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In this paper, we present a detailed simulation of the antineutrino emissions from an advanced gas-
cooled reactor (AGR) core, benchmarked with input data from the United Kingdom Hartlepool reactors.
An accurate description of the evolution of the antineutrino spectrum of reactor cores is needed to assess
the performance of antineutrino-based monitoring concepts for nonproliferation, including estimations of
the sensitivity of the antineutrino rate and spectrum to fuel content and reactor thermal power. The antineu-
trino spectral variation we present, while specific to AGRs, are different from studies published previously
and help provide insight into the likely behavior of other reactor designs that use a similar refueling
approach, such as those used in the RBMK ( – “high-power
channel-type reactor”), CANDU (Canada Deuterium Uranium), and other reactors.
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I. INTRODUCTION

Nuclear reactors have been successfully used as a source
of electron antineutrinos in numerous antineutrino physics
experiments [1,2] and have been proposed for use in safe-
guards applications [3–5]. Reactors have played a central
role in characterizing antineutrino oscillations, due to their
high intensity and reasonably well predicted antineutrino
emission spectrum. The spectral prediction is essential for
some monitoring applications and fundamental studies of
antineutrino properties. For example, the spectral evolu-
tion can be used to estimate reactor characteristics such as
fuel burn-up and time-averaged power [3], as well as to
facilitate the estimation of fundamental properties of the
antineutrino, such as mixing angles [6].
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Antineutrinos arise from beta decays of fission-product
daughters, with an average number of decays (and thus
antineutrinos) of about three per daughter and six per fis-
sion. The total number of antineutrinos per fission event
varies only modestly with fissile isotope. However, the
population of daughters varies considerably among these
isotopes, resulting in substantial differences in the emit-
ted antineutrino energy spectrum for each. To predict the
spectrum, the number of fissions arising from each par-
ent isotope—which varies in time over the course of the
reactor cycle—must be calculated. In this paper, we per-
form this calculation through the use of an assembly-level
simulation of the core, which is used to track the evolu-
tion of fission rates from each isotope throughout the cycle.
Antineutrino spectra at each instant in the cycle can then be
derived by convolving the fission rates with the tabulated
number of antineutrinos per unit of energy per fission [7].

Other authors have made similar estimates for
pressurized-water reactors (PWRs) fueled with
low-enriched uranium [8], mixed-oxide assemblies [9],
Canada Deuterium Uranium (CANDU) reactors [10], and
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thorium-fueled reactors [11]. The prediction presented in
this paper for an advanced gas-cooled reactor (AGR)
are different from previously published studies of other
reactor types. A key finding is that the relatively short
(approximately 4-month) refueling intervals and relatively
small (approximately 6% of the core per outage) fuel-
replacement fraction contribute to a smaller change in the
antineutrino flux and spectrum from beginning to end of
cycle compared to other reactor types.

II. HARTLEPOOL ADVANCED GAS-COOLED
REACTORS

In the United Kingdom (UK), Germany, and the United
States, gas-cooled reactors have been in operation for
many years. Specifically, in the UK, nuclear electricity has
mostly been generated by CO2-cooled magnesium non-
oxidising (MAGNOX) reactors and AGRs since the 1980s.
The AGR considered for the antineutrino prediction study
in this paper is the Hartlepool nuclear power plant (NPP).
The choice of the Hartlepool reactors has been driven by
the collaboration effort with the reactor engineers to get
reactor operational data for the antineutrino study. This has
allowed for a high-fidelity calculation of the reactors frac-
tional fission rates (FFRs) for the most important fissioning
nuclides in the reactors and to further the sensitivity study
of the antineutrino flux on the level of fidelity of the reactor
simulations.

A. Reactor station description and operation

Hartlepool Power Station is located on the north-
east coast of England and has been safely producing
low-carbon electricity since 1983. The power station
operates two AGRs. The AGR design at Hartlepool
Power Station consists of a graphite-moderated reactor
core and uses pressurized CO2 as the primary coolant.
The active core has a mean diameter of approximately
9.3 m and a height of 8.2 m, while the total core has
a diameter of approximately 11.9 m and a height of
12.7 m. The reactor core consists of columns of circular-
cross-section graphite bricks with interstitial square-cross-
section graphite bricks. There are 324 on-lattice fuel chan-
nels formed by bores in the larger circular bricks. Each
bore is 0.27 m in diameter and is pitched at approximately
0.47 m. There are 81 control-rod channels in a one-in-four
array in the smaller square brick columns. Within each of
the 324 fuel channels are eight stacked fuel elements, each
containing 36 clustered fuel pins arranged in concentric
rings of 18, 12, and 6 pins, within a graphite sleeve. The
stainless-steel fuel pins are approximately 1 m in length
with a diameter of 14.48 mm and contain stacked ceramic
UO2 pellets of either 3.2% or 3.78% 235U. The total core
inventory of uranium is approximately 130 tonnes. The
primary coolant is driven around the core by eight gas

