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A study has been made of the y-ray deexcitation following deeply inelastic collisions be-
tween 100 MeV '°0 and ’Al. An experimental apparatus including a gas proportional par-
ticle telescope, a Ge(Li) detector, and three Nal(Tl) detectors was used. All possible
particle-y and particle-multiple-y coincidences for projectilelike fragments with Z >3 were
recorded. Yields and anisotropies of several discrete transitions were measured, as well as
the mean and width of the gross multiplicity distribution as a function of detected Z and
reaction inelasticity. Estimates of average y-ray transition energy, average energy carried
by y-ray deexcitation, and the degree of side feeding in observed ¥ cascades were made.
Observed anisotropies are consistent with considerable fragment spin alignment being
present. Values of mean y-ray multiplicity never exceed simple sticking model predictions;
particle emission effects are seen to be important. The summed radiative strength of ob-
served discrete line transitions is found to be less than unity, sometimes considerably so, for
most deeply inelastic collisions. A short discussion is given of insights obtained on the en-
try state distribution for y-ray emission and of the results of statistical model calculations
of the relative yields of observed final states.

NUCLEAR REACTIONS ?’Al(!%0,X7y), E =100 MeV; measured X-y

coinc, Ge(Li) detector; measured X-y-y multiplicity, Ge(Li), Nal detec-

tors; deduced decay product yields, alignment, radiative strengths, y
multiplicity mean and width.
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I. INTRODUCTION

Several types of coincidence experiments studying
deeply inelastic collisions (DIC) have been per-
formed in order to extend the understanding of such
strongly damped collisions and in particular to
probe the role of angular momentum in these reac-
tions. Among the quantities measured are heavy
particle-heavy particle correlations,!~* heavy
particle-light particle correlations,’~’ total y-ray
multiplicity distributions for various projectilelike
fragments,>~!2 and the circular polarization of the
y rays emitted by the targetlike fragment.!®

From these experiments several features of DIC
have been observed. The final state is predomin-
antly two-body in nature before particle emission
and a possible fissioning' of a heavy targetlike frag-
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ment. Energetic @ emission accompanies a large
fraction of certain projectilelike fragments.’~’ The
mean y-ray multiplicity®~!2 is consistent with pred-
ictions of simple models such as the peripheral
sticking model of Tsang!* for tangential friction.
The y rays emitted display sizable values of circular
polarization'® and have angular correlations with
projectilelike fragments'>~!7 that suggest a consid-
erable fragment spin alignment perpendicular to the
reaction plane. Neutron-heavy ion coincidence
measurements,'®~20 at least for heavier systems at
center-of-mass energies 1.2—2 times the Coulomb
barrier, are consistent with the final composite sys-
tem being in a state of statistical equilibrium.

The measurements reported herein were designed
to study the y-ray deexcitation step in DIC in one
system in a detailed way, with a view toward ad-
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dressing the following questions where possible: (1)
How is the intrinsic angular momentum of the
dinuclear complex shared between the fragments?
(2) What are the entry states for the reaction after
particle emission? (3) Are the spins of the frag-
ments aligned as expected in a classical, peripheral
model of DIC? How is the observed alignment af-
fected by light particle emission? (4) How much of
the initial orbital angular momentum, which can
range up to several tens of #, is transferred to in-
trinsic spin?

To study the above questions, measurements were
made to examine the y-ray deexcitation step follow-
ing DIC between 100 MeV %0 projectiles and 2’Al
targets. In the experiment, projectilelike fragments
were detected over a 10° angular range at a mean
angle beyond the classical grazing angle and were
classified by energy, Z, and angle. y rays were
detected in coincidence with heavy ions in two
modes, the first being a high resolution mode em-
ploying a Ge(Li) detector to identify discrete transi-
tions, the second being a low resolution mode em-
ploying an array of NaI(T1) detectors to obtain mo-
ments of the y-ray multiplicity distribution. Yields
for discrete transitions were used to study side feed-
ing behavior in y-ray cascades, variation of
particle-y ray anisotropy and thus spin alignment
with light particle emission, and the fraction of
DIC events which decay by observed y-ray transi-
tions.

The method chosen provides a good means to
study the total angular momentum and excitation
energy carried by y-ray emission, the alignment of
fragment spin after particle emission, the location
of entry states for y-ray emission, and the variation
of these quantities with fragment Z and reaction
inelasticity. Extraction of information on the dis-
tribution of entrance channel partial waves involved
in DIC,'>2! or the fragment total spins and entry
state distributions,”>?* is hampered by incomplete
knowledge of, in particular, the effects of particle
emission from either fragment.

The fusion®*~26 and DIC?’ cross sections have
been measured for the '%0+42Al system at 100
MeV and give a cross section ogx =1700 mb and
O5is=1050 mb. A sharp cutoff model partial wave
decomposition of op at 100 MeV (Ref. 27) (see
Table I) yields a narrow range of partial waves
(31—37 #) in a peripheral picture for DIC for the
system and also shows UDIC/0R~% at 100 MeV.
Isotope distributions for projectilelike fragments
were measured earlier in a time-of-flight experi-
ment?® (see Fig. 1), enabling one to tentatively iden-

TABLE 1. Total cross sections and sharp cutoff /
values for evaporation residues, deeply inelastic events
and quasielastic events for 100 MeV 'SO+?’Al. (After
Ref. 27.)

E.(1%0) 100 MeV
E.(*Sc) 75.9 MeV
OER® 1035 +200 mb
I 30.5+3%
Opic 481 + 50 mb
AIDIC 6.5ﬁ
Ok 174 + 30 mb

1690 +210 mb
IR 1770 +200 mb®
/ 39.3+ 2.5%
R 40 + 2#°

Interpolated from Ref. 25.
*From quarter point analysis of elastic scattering.
“From optical model fit to elastic scattering.

tify final systems from the fragment Z-discrete y
coincidences recorded. As the laboratory grazing
angle is 10° at 100 MeV, it is straightforward to
record particle-y coincidences with good efficiency
for a mean particle angle much larger than the
grazing angle. This is important to reduce the
number of detected fusion-evaporation events. The
lightness of the system means few Z channels are
dominant and each has a narrow mass distribution
(3—4 u). The number of low-lying nuclear levels is
few, and they are well known. Thus, collection of
sufficient counts per channel is possible in a reason-
able length of time.
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FIG. 1. Yields for the various nuclides produced in
DIC of 100 MeV !'0O+?Al, as determined using a
time-of-flight spectrometer, summed over the range of
inelasticities 10< —Q <50 MeV. The strongest yields
are found for '2C and '°0.
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The experiment is described in Sec. II, and results
for particle-discrete ¥ and particle-y multiplicity
measurements are given in Sec. III. Discussions of
yield curves, anisotropies, computation of particle-y
correlations, and multiplicity distributions are given
in Sec. IV. A summary of the results together with
suggestions for further work are given in the last
section.

II. EXPERIMENT
A. Method

All experiments reported here involved counting
particle-y ray coincidences resulting from reactions
between 100 MeV 60 projectiles and 2’Al and were
carried out at the Brookhaven National Laboratory
Tandem Van de Graaff facility. Earlier measure-
ments of the mass and Z spectra from °0+2Al
collisions by our group have been reported in Refs.
27 and 28 and form a partial basis of results for the
present work.

