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We have measured ¥ rays in coincidence with '*C fragments from the fission of **Ni produced
with the 32S+2Mg reaction at Ej,, =140 MeV. These data provide insight into the fission pro-
cess in this light system by giving information about the energy and spin sharing between the '2C
and *Ti fragments, and the spin alignment of the lighter, '2C fragment. The spin transfer and
the nuclear “temperature” at scission deduced from this measurement can be related to the
compound-nucleus spin and potential energy at scission. The results indicate a statistical decay
process consistent with the predictions of the transition-state model employing newer estimates of
the spin- and mass-asymmetry-dependent saddle-point energies and corresponding shapes. No
evidence is found for the spin alignment of the '*C fragments, contrary to what might be expect-
ed for a deep-inelastic scattering origin of the fully energy damped yields.

The transition-state model for nuclear fission has been
shown to successfully describe the magnitude and mass
dependence of the fully energy damped, binary reaction
products from heavy-ion reactions leading to compound
nuclei as light as *Ni.! The primary difference in its ap-
plication in light systems, as compared to heavier systems,
is the need to incorporate the spin- and mass-asymmetry-
dependent saddle-point energies for the compound system
in order to establish the transition-state phase space.?
The application of the ideas of nuclear fission in such light
systems is not without controversy, however, since the
saddle-point phase space used to describe the fission pro-
cess is very similar to that appropriate for a dinuclear, or-
biting complex, suggesting the possibility of a deep-
inelastic scattering process.>* In this paper we study the
energy sharing between fragments from the asymmetric
breakup of the **Ni system. This system was produced
with the 3?S+2*Mg reaction at E,,(3?S) =140 MeV;
close to the beam energy employed in our earlier particle-
particle coincidence measurement.'> We have measured
y rays in coincidence with '2C fission fragments. From
these data, the relative population of the '°C (4.44 MeV;

==2%) state and the '*C ground state is found to indi-
cate a strong thermalization of the '?C reaction products.
The temperature deduced for the decaying complex is
close to that expected for the compound-nucleus saddle
point. (In light nuclei, the saddle and scission points are
thought to be similar.®) In addition, no evidence is found
for the spin alignment of the '>C fra$ments, again sug-
gesting a statistical mechanism for the '2C production.

Particle-y coincidences were measured using a pulsed
beam of 140 MeV *2S incident on a 150 ug/cm? 2*Mg tar-
get. The y rays were detected with the Argonne-Notre-
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Dame y-ray facility,’” with the forward-angle y-ray detec-
tors (1,5 < 60°) removed to accommodate particle detec-
tors. This left eight Ge detectors and a 42 element BGO
array surrounding the target. The energy calibrations and
relative efficiencies of the Ge detectors were determined
using standard y-ray sources.

The '’C fission fragments were detected using 25
separate Si detectors covering a total solid angle of ~60
msr, located at angles with 8° < 0 < 45°. The masses of
the reaction products were obtained from the measured
energies and flight times. Unit mass resolution was
achieved up to mass 4 =32 for all of the detectors, and to
mass A =48 for the detectors located at 6 < 12°.

Both particle singles and particle-y coincidence data
were collected. The particle-y event trigger required a tri-
ple coincidence among a particle detector, at least one of
the BGO detectors, and at least one Ge detector. (The ex-
perimental bias resulting from the triple coincidence re-
quirement will be discussed below.)

Previous measurements'® have shown that the '*C
fragments produced in the 3’S+2*Mg reaction at
E15(3?8) =140 MeV are fully energy damped and result
from a binary process. Only a small number of the ob-
served '’C fragments arise from a-particle decay of
heavier mass fragments. Although the earlier data do not
preclude the possibility of mass 4 =13 production, which
can form '2C after single nucleon emission, this is deemed
unlikely by the observed systematics of the fission process
in ®Ni which is found to favor those channels with the
greater ground-state binding energies.

The relative amount of energy in the '2C and **Ti frag-
ments can be deduced from the measured reaction Q value
and the relative population of the '>C ground state and
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4.44 MeV, first-excited state. The y rays detected in the
germanium detectors were Doppler corrected and sorted
into efficiency-corrected spectra according to either the
velocity of the '?C particle or the corresponding *“Ti
recoil velocity, as shown in Figs. 1(a) and 1(b), respec-
tively. As expected, the spectrum corrected for the '2C
fragment velocity shows a Doppler broadened peak at
4.44 MeV (2*— 0% transition in '2C). The recoil-
corrected spectrum [Fig. 1(b)] shows a number of lines
which can be identified as transitions in residues from the
4Ti recoil: °Ar, 3 Ar, ¥K, *°Ca, *’Ca, *’Sc, and *’Sc.
No evidence is found for y rays arising from the **Ti nu-
cleus itself.

