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Abstract – The Cold Finger Apparatus (KühlFinger-Apparatur – KüFA) in 

operation at JRC-ITU is designed to experimentally scrutinize the effects of 

Depressurization LOss of Forced Circulation (D-LOFC) accident scenarios on 

irradiated High Temperature Reactor (HTR) fuel pebbles. Up to 1600°C, the 

reference maximum temperature for these accidents, high-quality German HTR fuel 

pebbles have already demonstrated a small fission product release. 

This paper discusses and compares the releases obtained from KüFA-testing the 

pebbles HFR-K5/3 and HFR-EU1/3, which were both irradiated in the High Flux 

Reactor (HFR) in Petten. We present the time-dependent fractional release of the 

volatile fission product 
137

Cs as well as the fission gas 
85

Kr for both pebbles. For 

HFR-EU1/3 the isotopes 
134

Cs and 
154

Eu as well as the shorter-lived 
110m

Ag have 

also been measured. A detailed description of the experimental setup and its 

accuracy is given. The data for the recently tested pebbles is discussed in the context 

of previous results. 

 
 

I. INTRODUCTION 
 
The Cold Finger Apparatus (KühlFinger-

Apparatur – KüFA) in operation at JRC-ITU is 
designed to experimentally scrutinize the effects of 
Depressurization LOss of Forced Circulation (D-
LOFC) accident scenarios on irradiated High 
Temperature Reactor (HTR) fuel pebbles. The 
Pebble Bed Modular Reactor type of fuel is 
composed of a graphite matrix containing TRi-
ISOtropic (TRISO) coated particles. Up to 1600°C, 
the reference maximum temperature for these 
accidents, high-quality German HTR fuel pebbles 
have already demonstrated a low failure fraction of 
TRISO coated particles and a small fission product 
release. 

 

The two most recently KüFA-tested pebbles 
HFR-K5/3 and HFR-EU1/3 were irradiated in the 
High Flux Reactor (HFR) in Petten, Netherlands. 
Both fuel pebbles confirmed the low fission product 
release rate from coated particles under the 
temperature, burn-up and neutron fluence conditions 
adopted in the reactor during irradiation. HFR-K5/3 
was created in a 1988 NUKEM fuel production 
campaign tailor made for proof testing the HTR-
Modul reactor concept [1]. This pebble contains 
14600 particles in an A3-3 graphite matrix and had 
an initial enrichment of 10.6 wt% 235U. It was 
irradiated in the HFR-K5 experiment, which ended 
in May 1994. HFR-EU1/3, a German pebble 
manufactured by HOBEG, is an AVR GLE-4 type 
pebble and contains 9560 coated particles. It 
featured an initial enrichment of 16.76 wt% 235U and 
was removed from irradiation in February 2010 [2]. 
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II. EXPERIMENTAL SETUP 
 
The KüFA is used to observe the effects of D-

LOFC accident scenarios on irradiated HTR fuel 
pebbles and was originally designed by Schenk et al. 
at the Forschungszentrum Jülich [3]. A sketch of the 
setup is depicted in figure 1. A pebble is heated by a 
furnace in He atmosphere for several hundred hours, 
simulating accident temperatures up to 1800°C. In 
the He gas line, an activated charcoal trap cooled by 
liquid N2 collects the fission gas 85Kr released from 
the fuel. It is gamma monitored with a NaI detector 
for on-line measurement of an accumulating release.  

 
 
Fig. 1: The KüFA in its current configuration at JRC-
ITU [4]. 

 
Released nongaseous volatile fission products 
condense on a water cooled stainless steel plate 
(figure 2) mounted onto a supporting structure, 
forming the "Cold Finger". It is positioned above the 
fuel element in the furnace and the temperature of 
the condensation plate is kept below or in the range 
of 100°C at all times. By exchanging plates 
frequently during an experiment and analyzing the 
plate deposits by means of High Purity Germanium 
(HPGe) gamma spectroscopy, a reconstruction of the 
release of gamma-active radio nuclides as a function 
of time and temperature is obtained.  
 
 In addition to the actual KüFA heating test, several 
sub-experiments need to be carried out in order to 
accurately quantify all releases and interpret the data 
correctly. 
 

 
 

Fig. 2: Stainless steel condensation plate. 
 

II.A. Efficiency of the 
85

Kr Monitoring System 

 
During operation, He is flowing through the gas 

line of the KüFA setup slightly below ambient 
pressure at approximately 30 l/h. The part of the gas 
line containing the aforementioned activated 
charcoal is placed inside a thermally isolated metal 
sink containing a liquid N2 auto-refill system. The 
permanently cooled system will trap a fraction of 
eventually present 85Kr by attractive Van-der-Waals 
forces, which dominate the repulsive forces due to 
the statistically distributed kinetic energy of the gas 
atoms at low temperatures. Below the metal sink a 
NaI gamma detector monitors the accumulation of 
85Kr in the activated charcoal. Permanent acquisition 
with a time resolution of 6 min enables on-line 
following of the fission gas release. 

