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Abstract

The quasi-monochromatic, continuously energy-tunable, and high-brightness gamma rays that are produced by an inverse
Compton scattering (ICS) light source provide an ideal probe for gamma-ray imaging. However, owing to the influence of
the intrinsic energy-angle correlation spectrum of this type of light source, monochromatic computed tomography (CT),
especially in the gamma-ray energy region, can only be realized in a low-efficiency manner, similar to first-generation CT.
A dual-energy scan scheme with a large imaging field of view (FOV) was developed in this study to improve the imaging
efficiency. The effectiveness of this scheme was demonstrated based on the beam parameters of a typical ICS light source
using Monte Carlo simulations. By leveraging the principle of basis material decomposition, the influence of the energy-
angle correlation spectrum on CT reconstruction was corrected, and a monochromatic CT image of the imaging object was
accurately reconstructed. Furthermore, the electron density and effective atomic number of the imaging object could be
obtained simultaneously.

Keywords Gamma-ray computed tomography - Energy-angle correlation - Basis material decomposition - Inverse Compton
scattering light source - Monte Carlo simulation

1 Introduction

Since the 1970s, computed tomography (CT) has been
developed into a powerful tool for industrial nondestructive
testing (NDT), in which the structural integrity of assem-
bled devices is assessed and the quality of manufactured
components is inspected. The main focus of NDT appli-
cations is qualitative feature recognition (or visualization),
such as flaw detection, morphological characterization of
internal structures, and material wear inspection. With the
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development of state-of-the-art precision engineering (e.g.,
additive manufacturing [1, 2]), there is an increasing demand
for accurate dimensional measurements to assure manufac-
turing quality (e.g., wall thickness, pore size, and geometry
tolerance verification) without destroying the part. The CT
technique plays a significant role in dimensional metrol-
ogy [3-6], especially for the dimensional determination of
the internal or hidden structures of a component.

In industrial CT systems, X-rays are generally produced
by the so-called bremsstrahlung, which is a process in which
high-energy electrons are braked by an anode and a con-
tinuous spectrum is produced. Because the X-ray absorp-
tion of a material is energy dependent, beam-hardening
artifacts occur when a polychromatic spectrum is used for
CT reconstruction. Owing to the influence of beam-harden-
ing artifacts, serious errors occur in dimensional measure-
ments [7-11], which hamper accurate quantitative analysis
and inspection. Since the invention of CT techniques, several
methods have been developed to correct this influence. How-
ever, those correction algorithms have their own limitations,
such as the reduction of photon flux by pre-filtering, the
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requirement of prior knowledge of the imaging materials
or spectrum [8, 10, 12-22], two scans at preferably non-
overlapping spectra [23, 24], and computational complex-
ity [21, 22, 25-28]. To resolve the beam-hardening effect
fundamentally, it is necessary to develop a monochromatic
X-ray source, in particular, a monochromatic gamma-ray
source with strong penetration power for industrial high-Z
material imaging that is characterized by high beam quality,
a suitable footprint, and a moderate cost.

With the development of high-brightness electron beams
and high-power lasers, the inverse Compton scattering (ICS,
also called Thomson scattering in the low-energy region [29,
30]) gamma-ray source has been developed as an excellent
light source for advanced gamma-ray imaging because it can
provide quasi-monochromatic, continuously energy-tunable,
small-focal-spot, and high-brightness gamma rays [31-33].
Furthermore, the footprint of this type of light source is at
the room or container scale, making it flexible for clinical
or industrial NDT applications. Therefore, ICS light sources
have recently attracted significant attention in the field of
advanced radiation imaging, including monochromatic and
spectral imaging [34-37], phase contrast imaging [38—42],
polarization-based imaging [43, 44], and nuclear resonance
fluorescence imaging [45—49]. For an ICS light source, the
gamma-ray photon energy E, in a head-on interaction geom-
etry between the relativistic electron and laser, and consid-
ering the relativistic approximation (y > 1, y> > a(z), and
0 < 1), can be described as [50]

