Both K 0 j and K^ are enhanced In 
Intensity compared to their satell i tes because 
of the normally singly-Ionizing process of 
photo-fluorescence of the iron target by Cu pro
jec t i le K X rays. The broad, low-intensity 
feature labelled K 2

0 L n is due to Fe hyper-
satel l f te X rays emitted from iron atoms I n i 
t i a l l y having two K vacancies and n L vacancies. 
The higher efficiency afforded by large curved 
crystals currently on order will allow us to 
study such features In much greater detai l . The 
entire instrument, attached to a tandem beam 
l ine , 1s displayed in Fig. 6.5. 

1 . Now a graduate student at Michigan State 
University, East Lansing, HI 48823. 

2. Naval Research laboratory, Washington, 
D.C. 20375. 

Fig. 6.5. Photo of Von Hamos Spectrometer as 
attached to HHIRF Tandem beam l ine. 

DEDICATED BE AMI. INE FOR 
SINGLE EVENT UPSET MEASUREMENTS 

S. Raman 
L. P. Clark 1 E. G. Stasslnopoulos1* 
S. C. McGuire2 C. R. Vane 
R. W. Miles 0. Van Gunten5 

E. Petersen3 T. A. Walkiewlcz6 

Single event upset (SEU), the change of a 
logic state of a bi t In memories and related 
semiconductor charge-storage devices, Is due to 
the energy loss by Ionization of a single 
energetic particle passing through a sensitive 
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region of the semiconductor device. As the phys
ical dimensions and the associated total charge 
specifying a particular logic state decreases, 
computer fa i lure due to SEU by heavy ions 
becomes of particular concern since this can 
lead to catastrophic results for space missions. 
Energetic ions with a stopping power, or linear 
energy transfer 'LET), capable of inducing 
upsets include the Fe or C-N-0 peaks in the 
cosmic ray f lux. 

Two different physical mechanisms are basi
cally reponsible for single-event phenomena in 
space. Heavy-ion cosmic rays produce upsets 
directly by ionization energy loss. However, 
the cosmic ray intensity can vary appreciably 
with changes in the solar wind and solar activ
i t y . In the second mechanism, the populous 
cosmic ray protons produce upsets by way of 
ionization energy loss by particles produced in 
proton-induced nuclear reactions in si l icon, 
primarily by the recoiling heavy'ion. In either 
case, SEU requires deposition of a threshold 
amount of energy or cr i t ical charge near a sen
si t ive region, and this cr i t ical charge depends 
primarily on circuit parameters. Although c i r 
cuit modeling can yield reasonable results in 
some cases for cr i t ical charge and sensitive 
volume, from which upset rates can be predicted, 
i t is s t i l l necessary to measure these quan
t i t i e s directly with heavy-Ion beams for the 
numerous families of ICs su.ceptlble to SEU and 

for a l l varieties of IC technologies and manu
facturing processes. 

SEU testing of devices by accelerator beams 
consists basically of measuring the upset cross-
section (number of up'-^s p«:r incident particle 
fluence) as a function of LET. The saturation 
cross-section yields the effective total area of 
charge collection regions, and the threshold LET 
yields the cr i t ical charge collected i f the 
effective collection length is known. A pre
dicted upset rate for the device can then be 
made for a particular radiation environment 
using an appropriate physical device model. 

The advantages of using the 25 V tandem 
accelerator for SEU testing include the relative 
ease of obtaining a wide range of energies of 
various ion species in order to obtain the 
necessary range of LET. In i t i a l testing of 
several types of devices with beams of C, Ag, 
and Au has already demonstrated the usefulness 
of this machine (see next section of this 
report). Typical SEU cross-sections measure
ments demand very low ion flux (~10 3-10 5 

1ons/cm2sec) spread uniformly over large areas 
(many cm 2). A DC beam is also the best simula
tor of conditions in space. To eff icient ly pro
vide these conditions a new beamline at the 
HHIRF tandem accelerator is being designed spe
c i f ica l ly for SEU testing. A schematic is shown 
in Fig. 6.6. I t wil l include equipment neces
sary for ion beam preparation, transport, and 

ORSI.-DKT, 8 5 - 1 8 2 0 1 

Fig. 6,6. Top-view schematic diagram of beamllne designed for Integrated circuit testing. 
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monitoring, as well as a large vacuum chamber 
instrumented for precise positioning of printed 
circui t boards containing many ICs under test . 
The beamline and chamber are expected to be 
completed in late 1986. This fac i l i ty wi l l 
allow detailed studies of upset cross-section 
versus energy, from which distinct cr i t ical 
charges may be determined for specific sensitive 
regions of the device, and a microbeam can be 
used to directly characterize single junctions 
of an integrated c i rcui t . 

1. NASA Headquarters, Washington OC 20546. 
2. Alabama A S H University, Huntsville, AL 

35762. 
3. Naval Research Laboratory, Washington OC 

20375. 
4. NASA, loddard Space Flight Center, 

Greenbelt, Mu 20771. 
5. NSA, Physical Sciences Laboratory, College 

Park, MO 20740. 
6. Edinboro University, Edinboro, PA 16444. 

SIMULATION OF COSMIC RAY EFFECTS ON 
INTEGRATED CIRCUIT LOGIC DEVICES 

W. A. Kolasinski 1 J . 01:en 3 

G. J. Brucker2 S. Raman 
R. Koga1 C. R. Vane 

ipset of digital electronic circuits by 
cosmic rays In space (termed "Single Event 
Upset" or SEU) was predicted more than two 

decades ago'*. However, i t is only during the 
late seventies, with the greatly increased use 
of microcircuits in space vehicles, that the 
phenomenon of SEU became of wide concern in the 
space community, and so to speak, "fashionable" 
as a topic of investigation. 

Recently, we have performed an experiment on 
the HHIRF tandem accelerator to evaluate i ts 
suitabi l i ty for future SEU investigations and 
to assess the vulnerability of several micro-
circuits to SEU in the process. Table 6.4 sum
marizes the tests performed and their results. 
The experiment has demonstrated conclusively 
that the HHIRF tandem can be a very valuable 
tool in the SEU area of applied research. Some 
of the results l is ted in Table 6.4 are 
discussed in more detail in what follows. 

Many descriptions of test procedures for SEU 
have been published in the l i t e ra tu re 5 and they 
wi l l not be reiterated here. Suffice i t to say 
that In all cases Involving c i r r j i t s where 
information is stored, we enter the Information 
into the device just before or during the bom
bardment with beam. The information contents 
of the device could be checked for errors and 
corrected during the bombardment (dynamic test) 
or left undisturbed t i l l the conclusion of bom
bardment (static tes t ) . At the end of each 
irradiation al l the errors and total beam 
fluence were recorded. Figure 6.7 shows the 
experimental hardware in schematic form. 

Table 6.4. Summary of Results of the Cosmic-Ray-S1mulat1on Experiment 

Beams 

Devices 126 MeV 1 2C 
dE/dx « 

1.3 MeV-cm2 mg 

374 MeV I 0 8 A g 
dE/dx » 

54 MeV-cm2/mg 

591 MeV 1 ? 7 Au 
dE/dx • 

ID No. Description 

126 MeV 1 2C 
dE/dx « 

1.3 MeV-cm2 mg 

374 MeV I 0 8 A g 
dE/dx » 

54 MeV-cm2/mg 88 MeV-cm2/mg 

SA 2999 16 Kxl EAR0M Read: No effect 
Write: No effect 

Read: No effect 
Write: Permanent 

Damage 

Read: No effect 
Write: Permanent 

Damage 

TA 12702 16 Kxl RAM Not testeo Not tested Some upsets seen 

SA 3240 16 Kxl RAM Not tested Some upsets Some upsets 

93L422 256 x4 RAM Many upsets Not tested Not tested 

93422 256 x4 RAM Many upsets Not tested Not tested 
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F1g. 6.7. Schematic representation of test hardware, (a) Beam-control and exposure 
apparatus, and (b) Computer hardware for test-drive operation and data recording. 

The ratio of the total number of errors to 
the particle fluence was calculated and, In 
analogy with nuclear physics terminology, 
defined as the upset cross-section. An example 
of upset cross-sections plotted as functions of 
the Incident particle energy transfer (LET or 
dE/dx) appears 1n Fig. 6.8. The experiment for 
which the results are given 1n this figure was 
performed to assess the effect of feature size 

In CMOS/SOS RAMs on cr i t ica l charge for SEU. 
The results, together with data taken at the 
Lawrence Berkeley Laboratory 88-Inch Cyclotron, 
have been published by Brucker, et a l 6 . 

In the case of the SA2999 EAROM, a com
pletely unexpected result was obtained. 
Irradiation of the device with gold or silver 
Ions, even at zero b<as, resulted 1n permarent 
damage to Individual memory cel ls . No damage 
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Fig. 6.8. Error cross section versus linear 
energy transfer (LET) for test memories exposed to 
591-MeV Au Ions. 

of any kind was observed, with or without bias, 
when the device was bombarded with carbon. 
Subsequent tests at Berkeley showed the onset 
of permanent damage occurs at an LET or dE/dx 
value somewhere between 17 and 40 MeV-cm2/mg. 
Clearly an experiment to pin down the value 
more accurately would be worthwhile. 

The tests on the SA3240 RAM« were performed 
to evaluate the effect of resistors of various 
sizes used to decouple the 1nverter-pa1r gates 
in the RAM cells and thus Increase the cr i t ica l 
charge required for upset. The experiment 
showed that 200K resistors were required to 
make the cell completely Impervious to SEU - a 
very useful result! 

In the case of the fourth and f i f th devices 
in Table 6.4, we wanted to measure and compare 
the threshold LETs for upset which were already 
known to be quite low. Unfortunately, we 

overestimated the threshold LET and were able 
to establish only an upper bound of 1.3 
MeV-cm2/mg for the threshold, before running 
out of allocated machine time. 

Aerospace Corporation, Los Angeles, CA 

RCA Astro-Electronics, Princeton, NJ 

1. 
92957 

2. 
08540. 

3. Sandia National Laboratories, 
Albuquerque, NM 87185. 

4. J . T. Hallmark and S. H. Marcus, 
"Minimum Size and Maximum Packing Density of 
Non-Redundant Semiconductor Devices," Proc. IRE 
286-298 (1962). 

5. R. Koga and U. A. Kolasinski, "Heavy Ion 
Induced Single r.vent Upsets of Nicroclrcults: A 
Summary of The Aerospace Corporation Test Data," 
IEEE Trans. Nucl. Sci. NS-31, 1190-1191 (1984). 

6. G. J . Brucker, R. Smeltzer, W. A. 
Kolasinski and R. Koga, "Soft Error Dependence 
on Feature Size," IEEE Trans. Nucl. Sci. NS-31, 
1562-1563 (1984). 

PRODUCTION OF UNIFORM. V2RY-L0W INTENSITY ION 
BEAMS THROUGH RUTHERFORD SCATTERING 

L. Haliner 1 

S. Raman 
C. R. Vane 
0. Van Gunten2 

There is a need in several areas of applica
tions of heavy ions (for example, In upset 
testing of integrated circuits and in production 
of distributed, micron-si i t holes 1n Insulating 
fo i ls ) for very-low Intensity (<10'f ions/cm2 

sec) beams spread uniformly over areas of many 
en 2 . Because typical ion beam currents, under 
stable, sl i t -control led accelerator operation, 
are >1 enA, the primary beam must be attenuated 
by ~10 5 to reach the required levels. Several 
methods of attenuation have been considered 
including: 

(1) passage of primary beam through a small 
aperture (where most Ions are lost) with 
subsequent defocuslng to achieve large beam 
spot size on target , 

(2) passage of primary beam through a thick 
fo i l producing significant angular spread 
followed by downstream apertured selection 
of a ;ma11 fraction of transmitted beam, 

(3) magnetic selection of charge states far 
from equilibrium to achieve attenuation, 
with subsequent beam defocuslng, and 
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(4) Rutherford scattering of primary beam from 
a thin target foil and subsequent apertured 
selection of a small transmitted solid 
angle to mintain beam uniformity. 

He have studied the last of these in some 
detail because of certain advantages i t has over 
the others, namely that the experimenter can, by 
choosing scattering foils and angles, vary the 
intensity, uniformity, and energy of the second
ary ion beam on target rapidly and predictably. 

We considered two cases for study in a comput
er model. In the first case, shown schemat
ically in Fig. 6.9(a), a primary ion beam of 
intensity I 0 is scattered (assumed totally 
Rutherford) from a single fo i l , md a small 
solid angle element is allowed to oass 
downstream to the target. With heavy (e.g., Au) 
foils of thickness -300 pg/cmz, the fraction (f) 
of primary beam reacMng the (2.5 x 2.5)cm2 

target area can be selected by choosing the 
appropriate scattering angles 6! and 62. 
Unfortunately, the beam intensity usually varies 
significantly over the target area, as expected 

ORNL-DWG 8 5 - 1 7 7 7 8 

Fig. 6.9. bchematlcs of Rutherford scatter
ing techniques for production of uniform, low-
Intensity ion beams, (a) Single scattering, and 
(b) Double scattering. 

since d ^ - sin_l*e. Simul'aneously achieving 
the required beam intensity and uniformity can 
be accomplished only with small angles Q\ and 
62 anC distant targets. For example, with 10 
enA of 2 MeV/nucleon C u 5 + ions scattering from a 
300 ug/cra2 Au foil (from e! = 3.0" to e 2 = 3.3°) 
located 5 m upstream of the target area, f = 
1 x 10- 5, and the beam intensity on target 
varies by ±161. 

The second method for achieving uniform low-
intensity involves double Rutherford scattering 
as shown in Fig. 6."(D). Again ; sumiiig pure 
Rutherford scattering, a computer model was used 
to calcula e the scattered beam intensity at a 
given target location. The results are shown in 
Fig. 6.10 for a 10 enA,' 2 HeV/nucleon C u 5 + beam 
scattering from two 200 ug/cm2 Au foils, with 
6j = 1.2° and 0 2 = 1.8°. The mean intensity on 
target is 2 x 10 3 ions/cm2 sec (f = 3 x 10" 6). 
Angular straggling effects have not been 
included in the calculations. Experimental 
tests of the model results will be carried out 
soon. 

1. 0RAU summer student from Union College, 
Schenectady, NY. 

2. Physical Sciences Laboratory, NSA, 
College Park, M0. 20740. 
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Fig. 6.10. Radfal Ion Intensity distribution 
at target position fcr 2 MeV/nucleon Cu 1on-> 
subjected to double Rutherford scattering. 



7. PLASMA DIAGNOSTICS FOR FUSION PROGRAM 

ALPHA PARTICLE DIAGNOSTICS 

D. P. Hutchinson R. K. Richards1 

K. L. Vander Sluis C. H. Ha 

In an ignited D-T fusion reactor, the 3.5 HeV 
fusion-product alpha particles will provide the 
energy required to sustain ignition. Techniques 
for monitoring these products as they thermalize 
and give up their energy to the plasna will be 
crucial to the development and operation of a 
successful reactor. During the past year we 
have concentrated our efforts on development of 
the necessary technology to perform laser 
Thomson scattering from alpha particles in a 
burning plasma. With this technique, informa
tion about the velocity distribution of these 
products Is obtained from the Doppler shift of 
the laser radiation which Is scattered at small 
angles. 

One feature which is essential tc the success 
of this diagnostic Is an optleal-heterodyne 
scheme for detection of the scattered radiation. 
A test stand has been constructed to analyze and 
optimize the noise figure of the multichannel 
heterodyne receiver for the experiment. The 
primary components of this facility are a 5-walt 
waveguide, single-mode C02 la>er, a 500-K black-
body source, and the associated electronics to 
heterodyr.e-detect the blackbody signal from the 
detector. The test stand wi'1 also be jsed to 
measure the absorption coeifi'lent of a CO2 hot 
cell. This cell will be used In the receiver 
optics assembly to attenuate any stray laser 
light entering the detection systsm. A low-
power sequence-band CO2 laser has also been 
developed and tested for use as a local oscilla
tor 1n this system. 

A resonator design has been chosen for the 
high-power pulsed CO2 laser that will restrict 
operation to a single fundamental mode, an 
essential feature for the small scattering 
angles required by the experiment. The pulsed 
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laser source for the scattering experiment will 
be a 100-J Lumonics Model 602 laser. The laser 
cavity is be<-; .wvMfied to Include a 1-aeter-
long low-pressure transverse discharge cell and 
unstable-resonator optics. The low-pressure 
cel l , containing a Ke-C02-N2 laser mixture will 
be fired by a thyratron approximately 90 usee 
before the main discharge of the pulsed laser Is 
initiated. The population of the upper laser 
level in the low-pressure cell will be a maximum 
after the 90-usec delay resulting in a slower 
rise time and longer duration of the 100-J 
pulse. The unstable resonator optics configura
tion will restrict operation of the laser to a 
single fundamental mode. The intra-cavity low-
pressure cell and unstable resonator should 
produce a pulse length of approximately 1 usee 
with a boar: divergence compatible with the 
requirements of the scattering experiment. 

