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Abstract— The isotope selectivity of computed tomography
(CT) imaging based on nuclear resonance fluorescence (NRF)
transmission method using a quasi-monochromatic laser
Compton scattering (LCS) gamma-ray beam in the MeV region
was demonstrated at the Ultra Violet Synchrotron Orbital
Radiation–III (UVSOR-III) Synchrotron Radiation Facility
(Institute of Molecular Science, National Institute of Natural
Science) for two enriched lead isotope rods (206Pb and 208Pb)
implanted in an aluminum cylinder. Since these two rods show the
same gamma-ray attenuation in atomic processes, it is impossible
to differentiate between them using a standard Gamma-CT
technique based on atomic attenuation of gamma rays. The LCS
gamma-ray beam had a maximum energy of 5.528 MeV and
an intensity of approximately 5.5 photons/s/eV at the resonance
energy ( Jπ = 1− at 5.512 MeV in 208Pb). A lead collimator with
a hole diameter of 1 mm was used to define the size of the LCS
gamma-ray beam at the CT target. The CT image of the 208Pb
rod was selectively obtained with a 2-mm pixel size resolution,
which was determined by the horizontal step size of the CT stage.

Index Terms— Computed tomography (CT), isotope
distribution, laser Compton scattering (LCS) gamma-ray
beam, nuclear resonance fluorescence (NRF).

I. INTRODUCTION

NONDESTRUCTIVE assay (NDA) technology, which
is used to identify specific isotopes in a substance,
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plays a critical role in nuclear safety [1], [2], nuclear waste
management [3], and nonproliferation of nuclear materials
[4], [5]. Bertozzi et al. [1] proposed the nuclear resonance
fluorescence (NRF) process [6] with Bremsstrahlung
gamma-ray beams for the measurement of the isotopes of
interest. Fig. 1 shows the schematic diagram of the NRF
process. If the energy of an incident gamma ray is nearly
identical to the excitation energy of an isotope of interest,
the isotope is excited and subsequently decays either to the
ground state or to an excited state through the emission of a
gamma ray. The energy dependence of the NRF cross section
is described by the Breit–Wigner resonance [7], [8]. Owing
to the dependence of the excitation energies on the nuclear
species (isotope), the NRF assay can provide isotope-specific
signatures for many materials [1]. NDA using NRF with a
quasi-monochromatic gamma-ray beam generated through
laser Compton scattering (LCS) on relativistic electron
beams has been proposed previously [2], [3]. The LCS
gamma-ray beam [9], [10] is characterized by properties such
as energy tunability, quasi-monochromatic energy spectrum,
controllable polarization, and strong directionality [11]–[13].
Kikuzawa et al. [14] performed a proof-of-principle
experiment of NDA by using NRF gamma rays from the
lead in an iron box with a thickness of 1.5 cm irradiated
by an LCS gamma-ray beam with a high signal-to-noise
ratio. LCS gamma-ray beams in the MeV energy region are
currently available for basic research and applications at the
high intensity gamma-ray source (HIγ S) [11], New SUBARU
[12], and Ultra Violet Synchrotron Orbital Radiation–III
(UVSOR-III) [15].

A method called “transmission method” or “notch detection
method,” illustrated in Fig. 2, has been proposed for NDA
measurements of the isotopes of interest [1], [6]. Resonance
widths, typically ∼1 eV after Doppler broadening, are con-
siderably narrower than the energy width of an incident
gamma-ray beam, with the absorption of gamma rays by
nuclear resonance occurring only in the nuclide of interest [7].
When an isotope of interest is already present in the measured
sample [computed tomography (CT) target shown in Fig. 2],
the spectral flux of the transmitted photons at the resonant
energy decreases due to resonant absorption, leading to a nar-
row and sharp dip (called a notch) in the transmitted gamma-
ray energy spectrum [16]. When the transmitted gamma ray
irradiates the witness target that includes the same isotope of
interest, gamma rays are emitted from the isotope via the NRF
process. The NRF yield from the witness target is the negative
exponential function of the amount of isotope in the CT sample
along the beam path. CT is an imaging technique used to
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Fig. 1. Schematic of the NRF process, which involves the resonant excitation of the nucleus via the absorption of gamma rays with energy equal to the
excitation energy (Ex ). The nucleus then de-excites by the emission of gamma rays with (a) energy (Ex ) back to the ground state or (b) energy (Ex − E1)
to an excited state with energy E1.

