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Abstract

The magnitude and a11gnment of the spin transferred to the fragments in

165 176Y -148

the deep 1ne1ast1c reactlons of 8.5 MeV/nuc]eon Ho on Sm, and

Ag were 1nvest1gated us1ng cont1nuum y—ray mu]t1p11c1ty and an1sotropy tech-
n1ques i The detect1on system cons1sted of a h1gh1y redundant - arrangement of
particle and y-ray detectors and a y-ray mu]t1p11c1ty Filter. By usnng suit-
able reduced quantities, we show that for the most negative Q-values the md]ti-
plicity data are consiétent with rigid-rotation of the 5ntermediate dinuelear
compiex. The anisotropy data are compared to an equilfbrium statistical model
calcuTation. The seneitivity of the calculation to different assumptions con-

cerning the composition of the y-ray spectra is investigated. The magnitude
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and a]1gnment of the spin 1mparted to the 1nd1v1dua1 fragments as a function

of Q-value are extracted for the three reactions.

nat 165

176y5 (10540, %), 148sm(165k0, %), "3tag(165ko,x),

NUCLEAR REACTIONS:
E = 1400 MeV; measured y-ray multiplicity, anisotropy, continuum y-rays;

Yb(
déduced spin-distributions.
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1. Introduction:

In deepfyvinelastic co]]iéions, a certain fraction of the jnitia]borbital
angular momentum is converted into spin of the individual fragmentsl). This
process has.bEen 1n{estigated by studying the decay of the high1y excited nu-
c]ei‘emerging.from the primary reaction. Measurements of the sequential

2-4) 5-9) and y-rayslo-zz)

emission of a-particles , fission fragments have pro-
vided informaffon on different parameters of the spin distributions, generated
as a consequence of . the 1nteract1bn between thevtwo.reaétion partners. In
principle, one can expect that these distributions will reflect the underlying
mechanism responsible for the angular-momentum transfer. - For example, the av-
erage values of the spins imparted to both deep-inelastic fragments can be re-
;1ated ;b_the rotation regime of ‘the dinuclear comp]ex.' On the other hand, the
7 spin f]uCtpatiohs (both in.magnitude and orientation) not only reflect the
diffusivevnature.of the angu]ar—momentum-tréhsfer,process,»but é]so, they carry
vinformgtion:onfthe rotationa]'degreés of freedom involved. However, if the ro-
tational ques of the dinuclear complex reach a state of statistical equilib-
_ rium with the intrinsic degrees of freedom, then the distinétion among differ-
- ent possible mechanisms would 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

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

. cess.

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

24)

and , assuming a very simplified configuration for the intermediate dinu-

clear complex. In-this model, the thenna]:éxcitation of the rotational modes

of the system gives rise to random generation of the associated angular-momen-



tum components. These, in turn, couple to those combonents arising from rigid~
rotation, which are aligned perpendicu]qr to the reaction plane, and the net
result is a distrib&tion in magnitude. and orientation of the angu]ah 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-

23)

.. ances along the three coordinates®~’. The magnitude of the resulting

l,65Ho + 16.5Ho'at
8.5 MeV/nucleon, studied'via y-ray multiplicity and anisotropy-techniques.zz).

fluctuations were compared to the results from the reaction

It wAS'shown‘that'the relatively small anisdtropies observed at large Q-values
'could be explained by the thermal excitation of the rotational modes of the
dinuéiear complex. For extreme mass asymmetries, thé statistical model pre-
dict§ that the spin distribution of the heavy fragmeht will develop a strong

in-plane asymmetry, produced by the enhancement of the‘fluctuations‘alohg,the

24)

Tine of centers of the complex™"’. ‘This prediction was tested through the

measurement of in-plane angular distributions of sequentially emitted fission

20 238 197

fragments in the reaction of ""Ne + "7"U and Au at 12.6 MeV/nuc1e0n8).

The results showed a large in-plane anisotropy, indfcating a strong asymmetry
of the spjn 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 resu]té of ‘a systematic investigation
of the magnitude and the alignment of the spins imparted to both deep-inelastic

165 175, 148

fragments in the reactions of 8.5 MeV/nucleon Ho on targets of Yb, Sm

and natAg. The systems studied Tie 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 cartesiad



-

" into two categories.’

coordinates are nearly equal, although the fluctuations are signjficant]y lar-

ger for the heavier fragment. 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»stkong corre-
15,25)

lation between y-ray multiplicities and spin magnitudes can be expected™. .
‘The extracted average spin magnitudes for each reaction were combined with the

" predicted variances, to calculate anisotropies ‘that were finally compared with

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

The 176 165

Yb and ~"“Ho isotopes lie in the region of the

good rotational-nuclei, and therefore, .the subsequent electromagnetic cascades
: are'enriched'inr"stretched"-quadrupo]é transitions. .- These y-rays -are predomi-
-nantly emitted along directions contained in the plane perpendicular to the

.-spin of the emitter, thus the'anisotropies‘of the angular distributions are

148

Cvery sensitive to the degree of alignment. On'the other hand, ~""Sm and both

isotopes in ”atAg 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 muTtipo]arities has on

the détermination of the parameters of the spin-distributions are discussed.

20~ 'Experimental techniques < .

A beam of*165Ho at 1400 MeV from the~Lawrence'Berkeley'Laboratory Super-

176

HILAC was used to ‘bombard-self-supporting targets of ~""Yb, 1485m, and nat~Ag

" With thickﬁesses-O.QO-mg/sz; 0.46‘mg/cm2, and 0.97 mg/cmz,'respectively. The

beam current during the experiment varied between 3 enA and -7 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 fi]ter4).

Therefore, only a brief outline will be given below.



