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ABSTRACT

Computed Tomography (CT) using X-ray attenuation by atomic effects is now widelg used for medical diagnosis and industrial non-
0

destructive inspection. In this study, we performed a tomographic imaging of isotope (

8Pb) distribution by the Nuclear Resonance Flu-

orescence (NRF), i.e. isotope specific resonant absorption and scattering of gamma rays, using Laser Compton Scattering (LCS) gamma rays.
The NRF-CT image which includes both effects of atomic attenuation and nuclear resonant attenuation was obtained. By accounting for the
atomic attenuation measured by a conventional method at the same time, a clear ***Pb isotope CT image was obtained. The contrast degra-
dation due to notch refilling caused by small-angle Compton scattering is discussed. This study clearly demonstrates the capability of the
isotope-specific CT imaging based on nuclear resonant attenuation which will be a realistic technique when the next generation of extremely
intense LCS gamma-ray sources will be available. The expected image acquisition time using these intense LCS gamma rays was discussed.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5064866

INTRODUCTION

Computed Tomography (CT) using X-ray attenuation by
atomic interaction has been used in various fields such as medical
diagnosis and industrial non-destructive inspection. CT scanning of
high density and high-Z industrial object using gamma rays from
radioisotopes,! Bremsstrahlung gamma rays in the MeV energy
region,” and quasi-monochromatic gamma rays® generated by laser
Compton scattering (LCS)*° have been studied.

Previous studies®’ have proposed a novel method to mea-
sure CT images for high density and high-Z objects based on iden-
tification of a specific nuclide with Nuclear Resonance Fluores-
cence (NRF), which is an interaction between a gamma ray and an
atomic nucleus and has been studied for non-destructive analysis in

industrial applications.®”'? Hereafter, we call the CT imaging based
on NRF as NRF-CT. If the energy of an incident gamma ray is iden-
tical with the energy of an excited level of a nucleus, the gamma ray
is effectively absorbed by the nucleus, and subsequently the nucleus
predominantly decays out by the emission of a gamma ray. Because
the NRF energy is specific to each nuclide, one can selectively mea-
sure a nuclide of interest. By measuring the scattered gamma ray
having the excitation energy of the nuclide or the absorption of the
incident gamma ray, the quantity of the nuclide of interest can be
evaluated. The transmitted gamma ray has a sharp dip, called as
notch, at the NRF energy due to the resonance absorption of the
gamma ray by the nucleus. The notch detection method to measure
the depth of the notch in the transmitted energy spectrum through
a witness target which consists of the isotope of interest and placed
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after the target to be measured has been proposed.® In this method,
the depth of the notch is evaluated by the amount of NRF gamma
ray from the witness target. In the previous numerical study on the
NRF-CT, the notch detection method was utilized for measuring the
amount of the isotope of interest along the gamma-ray beam path.
Moreover, the critical effect to the notch detection method called
as notch refilling due to the small-angle Compton scattering® and
multi-step process'® has been investigated.

The Laser Compton Scattering (LCS) gamma-ray beam is suit-
able for gamma-ray sources for the NRF measurements. Quasi-
monochromatic gamma rays can be generated by LCS, collision
of high energy electron bunches and optical laser beams.”> The
LCS gamma ray has several excellent characteristics such as good
directivity, quasi-monochromatic energy spectrum, variable energy,
controllable polarization and possibility of high flux.

The NRF with LCS gamma-ray beams has been proposed for
nondestructive assay of hidden materials.®'? Kikuzawa et al. per-
formed a proof-of-principle experiment for the NRF nondestruc-
tive analysis with LCS gamma-ray beams by measuring a lead block
shielded by iron plates with a thickness of 1.5 cm."" This method
can be extended to the nondestructive analysis of the chemical com-
pounds of hidden materials, which was demonstrated by measur-
ing a chemical compound of melamine hidden by an iron plate
with a thickness of 1.5 cm and a lead plate with a thickness of
4mm."”

