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Abstract: The magnitude and alignment of the spin transferred to the fragments in the deep-inelastic
reactions of 8.5 MeV/nucleon '**Ho on '7®Yb, '48Sm, and "*Ag were investigated using con-
tinuum y-ray multiplicity and anisotropy techniques. The detection system consisted of a highly
redundant arrangement of particle and y-ray detectors and a y-ray multiplicity filter. By using
suitable reduced quantities, we show that for the most negative Q-values the multiplicity data are
consistent with rigid-rotation of the intermediate dinuclear complex. The anisotropy data are
compared to an equilibrium statistical model calculation. The sensitivity of the calculation to
different assumptions concerning the composition of the y-ray spectra is investigated. The magni-
tude and alignment of the spin imparted to the individual fragments as a function of Q-value are
extracted for the three reactions.

NUCLEAR REACTIONS ™Yb, 148Sm, "'Ag(*¢5Ho, X), E = 1400 MeV ; measured y-ray

E multiplicity, anisotropy, continuum y-rays; deduced fragment spin distributions.

i« 1. Introduction

In deeply inelastic collisions, a certain fraction of the initial orbital angular
momentum is converted into spin of the individual fragments !). This process has
been investigated by studying the decay of the highly excited nuclei emerging from
the primary reaction. Measurements of the sequential emission of a-particles 2~ %),
fission fragments>~%) and y-rays !°722) have provided information on different
parameters of the spin distributions, generated as a consequence of the interaction
between the two reaction partners. In principle, one can expect that these distri-
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butions will reflect the underlying mechanism responsible for the angular momen-
tum transfer. For example, the average values of the spins imparted to both deep-
inelastic fragments can be related to the rotation regime of the dinuclear complex.
On the other hand, the spin fluctuations (both in magnituae and orieatation) not
only reflect the diffusive nature of the angular-momentum-transfer process, but also,
they carry information on the rotational degrees of freedom involved. However, if
the rotational modes of the dinuclear complex reach a s-ate of statistical equilib-
rium with the intrinsic degrees of freedom, then the distinction among different
possible mechanisms would be very difficult since all of them woull lead to
essentially the same spin distributions. Therefore, the knowledge of the statistical
equilibrium behavior and its comparison to experimental results seems to piay an
important role in the comprehension of the spin-transfer process.

The limit of statistical equilibrium has been investigated in refs. 2% 2*) a:suming
a very simplified configuration for the intermediate dinuclear compicx. In this
model, the thermal excitation of the rotational modes of the system g.ves rise o
random generation of the associated angular momentunm» compone:~ts. These, in
turn, couple to those components arising from rigid rotation, «hich ar. aligned
perpendicular to the reaction plane, and the net result is a distribution in magnitude
and orientation of the angular momenta in the system. For mass-symmetric sys-
tems, the model predicts a gaussian distribution for the cartesian components of
the spins, with almost equal variances along the three coordinates 23). The magni-
tude of the resulting fluctuations were compared to the results from the reaction
165Ho + '®°Ho at 8.5 MeV/nucleon, studied via y-ray ‘multiplicity and anisotropy
techniques 22). It was shown that the relatively small#nisotropies observed at small
Q-values could be explained by the thermal excitation of the rotational modes of
the dinuclear complex. For extreme mass asymmagtries, the statistical mode! pre-
dicts that the spin distribution of the heavy fragment will develop a strong iz.-plane
asymmetry, produced by the enhancement of the-fluctuations along the une of
centers of the complex ##). This prediction was testad through th: measure.nent of
in-plane angular distributions of sequentially emitted fission fragments ia the re-
action of 2°Ne+23%U and '°"Au at 12.6 MeV/nucicon ). The resvtts showed a
large in-plane anisotropy, indicating a strong asymimetry of the spin 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 sysiematic investigaticn of the
magnitude and the alignment of the spins imparted .to boih deep-ineic¢stic frag-
ments in the reactions of 8.5 MeV/nucleon '**Ho on targets of !7°Yb, '*8Sm and
"tAg The systems studied lie in the region of small tc moderate mass asymunetries.
For this region, the statistical model predicts that for each fragment, the variances
of the spin distributions along the three cartesian coordinates are nearly equai,
although the fluctuations are significantly larger for the heavier fragment. The
experimental technique used in this study was the measurement of the multiplicity
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and the anisotropy of unresolved y-rays. In the mass region covered by the pro-
jectile and the targets, a strong correlation between y-ray multiplicities and spin
magritudes can be exnected !*2%). The extracted average spin magnitudes for each
reaction were combined with the predicted variances, to calculate anisotropies that
were fmally compared vith experimental values. The targets and the projectile used
in this reaction fall into two categories. The '7°Yb and '®>Ho isotopes lie in the
region of the good rotational nuclei, and therefore, the subsequent electromagnetic
cascades ar= enriched in ‘stretched’ quadrupole transitions. These y-rays are pre-
dominantly emitted along directions contained in the plane perpendicular to the
spin of the emitter, thus the anisotropies of the angular distributions are very
sensitive to the degree of alignment. On the other hand, '*®Sm and both isotopes
in "®Ag wre well removed from this region of good rotors, thus the corresponding
v-ray spectra will have fewer stretched quadrupole transitions. The effect that the
unceriainty m the composition of multipolarities has on the determination of the
paramerers of the spin distributions are discussed.

2. Experimental techniques

A beam of '®**Ho at 1400 MeV from the Lawrence Berkeley Laboratory Super-
HILAC was used to bombard self-supporting targets of '7Yb, '*8Sm, and "*'Ag
with thicknesses 0.90 mg/cm?, 0.46 mg/cm? and 0.97 mg/cm?, respectively. The
beam current during the ¢xperiment varied between 3 enA and 7 enA. The
detection system and its gédfnetrical arrangement was similar to that described in
detail in ref. 22), except for theé'addition of a multiplicity filter *). Therefore, only a
brief outline will be given belo.

