
0 2 . S 2 .

N uclear Physics A389 (1982) 120-140 
©  N o rth -H o llan d  Publishing C om pany C .N .E .A . B ib l i o  tc ca

ARCHIVO PUBLICACIONES

N»

A

INTRINSIC FRAGMENT SPINS GENERATED IN THE REACTIONS 
OF "“Ne WITH ‘’Uni AND ” *U AT 12.6 MeV/NUCLEON *

D. J. M O R R ISSE Y  G. J. W O Z N IA K , L. G . SO B O T K A , A. J. P A C H E C O  R.J. M cD O N A L D ,
C. C. H SU  ‘ an d  L. G . M O R E T T O

N uclear Science División, Lawrence Berkeley Laboratory, University o f  California, Berkeley, California 94720

Received 19 M arch  1982

A bstract :T he average m agnitude and  alignm ent of the intrinsic spin of the heavy partn er from  the reaction  of 
252 M eV ^°Ne w ith Au and  were determ ined as a  function o f Q-value. These spin valúes were 
extracted  from  sequential fission angular d istribu tions ob ta ined  in coincidence w ith projectile-like 
p roducís. F o r all Q-Values a  large out-of-p lane an iso tropy  was observed, while for large negative Q- 
values an  in-plane an iso tropy  was observed. A very large en trance-channel m ass-asym m etry was 
chosen to  provide a  stringent test o f equilibrium  statistical m odel p redictions for the spin alignm ent. 
T he im portance o f determ ining the direction o f the line-of-centers o f the d inuclear system a t scission is 
discussed. Large valúes o f P ^z  were deduced for all g-values. w as observed to  be positive in the 
quasielastic región and  negative in the deep-inelastic región. T he ex tracted  alignm ent d a ta  are com ­
pared  to  equilibrium  statistical m odel calculations.

N U C L E A R  R E A C T IO N S  Fission ^^“U ,‘^''Au{^°Ne,F), E = 252 M e V ; m easured a  (fragm ent 
£ ), (fragm ent)(fragm ent)-ion, ct(£ ,, <I>„ E^,. <¡>2 ), a{E¡, 4>2, £ 2 . ^ 2 ); deduced fragm ent spin, 

alignm ent versus (Q). In-plane, out-of-plane m easurem ents. E quilibrium  sta tistical model.

1. Introduction

The m easurem ent of particle and y-ray angular distributions associated with 
deep-inelastic collisions (DIC) allows one to  study the process of angular m om entum  
transfer th rough the determ ination of the m agnitude and alignm ent of the fragment 
spins. Large intrinsic spins can be introduced in the reaction producís th rough the 
dissipation of entrance-channel orbital angular m om entum . F rom  mechanical con- 
siderations and  from the rigid ro tation  limit, the fragm ents’ spins are expected to  be 
aligned perpendicular to  the reaction plañe. M isalignm ent of the fragm ents’ spins 
occurs when in-plane com ponents of angular m om entum  are present. These com-
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ponents can be generated either directly by some feature of the reaction mechanism, or 
by nonequilibrium  or equilibrium  statistical fluctuations in the angular-m om entum - 
bearing modes of the dinuclear system.

Experim ental techniques used to  obtain the m agnitude and alignm ent of the transfer- 
red spin include a-particle y-ray®“ ^^) and sequential fission fragment 
angular distribution measurements. The out-of-plane angular distributions of y-rays 
and sequential fission fragments are prim arily sensitive to  the average random  spin 
com ponent. F rom  such studies the g-value dependence of the average misalignment 
has been determ ined

The angular distributions of y-rays and a-particles are ra ther insensitive to differ- 
ences in the in-plane projections of the random  spin c o m p o n e n t^ ) .  In contrast, the 
angular distributions of sequential fission fragments are quite sensitive to  such differ- 
ences in th a t they can produce a substantial in-plane anisotropy. In-plane m easure­
ments of sequential fission angular distributions * ̂  - 1 e) h^ve given conflicting results as 
to the existence of an in-plane anisotropy. An in-plane anisotropy has been 
o b s e r v e d a t  low and m oderate Q-values which diminished at high Q-values. 
However, no ansisotropy was found for a similar system

At present two theoretical explanations for the alignment have been put forth, (a) 
dynamical, based either on the excitation of vibrational modes or on the am ount and

(nriH-mL )/(mH+nn|_)

Fig. 1. The variances of the norm al m odes o f a  dinuclear com plex are show n as a  function o f m ass asym m etry 
o f  the  complex. The variances are  show n in dim ensionless units after división by the  m om ent o f  inertia
of a  m ass-sym m etric spherical fragm ent tim es the tem perature. T he m ass asym m etries o f several reaction  

system s from  recent determ inations o f the spin an d /o r  its alignm ent are  also show n >6 ).



direction of the spin carried by transferred nucleons ^ a n d  (b) equilibrium  statisti- 
cal based on the excitation of m acroscopic norm al modes of the dinuclear system ^
F or the symmetric system ^®^Ho +  ^®^Ho, the out-of-plane angular distributions of 
continuum  y-rays have been interpreted “ ) as evidence for the statistical equilibration 
of the angular-m om entum -bearing modes of the dinuclear system.