A schematic diagram of the experimental ap-
paratus is shown in Fig. 2. No slits were used in
the beam line in order to reduce y-ray background.
Beams, typically of 100 e nA, were checked for
correct optics by viewing a quartz target periodical-
ly during the experiment. Targets were >99.9%
pure 2’Al of nominal thickness 150 ug/cm? Con-
tamination of the target due, e.g., to carbon buildup,
was checked by comparing singles spectra measured
for various particle groups to those measured earlier
using a time-of-flight (TOF) spectrometer and
known to be free of contaminant problems. The re-
sults indicated a contamination of the particle spec-
tra of at most 15% and only for —Q > 50 MeV.
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FIG. 2. Schematic diagram of apparatus used in the
particle-gamma coincidence experiments.

Gamma rays were detected with high resolution
in a 45 cm® Ge(Li) detector which had a resolution
of 2.4 keV for 1332 keV y rays and was 8% effi-
cient relative to a 7.6X7.6 cm ¢ Nal(Tl) detector
for such y rays. The energy dependence of the
full-energy-peak efficiency for the Ge(Li) detector
was measured using several calibrated reference
sources placed at the target position. Count rates
up to 35 kcps were allowed, resulting in a line
broadening and peak shift at 1332 keV of less than
0.2 keV. Doppler broadening of lines due to decay
in flight of nearly all reaction products led to final
line widths on the order of 10 keV for ¥ rays of en-
ergy 1 MeV.

Particles of atomic number Z >3 were detected
in a gas proportional AE, solid state detector E tele-
scope modeled after a design reported by Markham
et al.?® The proportional section, using a resistive
Nichrome wire of 10 um diameter, permitted both a
measurement of particle energy loss AE and of par-
ticle position along the wire, using the method of
charge division. The counter subtended a solid an-
gle of 19 msr and covered an angular range of 24.9°
to 33.3° in the laboratory system. A permanent grid
of 1 mm diameter steel wires spaced 4 mm apart
provided a position calibration. It was possible to
resolve Z groups up to Na and occasionally Mg
(Fig. 3) and to determine position within 1.5 mm
for count rates up to 10 kcps.

400

200+

COUNTS

34

Ak -
AE

FIG. 3. AE spectrum in the gas proportional counter

for the DIC region. The atomic number Z is shown for
each group.
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TABLE II. Positions of the heavy ion, Ge(Li), and Nal(T]) (when used) detectors in various runs studying HI-y coin-
cidences in DIC of 100 MeV 1604+ 27Al. The beam axis is taken as the x axis direction, and the z axis is taken along
k XK s, where k and K £ are initial and final heavy ion directions, respectively.

Detector Run 1 Run 2 Run 3 Run 4
0 ¢ 0 é 0 ¢ 0 ¢
HI detector 90° 24.9°—33.3° 90° 24.9°—33.3° 90° 24.9°—33.3° 90° 24.9°—33.3°
Ge(Li) 90° 270° 180° 90° 315° 180°
NaIl(TD No. 1 90° 135° 45° 180°
Nal(T1) No. 2 90° 225° 45° o°
Nal(Tl) No. 3 45° 0° 90° 315°

The multiplicity distribution information was ob-
tained by detecting y rays, in coincidence with par-
ticles, in an array of three 7.6X7.6 cm ¢ Nal(Tl)
detectors placed at various positions (see Table II)
around the target at a distance of 16 cm from the
target. A graded absorber consisting of disks of 3
mm thick Pb and 3 mm thick Cu was placed in
front of each detector with the lead facing the tar-
get to reduce the energy dependence of the total ef-
ficiency of the NaI(Tl) detectors. Ideally, for such
multiplicity measurements, the total efficiency in
the Nal(T1) detectors should be independent of y-
ray energy. In practice the efficiency exhibits a
small energy dependence after addition of absorbers,
and in the present case it exhibited a rapid decrease
for energies below 250 keV. However, this should
not affect the results seriously, as most y rays emit-
ted by the nuclei in question (s-d shell) have
E,>350 keV.

The positions of the Ge(Li) detector were chosen
to obtain information on particle-y correlations that
could be interpreted easily in terms of alignment of
the nuclear spins. As the y-ray transitions studied
are mostly either M 1 or E 2, a convenient set of an-
gles is perpendicular to the reaction plane, and in
the reaction plane at 90° to the beam axis. Data
were also taken with the Ge(Li) detector at 45° to
the beam axis in the reaction plane. The Nal(T1)
detectors were positioned to average over the
particle-y correlations. The angles (6,4) chosen for
the y detectors in the various experiments are listed
in Table II.

The data were stored on line by the BNL Sigma-7
computer system. The following signals were
recorded: energy loss, residual energy, and position
from the particle detector, pulse heights from all y
ray detectors, and the particle-y ray time-of-arrival
difference for the Ge(Li) detector. These time-of-
arrival difference signals for the Nal(Tl) detectors
were monitored in an off-line multichannel analyzer

and occasionally collected on-line to determine the
true-to-random ratio for the Nal(T1)-particle coin-
cident events. All particle-y ray coincidences were
recorded; particle singles spectra were also recorded
to allow later normalization of the coincidence re-
sults.

B. Description of spectra measured

For later use, the following terms are defined.
“Singles Z spectra” refers to particle energy spectra
for a given Z for all events observed in the particle
detector. “Ge(Li) i-fold spectra” refers to y-ray en-
ergy spectra from the Ge(Li) detector with the re-
quirement of detection of a coincident heavy ion of
a specified Z and range of inelasticity and detection
of at least i coincident y rays in the multiplicity ar-
ray. Thus, a “Ge(Li) 0-fold spectrum” is a high
resolution y ray energy spectrum for particle-y
coincident events ignoring the information in the
multiplicity array. The energy distribution of the
observed y rays was taken in order to extract yields
for specific transitions. “Nal(T1) i-fold spectrum”
refers to a particle energy spectrum for a given Z
with the requirement of detection of at least i coin-
cident y rays in the multiplicity array. In this case,
the energy distribution of the heavy ion was taken
in order to extract information on the mean and
variance of the y-ray multiplicity as a function of
particle Z and reaction inelasticity.

Singles Z spectra were extracted for each Z group
for 5<Z <11. For use with the Ge(Li) i-fold spec-
tra they were divided into 10 MeV wide Q bins (see
below) and integrated. For use with the Nal(T1) i-
fold spectra they were transformed to an axis linear,
in 1 MeV steps, to the reaction Q value.

Ge(Li) i-fold spectra were collected for each Z
group and for “bins” 10 MeV wide in reaction Q
value. Corrections were made for energy loss of the
beam through half the target and for detected heavy
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ions through the gas, window, and half the target.>
The limits of the Q value bins were computed using
two-body kinematics and the heavy-ion position in-
formation. The mass of a given heavy ion was tak-
en as that of the most abundant isotope of that Z
(see Fig. 1). Only Z cuts and multiplicity-fold cuts
were made for the generation of the Nal(T1) i-fold
spectra.

For the Ge(Li)-particle coincidence results Ge(Li)
energy spectra were collected corresponding to 7 Z
cuts (5<Z<11), 2 time-to-amplitude converter
(TAC) cuts (prompt and delayed transitions), 6 Q-
bin cuts (0—10 MeV to > 50 MeV), and 4 Nal(T1)
fold levels (0, 1, 2, and 3 fold), where here n fold
means events in which at least n Nal(T1) detectors
register a coincidence. For the Nal(Tl)-particle
coincidence results, particle energy spectra were col-
lected corresponding to 7 Z cuts and 1, 2, and 3-
fold y-ray coincidences.