4y°E,

"1+ a2+ (0 M
where E| is the laser photon energy, y is the relativistic Lor-
entz factor, a; is the magnitude of the normalized laser vec-
tor potential, which can be neglected in the linear scatter-
ing process (g, < 1), and 6 is the detection angle between
the electron moving direction and gamma-ray observation
direction. The gamma-ray energy is correlated with the
detection angle. The detection angle must be confined by
a collimator to obtain quasi-monochromatic gamma rays.
Therefore, the field of view (FOV) for imaging is very small,
especially in the high-energy region where y is very large
and E, is more sensitive to changes in 6. For example, for
gamma rays with a peak energy of 2 MeV generated using a
laser with a wavelength of 800 nm, the typical FOV within
which the gamma-ray bandwidth is determined only by the
beam parameters (intrinsic bandwidth, not influenced by the
energy-angle correlation) is ~5 mm or less at 10 m down-
stream of the interaction point (IP) between the relativistic
electron and laser. Hence, the “translation + rotation” scan
scheme of first-generation CT must be used to realize CT
for centimeter-scale objects, which has been proved to be
time-consuming.

@ Springer

To improve the imaging efficiency of gamma-ray CT
based on ICS light sources, the imaging FOV must be
increased without reducing the beam intensity, which means
that special efforts must be made to correct the influence
of the intrinsic energy-angle correlation spectrum of this
type of light source on CT reconstruction. In this study, a
dual-energy scan scheme is proposed to realize large-FOV
gamma-ray CT by taking full advantage of the straightfor-
ward energy tunability of ICS light sources. The feasibility
of this scheme was investigated based on a typical ICS light
source using Monte Carlo simulations.

2 Methods

2.1 Principle of gamma-ray dual-energy scan
scheme

According to the interaction mechanism between X-ray pho-
tons and materials, the linear attenuation coefficient u(E) of
a material can be decomposed into three parts:

H(E) = apgfpg(E) + acsfes(E) + appfpp(E), )

where for(E), fog(E), and fpp(E) are the energy E dependen-
cies of the photoelectric, Compton scattering, and pair pro-
duction effects, respectively. The decomposition coefficients
apg, acs, and app are related to the material properties:

4
apy =K\ Z"p %, (3a)
Z
dcs =Kap= (3b)
Z
app =KsZp%, (3c)

where p, Z, and A denote the mass density, atomic number,
and atomic weight, respectively, K|, K,, and K are constants,
and n =~ 3.

In the low-energy region (E < 1.022 MeV), the pair pro-
duction process cannot occur. Hence, only the photoelectric
and Compton scattering terms in Eq. (2) contribute to the
linear attenuation coefficient u(E). For the photoelectric
term, fo(E) is empirically considered as 1/E> when no elec-
tron—shell discontinuity occurs in the given energy region,
which restricts the model to application to very-high-Z mate-
rials. For the Compton scattering term, f-g(E) is explicitly
described by the well-known Klein—Nishina formula, which
assumes the unbound electron and at-rest conditions, neglect-
ing the incoherent scattering function and Doppler broaden-
ing, respectively. Using dual-energy CT scans, the projections
of apg and aqg can be calculated, based on which the spatial
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distribution of apg and ag can be reconstructed. Thus, a mono-
chromatic CT image of the imaging object can be obtained
using Eq. (2) by neglecting the pair production term. This is
the principle of the dual-energy method for beam-hardening
correction in the diagnostic X-ray energy region [23, 24],
which has been applied to energy-angle correlation correc-
tion for monochromatic CT based on an ICS light source in
the keV energy region [35].

In the high-energy region (e.g., hundreds of keV to sev-
eral MeVs), the contribution of the photoelectric effect to the
linear attenuation coefficient u(E) is usually negligible com-
pared with those of the Compton scattering and pair produc-
tion terms. In principle, the spatial distributions of a.g and
app for an imaging object can also be reconstructed using a
dual-energy scan. However, no explicit expression for fpp(E)
exists owing to the complex energy dependence of the pair
production effect. In this case, the basis material decomposi-
tion model is often adopted [51].

