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In reactions of heavy ions with heavy target nuclei, different multiplicities of heavy fragments
are observed in the exit channel. These multiplicities have been found to vary between 2

and 5 in the present work. The heavy reaction fragments can be recorded in Solid State Nuclear
Track Detectors (SSNTD) in the form of latent damage trails which can be etched and

studied using an optical microscope. Each nuclear interaction can be investigated individually by
measuring geometrical parameters of the correlated tracks. On the basis of the method of
kinematical analysis first introduced in 1979, one can quantitatively determine the properties
characterizing a nuclear reaction such as masses, energies, angles, and other parameters.

This method allowed the first exclusive investigation of heavy-ion induced nuclear interactions
with high multiplicities. The bulk of the reactions have been found as being due to

sequential or multiple sequential fission. The reaction cross sections have been measured directly
as well as derived from the elastic scattering data using semiquantal models. The present

report describes and reviews results using SSNTDs in the study of heavy-ion reactions and the
analysis of data performed by the method of kinematical analysis. New and unpublished

results are also presented. © 1996 American Institute of Physics. [S1063-7796(96)00302-6]

1. INTRODUCTION

The history of using insulating materials as particle de-
tectors can be traced back to the late 50s. In 1958, Young'
set the stage for the introduction of a new and versatile de-
tection system, by optically observing the fission-fragment
tracks in LiF after chemical etching of the crystal. In the
succeeding year, Silk and Barnes? reported that the radiation
damage caused by fission fragments in mica is directly ob-
servable as thin long tracks when viewed through a transmis-
sion electron microscope. The enlargement of these tracks by
chemical etching in the case of mica was discovered by Price
and Walker,3 who were unaware of the similar work done by
Young. During the 60s, the team of Fleischer, Price, and
Walker* greatly extended the scope of track detection meth-
ods. They demonstrated the generality of the track formation
mechanism due to any heavily ionizing radiation by observ-
ing tracks in a variety of insulators, including crystals,
glasses, and plastics. In each case, the chemicals used and
conditions applied for etching could be optimized for the
best revelation of tracks. In 1975, when the classical treatise’
by these authors appeared in print, the field of Solid State
Nuclear Track Detector (SSNTD) research was firmly estab-
lished and its use had sprawled over dozens of fields in the
natural sciences, ranging from archaeology to geology, astro-
physics, and nuclear physics. Another book® on the subject
appeared a decade later, while the most recent monograph
relevant to technological applications was published in
1990.7 The wide-ranging interests of research and usage of
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SSNTDs can be better gauged by referring to the
proceedings® of biennial conferences held on the subject
since the early 60s.

In this article we confine ourselves to the discussion of
heavy-ion reaction studies conducted by using SSNTDs. The
physics of heavy ions has witnessed enormous growth in the
preceding years. New reaction modes like subthreshold fu-
sion, deep inelastic scattering, and quasifission have been
identified. The multifarious aspects of heavy-ion reactions
have been dealt with comprehensively in the seven volumes
of Treatise on Heavy lon Science.’

The fields of heavy-ion physics and SSNTDs crossed
paths rather early in their formative years. The earliest report
appeared in 1963, in which Price ez al.'” presented results on
the observation of three heavy fragments regarded as evi-
dence of so-called ternary fission, following the reactions
Ar+Bi, U. They used mica and phosphate glass as their de-
tector materials. A few years later, Fleischer et al.'! sug-
gested more strongly that the observation of three correlated
tracks in ThSiO, crystal is due to ternary fission following
the reaction (10 MeV/u) “*Ar+232Th. Similar work was re-
ported by Perelygin et al.'? for the reactions (230-380 MeV)
Ar+Au, Bi, Th. The study of track systematics of binary and
ternary events was continued by different groups'*~?? in the
following years. During the course of that work, events of
higher multiplicity were observed. In fact, the proof that
heavy-ion reactions lead to four,'* five,”! and six** heavy
reaction products in the exit channel was first provided by
using the SSNTD technique. In most of those studies, mica
and special glasses (ZnP metaphosphate) were used as detec-
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tors. Those early investigations had limited aims. The main
emphasis was to prove experimentally the existence of a
nuclear reaction mechanism which leads to more than two
heavy fragments in the exit channel. An important result
from those studies was that the probability of high multiplic-
ity in the exit channel increases with increasing masses of the
reaction partners. (The presence of light particles such as
n,p,d,a, etc., is not considered in this context.) The inter-
pretation of the basic reaction mechanism was, at best,
purely qualitative. In the absence of quantitative spectro-
scopic results, the conclusions drawn were sometimes erro-
neous; e.g., the observation of three heavy fragments was
interpreted by Fleischer er al.!! as ternary fission of a com-
pound nucleus; however, more detailed investigations of
heavy-ion reactions later showed that fusion of very heavy
nuclei at energies around 10 MeV/u resulting in the forma-
tion of a compound nucleus (with its complete momentum
transfer) is unlikely. For nuclei with A>40 and incident en-
ergy 1-3 MeV/u above the Coulomb barrier, the dominant
reaction channel is of dissipative nature.?? This reaction pro-
cess, called deep inelastic scattering, is characterized by con-
version of a significant amount of injection energy to internal
excitation energy with relatively insignificant mass ex-
change. Thus, the projectile and target, by and large, retain
their identity. The excited projectile-like or target-like
nucleus, or both of them, may undergo normal fission as a
second reaction step, giving rise to three or four heavy frag-
ments. This possibility of a sequential process was first dis-
cussed by Karamyan et al.,>* using counter detectors in the
study of 22Ne and “°Ar induced reactions on Au, Bi, Th, and
U. Apart from the interpretation of Refs. 11 and 24, alterna-
tive reaction mechanisms were also suggested by other
groups, e.g., multifragment breakup with consecutive fusion
of two fragments,?® fast breakup in the nuclear or Coulomb
field,2® etc. Most of these concepts were applied in a quali-
tative sense to the multiparticle events observed with
SSNTDs.”

The early attempts to derive quantitative information
with a track detection system were based on theoretical
velocity—range relations; e.g. Ait-Salem er al.?® used the
track data of fission fragments in the reaction "U(n,.f) to
derive masses and energies. Remy et al® determined the
masses and energies of reaction products produced by high-
energy protons incident on different heavy target elements.
Debeauvais and Tripierw studied, in the same manner, two-
prong events, using deuterons as projectiles. The work of the
Strassbourg group®! is based on the parametrization of the
theoretical velocity—range relation for certain detector mate-
rials, using a-particle ranges as a reference. In this external
calibration it is assumed that the behavior of highly disturbed
reaction products and detector material used for reaction
studies would be identical to that of the projectile and detec-
tor material employed for calibration.

A completely different and more satisfactory method of
calibration, developed at Marburg,”' can be designated as
internal calibration. In this method, the entire set of exclusive
data measured in a kinematically complete manner is used
for the purpose of calibrating an empirical velocity—range
relation for heavy fragments in the exit channel of heavy-ion
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induced nuclear reactions. In this way the three-dimensional
geometrical measurements of correlated tracks allow the de-
termination of velocity vectors for all the fragments ensuing
from the point of interaction. A complete kinematical analy-
sis of multiprong events therefore becomes feasible in a
simple and inexpensive manner with SSNTDs. The essential
formalism of this method is discussed in Secs. 4.2.2. and
4.2.3. of the present article. It was first introduced and ap-

plied to the following heavy-ion reactions:?!

(1535 MeV) 2%Pb+"2U [Mica detectors],

(1785 MeV) Z8U+"U [Mica detectors].

This provided the first direct proof of the occurrence of
sequential fission leading to three, four, and five particles in
the exit channel of a heavy-ion reaction. A detailed descrip-
tion of the analysis and results for the reaction (806 MeV)
84K r+"'U [Mica detectors] have been published.32 In that
report the details of the method were given, and the kine-
matical analysis was fully expounded. Through a detailed
analysis it was found to be possible to establish the sequen-
tial fission process as the major reaction mode. The masses,
energies, and centre-of-mass angles in both the first and the
second reaction step were also determined. The use of this
method was significantly broadened by later applications to
the reactions>*~%

(2149 MeV) 28U+"U [Glass detectors],
(2149 MeV) 28U+"U [Mica detectors],
(1050 MeV) 3¥Kr+"*U [Mica detectors].

In the last of the above reactions, some nonequilibrium
effects, not observed at the lower energy of 806 MeV, were
noted.

Obviously, the same multifragment reaction can be stud-
ied in an exclusive experiment and analyzed in a kinemati-
cally complete manner by using modern electronic detectors,
fast coincidences, and associated computers. In recent years,
there has been impressive progress in the development®$-3
and use*** of electronic detectors with nearly 47 angular
coverage. However, the SSNTDs offer a marked advantage
in being simple and inexpensive, yet well suited for register-
ing high-multiplicity events. The data are inherently exclu-
sive and can be analyzed off-line, since the tracks are usually
permanent under ordinary laboratory conditions. The port-
ability of track detectors and minimal requirement of instru-
mentation (i.e., inexpensive chemicals, ordinary optical mi-
croscopes, etc.) mean that their use may be open to many
laboratories of the world. There are some disadvantages of
this method as well. The principal limitation is the number of
analyzed events, which is usually rather limited, owing to the
manual nature of the measurements. This obviously affects
the statistical significance of the results. The wider use of
automatic image-analysis systems is expected to overcome
this shortcoming. In addition, at present the uncertainties in
the measurement of individual tracks cannot be neglected
and must be taken into account in the error analysis.

The experimental technique of registering the heavy-ion
reaction products and revealing their tracks has been applied
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FIG. 1. ““‘Sensitive’’ and *‘insensitive’’ angular intervals within an SSNTD.
Tracks within the *‘critical’’ angular interval are not registered at all, or can
be measured only with relatively large uncertainties.*

to a large variety of projectile—target combinations interact-
ing at different energies (Refs. 21, 32-35, and 44-64).

The present review summarizes most of this work and
also gives some unpublished data.

2. TRACK FORMATION AND REGISTRATION
PROPERTIES

The formation of tracks in solid-state track detectors is
very similar for protons, alpha particles, and heavy ions, and
can be understood in terms of the ‘‘ion-explosion-spike’’
model.®> The impinging positively charged ion loses its ki-
netic energy predominantly by the interaction with free and
bound electrons within the absorbing medium. The dominant
process is the ionization of K- or L-shell electrons. When the
energy of the impinging ion is very low, nuclear stopping
becomes important.66 The details of the track formation de-
pend on a variety of parameters, such as the mass, ionization
state, and velocity of the incident ion, and the ionization
potential of the absorbing material. Along the particle path a
cylindrical zone is generated (50 to 100 A in diameter), filled
with positive ions. The positive ions repel each other, and
consequently the density of the absorbing material is reduced
in this region. This density reduction along the latent track
has been directly observed by low-energy neutron scattering.
The latent track has an increased chemical reactivity. A suit-
able etching medium can dissolve this region. The etching
velocity along the track is higher than for the unirradiated
material. This leads to an irreversible enlargement. The re-
sultant track can be observed directly with an optical micro-
scope.

