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The characterization and radiography of special nuclear materials (SNMs) such as plutonium and ura-
nium is essential in various scenarios in the context of nonproliferation and national security. However,
existing techniques are not sufficient in and of themselves for rapid isotope-sensitive interrogation of
SNMs. In the present study, we propose an interrogation method, called scattering-nuclear-resonance-
fluorescence-based computer tomography (SNRF CT), to reveal concealed SNMs with simultaneous
measurements of the isotopic composition and tomographic distribution. Monte Carlo simulations show
that three NRF signatures at 1802, 1846, and 1862 keV from a uranium target composed of 235U and
238U, irradiated by a quasimonochromatic γ -ray beam of high intensity, can be identified. For different
target configurations, sinograms of the SNRF signatures are obtained, and the tomographic distributions
are reconstructed with appreciable image contrast and spatial precision. It is found that the tomographic
patterns of 235U and 238U hidden in a 30-mm-diameter iron rod can be clearly visualized. Compared with
transmission NRF CT (TNRF CT), SNRF CT has the advantage that it does not need a witness target
or calibration of the notch-refill effect. Furthermore, the imaging time for SNRF CT is 20 times shorter
than that for TNRF CT, assuming a low missed-detection rate of 10−4. We conclude that, using an intense
γ -ray beam, the proposed SNRF CT technique is capable of simultaneous identification and tomographic
imaging of the isotopic content of SNMs in a realistic measurement time. This imaging method could be
extended to other applications in spent-fuel management and screening of cargo for explosives, drugs, and
toxic chemicals.
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I. INTRODUCTION

The illegal trafficking and criminal use of special
nuclear materials (SNMs) such as plutonium and ura-
nium is a great threat to national security and to nuclear-
nonproliferation efforts [1,2]. Generally, the conventional
x-ray scanning systems deployed at borders and ports
of entry can acquire images that reveal only the density
distribution of the measured object, and are not capable
of differentiating SNMs from innocuous high-Z materials
such as lead, tungsten, and bismuth. Consequently, efforts
are being made to develop alternative ways to effectively
detect SNMs and thus to prevent the smuggling of such
substances. However, passive detection systems [3,4] uti-
lizing the characteristic neutron or photon emissions of
SNMs can be easily invalidated with proper shielding,
since the intensity and energy of the emissions are fairly
low. It is considered that active interrogation is an essential
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technique because of its promise of offering detection and
characterization capabilities for SNMs in environments
where passive detection fails.

Nuclear resonance fluorescence (NRF) [5–9]—the
resonant absorption and reemission of photons by a
nucleus—has been widely proposed as a powerful assay
technique. Unlike techniques based on photon- or neutron-
induced fission [10–16] or cosmic-ray muons [17–19],
NRF can nondestructively provide isotopic signatures for
SNMs without complicated spectrum analysis, dual- or
multiple-energy beams, or large detection systems. It has
been considered that bremsstrahlung-based NRF interro-
gation would deliver an unnecessary radiation dose to the
object due to the wide energy spectrum of the interrogating
beam. This problem can be remedied by using energy-
tunable and quasimonochromatic γ -ray beams thanks to
the development of laser-Compton scattering facilities
[20], which have also been used for studies in nuclear
physics [21,22] and nuclear astrophysics [23], and in
industrial and medical applications [24–28]. Besides a
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photon source that excites resonances, NRF techniques
involve a measurement system that employs either trans-
mission or scattering NRF (TNRF or SNRF) spectroscopy.
In the former technique, one records NRF γ rays scat-
tered from a witness target to measure the reduced spectral
intensity of photons that have been resonantly absorbed,
which allows physical encryption of sensitive information
and thus has been applied in warhead verification [29,30].
The latter technique is based on the direct detection of
NRF γ rays emitted from isotopes of interest; it provides
high NRF counting rates and has been proposed for con-
traband identification [31–34] and ion thermometry [35].
Generally, the interrogation of SNMs requires the abil-
ity to resolve not only the isotopic composition but also
the geometric makeup of suspicious nuclear species, mak-
ing the development of NRF-based computer tomography
(CT) important. In this context, the TNRF CT method has
been proposed in order to measure tomographic images
of high-density and high-Z objects [36,37]. However, the
imaging process in TNRF CT is time-consuming, and
simultaneous identification of multiple isotopes is difficult.
Consequently, a rapid and efficient NRF-based imaging
method is indispensable for addressing this issue.