2.1. Do TECTION 8YSTEM

Three surface-barrier silidbn detectors (300 um thick) were used to detect the
projectile-like fragments eniérging from the binary deep-inelastic reaction. Two of
them (Si-1 and Si-3} were ®eated in a horizontal plane, parallel to the scattering-
ciamber 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 distance of
14.3 cm from the iarget af@were collimated to 1.1 cm in diameter.

The y-ray detectors considted of three externally mounted 12.7 cm diameter by
15.2 cm deep Nal scintillatots, which looked at the target through identical 0.6 cm
thick lucite windows on the Bcattering chamber. The distance of 60 cm between the
target and the detectors provided an adequate separation of neutrons and y-rays
by time of flight. Two of these counters (Nal-1 and Nal-3) were placed in the
scattering-chamber plane and the third one (Nal-2) was 90° out of this plane.

In addition to the particle detectors and large Nal counters, an array of eight 7.6
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cm x 7.6 cm Nal counters was used as a multiplicity filter. These catector: were
located above the scattering chamber in an axially symmetric arrangemet with
respect to the vertical direction. Each detector was spaced 45° fror1 the ~.xt, and
they all looked at the target through a 3 mm aluminium dome {om aiu angle of
45° and at a distance of 23 cm. This multiplicity filter was used bu'e o cbtuf an
additional independent measurement of the average multiplicity and to eaabis the
biasing of the spin distribution toward higher values.

The geometry of the whole detection system was such the: severs! redundant
measurements of the y-ray multiplicity and anisotropy coul: be made. Particle
detectors Si-1 and Si-3 on the one hand and Si-2 on the other defined, :cge.her
with the beam axis, two mutually perpendicular reaction planes. Each Nal de :cior
provided either an in-plane or an out-of-plane measurement, depending on whe!her
it was in coincidence with Si-1, Si-2, or Si-3. The out-of-plasic angies  (measared
from the perpendicular to the corresponding reaction plan-" given by the various
Si-Nal combinations are summarized in table 1.

TaBLE 1
Angles between each y-ray detector and the perpendicular to the reaction piune defined by each purticle
detector .
Si-1 Si-2 Si-3
Nal-1 90° 0° 9C*
Nal-2 0° 90° .. 0°
Nal-3 90° 30° 90°

2.2. CALIBRATIONS AND CORRECTIONS

The energy calibration of the particle detectors was pericrried using the ki-
nematically calculated energies of the elastic peaks from the different resctions.
Additional corrections were made for the energy loss in the target matzrisd *°) and
for the pulse-height defect 27) in the silicon detectors. The energy calibrztion of the
large Nal crystals was made using the 570 keV and 1064 keV y-rays from the *°7Bi
decay. For the efficiency calibrations, one of the coingident transitions from erther
60Co, 2°7Bi, or '32Eu was detected in a Ge(Li) detector while the other was locked
for in one of the Nal crystals. The detector efficiency was then calcilated as the
coincidence-to-singles ratio, corrected for the angular correlatio:), internal ¢:n-
version, and branching ratios of the decay. The efficiency cali’>ratica of the musii-
plicity array was done in a similar fashion. In this case, one of the eigizt detectors of
the same array was used as a trigger for the other seven.

Corrections to the y-ray energies (Doppler shift), angles of ¢ni<sion, and solid
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angles (aberration) had to be considered in order to account for the fact that the

emiss: >a tak:s place from moving sources. The relevant formulae are 28)
ES(1—p2)t
E (&) =-21——, la
) = s (1a)
cos &%+ B
= P 1b
cos¢ 1+ Bcosé (15)
0 1— 2
dQ f (ic)

dQ (1—Bcos &)

in these equations, L. is the y-ray energy, f is the speed of the emitter in units of
the speed of light, ¢ is the angle between the detector and the velocity of the
emitte., and £ is the sclid angle. In all cases, the superscript “0” refers to quantities
measured in the refzrence frame where the emitter is at rest. In spite of the sim-
plicity of these equartions, it is not possible to perform an exact correction because
there are two possible emission sources that cannot be experimentally distin-
gnished. The rragnitude of the energy shift (eq. (1a)) was estimated by assuming
that al! e y-rays were emitted either from the projectile-like fragment or from the
target-like fragment. The resulting spectra were then added together, weighted by
vhe coriesponding solid-angle correction (eq. (1c)). These “corrected” spectra were
vary sintifar to the uncorrected ones. This is not unexpected since, for most Si-Nal
combinaticas, the sign of cos ¢ changes depending on which fragment is considered
to be the em:t. ~ thus given rise to almost an exact cancellation. Finally, it was
gsrimated from -q. (1b) that the angles 6°, measured in the reference frame where
the emitiar is at rest, differed from those listed in table 1 by less than 6°, even for
the most anfavor 2ble cases.

Due 10 the inc:.mplete photopeak efficiency of the Nal detectors, the true y-ray
spectral shapes =iust be obtained by unfolding the raw pulse-height spectra.
However, it was shown in a previous work 2#) that, within experimental errors, the
urfolding proceduie did not affect the values of the multiplicities or anisotropies.
Ther¢.nre, the results presented in the remainder of this paper have been obtained
from the raw spectra.

2.3. DATA ACQUISITION ANT) ANALYSIS

Tlie signa!s generated in the various detectors were processed by means of NIM-
standard zlcoronic modules. Data were taken in an event-by-event mode and
wiitien ont: magnetic tape. Each event consisted of 12 parameters: the pulse
heights fron. the thrse Si detectors and the three Nal counters, the four TAC
signals {ore :or cech large Nal and one for the multiplicity array), the N-fold
distribution .1+ w1 tne multiplicity array and a marker of the scaled-down particle-
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singles. The “"master gate”, used in the defmition of an event, was opened by (i)
scaled-down heavy-ion singles, (i) heavy-ion (Nal) coincidences, 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 (Nal)
coincidences were stripped from the raw data and rewritten on tape in event-by-
event form. Due to the lower probability for such coincidences, this procedure
substantially reduced the number of data tapes to be analyzed.

