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Application of solid state nuclear track detectors in fission studies*
R H IYER
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Abstract. Solid state nuclear track detectors ($SNTD) were introduced as an
important research tool in nuclear science and technology in the early 1960s. In
this paper an attempt is made to give an overview of some of the important
applications of SSNTD in the study of fission-related phenomena. The areas
covered are: (a) spontaneous fission half-lives, (b) compound nuclear life-time
measurements, (c) fission cross-section, excitation functions and fission fra~nent
angular distributions, (d) fission isomers, (e) search for superheavy elements and
(f) absolute fission yield measurements. In each case a few examples of experimental work carried out in various laboratories including the Bhebha Atomic
Research Centre (SARC), Bombay are discussed to highlight the significant contributions these studies have made to our understanding of nuclei and nuclear fission.
The important role played by SSNTD in each of the above areas of fission studies
is illustrated. Some specific cases are cited where the innovative use of ss~rrv has
lead to results of profound significance in fission physics. A general review of the
impact of these studies on our present understanding of nuclei and nuclear fission
as well as a brief outline of the problems and future prospects are also given in
the paper.
Keywords. Tracks; fission; half-lives; cross-section; excitation function; isomers;
sui~th~tvy elements.

1. Imtroductioa

Solid state nuclear track detectors (SSNTD) were introduced as an important tool in
nuclear science and technology in the early 1960s (Fleischer et al 1965). They are
dielectric materials such as mica, glass, synthetic plastics etc. which record and
permanently store the trajectory of fast-moving charged particles. The stored
information contained in the trajectory of the charged particles can be conveniently
retrieved by the experimenter by selective chemical etching and observation under
an optical microscope. The extreme simplicity of the technique coupled with the
lack of dependence on costly electronics on the one hand and the availability of a
variety of detectors with different sensitivities to charged particles on the other
make them particularly useful in the investigation of rare and low cross,section
events in an essentially background-free situation. By merely counting the number
of tracks (recorded on a detector) of charged particles ejected from a nuclear
reaction, one can do experiments in nuclear physics and chemistry, particle
dosimetry and microanalysis (Fleischer et a11972). There is hardly any branch of
science and technology where SSNTDS do n o t have an actual or potential application. Today, the technique has developed from a mere laboratory curiosity into
one of the cheapest and most powerful expeirmental tools in the study of a
number of nuclear phenomena (Fleischer et al 1975). Its growth in the last
*Paper precented at the second national seminar-cure-workshop on the use and application of
solid state nuclear track detectors held at Physical Research Laboratory, Ahmedahad, India,
during 24-26 February 1981
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15 years, both in size and applications has been spectacular. Over fifty laboratories
around the world make use of this technique for various experimental work which
has led to the growth of fundamental knowledge and technological applications.
Many review articles cataloging the diverse applications of the technique are
available in the literature (Fleischer et al 1965, 1972, 1975).
Precision measurements in scientific research have generally come through the use
of expensive instruments. But the SSNrD technique, also called track-etch technique
has made precision measurements on the detection and measurement of neutron and
charged particle-induced nuclear reactions so inexpensive that even small laboratories
with some basic facilities can take up It & D work using this technique.
In this paper we shall discuss some of the important applications of the technique
to fission-related studies by citing examples of experimental work carried out in various laboratories including those carried out at our research centre and highlight the
significant contributions these studies have made to our understanding of nuclei and
nuclear fission. The topics covered are: (a) measurement of spontaneous fission
half-lives, (b) measurement of life-times of compound nuclei, (c)fission cross-sections,
angular distribution of fission fragments and fission excitation functions, (d) investigations on fission isomers, (e) search for super heavy elements and (f) absolute fission
yield measurements. It is not practicable to give an exhaustive coverage of each topic
for the simple reason that the experimental and theoretical data reported in the literature are too voluminous. Instead, one or two examples will be discussed in each
case to illustrate how ssszv has played a key role. A general review of the impact
of these and related studies on our understanding of nuclei and nuclear fission
is also given here.
2. Special features of SSNTD
Before discussing specific applications of SSNrD, let us very briefly examine some of
their special features (apart from their simplicity and inexpensive nature) which make
them extremely valuable for studies related to the fission process:
(i) they are insensitive to high background radiation making investigations on
specific, rare and low cross.section nuclear reactions possible.
(ii) a wide variety of detectors with different sensitivities to charged particles are
available for the experimenter to choose from to meet his specific experimental needs.
(iii) the integrating nature of the detectors allows events to be accumulated over
largo periods of time without any deterioration of the detector.
(iv) they are amenable to different geometrical arrangements such as 29, 47v, forward and backward recoil geometry etc.
(v) they can be used in any size; small sizes allow them to be used in remote and
difficult-to-reach experimental locations.
(vi) it is a non-electronic technique; so no electronic break downs to worry about.
These features of SSNrV, coupled with some ingenuity on the part of the investigator
make them unique among the experimental tools that are generally employed in
fission studies.
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3. Applications to fission-related studies

3.1 Measurement of spontaneous fission half-lives
Spontaneous fission from the ground state is an important mode of decay of heavy
elements with atomic number Z90 and above. It occurs with measurable decay
rate in elements from uranium up, thehalf-lives decreasing rapidly with increasing Z.
Table 1 shows some typical data to illustrate the wide range of spontaneous fission
half-lives. A precise knowledge of the spontaneous fission half-lives of heavy elements is important from the point of view of basic understanding of nuclear structure,
checking existing theories of fission and alpha decay systematies, predicting the properties of new heavy elements and extending the periodic table to regions covering
the yet undiscovered superheavy elments. From purely practical considerations,
the spontaneous fission decay constant of 2ssU is a basic parameter needed in geochronology. Many current techniques of assay of heavy elements, require a knowledge of their decay properties; these are linked with nuclear safeguards, plutonium
recycle, and accounting and management of nuclear materials.
Solid state nuclear track detectors have been used very effectively in the accurate
measurement of both extremely large and extremely short spontaneous fission halflives (Hulet et al 1971; Khan and Durrani 1973; see table 1). When one considers
spontaneous fission decay of heavy elements it is important to realise that alpha
Table 1.
data*
Nuclide

Spontaneous fission half-lives of some heavy element isotopes--typioal

Z

tl ,i (sv)

28STh

90

mPa
mU

91
92

10I' y
1"9 • 1017 y

a

288U

92

1"02 • 101'y

a

mNp

93

3.0 • 10X'y

94
95
96
97
98
98
98
99
100
100
100
101
102
102
104
105
105

4"6 • 10tOy
1"15 X 1014 y
107 y
1'65 • 1 0 ' y
3 X 10ty
85 y
740 see
6"3 • 10Jy
125 y
380~.see.
1.5 sec.
5700 see.
8"6 see.
1500 see.
1I milli see.
1.8 sec.
~ 2 8 see.

a
a

ts'Pu
m4tAm
14~Cm
Z4'Bk
14sCf
~ssCf
'56Cf
m68Es
267Fm
S58Fm
26~Fm
~S'Md
~gNo
~56No
156104
m105
**s105

---102xy

*Source of data: Fleischer et al 1975; Gay and Sher 1975; Hoffman 1979.
a-ss~cros have been used (Fleiseher et al 1975.)