In this paper, we propose and demonstrate a method,
called SNRF CT, for rapid identification and simulta-
neous imaging of multi-isotope SNMs (see Fig. 1). It
uses isotope-specific NRF emissions stimulated by an
intense γ -ray source to identify isotopic components
(235U and 238U) of SNMs. The isotopes of interest, emit-
ting characteristic NRF signatures, can be regarded as
distributed radioactive sources, whose spatial distribu-
tions are reconstructed using emission CT. The matri-
ces of SNRF signatures resulting from target rotations
and translations are simulated and incorporated into

an image-reconstruction algorithm, generating isotope-
specific tomographic images. Further analyses of the
image contrast and accuracy are performed. Comparison
against the TNRF CT method suggests that SNRF CT
is able to simultaneously reveal the isotopic composition
and spatial distribution of multi-isotope SNMs concealed
in dense materials within a realistic interrogation time.
Finally, the application of this method in other scenarios,
including spent-fuel management and cargo screening, is
discussed.

II. METHODS AND MATERIALS

To model the NRF interactions, we employ the G4NRF
class from the Geant4-GENBOD toolkit [38,39], which
has been benchmarked and used for studies of drug inspec-
tion and SNM interrogation [34,40]. In the simulations, a
quasimonochromatic γ -ray source with a Gaussian energy
distribution (with a centroid energy of 1854 keV and an
energy spread of 1% in terms of standard deviation) and a
photon intensity of 1010 photons/s is used for target irradia-
tion; this can be delivered by state-of-the-art laser-Comton
scattering (LCS) γ -ray sources [41,42]. Such a γ -ray beam
can penetrate iron wrapping and interact with 235,238U iso-
topes, triggering NRF reactions related to resonant states at
1846 keV (238U) and 1862 keV (235U). The widths of these
resonant states are approximately 1 eV full width at half
maximum (FWHM) and can be described by a Doppler-
broadened Breit-Wigner formulation [5]. Specifically, the
integral NRF cross sections at 1846 keV (238U) and 1862
keV (235U) are 23.0 ± 2.6 and 9.6 ± 0.7 eV b, respectively
[43,44]. Two target configurations, i.e., scenarios I and
II, are used to test the imaging performance. In scenario
I, three 10-mm-diameter spheres made of uranium (80%

Scenario I at qr = 45° Scenario II at qr = 45°

FIG. 1. Schematic illustration of isotope-sensitive imaging of SNMs. An intense γ -ray source irradiates an interrogation target with
a diameter of 30 mm, which is placed 10 cm downstream of the γ -ray source. A collimator is used to select the quasimonochromaticity
of the γ -ray source. The emitted NRF γ rays are detected by four high-purity germanium (HPGe) detectors, which are installed at
backscattering angles with respect to the γ -ray propagation direction. The two detectors placed in the Y-O-Z plane are not shown, for
brevity. Rotation and translation of the target enable acquisition of the projection data necessary for CT image reconstruction. The
distance between the scanned object and the detectors is fixed at 22 cm.
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235U and 20% 238U), lead, and air are enclosed in a 30-
mm-diameter iron sphere. In scenario II, the materials of
uranium and lead rods are replaced by 100% 235U and
100% 238U, respectively. The densities of uranium, lead,
iron, and air are 19.1, 11.3, 7.8, and 1.3 × 10−3 g/cm3,
respectively.

The SNRF signatures resulting from target irradiation
are recorded by four high-purity germanium (HPGe) detec-
tors assembled at 135◦ relative to the beam propagation
to take advantage of the decreasing intensity of nonres-
onantly backscattered radiation. The energy resolution of
the HPGe detectors is assumed to be 0.1%, which is
achievable with present detector technology. To acquire
the projection data necessary for CT image reconstruction,
the target is rotated (θr) about the Z axis in 32 steps of 11.2◦
and translated along the X axis (x) in 16 steps of 1.875
mm. In total, γ -ray spectra under 512 different conditions
are obtained during the projection acquisition process.

