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Binary reaction products from reactions of a -"U beam at energies 5.4, 5.9, 6.7, and 7.5
MeV/nucleon with targets of ' 0, -"Mg, -"Al, "S, "Cl, "Ca, '"Ca, and ""Zn have been measured
with a kinematic coincidence method. The y-ray multiplicities are measured at the same time with
NaI detectors and presented as a function of fragment mass. The results indicate that all aligned
and statistically excited spin modes of the fragments are fully populated in compound nucleus
fission reactions. In quasifission reactions the relaxation processes seem to terminate before full sta-
tistical spin equilibrium is reached. The results are analyzed and discussed in terms of various dinu-
clear spin modes with different characteristic relaxation times. The influence of various terminal
freeze-out shapes is also discussed.

I. INTRODUCTION

Dissipation is a very conspicuous feature of heavy-ion
reactions. The dissipative force opposing the relative
motion has both a radial and a tangential component,
and so it is not surprising to find a strong tendency to-
wards transfer of relative angular momentum into aligned
rotation of the two reaction partners in binary heavy-ion
reactions. ' " Along with this transfer of oriented angu-
lar momentum from relative to internal rotation, the re-
action partners also acquire angular momentum through
diffusion. Subject to the constraint of conservation of to-
tal angular momentum, diffusion tends towards a statisti-
cal equilibrium, i.e., a situation where each rotational de-
gree of freedom of the two reaction partners acquires a
mean rotational energy equal to —,'T, where T is the tem-
perature. Thus, even in central collisions, the reaction
products will emerge with nonzero angular momentum.
The smaller the reaction angular momentum and the
higher the temperature, the more the diffusive, statistical
angular momentum components will dominate the total
angular momenta and hence the y-ray multiplicities of
the final products.

Recently, the one-body window dissipation model was
applied to study the angular momentum dynamics in
deep-inelastic reactions. The angular momentum distri-
bution was found to approach the statistical equilibrium
distribution, but with widely different time scales for the
different statistical models. Since window friction im-
plies a strong inhibition of the relaxation of the mass
asymmetry mode, this detailed description cannot be ap-

plied to the quasifission reactions, whose very charac-
teristic is the substantial mass drift during a short reac-
tion time. The mass relaxation rate in quasifission reac-
tions can actually be explained by the wall friction mech-
anism, ' '" but so far the angular momentum dynamics
has not been described theoretically for the more com-
pact shapes, which are relevant for quasifission.

There are, on the other hand, measurements of the re-
laxation of one of the statistical spin modes in quasifission
reactions, namely the tilting mode, or K mode; see Fig. 1.
This mode can be studied separately by measuring angu-
lar distributions, because it is the only mode that affects
the orientation of the dinuclear system with respect to
the total spin. Thus, in a detailed study of the reaction
between Pb and Ar, Ti, or ' Fe, Lutzenkirchen
et al. ' find that the tilting mode is quite far from reach-
ing an equilibrium value appropriate to the saddle shape
within the available reaction time of 5 —10X 10 ' s. It
does not even reach the (smaller) value expected at scis-
sion.

In the more slowly evolving compound fission reac-
tions there is ample experimental evidence that the K
mode can reach equilibrium appropriate to the sad-
dle. " ' Since the K mode is expected to have the long-
est relaxation time according to theory, ' one expects in
effect all modes to be fully equilibrated in compound
fission reactions. This is also what is found by Schmitt
et al. in their study based on y-ray multiplicity measure-
ments in compound nucleus fission reactions. ' The ob-
served y-ray multiplicity and hence spin distributions are
quite flat when plotted as a function of the fragment mass
asymmetry. ' ' This is understood as the result of a
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weak, u-shaped contribution from the aligned spins with
a minimum at symmetry, superimposed with a slightly
n-shaped contribution from the statistical spin modes.

Similarly, flat y-multiplicity distributions are found for
compound fission reactions in a previous study of Pb-
induced reactions with the target Mg. In contrast to
the flat distributions, pronounced n-shaped distributions
were found in the same experiment in reactions with
heavier targets, where quasifission dominates. The closer
the fragment masses are to the initial masses, the smaller
the multiplicity. There is both qualitative and quantita-
tive evidence that mass drift and reaction time are closely
correlated in quasifission reactions. ' ' ' The n-shaped
multiplicity distributions are therefore suggestive of an
incomplete, time-dependent relaxation of important spin
modes.

Relaxation of aligned and statistical spin modes is the
subject of this paper. It is based on previously published
results, and on new y-multiplicity measurements with a
uranium beam of energies varying from 5.4 to 7.5
MeV/nucleon. The targets range from ' 0 to ""Zn, and
thus both compound fission, but in particular quasifission
reactions, are studied. The observed energy, mass, and
angular distributions from these reactions have already
been published. ' A particularly striking result (obtained
from the angle versus mass distribution) is the finding
that the mass drift towards symmetry can be described as
an exponential relaxation process. It was found that a
"universal" relaxation time of 5X10 ' s, independent of
beam energy (i.e., temperature) as well as target mass
gives a good description of the data. ' During the total
reaction time, defined as the time elapsed from the mo-
ment the in-going nuclei leave their Coulomb trajectories
to the final fragment join theirs, there appears in addition

SPIN BEARING DINUCLEAR MODES

to be a period of a duration of about 10 ' s, where no
mass drift occurs. Presently, we exploit these results by
simply viewing the observed final fragment masses as in-
dicators of the reaction time.

In this work we have studied the multiplicity of the y-
ray cascades emitted in the dexcitation of the final frag-
ments in order to obtain a measure of the average spins
carried by the fragments. The multiplicity is recorded as
a function of their mass and excitation energy. Relevant
parameters for the systems studied are listed in Table I.
One main result emerging from this work is the observed
dominance of spin modes acquired through diffusion,
over the aligned spin components, generated by tangen-
tial friction. From the analysis of the data it becomes
clear, however, that the observed y multiplicities cannot
be explained by a simple statistical model in which
thermal equilibrium is assumed at a well-specified stage
of the evolution of the dinuclear system. Rather, it ap-
pears that the dinuclear spin modes are gradually being
excited with characteristic times that are often longer
than the reaction time, and substantially longer than ex-
pected on the basis of the window dissipation model, val-
id for deep-inelastic reactions. Since the trajectories lead-
ing to the quasifission reactions are thought to proceed
through rather compact mononuclear shapes, it is puz-
zling that the relaxation towards equilibrium of the vari-
ous spin modes proceeds on such a slow time scale. This
is contrary to what one observes, when comparing mass
asymmetry relaxation in deep-inelastic and quasifission
reactions.

