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Abstract 

Angular-Momentum Transfer and Alignment in Deep-Inelastic 
Reactions for Nearly Symmetric Heavy-Ion Systems 

A. J. Pacheco*., G •. J. Wozniak, R.~ J •. McDonald,_ R. M. Diamond, .. . ** .. · . .. . .. ··. . . t . C. C. Hsu , L. G. Moretto, D. J. Mornssey, · 
L. G. Sobotka_and F. S~ Stephens 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

Univ~rsity 6f Califorhia 
Berkeley, CA'94720 

The magnitude and alignment of the spin transferred to the fragments in 

the'· de~p~in'elastic reactio~s of 8;~5 M·ev /nut leon 165Ho on 176vb, ·148sm, and 

na't,A.g -~er'e . i nve~ti g;ated' J'si'ng '·cant i nuum y-ray mtil t ipl ic; ty and ani sot ropy tei::h-
.· ·"··.,,T. :, 

niques. The detection. system consisted of a ·t1igh.ly r·edundant arrangement of 

particle andy-ray detectors ahd a y.:.ray-rr{ultiplici'tyfilter. By us-ing suit-

able reduced quantities, we show that for the most negative Q-values the multi­

plicity 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 different assumptions con­

cerning the composition of the y-ray spectra is investigated. The magnitude 
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and alignment of the spin imparted to the individual fragments as a function 

of Q-value are extracted for the three reactions. 

NUCLEAR REACTIONS: 176v~( 165Ho, X}, 148sm(165Ho, X}, natAg( 165Ho, X}, 

E = 1400 MeV; measured y~ray multiplicity, anisotropy, continuum y-rays; 

deduced spin distributions. 
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. 1. Introduction: 

In deeply inelastic collisions, a certain fraction of the initial orbital 

angul~r momentum is converted into spin of the indivtdu~l fragments 1). This 

process has been investigated by studying the decay of the highly excited nu­

clei emerging .from the primary reaction. Measurements of the sequential 
' .•. . 

emission of a-particles 2- 4), .fission fragments 5- 9 ) and _y-rays 10- 22 ) have pro-

vided information on different- parameters of the spin distributions, generated 

as a consequence of the interactfon between the two reaction partners. In 

principle, one can ~xpect that these distributions will reflect the underlYing 

mechanism responsibl~ for the angular-momentum transfer. ·For example, the av­

erage values of the spins imparted to both deep-inelastic fragments can be re­

lated to the rotation regime of the dinuclear complex. On the other hand, the 

spin flu~tuatirins (both in magnitude and o~ientation) not only reflect the 

diffusive nature.of the angular-momentum-transfer process, but also, they carry 

infor;mation on the rotational ·degrees of freedom involved. However, if the ro-

tational modes of the dinuclear complex reach a state of statistical equilib­

rium with the intrinsic degrees of freedom, then the distinction among differ­

ent possible mechanisms wquld be very difficult since all of them would lead 

to essentially the same spin distributions. Therefore, the knowledge of the 

statistical equilibrium behavior and its comparison to experimental results 

seems to play an important role in the comprehension· of the spin transfer-pro-

cess. 

The limit of statistical equilibrium has been investigated in Ref. 23 ) 

and 24), assuming avery simplifieq configuration for the intermediate dinu­

clear complex. In this model, th~ thermal :excitation of the rotational modes 

of the system gives rise to -~andom generation of the associated angular~momen-
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tum components. These, in turn, couple to those components arising from rigi,d""" 

rotation, which are aligned perpendicular to the reaction plarie, and the net 
(• 

result is a distribution in magnitude and orientation of the angular momenta 

in the system. For mass-symmetric systems, the model predicts a gaussian dis­

tribution for the cartesian components of the spins, with almost equal vari­

ances along the three coordinates23 ). The magnitude of the resulting 

fluctuations. were compared to the results from the reaction 165Ho + 165 Ho at 

8.5 MeV/nucleon, studied via y-ray multiplicity and anisotropy techniques. 22 ). 

It was shown that the relatively small anisotropies obseryed at large Q-values 

could be explained by the thermal excitation of the rotational modes of the 

dinuclear complex. For extreme mass asymmetries, the statistical model pre-

diets that the spin distribution of the heavy fragment will develop a strong 

in-plane asymmetry, produced by the enhancement of the fluctuations along .the 

1 ine of centers of the complei4). This prediction was tested through the 

measurement of in-plane angular distributions of sequentially emitted fi.ssion 

fragments in the reaction of 20 Ne + 238u and 197Au at 12.6 MeV/nucleon8). 

The results showed a 1 arge i n-p 1 ane anisotropy, i ndi cat i ng a strong asymmetry 

of the sp"in distribution, but it was also shown that a large uncertainty exists 

in the determination of the line between centers at the time of scission of the 

dinuclear complex. 

In the present paper we report the results of a systematic investigation 

of the magnitude and the alignment of the spins imparted to both deep-inelastic 

fragments in the reactions of 8. 5 MeV /nucleon 165 Ho on targets of 175Yb, 148sm 

and natAg. The systems studied lie in the region of small to moderate mass 

asymmetries. For this region, the statistical model predicts that for each 

fragment, the variances of the spin distributions along the three cartesian 
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coordinates are nearly equal, although the fluctuations are significantly lar-

ger for the heavier fragme~t. The experimental technique used in this study 

was the measurement of the multiplicity and the anisotropy of unresolved y-rays. 

In the mass region covered by the projectile and the targets, a strong corre­

lation between y.;;.ray multiplicities and spin magnitudes can be expected 15, 25). 

The extracted average spin magnitudes for each reaction were combined with the 

predicted variances, to calculate anisotrop.ies -that.were finally compared with 

experimental values. The targets and the projectile used in this reaction fall 

into two categories.' The 176Yb and 165Ho isotopes lie in the region of the 

good rotational ·nuclei~ and therefore, ,the subsequent electromagnetic cascades 

are enriched in 11 Stretched 11 quadrupole transitions. 'These y-rays -are predomi-

-nantly emitted along directions contained in the plane .perpendicular to the 

spin of the emitter, thus the ani.sotropies of the· angular distributions are 

·. very sensitive to the degree of a 1 i·gnment. On the other hand, 148sm.and both 

isotopes in natAg are well removed from this region of good rotors, thus the 

corresponding y-ray spectra will.·have fewer stretched quadrupole transitions. 

The effect that the uncertainty in the composition of multipolarities has on 

the detenni nat ion of the parameters of the spin ·d.i s tri butions are di sct~ssed. 