2.1, Detection systeh _ -

". Thrée_5urfaCe—barfier Si]icon detectors (300 um—thick) were used to de-
tect the projeéti]é41ike fragments emerging from the binary deep-inelastic re-
' éction. Two of them (Si-1 and Si-3) were located}in a horizontal plane, par-
ai]e]-to'the'scattéring4chamber floor. The third detéctor (Si—Z)‘waSzmounted
.oé an arc situated in thevverti;al plane that contains the beam axis. . The
three.detectors'weré.at a distance of 14.3 cm' from the target anﬁ were colli-
mated-fo'l.l ém iﬁ'diameterfg. _ o J |

The y¥fay'detectorsvcodsisted of three externally ﬁounted»lé.7—cm diameter
- by 15.2-cm deep Nal scintillators, whith.looked at the taréet through identical
0.6'Cm-thick‘]uciterwindoWs on thevscétfering chamber, Thé distance of 60 cm
between the target'ahd the'detectdrs provided an adequate separation'of neu--
trons and‘yefays‘by timé of flight. 'Twobof fhese cddnters (NaI—l and Nal-3)

- were placed in the scattering-chambér plane and the third one (NaI-Z)vwasv90°
out of this plane. | .

In addition t6 the'partit]e detectors and lakge NaI counfers,'an array of.
eight 7.6 cm x 7.6 cm Nal counters was used as a»mu1tipiicity filter.. These
detectors were located above the scattering chambgr.in an axié]]yvsymmetric
arrangement with respect to the vertical directign. Each detector was spaced
45° from the'next,.and'tﬁey all Tooked'at.the target through»a 3-mm aIUminum
dome from an angle df 4S° and at a distance of 23 cm. This multiplicity filter
was used both'to obtain an additional jndependent'meésurement of the average
multiplicity and to enable the bjasing of the spin distribution toward higher

values.



The geometry of the whole detection systemtwas'such that several redundant
measurements of the y-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 mutuallylperbendicu]ar'rééctibh planes. Each Nal de-
tector provided either an in-plane or an out—of—p]ane measurement, depending
on whether it was in coincidence with Si—i; Siéég or Si-3. The out-of-plane

-angles e (measured from the perpendicular to the corresponding reaction plane)

‘given by the.various Si-Nal combinations are summarized in Table I.

-2.2. Calibrations and corrections

~The energy, calibration of the particle detectors was performed using the
: _kjnematiéal]y;calcu]ated energies of the elastic peaks from the different re-

sactions. - Additional cprrections were made for the’energy Toss in the target

26) 27)

material -’ and for the pulse-height defect in ;he §i1icon detectors. The

energy calibration of the large Nal crystals was made using the 57Q—kerand

207

1064-keV. y-rays. from the. Bi decay. . For the efficiency calibrations, one of

~ the coincident transitions from either_60po, 207 152

Bi, or Eu was_detected in a

: Ge(Li) detector while thg ofher was looked for jn:one of the NaI‘crystals. The

- detector efficiency was, then ca1gu]§ted as tﬁe coincidence-to-singles ratio,

- . corrected for the angular correlation, 1nt¢rna1 ;onvérsjon, and branching ra-

- tios of the decay. The.effitien;y caliQration of,the_mu]tip!jcity array was
done in a similar fashion.  In this case, pqe‘of the eight detectors of the
~same array was used as a trigger for the other seven.

Corrections to the Y—réy energies_gooﬁp]er shift), angles of- emission, and
solid angles (aberration) had to be considered in order fo account for the fact

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



| E‘Y)(l-vsz)l/2 =
COSE = o2 A and '; I ~;A - (1b)
~1+pgcosg o : o
) 2 |
g . _l-s > (1c)
do (1 - 8 cos&)" '

In thesé'equatiOns, EY is the §¥ray'eﬁergy, g is the speed of the‘emjﬁter in
units of the épeed‘of‘]ight,‘g is thé angle between the detector and the ve]oc-ﬁ
ity of the emitter, and Q is the solid angje. In allfcases, the superscript
.“b“ﬂrefers to quantitieé measured in the reference frame where the emiffer is
at.rest._ Ih $pite of the $imp11citytof 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 ihe'energy

, shift'(éq. la) Was estimated by assuming that all the y-rays were emitted
either ffom the projectiTe—1ike fragment or'frbm the target—Tike fragment;‘
The resUTtihg sbectra weré then added together, weighted by the corresponding
stid—ang]e correction (eq. 1lc). These "corrected" spectra were very similar
to the uncorrected 6nés."This'ié not uhexpected sinée; for moét Si-Nal com-
binations, the sign of cos.z. changes depending on which fﬁagment is considered
to be the emittef, thus jiving rise to almost éh:exaCF caﬁceT]ation. Finally,
it:Was estimatedvfﬁom eq. 1lb that thé ang]es e0, measured in the referenée
.frame where the emittef is at kest, differed from those listed in Table I by

" less than 6°, even for the most unfavorable cases.



Due to the incomplete photopeak efficiency of the Nal 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_workzz) 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'wére 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 Nal couhters,-the four
TAC siQna]s (one for each large Nal and one for the multiplicity array), the
"N-fold distribution from fhe multiplicity array and a marker of the sca]ed—

" down particle-singles. The "master gate", used in the definition of an.evént,
was opened by 1) scaled-down héavy—ion singles, ii) heavy-ion- (Nal) coinci-
- dences, and iii) heavy-ion- ~(mu1tiplicity 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 fqrvfurther processing.
"Heavy-ion- (Nal) coincidences were stripped from the raw data and rewritten
on tape in event—by«éveﬁt form. Due to the lower probability for such coinci-
- dences, this procedure substantially reduced. the number of dafa tapes to be

analyzed.



