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Abstract This paper is aimed at detecting the neutron
spectrum of **! Am-Be, a widely used neutron source, with
the SP9 *He proportional counter, which is a multi-sphere
spectrometer system of eight thermal neutron detectors
embedded in eight polyethylene (PE) spheres of varying
diameters. The transport processes of a neutron in the
multi-sphere spectrometer are simulated using the Geant4
code. Two sets of response functions of the PE spheres are
obtained for calculating the *' Am—Be neutron spectrum.
Response Function 1 utilizes the thermal neutron scattering
model G4NeutronHPThermalScattering for neutron ener-
gies of < 4 eV, and Response Function 2 has no thermal
treatment. Neutron spectra of an **' Am—Be neutron source
are measured and compared to those calculated by using
the response functions. The results show that response
function with thermal treatment is more accurate and closer
to the real spectrum.
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1 Introduction

Neutron spectrum spans a vast energy region from 10~
to 10° eV. The **' Am—Be neutron source is a widely used
neutron source [1]. The o particles emitted by **' Am react
with Be to generate neutrons. An **' Am—Be neutron source
is featured by its long life, simple protection, stable neutron
emission, moderate size, and low y-ray energy in the decay
of **'Am. It is of significance to detect the neutron spec-
trum of a 2*' Am—Be source [2, 3], using the Bonner sphere
made of polyethylene (PE) with copper or lead inlets [4-7].
Their responses to high-energy neutrons increase with the
cross sections of copper and lead, but low-energy neutrons
are absorbed after moderation. The pure PE spheres with
thermal neutron detectors can detect lower-energy
neutrons.

In this paper, we present a multi-sphere spectrometer
system to detect the neutron spectrum of **' Am—Be. This is
the SP9 *He proportional counter consisting of eight ther-
mal neutron detectors in eight pure PE spheres (PSs) of
varying diameters [8—11]. Response functions of the eight
PSs, as the key to calculating the **'Am-Be neutron
spectrum, are calculated by using Geant4 simulations with
thermal neutron scattering model G4NeutronHPTher-
malScattering enabled and disabled. The counting rate is
measured, and finally, the **' Am—Be neutron spectrum is
calculated.
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2 The simulation
2.1 Theory

Neutrons are slowed down to thermal neutron by elastic
collisions with hydrogen atoms of the PSs, as the cross
section for hydrogen is larger than those for carbon. The
reaction, 3He(n, p)T (Q = + 764 keV), has a good cross
section to thermal neutrons. He proportional counter is
usually used for detecting the thermal neutrons because of
its total cross sections [12] and low sensitivity to y-rays.
For the eight PSs of different diameters, the response
function of the ith PS is R;(E) and the fluence of the neutron
spectrum to be tested under different energy is ®(E)
[13-16]. The count value N; of the ith PS is

Ni:/di(E)R,-(E)dE, i=1,2,...8 (1)

So, N; can be obtained by the experiment and the
response function R;(E) is obtained by Geant4 simulation,
which is the key to calculating the **'Am-Be neutron
spectrum. The calculated response functions of the eight
PSs are only applicable for the multi-sphere spectrometer
in this paper.

2.2 Geant4 model

Geant4 [17-19] is a toolkit for simulating the passage of
particles through matter. Its areas of application include
high-energy, nuclear and accelerator physics, and studies in
medical and space science as well. The Geant4 version
Geant4.9.6 is used in this paper. The SP9 *He detector is
sensitive to thermal neutrons. The corresponding Geant4
models [20-22] of interaction between neutron and matter
are shown in Table 1. The G4NeutronHPThermalScatter-
ing model includes a thermal treatment below 4 eV. In all

Geant4 versions, the user must first download the high-
precision neutron data files from the Geant4 Web page to a
local directory (G4NDL/) when they want to use the high-
precision neutron models.