2.·'· Experimental techniques 

A beam of 1 65Ho at 1400 MeV from the· Lawrence Berke 1 ey Laboratory 

HILAC was used to ~ombard~self-supporting targets of 176vb, 148sm~ and 

Super­

natA . g 

·.with thicknesses 0.90 mg/cm2 ~ 0.46 mg/cm2, and 0.•97 mg/cm2, respectively. The 

beam current during the experiment varied between 3 enA and·? enA. ,The detec-

tion system and its geometrical arrangement was similar to that described in 

detail in ref. 22), except for the addition of a multiplicity filter 4). 

Therefore, only a brief outline will be given below. 
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2.1. Detection system 

Three surface-barrier silicon detectors (300 llm-thick) were used to de­

tect the projectil e-1 ike fragments emerging from the binary deep-inelastic re­

action. Two of them (Si-1 and Si-3) were located in a horizontal plane, par­

allel to the scattering~chamber floor. The third detector (Si-2) was mounted 

on an arc situated in the vertical plane that contains the beam axis. , .The 

three detectors were at a distanc.e of 14.3 em' from' the target and were calli­

matedto 1.1 em in diameter., 

They-ray detectors consisted of three externally mounted 12.7-cm diameter 

by 15.2..:cm deep Nai sc·intillators, which looked at the target through identical 

0.6 em-thick ·1ucite windows on the scattering chamber. The distance of 60 em 

between the target and the detectors provided an adequate separation of neu­

trons and y.,..rays by time of flight. Two of these counters (Nai-l and Nai-3) 

· were placed in the scattering-chamber plane and the third one (Nai-2) was 90° 

out of this plane. 

In addition to the particle detectors and large Nai counters, an array of 

eight 7.6 em x 7.6 em Nai co~nters was used as a multiplicity filter~ These 

detectors were located above the scattering chamber in an axially symmetric 

arrangement with respect to the vertical direction. Each detector was spaced 

45° from the next, and they all looked at the target through a 3-mm aluminum 

dome from an angle of 45° and at a distance of 23.cm. This multiplicity filter 

was used both to obtain an additional independent meas~rement of the average 

multiplicity and to enable the biasing of the spin distribution toward higher 

values. 
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The geometry of the whole detection system was such that several redundant 

measurements of they-ray multiplicity and anisotropy could be made. Particle 

detectors Si-1 and Si-3 on the one hand and Si-2 on the other defined, together 

with the beam axis, two mutually 'perpendicular reaction planes. Each Nal de­

tector provided either an in-plane or an out-of-plane measurement, depending 

on whether it was in coincidence with Si-1, Si-2, or Si-3. The out-of-plane 

angles a (measured from~h~ perpendicular to the corresponding reaction plane) 

given by the,,various Si-Nai, ~ombin~tions ,are summarized in Table I. 

.2.2. Calibrations and corrections 

The energy. calibration pf the particle detectors was perfonned using the 

kinematically calculated energies of the elas.tic peaks from the different re­

.actions •... Addi~ional corrections wer:-e made for the ener~y l~ss in t_he target 

material~ 6) and. for the pulse~~eight .defect27) _in the. silicon detectors. The 

energy .calibrat_i,on of. the large Nal crystals was made using the 570-keV and 
• . ' ., I ' ' ' ' . , • ' ·. 

10p4-keV y-:-rays from the. 207 Bi decay. For the efficiency calibrations, one of 

the coim::ident transitions from either 60co, 207Bi, or 152 Eu was detected in a 

· Ge(Li) detector while the other was lo.oked for in_ one of the Nal crystals. The 

detector efficiency was. then calculated as the. coincidence-to-singles ratio, 

__ c.orrected .for .the angular correlation, internal conversion, and branching ra-
. " . t ',·' ! ' 

· ti_os of th~ decay. The efficiency calibration of the multiplicity array was 

done in a s.imilar f~shion. · In this case, ~ne of the eight detectors of the 

same array was .used as a .trigger for the other seven. 
• ! • • 

Corrections to they-ray energies (Dop.pler shift), angles of emission, and 

solid angles (aberration) had to be considered in order to account for the fact 

that the emission takes place from moving sources. The relevant formulae are28) 

/ 
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.. 
Eo( 1-e2)1/2 

E UJ = 
y 

y 1-e cost; (1a) 

cost; = cos ~0 + e 
1 + e cost; and (1b) 

dst0 1 - e2 
= 

e cos s) 2 dst (1 -
(1c) 

In these equations, E is the y-ray energy, e is the speed of the emitter in 
y 

units of the speed of light, t; is the angle between the detector and the veloc-

ity of the emitter, and S1 is the solid angle. In all cases, t~e superscript 

11 0 11
' refers to quantities measured in the reference frame where the emitter is 

at rest. In spite of the simplicity of these equations; it is not possible to 

perform an exact correction because there are two possible emission sources 

·that cannot be experimentally distinguished. The magnitude of the energy 

shift (eq. 1a) was estimated by assuming that all the y-rays were emitted 

either from the projectile-like fragment or from the target-like fragmen(. 

The resulting spectra were theh added together, weighted by th~ corresponding 

solid-angle correction (eq. 1c). These 11Corrected" spectra were very similar 

to the uncorrected ones. This is riot unexpected since; for mos~ Si-Nai com­

binations, the sign of cos~ changes dependingon which fragment is considered 

to be the e~itter, thus giving rise to al~~st ~ri exact cancellation. Finally, 
. . 0 . . 

it was estimated frpm eq. 1b that the angles a , measured in the reference 

frame where the emitter is at rest, differed from those listed in Table I by 
. o' . . . 

less than 6 , even for the most unfavorable cases.· 

I> 
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Due to the incomplete photopeak efficiency of the Nai'detectors, the true 

,y-ray spectral shapes must be obtained by unfolding the raw pulse-height spec­

. tra •. However, it was shown in a previous work 22 ) that, within experimental 

errors, the unfolding procedure did not affect the values of the multiplicities 

or anisotropies. Therefore, the results presented in the remainder of this 

paper have been obtained from the raw spectra. 

2.3. Data acquisition and' analysis 

The signals generated in the various detectors were processed by means of 

NIM-standard electronic modules. Data were taken in. an event-by-event mode 

and written onto magnetic· tape. Each event consisted of 12 parameters: the 

pulse heights from the ·three Si detectors and the three Nai counters, the four 

TAC signals (one for each large Nai and one forth~ multiplicity array), the 

N-fold distribution from the multiplicity array and a marker of the scaled-

·down particle-singles. The .. master gate 11
, used in the definition of an event, 

was opened by i) scaled-down heavy-ion singles, ii) heavy-ion- {Nai) coinci­

dences, and iii) heavy-ion- ·(multiplicity filter} coincidences. 

