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High energy y-rays can be used in many fields, such as nuclear waste transmutation, flash photographics, and astro-
physics. The '3C(p,7)!*N resonance reaction was used to generate high energy and mono-energetic y-rays in this work. The
thick-target yield of the 9.17-MeV 7-ray from the resonance in this reaction was determined to be (4.7£0.4) x 10*9}// proton,
which was measured by a HPGe detector. Meanwhile, the angular distribution of 9.17-MeV 7-ray was also determined.
The absolute efficiency of HPGe detector was calibrated using *°Co and '>2Eu sources with known radioactive activities

and calculated by GEANT4 simulation.

Keywords: high energy y-ray, resonance reaction, absolute efficiency, thick-target yield

PACS: 07.85.Fv, 24.30.—v, 29.30.Kv, 29.40.-n

1. Introduction
High
bremsstrahlung, positron annihilation in flight, laser Comp-

energy Y-rays are mainly generated by
ton scatter, and nuclear reaction.!!! However, only the y-ray
from nuclear excitation is mono-energetic. As a method to
obtain mono-energetic y-ray, >C(p,7)'*N has been of interest
to various fields in nuclear physics.[>3 In astrophysics, the
B3C(p,y)!*N reaction plays an important role in the CNO cy-
cle, which is responsible for the energy generation in stars.[!
There are several y-rays emitted from the '3C(p, y)!*N reac-
tion, and their energies are related accurately with the emis-
sion angles. In the inverse reaction '“N(y, p)!3C, the 9.17-
MeV y-ray will be absorbed intensively at specific angle!®! of
BC(p, y)!N. Moreover, there is little attenuation when 9.17-
MeV 7y-rays cross through ordinary matter. Thus, they can
be used for explosive detection because most explosives are
nitrogen-rich. [}

The measurement of the resonance parameters for the
BC(p,7)'*N reaction at E, = 9.17 MeV have been observed
by several investigators, in which they have obtained the res-
onant energy and the total width.!>7] The thick target yield of
the 9.17-MeV gamma ray has been measured by Seagrave and

Hanna, 58]

using a Geiger—Muller counter and Nal detector,
respectively. However, in the former, no correction has been
made for the branch to other levels, while doubts were raised
about the efficiency of the Nal detector for the 9.17-MeV -
rays in the latter research. Therefore, it is highly desirable to
measure the thick target yield with state of the art detectors

and accurate calibration.
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In the present work, we aim at the precision measurement
of the thick-target yield of 9.17-MeV y-ray. First, the absolute
efficiencies of HPGe detector in the energy range of 0 MeV—
9.5 MeV is calibrated. Then, the angular distribution of 9.17-
MeV 7y-ray is measured. And finally, the thick-target yield of
9.17-MeV 7y-ray is calculated.

2. Experiment

The experiment was performed at the 2 x 1.7 MV tan-
dem accelerator in China Institute of Atomic Energy (CIAE).
In the experiment, proton beams with 8-pA intensity around
1.75 MeV were directed onto the isotropically pure 13C target
with 100-ng/cm? thickness (the energy loss is about 14 keV),
evaporated on an air-cooled Ta disk that is 300-pum thick.

The coaxial HPGe detector (GXM35P4-70, Ortec) and
LaBr; crystal detector of ¢3 x 3 inch (1 inch=2.54 cm) were
used for detecting y-rays. In the experiment of this work, the
HPGe detector was placed at 69-cm distance from the target
position at 28° in the direction of proton beams. To calculate
the yield of 47, the LaBr; detector was used to measure the
angular distribution of the yield from 0° to 140°. The HPGe
detector was used to monitor the yield. The experimental setup
is shown in Fig. 1. The measurement of background was done
with a lead cone of 12 cm, which just matches the solid angle
of the collimator used in the measurement.

To ensure the absolute efficiency of HPGe detector used
in the experiment, it was calibrated using the standard y-ray
sources, 2°Co and '92Eu, and GEANT4 simulation. The dis-
tance between radioactive source and detector, and the solid
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angle of detection kept correspondence with that while bom-
barding the target.
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Fig. 1. Experimental setup.

