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We demonstrate the possibility to directly detect micro-gram amounts of the isotope ’Li using a quasi-
monochromatic high-energy photon beam. The isotope selective detection is based on a witness scatterer absorbing
and re-emitting photons via nuclear resonance fluorescence. This enables the detection of isotopes with micro-
gram accuracy at long distances from the actual sample. Further, we demonstrate that the technique can deliver
quantitative information without specific knowledge of the photon flux and no spectral capabilities or knowledge
of the resonance fluorescence cross section. Detection of low-atomic-weight isotopes screened by heavy shielding
is also shown. The techniques described are applicable to all next-generation, ultrahigh brilliance, laser-Compton

light sources currently under construction.
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1. INTRODUCTION

Tunable quasi-mono-energetic y-ray sources based on laser
Compton scattering (LCS) of relativistic electrons on an
intense laser pulse can be used for selective resonant excitation
of nuclei from their ground state and the observation of sub-
sequent photons emitted in the de-excitation cascade. This
process—nuclear resonance fluorescence (NRF)—represents
an isotope-specific signal for material identification, assay, and
imaging [1,2]. The energy band width contributing to exci-
tation is obtained by considering the Doppler broadening of
nuclear resonance due to thermal motion of the nuclei. It is of
the order of A Exgpr/Exge =~ 107, where Engp denotes NRF
excitation energy.

NREF as an underlying physical interaction process has some
specific advantages with respect to x-ray fluorescence-based
imaging and assay techniques. (i) Rather than exciting the elec-
tronic system of an atom, NRF uses nuclear excitations. Those
occur at higher transition energies (tens of keV up to MeV).
Both the probe beam and re-emitted photons have higher pen-
etration power compared to electronic x rays. This enables the
investigation of more massive samples and those obscured by
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shielding. (ii) The radiation damage per unit volume can be
relatively small, making the technique interesting for biological
and medical applications. Local heating of the target material
induced by the probe beam is negligible. These arguments
are particularly true with enhanced monochromaticity of the
photon source. (iii) For a given photon energy the NRF reac-
tion is isotope sensitive. This opens up new possibilities for
contrast techniques in medical imaging or nuclear waste assay,
independent of chemical constraints.

Some NRF techniques have been routinely realized using
bremsstrahlung sources [3,4], which deliver a continuous
(white) y-ray spectrum with a maximum cutoff energy.
Although these sources are capable of delivering substan-
tial photon fluxes, their polychromatic spectrum is not well
matched to the narrow resonances typical of NRF reactions.
Polychromatic output causes the majority of photons to be
Rayleigh or Compton scattered, which deteriorates the signal
to noise ratio in the detectors and consequently the sensitivity
of the experiment. LCS sources with bandwidths of the order
of AE/E ~ 10%, such as NewSUBARU [5], HIyS [6], and
T-REX [7], have been created. Some of these sources have been
used to detect the presence of shielded isotopic material [8,9].
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These simple detection experiments, while motivational, take
hours to complete and have lacked the photon flux, required
bandwidth, and appropriate detector architectures for preci-
sion assay or imaging. The most recent activities in this field
[10,11] use LCS at the electron storage ring of the UVSOR-III
[13] facility. The experiment focused on detection of 2°*Pb
isotopes at resonance energies around 5.5 MeV. The choice of a
heavy isotope such as 28 Pb as a sample is motivated by the wish
to demonstrate detection capability for actinides. In the first
experiment, the LCS source delivered 107 ph/sat full spectrum,
which was then monochromatized by a collimation system
to about 10% bandwidth and total spectral density of about
2 ph/eV/s. In the second experiment, the total photon flux
from the source was 108 ph/s, and bandwidth was improved
to AE/E =~ 1.1%, yielding 5.5 ph/eV/s. These experimental
conditions were sufficient to demonstrate NRF-based isotope
sensitive detection. First, radiographies with about 2 mm reso-
lution were done. The group used a notch detector technique
and demonstrated the capability to separate isotope detection
and target by several meters. This approach again is moti-
vated by the assumption that potential future targets might
be radioactive and need associated shielding. The detection of
resonant photons from a witness target (for more details, see a
description of our experiment below) required the use of high-
resolution HPGe detectors to discriminate Compton scattered
background photons. Presently, a new generation of tunable
quasi-monochromatic y -ray sources such as ELI-NP [14—16] or
atJAEAKEK [17] or under the DARPA GRIT program [18] are
planned or are already under construction with goals of produc-
ing gamma-ray fluxes three to eight orders of magnitude beyond
the present state of the art. These sources, based on optimized
laser-Compton backscattering of high-average-current relativ-
istic electron bunches and intense laser pulses, may deliver very
intense photon pulses tunable from 0.1 to 20 MeV with a total
rate of 10'? ph - s7! with a minimum, on-axis bandwidth of the
order of AE/E >~ 1072 [14,18]. Assuming a nuclear resonance
width of 1 eV (Doppler broadened due to thermal movement),
this enables up to 10° ph s~ to be available for NRF excitation.

