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Abstract. For the health physicist, it is a difficult problem to deter-
mine the neutron dose equivalent. There are several different procedures
to solve such problem. In this paper the neutron fluence energy spec-
trum, the dose and the dose equivalent due to a C[-252 neutron source
are determined using a Bonner spheres spectrometer and the BUNKIUT
computer code,

PACS: 29.30.-h; 87.60.Mv

1. Introduction

It is difficult for the health physicist to establish the dose equivalent for radiation
fields where the major field component is neutrons [1,2]. In such cases several pro-
cedures have been proposed and many instruments have been built to detect the
neutrons in complex radiation fields [2-6]. This problem becomes quite important
in certain cases, where the neutron measurements are related with the neutron
radiation cancer studies treatment [6-10] and with calibration-rooms characteriza-
tion [11-16].

Cne of the most frequently used neutron detection system is the Bonner spheres
spectrometer [17-22], which in its original design consisted of a small SLil(Eu)
crystal detector, which could be positioned at the center of any five polyethylene
spherical moderators, 2 to 12 inches in diameter.

In this paper, the energy spectrum, the dose spectrum and the dose equivalent
is presented for measurements for a Californium-252 neutron source obtained using
a Bonner sphere spectrometer.
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2. Theory

As the neutrons traversing a moderating material undergo elastic and/or inelastic
scattering, they lose energy until they reach thermal equilibrium and eventually
are absorbed or leave the moderator [22-25]. This process is known as neutron
slowing down or moderation. Good moderating materials are hydrogen, deuterium,
beryllium and carbon, since they have high scattering to absorption cross section
ratios.

The response of a neutron detector system depends on the energy spectrum
fluence at the center of a moderator. If a neutron detector system is placed at
the center of a set of spherical moderators of different diameters, each detector-
moderator combination will have a different response as a function of neutron energy.

The response of each detector to a neutron spectrum, T(E), may be written as
a inhomogeneous Fredholm equation,

M= /:Q T(E)R;(E)dE, (1)

where M is the spectrum measured by the 7't detector, T(E) is the energy spectrum
of the neutron ficld and R;(E) is the absolute response for jth detector as a function
of neutron energy.

3. Experimental

The Bonner spheres spectrometer used in this experiment was a cylindrical shaped
SLil(Eu), 4 mm x 4 mm, scintillator crystal, which detects neutrons though the
nuclear reaction,

SLi(n,a) *H, Q =4.8 MeV,

the alpha particle produce a relatively large light output. This high Q-value nuclear
reaction, the relatively low density of ®LiI(Eu) and the small crystal dimension
result in high neutron-photon discrimination.

We used six different diameter polyethylene spheres and the ®Lil(Eu) scintillator
detector positioned at the center of the spheres. For each diameter we got foreground
and background measurements; for the last we used a set of shadowing cones. The
shadow cones were made of a stainless steel section followed by a paraffin and borax
mixture in order to attenuate all the neutrons coming directly from the neutron
source.

In order to align the Cf-252 neutron source and the detector, a laser alignment
system was used. In the Fig. 1 the experimental setup is shown.
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FIGURE 1. Experimental setup.

4. Results

In order to solve the inhomogeneous Fredholm equation in a discrete energy group
a computer code named BUNKIUT, a PC version adapted by N.E. Hertel of the
University of Texas [28] from the BUNKI by K. Lowry and T. Johnson [29], was
used.

The BUNKIUT code solves the next M linear equations in N unknowns, where
M is the number of detectors utilized and N is the number of points or intervals,
needed to define the spectrum. Thus Eq. (1) becomes

N
aj =zaana i =128 M), (2)

1=1

where a; is the count for the j' detector, o;; is the response of the j** detector

to the neutrons in the i*" energy interval and X; is the neutron fluence in the ith
energy interval.

To solve Eq. (2), BUNKIUT uses a 31-group response matrix, and outputs a
percent error that is the difference between the count rates predicted with the flux
solution and the measured count rates for each sphere added in quadrature. This
error is indicative of the consistency between the solution generated in the code and
the input data.