We have defined an experiment on a nonburnlng 
plasma which we believe will demonstrate the 
feasibility of the alpha-particle scattering 
diagnostic. In our original feasibility study,2 

we predicted that the scattered signal from the 
alpha-particles would be three to five times the 
signal from background plasma electrons over a 
particular range of frequency shifts from line 
center (5 to 20 GHz). Therefore, we plan to 
perform a small-angle scattering experiment from 
electrons In a non-burning plasma. If we are 
able to measure the scattered signal from the 
background electrons, then we may proceed with 
further development with some confidence that 
the diagnostic system will have the sensitivity 
to measure the alpha-particle density and velo
city distribution 1n an Ignited plasma. In 
addition, the detection of scattered radiation 
from the electrons at larger frequency shifts 
(40 to 60 GHz) would permit a study of the high 
energy tall of the electron distribution 1n a 
region Inaccessible to standard Thomson scat
tering diagnostics. 
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ORHL-Photo 8655-82 
1 . Fusion Energy Division. 
2. D. P. Hutchinson, K. L. Vander Sluis, 

J . Sheffield and D. J . Si guar, Feasibility of 
Alpha Particle Measurement by CO? Laser Thomson 
Scattering, ORWL/TM-9090, Oak Ridge National 
Laboratory, December 1984. 

MULTICHANNEL IKTERFEROMETRY 

H. H. Casson1 H. T. Hunter 
C. H. Ma 0 . P. Hutchinson 
R. K. Richards2 K. L. Vander Sluis 

C. A. Bennett3 

The ISX interferometer system was moved from 
the Y-12 plant to the development laboratory at 
X-10 for modifications necessary for instal la
tion on the Advanced Toroidal Facility (ATF) in 
latfc 1986. Observation of laser stabil i ty and 
noise Indicated that changes to the basic laser 
design Mere necessary in order to improve reso
lution and r e l i a b i l i t y . The interferometer 
system consists of two independent laser systems 
operated at a constant frequency difference of 
abou* 1 Hiz. Each laser system is cr,nprised of 
a carbon dioxide pump laser and a rar-infrared 
(FIR) optically pumped laser cavity. Figure 7.1 
shows the five-channel system in place on the 
ISX-B tokamak. The output wavelength can be 
chosen from a very large number of known laser 
lines by changing the molecular gas and the pump 
frequency. An analysis of the required spatial 
resolution and refractive effects on ATF dictate 
a shorter wavelength than was used on ISX. The 
most attractive candidate Is the 119-micron line 
of methyl alcohol which 1: one of the strongest 
emission 11 r>js in the FIR. For accurate Abel 
inversion of chordal data from the highly e l l i p 
t ical cross section if the ATF plasma, a 
15-channel system is necessary. In order to 
operate this number of channels, each with an 
individual system of optics, the amount of 
alignment work necessary and the required design 
complexity becomes prohibitive. The alternative 
that has been chosen is a single optical beam, 
highly e l l ip t ica l in cross section, which will 
be focused onto a detector array after passing 

Fig. 7 . 1 . Photograph of tht five-channel FIR 
interferometer/polarlmeter system installed on 
the ORNL ISX-B tokamak. The optical waveguides 
and Schottky-diode detectors are visible In the 
foreground. The optically pumped laser systems 
are located beneath the detector array. 

through the plasma. Each element of the detec
tor »r.-y wil l consist of a Schottky diode 
mounted In a corner cube reflector. The total 
number of optical elements necessary can thus 
be reduced from about 225 to around 30. 

Modifications made to the carbon dioxide pump 
laser Include elimination of the internal 
Brewster windows, redesign of the electrodes, 
and a slightly different set of cavity optics. 
The Brewster windows, which were mounted between 
the electrical discharge tube and the Internal 
optical elements, were a known source of beam 
distortion and -henna) noise. They have been 
eliminated by installing the optics within the 
vacuum of tlie discharge but physically separated 
from the discharge by a reasonable distance. 
Distortion of the discharge I tsel f was reduced 
by designing electrodes which are symmetric 
about the discharge axis. Further improvement 
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of the pump laser was made by replacing the 
plane grating, used for selection of the carbon 
dioxide emission line, with a spherical curved 
grating and replacing the curved output coupler 
with a plane coupler. This effectively 
decreases the power density on the grating sur
face, optimizes use of the discharge volume, and 
places the output beam waist at the output 
coupler. One further improvement in the pump 
source was made by replacing the ZnSe lens used 
to focus the beam into the FIR cavity with a 
curved reflector, thereby further reducing beam 
distortion. 

Most laser control functions are being auto
mated by a complex feedback arrangement overseen 
by a small computer control system. The carbon 
dioxide laser will be tuned for optimum power 
and frequency by an acousto-optlc cell monitor
ing device. FIR output will be monitored for 
output power and the frequency difference 
between the two laser systems. The operator 
will have a continuously updated readout of all 
laser functions and will have override control 
at all times. The resulting improvements In the 
Interferometer will give a single operator the 
ability to start up and operate the laser system, 
as well as monitor the data output and analysis. 

1. ORAU Postdoctoral Research Associate. 
2. Fusion Energy Division. 
3. ORAU Sumner Faculty Research Participant, 

University of North Carolina, Ashevilie. 

FAR-INFRARED SOURCE DEVELOPMENT 

D. P. Hutchinson J. -N. Juang1 

C. H. Ma 

The avai labi l i ty of a suitable directly 
excited laser source of far-Infrared (FIR) 
radiation would be of significant benefit In 
plasma diagnostics, both In simplicity of opera
tion and cost. We have begun the development of 
a directly excited HCN laser which we Intend to 
use to study density fluctuations 1n the AfF 
device currently under construction In the 
Fusion Energy Division. In the past, HCN lasers 
were very large and required long down times for 

maintenance. Recently, work by several experi
menters in Japan and the Soviet Union has 
pointed to the possibility of the construction 
of a re l iab le , high-power rf-driven HCN laser 
operating at a wavelength of 337 microns. He 
have undertaken the construction of a small r f -
driven HCN laser to evaluate i ts performance as 
a source of FIR power for plasma diagnostic 
applications. Our in i t i a l tests have been very 
encouraging and we are proceeding with the 
design of an HCH laser with an integral radio 
frequency power osci l lator. 

1 . Graduate student, Tennessee Technological 
University. 

CALIBRATION OF THE FIR POLARIMETER 
ON TFTR TOKAMAK 

C. H. Ma D. K. Mansfield 1 

D. P. Hutchinson H. Park 1 

K. L. Vander Sluls L. C. Johnson 1 

We have been engaged In the development of 
a multlchord far-Infrared (FIR) polarlmeter for 
the TFTR tokamak at Frlnceton Plasma Physics 
Laboratory. During he p«.st year, simultaneous 
measurements of electron density and Faraday 
rotation in TFTR tokamak plasmas have been 
achieved. Density measurements have been nw»de 
successfully on all five channels of the FIR 
Interferometer/polarlmeter system. However, due 
to limited resources, both budgetary and time, a 
decision was made by PPPL to delay the multi-
chord measurements of the Faraday rotation. The 
system has been routinely employed to study the 
ohmlc- as well as neutral-beam-heated plasmas 
Including multiple solid hydrogen pellet Injec
tions. It Is believed that this Is the first 
successful simultaneous measurement of electron 
density and Faraday rotation 1n multiple pellet-
Injected plasmas. Apparatus for expansion to 
ten-channel operation has been designed, con
structed, and tested. The Installation of the 
ten-channel system on TFTR Is under way. 

A schematic dVq ram of the Interferometer/ 
polarlmeter system on TFTR 1s shown 1n Fig. 7.2. 
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Fig. 7.2. Schematic of the FIR 
interferometer/polarlmeter system on TFTR. 

The system consists of a Michelson-type inter

ferometer made from twc OK 119-UH methanol 

lasers, optically pumped by a C02 laser. The 

beat frequency of the FIR lasers is usually 

adjusted to approximately I Mz by tuning the 

cavity length. The probing and reference beams 

are divided Into ten channels (only f ive chan

nels were In operation by April 1985) by metal

l i c meshes. The probing beams go through the 

plasma from bottom to top and are returned by 

the retro-ref lectors. All optical components 

are mounted on a diagnostic support structure 

to ta l ly Isolated from the TFTR machine and sup

ported on seismic Isolators. The FIR laser 

beams are i n i t i a l l y linearly polarized. A wire-

grid polarizer is used as an analyzer to provide 

the Faraday rotation signal. The analyzer is 

adjusted such that i t passes the outgoing prob

ing beam and reflects any rotated component of 

the return beam. This component Is mixed with a 

portion of the reference beam, and Is directed 

onto the polaHmeter detector. Schottky diodes 

are ut i l ized for a l l detectors. The output of 

the polaHmeter detector 1s f i l te red , amplified, 

and fed Into an envelope detection c ircui t . I f 

the e l l l p t l c l t y of the polarization of the 

return beam is negligible, the output of the 

detection circui t 1s proportional to sin(ep), 

where ep is the Faraday rotation angle of the 

polarization vector, and is proportional to the 

l ine integral of electron density times the 

pololdal magnetic f ie ld along the double-path of 

the probing beam. Part of the beam from the 

reference laser is mixed f i r s t in the reference 

detector with a portion of the source laser, 

which is spli t off before passage through the 

plasma, and the remainder is guided to the 

signal detector to mix with part of the return 

beam. The outputs of both detectors are also 

f i l t e r e d , amplified, and fed into a digital 

phase detection circuit to extract the phase 

shift produced by the electron density. Due to 

limited resources, only the outputs of the phase 

detectors are digitized for computer storage arid 

processing (April 1985). The output of the 

envelope detection circuit is displayed on 

oscilloscopes for photographic recording (only 

one channel). The inferferometer/polarlmeter 

system was routinely employed to study the 

ohmlc- as well as neutral-beam-heated plasma 

discharges 1n the TFTR tokamak for more than 

four months. Figure 7.3 shows the time-resolved 

traces of (a) Hne electron density and 

(b) rotation of a neutral-beam-heated plasma 

discharge. During this discharge, three solid 

hydrogen pellets were Injected into the plasma 

at intervals of approximately one-half second. 

The abrupt changes of densUy and Faraday rota

tion occur during a period of approximately 

400 ps. 

An algorithm for the solution of the wave-

propagation equation has been developed and has 

been used to determine the polarization evolution 

on the Polncare" sphere. Computer codes have been 

ut i l ized to calculate the e l l l p t l c l t y , e, and the 

rotation angle of the vibrational e l l ipse, * , of 

the polarization. 

The parameters for TFTR are major radius, 

R • 265 cm; minor radius, a • 85 cm; central 

electron density, n 0 • lO'Vcm 3 ; plasma current, 

Ip « 2.5 MA; toroidal f i e ld , BT - 5.2 T; wave

length, X • 119 urn. In this case, the maximum • 

Is approximately 15° with a maximum e l l lp t l c l t y 
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Fig. 7.3. Time variation of (a) line elec
tron density and (b) Faraday rotation measured 
by the multlchord FIR interferometer/polarimeter 
system on TFTR tokamak. The abrupt changes of 
the line density and Faraday rotation are caused 
by the Injections of solid hydrogen pellets. 

where V{ 0 and Vpg are the calibration constants 
for the interferometer and polarimeter, respec
t ive ly , 4> is the phase shift due to electron 
density, and 4̂  and fy are given by 

*i = Tan-i[e Tan (•)] 

4p = Tan-i[eCot (*)] 

I t can be seen in the equations that both the 
amplitude and the phase of tne signals depend on 
the e l l i p t i c i t y of the polarization Mhlch cannot 
be measured easily due to limitations on the 
experimental techniques. Tne error In density 
measurement due to neglecting the e l l i p t i c i t y 
Is very small (0.024 percent), and the error In 
the Faraday rotation measurement is approxi
mately 1.7 percent. 

During the period of operation, sinusoidal 
osci l lat ion of the Faraday rotation signal due 
to the cross-coupling of the laser beams Mas 
observed. A modified theory for the polarimeter 
Including the cross-coupling was developed. A 
comparison between the theory and the experi
ments gave excellent agreement. Experiments for 
calibration of the polarimeter were also carried 
out to determine tha effects on the sensitivity 
of the system and the rotation angle due to the 
cross-coupled beams. 

of 0.045 for double path of the beam. The out
put signals of the interferometer detector, Vf, 
and polarimeter detector, V p, can be expressed 
by the following relations: 

Vi - V 1 oCos(*)[l • e ^ T a n ^ ) ^ ' 2 

Cos (Aut • ^ + <n) 

Vp - V p oS1nU)[l • e 2Co t2 ( * ) ] l / 2 

Cos(Au£ • 4- • *p) 

1. Princeton Plasma Physics Laboratory, 
Princeton, New Jersey. 



8. HIGH ENERGY PHYSICS 

H. 0. Conn U. M. Bugg1 

G. T. Condo1 

PHOTOPROOUCTION AT 20 GeV 

The primary purpose of this experiment by 
the SLAC Hybrid Faci l i ty Photon collaboration 
was to study charmed part ic les, however, the 
vast size of the experiment has permitted photo-
production studies of vector meson and charge 
exchange processes which have heretofore proved 
impervious to analysis. We describe brief ly 
studies which have been completed in the past 
year. 

The f i rst study uti l izes data from the reac
t ion , yp • n*** +w-. I t was init iated to study 
s-channel heliclty conservation in much the same 
way as was studied in the reaction YP * 0°N* • 
( » + w-) (p» + * - ) . The unusual occurrence in this 
channel was the observation of a signal in the 
neutral dipion spectrum in the f mass region. 
The f is not produced in the reaction, 
Yp •• w + *-p, which is dominated by pomeron 
exchange. Nor can i t be oroduced by one-pion 
exchange since f° • W°Y is forbidden by C-parity 
conservation. The enhancement in the 3* spectra 
of events in the A3 and A3 mass region strongly 
indicates that this is the source of thes^ f ° 
mesons. Thus, this became the f i rst observation 
of the A3 in a charc.e exchange process, and, 
being free of Deck-type backgrounds, verifies 
the existence of the A3 in a total ly model 
independent fashion. 

The second study is devoted to the photopro-
ductfon of charged Ai mesons in the reaction 
YP • &.+**'i-i+. The radiative widths, using 
Coulomb production, of the A,, A2 and R mesons 
have recently been measured at Fermi ib. The »Y 
width of the charged At was found to be about 
twice that of the A2 or 8. This is reasonably 
consistent with theoretical estimates. Thus the 
isolation of a pion exchange process in photo-
production should result in the photoproduction 
of al l i f these states. 

In the p» + *+«- i - f inal state, the restriction 
to A++ events effectively eliminates diffractive 
p' (1600) production. After elimination of 
di f fract ive P"N* + (» + »- ) (p» + x- ) events, the 
p°»" spectrum at low t ' contained a (relat ively) 
enormous signal around 1300 MeV (O(TP • A2 A**) 
= 0.17 ± 0.2 wb at I t ' T 3 , I < 0.15 GeV 2). This 
signal also was far too broao to be consistent 
with an Aj alone (r » 211 ± 29 MeV). Our reso
lution in this mass region is about 10 MeV. 
Under the assumption that this enhancement 
represents both Aj and Aj production, we find 
that the Aj mass and width are 1316 ± 30 NeV and 
3 I O ! l o ° M e V * respectively. 

The study of s-channel helicity conservation 
in inelastic rho diffraction produced by the 
SLAC Hybrid Facil i ty Photon collaboration 
shows that the p" produced in the reaction 

Yp • " " f a s t 0 * * * " h a s a n 9 u 1 a r distributions and 
spin density matrix elements consistent with s-
channel hel ic l ty conservation. Other features 
of elastic p° photoproduction and w-1nduced 
di f f ract ion, such as the »*»- mass shape skewing 
and pir+x" mass distributions, are also similar. 

NEUTRINO INTERACTION 

During the pa?t year we have worked on a high 
energy muon neutririD experiment (E745) at 
Fermi lab, ut i l i z ing the Tr̂ .oku University 
holographic one-meter bubble chamber. Set-up 
for the experiment started in November 1984 and 
the f i rs t phase 0* data taking was completed in 
September 1985. Ten planes of 1.2-meter square 
dr i f t chambers were designed and constructed by 
us as part of th2 counter bubble chamber hybrid 
system. We obtained about 200,000 untriggered 
conventional pictures (316 rol ls) and 63,500 
triggered holograms. The trigger was an 
interaction trigger with an efficiency of about 
0.85 and false trigger rates of about 10/1. The 
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conventional film contains about 3,500 events, 
most of Mhlch are neutrino Interactions. Trie 
quality of the conventional fi1M IS good, but 
since E745 Is the first major holographic expo
sure in a large bubble chamber, the technique 
had to be perfected over the course of the run. 
At the start, only one-third of the events had 
holograms In which the vertex could be fw^'J, 
although tracks were generally present. By the 
end of the run the efficiency had increased to 
better than 2/3. 

