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Abstract. For the health physicist, it is a difficlllt prohlcm to dctcr.
mine the ncutron dose equivalent. There are s('v{'fal difrl'fl'ut prorcdures
to salve such problem. In this paper the ncutron ftllf'nc(' cllC'rgy SPC'C.
trum, the dose and the dose equivalent due to a Cr-252 neutron source
are determined using a Bonner spheres spf'ctromC'tcr ••ne! the BUNKIUT
computer codeo

PACS: 29.30.-h; 87.60.Mv

1. Introduction

It is dimcult for the heallh physicist to establish lhe dose ('<¡uiv••lcllt ror radialion
ficlds where the major ficld component is neutrons [1,2). In sllch casf'S se\'eral pro.
cedures have becn proposN and many inslrumenls have hecIl bllilt lo detcct the
neutrons in complex radialion fields [2-6). This problem becomes quite important
in cerlain cases, where the neulron measurements are relaled with tIJe neulron
radiation cancer studies lrealment [6-10] and wilh calibration-roolTls characteriza.
tion (11-16).

ene of the mosl frcqucntJy uscd neutron delection system is lllc Bonner spheres
spectrometer (17-22), which in ils original design consisted or a small 6LiI(Eu)
crystal detector, which could be positioned at the ceuter of any fivc polycthylcnc
spherical moderators, 2 lo 12 inches in diameter.

In this paper, the enp.rgy spectrum, the dose spectrum and the dose cquivalent
is presentcd for measurements for a Californium-252 ncutron SOUTceobtained using
a Banner sphere spcclrometer.
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2. Theory

As lhe nculrons traversing a moderaling material undergo elaslic and/or indaslic
scallering, lhey lose energy until lhey reach lhermal equilibrium and cvcntually
are ahsorbed or leave lhe moderalor [22-25). This process is known as neulron
slowing down or moderalion. Good moderating materials are hydrogen, dculerium,
beryllium and carbon, since lhey have high scallering lo absorption cross scdion
ralios.

The response of a neutron detedor system depends on the encrgy spedrum
fluence al the (enter of a rnoderator. If a neutron deleclor systcrn is placed at
lhe centcr of a sel of spherical rnoderators of ditrerent diamelers, c3ch detector.
moderator combination will have a ditrerent response as a funetion of neutron energy.

The response of ('ach detector to a neutron speclrum, T( E), may be written as
a inhomogeneous Fredholm equation,

(1)

whcre Alj is lhe spcctrum mC'asurcdby the ph detector, T( E) is the encrgy spectrurn
of the ncutron fidd ami Rj(E) is the absolule response Cor jth detector as a fundion
of neutron cnergy.

3. Experimental

The Bonncr sphcres spcdromcter uscd in lhis experimcnt was a cylindrical shapcd
6LiI(Eu), 4 mm x 4 mm, scintillalor cryslal, which detccls oeulroos lhough the
nuclear readion,

6Li(n,<» 'H, Q = 4.8 MeV,

the alpha particle produce a rclatively large light out pul. This high Q-value nuclear
reaction, the rdatively low dcosity oC 6Li/(Eu) and the small crystal dimeosion
result in high neulron-photon discrimination.

We used six ditrcrent diameler polyethylene spheres and the 6LiI(Eu) scintillator
detector positioncd at the center oC the sphercs. For each diameter we got Corcground
and background mcasurementsj for the last we used a sel oC shadowing cones. The
shadow eones were made oC a stainless stecl section followooby a paraffin and borax
mixture in order to allenuate all the neutrons coming directly from the neutron
source.

In order to align the CC-252 neutron source and the detector, a laser alignment
system was uscd. In the Fig. 1 the experimental sctup is shown.
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F'JOURE 1. Experimental setup.

4. Results

In arder to solve the inhomogeneous Frcdholm equation in a discretc energy gronp
a rompuler rode named BUNKIUT, a pe version adapled by N.E. Herlel o[ Ihe
Universily o[ Texas [281 [rom lhe BUNKI by K. Lowry and T. Johnson [29), was
used.

The BUNKIUT code solvcs the next Al linear equations in N unknowns, wherc
M is the number of detectors utilized and N is the nnmber of points or intervals,
needed lo define lhe spedrum. Thus Eq. (1) becomes

N

dj = LUijXi
i=l

(j = 1,2,3, ... ,M), (2)

where dj is the count for the pb detector, Uij is the response of the ph detector
lo the neulrons in the ¡th energy intcrval and Xi is the neutron fluenee in the ¡th
energy interva1.

To salve Eq. (2), DUNKIUT uses a 31.group response matrix, and outputs a
pereent error that is the difTerence between the eount rates predictcd with the flux
8OIution and the measured eount rates for each sphere added in f)uadrature. This
error is indicative of the consistcncy between the solution generated in the cocle and
lhe inpul dala.