The paper is organized as follows. Section II describes
the experiments with the uranium beam. Section III
presents the new results on y multiplicities, together with
a recapitulation of previous results obtained with a lead
beam. Section IV outlines the statistical equilibrium
model, and compares its predictions to the measured re-
sults. Especially the question of the compactness of the
reaction complex as well as that of the angular momen-
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TABLE I. Properties of the systems produced in the reac-
tions with "U beams. The third through fifth columns give the
following quantities: third —the fission barrier for 1=0 ob-
tained from the finite range liquid-drop model of Sierk (Ref. 22);
fourth —the angular momentum for which the fission barrier
vanishes (Ref. 22); and fifth —the total kinetic energy for sym-
metric fission obtained from the relation EK=1.24Z~N/ACN
(MeV), which corresponds to distance between fragment centers
of d=1.83 fm.
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FIG. 1. Schematic illustration of the six statistical spin
modes of a dinuclear system based on Ref. 6.
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254F

264@
104
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Bf(1=0)

(Mev)

1.80
0.86
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0.31
0.23
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0.13
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52
42
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Ecalc
K

(MeV)

196
209
212
223
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turn fractionation are thoroughly discussed. Finally, a
summary and conclusion of the findings is presented in
Sec. V.

II. EXPERIMENTAL ARRANGEMENT

In this experiment we have measured the y-ray rnulti-
plicity associated with fission and quasifission fragments
of U-induced reactions. The two fissionlike products
were measured in four large-area (20 X 30 cm ) x-y
position-sensitive avalanche detectors, placed in the fo-
ward hemisphere and operated in kinematic coincidence.
A schematic view of the experimental arrangement is
shown in Fig. 2. By measuring the position and time of
the product, as it penetrates the detector, the velocity
vector of the particle can be determined by taking advan-
tage of the pulsed nature of the U beam obtained from
the GSI Unilac accelerator. The binary nature of the re-
action was verified event by event and the primary
(preneutron emission) kinematics calculated, leading to a
determination of masses, center-of-mass scattering angle,
and total kinetic energy. This procedure is described in
more detail in Ref. 9.

The beam energies used in this experiment were
E] b

=5.4, 5.9, 6.7, and 7.5 MeV/nucleon and the beam
intensities were typically -0.1 particle nA. Targets of

Mg Al Li Cl Ca' O Ca& O, and natZn3 S of
thickness in the range 100—300 pg/cm were used. The
Mg, LiC1, and ZnS targets were deposited on carbon
backings of about 20 pg/cm thickness. In the case of
the Ca target, we took advantage of the rapid oxidation
of the originally pure metallic Ca foils.

Reactions on the individual target constituents were
separated event by event on the basis of the kinematic re-
quirements for two-body final states, i.e., the fragments
must be emitted colinearly within a narrow cone, in a

FIG. 2. Schematic illustration of the experimental arrange-
ment used in this work.

center-of-mass frame of reference appropriate to each
particular target constituent.

Coincident y rays were measured in three 7.5X7.5
cm diam. NaI were detectors placed at backward angles
at a distance of 15 cm from the target. These detectors
were centered at angles of 0,$=(90',0'), (90', 45'), and
(175', 22. 5'), respectively. Thin sheets of Cu and Pb ab-
sorber material were placed in front of the NaI detectors
in order to suppress the abundant low-energy x rays
emanating from the target. This also has the effect of
producing an approximately constant efficiency curve at
the low y-ray energies.

The total efficiency of the NaI detectors was measured
by placing y-ray sources of ' Cs and Co of known
strength at the target position. By counting for a known
length of time, the efficiency of the detectors can be
determined from the source strength and the total num-
ber of counts in the y-ray spectrum. It was found that
the efficiency was constant to within +5% over the
-200—1500 keV range of y-ray energies. The efficiencies
determined in this fashion were checked by placing a

Cf source at the target position and detecting, in coin-
cidence, the fission fragments and the associated y rays in
the avalanche detectors and the NaI detectors, respec-
tively. The resulting y-ray multiplicities were found to
coincide, within 10%%uo, with the results of Gerschel
et al. '

Examples of the observed y-ray spectra are shown in
Fig. 3. We observe that the bulk of the y intensity lies
within the 200—1500 keV constant region of the NaI
efficiency curve. The fact that the efficiency starts to fall
off for energies above 1500 keV is therefore inconsequen-
tial for the y-ray multiplicity measurements.

Since the inverse kinematics employed in the present
experiment gives rise to substantial velocities (3—4
cm/ns) of the fragments in the laboratory frame of refer-
ence, corrections for the difference in solid angle of the
NaI detectors are required. Average Jacobian correction
factors, which fall in the range (fJ„,b„=1.2 —1.35), have
been applied to the measured y multiplicity.

The large forward velocity of the quasifission frag-
ments does, however, effectively suppress another possi-
ble source of background in the data, namely the
numerous neutrons emitted from the hot fragments after
scission. In order to be counted as a prompt coincidence
a neutron must generate a signal in a NaI detector within
+5 ns of the point in time when the beam pulse strikes
the target. This requires a velocity of 3—4 cm/ns to com-
pensate for the forward directed velocity of the fragments
plus a velocity of 3 cm/ns in order to travel the 15 cm
distance from the target to the NaI detector within the 5
ns time window allowed for "prompt" coincidence
events. The neutron must therefore be emitted with a ve-
locity of 6—7 cm/ns in the center-of-mass frame of refer-
ence of the emitting fragment in order to be mistaken for
a prompt y ray. Since this neutron velocity corresponds
to an energy of more than 20 MeV, we estimate that the
background associated with neutrons is extremely small.
This estimate is based on the low probability of emission
of neutrons with energies above this threshold from frag-
ments with temperatures of less than about 3 MeV, as is
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the case in this experiment. An example of the time spec-
trum of the NaI-detector events measured with respect to
the beam pulse is shown in Fig. 4.

On the basis of the discussion of the various experi-
mental uncertainties and corrections presented above we
estimate that the overall systematic accuracy of the mea-
sured y-ray multiplicity may be as large as 10—15 per-
cent. The error bars shown on subsequent figures of the
data represent only the statistical counting uncertainty,
which is the relevant quantity, when assessing the sys-
tematic trends seen in the data.