2.3 Simulation

The outside diameters of the eight PSs are 4", 5", 6", 7",
8”,9”, 10", and 12". The SP9 *He proportional counter is
33 mm in diameter (the spherical part) and 134 mm in total
length. It is operated at 800-900 V with a neutron sensi-
tivity of 8 cps for 3.2 mrem/h. Figure 1 shows the
arrangement of PS and the SP9 *He proportional counter.

For smaller-diameter PSs, low-energy neutrons are slo-
wed down after elastic scattering, but they still have high
probabilities to reach the PS center and be detected, while
high-energy neutrons still have high energy after moder-
ating and tend to escape the PS. For larger-diameter PSs, a
large number of low-energy neutrons are absorbed after
moderation, while high-energy neutrons are slowed down
to thermal energies, which still have high probabilities to
reach the PS center and be detected. The degree of neutron
moderation depends on the PS diameter. The neutron
response of each PS is unique.

A general **'Am-Be neutron source is used. The
response functions can be obtained in the simulation by
using a number of different concrete neutron energies. The
response function simulation of Geant4 is shown
schematically in Fig. 2. Eight SP9 “He proportional
counters are arranged around the neutron source, with a
distance of 40 cm between SP9 *He proportional counter
and neutron source. In the Geant4 simulation, ten million
neutrons are simulated for each energy point.

Eight sets of counts of PS at different energies are
obtained by simulating the response function of the PSs.
The response functions with and without thermal treatment

Table 1 Geant4 physics models including various models for high-energy physics processes

Process Geant4 model Energy (GeV) Cross section data
Minimum Maximum
Elastic G4NeutronHPThermalScattering 0 4eV G4ThermalScatteringDataset
G4NeutronHPElastic 0 0.02 G4HadronElasticDataSet
G4hElasticCHIPS 0.0195 100,000 G4CHIPSElasticXS
Inelastic G4NeutronHPInelastic 0 0.02 G4NeutronHPInelasticData G4HadronInelasticDataSet
G4LENeutronInelastic 9.5 25 G4NeutronHPInelasticData G4HadronlnelasticDataSet
Capture G4NeutronHPCapture 0 0.02 G4HadronCaptureDataSet G4NeutronHPCaptureData
G4LCapture 0.0199 20,000 G4HadronCaptureDataSet G4NeutronHPCaptureData
Fission G4NeutronHPFission 0 0.02 G4HadronFissionDataSet G4NeutronHPFissionData
G4LFission 0.0199 20,000 G4HadronFissionDataSet G4NeutronHPFissionData
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Fig. 1 Schematic of PS and SP9 *He proportional counter part

Fig. 2 (Color online) Schematic diagram of the Geant4 simulation

are shown in Fig. 3. The response functions of smaller-
diameter PSs have a peak in the low-energy region, and the
peak position moves toward high-energy region as the PS
diameter increases.

Also, the response functions with thermal treatment
have far higher counts than those without thermal treat-
ment. The use of the G4NeutronHPThermalScattering
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thermal mode in Geant4 simulation slows down the neu-
trons in PS more effectively, which is critical for the
neutron capture interaction that leads to different count
measurements, hence the higher counts with the thermal
treatment.

3 The measurement

The simulated response functions are usually validated
by measuring an **' Am-Be neutron source [23-26]. The
'Am-Be neutron source we used was produced by
Institute of Atomic Energy of China in 1978, numbered as
0078AB473395, with an activity of 2.0 x 10® Bq. The
neutron spectra specified by International Standard ISO
8529-1 were used (from thermal to 20 MeV) [27-29] for
the **'Am-Be simulation and measurement. Figure 4
shows the eight PSs surrounding the neutron source.

The SP9 *He detector had been tested with '*’Cs or ®°Co
v-ray sources by amplitude discrimination. No waveforms
were viewed on an oscilloscope, indicating that the energy
deposition of a y-photon in the SP9 *He detector was much
smaller than that of a neutron. So, we discriminated y from
neutrons only with the amplitude in the main electronics
system.

Neutron counts of the eight PSs were measured at 662,
1959, 2367, 1768, 1717, 1161, 1077, and 534 for 12", 10",
9", 8", 7", 6", 5", and 4" PSs, respectively.

