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Fission rates of 235U in SRM2710 Montana Soil, zirconia, coal and coal ash samples were
determined using nuclear track technique. Each sample (in the form of a disk) were
sandwiched between two pieces, several mm? of CR-39. The sample packages were then
placed in a cold neutron beam at the NIST Center for Neutron Research reactor. Almost
all fission events in these samples resulting from the irradiation were due to 233U(n,f{)
reactions. The induced fission were measured by track counting. The uranium content of
the zirconia determined relative to the SRM2710 by both the fission track density and
gamma activity of 239Np, was found to be ( 354+18 ) ppm and (339+10.7) respectively. For
comparison, instrumental neutron activation analysis (INAA) followed by gamma
spectrometry was also used to determine the uranium content of the all test samples. The
fission track density rates of SRM2710 and zirconia were found to be (31£0.15), (51.7+2.6)
fission cm-= s-1, respectively, while the fission track registration sensitivities of CR-39 for
both samples are (6.33+0.32)x10- and (7.68+0.38)x10-¢ fission track cm-- s-! ppm-! per
unit neutron flux, respectively. This technique has been applied for the detection of trace
and ultra trace 235U bearing inclusions in two environmental samples, coal ash and coal,
in which the 235U contents have been found to be (77 +4 ) ppb and (4.18%0.2) ppb,
respectively, while the related experimental fission track registration sensitivities of CR-
39 were determined to be (3.26+0.16)x10-° and (4.7+£0.24)x10-¢ fission track cm-2.s-! per
neutron per ppm 235U respectively.
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1. Introduction

Nuclear track techniques have been used
since the early 1962 for the detection of
uranjum and thorium, and for the
determination of their concentrations [1-3].
The technique has also been used for dating of
ancient artifacts and geological unknown
samples relative to known standards [4].
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-applications

The track densities from the spontaneous
fission of #3°U in a mineral and the induced
fission in the same mineral can be compared
to estimate the age of that mineral [5-7]. The
of track detector technique
extend also to the measurement of
atmospheric neutrons by the registration of
the recoil protons onto the surface of the
plastic track detector [8].
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For radiation dosimetry, this technique
has been applied for the determination of
exposure rates to neutrons. This is done by
placing hydrogen rich-material in contact with
the plastic detector then counting the induced
recoil proton tracks onto the surface of the
detector [7.8]. Alternatively, samples
containing fissile material such as uranium or
thorium can be placed in contact with the
plastic detector,. and then the induced fission
tracks are counted [9-11].

One of the advantages of fission track
technique, compared to NAA is that this
method provides an indication of the
distribution of fissile elements in the material
[12]. The present work is an important
application of nuclear track techniques for the
determination of fission rates in 235U or any
other fissionable element, the technique can
also be used non-destructively, since the
residual radiation is usually negligible. This is
then very useful in the field of quantitative
analysis of ultra trace uranium.

Fission in 235U nuclei can be induced by
exposure to a cold neutron flux. For thick
samples in close contact with a plastic
detector, the fission tracks can be revealed by
the chemical treatment of the exposed plastic
detector. When unknown and known samples
are irradiated by the same neutron flux, the
track densities arising from both samples can
be compared to determine the concentration of
uranium in the unknown sample [4]. An
example is the measuring of combustion waste
products for uranium content, which becomes
increasingly important with the greater use of
coal as a source of energy.

The major objective of this study is the
estimaton of the low level fission rates and
the evaluation of ultra trace concentrations of
225U in samples.

2. About cold neutron research facility

The use of cold neutron beam in this work
has been preferred because the fission
reaction cross-sections of -**U and 232Th with
cold neutrons are negligible compared with
that of 225U. Therefore, we will be sure that all
fission are, almost., produced only from the
fission of 235U [13].

The Cold Neutron Research Facility (CNRF)
represents the first major enhancement of
reactor-based neutron scattering instrumenta-
tion in the United States. The heart of CNRF is
a cold neutron moderator, or cold source, a
block of D.o- H.o ice cooled to 35K, situated
adjacent to the core of the 20- MW, National
Institute of Standard and Technology (NIST)
research reactor. In the cold source, neutrons
are slowed down from the moderate,
enhancing the population of lower-energy and
longer wavelength neutrons [14], which are
particularly useful for different applications.

3. Experimental procedures
3.1. Sample preparation

Two disks of nominal mass 1 gand0.1g
were formed from each of the two materials,
zirconia and SRM2710 Montana Soil, using a
Perkin- Elmer Kbr press at9 tons pressure.
Each of the 1 g samples of SRM2710 and
zirconia thick samples were sandwiched
between two small CR-39 pieces of several
mm-<? area and of 1000 pm thickness from
Pershore Mouldings Ltd. U.K, and then
encapsulated in clean polyethylene film for
irradiation in the cold neutron beam.

