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We report on the first experimental characterization of a gamma-ray spectrometer designed to spectrally
resolve high-flux photon beams with energies in the GeV range. The spectrometer has been experimentally
characterized using a bremsstrahlung source obtained at the Apollon laser facility during the interaction of
laser-wakefield accelerated electron beams (maximum energy of 1.7 GeV and overall charge of 207 ± 62
pC) with a 1 mm thick tantalum target. Experimental data confirms the possibility of performing single-shot
measurements, without the need for accumulation, with a high signal-to-noise ratio. Scaling the results to photons
in the multi-GeV range suggests the possibility of achieving percent-level energy resolution as required, for
instance, by the next generation of experiments in strong-field quantum electrodynamics.

DOI: 10.1103/PhysRevResearch.5.043046

I. INTRODUCTION

Gamma-ray beams with energies per photon in the multi-
MeV up to the GeV range play a central role in a wide
range of physical phenomena and are appealing for potential
practical applications of great interest. Typically, high-flux
sources of high-energy gamma-ray beams can be produced
in the laboratory either via bremsstrahlung of an electron
beam propagating through a solid target (see, for instance,
Refs. [1–3]), or via inverse Compton scattering of an electron
beam in the field of an intense laser [4,5]. Other mecha-
nisms, exploiting the near-term generation of multi-PW laser
facilities, include direct laser irradiation of solids [6,7], or
electromagnetic cascades [8]. Producing high-energy, well-
characterized gamma-ray sources is also essential not only to
study nuclear phenomena (see, for instance, Ref. [9]), but also
to provide information of the physics at play in strong-field
quantum electrodynamics (SFQED) [10].

For example, Compton scattering of an ultrarelativistic
electron in the field of an intense laser is strongly affected by
quantum effects such as quantum radiation reaction [11,12],
stochastic photon emission [13], and electron-positron pair
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production [14,15], which are predicted to significantly mod-
ify the spectrum and angular distribution of the emitted
photons. While experimental work in this area has tradi-
tionally focused on characterizing the electron and positron
populations produced during these interactions (see, e.g.,
Refs. [11,12,16,17]), it is now established that key signatures
of SFQED phenomena, such as electron mass dressing in
the laser field and multiphoton Compton scattering [4], are
embedded also in the spectral and spatial properties of the
Compton-scattered gamma-ray beams. Further, direct photon-
photon scattering experiments in the laboratory do require
high-energy and high-flux photon sources [16,18,19]; their
detailed experimental characterization is thus an essential req-
uisite to study this elusive phenomenon in the laboratory.
Developing a detector able to precisely measure the spectrum
of Compton-scattered or high-energy bremsstrahlung pho-
tons is thus crucial in order to advance our understanding of
SFQED, justifying the inclusion of gamma-ray spectrometers
(based on the design discussed in Ref. [20]) in the design of
large-scale SFQED experiments such as the E-320 at SLAC
[21,22] and LUXE at the Eu.XFEL [23,24].

Spectrally resolving photon beams that are both high-flux
and high-energy is a challenging task: to date, gamma-ray
spectrometers either operate in the multi-GeV regime but at
low flux [1], or at high flux but low energy (up to tens of MeV)
[25,26], or in a narrow spectral region [27].

Here, we provide the first experimental demonstration of
the performance of a design recently proposed in Ref. [20],
where the spectrum of high-flux GeV-scale photon beams are
obtained, on-shot and noninvasively, from the deconvolution
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FIG. 1. Top-view schematic of the experimental setup.

of the spectrum of electron and positron pairs produced during
the propagation of the gamma-ray beam through a converter
target. The spectrometer has been tested at the Apollon laser
facility [28], where it was used to spectrally resolve high-flux
GeV-scale gamma-ray beams produced via bremsstrahlung
during the interaction of a laser-wakefield accelerated elec-
tron beam with mm-scale high-Z converter targets. Advancing
the first proposal reported in Ref. [20], we detail here a
deconvolution process based on Bayesian inference, which
provides regularization of an otherwise ill-conditioned prob-
lem and allows for an improved treatment of uncertainties
in the gamma-ray spectrum. The experimental results are in
excellent agreement with numerical modeling, confirming the
feasibility of a detector design of this kind to spectrally re-
solve high-flux GeV-scale photon beams with high spectral
resolution.