From the Ge(Li) coincidence energy spectra, tran-
sitions in residual nuclei were identified and their
yields extracted for the Z and Q-bin cuts employed.
The yield for a transition is defined as
Y =N/(Ns€,f), where N is the number of coin-
cident events, N; is the number of particle singles
counts for the appropriate Z and Q bin, €, is the
full-energy peak efficiency of the Ge(Li) for the
transition and expenmental %eometry in question,

—tm2/Ty  —H2/Ty )

and f=e —e is the fraction of
nuclei which decay within the given TAC gates.
For these, t; and ¢, are the start and stop times, and
T/, is the level half-life. For prompt transitions,
f=1; for the few observed delayed transitions,
f <1 For example, for the 197 keV, 87 ns
5 transition in '°F, f=0.8 for the 200 ns
TAC range used.

The Nal(T1) i-fold spectra were normalized by di-
viding, Q bin by Q bin, by the number of singles
counts for a given Z. To estimate the error intro-
duced by not correcting the singles Q value cuts for
angle dependence and instead using only one central
angle, a brief event-tape record of telescope-only
parameters was sorted using the same Z, Q bin, and
angle cuts as for the Ge(Li) i-fold spectra. Particle
energy spectra were collected for each Q bin and an-
gle bin for each Z. It was found that counts from
angle bins larger and smaller in 0 than the central
bin compensated one another, leading to systematic
errors of at most 5% in the numbers of singles
counts.

C. Extraction of y multiplicities

The Nal(T1)-fold spectra were analyzed using the
R method described by Hagemann et al.’! to pro-

duce values of the mean multiplicity, (M ), and
the variance of the distribution, o), —( M,—
(M,))*) as a function of Q value and commdent Z.
These can be obtained from the measured quantities
R; =(i fold counts)/(0 fold counts) and the average
total efficiency Q of the Nal(T1) detectors, using the
relationships®!

(M,)Q=R,+7R,+5Rs+ -, (1a)
(M, (M,—1))Q*=R,+R3+ -, (1b)
(M, (M,—1)(M,—2))Q*=R;+ -+ . (lc)

As only three NaI(Tl) detectors were used in the
present experiments, the values for (M, ) and oy
extracted necessarily suffer from truncation errors
due to the need to terminate all series at R;. The
value (M, ) is sufficiently low, 2 < (M, ) <4, that
the error introduced is small: Systematic errors of
1-2% in (M,) and ~10% in oy may result
from the truncation. Fast neutron events detected
in the NaI(T1) counters were accepted in the time
windows set, but from the low neutron multiplicity
expected (~ 1) and low detection efficiency for neu-
trons compared to y rays ( ~10%),3? less than a 5%
error in the values of R; used to calculate (M, )
and o, results.

For the particle-Ge(Li) coincidence data only the
0-fold and 1-fold spectra had sufficient counts to al-
low extraction of the peak yields. The expansion
for (M, ) is thus truncated at R;, which leads to
larger errors than for the particle-Nal(T1) coin-
cident data. However, the errors due to counting
statistics were of equal or greater importance than
these systematic effects in all cases in which it was
possible to extract a yield. The errors shown later
represent the statistical error only.

Two other sources of error should be mentioned.
One is the uncertainty in efficiency of the Ge(Li)
detector, and the second arises from mistaken 2- or
3-fold coincidences among the Nal(Tl) detectors
that are due to detector-to-detector Compton
scattering. The Ge(Li) efficiency has error contri-
butions from counting statistics (1—3 %), source
calibration accuracy (3%), and peak extraction ac-
curacy (estimated ~5—10%) leading to an abso-
lute error of ~10% for gamma ray energies below
3.5 MeV. Above that energy the efficiency was ex-
trapolated relying on published curves for Ge(Li)
detectors of about the same size and distance from
the target.>> This uncertainty principally affects the
values of the yields for the 2+ —0%, 4439 keV tran-
sition in '2C and the 3= —0%, 6130 keV transition
in 1%0. A check on these yields was made by also
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FIG. 4. Coincident Ge(Li) gamma-ray energy spectrum for HI-Ge(Li) coincidences for specific Q bins.

extracting the single and double escape peak yields
and correcting for the single and double escape effi-
ciencies,” which have different extrapolations than
the full-energy peak efficiency. Agreement of the
results to within 20% was achieved. Mistaken coin-
cidences between Nal(T1) detectors due to detector-
detector Compton scattering were checked by
counting coincidences from monochromatic '*’Cs
and >*Mn sources, as well as by checking the multi-
plicity determination accuracy using a Co source.
The small number of mistaken coincidences ob-
served for the monochromatic sources indicated a
negligible ( < 1%) contribution to the 2 and higher-
fold counting rates.

III. RESULTS

A. Particle-Ge(Li)-0 fold
coincidence measurement

Samples of coincident energy spectra are shown
in Fig. 4. One immediately notes the relative pauci-
ty of transitions observed, in contrast to the results
of studies of fusion reactions, notably for the same
system (see Fig. 1 of Dauk et al.?).

For the observed y-ray transitions, yield curves as
a function of Q value are shown in Figs. 5 and 6 for
each Z group analyzed. Open circles denote results
with the Ge(Li) detector perpendicular to the reac-
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FIG. 5. Yields relative to HI particle singles for several transitions in coincidence with Z =5 through Z =8. Yields
are given for 10 MeV wide bins in reaction Q value, calculated using two body kinematics.

tion plane, closed circles denote results with the
Ge(Li) detector in the reaction plane at 45° to the
beam axis, and triangles denote results with the
Ge(Li) detector in the reaction plane at 90° to the
beam axis. Most yields exhibit a broad, smooth
bumplike shape with a FWHM often exceeding 20
MeV or more, not unlike the particle singles yields,
with a peak value in the range of —Q=25-40
MeV. The position of the peak shifts to more nega-
tive Q values with increasing numbers of light parti-

cles emitted in the final stage.

All peaks in the coincident Ge(Li) energy spectra
could be assigned either to the detector projectilelike
fragment or to the targetlike fragment less one or
more light particles. In several cases the Doppler
shift was used in deciding the origin of the observed
y ray. It was found that most of the observed tran-
sitions were between low-lying states along the yrast
line in the heavy partner, although a few cases of
sidefeeding, notably from low-spin states, and a few
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FIG. 6. Yields relative to HI particle singles for several transitions in coincidence with Z =9 through Z =11.
Yields are given for 10 MeV wide bins in reaction Q value, calculated using two body kinematics.

projectilelike fragment transitions, e.g., the 2+ —0%
4439 keV transition in '>C and the 3~ —0% 6130
keV transition in '®0 were also observed.

From these yields the summed radiative yield was
extracted. This is the fraction of detected ions in
which at least one y transition was observed,
correcting for detector efficiency and solid angle.
This determination is complicated by isomerism,
angular correlation effects, and hard-to-detect high
energy statistical y-ray decay directly to the ground
state. In the present work, the yield relative to par-

ticle singles is measured, and the desired sum not
only extends over all exclusive transitions in one nu-
cleus, but also over all possible heavy (light) frag-
ments seen in coincidence with a specific Z in ob-
taining the total radiative strength for the targetlike
(projectilelike) fragments. For the light fragments,
only transitions in the various isotopes of the
detected Z are included. If all primary fragments
produced deexcited ultimately by ¥ emission, and
all ground-state transitions had sufficient intensity
to be observed, then a value of 1 for the summed ra-
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TABLE III. Summed radiative yields for deeply inelastic collisions of 100 MeV '®0O+2'Al. Yields for the detected
light fragment are given first for each Z; undetected heavy fragment yields are given second.