It is important that a particle enters the detector at a
certain angle with respect to its surface and that the actual
track length exceeds a few um; otherwise it would not be
revealed after etching. Such a limitation in the registration of
tracks is shown schematically in Fig. 1. The typical critical
angle O, with respect to the detector surface, for which the
tracks are not observable, is in the range ® ,<(3-10)°. Fur-
thermore, only particles heavier than a critical mass m are
registered in an SSNTD. The SSNTD technique therefore
discriminates against light particles even at very high inten-
sities. Details of the registration thresholds can be found in
Ref. 5. Typical values for m, are as follows: for mica
my=30 u,'"* and for metaphosphate glass my=16 u.%® It is
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important for the kinematical analysis of nuclear reactions
that the formation of latent tracks and their etching is isotro-
pic. Exceptions are the critical angles mentioned above. The
isotropic track-registration properties of glass and mica were
shown experimentally in Refs. 56 and 57, respectively.

3. EXPERIMENT
3.1. The technique

In the investigation of heavy-ion reactions with mica and
glass track detectors, the registration of events can be per-
formed in the so-called 27r- and 4r-geometry techniques.'*
In the 4m-geometry technique the sandwich method is avail-
able. In this technique the target is sandwiched between two
sheets of the detector material. The sandwich technique is
particularly useful at higher bombarding energies, e.g.,
E>750 MeV/u. A simple and very useful method in the
study of heavy-ion reactions up to bombarding energies of
E ;<50 MeV/u is the 27 technique:?’” The target material is
vacuum-deposited (1-1.5 mg/cm?) onto annealed mica foils
or highly polished glasses.'? Such targets are irradiated per-
pendicular to their surfaces with typical fluxes of about 10°
heavy ions/cm?. The flux and target thickness are optimized
with respect to the number of registered events, the energy
loss of the projectile in the target, spurious overlap of tracks,
and the statistics of reaction products. In our work, exposures
have been carried out at the following heavy-ion accelera-
tors:

1. LINAC in Manchester (England);

2. ALICE in Orsay (France);

3. UNILAC in GSI, Darmstadt (Germany).

After the irradiation the target material is dissolved in
HNO; or aqua regia. Afterwards, the solid-state nuclear track
detector is properly etched so as to reveal the fragment
tracks.'>'** Then the sample is ready for study with the
help of an optical microscope. The sensitive angular range is
typically 5°<@®,,,<85°. For light projectiles of high energy
and for heavy targets, this restricted 27r geometry in the lab
system is nearly equal to a 27 geometry in the center-of-
mass (c.m.) system. With increasing mass and energy of the
impinging heavy ions, the experimental 27 geometry in the
lab system approaches effectively a 47t geometry in the c.m.
system. Particularly interesting in this regard are experiments
using so-called inverted kinematics, i.e., heavy projectiles on
light targets.>> The experimental setup and some observed
track correlations are shown in Fig. 2.

Typical patterns of multiprong events are shown as mi-
croscopic pictures in Fig. 3. Microphotographs of nuclear
reactions leading to four-prong events (glass detectors) and
five-prong events (mica detectors) are shown in Fig. 4.
Tracks of impinging heavy ions which pass through the tar-
get without interaction are observable as dark spots in these
figures. Multiprong events generated by nuclear reactions in
the target layer and observed in the solid-state track detectors
underneath can easily be recognized as such, as the common
origin of all correlated tracks is in the target outside the
SSNTD itself. Because of the restricted 27 geometry and the
registration threshold of the detector, we sometimes miss the
detection of fragments. Therefore, the true multiplicity of a
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FIG. 2. Schematic representation of the 27 geometry used in SSNTD
heavy-ion studies, together with the representation of some typical track
configurations.'*

multiprong event can be higher than the observed number of
correlated tracks in a particular reaction. Typical examples of
such so-called “‘indirect events’’ are shown in Figs. 3c and
3e.

For the quoted target layer thickness and heavy-ion flux,
the density of two-prong events is typically of the order of
107! events/mm?. The stochastic overlap of genuine two-
prong events into an apparent four-prong event is smaller

FIG. 3. Microphotographs showing tracks of projectiles (black dots) and (a)
two-, (b) three-, and (d) four-prong events, respectively, as seen in the plane
perpendicular to the beam (forward hemisphere). Also shown are typical
examples of ‘‘indirect’’ (c) three- and (e) four-prong events. Here, at least
one fragment for each multiprong event is scattered into the backward hemi-
sphere, and is thus missing in the forward 27 geometry, 2
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25 ym

FIG. 4. The same as in Fig. 3 but for four-prong and five-prong events.?!

than 10™% We can therefore disregard the artificial overlap
of multiprong events.

The three-dimensional coordinates of correlated tracks
due to multifragment interactions are measured using an op-
tical microscope.2’ The flux of primary heavy ions is directly
determined by counting the dots as seen in Figs. 3 and 4. The
weight of the target material is determined with a microbal-
ance by weighing the sample before and after depositing the
target layer. In this way, our technique allows the direct de-
termination of absolute interaction cross sections.

The number of multiprong events and their three-
dimensional coordinates are the experimental raw data. Their
analysis will allow us to determine the masses, energies, and
momenta of the reaction products and the angles between
individual fragment tracks and their mutual kinematical cor-
relations. On the basis of these data one can obtain informa-
tion concerning the reaction mechanism.

As a typical example of track-length and scattering-
angle distributions, in Fig. 5 the respective distributions in
the case of collinear two-prong events from the interaction
(806 MeV) 3Kr+™U are shown. (Collinearity within a
plane normal to the beam is due to momentum conservation.)
In Fig. 5 we can clearly differentiate the pair of tracks due to
elastic scattering: short tracks (Fig. 5b) with 6,,,~75° due to
target-like uranium ions, and long tracks with 6,,~20° (Fig.
5a) due to projectile-like krypton ions.

3.2. Uncertainties

The uncertainties within the experimental raw data are
due to several sources, e.g.:

1. Inaccuracies in the measurements of individual tracks.

2. Uncertainties due to straggling effects in ranges and
angles.

3. Uncertainties due to the limited experimental geom-
etry (2m).

4. Registration thresholds (e.g., A=30 u for mica).

For experiments performed so far, the following quanti-
tative uncertainties have been reported:
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FIG. 5. Distribution of (a) scattering angles (lab) and (b) track lengths of correlated fragments in the two-body exit channel of 3*Kr+"*U at E\,,=806 MeV.

Note the experimental cutoff at forward angles.*

1. The total interaction cross section can be determined
within uncertainties of about 13%. Only very rare events,
say, five-prong events, are reported with a larger uncertainty
due to their limited statistical occurrence.

2. The uncertainties in the projectile flux determination
are usually about 8%. The uncertainties in the target thick-
ness are determined to be about 6%. The statistical uncer-
tainties in the determination of a certain category of multi-
prong events (multiplicity) are typically smaller than 5%
when more than 400 events have been observed.

3. The uncertainty in the determination of the track
lengths is =1.5 wm (standard deviation), and that of the
angles is +2.5° (standard deviation). These uncertainties are
typical for this type of work using an optical microscope.
The track measurements in mica are somewhat more accu-
rate than in glass. Certain classes of events, in particular
those having ranges smaller than 5 wm, are associated with
untypical large uncertainties. A detailed description of pos-
sible experimental uncertainties can be found in Refs. 27 and
68.

The uncertainties due to range or angular straggling ef-
fects are, in general, small compared with the uncertainties in
the optical-microscope measurements.

Sometimes, in multiprong events we observe one very
flat and short track. Calculations presented later show that
these fragments were emitted backward in the c.m. system.
Such tracks can barely be measured or calculated with any
reasonable degree of accuracy.

Further systematic uncertainties will be described in due
course in the following sections.

4. RESULTS AND CALCULATIONS

4.1. Investigated heavy-ion reactions and observed
number of multiprong events

The heavy-ion reactions investigated so far are listed in
Table I (Refs. 21, 32-35, 48, 55, 58, and 62—64). The dif-
ferent projectile—target combinations with incident energy
(1ab system) and the observed and analyzed 2-, 3-, 4-, and
5-prong events are presented in this table. The event num-
bers are divided into three classes. Class I refers to all the
events of a particular reaction channel. We are here dealing
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with the total number of registered and counted events.
These events will be used for evaluation of the total (abso-
lute) cross section and for the differential angular distribu-
tion (elastic scattering). Class II refers to that subset which
was measured completely (all spherical coordinates). Not all
the events were suitable for a detailed quantitative analysis.
Some of the events had to be rejected because of unusually
large measurement errors (e.g., very shallow tracks, very
steep tracks, failures in the target or in the detector, and
tracks with end-points in the incident channel of a projectile
particle). The events subject to quantitative analysis are des-
ignated as class-III events.

4.2. Kinematical analysis of multiprong events

4.2.1. Completeness

A reaction with N (spinless) particles in the final channel
is completely determined by N individual momenta and N
individual masses. These 4N variables reduce to 4(N—1)
kinematically independent variables via momentum conser-
vation and (cylindrical) symmetry around the beam axis (un-
polarized beam).

The three-dimensional coordinates of coincident multi-
track events provide 4, 8, 11, and 14 independent quantities
for the 2-prong, 3-prong, 4-prong, and 5-prong events, re-
spectively. These independent experimental raw data are the
track lengths and the track angles between the tracks and the
beam axis, and the track angles between the tracks in the
plane perpendicular to the beam. These experimental data are
kinematically complete for the 2-prong and the 3-prong
events. For the 4-prong events one kinematic quantity is
missing, and for the 5-prong events two kinematic quantities
are missing. The kinematics of the 4-prong and S5-prong
events can therefore be analyzed only with additional as-
sumptions. A realistic assumption is the conservation of the
total mass for the 4-prong events, and, in addition, the para-
metric input of one sum of the masses of two arbitrary frag-
ments for the 5-prong events. By this procedure one missing
kinematic variable for the 4-prong and two missing kine-
matic variables for the 5-prong events can be generated, and
a complete kinematic analysis can be carried out.?!3
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TABLE L. Investigated nuclear reactions, number of registered multiprong events, and number of events analyzed kinematically.

