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Abstract: The magnitude and alignment of the spin transferred to the fragments in the deep-inelastic 
reactions of 8.5 MeV/nucleon '*^Ho on ‘ '"’Yb, and "“ Ag were investigated using con-
tinuum y-ray multiplicity and anisotropy techniques. The detection system consisted of a highly 
redundan! arrangement of particle and y-ray detectors and a y-ray multiplicity filter. By using 
suitable reduced quantities, we show that for the most negative Q-values the multiplicity data are 
consistent with rigid-rotation of the intermediate dinuclear complex. The anisotropy data are 
compared to an equilibrium statistical model calculation. The sensitivity of the calculation to 
difTerent assumptions concerning the composition of the y-ray spectra is investigated. The magni­
tude and alignment of the spin imparted to the individual fragments as a function of Q-value are 
extracted for the three reactions.

NUCLEAR R EA C TIO N S'‘^‘ Yb, ‘“^Sm, "“'A gí^^H o, X), E =  1400 MeV; measured y-ray 
multiplicity, anisotropy, continuum y-rays; deduced fragment spin distributions.

1. Introduction

In deeply inelastic collisions, a certain fraction of the initial orbital angular 
m om entum  is converted into spin of the individual fragments *). This process has 
been investigated by s'tudying the decay of the highly excited nuclei emerging from 
the prim ary reaction. M easurements of the sequential emission of a-particles 
fission fragm en ts’ ” ®) and y-rays have provided Inform ation on different
param eters of the spin distributions, generated as a consequence of the interaction 
between the two reaction partners. In principie, one can expect that these distri-
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butions will reflect the underlying mechanism responsible for the angular niomen- 
tum  transfer. For example, the average valúes of the spins im p arttd  to both deep- 
inelastic fragments can be related to the ro tation  regime of the dinuclear coniplex. 
O n the other hand, the spin fluctuations (both in m agnituae and orientation) not 
only reflect the diffusive nature  o f  the angular-m om entum -trausfer process, b u t also, 
they carry Inform ation on the rotational degrees of freedom involved. However, if 
the ro ta tional modes of the dinuclear complex reach a s ate of statistica' equilib- 
rium with the intrinsic degrees of freedom, then the distm ction am ong different 
possible mechanisms would be very difficult since all of them wouk’ ’ead to 
essentially the same spin distributions. Therefore, the knowledge of the statistical 
equilibrium behavior and its com parison to experimental results seems to play ari 
im portant role in the com prehension of the spin-transfer process.

The limit of statistical equihbrium  has been investigated in refs. ,3 :.suming
a very simplified confíguration for the interm edíate dinuclear compicx. Tn this 
modal, the therm al excitation of the rotational modes of the sysíor.i gl/t.s rise Lo 
random  generation of the associated angular momentun» compone:"ís. These, in 
turn, couple to those com ponents arising from rigid ro tation , vhich ar.. aligned 
perpendicular to  the reaction plañe, and the net result is a d istribu tion  lu m agnitude 
and orientation of the angular m om enta in the system. F o r mass-symmetric sys- 
tems, the model predicts a gaussian distribution for the cartesian com ponents of 
the spins, with alm ost equal variances along the three coordinates The m agni­
tude of the resulting fluctuations were com pared to  the results from the reaction 
^® *H o+‘®*Ho at 8.5 M eV/nucleon, studied via y-ray multiplicity and anisotropy 
techniques It was shown tha t the relatively sm allíiñisotropies observed at small 
Q-values could be explained by the therm al excitation of the rotational m odes of 
the dinuclear complex. F o r extreme mass asymmctries, the statistical mode! pre­
dicts that the spin distribution of the heavy fragment will develop a strong i; plañe 
asymmetry, produced by the enhancem ent of the-fluctuations along the une of 
centers of the complex This prediction was testad through tho m easnre.nent of 
in-plane angular distributions o f  sequentially em itted fission fragm enta ¡a the re­
action of ^°Ne +  ^^*U and ^®^Au at 12.6 MeV/nucív’on ®). The resL'lts showed a 
large in-plane anisotropy, indicating a strong asymiTn.ttry of the spin distribution, 
but it was also shown tha t a large uncertainty exists in the determ ination of the 
line between centers at the time of scission of the dinuclear complex.

In the present paper we report the results of a sy.siematic investigaficn of the 
m agnitude and the alignment of the spins imparted, to bo th  deep-ineic S t i c  frag­
ments in the reactions of 8.5 M eV/nucleon *‘’^Ho on targets of *’ ^Yb, ‘‘’®Sm and 
"“‘Ag. The systems studied lie in the región of small te m oderate mass asymmetries. 
F or this región, the statistical model predicts that for each fragment, the variances 
of the spin distributions along the three cartesian coordinates are nearly equai, 
although the fluctuations are signiñcantly larger for the heavier fragment. The 
experim ental technique used in this study was the m easurem ent of the multiplicity
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and fhc anisotropy of unresolved y-rays. In the mass región covered by the pro- 
jectile and the íargets, a strong correlation between y-ray multiplicities and spin 
magnitudes can be exnected xhe  extracted average spin m agnitudes for each
reaction were com bined with the predicted variances, to  calcúlate anisotropies that 
were fmally com pared ’vith experimental valúes. The targets and the projectile used 
in this reaction fall into two categories. The ^^®Yb and '®*Ho isotopes lie in the 
región of the good ro taiional nuclei, and therefore, the subsequent electromagnetic 
cascades ar-  ̂ en 'iched in ‘stretched’ quadrupole transitions. These y-rays are pre­
domina;',tly enúUed along directions contained in the plañe perpendicular to the 
spin of the emitter, thus the anisotropies of the angular distributions are very 
sensiti'/c to the degree of alignment. O n the other hand, and both  isotopes
in "““'Ag í/.re well removed from this región of good rotors, thus the corresponding 
)'-ray sp íc tra  will have fewer stretched quadrupole transitions. The effect tha t the 
uncertainty m '.he com position of m ultipolarities has on the determ ination of the 
paramerevs of the spin distributions are discussed.
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2. Experimental techniques

A beam of ’®^Ho at 1400 MeV from the Lawrence Berkeley Laboratory  Super- 
H ILA C was used to bom bard self-supporting targets of and "“‘Ag
with thicknesses 0.90 mg/cm^, 0.46 mg/cm^, and 0.97 mg/cm^, respectively. The 
beam  current during the ^xperim ent varied between 3 enA and  7 enA. The 
detection system and its geofnetrical arrangem ent was similar to that described in 
detail in ref. except for the? addition of a multiplicity filter"^). Therefore, only a 
brief outüne will be given belo^.

2.1. DiTECTION SYSTEM

Three suríace-barrier sili<fehi detectors (300 fnn  thick) were used to detect the 
projectile-liks fragments eníi^ging from the binary deep-inelastic reaction. Two of 
them  (Si-1 and Si-3) were ibcated in a horizontal plañe, parallel to the scattering- 
cham ber floor. The íhird íiétector (Si-2) was m ounted on an are situated in the 
vertical plañe that contains‘% e  beam axis. The three detectors were at a distance of 
14.3 cm from the larget aiíí-w ere collimated to 1.1 cm in diameter.