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) distri-
bution 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 '7°Yb, '*8Sm, and "*Ag targets, respectively. These angles are slightly
behind the classical grazing angle of each reaction. Fig. 1 shows the energy spectra
obtained at those angles as well as the particle-energy gates used in the analysis of
the y-ray data. For the three systems the spectra exhibit both an elastic and a
deep-inelastic peak.

The calculation of Q-values associated with different detected heavy-ion energies
was done assuming that only two fragments (equal to the initial projectile and
target) were present in the exit channel. The resulting 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 excitation
energy.

3.2. GAMMA-RAY DATA FROM THE LARGE Nal DETECTORS

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

3.2.1. Gamma-ray energy spectra. The shape of the unresolved y-ray spectra from
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Fig. 1. Representative energy spectra of the projectile-like fragments in the laboratory reference system
for three reactions. The target nucleus is indicated in the upper right hand portion of each spectrum.
The arrows indicate the boundaries of the gates used for the analysis of the coincidence y-ray data.

the three reactions have the same qualitative characteristics. A representative
example of an in- and out-of-plane spectrum from the reaction !76Yb+'¢°Ho is
shown in fig. 2. An intense bump dominates the low-energy portion of the spec-
trum, followed by an exponential tail that extends to much higher energies. The
bump region exhibits a pronounced in-plane peaking, suggesting that it is pre-
dominantly composed of stretched quadrupole y-rays emitted from nuclei with
their spins aligned mostly perpendicular to the reaction plane. The enrichment of
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Fig. 2. Comparison between typical unresolved y-ray spectra recorded at 90° (in-;:iane: and 0° (out-of-

plane) in coincidence with heavy ions for Q >~ —196 MeV. The normalizaticr 1s such thzt the areis

under the curves are equal to M,(90°) and M (0°), respectively (see eq. (3)). The arrows i dicate tie
boundaries of the gates used to investigate the dependence of various quantities on E, (see text).

the low-energy region in stretched E2 y-rays is a well-known feaiure of reactions
leading to rotational compound nuclei ??). The higher energy portion of the spec-
trum (E, = 2 MeV), thought to be a mixture of stretched and unstretci.ed elecir
dipole transitions *°*!), shows no appreciable anisotropy.

Fig. 3 shows the dependence of the spectral shape of the continuum j-ray
the reaction Q-value. The upper-energy edge of the bump moves towards iigner p-
ray energies with decreasing Q-value across the quasielectric regior. rnal i* sat-
urates in the deep-inelastic region. Since for a rotational nucleus the v <inum
energy of the stretched E2 y-rays is related to the spin at the tor of rhe cu-cade,
this behavior of the edge of the bump is an indication of the denender ¢ of itie
fragments’ maximum spins upon Q-value.

3.2.2. Gamma-ray multiplicity. For a given Q-value, the area (N, couer zny
portion of each y-ray spectrum is proportional to the average muvltipiici'y \ V., of
the y-rays in the corresponding y-ray energy interval. The proportic nulity coistant
includes the efficienty (¢) of the Nal detectors, the number of heav -, sirgles (%)
and the y-ray angular distribution W(6):

— NC
T NW(O)e’

-~
r

(M,



A J. Pacheco et al. ; Angular-momentum transfer 321

T | T I I n

k Nim'\xmﬂ 1400 MeV '®SHo+ '78vp

\Lm
sl HU;JHLLH] x
Y]

|

Transi:iony per MoV

|O_2"

1 I !
i 2 3 4 5 6

£, (MeV)

Fig. 3 Y. ~lone y-ray spectra obtained in coincidence with heavy ions. The numbers 1-8 correspond to
the /- aine wates iadicated in fig. 1. Note the evolution of the low-energy “bump” when going from
«lastic or quasielastic (spectrum 8) to the most inelastic (spectrum 1) collisions.

where ¢ s the angle between the axis of the y-ray detector and the perpendicular to
the react:on plane:- We define the in-plane and out-of-plane multiplicities [ M,(90°)
and M {v°), reﬂ‘_;ici:tive"y] as follows

M,(9C°) = (M HW(90°), M, (0°) = (M > W(0°). 3)

The reduncant geunetry was very important in the evaluation of possible system-
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atic errors (especially those arising from small changes in -ne scattering angles
due to changes in the beam position, and uncertainties in the evaluation of Doppler-
shift and aberration corrections). The values of the experimental muitiplicities
quoted in the rest of the paper correspond to averages of the various combinations
of Si and Nal detectors. The error bars shown include contributions from the
variance associated with the spread of the combinations about th: average as well
as the typical statistical errors of an individual measurement.

Fig. 4 shows M ,(90°) (squares) and M (0°) (triangles) for y-rays with energy
above 300 keV as a function of Q-value. The general trend of these data is similar
for the three systems and agrees with that previously observed in the
'65Ho + '%Ho reaction 2?). 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 peaks 1nd then decreases
slightly, M ,(0°) (out-of-plane) exhibits a plateau (***Sm and "*;g data) or even a
slow monotonic increase (}7°Yb). As indicated by eq. (3), the different behavior of
M (0°) and M (90°) reflects the angular distribution of the radiation. The max-
imum value of the y-ray multiplicity decreases with the mass of the target (40, 37,

30 ;%

10 |65Ho+ l?GYb [ ] ‘\

Lhals 2

- A A

ol |65Ho+ I48Sm !

Gamma - ray multiplicity
el

ol 165H0+ nutAg 3 A |

ob— 1 1 ! |
-400 -300 -200 -100 0

Q (MeV)

Fig. 4. “In-plane” (squares) and “out-of-plane” (triangles) multiplicities as a function of Q-vatue for the

1650 + 176Yb, '*8Sm and "*'Ag reactions for heavy ions detected at 28°, 25° and 19°, respectively.