Fig. 2. NRF transmission method.

reconstruct the cross-sectional image of a sample from several
projections acquired at different projection angles. Gamma-ray
CT scanners are employed in various medical fields [17] and
for nondestructive industrial inspections [18], [19].

CT can be integrated with the NRF transmission method,
known as NRF-CT, to obtain isotope-specific CT images using
gamma rays in the MeV energy region [20], [21]. One of the
remarkable features of NRF-CT is that the isotope of interest
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Fig. 3. Geometry of the CT target, which consisted of a cylindrical aluminum retainer with a diameter of 25 mm and a height of 20 mm. The retainer had
three holes with equal diameters of 6.1 mm and pitch angle of 120◦. The enriched lead isotope rods (206Pb and 208Pb) were placed in two of the holes, while
the third hole was left empty.

can be selectively identified from a sample containing several
isotopes. Zen et al. [16] demonstrated an image of a 208Pb
isotope in the natural lead, with a pixel size of 5 mm in
the resolution. The CT target consisted of a natural lead rod
implanted in an iron cylinder filled with aluminum (Al), with
an iron rod and air (hole).

The aim of this study was to demonstrate the isotope selec-
tivity of NRF-CT imaging using two different isotope-enriched
lead rods (206Pb and 208Pb). Because these two rods exhibit
the same gamma-ray attenuation in atomic processes, it is
impossible to distinguish the two rods using a standard CT
technique based on the atomic attenuation of gamma rays.
We employed an upgraded laser system that could generate a
tenfold intensity of the LCS gamma-ray beam when compared
to the previous system [16]. The energy of the gamma-ray
beam was increased to enable excitation at 5.512 MeV, as the
NRF cross section was two times larger than that at 5.292 MeV
in previous work [16]. An increased number of data points

were measured using an LCS beam with a smaller diameter
of 1 mm and a scanning step of 2 mm to obtain a CT image
with a higher spatial resolution than the previous work [16].

II. EXPERIMENTAL PROCEDURE

In this study, the experiments were performed at the BL1U
beamline located at the UVSOR-III Synchrotron Radiation
Facility [15], [22]. The developed NRF-CT system was based
on a first-generation CT scanner [23]. Fig. 3 shows the
structure of the CT target. A cylindrical aluminum holder with
a diameter of 25 mm and a height of 20 mm was used as
the specimen holder. The specimen holder consisted of three
circular holes each with a diameter of 6.1 mm with an equal
pitch angle of 120◦. Two enriched lead isotope rods (206Pb in
purity >93.3% with not more than 1% of 208Pb and 208Pb in
purity >97.8% with not more than 1% of 206Pb) were used
in the experiment. Each rod was cylindrical with a diameter
of 6 mm, height of 18 mm, and weight of 6 g. The two
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Fig. 4. Acquisition geometry of the CT target in the horizontal direction (x). The position of the CT target was varied from −14 to 14 mm in steps of
2 mm within the movement range.

Fig. 5. Acquisition geometry of the CT target in the direction of rotation (θ). The CT target was rotated in steps of 30◦ in the range of 0◦–150◦ around the
Y -axis.

lead isotope rods were placed in two holes of the specimen
holder, while the third hole was left empty. The CT target
positioned on a two-axis moving stage was scanned along the
horizontal dimension (x) with a step size of 2 mm in the range
of −14 to 14 mm, as shown in Fig. 4. The acquisition was
also performed in the direction of rotation (θ), in which the CT
target rotated in steps of 30◦ in the range of 0◦–150◦ around
the y-axis, as shown in Fig. 5. In addition to one acquisition

without the CT target, 90 data points with the CT target were
acquired (15 steps along the horizontal axes × 6 angles of
rotation). The averaged measurement time for one data point
was approximately 40 min.

We used a Tm-fiber laser system (TLR-50-AC-Y14, IPG
Laser GmbH) with the maximum average power of 50 W,
which was ten times as large as that of the previously
employed laser system [16]. We operated it in a continuous
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Fig. 6. Expected LCS gamma-ray spectrum obtained with a collimator
hole diameter of 1-mm using EGS5 Monte Carlo simulations for an LCS
gamma-ray flux of 1 × 108 photons/s.

wave (CW) operation mode with random polarization. The
laser wavelength of 1.896 ± 2 μm (0.6539 eV) can generate
the maximum gamma-ray energy of 5.528 MeV via a head-on
collision with a 746 ± 1 MeV electron beam in UVSOR-III
[15]. The maximum energy of the LCS gamma-ray beam
was increased to excite the J π = 1− state at 5.512 MeV of
208Pb because the NRF cross section is approximately twice
larger than that at the 5.292-MeV level [24] measured in the
previous experiment [16]. The spectral linewidth of the laser
was 0.7 nm, while its beam quality M2 was 1.05. The LCS
gamma-ray flux before the collimator was estimated to be
108 photons/s with 100% energy bandwidth, which was
ten times as large as that in the previous experiment
(107 photons/s) [16].