circulators, each of which has a constant-speed motor run-
ning at 3000 rpm, resulting in a total gas mass flow of
3600 kg s −1. In normal full-power operation, the primary
coolant operates at 39 bar with temperatures at the bot-
tom of the active core around 543 K and at the top of the
active core 923 K. Heat is deposited into eight steam gener-
ators by the pressurized CO2. Demineralized water acts as
the secondary coolant and is fed to each steam generator
in a closed-loop system at a rate of 60 kg s −1. The pri-
mary and secondary loops are separated within the steam
generator to ensure that no contamination is spread to the
steam-side equipment from the active primary coolant. The
steam generators operate at approximately 139 bar and
produce steam at 843 K, resulting in an output of around
1560 MWth and 600 MWe for each reactor.

Fuel typically remains in the cores for around 8 years,
with an average discharge irradiation of 32 GWd/Te. On-
load average fuel irradiation is around 15.5 GWd/Te. The
reactors typically remains at full power for 20–22 weeks
before undergoing a controlled reactor shut down for off-
load depressurized batch refueling, where around 20 of the
highest-burn-up fuel assemblies are replaced. The reactors
remain shut down during these periods for around 10–14
days, after which they returns to full-power operation over
a period of a 2–3 days. Outages across the two reactors
are staggered to avoid overlap of shut-down periods. This
results in five shut-down periods per year across the two
reactors.

B. PANTHER simulation of the full core

Full operational data for both Hartlepool reactors have
been obtained, including the power history, the fuel-
element irradiation (MWd/te), the power rating (MW/te),
the initial enrichment, and the loading dates for the whole
core over a 12-month operational period. The reactor
power for each core has been calculated using the thermal-
hydraulics code HEYPEX. The HEYPEX code calculates
reactor power based on plant measurements of coolant
mass flow and inlet and outlet reactor core temperatures.
The thermal-neutronics code PANTHER has been used to
calculate individual fuel-element powers and irradiations
as part of the Core Follow Regular Assessment Route.
The Regular Assessment Route is executed approximately
weekly and provides a steady-state assessment against var-
ious reactor compliance limits. A fixed three-dimensional
(3D) reactor model describing the reactor geometry, mate-
rials, and basic nuclear data is imported into the calculation
route. The reactor model consists of one mesh point per
reactor channel, providing 324 radial points. Axially, the
reactor model consist of eight mesh points, one per fuel
element. Measured plant parameters such as control-rod
positions, the reactor thermal power, the fuel-channel inlet
and outlet temperatures, and the coolant mass flows are
imported along with the 3D reactor state from the previous
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Regular Assessment, which is used as a calculation starting
point. Individual element powers, irradiations, and decay
heat-source terms are then calculated using the thermal-
neutronic model to solve a steady-state diffusion equation
approximation.

C. Prediction of fission rates using FISPIN

The Schreckenbach measurements reported in 1981,
1982, and 1989 [12] showed little change in the emitted
beta spectra from the neutron irradiation of pure actinide
samples after 20–30 h. It has been assumed that the beta
emission is dominated by short-lived fission products that,
for the case of a constant fission rate of a specific nuclide,
will quickly produce an equilibrium concentration of the
resultant fission products and thus a time-independent
spectrum thereafter. More recently, Huber [7] has used
these measured spectra and observations to assume that
the neutrino emission of reactors can be represented by
an antineutrino spectra for each nuclide that has been
fissioned. Thus if you know the fission rates for each
principal fissionable nuclide, you can use these to weight
the time-independent antineutrino spectra per fission to
produce an antineutrino emission spectrum from a reactor.

In previous work, Mills et al. [13] have used the UK
reactor modeling code WIMS and the UK spent-fuel inven-
tory code FISPIN to model the change in fission rates in
nuclear fuel with burn-up for typical initial enrichment,
reactor power, and burn-up values for PWRs, boiling-
water reactors (BWRs) and AGR reactors in a fuel assem-
bly. These results have been published as a database in
MENDELEY DATA [14].

