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ABSTRACT

The exclusive measurements of reactions induced by 1050 MeV Kr ions
incident on natural uranium have been made with the help of nmica track
detectoirs used in 2X -configuratiorn. The cross-scctions for ternary and
gquarternary events have been determimed by directly counting the numbers
of events of relevant multiplicities. 'The angular distribution in the
case of elastic events has been fitted by generalized Fresnel model with
parameters 8,, = 33.5° + 0.5° and A= 8.5 + 35.' A complete kinematical
picture of the reaction process has been deduced by converting the three
dimensional track parameters (lengths and angles) into parameters of
reaction products (masses and encrgies) on an event by event basis. An
empirical velocity-vange relation has been used for this purpose; which
has been obtained by an interral calibration procedure.

Tt has been found that the reaction mechanism for the bulk of the
data can be described as a sequential fission process.' However,
non-equilibrium c¢ffects appear for a small number of events (8%) in the
three-body channel and completely dominate the four-body channel. In the
latter case a large mass trasfer (Am) 40u) is found to occur during the
first step of the reaction.’ Final mass distributions and total kinetic
energy losses have been obtained for ail channels. In order to estimate
the uncertainties of computed quantities in relation to the measurement

errors, Monte~Carlc simulation of the selected data sets has also been
performed,



1. Introduction

General features cf the heavy-ion reactiones at energies below 10
1-3

MeV/u are now reasonably well-knoun In this energy region different
reaction mechanisms are designated as quasi-elastic, deep-inelastic,
quasi-fission (fast fission) and compound nucleus reactions with more or
less well defined signatures for their identification. Experimentally it
has become possible to differentiate the contribution of each reactiom
type at given eantrance channel conditions by observing the reaction
products with large areca position senitive detectors operated in
coincidence 4). The classification of these reaction modes in terms of
entrance angular momentum bins aod the relation of these bins with
qualitatively well-understood concepts of extra-push and
extra-extra-pusn enevgies has recently heen reported 5). The influence
of increazsing bombarding cnergy or rhe reactior process is relatively
less explored area, It is, therefore, important tc carry ouf experiments
at different intermediate energies to see how the low-energy machanisms
change and new phenomenon emerge. With an understanding that the
boundaries between different rveaction types are not sharp 6"8), it
should still be possible to delineate the entrance chennel conditions
which favour the dynamical evolution of the strongly interacting system
along a specific route. At energies above 10 MeV/u and with three or
more fragmehts in the exit chann.l, an outstanding questfon is the

manifestation of sequential fission process i.e. a process in which one
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or both primary masses produced in tﬁé éirst step of the reaction
subsequently underge normal fission. The sequential nature of the
process implies a couaplete decoupling of the two reaction steps as
demonstrated in reactions of heavy nuclei at energies below 10 MeV/u
studied with coincidence electronic cjunters 9'10). At higher energies,
the proximity and non-equilibrium effects hkave been found to be

11’12), and at 15 MeV/u in 40At induced reactions with

non-negligible
different targets, the results could be explained by assuming the
disintegration of a hot and fast rotating reaction composite into three
fragments 13). |

On the other hand Awes et al 14) have shown that the measured
fission probabilities for the fragments resulting from 58Ni+58Ni
reaction at 15.3 MeV/u are consistent with equilibrium fission
calculations. Similar results have been reported for l00Ho+mono
reaction in the energy region 12 - 19 MeV/u 15).

In the present paper we have done kinematical analysis of

exclusive measurements for the reaction 8“Kr+238u

at 12.5 MeV/u in order
to investigate the presence of sequential fission process. For this
reaction, the entrance channel has no potential pocket (Zl.Zz).BOOO) and
the composite system has no fission-barrier (fissility parameter > 1).
Thus there is expected to be no compound nucleus formation and there
would be vanishingly small quasi-fission component, if present at all.
Furthermore, owing to the presence of a highly fissile reaction parcner,
there shouvld be a preponderance of three fragments in the exit channel.
The energy is, however, high enough to show some interesting departures
from typical behavior observed at low energies above the Coulomb
barrier. Of particular importance in the present study is the method of
investigation. We have used a solid state nuclear track detector, SSNTD
(mica in our case) to record the reaction products in an essentially
exclusive mamer. Whereas there are now an increasing number of
experiments b;ing performed with electroric counters in which complete
kinematics can be determined, the fﬁ;l:esc exclusive measurements were

y17

done with nuclear track detectors ). They are still useful as a

complementary technique to electronic counters for low multiplicities
and provide the only means of exclusive measurements for multiplicities
greater than or equal to four, It is cthe object of this study to

reemphasise the quantitative power of this technique,

1
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The data pertaining to the tracks formed by the nuclear reaction
products registered in an SSNTD were used to reconstruct the reaction
kinematics numerically by Gottschalk et al 18), for the first time. They
demonstrated the occurance cf double-sequential fission in the reaction
(1785 Mev) 238yu,"%-y ang (1535 Mev) %Pty on the basis of
observed correlations in the relative velocities of final fragments. An
estimate of the intrimsic spin distributions of primary fragments was
also shown to be possible within their method. This techmnique was later
explained in considerable detail in ref. 19) and applied for the
analysis of two-, three- and four-pérticle exit channels in the reaction
(806 MeV) 84Kr+nat'u. Detailed results for the reaction 2380*nat.u at
9.03 MeV/u obtained with glass 20) and mica 21) detectors and using the
method of ref. 19 have been communicated since then. In all these
reactions, it was shown that the sequential fission is the dominant mode
of reaction mechanism. It was further shown by Khan et al 22) that the
angular distributuins of elastic events observed in mica detectors can

be well represented by generalized Fresnel model 23

) as well as
parameterized S-matrix method 24).Fcr the present reaction, we have
determined the masses of final and intermediate re«zrion fragments,
their kinetic energies and angular distributions alongwith the relative
velocities of final fragments in order to understand the reaction
mechanism. Measurements of total reaction cross-sections were made by
direct counting of three-parricle and four-particle events as well as
through experimentally determined quarter-point angle. The angular
distribution- of elastic binary data has been fitted by generalized
Fresnel model 23). The reaction process whick emerges through the
kinematical analysis of this track data is on the whole consistent with
the analysis of the same reaction at the lower energy of 9.6 MeV/u i.e.
a dcep-inelastic process in the firsc step of the reaction followed by
equilibrium sequential fission of target-like fragments, There are,
however, three importrnant differences which can be attributed to higher
radial injection energy which increases from 236 MeV to 452 MeV for
s-waves in going from 9,6 MeV/u to 12.5 MeV/u,

I) The prefission mass distributions become broader

11) The mass drift in the first step of the reaction is increased

111) The non-equilibrium effects show up in the three-particle exit

channel and cbmpletely dominate 4-particle exit channe;.
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The results pertaining to poinémf: qigﬁave been reported elsewhere
2'."), as well.

