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Mobile gamma-ray spectrometry (MGRS) systems are essential for localizing, identifying, and quanti-
fying gamma-ray sources in complex environments. Full-spectrum template matching offers the highest
accuracy and sensitivity for these tasks but is limited by the computational cost of generating the required
spectral templates. Here, we present a generalized full-spectrum modeling framework for MGRS systems
in scattering media, enabling near-real-time template generation through dynamic, anisotropic instrument
response functions. Benchmarked against high-fidelity brute-force Monte Carlo simulations, our method
yields a computational speedup by a factor of O(107), while achieving comparable accuracy with median
spectral deviations below 6%. The methodology presented is platform-agnostic and applicable across
marine, terrestrial, and airborne domains, unlocking new capabilities for MGRS in a variety of appli-
cations, such as environmental monitoring, geophysical exploration, nuclear safeguards, and radiological
emergency response.
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I. INTRODUCTION

By deploying gamma-ray spectrometers on ground-
based, airborne, marine, and spaceborne platforms, mobile
gamma-ray spectrometry (MGRS) enables the local-
ization, identification, and quantification of gamma-ray
sources across a diverse range of environments, from
Earth’s oceans to outer space. These systems support a
broad spectrum of applications, from environmental mon-
itoring in marine ecosystems [1–3] and mapping radioac-
tive contamination after nuclear accidents [4–11] to source
localization in nuclear security and nonproliferation con-
texts [12–16]. They have also been used to investigate
terrestrial gamma-ray flashes [17–22], track atmospheric
radionuclide transport [23–25], and remotely analyze the
elemental composition of planetary-mass objects and small
solar system bodies [26–33]. Recent advancements in
unmanned mobile platforms, exemplified by the successful
flight of the autonomous helicopter Ingenuity on Mars in
2021 [34–36], have prompted renewed efforts to advance
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MGRS technologies, opening possibilities to deploy these
systems in previously inaccessible or difficult-to-reach
environments.

In contrast to laboratory and in-situ gamma-ray
spectroscopy settings, most MGRS systems operate in a
near-real-time acquisition bin mode, enabling the spatial
localization of gamma-ray sources with typical sampling
frequencies of the order of O(1)Hz. Furthermore, char-
acteristic source-detector distances in MGRS applications
are significantly larger than those encountered in station-
ary laboratory or in-situ measurements, typically ranging
from O(102)m in terrestrial surveys to at least O(105)m
for spaceborne platforms. As a result, gamma-ray spectra
acquired during single-pass MGRS surveys are inherently
sparse, with the number of counts per pulse-height chan-
nel typically of the order of O(101), leading to increased
statistical uncertainties and requiring dedicated data reduc-
tion techniques to extract the spectral information encoded
in the recorded pulse-height spectra.

For that purpose, template-matching techniques, com-
monly referred to as full-spectrum analysis (FSA) algo-
rithms, have proven very effective for both terrestrial
[37–41] and space-based MGRS systems [26,29,31],
offering significantly improved accuracy and sensitivity
compared to traditional peak-fitting methods typically
employed in stationary gamma-ray spectroscopy. In
FSA, the expected gamma-ray event rates Ṅ ∈ R

NE′
≥0 for

2331-7019/26/25(1)/014044(15) 014044-1 Published by the American Physical Society

https://orcid.org/0000-0003-0339-6592
https://orcid.org/0000-0001-9823-1250
https://orcid.org/0000-0002-2232-3439
https://orcid.org/0000-0001-7208-8193
https://ror.org/03eh3y714
https://ror.org/00jmfr291
https://crossmark.crossref.org/dialog/?doi=10.1103/yhz2-xmby&domain=pdf&date_stamp=2026-01-20
http://dx.doi.org/10.1103/yhz2-xmby
https://creativecommons.org/licenses/by/4.0/


BREITENMOSER, STABILINI, KASPRZAK, and MAYER PHYS. REV. APPLIED 25, 014044 (2026)

a given number of spectral channels NE′ ∈ N≥1 are
modeled as a superposition of spectral templates ψ ∈
R

NE′
≥0 , each representing the characteristic full-spectrum

response of the MGRS system to a specific gamma-ray
source—normalized by the source strength—at a given
time t ∈ R during the survey [42,43]:

Ṅ (t) =
∑

s∈I(t)

as (t)ψs (t) (1)

with I = {s ∈ N | 1 ≤ s ≤ Nsrc, Nsrc ∈ N} denoting the set
of gamma-ray sources with associated source strengths
as ∈ R≥0 giving rise to the expected gamma-ray event
rates at time t.

Consequently, to reliably infer the source properties
from MGRS measurements, specifically the source sets I
and associated source strengths a ∈ N

Nsrc , accurate pre-
dictions of the spectral templates ψ for a given MGRS
survey are needed. Traditionally, empirical radiation mea-
surements using dedicated calibration sources have been
employed for this purpose [39,44–46]. While straightfor-
ward to conduct, these methods are limited to a small set
of gamma-ray-emitting radionuclides, often require days
of measurement time to account for all relevant source-
detector geometries, and can involve significant costs for
source procurement and decommissioning. Over the past
two decades, with the increasing computational capa-
bilities and advancements in high-fidelity Monte Carlo
radiation transport codes [47–50], simulation-based cali-
bration has emerged as a more effective alternative. These
codes enable accurate, high-fidelity estimates of spec-
tral templates ψ for arbitrary gamma-ray source sets and
source-detector geometries, thereby overcoming the key
limitations of empirical methods [26,29,31,51–54].

While numerical derivation of spectral templates has
proven superior to traditional empirical methods, perform-
ing Monte Carlo simulations for MGRS systems remains
computationally challenging due to the complexity of
the model and high computational cost. These difficul-
ties arise mainly from the large simulation domain dis-
cussed above and the need for an accurate mass model
of the MGRS platform. As a result, achieving the pre-
cision needed for MGRS applications typically requires
�tMC = O(104) core-hours for a single spectral template
ψ on a modern computer cluster [54].