The data analysis proceeded along the following lines. 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- (Nai) coincidences were stripped from the raw data and rewritten 

on tape in event-by-event form. Due to the lower probability for such coinci­

dences, this procedure substantially reduced the humber of data tapes to be 

analyzed. 
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3. Experimental Results 

The primary quantities of interest.·extracted from the data are: i) heavy­

ion energy spectra, ii) y-ray energy spectra as a function of Q-value, and 

iii) distribution of N-fold 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 176vb, 148sm, and natAg targets, ,respectively. These angles 

are slightly behind the classical grazing angle of each reaction. Figure 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 bbth a~ elastic and a deep-inelastic peak. 

The ca1culation of Q-values associated with different detected heavy-ion 

energies was done assuming that only two fragments (equal to the initial pro­

jectile and target) were present in the exit channel. The resulting values 

were iteratively corrected for the effect of neutron evaporation on the energy 

of the detected heavy ions, assuming that one neutron was emitted for every 12 

·MeV of excitatitin energy. 

3.2. Gamma-ray data from the large Nal detectors 

In-plane and out:....of-pl ane continuum y-ray energy_ spectra in coincidence 

with a projectile-1 ike fragment were recorded using the various redundant com-

binati·ons of particle andy-ray detectors listed in Table I. Average multi­

plicities per event for different y-ray energy intervals were calculated from 

the number of coincidences, the number of particle 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. 
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3.2.1. Gamma-ray energy spectra 

The shape of the unresolved y-ray spectra from the three reactions have 

the same qualitative characteristics. A representative example of an in- and 

out-of-plane spectrum from the reaction 176vb + 165Ho is shown in fig. 2. An 

intense bump dominates the low-energy portion of the spectrum, followed by an 

exponential tail that extends to much higher energies. The bump region exhib­

its a pronounced in-plane peaking, suggesting that it is. predominantly composed 

of stretched quadrupole y-rays emitted from nuclei with their spins aligned 

mostly-perpendicular to the reaction plane. The enrichment of the low-energy 

region in stretched t2 y-rays is a well-known feature of reactions leading to 

r.otational compound nuclei 29) •. The higher energy portion of the spectrum 

(Er ~ 2 MeV), thought to be a mixture of stretched and unstretched electric 

dipole transitions30 ,31), shows no appreciable anisotropy • 

.. Figure 3 shows the dependence of the spectral shape of the continuum 

y-rays on the reaction Q-value. The upper-energy edge of the bump moves to­

wards higher y-ray energies with increasing Q-value across the quasielectic 

-region, until it saturates in the deep inelastic region. Since for a rota­

tional nucleus the maximum energy of the stretched E2 y-rays is related to the 

spin at the top of the cascade, this behavior of the edge of the bump is an 

indication of the dependence of the fragments• maximum spins upon Q-value. 

3.2.2. Gamma-ray multiplicity 

For a given Q-value, thearea (Nc) under any po.rtion of each y-ray 

spectrum is proportional to the average multiplicity <M >of they-rays in 
y 

the corresponding y:-ray energy interval. The proportionality constant in-

cludes the efficiency (d of the Nai detectors, the number of heavy-ion sin­

gles (Ns) and they-ray angular distribution W(e): 



Nc 
<M > = N W(e) y s e: 
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(2) 

where e is the angle between the axis of the y-ray detector andthe perpendic-· ... 

ular to the reaction plane. We define the in-plane and out-of-plane multi­

plicities [M (90°) and M (0°), respectively] as follows. y y . 

M -( 90 o ) = < M > W ( 90° ) 
y y 

M (0°) = <M > W(0°) 
y y 

The redundant geometry was very important in the evaluation of possible 

(3) 

systematic errors (es~ecially those arising from small changes in the scatter-

ing angles due to changes in the beam position, and uncertainties in the eval­

·uation of Doppler-shift and aberration corrections). The values of- the exper­

imental multiplicities quoted inthe rest of the paper correspond to averages 

of the various combinations of Si and Nal detectors. The error bars shown in-

elude cohtributions from the ~ariance ~ssociated with the spread of the com­

binations ·about the average as well as the typical statistical errors of an 

i nd ividua 1 measurement. 

Figure 4 shows M {~0°) (squares) and M (0°) (triangles) for y-rays with 
y y 

energ~ above 300 keV as a function of Q-value. The general trend af the~e data 

is sim~lar for the thre~ systems· and agrees with that previously observed in 

the 165Ho + 165Ho reaction22 ). There is a rapid rise across the elastic and 

quasielastic (QE) region, followed by a saturation or even a slight decrease 

for the most deep inelastic (DI) events. Whereas M (90°) (in-plane) actually 
y 

p~aks and then decrea~es slightly, MY(bo) (out-6f-plane) exhibits a plateau 

(148sm and natAg data) or even a slow monotonic increase (176Yb). -As indi­

tated by eq. 3, the different behavior of M (0°) and M (90°) refletts the ang-
Y y 

/ 
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ular distribution of the radiation •. The maximum value of the y.;..ray multiplicity 

decreases. with the mass of the target ( 40·, 37, . and 33 for 176vb, 148sm, and 

natAg, respectively). In the next sections we shall discuss in more detail 
i 

the connection between the experimental multiplicities and both the fragments• 

spins and the multipolarity mixing ratios as a function of y~ray energy. 
,, 

3.2.3. Galjun(i~ray anisqtropy 

We defin~ the anisotropy as the.ratio of the in-plane to out-of-plane 

multiplicities: 

._%= M (90°)/M (0°) 
. y :y 

(4) 

This quantity depends on the ~lignment of the spin distribution and the multi­

polarity mi~ing ratios of the radiation. For pure stretched quadrupole y-rays 

.. ernittedfrom a perfectly aligned ensemble of nuclei, an infinite anisotropy 

would be predicted32 ) •.. Even if there is a moderate admixture of isotropic 

transitions (-30%), they-ray angular distribution would still exhibit a deep 

minimum along the alignment direction 9-nd thusthe anisotropy should still be 

quite.sensitive to fluctuations in the spin orientation. 