We have already demonstrated that the NRF-CT can identify
the position of the isotope of interest but the quality of the recon-
structed images was not enough good to discuss the capability of
NRF-CT." In this report, we present the experimental results of the
NRF-CT based isotope imaging of a newly designed target with bet-
ter statistics. We measured a two-dimensional CT image of a lead
isotope, 2°®Pb, inside a sample of an aluminum cylinder including
an iron rod, a lead rod, and a vacancy (air). The NRF image directly
obtained from the measurements includes both effects of atomic and
nuclear resonant attenuation. By accounting for the atomic attenu-
ation measured by a conventional method at the same time, a clear
image of 2 Pb isotope was measured. The notch refilling effect due
to the small-angle Compton scattering in this experiment and possi-
ble way to reduce the notch refilling effect was discussed. In addition,
the expected required measurement time in the next generation of
extremely high flux LCS gamma-ray sources was also discussed in
this research since the increase of the gamma-ray flux is the key
to reduce the required measurement time in one observation point
and to obtain CT images with higher resolution within reasonable
measurement time.

METHODS

The experiment was carried out at the UVSOR-III electron
storage ring.'® Figure 1 illustrates the measurement setup of the
NRF-CT experiment. An LCS gamma-ray source has been devel-
oped at the BL1U of the UVSOR-III electron storage ring.'” In the
present experiment, the LCS gamma-ray beam with flux of approx-
imately 2 photons/s/eV was provided by LCS of the 1.94-um wave-
length laser with 746-MeV energy electrons. The maximum energy
of the LCS gamma-ray beam was 5403 + 16 keV. The diameter of
the gamma-ray beam on the CT target was 8 mm, which was deter-
mined by the collimator. The LCS gamma-ray spectrum on the CT

ARTICLE scitation.org/journall/adv

PL

l. l LCS Gamma-ray Beam
':[ o,

1D Scan

Rotation

Y?—)z
CT Target

X

Witness Target

FIG. 1. Schematic illustration of the NRF-CT experimental setup. The incident
gamma ray was measured by a plastic scintillation detector (PL) and the trans-
mitted gamma ray was measured by a LaBr;(Ce) detector (LaBr). The scattered
gamma rays from the witness target were measured by the two HPGe detec-
tors. Shielding blocks (SB) were used to prevent the directly scattered gamma ray
enter to the HPGe detectors. An absorber (AS) was arranged in front of LaBr3(Ce)
detector to avoid the saturation of LaBrs(Ce) detector.

target after the collimator was calculated by the EGS5 code'® [see
the dashed line in Fig. 2(a)]. The energy width of the LCS gamma
ray was approximately 1.5 MeV.

As illustrated in Fig. 1, a plastic scintillation detector, a CT
sample target, a witness target, and a LaBr3(Ce) detector were
arranged on the gamma-ray beam path. The flux of the transmit-
ted gamma rays was measured by the LaBrs;(Ce) detector to evaluate
the atomic attenuation. The incident gamma-ray flux was measured
by the plastic scintillator. The gamma rays scattered from the wit-
ness target by NRF were measured by two high purity germanium
(HPGe) detectors to evaluate the nuclear resonant attenuation by
a specific isotope using the notch detection method.® The incident
gamma rays with energies of resonances in the nuclide of interest
in the CT target are resonantly attenuated. This attenuation makes
a notch in the transmitted gamma-ray spectrum. The transmitted
gamma rays are subsequently injected to the witness target made
of the nuclide to be measured. In the witness target, the gamma
rays with energy of the NRF level are partly scattered by NRF. The
notch depth can be evaluated from the difference between the NRF
yields with and without the CT target. However, these NRF yields
depend on both the atomic attenuation and the resonant attenua-
tion in the CT target. The resonant attenuation can be obtained by
accounting for the atomic attenuation measured by the LaBr3(Ce)
detector from the total attenuation obtained from the NRF
yields.