3. Experimental Results

The primary quantities of ‘interest extracted from the data are: i) heavy- |
ion energy spectra,'ii) y-réy energy spectra as a function of}Q-va]ue,'and
iii) distribution of N-fold coincidences in the multiplicity f;1ter, as a
funcfioh of Q-value: ”

3.1. Particle energy spectra

. The three heavy-ion detectors wére.p]aced at 28°, 25°, and 19°'f6 the beam
axijs for the-176Yb,;1485m, ahd natAg targetg,;fgspectively._ These angles
are slightly behind the claséica] grazing angle of each reaction. Figdre’l
" 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
1the'spectra exhibit both an‘e]astfc_and a deep-inelastic peak.
o The calculation of'Q—Qalues associated with different detected heavy-ion
eneréies was done assuming that only two fragments (equal to the initial pro-
jécti1e and target) were present in the exit channel. The‘resu]ting"va1ues
were iteratively corrected for the effect of neutrqn evaporation on the energy
of the detected heavy ions, assuming that one neutron was emittédwfor every 12
" MeV of‘excftatiOn'energy. |

3.2. Gamma-ray data from the large Nal detectors

‘In-plane and out-of-plane continuum y—kay energy spectra in'coincidenéé
with a projectile-like fragment wefe recorded using the various:redundaht com-
Bjnét?oné of paktic]e-and y-ray detectors listed in Table I.- Average multi-
plicities per event for different y-ray energy intervals were calculatéd from
the number of coincidenées, the number of particle sing]es, énd 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 the three reactions have

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

176 165

out-of-plane spectrum from the reaction Yb + “““Ho is shown in fig. 2. An
intense bump dominates the low-energy portion of fhe.spectrum, followed by an
expohentia] 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
most]y-pérpendicular to the reaction plane. The enrichment of the low-energy
region in stretched E2 y-rays is a well-known feature of reactions leading to

.29)

~rotational compound nuclei®?’/.. The higher energy portion of the spectrdm.

‘ (Ef z 2 MeV), thought to be a mixture of stretched and unstretched electric

30,31), shows no appreciable anisotropy.

“ dipole transitions
. Figure 3 shows the dependehce 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. Sincerfor a rota-
tional nucleus the maximum energy of the stretched E2 y-rays 1s.re1ated 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 épins upon Q-value.

-3.2.2. Gamma-ray multiplicity

For a given Q-value, the area (Nc) under any portion of eaéh y-ray
spectrum is proportional.fo the average multiplicity <My> of the y-rays in
the'corresponding y-ray energy interval. The proportiona]ity constant in-
cludes the efficiency (e¢) of the Nal detectors, the number of heavy—ion sin-

gles (N.) and the y-ray angular distribution W(e):
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where e is the angle between the axis of thg y-ray detector and the perpendic-

 u1ar to the reaction plane. Wé define the in-plane and out-of-plane multi-

- plicities [MY(90°)vand My(0°), respectively] as follows .

me)=<m>NQW)

M (0%) = <M > W(0°) (3)
Y Y _

The redundant geometry was very important in the evaluation of possible
systematic errors (especially those arising from small changes in the scatter-
ing ahg]es due to changes in the beam position, and uncertainties in the eva1-
‘uation of Doppler-shift and aberration cofrectidns). The values of the exper-
'iménfa1 mu1tiplicities quoted'in'the rest of the paper correspond to averages
of the various combinations of ‘Si and Nal detectors. The error bars shown in-
c]ude.COntributionslfrom the Variance associated with the spread of the com-
:bihations'aboutjthe average as we]T‘as thé fypiCaT statisticé] errors of an
individué1 measurement.
| FiQUre 4 shows'My(90°) (squares) and My(0°) (triangles) for y—ééys with
énérgy.above'300'kev as a function of Q-value. Thé‘general trend of theSé data
is similar for the three systems and agrees with that previbusly observed in

22)

the 1650 + 1GSHo'f‘eaction . 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 ihélastic’(DI) events. Whereas My(90°) (in-plane)-actually
peaks and then decreases slightly, M*(0°) (out-of-plane) exhibits a plateau

-(148 nat 176

Sm and Ag data) or even a slow monotonic increase (~'"Yb). “As indi-

cated by eq. 3, the different behavior of My(0°) and My(90°) reflects. the ahg-



-1

ular distribution of'the‘radiation, The max imum va]ue of the y=ray multiplicity

176 148

decreases with the mass of the target (40, 37, and 33 for Sm, and

"atAg, respectively). In the next sections we shall discuss in more detail
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. Gamma-ray anisotropy

We define the aniéotropy as the ratio of the in—p]ane to out;of—plane
_mpltiplicities: ,‘< | \ 1 _ ’A _ |
S am M 0 . @
Th1s quantlty depends on the a]1gnment of the spin d1str1but1on and the mu1t1—
,vpolar1ty mixing ratios of the:rad1at10n. For pure stretched quadrupole y-rays
.,emitted.fhom a perfectly aligned ensemb]e of nuc]ei, an_fnfinite anisotropy

would bevpredicteq32)

. . Even if thereAjs‘a moderete admixture of isotropic
,transitiohsv(~30%), the y-ray angular distributionvwoyld éti]] e*hibit a deep
minimum a]ong,the.alignment_direction @hd thus‘the.anisotropy‘should still be
quite sensitive to fluctuations in the spin»orientation.r | ,

Fjgure(S shows the y-ray anisotropy,as a fuhction of Qevalue for the three
different react1ons and for two d1fferent y—ray energy intervals. in aT] cases
the anisotropy increases throughout the QE region and then falls across the DI

175YD , 165

: heg1on. The peak value for the Ho reactlon is much htgher than

‘for the other twovreactiohs, As ant1c1pated the select1on of the y-ray energy
interval in the bump region produces a significant 1ncreasevof‘the anisotropy

. (fig..5b) as a,consequence”of‘the,enrichment in sthetched E2_transitfons in

this energy region.
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" The Q-value dependéhce of the anisotropy can be qualitatively understood
~in terms of the evoTution of the degree of spin alignment. For very Tow Q-
values, tHe interaction time is short comparedvto the re]axatfon times of the
Edfétionai degrees of freedom of the system, and therefore 1ittle angular mo-
mentum is converted into spin. Even small fluctuations can destroy the spin
alignmeni, thus the angu]af distribution is almost isotropic. Morg inelastic

angular mo-

co]]iSfons tend to dissipate an_increaéing}fraction of ‘the initial
mentum (as indicated by the multiplicity curves), while the fluctuations remain
at.a relatively low level. .This causes the anisotkopy to rise rapidly. Fin-

' al]y; for the most fne]astic'events the amount of angular momentum transferred
to intrinsic rotation saturates while the spin f]uctuationé (caused by both the
: statistical excitation of'spin depolarizing modes‘and by neutron evaporation)
continue to increase. This indicates that the constant spin observed as the
Q—va]ue‘increases is made up of a progressively larger contribution from ran-
domly oriented éomponehts, and therefore the anisotropy falls.

