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Abstract – Five irradiated fuel compacts from the AGR-1 experiment have been 
examined to assess in-pile fission product release behavior. Compacts were 
electrolytically deconsolidated and analyzed using the leach-burn-leach technique to 
measure fission product inventory in the compact matrix and identify any particles 
with a defective SiC layer. Loose particles were then gamma counted to measure the 
fission product inventory. One particle with a defective SiC layer was found in the 
five compacts examined. The fractional release of Ag-110m from the particles was 
significant. The total average fraction of silver released from all the particles within 
a compact ranged from 0 to 0.63 and individual particles within a single compact 
often exhibited a very wide range of silver release. The average fractional release of 
Eu-154 from all particles in a compact was 2.4×10-4 to 1.3×10-2, which is indicative 
of release through intact coatings. The fractional Cs-134 inventory in the compact 
matrix was <2×10-5 when all coatings remained intact, indicating good cesium 
retention. Approximately 1% of the palladium inventory was found in the compact 
matrix for two of the compacts, indicating significant release through intact 
coatings.

I. INTRODUCTION

The Next Generation Nuclear Plant (NGNP) Fuel 
Development and Qualification Program was 
established to perform the requisite research and 
development on tristructural isotropic (TRISO) 
coated particle fuel to support deployment of a very 
high temperature reactor (VHTR). As part of this 
program, a series of fuel irradiation experiments is 
being conducted in the Advanced Test Reactor 
(ATR) at Idaho National Laboratory (INL). These 
experiments are intended to provide data on fuel 
performance under irradiation, support fuel process 
development, qualify the fuel for normal operating 
conditions, provide irradiated fuel for safety testing, 
and support the development of fuel performance 
and fission product transport models. The first of 
these irradiation tests, designated AGR-1, began in 
the ATR in December of 2006 and ended in 
November 2009. This experiment was primarily 
intended to act as a shakedown test of the 

multicapsule test train design and to provide early 
data on fuel performance to be used in subsequent 
fuel fabrication process development. This test also 
provided samples for post-irradiation safety testing, 
where fission product retention of the fuel at high 
temperatures will be experimentally measured. The 
capsule design and details of the irradiation 
experiment have been presented elsewhere [1].

The AGR-1 fuel particles consist of 350 μm 
diameter mixed phase uranium oxycarbide* (UCO) 
kernels with 19. 7% enrichment [2]. The kernels 
were coated with porous carbon buffer (100 μm), 
inner pyrolytic carbon (40 μm), silicon carbide 
(35 μm), and outer pyrolytic carbon (40 μm) layers.
The coated particles were pressed into right 
cylinderical compacts nominally 25 mm in length 
and 12.3 mm in diameter containing approximately 
4,100 coated particles. A baseline fuel and three fuel 

* The term uranium oxycarbide refers to a heterogeneous mixture 
of uranium oxide and uranium carbide phases
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variants were included in the AGR-1 irradiation, 
with each variant fabricated by varying one step of 
the coating process to produce slightly different 
inner pyrolytic carbon or SiC coating properties [3].
One key goal of the experiment is to identify any 
fuel performance differences between the fuel types, 
either during the irradiation or during post-
irradiation high temperature safety testing, in order 
to support optimization of the fuel fabrication 
process and eventual selection of a reference fuel for 
qualification.

A total of 72 compacts were irradiated in the 
AGR-1 experiment in six separate capsules. Each 
capsule contained 12 compacts of a specific fuel 
type, as described in Reference [3]. Each compact 
has a unique identifier in the format X-Y-Z that 
denotes the original position in the experiment. X 
indicates the capsule, Y indicates the axial level 
within the capsule, and Z indicates the stack. Fig. 1
illustrates the capsule layout and compact 
identification scheme. 

The experiment completed 620 effective full 
power days in the reactor and achieved a peak 
burnup of 19.5% fissions per initial heavy metal 
atom (FIMA) with zero particle failures observed 
based on the measured fission gas release-to-birth 
ratios [1]. At completion of the irradiation, the test 
train was transported to the Materials and Fuels 
Complex at the INL for initiation of post-irradiation 
examination (PIE).

