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A B S T R A C T

The study of neutron parameters from a thick natural graphite target is of immense importance for obtaining
the background neutron energy and yield corrections in case of proton irradiation of low Z targets, where
graphite is used predominantly as the supporting target material. There are few measurements with thick
graphite target reported in literature at proton energies up to 12 MeV and some at higher energies beyond 20
MeV. The present study focuses on the thick target neutron yield, dose and spectra measurements from thick
natC(p,n) system at intermediate proton energies between 8–20 MeV. The experimental measurements were
performed at 0◦ and 90◦ with respect to the incident beam direction. The generated data will complement
the discontinuity in the neutron yield and spectral measurements, in the proton energy range of 12–20 MeV.
These dosimetric estimates in the proton energy range of 8–20 MeV will be significant towards the personal
radiation protection of occupational workers and neutron shielding evaluations.
. Introduction

In recent years, the accelerated proton induced nuclear reactions
ith low mass targets are extensively used for production of high
nergy quasi mono-energetic neutrons (QMN) for various applications
iz., materials characterization [1], materials damage studies [2], cal-
bration of the radiation detectors for existing and upcoming high
nergy accelerators fields [3]. The proton induced reactions on the low
targets like Li, Be, B or C isotopes are extensively studied for cross-

ection measurements [4,5] and other nuclear physics studies. These
xperiments were conducted at both energy regimes, i.e., near the
oulomb barrier and at high energies with targets either as pure metals
r in the form of chemical salt with isotopic enrichment. In most of the
ases, the targets are not self-supporting and needs backing material
uring the process of irradiations. At intermediate proton energies
f 5–20 MeV, the high Z thick targets like tantalum [6–8], tungsten
r gold are not good choices as supporting materials considering the
igh neutron yields beyond proton energies of 6 MeV [9]. In these
xperiments, thick natural graphite targets can be an optimum choice
s backing material. In case of carbon isotopes, the dominant 12C
sotope (98.93%) has high neutron emission threshold (>19.5 MeV)
esulting in low neutron yields compared to high Z targets. With

∗ Correspondence to: 1-213-H, Modular Laboratory, Health Physics Division, Bhabha Atomic Research centre, Mumbai 400085, Maharashtra, India.
E-mail address: spaul@barc.gov.in (S. Paul).

graphite target the emission neutron contributions from the 13C (nat-
ural abundance: 1.07%) isotope exists with a threshold of 3.23 MeV
but the total neutron yield will be less based on abundance fraction.
Considering this advantage of graphite, it is already in use as backing
target for Li(p,n) reaction based QMN generation facilities at Universite
Catholique de Louvain (UCL), Belgium [10]; CYRIC, Japan [11] and
at NPI, Rez, CZ [12]. Apart from the QMN facilities, the positron
emission tomography (PET)-cyclotron facilities also extensively uses
the carbon based Faraday cups as the beam stopper [13]. Considering
these uses of natural carbon targets at QMN, PET cyclotron facilities
and in experiments using low Z targets at different proton energies, the
study of thick target neutron yield and the dosimetric quantification in
the intermediate energies becomes extremely important. Based on the
available literatures, the thick target neutron yield (TTNY) measure-
ments for natural carbon targets under proton irradiations are sparsely
available [14] till the proton energies up to 12 MeV. Similarly, some
cross-section measurements [5,15] and theoretical estimates [16] are
available up to this energy range considering negligible contribution
from the dominant 12C isotope. Some proton and deuteron induced
reactions with the carbon targets were reported at higher energies [17,
18] with one TTNY measurement at 20 MeV protons [19]. These reports
indicate a data void in the TTNY measurements between 12–20 MeV
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Fig. 1. The experimental set up with relative position of the detectors and the target
assembly.

protons on a thick natural carbon target. Considering this need, in the
present work, a systematic measurement of the thick target neutron
spectra, yield and angular variations at 0◦ and 90◦ with respect to
the incident beam direction has been carried out in the intermediate
proton energy range between 8–20 MeV. The energy overlap of 8–
12 MeV has been kept in the present work for comparison of the thick
target neutron yields with the available literature data. The neutron
spectra measured with the present method has also been compared with
the available emission neutron data reported in the earlier measure-
ments [14,19]. The comparison of the neutron ambient dose equivalent
(H*(10)) estimates using the neutron dose equivalent (NDE) meter and
from the recorded spectra has also been presented at both the angles.
The present study provides the neutron yield and dose measurements
in the proton energy interval between 12–20 MeV for the natC (p, n)
system.

