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ABSTRACT

The induced fission reactions of 235U ( n, f), 238U (n, f) and 232Th (n, f) based on the
activation of natural uranium and thorium in samples with 252Cf, neutron source, have
been evaluated.
The obtained results are the average of three samples from each test material (SRM
2710 Montana soil and Zirconia).
The prepared samples have been configured in the so-called " compensated - beam
geometry " in which both gamma spectrometry jointly with solid state nuclear track
detector techniques, revealed the fission rate sensitivity of 4.64x 10"7 fission per gram
per second per neutron (F.g'1.s''.n"1), for zirconia as obtained by gamma activity
arising from l34I fission product (as a good monitor which is produced only from
fissions), and the related value for SRM2710 soil is 5.22xlO"8 (F.g'1.s"'.n"1). While the
obtained values of the mean fission fragment ranges in SRM 2710 and zirconia as
estimated from the fission track densities (by CR-39) and fission rates (by gamma
spectrometry) are 3.97xl0"3 and 4.73xlO"3 g. cm"2 respectively which reveal good
agreement with experiments and calculations done hitherto.
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1. INTRODUCTION

The use of solid state nuclear track detectors has become of increasing interest in
recent years, this is due to their wide applications. Fission track measurements for the
determination of trace and ultra trace fissionable material concentrations such as
natural uranium and thorium (235Uand 238U, 232Th) is one of these applications, also,
this technique has been used effectively in the fields of geochronology and
environmental studies [1-6].
The required lower limit of a fissionable material to be detected in a sample by the
induced gamma activity measurement is still high (several parts per million) to get a
measurable gamma activities with a suitable confidence.
One of the advantages of SSNTD's technique is its capabilities for the registrations of
nuclear particles and all fission products from all fission events, which makes the
evaluation of fission rates are available.
This means that this technique is more sensitive to reveal the number of fission events
and fission rates [7-11].

In order to improve the accuracy of the present technique of nuclear track detectors
(NTD) we have to use a SRM which has a known content of the fissionable materials.
To use the pre etched track detectors CR-39 is very useful to enhance the accuracy of
such detectors, and stand along with the importance of the using of a SRM [12,13].
Fission track methods have been used to determine the uranium content in biological
and environmental samples [14-17].
An important source of inaccuracy is due to the calculated number of induced fission
by track densities due to the obtained average range of fission fragments in the related
fissionable material, therefore the using of a SRM of well known content of the
fissionable material enables one to compare between the concentration of the
fissionable material content to estimate the unknown content in the sample of interest
(1) by exposure of the samples to the same neutron fluence, under the same conditions
It is very necessary to notice that the formation of fission tracks can be controlled by
changing time of neutron irradiation to get a suitable and easy countable numbers of
tracks, those which are arising from the SRM and the test sample.
Fissionable material content in both SRM and the tested material can be diluted if
needed by specpure powder of a light element such as carbon to make the
concentrations in both samples, the SRM and the test sample, comparable to each
other to improve the accuracy, this is necessary for biological samples. Then the
exposure time is determined and the counting will be easy and comparable in a good
accuracy.
This technique is widely applied in geochemistry, environmental applications, and
biological samples. [18,19]
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2. EXPERIMENTAL PROCEDURE

2.1 Sample Preparations

Three samples from each test material (Zirconia and SRM2710 Montana soil).
All samples are weighing nominally 3g., were pel letized at 10 tons pressure

and sandwiched in between two CR-39 (small pieces) in close contact with the
prepared pellets then packed in clean polyethylene bags for irradiation with
252Cf neutron source.

2.2 Sample Irradiations :

We are conducted with the prepared samples were configured in the so-colled
"compensated-beam geometry", in which pairs of nearly identical samples are placed
on opposite sides of the neutron source at approximately equal distances and irradiated
concurrently.
As such, the samples were mounted in a specially designed irradiation rig that
properly locates the samples about a central source thimble that positions.
The neutron source is at the approximate center of the sample-to-sample axis
(Zirconia-to-SRM2710) fig.(l).
Since the irradiation rig is portable, the sample-to-sample separation distance is
precisely and accurately determined on NIST's (National Institute of Standards and
Technology) coordinate measuring machine. Hence the average source-to-sample
separation distance is simply one-half of the sample-to-sample separation distance.
The three pairs (Zirconia-to-SRM2710) samples were irradiated concurrently in this
fashion, at an over all average source-to-sample separation distance of- 4.65 cm, for
about twenty days.
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, 1 .
2 5 2The arrangement of the six activation samples around the Cf source