In the following, we describe the details of experimental set-up
and data collection in sect. 2. The kinematical analysis of this data
has been done with computer programme PRONGY 19). In sect. 3, this
method of analysis is described and it is shown how a complete
kinematical picture of the reaction process is obtained by using
correlated track data of each event of a Jiven multiplicity. The
irformation obtained from binary, ternary and quaternary events is
discussed under seperate headings in sect. 4. Finally the main results

are summed up in sect. 5.

2. Expériemental Set-up, Heasureménts and Data Selection

2.1) PRINCIPLE OF THE EXPERIMENTAL TECHNIQUE

The essential apparatus used in the present metho] is a thin slice
of an insulator material coated with a fine layer of ‘'target'. This
target-detector assembly is exposed perpendicularly to a bunched beam of
heavy-ions having well-defined energies. The projectile ions enter the
detector either without interaction with the target or cause any one of
the possible nuclear reactions allowed under given enterance channel
conditions. The ionization damage trails in the detector are formed by
the projectiles in the former case and by the reaction products in the
latter case. When the target layer is removed and the detector is
treated in a suitable etchant, the particle tracks become visible under
optical microscope, as thin hollow tubes. The 2X -geometry of this
arrangement means that only those particles are registered which travel
in the forward hemisphere. In terms of the multiplicicy of the final
reaction products, a number of processes can take place which are shown
schematically in fig. 1 (a)-(f). In this figure, the tracks formed in
the detector moterial are shown by hollow tubes and their projections on
the plane of detector (which is also the plane of observation) are shown
by solid lines. The physical information obtained through a given
interaction process is indicated on top of the relevant figure. The

track-lengths are not scaled, however, some typical lengths and angular
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measurements noted in the present reaction are given in table 1 for the
sake of orientation. Fig. 1(a) shows ar uninteracted projectile which
penetrates the detector normally and travels full length of its range in
the detector. When viewed from the top, one can only see a black dot at
the point of projectile enterance. The enumeraticn of these dots in
selected areas is a direct measure of the fluence of the projectile
beam. Fig. 1(b) shows a process in which there are definitely only two
particles in the exit channel, since the projections of tracks on the
detector surface are colinmear. These events are termed as ‘direct
two-pronged events'. The lengths li and scattering angles §: of a
selected set of thesz events representing elastic or quasi elastic
reactions are used for the determinaticn of guarter-point angle Bt(see

section 4.1). When the c¢rack projections are not colinear (Fig. 1c) then

. it is obvious that a third particle was present alongwith the two

registered particles which could not be registered either because it had
a mass lower than the detector threshold or it was emitted backwards in
the 1labhoratory system. These events are designated as ‘'indirect
three-pronged events'. Fig. 1(d) is an example of 'direct three-pronged
events' since the angle between any two track-length projections is less
than 180:, indicating that the conscrvation of monentum is possible
without requiring a missing mass. The categories of reactions indicated
in fig, 1(c) and 1(d) are collectively used for the determination of the
cross-section for three-particle exit channel, crg. A similar
explanation can be given for the 'indirect four-pronged events' ([fig.
1(e)) and 'direct four-pronged events' (fig., 1(f)) and so on for higher
nultiplicitiei. The kinematical analysis is carried out by using th;
measured lengths and angles of direct events of a given multiplicity. In
practice, what is measured is the projected lenzths of tracks, the
depths of the track ends and the angles between projected lengths. The

actual lengths and their angles with the projectile direction are
calculated from these measurements.

2.2 EXPERIMENT

In the present experiment Muscovite mica of density 2.79 mglcm3

was used as track detector. Ten sheets of mica each having an_area of

’

(*) The scattering angles in lab, frame as represented by symbol ..4
while in cm frame they are represented by ' 9"



12.57 ca’ and a thickness of 100 pm v ‘ed with the target material
which wvas in the form of Ul’a. The target thickness was measured to be in
the range 0.9-1.6 -g/c-2 for different detector plates., The exposures of
these target-detector essemblies were done at UNILAC, GSI (Darmstadt,
F.R. Germany) with a beam of 12.5 MeV/u, 8"l(r-ions incident
perpendicular to the surface of the detector. The beam size was chosen
to cover the entire detector area and to give a suitable dose of 21:106
iomslcuz. After exposures, the target was removed by treatment with
m3. The mica sheets were then etched for ten minutes at. room
temperature in 48% “2’2' This time is 2];nmm to be sufficient for
revealing full lengths of the cracks ). From che track-etching
properties of mica, it has also been established 27) that only the
particle of mass > 30u can be registered in it. Thus with the presemt
experimental setup we made an exclusive recording of all rezction

products with mass > 30u moving in the forward hemisphere.

2.3. SCANNING, MEASUREMENT AND SELECTION

The etched detectors were scanned by an optical microscope at a
magnification of about 400x. By focussing the microscope on the surface,
a large number of black dots could be seen corresponding to the points
where incident particles entered the detector. The fluence with a
maximum uncertainty of about 10% was found by enumerating these dots in

randomly chosen areas. Based on previous experience 17-21

}, the heavy
ion dose had been chosen such that the overlapping of these dots was
extremely rare. In the next step, the direct and indirect events of
different multiplicities (see sect. 2.1) were counted in selected areas
for the calculation of cross-sections. The track lengths and angles of
the direct events were measured by the following procedure. for each
isolated interation of type shown in fig. 1(b), 1(d) and 1(f), the
projected track lemgths and angles between them ( ¢i j) were measured
with the help of a drawing tool (Leitz) attached to the microscope. The
depths of the points where tracks end were measured with a linear
displacement transducer (Heidenhain, METRO 1010) attached to the
microscope stage holding the sample. Appropriate corrections were
employed to take account of different refractive indices of air and the
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detector material. The uncertaincies in the measurements of projected
lengths and depths were found to be + 1.5 o (standard deviation) and
the uncertainties of angles between projected lengths was estimated to
be + 3° (standard deviation). It may be mentioned that the major source
of these uncertainties is the not-so-well-defined end of track and the
thickness as well as haziness of the projected-track view. The actual
lengths li' and polar angles éi were calculated from these measurements
and their uncertainties were determined by using standard quadratic
error formulae. Also taken inito account was the thickness of the target
which had been sebsequently remowv:d.