With the simulated response functions, the 2lAm Be
neutron source spectra were calculated by Eq. (1). Two
spectra calculated by the two sets of response functions are
shown in Fig. 5. (The inset shows the neutron spectra of
2-11 MeV).

The RMS difference is 0.666 between the spectra cal-
culated with thermal treatment and evaluated with
ISO8529-1, and the RMS difference is 1.323 between
spectra calculated without thermal treatment and evaluated
with ISO8529-1. In Fig. 5, the spectrum calculated with
thermal treatment is more accurate in high-energy region.
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Fig. 3 (Color online) Response function without (a) and with (b) thermal neutron scattering model G4NeutronHPThermalScattering
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Fig. 5 (Color online) Neutron source spectra of the **'Am-Be
evaluated by ISO 8529-1 (filled square), and simulated with (filled
triangle) and without (filled circle) 4 eV neutron process. Bg is the
spectral source strength, and E,, is neutron energy

The results indicate that neutron scattering model
G4NeutronHPThermalScattering below 4 eV is indispens-
able for the response function simulation.

4 Conclusion

Two sets of response functions for an eight-PE-sphere
spectrometer to detect neutron spectrum of **' Am-Be are
simulated, by using the scattering model of G4Neu-
tronHPThermalScattering with and without thermal treat-
ment (<4 eV). From the neutron spectra of 24 Am-Be
measured with the eight PSs, the response function with
thermal treatment is closer to the spectrum evaluated by
ISO 8529-1. Therefore, the thermal model of G4Neu-
tronHPThermalScattering is more appropriate within the
limits of this particular response function in this paper.

@ Springer

References

1. Y.M. Li, J.X. Chen, G.H. Zhang et al., Study of physical char-
acteristics for compressed-mixture type 2*!Am O,—Be neutron
source. At. Energy Sci. Technol. 47, 1-6 (2013). https://doi.org/
10.7538/yzk.2013.47.01.0001. (in Chinese)

2. L. Shi, G.F. Jing, Thermal neutron irradiation position selection
of sample for Am-Be neutron source. Nucl. Electr. Detect.
Technol. 31, 71-72 (2011). https://doi.org/10.3969/].issn.0258-
0934.2011.01.017. (in Chinese)

3. F.Y. Shi, J.Y. Ma, J.W. Zhao et al., Experiment and simulation of
measuring grease stain thickness in pipeline by using scattered
neutrons. Nucl. Electr. Detect. Technol. (2009). https://doi.org/
10.3969/j.issn.0258-0934.2009.06.020. (in Chinese)

4. RM. Howell, E.A. Burgett, B. Wiegel et al., Calibration of a
Bonner sphere extension (BSE) for high-energy neutron spec-
trometry. Radit. Meas. 45, 1233-1237 (2010). https://doi.org/10.
1016/j.radmeas.2010.09.003

5. F. Fernandez, K. Amgarou, C. Domingo et al., Neutron spec-
trometry in a PET cyclotron with a Bonner sphere system. Radiat.
Prot. Dosim. 126, 371-375 (2007). https://doi.org/10.1093/rpd/
ncmO077

6. B. Wiegel, A.V. Alevra, NEMUS—the PTB neutron multisphere
spectrometer: Bonner spheres and more. Nucl. Instrum. Methods
A 476, 3641 (2002). https://doi.org/10.1016/S0168-
9002(01)01385-7

7. C. Birattari, E. Dimovasili, A. Mitaroff et al., A Bonner sphere
spectrometer with extended response matrix. Nucl. Instrum.
Methods A 620, 260-269 (2010). https://doi.org/10.1016/j.nima.
2010.04.033

8. D.J. Thomas, A.V. Alevra, Bonner sphere spectrometers—a
critical review. Nucl. Instrum. Methods A 476, 12-20 (2002).
https://doi.org/10.1016/S0168-9002(01)01379-1

