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The particle-inclusive doubly differential cross section, dc /dE d0, for ejectiles with atomic num-
bers Z=4 to 15 from 100 MeV %0 + “*Ti, was measured over a large angular range. From a semi-
classical analysis of the angular distributions we obtain the mean values and the dispersion widths of
the deflection angles and the contributions from orbiting around 180°. A mean prolate deformation
with 8=0.37 is derived from the most probable Q values in the fully damped processes at large an-
gles. Using the surprisal technique, the shapes of the energy spectra are well reproduced by con-
strained phase-space distributions. If the measured correlation of the angular momentum transfer
and the reaction Q value is taken into account, only the mean Q values of the quasielastic and of the
deep-inelastic reaction component are required as constraints.

I. INTRODUCTION

The appearance of a deep-inelastic (DI) reaction com-
ponent is documented for a large variety of heavy-ion sys-
tems,? mostly in the range of bombarding energies be-
tween 5 and 10 MeV/nucleon. Its main characteristics
are the following: (i) a mean energy close to the mutual-
interaction barrier in the exit channel, (ii) a broad mass
distribution centered in the vicinity of the projectile, and
(iii) a nonisotropic angular distribution do/d6. Most of
the detailed studies have been performed with heavy pro-
jectiles (A4 =40), but a distinct DI component with
features (i)—(iii) is also known to exist in light-heavy-ion-
induced reactions (A4 <20).3~° In contrast to what is
found with heavier projectiles, this component accounts
only for a modest part ( <10%) of the total reaction cross
section. This indicates a localization in angular momen-
tum space caused by the absorption of partial waves with
I <l Inthe case of 100 MeV %0+ *Ti, the critical an-
gular momentum for fusion is calculated to be [ =414,
using the Bass model which well accounts for fusion cross
sections in several neighboring systems.!®!! In the sharp
cutoff approximation, DI and quasielastic (QE) reactions
share the range of partial waves between I and the
grazing value, [;,, = 507.

Since several particle-y coincidence studies have been
devoted to '°0-induced DI reactions,”?~!7 revealing vari-
ous features of angular-momentum relaxation, we found it
rewarding to revisit such a case and to investigate in some

detail the particle-inclusive distribution in energy and an-.

gle. We have chosen the system O+ *Ti at a bombard-
ing energy of 100 MeV for which y-ray multiplicities, an-
gular correlations for discrete transitions, and circular po-
larizations are available.!*~!*> The purpose of this paper is
to discuss, in light of the information on the angular-
momentum transfer, the following aspects of the doubly
differential cross section d?o /dE d6:

(1) The forward-peaked angular distributions can be in-
terpreted in terms of large fluctuations of the trajectories
about mean deflection angles. In a semiclassical analysis,
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we deduce these mean angles and the widths of the angu-
lar dispersion from the slopes of the angular distributions
and from the relative strengths of the near-side and far-
side components, derived from the polarization data.!®
Quantal and classical dispersion are found to be of com-
parable importance in the present system (Sec. IV).

(2) The most probable exit-channel energies are divided
into rotational and potential energies. The contribution of
the rotational energy is rather important in a light system.
It is calculated on the basis of the experimentally known
angular-momentum transfer.!>!* The deduced potential
energy gives evidence of the dynamical deformation of the
fragments (Sec. V).

(3) The shapes of the energy spectra are subjected to a
surprisal analysis'®!® which enables a comparison with
equilibrium distributions in a constrained phase space.
Using a level density which takes the measured Q-
dependent angular-momentum transfer into account, only
the mean Q values of the DI and of the QE reaction com-
ponents are required as constraints. This procedure is
considered as an alternative to the introduction of an ad-
ditional constraint!® imposed on the width of the distribu-
tion of exciton numbers. In view of the relaxed spin-
vector distribution,'®!* it is of interest whether the DI en-
ergy distribution about its mean is relaxed as well (Sec.
VD).

These discussions are preceded by a description of the ex-
perimental details (Sec. II) and by a survey of the gross
properties of the measured doubly differential cross sec-
tion (Sec. III).

II. EXPERIMENTAL METHOD

A beam of 100-MeV 08+, supplied by the Munich
Tandem accelerator, was used to bombard a metallic **Ti
target of 500 pg/cm? areal density and of 99.1% isotopi-
cal enrichment. The scattered heavy ions were detected
with AE-E telescopes consisting of axial-field ionization
chambers and 20-cm? Si surface-barrier counters. The
telescope used at forward angles (6),,<60°) was filled
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with a mixture of 90% argon and 10% methane at a pres-
sure of 50 Torr, which was stabilized by means of a gas-
flow control. The active length between the entrance foil
of 280 ug/cm? Mylar, covered by 40 ug/cm? Al, and the
Si counter, stopping particles at the rear end of the ioniza-
tion chamber, was 6 cm. An anode ring at a voltage of
+ 100 V, mounted in the center of the gas tube, provided
energy-loss (AE) signals which were in good approxima-
tion independent of the position of the ionization track be-
cause of the axial-field geometry. This rather compact
detector was mounted inside the scattering chamber with
a distance of 14 cm between the target and the entrance
foil. An aperture defined an angular acceptance of +2°.
The atomic numbers of fragments up to Z=15 were
clearly resolved (Fig. 1) with AZ/Z =0.04 (FWHM) at
count rates of up to 10 kHz of which typically 20% were
due to ions heavier than «a particles.

The measurements at angles larger than 60° (lab) were
carried out with a thinner target (245 ug/cm?) and lower
gas pressure (25 Torr) in order to accommeodate to the
lower energies of the ejectiles in. the laboratory frame. In
these runs the target was tilted by 45° with respect to the
beam axis so that the ejectiles were detected in reflection
geometry.