Figure, 5 shows the y-ray anisotropy as a function of Q-value for the three 

d.ifferent reactions and for two different y-ray en~rgy intervals. In all cases 

the anisotropy increases throughout the QE region and then falls across the Dl 

region. The peak value for .the 176vo + 165Ho reaction is much higher than 

for the other two .reactions. As anticipated, the selection of the y-ray energy 

interval in the bump region produces a significant increase of the anisotropy 

(fig •. 5b) as a consequence of the .enrichment in stretched E2 transitions in 

this energy region. 
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The Q-value dependence of the ahisotropy can be qualitatively understood 

in terms of the evo 1 uti on of the degree of spin a 1 i gnment. For very 1 ow Q­

values, the interaction time is short compared to the relaxation fimes of the 

rotational degrees of freedom of the system, and therefore little angular mo­

mentum is converted into spin. Even small fluctuations can destroy the spin 

alignment, thus the angular distribution is almost isotropic. More inelastic 
. . ) 

collisions tend to dissipate an increasing fraction of the initial angula~ mo-

mentum (as indicated by the multiplicity curves), while the fluctuations remain 

at a relatively low level. This causes the anisotropy to rise rapidly. Fin­

ally, for the most inelastic events the amount of angular momentum transferred 
. . 

to intrinsic rotation saturates while the spin fluctuations (caused by both the 

stati~tic~l ei~itatibn of spin depolarizing modes and by neutron evaporation) 

continue to increase. This indicates that the constant spin observed as the 

Q-value increases is made up of a progressively larger contribution from ran-

domly oriented components, and therefore the anisotropy falls. 

The dependence of the anisotropy on y-ray energy for a fixed Q-value 

(fig. 6) reflects mainly variations in the multipolarity mixing ratios. These 

curves show a large increase through the low-energy region reaching a maximum 

at E ~ 0.9 MeV, followed by a gentle fall to unity for larger values of E . 
y y 

The behavior of the high-energy portion (E 2 0.9 MeV) may be understood in 
. y . 

terms of a decreasing percentage of stretched quadrupoles (dominant in the up-
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y-rays are emitted from states where an additional depolarization occurred due 

to hyperfine interactions33 ). 

3.3 · Multipli.C,ity-filter data 

The analysis of the distribution of the number of y~rays detected in the 

7.6 em x 7.6 em· Nal detectors in coincidence·wtth a heavy ion provided an in­

dependent measurement of the average ~-ray multiplicity as a function of Q-
.,. 

valu•e. The formalism ~sed was that of Sarantites et a1. 34) For the ·three 
r • 

react,ons the multiplicities obtained using th~ multiplicity filter were in 

very good agreement with those extracted from the i ndi vi dua 1 1 arge Nai de tee-

tors. 

Data from the multiplicity filter can also be ~sed to studj the dependence 

of the anisotropy oh the ~~i·n ~abnitude. · ·sy reQuiring high•order coincidences 

iri the multiplicity filter 6ne should select, on average, event~ as~ociated 

with a larger number of y-rays and therefore higher spins. To investigate 

this effect, we have· applied the following protedure. First, we considered· 

all the events that included'coihcidences among a particle detector, a large 

Nai detector, and the multiplicity filter. Additional requirements were that 

the energy of the heavy ions fell into one of the Q-value bins indicated. in 

fi,g. 1, and that at ie'ast two detectors of the multiplicity filter fired. We 

~efine ~T as the nu~ber of these "triple" coinci~ences (Si~Nai-array). Next, 

we removed the tonditibn on th~ large Nat d~tecto~s and considered events that 

satisfied only the other requ ifements 1 i sted above. The tota 1 number· of these 

"double" coincidences (Si:...array) was defined as N0.' In analogy with eq. 2 

and 3, we define. 
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(5) 

This ratio may be interpreted as approximately equa~ to the average number of 

y-rays associ.~te.d.with the 'biased" population, after excluding the two. or more 

y-rays detect~d jn,.the. multiplicity filter. 
'" ·' ' . ' .. 

Figure 7a compares M (90°) and 
y ·. 

my(90°) .as a function of.Q-value. The open squares, corresponding to the 

biased .spin population, are systematically higher by about three y-rays (fig~ 

7a), even without.consid~ring those already detected in the multiplicity fil­

ter •.. The relative difference seems to be even 1 arger for the three lowest Q-

value bins • 

. figure,7b shows a comparison between ~he quantities M (90°)/M (0°) (filled 
y y 

squares) .and m (90°),/m (0°) (open squares). Both sets of data points are in 
. . y ' y . 

agreement wit~i.n er_ror bars, although_ the: y-rays emitted from the biase~ popu-

lation ~xhibit a somewhat larger "anisotropy". A more quantitive interpreta­

tion of this data in connection with t~e alignment_ of the biased popu-lation is 

hindered by the complex. augul ar-corre 1 at ion effects associ a ted with the detec­

tion of two.or more y-r.ays at an .angle of 45° from the reaction plane. 

4~ Theory and.model calculations 

In this section we shall present the theoretical aspects involved in the 

extraction of information a~out the spin-transfer proc~ss from the experimental 

results.· Some of the subjects which are only briefly considered here have been 

extensively discussed elsewhere?). 

4.1. Angular momentum transfer and statistical equilibrium 

During a deep-inelastic collision the reaction partners form a short-lived 

dinuclear system35 , 36 ). The portion of the interaction responsible for the 

conversion of orbital angular momentum into intrinsic spin can be viewed as a 
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dissipative process in which frictional forces oppose the mutual sliding or 

rolling of the nuclear surfaces in contact. Several models have been postu­

lated to ~xplain these effects in t~rms of specific mechanisms, such as parti­

cle. transfer~?,_3B) or the excitation of. surface modes 39). A common feature of 

. all these.descriptions is that they pr~di·ct a distribution of transferred 
' • • • • J ~ • 

spins, rather than a well-defined value. The characteristics of the spin dis~ 
-. . - . ' . ' ~ 

tribution ar~ dictat~d essenti_ally by i) the choice of a particular set of 

angular-momentum-bearing degrees of freedom, and.ii)the equilibration time . . . . 

,(associated with the transfer mechanism) relative to the lifetime of the com-
.. ' . ' . ~( 

plex. 

The observation of. a rigid-rot~tion regime of the dinucl~ar system in many 

reactions2' 4,ll,lS) points to the statistical relaxation of th~ rotational 

modes and suggests the feasibility of an equilibrium statistical approach to 
• ' ,) j 

the ~t~dy,of the. angular momentum trar~sfer. Regardless of whether complete 

equilibration is actually attained _during the collision, the study of the long-
~ • • I ' .... ' 

time 1 imit is interesting in its own right because it does not depend on the 

particylar t~<,ms~er mechanism •. Therefore, if on~ describes the intermediate 

compJe?<.byme.ans of an adequate set of degrees of freedom, the equilibrium 
• . ,. .p. . ,, 

1imit will provide a natural reference for comparisonwith experi.mental re-.. ' '·· . ' . . 