The y-ray detectors consi¿ed  of three externally m ounted 12.7 cm diam eter by 
15.2 cm deep N al scintillatots, which looked at the target through identical 0.6 cm 
thick lucite windows on the fcattering chamber. The distance of 60 cm between the 
target and the detectors provided an adequate separation of neutrons and y-rays 
by time of flight. Two of these counters (NaI-1 and N aI-3) were placed in the 
scattering-cham ber plañe and the third one (NaI-2) was 90° out of this plañe.

In addition to  the particle detectors and large N al counters, an array  of eight 7.6



cm X 7.6 cm N a l counters was used as a multiplicity filter. T hese c'atecton: were 
located above the scattering cham ber in an axially symmetric arrangem fU  with 
respect to the vertical direction. Each detector was spaced 45“ f ro 'i  the '.x t ,  and 
they all looked at the target through a 3 mm alum inium  d om t froir; a., aneje of 
45° and at a distance of 23 cm. This multipHcity fiher was used bo»n to  cbtAin an 
additional independent measurement of the average multiplicity and to eaabl'; íhc 
biasing of the spin distribution tow ard higher valúes.

The geom etry of the whole detection system was such thc>- severrJ rfdiindaDí 
m easurem ents of the y-ray multiplicity and anisotropy couk. be mado. ^artic le  
detectors Si-1 and Si-3 on the one hand and Si-2 on the o t’isr defined, logethcr 
with the beam axis, two mutually perpendicular reaction planes. Each N al de. xi.or 
provided either an in-plane or an out-of-plane measurement, depending on whe'he'- 
it was in coincidence with Si-I, Si-2, o r Si-3. The out-of-plar.e an g ic s  Q (nicasured 
from the perpendicular to the corresponding reaction plan ' given by the various 
S i-N al com binations are summarized in table 1.
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T a b l e  1

Angles between each y-ray detector and the perpendicular to the reaction pi„ne deííned by each purtic'.f
detector

Si-1 Si-2 /  Si-3

NaI-1 90° 0° 9C~
NaI-2 0° 90° 0°

t-NaI-3 90° 30° 90°
¥

2.2. CALIBRATIONS AND CORRECTIONS

The energy calibration of the particle detectors was p erfo rned  u s i ^ g  the k i -  

nem atically calculated e n e r g i e s  of the elastic peaks from the different r e a c t i o n s .  

A dditional corrections were made for the energy loss in the target materird and 
for the pulse-height defect in the S i l i c o n  detectors. The energy calibration of the 
large N al crystals was made using the 570 keV and 1064 keV y-rays from the 
decay. F o r the efficiency calibrations, one o f  the coincjjient tran sition í from  erther 
®°Co, ^“'^Bi, or ‘ *^Eu was detected in a Ge{Li) detector while the o ther ,vas loi'ked 
for in one of the N al crystals. The detector e f f i c ie n c ) í  was then ca lrila ted  as tha 
coincidence-to-singles ratio, corrected for the anguhir correlatio.-, iniernal con­
versión, and branching ratios o f  the decay. The efficiency calibrati-/n o f the Tiuiti- 
plicity array  was done in a sim ilar fashion. In this case, one o f the eignt detector» o f 
the same array  was used as a trigger for the other seven.

Corrections to  the y-ray energies (Doppler shift), angles of cm.<sion, and solid



angles (aberration) had to be considered in order to account for the fact that the 
emiss! 5.1 iak-“s place from moving sources. The relevant formulae are^*)

COSí̂  =  5------7- (It))
1 +  |5cos ^

=  (le)
dí3 ( l- jS c o s í)^

in th¿se equations, E. is the y-ray energy, j6 is the speed of the em itter in units of 
■ he speed of light, C is the angle between the detector and the velocity of the 
emitte. , and ü  is the íi lid angle. In all cases, the superscript “O” refers to quantities 
m easured in ihe reic-rence frame where the em itter is at rest. In spite o f  the sim- 
plicity of these equations, it is not possible to perform an exact correction because 
there are two possible emission sources that cannot be experim entally distin- 
guished. The rr,agnitude o f the energy shift (eq. (la )) was estim ated by assum ing 
tliat al! li'.f: "/-rays were emitted either from the projectile-like fragment or from the 
larget-like fragment. The resulting spectra were then added together, weighted by 
ihe conesponding solid-angle correction (eq. (le)). These "corrected” spectra were 
v;ry sin,i¡ar to the uncorrected ones. This is not unexpected since, for most Si-N al 
combina tic ns. the sign of cose  changes depending on which fragment is considered 
to be Ihe eí^:‘.t> thus given rise to almost an exact cancellation. Finally, it was 
‘oínm atcd from vq. (Ib) that the angles 0°, measured in the reference frame where 
the emitter is at rest, difTered from those listed in table 1 by less than 6 °, even for 
ihe most unfavoi ^ble cases.

Due to the ín c  mplete photopeak eíTiciency of the N al detectors, the true y-ray 
spectrai shapes ".ust be obtained by unfolding the raw pulse-height spectra. 
However, it was stiown in a previous work that, within experim ental errors, the 
uffo!diug proceduie did not affect the valúes of the multiplicities or anisotropies. 
T h e r c the r>.*sulíj presented in the rem ainder of this paper have been obtained 
from the raw spectra.
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2.3. DATA A C Q U IS m O N  AND ANALYSIS

The signáis generated in the various detectors were processed by means of N IM - 
standard ekc 'ron ic  modules. D ata were taken in an event-by-event mode and 
v,yitten ont?; magnctic tape. Each event consisted of 12 param eters: the pulse 
belghts fron. the three Si detectors and the three N al counters, the four TAC 
signaos (ore -or t jch  large N al and one for the multiplicity array), the N-fold 
distriburion .i • -i tne multiplicity array and a m arker of the scaled-down particle-



singles. The "m aster gate”, used in the defmition of an event, v/as opened by (i) 
scaled-down heavy-ion singles, (ii) heavy-ion (N al) coincidences, and (iii) heavy-ion 
(m ultiplicity filter) coincidences.

The data  analysis proceeded along the following Hnes. Heavy-ion singles and 
heavy-ion (multiplicity filter) coincidence data were directly sorted from the raw- 
data tapes and written in histogram form for further processing. Heavy-ion (N al) 
coincidences were stripped from the raw data and rewritten on tape in event-by- 
event form. Due to the lower probability for such coincidences, this procedure 
substantially reduced the num ber of data tapes to be analyzed.
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3. Experimental results

The prim ary quantities of interest extracted from the data  are: (i) heavy-ion 
energy spectra, (ii) y-ray energy spectra as a function of g-value, md (iii) distri- 
bution of jV-foId coincidences in the multiplicity filter, as a function of Q-value.

3.1. PARTICLE-ENERGY SPECTRA

The three heavy-ion detectors were placed at 28°, 25°, and 19° to the beam axis 
for the ” *’Yb, '"^®Sm, and "“‘Ag targets, respectively. These angles are sli.ghtly 
behind the classical grazing angle o f each reaction. Fig. 1 shows the energy spectra 
obtained at those angles as well as the particle-energy gates used in the analysis of 
the y-ray data. For the three systems the spectra exhibit both an elastic and a 
deep-inelastic peak.

