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Abstract: Film ZnO:In crystal is a good candidate for a scintillation recoil proton neutron detection system

and the response of ZnO:In to protons is a crucial point. The energy response of ZnO:In to mono-energetic

protons in the range of 10 keV-8 MeV was measured. The experiment was carried out in current mode, and

Au foil scattering was employed, where the forward scattering protons were used for exciting the sample, and

the backward scattering protons were used for monitoring the beam intensity. According to the result, the

yield of light non-linearly depends on proton energy, and drops significantly when proton energy is low. The

scintillation efficiency as a function of proton energy was obtained, which is very useful for researching the

scintillation recoil proton neutron detection system.
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1 Introduction

Zinc oxide doped with Ga or In was first reported
to have an ultrafast sub-nanosecond time response
in the 1960s [1]. However, it is rare to see the uti-
lization of ZnO:Ga or ZnO:In in radiation detection,
due to the difficulty in growing high quality ZnO
crystals. Most of the research and applications were
based on powders, ceramics and thin polycrystalline
patterns [2-5]. For example, ZnO:Ga powder has
been employed in 14 MeV fusion neutron detection
[6], and ZnO:Ga coatings were used for associated o
scintillation counting on a DT neutron generator [7].
With the development of crystal growth technologies,
doped ZnO crystal film products are now commer-
cially available [8, 9]. Although the film product is
still incompetent for spectroscopy or imaging due to
its extremely low scintillation efficiency, it works well
in pulsed radiation diagnoses, such as sub-nanosecond
pulsed X-ray monitoring [10]. Moreover, this film
product has been used to build a new scintillation re-
coil proton neutron detection system (SRPNDS) for
pulsed neutron detection.

A traditional recoil proton neutron detection sys-
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tem (RPNDS) is composed of a polythene radiator
and a Si-PIN detector to capture the recoil protons,
such as the PROTEX [11] configured to measure the
total neutron yields of inertial confinement fusion de-
This kind of detector is very useful for in-
tense pulsed neutron intensity monitoring, and can be
applied to pulsed neutron spectrum measurement in
combination with the neutron time of flight method.
However, the sensitivity of the traditional RPNDS
is relatively low and difficult to adjust. Si-PIN de-
tectors with large areas are usually employed to in-
crease the recoil proton collection efficiency, but the
time response of the Si-PIN detector drops when the
area increases, and the time response is more than
10 ns for a Si-PIN detector with a diameter of more
than 20 mm. In the new SRPNDS, the Si-PIN detec-
tor is replaced by a piece of film ZnO:In crystal. By
coupling to an ultrafast photomultiplier tube (PMT),
the time response of the SRPNDS can achieve sub-
nanoseconds, and its sensitivity is conveniently ad-
justable by changing PMTs with different gains. In
addition, the traditional inorganic scintillator is too
slow to be used, and the typical fast organic scintil-
lator which is rich in hydrogen and widely used for

vices.
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fast neutron detection is inappropriate as well, be-
cause low neutron sensitivity is required to avoid scat-
tering neutron interference.

The response of ZnO:In to recoil protons is key to
the SRPNDS. To understand scintillation, the yield
of light depends on irradiation particle categories
and relates non-linearly to the particle energy [12].
Since the nonlinearity of scintillation efficiency can-
not be determined theoretically, the energy response
of ZnO:In to protons has been measured experimen-
tally. The scintillation response function could be
very useful for optimizing the structure of the SRP-
NDS, and for studying its sensitivity as well as the
spectrum response to neutrons.

2 Experiment

The ZnO:In film crystal is a product from Cermet
Inc. [8], with a diameter of $25.4 mm and a thickness
of 0.3 mm. Although the time response of ZnO:In is
very fast, about 0.65 ns to alpha [9], its scintillation
efficiency is extremely low. The typical pulse height
spectra to the same ?*' Am alpha source measured is
shown in Fig. 1, where the scintillator for reference is
a typical plastic scintillator ST401 with a light yield
of about 40% of anthracene. It would be difficult to
obtain the individual pulse height spectrum for pro-
tons with energies below 1 MeV, because of the in-
terference from the electrical noise of the measuring
system. Therefore the current mode measurement
was adopted. According to the working process of a
scintillation detector, the current output of the PMT
can be expressed as

I=90-s5 L(E;) p-n-G-e, (1)

where @ represents the flux of protons arriving at
the sample, s is the effective area under irradiation,
L(E,) is the light yield for each proton with energy
E,, p is the light collection efficiency, n and G are the
parameters representing the quantum efficiency and
gain of the PMT, respectively, and e is the charge of
electron. Thus the light yield for each proton with
energy E, can be expressed as
1 I-t Q

