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1 Introduction

On the day of the nuclear accident for Chernobyl on April 26th 1986, the 4th
reactor which was a soviet made RBMK reactor experienced a sequence of un-
fortunate operator actions in combination with design flaws [1] which led to the
reactors destruction as it exploded releasing large amounts of fuel and radioac-
tive materials into the surrounding area. Simultaneously the remains of the
core melted its way through the biological shield of concrete, and into subreac-
tor region, where the majority of it still remain. The mix of fuel and materials
is named Fuel Containing Material (FCM). Shortly after the disaster a shelter
structure (sarcophagus) was installed to prevent the largest portions of the ra-
dioactivity from escaping. It was known from the beginning of the construction
that a more permanent structure would eventually be needed to completely con-
tain the disaster. This structure is called the ”New Safe Confinement” or NSC
and it is a large arch shaped steel structure which encompasses both reactor
No. 4 and the sarcophagus. The NSC construction was finished during 2018.
For more information regarding the accident see reference [1].

A report from the U.S department of Energy [2] highlights criticality safety
issues for reactor No.4. An approach to determine the state of the remains is
to measure the fission gas which escapes the FCM and into the NSC. In this
report a possible model is explored which uses different models of transporta-
tion between the FCM and the ambient air. The reason xenon gas was chosen
is because it is a direct product of fission, and therefore is a good signature to
use for identification or quantification of ongoing fission reactions. Xenon also
has meta-stable excited states for its isotopes which allows for measurement of a
variety of types of xenon. Research regarding measurements of fission gas from
nuclear waste have been performed in previous work by PNNL [3], providing
evidence that the spontaneous fission source of xenon may provide sufficient
gas activity concentration in confinement air for measurements, if using suffi-
ciently sensitive detectors. Furthermore the material structure of the FCM will
be very important for advancing the models presented in this report. Research
presented in reference [4] describes the physio-chemical structure of the FCM.
There exists a pumice-like lava which is one of the least stable form of the FCM
which could break down and generate radioactive aerosols and dust particles in
the micro-meter range. Fission fragments from such tiny particles would likely
have a high emanation fraction, since the fission fragment range is comparable
to the size of the aerosol. In addition, the lava-like FCM may or may not have
significant emanation, likely depending on the material’s porosity and on the
interconnectedness of the pores. This is for the time being unknown.
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2 Scope of Work

The scope of this work is to develop dynamic models which depend on source and
loss terms for prediction of the activity in the NSC of the four xenon nuclides,
where the models depend on the reactivity of the FCM. By dynamic it is here
meant that the models should predict the time dependent behaviour of the
fission gas nuclides’ activity in the NSC, and that they therefore can be used to
analyse how the fission gas activity will vary after e.g. a transient change of the
reactivity in the FCM. Furthermore a calculation of the activity concentration
is performed under conservative approximation for the different parameters in
order to compare the results to the minimum detectable concentration of the
SAUNA detector.
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3 General Model

The model developed will treat two main types of production and loss. The
first type is the production (or loss) in nuclear reactions and radioactive decay.
The second type is transportation due to diffusion and ventilation.

TNSC→atm

FCM

NSC

Atmosphere

TFCM→NSC

Figure 1: Schematic cross-section of the NSC.

The transportation from the FCM and the NSC within these models will pri-
marily focus on diffusion related transportation whereas transportation into the
atmosphere is driven by ventilation. Advective flow may in reality contribute
to gas transport from FCM to NSC, however, this is neglected in the current
work as a first approximation for the models. Furthermore, production of xenon
gas within the FCM is approximated using two terms, the first term being the
induced fission and the second term being the cumulative fission yields of its
parent nucleus. The xenon isotopes (Xe-131m, Xe-133, Xe-133m and Xe-135)
were chosen because they are natural products in the decay chains of the fission
products commonly measured by the beta-gamma coincidence detection system
SAUNA [5]. This can be illustrated by the decay chains in the figure below.
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Figure 2: Decay chain for I-131, I-133 and I-135.

Furthermore all the terms in this model will be the same for every isotope, but
the corresponding nuclear data is unique for every isotope.