2-prong 3-prong 4-prong S-prong

Reaction events 3) events 4) events (5) events

I Il I I i I I I I I i I
235U(n,h,f)2) A 108 108 108
(540 MeV) ¥Kr+mty? A 67 67 67
(806 MeV) ¥Kr+"U A 496 206 178 347 149 131 110 4 1 1 1
(1050 MeV) ¥Kr+"'y A 650 650 600 648 167 120 80 7 3 3 2
(1539 MeV) 2%pb+"Ph A 200 1) - 47 1) 3 3 3
(1535 MeV) pp+™y B 294 294 283 5 72 70 51 11 13 10 10 e
(2380 MeV) *U+'®Ho A4 500 500 1) 1) 1) 1)
(2380 MeV) 2%U+'"7Au A 500 500 1) 1) 1) 1)
(2380 MeV) 22U+2Bi A 500 500 1) 1) 1) 1)
(1785 MeV) 28y +naty A 270 270 270 23 439 154 154 25 373 193 137 - 1 1 1
(2149 MeV) 28y+maty B 540 540 180 - 150 116 93 - 212 205 136 - 1 1 1
(2149 MeV) 2*U+"U A 130 130 130 13 174 158 148 27 251 210 141 2
(2380 MeV) 2u+maty B 1) 64 57 46 14 87 80 80
(3975 MeV) 28u+mty A 800 200 1) 337 815 1) 375 332 1) 14 22 1)

Legends:
(1): Not investigated
(3): Indirect 3-prong events

A: mica detector
I: number of registered events

III: number of events completely analyzed kinematically

The momentum conservation does not impose any con-
straints on the specific type of interaction between the par-
ticles participating in the nuclear reaction. The kinematic
completeness implicitly assumes an unpolarized beam as
given by the experimental setup and the neglect of spin—orbit
interactions of the reaction products. The mass conservation
implies that all the reaction products have been detected.
Thus, in particular, owing to the finite detection threshold
and the restricted solid angle, certain constraints arise in the
methodology for the analysis of the 4- and 5-prong channels.

4.2.2. Conversion of track parameters into fragment
masses and energies

Experimental investigations, semi-empirical methods,
and theoretical considerations*®’-"? show that a relation of
the form

v;=v{(R;.m;,Z;) (1)

exists between the range R; and the velocity v; of the track
producing particle i (for a given solid stopping medium).
Here m; and Z; are the mass and charge of the ith particle,

respectively. For practical purposes, the form frequently used
. T3-75
is

Ri=k;.v; with k;=ki(m;,Z;) )

with v as a free parameter. For not too high velocities,
Lindhard et al.% have shown that =1 in the above equation
if the electronic stopping is the dominant process.

The charge dependence of k; according to Ref. 66 is
given by

ki=Z}f(m; M)I[1+(Z;1Z2)%*]**, )

where Z and M are the mean charge and mass of the atoms
of the stopping medium. There exist arguments in the
literature’5 % that the value of k; for different particles fluc-
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(—): Not observed
(4): Indirect 4-prong events

(2): Only for calibration
(5): Indirect 5-prong events

B: glass detector
II: number of events whose geometrical properties were fully determined experimentally

tuates around the value given by Eq. (3). The reasons for
these fluctuations can be attributed to the effects caused by
the atomic shell structure.

For our purposes it is, however, important to note that
the explicit dependence on the charge of the track producing
particles for constant mass m; and given stopping medium is
extremely weak (~Z,-” 8). A genuine test of the charge de-
pendence of ranges of different isotopes is very difficult for
practical reasons. Possible variations are often hidden by ex-
perimental uncertainties. This is all the more true in the
present investigations of highly perturbed fragments issuing
from heavy-ion reactions and the limited accuracy in the
measurement of their ranges. Neglecting the explicit weak
charge dependence in the subsequent analysis, we therefore
use the relation

(4)

To every track t; we can assign a range R; (i.e., its length)
and a direction ¢;. Using Eq. (4) and the requirement of
momentum conservation, it follows that

U]=U,'(Ri ,m,—).

N
izl m(R;,m)e;=P;,, &)
where P, is the total momentum and N is the multiplicity of
the event under consideration.

The kinematic method of track analysis is based on the
solution of the system of equations (5), event by event,
where the general analytical form v(R,m) used in Refs. 21,
32, and 35 is

2 4

v(R,m)=2 2 Cuym“R”.

p=0 r=0

(6)

The coefficients c,, are determined by an internal calibra-
tion procedure discussed later. With measured R; and ¢;,
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given total momentum P;,, and given coefficients ¢ uv - the
system of equations (5) is solvable for the unknown masses
m;. In a second step, these values are used in Eq. (6) for
the measured values of R;, and each velocity v; is deter-
mined. Then from the measured directions, €;, the velocity
vectors v; of the particles are known, and therewith all rel-
evant kinematic quantities like kinetic energies, momenta,
relative momenta of particles in different reference systems,
etc.

For 4-prong events, in addition to Eq. (5), a subsidiary
condition is imposed, i.e.,

4
2 mi=mp+m7', (7)

i=1

where mp and my are the projectile and target masses, re-
spectively.

For 5-prong events, a further condition is required. In the
present work, the sum of the masses of two arbitrary frag-
ments to be held fixed is used as a constraint for intermediate
masses, i.e.,

(m chosen as a free parameter).

®)

This relation is taken as a trial value of m;;. With such an
additional constraint the coupled equations (5) and (6) are
solvable, and again all the relevant kinematical variables can
be obtained. The resulting kinematical variables depend
(parametrically) on the initial (trial) value m;;. By varying
this trial value within physically reasonable limits and
changing the ten possibilities of grouping five fragments into
pairs (ij) (kIm), one and only one solution of Egs. (5) and
(6) was found for all the analyzed 5-prong events. This so-
lution is characterized by the fact that all the computed
masses are positive (m;>0 for all i, i=1, 2, 3, 4, 5) and are
larger than the registration threshold of the detector, e.g., 30
u for mica or 16 u for glass.

Since light particles are not registered in the solid-state
track detectors, no experimental information is available on
them. Consequently, these cannot be explicitly incorporated
in the analysis. On the other hand, it is obvious that the
initially well defined kinematic relations between the pri-
mary fragments might be perturbed for the secondary frag-
ments after the emission of light particles (for details, see
Ref. 32).

Two questions arise in this connection. First, Eq. (5) is
based on absolute momentum conservation, whereas the sec-
ondary fragments fulfill this condition only approximately.
Second, the track data are related to the secondary fragments;
however, the masses of the primary fragments are of interest
to us. In Ref. 32 it was shown that the kinematic determina-
tion of fragment masses and fragment momenta from the
velocities of the secondary fragments and the total incident
momentum provides, to a good approximation, the masses of
the primary reaction products before the emission of the light
particles. The relative error in the computed masses, in a first
approximation, is given by

m,+m,=m,1=m

om/Am;=—(e/e+1)(1+0.59+(Am/m;)),
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with e=m//v;, p=mp]lv]. 9)

Here 6m denotes the difference between the computed mass
m; and the true (primary) mass, and Am is the difference
between the primary and the secondary mass; v, and v are
the first and second partial derivatives of the velocity
v(R,m), [Eq. (6)] with respect to the mass. The difference
om vanishes for mass-independent velocity—range relations.
Velocity—range relations are, in general, only weakly depen-
dent on the mass. For the actual velocity—range relation [Eq.
(6)], it turns out®? that e=107!, 7=1. The value of om is
therefore an order of magnitude smaller than Am.

Further, the conclusion that dm is a positive quantity
(i.e., €<0) is of interest. The algorithm described above
therefore somewhat overestimates the primary masses.
~ The reasons for the validity of the above procedure for
kinematic track analysis for all practical purposes are two-
fold. First, the light particles (e.g., n,p, etc.) are emitted
isotropically in the fragment c.m. system (evaporation). This
has been verified for heavy-ion reactions, from deep inelastic
to quasi-inelastic reactions.®’ Second, although the primary
and secondary fragments have different masses, they have
the same mean velocities. Because of the weak dependence
of the velocity—range relation on the mass, the differences in
the ranges are small for fragments with equal velocities. A
necessary prerequisite is, however, that the spectrometry is
based on velocity measurements and not on energy
measurements.

Although the isotropic evaporation of light particles does
not decisively influence the kinematic spectrometry, it nev-
ertheless leads to a further broadening of the resulting mass,
momentum, and energy distributions. The mean values re-
main unchanged, but the dispersions increase. The inherent
dispersion is small for fragments with high velocities, as is
the case with most of the investigated heavy-ion reactions.

4.2.3. Velocity-range relation and its calibration

Velocity—range relations can be determined by indepen-
dent measurements. They are also obtainable through inter-
nal calibration. Both of these methods have been applied in
Refs. 21, 32-35, and 58. Internal calibration turned out to be
the preferred method.

Independent calibration. From independent investiga-
tions the velocity—range data are known for different heavy-
ion systems at different energies.’*%®%3-86 In addition, ex-
trapolations are available on the basis of semi-empirical and
theoretical models.>"%87-8

Figures 6 and 7 show the experimental values of the
ranges at different energies for glass and mica detectors, re-
spectively. Figure 7 also shows the predictions of Northcliffe
and Schilling® for a chosen ion mass. Bragg’s additivity
theorem was applied in the calculations of the semi-
empirical curve for mica as the stopping medium.5*%
Bragg’s theorem relates the stopping power of a compound
to its individual constituents. The elements given in Ref. 69
have been incorporated in accordance with the detector com-
position. Also considered is the fact that heavy ions with
velocities below a critical threshold do not produce etchable
disturbances in glass or mica. The semi-empirical ranges cal-
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FIG. 6. Empirically determined ranges in ZnP glass detectors for a variety
of heavy ions. The ranges are shown as a function of the energy per nucleon.
The line shown is a mass-independent »? fit to the experimental data.>®

culated from the table are thus corrected for their etchable
component. Because of the small number of measured points
and the experimental uncertainty, it is not possible to evalu-
ate reliably the eventual mass dependence by such indepen-
dent calibration. Further, it can be seen that the semi-
empirical ranges reproduce the experimental data only in a
limited manner. The semi-empirical Northcliffe—Schilling
data have to be corrected by about 13% to 20%. This is well
known for other stopping media.®’ In this situation it seems
reasonable to restrict oneself to mass-independent velocity—
range relations, which might be extracted by a )” fit to the
measured ranges.

The mass distribution of fission fragments from
25U(ng,.f) is shown in Fig. 8. It was obtained with the help
of kinematic conversion of track parameters and a mass-
independent velocity—range relation. Also shown in Fig. 8
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FIG. 7. Empirically determined ranges in mica (muscovite) detectors for a
variety of heavy ions as a function of their velocity in the lab system. The
line drawn is based on Northcliffe and Schilling’s tabulations® for *®Xe.
The experimental data are taken from Ref. 68.
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FIG. 8. Mass-yield curve for fission fragments from thermal-neutron in-
duced fission of 22°U. The SSNTD data were converted with the help of a
mass-independent velocity—range relation. The uncertainties quoted are due
to statistical uncertainties.

are the experimental fragment mass distributions (dashed
curve) which have been extracted by radiochemical
methods.”

