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Abstract. The trend towards higher burn-up of commercial nuclear fuel enhances the fission gas release (FGR)
and related phenomena like high burn-up rim structure. Rod internal pressure may exceed the reactor system
pressure resulting in clad creep-out which can disturb normal reactor operation. A high-purity germanium
(HPGe) ortec detector system was utilized for acquisition of gamma photons characterizing disintegration of
Cs-137 and Kr-85 fission products in nuclear fuel rods irradiated in the OECD Halden Reactor in Norway. The
main purpose of the technique is to estimate the released fission gas krypton and xenon of UO2 and MOX fuel
rods without performing destructive puncturing and subsequent mass-spectrometer analysis. The gamma
spectrometry was performed at the Institute for Energy Technology hot-laboratory at Kjeller located in the Oslo
area.

1. INTRODUCTION
A high-purity germanium (HPGe) ortec detector system was utilized for acquisition of gamma photons
characterizing disintegration of Cs-137 and Kr-85 fission products in nuclear fuel rods irradiated in the
OECD Halden Reactor in Norway. The main purpose of the technique is to estimate the released
fission gas krypton and xenon of UO2 and MOX fuel rods without performing destructive puncturing
and subsequent mass-spectrometer analysis.
Kr-85 is the only radioactive isotope of the fission gases that is produced under nuclear fission with a
half-life that is high enough (10.78 year) for estimation of the total fission gas release. The main
gamma peak of Kr-85 is located at 514 keV. This is a somewhat troublesome energy, since it is very
near to the electron-positron annihilation peak at 511 keV and the 512 KeV gamma peak of Ru-106 /
Rh-106. Deconvolution of the Kr-85 peak is performed with the ORTEC software “gammaVision”
from Advanced Measurement Technology, Inc.
Another complicating factor is the understanding of gamma ray interaction with matter and to
calculate the gamma rays absorption / transmission of the nuclear fuel rod itself and for eventual extra
lead shield setups utilized in the measurement configurations. The gamma ray self-absorption is
calculated with the software “microShield” from Groove. This simplifies the amount of work relative
to the normal way of manual calculations involving the modified Bessel and Struve functions [1].
From the quantum mechanical point of view, a scattering event is a collision of two particles, e.g. a
photon and an electron or a photon and an atom. From the laws of conservation of energy and
momentum it follows that due to scattering by electrons, the photon energy must decrease.
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This effect, which was first described in 1922 by the American physicist Arthur H. Compton, became
one of the cornerstones of quantum mechanics. When photon energy is of the order of 10 keV or more,
Compton scattering is the dominant scattering mechanism when gamma radiation interact with matter.
The irradiation history must be known to calculate the effect of Kr-85 and Cs-137 isotopes production
and decay until the gamma scanning is performed. This is a rather straightforward calculation based on
the solution of a first order differential equation assuming negligible absorption cross-section of the
Kr-85 and Cs-137 isotopes [3].
There are several ways to obtain the efficiency calibration of the measurement setup for gamma
radiation from Kr-85 and Cs-137 isotopes. An irradiated fuel rod with known Cs-137 activity was
selected when the absolute efficiency is needed.

2. EXPERIMENTAL AND RESULTS
2.1

Kr-85 methods

Two different non-destructive methods are discussed for estimation of released fission gases in
irradiated fuel rods. One method is based on gamma spectrum measurements of Kr-85 in the plenum
and of Cs-137 of the fuel stack column (method 1). This method is first explained. The other method is
based only of gamma spectrum measurement of Kr-85 in the plenum (method 2). These methods were
originally developed at Studsvik and at SCK-SCN institutes. Nowadays, it’s interesting to use the
methods because new software (e.g. microshield) makes the interpretations and measurements easier.
Method 1:
(1) Measurement of Kr-85 in the plenum
Assuming the release rate of fission gas is equal for all gas atoms and isotopes, the number of Kr-85
gas atom in the plenum is given by,

Ftot is the total number of fission and

Kr85 is the fission yield of Kr-85. FGR is the fission gas release
rate and DKr85 is the effect of decay, which means the ratio of residual Kr-85 which has not been
decayed at the day of gamma spectrometry performance.