The calculation of Q-values associated with different detected heavy-ion energies 
was done assuming that only two fragments (equal to  the initial projectile and 
target) were present in the exit channel. The resulting valúes were iteratively 
corrected for the effect of neutrón evaporation on the energy of the detected heavy 
ions, assuming that one neutrón was emitted for every 12 MeV of excitation 
energy.

3.2. GAMMA-RAY DATA FROM  THE LARGE N al DETECTORS

In-plane and out-of-plane continuum  y-ray energy spectra in coincidence with a 
projectile-like fragment were recorded using the various redundant com binations of 
particle and y-ray detectors listed in table 1. Average multiplicities per event for 
different y-ray energy intervals were calculated from the num ber of coincidences, 
the num ber of particles singles, and the efficiency of the y-ray counter. Finally, the 
anisotropies as a function of Q-value were calculated as the ratios of in-plane to 
out-of-plane y-ray multiplicities. *

3.2.1. Gamma-ray energy spectra. The shape of the unresolved y-ray spectra from



A. J. Pacheco et al. ¡ Angular-momentum transfer 319

Lab . energy o f th e  p ro je c t i le - lik e  fra g m e n t (M e V )

Fig. 1. Representative energy spectra of the projectile-like fragments in the laboratory reference system 
for three reactions. The target nucleus is indicated in the upper right hand portion of each spectrum. 

The arrows indícate the boundaries of the gates used for the analysis of the coincidence )>-ray data.

the three reactions have the same qualitative characteristics. A representative 
example of an in- and out-of-plane spectrum from the reaction ‘ ''®Yb-l-'®^Ho is 
shown in fig. 2. A n intense bum p dom inates the low-energy portion  o f  the spec­
trum , followed by an  exponential tail tha t extends to  m uch higher energies. The 
bum p región exhibits a pronounced in-plane peaking, suggesting that it is pre- 
dom inantly composed of stretched quadrupoie y-rays em itted from nuclei with 
their spins ahgned mostly perpendicular to the reaction plañe. The enrichment of
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O 2 ‘

1400 MeV '®®Ho+
Q = - 196 MeV

Ey  (MeV)

Fig. 2. Comparison between typical unresolved y-ray spectra recorded at 90° (in-:;iane' and 0° (out-of- 
plane) in coincidence with heavy ions for -1 9 6  MeV. The norm alizaticr is such that the areí.s 
under the curves are equal to M.,{90°) and respectively (see eq. (3)). The arrows ;i dicate ti e

boundaries of the gates used to investígate the dependence of various qu jn titie t on (see text).

the low-energy región in stretched E2 )’-rays is a well-known feature of reactio 'is 
leading to ro tational com pound nuclei The higher energy portion  oí' the sp eo  
trum  (£y ^  2 MeV), thought to be a mixture of stretched and unstrelci.eá eiecir-c 
dipole transitions shows no appreciable anisotropy.

Fig. 3 shows the dependence of the spectral shape of the continuum  }-ray oii 
the reaction g-value. The upper-energy edge of the bum p moves towards iiigiier f~ 
ray energies w ith decreasing Q-value across the quasielectric regior. sat­
úrales in the deep-inelastic región. Since for a ro ta tional nucleus the 
energy of the stretched E2 '/-rays is related to the spin at the toe ot ihe ca ;ade, 
this behavior of the edge of the bum p is an indication of the denendei- ’c of the 
fragm ents’ m áxim um  spins upon Q-value.

3.2.2. Gamma-ray multiplicity. For a given Q-value, the area {N^, i'.riuer sny 
portion of each '/-ray spectrum is proportional to the average m i’ltiplici > s Vf^) of 
the 7-rays in the corresponding y-ray energy interval. The proporri.. nality coiistant 
includes the efficienty (e) of the N al detectors, the num ber of heav ' -- 'r , sir gles ÍíV )̂ 
and the y-ray angular distribution W{9):

<M,> =
N ,W (9)e ’
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(MeV)

Fig. 3 ' ’ !?m* T>-ray spectra obtained in coincidence with heavy ions. The numbers 1-8 correspond to 
the y  - une indicated in fig. 1. Note the evolution of the low-energy “bump” when going from

« ’astic or quasielastic (spectrum 8 ) to the most inelastic (spectrum 1 ) collisions.

whcrt t' s tJ.f angle between the axis of the y-ray detector and the perpendicular to 
the rea jtío á  plañe; We define the in-plane and out-of-plane multiplicities [Aíy(90°) 
and V/ reíi'w^tive'y] as follows

M ,(90") =  <M,>V^(90°), M^(0°) = {M^yW{Q°). (3)

Tne reduncan t ge. m etry was very im portan t in the evaluation o f  possible system-
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atic errors (especially those arising from  small changes in ne scattering angles 
due to  changes in the beam  position, and uncertainties in the evaluation o f  D oppler- 
shift and aberration  corrections). The valúes o f the experim ental m ultiplicities 
quoted  in the rest o f  the paper correspond to  averages o f the various com binations 
o f  Si and N al detectors. The error bars shown include contributions from  the 
variance associated with the spread o f the com binations abou t the average as well 
as the typical statistical errors o f an individual m easurem ent.

Fig. 4 shows My(90°) (squares) and M^(0°) (triangles) for y-rays with energy 
above 300 keV as a function of Q-value. The general trend of these data  is similar 
for the three systems and agrees with that previously observed in the 
'®^Ho +  ^^^Ho reaction^^). There is a rapid  rise across the elastic and quasielastic 
(QE) región, followed by a saturation or even a slight decrease for the m ost deep- 
inelastic (DI) events. W hereas My{90°) (in-plane) actually peaks m d then decreases 
slightly, My(0 °) (out-of-plane) exhibits a plateau and "“‘Ag data) o r even a
slow m onotonic increase (*^®Yb). As indicated by eq. (3), the different bt.havior of 
My(0°) and M^(90°) reflects the angular d istribution o f the radiation . The m áx­
im um  valué o f the y-ray m ultiplicity decreases w ith the m ass o f the target (40, 37,
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Fig. 4. “In-plane” (squares) and “out-of-plane” (triangles) multiplicities as a function of g-value for the 
‘^*Ho-l-‘ ''*Yb, ‘“^Sm and ” ‘Ag reactions for heavy ions detected at 28°, 25° and 19°, respectively. 
According to the defmition of these quantities (eq. (3)), the difference between the two curves for each 

reaction reñects the angular distribution of the rac.'ation.
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and 33 for ‘""’Yb, and "“‘Ag, respectively). In the next sections we shall
discuss in m ore detall the connection between the experimental multiplicities and 
both the fragments’ spins and the m ultipolarity mixing ratios as a function of 7-ray 
energy.