The SSNTD experimental mass distribution is narrower
than the radiochemical data. Also, the mass-maximum of the
lighter fragments of the track data is displaced towards the
mass-maximum of the heavier fragments, when compared to
the radiochemical data. Both trends are unreasonable. In fact,
the track data contain experimental errors as well as further
uncertainties from angular, energy, and range straggling.
Neutron evaporation also leads to a further dispersion in the
track data. The track data thus should have yielded signifi-
cantly broader distributions than the ones from the radio-
chemical data. Since the x? distribution measured radio-
chemically may be regarded as the exact one, it therefore
follows that the mass independence of the energy—range re-
lation is an inadmissible simplification. Similar effects,
namely, too narrow distributions and systematic displace-
ments of light fragments towards the heavier mass peak, are
also known from other spectrometric fission-fragment inves-
tigations with solid-state track detectors and mass-
independent velocity—range relations.®* Too narrow distribu-
tions and systematic shifts of heavy and light particle
channels have been likewise observed in the heavy-ion reac-
tion (1535 MeV) 2%Pb+"*U for the 3-particle and 4-particle
channels® if the analysis is performed by means of a mass-
independent energy—range relation.

Mass-dependent internal calibration. Figures 9 and 10
show the mass distribution and the total kinetic-energy dis-
tribution when a mass-dependent optimized velocity—range
relation is employed for the situation discussed with respect
to Fig. 8. The broken curve in Fig. 9 corresponds to the
above-mentioned radiochemical data. The solid curve arises
from the folding of the radiochemical data with a mass un-
certainty of o,=7 u. The broken curve in Fig. 10 refers to
counter experiments.”* The solid curve is a least-squares fit
to the track-detector data under the assumption of a linear
dependence of the fragment energies on the mass ratio be-

Gottschalk et al. 161



10 T T
~—== RADIOCHEMICAL
RADIOCHEMICAL FOLDED
WITH 6« 7u
10' | |
-
a0’ LLIAE,
- H ]
w \ ! M
> ! ! \
] ]
\ ! ~
a1 i
10 : 1
I 1 !
R
i Vf |
10° A H '
60 80 100 20 140 160 180

FRAGMENT MASS (u)
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sion of "™'U, obtained by conversion of the track data based on a mass-
dependent velocity-range relation. The dashed line corresponds to radio-
chemical data. The solid line refers to radiochemical data which are
modified by the experimental uncertainty of this work (a,,=7 u).*

tween the lighter and the heavier fission products.

The coefficients of the mass-dependent velocity—range
relation are obtained by a suitable choice of the coefficients
in Eq. (6), based on an optimal fit to the light and heavy mass
peaks as well as the mean kinetic energy of the fission frag-
ments. Figures 9 and 10 demonstrate that by this kind of
internal calibration, fission-fragment tracks can be analyzed
consistently and converted into fragment masses and frag-
ment energies.

An analysis of the two-particle channel in heavy-ion re-
actions, by fitting of the coefficients found from U(ngy,.f) to
the projectile and target mass as well as to the elastic line in
heavy-ion scattering, yields, in general, optimal velocity—
range relations for all interesting masses, energies, and
ranges. Figures 11 and 12 demonstrate the adequacy and
internal consistency of these procedures.

For the 2-particle and 3-particle channels, the mass con-
servation
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220 ENERGY RELEASE IN THERMAL .
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FIG. 10. Distribution of total fission-fragment energies versus mass split.
The conversion of track data is based on the mass-dependent velocity—range
curve. The dashed line refers to counter experiments,” and the solid line is
the rgzgression line for the data, assuming a linear dependence on the mass
split.
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energies for elastic scattering in the reaction (2149 MeV) 2U+"U. The
conversion of track lengths is based on an optimized, mass-dependent
velocity—range relation. Only statistical uncertainties are given.®®

N
Zl mi=mp+my (N=23) (10)

(mp=projectile mass; my=target mass) is not used in the
calibration. Consequently, a further check is provided by the
comparison between the calculated sum of the fragment
masses and the total mass of the projectile and target. This is
demonstrated for the reaction (1785 MeV) 233U +"'U (2- and
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FIG. 12. Correlation plot for the masses of the two-body exit channel and
the TKEL. The data correspond to elastic (+ quasi-elastic) binary events
and are uncorrected for experimental uncertainties. The masses and energies
were calculated using an optimized mass-dependent velocity—range curve
(see Fig. 15).%
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3-particle channels) in Fig. 13. The agreement between the
calculated and expected values is satisfactory. The aythors of
Refs. 21, 33, 45, and 54 arrive at the same conclusions.
Typical velocity—range relations found from internal
calibration are shown in Figs. 14 and 15 for mica detectors.
Also shown in Fig. 14 is the upper theoretical limit for the
region of proportionality between the velocity and the range.
One can see that this region is narrower than that predicted.
This is particularly true for very heavy ions (A >200 u). The
velocity—range relation obtained by Qureshi et al.3 (Fig. 15)
in the case of the (1050 MeV) Kr+U reaction observed with
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FIG. 14. Comparison of empirical velocity—range curves of this work for
some selected nuclei with directly measured data. For the nuclei **Kr and

28U we also indicate the upper limits (Ug, and 0y, respectively) for the
theoretically predicted region of velocity-proportional stopping.>2
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shown. The regions of the curves which are most sensitive for fitting the
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mica detectors was also compared with the calculations
based on Benton and Henke’s theoretical model.?’”

The velocity—range relations found in this way are cali-
bration polynomials. They are valid only within their well-
defined limits. They represent the best curves for the inves-
tigated track-length distributions, special detectors, etching
conditions, and particular track-producing particles. These
are therefore not suitable for extrapolations beyond their re-
spective limits. Experience showed that for every new ex-
periment and for each new track detector at hand, a new
internal calibration had to be carried out.

4.2.4. Error analysis and data selection

The largest (relative) errors in the ascertained physical
quantities arise from the lighter fragments and from frag-
ments with very short tracks. This is a particular character-
istic of the kinematic track analysis.

The uncertainties have been ascertained with different
methods. The influence of the measurement uncertainties
have been simulated by Monte Carlo methods as follows:
Within the experimental uncertainties the track lengths and
track angles are varied for randomly selected multiprong
events. In this way, new data sets are generated event-by-
event in the form of distributions. Their half-widths are a
measure for the experimental error. Figure 16, e.g., shows
such a statistically generated distribution for the 4-prong
event in (806 MeV) 3Kr+"*U.

In the kinematic analysis of multiprong events there are
also further errors besides the measurement errors. Most im-
portant are the inaccuracies because of straggling, evapora-
tion of light particles, errors in calibration, and differences in
etching procedures and etching behavior.

An estimate of the influences of all these errors can be
obtained from the width of the elastic peak (Q value, projec-
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(806 MeV) ¥Kr+™"U as obtained by a Monte Carlo simulation of the inac-
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tile mass, target mass) and from the width of the sum of the
fragment masses in the 2-prong and 3-prong channels. Such
distributions are shown in Figs. 11 and 12.

It turns out that the distribution of the total fragment
mass in the 3-prong channel is significantly broader than that
in the 2-prong channel. This behavior has been found in all
the reactions. It can be traced back to the increasing number
of independent quantities to be measured with increasing
multiplicity of the reaction. If it is assumed that the errors of
the individually measured quantities enter with equal weight
into the final quantities, then to first order the uncertainties
scale as the square root of the number of independent vari-
ables. On the average, a relative error of 3.3% (standard
deviation) can be deduced per degree of freedom for the
determination of the masses. It varies from 2.0% to 4.6%,
depending on the reaction under investigation and on the
applied detector.

" The actual analysis in Refs. 21, 32-35, and 58 as well as
in this work is restricted to events in which the sum of the
fragment masses in the exit channel was within two standard
deviations of the expectation value. For the 4-prong and
5-prong events a condition was imposed that the evaluated

TABLE II. Total and partial reaction cross sections.

masses of the fragments are above the registration threshold
of the detector. The subset III of Table I refers to this re-
stricted set. In Ref. 34 the selection was based on an addi-
tional criterion. Only those events were analyzed in detail,
for which the relevant kinematic variables allowed the con-
clusion of a sequential process.

4.3. Total and partial reaction cross sections

A list of measured total reaction cross sections and par-
tial reaction cross sections for individual multiplicities is
given in Table II. These have been calculated according to
the equation

o =R;/ DA, (11)

where R; is the number of events of multiplicity i observed
per unit surface area, A is the number of target nuclei per
unit surface area, and ® is the flux of incident ions.

The 2-particle exit channel has only been included for
inelastic events with TKEL>100 MeV. The experimental
total reaction cross section is the sum of the partial reaction
cross sections for the 2-, 3-, 4-, and 5-particle channels. The
quoted uncertainties include the statistical uncertainty as well
as the errors in the measurement of the flux and the number
of target nuclei. Typical relative errors in these measure-
ments are about 10%. The so-called ‘‘indirect’’ events with
n observed particles have been included in the (n+1) class.
ad’® is the total reaction cross section, based on the experi-
mentally observed quarter-point angle 6% and calculated
according to Frahn’s Fresnel model.”” The uncertainties in
o' are strictly those due to statistical uncertainties and
uncertainties in the experimental determination of the
quarter-point angle. The total error might be larger, owing to
the difficulties in separating elastic and quasi-elastic events
experimentally.

The 27 detector geometry used in this work has an ob-
vious limitation: When we observe n fragments in one inter-
action, there could have been (n+x) fragments in reality,
with x fragments emitted in the backward direction. There-
fore, we consider only those events with n observed frag-
ments as being due to the n-particle exit channels when these

Reaction o aQ!® o, a3 A 2 Ref.
(806 MeV) ¥Kr+"'U 2410390 2680+290 150+35 2235+340 23+11 32
(1050 MeV) ¥Kr+"'U 3201%282 3389110 3185*+278 166 35
(1539 MeV) 2%8Pb+"Pb ) (2) ) ) () 49
(1535 MeV) 2%pb+"2y ) 1650250 (2) 1100130 200+70 21
(2380 MeV) 22U+ '%Ho 2) 2970 ?2) (2) ?2) 55
(2380 MeV) 28U+'7Au ) 2900 ) ) ) 55
(2380 MeV) 28¥U+2%Bj ) 2780 2 (2 () 55
(1785 MeV) 28y 4-naty 1840+250 - 1640+ 120 980+130 850*110 10x7 48
(2149 MeV) 2BU+mty 2930+380 2970 1110+140 1810240 9+6 33
(2149 MeV) 22u+mty 3050%390 2800+240 1210170 1830+240 14*+10 58
(2380 MeV) 28U +raty 2670 (2) 2) 900) 1720 35 45
(3975 MeV) 28U+raty 4740*+570 4880700 2880+350 1770+220 90+20 58
oy : Total experimental reaction cross section (sum of ¢, 03, g, and o5)

a{!/®: Total experimental reaction cross section determined with the help of elastic scattering and quarter-point angle

(2): not investigated in detail

-: not investigated at all
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TABLE III. Comparison of experimental and theoretical reaction cross sec-
tions.

