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A bstrae!: Both the m agnitude and alignm ent o f  the transferred  angu lar m om entum  in the  reaction 
" ’* H o +  have been m easured as a  function o f  Q^value vía continuum  y-ray m ultiplicity  and
an iso tropy  techniques. T he spin transfer and  the corttifiuum '/-ray an iso tropy  increase th roughou t 
the quasi-elastic región. The spin transfer as a funclipn  o f  g -v a lu e  sa tu ra tes at ~ 35 /j/fragm en t, the 
an iso tropy  peaks a t a valué o f  ~ 2  and  then decreasés te  near unity  for the largest g -values. The 
observed an iso trop ies are  in good agreem ent w ith predictions from  an equilibrium  statistical m odel 
in which therm al excitation  o f  angu lar-m om entum -bearing  colleetive m odes and  neu trón  evap- 
o ra tion  give rise to  in-plane com ponents o f  the angu lar m om entum .

N U C L E A R  R E A C T IO N S  ‘'’^HoC^’^Ho, X), E  =  1400 M eV : m easured y-ray m ultiplicity , 
an iso tropy , con tinuum  y-rays; deduced < /> , </;>, and P ... T heoretical in terp re ta tion  based 

on a statistical equilibrium  m odel.

1. Introduction

D uring heavy-ion collisions, angular m om entum  is transferred from  orbital 
m otion to  intrinsic degrees o f freedom . Inform ation regarding the m echanism 
inducing such a transfer can be obtained by determ ining the m agnitude and align­
m ent o f  the fragm ent spin as a function o f  ^-value. The correlation between spin 
transfer and energy dissipation has been experim entally investigated with both 
-/-ray m ultiplicity {M.^ and sequential-fission techniques These studies
have shown that the m ean transferred angular m om entum  increases with increasing 
^ -value  until it saturates in the deep-inelastic región. In addition, anom alously
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large second m om ents o f  the y-ray m ultiplicity d istribution  have been observed 
in excess o f those expected from  a 2 /+  1 d istribution.

The m ean valúes o f  the transferred angular m om entum  can be explained in term s 
o f frictional models. The anom alous w idths can arise from various sources; on the 
one hand, mixing o f entrance channel /-valúes (/-fractionation) may be responsible, 
while on the o ther hand, dynam ic or statistical excitation o f angular-m om entum - 
bearing m odes o f  the dinuclear system may be called into play. As an example o f 
the form er class, a large contribution  to  these w idths can arise from diffusion along 
the mass asymmetry coordinate Similarly, in the latter class, a contribution  
o f  com parable m agnitude can arise from  therm al fluctuations in the angular-m o- 
m entum -bearing m odes 5 , 9 , 1 3 - 1 5  ̂ pj- interm edíate complex. This effect 
quantitatively accounted for the random  angular m om entum  com ponents deduced 
in the 2 °N e +  “ Cu system

Elem entary dynam ic considerations o f the deep-inelastic reaction process (e.g. 
simple friction models) suggest tha t the transferred spin should be perpendicular to 
the reaction plañe ^). A ngular m om entum  misalignm ent occurs when in-plane 
com ponents o f angular m om entum  are present. These com ponents can be generated 
either directly by some feature o f  the reaction m echanism, or by nonequilibrium  or 
equilibrium  statistical fluctuations in the angular-m om entum -bearing m odes o f the 
interm edíate complex. The y-ray m ultiplicity d istribution is sensitive only to fluctu­
ations in the m agnitude o f the transferred spin. Inform ation on the d istribution of 
spin orientations may be obtained by m easuring the y-ray angular distribution, 
which is sensitive to ñuctuations o f  the spin com ponents,

Experimentally, large anisotropies (3-4) have been observed for discrete 
lines from  heavy-ion reaction products at small ^-valúes and substanti-
ally smaller anisotropies at larger Q-values. In contrast, for both light and heavy 
systems, only small anisotropies have been observed for the continuum  y-ray spec- 
trum  1 - 6 . ‘8 - 2 1 ). i f  there is a substantial adm ixture o f dipole transitions in the 
predom inantly  quadrupole y-ray cascade, a small anisotropy would be observed 
even if the fragm ent spins are perfectly aligned. This may be the dom inant effect 
for light nuclei where the p roportion  o f dipole transitions present in the continuum  
y-ray spectra can be large. An alternative explanation is tha t these small anisotropies 
and associated large second m om ents are the results o f  random  spin fluctua­
tions 13- 15,22,2 3  ̂ Qf either a quantal or therm al nature,

In the available continuum  y-ray studies, the evidence for the m agnitude and 
nature  o f the spin fluctuations is no t conclusive because o f the small anisotropies 
observed, and because o f uncertainties in the m ultipolarity  o f the continuum  y-rays 
and in the corrections for particle emission, A m ore compelling case for the existence 
o f  spin fluctuation can be m ade if one chooses a system where the y-ray anisotropy 
is observed to  vary from  small to  large. Then, if the y-ray m ultipolarity  adm ixture 
is m easured and corrections for the effects o f  particle emission are m ade, these
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T a b l e  i

Param eters o f  the reaction  a t 8.5 M eV /am u

c.m . energy 701 MeV
C oulom b energy 419 MeV
grazing angle (lab) 26°
U  516ft
U .  365ft
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changes in the anisotropy can be related to  corresponding variations in the spin 
ahgnm ent.

In this paper we report the sim ultaneous m easurem ent o f  the m agnitude and ahgn­
m ent o f  the transferred angular m om entum  in the 8.5 M eV /am u ^^^H o+^^^H o 
reaction as a function o f  g -value  via continuum  y-ray m ultiphcity and anisotropy 
techniques. This system was chosen because large am ounts o f  angular m om entum  
can be transferred into the intrinsic spin {/) o f  these heavy rare-earth  nuclei (see 
table 1), which are know n to have good ro tational properties Furtherm ore, 
the steep m ass-asym m etry potential for symmetric systems causes the reaction 
Products to  lie w ithin a narrow  range o f Z-values centered around  sym m etry as 
has been observed previously As a consequence, both  o f  the essentially identical 
p roduct fragm ents emit sim ilar continuum  y-ray spectra which are strongly enriched 
in E2 transitions 80 %) as discussed in sect. 3.