2.3 About Californium Neutron Irradiation Facility (CNIF):

The CNIF is a large enclosure that houses several intense Californium neutron
sources, and is specifically designed to minimize generation of non-return scattered
neutrons. The walls of the CNIF are constructed out of time walled aluminum tubes
filled with sodium tetraborate. The floor is constructed similarly, (at the center of
irradiation research, National Measurement Laboratory at NIST,_USA)
The CNIF proper measures approximately 5mx5mx6m in height, and is inclosed
inside a large, cavernous, concrete walled room. The CNIF is positioned within the
room so that its center is located approximately 5m from the nearest concrete wall.
The neutron source and test samples were configured ~ 3m above the CNIF floor. In
this fashion, Californium spontaneous, fission neutron fields are produced that remain
largely unperturbed, containing only a small scattered-neutron component. Typically,
neutron-scatter effects contribute less than 1% to the total fluence response
uncertainty, including scattering effects both within the source materials and from
albedo neutrons from the CNIF walls.
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3. RESULTS AND DISCUSSION:

3.1 Evaluation of the fission rate sensitivities of the Used Samples By
Both Gamma Spectrometry and CR-39 Track detector Techniques:

3.1.1a An Empirical Formula Approach, for gamma spectrometry technique

The following relation gives the yield activity of a fission product (i) in (Bq g'1) due
to the induced fissions in a uranium and thorium-bearing material, from which one can
estimate the expected activity of a fission product i and then the related fission product
concentration when the concentrations of the fissionable isotopes are known.

Yield activity = N35 a35 [1+ (N38 a38/ N35 a35) + (N32 a32/ N35 a35) ]

xyjX<j)x(l-e"Xit) a

Where:
• N35, N38 and N32 are the number, per gram, of fissionable target nuclides of

235U, 238U and 232Th respectively.

• O"35) G38 and (T32 are the related fission reaction cross-sections (cm2)

• X[ is the decay constant of the fission product (i), for 134I (X\ = 2.19 x 10"4 s"1)

* t is the irradiation time (s)

• <}) is the neutron flux (cm"2, s"1).

• y\ is the average cumulative fission yield of fission product i ( atoms / atom
fissioned), for l34I ( yi = 0.06) [20, 22, 23] where the uncertainty is arising
from the differences of fission yields of I34I from the different fissioned nuclides.

238rWhen all uranium content in the test sample is naturally occurring, i.e. the U to
235U concentration ratio will be 137.9 then, Equation a can be written in the following
form:

Yield activity of fission product (i) =

= 4.54x 10-23N35[l+1.78x 1(T3 (N32/N35)]x y, x <}> x (1- e"Wlt)

Also from this relation one can estimate the uranium content when the concentration
of Th is known and vice versa.
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3.1.1b Evaluation of fission rate sensitivities by gamma activity measurements

It is very important and necessary to choose the suitable fission product on which the
calculations of fission rates has been depend.
The more intense and unambiguous measurable gamma lines arising from a fission
product are those lines of 134I and which has been produced, only, from fissions. In
this work, the fissionable nuclei are those of 235U, U, and 232Th which are the most
important (of considerable concentrations in the used samples) Immediately after the
end of irradiation, Zirconia and SRM 2710 samples were removed from their bags and
placed then sealed in unirradiated polyethylene bags.
All pellets of test samples (standards and zirconia) were then individually placed for
gamma ray spectrometry.
All samples were measured on the top, and under the same geometry conditions, of
the intrinsic germanium coaxial detector of efficiency 47.4% (full energy peak)
relative to that of 3"x 3" Nal 25cm source to detector distance, resolution 1.02 keV
FWHM, diameter 62 mm, length 60 mm, nominal active volume 169 cm3, model no.
GC40190 from Princelon Gamma Technology (PGT), atNIST, USA.
The detector full-energy peak efficiency was determined by SRM4275-49, which is a
mixed isotope calibration standard, from NIST.
In this work, we have been considered 134I fission product, arising from the induced
fission reactions 235U(n,f), 238U(n,f) and 232Th (n,f), to be the monitor of the number
of fissions in the irradiated samples with 252Cf neutrons source.
Table (1) gives the summarized data and results, all caculations depended on 13 I
fission product gamma activities.
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Table 1
Fission rate sensitivities of SRM2710 Montana soil and zirconia estimated by gamma activities of I34I fission product as a
monitor of the induced fission reactions of 235U, 238U and 232Th irradiated in 252Cf neutron source of flux ty = 2.55 x 107 n. cm"2

s"'.(for one gram sample), the results are the average of three samples from each.