EPS.--7

Remarks

a
a
a
a
a

a

a
a
a
a
a
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decay is a competitive process. Consequently, the heavy element isotopes are associated with intense alpha activity causing problems in handling and those arising from
pile-up alpha pulses (Gay and Sher 1975). For example, the ratio of alpha to spontaneous fission decay of ~sSpu is about 5 • 108. The determination of long sF lifetimes require fairly large amounts of the isotope and large observation (exposure)
times. In such situations the integrating nature of SSr~TOcoupled with their insensitivity to alpha particles (mica in particular) are major advantages over the
conventional electronic techniques.
The principle for the conventional and simplest use of the technique for the
measurement of fairly long spontaneous fission half-lives is well established (Fleischer
and Price 1964; Khan and Durrani 1972; Gay and Sher 1975). For example, in the
determination of the spontaneous fission decay constant of 2zsu, a natural uranium
source in the form of a thin metal foil or in the form of an electroplated source is kept
in direct contact with a track detector (usually mica) for a sufficiently long period of
time to accumulate a statistically significant number of spontaneous fission tracks.
The number of tracks recorded can be expressed as:
(track)sF = K . Ns 9 )~r. tsF,
where

K is the track registration efficiency for the source-detector assembly,
N8 is the number of ~3su atoms exposed to the detector, ?tsF is the
spontaneous fission decay constant of 2~U and tsF is the exposure time.
In order to eliminate the need for knowing the track registration efficiency, K, a
second exposure of the source detector assembly is carried out with thermal neutrons
using a fresh detector. The detector records induced fission tracks from the thermal
neutron fission of ~asU which can be expressed as
(tracks)irr -- K. Na. af. ff tirr,
where N 5 is the number of atoms of zssU in the source, % is the thermal
neutron fission cross-section of 2ssU, ff is the thermal neutron flux and tirr
is the irradiation time. Then
(tracks)irr __ N5 crf . ~ titr
itracks)sF
Ns ~tsF tsr
All the quantities in the above equation are known except '~sFwhich can be determined.
A couple of illustrative examples of the ingenious uses of SSNTD to measure extremely short s~ life-times and which have made a profound impact on nuclear structure, nuclear stability and fission systematics are outlined below. As already pointed
out, spontaneous fission half-lives decrease rapidly with increasing atomic number.
One of the serious problems associated with the study of very heavy actinide elements
with Z > 98 is their very short half-lives and low production cross-sections. Until
about 1973, the heaviest nuclide whose fission properties were studied in some detail
w a s 257~,~
100~,J~ (Hoffman 1979). With the availability of small quantities of isotopes
of very heavy actinides through heavy ion reactions, fission properties of heavier actinide isotopes have recently been investigated particularly at the Los Alamos Scientific
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Laboratory, the Lawrence Livermore Laboratory, the University of California,
Berkeley and the Oak Ridge National Laboratory (Ferguson et al 1979).
Hulet et al (1971) used a ' rotating drum m e t h o d ' to determine the spontaneous
fission half-life of ~ F m . The experimental arrangement is shown in figure 1. Atoms
of 25SFm were produced by bombarding a weightless target of ~0S0~Fm(about 109 atoms
electrodeposited on a 0.013 mm thick beryllium foil) with 12.5 MeV deuterons by
the 257Fm (d, p) 25SFm reaction. The atoms of 258Fm formed, recoil out of the target
and get deposited on a steel drum. The irradiation is stopped and the drum is rotated
at a known high speed (1500-3275 rpm). The fission fragments resulting from the
spontaneous fission of 25SFm are caught in a series of mica strips which record the
fission tracks. Several runs were performed to accumulate enough spontaneous fission events. From the speed of rotation of the drum and the variation of fission
track density in the mica strips, the half-life was estimated. Figure 2 shows the
experimental results which indicate a sF half-life of 380 + 60/~ see for 2SSFm.
An equally ingenious experimental arrangement, the ' moving belt m e t h o d ' was
used by Flerov et al (1964) at Dubna to obtain possible evidence of an isotope of the
element 104. Atoms of the element 104 were produced by bombarding thin (700/~g/em z
covered with 100/~g/cm 2 of nickel) targets of 242
94Pu with 2~Ne ions. The recoiling
product atoms from the reaction ~2Pu (22Ne, 4n)i04
2~0 were caught in a conveyer belt
about 8 m long. At the end of the bombardment, the belt moves at a known high
speed and the fission fragments resulting from the spontaneous fission of element 104
are caught in phosphate glass detectors which record the fission tracks. Here again,
the half-life is estimated from the variation in track density and from a knowledge of
the speed of the moving belt. The experimental arrangement is shown in figure 3.
From this experiment a half-life of 0"3 sec was estimated for element 104.
Both the ' rotating drum--ss~rTD ' and the ' moving belt--SSNTD ' systems have
played a major role in the detection and identification of trans-fermium isotopes and
are standard experimental tools in all leading research eentres in the world engaged in
the search for very heavy and superheavy elements.
!

/-.

lI
b

9

a

Figure 1. Schematicrepresentation of the target and drum-mica system for measurement of short spontaneous fission (sF) half-life. Deuterons strike the 267Fmtarget
(a) after passing through aluminium degrading foils (b) and tantalum collimator
(e). The atoms of 2~SFmrecoiling from the target arc caught on the surface of the
rotating drum (e) and their decay by SFis recorded in short strips of mica (d) attached
in a continuous band to the drum housing (f). An a-detector (g) was used for monito.
ring the recoil efficiencyof the target (Hulet et a11971).
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of element104: The movingbelt-ssN~ system(Flerov et al 1964).