The paper is organized as follows: Section II describes the
experimental setup, the typical electron beams obtained from
the laser-wakefield acceleration, and the expected gamma-ray
spectrum after their interaction with a 1 mm tantalum tar-
get. Section III shows the resulting signal recorded by the
gamma-ray spectrometer. Section IV shows the results of the
signal deconvolution to extract the experimental photon spec-
trum. Finally Sec. V shows how percent-level accuracy can be
achieved at higher photon energies, in regimes of interest to
planned SFQED experiments such as E-320 [21] and LUXE
[23,24]. In the Appendixes, the details of the deconvolution
algorithm are given.

II. EXPERIMENTAL SETUP

The experiment (sketched in Fig. 1) was performed at the
Apollon Laser Facility, which delivered laser pulses with an
on-target energy of 12.5 ± 2.5 J in a 37.5 ± 12.5 fs full width
at half maximum (FWHM) pulse duration at a repetition rate
of 1 shot/min. The laser pulses were focused using a f /60
spherical mirror down to a focal spot with a 66 µm FWHM
containing 37% of the energy, resulting in a peak intensity of
(2.8 ± 1.1) × 1018 Wcm−2. The laser was focused onto a gas
cell target with a variable length between 10 mm and 25 mm.
This was used to accelerate, via laser-wakefield acceleration
(LWFA) [29], GeV-scale high-charge electron beams to drive
the bremsstrahlung source. The maximum charge and peak
energy of the electron beam was consistently obtained for a
plasma consisting of 98% hydrogen and 2% nitrogen, with
an electron density of 1018 cm−3, which was kept constant

for all the data presented hereafter. High-energy and high-flux
photon beams were produced by directing the electron beams
onto a wedged tantalum converter target so that the thickness
of the solid traversed by the electron beam could be remotely
controlled by translating the converter. The results presented
in this article were obtained using a target with a thickness of
1 mm, placed 69 mm from the rear surface of the gas cell. The
residual laser exiting the gas cell was removed by reflection
from a self-generated plasma mirror on the surface of a 125
µm polyimide tape which was replenished after every shot.
The tape target was kept for all the experimental data shown
here.

Two lead walls, each of 10 cm thickness with an on-axis
bore of 1 cm diameter, were positioned 14.7 cm behind the
converter, separated by 20 cm, to provide shielding for the
detectors in the vacuum chamber. The bore dimension was
chosen such that the angular acceptance (full angle) was 12.6
mrad, sufficient to minimize noise while ensuring unaffected
propagation of the gamma-ray beam. After the lead walls, a
magnetic dipole with an integrated field strength 0.46 T m was
used to deflect the scattered electrons and generated positrons
onto a pair of yttrium aluminum garnet (YAG) scintillator
screens. A 200 µm thick Kapton vacuum window with an
exterior 4 mm Perspex layer was placed at the rear of the
vacuum chamber to allow for the gamma-ray beam to prop-
agate onto the gamma-ray spectrometer, which was placed
in air approximately 152 cm from the first converter target.
The thicknesses of the Kapton-Perspex layers and the air
gap between the chamber window and spectrometer converter
are less than 1% of the radiation lengths of the respective
materials, hence minimal distortion of the gamma-ray beam
is expected as it propagates from source to the spectrome-
ter. This is confirmed by the numerical simulations shown
below.

The spectrometer comprised a 225 µm tantalum foil,
which converted a small fraction (∼4%) of the radiation into
relativistic electron-positron pairs. The generated pairs and
remaining gamma-ray radiation then propagated through two
collimators, with apertures of 4 mm and 5 mm, respectively,
in the dispersion axis, resulting in an acceptance angle of 16
mrad.

