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ABSTRACT

The emission of a particles from the deep-inelastic reaction 1354 MeV

'165Ho + 181Ta has been studied. Alpha particles were detected in

coincidence with a projectile-Tike fragment, both in and out of thé reaction
plane. Average velocity diagrams, a-particle energy spectra as a function of
angle, and a-particle angular distributions are presented. The in-plane data
show that the bulk of -the o particles in coincidence with the deep—ine]astfc
exit channel can be explained by evaporation from the fully accelerated
fragments, The out-of-plane a—particle angular distribution data together -
with gamma-ray mu]tip]iéity‘data from previous work give a consistent picture
of the transfer and partitioning of angular momentum between the two fragments.
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" MeV/nucleon

I. INTRODUCTION

-Compound nqclei-deexcite-bredominantly by ‘the evaporation of light -
particles (LP). The enefgy spectra and angular distributions of these LPs
contain information on the temperature (T) and spih (I) of the emitting’
nucleus. By studying the sequential LP decay from the fragments. produced in
deep-inelastic (DI) reactions, insight regarding the thermal brobertfes and
the angular momentum degrees of freedom associated with these reactions.can be
obtained.‘ |

Two excellent examples of the use of LPs for these purposés are the
studies of Eyal et a].l and Babinet: et a1.2 In the former study, neutron
emission from the reacfion 166Er + 86Kr at 7.0 MeV/nucleon was measured
for Eﬁe DI component of the reaction. This study concluded thatvthe

equilibration of the excitation energy between the two exit channel nuclei

occurs during the lifetime of the intermediate complex. This conclusion is

'supported hy two experimental observations. The first of these is- that the

mean number of evaporated parfic]es from the two reaction products indicates
that the partition of the total dissipated energy between the two fragments is
in proportioﬁ to their masses. (Such a partition is required by.the=therma1
equilibrium conditions.3) Detailed studies of neutron.emission from. the

systems 165Ho + 56F'e at 8.5 MeV/‘nuc1eon4 and_197Au + 63Cu at 5.8

5 have reached the same conclusion. The sécond experimental

observation is that the temperatures of the two fragments (deduced from the

neutron energy sbectra) are the same, withfn the experimenta1‘uncertainties.
In the second examp]e,2 in- and out—of—p1ane a-particle angular

distributions were measured for the‘DIvcomponent of the reaction 58N1 +

40Ar at 7.0 MeV/nucleon. The kinematics df this'system allows the

out-of-plane a-particie\emission from the tafget—]ike nucleus to be
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isolated by careful selection of the angle of the heavy ioh detector as well
as of the inéplane angle for the out-of-plane a-particle detectors.
Individual fragment spins were extracted from the out-of-plane distributions
as a function of mass asymmetry. The trend of these spins with mass asymmetry
agreed with the rigid rotation predictions. This result was in agreement with
earlier y-ray mu]tip]icity (MY) work6’7 on similar systems, which also
suggest that rigid rotation wa;_achieved during the lifetime of the DI
complex.  More recently, this conclusion has also been shown to be valid for
the heavier system natAg + 84Kr at 7.9 _MeV/nucleon.8 The verification
of rigid rotatibn for this near symmetric system is quite significant because
MY studies, which provide information on the sum of the two fragment spins,
were unable to provide evidence that allows For a clear distinction between
the rotation 1limits of rolling and sticking.

The studies mentioned above rely on the identification of the source of
the LPs. Most studies have concluded that the fully accelerated fragments are

the dominant sources of the LPs. This result is in agreement with statistical

model calculations that predict that LP evaporation times are longer than the
40

heavy-ion interaction time-.4 However, recent data on ~Ar and 56Fe

induced reactionsg'11 indicate that LP evaporation before scission of the
intermediate complex can be substantial under certain conditfons. The
prescission LP emission process presents the tantalizing possibi1ity of
studying the intermediate complex during its very short lifetime.