4 Induced Fission Rate

FCM can be treated as a neutron source because spontaneous fission and alpha
decays causing (a,n) reactions. Because FCM contains fissile materials it can be
treated as a sub-critical reactor, where the induced fission rate causes an addi-
tional neutron source term and consequently also induced fission gas production.

If S is the source intensity of neutrons in the FCM from other sources than
induced fission, then S can be expressed as follows:

S = ASF ν + Sext (4.1)

where ASF is the spontaneous fission activity of the FCM, ν is the average
number of neutrons per fission, and Sext is the neutron source term of alpha
induced reactions. Also it is worth noting that any other potential source of
neutrons e.g. cosmic radiation might be added, but their significance will not
be of great importance in the current work and they can thus be excluded from
the equation. Furthermore the spontaneous fission activity can be written as:

ASF =
∑

n=s.f. actinides

Nnλbs.f. (4.2)

where Nn is the amount of a certain actinide, λ is the decay constant and bs.f.
is corresponding branching ratio. See reference [7] and [8] for more information
regarding the spontaneous fission term.
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The induced-fission source rate is the result of a cascade of induced fission
reactions starting from the source S as expressed in the equation above. The
total neutron multiplication off a sub-critical system is denoted by M and can
be expressed as written below. Which was determined in an earlier work in
reference [6].

M =
1

1− ks
(4.3)

Where ks is the sub-critical effective multiplication factor. Furthermore it is
assumed that ν is the same for spontaneous and induced fission, ν for induced
thermal fission of 235U can be used under the assumption that the reactivity
is not very sub-critical. Using this the induced fission reaction rate Rif can be
written as:

Rif =
(M − 1)S

ν
=

(M − 1)(ASF ν + Sext)

ν
(4.4)

Given that ASF represents the spontaneous fission rate the total fission rate can
be written as follows:

R = Rif +ASF =
(M − 1)(ASF ν + Sext)

ν
+ASF (4.5)

Expanding equation(4.4) yields the result below.

R = MASF +
(M − 1)Sext

ν
(4.6)

Where for a borderline critical reactor ks ≈ 1 which implies M ≫ 1. Which
gives:

R =
M(νASF + Sext)

ν
(4.7)

A conservative value of the reaction rate is in the magnitude of ∼ 107. This
value is given by the calculation in the appendix.
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5 Iodine Model

While the xenon nuclides of interest have appreciable cumulative fission yields,
their independent yields are much lower. Therefore, it is necessary to consider
the production of xenon by decay of iodine, as well as directly through fission.
This can be seen by examining the decay scheme of iodine.

I-131

Xe-131m

Xe-131

γ

β−

β−

Figure 3: Example decay scheme of iodine 131.

Here it is clear that the decay of iodine will cause a delayed production of
xenon gas as it undergoes nuclear decay and this delay is considerable enough
to warrant a separate source term in the model as well as a separate equation
describing the amount of iodine remaining.

Since iodine is produced as the FCM undergoes fission, the fission yield for
iodine can be modelled as a cumulative fission yield. The cumulative fission
yield takes into account fission yields which eventually end up as iodine. This
can be described as follows:

SI = R · fI,cum (5.1)

Where R represents the total fission rate and fI,cum represents the cumulative
fission yield. It is worth noting that there are three iodine isotopes which are
of interest because they are isobaric to the xenon gasses in the models, but the
same expression is used for all three with the only exception which is that they
have different fission yields and decay constants. Since iodine is a non-stable
nucleus it will also undergo decay which will decrease the amount of iodine
present. This decay can easily be described using the decay constant of iodine.

AI = λINI,FCM (5.2)

Where λI is the decay constant for the iodine and NI,FCM is the amount of
iodine present in the FCM. Furthermore potential transport of iodine from the
FCM to the NSC is neglected.
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6 Xenon Model

Xenon is the most relevant element to this model because since it is a noble gas
it will be able to diffuse through the FCM and enter the ambient air surrounding
it.

6.1 FCM

The main source of xenon gas in the FCM will be through the decay of iodine.
The decay of iodine can be described as follows.

SI→Xe,Xe = λINI,FCM · b · E (6.1)

Where λI is the decay constant of iodine, NI,FCM is the amount of iodine present
in the FCM and b is the branching ratio to the relevant xenon isotope and iso-
mer. E is an emanation coefficient which describes the probability that the
xenon atom produced can diffuse out into the NSC instead of getting caught in
hallow cavities which would otherwise trap the diffusing xenon.

