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SUMMARY  

 
 
Based on the published literature and an understanding of available hot cell 
technologies, more accurate measuring methods for each volatile fission product 
released from voloxidation process were reviewed and selected. The conceptual 
design of an apparatus for measuring volatile and/or semi-volatile fission products 
released from spent fuel was prepared. It was identified that on-line measurement 
techniques can be applied for gamma-emitting fission products, and off-line 
measurement such as chemical/or neutron activation analysis can applied for 
analyzing beta-emitting fission gases.  
Collection methods using appropriate material or solutions were selected to measure 
the release fraction of beta-emitting gaseous fission products at IMEF M6 hot cell. 
Especially, the on-line gamma-ray counting system for monitoring of 85Kr and the 
off-line measuring system of 14C was established. On-line measuring system for 
obtaining removal ratios of the semi-volatile fission products, mainly gamma-
emitting fission products such as Cs, Ru etc., was also developed at IMEF M6 hot 
cell which was based on by measuring fuel inventory before and after the 
voloxidation test through gamma measuring technique. The development of this 
measurement system may enable basic information to be obtained to support design 
of the off-gas treatment system for the voloxidation process at INL, USA. 

 

 

 

 

 

 



 3

 

 

CONTENTS 
 
 

Summary.........................................................................................................................2 
Content............................................................................................................................3 
Content of Table.............................................................................................................4 
Content of Figure ...........................................................................................................5 
 
1. Introduction................................................................................................................6 

2. Review of measuring system for the analysis of fission gas release behavior ......9 

2.1 Measurement system of radioactive gases effluents in SRL ...............................9 

2.2 Measurement system of tritium and iodine gases in JAEA.................................10 

2.3 Measurement system of fission products release fraction in ORNL ...................12 

2.4 Measurement system of released fission products from spent fuel in AECL......14 

3. Measuring system for the analysis of fission products release behavior  
from voloxidation process of spent fuel ..................................................................16 

3.1 Thermochemical properties of volatile fission products .....................................16 

3.2 Establishment of optimal analytical method for analysis of released  
fission products ...................................................................................................17 

3.3 Development f measuring system based on the on-line and off-line counting 
methods ...............................................................................................................21 

4. Conclusion ..................................................................................................................28 

Reference 

 

 

 



 4

CONTENTS OF TABLE 
 
 

Table 1. Analytical methods for radioactive gases effluents from voloxidation .............10 

Table 2. Analytical methods used for the analysis of released fission products .............14 
Table 3. Distribution characteristics of fission products in spent fuel matrix .................17 

Table 4. Thermochemical properties of fission products considered in voloxidation 
process ...............................................................................................................18 

Table 5. Possible analytical techniques for fission products analysis in voloxidation 
process ...............................................................................................................19 

Table 6. Summary of improved analytical methods for measurement of fission gases 
...........................................................................................................................20 

 



 5

CONTENTS OF FIGURE 
 
 

Figure 1. Arrangement of trapping/measurement system of radioactive gases effluent 
released from voloxidizer in SRL....................................................................9 

Figure 2. Arrangement of off-gas treatment system in voloxidation process in JAEA 
..........................................................................................................................11 

Figure 3. Layout of VI test equipment in ORNL.............................................................12 

Figure 4. Layout of HOX test equipment in CRNL ........................................................15 

Figure 5. Generalized gamma-ray spectra of OREOX powder via 3.2mm hole  
collimator in DFDF of KAERI ........................................................................21 

Figure 6. Flow diagram of measuring system for the analysis of fission gas release 
behavior............................................................................................................22 

Figure 7. Photograph of measuring system for the analysis of fission gas release 
behavior............................................................................................................23 

Figure 8. Variation of activity of 14C fission gas in off-gas stream released from the 
1st oxidation and OREOX process ...................................................................24 

Figure 9. Schematic diagram of equipment for the cesium release analysis ...................25 

Figure 10. Typical gamma spectrum data measured before and after experiment ..........26 

Figure 11. Analysis scheme for the determination of 129I released from voloxidation 
process............................................................................................................27 

 

 

 



 6

1. INTRODUCTION 
 

A head-end fuel treatment process, known as the advanced voloxidation process 
in AFCI (Advanced Fuel Cycle Initiative) program, is developing in many countries 
[1-4]. Voloxidation, which involves oxidizing uranium oxide fuel using either air or 
oxygen, provides three important advantages when used as a head-end treatment 
process.  First, it may be used to separate the fuel from the cladding.  A decladding 
step is desirable in that it may simplify process flow sheets by excluding the cladding 
constituents from the fuel constituents. Segregation of cladding may also result in 
generation of less high level waste.  In addition to decladding, voloxidation, may be 
used to decrease the particle size of the fuel, which will in turn increases the kinetics 
of downstream treatment operations the efficiency of dissolution.  Finally, 
voloxidation treatment may remove problematic constituents from the fuel prior to 
downstream treatment operations. Fission products such as 137Cs, 85Kr, 133Xe, 99Tc, 
14C, and 3H (tritium) may be removed prior to fuel treatment process, simplifying the 
process flow sheets and yielding more flexible waste treatment operations.  Head-end 
removal of gaseous fission products is particularly important in aqueous reprocessing 
where the presence of NOx gases, generated during fuel dissolution operations, 
makes separation of these gases much more challenging.  The head-end voloxidation 
process is equally applicable to aqueous or pyrochemical treatment processes. 