0';( 1/4) aglah a,zpt.
Reaction (mb) (mb) (mb)
28y +16Ho 2970 3360 3220
(2380 MeV)
28U+Au 2900 3320 3200
(2380 MeV)
28 +209Bj 2780 3320 3210
(2380 MeV)

o!?: Total experimental reaction cross section determined through the
elastic-scattering quarter-point angle

a'g"i' : Reaction cross section calculated with the help of the sharp-cut-off
model (Blair)

¥ : Reaction cross section calculated with the help of the optical model

events are amenable to kinematic analysis for the relevant
multiplicity. Other cases are considered as ‘‘not having been
analyzed kinematically.”” Therefore, the values given in
Table II are lower limits for high multiplicities (i.e., n=4
and n=5) and upper limits for low multiplicities (i.e., n=2
and n=3).

As shown in Table II, the sum of the partial cross sec-
tions for the 3-, 4-, and 5-particle exit channels agrees fairly
well with the total interaction cross section determined inde-
pendently via the quarter-point angle 6V _ This is a reassur-
ing experimental result.

Experimentally determined total interaction cross sec-
tions can also be compared with theoretical calculations
based on the optical model or on the ‘‘sharp-cutoff’’ model
of Blair.”® This gives an independent check on the reliability
of the results obtained so far. The most detailed calculations
have been carried out, in this respect, for the systems (2380
MeV) 28U+!%Ho, Y7Au, and 2®Bi (Ref. 55). In the
optical-model calculations, a conventional Woods—Saxon
parametrization according to Thomas® with ro=1.28 fm as
the radius parameter for the nuclear potential V, was used.
The interaction parameter R;,, and the interaction barrier B,
in the ‘‘sharp-cutoff’’ model were calculated using addition-
ally the proximity and droplet model as follows!%1%! (p
=projectile; T=target):

Rin/fm=0.8425(Cp+ C1) +4.49, (12)

Ci=r(1-1r}),

ri/fm=1.284;"-0.76+0.8/A}">,

Bin/MeV=(ZpZre?/ Ry, —0.1024y exp(2.7— £)/0.7176),
(13)

y=11.959[CpC1/(Cp+Cy)][1—1.7826{1 —2(Z,

+Zp)/(Ap+Ap}],
£=4.49—0.1575(Cp+Cy).

The experimental and theoretical results are shown in Table
III. The results obtained by different models agree reason-
ably well with each other. The experimental and theoretical
values also agree fairly well, considering the experimental
uncertainties. It may, however, be noted that in Table III the
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experimental cross sections are systematically somewhat
smaller than those calculated. We do not put too much em-
phasis on this difference, since it might be due to inherent
limitations of the experimental 27-geometry technique, as
pointed out earlier. In particular, if elastic as well as quasi-
elastic binary events are counted as being due to elastic scat-
tering, then one overestimates 6 and thus calculates too
low a value for the cross section o'/, Consequently, one
obtains also too low a value for o, which involves the sum
of all observed multiprong events (n=2,3,4,5).

4.4. Elastic scattering and reaction parameters

A typical angular distribution for two-prong events due
to elastic scattering is shown in Fig. 17. The ratio of the
experimental differential cross section divided by the calcu-
lated Rutherford cross section as a function of the scattering
angle is shown for the reaction (2380 MeV) 234U+ !%Ho.
Similar results have been obtained for other systems.>> The
quoted experimental uncertainties are strictly statistical. As
mentioned earlier, the inclusion of quasi-elastic events could
have introduced a systematic error. We defined all binary
events as being due to elastic scattering, when Am/m="7%
and AE/E = 4.5% within the elastic reaction kinematics. Fig-
ure 17 is based on absolute values for the differential cross
sections, since the total target thickness and the total heavy-
ion flux are directly measured. Technical reasons are respon-
sible for the underestimation of elastic scattering for
0..».<25°. For uranium-induced reactions, in the angular
range 25=<6,,, <50° one observes rather pure Rutherford
scattering; here we are in the domain of rather large impact
parameters between the target and projectile. For the scatter-
ing angle 6., >50° for a uranium projectile one observes
directly the onset of inelastic interactions at small impact
parameters, resulting in a decrease of the observed ratio (Fig.
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17). The exact details of this decrease are obviously due to
the special characteristics of the specific nuclear interaction.

It is of considerable interest to determine accurately the
angle, called the quarter-point angle 69, at which the ex-
perimental differential elastic scattering cross section is 1/4
of the elastic differential Rutherford cross section. On the
basis of the model described in Ref. 98, one can correlate
this experimental 6% with the reaction parameter R;,, the

and the total reaction cross

grazing angular momentum /.,

section g 1927106

4.5. Evidence for sequential fission

4.5.1. Correlated fragment pairs and their
characteristic velocities

Sequential interactions in nuclear reactions leading to
more than two particles in the exit channel have significant
resonances for certain kinematical variables.'%’ Let us denote
two outgoing particles by i and j, and their masses by m; and
m;. A resonance in the Galilean invariant

vi=o;— v (14)
at

(15)

describes a quasibound intermediate state whose decay en-
ergy E;; is given by

— o
U,'j—'vij

E, = s2 (16)
The resonance is well defined if the lifetime of the interme-
diate state is sufficiently long. The decay of the intermediate
state can be influenced by other particles, resulting in the
broadening of this resonance, in a shift of its position, and in
nontrivial angular correlations of the outgoing products of
the intermediate state.
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FIG. 19. Distribution of the Galilean invariant v;;

of two fragments against that of the complementary two fragments vy, (i,j,k,/=1,2,3,4) in the 4-particle

exit channel for all three combinations. The results are shown on an event-by-event basis for five different studies (a—e).2!:3%45:56:58
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Typical distributions of the experimental velocity differ-
ences v;; for reaction products in the three-particle and four-
particle exit channels are shown in Figs. 18 and 19, respec-
tively. Here we have integrated all the other variables. Figure
18 shows the velocity differences v; j» for different combina-
tions to couple the pair [ij] with a third particle [k] in the
three-particle exit channel. Figure 19 shows the different
possibilities to couple two pairs [ij], [k/] in the four-particle
exit channel. Corresponding to the various combinatorial
possibilities, we obtain three results for each event, displayed
collectively in Fig. 18 for three-prong events and in Fig. 19
for four-prong events. For three-prong events we have pairs
Vij» Vi, and v . For four-prong events v;; versus v, U
versus v ;, and v;; versus v j; are plotted. In Figs. 18 and 19
one can observe a striking concentration of points near the
following value of the relative velocity between two frag-
ments:

v;;=023 fm/107% s. (17)

It is important to note that for each multiprong event one
observed pairs of fragments with a velocity difference in the
range

v;;=(023£0.06) fm/1072 s. (18)

In four-prong events we could always find exactly one
combination [ij], [k!] which fitted the condition of Eq. (18).
This well-defined cluster can be seen in Fig. 19. The other
combinations give a wide scatter of points clearly separated
from this cluster.

For three-prong events one could find at least one com-
bination [ij], [k] according to Eq. (18). Moreover, in about
80% of all cases we have one uniquely determined combina-
tion for v;;=0.23 fm/ 1072 s, while all other combinations
differ significantly from this value. In about 20% of the
events we could observe two different combinations, e.g.,
[i1, (k] and [ik], [j], which satisfied Eq. (18). Such a lack
of uniqueness could also be observed if the two-dimensional
representation was converted into a one-dimensional repre-
sentation. The maximum is clearly observed for three-prong
events at v;;=0.23 fm/ 102 s, appearing significantly above
the broad background distribution. Owing to this back-
ground, it is possible in 20% of all cases to find more than
one combination according to Eq. (18).

The mean relative velocity observed in the fission of
25U with thermal neutrons'% has the value

v;;=024 fm/1072 . (19)

This value is nearly independent of the fragment mass ratio
m;/m; between the fission fragments. It changes by 2% when
going from symmetric to asymmetric fission. The natural dis-
persion in v;; for a fixed mass ratio is 0.005 fm/1072 s. The
value of v;; [Eq. (19)] is also nearly independent of the mass
(m;;) and charge (z;;) of the fissioning fragment, and in
particular (and surprisingly) independent of the excitation
energy E . According to the literature,>1%%1% the following
values are to be expected:

v;j=(0.24+0.04) fm/1072 s (20)
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for 140 u<m;;<300 u, 0 MeV<E,<100 MeV, and
1.0<m;/m;<15.

The analysis of velocity differences of various multifrag-
ment channels in all investigated heavy-ion reactions
strongly indicates the sequential nature of the reaction
mechanism. In the first step of a binary interaction, two ex-
cited ions are produced; one or both of these subsequently
undergo fission in the second step of the reaction, resulting in
three or four final fragments. In the case of five-prong events,
one of the heavy fragments of the second step decays further
sequentially. Denoting the projectile and target masses by
mp and my, respectively, the sequential nature of multifrag-
ment events is thus given as follows:

3-prong events: m,,+mr——>m,?"j+mk st step
m;+m; 2nd step
4-prong events: mp+my—mfi+mp 1st step
(mi+mj) (mg+m;) 2nd step
5-prong events:
mp+mp—m¥+mfy, Ist step

(m;+m;) (mg+mf,) 2nd step

(my+my) 3rd step

5-prong events:

The fission Q values of the intermediate fissioning nu-
clei agree well with the semi-empirical correlation of
Viola.'® The experimentally determined Q values deviate
between *(4-25)% from those expected theoretically. The
observation of correlations in the velocity difference v;; be-
tween the reaction products could be confirmed by electronic
methods for the three-particle exit channel in the reaction
(1785 MeV) U+U and in some lighter reaction
systems.“o'lll To our knowledge, the occurrence of multiple
sequential fission in heavy-ion induced reactions leading to
four or five heavy fragments in the exit channel has not been
investigated so far by other methods.

4.5.2. Independence of the second reaction step for
the sequential fission process

In the case of fast fission of a primary reaction product
in the presence of the Coulomb field of a second binary
reaction product, one would expect an anisotropic angular
distribution in the scattering plane defined by vectors in the
direction of motion of the two primary reaction products.“2
The in-plane angle is defined in Fig. 20. The investigation or
analysis of the in-plane angular distribution of correlated fis-
sion fragments could reveal such effects. However, experi-
mentally it was found that the in-plane angular distribution is
isotropic within the moving c.m. system of the primary re-
action products, as shown in Fig. 21 (top). The observed
modulation in the experimental in-plane distribution is
purely technical in nature and has no physical basis. This is
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FIG. 20. Graphical description of the terms ‘‘reaction plane,”” ‘‘out-of-
plane’’ angle, and ‘‘in-plane’’ angle.

due to the presence of fission fragments with flight directions
parallel or perpendicular to the detector surface, which con-
sequently remain undetected (see, e.g., Fig. 1). Our method
is not accurate enough to allow a detailed study of the influ-
ence of the nuclear or Coulomb field of one primary reaction
product on the fission configuration of the other primary re-
action product.