An jonization chamber at a fixed angle of 45° moni-
tored the yield from elastic scattering on a 0.4 ug/cm?
tungsten admixture in the target material in order to nor-
malize the relative cross sections at the different angles.
The inelastic yield from the tungsten admixture is negligi-
bly small. The absolute cross sections were determined to
within +10% by normalizing the yield per integrated
current on the Faraday cup for the reaction under investi-
gation, to the yield from Rutherford scattering on a pure
gold target of known thickness at various forward angles.

The data were processed by a PDP 8/10 on-line system
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FIG. 1. Scatter plot of the (AE,E,,) signals from a heavy-
ion detector positioned at 30°. The area of the symbols is pro-

portional to the number of events between 5 (smallest size) and

105 (largest size).

and analyzed off line by setting appropriate gates on the
individual Z branches in the AE-E matrix (Fig. 1). The
recording of protons and a particles was suppressed by
setting an electronic threshold on the AE signals.

To derive the energies from the Si counter signals,
values for the loss of energy in the target, in the entrance
foil, and in the gas volume were adopted from the tables.?°
The positions of the elastic scattering peaks, observed at
bombarding energies of 56.25 and 100 MeV at various an-
gles with various targets, were used for the calibration and
as a check of the adopted values of the energy loss. This
calibration accounts in linear approximation for the small
pulse-height defect in the Si counter.?!

The energies and scattering angles of the ejectile were
transformed into the center-of-mass system by assuming
two-body kinematics. This is a reasonable approximation
in the Z=6, 7, and 8 channels, where an upper limit of
15% is established for contributions from sequential de-
cay of the ejectile or from fast breakup processes by the
strength of the coincident ¥ transitions in the targetlike
fragments.!® This is consistent with a study of three-body
processes in 100-MeV '®0+38Ni (Ref. 22). In the case of
heavier ejectiles, sequential decay is probably more impor-
tant and the resulting uncertainty is indicated where ap-
propriate. Since the mass of the ejectile was not mea-
sured, the kinematic transformation was done for the
most probable isotope of each element number, following
the Q,, systematics which was shown to work well for
100-MeV !'%0-induced reactions on. other medium-mass
target nuclei.”> For Z=6 and 8, e.g., abundances of 12C
and %0 of 85 and 75 %, respectively, are predicted at the
most probable DI Q values. In these cases a shift of the
c.m. energy by about +(—)0.5 MeV would result from
increasing (decreasing) the mass by one unit. The given
energies and angles represent averages over the isotopic
distributions of the ejectiles.

In order to correct for contributions from light-element
impurities of the target, comparative runs were performed
with a pure carbon target. The spectra obtained with the
carbon target were normalized to the yield at Q < —60
MeV in the spectra obtained with the former target and
subtracted from these. A common normalization was
found for the Z <6 channels, in agreement with the ex-
pectation that carbon is the dominant light contaminant.
For larger Z, individual normalizations were required, in-
dicating the presence of additional contaminations like,
e.g., oxygen. In these cases the very small corrections rely
on the assumption that the shapes of the spectra from the
additional contaminants are similar to those from carbon.
Except for Z<6 at Q < —40 MeV and 0,,, <30°, the
corrections were smaller than 5% of the yield in the origi-
nal spectra.

III. GROSS PROPERTIES OF THE
DOUBLY DIFFERENTIAL CROSS SECTION

A comprehensive view of the doubly differential cross
sections is obtained from contour plots (Wilczynski
plots**) in the Ef-0.., plane (Fig. 2), where
E;=E;™+Q is the total kinetic energy of both frag-
ments in the c.m. frame. The observed correlation of en-
ergy and angle is suggestive of the evolution of the system



FIG. 2. Contour plots of the doubly differential cross section in the center-of-mass frame for different reaction channels.
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The

dashed line indicates the locus (+2 MeV) of a vanishing y-ray circular polarization, as determined in Ref. 15. The polarization is
negative (positive) above (below) this line, corresponding to predominantly positive (negative) scattering angles.

with increasing interaction time—though not as clearly as
in cases of heavier systems with a larger separation in en-
ergy between elastic scattering and full dampmg L2 The
ridge line from negative-angle scattenng at low E; is
rather flat at angles larger than 50° in all reaction chan-
nels, suggesting that a rather fast damping of energy has
occurred in the range of smaller angles. Only in the Z=38
case is one guided by the contour plot to continue this
ridge across 0° towards positive scattering angles in the
QE region, as proposed by Wilczynski.>* The contour
plot for Z =9 is weakly suggestive of a similar evolution.
However, a rather clear-cut division of these plots into re-
gions of predominantly positive- or negative-angle scatter-
ing is provided by the y-ray circular polarization data.'’
The borderline between these two regimes is indicated in
Fig. 2 for the Z=6 and 8 cases which have the smallest
statistical uncertainties. For all exit channels from Z =5
to 10, the ridge at low Ej is associated with a positive
average polarization, corresponding to negative scattering
angles.!*> Guided by this common behavior of the various
reaction channels, we may operationally define the DI re-
action component in the present system as being constitut-
ed by the ridges at low Ef. »

The correlation between energy loss and scattering an-
gle can be seen in more detail in Fig. 3 where the energy
spectra for Z=6 and 8, the strongest reaction channels
(see Fig. 1), are shown for different angles in the laborato-
ry frame. A shift towards larger energy loss with increas-
ing angle is observed in all cases with Z <10, but it is
most marked in the Z =2Z,jjcctiie channel.

