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Simulated Neutron Response Functions of Phoswich-Type Neutron Detector
and Thin Organic Liquid Scintillator
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Neutron response functions of a phoswich neutron detector and thin organic liquid scintillator were simulated using
the multi-purpose Monte Carlo code MCNPX, incorporating functions of light outputs, energy resolutions, and unifor-
mity of scintillation. The simulated response functions were verified by response-function measurement for high-energy
neutrons produced by bombarding thin lithium targets with 10- to 80-MeV protons. Our procedures can simulate the
response functions of the organic liquid scintillator and the phoswich neutron detector without limits of neutron ener-
gies, materials, or geometries. Based on the evaluated neutron response functions, we obtained neutron energy spectra
using an unfolding method. One is the high-energy neutron spectrum at the aviation altitude, 10.8 km, and the other is
at an intense fast neutron field for biological study in the National Institute of Radiological Sciences.

KEYWORDS: neutron, response function, simulation, MCNPX code, phoswich-type detector, thin organic
liquid scintillator, aviation altitude, intense neutron beam, light output

I. Introduction tron field for biological study in the National Institute of Ra-

. iological Sciences (NIRS).Liquid scintillator with 5.08 cm

Humans can be exposed to neutrons in several types of radi- . .
L L . ength and 5.08 cm diameter is usually used to measure fast
ation fields, such as at aviation altitudes, 10-12 km above the : o
) L i ; neutrons, but this scintillator cannot measure neutron events
earth, in radiation fields produced using accelerated bearTJSrider intense neutron beams due to pile-up phenomena and
around reactors, and from secondary neutrons produced dfitt X 2AT T I SRR T B D tor
ing charged-particle radiation therapy. It is important to mea- 9 q o 19
. L . was selected to measure neutrons without pile-up phenomena.
sure neutrons in these radiation fields for the protection of t :
. . 'e show the procedure to obtain the neutron response func-
public and of radiation workers. Because neutrons are mea-

N . t|?ns of two types of the neutron detectors using the MCNPX
sured indirectly, we have to evaluate response functions 0
. .. code.

neutron detectors to obtain neutron energy spectra, but it is
impossible to measure all of the energies in which we are ir|1r
terested with high accuracy. In place of measurements, the
specific codes SCINFUL and NRESP are widely used to 1. Phoswich-Type Neutron Detector
obtain the neutron response functions of the organic liquid : :

. . The phoswich neutron detector consists of an EJ309 or-
scintillators. The SCINFUL and NRESP codes simulate eney-, P

. : ) A o anic liquid scintillator, 121.7 mm in diameter and 121.7 mm
gies deposited by neutrons in the liquid scintillator cell. Othelong, covered with a 15-mm-thick EJ299-13 plastic scintil-

complex geometries, coincidence and anti-coincidence metI for, as shown irFig. 1(2)+® The EJ309 can discriminate

ods, or r(,aJlatetd rgat:arlalsaarl\e/lgﬁtgbrfatgd. IV\ie ‘t':lhpply the mu'Bétween neutrons and photons using particle-dependent pulse
purpose ionte L.ario code 0 simuate the response shapes, while the EJ299-13 emits scintillation with a long de-
functions of neutron detectors with complex geometries. Ig y time, 285 nsec, which is much longer than that of the
this study, the neutron response functions for two types %F ’ i

tron detect imulated. One i h oh-t J309, 3.5 nsec. The phoswich detector can measure neu-
heutron detectors are simulated. ©ne IS a phoswIC-ype ey, oy photon events separately from proton events using

tr:)rzjdgiﬁctor cot_nS|s_t|ng dOf two typ:ﬁs;f_?ﬁlnt|lrllator§ a;]n((j:i ?pet varticle-dependent pulse shapes of the inner and outer scintil-
ated with an anti-coincidence method. The phoswich detectph, o 5 high altitudes, where cosmic rays of neutrons, pho-

measured the high-energy neutron spectrum at the aviation ns, protons, and other particles coexist. The EJ309 liquid