A 5 cm, 0.85 T dipole magnet, which dispersed the
electron-positron pairs onto a LANEX scintillator screen, was
positioned immediately after the second collimator, with the
scintillator screen placed 650 mm after the rear of the dipole.
The imaging system for the scintillator was placed in a light-
and radiation-shielded box to reduce noise.

Typical electron spectra obtained from the laser-wakefield
accelerator, after optimization in terms of maximum charge
and maximum energy, are shown in Fig. 2. The electron
beams had a total charge above 200 MeV (lowest energy de-
tectable by the electron spectrometer) of 207 ± 62 pC with a
maximum energy of 1.71 ± 0.05 GeV and a sub-mrad energy-
dependent divergence for energies above 1 GeV (0.5 ± 0.2
mrad at 1 GeV and 0.28 ± 0.05 mrad at 1.6 GeV). The
statistical uncertainties reported here are all dominated by
shot-to-shot fluctuations in the laser and plasma parameters
and are taken into account in the numerical modeling reported
below. These electron spectra were taken prior to any run
where bremsstrahlung radiation was generated since the inser-
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FIG. 2. Examples of spectral intensity of laser-wakefield elec-
trons generated within the gas cell target for eight consecutive shots
(blue dashed), their mean spectral intensity (solid orange) and one
standard deviation from the mean (shaded orange).

tion of the converter target did not allow for a measurement of
the spectrum of the electrons impinging on it.

The expected spectrum of the bremsstrahlung gamma-ray
beam produced during the interaction of such electron beams
with a 1 mm tantalum converter was modeled using the Monte
Carlo (MC) particle tracking code Geant4 [30,31]. The whole
geometry presented in Fig. 1 along with 1 × 108 primary
LWFA electrons, sampled from the average electron spectrum
shown in Fig. 2, were generated as input for the MC sim-
ulations. To show the effect of the propagation through the
whole experimental setup, up to the entrance of the gamma-
ray spectrometer, we show in Fig. 3 the predicted gamma-ray
spectrum at the rear surface of the converter target (solid
blue) and the one entering the spectrometer (dashed orange).
At source, the gamma-ray photons present a monotonically
decreasing spectrum up to a maximum of ≈1.7 GeV with a
total number of photons with an energy larger than 1 MeV of

(2.21 ± 0.66) × 109 for a total charge of the electron beam
of 207 ± 62 pC (corresponding to 1.7 photons per primary
electron). The gamma-ray beam thus contains 22 ± 7 mJ of
energy. The propagation through the chamber window and
the air gap to the entrance of the gamma-ray spectrometer
affects the photon beam only marginally, particularly at high
energy. Figure 3 shows that for energies greater than 0.6 GeV,
the photon spectrum entering the spectrometer is virtually
identical to the one at source. The total number of photons
entering the spectrometer is (1.49 ± 0.44) × 109, with a total
beam energy of 16 ± 5 mJ. Only for energies � 0.6 GeV,
there is a reduction in the number of photons entering the
spectrometer compared to that produced at source due to the
collimation system and scattering during propagation.

For this experimental configuration, the energy resolution
of the gamma-ray spectrometer is limited by the divergence of
the radiation source and, hence, of the converted e+e− pairs.
Appendix A provides additional details; however, the en-
ergy resolution of a divergence-limited magnetic spectrometer
scales as �(E )/E ∝ E�S (E )/zMB, where E is the particle
energy, �S (E ) is the minimum between the divergence of the
converted pairs and the collimator acceptance angle, and zMB
is the integrated field strength of the magnet. For our con-
figuration, this resulted in a resolution of �(E )/E = 0.26E
[GeV]. As discussed in the following, much higher spectral
resolution can be readily obtained at higher photon energies
or using a stronger dipole magnet.