3. Result and discussion

The energy calibration of detector has been performed
with 1460.8-keV and 2614.5-keV y-rays of natural radioac-
tive nuclide, 4°K and 2%Bi. The spectrum of y-rays measured
by HPGe detector is shown in Fig. 2. There are several y-ray
lines in the spectrum and 9170 keV in the largest proportion.
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Fig. 2. Spectrum of y-rays from the '>C(p,7)'*N resonance reaction.
There are at least 10 lines, including 1635, 2143, 2313, 2726, 3338,
3480, 5105, 6445, 7027, and 9170 ke V.
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Fig. 3. Spectra of background with shielding of the lead cone: (a) with
the accelerator on and (b) with the accelerator off.

As we can see in Fig. 2, 9170 keV is the maximum en-
ergy in the spectrum, so there should be no background dis-
turbance except high energy cosmic rays. In the background
spectrum, we did not find other peaks around 9170 keV. Fig-
ure 3(a) shows the background spectrum with shielding of the

lead cone, and figure 3(b) shows the spectrum when the ac-
celerator is turned off. The count rates are much the same in
these two spectra. For 9170 keV, the background count rates
are both about 3x 1073 /(s -keV).

3.1. Detector efficiency

In BC(p, 7)'*N resonance reaction, the energy range of
Y-rays is 1635 keV to 9170 keV, thus we should calibrate
the efficiency of HPGe detector in this range. However, the
maximum energy of y-rays from 7y-ray sources is only about
3.5 MeV. The common method for calibrating the efficiency
in high energy range is using the y-rays from (p, ) and (n, 7)
reaction.

Many researchers simulated the relative efficiency using
GEANT4 code, and found that the result is in good agree-
ment with that using the y-rays from nuclear reactions. We
calibrated the absolute full-peak efficiencies in the energy
range 0 MeV-3 MeV using standard sources and the relative
full-peak efficiencies in energy range 0 MeV-9.5 MeV using
GEANT4 Code. The simulation can only present relative ef-
ficiencies, so they should be normalized to the experimental
data of standard sources using a transmission factor, s. For
a better fit, the transmission factor was determined with the
least-squares fit, x> = X[(1/0?)(x; — s *y:)?], in which the x;
and y; are experimental data and simulation data, respectively.
We found x? will be the minimum when s = 0.712. We then
used many functions to fit the efficiency curve, and found a
power-law function giving an excellent fit to experimental and
simulated efficiency data,

b+cEy
e(Ey) = aEy . (1)
104 e radioactive sources
4 GEANT4 simulation

2 —— power-law fit of GEANT4
5

S

&=

)

)

S

=

o

w0

Q

< 105}

4000 6000 8000 10000

Energy/keV

0 2000

Fig. 4. Absolute full-energy-peak detecting efficiency of HPGe at 28°, 69-
cm distance from the target, determined with 56Co and '52Eu sources and
GEANT4 Code simulation. The circles are experimental data from sources;
The triangles are GEANT4 Code simulation data; The line is the power-law
fit to the simulated data.

The efficiencies determined by standard sources and
GEANT4 simulation are shown in Fig. 4. We also determined
the relative efficiencies with relative intensities of 2143, 2313,
2726, 6445, 7027, and 9170 keV, which have been measured
by Kiener[® and y-ray counts of each energy in our exper-
iment. This also gave a good fit to what we got from the
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method mentioned earlier, as shown in Fig. 5. Finally, we de-
termined the absolute efficiency of HPGe at 9.17 MeV to be
£ =7.21x 107, which have been normalized to the experi-
mental data.
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Fig. 5. Comparison of efficiencies obtained from this work and that
from calculated with relative intensities of several lines measured by
Kiener!®! which have been normalized to the fit line.