The mass-ratio distribution m;/m; for fission fragments
and the distribution of velocity differences are independent
of the fission direction, as shown in Fig. 21 (rest). The out-
of-plane angular distribution of fission fragments in the four-
particle exit channel is shown in Fig. 22. (The definition of
the out-of-plane angle is given in Fig. 20.) Obviously, there
are no nontrivial correlations between the out-of-plane
angles for both fission-fragment pairs. The distribution is
consistent with the product of the two angular distributions.
This gives an additional hint that the second reaction step is
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FIG. 21. Distribution of the yield for the ‘‘in-plane’’ angle, the relative
velocity v;; of correlated pairs of fission fragments, and of the asymmetry of
the mass split in fission as a function of the ‘‘in-plane’’ angle for the reac-
tion (2149 MeV) 238U+ U giving three or four particles in the exit channel.
The “‘dips’’ in the yield at +60° and —30° are again due to technical
reasons. Only statistical uncertainties are given.’®
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fission fragments from the reaction (1785 MeV) 2¥U+U—(4 particles)
(outlined histogram). The dashed histogram gives a reconstructed (i.e., cor-
rected) distribution, as the 27 geometry used is less sensitive in its registra-
tion efficiency for certain geometrical configurations.*®

independent of the first reaction step. Nontrivial correlations
for systems lighter than U+U have been observed. Here it
was indeed observed that fission during the second reaction
step still occurs in the presence of the first reaction partner.*?
However, these nontrivial correlations have also not been
observed in the interaction (1785 MeV) 28U+"'U, using
complex electronic counter systems.'' This result from
counter experiments is confirmed by the present work, based
on the SSNTD technique for three and four particles in the
exit channel for the interaction U+U up to energies of 2149
MeV (E;,)- At higher bombarding energies a complete
analysis of the system U+U is still lacking.

4.6. The inelastic two-particle exit channel in the
reaction (806 MeV) 8Kr+"'U

4.6.1. Energy and mass distribution

The total kinetic-energy loss (TKEL) in a nuclear reac-
tion is defined as the difference of the kinetic energy in the
exit channel and that in the entrance channel, both measured
in the c.m. system. We define deep inelastic events as events
with |[TKEL|=120 MeV. Most of the inelastic events have
TKEL=250 MeV. We can calculate the Coulomb barrier for
this reaction with R;,=14.0 fm to be E,,;=340 MeV. For
the interaction (806 MeV) ¥Kr+"U the c.m. energy is
E. =596 MeV. By comparing these energies we notice that
in deep inelastic two-particle events nearly complete damp-
ing has occurred for the available energy of the incoming
8Kr ions. The kinetic energy of the fragments in the final
channel is essentially determined by the mutual Coulomb
repulsion. It is typical for these reactions that we occasion-
ally observe even larger values for TKEL.?

Reaction products close to the projectile and target mass
show nearly no energy loss. On the other hand, fragments
due to deep inelastic interactions are coupled to greater mass
transfer. This mass transfer goes from the heavy partner (ura-
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the deep inelastic component (TKEL=120 MeV) in the two-body channel
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nium) to the light partner (krypton). The mass distribution of
deep inelastic fragments has two maxima at A=195 and
A=118, as shown in Fig. 23 (2-prong events). After correct-
ing for experimental uncertainties, both peaks have widths of
about 45 u (FWHM). For this correction we assumed the
same experimental mass resolution in both the inelastic and
elastic channels.

Radiochemical studies of the system Kr+U indicated a
very strong maximum at A= 195 (‘‘Goldfinger’*),!'* having
a rather narrow width of only about 18 u (FWHM). This is
contrary to the results of our work. Our peak is rather broad.
Furthermore, this peak in the two-body channel resembles
very much the mass distribution of heavy primary fragments
(first reaction step) in the three-particle exit channel (e.g.,
Fig. 23). The heavy mass peak around A=195 in the two-
body exit channel should thus be interpreted as being due to
those primary fragments which, after a deep inelastic colli-
sion, survive subsequent decay. Therefore, a particular reac-
tion mode which leads to ‘‘Goldfinger’’ need not be postu-
lated. Furthermore, it is to be noted that we worked with a
very precise and high Kr energy and that the above-
mentioned radiochemistry work was done for lower energies
down to the Coulomb barrier. Therefore this discrepancy will
not be overemphasized. Additionally, the work by Lucas
et al.,"'* based again on radiochemical techniques, indicated
that the ‘‘Goldfinger’’ and its narrow distribution is an ex-
perimental artefact. Lucas et al. also used a very thin target
(equivalent to a very well defined and high value of the ion
energy) and determined the mass distribution of the binary
reaction products. The maximum of higher mass in this dis-
tribution was near A= 195, and its width was broad, as ob-
served in our work. Lucas er al.!'* speculated that angular-
momentum induced fission should produce predominantly
fragments with 195<A<238. For increasing angular mo-
mentum in the incoming reaction channel a shift of the maxi-
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or three particles. In the 2-particle exit channel only events with TKEL=120
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mum in the mass yield curve down to A =195 was expected.
However, in view of our higher bombarding energies we
should have expected a narrow mass distribution than in the
results of Lucas et al., who used a much lower bombarding
energy. As we observe a rather broad experimental mass
distribution, we cannot support the speculation of Ref. 114.

Another theoretical calculation based on a dynamical
fragmentation model was carried out by Gupta''> for the re-
action **Kr+2*%U. The collision process was described in a
mass-asymmetry coordinate using the time-dependent Schro-
dinger equation. The Hamiltonian for the problem was con-
structed by making use of results derived from the classical
orbit equations, the cranking model, and the BCS formalism.
Gupta concluded that the Kr+U reaction at various energies
is a peripheral collision with reaction times of the order of
6x1072! 5. Such reactions are characterized in general by
low energy damping and only a few nucleon transfers. How-
ever, some specific partial waves in a narrow angular-
momentum window allow for a considerable mass transfer
and energy loss. The mass transfer was found to take place
from the heavier to the lighter partner of the reaction.!'
Further, the cross section for the binary process is much
smaller than for higher multiplicities. These results are in
qualitative agreement with our experiments.

4.6.2. Angular distribution

The angular distribution in the c.m. system for deep in-
elastic 2-prong events is shown in Fig. 24 (open circles).
This distribution was obtained after integrating over all the
other variables. A strong decrease of projectile-like frag-
ments at 6, ;, <25° and for target-like recoils at 6, ,, >155° is
exclusively due to technical limitations of our 27 geometry.
The distribution in Fig. 24 is weakly focused near the
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quarter-point angle 08,’:)=47°. We do not observe a strong
decrease towards larger angles. We also find no sign of a
1/sin(6,,,) angular distribution. This shows that compound
nuclear reactions play at best only a minor role. The reaction
mechanism of multifragment breakup and subsequent fusion
of two other fragments requires a definite maximum at for-
ward and backward angles, as calculated in Ref. 25. The
present experimental data do not indicate this feature. How-
ever, one should not overlook the fact that our 27 geometry
is not well suited experimentally to study particularly these
forward- and backward-peaked angular effects. In Fig. 24, it
is seen that the deep inelastic two-prong events (open circles)
and sequential fission (closed circles) show a very similar
angular distribution.

The angular-distribution classification for heavy-ion re-
actions introduced by Galin'!® is based on a modified Som-
merfeld parameter

n' =ZpZslhv', (21)

where Zp and Z are the electric charges of the projectile and
target nucleus, respectively, and v’ is the relative velocity
between the target and the projectile at the peak of the inter-
action barrier. For low values of the parameter 7’ (7’ <200)
the angular distributions in the case of inelastic events are
comparatively broad, with a maximum exceeding & . For
medium values of %’ (200<7'<250), the angular distribu-
tion peaks in the forward direction and near the quarter-point
angle with equal intensity. For higher values (%'>250) the
differential cross section is strongly focused near the quarter-
point angle. For the reaction (806 MeV) 3Kr+"*U we cal-
culate the modified Sommerfeld parameter 7’ to be equal to
260. This value is similar to 7’ =304 for the reaction (686
MeV) 3¥Kr+"U (Ref. 117). Therefore we observe in the
two reactions rather similar angular distributions. In our ex-
periment, the observed angular distribution and the focusing
of the projectile-like fragments near the quarter-point angle
strongly support the view that deep inelastic scattering takes
place for grazing collisions with large mass transfer.!">

4.7. Three-particle exit channel

4.7.1. Kinematical ambiguities

It has been mentioned earlier that in about 20% of all
three-prong events the pair of fragments resulting from fis-
sion could not be uniquely identified in the case of reactions
induced by uranium and lead ions on uranium target nuclei.
The three-prong events observed in the interaction (806
MeV) 3Kr+"U had an even higher contribution of about
35% of the events giving two possible pairs of fragments
associated with sequential fission. This means that the track
configurations allow two out of three possible combinatorial
possibilities to group two fragments as a pair and a third
particle as a spectator: (ij), k. The relative-velocity window
v;j=0.2320.06 fm/10™> s could be observed for two such
combinations in each of the above-mentioned 20% of the
three-prong events.

Whenever we observed only one kinematically accept-
able solution, we observed predominantly forward scattering
of projectile-like fragments and symmetric fission of the
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target-like heavy partner. This has to be expected, as we
know that all excited nuclei or nuclei lighter than uranium
fission predominantly symmetrically. Therefore, in the kine-
matical analysis of reactions induced by Kr and Pb ions we
use the additional criterion that projectile-like fragments are
scattered forward in the first reaction step whenever a nonu-
nique situation arises with respect to the relative velocities.

For the reaction U+U this last-mentioned criterion can-
not be applied. Here, in the case of nonuniqueness, we se-
lected those combinations which provided the best agree-
ment between the theoretical and empirical fission Q values.

4.7.2. Energy and mass distributions in the first
reaction step

The energy and mass distribution was studied for several
reactions using the present method of analysis. In the follow-
ing, these reactions are discussed individually.

(1) (806 MeV) ¥Kr+"U.

The mass distribution in the first reaction step of the
sequential process is shown in Fig. 23. The light component
has its maximum at 78 u, while the peak of the heavy com-
ponent is at 244 u. The heavy component of the first inter-
action step decays consecutively by sequential fission. After
experimental corrections, one observes a narrow mass distri-
bution having a width of 24 u (FWHM). As in the case of the
inelastic two-particle exit channel, here too we observe a
wide spectrum of Q values ranging from quasi-elastic inter-
actions (TKEL~0 MeV) up to deep inelastic interactions.