In the equilibrium  statistical model, the aligned spins arising from the rigid ro tation  
of the dinuclear system couple to angular m om entum  com ponents associated with the 
therm ally excited norm al modes. For a model of two touching spheres, these norm al 
modes are called bending, twisting, wriggling and tilting^®). The statistical widths 
(cr̂ , (7 y and cr̂ ) of the angular m om entum  com ponents in the usual cartesian coordinates 
are shown in fig. 1 as a function of mass asymmetry ^°). The contributions from the 
individual modes to  the overall widths associated with each cartesian coordínate are 
given by

^ l i l t i n g  *^twisting> ( 1 ^ )

=  ^ b e n d i n g  + '^w r ig g l in g -  ( I b )

W hen the reaction partners have equal masses, the therm al widths are nearly 
equal At large mass asymmetry, becomes much larger than  or (see fig. 1) 
because the statistical excitation of all of the modes except tilting is strongly sup- 
pressed ^°). In particular, a large difference in the m om ents of inertia associated with the 
two partners increases the am ount of energy necessary to excite any m ode in which the 
small fragm ent is forced to  ro tate and /o r a large fraction of the angular m om entum  goes 
into orbital m otion (bending, twisting and wriggling).

The tilting mode corresponds to  a tilting of the disintegration axis out of the plañe 
perpendicular to the total angular m omentum. This m ode is favored at large asym- 
metries because the rotational energies about the symmetry axis and  about an axis 
perpendicular to it tend to  become equal as the mass asym m etry goes to  1. Thus for any 
given tem perature the mean tilting of the decay axis increases w ith mass asymmetry, the 
out-of-plane distribution broadens and the in-plane distribution  becomes anisotropic. 
In addition, this model predicts tha t the máximum in the in-plane angular distribution 
should occur perpendicular to  the line-of-centers of the dinuclear complex.

Consequently, for near symmetric systems, the statistical model predicts a very 
small in-plane sequential fission anisotropy ( ~  1.1/ 1) while, for very asym m etric sys­
tems such as ^°N e-l-‘®’'A u and ^°Ne +  ^^*U, this model predicts a strong in-plane 
anisotropy (2/1). O f course, the in-plane angular distributions of sequential fission 
fragments also depends on the valué of K q (the w idth of the projection of the total spin 
on the separation axis) of the fissioning nucleus ^) which tends to  m odérate the effect of 
differences in (t^ and a y on the in-plane angular distribution. (The much larger relative 
valué of K q  as com pared with <7 is responsible for the insensitivity of sequential a- 
decay to  differences in and a y.)
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In this paper we report m easurements of sequential fission angular distributions 
from the reaction of 252 MeV with and These systems are extremely 
mass-asymmetric and should severely test the predictions of the equilibrium statistical 
model. At the same time the results of this study should shed light on the present 
discrepancy between previous sequential fission studies. In sect. 2 we present the 
experimental details of the m easurements and a description of the da ta  analysis. Sect. 3 
contains the angular distribution results and a discussion of the fitting of the angular 
distributions. The statistical model calculations are discussed in sect. 4 and are com ­
pared to the fitted results in sect. 5. The paper is concluded in sect. 6. A brief report of 
this work has appeared previously
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2. Experimental

A beam of 252 MeV ^°Ne was obtained from the 88" cyclotron at the Lawrence 
Berkeley L aboratory. This beam irradiated either a metallic 915 /ig/cm^ ^®'^Au foil or a 
922 ng/cm^  U F 4 deposit on a 0.5 mg/cm^ alum inium  foil. These thicknesses were 
determ ined by weight. The target was rotated  about the center of the scattering 
cham ber bo th  in-plane and out-of-plane to  minimize corrections to  the energy of the 
fission fragm ents and projectile-like products. For the target with the Al backing, 
these corrections were minimized by orienting the U F 4 deposit tow ards the fission 
fragment detector array  (see below). Projectile-like fragments (PL F) were detected in a 
soHd-state telescope (AE = 1 1  fim, E = 300 /im, dí2 =  3.0 msr) tha t was fixed at 30° to 
the beam. (For the reactions of 252 MeV ^°Ne-l- ‘^’̂ Au and the classical grazing 
angles in the laboratory  are 26° and 30°, respectively.) The resolution of the Z-telescope 
was sufficient to  completely separa te atom ic num bers between 2 and  15; however, it 
was insufficient to  resolve the individual atom ic num bers of the fission fragments.