Fragment —Q (MeV)
z Light (L) or 0—10 10-20 20—30 30—40 40—50 > 50
Heavy (H)
5 L 0.18 0.16
H 0.94 0.42 0.30 0.10
6 L ~10 0.53 0.64 0.31 0.32 0.48
H 0.4 0.1 0.35 0.39 0.12 0.06
7 L ~10 0.17 0.29 0.26 0.20 0.14
H 0.39 0.67 0.55 0.37 0.32 0.13
8 L 0.72 0.38 0.32 0.31 0.24 0.29
H 0.36 0.22 0.37 0.39 0.27 0.07
9 L 0.62 0.65 0.52 0.29 0.07
H 0.63 0.26 0.47 0.38 0.08
10 L 0.54 0.47 0.43 0.45
H 0.39 0.47 0.63 0.39 0.19 0.1
1 L 0.68 0.29 0.37 0.40 0.40 027
H 0.07 0.22 0.12 0.07

diative strength relative to particle singles would be
expected for both the light and heavy fragments.
Summed radiative yields, averaged over the 90°-
in-plane and out-of-plane geometries, are given in
Table III. The values are generally in the range of
30—70%. The values are quite small for the most
inelastic Q bin, —Q > 50 MeV. (A simple explana-
tion of this last decrease might be contamination of
the particle singles by fusion events, either with

27Al, which have a much larger cross section than
the deeply inelastic events at this energy, or with
light target impurities.) Only in the quasielastic re-
gion are the strengths around unity.

B. Particle-Nal(T1) y multiplicity

The values for (M, ) and o, for the various Z
groups are shown in Figs. 7 and 8 as a function of
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FIG. 7. Average multiplicity of gamma rays, determined from the HI-NaI(T1) coincidence measurements, as a func-
tion of reaction inelasticity (1 MeV-wide bins in Q value) for elements 5 <Z < 11 for the reaction 100 MeV 'O+ ?7Al.
The rise at the most negative Q values is probably due to contamination of the Z groups selected in the HI AE-E maps
with contributions from low energy, low AE evaporation residues that have a larger average gamma ray multiplicity.
The fully drawn curves show the shape of the corresponding HI singles spectrum as a function of Q value.
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FIG. 8. Average multiplicity of gamma rays, (M, ), and standard deviation, o, of the multiplicity distribution as a
function of inelasticity (1 MeV-wide bins in Q value) for the elements 6 < Z < 11 produced in DIC. The arrow denotes

the peak in the corresponding HI singles yield.

the reaction Q value. The shape of the particle sin-
gles spectrum is shown schematically in Fig. 7. The
arrow in Fig. 8 indicates the position of maximum
cross section of the corresponding particle singles
group. Generally, (M, ) has low values, decreasing
almost monotonically with increasing inelasticity
throughout most of the deeply inelastic region. The
quasielastic region exhibits larger values of (M, )
than does the DIC region, in contrast to other
measurements involving heavier targets.>*3* (How-
ever, the error bars are large for Z =5, 10, and 11,
due to small particle singles yields in this region.)
The appearance of the initial decrease of (M, ) near
—Q=8—10 MeV, the particle emission threshold,
indicates the importance of particle emission.
(M, ) is relatively constant in the DIC region rela-
tive to the Z of the detected particle. The o
values observed of 2— 3 indicate that the multiplici-
ty distributions are quite wide (relative to their
mean), spanning several units of multiplicity from
below one to above seven.

A crude estimate of the average y-ray energy
(E,) was obtained from the Nal(Tl) detectors by
comparing measured mean energies of pulse height
distributions from the decay of radioactive sources
with the actual mean energy computed from the

known level scheme. Such an estimate leads only to
a lower limit of (E, ) when applied to spectra from
a reaction. Yet, when combined with a value for
(M, ), a useful estimate of the total energy emitted
iny decay is obtained. Values of (E, ), (M,), and
E=(E,){(M,) for each Z group, are given in

Table IV

(Such a relationship for E assumes the

E, and M, distributions are uncorrelated.) The er-

rors in (E,,) are about +200 keV.

C. Particle-Ge(Li) coincidence
Nal(T1)-y multiplicity

Shown in Fig. 9 are the values of (M,) for
specific transitions seen in coincidence with a given
Z and for a given range of inelasticity (10 MeV Q
bins). Poor statistics in the Ge(Li)-2 and higherfold
coincidence spectra necessitated terminating the
series in Eq. (1) at R, [with M, replaced by
(M, —1)], leading to an underestimate of the actual
value of (M, ) for the transitions shown. In con-
trast to the values of (M, ) extracted from the
particle-Nal(T1)-i-fold results, the values of (M)
in these cases range between 3 and 10, albeit with

large error bars.
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TABLE IV. Estimated average gamma ray energies {E,) determined from the NaI(T]) energy spectra in coincidence
with various projectilelike fragments from DIC of 100 MeV 'O+?’Al. Also included are the mean multiplicity ()
for each Q bin and the product £ =(E,)-(M,) which is the mean energy carried off by gamma emission if the E, and

M, distributions are uncorrelated. All energies are in MeV.

—Q (MeV)
z 0—10 10—20 20—30 30—40 40—50 > 50
5 (E,) 2.3 2.3 2.3 2.3 17
(M,) 5.4 43 3.8 34 33
E 12.4 10.0 8.8 7.8 5.6
6 (E,) 2.4 2.5 2.5 2.5 25 2.3
(M,) 4.1 33 3.7 35 3.1 25
E 10.1 8.2 9.2 8.5 7.6 5.7
7 (E,) 2.6 2.6 2.6 25 2.2
(M,) 4.2 4.1 39 33 2.3
E 10.8 10.4 9.9 8.2 5.2
8 (E,) 2.8 2.7 2.6 2.5 2.6 2.4
(M,) 2.9 32 35 33 2.6 1.6
E 8.2 8.9 9.1 8.4 6.6 3.9
9 (E,) 22 2.1 2.1 2.1 2.1
(M) 4.4 4.2 4.0 3.2 1.8
E 9.8 8.9 8.3 6.8 3.7
10 (E,) 2.2 2.1 2.1 2.1 2.1
(M,) 5.1 4.4 39 3.5 1.6
E 11.1 9.1 8.1 7.3 33
11 (E,) 22 2.3 2.3 2.2 2.2
(M,) 4.8 4.2 40 4.1 1.0
E 10.5 9.5 9.1 9.2 2.2

D. Yields as a function of geometry:
alignment of fragment spins

The variation of the yield for a specific transition
(seen in coincidence with a deeply-inelastic scattered
fragment) on the angular position of the y ray
detector depends on the degree of spin alignment of
the state emitting the y ray. In the present experi-
ment, the ratios of the yields for the 90°-in-plane
and out-of-plane geometries and for the 45°-in-plane
and out-of-plane geometries were extracted for
several transitions. The resulting anisotropies for
the second case, A =W(90°,315%)/ W(180°4¢), or
W(90°)/W(180°), where W (0,4) is the yield for a
given Ge(Li) detector position, are shown in Fig. 10
as a function of inelasticity and Z of the coincident
particle. (See Table II for the coordinate system
used.) Anisotropies different from unity are ob-
served for many transitions, with values greater
than one for most quadrupole transitions and less
than one for dipole transitions. This is expected for

states with spin aligned perpendicular to the reac-
tion plane. The anisotropy expected for transitions
of mixed multipolarity, such as E2-M 1 transitions,
from aligned states is greater or less than one
depending on the mixing ratio.