According to the definition of these quantities (eq. (3)), the difference between the two curves for each
reaction reflects the angular distribution of the rac ation.
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and 33 for !7°Yb, '*8Sm, and "*Ag, 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 anisotropy as the ratio of the in-
plane to out-of-plane multiplicities:

of = M.,(90°)/M,(0°). )

This quantity depends on the alignment of the spin distribution and the multipo-
larity mixing ratios of the radiation. For pure stretched quadrupole y-rays emitted
from a perfectly aligned ensemble of nuclei, an infinite anisotropy would be pre-
dicted 3%). Even if there is a moderate admixture of isotropic transitions (~ 30 %),
the y-ray angular distribution would still exhibit a deep minimum along the
alignment directibn and thus the anisotropy should still be quite sensitive to
fluctuations in the spin orientation.

Fig. 5 shows the y-ray anisotropy as a function of Q-value for the three different
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Fig. 5. Gamma-ray anisotropy as a function of Q-value, for heavy ions detected near the grazing angle.

In part (a), 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
similar and are only shown for the ®*Ho +'79Yb system.
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reactions and for two different y-ray energy intervals. In all cases the aniso:ireyy
increases throughout the QE region and then falls across the DI regiun. Th> petk
value for the !’°Yb+!%3Ho reaction is much higher than for the otrer o
reactions. As anticipated, the selection of the y-ray energy interval 'n the buirj
region produces a significant increase of the anisotropy (fig. 5b) as 1 consequstes
of the enrichment in stretched E2 transitions in this energy region.

The Q-value dependence of the anisotropy can be qualitatively undarstood ix
terms of the evolution of the degree of spin alignment. For very low negative (-
values, the interaction time is short compared to the relaxation times of tiw rotationai
degrees of freedom of the system, and therefore little angular momentum i= converted
into spin. Even small fluctuations can destroy the spin alignment, thus the angular
distribution is almost isotropic. More inelastic collisions tend to dissipate au
increasing fraction of the initial angular momentum (as indicated by in¢ multi-
plicity curves), while the fluctuations remain at a relatively low level. This cause« *ie
anisotropy to rise rapidly. Finally, for the most inelastic events the amou. of
angular momentum transferred to intrinsic rotation saturates while the spin fuc-
tuations (caused by both the statistical excitation of spin depolariz...g modes and
by neutron evaporation) continue to increase. This indicates that th . consiant spin
observed as the Q-value decreases is made up of a progressively larger c»v ribijlen
from randomly 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 1

T T T ] T T T T T 1 T T T T
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‘naiAg °
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Fig. 6. Gamma-ray anisotropy as a function of y-ray energy. The Q-value region °s cons*ant for each
reaction and corresponds to the maximum observed anisotropies. These E, intervals ocrrespond 0 .he
i

gates indicated in fig. 2. The anisotropy of the y-rays with E, > 2 MeV varics oetweer | an< L1 in all
cases (not shown in this figure).
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o oarerensc thiouyh the low-energy region reaching a maximum at E, ~ 0.9
Mezy, followed by a gentle fall to unity for larger values of £,. The behavior of the
agh-energy portion (E, 0.9 MeV) may be understood in terms of a decreasing
percentage of siretched quadrupoles (dominant in the upper part of the bump
rogon) and an increasing percentage of isotropic transitions (dominant above 2
MieV. The re'atively small anisotropies observed at E, ~ 0.5 MeV likewise indicate
a emall peroentage of stretched E2 transitions in this energy region. An alternative
possibilitv is that thsse low-energy y-rays are emitted from states where an ad-

ditional depciarization occurred due to hyperfine interactions *?).

32 MULTIPLICITY-FILTER DATA

the una'ysis of the distribution of the number of y-rays detected in the 7.6
¢ x 7.6 cm Nal detectors in coincidence with a heavy ion provided an inde-
penaent measurement of the average y-ray multiplicity as a function of Q-value.
Tne formalism used was that of Sarantites et al. **). For the three reactions the
1 altinlicities obtained using the multiplicity filter were in very good agreement
with thas» extrected from the individual large Nal detectors.

wata rom the multiplicity filter can also be used to study the dependence of the
anisairopy on the spin magnitude. By requiring high-order coincidences in the
multiplicity filter one should select, on average, events associated with a larger
»onber 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
coicendences among a particle detector, a large Nal detector, and the multiplicity
“lter. Additional requirements were that the energy of the heavy ions fell into one
of tre Q-value bins indicated in fig. 1, and that at least two detectors of the
muliplicity filter fired. We define N; as the number of these “triple” coincidences
vai-Nal array). Next, we removed the condition on the large Nal detectors and
considered events that satisfied only the other requirements listed above. The total
smber of these “double” coincidences (Si array) was defined as Np. In analogy
vith eas. (2) and (3), we define

Nt

pé

Tt s ratio may be interpreted as approximately equal to the average number of y-
ray. arsociated with the “biased” population, after excluding the two or more y-
rays detectea 14 the multiplicity filter. Fig. 7a compares M,(90°) and m,(90°) as a
fuaction ot Z-value. The open squares, corresponding to the biased spin popu-
iution, are sestematically higher by about three y-rays (fig. 7a), even without
considerir2 those z'ready detected in the multiplicity filter. The relative difference
scems 1o oe even rurge for the three highest Q-value bins.
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Fig. 7. (a) Average y-ray “multiplicities” with (open squares) and without (filled squares) the require-
ment on the multiplicity filter (see text for discussion). (b) Gamma-ray “anisotropies” with and without
requirements on the multiplicity filter (see text for discussion).