Scanning and measuring the film was begun 
while the experiment was still in progress. A 

digitized holographic scanning machine, using 
light from an argon laser is now operational to 
scan the holograms for abnormalities at the 
interaction vertex which could signal charm pro
duction. Three such candidates have so far been 
identified in our scanning effort. Preliminary 
data on prong distribution, measurement of quasi 
elastic neutrino interaction and other data use
ful for implementing improvements for the next 
stage of the experiment are being evaluated. 

1. Adjunct staff member from the University 
of Tennessee, Knoxville, TN 37996. 



9. COMPILATIONS AND EVALUATIONS 

CONTROLLED-FUSION ATONIC DATA CENTER 

C. F. Barnett 1 

H. B. Gil body2 

D. C. Gregory 
P. H. Gr i f f in 
C. C. Havener 
A. H. Howald 
H. T. Hunter 
R. K. Janev3 

M. I . Kirkpatrick 
C. R. Hahon1* 
E. H. NcDaniel5 

F. H. Meyer 
T. J . Morgan6 

R. A. Phaneuf 
H. S. Pindzola 7 

E. W. Thomas5 

The Controlled-Fusion Atonic Data Center 
(CFAOC) Mas established at ORNL in 1959, with 
a primary task to collect, review, evaluate, and 
recommend numerical atomic collision data of 
Interest in controlled thermonuclear fusion 
research. The CFAOC operates with an equivalent 
of two full-t ime staff member?, as well as a 
number of expert consultants from the research 
community, upon which I t depends heavily. The 
major act ivi t ies of the data center are 
threefold: 

-the production of up-to-date bibliographies 
of fusion-related publications on atomic 
collision processes in computer f i les for 
on-line searching and publication, 

-the preparation and publication of compila
tions of recommended atomic collision data 
for fusion research. 

-the handling of user requests for specific 
data or information abcut relevant atomic 
processes. 
The data center actively participates In 

cooperative agreements with the Atomic Data 
Center for Fusion at the Institute for Plasma 
Physics (IPP) of Nagoya University, Japan, the 
Atomic nd Nuclear Data Center of the Japan 
Atomic Inergy Research Institute (JAERI), and 
the Atonic and Molecular Data Unit of the 
International Atomic Energy Agency (IAEA) 1n 
Vienna. Our staff continues to participate 1n 
the IAEA International Atomic and Molecular Data 
Center Network and to advise the IAEA data 

center on their act iv i t ies . Our bibliographic 
computer tapes are sent to these centers every 
three months and form the basis for the quar
ter ly IAE'-i Internatior.il Bulletin on Atomic and 
Molecular Data for Fusion. 

Our data center also maintains a close 
cooperation with the Atomic and Molecular 
Processes Information Center * t the Joint 
Institute for Laboratory Astrophysics in 
Boulder, Colorado, and with the MBS Data Center 
on Atomic Spectral Lines and Transition 
Probabilities in Washington. 

During this reporting period, a major effort 
has been directed toward the preparation of an 
updated and expanded version of the 1977 two-
volume compilation of recommended tabular and 
graphical data, entitled Atomic Data for 
Controlled Fusion Research, and published as 
ORNL-5206 and -5207 (commonly referred to as the 
"Redbooks"). The new multiple-volume series is 
entit led Atomic Data for Fusion, and wi l l con
sist I n i t i a l l y of five volumes (0RNL-6086 
through ORNL-6090). These volumes, with their 
(expected) publication dates, are as follows: 

-Volume 1: Collisions of H, H 2 , He and Li 

Atoms and Ions with A'oms and Molecules 
(10/86) . 

-Volume 2: Collisions of Electrons with Atoms 
and Molecules (3/87) . 

-Volume 3: Particle Interactions with Surfaces 
(published 2/85). 

•Volume 4: Spectroscopic Data for Iron 
(published 2/85). 

-VoSme 5: Collisions of Carbon and Oxygen 
Ions with Electrons, H, H 2 and He (5 /86) . 

All tabular and graphical data for the new 
"Redbook" series are computer-generated 1n 
publication-ready format. To make the recom
mended data more compatible with the needs of 
fusion-plasma modelers, a computer code has been 
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implemented to calculate Maxwellian rate coeff i 

cients from the cross sections, and to produce 

Chebychev polynomial f i t s to both the cross 

sections and rate coefficients. This wi l l 

f ac i l i t a te our plan to eventually place these 

recommended collision data in user-accessible 

f* les on the National Magnetic Fusion Energy 

Computer Center (NNFECC) network. 

1 . Consultant, ORNL. 
2. Consultant, Queen's University, Belfast, 

Northern Ireland. 
3. Consultant, Institute of Physics, 

Belgrade, Yugoslavia. 
4. Consultant, University of Virginia, 

Charlottesvil le, Virginia. 
5. Consultant, Georgia Institute of 

Technology, Atlanta, Georgia. 
6. Consultant, Uesleyan University, 

Middletown, Connecticut. 
7. Consultant, Auburn University, Auburn, 

Alabama. 

fUO.UA DATA PROJECT 

Y. A. Ellis-Alt oval i N. R. NcGinnis 
M. J . Martin M. R. Schmorak 

The Nuclear Data Project (NOP) is one of five 
data evaluation centers comprising the U.S. 
Nuclear Data Network (USNDN). The Project is 
responsible for the evaluation of nuclear struc
ture Information in the aass region A > 19G. 
The NOP maintains a complete computer-Indexed 
library of reports ..d published articles In 
experimental nuclear structure physics as well 
as copies of the Evaluated Nuclear Structure 

Data and Nuclear Structure Reference f i l es 
(ENSDF, NSR). 

The Project houses the position of Editor-
in-Chief of the Nuclear Data Sheets. All mass 
chains '•>~z V..c 14 centers in the International 
Nuclear Data Network are edited here, and the 
Editor-in-Chief has the ultimate responsibility 
for the quality of the mass chains entered into 
ENSDF and, thus, for what is published in the 
Nuclear Data Sheets. 

Activit ies 

Data Evaluation. During this report period, 
NOP staff members prepared revised evaluations 
for 9 mass chains. References to the publica
tions based on these evaluations are given In 
the publications s e c t i c i f this report. 

Mass Chain Editing and Review. HDP staff 
members edited and/or reviewed 19 mass chains. 

Information Services. NOP staff members 
responded to requests by researchers outside the 
evaluation center for specific information. 
Responses took the form of searches of the ENDSF 
and NSR f i les and personal consultation. A l i s t 
of reports and preprints received by J»e NOP is 
prepared and distributed monthly to division 
staff members. 

Research. NOP staff members have p a r t i c i 
pated in research with other groups in the 
division. References to these act iv i t ies are 
given I.- *".e publications section of this 
report. 

http://fUO.UA


10. BOOSTER ACCELERATOR STUDIES 

G. 0. Alton 
R. M. beckers1 

J . B. Ball 
J . A. Bigger-staff 
S. Oatz 
P. F. Dittner 
D. T. Dowllng 
D. L. Haynes 
E. 0 . Hudson 
J. H. Johnson 
C. N. Jones 
I . Y. Lee 
R. S. Lord2 

During the past year the division has 
investigated two possibilit .es for adding 
booster accelerators to the HHIRF. The coll ider 
study described in last year's report was com
pleted and issued as ORNL report ORNL/CF-84/319. 
Because opportunities for obtaining funding for 
a booster for the present tandem accelerator 
seemed more l ike ly , a group of division staff 
members evaluated the best energy range to pur
sue for a booster for nuclear physics research. 
I t was decided to study a synchrotron ring that 
would have a bending strength of 8 tesla meters 
and to adjoin a storage ring of equal bending 
strength, which would contain an electron gun 
for phase-space cooling. In the same period of 
time, new developments in the atomic physics 
program raised interest in a smaller synchrotron 
ring designed especially for the :*mly of the 
atomic physics of highly ionized heavy atoms. 
I t was decided to Investigate the design of a 
synchrotron/storage ring with a bending strength 
of 2 tesla meters for this program. 

NUCLEAR PHYSICS 8-Tm RINGS 

The existing tandem accelerator is proposed 
as the injector for these accelerators. Using 
foi l stripping in the tandem terminal and 
at the tandem exit means that Ions ranging 
from I 2 C 6 + to »«U*3* wi l l be available. For 
a bending strength of 8 tesla meters, these 

C. A. Ludemann 
J . E. Mann2 

J . A. Martin 
J . B. HcGrory 
F. w. Keyer 
P. D. HI H e r 
M. T. miner 
S. M. Hosko 
J . A. Murray1 

D. K. 01sen 
P. L. Pepmiller 
G. R. Young 
N. F. Ziegler 

charge-to-mass ratios correspond to 587 and 96 
MeV/nucleon. respectively. To increase the 
duty factor for extracted beams and provide a 
separate area for cooling and internal target 
experiments, a separate storage ring is 
included. This ring would also have a bending 
strength of 8 tesla meters. I t would be 
injected by fas*, transfer from the synchrotron 
and would contain a 250-keV electron gun for 
cooling heavy ions up to 500 MeV/nucleon. I t 
would also contain an internal target area which 
would be used In conjunction with detectors, 
such as a magnetic spectrograph or the spin 
spectrometer. Since this ring operates in a 
storage mode, i ts magnets anl power supplies 
would not have to be built for pulsed operation. 

The tandem has been tested for mac.o-pulsed-
beam operation. The results of these tests show 
that Injected currents of ZOO »h of negative 
ions with a duty factor of 10"3 cause no dis
cernible change In performance of the tandem. A 
factor of 5 increase in this beam current would 
not f i l l the booster synchrotron to *ts Incoher
ent space-charge limit and could be accommodated 
by t"v tandem. Since i t was also demonstrated 
that the tandem could handle several pulses per 
second (eight/second were Injected in the 
tes ts ) , we have decided to take advantage of 
this by making the booster a fast cycling 
machine with a repetition rate of 20 Kz. 
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The booster was designed with j simple 
gradient-«agnet lattice with 16 cells and a 
superperiodicity of 8. The structure is 
OjOFFM^OFFDO!. where the drift 0̂  is kept as 
short as possible and 0 2 is stretched to 
4 asters to accomodate special hardwre such 
as injection and rf . Since the Machine is fast 
cycling, the peak Magnetic field is kept to 
about 8 k6. while the peak voltage delivered is 
Vsin*s ' 38 kV. 

The transfer line to the stretcher/cooler 
ring includes a pair of quadrupole doublets 
soon after ejection to provide a low 3 point 
for stripping foils, followed by an achromatic 
bend with a MOMentuM-dispersed crossover at 
the center to allow charge-state selection, 
followed by an e*1ttance-Matching section 
for injection into the stretcher ring. The 
stretcher ring has a F00O type lattice set up 
to allow variable dispersion in both long 
straights. Modifications to provide a 
dispersion-free straight at the electron gun are 
being investigated. The circumference of the 
storage ring Matches that of the booster. Since 
the dipoles are operated in dc Mode, their peak 
fields are chosen to be 16 kS. This frees nuch 
of the circumference of this ring for special
ized optics in the straight insertions. The 
ejection line from the stretcher leads through a 
splitter Magnet and then either back to the 
bcoster (e.g., for reacceleration after strip
ping for a very heavy ion) or to the existing 
target caves at HHIRF. The reinject Ion capabi
l i ty Is attractive, either to provide a second 
acceleration for very heavy Ions at a bette 
charge-to-mass ratio than the one they had upon 
initial injection into the booster, or to pro
vide for deceleration of either highly Ionized, 
yery heavy beams for atomic physics studies or 
secondary radioactive beams for [e.g., (HI,xr>r)] 
experiments. 

A layout of the booster and storage ring 
on the HHIRF site is shown In Fig. 10.1. A 
detailed layout is presented In F1g. 10.2, 
illustrating transfer lines to and from the 
present facility and transfer lines between 

B x s s a 

Fig. 10.1. Site plan for the 8-TM booster. 

the rings. The expected energy per nucleon for 
beams, both with and without stripping after 
exiting the tandem, is given in ig. 10.3. The 
corresponding beam currents, given in units of 
particle nanoamperes, are shown in Fig. 10.4. 

To explore the physics potential of such a 
complex, a workshop ms held on September 23-25, 
1935. From the ensuing discussions, a reexami
nation of the maximum energy from the accel
erator is being made, with a view to increasing 
the top energy to provide a facility which can 
produce a good yield of fully ionized uranium 
ions. 

ATOMIC PHYSICS 2-1* RIN6 

Many types of atomic physics collision 
studies could be carried out if stored beams 
of cooled, h'ghly charged heavy ions <#ere 
available. These Include both experiments of 
interest to basic research and experiments of 
interest to, for example, the fusion confinement 
program. Some of the possible experiments are 
listed here. 

A. In-Ring Experiments 

1. Electron-Ion Interactions: These experiments 
are a natural consequence of having the elec
tron beam cooling section In place; I .e . , 



Fig. 10.2. Machine layout of the 8-T« booster and stretcher rings. 
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this section is a merged-bean system In which 
low-energy interactions can be studied with 
very high resolution. 

2. Photon-Ion reactions: I f a laser beam Is 
directed down a straight, the same Ions are 
exposed to the beam at every pass. I f the 
lifetime of the state being excited Is 
greater than 1 us (the ring transit time), 
the effective exposure time is continuous, 
and extremely narrow lines may be obtained. 

3. Photon-electron-ion interactions: In these 
experiments a laser beam is directed down 
the "cooling" straight which contains the 
merged-electron-ion beam. Possible experi
ments include laser-enhanced dielectronic 
recombination and laser-enhanced radiative 
recomblnation. 

4. Ion-atom collisions: Because of the 
stringent vacuum conditions, an 1n-rin«i gas 
target will have to be very dilute. However, 
the in-ring current is extremely large, which 
will provide large signals with very dilute 
targets. 

5. Ion-ion 1'iteracclons: All types of 
mergc~-beam experiments at low energies are 
possible. Coiling the priirary heavy-ion beam 
make? poss^Jle decelerating i t , greatly 
relax'no energy requirements for the Injector 
of the second ion beam. Crossed-bean experi
ments of ions with Ions can be studied by 
crossing i second beam with the stored Ion 
beam. 

6. Precision spectroscopic studies: Transitions 
in highly charged ions can be studied by 
taking advantage of the very small Ooppler 
shift and oroadenlng for a decelerated cooled 
beam. 

7. Electron capture, plasma Impurities, 
radiative capture, and loss processes can be 
studied for different charge states and at 
variable energies, particularly at wry low 
energies characteristic of Impurity Ions In a 
confined plasma. 

8. Extracted Beams 

Beams can be extracted either as » single 
pulse or by gradual draw-down of the stored 

beam. External experiments are as with other 
systems. One advantage of this ring is that 
decelerated beams can be produced with excellent 
emittance, so that low-energy differential scat
tering experiments are made possible. 

Sources of highly charged ions, such as an 
electron cyclotron resonance source (ECU) or an 
electron beam ionization source (EBIS), produce 
modest currents with a low duty factor In the 
latter case; whereas a stored highly charged 
beam can have 100% duty factor and an effective 
increase in current of 10* by recirculation of 
the beam. 

The production of highly charged ions for 
atomic physics research usually requires first 
accelerating them and then passing them through 
a thin fo i l . This means experiments must be 
done with beams having kinetic energies of 
several NeV/nucleon; whereas, frequently, the 
energies of interest are one to three orders of 
magnitude lower. These beams must usually 
strike targets of neutral atoms. Many interest
ing experiments could be done if i t were pos
sible to study collisions between charged ions. 

The following considerations summarize the 
ut i l i ty of a heavy-Ion cooling ring (HICR) as 
described above, 
a. A HICR would provide variable energy beams of 

highly charged ions with 100* duty factor and 
an effective current of more than 1 particle 
microampere, 

h. A HICR would provide cooled beams with wry 
small transverse momentum spread and size for 
precision spectroscopy and wry low center-
of-mass energy studies. 

c. A HICR would allow experiments with crossed 
or merged beams. The following classes of 
collisions are possible: ton-electron. Ion-
photon, 1on-1on, and Ion-atom. 

d. A HICR would allow studies of long-lived 
states of highly charged Ions by virtue 
of Its ability to store Ions for extended 
periods of 1 second up to 1 hour. 

e. Some nuclear physics needs could L; filled by 
HICR beams. An example here would be the use 
of extracted beams of, for example, 
50-MeV/nucleon 1 6 0 with wry good emittance 
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and delta-p/p for precision studies of giant 
resonances. 
The HICR will consist of a small synchrotron 

cooling ring of approximately 47-m circumference, 
which will form an addition to the heavy-ion 
accelerators existing at the HHIRF. The proj
ect will include a special electron gun for 
producing low temperature, intense beams of 
electrons, which will be used to cool heavy ions 
circulating In the svr.chrotron ring. The proj
ect will alsc include special equipment for 
injecting hea\y-ion beams either from the tandem 
electrostatic accelerator at HHIRF or from an 
electron cyclotron resonance ion source (ECRIS) 
from which the beam has been accelerated by a 
radio-frequency quadrupole (RFQ) preaccelerator. 
Capability will be provided for accelerating or 
decelerating these beams and for either using 
them for experiments in the ring or extracting 
them to bombard an external target. The ring 
will be able to accommodate beams of very heavy 
ions, such as gold nuclei, at kinetic energies 
from 20 keV/nucleon up to 8 NeV/nucleon. The 
ring will have a bending limit of 2.0 tesla 
meters EA/q2 » 192 HeV. 