Because the FCM consists of fissile material a second source term is needed
to account for any fission yields which result in the relevant xenon isotope. This
production can be described the following mathematically.

SFission,Xe = R · fXe,ind · E (6.2)

Where R is the total fission rate, E is an emanation coefficient and fXe,ind fission
yield due to induced fission reactions. There will also be losses of xenon in the
FCM, these losses will be through radioactive decay of the xenon and through
diffusion. The diffusion of xenon will be covered in the section ”Transportation
models” and the radioactive decay of xenon can be written as.

AXe,FCM = λXeNXe,FCM (6.3)

Where λXe is the decay constant of the relevant xenon isotope and NXe,FCM is
the amount of xenon present in the FCM.

6.2 NSC

The model to describe the amount of xenon in the NSC air will slightly differ
from that of the FCM this is mainly because of the lack of fissile materials
present in the NSC. Thus there will be no need to model any decay of iodine
or fission yields. Instead the main influx of xenon will be the amount which
manages to diffuse through the FCM. This is further explored in the section
”Transportation models”. Furthermore there will also be losses of xenon in the
NSC. The main loss will be due to ventilation of the NSC which allows the air
to escape, this will be described in the section ”Transportation models” and
the secondary loss is due to the radioactive decay of xenon which is modelled
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similarly to that in equation(6.3). The diffusion transportation from the NSC
back into the FCM is assumed to be negligible.

AXe,NSC = λXeNXe,NSC (6.4)

Where λXe is the decay constant of the relevant xenon isotope and NXe,NSC is
the amount of xenon present in the NSC.

7 Transportation Models

The model of the transportation of xenon from the FCM to the NSC is delayed
relative to the creation of the xenon, this allows parts of the xenon to decay and
thus the leakage of xenon can be assumed to be proportional to the amount of
xenon within the FCM. In the simplest manner this can be described as:

TFCM→NSC = κ ·NXe,FCM (7.1)

where κ is an transport coefficient and NXe,FCM is the amount of a certain
xenon isotope in the FCM. Furthermore it is worth noting that this approxi-
mation considers the FCM as point hence it does not take into consideration
any inhomogeneous characteristics of the FCM or any internal transportation
of xenon. The direct proportionality with the transport coefficient is based on
previous work in radon transportation by RAGENA [9].

The transportation coefficient model will be similar to that of the radon mod-
els from [9] because of the similarities between radon and xenon (noble gases).
From reference [9] equation(11) the transportation term is given by:

T = g
kd,bm
λRn

(Cbm − Ci) (7.2)

where g is a factor ≤ 1 which depends on the surface coating, λRn is the decay
constant of Radon, Cbm − Ci is the concentration difference of radon activity
and kd,bm is the diffusion transfer coefficient given by the following equation:

kd,bm = De,bm
Sbm

wcl
(7.3)

where De,bm is the effective diffusion coefficient, Sbm is the surface of the ma-
terial and wcl is the width of the covering layer. Using this information the
transportation coefficient κ will be given by:

κ = g
De,FCM

NXe,FCM

SFCM

wcl
(CFCM − CNSC) (7.4)

where g is ≤ 1 depending on the FCM surface texture, De,FCM is the effective
diffusion coeffcient for the FCM, SFCM is the surface of the FCM, wcl is the
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width of the covering layer of the FCM, NXe,FCM is the amount of xenon in the
FCM and CFCM−CNSC is the xenon concentration difference of xenon between
the FCM and the NSC.
It is assumed that the concentration in the FCM is much larger than that in
the NSC to prevent backwards transportation. Furthermore it is worth noting
that the parameters in equation(7.4) are not known and it is therfore useful to
gather them in the κ and calibrate it against measurement data together with
the emanation coefficient E. The different material parameters in equation(7.4)
would have to be measured.

Furthermore there is a need to describe the transportation of air out of the
NSC because it is the main loss of xenon in the NSC. For simplicity, the xenon
is assumed to be mixed homogeneously in the NSC air and therefore the ven-
tilation loss is modelled proportional to the volume fraction of air replaced per
unit time.