Fig. 7b shows a comparison between the quantities M, (90°), M (0°) (filled
squares) and m (90°)/m.(0°) (open squares). Both sets of data points are in agree-
ment within error bars, although the y-rays emitted from the biased pepulation ex-
hibit a somewhat larger “anisotropy”. A more quantitative interpretation of this data
in connection with the alignment of the biased population is hindered by the complex
angular-correlation effects associated with the detection 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 present the theoretical aspects involved in the extraction
of information about the spin-transfer process from the experimental results. Some
of the subjects which are only briefly considered here have been extensively dis-
cussed elsewhere !).
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4.1. ANGULAR MOMENTUM TRANSFER AND STATISTICAL EQUILIBRIUM

During a deep-inelastic collision the reaction partners form a short-lived dinu-
clear system *°-3%). The portion of the interaction responsible for the conversion of
orbital angular momentum into intrinsic spin can be viewed as a dissipative
process in which frictional forces oppose the mutual sliding or rolling of the
nuclear surfaces in contact. Several models have been postulated to explain these
effects in term: of specific mechanisms, such as particle transfer37-3%) or the
excitation of suriace modes*°). A common feature of all these descriptions is that
they predict a distribution of transferred spins, rather than a well-defined value.
The characteristics of the spin distribution are dictated essentially 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 complex.

The observation of a rigid-rotation regime of the dinuclear system in many
reactions 24 11:15) points to the statistical relaxation of the rotational modes and
suggests the feasibility of an equilibrium statistical approach to the study of the
angular momentum transfer. Regardless of whether complete equilibration is ac-
tually attained during the collision, the study of the long-time limit is interesting in
its own right ecause it does not depend on the particular transfer mechanism.
Therefore, if one describes the intermediate complex by means of an adequate set
of degrees of freedom, the equilibrium limit will provide a natural reference for
comparison with experimental results. Furthermore, the applicability of equilibrium
statistical results does not necessarily require that the system reach equilibrium.
Indeed, we shall see that the model has been used only to calculate the variances of
the distribution, which may approach their equilibrium values faster than the
average spins *°).

The equilibrium limit of the angular momentum partition in deep-inelastic re-
actions has been investigated in refs. 232#). In this model, the dinuclear 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 angular momentum, when
added to the aligned component arising from rigid rotation, give rise to a distri-
bution in both the magnitude and orientation of the fragments’ spins. Under these
assumptions, the widths of the distribution 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 equilibrium
model.

4.2. MODEL CALCULATIONS

The ultimate goal of our investigation is to obtain information on the fragments’
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spin distributions, ie. average spin magnitudes, average aligned compcn:at, and
degree of alignment (P,,). Unlike the mass-symmetric ®**Ho+ ' Ho case ??), in
the present study one must allow for different spin distributions 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 » ray ar u0t-
ropies. The agreement (or lack thereof) between the calculations and the Jata
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 thevefore
almost the totality of the extracted information is model dependent (0 some extent.
However, we shall see that in many cases the dependence of the th,retical resu'ts
on different assumptions is surprisingly weak.

4.2.1. Spin distribution. The calculation of the spin distributions ceminnes results
from both the experiment and the equilibrium statistical model. The first extracted
quantity from the experiment is the average value of the sum cf s~ magnitudes,
Based on compound-nucleus work we have assumed that in the .uosi general case
the admixture of multipolarities in the y-ray cascade includes s.re«ched uadrupole,
stretched dipole, and statistical transitions that remove 2, 1, ¢ « 0 & ¢f fragment
spin, respectively. If the number of each type of y-ray per reaction wiih energies
above the experimental threshold, is N,, N,, and N, then the observea mulii-
plicity M_ is

M),:N2+N1+Nis~ (6)

For the compound nucleus case, the average spin at the beginning of the 1-iay
cascade is given by

Iy = 2N, +N))+4, (7)

where 4 is the spin removed by transitions with energies below e 073 MeV
threshold ?). To apply eq. (7) to a binary reaction, all the quautities involved
should correspond to the fragment whose spin is being calculated. Jnrturnately
only the total multiplicity of the y-rays emitted by both fragments is ko wi. At this
point we have assumed that the total number of stretched transitions s paritticned
between the two fragments according to the ratio of their moments of iLzitia &s
would be given by rigid rotation. This assumption is consistent with the equilb-
rium approach, thus its validity may be questionable for the highesi Q-values.
According to the statistical model, the spin distributicn fo- ~ech fragrwnt is

o =< .
P(Ix’Iy’Iz)z‘Vexpli— (20_2 +i2'+ ’2’(;_2 —}1 {8’
x y

where .4 is a spin-independent normalization constant. The cartesian referesce
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systeins is chosen such that the y-axis coincides with the line between centers, which
iy 2is0 tr.e symmetry axis. For the heavy fragment, the variances o, 0,, and o, are
given by

o2 = o? = .IH(IL%—ule ’ o :,}”H(,fﬂjyd?’) )
Fu+ I +ud ud

I~ these = uations, the subscripts H and L denote the heavy and light fragment,
respectively. # is the moment of inertia of a (spherical) fragment, u is the reduced
gss of *he wystem, d is the distance between centers, and T is the temperature
avsoniatiad with the intrinsic excitation energy. The variances of the spin distri-
bution for the light fragment are obtained from eq. (9) by simply interchanging the
suo-cripts H and L. The temperature was obtained from

T = (=Q/a}, (10)

where o 1s the 1cvel density parameter taken to be §A4,,,, and A,,, is the mass
number ¢f the composite system.

The effecis of neutron evaporation were taken into account using the model of
vef. *'), assuming that one neutron is emitted for every 12 MeV of excitation
enety,y per fragment. This model was used to calculate the average spin magnitude
ard the variances of the spin distributions at the beginning and at the end of the
nauiron cascaae, respectively. The excitation energies were calculated under the
ascumption that both fragments had equal temperatures.