 
To obtain the total efficiency of the monitoring 

system, a certified amount of 85Kr with an activity of  
 

( )6.90.241 ±=A  kBq 

 
was brought into the gas line during normal gas 
flowing conditions. Figures 3 and 4 show the 
behaviour of the monitoring system. At first, no 85Kr 
is to be seen in the activated charcoal trap and the 
only visible peak is 137Cs from laboratory 
background radiation (channels 110-120 in figure 3). 
Later, the 85Kr gamma emission at 514 keV appears 
as a second peak and soon becomes the dominating 
signal of the spectrum (channels 80-100 in figure 3). 
Approximately 4 to 5 h after inserting the 85Kr into 
the gas line the trap has accumulated the maximum 
fraction of gas. The time evolution of the 85Kr photo 
peak integral then takes the form of a plateau with a 
small degradation in form of a slope (figure 4). This 
degradation results from the geometry of the 
activated charcoal in the gas line: it is a few mm 
thick and, therefore, allows for a migration of 
trapped 85Kr within the structure. The distance 
between the gamma emitting 85Kr atoms and the 
detector crystal may increase within this range since 
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the NaI detector monitors the activated charcoal 
from a fixed position below, resulting in a lower 
gamma counting efficiency and, thus, a degrading 
signal over time. Ceasing to cool the trapping system 
by liquid N2 leads to a prompt release of the trapped 
85Kr over a time span of 4 to 6 h. This time span as 
well as the one for accumulation may depend on the 
He gas flow and the total 85Kr activity released into 
the gas line. It also visualizes the time resolution of 
the fission gas trapping system for KüFA-tested fuel 
pebbles. 
 

 
Fig. 3: NaI gamma spectrum at different points in 
time (not calibrated). Acquisition live time (LT) of 
each spectrum is 359 s. 
 

 
Fig. 4: Time evolution of 85Kr accumulation in the 
activated charcoal (photo peak integral of each 
spectrum). 
 

When neglecting the migration of trapped 85Kr, 
dividing the average Cps value of the accumulation 
plateau in figure 4 by the activity of the calibration 
gas yields a total efficiency of 
 

( ) 4100636.05874.1 −×±=ε  

 
for the monitoring system. It includes the trapping 
efficiency of the activated charcoal as well as the 
efficiency of the NaI detector at 514 keV for the 
given geometric properties. The calibration of the 
85Kr monitoring system was redone twice using other 
certified 85Kr sources and the results were in 
agreement with the previously obtained value, 
confirming the reproducibility of the 85Kr monitoring 
efficiency across orders of magnitude of calibration 
gas activity and demonstrating a reliable fission gas 
release quantification method. 

 
II.B. Accuracy of Heating Temperature 

 
The temperature in the KüFA furnace is measured 

by two Type C thermocouples. One of these is also 
used for the temperature control: during a heating 
test, it provides a feedback to the control system to 
hold, increase or decrease the furnace heating power.  

 
Local degradation effects such as oxidation (for 

example due to surrounding porous materials gassing 
out) can damage the protection tube or the thermal 
isolation of the thermocouples. These structural 
heterogeneities may lead to a local change of electric 
conductivity and also affect the temperature profile 
across the length of the thermocouple. Particularly 
the latter phenomenon will result in a higher 
potential difference between the thermocouple 
conductors at local points and, thus, will result in a 
higher output voltage. As a consequence, there will 
be a deviation from the conductor calibration table 
and the thermocouple will read a higher temperature. 
If this is the case for the regulating thermocouple, 
the KüFA control system will decrease the heating 
power of the furnace in order to keep the nominal 
temperature at the level requested by the operator, 
meaning that over time the true temperature the 
pebble is exposed to will be significantly lower than 
what the thermocouple reads. To avoid this scenario, 
the thermocouples for the KüFA furnace should be 
replaced before every long term run of the setup or 
after a decreasing furnace heating power has been 
observed at a given high temperature plateau.  

 
After replacing the inner Ta parts of the KüFA 

setup (the heating element, the heat shield and the 
inner tube holding the pebble) and the 
thermocouples measuring and regulating the furnace 
temperature, a possible temperature drift was 
assessed using a conventional melt wire technique. A 
graphite holder containing small graphite cups with 
Ta fillings for little wire pieces of dedicated pure 
metals with well-known melting points was designed 
and can be seen in figure 5. The Ta fillings were 
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chosen to avoid the formation of eutectics between 
the pure metal wires and the graphite cups. The 
designed system was placed inside the KüFA instead 
of a pebble at the same location in the furnace. 

 

 
 

Fig. 5: Melt wire graphite holder containing 2 of 5 
possible graphite cups with Ta fillings and pure 
metal wires. 