The AGR-1 PIE campaign is a complex, 
multifaceted activity that involves the examination 
of numerous fuel compacts that span a wide range of 
irradiation temperatures (time average-volume 
average [TAVA] temperatures of 955–1137°C and 
time average maximum temperatures of 1069–
1197°C) [4] and calculated burnup (11.2–19.5% 
FIMA) [5] as well as detailed analysis of the 
irradiation capsule components. This is a 
collaborative effort between INL and Oak Ridge 
National Laboratory (ORNL). The main objectives 
of the AGR-1 PIE are to verify coating integrity and 
examine fission product retention of the fuel during 
normal irradiation conditions and during off-normal 
accident scenarios. This paper is concerned 
primarily with experiments designed to examine the 
fission product retention in the compacts and 
particles during the irradiation. These include
measurement of fission products in the compact 
matrix using deconsolidation-leach-burn-leach 
analysis and measurement of fission product 
inventory in the particles by gamma counting 
individual particles. The results of measurements of 
fission products released from the compacts and 
subsequently retained in the capsule components are 

discussed in detail in a separate publication [6] and 
are also summarized briefly here to aid in 
interpretation of the compact fission product 
retention data.

Fig. 1: Layout of an AGR-1 irradiation capsule. The 
top view shows the orientation of the three fuel 
stacks within the graphite fuel holder and the axial 
cutaway shows the four axial levels.

Additional AGR-1 PIE activities that are 
currently in progress with preliminary results
presented elsewhere include gamma scanning of fuel 
compacts to measure the burnup [7], microscopic 
analysis of irradiated compact cross-sections [8],
electron microscopy of irradiated particles using 
various techniques [9], and high temperature safety 
testing of irradiated compacts [10].

II. AGR-1 CAPSULE FISSION PRODUCT 
INVENTORY

After disassembly, the AGR-1 irradiation 
capsules were analyzed in order to determine the 
inventory of fission products that were released from 
the fuel compacts and deposited in the various 
capsule components, including the steel capsule 
shells, the graphite fuel holders, and small graphite 
spacers at the top and bottom of each graphite 
holder. The primary fission products found in the 
capsules were isotopes of silver (Ag-110m), cesium 
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(Cs-134, Cs-137), and europium (Eu-154, Eu-155). 
A detailed description of the experimental 
procedures used and the results, including an 
explanation of where specific fission products were 
distributed in each of the six capsules, are given 
elsewhere in these proceedings [6]. The results are 
summarized here to aid in the discussion of compact 
and particle examination results.

Table 1 provides the total capsule fraction of 
selected fission products found in the capsule 
components of each capsule, along with the fuel type 
that was in each capsule. The data are a measure of 
the total fractional release from compacts in each 
capsule. The fractions are determined using 
predicted end of irradiation inventories determined 
by as-run neutronics analysis of the AGR-1
experiment and reported in Reference [5]. Note that 
all measured activities discussed in this paper have 
been decay-corrected to 12:00 GMT November 7, 
2009 (one day after the end of the irradiation), to 
coincide with the predicted inventory calculations.

Table 1: Capsule fraction of selected fission products 
in AGR-1 capsule components.*

Capsule # 
Fuel 
Type Ag-110m Cs-134 Eu-154 

6 Baseline 3.8E-1 1.3E-5 4.8E-4 
5 Variant 1 2.3E-1 1.2E-5 1.4E-4 
4 Variant 3 1.3E-1 <2E-6 1.3E-4 
3 Baseline 1.2E-2 <2E-6 4.5E-4 
2 Variant 2 5.5E-2 <1E-6 1.7E-4 
1 Variant 3 3.6E-1 <3E-6 1.3E-4 

*A fraction of 2.0×10-5 is equivalent to 100% release from 
a single particle.