3.2 Instrumental neutron activation
analysis (INAA):

3.2.1. Irradiation and gamma spectrometry
The O0.lg samples were irradiated with
thermal neutrons in the NIST reactor for INAA
analysis of the uranium content. All test
sample materials were packaged together for
the irradiation in (3.12 «10!%) n cm= s!
neutron flux. These disks were placed parallel
to the irradiation container axes at the center
of the container. The container was irradiated
for 5 minutes +5 minutes with the container
inverted by 180 degrees at the mid-point of
the total irradiation time. Shortly after the
irradiation, the samples were removed from
the polyethylene bags and placed in clean
unirradiated polyethylene bags. The bags were
sealed and placed individually into counting
containers. After a decay period of 5 days,
gamma ray spectra were collected with one
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hour counting time for the samples and more
than 24 hours for the standards.

3.2.2 Spectrum and data evaluation

Gamma spectrum data were converted to
concentration values for the identified
activation products using the Canberra /
Nuclear Data software routines installed on
the NMG VAX computer. A command file
steers the quantitative evaluation by first
calculating specific count rates arising from
28U (n, v) 2*°Np reaction based on the
irradiated standards. Count rates of the 3Np
in the samples are compared to those of the
standards for calculation of concentrations.
All count rates are corrected for radioactive
decay, spectral interference, and pile up. The
INAA comparator method using the gamma
lines arising from 2*°Np (99.5, 166.1, 228.2
and 277.6 keV) was used to determine the
uranium content of the zirconia relative to
SRM2710.

3.3. CR-39 sample irradiation

Test and standard samples were packaged
and irradiated individually, zirconia sample
and SRM2710 were irradiated for 30 minutes
and 40 minutes, respectively, while coal and
coal ash samples were irradiated for 60
minutes, respectively in the center of a cold
neutron beam. The irradiation position was at
the exit of the primary shutter of the curved
neutron guide. Because of the curvature of the
guide, the number of fast neutrons remaining
in the neutron beam is not significant. The
cold neutron fluence rate (average flux) of
2.64410° n cm? s'! + 0.3 % was determined by
the irradiation of a gold foil at the same
position in order to estimate the fission track
registration of the test samples zirconia and
SRM2710 while the used cold neutron fluence
rates of (average fluxes) (2.67x10% and
(2.74x10°) n cm= s! were used for the
analysis of coal and coal ash samples. The
timing uncertainty is 0.5 s, which is primarily
due to the uncertainty in the time that it takes
the shutter to come to the full open position.

3.4. Etching of CR-39 and track counting

To determine the fission track densities,
CR-39 detectors were removed and chemically
etched under the following conditions. The
pieces were soaked in 6.25 N NaOH solution
at 70°C for 45 minutes, then washed with
distilled water to remove the etch chemical
products. The fission track densities were
evaluated using a Swift optical microscope at
a magnification of 500x. The induced fission
track densities in CR-39 for both zirconia and
SRM 2710 were determined. The ratio of these |
fission rates is then used for the calculation of
the concentration of =**U in zirconia.

4. Calculations

This technique can be used directly to
determine the 22U concentration in a sample
using the cold neutron reaction cross-section
and known cold neutron fluence, and fission
fragment ranges in samples by making use of
Eq. (1, 2), given below.

4.1. Determination of <*°U concentration in
samples

Consider a section of material containing
Ns atoms of 225U per unit volume, the number
ni of induced fissions per unit volume
produced by a cold neutron fluence F, is given
by the following Eq. [4. 15, 16],

nif = Nso. F. (1)

Where o. is the cold-fission cross-section for
235,

The number of induced fission tracks per
unit area, p (i.e. fission track density)
appearing on an external surface of athick
sample is related to the number (n;) of fission
events per unit volume by the following
equation,

1
p= S Ri. (2)

where R; is the mean range of single fission
fragment in material i (considering the critical
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angle of a fission fragment 0. = O for most
minerals as well as for CR-39 plastic detector).
Eq. (2) will also represent the fission track
density on a detector placed in close contact
with the external surface of the uranium-
bearing sample. The fission rate per g sample
as measured by gamma lines are related to
track density (in CR-39) per unit length of a
sample and is given by the following equation,

4.2. Evaluation of fission fragment ranges in
samples by calculations

The evaluation, by calculation, of th
average fission fragment rang <R> in eac
sample material (mixture), of the present wor
depends mainly on the mean molecular weigk
<M:> of the mixture and the mean number n,
atoms of element i in the mean molecule of th
mixture [18]. The calculated values of averag
fission fragment ranges in the samples used i
this work give agreements with the value
obtained experimentally by using th
measured gamma activities of !24] and !
(3) fission products. The bulk constituents of th
used samples are mainly as follow [19]:

Fission rate per gram (F. s'. g'!)=

Track density rate (cm ~s!)