A 'data set' for an irndividual interaction of a given
multiplicity, therefore, consists of four measurements for two-pronged
events (11, 12, §1,§2) nine measurements for three-pronged events “l'
1, 1,, él’ §2, §3, $10 9330 $;,) and twelve measurements for four
pronged events (1, 1,, 1,, 1, §,, §2, §3, 54’ .00 P30 04 0,0
Typical values of these quantities along with their uncertainties have
been shown in cable 1.

2.3.1 Two-pronged events

For two-pronged events 650 data sets were obtained which
represented a subset of binary events involving elastic and
quasi-elastic processes. (These two processzs canrot be differenciated
within the uncertainties of lengths and angular measurements). However
50 events were rejected because of large errors involved in their
measurements (e.g. when the target recoils with such an angle that the
etched track becomes very shallow). The remaining 600 events lie in a
narrow region on the correlatfion plot betwun. longest lengths and
scattering angle (fig. 2). The frequercies for the track lengths and
scattering angles of parcicles which are most probably projectile-like
and target-like, are shown in fig. 3. Only a parc of this group of data
sets was used in the determination of quarter-point angle (see section
4.1), In view of a pre-selection of thosc events which did not diverge
too much from the general trend of fig. 2, it was found difficult in
later kinematical analysis (section 3.1) to estimate the contribution of

deep-inelastic process towards rhe total reaction cross-section,
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2.3.2. Three_pronged everts

For three-pronged events a total of 815, direct and indirect
events wvere observed. Orly 167 of them were direct. However seven of
these could not be measured. From the remaining direct events 40 were
rejected because of large uncertainties involved in their measurements
(shallow or very short tracks). Out of the 120 events used in
kinematical analysis (see saction 3.1), 6 events did not yield physical
solutions, 7 events lied outside relative velocity window
(3.1 >'ij> 1.7). (This window for the relative velocities of the final
fragments has been chosen on the basis of fission systematics. Also see
section 4.2) and 27 events yielded total mass greater than 450 u. Thus
only 80 events were finally selected for !the detailed analysis discussed
in section 5.2, The correlation plot for the longest track versus
corresponding scattering angle for this channel is shown in fig. 4. In
fig. 5 che frequency distributions for the track lengths and the
corresponding angles are shown for the initial 160 data sets as well as
the finally selected 80 data sets (hatched histogram).

2.3.3 Four-ponged events

There were only three direct four-pronged events in the entire
detector areas apart from seven clearly discernable indirect
four-pronged events. Two of the direct events could be analysed in

detail as discussed in section 4.3. A summary of all events is given in
table 2.

3. Method of analysis
3.1 DETERMINATION OF KINEMATICAL QUANTITIES FROM TRACK DATA
The correlated tracks formed by the heavy reaction products inside
the detector material define three dimensional vectors which can be

measured within the experimental uncertainties as discussed in section

2.3, The lengths of these vectors depend on the masses and velocities of
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heavy-ior fragments as well as on the properties of the detector. In
principle it is possible to determine the energy of a fragment of mass m

and range R by inverting the range-energy relation,

p
R=mn f(dt:/dx)"pdp (1)
o

vhere (dE/dx) is the stepping power which depends on the velocity
(v = Bpc) and charge of the mass fragment apart from the parameters
related with the properties of Jetector material. In practice, however,
it is more convenient to use an empirical relation which expresses
velocity 'v' as a function of track-length 'l’' and mass 'm' of the

registered particle. Following Gottschalk et al. 18, we use,

vzﬂz—_z c m 1 (2)

vhere cpv are the detector-specific constants and No is an arbitrary
scaling factor. The determination of these constants shall be discussed
in section 3.2, The orders of polynomials for 'm' and '1l' in eq. 2. have
been chosen on the basis of known behavior(e.p.Ref.28)of velocity-range
curves i.,e. whereas the velocity changes by an order of magnitude within
the region of interest for the ranges (1.0 - 25.0 mg/cmz), there is at
most only 20% change in its value for the mass region A = 30 - 240, at a
specific range. Thus a fourth order polynomial is required for length
dependence but a second order polynomial is sufficient to represent mass
dependence. Using this empirical relation, it is possible to determine
the masses of rection products in 2-particle and l-particle exit channel

with the help of equations for momentum conservation i.e,

N
- —
ZTT‘ mvy (Lg,m) =Pyy G,

—ty
where Pin is the momentum of the projectile and 'M' {s the multiplicity

i



-10-

of the event. The analytical solutionf4i$¥§¥%é masses can be obtained
from equations,

k 2
Ky; m" ¢ Kli m o+ KOi m, = Pi (4)
vhere
= ’ '
Kni = No =, cny li (5)

The momentum P1 corresponding to the ith track can be written in terms
of the observed track-parameters using simple geometrical
con;iderationszg). For the kinematical analysis of 4-particle exit
channel, eqs. 2 and 3 are insufficient. In this case, one is in need to

use an extra condition which may be the conservation of mass i.e

N
z.‘;.:‘ mo=my o+ omy (6)
where hp and m, are the projectile and target masses respectively. With
this condition, the closed-form solutions for the masses cannot be
obtained, since eq. (3) now represents four non-linear coupled
equations. The solutions may, however, be obtained by standard numerical
mcthods3o). For the sake of consistency, the 2-particle and 3-particle
channel have also been analysed numerically in the present study, using
the computer programm PRONCYIq). The evaluation of masses is done
iteratively by starting with a mass-independent velocity-range relation
and substituting the first iteration masses in the mass-dejcnd nt
velocity~-range relation (eq.2) to be used in the second iteration. The
final values of the masses are obtained {f the ith iteration yields the
same masses which were used in the rang-energy relation in the (i-1)th
iteration. The computaticon of masses is done under the assumption of
unperturbed kinemacics. It is, however, obvious that the mass fragments
which are responsible for the formation of observed tracks are only the
'secondary’ masses. the 'primary' masses produce. immediately after the
collision are highly excited and they evaporate light particles which
remain unregistered in the detector. However, it may be noted that the
equations for the conservation of momentum are unchanged for the
isotropic emissionSI) of light particles, Furéhermore, it has been
shownlg) that the {iterative algorithm used in the present study,
determines the 'primary' masses and in facts ﬂigh#ly overestimates them.