We used a lead collimator with a hole diameter of 1 mm
and a length of 20 cm. The beam diameters at the CT target
and the witness target were approximately 1 mm because
the divergence of the LCS beam is small (order of 10−3).
We obtained the 2-mm spatial resolution of NRF-CT images,
defined by the scanning step of 2 mm as described previously.
The EGS5 Monte Carlo simulation code [25] was used to
evaluate the energy spectrum and flux of the LCS gamma
rays at the CT target under the current experimental conditions.
Fig. 6 shows the gamma-ray spectrum and the flux of the LCS
gamma rays at the CT target under the current experimental
conditions given by the EGS5 Monte Carlo simulation [25].
The flux of the LCS gamma-ray beam after the collimation
was estimated to be 5.5 photons/eV/s at a maximum energy
of 5.528 MeV with 1.1% energy bandwidth at the full-width
at half-maximum (FWHM). The energy distribution shows
typical features of the LCS gamma-ray beam, including a
gradual increase at low energies and steep drop at high
energies in the gamma-ray spectrum.

Fig. 7 illustrates the schematic of the experimental setup.
A 5-mm-thick plastic scintillation detector was used to
measure the flux of the incident LCS gamma-ray beam.
The LCS gamma-ray beam was injected to the CT target

following its traversal through the plastic scintillation detector.
Subsequently, the gamma rays transmitted beyond the CT
target were projected on the witness target constructed from
the isotope of interest (208Pb in purity >97.8%). The diameter
and the longitudinal length of the witness target were 6 and
12 mm, respectively. Two high-purity germanium (HPGe)
detectors with efficiencies of 120% and 130% relative to
a 3” × 3” NaI(Tl) scintillator were used to measure the
NRF gamma rays from the witness target. These two HPGe
detectors were placed at an angle of 120◦ with respect to
the gamma-ray axis. The energy calibration of the HPGe
detectors was performed with the 40K (1460.8 keV) and 208Tl
(2614.5 keV) gamma rays from the natural background. The
energy calibration was extrapolated to 5.512 MeV with a
deviation of 2–4 keV which was verified by the 5.512-MeV
peak as well as its single escape peak. The depth of the notch
in the spectrum of the transmitted photon beam through the
CT target induced by the isotope of interest was assessed
based on the difference between the NRF yields obtained
with and without the CT target. However, these NRF yields
depend on the atomic attenuation in addition to the nuclear
resonant attenuation in the CT target [26]. The transmission
of the incident LCS gamma-ray photons through a target
partly depends on the attenuation caused by atomic processes.
A 3.5” × 4” LaBr3(Ce) detector was used to measure the
flux of the transmitted gamma rays to evaluate the atomic
attenuation. Under the current experimental conditions, the
total LCS gamma-ray flux was approximately 106 photons/s
after the collimator. To prevent pile-up events in the LaBr3(Ce)
detector, a bismuth absorber (attenuator) with a thickness of
10 cm was placed in front of the detector. The dead times of
all the detectors were less than 1%. The signals from each
detector were sent to an eight-channel digital signal proces-
sor (APU8008, Techno-AP) and a conventional multichannel
analyzer (MCA8000D, Amptek) which recorded all spectra.
A flat panel detector was used to check the location of the
gamma-ray beam and the CT target.

III. RESULTS AND DISCUSSION

An NRF-CT image of the 208Pb isotope placed inside an
aluminum holder was obtained using gamma-ray transmis-
sion factor measurements, considering the atomic effect and
attenuation of nuclear resonance. Fig. 8(a) and (b) shows the
typical energy spectra measured with the LaBr3(Ce) detector
and the plastic scintillator. In each spectrum, the region
of interest (ROI) is indicated by the shaded area. As seen
in Fig. 8(a), the energy resolution of the LaBr3(Ce) detector
was high enough to separate between the LCS gamma-ray
peak and its single escape, with the ROI covering the energy
range of 5360–5885 keV to only include the full energy peak.
In contrast, as illustrated in Fig. 8(b), the plastic scintillator
exhibited a poor energy resolution, with no clear peak visible
in the spectrum. Thus, the ROI covered the channels in the
range of 817–7107 to obtain the relative flux of the incident
LCS gamma rays.