Fission fragments (FF) were observed on the opposite side of the beam  from the P L F  
in an  array  of 10 Silicon surface-barrier detectors (300 /im). These detectors were held in 
a rigid in verted T-shaped m ount suspended from the top  of a hemispherical scattering 
cham ber lid identical to  the one described in ref. ^). Both arm s of the “T” were arched so 
tha t the fission detectors would rem ain at the same distance from the target when the 
laboratory  angle of the entire assembly was changed. The positioning of the detectors 
was found to be reproducible to  better than  0.5°. The solid angles subtended by the 
detectors were calibrated with sources Am, ^ '^P b  and ^*^Cf) placed in the center of 
the scattering chamber. All of the F F  detector solid angles were determ ined to  be 9.0 
m sr to  within 5 % and were independent of the array’s position. The 10 detectors were 
placed on the two arms of the “T ’ m ount with 6 (or 5) in-plane and 4 (or 5) out-of-plane 
with respect to  the plañe formed by the beam  direction and the P L F  telescope.

A schematic diagram  of the electronics used during the m easurem ent is shown in fig.
2. Two classes of events opened the m aster gate and were subsequently written onto 
m agnetic tape ; (a) scaled dow n Z-telescope events which were used for run-to-run



124 D. J. Morrissey et al. / Intrinsic fragment spins

TELESCOPE y - - - j  C F D  I- - - - rj C D G  |-j

FPO[----1 L A  I— I L G  h ff s C Á ] — I G D G

H b a /l s |—  

Slort C “S )
T A C S

Í L

TACS

L A  |— I L g } -|̂  SCA¡--- |gOg| ------!-- (g)
/Stort TA C  ( c G - 1  ) ( M G  )

FRAGMENTS

D l a ]--- 1 L G  H -[ s c a I— Ig d g

jBA/LS

f Fin ) Fasf O R

D -

fost 

Slow

//---------- C F D -{ĝ  ;
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Fig. 2. A schem atic d iagram  of the  N IM  electronics is show n w h ere ; BA /LS -  biased am p  an d  linear stretcher, 
C F D  -  con stan t fraction  d iscrim inator, C G  -  coincidence gate, F P O  fast pick-off, G D G  -  gate and  delay 
generator, LA -  linear am p, LG  -  linear gate, M G  -  m aster gate, M P X  -  m ultiplexer inpu t, SCA -  single-

channel analyser, SD  -  2** scale dow n.

norm alization, fission probability calculations, and m onitoring of the telescope re- 
solution, and  (b) valid coincidence events in which a valid Z, valid fission energy and 
TAC were required (see fig. 2). In  fig. 3 a two-dim ensional m ap of the fission detector’s 
energy versus the diíference in time of flight between the Z-telescope and the fission
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Fig. 3. A n in tensity  p lo t o f the coincidence d a ta  as a function of “fission fragm ent” energy versus tim e of flight.
See text for discussion of groupings.

detector is shown. The various groups of events in fig. 3 were identified as arising from 
coincidences between (A) P L F  and a-particles, (B) a pair of com pound nucleus fission 
fragments, (C) PLF-sequential fission fragment, and (D) random  coincidences with the 
next beam burst. The sequential fission events of interest, group C, were selected by a 
two-dim ensional gate for further processing.

The gated coincidence da ta  were transform ed into the calculated rest frame of the 
recoil nucleus event by event. The above transform ation rehes on some straightforw ard 
trigonom etric relations am ong the velocity vectors after the assum ption of two-body

Fig. 4. T he general relationships o f the  velocity vectors for in-plane em ission are  show n. T he m easured  
q uan tities are  £ 3 , <̂ 3 , £ 5 , ; which are  the  lab energy an d  angle o f the P L F  an d  the lab  energy an d  angle of

the  F F , respectively.
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Fig. 5. S im ilar to  fig. 4, how ever the fission fragm ent is em itted out-of-plane w ith respect to  the P L F  an d  the
beam  direction.

kinem atics for the D I event. The general relationships am ong these vectors are shown 
in fig. 4 for coplanar emission and  in fig. 5 for out-of-plane emission. Spherical polar 
coordinates are used with <j) the in-plane angle and 9 the angle from the norm al to  the 
plañe.

Fig. 6 . Energy-loss curves are show n for a  representative fission fragm ent traveling  th rough  fluorine,
alum inum  o r gold^^).
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Fig. 7. The m easured  energy spectrurn o f sequential-fission fragm ents in the rest fram e of the gold nucleus is 
show n. T he arrow  m arks the single-fragm ent energy expected from  the Viola system atics ^*). The curve 

draw n th rough  the d a ta  is to  guide the  eye.