Since 1991, KAERI (Korea Atomic Energy Research Institute), AECL (Atomic 
Energy of Canada Limited) and US DOS (Department of State of U.S.), with the 
participation of the IAEA, have been collaborating on research to develop a spent 
PWR fuel recycle process to improve a uranium resources utilization with an 
enhanced proliferation resistance[5]. In this international collaboration, the concept 
of a dry recycling of spent PWR fuel into CANDU reactors was proposed and seven 
dry recycling options were examined [6,7]. These options, involving only mechanical 
and/or thermal processes, can be referred to collectively as the Direct Use of spent 
PWR fuel in CANDU reactors (DUPIC) fuel cycle options. The DUPIC technology, 
as its name implies, is to directly refabricate CANDU fuel from spent PWR fuel 
without any separation of the fissile materials and fission products. Since this 
technology uses only a thermal/mechanical process for the refabrication of the spent 
PWR fuel, the spent fuel standards are maintained throughout the overall fuel 
fabrication process, thus the DUPIC technology is recognized as a highly 
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proliferation resistant fuel cycle. From the results of the feasibility studies performed 
until 1993, the OREOX (Oxidation and REduction of OXide fuel) option was chosen 
as the most promising method for the DUPIC fuel fabrication, by considering its 
technical feasibility and safeguards, etc.[6]. Currently, based on this feasibility study, 
an experimental verification program is being implemented to establish the DUPIC 
fuel technology under the framework of international cooperation. It has 
demonstrated the OREOX technology on a laboratory scale, including a remote 
fabrication of DUPIC fuel for an irradiation testing and an irradiation of DUPIC fuel 
elements in a research reactor[8-12].  

The oxidation process in OREOX technology is similar to the voloxidation 
process. KAERI has measured and analyzed the release rates of  85Kr, Cs, Xe, etc. in 
the DFDF (DUPIC Fuel Development Facility). KAERI also has analyzed the fission 
product behaviors from nuclear materials during the DUPIC fabrication process. In 
order to obtain the fundamental data on fission product behavior during the DUPIC 
fuel fabrication processes, measurement systems for monitoring the radioactivity 
change of fuel materials and the release behavior of fission gas by gamma 
spectrometry techniques during OREOX processing were installed in IMEF M6 hot 
cell, located at KAERI. The preliminary analysis of the release behavior of fission 
gas during the DUPIC fuel fabrication process was conducted [13]. While volatile 
fission gases are removed during OREOX process in the DUPIC cycle, it was 
confirmed that semi-volatile fission products such as cesium could be removed by 
the sintering process. The removal of fission products during OREOX and sintering 
is a natural part of the DUPIC fuel fabrication process. Based on the radioactivity 
measurement for the spent oxidized powder, green pellet, and the sintered pellet 
produced from DUPIC fabrication process, it was found that little Cs fission product 
was released during OREOX process, but almost 99% of Cs was released during 
sintering. The release rate of both 95Zr and 103Ru was not as high during sintering. 
Fundamental experiments for release behavior of 85Kr and 14C fission gases during 
OREOX process are on going.  

When considering candidate voloxidation process conditions for treatment of 
spent LWR fuel, it is first necessary to establish the measurement system to assess 
the release behavior of volatile and semi-volatile fission products evolved from spent 
fuel. Previous studies related to the development of the voloxidation process have 
mainly focused on whether tritium is completely removed with varying operating 
parameters. Therefore, a source-term inventory data resulting from release of volatile 
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and semi-volatile fission products during voloxidation and OREOX process using 
spent fuel in hot experiment are necessary. Measurement and assessment of the 
release behavior of volatile fission gases and semi-volatile fission products 
discharged from spent LWR fuel during voloxidation process is expected to provide 
data to help predict the performance of an advanced voloxidizer.  The data will also 
be useful to support the design of an off-gas treatment system. The quantitative 
release fraction of fission products from spent fuel will depend upon voloxidation 
process conditions and chemical forms of fission products. This report provides the 
development of analytical methods and equipment to assess the release behavior of 
volatile fission gases which probably depends on an applied atmosphere during the 
voloxidation process. 
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2. REVIEW OF MEASURING SYSTEM FOR THE 
ANALYSIS OF FISSION GAS RELEASE BEHAVIOR 

 
2.1. Measurement system of radioactive gases effluents in SRL 

Laboratory-scale measurement system for the analysis of radioactive gaseous 
effluents from voloxidation of spent nuclear fuel was established in Savannah Rive 
Laboratory[2]. Quantitative data of 14C, 85Kr and 129I evolved from voloxidation 
process can be obtained by using this measuring system, and this data may be used 
for in designing off-gas treatment process and equipment. 