In this paper we report on the results of a study of a—particle emission

from the 181Ta + 165

Ho reaction at 8.2 MeV/nucleon.. The values of several
relevant reaction parameters are listed in Table I. The light particle
emission from this system is interesting for several reasons. First, this

system is heavier and has more angular momentum than any of the systems
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previously studied by LP techniques. Furthermore, the reaction is dominated

by a_sing]é process (DI}, whﬁch simplifies the theoretical interpretation.

Because of these qua]itieS'the'Ho‘+ Ta system has"the'potential for proViding
important 1nformatioh.oh the conditions neéded for prescisQion emission. The
data relevant .to the question of the ‘emission source(s) is presented in
section IV, some of whjch has been published previously.12 In gection V the
out-of-p]ane_a—part1c1e data from the 165Ho + 181Ta system are used to
confirm results concerning the anguiar moment um degrees of freedom‘obtained

from previous MY and y-ray anisotropy work.13

II. Experimental Techniques
‘A natural Ta target (1.4 mg/cmz) was bombarded with 8.2 MeV/nucleon

(~10 ena) from the Lawrence Berkeley Laboratory SuperHILAC. A solid:

state detector (300 um) positioned at the classical grazing angle (29°) was

‘used to detect the projectile-like fragment and to define the reactidn plane.

On the opposite side of the beam, five solid state aE-E telescopes (40 um, 5

“mm) were used to detect the particles. This detection apparatus is -

described ih detail in Ref. 8. The only significant difference isbthaﬁ a
single detector rather thén a telescobe was used to detect the‘projeEt11e—1ike
fragment. Thereforé, nefther thé chérge nor the mass of'thisvfragment was
determined in this experiment. | |

The beam energy was measured at regular time Tnterva]s‘during-the

experiment. These measurements were made either with a calibrated solid-state:

detector, applying a pu]sé height defect correction14, or by use of a phase

probe, which measures the beam velocity. The mean.interaction energy

calculated at the center of the target was 1354 MeV. -
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A1l a-particle telescopes and their associated e]ecfronicsvwere .
calibrated with a pu]ser,_which had been absolutely calibrated with a 212Pb
a-particle source. The heavy-ion detector was calibrated by elastic scat-

2).197

tering at four bombarding energies on a thin (0.53 mg/cm Au target.

The absolute efficiencies of the a-particle telescopes. were measured with

a 241Am source of known activity and the relative efficiencies were checked

with a 212Pb source. The measuréd solid angles agreed to within 3% of the -

geometric solid angle. Tantalum absorbers of approximately 9 mg/cm2 were
placed in front of the LP telescopes to reduce the rates of heavy ions,

X rays, and low-energy electrons striking these counters. The absorber
thicknesses were determined by a—partiqje'energy loss measurements. Thesé
thicknesses a]ohg with the solid angles for all angles at whichvcoincidence
data were acquired are presented in Table II. The detection threshold for'

o particles was appproximately 10 MeV, primarily due to the thickness of the

first element of the telescope rather than the absorbers.
ITI. DATA ANALYSIS

It was.assumed that the primary mass of the detected fragment (before
particle evaﬁoration) was that of the projectile (165 amu) and that the
primary mass of the undetected fragment was that of the target (181 amu).

This assumption is motivated by several considerations. The first of these is
the bias towards detecting the projectile-like fragment when a HI is detected
at the projectile grazing angle (29°). This bias can be undérstood by

examining the Wilczynski plots for the similar systems 208Pb_+ 110

136,, , 207

Pd (Ref.
15) and Bi (Ref. 16). These plots not only show that the

deflection function does not exhibit negative angle scattering, but also that
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the cross section, independent of.energy loss, is focused into an angular
region near the classical grazing angle when the bombarding energy is high
enough so the reactions are not dominated by Coulomb effects. This suggests

165, + 181y, system at 1354 MeV (E

136 207

that, for the‘ Ho c.m;/Bcoul = 1.6;

which is the same ratio as for the Xe + Bi study), the -
projectile-1ike and target-like fragments will be focused into angular regions
close to_their respective laborat;ry'grazing angles. Since 'the grazing angle
~of the target in the laboratory system is more than 30° behind that of the
projectile, a strong selection on projectile-like fragménts’shdu]d be provided
by placing the HI detecfor at the_projecti1e grazing angle.