At 20°, which is close to the grazing angle, the oxygen
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FIG. 3. Energy spectra of Z=6 and 8 ejectiles at different
angles in the laboratory frame.
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FIG. 4. (a)—(f) Differential cross sections in the center-of-mass frame for different reaction channels. These cross sections are the
integrals over the energy in the given Q-value bins of 5 MeV width. Lines are drawn to guide the eye.

spectrum is dominated by the elastic peak and a shoulder
in the QE region. In addition, a peak stands out at a posi-
tion consistent with the excitation energy of the first 3~
state of '°0, E,=6.1 MeV. The spectrum decreases
monotonically with increasing inelasticity. At 30°, a
smooth valley appears around Q~ —15 MeV which is
suggestive of two-component characteristics of the spec-
trum. With further increase of the angle, the intensity in
the QE region drops out rapidly so that the bell shaped DI
component becomes predominant at 50° and beyond.

In the carbon spectra a single broad bump is observed.
The optimum Q value for a one-step a transfer expected
from classical orbit matching with inclusion of the recoil

effect,'*?* Q= —23 MeV, is separated by less than the
full width at half maximum from the center of the bell-

shaped distribution observed at 6y,,> 50°. Therefore, a

decomposition into QE and DI is not apparent in these
spectra. However, the considerable change of their shape
with angle, which is clearly seen in Fig. 3 by comparison
of the spectra at 20° and 38°, has been taken as evidence
for the presence of two components in the similar case of
the ('°0,'>C) reaction on **Ni at 100 MeV (Ref. 26). The
polarization data as well as the surprisal analysis (Sec. VI)
substantiate such a decomposition.

Horizontal cuts of the Wilczynski plots are given by the
angular distributions in Fig. 4. These differential cross
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FIG. 4. (Continued.)

sections in the c.m. frame are integrals of d’c/dOdE
over the given Q windows of 5 MeV width. For the sake
of transparency, a few Q windows have been omitted. As
mentioned in Sec. II, contributions from sequential decay
may become relevant in the Z =9 and 10 channels while
the given numbers refer to an assumed two-body kinemat-
ics. The corresponding two-body | Q| values for the un-
stable primary ejectile are generally smaller than the given
values for the detected ejectile, e.g., by 8 MeV (5 MeV) for
20Ne, originating from sequential a decay of **Mg, with
an apparent two-body Q value of —45 MeV at 6, ,, =40°
(80°). In these examples, the primary c.m. scattering an-
gles are dispersed over +12° by a emission at threshold,
with mean values close to the ones glven for **Ne.

A monotonic decrease with increasing angle is observed
in all cases. The slope generally decreases with increasing
inelasticity. But even in the most inelastic reactions
do/do is found to be significantly different from being
isotropic, i.e., the system is still far from the compound
nuclear limit. No grazing peaks appear in the quasielastic
transfer channels, unlike similar systems at lower bom-
barding energy.?’

By comparison of the present system with %0+ %Ni
(Ref. 29) and with '*O+2?7Al (Ref. 6) at E, ,, correspond-
ingly to roughly three times the interaction barrier, it is
found that the slope of the DI differential cross section
decreases with decreasing atomic number of the target.
This suggests that the tendency to rotate towards larger
negative angles increases with decreasing charge product
and/or with increasing angular velocity of the double nu-
cleus. Deep-inelastic processes of the ‘‘orbiting”-type
characterized by an isotropic do/d6 in the backward-
angle region, as have been observed in ’C- and '°O-
induced reactions on sd-shell nuclei,'*3° fit into this sys-

tematics. Indeed, the DI differential cross sections in Fig.
4 become significantly flatter with 6, ,, increasing beyond
100°. In several cases, do/dO is consistent with being
constant at the largest three or four scattering angles

.covered by this experiment.

The angle-integrated cross section in Table I has been
obtained by extrapolation of do/d6 to 0°, using a Gauss-
ian shape of the nonisotropic part. Guided by Fig. 2 and
by the systematics of the most probable Q values, dis-
cussed in Sec. V, we have chosen with some arbitrariness
an upper limit for the DI exit-channel energy which is 24
MeV above the interaction barrier for spheres. The total
DI cross section of 230 mb is small in comparison with
the calculated!®!! cross section for fusion of 1300 mb. It
accounts for about one-third of the difference between
Ofusion and the reaction cross section corresponding to

graz=507%. The orbiting component constitutes about
one-third of the total DI cross section.

TABLE 1. Angle-integrated deep-inelastic cross sections with
E;<Vp+24 MeV, using V3 of Eq. (9), and the contributions
from ““orbiting” to these cross sections.

OpI O orbiting
z (mb) (mb)
5 21+ 2 6+3
6 103+10 2743
7 39+ 4 10+3
8 50+ 5 15+2
9 10+ 1 4+1
10 8+ 1 4+1
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IV. SEMICLASSICAL PARAMETRIZATION
OF THE ANGULAR DISTRIBUTIONS

Near-side—far-side decompositions of the differential
cross section in heavy-ion reactions have been derived in
the framework of direct-reaction theory, e.g., in Refs.
31—-35. A rather simple form was obtained by Strutin-
sky®! for the case of a peripheral reaction at large orbital
angular momenta. In the helicity representation one may
use a partial-wave expansion of the scattering amplitude
which is of the same form as in the case of elastic scatter-
ing,

1

f(0)=ﬁ§(21+1)S1P1(cos0) , (1)

provided that |l;—Js| <</; holds for the magnitudes of
the total angular momenta in the entrance and exit chan-
nels, I; and Jy=1, +I,+I, (see Ref. 32). This condi-
tion, which is proven true in the present case by the exper-
imental spin alignment,'>'* means that the reaction takes
place essentially in a plane. Using three approximations,
(i) the asymptotic form of the Legendre polynomials, (ii)
replacement of the sum over / by an integral, and (iii) ex-
pansion of the phase §; of the partial-wave amplitudes
S;=|S;| exp(i§;) to second order about the mean
partial-wave number /,, Strutinsky obtains

do 5 (6—0)? (6p+6)
0= | £(6)]*~ exp —_§2 + exp ——————gz
+ interference term , (2)
where
o, =20 (3)
1= dl 1]
60=61=10 ’ )
2
22 1]4%

and A is the width in / space of the magnitudes of the
partial-wave amplitudes in a Gaussian parametrization,

