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Introduction 

Boron and its compounds are extensively used in 
nuclear industry as strong thermal neutron absorbers. 
In particular, in nuclear power plants with pressurized 
water reactors (PWR), boric acid (H3BO3) is added to 
the primary circuit coolant with the aim of controlling 
the chain reaction. Owing to the application of the 
neutron-absorbing coolant, the irregularities in the 
power density distribution and fuel consumption within 
the reactor core can be avoided. Thereby, performance 
of nuclear power plants can be improved. Concentra-
tion of the neutron absorber in the coolant should be 
reduced commensurably with increasing fuel burn-up. 
Uncontrolled increase or reduction of its content 
would lead to an operational upset, so the continuous 
monitoring of its concentration in the reactor coolant 
is of great significance. As is known, natural boron is a 
mixture of 10B and 11B isotopes with abundances of about 
20 and 80%, respectively. Thermal neutron absorption 
cross-sections of 10B and 11B are 3843 b and 0.0055 b, 
respectively. In this connection, the actual factor af-
fecting the reactor performance is the content of 10B 
isotope in the coolant. It is also known that the isotopic 
composition of natural boron is not fixed and varies 
depending on its origin. Besides, boric acid enriched in 
10B is increasingly used [14]. In practice, the content of 
10B in boric acid is frequently not known at the moment 
of purchasing the material [16]. Furthermore, 10B added 
to the reactor coolant is constantly burnt out during the 
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reactor operation. For those reasons, chemical methods 
are not adequate for determining the content of 10B of 
in the reactor coolant. The above facts resulted in the 
development of measurement systems sensitive specifi-
cally to 10B isotope. Techniques based on the thermal 
neutron absorption, i.e. on the same physical principle 
that is applied to the reactor control, appeared to be 
especially suitable for this purpose. Different versions of 
such devices designed for continuous on-line or off-line 
monitoring of the concentration of 10B in the reactor 
coolant have been developed and perfected since the 
beginning of the PWR technology [1, 6, 9, 10, 14, 16, 
17]. All instruments of this type require calibration 
which may be a quite complex task, especially in the 
case of instruments designed for on-line monitoring of 
10B content in technological circuits of nuclear power 
plants. Every calibration procedure is based on the use 
of proper calibration solutions of boric acid. The most 
direct, but costly way, is to make calibration solutions 
using an isotopic reference material for 10B assays. 
Calibration solutions can be also prepared of boric 
acid taken from the same lot that is added to the reac-
tor coolant as long as the content of 10B in calibration 
solutions is accurately determined. As mentioned by 
Shul et al. [16], it can be done using inductively coupled 
plasma mass spectrometry (ICP-MS). It seems that 
this goal could be also attained with the aid of thermal 
neutron absorption techniques, like those developed by 
Bolewski et al. [4], Brooke et al. [8], Gogitidze [11] or 
Herzog and Smolen [12]. For the sake of metrological 
traceability of the measurement system, any calibration 
should finally refer to the certified boric acid isotopic 
reference material like those available from NIST 
(USA) or IRMM (Belgium). 

The aim of this work was to improve the thermal 
neutron absorption technique developed earlier [3–5] 
and to examine its capability for determining the mass 
fraction of 10B in boric acid through the measurement of 
the mass fraction of 10B in the purposely prepared water 
solution of this compound. The idea of measuring the 
mass fraction of 10B directly in boric acid powder was 
considered but was abandoned because of difficulties 
concerning the preparation of homogeneous samples. 

A good deal of attention was given to improve the 
measurement device and to optimize the measurement 
procedure in order to increase the sensitivity of the 
technique and reduce the uncertainty of assays. 

Experimental set-up and methodology 

Figure 1 shows in outline the geometry of measure-
ments and Monte Carlo (MC) simulations presented 
in this paper. This measurement device is designed in 
accordance with the conclusions drawn from previous 
works [3–5]. All its vital elements are placed in a large 
solid polyethylene rectangular prism. A sample of 
analysed liquid is poured into a container in the shape 
of double-walled tube. A 252Cf neutron source and a 
thermal neutron detector are inserted axially into the 
inner tube of the sample container. 

