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Abstract. Gamma rays are an inextricable part of a nuclear reactor’s radiation field, and as such require
characterization for dose rate estimations required for the radiation protection of personnel, material choices,
and the design of nuclear facilities. Most commonplace radiation transport codes used for shielding calculations
only included the prompt neutron induced component of the emitted gamma rays. The relative amount of
gamma rays that are emitted from delayed processes – the delayed gamma fraction – amount to a significant
contribution, e.g. in a typical zero power reactor at steady state is estimated to be roughly a third. Accurate
predictions of gamma fields thus require an estimation of the delayed content in order to meaningfully
contribute. As a consequence, recent code developments also include delayed gamma sources and require
validation data. The CROCUS zero power research reactor at EPFL is part of the NEA IRPhE and has
therefore been characterized for benchmark quality experiments. In order to provide the means for delayed
gamma validation, a dedicated experimental campaign was conducted in the CROCUS reactor using its newly
developed gamma detection capabilities based on scintillators. In this paper we present the experimental
determination of the delayed gamma fraction in CROCUS using in-core neutron and gamma detectors in
a benchmark reactor configuration. A consistent and flexibly applicable methodology on how to estimate
the delayed gamma fraction in zero power reactors has hitherto not existed – we herein present a general
experimental setup and analysis technique that can be applied to other facilities. We found that the build-up
time of relevant short lived delayed gamma emitters is likely attributed to the activation of the aluminium
cladding of the fuel. Using a CeBr3 scintillator in the control rod position of the CROCUS core, we determined
a delayed gamma fraction of (30.6±0.6)%.

1 Introduction

In nuclear reactor design and radiation protection, one
typically relies on power normalization [1] and a validated
code to predict the radiation field. An important con-
tributor to the ambient dose and structural heating is
the gamma radiation emitted in nuclear processes. More-
over, the heating contribution due to gamma rays can
exceed 90% in the reflector of light water reactors [2,3],
highlighting the need to accurately predict the field and
energy deposition of gamma rays [4]. Common codes for
reactor neutronics typically do not include photon trans-
port, or include it only for prompt processes. Monte
Carlo codes such as Serpent 2 [5] have been improved
to include coupled neutron-photon transport modes [6]
that allow for mixed neutron gamma field calculations,
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with improvements to energy deposits and delayed particle
transport [7] added recently. However, many nuclear data
libraries do not include all relevant prompt or delayed
emission data [8] in order to provide the full picture [9].
As the delayed contribution of the total gamma flux, or
delayed gamma fraction, is typically of the order of 30%
[3,10–12], the knowledge and accurate experimental deter-
mination of this fraction can aid in validating these codes.

Recent experiments to determine the delayed gamma
fraction to date include flux measurements in research
reactors [13–15] using ionization chambers. The CROCUS
zero power reactor at EPFL in Switzerland offers a flex-
ible environment to conduct gamma field measurements,
using the newly developed LEAF system based on scintil-
lators [16]. In this paper we present the delayed gamma
fraction determination in CROCUS, highlighting the the-
oretical basis, experimental setup, our flexible analysis
methodology, and discuss the results.
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2 Delayed gamma fraction estimation
technique

A general technique that allows for the experimental
determination of the delayed gamma fraction has yet to
be established. In a recent study [17], the simultaneous
measurement of a fission chamber and an ionization cham-
ber were used. The corresponding neutron and gamma
signals were normalized to a point in time where the reac-
tor had just reached power, and then, following a reactor
shutdown, the delayed gamma fraction was determined
from the difference in signals. The fundamental principle
is that once the reactor is shut down, the prompt neutrons
and thus also prompt gammas die away. The remaining
delayed neutrons inducing prompt gamma releases are
then recorded by the fission chamber and removed from
the remaining gamma signal to yield the delayed gamma
signal. By finding the reduced gamma signal directly after
shutdown, we expect to only measure a delayed gamma
signal that allows for the fraction to be determined when
comparing to the signal at power. The method used in [17]
is however only applicable to higher power systems, such
as the TRIGA reactor, because of the assumption of neg-
ligible background from previous activation. Therefore, in
the specific case of a zero power reactor, we are required
to develop a more general method. As we will outline,
our proposed methodology is usable both for zero power
and power systems, and can be adapted to learn about
the specific time constants of a given systems’ activation
environment.