In sect. 2 the experim ental apparatus and techniques are outlined. C ontinuum  
7 -ray spectra, average multiplicities <My> and anisotropies as a function o f  0 -value 
are presented in sect. 3. In sect. 4, the data  are analyzed in term s o f  a statistical 
modal. Theoretical y-ray angular distributions are calculated incorporating  the 
effects o f  m isalignm ent and particle evaporation. A com parison between the model 
calculations and the data  is m ade in sect. 5. This com parison dem onstrates the 
existence o f  therm ally induced random  spin fluctuations. A brief report containing 
portions o f  this w ork has been published previously

2. Experimental technique

A beam  o f 8.5 M eV /am u ‘®^Ho ions from  the Lawrence Berkeley L aboratory  
SuperH IL A C  was used to  bom bard a 0.85 mg/cm^ self-supporting *®^Ho foil, 
oriented a t 90° to  the beam  direction. Beam intensities o f  ~  5 enA were readily 
obtained on target. Particle singles and  particle-y coincidence data  were accum ulated 
event by event on m agnetic tape.

2.1. P A R T IC L E  D E T E C T O R S

R eaction fragm ents were detected in three independen! particle detection systems, 
placed a t identical angles to  the beam  axis in two perpendicular planes, as shown in
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Fig. 1. T o p  (a) and  side (b) views o f  the experim ental appara tus. D etecto rs labeled 1 an d  3 are in the 
ho rizon ta l p lañe and  detecto rs labeled 2 are in the  vertical plañe. A n exam ple o f  a  deep-inelastic reaction  
p roducing  projectile-like (P) an d  target-like (T) fragm ents in bo th  the  (a) ho rizon tal and  (b) vertical

planes is show n.

fig. 1. Two o f these detection systems (1) and (2) consisted o f a single 300 /xm surface 
barrier detector, whereas the th ird  contained an 11 A E  detector in fron t o f a 
300 n m  f-de tec to r. A lthough individual Z-values were no t resolved, this telescope 
was used to  m onitor the centroid and the w idth o f the product charge distribution 
as a function o f  g-value. Electropolished circular collim ators were used bo th  to 
elim ínate detector edge effects, and  to  minimize slit scattering. A bsorbers o f  0.5



mg/cm^ A u were placed in front o f the Si detectors to  shield them  from  low-energy 
electrons. The solid angles o f  the particle detectors were m atched to  ~  5 %.

Each particle detection system was aligned with a transit to better than  0.3° in 
both  the horizontal and vertical directions. This alignm ent was verified at the 
beginning o f the experim ent by com paring the observed yields o f  elastic scattering 
at identical angles. Since the final beam  collim ator was 5 mm in diam eter and 20 
cm from the target, small changes in the beam position on the target were possible. 
These changes affected the scattering angle and therefore the scattered particle 
yields. D uring the experim ent, the beam position was continuously m onitored  by 
com paring the left-right (detectors 1 and 3) and horizontal-vertical (detectors 1 and 
2 ) yields o f  elastic scattering.

The particle detectors were calibrated using the kinem atically calculated energy 
o f the elastic peak. C orrections were m ade for pulse-height defect and for energy 
losses due to  the thicknesses o f  the target and absorber The linearity was verified 
using an electronic pulser.

2.2. G A M M A -R A Y  D E T E C T O R S

U nresolved y-rays em itted from  the de-exciting fragm ents were detected in three 
electronically stabilized 12.7 cm diam eter by 15.2 cm deep N a l detectors. Two o f 
these detectors (1 and 3) were placed in the same horizontal plañe as the particle 
detectors (1 and 3), and detector N al(2) was placed in the same vertical plañe as 
particle detector Si(2), as shown in fig. 1.

In order to  im prove the photopeak-to-C om pton ratio, the N al detectors were 
collim ated to  8.0 cm diam eter by m eans o f 5 cm thick tapered Pb annuli. These 
detectors were placed 60 cm from  the target in order to  keep prom pt y-y sum m ing 
to  <  5 % for events with m ultiplicities ~  40. This 60 cm flight path  also perm itted 
the separation o f  neutrons from y-rays by time o f flight as shown in fig. 2. A ssum ing 
a quasi-m axwellian d istribution for the neutrón energy, it is found th a t less than  
5 % o f the neutrons had enough energy to arrive w ithin the y-ray time window.

The N a l detectors were calibrated for both  energy and efficiency using cascade 
transitions in ‘’^Co, *®Y, *^^Eu and A separate 7.6 cm x 7.6 cm N a l detector 
was set to  trigger on one transition  o f  the cascade, and the o ther transition  was 
looked for in detector N a l( l ,  2, o r 3). The ratio  o f  coincidences to  singles, corrected 
for the y-ray angular d istribution, internal conversión and  branching ratios, gave an 
absolute calibration for the y-ray detection efficiency as a function o f energy.

In addition, a Ge(Li) detector was placed in the horizontal plañe to  search for 
discrete transitions from product nuclei. U nfortunately , no discrete lines were 
observed due to  the low overall coincidence efficiency o f this detector and the 
variety o f product nuclei form ed. C ontinuum  y-ray anisotropy data  ob tained using 
this detector agreed with that from  the N a l detectors.
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Time (ns)
Fig. 2. T A C  spectrum  show ing the separa tion  o f  y-rays (y) and  neu trons (N ) for the com bination  
S i(l)-N al(3 ) which exhibited the  m ost neu trón  con tam ination . The vertical arrow s on  each side o f  the 

y-ray peak show the  gate used in sorting  the  data .

2.3. SY STEM  G E O M E T R Y

In order to  im prove statistics and to  reduce possible system atic uncertainties in 
the m easured y-ray m ultiplicity (M^) and anisotropy (A), a highly redundant detector 
geom etry was utilized to  obtain  several independen! m easurem ents. Particle detectors 
S i(l), Si(2) and Si(3) together with the beam  direction defined two m utually perpendi­
cular reaction planes (see fig. 1 ).

M easurem ents o f  the average y-ray m ultiplicity were m ade by taking the ratio  
between the yield from  a N a l detector in coincidence with a Si detector 
and the singles yield from  the same particle counter ( :

< M ,>  QC
Pj

(1)

The proportionality  factor involves a correction for both  the N a l efficiency and 
the angular d istribution  o f the em itted y-rays, W(6),  where 9 is the angle between 
the y-ray counter and  the perpendicular to  the reaction plañe defined by the particle 
detector and the beam. W henever the la tter correction is not m ade, we will refer to  
“ in-plane” or “ out-of-plane” m ultiplicities, depending on w hether i = j  or i =/= j



respectively. Four com binations were used in the evaluation o f the m u ltip lic ity : 
(a) r^ -p ./F p ., (b) (c) F^.-p./Fp, and  (d) C om binations
(a) and (b) gave in-plane m easurem ents [M^(90°)], whereas out-of-piane m easure- 
m ents [M^(0 °)] were obtained from  (c) and (d).