The arrangement for voloxidation is shown in below Fig 1. A small pump recirc
ulates helium carrier gas through the closed system. Oxygen consumed in the system 
is replaced to maintain the constant oxygen content in the recirculating gas. 85Kr is m
easured by on-linegamma-ray counting. Tritium, 14C, 129I are collected on a series of 
molecular sieve traps for later analyses. Three types of molecular sieve traps collect t
ritium as HTO. Off-gas system was tested and calibrated with tracer amounts of radi
oactive gases. P articulates in the off-gas are collected on cascade impactor at the mo
uth of the voloxidation. Semi-volatile elements such as cesium, antimony and rutheni
um are plated out along the thermal gradient tube. 

After each voloxidation test, tritium, 14C and 129I are removed from their primary 
adsorbents by a heat treatment. The methods used are summarized in Table 1. HTO a
nd 14CO2 are desorbed from molecular sieve pellets to obtain forms suitable for liqui
d scintillation beta-counter. 

 

 
Fig. 1. Arrangement of trapping/measurement system of radioactive gases effluent 

released from voloxidizer in SRL.  
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Table 1. Analytical methods for radioactive gases effluents from voloxidation 
 

Radionuclides
Primary 
sorbent 

Bakeout a
Carrier 

gas 
Secondary 

trap 
Analytical
methods 

3H 3A Yes H2O Cold trap b 
β-

counting 

14C 13X Yes CO2 CO2 MFT c,d 
β-

counting 

85Kr - - He - 
Online γ-
counting 

129I Ago-X Yes e H2 
Pb-X 

(150oC) 
Neutron 

activation
a :  Heat treatment at 500oC for8 to 16 hours 
b :  Refrigerated to – 50oC 
c :  Trademark of Amersham/Searie carbon dioxide trapping agent 
d :  Preceded by cold trap for H2O 
e :  Heated at 500oC with flowing hydrogen gas 
 
Because silver interference with neutron activation analysis for 129I, the iodine is 

removed from silver zeolite as HI and resorbed on lead zeolite, which does not 
interfere. The regererated silver-zeolites are reused. The results data for 129I collected 
during voloxidation of the spent fuels are less consistent than form the other 
radioactive gases, possibly because of experimental difficulties. The specific design 
concept to accurately measure iodine is to minimize a plate-out of iodine in 
measurement system. 

 
2.2. Measurement system of tritium and iodine gases in JAEA[3,14] 

In the voloxidation step, the chopped fuel is oxidized before dissolution to 
pulverize the fuel and to make release of tritium with other volatile fission products 
such as iodine, krypton and ruthenium, cesium. Released fission products can be 
trapped in the off-gas treatment system applied suitable trapping methods and be 
treated as a small volume of waste. Typical results obtained from previous studies 
showed that volatilization of iodine and krypton was insufficient, while tritium was 
almost quantitatively released during oxidation of the fuel. The equipment called 
“VULCAN” consists of three sections : gas supply system, ball-mill type 
reactor(Voloxidizer), and off-gas treatment system. The voloxidizer with a capacity 
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of 2 kg-UO2 per batch is 200 mm in diameter and 600mm long. 20 balls of incoloy 
alloy 800H with diameter of 30 mm φ were used to enhance the pulverization effect. 
A semi-contact gland packing seal system supported by nitrogen gas purge was 
adopted for the rotary part. A nickel fiber filter was installed in the outlet of the 
voloxidizer in order to prevent the dispersion of powder from the voloxidizer. Off-
gas treatment system was composed of several chemical traps- silver impregnated 
adsorbents for iodine, copper oxides for conversion of tritiated hydrogen gas to 
tritiated water, and molecular sieves for tritiated water collection. 

 

Voloxidizer AgX-1 AgX-2 CuO MS-1

HEPAH2 
Burner

Outside
of Cell

Inside of Cell Iodine trap

MS-2Voloxidizer AgX-1 AgX-2 CuO MS-1

HEPAH2 
Burner

Outside
of Cell

Inside of Cell Iodine trap

MS-2

     
Fig. 2. Arrangement of off-gas treatment system in voloxidation process in JAEA.  
  

The oxygen concentrations in both the feed gas and the off-gas were measured 
for monitoring the oxidation behavior of the simulated spent fuel. The reduction 
behavior of the oxidized fuel was monitored by measuring the concentration of water 
vapor in the off-gas. The release behavior of tritium from the fuel was monitored 
using a gas flow counter. Tritium content in the fuel was measured after dissolving 
the fuel in a nitric acid solution. After distillation treatment of the nitric acid solution, 
the tritium concentration in the distillated water was measured by a LSC method. 