We define the time dependent signal of a gamma detec-
tor in a reactor Sγ as the sum of the prompt contributions
Sγ,p and delayed contributions Sγ,d:

Sγ(t) = Sγ,d(t) + Sγ,p(t). (1)

Assuming that the prompt gamma signal is proportional
to the neutron signal Sn, we may find the delayed gamma
signal as

Sγ,d(t) = Sγ(t)−K · Sn(t) (2)

with K being the ratio between the steady state signals

K =
Sγ,steady
Sn,steady

. (3)

By now normalizing by the gamma detector signal at
steady state, Sγ,steady, we find:

Sγ,d(t)

Sγ,steady
=

Sγ(t)

Sγ,steady
−K

Sn(t)

Sγ,steady
. (4)

The term on the left hand side is our desired delayed
gamma fraction Sγ,d,norm, we write

Sγ,d,norm(t) = Sγ,norm(t)− Sn,norm(t). (5)

Directly after a reactor shutdown, i.e. the insertion of
a large negative reactivity on the order of dollars, the
prompt signal goes to zero and only the delayed gamma

signal remains. By least squares fitting the ensuing multi-
exponential decay of the gamma signal, and evaluating
said fit function at the time of shutdown, we deduce the
delayed gamma fraction at steady state operation. The
end result depends however on the scaling factor K, which
is dependent on the time the steady state signal is cho-
sen. In previous studies this time instant was arbitrary
(e.g. the reactor operator assumes a critical reactor). In
order to accurately capture the relevant delayed signal,
a given experiment would need to run long enough to
allow for the short lived delayed gamma source to build
up. In our experimental setup, detailed in Section 3, we
use a “system agnostic” approach on the normalization
time. By sampling over the whole signal, we can observe
the most relevant build-up of the delayed source and thus
choose a normalization time that best captures the reactor
dependent short-lived isotope build-up. Simultaneously,
this method acts as a method to sample the experimen-
tal data to gather statistics on the uncertainty on the
delayed gamma fraction related to the factor K. We note
here that the delayed gamma fraction is only determined
for a given time instant, as burnup and long lived activa-
tion naturally leads to a steady increase of delayed gamma
sources. This long-lived build-up is however not visible in
our experiment, as expected from a zero power system.

3 Experimental setup

In this section we present the CROCUS zero power reactor
and the configuration and experimental setup used for the
delayed gamma fraction determination.

3.1 The zero power research reactor CROCUS

A full description of the core can be found in the Interna-
tional Reactor Physics Experiments Handbook (IRPhE)
[18,19]. The CROCUS reactor is a two-zone, uranium-
fueled, H2O-moderated critical assembly operated by the
Laboratory for Reactor Physics and Systems Behaviour
(LRS) at the Swiss Federal Institute of Technology
Lausanne (EPFL). It is a zero power reactor, with a max-
imum power of up to 100 W. The core is approximately
cylindrical in shape with a diameter of about 58 cm and a
height of 100 cm. Two different kinds of fuel rods in inter-
locked zones make up the reactor core of CROCUS (see
Figs. 1 and 2). The inner zone is loaded with 336 UO2 fuel
rods (1.806 wt.%-enriched), set in a square lattice with a
pitch of 1.837 cm. The outer zone is loaded with up to
176 thicker, Umet fuel rods (0.947 wt.%-enriched) with a
pitch of 2.917 cm, also in a square lattice. All fuel rods are
cladded with aluminum and are maintained in a vertical
position by the upper grid and lower grid plates spaced
100 cm apart. The active fuel length starts at the top
surface of the lower grid’s cadmium layer and extends to
100 cm. The core is located in an aluminum water tank, its
diameter is 130 cm and thickness is 1.2 cm. Demineralized
light water is used as moderator and reflector. Reactiv-
ity is nominally controlled by a variation of the water
level using a spillway with an accuracy of 0.1 mm (equiv-
alent to 0.4 pcm) and optionally by means of two control
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Fig. 1. Schematic isometric view of the CROCUS reactor (left),
and top view of the core configuration (right).

Fig. 2. Top view of the CROCUS reactor configuration used
for the delayed gamma fraction experiment. 1. BF3 detectors, 2.
CeBr3 scintillator, 3. control rod, 4. mounted cadmium blade. At
a given stable reactor condition, the cadmium blade is dropped
into the center to introduce a large negative reactivity and
effectively SCRAM the reactor. The prompt contribution of radi-
ation is thereafter considered eliminated, and the delayed gamma
fraction can be determined.

rods containing naturally enriched boron carbide (B4C)
sintered pellets located in diagonal symmetry within the
outer fuel zone.