The observed lab energy of the P L F  was corrected for pulse-height defect^^) and 
energy loss in the target and any backing m aterial These corrections for the P L F  
were generally small. However, the rate of energy loss (d£ /dx) for the F F  traveling 
through the target m aterial was substantial and could be nonlinear for a slow-moving 
FF. This can be seen in the plot of d £ /d x  for typical F F  energies shown in fig. 6. The 
m easured F F  energies were first corrected for pulse-height defect^^) and then the 
energy-loss function was calculated in 10 steps (see fig. 6 ) back to  the middle of the 
target m aterial (Au or U F 4). In the recoil rest frame the corrected F F  energy spectra 
were approxim ately gaussian shaped and peaked at energies in cióse agreem ent with 
Viola’s predictions F o r example, the sequential fission fragment energy spectrum  
obtained with the gold target is shown in fig. 7. If the corrections due to energy loss are 
not done in the stepwise fashion described abo ve, then the energy distributions broaden 
and  peak at a lower energy.

3. Results

From  the present study, angular distributions of the sequential fission-fragments are 
obtained in the rest frame of the recoiling target nucleus. In general, these distributions 
do no t directly reflect the spin com ponents of the exit channel, because they are biased 
by the probability  tha t the recoil nucleus will undergo fission. Since this probability  (P,) 
can be strongly dependent on the excitation energy E* and the spin I  of the product
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nuclei, it is im portant to have a rough estímate of P({E*, /). An estim ate of the fission 
probability  can be obtained from the calculated ratio of the neutrón emission and 
fission widths ( r j F f ) .  The dependence of this ratio  on the excitation energy and spin is 
shown in figs. 8 and 9 for gold and uranium  nuclei, respectively. The contours were 
calculated from a standard  form ula F or simplicity the yrast line was calculated 
with the rigid-body m om ent of inertia. The neutrón separation energy, S„, was taken 
from the hquid-drop model, and the fission barrier, Bf, was taken from the ro tating  
hquid-drop modeP*’). Figs. 8 and 9 clearly indícate tha t requiring the target-like

Fig. 8 . C alcula ted  con tours of the ratio  of the  neu trón  em ission w idth to  the fission w idth, T j r¡,  for ‘^ ''Au are 
show n as a  function of excitation  energy, £* , and  fragm ent spin, /  (see text for details).

Fig. 9. Sim ilar to  fig. 8 , except for F o r fission decay is dom inan t everyw here in the E * -I  plañe 
except a t the lowest spins and  excitation  energies.
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product to  undergo sequential fission introduces a very strong bias tow ards high-spin 
states for gold nuclei but essentially no bias for uranium  nuclei. Thus, the inferred 
average spin of the Au-like fragments which undergo fission may be very different from 
the average of the unbiased population.

The experimental sequential fission probabilities are shown in fig. 10. The P¡ for

T K E L  (M e V )
Fig. 10. T he m easured  fission probability , P,, is show n as a  function of to ta l kinetic energy loss, TK EL.

reactions with gold were extracted in a straightforward m anner from the ratio  of 
coincidences to  P L F  singles taking proper account of the fitted angular distribution of 
sequential-fission fragments. It was not possible to  extract Pf for from our data  for 
valúes of T K E L  above 90 MeV because a t larger valúes of T K E L  the singles distri­
bution became contam inated with reactions on the low-Z m aterials in the target. 
Because Pf  saturates a t a valué of ~  1 by ~  40 MeV T K E L  this lim itation is un- 
im portant. As a result of this large fission probability, substantial coincidence da ta  was 
obtained over a broad  T K E L  range for uranium . In contrast, the m áxim um  valué of P¡ 
for gold Products is ~  0.6 which is reached only at the largest Q-values. As a result, 
statistically significant angular distributions were obtained only at large valúes of 
T K E L  for the gold system.

The coincidence da ta  from the uranium  target was divided into 5 T K E L  bins (2 for 
gold) in order to  investígate the in-plane and out-of-plane angular distributions. The 
m easured F F  angular distributions plotted against the out-of-plane (0“ ) and in- 
plane (í^“ ) angle of the heavy recoil are shown in figs. 11 through 14. Both 0 " , the in- 
plane angle, and 0” , the out-of-plane angle, are in the rest frame of the recoiling heavy 
target-like nucleus. The traditional assignm ent of </>“ =  O along the recoil direction {Q- 
value dependent) was made, with negative </>" angles lying between the recoil direction 
and the beam  axis.
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Fig. 11. The out-of-plane angu lar d istribu tions o f sequential F F s  ob ta ined  in coincidence with P L F s of 
Z  =  6 -14  are  show n for five Q-value bins for the +  system. T he d istribu tions show n in p a rt (A) 
were m easured approxim ately  along the labo ra to ry  recoil direction and  those in (B) were ob tained  
approxim ately  perpendicular to  the recoil direction. The solid curves represent fits described in the text.
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Fig. 12. T he out-of-plane distribu tions of sequential F F s ob tained  in coincidence w ith P L F s o fZ  =  6 -1 4 a re  
show n for tw o Q-value bins for the ^“Ne-I- ‘’ ^Au system.