Similarly, tiie anisotropy is calculated from  the ratio between tiie in-piane and 
the out-of-plane yields o f  the y-ray counters;

(2)
yj-pk

In two cases, the com bination o f tw o y-ray detectors in coincidence with one partióle 
counter were considered ( Ĵ y2 -P 2/^ y i-P 2 -p i/^w -p i)- These m easurem ents
were sensitive to the efficiency o f the N a l detectors but were insensitiva to differences 
in the solid angles, angular positions or gains o f the Si counters. Two other com bina­
tions involved the use o f one N al in coincidence with two particle detectors 
^vi-P 2 ^ 72-P 2/^v 2 -pi)- *̂ his case the results had  to  be corrected for differences 
in the singles yÍQlds o f  the Si detectors but they were insensitive to  variations in the 
efficiency o f  the y-ray detectors. To reduce both  statistical and system atic errors, 
averages o f  the different types o f  m easurem ents were used and the uncertainties 
reduced accordingly.

Particle detector 3, the AE-E  telescope, was not utilized to  m easure either the 
m ultiplicity o r the anisotropy due to  the larger uncertainty in its energy calibration 
caused by the additional detector. N al(3) was mainly used to  assess the m agnitude 
o f  the corrections resulting from  the D oppler shift The detector com bination 
S i(l)-N al(3) gave rise to  the largest correction. D oppler shift corrections for the 
o ther com binations were less than  the statistical uncertainties. D ata  from  N al(3) 
(not shown) were also used to  verify the in-plane isotropy o f the y-ray angular 
d istribution  and to  obtain  a 30° out-of-plane da ta  point [Si(2), N al(3)].

2.4. E L E C T R O N IC S

To accum ulate particle-y coincidences and particle singles data, s tandard  linear 
and logic electronic m odules were used as shown in fig. 3. The logical “ O R ” o f the 
constant-fraction tim ing signáis from  each o f the three Si detectors was used to  
start four TACs. Each y-ray detector stopped a separate TAC. Particle singles da ta  
could be “ scaled dow n” by powers o f  tw o in order to  reduce the density o f  singles 
events on m agnetic tape. The logical “ O R ” from  these scale-down m odules o r the 
logical “O R ” from  the valid TA C ou tpu ts generated a “m aster gate” signal which 
opened all o f  the linear gates. L inear signáis from  each particle detector, each y-ray 
detector, and each TA C  were presented to  a 16-channel multiplexer. Each o f these 
12 param eters was digitized sequentially in an 800 M H z A D C  which was interfaced 
to  a M O D C O M P IV/25 Computer in a direct m em ory processor m ode. In addition ,

60 R. J. M cD onald et al. ¡ Spin fluctuations
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Fig. 3. Schem atic d iagram  o f  the m o d u la r electronics d a ta  acquisition  system. The “ A SC ” in each linear 
channel is a  com bination  o f  am plifier, SCA, and slow coincidence; G  =  linear gate, SD  =  scale-dow n 

logic signal, V T =  valid-TA C  logic, Tag (n) =  T agw ord logic, TS =  T A C  and  SCA.

a “ tagw ord” , constructed by different bits being set for each partióle detector and 
valid TA C received, was appended to  the stored event. Particle singles could be 
reconstructed by gating on proper valúes o f  the tagword.

2.5. D A T A  A C Q U IS IT IO N  A N D  A N A L Y SIS

These 13-param eter event-by-event da ta  were w ritten on  m agnetic tape in 1000-
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word blocks via the program  C H A O S developed at this laboratory. The exten- 
sive m onitoring features o f  this program , including gated spectra, were used to 
m onitor p roper operation  o f all detection systems throughout the experim ent. A 
high-speed off-Hne sorting program  (EVA =  EVent Analysis) was used to 
break out various subsets o f  the data. These results were displayed, printed, piotted 
and analyzed (e.g., summed, com pressed, etc.) by the program  SUSIE

3. Experimental data

3.1. PA R T IC L E  E N E R G Y  SPEC TR A

Fig. 4 shows the energy spectra obtained before (23°), a t (27°), and behind (31°) 
the grazing angle (see table 1). A strong elastic peak is observed before and at the 
grazing angle. The width o f the elastic peak was determ ined mainly by the angular 
acceptance o f the Si detectors, which was originally chosen to be ± 3 .4 °  for the 23° 
data. This resulted in a FW H M  of ~  60 MeV for the elastic peak. Since adequate 
beam current was available, the acceptance angle was decreased to  + 2 .2 ° for the 
27° and  31° data, thus im proving the resolution to  ~  40 MeV. As was observed for 
o ther systems ^^) with sim ilar ratios o f  kinetic to  C oulom b barrier energies, the 
broad  quasi-elastic (QE) and deep-inelastic (DI) com ponents overlap som ewhat. 
This effect may be observed in the particle spectra as a function o f  lab angle (see 
fig. 4). A t 23°, the quasi-elastic and deep-inelastic com ponents form  a wide shoulder

Fig. 4. L abora to ry  energy spectra fo r H o-like fragm ents detected a t  three angles.



on the elastic peak. A t 31°, both  the elastic and m ost o f the quasi-elastic com ponents 
have disappeared, leaving only the lower energy deep-inelastic peak.

Analysis o f  the A E  versus E  da ta  showed tha t the centroid o f  the charge distri- 
bution  o f the product fragm ents stayed nearly constant and tha t the w idth increased 
w ith increasing energy loss. W ithin the D I región, the FW H M  of the charge distri- 
bution  was ~  10 Z-units. These results are consistent with those o f  ref.
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Fragment spin { ' f \ )

Fig. 5. Schem atic d ia g ra m o f th e £ * - /p la n e s h o w in g  the  región p o p u la te d b y  the  ‘*’’ H o  + ‘^^H o reaction  
a t 8.5 M eV /am u. A n exam ple is show n for the decay o f  a Q E event (a) and  also for a  D I event (b). The 
región popula ted  by a representative com pound-nucleus (C N ) reaction  is also show n. T he p ro jec tion  on 
the o rd inate  represents the relative Q E and  D I cross sections observed a t 27° in the lab. The low er detall 

stresses characteristics o f  the  y-ray decay process.



3.2. G A M M A -R A Y  S PEC TR A

F or nuclei a t high spin, the m any available decay paths dilute the intensity of 
discrete lines, and an unresolved spectrum  is all that one observes even with a Ge(Li) 
detector. In order to understand the inform ation content o f  these unresolved transi- 
tions, it is usefui to plot the possible excitation energy versus angular m om entum  
for a fragm ent produced via a deep-inelastic reaction. A schematic diagram  o f this 
E*  versus 1 plañe and two examples o f the subsequent decay for a quasi-elastic 
event (a) and a deep-inelastic event (b) are shown in fig. 5. Even for a fixed bom bard- 
ing energy, a large región o f  the f * - /p la ñ e  can be populated in the ’'^*Ho+ “ ^®Ho 
reaction process at 8.5 M eV /am u, as indicated by the closed curve in fig. 5. A much 
m ore restricted región is populated in a com pound-nucleus reaction where the 
excitation energy is fixed by the beam energy (shaded area o f  fig. 5). F o r 27°, the 
projection on the E*  axis is shown to the left o f  this figure. An expanded view o f the 
lower portion o f  the E*- I  plañe indicates details o f  the y-ray decay process.