For each measurement condition, the integrated count of the
ROI was divided by the live time of the measurement system.
The transmission factor (εoff) of the OFF-resonance gamma
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Fig. 7. Schematic of the NRF-CT experimental setup. A lead collimator with a diameter of 1 mm was employed. The setup included a plastic scintillator
for calculating the gamma-ray flux from the incident LCS gamma-ray beam. The CT target was mounted on a 2-D motion stage placed in the path of the
LCS gamma-ray beam. Two HPGe detectors were used for measuring the NRF signals from the witness target. Lead blocks were placed to shield the gamma
rays directly dispersed onto the HPGe detectors. A flat panel detector was used to track the gamma-ray beams, while a bismuth attenuator (Bi), placed in
front of the LaBr3(Ce) detector, prevented the pile-up of photons.

Fig. 8. Typical spectra from the LaBr3(Ce) detector whereas (a) the photo peak appears around 5512 keV and the bump in 511 keV before the photo peak
is the single escape peak. (b) Typical spectra from the plastic scintillator. The shaded areas indicate the ROI in each spectrum.

ray for each measuring condition corresponding to the rotation
angle (θ) and the horizontal position (x) of the CT target is
given by [16]

εoff = e
[
−
(

μ
ρ

)
ave

×ρave×L
]
. (1)

Here, (μ/ρ)ave is the average mass attenuation coefficient,
ρave is the average density, and L is the length of the
path through the target [16], [27]. This transmission (εoff)
is a function in the rotation angle (θ) and the horizontal
position (x). The transmitted gamma rays were attenuated by
the bismuth absorber; however, this absorption was canceled
during the following treatment. To calculate the normalized
count rate of the transmission detector, the count rate of the
LaBr3(Ce) detector was divided by the total integrated count
rate of the plastic scintillator. The transmission factor of the
OFF-resonance gamma rays εoff at each position can also be

expressed by the following equation:

εoff = Coff(with CT target)

Coff(without CT target)
. (2)

Here, Coff (with CT target) is the normalized count rate of
the transmission detector in the presence of the CT target and
Coff (without CT target) is the normalized count rate of the
transmission detector in the absence of the CT target [16].

As the width of the ROI was wider than that of the NRF
resonance by four to five orders of magnitude, the effect of
resonance attenuation on the yield measured by the LaBr3(Ce)
detector was negligible. To increase the statistics, the energy
spectrum measured by each HPGe detector was compressed
from 1 to 2 keV per channel along the energy axis, with
the two compressed energy spectra subsequently summed to
generate one spectrum. Fig. 9(a) displays the typical energy
spectrum obtained by combining the two energy spectra
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Fig. 9. (a) Combined spectrum from the two HPGe detectors. (b) Zoomed-in-view region shows a Gaussian fit of the NRF peak around 5512 keV.

measured using the two HPGe detectors. An NRF peak of
208Pb was clearly observed at 5512 keV. Fig. 9(b) shows
a zoomed-in plot of the region around the NRF peak. The
FWHM values of the NRF peak corresponding to the 120%
HPGe detector, 130% HPGe detector, and combined spectra
were 7.6, 7.8, and 8.8 keV, respectively.

The NRF peak of 208Pb at 5512 keV was fit with
least-squares of the Gaussian function, with the NRF yield
calculated based on the area under the peak. All data analyses
were performed using the ROOT C++ codes [28]. The NRF
yield was divided by the live time and normalized by the total
count of the plastic scintillator detector; hence, the NRF yield
can be considered as the normalized NRF count rate. The
transmission factor (εon) at the resonance energy for each mea-
surement condition corresponding to the rotation angle (θ) and
the horizontal location (x) of the CT target is given by [16]

εon = e
[
−

((
μ
ρ

)
ave

×ρave×L+σNRF×Nt

)]
. (3)

Here, σNRF is the NRF cross section of the isotope of interest
and Nt is the areal density of the nuclide in the CT target in
the LCS beam direction. This transmission (εon) is a function
of the rotation angle (θ) and the horizontal position (x). The
transmission factor of the ON-resonance gamma rays εon at
each position can also be expressed by the following equation:

εon = Con(with CT target)

Con(without CT target)
. (4)

Here, Con (with CT target) is the normalized NRF count rate
obtained in the presence of the CT target and Con (without
CT target) is the normalized NRF count rate obtained in the
absence of the CT target [16]. We assume that the attenuation
of resonant photons originating from the atomic effect is the
same as the attenuation of the beam photons. To obtain the
NRF-CT image of the isotope of interest, we transformed
the transmission factor to a logarithmic expression and
evaluated the nuclear resonance attenuation −ln(εNRF) by
subtracting the atomic attenuation according to the following
equation [16]:

ln(εNRF) = ln (εon) − ln(εoff). (5)