In the basis material decomposition model, an arbitrary
material can be considered as a mixture of two basis materials
and its linear attenuation coefficient x(E) can be decomposed
as

M(E) = ¢ pupp 1 (E) + o ppp2(E), 4

where pgy 1 (E) and pgy,(E) are the linear attenuation
coefficients of the two basis materials, whose values at any
gamma-ray energy are known, and c, and c, are the decom-
position coefficients. When a dual-energy scan is per-
formed, the projections of the linear attenuation coefficient
at both high and low gamma-ray energies can be obtained
as follows:

Py=-1In / S(E) exp [— / u(, E)ds] dE, (52)
SpecH s

P =- ln/ S(E) exp [— /,u(?, E)ds] dE, (5b)
SpecL s

where Py and P| are the measured projections at the high-
energy spectrum (SpecH) and low-energy spectrum (SpecL),
respectively, 7 denotes a position vector in Euclidean space,
and S(E) is the intensity-normalized energy spectrum
[ /SpecH S(EYdE =1 and fspecL S(E)YdE = 1], which can be
approximated by a Gaussian distribution at any local posi-
tion of the gamma-ray beam profile for an ICS light source.
Because the local bandwidth of an ICS light source is very
narrow (the typical rms value is several percent), compared
with the energy dependence of u(E) in the high-energy
region, S(E) can be treated as a Dirac function 6(E). Thus,
Eq. (5) can be further simplified as

Py = / U@, Ey)ds, (6a)

PL = /M(?’ EL)dS’ (6b)

where Eyy and E; are the peak energies in the high- and low-
energy spectra, respectively. By combining Eqgs. (4) and (6),
the following linear equation system can be established:

[PH] = [”BM,I(EH) ﬂBM,z(EH)] [Q] )
Py MM (EL) pema(ED) | |G ’

with

C, = / c;(F)ds, (8a)
C2 :/02(?)ds. (Sb)

The projections C; and C, can be calculated by solving the
linear equation system of Eq. (7). Thus, the projection P(E)
of the linear attenuation coefficient at an arbitrary energy £
can be obtained as follows:

P(E) = /M(i E)ds = Cpugp 1 (E) + Copgmo(E), 9)

and the monochromatic CT image of the imaging object at
energy E can be obtained by reconstructing P(E).

The gamma-ray energy of an ICS light source can be eas-
ily adjusted by changing either the electron energy or inter-
action angle between the electron and laser. The influence
of the energy-angle correlation spectrum encountered in a
large-FOV imaging geometry using ICS light sources on CT
reconstruction can be easily resolved using a dual-energy
scan. Although an energy-angle correlation exists in the
scan of each gamma-ray peak energy, the local quasi-mon-
ochromaticity [6(F) approximation] at an arbitrary detection
angle of the FOV (or an arbitrary detection position within
the gamma-ray beam profile) can be satisfied (see Sect. 2.2
for the simulated gamma-ray spectra). Hence, two projec-
tions at different gamma-ray energies (Ey and E|) can be
obtained at any detection angle of the FOV. The two gamma-
ray energies Eyy and E; can be calculated using Eq. (1) when
the gamma-ray peak energies (Ey ,,x and Ey ,.,,) are deter-
mined, based on which the values of gy and pgy;, can be
obtained at the two gamma-ray energies Ey; and E; . By solv-
ing Eq. (7) and using the composition relation in Eq. (9), the
projections of the imaging object at any detection angle of
the FOV can be corrected to the same gamma-ray energy, as
illustrated in Fig. 1. Therefore, a monochromatic CT image
of the imaging object can be reconstructed.
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2.2 Monte Carlo simulation