III. ANALYSIS OF RESULTS

A typical example of the background-subtracted single-
shot data collected on the LANEX screen at the back of the
gamma-ray spectrometer is shown in Fig. 4(a) together with
an average over eight consecutive shots in frame, Fig. 4(b).
The data evidences a central region corresponding to the
gamma rays passing through the collimator, which have been
removed by background correction, together with two bands
of signal on either side of it corresponding to the dispersed

(a) (b)

FIG. 3. Simulated energy spectra per pC of electron beam charge of (a) photons exiting the converter located (blue solid), and photons
incident on the spectrometer converter (orange dashed), and (b) e−e+ pairs (green solid and pink dashed, respectively) produced within the
spectrometer converter which reach the LANEX detector.
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FIG. 4. (a) Example of single-shot background-subtracted data recorded by the scintillator screen in the gamma-ray spectrometer. The
figure evidences the positron and electron signal region on either side of the spectrometer axis. (b) Average over eight consecutive shots. An
artefact induced by the bottom edge of the collimator aperture of the spectrometer is visible in both images close to (0,0). This artefact is due
to a nonideal background subtraction around the collimator edges, due to shot-to-shot fluctuations in the pointing of the gamma beam.

positrons (left) and electrons (right) generated at the converter
foil in front of the spectrometer. Due to the imaging system
used, each pixel in the image corresponds to 255 µm.

Single-shot spectra for electrons and positrons were ex-
tracted by integrating along the nondispersion axis in the
region marked by a black rectangle in Fig. 4(a). To account
for the background, five consecutive shots were taken with the
converter foil removed and the average was subtracted from
the signal shots.

Examples of single-shot electron (blue) and positron (or-
ange) spectra obtained from the gamma-ray spectrometer over
eight consecutive shots are shown in Fig. 5 with the shaded
band corresponding to the uncertainty due to the spectral
resolution of the spectrometer. For each shot, one can observe
the expected behavior of a monotonically decreasing spectrum
ranging from 200 MeV (minimum energy detectable by the
spectrometer) up to approximately 1.1 GeV (corresponding to
the position on the LANEX screen where the signal would

FIG. 5. Energy spectrum of e+e− pairs measured at the back of the spectrometer with corresponding uncertainty (shaded). Experimental
results are compared to the positron spectrum (green) extracted from simulations.
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FIG. 6. Reconstructed photon spectra obtained by applying the deconvolution algorithm to the experimental (orange) and simulated (green)
positron spectra in Fig. 5. The overlaid dashed line shows the photon spectrum incident on the spectrometer from simulation, as in Fig. 3(a).
Shaded bands represent the 95% HPDI calculated by the algorithm.

start to overlap with the straight-through gammas). As ex-
pected, the electron and positron spectra are indistinguishable
within uncertainty. These experimental results show excellent
agreement with the simulated positron spectrum at the detec-
tor plane (from Fig. 3), which is overplotted as a green solid
line in each frame in Fig. 5.

The Monte Carlo simulations indicate a peak fluence on
the gamma-ray spectrometer converter between 0.02 and 0.03
J/cm2, with a mean fluence of 0.016 ± 0.005 J/cm2. It must
be noted that this is much smaller than the threshold fluence of
tantalum (∼0.6 J/cm2 for sustained irradiation at 30 Hz [32]),
indicating that the spectrometer suffers negligible degradation
over sustained operation. This is confirmed by our experimen-
tal findings over the course of the campaign, as no ablative
effects on the converter foil were observed. This demonstrates
that the gamma-ray spectrometer is capable of operating on a
single-shot basis over extended periods of operation.