The dry pyrochemical technique for the decladding process using the un-
irradiated fuel has proposed and investigated, which provides the possible means to 
pulverize and recover the fuel at high recovery ratio. And this technique has a 
potential to remove the volatile and semi-volatile fission products. The 
poyrochemical tests were carried out on the spent oxide fuel irradiated in the LWR in 
order to prove the applicability and to evaluate the fuel recovery by this dry 
pyrochemical technique to the head end process. After oxidation, the specimen fuel 
was put in the canister equipped with the screen inside, and was vibrated axially to 
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separate the pulverized fuel and cladding. The recovery ratio of the fuel is 
determined by measuring the fuel weights before and after the test. A part of the 
cladding was dissolved in acid after test and residual uranium deposited on the 
cladding was measured by ICP analysis. The cross section of the cladding inner 
surface was observed by the SEM and analyzed by EPMA. The particle size 
distributions of the pulverized fuel were measured by sieving method. Removal 
ratios of the volatile fission products (Cs-134/137, H-3, C-14, Kr-85, I-129, Ru-106) 
were determined by measuring inventory in the fuel before and after the test as 
follows, 

1001
0

1 ×−=
A
AR  

Where R : Removal ratio of volatile fission products(%) 
A1 : Inventory in recovered fuel after the test (Bq/g-HM) 
A0 : Inventory in initial fuel before the test (Bq/g-HM) 

 
2.3. Measurement system of fission products release fraction in ORNL[15] 

A program to analyze the release rate, chemical form and transport behavior of 
fission product from nuclear fuel under severe accident conditions of nuclear power 
reactor was begun at ORNL(Oak Ridge National Laboratory) in 1975. Three types of 
series tests were conducted, which are HI(Horizontal Induction-heated) test, 
VI(Vertical Induction-heated) tests and HS(Horizontal Simulant) test. Fig. 3 shows 
the layout of VI test equipment.  

 

Fig. 3. Layout of VI test equipment in ORNL. 
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For measurement of fission products released from spent fuel, both on-line and 
off-line analytical techniques were used. As shown in Fig.3, collection system 
consisted of a thermal gradient tube (TGT) in which temperature dropped from 
~1,200K to ~ 400K. The inner surface of the TGT was lined with a Pt insert. 
Platinum was selected to decrease the chance of chemically altering the fission 
product species. The insert was examined for deposits at the end of the test  Pre-
oxidized stainless steel liners was also used in some steam atmosphere test, and clean 
stainless steel was used in some hydrogen-atmosphere tests. The length and inner 
diameter of TGT in VI tests was 305~359mm and 4.0~7.3mm, respectively. The 
filters consisted of two holders with compressed quartz wool followed by two layers 
of HEPA-type filters. The filters and TGTs were weighed before and after each test 
in order to measure the mass of the deposit. Three cartridges containing impregnated 
activated carbon were located immediately behind the filters. TEDA(TriEthylene 
DiAmine) impregant was used to trap all of the volatile forms of iodine. The filters, 
impregnated activated carbon, and lines to and from the filter assembly were heated 
to 400 to 420K to prevent condensation of stream and volatilization of the carbon 
impregant. Steam was condensed at 273K and additional moisture removed in a 
freeze trap maintained at 195K. Fission gases were collected in two large activated 
carbon traps maintained at 195K. The NaI gamma detectors were used to monitor 
134Cs and 137Cs deposited in the top of the furnace and in the TGTs, 134Cs and 137Cs 
collected on the filters, and 85Kr collected in the large activated carbon traps. On-line 
gamma counting technique of gamma-emitting isotopes is an accurate method for 
measuring fission product release. The release of 134Cs and 137Cs, 125Sb and 103Ru, 
154Eu, 144Ce, 85Kr were measured by this technique. Most of these fission products 
were measured in the fuel before and after the test in order to obtain a direct 
measurement of these fission products. It was also necessary to use an ORIGEN code 
calculation for the original 85Kr fuel inventory. 

Release fraction of iodine was measured by neutron activation of 129I.  The 
original inventory of 129I in fuel was obtained from ORIGEN code calculation. The 
correction of 129I initial inventory was conducted. Correction factor was 0.82 of the 
ORIGEN code calculation that was based on a review of 18 different comparisons 
between ORIGEN code calculation and actual measurements of 129I in various fuel 
samples. Two leaches with strong basic solutions for ~ 2 hrs each was used to rinse 
the components of the test apparatus for the iodine analysis. Nitric acid was also used 
to leach other materials from the apparatus surfaces. The acid leaches were analyzed 
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for U, Mo, Te, Ba, Sr and Pu. Most of the above elements were analyzed by 
ICP(Inductively Coupled Plasma) techniques.  