In SNRF spectroscopy, one can use the NRF cross
section, σNRF(E), and the angular distribution, W(θ), to
construct a semianalytical expression for the expected
NRF counts. For an interrogating photon beam of inci-
dent flux I(E) interacting with the target, a small part
of the photon flux near the resonant energy ENRF under-
goes resonant (NRF) and nonresonant (atomic) interac-
tions inside the target. The resulting SNRF yield then
produces a double-differential rate of NRF interactions in
the infinitesimal solid angle d�

d2Y
dE d�

= I(E)μNRF(E)
W(θ)

4π

× 1 − exp
[−Lμeff(E, E′)

]

μeff(E, E′)
εd(E′), (1)

where E and E′ are the energies of the interrogating pho-
tons and scattered NRF photons, respectively, L is the
thickness of the irradiated target, εd(E′) is the intrin-
sic detection efficiency for the photopeak, μNRF(E) =
NσNRF(E) denotes the linear attenuation coefficient, with
N being the number density of the SNM target, and
μeff(E, E′) is the effective attenuation coefficient, which is
given by

μeff(E, E′, θ) = μNRF(E) + μnr(E) + μnr(E′). (2)

Here μnr(E) and μnr(E′) are the nonresonant attenua-
tion coefficients for the interrogating photons and NRF
photons, respectively.

The response of the detector to the SNRF signatures,
represented as a matrix with respect to the rotation angle
(θr) and translation length (x), Y(x, θr), is regarded as
the projection data of the SNM distribution inside the
target. According to the central slice theorem, all two-
dimensional manifolds can be uniquely mapped from an

infinite set of one-dimensional projections, although a
finite set of projections is usually adequate in practice [45].
Consequently, it is feasible to reconstruct tomographic
images of SNM isotopes from their projection matrices
obtained from SNRF spectroscopy.

III. RESULTS

A. Isotopic identification

Figure 2 shows γ -ray spectra recorded by the HPGe
detectors for the two target configurations at three rotation
angles of 0◦, 22.5◦, and 45◦. In scenario I, the SNRF sig-
natures at 1802 keV (238U), 1846 keV (238U), and 1862
keV (235U) can be observed simultaneously at 0◦, with
slightly stronger yields than those at 22.5◦. Note that the
1802-keV line is a transition to the first excited state of
238U from the resonant level at 1846 keV. The branching
ratio for the 1846- and 1802-keV transitions is 100:51. At
45◦, the SNRF signatures disappear due to the absence of
235,238U in the pathway of the interrogating γ -ray beam. In
scenario II, only the SNRF signature at 1862 keV (235U)
can be observed at rotation angles of 0◦ and 22.5◦, while
the signatures at 1802 keV (238U) and 1846 keV (238U) can
be seen at 45◦. Such a variation in the SNRF signatures
indicates that the isotopic composition and the presence of
SNMs can be probed, since these resonances are more than
10 keV apart, which prevents isotopic confusion and pro-
vides a one-to-one mapping between the energy and the
identity of the materials.
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FIG. 2. Simulated NRF γ -ray spectra recorded by the
HPGe scattering detectors at measurement points (x, θr) =
(1.875 mm, 0◦), (1.875 mm, 22.5◦), and (1.875 mm, 45◦) in
scenario I (a) and scenario II (b) with 1 s irradiation.
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FIG. 3. Sinograms of the 1846-
keV (238U) SNRF signatures in sce-
nario I (a) and scenario II (c). Sino-
grams of the 1862-keV (235U) SNRF
signatures in scenario I (b) and sce-
nario II (d).