A notable property of these next-generation photon LCS
sources is the pulse structure firing within a millisecond up
to 10'° photons at the sample. This time structure might be
subdivided into even shorter micropulses of a few nanoseconds
or picoseconds in duration. A consequence is that not only the
NREF processes, but also Raleigh and Compton scattering of the
beam photons from the target will have a strong time correla-
tion. To our knowledge, all NRF experiments carried out to date
utilize single photon counting detectors (scintillators, HPGe
detectors). The specific time correlation of scattered and reso-
nantly re-emitted photons from higher-flux, next-generation
LCS sources can lead to temporary detector saturation and
loss of spectroscopic capabilities. Therefore, the development
of new detection schemes and/or the definition is needed for
next-generation sources.

The present paper aims to investigate various aspects of
NREF-based detection experiments. In Section 2, we describe
an experimental setup at the high-energy beam line ID15 of the
European Synchrotron Radiation Facility (ESRF) used to carry
out NRF experiments with ’Li. The NRF reaction is occurring
at an energy of 477.629 keV [19], which is substantially higher
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than what is typically used at NRF beam lines for Moessbauer or
similar experiments. We describe the measured beam properties
and demonstrate that they are close in total flux and spectral
brilliance to what is expected from future, higher-energy LCS
sources. In Section 3, we focus on critical methodological
aspects such as bandwidth optimization, the need to monitor
photon energy stability, and a possible detection scheme not
requiring spectral capabilities. In Section 4, we demonstrate
a direct quantitative assay of ’Li, without prior knowledge of
the resonance cross section even in the presence of considerable
shielding. We further demonstrate isotope contrast to ®Li. This
aspect is important, since in many x-ray attenuation-based
techniques, lithium is not directly detected, but its presence is
deduced from the absence of higher Z-material around it.

2. EXPERIMENTAL SETUP

A synchrotron beam line with photon output at energies above
250 keV requires special beam and magnet configurations,
and at the time of the experiment, the only available facility
with an intense, dedicated beam was ID15A [20] at ESRF in
Grenoble, France. The insertion device of ID15A generates a
white spectrum up to 700 keV, which passes through a water-
cooled, low-energy filter made from SiC (see Fig. 1). Further
downstream, the beam is shaped by a 60 mm long water-cooled
tungsten carbide collimation system creating a rectangular beam
profile (accuracy ~ 10 pm). The collimation is followed by
a double bent crystal monochromator, using the [311]-plane
of germanium for diffraction in non-dispersive geometry. The
first crystal is water cooled to minimize heating effects. The
radius of curvature is adapted to the divergence of the beam
(about 16 prad). An important feature of the monochromator
geometry is that it keeps the position of the beam constant
for all energies. This is achieved by using a variable distance
between the two crystals. When the energy is tuned towards
lower energies, the distance between the crystals is short-
ened. The beam brilliance at about 480 keV is of the order of
10" phsr™' s™! mm? at 0.1%BW. During the present experi-
ment, we used a beam cross section of 0.1 x 0.1 mm? reducing
the photon flux by a factor of 100. This yielded approximately
10 to 100 pheV~!s™! onto the sample. This represents a
substantial increase in NRF sensitive photons compared to
previously used sources [7,10,11], but is still below the expected
flux of future sources of up to 10 eV~ s7! [14-18,21]. The
entire beam preparation is done in a dedicated optics hutch to
avoid diffuse scattering into the actual measurement zone.