A second reason for using the entrance channel masses as éhe pr%mary exit
channel masses is that for both of the similar heavy systems mentioned above
the mass and charge distributions of the exit channel projecti]ealiké fragment
are well described by gaussian distributions centeréd on the entrance channel

15,16 Even though the mass assumption employed is the'mOSt_apbropriate

values.
under the restriction that no tharge or mass information is obﬁained directly
- from the experiment, it must be cohsidered‘és a zeroth order approximation
because the variances of the charge and mass distributionS'mentioned above can
be quite ]argev(c§_> 100 for the largest energy losses).

In the course of these experiments the HI detectors (surface barrier,
partially depleted, n-type Si) were'expdsed to approximately 108-
partic]es/cmz. This dose of "very heavy ions produced significant damage in
these Si detectors.17 The radiation damage caused the pulse height to
decrease with 1ﬁcreasing dose. To correct for this pu]se:height loss, the
slope of the energy calibration was increased as a function of dose..'The

chénge in the slope of the energy calibration from the beginning to the end of

the experiment was ~15%.
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The detected energy of the heavy ijon was corrected for pulse height
defect following the prescription of Moulton et a1.14 The energies of all
detected particles were corrected for the energy lost in the absorbers and -the-
target using values of dE/dx calculated by the method of Rattazzi et»a].18
The stoppjng powers predictéd by this formulation are within 10% of those.
given in.the tables of Hubert et a].lg
- Since the fragment energies are measured after particle evaporation,
their kjnétic energies must be corrected for the energy ‘lost in the
evaporation process. .The only significant correction. to the DI fraément‘s
mean kinetic energy due to evaporation arises from the lost .mass. This
correction was done by the iterative method described below. After the
fragment.energy is corrected to its expected value at the center of the ¢
target, the direction and energy of the undetected fragment are ca]cu]ated
with the mass assumptions described previously. The excitation energy (E*)
was calculated from the reaction Q-value. This-excitation energy was then
divided betweenvthe two fragments in proportion to their masses, as sﬁggested

by the results of several studn‘es.l’4’5

The lost mass. of the detected
fragment (due to neutron emission) was taken to be E*/12. The pre-evaporative
mass was then used to recalculate the energy (using the same velocity), which
~was then used as the starting point of the néxt-iteration. Two iterations
were sufficient for the lost mass to convérge within 1 amu.

The Jacobian for the transformation of solid angles from the laboratory
system into the rest frame of the target—]ike_fragment was calculated event by

event. Subsequent sorting yielded energy spectra and angular -distributions in

the frame of the target recoil.
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IV. ALPHA PARTICLE EMISSION SOURCE

The singles HI energy spectrum is shown in Fig. la. At this angPé'(29f)
there are strong e]asticl(EL) and quasi-elastic (QE)'components that
contribute to the peak above 1000 MeV. At lower energies the DI Cbmponent is
spread out over several hundred_MéV. While the peak due to EL and OE
scattering is dominant in singles mode, it is strongly suppressed when a

coincidence between an'a particle and the heavy ion is required, as shown in-
Fig. 1b. |

vThe ratio of coincidence yield (b) to the singles yield (a), corrected
for the coincidence detection efficiency, is shown in Fig. lc. This figure
indicates that the a-particle multiplicity is small in the EL and QE regions .
and increases as one moves across the DI peak to higher energy losses. This N
trend is expected due to the increasing temperature of the DI fragménts as the
| energy loss increases. The multiplicity reaches a p]ateau at the low energy
end of the DI component.

The laboratory energy spectra for a particles in coincidence‘with7a heavy
jon, with an energy in the DI region (the sum of gates 2, 3, and 4 in -~
Fig. 1b), are shown in Figs. 2 and 3. The in-plane spectra (30° to 115  from
the beam axis) and the out-of-plane spectra (0° to 60° dut of the reaction
plane, at an in—h]ane angle -of 55°) are shown in Figs. 2 énd 3, respectively.
The-major features‘of_theée spectra can be summarized as follows.  The:
in-plane spectra show that the peak ehergy for the two most forward angles is
s%mi]ar;'however,.aS'one proceeds to more backward angles the peak energy
monotonically -decreases with increasing angle. The out-of-plane spectra show
‘a steady decrease in the peak energy as the out-of-plane angle is 1n6reased.

