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A nondestructive assay method for measuring a shielded chemical compound has been proposed.
The chemical compound is measured by using a nuclear resonance fluorescence (NRF)
measurement technique with an energy tunable laser Compton-scattering (LCS) y-ray source. This
method has an advantage that hidden materials can be detected through heavy shields such as iron
plates of a thickness of several centimeters. A detection of a chemical compound of melamine,
C3H¢Ng, shielded by 15-mm-thick iron and 4-mm-thick lead plates is demonstrated. The NRF
y-rays of '2C and "N of the melamine are measured by using the LCS vy-rays of the energies of up
to 5.0 MeV. The observed ratio ('°C/ 14N)e,‘p=0.39i0.12 is consistent with (C/N)ejamine=0.5.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3125022]

I. INTRODUCTION

Detection of materials hidden by heavy shields are of
importance for many industrial applications, for example, the
detection of explosive materials hidden in a package or
cargo, and the management of special nuclear materials pro-
duced by nuclear power plants. Bremsstrahlung 7/-raysl’2 and
neutrons™* have been studied as probes for measuring com-
position of the shielded materials. Recently, Pruet et al.” has
proposed a novel nondestructive detection method of **U
hidden in a cargo transporter by using laser Compton-
scattering (LCS) y-rays. The LCS +v-rays are generated by
inversed Compton scattering of laser photons with high-
energy electrons. The LCS +y-ray source can generate the
energy tunable quasimonochromatic 'y-raysﬁf9 and have been
used for studying nuclear physicsm’11 and industrial
applications.12 We have proposed an assay method of el-
emental and isotopic composition of materials hidden by
heavy shields by measuring nuclear resonance fluorescence
(NRF) scattering y-rays with a LCS y-ray source (see Fig.
.M By measuring the NRF scattering y-rays, we can detect
the nuclear species of interest since the NRF -ray energies
depend on the nuclear species, as shown in Fig. 1.

Here we propose an extended nondestructive assay
method for measuring molecules or chemical compounds
hidden by heavy shields such as iron of thickness of several
centimeters. We use the NRF measurements by an energy
tunable LCS v-ray source. In the present paper, we report the
mechanism on how to determine hidden chemical com-
pounds and a proof-of-principle experiment for this method.
We measure an abundance ratio of '“C/"N of a chemical
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material, melamine, shielded by thick iron and lead plates.
Explosive materials include generally light elements such as
carbon and nitrogen, and thus detection methods of the light
elements under heavy shields is of importance in viewpoint
of the secure society.

Il. PROPOSAL OF NONDESTRUCTIVE DETECTION
METHOD OF A CHEMICAL COMPOUND AS
MELAMINE

Our proposed detection method is based on two key
technologies: a NRF measurement technique and an energy
tunable LCS y-ray source. The NRF measurement provides a
unique fingerprint of each nuclear species. If an incident
y-ray energy is identical with an excitation energy of a
nucleus of interest, the incident y-ray is effectively absorbed
in the nucleus and subsequently the nucleus de-excite by
emission of y-rays. The energies of the states excited by
NRF depend on the atomic number and mass of the nucleus
of interest as shown in Fig. 1. By measuring the energies of
the NRF scattering y-rays, we can detect the nuclear species
in a target material.

The energy tunable monochromatic y-ray source enables
us to perform such NRF measurement. The LCS +y-rays are
generated by the inverse Compton scattering of laser photons
with relativistic electrons. The maximum energy of the LCS
y-rays is determined by the energies of the electrons and the
laser photons. In contrast, the lower limit of the energy width
of the LCS y-rays is determined by the scattering angle with
a collimator. The energy of the scattered y-ray E,, is pre-
sented by

© 2009 American Institute of Physics
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FIG. 1. (Color online) Schematic view of the nondestructive assay system
based on NRF with the LCS y-ray source. If the incident y-ray energy is
identical with the excitation energy of the nucleus of interest, the incident
y-ray is effectively absorbed in the nucleus and subsequently the nucleus
de-excite by emission of the 7y-ray.

