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Background: The design of deuteron accelerator neutron source facilities requires reliable yield 
estimation of gamma-rays as well as neutrons from deuteron-induced reactions. We have so 
foar measured systematically double-differential thick target neutron yields (DDTTNYs) for 
carbon, aluminum, titanium, copper, niobium, and SUS304 targets. In the neutron data anal-
ysis, the events of gamma-rays taken simultaneously were treated as backgrounds. In the pres-
ent work, we have re-analyzed the experimental data for a thick carbon target with particular at-
tention to gamma-ray events.

Materials and Methods: Double-differential thick target gamma-ray yields from carbon irra-
diated by 5 and 9 MeV deuterons were measured using an NE213 liquid organic scintillator at 
the Kyushu University Tandem accelerator Laboratory. The gamma-ray energy spectra were ob-
tained by an unfolding method using FORIST code. The response functions of the NE213 de-
tector were calculated by EGS5 incorporated in PHITS code. 

Results and Discussion: The measured gamma-ray spectra show some pronounced peaks 
corresponding to gamma-ray transitions between discrete levels in residual nuclei, and the mea-
sured angular distributions are almost isotropic for both the incident energies. 

Conclusion: PHITS calculations using INCL, GEM, and EBITEM models reproduce the 
spectral shapes and the angular distributions generally well, although they underestimate the 
absolute gamma-ray yields by about 20%. 
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Introduction

A deuteron accelerator-based neutron source is considered as one of promising neu-

tron sources in various neutron application fields such as production of radioisotopes 

for medical use [1], boron neutron capture therapy [2], fusion material irradiation test 

[3] and so on, because deuteron-induced reactions can produce high-intensity neu-

trons. In the design of deuteron accelerator facilities, it is important to estimate not only 

neutron but also gamma-ray yields from deuteron-induced reactions on the basis of 

experimental data and theoretical model calculations.

Up to now, we have measured systematically double-differential thick target neutron 

yields (DDTTNYs) for carbon, aluminum, titanium, copper, niobium, and SUS304 tar-

gets at two deuteron energies of 5 and 9 MeV using an NE213 liquid organic scintilla-

tion detector [4-6].  Since the NE213 detector is also sensitive to gamma-rays, the data 

of gamma-rays events were taken simultaneously in the previous experiments. Howev-

Journal of 
Radiation Protection and Research 2017;42(1):16-20
https://doi.org/10.14407/jrpr.2017.42.1.16

JRPR



www.jrpr.org 17

Measurement of Gamma-ray Yield from Thick Carbon Target

https://doi.org/10.14407/jrpr.2017.42.1.16

JRPR

er, they were treated as background events in the neutron 

data analysis. As far as theoretical models are concerned, it 

was found that the intra-nuclear cascade of Liege (INCL) 

model [7] in PHITS [8] generally reproduce the DDTTNYs 

data of Al targets in both the shape and magnitude [9]. Also, 

it will be necessary to validate some reaction models used in 

PHITS using gamma-ray yield data for engineering design of 

deuteron accelerator facilities.

In the present work, we have re-analyzed the experimental 

data for a thick carbon target measured at two deuteron en-

ergies of 5 and 9 MeV with particular attention to gamma-ray 

events, and derived double-differential thick target gamma-

ray yields (DDTTGYs) by an unfolding method using FORIST 

code with NE213 response functions. The experimental re-

sults are compared with PHITS calculations for validation of 

the reaction models. 

Materials and Methods

1. Experiment
Details of the experimental setup have been reported in 

Refs [4 - 6]. The experiment was carried out at the Kyushu Uni-

versity Tandem accelerator Laboratory (KUTL). A deuteron 

beam accelerated to 5 or 9 MeV was injected on carbon foil of 

0.5 mm in thickness which was set at the center of a compact 

vacuum chamber. The stopping length of 9 MeV deuteron in 

carbon was calculated by SRIM code [10]. The target thickness 

was chosen so that 9 MeV deuterons were stopped completely 

in the target. The chamber was isolated electrically from other 

experimental apparatus to measure the beam current. 