Let us now briefly discuss the impact of these experiments, particularly the
experimental results on 25SFm, on fission physics.
The available information on the spontaneous fission half-lives of actinide and transactinide elements has been used to establish certain systematic trends for even-even
isotopes (Nurmia et al 1967). While the tl/~ (sF) generally decrease with increasing Z,
a definite stabilising effect for 152 neutrons has been observed, beginning with curium.
These calculations reproduce the general trends very well but can show large deviations for a given nuclide (Randrup et al 1976; Baran 1978; Baran et al 1979). The
experimental value for the tv~(SF) of 2"Fro of 380/~ sec was lower than the predicted
value by nearly 6 to 8 orders of magnitude. This was a completely unexpected result
and the sharply decreasing trend of sF life-times of nuclei with N > 152 was contrary
to theoretical predictions. Hulet et al (1971) observed that even-even nuclei with
N = 158 are becoming catastrophically unstable towards spontaneous fission. This
necessitated a thorough re-evaluation of the techniques of calculating the life-times of
very heavy and superheavy nuclides. While it is recognised that the relatively long
spontaneous fission half-life of 125 years for 2sv~m
100" "'-' with 157 neutrons is due to the
extra hindrance associated with sF of nuclei with an odd number of nucleons
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(Johansson 1959; Randrup et al 1973) the decrease in tl/s (sF) by a factor of nearly
l0 is on adding just one more neutron to 257w,,,
t o o ~ is indeed a dramatic effect.
This rather unexpected result, prompted a determined experimental effort not only
to measure the sF lifetimes of many new heavy elment isotopes with neutron numbers
in the vicinity of 158, but also on other important fission characteristics such as mass
distribution, total kinetic energy release etc. Some of the new and exciting results are
discussed below.
9sCf, which also has 158 neutrons as 25s~,.,,
has been
Recently, the tit I (SF) of 256
100 ~ ,
measured by Hoffman et al (1977) to be 12.3 minutes. This indicates a reduction by a
factor of 1.4 • 10-4 in half-life for addition of 2 neutrons to ~ C f (T1/~=60 days)
compared to the reduction factor of 1.9 • 10-s in the ease of 252FW98
''A to 254t,~t"
98-~A.
Although the half-life reduction for 2 neutrons between 2954Cfto 256t-,t9s--'-is one order
of magnitude larger than between 252r,r
98"-.- and 254c,t9s,~., a , disaster , for 158 neutrons
appears to have been averted. Among the trans-fermium isotopes, with odd
number of nucleons, 20S~Md is again of special interest in that it also has 158
neutrons like 2ss~,,,
100 ~LLt but the odd nucleon hindrance effect referred to above is about
10% compared to 258~,,,to0,,,making the tx/~ (sv) of 259~at0t~,,.to be 95 rain (Wild et al
1979). These recent observations, suggest the possibility that for the even-even
trans-fermium isotopes, the second fission barrier (Clark 1971) is absent leading to
extremely short tx/m(sF)
The measurement of spontaneous fission half-life of 25s~.,,
10OJ t u z also had a profound
impact on the discovery of 259~_
loo,m, a nuclide with 159 neutrons (Hoffman et al 1976).
On the basis of sr decay systematics and the known tx/a (st) of 125 years for 2571~.r~
100 x L " ,
the tx/e (SF) of 259t0oFm was estimated to be in the range of 5 hr to 7.5 years. A
search for 2591~m
t0o-~ in underground nuclear tests, however, failed to give any evidence
of the presence of this isotope (Hoffman 1976). The discovery of 380 microsecond
for the tx/e ( s t ) o f 2too,~,
5 8 ~ . . indicating the on-set of a possible , disaster , in spontaneous fission half-lives of nuclei with N > 157 prorated a re-estimate of the tx/2
(sF) of heavier trans-fermium isotopes. This led to the thinking that 25s~,,too
- ~ and
25tl~m
should
have
about
the
same
spontaneous
fission
half-lives
except
for the
100 ~
special hindrance associated with the odd neutron in 259~,
-~',t00 and its tx/2 (sF) might
be only a few tenths of a second. This information was valuable in designing the
right type of experiments for the discovery of 259~,,
too,,~, by the reaction ~5~Fm (t, p)
~teFm. Its t~/2 (sF) was found to be 1.5 see.
Let us now quickly turn our attention to the other interesting features of fission,
viz. mass distribution and kinetic energy release in the trans-fermium region. All
previous measurements of low energy fission have shown the familiar asymmetric mass
division, and the linear dependence of the average total kinetic energy (rKF.)onZ2/A1/3.
This is true upto and including the isotope 257~,,
However, addition of one extra
100 ~ x u .
neutron to 257~,
-~-,
,t00 completely changes the picture. 258~,,t00xx~tand ~ F m show symmetric
mass division and the rKE is about 40 MeV higher than the expected value. These
results are shown in figures 4 and 5 respectively. On the basis of this, one would
predict increased symmetric fission and higher rK~ for heavy nuclei with neutron
number N >I 158. Surprisingly, however, the available data on the spontaneous
fission of 2561"W
(N = 157), one of the heaviest nuclide studied,
9 8 ~ , x (N ---- 158) and 2r
do not show either increased symmetric fission or higher TK~. There is a distinct
preference for mass asymmetry and normal kinetic energy release. The recent data
on the spontaneous fission properties of 20S9Md(N ----- 158) is again somewhat perplex-
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ing (Hulet et al 1979). The most interesting observation is that while SF of ~9Md and
2591:?m
~ o o - , - are highly symmetric like those of 2ss~,,~0o_.u,the total kinetic energy release is
somewhat less than what is expected from the linear trend (see figure 5)--an observation which is inconsistent with current fission theories in which fragment shells govern
the fission process. Perhaps, the odd proton in ~9Md may force a three-body breakup accounting for the low THE leaving the nucleus to break into two fragments with
Z ---- 50. Other possibilities require storing of about 60 MeV as internal energy for
collective motion, internal rotation or internal heating.
Thus it would appear that 2s7r
1 0 0 x L l l (N= 157) is in a sense 'unique' and in a ' transition' region. The addition of one extra neutron to 257,=~
~oo*,- brings about marked
changes in the whole spectrum of fission properties of heavier nuclei. One key
observation initially made possible by the innovative use of SSNTD---thedetermination
of tv2 (St) of 12~Fm--has lead to many new and exciting results. It is clear, that
further experimental efforts on the trans-fermium region are needed to check various
theoretical approaches as well as to settle the issue of the suggested return to
asymmetric mass division and lower TKES.
3.2 Life-times of compound nuclei
Measurement of extremely short life-times of compound nuclei in the range 10-is
to 10-ze sec through the ingeneous use of ss1~rrD in a technique called ' crystal blocking' is another landmark in the history of application of SSN~ to nuclear physics
(Brown et al 1968). In this technique, the reaction products (excited compound nuclei
with short life-times) are produced in thin single crystals and the probability of escape
of their fission fragments is measured along different crystallographic directions. This
indicates the distance travelled by the fissioning nucleus in the crystal. From a
knowledge of the recoil velocity of the compound nucleus and the distance travelled
by it within the crystal (which is obtained from the blocking pattern of the emitted
fragments) the life-times are evaluated. Figure 6 shows the experimental arrangement
and the results of Brown et al (1968) on the measurement of life-time for the fission
o f " S U by 12 MeV protons. Single crystals of UO~ were used as the target. Lexan
detector placed at a distance of 50 cm collected the fission fragments emitted along the
uo 2
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Figure 6. Extremely short life-times measurement by crystal blocking technique
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[110] axis. The figure represents the angular distribution of fission fragments (the
blocking patterns) along the [1 I0] axis in a thermal neutron and 12 MeV proton irradiation. This showed that the total life time in the 12 MeV proton fission of ~ U
is less than 2 • 10-xv sec. This technique will find important application in obtaining evidence for the formation of spontaneously fissioning superheavy elements
with half-lives in the range of 10-x4 -- 10-is seconds in heavy ion-induced nuclear
reactions (see w 3.5).
3.3 Fission cross-sections, excitation functions and angular distribution of fission
fragments
Voluminous data are available in the literature on fission cross-section and related
measurements by using SSNTD. In all these studies, the extreme simplicity and sensitivity of SSNTD have been exploited. The work of Burnet et al (1964); on the helium
ion induced fission of Au is a classic example of the use of SSNTD in low-Z element
fission studies. Here the insensitivity of mica to large doses of high energy alpha
particles allowed extremely low fission cross-sections--as low as 10-35 cm2--to be
measured and the fission barrier for the 2~ compound nucleus to be estimated. In
most of these studies, a target-detector assembly is used in a 2~ geometry. A typical
2~ geometry experimental set-up for the determination of fission cross-sections is
shown in figure 7 in which a stack of thin electrodeposited targets in contact with the
detector is assembled. Using this experimental set-up the 14 MeV neutron fission
cross-sections of a number of actinide elements were obtained in Trombay (Choudhuri et al 1979).
A very elegant use of plastic track detectors for studying the fission properties of
l o w Z elements was demonstrated by Raisbeck and Cobble (1967). These are extremely low fission cross-section processes and in order to get even the most qualitative
information on such systems, it was necessary to develop detection techniques which
are not only extremely sensitive but also highly discriminating. It was also necessary
to use exceedingly pure targets with respect to heavy element contamination. The
fragile nature of the targets (thin layer of oxides of thulium, lutetium and rhenium
deposited on high purity silverfoils) and the requirement of intense doses of alpha
particles ruled out the possibility of using a 2~r geometry set-up. The fission fragments recoiling out of the thin targets in the backward direction with respect to the
incident beam of alpha particles were collected in a cylindrical lexan plastic detector.
ABCDEFG