IV. DECONVOLUTION OF THE SIGNAL

The measured electron and positron spectra were grouped
into 15 equal bins in the energy range [200, 1100] MeV
for eight shots with identical LWFA interaction parameters
and this data was then deconvolved using the ultrarelativistic
Bethe-Heitler cross section for pair production initiated by a
photon in a solid target [33,34]. The mathematical process
of deconvolution involves solving an ill-conditioned inverse
problem; as such, direct solution methods give results whose
uncertainty is difficult to quantify, particularly in the presence

of background. It is then proposed here to formulate the de-
convolution process in a statistical manner, invoking the use
of Bayesian statistics to not only achieve regularization of
the ill-conditioned problem, but also to allow for a measure
of the reconstruction uncertainty in the form of confidence
intervals. This implementation follows an iterative Bayesian
method similar to d’Agostini’s unfolding technique [35], and
was applied to each spectrum to reconstruct the photon energy
spectrum entering the spectrometer system. Further details on
the deconvolution process are given in the Appendixes. While
choosing to deconvolve either the electron or the positron
spectrum is in principle irrelevant due to the symmetry of pair
production in the converter, the electron spectrum at the detec-
tor plane is, in general, susceptible to a higher level of noise,
due to the additional channels that can lead to electron gener-
ation or scattering (e.g., Compton scattering in the converter).
We will thus focus our attention here on the deconvolution of
the positron spectrum.

The results of the deconvolution process are shown in
Fig. 6, where the orange (blue) line represents the recon-
structed gamma-ray spectrum obtained from the experimental
(simulated) positron spectrum and the dashed black line is
the predicted gamma-ray spectrum entering the spectrometer
from Fig. 3(a). Although not shown, the reconstruction of the
electron spectrum yields similar results and can be used as a
consistency check, as described in Appendix B.

The deconvolution of the simulated positron spectrum rep-
resents the theoretical best possible reconstruction for the
spectrometer setup with the same discretization size as the
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simulated electron spectrum without noise. The spectral shape
of the incident photon spectrum is well reconstructed by this
measuring technique within a 95% confidence interval, cho-
sen here to be the highest posterior density interval (HPDI).
A certain level of underestimation is consistently observed
only in the lowest energy bin between 200 and 260 MeV.
This can be understood by considering that there is a lack
of information on the produced pairs at energies above 1.1
GeV and, therefore, limited information on the photon flux
expected in this energy range. The deconvolution algorithm
does not consider photon energies outside of the measured
range; however, these photons can still significantly contribute
to pair production and this contribution is most prominent at
lower energies, due to the typical spectral shape of the pair
production process. This observation is a further demonstra-
tion of the fact that gamma-ray spectroscopy of this kind is
absolutely valid only if the full energy range of the expected
photon population is resolved. Nonetheless, apart from the
lowest energy bin, the rest of the reconstruction shows good
fidelity with the expected signal. The resulting 95% HPDI
of the reconstructions is a symmetric range of relative error
∼0.1, increasing to ∼0.15 at lower energies, another conse-
quence of the lack of knowledge of the spectral distribution of
particles with energies above 1100 MeV.

V. DISCUSSION AND CONCLUSIONS

While the deconvolution process is observed to introduce
a small uncertainty in the reconstructed gamma-ray spectrum,
the dominant contribution to the uncertainty in the gamma-
ray spectrum arises from the spectral measurement of the
electron-positron pairs generated in the converter.

As discussed in Sec. II and Appendix A, the energy resolu-
tion of the spectrometer is dominated by the divergence of the
electron-positron pairs and the magnet strength: �(E )/E ∝
�S (E )/(zMB), with zMB the integrated field strength of the
magnet. In our experiment, the relatively low strength of
the dipole magnet induced a suboptimal energy resolution
of �(E )/E = 0.26E [GeV]. The resolution can be increased
simply by increasing the length or strength of the magnet
employed. As an example, a relatively standard permanent
dipole magnet of strength 1 T and active length 150 mm would
readily give a 3.5 factor improvement in the resolution across
the hundreds of MeV range. For example, this would translate
to an energy uncertainty of ∼75 MeV at 1 GeV.