Depending on the environment and the spatial dis-
cretization of extended, inhomogeneous gamma-ray
sources, the number of superposed source signatures Nsrc
ranges from O(101) for background surveys of uniform
gamma-ray sources to O(105) for high-resolution contam-
ination mapping in radiological emergency response sce-
narios. In addition, the dynamic source-detector geometry,
combined with variations in both the MGRS platform
state and the surrounding material composition, requires

computing spectral templates for each recorded pulse-
height spectrum. Given that typical MGRS surveys
record at least Nspec ≥ O(104) spectra, the total compu-
tational cost of evaluating such a survey via brute-force
Monte Carlo simulations scales as NsrcNspec�tMC, yield-
ing characteristic runtimes between O(109) core-hours and
O(1013) core-hours, depending on the application.

Given these numbers, it is evident that deriving spec-
tral templates for MGRS surveys using brute-force Monte
Carlo simulations is computationally prohibitive with the
current infrastructure. To mitigate this, previous investi-
gators proposed a two-stage decomposition of the compu-
tation [55–58]: first, the gamma-ray transport through the
environment, and second, the interaction of the propagated
gamma rays within the MGRS platform, followed by their
energy deposition and subsequent signal processing in the
gamma-ray spectrometer. For MGRS, the latter stage con-
stitutes the most computationally intensive part of the sim-
ulation. By precomputing this second stage, the two-stage
approach avoids redundant high-cost computations, lead-
ing to substantial reductions in computational expenses.
In this framework, the differential spectral template dE′ψ
is formally expressed as the convolution of the source-
strength-normalized differential gamma-ray flux dEγ φγ at
the MGRS system’s location at time t (obtained from
the first-stage computations) with the differential instru-
ment response function (IRF) dE′R, which results from the
second-stage computations and characterizes the system’s
intrinsic response to incident gamma rays:

dψ
dE′

(
E′, t

) =
∞∫

0

dR
dE′

(
E′, Eγ

) dφγ
dEγ

(
Eγ , t

)
dEγ (2)

with Eγ and E′ denoting the gamma-ray energy and spec-
tral energy related to the pulse-height in the gamma-ray
spectrometer, respectively.

In Eq. (2), the differential IRF is assumed to be static,
which is a reasonable approximation for laboratory-based
spectroscopy with fixed source-detector geometries. How-
ever, this assumption generally does not hold for MGRS
platforms. Since the IRF in MGRS is typically highly
anisotropic due to the platform’s complex geometry and
inhomogeneous composition, the continuous variation in
the source-detector geometry during a survey results in a
dynamic instrument response. Additionally, the IRF itself
may evolve over time due to changes in platform state
variables, such as fuel depletion, relocation of crew mem-
bers, and the extension of gears or solar sails, among other
factors. If unaccounted for, these dynamic effects can intro-
duce substantial biases in spectral template predictions.

To mitigate these biases, prior studies have extended
the detector response model in Eq. (2) for spaceborne
applications by leveraging the analytically tractable
gamma-ray transport in vacuum in conjunction with
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anisotropic IRFs [26,28–33]. While these protocols have
proven effective for spaceborne MGRS, they are not
directly applicable to terrestrial MGRS systems, where the
presence of scattering media—such as water in marine
applications or air in ground-based and airborne sur-
veys—modulate the gamma-ray field. Additionally, since
terrestrial MGRS platforms typically have much shorter
endurance than robotic space probes, dynamic evolution
of the IRF itself during a single-run survey can be much
more substantial, making dynamic modeling of the IRF
essential. Because of these additional model complexities,
the accurate and numerically efficient generation of spec-
tral templates ψ for terrestrial MGRS remains an open
problem.

In this work, we introduce a generalized full-spectrum
modeling framework for MGRS systems in scattering
media. The capabilities of this framework are demon-
strated through its implementation for a real-world air-
borne MGRS system. By leveraging multithreaded eval-
uation via vectorized convolution operations, combined
with precomputed IRFs and double-differential gamma-
ray flux banks, we achieve near-real-time spectral template
generation with computation times of O(1) s on a local
workstation. We benchmark the methodology against high-
fidelity brute-force Monte Carlo simulations, revealing
excellent accuracy with median spectral deviations of less
than 6%, translating to at least a twofold improvement over
conventional isotropic models. Finally, we leverage the
dynamic modeling approach to analyze temporal dynamics
in the IRF, providing conservative constraints on expected
IRF variations during MGRS surveys with crewed airborne
platforms.

The remainder of this paper is organized as follows.
Section II introduces the methodology for generating spec-
tral templates using dynamic anisotropic IRFs. In Sec. III,
we discuss its implementation for a real-world MGRS
system. Section IV examines the spectral and angular dis-
persion of the modeled MGRS system, as uncovered by
the computed IRFs, and investigates the expected dynamic
IRF variations during an MGRS survey. In this section, we
also present the results of a benchmark study comparing
the methodology against high-fidelity brute-force Monte
Carlo simulations. Finally, Sec. V summarizes the key
findings and explores their implications for MGRS, along
with future research directions. Additional details on spe-
cific aspects of our work are provided in Appendices A–C.

II. SPECTRAL TEMPLATE GENERATION USING
DYNAMIC ANISOTROPIC INSTRUMENT

RESPONSE FUNCTIONS

To account for the anisotropy and the dynamics in
both the IRF and the gamma-ray field, we generalize the
differential spectral template computation in Eq. (2) as
the convolution of the differential dynamic anisotropic

IRF dE′R(E′, Eγ , �′, t) and the source-strength-normalized
double-differential gamma-ray flux ∂Eγ ∂Ω ′φγ (Eγ , �′, t):

dψ
dE′

(
E′, t

) =
∞∫

0

4π∫

0

dR
dE′

(
E′, Eγ , �′, t

)

× ∂2φγ

∂Eγ ∂Ω ′
(
Eγ , �′, t

)
dΩ ′dEγ (3)

with Ω ′ and �′ denoting the solid angle and the direction
unit vector in the local noninertial platform-fixed coordi-
nate system, respectively. In Eq. (3), both the differential
IRF and the double-differential gamma-ray flux are con-
tinuous functions. However, due to the complex geometry
and heterogeneous composition of MGRS platforms, the
surrounding media, as well as the gamma-ray sources
themselves, no closed-form solution generally exists for
either function. Consequently, numerical approximations
using dedicated radiation transport codes are required.