[

mHnliljil
H

Figure 7. Schematic of irradiation assembly used for cross-section measurement:
(A) perspex lid with screws, (B) and (C) perspex spacers, (D) and (G) Aluminium
~odard,(E) lexan detector, (F) target nuclide, (H) A1 neutron monitor, and (I) perspex
y (Choudhury et a11979).

Application of SSNTD in fission studies

447

This arrangement provided both the sensitivity and the necessary discrimination
against non-fission spallation reactions. Using such a cylindrical backward recoil
geometry they measured the fission excitation functions of l~Tm, 1~Lu and ~ss, ~s~.Ts..~
with 30--80 MeV helium ions (figure 8).
In the case of low Z elements neutron emission predominates over fission and the
ratio of the fission cross-section to total reaction cross-section ~//~R is nearly equal
to the ratio of the fission width to neutron emission width Ft/I',. For example, for
lutetium excited with 40 MeV helium ions, only one in l0 s nuclear interactions leads
to a fission event. The fission excitation functions were analysed, using a statistical
model expression suggested by Huizenga and Vandenbosch (1962) to extract the
fission barriers, EI.
%
~R

(E 4A 1/3 a / ( E -- B~)

r__, = K o a "
F.

1] x

exp [2a.~/' (E -- E.e) z;' - - 2aZ.;= ( E - - Bn)z/=],

where a, and as are the level density parameters for neutron emission and fission
respectively, Eis the excitation energy, E/is the fission barrier, B, is the neutron binding energy, A is the mass number of compound nucleus and K0 is a constant. The
calculated fission barriers are 22.5, 23.6, 27.5 and 28-7 MeV respectively for the compound nuclei IS~Ir, 19XIr, 17rl'a and Z78Lu. These data along with other data from
the literature have been used to correlate the dependence of rs/F, on the fissionability parameter Z2/A (normalised to an excitation energy of 40 MeV) and shown
in figure 9 which shows a striking exponential relationship. A marked deviation starting
at Z~Th (a compound nucelus formed in the reaction between 24Heand 226~o~
s8~,.,,/ gives
conclusive evidence for the transition from predominantly symmetric fission mode for
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Figmre 9. Correlation of FI/Fn with fissionability parameter ZS/A (Raisbeck and
Cobble 1967).
low Z elements (Z < 90) to assymetrie fission mode in high Z ( Z > 90) dements and
corroborates the "two-mode' fission hypothesis (Turkevich and Niday 1951). It is
worth pointing out here that the fission of 226Ra with tHe ions (compound nucleus
2~0~ ) gives a 'triple-humped' mass distribution with nearly equal contributions
from both the symmetric and the asymmetric fission modes (Fairhall et al 1958).
We conclude this discussion by citing one example of the innovative use of SSNTD
for the measurement of fission fragment angular distributions carried out at BARC
(Chaudhuri et al 1979). Using a novel fission recoil chamber about the size of a
' grape fruit' evolved from considerations of neutron economy, it was possible to
get the 14 MeV neutron fission fragment angular distributions of five independently
fissioning actinide nuclei at a time. The fragments were collected in cylindrical lexan
detectors in a forward recoil geometry. The experimental set-up and the geometry
are shown in figures 10 and 11. Horizontal scans of the unfolded detector give the
track density at a given angle of emission, 0, of fragments with respect to the neutron
beam. The working of the recoil chamber and the method of calculation was checked by observing isotropic distribution of fragments in the thermal neutron fission of
2~U and "3~Pu (figure 12). From the measured track density, Td, and from a knowledge of the radius of the cylindrical detector, R, and the angle, 0, the angular distributions were calculated using the expression
(~__~) constant• R2 • Td
0=
sin 3 0
where the constant depends on the experimental parameters such as the neutron
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Figure U. Schematic diagram showing the track registration geometry used for
angular distribution measurements (Choudhuryet al 1979).
flux, time of irradiation, number of target atoms etc. The expected trend of decrease
of the anisotropy in the fragment angular distribution with increasing Z~/A of the
compound nucleus was observed. From an analysis of the data, the third chance
fission thresholds (n, 2n'f) for the fission of 2slpa and 241Am were evaluated to be
13.2 and 11.1 MeV respectively.
3.4 Fission isomers
We now turn our attention to another major area of fission studies namely fission
isomers and the double-humped fission barrier which has revolutionised our understanding of the fission process in the last two decades and where SSNTDhas played a
key role in collecting valuable experimental information. In 1962, at Dubna, ussR,
Polikanov et al reported the accidental discovery of a 14 millisecond spontaneous
fission isotope ~]Am in a reaction involving accelerated ~Ne ion with 2ssu. This was
a startling result in that the ground state spontaneous fission half-life of 2~]Am estimated from spontaneous fission systematies was about 1019 times longer. Subsequent theoretical and experimental research led to the identification of the 14 millisecond spontaneous fission activity as being due to a metastable state of a4BAm. This
new state of metastability was ,termed'as ' shape isomerism' to distinguish it from the
familiar spin isomerism in the forbidden gamma transitions and the idea of the
' double-humped fission barrier' was born (Clark 1971).
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In order to appreciate the significant role the ssl,rrDs have played in this area it is
worthwhile considering the phenomenon in some detail. Let us do it with the help of