To im pro ve statistics, all projectile-like producís with Z-valúes between 6 and 14 
were included in the Q-value gate. The two-body kinem atics were calculated on an 
event-by-event basis assuming tha t the mass of the P L F  was twice its atom ic num ber. In
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Fig. 13. In-plane angu lar d istribu tions of sequential F F s from  the ^“N e +  system are show n for the sam e 
Z -  and  Q-value bins as fig. I I .  The arrow s indícate the angles a t which the out-of-plane m easurem ents were

made.

Fig. 14. In -p lane angu lar d istribu tions o f sequential F F s  for the  ^“N e +  ‘’ ^Au system  for the  sam e Z - an d  Q-
value bins as fig. 1 2 .
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Fig. 15. T he in-plane angu lar d istribu tions of sequential F F s in coincidence w ith P L F s of Z  =  9 o r 10 from  
the  ^“N e +  ^^*U system are show n for the sam e Q-value bins as the ungated  d istribu tions show n in fig. 13

where 6  <  Z  <  14.

order to  verify th a t the calculated kinem atics was not biased by evaporation over the 
broad  range of Z-values, angular distributions were obtained for PL F s with Z-values 
equal to  9 or 10 for the system (see fig. 15). These in-plane angular distributions 
are very similar to  the ones in fig. 13 indicating that no bias is in troduced by the larger 
Z-value gate.

The out-of-plane angular distributions, (/>̂ ) (measured a t constant (A“ ), fall 
approxim ately an order of m agnitude over the measured 0** range. F o r both  systems the 
in-plane angular distributions show a strong anisotropy (nearly 2 to  1) at large Q- 
values. As the Q-value decreases, the anisotropy rapidly diminishes except for the most 
quasielastic bin which shows a small in-plane anisotropy. This quasielastic bin is 
dom inated by events in which the P L F  was an oxygen nucleus, suggesting th a t the 
direct transfer of an  a-particle from ^®Ne to the target is probably the dom inant 
reaction mechanism. Thus the anisotropy observed in this low Q-value bin is likely the 
result of direct processes which are no t present or are much weaker in the o ther bins.

4. Model calculatíons

The m agnitude and  orientation of the intrinsic spin of the fissioning nucleus can be 
extracted from the angular distributions of the fission fragments. The angular distri- 
bution  function expected from a gaussian spin d istribution w ith its only nonzero
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P(I)  ce exp (2)

has been shown to be a simple function of the param eters of the spin distribution 
The angular d istribution  function in the rest frame of the fissioning nucleus i s :

W(0^, (/)” ) oc -^ e x p  -
iJ

I¡cos^  0H 
2 S ^

(3)

where

=  Xq +  {(tI sin^ (/)” +  (tJ cos^ sin^ 0” +  aj  cos^ 0” .

O ur convention is tha t 6^ = 90° corresponds to the in-plane m easurem ents and that 
0 ” =  0° corresponds to  the separation or _y-axis.

In order to  use the above prescription to extract and from the F F  angular 
distributions, the direction of the separation axis m ust be determined. This is not an 
experimental observable and m ust be obtained in a m odel-dependent way or left as a 
free param eter. In the limit of an elastic collision between rigid spheres, the separation 
axis coincides with the laboratory recoil direction as suggested in ref. ^). In  the other 
limit of zero exit channel angular m om entum , as in spontaneous fission, the separation 
axis corresponds to the center of mass (c.m.) recoil direction. Deeply-inelastic heavy- 
ion reactions lie in between these two limits.

Previous m easurem ents have ignored this problem  and simply used the laboratory  
recoil direction for the separation axis This direction is appropriate under the
strongly selective conditions present in sequential fission induced^”') by light-ions [i.e., 
(d, pf) or (a, a'f)]. However, in inelastic heavy-ion reactions, the two directions do not 
coincide because any decrease in the am ount of orbital angular m om entum  between the 
entrance and exit channels forces the separation axis to  shift away from the laboratory  
recoil direction tow ards the c.m. recoil direction (a shift tow ards m ore positive angles in 
the present study, see fig. 16). This shift angle is measured in the recoiling rest frame 
from the laboratory  recoil direction. The shift angle was included in the fitted function 
by replacing </>” by + in eq. (3). The valué of was determ ined by two different 
means, (a) as a free param eter in the chi-squared minimization, and (b) by a calculation 
of the orbital angular m om enta contributing to  each g-value range.