Sample

SRM2710
(average of

three samples)

Zirconia
(average of

three samples)

u. (Th)
Ppm

25,(13)

340,(130)

Activity a

saturation
factor

1.0

1.0

Saturation b

activity Ao

Bq/g

0.08

±0.01

0.71

±0.1

Activity per c

second irradiation time
for lgram sample Ao!

1.76xlO"5

1.56xlO"4

Related numberd

of 134I atoms Nj
s'1 g 1

0.08

0.71

Fission rate6

F o-} sl

Ni/ys

1.33

11.83

Fission rate
sensitivity

F.g'.s-'.n"1

5.22xlO-8

±(8xlO"9)

4.64x10-7

±(7xlO-8)

-Xi t\ 134Ta Saturation factor = (1 -e ) can be satisfied at t » T(]/2) ( I half life )
b Ao= AJ(\-e'Xit),Saturated activity of the produced 134I fission product can be satisfied when saturation factor (l-e"Xlt) =1

where X = 2.22x 10"4 s'1 is the decay constant of1341 fission product and t is the time of irradiation,
c Ao!= AoX (l-e"w), where irradiation time (t)=l second, X = (1-e"*) = 2.2 x 10"4 for 134I of half life (Ti/2) » t ;
d N; = AQI IX\, (N; is the produced number of 134I atoms per second irradiation time per gram sample);
e yi = average cumulative fission yield (atoms per atom fissioned) = 0.06 for I.

The error amounts to about 15% arising, mainly, from the low level activity of 134I gamma lines with the relativity high
background. Also from differences of cumulative fission yields of 134I from the different fissioned nuclides.
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3.1.2 Nuclear track technique

3.1.2a An Empirical Formula Approach for CR-39 technique-

There are formulae which give the relation between the induced fission track densities

(Pi) and the concentration of uranium and /or thorium.

(a) If there is only uranium without thorium:

(1)

(b)If there is only thorium without uranium:

(Pi)th - [K32 Cth32 ] (2)

(c)If both uranium and thorium are present in the irradiated sample:

(Pi)total ~ K35 Cu35

K38
1 4-
1 ~

K•35

4-

CU35

K32 Qh32

K35 Cu 3 5

(3)

Where K35, K38 and K32 are the fission track registration sensitivities of an ideal
plastic detector (as CR-39, its registration critical angle 0C= 0 ), [1,13] exposed in
closed contact with various samples containing different combination of U, 238U
and 232Th, respectively, irradiated with 252Cf neutron source. The sensitivities are
expressed in fission track cm"2 for Ippm fissionable nuclide per unit neutron fluence,
F is unity, their values depend mainly on the average range of the individual fission
fragment in each sample material as shown in equation 4. [7]
CU35, Cu3g and Cth32 are the concentrations of 35U, 238U and 232Th in ppm of the
isotope of interest. Where Ippm natural uranium represents 0.992 ppm of 238U and
7.2x 10"3 ppm of 235U, while 1 ppm of natural thorium represents 1 ppm of 232Th and
(pi )u> (Pi )TII and (pi Xotai are the induced fission track densities per unit neutron
fluence, where each sample is placed in close contact with the external surface of each
uranium, thorium, and both uranium and thorium-bearing sample respectively.
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The value of the fission track registration sensitivity (Kx) (fission track cm"2 for lppm
parent fissionable nuclide for unit neutron fluence, F = 1 n. cm"2), of CR-39 can be
given by :

Kx = 0.5nifRx; (4)

n i f-(l/2)NxaxFR

Where n,f is the number of induced fissions per unit volume of the sample

Where:

Nx is the number of the fissionable nuclide x per cm3 per ppm content.

ry

ax is the fission reaction cross section (cm ) of the fissionable
nuclide x

F is the neutron fluence(neutron per cm ), in this case F— cp t = 1
where t is the time of irradiation, unit flux (p =1 for one second.

Rx is the mean fission fragment range in sample x.

When the concentration ratio of 235U to 238U in the test sample is the same ratio of
their abundance in the natural uranium equation 3 can be given as follow :

Qh32

(Pi)total = Ku35 ' 5063 +9.38
Cu35

(5)

Where kU35 has been determined (for the same test material zirconia) in a previous
work [7], from which we can get the related value of Ku35 in the case of the irradiation
in the fission neutron spectrum of 252Cf which will be (9.4 x 10"14 ± 5%) track cm"2 s"
V ppm"1 natural uranium where the change arising from the difference of reaction
cross-section of 235U in cold neutron beam which is « 650 barns [19], and the related
value in the fission neutron spectrum of 252Cf is 1.2 barns [20,21], where the related
value for SRM2710 has been determined to be 9.92 x 10"14.
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(pi)totai > (tracks/cm2.unit neutron fluence irradiation), depending upon the published
values of the averaged fission reaction cross-sections of 235U (n,f), 238U (n,f) and232

Th (n,f) reactions with the fission neutron spectrum of 252Cf as in reference [14].
This relation is useful also for the estimation of thorium concentration in a sample of
known uranium content.
The following table gives the results of fission track densities and fission rates in the
case of 252Cf.