3.2.3. Gamma-ray anisotropy. We define the anisotropy as the ratio of the in- 
plane to out-of-plane multiplicities;

(4)

This quantity  depends on the alignment of the spin distribution and the m ultipo­
larity mixing ratios of the radiation. For puré stretched quadrupole y-rays em itted 
from a perfectly aligned ensemble of nuclei, an infinite anisotropy would be pre- 
dicted^^). Even if there is a m oderate adm ixture of isotropic transitions (~ 3 0  %), 
the y-ray angular distribution would still exhibit a deep mínimum along the 
alignment directi(>n and thus the anisotropy should still be quite sensitive to 
fluctuations in the spin orientation.

Fig. 5 shows the y-ray anisotropy as a function of g-value for the three different
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Fig. 5. Gamma-ray anisotropy as a function of Q-value, for heavy ions detected near the grazing angle. 
In part (a), 7-rays of a!l energies above 0.3 MeV are considered. Part (b) shows that by restricting the y- 
ray energies, the anisotropy increases for all three reactions. Error bars for the three systems’ points are 

similar and are only shown for the *^^Ho-l-^^^Yb system.
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reactions and for two different y-ray energy intervals. In all t ases ih>' aniso: r e y  
increases th roughout the Q E región and then falls across the DI reg u n . TH ' pe-ik 
valué for the ‘^^Y b+^^^H o reaction is much higher than for the otr.er i v j  
reactions. As anticipated, the selection of the y-ray energy interval n the b u írp  
region produces a significant increase of the anisotropy (fig. 5b) as 'd conseqin-tkc 
of the enrichm ent in stretched E2 transitions in this energy región.

The Q-value dependence of the anisotropy can be qualitatively understood iiv 
term s of the evolution of the degree of spin ahgnment. For very low negative Q- 
values, the interaction time is short com pared to the relaxation times of tiiC rotationai 
degrees of freedom of the system, and therefore Httle angular m om entum  converted 
into spin. Even small fluctuations can destroy the spin alignment, thus the angular 
distribution  is almost isotropic. M ore inelastic collisions tend to liissipate í-.u 
increasing fraction o f  the initial angular m om entum  (as indicated by ine m alti- 
plicity curves), while the fluctuations rem ain at a relatively low level. This cause'- *;he 
anisotropy to rise rapidly. Finally, for the most inelastic events the am ou of 
angular m om entum  transferred to intrinsic ro tation saturates while the spii. íIhc- 
tuations (caused by both the statistical excitation of spin depolarizi'ig modt.s a:'d  
by neutrón evaporation) continué to increase. This indicates that t b . consiant spin 
observed as the Q-value decreases is made up of a progressively Ip'-ger c-'t- ribi.ti» n 
from random ly oriented components, and therefore the anisotropy falls.

The dependence of the anisotropy on )’-ray energy for a fixed Q-value (fig. 6 ) 
reflects mainly variations in the m ultipolarity mixing ratios. These curves show j

1400  MeV '®'Ho

oO)
1-5

o " “ Sm

\
i

1.0 -

05 1.0
(M e V )

Fig. 6 . Gamma-ray anisotropy as a function of y-ray energy. The Q-value región s co is 'an t fo: 
reaction and corresponds to the máximum observed anisotropies. These £ ,  interva'.s TCTespond o h i 
gates indicated in fig. 2. The anisotropy of the y-rays with £ ,  >  2 MeV vanos oetweer J anc l.I  in all

cases (not shown in this figure).



th!OU,;h the low-energy región reaching a m áxim um  at ^  0.9 
lollov,rd a gentle fall to unity for iarger valúes of The behavior of the 

h:gh-energy portion (£ , S: 0.9 MeV) may be understood in terms of a decreasing 
pcrr^ntage of Sitetched quadrupoles (dom inant in the upper part of the bum p 
iv.¿;un) and an increasing percentage of isotropic transitions (dom inant above 2 

M e'.';. The re 'itively  small anisotropies observed at ^  0.5 MeV likewise indicate 
a í mall per< sntage of stretched E2 transitions in this energy región. An alternative 
possibilit'' is that thsse low-energy y-rays are em itted from states where an ad- 
ditional depcíarization occurred due to hyperfme interactions
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3.J m u l T1PL.!CITY-f i l t e r  d a t a

‘ he ana-’ysis of ihe distribution of the num ber of y-rays detected in the 7.6 
cr.' X 7.6 cm N al detectors in coincidence with a heavy ion provided an inde- 
P';n.ient m easurem ent of the average y-ray multiplicity as a function of Q-value. 
T'nt formalism used was that of Sarantites et For the three reactions the
M ultivlicities obtained using the multiplicity filter were in very good agreement 
vvith tl'os? extrrcted  from the individual large N al detectors.

(Jata .V' /m the multiplicity filter can also be used to study the dependence of the 
aiiisocropy on the spin magnitude. By requiring high-order coincidences in the 
multiplicity filter one should select, on average, events associated with a larger 
” i.' nber of y-rays and therefore higher spins. To investigate this effect, we ha ve 
a^iplied the following procedure. First, we considered all the events that included 
coii'.^idences am ong a particle detector, a large N al detector, and the multiplicity 
íltei- Additional requirem ents were that the energy of the heavy ions fell into one 
of tre  ¿)-va!ue bins indicated in fig. 1, and that at least two detectors of the 
ni'aláplicity filter fired. We define N j  as the num ber of these “triple” coincidences 
ISi-Nal anay). Next, we removed the condition on the large N al detectors and 
considered events that satisfied only the other requirem ents listed above. The total 
•-■•i'nber of chese “double” coincidences (Si array) was defined as N q. In analogy 
* ith  ens. (2) and (3), we define

» ,(9 )  -  ^  . (5)

11  is ratio  may be interpreted as approxim ately equal to the average num ber of y- 
ray,-. arsociated w ith the “ biased” population, after excluding the two or m ore y- 

detected '.i the multiplicity filter. Fig. 7a com pares My(90°) and my{90°) as a 
funiítion of 2 ‘valué, The open squares, corresponding to the biased spin popu­
la ti in , are s'/'-tematically higher by about three y-rays (fig. 7a), even w ithout 
considenr ¿ those a 'ready detected in the multiplicity filter. The relative difTerence 
scems 10 b f incn 'argc’- for the three highest Q-value bins.
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Fig. 7. (a) Average y-ray “multiplicities” with (open squares) and without (filled squares) the require- 
ment on the multiplicity filter (see text for discussion). (b) Gamma-ray “anisotropieí,” with and without 

requirements on the multipHcity filter (see text for discussion).

Fig. 7b shows a com parison between the quantities A/y(90°),'My(0°) (filled 
squares) and m.^{90°)¡m^{0°) (open squares). Both sets o f  da ta  points are in agree- 
m ent w ithin error bars, although the y-rays em itted from  the biased population  ex- 
h ib it a som ew hat larger “ an iso tropy” . A  m ore quantitative in terpreta tion  o f  this d a ta  
in connection with the aUgnment o f  the biased population is hindered by the com plex 
angular-correlation effects associated with the detection of two or m ore y-rays at 
an angle of 45° from the reaction plana.

4. Theory and model calculations

In this section we shall present the theoretical aspects involved in the extraction 
of Inform ation about the spin-transfer process from the experimental results. Some 
of the subjects which are only briefly considered here have been extensively dis- 
cussed elsew here ').