2. Materials and methods

In the present experiment, the proton beam was taken at the 30◦

beam line in the Pelletron experimental hall of the BARC-TIFR
elletron-LINAC facility. The proton energy was varied between 8 to
0 MeV with an energy interval of 2 MeV and the current was kept
8–10 nA during the entire experiment. A Thick carbon block of
mm thickness with natural isotopic abundance (12C: 98.93% and

13C:1.07%) embedded in a stainless steel flange is used as the target
assembly. The SRIM [20] estimated range of 20 MeV 1H beam on the
solid carbon target is 2.1 mm. So, a 7 mm thick graphite block can
be considered as a stopping target with more than 3 times thickness
compared to the particle range in the medium. At lower energies, it
will automatically serve as an infinite thickness natC block.

The emission neutron spectra from the natC (p, n) system were
measured using a dual detector based compact neutron probe (N-probe,
BTI, Canada). The spectrometer uses a 3He detector for thermal neutron
detection and a 2′′ × 2′′ liquid scintillator (NE-213) with pulse height
unfolding for fast neutrons, in the energy range between 800 keV
to 20 MeV. The neutron spectrum generation from the raw outputs
of the detectors were carried out using the Microspec-6 (ver. 6.5.6)
2

analyzer module. The 3He probe has been calibrated using a moderated
252Cf source and the channel calibration of the fast neutron probe was
carried out using a standard 24Na (511 keV and 1274.5 keV) source.
Before the proton beam experiments, multiple background dataset
were generated in the ‘‘beam off’’ condition. The background spectra
indicated 1%–2% contribution in the low energies below 0.5 MeV
compared to the responses at the ‘‘beam on’’ condition; and at higher
energies, the background was found to be almost zero. The net neutron
spectra at specified proton energies were obtained after the background
corrections. The ambient dose equivalent measurements were carried
out using the NDE meter (Berthold LB 6411, Germany) calibrated to the
H*(10) for neutrons. Both spectrometric and dosimetric measurements
were carried out at 135 cm distance from the source, and in both 0◦

and 90◦ directions with respect to the incident beam. The detail of
the experimental setup is shown in Fig. 1. During the spectrometric
measurements, the scattered neutron contribution was measured in
both angles at each energy by placing a shadow bar (19 cm Fe followed
by a 42 cm high density polyethylene cylinders) in front of the detector
assembly. This scattered fraction has been subtracted from the direct
measurements to obtain the net neutron response at a specified energy
and angle, per unit incident charge of protons deposited on the target.
The cumulative charge deposited during the experiment was measured
using a charge integrator. However, for the radiation protection as-
pects, the neutron ambient dose equivalent measurements using the
NDE meter were carried out without any shadow shield considering
the real field radiation environment.

3. Results and discussion

The neutron generation from the thick natural carbon target upon
interaction with protons depends on the threshold of neutron emitting
reactions from available isotopes. Natural carbon contains primarily
two isotopes, 12C (98.93%) and 13C (1.07%) with traces of 14C (∼ 1 part
per trillion). Among these, major isotope 12C is expected to have small
contribution in the total neutron yield till proton energy of 20 MeV due
to its high reaction thresholds of 19.64, 20.29 MeV for (p,n) and (p, np)
reactions respectively. The 14C (p, n) reactions are feasible in the proton
energy range under study. So, the expected major contributor for the
emitting neutron fluence in the present system is 13C. This isotope con-
tains direct neutron emitting reaction and multiple breakup pathways
for neutron emission at lower threshold energies. The corresponding
thresholds for different reactions are listed in Table 1. The Table clearly
indicates that, 13C(p, n) and (p, np) reactions have the lowest threshold
mong the contributing reactions and will play a significant role at
ach proton energy under study. The breakup reactions have a higher
hreshold and the neutron contributions from these multiple 𝛼-emission
eactions will contribute only at energies more than 14 MeV. Consider-
ng multiple neutron emission channels available for the system under
tudy, identification of the major contributors based on the emission
ross-sections become crucial.