Building upon the methodology outlined in previous
studies [26,28,30–33], we use dedicated Monte Carlo
simulations to evaluate the dynamic anisotropic IRF
on a discrete grid of spectral energies {E′

i | i ∈ N≥1,
i ≤ NE′ }, corresponding to the center pulse heights of
the spectrometers’ spectral channels, gamma-ray ener-
gies {Eγ ,j | j ∈ N≥1, j ≤ NEγ }, directions {�′

k | k ∈ N≥1,
k ≤ N�′ }, and time instances {tl | l ∈ N≥1, l ≤ Nt}, where
NE′ , NEγ , N�′ , and Nt represent the number of pulse-height
channels, evaluated gamma-ray energies, directions, and
time instances, respectively. Simultaneously, the double-
differential gamma-ray flux ∂Eγ ∂Ω ′φγ is evaluated on the
same discrete set of gamma-ray energies, directions, and
time instances as the dynamic anisotropic IRF. This can
be accomplished using standard built-in functionalities
available in both deterministic [59–61] and Monte-Carlo-
based [47–50] numerical codes. Following a quadrature
approach, we rewrite Eq. (3) in its discretized form as

ψ
(
E′

i , tl
) ≈

NEγ∑

j =1

N�′∑

k=1

dR
dE′

(
E′

i , Eγ ,j , �′
k, tl
)
�E′

i

× ∂2φγ

∂Eγ ∂Ω ′
(
Eγ ,j , �′

k, tl
)
�Eγ ,j�Ω

′
k (4)

with �E′
i , �Eγ ,j , and �Ω ′

k denoting the variable bin
widths in spectral energy E′, gamma-ray energy Eγ , and
solid angle Ω ′, respectively.

To enable efficient spectral template computations using
multithreaded evaluation, Eq. (4) may be recast in matrix
notation as

ψ (tl) ≈
N�′∑

k=1

R
(
�′

k, tl
)
φγ
(
�′

k, tl
)

(5)
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where ψ ∈ R
NE′
≥0 denotes the spectral template vector

at time tl. Each term in Eq. (5) involves a direction-
and time-specific instrument response matrix R(�′

k, tl) ∈
R

NE′×NEγ
≥0 and the corresponding gamma-ray flux vec-

tor φγ (�
′
k, tl) ∈ R

NEγ
≥0 . The summation thus accumulates

directional matrix-vector products at fixed time tl. The
individual elements of the instrument response matrix are
estimated by scaling the differential instrument response
components with the corresponding spectral energy bin
width, i.e., R(E′

i , Eγ ,j , �′
k, tl) ≈ dE′R(E′

i , Eγ ,j , �′
k, tl)�E′

i .
Similarly, we compute the individual elements of the
gamma-ray flux vector by scaling the double-differential
gamma-ray flux components with the corresponding
energy and solid angle bin widths: φγ (Eγ ,j , �′

k, tl) ≈
∂Eγ ∂Ω ′φγ (Eγ ,j , �′

k, tl)�Eγ ,j�Ω
′
k.

III. IMPLEMENTATION FOR A REAL-WORLD
MGRS SYSTEM

To demonstrate the capabilities of the proposed method-
ology, we describe here its implementation for a real-world
MGRS system, detailing the IRF and gamma-ray flux com-
putations as well as the numerical convolution operations.
Given the diversity of MGRS platforms, we focus on a
class exhibiting both strong anisotropy and dynamic instru-
ment response, specifically crewed airborne MGRS sys-
tems [62]. As a representative case, we selected the Swiss
Airborne Gamma-Ray Spectrometry (SAGRS) system, for
which a well-characterized and validated Monte Carlo
mass model is available [54,63]. For completeness, a brief
overview of the SAGRS system is given in Appendix A,
with additional information available in Ref. [54].

A. Instrument response function

Similar to previous work on spaceborne MGRS sys-
tems [26,28–30] as well as gamma-ray space telescopes
[64–66], we estimate the dynamic anisotropic IRF using
a series of dedicated Monte Carlo simulations. These
simulations follow the standard far-field approximation,
assuming a homogeneous double-differential photon flux
across the characteristic volume of the mobile platform.
Under this assumption, the IRF can be estimated by simu-
lating the platform’s response to a circular monoenergetic
gamma-ray plane wave for a predefined set of gamma-ray
energies Eγ and incident wave directions �′, parameter-
ized by the azimuth φ′ and polar angle θ ′ in the local
noninertial platform-fixed coordinate system, as schemati-
cally depicted in Fig. 1. For each configuration, the number
of events Nevent registered in the spectral channel �E′

i for
a given number of simulated source primaries Nsrc is used

FIG. 1. Graphical illustration of the configuration used to
derive instrument response functions (IRFs) for the SAGRS sys-
tem via Monte Carlo simulations. The main elements in the setup
include the Monte Carlo mass model of the MGRS platform and
the circular gamma-ray plane wave characterized by the source
radius rsrc as well as the angular variables (φ′, θ ′) in the local
platform-fixed coordinate system. The local coordinate system is
defined by the platform’s principal axes x′, y ′, z′ and parameter-
ized by the Tait-Bryan angles α′ (yaw), β ′ (pitch), and γ ′ (roll)
relative to the global inertial reference frame. The inset high-
lights the mass model of the gamma-ray spectrometer integrated
into the SAGRS system, with the local frame’s origin positioned
at the scintillator array’s center of mass. All mass model visu-
alizations were generated using the graphical interface FLAIR
[67] for the SAGRS Monte Carlo model derived in our previ-
ous work [54,63]. For improved visibility and interpretability,
semitransparent false colors were applied.

to estimate the expected instrument response as

R
(
E′

i , Eγ ,j , �′
k, ξ l

) ≈ πr2
src

Nevent
(
E′

i , Eγ ,j , �′
k, ξ l

)