Table 2 summarized the analytical methods used for fission products analysis in 
VI tests.  

 
Table 2. Analytical methods used for fission products analysis released 
 

Analytical 
methods 

Measuring 
point 

Measuring position Analysis elements 

Before 
and after 

test 
Fuel 

Gamma-emitting 
nuclides : Ru, Sb, 

Cs, Ce, Eu 
On-line TGT, Carbon trap, Filters Cs, Kr 

Gamma 
Spectrometer

After test 
Furnace composition, TGT, 

Filters 
Ru, Sb, Cs, Ce, Eu

Neutron 
Activation 
Analysis 

After test 

Carbon trap, Furnace  
Composition leaching 

solution, 
TGT, Filters 

I, Br 

Chemical 
Analysis 

After test 
Furnace composition,  

Filters 
U, Pu 

ICP-
Emission 

Spectrometer
After test 

Furnace  
Composition leaching 

solution, 
TGT, Filters 

Sr, Mo, Ru, Te, Ba, 
U 

 
 

2.4. Measurement system of released fission products from spent fuel in AECL 
As a joint program of DUPIC between KAERI (Korea Atomic Energy Research 

Institute) and AECL(Atomic Energy of Canada Limited), small-scale hot cell tests 
using spent PWR fuels were carried out at the CRNL(Chalk River National Lab.) to 
assess the release behavior of fission products during OREOX and sintering 
processes. HOX(Hot-Cell OREOX Experiment) series tests, as shown in Fig.4,  were 
conducted from 1994 to 1996. Analysis methods of fission product release in HOX 
series tests were summarized [16-18].  
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Fig. 4. Layout of HOX test equipment in CRNL. 

Gamma-ray spectrometer was aligned directly to the fuel to analyze the release 
of Cs, as well as Ru and Eu. The count rates measured during each test were 
compared with the count rate before the test to calculate release fraction.  

100)1(
0

×−=
I
IR t  

Where R : Release percentage of fission products(%) 
It : Count rate of the γ-ray during the test 
I0 : Count rate of the same γ-ray before the test 
 

When It is equal to Io, the release percentage of fission products is considered as 
zero (no release). However, zero of It means the 100% of release. The count rate of It 
during some tests would be greater than the initial count rate of Io, thus resulting in 
negative release of fission products. This may be due to sample or geometric changes, 
such as formation of U3O8 powder by oxidation of UO2. Krypton was not detected by 
the γ-ray spectrometer because of its low γ-ray yield. Therefore, Kr release was 
monitored by a γ-spectrometer located at the out-cell measurement station. The 
released Kr flowed to a delay coil in the station. The count rates of Kr measured in 
the delay coil by the γ-spectrometer were converted to activity using efficiency 
calibration of the counting geometry. The effect of transient time and flow rate were 
considered when the Kr activity release was calculated from the Kr count rates. 
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The furnace tube and filters were γ-scanned after the OREOX and sintering 
processes. Axial γ-scanning was conducted on each tube and filter to examine the 
distribution of the activity. The tubes or filters were placed on a programmable 
moving table. The γ-spectrometer counted the tubes or filters through a lead 
collimator with a slot of 100×6mm2. The spatial resolution of scanning was 6 mm. In 
test where a filter was used, the furnace tube was first scanned with the filter in the 
tube, then the filter was removed from the tube, and the tube was scanned axially 
after it was removed from the furnace tube. The filters were cut transversely into 2 or 
3 layers. Each layer of the filters was γ-counted on both surfaces. Attenuation for 
these layers during counting was provided with a lead collimator with a 2 cm 
diameter hole through 5 cm of lead. Depending upon the amount of activity present 
in the layer, the γ-spectrometer was placed either 76 cm or 226 cm away from the 
filter layer.  

 
 

3. MEASURING SYSTEM FOR THE ANALYSIS OF 
FISSION PRODUCTS RELEASE BEHAVIOR FROM 
VOLOXIDATION PROCESS OF SPENT FUEL 

 
3.1. Thermochemical properties of volatile fission products 

Development of analytical methods, as first step, to obtain data on release 
fraction of volatile fission gases needs to define possible kinds of fission products 
and their chemical states from voloxidation process in which an applied condition 
would evidently contributes the results of fission product release characteristics [19-
22]. Although the release characteristics of fission gases from voloxidation process 
may be strongly dependent on a process conditions which maximum temperature 
with a combination of gas atmosphere will be established, it can be deduced all kinds 
of fission product species to be possibly released. This is based on a collection of 
previous data obtained to date which include in severe reactor accident program and 
diverse experiments on the effect of UO2 oxidation relevance to fission product 
release.  

The release characteristics of fission products from spent fuel during 
voloxidation process depend on a process temperature, atmosphere, the distribution 
characteristics in fuel matrix, and thermochemical properties of fission products. 
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Therefore, distribution characteristics of fission products in fuel matrix that could be 
released from spent fuel were summarized in Table 3.  