The value of the average aligned component for each fragment {I,.>, {I,.> was
2ota:aed by solving two equations of the form

2 2 . 2
Iy = ,Vfl exp [— ( L Ly M)] di,d1,dr, (11)

2 2 2
20, 20 20

wbere {4 1s *ne measured spin magnitude and {/,) is the only unknown.

4.2.2. Aaw lar distributions and anisotropies. The basic angular distributions of
stretshed quadrupole (#7,) and stretched dipole (#7,) y-rays emitted from a per-
fectly a'igned system are 3?)

# 5(a) = 2(1 —cos* a), (12a)
# () = 31 +cos? a), (12b)
v cere » 15 “he angle between the spin vector and the direction of observation. If the

cystem 13 ousalign. i tiaese distributions must be folded into the spin probability
distribution function, weighted by the number of transitions of each type (ny, ny,
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and n,) in a given E, region:
W (0, ¢) oc f(nz"ﬂ/(a)ﬁ- n# (@) +n )P, 0, ¢H2ATAQ, (13)

where P(I, ¢, ¢’) is the spin probability distribution function of ey. {8) expressed in
spherical coordinates, and the angle o depends on both the direction of emission
(8, ¢) and the direction of the spin vector (¢, ¢') of the emitter:

cos & = cos 6 cos 0" +sin 6 sin ¢ sin 0’ sin ¢’ +sin 0 cos ¢ sin &' cos @' (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 angular distribution. If we were to
consider the most general case, the coefficients n, and n, could be functions of 1.
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,, n,, and 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 o,, g, and ¢, are sumilar to each
other. Under the approximation that they are exactly equal to each other, the
integral in eq. (13) may be analytically evaluated *?), and the rosulting angular
distribution does not depend on the angle ¢. The common values for the three
cartesian variances were obtained from

0’ = §(0i+02+0?) (15)

Two of these average variances were calculated, ie., one for each individual
fragment. '

4.2.3. Multipolarity mixing ratios. A significant uncertainty in the input param-
eters to our model calculation 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

Rotational nuclei at high spins are known to decay via the emission of basically
two types of y-rays, (i) stretched electric quadrupole transitions, and (ii) “statisti-
cal” transitions 2%:#3) of nearly isotropic distribution. 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 in the E, spectrum. The
statistical transitions (probably an admixture of stretched and nonstretched electric
dipoles) are considered to be distributed in energy according to the following
function *4):

N (E,) oc EPe™ BT, (16)
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Fig. 8. Decomposition of a typical y-ray spectrum. The solid line is a fit to the upper portion of the

spectrum with the function KEPe™5/7, where p = 2, T = 0.6 MeV, and K was adjusted to reproduce

the area under the spectrum above 2.25 MeV. The dashed line is an exponential extrapolation to low
encigies of the high-energy “statistical” tail (see text for discussion).

The solid line in fig. 8 shows a fit of this function (with p =2 and T = 0.6 MeV)
to the high-energy tail of a typical spectrum. Similar fits were obtained with p = 3
and T = 0.4 MeV. This decomposition of the spectra indicates that the number of
non-statistical y-rays in a certain energy 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 quadrupoles, the y-ray anisotropy for a fixed
Q-value should decrease monotonically with increasing transition energy across the
bump region. Clearly, this prediction is at variance with the low-energy data
(E,< 09 MeV) chown in fig. 6. The experimental anisotropies are small for the
lowest y-ray eanergies, increase and peak at E, ~ 0.9 MeV, and then fall to unity.
This general behavior as a function of E, reflects primarily the change of the
multipolarity mixing ratios. Indeed, since the Q-value is fixed, the spin depolari-
zation (caused either by particle evaporation or by the reaction itself) is not
expected to produce any E, dependent effect on the anisotropy.

The decrease of the anisotropy at low E, has been observed in previous
compound-nucleus works and has been interpreted as evidence for an additional
component, likely stretched magnetic dipole transitions*®). Although the infor-
mation 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
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in the vicinity of a closed shell, their contribution to the totai mvltiplic. s ‘neredses
significantly 2°-#3), and they extend to somewhat higher energi.~.

To minimize the uncertainties due to this low-energy componcnt ir. the com-
parison between the experimental and calculated anisotropies, w. have excluded
from the analysis all the y-rays with energies below 0.8 MeV. Howaver, even these
low-energy y-rays must be used in the determination of the sum of dw snin
magnitudes, so that in principle, the uncertainties in their multipolarities couid still
affect the determination of important parameters of the spin distritutions. 'n orger
to estimate the magnitude of this effect, we have considered two extreiae . ‘‘uations
for the spectral shape of the y-rays which do not remove angular m:ae ium from
the system. First, we assumed that the spectral shape of the stz.rsticol! transitions
(41 = 0) is given by eq. (16) (solid curve in fig. 8) and that the rest of the y-ravs.arc
stretched quadrupoles. Under this assumption, the number of stretched gquadrupol:
transitions is overestimated and therefore eq. (7) should provide an upper limst for
the total spin. For the low-spin limit, we have assumed that e speciral shape cf
Al =0 y-rays is given by the extrapolation to low energies of the high-energy
“statistical” tail (fig. 8, dashed line). It may be questioned whether this as-rmption
really represents a low-spin limit for nonrotational nuclei, where the relatire :20%-
bution of stretched quadrupoles is believed to be small. However, we nore that for
the three reaction systems, at least one of the two fragments (the projectile-like
fragment) has good rotational properties and therefore the number of sirciched
quadrupole transitions is always significant. This is also confirmed by the fa " that
even for the "Ag and '*8Sm targets, the experimental anisotropi~s reach valies of
~ 1.6 (see figs. 5 and 6).

