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A method to evaluate fission yields In experiments of induced and spontaneous
fission which use fissionable target materials in the configuration of con-
tact with dielectric track detectors has been developed..The effect of energy
absorption of the fission fragments by the target sample, and the optical
resolution power for observation of etched fission tracks are taken into
account in deducing the total efficiency factors resulting from the use of
targets of different thicknesses. With this method, the conditions tc give
the maximum observable density of etched tracks can be cbtained, which is
important to experiments of low fission yields. A number of useful formulae
applicable to mica and plastic track detectors for evaluation of fission
yields are reported. The method has been successfully applied to recent photo-
fission experiments of low fission yields, and it can also be useful in the
study of other fission cases as well as in applications to fission-related

problems.

Key wonds: fission fragments, track-etch detectors, fission yields,
energy-loss rate, thin and thick targets, recording
efficiency.

Running head: Measurement of fission yields.
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1 INTRODUCTION

During the last two decades or so, solid state nucléar
track detectors (SSNTD) have been used extensively as fission
fragment detectors in studies of different cases of fission
phenomena (spontaneous and induced fission) of complex nuclei
and related topics, as well as in many applications to related
modern nuclear disciplines (fission track dating, uranium content

of materials and distribution, and other)l’?

. The most common
configuration that has been used in fission experiments and
applications consists of contacting a target sample material
with an appropriate dielectric detector (micas, polymers, poly-
carbonates). If the target is a very thin one, i.e., the target
thickness X involved is a very small fraction of the average |
residual range EO of the median fission fragment in the target
material (Eo << EO), the effect of fragment absorption by the
| target itself may be considered rather negligible and, in this
case, the etching efficiency €a is dictated by the critical
angle of etching, ¢ o through the well known relationship
Ee = 1—sin¢c, and the "effective" thickness of the target is
simply equal to Xg- Ancther extreme situation is encountered
~whenever one uses thick targets (x, > 50) placed in intimate
contact with a fission track detecéor. In this case, it has been
shown that the etching efficiency is given by €g = cosz¢c, and
the "effective® target thickness turns out to be 30/2 (see,
for instance, Ref. 2).

The etching (or registration) efficiencies mentioned

above, however, should be though as "ideal" efficiency factors
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since they have been calculated under the assumption of constant
track etch rate, Vope at all points along the track, an assumption
which is not verified rigorously in practice during the etching
of fission fragment tracks. Besides, visualization and idénti—
fication of etched tracks under an optical microscope depend
strongly upon the resolution power of the optical system used
for observation of tracks, in the sense that not all the tracks
revealed by etching are actually observed. This makes the
evaluation of an additional efficiency factor related to
observation (identification) of the etched fission tracks, w,
necessary. For a very thin target placed in contact with a

fission track detector it is straightforward to obtain that

31n¢c

1-
- 1-xr/R
w = 1-sin¢c ' (1)

where r and R are, respectively, the minimal and the average
maximum etched fission track lengths observed. Since r can be
as small as ~ 3um under usual conditions of optical resclution,
o

b S 5

for fission fragment detectors such as mica, makrofol,
lexan and CR-39, and R varies in the interval ~ 10-18um for
most fissionable target materials, it results that w > 0.96 (of
course, both R and ¢c depend on etching conditions; the values
quoted here refer to usual, normal etching conditions for fission
fragmentsl). For thick targets in 27-geometry the observation

efficiency results to be

w =1 - é
R

as it was deduced in Ref. 3. The total, combined efficiency is

, {2)
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clearly given by EgW -

The evaluation of the efficiency factors by means of
expressions (1) and (2) imposes measurement of etched track
lengths in order to obtain the values for the quantities r and
R. As track-length measurements are in general time consuming
we were led to develop a new method which allows one to obtain
the correct number of fission events from the actual number of
etched fission tracks observed (and so the fission yield) in
fission experiments whenever a track detector is used in the
configuration of intimate contact with a fissionable target ma-
terial. The method is based on knowledgement of the following
guantities: i) actual thickness of the target sample (xo);

ii) minimal track-length projection possible of being observed
(p); iii) thickness of detector surface removed out by etching
(th, where Ve is the general etch rate of the undamaged
detector material, and t is the etching time), and iv) average
full residual ranges of fission fragments (30 and EO), respect-
ively, in the target and detector materials. The present study
was motivated by the necessity of evaluating low-energy fission
yields of a number of target nuclei induced by monochromatic
and polarized photon beams in the incident energy interval of

n~ 40-80MeV, where different dielectric materials have been used
as fission track detectore?'5 . The aim of the present work
is to present and discuss to some detail the method developed

by us which gives an alternative way to evaluate fission yields.
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2 FORMULATION OF THE PROBLEM AND BASIC ASSUMPTIONS