Most notable in Table 1 are the Ag-110m data, 
which indicate that the average fraction of silver 
release in each capsule ranged from 1.2×10-2 to 
3.8×10-1. It is likely that the irradiation temperature 
was a significant factor in determining silver release 
from the fuel. The capsule average inventory values 
in Table 1 can be difficult to interpret in this regard 
because emerging PIE data indicates that individual 
compacts within a single capsule often exhibited 
significantly different silver retention. This variable 
compact retention is consistent with the predicted 
temperatures of the compacts, which indicate a 
significant range within a single capsule (TAVA
temperatures could differ by as much as ~130°C) [4].
The fuel type (in particular the nature of the SiC 
microstructure) is also expected to affect silver 
retention. Hence, one of the main goals of the 
AGR-1 PIE is to examine silver release from 
individual compacts and particles in order to better 
understand silver behavior.

Table 1 indicates that cesium release was as high 
as 10-5 in Capsules 5 and 6, but below 3×10-6 in the 
remaining four capsules. Note that a single particle 
inventory corresponds to a capsule fraction of 
2.0×10-5. As described in Reference [6] and in 
Section III of this paper, the elevated value in 
Capsule 6 was determined to be the result of a single 
particle with a defective SiC layer in one of the 
Capsule 6 compacts, which released a significant 
fraction of cesium inventory during irradiation. 
Analysis of Capsule 5 suggests a similar cause for 
the elevated cesium activity, which is currently 
being investigated by examining two compacts from 
that capsule to identify any particles with a defective 
SiC layer. 

Europium release was less than 5×10-4 for all 
capsules, varying over a smaller range of values 
compared to cesium and silver. Measurement of the 
Sr-90 inventory in the capsule components is in 
progress but data are not available at this time. The 
measurement of the inventory of stable isotopes of 
palladium in the capsule components is also in 
progress in response to the observation of palladium 
detected outside of the SiC layer of several compacts 
(discussed in more detail in Section III). 

III. DECONSOLIDATION-LEACH-BURN-
LEACH ANALYSIS

Specific irradiated compacts have been selected 
for extensive examination based on a detailed set of 
criteria, including the need to examine the different 
fuel types and span a range of irradiation 
temperatures and burnups. Irradiated compacts are 
being electrolytically deconsolidated and leach-
burn-leach analysis performed in shielded hot cells 
at both INL and ORNL. The primary objectives of 
these analyses are to:

1. Break down the compact matrix and liberate 
individual particles for subsequent analysis
(including individual particle gamma counting)

2. Measure the inventory of fission products and 
actinides in the compact matrix

3. Identify particles with failed coatings or 
defective SiC layers.

Details of the deconsolidation-leach-burn-leach 
(DLBL) process at the two laboratories differ 
slightly due to specific experimental needs, but a 
general description is provided here. Electrolytic 
deconsolidation is performed with the compact 
within a glass tube with a grating on the bottom that 
supports the compact. The glass tube is placed inside 
of a fused silica Soxhlet thimble with a porous frit 
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base. The entire assembly is placed inside a glass 
beaker that contains a nitric acid solution. A 
platinum-rhodium wire electrode is placed on the top 
of the compact and a second electrode is placed into 
the nitric acid electrolyte solution. The acid level is 
increased until the bottom ~1 mm of the compact is 
submerged. An electric potential with a net power 
level of less than 10 watts is applied to the system, 
resulting in electrolytic oxidation of the compact 
matrix, liberating the particles which then fall 
through the grating into the Soxhlet thimble. Fig. 2
shows a diagram of the system in use at INL. At the 
completion of the deconsolidation stage, an aliquot 
of the acid solution is taken for analysis of actinides 
and fission products.

Fig. 2: Drawing of the compact deconsolidation 
setup.