Monte Carlo (MC) simulations were performed using the
Geant4 toolkit [52] to demonstrate the feasibility of the
large-FOV gamma-ray CT scheme. The imaging geometry
was modeled based on the imaging system constructed for
the very compact ICS gamma-ray source (VIGAS) [53-55]
that is under construction at Tsinghua University. A fan
beam geometry was adopted, and the imaging layout is
illustrated in Fig. 2. Gamma-ray photons were generated
from the IP (gamma-ray spot size 10 pm, rms) and propa-
gated R, = 10 m to the imaging object. The spectrum of the
gamma-ray photons, as shown in Fig. 3, was generated from
CAIN [56], which is the most commonly used MC code for
ICS simulations, by considering the practical beam parame-
ters of the VIGAS. The gamma-ray peak energies Ej ., and
Ey max Of the dual-energy scan were 2 and 4 MeV, respec-
tively. The imaging object was scanned separately by the two
spectra. At the VIGAS, gamma rays with peak energies of
2 and 4 MeV were generated by the interaction of 290 MeV
electrons and lasers with wavelengths of 800 and 400 nm,
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Fig. 1 (Color online) Dual-energy scan scheme for obtaining mono-
chromatic projections of the imaging object at different detector pix-
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Fig.2 (Color online) Imaging layout for large-FOV gamma-ray CT
based on an ICS light source (not to scale)
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Fig.3 (Color online) Simulation spectra of the VIGAS using the
CAIN software: a angular distribution of the generated gamma rays,
b local rms energy spreads at different detection angles (or different
detection positions within the gamma-ray beam profile), and normal-
ized gamma-ray spectra at different collection angles 0, for E, ,,, =2
MeV (c¢) and 4 MeV (d), respectively. The pink dotted lines in a are
the theoretical results obtained from Eq. (1). Although the gamma-ray
energy spread increases with the detection angle, the spectrum is still
sufficiently narrow that it can be considered to be quasi-monochro-
matic at different detection angles
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respectively. The CAIN simulation results of the gamma-ray
spectrum were loaded into Geant4 for further imaging simu-
lations. Both the energy-angle correlation and energy spread
of the spectrum were considered in the MC simulation. To
acquire the projection data of the imaging object, an ideal
transmission detector with a pixel size of 0.2 mm was placed
R, = 0.5 m downstream of the imaging object. The photon
intensity of the generated gamma rays of an ICS light source
decreases with the detection angle, as shown in Fig. 3a. To
guarantee the necessary photon intensity at the boundary of
the gamma-ray beam profile, the gamma-ray collection angle
0. was selected as 1/y (~1.76 mrad), which corresponds to
an FOV of ~3.5 cm at the position of the imaging object.
Compared with the quasi-monochromatic case (typical FOV
of ~5 mm or less at 2 MeV), the FOV increases more than
sevenfold in the dual-energy scan scheme.

The imaging object was an aluminum (Al) cylinder with
a diameter of 3.0 cm, inside which there were four cylin-
drical columns with a diameter of 8.0 mm. The four inner
columns were made of iron (Fe), copper (Cu), water (H,0),
and silicon (Si), respectively. For the CT scan of the imag-
ing object, the rotation axis was the central axis of the Al
cylinder, located at the center of the gamma-ray beam.

In the MC simulation, 360 projections that were evenly
distributed in the angular range of 0-360° were acquired
for each CT scan. In each projection, 9 X 10’ gamma-ray
photons were simulated to balance the statistical error and
time cost.

2.3 Image reconstruction

Based on the dual-energy scan scheme, the monochromatic
projections of the imaging object at an arbitrary gamma-ray
energy E could be obtained using Eq. (9). Monochromatic
CT reconstruction of the imaging object at gamma-ray ener-
gies of 2 and 4 MeV was realized using the well-known
ART-TV iterative algorithm.