This reaction is typical for heavy-ion reactions. The two-
fragment exit channel is in principle very similar to the
three-particle exit channel, the only new feature in the latter
case being the sequential decay of its heavy reaction partner,
particularly for the reaction partners with only small mass
transfer.

(2) (1050 MeV) ¥Kr+"2U.

As compared with the reaction (1) above, here the injec-
tion energy is increased from 256 to 436 MeV. The first-step
masses were fitted in terms of Gaussian distributions, as
shown in Fig. 25. The projectile-like mass is centered at 103
u, whereas the prefission mass distribution has its peak at
219 u. The reason for the enhanced central value of the
projectile-like mass is discussed in detail in Ref. 35. Another
difference observed here with respect to the reaction (1) is
the increased widths of the mass distributions (e.g., from 24
u to 33 u for the projectile-like fragment).

(3) (1535 MeV) 208pp+m2ty,

The maxima in the mass distributions of the two compo-
nents in the first reaction step are shifted towards greater
asymmetry, as in (806 MeV) #*Kr+""U. The light compo-
nent has its maximum at about 200 u and does not undergo
any further decay. The maximum of the heavy component is
at about 250 u. These intermediate heavy nuclei decay in a
second reaction step.

(4) (1785 MeV) Z8u+my,
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84Kr+280 at 12.5 MeV/u¥

In this case the distribution of both fragments in the first
reaction step is symmetrical around A =238 u. The width of
the distribution is 28 u, including experimental uncertainties.
Unfolding this distribution into the surviving and decaying
components, one obtains the following results: The mass dis-
tribution of the nonfissioning component (Fig. 26) has its
maximum at 225 u, and its intensity decreases very steeply
towards heavier masses. As we know from radiochemical
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FIG. 26. Mass distribution of the surviving heavy transfer product in the
reaction (1785 MeV) 2¥U+U (3-particle exit channel). Only statistical un-
certainties are given. The dashed curve is given according to diffusion cal-
culations, including shell effects at Z= 82, excitation energy E,, =75 MeV,
and interaction time 4-1072! 5.!"® The solid line is the same theoretical
curve, but folded with an experimental uncertainty 0=20 u.
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data, one observes practically no nuclei with masses exceed-
ing 238 in this reaction. Therefore the ‘‘surviving frag-
ments’’ with masses A>238 u are artefacts due to our mass
resolution of 0=20 u. The heavy prefission component peaks
at 250 u. A slow decrease in the mass distribution of the
heavy fragment indicates a considerable mass transfer in the
first interaction step. This is a physically significant result.
The system U+U was studied at 1785 MeV by several
groups using the counter techniqm:.lm'103 They found the
centroid in the light and surviving component at Z=86—88.
This agrees fairly well with our experimental value at
A=1225.

In Fig. 26 we also compare our experimental mass dis-
tribution with the one calculated theoretically.!'® The agree-
ment is good. Furthermore, it agrees with radiochemical
data.'” We do not observe any shell effects in the mass
distribution.

The reaction energy of the first step has its maximum at
TKEL=0 MeV, indicating quasi-elastic scattering as the
dominant process. This is rather surprising, as we have ob-
served considerable mass transfer in the same interaction.
However, several counter experiments confirm that in the
interaction U+U, not too far from the Coulomb barrier, one
observes comparably large mass transfers together with
rather small energy dissipation.'%>!!!

In summary, the reaction is quasi-elastic with consider-
able mass transfer, yielding a broad symmetric mass distri-
bution in the first reaction step. All heavy partners with
A>>238 in the first interaction step decay in a second sequen-
tial fission step. The light fragments survive by about 50%
(see also Table II).

(5) (2149 MeV) and (2380 MeV) 28¥y+maty.

The mass and energy distributions of the first interaction
step in the 3-particle exit channel are rather similar at 1785,
2149, and 2380 MeV. However, we observe a larger energy
dissipation at the higher bombarding energies. The interme-
diate mass distribution is always symmetrical around
A=238, the surviving light component is always centered
around A=225, and the intermediate heavy component is
centered around A =250. The mass distribution of the inter-
mediate masses is broader at 2149 MeV with 0®@=31 u, as
compared with o/¥=20 u at 1785 MeV (Fig. 26). The same
features can also be seen at E,;=2380 MeV. Furthermore, at
2380 MeV, a quasi-elastic component with centroid at
A=238 u and a broad shoulder towards lighter fragments
can be observed, as far as the surviving fragments are con-
cerned. With increasing energy dissipation, the asymmetry in
the first reaction step is increasing.

The average total kinetic-energy loss ((TKEL)) is 150
MeV and 184+55 MeV in (2149 MeV) 28U+"*U as mea-
sured with glass and mica detectors, respectively. Thus, the
total kinetic-energy loss is significantly larger than for (1785
MeV) 28U+"*U. The quoted value of (TKEL) is an average
over all observed 3-prong events.

4.7.3. The distribution of scattering angle (c.m.
system) in the first interaction step

(1) (806 MeV) 3Kr+"*U.
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No corrections due to experimental uncertainties have been employed.*

The angular distribution in the first reaction step for
three-prong and inelastic two-prong events has been dis-
cussed earlier in Sec. 4.6.2. These angular distributions are
rather similar in the two cases, as seen in Fig. 24. A peak
near the quarter-point angle is strongly suggestive of a deep
inelastic process.

(2) (1050 MeV) ¥Kr+"2U.

The analysis of two-prong events (elastic+quasi-elastic)
yielded the value of the quarter-point angle as
6/9=(33.5+0.5)°. There was a significant fraction of three-
prong events which involved a first-step scattering angle
close to this value (6,,;,~24.9°) and low TKEL. These events
are clearly due to either a quasi-elastic or a deep inelastic
process, since the initial asymmetry is almost preserved for
the first reaction step. Events exhibiting the largest TKEL
could be due to a quasifission type of reaction. Such events
are characterized by a mass flow from the heavier to the
lighter reaction partner and a scattering angle of the
projectile-like fragment much greater than the quarter-point
angle (for details, see Ref. 35).

(3) (1535 MeV) 28pp+ray,

The angular distribution for the projectile-like reaction
products of the first interaction step is concentrated around
the quarter-point angle (®{%Y=46°), indicating the predomi-
nantly quasi-elastic character of this interaction.

(4) (1785 MeV and 2149 MeV) Z8Uu+maty.

The distribution of scattering angles (c.m. system) for
the two intermediate fragments produced in the 1785-MeV
reaction is centered around 90°, as expected for such a sym-
metric system. The width of this distribution is 40°
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(FWHM). The absence of small or negative angles demon-
strates the influence of the strong repulsive Coulomb force.
A very similar angular distribution has been observed for the
quasi-elastic events in a one-particle inclusive experiment
using the counter technique in the same reaction at 1766
MeV.'?

4.7.4. Mass distribution for individual fragments in
the three-particle exit channel

(1) (806 MeV) ¥Kr+"'U.

For all 3-prong events of this reaction, a correlation plot
of the individual final masses and their corresponding ener-
gies (TKEL) is shown in Fig. 27. Each event contributes
three points on the scatter plot: the projectile-like fragment is
shown as a filled triangle, whereas both fission fragments are
plotted as open circles after integrating over all angles. The
total kinetic-energy loss in the first interaction step shows a
broad range of events originating from quasi-elastic to deep
inelastic processes. Detailed investigations have shown that
the mass drift as well as the width of the fission mass-yield
curve increase with increasing energy dissipation. The
fission-fragment mass-yield curve for events with large
TKEL is centered around A=120 u. For a very low TKEL,
say, below 100 MeV, we observe an asymmetric fission-
fragment mass-yield curve with maxima at 100 and 140 u, as
known from the studies of low-energy fission.

(2) (1535 MeV) 208pp+rayy,

The distributions of individual masses in the three-
particle exit channel of this reaction are similar to those
shown in Fig. 27: one observes projectile-like fragments as
well as light and heavy fission fragments, centered around
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100 and 150 u. The asymmetric fission mass distribution
indicates a low excitation energy of the intermediate system.
This confirms the quasi-elastic nature of the first interaction
step.

(3) (1785 MeV and 2149 MeV) 238y+nay,

As stated in Sec. 4.7.2, the surviving light component is
always centered around A=225 u, and the intermediate
heavy component (which undergoes fission) peaks at A =250
u. At 1785 MeV, it can be seen from the mass-yield curve
that the asymmetric character of the fission is still preserved.
At the higher bombarding energy one can no longer see any
obvious structure in the mass distribution of the final frag-
ments. This mass-yield curve is symmetric around A=125 u.
Unfolding this distribution into the light and heavy fission
fragments, one obtains 105 and 145 u (glass detector, Ref.
46) and 97 and 153 u (mica detector, Ref. 58), respectively.

Altogether, the reaction U+U is characterized by an in-
creasing inelasticity when the bombarding energy increases.

4.8. The four-particle exit channel

4.8.1. Energy and mass distribution in the first
interaction step

(1) (806 MeV) ¥Kr+"U.

The first four-prong event ever found in heavy-ion inter-
actions was observed in this reaction. Only one direct event
was detected, and it was analyzed kinematically in detail. On
the basis of this analysis, the reaction could be characterized
as a sequential fission process with the first-step mass split-
ting given by

(84)+(238)—(132+7)+(190*7);
TKEL=202+42 MeV. 22)

The quoted errors are based on the Monte Carlo simulation
method discussed in Sec. 4.2.4. It is important to note that
the intermediate fragments formed in the first reaction step
involve a drastic mass transfer along with a considerable loss
of energy. This shows that one can go from 28U down to
mass 190 (i.e., the Au nucleus) in such a reaction.

(2) (1050 MeV) ¥Kr+"U.

It is noticeable here that the first step again involved a
large mass drift of 40—60 u towards symmetry and a kinetic-
energy loss which is 50-80% of the entrance-channel c.m.
energy, along with a scattering angle well above the quarter-
point angle. These conditions strongly suggest the occur-
rence of a quasifission phenomenon in the first step of the
reaction.

(3) (1535 MeV) 28pp+nay,

Here all four-prong events could be explained in terms
of a sequential fission process. The mass distributions of the
intermediate reaction products in the first interaction step are
shown in Fig. 28. The light and heavy intermediate frag-
ments have been unfolded. These are centered at A=205 u
and A=241 u, respectively. The projectile-like and target-
like intermediate fragments can be clearly distinguished. Sta-

173 Phys. Part. Nucl. 27 (2), March-April 1996

T L T Ll T - T LS v T
208 238
3 Pb+ U--m+m,+m;+m,
W
> I0F -— Lighter Prefission Frogment E
w —— Heavier Prefission Frogment
-
D
-
8 St .
@ r_.l'_
< , -
- ]
o 1 I s 1 1 - -
120 160 200 240 280

MASSES OF PRE-FISSION
FRAGMENTS (u)

FIG. 28. Yield of first-step masses (without corrections for experimental
uncertainties) in the case of the (1535 MeV) 2®Pb+"'U reaction leading to
four final masses, with separation of heavier and lighter first-step masses.*’

tistically significant conclusions about mass drift or mass
diffusion cannot, however, be drawn from our data.