Nprim
(
Eγ ,j , �′

k, ξ l
) (6)

where ξ ∈ R
Nξ with Nξ ∈ N represents the set of state vari-

ables required to describe the temporal evolution of the
IRF as t �→ ξ(t), while rsrc ∈ R>0 denotes the radius char-
acterizing the extension of the circular plane wave. The
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source radius needs to be sufficiently large so that the
IRF remains invariant to the source extension. Based on
a sensitivity analysis, we set the source radius to 2 m (cf.
Fig. S1 in the Supplemental Material [68]). We note that,
due to the far-field approximation, this approach is most
accurate when the gamma-ray source is at distances signifi-
cantly larger than the platform’s characteristic dimensions.
For near-field sources, such as traversed plumes, computa-
tionally efficient one-stage Monte Carlo simulations may
be adopted to fully capture spatial inhomogeneities in the
gamma-ray flux [24,54].

With terrestrial and airborne radionuclide gamma-ray
emitters as primary sources of interest for the SAGRS sys-
tem, we adopted a gamma-ray energy grid with variable
spacing ranging from 50 keV to 3 MeV and an angular
grid covering the entire 4π solid angle with a regular
30° spacing in φ′ and 15° spacing in θ ′ to account for
the expected pronounced anisotropy in the polar direc-
tion. In total, 30 gamma-ray energies were combined with
134 unique directions, resulting in 4020 individual Monte
Carlo simulations.

As indicated in Eq. (6), the temporal evolution of the
instrument response is parameterized by a state vector
ξ ∈ R

Nξ , encoding all state variables that may modify
the SAGRS mass model and thus alter the instrument
response during or between MGRS surveys. Given the
numerous dynamic systems of the SAGRS platform, we
focus in this work on key state variables that are expected
to dominate the temporal evolution of the IRF, specifi-
cally fuel depletion (
fuel = 0–100% fuel volume fraction
in 25% increments), crew configuration (no crew, mini-
mum, and maximum capacity), as well as landing gear
position (extended and retracted). Starting from a fidu-
cial state ξfid (
fuel = 50%, minimum crew, landing gear
extended), a series of IRFs was computed by changing one
state variable at the time, resulting in eight distinct mass
model states.

To perform the required high-fidelity Monte Carlo simu-
lations, we adopted the FLUKA code, Version 4-2.2, main-
tained by the FLUKA.CERN Collaboration [49,69,70],
together with the graphical interface FLAIR [67], Version
3.2-4.5. All simulations were conducted on a local com-
puter cluster at the Paul Scherrer Institute, featuring 520
cores at a nominal clock speed of 2.6 GHz, with each sim-
ulation running a fixed number of Nprim = 107 primaries
distributed across 20 parallel runs. The total computation
time for the eight mass model states was approximately
5.5 × 104 core-hours.

To ensure high-fidelity radiation transport, we employed
the precisio physics model set in FLUKA, enabling
high-fidelity fully coupled photon, electron, and positron
transport with secondary electron production, Landau
energy fluctuations, and x-ray fluorescence [70]. To
account for the gamma-ray spectrometer’s nonproportional
scintillation response, we implemented a nonproportional

scintillation model recently published by Payne et al.
[71,72] using the user routines comscw and usrglo [73,
74]. Transport thresholds were set to 1 keV for the scin-
tillation crystals and surrounding components, including
the reflector, optical window, and aluminum casing. Moti-
vated by the range of the transported particles, a higher
threshold of 10 keV was selected for the remaining parts
of the simulation domain to optimize the balance between
model fidelity and computational efficiency. Benchmark
tests indicate that increasing the threshold from 1 keV
to 10 keV for the respective mass elements resulted in
median relative response deviations below 1% (cf. Fig.
S2 in the Supplemental Material [68]), confirming that the
reduction in model fidelity remains marginal. Additional
information on the physics models, in particular the custom
calibrated nonproportional scintillation model, is available
in Refs. [54,74].

As in previous studies [54,63,74], to simulate the spec-
tral response of the gamma-ray spectrometer, we scored the
energy deposition events in each scintillation crystal indi-
vidually on an event-by-event basis using the custom user
routine usreou in conjunction with the detect card.
Data reduction of the scored energy deposition events to
the expected pulse-height spectral counts Nevent in Eq. (6),
along with the associated statistical and systematic uncer-
tainties, was performed using the NPScinMC pipeline
described in Ref. [54].

B. Gamma-ray flux

As discussed in Sec. II, double-differential gamma-
ray flux banks can be generated numerically using stan-
dard built-in functionalities in both deterministic [59–61]
and Monte-Carlo-based [47–50] nuclear codes. Since this
study focuses on demonstrating full-spectrum modeling
using dynamic anisotropic IRFs, rather than generating
extensive gamma-ray flux banks, we restricted our gamma-
ray flux computations to simplified flux templates, whose
instrument response is also tractable by brute-force Monte
Carlo simulation for direct benchmark verification. Specif-
ically, we consecutively evaluated the double-differential
gamma-ray flux at a fixed distance of 30 m from two
monoenergetic isotropic gamma-ray point sources with
Eγ = {120 keV, 2700 keV}, covering the relevant spectral
range for airborne MGRS systems. Both sources were
embedded in homogeneous humid air (temperature, 20 °C;
pressure, 1013.25 hPa; relative humidity, 50%), with ele-
mental composition data sourced from Ref. [75].

For consistency, we again employed the FLUKA code
[49,69,70], together with the FLAIR graphical inter-
face [67], to compute the expected double-differential
gamma-ray flux and associated uncertainties for the spec-
ified gamma-ray sources, using the built-in USRYIELD
card. Exploiting the azimuthal symmetry, we adopted a
custom binning scheme with a bin width of 3 keV for
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the gamma-ray energy Eγ and 5° for the polar angle θ
in a global inertial coordinate system. The accumulated
computation time for the flux computations was about
30 core-hours, with 5 × 1010 primaries distributed across
103 independent runs. The gamma-ray flux signatures
obtained from this analysis are presented in Fig. S3 in the
Supplemental Material [68].