. ) .
titude, 10.8 knf! In low fluxes of high energy neutrons atscintillator is harmless and biodegradable, and it does not

high altitudes the phoswich detector was selected 1o Obta(E'Fﬁemically react with the plastic scintillator because of its

the neutron energy spectra under limit of experimental are@Omposition of alkylated naphthalene. The scintillator unit is

The other is a thin organic liquid scintillator, which measure{suOupled with a 120-mm-diameter photomultiplier, the R1250
fast neutron energy spectra under an intense irradiated n«w— Hamamatsu Photonics K.K., Japan, via an,acrylic Iigh';
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Fig. 1 Configurations of the neutron detector: (a) Phoswich-type neutron defe@dihin organic liquid scintillator.

2. Thin Organic Liquid Scintillator tor by particles, different from other tallies. The wall ef-

The thin organic liquid scintillator consists used in thidects were considered as the anti-coincidence of particle en-
study was the EJ-399-06, a naphthalene-based organic IR{9Y deposition in the inner liquid and outer plastic scintil-
uid scintillator, 5.08 cm in diameter and 1.27 cm long, ators. For the thin organic liquid scintillator, the deposited
shown in Fig.1(b). The sensitivity of the neutron detectorenergies in the liquid cell were scored without the coinci-
should be minimized to measure neutrons under intense nélgnce method. The energies deposited by charged particles in
tron fields. Also, gamma sensitivity should be decreased. fRe simulation were converted to the light output of electron
this study, the detector sensitivities to neutrons and photoRguivalent in MeVee (MeV electron equivalent). The neutron
were decreased by reducing the scintillator length. The sciRL0SS sections greatly influence the accuracy of the calcula-
tillator is attached to a 5.08-cm-diameter photomultiplier, théon by the Monte Carlo code. The JENDL/HE (Japanese
R329-02 by Hamamatsu Photonics K.K. Like the EJ-309 scirFvaluated Nuclear Data Library/High Energy Fllgjompiles
tillator, the EJ-399-06 scintillator is harmless and biodegradleutron cross section data for secondary particle productions
able, and it can perform particle discrimination. SpecificatProtons, deuterons, tritons, helium-3ions, and helium-4 ions)
tions of the EJ-399-06 and the EJ-309 are comparethin from light mass targets from 20 MeV up to 3 GeV, but below
ble 1, referred from ELJEN Technology, TX, USA. The den-20 MeV no secondary particles are produced. In this study,
sity is 0.90 g/cr, and the ratio of hydrogen to carbon is 1.61from 20 MeV to 3 GeV, JENDL/HE File is selected and below
The density of the EJ-399-06 is smaller than that of the E20 MeV the LA150 neutron data librabywas used, because
309, while the ratio of hydrogen to carbon of the EJ-399-06 e LA150 library compiles charged particle productions (pro-
larger than that of the EJ-309. The absolute light output of tH&ns, deuterons, and helium-4 ions) from carbon nuclei below
EJ-399-06 is 20% smaller than that of the EJ-309. 20 MeV.

2. Light Output of Organic Liquid Scintillators

The energies deposited in the liquid scintillator scored in
Properties EJ-309 EJ-399-06 the simulation have to be converted to the light output. Here,
the light outputs of protons, deuterons and helium-4 ions were
measured at the NIRS cyclotron facility. The light outputs of

Table 1 Specifications of organic liquid scintillators.

Photons prod. by 1 MeV elect. 11,500 9,200

ng;;tt;e?g /ICengg)gth % ; 6r2 = 03 ;081 the EJ-309 were obtained by injecting protons up to 70 MeV,
’ ) MeV, helium-4 i 100 MeV
Ratio of H {0 C 105 161 deuterons up to 50 MeV, and helium-4 ions up to 100 Me

into the EJ-309 scintillator, while those of the EJ-399-06 were
measured from protons recoiled by neutrons, which were pro-
duced by bombarding thin lithium targets with 10-MeV pro-
lll. Simulation of Neutron Response Functions tons using the time-of-flight (TOF) methogigure 2 shows

the measured particle light outputs of (a) the EJ-309 and (b)
. . . the EJ-399-06. The light output of the EJ-399-06 scintillator
Neutron response functions were simulated with the MGgoo g 15 pevee smaller than that of the EJ-309 scintillator.