The neutron source is mounted in a 15 cm long 
Teflon rod (Fig. 1) which is connected coaxially with 
a 40 cm long steel screw bolt. A rotary motion of the 

screw bolt is blocked. A screw nut mating with the screw 
bolt is joined coaxially with the driven gear of a mitre 
gear. A driving gear of the mitre gear is fastened onto 
a horizontal shaft which extends from the measure-
ment device body. A small crank and a tachometer 
are attached to that shaft. With the use of the above 
described mechanism a rotary motion of the screw nut 
(driven by the crank and the mitre gear) is converted to 
an endwise movement of the screw bolt. In this way the 
neutron source can be safely shifted from the shielded 
position to the desired position on the axis of the sample 
container with reproducibility of 0.1 mm. 

A slim proportional counter filled with BF3 was 
chosen as the thermal neutron detector because of 
its relatively low efficiency for epithermal neutrons as 
compared to modern high-pressure 3He counters [5]. 
Specifications of that counter are given in Table 1. The 

Fig. 1. Geometry of measurements and Monte Carlo simula-
tions: 1 – stainless steel cathode of BF3 proportional counter; 
2 – sample container (polyethylene); 3 – active volume of BF3  
counter; 4 – sample; 5 – 252Cf neutron source in stainless steel 
capsule; 6 – inner tube of the sample container (polyethylene 
or Teflon); 7 – polyethylene prism; 8 – Teflon rod. All dimen-
sion are given in millimetres.

Table 1. Specifications of BF3-filled proportional counter 
shown in Fig. 1 

Parameter Value

Overall length 300 mm
Maximum diameter 10 mm
Effective length 30 mm
Effective diameter 8 mm
Effective volume 1.5 cm3

Neutron sensitive material BF3 enriched to 92% in 10B
Fill pressure 0.092 MPa (700 mmHg)
Cathode material Stainless steel
Operating voltage 1300 V
Thermal neutron sensitivity 0.07 cps/nv
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detector is placed directly on the 252Cf neutron source. 
The reproducibility of positioning the detector and 
neutron source in relation to the sample is a key issue 
because the detector response is sensitive to changes of 
the source-sample-detector configuration [3]. 

The present work was aimed, among other things, to 
attain the highest possible sensitivity of the technique. 
For this reason, the volume of the sample has been 
increased many times as compared to that in a previ-
ous study [4]. The capacity of the sample container 
shown in Fig. 1 is of 1370 ml. It has been decided to 
use samples of that size in consideration of the diffu-
sion length of thermal neutrons (L) in water solution of 
boric acid. The value of  L decreases with mass fraction 
of 10B. For pure water L = 2.755 cm [2]. The radius of 
the sample shown in Fig. 1 is roughly twice as much. 
The maximum range of thermal neutrons is about 3L. 
Therefore, neutrons being thermalized outside the 
sample have a little prospect of reaching the detector 
and influencing its response. The use of samples even 
much larger than 1370 ml would result in some small 
increase of the sensitivity, however at the expense of 
the handiness of the technique. 

The main purpose of measurements was the valida-
tion of Monte Carlo modelling. Samples used for cali-
bration of the investigated system were water solutions 
of boric acid standard (isotopic reference material). 
The solution with the highest mass fraction of boric 
acid standard (referred to as primary solution) was pre-
pared first. Other calibration solutions were obtained 
by diluting the primary solution with pure water. Mass 
fractions of 10B in calibration solutions were calculated 
from mass fractions of boric acid standard in its water 
solution and isotopic composition of boron specified 
for that standard. As a principle, measurements (and 
computer simulations) were performed using samples 
of the same mass. Every weighing related to the sample 
preparation was made with the required accuracy. To 
avoid any possible temperature effects, measurements 
were carried out at a constant temperature of 20°C. 