C. Spectral template computation

To compute the spectral templates ψ as defined in
Eq. (5), we adopted the pagemtimes function imple-
mented in MATLAB, Version R2024a, allowing efficient
multithreaded convolution of the IRFs derived in Sec. III A
with the gamma-ray flux banks obtained in Sec. III B. The
uncertainty in the spectral templates is quantified by prop-
agating statistical and systematic uncertainty contributions
from both the gamma-ray flux and the IRF through the
convolution pipeline (see Appendix B).

Since the IRF and gamma-ray flux bank use distinct
discretization schemes optimized for their respective dis-
persion characteristics, their spectral and angular grids
must be aligned prior to the convolution in Eq. (5). Spec-
tral alignment is achieved by interpolating the IRF onto the
regular energy grid used in the double-differential gamma-
ray flux simulation [76]. For angular alignment, we first
expand the gamma-ray flux and associated angular grid in
the azimuth by 30° increments to account for the IRF’s
azimuthal anisotropy. We then map the expanded angu-
lar grid to the local coordinate system using a sequence of
intrinsic rotations parameterized by the Tait-Bryan angles,
which define the platform’s instantaneous attitude rela-
tive to the global frame (see Appendix C). As a last step,
we perform angular interpolation of the IRF to match
the transformed angular grid of the double-differential
gamma-ray flux in the local frame. The total spectral tem-
plate generation time, including uncertainty estimation,
was benchmarked at O(1) s on a local workstation with
8 cores running at 2.1 GHz.

IV. RESULTS

In this section, we present the characteristics and perfor-
mance of the full-spectrum model for the SAGRS system
described in Sec. III. Specifically, we analyze the sys-
tem’s intrinsic energy and angular dispersion responses,
revealed by the numerically estimated IRF, explore the
IRF’s dynamics in relation to various state variables ξ

discussed in Sec. III A, and compare the methodology
against high-fidelity brute-force Monte Carlo simulations
in a dedicated benchmark study.

A. Instrument response anisotropy

As discussed in Sec. I, the IRFs of MGRS systems are
typically highly anisotropic, which motivates the extended

(a)

(b)

(c)

FIG. 2. Angular dispersion of the SAGRS system’s instrument
response R as a function of the polar angle θ ′ and the azimuthal
angle ϕ′ with respect to the local noninertial platform-fixed coor-
dinate system x′, y ′, z′. The angular dispersion was computed
for a gamma-ray energy Eγ = 662 keV and normalized by its
maximum, R/max R, with max R indicated in each graph. Three
different spectral bands were evaluated: (a) full-spectrum band
(Btot); (b) full-energy band (Bγ ); (c) Compton band (BC). The
angular dispersion graphs are interpolated on a regular 6 ◦ × 6 ◦
angular grid and displayed using the Mollweide projection.

response modeling detailed in Sec. II. To quantify this
effect, we analyze the intrinsic spectral-angular dispersion
of the SAGRS system using the numerically estimated IRF
from Sec. III. This analysis not only illustrates the sig-
nificance of directional effects in response modeling but
also provides key insights for the benchmark simulations
in Sec. IV C.
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(a) (b)

(c) (d)

(e) (f)

FIG. 3. Spectral dispersion of the SAGRS system’s instrument response R as a function of the spectral energy E′ and the gamma-ray
energy Eγ with a constant spectral energy bin width �E′ ∼ 3 keV. The IRF was computed for the six cardinal incident directions
(see also Fig. 1): (a) antinormal (θ ′ = 180◦); (b) normal (θ ′ = 0◦); (c) starboard (θ ′ = 90◦, φ′ = 0◦); (d) port (θ ′ = 90◦, φ′ = 180◦);
(e) forward (θ ′ = 90◦, φ′ = 90◦); (f) backward (θ ′ = 90◦, φ′ = −90◦). Characteristic spectral features typical of inorganic scintillator
responses are indicated [56,62]. For visualization purposes, the IRF is constrained to the spectral energy range E′ < Eγ + 3σE with σE
being the spectral resolution standard deviation at Eγ . The line drawing of the AS332 helicopter displayed in the individual subfigures
was adapted from Jetijones, CC BY 3.0, via Wikimedia Commons.

We start our analysis by projecting the numerically esti-
mated IRF in its fiducial state R(E′, Eγ , �′, ξfid) to the
angular space (θ ′,φ′) in Fig. 2 as well as to the spectral

space (E′, Eγ ) in Fig. 3. For the angular projection, we iter-
ated the projection for three spectral bands at a given char-
acteristic gamma-ray energy Eγ = 662 keV: full-spectrum
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band Btot = {E′ ∈ R+ | E′ ≤ NE′�E′}, full-energy band
Bγ = {E′ ∈ R+ | −3σE ≤ E′ − Eγ ≤ 3σE}, and Compton
band BC = {E′ ∈ R+ | E′ − Eγ < 3σE}, with σE denot-
ing the spectral resolution standard deviation at Eγ . For
the spectral projection, we repeat the projection for the
six cardinal incident directions: normal (θ ′ = 0 ◦), anti-
normal (θ ′ = 180 ◦), starboard (θ ′ = 90 ◦, φ′ = 0 ◦), port
(θ ′ = 90 ◦, φ′ = 180 ◦), forward (θ ′ = 90 ◦, φ′ = 90 ◦), and
backward (θ ′ = 90 ◦, φ′ = −90 ◦).

From the individual projections shown in Figs. 2 and 3,
we find that the instrument response shows a complex
anisotropic profile across the entire spectral range with
O(102) relative variations between the highest and lowest
responses. This strong anisotropy can be mainly attributed
to the increased attenuation by the aircraft structure
obstructing the incoming gamma rays for certain direc-
tions, as well as the positioning of the scintillation crystals
within the aircraft, which are placed to maximize sensitiv-
ity to terrestrial gamma-ray sources (cf. Appendix A and

Figs. S12–S14 in the Supplemental Material [68]). From
these findings, it is evident that ignoring directional depen-
dencies in the response function would introduce sub-
stantial biases in event rate predictions, as formulated in
Eq. (1). This strongly motivates the anisotropic generaliza-
tion of the full-spectrum modeling framework developed
in Sec. II for MGRS systems. To support this conclusion,
we provide additional projections in Figs. S4 and S5 in the
Supplemental Material [68], along with a comprehensive
uncertainty analysis in Figs. S6–S9 (see also Appendix B).