For a specific reactor type, it is therefore possible to
interpolate the fission rates in a reactor assembly based
upon initial enrichment, burn-up, and power. From the fis-
sion fractions, the average energy release per fission can
then be determined and thus the total number of fissions
estimated for a given power. If these data are available for
all the fuel assemblies in a reactor, the total antineutrino
source can be determined using the Huber antineutrino
spectra for each fissioning nuclide per fission.

D. Antineutrino rate

Here, antineutrinos from the Hartlepool reactors are
detected via the inverse-beta-decay (IBD) interaction
[7,15]. In this process, antineutrinos interact with quasifree
protons in the water, producing a positron-neutron pair in
the final state:

νe + p → e + n. (1)

The positron is detected as a prompt signal through
the Cherenkov light emitted when the particle velocity
exceeds the speed of light in the water. This is a coupled
threshold reaction in which the antineutrino energy must

exceed 1.8 MeV to generate an IBD reaction and the result-
ing positron kinetic energy must exceed approximately
253 keV in water to generate Cherenkov light. The neutron
produced through IBD will elastically scatter off hydrogen
in the detector until thermalization, after which it can be
captured on either a gadolinium or a hydrogen nucleus.
Following gamma-ray production from neutron captures,
Cherenkov light is emitted through the Compton scattering
on electrons. Due to the threshold required for Cherenkov
emission, not all of the scattered electrons from gamma
rays released from neutron capture on Gd will contribute
to the signal. From there, the individual events have been
sampled based on the reactor thermal power and the stand-
off from the detector, L. The expected antineutrino flux
N (Eν) detected in the detector is given by

N (Eνe , L) = npT
4πL2

∑

l

N f
l φl(Eν)σ (Eν)Pee(Eν , L). (2)

where np refers to the number of quasifree protons and
T is the counting time of the experiment. The electron
antineutrino survival probability due to oscillations and the
inverse-beta-decay cross section are given by Pee and σ ,
respectively [7]. The individual contributions of fissile iso-
topes l are represented by the fissile fraction for the specific
isotope, N f

l , and the unique spectrum for that isotope, φl,
which is assumed to follow the approximations taken from
Ref. [7].

Neglecting contributions from the background, the mea-
sured antineutrino signal will be governed by the position,
burn-up, and power of the Hartlepool NPP. The anal-
ysis assumes the following energy-per-fission contribu-
tions, used by FISPIN: 235U, 201.7 MeV per fission; 238U,
205.0 MeV per fission; 239Pu, 210.0 MeV per fission; and
241Pu, 212.9 MeV per fission.

III. HARTLEPOOL ANTINEUTRINO EMISSION
ESTIMATION

The reactor information supplied by EDF Energy
includes the burn-up (GWd/t), power (MW/t), and ini-
tial enrichment (235U:U weight percentage) for each of
the 2592 assemblies in both reactors at a selection of
times during the 2020 calendar year, as well as the total
thermal-reactor power (MW) during this period. Thus the
antineutrino emission from each assembly can be deter-
mined and combined to produce an antineutrino emission
spectrum for each reactor. Note that you must calculate
the emission for each assembly and combine these before
recalculating the fission fractions from the total to give
core average values, as the energy per fission will vary
differently during burn-up in each assembly.
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FIG. 1. The FFRs for Hartlepool reactor unit 1 in 2020.

The reported reactor power over calendar year 2020 and
the estimated variation of the total core fission fractions are
shown in Figs. 1 and 2 for the two units. It should be noted
that approximately 12% of the assemblies in the core are
changed during shut downs approximately every 6 months,
so that the FFRs in the locations of replaced fuel are reset
to the value of zero burn-up at these times. The frequent
refueling of a small fraction of the core results in the FFRs

varying less than reactors that change a greater fraction of
the core yearly or less frequently.

A. Antineutrino rate for Hartlepool

The distance for which the neutrino rate is simulated
is 26 km, which also represents the distance between
the Hartlepool AGR and the STFC Boulby Underground
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FIG. 2. The FFRs for Hartlepool reactor unit 2 in 2020.
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FIG. 3. The total antineutrino flux per reactor per fuel-cycle length (days) for Hartlepool AGR unit 1 in 2020.

Laboratory, the low background of which, at 1100 m depth,
could simplify antineutrino measurements at distance. In
Figs. 3 and 4, we show the antineutrino rates for cores 1
and 2. The values of the normalized antineutrino rates from
Figs. 3 and 4 are listed in Tables I and II.