We also note that SFQED experiments currently being
designed at large scale facilities, such as E-320 at SLAC [21]
and LUXE at the Eu.XFEL [23,24], are anticipated to produce
Compton-scattered photon beams from electron beams with
an energy of 13 and 16.5 GeV, respectively. The resulting
photon beam will thus present a much narrower angular dis-
tribution since this is approximately inversely proportional
to the Lorentz factor of the particle at the generation point
(θγ ∼ γ −1

B ). For example, numerical modeling of the LUXE
experiment indicates that the photon beam will have an an-
gular divergence of approximately 30 μrad, to be compared
with the 510 μrad observed here. This more narrow cone and
the higher energy of the photons are expected to result in an
energy resolution that is 17 times lower than the one observed
in this experiment, resulting in a typical energy resolution at
the GeV level of the order of 1–2%.

Another crucial aspect of the spectrometer is that it must
be able to operate at a single-shot level and over sustained
periods of operation. Our results confirm the expectation
of negligible ablation of the converter target. From our
simulations, we estimate a maximum flux of the gamma-
rays to be withstood by the spectrometer of ∼4 × 1010

photons/cm2/shot. This is approximately 30 times higher
than the flux observed in our experiment, and would corre-
spond to an electron beam with an overall charge of 6 nC.

The principles of operation of the gamma-ray spectrom-
eter reported in this article mainly follow those of the first
conceptual design reported in Ref. [20], albeit with funda-
mental key differences. The most important development is
in the algorithm for the reconstruction of the gamma-ray
spectrum. A direct back-substitution algorithm, as originally
proposed, presents fundamental issues in the regularization
of the inverse problem and results in uncertainties that are
exponentially growing with each step of the algorithm. Here,
we present a statistical Bayesian approach to deconvolution,
which allows for a more rigorous regularization of the in-
verse problem and allows one to keep lower uncertainties.
Additionally, the experimental construction of the spectrom-
eter required some alteration to the conceptual design due to
constraints on available space and equipment, as well as the
difference in performance of electron (and subsequent photon)
beams generated by wakefield acceleration.

In conclusion, we report on the first high-resolution and
on-shot measurement of the spectrum of high-flux GeV-scale
photon beams. Our experimental results confirm, in good
agreement with numerical modeling, the possibility of
performing single-shot measurements of the gamma-ray
spectra with a high signal-to-noise and ≈10% energy
resolution. Simple scalings with magnet strength and particle
energy suggest that percent-level energy resolution can be
readily achieved. We envisage that this diagnostic technique
will provide key data in strong-field QED experiments such
as E-320 and LUXE.

The experimental data used to generate the results shown
here is openly available at Zenodo [36].
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APPENDIX A: MAGNETIC DISPERSION

The information obtained from the spectrometer is the
position space spectrum of the electrons and positrons. The
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particle position x can be related to its energy E using the
magnetic dispersion relation for a detector a distance zD from
the rear of a magnet of length zM and field strength B:

E (x) � eB · zM

x

( zM

2
+ zD

)
, (A1)

assuming E � eBzM . Additionally, the energy resolution on
the detector is limited by two factors, leading to an uncertainty
in the binning process: the divergence of the original photon
beam [37], and the spatial resolution of the detector. The
total resolution available is then the quadrature sum of these
components, assuming they are independent,

�(E )

E
= (zS + zM + zD)�S

(zD + zM/2)zM
× E

eB
⊕ δx

zM (zM + zD)
× E

eB
,

(A2)

where δx is the spatial resolution of the screen (e.g., pixel
width), zS is the distance between the source of the pairs
(the converter foil), and the entrance of the magnet and �S

is the divergence of the electrons/positrons after conversion.
In the ultrarelativistic limit, if the photons have divergence θγ ,

and the leptons have a Lorentz factor γ , then �S ∼
√

θ2
γ + 1

γ 2

can be assumed.