B. Instrument response dynamics

Next, we investigate how the SAGRS system’s IRF
dynamically evolves due to changes in its internal state
variables ξ during MGRS surveys, as discussed in Sec. III.
We focus this analysis on three key state variables expected
to dominate the temporal evolution of the IRF: fuel deple-
tion, crew configuration, and landing gear position.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIG. 4. Relative deviation in the angular dispersion of the SAGRS system’s instrument response, defined as�Rrel = �R/R(ξ 0)with
�R := R(ξ 1)− R(ξ 0), shown as a function of selected state variable changes ξ 0 → ξ 1. Three perturbation scenarios are considered:
(a)–(c) fuel state from empty (ξ 0) to full (ξ 1); (d)–(f) crew loading from unoccupied (ξ 0) to maximum capacity (ξ 1); (g)–(i) landing gear
deployment from retracted (ξ 0) to extended (ξ 1). All remaining parameters are kept at their fiducial value ξfid (see Sec. III A). For each
state variable change, the instrument response is evaluated in three distinct spectral bands at a gamma-ray energy of Eγ = 662 keV:
(a),(d),(g) full-spectrum band (Btot); (b),(e),(h) full-energy band (Bγ ); (c),(f),(i) Compton band (BC). All graphs are interpolated on
a regular 6◦ × 6◦ angular grid and displayed using the Mollweide projection. Additionally, characteristic dynamic subsystems are
annotated for reference, for example, the main landing gear (MLG) and the nose landing gear (NLG) in (g)–(i) (see also Appendix A).
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In Fig. 4, we present upper bounds on the expected rel-
ative deviation of the IRF at a gamma-ray energy of Eγ =
662 keV for the aforementioned state variables, evaluated
in the full-spectrum (Btot), full-energy (Bγ ), and Compton
(BC) bands. We find statistically significant results, with
peak relative deviations ranging from ∼25% for the land-
ing gear position up to ∼83% for the fuel depletion dynam-
ics. Additionally, while response changes associated with
landing gear motion are confined to localized angular sec-
tors, changes in the crew configuration and fuel level affect
broader solid angles ≥ 2π sr. Similar trends are observed
at other gamma-ray energies, where relative deviations
in the full-energy band Bγ systematically decrease with
increasing gamma-ray energy, while those in the Compton
band BC show an increase, consistent with the associated
differential cross-sections (see Figs. S10 and S11 in the
Supplemental Material [68]).

From these results, we conclude that time-dependent
changes in MGRS systems can induce substantial changes
in the IRF. Neglecting these dynamics would introduce

systematic biases in gamma-ray event predictions, particu-
larly when integrated over extended survey durations.

C. Monte Carlo benchmark

To verify the generalized full-spectrum methodology
outlined in Sec. II, we benchmark spectral templates gen-
erated by the SAGRS system’s dynamic anisotropic IRF
against high-fidelity brute-force Monte Carlo simulations.
Due to the high computational cost of brute-force Monte
Carlo simulations for MGRS systems, we limit this ver-
ification study to four simplified benchmark cases that
remain computationally tractable on a computer clus-
ter. Specifically, we generated spectral templates for two
monoenergetic isotropic gamma-ray sources with ener-
gies Eγ = {120 keV, 2.7 MeV}, each placed at a distance
of 30 m from the SAGRS spectrometer, with azimuthal
angle φγ = 0◦ and polar angle θγ = {45◦, 180◦}, respec-
tively. For all evaluations, we adopted the Monte Carlo
mass model in its fiducial state embedded in homogeneous

(a)

(c) (d)

(b)

FIG. 5. Spectral signature computation results obtained by isotropic IRFs, anisotropic IRFs, as well as brute-force Monte Carlo
simulations for four selected source-detector configurations, adopting a monoenergetic, isotropic gamma-ray source with energy Eγ
and located at (r = 30 m,φγ = 0◦, θγ ): (a) Eγ = 120 keV, θγ = 180◦; (b) Eγ = 2.7 MeV, θγ = 180◦; (c) Eγ = 120 keV, θγ = 45◦; (d)
Eγ = 2.7 MeV, θγ = 45◦. For each configuration, the mean spectral template ψ is displayed as a function of the spectral energy E′
with a spectral bin width �E′ ∼ 3 keV. Uncertainties are provided as 1 standard deviation shaded areas. In addition, the coefficient of
variation (CV) as well as the relative deviation (RD) between the isotropic/anisotropic IRF and the brute-force Monte Carlo simulation
results are provided (see also Appendix B). The displayed line drawings of the AS332 helicopter were adapted from Jetijones, CC BY
3.0, via Wikimedia Commons.
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humid air (see Secs. III A and III B). Together, the selected
benchmark cases probe the SAGRS system’s response to
both low- and high-energy gamma rays in two represen-
tative airborne MGRS scenarios: a typical flatland survey
and a more complex geometry relevant in alpine or urban
environments.

Figure 5 shows the spectral templates for the four bench-
mark configurations, computed using brute-force Monte
Carlo simulations, the dynamic anisotropic IRF method
introduced in Sec. II, and the conventional isotropic IRF
model based on Eq. (2). Following standard practice [57],
the isotropic IRF was referenced to the antinormal direc-
tion. The anisotropic IRF method shows excellent agree-
ment with the Monte Carlo benchmark, yielding median
relative deviations of less than 6% across the spectral
domain of interest (SDOI), as defined in Ref. [54].