In order to further extract the SNRF yields from the
spectra, the signal regions near 1802, 1846, and 1862 keV
are then fitted with three Gaussian functions, on top of an
exponentially decaying continuum background. The fitting
function for these NRF peaks is written as

f (E) = exp(c1 + c2E) +
3∑

k=1

ak√
2πσk

exp
[
− (E − Ek)

2

2σ 2
k

]
,

(3)

where c1 and c2 describe the shape of the background, and
ak, Ek, and σk are the area, mean, and standard deviation of
the kth peak and are fitting parameters.

Once the five-parameter fit for each NRF peak is com-
puted using Eq. (3), the detected SNRF yields are extracted
as simply Y = a/δE, where the division by the spectrum
bin width δE enforces proper dimensions and normaliza-
tion. Accordingly, the SNRF yields at 1862 keV (235U) and
1846 keV (238U) for different rotation angles and transla-
tion steps can be obtained, giving matrices of projection
data for the image-reconstruction process (see Fig. 3). In
scenario I, the sinogram of the 1862-keV (235U) NRF line
is similar to that of the 1846-keV (238U) line. The NRF sig-
nal yields decrease as θr approaches approximately 220◦;
this is due to the fact that the attenuation of the lead rod
becomes significant at these angles. In scenario II, the pro-
jection matrix of the 1846-keV NRF line is dissimilar to
that for the 1862-keV line because of the disparate spa-
tial distributions of 235U and 238U. With these projections,
one can roughly infer the location and concentration of the
nuclear species of interest embedded in the scanned object,
but one is not yet able to acquire tomographic images of
them.

B. Isotopic imaging

Tomographic images of SNMs can be reconstructed
by incorporating the projection data into a filtered

backprojection (FBP) algorithm. FBP is easy to implement,
and is known for its computational efficiency and high
accuracy with low-noise projection data with a substan-
tial number of equiangularly distributed projection angles.
Tomographic images of 235U and 238U reconstructed by
FBP with a Hann filter for the two target configurations
are shown in Fig. 4. In scenario I, the spatial distributions
of 235U and 238U are similar, but the maximum SNRF yield
reconstructed for the former is nearly twice as large as that
for the latter. This is because the yield ratio Y235U/Y238U is
dependent not only on the isotope ratio (80:20) but also on
the ratio of scattering NRF cross sections (9.6:15.2), the
incident γ -ray intensity, the angular distribution, and the
detection efficiency. In our case, the Y235U/Y238U ratio is
simulated to be 150:72, which is very close to the estimated
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FIG. 4. Images reconstructed from sinograms of NRF signa-
tures at 1862 keV (a) and 1846 keV (b) in scenario I. Images
reconstructed from sinograms of NRF signatures at 1862 keV (c)
and 1846 keV (d) in scenario II.
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value (2.5) considering only the effect of the isotope ratio
and the NRF cross-section ratio. In scenario II, the maxi-
mum NRF yield reconstructed for 235U is close to that for
238U; this is because the abundances of these two isotopes
are both set to 100%. The reconstructed images show little
sensitivity to the iron and lead materials, which cannot be
distinguished well from SNMs using conventional x-ray
CT due to their very close densities. These results show
that SNRF CT is capable of revealing the spatial distribu-
tion of 235U and 238U and differentiating them from benign
dense metals. In practice, inspectors could use this capabil-
ity to verify the location of SNMs in a safeguards scenario,
and emergency responders and armed-forces personnel
could use this capability to isolate SNMs.

The contrast value of the signal within the uranium
region with respect to the background can be defined by
the following equation:

Contrast = |S − B|
S + B

, (4)

where S and B are the averaged reconstructed values of the
36 pixels in the 235U-rod region and of the remaining pix-
els, respectively. The contrast values of the 235,238U region
for the two target configurations are calculated according
to Eq. (4) and are shown in Table I. The contrast values
of the 235,238U region in scenario I and the 235U region
in scenario II are all 0.92, while that of the 238U region
in scenario II is 0.88. Such a high contrast indicates that
the present technique is capable of producing images with
reasonable quality and signal-to-noise ratio.