III. EXPERIMENTAL RESULTS

A. Overall results of y-multiplicity measurements

The y multiplicities obtained from the present experi-
ment are listed in Table II, and shown as solid points as a
function of fragment mass for the different beam energies
and targets in Figs. 5 and 6. The fragment mass is the
one recorded in the avalanche detectors positioned on the
right-hand side of the beam, the complementary fragment
being detected in the counters on the left-hand side of the
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FIG. 3. Gamma-ray spectra measured in coincidence with quasifission fragments are shown for 7.5 MeV/nucleon ' U beam on
the targets indicated in the figure. The low-energy cutoff at about 150 keV is caused by a fast discriminator.
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FIG. 4. Time spectrum of events in the NaI detectors mea-
sured with respect to the time structure of the beam.

beam. Any asymmetry in the data between complemen-
tary mass fragments must therefore be ascribed to geome-
trical asymmetries of the setup or to minor experimental
inaccuracies in the determination of the relevant physical
parameters (angles, velocities, and masses of the frag-
ments}. Such asymmetries in the data are seen to be
weak, less than 5% in almost all cases. It shows that
there are no systematic errors present that may obscure
the global trends in the y-ray multiplicity measured as a
function of mass division for the various scattering sys-
tems.

Some trends in the experimental data are immediately
obvious and worth noticing. Whereas the y-ray multipli-
city is virtually independent of the fragment mass for
some of the lighter targets e.g., ' 0 and Mg, we observe
an increasing tendency to maxima in the y multiplicity

TABLE II. Experimental results from this experiment. The second through seventh columns give

the following quantities: second —the beam energy, (E / A ) l,b (MeV/nucleon); third —the excitation of
the compound system E* (MeV); fourth —the nuclear temperature of the compound system given as

TcN =QE X8.5/AcN (MeV); fifth —the critical angular momentum for capture reactions (complete

fusion and quasifission) l„,p,„„(A);sixth —the parameter TCN A cN', and seventh —the measured y mul-

tiplicity M~" for symmetric mass division.

Reaction

238U+ leo

(E/A)„b
(MeV)

5.4
5.9
6.7
7.5

ECN
(MeV)

42.7
50.2
62.2
74. 1

TCN

(A)

1.19
1.30
1.44
1.58

Icapture

10
27
41
48

TcN AcN
1l2 Sie

110.1
115.1
121.1
126.9

14.7+0.4
15.5+0.4
16.4+0.7

17.1+0.7

238U + 26Mg 5.4
5.9
7.5

52.5
64.2

101.7

1.30
1.44
1.81

30
51
93

118.8
125.1

140.2

17.2+0.4
18.1+0.4
19.6+0.4

U+ 'Al 5.4
5.9
6.7
7.5

51.3
63.4
82.8

102.4

1.28
1.43
1.63
1.81

27
42
73
86

118.3
125.0
133.5
140.6

18.3+0.4
19.0+0.4
20.3+0.4
21.7+0.4

238U+ 32S 5.4
6.7
7.5

47.8
84.4

107.0

1.23
1.63
1.84

13
70
89

117.8
135.6
144.1

14.1+1.7
20.0+0.6
23.7+0.6

5.4
5.9
6.7
7.5

48,7

63.9
88.3

112.8

1.23
1.41
1.66
1.87

24
49
82
95

118.9
127.3
138.1
146.6

17.3+0.8

19.8+0.4
19.6+0.5

23.3+0.4

238U +40Ca 5.4
5.9
6.7
7.5

44.7
61.8
89.2

116.6

1.17
1.37
1.65
1.89

8

32
73
95

117.7
127.4
139.8
149.6

13.8+1.9
15.3+0.4
23.8+0.4
26.7+0.4

238U+ 48C 5.4
5.9
6.7
7.5

52.7
72.7

104.6
136.6

1.25
1.47
1.76
2.01

73
98

119
143

124.6
135.1
147.8
158.0

19.7+0.4
23.3+0.4
25.1+0.4
27.3+0.4

238U+ rtatZn 5.4
6.7
7.5

96.0
180.5
232.5

1.64
2.25
2.55

18
88

109

150.1
175.9
187.2

9.1+1.2
25.2+0.4
31.7+0.7
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FIG. 5. Average y-ray multiplicities shown as a function of the mass of one of the final products for the reactions "'U+ "0, ' Mg,
"Al, and "S at beam energies of 5.4, 5.9, 6.7, and 7.5 MeV/nucleon, solid circles. The measured mass yields, integrated over all an-

gles, are shown as thin-line histograms.

for symmetric mass splits and lower values for more
asymmetric mass splits in reactions on heavier targets.
The reason for this trend will be studied in greater detail
in the following section.

In addition, we see the expected trend that the y-ray
multiplicity increases with bombarding energy. Both the
total angular momentum and the excitation energy of the
system increase with the bombarding energy. The in-
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creasing angular momentum implies an increase in the
amount of aligned spin transferred to the nuclei due to
tangential friction. At the same time the increasing exci-
tation energy implies an increase in the spin Auctuations
generated by diffusion. In early studies of y-ray multipli-
cities in deeply inelastic scattering reactions, ' the
transfer of angular momentum from the relative target-
projectile motion to individual fragment spins was em-
phasized. This is to some extent justified by the large I
values associated with these reactions. The importance
of the thermal excitations of fragment spin modes, as
originally evidenced by the bending mode observed in
spontaneous fission of Cf, has however been recog-
nized; and it has been studied in both dynamical ' and
statistical descriptions. In Sec. IV we will look closer at
the relative importance of aligned and thermally generat-
ed spin, respectively, in producing the observed y-ray
multiplicities.