4.1. ANGULAR M OM ENTUM  TRANSFER AND STATISTICAL EQUILIBRIUM

D uring a deep-inelastic collision the reaction partners form  a short-lived dinu- 
clear system 35,36^ x h e  portion  o f the interaction responsible for the conversión o f 
orbital angular m onientum  into intrinsic spin can be viewed as a dissipative 
process in which frictional forces oppose the m utual sliding or rolling of the 
nuclear surfaces in contact. Several models have been postulated to explain these 
effects in term¿ oí' specific mechanisms, such as particle transfer or the
excitation of suriace modes A com m on feature of all these descriptions is that 
they predict a distribution of transferred spins, rather than a well-defined valué. 
The characteristics of the spin distribution are dictated essentially by (i) the choice 
of a particular set of angular-m om entum -bearing degrees of freedom, and (ii) the 
equilibration time (associated with the transfer mechanism) relative to the lifetime 
of the complex.

The observation of a rigid-rotation regime of the dinuclear system in many 
reactions^’'*'-*'’ ®̂» points to the statistical relaxation of the rotational modes and 
suggests the feasibility of an equilibrium  statistical approach to the study of the 
angular m om entum  transfer. Regardless of whether complete equilibration is ac- 
tually attained during the collision, the study of the long-time limit is interesting in 
its own right hecause it does not depend on the particular transfer mechanism. 
Therefore, if ene describes the interm edíate complex by means of an adequate set 
of degrees of freedom, the equilibrium  limit will provide a natural reference for 
com parison with experim ental results. Furtherm ore, the applicability of equilibrium 
statistical results does not necessarily require that the system reach equilibrium. 
Indeed, we shall see that the model has been used only to  calcúlate the variances of 
the distribution, which may approach their equilibrium  valúes faster than the 
average spins

The equilibrium  limit of the angular m om entum  partition in deep-inelastic re- 
actions has been investigated in refs. In this model, the dinuclear system is
represented by two touching rigid (but not rigidly attached) spheres, whose norm al 
modes can be therm ally excited through their coupling to  the internal degrees of 
freedom. The associated random  com ponents of the angular m omentum, when 
added to the aligned com ponent arising from rigid rotation, give rise to a distri­
bution in both the m agnitude and orientation of the fragments’ spins. U nder these 
assum ptions, ihe widths of the distribution along the three cartesian coordinates 
may be expressed as a function of the tem perature, the mass asymmetry, and the 
to tal mass of the system.

Let us now turn  to the in terpretation of the data in term s of this equilibrium 
model.

4.2. M ODEL CALCULATIONS

The ultim ate goal of our investigation is to  obtain Inform ation on the fragments’
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spin distributions, i.e. average spin magnitudes, average aligned com pon ia t, and 
degree of alignment {P,J. Unlike the mass-symmetric rase ^^), in
the present study one must allow for different spin distributions associated with 
each fragment. Since the spin distributions are not directly measured, die mode) 
calculations must be used to predict observed quantities such as the y ray ar sot- 
ropies. The agreement (or lack thereof) between the calculations and th t  J-^ta 
serves as a measure of the confidence that we can place in the infeirc:' paramt-ters 
of the distribution. All these param eters depend on one another, and th ce fo re  
alm ost the totality of the extracted Information is model dependen! to some extent. 
However, we shall see that in many cases the dependence of the tiiv ^reticai resuUs 
on different assum ptions is surprisingly weak.

4.2.1. Spin distribution. The calculation of the spin distributions combines results 
from both the experiment and the equilibrium  statistical model. Tlie first extracted 
quantity  from the experiment is the average valué of the sum cf so ir magnitudes, 
Based on com pound-nucleus work we ha ve assumed that in the /üosi general case 
the adm ixture o f m ultipolarities in the y-ray cascade includes s^rescherí .^uadrupole, 
stretched dipole, and statistical transitions that remo ve 2, 1, a x* O of fragment 
spin, respectively. If the num ber of each type of y-ray per reaction v ilh energies 
above the experim ental threshold, is N 2 , N i ,  and yVĵ , then the observed m ulti- 
plicity is

M^ = N 2 + N ,+ N ,^ .  (6 )

For the com pound nucleus case, the average spin at the beginning of vhe /v-iay 
cascade is given by

( I )  = {2N2 + N , )  + A, (7)

where A is the spin removed by transitions with energies below O 1 
threshold To apply eq. (7) to  a binary reaction, all the quau t'úes in'vo'ved 
should correspond to the fragment whose spin is being calculated J n ( 0 '‘tuL.ite!y 
only the total multiplicity of the v-rays emitted by both fragments is ‘criO .v'i, At this 
point we have assumed that the total num ber of stretched trans.tionfi is paiittioned 
between the two fragments according to the ratio of their m om ents oí' \i,zfúa. es 
would be given by rigid rotation. This assum ption is consistent with the e'JuiKb- 
rium approach, thus its validity may be questionable for the highesi Q-valúes.

According to  the statistical m odel, the spin d istribution fo" °ach frag!'!A.nt is
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P{I^, L )  =  . r  exp
^  2(Ty ' 2(jI

where . V  is a spin-independent norm alization constant. The cartesiars lelerence



systeiii is chosen such that the y-axis coincides with the line between centers, which 
’> í’iso tt.e sym m etry axis. For the heavy fragment, the variances and are
given by

I’-; theye s^uations, the subscripts H and L denote the heavy and light fragment, 
respectively. > is the mom ent of inertia of a (spherical) fragment, ^  is the reduced 
n-3ss 'Z  -he system, d is the distance between centers, and T  is the tem perature 
ar.áooialoi 'vith the intrinsic excitation energy. The variances of the spin distri- 
butiun foí th,; light fragment are obtained from eq. (9) by simply interchanging the 
suD-cripts H and L. The tem perature was obtained from

T  = { -Q la )K  (10)

wherp o is the ic/el density param eter taken to be |/l,otah ^toiai is the mass 
number of the com posite system.

The <“ffeci;s of neutrón evaporation were taken into account using the model of 
lef. j,ssi:ming that one neutrón is emitted for every 12 MeV of excitation 
cnei i y per fragment. This model was used to calcúlate the average spin m agnitude 
and the variances of the spin distributions at the beginning and at the end of the 
n-^íutron c,;sccide, respectively. The excitation energies were calculated under the 
asrun p tio n  that both fragments had equal temperatures.