At the completion of the deconsolidation step, 
the thimble is transferred into a Soxhlet extraction 
apparatus and two 24-hour extraction cycles are 
performed using fresh concentrated nitric acid 
solution for each cycle. The leachate solution from 
each of the cycles is assayed for fission products and 
actinides. The entire thimble is then transferred to an 
oven where a burn step is performed for 72 hours at 
750°C in air. This oxidizes all exposed carbon, 
including any remaining matrix debris, the outer 
pyrolytic carbon layer, and the inner pyrolytic 
carbon and buffer layers of any particles with 
fractures or holes in the SiC layer. The thimble is 
then transferred back to the Soxhlet extractor and 
two more 24-hour leach cycles are performed, with 
each solution again assayed for actinides and fission 

products. If any particles have SiC defects (fractures 
or porous pathways through the SiC layer), the post-
burn leach steps will remove the kernel exposed by 
the prior removal of the inner carbon layers during 
the burn step. Thus, the post-burn leach data can be 
used to determine the number of particles with 
defective SiC that are present based on the measured 
inventory of uranium in the solutions (a single 
irradiated kernel contains approximately 0.18 mg of 
uranium).

Analysis of the leach solutions includes gamma 
spectrometry for gamma-emitting fission products,
beta spectrometry for Sr-90, and inductively coupled 
plasma mass spectrometry (ICP-MS) for actinides 
and other non-gamma emitting fission products. If 
no defective coatings are present that would 
contribute fission products from the exposed kernels 
to the leach solutions, the combined isotopic 
inventory of the leaching solutions represents the 
total inventory released by intact SiC and retained 
by the compact.

At the time of this writing, a total of five
irradiated AGR-1 compacts (three Baseline and two 
Variant 3) have undergone DLBL analysis and 
particle gamma counting (described in the next 
section). These compacts are listed in Table 2, along 
with the calculated TAVA compact temperature, time 
average maximum temperature, burnup, and fuel 
type. 

Table 2: Irradiated AGR-1 fuel compacts used for 
DLBL analysis and particle gamma counting.

Compact Fuel type 

TAVAa 
Temp 
(°C)[4] 

TA Maxb 
Temp 
(°C)[4] 

Burnup 
(%FIMA)[5] 

6-3-2 Baseline 1070 1144 11.3 
6-1-1 Baseline 1111 1194 15.1 
3-2-1 Baseline 1051 1143 19.0 
4-4-2 Variant 3 1024 1139 16.6 
4-1-1 Variant 3 1072 1182 19.2 

a Time average-volume average temperature 
b Time average maximum temperature 

Preliminary data on the fraction of the calculated 
compact inventory for several key isotopes detected 
in the leach solutions are shown in Table 3. Note that 
a compact fraction of 2.4×10-4 is equivalent to the 
inventory within a single particle. The behavior of 
specific elements is discussed briefly below.

Additional irradiated AGR-1 compacts are 
currently being characterized by DLBL to add to the 
database and help better understand the effects of 
fuel type and irradiation conditions.
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Table 3: Compact fraction of selected isotopes measured in DLBL solutions.*
Compact Ag-110m Cs-134 Ce-144 Eu-154 Pd-105 Sr-90 U-238 

6-3-2 2.0E-4 7.5E-5 1.7E-4 6.1E-3  2.7E-4 2.8E-4 
6-1-1 1.2E-1 1.9E-5 6.9E-4 1.3E-2 1.1E-2 6.0E-4 <9.4E-5 
3-2-1 6.9E-3 <3E-6 <4E-6 8.0E-4  1.5E-6 5.0E-6 
4-4-2 2.3E-2 1.2E-5 1.3E-5 6.1E-4 1.1E-2 1.5E-5 <6.5E-5 
4-1-1 3.3E-2 <3E-7 3.4E-7 2.4E-4  1.8E-6 1.3E-5 

*A compact fraction of 2.4×10-4 is equivalent to 100% release from a single particle.

III.A. Uranium

Uranium is primarily included in Table 3 as it is 
the key indicator of the dissolution of fuel kernels in 
the leach solutions. The noteworthy observation in 
the data is that the U-238 value for Compact 6-3-2 is 
very close to a single kernel equivalent inventory 
(fractional inventory of 2.4×10-4). As the uranium
was detected in the first post-burn leach solution, it 
indicates that the particle had a defective SiC layer 
but intact pyrocarbon that prevented kernel 
dissolution during the pre-burn leaches. This finding 
was further supported by analysis of the graphite 
fuel holder from Capsule 6, which had a slightly 
elevated cesium inventory near the original location
of Compact 6-3-2 [6], with the release of cesium 
considered to be indicative of a breached SiC layer. 
Also note in Table 1 that the total inventory of 
Cs-134 in the Capsule 6 graphite holder was ~65% 
of a single particle equivalent. 