The experimental results are shown in the Table I, here the corrected count rate
was obtained by measuring the pulse height spectrum three times for each sphere,
obtaining the average and doing the correction for the background measured three
times as well. The total calculated fluence was 1.281 x 10* neutrons/cm?, the total
dose was 3.563 x 10™° ad while the total dose equivalent was 3.721 x 10~* rem. In
Table II, the data are were obtained from the computer code. In Fig. 2 the unfolded
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Bonner sphere diameter Corrected count rate
Detector (cm) (counts /sec)
Bare 0.00 950+ 3.08
1 5.08 117.35+ 10.83
2 7.62 761.20 + 27.59
3 12.70 2819.20 + 53.10
4 20.32 3368.60 £ 58.04
5 25.40 2672.40 £ 51.70
6 30.48 769.42 + 27.74
TaBLE 1. Experimental measurements obtained with different detector-neutron source combina-
tion.
Neutron energy Fluence Dose Dose equivalent
(MeV) (Neut/cm?) (Rad) (Rem)
4.140 x 10-7 3.802 x 10-! 2.000 x 10~3 376 x 1078
6.826 x 107 7.053 x 10~* 4.294 x 10713 8.689 x 10~13
1.445 x 10~¢ 1.315 % 10~ 8121 % 10~4 1.649 x 10713
3.059 x 10~ 7971 108 4.890 x 10-18 9.916 x 10-18
6.476 x 10~° 3.160 x 107 1.918 x 10~'6 JBTT x 1071°
1.371 x 10-5 8.137 x 10~° 4880 x 10718 9.854 x 10~18
2.902 x 1075 1.518 x 10-1'° 9.063 x 1020 1.814 x 10~-1°
6.144 x 10~° 2.664 x 10~!2 1.582 x 1072 3.141 x 10~%
1.301 x 1074 7.215 % 10— 4.251:x:10723 8.377 x 10~
2.754 x 10~4 2.819 x 10°18 1.606 x 10~ 3.166 x 10=%4
5.929 x 10~ 1.786 x 10-16 9.759 x 10~ 1.929 x 1028
1.234 x 1073 2.268 x 10~17 1.191 x 1072 2.359 x 10728
2.613 x 10~3 7.379 x 1072 3.800 x 10~%7 7.527 x 10~
5.531 x 10~3 6.300 x 10~1# 3.202 x 10-%7 6.350 x 10~27
1.71 x 10~2 1.671 x 10~7 8.422 x 10°%7 1.686 x 1026
2.479 x 1072 1.599 x 10~ 8.999 x 10~26 2421 x 10-%
5.247 x 10~2 8.187 x 10~ 5.435 x 10~ 2.200 x 10~
1.111 x 10~* 9.150 x 10-!2 7.180 x 102 4.369 x 10-2°
2.237 x 10! 9.381 x 10~° 9.738 x 10~15 7.785 x 10714
4.508 x 107! 5.087 x 10° 7.397 x 10~° 7.203 x 1078
9.072 x 10~? 6.785 x 10° 1.523 x.10-% 1.622 x 10-4
1.872 x 10° 5.082 x 103 2.038 x 10°% 2097 x 1074
3.679 x 10° 2.149 x 1073 9.067 x 102 8.584 x 107!
7.408 x 10° 7.595 x 1014 4.388 x 1022 3.093 x 10~
1.492 x 107! 1.561 x 10-23 1.034 x 1073 6.417 x 10~3!
2.81 x 10? 7.436 x 10~% 8.765 x 10738 3.239 x 10-3

TaBLE II. Fluence, dose and dose equivalent spectra calculated, from the experimental data, using
the Bunkiut computer code.

Californium-252 neutron energy spectrum is plotted. In Fig. 3 the dose and the dose

equivalent spectrum due to the neutron source are plotted.

5. Conclusions

Although the Bonner spheres spectrometer has inherently poor energy resolution,
the results shown herein indicate that it can reliably be used as neutron spectro-
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FIGURE 2. Unfolded fluence energy spectrum of 6 cm Californium-252 neutron source.
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FIGURE 3. Dose and dose equivalent spectrum of a Californium-252 neutron source.

meter. Compared with other detection systems such as foil activation detectors and
NE-213 spectrometers, for instance, the Bonner spheres spectrometer is easy to use.
The dose equivalent for any neutron source can also easily determined use Bonner
sphere spectrometers using the same procedure discussed here.