An important feature in Fig. 2 is the presence of two separate peaks at the



8-
most forward angle (30°). These two peaks strongly suggest that there are at
Jeast two emission sources. -

To determine these emission sources, the experimentally extracted

Y‘mS)

. of the a particles is plotted in

root-mean-square velocity (v
Fig. 4a. ATlso shown are the velocity vectors for the detected projectile-like
fragment (gated on the deep-inelastic events), the calculated velocity of the
uhdetected fragment, and the velocity of the system center of mass. As this
figure shows, the a-particle velocities are centered around the end of the
velocity vector of the target-like fragment. This demonstrates that the bulk
of the a particles are emitted from the fully accelerated target-like
fragment. In addition, the low-energy component seen at 30° can be attributed
to emission from the projectile-like fragment. This component is not seen at
more backward angles because it drops below the detection threshold, which is
shown by the dashed arc in Fig. 4a.

Further evidence that the fully accelerated target-like fragments are the
source of emission can be obtained by examing the Q-value dependence of
v:ms. In Fig. 4b the average velocity vector diagram for three different
Q-vaiue bins are plotted (corresponding to regions é, 3, and 4 in Fig. 1b)

ms

along with the corresponding vz A systematic motion for the locus of

V:ms is seen that is exp]aihed by the change of the velocity of the
target-like fragment with Q-value, as shown 1n)Fig. 4b.

| These vector diagrams indicate that the bulk of the o particles in the
measured angular range are emitted from the target-like fragment. - However, a
more sensitive indicator of the emission source can be obtained by examining
the «-particle energqgy speétra in the rest frame of the target-like fragment.

If the strong component observed in the laboratory energy spectra is the

result of evaporation from the target-recoil nucleus, then the a-particle
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spectra in the recoil frame shou]d have fhe same spectral shape at all
in-plane ang]eé. These spectra are shown “in Fig. 5 as a function.of in-plane
angle in the laboratory. In the target-recoil rest frame the spectra are
quite similar in shape and have peak energies of ~18 MeV, with the exception
of the most forward angle data. While the spectra are quite uniform at
backward angles, the most forward ‘angle data show a somewhat higher average
a-particle energy and an increased yield.- This can be seen more clearly in
Fig. 6 wherevthe average a;pafticle energy for emissions from the target-like
fragment (the prbjecti]e-1ike emissions were removed by a low-energy (
threshold) and thé differential mu]tip]icityzl.are_shown as a function of
in;plané-angle in the frame of the target-like fragment. The target-like
fragment's recoil direction is arbitrarily taken as 0°. The isotopic yield
and constant mean energy of the « particies show that the takget-]ikeifragment
is responsible for the bulk of emissions at angles equa] to or larger than the -
recoil‘anglé. However, there does seem to be an additional component that
contributes at angles forward of the recoil direction causing‘both the

differential multiplicity and the averaée a—particle energy to increase.
V. ANGULAR MOMENTUM.AND THE OUT-OF-PLANE ANGULAR DISTRIBUTIONS

Since the bq]k-of tHe a particles emitted at angles near or behind the
recoil angle are emifted from the target—recoiT fragment, the out-of-plane
angular distribution of o particles in this angUiar region contains
fnformation on the spin of the target-like fragment. Out-of-plane data were
acquired at an in-plane laboratory angle of 55°, which is close to but behind

L

the average recoil angle (¢ = 47°). The measured a-particle energy

spectra as a function of out-of-plane angle are shown in Fig. 7 (the in-plane
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angle is 55° for all the spectra). One should note that all these
out-of-plane spéctra are virfua]1y identical in the rest framé of the
target-like recoil nucleus. The detector angle, as measured from the normal
to the reaction plane, varies from 30° to 90°. The laboratory angle for the
most out-of-plane spectra corresponds to approximately the normal to the
reaction plane in the'rest frame of the target recoil. Therefore, the ent{re
0°-90° range is covered by the data shown in Fig. 7.