As shown in Figs. 3 and 4, the antineutrino flux
decreases, over the reactor cycle, with burn-up, in accor-
dance with low-enriched uranium (LEU) reactors. This is
due to increased production of and reliance on 239Pu, which
emits fewer antineutrinos per fission above the inverse-
beta detection threshold. On the other hand, the detected
antineutrino rate is seen not to decrease significantly, due
to the short reactor cycle and the lower-discharge burn-up.
In Fig. 5, we present the spectral shapes of the antineutrino
rates against energy at the beginning (BOC), on day 1, in
the middle (MOC), on day 80, and at the end of the cycle
(EOC), on day 160 of operation for Hartlepool AGR unit
1. As expected, there is no evident difference in the shape

or intensity among the spectra from BOC to EOC. Only the
combined effects of power and burn-up are constrained by
the measured antineutrino-rate evolution. Similar results
are expected for Hartlepool AGR unit 2 since, per cycle,
the FFR (Fig. 1) and the reactor power are the same as in
unit 1.

IV. DISCUSSION: LESSONS LEARNED FOR
DETECTION OF REACTOR NEUTRINOS

A. Rate from full-core analysis versus simplified model

The possibility of having full-core operational data, for a
year of operation, has given us the unique possibility to cal-
culate high-fidelity antineutrino rates for a full-cycle evo-
lution and to determine the sensitivity of the antineutrino
evolution to the reactor full-core operation calculation. In
practice, the antineutrino emission from a reactor depends
on the 3D distribution of fission rates throughout the core.
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FIG. 4. The total antineutrino flux per reactor per fuel-cycle length (days) for Hartlepool AGR unit 2 in 2020.
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TABLE I. The number of antineutrino events per fully oper-
ational day per MegaWatt (MWth) normalized to BOC for
Hartlepool AGR unit 1 in 2020.

Date Unit 1

1/3/20 1.00000000
1/8/20 0.99986048
1/14/20 0.99968778
1/21/20 0.99947408
1/28/20 0.99923388
2/4/20 0.99903646
2/11/20 0.99885671
2/18/20 0.99865693
2/27/20 0.99842362
3/14/20 0.99802671
3/18/20 0.99794446
3/24/20 0.99776692
3/31/20 0.99761623
4/7/20 0.99742975
4/14/20 0.99721036
4/23/20 0.99695111
4/30/20 0.99672181
5/5/20 0.99653244
5/15/20 0.99629325
5/21/20 0.99612386
5/27/20 0.99596446
6/23/20 1.00000000
6/30/20 0.99979292
7/3/20 0.99969994
7/10/20 0.99950296
7/16/20 0.99927275
7/23/20 0.99898309
7/30/20 0.99875836
8/11/20 0.99844677
8/20/20 0.99820009
8/26/20 0.99802333
9/2/20 0.99769677
9/8/20 0.99746010
9/22/20 0.99695379
10/1/20 0.99664722
10/9/20 0.99643354
10/16/20 0.99622684
11/1/20 0.99588338
11/7/20 0.99571558
11/9/20 0.99562975
11/30/20 1.00000000
12/7/20 0.99973995
12/15/20 0.99952325
12/22/20 0.99926661
12/29/20 0.99905990

These parameters themselves depend on the fuel composi-
tion and neutron flux within the core. This has required a
detailed burn-up analysis of the reactor, including knowl-
edge of the fuel placed within the core with its design,
including the initial composition, and operational parame-
ters, as well as the temperatures of the fuel and coolant and
the reactor thermal power. In practice, this is information

TABLE II. The number of antineutrino events per fully oper-
ational day per MegaWatt (MWth) normalized to BOC for
Hartlepool AGR unit 2 in 2020.

Date Unit 2

1/3/20 1.00000000
1/8/20 0.99985512
1/14/20 0.99960319
1/21/20 0.99933942
1/28/20 0.99909271
2/4/20 0.99884680
2/11/20 0.99860989
2/18/20 0.99839880
2/25/20 0.99817993
3/2/20 0.99800270
3/6/20 0.99788276
3/14/20 0.99764920
4/20/20 1.00000000
4/23/20 0.99980961
5/1/20 0.99952897
5/7/20 0.99924657
5/15/20 0.99896438
5/21/20 0.99867358
5/28/20 0.99840161
6/5/20 0.99814455
6/11/20 0.99814455
6/19/20 0.99789986
6/25/20 0.99765662
7/3/20 0.99741685
7/9/20 0.99717992
7/17/20 0.99693599
7/23/20 0.99671767
7/31/20 0.99650674
8/10/20 0.99626922
8/15/20 0.99598243
10/9/20 1.00000000
10/23/20 0.99970068
10/31/20 0.99938939
11/9/20 0.99915044
11/17/20 0.99882932
11/27/20 0.99849365
12/2/20 0.99817474
12/9/20 0.99790525
12/16/20 0.99764353
12/23/20 0.99739683

that is only known to those modeling the reactor to support
operation and it is seldom distributed to others.