NPX qute Carlo transport code version 26 Al partICIeSI'he light output valuesl,,,, are fitted to following equation:
created in the detector by neutrons, including neutrons, pro-

tons, deuterons, tritons, helium-3 and helium-4 ions, pho- L,=axE,—bx (1 —exp(—cx E,)) (1)

p P p))
tons, and electrons, were transported down to 100 keV. The
deposited energies of the created charged particles for twdereE, is the particle energy, and b, andc are constants.
phoswich detector that were scored in the inner liquid an@lhe coefficients of protons are summarizedatle 2. Proton
outer plastic scintillators of the phoswich detector were olenergies are extended up to 215 MeV for the EJ-309 scintilla-
tained using a pulse-height tally (tally-8) in the MCNPX codetor. The light outputs of triton and helium-3 ions are deduced
which provides the energy distribution created in the detedrom those of deuteron and helium-4 ions, respectively, using

1. Monte Carlo Simulation
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Fig. 2 Light output emitted from organic liquid scintillators: (a) Phoswich-type neutron det@atoy, Thin organic liquid
scintillator.

energy resolution& L/ L for neutron energy,, are obtained

Table 2 Coefficients of proton light-output equation N £ om this equation:

Eq. 1)

Scintillator | a (MeVee/MeV) b (MeVee) ¢ (1/MeV) AL/L=a+bx \/E,+cxE}, (2)

EJ-399-06 0.766 2.89 0.187 wherea, b, andc are constants, described in Ref. 6). The
EJ-309 0.646 1.479 0.393 coefficientss, b, andc were determined to be 0.0 MeV, 0.2443

Iv/MeV, and 0.03514 /Me¥, respectively. Three coefficients

were obtained by fitting experimental energy resolutions.
the coefficients provided by MouatassfimThese equations

for each particle and scintillator were used to convert the d@: Uniformity of Light Collection
posited energy to the light output in the response simulation.
Here, the deposited energies of full stopped and transmitt%ﬂ
particles were assumed to produce same light outputs.

Scintillation is attenuated in the cell in a pathway to the
otocathode. The uniformity of light collection in a large
cell of the liquid scintillator should be considered in the re-
i sponse calculation. The variation of light collection efficiency
3. Energy Resolution was measured in a phoswich detector using 70-MeV proton
The response functions are spread by energy resolutionsgfams incident to the side wall of the detector at the NIRS cy-

the neutron detectors. The energy resolutions of the organifptron facility. Measured light outputs(t) are represented
liquid scintillators NE213 and BC501A were reported to beys follows:

around 10%) However, those of the phoswich neutron detec-

tor and the thin scintillator have not yet been obtained. We L(t) = a; x exp(—t/b) + as x exp(—(2 —t)/b),  (3)
obtained the energy resolutions by fitting recoil-proton edges