T-’e valué of the average aligned com ponent for each fragment (.Ijz)  was
•)ot;>;,ied b ’ solving two equations of the form
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/  exp
2 (T̂  2(jj 2a

where is ’ne m easured spin m agnitude and </j> is the only unknown.
4.P 2. Ano. lar distributions and anisotropies. The basic angular distributions of 

streíw'ied quadrupole (# " 2 ) and stretched dipole { i f ' i )  y-rays emitted from a per- 
fectly a ’igne''.' system are^^)

^ 2(«) =  l ( l - c o s ^ a X  (12a)

#"i(a) =  K l+ c o s ^ a ) , (12b)

V -ere 7 ’he angle between the spin vector and the direction of observation. If the 
'’ystem. is •nisalign.. i tiiese distributions must be folded into the spin probability 
áistní-)uiio:i function, weighted by the num ber of transitions of each type {n¡̂ , n¡,



and «2 ) in a given región:

W{0,(^)oc {n2 ÍT(a:) + niW'\{oi) + n,,)P{I,6',(j)')I^áU\Q', (13)
J

where P(1,9', cj)') is the spin probability distribution function of eq. (8 ) expressed in 
spherical coordinates, and the angle a depends on both the direi,tion of emission 
(6, (¡)) and the direction of the spin vector {0', </>') of the em itter:

eos ¡X =  eos 0 eos 0' +  sin 6 sin (¡> sin 6' sin cp' +  sin 0 eos 0  sir. O' eos (p'. (14)

By writing the angular distribution as in eq. (13), we impHcitly assume that al! the 
y-rays of a given m ultipolarity have the same angular distribution. If we were to 
consider the m ost general case, the coefficients «i and nj could be functions of /. 
However, in order to get an analytical result we have neglected this dependence 
and we have assumed that these coefficients are constants, equai to  the average 
valúes. The average valúes of n^, and «2 were evaluated from the 7-ray energy 
spectra, as will be discussed in the next subseetion. For nearly symmetric systems, 
the statistical model predicts that the variances and are sim ilar to each
other. U nder the approxim ation that they are exactly equal to each other, the 
integral in eq. (13) may be analytieally evaluated"^^), and the resulting angular 
distribution does not depend on the angle (p. The com m on valúes for the three 
cartesian variances were obtained from

+ (15)

Two of these average variances were calculated, i.e., one for each individual 
fragment.

4.2.3. Multipolarity mixing raíios. A significant uncertainty in the input param - 
eters to  our model calculation is the m ultipolarity  com position o f  the continuum  
y-ray energy spectra. In an attem pt to reduce this uncertainty, we have resorted to 
results from both com pound-nucleus work and the present work

Rotational nuclei a t high spins are known to decay via the emission of basically 
two types of y-rays, (i) stretched electric quadrupole transitions, and (ii) “statisti- 
cal” transitions of nearly isotropic distribution. The energy of the stretched 
E2 y-rays are strongly correlated to the spin of the S t a t e  from which the y-ray is 
emitted, and they appear mainly as a low-energy bum p in the spectrum. The 
statistical transitions (probably an adm ixture of stretched and nonstretched electric 
dipoles) are considered to be distributed in energy aecording to the following 
function‘*'‘̂ );

Ní3(£ ,)o c  (16)
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Fig. 8. Decomposidon of a typical y-ray spectrum. The solid üne is a fit to the upper portion of the 
spectrum with the fuiiction K E 'e  where p =  2, T =  0,6 MeV, and K  was adjusted to reproduce 
the area under the spectrum above 2.25 MeV. The dashed Une is an exponential extrapolation to low 

encigies of the high-energy “statistical” tail (see text for discussion).

The solid Ihie in fig. 8 shows a fit of this function (with p = 2 and T =  0.6 MeV) 
to  the high-energy tail of a typical spectrum. Similar fits were obtained with p =  3 
and T  =  0.4 MeV. This decom position of the spectra indicates tha t the num ber of 
non-statistical y-rays in a certain energy región (given by the area under the 
histogram  minus the area under the solid curve) increases with decreasing energy. 
If these transitions were all stretched quadrupoles, the y-ray anisotropy for a fixed 
Q-value sho jld  decrease m onotonically with increasing transition energy across the 
bum p región. Clearly, this prediction is at variance with the low-energy data 
(£y:S 0.9 Mc-V) íhow n in fig. 6 . The experimental anisotropies are small for the 
lowest y-ray e.^ergies, increase and peak at ^  0.9 MeV, and then fall to unity. 
This general behavior as a function of reflects prim arily the change of the 
m ultipolarity mixing ratios. Indeed, since the Q-value is fixed, the spin depolari- 
zation (caused either by particle evaporation or by the reaction itself) is not 
expected to  produce any E^ dependent effect on the anisotropy.

The decrease of the anisotropy at low E^ has been observed in previous 
com pound-nucleus works and has been interpreted as evidence for an additional 
com ponent, likely stretched magnetic dipole transitions"^^). Although the Infor­
m ation on the spectral shape of this com ponent is incomplete, it is known that for 
ro tational nuclei these y-rays are concentrated mainly below 0.5 MeV. For nuclei



in the vicinity o f  a closed shell, their contribution  to  the to tai nu’l-iplic; y nrreases 
significantly and they extend to somewhat higher energ:.'-,

To minimize the uncertainties due to  this low-energy com poncnt in t'ie c o n -  
parison between the experimental and calculated anisotropies, w . have excluded 
from the analysis all the y-rays with energies below 0.8 MeV. However, e\".:n f'iese 
low-energy y-rays m ust be used in the determ ination of the &um of ilif snin 
m agnitudes, so tha t in principie, the uncertainties in their m ultipolarities cou'.d sti'! 
affect the determ ination of im portant param eters of the spin distrinufions. Ip o rcer 
to estím ate the m agnitude of this effect, we have considered two extreme , -'uations 
for the spectral shape of the y-rays which do not remove angular ir.<;. iit' ..ium from 
the system. First, we assumed that the spectral shape of the ’.'ansitions
(AI =  0) is given by eq. (16) (solid curve in fig. 8 ) and that the le^t of íl¡,’ y-rays are 
stretched quadrupoles. Under this assum ption, the num ber of s trek  hed ciuadrupoii 
transitions is overestim ated and therefore eq. (7) should provide an upper linut for 
the total spin. For the low-spin limit, we have assumed that itie spectral shape of 
AI = O y-rays is given by the extrapolation to low energies of the hig.'i-energy 
“statistical” tail (fig. 8 , dashed line). It may be questioned whether thif a ‘/  ;m pti jn  
really represents a low-spin limit for nonrotational nuclei, where the relatí’ i* .-cnf-i- 
bution of stretched quadrupoles is believed to be small. However, we nore ;haí fo’ 
the three reaction systems, a t least one of the two fragments (the projc-ctik-Uke 
fragm ent) has good rotational properties and therefore the num ber of sírclched 
quadrupole transitions is always significant. This is also confirmeci by the fa>. ‘ tha t 
even for the "“‘Ag and ‘‘‘^Sm targets, the experimental anisotropies reach val jes of 
~  1.6 (see figs. 5 and 6 ).

Fig. 9 shows for the system that the valúes of the sum o*' the
spins extracted under the two extreme conditions described ai>ove differ by less 
than  15 %. This result lends justification to the procedure of cons^dering only a 
restricted portion of the y-ray spectrum  (in which, according to fig. 8 , the coniri- 
bution of the stretched dipole com ponent will be small) for com parison of the 
model calculation to the anisotropy data. In all the calculations rbow n in the resi 
of this paper, we have considered an interm edíate situtation by^assuming th a t the 
)'-rays between the two calculated curves in fig. 8 are stretched dipoles and there­
fore remove one unit of angular m om entum  each.