In induced fission experiments which use extended
target samples (metal foils, films, etc), the fission yield

(or cross section, o) is obtained by

o= v (3)

where N, is the number of fission events occurred per unit
volume of the sample, N, is the number of fissionable target
nuclei per unit volume, and Q is the number of particles
incident perpendicularly per unit area, provided the values of
o and Na are such that they do not produce any significant
attenuation on incident particle beam. If a dielectric track
detector is placed in contact with a fissionable target sample
material (a configuration termed 2w~geometry) only a
fraction of the Ng fission events will be recorded on the
dgtector surface. This, after being revealed by etching, will
produce a number N, of fission tracks observed per unit area.
The arrangement is shown schematically in Figure la. The question
is to know how the gquantities Nt and Ne are related to each
other in order to obtain ¢ by means of equation (3}. The
relationship between N and N_ will depend on sample thick-
ness, the rate of energy-loss of fission fragments in both
target and detector materials, the etching conditions used for
track revelation, and the resolution power of the optical

system for observation of the etched fission tracks. To simplify
the calculation, it will be considered the foilowing basic

assumptions:



i)

ii)

iii)

iv)
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The target sample is homogeneous and uniform, and nuclear
fragments are emitted isotropically from any point inside
the sample; the distribution of fission fragments is re-
placed by its most probable (or median) fission mode;

Latent fission tracks are revealed by etching for fission
fragments entering the detector at angles greater than their
critical angles of etching (measured from the detector surface);
The threshold of observation of etched tracks is defined by
a certain minimal track-length projection, p , allowed by
the resolution power of the optical system; good definition
of track image imposes the condition Vp >> Vg during
etching, a condition which is verified for micas and most
plastics;

Since the kinetic energy of fission fragments is low

{< 1 MevV/u), the rate of energy-loss (due essentially to
ionization) in both the target and detector materials can be

described by simple relationships of the forms'7

_ %% =& EB ., - %% = £d EB ' (4)
where E is the fragment kinetic energqgy, and Ea' Ed, and B
are constants (the subscripts a and d denote, respecti-
vely, the target and detector). The constant B (0 < 8 < 1)
may be considered as much as the same for both media, and

Ea > éd' It follows from (4) that the residual ranges will be
given by

gl-8 g1-8
R (E) = E—TT;FT ' R4(E) = EETT:FT' ’ {5)
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and the average full residual ranges, respectively, in the

target sample and detector media will be given by

a, = R (Eg) , T, = Ry(Eg) ’ (6)
where E, is the initial kinetic energy of the median
fission fragment. |

mhe calculation will proceed in its general form, i.e.,
irrespective of the target thickness. Different practical situa-
tions of very thin (x, << 30), thin (x, < Eo). and thick

(x0 2 50) targets will be discussed separately from the general

solution.

3  DERIVATION OF THE YIELD FORMULA AND DISCUSSION

Consider a fission fragment which moves towards the
detector with an initial kinetic energy E, from a point-origin
inside the sample, the position of which given by the vertical
distance x from the target-detector interface (Figure 1Db).
First, the fragment travels a distance a inside the target sample,
reaching the interface with an energy E < E,, and then it pe-
netrates the detector where it travels a path-length r before
coming to rest. Denoting the dip angle by ¢, from equations (5)

and (6) and Figure 1b, we have
= a X ;
x = a, [1 - :—] sin¢ . (7)
ry -
Since each fission event produces two fragments moving apart,

the number of fission fragments emitted from a sample layer of
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thickness dx and within the solid angle d4ff = 2ncosddd is gi-

ven by
2 N
d°'N _ e
dnax _ in ” 2 ’ (8)

and, therefore,

a?y = N, cos¢dédx . (9)

Integration of (%) between the limits allowed for ¢ and x will
give the final number of etched fission tracks that are revealed

by etching and observed per unit area of the detector surface, i.e.,

xM ¢2 XM
Nt = Ne J [ cos¢d¢dx = Ne J (sin¢2-sin¢1)dx ' {10)
0 ¢1 0

where ¢1 and ¢2 are the dip angles which allow for visuali-
zation of tracks down to the threshold track-length projection
(p), and x, (the maximum of x) is such that a fission frag-
ment which has entered the detector can still be revealed and
observed.