In order to further evaluate the imaging accuracy, we
project the reconstructed images onto the x axis and calcu-
late the relative count ratios Px

i from

Px
i =

∑16
j =0 Ri,j

max(
∑16

j =0 Ri,j )
, (5)

where Ri,j is the SNRF count in the reconstructed image, i
is the ith pixel along the x axis, j is the j th pixel along the
y axis, and the sum over j denotes the projection onto the
x axis. Likewise, the relative count ratios projected onto
the y axis, Py

j , can also be obtained. The resulting relative
count-ratio distributions are compared with the original
SNM distribution in Fig. 5. In the case of scenario I, the

TABLE I. Results for signal, background, and contrast values
in each region of interest based on different target configurations.

Region Signal Background Contrast
235U (scenario I) 93.35 3.95 0.92
238U (scenario I) 45.41 1.98 0.92
235U (scenario II) 110.68 4.77 0.92
238U (scenario II) 169.77 11.01 0.88

 (mm)x
10− 0 10

C
ou

nt
 r

at
io

 (
%

)

0

50

100

(a)

Scenario I

U235 U238

 (mm)y
10− 0 10

C
ou

nt
 r

at
io

 (
%

)

0

50

100

(b)
U235 U238

 (mm)x
10− 0 10

C
ou

nt
 r

at
io

 (
%

)

0

50

100

(c)

Scenario II

U235 U238

 (mm)y
10− 0 10

C
ou

nt
 r

at
io

 (
%

)

0

50

100

(d)
U235 U238

FIG. 5. Relative count ratios projected onto the x axis (a) and
y axis (b) in scenario I, and projected onto the x axis (c) and y
axis (d) in scenario II. The shaded areas represent the regions of
the uranium rod.

relative count-ratio distributions for 235U and 238U are sim-
ilar for both the x and the y axis, and are consistent with the
original region of the uranium rod in the target. However,
the profile distributions of 238U in scenario II are slightly
shifted to the positive side of the x and y axes. This is
due to the fact that the reconstruction accuracy of the FBP
algorithm degrades in the case of a limited angular range,
few projection angles, or a low signal-to-noise ratio.
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To address the misalignment issue, we apply the
simultaneous-algebraic-reconstruction-technique (SART)
algorithm [46] for image reconstruction. The resulting
images, along with their relative count ratios, are shown
in Fig. 6. Comparison shows that although the misalign-
ment problem is solved in the SART image, there are more
negative artifacts produced than in the FBP image. These
results suggests that SART is successful in solving the mis-
alignment problem, but has image-texture challenges with
full strength due to the limited complexity of the model.

IV. DISCUSSION

Both SNRF CT and TNRF CT are capable of isotopic
imaging, which is an essential feature for the assay of
SNMs, since it can be used to characterize highly enriched
uranium and plutonium. In SNRF CT, the reconstructed
image represents the distribution of the source of NRF γ

radiation in a plane within the object, whereas in TNRF
CT it is a representation of the physical quantity govern-
ing the NRF attenuation coefficient in the material when
the radiation beam traverses it and is detected on the
other side. Despite their difference in physical connota-
tions, images reconstructed from TNRF CT and SNRF CT
can both reveal the geometric makeup of SNMs inside the
scanned volume. When we use such images to infer the
presence of SNMs in an interrogated volume, two types
of errors can occur: a false alarm, where the test indicates
that SNMs are present when in fact the “all clear” hypothe-
sis is correct, and a missed detection, where the test shows
“all clear” but SNMs are in fact present. In reality, it is
absolutely essential to correctly classify every sample con-
taining SNMs in order to minimize the risk of threatening
international security, which highlights the importance of
a low missed-detection rate.

For the reconstructed image of 235U in scenario II,
the significance of the 235U signals can be expressed
in units of σ as 	SNRF = S/δS, where δS is esti-
mated from the averaged reconstructed value of the pix-
els outside the 235U region. The variation of 	SNRF
with the SNRF imaging time tSNRF can be given as

	SNRF = 	0
SNRF ×

√
tSNRF/t0SNRF, since the picture grain

varies according to 1/
√

D, with D being the dosage deliv-
ered by the interrogating beam [51]. In this case, we
have t0SNRF = 512 s, since the target is rotated and trans-
lated 512 times with an imaging time of 1 s each time
to obtain the image of interest, and 	0