 
Examples for metals with well-known melting 

points are Au, Cu, Fe, Ni and Pt. Fe and Ni are not 
suitable for a melt wire test with our setup since their 
respective phase diagrams with Ta show multiple 
possibilities for the formation of eutectics across a 
wide temperature range [5] [6]. To assess the 
temperature accuracy, Au, Cu and Pt were heated in 
the KüFA one at a time. For each run, the device 
heated to a selected nominal temperature, which was 
kept constant for a duration of 4 h. After cooling 
down again, the melt wire was removed and visually 
examined. Au (melting point at 1064°C) did not melt 
at nominal temperatures of 1074°C and even 
1094°C. Cu (melting point 1085°C) also did not melt 
at a nominal temperature of 1094°C, but did at 
1133°C (figure 6). Pt (melting point at 1768°C) 
formed an eutectic with Ta at a nominal temperature 
of 1770°C but did not actually melt (figure 7), 
meaning that according to the Pt-Ta phase diagram 
the true temperature must be between 1725°C and 
1768°C [7].  
 

 
 
Fig. 6: Melted Cu wire on a Ta filling. 

 
 
Fig. 7: Pt-Ta eutectic with the solid Pt wire sticking 
out in the middle. 

 
All results combined show that even for a brand 

new set of thermocouples and completely new inner 
KüFA furnace parts a drift of 30 - 45°C exists in 
such way that the true temperature of the experiment 
is lower than what the thermocouples read. While all 
plots in this paper show the nominal KüFA furnace 
temperature, the drift certainly has to be kept in mind 
when discussing the obtained fission product release 
data. 

II.C. Fission Product Deposition Profile 

 

The distribution of 137Cs was investigated on 
some samples. For this purpose, a small setup was 
designed and composed of a support structure 
holding a lead shielding, a 4 mm pinhole collimator 
made of tungsten, a LaBr3 gamma detector and a 
moveable holder for the condensation plate. The 
circular plates (diameter is 60 mm) were scanned 
with a radial resolution of 5 mm and an angular 
resolution of 45°. An example is presented in figure 
8. x and y denote the position on the plate and the 
color red depicts the surface area with the highest 
activity. 

 

 
Fig. 8: 137Cs deposition on a condensation plate from 
the HFR-K5/3 KüFA test at heating step 1600-
1800°C (nominal temperature). 
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The Cs is distributed widely across the plate but 
condensates best in the coolest surface area, which is 
at the nearest distance to the actual water cooling 
supply of the cold finger. The profile shown in figure 
8 is typical for this. Other measurements showed that 
a direct contact between the plate and the cold 
finger, which it is mounted onto, also significantly 
influences the fission product deposition profile. The 
effect is observable because even industrially 
manufactured  components such as the stainless steel 
condensation plates will feature sub-mm sized 
imperfections, leading to different heat conduction 
properties across a plate and, thus, a locally differing 
condensation efficiency.  

 
The obtained deposition profiles show that using 

a collimator when quantifying the activity on a 
condensation plate by means of HPGe gamma 
spectroscopy will lead to a systematic error. Without 
collimation, the influence of the deposition profile 
on the gamma detector efficiency calibration is 
negligible, if the distance between sample and 
detector is sufficiently high. While for the          
HFR-EU1bis/5 analyses presented in [8] a collimator 
was used for some high-activity plates, the setup was 
renewed and designed to function without 
collimation for the analyses in the context of      
HFR-K5/3 and HFR-EU1/3. 

 

II.D. Low-Activity Condensation Plate Analysis 

 
For the heating tests conducted with HFR-K5/3 

and HFR-EU1/3, condensation plates with a contact 
dose rate < 1 mSv/h were classified as low-activity 
plates and transported to a low-background gamma 
spectroscopy laboratory. The HPGe detector setup in 
that laboratory is able to assess different activity 
levels when selecting an appropriate distance 
between sample and detector in a fixed geometry by 
using a standardized plastic structure. It is 
electrically cooled and housed in a shielding system 
to ensure a low background.  

 
The calibration for this setup was performed by 

using a certified mixed standard source containing 
133Ba, 137Cs, 54Mn and 65Zn with a geometry 
representative to that of the KüFA condensation 
plates, but assuming a homogeneous distribution of 
fission products, thus neglecting the aforementioned 
deposition profile. 

 
II.E. High Activity Condensation Plate Analysis 

 
Condensation plates with a contact dose rate       

> 1 mSv/h (and ranging up to 190 mSv/h) were 
classified as high-activity plates. For these samples, 
a new setup was designed that allows for a plate 
measurement without any collimation system and, 

thus, avoids a bias on the setup efficiency calibration 
originating from the fission product deposition 
profile on the plates. A dedicated modified  La 
Calhéne transport system (figure 9) was designed to 
avoid any contamination risk during measurements 
and shield the operators against the sample. Prior to 
a measurement, the system was docked to the La 
Calhéne lock at the rear of the hot cell facility. 
Through this lock the high-activity plate to be 
analyzed was brought into the inner container before 
the system was undocked again. A coaxial HPGe 
detector placed at the same height as the plate to be 
analyzed was then aligned to the setup. The front of 
the La Calhéne transport system's outer shield was 
then sealed with foil to avoid contamination and the 
shielding was opened until it revealed the entire 
surface of the condensation plate, allowing for a 
measurement without collimation. After the 
measurement, the system was re-docked to the cell 
and the sample removed from the inner container. 
This process was repeated for all high-activity plates.  