Gamma-rays and neutrons emitted from the target were 

detected with an NE213 organic liquid scintillator (5.08 cm in 

diameter and 5.08 cm thick) optically coupled with a Hama-

matsu H6410 photomultiplier (Hamamatsu Photonics K.K., 

Hamamatsu, Japan). The NE213 detector was set at eight an-

gles (0°, 15°, 30°, 45°, 60°, 75°, 90°, and 140°) for 9 MeV and at 

five angles (0°, 30°, 60°, 90°, and 140°) for 5 MeV with the dis-

tance of 1.6 to 2.4 m from the target position. 

In order to estimate background gamma rays and neu-

trons, a separate measurement was made with placing an 

iron shadow bar (15 cm wide, 15 cm high, and 30 cm thick) 

between the target and the NE213 detector.

2. Data analysis
1) Gamma/Neutron discrimination

Both gamma-ray and neutron events detected by the 

NE213 detector were separated by using two-gate integration 

method [11]. Figure 1 shows a two-dimensional plot of total 

and slow components of the NE213 light outputs. Gamma-

ray and neutron events were separated clearly even at low 

ADC channels corresponding to low light output.

2) Light output calibration

The measured light output spectra of gamma-ray events 

per ADC channel are converted to those per light output 

units of MeVee (MeV electron equivalent). For calibration of 

ADC channel to MeVee, the Compton edges of three stan-

dard gamma-ray sources, 133Ba (0.36 MeV), 137Cs (0.66 MeV), 

and 60Co (1.17 and 1.33 MeV) were used in the low light out-

put region. The calibration in the high light output region 

was carried out by using the Compton edges of prompt gam-

ma-rays from 12C(d, p)13C (3.09 MeV and 3.68 MeV) as shown 

in Figure 2. Additional calibration points in the higher region 

were given on the basis of the kinematics of the 12C(d,n)13N 

Fig. 1. Two dimensional plot of neutrons and gamma-rays dis-
crimination using the two-gate integration method.
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Fig. 2. Light output spectra of prompt gamma ray from thick car-
bon target at 0° irradiated by 9 MeV deuterons.
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Fig. 3. Relationship between integrated charge amount given by 
ADC channel and light output in units of MeVee.

Fig. 5. Measured double-differential thick target gamma-ray yields 
at 0° from carbon target irradiated by 5 MeV (A) and 9 MeV (B) 
deuterons. The solid lines are just for guiding the eye.

Energy (MeV)

TT
G

Y 
(M

eV
-1

∙s
r-1

∙μ
C

-1
)

A

Energy (MeV)

TT
G

Y 
(M

eV
-1

∙s
r-1

∙μ
C

-1
)

B

reaction at 0°. The resultant calibration curve is shown in 

Figure 3.

3) Response functions and unfolding

The response functions necessary for unfolding of the 

measured light output spectra were calculated by EGS5 [12] 

incorporated with the PHITS code. The calculated response 

function was compared with the light output spectrum mea-

sured with a standard 60Co source. Based on the comparison, 

the resolution of the detector itself was determined and the 

absolute efficiency was normalized to the measured result. 

The response functions after taking into account the resolu-

tion and normalization are shown in Figure 4. 

Using the response functions, the unfolding of the mea-

sured light output spectra was performed by the FORIST 

code [13] based on the least squares method.

Results and Discussion

1.  Double-differential thick target gamma-ray yield
The experimental DDTTGYs at 0° from carbon irradiated by 

Fig. 4. Response functions of NE213 scintillator calculated by 
EGS code in PHITS.
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5 and 9 MeV deuterons are shown in Figure 5. Two strong 

peaks corresponding to prompt gamma-rays from 12C(d,p)13C* 

(3.09 MeV and 3.68 MeV) are clearly observed. In the panel 

(B), a weak peak corresponding to 12C(d, d’)12C* (4.44 MeV) is 

also seen, while there is no appreciable peak in the panel (A) 

because the deuteron inelastic scattering at 5 MeV is kinemat-

ically inhibited. It should be noted that the DDTTGYs mea-

sured at other angles have almost the same shape and magni-

tude as those at 0° for both incident energies.