Because monochromatic CT images of the imaging object
at gamma-ray energies of 4 and 2 MeV were obtained, the
effective atomic number Z_; and electron density p, of
the imaging object could also be obtained. By combining
Egs. (2) and (3), the linear attenuation coefficient of a mate-
rial in the gamma-ray energy region can be expressed as

H(E) = 82Pefcs(E) + 83ZciPofpp(E), (10)

where g, and g; are constants related to K, and Kj, respec-
tively, and p, is defined as
V4

7 NVas 1)

pe = P73

where N, is Avogadro’s constant. Furthermore, consider-
ing the basis material decomposition model in Eq. (4), the

electron density p, and effective atomic number Z; of a
material can be expressed as

Pe =C1Pey T C2Pe s (12a)

_CZipey + Zopey
eff — 4

- (12b)

where Z; and p,; (i = 1 or 2) are the known atomic number
and electron density of the ith basis material, respectively.
To obtain p, and Z, the values of ¢, and ¢, are required,
which can be calculated by directly reconstructing Eq. (8) or
by solving Eq. (4) at two different gamma-ray energies. Dis-
tinguished by whether y(E) reconstruction is required, the
reconstruction of ¢; and ¢, can be realized using either pre-
or post-processing methods. In the preprocessing method,
¢, and ¢, are reconstructed based on the projection data C,;
and C, calculated by solving Eq. (7). In the post-processing
method, a monochromatic CT image of the imaging object
should first be reconstructed at two different gamma-ray
energies, Ey (e.g., 4 MeV) and E|_ (e.g., 2 MeV), following
which ¢, and ¢, can be calculated by solving Eq. (4) at the
two gamma-ray energies Eyy and E; .

3 Results and discussion

The basis materials selected for the CT reconstruction
of the imaging object were iron (Fe) and carbon (C),
the linear attenuation coefficients of which can be found
in the National Institute of Standards and Technology
(NIST) [57]. The CT reconstruction results of the imag-
ing object using the original energy-angle correlation
spectrum with a gamma-ray peak energy of 2 MeV and
the monochromatic CT reconstruction results at a gamma-
ray energy of 2 MeV using the dual-energy scan scheme
are illustrated in Fig. 4a and b, respectively. To avoid
the mosaic phenomenon in the CT reconstruction image
caused by undersampling and to obtain a smooth recon-
struction result, 512 x 512 pixels were selected in the CT
reconstruction region, which led to a virtual resolution
that was much higher than the practical resolution of the
transmission detector. The horizontal and vertical center
profiles of the reconstruction results are shown in Fig. 4c
and d, respectively, to provide a quantitative comparison.
Similar CT reconstruction results at a gamma-ray energy
of 4 MeV are illustrated in Fig. 5. Owing to the influence
of the energy-angle correlation spectra, obvious “cupping
artifacts” appeared in the reconstructed images. Using
the dual-energy scan scheme described in Sect. 2.1, the
“cupping artifacts” could be perfectly corrected, and the
reconstructed linear attenuation coefficient of the imag-
ing object agreed well with its theoretical value, as shown

@ Springer
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Original spectrum result
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Fig.4 (Color online) CT reconstruction results of the imaging
object: a direct reconstruction using the original energy-angle cor-
relation spectrum at a gamma-ray peak energy of 2 MeV; b mono-
chromatic reconstruction at a gamma-ray energy of 2 MeV using the

in Figs. 4c, 4d, 5c, and 5d. Considering that gamma-ray
energy is correlated with the detection angle, different
parts of the imaging object are irradiated by gamma rays
with different energies. The energy-modified linear attenu-
ation coefficient of the imaging object, which yields the
theoretical u(E) of the imaging object with the gamma-ray
energy E calculated based on the energy-angle correlation
relation in Eq. (1), is also illustrated in Figs. 4c, 4d, 5c,
and 5d using black dotted lines. The energy-modified lin-
ear attenuation coefficient of the imaging object exhibited
a similar variation tendency to the reconstruction result

@ Springer

200 400
Pixels

dual-energy scan scheme; and ¢ and d horizontal and vertical center
profiles [white dotted lines in a and b] of the reconstruction images,
respectively

using the original energy-angle correlation spectrum,
in which the linear attenuation coefficient for the same
material increased with the radius. However, a quantita-
tive comparison shows that the two results do not agree
well, particularly around the center of the imaging object.
Therefore, the single-spectrum correction using the
energy-angle correlation information in Eq. (1) cannot
reflect the practical reconstruction results.