The dependénce of the>ani$otropy on Yéray energy for a fixed Q-value
‘(fig. 6) reflects main1yuvariatidns in the multipolarity mixing ratfos. These
‘curves}show a large intréése'through the 1ow4energy region réaching a maximum
at EY = (0.9 MeV, followed by a genf]e f§11 to unity for larger values of Ey.
The behavior of the high-energy portionv(EY 2 0.9 MeV) may be understdbd in.
terms of a decreasing percentage of stretched quadrupoles (dominaﬁf in the up-
per part of the bump region) and an increasing percentage of isotropic transi-
tions (dohinantvabOVe 2 MeV). The relatively small anisotropies dbserved ét

EY = 0.5 MeV likewise indicate a small pércentage of stretched E2 transitions

in this energy region. An alternative possibility is that these low-energy
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y-rays ére emitted from states where an additional depolarization occurred due

to hyperfine interactions33).

3.3 Multiplicity-filter data

The analysis of the distribution of ‘the number of y-rays detected in the
7.6 cm x 7.6 cm Nal detectors in coincidence with a heavy ion provided an in- -
dependent measurement of the average §ar§y'mu1tipliCity as a function of Q-'T

] L . . . .
value. The formalism used was that of Sarantites et a1.34)

For the three
reactions the muitiplicities obtained using the multiplicity filter were in

~ very good agreement with those extracted from the individual large Nal detec-
tors.

" Data from the multiplicity filter can also be used to study the dependence
of the anisotropy oi the spin magnitude.‘"By requiring high—brder'coincidences :
~in the mu]tip]icity“fiitér'dne should select, on average, events associated
with a 1af§éf number of y-rays and therefore higher spins. To investigate-
this effect, we have applied the following procedure. First, we considered -
all the events that included coincidences among a particle detector, a large
Nal detector,.and the multiplicity filter. Additional requirerients were that
the énergy ef thé heavy ions fell into one of_the Q-value bins indicated in
fig. 1, and that at Teast two detectors 5f'£he_mu1tiplicity filter fired. We
define‘NT as the number of these "triple" coincidences (Si-Nal-array). Next,
we removed the condition on the large Nal detectors and cohsidered events that
satisfied only the other reguirements listed above. The total number of these

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

and.3,‘we'deffne;
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R S . - o
mY(9) = NE; . : (5)

This ratio may be inferpreted as approximately equal‘to the average numbervof
y-rays.associgted,with the 'biased" population, after excluding the_th;or more
y-rays detected in the multiplicity filter. Figure 7a compares My(gof) and
mY(90°)fas_a function of:Q-value._'The open squares,,correspdnding to the
biasedlspin population, are systematica11y higher by about three y—hays (figt
7a), even without .considering thqsé already detected in the multip]fcity fil-
ter. . Thevre]qtiye difference sgems tolbe'even ]arger,for the three_]owest Q-
value bins. / |

,jFigure:7b shows alcomparison between the quantities MY(90°)/My(0°) (filled
squares) and.my(gof)JmY(0°) (open squares). Both sets of data points are in
agreement within error bars, a]fhoggh_the‘y—rays emitted from the biased popu-
1atfon ekhibit a somewhatz]argerrﬁanisotropy", A more quantitive intérpreta—_,
tion of thisvdatarin_connection with the alignment of the biased pophiatiqn ié
hindered byvthercomp]ex—augq]ar—cokre]ation effects gsséciateq wifh the detec-
tion of two.or more y-rays at an angle of 45° from the reaction plane.

4, Theory and model calculations _

In this section.We shall preéent.thevtheofetica1 aspects invo]vedvin the
extraction of information about the spin-transfer process from the experimental
resultéL Some of the subjects Which-are on]y briefly cohsidered here have beep
extenéively discussed e]sewhgrgi), |

4.1. Angular. momentum transfer and statistical equilibrium

During a deep-inelastic collision the reaction partners form a short-1ived

35,36)

dinuclear system 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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N\

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 explain these effects in tems of specific mechanisms, such as parti-

37, 38) or the excitation of surface modes3 )

, - cle transfer’ .. A common feature of
ia]]vthese,descryptwons is that they predict. a distribution of.transferred
spins, rather thn a we]l—defiped_value. The characteristics'of'the spin dis-
tributi§n are df@tatgd essentially by i) the choice of a particu]qr set of
angular-momentum-bearing degrees of freedom, ahg<ii).the equilibration time
(associated with the‘transfer,mecganism)‘relative to the Tifetime of the com-
plex. _ |

. The observation of a r1g1d~rotat1on regime of the dinuclear system in many

reactmns2 4, 11 »15)

points to the statistical relaxation of the rotational
modes and suggests the feasibility of an equi]ibrium_stgtistical approach to
the stgdy,qf thebangular mqmentum transfer. Regatd]éss of whefher complete
H_eguf]ibration is_actua]ly.gttaineqAduring the col]i;ion, thelstudy of the long-
time 1limit i; intergstqu in its bwn right because it does not depend on the
partiqglar,tran§ﬁer_mechanism, LTherefore, ifione describes the intermediate
complex by neans ofyan adequate set of degrees of freedom, the equilibrium
Iimit‘will_prqvide a nqturg} referencngor comparison with exbérimental re-
sults.. Eurthermore,_thewappTicability of_gqui]ibrium statistical results does
not necessarily rgqqirg that the system_reaqh équi]ibriym, Indeed, we shall
see that the model has been used’oqutto ga]cu]ate,the variances of the dis~
tribution, which,may‘approach their eQui]ibrium‘values fa§t§r4thqn the average

spvns40)
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The equi]ibrium limit of the angular—momehfum partition in deep-inelastic
reactions has been inVeStigated in refs. 23 and 24. In this model, the dinu-
clear system is repfe§ented by two touching rigid (but not rigid1y attached)
spheres, whose normal modes can be thérma11y exéited through their Coup]ing to
the ihterna1 degrees of freedom. .The associated random components'of the an-
guTar momentum, when added to the aligned component arising from rigid rota-
tion, giVe rise to a distribution in both the magnitude and orientation of the
frégmenté' spins. Undef,theée assumbfions, the widths of the distribution
a]ong.the three cartesian cobfdinates may be expressed as a-funcfion of'thé
température, the mass asymmetry, and the total maés'of the system.

| Let us now tu#ﬁ to the interpretation of the-datajjn terms of tﬁis equi- 4
‘Tibrium model.