. sults. ~urthermore, the ,applicability of ~quil ibri urn statist i ca 1 results does 

not necessarily require that the system reach equilibrium. Indeed, we shall 
' . . ' ' 

see that the model has been used only to calculate .the variances of the dis-
. . . . . " . ; . -

tribution, which.may approach their equilibrium values fast~r than the average 

spins 40 ). . . , 
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The equilibrium limit of the angular-momentum partition in deep-inelastic 
' ' 

re~ctions has been investigated in refs. 23 and 24. In this model, the dinu-

clear system is represented by two touching rigid (but not rigidly attached) 

spheres, whose normal modes can be thermally excited through their coupling to 

the internal degrees of freedom. The associated random components of the an­

gular momentum, when added~to the aligned component arising from rigid rota­

tion, ~ive rise to a distribution in both the magnitude and orientatin~ of the 

fragments• spins. Under these assumptions, the widths of the distributfon 

along the three cartesian coOrdinates may be expressed as a function of the 

temperature, the mass asymmetry, and the total mass of the system. 

Let us now turn to the interpretation of the data in terms of this equi-

librium model. 

4.2 Model calculations 
., ' 

. . 
The ultimate goal of our investigation is to obtain information on the 

fragments' spin distribution·s, i.e. average spin magnitudes, average aligned 

component,· and degree of alignment (Pz
2
). Unlike the mass-symmetric 165Ho 

+ 165Ho case22 ), in the present study one must allow for different spin dis­

tributions associated with each fragment. Since the spin distributions are 

not directly measured, the model calculations must be used to predict observed 
' 

quantities such as the y-ray anisotropies. · The agreement (or lack thereof) 

betw~en the calculations and the data serves as a measure of the confidence 

that we can place in the inferred parameters of the distribution. All these 

parameters depend on one another, and therefore. almost the tota 1 ity of the ex-

tracted information is model dependent to some extent. However, we shall see 

that in many cases the dependence of the theoretical results on different as-

sumptions is surprisingly weak. 
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4.2.1. Spin.distribution 

The calculation of the spin distributions combines results from both the 

experiment and the equilibrium statistical model. The first extracted quan­

tity from the experiment is the average value of·the sum of spin magnitudes. 

Based on compound-nucleus work we have assumed that in the most general case 

the admixture·of·multtpolarities in the y-ray cascade includes stretched qua­

drupole-, stretched dipole, and ,statistical transitions that remove 2, 1, and 

0 h· of fragment spin, respectively. If the-'number _of each type of y-ray- per 
' ) 

reaction with energies above the experimental threshold, is N2, Np and Nis' 

then the observed multiplicity M is 
y 

M = N2 + N1 + N •• 
y lS 

(6) 

For the compound nucleus case, the average spin at the beginning of the Y'""ray 

cascade is given by 

(7) 

where A is. the spin removed by transitions with energies _be.low the 0.3 MeV 

thfeshold 22 ). ·To apply eq. 7 to a binary reac;tion~ all the quantities in­

volved should c9rrespond to·the fragment whose spin is being calculated •. Un­

fortunately, 'orily the totaLmultiplicity·of .they-rays emitted.by both frag­

ments is known. At this point we have assumed that the· total number of 

stretched transitions is partitioned between the two fragments according to 

the ratio of their moments of inertia as would be given by rigid rotation. 

this assumption is consistent with the equilibrium approach, thus its validity 

may be questionable for the lowest Q...:values~ 
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According to the statistical model, the spin distribution for each frag-

ment is 

(8) 

where)lis a spin-independent normalization constant. The cartesian reference 

·system is chgsen such that they-axis coincides with the line between centers, 

which is also the symmetry' axis. 

cry, and az are given by 

2 2 ~c~ +lld
2

) 
T ax.= a -

z- JH~+lli 

For the heavy fragment, the vari arices a , 
X 

(9) 

In these equations, the subscripts Hand L denote the heavy and light 

fragment, respectively,Jis the moment of inertia of a (spher:ical) fragment, 

J..l is the reduced mass of the system, d is the distance between centers, and T 

is the temperature assoc~ated with the intrinsic excitation energy. The vari­

ances of the"spin distribution for the light fragment are obtained from eq. 9 

by simply interchanging the subscripts Hand L. The temperature was obtained 

from 

( 10) 

where a is the level density parameter taken to be Atotal/8, and Atotal is the 

mass number of the composite system. 
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The effects of neutron evaporation were taken into account using the mod­

e 1 of ref. 41), assuming that one neutron i.s emitted for every 12 MeV of ex­

citation energy per fragment. This model was used to calculate the average 

spfn magnitude and the variances of the spin distributidns at the beginning 

and at the'end of the neutron cascade, respectively. The excitation energies 

were ca1culated under the assumption. that both fragments had equal tempera-

tures. 

The value of the average aligned component for each fragment <I 1z>' <I 2i> 

was obtained by solving two equation's of the form 

'·f . [ (Ix 2 I 2 (Iz .:.. <lz>)2)~ d> )= j{ I exp - -· -
2 

+ ·~ + · · ·~ dlxdlydlz 

, 2o X 2o y · 2o z 

where <1> is the measured spin magni~ude and <lz> is the only unknown. 

4.2.2. Aogular di$~ributigns and anisOtropies 

(11) 

The basic angular distributions of stretched quadrupole (~) and 

stretched dipole (~) y-':'ays emitted from a perfectly a 1 i gned system are32) 

~a)= i (1 
4 - cos a) and (12a) 

~a) = j (1 + cos 2a) (12b) 

where a is the angle between the spin vector and the direction of observation. 

If the system is misaligned these distributions must be folded into the spin 

probability distribution function, weighted by the number of transitions of 

each type (nis' n19 and n2) in a given EY region: 

(13) 

where P(I,e',0') is the spin probability distribution function of eq. 8 ex~ 

pressed in spherical toordinates, and the angle a depends on both the direction 



20 

of emission (9,~) and the direction of the spin vector (9' ,~') of the emitter: 

cos a= cos 9_cos 9' +sine sin~ sin 9' sin~· 

+sin 9 cos ~ sin e' cos ~· 

By writing the angular distribution as in eq. 13, we implicitly assume that 

all they-rays of a given multipolarity have the same angular distribution. 

If we were to consider the most genera 1 case, the coefficients n1 and n2 

(14) 

could be functions of I. However, in order to get an analytical result we / 

have neglected this dependence and we have assumed that these coefficients are 

constants, equal to the average values. The average values of nis' n1, and 

n2 were eva 1 u a ted from the y-ray energy spectra, as will be discussed in the 

next subsection. For nearly symmetric systems, th~ statistical model predicts 

that the variances ax' ay' and az are similar to each other. Under the approx­

imation that they are exactly equal to each other, ·the integral in eq. 13 may 

be analytically evaluated42 ), and the resulting angular distribution does not 

depend on the angle ~· ·The common values 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 ratios. 