B. Systematics for symmetric mass split

In an attempt to assess already here the relative impor-
tance of the aligned and statistical parts of the spin exci-
tations in the reaction products, we display the measured
y-ray multiplicities for symmetric mass splits as a func-
tion of three different parameters. First, versus the criti-
cal, i.e., upper, angular momentum for capture leading to
quasiftssion reactions, we present Fig. 7(a). The solid
points represent the data from this experiment, whereas
the data from Ref. 20 are shown as open circles for com-
parison. The relatively large spread in the data indicates
that the mechanism of spin transfer from the orbital
motion is not the dominant mechanism for fragment spin
excitations. In Fig. 7(b) the same data are shown as a

function of the excitation energy of the fused system. In
this case we see a somewhat stronger correlation. The
uranium and lead data do, however, show a distinctly
higher degree of correlation if plotted [Fig. 7(c)] as a
function of the parameter TCN A CN. We can understand
this strong correlation by assuming that a thermal equi-
librium is established for the symmetric mass splits. We
then expect that the excitation energy associated with
each statistical spin mode is —,T, where T is the nuclear
temperature. Therefore

=—'T
2

where S, and J, are the spin and moment of inertia asso-
ciated with the specific mode in question, respectively.
Since the moment of inertia of any fixed shape scales with

, we find

(2)

or

(S;)"Ac'NTcN

The observed correlation with this parameter therefore
appears at first glance to prove that thermal excitation is
the dominant source of fragment spins.

A closer look reveals a more complicated situation: It
is normally assumed that the y-ray multiplicity scales
with the total fragment spin according to Mr =Sj2+6.
This relation reAects the assumption that three statistical
y rays, carrying no spin on the average, are emitted from
each fragment, and that the fragment spin is removed by
the emission of stretched quadrupole transitions. For
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FIG. 7. The experimentally measured y-ray multiplicities at mass symmetry of this work (solid circles) and the work by Bock
et a/. (Ref. 2p) (open circ]es) are shown as a function of (i) the critical angular momentum for capture, L„~~~ [Panel (a)], (ii) the exci-
tation energy of the compound system, EcN [panel (b)], and (iii) the parameter TcN A cN [Panel (c)]
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thermal equilibrium at a given dinuclear freeze-out shape,
this description predicts that the y-ray multiplicities
should lie on a straight line in Fig. 7(c) intersecting the
ordinate at the multiplicity value +6. As seen from Fig.
7(c), the line suggested by the data does not agree with
this expectation. It rather appears to have its intersec-
tion at a negative value of the multiplicity.

This rather dramatic contradiction compels us to
reconsider the significance of the orbital angular momen-
tum transfer to the fragments, and to look at different
freeze-out shapes in more detail. In the following section
we will therefore explore these aspects within a statistical
equilibrium model making various assumptions about the
angular momentum fractionation, and about the
geometry of the dinuclear complex at the point at which
the equilibrium spin excitation for symmetric mass splits
is assumed to freeze out.

IV. THEORETICAL ANALYSIS OF THE RESULTS

A. The statistical spin distribution

Our basis for comparison with the data is the statistical
equilibrium distribution of spins. This was first
developed by Nix and Swiatecki to describe the distri-
bution of angular momentum is fission reactions, and
then later extended and applied to damped nuclear reac-
tions by Moretto, Schmitt, and Pacheco. ' In its sim-
plest form, the geometry of the interacting nuclei is taken
as two touching spheres, as illustrated in Fig. 8.

The coordinate system adopted here for studying the
spin distribution is defined by the axis connecting the

(4)

where S„andS~ denote the spins of the two fragments,

2A and ZB are the associated moments of inertia, and

SR =pR denotes the orbital moment of inertia. The sta-
tistical modes describe excitation of the total and relative
spins, respectively (defined in analogy to the total and rel-
ative momentum of the translational motion of two parti-
cles)

SAS+:—S„+SB,S:—J
A

S~

~B

with moments of inertia

2+ —= JA+ZB,
~A ~B

A+ B

respectively. Using these spin variables, we may write

centers of mass of the two parts of the reacting system
(chosen as the z axis), and the projection of the total an-

gular momentum onto the plane perpendicular to the z
axis (chosen as the y axis). Note that this coordinate sys-
tem (labeled x'y'z' in Ref. 7) is the one originally pro-
posed by Moretto. This is convenient for small total an-

gular momenta, or when one is only interested in spin
magnitudes, and not in the directional distribution of the
spins. for dynamical studies, and for studying the direc-
tional distributions, a coordinate system aligned with the
orbital rotation (labeled xyz in Ref. 7) is preferable.

The angular-momentum-dependent part of the macro-
scopic Hamiltonian may be written as

(7)

Sz In order to bring the rotational Hamiltonian [Eq. (7)]
to normal form we follow Ref. 7 and introduce the auxil-
liary spin variable (in which the aligned y component of
the fragment spins are removed)

2+
s=S+ — J y, (8)

T
where JT= J++JR is the total rigid moment of inertia
of the system perpendicular to the center axis, J„is the y
component of the total spin J (which has no x com-
ponent), and y is a unit vector along the y axis (see Fig.
8).

Noting that J, =s, and J, =Owefind

s+ . (0—s)+ s+ J1 2 1 2 1 +

+ 2 R 22+ 97

2

1 &+
J'

2

2 + 2

FIG. 8. Schematic illustration of the Jy-aligned coordinate
system used in this work.

22T 2J'+ 2R

2 1+ s, + S
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where the first term corresponds to the yrast energy, the
second term is the energy in the two orthogonal wrig-

gling modes, the third term is the energy in the axial tilt-
ing mode, and the last term is the energy of the three neg-
ative modes.

Assuming that these modes are thermally excited, their
population is governed by the Boltzmann factor
exp( A'„—

, /T), and each will have an excitation energy
corresponding to half the nuclear temperature —,

' T. %'e

therefore find ' for the wriggling modes,

for the tilting mode,

R

for the negative modes,

(o' )„=(o')y=(0' ), =& (10)

where 1" is the nuclear temperature. The mean spins,
directed along the y axis, are given by

whereas

J+ J-
ST .

(s2)
2J

((s, )„)=((s,), )=((s ), &=((s ), )

where J is the total angular momentum, and it is assumed
that J2))0 +. Here the first term of ((S+ ) ) describes a
rigid rotation of the reaction complex, whereas the
second term is a small correction connected with the
choice of coordinate system.