The cooling ring will be housed in an 
addition to the present HHIRF building. The 
cooling ring will consist of 8 dipole magnets, 
12 quadrupole magnets, and a number of correc
tion and steering magnets arranged in a four-
sided pattern. The electron gun and associated 
beam-merging and capture equipment will occupy a 
straight section of the ring free of magnets. A 
tuned radio-frequency cavity will occupy another 
straight section. Injection and extraction 
equipment will occupy a third straight section, 
and the fourth straight section will be kept 
free for insertion of various devices as part of 
the experimental program. A vacuum of approxi
mately 10' 1 2 torr will be required In the vacuum 
chamber due to the large charge-changing proba
bilities for very heavy ions. Figure 10.5 shows 
a layout of the ring, injection lines, and the 
ECR and RFQ. 

This ring will be used to accelerate, 
decelerate, cool, and perform experiments with 
cooled, stored beams of several charge states. 

The arrangement of the quadrupole magnets should 
produce beta functions which are small In the 
dipole magnets. However, in the cooling section 
the minimum value of p is limited by the desired 
upper limit of the cooling time, because a small 
p gives a large angular divergence which 
requires more time to cool to a given final 
emittance. On the other hand, the minimum angu
lar divergence of Jie beam attainable by cooling 
is limited by the angular divergence of the 
electron beam due to thermal motion. The mini
mum angular divergence of the electron beam is 
thus given by the electron gun design. Since 
the emittance e « 8 2p, a smaller emittance can 
be reached if the cooling section has a small p 
function. A value of p - 10 m gives optimal 
cooling rates for a beam with an energy of 
50 HeV/nucleon, emittance c = 40K m*»mrad, and 
an electron thermal temperature of 0.1 eV. 

I t Is desirable to have the beam 
nondisperslve in the straight sections for 
cooling, r f , and experiment. The requirement of 
holding several charge states simultaneously 
means the maximum value of the dispersion func
tion has to be small. Also, i t is important 
that quadrupoles be placed in dispersive sec
tions so that the sextupoles for chromaticlty 
correction can be placed nearby. In addition, 
the horizontal and vertical p functions should 
be different at the sextupoles. 

The values of tune of the synchrotron have to 
be chosen to avoid resonances, especially the 
structure resonances. We plan to use one-third 
integer resonance extraction horizontally, mean
ing the horizontal tune has to be near a one-
third Integer not corresponding to a structure 
resonance. Also, I t is preferable to have the 
horizontal and vertical tune differ by an 
integer amount In order to have a Urge 
resonance-free space around the working point. 

In addition to long straight sections, 
additional space for correction magnets, bump 
magnets for Injection, vacuum equipment, and 
beam monitoring devices has to be provided 1n 
the ring. Since space Is at a premium, the 
trade-off between circumference and aperture Is 
an Important consideration. 
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Finally, the lattice has to be reasonably 
tolerant to magnet strength and alignment 
errors, so that only a small aperture allowance 
will be needed for closed orbit distortion and 
beta function variations. 

The lattice as shown in Fig. 10.5 has 
fourfold symmetry. Each quadrant consists of a 
quadrupole triplet between two dipole Magnets. 
In addition, each quadrant has reflection rym-
metry about its aid-point. The straight sec
tions are 4 Meters long. Three of the straights 
are used for cooling, extraction, and experi
ments, respectively. The fourth one is i sed for 
both injection and the rf cavity. 

The nondispersiveness in the straight 
sections is achieved by waking the three-
quadrupole and two-dipole section a 90" achro
matic bend. The quadrupole triplet consists 
of focusing (F)-defocusing (D)-focusing (F) 
quadrupoles in the horizontal plane. This 
arrangement Minimizes the dispersion in the 
quadrupole magnets. The horizontal and vertical 

.unes of the ring are chosen to be near 7/3, 
i .e . , v x * 2.3088 and vy « 2.2744, which avoids 
structure resonances at v « 8/3 and facilitates 
extraction by excitation of the third integer 
resonance. The parameters of the synchrotron 
are given in Table 10.1; lattice functions are 
shown in Fig. 10.6. 

In order to hold several charge states of the 
same beam in storage mode, the chromaticity has 
to be cancelled by using higher multipole 
magnets ( i . e . , sextupole, octupole, e tc . ) . 
Since all the quadrupoles are in dispe sive 
regions, this cancellation can be achieved 
locally by placing a multipole magnet next to 
each quadrupole. A 12-pole magnet will be used 
for this chromaticity correction. I ts primary 
excitation will be sextupolar, while small 
correcting multipole components will also be 
applied. 

1 . Engineering Division. 
2. Consultant. 
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Fig. 10.5. Plan view of the proposed 2-Tm atomic physics ring. 
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Table 10.1. Parameters of the synchrotron 

Magnetic rigidity 

Circuaference 

Long straight (4) 

Dipole (8) 

Quadrupole (12) 
CF (8) 
QO (4) 

Tune 

Chromticity 

Beta function 
Dipole 
Quadrupole 
Straight 

Dispersion function 
Dipole 
Quadrupole 
Straight 

Bp * 2 .0 TB 

C * 46.7577 • 

t s • 4.0 • 

p = 1.6666 • 
0 * 45° 
t0 - 1.309 • 

JLQ ' 0.5 i 
6f « 3.6977 T/M 

Go = -4.1769 Mm 

v x ' 2.3088; v y - 2.2744 

£ x - -6 .1846; 5 y « -1 .524 

f j x = 11.4 «; Py » 5.7 M 

0 X * 12.2 • ; j ) y < 5.0 m 

l% » 10.5 • ; py = 4.9 M 

n x * 0.49 m 

n x * 1.51 • 

IS 
ORNL-0WGSV1S898 

1 1 1 

Fig. 10.6. Lattice functions for the 2-Tn ring. 
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Cusson, R. Y., P. G. Reinhard, J . J . Molitoris, H. Stocker, M. R. Strayer, and W. Greiner 
"The Tine Dependent Dirac Equation (TDDE) with Re la t iv is ts Mean Field Dynamic: Applied to Heavy Ion 
Scattering," Physical Review Letters 

Cusson, R. Y. , P. G. Reinhard, H. Stoecker, M. R. Strayer, and M. Greiner 
"Mean Field Model for Relativist ic Heavy Ion Collisions," Zeitschrift fuer Physik 

Dabbs, J.W.T., and C. E. Semis, Jr . 
"Measurement of the 2 H ' C f Neutron Fission Cross Section," Nuclear Science and Engineering 

Datz, S. ( Invited Paper) 
"Experimental Approaches to the Measurement of Oielectronic Recombination," Atomic Excitat'on and 
Recombination in External Fields 

Datz, S . , P. F. Dittner, P. D. Mi l le r , and P. L. Pepmiller (Invited Paper) 
"Dielectronic Recombination Measurements in a Single Pass Experiment," Proceedings, Workshop on 
Electron Cooling and Related Applications, EC00L 84, Karlsruhe, F.R.G., September 24-26, 1984 

Dittner, P. F . , S. Datz, P. D. Mi l le r , and P. L. Pepmiller 
"Dielectronic Recombination Measurements on Multicharged Ions," Atomic Excitation and Recombination 
in External Fields 

Dittner, P. F . , S. Datz, P. D. Mi l le r , P. L. Pepnriller, and C. M. Fou 
"Dielectronic Recombination Measurements of P* + , S 5 * , and C I 6 * , " Physical Review A 

Engar, P., M. Broinig, R. DeSerio, C. E. Gonzalez-Lepera, and I . A. Sellin 
"quantitative Determination of the Fraction of Rydberg Electrons in a Convoy Electron Cusp," Physical 
Review A 

Gregory, D. C. (Invited Paper) 
"The Role of indirect Processes in Electron-Impact Ionization of Multicharged Ion;;," Proceedings, XIV 
International Conference on the Physics of Electronic and Atomic Collisions, Palo Alto, Cal i fornia, 
July 24-30. 1985 

Gr i f f in , D. C , M. S. Plndzola, and C. Bottcher (Invited Paper) 
"Trends in the Electric Field Enhancement of Dielectronic Recombination Cross Sections," Atomic 
Excitation and Recombination In External Fields 

Guidry, M. W., S. Juutlnen, X. T. Liu, C. R. Bingham, A. J . Larabee, L. L. Riedlnger, C. Baktash, I . Y. 
Lee, M. L. Halbert, D. Cline, B. Kotllnski, M. J , Kernan, T. M. Semkow, 0 . G. Sarantltes, K. Honkanen, 
and M. Rajagopalan 

"Population of High Spin States In Transfer Reactions," Physics Letters B 

Ha l l , J . , P. Richard, P. L. Pepmiller, D. C. Gregory, P. D. M i l le r , C. D. Moak, C. M. Jones, G. D. 
Alton, L. B. Brldwell, and C. J . Sofield 

"Energy Systematics of Single and Double K-Shel1-Vacancy Production 1n Titanium Bombarded by Chlorine 
Ions," Physical Review A 

Honkanen, K., H. C. Gr i f f in , 0. G. Sarantltes, V. Abenante, L. A. Adler, C. Baktash, Y. S. Chen, 
0. Oletzsch, M. L. Halbert, 0. C. Hensley, N. R. Johnson, A. Larabee, I . Y. Lee, L. L. Riedlnger, J , X. 
Saladin, T. Semkow, and Y. Schutz 

"H1gh-Sp1n Structure of l S 3 L u , " Proceedings, ACS Symposium on Recent Advances in the Study of Nuclei 
off the Line of Stabi l i ty , Chicago, I l l i n o i s , September 8-13, 1985 
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Horen, D. J . 
' Isotopes.* McGraw-Hill Encyclopedia of Science and Technology. Sixth Edition 

Horen, D. J . , C. H. Johnson, and A. D. MacKellar 
•«J-Dependence of the Real Optical Potential Near Neutron Threshold," Physics Letters B 

Hudson, E. 0 . , J . A. Martin, and R. S. Lord 
" \ Variable Field Magnetic Extraction Channel for ORIC," Proceedings, 1985 Particle Accelerator 
Cinference, Vancouver, Canada, May 13-16, 1985 

Johnson, N. R. (Invited Paper) 
"information on Nuclear Shapes at High Spins from Lifetime Measurements," Proceedings, Symposium on 
E ectronagnetic Properties of High Spin States, Stockholm, Sweden, May 28-31, 1985 

Johnson, N. R. (Invited Paper) 
"I.volution of Nuclear Shapes at High Spins," Proceedings, ACS Symposium on Recent Advances in the 
Study of Nuclei off the Line of Stabi l i ty, Chicago, I l l i n o i s , September 8-13, 1985 

Jone;, C. M., G. D. Alton. J . B. Bal l . J . A. Biggerstaff, D. T. Dowling, K. A. Erb, D. E. Hoglund, E. D. 
Hudson, R. C. Juras, S. N. Lane, C. A. Ludemann, J . A. Martin, S. W. Mosko, 0 . K. 01sen, E. G. 
Rich.rdson, and N. F, Ziegler 

"The Holif ield Heavy Ion Research Faci l i ty ," Proceedings, Fourth International Conference on 
Electrostatic Accelerator Technology, Buenos Aires, Argentina, April 15-19, 1985 

Kc, <• M., G. F. Bertsch, and J . Aichelin 
"Lambda Production from Antiproton Annihilation in Nuclei," Physical Review C 

Ko, ( . M.. and C. Y. Wong 
"fhoton Bremsstrahlung from Ultra-re lat iv ist ic Nuclear Collisions," Physical Review C 

Xrat2, J . V., W. Bruchle, H. Folger, H. Gaggeler, M. Schadel, K. Summerer, G. Mirth, N. Greulich, 
G. Herrmann, U. Hickmann, P. Peuser, N. Trautmann, E. K. Hulet, R. W. Lougheed, J . M. Nitschke, R. L. 
Ferguson, and R. L. Hahn 

"Search for Superheavy Elements in Damped Collisions Between 2 3 8 U and 2 1 , 8 Cm," Physical Review C 

Leander, G. A. , P. Holler, and J . R. .lix 
"Calcu^ted Masses and Decay Properties for Heavy and Superheavy Elements," Proceedings, 
International Workshop on Gross Properties of Nuclei and Nuclear Excitations XI11, Hlrschegg, 
Austria, January 7-11, 1985 

Lee, I . Y., C. Baktash, J . R. Beene, M. P. Fewell, M. L. Halbert, N. R. Johnson, F. K. McGowan, W. T. 
Milne-, H. Kim, R. 0. Sayer, and D. G. Sarantite; 

"Gimna-Decay Pathways of Nuclei with High Angular Momentum and Higii Excitation Energy," Physical 
Review Letters 

Mahauc, C , H. Ngo, and G. R. Satchler 
"Ciusality and the Threshold Anomaly of the Nucleus-Nucleus Potential," Nuclear Physics A 

Marti l , J . A . , R. L. Auble, K. A. Erb, C. M. Jones, and D. K. 01 sen 
"Ciarge-State Distributions of 100, 175, 275, and 352 MeV Gold Ions Emerging from Thin Carbon Foils, 
PDceedings, Fourth International Conference on Electrostatic Accelerator Technology, Buenos Aires, 
Argentina, April 15-19, 1985 

McDaniels, D. K., J . L isantt i , J . Tinsley, I . Bergqvlst, L. W. Swenson, F. E. Bertrand, E. E. Gross, and 
D. J . Horen 

"0i the Validity of Microscopic Calculations for Inelastic Proton Scattering," Physics Letters B 

McDaniels, D. K., J . R. Tinsley, J . Lisantt i , D. M. Crake, I . Bergqvlst, L. W. Swenson, F. E, Bertrand, 
E. E. Gross, D. J . Horen, T. SJoreen, R. Llljestrand, and H. Wilson 

"Cross Section and Analyzing Power M?asurements for the Giant Resonance Region 1n 2°8Pb with 200-MeV 
Pritons," Physical Review C 

McGowjn, F. K., N. R. Johnson, I . Y. Lee, W. T. Mllner, C. Roulet, J . Hattula, M. P. Fewell, Y. A. 
El l l i -Akoval l , R. M. Diamond, F. S. Stephens, and M. W. Guldry 

"T»st of the Trlaxlal Rotor Model and the IBFA Model Description of Collective States In 1 9 1 I r , " 
Physical Review C 

Meyer, F. W., A. M. Howald, C. C. Havener, and R. A. Phaneuf 
"LJW Energy Electron Capture Cross Sections for Fully-Stripped and H-L1ke Projectiles Incident on H 
ini H2," Physical Review A 
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Nazarewicz, W., P. Olanders, I . Ragnarsson, J . Dudek, and S. A. Leander 
"Octupole Shapes in Nuclei and Some Rotational Consequences Thereof," Proceedings, XIX Winter School 
on Physics Selected Topics in Nuclear Structure, (Zakopane, Poland, April 1984) 

Neskovic, N. 
"The Effect of Transverse Correlations in Ion Channeling in Very Thin Crystals," Physical Review 
Letters 

Pe t i t t , G. A., A. Gavron, J . R. Beene, B. Cheynis, R. L. Ferguson, F. E. Obenshain, F. P las i l , 6. R. 
Young, N. Jaaskelainen, D. G. Sarantites, and C. F. Maguire 

"Neutron Emission in Inelastic Reactions of 1 2 C + ^ G d and 2 0 K e + 1 5 0 N d , " Physical Review C 

Phaneuf, R. A. (Invited Paper) 
"Many-Electron Effects in Electron-Impact Ionization of Multiply Charged Ions," Proceedings, Second 
Workshop on Cross Sections for Fusion and Other Applications, College Station, Texas, November 8-10, 
1984 

Phaneuf, R. A. , and D. H. Crandall 
"Collisions of Low-Energy Multiply Charged Ions," Proceedings, Atomic Physics Contra'-iors' Workshop, 
Gaithersburg, Maryland, April 26-27, 1984 

Raatz, J . E., R. D. Rathmell, P. H. Stelson, and N. F. Ziegler 
"Tests of Compressed Geometry NEC Acceleration Tubes," Proceedings, Fourth International Conference 
on Electrostatic Accelerator Technology, Buenos Aires, Argentina, April 15-19, 1985 

Raman, S. (Invited Paper) 
"Summary Talk," Proceedings, Fourth International Symposium on Neutron-Induced Reactions, Smolenice, 
Czechoslovakia, June 17-21, 1985 

Raman, S . , and J . E. Lynn 
"Comment on 'Evidence for a Nucleus-Nucleus Spin-Spin Interaction in 9 B e ' , " Physical Review Letters 

Raman, S . , and J . E. LynR (Invited Paper) 
"Applications and Misapplications of the Channel-Capture Formalism cf Direct Neutron Capture," 
Proceedings, Fourth International Symposium on Neutron-Induced Reactions, Smolenice, Czechoslovakia, 
June 17-21, 1985 