SNRF = 23.0σ is
obtained according to the values of S and δS extracted
from the reconstructed image of 235U in scenario II [see
Fig. 4(c)]. To evaluate whether a measured object con-
tains 235U, the decision rule used is to alarm if 	SNRF
exceeds a selected alarm threshold 	th. The probabil-
ity that a measured object without 235U is accidentally
alarmed (false-alarm rate) because of random fluctuations

can be given as α = 1 − [�(	th) − �(−	th)], where �

is the cumulative distribution function of the normal dis-
tribution centered at zero with variance unity [29]. From
	SNRF, the missed-detection rates can be readily calculated
as βSNRF = �(	th − 	SNRF). To compare the resulting
missed-detection rate with that for TNRF CT, we further
generate a 16 × 16 image of 235U in scenario II using the
TNRF CT method. The detector assembly, witness-target
configuration, and shielding arrangement are similar to
those described in Ref. [40]. The photon beam used for
target irradiation has a Gaussian energy distribution (with
a centroid energy of 1862 keV and an energy spread of 1%
in standard deviation) and a photon flux of 1010 photons/s.
The image-reconstruction process is done by using FBP
with a Hann filter. In this case, the variation of 	TNRF with
the TNRF imaging time tTNRF can be given analogously

as 	TNRF = 	0
TNRF ×

√
tTNRF/t0TNRF. Here t0TNRF = 257 s,

since the TNRF CT method requires 257 target scans
to generate the image of interest, and 	0

TNRF = 3.2σ is
extracted from the reconstructed TNRF CT image. Using
the same decision rule, the missed-detection rates can be
evaluated as βTNRF = �(	th − 	TNRF).

Figure 7 shows the expected missed-detection rate β as
a function of measurement time for cases using the SNRF
CT and TNRF CT methods. For the case using TNRF CT,
the imaging time required to reach a missed-detection rate
of 10−4 is approximately 1200 s. This indicates that TNRF
CT is able to detect all objects containing 235U with greater
than 99.99% probability in a 20-min scan. In comparison,
the SNRF CT method requires only approximately 56 s
to reach the same missed-detection rate; this is 20 times
shorter than that required for TNRF CT.

Aside from the imaging time, the SNRF CT method
has the advantage of being able to obtain spatial distri-
butions of multiple isotopes simultaneously without the
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TABLE II. Resonant-state energy Er, NRF γ -ray energy Eγ , branching ratio Iγ , level width 2
0/ or , integral NRF cross section

σint, and imaging scenario for candidate isotopes suitable for SNRF CT imaging.

Isotope Er (keV) Eγ (keV) Iγ (%) 2
0/ or  (meV) σint (eV b) Imaging scenario

239Pu 2040 2040 100 · · · 8.0 [47] Nonproliferation and spent-fuel management
240Pu 2156 2114 100 · · · 34.4 [48] Nonproliferation and spent-fuel management

2156 75
232Th 2043 1994 53 · · · · · · Nonproliferation and spent-fuel management

2043 100 16.8 46.3 [49]
237Np 1729 1729 100 · · · 10.6 [50] Spent-fuel management
12C 4439 4438 100 10.8 6.3 Explosives and drug screening
14N 7029 7027 ∼100 123.3 15.6 Explosives and drug screening
16O 6917 6915 ∼100 97.1 38.9 Explosives and drug screening
31P 3134 3134 ∼100 63.4 23.4 Toxic-chemical screening
32S 2230 2230 100 26.9 103.9 Toxic-chemical screening

further consideration of manufacturing multi-isotope wit-
ness targets. Moreover, correction for the notch-refilling
effect, which would erase the intensity of the NRF sig-
nature and result in less observed resonant attenuation
[20,52,53], is no longer needed, since SNRF spectroscopy
is applied. However, there are a few shortcomings that
require further investigation. Firstly, the attenuation of
SNRF γ rays in the scanned object has a negative effect
on the detection of the SNRF signal, and needs to be
corrected in order to obtain attenuation-free projection
data and hence reconstruct SNM distributions more accu-
rately. This is particularly important for the characteri-
zation of highly enriched uranium and plutonium, since
the abundance of 235U or 239Pu can be deduced from the
intensities of the SNRF signatures by using the isotope-
ratio approach [34,40]. Secondly, the arrangement and
collimation of the SNRF detectors must be optimized to
meet the needs of the detection of typical emission CT
signals.