No defective SiC layers or exposed kernels have 
been detected in any of the other compacts analyzed 
to date. The U-238 values in Table 3 for these other 
compacts are all typically well below what would be 
detected if a single kernel was exposed and are at 
levels that can be attributed to contamination from 
U-238 in the hot cell. Note that while the total 
uranium inventory for Compact 6-1-1 represents 
~40% of a single particle inventory, there was no 
indication that this was from dissolution of a single 
exposed fuel kernel. The reported value was the 
result of the summation of U-238 analysis from six 
separate leach solutions, each contributing to an 
artificially high sum due to detection limits and 
some background contamination.

III.B. Silver

The fraction of Ag-110m in the compact matrix 
varied considerably over a range of 2.0×10-4 to 
1.2×10-1. Comparing these data to the data presented 
in Table 1, it can be seen that the fraction in the 
compact matrix was always significantly lower than 
the total fraction of the capsule inventory released to 
the capsule components. This demonstrates that 
silver was not well retained in the matrix and 

continued to migrate to cooler locations within the 
capsule. Thus, conclusions about silver retention in 
the particles are not easily made based on these data 
alone, since the relative fraction of silver released 
from a specific compact to the capsule components 
is not known. As will be demonstrated later, gamma 
counting of particles is a better metric for the degree 
of silver retention, especially in cases where 
significant release occurred.

III.C. Cesium

Cs-134 is used here as the primary indicator of 
cesium behavior, since measurements of long-lived 
Cs-137 in shielded hot cells are more susceptible to 
complications from in-cell contamination. The data 
in Table 3 indicate that the fraction of Cs-134 
retained in the compact matrix was less than 2×10-5

for all compacts, except for Compact 6-3-2. The 
elevated inventory in Compact 6-3-2 is almost 
certainly the result of a particle with a defective SiC 
layer (see discussion in Section III.A.). The fraction 
indicated in Table 3 for Compact 6-3-2 is equivalent 
to approximately 30% of a single particle inventory. 
As noted above, approximately 65% of a single 
particle Cs-134 inventory was found in the 
Capsule 6 graphite holder.

III.D. Europium

The fraction of Eu-154 found in the matrix 
varied by almost 2 orders of magnitude (2.4×10-4 to 
1.3×10-2). At the high end of this range, the compact 
fraction is equivalent to the Eu-154 inventory in 
approximately 50 particles. Compared with data in 
Table 1, the fraction in the compact matrix was 
always higher than the fraction that eventually 
migrated to the capsule components. This behavior 
is opposite that of silver, demonstrating that 
europium is predominantly retained in the compact 
matrix.

III.E. Cerium, Strontium

Ce-144 values in Table 3 are similar to those for 
Sr-90. The values for Compact 6-3-2 were near a 
single particle equivalent, consistent with the 
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observation that one kernel was exposed by the 
burn-leach due to a defective SiC layer. For 
Compacts 3-2-1, 4-4-2, and 4-1-1, Ce-144 and Sr-90
were well below a single particle equivalent
inventory. However, Compact 6-1-1 showed a 
relatively high cerium and strontium release, 
compared to the other three compacts with no SiC 
defects. This may be related to the unusually high 
europium release for this same compact. Note that 
europium, cerium, and strontium all form carbides 
and may have related release mechanisms. Fig. 3
demonstrates that the general trend in europium, 
cerium, and strontium release for the five compacts 
is similar, although Sr-90 and Ce-144 have fractional 
release values about 1 to 3 orders of magnitude 
lower than Eu-154.

Fig. 3: Compact fraction of Eu-154, Sr-90, and 
Ce-144 found in the compact outside of the SiC 
layer.