The tilting variance is limited by the upper bound
J /3, and for small J it will attain this value. We ac-
count for this in our calculations in a rather crude way,
by keeping expressions (10) and (11), and then simply im-

posing the upper bound:

(cr+ ), =min, 2+ T,
R

(12)

'~R T
~A+~A ~8 (13)

The spin distributions in the two nuclei are derived from
the mean spins (11}and variances (10}and (12) using the
transformation (5}. Neglecting terms of (o+) /J and
higher order we obtain the following expressions for the
spin variances and the average spin of fragment A:

'2

(~'„)„= " (s', &„+(s'&„
T

2

(v+ ), +(o )„

T
,'J'4 +J'„J~T' +

(+ A }z gc- ~A JA ~B
R

T
~7+

B. Statistical-model results
for a heavy target nucleus

The statistical distribution can readily be found for
shapes other than touching spheres. A rather extreme
choice of geometry corresponds to the scission shape, as
inferred from the Viola systematics for the kinetic energy
of the final fragments ' under the assumption of negligi-
ble prescission kinetic energy. This choice would be
justified if aH spin modes relax as fast as the radial
momentum. (According to window friction, the two
wriggling modes relax about a factor of 4 faster than the
average value of the radial momentum, and the remain-
ing four modes relax much slower. } The Viola systemat-
ics implies a substantial elongation of the scission
shape. The simplest realization of the Viola scission
configuration consists of two spherical nuclei connected
by a long neck of infinitesimal radius, the center distance
between the nuclei being 1.83(A', +Hi ) fm, A, and

Az denoting the fragment mass numbers. The various
spin modes (except maybe for the wriggling modes) are
probably frozen in at a more compact shape, which for il-
lustration we may take as two spheres at about touching
distance, with a considerable neck connecting them.

The details of how to estimate the temperatures for the
Viola shapes and the touching spheres, taking into ac-
count the various interaction energies, are collected in
the Appendix. This appendix also describes how the sub-
sequent neutron evaporation is taken into account. Neu-
tron evaporation removes part of the spin of the nuclei
prior to the y cascading and should not be neglected. To
investigate how assumptions about the geometry and the
associated temperature influence the statistical spin dis-
tribution, we have performed calculations with both the

&(s„)„)=o;((s„),)=o.
Analogous expressions apply to the average spin and spin
variances for fragment B.

The sum of the fragment spins may be evaluated by
numeric integration of the spin distribution function as
defined by these moments.

Figure 1 illustrates the types of rotational motion de-
scribed by the total and relative spins. For the positive
modes, wriggling and tilting, the nuclei rotate in the same
sense, and to conserve angular momentum, this motion is
accompanied by some orbital rotation. This explains the
factors containings 2z and JT in the resulting variances
of the spin of these modes. The negative modes, bending
and twisting, describe opposite rotation of the two nuclei
relative to each other, and do not involve any orbital ro-
tation.
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simplified Viola geometry and with touching spheres.
Another consideration is the correlation between the

total angular momentum J and the mass partition. One
extreme is to assign to all mass partitions one common
average value of J, representing the mean angular
momentum derived from the cross section for the
quasifission-plus-fission reaction. Alternatively, one may
assume that the largest mass drifts are achieved for the
more central collisions, although it would be unrealistic
to insist on symmetric mass divisions having a total angu-
lar momentum that is exactly zero. As a presumably
realistic compromise, the quasifission cross section was
divided in Ref. 9 into three equal bins, each bin being
characterized by an average mass division and an average
angular momentum (J ). Each bin is also characterized
by an average turning angle. This binning of the cross
section is used to determine the relaxation time for the
mass drift. We here interpolate between these bin aver-
ages, obtaining smooth curves of ( J ) versus mass for
each reaction. We use this running average for one set of
statistical-model calculations, while the other set assumes
a constant average. For symmetric mass splits the as-
signed values of the total angular momentum differ by
about a factor of 2 in the alternative models. The reac-
tion of 7.5 MeV/nucleon U+ Ca displays a nice
direct mass versus angle differential cross section, ' and
we pick this reaction as an illustrative example.

The four panels of Fig. 9 display the calculated magni-
tude of the average spin in the two nuclei, as a function of
mass partition, for two shapes and two assumptions
about angular momentum fractionation. The aligned
spin ((S„)») and the spin dispersions in each nucleus
combine in a nontrivial way to form the average spin
magnitude (S„).Comparing the two lowest curves
within each panel, it is seen that the spin distribution is
dominated by the dispersions at the elongated Viola
shape. For touching spheres, dispersions and aligned
spins contribute about equally. The larger spin variances
found for the Viola shape result from the increase in tem-
perature during the descent from the more compact
shapes towards scission. The smaller aligned spin at the
elongated Viola shape results from the larger total mo-
ment of inertia, and thereby the slower angular frequen-
cy. (The relative importance of aligned spins and disper-
sions is also illustrated in Fig. 11, but only for touching
spheres. )

The thick curves in Fig. 9 display the quantity which is
measured in the experiment, namely the sum of average
spin magnitudes residing in the reaction products after
neutron evaporation. These curves are quite Oat, or mild-

ly u shaped. This undramatic appearance as a function of
mass partition actually results from the addition of two
dramatically changing individual spins.

Except at very large mass asymmetry, the four
difFerent calculations shown in Fig. 9 mutually agree to
better than 20 percent. Therefore, the figure shows that
the overall magnitude of the spin predicted by the statist-
ical equilibrium distribution is quite well defined, being
relatively insensitive to details of the assumed shape or
angular momentum fractionation.

Figure 10 compares these four different calculations to

y-ray multiplicity data for the Ca target, both for 7.5
MeV/nucleon and for the smaller bombarding energy 5.9
MeV/nucleon. The standard relation M =S/2+6 has
been applied to calculate the gamma multiplicity from
the angular momentum after neutron emission. This
figure shows that the overall magnitude of the experimen-
tal spins is reproduced by the statistical equilibrium cal-
culation for these two reactions, within typically 20 per-
cent. This is the first major result. On the other hand,
one sees from the figure that the experiments display a
significantly stronger increase in the y multiplicity with
bombarding energy than predicted by the calculation.
Furthermore, there is a problem of u shaped predictions
and n-shaped measurements. We shall return to these
problems in Secs. IV F and IV G.
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FIG. 9. Statistical-model calculation of the equilibrium spins
carried by the reaction products for the reaction of 7.5
MeV/nucleon "'U+ 'Ca. The two top panels are calculated
with the geometry of touching spheres, and the two bottom
panels refer to the schematic Viola shape. The left-hand panels
assume angular momentum fractionation as described in the
text, whereas a single average value is used for all masses in the
right-hand side. The input angular momentum J is denoted by a
dashed line. (For convenience of scale, one half of this quantity
is shown. ) Thin lines denote the average aligned spin (S~") of
one nucleus, the spin magnitude (S, ), and the sum of spin
magnitudes (S, )+(Ss). Finally, the thick curve gives the
quantity that is of experimental interest here, the sum of spin
magnitudes in the two nuclei after neutron evaporation.