To determine whether the measured anisotropies
were near those expected for transitions from states
with spin with maximum polarization perpendicular
to the reaction plane, as expected in a classical graz-
ing picture of deeply inelastic reactions, computa-
tions were made of the anisotropy expected for
several transitions using the particle-gamma angu-
lar correlation formalism given by Rybicki, Tamu-
ra, and Satchler.?¢

The angular correlation can be written

Wi 97”¢?’)= 2 AKQQK YKQ(07:¢7) ’
K,Q

even

where YKQ(97,¢,,) are spherical harmonics. The
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FIG. 9. Average multiplicity of gamma rays in coincidence with various discrete gamma transitions detected in the
Ge(L1i) detector for elements 6 <Z < 11 and 10 MeV wide bins in reaction Q value.

Qk, geometric attenuation factors due to the finite
solid angle subtended by the Ge(Li) detector, were
obtained from the tables of Camp and Van Lehn.*’
Correlation coefficients, Agg are normalized such

1

that Aoy =1 and can be written
AKQ =[47T(2J+ 1)/(2K + 1)]1/ZPKQFKGK .

The Fx for mixed multipolarity are given by

Fx=[Rg(LLJ;J;)+28Ryg(LL'J;J¢)+8Rg(L'L'J;J£)1/(1+8%) ,

where the Rosenzweig coefficients Rg are tabulated
by Rose and Brink,* and the E2-M 1 mixing ratios
8 were taken from the compilations of Endt and
Van der Leun,*® who follow the phase convention of
Rose and Brink.® The Gg are y-ray attenuation
coefficients due to the hyperfine interaction between
the strong magnetic dipole field created by atomic
K-shell vacancies and the magnetic dipole moment

I

of the excited nuclear state recoiling into vacuum.
In the present experiment, the time for a recoiling
nucleus to leave the target is about 0.01 ps. While
most lifetimes considered are about 1 ps, they are
still short compared to the time required to signifi-
cantly dealign the nuclear spin, and Gx=1.0 was
used in the calculations. Two exceptlons were

made, however; they were the 2'Ne ( %+)
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tropic behavior of the particle gamma correlation.

350.5 keV transition with ¢;,,=20+3 ps and the significantly the computed anisotropy, as seen in
Mg (2Y—07%) 1368.8 keV transition with Table V. (Note Go=1 for all cases.)
t12=1.75 ps. Calculations made for G, and G, The pgo are statistical tensors, written here in
not unity in these cases were found not to change terms of 3J symbols.

|

- . . J J K
PKQ=(2K+1) 2 TMTM'(_) - - M _M; __Q ’
MM’
-
where Ty T}y is an element of the density matrix. isotropies for the case of incomplete polarization,
Ty, is the complex amplitude for populating a given assuming a Gaussian distribution of the M-state po-
level of interest of spin 5] in magnetic substate M. pulation.
... _ —idy, .
Writing Tyy= | Ty | e . a‘nd notmg'that for ?he P(M)=Tyy Tl ~expl—(J —M5)2/0* 183y »
present measurement one is interested in examining
ratios of W(6,4)’s and not the cross section M >0, are also given, a similar parametrization as
d*c /dQp dQ,, the normalization of the Ty ’s has that in Puchta et al.’
been taken as
2__
% [ T | *=1. IV. DISCUSSION
Computed anisotropies W (90°,315°)/W (180°,4), A. Yields, summed radiative strengths,

assuming complete alignment and polarization and statistical model calculations
(Mz=J), are given in Table V for several transi-
tions for which measured values could be obtained. The final channels seen in this reaction are those

For comparison, in a few cases, the computed an- expected for a primary deeply inelastic reaction



25 DEEXCITATION OF FRAGMENTS PRODUCED IN DEEPLY ... 1317

TABLE V. In-plane versus out-of-plane anisotropies W (90°)/W (180°) computed for various discrete lines observed
in gamma deexcitation following DIC of 100 MeV '%0-27Al. All values for fully aligned and polarized case (T,2=1)

unless noted.

. W(90°,315°)
Transition E, (keV) 7 (ps) 8 G, G, W(180°,0°)
UNe(3 " —37) 350.5 20 +3 +0.030 1 1 0.465

0.83 0.4 0.527°
0.86 0.54 0.516°
BNa(> " - %*) 439.9 1.60 +0.08 —0.057 1 1 0.618
pEt 2T 1266.1 0.735+0.5 +0.29 1 1 0.310
0.392¢
AT -2 1014.5 19 + 2 +0.34 1 1 1.445
202+ —0%) 4439.1 <1 1 1 44.9
2Mg(2+—0%) 1368.6 175 + .08 0.76 0.20 3.005
252+ —0%) 1778.9 0.68 + .03 1 1 4.9

1.813 to 1.842¢
7.57 to 81.97°

2G,, G, calculated “hard core” values for recoil into a vacuum.

®G,,G, calculated for 10 MeV recoil energy of 'Ne.

°Calculated assuming M substates such that T;,,2=0.9, T;,,2=0.1; for T3,,2=0.6, T;,*=0.4, W(90°,315°) /W (0°,0°)

=0.78.

dCalculated for a polarized 2+ —0% transition with a Gaussian distribution of M substates of width =1/ Vv2; T,?
=0.721, T12=0.265, T,* =0.0132; the low value is for §,—8,=237/2, the high is for 8,—8=m/2.
Calculated for a completely aligned and completely unpolarized case, T,2=T_,?=0.5. The low value is for

8,—8_,=mr, the high is for §,—8_,=0.

which results in two excited nuclei which then emit
one or more light particles during their deexcitation
(see Figs. 5 and 6). Transitions corresponding to
just two body final states—?’Al in coincidence with
Z =38, 3P in coincidence with Z =6, etc., exhibit
strong yields, approaching 100%, in the quasieleas-
tic region. They decrease rapidly in yield with in-
creasing excitation beyond roughly twice particle-
emission threshold and become quite difficult to
identify in the Ge(Li) 0-fold y spectra for the
20< —Q <30 MeV and 30< —Q <40 MeV bins,
even though these Q bins have the best particle sin-
gles counting statistics. The yield falls rapidly for
the most inelastic regions for all transitions, in
many cases the summed observed yields from heavy
fragments being as little as 10%.