figure 13 taken from Clark (1971). In the conventional ground state spontaneous
fission, the ground state nucleus tunnels through the entire potential barrier (the singlehumped barrier based on liquid drop model shown in the figure) and consequently
has long spontaneous fission life-times. This is equivalent to having the nucleus
trapped in well 1 with a ground state energy of Ez. On the other hand, if a nucleus
is trapped in well 2 with an excitation energy Ez, then, its decay is hindered by both
the inner and the outer potential barriers. In other words it is in an isomeric or mesastable state. Decay to the right (through the smaller barrier) is by isomeric fission
and decay to the left by gamma emission. E A, E B and E~B are the heights of the
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inner barrier A, outer barrier B and the liquid drop barrier respectively. A nucleus
excited to an excitation energy EcN can de-excite either by prompt fission or by
gamma decay into the wells 1 and 2.The enormous enhancement of the fission rate
of 24~mAmcan now be understood by assuming it as an isomeric state trapped in well
2 where the probability of tunnelling through the 2nd barrier B is much greater
compared to the ground state nucleus in well 1.
The main category of experimental support for the existence of the double-humped
fission barrier comes from a study of fission isomers. Another piece of experimental
evidence is the occurrence of structures in the sub-threshold fission excitation functions in neutron or deuteron-induced reactions of actinide nuclei. Several experimental
approaches have been evolved to identify new cases of fission isomers in order to
establish the generality of the phenomenon. In these experiments, the rotating drum
and the moving belt methods described in w 3.1 have been extensively used in conjunction with mica, makrafol and lexan detectors. The mechanical constraints limit the
usefulness of these techniques to half-lives greater than about one millisecond.
The identification of fission isomers with much shorter half-lives (in the nanosecond to microsecond region) calls for greater ingenuity on the part of the experimenterqthe serious problem being the need to discriminate against the predominant
prompt fission process. Using large area plastic track detectors in a geometrical
arrangement that shielded prompt fission but recorded delayed fission from nuclei
in flight, Lark et al (1969) in Copenhagen were able to observe about ten
new cases of fission isomers with half-lives ranging from 5 nanosec to 1.5
micro seconds. The experimental arrangement is given in figure 14. The
half-lives were calculated from the estimated recoil velocity of the nuclei in
flight and the density of fission tracks as a function of distance from the target.
A slightly modified approach has been employed by Mehta and coworkers at BARe
to measure the isomeric fission cross-section for the 28sU (n, n') ~ssmu reaction in
the 14 MeV neutron induced fission of 23su (Chaterjee et al 1981). An annular
plastic track detector (makrofol) in a recoil geometry was used to register delayed
fission events. The plastic detector was kept in the same plane as the target so
that it does not register prompt fission events. A catcher foil was kept at a
distance of 1-5 cm from the target to stop the recoiling uranium nuclei and to
improve the geometrical efficiency of the detector.
As already pointed out, experimental evidence for the double-humped fission barrier comes from the existence of fission isomers as well as from the occurrence of
structures in the sub-threshold fission excitation functions. In general, it is observed
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Figure 14. Experimental arrangement for the measurement of half-livesof fission
isomers in the nano-secondregion (Lark et al 1969).
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t h a t for higher actinides the 2nd b a r r i e r is smaller t h a n the 1st b a r r i e r ( a n d even
d i s a p p e a r s with increasing Z ) while for the lighter actinides such as t h o r i u m , the
reverse seems to be the case m a k i n g g a m m a d e c a y heavily f a v o u r e d over fission.
This effect p r o b a b l y a c c o u n t s for the absence o f m a n y fissioning isomers in this
region. T h e structures seen in the s u b - t h r e s h o l d fission excitation functions of
ZS~ etc. are c o r r e l a t e d with a v i b r a t i o n a l r e s o n a n c e in the 2nd well.
A critical a n d c o m p r e h e n s i v e a c c o u n t o f the i n f o r m a t i o n a v a i l a b l e o n d o u b l e h u m p e d fission b a r r i e r t h a t c a n be d e d u c e d f r o m t h e v a s t a m o u n t o f e x p e r i m e n t a l
w o r k is given b y B j o r n h o l m a n d L y n n (1980). A s o f t o d a y 45 fission isomers w i t h
half-lives in t h e r a n g e o f less t h a n 5 p i c o s e e o n d s to 14 m i l l i s e c o n d s have b e e n identified in t h e U - B K region. T h e s e a r e listed in table 2. s s s r o s have p l a y e d a significant role in the d i s c o v e r y o f m a n y o f these isomers a n d have thus c o n t r i b u t e d to t h e
present state o f o u r u n d e r s t a n d i n g o f the d o u b l e h u m p e d fission b a r r i e r .
3.5 Search for superheavy elements
T h e existence o f a n island o f stable e l e m e n t s b e y o n d the p r e s e n t p e r i o d i c t a b l e h a s
been p r e d i c t e d b y t h e o r e t i c a l e x t r a p o l a t i o n s o f the n u c l e a r p r o p e r t i e s ( S e a b o r g 1969;
Table 2. Occurrence and half-lives of fission isomers in the uranium-berkelium
region*
Nucleus