4.2 Model calculations

The ultimate gddl of our investigation is to obtain information on the
fragmenfs' spin distributioﬁs, i.e. average spin magnitddes, average aligned

165

'COMpOnent,'and degree of alignment (P._). Unlike the mass-symmetric Ho

22
+ 165Ho'case22)

, in the present study one must allow for different spin dis-
tributions associaﬁed with each'fragment. ‘Since the spin distributions'aré
not directly méasured, the model calculations must bé used to predict observed
quantities SUch-as ihe y-ray anisotropies.'\The agreement (or 1ack thereof)
between the ca]cu]atibns and the data serves as a measure of the confidence
that we can place in fhe inferréd parameters of the distribution. A1l these
parameters depend on one another, and'theféfore"a1most the totality of the ex-
tracted jnformation is mode] dependént to gome 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 distributfons éombineé fesﬁifs from both the
experiment and the equilibrium statistica] model., The first extracted quan-
tity'from the«expefiment is the average value of the sdm of spin magnitudes.
Based on compound—nufieus wbrk'We have assumed that in the most genéra] case
the,admixture*ofmmu]tipolarities"in;the y-ray cascade includes stretched qua-
drupole, stretched dipo]e,.and;statistica] transitions that,rémove 2, 1, and
-0 h;of fragment spin,“respeétively;— If the number of each type of y-ray per
~ reaction with energies above the experimental thfésho]d:‘istz, ng and Nis’
then the observed mg]tip]icity MY is

M= Ny N+ Ny o R o (6)

For the compound nqc]eds case, the average spin at_the;beginning of the y-ray
cascade is given by | » '

<;>;= (2N, +:N1) e, . | . | | (7)
where\A-islthe.sbin removed by transitions with energies below the 0.3 MeV
thﬁesho]dzz)é -Toapply ed. 7.t0 & binary reactioh,‘a]]-the quantities inf
:volved should c9rresbond to the fragment whose spin is being ca]cu]ated., Un-
' fdrtunate]y,ﬁ0h1y»the totalimultiplicity of the y-rays emitted by both frag- .
-ments is known. At this point we have assumed'thaf the»totalvnumbek of
stretched transitions is partitionéd between the two fragments according to
the ratio of their moments of inertia aS wouid be giyen-by rigidvrotdtion.
This assumption is consistent with the equf]ibrium appfoaéh,'thus its vaiidity

7

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
, - 2 2 C 22
I I (I.—<I_>)
P(Ioly1,) = fexp | = (25 Ly v —2—3 S®)
B 20x 20y 202

whereVA/;s a -spin-independent normalization constant. The cartesian reference
system is chgsen such that the y-axis coincides with the line between centers,
which is also the symmetry: axis. For the heavy fragment, the varianceS'ox,

o, and o are given by

g
o J )

"t
= > T

2
y ud

T
[+
In these equations, the subscripts H and L denote the heavy and 1light
‘fragment, respectively,bﬁzis the moment of inertia of a (sphenica1) fragment,
u ié the reduced mass of the system, d is the distance between centers, and T
is the temperature associated with the intrinsic excitation energy. The vari-
ances of thespin distribution for the light fragment are obtained from eq. 9

by éimply interchanging the subscripts:H and L. The temperature was obtained

from

. (;'9)1’2_ o - (10)

a
where a is the level density parqmeter taken tq‘be Atotalls’ and Atota] is the

mass number of the composite system.
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'

| fhe effects of neutron évapokation were taken into account using the mod-
el of ref. 41), assuming that one neutron is emitted for every 12 MeV df ex-
citation energy per fragment. This model was used to calculate the average
spin magnitude and the variances of the spin distributions at the beginning
vand at the'end of the neutron cascade, respectively. The excitation energies
were caiculated under the assumption that both fragments had equal tempera-
tures.

The value of the average aligned component for eéch.fragment <Ilz>’ <Izz>

‘was obtained by solving two equations of the form

2.

2 | 2
I I (I, = <I.>)
S i X Y w4 L2
<I>)—/ff Texp p * > * ; dI,dI dI, (1)
: , 20X 20y ‘202
where <I> is the measured spin magnitude and <Iz> is the only unknown, -
4,2.2. Angular distributions and anisotropies
The basic angular distributions of stretched quadrupole (2?;3 and
stretched dipole (i¢q3‘y-rays‘emitted from a perfectly aligned system are32)
Z(a} = % (1 - COS4a) and - | (12a)
Wie) =3 1 +cos?a) , (12b)

where a is the angle between the spin vector and the direction of observation.
If the system is miéa]igned these distributions must be folded into the spin
probability distribution function, weighted by the number of transitions of

eégh type (nis’ Nyo and n2) in a given EY region:

W(e,8) «_f(nzil/g(a) * "1%“) * ) P(I,e',xb')I_Z_dIdQ' , (13)

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

pressed in spherical coordinates, and the angle a depends on both the direction
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of emission (e,4) and the direction of the spin vector (e',d') of the emitter:
€CoS a = C0S @ cos &' *+ sin @ sin ¢ sin e' sin ¢'

+sin e cos ¢ sin e"ccs ¢' . ; o (14)
By writing the angular distribution as in eq. 13, we implicitly assume that
-all the y-rays of a given multipolarity have the same angu]ar‘distributidn.
If we were to,consider the most general case, the coefficients nl.and n,
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 n 1° and

js* "
n, were evaluated from the y-ray energy spectra, as will be discussed in the

next subsection. For nearly symmetric systems, the statistical model predicts

 that the variances Oys Oys and o, are similar to each other. Under the approx-

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

42)

be analytically evaluated </, and the resulting angular distribution does not

depend on the angle ¢..  The common values for the-three cartesian Yariances

were obtained from

2 oot
¢ = 3

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

(15)

fragment.