At about 0.75 m distance from the optics hutch, a remote-
controlled xy-sample table was installed. This table held the
object to be investigated via NRF and allowed scanning the
sample object through the beam. At 0.75 m downstream
from the object manipulator, a witness sample detection
system was mounted. This detection system consisted of a
20 x 10 x 5 mm? piece of natural Li metal mounted on a thin
graphite stick. The witness sample was placed between two 3
inch LaBr3(Ce) scintillation detectors separated by 22 mm. The
scintillating head of the detectors was enclosed in an aluminum
housing, surrounded by a 1 mm thick Cu housing followed

by a lead shielding. The lead shielding was 30 mm thick in
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Fig. 1.

Measurement hutch

Schematic layout of the experiment at the ID15A beamline of the ESRE The white beam from the insertion device is collimated and

monochromatized in a dedicated optics hutch before it passes into the measurement hutch. The prepared beam is seen by the sample and probed by
the NRF-witness sample, while the beam energy and intensity are monitored by a HPGe detector.

radial direction, while 1 mm was used on the front face of the
detectors.

Further downstream, the beam passed through an attenu-
ator of 30 cm aluminum combined with 10 mm lead before
impinging upon a lead shielded coaxial HPGe detector with
60% relative efficiency. A '33Ba source was put inside the lead
shielding of the Ge detector to provide permanent energy and
efficiency monitoring of the Ge detector. A Ge-detector mea-
surement of the ID15A spectrum is shown in Fig. 2(A), showing
clear pile-up effects of the beam photons at double energy.
Therefore an additional attenuator of 10 mm Pb was introduced
to balance intensity of the calibration source with beam photon
counts and to avoid pile-up (B). The spectrum in (B) contains
only the desired peak (marked as BEAM) at 477.629 keV and
the 133Ba calibration lines.

Beam line ID15A is primarily used for experiments at ener-
gies below or around 100 keV. At very high energies such as
in these experiments, its performance in terms of energy and
intensity selectivity and stability are not optimal. Variations
of the electron current in the storage ring of the synchrotron
changed the heat load on the first monochromator crystal caus-
ing temperature-related variations of the lattice spacing of the
monochromator. Also, the goniometers themselves drifted
slightly. Both effects induced unpredictable drifts in energy
and intensity of the beam entering the measurement hutch. For
this reason, the spectral monitoring of the ID15A needed to be
carried out permanently, and the data from the Ge detector were
used for correction of energy and intensity drifts of the ID15A
beam.

Using the HPGe beam monitor and the NRF-witness
sample, it was possible to tune the monochromator to nuclear
resonance energy. At first, the energy setting of the monochro-
mator was tuned using the HPGe detector output. Once this
was achieved, a fine tuning of the monochromator was done
by observing the spectrum of the LaBrs(Ce) scintillators close

100000 T o T LErvr—

a, no beam
£am 133Ba, beam, 300 mm Al ——
133Ba, beam, 300 mm Al + 10 mm Pb ——

10000 |

Beam Pile U

1000 f
2
=
=
[
O
100
10}
1
0 500 1000 1500 2000 2500 3000
Channels
Fig. 2. Measured photon spectrum of the ID15A beam at the

ESRE The plot shows three spectra: (A) spectrum of the ID15A beam
through a 30 cm Al attenuator indicating still pile-up effects, (B) same
as (A) with an additional 10 mm Pb attenuator to avoid pile-up, and
(C) spectrum with the ID15A beam off. The calibration sources were
permanently included in the Pb shielding of the Ge detector.

to the witness sample of lithium. When the beam approached
resonance energy, the witness sample started to re-emit 477 keV
photons that were detected by the scintillators. The variation of
the NRF signal as a function of the energy can be seen in Fig. 3.
This approach enabled a high-resolution measurement of the
spectrum produced by the monochromator. In fact, setting
an integration window onto the NRF peak of the scintillators
and monitoring the integrated intensity as a function of the
monochromator setting for beam energy yielded a dedicated
profile. This profile is the result of the convolution of two curves:
Ip(E) = Iy(E) % INrp(E), where Iy/(E) is the monochro-
mator spectrum, and /Nrp(£) is the nuclear resonance profile.
Since the width of the nuclear resonance is of the order of 1 eV,
centred around ENgg, its contribution to total width can be
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Left: partial spectra of LaBr; Ce detectors when the monochromator is scanning the beam energy and passes Exgg. The total scan range is

about 1 keV. Within this range, we expect the Rayleigh and Compton scattering cross sections to remain almost constant. The modulation of count
rate is therefore mainly due to the NRF reaction itself. Right: integrated intensity (using a ROI from channel 1000 to 1200) around the NRF peak as
a function of the energy measured by the HPGe monitor. The vertical error bars are statistics of LaBr;Ce, and horizontal error bars are from extract-
ing the energy from the HPGe detector. The total spectral width of the beam is deduced by fitting a Gaussian profile yielding a fit of 0.456 keV, which

corresponds to a monochromaticity of AE/E 2~ 0.1%.