Raman, S . , and C. W, Nestor (Invited Paper) 
"B(E2)t for the 2 X States of Collective Nuclei off the Line of Stabi l i ty ," Proceedings, ACS Symposium 
on Recent Advances in the Study of Nuclei off the Line of Stabi l i ty , Cl.'cago, I l l i n o i s , September 
8-13, 1985 

Ramayya, A. V. , W. C. Ma, J . H. Hamilton, S. J . Robinson, K. Zhao, J . 0. Cole, E. F. Zganjar, and E. H. 
Spejewskl 

"Competing Nuclear Structures in 1 8 2 ~ 1 8 8 H g , " Proceedings, International Symposium on In-Beam Nuclear 
Spectroscopy, Debrecen, Hungary, May 14-18, 1984 

Sa, B.-H. , and C.-Y. Wong 
"Transverse Momentum Distribution of Produced Particles In Ul t ra - re la t iv is t ic Nucleus-Nucleus 
Collisions, Physical Review D 

Satchler, G. R. 
"Absorption Cross Sections and the Use of Complex Potentials in Coupled-Channels Models," Physical 
Review C 

Schuck, C , F. Hannachl, R. Chapman, J . C. L is le , J . N. Mo, E. Paul, D.J.G. Love, P. J . Nolan, A. H. 
Nelson, P. M. Walker, Y. Ell ls-Akovall , N. R. Johnson, N. Bendjaballah, R. M. Diamond, M. A. 
Deleplanque, F. S. Stephens, G. Dines, and J . Draper ( Invited Paper) 

"Gamma-Spectrometry with Compton Suppressed Detector Arrays," Proceedings, XXIII International 
Meeting on Nuclear Physics, Bormlo, I ta ly , January 21-26, 1985 

Stelson, P. H., J . R. Raatz, and R. D. Rathmell 
"Hydrogen Arc Discharge Cleaning of Accelerator Tubes," Proceedings, Fourth International Conference 
on Electrostatic Accelerator Technology, Buenos Aires, Argentina, April 15-19, 1985 

Taddeucd, T. N. , C. D. Goodman, R. C. Byrd, T. A. Carey, D. J . Horen, J . Rapaport, and E. Sugaroaker 
"A Neu'.ron Polarlmeter for (p.n) Measurements at Intermediate Energies," Nuclear Instruments and 
Methods 1n Physics Research 
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Taddeucci, T. N., C. D. Goodman, R. C. Byrd, I . J . Van Heerden, T. A. Carey, D. J . Horen, J . S. Larsen, 
C. Gaarde, J . Rapaport, T. P. Welch, and E. Sugarbaker 

"Spin-Flip Decomposition of the Spectrum for 9 0 Z r ( p , n ) at Ep * 160 MeV," Physical Review C 

Toth, K. S. (Invited Paper) 
"Particle Studies at or near Closed Shells," Proceedings, ACS Symposium on Recent Adv;-r,es in the 
Study of Nuclei off Ue Line of Stabi l i ty , Chicago, I l l i n o i s , September 8-13, 1985 

Uchai, W., C. W. Nestor, J r . , S. Ram*-., and C. R. Vane 
"Energy Shifts of L X Rays from 70 < Z < 90 Eleaents due to Multiple H Vacancies," Atonic Data and 
Nuclear Data Tables 

Umar, A. S . , and N. R. Strayer 
"Nuclear Shape-Isomeric Vibrations," Physical Review Letters 

Wi l le , U . , and R. Hippler 
"Mechanisms of Inner-Shell Vacancy Production in Slow Ion-Atom coll isions," Physics Reports 

Hong, C. V. 
"Transverse Momentum Distributions of «° and Its Product Gamma Rays," Physical Review D 

Uong, C. Y. 
"Rapidity Distribution of Produced Particles in Nucleon-Nucleon Collisions," Physical Review D 

Uong, C. Y. 
"Hot Toroidal and Bubble Nuclei," Physical Review Letters 

Wong, C. Y. 
•Stopping of Heavy Nuclei in Relativlstic Heavy-Ion Collisions," Physical Review C 

Wong, C. Y. 
"Anomalous Positron Peak in Heavy-Ion Collisions," Physical Review Letters* 

Wu, J . Q., G. Bertsch, and A. B. Balantekin 
"Channel Coupling Effects in Subbarrier Fusion of Oxygen + Oxygen," Physical Review C 

Young, G. R., F. E. Obenshain, F. P las l l , P. Braun-Munzinger, R. Frelfelder, P. Paul, and J . Stachel 
"Production of Neutral Pions in Heavy-Ion Collisions at E 1 a b / A * s M e V » " Physical Review C 

Ziegler, N. F . , E. G. Richardson, J . E. rtann, R. C. Juras, C. N. Jones, D, L. Haynes, J . A. Benjamin, 
and G. 0. Alton 

"Status Report on the 0RNL 25 URC Accelerator," Proceedings, 1984 Symposium of Northeastern 
Accelerator Personnel with Postaccelerator Workshop, Stony Brook, New York, October 15-18, 1984 

Ziegler, N. F . , P. H. Stelson, W. Car l l , H. Nunzer, and G. Korschinek 
"Observations on the Munich MP Arc Discharge Conditioning Test," Proceedings, 1984 Symposium of 
Northeastern Accelerator Personnel with Postaccelerator Workshop, Stony Brook, New York, October 
15-18, 1984 

Ziegler, N. F . , P. H. Stelson, C. M. Jones, and J . E. Raatz 
"Arc Discharge Conditioning Test on the Oak Ridge 25 URC Accelerator," Proceedings, Fourth 
International Conference on Electrostatic Accelerator Technology, Buenos Aires, Argentina, April 
15-19, 1985 

Zumbro, J . 0 . , R. A. Naumann, M. V. Hoehn, W. Reuter, E. B. Shera, C. E. Bemis, J r . , and Y. Tanaka 
"E2 and E4 Deformations in 2 3 2 T h and 2«,2'»<>,21»2Pu," Physics U t te rs B 
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1984 Symposium of Northeastern Accelerator Personnel Stony Brook, New York, October 15-18, 1984 
N. F. Zlegler, E. 6. Richardson, J. E. Mann, R. C. Juras, C. N. Jones, D. L. Haynes, J. A. Benjamin, 
and G. 0. Alton 

"Status Report on the ORNL 25 URC Accelerator" 
N. F. Zlegler, P. H. Stelson, H. Carli, H. Nunzer, and G. Korschlnek 

"Observations on the Munich MP Arc Discharge Conditioning Test" 

American Physical Society Meeting, Division of Nuclear Physics, Nashville, Tennessee, October 18-20, 
1984 
C. Baktash, Y. Schutz, I. Y. Lee, M. Oshima, N. R. Johnson, E. der Mateosian, 0. C. Kistner, A. W. 
Sunyar, 0. Horn, C. J. Lister, C. Y. Chen, 0. Dietzsch, J. X. Saladin, K. Honkanen, D. G. Sarantites, 
T. Semkov, and A. J. Larabee 

"Discrete and Continuum Y Ray Study of 1 5 l ,Er at High Spins," Bull. Am. Phys. Soc. 29, 1042 (1984) 
J. A. Bounds, C. R. Bingham, D. J. Pegg, M. L. Gail lard, P. Juncar, H. K. Carter, R. L. Mlekodaj, E. H. 
Spejewski, W. M. Fairbank, Jr., J. D. Cole, P. M. Griffin, and C. E. Bemls, Jr. 

"Hyperfine Structjres and Isotope Shifts of 201,203,205TI by Collinear Laser Spectroscopy at UNISOR," 
Bull. Am. Phys. Soc. 29, 1045 (1984) 

B. L. Burks, D. J. Horen, R. L. Auble, F. E. Bertrand, J. L. Blankenship, J.L.C. Ford, Jr., E. E. Gross, 
0. C. Hensley, R. 0. Sayer, D. Shapira, and T. P. Sjoreen 

"A Coupled Channels Analysis of Elastic and Inelastic Scattering of 1 8 0 from 2 8Si," Bull. Am. Phys. 
Soc. 29, 1026 (1984) 

R. F. Carlton, C. H. Johnson, and J . A. Harvey 
"Total Cross Sections for Low Energy Neutrons on 8 6 K r , " Bull . Am. Phys. Soc. 29, 1037 (1984) 

Z. Gacsi, S. Ja, J . L. Well, E. T. Jurney, and S. Raman 
"Energy Levels of U 6 S n from (n.n'r) and (n.y) Reactions," Bul l . Am. Phys. Soc. 29, 1041 (1984) 

B. A. Harmon, S. T. Thornton, M. Beckerman, J . Gomez del Campo, and D. Shapira 
"Study of Evaporation Residues from 2 8 S 1 • l 2 C Induced Reactions," Bul l . Am. Phys. Soc. 29, 1047 
(1984) 

D. J . Horen, F. A. Harrison, 0. Wang, R. Alarcon, P. Welch, J . Rapaport, T. N. Taddeucci, C. D. Goodman, 
E. Sugarbaker, and C. Gaarde 

"Observation of L • 0 Strength in the 5 2 Cr(p ,n ) 5 2 Mn Reaction at 120 MeV," Bul l . Am. Phys. Soc. 29, 
1050 (1984) 

N. R. Johnson, F. K. McGowan, Y. Schutz, I . Y. Lee, C. Baktash, A. J . Larabee, and J . C. Wells 
"Lifetimes of High-Spin States In l « Y b , " Bul l . Am. Phys. Soc. 29, 1043 (1984) 

S. Ju'Jtinen, M. W. Guidry, C. R. Bingham, A. Larabee, X. T. L1u, L. L. Riedlnger, C. Baktash, I . Y. 
Lee, M. L. Halbert, H. P. Fewell, D. Cllne, B. Kotllnskl, A. Baklin, D. Sarantites, T. M. Semkow, 
K. Honkanen, and M. Rajagopalan 

"The Reaction Mechanism for One and Two-Particle Transfer with Very Heavy Ions," Bul l . Am. Phys. Soc. 
29, 1027 (1984) 
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X. T. Liu, S. Juutlnen, C. R. Bingham, L. L. Riedlnger, H. W. Guidry, C. Baktash, I . Y. Lee, D. Cllne, 
and B. Kotllnskl 

"Cross Sections for Population of High-Spin States In Transfer Reactions." Bul l . A*. Phys. Soc. 29, 
1027 (1984) 

U. C. Ma, A. V. Raaayya, S. J . Robinson. J . H. Hamilton, J . D. Cole. E. F . Zganjar. E. H. Spejewski 
'High Spin States and Lifetimes In l 8 < > H g . - Bul l . Am. Phys. Soc. 29. 1049 (1984) 

C. F. Maguire, H. C. Mogul, Z. Kui, W. C. Ha. S. J . Robinson, 0 . Hatson, A. V. Ramayya. J . H. Hamilton, 
D. G. Kovar. H. Ikezoe, 6. Rosner, G. Stephans, E. Ungricht. B. Wilkins, T. Awes, and G. R. Young 

'Proton and a-Particle Emission in Fusion and Deep-Inelastic Reactions of 252-MeV , 8 S i + 1 , 0 Ca," Bul l . 
Am. Phys. Soc. 29. 1048 (1984) 

F. K. McGowan, N. R. Johnson. I . Y. Lee, M. T. Hilner, C. Roulet, J . Hat t u l a , M. P. Fewell, Y. A. 
El l is-Akovali , R. N. Diamond, F. S. Stephens, and N. W. Guidry 

'A Test of the Triaxial Rotor Model and the IBFM Description of the States from Coulomb Excitation of 
" l l r , " Bull . Am. Phys. Soc. 29, 1049 (1984) 

M. Dshima, N. R. Johnson. F. K. McGowan, I . Y. Lee, C. Baktash. R. V. Ribas. Y. Schutz, and J . C. Hells 
"Lifetimes of High-Spin States in 1 5 8 E r , " Bul l . Am. Phys. Soc. 29, 1043 (1984) 

Y. Schutz, C. Baktash, I . Y. Lee, N. R. Johnson, F. McGowan, M. P. Fewell, M. L. Halbert, 0. C. Hens ley, 
L. Courtney, A. Larabee, L. L. Riedinger, and D. G. Sarantites 

'Study of 1 5 8 Y b at High Spin and Excitation Energy." Bul l . Am. Phys. Soc. 29. 1043 (1984) 

K. M. Teh, C. F. Maguire, W. C. Ma, F. E. Bert rand, R. L. Auble, R. 0. Sayer, 0. Shapira, and B. L. 
Burks 

•Test of th? Optical Potential Spin-Orbit Coupling Term In the 2 B S 1 ( 1 1 B , i O B [ 3 + , l * ] ) 2 9 S i Reactions at 
.170 MeV," Bul l . Am. Phys. Soc. 29. 1026 (1984) 

A. !>. urnar 
"Fast Particle Emission in Heavy-Ion Reactions," Bul l . Am. Phys. Soc. 29. 1053 (1984) 

G. t. Young (Invited Talk) 
'Production of Neutral Pi Mesons at Near-Threshold Bombarding Energies In Heavy-Ion Reactions," Bul l . 
Am. Phys. Soc. 29, 1039 (1984) 

E. F. Zganjar, J . 0. Cole, J . L. Wood, G. Gowdy, and L. L. Reidinger 
"A New Class of Low-Energy Structure at Closed Shells: Levels in "7-191TT," Bul l . Am. Phys. Soc. 
29, 1049 (1984) 

Workshop on Atomic Spectra and Collisions In External Fields, Galthersburg, Maryland, October 22-23, 
198' 

S. Iiatz (Invited Talk) 
"Experimental Approaches to the Measurement of Dielectronic Recombination" 

P. I ' . Dinner, S. Datz, P. D. M i l le r , and P. L. Pepmlller (Invited Talk) 
'Dielectronic Recombination Measurements on Multicharged Ions" 

D. C. Gr i f f in , M. S. Pindzola, and C. Bottcher (Invited Talk) 
"Trends in the Electric Field Enhancement of Dielectronic Recombination Cross Sections 

Conference on Instrumentation for Heavy-Ion Nuclear Research, Oak Ridge, Tennessee, October 22-24, 1984 

T. C. Awes, R. L. Ferguson, F. E. Obenshain, F. P lasi l , G. R. Young, P. Braun-Munzinger, R. Freifelder, 
P. Paul, L. Ricken, J . Stachel, P. DeYoung, and P.-H. Zhang 

"A Large Acceptance Spectrometer for * ' Mesons" 

C. E. Bemls, Jr. (Invited Paper) 
"The ORNL Polarized Target" 

H. J . Kim, T. C. Awes, M. Becker-man, J . R. Beene, C. E. Bemls, J r . , R. L. Ferguson, I . Y. Lee, F. K. 
McGowan. F. E. Obenshain, F. P las i l , R. L. Robinson, D. Shapira, and P. H. Stelson 

"ORNL-MIT Recoil Mass Separator" 

S. T. Thornton, R. I . Parks, 0 . Shapira, J.L.C. Ford, J r . , B. Shlvakumar, and R. Novotny (Invited Talk) 
"The ORNL Gas-Jet Target" 
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1984 Meeting of the Southeastern Section of the American Physical Society, Memphis, Tennessee, 
October 25-28, 1984 

F . E. Bertrand (Invited Talk) 
'Studies of the nuclear Giant Resonances Using Heavy Ions." Bu l l . Am. Phys. Soc. 29. I486 (1984) 

K. M. Teh. C. F. Maguire, W. C. Ma, F. E. Bertrand, R. L. Auble, R. 0. Sayer, D. N. Shaplra, and 8 . L. 
Burks 

"Test of the Optical Potential Spin-Orbit Coupling Tern in the 2 8 S i ; 1 1 B , 1 0 B [ 3 + , l + 1 p 9 S 1 Reactions at 
170 MeV," Bul l . AH. Phys. Soc. 29, 1502 (1984) 

Aaerlcan Physical Society Meeting, Division of Plasma Physics, Boston, Massachusetts, October 29-
Roveaber 2, 1984 

0 . K. Mansfield, H. Park, L. C. Johnson, and C. H. Ma 
"A Multichannel Far-Infrared InterferoMeter/PolarlMeter for TFTR," Bul l . Aa. Phys. Soc. 29, 1304 
(1984) 

1984 Nuclear Science Symposium, Orlando, Florida, October 31-Noveaber 2 , 1984 

W. T. Milner and J . A. Biggerstaff 
"CHIL: A Comprehensive Histogramming Language" 

Nuclear Shell Models: A Symposium on Contemporary Research, Honoring I . Talmi, Philadelphia, 
Pennsylvania, October 31-Noveaber 3, 1984 

A. B. Balantekin 
" 'Accidental' Degeneracies and Hidden Supersymmetries" 

Second Workshop on Cross Sections for Fusion and Other Applications, College Station, Texas, 
November 8-10, 1984 

J . Burgdorfer (Invited Talk) 
"Final-State Angular Momentum Distributions in Charge Transfer O. l is ions at High Energies" 