The integrals of these spectra are shown in Fig. 8 as so]id circles.
This figure clearly indicates that there is ? focusing of o particles into the
reaction plane (90°). The ratio of the in-plane to out-of-plane yields is
~1.4. This focusing is expected for an object spinning about an axis bara]le]
to the normal to the reaction plane.

The'transftion stéte formalism developed by Moretto, Blau and

22,23

Pacheco has been used to analyze the out-of-plane a-particle angular

distributions. This method has been used previously in the analyses of both

24,25 8 data. The choice of parameters

1817, ., 165

sequential fission and a-particle

for the analysis of the out-of-plane distribution from the Ho
experiment is-greatly simplified by a number of experimental observations.
First, both a-particle emission and sequential f}ssion are much less likely
than neutron emission, therefore Pn R’FT' Furthermore, since the
evaporation residue cross section is negligible, the minimum %-wave (and thus

| .the minimum spin transfered from orbital to intrinsic fragment spin)

min?®
is approximately 0. Under these conditions the angular distribution is

predicted to be

w(e,p) «\1 - e ™M S(e,6)A (1a)

where

=
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A = _Egi_ﬁ__ -8 and - _ (1b)
25" (e,0) ‘

52 = Kg 4Vo§'cosze sinze + oi sin2¢ sﬁnze + bg 60520 . (Ic)

The parameter g accounts for the change in the relative a/n decay widths as a

function of angular momentum. As is usual in fission theory, Kg

is the
variance of the angular momentum projection on the separation axis. This
- variance can be related to the moments of inertia parallel @)") and -

perpendicu]ar_&!l) to the separation axis

KZ-“’effT_T__<1___1_>-‘-1 S ()
0, h2 h2 ‘hl ‘31' v
(See Ref. 23 for a detailed.discussion of these parameters.)

For asymmetric systems there is both éxperimenta124_26 and

27’28 work that suggests that the variances ci"ci’

theoretical
05, are not eqﬁal.' On the other hand, for near symmetric systems

in-plane sequent1a1'fi§sion angular distributions do not exhibit large
anigbtropies for DI-eyents; indicating that the 1n-piahe widths (cx and - -

cz) are not significantly different. This result supports'the»equi1ibrium
29 28

model developed by Moretto and Schmitt“” and Schmitt and Pacheco,”" which
predicts 05 ~ n§ ~ cg for nearly symmetric systems. This model
derives some additional support from its ability to reproduce the y-réy

13,30 Although y-ray anisotropies

anisotropiés heaéufed for similar systems.
are insensitive to the differences in the in-plane widths, and to first order -
insensitive to Ty they ahé_éensitive to the miéalignment (thch is fe]ated
to the magnitude of the fn-p]ané.spin component).

If the simplification suggested by the equilibrium model and supported by
experimental data is employed, the parameter S fsfnd longer a %unction of

angle, i.e., s2 - Kg + 02, and the angular distribution reduces to
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- , | | |
-1 A _
m<e-)ec'<1.e max )AA : | I (3)

Although the experimental data do not suggest further simplifications in
the form of the angular distribution, they do provide information on the

165 165 13

: remaining'parameters. The Ho + Ho study suggests'values for

both I and 02. Since the values of Qmax are almost identica1 for the

max
165 165 181, + 165, systems (the slightly larger

Ho + Ho and the
interaction radius of the 1atte§‘system is tompensated by a lower average
energy in the center of the target), the spin of an individual fragment

deduced from the MY work can be used to estimate Imax' For the 165Ho +

165Ho system the average primary spin per fragment is ~33 h when one of the
fragments is detected near the grazing angle. (See the center plot in the
collage of plots in Fig. 9 of Ref. 13.) Since Imax in Eq. 3 is the maximum
spin of a triangular distribution, it can be estimated from the average

experimental spin,

3 - .
Imax =3 <I>~50h . (4)