The 13C(p, n) reaction cross-sections in the proton energy range of
–20 MeV is shown in Fig. 2 as black squares. The maximum measured
ross-sections [21] for this reaction is ∼200 mb around 6.5 MeV and
eaches a steady value ∼30-40 mb at proton energies beyond 12 MeV.
he dotted line in the plot indicates the average cross-section variation
ith proton energy and is solely for visual representation. Being a thick

arget measurement, the energy degradation taking place in the interior
olume of the target will emit more number of neutrons considering the
igher emission cross-sections at lower energies. Consequently though
ross-section reduces with increasing proton energy, still the total
eutron yield will increase with increasing incident proton energies
n the thick carbon, considering the proton energy degradation in
he stopping target. Apart from 13C(p, n) reaction, the measured or
valuated cross-sections for other neutron emission pathways were
ound insignificant in the proton energy range of 8–20 MeV and the
ontributions can be neglected. The threshold for 14C(p, n) reaction is
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Table 1
Tentative neutron emitting reaction thresholds from the natural carbon target with 20 MeV protons.

Isotope Abundance Reaction Threshold (MeV)

12C 98.93%
12C+1H → 12N+n 19.64

→ 11C+n+p 20.29
13C 1.07% 13C+1H → 13N+n 3.24

→ 12C+n+p 5.33

→ 4He+n+p+2𝛼 13.16
→ 8Be+n+p+𝛼 13.26
→ 9Be+n+𝛼 13.46

→ 5Li+n+2𝛼 15.29
14C Trace (∼1 ppt) 14C+1H → 14N+n 0.67
Fig. 2. Measured cross-sections of 13C(p, n) and 12C(p, np) reactions from EXFOR [21]
database.

only 0.67 MeV and have experimentally measured neutron emission
cross-sections (∼300 mb at 1.3 MeV) in the proton energy range till 1.5
MeV [5,22], which are available at higher energies with TENDL [23]
evaluations. But contribution from this pathway is also insignificant
due to very low abundance fraction.

For 12C based pathways, both (p,n) and (p,np) have very high
threshold and the measured cross-sections are also too small in the
energy range under study. In case of 12C (p,n) reactions, the measured
cross-section was reported to be only 3.45 ± 0.49 mb at 25.8 MeV [24].
The red dots in Fig. 2 indicates the cross-section for 12C (p, np)
reactions. The Blue marking are presented for visual guidance about
the average measured cross-sections with increasing proton energy.
The plot refers that cross-sections are considerable only beyond proton
energies of 20 MeV. So the neutron yield contributions from the 12C
isotopes can be neglected in the proton energy range of 8–20 MeV and
13C(p, n) reaction remains as the dominant contributor.

3.1. Study of thick target neutron spectra

The thick target neutron spectra measured at 0◦ and 90◦ angles
using the neutron spectrometer are shown in Figs. 3 and 4 respectively.

Double differential neutron yields were converted to units of (mSr−1)
per unit μC charge of incident protons at a specified energy. The mea-
sured neutron energy maxima confirms the contribution from 13C(p, n)
reaction, as these end point energies are found to be nearly 3–4 MeV
less compared to the incident proton energy considering the Q-value
of the reaction. In case of 8 MeV protons, the neutron spectra steadily
decreased at higher neutron energies. With increasing proton energies,
a peaking around 1–2 MeV was observed and the high energy neutron
yields progressively increased.
3

Fig. 3. Measured thick target neutron yield from natC(p, n) system at 0◦ with respect
to the incident beam direction (Incident proton energy ranging from 8–20 MeV with
2 MeV interval).

Fig. 4. Measured thick target neutron yield from natC(p, n) system at 90◦ with respect
to the incident beam direction (Proton energy ranging from 8–20 MeV at 2 MeV
interval).

The spectra at 90◦ (Fig. 4) showed a similar trend with much
softer neutron spectra compared to 0◦ measurements. At both angles,
the yield reduces steadily with increasing neutron energies but at 0◦

measurements, the neutron fraction at intermediate neutron energies
were found to be higher compared to 90◦ measurements. It can also be
observed that, the contribution of the intermediate energies becomes
prominent at higher proton energies. For quantification of the average
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Fig. 5. Average neutron energy from the thick target natC(p, n) system at 0◦ and 90◦

ith respect to the incident beam direction.

eutron energy at specific proton energy, the fluence weighted average
eutron energy was estimated from the measured neutron spectra at
oth angles. The incident proton energy versus neutron energy plots
t 8–20 MeV are shown in Fig. 5. This acts as the average emission
eutron energy indicator at both angles. The average neutron energy
f the neutrons at 0◦ indicated higher value compared to 90◦. At lower
roton energies up to 14 MeV, the average neutron energy variation
as found to be only ∼5% between both the angles. Beyond 14 MeV,

he variation was found to be more than 15% in case of 16 and 18 MeV
nd 20% for 20 MeV protons. So, the Figs. 3–5, present the measured
eutron spectra and fluence weighted average neutron energies at the
ncident proton energies between 8–20 MeV.