neglected. The energy scan is shown on the right-hand side of
Fig. 3 and fitted with a Gaussian, yielding a spectral width of
FWHM = 0.456(4) keV. The transfer function of a double
bent monochromator suggests a more triangular shape than a
Gaussian. However, it seems that at high energies, lattice defor-
mations of monochromator crystals become important and
lead to a smoother line shape. To our knowledge, this represents
the first direct measurement of the response function of the
monochromator at these high photon energies with eV resolu-
tion. The measured spectrum will also be used as a correction
function for NRF measurements described below. In fact, an
energy drift of the incoming beam is equivalent to a variation of
nuclear excitation rate, and the fitted Gaussian in Fig. 2 is used as
a correction function as long as the energy drift does not exceed
the FWHM.

Knowing the beam characteristics and the setup geometry,
the detection capability of the NRF-witness system was simu-
lated with GEANT4 and compared to experimental data. The
experimental spectra were obtained by subtracting the natural
self-background produced by the LaBrs detectors. Due to the
substantial volume of the detectors, the natural self-background
contributes up to 10% to the low-energy portion of the spec-
trum. The simulations were carried out in two stages. In the
first step, we simulated the ID15A beam through the witness
sample and calculated the Rayleigh and Compton scattered
photons and their detection in the scintillators. In the second
step, we simulated the witness sample as a source of a pure NRF
signal and calculated consecutive scattering in the sample and
detection within the LaBr;(Ce) detectors. Both simulations
were added such that the ratio of both simulations stages fits
the experimental data in Fig. 4. The comparison of simulation
and experiment shows a good reproduction of the high-energy
part (above 200 keV) of the Compton scattered spectrum. For
lower energies, we see a substantial deviation of the simulation
from experiment. For very low energies (E < 100 keV), we see
a cut-off in the experimental spectrum originating from the

Experiment ——
400 | GEANT4 total 4
GEANT4 Compton ——

GEANT4 NRF —— NRF

300

Photon
attenuation

MCA cutoff

100

0 100 200 300 400 500 600
Energy (keV)

Fig.4. Comparison of GEANT4 simulations of the witness sample
setup to the experimental spectra taken with LaBrs;(Ce) detectors. A
good qualitative agreement for the NRF peak and Compton shape
can be obtained. In the energy range of 100200 keV, the simulation
does not reproduce the experiment well because the optical photon
transport physics was not included in GEANT4 physics processes.

electronic cut-off of the self-trigger of the acquisition system.
At higher energies (100-200 keV), the experimental intensity
is above the simulations. We believe that this effect is caused by
the large volume of the scintillators. It is important to notice
that at gamma energies around 477 keV, about 85% of y rays
are attenuated within the first 4 cm of scintillation material.
This means they are converted to optical photons that need to
be transmitted to the PM sitting at 3 inches from the entry face
of the detector. The attenuation length of LaBrs;(Ce) for the
A = 380 nm scintillation light is about 12 cm [22]. Therefore,
about 36% of optical photons are self-absorbed in the scintil-
lator. As a consequence, the conversion from 477 keV gamma
rays to optical photons is incomplete, and these counts appear
as additional low gamma rays in the spectrum. Optical photon
transport was not included in the GEANT4 simulation to save
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computing time, and therefore, this effect is missing in the
GEANT4 simulations.

3. NRF DETECTION SCHEMES

This section compares various detection concepts with respect
to sensitivity and applicability at future more intense photon
sources. If not stated differently, we use for all tests the setup
described above consisting of a photon beam with a crystal
monochromator, a translation stage for samples to be moved
through the beam, a NRF-witness detector, and the HPGe
beam monitor at the end of the beam line. We want to compare
the detection sensitivity of a classical radiography scheme to a
setup based on a NRF—witness target for a light element such as
lichium. Further, we want to evaluate whether it is possible to
carry out NRF-based detection without spectroscopic capacity
of the involved detectors. To validate these concepts, we still
use the LaBr3 scintillators in two modes, reading them once as
spectroscopic detectors and once as integral counters. Another
aim is to compare NRF-based detection with a witness sample
geometry to conventional absorption radiography.