in the neutron response functions to a Gaussian distributionherea; and a, are constant coefficient$,is the attenua-
The energy resolution of the phoswich neutron detector wai®n length, and is the length of the liquid scintillator cell,
12-13% full width at half maximum (FWHM) at the neutron 121.7 mm. The equation consists of two exponential formulas
beams of the 80-MeV p-Lireactions; on the other hand, a peakth different scintillation pathways: one is the direct path,
of 80-MeV protons indicated 4% FWHM. The neutron energy, and the other is the reflection at the top face of the liquid
resolution was three times broader than that of the proton eseintillator, 2/ — ¢. The attenuation lengtty, was 370 mm.
ergy resolution due to the uniformity of the position of protorMaximum scintillation attenuation was observed to be 16% at
and neutron interactions in the scintillator, whereas the nethe top face of the scintillator. In this experiment, there was
tron interaction positions are scattered throughout the scinegligible scintillation attenuation in cells less than 1.5 cm
tillator. The energy resolutions of the thin scintillator werdong. The uniformity of scintillation in large cells was con-
around 15% FWHM for 8-MeV neutrons. The energy resolusidered in the response simulation by assigning each ratio of
tions are worse than those of the NE213 and the BC501A. Tiseintillation attenuation to divided scintillator cells.
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\ (b) Thin organic liquid scintillator
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Fig. 3 Simulated and measured response functions for 0-degree incidence with respect to the detector axis of (a) the phoswicl
neutron detector to neutrons produced by bombarding a thin lithium target with 70-MeV Ratodgb) the thin organic
liquid scintillator in the case of 8-MeV neutrons selected by the TOF method.

IV. Comparison Between Simulation and Measure- ondary particle productions from carbon nuclei with around
ment of Neutron Response Functions 20% .accuracy..Our procedure to obtain the neutron response
] functions can simulate the response functions of the phoswich
The neutron response functions were measured to verifisiron detector. The SCINFUL code is widely used to ob-
the simulated response functions with the MCNPX code, ingin neutron response functions of liquid and plastic scintil-
cluding the functions of light outputs, energy resolutions, anhors. Simulated neutron response function using the SCIN-
scintillation uniformity. The neu.tron response fgnchons OFUL code was, also, plotted as red solid line. Here, only liquid
the detectors were measured using several quasi-monoeneigiillator was simulated without the outer plastic scintillator
neutron beams produced by bombarding thin Li targets with,y anti-coincidence mode. The SCINFUL code simulates

10- to 80-MeV protons. Neutron energies were identified witQjijar response functions with the MCNPX code but shows
the TOF method for the thin scintillator, though the neutroyo, smaller recoil-proton edge.

energies were not identified for the phoswich neutron detector

due to limits of data acquisitiorfigure 3(a) shows the neu-

tron response functions of the phoswich neutron detector for 0

degrees with respect to the detector axis to neutrons producedigure 3(b) shows the response functions of the thin or-
by bombarding the thin lithium target with 70-MeV protons.ganic liquid scintillator. The measured response functions
Angular neutron response functions were also measured awkre normalized to the simulation around the continuum of
45, 90, and 180 degrees with respect to the detector axis. Tiulse heights, indicated with the arrow. Below a 1.4 MeVee
black solid line in the figure shows the simulated respons® pulse height was obtained due to short beam repeat. The
function, and open and closed circles show the measured simulation shows proton and electron pulse heights in the re-
sponse functions. The MCNPX code considering the functiosponse function. From the comparison with the experimen-
of light outputs, energy resolutions, and uniformity of lighttal results, the simulated response functions were verified to
outputs can simulate the neutron response functions well. Thbtain the neutron response functions up to 8 MeV. By mak-
measured response functions were normalized to the simulag liquid scintillator thinner, we reduced neutron efficiency
tions around the recoil proton edges while considering the ate be 10 times lower than the phoswich-type neutron detec-
solute response functions simulated with high accuracy of thier at same neutron energy. The simulated neutron response
H(n,n) reactions. Our procedure simulates the measured fanction using the SCINFUL code, plotted as light-blue solid
sponse functions within 10% above 15 MeVee light output ankhe, shows 10% smaller recoil-proton edge than the measure-
underestimates 15% at maximum for the 0-degree incidenagaent and MCNPX simulation. Using our method we simu-
and for the other angles the procedure simulates them withiste the neutron response functions for the thin organic liquid
10% difference. This underestimation may be caused by useintillator. We obtained the neutron energy spectra using our
certainties in the neutron energy spectrum, neutron separati@sponse matrices of the phoswich neutron detector and thin
from the wall-effect events, or neutron cross sections of seorganic liquid scintillator.
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Fig. 4 Neutron energy spectra using the phoswich neutron detector at high altitddan@)of the intense neutron field for
biological study using the thin organic liquid scintillator ).