 
Table 3. Distribution characteristics of fission products in spent fuel matrix 
 

State Fission 
products Distribution characteristics in spent fuel matrix 

Nobel gas 85Kr, 133Xe 
- Distributed in grain boundary as captured in 

bubble  and inter, intra-grains as bubble 
formation 

Volatile 
FPs 

129I, Br, 14C - Favorable formation of CsI compound over 
solution of individual atoms in the matrix  

Semi-
volatile 

FPs 

134,137Cs, 106Ru, 
Rb 

- Cs : Excess Cs over I react with Mo, Cs2O, Cs-
metal oxide 

- Ru : Elemental form, solid solution with other 
metal (Tc, Mo), TcO2 formation at high oxygen 
potential  

High melting 
Metal 
precipatates 

106Ru, 99Tc, 
Mo, Rh, Pd 

- White inclusion(precipitate) of Mo-Ru-Tc-Rh-Pd 
on grain boundary and intra-grain area on fuel 
matrix. 

 

Besides the distribution characteristics of fission products considered, the extent 
that the fission products in voloxidation process are released is strongly dependent on 
the thermochemical properties of these products which are linked to voloxidation 
temperature and atmosphere.  Table 4 shows a summary of the thermochemical 
properties of fission products which can be released during voloxidation process. 

 
 

3.2. Establishment of optimal analytical method for analysis of released fission 
products  

As mentioned in the proposed plan action, fission product species for analysis 
items would involve both volatile fission gases such as 85Kr, 129I, 14CO2, HTO and 
semi-volatile fission products involving Cs, Ru, Tc, Mo, Te and Sb. It is also 
necessary for determination of analysis items to be developed which are applicable 
for assessing the release fractions of volatile fission products and off-gas trapping 
efficiency during voloxidation operation. Analytical methods for each fission product 
evolved from voloxidation process will be suggested as follows 
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Table 4. Thermochemical properties of fission products considered in voloxidation process 
 

State Fission 
products 

Vapor(V) or 
Particle(P) 

Melting 
Temp.(K) 

Boiling 
Temp.(K)

Gas Kr, Xe, I, C Gas - - 
Cs V,P 301 951 
Te P 725 1,663 
Rb P 312 961 Metal 

Cd P 594 1,083 
MoO3 P 1,068 - 
RuO4 V 299 - 
Tc2O7 P Sub. 1,200 - 
Cs2O V 763 - 
Cs2O3 V 673 - 

CsI V 899 - 

Oxide 

Sb2O3 V,P 929 - 

 

a. Gamma-ray analysis of spent fuel or oxidized powder by direct viewing 
collimator which is aligned to voloxidizer in a course of voloxidation 
operation 

b. Gamma-ray analysis of spent fuel or oxidized powder by off-line 
measurement before and after voloxidation process 

c. Instrumental analysis of specific materials used in off-gas trapping system 
d. Chemical analysis of specific materials used in off-gas trapping system 
e. Chemical analysis of gas scrubbing solution such as 14CO2 or solution 

sample containing specific radionuclides by extraction from solid adsorbent. 
  

Thus, analytical methods for release characterization of fission products are 
mainly classified into two items: Gamma-ray analysis in pre-test or on-line test and 
chemical analysis using instrument in post-test. Review of analytical methods 
developed to date in an area of severe reactor accident program including off-gas 
trapping system of voloxidation process shows that some useful analytical techniques 
can be applicable to this task for obtaining source-term data of possibly released 
fission products. Table 5 shows a summary of analytical techniques for fission 
product analysis collected from previous experiences[2,3,15,16].  
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Table 5. Possible analytical techniques for fission product analysis in voloxidation process 
 

Fission 
products Analysis time Analysis 

sample 
Analysis  

techniques Comment 
134, 137Cs On-line 

Pre and Post-test
Fuel 
Filter 

Gamma-ray
Gamma-ray  

Ru(106Ru) On-line 
Pre and Post-test

Fuel 
Filter 

Gamma-ray
Gamma-ray  

Sb(125Sb) On-line 
Pre and Post-test

Fuel 
Filter 

Gamma-ray
Gamma-ray  

Tc Pre and Post-test Filter ICP  
Mo Pre and Post-test Filter ICP  

Te(125mTe) Pre and Post-test Filter ICP 
Gamma-ray  

Eu(154,155Eu) On-line 
Pre and Post-test Fuel Gamma-ray

Gamma-ray  
85Kr On-line Charcoal Gamma-ray  

133Xe On-line Charcoal Gamma-ray  
129I Post-test AgX Neutron 

activation
In progress at 

KAERI 
14CO2 On-line 

Post-test 
NaOH or  

lime sorbent LSC In progress at 
KAERI 

HTO On-line 
Post-test 

Silica-gel or 
Zeolite LSC In progress at 

KAERI 
 

 