In contrast, the conventional isotropic IRF approach
shows significant systematic deviations, even in the best-
case configurations shown in Figs. 5(a) and 5(b), with
median relative deviations >50% and >16% below E′ =
120 keV for low- and high-energy gamma-ray sources,
respectively. These discrepancies primarily reflect the
anisotropic nature of the incident gamma-ray flux, wherein
a significant fraction of low-energy photons impinge off-
axis due to Compton scattering in the air (see Fig. S3
in the Supplemental Material [68]). As expected, system-
atic errors increase substantially for the configurations in
Figs. 5(c) and 5(d), where the source location no longer
aligns with the isotropic IRF’s reference direction, result-
ing in relative deviations >250% and >40% for the
respective low- and high-energy sources across the SDOI.

These benchmark results demonstrate that the gen-
eralized anisotropic IRF methodology accurately repro-
duces high-fidelity Monte Carlo simulations, while the
conventional isotropic IRF approach introduces substan-
tial systematic biases, even under idealized conditions.
This underscores the importance of accounting for the
anisotropy in both the double-differential gamma-ray flux
and the IRF to generate accurate spectral templates for
airborne MGRS systems.

V. CONCLUSION

Here, we have shown that the generation of spectral
templates for FSA by MGRS systems in scattering media
can be accurately achieved using a generalized response
methodology based on dynamic anisotropic IRFs and
double-differential gamma-ray flux banks. The resulting
spectral templates reproduce the spectral response with
accuracy comparable to high-fidelity brute-force Monte
Carlo simulations across the full spectral range, while
reducing the computational cost by a factor of O(107),
with typical generation times of O(1) s per template on a
local workstation. In contrast, conventional methods rely-
ing on isotropic IRFs and single-differential flux banks

exhibit at least twofold larger systematic spectral errors,
even under idealized conditions.

The framework further enables systematic exploration
of IRF sensitivity to platform-specific state variables,
revealing that perturbations in these variables can induce
significant variations in the IRF over a large fraction of
the full 4π solid angle and across the full spectral range
of the MGRS system. Combined with the verification
results, these findings underscore the critical importance of
accounting for both the dynamics in the state variables and
the anisotropy in the IRF as well as the double-differential
gamma-ray flux to generate accurate spectral templates for
MGRS systems operating in scattering media.

While the implementation presented in this work
focused on airborne systems, the formalism is system-
agnostic and extends naturally to ground-based and
marine MGRS platforms for arbitrary far-field gamma-ray
sources. Future work will leverage this methodology to
enhance near-real-time FSA capabilities for MGRS sys-
tems across a broad range of applied domains, including
geophysical studies, mineral exploration, nuclear safe-
guards, and radiological emergency response.

ACKNOWLEDGMENTS

This work was partly supported by the Swiss Fed-
eral Nuclear Safety Inspectorate (Grant No. CTR00836
& CTR00491). We sincerely thank Gernot Butterweck
for his invaluable scientific guidance and supervision. We
also gratefully acknowledge Dominik Werthmüller for his
technical assistance with the Monte Carlo simulations con-
ducted on the Paul Scherrer Institute’s computing cluster.

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

DATA AVAILABILITY

Some of the data that support the findings of this article
are openly available [73]. Monte Carlo mass models and
all resulting simulation products are not publicly available.
The data are available from the authors upon reasonable
request.

APPENDIX A: SWISS AIRBORNE GAMMA-RAY
SPECTROMETRY SYSTEM

In this study, we demonstrated the applicability and
performance of the proposed generalized full-spectrum
modeling framework using a real-world MGRS system.
Specifically, we applied it to the Swiss Airborne Gamma-
Ray Spectrometry (SAGRS) system, for which a well-
characterized and validated Monte Carlo mass model is
available [54,63]. For completeness, we provide here a
brief overview of the SAGRS system’s technical specifi-
cations, with further details available in Ref. [54].
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The SAGRS system consists of four 10.2 cm ×
10.2 cm × 40.6 cm prismatic NaI(Tl) scintillation crystals
(Saint-Gobain 4*4H16/3.5-X), enclosed in individual alu-
minum casings. Each crystal is coupled to a Hamamatsu
R10755 photomultiplier tube with associated electronics,
enabling independent readout for each scintillation crystal.
The four spectrometers are embedded in thermally insu-
lating and vibration-damping polyethylene foam, within a
rugged aluminum box with outer dimensions of 90 cm ×
64 cm × 35 cm. The system is mounted in the cargo bay
of an Aérospatiale AS332M1 Super Puma helicopter, with
its bottom aligned to the helicopter’s underside to max-
imize sensitivity to terrestrial gamma-ray sources. It inte-
grates aircraft sensor data, including pressure, temperature,
global navigation satellite system positioning, and radar
altimeter readings, via an ARINC 429 avionics data bus.

The system employs a bin-mode data acquisition
scheme with a sampling time of 1 s per detector channel. In
addition to the four individual channels (#DET1–#DET4),
a fifth channel (#DET5) records the summed pulse-height
spectrum. Each channel consists of 1024 pulse-height
channels, covering a spectral range from ∼30 keV to
∼3.072 MeV. The spectrometer also incorporates auto-
matic gain stabilization, spectrum linearization with offset
correction, and live-time recording, simplifying data post-
processing as discussed in Ref. [63]. Data acquisition
during surveys is managed by two operators within the
crew cabin, using rugged client computers and a central
data server, with the total mass of all support systems being
∼290 kg.

APPENDIX B: UNCERTAINTY QUANTIFICATION

We quantify the combined uncertainty (statistical and
systematic) in the estimated spectral template vector ψ by
propagating the individual contributions from the IRF and
gamma-ray flux through Eq. (4) using the standard error
propagation formalism for independent variables [77,78]:

σψ
(
E′

i , tl
) ≈

⎧
⎨

⎩

NEγ∑

j =1

N�′∑

k=1

[(
dE′Rijkl∂Eγ ∂Ω ′σφγ ,jkl

)2

+
(

dE′σRijkl∂Eγ ∂Ω ′φγ ,jkl

)2
]
�E′2

i �E2
γ ,j�Ω

′2
k

⎫
⎬

⎭

1/2

(B1)

with Rijkl := R(E′
i , Eγ ,j , �′

k, tl) and φγ ,jkl := φγ (Eγ ,j , �′
k, tl)

standing for the evaluated IRF and gamma-ray flux, while
σ∗ denotes the combined statistical and systematic uncer-
tainty of the corresponding quantities (∗) characterized by
the standard error of the mean.