The data indicate that the Variant 3 compacts 
(4-4-2 and 4-1-1) released less europium, cesium, 
and strontium than the Baseline compacts (6-3-2, 
6-1-1, and 3-2-1). The conclusion could be drawn 
that Variant 3 fuel in general is more retentive of 
these fission products compared to Baseline fuel.
However, it should be noted that only a small 
number of specimens have been examined to date, 
and that there are numerous effects that have not 
been fully examined in detail.

III.F. Palladium 

Because the majority of the dominant fission 
product palladium isotopes are stable or have very 
short half lives, palladium is not considered relevant 
from a radiological safety standpoint and in-pile 
release of palladium isotopes has not been 
investigated in previous TRISO fuel examinations. 

However, due to the well known reactivity of Pd 
with SiC, as well as questions about migration of 
silver in SiC and the possible role that palladium 
may play, the release of palladium isotopes is being 
investigated during the AGR-1 PIE. This requires 
ICP-MS analysis of leach solutions to measure the 
inventory of stable Pd isotopes. The data for Pd-105 
in Table 3 show that the fraction in the compact 
matrix was approximately 1% for the two compacts 
for which a measurement was performed (no Pd 
measurement has yet been performed for the 
remaining compacts in Table 3). This result has 
prompted significant interest in further study of Pd 
migration through intact SiC. Microanalysis of 
individual particles currently in progress includes a 
detailed examination of both palladium and silver 
within the SiC layer.

IV. IRRADIATED PARTICLE GAMMA 
COUNTING

Individual particles were gamma counted at
various stages of the DLBL process to determine the 
inventory of gamma-emitting fission products. 
Analysis of the fission product inventory present in 
the particles allows the relative degree of retention 
to be evaluated. This analysis has a twofold 
objective.

Individual particles with abnormally low 
inventories of specific fission products can be 
identified, and this may be indicative of a defective 
SiC layer, as in the case of high cesium release. 
While cesium diffuses with relative ease through 
intact pyrocarbon, it is effectively retained by intact 
SiC. However, a SiC layer defect may allow cesium
to readily escape from the particle at normal 
irradiation temperatures. Therefore, particles with 
SiC defects can be identified by measuring the 
relative Cs-137 inventory. Such particles can then be 
retained for subsequent detailed microstructural
analysis to investigate the nature of the SiC defects. 

In addition to finding particles with defective 
SiC layers, the distribution of fission product 
activities among a population of particles can 
provide information about the varying degree of 
release through intact SiC. This is primarily of 
interest for silver, which may exhibit significant 
release from particles (several percent or more) such 
that differences can be detected above the 
uncertainty of the gamma counting technique. By 
measuring the degree of silver release from particles, 
specific particles with high or low release can be 
selected for detailed microstructural examination 
that may elucidate the causes of the behavior. For
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example, variations in SiC microstructure might be 
correlated with the level of silver release. 

In order to minimize the effect of particle-to-
particle variation in fissile content (due to variation 
in kernel size, density, and stoichiometry) and 
burnup, the activity of key mobile fission products
such as Ag-110 and Cs-137 is usually divided by the 
activity of a fission product expected to be mostly 
retained in the kernel (e.g., Ce-144), and the activity 
ratios are analyzed. 

Counting all of the approximately 4,100 particles 
in each compact is made possible by the relatively 
short count times required for several key fission 
products, including Cs-137 and Ce-144. Other 
important fission products such as Ag-110m and 
Eu-154 tend to have much lower total activity in the 
particles (generally <3×104 Bq for Ag-110m and 
~1×105 for Eu-154 versus 4×107 Bq for Ce-144 and 
4×106 Bq for Cs-137) and therefore require much 
longer counting times (generally several hours) to 
obtain statistically relevant quantification. As a 
consequence of the longer counting times, 
processing of all particles would be prohibitively 
time consuming. Therefore a subset of particles 
(approximately 50–150) is counted to establish a 
distribution of activities for these isotopes. 