Monte Carlo simulations were carried out to com-
pare features of two versions of the measurement de-
vice shown in Fig. 1 which differ in construction of the 
sample container. The sample container made wholly of 
polyethylene (PE) and another one with the inner tube 
(element number 6 in Fig. 1) made of polytetrafluoro-
ethylene (Teflon) were modelled. Real measurements 
were simulated with the use of the MCNP-4C code [7] 
and ENDF/B-VI.8 nuclear data library. Computations 
were performed in a general source mode. The 252Cf 
source was specified as a point isotropic neutron source 
with Watt fission spectrum encased in a cylindrical stain-
less steel capsule 7.8 mm in diameter, 10 mm high and 
1.6 mm thick. Calculations were aimed at determining 
the number of counts, i.e. number of 10B(n,α)7Li events 
within the sensitive volume of the BF3 counter, per 
source neutron and its relative standard deviation. The 
total number of source neutron histories for each simu-
lated case was 2 million. The resulting relative standard 
deviation of the number of counts varied with the mass 
fraction of 10B in the modelled solution of boric acid. 
For instance, in the case of the sample container made 
wholly of polyethylene, the relative standard deviation 
of simulated number of counts was 0.66% for pure 

water and 1.34% for the 10B mass fraction of 550.8 μg/g 
(ppm), respectively. 

Results and discussion 

Results of measurements and Monte Carlo 
simulations 

Both experiments and Monte Carlo simulations dealt 
with the calibration of the measurement device de-
scribed in the foregoing section. In this case the cali-
bration consisted in relating the detector counting rate 
as the experimental value to the known mass fraction 
of 10B in the water solution of boric acid. According to 
the experience resulting from the previous works [3–5] 
the following linear formula was chosen to describe the 
calibration curve: 

(1) 

where W is the mass fraction of 10B in water solution of 
boric acid, S is a constant to be determined by calibra-
tion and x = I/I0 is the ratio of detector counting rates 
obtained from measurements made with the samples 
of water solution of boric acid (I) and pure water (I0), 
respectively. 

Results of experiments and MC simulations are 
shown in Fig. 2. Measured and calculated values of the 
quantity (1 – x)/x are related to the known mass frac-
tions of 10B in the calibration solutions, respectively. 
Experimental values of the counting rate ratio, x = 
I/I0, were determined with the relative standard devia-
tion of 0.05%. Numerical results of measurements and 
MCNP calculations obtained in the case of the sample 
container made wholly of polyethylene are given in 
Table 2. Comparison of those two data sets has been 
carried out with the use of the χ2 (chi-square) test [13]. 
The resulting value of χ2 for the analysed data sample 
is 18.09. For the significance level α = 0.05 and 10 de-
grees of freedom, the percentile χ2

0.95 of χ2 distribution 
is 18.31. Since the resulting χ2 is not larger than χ2

0.95, 
we have no reason to discard the hypothesis that results 
of MCNP calculations are in agreement with results of 
measurements. It means that the measurements validate 
the MCNP simulations. 

Both experiments and MC simulations show that 
in the case of the sample container made wholly of 
polyethylene the linearity of the calibration curve, i.e. 
the validity of Eq. (1), is limited to the mass fractions 
of 10B smaller than 250 μg/g. 

Results of MC simulations obtained for the sam-
ple container with the inner tube made of Teflon are 
much more favourable. In this case the calibration 
curve appears to be linear in a considerably extended 
range of 10B mass fraction, at least up to 750 μg/g. The 
slope of the straight line fitted to the results of those 
simulations, i.e. the value of the constant S in Eq. (1), 
is: S = 0.0060463 ± 0.0000272 (μg/g)–1 (the estimated 
uncertainty means 1 standard deviation). The constant 
S is the sensitivity of the technique to the mass fraction 
of 10B. It is proper to add that the sensitivity obtained 
with the use of 6 ml sample was 0.0004089 (μg/g)–1 [4], 
i.e. about 15 times smaller. 

1 x S W
x
−

= ⋅
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Table 3 includes numerical results of MCNP calcula-
tions obtained in the case of the sample container with 
the inner tube made of Teflon and values of the quantity 
(1 – x)/x given by Eq. (1) fitted to results of MCNP cal-
culations, respectively. The χ2 test has been carried out 
to compare those two data sets. The resulting value of χ2 
for the tested data sample is 6.0185. For the significance 
level α = 0.1 and 11 degrees of freedom, the percentile 
χ2

0.9 of χ2 distribution is 17.28. Since the resulting value 
of χ2  is smaller than χ2

0.9, we have no reason to discard 
hypothesis that the calibration curve of the measure-
ment device is in the shape of Eq. (1). 