 

 
 
Fig. 9: Inner container of the modified La Calhéne 
system. It contains a support structure to hold the Al 
box seen in the lower right, which contains the 
condensation plate to be analyzed. 
 

The system was tested for calibration stability at 
high count rates by attaching a 152Eu perturbation 
source to the HPGe gamma detector and performing 
a measurement with and without the most active 
plate from the HFR-K5/3 KüFA test (about           
100 mSv/h). For both spectra obtained, the setup 
efficiency curve is quasi identical with respect to its 
shape and the associated fitting parameters, meaning 
that the loss of counts due to detector saturation is 
negligible across the whole energy spectrum for dead 
times up to 57 %. For greater dead times, which 
occurred for some plates (> 100 mSv/h) from the 
HFR-EU1/3 KüFA test, the distance between sample 
and detector was adjusted. Due to the setup 
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parameters (60 mm plate diameter versus 0.9 - 3.0 m 
distance between sample and detector), the plate was 
assumed to behave like a point source in this case 
and the efficiency curve was scaled accordingly with 
an inverse square law. 
 

II.F. Direct Pebble Gamma Spectroscopy 

 
To cross check the total fission product release 

obtained from the condensation plates, the activity of 
the designated pebble was also measured directly by 
means of HPGe gamma spectroscopy prior to and 
after the heating test. A dedicated collimation system 
allows to measure the pebble inside the hot cells with 
the detector being positioned on the outside.  

 
III. KÜFA TEST ON HFR-K5/3 

 
The HFR-K5 irradiation took place in the HFR in 

Petten and ended in May 1994. It qualified the HTR-
Modul production fuel under operating conditions 
[1]. The irradiation lasted 23 cycles and kept four 
pebbles at a constant temperature in the range 800 - 
1000oC to simulate the multi-pass loading system of 
the HTR-Modul. No in-reactor coated particle failure 
was observed in any of the fuel spheres irradiated in 
the HFR-K5 experiment. Only HFR-K5/4 featured a 
somewhat higher in-reactor release that was caused 
by an intentionally broken coated particle prior to 
the irradiation campaign. 

 
In January 2014 HFR-K5/3 was prepared for 

KüFA testing, featuring a burn-up of 10.3 % FIMA 
[9]. Before the heating test, a gamma spectrum of the 
pebble was taken and the Cs activities were found to 
be 
 

( )01.016.0134_ ±=CsA  GBq 

( )43.596.65137_ ±=CsA  GBq. 

 
Since the weak 85Kr peak at 514 keV could not be 
observed under the setup conditions a calculated 
value for the end of irradiation [9] was propagated to 
the time of the KüFA test and yielded the value 
 

( )01.090.285_ ±=KrA  GBq. 

 
III.A. Temperature Profile 

 
The heating sequence for the HFR-K5/3 KüFA 

test started on 11 February 2014 with heating the 
pebble from 30°C to 300°C at a rate of 47°C/h. The 
temperature was held for 30 min before heating to 
1050°C at the same rate and holding that similar to 
irradiation temperature for another 30 min. The 
pebble was then heated to 1250°C with the same rate 

and held at that temperature for 90 min. After the 
three aforementioned mini temperature plateaus, 
HFR-K5/3 entered the accident phase of the 
experiment and was heated to 1600oC, again with a 
47°C/h ramp. The pebble was exposed to this 
temperature for 300 h. Subsequently, heating to 
1800°C continued at the same rate and the pebble 
was held on that plateau for another 200 h. The final 
cool down back to 30°C took place at a rate of 
75°C/h and the experiment ended on 6 March 2014 
after a total duration of approximately 564 h. 

 
All stated temperatures are nominal values read 

by the regulating thermocouples. The temperature 
drift discussed in section II.B needs to be kept in 
mind, meaning that the true temperature, which the 
pebble was exposed to, was about 30 - 45°C lower. 
Figure 10 shows that, aside from this minimal drift, 
the condition of the KüFA furnace remained stable 
throughout the duration of the HFR-K5/3 test since 
during the 1600°C and 1800°C accident plateaus the 
respective furnace heating powers were constantly 
8.9 and 12.7 kW. The notable spikes during the 
accident temperature plateaus have a magnitude of 
up to 0.5 kW and result from interacting with the 
system by retracting the cold finger for exchanging 
condensation plates.  

 

 
Fig. 10: Furnace heating power versus time for the 
HFR-K5/3 KüFA test. The profile qualitatively 
resembles the temperature profile. 
 

III.B. Measured Activities 

 
The measured radio nuclide activities for the 

HFR-K5/3 condensation plates are presented in 
figure 11. Due to the time passed since the end of 
irradiation most fission products have decayed to 
amounts below the detection limit. Only 137Cs is 
clearly present and for the high-activity plates 
additional traces of 134Cs, which exceed the hot cell 
contamination level, can be seen.  
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Fig. 11: Measured activities for the HFR-K5/3 
condensation plates. 
 