\
|

§
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This can be seen as follows, If mp is the primary mass and m_ is the
secondary mass, then the convergence of the iterative process is

obtained for a computed mass 'mc' which satisfies,
LI \l,nc) =mv (l,ms) ()

By ‘aylor's expansion of e two sides in terms of Sm = m_-my, and

fm' = mp-ms, it can bee seen that

Sn = - 6 (¥/10€) (&)

The quantity 5"_'----mpv-1 dv |u|.-=tnp is of the order of 1071 for eq.2, so
that Sm is smaller than S'ml by an order of magnitude. It may be noted
that Gml is always positive and '€ ' is negative, so that §m is a
positive quantity, which means that the computed masses are higher than
primary masses, Thus, if the secondary inass is smaller than primary mass
by say 10%, then the computed masses would be greater than primary
masses by only 1%, Anyway, as nmentioned previously, the dependence of
range on the mass of the particle is not. very strong. Therefore, within
the accuracy of the experimental data, the computation of masses and

velocities as described above is quite satisfactory.

3.2. CALIBRATION OF VE1ONITY~-RANGE RELATION

The coefficients aprearing in eq.2 are highly sensitive with
respect to the properties of the detector material. They may change even
within different batches of the same material owing to slight variations
of densities and compositions. It is, therefore, inevitable that these
constants are determined in an internally consistent manner i.e the
measured track data of the present reaction should be utilized to
reproduce certain expected kinematical quantities. In the present stuly,
the coefficients of eq.2 have been determined by the following
procedure.

Starting with the set of coefficients obtained previouslyla), a
number of velocity-range curves were obtained for different masses, By

using three masses from the mass range 40~240 and five pairs of
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velocity-range values for each of thﬂéﬁf‘;cl*gggn mass, it was established
that the fifteen coefficients used initially can be reproduced. The
velocity-range curves were then systematically modified and new sets of
coefficients were obtained corresponding to each new modification. Fou
any set of coefficients the output of kinematical quantities produced by
the computer programm PRONGY was cbserved graphically. The modification

of the velocity-range curve was continued until the following criteria
were satisfied.

I. The track data of binary events, representing elastic and
~ quasi-elastic processes should yield the distributions of two
computed masses which should peak at the position of the projectile

and target mass.

11. The TKEL computed by using birary track data should have a maximum
near zero.
111. The distribﬁtion of total mass obtained by using track data of
A three—-pronged event should be peaked at the value 322 u.
(The equation for mass conservation (eq.6) is redundant for
3-particle exit chamel., Therefore it can be used as a calibrat.ion
criterion).
In addition to the above criteria based on the track data of the
reaction under study, it was checked whether the well-known mass and
eneigy distribution of the fission-fragments of the reaction 235U(n':h,f)
can also be reasonably well reproduced by the fitted coefficients, It
may be noted that the requirement of meeting all these criteria
simultaneously puts rather stringent constraints on the resulting
velocity-range curves. This part of the present method is by far che
most computer~time consuming. In the present analysis, the 600 data saots
for binary elastic (& quasi-elastic) events were used and the resulting
mass distributions were fitted by Gaussian distributions. The mean
values of resulting mass "~ distributions were found to be 84,2 u and
238.8 u with standard deviations of 6.5 u and 23.5 u respectively. The
discribution of TKEL for these events was also fitted by a Gaussian of
mean -2,3 MeV and standard deviation of 33.8 MeV, Vig. 6 shows a
"correlation plot of masses and TKEL alongwith the fitted Gaussian
distribucions for each quantity. For three-pronged events 80 data sets

were used, which yield m distribution with a mean of 322.9 u and

tot.

|
1
|
|

i
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standard deviatiom 23.5 u. The fitted Gaussian distributioas alongwith
the experimental values of three_pronged as well as two-pronged events
are shown in fig.?7. The two-pronged track data pertaining to the fission
fragments originating from the fission of 2350 induced by thermal
neutrons was collected at two .different laboratories (PINSTECH and
Kernchemie Marburg University) by'using mica track-detectors in 4K

-configuration. In all, 207 dara sets were measured ani used for
kinematical analysis. The mcan values of the fission-fragments masses
were computed te be 103 u and 135 u with a mean Q-value of 185 MeV.
These procedures were employed té ensure that the determination of
unknown masses and velocities is reliable and self-consistent. It is,
however, more satisfaccoryv to see if the resulting mass—depenhent
velocity-range curves are alsoc consistent with other calculations based
on different methods., For this purpose, we compared the results of
Benton and iHenke 32) with present calculation, The calibrated
velocity-range curves are showm by con-zinous lines in fig.8. Also shown
in this figure are the Benton and Nenke values which agree with
calibrated curves rather well. The deviatinns at the very high energy
and for lighter masses hLave been repeatedly checked and found quite
necessary for producing the correct mean value of projectile mass, (The
region of velocity-range curve which is sensitive for this purpose is
indicated fig.8). The deviations at low velocities lie in a region which
is insensitive for the purpose of present calibration., The values of

constants appearing in eq.2 are given in table 3,

3,3. MONTE CARLO SIMULATION FOR THFE DETERMINATION OF UNCERTAINTIES 1IN
" COMPUTED QUANTITIES

As ncted from the discussion of section 2, the experimental method
of the present ctudy is evidently not as accurate as electronic
counters. Moreover it has beeu applied f{or the kinematical analysis of
multifragment heavy-ion reactions only in a limited number of cases. As
such, it is extremely n2cessary that the uncertainties of the computed
quantities vresulting from the wuncertainties of measurements are
determined for ecvery invescigated reaction, in order to establish mean

uncertainties which could be considered accepted standards, In view of



-14

this, we adopted a similar procedure for errur analysis as used in
previcus communications based on the present methcd. A particular data
set was chosen randomly from the data sets of a given multiplicicy.
Then, the measured lengths and angles of this chosen event were varied
by using random numbers generated according to Caussian distributions
centered at the measured value and having standard deviations of 1/3 of
the measured uncertainties. Thus a single data set was enlarged to 200
daca sets having each of the measured quantity randomly distributed
within experimental uncertainties. This enlarged group of data sets was
then used in the computer program to obtain the distributions of
kinematical quanticties. Such distributions were furcher fitted by
Gaussians whose standard deviations were regarded as experimental
uncertainties of computed quanticies. This procedure was repeated for a
number of arbitrarily selected events for each multiplicity. Finally the
mean values of the standard deviations obtained from the simulation of
different events were regarded as the uncertainties of the relovant
kinematical quantities. These values for twc. 3nd three pronged events
are shown in table 4. The four-pronged events a-e analysed purely by

Monte-Carlo simulation and are discussed seperately in section 4.3.