Fig. 9 shows for the '**Ho+ '*¥Sm system that the values of the sum o the
spins extracted under the two extreme conditions described anove differ by less
than 15 %. This result lends justification to the procedure of considering only a
restricted portion of the y-ray spectrum (in which, according to fig. 8, the con.ri-
bution of the stretched dipole component will be small) for comparison of the
model calculation to the anisotropy data. In ali the calculations shown in the rest
of this paper, we have considered an intermediate situtation by gassuming that the
y-rays between the two calculated curves in fig. 8 are stretched dipoles and there-
fore remove one unit of angular momentum each.

4.2.4. Comparison between the model calculation and the data. Fig. 10 compares
the Q-value dependence of the experimental anisotropy to the theorstical calcu-
lation, for the region 0.80 MeV < E, < 0.95 MeV. For all three reactions good
agreement is obtained for the most inelastic regions. The shift in the (niculated neak
anisotropy relative to the data may indicate a breakdown I the stetisti~al zquil:b-
rium assumptions. According to the model, the maximun v~!'ue of ;e acisotropy
should occur when the multiplicity reaches its saturation: value.

It must be emphasized that regardless of any assump1on made ccusstaitig the
multipolarity mixing ratios, the most important role in detenii’uing tnz value of
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he y-rav .nisotr.p= s played by the thermal fluctuations. As an illustration, fig. 11
ompare. the data (open circles) to a calculation assuming no thermal fluctuations
dark circles). It is :lear that if misalignment is not included, the observed values of
he anisotropy caiinot be explained.

5 Auagu'ar momentum transfer: spin magnitude and alignment

Inn the last section we have shown that, under the assumption of statistical
juiibrium, the mader can reproduce the Q-value dependence of the y-ray anisot-
wpies. In what follows, we shall discuss the behavior of the parameters of the spin
stributions {either extracted or calculated, as described in subsect. 4.2.1) that were
ied in these <aleulations of the anisotropy.

. SUM OF SPIN MAGNITUDES AND RIGID ROTATION

Of ali the studicd yuaant’' s, the spin magnitude is the least dependent on model
sam:ptions, - irce it is clo - iy related to the measured y-ray multiplicity. However,
defining the Hartition ¢ the total internal angular momentum between the two
igments, we have impircitly assumed that the intermediate dinuclear complex
wches a stare of rigid totatie .. In order to test the validity of this assumption, let
first analyz= t}.2 sum of the spin magnitudes I, +I,. This quantity is expected to
faitly insensitive to any assimpticn on the rotation regime.
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Fig. 10. Comparison between the experimental anisotropies of y-rays with encrgies in the interval 0.80

MeV < E, < 095 MeV (circles) and a calculation based on the equilibriamy statistical model (open

squares) as a function of Q-value. The calculations require some experimen.sl inpat; therefore they were

done only where experimental results were available. The lines are drawn thrmrgh the calculated points
to guide the eye.

Fig. 12 shows I, +1I, as a function of Q-value for thc thiee reactions. Two
observations can be made. First, the maximum amount of spin corresponding to
the saturation region increases with the total mass of the system. Second, the Q-
value where saturation is reached appears to become somewhat more negative for,
heavier systems. To a large extent, this behavior may be attributed to differences in,
basic parameters of the reaction, such as the Coulomb barrier, tutal kinetic energy,
mass, or angular momentum. A more significant comparison between the reactions
can be made by appropriately transforming 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 certainly not unique. For the variable related to the excitation
energy we have chosen a transformation from Q-value to tempeiature (eq. (10)).
For the angular momentum axis we have considered two different scales given by

the following equations:

f -1

ier = ( S l,m> (3 +12) (17)
By
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o = (Glmar) ™ (1 +12), (17b)
where

f”=ﬂ1+¢2, ,,ﬂl:f”-'l-,udz, i

—
oo
-~

and [_,, is the maximum incoming angular momentum correspondiiig to 4 graziny
collision. The transformed variables izg and i, measure the observzd sum of the
fragments’ spins in units of the maximum value expected from the rigid-rotation
and rolling limits, respectively.

Fig. 13 shows plots of the experimental values of iyg and i, as » function of 7. A
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commarison peiween figs. 12 and 13b indicates that the transformation from 1, +1,
and Q to ixg aid T sunceeds in reducing the experimental points to essentially a
sing’c curve. The transformation according to the rolling limit (fig. 13a) gives a
simil_t curve for the nearly symmetric Ho+Sm and Ho + Yb systems but shows a
sigpificam 1eviation for the more asymmetric Ho+ Ag. These results provide, if
r.ot proof, at least a strong support to the assumption of rigid rotation of the
intermediate compiax.

5.2. SPIN [n3STRIB. tONS OF THE INDIVIDUAL DEEP-INELASTIC FRAGMENTS

We skail now . .amine some results concerning the spin distribution of each of
the tv:o exn-zh.anel fragments. As described in subsect. 4.2.1, the average spin
maguicudes {I,; i’ {I,> were assigned to each nucleus according to the rigid-
rotation prescrintion, and the variances o and ¢ were calculated with the aid of
the stauis wai modal (egs. (9) and (15)) and the experimental temperatures (eq.
(10)). Bnih wypes of information were finally combined to obtain the individual
spin alignme~its through the quantities {/,,» and <{I,,)> (eq. (11)).