1. Carbon final channels

Transitions in coincidence with carbon give an
example of the shift of the yield curves centroids to
regions of greater inelasticity with increasing parti-
cle emission. The *'P(3" — ) transition, which

corresponds to no particle emission in coincidence
with !2C, is peaked in the first Q bin and decreases
rapidly thereafter. However, it is still seen at large
inelasticity 30< —Q <40 MeV. This last result
may be partly due to 1n.decay of 32P in coincidence
with "'C. The particle singles yield (from the TOF
experiment)?”-?® for !'C is 4% of that for 2C, which
would account for about half the observed yield.
The few nucleon channels 2%Si and *Si are some-
what stronger than the la channel 2’Al, though the
general shape of the yield curves is similar with
greatest strength around —Q=15—20 MeV. The
weaker channels involving multiple particle emis-
sion, such as an(*$Al) and ap(*Mg), are peaked
around —Q =35 MeV, and the 2a channel **Na
reaches a maximum for —Q =45 MeV. An alpha
transfer reaction might be the means for producing
12C from the projectile %0, though the fact that the
27A1 transition peaks so forward in —Q would not
rule out & emission from an excited '%0.

The yields for the 4439 keV (21 —07) transition
in !2C in coincidence with carbon shown in Fig. 5
are also seen to be less than unity. Correcting for
the fraction of carbon particles that is 1>C, as deter-
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mined from the TOF measurements (Fig. 1), it is
found that these yields in the DIC region are about
50—70%. This indicates there is a sizable chance
for production of '?C in the reaction in states, of
which one could be the ground state, that do not de-
cay via the 4439 keV, 27 state. [The yields for the
4439 keV transition in '2C, as well as that for the
6130 keV (3~ —071) transition in 'O, are about
40% lower than those reported in Ref. 15. This is
due to a correction of the Ge(Li) ¥ detection effi-
ciency at high E,, from that used in Ref. 15.]

2. Oxygen final channels

The yields for transitions seen in coincidence
with oxygen provide the best illustration for the evi-
dence of increasing inelasticity for increasing num-
ber of particles emitted. The 2’Al yield drops
quickly from its peak in the quasielastic region; it is
superseded by its neutron emission product, 2°Al,
which peaks at —Q =15 MeV. The alpha channel,
2Na, is next, peaking at —Q =25 MeV. The *Mg
and **Mg channels involve either deuteron or pn
emission with the location of the peak in the yield
favoring the latter case. 2'Ne could be produced by
(apn) emission from 2’Al; it exhibits a peak in yield
at the largest inelasticity, —50 MeV, observed for
Z =8 coincidences.

Calculations of the statistical deexcitation of the
targetlike fragment were carried out using the eva-
poration code JULIAN.® The decay of an excited
2TAl was calculated for an intial population at
given, sharp spin values of J=0, 4, and 8 #, for
several excitation energies. The results are shown in
Fig. 11 for the final nuclei for which y-ray yields
were measured. The experimental results have arbi-
trarily been multiplied by a factor of 3 and are
given by the solid-line histogram. The dashed-line
histogram shows the results of the calculation for
J =4 averaged in 10 MeV wide bins of excitation
energy.

The onsets of the yields for 2°Al, *Na, and the
peak (Q~—40 MeV) for *'Ne are qualitatively
reproduced by the calculations. This supports the
interpretation that one of the dominant primary
channels is inelastic excitation of 2’Al. That other
reaction mechanisms are present is suggested partly
by the relative broad yield, e.g., in the 2*Na channel,
which could be partly populated via 0 +27Al
— BNa+?Ne— ®Na+'%0+a in a three-body
process as suggested by Sasagase.*!

The observed transitions all belong to nuclei hav-
ing sizable cross sections in the statistical model
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FIG. 11. Results of calculations using the statistical
model code JULIAN for the yield of various targetlike
fragments in coincidence with deeply inelastically scat-
tered oxygen nuclei as a function of reaction inelasticity.
The histograms are the present HI-Ge(Li) coincidence
results (Fig. 5). The dotted histogram is a calculation
with J =4 and averaged over 10 MeV wide bins. The
other full drawn curves are for J =0 and J =8, with the
latter always shifted to more negative Q values. The ex-
perimental strengths have been multiplied by 3 to ac-
count roughly for the missing radiative strength.

calculation. Nevertheless, two channels with size-
able cross sections in the calculation were not ob-
served in the Ge(Li) spectrum: the 2’Al decaying to
2Ne,ap, and to 2Mg,p. At the higher excitation
energies the strength is predicted to be distributed
over several channels, a fact which would partly ex-
plain the missing radiative yields. The probability
for excitation of the targetlike fragment together
with production of a “cold” projectilelike fragment
can be studied for oxygen coincidences by examin-
ing the yield for the 6130 keV (3~ —07) transition
in %0. As shown in Fig. 5, this is less than unity.
Correcting for the fraction of oxygen which is !0
(Fig. 1) it is found that the yield is ~40—50 %.
This again indicates a sizable chance, ~55%, for
the production of a cold '®0 in the reaction, as was
the case for '2C. It is noted, that in general, low
yields are observed for transitions in projectilelike
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nuclei and that a small number of different transi-
tions in the projectilelike fragment is seen for all Z
groups.

3. Summed radiative yields

The summed radiative yields are given in Table
IIT as a function of Z and inelasticity. Generally
low values are found. One does indeed expect
summed radiative yields less than unity due to the
direct population of ground states in the reaction.
The unusual feature here is the magnitude of the
loss of strength. For example, in a study of %O
+72’Al fusion, Dauk et al.,? using a statistical
model, estimated the direct population of ground
states after particle evaporation from the fused nu-
clei and found it to be ~20% at an excitation ener-
gy of 24 MeV and <2% at energies above 40 MeV.
In contrast, a loss of strength greater than 50% is
often observed in the present work. As opposed to
heavy-ion induced fusion reactions, which transfer
all of the initial orbital angular momentum to the
spin of the compound nucleus and subsequently ex-
hibit ¢ decay patterns that closely follow the yrast
line, in deeply inelastic reactions only a fraction of
the orbital angular momentum is transferred to in-
trinsic fragment spin (—;— in the rolling limit). The
primary population, being located farther from the
yrast line than that in a fusion-evaporation reaction,
might often undergo decay via a cascade of “statist-
ical” y transitions leading to the ground state,
which, due to the fragmentation of strength, are not
included in the measured summed radiative yield
and thus would lead to an apparently low value of
summed radiative strength.

B. Nal(Tl)-multiplicity discussion

For the decay of heavy nuclei (4 > 60) produced
in (HI, xn) reactions a linear relation between aver-
age angular momentum and y-ray multiplicity has
been demonstrated,*” with the average spin and y-
ray multiplicity related by

(I>=fy'(<My>“‘Ms)+fnxn .

Here M; is some number of statistical y rays, often
E1 in nature, which carry off little or no net angu-
lar momentum. The factor f, is characteristic of
the cascades in the deexciting nucleus, being 2% for
stretched E2 cascades, while f, and x, are the
corresponding factor for particle (neutron) evapora-
tion and the number of neutrons emitted in produc-

ing the evaporation residue. For heavy systems f,
is typically ~0.9%.!2

In the present case it is important to treat the
particle emission in interpreting the values of
( M,). An attempt at a quantitative treatment for
evaporation particles for light systems has been sug-
gested by Mollenauer®® and by the Heidelberg
group'® in discussing y-ray multiplicities in fusion
and deeply inelastic reactions, respectively. Mol-
lenauer suggested correcting for particle emission
by a term (3 /E, )-E,, which is the same method
as above for neutron emission (at least for heavy
systems), as the number of neutrons emitted
depends linearly on E, by ~1 neutron/10 MeV,
and each removes approximately the same angular
momentum. In his analysis Mollenauer used a
value for dI/9E, = 3%/16 MeV. Then, the pri-
mary spin can be expressed