(1—1y)*
-
Alternatives to this parametrization have also been dis-
cussed.’’"** This form of do/d# has an obvious interpre-
tation3! in terms of contributions from both sides of the
interaction region, peaking at 6, and —6,. The width of
the fluctuations about these mean angles is given by Eq.
(5). It has two contributions, the first one accounting for
the quantum-mechanical uncertainty and the second one
for the dynamical (classical) dispersion in the relevant /
window. With increasing A, the first one decreases and
the second one increases. While 6, defines the deflection
function at the fixed reaction Q value, the mean angle 6,
represents, as a function of Q, the deflection function of
the frictional process.

| Si| =181, | exp (6)

If the sum over [/ in Eq. (1) is evaluated by means of the
exact Poisson summation technique, instead of replacing
it by an integral, the first two terms on the right-hand side
(rhs) of Eq. (2) are retained and additional terms are
found, arising from waves that have encircled the nuclear
surface once or several times.’®3’ We associate these with
the orbiting contributions discussed in the preceding sec-
tion.

Full coherence of the partial waves was employed in the
preceding, as is adequate for direct reactions. Multistep
direct-reaction theory has recently been applied to DI re-
actions, in particular to the reaction investigated here,
with emphasis on the transition from QE to DI reac-
tions.’®3% A near-side—far-side decomposition was shown
to be feasible in this theoretical framework.’®> A good
description of the data was obtained for (1°0,'°0’) at
Q> —20 MeV.

In DI reactions, the measured do/d0=(|f(0)|?) is a
twofold average over many unbound states, covered by the
chosen Q window, and over the energy dispersion of the
incoming beam. Such an averaging over rapidly changing
phases results in a partial loss of the coherence in the
transition probabilities { | S;S’ | ), as discussed in Refs.
40—42. In this respect, the DI reactions are intermediate
between the extreme cases of a direct reaction and of a
compound nuclear reaction where the different partial
waves are incoherent, { | S;S}' | )=8; ;. With these con-
siderations, the form of Eq. (2) could be recovered*!?
with a modified form for the dynamical-dispersion term
in Eq. (5). '

In the treatment of DI reactions, the interference of the
near-side and far-side contributions in Eq. (2) is usually
assumed to be negligible**~*? because of their opposite
mean polarizations along the scattering normal and be-
cause of the averaging already discussed. This is in agree-
ment with the absence of diffraction structure in the ex-
perimental angular distributions (Fig. 4).

We have used the resulting form of the angular distri-

bution,
do (6p—06)? (6o+6)?
P72 il I Rl BT
do
+ |— . (7a)
do orbiting

=c'exp(—62/€2) cosh(2600, /£?)

do
+ |4Z 7
do ’ (70)

orbiting

to parametrize our data. The angle-independent contribu-
tion from orbiting was determined as the average of
do/d6O at those backward angles where it is consistent
with being constant. The angle-integrated cross sections
which determine the constant in Eq. (7) are listed in Table
I

The shape of the forward-peaking term in Eq. (7b) is
fixed by two parameters, £2 and 8, but it is not equally
sensitive to these. For |6,| <&/V2, the slope is essen-
tially determined by the spreading width £2. The second
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parameter is affected rather strongly by small deviations
from the Gaussian form of the near- and far-side contri-
butions. Only if a peak were observed at 6540° could one
reliably extract the mean deflection angle 6, from the an-
gular distributions alone. However, by including the in-
dependent information from the y-ray circular polariza-
tion experiment,’® both the deflection angle and the
spreading width can be determined. Since the mean total
spin transfers are oppositely oriented in the near- and far-
side components, the polarization (along k;Xkf) is a
measure of the relative intensities of these components. If
— |P,(6)|™* and + |P,(8)|™®* designate the circular
polarization of the near- and the far-side components,
respectively, defined by the maximum polarization al-
lowed by the spin alignment,'* ! the measured P,(0) may
be expressed as

P,(6)/|P,(0)| ™= — tanh(260, /£)

da
do

da

1- do

X . (8)

orbiting

The first factor is the difference of the far-side and the
near-side contributions in Eq. (2) divided by their sum. It
accounts for the loss of polarization by the angular
spreading across the beam direction.*> The second factor
results from the vanishing polarization of the orbiting
component, which is of particular importance for the
most inelastic processes at large angles as discussed in
Ref. 15. We have determined 6, /&% and &2 by fitting Eq.
(8) to the measured circular polarization and Eq. (7b) to
the measured differential cross section, respectively.

The resulting parameters are listed in Table II, which is
confined to the two strongest reaction channels, due to the
statistics of the polarization experiment, and to Q < —20
MeV, since | P, |™ is not well defined experimentally
for less inelastic processes. Only the range of 6,, <50°
was taken into account by the fit because significant,
though small, deviations from the double-Gaussian form
were found at larger angles. Good fits of the angular dis-
tributions and of the polarizations were obtained in all
cases. As an example, Fig. 5 shows the DI differential
cross sections in the Z =6 channel and the fit curves with
their decomposition according to Eq. (7a). Because of the
dispersion about 0°, considerable near-side contributions to

"TABLE II. Semiclassical parameters derived from a fit of
the angular distributions and the polarizations with Egs. (7) and
(8), respectively.