The limiting values Xy s ¢1, and ¢2 can be evaluated

with the aid of Figure 2, where all quantities necessary to cal-

culation have been depicted. From inspection of Figure 2 we have

D VGt

r= cosé + sin¢ ' - an

which combines with equation (7) to give

f(u) =u -A-=—="—_ =90 . (12)
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with

u = sing {13)

vt

A=X 4 6 (14)
%0 To

B =L . (15)
Fo

The solutions of equation (12) in the interval 0 < u < 1 give
the values of sin¢1 and sin¢2 to be inserted into equation
(10) . These are illustrated in Figure 3 for an actual case of a
metalic bismuth target placed in contact with a makrofol detector
(this example was taken from a recent photofission experiment
conducted within the scope of a collaboration programme on low-
-energy photofission reactionss).It is seen from Figure 3 that .
equation (12) has two solutions only for values of x in the
interval 0 £ x < X, where x, is obtained from the condition

flu) ., = 0- Solving for x,, it is straightforward to obtain that

3/2

Xy = 3 { [1 - %)2/3] _ "_it } i (16)

If the actual target thickness X, is less than Xpype equation (12)
has solutions only for 0 £ x s Xg- As X increases from 0 up to

Xy {(or xo), the difference sin¢2—sin¢1 = e£({x) decreases from

€9 €(0) down to 0 (or s(xo)). The quantity

I:sintbz-aindﬁ]:l (17)
x=0

is just the total, combined efficiency factor for an ideal, null
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target sample thickness. An evaluation of €, can be obtained
as follows. We see that for wu = sin¢ << 1, equation (12) gives
sin¢1 = A/(1-B). Next, starting from the approximate solution

1/2 _
(1—32) . Wwe can solve (12) to a better approximation

Bin¢2 x
to obtain
1/2
sing, = (1-8%) /% - A (18)
1/B8%~1
and, finally,
1/2 2
ey = (1-8%)t/? - AlBTsBHL (19)
1-B

Numerical calculations have indicated that the difference
sin¢,-sing, = e€(x) can be described to a good approximation by a
2 1

function of the form

%1%
e(x) = €9 [1 - ——] ' 0 <a <1 . {20)
Since equation (19) applies also to small values of x (x < lum),

the exponent ¢ can be evaluated by equating the derivatives of

c(x) at x = 0 obtained from {19) and (20), i.e.,

a [[1_n2,1/2 _ aB?+B+1) d [ ) x]“
x=0 x=0
which gives
p 4 2
1 "M B +B+1
o= LM . (22)
“0 3, 1-82

It should be remarked that the relationships (19), (20), and (22)
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are approximations constructed to replace the solutions of
equation (12), which can be obtained to a high degree of accuracy
by using numerical calculations. The uncertainties in the quan-
tities 30, ?0, p, and v.t make this approximate, analytical
method appropriate in deducing the subsequent quantities of in-
terest. With this observation in mind, we can now integrate (10)
by making use of (20), where the two following different cases
must be considered:

i) Xq - Xye In this case, the maximum of x is Xy s and

equation (10) gives

Nt = TS - (23)

ii) Xg < Xy- Here, the maximum of X is obviously Xor and

equation (10) gives

N xME X a+i
__eM0 |, _ U R
L R P

Inserting these two results into the general expression for the

cross section (equation (3)), one obtains

N

g = — S , X, 2 x (25)
xMEO 0 M
QNa o+l
and
Ne
g = ’ Xg < Xy . (26)
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It is noticed that a target sample having a thickness Xg = Xy
will produce the maximum number of tracks observed per unit area
of the detector surface,

oQ NaxME:0

N pax = ¢l ' (27)

which is an important result to statistical considerations of
low fission-yield experiments.

Since the essential quantities related to the fission
track-etch method which will give ultimately the total number of
etched fission tracks to be observed {(and so, the fission yield)
are Xy, .€ and a, it is instrutive to see how these quantities
vary with p for fixed etching conditions (th constant). We
choose the same parameter values of an actual fission yield
experiment as quoted in Figure 3. Figure 4 shows the variation
of the referred quantities within a range of p-values of routine
use. It is seen a significant decreasing of Xy + € and «,
as well as of the guantity xneol(a+1), as the optical resolution
diminishes, therefore reducing the tetal number of tracks observed
and, thus, leading to poor statistics. For the example under con-
sideration, the present analytical method gives values of fission
yield which differs from the exact solution by a maximum of 3%.