There is a good physical foundation for a supposition 
that the difference between results of MCNP calculation 
obtained for two above-mentioned sample containers 

is due to different impacts of polyethylene and Teflon 
tubes on the neutron spectrum inside the BF3 counter. 
In an infinite medium a shape of the thermal neutron 
spectrum depends on the ratio Σa/ξΣs, where Σa is the 
macroscopic thermal neutron absorption cross-section 
and ξΣs is the slowing down power [2]. The 1370 ml 
sample of water solution of boric acid is large enough 
to harden the neutron spectrum, to an extent depending 
on its Σa, as compared to that in the polyethylene block. 
Interactions of neutrons with the polyethylene shield of 
the detector cause a partial softening of the hardened 
spectrum which results in the increase of the detector 
response (because of its 1/v efficiency characteristics) 
and finally in the deviation of the calibration curve from 
the straight line. As the slowing down power of Teflon 

Table 2. Comparison of numerical results of measurements and MCNP simulations obtained in the case of the sample con-
tainer made wholly of polyethylene 

Mass fraction 
of 10B 
(μg/g)

Measurements MCNP simulations

xexp σEXP
a xsim σSIM

b 

    0.0 0.999600   0.000400   0.000500 0.99850   0.00150   0.00935      0.0138
  45.9 0.784917   0.274020   0.000637 0.79477   0.25826 0.0126      1.5605
  91.8 0.648989   0.540858   0.000770 0.65998   0.51520 0.0161      2.5340
137.7 0.556539   0.796819   0.000898 0.56599   0.76682 0.0197      2.3142
184.7 0.482827 1.07114 0.00104 0.49263 1.0299 0.0238      2.9968
229.5 0.434558 1.30119 0.00115 0.44145 1.2653 0.0277      1.6759
275.4 0.385912 1.59126 0.00130 0.39551 1.5284 0.0322      3.8048
321.3 0.355541 1.81262 0.00141 0.35725 1.7992 0.0369      0.1320
367.2 0.326296 2.06470 0.00153 0.33328 2.0005 0.0406      2.4969
459.0 0.289090 2.45913 0.00173 0.29215 2.4229 0.0490      0.5460
550.8 0.256162 2.90378 0.00195 0.25659 2.8973 0.0582      0.0124

χ2 = 18.0873
   a σEXP denotes the standard deviation of EXP. 
   b σSIM denotes the standard deviation of SIM. 

2

2 2
EXP SIM

(EXP SIM)−
σ + σexp

exp

1
EXP

x
x
−

= sim

sim

1SIM x
x
−

=

Fig. 2. Results of measurements and Monte Carlo simulations. 
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is incomparably smaller than that of polyethylene, 
the impact of the Teflon tube on the thermal neutron 
spectrum is negligible. 

The impact of the polyethylene shield on the re-
sponse of BF3 counter placed in neutron-absorbing 
media was studied experimentally by Kreft et al. [15]. 
The measured counting rate of the shielded detector 
(Ish) was always greater than that of the bare detector 
(Ib). It was ascertained that the ratio Ish/Ib kept increas-
ing with Σa of the medium and the thickness of the PE 
shield. 

In spite of the use of sample containers made wholly 
of polyethylene no deviation from Eq. (1) was observed 
in previous implementations of the technique [3–5]. 
Reasons for that are threefold: much smaller samples, 
much lower Σa of the analysed materials and a thinner 
tube surrounding the detector. 

Determination of the mass fraction of 10B in water 
solution of boric acid 

As long as the linear Eq. (1) is valid, the determination 
of 10B mass fraction in water solution of boric acid will 
be very simple. Only one calibration solution is needed. 
Combining Eq. (1) written twice, for the analysed solu-
tion and for the standard solution, one finally obtains: 

(2) 

where WS is the known mass fraction of 10B in the water 
solution of the boric acid standard, whereas y = IS/I0S is 
the ratio of detector counting rates obtained from mea-
surements carried out for the calibration solution (IS) 
and pure water (I0S), respectively. To avoid correlation 
between ratios x = I/I0 and y = IS/I0S two independent 
measurements of the counting rates I0 and I0S should be 
done with pure water sample to obtain x and y values. 

The applicability of Eq. (2) is strongly related to the 
validity of Eq. (1). Many efforts have been made to get 
calibration curve in the shape of Eq. (1). Nevertheless, in 

order to minimize a bias caused by any deviation of the 
actual calibration curve from formula (1) the value of WS 
should be chosen close to the measured value of W. 