Iprimary =fy'(My—Ms )

+0I /3E,(E, —E?) ,

where E_ is an initial offset in excitation energy. In
deeply inelastic collisions, choices for the two
derivative coefficients are not immediately obvious
because the entry points in the two fragments may
be well away from the yrast line and thus the cas-
cades may not admit a stretched E2 description.
Values of f, ranging from 2 to 2.4# have been
used; the Heidelberg group has chosen the Mol-
lenauver value for 0I/dE, for their studies of
160 +58Ni.10

Similar to other analyses of DIC y-multiplicity
data, we wish to compare our measured ( My)
values to those obtained by assuming that the frag-
ments stick together and undergo rigid rotation be-
fore separation as discussed by Tsang.!* Assuming
that the fragments have moments of inertia J, and
J, and radii R, and R,, one obtains

B Ji+J, ,
M, (R +R,)*+J +J,

where AL is the total angular momentum trans-
ferred to intrinsic spin, /; is the initial orbital angu-
lar momentum, and M, is the reduced mass. We
have estimated (M, ) using the formula given
above with choices of f,=1.5 and 2 # and
(31 /3E,) of 3#/16 MeV and 1.54/16 MeV and
with E{=8 MeV and M, =0. One would expect the
choice of f,=1.5% to take better account of the
numerous mixed E2-M 1 transitions in s-d shell nu-
clei. The initial partial waves contributing to the
deeply inelastic collisions are assumed to be the
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same for all Q values and to be the grazing partial
waves, [;=31 to 37 #, which account for the meas-
ured deeply inelastic cross section in a sharp cutoff
model. The results are shown in Fig. 12 together
with the data for Z=6 to Z=11. The choice of
(aI /OE,) of 1.54/16 MeV appears to describe
correctly the dependence of (M, ) with E,. This
dependence is consistent with the results of Dayras
et al.* for the °Ne+ %3Cu system. However, either
there is a change in f,, from 2 to 1.5 # with increas-
ing Z or the model is inappropriate. The observed
(M,), being approximately constant, independent
of Z, does not follow from the model in a simple
way, and is probably not a result of such a large
change in f, over this narrow range of residual nu-
clei, but rather probably that the sticking condition
is not fulfilled for a large fraction of DI collisions.
The same model predicts the initial widths of the
spin distributions in the two fragments to be quite
small, oy ~2#, ignoring angular momentum
spreading due to light particle emission. However,
due to the thermal fluctuations in the angular
momentum transfer, for nuclei described as Fermi
gases one expects a width of o, ~0.5(AL) (Ref.

180+ 27A1 E_ =100 MeV

L
Z2=6 —16 8 =7 —116 8 Z=8 -116
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L ;
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8l z=9 -6 8 z=10 16 8} z=11 16
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FIG. 12. Comparison of measured multiplicities (his-
tograms) from the HI-Nal(Tl) results with the predic-
tions of the sticking model of Tsang (Ref. 14.) The hor-
izontal bands indicate the expected initial spin for a
range of spherical (§=0) to deformed (8=0.3) final
fragments. The solid (dashed) and dot-dot-dashed (dot-
dashed) lines show the calculated (M,) for f,=1.5 #
(27) for the two choices of (31 /3E,)=3%/16 MeV and
1.5%1/16 MeV, respectively.

45) or about 44i for equal sized fragments in the
exit channel. This then leads to a value of
oy ~2—3, in agreement with the data (see Fig. 8).

C. Discussion of Ge(Li) (M, )
results

The multiplicities for specific channels are larger
than the Nal(T'1) results, as might be expected from
the low values found for summed radiative yields.
When a channel includes at least one ¥ ray, as is re-
quired in the gating requirement used here, that the
Ge(Li) fire, then it often includes several. Although
both fragments in the final state can y decay for all
final pairs seen, only 1—2 y rays can be emitted by
the light fragment, as higher excitation would lead
to fragment breakup. Most of the observed multi-
plicity must arise from decay of the heavy frag-
ment, which has the higher level density. For com-
parison to the values of (M, ) given here, a survey
was made of the number of y rays emitted in the
deexcitation of levels with E, <8 MeV using the
level schemes and branching ratios given by Endt
and Van der Leun.® Values between two and four
y rays emitted were found for all levels except the
lowest, which require fewer y rays to deexcite. In-
cluding an average of 1.5 statistical feeding y rays
for each fragment would give a total of 5—7 7,
rays, which is generally somewhat above the values
obtained from the particle-Ge(Li) multiplicity meas-
urements.

Of particular interest are channels which include
little or no light particle emission, such as 3'P,
29,286, and %Al in coincidence with Z =6, 7, and 8,
respectively. All these multiplicities have values of
about ten, higher than the value 2 < (M, ) <4 ob-
tained from the Nal(Tl) results. The large (M, )
found after emission of one nucleon indicates that a
considerable amount of angular momentum is
present in the initial collision. Comparing these
channels to those for which successively more parti-
cle emission is present, a slow decrease in multipli-
city as more light particles are present in the final
channel is indicated. This reflects the fact that the
particles remove angular momentum, reducing the
number of y rays emitted in the next stage. (M,,)
for a specific transition is seen to exhibit little
dependence on Q except for a few transitions [e.g.,
BPNa (:7—37) in coincidence with Z=8],
whereas the yield for the same transition may vary
by two orders of magnitude over the same range in
Q. As there is no change in the number of particles
emitted for these individual transitions, except for



25 DEEXCITATION OF FRAGMENTS PRODUCED IN DEEPLY ... 1321

one or two neutrons from the projectilelike frag-
ments, that flat behavior again points up the impor-
tance of excitation energy and angular momentum
removal by particle emission.

A consistency check can be made on the radiative
strength and multiplicity results by computing the
total average multiplicity from the Ge(Li) i-fold
coincidence results and comparing it with that ex-
tracted from the Nal(T1) i-fold results. If one could
observe all discrete transitions and measure their
yields and multiplicities, one should reproduce the
value from the NaI(T]) results via

S V(M ),

M)g=e=a——>
T I X +3 Y,
J i

where Y; is the yield for transition i, X; is the yield
for nuclei not deexciting by y-ray emission (e.g., nu-
clei produced in their ground states), (M,,) ; is the
mean multiplicity for the transition with yield Y;,
and the sum over i runs over the same set of ex-
clusive transitions as does that for the summed ra-
diative yield, being restricted to either the observed
or unobserved heavy ion, and always using the
lowest member of an inclusive set of transitions.
Here 3 ; X; was taken as being 1 — 3, Y;, which is
true in the case of complete experimental knowledge
but is an approximation here. The values obtained,
for 6<Z <9 and 10 MeV Q bins, for the unob-
served fragment are shown together with the (M)
values from the Nal(T1) results in Fig. 13. Fair
agreement is obtained with the exception of the
—Q >50 MeV bin, in which case (M, )g, is sys-
tematically below (M. ynar (partly due to contami-
nation from evaporation residues as noted earlier in
Sec. IIIA). If the fraction 3 ; X, assumed here to
have a multiplicity of zero, was composed of high
energy-low multiplicity cascades, for which the
present detection efficiency is poor due to the
Ge(Li) response, the computed value of (M, )g.
would increase. Assuming this fraction 3 X; to
have an average multiplicity of 1—2 yields values
of (M, )ge quite near those of (M, )n,. That the
Ge(Li) 1-fold results produce values of (M, ) for
specific transitions larger than the average values
found from the Nal-(T1) i-fold results, indicates
that there exists a large contribution from events
with low ( <2) y-ray multiplicity in addition to the
30—50 % contribution to the yield from the events
seen in the Ge(Li) i-fold spectra which have a rela-
tively high (M, ~5—9) multiplicity. This also sug-
gests that the actual spread in transferred angular

6
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FIG. 13. Comparison for different Z groups and as a
function of inelasticity of the average multiplicity of
gamma rays determined from the HI-Nal(Tl) measure-
ments (histograms) and from the HI-discrete line multi-
plicity and yield measurements (full circles). For rea-
sons of counting statistics, the latter are averaged over
10 MeV wide bins in reaction Q value. [For compari-
son, the crosses mark the results of multiplying the
summed radiative yield for discrete lines in coincidence
with a given Z group and range of inelasticity by the
mean multiplicity from the HI-Nal(Tl) results for the
same Z group and inelasticity.]

momentum is large in order to yield both a sizable
fraction of low and of high multiplicity events.