3.2. Angular distribution

There exists a yield angular distribution for the 9.17-MeV
line in 3C(p, 7)!*N resonance reaction. The measurement of
angular distribution is necessary to calculate the yield in 47.
The angular distribution of emission probability of y-rays is
related to the primary and final spin angular momentum of the
de-excitation. The following expression gives the angular dis-
tribution

W(6) =Ap+APrcos(0) +AsPscos(0)+- -, (2)

where A,, is the function of particle energy and angular mo-
mentum, Py, (cos 6) is Legendre polynomial expansion:

Po(cos0) =1,
1
P;(cosO) = 5(30052 0—1),
1
Ps(cosO) = §(3500549 —30cos’ 6 +3),

: )
where n is the smaller value of the entrance and exit parti-

cle spin and compound nucleus spin. For 9.17-MeV line in
BC(p,7)'“N, n is 2, so the maximum power of cos 0 is 4.
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Fig. 6. Angular distribution for 9.17-MeV y-ray from '3C(p,y)!*N. The

circle is the experimental data using LaBr3 detector. The line is the fit-
ting curve following W(6) = Ag + A»P> cos(6) +A4P4cos(0).

The relative intensity data were measured with LaBr3 de-
tector and fitted by W (6) described earlier, as shown in Fig. 6.
The coefficients were determined to Ay /Ag = 0.512 +0.010,
A4/Ap=0.021£0.011.

3.3. Thick-target yield of 9.17-MeV y-ray

We measured the yield curve for 9.17-MeV y-ray from
13C(p,7)'*N in the energy range 1.74 MeV-1.78 MeV of pro-
tons, as shown in Fig. 7. There is a plateau from 1.750 MeV
to 1.758 MeV. We also simulated the yield curve by use of
GEANT4 Code. The simulation gives a well fit with the ex-
perimental data. So we confirm that this is a thick-target and
we can measure the thick-target yield using the proton with
energy from 1.750 MeV to 1.758 MeV.

The calculation of thick-target yield can be written as

y = / Y(0)dQ, 3)

where Y (60) is the yield in unit solid angle at 6. Y(0) =
Y (6p)W(0)/W(6), 6y is degree where the detector was es-
tablished, and

N.

Y(6) = —= 4
(6o) Npe’ 4)
where Ny is the counts of y-ray of 9.17 MeV with detector, N,
is the number of protons which irradiated on 13C target during
the measurement, and € is the absolute efficiency of the de-

tector. Since dQ = sin(6)d0de, equation (4) can be written

as
Y = //Oﬂy(e) sin(0)d0dp — 27:/0”Y(9) sin(0)d0. (5)

5_
=
5 af
o
-
£
G|
>
o 2F
i
~
)
g 1
b
I. 1 1 1 1 1 = 1
1.740 1.750 1.760 1.770 1.780
E/MeV

Fig. 7. Yield curve for 9.17-MeV 7-ray from '3C(p, y)'*N.

Finally, we determined the thick-target yield of 9.17-
MeV 7-ray to (4.740.4)x 10~y/proton. The values with ob-
tained by Seagrave and Hannal>®! are 11.5x10~° y/proton
and (7.4+3)x10~? y/proton, respectively. As mentioned ear-
lier, the former used Geiger—Muller counter to detect y-ray,
thus there was no separation for 9.17-MeV y-ray from other
energy. The resolution of Nal detector is not enough high
to distinguish full-energy peak and single escape peak, so the
number of 9.17-MeV 7y-ray may be not precise.
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4. Summary

To explore the potential of y-ray from resonance reaction
in nuclear waste transmutation, flash photographics, and astro-
physics, we determined the thick-target yield of 9.17-MeV 7-
ray from 3C(p,7)!*N to be (4.740.4) x 10~ y/proton. The
detector that we used in our experiment was a high resolution
coaxial HPGe detector, the absolute efficiencies of the detector
have been calibrated with radioactive sources and GEANT4
simulation. To calculate the yield of 9.17-MeV v-ray at 47,
angular distribution of 9.17-MeV y-ray has been determined.
According to this value, the y-ray flux will be about 3.7x10% /s
in an accelerator with proton flux of 125 mA, which is already
achieved. 1]
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