41 RELAXATION OF ANGULAR MOMENTUM IN FISSION AND. . . 1505

o
~
CL

30

0

30

Viola sh
I

I
I

apes
I

I
I

touching spheres
t

I
I $ I

I
I I

I
c

j
I

j

I

target nuclei. Thin curves display hypothetical y multi-
plicities arising from the aligned spins alone, and, corre-
spondingly, thick curves result from considering only
dispersions. For the mean spin calculations, the last term
of Eq. (11) has been ignored. The figure illustrates the
dominance of fluctuations over mean spins, and shows
that the fluctuations alone are in fact reasonably success-
ful in explaining the overall magnitude of the observed
y-ray multiplicity in a broad mass range near symmetry.
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FIG. 10. Average y-ray multiplicity I,, for the '"U+ 'Ca
reaction, related to the sum of spin magnitudes in the two nuclei
after evaporation by the schematic equation
((S„+Sz)),«„„„,„,„„„,=2X(M, , —6). Data for 7.5
MeV/nucleon are denoted by dots and for 5.9 MeV/nucleon by
squares. The calculated thick curve for 7.5 MeV/nucleon in the
four panels is the same as shown in Fig. 9, and the lower curve
in each panel presents the calculation for 5.9 MeV/nucleon.

C. Statistical-model results
for a light target nucleus

Figure 11 shows a comparison for the two reactions 7.5
and 5.9 MeVlnucleon U+O. Again the different calcula-
tions agree to within better than 20 percent. The
schematic Viola shape yields the largest spins due to the
higher temperature, which is the dominating factor when
the aligned spin is small.

Figures 13 and 14 show the result of the statistical-
model calculation for all reactions. We have chosen what
we consider the most realistic set of calculations, namely
those where the geometry of touching spheres and angu-
lar momentum fractionation has been assumed. (Except
for U+0, where a constant average spin is used. ) The
figure demonstrates the overall success of the statistical
equilibrium model in explaining the spin magnitude near
mass symmetry.

As already mentioned, two failures of the statistical
equilibrium model in accounting for the data are ap-
parent: (i) The calculated curves are liat, or mildly u

shaped, whereas the data follow n-shaped curves. (ii) The
calculation underpredicts the y multiplicity at mass sym-
metry for the heaviest targets at the highest bombarding
energies. In the following we will explore some possible
origins of these two discrepancies.

F. Relaxation of spin versus mass

The occurrence of the n-shaped curves in the data (in
contrast to the calculated u shaped or fiat curves) may be
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Figure 12 illustrates the relative importance of aligned
spins and spin fluctuations as calculated for two different
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FIG. 11. Same as Fig. 10, for reactions with ' 0 as a target
nucleus. Since angular momentum fractionation is highly un-
likely for these reactions, only calculations with constant aver-
age angular momentum vector as function of mass asymmetry
are shown.

FIG. 12. Average y-ray multiplicity calculated on the basis
of either mean spins or variances alone, shown in comparison to
data for 7.5 MeV and 5.9 MeV/arbitrary unit 2"U+' 0 and
' U+ Ca. Thick curves show the result calculated with vari-

ances alone, thin lines with mean spins alone, full drawn for an-

gular momentum fractionation, and dashed lines with constant
angular momentum. The shape consisting of touching spheres
has been assumed.
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an indication that some of the spin modes are not fully
relaxed, that is, they never achieve full thermal excita-
tion. As discussed in the Introduction, this is already
known to happen for the tilting mode. '

The n-shaped curves can be understood through the
following schematic consideration. Suppose that one has
in a system two macroscopic variables, 5 (spin) and M
(mass), which both relax in a diffusion process, S from its
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initial value 0 towards the value S, , and M from its ini-

tial value Mo towards the value M
q

with relaxation
times ~z and ~M, respectively:

S =S 1 —exp
+S

(17)

M =M, +(Mo —M, )exp

The time, determined from the second equation, can be
inserted into the first equation
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FIG. 14. Schematic relaxation curves for two quantities M
{mass) and S {spin) that relax in the same reaction with two
different relaxation times ~M and v.&. The curves are labeled
with the ratio ~M /~, .

which gives S as a power law function of M.
Figure 14 shows examples of such curves of two vari-

ables. The n-shaped curves obtained experimentally are
seen to indicate that the spin distribution relaxes faster
than the mass distribution, the ratio between relaxation
times being of the order of ~~ —

—,'~M.
Equation (18) can be used independently for each of

the spin variances (10) and for the aligned spins (11) as
well. They can subsequently be combined to form the to-
tal spin distribution. This gives many parameters, and it

FIG. 15. Calculated average y-ray multiplicities for the reac-
tions of 7.5 MeV and 5.9 MeV/nucleon "'U+ "Ca, taking into
account relaxation of the spin modes in the schematic way ex-

plained in the text. Thick curves show the statistical equilibri-
um distribution, and the lower curves, from above and down

display the results obtained with the relaxation times obtained
for window dissipation, four times these, and finally ten times
these for the lowest curve.

makes no sense to vary them all freely. Instead we apply
a set of typical relaxation times for window friction in a
comparison with the data. Figure 15 shows the results of
this calculation, for both the compact and the Viola
shape. Compared to a value of ~M =5 X 10 ' s, '" the typ-
ical spin relaxation times are as follows (Ref. 7): wrig-
gling rzlrM =0.05, negative mode (bending and twisting)

r, /rM-—0.2, tilting rzlrM —-2, and, correspondingly, for
the mean values, sliding ~z/~z -0.1, rolling

~z/~M =0.4. Since the spin magnitude is approximately
given by the square root of the sum of the variances of
the modes, the curve of the spin magnitude distribution
tends to be dominated by the fastest relaxation time,
which is very short. It is then not surprising that to
reproduce the experimental n-shaped curves one needs
longer relaxation times. Curves for four and ten times
larger spin relaxation times are also shown in Fig. 15. In
these calculations, the tilting relaxation time is kept,
while all the others are scaled. This is because the tilting
relaxation time ~z /~M = 2 is in reasonable accordance
with angular distributions measured close to the beam
axis. '

It is seen that the best calculated curves, as compared
to experiment, are obtained with spin relaxation times
about ten times larger than those calculated for window
dissipation. With this choice of the scaling factor, the
wriggling relaxation time becomes ~z = —,