Typical analytical methods for measuring fission gases of 85Kr, 129I, 14CO2 and 
HTO in voloxidation studies are based on the first heat treatment of adsorbents used 
in off-gas trapping system and followed by secondary trapping on suitable adsorbents. 
These analytical methods require cumbersome two-steps operation for measurement 
of fission gases released from voloxidation process. Therefore, new analytical 
methods were proposed to determine fission gas release fraction during voloxidation 
treatment. These improved analytical methods were based on a direct or one-step 
treatment of adsorbent trapped respective fission gas. Table 6 shows a summary of 
improved analytical methods for measurement of fission gases released from spent 
fuel. The release fraction of semi-volatile fission products after completing 
voloxidation operation is obtained from the ratio of the intensity of a gamma-ray of 
interest in the spectrum taken prior to voloxidation to that measured after 
voloxidation. This gamma-ray analysis helps to obtain release fraction data of semi-
volatile fission products such as Cs, Ru, Sb and Te by applying qualitative counting 
data. However, geometric change between initial fuel specimen and oxidation 
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powder after voloxidation will occur. This situation would affect a counting intensity 
of two samples even though no complete release of some fission products occurrs. 
Therefore, counting intensity of Eu element is generally considered as reference one 
for correcting intensity change due to geometric change.  
 

Table 6. Summary of improved analytical methods for measurement of fission gases 

FPs Typical methods Improved methods 

3H 

- Conversion of HT to HTO by CuO 
at high Temp. and recovery of 
released HTO at -50oC 

- LSC analysis of condensate of 
HTO 

- Conversion of HT to HTO by SDBP 
at low temperature 

- Extraction of HTO from solid 
sorbent using solution 

- Need to minimize interference of 
solvent in LSC measurement 

14C 
- Heating sorbent trapped 14CO2 at  

high temp. and released 14CO2 is 
re-trapped in 14CO2 trap 

- LSC analysis of 14CO2 trap  

- Scrubbing of 14CO2 gas using 1.5N  
NaOH solution for LSC 
measurement 

129I 

- Heating AgZ trapped 129I at high  
temperature 

- Released 129I : Adsorption by PbX 
and follow by neutron activation 
analysis of PbX  

- Direct desorption of 129I from AgZ 
or AgX using Na2S solution 

- LSC analysis or ICP analysis of  
extraction solution 

 
Fig. 5 shows the typical gamma-ray spectra of OREOX powder which was 

treated with the spent fuel of 27,300 MWD/MTU burn-up in the DFDF facility 
(DUPIC Fuel Fabrication Facility). Based on this measurement, it was assured that 
over 99% of Cs was released during sintering process (temperature of 1800oC under 
4% H2/Argon atmosphere) by analyzing the corrected counting intensity of gamma-
ray spectra between the OREOX powder and sintered pellet. The correlation equation 
on the intensity change with a variation of specimen density was derived.  
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Fig. 5. Generalized gamma-ray spectra of OREOX powder via 3.2mm hole  
collimator in DFDF of KAERI.  

 
 

3.3. Development of measuring system based on the on-line and off-line 
counting methods 

Development of analytical methods for each fission product released from the 
voloxidation process was carried out. In first, a configuration of analytical 
equipments in hot-cell facility should be definitely linked to provide the capability of 
efficiency evaluation of the off-gas treatment system for trapping volatiles evolved 
from the voloxidation process. For example, trapping material for released Cs in the 
off-gas treatment system would be a fly-ash filter which is developed in KAERI 
instead of Thermal Gradient Tube (TGT) to have commonly used in many 
institutions [15]. It is thought that the quantitative analysis of Cs trapped on a fly-ash 
filter using a gamma-ray analysis is different from that of TGT due to the geometric 
change. Therefore, establishing a measuring system concept to analyze the behavior 
of each fission product released from voloxidation process will be performed in 
cooperation with Task B for the application of the hot-cell demonstration test at the 
INL facility. Based on system concept as shown in Fig. 6, a monitoring system for 
both on-line and off-line experiments in an area of fission gas release behavior 
analysis during the spent fuel oxidation process was installed at the IMEF M6 hot 
cell.  

 



 22

Mass Flow Meter

To Hot Cell

Kr-85

V6

Inlet

OutletF1

Inlet from Hot-cell

Gross beta
Counter

I-129
(TEDA-AC)

(AgX)

Buffer
Column

Check
Valve

HTO
(Silica Gel)

FM

C-14
(NaOH Sol’n)

C-14
(NaOH Sol’n)

Cs

V=316cc
Exhaust

Mass Flow Meter

To Hot Cell

Kr-85

V6

Inlet

OutletF1

Inlet from Hot-cell

Gross beta
Counter

I-129
(TEDA-AC)

(AgX)

Buffer
Column

Check
Valve

HTO
(Silica Gel)

FM

C-14
(NaOH Sol’n)

C-14
(NaOH Sol’n)

Cs

V=316cc
Exhaust

 

 
Fig. 6. Flow diagram of measuring system for the analysis of fission gas release 

behavior.  
 