t~/~

288U
~ssu

125
195

4- 15 nsec ca>
4- 30 nsec {a~

lS~Np
=s~Pu
JaePu

40
30
40
34
110
1.1
0.5
6.0
8.1
3.0
3.8
24

> 1 nsec
4- 12 nsec ~a~
4- 5 nsec
4- 15 psec
4- 8nsec
4- 12 nsec
4- 0.08 t~sec
4- 0.2 nsec
4- 1.5nsec
4- 0.8 t~sec
4- 2nsec
4- 0-3 nsec
-t- 1 t,sec

30
3.6
50
60
0.4
90

4- 5 nsec
4- 0.6 nsec
:~: 30 nsee
4- 15 nsec
4- 0"1 nsec
4- 30 nsec

z87Pu
*88Pu
~sPu
~4~
~'lPu

24~Pu
~'sPu
~"Pu
24~Pu

Nucleus

tx/~

~37Am

5

~SSAm
Z3'Am
~4~
=4tAm
S4=Am
~UAm
S"Am
~'6Am
~46Am
~~

35
163
0.91
1.5
14
5.5
1.0
640
73
10
55
15
40
180
42

~41Cm
2'mCm
~'sCm
~'4Cm
~6Cm
~'lBk
~'SBk
2'4Bk
2'SBk

4- 2 nsec
4- 4 tzsee

4- 12 nsec
q- 0.07 msec
4- 0-6 ~sec
4- 0-7 msec
4- 0"5 #see
4- 0.15 msec
4- 60 nsec
4- 10 t,sec
4- 2psec
4- 5nsec
4- 1 nsec
4- 15 psec
4- 70 nsee
4- 6 nsec
< 5 psec
> 100 nsec
13
4- 2 nsec
600
4- 100 nsec
9"5 -t- 2nsec
5 4- 2 nsec
820 4- 60 nsee
2
4- 1 nsec

*Taken from Bjornholm and Lynn (1980).
In a number of nuclei 2 decay periods are identified. The second one is presumably due to an
excited state in the second well.
(a) gamma decay to the left competes with fission to the right of the second well.
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Otto et al 1978). During the past 10-12 years extensive search for superheavy elements (SHE) both in nature and in the laboratory viz. heavy ion induced nuclear reactions has been made but without much success. In these searches, SSNTDS have
played a significant role and they will continue to do so in future also. We outline
some of the techniques used in this continuing search and the current thinking on
where and how to look for SHE in nature and in the laboratory. Most of the information is based on the work of Seaborg, Flerov and Hermann and their colleagues
in the usA, ussR and FR6 respectively (Otto et al 1978; Flerov et al 1978; Hermann
1979).
The search for SHEin nature are based on two assumptions: (a) they decay either by
spontaneous fission or are in secular equilibrium with a descendent which decay by
sF, (b) they follow the lower homologues both in geochemical fractionation and in
industrial processes. A suggestion has been made to look for eka-elements of easily
volatile elements in nature (Nurmia 1974). The exciting possibility exists that she
are produced in supernova explosion or other astrophysical processes and reach
the earth's atmosphere or deep-sea sediments as cosmic fall outs (Nurmia 1974).
Let us now consider the possible modes of formation of sue in the laboratory
through heavy ion reactions. Here, three principal mechanisms are considered.
The first one is exchange of a few nucleons between the two colliding nuclei in a rather
distant callision called quasi-elastic transfer. If the collisions are closer, then two
new possibilities arise, viz. for complete fusion or for the nuclei to stick together for
about 10-~1 see to form a composite system in which the entire kinetic energy of the
projectile is transferred into internal excitation or rotation. This process is called
strongly damped or deep inelastic collision. During such a process a substantial
number of nucleons from the projectile can be transferred into the target nuclei. In
complete fusion, which is favoured in reactions with light heavy ions such as C, O, Ar
etc., the compound nucleus will be highly excited and will decay by evaporation of
several nucleons, alpha particles and gamma rays and the residual nucleus may undergo fission. In deep inelastic collisions, the system decays by emission of neutrons,
protons, gamma rays or by fission. It is this process which is likely to lead to the formation of sa~. Because of the need for transferring a large number of nucleons to
reach the sue regions, reactions involving very heavy projectiles such as 197Au, 2~
~asU, etc. with heavy target nuclei such as 2aaU, 248Cm, 24aCf, Z~Fm are being considered. Table 3 gives a summary of the attempts made so far (1979)to synthesise SrIE
by complete fusion reactions.
We now consider the various techniques that are employed for the detection of
saE. The spontaneous fission decay with a wide range of half-lives and the large
predicted kinetic energy releases essentially form the basis for their detection. In
view of the extremely small formation cross-sections (of the order of nanobarns or
less) the detection system should be extremely sensitive. The complex nature of the
reaction products demands high specificity in addition to sensitivity. The similarity
of predicted chemical properties of SHE and their lower homologues also come in
handy in selecting natural samples and form the basis of devising chemical
separation schemes for isolating SUE fractions from targets irradiated with heavy
ions (Seaborg 1969). A general survey of techniques available to detect srm in
heavy ion induced reactions is given in table 4. The measurable half-lives range
from a few seconds to about 10-18 see. Of particular interest to our discussion
are the mechanical transport systems like rotating drums, moving belt, etc. which
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Table 3. Attempts to synthesise srm by fusion reactions*.