The average energy loss in the first reaction step has
been found to be (TKEL)=250 MeV. The four-particle exit
channel in (1535 MeV) 2°8Pb+"2U is thus characterized as a
deep inelastic process, in contrast to the quasi-elastic charac-
ter of the three-particle exit channel. This conclusion is sta-
tistically significant.

(4) (1785 MeV and 2149 MeV) Z8U+miy,

The mass distribution and the total kinetic-energy loss in
the first interaction step at 1785 MeV exhibit no statistically
significant difference between the 3-particle and the
4-particle exit channels. Both reaction channels are predomi-
nantly quasi-elastic. Obviously, the primary mass distribu-
tion is symmetrical around A =238 u.

Increasing the energy to 2149 MeV, the mass distribu-
tion in the first interaction step in the 4-particle exit channel
becomes narrower than in the 3-particle exit channel.

As shown in Fig. 29, the ratio of the differential cross
sections at 2149 MeV,

| ! |

= 1727374 3
v ~ E g p= 2149 MeV :
SIS .
é Y = t + =
N —— ]

T
1

1 1 |

0 300 600
TKEL(MeV)

FIG. 29. Ratio of 3-prong events to 4-prong events within three intervals of
TKEL losses: 0+150 MeV, 300+150 MeV, and 600+ 150 MeV. Only sta-
tistical uncertainties are given.”®
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results are uncorrected for uncertainties in the mass and energy determination.

do ( ) [d03/d( TKEL)]/[do4/d(TKEL)],
4
(23)

decreases at first with increasing total kinetic-energy loss.
This was expected initially. However, for ever increasing
TKEL we observe an increase in this ratio. Consequently,
there are more 3-prong events than 4-prong events at the
highest TKEL. This effect was first observed in Ref. 58. The
interpretation of this observation could be as follows: In the
three-particle exit channel of U+U one selects with increas-
ing energy loss those intermediate products which are
coupled to the largest mass transfer observed in this reaction.
One of those intermediate products has become sufficiently
light so as to become stable against subsequent fission.

4.8.2. Mass distribution of individual fragments in the
four-particle exit channel

(1) (806 MeV) ¥Kr+"U.

Our calculations showed that the single four-prong event
observed in this reaction is caused by the following decay
chain:

K r+m U (132+7)% +(190+7)*
(8610), (46*+15)

Ist reaction step
(143£8), (47x7)
2nd reaction step.

The uncertainties quoted above were calculated by the
Monte Carlo simulation method.

The experimental fission Q values of the intermediate
fragments agreed fairly well with the empirical values ex-
pected from the Viola systematics'® for ordinary fission, i.c.,
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0B=51+13 MeV, QS"P=68 MeV, (24)
GP=118+12 MeV, Q=124 MeV. (25)

It is certainly premature to draw any definite conclusions
from this single event. Nevertheless, it is interesting to note
the rather asymmetrical mass split of the two intermediate
products. It might be useful to recall that very light nuclei
should split asymmetrically near the so-called Businaro—
Gallone point.'?!122

(2) (1785 MeV, 2149 MeV, and 2380 MeV)®38u+nay,

In Fig. 30 the correlation of the individual fragment
masses and the total kinetic-energy loss in the first interac-
tion step is shown event-by-event for 4-prong events ob-
served at 1785 MeV. The data have not been corrected for
experimental uncertainties. We observe a broad spectrum in
TKEL, centered around TKEL=0 MeV. This indicates pre-
dominantly quasi-elastic interactions at 1785 MeV bombard-
ing energy, resembling the quasi-elastic character of the re-
action as seen in the 3-body channel. The resulting mass-
yield curve shows an indication of an asymmetrical mass
split. It resembles the well known mass-yield curve for the
fission fragments of uranium at small excitation energies.

At the higher bombarding energy of 2149 MeV the re-
sulting mass-yield curve is symmetrical. It is well centered
around A= 120 u, with a width of o,=33 u (corrected for
experimental uncertainties). The distribution is similar to the
one observed in the 3-particle exit channel.

At the even higher energy of 2380 MeV, we observe
similar distributions, but with a lower statistical significance.
The mass-yield curve is again centered around A=120 u,
and the fission Q value is 169 MeV, just as expected for the
fission of a uranium-like nucleus.
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4.8.3. Angular distribution of fission fragments

In Fig. 31 the out-of-plane angular distribution of the
final fragments in the 4-particle exit channel for the reaction
(1785 MeV) 28U+"U is shown (for the definition of the
out-of-plane angle, see Fig. 20). The distribution of fission
fragments is strongly focused within the ‘‘scattering plane’’
defined by the momentum vectors of the two reaction prod-
ucts after their first interaction step. Owing to our limited
registration efficiency within the 27-geometry SSNTD tech-
nique, we lose about 30% of all events, in particular close to
You~90°.

The lines drawn in Fig. 31 show the results of theoretical
model calculations. Assuming completely polarized interme-
diate nuclei, we calculated the angular distribution as fol-
lows:

+K

W(¥ow) = ; P(J)Jzz_K P(K){IDjK( l//om)IZ

+|D7 k(o)) (26)

where p(J) and p(K) are suitable distribution functions for
the angular momentum J and its projection on the symmetry
axis of the fissioning nucleus, and Dij are the wave func-
tions of a symmetrically deformed spinning top.

The model assumes symmetrically deformed fissioning
nuclei. Furthermore, it is based on level densities, deforma-
tion parameters, and moments of inertia of an excited
charged liquid drop rotating at the saddle-point deformation
with all intrinsic degrees of freedom in thermal equilibrium.
In the calculations we used a prefission mass A=238 and a
level-density parameter a=A/10 (MeV~'). Angular-
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FIG. 32. Schematic representation of the trajectories of a five-prong event.
Three combinational possibilities shown in the figure are consistent with a
multiple sequential fission process.®

momentum dependent equilibrium deformations, moments
of inertia, and fission barriers were taken from Ref. 123.

The best fit to the experimental data was obtained with
mean excitation energy of the fissioning nucleus (E,)=40
MeV and average angular momentum (J)=30%, having a
width of o ;< 10f. This average angular momentum is some-
what lower than that calculated with the *‘sticking’’ model.
For this sticking model the angular momentum can be esti-
mated as J= 7l,,=74#. The width of the K values obtained
from the calculations varied between 10% and 14%. This is of
the same order of magnitude as the values previously used
empirically for uranium-like nuclei.”?

We obtained qualitatively the same results for the reac-
tions (1535 MeV) Pb+U, (2149 MeV) U+U, and (2380
MeV) U+U. In each case, we observed a strong focusing of
fission events within the reaction plane.

4.9. The 5-particle exit channel

This very rare decay process occurring in heavy-ion re-
actions can be studied with the SSNTD technique. So far,
roughly two dozen 5-prong events have been observed in
U+U interactions at different bombarding energies. Only
two of these events have been completely analyzed, one at
1785 MeV and the other at 2149 MeV (see Table I). For the
lower bombarding energy (1785 MeV) we obtained three
different sets of physically reasonable solutions, as shown in
Fig. 32. All solutions are compatible with a multiple sequen-
tial decay process taking place in three distinct reaction
steps. The solution with the best agreement between the ex-
perimental and the Viola-type fission Q-value systematics'®
is as follows:
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(1785 MeV) 238+238—258*+218* Ist step

(154* +104);(143+75) 2nd step

120+34 3rd step.
The experimental fission Q values of the intermediate
reaction products 154 u and 218 u are Q,5,=84 MeV and
Q,3=169 MeV. As can be seen in Fig. 32, the agreement
between the experimental and empirical Q values is quite
remarkable. However, this will not be overemphasized. We
determined the relative uncertainties in the nuclear masses to
be approximately *15 u and those in the Q values to be
AE/E=20%. Here we used again a Monte Carlo simulation
calculation. The energy damping in the first interaction step
could be calculated only approximately, owing to the experi-
mental uncertainties in the track parameters: TKEL(first
step)=200=100 MeV. This indicates that the relative kinetic
energy in the entrance channel, E;, —E ¢ =165 MeV, has
been almost completely damped in this interaction.
The analysis of the 5-prong event observed at 2149 MeV
confirms the sequential reaction mechanism. This event
could be analyzed as follows:

(2149 MeV) 238+238—273*+203*
165*+(108+12); (146*=10)+(57%=10)

(131+8)(34%13)
with
050=(127=18) MeV and Q5P=138 MeV,
Q52=(84%26) MeV and Q$¢P=98 MeV.

Here TKEL(first step)=490+60 MeV, which is to be
compared with (E_, —E o) =250 MeV.

Both 5-prong events are thus attributable to the multiple
sequential fission process, where in the first interaction step
two excited primary fragments are formed as a result of a
binary deep inelastic interaction. The first step is character-
ized by complete energy damping and considerable mass
transfer (~20-30 u). In the second step the lighter of the two
primary fragments undergoes subsequent single fission,
whereas the heavier fragment fissions sequentially in steps 2
and 3.

The mass asymmetry is remarkable. The asymmetry
value has been determined for both events and seems to in-
crease with increasing sequential reaction steps:

(1785 MeV): 7(258)=0.194, 7(218)
=0.312, 7(154)=0.558;

(2149 MeV): 7(273)=0.216, 7(203)
=0.438, 7(166)=0.590.

5. CONCLUSION

The investigation of heavy-ion induced nuclear reactions
with high multiplicity in the exit channel using the SSNTD
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(Solid State Nuclear Track Detectors) has opened up an in-
teresting research field. A simple and effective method has
been introduced to extract from the experimentally observed
track parameters the inherent physical parameters, such as
the masses, Q values, and energies. This method is basically
exclusive. Kinematically complete spectroscopic information
on the intermediate and final reaction products could be ob-
tained for the 2-, 3-, 4-, and 5-prong events. In addition, the
reaction mechanism could be identified. The kinematical
analysis was applied to a number of heavy-ion induced
nuclear reactions, mostly with "*U as the target. Using this
technique, it was shown for the first time by direct experi-
mental evidence that heavy-ion interactions leading to 3, 4,
or 5 particles in the exit channel are sequential in nature.
From the measured lengths and the directions of correlated
tracks, it could be inferred that the high-multiplicity reac-
tions are consistent with a binary first reaction step followed
by a sequential fission of one or both of the two primary
reactions products. Within our experimental uncertainty, no
final-state interactions between the fragments could be deter-
mined, i.e., all our data are consistent with a reaction pattern
where the primary products escape from the range of their
initial nuclear interaction prior to a decay via a sequential
fission process. This interpretation has been confirmed with

154, #6P experimental techniques and is now generally ac-
cepted.
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