Besides 235,238U, SNRF CT can also be applied to imag-
ing of other actinides such as 239,240Pu, 232Th, and 237Np.
These isotopes are also associated with nonproliferation
and national-security work, and with spent-fuel manage-
ment. Furthermore, the nuclear data on them required for
SNRF CT studies have already been probed in previous
NRF experiments [47–50]. Table II shows that the integral
NRF cross sections of the 2040-keV (239Pu), 2156-keV
(240Pu), 2043-keV (232Th), and 1729-keV (237Np) states
are comparable to that of the 1846-keV (238U) state chosen
in the current study, which ensures sufficient SNRF yields
for projection-data acquisition. The relatively high reso-
nant energies also enable the interrogating and emitting
photons to penetrate thick and dense shielding materials.
Although there have been few recent NRF experiments
regarding 12C, 14N, 16O, 31P, and 32S, their integral NRF
cross sections can still be derived from the Breit-Wigner
formulas and level widths. Compared with the actinides,
these light and medium isotopes generally have larger
resonant energies and larger integral NRF cross sections,

making it possible to use SNRF CT for screening of cargo
for explosives, illicit drugs, and toxic chemicals.

It is also interesting to discuss the prospects for apply-
ing the SNRF CT method in realistic situations. Recently,
Passport Systems, Inc., has developed a NRF-based detec-
tion system using bremsstrahlung radiation. This system
was deployed at the Port of Boston for cargo screening
[54]. With the rapid development of compact LCS γ -ray
facilities [55–57], it is expected that it will be possible
to perform such procedures using the SNRF CT method,
although this requires a quasimonochromatic γ -ray beam
rather than continuous bremsstrahlung radiation. Note that
the photon energy required for SNM interrogation is typ-
ically below 3 MeV. Such photon beams of high intensity
can be delivered by an LCS facility with a 532-nm laser
and a 320-MeV electron accelerator.

In practical applications, a collimated γ -ray beam of
sufficiently high intensity is generally needed to reduce
the interrogation time, which may cause a pileup effect in
the HPGe detectors. When the arrangement in scenario II
is interrogated at a beam intensity of 1010 photons/s, the
detector counting rates for both TNRF CT and SNRF CT
are expected to be in the order of 105 s−1. Such a count-
ing rate is acceptable for commercially available HPGe
detectors, since the time resolution of such detectors is at
the microsecond level. To further avoid pileup effects, two
possible approaches are suggested: (1) to increase appro-
priately the distance between the detector and the interro-
gated object while maintaining the total solid angle of the
detector array, and (2) to install a lead foil in front of each
detector, which can prevent a large number of low-energy
background photons from hitting the detectors [58].

V. CONCLUSION

The characterization and detection of SNMs is an essen-
tial technique for nonproliferation and national security,
and requires the capability to identify and image the iso-
topic composition of actinides. In this paper, we present
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a NRF-based methodology for isotope-sensitive identifica-
tion and tomographic imaging of concealed SNMs. Simu-
lations show that the SNRF signatures of 235,238U hidden
in a 30-mm-diameter iron rod can be readily detected. The
SNRF signatures at 512 measurement points are incorpo-
rated into a FBP algorithm to reconstruct isotope-sensitive
tomographic patterns. It is found that the two-dimensional
spatial distributions of 235U and 238U appear well defined
in outline and tone. Compared with TNRF CT, the pro-
posed SNRF CT technique has the advantage that it
requires an interrogation time 20 times shorter, and without
the need for preparation of a witness target or correction for
the notch-refill effect. The SNRF CT technique can also
be extended to identify and image other high-Z actinides
and low-Z hazardous compounds, indicating potential for
applications in spent-fuel management and screening of
cargo for explosives, drugs, and toxic chemicals.
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