R. A. Phaneuf (Invited Talk) 
"Many-Flectron Effects in Electron-Impact Ionization of Multiply Charged Ions" 

Eighth Conference on the Application of Accelerators in Research and Industry, Denton, Texas, 
November 12-14, 1984 

M. C. Andrews, F. D. McDanleT, J . L. Ouggan, R. Mehta, P. D. Mi l le r , H. Krause, P. L. Pepailler, T. M. 
Rosseel, L. A. Rayburn, and G. Lapicki 

"M-Shell Electron Capture and Direct Ionization of Selected Events with Z » 60 to 82 by Incident 
25-MeV Carbon and 32-MeV Oxygen Ions, Bul l . Am. Phys. Soc. 29, 1104 (198', 

M. C. Andrews, F. 0. McDanlel, J . L. Duggan, R. Mehta, P. D. Mi l le r , H. Krause, P. L. Pepmlller, T. M. 
Rosseel, L. A. Rayburn, and G. Lapicki 

"L-Shell X-Ray Production Cross Sections of Selected Elements with Z - 60 to 82 for Incident 25-MeV 
Carbon and 32-MeV Oxygen Ions," Bul l . Am. Phys. Soc. 29, 1103 (1984) 

R. L. Becker (Invited Talk) 
•Theory of KnL» Multiple Vacancy Production by Heavy Ions," Bu l l . Am. Phys. Soc. 29, 1084 (1984) 

C. Bo.tcher (Invited Talk) 
"Time-Dependent Hartree-Fock Studies of Heavy-Ion Collisions," Bul l . An. Phys. Soc. 29, 1120 (1984) 

M. Breinlg (Invited Talk) 
"Observation of the Thomas Peak In the Transfer of Atoms Between Molecules,* Bul l . Am. Phys. Soc. 29, 
1075 (1984) 

S. Datz 
"Correlated Two-Electron Effects in Highly Charged Ion-Atom Collisions," B u l l . Am. Phys. Soc. 29, 
1120 (1984) 
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P. F. Dittner ( Invited Talk) 
"Dielectronic Recombination: A Status Report." 8ul1 . Am. Phys. Soc. 29, 1074 (1984) 

S. B. Elston (Invited Talk) 
"Application of Position-Sensitive Detectors to the Spectrometry of Collision Produced 
Forward-Ejected Electrons," Bul l . Am. Phys. Soc. 29, 1126 (1984) 

P. Engar, N. Breinig. C. E. Gonzalez-Lepera, S. 0. Berry, R. OeSerio, and I . A. Sell in 
"Rydberg State a.-id Convoy Electron Production by Fast Oxygen Ions in Foil Targets." Bul l . Am. Phys. 
Soc. 29. 1103 (1984) 

G. A. Glass, P. Engar. S. D. Berry, M. Breinig, R. DeSerio, S. B. Elston, and I . A. Sel l in 
"Electron Capture to the Continuum from Atomic Hydrogen," Bul l . Am. Phys. Soc. 29, 1103 (1984) 

0. C. Gregory (Invited Talk) 
"Indirect Processes in Electron-Impact Ionization of Multiply Charged Ions," Bul l . Am. Phys. Soc. 29, 
1091 (1984) 

P. D. K i l le r 
"Excited State Populations and Charge Exchange of Fast Ions ir Solids,* Bul l . Am. Phys. Soc. 29, 1064 
(1984) 

S. Raman (Incited Talk) 
"Ultrahlr.i-Resolutlon Studies of Heavy-Ion-Induced X-Ray Satel l i te Emission," Bu l l . Am. Phys. Soc. 
29, 1084 (1984) 

T. N. Rosseel. J . H. Dale, L. D. Hulett, H. F. Krause, P. L. Pepwiiller, S. Raman, C. R. Vane, and J . P. 
Young 

"Effect of Chemical Environment on the L and H Heavy-Ion-Induced X-Ray Satel l i te Emission (HIXSE)," 
Bul l . Am. Phys. Soc. 29, 1105 (1984) 

1 . A. Sellin (Invited Talk) 
•Progress In Forward Electron Production in Ion-Atom and Ion-Solid Collisions," Bul l . Am. Phys. Soc. 
29, 1119 (1984) 

D. Shapira ( Invited Talk) 
"A Windowless Supersonic Gas Jet Target for Nuclear Physics Experiments," Bul l . Am. Phys. Soc. 29, 
1086 (1984) 

International Conference on Nuclear Physics, Bombay, India, December 27-31, 1984 

F . Plasil ( Invited Talk) 
"Recent Advances in Heavy-Ion-Induced Fission" 

1985 

International Workshop on Gross Properties of Nuclei and Nuclear Excitations XIII, Hirschegg, Austria, January 7-11, 1985 
6. A. Leander, P. Holler, and J. R. Nix 

"Calculated Masses and Decay Properties for Heavy and Superheavy Elements" 

Sixth International ECR Ion Source Workshop, Berkeley, California, January 17-18, 1985 
F. W. Heyer 

"Status of the ORNL ECR Source" 

XXIII International Meeting on Nuclear Physics, Bormlo, I t a l y , January 21-26, 1985 

C. Schuck, F. Hannachl, R. Chapman, J . C Lisle, J . N. No, E. Pa.il, D.J.G. Love, P. J . Nolan, A. H. 
Nelson, P. M. Walker, Y. Ell is-AkovaH, N. R. Jchnson, N. Bendjiballah, R. M. Diamond, M. A. 
Deleplanque, F. S. Stephens, G. Olnes, and J . Draper (Invited Talk) 

"Ganma-Spectrometry with Compton Suppressed Detector Arrays" 

http://Pa.il
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Fi f th APS Topical Conference on Atoalc Processes In High-Temperature Plasaas, Pacific Grove, Cal i fornia, 
February 25-28, 1985 

C. F. Barnett, R. A. Phaneuf. H. T. Hunter, N. I . Kirk pat r ick, N. L. Klese, E. U. Thoaas, J . U. 
Gallagher, N. S. Pindzola, and R. K. Janev 

"Atoalc Data for High Teaperature Plasaas," Bul l . Aa. Phys. Soc. 30, 1131 (1985) 

C. Bottcher ( Invited Talk) 
"Rydberg Atoms in External Fields: How to Interpret Experiaents on Dielectronic Recoabination," 
Bu l l . Aa. Fhys. Soc. 30, 1128 (1985) 

A. N. Howald, D. C. Gregory, R. A. Phaneuf, A. Huller, N. Djuric, and G. H. Dunn 
•Electron Iapact Ionization of Mg-Like Ions," Bu l l . Aa. Hiys. Soc. 30. 1120 (1985) 

F. W. Meyer ( Invited Talk) 
"EBIC and ECRIi: New Sources of High Charge State Ions for Atoaic Collision to search," Bu l l . Aa. 
Phys. Soc. 30, 1125 (1985) 

R. A. Phaneuf (Invited Talk) 
"Recent Developaents in Charge-Exchange Heasureaents at ORNL," Bul l . Aa. Phys. Soc. 30, 1126 (1985) 

Aaerlcan Physical Society Meeting, Baltlaore, Maryland, March 25-29, 1985 

U. Beezhold, T.W.I . Sanford, H. Park, J . O. Kephart, R. K. Klein, R. H. Pantel l , B. L. Beraan, and S. 
Datz 

"Channeling Radiation froa Tungsten," Bul l . An. Phys. Soc. 30, 374 (1985) 

B. L. Beraan, S. Datz, J . 0. Kephart, R. K. Klein, R. H. Pantel l , H. Park, R. L. Swent, M. J . Alguard, 
and M. V. Hynes 

"Channeling Radiation froa L1H and LiO," Bul l . Aa. Phys. Soc. 30, 373 (1985) 

S. Datz, B. L. Beraan, B. A. Dahling. J . O. Keplurt, R. K. Klein, R. H. Pantel l , and H. Park 
"Channeling Radiation froa Damaged UF Crystals," Bul l . Aa. Phys. Soc. 30, 373 (1985) 

J . 0. Kephart, R. K. Klein, R. H. Pantell , H. Park, S. Datz, N. J . Al guard, R. L. Swent, and B. L. 
Beraan 

"Occupation Lengths for Electrons and Positrons Channeled in Silicon Crystals," Bu l l . Aa. Phys. Soc. 
30, 374 (1985) 

H. Park, J. 0. Kephart, R. K. Klein, R. H. Pantell. M. V. Hynes, B. L. Beraan, B. A. Dahling, S. Datz, 
R. L. Swent, and M. J. Alguard 

"Temperature Dependence of Channeling Radiation," Bull. Aa. Phys. Soc. 30, 374 (1985) 

Nlel* Bohr Centennial Syaposlua on Seaiclasslcal Descriptions of Atoalc and Nuclear Collisions, 
Copenhagen, Denaark, March 25-30, 1985 
J. 0. Rasaussen, M. W. Guldry, and L. F. Canto (Invited Talk) 

"Transfer Involving Deformed Nuclei" 
M. Beckeraan (Invited Talk) 

"Fusion Reactions at Low Energy* 

Fourth International Conference on Electrostatic Accelerator Technology, Buenos Aires. Argentina, April 
15-19, 1985 
G. D. Alton 

"Development of a Pulsed-Mode Negative Ion Source" 
G. D. Alton 

"A High Brightness Axial Geometry Negative Ion Source with Solid Surface Ionizer" 
G. D. Alton, R. M. Beckers, and J. w. Johnson 

"An Improved Radial Geometry Cesium Plasma Negative Ion Source" 
G. D. Alton, T. J. Kvale, D. J. Pegg, and J. S. Thompson 

"Production of Ca~ Through Double Charge Exchange with Li Vapor" 
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C. M. Jones, 6 . D. Alton, J . B. Bal l , J . A. Biggerstaff, 0. T. Cowling, K. A. Erb, 0. E. Hoglund, E. 0 . 
Hudson, R. C. JUras, S. N. Lane, C. A. Ludeaann, J . A. Martin, S. W. Hosko, D. K. 01 sen, E. G. 
Richardson, and N. F. Ziegler 

"The Ho W i e l d Heavy Ion Research Fac i l i ty * 

J . A. Martin, R. L. Auble, K. A. Erb, C. N. Jones, and 0. K. 01 sen 
"Charge-State Distributions of Gold Ions Emerging from Thin Carbon Foils at Energies of 100, 175, 
275, and 352 NeV 

J . R. Raatz, R. D. Rathmell, P. H. Stelson, and N. F. Ziegler 
"Tests of Compressed Geoaetry NEC Acceleration Tubes" 

P. H. Stelson, J . R. Raatz, and R. 0 . Rathmell 
"Hydrogen Arc Discharge Cleaning of Accelerator Tubes* 

N. F. Ziegler, P. H. Stelson, C. M. Jones, and J . R. Raatz 
"Arc Discharge Conditioning Test on the Oak Ridge 25 URC Accelerator" 

Workshop on Experiments for a Relat lvlst lc Heavy-Ion Coll ider, Upton, New York, April 15-19, 1985 

S. Aronson, G. I go, B. Pope, A. Shor, and G. Young (Invited Talk) 
"A Detector for Dimuons Produced in the Relativlst ic Heavy Ion Collider" 

G. R. Young (Invited Talk) 
"How tc Work with RHIC (Really Highly Interesting Coll ider)" 

G. R. Young (Invited Talk) 
"Internal Targets for RHIC" 

Second European Conference on Atonic and Molecular Physics, Amsterdam, The Netherlands, April 19-23, 
1985 

P. Defranee, S. Chantrenne, S. Rachafi, 0. Belie, J. Jureta, 0. Gregory, and F. Brouillard 
"Electron Impact Ionization of lf» + and 0 5 * " 

American Physical Society Meeting, Washington. D.C., April 24-27, 1985 

T. C. Awes, R. L. Ferguson, R. Novotny, F. E. Obenshain, F. P las i l , V. Rauch, G. R. Young, and H. Sann 
"Equilibrium Fission Decay of Reaction Products with A < ISO," Bul l . Ac. Phys. Soc. 30, 708 
(1985) 

A. B. Balantekin and B. R. Barrett 
"Collective Ml States in the Classical Limit of the IBM-2," Bul l . AM. Phys. Soc. 30, 729 (1985) 

J . A. Bounds, C. R. Bingham, H. K. Carter, G. A. Leander, R. L. Mlekodaj, and E. H. Spejewski 
"Hyperfine Structure and Isotope Shifts of i * a - l » " T l , " Bul l . Am. Phys. Soc. 30, 777 (1985) 

M. P. Carpenter, C. R. Bingham, L. H. Courtney, S. Juutlnen, A. J . Larabee, Z. M. Liu, L. L. Riedlnger, 
C. Baktash, N. L. Halbert, N. R. Johnson, I . Y. Lee, Y. Schutz, A. Johnson, J . Nyberg, K. Honkanen, 
0 . G. Sarantites, and D. R. Haennl 

"High Spin States In l 8 l , P t , " Bul l . Am. Phys. Soc. 30, 762 (1985) 

L. H. Courtney, M. P. Carpenter, A. J . Larabee, L. L. Riedlnger, C. Baktash, M. L. Halbert, 0. C. 
Hensley, K. R. Johnson, I . Y. Lee, M. Oshlma, R. Ribas, Y. Schutz, L. Adler, K. Honkanen, and D. 3. 
Saranties 

"High Spin States of 1 5 9 Y b , " Bul l . Am. Phys. Soc. 30, 761 (1985) 

Y. A. El l ls-Akovall , K. S. Toth, F. T. Avlgnone, R. S. Moore, J . M. Nltschke, P. A. Wllmarth, P. K. 
Lemmertz, 0. M. Moltz, and D. C. SouSc 

"Single-Neutron and Single-Proton States In ^ ° E r and i^'Ho," Bul l . Am. Phys. Soc. 30, 743 (1985) 

C. H. Glover, E. E. Gross, A. W. Carpenter, J . A. Carr, R. J . Phil pott, F. Petrovlch, P, Schwandt, 
W. W. Jacobs, and H. 0. Meyer 

"Elastic p + »Be Scattering at 200 MeV," Bul l . An. Phys. Soc. 30, 701 (1985) 
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E. E. Gross, R. L. Auble, F. E. Bertrand, J . L. Blankenshfp, B. L. Burks, C. M. Glover. R. 0. Sayer, 
D. Shapira, and H. Beckeraan 

"Quasi-Elastic Scattering of 2 0 "Pb with 15.7-*eV/A 58(H i o „ S t - B u n . Am. Phys. Soc. 30, 709 (1985) 

B. A. Harmon, S. T. Tnornton, 0. Shapira, N. Beckenun, and J . Gomez del Campo 
*An Entrance Chanrel Limit on the Fusion of 2 , S i • l 2 C at High Energy," Bu l l . Am. Phys. Soc. 30, 732 
(198S) 

S. Juutinen, N. W. Guidry, C. R. Binghaa. A. J . Larabee, X. T. Liu, L. L. Riedinger. L. H. Courtney, 
C. Baktash, I . Y. Lee, N. L. Halbert, D. Cl ine. and B. Kotlinski 

"Hultiparticle Transfer in Heavy-Ion Collisions," Bul l . Am. Phys. Soc. 30, 733 (1985) 

A. J . Larabee, L. L. Riedinger, C. R. Binghaa, L. H. Courtney, C. Baktash, N. L. Halbert, 0 . C. Hensley, 
M. R. Johnson, I . T. Lee, T. Schutz, S. A. Hjorth, A. Johnson, K. J . Nyberg, B. Hersklnd, A. Dllaanian, 
H. Rajagopolan, D. G. Sarantites, 0. R. Haenni, J . C. Haddington, J . S. Hattula, and G. A. Leander 

'Entry State Dependence of High Spin Population in l « Y b , " Bul l . Aa. Phys. Soc. 30, 761 (1985) 

H. J . Murphy, T. Awes, S. G i l , N. Harakeh, D. Leach, A. Ray, A. Seaaster, and R. Vandenbosch 
"Projectile Breakup into Multiple Heavy Fragaents," Bul l . Aa. Phys. Soc. 30, 747 (1985) 

F. E. Obenshain. F. P las l l , G. R. Young, P. Braun-Hunzinger, R. Frei fe lder , and J . Stachel 
"Neasureaent of Neutral Pion Production Cross Section for 1 6 0 + 2 7 A 1 at 25 NeV/Nucleon," Bul l . Aa. 
Phys. Soc. 30, 768 (1985) 

D. Shapira. R. Novotny, and S. T. Thornton 
"Coincidence Measurements of Coaplex Fragaents froa 2 S S i • 1 2 C Induced Reactions," Bu l l . Aa. Phys. 
Soc. 30, 746 (1985) 

P. H. Stelson, H. J . Kia, N. Beckenun, D. Shapira, and R. L. Robinson 
"Fusion Cross Sections for Beaas of « . s ° T 1 on Targets 9 0 Z r and " N b , " Bu l l . Aa. Phys. Soc. 30. 732 
(1985) 