4.2.3. Mu1t1po]ar1ty mixing rat1os.

A significant uncerta1nty in the 1nput parameters to our mode] ca]cu]a-
t1on is the mu]t1po]ar1ty compos1t1on of the continuum y-ray energy spectra.
In an attempt to reduce this uncertainty, we have resorted to results from both

compound—nuc]eus work and the present work.

/
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Rotational nuclei at high spins are known to decay via the émission of
basically two types of y-rays, i) stretched electric quadrupole transitions

25,43) of nearly isotropic distribution.

and 1) "statistical" transitions
The energy of the strctched E2 y-rays are strongly correlated to the spin of
the state'from which the y-ray ié/emitted, and they appear mainly as a low-
enérgy bump of the Ey-spectrum. The statistica] transitions (probably an |
admixture of stretched and nonstretched electric dipo]es) are considered to be
distributed in energy according to the_fo]lowing function:44)

£ IT |

NiS(Ey) x Ep . : ~ . (16)

The solid Tihevin figure 87$hows a fit of this function (With p=2and
T=0.6 Mev) todthe highfenehgy tail of.a typiCa] spectrum. Similar fits were
‘ Obtained with h = 3 and T=0. 41MeV Thié decompositidn of the spectra indi-

| cates that the number of non-statistical y-rays in a certain enengy region
(g1ven by the area under the histogram minus the area under the so]1d curve)
increases with decreasing energy. If these transitions were all stretched
qUadrupolee the y-ray an1sotropy for a f1xed Q—va]ue shou]d decrease monoton-
icaliy with 1ncreas1ng transwt1on energy across the bump reg1on C]ear]y, this
pred1ct1on is at variance with the 1ow—energy data (EY 0.9 MeV) shown in

fig. 6. The experimental an1sotrop1es are small for the lowést y-ray energ1es,
ihcreasc and peak atEY = 0.9 MeV, and thenrfall to un1ty. This general be-
havior as a function of E reflects primarily the change of the multipolarity
mixing ratios. Indeed since the Q-va]ue is fixed, the spin depolar1zat1on

(caused either by part1c1e evaporat1on or by the reaction itself) is not ex-

pected to produce any tY—GepenuenL effect—on—the—anisotropy-—
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The decrease of the anisotropy at Tow EY has been observed in previous
compoundhnuc]eus works and has been interpreted as evidence for an additional

45) . Although the in-

component, likely stretched magnetic dipole transitions
~ formation on the'spectra] shepe of this combohent is incomplete, it is known

that for rotationai 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

25’43), and they extend to somewhat higher

mu1t1p11c1ty 1ncreases s1gn1f1cant1y
energies.

To minimize the uncertainties due to this Tow-energy component in the
‘comparison between the experimenta] and ca]culated anisotropies, we have ex-
cluded from the ana]ys1s all the y-rays with energies below 0.8 MeV. However,
even these ]ow—energy Y- rays must be used in the determination of the sum of
the spin magn1tudes, S0 that in principle, the uncerta1nt1es in their multi-
.po]arittes could still affect the determihatioh of important parameters of the
spin distributiohs' In order to estimate the magnitude of this effect we
have cons1dered two extreme s1tuat1ons for the spectra1 shape of the y- rays
which do not remove angu]ar-momentum from the system. F1rst, we assumed that
4 the speetraT shépetof the statistical transitions (al = Q) is given'by eq. 16
(so]tdvcurve tnhfig. 8) and that the rest of the {—rays are stretched quadru-
po]est Uh&er this assqmption, the number of stretched quadrupcle transitions
is overestimated‘and therefore eq. 7 should provtde an upper limit for the to-
ta1 spin. For the 1ow—sp1n 1imit, we have assumed that the spectra] shape of

Al = O y-rays is g1ven by the extrapolat1on to Tow energies of the high-energy
, "stat1st1ca1" ta1] (fig. 8, dashed line). It may be quest1oned whether this

assumption really represents a 1ow-spin limit for nonrotational huclei, where

the relative contribution of stretched quadrupoles is believed to be small.
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However, we note that for the three reactlon systems, at least one of the two
fragments (the proaect11e—11ke fragment) has good rotational properties and
therefore the number of stretched quadrupo]e transitions is always significant.

148

This is also conf1rmed by the fact that even for the atAg and Sm'targets,

the exper1menta1 an1sotrop1es reach values of ~1 6 (see f1gs. 5 and 6).
165Ho L 148,

Figure 9 shows for the Sm system that the values of the sum of

_vthe spins extracted under the two extreme cond1t1ons described above differ by
‘.1ess than 15%. Th1s resu]t lends Just1f1cat1on to the procedure of consider-
1ng only a restr1cted portion of the y-ray spectrum (in wh1ch accord1ng to
_f1g 8, the contribution of the stretched d1po]e component will be sma]l) for

compar1son of the mode1 ca]cu]at1on to the an1sotropy data. In all the calcu-
| 1at1ons shown in the rest of this paper, we have cons1dered an intermediate
‘s1tuat1cn by assum1ng that the y-rays between the two calculated curves in
fig. 8 are stretched d1poles and therefore remove one unit of angu]ar momentum
'each.

4.2.4. Comparison between the model calculation and the data

Figure 10 compares the Q-value dependehce of the experimental anisotropy
to the theoretical calculation, for the region 0.80 MeV < E < 0.95 MeV.,
For all three reactions good agreement is obtained for the most 1nelast1c re~
' g1ons. The shift in the calculated peak an1sotropy re]at1ve to the data may
1nd1cate a breakdown of the stat1st1ca1 equ111br1um assumpt1ons ACCording to
the model, the maximum value of the an1sotropy shou]d occur when the multi-
pl1c1ty reaches 1ts saturat1on value. o

It must be emphas1zed that regard]ess of any assumpt1on made concern1ng

the mu1t1polar1ty mixing ratios, the most 1mportant role in determ1n1ng the

- value of the y-ray an1sotropy is p]ayed by the thermal fluctuations. As an
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illustration, fig. 11 compares the data (bpen circ]es):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 ekplained.