F o r neutron-excess nuclei around  mass 160, m ost o f the available excitation 
energy is expected to  be carried off by neutrón emission. This process cools the 
nucleus, decreases its angular m om entum , and introduces a small random  com- 
ponent in the spin distribution. N eutrón  evaporation proceeds until the so-called 
“ entry-lim it” (dashed) is reached, a región ~  8  MeV above the yrast Une (solid), 
below which y-ray deexcitation starts to  dom inate. Because the entry limit and  the 
yrast line are intrinsic nuclear properties, independent o f  the reaction m echanism , 
the subsequent y-ray cascade from  a D I product should be the same as tha t ob-

8.5M eV /A  '®^Ho + '®®Ho

64 R. J. M cD onald  et al. I Spin fluctuations

Fig. 6. (a) C om parison  o f  in-plane and  ou t-o f-p lane y-ray spectra in coincidence w ith fragm ents having 
a  Q -value o f  ~  — 125 MeV. D a ta  po in ts are  show n only fo r the in-p lane spectrum . [N o te  th a t the  vertical 
scale o f  the  corresponding  figure w hich appears in r e f  is in e rro r  by a  facto r o f  10.] (b) In -p lane 

y-ray spectra  for various g -v a lu e  regions norm alized  to  the average y-ray m ultiplic ity  <M j>.



served for the same com pound nucleus product 2 4 . 3 4 - 3 6  ̂ These transitions can 
be divided into two types, as shown in the lower part o f fig. 5. The “ statistical” 
transitions cool the nucleus with little o r no loss o f angular m om entum , while the 
yrast and yrast-like transitions are mainly stretched E2 y-rays which reduce the 
nuclear spin and carry off excitation energy. F rom  com pound nucleus studies, the 
statistical transitions have been shown to be predom inantly  a m ixture o f  stretched 
and non-stretched E l transitions whose intensity falls off exponentially with 
increasing y-ray energy above 2 MeV. F o r deform ed nuclei the yrast and yrast-like 
transitions are predom inantly stretched E2 y-rays which form  a “ bum p” in the 
energy spectra below ~  2 MeV.

Figure 6 (a) shows an in-plane and an out-of-plane y-ray energy spectrum  in 
coincidence with D I fragm ents at 27° and for a Q-value gate o f  —148 
MeV < Q < —103 MeV. A com parison between the in-plane and  out-of-plane 
spectra shows tha t the high-energy región (2-5 MeV) is essentially isotropic, whereas 
the low-energy región contains a “ bum p” which is significantly m ore pronounced 
in plañe. These spectra can be interpreted as follows; The isotropic high-energy 
tail is caused by statistical transitions. The bum p is caused by the yrast-like and 
yrast transitions, and their in-plane dom inance is due to  the fact th a t for nuclei 
whose spins are nearly aligned perpendicular to  the reaction plañe, the stretched E2 
angular d istribution peaks in plañe.

In-plane y-ray spectra, norm alized so tha t the integral o f each curve is equal to 
the average m ultiplicity <M^>, are shown in fig. 6 (b) for several ^ -value  regions. 
In each o f these spectra there is an obvious E2 bum p whose high-energy edge moves 
to  higher energies as the g -value increases. W ithin the deep-inelastic región ( — 400 
MeV < Q <  - 1 5 0  MeV) the upper edge o f the E2 bum p is constant. Since cc /  
for ro tational nuclei, the y-rays deexciting the states o f  highest spin occur on the 
upper edge o f  the E2 bum p. The edge o f  the bum p, by m oving to  higher energies 
with increasing Q-value, implies th a t the spin transfer also increases. F o r very 
large 0 -values where the upper edge o f the bum p is stable, the spin transfer has 
saturated. This dependence o f spin transfer on the reaction Q-value is seen m ore 
clearly in the y-ray m ultiplicity data  presented in subsect. 3.4.

R ecent studies o f  unresolved y-ray energy spectra from  com pound nucleus 
reactions have shown th a t these spectra contain quantitative Inform ation on the 
num ber o f  statistical transitions in the y-ray cascade ^^). Fig. 7 indicates how the 
num ber o f  statistical transitions was extracted by fitting the da ta  w ith the empirical 
form   ̂ o f  the E l spectrum

P { E ; ) ^  C E ] t x v i - E J T ) ,  (3)

where T  is an  effective tem perature which turns out to  be 0.6 M eV and C is a nor-

’ T he valué o f  the  exponen t used is a  subject o f  controversy , as discussed in ref. ^®). O u rre su lts  would 
n o t differ significantly even if valúes o f 3, 4, o r  5 were used instead  o f  2, particu larly  since we exelude the 
low energy y-rays.
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(M eV)

Fig. 7. D ecom position  o f  the y-ray spectrum  to  yield the num ber o f  sta tistical transitions (p ro p o rtio n a l to
the area  under the  dashed line).

m alization constant. The integral o f  P(E^), norm alized to  fit the data  at >  2 
MeV, equals the num ber o f  statistical transitions in the spectrum  (two times the 
num ber per fragm ent). These results as a function o f  Q-value are tabulated  in table 
2. Over the 0-value región - 6 0  M eV to -4 2 5  MeV, the fraction o f  statistical 
transitions is nearly constant ( ~  17 %). However, the num ber o f  these E l transi­
tions per fragm ent increases from  1.5 to 2.7. Recent results from  com pound nucleus 
studies also dem ónstrate that the num ber o f  statistical transitions increases with 
the excitation energy o f the product nucleus

T a b l e  2

N u m b er o f  statistical transitions above 0.3 M eV, per fragm ent, extracted from  the y-ray spectra for
d ifferent g -v a lu e  bins

2  ( - M e V ) N um ber o f  
sta tistical transitions

F rac tio n  o f  the to ta l 
num ber o f  transitions

2 0 - 59 1.4 0.29
60-103 1.5 0.16

104-147 2.2 0.16
148-191 2.5 0.16
192-232 2.7 0.17
233-276 2.7 0.18
277-325 2.7 0.19
326-^25 2.7 0.20
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Fig. 8. A com parison  betw een the raw  (squares) and  “ unfolded” (circles) y-ray energy spectra.