4. Results and discussion

4. 1. CROSS-SECTIONS

With the present experimental technique, it is possible to determine the
total reaction cross-section directly, by scanning the randomly selected
areas of all the detectors and counting the number of events with
multiplicity greater than or equal to three. An indirect method can also
be employed which depends on the quarter-point angle i.e the angle at
which the ratio of elastic diffetential cross-section to Kutherford
differential cross-section falls to 1/4 as compared to its value at
small angles (which is unity). The direct method relies on the knowledge
of incident beam fluence (#/cmz) and the target chickness (mg/cmz). Both
of these quantities czan be determined with a maximum er:or of 10% in
each case. This method, however, is beset with certain Jifficulties., In

view of the presence of a large number of indirecc events (see¢ sect,
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2.1) there is an appreciable grocup of events which can only be

classified ambiguously. Thus, there is always the possibility that
three-~ and four-pronged events remain ‘'hidden' in the larger group of
binary events. Furthermore, the estimation of deep-inelastic binary
events was f;mnd to be difficult in the present study. In a previous
study' of the same 12action aL lower energy of 806 Hevlq), this reaction
precess was found to contribute wore than 150 mb to the total
cross-section. Table 5 shows the cross-section of individual channels of
definite multiplicity and their resultant. The quoted uncertainties
involve statistical errors as well as systematic errors.

The set of binary data representing elastic (and quasi-elastic)
events can be used to obtain the angular distribution of the quantity

@e),,, i46)

Ruth.. In particular, we counted the number of events,
susmed over the azimuthal angle, lying in bins (ei-ej)=z° for the polar
angle in order to calculate 2 X (d 6 /dO)exp. which was divided by the
corresponding theoretical value based on Rutherford scattering to
evaluate the above mentioned ratio. The angular distribution of this
ratio was fitted by the Fresnel mode123) (Fig. 9). In ite sharp cut-off
approximation only a single parameter (i.e 6*) is used for fitting the
experimental data. This fit has been shown by the broken line in fig. 9.
The value of quarter-point angle was found to be 33.4.1 0.5. with 'X.z =
0.26. As is evident this fit does not correctly reproduce the fall of
the ratio (d 6 )exp/(ds' )Ruth' at angles greater than the region of
quarter-point angle, It may be stressed that the experimental data for
small angles has been intentionally omitted from the diagram since it
falls very short of unity owing to the experimental bias. Moreover, this
angular region is not relevant for the determination of quarter-point
angle. The ascillations around unity at forward angles resulting from
FPresnel diffraccion model are also unreproducable within present
experimental uncertainties. The fit at large angle can, however, be
improved by using the generalized Fresnel model as shown by the
continuous curve in fig. 9. The additional parameter 'A' ( f.e. the
angular momentum window) takes into account the smooth fall-off of the

nuclear densities. The total reaction cross-section in this model is
given by,

2 2
x A 2 x* &
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vhere 'k' in the projectile wvave-number and A is the variable associated

vith grazing angular momentum lg as A = lg+1/2, This is related to
quarter-point angle by

A Mot (x 8)) (10)

where ' Y] ' is the sommerfeld parameter

The calculated and fitted reaction parameters using elastic binary
data are shown in table 6. The reaction cross-section obtained in this
manner is shown under the heading of theoretical cross-section in tahle
5. The 1last column in this table is an estimate of the reaction
cross-section vhich is independent from the present study. This has been

obtained by using the expression for classical reacticn cross-section

6 = 2 (4 :
R Xkc (1 Vc (RC)IEC’.) (11)
where lc is the interaction radius, Vc (Rc) is the coulomb barrier at
this radius and E is the energy in the centre-of-mass frame. For

interacting nuclei with (Av;+A.l;) > 10, the interaction radius has been

fi:ted”) by the expression

Rc/fm = 1.16 (Al + A2 Y+2.4 (12)

This gives a value of P‘c equal to 14.7 fm which is larger than

that determined by using grazing angular momentum found in the present
study i.e '

2 2,1/2
Ri.nt= [(A+ "],)

+ MWk = 13.7 fm (13)
consequently this theoretical reaction cross-section is larger than
either of the direct experimental or the theoretical cross-section based
on experimental quarter-point angle. The latter two, however, reasonably
agree with each other. If the strong absorption radii of ref.“) are
used, the resulting total reaction would be 0.9% higher than that qucted
in table 5. The discrepancy between the theoretical and experimental
values of ihe otal cross-section can be attributed to the missing

deep-inelastic cross~section and unresolved quasi-elastic cross-section,
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4.2, ANALYSIS OF THREE-PRONGED EVENTS

As described in section 2, there were 80 three pronged events
whose track data was used in the detailed kinematical analysis. The
three-particle exit channel is quite important from the point-of-view of
understanding heavy-ion reaction mechanism. The kinematical quantities
of interest fcr this purpose are the masses of the final reaction
products, their velocity-vectors, scattering angles and total kinetic
energy iosses. all these quantities can be calculated for each event
with tha help of eqs. 2 and 3, within experimental uncertainties quoted
in section 3.3. Owing to the presence of a highly fissile nucleus in the
entrance channel, it is natural to look for the pairs of masses which
can be correlated as fission fragments. The most convenient criterion
for selecting such pairs in the present method is the absclute value of
their realtive-velocity. It is known that the average value of this

quantity can be described approximately by using fission energies
systematicssk) as

- ~ 8/3
¢ lvi-vj| D> 0.2 \/(ni+_'“j) /mj.mj (16)

For the mass-splits of interest in this studylg) the value of this
quaatity is expected to be (2.4+0.4)cm/ns.