The total '2C production rate Y can be obtained from
the sum of the measured yields of the ground-state transi-
tions of the various **Ti residues. (The population of
high-spin isomeric states in **Ca and *’Sc was considered
by observing the transitions populating these states.) To-
gether with the observed population of the '’C (4.44
MeV; 2 ) excited state Y+, the relative population of the
12C excited state and §round state can be established,
with the ratio RQ27/gs)=Y,+(1+a)/(Yiq—Y;,+),
where a is the ratio of the population of higher-lying '2C
states to the '*C ground state. This expression, an ap-
proximation valid for small values of a, is obtained by not-
ing that all of the higher-lying states with significant sta-
tistical population decay primarily by particle emission,
and have only weak y-ray branches. The deduced popula-
tion ratio does not depend on the geometry of the particle
detectors.

To correct our results for low y-ray multiplicity events,
where the gating requirement of two detected y rays
might not be satisified, a Monte Carlo simulation of the
BGO multiplicity response was used in conjunction with
statistical evaporation calculations using the code
CASCADE (Ref. 8) to estimate the missing yield from the
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population of low-lying states. For the CASCADE calcula-
tion the **Ti excitation energy was taken directly from the
measured reaction Q value, assuming population of either
the ground or first-excited states of '2C. The average **Ti
spin was deduced from a model of the fission decay pro-
cess. Based on the analysis of Ref. 1, a *Ni spin of
J=36h was assumed which, in the sticking limit for the
asymmetric saddle-point shape appropriate for '2C+ *Ti
fission, results in 114 of spin being transferred to the frag-
ments. A Gaussian distribution was assumed for the total
spin transferred to the fragments with a mean of 114 and
a variance of 2k. The '*C fragments receive either 04 or
2h units.

The results of the CASCADE calculation are compared
to the experimental results in Figs. 2 and 3, respectively.
The observed y-ray transitions for the **Ti residues are in-
dicated in Fig. 2; the level schemes are from Refs. 9-12.
The solid and dashed lines indicate the populations pre-
dicted for the '’C fragment being formed in its ground
state and first-excited state, respectively (fitting the pre-
dicted distributions with Gaussian shapes). It is seen that
the population of the heavier residues (*°Ca, **Ca, *’Sc,
and #*Sc) is expected to occur at a sufficiently high excita-
tion energy that a cascade of several y rays would be ex-
pected, leading to a high probability of gencratin§ a good
event trigger. The three lighter residues (*®Ar, **Ar, and
3K) are found, however, to have appreciable population
of the low-lying levels, necessitating a correction for the
trigger bias. Histograms indicating the fraction of the to-
tal *Ti fragment yields leading to specific final residues
are shown in Fig. 3. The partially cross-hatched histo-
grams with uncertainties indicated are the experimental
results. The observed yield is represented by the cross-
hatched portion of these histograms and the correction to
these yields based on the CASCADE calculation, and the
BGO response simulation is given by the open part. The
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FIG. 1. y-ray spectra measured in coincidence with '*C fragments. The spectra have been corrected for detector efficiencies as
well as for the Doppler shift. The latter correction was performed for both the velocities of (a) the '*C particles and (b) the comple-
mentary *Ti fragments. Transitions which have been identified as belonging to specific final residues from **Ti particle decay are in-
dicated. The spectra are binned 8 keV/channel, except for energies below 2000 keV in the recoil corrected spectrum, which are
binned 1 keV/channel.
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FIG. 2. Level diagrams for the *“*Ti residues. The observed y-ray transitions are indicated. Lines are drawn to indicate the low-
lying states known to be populated through heavy-ion reactions in the various residues, although only those levels participating in ob-
served transitions are labeled by their energies and spins. The Gaussian curves drawn through the level schemes indicate the CASCADE
predicted population patterns for the residues, depending on whether the corresponding '2C particle is formed in its ground state
(solid curves) or first-excited state (dashed curves). The level diagrams are offset by the ground-state binding energies of the respec-

tive fragments.