In full analogy to Sec. II, we may recast Eq. (B1) in
matrix notation to compute the standard error of the mean

for the spectral template vector σψ ∈ R
NE′
≥0 as

σψ (tl) ≈
⎧
⎨

⎩

N�′∑

k=1

[(
Rklσφγ ,kl

)◦2
+ (

σ R,klφγ ,kl
)◦2
]⎫⎬

⎭

◦1/2

(B2)

with Rkl := R(�′
k, tl)∈ R

NE′×NEγ
≥0 and φγ ,kl := φγ (�

′
k, tl) ∈

R
NE′
≥0 standing for the instrument response matrix and the

gamma-ray flux vector defined in Sec. II, while ◦ rep-
resents the Hadamard (elementwise) power. Additionally,
σ R,kl ∈ R

NE′×NEγ
≥0 and σφγ ,kl ∈ R

NE′
≥0 denote the combined

statistical and systematic uncertainties of the correspond-
ing quantities, both characterized again by the standard
error of the mean.

Similarly to Eq. (5), the matrix notation in Eq. (B2)
enables the efficient multithreaded evaluation of the spec-
tral template vector’s standard error of the mean. To
perform the multithreaded computations, we adopted the
pagemtimes function provided in MATLAB. The individ-
ual statistical and systematic contributions of the instru-
ment response function and gamma-ray flux are quanti-
fied using the NPScinMC pipeline [54] and the built-in
USRYIELD card provided by the FLUKA code, respec-
tively. Given the simplified flux banks considered in this
study, systematic uncertainties in the gamma-ray flux are
assumed to be negligible. The combined uncertainties are
estimated by adding the statistical and systematic com-
ponents in quadrature, following the formalism recom-
mended by the Particle Data Group [79] and the Joint
Committee for Guides in Metrology [78].

APPENDIX C: GLOBAL-TO-INSTRUMENT
TRANSFORMATION

As discussed in Sec. III C, to account for the orienta-
tion of the MGRS platform, it is necessary to transform
the incident gamma-ray flux, initially expressed in the
global inertial reference frame, into the local noninertial
platform-fixed frame. For that purpose, we perform a coor-
dinate transformation of the double differential gamma-ray
flux using a sequence of intrinsic rotations parameter-
ized by the Tait-Bryan angles, which define the platform’s
instantaneous attitude relative to the reference frame.

Consider a unit direction vector � in a global Cartesian
coordinate system, parameterized by the azimuthal angle φ
and the polar angle θ :

� (θ ,ϕ) =
⎛

⎝
sin θ cosϕ
sin θ sinϕ

cos θ

⎞

⎠ . (C1)

Next, we specify the orientation of the MGRS platform
using the Tait-Bryan formalism with the three Cardan
angles α′ (yaw), β ′ (pitch), and γ ′ (roll), commonly
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adopted in aerospace applications to describe the attitude
of mobile systems (cf. Fig. 1). Using this formalism, the
transformation of the unit direction vector from the global
frame to the local platform-fixed frame is then expressed
as a linear mapping,

�′ (θ ′,ϕ′) = R
(
α′,β ′, γ ′)� (θ ,ϕ) , (C2)

where R ∈ R
3×3 denotes the rotation matrix associated

with the prescribed sequence of intrinsic rotations. Specifi-
cally, R is given by the product of three elemental rotation
matrices, representing a sequence z′-x′-y ′ of three intrin-
sic rotations about the principal aircraft axes z′ (yaw), x′

(pitch), and y ′-axis (roll) [80]:

R =
⎛

⎝
cγ ′ 0 −sγ ′
0 1 0

sγ ′ 0 cγ ′

⎞

⎠

⎛

⎝
1 0 0
0 cβ ′ sβ ′
0 −sβ ′ cβ ′

⎞

⎠

⎛

⎝
cα′ sα′ 0

−sα′ cα′ 0
0 0 1

⎞

⎠ (C3a)

=
⎛

⎝
cα′cγ ′ − sα′sβ ′sγ ′ cγ ′sα′ + cα′sβ ′sγ ′ −cβ ′sγ ′

−cβ ′sα′ cα′cβ ′ sβ ′
cα′sγ ′ + cγ ′sα′sβ ′ sα′sγ ′ − cα′cγ ′sβ ′ cβ ′cγ ′

⎞

⎠ (C3b)

with s∗ and c∗ standing for the sine sin(∗) and cosine
cos(∗) functions, respectively. Substituting (C1) and (C3b)
into (C2), the transformed direction unit vector �′ in the
local platform-fixed coordinate system is obtained as

�′ =
⎛

⎝
[cα′cγ ′ − sα′sβ ′sγ ′]cϕsθ + [cγ ′sα′ + cα′sβ ′sγ ′]sϕsθ − cβ ′cθ sγ ′

−cβ ′cϕsα′sθ + cα′cβ ′sϕsθ + cθ sβ ′

[cα′sγ ′ + cγ ′sα′sβ ′]cϕsθ + [sα′sγ ′ − cα′cγ ′sβ ′]sϕsθ + cβ ′cγ ′cθ

⎞

⎠ . (C4)

As a last step, the azimuthal angle ϕ′ and the polar angle
θ ′ of the direction unit vector �′ in the local frame
are obtained by transforming the Cartesian coordinates
derived in Eq. (C4) into spherical coordinates as

(
ϕ′
θ ′

)
=
(

arctan2
[
Ω ′

y ,Ω ′
x

]

arccos
[
Ω ′

z

]

)
(C5)

where Ω ′
x, Ω ′

y , and Ω ′
z represent the Cartesian coordinates

in Eq. (C4), and arctan2 [·, ·] denotes the two-argument
arctangent function.
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