V. Neutron Energy Spectra 1.7 and 6.2 MeV. Mean neutron energy represents the neu-
. tron field to be 2.3 MeV. The neutrons produced at the Be
Figure 4(a) shows the neutron energy spectrum measurggyet are attenuated and scattered in coolant water and cop-
from 7 to 180 MeV at the aviation altitude, using thg p_hoswmiber target support at downstream from the Be target. Scat-
neutron detectd?. The neutron energy spectrum indicates gered neutrons were simulated using the MCNPX code, but
sharp neutron peak around 70 MeV, Whlch cannot be obtaingd neutron energy spectrum produced by the d(4 MeV)-Be
by the other measurements with a multi-moderator neutrqgactions has been measured with high accuracy. To confirm
spectrometer (Bonner balls) and several sets of coﬁe for Pi§ir unfolded neutron energy spectrum, we, additionally, mea-
dicting cosmic radiation, E,XPAG@ and RMC codé? The g red the neutron energy spectrum produced by bombarding
neutron energy spectrum is very different from the Bonner_pjev/ deuteron beam into 3-mm thick beryllium target using
ball spectra, but neutron fluences were obtained with only Qs tron time-of-flight method at the Tohoku University. This
7% difference. Neutrons are transported in air in a cascagdgiron energies were corrected with incident deuteron ener-
of attenuation and production from cosmic-ray proton spegjies from 3 to 4 MeV. Energy-corrected neutron spectrum was
trum. The difference could be caused from simulation 9&simylated from the target through the coolant water and the
ometries, various atmospheric phenomena, geomagnetic figiglyet support, plotted as red solid line in F4gb). To correct
with a strong angular distributions, source particle spectig,qoyte neutron fluxes with different incident deuteron ener-
and uncertainty in the neutron cross sections used in nuclgges, neutron energy spectrum was normalized at neutron peak
data libraries and physical models. Figu#) shows the pejgnts. In the simulation the coolant water, copper target sup-
neutron energy spectrum of an intense neutron source pigsii polyethylene neutron shield, walls, and a floor were con-
duced by bombarding a thick beryllium target with 4-MeVgiqered. The simulated neutron energy spectrum agrees with
deuterons using the thin organic liquid SC|nt|I!a§bjfhe NeU-  the measurement. We predicted low energy neutrons below
tron energy spectrum, shown as black solid line, was oly- pev using the MCNPX simulation, out of neutron energy
tained by unfolding measured neutron pulse height with the,,qe in the measurement. From the agreement of the neutron

simulated neutron response functions, obtained in this Studs)f)ectra we can predict neutron energy spectra without addi-
This intense neutron field is established at NIRS for biologiqna1 measurements.

ical study of fast neutrons. Knowing the energy spectrum

is necessary for studying several biological effects, including| conclusion

carcinogenesis (myeloid leukemia, cancers of the mammary

gland, lung, liver, brain, and intestine), age-dependent can- We applied the MCNPX code by considering the func-
cer risk, and lifespan shortening. The neutron energy spetens of light outputs, energy resolutions, and uniformity of
trum consists of scattered neutrons from 0 to 1 MeV, nescintillations to obtain the neutron response functions of the
trons from the stripping reactions of deuteron beams from ghoswich neutron detector and thin organic liquid scintilla-
to 4 MeV, and neutrons produced by fHge(d,n}°B reaction tor. The simulated response functions agree with the measured
(Q=+4.36 MeV). The neutron spectrum shows two peaks, ahes of several neutron sources. Using our procedure for gen-
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erating response function simulations, we can obtain the re-
sponse functions of any neutron detectors with complex ge-
ometries and coincidence or anti-coincidence methods with)
out limits based on neutron energies, materials, or geometries.
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