For each of the B0 events, there was found to be at leasc one pair of
mass whose relative velocity lies within one or two standard deviations
of that range. However in 59 cases, another possible pair was also
indicated when the criterion of relative-velocity alone was employed.

This is due to the kirematical ambiguity as noted in the earlier

19,20

analyses ). For each of these events the more appropriate pair is

selected on the basis of a better agreement between the experimental and
empirical fission Q-value. The distribution of relative velocities for
all pairs selected in this manner is shown in fig. 10, where the arrow
indicates the most probable velocity. On the basis of relatfve-velocity
correlation, we can isolate the spectator mass from the pre-fission mass
produced in the first reaction step. The distributions of the spectator
and the pre-fission mass are shown in tig., 11, The mean values of the
final fission fragment masses are also indicated on the same figure, It

may be noted that one of the final masses m, has a mean value equal to

3
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the projectile mass. It would seem tempting, therefore, to regard this
mass as the spectator and the other two masses as fission fragmnets of
uranivm. However, this would require that the reaction proczeds through
either a quasi-elastic process or deep-inelastic process. In each case,
one would expect the mean value of scattering angle to be in the
vicinity of quarter-point angle. A distribution of the total events in
different bins based on TKEL and mean scattering angle (fig. 12) shows
that 40% of all events can be categorized as such. However 1/5 of the
events in category II (see fig. 12) involve a mass transfer of more than
20 units while all events in category III involve about 30 units of
mass. In category 1V, the mass asymmetry has broad distribution centered
not much below the initial asymmetry of 0.48. The consequence of these
distributions is that the mean value of spectator mass is higher than
the projectile mass. The above stated observations have been elaborated
with the help of fig. 13 (a) and 13 (b), where the TKEL is plotted
against mass asymmectry and the laboratory scattering angie. The arrows
in these diagrams indicate the position of initial asymmetry (=0.48) and
quarterpoint angie in laboratory frame (=24.9%). It is ot interest to
note that in the TKEL region 150-450 MeV, there are two distinct kroup
of events; one group involves scattering angles <close to .ne
quarter-point angle and in the other group the scattering angle 1is
wider. the latter group also involves large mass transter. By far, the
largest group (32 events) involves TKEL % 450, with a large distribution
of masses exchanged between interacting nuclei.
On the basis of these observations, one can say that the three final
masses observed in 80 investigated events of the present study arise due
11
)

In the first step, a quasi-elastic or a deep~inelastic or a

to a two-step process. (the two steps may not be completely decoupled

quasi-~-fission process takes place, resulting in two excited masses and
then in the second step, one of these masses fissions giving rise to two
observed masses having relative-velocities within one or two standard

deviations with respect to the mean value expected from fission
systematics.



-19-

4.3. ANALYSIS OF FOUR-PRONGED EVENTS

The presence of four-pronged events in the reaction under study is
a very interesting observation from the point of view ot the underlying
reaction mechanism. In an earlier connunicaionzs), we have interpreted
this observation as an indication of quasi-fission process in thé first
step of the reaction followed by sequential fission (with or without
mass equilibration) in the second step. As indicated in section 2.3,
only three direcf four-pronged events were observed in the total
detector area ot 125.7 cnz. The préjectéd }engths and the angles between
them are shoun in.fig. 14. In one of these events (no.I1ll in fig. 14),
the projected length of one track was found to be very small (0.7um)
whereas the corresponding depth was comparatively very large (6.7am).
This indicated the path of a nuclear fragment making a very small angle
(5.8° ) with the direction of the projectile motion. When this event was
used in the kinematical analysis, unphysical masses (mi‘( 0) were
obtained. A number of variations in lengths and angles within
experimental uncertainties were tried to see if physical masses can be
obtained, however, the result was negative in all cases, Further it was
checked whether this event was actually a three-pronged event with an
artifact looking like a fourth prong. the total computed mass under this
assumption turned out to be unacceptably larga (i.e > 570 u). Therefore
it was concluded that this event could be a four-pronged event but
experimetnal limitation render the track measurements extremely
difficulc, Thus it was included in the calculation of cross~secion but
was rejected for kinematical analysis.

The remaining two events(no.l&II in fig. 14) were analysed by
Monte-Carlo simulation., For this channel we produced 600 artificial
events from each of the two data sets, following a procedure described
in section 3.3. These enlarged groups of data sets were then treated
like normal measured data sets in order to obtain the distributions of
computed masses, scattering angles and velocities etc.,, of the reaction
products. As in the case of three-pronged events, it {s important to
calculate the relative-velocities of reaction products in order to
determine whether any pairs of masses can be regarded as fission
fragments. thus we used the four final velocity vectors to compute six

possible relative velocity combinations, These combinations constitute 3

1



-20-

complementary pairs of relative velocities i.e vij and Vi1 (izjrksl =
1,2,3,4). One such pair for event no. I and an. II Is shown in fig. 15.
The other combinations were found to lie outside three standard
deviations from the mean of corresponding empirial value. It may be
reminded that the gaussian distributions of computed quantities for this
channel arise because of Monte-Carlo simulation of a single measurement.
The standard deviations of these distributions, therefore, represent
pure experimental uncertainties. The arvows on fig. 15 indicate the mean
values of empirical relative velocities corresponding to the fission of
equilibrated first step masses. The uncdrtainties in empirical values
represent the uncertainties of computed masses. The final mass
distribution for the two events are shown in fig. 16. In this figure,
the pairs of masses whose relative velccities agree within three
standard deviations with respect to the corresponding empirical values
are marked and the relevant pre-fission mass is noted. The details of
the computed kinematical variables are given in table 7. These resulcs
indicate rhe presence of a large mass transfer from the target to the
projectile in the first step of the reaction yielding either two masses
which both subsequently fission (one with and the other without mass
equilibration) or the first reaction step yields. three masses and one of

these masses undergoes fission in the second step.
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3. Comclusions