A first concept focuses on using two different probe beam
energies and generating a differential signal—the dual energy
notch observation (DENO). The idea is that all scattering
effects scale smoothly with energy, while the NRF is a sharp
resonance. Therefore, subtracting two signals—one contain-
ing the NRF and scattering and one only scattering—would
yield a pure NRF result. We tuned the monochromator to two
different photon beam energies, Epean = Enrr (on NRF)
and Ebeam = Enre — 2 keV (off NRF). For both energies, we
inserted at the sample position a 2.72 mm lithium foil into the
beam using the translation stage (Li in/out). The difference
signal is taken by the witness sample detectors, and simultane-
ously, the HPGe detector was used for monitoring. The goal
of the measurement is to detect the presence of the foil and
compare the sensitivity of both detections. The results of all
four measurements as detected by the HPGe detector or by the
LaBr3Ce detectors of the NRF-witness setup are illustrated
in Fig. 5. Here, the HPGe detector plays the role of a classical
radiography measurement. As can be seen from the right-hand

Vol. 61, No. 6 / 20 February 2022 / Applied Optics 5

side graph, it is almost impossible to detect within statistical
uncertainty the presence/absence of the 2.72 mm Li foil in the
beam. The peak area changes by about a factor of 0.985(6) for
E = Engrr — 2keV and 0.992(6) for E = Engg, for the in/out
lichium foil position. This is perfectly compatible with the
theoretically computed attenuation ratio of 0.9889, not taking
NREF into account. The NRF reaction did not enhance the
sensitivity in this setup. The data from the HPGe detector are
a clear demonstration of the weak sensitivity of a conventional
radiography setup to detect lithium using high photon energies.

In the next step, we consider the signal of the NRF-witness
detector. The left-hand side graph of Fig. 5 shows clearly a varia-
tion of the NRF peak when the 2.72 mm lithium foil is inserted.
The spectrum of this detector can be evaluated using the classical
spectroscopic approach by fitting the NRF peak and looking at
the variation of the peak area. The presence of the Li foil induced
a change of the region of interest (ROI) of the NRF peak by a
factor of 0.866(7). The statistical error of this measurement
indicates that Li foil with thickness down to 0.05 mm could still
be detected by such a measurement. We see clearly how much
the sensitivity is enhanced by using a witness—detector setup.

The considerations so far still profit from the spectro-
scopic capacities of the involved detectors. We subtracted
E = Exgr — 2 keV (off) from the according E = Exgr (on)
spectra. This eliminates to a large extent all scattering related
counts from the spectra. This is illustrated in the left-hand plot
of Fig. 5. Here, we show the result of subtraction compared to
the according GEANT4 simulation. The ratio of integrals of
these background purified spectra is 0.822(3). This number
shows that this approach is similarly sensitive as the ratio of
ROl integrals. Thus, it is clear that the DENO approach would
enable a sensitive detection of lithium without any spectroscopic
capacity, compatible with future LCS sources.

An alternative differential approach is based on the sub-
traction of two witness detector signals of two isotopes of the
same element. In the present case, we use °Li and “Li. The
concept is called dual isotope notch observation (DINO) and
is based on the idea that the detector signal of a ®Li contain-
ing a witness sample has the same scattering signature as ’Li
but no NRF signal. We had no metallic °Li and used instead

2500 Liin, NRF on " Liin, NRF bn 4500
Li in, NRF off Li Qgt, NRF on { 4000
2000 | N Li out, NRF on N Liin, NRF off
Intensity shifted by 500 counts Li out NRF off HPGe \ Li out NRF off 1 3500
Li in, NRF (on-off) [ |
1500 F i Li out, NRF (on-off) ‘J | 1 3000
R W GEANT4 —— | ‘ |
£ Y. iy, f| {2500 9
3 1o0or i % s
o " g “:;’,:‘ i\ | 1 2000 2
f ahant J | ‘
500 |— LaBrs(Ce) : ; 1500
/ ‘ {1000
/‘ \ \ 1 500
i SN
-500 L L L L 1 —— ] — — —— 0
100 200 300 400 500 465 470 475 480 485 490
Energy (keV) Energy (keV)

Fig. 5.