4.2.4. Comparison between the model calculation and the data. Fig. IC com pares 
the Q-valué dependence of the experimental anisotropy to the theoretical calcu­
lation, for the región 0.80 MeV < < 0.95 MeV. For all three reactions good 
agreem ent is obtained for the m ost inelastic regions. The shíft in tlit  cniculated nc'ak 
anisotropy relative to the data  may indicate a breakdow n .fi* the st¿ tist‘':ai squihb- 
rium  assum ptions. According to the model, the máximum , ^!ue of 'h". aí?isotropy 
should occur when the multiplicity reaches its saturation  víJue.

It m ust be emphasized that regardless of any assum p ion made coir.'íim ng the 
m ultipolarity mixing ratios, the most im portant role in ríeteri/i-uing ín ;  valué of
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9 ¿ c ís ia . 'ry  of ihe fxtracted sum of the spins (/j-t-Zj) upon the multipolarities of the y-rays (see
text for discussion).

he y-ray »;iusotr..p ■ is played by the therm al fluctuations. As an illustration, fig. 11 
ompare. the data  ínpen circles) to a calculation assuming no therm al fluctuations 
dark  circles). It i-, :lear tha t if misalignment is not included, the observed valúes of 
he anisotropy caunoi be explained.

5 Aíi¿íi'ar momentum transfer: spin magnitude and alignment

In the last section we have shown that, under the assum ption of statistical 
Miilibrium, the m oJei can reproduce the g-value dependence of the y-ray anisot- 
)pies. In w hat follows, we shall discuss the behavior of the param eters of the spin 
stributions (either extracted or calculated, as described in subsect. 4.2.1) tha t were 
;ed in '.hese "alculations of the anisotropy.

. SUM  O F SPIN M AGNITUDES AND RIGID ROTATION

O f all the studíyd «..-lant'' -s, the spin m agnitude is the least dependent on model 
surrjptions, ir.ce it is cío y related to the m easured y-ray multiplicity. However, 
defining the >artit;o>i i;: :h.: to tal internal angular m om entum  between the two 
Lgments, v e  havc impii-’it!) assumed that the interm edíate dinuclear complex 
iches a stare of rg id  t MaíM - .. In order to test the validity of this assum ption, let 
first ana\y¿^ t!/; sum of the ''•pin m agnitudes / i  4- / 2. This quantity  is expected to 
laitiy irisciibitive to any ass im p tirn  on the ro tation  regime.
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0.80 MeV<Ey< 0.95 MeV
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Fig. 10. Comparison between the experimental anisotropies of y-rays with encr^áe? in íhe interval 0.80 
MeV <  Ej, <  0,95 MeV (circles) and a calculation based on the equih jfi.jm  ■jraüsSical model (open 
squares) as a function of Q-value. The calculations require some experimental in f  u t; therefore they were 
done only where experimental results were available. The Unes are drawn thrc'ugh the calculated points

to guide the eye.

Fig. 12 shows I i + ¡ 2  as a function of Q-value for the th iee reactions. Two 
observations can be made. First, the máximum am ount of spin corresponding to_̂  
the saturation  región increases with the total mass of the system. Second, the Q- 
value where saturation is reached appears to  become som ewhat m ore negative for^ 
heavier systems. To a large extent, this behavior may be a ttribu tsd  to differences in< 
basic param eters of the reaction, such as the C oulom b barritr, to tal kinetic energy, 
mass, o r angular m omentum. A m ore significant com parison between the reactions 
can be m ade by appropriately transform ing both axes in fig. 12 so as to  rem o ve 
any factor tha t is not directly connected to  the transfer proccss itself. The choice of 
new variables is certainly not unique. For the variable relaíed to  the excitation 
energy we have chosen a transform ation from Q-value to  tem peiature (eq. ( 1 0 )). 
F o r the angular m om entum  axis we have considerec! two differeni scales given by 
the following equ a tio n s:

= (17a)
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Fig. 11. Compitr.ioo jetween the experimental anisotropies and a calculation that does not include 
the efiect o f ‘he th»jrmal fluctuations. The shape o f the calculated anisotropies results from both the 
dependí;nc£ of íhe number of emitted neutrons and the composition of the y-rays (these were the same 

Hf, ihose used in the calculated curves of fig. 1 0 ) with Q-value.
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r̂oll =  ÍT̂ max)  ̂ l

= + J

(17b)

.18)

and  is the máximum incoming angular m om entum  correspondine to a grazinu 
collision. The transform ed variables Írr and î ¡̂¡ measure the ob'íei v.id sum ol t!ie 
fragm ents’ spins in units of the máximum valué expected from the rig id-rotation 
and rolling limits, respectively.

Fig. 13 shows plots of the experimental valúes of írr and î g¡, as h iunct'op of T  A
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corr.narsor. Dei^veen figs. 12 and 13b indicates that the transform ation from / j + Z j  
a '.d Q to ai i T  su ;ceeds in reducing the experimental points to essentially a 
sing'c curve, The transform ation according to the rolling limit {fig. 13a) gives a 

curve for the nearly symmetric Ho +  Sm and Ho +  Yb systems but shows a 
sigiTificaai ieviation for the more asymmetric Ho +  Ag. These results provide, if 
r c't prooí, at 'easí a strong support to the assum ption of rigid ro tation  of the 
interm edíate cor-.p^-x.
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5.2. SP!N ü iS T K Iü v  lO N S O F THE INDIVIDUAL DEEP-INELASTIC FRAGM ENTS

We shall nov, .amine some results concerning the spin distribution of each of 
the tv 'o exn-ch ; mel fragments. As described in subsect. 4.2.1, the average spin 
magiii-udes < / , ;  u;..' ( / j )  were assigned to each nucleus according to  the rigid- 
ro tation orescription, and the variances and a \  were calculated with the aid of 
the stavis icai modcl (eqs. (9) and (15)) and the experimental tem peratures (eq. 
(1 0 )). B 'uli typey of Information were finally corabined to  obtain the individual 
spin aligiiments through the quantities < / i2> and < /2z> (eq- (H))-

Fig. 14 show" the ^volution of the average spin m agnitude </> (solid curve) and 
¡ts average ali, n-.l com ponent </^> (dashed curve) for both reaction partners as a 
l'íinction of ;c. In all cases the heaviest fragment bears the largest spin
iccording lo the ■ 'd-ro tation partition. The spin of the projectile-like fragment 
ncreases slighíi> with decreasing total mass because the increase of its m om ent of 
nertia (reiatlve to  :’ie target-like fragment) prevails over the reduction of the total 
in g u h r niom er'u j1. The Q-value dependence is quahtatively the same as that of 
he ;-ray  m u lt 'f  i.civies. Following the rise throughout the elastic and quasielastic 
egion, tl'cre •s a saturation  at large negative Q-values. However, at these large 
iegati’'3 g-valc^cs </j> shows a decreasing trend, which leads to  a Progressive 
livcrgence frot.'. </>, The m agnitude of this effect is a function of the mass of the 
'ugme.it, aiui it is related to  the alignment of the corresponding spin distribution. The 
egree of spin aligrm ent is usually measured in terms of the quantity  defined as