TNSC→atm = NXe,NSC · V̇
V

(7.5)

where NXe,FCM is the amount of a certain xenon isotope present, V̇ is the flow
of volume per unit time and V is the total volume of the confinement.

8 Differential Equations

To formulate the differential equation which governs this model the source terms
and the losses will be collected and equated to a change in the xenon isotope
amount in the respective sections. The values for decay constants along with
branching ratios can be found in Nuclear Data tables for the different isotopes.
For the FCM the equations for xenon and iodine are the following:

dNXe,FCM

dt
= SI→Xe,Xe + SFission,Xe −AXe,FCM − TFCM→NSC

= EλIb ·NI,FCM +RE · fXe,ind − λXeNXe,FCM − κ ·NXe,FCM

(8.1)

The amount of iodine will be describes as:

dNI,FCM

dt
= SI −AI = R · fI,cum − λINI,FCM (8.2)

In the NSC the equation will be:

dNXe,NSC

dt
= TFCM→NSC −AXe,NSC − TNSC→atm

= κ ·NXe,FCM − λXeNXe,NSC −NXe,NSC · V̇
V

(8.3)

where the transportation from FCM to NSC now acts as a source instead of a
loss. Note that the iodine is assumed to not be transported out of the FCM.
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Furthermore there is no need to model the atmosphere because it acts like a sink
in this model hence the rate of change of the amount of xenon is assumed be zero.

9 Steady-State Solutions

Steady-state solutions are of great interest since they can provide initial condi-
tions since the FCM has been dormant for a long time period and a steady-state
can be assumed to be in effect, or a steady-state can be used to describe the
results of reactivity transients for different changes in the models. To generate
the steady-state solutions the time evolution of the time derivatives are set to
zero. This gives the following solutions:

0 = SDecay,Xe + SFission,Xe −AXe,FCM − TFCM→NSC (9.1)

0 = SI −AI (9.2)

0 = TFCM→NSC −AXe,NSC − TNSC→atm (9.3)

Now the source-, loss- and transportation terms can be substituted from section
5,6 and 7 to yield solutions for the amount of xenon or iodine respectively. The
amount of xenon in the FCM we get from equation(9.1):

N
(0)
Xe,FCM =

R · fXe,indE + λIEN
(0)
I,FCM · b

(λXe + κ)
(9.4)

The amount of iodine in the FCM will be given by equation(9.2) which gives:

N
(0)
I,FCM =

R · fI,cum
λI

(9.5)

This can be substituted into equation(9.4) to yield:

N
(0)
Xe,FCM =

RE

(λXe + κ)
[fXe,ind + fI,cum · b] (9.6)

N
(0)
Xe,FCM =

RE

(λXe + κ)
fXe,cum (9.7)

For the NSC the amount of xenon will be given by:

N
(0)
Xe,NSC =

κ(
V̇
V + λXe

)N (0)
Xe,FCM (9.8)

This can be expanded into the following by substituting equation(9.7) into
equation(9.8).

N
(0)
Xe,NSC =

κ(
V̇
V + λXe

) RE

(λXe + κ)
fXe,cum (9.9)

12



10 Discussion

The resulting model given in section 8 has the primary ability to predict tran-
sients in reactivity which may result from different events. Since the models
are given by a direct fission yield of xenon and a delayed production of xenon
a characteristic curves for every isotope can be generated when changing the
different parameters of the equation, e.g. suddenly doubling the reaction rate.
With these characteristic curves different conclusions can be made when cross
referencing with measurements, for example, given a sudden increase in xenon
it can be concluded that if no delayed production of xenon is present there is a
high probability that the production of xenon is separate from the reactivity of
the FCM, this could be explained by a crack forming in the FCM which would
release xenon trapped in internal cavities.

The model which is used to describe the transportation of xenon gas between
the FCM and the NSC. There are further possibilities to create a more compli-
cated transport model which can make use of a variety of different factors. One
of the most prominent models which was explored as a possibility to enhance
the current model would be one which more thoroughly describes the diffusion
of xenon while taking into account imperfection in the FCM. This model used
Fick’s two laws to describe the diffusion between the two mediums. As a result
of this boundary conditions could be established to more accurately describe the
boundary between the FCM and the NSC. But it was soon apparent when this
model was being developed that the complex geometry of the problem would
require more sophisticated modelling methods such as an finite element analysis
to describe the boundary conditions. This model was firstly explored from the
fact that there might have been a simple geometry (e.g. spherical or flat) which
would enable simple boundary conditions to be made. This model could possi-
bly be used in further work when the geometry of the FCM is more explored.