K. N. Teh, C. F. Haguire, U. C. Ma, F. E. Bertrand, R. L. Auble, R. 0 . Sayer, D. N. Shapira, and B. L. 
Burks 

"Heavy-Ion Spin Orbit Interaction in 2 «S1(UB,"B) 2 »S1 at E 1 a D - 170 MeV," Bul l . Aa. Phys. Soc. 30, 
733 (1985) 

K. S. Toth, Y. A. Ell is-Akovali , F. T. Avlgnone, J . M. Nitschke, P. A. Mllaarth, P. K. Immertz, and 
D. . 1 . Noltz 

"Identification of 1 5 l T b , * Bul l . Aa. Phys. Soc. 30, 760 (1985) 

U. Uchai. P. Venugopala Rao, S. Raaan, C. R. Vane, H. T. Milner, P. H. Stelson, and G. Laplcki 
"L X-Ray Transitions froa Multiply Ionized Thin Targets of Yb, Ta, W, Pt, Au, Pb, and Th Boabarded by 
107-MeV Ag(6+) Ions," Bul l . Aa. Phys. Soc. 30, 734 (1985) 

J . C. Wells, N. R. Johnson, F..K. McGowan, M. P. Fewell, J . S. Hattula, I . Y. Lee, C. Baktash, 
Y. Schutz, L. L. Riedinger, M. H. Go1dry, and S. C. Pancholi 

"Lifetimes of High-Spin States of l " Y b , " Bul l . AM. Phys. Soc. 30, 761 (1985) 

i. 0 . Zunbro, R. A. Nauaann, M. V. Hoehn, M. Reuter, E. B. Shera, C. E. Beals, J r . , and Y. Tanaka 
"Precision Muonlc-Atom Determinations of the Charge Parameters for 2 3 2 T h and 2J9,2<.o,2f2pU t" Bul l . 
Am. Phys. Soc. 30, 778 (1985) 

American Chemical Society Nteting, Division of Nuclear Chemistry and Technology, Waal Beach, Florida, 
April 28-May 3, 1985 

L. G. Sobotka, 0 . G. Sarantites, F . A. Dllmanian, M. Jaaskelalnen, H. Puchta, R. Woodward, M. L. 
Halbert, J . H. Barker, J . R. Beene, R. L. Ferguson, D. C. Hensley, and G. R. Young 

"Excited State Yields of Light Fragments Produced in the Reaction: 180-MeV " F • "»Tb" 

J . Stachel, P. Braun-Munzinger, P. Paul, F. E. Obenshain, F. P las l l , and G. R. Young 
"P1on ProducMon in Heavy-Ion Reactions Near Absolute Thresholds" 

BES Atomic Physics Program Contractor's Workshop, Chapel H i l l , North Carolina, Nay 13-14, 1985 

C. C. Havener, H. F. Krause, and R. A. Phaneuf 
"Multlcharged Ion-Atom Merged-Beams Apparatus" 
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1985 Particle Accelerator Conference. Vancouver. Canada, Nay 13-16, 1985 

6 . D. Alton and 6. 0. m i l s 
"A Negative Ion Source with a Solid Tungsten Surface Ionizer," Bul l . Am. Phys. Soc. 30. 964 (1985) 

E. 0. Hudson, J . A. Martin, and R. S. Lord 
•A Variable Field Magnetic Extraction Channel for ORIC," Bu l l . AM. Ph>s. Soc. 30, 978 (1985) 

International Conference on Nuclear Data for Basic and Applied Science, Santa Fe, New Mexico, Nay 13-17, 
1985 

R. Kohler. L. Newlssen, F. Poortaans, S. Raman, H. Wartena, and H. Heigaann 
"Doorways In the Reaction 2 0 7 P b • n" 

"Growth Point" Meeting on Correlated Electron Phenoaena Arising In Heavy-Ion Atom Collisions, Chapel 
H i l l , North Carolina, Nay 15, 1985 

R. L. Becker, A. L. Ford, and J . F. Reading 
"Single and Double K-Shel 1-Vacancy Production in Nearly Symmetric Systems: IFPN Theory and 0HCE 
Calculations fcr Cl(»s-i7)+ + T I " 

Niels Bohr Centennial Conference, Nuclear Structure 1985, Copenhagen, Denmark, Nay 20-25, 1985 

J . R. Beetle, F. E. Bert rand, H. L. Halbert, R. L. Auble, D. C. Hens ley, D. J . Horen, R. L. Robinson, 
R. 0. Sayer, and T. P. Sjoreen (Invited Talk) 

"Electromagnetic Decay of Giant Resonances" 

W. Nazarewlcz, 6. A. Leander, Ph. Quentln, and J . Oudek 
"BCS Pairing with Approximate Particle Number Projection Before Variation" 

Atonic Theory Workshop on Relat lvlst ic and QED Effects In Heavy Atoms, Washington, D.C., Nay 23-24, 1985 

A. B. Balantekln, C. Bottcher, M. R. Strayer, and S. J . Lee (Invited Talk) 
"Phenomenology of New Particle Production In Heavy-Ion Collisions" 

C. Bottcher and M. R. Strayer ( Invited Talk) 
"Pair Production at GeV/u Energies" 

Symposium on Electromagnetic Properties of High Spin States, Stockholm, Sweden, Nay 28-31, 1985 

N. R. Johnson (Invited Talk) 
"Information on Nuclear Shapes at High Spins from Lifetime Measurements" 

American Physical Society Meeting, Division of Electron and Atomic Physics, Norman, Oklahoma, Nay 29-31, 
1985 

D. A. Church, H. M. Holzscheiter, R. A. Kenefick, C. S. 0, R. T. Short, S. B. Elston, M. Breinlg, R. 
DeSerfo, and I . A. Sellin 

"Multlcharged Recoil Ion Storage in a Rad^o-Frequency Quadrupole Ion Trap," Bul l . Am. Phys. . K . 30, 
862 (1985) 

J . Ha l l , P. Richard, P. L. Pepall ler, D. C. Gregory, P. D. Mi l le r , C. 0 . Moak, C. M. Jones, G. D. 
Alton, L. B. Bri dwell, and C. J . Sufi eld 

"Energy Systematics of Single and Double K-Shell Vacancy Production In Titanium Bombarded by Chlorine 
Ions / Bul l . Am. Phys. Soc. 30, 885 (1985) 

F . H. Meyer (Invited Talk) 
"Low Energy Electron Capture by Fully Stripped Light Ions from Atomic Hydrogen," Bul l . Am. Phys. Soc. 
30, 846 (1985) 

M. R. Strayer (Invited Talk) 
"Finite Element Studies of the D1rac Equation for Heavy-Ion Collisions," Bull . Am. Phys. Soc. 30, 854 
(1985) 
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Second International Conference on Nucleus-Nucleus Collisions, Visby, Sweden, June 10-15, 1985 

T. C. Awes, R. L. Ferguson, R. Novotny, F. E. Qbenshain, F. Plasll, V. Rauch, 6. R. Young, and H. Sann 
•Equilibrium Fission Decay of Reaction Products with A < 150" 

R. A. Broglia and N. Gallardo (Invited Talk) 
"Random Phase Approxintion Treatment of the Pairing Phase Transition in Strongly Rotating Nuclei" 

B. R. Fulton, D. U. Banes, J. S. Li 1ley, M. A. Nagarajan, I . J . Thompson, and G. R. Satchler, 
"Energy Variation of the 1 6 0 +'°Ni Potential and the Optical Model Dispersion Relation" 

F. E. Obenshain, T. C. Awes, R. L. Ferguson, F. Plasil, G. R. Young. P. Braun-Munzinger, R. Freifelder, 
P. Paul, and J . Stachel 

"Near-Threshold Neutral Pi on Production with Heavy Ions" 

Fourth International Symposium on Neutron-Induced Reactions, Saolenice, Czechoslovakia, June 17-21, 1965 

S. Raman (Invited Talk) 
"Summary Talk" 

S- Raman am J . E. Lynn (Invited Talk) 
"Applications and Misapplications of the Channel-Capture Formalism of Direct Neutron Capture" 

Atomic Physics of Highly Charged Ions (Satellite Meeting of the XIV International Conference on the 
Physics of Electronic and Atomic Collisions), Palo Alto, California, July 22-23, 1985 

F. U. Meyer (Invited Talk) 
"ECR Ion Sources for Producing Highly Charged Ions" 

XIV International Conference on the Physics of Electronic and Atomic Collisions, Palo Alto, California, 
July 24-30, 1985 

R. L, Becker 
"Multiple-Electron Processes in H + • (He.Ne) Collisions at 300 keV" 

C. Bottcher 
"Towards Numerical Solution of the Threshold Ionization Problem" 

C. Bottcher and M. R. Strayer 
"Galerkin Methods for Solving the Schrodinger and Dirac Equations" 

H. Breinlg, S. E. Lasley, and C. C. Gaither, I I I (Invited Talk) 
"Atom Capture and Loss in Ion Molecule Collisions" 

J. Burgdorfer 
"Statistical Multipoles for Cusp Electrons and Rydberg Electrons" 

P. F. Dinner, S. Datz, P. D. Miller, and P. L. Pepmiller 
"Dielectronlc Recombination Measurements of f*+, S 5 * , and C l 6 + " 

S. B, Elston (Invited Talk) 
"Doubly Differential Cross Sections of Collision-Produced Forward Electron Emission" 

D. C. Gregory (Invited Talk) 
"The Role of Indirect Processes in Electron-Impact Ionization of Multlcharged Ions" 

C. C, Havener, H. F. Krause, and R. A. Phaneuf 
"Multlcharged Ion-Atom Merged Beams Apparatus" 

R. Hippler, S. Datz, P. 0. Miller and P. L. Pepmiller 
"Double and Single Electron Capture in 1-2 MeV/u 0»+-He Col' :sions" 

H.-P. Hulskotter, M. Breinlg, J. Burgdorfer, S. B. Elston, P. Engar, and I . A. Sellln 
"Threshold Law for Simultaneous Rydberg Electron and Convoy Electron Production" 

T. J. Kvale, 6. 0. Alton, R. N. Compton, D. J. Pegg, and J . S. Thompson 
"An Experimental Investigation of the Metastable States of Beryllium Anions" 
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F. U. Meyer. A. N. Howald, C. C. Havener, and R. A. Phar-uf 
"Low Energy Electron Capture by Fully Stripped Light Ions f ro* H and Hj" 

C. S. 0. R. T. Short. S. B. Elston. N. Breinlg, R. SeSerlo, I . A. Se l l ln . and B. Thomas 
"Storage of Heavy-Ion-Generated Multiply-Charged Recoil Ions in a Radio-Frequency Quadrupole lor 
Trap-

Seminar on Atomic Processes In Fusion Plasmas, Santa Cruz, California, July 31-August 2, 1985 

C. F. Barnett ( Invited Talk) 
"The Next Decade of Atoarfc Physics In Fusion Research" 

R. A. Phaneuf ( Invited Talk) 
"Single Ionization of Multiply Charged Ions by Electron Impact" 

N. S. Pindzola (Invit'.-o Talk) 
"Theoretical Studies of Electric Field Effects of Dielectronic Recoabi:iation" 

11th International Conference on Atonic Collisions In Solids. Washington, D.C.. August 4-9. 1985 

S. Oatz, J . 0. Kephart, H. Park, R. K. Klein. R. H. Pantel l , B. L. Berman, B. A. Dahling, M. V. Hynes, 
R. L. Swent. and N. J . Alguard (Invited Talk) 

"On the Temperature and Length Dependence of Channeling Radiation from 54-HeV Electrons in Silicon" 

H. F. Krause, S. Oatz, P. F. Oittner, J . Gomez del Campo, P. 0. Mi l ler , C. D. Moak, N. Neskovlc, and 
P. L. Pepmiller (Invited Talk) 

"Rainbow Scattering in Axial Ion-Channeling Involving Very Thin Crystals" 

P. D. Mi l ler , H. F. Krause, C. 0. Moak, J . Gomez del Campo, J . A. Biggerstaff, S. Oatz, P. L. 
Pepniller, P. F. Oittner, 0. H. Crawford, N. Neskovlc, and H. 0 . Brown (Invited Talk) 

"Resonant Coherent Excitation of 0 7 * , F « + , and C 5 * in Au <100> Channel" 

1985 International Symposium on Antennas and Propagation, Kyoto, Japan, August 20-22, 1985 

C, H. Ma, 0 . P, Hutchinson, P. A. Staats, K. L. Vander Sluls , 0 . K. Mansfield, H. Park, and L. C. 
Johnson 

"Submillineter Wave Propagation in Tokarak Plasmas" 

1985 International Symposium on Antennas and EM Theory, Bei j ing, China, August 25-27. 1985 

C. H. Ma D. P. Hutchinson. P. A. Staats, K. L. Vander Sluis, 0 . K, Mansfield, H. Park, and L. C. 
Johnson 

"Submillimeter Wave Propagation in Tokamak Plasmas" 

ACS Symposium on Recent Advances In the Study of Nuclei off the Line of Stabi l i ty , Chicago, I l l i n o i s , 
September 8-13, 1985 

A. B. Balantekln, T. Hubsch, and V. Paar (Invited Talk) 
"Boson Fermi on Symmetries and Dynamical Supersymmetrles for Odd-Odd Nuclei" 

K. K. Carter, G. A. Leander, J . A. Bounds, and C. R. Bingham 
"First Results from the UN1S0R Col 11 near Laser Faci l i ty" 

K. Honkanen. H. C. Gr l f f l / i , D. 6. Sarantltes, V. Abenante, L. A. Adler, C. Baktash, Y. S. Chen, 
0 . Dietzsch, M. L. Halberi, 3. C. Hensley, N. R. Johnson, A. Larabee, I . Y. Lee, L. L. R1ed1nger, J . X. 
Saladln, T. Semkow, and Y. Schutz 

"High-Spin Structure of »«Hu" 

N. R. Johnson (Invited Talk) 
"Evolution of Nuclcr Shapes at High Spins" 

G. A. Leander 
"Low-Energy Collective El Mode in Nuclei" 
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J. B. NcGrory (Invited Talk) 
"A Study of the Weak-Coupling Truncation Scheae for Large Shell Model Calculations" 

R. L. Mlekodaj, G. A. Leander, R. A. Braga, B. 3. Kern, K. S. Toth, ar.i 8. E. Gnade 
"Decay of " 8 E u and Deforaatlon in the Light Sa Region" 

S. Raaan and C. U. Nestor (Invited Talk) 
*8(E2)t for the 2{ States of Collective Nuclei off the Line of Stability" 

K. S. Toth (Invited Talk) 
"Particle Decay Studies at or near Closed Shells" 

J. B. Wilhelay, C. Albiston, J. P. Bocquet, J. Boissevain, H. C. Brltt, Y. D. Chan, R. L. Ferguson. 
N. M. Fowler. A. Gavron, A. Gayer. S. Gazes. A. Guessous, B. V. Jacak, P. Lysaght. 6. Maaone, F. E. 
Obenshaln, F. Plasil, C. Ristori, R. Scheldt, R. 6. Stokstad, and S. Uald 

"Saddle to Scission: T1ae Scales and Disslpatlve Hechanisas" 
E. F. Zganjar, C. D. Papanlcolopoulos. J. L. Hood, R. A. Braga, R. H. Fink, A. J. Larabee, N. Carpenter, 
0. Love, C. R. Binghaa, L. L. Riedinger, J. C. Haddington 

"Shape Coexistence in 1 8 5 A u " 

IAEA Advisory Group Meeting on Atoaic Data for Fusion Plasaa Modelling, Vienna. Austria, 
September 18-20, 1985 
R. A. Phaneuf 

"Charge Eju-nange Processes Involving Iron Ions" 

NATO Advanced Study Institute on Physics of Electron-Ion and Ion-Ion Collisions, Han sur Lesse, Belglua, 
Septeaber 30-0ctober 12, 1985 

R. A. Phaneuf 
"Experlaents on Electron-Impact Excitation and Ionization of Ions" 



13. GENERAL INFORMATION 

PERSONNEL CHANGES 

New Staff Heaters 

A. Scientific Staff 

B. A. Hamon, University of Virginia, Charlottesville, Virginia (part-time) 
D. K. 01 sen (transferred from Engineering Physics and Mathematics Division) 
S. P. Sorensen, University of Tennessee, Knoxvll^ Tennessee (part-time) 
R. L. Vamer, Jr., University of North Carolina, Chapel Hill. North Carolina 

B. Administrative and Technical Staff 
S. I. Birch, Accelerator Operations 
N. E. Whitley, Laboratory Technician (transferred from Centrifuge division) 

Staff Transfers and Terminations 
A. Scientific Staff 

C. F. Barnett (retirement) 
P. M. Griffin (retirement) 
C. D. Moak (retirement) 
P. A. Staats (retirement) 
G. F. Wells (retirement) 

B. Administrative and Technical Staff 

J . T. Martin, Laboratory Technician (transferred to Information Division) 
B. F. McHargue, Secretary (retirement) 