The electron density and effective atomic number of the
imaging object reconstructed using the pre- and post-pro-
cessing methods are shown in Figs. 6 and 7, respectively. For
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Fig.5 (Color online) CT reconstruction results of the imaging
object: a direct reconstruction using the original energy-angle cor-
relation spectrum at a gamma-ray peak energy of 4 MeV; b mono-
chromatic reconstruction at a gamma-ray energy of 4 MeV using the

both reconstruction methods, the reconstruction quality of
the electron density was much better than that of the effec-
tive atomic number, which can be attributed to the division
operation in Eq. (12b). Compared with the preprocessing
method, there were serious artifacts around the boundaries
of H,0, Fe, and Cu in the Z_; image reconstructed using the
post-processing method.

To evaluate the reconstruction quality of the two methods
quantitatively, five regions of interest (ROIs) were selected,
as indicated by the white dotted squares in Figs. 6a, 6d, 7a,
and 7d. The p, and Z reconstruction results for the five

. 1.5}
T
g
S 11
— M—*ﬂ__.—ﬁf
o v s
X !
~ 05} |
3 ! i
1 1
|
o L. ] | n
0 200 400
Pixels

dual-energy scan scheme; and ¢ and d horizontal and vertical center
profiles [white dotted lines in a and b] of the reconstruction images,
respectively

materials are presented in Tables 1 and 2, respectively. Both
the mean value and its standard error calculated over the
ROIs are provided for the reconstructed values in Tables 1
and 2. In terms of p,, the precision (standard error) of the
five materials reconstructed using the post-processing
method was much higher than the value using the preproc-
essing method. Meanwhile, the accuracy (relative error)
of p. reconstructed using the post-processing method was
slightly higher than the value using the preprocessing
method for all materials, except for Cu. In terms of Z g, the
reconstruction precision using the post-processing method

@ Springer
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Fig.6 (Color online) Electron density and effective atomic number of
the imaging object reconstructed using the preprocessing method: a
p. image; b and ¢ horizontal and vertical center profiles of a, respec-

was slightly lower than that using the preprocessing method
for all materials except for H,O, and the reconstruction accu-
racy using the post-processing method was similar to that
using the preprocessing method for all materials except for
H,O. Therefore, the post-processing method is more suitable
for p, reconstruction, whereas the preprocessing method is
more suitable for Z 4 reconstruction. For moderate-Z materi-
als (e.g., Fe and Cu), excellent reconstruction was obtained,
with accuracies of less than 3% and 1.5% for p, and Z_,
respectively. For Fe, the relative errors of p, and Z ; were
the smallest, which was expected because Fe is a basis mate-
rial. For relatively low-Z materials (e.g., Al, Si, and H,0),
the lower p, reconstruction accuracy may be attributed to
the less accurate basis material decomposition of the lin-
ear attenuation coefficient. Basis material decomposition
models with higher accuracy must be developed in future
studies to improve the reconstruction accuracy of p,. In
addition, the gamma-ray energy selected for the dual-energy
scan may be a reason for the high relative errors of the p,
and Z reconstruction for these low-Z materials. Because
gamma-ray energies of 2 and 4 MeV are too high for low-Z
materials in the imaging object, the statistical error of the
monochromatic CT reconstruction was relatively high, as

@ Springer

tively; d Z; image; and e and f horizontal and vertical center pro-
files of d, respectively. The white dotted squares in a and d are ROIs
selected for quantitative analysis of the reconstruction results

shown in Figs. 4d and 5d, which resulted in a high relative
error in the p, and Z_g reconstruction. To reduce the relative
errors of p, and Z; caused by the selection of gamma-ray
energy for the dual-energy scan, the photon number used
for the MC simulation should be increased or the gamma-
ray energy should be reduced. Although the preprocessing
method for Z_g reconstruction has advantages over the post-
processing method in terms of boundary artifact suppres-
sion and high-precision reconstruction, the reconstruction
precision of Z . owing to the division operation in Eq. (12b)
was significantly lower than that of p,. Therefore, effective
reconstruction methods must be developed to improve the
reconstruction precision of Z g