We have performed the kinematical analysis of 8‘Kr+23au reaction
at 12.5 MeV/u on event to event basis by wusing the exclusive
measurements of reaction products registered in muscovite mica. The
total cross-section measured in this study falls short of the
theoretical estimate based on nuclear radius systematics by about 10%.
The angular distribution of elastic events (plus unresolvable
quasi-elastic events) has been fitted by gemeralized Fresnel method and
is found to be sensitive with respzct to the angular momentum window
parameter. Only a small subset of the total three-pronged events could
be analysed nrumerically (cable 2). The bulk of the analysed
three-pronged data (~90%) is found to be consistent with the sequential
fission process. The remaining events indicate the prusence of
non-equilibrium effects which were not observed at the lower energy of
9.6 MeV/u 19). The conclusions of ref.lg) concerning the mass drift
towards lesser asymmetry are confirmed, however this flow is found to be
increased by abou:c 20 u on the averhge. Also widths of the first step
mass distributions are found to be enhanced from 24 u 19) (Ecm=560 MeV)
to 33 u (Ecm=776 MeV). For the TKEL window of 150 MeV - 450 MeV, the
angular distribution of. first step projectile-like mass is observed to
lie 1n two seperate groups; one close to the quarter-point angle (91/4
=33. 5) and the other at more than double this angle. Higher TKEL (i.e)
450) involve a much wider angular distribution ( €§ =17) as well as
higher widcth of final asymmetries ( C? =0.2). The four-pronged events
involve a large mass drift of 40 to 60 units in the first ste;
accompanied by a kinetic energy loss which is 50-80% of the entrance
centre-of-mass energy. The scattering angle is around 40° in the
laboratory frame, These conditions strongly suggest that the first step
of this reaction is a quasi-fission type process, The second step is
found to be inconsistent with double~sequential fission process. The
non-equilibrium fission 1is, however, indicated for only one of the
first step masses while the other fragment seems to uudergo normal
fission. The experimental uncertainties of the kinematical parameters
computed with the help of Monte-Carlo simulation (table 4) signify the
quantitative power of this simple and inexpensive technique. 1t {s,

therefore, expected that this method would continue to play useful role
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in the study of heavy ion reactions.

The authors wish to thank Dr. R. Spohr for kindly arranging the
irradiations at the UNILAC (GSI, Darmstadt). The discussions with Dr. W.
Westweier and Dr. E.U. Khan and their assistance with the computational
work is gratefully acknowledged. This work was carried out in the
framework of the German-Pakistan agreement on scientific and
technological cooperation. Thanks are due to International office,
Kerntorschungszentrum (kfK) and Pakistan Atomic Energy Commission for
providing financial support to one of us (I.E.Q)



Table 1: Typical values of the three dimensional coordinates for tracks formed through reactions of ditferent multiplicities,

alongwith the.r uncertainties

;i‘““i"““"' 4 ) Y, é:z 1y 3 1, §¢. $12 %23 934 fur
of the event| (fw) | (degrees) | (fm) {(degrees) | (fm) (degrees) | (fm) | (degrees)| (degrees) (de;recs) (degrees) | (degrees)
88.4 18.3 5.0 79.3 180
2 +2.3 +1.0 1.5} =217.2 ; +3
l
83.6 22.3 6.8 85.0 17.4 74.2 146.0 81.9 134.1
_ 3 +1.5 +1.0 +1.5] +12.6 #1.5 +5.0 - +3 3 +3
18.6 47.7 18.0] 19.9 27.9 61.5 21.9 57.1 115 09 143 93
& ' +1.5 4.6 +1.5] =24.8 *1.5 #358-— ] _+1.5 +3.9 3 43 23 33

. . Gy — w— — . g——




Table 2: The number of multiprong events observed, scanned and analyzed
for the reaction (1050 MeV) 84Kr+23au

Number of events

2-prong 3-prong 4-prong
Direct 167 3

Scanned Indirect 648 7

Total 815 10
Measured 650 160
Analysed 650 120
Selected 600 80




Table 3: Coefficients gvof the empirical velocity-range relation (eq.2)

in mica.

No = 0.992 , Mica Density = 2.79 mgi'c:.mJ

”
0 1 2

v

3 =3 ra
o | 9.599x10 -1.057x10 2.925x10
1 2.5 x102 2.946x10"% -1.073x10~°
2 | 9.613x107° ~2.795x10"° 9.396x10"2
3 | -3.159x10"° 8.743x10" ~2.435x10"°
4 7.572x10~" -7.712x10"° 1.081x10"11




Table 4: The experimental wuncertainties derived by Monte-Carlo

simulation
Two—pronged amy, A m, A(TKBL)
events (u) (u) (MeV)
3 16 30
Three-pronged am Anij ACI'KEL) a vil
events (w) (u) Mev) | (fm/10°2%)

3 ' 18 20 0.006




Table 5: Cross-sections for the reaction 1050 MeV 8l‘l(n-““:ll

Experimental Theoretical
(a) » (b)
53 6, S5 Stot (mb) Sk SR
(mb) (mb) (mb) |Ee+eol, v o5 ) (mb) (mb)
3185+278 16+4 - 32014282 3383+120 3929
(a)- Total reactioﬁ cross-section using experimentally determined
quarter-point angle.

(b)-

Classical tota! reaction cross-section assuming an interaction
radius Rc= 14.67 (Wilczynski Ref. 33)




Table 6: Parameters of the reaction (1050 MeV) thr*natu

Quantity

Value

Centre-of-mass energy

Projectile wave number-k
Sommerfeld parameter-
Quarter-point angle- 6% (c.m)
Angular nomentum window- A
Coulomb barrier-vc (Rc = 14,67 fm)

Crazing angular momentum- A\

Interaction radius.R
int

776.343 MeV
48.015 fm !

147.53
°
{33.5+0.5)
8.5+5
325.121 MeVv

(490.2) K

(13.73+0,16) fm




Table 7: Kinematical quantities derived from the analysis of three dimensional

track parameters in the case of two 4-pronged events observed in the

reaction (1050 MeV) aakr +

nat.

U
EVENT-I EVENT-11

First Step Masses (u) (196+5) (126+5)™ (143+7) (179+7)"
First Step KInetic Energy Loss (MeV) (408+20) (654+10)

¥
Laboratory Scattering Angles 43.9 56.0* 44.8 24,5
(Degrees)
Final Masses (u) (92+5)+(104+3) (37+10),(89+6) (59+48)+(B4+4) (7644),((1034+6)
Fission Q-values (MeV) 156.5 40.4" 96.1 139.5"
Relative Velocities (cm/mns) (2.48+0.06) (1.78+0.06) (2.31+0.09) (2.55+0.06)
Empirical Relative Velocitie;?cm/ns) (2.38+0.05) ( 2.5+0.1 ) (2.35+0.09) (2.37+0.06)

* .
These quantities are valid if the second pair also results from a fission process in which

the kinematics is distorted by final state interactioms.