— Q é’a Bob
z (MeV) (deg) (deg)
6 20—-30 30.0+1.0 — 5+2
30—40 35.2+1.1 —16x8
40—50 38.2+0.8 —25+8
8 20—30 24.9+0.9 — 949
30—40 37.0+1.2 —17+6
40—50 >35

*Half-width at 1/e of the maximum in each component, the
near-side and the far-side one.
*Mean deflection angle.
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FIG. 5. Differential cross section in the center-of-mass frame
for carbon ejectiles with —40 MeV <Q < —30 MeV (a) and
—50 MeV < Q < —40 MeV (b), semiclassical fit curve (full line)-
with parameters given in Table II, and its decomposition
(dashed lines) according to Eq. (7a) into the near-side, the (dom-
inant) far-side, and the orbiting component.

the dominant far-side component are present at forward
angles. The contributions from orbiting are larger than
those from near-side scattering beyond 40° for —30
MeV >0 >—40 MeV and beyond 15° for —40
MeV > Q > —50 MeV.

The results obtained for the Z=6 and 8 channels are
the same within the uncertainty of our procedure (Table
II). As expected for a frictional process leading to nega-
tive angles, the mean negative deflection angle increases
with increasing inelasticity. However, the spreading
width increases as well so that £ is larger than 6, in all
cases. Since the fluctuations are larger than the mean de-
flection, an interpretation of the angular distributions in
terms of only the deflection function would be insuffi-
cient. To find out the origin of such a large angular
dispersion, one may solve Eq. (5) for A? by using a calcu-
lated deflection function. As holds generally for the two
solutions of this quadratic equation, the smaller value A2
corresponds to a dominance of quantal dispersion and the
larger one to a dominance of the classical dispersion, ex-
pressed by the first and the second term, respectively, on
the rhs of Eq. (5). Such an ambiguity has already been
discussed in the case of quasielastic reactions.***> Using
a deflection function!® based on an energy-density nuclear
potential and strong-friction parameters, which accounts
for the total yield from negative-angle scattering,!> we
find that the two solutions are quite close to each other in
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the present case. The resulting half-width at 1/e of the
maximum of the [ distribution, Eq. (6), is A=3#%. This
means that the quantal and classical spreading are equally
important in the present case. This result is expected to
hold quite generally for the flat deflection functions
demanded by [,,, =507 and [ =41% and the total yield
of negative-angle scattering. In the case of much heavier
systems we expect the classical dispersion term to dom-
inate since the larger cross section for DI reactions!? re-
quires a larger range of contributing partial waves. A
semiclassical analysis of 380-MeV Ar + Th confirms this
expectation.*? In light systems, however, the angular dis-
tributions in DI reactions result from the joint classical
and quantal dispersion.

V. ENERGY DISSIPATION
AND FRAGMENT DEFORMATION

In the angular range of 6,,=60°—110°, the most prob-
able Q values and the shapes of the energy spectra in the
DI region are found to be consistent with being indepen-
dent of the angle. This indicates that complete relaxation
of the energy is reached in each reaction channel with
atomic number Z of the detected ejectile. The extracted
most probable values E fo of the exit channel energy,
EF™ =E{™ +Q, are plotted in Fig. 6 as a function of Z.
The mean values of Ef™ agree with the most probable
ones within *+1 MeV in the considered range of
6012 =60°—110°, where the shapes of the spectra are not far
from being symmetric. However, because of the correc-
tions at low Ef™ due to light-element contaminations of
the target and because of the presence of a very weak QE
component even at large angles (see Sec. VI), we consider
the mean values of the DI exit-channel energies as not so
well defined experimentally as the most probable ones.

3
=
O o 7
Ll IspheroidsZe
20+ =
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FIG. 6. Most probable deep-inelastic exit-channel energy as a
function of the atomic number of the detected fragment. The
dashed arrow shows the estimated effect of a evaporation on the
primary most probable energy, which is only significant for
Z >9. The calculated curves represent the interaction barrier
for spheres and the sum of the barrier and of the relative-motion
rotational energy in the cases of rigidly rotating spheres and
spheroids with an axis ratio a/b=1.4 (full line), 1.3, and 1.5
(upper and lower dashed line, respectively). In the case of
spheres the barrier has been approximated by Vjp defined in

Eq. (9).

The considerable distance between the data points and
the interaction barrier for spheres, approximated (see the
following) in Fig. 6 by

Z 12282
T [1.225(4)2 +4)%)4+2] fm

Vs 9

gives clear evidence of the rotational energy remaining in
the relaxed system. On the other hand, the sum of Vp
and of the rotational energy of relative motion of spheres
performing rigid rotation at a total angular momentum of
427# clearly overestimates E}’. This indicates that the
fragments are deformed at the scission point. The most
probable entrance-channel angular momentum is chosen
to be /¢ + 17 with the sharp cutoff value [ ;, =41% taken
from a model that describes fusion cross sections in
several similar systems.!®!! The choice of ; only one unit
above [, is motivated by the small total DI cross section
(Table I). For a detailed analysis we decompose the most
probable exit-channel energy according to

E=Ip(lp+1)/2uD*+ V(D) . (10)

In this way we define for a given exit channel a separation
D outside of which the relative motion is subject to the
conservative forces only. Equation (10) implies that the
radial velocity is negligible at this point.

We use a double-folding potential V(r) with parameters
fitted to many data, including fusion cross sections and
elastic-scattering differential cross sections.*® This poten-
tial depends in a transparent manner on the deformation

" via the curvature at the touching point. We parametrize

the deformation in terms of the axis ratio a/b of ellip-
soids with fixed volume given by the sharp-surface
spheres with radii*® R;=1.164;'"* fm. The axis of sym-
metry is directed along the line connecting the centers of
mass. The Coulomb part of the potential depends on the
deformation by the following approximation to the exact
result*’ of double folding:
Z,Z,e’ 6 a—b RI+R]

5a+2b r? ab

Vc°u1(r) ~

The total potential V(r) has a maximum at a separation
of about a;+a,+2 fm. The nuclear part is rather small
at this maximum with a magnitude less than 2 MeV. For
spheres the height of the maximum is reproduced approx-
imately by the ‘“Coulomb barrier” given in Eq. (9).