The error bars shown in Figure 5 include the statistical er-

ror and the uncertainty from the FORIST unfolding. Individ-

ual systematic errors were estimated in the similar way to 

Reference [6]: (a) determination of the solid angles and an-

gular offset of the beam (3.2%), (b) the uncertainty in the n-γ 
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discrimination (5%), (c) the accuracy of response function 

calculated by EGS in PHITS (18%), and (d) the effect of gam-

ma rays scattered by materials and air (2%). The systematic 

error associated with the response functions was estimated 

based on the difference between the measured and calculat-

ed efficiencies for the standard 60Co source. The total sys-

tematic error amounts to be 19.1% by error propagation.

2. Theoretical model analysis
1) PHITS calculation

The dynamical process and the subsequent evaporation 

process are described with the INCL model and the general-

ized evaporation model (GEM) [14], respectively, in PHITS 

calculation. The Shen formula [15] was chosen as a calcula-

tion option of total reaction cross section instead of the de-

fault option with the NASA [16] formula, because the former 

formula provided better result than the latter in our early 

work [2]. In addition, gamma-ray production reactions were 

calculated by the simple nuclear de-excitation model or the 

ENDSDF-Based Isomeric Transition and isomer production 

Model (EBITEM) [17] implemented in PHITS. The EBITEM 

can take into account the gamma-ray transition between 

dense levels in the high excitation energy region and sparse 

discrete levels in the low excitation energy region.

2) Comparison with PHITS calculation

Figure 6 shows comparisons of the DDTTGYs measured at 

0° for incident energies of 5 and 9 MeV with PHITS calcula-

tions. The PHITS calculations with EBITEM reproduce the 

peak structure seen in the measured DDTTGYs better than 

those with the simple nuclear de-excitation model. However, 

the experimental data show broader peak structure than the 

calculation with EBITEM. This may be because the present 

calculation cannot consider the experimental energy resolu-

tion properly.

Next, the experimental gamma-ray production yields inte-

grated over the emission energy more than 1 MeV are com-

pared with the PHITS calculations using EBITEM in Figure 7. 

The PHITS calculations reproduce isotropic angular distri-

bution observed in the measured data well, although under-

Fig. 6. Measured double-differential thick target gamma-ray yields at 0° from carbon target irradiated by 5 MeV (A) and 9 MeV (B) deuter-
ons compared with PHITS calculations using the simple nuclear de-excitation model and EBITEM. The solid line of experimental data is 
just for guiding the eye.
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Fig. 7. Comparison of experimental gamma ray yields integrated 
over emission energy more than 1 MeV with PHITS calculations 
using EBITEM.
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estimation of about 20% is seen for both incident energies. 

The gamma-ray emission takes place mainly in the residual 

nuclei formed by particle emission as mentioned in Sec. 4.1. 

Underestimation of the particle emission may be associated 

with that seen in Figure 7. Further validation of the particle 

emission from deuteron-induced reactions on carbon in the 

PHITS calculation will be necessary to find out the cause of 

the underestimation seen in absolute gamma-ray yields.

Conclusion

The double-differential thick target gamma-ray yields from 

carbon irradiated by 5 and 9 MeV deuterons were obtained 

over the wide angular range from 0° to 140° by re-analyzing 

the gamma-ray events taken in the previous measurement of 

thick target neutron yields performed with an NE213 scintil-

lator. The unfolding method using the FORIST code was ap-

plied to the data analysis. The required response functions of 

NE213 scintillator were calculated by EGS5 incorporated in 

the PHITS code, and some corrections on detector resolu-

tion and absolute efficiency was made by comparison with 

the light output spectrum measured using a standard 60Co 

source. Some pronounced peaks corresponding to gamma-

ray transitions between discrete levels in residual nuclei 

were observed in the gamma-ray spectra measured for car-

bon. It was found that the PHITS calculation with EBITEM 

generally reproduces both the spectral shape and magnitude 

of the measured thick target gamma-ray yields. This encour-

ages the use of EBITEM for estimation of gamma-ray yields 

in the design of deuteron accelerator-based neutron sources 

using PHITS.
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