It is also assumed in the problem that there are no external losses of iodine in
the FCM, this could also be expanded by adding term which takes into account
any form of leakage from the FCM to exterior parts of the reactor. Furthermore
the model could be expanded to include different parts of the air in the NSC
which would have different gradients as boundary conditions. This is probably
useful since the xenon concentration of the air would be higher inside as com-
pared to the concentration in the ventilation system which has its airflow taken
from them ceiling above the sarcophagus. There is also a possibility to include
the material properties of the FCM whereas these properties can differ between
the fragments, aerosols and the lava.

Furthermore to give an early prediction on whether or not the activity con-
centrations present will be detectable by the SAUNA detector a steady-state
can be assumed. With the steady-state assumption, equation(9.9) can be used
to calculate the amount of every xenon isotope present. The parameters of the
equation will be given by references [10] [11]. This can then be cross-referenced
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Isotope Calculated concentration C [Bqm−3] SAUNA MDC [Bqm−3] C/MDC
131mXe 1.66E-4 7.1E-4 0.234
133Xe 5.94E-3 9.3E-4 63.91

133mXe 3.73E-3 5.7E-4 6.544
135Xe 0.399 9.0E-4 444.26

Table 1: Shows the calculated concentrations for every xenon isotope compared
to the MDC of the SAUNA detector.

with the MDC(Minimal Detectable Concentration) of the SAUNA detector. The
MDC of the SAUNA detector is taken from reference [12]. For the reaction rate
of the FCM equation(4.7) is used and to get a low estimate only spontaneous
fissions of 240Pu will be used and total amount of 240Pu present at the time of
the disaster is given by reference [13], then the current amount of plutonium
can be determined and we can then get an estimate of the reaction rate.

Furthermore it is worth noting that cumulative fission yield for xenon is taken
from the thermal fission yield of 235U as an approximation. Performing the
calculation the following values are obtained.

Since the exact parameters are as of writing this report unknown, hence the gas
concentrations in the NSC could be measurable or not. Therefore measurement
tests are recommended to determine whether or not the gas concentrations are
measurable. But the table above shows the results of a very conservative esti-
mate of the gas concentrations. For example, only spontaneous fission of 240Pu
was considered the reaction rate. The conclusion of these calculation is that
if only plutonium-240 is considered as a source of xenon then the gas concen-
trations will be measurable for most of the xenon isotopes apart from 131mXe,
but if thermal fission and other spontaneous fission reactions are included then
it is highly probable that the gas concentration of 131mXe will rise above a
measurable level. Parameter choices can be seen in the appendix.
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12 Appendix

12.1 Parameter values for the calculation of the MDC
comparison.

The table below contains all the used parameters.

Parameter Numerical value Unit
E 0.25 -
V 2E6 m3

V̇ 36.11 m3/s
κ 0.65 1/s

fXe,cum(
131mXe) 4.0470E-4 -

fXe,cum(
133Xe) 6.6991E-2 -

fXe,cum(
133mXe) 1.9475E-3 -

fXe,cum(
135Xe) 6.5385E-2 -

λ(131mXe) 6.7758E-7 1/s
λ(133Xe) 1.5301E-6 1/s
λ(133mXe) 3.6633E-6 1/s
λ(135Xe) 2.1066E-5 1/s
A(240Pu) 1.65E15 Bq

ASF 9.0854E7 1/s
M 1 -
bs.f. 5.7E-8 -
R 9.0854E7 1/s

12.2 Equations used in the calculation for the MDC
comparison.

ASF =
∑

n=s.f. actinides

Nnλbs.f.

R =
M(νASF + Sext)

ν

N
(0)
Xe,NSC =

κ(
V̇
V + λXe

) RE

(λXe + κ)
fXe,cum

The Concentration is then given by:

C
(0)
Xe,NSC =

N
(0)
Xe,NSC

V
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