L(Ep)_Aa_Aé-s-t_AN’ (2)
where A is the inverse of the product of p, n, G, and
e. @ is the charge output of the PMT, and N is the
number of protons irradiated. As @ and N can be
measured absolutely, and A is a constant when the
arrangement remains unchanged during the experi-
ment, the relative light yield for ZnO:In to protons

with different energies can be measured.
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The experiment was carried out on a Van de Graff
electrostatic accelerator and a tandem accelerator, re-
spectively, at Peking University, China. As the low-
est beam current from the accelerator is about 0.1 nA
(about 10° particles/s) and it is easy to damage the
ZnO:In crystal, the Au foil scattering method was
employed to reduce the possibility of damage, where
the forward scattering protons are used for exciting
the sample, and the backward scattering protons for
monitoring. A schematic diagram of the experimental
layout is shown in Fig. 2. Beams from two accelera-
tors were guided to the center of a cylindrical vacuum
chamber separately from two directions. The Au foil
with a thickness of 200 pg/cm? was fixed at the cen-
ter of the chamber and set perpendicular to the beam
direction. The ZnO:In crystal was arranged outside
the vacuum chamber, 50 cm apart from the target,
30° with respect to both beam directions. The scat-
tering protons have to penetrate a 5 pwm (thickness
uncertainty <5%) titanium window and 10 mm of air
before reaching the ZnO:In crystal. The back of the
ZnO:In crystal coupled a PMT, which is a product
of the Electron Tubes Limited Company, UK, with a
gain of about 10° at —1100 V. The current output of
the PMT was recorded by an electrometer. The mon-
itor was an Au-Si surface barrier detector, which was
set at the back of the Au target inside the vacuum
chamber, 165° from the beam direction and 19.5 cm
from the target, and the counts of the surface barrier
were recorded with a multi-channel analyzer system.
The diameters of the collection aperture for the sur-
face barrier detector and the tested sample were ¢4
mm and $10 mm, respectively.

Since the energy of the protons studied is not very
high, the scattering of protons by the Au nucleus is
consistent with Rutherford scattering. The ratio of
counts between forward and backward testing posi-
tions is fixed. For our experimental condition, the
ratio of counts between the tested sample and the
surface barrier detector is calculated to be about 200.
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multaneously with Au-Si surface barrier detectors, under the energies of 2 MeV and 4 MeV respectively.

For verification, the ratio was calibrated at the ener-
gies of 2 MeV and 4 MeV respectively, by replacing
the ZnO:In crystal with another Au-Si surface barrier
detector. Both surface barrier detectors were work-
ing simultaneously for 5 min, and the spectra were
recorded, as shown in Fig. 3. The measured ratio
of counts between forward and backward detectors is
197 and 198, respectively at 2 MeV and 4 MeV.

3 Experimental results

Protons with less than 900 keV of energy would
be unable to pass through the 5 pm Ti window and
10 mm of air, and protons with energy above 8 MeV
would penetrate through the ZnO:In film. The mea-

surement was made for protons with energies in the
900 keV to 8 MeV range, where the Van de Graff
electrostatic accelerator generated protons with en-
ergy below 2.2 MeV and the tandem accelerator gen-
erated protons with energies of above 2.5 MeV. The
signals from the PMT and the surface barrier detec-
tor were accumulated simultaneously in two minutes,
and the results are shown in Table 1. The signal from
the PMT was mostly affected by the dark current of
the PMT (about 0.1 nA), which had been deducted
from the charge recorded, and its contribution to un-
certainty was estimated to be 0.006 uC. The pulsed
height spectrum recorded from the surface barrier de-
tector suffered from secondary particle interferences,
including neutrons, X-rays and gamma rays gene-
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Table 1. The experimental results measured under different proton energies.

energy/MeV energy reaching ZnO:In/MeV counts of proton®) Q/nC (Q/N)/pC
0.90 0.012+0.020 10726845362 0.010£0.006 0.00047+0.00028
0.95 0.050+0.044 70159+3508 0.014£0.006 0.00100£0.00043
1.00 0.165+0.065 359554+1798 0.014£0.006 0.00195+0.00084
1.05 0.275+0.057 37556+1673 0.02240.006 0.00293£0.00081
1.10 0.372+0.052 5043342521 0.28240.006 0.0280+0.0015
1.15 0.463+0.048 170924854 0.36540.006 0.1068+0.0056
1.20 0.545+0.046 2217541108 0.85940.006 0.1937+0.0098
1.30 0.700£0.043 144724723 0.98440.006 0.340£0.017
1.40 0.844+0.041 2710+£135 0.258+0.006 0.476+0.026
1.50 0.980£0.040 5325266 0.588+0.006 0.55240.028
1.60 1.11140.037 3860£190 0.51840.006 0.67140.034
1.70 1.23640.036 42824210 0.64140.006 0.74940.037
1.80 1.35940.036 3044+£150 0.57240.006 0.94040.047
1.90 1.47940.035 2621+131 0.57140.006 1.08940.056
2.00 1.59740.035 1770+£88 0.42540.006 1.20140.062
2.10 1.71540.034 2954+147 0.73940.006 1.25140.063
2.20 1.82740.035 2327+116 0.633+0.006 1.36040.069
2.50 2.165+0.035 1865+93 0.68540.006 1.83640.093
3.00 2.709+0.034 1311£85 0.61240.006 2.334+0.15
4.00 3.766+£0.033 1005£68 0.66240.006 3.2940.23
6.00 5.829+0.032 505438 0.56740.006 5.614+0.43
8.00 7.862+0.032 430135 0.68940.006 8.01+0.66