Range (g cm ™)

The average range of fission fragments in
the test materials expressed in cm can be
calculated by making use the density of the
test material in Eq. (3) and fission s! g'! from Coal
gamma activity arising from a specific fission
product by NAA [17]. To reduce uncertainties

SRM 2710  SiO- (58%), ALO. (16.5%),

Fe 0. (7.2%), CaO (5.1%), C
(4%), K.O (3%) and MgO (2%).
C (77%), ALO: (6.2%), SiO;
(5.8%). H(5%), S (2.4%).

t _ > Coal Ash Si0: (45%). AlzO: (34%), Fe20:
in the estimated values, ratios of unknown to (16%), MgO (2.5%) .

standard materials can be made using the

following equation, Zirconia sample was analyzed durir

measurements of gamma spectrometry |

Nu = Ns P99 R, (4)  lrradiated Zirconia. The bulk constituents
Ps 0o R, the used sample was found to be:
(8.8%) and Al.O: (17.0%)
N; and N, are the concentrations of uranium
in standard and unknown. S. Results
sand py the related fission tr
psand p, are the related fission track 51 INAA

densities for standard and
unknown.

¢sand ¢, are the related fluxes, used for the The INAA was used to determine t

standard and unknown.

R. and R, are the average ranges of fission
fragments in the standard and
unknown samples, which can be
evaluated by calculations
depending mainly on the
bulk constituents of each sample
as mentioned in the next

paragraph.

amount of uranium in the zirconia samp
based on comparison with SRM2710 an
gamma lines arising from 22°Np (99.5, 166.
228.2, 277.6 keV). The amount of uranium
the zirconia sample was determined to t
340+17 ppm.
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Table 1. Kission track densities, and fission teack per neatron per ppime 235U in samples.

Fission track

Fission track

density density rate &) ppm Total cold Fission track Fission track density rate
Sample neutron fluence | density rate per per neutron per ppm
(T. cm?) (T.cm?s™) (F) neutron
ncm? (T.cm™n.s") (T.cm™. o s” .ppm™)
u
SRM2710 | (72£036)x10° 3+0.15 (0.18) 6.34x10" 1.14x10” (6.33£0.32) x10°
soil +0.3% |
!
Zirconia (9.3+0.47)x10* 51.7£2.6 (2.550.13) 4.75x10" (1.9540.1)x10° (7.68+ 0.38) x10° 5
+0.3%
-Coal 188+ 14 (5.240.4) x10? | (4.18031) x10° 9.6x10" (1.96£0.15)x10™"! (4.7£0.33) x10°
+0.3%
Coal ash | (2.48+0.12)x10° 0.69+0.04 (7.7+0.38) x 107 9.86x10" (2.5240.13)x10™"° (3.26%0.17) x10°
+0.3%
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5.2. Fission track technique

About 100 fields of view were measured for
each sample to obtain the average fission
fragment track densities p which are evaluated
and reported in Table 1 together with the
measured uranium content of zirconia. The
value obtained for the 225U concentration is
2.55 ppm which leads to, 353+15 ppm of
natural uranium which is in good agreement
with the obtained value via INAA, 340+17
ppm. By making a measurement relative to
the concentration of uranium in SRM2710,
many sources of uncertainty cancel and the
dominant uncertainty is the statistics of the
track counting.

6. An application for the detection of trace
and ultra trace 235U in environmental
samples

A disk of coal and another disk of coal ash
were prepared and irradiated with cold
neutrons of total fluences (9.6x10!¢ and
9.86+10!4) £0.3% n cm, exactly under the
same conditions, mentioned above, for
SRM2710. The wultra-trace concentration of
235U in coal and coal ash samples, as
environmental samples, were found to be
4.18+0.2 and 77+4 ppb respectively .

7. Conclusions

The advantage of using CR-39 as a track-
etch detector is the ability to determine the
content of Z*°U at low concentrations. This
technique can also provide information about
the homogeneity of the uranium concentration
in the sample. For samples that are too large
for core irradiation, track etch detectors
combined with beam irradiation provide a
non-destructive  alternative for uranium
measurements. 235U  concentrations in
zirconia, coal ash and coal samples compared
with SRM2710, were found to be 2.55+ 0.13,
(7.7 0.38) «10< and (4.18x0.31)x10~ ppm
where the average fission fragment ranges are
4.1-10~ and 5.0-10% g.cm= , in SRM2710
and zirconia samples, respectively, while the

related values by calculations give agreements
with the experimental results which are found
to be 4.3-10 and 5.5, 10 g cm.<. The mean
fission fragment ranges are calculated to he
3.06x102 and 2.2 -10°gcm~ for coal and
coal ash, respectively [18]. Gamma
spectrometry techniques can give mor
accurate results, but only for highe
concentrations than those which are needed
for the solid state nuclear track detecto
technique.
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