The first m ethod with the inclusión of an  unconstrained shift angle into any angular 
distribution function is problem atic because this creates a periodic m inim um  in the chi- 
squared. R otation of com m utes with and ro tation  of n returns the original 
function (due to  the cos^ and sin^ terms). Fits to  the angular correlation da ta  where x” 
was constrained to  be near 0° for the quasielastic bins and near 90° for the most
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inelastic bins are shown by the solid curves in figs. 11 through 15. The valúes of K l  for 
uranium  were calculated with the empirical function of the excitation energy, E*, 
abo ve the fission barrier, B¡, used in ref. ‘ ̂ ),

K l  =  1 9 .4 (£ * -B f) l (4)

The K l  valúes for gold were obtained by scalmg the uranium  constant by the ratio  of 
the m om ents of inertia at the saddle point, from the liquid-drop model ^®). Since 

e„T/h^,  then

^o(A u) =  ^ - # X ^ ( U ) . (5)

T a b l e  1

Results of angular d istribu tion  fitting including a free ro ta tion  angle : e rro rs are given in parentheses.

2 -value K q
(h)

0 ,
ih) ih)

<T,
ih)

z”
(degrees)

(a) u ran ium  results w ith 6  á  Z 3  á  14

-  12.5 7.3 17.7(0.5) 3.0(06) 6.5(0.4) 2.8(0.4) 8(7)

-  37.5 10.4 27.2(0.2) 1.1(02) 8 .8 (0 .2 ) 1.9(0.5) 16(9)

-  62.5 12.0 31.1(0.3) 9.5(0.5) 5.8(0.7) 3.1(0.7) 90(9)

-  87.5 13.1 37.9(0.3) 13.0(0.7) 8.6(0.9) 5.3(0.5) 94(9)

- 1 2 5  14.3 42.4(0.6) 20.1(0.7) 0.7(4) 9.2(1.1) 80(3)

(b) uran ium  results w ith 9 á  Z j  á  10

-  12.5 7.3 16.7(0.5) 2  (0 .8 ) 7.1(0.4) 0.5(1) -  9(6)

-  37.5 10.4 25.0(0.3) 3.5(0.6) 1 0  (0 .6 ) 7.2(0.8) -1 0 (4 )

-  62.5 12.0 32.2(0.5) 17 (1) 6  ( 1 ) 5 (1) 90(5)

-  87.5 13.1 45 (1) 23 (2) 8  (2 ) 15 (1) 81(6)

- 1 2 5  14.3 37 (0.9) 2 2  (2 ) 7 (2) 0 (4) 87(7)

(c) statistical m odel *

-  12.5 16.6 5.0 5.0 45

-  37.5 2 1 . 8 6.5 6.5 60

-  62.5 24.7 7.4 l A 70

-  87.5 26.8 8 . 1 8 . 1 75

- 1 2 5 28.8 8 . 8 8 . 8 80

(d) gold results w ith 6  ¿  Z 3 S  14

-  75 9.8 61 ( 1 ) 25.2(0.8) 7 (2) 24 (1) 64(3)

- 1 2 5  11.7 65 (1) 30.0(0.8) 0 (5) 15 (1) 79(1)

(e) statistical m odel *

-  75 2 0 . 6 7.4 l A 72

- 1 2 5 23.4 8.4 8.4 80

T he erro rs Usted in this table represent only the statistical error. 
* Tw o touch ing  spheres.



The average energy of the fission barrier was obtained from the droplet model ^®). The 
numerical results of this fitting process are given in table 1. U nfortunately the numeri- 
cally best choice for does not have a sm ooth dependence on Q-value, because of the 
shallowness of the angular distributions and the size of the errors in the data  points at 
interm ediate g-values. This has been dem onstrated by fitting the angular distributions 
with fixed shift angles (see below).

In an alternate procedure, the shift angle was estim ated simply from the average 
change in orbital angular m om entum  for each g-value. The initial orbital angular 
m om entum , L¡, was obtained by dividing a triangular /-distribution in proportion  to 
the cross section. The am ount of exit channel angular m om entum , L¡, is then w ritten 
classically a s :

Lf =  Lj —< / t ) —<(/p), (6 )

where { I j }  and </p> are the average intrinsic spins of the target-like and projectile-like 
fragments. The fragment spins are taken to be prim arily aligned as indicated by 
previous results. F o r a rigidly rotating complex the ratio </t>/</p> is proportional to 
the ratio  of the m om ents of inertia J j j J f  which is 67:1 for the uranium  system (4 5 : 1, 
for the gold system). The valúes of < /j>  were obtained from the out-of-plane d istri­
butions and, on the basis of the large ratios of the m om ents of inertia, </p> was ignored.