Determination of the mass fraction of 10B in boric acid 

The mass fraction of 10B in the boric acid (WB10) can be 
easily derived from W. Namely, 

(3) 

where WBA is the mass fraction of boric acid in the pur-
posely prepared water solution (the ratio of the boric 
acid mass to the total mass of the solution). 

If boric acid is of stoichiometric purity, the isotopic 
composition of boron can be derived from the WB10 
value. 

Optimization of the procedures

Provided that uncertainty of every weighing related to 
the sample preparation is negligible and there is no de-
viation of the actual calibration curve from Eq. (1), the 
uncertainty of determination of the mass fraction of 10B 
in water solution of boric acid depends only on the count-
ing statistics, and the quality of the boric acid standard. 
According to Eq. (2) and the law of error propagation, 
the relative standard deviation of the 10B mass fraction 
W may be estimated using the following formula: 

(4) 

where δx, δy and δWS denote relative standard deviations 
of x, y and WS, respectively. 

It follows from the law of error propagation that δx
2 

= δI
2 + δ2

I0, where δI and δI0 are relative standard devia-
tions of counting rates I and I0, respectively. According 
to counting statistics δI

2 and δ2
I0 are equal to reciprocals 

of relevant total counts. Thus, the relative standard 
deviation δx can be expressed through the counting 

Table 3. Validation of the calibration curve (1) by the χ2 test carried out with the use of results of MCNP simulations obtained 
in the case of the sample container with the inner tube made of Teflon 

Mass fraction 
of 10B 
(μg/g)

Results of MCNP simulations S·W (according to 
Eq. (1) fitted 

to results of MCNP 
simulations)b

xsim σSIM
a 

    0.0 1.0000 0.0000 0.0089 0.0000 0.0000
  45.9 0.7936 0.2600 0.0121 0.2775 2.1066
  91.8 0.6482 0.5428 0.0157 0.5551 0.6095
137.7 0.5504 0.8169 0.0195 0.8326 0.6454
184.7 0.4784 1.0904 0.0237 1.1168 1.2386
229.5 0.4216 1.3716 0.0280 1.3876 0.3251
275.4 0.3784 1.6426 0.0326 1.6652 0.4811
321.3 0.3416 1.9273 0.0376 1.9427 0.1680
367.2 0.3121 2.2039 0.0581 2.2202 0.0783
459.0 0.2628 2.8051 0.0533 2.7753 0.3141
550.8 0.2304 3.3409 0.0643 3.3303 0.0271
734.4 0.1833 4.4544 0.0887 4.4404 0.0248

   χ2 = 6.0185
   a σSIM denotes the standard deviation of SIM. 
   b Values of (1 – x)/x given by formula (1) with substitution S = 0.0060463 (μg/g)–1. 
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rates I and I0 conjointly with time intervals spent on 
measuring them. 

(5) 

where tt denotes the fixed total time available to carry 
out both I and I0 measurements, t denotes the time in-
terval allotted to measure the counting rate I whereas 
(tt – t) is the time interval allotted to measure the 
counting rate I0. 

One can easily show that δx
2, a function of t reaches 

its minimum at 

(6) 

The optimum partition of the total available time tt 
becomes especially important in cases of long-lasting 
counting experiments. In connection with Eq. (6) a 
question arises how to use it prior to measuring counting 
rates I0 and I? The answer is the following: values of I and 
I0 can be obtained from brief counting experiments. 

In the light of Eqs. (5) and (6) the first term in 
Eq. (4) reads: 

(7) 

Analogically to Eq. (7), the optimum partition of the 
total time tt allotted to measure the ratio y = IS/I0S results 
in the following shape of the second term in Eq. (4): 

(8) 

The right side of Eq. (8) reaches its minimum value 
equal to 16/(I0tt) at y = 0.25. Using Eq. (1) one can 
substitute y = 1/(S.WS + 1) and express the right side 
of Eq. (8) as the function of WS: 

(9) 

As the mass fraction WS of 10B in the calibration 
solution of the boric acid standard is chosen freely by 
the experimenter, its value is a subject for optimization. 
With the constant S = 0.0060463 (μg/g)–1 the right side 
of Eq. (9) reaches its minimum at WS = 496.2 μg/g. In 
practice, it is not necessary to use the calibration solu-
tion with WS equal exactly to 496.2 μg/g because that 
minimum is quite shallow. In the wide range of WS 
between 250 μg/g and 750 μg/g the value of the second 
term in Eq. (4) does not exceed 18.5/(I0tt). For any mass 
fraction of 10B in the calibration solution falling within 
that range, the following inequality can be written: 

(10) 

With regard to the high cost of the boric acid isotopic 
reference material the choice of value of WS close to 
250 μg/g seems to be reasonable. 