3.3. “ R A W " V ERSU S “ U N F O L D E D " y-RAY SPEC TR A

A lthough the collimated large-volume N al detectors used in this experiment 
exhibited good photopeak-to-total ratios ( ~  50% ), the energy spectra were still 
contam inated by C om pton events. The “ raw ” spectra were “ unfolded” ” ) utilizing 
the measured response function o f the detector and a 0.3 MeV lower threshold. This 
produces an efficiency-corrected unfolded spectrum. The raw y-ray energy spectra 
resemble the unfolded spectra very closely as is shown in fig. 8.

F o r the 27° data, valúes o f <My> and anisotropy were obtained for both raw and 
unfolded data  and were found to be identical within experimental uncertainties. 
Consequently, data  from the other angles were not unfolded, and no distinction will 
be m ade between raw and unfolded data in the rem ainder o f this paper.

3.4. G A M M A -R A Y  M U L T IP L IC IT Y

Studies o f com pound nuclei have shown that within the heavy rare-earth región 
o f the periodic table, the average y-ray multiplicity is linearly related to  the
nuclear spin Consequently, for DI reactions in which both fragments are
in the heavy rare-earth  región, <(My) is linearly related to +  ^
row) shows the m easured valúes o f the in-plane multiplicity [M^(90°)] and the out-
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Fig. 9. C om parisons am ong the  da ta  a t 23°, 27° an d  31° as a function  o f  reaction  g -value , T he to p  row  
represen ts A/^(90°) (filled circles), M,,(0°) (open circles), and  the angle in tegrated  y-ray  m ultipHcity 
< M p  for > 0.3 M eV (solid line). T he cen ter row  show s the spin per fragm ent after n eu tró n  em ission 
(solid hne) derived from  <M ,> and  the spin p rio r to  neu trón  em ission (dashed Hne). T he b o tto m  row  

show s the  y-ray an iso tropy  fo r the  región 0.6 <  £ ,  <  1.2 MeV.

of-plane m ultiplicity [M^(0°)]. A strong enhancem ent o f y-rays in the reaction plañe 
is observed for m ost g -value regions. This enhancem ent is due to the fact th a t the 
nuclear spin is nearly aligned perpendicular to  the reaction plañe and thus produces 
an in-plane peaking o f  the y-ray intensity for stretched E2 transitions. The angle- 
integrated y-ray m ultiplicity (solid line) was derived from  A f/90°) using the 
angular d istribution  function described in sect. 4. F o r particles detected a t 23°, 
27° and  31° (top  row, fig. 9), the y-ray multiplicities have similar valúes and  rise



rapidly with increasing g-value in the QE región, peak in the DI región, and de- 
crease som ewhat for very large g-values.

Fig. 9 (center row) shows the fragm ent spin immediately prior to  y-ray emission 
(sohd lines) for each o f the three anglas. These fragm ent spins were deduced from 
the y-ray m ultiplicities as fo llow s:

</> =  <M^> +  2 //-2 /7 ,  (4)

where </> is the average spin for one o f  the fragm ents, <A/^> is the angle-integrated 
average y-ray multipHcity for both fragm ents, H  is the num ber o f  transitions per 
fragm ent hidden below the 0.3 MeV threshold (set off-hne to  exelude backscatter 
events), and b  is the num ber o f  statistical transitions per fragm ent extracted from  
the analysis o f the y-ray energy spectrum  (see subsect. 3.2 and table 2). The valué 
o f  H  was estim ated to  be three by inspection o f the decay schemes for nuclei 
with mass num bers between 150 and 165. To determ ine the fragm ent’s spin before 
neutrón  emission, the spin derived from  the m easurem ent o f  (M ^) was corrected 
for the angular m om entum  carried away by evaporated neutrons The dashed 
line in fig. 9 (center row) represents the pre-neutron emission spin valúes. The rapid 
rise o f  fragm ent spin with increasing g-value indicates th a t the angular-m om entum  
transfer is strongly coupled to  the energy dissipation process.
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3.5. G A M M A -R A Y  A N IS O T R O P Y

F or a perfectly aligned system, the stretched E2 angular d istribution with 
respect to  the direction o f the nuclear spin is given by

=  | [ l - c o s ^ a ] .  (5)

This expression is norm alized such tha t |  F or a puré E2 cascade
and a perflectly aligned system the anisotropy [ W^e2(90°)/^^e2 (0 °)] is infinite.

M easured valúes o f  the y-ray anisotropy for 0.6 M eV < < 1.2 M eV are 
shown in fig. 9. This restriction on enhances the y-ray anisotropy since this región 
is strongly enriched in E2 transitions ( ~  90% ). F o r all three particle detection 
angles, the Q-value dependence o f the anisotropy is similar. In the Q E región, the 
anisotropy risas with increasing g-value and peaks a t a m áxim um  valué o f  ~  2.2. 
In the D I región, the anisotropy dacreases with increasing g-value and approaches 
unity a t the highest g -value. The poor statistics o f the 31° data  is due to the fact 
th a t a t this angla the Q E región is only weakly populatad and tha t only one com bina- 
tion  o f  detactors provided us with anisotropy data  com pared to  four com binations 
a t the o ther anglas.

C om paring the g -value dependanca o f  </> and  o f  the anisotropy, one observes 
th a t both  the anisotropy and </> increase through the QE región, while the anisot­
ropy decreases and  </> saturates in the DI región. The intial risa o f  both  tha spin 
transfer and  the anisotropy indicates tha t during the early stages o f  energy dam ping
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Fig. 10. A schem atic d iagram  o f  the m ajo r tim e scales im portan t to  understand ing  the  y-ray an iso tro p y
d a ta  and  the  reaction  process.

there is a rapid buildup o f  aligned spin, as predicted by friction models. The subse- 
quent fall o f  the anisotropy at larger Q-values suggests that the aligned com ponent o f  
the transferred spin has saturated  or is decreasing, whereas random ly oriented 
com ponents continué to  increase.

4. Theoretical considerations

In order to  calcúlate a theoretical radiation pattern  to  com pare with the experi­
m ental anisotropy data , we m ust analyze the entire reaction and deexcitation process. 
It is useful to  divide this process into three time frames as shown in fig. 10. W ithin 
the first time period ( ~  10“ ^  ̂ sec), some energy o f relative m otion is transferred 
into excitation energy {£*)  and some orbital angular m om entum  (L) is transferred



into intrinsic spin o f  the fragments. A lthough friction models predict th a t the trans- 
ferred spin is aligned perpendicular to  the reaction plañe, several experim ental 
studies have indicated a depolarization effect tha t occurs on the same
time scale as the heavy-ion interaction time. This “ prim ary” depolarization  effect 
may be associated with different physical c a u s e s e . g . ,  dynam ical 
processes, quantal fluctuations and nonequilibrium  or equilibrium  statistical 
effects. In this paper, we will in terpret the data  in term s o f  the statistical equilibrium  
model o f ref. '^ ) which represents the long-tim e limit which all o ther m odels should 
approach if the same collective degrees o f  freedom are considered.

