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The determination ot the boron isotopic ratio in solutions was achieved by means of a solid state track detector
by using an alpha track. The neutron flux was optimized by using a Cd-foil to find the optimum conditions for
counting the nunber of alpha tracks on the selected solid detector caused by the {n, @) nuclear reaction ot boron.
The home-made multi-dot detector plate was utilized in this study to increase the reproducibility of the
measurement by unitormly drying the boron solution within the marked circle area on the detector plate. The
experimental results of this study veritied that the ''B/'B isotopic ratio can be measured by observing the
number of alpha tracks for different concentrated standard solutions with various isotopic compositions. This
technigue was applied to the determination of '’B enrichment factor in a biological sample for a boron neutron

capture therapy.
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Introduction

Boron is an important element in various fields of
researches, such as nuclear science, astronomy and medical
sciences due to the B(n, @)'Li neutron capture reaction.
Boron plays a crucial role in the nuclear power industry
because of its high neutron absorption cross-section. More
precisely, boron is used In a primary coolant system in
pressurized water reactors {(PWRs) in the fonm of boric acid
to control the reactivity in the core. Boron is also used as a
source for the short range « particles in a cancer treatment
by a boron neutron capture therapy (BNCT) which is a
novel technique for treating cancer by using '’B-labeled
compounds and a neutron radiation to kill the cancerous
cells. The significance of the B compounds stems from a
high neutron cross section or a capture probability of the '°B
atom when compared to other biologically ubiquitous atoms
such as carbon, hydrogen, nitrogen and oxygen atoms.

The precise determination of the isotopic composition of
natural boron is of great interest in geochemistry,>* nuclear
industry,* and environmental studies.” Naturally occurring
materials may vary enormously in their boron isotope pro-
portion. Boron is actually a mixture of two stable isotopes
B and ""B. One of the stable isotopes of boron, '“B, is
involved in an (n, @) nuclear reaction while the ''B stable
isotope is not. The natural boron isotopic ratio ("'B/°B)
varies from 3.8 to 4.2 depending on the source and the
nature of the materials. Moreover, a measurement of the ''B/
B ratio in BNCT compounds becomes very important
since the production of charged particles, "Li and *He, which
kill tumor cells, depends on the concentration of 1°B in the
capture agent. As a result, there is currently a strong demand
for the determination of the boron isotopic ratio at all levels.
The low atomic number of boron makes it difficult to deter-
mine its precise concentration with conventional analytical
techniques such as XRF, PIXE, etc. Furthennore, its nuclear

property makes it difficult to determine its concentration by
a thermal neutron activation analysis.® Analytical techniques
for a boron determination in solid or aqueous samples
include spectrophotometry,” ICP-AES and an isotope dilution
mass spectrometry by using TIMS.*® These techniques
require a tedious and time-consuming separation of the
boron from the samples. Therefore, the development of a
simple, convenient and sensitive analytical method for boron
is of great interest in various fields of boron research.

Alpha track technology has been recognized as one of the
highly sensitive analytical methods for the detenmination of
boron.'® The alpha track analysis is based on the detection of
tracks on a alpha-sensitive solid state detector from (1, @)
reactions. In this paper, a correlation of the alpha track count
against various boron concentrations was studied by adopt-
ing the multiple regression curve technique. The slope of the
correlation curve was used to determine '’B enrichments.

Experimental Section

Reagents and materials. The solid state track detectors
used in the study were Lexan (GE-Plastic, Korea), CR-39
(TASTRACK, UK), and CN-85 (DOSIRAD, France). All of
these detectors were first checked for their sensitivity to
alpha particles by an exposure to an alpha multi-radioisotope
source (*°Pu, *'Am, **Cm mixed alpha standard B 860,
1.67 x 10° alpha particles per minute, Amersham) followed
by an etching.

Boron standard solutions in various concentrations (1-100
mg/L) were prepared by diluting the ICP-AES standard
solution (SPEX, 1,000 mg/L, '°B content = 19.8%). Collo-
dion solution was prepared by mixing Collodion and ethyl
alcohol at a 1 : 1 ratio, while 0.1 mL of the concentrated
boron stock solution was added into 2 mL of the mixed
solution of Collodion to make 1.0, 5.0, 10.0, 25.0 mg/L of a
standard boron solution.
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Sample preparation and neutron irradiation. In this
study, a multi-dot plate has been utilized to provide a good
reproducibility for the sample preparation. The multi-dot
plate provides a fixed standard shape of the sample solution
which remains inside of the printed circle, and consequently
increases the reproducibility of the boron analysis. The
details of the procedure for preparing a multi-dot plate are
described in a previous paper.'' A short description is
included in this paper.