Plot of four scans with Li metal in/out and on/off NRF-energy tuning of the beam (upper part). Subtracting the off NRF-energy spectra

gives pure NRF signals for the Li in/out of beam (lower part). The Li-out beam spectrum is compared to the GEANT4 simulation of Fig. 4, showing

rather good agreement and validating the subtraction approach.
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Fig. 6. Left: spectra of the two isotope witness detectors with a 2.72 mm thick Li foil as sample in/out of the beam. Right: difference spectra of

9] iF and °LiF for samples in and out. The oscillation pattern at 100300 keV is the result of subtracting spectra of two different detectors and two

different witness samples.

SLiF and ®9LiF. In an ideal case, one would have a witness
sample changer in front of the same detectors. However, such
equipment was not available, and instead, we used two identical
witness setups for each isotope. The ™9 LiF witness detector
was installed as shown in Fig. 1, and a °LiF setup consisting of
the same type of LaBr3(Ce) detectors with Pb shielding was
installed 250 mm upstream. The result of the experiment is
shown in Fig. 6. On the left-hand side, we plot the spectra of
the scinillation detectors around the witness targets. The °LiF
target shows some minor NRF peak, indicating that the material
was not fully depleted of "Li. Further, we see that the shape of
the Compton scattered background is slightly different for both
witness setups. This difference in line shape is due to the fact that
the scattering properties of the two witness targets could not be
made to be the same. (Both isotope samples consisted of smaller
pieces broken out from large sintered lithium fluoride ceramic
plates. Their weight and volume were comparable, but their
exact shapes rather differed. Equalizing the scattering properties
of the samples is in principle possible by milling and re-sintering
the material. This was not possible within the given beam time.)
Further, the detector response function was similar but notiden-
tical. On the right-hand side, we show the difference spectra.
The mentioned difference in Compton scattering and detector
response function shows up as an oscillation pattern in the lower
part of the spectrum (from 100 to 300 keV). However, in gen-
eral, the spectrum looks substantially cleaned, and the presence
of the Lisample in the beam is clearly seen as a modulation of the
NREF peak. Although the experimental result is less clean than
the DENO configuration, it is sufficient as proof-of-principle
demonstration.

4. NRF-BASED RADIOGRAPHY OF 7Li

To demonstrate NRF-based radiography and in particular
to illustrate the isotopic selectivity, a sample set consisting of
vials with natural LiF and isotopically enriched °LiF powder
was prepared. While an “absorption” radiography would not
be enable to distinguish the different isotope concentrations,
NRF provides a sensitive signal. An additional two vials of
MO iF were added to illustrate the potential for obtaining

quantitative information from the images. The final object to be
imaged is a commercially available, rechargeable Li battery—
UltraFire BRC 18650. The battery contains an unknown Li
compound enclosed in a spiral metallic cathode and a metal
cylinder. The battery can be used to illustrate the capability of
directly imaging lithium behind heavier elements such as stain-
less steel. The sample table containing all objects was scanned
horizontally over 100 positions. The result is shown in Fig. 7,
together with “absorption” radiography based on the count
rate of the HPGe detector. Since the witness detector signal
is more sensitive to NRE the modulations of the Ge detector
signal differ. Obviously, absorption radiography does not dis-
tinguish between the two Li isotopes, while the witness detector
clearly differentiates them. From this difference, it is possible to
deduce the quantity of "Li in the beam. For this, we use the data
obtained in Section 3 and displayed in Fig. 5. From the “NRF
on” data, we know how much the signals of the witness detec-
tor and the HPGe detectors are modulated when a 2.72 mm
thick metal sheet of natural Li is introduced in the beam. Using
the ratio /gpGe/ lwimess Of this measurement as calibration, we
deduce the amount of ”Li seen at various positions of the sample
(correcting also for the self-absorption effect). This is required
to correct for the difference in efficiency of the two detectors and
to overlap the two curves. Further, it turned out that during the
scan of this measurement, the energy of the input beam drifted
away (c.f. explanations in Section 2). This effect is shown in
Fig. 8. We used the Gaussian as illustrated on the right-hand
side of Fig. 3 to correct for the drift. We believe that these effects
are typical for white spectrum sources with a low energy part
of the spectrum. If combined with a crystal monochromator
and operated at very high photon energies, every small variation
of beam intensity causes large monochromator instabilities
compared to the FWHM of nuclear resonance. In the case of a
LCS combined with an aperture, the spectrum is intrinsically
more monochromatic and does not contain low-energy photons
contributing to the heating of the crystals. We would expect a
more stable operation when these sources are combined with a
crystal monochromator.