The isotopic ratio of 137Cs over 134Cs (figure 12) 
is significantly different for the high-activity than for 
the low-activity plates, indicating that the 
contamination level of the glove box, which the low-
activity plates were handled in, dominates the pebble 
release. However, even the average cumulative ratio 
of 340.40 (figure 12) still differs from the value 
(419.55 ± 52.08) obtained from the direct pebble 
gamma spectroscopy prior to the KüFA test. This 
deviation seems reasonable when considering the 
uncertainty of the ratio due to the low overall 134Cs 
inventory of only 160 MBq in the pebble. Thus, only 
the 137Cs measurements were processed to obtain the 
fractional release curve of Cs. 

 

 
Fig. 12: 137Cs/134Cs ratio for the HFR-K5/3 
condensation plates. "Cumulative" refers to the total 
activity of a radio nuclide up to a given plate. 
 

III.C. Fission Product Release 

 
Adding the obtained condensation plate activities 

up to a selected plate and dividing by the cold finger 
efficiency  

 
( )1672 ±=η  % 

 

stated in [10] provides the absolute release from the 
pebble from the beginning of the KüFA test up to 
that point in time. Normalizing to the pebble 
inventory at the time of the experiment then yields 
the fractional release of the fission product. The 
results for the HFR-K5/3 KüFA test can be seen in 
figure 13. 
 

Throughout the initial 3 mini plateaus at 300°C, 
1050°C and 1250°C no significant releases were 
observed. 137Cs builds up to about 10-5 but as already 
discussed in the context of the 137Cs/134Cs ratio a 
significant part of this contribution originates from 
the glove box the low-activity plates were handled 
in. The time evolution of the fractional release rate 
(figure 14) confirms this statement since surprisingly 
the release rate decreased during the first half of the 
experiment. Upon heating from 1250 to 1600°C the 
85Kr release became 10-5 and did not further increase 
during the entire 300 h at 1600°C. This indicates that 
no coated particle failed up to this stage and that the 
observed release originates from diffusion only. The 
137Cs release also only built up to approximately          
3 × 10-5 during the 1600°C temperature plateau. 
Despite the true furnace temperature being up to 
45°C lower, the data show a remarkable fission 
product retention capability of the fuel at the 
respective burn-up of 10.3 % FIMA in the range of 
the reference accident temperature 1600°C. On the 
contrary, while heating to 1800°C, the 137Cs release 
rapidly increased by orders of magnitude until it 
reached (9.33 ± 2.16) × 10-2 at the end of the KüFA 
test. The 85Kr also rapidly increased to a final value 
of  (6.69 ± 0.03) × 10-4, but with a delay of about 40 
- 50 h after the 137Cs, which can mostly be explained 
by the Kr percolation time through the external PyC 
layer. The final release corresponds to 9.76 coated 
particle inventories. The small plateau towards the 
end of the 85Kr release curve in figure 13 shows that 
the pebble stops to release fission products at once 
when cooled down below accident temperatures 
again. 

 
After the KüFA test, HFR-K5/3 was again 

directly analyzed by means of HPGe gamma 
spectroscopy. The total 137Cs release was cross 
checked by comparing the gamma spectra of the 
pebble before and after the heating sequence and 
found to be (2.64 ± 0.73) × 10-1 with this method. 
The difference between the values obtained from the 
condensation plates and directly from the pebble is a 
factor 2.8 and must be linked to the cold finger 
efficiency η. It is likely that η is smaller than the 
previously stated value throughout the 1800°C 
plateau since the cold finger temperature 
significantly increased during that phase of the 
experiment. Therefore, the release value obtained
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Fig. 13: Fractional fission product release from HFR-K5/3. 
 

 
Fig. 14: 137Cs release rate versus time for the HFR-K5/3 KüFA test. 
 

 
 

 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014--31149 

 

 

from the pebble analyses ought to be the correct one, 
meaning that about a quarter of HFR-K5/3's 137Cs 
inventory has been released during the KüFA test. To 
account for this in the Cs release curve, a correction 
factor has been applied to η for the 1800°C plateau 
(dotted line in figures 13 and 14). The correction is 
further discussed in section IV.C. The total release 
significantly exceeds that of the previously tested 
pebbles from the HFR-EU1bis and the HFR-K6 
irradiation campaigns, which are presented in detail 
in [8] and [10]. Further investigation concerning the 
cold finger efficiency is still ongoing. 

 
IV. KÜFA TEST ON HFR-EU1/3 

 
In the HFR-EU1 experiment 5 pebbles were 

irradiated in 2 separately controlled capsules. Two of 
the pebbles were of recent Chinese production 
(INET) while the other 3 were of former German 
production (AVR). The pebbles have a diameter of 
60 mm and contain low-enriched-U TRISO coated 
particles. The 3 German pebbles are of type AVR 
GLE-4, produced as batch AVR 21-2 in October 
1987 and manufactured by HOBEG. The 2 Chinese 
pebbles were produced by INET for the operation of 
the HTR-10 test reactor. Table 1 lists the key 
characteristics of both pebble types. 

 
Table 1: Nominal characteristics of INET and     
AVR GLE-4 pebbles [2]. 