12C(2%) y-ray yield was similarly corrected for the gating
efficiency, as shown in Fig. 3 where the observed and
corrected '2C(2%) yields are indicated as fractions of the
total *Ti residue yield.

With these corrected yields we find the '>C population
ratio R(2%/g.s.)=0.41%0.15(1+a). The solid-open
histograms in Fig. 3 are the results of the CASCADE calcu-
lations assuming this ratio. The fractional yields resulting
from the '’C being in its ground and first-excited states
are indicated by the solid and open parts of the histo-
grams, respectively. Since the assumed relative popula-
tion of '2C states affects the efficiency correction applied
to the experimental results, an iterative procedure was fol-
lowed to obtain this ratio. The efficiency correction fac-
tor, however, is not strongly dependent on the ratio as-
sumed for the CASCADE calculations.

The dependence of the population ratio R on the aver-
age spin assumed transferred to the fragments (taken
above as 11h) was explored by repeating the calculations
for different values of this spin. Changing this spin value
affects the predicted final residue populations and, conse-

quently, the gating efficiency correction factor used in
determining R. The inset in Fig. 3 shows the y?/degree-
of-freedom goodness-of-fit value obtained in comparing
the calculated residue fractions to the gating-efficiency-
corrected experimental values. The minimum of y? is
found for a total fragment spin near 114, supporting our
earlier choice of this value based on the transition-state
model. The population ratio R is also shown and is found
to depend only weakly on the assumed total fragment
spin.

The measured population ratio can be converted into an
effective nuclear “temperature” using the expression
Riexcited state/g.s.) =[(2sex+1)/(2545. +1)lexp(—A/7),
where sex and sy are the spins of the excited state and
ground state, respectively, A is the energy difference be-
tween the two states, and 7 is the effective nuclear “tem-
perature.” ' In the '>C (4.44 MeV; 2%) case, the statisti-
cal factor in brackets []=35, assuming a nonaligned
configuration, and the energy difference A=4.44 MeV.
This expression is also used to estimate the contribution
from higher-lying states, needed to determine the factor
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FIG. 3. Population of the ')C(2%) state and the *Ti residues
expressed as fractions of the total residue yield. The partially
cross-hatched histograms with uncertainties indicated are the
experimental results, with the cross-hatched portions indicating
the observed yields and the open portions showing the gating
efficiency correction, as discussed in the text. The CASCADE pre-
dictions for the fragment populations are indicated by the solid-
open histograms. Here the solid (open) portion corresponds to
the '*C fragment being formed in its 07 (2%) state. The inset
shows the y2?/degree-of-freedom goodness-of-fit value and the
corresponding population ratio for different assumptions of the
total spin transferred to the '2C and **Ti fragments.

(1+a). We find, then, t=1.8+0.3 MeV with a~0.08
(employing an iterative procedure and using the tabula-
tion of Ref. 14 for the energies and spin values of '>C
states up to 20 MeV excitation energy to determine a for
a given value of 7).

It is interesting to compare the “temperature” deduced
from the relative state population with that used in deter-
mining the level density at the nuclear saddle point. In
Ref. 1 it was shown that the fission mass distribution for
56Ni can be understood, quantitatively, based on the avail-
able phase space above the saddle-point energy. For the
325+ Mg reaction at E,,(’S) =140 MeV, leading to
'2C+ “Ti fragments, a saddle-point energy of Vqdic(J
=36h)=46 MeV was found. From this we can deter-
mine the level-density temperature by 7 p=[(E*
— Vaadie)/al'’%, where E* is the excitation energy of the
Ni compound system and a is the level-density parame-
ter. With E* =74 MeV and a =56/9.3 (the level-density
parameter found appropriate in the earlier analysis of
Ref. 1 for the saddle point), we find 7 p=2.2 MeV, in
reasonable agreement with the temperature deduced from
the relative population of states in '>C considering the un-
certainties in the two analyses. As a consistency check,
the level-density temperature of the “4Ti recoil can be cal-
culated from the excitation energy and spin found in this
residue as deduced above, with 7. p=[(E* — E ,)/al"?,
where Ey is the rotational energy. Taking a weighted
average for the **Ti excitation energy and assuming that
the '“C fragments are populated in the ground or first-
excited states, respectively, one finds E*(**Ti)=28.7
MeV. The rotational energy can be determined using the
results of Sierk'> and has a weighted value of E ., =5.8
MeV. Then using the level-density parameter a = 4 (as
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employed in the CASCADE calculation for light-particle
evaporation), we find 7.p=2.0 MeV, in agreement with
the temperature obtained from the '2C state population.