The measured values of (E,) (see Sec. III B) are
all above 2 MeV, much larger than the transition
energies found for resolved transitions in the Ge(Li)
spectra. In addition, the values for E, the average
total energy in y decay, are concentrated between 8
and 10 MeV for all Z’s and Q bins, with the excep-
tion of —Q > 50 MeV, in which case the drop in E
is seen to be due principally to a corresponding drop
in (M,). If states with spin values > 6# near the
yrast line in the heavy partner were populated fre-
quently, then due to the steepness of the yrast line
in s-d shell nuclei a higher value for E would be ex-
pected due to the deexcitation of the heavy frag-
ment alone.

D. Anisotropies

Comparison of the computed values for full po-
larization (alignment) of the in-plane versus out-of-
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plane anisotropy of the coincident yield for discrete
transitions, 4 = W (90°,315°)/W(180°0°), and the
measured anisotropies shown in Fig. 10 indicates
full polarization (alignment) values of the anisotro-
py are not reached in many cases, and a given tran-
sition may display values of 4 ranging from 1, con-
sistent with an isotropic angular correlation and no
alignment of the fragment spin, to a value con-
sistent with full alignment, as the inelasticity of the
reaction is varied. For example, the 439.9 keV

(i+——%+) E2-M 1 transition in 2>Na observed in

2

coincidence with oxygen displays an isotropic corre-
lation for 10 < —Q <20 MeV and displays an aniso-
tropic correlation consistent with full alignment,
with 4 < 1.0 as expected for this mixed transition,
for 10< —Q <20 MeV. The same transition seen
in coincidence with carbon has a correlation that is
anisotropic for —Q <30 MeV and consistent with
1.0 for 30< —Q <50 MeV. Dealigning effects are
particle emission, various y-ray deexcitation paths
(spin sequences) from the primary states to the
parent state of the observed transition, and genera-
tion of nonaligned components of angular momen-
tum before separation of the intermediate dinuclear
complex into primary fragments, as suggested by
Moretto and Schmidt*® and Vandenbosch.*’

The observed anisotropy varies with the amount
of particle emission. The anisotropies of the 1778.9
keV (2+—07) transition in '3Si seen in coincidence
with nitrogen and the 439.9 keV (%+ - %+) transi-
tion in 2Na seen in coincidence with neon all
display anisotropies different from 1.0. In each of
these cases one (or possibly, though improbably,
two) neutrons have been emitted from the primary
fragment. For the 1368.6 keV (2 —07) transition
in 24M§ seen in coincidence with nitrogen, the 350.5

+ 3+ .s . 21 . .
keV (5 —7 ') transition in “Ne seen in coin-
cidence with fluorine, and the 350.5 keV (" —>7)
transition in *!Ne seen in coincidence with oxygen,
large anisotropies are observed for some range of
inelasticity, although these cases correspond to at
least emission of an «, and to ap emission for the
last case. In a statistical picture these results would
be expected if a’s preferentially deexcite the high
spin fraction of the states produced in the primary
collision,>*® with the result that the larger [ re-
moved by the a’s does not result in significant loss
of spin alignment.

An alternative reason for the observed anisotro-
pies for channels involving a emission is emission
of an a during the initial stages of the reaction in a
manner analogous to that suggested for incomplete
fusion reactions,* ! followed by (deeply) inelastic

scattering of the projectile and target “remnants.”
If such alpha emission were coplanar with the in-
elastic scattering, the orbital and fragment spin an-
gular momentum would still be aligned perpendicu-
lar to the reaction plane. If no further particle em-
ission dealigned the spins (corresponding here to
seeing two heavy fragments whose masses and
charges sum to those of the compound system less
one a), a particle-y angular correlation with 4 near
or equal to the value for full alignment would be
observed.

V. SUMMARY AND CONCLUSIONS

Deep inelastic collisions of 100 MeV 0 with
27Al were studied in a coincidence experiment be-
tween scattered fragments observed at an angle
behind the grazing angle and with an array of both
high resolution and low resolution y detectors. The
mean and variance of the y-multiplicity distribu-
tion, the average energy of the y decay, and the
yields and anisotropies from specific transitions in
the fragments were measured as a function of the
inelasticity (or combined fragment internal energy)
of the reaction products. The shapes of the ob-
served yield curves for specific transitions, their
maxima with respect to reaction inelasticity, and
the relative populations of various heavy fragments
seen in coincidence with a given projectilelike frag-
ment indicate that statistical decay of a primary
two-body final state is a correct description of the
later stages of a deeply inelastic collision. Statisti-
cal evaporation calculations of the particle decay of
selected targetlike fragments qualitatively describe
the relative yields for specific final nuclei as a func-
tion of inelasticity. It was not possible, however, to
obtain quantitatively the spin distribution of the
primary fragments.

Strong yrast band y decays of the targetlike frag-
ments were generally found to be associated with
large anisotropies in the y-fragment correlations
and were observed even for channels with several
light particles emitted, including a particles. Thus,
a large fraction of the deep-inelastic collision cross
section can be characterized as producing fragments
with modest angular momentum (consistent with
sticking) and an alignment (or polarization) normal
to the reaction plane.

The low measured summed radiative yield, yet
high average y-ray energy indicate that a large frac-
tion of the fragments decay by a few high-energy
(and thus difficult to detect) statistical gamma ray
transitions. This part of the cross section (about
50% of the total) is thus characterized by low angu-
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lar momentum transfer to the fragments.

A weakness of the experiment was the measure-
ment of only the charge and not both charge and
mass of the projectilelike fragment, so that some
ambiguity in the identification of the reaction chan-
nel was introduced. Further ambiguities were intro-
duced in the more mass symmetric exit channels, as
particle evaporation from the projectile as well as
targetlike fragment is significant. Nevertheless, one
can conclude that for this system a large fraction of
the cross section for deep-inelastic scattering is as-
sociated with low angular momentum transfer colli-
sions, for scattering angles behind the grazing angle
that are presumably a result of “negative-angle”
scattering, for which one might assume that one
predominantly reaches the sticking condition. This
implies that the deep inelastic collisions may result
from contributions from a broader band of partial
waves than merely those of largest / close to the
grazing partial wave. Measurement of the align-
ment for specific exit channels as a function of
scattering angle and bombarding energy may be

able to elucidate further the partial wave depen-
dence of the cross section.
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