The CT target consisted of an 8-mm diameter natural lead rod,
a 10-mm iron rod, and a 10-mm cylindrical air hole implanted in
a 30-mm aluminum cylinder wrapped by an iron cylinder with a
thickness of 2.5 mm. The aim of this demonstration was to mea-
sure the NRF-CT image of the lead using a 5292-keV NRF level of
208ph,. Because the natural abundance of 26 Pb is 52.4%, we used two
natural lead rods with a diameter of 8 mm as the witness target. The
CT target was placed on a three axis movable stage which was able to
change the horizontal (x), vertical (y) positions, and rotation angle
(6). The horizontal position (x) was varied from -15 to 15 mm in
steps of 5 mm and the rotation angle (6) was varied from 0 to 150
degree in steps of 30 degree. The gamma-ray spectrum without the
CT target was also measured. In total, gamma-ray spectra under the
43 different conditions were measured within 60 hours.
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The transmission factor of off-resonance gamma rays at the
measurement point of a horizontal position x and a rotation angle
0 can be given as

eorr(x,0) = exp[—(‘l:)) (x,0) - pave(x,0) - L|, (1)

where (¢/p)ave(x,0) is the averaged mass attenuation coefficient,
Pave(x,0) is the average density, and L is the length of the CT target.1 °
The solid line in Fig. 2(a) shows a typical energy spectrum measured
by the LaBrs(Ce) detector. The integrated count rate in the energy
region from 5500 keV down to its single escape shoulder (ROI) was
obtained for each measurement point. Each rate was normalized by
the total integrated count rate measured by the plastic scintillation
detector. The transmission factor of the CT target at each condition
was experimentally obtained as

Corr(x,0)

eorr(x,0) = COFF blank
,Dlan)

2

where Corr(x,0) is the integrated count rate with the CT target at
the measurement of the horizontal position of x and the rotational
angle of 0, and Copgplank is the integrated count rate without the CT
target. Because the width of ROI is wider than the resonance width
of the NRF level by 4-5 orders of magnitudes, the contribution of the
resonant attenuation to the integrated count rate is negligibly small.
Figures 2(b) and 2(c) show typical gamma-ray spectra measured by
the HPGe detectors. The yield of the 5292-keV NRF peak of ***Pb
was evaluated by the least square fitting of Gaussian function and
normalized by the live time of each measurement. The transmission
factor of on-resonance gamma rays can be given as

shows the LCS gamma-ray spectrum
after a 8-mm-diameter collimator, which
was calculated by the EGS5 code.’®
(b) Typical spectrum of scattered gamma
ray from the witness target measured by
the HPGe detector. (c) Expanded spec-
trum around 5292 keV with a Gaussian
peak fitting result. The statistical error is
shown by the error bar.

Energy [keV]

eon(x, 0) = exp[—((/;) (x,0) - pave(x,0) - L + onge - Ne(x, 9))],
(3)

where onrr is the NRF cross section of the nuclide to be measured,
Nt (x, 0) is the number areal density of the nuclide on the gamma-
ray beam path in the CT target.'® The transmission factor of the CT
target at each condition was experimentally obtained as

CON (x, 0)

eon(%,0) = CoNplank
,olan

(4)
where Con(x,0) is the NRF count rate with the CT target, and
Conplank is the NRF count rate without the CT target. Finally, the
resonant attenuation -In(enrr(x,0)) was reconstructed from Equa-
tions (1)-(4),

—In(enre(x,0)) = —[In(eon(x,0)) — In(eorr(x,0))]
= ONRF * Nt(x, 9) (5)

Equation (5) indicates that it is possible to obtain an isotope CT
image by subtracting the contribution from the atomic attenuation
in logarithmic expression.