The alignment of the '2C spin vector with respect to the
normal to the reaction plane was determined by using the
BGO array. The y-ray energy spectra for the BGO detec-
tors were Doppler corrected for the '’C velocity and sort-
ed according to the efficiency weighted angle between the
BGO detector and the normal to the reaction plane
(defined by the '’C recoil direction and the beam direc-
tion). These distributions were normalized by the relative
probability of observing a coincidence in each particle-y
detector pair assuming isotropic emission of the y rays in
the '2C center-of-mass system.

The BGO spectrum in coincidence with '2C particles,
summed over all angles, is shown as an inset in Fig. 4.
The enhanced yield above the smooth, exponential back-
ground can be attributed to the full energy and escape
peaks for the 4.44 MeV y rays. The angular distribution
for the '>C (4.44 MeV) 7y rays with respect to the '*C re-
action plane normal, expressed in the '*C center-of-mass
system, is shown in Fig. 4. The data have been sorted into
four equal-sized angular ranges between 0° and 90° using
the symmetry of the radiation pattern about the reaction
plane to combine the data with 8,> 90° with those for
0,<90°. Since many detector combinations are com-
bined for each data point, these points have been posi-
tioned at the yield and efficiency weighted angles. The
range of angles covered are indicated by the horizontal
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FIG. 4. Angular correlation of the '*)C (4.44 MeV, 2%) y
rays with respect to the normal to the reaction plane. The vector
spherical harmonics indicating the predicted radiation patterns
for specific magnetic substates are indicated. These patterns
have been angle averaged over * 11.25°, comparable to the an-
gle averaging of the experimental results. The inset shows the
Doppler corrected, BGO detector y-ray energy spectrum ob-
tained by summing all particle-ypgo coincidences for the 25 Si
detectors and the 42 BGO detectors. The line through the data
indicates an exponential background fit. The peak above this
background corresponds to the full energy and single-escape
peaks for the '2C(2*— 0%) transition.
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lines. No evidence for alignment of the '*C fragment with
respect to the reaction plane is observed. The experimen-
tal uncertainties largely reflect the uncertainty in the
background subtraction of the BGO spectra. The curves
in Fig. 4 show the polar-angle dependence of the quadru-
pole radiation pattern'® | X,,, | % for different values of the
magnetic quantum number m. These patterns have been
angle averaged over =+ 11.25°, comparable to the angle
averaging of the experimental results. Full spin alignment
normal to the reaction plane would have m = X 2.

Any alignment which may be present is small. Other
measurements of spin alignment for quasielastic and par-
tially energy damped deep-inelastic scattering fragments
in lighter systems have found quite large spin align-
ments.'” ~'° The absence of spin alignment in the present
measurement suggests that a greater degree of statistical
equilibration may be obtained in the asymmetric fission of
6Nj formed in the 3’S+2*Mg reaction than found in
these earlier measurements where the entrance- and exit-
channel mass asymmetries were more similar.

In summary, we have measured particle-y coincidences
for the mass-identified fragments from *Ni decay as pop-
ulated with the 32S+24M§ reaction at E,p('°0) =140
MeV. The data for the '*C+ *Ti fission channel have
been analyzed to determine the distribution of energy and
spin, and the degree of spin alignment of the 12C frag-
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ment. The relative amount of energy found in the '*C and
“Ti fragments suggests that the '°C fragment is emitted
statistically from a thermal source, the temperature of
which is consistent with that predicted for the saddle-
point configuration of the **Ni compound system. The to-
tal spin transferred to the two fragments is found to be in
agreement with the predicted spin transferred based on
the expected saddle-point shape. There is no evidence
that the 'C fragment is emitted in a spin-aligned con-
figuration. The absence of an aligned component in '*C
fragments indicates a high degree of statistical equilibra-
tion in this asymmetric mass channel from the 32S+ Mg
reaction. These results, together with earlier measure-
ments of the mass dependence of the fully energy damped
yields in this system, all indicate a high degree of statisti-
cal equilibration in the compound system, and are con-
trary to what would be expected from a deep-inelastic
scattering mechanism. The techniques developed in this
measurement should be useful in the further scrutiny of
the newer macroscopic energy calculations'? that include
effects resulting from the finite range of the nuclear in-
teraction and the diffuseness of nuclear surfaces.
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