In the next part, a comparison of the neutron spectra measured
n this work with the derived thick neutron spectra measurement by
hersonneau et al. [19] is presented. In this approach, the double
ifferential neutron spectra measured using time of flight technique
ith 82% enriched 13C targets at 20 MeV proton bombardments on a

hick stopping carbon target in units of neutrons proton−1 Sr−1MeV−1

as been converted to the number of neutrons mSr−1MeV−1 μC−1. As in
ase of natC(p, n) system, the major contributor is the 13C(p, n) reaction,
o for comparison purposes, the spectral information from Lhersonneau
t al. [19] was scaled to the natural abundance of 1.07% of 13C for
oth angles. The comparison of the scaled double differential spectra
squares) to the present measurement (circle) at 0◦ and 90◦ are shown
n Fig. 6 in units of mSr−1 MeV−1 μC−1 of proton charge.

For a better visual representation, the 0◦ measurements were mul-
iplied with a factor of 10. The present measurements showed a close
orroboration with the reported neutron spectra [19] at both angles. In
he forward direction (0º), the present measurements showed under-
stimation at higher emission neutron energies beyond 5 MeV. Above
0 MeV, the neutron yield reduced sharply by an order of magnitude
ompared to the spectra reported by Lhersonneau et al. [19]. In the
ackward direction (90º), the present measurements showed nearly
wo times higher yield at the 2 MeV emission neutron beam. Except this
nergy point, the present measurement showed a close corroboration
ith the earlier measurements [19].

.2. Measurements of thick target neutron yield

The total thick target neutron yield from the natC(p, n) system are
hown in Fig. 7. The measured neutron yields at 0◦ direction were
ound to increase from 6.16 × 102 to 1.29 × 104 neutrons mSr−1μC−1

◦
for 8 to 20 MeV protons. Correspondingly at 90 , the variation was

4

Fig. 6. Comparison of measured thick target neutron spectra from natC(p, n) system at
20 MeV proton energy in 0◦ and 90◦ directions with the present experiment and the
measurements reported by Lhersonneau et al. [19] adjusted for natural abundance of
13C.

from 4.69 × 102 to 8.92 × 103 neutrons mSr−1 μC−1. So effectively
with the increase in proton energy from 8 to 20 MeV, the neutron
yields increased nearly 21 times in the forward direction, whereas at
90◦ direction, the increase was nearly 13 times. The neutron yields at
0◦ and 90◦ are presented with solid squares and circles respectively
with associated uncertainties in the measurements. The cumulative
uncertainties were estimated to be around 5%–9% based on the sta-
tistical and measurement uncertainties together. In the measurement
uncertainty, the error in target thickness, weight and beam parameters
(energy resolution, beam energy spread, beam shape fluctuations etc.)
were included. The representative curves joining the data points are
only for visual guidance.

The measured total thick target neutron yields were compared
with the similar experiments using infinitely thick carbon targets.
The neutron yield measurements carried out by Bair et al. [14] and
thin target neutron emission cross-section measurements reported by
Dagley et al. [15] were converted for comparison with the present
measurements. A theoretical estimate of the total neutron yield by
Chaudhri [16] in the 4𝜋 geometry till 12 MeV protons on infinitely
thick natural carbon target has also been compared. The spectra at
both angles obtained from Lhersonneau et al. [19] at 20 MeV were
also converted to the total yields and compared with the present
measurements.

The reported data from Bair et al. [14] and Dagley et al. [15]
overestimated the neutron yields compared to the present measure-
ments in the proton energy range of 8–12 MeV, whereas the theoretical
yield estimates prescribed by Chaudhri [16] were closely reproduced
in the present experiment. The sole measurement available at 20 MeV
by Lhersonneau et al. [19] provided a very close match with the
yields at 0◦ direction. In case 90◦ measurements, though the spectrum
comparison showed a close corroboration in Fig. 6, but the total yield
indicates a large underestimation. This attributes to the additional low
energy neutron yields at neutron energy bins below 2 MeV in the
present measurements.

3.3. Thick target neutron dose measurements

The neutron ambient dose equivalent H*(10) for the natC(p, n)
system at different proton energies were measured using a neutron dose
equivalent (NDE) rem meter at both 0◦ and 90◦ directions with respect
to the incident beam at a distance of 135 cm from the target–projectile

interaction point are shown in Fig. 8 in units of μSv per unit μC charge.
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Fig. 7. Comparison of thick target neutron yields between proton (8–20 MeV)
interaction with a thick natC target and the reported theoretical and experimental
measurements.