Previous studies of the reaction of ̂ °Ne with ‘ Au indícate that at the grazing angle 
the scattering is predom inantly occurring on the same side of the nucleus and that 
orbiting through zero degrees is negligible^®). The direction of the line-of-centers for 
the ^°N e+  ^^^Au and ^“Ne +  ^^®U systems was determ ined by tracing the projectile- 
like product backw ard along a C oulom b trajectory to the point of contact. C o n ta d  
was assum ed to  occur a t a distance given by the equilibrium configuration of a rotating
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Fig. 16. T he approx im ale shape o f the  ion-ion  com plex for the ^“N e +  reaction  as estim ated in a  ro ta ting  
liqu id-drop  sphere-spheroid m odel. T he center-of-m ass scattering  angle is indicated as well as the shift angle

relative to  the  c.m. separa tion  axis.



sphere-spheroid liquid-drop model system ’'). The approxim ate shape of the ion-ion 
complex given by this schematic model for the m ost inelastic g -b in  is shown in fig. 16.

The resulting shift angles are 45°, 60°, 70°, 75° and 80° for the five uranium  g-value 
bins. F o r the three m ost negative Q-value bins these num bers are in reasonable agree- 
ment with the valúes returned from the fitting process for the optim um  (table 1). In 
addition, the flatness of the angular distribution associated with the Q = -3 7 .5  MeV 
bin causes the fitted function to  be rather insensitive to for this bin. Thus, when the 
angular distributions were refit using the estim ated valúes of as constants, the results 
for the spin distribution param eters were the same within errors, except for the — 12.5 
MeV bin. The exception for the g-value of -  12.5 MeV is due to  an overestim ation of 
the shift angle. Because of the unreliability of our model in this low g-value región and 
the Ukely strong contribution  from direct reaction processes, this particular discrep- 
ancy is no t too discomforting.

The valúes of the aligned spin ( ! , }  and the therm al widths extractad from the fitting 
of the sequential fission fragment angular distributions can be utilized to determine the 
two alignm ent param eters P^z  and P^y  [ref.^*)]. These two param eters are defmed in 
term s of the x-, y- and z-com ponents of the angular m om entum  vector a s ;

P Z Z -  2 2 -  2</^> ’

p  = (8)
PxY 2< /2> •

T aking the previous assum ption of a gaussian spin distribution peaked a t =  O, 
ly = 0 and  I ,  =  </^>, the alignm ent param eters can be rew ritten in terms of fitted 
w idths by recalling the defmition

< 0  = < / , y  +  cr^ (9)

Thus, eqs. (7) and (8) becom e:

p  _ 3  ______ i  (10)“zz ~  2 / 2 I 2> ■'

136 D. J. Morrissey et al. / Intrinsic fragment spins

p _______  (11)



5. Díscussíon
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In table 1 are shown valúes of and extractad from the sequential fission
fragment angular distributions. To make clearer the Q-value dependence of I„ the 
extracted valúes of are plotted versus g-value in fig. 17 for both  the ^°Ne +  and

Fig. 17. T he m easured  aligned spin (/^) o f the target-like fragm ent as a  function o f Q-value for the 252 MeV 
^°N e +  an d  reactions. Spins were extracted for a  b road  Z -b in  (6-14) for bo th  systems and  an 
ad d itional narrow  one (Z  =  9-10) for the ^°Ne +  system. T he statistical e rro rs are  of the  sam e size o r

sm aller th an  the symbols.

^®Ne +  '^ ’'A u systems. F o r the former system, increases steadily with g-value. A 
similar increase of with Q-value has been observed in several o ther reaction sys­
tems 1 1 , 14 , 15 ). Because of the high fission barriers for nuclei near Au, valúes of were 
obtained only for the m ost negative Q-values of the ^°Ne +  *®”̂ Au reaction. A striking 
difference between the two systems is the m uch larger valúes of observed for the 
^°Ne +  Au relative to  the ^°Ne +  system. Since the /„ „  and the rigid ro tation  
partition  for the two systems are very similar, the difTerence m ost likely reflects the 
strong bias tow ards high-spin states for the fissioning gold nuclei and  the absence of 
such a bias for the fissioning uranium  nuclei. This bias is introduced by the large fission 
barrier for gold nuclei (see figs. 8 and 9 and related discussion in sect. 3).