A significant uncertainty in the input parameters to our model calcula­

tion is the multipolarity composition of the continuum y-ray energy spectra. 

In an attempt to reduce this uncertainty, we have resorted to results from both 

compound-nucleus work' and the present work. 
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Rotational nuclei at high spins are known to decay via the emission of 

basically two types of y-rays, i) stretched electric quadrupole tran~itions 

and ii) 11Statistical 11 transitions25, 43 ) of nearly isotropic distribut~on. 

the energy of the stretched E2 y-rays are strongly correlated to the spin of 

the state from which the y-ray is emitted, and they appear mainly as a low­

energy bump of the E -spectrum. The statistical transitions (probably an 
y 

admixture of stretched and nonstretched electric dipoles) are considered to be 

distributed in ener.gy according to the following function: 44 ) 

(16) 

The solid line in figure 8 shows a fit of this function (with p = 2 and 

i = 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 decomposition of the spectra indi­

cates that the number of non-sta'tistical y-rays in a certain enengy region 

(given by the area under the histogram minus the area under the solid curve) 

increases with decreasing energy. If these transitions were all stretched 

quadrupole.s, the y--ray anisotropy for a fixed Q-val~e should decrease monoton­

icany with increasing transition energy across the bump region. Clearly, this 

prediction is at variance with the low-energy data (E :S 0.9 MeV) shown in 
. . y 

fig. 6. The experimental anisotropies are small for the lowest y-ray energies, 

increase and peak atE ::::: 0.9 MeV, and then fall to'unity. This general be-
. y ' 

havior as a function of E reflects primarily the change of the multipolarity 
y 

mixing ratios. Indeed, since the Q-value is fixed, the spin depolarization 

(caused either by particle evaporation or by the reaction itself) is not ex­

pected to produce any E-=dependent effect-o1l-t-tte--afl+s-et-r~y •• ---------
Y 
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The decrease of the anisotropy at low E has been observed in previous 
y 

compound~nucleus works and has been interpreted as evidence for an additional 

component, li~ely stretched magnetic dipole transitions45 l. Although the in-

formation on the spectral shape of this component is incomplete, it is known 

that for rotational nuclei these y-rays are concentrated mainly below 0.5 MeV. 

For nuclei in the vicinity of a closed shell, their contribution to the total 

multiplicity incr~ases significantly25 , 43 l, and they extend to somewhat higher 

energies. 

To minimize the uncertainties due to this low-energy component in the 

comparison between the experimental and calculated anisotropies, we have ex-

eluded from the analysis all the y-rays with energies below 0.8 MeV. However, 

even these low-energy y-rays must be used in the determination of the sum of 

the spin magnitudes, so that in principle, the uncertainties in their multi­

polarities could still affect the determination of important parameters of the 

spin distributions. In order to estimate the magnitude of this effect, we 

have considered two extreme situations for the spectral shape of the y-rays 

which do not remove angular momentum from the system. First, we assumed that 

the spectral shape of the statistical transitions (6I = 0) is given by eq. 16 

(solid curve in fig. 8) and that the rest of they-rays are stretched quadru-

poles. Under this assumption, the number of stretched quadrupole transitions 

is overestimated and therefore eq. 7 should provide an upper limit for the to- _ 

tal spin. For the low-spin limit, we have assumed that the spectral shape of 

6I = 0 y-rays is given by the extrapolation to low energies of the high-energy 

11statistical" tail (fig. 8, dashed line). It may be questioned whether this 

assumption really represents a low-spin limit for nonrotational nuclei, where 

the relative contribution of stretched quadrupoles is believed to be small. 
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However, we note that for the three reaction systems, at least one of the two 

fragments (the projectile-like fragment) has good rotationa1 properties and 

therefore the number of stretched quadrupole transitions is always significant . 

This is also confinned by the fact that even for the natAg and 148smtargets, 

the experimental anisotropies reach values of -1.6 (see figs. 5 arid 6). 

Figure 9 shows for the 165Ho + 148Sm system that the. va 1 ues of the sum of 

the spins extracted under the two e'xtrerne conditions described above differ by 

less than 15%. This result lends justification to the procedure of consider­

ing only a restricted portion of the y-ray spectrum (in which, according to 

fig. 8, the contribution of the stretched dipole component will be small) for 

comparison of the model calculation to the anisotropy data. In all the calcu­

lations shown in the rest of this paper, we have considered an intermediate 

situation by assuming that the y-rays between the two calculated curves in 

fig. 8 are stretched dipoles and therefore remove one unit of angular momentum 

each. 

4.2.4. Comparison between th~ model calcu,lat.ion and. the data 

Figure 10 compares the Q-value dependence of the experimental anisotropy 

to the theoretical calculation, fot the region 0.80 MeV < E < O.g5 MeV. 
' y 

For a11 three reactions good agreement is obtained for the most inelastic re.:.. 

gions. The shift in the calculated peak anisotropy relative to the data may 

indicate a breakdown of the statistical equilibrium assumptions. Accord-ing to 

the model, the maximum value of tlie anisotropy should occur when the multi­

plicity reaches its saturation value. 

It must be emphasized that regardless of any assumption made concerning 

the multipolarity mixing ratios, the most important role in determining the----­

value of they-ray anisotropy is played by the thennal fluctuati-ons. As an. 
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illustration, fig. 11 compares the data (ope~ circles) to a calculation assum­

ing no thermal fluctuations {dark circles). It is clear that if misalignment 

is not included, the observed values of the anisotropy cannot be explained. 

5. Angular momentum transfer: spin magnitude and alignment 

In the last ~ection we have shown that, under the assumption of statisti­

cal equilibrium, the model can reproduce the Q-value dependence of they-ray 

.anisotropies. In what follows, we shall discuss the behavior of the parame­

ters of the spin distributions (either extracted 6r calculated, as described 

in subsect. 4.2.1) that were used in these calculation$ of the anisotropy. 

5.1. Sum of spin magnitudes and rigid rotation 
'. 

Of all the studied quantities, the spin magnitude is the least dependent 

on model assumptions, since it is closely related to the measured y-ray multi-

plicity. However, in defining the partition of the total internal angular mo­

mentum between the two fragments, we have implicitly assumed t~at the inter­

mediate dinuclear complex reaches a state of rigid rotation. In order to test 

the validity of this assumption, let us first analyze the sum of the spin mag-

nitudes I1 + I2. This quantity is expected to be fairly insensitive to 
'· 

any assumption on the rotation regime. 

Figure 12 shows I1 :.I2 as a function of Q-value for the three reac-
.. 