In this study, the Algebraic Reconstruction Technique
(ART) [29]–[31] was employed and details were written in
[16]. Three 14 × 14 reconstructed images with a 2-mm pixel
size were obtained. Fig. 10(a) displays the geometry of the CT
target used in this study, while Fig. 10(b) shows the recon-
structed image of the OFF-resonance attenuation measured by
the LaBr3(Ce) detector. The figure clearly shows two high
attenuation areas caused by the atomic process corresponding
to the positions of the 208Pb and 206Pb rods. As the intensities
at the 208Pb and 206Pb rod positions measured based on atomic
attenuation were nearly identical, it was practically impossible
to distinguish between these two isotopes.

Fig. 10(c) displays the distribution of the ON-resonance
gamma-ray attenuation, which was reconstructed from ln(εon)
[defined in (4)]. While the 208Pb rod could be clearly seen,
the 206Pb rod though visible exhibited a lower intensity than
that of the 208Pb rod. The absolute value of the ON-resonant
attenuation [−ln(εon) = 0.23] at the 208Pb rod position was
approximately three times as high as that of the OFF-resonant
attenuation [−ln(εoff) = 0.08]. In contrast, the ON-resonant
attenuation of ln(−εon) = 0.08 at the 206Pb rod position was
approximately identical to that of the OFF-resonant attenuation,
implying that the 206Pb intensity seen in Fig. 10(c) could
be attributed to atomic attenuation. The reconstructed CT
image obtained using (5) in Fig. 10(d) shows the distribution
of the NRF attenuation induced only by the 208Pb isotope
(pure NRF). In the reconstructed image, the 206Pb rod that
is marginally visible in Fig. 10(c) is not visible in Fig. 10(d),
while the 208Pb rod can be clearly observed.

The present result shows that the NRF-CT method can
clearly separate 208Pb from 206Pb and would be feasible to
realize the isotope-specific CT imaging. We needed about
60 h to take the 2-D NRF-CT image of the sample in a
diameter of 25 mm with a 2-mm pixel resolution. It should
take nearly ten times longer acquisition time (600 h) to
take 3-D NRF-CT image with the same CT target and pixel
resolution. At least three or more higher order of intense
gamma ray and a large number of detectors should be prepared
in applications. Moreover, we should note that the current
target NRF level (J π = 1− state at 5.512 MeV) in 208Pb
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Fig. 10. (a) Geometry of the CT target. Reconstructed CT images of (b) atomic, (c) ON-resonance, and (d) pure NRF.

has a huge NRF cross section, �0 = 28.3 [24], while a
standard NRF level, that is, J π = 7/2+ state at 2.212 MeV in
27Al (�0 = 17.1 meV) [32] has three orders smaller NRF cross
section. A new LCS gamma-ray facility is currently under
construction in Extreme Light Infrastructure—Nuclear Physics
(ELI-NP) [33], Romania. The LCS gamma-ray beam designed
spectral density flux is within of 5 × 103 photons/s/eV range,
which would be feasible for a practical application.

IV. SUMMARY

In this study, the isotope selectivity of the NRF-CT
technique was demonstrated for a CT sample where two differ-
ent isotope-enriched rods (206Pb in purity >93.3% and 208Pb
in purity >97.8%) were installed in a thick aluminum holder
for the first time. Both the isotope rods had an approximately
the same atomic attenuation. The experiment was conducted
using an LCS gamma-ray beam at the BL1U beamline of
the UVSOR-III electron storage ring. By using a Tm-fiber
laser system (50 W, CW) with 1.896-μm wavelength, the
gamma-ray flux of 5.5 photon/s/eV and the maximum energy
of 5.528 MeV LCS gamma-ray beam were generated. The CT
sample was scanned by a 2-mm step size along the horizontal

axes, from −14 to 14 mm, and a 30◦ step in the rotation
angle from 0◦ to 150◦. Reconstructed images with a 2-mm
pixel size were obtained using an incident LCS gamma-ray
beam with a diameter of 1 mm. Both the 208Pb and 206Pb rods
were observed in the preliminary image owing to the atomic
attenuation effect. The subtraction of the atomic attenuation
effect eliminated the signal from the 206Pb rod, resulting in
the selective image of the 208Pb isotope.
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