“according to Viola's systematics (Ref. 21)
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FIGURE CAPTIONS

Fig. 1:

Fig. 2:

Fig. 3:

Schematic representation of multi-prong events observed with an
SSNTD. The hollow tubes are the actual tracks formed by the
reaction products. Thick lines are the projected lengths
observed with the microscope. In practice, these lines are
somewhat irregular in shape and hazy at the ends. Also measured
with the microscope are the depths (brokem lines) and angles
between track-projections (ﬂ ) Actual lengchs (1,) and polar
angles é) are deduced from these measurements. (a) an
uninteracted projectile , (b) a direct binary event, (c) an
indirect ternary event (d) a direct ternary event ((c) and (d)
together determine the cross-section for three pronged events
i.e 673), (e) an indirect quarternary event, (f) a direct
quarternary -event. ( (e) & (f) together determine the

cross-section for four-pronged events).

Correlation plot for the longer length and the corresponding
scattering angle in the case of 8"l(n-nmu, binary reactions
observed at 12.5 MeV/u. Track lengths which deviate too much

from the bulk of data represent inelastic events (not shown).

Frequency distributions for the track lengths and scattering
angles of projectile and target. These histograms show the
'selected’ 600 events, representing the elastic (quasielastic)
subset of binary data.

Correlation plot for the longest length and the corresponding
scattering angle in the case of 84Kr+"atu, ternary reactions at
12,5 MeV/u. These events are consistent with the sequential

fission process as shown in sect, 4.3.

Frequency distributions for the track lengths and scattering
angles of the longest track and the sum of the other tracks for
the total set (160 events). Also shown by hatched histograms are
the frequency distribucions of the longest track and the

corresponding scattering angle in the case of finally selected



Fig. 7:

80, ternary events,

Correlation plot of the masses of two-body exit channel
integrated over all angles and the TKEL for 86Kr+natu at 12.5
MeV/u. The data corresponds to elastic (quasi-elastic) binary
events and is uncorrected for the experimental uncertainties.
The fitted gaussians for projectile-like masses (84.2 + 6.5 u),
target-like masses (238.8 + 23.5 u) and TKEL (-2.3 + 33.8 MeV)
indicate the applicability of coefficients (table 3) used in the

velocity-range relation, eq. 2.

Distributions of computed total masses in the two~ and

8&Kr+nat

three~-body exit channels in U reaction at 12.5 MeV/u.

The solid and dashed lines refer to Gaussian fits with Gam =
23 v, 63m = 47 u respectively. The data have not been corrected
for experimental uncertainties.

Empirical velocity-range curves corresponding to eq. 2 and table
3, obtained after completing internal calibration procedure., For
comparison the calculations based on Denton and Henke's program

(ref, 32) for the projectile, 84Kr (triangles) and the target,

238U (squares) incident on mica are also shown. The regions of
ranges which are most sensitive for £fitting projectile and

tafget masses are indicated by horizontal bars.

: Ratios of the experimental differential cross-section to the

Rutherford cross-section as a function of the scattering angle
in c.m frame, for the reaction 84&: + 238U at 12.5 MeV/u. The
data corresponds to the subset of elastic and quasi-elastic
events, The dashed line 3shows a one parameter fit based on
Fresnel model and the full line represent two parameter tit

based on generalized Fresnel model (Ref. 23)

Fig, 10: The distribution of the relative velocity of one pair of tinal

masses in each of the 80 ternary events studied in the reaction

saxr + 238 at 12,5 MeV/u, The pair of measses whose relative

velocity lies within the above histogram is recognised as



Fig. 11:

Fig. 12:

Fig. 13:

fission fragments. The arrow shows the value of most probable

velocity, 2.48 cm/ms.

The gaussian fits for the spectator and the pre-fission mass in

the three-body channel of reaction aer + 238U at 12.5 MeV/u,

The computed final masses L "j are also shown on the diagram.
The identification of fissioning fragment is based on the

relative velocity correlation of fig. 10.

The distribution of ternary events with respect to TKEL and
scattering angle of projectile-like fragment. For each TKEL
bin, an average value of scattering angle ( z-) is indicated.
Events in bin I correspond to quasi-elastic proczss whereas
bins 1I, 111 & IV possibly represent deep-inelas:i: or quasi

fission processes.

The average values and standard deviations of scattering angles
and asymmetries ( ¢- (AI-AZ)/(A1+A2)) corresponding to the
three TKEL bins in the reaction sakr + 2380 at 12.5 MeV/u, For
the 150 & TKEL < 450 bin two distinct scattering angle and
asymmetry groups can be identified. Group 11 corresponds io
deep-inelastic process and group 111 is most probably a quasi-
fission-like reaction mechanism. Group 1 1is unambignously
quasi-elastic reactions, whereas group 1V having a broad
aﬁymmetry distribution, large scattering angle and very high
kinetic~energy loss is probably a combination of deep-inelastic
and quasi-fission processes. The entrance channel asymmetry
(¢=0.48) and the quarter-point angle (fl‘ = 24.9.) is also
indicated on the diagram,

The projected lengths of the three four-~pronged events and the

angles between them, for the reaction 84Kr + 2380 at 12.5 MeV/u

Event no II1 is clearly a four-pronged event, however, because
of a very small (and broad) projected view of one of the tracks

ir could not be analyzed numerically.



Fig. 15:

Fig. 16:

- =i
The distribution of relative velocities Vag = { vy - v3| and

Vig = ﬁv_; - -v.al of the co';;;.lenenta;gspairs of final masses
produced in the reaction Kr + U at i2.5 MeV/u. The
standard deviations of the gaussian tits 6\?14 and G'\r23
correspond to the experimental errors alone. Arrows indicate
mean values of empirical relative velocities in the case of

pairs arising from sequential fission.

The distributions of tinal masses ftor the two direct quarter

2380 at 12.5 MeV/u.

The standard deviations of gaussian fits represent the

nary events observed in the reaction 8l‘l(r +

experimental errors alcne. One pair of masses in each event

arises from sequential fission. The corresponding prefission

masses tor these pairs are also indicated.
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