In the spirit of strong friction models,*®* we assume
that the radial and the orbital motion are completely
damped until the separating system reaches the barrier of
V(r) and that only conservative forces are relevant out-
side the barrier, i.e., we identify D in Eq. (10) with the
separation at the barrier and calculate I, from the condi-
tion of sticking at this separation,

2
__uD” (12)

lp= I .

4 pD*+@,+0, '

The intrinsic moments of inertia are obtained®® in the
same framework as the nuclear potential as
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+24; , (13)

in units of ufm?. The deformation a /b, which is the only
free parameter in this simple approach, is now adjusted
via Eq. (10) to the measured Ej.

In the strong-friction models the frictional force
reaches as far out as the nuclear force, i.e., slightly further
out than the separation at the barrier. However, because
of the smooth curvature of ¥ (r) and because of the small
radial velocity, this will not seriously affect our results as
far as the radial motion is concerned. With respect to the
tangential friction, an important check of our procedure is
provided by the observed angular-momentum transfer.!>14
The experimentally determined heavy-fragment spins are
reproduced well by inserting the separation D
(~a;+a;+2 fm) derived from E}) into Eq. (12). This
agreement is even improved if the nonaligned spin is tak-
en into account which increases the heavy-fragment spin,
e.g., in the Z =6 channel, by 2% with respect to the stick-
ing spin of 14#. In contrast to the strong-friction picture,
a much smaller complete-damping radius, close to the
critical radius for fusion, has been proposed as a possible
alternative.’! It has been pointed out’! that fits of the ex-
perimental exit-channel energies, carried out”>? in a simi-
lar fashion as here, become ambiguous if the assumption
of strong friction is abandoned. However, with the alter-
native small complete-damping radius, the angular
momentum transfer is strongly overestimated in our case.
Furthermore, the amount of negative-angle scattering
could not be reproduced in trajectory calculations unless a
strong friction at rather large radius was used.'* We con-
clude that with two observables, E}) and the angular-
momentum transfer, the scission configuration is rather
well determined if we accept that the ellipsoidal parame-
trization is valid at r=D (which of course does not ex-
clude neck formation at smaller separation). Regarding
the sensitivity of our procedure to the choice of I;, we
note that the calculated rotational energy at r=D of 12 to
14 MeV for Z =15 to 4, respectively, will change by 10%
if [;=42% is changed by 27.

The best fit of the experimental values of E}) was ob-
tained with an axis ratio a /b = 1.4, corresponding to a de-
formation parameter

1/2
1—b/a

Am | _1-b/a
0.54+b/a

=0.37 .
5

/3:

The fit curve is shown in Fig. 6 together with those curves
obtained by increasing (lower dashed curve) and decreas-
ing (upper dashed curve) the extracted value of a/b by
0.1, which indicates the uncertainty of our procedure. In
the strong Z=5—8 DI channels, £ ,9 is described well by
the band defined by the dashed curves. The same defor-
mation was used for the light and for the heavy fragment
despite the differences in nuclear structure. The smooth
Z dependence of the experimental points indicates that
the dynamical deformation at the scission point is not

very sensitive to the different ground-state deformations
of the light ejectiles. Use of a spherical shape for the light
fragment would increase the axis ratio a /b of the heavy
fragment by 0.1. The apparent decrease of E}) with in-
creasing Z > 12 is attributed to the effect of particle eva-
poration which may be approximated by

Elab(zprimary):Elab(z)Mprimary /M .

This is exemplified in Fig. 6 by the case of one-a evapora-
tion from a primary Z =14 fragment. We find all E})
values from Z =5 up to Z=15 (symmetric splitting) con-
sistent with. a/b=1.4+0.1. However, a tendency of E}’
to decrease more steeply with decreasing Z is observed for
4 <Z <8, indicating a slight increase of the deformation
with increasing mass of the targetlike fragment.

VI. SURPRISAL ANALYSIS
OF THE ENERGY SPECTRA

In an information-theoretic approach, continuum spec-
tra of heavy-ion reactions have been described as
maximum-entropy distributions subject to constraints.!®!°
Given the phase space of all final quantum states allowed
by the conservation laws, the complete information on the
reaction dynamics contained in the experimental spectra is
expressed by these, generally very few, constraints. The
procedure of a constrained phase-space analysis, discussed
extensively in Ref. 19, is briefly summarized here and
then applied to the observed energy spectra.

A measure of the deviation of an observed energy spec-
trum at a given angle, do/dQ(Ey), from a purely statisti-
cal distribution, do®/d U E 'r), i.e., of the deviation from a
uniform population of the accessible phase space, is pro-
vided by the surprisal which is defined as
do do®
0 (Ef) a0 (Ey)

surprisal (Ef)=—In . (14)

In a two-body reaction the purely statistical spectrum
(do®/dQNE r) is given by the product of the convoluted
level densities of both fragments and of the density of
translational states. Since the latter is proportional to
\/E_‘f and since the light fragment’s share of the total ex-
citation energy is very small and only weakly dependent
on Ez,'>' the shape of (do°/dQ)(Ej) is essentially given
by the level density, p(E, ), of the heavy fragment which
rapidly  increases with the excitation energy,
E,~E;—Es+Qg,. Therefore, the surprisal is given in
good approximation by the logarithm of the ratio of the
measured particle yield and the heavy fragment’s level
density

surprisal (E, )= — In[N(E, ) /p(E,)]+c , (15)

with normalization constant ¢ which is not of interest
here.