9. T. Ogata, S. Kudo, Y. Watanabe et al., The Calibration of Bonner
sphere spectrometer. Radiat. Prot. Dosim. 146, 107-110 (2011).
https://doi.org/10.1093/rpd/ncr123

10. V. Lacoste, V. Gressier, J.L. Pochat et al., Characterization of
Bonner sphere system at monoenergetic and thermal neutron
fields. Radiat. Prot. Dosim. 110, 529-532 (2004). https://doi.org/
10.1093/rpd/nch279

11. S. Agosteo, E. Dimovasili, M. Silari et al., The response of a
Bonner sphere spectrometer to charged hadrons. Radiat. Prot.
Dosim. 110, 161-168 (2004). https://doi.org/10.1093/rpd/nch187

12. A.V. Alevra, D.J. Thomas, Neutron spectrometry in mixed fields:
multisphere spectrometers. Radiat. Prot. Dosim. 107, 37-72
(2003). https://doi.org/10.1093/oxfordjournals.rpd.a006388

13. D.Z. Ding, C.T. Ye, Z.X. Zhao et al., Neutron Physics—The
Principle, Method and Application (I) (Atomic Press, Boston,
2005), p. 141. (in Chinese)

14. C. Pioch, V. Mares, W. Ruhm, Influence of Bonner sphere
response functions above 20 MeV on unfolded neutron spectra
and doses. Radiat. Meas. 45, 1263-1267 (2010). https://doi.org/
10.1016/j.radmeas.2010.05.007

15. V. Mares, G. Schraube, H. Schraube, Calculated neutron response
of a Bonner sphere spectrometer with *He counter. Nucl. Instrum.
Methods A 307, 398-412 (1991). https://doi.org/10.1016/0168-
9002(91)90210-H

16. S. Garny, V. Mares, W. Riihm, Response functions of a Bonner
sphere spectrometer calculated with GEANT4. Nucl. Instrum.
Methods A 604, 612-617 (2009). https://doi.org/10.1016/j.nima.
2009.02.044

17. J. Allison, K. Amako, J. Apostolakis et al., Geant4 developments
and applications. IEEE Trans. Nucl. Sci. 53, 270-278 (2006).
https://doi.org/10.1109/TNS.2006.869826


https://doi.org/10.7538/yzk.2013.47.01.0001
https://doi.org/10.7538/yzk.2013.47.01.0001
https://doi.org/10.3969/j.issn.0258-0934.2011.01.017
https://doi.org/10.3969/j.issn.0258-0934.2011.01.017
https://doi.org/10.3969/j.issn.0258-0934.2009.06.020
https://doi.org/10.3969/j.issn.0258-0934.2009.06.020
https://doi.org/10.1016/j.radmeas.2010.09.003
https://doi.org/10.1016/j.radmeas.2010.09.003
https://doi.org/10.1093/rpd/ncm077
https://doi.org/10.1093/rpd/ncm077
https://doi.org/10.1016/S0168-9002(01)01385-7
https://doi.org/10.1016/S0168-9002(01)01385-7
https://doi.org/10.1016/j.nima.2010.04.033
https://doi.org/10.1016/j.nima.2010.04.033
https://doi.org/10.1016/S0168-9002(01)01379-1
https://doi.org/10.1093/rpd/ncr123
https://doi.org/10.1093/rpd/nch279
https://doi.org/10.1093/rpd/nch279
https://doi.org/10.1093/rpd/nch187
https://doi.org/10.1093/oxfordjournals.rpd.a006388
https://doi.org/10.1016/j.radmeas.2010.05.007
https://doi.org/10.1016/j.radmeas.2010.05.007
https://doi.org/10.1016/0168-9002(91)90210-H
https://doi.org/10.1016/0168-9002(91)90210-H
https://doi.org/10.1016/j.nima.2009.02.044
https://doi.org/10.1016/j.nima.2009.02.044
https://doi.org/10.1109/TNS.2006.869826

Geant4 simulation of multi-sphere spectrometer response function...