3.1.2b Chemical Etching of CR-39 and Fission Track Counting

All CR-39 detectors were then removed and chemically etched under the following
conditions NaOH solution, 6.25 N at 70°c for 40 minutes then washed by distilled
water to remove the etch chemical products.
The fission track densities have been evaluated using optical microscope x400, table 2
gives the results.

Table 2.
Fission track density rate and mean fission fragment range, by CR-39 technique (thick
samples), the results are the average of three samples from each test samples.

Sample

SRM2710

average of three samples

Zirconia

average of three samples

Fission track density

T. cm"2

9.12 xlO3

±L4xlO3

9.67 xlO4

±1.5xlO4

Fission track
density rate

T. cm"2, s"1

5.28xlO'3

0.056

Mean fission fragment
range a

Gm. cm"2

3.97 xlO-3

±8xl0"4

4.73 xlO-3

±9xlO-4

a Mean fission fragment range = T. cm"2. s"1 / fission . g"1. s"1

where the fission rate (g"1 . s"1) has been taken from the gamma activity of
134I fission product, table. 1. The error amounts to about 20% arising from
the uncertainty in yj value beside the statistical error in the first column.

From the irradiation of natural uranium ( Uand U ) and thorium ( Th) in
fission neutrons of 252Cf we can get the expected total gamma activity of a specific
fission product (Atfp); by making use the following equation:
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A t f p = X,p [ (Nfp)5 +(Nfp)8 + (Nfp)32 ] (6)

Where:
(A,fp . Nfp )5 , (Xfp . Nfp )g and (A,fp .Nfp)32 are the activities of the specified fission

product of decay constant A,fp yielded from fissions of 235U, 238U and 232Th
respectively. Nfp values depend on the fission reaction cross-sections of 235U, 238U and
232Th and their concentrations in the sample materials, and the fission yield percentage
of the fission product of interest and can be obtained by making use equation (a) for
each individual fissionable nuclide to get the expected fractional activity arising from
a specific fission product. ENDF-VI [19,22,23].
From equation 6 we can determine the content of uranium or thorium when the
content of the other is already known. If 235U to 238U concentration ratio is different
from the ratio of their abundance in the nature; we have to get the concentration of
two fissionable isotopes to determine the third one.

CONCLUSION

This work is an application of both gamma spectrometry jointly with SSNTD's
techniques for the analysis of trace and ultra trace fissionable nuclide.
The induced fissions in the used samples of the present work are, mainly, arising from
the fission of natural uranium specially 238U which is the main target for the induced
fissions. The induced fission rate ratio of (235U/238U) in a natural uranium-bearing
material, irradiated with 252Cf neutron source, depends mainly on their abundance and
fission reaction cross-section ratios. This ratio can be summarized as a factor of
0.02727, which represent the induced fission ratio. Also a considerable fission rate has
been produced from the fission reactions of 232Th.
The fission rate sensitivities of SRM2710 and zirconia materials, as estimated by
gamma spectrometry technique, have been found to be 5.22xlO"8and 4.64xlO"7 fission
g"1 . s"1 . n'1 respectively. Also one can use either equation a, generally when 235U to 238U
concentration ratio is different than that of natural uranium or b, for natural uranium
to estimate the concentrations of 232Th when both 235U, 238U concentrations are known
and vice versa. The mean fission fragment range in a sample can be obtained from the
fission track density on CR-39 surface, jointly with the related fission rate by gamma
activity of a fission product in the samples. The average fission fragment ranges as
estimated by the present technique for the same material give good agreement with the
related quantities obtained experimentally and by calculations done hitherto [7]. The
observed discrepancies are within errors. This technique is more efficient for the
determination of ultra trace fissionable materials. The use of a SRM develops the
accuracy of measurements.
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The atmospheric neutrons spectrum jointly with the obtained results, fission rates [7,
25], fission sensitivities and fission rate sensitivities of some environmental materials,
would help in this program.

This work is a part of an ambitious program [7, 9, 24] for the estimation of ultra-trace
fission products nuclides in the environment, air, water and essentially in the
vegetation soil due to the atmospheric neutrons and cosmic rays, with respect to the
energy distribution of atmospheric neutrons. [24, 25].
I believe the field of environmental and health physics would benefit from this effort.
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