When the number of detected Kr-85 in the plenum by gamma spectrometry is RKr85, a correlation
between RKr85 and NKr85 is as follows,

Vfree-volume is the free volume of the fuel rod and Kr85 is the decay constant of Kr-85. AKr85 is the ‐ray
abundance (emission probability through disintegration of ray emission) of Kr-85 which is defined
as number of photon emitted per decay and its value is 0.434%. BKr85 is the effect of absorption, which
means a ratio of Kr-85 escaping from absorption by plenum spring, cladding (escape probability).
EKr85 is the detector and setup efficiency.
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(2) Measurement of Cs-137 in the fuel stack
Following the same way as for Kr-85, the number of detected Cs-137 in the fuel stack RCs137 is given
by,

Relating the two expressions for Ftot we get,

Method 2:

ni equals the volume of Kr-85 per unit length at STP conditions of fuel rod i at the end of irradiation
(EOI), i.e. [cm3·mm-1]. Ii is the -ray peak intensity (cps) of Kr-85 of the fuel rod i.
is the
compensation coefficient of the decay of Kr-85 of the fuel rod i from the end of irradiation (EOI) to
the day of measurements. AKr85 is defined under method 1.

where T0.5 is the half-life period of Kr-85 (10.78 years) and (tspec-tEOI) is the time period from end of
irradiation to the day of gamma scanning.
(
) is the compensation coefficient (escape propability-1) of the -ray shielding of the
. VAKr85 is the Kr-85
fuel rod i and Ei is the detector efficiency of Kr-85 at 514 keV
intensity per volume at STP, i.e. 0.55 × 1011 Bq·cm-3.
I.e. gas emission volume (cm3 of Kr-85 at STP) of the fuel rod i at
EOI. Si is the cross section area of the fuel rod (interior) for fuel rod i.
fuel rod i at the time of EOI.

is the free-volume of the

When calculating the total gas volume from the volume of Kr-85, the Kr-85/Kr ratio as well as the
Xe/Kr ratio is necessary to know. The experiences from earlier chemical analysis of fission gasses are
used for estimation of these parameters.
The total gas volume of [Xe and Kr] at STP is calculated using the following equation.
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is equal to gas emission volume at EOI of the fuel rod i and
is the
is the Kr-85/Kr ratio at EOI of the fuel rod i.
Xe/Kr ratio at EOI of the fuel rod i and
The fission gas release (FGR) is expressed as the total fission gas released to the total fission gas
produced in the fuel.

The

total

amount

of

produced

Xe+Kr

(cm3

at STP) is given by the following
where 0.030 is utilized for UO2 fuels and

0.031 is utilized for MOX fuels.
2.2

Production and decay calculations

The general solution for the irradiation/decay problem includes solution of the following differential
equation,

The index i represent the isotope. N is the isotope density and is the disintegration constant. is the
fission yield and F is the fission rate. If we assume the fission yield and rate to be constant, the
following solution gives the isotope density during the j’th irradiation and decay cycle

This expression must be used several time when many irradiation cycles are performed and t equals
the irradiation time or cooling time when only decay takes place. Nj-1, i equals the isotope density just
before the j’th irradiation and decay cycle starts, i.e. Nj,i(0) = Nj-1,i. The index j represents the various
irradiation and decay cycle. The total number of produces atoms is Fj×Tirradiation. This number is used
for normalisation of the irradiation/decay result Nj,i(t).
2.3

Gamma ray absorption with matter

Calculations of absorption effects (escape probabilities) for gamma rays traversing the fuel sample
itself (self-absorption) and other shielding materials (lead) utilized in the setup for Kr-85
measurements is performed with “microShield” radiation software from Grove. This software can
handle many sources and shields configurations and thereby making the calculation possible in an easy
way. Cylindrical source and clad with various lead shields is the configuration normally utilized in the
simulations performed for Kr-85 measurements of fuel rods. The calculation results (i.e. exposure
mR·h-1) are compared to similar results obtained from transmission of the actual gamma rays in air.
The end results from the calculations give the escape probabilities for the gamma rays, i.e. the fraction
reaching the detector area.
2.4

Efficiency calculations

For utilization of method 1, it is only necessary to know the relative efficiency (ECs137/EKr85) between
the gamma signals of Cs-137 (661.66 keV) in the fuel stack and for Kr-85 (514 keV) in the plenum.
This can be achieved by acquisition of gamma spectrum from the actual fuel rod itself. By relating the
Cs-134 peak signals in the fuel spectrum, it is possible to estimate the linear relative efficiencies for
the fission gas release estimations. It’s no need for any other calibration sources. The definition for the
setup efficiency is given by
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Where the index i represents the different energy peaks belonging to the specific source isotopes. The
Bi is calculated by using the radiation software from Grove. By comparing the fractions of various
energy peaks in a specific isotope the activity is the same and is thereby not needed. However, for
absolute efficiency calculations, a calibration fuel rod is suitable. Cs-137 peak activity is first
measured and utilized in the absolute efficiency calculations. The assumption of a linear efficiency
behavior is a good approximation in the energy area of interests. The accuracy in the results will
increase with utilization of relatively long acquisition times for the gamma spectra (e.g. 2–5 days) and
for larger activity in thei fuel rod.
2.5