E - E;(1-pBcos 6)) ’ (1)

Y EL
1-pBcos O+ E(l —cos 6,)

where E; is the photon energy, E, is the electron energy, 8
=\1-97 is the electron velocity in units of light speed c,
and 6; are scattering angles, as shown in Fig. 2. If we con-
sider back-scattered photons from a head-on collision of the
photons and the relativistic electrons: y>1, B=1, 0,=6,
=1, and #<<1, we obtain the following equation:

b 4YEL
"1+ (y0)? + 4vE /(mc?)’

The energy of the scattering y-ray decreases with increasing
the scattering angle 6. Therefore, by using a collimator to
restrict the divergence of the y-rays, we can limit the lowest
energy of the LCS +-rays and obtain a quasimonochromatic
y-ray beam.

Here we propose an extended nondestructive assay
method for measuring a molecule or a chemical compound
hidden by heavy shields such as iron plates of a thickness of
several centimeters. The molecule or chemical compound
consists of several elements and the elemental ratio depends
on its chemical formula. By measuring the abundance ratio
of key elements of the chemical compound of interest, we
can detect it inside heavy shields. We can measure key ele-
ments at the same time with an energy tuned LCS 7y-ray
beam which energy width covers NRF +v-ray energies of

2)

Scattered Photon .

-

Incident Photon

FIG. 2. (Color online) Schematic view of LCS. A high-energy photon
(y-ray) is generated via the Compton scattering of an incident photon with a
relativistic electron. The energy of the scattering y-ray depends on the scat-
tering angle.
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FIG. 3. Schematic view of experimental setup. The LCS 7y-rays are gener-
ated by scattering of the laser photons with the electrons. The laser system is
located inside the electron storage ring TERAS. The generated y-rays are
introduced into the experimental room.
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nuclear species of the key elements. For example, the chemi-
cal formula of melamine is C3HgNg and the ratio of
(C/N) etamine 1S 0.5. The natural isotopic abundances of '>C
and "N are 98.89% and 99.634%, respectively. Thus, the
ratio 'C/'N is nearly identical with the elemental ratio
C/N. There are a 4439 keV excited state in '*C and a 4915
keV excited state in '*N (see Fig. 1). By using the LCS y-ray
beam with the energy width of 4.4-5.0 MeV, we can measure
the abundance ratio of C/N and identify the melamine.

lll. PROOF-OF-PRINCIPLE EXPERIMENT OF
DETECTION OF MELAMINE BY USING NRF
MEASUREMENT WITH A LCS y-RAY SOURCE

We perform a proof-of-principle experiment with detec-
tion of the melamine hidden behind heavy shields. We mea-
sure an abundance ratio 2C/'N of the melamine hidden
behind heavy shields. The experiment was carried out at a
LCS 7y-ray beam line of an electron storage ring TERAS in
the National Institute of Advanced Industrial Science and
Technology (AIST)."*!> A quasimonochromatic y-ray beam
was produced by head-on collisions of laser photons with
a high-energy electron beam. We used an unpolarized
Nd:YVO, Q-switched laser with a wavelength of 1064 nm,
which was operated at a repetition rate of 20 kHz. The aver-
age power of the laser was 40 W. The laser beam size at the
collision point was 1.1 mm in diameter and the Rayleigh
length was 21.2 cm. A single laser pulse with a pulse length
of 60 ns had a chance to collide with about 11 electron
bunches in the collision region.

The electron beam energy was 530 MeV and the maxi-
mum energy of the generated LCS v-rays was approximately
5.0 MeV. The experimental setup is shown in Fig. 3. A lead
collimator for limiting the energy spread of the LCS vy-rays
located 6.2 m downstream from the collision point. The di-
ameter of the collimator hole was 8 mm in order to obtain
the y-ray beam with the energy range of 4-5 MeV. The en-
ergy distribution of the y-ray was measured by a High-Purity
Germanium (HPGe) detector after NRF experiments and a
detector response function calculated with the Monte Carlo
code EGS4. The y-ray flux throughout the NRF measure-
ments was monitored by a large volume Nal(TIl) detector
(#2030 cm?) placed 2.2 m downstream from the target.
The measured flux was up to 1 X 10° photons/s and the peak
spectral density was up to 33 photons/s keV at 4915 keV.
This flux was consistent with that estimated from the param-
eters of the laser and the electron beam.
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FIG. 4. (Color online) Measured energy spectrum of the incident LCS
y-rays. The y-rays are measured by the HPGe detector. The HPGe detector
cannot detect all the energy of the incident y-ray of order of several MeV.
The photo peak of the LCS y-rays of 5 MeV is observed but the bump is
also observed.