There are, in general, two kinds of reconstruction algorithm
used for CT: analytical algorithm and iterative algorithm. The ana-
Iytical algorithm has an advantage that it can be done very fast,
but strong noises called as “artifacts” affect the reconstructed image
quality if the number of observation angles is few or observation
angles are limited by some obstacles. To overcome this limited-angle
problem, the iterative algorithms including the Algebraic Recon-
struction Techniques (ART) algorithm have been developed.?27
For the image reconstruction, the ART algorithm was used in this
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FIG. 3. Schematic image of the division of projection data points to minor grids.
The color indicates the attenuation value, which stays constant through the up-
sampling step.

study. In the present implementation of the ART algorithm, an ini-
tial reconstructed image po(x, z), which is a two-dimensional matrix,
is filled with the value of zero. This initial image is modified to the
final image by applying iteratively the following procedure. The k-th
image py(x, z) obtained by the k times iteration is first rotated by the
observation angle 0; as

Ag,k(xcos 0j — zsin 0, xsin 0; + zcos 6;) = (. 2). (6)

By subtracting the projection of Ag;, (x, zi) to the x-axis from the
data, p(x, 0;), measured at observation angle 6;, the difference matrix
Dpg;x(x, z) is obtained as

Dej,k(x, z) = I%{P(xr 0) - ZilAef’k(x’ Zi)}’ )

where N is the total number of data points in a single projection data.
Here Dg(x, z) has no z dependence. The difference matrix Dg;y (x, 2)
is rotated back as

ARTICLE scitation.org/journall/adv

Déj)k(x cos 0j + zsin 0, —x sin 6 + z cos 0;) = Dg}.,k(x, z). (8)

By adding the summation of the difference matrix, the (k+1)-th
reconstructed image px,; (x, z) is calculated as

(4
tra1 (%,2) = ur(x,2) + M Zj\il Déj,k(x, z), )]

where «a is the relaxation parameter used to control the feedback
strength and M is the total number of the observation angles. The
relaxation parameter a should be less than unity. In this work, «
was set to be 0.7. The convergence of the reconstruction is judged
by the root-mean-square-difference (RMSD) between the k and k+1
reconstructed images given by

1/2
RmsD=[%zﬁlzﬁl{ykﬂ(xi,zj)—yk(x,-,zj)}] D)

When the RMSD get smaller than user specified value, the itera-
tion is stopped. Then the reconstructed distribution g, (x,2) can
be obtained. There are some CT reconstruction algorithms hav-
ing non-negative constraints which is preferable for NRF-CT since
the attenuation is always positive in principle. However, the ART
algorithm used in this study doesn’t have non-negative constraints.
There is room for improvement concerning the algorithm for CT
reconstruction.

The developed ART algorithm requires the matrix rotation
using the Equations (6) and (8). This matrix rotation is very simple
and applicable to any size of reconstruction image or projection data.
However, when the number of data points is few as like the present
NREF-CT experiment, the accuracy of the matrix rotation becomes
low. To mitigate this problem, before reconstruction, we introduced
a preprocessing step; we divided each projection data point to minor
grids as shown in Fig. 3. In Fig. 3, the color indicates the atten-
uation value, which stays constant through the up-sampling step.
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FIG. 4. (a) The original distribution used for the demonstra-
tion. (b) The reconstructed image before the post-process
step. (c) The reconstructed image after the post-process
step.
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By this preprocessing step, the density of the grid points was able
to be increased and the accuracy of the matrix rotation was able to
be improved. In the present study, each projection data point was
divided into 8 points having the same value with the original grid
point. As a result, the spatial frequency of the data input into the
ART reconstruction procedure was artificially increased 8-fold. To
get back to the initial resolution after the reconstruction, we imple-
mented a post-process step, in which each 8x8 points in the recon-
structed image was merged together. The grid size of the recon-
structed image got back to that identical with the original projection
data.

We demonstrated the capability of the developed reconstruc-
tion procedure using a sample. We assumed that only one point
at (x, z) = (-10, 0) was occupied by a high-Z material as shown in
Fig. 4(a) and that the condition of projection angle was same with the
present experiment, i.e. from 0 to 150 degree with 30 degree interval.
The reconstructed image before the post-process step is shown in
Fig. 4(b). The reconstructed distribution has weak artifacts in radial
pattern. These artifacts are generated due to the small number of
the observation angles. The highest signal position in Fig. 4(b) is
slightly shifted to the negative horizontal direction. This is because of
the insufficient measurement points and the number of observation
angles for the increased spatial frequency after the preprocessing
step. After the post-process step, the final reconstructed image hav-
ing same grid size with the original one was obtained as Fig. 4(c).
The peak width is slightly wider than the original one and the peak
count of the final reconstructed image is not as high as the origi-
nal one. However, we can clearly find the position of the peak at
(%, z) = (-10, 0). The small shift to the negative horizontal direction
observed in Fig. 4(b) does not impact the results shown in Fig. 4(c).
The integrated count of the reconstructed distribution around the
peak (1.1) is almost same with the peak count of the original dis-
tribution (1.0). This result shows that the developed procedure can