Example of Kr-85 method applied on two UO2 fuel rods

Two 16% enriched UO2 fuel rods (A and B) irradiated simultaneously in the Halden Boiling Water
Reactor were selected to demonstrate the application of the Kr-85 methods. The irradiation was
performed in 4 cycles accumulated up to 5.5 years with decay times of several months in between the
in pile reactor services. The burn-up for the two rods was 58 MW·d·kg-1 oxide. The diameter of fuel
and cladding tube was 8.36 mm and 9.5 mm respectively with a clad thickness of 0.57 mm. The initial
fuel oxide weight was 163.6 g for both rods. The dimensional data was used to calculate the escape
probabilities from “microshield”. In addition to the self-absorption of the source an extra lead
shielding was located just in front of the gamma acquisition HPGe detector. The escape probabilities
were 0.133 for the Kr-85 and 0.194 for the Cs-gamma radiation. It should be emphasized that the
escape probability is strongly influenced by the extra shielding layers introduced in the measurement
setups.
The equation of isotope densities given under Section 2.2 is utilized for calculations of the effect of
irradiation and decay or in other words the fractions which is not yet decayed at the time of
measurements. The calculation results for the Kr-85 and Cs-137 appearances at the day of gamma
measurements were 0.7824 and 0.9143 respectively.
The gamma spectrum measurements were performed in the plenum and fuel stack regions with several
days of acquisition time to ensure high accuracy in the collected data, especially for the Kr-85 peak.
The count rates for Kr-85 in the plenum were 0.030 cps (rod A) and 0.036 cps (rod B) and 25.25 cps
(rod A) and 25.08 cps (rod B) from the Cs-137 accumulated in the fuel stack. The linear coefficient of
efficiency (Ei/keV) was estimated from measurements performed in the fuel stack regions and it
was –konst × 1.188 × 10-3 per keV for both rods.
Figures 2.1–2.3 show the gamma scanning results acquired from the fuel stack region and plenum of
two rods. The fission gas release was 11.3% and 13.5% for rod A and B respectively. These values
agree quite well with the results obtained from puncturing and free volume measurements performed
after the Kr-85 methods were applied.
The gamma scanning bench is outlined in figure 2.4. This is a quite new system with possibilities for
x, y and z movements in addition to rotation of the sample under gamma scanning and spectrum
acquisitions. The bench was built at the hot-laboratory with the assistance of the electronics
department at the institute.

3.

SUMMARY

The main purpose of the technique is to estimate the released fission gas krypton and xenon of UO2
and MOX fuel rods without performing destructive puncturing and subsequent mass-spectrometer
analysis. Sometimes it is also impossible to do destructive puncturing and fission gas analysis on the
fuel rods, e.g. when further irradiation is demanded.
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The utilization of “microshield” software makes any need of complicated standards unnecessary. This
situation simplifies the Kr-85 measurements and decreases the acquisition times needed for
measurements of fission gas release. Also, the price of radioactive standards has increased enormously
the last few years.
The Kr-85 method 1 is based on a relative comparison of Kr-85 and Cs-137 measurements and the
calibration data or efficiency is acquired from the fuel rod itself. This simplifies the measurements and
the final results are achieved easy and fast. The results for the FGR based on the Kr-85 method is in
good agreement to the results obtained from puncturing and free volume measurements of the two
rods.
For utilization of method 2 it is necessary to know the Kr-85/Kr amount and the Xe/Kr relations for
the actual rods. These data is normally well known from other types of measurements performed
earlier e.g. mass spectrometer and puncturing data on similar rods. This method also requires a
calibration fuel rod for simultaneous measurements of the Kr-85 efficiency determination for the
various setups in use.

FIG. 2.1. Gamma scanning results obtained from rod A after 5.5 years of irradiation in the HBWR.
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FIG. 2.2. Gamma spectrum of Kr-85 (514 keV) results obtained over the plenum of rods A and B
performed after 5.5 years of irradiation in the HBWR

FIG. 2.3. Gamma scanning results obtained from rod B after 5.5 years of irradiation in the HBWR.
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FIG. 2.4. Gamma scanning bench outlines with 3-axis system and sample rotation possibilities.
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