@) This is the count from the monitoring detector, and N is 200 times the count.

rated from the interaction of protons with their sur-
roundings which caused additional counts distributed
over wide channels besides the peak of protons. This
interference increased when proton energy was high.

The exact energy of protons reaching the ZnO:In
film was simulated using the Geant4 code [13], by
modeling according to the experimental configura-
tion. Energy straggling is unavoidable for protons

relative light yield

proton energy/MeV

Fig. 4. The normalized light yield of ZnO:In to
protons and its fitting with the L. Papadopou-

los formula [15], where the quenching param-
eter of kB is 4.0x10™* cm/MeV.

scattered by the Au target, and traversing the Ti win-
dow and air, especially for protons with energy of be-
low 1 MeV. The results are also listed in Table 1 (col-
umn 2). With the exact proton energy deposited and
the ratio of @Q/N, the relative light yield for ZnO:In
to protons is drawn in Fig. 4, and the results are nor-
malized to the 7.862 MeV data.

4 Discussion

According to the dependence of light yield to pro-
ton energy in Fig. 4, the yield of light is approxi-
mately proportional to the energy deposition when
the proton energy is high, but drops significantly for
lower energies. This phenomenon is very common
among scintillators [12]. Tonization quenching is sup-
posed to be the cause of the decline of scintillation ef-
ficiency, and the quenching effect intensifies with ion-
ization density which is directly related to the specific
energy loss (dE/dr). Since the specific energy loss
of protons in ZnO increases when the proton energy
decreases, the quenching effect becomes obvious for
low energy protons. There are many semi-empirical
models proposed to describe the radiation lumines-
cence process, considering the processes of the energy
deposition, the energy transportation and the lumi-
nescence respectively, such as the well known Birks
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formula [12] as well as the model suggested by K.
Michaelian [14] from first principles. L. Papadopoulos
[15] introduced a simple and more intelligible model
that provides a scintillation response function which

resembles the Birks formula:

E
dL=S——————dF
SE-F/CB)\IH(,UE) ’ 3)

where S is the absolute scintillation efficiency, kB
stands for the quenching parameter. For protons,
A=239.22x10"%*N,, and pu=21.785x10"*/I. N, is
the number of electrons per unit volume, and T is
the mean excitation and ionization potential, which
is 1.58x10%* e/cm?® and 286 eV respectively for ZnO.

The experimental result was fitted with Eq. (3).
Since it was difficult to have a closed-form solution
for the integral of Eq. (3), an iterative process was
used. For a given kB, the light yield L for each pro-
ton energy E could be calculated through numerical
integration, and was normalized to the 7.862 MeV
result. The result calculated was compared with ex-
perimental data, and a loop program was written to
find the proper kB minimizing the sum of the square
of the difference between experimental data. The
final fitting curve is shown in Fig. 4, where kB is
4.0x107* cm/MeV, which is much lower than organic
scintillators.

The absolute scintillation efficiency cannot be fit-
ted from experimental results. However, it can be
estimated by extending Eq. (3) to o particle irradi-
ation. According to the pulse height spectral shown
in Fig. 1, the peak channel for ZnO:In and ST401
is around 56 and 247 respectively, which indicates

that the total light yield from ZnO:In is about 0.227
to that of ST401 for « particles with energy of
5.48 MeV. Since the quenching parameter for ST401
is known as 1.29x1072 cm/MeV [16], and the param-
eters of A and p in Eq. (3) are determinate for a given
irradiation particle and scintillator [15], the ratio of
absolute scintillation efficiency between ZnO:In and
ST401 is obtained from Eq. (3), which is about 5.9%.
As the light yield of ST401 to electrons is about 6400
photons/MeV, the yield of light for ZnO:In is only
380 photons/MeV.

5 Conclusion

The energy response of ZnO:In film crystals to
protons ranging from 10 keV to 8 MeV was mea-
sured. According to the results, the light yield of
ZnO:In depends non-linearly on the proton energy,
and drops significantly when the proton energy is low.
The scintillation efficiency of ZnO:In as a function of
proton energy is obtained, and the quenching pa-
rameter for ZnO:In to protons is 4.0x107* cm/MeV.
The result would be very useful for research into the
scintillation recoil proton neutron detection system.
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