_The equilibrium model predicts that for a symmetric system

ﬁqz~JT o v . | @)

where & is the moment of inertia of one of the two fragments. In_the.present
analysis the moment of inertia of a spherical fragment with the mass of the
target was used, (& ~ 83 h2/MeV). The temperature can be calculated from

the average energy available for thermal excitation from

£ = a2 | (6a)
with the level dehsity parameter a = A/8 MeV"1 and
E*-E.  -E . | (6b)

loss rot
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The small correction (< 4%) for the energy involved in rotation of the

fragments (E__,) was calculated using rigid rotation predictions. The.

rot
result is a temperature of 2.5 £ 0.1 MeV.. Most of the error is due to the
uncertainty in the detected fragment's mass.

The Q-value deduced temperatufe can be corroborated by the slope of the
'iail'qf the a-particle energy spectra. (Actually, the temperature deduced .

from the a—particle spectra should be slightly lower than the -value deduced

. from the Q-value due to the a-particle binding energy and the translational

-energy that are removed by the emission process. These energies, whﬁch should

be subtracted from the right-hahd side of Eq. 6, are much less than'E]OSS

and change T by less than the uncertainty introduced by the mass uncert§1nty
mentioned above.) The a;particle energy spectra also provide information on
;ﬁeff‘ This 15 due to the fact that the critical decay shape for a—partfc]e,_
emission determines the relevant moments of inertia as well as the Coulomb
barrier and thus the mean a-particle energiesﬂ Thus, by adjusting the

critical decay shape so the a-particle energy spectra are reproduced,JeFf

~can be calculated from the values of¢0” and < for this configuration..

The a-particle energy spectrum was calculated using the formalism

described in Ref. 22. To implement this formalism the critical decay shape

- was modeled by the equilibrium configuration of the rotating fragment plus

a—particle complex in a spheroid-sphere model. Shape bo1arization and
fluctuations about the equilibrium shape, which has a ratio of axes:df ~1.1;
were taken-into account. The polari;ation and fluctuations contribute‘bqth'to
"sub-barrier" emission‘and to harder tails than wou]d otherwise be present.
The solid line superimposed on each of.the five out-of-plane.spectra shown in
Fig. 7 was calculated by adjusting the surface separation (s = i fm) and

radius parameter (ro = 1.5 fm). The close agreement between the data
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and the calculation (which uses a temperature of 2.5 MeV) ‘in the region of the
high-energy tail supports the Q-value ‘deduced temperature. The calculation
underpredicts the data in the low-energy region (<15 MeV).' This may be due to
an inadequate shape parameterization of the critical decay Shape or perhaps
because the formaiism does not explicitly include barrier penetration.
Another possibility is that the very low-energy portion of the spectra may be
contaminated with some projectile-like emissions. This type of contamination
would be most serious for the most out-of-plane speétrum'because the average
lab energy of the main component drops to only 15 MeV above the thresho]d,
making it difficult to identify a still lower energy contaminant. -
From the geometry and parameters for the critical decay shape given

above, the values ofJ)_L and<ﬁ| and thgs J%ff were calculated. To calculate
8 (Ref. 23), the residual nucleus after neutron emission was taken to be
~spherical. Using.theée parameters, the out-of-plane distribution shown in
Fig. 8 (solid line) was calculated using Eq. 3. The calculation agrees quite
nicely with-the data with the exception of the most out-of-plane point. The |
discrepancy between this data point and the curve is considerably larger than
the statistical error (approximately the size of the points) and therefore
must be attributed to a systematic effect.

| The calculated shape of the a-particle out-of-plane angular distribution

is quite sensitive to the parameters Ima and Kg but is insensitive to

X
the other parameters. The insensitivity to the magnitude of the misalignment

can be seen by comparing the relative magnitudes of 02

and k2. In this
)
case oleg ~ 1/7; thus the inclusion of 02 changes 52 by only 14%.
Since the shape of the angular distribution is roughly constant for a fixed
value of Imaxls’ increasing I by ~7% compensates for the inclusion of 02.