A fter the ro tating  dinuclear system separates, the excited nuclei undergo particle 
emission as depicted in the second time región shown in fig. 10 ( ~  10“ ®̂ to  10“ 
sec). W ithin this time frame, the product nuclei undergo particle decay, mainly 
neutrón emission. The emission o f neutrons decreases the average fragm ent spin 
</>, decreases its z-com ponent </,>, and adds a neutron-induced dispersión, 
to  the spin com ponents. These effects cause an additional “ secondary” misalign- 
m ent o f  the fragm ent’s spin.

The th ird  time región shown in fig. 10 ( ~  10 to  10“ '’ sec) is dom inated  by 
)’-ray deexcitation. The experim ental observables, namely the y-ray energy spectra, 
multiplicities, and anisotropies, are generated during this tim e frame. The m agnitude 
and direction o f the fragm ent spin immediately prior to y-ray emission is determ ined 
by the prim ary and secondary m isalignm ent mechanisms. Thus, in order to  study 
any “ prim ary” depolarization, we m ust understand time frames II and III well 
enough to  relate the observables (time fram e III) to effects which occurred during 
time fram e I.

4.1. P R IM A R Y  S PIN  M IS A L IG N M E N T  M E C H A N IS M

The spontaneous fission o f ^^^Cf (7” =  0"^) produces fragm ents which have 
~  l-%h o f  angular m om entum  oriented perpendicular to  the fission axis This 
angular m om entum  is m ost likely generated by the bending oscillations o f  the 
fissioning nucleus. Recently, Berlanger et al. ^) proposed tha t the same effect may 
arise during the prim ary deep-inelastic reaction process. M ore generally, M oretto  
and  Schm itt ^®) have proposed th a t a num ber o f  therm ally excited angular-m o- 
m entum -bearing collective m odes associated w ith the dinuclear complex (wriggling, 
tilting, bending and twisting) generate random ly oriented com ponents o f  angular 
m om entum . This model describes the ro tating  dinuclear system in term s o f  tw o equal 
touching spheres whose internal degrees o f freedom  are equilibrated during the 
nuclear interaction time, labeled tim e fram e I on fig. 10. The resulting equilibrium  
probability  d istribution for the spin com ponents o f  the fragm ents is

I I  ¡I  ( / , - < / . » ^
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P ( I J J , )  ce exp
l a l  2c)  l a \

(6)



where the coordínate system is defined such that the z-direction is perpendicular to 
the reaction plañe, and the x-direction is the line between centers a t the tim e o f 
separation.

The variances for the three coordinates are related to  the rigid-body m om ent o f 
inertia ( J )  for ene fragm ent and the nuclear tem perature (T).  F o r a sym m etric exit 
channel and two touching spheres the three variances are

al  = f . / r ,  (j2 ^  ^2 ^

4.2. S E C O N D A R Y  SPIN  M IS A L IG N M E N T  M E C H A N IS M

D uring time fram e II, the nucleus cools by em itting neutrons. To obtain  the 
average num ber o f  neutrons em itted <«>, we assum ed tha t one neutrón is em itted 
for each 12 M eV o f excitation energy above the yrast line. N eutrón  evaporation 
decreases the nuclear spin </> and increases its dispersión a. N eutrón evaporation  
corrections were calculated using the m ethod o f re f

4.3. SPIN  PR O B A B IL IT Y  D IS T R IB U T IO N  F U N C T IO N

F or two equal touching spheres the three variances are approxim ately equal as 
indicated by eq. (7):

a" ^  a l  ^  a] 2̂  J T  = (8)

The variance al  associated with neutrón emission is added in quadra tu re  to  the 
therm ally induced producing an overall variance a^. The o ther param eter needed 
to  define the spin d istribution  function is the average aligned com ponent </.>. Its 
valué is deduced from  the experim ental valué o f  </> [eq. (4)] using
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which yields, explicitly

4.4. G A M M A -R A Y  A N G U L A R  D IS T R IB U T IO N S

Using the above spin probability  d istribution  function, a theoretical expression 
for the continuum  y-ray angular d istribution has been derived in detail in re f  
Thus, only a brief sketch o f  the derivation is given below.

’ Very littie charged particle em ission is expected, possibly ~  0.1 a-partic le  per reaction . A ccording  
to  the m odel o f  B lau and  M oretto  th is w ould n o t significantly affect the results, particu larly  since 
any a-partic le  em ission w ould result in less n eu trón  em ission.



For an ensemble o f  aligned nuclei, decaying via stretched E2 transitions, the 
angular d istribution W¡:2 (ix) is given by eq. (5). If a d istribution o f  spins is considered, 
W¡:2 (oc) m ust be folded into this spin probability  d istribution function. The angie a 
between the direction o f a spin vector and the direction o f observation may be 
expressed in term s o f the polar coordinates o f  the spin 6', (f)' and those o f  the observa­
tion direction 6, (j). The resulting angular d istribution is given by

f
W¿2Í0, (j)) =  W^2Í^{0, (j), 6', (t>')]P(I', d', (¡)')d^r. (11)

Using the d istribution function given by eq. (6), the resulting angular d istribution 
W¿2Íd,4>) depends on the param eter Since some fraction /  o f the total
num ber o f  y-rays is com posed o f isotropic transitions, the final angular d istribution  
becomes

W{d,(l>) = ( l - n ^ ' ^ 2 ( 0 , ( l } ) + f .  (12)
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4.5. M O D E L  C A L C U L A T IO N S

In order to  calcúlate the therm al variance [eq. (8)], the m om ent o f inertia is 
calculated assum ing th a t each fragm ent is a rigid sphere o f  radius r = \.2 where 
A  is the mass num ber o f the fragment. The tem perature is calculated from the excita- 
tion energy (£ *  =  - ^ Q )  and the ro tational energy (Eg) by

E * - E f ^  = a T \  (13)

where “a ” is the level density param eter taken to  be ^A.
The calculation proceeds iteratively from  the following inputs; the y-ray m ulti- 

plicity at 90° [Mj,(90°)], the num ber o f E2 transitions below the 0.3 MeV threshold 
(estim ated to  be three), the num ber o f statistical transitions (obtained from  the data) 
and the g-value. W ithin this iteration loop, W(d, (¡)), <M^>, </¡> (spin before 
neu trón  evaporation, </f> (spin after neutrón evaporation), <^>, E^, and <«> are 
calculated. These valúes are then used to  calcúlate the anisotropy.