Page 5of 5 174

18.

19.

20.

21.

22.

23.

S. Agostinelli, J. Allison, K. Amako et al., Geant4—a simulation
toolkit. Nucl. Instrum. Methods A 506, 250-303 (2003). https://
doi.org/10.1016/S0168-9002(03)01368-8

Geant4 Collaboration, Geant4 User’s Guide for Application
Developers. Geant4 9.6.0 (2012)

M. Jamil, H.Y. Jo, J.T. Rhee et al., Geant4 Monte Carlo simu-
lation response of parallel plate avalanche counter for fast neu-
trons detection. Radiat. Meas. 47, 277-280 (2012). https://doi.
org/10.1016/j.radmeas.2012.02.009

T. Tiseanu, G. Decker, W. Kies, A Monte-Carlo technique for the
reconstruction of time dependent spectra of short-pulse neutron
sources. Nucl. Instrum. Methods A 373, 73—-80 (1996). https://doi.
org/10.1016/0168-9002(95)01513-2

Geant4 Model/Process Catalog. http://Geant4.cern.ch/support/
proc_mod_catalog/index.shtml

S. Chatterjee, A.K. Bakshi, S.P. Tripathy, Calculation of response
matrix of CaSO4: dy based neutron dosimeter using Monte Carlo
code FLUKA and measurement of >*'Am-Be spectra. Nucl.
Instrum. Methods B 268, 2825-2830 (2010). https://doi.org/10.
1016/j.nimb.2010.06.031

24.

25.

26.

217.

28.

29.

H.R. Vega-Carrillo, E. Manzanares-Acufia, A.M. Becerra-Fer-
reiro et al., Neutron and y-ray spectra of >*°PuBe and **' AmBe.
Appl. Radiat. Isotopes 57, 167-170 (2002). https://doi.org/10.
1016/S0969-8043(02)00083-0

Methods to Identify and Locate Spent Radiation Sources (Inter-
national Atomic Energy Agency, Vienna, 1995)

S.P. Tripathy, A.K. Bakshi, V. Sathian et al., Measurement
of ' Am-Be spectra (bare and Pb-covered) using TLD pairs in
multi-spheres: spectrum unfolding by different methods. Nucl.
Instrum. Methods A 598, 556-560 (2009). https://doi.org/10.
1016/j.nima.2008.09.027

International Standard ISO/DIS 8529-1, Part 1: Characteristics
and Methods of Production, March 27 (2000)

J.W. Marsh, D.J. Thomas, M. Burke, High resolution measure-
ments of neutron energy spectra from Am-Be and Am-B neutron
sources. Nucl. Instrum. Methods A 366, 340-348 (1995). https://
doi.org/10.1016/0168-9002(95)00613-3

Americium-241 beryllium neutron sources. GB/T 12714 (2009),
ICS 27.120.99

@ Springer


https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.radmeas.2012.02.009
https://doi.org/10.1016/j.radmeas.2012.02.009
https://doi.org/10.1016/0168-9002(95)01513-2
https://doi.org/10.1016/0168-9002(95)01513-2
http://Geant4.cern.ch/support/proc_mod_catalog/index.shtml
http://Geant4.cern.ch/support/proc_mod_catalog/index.shtml
https://doi.org/10.1016/j.nimb.2010.06.031
https://doi.org/10.1016/j.nimb.2010.06.031
https://doi.org/10.1016/S0969-8043(02)00083-0
https://doi.org/10.1016/S0969-8043(02)00083-0
https://doi.org/10.1016/j.nima.2008.09.027
https://doi.org/10.1016/j.nima.2008.09.027
https://doi.org/10.1016/0168-9002(95)00613-3
https://doi.org/10.1016/0168-9002(95)00613-3

	Geant4 simulation of multi-sphere spectrometer response function and the detection of 241Am--Be neutron spectrum
	Abstract
	Introduction
	The simulation
	Theory
	Geant4 model
	Simulation

	The measurement
	Conclusion
	References