5. Angular momentum transfer: spin magnitude and alignment

In the Tast section we have shown that, under the assumption of statisti-

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

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

ters of the spin distributions (either extracted or calculated, as descri bed

in Subsect. 4,2.1) that were used in these calculations of the anisotrdpy.

5.1. Sum of spin magnitudes4andrrigid rotation

Of all fhe studied quantitfes, the spin magnitude is the 1east dependent
on model assumpfiens, since it is closely related to the measured y-ray multi-
plicity. However,_in definihg the partition of the total internal aﬁgu]qr mo-
mentum between fheltwo fragments, we have impffcitf& assumed that the 1n£er—

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

the validity of this assumption, ]et us first analyze the sum'of_the spin mag-

- nitudes I1 + Ié; This‘quantity is ekpected to be fairly insensitive to

any assumption on the rotation regime.

Figure 12 ‘showsVI1 f‘I? as a function of Q-value for the three reac-

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

responding to the saturation region inereases 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. Te-a‘]afge extent, }his pehaviorrmay
be attrjbutedvto differenees in basic parameters of the reaction, such as the
Coulomb barrier, total kinetic energy, mass, or angular momentum. A mofe sig-

nificant.cpmparison_between the reactions can be made by appropriately trans-
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forming both axes in figl‘12 so as to remove‘any factor that is}not directly
connected to the transfer process itself. The thoice'of new variables is cer-
tainly not unique. For the vériab]e related to the excitation energy wé have
chosen a transformation from Q-value to temperature (ed. 10). For the angular-
momentum axis we have considered two different scales given by the_fo]iowingv

- equations:
i = (‘ﬁ— By >_l(1 + 1) ' - (17a)
RR =\ 7 MAX 17 | o

- -1 . ‘ ,
. {2 :
o1 = <7 QMAX) (I; + 1) 5 (175)
where

AAL
S =Sy e

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

(18)

collision. The transformed variables ipR and iRo]] measure the observed sum of
fhe fragments' spins in units of the maximum value expected from the rigid-iro-
tation and rolling limits, respectively. | |

- Figure 13 shows plots of the experimentallvalueé of iRR and iRo]] as a
function of T. A comparison between figs. 12 and 13b) indicates that the
transformation from I1 + 12 and Q to iRR and T succeeds in reducing the
experimental points to essengially a sing]é‘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 shdws a significant deviation for the
more asymmetric Ho + Ag. These results providé, if not proof, at least é

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 shé]] noQ'examihe 50Me results cbncerning the spin distribufion of
each of the twd exit—channé] fragments As described in subsect 4 2. 1 the
average sp1n magn1tudes <Il> and <12> were ass1gned to each nuc]eus accord1ng
to the rigid- rotat1on prescr1pt1on, and the var1ances o% and cg were ca]cu-
| lated with the a1d of the statistical model (eq. 9 and 15) and the exper1menta1
temperaturés (eq. 10). Both types of information were finally combihed to 6b-
tain the individual spin alignments thrqugh the quantities <Ilz> and <i22>
(eg. 11).

Figure 14 shows the evolution bf the average spin mégnitude <I> (solid
curve) and its average a]igned component <IZ> (dashed curve) for both reac-
tion partners as a function of Q-value. In all cases the heaviest fkagmént-
bears the largest spin according to the rigid-rotation partition. The spin of
the projectile-like fragment increases slightly with decrea;ing total mass be-
éaﬁse the increase of its moment of inertia (relative to the target-like frag-
vmenf) brevai]s over the reduction of the total angular momentum. The Q;value
dependence is qualitatively the same as that of the'y-ray-mu1tip11cities. Fol-
lowing the rise throqghout the elastic and quasielastic region, there is a sat-
uration at large negative Q-values. However, at large Q-values <Iz> shows a
decreasing trend, which leads to a progressive divergence from <I>. - 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

1
1430°/<1 >

(19)

|
N b

2
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With this definition, Py 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;é'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 region, followed by a more or less slow de-

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

gion. der'each:systém,bthe 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

8,24)

“'spin fluctuations on different parameters . 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 variancés
decfeasé witﬁ increasing mass ésymmetry'of the system, although this dépendence
is rather weak‘fhr0ughout the région‘invéstigatéd in these expekiments. In
thié mass-ésymmetry region the variances along the three cartesian coordinates .
are nea?IyrequéT“and the average value is larger for the heavy fragment. Fin-

ally, for a fixed mass asymmetry the magnitude of the f]uctuations'in,both nu-

clei vary with the total mass according to the following relation

2,513
o= Rotal

Table II summarizes the values of the ca]cu}aped‘varithe_(as defined in

(20)

ed. 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
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fragment is almost constant for the three reactions. 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

176 148 AQ)-

. Yb, nat
A different behavior is obtained for the extracted alignment of the tar-

of the target (0.64, 0.72, and 0.79 for ~Sm, and
get-like nuclei.. Although the calculated variances become smaller for lighter
targets (Table I1I), the trend is not strong enough to compensate the dramatic
decrease in the transferred spins (fig. 14). In fact, forvﬁhe 1igbtest ﬁuc]eus
v(Ag) at‘ﬁhe hjghest excitation energies (Q = -300 MeV), these randomly prfénted
~components -account for almost the tota]ity of tHe spin (fig. l4c), thus giving
rise to an almost isotropic spin dfstribution (fig5 15c). The measurement of
discrete y-rays appears as an interesting possibility to confirm these results

on the alignment of each fragment.