5. Discussion

5.1. G A M M A -R A Y  A N IS O T R O P Y

Fig. 11 shows experim ental valúes o f  the anisotropy for E^ > 0.6 MeV com pared 
to  several stages o f  the model calculation. The solid line represents the com plete 
calculation, including both  the prim ary and secondary depolarizations and the 
m easured fraction o f statistical transitions. This calculation reproduces the in- 
creasing anisotropy in the QE región, its peaking, and subsequent decline in the 
D I región. The lower cu toff o f  0.6 MeV y-ray energy was selected for com parisons
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Fig. 11. Experim ental and  calculated valúes o f the  an iso tropy  versus g -v a lu e  for >  0.6 M eV. T he solid 
line represents the com plete calculation. T he d o tted  line includes the secondary m isalignm ent. and  the 

dashed line represents full alignm ent. Sea text.

w ith the model since additional uncertainties (e.g., possible loss o f  alignm ent due 
to  hyperfm e interaction) are associated with these low-energy y-rays

In order to ¡ilústrate the relative im portance o f  the prim ary and secondary de- 
polarization  mechanisms, the input conditions were changed to  sim úlate the dif- 
ferent m isalignm ent sources. The calculation which om its both  the prim ary and 
secondary depolarization processes (dashed line) illustrates the effect tha t statistical 
(E l)  transitions have in reducing the anisotropy from infmity, the valué expected 
for puré E2 transitions. This calculation overestim ates the data  by alm ost a factor 
o f  three. If  the m isalignment due to  neutrón evaporation is also included, the calcu- 
lated anisotropies decrease (dotted line) but still overstim ate the da ta  by a factor 
o f  two. A fter adding the therm al m isalignm ent, the calculation (solid line) is in 
good agreem ent with the data. N ote  that in these calculations <7,̂  is scaled dow n as 
</.> decreases due to  neutrón emission. This correction was not included in a previous 
calculation ^®).

The uncertainties in the calculation were estim ated from  realistic variations o f 
the input param eters (subsect. 4.5) and were found to  be o f the same m agnitude as 
those shown for the data  points. The sensitivity o f the calculations to  the valué o f  
the m om ent o f inertia is o f  special interest because this quantity  depends on both  
the shape and the mass o f  the fragm ents. The description o f  heavy-ion reactions by 
m eans o f  the simplified picture o f  two spheres necessarily neglects im portan t features 
o f  the process. Indeed, there is extensive evidence for large deform ations o f  the nuclei 
a t their scission configuration following a DI reaction in  addition, the as-
sum ption o f a fixed m ass partition  between the fragm ents does not take into ac- 
count the d istribution o f  masses observed in the exit channel. A crude estim ate o f 
the uncertainties introduced by these approxim ations can be m ade by considering



small variations o í  J  about its rigid-sphere valué for mass num ber 165. Changes o f 
± 1 5 %  in J  change the calculated anisotropy by <  1 % throughout the entire 
^ -value  región. F o r a fixed mass partition , a + 1 5 %  variation in the principal 
m om ents o f  inertia corresponds to  an ellipsoidal deform ation with an axis ratio  of 
1.35 to  1. A lternatively, if only spherical shapes are considered, the same interval 
in J  corresponds to  a change in atom ic num ber o f ±  5 units.

In light o f  the agreem ent between the model calculation and the data, it is in- 
structive to see if the model can reproduce data  for a similar symmetric system. 
Aguer et al. m easured continuum  y-rays from  symmetric fragm ents o f  mass 
~  160 produced in the ^^^Xe+^'^^Au reaction at 7.8 M eV/am u. Because o f the 
large mass transfer required to  reach symmetry, symmetric fragm ents were only 
observed a t large 0-values. Using their m easured valúes for <M,,> and Q, our 
m odel predicts an  anisotropy o f ~  1.5 which agrees well with their m easured 
anisotropy o f 1.4 +  0.2 for the g-value región - 2 8 0  MeV < Q < - 1 4 0  MeV.

The )’-ray anisotropy has been m easured for several o ther systems  ̂ 1 9 . 2 1 )
having asym m etric final states. In its present form , the m odel cannot be used to 
calcúlate the anisotropy for these systems. However, these data generally exhibit 
qualitative features sim ilar to  those obtained for the H o +  Ho system. F o r example, 
continuum  )’-rays from  the system K r +  Er by Puigh et al. showed a sim ilar 
dependence o f  the anisotropy on the 0-value. A peak valué o f  ~  1.46 was observed 
for the continuum  y-ray anisotropy. This peak valué is smaller than  tha t observed 
for the H o +  H o system, possibly due to  a smaller fraction o f  stretched E2 
transitions being em itted from  products from  the K r +  Er system. Discrete 7 -ray 
transitions from  this system yielded larger anisotropies ( ~  2) but with large uncer- 
tainties.

M easurem ents o f  discrete y-rays from  the system '® 0 +  '’'^Ti by Puchta et al. 
revealed a sim ilar trend for the anisotropy versus g-value. For this light system, a 
large peak anisotropy ( ~  4) was observed a t low g-values ( ~  - 3 0  M eV) which 
decreased to  unity by — 50 MeV.

5,2. SPIN  A L IG N M E N T

The understanding o f the degree o f  spin alignm ent in term s o f the m easured 
anisotropy is som ew hat obscured by the highly nonlinear relationship between 
them. A better insight into the physical situation can be obtained through the 
evaluation o f quantities m ore directly related to  the spin d istribution  itself. Am ong 
them , the m ost significant are the average aligned com ponent o f  the spm « 4 » ,  
the variance (a^), and the alignm ent param eter defmed as

N ote tha t P ,,  ranges from  1 for a perfectly aligned system to O for the case o f  com ­
plete misalignment.
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Fig. 12. E xtracted  valúes o f  the  alignm ent p aram eter p lo tted  versus 0 -value . The solid line represents 
a com plete calculation , the dashed line does no t include neu trón  effects, and  the do tted  line does no t include

the prim ary  m isalignm ent. See text.

In fig. 12, three different curves o f  as a function o f 0-value, corresponding to 
different situations, are shown. The dashed line was calculated including only the 
effect o f  them ial m isalignm ent (crf̂  ^  O, cr̂  =  0). This curve describes the align­
m ent o f  the system after the collision process itself and before the decay by neutrón  
emission. The alignm ent increases rapidly across the quasielastic región and then 
falls slightly at higher 0-values. This behavior is interpreted as follows: A t small 
g-values little or no angular m om entum  goes into intrinsic spin o f  the fragm ents, 
and  consequently there is little spin alignm ent. F o r m ore inelastic collisions a 
progressively larger am ount o f angular m om entum  is converted into spin, which is 
preferentially aligned perpendicular to  the reaction plañe. F or even larger g-values, 
the therm al production o f  random ly oriented com ponents dom inates, causing a 
slow decrease in the alignm ent.