The target is melamine powder inside a case of size of
$32X 63 mm? and the weight of the melamine powder is
35 g. The distance from the collision point to the target was
10.3 m. A 15-mm-thick iron plate and a 4-mm-thick lead
plate are located in the front of the melamine target in order
to simulate the situation of hidden materials. The melanin
contains nuclear species of '>C and '*N. These nuclear spe-
cies were populated by NRF with the incident LCS +y-rays
and subsequently de-excited to the ground state by the emis-
sion of the y-rays. These y-rays were measured with a HPGe
detector placed at an angle of 90° with respect to the incident
y-ray beam. The efficiency of the HPGe detector was 120%
relative to a ¢33 in.? Nal detector. The signals of the
HPGe detector were accumulated in coincidence with the
laser pulse to reduce background noise originated from high-
energy y-rays generated by electron scattering with residual
gases in the storage ring.

IV. RESULTS AND DISCUSSION

Figure 4 shows an energy spectrum of the LCS y-rays,
which was measured by the HPGe detector. There is a photo
peak and a bump generated by Compton scattering and y-ray
escape inside the HPGe detector. We obtain the energy spec-
trum of the incident LCS 7y-rays using a response function of
the HPGe detector calculated with the code EGS4. Figure 5
shows the deduced energy distribution of the incident LCS
y-ray beam. The deduced energy distribution shows typical
features of the LCS vy-ray, i.e., a gradual increase in the y-ray
intensity at low energy and a steep drop at high energy. The
maximum energy was approximately 5.0 MeV and the en-
ergy spread was 20% full width at half maximum. Figures 6
and 7 show a summed energy spectrum of the y-rays emitted
from the target for a period of 16 h. We can see clear peaks
at 4438 and 4915 keV, which are corresponding to NRF scat-
tering y-rays of '°C and N, respectively. The high S/N ratio
around the NRF peaks are one of excellent features of this
type of measurement. We obtain a peak intensity ratio of
(">c/ 14N)peak= 1.0£0.18 from the measured spectrum. Note

Rev. Sci. Instrum. 80, 045110 (2009)
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FIG. 5. (Color online) Calculated energy distribution of the incident LCS
y-rays. This is calculated from the measured spectrum and the detector
response function evaluated by the Monte Carlo code EGS4. There is a
sharp edge at the maximum energy. The energy spread is about 20%.

that there is a peak at 4842 keV in Fig. 7, which was origi-
nated from 2%*Pb inside the lead plate located on the front of
the target. Since this 4842 keV peak is completely isolated
from both the photo peaks of 12C and '4N, there is no effect
on the present analysis.

Here we evaluated an experimental ratio ('°C/*N Jexp iN
order to compare with the exact value of (C/N),ciamine=0.3.
The scattering cross-section over one level is given by
do (wﬁc)2r0r,. W(6, ¢)

—=g

b}

dQ E, r 4ar
2J;+1
- , 3
8= 20+ 1 ®)

where E,, is the y-ray energy, g is the spin factor, J, and J,
are the spin of the ground state and the excited state, respec-
tively, I', Ty, and T'; are the total width, the ground state
decay width, and the partial decay width, respectively, and
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FIG. 6. (Color online) Measured NRF 7-rays from the melamine target. The
maximum energy of the incident LCS y-rays is 5.0 MeV and thus the back-
ground originated from the Compton scattering in the target is observed at
the energy region lower than 5.0 MeV. The background increases with de-
creasing the y-ray energy. There are clear photo peaks at 4915 and 4439 keV
with high S/N ratios.
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FIG. 7. (Color online) Measured NRF y-rays from the melamine target.
There are clear photo peaks at 4915 and 4439 keV, which are corresponding
to the NRF scattering y-rays of '2C and "N. In addition, the y-ray of 2°*Pb
inside the lead shield in the front of the target is also observed.