Because of this insensitivity, no effort was made to make further refinements
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concerning spin misalignments. - Such refinements, which can include the
'effects of defermation and unequal misalignments, are important for sequential
fission work were 02'~ Kg.

The sensitivity of the calculation to the two most important parametersb
Imax and K0 is-illustrated in Fig. 8. The.dashed lines indicate a 10% |
change in either of the parameters. Explicitly, the upper dashed line is the
result of a 10% decrease in Iméx‘or approximately a 10% increase in KO.

Since these curves systematically disagree with the data, the average spin can

be estimated to better than 10% if Kg is well known.

VI. DISCUSSION AND SUMMARY

One conclusion from this study is that the bulk of the o particles
detected at angles equal to or larger than the target recoil angle, ‘in
coincidence with a projectile-like fragment def]ected into an angular region
around the grazing angle, are emitted from the fully accelerated target-like
fragment.‘ This result is consistent with most of the published light particle

1,2,4,5,8,31,32

work for low-energy heavy systems. However, several other

studiesg—11 have found evidence for a large prescission component. In this
latter work a bias towards the detection of LPs in coincidence with :
fusion-fission evenfs was introduced by the detection of the Hf at angles much
larger than the grazing engle. On the other hand, in the present work (and
most‘othersl’Z’S) a-bias towards the detection of 1LPs in coincidence with DI
events was introduced by the detection of the HI near or forward'of the
grazing angle. Since the lifetime of the compound nucleus is longer:than that
for the DI intermediate, one would expect: a:larger preseission component from

the former.
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The explanation of the difference in the experimental results appears to

be more subtle than the one provided above. This is evident from the studies

56 11

n Fe system at 480 MeV™" and of

atAg +
63

of a-particle emission in the

197 5.

neutron emission in the- Aq + ““Cu system at 365 Mev. In the former
case, most of the a partic]és detected in coincidence with a projectile-like _l
fragment, detected near the grazing angle, were .determined to be prescission. -
In the Tatter case,lmost of the neutrons detected in coincidence with a
projectile-like fragment'detected far behind the grazing angle were determined
to be evaporated from the fully acce]erated\fragments. At the'present time,v.
the explanation of the different conclusions concerning the emission source of
the bulk of the LPs is unclear. However, it should be meﬁtioned»that our data
are not inconsistent with a small admix;ure of emissions ffom the center of
mass system. Such emissions would be more forward focused and would have a
larger average energy in the forward direction than emissions from the target
recoil. Thus, a small admixture of evaporation from the composite system
would perturb the forward angle data and provide an explanation for the
increase in cross section and average energy we see at fqrward angles.
" However, the presence of a nonequilibrium component at forward angles (as
suggested by the work of Refs. 9-11) could also be responsible for the
observed deviations of our data at forward angles from a fragment emission
model. |

Although there are ambiguities concerning the emission sources of light
particles, this study demonstrates that one can isolate a region dominated by
fragment emission. Perhaps the most important result from the present study
is that the general forma]ismvdeséribed in Ref. 23 for the angular
.distribution of sequentially emitted partic]es, when coupled with input

parameters extracted from the experimental data, does an admirable job of

reproducing the out-of-plane a-particle distribution.
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o * . 181- 165
Table I. Parameters of the reaction 73Ta + 67Ho at 1354 MeV
C.M. energy 708, MeV
Coulomb energy : : - ' 450. MeV
,Ec.m./Bcou] 1.6
Lab. grazing angles (e r) projectile 29
| _ 9 target 62°
2max ,513 ﬁ
zrms ' 362 h
Mass asymmetry | ' Co 0.52
Moment of Iy | 0.54
oment of inertia ratio ——— ' .
, ¢L+¢H _

* Thése values were calculated assuming spherical fragments where the distance

between frégment centers is giveh by 1.225 (AL1/3 +-AH1/3) + 2 fm.
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Table II; 181Ta + 165Ho (1354 MeV) coincidence data