Fig. 14 shows the volution of the average spin magnitude </ (solid curve) and
its average alisu.d component <I,> (dashed curve) for both reaction partners as a
tunction of Q-va :c. In all cases the heaviest fragment bears the largest spin
according to the i ‘d-rotation partition. The spin of the projectile-like fragment
ncreases slightly with decreasing total mass because the increase of its moment of
nertia (reiat.ve to e target-like fragment) prevails over the reduction of the total
ingular momernii i The Q-value dependence is qualitatively the same as that of
he --ray multpicivees. Following the rise throughout the elastic and quasielastic
egion, there = a saturation at large negative Q-values. However, at these large
legative Q-vawes {I.> shows a decreasing trend, which leads to a progressive
livergence frov:. (I). The magnitude of this effect is a function of the mass of the
-agmeut, aa.d it 15 selated to the alignment of the corresponding spin distribution. The
egree of spin alignment is usually measured in terms of the quantity P_, defined as

3D 1 1
po=d L 1 (19)

lith ihis definitior, P, varies from 0 to 1, those extremes corresponding to a
srpeetely ansaligaed and to a perfectly aligned system, respectively.
Fig. 15 shows the vg'ue of P, as a function of Q-value for each individual
igmert in tie thi-e reactinrs. The same qualitative behavior can be observed in
cages: the alignment jcreasss rapidly with decreasing Q-value throughout the
asieiastic region, followe<! v a more or less slow decrease (depending on the
1ss of the fragment’ rcross the deep-inelastic region. For each system, the heavy
1iction gertner shows a higher degree of alignment.
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Fig. 14. Average spin magnitude (I (solid lines) and average aligned comporeat (I,> (dashed lines) as
a function of Q-value. For each system, the various symbols correspond to the two deep-inelastic

fragments.
N
The differences in the alignment of each fragment may be urderstood in terms of .
the extracted individual spins and the dependence of the caiculated spin fluc-»
tuations on different parameters 8 2%). The equiliberium statist:cal m:odel 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 mass-asymmetry region the vari-
ances along the three cartesian coordinates are nearly equal and the average
value is larger for the heavy fragment. Finally, for a fixed mass asymmetry the
magnitude of the fluctuations in both nuclei vary with the total mass according to
the following relation:

% oc A (20)
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Fig. 15. Alignment parameter P,, as a function of Q-value, for each of the two deep-inelastic fragments
in the three reactions.

Table 2 summarizes the values of the calculated variance (as defined in egs. (9)
and (15)) associated with the spin distribution of each fragment. Due to the
opposite effects derived from the increasing mass asymmetry and the decreasing
total mass, the magnitude of the fluctuations induced in the Ho-like fragment is
almost constant for the three reactions. Since the spin imparted to this nucleus
increases with entronce-channel mass asymmetry, the net result is that the max-
imum value of 2, (Ho) (fig. 15) increases with decreasing mass of the target (0.64,
0.72, and 0.79 fo: '7°Yb, !48Sm, and "*'Ag).

A different behavior is obtained for the extracted alignment of the target-like

TABLE 2

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

/T (h*/MeV)
Reaction
projectile (Ho) target
1%Ho+!76Yb . 69.3 76.9
165Ho + *#8Sm 69.0 579

165Hg +netAg 68.5 345
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nuclei. Although the calculated variances become smaller for lighter targeis {(fzble
2), the trend is not strong enough to compensate the dramatic decrduse 1y il
transferred spins (fig. 14). In fact, for the lightest nucleus (Agjy z¢ M5 jowest
excitation energies (Q = —300 MeV), these randomly o-ienied componcals we-
count for almost the totality of the spin (fig. 14c), thus giving res 1o oy ainosi
isotropic spin distribution (fig. 15¢). The measurement of discrete y-rays v nrurs us
an interesting possibility to confirm these results on tiz 11\:nr.1en‘ of cacu
fragment.

6. Conclusions and summary

We have studied the spin-transfer process in the deep-inelastic rec ucus 146
MeV '3Ho +17°Yb, #¥Sm and "*'Ag, through the measurement of :he ru {,pucny
and anisotropy of continuum y-rays. The total multiplicity conveys 1afornz ‘¢n on
the sum of the spin magnitudes whereas the anisotropy of the mgl lar distritiuion
reflects the distribution of spin directions.

The experimental results were compared to a model that assames couublete
relaxation of the rotational modes of the intermediate dinuclear comirics. The
validity of the equilibrium limit is suggested by the fact that the t.wmpo-atire
dependence of the transferred spins is very similar in the three r=uctron 5ys*:ms,
when expressed in units of the maximum angular momentum ‘preaicict by rigid
rotation.

The two basic experimental inputs to the model calculation aie the toral o-ray
multiplicity and the multipolarity composition of the y-ray spectra. ifcge ~ding the
latter we have shown that, within reasonable limits prisciibed by vrevious
compound-nucleus work, the theoretical results do not depead crucislty upon the
assumptions made. As a final step we have calculated the primary sz iciribution
by taking into account the effects of neutron evaporation on the first an second
moments. The agreement between the statistical model calculaiiois and the expe- -
rimental data is satisfactory throughout the entire Q-value range, al:vungh thc
depolarizing effect due to thermal fluctuations seems to be overestinatui 21 82
highest excitation energies (@ & — 100 MeV). '

The parameters (both extracted and calculated) of the spin distribut’or for each
fragment in the different reactions were analyzed as a function of -vulue. in
general, the spin magnitude and alignment increase acro:s the quasieldatic region.
At smaller Q-values the spin magnitude almost saturates, while the ar gnme:r: xcaks
and then falls for the most inelastic events. The alignment of the heavy reacticn
partner increases slightly with increasing mass asymnetry. C’ii' the otiur hand,
although the fluctuations generated in the light fragment decrecese with “ne .nass,
they account for a large fraction of the spin and therefore give tise to o subulc.uai
misalignment.
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In . :mrary, the study of the y-ray decay from the heavy products of deep-
mersilc t2aciions is a useful tool for the investigation of angular-momentum-
cransier piocesses in moderately asymmetric systems. Comparisons between the
datz ard a wndel calculation indicate that thermal equilibrium of the rotational
cerroes ¢ freedom of the dinuclear complex is attained in a broad range of
ST Onerg.s and that the equilibrium limit is a natural starting point in the
stad: o5 - eore Lot olex phenomena associated with angular-momentum transfer in

MeLYY N iezsiions.

T 'L =.orie was aanported by the Director, Office of Energy Research, Division of
Nuzizar Srvacs of tie Office of High Energy and Nuclear Physics and by Nuclear
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u~der ontract DE-ACO03-76SF00098.
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