Sample solution was placed inside a printed circle (3 mm
id.) on the surface of a solid track detector. The circles,
which served as a boundary wall on the Lexan detector for
the sample solution to remain inside the circle area, were
drawn by a printing using a copier. Normally, there are [0 or
more circles on the 30 x 100 mm Lexan detector plate. An
additional Lexan detector was mounted onto the plate on
which the samples were loaded. The Lexan detectors were
then inserted into a 1 mm thick Cd box as shown in Figure [
and placed in the thermal column of the HANARO research
reactor in the Korea Atomic Energy Research Institute, and
irradiated to a thermal flux of 2 x [0'* n/em>sec for 30
seconds. The irradiated sample was then left standing for a
week for a cooling at room temperature.

Etching procedure. Following the irradiation, the solid
detector was etched using a solution of 2.5 M NaOH at a
temperature of 60 °C and then washed with distilled water
several times and dried in air for a microscopic observation.
The number of tracks was counted from an area of .22 +
0.03 mm?*detector by using a digital image analyzer system
with an optical microscopy. This procedure was repeated for
7 times for each sample and the highest and lowest data were
eliminated.

Calibration and analytical method. The standard solu-
tions were prepared by diluting 1000 ppm of a boric acid
solution which was made from boron enriched to 95 at % in
'9B. The boron concentration of the sample was calculated
from a calibration curve of a number of tracks as a function
of the "B concentration derived from a set of standard
solutions containing a range of known '’B concentrations
which were processed and imadiated on the same solid

Figure 1. Photos of a Cd-foil box and a dropped B sample for a
neutron irradiation. A is a Cd-foil box, B is a plain CN-85 multi-dot
plate, and C is a CN-85 multi-dot plate with a sample.
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detector plate. The concentration of "B was determined by
comparing the slope of the detector response for the sample
with that of a calibration curve of the detector response
obtained with known concentrations of '°B in a standard
solution.

Results and Discussion

Optimal conditions for the nuclear track detectors. The
detection sensitivities of various solid track detectors were
evaluated by exposing them to a mixed alpha radio-isotope
source of *?Pu, 2*'Am and ***Cm to establish the optimum
conditions for an alpha track measurement. Polycarbonates
(Lexan and CR-39) and cellulose nitrate (CN-83) were
tested to establish a proper solid track detector for providing
a good alpha track efficiency. It was found that it took more
than 3 hours of an etching time to observe the alpha tracks
on the polycarbonate detector with 2.5 M NaOH solution at
60 °C. However, the CN-85 detector showed good alpha
track efficiency between 10 to 40 minutes of etching time as
shown in Figure 1 under the same etching conditions.

Optimization of the neutron flux by using Cd-foil.
Determination of boron in an aqueous solution can be
achieved by counting the number of alpha tracks on the
selected solid detector caused by the (n, @) nuclear reaction
of boron. Therefore, the number of alpha tracks should also
be optimized within the optically countable range. Since too
many tracks were observed after an irradiation to a thermal
neutron flux of 2 x 10" n/em*sec for 2 minutes, various
thickness of the cadmium foils (0.1, 0.25, 0.5 and 1 mm)
were used to reduce the thermal neutron flux. The calculated
thermal flux with the cadmium foils were 3.2 x 10'% 6.0 x
10", 3.4 x 10'°, 1.2 x 10¥ nfem?sec, respectively.

Boron standard solutions in the concentration range of 0 to
25 mg/L. were prepared by an addition of the Collodion
solution which was used for a better dispersion of the sample
solution on the surface of the track detector. Several Cd-foil
boxes were constructed with various thicknesses of the
cadmium foils in order to cover the CN-85 solid detector as
shown in Figure 1. The measured numbers of alpha tracks
after an irradiation in the HANARO reactor for 30 seconds
using various thicknesses of the cadmium foils are listed in
Table 1. When using the Cd-foil of a | mm thickness, the
CN-85 detector was strongly damaged by the heat produc-
tion from the nuclear reaction between the Cd-foil and the
neutrons. It seemed that the use of the Cd-foil of 0.25 mm
provided the optimum countable tracks for the boron
concentration in the range of 0 to 25 mg/L.

Enhancement of the reproducibility for the alpha track
measurements. In the quantitative analysis of boron by
using the alpha track analysis, the shape or area of a sample
on the solid track detector becomes very important especial-
ly for the analysis of liquid samples. In this study, a multi-
dot plate has been developed for this purpose. The multi-dot
plate provides a fixed standard shape of the sample solution
which remains inside the printed circle, and consequently
increases the reproducibility of the boron analysis. In
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Figure 2. Alpha tracks on the CN-85 detector with an ctehing time
of 20 minutes. Ctching was done with 2.5 M NaOH at 60 °C. The
magnification of the figure is x 200.

addition to this, the amount of dispersing agent (Collodion)
can also influence the reproducibility. Since, Collodion did
not mixed well with aqueous samples, ethyl alcohol was
added to the sample solution to help the mixing of the
Collodion and the aqueous samples. Figure 2 shows the
shape of the dried sample on the surface of the multi-dot
plates. Mixing ratio of the Collodion, ethyl alcohol and the
aqueous sample was 6.4 : 12.6 : [ which provided a good
dispersion of the sample solution.