Acknowledgments

This work was supported in part by CONACYT, México (Refl: A128CCOE890589).



664

Héctor René Vega Carrillo et al.

References

1.

23.

24.
25.

26.
27.

29.

M.J. Engelke, “Neutron measurements using thermoluminescent dosimeters”, LA-
43385, UC-41 Health and Safety T1D4500 (1970).

N.E. Hertel and B.W. Wehring, Trans. Am. Nucl. Soc. 28 (1978) 620.

F. Hajnal et al., “Technique for determining moderated neutron instruments charac-
teristics”, HASL-222, US-AEC (1970).

R.E. Maerker et al., “Calibration of the Bonner ball neutron detector used at the
Tower shielding facility, ORNL-TM-3465 (1971).

G.F. Knoll, Radiation, Detection and Measurements, John Wiley & Sons. (1979) 517.
R.S. Caswell et al., Radiat. Protect. Dosim. 23 (1/4) (1988) 11.

H. Schraube et al., Radiat. Protect. Dosim. 23 (1/4) (1988) 217.

H.R. Vega C., Rev. Mez. Fis. 34 (1) (1988) 25.

D.E. Watt, Radiat. Protect. Dosim. 23 (1/4) (1988) 63.

. A. Mill, New Scientist (Nov. 1989) 56.
. C.M. Eisenhauer, Health Physics 11 (1965) 1145.
. C.M. Eisenhauer and R.B. Schwartz, “Analysis of neutron room return” PNL-5A-

9950 (1981) 171.

. 1.B. Hunt, Radiat. Protect. Dosim. 9 (2) (1984) 105.

. C.M. Eisenhauer et al., Radiat. Protect. Dosim. 10 (1-4) (1985).

. M. Ferreti et al., Radiat. Protect. Dosim. 19 (2) (1987) 85.

. C.M. Eisenhauer et al., Radiat. Protect. Dosim. 19 (2) (1987) 77.

. R.L. Bramblett et al., Nucl. Instr. Meth. 8 (1960) 1.

. T.W. Bonner, Nuclear Physics 23 (1961) 116.

. M.A. Gomaa and E. Moustafa, Nuel. Instr. Meth. 138 (1976) 379.

. W.H. Miller et al., Nucl. Instr. Meth. 208 (1983) 219.

. M. Awschalom and R.S. Sanna, Radiat. Protect. Dosim. 10 (1-4) (1985) 89.

. A.V. Aleura and B.R.L. Siebert, Physikalisch Technische Bundesanstalt, Bericht ND-

28 (1988) 1.

A.M. Weinberg and E.P. Wigner, The Physical Theory of Neutron Chain Reactors,
University of Chicago Press (1958).

J.R. Lamarsh, Nuclear Reactor Theory, Addison Wesley (1972).

J.J. Duderstadt and L.J. Hamilton, Nuclear Reactor Analysis, John Wiley & Sons
(1976).

L.L. Quirino T., G.F. Mireles y H.R. Vega C., Tesis de Licenciatura, Escuela de
Ingenieria de la Universidad Auténoma de Zacatecas, México (1981) p. 156.

H.R. Vega C. y J.F. Lugo R., Cuadernos de Investigacion de la UAZ No. 36 (1987).

. R.S. Hartley, Ph.D. Dissertation, The University of Texas at Austin (1987).

K.A. Lowry and T.L. Johnson, Health Physics 47 (4) (1984) 587.

Resumen. Existen diferentes procedimientos que se emplean en la
dosimetria de un campo mixto de radiaciones, pero el problema reviste
especial interés cuando el campo de radiacién es debido a neutrones.
Aqui se presentan los resultados obtenidos al determinar el espectro
en energia de la fluencia de neutrones, la dosis y la dosis equivalente
debida a una fuente de Californio-252 mediante el empleo del sistema
espectrométrico llamado esferas de Bonner y el uso de un programa de
computo denominado BUNKIUT.