The third term in Eq. (4) depends on the quality 
of the used boric acid standard. Provided that the cali-
bration solution is prepared with accuracy, the relative 
standard deviation of WS is equal to the relative standard 

deviation (δWB10S) of the 10B mass fraction in the boric 
acid standard (WB10S). Hence δWS = δWB10S. In the case 
of high quality boric acid isotopic reference materials, 
like those distributed by NIST (USA) or IRMM (Bel-
gium), the relative standard deviation δWB10S does not 
exceed the value of 0.05%. 

To sum up, under the above-mentioned conditions 
and an additional assumption I0S ≅ I0, the attainable 
relative standard deviation of 10B mass fraction in water 
solution of boric acid reads: 

(11) 

Using again Eq. (1) one can substitute x = 1/(S.W 
+ 1) and express δW as a function of W: 

(12) 

Formula (12) gives hints how to achieve a further 
reduction of δW. In order to attain a possibly high count-
ing rate I0 an adequate neutron source should be used. 
A practical limit set to the counting rate of the counting 
equipment used in this experiment was about 104 counts/s. 
In the case of the measurement system shown in Fig. 1 this 
limit can be reached with the use of 252Cf neutron source 
emitting about 2 × 107 neutrons/s. As regards the total 
time tt allotted to measurements of I and I0, the value of 
1 h seems to be a reasonable assumption. The use of a 
weaker neutron source resulting in the lower counting 
rates can be counterbalanced by longer counting times. 

Figure 3 shows a plot of the dependence of δW upon 
W given by the right side of formula (12) with substitu-
tions: I0tt = 36 × 106, S = 0.0060463 (μg/g)–1 and δWB10S 

= 0.05%. 
If the actual goal of the measurement is to deter-

mine the mass fraction of 10B in the given boric acid, the 
content of 10B in the purposely prepared water solution of 
that boric acid solution should be optimized. According 
to formula (12) and Fig. 3, the relative standard deviation 
δW reaches its minimum of 0.11% at W = 496.2 μg/g (it 
corresponds to x = 0.25). On the other hand, the use of 
the solution with the mass fraction of 10B close to that 

Fig. 3. Dependence of the attainable relative standard devia-
tion δW  on W as given by Eq. (12) with substitutions: I0tt = 
36 × 106, S = 0.0060463 (μg/g)–1 and δWB10S = 0.05%. 
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optimal value is not critical because within the wide range 
160 μg/g < W < 750 μg/g the relative standard deviation 
δW does not vary significantly and does not exceed 0.12%. 
Therefore, to attain δW ≤ 0.12% it is sufficient to prepare 
the solution with the mass fraction of 10B between 160 
and 750 μg/g. 

Assuming that the uncertainty of WBA (the mass 
fraction of boric acid in its purposely prepared water 
solution) may be neglected, the relative standard de-
viations of WB10 (the mass fraction of 10B in boric acid) 
is δWB10 = δW. 

According to the above presented considerations, the 
optimized procedure for determining the mass fraction 
of 10B in some water solution of boric acid includes the 
following steps. 

Step 1. Carry out a brief counting experiment with 
the sample container filled with pure water to estimate 
roughly the counting rate I0. This step concerns only 
the very first use of the measurement device or the first 
use after its modification. Afterwards the value of I0 is 
known from earlier assays. 

Step 2. Carry out a brief counting experiment with 
the sample container filled with a given water solution 
of boric acid to estimate the counting rate I. Then es-
timate the ratio x = I/I0. 

Step 3. Determine the total time tt available to carry 
out both measurements of counting rates I and I0 (hint: 
to attain the relative standard deviation δW as shown in 
Fig. 3, a condition I0tt = 36 × 106 should be fulfilled). 
Then use the estimated value of x and Eq. (6) to divide 
in the best possible manner the total time tt into time 
intervals t and (tt – t) allocated to determine the counting 
rates I and I0, respectively. 