The results of the experiment show clearly the isotopic sensi-
tivity of NRF-based radiography. The spatial resolution of the

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440



441

Research Article

1} HT_T {025
208 102 &
£ &
g S
= E

0.6 0.15
2 g
ks <
[} —
@« 04 {01 3

0.2 L 10.05

0 A AN
20 40 60 80 100
Position (mm)
Fig. 7. Radiograph of a composed sample using a photon beam

tuned to the NRF resonance of ’Li at 476 keV. The top picture shows
sample composition: a battery, tungsten block, two vials of (Mo iF,
single vial of ®™LiF, and a vial of isotopically enriched °LiF. The
bottom plot shows modulation of the 476 keV count rate measured
by the HPGe (magenta) and witness (green) detectors and extracted as
integral from the respective ROIs. The count rates were efficiency cor-
rected to overlap both detectors. Further, a correction for energy drifts
was applied (for details, see text). From the difference in modulation of
HPGe and witness detector, we extract the quantity of ’Liin the beam,

shown by the black line.
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Fig.8. Measured centroid energy of the beam during the NRF radi-
ography presented in Fig. 7 while scanning the sample table position.
An energy drift will change the NRF rate, and we corrected the NRF
data in Fig. 7 for this effect using the measured energy spectrum of
ID15A as indicated on the right-hand side of Fig. 3.
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one-dimensional image is set by the scan steps of 1 mm used
in the experiment. In principle, the resolution can be of the
order of beam size, i.e., about 100 pm.

We clearly see that the difference between °Li enriched and
(n9 j containing vials. Comparing the measurements of a single
and two vials containing (0] iF the results indicate that a
good quantitative measurement of the ”Li amount is possible. It
should be noted that in the demonstrated approach, the knowl-
edge of the NRF cross section of "Li was not required. A single
calibration measurement with a known quantity of material in
the beam was sufficient.

Looking at the result of the absorption radiograph of the bat-
tery taken by the HPGe detector, we see that it is dominated by
the attenuation of the higher Z-materials of the metal container
and the cathode. In contrast to this, the NRF-based witness
detector shows the true content of ’Li in the sample, ignoring
the presence of higher Z-materials.

5. SUMMARY

In conclusion, using a novel, witness-material-based detector
architecture, we have demonstrated for the first time isotope-
specific, photon-based, assay and imaging of microgram-scale
quantities of /Li. With this setup, the detection/imaging system
can be largely separated from the actual sample. The method is
capable of detecting and quantifying "Li behind heavy material
shielding and of distinguishing isotope abundance. Lithium
is a technologically relevant element in many power systems,
and the development of a photon-based, non-destructive,
isotope sensitive detection technique for this element could
contribute to the study of a number of problems in optimizing
high-capacity batteries.

These studies were conducted at spectral bandwidths two
orders beyond the present state of the art of laser-Compton
gamma-ray sources but are comparable to next-generation, tun-
able MeV gamma sources currently under development [15,18].
The narrow bandwidth and higher flux of the next-generation
machines in combination with the methods described in this
study should enable non-destructive assay of shielded objects
with microgram precision and imaging with micrometer-scale
resolution. The method is extendable to higher photon energies
and fluxes and illustrates the viability of calorimetric-based
detection schemes based on combinations of resonant and
non-resonant witness samples [23]. Such schemes do not rely
upon single photon counting and are ideally matched to the
high flux per pulse outputs of future laser-Compton machines.
This experiment also hints at important requirements for future
NREF-based detection, assay, and imaging studies. For NRF-
based imaging and detection of heavier isotopes and at higher
photon energies (1 to 4 MeV) the signal to noise ratio becomes
worse since the scattered radiation scales with the electron num-
ber. This, together with the mentioned limitations of the current
experiment underlines the need for a dedicated, highly selective
(AE/E ~107° bandwidth) and stable monochromatisation
system for future NRF-based techniques. Such techniques exist
[24] and were used in the past for ultrahigh-resolution spectros-
copy, and when combined with future tunable y-ray sources,
will enable rapid 2D and 3D isotope-specific imaging.
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