The gamma counting of particles (typically 60 
per compact) at INL is accomplished by manually 
placing particles in glass vials and loading the vials 
in front of a germanium drifted lithium gamma 
detector to acquire a spectrum. The energy 
efficiency of the spectrometer system is calibrated 
using a 3.48×106 Bq Eu-152 point source. Count 
times are typically varied from 1 to 12 hours in order 
to minimize total experimental duration while still 
obtaining sufficient counting data to quantify 
Ag-110m activity.

All of the deconsolidated particles were gamma 
counted for selected irradiated AGR-1 compacts 
using the Advanced Irradiated Microsphere Gamma 
Analyzer (Advanced-IMGA) [11], an automated 
system developed at ORNL. The system uses a 
vacuum needle with X-Z directional movements to 
automatically select a single particle from a vial 
located on a rotating carousel, reposition the particle 
in front of a high purity germanium gamma detector, 
gamma count the particle for a predetermined time 
interval, sort the particle based on specified criteria, 
place the particle into a designated receptacle vial, 
and then repeat the process until all particles have 
been counted. Typical sorting criteria are the 
absolute activity or ratio of activities of selected 
fission products (e.g., particles with abnormally low 
Ce-144, Ag-110m, or Cs-137/Ce-144 ratios can be 
placed in separate receptacle vials for subsequent 

analysis). The system can also be used to count 
particle subsets with longer count times. Additional
details on the use of this system on irradiated AGR-1
compacts are presented elsewhere in these 
proceedings [10].

Two AGR-1 compacts (6-1-1 and 4-4-2) have 
undergone gamma counting of almost all particles in 
the compacts using the Advanced-IMGA. The count 
time for each particle was 100 seconds. Fig. 4 and 
Fig. 5 show the Cs-137/Ce-144 ratio distributions 
for compacts 6-1-1 and 4-4-2 respectively. Note that 
all of the ratios were normalized to the data set 
mean. 

A total of 8,080 particles were counted in the two 
compacts with no indication of any particles with 
SiC defects based on Cs-137/Ce-144 ratios. The 
observed ratios had a normal distribution, with 
standard deviations of 4.9% and 4.4% for Compacts 
6-1-1 and 4-4-2 respectively. Based on cesium 
distribution in the graphite holders from the AGR-1
capsules, additional compacts suspected of having 
one or more particles with SiC defects have been
selected for Advanced-IMGA analysis [6]. This 
analysis is currently in progress. Any suspect 
particles will be retained for detailed microscopic 
analysis.

Random subsets of particles from all five 
compacts listed in Table 2 have been analyzed with 
extended counting times to quantify Ag-110m 
inventories. It was found that the results varied 
considerably among the compacts. Fig. 6 presents 
the measured-to-calculated Ag-110m inventory ratio 
distributions for the sets of particles analyzed from 
each of the five compacts. The calculated single 
particle Ag-110m inventory for each particle was 
estimated by first dividing the calculated inventory 
for the relevant compact (from Ref. [5]) by the 
average number of particles in the compact. This 
average calculated single particle inventory was then 
adjusted for the variation in fissile content and 
burnup in particle by multiplying by the ratio of the 
measured Cs-137 activity for that particle to the 
average measured Cs-137 activity. The resulting 
normalized measured to calculated Ag-110m activity 
ratio is given by

��������	

�
��

������	 × �������� � (1�)��

�������
���� �

where: ��������	 is the decay-corrected measured 
Ag-110m activity of particle i, �
��
������	 is the 
average calculated Ag-110m activity for a single 
particle, �������� is the decay-corrected measured 
Cs-137 activity for particle i, and n is the total 
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number of particles counted. Note that AGR-1 PIE 
data on the mass balance of Ag-110m in the capsule 
components [6] as well as additional PIE data 
involving gamma counting of the compacts to 
determine the total Ag-110m inventory (data not yet 
published) suggest that the predicted inventory of 
Ag-110m in the compacts in Ref. [5] is correct to 
within approximately ±10%. The number of 
particles counted and the time average-volume 
average temperature of each compact is listed on the 
plots in Fig. 6 for relative comparisons.