6. Conclusions ahd Summary

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

16 5H 176 Yb, 148 nat

1400 MeV Sm and Ag, through the measurement of the multi-
plicity and anisotropyvqf continuum }-rays. The total multiplicity éqnveys
information on the sum of‘the‘spjﬁ magnitudes whereas the anisotropy of the
angular distribution reflects the distribution of spin directions.

| The experimental results were compared'to a model that>assume5'complete
relaxation of the rotational modesvof the'intermediate dinuclear complex. The
V_va]idity of‘thevéquilibriué limit is suggested by the fact that the temperature
dependence of thé‘transferred spins ‘is very simi]arbin the three reaction sys-

‘tems, when expressed-in units of thevmaximumbangu1ar momentum predicted by

rigid rotation.
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o j‘_"Thei"tw_oiiba_“"si“c-e’XfPefrimenta1; inputs-tO‘iﬁe*mbdel-taiculatioﬁ'éfe“the fota]
y-ray mh]tiplicity_and the multipolarity compositioﬁ of the ‘y:ray spectra.
"REQarding the latter-we have shOwn'that;'Within'réaSoﬁab1e51{mits prescribed
by Dﬁevibhs‘cbmpduﬁd—nueﬂeus wdrk,*theatﬁééﬁéticaﬂ‘reSu]ts do-not ‘depend cru-
’.vCially;upon:thééaSSumpiiohs madé.*”As=a?final'éfep”we havée calculated the pri-
mary spin‘distribution by taking into account the effects of neutron evapora-
tion on the fir$t and secondfmdments. The agreement between the statistical
-model calculations and the experimental data is satisfaétory throughout the
- entire Q-value range, although the depolarizing effect due to thermal fluctua-
tions seems tovbe 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-
,va1ue. In génera] the spiﬁ magnitude and alignment increase across the quasi-
elastic region. At larger Q-values the spin magniéude almost saturates,'while
the alignment peaks and then falls for the most inelastic events. The‘a1fgn-
ment of the heavy reaction partner increases slightly with increasing mass
asymmetry.'_On'the other hand, although the fluctuations generated in the
light fragment decrease with the mass, they account fdr 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 déep—_
inelastic reactions is a useful tool for the investigation of angu]ar-moméntum
transfer processes in moderately asymmetric systems. Comparfsons between’the
data and a model calculation indicate that thérma] equilibrium of the rota-
.tional degree§ of freedom of the dinuclear comblex is attained in a broad range

of excitation energies and that the equi]ibhium limit is a natural starting
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point in the study of more complex phenomena associated with angular-momentum
| tranéfer-in.heavy—ion reactions.
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© Table I
Angles between each y;f'ay detector -and the perpendicular
to the reaction plane defined by each particle detector.
L Si-1 | Si-z Si-3
) 'Nalfl L _» | _9,0‘0; :, e FUREE S _90°. 
el e L 90_°” R

Nal-3 . . et . 30 o 90
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. Table II

L (sée eq. 9 and 15):

- Calculated variances of the spin distributions.

o2IT (121MeV)

Reaction

Projectile- (Ho) Target
165H,0 + 176Yb _. '69.3‘ 76.9._
165, + 1484, 69.0 579
165Ho + natAg 68.5 "34.5
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Figure Captions

Fig. 1. Representative energy spectra of the projectile-like fragments in the
Taboratory reference system for three reactions. The target nuc]éus
is indicated in the upper right hand portion of eaCb spectrum. The
arrows indicafe the boundaries of the gates used for the analysis of
the coincidence y-ray data.

Fig. 2. = Comparison between typical unreso]?ed y-ray spectra recorded at 90°
(in-plane) and 0° (out-of-plane) in coincidence with heavy ions for

" Q =~ 196 MeV. The norma]izatibn is such that the areas under the
~curves are equal tp M§(90°)‘and MY(0°), respectively (see eq. 3).
The arrows indicafe the boundaries of the gates used to investigate
' the dependence of various quantities on E, (see_text)./
Fig. 3. ‘In-plane y-#hy‘épectra obtained in coincidence with heavy ions. The
| numbers 1-8 correspond to the Q-value gates indicated in fig. 1.
 Note the evo1utidn of the low-energy "bump" when going from elastic
" or quasielastic (spectrum 8) tb the most inelastic (spectfum 1) col-
Tlisions. |
Fig. 4. = "In-plane" (squares) and I.'c')ut—of-p]ane" (friandlés) multiplicitfes

165y, + 176y, L48g ong Naty

as a function of Q-value for the
reactions for heavy ions detected at 28°, 25°and 19°, respectively.
Accord{ng to the définition of these quantitie§'(eq; 3), the differ-.
'énﬁe between the two curves for each reaction reflects the angular

distribution of the radiation.
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Gamma-ray anisotropy as a function of Q-value, for heavy ions de-
tected near the grazing angle. In part a), y-rays of all 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 simiiar and are only |

165, 4 176

shown for fhe Yb 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 EY intervals correspond to the gates
indicated in Fig. 2. The anisotropy of the y-rays witﬁ E# > 2 MeV
’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 y-ray spectrum. The solid line is a

fit to the upper portion of the spectrum with the function .

-E /T MeV
Y

KEs e , where p = 2, T = 0.6 MeV, and K was adjusted

r

to reproduce 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 + Iz)rupon the

'multipo]arities of the y-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 <EY < 0.95 MeV (circles) and a cal-
culation based on the equilibrium statistical model (open squares)‘
as é function of Q-value. The calculations require some expekimenta]
input;;therefore they were done only where experimentai results were ~
avai1abTe. The lines 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 of -the therhal fluctuations. The-
shapevdf'the calculated anisdtrobies results from both the dependence
of the number of emitted hgdtrons and thé composition of the ¥Y-rays
(thése were‘thé'same as thbse used in the<ca1cu1ated curves of fig.
110) with Q-value.

Fig. 12. Sum of the spin magm'tudes'(I1 + sz as a function of Q-value for

| ‘the three reaction systems. _ |

Fig. 13L The sum of spins in reduced unité as}a function of temperature. The
_éngu]ar‘momentum axes have been scaleq according to thé "rolling"
limit for part a) and to rigid-rotation limit for part b).

Fig. 14. Average spin'magnitude <I} (so]id']ineé) and average aligned compon<
ent <Iz> (dashed lines) as a function 6F Q-value. Fdr'eaCh syétem,
the various symbols correspond to the two deep-inelastic frégments.

Fig. 15. A]ignment pakameter PZz as a function of Q-value, for each of the

two deep-inelastic fragments in the three reactions.
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