Fig. 8. Measured neutron ambient dose equivalent, H*(10) at 135 cm from the
eaction point for natC(p, n) system with proton energies between 8–20 MeV using the
onventional NDE meter and neutron spectrometer at (a) 0◦ and (b) 90◦ directions.

A second dosimetric measurement has been carried out using the
cintillator based neutron spectrometer at the same distance with and
ithout the shadow bar. For both the instruments, the neutron to
5

gamma rejection ratio is >300:1 and as a result, though the detectors
have finite probability of interaction to the high energy photons, but
the detected dose equivalent can be considered primarily from neutron
interactions. For NDE meter measurements no shadow bar was used and
the neutron dose incorporates the contribution of scattered neutrons
from the structural and shielding materials available in the near vicinity
of the target–projectile interaction volume. The NDE meter measure-
ments were found to vary from 0.9 μSv μC−1 for 8 MeV protons to
22.09 μSv μC−1 for 20 MeV at 0◦ direction whereas in the 90◦ direction,
the maximum measured dose was 20.14 μSv μC−1 for 20 MeV. In the
0◦ direction at lower proton energies till 12 MeV, both NDE meter
and neutron spectrometric measurements have shown similar values
indicating small contribution from low energy scattered neutrons from
structural or nearby shielding materials. The variations were found
significant at both angles for proton energies beyond 12 MeV and
the NDE meter measurements were found conservative. This measured
dose variations between the two approaches can be attributed to the
scattering fractions. In case of spectra based estimates, the scattered
fractions could be eliminated, based on the shadow bar measurements.
But in case of dosimetric applications, the NDE meter measurements
are preferred.

The scattering subtracted spectrometric measurements after shadow
bar correction can be referred as the ‘‘true’’ or net neutron dose from
the natC(p, n) system at both angles. In this case, the neutron fluence
spectra were folded with ICRP-74 [25] dose conversion co-efficient to
estimate the dose equivalent H*(10). The spectrometric measurements
at 0◦ were found to vary from 0.09 to 17.57 μSv μC−1 for proton energy
variation between 8 to 20 MeV. At 90◦, the measured variation was
between 0.05 to 13.48 μSv μC−1.

4. Conclusions

Present measurement provides the thick target neutron yields, neu-
tron spectra and ambient dose equivalent H*(10) from the natC(p, n)
system at proton energies between 8–20 MeV with an energy interval
of 2 MeV. All the parameters were measured at 0◦ and 90◦ directions
with respect to the incident proton beam. The conclusions derived from
the present study are summarized below:

• In case of natural carbon target, the primary contributor to the
neutron yield is the 13C(p, n) reaction in the proton energy range
between 8–20 MeV.

• Measured total neutron yield was found nearly 40% higher in the
0◦ direction compared to 90◦ with respect to the incident proton
beam.

• The neutron yields were found to vary from 6.16 × 102 to
1.29 × 104 neutrons mSr−1 μC−1 in the 0◦ direction and 4.69 × 102

to 8.92 × 103 neutrons mSr−1 μC−1 in the 90◦ directions.
• Average neutron energies were found to increase progressively

with increase in the incident proton energy and beyond 14 MeV,
the average energy in the 0◦ direction increased significantly over
90◦ direction indicating enhanced contribution of the high energy
neutrons in the forward angle.

• Neutron dose equivalent meter was also used for neutron dose
measurements at 135 cm from the natC(p, n) system. The conser-
vative estimates of the neutron doses were found to vary between
0.9 μSv μC−1 to 22.09 μSv μC−1 at 0◦ direction for 8 to 20 MeV
incident protons. The maximum dose in the 90◦ directions was
found to be 20.14 μSv μC−1.

• Dose measurements after subtracting the scattering contributions
using shadow bar measurements were found to vary between 0.09
to 17.57 μSv μC−1 at 0◦ and 0.05 to 13.48 μSv μC−1 at 90◦ for
proton energies between 8 to 20 MeV.

These measurements will help in estimating the net neutron yields from
the backing materials in case of proton induced studies on low Z target
materials with natural graphite blocks as the supporting material. As,
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the available measurements with the present system were restricted
mostly up to 12 MeV with a natural infinitely thick carbon target
and few sparse measurements are available beyond 20 MeV, so, this
study will supplement the measurement void as regards to the emission
neutron parameter studies for the natC(p, n) reaction system between
12–20 MeV incident proton energies.
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