System

Compound nucleus

Upper limit for
production crosssection (cmm)

9~oZTh + |0sCa

"~176

3

X 10-55

l|]Pa + |0sCa

179111x68

4

x 10-as

s~U

+ |osCa

2s1112166

7

x 1045

u66Cm
s

,6
+ ~sAr

iss 1141,4

2

• 10-Ss

*[[Pu

+ ~]Ca

*'~

1

x

*,8
,eArn

+ *s
,eC-a

*611151,e

2

• 1O-55

~*e
9eCm

+ *s
,oC'a

*gtl16a7s

2

• 10~5

*,s
6eCru

+ *s
~oCa

*6el 16 x5~

~~

+ |~Kr

*Slll8Z~4

1

• 10-s~

2g|Pb + |gKr

*54118x76

6 • 10-s5
1"5 • 10-s~

s~su

'6~I19xn

4

• 10-3s

,ss.,U + teo~m',s,.l

*66120m

2

• 10-s3

*~|U

+ ~[~Cu

a~

8

• I0 -ss

~.8
**U

+ ,5
,6Cu

+ ~Co

10-35

2 • 10-.*s
4 • lO s`

~So2Th + ~|Ge

506122566

I

t~,eXe + X~Er

aoe1221st

1"5 x 1O-as

2ss
.aU

76
+ ssGe

61*12416o

1

X 10 -~

*s
2~r~Am+ s0Zn

sn12516*

5

• 10-.2

2s2
s,
ooTh + aeKr

sxe1261oo

5

X 10 -so

2as
siU

asl128xt*

8

• 10-Ig

+ aeKrs5

• 10-64

*Taken from Hermann (1979).
a r e a p p l i c a b l e to species w i t h m i l l i s e c o n d half-lives a n d t h e c r y s t a l b l o c k i n g
t e c h n i q u e w h i c h a r e a p p l i c a b l e to the e x t r e m e r e g i o n o f 10 - a - 10 -18 see.
Hundreds of natural samples including lead from old cathedrals, manganese
n o d u l e s f r o m the o c e a n floor, w a t e r f r o m h o t springs, m e t e o r i t e s a n d l u n a r s a m p l e s
h a v e been investigated f o r p o s s i b l e evidence for SHB b a s e d o n d i r e c t o r i n d i r e c t detect i o n o f fission events. F i s s i o n t r a c k s are l o o k e d f o r in glass, m i c a o r plastics in cont a c t w i t h t h e sample. N e u t r o n s e m i t t e d in t h e fission p r o c e s s a r e also l o o k e d for.
A s s u m i n g a half-life o f 109 years, t h e s e d e t e c t i o n t e c h n i q u e s h a v e a sensitivity o f
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Table 4. Techniques for detection of SHSproduced in heavy ion reactions
i

i

Technique

i

i

Approximate
range of half-lives
(seconds)

Cross-section
limit
(cm')
.

.

.

.

.

.

J

Chemical separation

1 to 107

10-sa

Gas jet system

0.1

--

Mechanical transport
Drums and Tapes
Magnetic and electrostatic detection
Time of flight and
energy loss
TOF..~/dX-E
Decay in flight

10-8 -- 10'

I0 -s5

10-6 -- 106

10-~4

10 -s -- 10 -6

1 0 -~8

10-1~ - 10-~

10-aS

Crystal blocking

10-1' -- 10-Is

10-a~

.

Remarks
.

.

.

.

Comb,ined with fission fragment detection.
Corresponds to one atom
of s~m per 101' reactions.
Activity is transported from
production site to detector.

Using metal absorber foils
and observing fission fragments perpendicular to the
flight path, half-lives of
10-I~ sec can be detected.

10-is to 10-14 g of SHE per gram o f the sample. An exhaustive list of searches for SHE
with track detectors is given by Fleischer et al (1975). While all these searches for
SHE in nature have given negative results, there are two recently identified natural
sources which deserve attention (Hermann 1979). One is the hot spring water from
the Cheleken peninsula in the Caspian sea (Flerov et al 1978), and the other the
carbonaceous chondrite meteorite AUende. The hot spring water from Cheleken
peninsula is rich in volatile elements and is supposed to carry material escaping
from great depths in the earth's mantle. Weak spontaneous fission activities
have been detected by processing about 2000 cubic metres of water through ion
exchange elution and subsequent chemical separations.
The ' superheavy element connection' of several carbonaceous chondrite meteorites comes from the fact they they contain an excess of neutron rich xenon isotopes
o f fission origin (e.g. 18SXe) as well as volatile elements such as thallium, bismuth
and indium (Anders and Heyman 1969; Anders and Latimer 1972). They also
contain neutron deficient xenon isotopes giving anomalous ~SXe/13~Xe ratios.
F r o m a parallelism in the condensation history o f fissiogenic xenon and of volatile
elements it appears that the neutron-rich xenon isotopes originate from the spontaneous fission of a volatile superhcavy element eka-bismuth (115), eka-lead (114)
or eka-thalium (113) (Anders et al 1975). Flerov et al (1977) and Popeko and
Ter-akopyan (1979) have observed weak spontaneous fission activity o f the order
o f one event per month per kilogram in meteorite Allende. Using an evaporationcondensation technique attempts are being made to concentrate the possible superheavy fraction from Allende (Zvara et al 1977).
F r o m the foregoing discussion, it is clear that the searches for SHE both in nature
and in the laboratory are continuing but so far SHE has eluded detection. Current
EPS.--$
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hopes of synthesising superheavy elements are pinned down on the reaction between
two colliding uranium nuclei at the Darmstadt USlLAC accelerator (Hermann 1979).
With the versatility of SSNTDScoupled with the current developments and refinements
in the methodology of detection systems it is hoped that track detectors will play
an important role in the eventual discovery of superhcavy elements.
3.6 Absolute fission-yield measurements