If the experimental distribution is not purely statistical,
as becomes obvious by a nonconstant surprisal, con-
straints are present. Constraints are given in terms of
mean values (4;(E,)) of certain functions 4;(E,) of the
variable E,. For these functions, which are not specified
by information theory, one has to make an ansatz which
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may be guided by models of the reaction dynamics. For

instance, a constraint on the energy itself is suggested by
the classical orbit-matching condition. If the set of con-
straints is complete, the spectrum is reproduced by

N(Ex)=crp(Ex)exp [—ZA‘IAI(EX) N (16)

with Lagrange multipliers A; determined by the require-
ment

surprisal (Ex)=7\'0+ EA,A,(EX) N (17)

for all E,.

In practice, with an incomplete set of constraints, the
distribution of maximum entropy is still given by Eq. (16)
but with parameters A; that minimize the amount of

P [xﬁ- S A;4;(E,)— surprisal (E,) | N(E, )dE, .
ot i

(18)

" This means that a fit of the surprisal by means of the rhs

of Eq. (17) is performed such that the total of the devia-

tions weighted by N(E,) is minimal. In this way, the ex-

perimental spectra are conceived as maximum-entropy

distributions with mean values { 4;(E,)). These are given
by the fit parameters A; according to
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FIG. 7. Energy spectra of carbon ejectiles at different scatter-
ing angles in the laboratory frame (lower panel histograms) and
the corresponding surprisals (upper panel points) extracted by
means of Eq. (15) using a level density with fixed rotational en-
ergy. The full lines represent the results of the weighted linear
fits to the surprisal which yield the mean excitation energy of
the heavy fragment as the only constraint. (E*=-—Q—1.6
MeYV in the present case.)

27F T ¥ T T T Y 7A=) T T T T T T |
L 1se ] L 20° ]
18- 4 7+ d
E L 4 - 4
K] 9+ +4 ok i
a f 4 L 4
3 T ] '7‘/ ]
-oF J bl ]
18- J -k ]
1 1 I 1 " 1 1 1 L 1 L 1 1 1 L
3000 —I50001- ~
L L
0 1
<
o 1500 7500 _
w
Ol i L L i 1 n i a|
17F F 3
|0[. L o 50°_<‘
5 b L ]
a 3r N
2 L r ]
g2 -Ir - B
L7k - ]
1 PR 1 1 1 1
50001 - i
H E ]
[2]
0
S 2500+ - 350 4
>
w r - L
0‘: 1 . L n 1 0’1 n 1 . 1
0 20 L0 60

200 60 0
E*(MeV)

FIG. 8. Energy spectra and surprisals as in Fig. 7 with full
lines representing the results of quadratic-form fits to the
surprisals. The additional constraint, as compared to Fig. 7, is
given by the mean value of VE*.

fEx A;(E,) p(Ey) exp [— S MAE,) ]dEx

(A(E,)) = fEx p(Ey) exp [— 2 Ay ]dEx

(19)

We have applied this formalism to the Z =6 energy
spectra at various angles. In Figs. 7—9 these spectra are
shown in the lower panels and the surprisals, derived ac-
cording to Eq. (15), in the upper panels. In all cases, we
have used a Fermi-gas type of level density,>

p(E*J)~(E*)~>*exp(2V aE*)(2J +-1)
X exp[ —(J ++)*/20%] , (20)

with  E*=E, —E . In the case of the
®Ti(°0,'2C)Cr  reaction, Eirng=3.8 MeV and
Qg =2.2 MeV so that E*=—0—1.6 MeV. We shall
first (Figs. 7 and 8) use a constant J =J;cing SO that the
effect of the rotational energy on the level density is taken
into account only approximately.'®!® We shall then (Fig.
9) demonstrate how the results of the surprisal analysis
change if the knowledge'>!* of the correlation between E*
and J is taken into account.

A roughly linear increase of the surprisal with increas-
ing E* is observed (Fig. 7). This indicates that the dom-
inant constraint is on the mean value of E*, as in the
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FIG. 9. Energy spectra as in Fig. 7 and surprisals extracted
by means of Eq. (15) using a level density that takes the Q
dependence of the spin transfer into account. The light lines
represent one-constraint fits to the two reaction components.
The differences between the experimental spectra and those de-
rived from the linear surprisals of the deep-inelastic component,
as well as the surprisals corresponding to these differences, are
given by X symbols. The heavy lines in the lower panels
represent the results of the combined fit of both components.

cases studied in Refs. 18 and 19. A linear fit, minimizing
the integral over

[Ao+AE* — surprisal(E*)]N(E*)

as a special case of expression (18), accounts well for the
energy spectra and their surprisals at forward angles
O <30°. The gradual decrease of the slope of the
surprisal with increasing angle reflects the increase of
(E*), according to the increasing weight of the DI reac-
tion component. It is noted, however, that no two-
component characteristics become apparent in these
surprisals. At larger angles, 0,,> 30°, where the DI com-
ponent predominates, the width is overestimated by the
linear fit. Furthermore, the experimental spectra are less
asymmetric at these angles than the ones derived from the
linear surprisal fit.

The curvature of the surprisals at 0;,;, > 30° indicates the
presence of another constraint. Following Ref. 19 we
have imposed the second constraint on (\§E_* ). In this
way, three free Lagrange parameters, Ay, A;, and A,, are
fitted at each angle. A satisfactory fit of the surprisals
and of the corresponding energy spectra is obtained at all
angles (Fig. 8). The results at 6,,,=30° resemble closely

those obtained'® for the Z=6 channel from 96-MeV
160+ Ni at 40°. In both cases the surprisal is weakly up-
ward bent.