' ~M, and the
remaining spin relaxation times are about ~& ——2~M. In
this case, the spin distribution away from symmetry is
dominated by the wriggling modes. This is in rough
agreement with the discussion given above, since a u-

shaped function S, in Fig. 14 would require a spin relax-
ation time of about ~~= —,'~~ to produce an n-shaped
curve of the type seen experimentally. (The long relaxa-
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G. Compact geometry

To discuss the behavior of the spin magnitude at mass
symmetry, we adopt again the parameter T' A

which gives a quite good universal representation of the
data, as shown in Fig. 7(c). The y multiplicities at mass
symmetry calculated for a touching spheres configuration
(dashed curves) are compared to the data (open circles)
for uranium-induced reactions in Fig. 16. The tempera-
ture used to compute the ordinate T' A is appropri-

30

i
I

I
I

32$

LDM saddle point

Touching spheres

~ 0

tion times of the slow modes cause the S versus M curves

in Fig. 15 to develop a spike of the type also shown in

Fig. 14. This is artificial, since mass dispersions for a
given impact parameter wi11 round off such a spike. )

Incomplete spin relaxation taken into account in this

way provides a very plausible explanation of the first of
the above-mentioned failures of the equilibrium calcula-
tion, namely the inability to reproduce the n-shaped
curves seen experimentally. Still, the calculations predict
spin magnitudes which are too low at mass symmetry for
the heavier target nuclei.

ate for the touching spheres configuration. The compar-
ison illustrates once more the discrepancy between exper-
imental data and model calculations, especially with re-

gard to the slopes.
As a start, it may be of interest to compare these re-

sults to the prediction of a simple estimate, in which the
aligned spin and the effects of neutron evaporation are
neglected. In this case, we find the proportionality factor
between the spin magnitude and T' A for the statisti-
cal spin distribution

(S„+S) =2[((S„))]
=2+—,'+ —,'Qg„T=0.205T' A

or

(S„+Ss) =2+—', + —,', + —'Q J„T=0.235T' A

(19)

where tilting is excluded and included in the first and
second estimates, respectively, and a mean square radius
of 1.25 A ' fm for the nuclei has been inserted.

These two estimates, after conversion to y multiplicity,
are shown as thin lines in Fig. 16 for the ""Zn target
only. The more detailed calculations (thick-dashed
curves) differ from these in two respects: the inclusion of
aligned spin, and of neutron evaporation. Neutron eva-
poration is the most important, and the calculated curves
actually displays a less steep slope. In general, the data
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FIG. 17. Schematic potential energy as a function of distance
between the two reaction products. The full drawn part of the
curves are used in the calculations, and represent a schematic
account of the neck formation. Dashed curves denote the con-

tinuation inward for the pure Coulomb repulsion assuming

point charges, and outward for a shape with a considerable

neck, respectively.
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are sloping more steeply in Fig. 16 than any of the calcu-
lations shown. As one hypothesis that may explain this
deviation, one may consider a change in compactness
with total mass, and this we explore next in a rather
schematic calculation. Most likely, the dinuclear com-
plex spends .most of its time at rather compact shapes (see
Fig. 17). A representative compact shape may be the sad-

dle shape of the composite system.
A very compact shape implies a very large effective

moment of inertia for the tilting mode. The increase in
tilting variance with increasing saddle shape compactness
was actually proposed in Ref. 20 as an explanation of the
y-multiplicity data for the Pb-induced reactions. Howev-
er, the more recent data on the tilting excitation by
Liitzenkirchen et al. ' clearly rule out this explanation.
But the other variances are affected by geometry as well.
For a prolate ellipsoid, with major and minor axes R
R,„,chopped into two equally sized halves, one obtains
for the orbital moment of inertia, and the sum of perpen-
dicular rnornents of inertia of the two nuclei

~R

Jp

'2
45 R max

128 Ro

~tot, j. ~R

~p

19
128

2
R max 1 R min+-
Ro 2 Ro

(20)

in units of the moment of inertia of the spherical com-
pound nucleus Jp and its radius Rp. These moments of
inertia are relevant for the wriggling variances, and the
momenta of inertia of the other modes follow likewise
from simple geometrical considerations.

The thick solid curves in Fig. 16 represents the y rnul-
tiplicity calculated on the basis of the statistical model
with these expressions for the moments of inertia. The
values of R;„andR,„arechosen in accordance with
the nonrotating liquid-drop model predictions of the sad-
dle shapes. An exception is the contribution from tilting,
which is deduced from experiment, ' corresponding to
half the statistical excitation at touching spheres. The re-
sults (thick solid curves) of such a schematic calculation
are compared to the data in Fig. 16 (solid circles). Note
that the nuclear temperature associated with this
configuration is different from the temperature for touch-
ing spheres. Using the generally more compact and also
variable saddle shape of the assumed freeze-out
configuration improves the agreement with data some-
what, without in any way giving a satisfactory fit to the
data. The larger moments of inertia associated with the
negative modes are responsible for both the increase in
the average spin magnitude and for the increase in slope.
The wriggling moments of inertia, on the other hand, de-
crease with increasing compactness. Some of the remain-
ing discrepancy could actually be removed by letting the
wriggling modes adjust to the elongation of the shape in
the later phases of the reaction. With the crude models
available at present, we shall not attempt to quantify this
possibility. We therefore conclude the present schematic
comparison by observing that in addition to the incom-

piete relaxation processes, changes in the geometry of the
assumed freeze-out configuration seem to play a role in
these reactions. The changes are in the same direction
but stronger than the changes in the liquid-drop saddle
shape. One may speculate that the relevant shapes will

become increasingly compact, even for a fixed projectile-
target combination, when the bombarding energy and,
hence, the excess radial energy increases. Such an effect
would make the calculated curves (thick lines in Fig. 16)
steeper. At any rate, the implication is that the freeze
out of the thermal spins occurs at a surprising early
stage, where the shapes are still quite compact (and the
motion slow). The observed tendency towards rather
long spin-relaxation times adds plausibility to this conjec-
ture.