.  = ^ ______ (19)
2  </^> 2  l +  3 a V < / J ^ ‘  ̂ ^

^itfi this definitíOi!, varíes from O to 1, those extremes corresponding to  a 
■.irpletclv ;ij.salij;-.ied ar-d to a perfectly aligned system, respectively.
Fig. 15 ‘5!io»\á fhe vs'uc oí as a function of Q-value for each individual 
igrnert in tiie th¡ e reactior^s. The same qualitative behavior can be observed in 

cafes: the alignment i'icreares rapidly with decreasing g-va!ue throughout the 
lasicJastic región, follow xi by a  m ore o r less slow decrease (depending on the 
iss i)f the fragiTíent. across the deep-inelastic región. F or each system, the heavy 
iction jv rtn e r  shows a higíier degree of alignment.
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<I>
<Iz>

Fig. 14. Average spin magnitude </> (solid Unes) and average aligned compopi’iit </^> (dashed Unes) as 
a function of Q-value. For each system, the various symbols correspond tó tUe two deep-inelastic

fragments.
/ f

The differences in the alignment of each fragment may be uj’derstood in term s o f.' 
the extracted individual spins and the dependence of the oalculated spin fluc-* 
tuations on different param eters The equiliberium statist-cal model predicts 
that the variances of the spin distributions are proportional to  the tem perature (eq. 
(9)). In addition, it also predicts th a t the variances decrease with increasing mass 
asym m etry of the system, although this dependence is ralher weak th roughou t the 
región investigated in these experim ents. In  this m ass-asym m etry región the vari- 
anees along the three cartesian coordinates are nearly equal and  the average 
valué is larger for the heavy fragment. Finally, for a fixed mass asym m etry the 
m agnitude of the fluctuations in both  nuclei vary with the to tal mass according to 
the following re la tio n ;

(2 0 )
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Fig. 15. Aiignment par.imeter as a function of g-value, for each of the two deep-inelastic fragments
in the three reactions.

Table 2 summarizes the valúes of the calculated variance (as defined in eqs. (9) 
and (15)) associated with the spin distribution of each fragment. Due to  the 
opposite effects derived from the increasing mass asymmetry and the decreasing 
to tal mass, the niagnitude of the fluctuations induced in the Ho-like fragment is 
alm ost constant for the three reactions. Since the spin im parted to this nucleus 
increases with entrjnce-channel m ass asym m etry, the net result is th a t the m áx­
im um  valué o f  (H o) (fig. 15) increases with decreasing mass of the target (0.64, 
0.72, and 0.79 fo/ '^®Yb, '*®Sm, and "“'Ag).

A difTerent behavior is obtained for the extracted aiignment of the target-like

T a b l e  2

Calculated variances of the spin distributions (see eqs. (9) and (15))

Reaction
<rVr(ftVMeV)

projectile (Ho) target

i65Ho4-!«Sm 
i65Ho + "“'Ag

69.3
69.0
68.5

76.9
57.9 
34.5



nuclei. A lthough the calculated variances become smaller for lighter ta rg tis  (rí'hle 
2 ), the trend is not strong enough to com pénsate the dram atic Jecrcuse i t ihc 
transferred spins (fig. 14). In fact, for the lightest nucleus (Ag> at iowest 
excitation energies {Q =  —300 MeV), these random ly o 'ien teá  co^-uon tius ao- 
count for almost the totality of the spin (fig. 14c), thus giving r ‘'-c ?t> , -i 
isotropic spin distribution (fig. 15c). The m easurem ent of discr^tt; y ra_xs dmí^s as 
an interesting possibility to confirm these results on í!i; :̂nr.''en< ¿'acii 
fragment.
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6. Conclusions and summary

We have studied the spin-transfer process in the deep-inelastic re., .uc t.í I4U.) 
MeV ‘®^Ho + ’ '^*Yb, and "“‘Ag, through the m easurem ent of :hc m  £,piicity
and anisotropy of continuum  y-rays. The total multiplicity convej» '.Titorai¿ k.n on 
the sum of the spin magnitudes whereas the anisotropy of the a n g iia r  disínb'.uion 
reflects the distribution of spin directions.

The experimental results were com pared to a model that assanies coinplete 
relaxation of the rotational modes of the interm edíate dinuclfar coR-.r;'->. 'T'he 
validity of the equilibrium limit is suggested by the fact that »he t . t r  pc-at ire 
dependence of the transferred spins is very similar in the thrt'e rí-dcVon ,ys‘ ;ms, 
when expressed in units of the máximum angular m om entum ‘preoictc'.i hy rigid 
rotation.

The two basic experim ental inputs to  the model calculation are- 'ho tcra l v-ray 
m ultiplicity and the m ultipolarity  com position o f the y-ray spectra. i-''eí.c '■ding the 
latter we have shown that, within reasonable limits pr;s"ribcd  by orevious 
com pound-nucleus work, the theoretical results do not depend cruoi.i!!y uprm the 
assum ptions made. As a final step we have calculated the prim ary Ap,,Tx .li, íribution 
by taking into account the effects of neutrón evaporation on the Tu't ■J’id  seccnd 
m oments. The agreement between the statistical model calcu laúoui and the expe­
rim ental da ta  is satisfactory th roughou t the entire g-value ninge, tlic 
depolarizing effect due to therm al fiuctuations seems to be overestiinar'.^‘A a) 
highest excitation energies (2  % —100 MeV).

The param eters (both extracted and calculated) of the spin d istribu t'o r’ for ea^.h 
fragment in the different reactions were analyzed as a functíon of O-'.'alue. ir, 
general, the spin m agnitude and alignment increase acro .3 tho quasielastic ,''e¿ion. 
At smaller Q-values the spin m agnitude alm ost satúrales, 'vhile the ai.gnme:v ntdks 
and then falls for the most inelastic events. The alignment of the heavy reacticn 
partner increases slightly with increasing mass asymníe^ry. Q n thí o tjijr  hand, 
although the fluctuations generated in the light fragment decre;’se with 'iip .iiass, 
they account for a large fraction of the spin and therefore give lise to r, ■-.ub„t,;.,c;ai 
m isahgnm ent.



I r  : ;mn a'-y, the study of the y-ray decay from the heavy producís of deep- 
ini;j-.sí’í; líac iions is a useful tool for the investigation of angular-m om entum - 
lra'i,.rer ,uocesses in m oderately asymmetric systems. Com parisons between the 
data ai J a r<-odel calculation indícate that thermal equilibrium of the rotational 
ue;'ri.es u f'-eedom of the dinuclear complex is attained in a broad range of

1 ■ nsf;;-..-? and that the equilibrium limit is a natural starting point in the 
i í a i ;  .or.. LO', plex phenom ena associated with angular-m om entum  transfer in 
he^vy u n les-iions.

1 ' l .. A ’s ..opported by the Director, Office of Energy Research, División of 
Na'.iía>- -r v?ics ot íiue Office of High Energy and Nuclear Physics and by Nuclear 
Sci..r>r - .; tne Basic Energy Sciences Program  of the US D epartm ent of Energy 
u” dp.'’ i. Mntract DE-AC03-76SF00098.
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