 
Coated Particle INET AVR 

Particle batch V000802 HT 384-393 
Kernel composition UO2 UO2 
Kernel diameter [µm] 490.3 502 
Enrichment [U-235 wt.%] 17.08 16.76 
Thickness of coatings [µm]: 
 buffer 
 inner PyC  
 SiC 
 outer PyC 

 
97.7 
42.0 
37.8 
40.8 

 
92 
40 
35 
40 

Particle diameter [µm] 926.9 916 
Pebble INET AVR 

Heavy metal loading 
[g/pebble] 

5.02 6.0 

U-235 content [g/pebble] 0.858 1.00 ± 1 % 
Number of coated particles 
per pebble 

8500 9560 

Volume packing fraction 
[%] 

5.0 6.2 

Defective SiC layers 
[U/Utot] 

2.3×10-7 7.8×10-6 

Matrix graphite grade A3-3 A3-3 
Matrix density [kg/m³] 1760 1750 
Temperature at final heat 
treatment [°C] 

 1900 

During the irradiation campaign the fuel surface 
temperatures were kept constantly at 900°C for the 
INET pebbles and at 950°C for the AVR pebbles. 
The calculated maximum burn-ups were 
approximately 11% FIMA (INET) and 14% FIMA 
(AVR), which is significantly higher than the license 
limit for the HTR Modul (being about 8% FIMA). 
The burn-up deduced from the gamma spectroscopy 
measurements performed on the two AVR pebbles 
HFR-EU1/3 and HFR-EU1/4, which were 
transported to JRC-ITU in February 2013, was in 
agreement with the calculated values. The HFR-EU1 
irradiation test was performed in two campaigns 
from 29 September 2006 to 24 February 2008 (12 
reactor cycles of 28 days) and continued from 19 
October 2009 to 19 February 2010 (4 reactor 
cycles). The irradiation amounted to 445 Equivalent 
Full Power Days. 
 
 HFR-EU1/3 was prepared for KüFA testing in 
May 2014. A previously carried out gamma 
measurement in March 2013 yielded the activities  
 

( )2060110_ ±=mAgA  MBq 

( )34.225.44134_ ±=CsA  GBq 

( )63.601.89137_ ±=CsA  GBq 

( )16.002.3154_ ±=EuA  GBq. 

 
The 85Kr peak at 514 keV could again not be 
observed. A value for the end of irradiation was 
calculated by IRSN in the framework of the 
ARCHER project. Propagated to the time of the 
KüFA test it yields 
 

( )02.011.785_ ±=KrA  GBq. 

 

IV.A. Temperature Profile 

 

The HFR-EU1/3 KüFA test started on 7 May and 
ended on 13 June 2014. The heating sequence was 
supposed to be identical to that of HFR-K5/3 but 
needed to be modified due to unforeseen events, 
making the total duration of this heating test 
approximately 744 h. All stated temperatures are 
again nominal values. 

 
About 120 h after the start of the heating 

sequence a notable degradation of the two furnace 
thermocouples began. The regulating thermocouple 
read an increasingly too high temperature, causing 
the control system to continuously lower the furnace 
heating power more than 1 kW (figure 15) and, thus, 
significantly reduced the true temperature. The 
second thermocouple began to malfunction in the 
same way but more severely. About 210 h into the 
experiment it read temperatures above 1820°C, 
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causing the control system to initiate an emergency 
shutdown of the KüFA setup. Both thermocouples 
were replaced and the HFR-EU1/3 KüFA test was 
resumed on 21 May 2014 by directly heating from 
30 to 1600°C at a rate of 47°C/h and conservatively 
prolonging the 1600°C plateau. Throughout the rest 
of the experiment the setup was stable with respect 
to the furnace temperature and figure 15 shows that 
during the 1600°C and 1800°C accident plateaus the 
respective furnace heating powers were again 8.7 
and 12.7 kW, being in accordance with the HFR-
K5/3 test. 

 
During the 1800°C phase the KüFA was active on 

a remarkably hot weekend, leading to a slightly less 
efficient water cooling supply at JRC-ITU. This was 
enough to accelerate the heat up of the cold finger to 
critical temperatures, which were already observed 
in the 1800°C phase of the HFR-K5/3 KüFA test. To 
avoid another emergency shutdown of the system, 
which happens automatically when the cold finger 
temperature exceeds 115°C, condensation plates 
were exchanged more frequently. In two cases this 
was not possible because of laboratory safety reasons 
and instead the furnace temperature was reduced to 
1600°C again for a few hours. 

 

 
Fig. 15: Furnace heating power versus time for the 
HFR-EU1/3 KüFA test. The profile qualitatively 
resembles the temperature profile. 
 

IV.B. Measured Activities 

 

Radio nuclide activities obtained from the    
HFR-EU1/3 condensation plates are depicted in 
figure 16. Next to 134Cs and 137Cs there also was a 
significant presence of 110mAg and in most cases 
154Eu. 