Because the FOV using the dual-energy scan scheme is
increased by more than sevenfold compared with the quasi-
monochromatic scan (“translation + rotation” scheme), the
imaging time using the dual-energy scan scheme (only “rota-
tion” is required) when CT scans using different gamma-ray
energies are carried out separately can be reduced by at least
3.5 times. However, dual-color gamma rays can be easily
produced simultaneously for an ICS light source [58-60]
using one of the following three schemes: (i) dual-color
lasers interacting with the same electron beam, (ii) a
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Fig.7 (Color online) Electron density and effective atomic number of tively; d Z; image; and e and f horizontal and vertical center pro-
the imaging object reconstructed using the post-processing method: a files of d, respectively. The white dotted squares in a and d are ROIs
p. image; b and ¢ horizontal and vertical center profiles of a, respec- selected for quantitative analysis of the reconstruction results

Table 1 Reconstructed electron

- . . . Material ~Reference Preprocessing Post-processing
density p, of the imaging object value (XN, . ' . '
em™) Reconstruction Relative error (%) Reconstruction Relative error (%)
value (XN, cm™) value (XN, cm™)
Al 1.300 1.159+0.097 10.89 1.164+0.023 10.47
Si 1.162 1.053+0.092 9.35 1.063+0.016 8.50
H,0 0.555 0.461+0.099 16.92 0.470+0.020 15.35
Fe 3.666 3.651+0.088 0.42 3.654+0.023 0.32
Cu 4.089 4.196+0.093 2.62 4.198+0.023 2.67

Table 2 Reconstructed effective atomic number Z g of the imaging object

Material Reference value Preprocessing Post-processing
Reconstruction value Relative error (%) Reconstruction value Relative error (%)
Al 13 12.58+2.69 3.21 12.66+2.88 2.58
Si 14 15.39+2.50 9.91 15.42+2.78 10.16
H,0 7.42 6.54+9.01 11.83 7.14+8.65 3.74
Fe 26 25.94+0.79 0.26 25.93+0.82 0.28
Cu 29 28.68+0.76 1.09 28.69+0.78 1.07
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single-color laser interacting with the same electron beam at
different interaction angles by beam splitting, and (iii) dual-
color electron beams interacting with the same laser. Using
dual-color gamma rays, a dual-energy scan can be realized
simultaneously by combining it with a layered transmission
detector (the front layer for low-energy gamma-ray detection
and the rear layer for high-energy gamma-ray detection, as
in the case of early dual-energy CT [61, 62]). Therefore, the
imaging time can be reduced further by 2 times. Another
advantage of the dual-energy scan scheme compared with
the quasi-monochromatic scan is that the p, and Z. of the
imaging object can be obtained simultaneously.

4 Conclusion

Quasi-monochromatic, continuously energy-tunable, and
high-brightness gamma rays produced by ICS light sources
can fundamentally resolve beam-hardening artifacts in CT
reconstruction, which can improve the accuracy of quan-
titative analysis and inspection in CT-based dimensional
metrology. An effective method for large-FOV imaging was
developed to improve the imaging efficiency of gamma-ray
CT using this type of light source. Using a dual-energy scan
scheme, the influence of the intrinsic energy-angle correla-
tion spectrum of ICS light sources on CT reconstruction
was resolved, and a monochromatic CT image of the imag-
ing object was accurately reconstructed. Furthermore, the
electron density p, and effective atomic number Z of the
imaging object were obtained. For p, reconstruction, the
post-processing method has an obvious advantage over the
preprocessing method; however, for Z_ reconstruction, the
preprocessing method is preferred.
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