APPENDIX B: RECONSTRUCTION ALGORITHM

The number of e+e− pairs generated by a photon beam
passing through a thin converter target can be calculated using
[33]

dN

dE
= NAρt

A

∫ ωmax

E
dω

dσ

dE

dNγ

dω
. (B1)

ωmax is some known maximum value for the photon energy,
dNγ

dω
is the energy spectrum of the incident photon beam, dN

dE

is the energy spectrum of the outgoing e+e− pairs, and dσ
dE is

the (energy) differential cross section for pair production. A
is the atomic mass, X0 is the radiation length of the converter
material, and NA is Avogadro’s constant. t is the thickness of
the converter with a mass density ρ. In the complete screening
limit, applicable to high-Z materials and photon energies �1

GeV, a quadratic approximation [33,34] for the cross section

dσ

dE
= A

NAX0

1

ω

[
1 − 4

3

E

ω

(
1 − E

ω

)]
(B2)

is valid.
Then, after determination of the e+/e− spectrum, the in-

version of Eq. (B1) to get the original photon spectrum can
be performed by first discretizing the integral and letting
dNγ

dω
→ f and dN

dE → g. Deconvolution can then be posed as
the inversion of the linear matrix equation

g = K f . (B3)

K is a matrix whose elements encompass the operator term
NAρt

A

∫
dω dσ

dE ◦; the exact structure of this kernel operator
depends on the quadrature method employed. The standard
trapezium rule is used in this analysis. This problem can
be solved by direct back substitution [38] as the kernel is
triangular (K = 0 if ω < E ), however, when combined with
a Bayesian approach [39–41], noise in the measured spectrum
can be more robustly dealt with.

To pose the deconvolution problem in a statistical manner,
a noise term η is introduced to the operator equation

g = K f + η. (B4)

A statistical distribution is then applied to the noise—this
is chosen to be Gaussian and independent of the signal, i.e.,
ηi ∼ N (0, σ 2

b ) where σ 2
b is the variance in the noise. From

Eq. (B4),

P (g| f , β,K) =
(

β

2π

) n
2

exp

(
−1

2
β‖g − K f‖2

)
. (B5)

Here, P (g| f , β,K) is the likelihood function of the problem
with n = dim g = dim f and β = 1/σ 2

b is the precision. To
apply Bayesian methods, a prior distribution must be stated
while making only general assumptions about f , namely that
the values of the spectrum cannot be negative, i.e., f � 0.
Hence, a normal distribution is chosen, with unknown vari-
ance, to be inferred, and mean determined, by the back
substitution solution to Eq. (B3). By construction, this prior
mean will be strictly non-negative in all components.

FIG. 7. Result of deconvolving (a) a Gaussian (mean = 5 GeV, σ = 1.2 GeV), and (b) a piecewise step-like photon spectrum. Black is the
original spectrum and the shaded blue is the 95% HPDI of the reconstruction in each case.
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An application of empirical Bayes inference which in-
volves maximizing the marginal likelihood function to infer
the unknown variances (equivalently, precisions)

P (g|β, θ, f 0,K) =
∫

dn f P (g| f , β,K) · P ( f | f 0, θ ) (B6)

can then be used. These inferred values are then used to cal-
culate the resulting posterior distribution P ( f |g, β, θ, f 0,K).
The mean (maximum a posteriori estimate) of this distribution
is taken to be the solution to the inverse problem Eq. (B4)
while the error associated with the reconstruction of the spec-
trum is represented by the highest posterior density interval
(HPDI) about the solution.

An example of the performance of the deconvolution algo-
rithm is given in Fig. 7. In these tests, a Gaussian [frame in
Fig. 7(a)] and a piecewise step function [frame in Fig. 7(b)]
were used as photon spectra, which were then propagated
through the spectrometer in simulation. The resulting elec-
tron and positron spectra were then deconvolved using the
above approach, to give the retrieved gamma-ray spectrum,
with associated uncertainties (blue bands in Fig. 7). As can
be seen from these two examples, the spectrometer is able
to reconstruct the gamma-ray spectrum with a high fidelity,
and able to precisely identify the edges in the spectrum. For
example, the edge at 2 GeV in Fig. 7(b) is identified with an
uncertainty of ± 120 MeV (≈6%), while the uncertainty in
identifying the edge at 6 GeV is of the order of ± 170 MeV
(≈3%).
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