So far, we have been discussing those areas of fission physics and chemistry where
the direct or indirect use of solid state nuclear track detectors have contributed
immensely to the growth of fundamental knowledge. We now cite one area of
fission studies where the use of these detectors has yielded results of applied interest
namely, absolute fission yield measurements. This is particularly relevant in the
present context when the relevance of basic research is often debated upon.
Accurate fission product nuclear data such as fission yields, cross-sections, decay
schemes etc. are required to resolve a number of problems associated with the design
and operation of thermal and fast reactors as well as for other applications such as
nuclear safeguards. Their importance can be judged from the fact that international
conferences on fission product nuclear data are periodically being organised by the
IA~A. The current trend with respect to fission yield measurements is towards
measurements at known neutron spectrum and on an absolute basis. For thermal
reactors, the fission product yields of ~39Pu and 241pu are becoming increasingly
important, but the yields are more uncertain than those of 2~U. Information for
calculating decay heat data from fission products following a potential loss of
coolant accident are urgently needed for all reactor systems for their safer design.
Thes calculations (Baumung 1977) require the independent and fractional chain
yields, beta and gamma energies, half-lives etc. of more than 400 short-lived fission
products. At present these are estimated from theory.
Measurement of fission product yields require two basic input data: (a) the total
number of fissions occurring in the target and (b) the number of fission product
atoms formed. The total number of fissions is related to, n, the number of atoms
undergoing fissions, ~r, the fission cross-section (cm2), ~,, the neutron flux (cm -2 see-1)
and the irradiation time, t (sec.) by the equation
F=nad~t.

This crucial quantity is generally measured by (i) isotope dilution mass spectrometry,
(ii) measuring the neutron flux in the irradiation environment, and (iii) using a fission
chamber. The problems and inaccuracies associated with these methods have been
reviewed by Lammer and Eder (1973) and by Ramaswami et al (1979).
The number of fission product atoms is determined by general radiometric methods
(beta or gamma counting) or by mass spectrometry in the case of stable isotopes.
Recently, we have evolved a new approach to absolute fission yield measurements
using solid state nuclear track detectors in combination with high resolution gamma
ray spectrometry (Ramaswami et al 1979; Iyer et al 1974). This method is particularly suitable for measurement of absolute yields of short-lived fission products
which are very important from the point of view of decay heat calculations and which
are not easily amenable to measurements by many other currently available techniques.
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The novelty and merit of the technique evolved at Trombay lie in the fact that it
eliminates the need for the measurement of neutron flux, fission cross-section, and
the exact number of target atoms, thereby eliminating the errors associated with
these measurements. The total number of fission F is determined directly with a
high degree of accuracy by recording in a mica strip, the number of fissions occurring
in a dilute solution of the same target material. The solutions containing the mica
strip and the target are irradiated simultaneously in the same irradiation environment.
The experimental arrangement is shown in figure 15.
The total number of fissions F is determined from the measured fission track density, Td, ( # / c m ~) in the mica strip and from a knowledge of the weight, of the target
W(gm), the concentration of the dilute solution, C(g/cm s) and the track registration
efficiency in solution, Kwet (cm), by the equation
F = n~t-

Td.W
- -

Kwet . C
The accuracy of the total number of fissions F depends mainly on the value of Kwet
which has been determined very carefully in our laboratory (Iyer et al 1974). The
advantages of using fission track registration in track detectors immersed in solution
as compared to track detectors in contact with a plaehetted target (McElory et a11970;
Larsen et al 1972) have been reviewed by Iyer et al (1973), the most significant being
increased accuracy and ease of quantitative measurements, both stemming from the
uniform distribution of track density on the detector. The method has been applied
to obtain a set of absolute fission yields in the neutron induced fission of 2SZTh, 2~U,
2~U, 2~pu and z~SCm including the yields of fission products with half lives as short
as 7 minutes (Ramaswamy et al 1979, 1980, 1981). Recently, the method has been
extended to the spontaneous fission o f ~ C m as well (Raglmraman et a11980). Some

|

Fig~e 15. Target-SSNrOarrangement for absolute fission yield measurements:
(1) uranyl nitrate sealed in Pvc bag, (2) lexan detector immersed in uranyl nitrate
solution, (3) polypropylenetube containing uranyi nitrate solution, (4) cadmium foil,
(5) sealed Pvc bag, (6) harwell aluminium can.
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Table ~;. Absolute yields of some short-lived fission products in the neutron fission
of 2"U, 986Uand mPu?
Fission product
aVKr
SSKr

a'Rb
'aSr*
lO'Tc*
184Te*
~q
lsgCs
lSgBa
14~Ba*
l~SLa

t~/~

mU

Fission
(%)
usyield
U

76"3 M
2.8 H
15.2 M
7"3 M
18"2 M
41"8 M
52"6 M
32"2 M
1"4 H
18.0 M
92.7 M

--

2.48
2.86
4"44
6"37
1"64
6"8
7"26
6"55
6"34
5"96
5"22

--

------6"25
-

-

6"58

USpu
--

0.9
1.46
3"63
5"69
4"73
5.75
5.52
4"37

?Source of data: Ramaswami et al (1979, 1980, 1981).
*First reported measurement of absolute yields.
recent data are shown in table 5. In addition to obtaining new experimental fission
yield data the SSNTV technique has the potential of being extended to measurement
of absolute yields of products with half-lives much shorter than those measured so far.

4. F u t u r e o u t l o o k -

problems and prospects

We have had a glimpse o f the immense potentialities o f solid state nuclear track
detectors in probing the m a n y facets of one o f the most complex nuclear phenomena,
namely nuclear fission. The impact o f some of the results obtained through the use
of these detectors is indeed far reaching. Any new innovation brings along both
promises and challenges: SSNTDS are no exception. A majority o f the studies involving tracks of charged particles in SSNTDS is related to the fission process and the presence of these tracks has mainly been used to obtain unambiguos evidence for the
occurrence o f fission events, with very little effort to precisely identify the particles
that caused them. To fully exploit the capabilities of SSNTDS we have to find answers
to some of the open problems. A concerted effort on the p a r t of trackologists is
needed to precisely identify the charge (Z), mass (M) and energy (E) o f the tracks
of charged particles in SSNrDS. With recent success in locating newer and better
particle track detectors coupled with improvements in track-etching and identification techniques, trackologists have reason to be optimistic about achieving a breakthrough in this area in the coming years. With that, a growing number of exciting
new discoveries that depend on a knowledge of Z, M and E of the charged particles
are bound to follow.
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