V. SUMMARY AND CONCLUSION

The y multiplicities measured in this present work are
shown as a function of fragment mass in Figs. 5 and 6.
We observe that the y-multiplicity curves change from
being slightly u shaped for the ' 0 target to becoming in-
creasingly n shaped for heavier targets, the highest y
multiplicities being found for mass symmetric mass
divisions. As illustrated in Fig. 7, we find that the y mul-
tiplicity for symmetric mass splits shows the trend ex-
pected for purely thermal excitations of the fragment spin
modes, namely an increasing y multiplicity with a
reasonably tight correlation with the parameter
TCN A CN. The dependence on this parameter is, howev-

er, steeper than expected, which may indicate a more
complicated dependence on, e.g. , the total spin J and the
freeze-out shape.

The experimental results on the spin magnitude for
fragments from fission and quasifission reactions are in-
terpreted in more detail by comparison with a statistical
"equilibrium" model.

First, the model prediction of the spin magnitude has
been investigated in itself, with regard to its dependence
upon the geometry and on the functional form of the to-
tal angular momentum versus fragment mass. A certain
dependence on both was found, especially at large mass
asymmetry.

For the reaction with the lightest target, which is of
the compound fission type, the statistical equilibrium
model gives a very precise description of the data. How-
ever, for heavier targets, and for the largest bombarding
energy, where quasifission dominates, specific deviations
between the statistical equilibrium model calculations
and data are found.

In order to understand the deviations, the statistical-
model calculations have been modified to take into ac-
count the finite relaxation times of the spin modes, and
the varying compactness of the freeze-out shape. The n-

shaped experimental curves of spin versus mass can be
roughly understood, if the spin mode relaxation times are
assumed to be about —,

' to —,
' of the mass relaxation time

5X10 ' s, or about four to ten times longer than those
calculated for window dissipation, applicable to deep-
inelastic reactions. Such relaxation times are surprisingly
long. Furthermore, the steeply increasing M values
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found at high excitation energy for the heavier systems

may be related to variations in the compactness of the re-
action complex at freeze out. This is here qualitatively
calculated by applying the saddle-shape geometry for all
modes except tilting, which is kept at a value in accor-
dance with measurements. ' This modification of the
model brings the predicted multiplicities closer to the ex-
perimental values.

Thus, this study indicates that quantitative studies of
the angular momentum relaxation in quasifission reac-
tions carry important information both on the time-
dependent relaxation of the spin degrees of freedom and
on the freeze-out geometry. The study serves, chiefly, to
emphasize the importance of thermally generated frag-
ment spins, compared to the role of aligned angular
momentum. In these reactions M is a very poor mea-

sure of the reaction angular momentum. In addition, one
finds time constants for thermal spin relaxation that are
distinctly longer than found in deep-inelastic reaction
studies. This is to be contrasted to the mass asymmetry
relaxation, where the corresponding time is distinctly
shorter. A theoretical understanding of this is still lack-
ing. Finally, the systematic trends in the measurements,
when plotted versus T' A, leads to conjectured
freeze-out shapes for thermal spin relaxation that are
surprisingly compact. They tend to vary in the same way

the saddle shapes do, though even more strongly. The
theoretical understanding of this observation is incom-
plete.

Basically, we understand deep-inelastic reactions with
reasonable success in terms of dinuclear one-body dissi-
pation, and quasifission reactions as cases of mononucleus
(i.e., wall) dissipation; but how the transition between the
two regimes is to be understood remains a major chal-
lenge.
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APPENDIX

This appendix describes how the temperature at the
various geometries is estimated, as well as the expressions
used for taking into account the neutron evaporation.
Since the nuclei in question are heated and rotating, only
the liquid-drop part of their total binding energy should
be taken into account. The thermal energy in the final
nuclei, given by the Viola systematics, is then

ther the statistical equilibrium values, or with inclusion
of finite relaxation times. Vis the Coulomb energy of two
nuclei at the scission point

e Z&ZzV= „(g i/3 + g I /3
)s 1 2

(22)

where r,. =1.83 fm is the experimentally obtained dis-

tance parameter.
The more compact shapes are cooler because of their

larger Coulomb energy, which, on the other hand, is

compensated to some extent by the reduction in the sur-
face energy due to neck formation. Our estimate of the
influence of neck formation is inferred from the potential
surfaces compiled by Blocki and Swiatecki for the fissil-

ities in question. These display roughly the following be-
havior: %hen the distance is decreased from the Viola
distance, the minimal energy for a given distance is found
for neck radius 0 until the two nuclei come in at a dis-
tance of approximately 1.47( /1', + A z/ ) fm. For
smaller distances, the potential energy is lowered if a
neck can be formed. Viewed as a function of the dis-

tance, the potential energy curve is much flatter with a
neck than with the pure Coulomb potential. For a neck
radius of about half of the average radius of the nuclei,
neck formation will reduce the steepness of the potential
energy curve by about a factor of 4, as illustrated in Fig.
17. This leads us to the following schematic parametriza-
tion of the potential with neck, which we use to estimate
the thermal energy at the touching spheres configuration:

V=
e Z&Zz 0.25 0.75

r 1.47
+ (23)

For touching spheres, the radius parameter r=1.25 is in-

serted. Finally, the temperature at either shape is calcu-
lated according to the usual expression

T—
0

' 1/2

(24)

where the level density constant is chosen in a standard
way as a =(A, +32)/10 MeV '. The amount of angu-
lar momentum removed by the neutron evaporation can-
not be ignored, as illustrated in Fig. 9.

To estimate the neutron evaporation, we first divide
the thermal energy, Eq. (21), in the two final nuclei in

proportion to their mass. The average angular momen-
tum in one of the nuclei after neutron evaporation is re-
lated to the spin So prior to the evaporation approxi-
mately as [Ref. 30, Eq. (A24)]

E'=F., +Q —E„t—V . (21) ~after neutrons

Here E, is the center of mass in the entrance channel
and Q is the Q value of the reaction obtained by using ex-
perimental entrance channel masses and liquid-drop
model estimates of the exit channel masses. E„,denotes
the mean rotation energy, which is calculated with the
mean spins according to the actual spin distribution, ei-

2 nzR fi=S,exp —(n ) — +
3 2 22Ti

4mR Ti
9 S2

(25)

Here the number of emitted neutrons is denoted by ( n ),
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I is the neutron mass, and T, , R, and J are the tempera-
ture, radius, and rigid moment of inertia of the first
daughter nucleus, respectively. The parameters used in
Eq. (25) are given in Eq. (A27) of Ref. 30. Here we wish

only to point to the rather large effective barrier radius
1.953' fm for the neutron evaporation, considerably
larger than expected on the basis of a naive geometrical
consideration.
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