The experimental results are shown in the Table 1, here tbc carreded count rate
was obtained by measuring the pulse hcight spectrum thrce times for each sphere,
obtaining the average and doing the eorrection for the background measured three
limes as well. The lolal calculaled Ouence was 1.281 x 10' neulrons/cm" lhe lolal
dose was 3.563 x 10-' ad while lhe lolal dose equivalenl was 3.721 x 10-' remo In
Table JI, lhe dala are were oblained [rom lhe rompuler codeo In Fig. 2 lhe un[olded
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Detector

Bare
1
2
3
4
5
6

Donuf'r splH'rc diRlHf'tpr
(cm)

0.00
508
7.62
12.70
2032
25.40
30..18

Corrf'df'tl COlll1tratf'
«("Ounls/st"c)

9.,0 ~ 308
lli.3!):! 10,83
761.20:! 27,59
2$1920:i:. rl:l.1O
33GR,GO:i:. rl~.O-1
2672.101. rll.70
769.12:i: 27.7.¡

TABLE 1. Experimenta! measureffi('nts obtailled .•••.ith differ('nt df'lf'dor.nf'lIlron SOIlt((' col1lhjna~
tion.

Neutroo cocq;r;y
(MeV)

4.140 x 10-7
6.826 X 10-7
1.445 X 10-6
3.059 X 10-6
6.476 X 10-6
1.371 X 10-!l
2.902 X 10-!l
6.144 x IO-~
1.301 X 10-4
2.754 X 10-4
5.929 X 10-4
1.234 X 10-3
2.613 X 10-3
5.531 X 10-3
1.71 X 10-2

2.479 X 10-2
5.247 x 10-2
1.111 X 10-1
2.237 X 10-1
4.508 X 10-1
9.072 X 10-1
1.872 x lO'
3.679 x lO'
7.408 x 10°
1.492 X 10-1
2.81 X 101

Fltwnce
(Neut/cm2)

3.802 x 10-1
7.053 X 10-4
1.315 X 10-4
7.971 X 10-6
3.160 X 10-7
8.137 X 10-9
1.518 X lO-lO
2.664 X 10-12
7.215 X 10-14
2.819 X IO-I~
1.786 X 10-16
2.268 x 10-17
7.379 x lO-la
6.300 x 10-1"
1.671 x 10-11
1.599 X 10-16
8.187 X IO-I~
9.150 X 10-12
9.381 X 10-6
5,087 x 100
6.785 X 103
5.982 X 103
2.1.¡9 X 10-3
7.595 X 10-14
1.561 X 10-23
7.436 X 10-27

Dos()
(11 • .1)

2.000 x 10-"
4.29.1 X 10-13
8.121 X 10-14
4.890 x 10-15
1.918 X 10-16
4.889 X 10-1"
9.063 X 10-20
1.582 X 10-21
4.251 X 10-23
1.606 x 10-24
9.759 X 10-26
1.191 X 10-26
3.800 X 10-27
3.202 X 10-21
8.422 x 10-21
8.999 x 10-26
5.435 X 10-24
7.180 X 10-21
9.738 x 10-15
7.397 X 10-9
1.523 x 10-'
2.038 x IO-~
9.067 X 10-12
4.388 X 10-22
1.034 X 10-31
6.765 X 1O-3!l

Dose f'(luivah'llt
(¡km)

.376 x 10-"
8.689 X 10-13
1.6.¡9 X 10-13
9.916 X 10-15
3.8n x 10-16
9.8:',1 x lO-la
1.8H x 10-19
3.1'11 X 10-21
8.377 x 10- 23

3.166 X 10-2'1
1.929 X 10-25
2.3.')9 x 10-26
7.527 X 10-27
6.350 X 10-27
1.686 X 10-26
2.421 X 10-25
2.200 x 10-23
4.369 X 10-20
7.785 x 10-14
7.203 x lO-e
1.622 x 10-4
2.097 x 10-4
8.58.1 x 10-11
3.093 X 10-21
6.417 X 10-31
3.239 x 10-3<1

TABLE 11. Fluence, dOReand dose l'qllivalent spf'ctra ca1clllated, rromlhc ('xp('rim('uta! data, lIsing
the Bunkiut computer codeo

Californium.252 neutron energy spcctrum is plottcd. In Fig. :3lhc <loseano thc closc
equivalent spcctrum due to the neutron source are plotled.

5. Condusions

Although the Donner spheres speclronwter has inhcrcntly poor cnergy resoiution,
the results sho••••.n hcrein indicate that il can reliably be used as ncutron spcctro-
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FIGURE 2. Unfoldcd fluence energy speetrum of 6 em Californium-252 neulron souree.
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F1GURF. 3. Dosc and dose equivaleut spectrllm of a Californillm-252 ueutron !lauree.

meter. Cornpared with other deteetion systems such as foil activation dclectors and
NE-213 spectroIllelcrs, for instance, the Bonncr spheres spcctrometcr is cas)"to use.
Thc do~c cquivalcnt for any neutron sourcc can also easily delermined use Bonner
sphcrc spectrometers using the samc proccdure discuSSN hcre.
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Resumen. Existen diferentes procedimientos que se emplean en la
dosimetría de un campo mixto de radi<U'iones, pero el prohlema reviste
especial interé-!;cuando el campo de radiación es debido a neutrones.
Aquí se presentan los resulta.dos obtenidos al determinar el espectro
en energía de la ftuencia de neutrones, la dosis y la dosis equivalente
debida a una fuente de Califomio-252 mediante el empleo del sistema
espectrométrico llamado esferas de Bonner y el uso dt>un programa de
cómputo denomina.do BUNKIUT.