A lthough there is a substantial scatter in the valúes of the therm al widths (see table 1) 
extracted from the ^®Ne +  ^^®U sequential fission fragm ent angular distributions,
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qualitatively and seem to be independent of Q-value whereas a y increases dram ati- 
cally with Q-value. The statistical model predictions for and are in rough agree- 
m ent with the da ta  for all Q-values. However, this model substantially overpredicts 
except a t the m ost negative Q-values where rough agreem ent is observed. Over the 
m ore Hmited Q-value range of the ^*^Ne +  ^®^Au data, the model predictions are in 
rough agreement with the extracted valúes for all three therm al widths.

The results for P^z  and Pxy  obtained from the fitting of the F F  angular distributions 
for the uranium  system are shown in fig. 18. In contrast to  the strong Q-value de- 
pendence observed in m ore symmetric systems [cf. e.g. refs. *^)], the extracted 
valúes of Pzz  are approxim ately constant a t 0.8 for the ^°Ne +  ^^*U system. The in- 
plane aügnm ent param eter shows a stronger dependence on g-value. It is positive at 
small g-values and then goes to  negative valúes at larger g-values.

The predictions of the statistical equilibrium  model for two touching spheres (solid 
curves in fig. 18) lie substantially below both  the Pzz  and data. Although this 
discrepancy could be interpreted as indicating that the dinuclear system is no t at 
equilibrium  (with respect to the norm al modes), a m ore likely explanation is tha t the

2 5 2  MeV Ne +

- Q  (MeV)

Fig. 18. T he m easured  alignm ent param eters for the spin d istribu tions ob ta ined  for the  ^°Ne +  system 
are  show n for Z  =  6  to  14 (circles) an d  Z  =  9 an d  10 (squares). The solid  an d  dashed curves represent the 
s ta tistical equilibrium  m odel calculations for ditferent ra tios o f axes (C /A )  o f the  target-like fragm ent (see

text).



present model of two touching spheres does not allow for either deform ation or 
interfragm ent separation (neck formation). Indeed, there is extensive evidence for large 
deform ations of the nuclei at their scission configuration following a D IC  [refs. ^^)], 
A first-order estim ate of the effect of deform ation on the model calculations can be 
m ade by allowing the target-Uke fragment to  deform along the hne-of-centers of the 
dinuclear system. M odel calculations of and are shown in fig. 18 for different 
ratios of axes (C/A)  of the target-like fragment. Both P^¿ and P^y  are quite sensitive to 
the deform ation of the heavy fragment. In this calculation, and increase slowly 
whereas decreases rapidly with increasing CjA.  Thus increasing CIA causes P^z  to 
increase because the random  com ponent of spin decreases while the aligned com ponent 
is constant. P^y  approaches zero as C/A  increases because becomes similar to  In 
this model, a ra tio  of axes of 1.6 to 2.0 is needed to reproduce the data in the deep- 
inelastic Q-value región. Such deform ations of the heavy fragm ent are consistent with 
valúes given by the equilibrium  configuration of a ro tating  sphere-spheroid liquid-drop 
model system ’').

6. Conclusions

In this paper we have reported the fission fragment angular distributions and fission 
probabilities observed in coincidence with projectile-like products from the reactions of 
^°Ne with ^®^Au and at 252 MeV. A strong focusing of the fission fragments into 
the reaction plañe is observed at all Q-values, as in previous sequential-fission stud- 
ies^^ *®). In addition, sequential-fission fragments from reactions with the largest 
energy losses exhibited an in-plane anisotropy. At interm edíate Q-values this anisot- 
ropy diminished. If the data  were integrated over all g-values, the anisotropy would be 
washed ou t because the num ber of quasielastic events is larger than  the num ber of 
inelastic events. The im portance of recognizing the direction of the body-sym m etry axis 
as com pared to  the laboratory  recoil direction in a deep-inelastic reaction has been 
pointed out. A com parison of our da ta  with the statistical equilibrium  model indicates 
th a t the target-like fragment may be substantially deformed for very inelastic collisions.

In the context of previous m easurements of sequential fission, a t the largest Q-values 
a qualitative pattern  with mass-asymmetry is seen ; the m ost m ass-symmetric systems 
show a small or m oderate in-plane anisotropy, a m ore asym m etric system 
show s a m oderate in-plane anisotropy, and the very asymmetric systems presented 
here show a larger in-plane anisotropy. This rough qualitative trend is in agreement 
w ith the predictions of statistical equilibrium of the norm al modes of the dinuclear 
complex ^°). In general the technique of m easuring the com plete angular distributions 
of sequential fission fragments represents an extremely powerful tool for the study of 
angular m om entum  transfer in deeply inelastic collisions.

This w ork was supported by the D irector, Office of Energy Research, División of 
H igh Energy and N uclear Physics and  N uclear Sciences of the Basic Energy Sciences 
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