Step 4. Carry out the counting experiment over the 
time interval t with the sample of investigated water so-
lution of boric acid and determine the counting rate I. 

Step 5. Carry out the counting experiment over 
the time interval (tt – t) with the sample of pure water, 
determine the counting rate I0 and calculate x = I/I0.

Step 6. Use the boric acid standard to prepare its 
water solution with exactly known mass fraction of 10B 
(WS) within the range between 250 μg/g and 750 μg/g, 
preferably close to 250 μg/g. Then use the calibration 
curve to estimate the ratio y = IS/I0S corresponding to 
the value of WS and employ Eq. (6) to make the opti-
mum partition of the total time tt  into time intervals 
t and (tt – t) allotted to determine the counting rates IS 
and I0S, respectively. 

Step 7. Carry out the counting experiment over the 
time interval t with the sample of the water solution 
of the boric acid standard and determine the counting 
rate IS. 

Step 8. Carry out the counting experiment over the 
time interval (tt – t) with the sample of pure water, deter-
mine the counting rate I0S and calculate y = IS/I0S. 

Step 9. Determine the mass fraction of 10B (W) in the 
investigated water solution of boric acid with the use of 
Eq. (2). Then estimate the relative standard deviation 
δW  using formula (12). 

The procedure for determination of the mass fraction 
of 10B in some lots of boric acid starts with the careful 
preparation of the water solution of that boric acid. The 
mass fraction of 10B in this purposely prepared solution 
should fall between 160 μg/g and 750 μg/g. The procedure 

is then continued through steps 1–9 and finally the mass 
fraction of 10B in the given boric acid (WB10) is determined 
from Eq. (3). The relative standard deviation δWB10 is close 
to the value of δW estimated in Step 9. 

Conclusions 

An improved thermal neutron absorption technique 
to measure the mass fraction of 10B in water solution 
of boric acid has been elaborated. Its performance has 
been verified experimentally and by the Monte Carlo 
modelling with the use of MCNP-4C code and ENDF/B-
-VI.8.2 nuclear data library. An agreement between 
results of experiments and computer simulations has 
been achieved. 

MCNP modelling proved to be useful to optimize the 
measurement system. Computer simulations revealed 
that the polyethylene sample container in the shape of 
double-walled tube with the internal tube made of Teflon 
offered a distinct advantage over the sample container 
made wholly of polyethylene. With the use of the former 
one the mass fraction of 10B can be measured within a 
considerably wider range, at least up to 750 μg/g. 

The difference between results of MCNP calculation 
obtained for two versions of the measurement device 
appears to be consistent with the experimental evidence 
coming from earlier works. 

The measurement procedure for determination of 
the mass fraction of 10B in water solution of boric acid 
has been optimized both in respect of selecting the cali-
bration standard and partition of the total time available 
to measure the ratio of two counting rates. 

The measurement aimed at determining the mass 
fraction of 10B in some boric acid should be carried out 
with the use of the purposely prepared water solution of 
that boric acid. In order to minimize the uncertainty 
of the assay the mass fraction of 10B in this solution 
should be chosen between 160 and 750 μg/g. If the 
analysed boric acid is of stoichiometric purity, the isoto-
pic composition of boron can be derived from the mass 
fraction of 10B in this compound. 

The main advantages of the presented measurement 
technique are its simplicity and good precision. With the 
use of 1370 ml sample, 252Cf neutron source emitting 
about 2 × 107 neutrons/s and assuming 1 hour allotted 
to measure two counting rates, the relative standard 
deviation below 0.12% can be achieved for determina-
tion of the mass fraction of 10B in water solution of boric 
acid. The relative standard deviation of determining the 
mass fraction of 10B in boric acid has been estimated to 
be also below 0.12%. 

The presented technique could facilitate the control 
of 10B content in primary circuit coolants of nuclear 
reactors. In particular, it could be used for checking the 
actual mass fraction of 10B in lots of boric acid being 
delivered to nuclear power plants. In consideration of 
good precision and reliability the presented technique 
is suitable for preparing secondary standards for cali-
bration of instruments designed for on-line monitoring 
the content of 10B in reactor coolants. Other possible 
applications include determining the content of 10B in 
different compounds containing boron. 
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