The second constraint was shown!® to arise from a con-
strained width of the distribution of exciton numbers of
the excited nucleus (as opposed to a constrained mean ex-
citon number which is equivalent to the constraint on E*,
the first constraint). However, it is not easy to see why
such a constraint should be of importance in the DI reac-
tion component. The mean value of the energy loss and
of the angular momentum loss are relaxed over a large an-
gular range. Moreover, the spin axis fluctuations about
the mean spin vector are consistent with an equilibrated
distribution.!> 14

It is, however, possible to avoid the second constraint in
the present case if the knowledge on the correlation be-
tween energy and angular-momentum loss is taken into
account. The angular momentum transfer, deduced from -
particle-y coincidence studies,'>!* increases with the ener-
gy loss in the DI region by about 17 per 4 MeV. We have
inserted this linear relation of J and E* into the level den-
sity, p(E*,J(E*)), in Eq. (20). The resulting surprisals
(Fig. 9) differ from the ones already discussed and are
suggestive of a two-component analysis. A linear fit with
one constraint on the most probable Q value in the QE re-
gion and another one in the DI region accounts well for
these surprisals and for the energy spectra. At 15° and 20°,
which are close to 0,,,=19°, both components are of
similar strength. With increasing angle, the quasielastic
component decreases rapidly in intensity. Yet, its pres-
ence becomes clearly apparent in the surprisal at 30° and
even at 50°. At these angles the energy distributions are
even better reproduced than with the two-constraints fit
of Fig. 8.

The excitation energies at which both components are
equally strong are not far from the borderline between
positive- and negative-angle scattering (dashed line in Fig.
2). They reproduce the ascent of this borderline with in-
creasing angle. However, because of the angular disper-
sion about 0° in both components, their relative weights
are not related in a simple manner to the relative contribu-
tions from positive- and negative-angle scattering. The
mean | Q | value of the DI component (Table III) in-
creases weakly with increasing angle. Already at 15° it is
not far (6 MeV) below the relaxation value (Sec. V)
reached at large angles, which indicates that the frictional
energy loss occurs rather rapidly in between +0g.,,in,.

TABLE III. Results of the one-constraint fits to the
surprisals of the two reaction components, obtained with a level
density incorporating the Q-dependent spin transfer.

Quasielastic Deep inelastic
O1ab Ay (E*)* At (E*)*
15° 0.421 20.2 0.176 33.9
20° 0.414 20.5 0.180 33.6
30° 0.380 22.0 0.160 35.0
50° 0.429 19.8 0.130 37.2

ag* =E, _Epairing= —-Q —1.6 MeV.
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The weak increase with increasing 6 may be due to a slow
relaxation in the shape degrees of freedom. The value of
(E*) at 30° is close to what is expected for complete
damping in the case of no deformation (given by
Vs +E,, in Fig. 6). For angles larger than 60° the fitted
(E*) is consistent with the most probable Q value for
complete damping, discussed in Sec. V. In the quasielas-
tic component, the extracted constraint is in good agree-
ment with the expectation for a matched one-step a
transfer, Q= —23 MeV.

The approach followed in Fig. 9, in comparison with
the one described earlier, is not to be considered as contro-
versial in terms of information theory. However, it
demonstrates the benefit of taking as much experimental
information as possible into account in such an analysis.
Unless a total multidimensional surprisal analysis of all
observables can be made, it appears reasonable to use a
phase space subjected to the known correlations of the
variable under investigation with other variables. In view
of the richness of phenomena in the distributions of the
reaction products with respect to the angle, mass, charge,
angular momentum, and m-substate quantum number, a
surprisal analysis of the energy spectra alone is not ex-
pected to furnish a complete understanding of the reaction
mechanism. However, the value of this technique in the
present example becomes apparent by the following re-
sults:

(1) The two-component characteristics can be traced
over a large angular range in a case where such a decom-
position is not apparent in the measured spectra.

(2) The DI energy distribution is in accordance with the
distribution of maximum entropy about the mean energy
loss.

VII. SUMMARY

Doubly differential cross sections were measured for re-
actions induced by 100-MeV '°0 on “®Ti. These were
analyzed in terms of mean energy losses and deflection

angles and of fluctuations about the mean values of both.
Three different approaches were used: a semiclassical
analysis of the angular distributions, a macroscopic
analysis of the energy losses, and a statistical analysis of
the energy spectra. The interplay of these aspects is essen-
tial to produce the observed cross section distributions.

The evolution of the reaction process from quasielastic
scattering to complete damping was found to be associat-
ed with a continuous broadening of the angular distribu-
tions. These were decomposed into near-side, far-side,
and isotropic (orbiting) contributions. In the DI reaction
component the magnitude of the mean deflection angle in
the dominant far-side component increases with increas-
ing inelasticity, in agreement with macroscopic models
developed for heavier systems.*” However, the angular
width of the dispersion about the mean trajectory was
found to be larger than the mean angle in our semiclassi-
cal analysis. Quantal and dynamical fluctuations were ar-
gued to be of comparable magnitude in the present sys-
tem.

The most probable energy losses at large angles were in-
terpreted in terms of complete damping of the relative
motion at the barrier of the potential ¥ (7) in the different
exit channels. From the energy balance, including the ro-

" tational energy of relative motion in the sticking configu-

ration, we deduced a considerable deformation at scission.

A constrained-phase-space approach led to a division of
the Z =6 energy spectra into the QE direct reaction com-
ponent and the many-step DI component with mean Q
values in accordance with the classical conditions for orbit
matching and for complete relaxation, respectively. The
shapes of the spectra were found to be consistent with dis-
tributions of maximum entropy about the mean Q values
of either component.
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