Angle Absorber Solid Angle Absorber Solid
¢L/gL material angle ¢L/9L material angle
(deg) (mg/cm™) (msr) (deg) (mg/cn’) (msr)
30./90. Ta 8. 5.8 55./90. Ta 8.2 5.8
45./90. Ta 9. 5.8 55.175 Ta 8.4 5.8
55./90. Ta 8. 5.8 55./60 Ta 8.6 5.8
60./90. Ta 8. 5.8 55./45 Ta 9.1 5.8
70./90. Ta 8. 5.8 55. /30 Ta 8.2 5.8
75./90. Ta 8. 5.8

85./90. Ta 9. 5.8
100./90. Ta 8.¢ 5.8
115./90. Ta 8. 5.8
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22~
FIGURE CAPTIONS

-a) Singles energy spectrum of heavy ions detected at 29° (lab).
b) Energy spectrum of heavy ions detected at 29° in coincidence
with an a particle detected on the opposite side of the beam at

55°. Four Q-value gates are indicated. Region 1 corresponds to the

quasi-elastic region. The DI region is defined by the sum of
regions 2, 3, and 4. |

c) Ratio of coincidence (part b) to singles yields (part a)
;ohrected for the coincidence efficiency. See text for discussion.
Ih-p]ane laboratory o-particle energy spectra. In-plane laboratory
angles are indicated. _ |

Out-of-plane laboratory a-particle energy spectra. Out—of—plane.
1aborafory angles are indicated.

a) Velocity diagram. The letters P and T stand for projectile-like
énd target-]ike, respective]y. The open circles are the rms

velocities extracted from the coincident laboratory a-particle

energy spectra. The solid circles indicate the rms velocities of

the two separate peaks that appearAin the most forward angle data.
The full large rings indicate the loci of expected «-particle
velocitfeszo for the thfee different rest frames. For the
target-like fragment, the locus of velocities for a 10% reduction in
the expected average emission energy is indicated by a partial

ring. The detection tﬁresho]d is shown as a dashed arc.

b)\ Thé velocity diagrams for Q-bins 2-4 (all in the deep-inelastic

~region). The rms a-particle velocities for each bin are indicated.

The smallest energy loss bin is indicated by triangles (bin 2 in

Fig. 1b) and the largest energy loss data by squares (bin 4 in Fig.



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.
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1b). Three partial rings are drawn to guide the eye. They have the
same radius and are centered on the three different recoil
velocities.
The a-particle energy spectra in the rest frame of the target-like
fragment are shown. The dashed lines are drawn to guide the eye.
The in-plane laboratory angles as measured from the beam axis are
provided for reference. The double differential multiplicity is

1‘x MeV"l.

expressed fn units of a particles x sr~
a) In-plane a-barficle angular distribution in the rest frame of
the target-like fragment. The in-plane angle of ¢RF =0
corresponds to the recoil direction with negative angles towards the
beam. The open circ]é is the in-plane point for the out-of-plane
distribution. The horizontai error bars are estimates of thé errdr
in the angle between the target recoil fragment and the o particle
due to the'uncertainty in the primary mass of -the detected heavy ion.
b) Average a-particle energies in the frame of the target recoil.
Qut-of-plane a-particle energy spéctra in the rest frame of the
target-like fragment. The double differential multiplicity is

1 X MeV_l. The key

expressed in units of a particles x sr~
indicates the out-of-plane (QL) and in-plane (¢L) laboratory
angles as measured from the norﬁa] to the reaction plane and from
the beam, respectively. The solid curves are the same for all
spectra and are thé result of an evaporation calculation (see
text). The dashed lines are drawn to guide the eye.-

The out-of-plane a-particle distribution. The emission angle is
measured-from the normal of the reaction plane. The size of the

data points indicates the magnitude of the statistical errors. The

solid line is a calculation, which is described in the text.
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18ITg + 165Ho (1354 MeV)
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8ITg + 16510 (1354 MeV)
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18174 4 165 1o (1354 MeV)
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18l rq + '6‘5Ho- (1354 MeV)
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