A sim ilar in terpretation  applies to the behavior o f  after neutrón emission 
(solid curve). Since neutrón  emission increases the spin m isalignm ent, and  the 
num ber o f  em itted neutrons increases with g-value, the fall o f the alignm ent for 
large Q-values is m ore pronounced. This divergence o f  the two curves a t large Q- 
values refiects the im portance o f the secondary m isalignm ent in explaining the 
observed large decrease in the anisotropy across the D I región. It should be noticed 
th a t this result is no t in contradiction with our previous statem ent on the relative 
im portance o f  prim ary and secondary misalignm ents. Indeed, for very inelastic 
events, neutrón emission significantly decreases the anisotropy. However, the 
m agnitude o f  the anisotropy is still controlled by the prim ary process as discussed
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Fig. 13. The solid line (1) represents the spin transfer </> before neu trón  em ission a t 27°. T he dashed 
(2) and  d o tted  (3) hnes represen! the ex tracted  valúes o f  the aligned com ponent <4> p rio r to  neu trón  
evapora tion  an d  o f  < 4>  after neu trón  em ission, respectively. L ine (4) represents the dispersión  caused 
by the prim ary  m isalignm ent <t,„. L ine (5) represents the dispersión due to neu trón  em ission <t„. See tect.

in subsect. 5.1 and illustrated in fig. 11. To m ake this point clear, the dotted  curve 
in fig. 12 shows the expected valúes o f if ene assumes tha t neutrón emission is 
the only source o f m isalignm ent (crf̂  = O, =/= 0). A com parison between the 
dashed and the dotted  curves shows tha t the therm al process is significantly m ore 
effective in destroying perfect alignment.

F u rther insight into the angular-m om entum  transfer process is obtained from  
the behavior o f  the different spin com ponents as a function o f Q-value. In fig. 13, 
curve 1 shows the m agnitude o f the to tal spin before neutrón emission as deduced 
from  the y-ray m ultiplicity data. Curves 2 and 4 represent the evolution o f  <4> 
(the aligned com ponent o f  the spin) and (the square roo t o f  the therm al variance) 
respectively. The three curves together (1, 2 and 4) show the relativa contribution 
o f  the aligned and misaligned com ponents to  the pre-neutron-em ission valué o f 
to tal spin as given by eq. (10). For the quasielastic región, as the g -value  increases, 
<4> contributes increasingly to  the total spin </> as com pared to  resulting in 
the rapid rise o f  the alignm ent shown in fig. 12. However, in the deep inelastic 
región where the to tal spin m agnitude saturates, the increasing con tribu tion  o f 
(Tjh with the tem perature causes <4> to  slowly decrease. C orrespondingly, the align­
m ent, as m easured by decreases somewhat.

The valúes o f  <4> after neutrón emission (curve 3) and o f  a„ (curve 5) are also 
show n in fig. 13. The emission o f a large num ber o f neutrons removes substantial 
am ounts o f  aligned spin, especially for large excitation energies. Since the align-



m ent is a function o f  the ratio this result indicates tha t the contribution  o f
neu trón  evaporation to  the m isalignm ent process is m ore a consequence o f  the 
reduction o f </^> than  o f  the increase o f  the variance caused by the in troduction  o f 
(T̂ . Finally, one should notice the different behaviors exhibited by the two com po- 
nents o f the total variance W hile the therm al com ponent is the dom inant 
term  over the whole ^-value  range, its relative change with energy is m uch smalier 
than  tha t o f cr .̂ The valué o f the ratio drops from approxim ately 46 to  3.6 in 
going from Q = - 4 0  MeV to 0  =  - 3 7 0  MeV.

In sum m ary, the dependence o f  </> and </,> on the reaction ^-value  as well as 
the interplay between the prim ary and  secondary m isalignm ent m echanism s gives 
rise to  the following picture o f  the spin transfer process. A t low 0-values, where 

is negligible, the rise o f  both  the alignm ent and the y-ray anisotropy is inter- 
preted as due to  the rapid buildup o f  aligned spin relative to the slow increase o f 
0 -,̂ . A t large excitation energies, where the m agnitude o f  the spin saturates, 
becomes com parable to  cTj,,. The increased total cr com bined with the rem oval o f 
aligned spin by neutrón emission results in a substantial decrease o f  the alignm ent 
causing the anisotropy to  plum m et.

6. Conclusión

C ontinuum  y-ray m ultiplicity and anisotropy techniques have been used to  study 
the m agnitude and alignm ent o f  transferred angular m om entum  in the reaction 
“ ’^H o+ ^^^H o  at 8.5 M eV/am u. A large anisotropy ( ~  2) was observed a t a Q- 
value o f  ~  - 1 5 0  MeV, whereas a low anisotropy was observed a t m uch higher 
0-values. This may be interpreted as being due to a change in nuclear spin alignm ent 
as a function o f  ^-value.

These da ta  were com pared to a statistical equilibrium  model calculation which 
predicts the generation o f random  com ponents o f  angular m om entum  introduced 
by the therm al excitation o f  angular-m om entum -bearing collective m odes. The 
fraction o f  statistical (E l) y-rays was extracted from  the data  and corrections for 
neutrón  emission were included in the calculations. These procedures significantly 
reduced two sources o f  uncertainty associated with previous works. G ood agree- 
m ent between experim ent and theory was obtained only when the effects o f  therm ally 
induced random -spin fluctuations were included in the calculations.

The following picture o f  the angular m om entum  transfer process emerges; A t 
low Q-values, the transferred aligned angular m om entum  increases rapidly with 
increasing energy dissipation until it reaches a m áxim um  at g  =  ~  —200 MeV. 
W ithin this región, the random  spin com ponents rem ain relatively small so the 
aligned spin com ponent dom inates and produces a large anisotropy for the observed 
y-rays. A t larger Q-values, the increasing random -spin com ponents lim it the 
m áxim um  nuclear alignm ent and thus the y-ray anisotropy. The increasing num bers 
o f  em itted neutrons decrease the aligned spin and  increase the random  com ponents.
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Thus, a t the largest 0-values, the therm ally induced random -spin com ponent along 
with the effects o f  neutrón emission com bine to decrease the spin ahgnm ent substan- 
tially causing the observed y-ray anisotropy to decrease to near unity.
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