3.2 Simultaneous in-core neutron and gamma
detection

CROCUS has a recent history of neutron detector devel-
opments, such as fission chambers in current mode [20,21],
fiber based miniature scintillators for neutron detection
[22,23], or diamond based semiconductor detectors [24].
Gamma detection capabilities were added in the form of
the LEAF system, an array of four scintillation based

gamma spectrometers [16,25]. For this particular exper-
iment, we chose Transcommerce MN-1 BF3 detectors
[26–28] to measure the neutron signal in two peripheral
locations, and LEAF’s CeBr3 detector to measure the
gamma signal in a control rod tube – all set at mid core
height (see Fig 2). The acquisition layout is shown in
Figure 3. All detectors’ lower level thresholds were deter-
mined via standard pulse height analysis using an Ortec
926 Multi Channel Buffer [16,29]. Note that the scintilla-
tors provide the gamma spectrum and could in principle
also allow for energy dependent measurements. For an
overview for the gamma spectra obtained in this location
we refer to [25].

3.3 Delayed gamma fraction experiment

The overall timeline of the experiment follows the the-
oretical considerations mentioned before: the reactor is
brought to power, and then, after sufficient time to allow
for the delayed gamma source to build up, is shut down.
CROCUS has several safety systems that activate alto-
gether in case of a shutdown, notably the opening of
the valves of the external expansion tanks causing the
water level to drop rapidly (within 1 s), and the drop
of the two cruciform safety blades into the core center.
The drop of the water level causes significant mechanical
vibrations that typically induce noise in detection equip-
ment. Furthermore, the safety blades cannot be dropped
independently of the water level. For this experiment, we
therefore mounted an additional cadmium blade above
the core that can be dropped by the operator to effec-
tively shut down the reactor. The drop mechanism is a
well characterized system that is also used for the power
calibration of the reactor when irradiating gold foils [1].
The blades’ worth was estimated to be around 3500 pcm
[31].

The time series of the neutron and gamma detectors
during the whole experiment are displayed in Figure 4.
The reactor operator announces when the reactor has
reached a critical state (tStab). After allowing for a build
up time of around 20 min, the cadmium blade is dropped
into the core at tSCRAM to shut down the reactor. Since
the delayed gamma fraction diverges for infinite opera-
tion time, we chose the arbitrary time interval of 20 min
for build-up. This value is corroborated by our results
(see Sect. 4), as we observe a significant build-up in the
first minutes and thereafter a plateau. Note that the
reactor’s PuBe startup source was retracted from below
the core before reaching the desired power level, leaving
only delayed neutrons and a negligible spontaneous fission
contribution after the blade drop.

3.4 Delayed gamma fraction determination

As discussed in Section 2, we determine the delayed
gamma fraction by normalizing the neutron and gamma
signals to a time after stabilization tStab, and fitting the
delayed gamma signal with a two termed exponential
decay model from tSCRAM to tend, see Figure 5. To avoid
any induced mechanical noise by the automatic reactor
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Fig. 3. Acquisition layout for the delayed gamma fraction experiment. The acquisition system can handle up to four pulse signals
from neutron detectors [30].

Fig. 4. Signals acquired from the neutron and gamma detectors
during the delayed gamma fraction experiment. The signals are
normalized to the time of cadmium blade insertion, tSCRAM. The
reactor was considered critical and thus stable by the operator
at approximately tStab.

shutdown at low flux signals, tend was chosen as the point
when the safety system triggered. The fitted function is
then evaluated at the time of blade insertion tSCRAM to
yield the delayed gamma fraction estimate.

The improved, “system agnostic” method of the delayed
gamma fraction estimation lies in treating the normal-
ization time as variable. The signal normalization time
instant should be after the delayed gamma source has
built-up, i.e. that relevant short-lived activation products
have reached a quasi-equilibrium. This time instant is sys-
tem specific, as it depends on the reactor’s materials. We
thus left the normalization time as variable and deter-
mined the delayed gamma fraction for 100 samples in
the time interval between the time of stabilized reactor
power tStab and the blade insertion time tSCRAM , lead-
ing to an interval of 12 seconds between samples. This
allows for two advantages: Firstly, we can observe the
delayed gamma source change with normalisation time
and therefore determine when the important sources, such
as aluminium activation, have built up to significant lev-
els. By fitting the decrease in gamma fraction with an
exponential decay we can use a decision threshold above
which the final estimate is based on. In this work we use
95%. Secondly, we can estimate any spread in the data
and give a more reliable uncertainty bound compared to
the parameter uncertainty from the least squares fit.

Fig. 5. Example of a resulting delayed gamma signal when
choosing a signal normalization point before the cadmium blade
is inserted (tSCRAM-). The curve is fitted with an exponen-
tial decay model until tend; the function value evaluated at
tSCRAM+ is the delayed gamma fraction.