Fig. 7 shows photographs of the fission gas measurement system which was 

installed in a glove box in an out-cell of IMEF M6 hot cell area. Release behavior of 
the Kr-85 fission gas during the voloxidation and OREOX processes was analyzed 
by using this on-line measuring system. The Kr-85 gas in a gas stream flows to a 
Marinelli shaped tank, which is equipped with a NaI-type gamma detector. 
Quantitative analysis for the release fraction of the C-14 fission gas during each step 
was performed by using a scrubbing method. Effluent gas from the voloxidation 
process flowed into the 1.5M NaOH solution at a constant gas flow rate. Liquid 
samples with the same volume were taken at a specific time interval. The C-14 
activity for each sample was analyzed by the LSC (Liquid Scintillation Counting) 
method. Release fractions of the above fission gases were obtained by comparing the 
cumulative activities from the experiments with an initial inventory calculated by the 
OREGEN code. 

Fig. 8 shows a variation of 14C fission gas activity in off-gas stream during the 1st 
oxidation at 500oC for 5 ~ 10 hrs and subsequent OREOX process using spent fuel of 
35,000 MWd/tU(G23-K10A) and 65,000 MWd/tU(K23-M03) burn-up. 
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Fig. 7. Photograph of measuring system for the analysis of fission gas release 

behavior 
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(a) 1st oxidation at 500oC for 5 ~ 10 hrs 
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(b) Subsequent OREOX process 

 

Fig. 8. Variation of activity of 14C fission gas in off-gas stream released from 

the 1st oxidation and OREOX process. 
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Fig. 9 shows the schematic diagram of the equipment for measuring the Cs 
fission product release. The gamma spectrometer system (GAMMA-XTM HPGE, 
Coaxial Photon Detector System, ORTEC Gamma Vision 32 GMX Series) was 
aligned with a fragment of the spent fuel material or a green pellet located in a 
tubular furnace. The release fraction of Cs was obtained from the count rate change 
of a gamma spectrum due to the release of cesium during the thermal treatment of a 
sample. The cumulative release fraction of cesium after completion of each test was 
calculated by comparing the count rate of cesium from the spent fuel material before 
and after a test. The released Cs was completely trapped on a fly-ash filter located at 
the end of the tubular furnace. Fig. 10 shows typical gamma spectrum data from this 
experiment. 
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Fig. 9. Schematic diagram of equipment for the cesium release analysis. 
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(A) Before run                                          (B) After run  

Fig. 10. Typical gamma spectrum data measured before and after experiment. 

 
For the determination of release fraction of 129I evolved from spent fuel during 

voloxidation process, analysis scheme was proposed as shown in Fig.11. The 
recovery of iodine trapped in scrubbing solution or on silver zeolite of AgX is 
important for transmutation of long-lived fission products (LLFP) such as 129I  and 
99Tc. Recovery of iodine in scrubbing solution such as NaOH is more easier than that 
on silver zeolite. Iodine trapped on AgX filter materials is very difficult to recover 
due to high strong bond of AgI [23]. This method is based on an extraction 
technology of 129I from adsorbent used for off-gas treatment system with a 
combination of ICP analysis which would be more simple than neutron activation 
method. Applicability of this analysis method will be confirmed in a further 
experiment.  
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Fig 11. Analysis scheme for the determination of 129I released from voloxidation 
process. 
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4. CONCLUSIONS 

 
On considering candidate voloxidation process conditions for treatment of spent 

LWR fuel, it is first necessary to establish the measurement system to assess the 
release behavior of volatile and semi-volatile fission products evolved from spent 
fuel.  

Based on the published literature and an understanding of available hot cell 
technologies, more accurate measuring methods for each volatile fission product 
released from voloxidation process were reviewed and selected.  

Collection methods using appropriate material or solutions were selected to 
measure the release fraction of beta-emitting gaseous fission products at IMEF M6 
hot cell. Especially, the on-line gamma-ray counting system for monitoring of 85Kr 
and the off-line measuring system of 14C was established. On-line measuring system 
for obtaining removal ratios of the semi-volatile fission products, mainly gamma-
emitting fission products such as Cs, Ru etc., was also developed at IMEF M6 hot 
cell which was based on by measuring fuel inventory before and after the 
voloxidation test through gamma measuring technique. For the determination of 
release fraction of 129I evolved from spent fuel during voloxidation process, analysis 
method was proposed which is based on an extraction technology of 129I from 
adsorbent used for off-gas treatment system with a combination of ICP analysis. 
Applicability of this analysis method will be confirmed in a further experiment. 

The development of this measurement system may enable basic information to be 
obtained to support design of the off-gas treatment system for the voloxidation 
process at INL, USA. 
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