For this study, we have been able to perform a compar-
ison using a simplified model of a Hartlepool AGR, the
Sizewell B PWR, and the San Onofre PWR operations.
These PWRs have been chosen as they use different refu-
eling strategies but similar fuels. The approximation used
is that the core consists of a number of fuel batches that,
when inserted, have zero burn-up, but the accumulated
burn-up is according to the average power of the reactor.
So if the core consists of N batches of fuel, each batch
would have a different burn-up, depending on the number

064051-6
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FIG. 5. Spectrum of antineutrino rates over energy (MeV) along three points in the reactor fuel cycle (days 1, 80, and 160) for
Hartlepool AGR unit 1. The three curves overlap, with no noticeable differences.

of cycles during which it has been in the core. The FFRs
can be determined at start-up following a fuel replacement
for each batch and then during the period until the reac-
tor is shut down for the next fuel replacement. Using the
available data in Table III, the changes of the antineutrino
emission have been calculated and are shown in Fig. 6. The
AGR shows less variation with its more frequent refueling,
with the yearly and 2-yearly PWR showing a much more
pronounced variation. It is noted that any independent cal-
culation previously reported using the CASMO-SIMULATE
package gives very similar results to this simplified method
using the WIMS-FISPIN FFRs based upon different nuclear
data libraries.

B. Antineutrino flux comparison AGR versus PWR

It is of interest for the sake of studying the sensitiv-
ity of the antineutrino rate for various types of NPPs
to compare the flux from an AGR to that from a light-
water reactor (LWR) commonly used around the world.
The reactor chosen for the comparison is the San Onofre
Nuclear Generating Station (SONGS) NPP and the result-
ing antineutrino flux rate is from the SONGS detector
experiment. The SONGS1 detector [13] was operated at
the SONGS reactor between 2003 and 2006. The active
volume comprised 0.64 tons of Gd-doped liquid scintil-
lator contained in stainless-steel cells. The detector was

TABLE III. Reactor information from the World Nuclear Industry Handbook 2003 [16].

Quantity San Onofre 2 Sizewell Hartlepool 1

Reactor type PWR PWR AGR
Enrichment (wt% 235U/U) 3.97 a 3.1 3.1
Initial mass of uranium in the core (tons) 89.5 88.6 110
Thermal-reactor power (MW) 3390 3411 1550
Average rating (MW/t) 37.9 38.5 14.09

(thermal power divided by initial mass of uranium)
Length of cycle (months) 24 12 4
Typical shut down between cycles (days) 60 40 14
Percentage of fuel mass changed at refueling (%) 49.5 33 7.3
Typical number of cycles for which fuel is in the core, N 2 3 14

(approximated to the nearest integer)
Average burn-up of spent fuel discharged (GWd/t) 33 33 24

aValue not available for San Onofre 2; value used from sister station San Onofre 3.
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FIG. 6. Variation of the average detectable antineutrinos per fission event from the Hartlepool, Sizewell, and San Onofre reactors,
calculated using the simplified method convoluted with the Huber [7] number of neutrinos emitted per fission over the IBD threshold
of 1.8 MeV. The convolution of the detailed whole-core model results using the CASMO-SIMULATE package [17,18] is shown by the
square markers.

located in the tendon gallery of one of the two PWRs at
SONGS, about 25 m from the reactor core. As for most
operating PWRs, SONGS has LEU cores with a mixture of
fissions—235U approximately 55%, 239Pu approximately
30%, 238U approximately 10%, and 241Pu approximately
5%—a large power output (approximately 3 GWth) and
a long fuel-cycle length before refueling approximately
every 600 days. For the sake of comparison, the SONGS
PWR reactor is considered at the same 26-km distance
as Hartlepool/Boulby to allow for distance and neutrino

oscillation effects. As well as the comparison seen in
Figs. 7 and 8, the difference in the flux along the cycle has
been normalized to the initial flux for both cases (AGR
versus PWR).

Under standard operation of both the PWR and the
AGR, the antineutrino flux rate from primarily fissioning
235U to 239Pu can be tracked and is in line with reactor
observations. Changes in the antineutrino flux through-
out an actual AGR fuel cycle and over a whole year are
within 1%, compared to PWR changes of almost 10%.