' 

t ions. Two observations can be made. First, the maximum amount of spin cor-

responding to the saturation region increases with the total mass of the sys­

tem. Second, the Q-value where saturation is reached appears to become some­

what more negative for heavier systems. To a ~arge extent, this behavior may 

be attributed to differences in basic parameters of the react ion, such as the 

Coulomb barrier, total kinetic energy, mass, or angular momentum. A more sig-

nificant comparison between the reactions can be made by appropriately trans-
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forming both axes in fig. 12 so as to remove any factor that is not directly 

connected to the transfer process itself. The choice of new variables is cer-

tainly not unique. For the variable related to the excitation energy we have 

chosen a transformation from Q-value to temperature (eq. 10). For the angular­

momentum axis we have considered two different scales given by the following 

equations: 

where 
~ =~ +y; ' 
(% . (% + d2 

J1 =J·u ll 

(17a) 

(17b) 

( 18) 

and ~AX is the maximum incoming angular momentum corresponding to a grazing 

collision. The transformed variables iRR and ;Roll measure the observed sum of 

the fragments' spins in u~its of the maximum value expected from the rigid-~o­

tation and rolling limits, respectively. 

Figure 13 shOws plots of the experimental values of iRR and ;Roll as a 

function of T. A comparison between figs. 12 and 13b) indicates that the 

trahsformation from 11 + 12 and Q to iRR and T succeeds in reducing the 

experimental pOints to essentially a single curve. The transformation accord-

, ing to the rolling limit (fig. 13a) gives a similar curve for the nearly sym-'­

metric Ho + .Sm and Ho + Yb systems but shows a significant deviation for the 

more asymmetric Ho + Ag. These results provide, if not proof, at least a 

strong support to the assumption of rigid rotation of the intermediate complex. 
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5.2. Spin distributions of the individual deep-inelastic fragments 

We shall now examine some results concerning the spin distribution of 

each of the two exit-channel fragments. As described in subsect. 4.2.1, the 

average spin magnitudes <1 1> .and <1 2> were assigned to each nucleus according 
. . . 2 2 

to the rigid-rotation prescription, and the variances cr1 and cr 2 were calcu-

lated with the aid of the statistical model {eq. 9 and 15) and the experimental 

temperatures {eq. 10). Both types of information were finally combined to ob-

tain the individual spin alignments through the quantities <11 >and <1 2 > z _z 

(eq. 11). 

Figure 14 shows the evolution of the average spin magnitude <I> (solid 

curve) and its average aligned component <lz> {dashed curve) for both reac­

tion partners as a function of Q-value. In all cases the heaviest fragment 

bears the largest spin according to the rigid-rotation partition. The spin of 

th~ projectil.e-like fragment increases slightly with decreasing total mass be­

cause the increase of its moment of inertia (relative to the target-like frag­

ment) prevails over the reduction of the total angular momentum. The Q-value 

dependence is qualitatively the same as that of they-ray multiplicities. Fol-

lowing the rise throughout the elastic and quasielastic region, there· is a sat-

uration at large negative Q~values. However, at larg_e Q-values <lz> shows a 

decreasing trend, which leads to a progressive divergence from <b.·· The mag­

nitude of this effect is a function of the mass of the fragment, and it is re-

lated to the alignment of the corresponding spin distribution. The degree of 

spin alignment is usually measured in terms of the quantity Pzz defined as 

(19) 
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With this definition, Pzz varies from 0 to 1, those extremes corresponding 

to a completely misaligned and to a perfectly aligned system, respectively. 

Figure 15 shows the value of P;z as a function of Q-value for each in..:. 

dividual fragment in the three reactions. The same qualitative behavior can 

be observed in all cases; the alignment increases rapidly with increasing Q­

value throughout the quasielastic reg'ion, followed by a more or less slow de­

crease (depending on ·the mass of the fragment) across the deep-inelastic re­

gion. For each system, the heavy reaction partner shows a higher degree of 

'alignment. 

The differences in the alignment of each fragment may be understood in 

··terms of the extracted individual spins and the dependence of the calculated 

spin fluctu~tions o~ differ~nt parameters8, 24). The equilibrium statistical 

model predicts that the variances of the spin distributions are proportional 

to the temperature (eq. 9). In addition, it also predicts. that the variances 

decrease with increasing mass asymmetry of the system, although this dependence 

is rather weak throughout the region investigated in these experiments. In 

this inass-asyiM1etry region the variances along the three cartesian coordinates 

are nearly equal'and the average value is larger for the' heavy fragment.· Fin­

ally, for a fixed mass asymmetry the magnitude of the fluctuations in both nu­

clei vary with the total mass according to the following relation 

2a: AS/3 (20) 
· 

0 tot a 1 · 

Table I I summarizes the values of the calculated variance (as defined in 

eq. 9 and 15) associated with the spin distribution of each fragment. Due to 

the opposite effects derived from the increasing mass asymmetry and the de­

creasing total mass, the magnitude of the fluctuations induced in the Ho-like 



.. 

28 

fragment is almost constant for the three react1ons. Since the spin imparted 

to this nucleus increases with entrance-channel mass asymmetry, the net result 

is that the maximum value of Pzz (Ho) (fig. 15) increases with decreasing mass 

of the target (0.64, 0.72, and 0.79 for 176vb, 148sm, and natAg). 

A different behaviqr is obtained for the extracted alignment of the tar­

get-like nuclei. Although the calculated variances become smaller for lighter 

targets (Table II), the .trend is not strong enough to compensate the dramatic 

decrease in the transferred spins (fig. 14). In fact, for the lightest nucleus 

(Ag) at the highest excitation energies {Q == -300 MeV), these randomly 9riented 

components account for almost the totality of the spin (fig. 14c), thus giving 

rise to an almost isotropic spin distrtbution (fig. 15c). The measurement of 

discrete y-rays appears as an interesting possibility to confirm these results 

on the aJignment of each fragment. 

6. Conclusions and Summary 

We have studied the spin~transfer process in the deep-inelastic reactions 

1400 MeV 165Ho + 176vb, 148Sm and natAg, through the measurement of the multi-

plicity and anisotropy of continuum y-rays. The total multiplicity conveys 

information on the sum of the spin magnitudes whereas the anisotropy of the 

angular distribution reflects the distribution of spin directions. 

The experimental results were compared to a model that assumes complete 

relaxation of the rotational modes of the intermediate dinuclear complex. The 

validity of the equilibrium limit is suggested by the fact that the temperature 

dependence of the transferred spins is very similar in the three reaction sys-

terns, when expressed in units of the maximum angular momentum predicted by 

rigid rotation. 
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···· · The two ba·sfc experimental inputs to the"·m·odel calculation ·are!' the total 

y-ray multiplicity and the multipolarity composition of the 'y:::ray spectra. 