W(#) is the normalized angular distribution. The angular dis-
tribution of the NRF scattering y-rays through dipole transi-
tions in a case of "N is given by

W,(0) = 3(1 +cos” 6), (4)
and through quadrupole transitions in a case of 2c by
W, (6) = %(1 —3 cos’ 0+4 cos* 6). (3)

The cross-section is determined by the spin factor, the y-ray
energy, and the energy width. The experimental ratio
("2C/"N)yp can be obtained by

(e, = SCNTo(N) Wy 4915 keV)

P o(12C) Ty(1%C) W, €(4439 keV)
1(4915 keV) Ey(14N)2(
1(4439 keV) E,("°C)?

IZC/ 14N)peak9

(6)

where €(x) is the photo peak efficiency at the energy of x,
I(x) is the relative intensity of the energy distribution of the
incident LCS 7y-rays at the energy of x.

The spin factors are 5 and 1/3 for '’C(2*—0%) and
MN(0*— 1%), respectively. The ground state decay width T,
are 10.8+0.06 meV and 84+ 16 meV for '°C and 14N, re-
spectively. The decay width of N is obtained from the mea-
sured half-life of its excited state. The ratio of W,/ W, is
approximately 0.6. The detection efficiency of the HPGe
detector is calculated with the code EGS4. The ratio
€(4915 keV)/e(4439 keV) is almost 1.0 since the efficiency
is not sensitive to the y-ray energy in this energy region.
The intensities at the two energies are obtained from
the measured energy distribution of the incident LCS
y-rays, as shown in Fig. 5. The intensity ratio of
1(4439 keV)/1(4915 keV) is 0.68. We finally obtain the ex-
perimental ratio (*C/ 14N)e)q[,=0.39i0.12. which is consis-
tent with the melamine ratio of (*C/"N),cfamine=0.5. The
experimental uncertainty dominantly consists of the statisti-
cal error and the half-life uncertainty of the 4915 keV state in

Rev. Sci. Instrum. 80, 045110 (2009)

N. The present result suggests that our proposed method
enables us to detect chemical compounds as well as elemen-
tal composition of a hidden material.

For the nondestructive detection of materials in an indus-
trial scale, we have designed a high-flux y-ray facility utiliz-
ing an energy-recovery linac (ERL) equipped with a super-
conducting accelerator.'® As an example, we take a high-flux
y-ray source based on a 350 MeV ERL. High-flux y-ray
beams of energy between 0.5-9 MeV are generated from the
Compton scattering with a Yb-doped fiber laser. We can ob-
tain a total y-ray flux of 1.0X 10" photons/s and a peak
spectral density of 7.0X 10° photons/s keV. With such
high-flux LCS +v-ray source, we can measure the 1 g
melamine with measurement time of only 1 s within the
uncertainty of 20%. This uncertainty dominantly originates
from the half-life uncertainty of the 4915 keV excited state in
"N and its precise measurement is highly desired.

V. SUMMARY

We propose an assay method for measuring molecules
and chemical compounds hidden by heavy shields such as
iron of the thickness of several centimeters. Our proposed
method is based on a NRF measurement technique and en-
ergy tunable LCS vy-rays. We perform a proof-of-principle
experiment to detect a shielded chemical compound of
melamine, C;H¢Ng;. We detect an abundance ratio of
12C/'N in the same NRF measurement with the LCS y-rays
provided from an electron storage ring TERAS. The ob-
served ratio is identical with the exact ratio within the ex-
perimental uncertainty of 31%. The present result suggests
that our proposed method with a high-flux y-ray source will
enable us to detect molecules and chemical compounds hid-
den by shields with short time. Explosive materials include
generally the carbon and nitrogen, and thus the present pro-
posed method is of importance in viewpoint of the secure
society.
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