FIG. 7. The antineutrino flux rate for Hartlepool reactor unit 2 and the SONGS NPP.
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FIG. 8. The spectral result of antineutrino rates against energy (MeV) at three points in the reactor fuel cycle (days 1, 800, and 1600)
for the SONGS reactor unit.

Also, changes in the FFR of 235U and 239Pu are not sig-
nificant in the AGR due to the smaller fraction of fuel
being replaced more regularly. The shorter fuel cycle of
the AGR, compared to the PWR (210 versus 600 days)
is a key factor for a low antineutrino-rate change from
BOC to EOC, given the lower power of approximately
1500 MWth for the AGR, versus approximately 3 GWth
for the SONGS PWR.

V. FUTURE OF REACTOR MONITORING

Though only operated in the UK, the AGR, with its
batch-refueling regime, is similar in operation to other
reactor designs that employ on-load small-batch refuel-
ing, such as the
– “high-power channel-type reactor“ (RBMK), CANDU,
MAGNOX, Uranium Naturel Graphite Gaz (UNGG), and

(BN – “fast sodium”) series fast-breeder
reactors. One could therefore expect a similar antineutrino
profile from such reactor designs. It is also worth not-
ing that more exotic reactor designs, such as pebble-bed
and some Generation-IV reactors, also employ a similar
on-load refueling regime.

It is known that plutonium production favors low-burn-
up early discharge fuel and that the RBMK and MAGNOX
reactor designs were developed in part for their ability
to produced significant quantities of weapons-grade plu-
tonium. More modern conventional reactor designs favor
steady operation over extended periods to maximize elec-
tricity generation, or capability factor and fuel utiliza-
tion. Changes to the observed antineutrino profile could
potentially be used to infer changes in refueling strategy,

with a flatter profile inferring more frequent refueling and
discharging of low-burn-up fissile material. This has the
potential to act as a verification tool to ensure that opera-
tors of nuclear facilities are declaring accurate fuel loading
and discharge information for nuclear safeguarding.

The information can be inferred from the measured
antineutrino flux: in order to make reliable conclusions
about reactor operations and fuel loadings, burn-up and
reactor power must be decoupled. The reported reactor
power could be used for this purpose, although is suscep-
tible to falsification. Radioisotope emissions and isotopic
ratios could potentially be used to infer reactor power,
as certain key short-lived isotopes of xenon and kryp-
ton are produced pro rata with the reactor load and are
approximately independent of burn-up. This information
could therefore help interpret any observed changes in the
antineutrino profile. The XENAH project [19] currently in
operation at Hartlepool Power Station is measuring iso-
topic emissions both at source and remotely. Data from
this project could provide valuable contextual information
to either of the calculated antineutrino profiles reported in
this work, or in future observed antineutrino profiles as
measured by a detector deployed close to the source.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have presented a detailed simulation
of the antineutrino emissions from an AGR core, bench-
marked with input data from the UK Hartlepool reactor
showing differences with other reactors previously mod-
elled. The Hartlepool operational data were provided to
us for a full 12-month refueling and outage cycle and
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this information has been used as an input to the thermal-
hydraulics code HEYPEX and the thermal neutronics code
PANTHER, to calculate the overall reactor power and the
assembly-level power and burn-up, respectively. The emit-
ted antineutrino spectra per fission and isotope are based on
the Huber-Muller parametrization. These isotope-specific
spectra are weighted by the number of fissions for each
isotope, then summed to obtain an aggregate spectrum.
The summed antineutrino spectrum evolves throughout the
cycle due to the changing quantities of fissile isotopes in
the core.

One of our main findings is that the relatively short
(approximately 4-month) refueling intervals and relatively
small (approximately 6% of the core per outage) fuel-
replacement fraction in AGRs together lead to a smaller
change in the antineutrino flux and spectrum from the
beginning to the end of cycle compared to other reactor
types.

We provide this description of the evolution of the AGR
antineutrino spectrum to permit reliable assessments of the
performance of antineutrino-based monitoring concepts
for nonproliferation-oriented monitoring of AGRs, includ-
ing estimations of the sensitivity of the antineutrino rate
and spectrum to the fuel content and the reactor thermal
power. The antineutrino spectral variation that we present,
while specific to AGRs, also helps to provide insight into
the likely behavior of other reactor designs that use a sim-
ilar batch-refueling approach, such as RBMK, CANDU,
and other reactors.
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