ARTICLE scitation.org/journall/adv

reconstruct the 2D distribution from the low-resolution projection
data with the small number of observation angles.

RESULTS

By using the developed reconstruction procedure, we obtained
7x7 images with 5-mm pixel size from the measured gamma-ray
spectra. Figure 5(a) is the image of the atomic attenuation distri-
bution obtained by the gamma-ray transmission measured by the
LaBr3(Ce) detector. Although the resolution of the reconstructed
image is not high, strong attenuation by the lead rod around (x, z)
= (0, -10), medium attenuation by the iron rod around (x, z) = (-7.5,
5), and weak attenuation due to vacancy around (x, z) = (7.5, 5) can
be recognized. Figure 5(b) is the distribution of the on-resonance
gamma-ray attenuation including the atomic and resonant attenua-
tion. This clearly indicates the distribution of 2**Pb located around
(x, z) = (0, -10), but the atomic attenuation by the iron rod has still
remained. Figure 5(c) is the distribution of the resonant attenuation
induced by 2*®Pb, which was obtained by Equation (5). The con-
trast of the lead rod against the background is higher than that of
Figure 5(b). This result shows that it is practically possible to
measure the NRF-CT image by the previously proposed method.®”

As one can see in Figure 5(c), the highest NRF attenuation posi-
tion measured was (x, z) = (0, -5), which was slightly different from
the expected geometric centre of the lead rod (x, z) = (0, -8). In addi-
tion, the iron rod can be seen in Figure 5(a) also slightly shifted to
positive z direction as same as the lead rod in Figure 5(c). This shift
could occur when the misalignment of rotation stage existed or the
slight shift of gamma-ray beam path during the long time data acqui-
sition. More precise adjustment and tolerance of misalignment of
rotation stage must be investigated for practical applications. More-
over, the way to measure the gamma-ray beam position should be
developed to avoid undesired image distortion.
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DISCUSSION

The previous studies®?® reported that the small-angle Comp-

ton scattering in targets refill the notch induced by NRF attenua-
tion in the sample. Simple numerical calculations were performed
to evaluate the notch refilling effect. The amount of the small-angle
Compton scattering photon which refill the notch effect, Ny can
be calculated by

d(ic

Enmax
Nre = eare/ N, (E / 7deE, 11
il = Oegarget |, Ny(E) o dE (1)

where Oc target is the areal density of electron in the target material
along the gamma-ray beam path, E is the NRF resonant energy of
the interest, Emax is the highest energy should be taken into account,
Ny(E) is the number of incident gamma-ray photon at the energy
E, doc/d€Q is the differential cross section of the small-angle Comp-
ton scattering. In the case of small-angle Compton scattering with
scattering angle of less than 0.1 rad, the differential cross section
doc/dQ is almost constant (around 8 x 102° cm2sr ' electron™) and
has almost no dependence on the energy and polarization angle of
the gamma ray (more detailed information is described in supple-
mentary material available online). After the small-angle Compton
scattering, quite small fraction of the gamma-ray photon which ini-
tially has higher energy than the NRF resonant energy can be scat-
tered to the NRF resonant energy and refill the notch created by the
NREF in the CT target. The scattering angle 0;, incident gamma-ray
photon energy Eo and scattered gamma-ray photon energy E; has
the relationship which can be described as?®