4 Results and discussion

The final results are displayed in Table 1, with a visu-
alization of the sampling results shown in Figure 6. By
using the normalization time as variable, we can observe
the relative change in measured delayed gamma fraction
in dependence of the experiment’s timeline from tStab to
time tSCRAM . The estimated delayed gamma fraction at
first decreases and then stabilizes around a mean value
after about 8 minutes. The apparent decrease is due to
the fact that the total gamma signal is still increasing sig-
nificantly after the operator defined tStab. As the delayed
gamma signal is a fixed value, we thus observe a decrease
in the estimated delayed gamma fraction. This decrease is
therefore an indication that the most important source
of delayed gammas in CROCUS, on top of the fuel’s
background gammas, is the short term activation of the
materials. Given the half life of the neutron activation
product 28Al of 2.2 minutes, we hypothesize this to be
the major cause for the build-up we observe [32]. The
observed gamma spectra using LEAF [25] show several
lines that can be attributed to 27Al(n,x) interactions, yet
a more causal relationship has yet to be established in
future work by e.g. a time dependent observation of said
line emissions.



O. Pakari et al.: EPJ Nuclear Sci. Technol. 7, 16 (2021) 5

Table 1. Final delayed gamma fractions determined via
the sampling technique using two different neutron signals
as reference. The variance weighted average with standard
error on the weighted mean is also given.

Detector Delayed gamma fraction
BF3 north 0.3050 ± 0.0057
BF3 south 0.3063 ± 0.0062
σ2 weighted average 0.3055 ± 0.0061

Fig. 6. Top: delayed gamma fraction determined for a set of
fits with the signal normalization set between the stabilization
of the reactor power tStab and the insertion of the cadmium blade
tSCRAM , using either BF3 detector as neutron signal reference.
A build-up of the delayed gamma signal can be seen – present-
ing here as an exponential reduction in delayed gamma fraction.
After about 8 min a saturation of build-up is seen. Bottom: by
using the fitted exponential decay, we used the arbitrary thresh-
old of having observed 95% of the fitted decay we determine the
respective delayed neutron fraction estimate by estimating the
mean and standard deviation of all accepted samples.

The final estimate for the delayed gamma fraction is
found as displayed in Figure 6 after applying a 95% build-
up threshold. We emphasize that we also plot the least
squares fit uncertainties on the estimated delayed gamma
fraction in each point – which in each case amounts to
between 0.2% and 0.5%. In the spread of the sampled
values we can however see that this uncertainty underes-
timates the total spread seen across all samples. Using the
accepted samples’ mean and standard deviation we there-
fore provide a truer estimate of the spread. Using either
the northern or southern BF3 as reference neutron signal,
we find the delayed gamma fraction to agree within the
estimated sampling based uncertainties – giving a delayed
gamma fraction of (30.50± 0.57)% (with reference north)
and (30.63± 0.62)% (with reference south) in the control
rod tube of CROCUS. The variance weighted mean gives

(30.55± 0.61)%. We note that this value is dependent on
the gamma detector’s location, as discussed in [17]. With
increasing distance of the gamma detector to the core cen-
ter, the fraction decreases due to an apparent difference
in the prompt and delayed gamma’s mean free paths. The
neutron detector’s location is expected to not change the
result save for spatial effects (negligible in CROCUS [33])
and statistical errors arising from detectors set into low
flux regions.

This method of observing the build-up should be gen-
erally applicable to other reactors, thus allowing for a
consistent method to estimate the delayed gamma fraction
among facilities.

5 Conclusion

The delayed gamma fraction is an important experimen-
tal quantity, e.g. for code validation of recent Monte Carlo
codes that include delayed emissions to estimate nuclear
emission database needs. The CROCUS zero power reac-
tor allows for a flexible environment to measure this
quantity using its neutron and gamma detection capa-
bilities. We demonstrated a method on how to estimate
the delayed gamma fraction that is transferable to other
facilities and discuss how the method allows both for more
physical insights and better uncertainty estimation. Using
in-core instrumentation measuring neutron and gamma
signals, we determined the delayed gamma fraction in the
control rod tube at mid core height to be (30.50± 0.57)%
and (30.63± 0.62)% depending on the choice of reference
signal, and a combined value of (30.55± 0.61)%.
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P. Frajtag, M. Hursin, P. Blaise, J. Wagemans, A. Pautz,
Intercomparison of neutron noise measurement systems in
the CROCUS reactor, in Proc. PHYSOR (2018)

29. Ortec 926 MCB, Datasheet (2019), www.ortec-online.
com/download/926-MNL.pdf

30. G. Perret, B. Geslot, A. Gruel, P. Blaise, J. Di-Salvo,
G. De Izarra, C. Jammes, M. Hursin, A. Pautz, Kinetic
parameter measurements in the minerve reactor, IEEE
Trans. Nucl. Sci. 64, 72–734 (2017)

31. V. Lamirand, Installation nucléaire CROCUS - rapport
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