TEMPORARY ASSIGNMENTS 

Short-Term Assignments 

Scientific Staff 

R. 0. Hippler, University of Bielefeld, Bielefeld, Federal Republic of Germany 
N. R. Stoiterfoht, Hahn-Me1tner-Inst1tut, Berlin, Federal Republic ov Germany 

Guest Assignments 

A. Joint Institute for Heavy Ion Research 

M. A. Beckerman, Joint Institute for Heavy Ion Research, Oak Ridge, Tennessee 
A. Bracco, University of Mllano, Mllano, I ta ly 
P. A. Butler, University of Liverpool, Liverpool, England 
Y. S. Chen, Institute of Atomic Energy, Beijing, China 
N. Clndro, Ruder Boskovlc Inst i tute, Crostla, Yugoslavia 
M. I . F. Gallardo, Niels Bohr Inst i tute, Copenhagen, Denmark 
I . Hanamoto-Kuroda, University of Lund, Lund, Sweden 
D. J . G. Love, University of Liverpool, Liverpool, England 
U. B. Mose), Justus-L1eb1g-Un1vers1ty, Glessen, Federal Republic of Germany 
W. Nazarewlcz, Niels Bohr Inst i tute, Copenhagen, Denmark 
J. Pa:heco, Niels Bohr Inst i tute, Copenhagen, Denmark 
F. B. Paulano, Niels Bohr Inst i tute, Copenhagen, Denmark 
J. M. Quesada, University of Sevll la, Sevil la, Spain 
P-G. Ilelnhard, Inst l tut fur Theoretlsche Physik, Unlversltat Er1?ngen, Eriangen, 
Federal Republic of Germany 
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B. Graduate Students 
S. D. Berry, University of Tennessee, Knoxvllle, Tennessee 
H. J. Bloemer, University of Tennessee, Knoxvllle, Tennessee 
W. G. Campbell, University of Tennessee. Knoxvllle, Tennessee 
H. P. Carpenter, University of Tennessee, Knoxvllle, Tennessee 
L. H. Courtney, University of Tennessee, Knoxvllle. Tennessee 
P. P. Engar. University of Tennessee, Knoxvllle, Tennessee 
J. P. Gibbons. University of Tennessee. Knoxvllle, Tennessee 
J. C. Griffin, Georgia Institute of Technology, Atlanta, Georgia 
J-N. Juang. Tennessee Technological University, Cookevllle, Tennessee 
R. W. Klncald, University of Tennessee, Knoxvllle, Tennessee 
A. J. Larabee, University of Tennessee, Knoxvllle, Tennessee 
S. E. Lasley, University of Tennessee, Knoxvllle, Tennessee 
S-J. Lee, Yale University, New Haven, Connecticut 
X. T. Liu, University of Tennessee, Knoxvllle, Tennessee 
K. J. Nyberg, University of Tennessee. Knoxvllle, Tennessee 
R. T. Short, University of Tennessee, Knoxvllle, Tennessee 
K. M. Teh, Vanderbllt University, Nashville, Tennessee 
J. S. Thompson, University of Tennessee, Knoxvllle, Tennessee 
W. Uchal, Enory University, Atlanta, Georgia 
S. A. Umar, Yale University, New Haven, Connecticut 
T. A. Underwood, University of Tennessee, Knoxvllle, Tennessee 

C. Co-op Students 
D. E. Hoglund, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 
M. A. Walker, Morehouse College, Atlanta, Georgia 

D. ORAU Graduate Research Participant 
J. A. Bounds, University of Tennessee, Knoxvllle, Tennessee 

E. 0.J.U Postgraduate Research Training Program 
W. H. Casson, University of Tennessee, Knoxvllle, Tennessee 
A. M. Howald. University of Wisconsin, Madison, Wisconsin 

F. ORAU Faculty Research Participants 
C. A. Bennett, Jr., University of North Carolina, Ashevllle, North Carolina 
J. I. Purcell, Georgia State University, Atlanta, Georgia 
P. A. Schulz, Georgia Institute of Technology, Atlanta, Georgia 

G. ORAU Student Research Participants 
J. L. Chance, New College of the University of South Florida, Sarasota, Florida 
A. J. Col 11 son, Louisiana State University, Shreveport, Louisiana 
L. I. Mallner, Union College, Schenectady, New York 
J. T. Mitchell, Louisiana State University, Shreveport, Louisiana 
G. J. Nelson, Gustavus Adolphus College, St. Peter, Minnesota 
P. E. Reiner, Bethel College, North Newton, Kansas 
F. V. Weber, Grlnnell College, Grlnnell, Iowa 
S. A. Williamson, Elon College, Elon College, North Carolina 

H. Great Lakes College Association Science Program 
J-M. Perelmuter, Belolt College, Be'olt, Wisconsin 
D. M. Schmidt, Oenlson University, liranvllle. Ohio 
K. B. Smith, Rollins College, W1n'«r Park, Florida 
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Suarer Assignments 
1985 Suner Progran for High School Teachers 
R. A. Core, South-Young High School, Knoxvllle, Tennessee 
D. E. Morrison, Maryvllle High School, Naryvllle, Tennessee 
University of Tennessee/ORNL Science Alliance Progran 
J. Boylei University of Wisconsin, Kenosha, Wisconsin 
V. Camlchael, Francis Narlon College, Florence, South Carolina 
B. Cox, Brldgewater College, Brldgewater, Virginia 
M. Craycraft, University of Dayton, Dayton, Ohio 
C. Galther, University of Southwestern Louisiana, LaFayette, Louisiana 
C. Holly, Western Michigan University, Kalaaazoo, Michigan 
J. Houser, Wldener University, Chester, Pennsylvania 
I. Krucke, Ecfcerd College. St. Petersburg, Florida 
P. Rollins, Loyola College, Baltimore, Maryland 
J. Stasko, University of Dallas, Irving, Texas 
G. Tweed, Middle Tennessee State University, Murfreesboro, Tennessee 
G. Ulrlch, Hoorhead State University, Moorhead, Minnesota 
H. Hester, Xavler University, Cincinnati, Ohio 
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PHYSICS DWISION SEMINARS: OCTOBER 1984-SEPTEMBER 1985 

Those seminars arranged by the Physics Division and announced in the ORNL Technical Calendar 
are l isted below. During the period of this report, I . Y. Lee served as Seminar Chairman. 

Date Speaker 

1984 

Oct. 24 Philippe Quentin 
Los Alamos National Lab. and 
University of Bordeaux. France 

Oct. 25 Thomas Lindblad 
Research Inst, of Physics 
Stockholm, Sweden 

Oct. 25 Enchin Hu 
Institute of Modern Physics 
Lanzhou, China 

Oct. 29 Hans A. Meidermuller 
Max-Plank Institut fur Kernphysik 
Heidelberg 
Federal Republic of Germany 

Oct. 31 Helmut Winter 
University of Munster 
Minister 
Federal Republic of Germany 

Nov. 5 Gordon H. Dunn 
Joint Inst, for Lab. Astrophysics 
Univ. of Colorado and National 
Bureau of Standards 
Boulder, Colorado 

Nov. 5 Bemward Jenschke 
Fachlnformatlonszentrum Energle 
Physik, Mathematik (FIZ) 
Karlsruhe 
Federal Republic of Germany 

Nov. 8 J . L. Egldo 
University of Madrid 
Madrid, Spain 

Nov. 13 David Hard 
Chalk River Nuclear Laboratories 
Chalk River, Canada 

Nov. 16 H. J . Hay 
The Australian National Univ. 
Canberra, Australia 

Nov. 19 Steven E. Koonln 
California Inst, of Technology 
Pasadena, California 

Nov. 19 L. J . Morford 
University of I l l inois 
Urbana, I l l ino is 

Nov. 19 Y. Yamazakl 
Tokyo Inst, of Technology 
Tokyo, Japan 

Title 

Nuclear Thermostatic Properties: 
and Giant Resonances 

Fission Barrier 

Development of Liquid Xenon Detectors 

Recent Research Activities at Institute of 
Modem Physics at Lanzhou 

Statistical Method in Nuclear Physics 

Recent Results in Ion Beam Sources Interaction 
at Grazing Incidence 

Product Rydberg States from Dielectronlc Recombination of Mg+ 

Bibliographic and Numeric On-Line Data Bases in Science and Technology 

Gamw Decay of Highly Excited Nuclei 

Perturbed Angular Correlation Measurements on 
High Spin States - Past, Present, and Future 

Bean-Foil Spectroscopy of Parti ally-Stripped Heavy Ions 

Subsaturatlon Phases of Nuclear Matter 

Investigation of the Giant Isoscalar Quadrupole Resonance in ™«Pb and "»Pb 

Convoy Electron Production 
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Date Speaker 

Nov. 20 Paul Hokler 
Gesellschaft fur Schwerionenforschung 
Darmstadt 
Federal Republic of Geraany 

Nov. 21 R. Schuch 
Univ. of Heidelberg 
Heidelberg 
Federal Republic of Germany 

Nov. 21 Horst Schmidt-Bocking 
Univ. of Frankfurt 
Frankfurt 
Federal Republic of Germany 

Dec. 7 Carl Sofield 
Atomic Energy Research 

Establishment 
Harwell, England 

Dec. 13 Chia-Cheng Shih 
Univ. of Tennessee 
Knoxvllle, Tennessee 

T i t le 

Experiments with Decelerated Heavy Ions 

Atomic Collision of Nearly Bare Atoms 

High Charge State Ions and Heavy Ion 
Storage Ring 

High Order Terms and Charge Exchange 
Contributions to Stopping Power 

Correlations In Hadronic Mult ipl ici ty 

1985 

Jan. 8 Halvin H. Kalos 
Courant Inst i tute, New York 
Univ., New York 

The NYU Ultra Computer - Its Architecture and 
Its Applications 

Jar. 25 Osvaldo Goscinski 
Univ. of Uppsala 
Sweden 

Statistical, and Nonstatistlcal Features in Collisions and Laser Stimulated Processes 

Jan. 28 Sa Ban-Hao 
Inst, of Atomic Energy 
Beij ing, Peoples Republic 
of China 

Transverse Momentum Distribution in Ultra-
re lat iv is t lc Heavy-Ion Collisions 

Jan. 29 Wolfgang Trautmann 
Brookhaven National Lab. 
Upton, New York 

Feb. 7 K. Langanke 
Calif. Inst, of Technology 
Pasadena, California 

Feb. 15 Franco Iachello 
Yale Univ. 
New Haven, Connecticut 

Feb. 14 CIel and H. Johnson 
Physics Div. Staff, ORNL 

Mar. 11 Turgay Uzer 
Univ. of Colorado, Boulder 

Mar. 28 Helmut Poth 
Kernforschungszentrum, Inst, fur 
Kernphyslk, Karlsruhe, F.R.G. and 
Org. Europeene pour la Recherche 
Nucleaire, Geneva, Switzerland 

Apr. 19 Shimon Levit 
MIT 
Cambridge, Massachusetts 

Alignment in Heavy Ion Reactions 

Gamma Decay of Heavy Ion Resonances 

New Class of Collective State in Nuclei 

Neutron Scattering Fine Structure and Optical 
Model Parameters 
State Selected Reaction Theory and Application 

Physics with Antl-Protonic Atoms 

Stability of Hot Nuclei 
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Date Speaker 
Hay 9 Jean Blachot 

Centre d'etudes Nuclealres 
de Grenoble, Grenoble, France 

Title 

Linear Momentum Transfer In l 2 C , 2 0He, *0Ar Heavy 
Ion Reactions on l 2*Sn at 20-50 HeV/u; Experi
mental Evidence for a Uniting Excitation Energy 
In the Nucleus 

Hay 9 Nikola Cindro 
Ruder Boskovlc Institute 
Zagreb, Yugcslavla 

Hay 17 Joli- Clzewskl 
Yale Jniversity 

Hay 29 Wolf ran Mestaeler 
Phillpps UnlversHSt 
Karburg 
Federal Republic of Germany 

June 7 Ralph Z. Roskles 
Univ. of Pittsburgh 
Pennsylvania 

June 11 Hare Huyse 
Instltuut Voor Kern-en 

Strallnfyslka 
Katholieke Unlversltelt 
Leuven, Belglun 

July 11 Pierre Defrance 
Catholic Univ. of 

Louvaln-la-Neuve 
Belglun 

July 15 Valerlu I . Zoran 
The Central Inst, of Physics 
Bucharest, Rumania 

July 16 Benoet Morel 
California Inst, of Technology 
Pasadena, California 

July 17 K.-H. Schartner 
PhyslKallsches Instltut der 
Justus-Liebig-Universita't 
Glessen 
Federal Republic of Germany 

July 18 Hans Klapdor 
Max-Planck-Instltute 
Heidelberg 
Federal Republic of Germany 

Aug. 8 Erhard Salzborn 
Instltut fii'r Kernphyslk 
Justus-Lleblg-Unlverslty 
Glessen 
Federal Republic of Germany 

Aug. 12 H. Knudsen 
Institute of Physics 
Univ. of Arhus 
Arhus, Denmark 

Aug. 13 Yoel Tlkochlnsky 
Racah Institute of Physics 
Hebrew Univ. of Jerusalem 
Israel 

Thermodynamics, Degrees of Freedom, and the 
Description of a Nucleus-Nucleus Collslon 

Structure of Light Actlnides 

Reaction Mechanism in Very Heavy Ion Syste 

Phase Transitions in Quark-Gluon Hatter 

a and p Decay Studies of Shell Model Intruder 
States In Tl and Bi Isotopes 

Electron-Impact Ionization of Li-like Ions 

L-Vacancy Production, Propagation and Decay In 
Asymmetric Ion-Atom Collisions 

X-Ray Lasers and Their Possibilities 

VUV-Spectroscopy of Rare Gas Ions Produced in 
Atomic Collisions 

Nuclear Beta Strength, Neutrino Mass, 
and Cosmology 

Charge Transfer and Ionization 1n Ion-Ion 
Collisions 

On the Creation of Projectile Continuum 
Electrons In Fast Ion-Atom Collision 

Estimation of Inverse Temperature and Other 
Lagrange HuHipliers-The Dual Distribution 

\ 



Date Speaker 
Aug. 13 H. 0. Lutz 

Univ. of Bielefeld 
Bielefeld 
Federal Republic of Geraany 

Aug. 14 George Eichler 
Hahn-Meltner Institute 
Berlin 
Federal Republic of Germany 

Aug. 15 Williaa P. Kells 
Feral National Accelerator Lab 
Batavia, Illinois 

Aug. 19 K. A. Snover 
Univ. of Washington 
Seattle, Washington 

Aug. 27 A. M. Lane 
AERE 
Harwell, England 

Sept. 13 Aaand Faessler 
Univ. of Tubingen 
Tubingen 
Federal Republic of Germany 

Sept. 19 Knud Taulbjerg 
Univ. of Arhus 
Arhus, Denmark 

Sept. 26 Ealllo Migneco 
Laboratorio Nazlonale 
del Sud (LNS) 

Catania, Italy 
Sept. 27 George Contopoulos 

Univ. of Athens 
Athens, Greece and 
Univ. of Florida 
Gainesville, Florida 
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Title 
Atonic Collision Processes froa Inner Shell Ionization to Laser Assisted Collision 

Relativlstic Eikonal Theory for Electron 
Transfer 

Trapping Anti-Protons 

Giant Dipole Resonances Based on Excited 
Nuclear States 

Disturbance of a Series of Resonances 
by a Broad Level 

Recent Results froa the Monster 

Electron Capture in Ion-Atoa Collisions 

Status and Programs of the Heayy Ion Facility 
at the LNS in Catania 

Dynamical Systems of Two and Three Degrees 
of Freedom 
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SCIENTIFIC MEETINGS SPONSORED BY THE PHYSICS DIVISION 
AND HELD DURING THE REPORTING PERIOD 

Hollfleld Theory Users Group Meeting 
Oak Ridge, Tennessee, October 12-13. 1984 

G. A. Leander. J. B. HcGrory, and K. T. R. Davles, organizers 

Instrumentation for Heavy Ion Research 
Oak Ridge. Tennessee. October 22-26. 1984 

D. Shaplra, organizer 

Hollfleld Theory Users G-vup Meeting 
Oak Ridge, Tennessee, Kay i .-11, 1985 

J. B. McGrory, G. A. Leander, and M. R. Strayer, organizers 

UNISOR Brainstorm Workshop 
Oak Ridge, Tennessee, June 26-27, 1985 

H. K. Carter, organizer 

High Spin Workshop (ORNL/JIHIR) 
Oak Ridge. Tennessee. July 11-12 and 15-16. 1985 

N. R. Johnson and L. L. Rledlnger, organizers 

Workshop on Intermediate Energy Heavy Ion Physics (ORNL/JIHIR) 
Oak Ridge, Tennessee, September 23-25, 1985 

R. L. Robinson, organizer 

INFORMATION MEETING 

The most recent Physics Division Information Meeting was held on September 9-10, 1985. The members 
of the Advisory Committee were: 

M. Macfarlane, Indiana University 
E. Merzbacher, University of North Carolina 
R. E. Pollock, Indiana University 
L. C. Teng, Fermi National Accelerator Laboratory 
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