 
For HFR-EU1/3, the 137Cs/134Cs ratio (figure 17) 

is again significantly different for the high-activity 
than for the low-activity plates. Compared to the 
setup contamination level of 137Cs, the contamination 
level of 134Cs and the other shorter-lived radio 

nuclides is significantly lower since the KüFA tests 
in recent years were mainly conducted with old fuel 
pebbles. A dominating 137Cs cross contamination 
explains the systematically too high 137Cs /134Cs ratio 
for the low-activity condensation plates while for the 
high-activity plates the ratio is constantly 3.01. 
 

 
Fig. 16: Measured activities for the HFR-EU1/3 
condensation plates. 
 

 
Fig. 17: 137Cs/134Cs ratio for the HFR-EU1/3 
condensation plates. 
 

IV.C. Fission Product Release 

 

The HFR-EU1/3 KüFA test results can be seen in 
figure 18. The cold finger efficiency η was assumed 
to be the same for all volatile fission products, which 
is not necessarily true and needs to be investigated 
further in the future. During the initial 3 mini 
plateaus at 300°C, 1050°C and 1250°C no 
significant releases were observed for Cs, 154Eu and 
85Kr. The high contamination level of 137Cs again 
built up to a release of 10-5. At the same time the 
134Cs release stayed below 10-6, providing more 
correct information about the pebble's behaviour due 
to the significantly lower cross contamination level. 
The 110mAg release on the contrary was notable from 
the beginning of the heating sequence. After the 
1050°C plateau it was still below 10-5, but after the 
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Fig. 18: Fractional fission product release from HFR-EU1/3. 

Fig. 19: Volatile fission product release rates versus time for the HFR-EU1/3 KüFA test. 
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1250°C plateau it already grew to 5 × 10-3. At 
1450°C on the heating ramp to 1600°C the 110mAg 
release amounted to 2 × 10-2 even before the 
reference accident temperature was reached.  

 
100 h after the start of the KüFA test and well 

into the 1600°C plateau the 134Cs and 154Eu releases 
have become approximately 3 × 10-5 and 9 × 10-5 
while the 85Kr release has stayed below the detection 
limit in the range of 10-6. Almost a quarter of the 
110mAg present in the pebble has been released at this 
point. After about 430 h at a nominal temperature of 
1600°C (partially significantly less due to the 
thermocouple failure in-between) and the subsequent 
heating ramp to 1800°C, slightly more than 10-4 of 
the 154Eu inventory has been released. The 134Cs 
release was still below 3 × 10-4 and no detectable 
amount of 85Kr has been released up to that point. 
Also 110mAg increased only from 2.5 × 10-1 to about 
3 × 10-1 during the long 1600°C plateau. Apart from 
the initially high 110mAg release the behaviour up to 
this point underlines the fission product retention 
capability of the German fuel like the results of the 
HFR-K5/3 KüFA test already did. This can also be 
noticed by looking at the fractional release rates for 
the volatile fission products presented in figure 19 
and is remarkable when considering the high pebble 
burn-up of 14% FIMA. For all fission products apart 
from 110mAg, the rate never exceeds the range of       
2 × 10-6 1/h before the 1800°C plateau. During the 
1800°C phase of the HFR-EU1/3 KüFA test the 134Cs 
release rapidly increased by orders of magnitude 
until it reached (2.50 ± 0.55) × 10-1 at the end of the 
experiment. In this phase the pebble release 
dominated the setup contamination level of 137Cs, 
leading to consistent release curves for 134Cs and 
137Cs. The 154Eu release gradually increased to        
(6 ± 2) × 10-4 and the release of 85Kr also became 
detectable during this phase, being again delayed   
40 - 50 h with respect to the Cs and yielding a final 
value of (1.263 ± 0.006) × 10-3. Figure 18 also 
depicts that the 85Kr release stops at once when 
cooling the pebble down to 1600°C again. For HFR-
EU1/3, the final 85Kr release corresponds to 12.1 
coated particle inventories. Throughout the 1800°C 
segment of the heating test 110mAg was again released 
at excessive rates (figure 19), resulting in a total 
release of quasi the complete pebble inventory     
(9.9 ± 3.9) ×10-1. 

 
Like the previous pebble HFR-EU1/3 was again 

gamma counted after the KüFA test. 110mAg was 
hardly to be seen in the post-KüFA-test spectrum, 
supporting the stated release of nearly the complete 
pebble inventory and also confirming that the chosen 
cold finger efficiency for Ag is consistent, at least at 
1600°C. While 154Eu could be observed, the 
uncertainty is too high to reasonably interpret the 

release value obtained with this method. The correct 
total release values for 134Cs and 137Cs obtained by 
direct gamma counting are consistent and amount to 
(6.93 ± 0.24) × 10-1 and (6.88 ± 0.34) × 10-1 
respectively. Like for HFR-K5/3, they are 
significantly higher than the values obtained from the 
condensation plates, which might again be connected 
to the unstable temperature conditions of the cold 
finger during the 1800°C accident phase changing 
the cold finger efficiency. The dotted lines in figures 
18 and 19 show the corrected release curves. The 
fact that Ag110m was significantly released before the 
1800°C phase of the experiment with overall 
consistent values obtained from the condensation 
plates and by means of direct gamma spectroscopy 
of the pebble promote the hypothesis of a large cold 
finger efficiency decrease during the 1800 °C phase. 
Further analyses need to be carried out and in 
particular the impact of the thickness of fission 
product deposit layers on the plates, originating from 
massive releases, should be investigated. A Cs 
release of almost 70 % is outstanding and was never 
observed in previous heating tests carried out at 
JRC-ITU. 