2
0 :cosil|:1— ml;)c (?—1)], (12)
0 1

where my is the electron rest mass and c is the velocity of light. When
the incident gamma-ray photon energy and the scattered gamma-
ray photon energy are given, the scattering angle of the gamma ray is
uniquely determined. Therefore, Emax in the Equation (11) depends
on the geometrical configuration of the witness target. The inte-
gration of Equation (11) with taking into account the experimental
geometry was performed (more detailed information is described in
supplementary material available online). As the result, the reduc-
tion of the notch effect evaluated by numerical calculation is less
than 0.1% in the present experiment. The reduction of the notch
effect can be reduced down to 0.01% by using the witness target
which has the same transverse size with the gamma-ray beam. The
corresponding degradation of attenuation amounts A[-In(exrg)] for
the present experiment and the optimized configuration are -4 x 10™
and -4 x 107, respectively. Those values are negligibly small com-
pared with the obtained attenuation amount (around 0.2, shown in
Fig. 5(c)). The differential cross section of the small-angle Comp-
ton scattering was calculated based on the photon scattering by
free electrons at rest, although the electrons in the CT target are
bound atomic electrons. It is known that the differential cross sec-
tion of the Compton scattering by the bound atomic electrons is
almost the same as that by the free electrons when the quantity xc
(= sin(8s/2)/\o[A] = 12.4 5in(Bs/2) Eo[keV]) is larger than 10, where
\o is the wavelength of the incident gamma ray.>° Therefore, the
Compton scattering by free electrons is a good approximation in the
present case, i.e. xc ~ 5000 for Ey = 5300 keV and 0s = 0.06 rad.

scitation.org/journal/adv

In the present demonstration, we only obtained the low reso-
lution image of 7x7 with the gamma-ray beam with flux of 2 pho-
tons/s/eV and measurement time of 60 hours. The required mea-
surement time is inversely proportional to gamma-ray flux. The next
generation of extremely high flux LCS gamma-ray sources, ELI-NP-
GBS,*" MEGa-ray,®? and HIyS2,>® have been constructed or pro-
posed. Although optimization of the collimator size and the detector
arrangement will be required, when the ELI-NP-GBS®' with flux of
5000 photons/s/eV becomes available in the near future, the required
data accumulation time at a single observation condition can be 2500
shorter than this experiment. This means we can obtain 100 times as
many CT measurement points within 3 hours. Since the spatial reso-
lution of the reconstructed CT image is determined by the scanning
interval, the number of rotation angle, and the incident beam width,
the expected reconstructed CT image can be 10 times improved.
However, the geometry of the detector system has to be considered
to take into account the maximum counting rage of the detectors.

One of excellent advantages of NRF-CT is that it is possible to
distinguish an element of interest from other elements even if both
elements have similar atomic numbers, such as a combination of
iron (Z=26) and nickel (Z=28), and tantalum (Z=73) and tungsten
(Z=74). Moreover, this method can be applied to measurement of
a specific isotope of the same element such as **°U inside uranium.
Finally, we would like to point out that we can measure CT images
of several different nuclides at the same time using wideband'“ or
multi-colour LCS gamma-ray beam.>*

CONCLUSION

We have shown that the NRF-CT technique can enable us to
get a tomographic image of isotope (***Pb) in a natural lead rod con-
cealed inside in an iron cylinder filled with aluminium together with
an iron rod. In the reconstructed isotope image and the atomic atten-
uation CT image, slight shift (around 3 mm) in one direction from
the expected position was observed. This shift is possibly caused by
the misalignment of the rotation stage or the shift of the gamma-
ray beam path during the long time experiment. This implies the
need of further study and development for practical application of
NREF-CT technique. The effect of small-angle Compton scattering in
this work was discussed and the corresponding degradation of the
attenuation amounts were evaluated to be less than -4 x 10 which
is negligibly small compared with the obtained attenuation amount,
around 0.2. In addition, the required acquisition time in the upcom-
ing high intensity gamma-ray sources were evaluated to be 3 hours
for 10 times higher resolution than the present image.

SUPPLEMENTARY MATERIAL

See supplementary material for the detail of calculation of the
notch refilling effect induced by the small-angle Compton scatter-
ing.
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