Determination of the '°B enrichments and the total B
by an alpha track analysis. Various ''B enrichment (10%
to 50%) stock solutions were prepared using the '°B (99
atom%, Aldrich) and ''B (99 atom%, Aldrich) standard
solutions. The reference solutions with various total B
concentrations were prepared by diluting the stock solution
to determine the cormrelation between the number of alpha
tracks and the B concentration as well as the '°B enrichment.
Figure 3 shows the changes in the number of alpha tracks on
the CN-85 detector with increasing B concentrations from 0
to 25 mg/L ("B enrichment = 20%). The number of alpha
tracks was measured in an area of 60 x 40 g under a
digital image analyzer system with a x [000 magnification.

Figure 4 is a graph of the detector response versus the total
boron concentration in various '’B enrichment standard
reference solutions, plotted with a least squares fit of the
straight lines. The number of alpha tracks for each '°B
enrichment (10-50%) was also linear to the various total
boron concentrations {1-15 mg/L). Note that each calibration
line of the various '’B enrichments shows the different slope.

Table 1. Alpha tracks depend on the Cd-foil thickness
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Figure 3. Alpha tracks on the CN-85 detector with various B
concentrations. Etching was done with 2.5 M NaOH at 40 °C. The
magnification of picture is x 200.
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Figure 4. Correlation of the alpha track counts with various boron
cnrichments and concentrations.

The slope of the calibration curve increases with '°B
enrichment as shown in Table 2. The concentration of boron
in an unknown sample can be determined from this
calibration curve. The slopes of the regression line in the
calibration curves were plotted against the '’B enrichment in
Figure 5. The "B enrichment for an unknown sample can be
obtained from this regression equation.

The detection limit of this analytical method was deter-
mined from the calibration curves shown in Figure 4 by
using a fundamental assumption of the unweighted least-
squares method where each point on the plot has a normally

Table 2. Results of the alpha track counts according to the boron

Boron Cd-foil thickness (mm)
concentration
(mg/L) 0.1 0.25 0.5 1.0
0 131 65 44
1 341 152 82 The sample was
5 585 183 104  deformed after the
10 604 229 144 irradiation
25 626 360 60

concentration

1B enrichment (%)  Slope Tntercept  Corr. coeff. (R)
10 297+£057 43.6+£48 0.9915
20 486£0.60 522£58 0.9970
30 9.62+0.86 44.7+£45 0.9967
50 142£081 51.8+£6.2 0.9989
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Figure 5. Standard calibration curve for the determination of the
boron enrichment.

distributed variation with a standard deviation estimated by
the errors in the slope and the intercept of the regression
line."> Use of the regression equations yielded detection
limits of 6.8, 2.5, 2.4, 6.8 ng for the '’B enrichments of 10,
20, 30, 50%, respectively.

Application to the biological BNCT sample. The alpha
track technique was evaluated by applying it to the analysis
of '°B in a biological sample used for a BNCT experiment.
The '"’B containing biological sample was prepared by the
injection of a dose of 750 mg/kg body weight in a mouse for
the BNCT experiment in the HANARO BNCT facility at
KAERI A freeze dried tumor cell sample (200 mg) was
used in this work. The "°B concentration of this sample is
expected to be in the range of 50 to 120 ug/e.

The analysis of total boron content in the sample was
performed by using the ICP-AES technique after a dissolu-
tion process with a mixture of nitric acid and hydroperoxide
by using a microwave digestion system {(Milestone MLS-
1200). The isotopic ratio ('’B/''B) of boron was measured
by using the negative ions TIMS method with '’BO;™ and
"BO, as described elsewhere.¥ The enrichment factor of
9B was found to be 42.0 £ 2.9%.

As shown in Table 3, the total boron concentration of the
biological sample was found to be 80.0 + 6.0 xg/g by ICP-
AES. The sample solution was diluted to the range of 2 to 16
#m/L prior to the alpha track measurement. The number of
alpha tracks were counted and plotted against the boron
concentration as shown in Figure 6. From the slope of the
regression curve (11.33 + 1.22, R = 0.983) for the unknown
sample, the enrichment factor of '°B was calculated as 39.6
+ 4.8, This result agrees well with that measured by TIMS
within a 10% relative error.

Table 3. Comparison of the analytical results measured by different
methods

Track method TIMS ICP-AES
Total boron - - 80.0 £ 6.0
39.6+48 420+£29 -

1B enrichment (%)
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Figure 6. Correlation of the alpha track counts with various boron
concentrations for an unknown biological BNCT sample.

Conclusion

The enrichment factor of '’B of boron containing solution
sample has been determined by using an alpha track techni-
que. The home-made multi-dot detector plate was utilized in
this study to increase the reproducibility of the measure-
ment. This alpha track technique was applied to a BNCT
sample and its result agrees well with that measured by
TIMS within 10% relative error. Consequently, the isotopic
ratio measurement technique by using the alpha track
technique can be used for a cross-checking of the PGNAA
results for the BNCT samples and also can be applied to the
determination of the boron isotopic ratio of the primary
cooling water in nuclear power plants.
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