 
V. CONCLUSIONS 

 
Prior to the testing of HFR-K5/3 and HFR-EU1/3 

the KüFA setup and associated support experiments 
were significantly reflected and partially improved. 
The efficiency of the 85Kr on-line gas monitoring 
system was found to be stable across orders of 
magnitude of fission gas activity. The accuracy of the 
furnace temperature was assessed by a dedicated 
melt wire technique and a minimal drift of 30 - 45°C 
was discovered in such way that the furnace 
temperature is systematically overestimated, 
resulting in all nominal temperatures being slightly 
higher than the respective true temperature. 
Comparing the furnace heating power data of the 
recent 2 experiments to the data of previous heating 
tests strongly indicates that the furnace temperature 
was significantly overestimated for selected 
campaigns in the past, e.g. for HFR-EU1bis/5, due to 
not exchanging degraded thermocouples. This 
possibly explains the very low Cs release measured 
during the extensive 1800°C heating period in that 
campaign and also the complete absence of 85Kr 
release (for a detailed discussion of HFR-EU1bis/5 
the reader is referred to [8]). To further improve the 
temperature accuracy pyrometric techniques or an 
on-line fixed point cell system could be adapted to 
the KüFA in the future. Investigating the Cs 
deposition profile on the KüFA condensation plates 
motivated the development of the new high-activity-
plate setup, which functions without collimation and 
is more accurate than the previously used glove-box 
setup. It is also safer in terms of the ALARA 
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principle since no high-activity plates need to be 
handled directly by the operator anymore. Finally, 
gamma counting a pebble prior to and after a KüFA 
test provides an easy to perform cross checking 
method for the total releases of the volatile fission 
products. In that context, the unstable cold finger 
temperature at 1800°C furnace temperature as well 
as the associated cold finger efficiency η need to be 
reassessed since, with the current configuration, the 
Cs release values obtained from the condensation 
plates and from direct pebble gamma counting differ 
by a factor of 2.8. 

 
HFR-K5/3 retained 137Cs and 85Kr remarkably 

well during the 1600°C phase of the accident test, 
only releasing about 3 × 10-5 and 10-5 respectively. 
No coated particles seem to have failed at 1600°C, 
while at 1800°C the 137Cs release increased to    
(2.64 ± 0.73) × 10-1 and the 85Kr release became 
(6.69 ± 0.03) × 10-4, corresponding to 9.76 coated 
particle inventories. The pebble notably even 
retained the 85Kr for about 40 - 50 h during the 
1800°C accident phase before the excessive release 
started. HFR-EU1/3 retained all fission products 
except 110mAg well up to the beginning of the 
1800°C accident phase. Slightly more than 10-4 of 
the 154Eu and slightly less than 3 × 10-4 of the 134Cs 
inventory were released up to this point of the 
experiment while 85Kr could not be seen at all. At 
1450°C on the heating ramp to 1600°C already        
2 × 10-2 of the 110mAg inventory was released even 
before the reference accident temperature was 
reached. Throughout the 1800°C phase of the HFR-
EU1/3 KüFA test, the entire 110mAg inventory of the 
pebble was released and also the Cs release 
increased to about 70 %, significantly exceeding all 
previous heating tests carried out at JRC-ITU. 
Furthermore, a total fraction of (6 ± 2) × 10-4 154Eu 
was released and, again after 40 - 50 h into the 
1800°C accident phase, the release of 85Kr became 
significant and amounted to (1.263 ± 0.006) × 10-3 at 
the end of the campaign, corresponding to 12.1 
coated particle inventories. 

 
The releases obtained from KüFA testing HFR-

K5/3 and HFR-EU1/3 are significantly higher than 
the ones found after previous heating tests with fuel 
pebbles from the HFR-K6 and the HFR-EU1bis 
irradiation campaigns. Possible reasons for this are 
an overestimation of the KüFA furnace temperature 
in the past exceeding 30 - 45°C, an overestimated 
cold finger efficiency η and, of course, the different 
burn-up history for each pebble. For the recently 
tested pebbles η was assumed to be the same for all 
gamma emitting volatile fission products and needs 
to be investigated further in the future. The obtained 
release data indicates that especially for Ag the given 
value of η seems correct and similar to that of Cs, at 

least up to 1600°C. Overall, it can be stated that, 
apart from the high 110mAg release from HFR-EU1/3, 
the tested fuel retains fission products remarkably 
well at a nominal accident reference temperature of 
1600°C. However, for temperatures towards 1800°C 
the retention capability decreases significantly. 
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