· ·Regarding the latter we have shown that,. within reasonable limits prescribed 

·· .. :by .prev'idus ·c'ompoun'd-nuc:Te'us work, ·the theoretical re·sults do ·not ·depend cru-

!·+ ciaHy ·upon the ;a-ssumptiohcs made. ··.,1\s a'fina:l step we have calculated the pri­

mary spin distribution by taking i'rito· alcou'nt'the effects of neutron evapora­

tion on the first and second moments. The agreement between the statistical 

model calculations and the experimental data is satisfactory throughout the 

entire Q-value range, although the-depolarizing effect due to thennal fluctua­

tions seems to be overestimated at the lowest excitation energies~ 

The parameters {both extracted and calculated) of the spin distribution 

for each fragment in the different reactions were analyzed as a function of Q­

value. In general the spin magnitude and alignment increase across the quasi­

elastic region. At larger Q~values the spin magnitude almost satu~ates, while 

the alignment peaks and then falls for the most inelastic events. The align­

ment of the heavy reaction partner increases s·lightly with increasing mass 

asymmetry. On the other hand, although the fluctuations generated in'the 

light fragment decrease with the mass, they account for a large fraction of 

the spin and therefore give rise to a substantial misalignment. 

In summary, the study of the y-ray decay from the heavy products of deep­

inelastic reactions is a useful tool for the investigation of angular-momentum 

transfer processes in moderately asymmetric systems. Comparisons between the 

data and a model calculation indicate that thermal equilibrium of the rota­

tional degrees of freedom of the dinuclear complex is attained in a broad range 

of excitation energies and that the equilibrium limit is a natural starting 
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point in the study of more complex phenomena associated with a·ngul ar-momentum 

transfer in heavy-ion reactions. 
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sion of Nuclear Physics of the Office of High Energy and Nuclear Physics and 
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Table I 

Angles between each y-ray ·detector· and the perpendicular 

to the reaction plane defined by each particle detector. 

Si-1 Si-2 Si-3 

' 90·
0
. 00 ·gao 

oci 90° 00 

-:. 0 

90 30° 90° 



Reaction 

.• 32 

. Table II 

. Calculated variances of the spin distributions 

(see eq. 9 and 15)~ 

Project i 1 e (Ho) 

69.3 

69.0 

68.5 

Target 

76.9 

. 57.9 

34.5 
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Figure Captions 

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 eacr spectrum. The 

arrows indicate the boundaries of the gates used for the analysis of 

the coincidence y-ray data. 

Fig.· 2. Comparison between typical unresolved y-ray spectra recorded at 90° 

(in-plane) arid 0° (out-of~plane) in coincidence with heavy ions for 

Q =- 196 MeV. The normalization is such that the areas under the 

curves are equal to M'(90°) and M (0°), respectively (see eq. 3). 
y y . 

The arrows indicate the boundaries ~f the gates used t~ investigate 

the dependence of various quantities onE (see text). 
y 

Fig·. 3. In-plane y-rayspectra obtained in coincidence with heavy ions. The 

numbers 1~8 correspond to the Q-value gates inditated in fig. 1. 

Note the evolution of the low-energy "bump" when.going from elastic 

or quasielastic (spectrum 8) to the most inelastic (spectrum 1) col-

lisions. 

Fig. 4. "In-plane"' (squares) and "out-of-plane" (tri al')gles) multiplicities 

as a function of Q-value for the 165Ho + 176vb, 148sm and natAg 

reactions for heavy ions detected at 28°, 25°and 19°, respectively. 

According to the definition of these quantities (eq.· 3), the differ-, 

· ence between the two curves for each reaction reflects the angular 

distribution of the radiation. 
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Fig. 5. Gamma-ray anisotropy as a function of Q-value, for heavy ions de­

tected near the grazing angle. In part a), r-rays of all energies 

above 0.3 MeV are considered. Part b) shows that by restricting the 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

r-ray energies, the anisotropy increases for all three reactions. 

Error bars for the three systems points are similar and are only 

shown for the 165Ho + 176Yb system. 

Gamma-ray anisotropy as a function of y-ray energy._ The Q-value re-

gion is constant for each reaction and corresponds to the maximum 

observed anisotropies. These E intervals correspond to the gates 
y 

indicated in Fig. 2. The ani sot ropy of the r-rays with E > 2 MeV 
y 

varies between 1 and 1.1 in all cases (not shown in this figure). 

a) Average y-ray "multiplicities" with (open squares) and without 

_(filled squares) the requirement on the multiplicity filter (see 

text for discussion)~ b) Gamma-ray "anisotropies" with and without 

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

Decomposition of a typical r-ray spectrum. The solid line is a 

fit to the upper portion of the spectrum with the function 
p -E IT MeV KE e r , where p = 2, T = 0.6 MeV, and K was adjusted 
y ( 

,_ 

to (eproduce the area under the spectrum above 2.25 MeV. The dashed 

line is an exponential extrapolation to low energies of the high­

energy "statistical" tail (see text for discussion). 

Sensitivity of the extracted sum of the spins (I1 + I2) upon the 

multipolarities of they-rays (see text for discussion).· 

) 
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Fig. 10. Comparison between the experimental anisotropies of y-rays with en­

ergies in the interval 0.80 MeV <E < 0.95 MeV (circles) and a cal­
Y 

culation based on the equilibrium statistical model (open squares) 

as a function of Q-value. The calculations require some experimental 

input; therefore they ~ere done only where experimental results were / 

avai 1 able. The 1 ines are drawn through the calculated points to 

guide the eye. 

Fig. 11. Comparison between the experimental anisotropies and a calculation 

that does not include the effect oLthe thermal fluctuations. The 

shape of the calculated anisotropies res'ults from both the dependence 

of the number of emitted neutrons and the composition of the y-rays 

(these were·the same as those used in the calculated curves of fig. 

10) with Q-value. 

Fig. 12. Sum of the spin magnitudes (1 1 + 12) as a function of Q-value for 

the three reaction systems. 

Fig. 13·. The sum of spins in reduced units as a function of temperature. The 

angular momentum axes have been sea led according to the "ro 11 i ng" 

limit for part a) and to rigid-rotation limit for part b). 

Fig. 14. Average spin'magnitude <I> (solid lines) and average aligned compon..io 

ent <lz> (dashed lines) as a function of Q-value. For each system, 

the various symbols correspond to the two deep-inelastic fragments. 

Fig. 15. Alignment parameter Pzz as a function of Q-value; for each of the 

two deep-inelastic fragments in the three reactions. 
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