Finally, let us discuss the present results by consi-
dering the different ranges of target sample thickness, Xq- To
simplify the discussion, we will define the type of a target
sample by comparing X, with Xy s and not with 30 as usual.

i) Very thin targets (x0 << xM). For such target

samples, X, << 30 too. From equation (26), we have
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Ny

ON aX

. {28}
0o

c

The "effective" target thickness is Xqe and the total efficiency is

Every thin ~ F0 (29)

which is given by (19). Note that if the optics was not taken into
account, i.e., p = 0, we would have €, =1 --th/fo. Since for
a full-range etched track ?0 ® vpt, it follows that
€9 * 1.— vG/vT = l-sin¢c, which is the commonly used expression
for the efficiency.

ii) Thin targets (x0 < xM). In this case we may inter-
pret xM/(a+1) in equation (26) as the "effective" target thick-

ness, and the gquantity

xo a+l
€thin = [1 - [1 - 'i‘r'd‘] _—_Ieo (30)

as the total efficiency.
iii) Thick targets (x0 2 Xy). Here, equation (25) is

applicable and, by using the expression for Xy, We may define

3/2
2/3 v,.t .
£ .. . = 1 - {jL] - :l -Gt ¢ (31)
thick { [ ?0 . ;0 0

as the total efficiency, and the gquantity Eof(a+1) as the
"effective"” target thickness. It should be noted that if a
threshold track-length projection for track visualization was
not defined (p=0) €., . . would be given by (1-sin¢_)?, where

¢

c applies to fission fragments originated from a sample layer
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in contact with the detector surface {(x z 0). This result differs
from cosz¢c because the former has been obtained by taking into
account the energy absorption effect of fission fragments along
their path-length inside the sample {(cf. equations (5~7)}),

whereas the latter one emmerges under the assumption of ¢c cons-
tant, i.e., vp constant for fragments originated either from
near the detector surface or deeper target layers.

Results discussed above apply also to spontaneous
fission case and applications. It suffices to replace the quan-
tity oQ by the new one, A1, where ) denotes the decay cons-
tant, and 1 is the exposure time.

Finally, to practical use of the method developed in
the present work it is required evaluation of the chief quantities

ag. ?0, vst, and p. The two first ones can be evaluated from

available range-energy talbless-g

» or calculated from appropriate
computer codes like the one reported in reference 2. Estimates

of kinetic energy of fission fragments for different fission cases
of interest can be obtained from empirical correlations such as

the classical one reported by Viola, Jr.10

. The quantity Vet is
easily measured directly by the current etching methods, and ca-
librated eye-pieces fitted out to occulars of routine use in

ordinary microscopy allow for the determination of p.

4 SUMMARY AND CONCLUSIONS

The use of fissionable target sample materials in
contact with dieletric track detectors of high detection effi-

ciency, such as micas and plastics, is a suitable arrangement for



CBPF-NF-015/90

=14~

measuring absolute fission yields in both induced and spontaneous
fission experiments. Fission yield formulae which incorporate the
main correction factors due to energy absorption effects of
fission fragments by the target material, and the optical reso-
lution power for observation of etched fission tracks have been
deduced. These formulae give results to a sufficient degree of
accuracy, and, if necessary, more accurate results can be obtained
by developing numerical calculations. Target samples have been
classified according to thickness, and expressions for total effi-
ciency (etching efficiency times observation efficiency)} have

been obtained. Of special importance to low fission yield exper-
iments are the conditions which may be used to obtain the best
(from a statistical point of view) result for track counting. It
has been shown how the optics to be used in track analysis can
serve as a guide in choosing the most adequate target thickness

to give the maximum density of etched fission tracks. The method
developed in the present work can easily be extended and applied
to similar experimental problems, such as natural or induced

emission of nuclear fragments,and other nuclear reaction studies

as well.
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FIGURE CAPTIONS

FIGURE 1 a) Schematic representation of a target material and
a solid state nuclear track detector in the configuration of
contact to measure induced fission yields. b) Trajectory of

a nuclear fragment from a point-origin inside the target and
crossing the target-detector interface.

FIGURE 2 Defining the different geometrical quantities of
etched fission tracks as used throughout the text.

FIGURE 3 1Illustrating the solutions of equation (12) for differ-
ent values of target thickness, x. It is shown the case of a
Bi-target in contact with a makrofol fission-track detector, for
which case EO = 11.5um and ?0 = 16um, vgt = 0.73um, and it

is assumed p = 4.0um.

FIGURE 4 Showing the dependence of the quantities Xyr €9 and

@ with the optical resolution power represented by the minimal
observed track-length projection, p. Experimental conditions are
indicated (for details, see text).
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