Fig. 4: Cs-137/Ce-144 activity ratio distribution for 
4,079 particles from irradiated AGR-1 Compact 
6-1-1. Values are normalized to the mean.

Fig. 5: Cs-137/Ce-144 activity ratio distribution for 
4,001 particles from irradiated AGR-1 Compact 
4-4-2. Values are normalized to the mean.

Compacts 6-1-1 and 4-4-2 were analyzed at 
ORNL using the Advanced-IMGA while the 
remainder were analyzed at INL by manually 
loading particles for counting with a gamma 
spectrometer. Count times used for the different 
compacts varied because of large differences in 
burnup (11.3–19.2% FIMA) and the range of dates 
over which these compacts were analyzed (roughly 
12 months), as well as the wide distribution in silver 
retention behavior and the presence of particles with 

significant silver loss. Count times of 1 and 6 hours 
were used for Compact 6-1-1 particles, 4 hours for 
Compact 4-4-2, and 1 to 12 hours for the other three 
compacts.

Fig. 6: Particle gamma counting results for five
irradiated AGR-1 compacts. The ratio of measured 
to predicted Ag-110m particle activity is shown 
along with Compact ID, number of particles 
counted, and TAVA temperature. 

A subset of the selected particles for 
Compact 6-3-2 had no detectable Ag-110m activity. 
The detection limit for these particles was used as a 
conservative high bound on the actual activity and 
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used to calculate the ratio plotted in Fig. 6. These 
data are represented in Fig. 6 with solid red columns, 
while particles with measureable Ag-110m activity 
are represented in blue. 

A similar situation occurred for Compact 6-1-1. 
A 1 hour count of 122 particles showed a bimodal 
distribution in the Ag-110m retention, with 73 of the 
particles having an activity too low to measure with 
a 1 hour count. A subset containing 59 of the original 
122 particles, including 10 of the particles with no 
measureable Ag-110m activity, was reanalyzed with 
a 6 hour count time which significantly lowered the 
detection limit. The results of the 6 hour count data 
(which included measureable Ag-110m activity for 
several of the particles with previously undetectable 
Ag-110m) are represented in Fig. 6 by blue columns. 
An estimated distribution was generated for the 
remaining 63 particles, all of which had a silver 
inventory below the 1 hour measurement threshold,
based on a normal distribution extrapolation of the 
results from the 10 particles with a low silver 
inventory that were counted for 6 hours. The 
estimated distribution is represented in Fig. 6 by 
empty red columns, overlaid on the distribution 
based on measured Ag-110m activities from the 6 
hour counts. This exercise was undertaken because 
Compact 6-1-1 was the first compact analyzed and 
the particle handling was done before the silver 
distribution pattern was apparent. The purpose was 
to put as much as possible of the existing 6-1-1 data 
in the same form as that of later compacts shown in 
the other graphs. Lessons learned from 
characterization of Compact 6-1-1 were 
subsequently applied to analysis of other compacts.

Table 4 shows the average measured-to-
calculated Ag-110m ratio for the particles in each 
compact, based on the gamma counting data from 
each random subset of particles. This is 
representative of the average degree of silver 
retention by the particles in each compact. For 
Compact 6-1-1, the average silver retention was 
~0.92 for the subpopulation of particles in the upper 
peak of the bimodal distribution, about double the 
average value of ~0.45 for the entire population of 
particles analyzed.

Fig. 6 shows that the Ag-110m particle inventory 
distribution varied considerably among the 
compacts. Compact 6-1-1 showed a very broad 
distribution with about 60% of the particles 
exhibiting a noticeably lower silver retention. 
Although the other Capsule 6 compact did not show 
this bimodal behavior, the average silver retention 
was similarly low and in general agreement with the 
observed release of Ag-110m to the capsule 
components and compact matrix. Other compacts 

appeared to retain more silver, also in agreement 
with the fraction of Ag-110m detected in the Capsule 
3 and 4 components (Table 1), but the variability in 
individual particle retention was greater than 
observed for other fission products. 

Table 4: Ratio of average measured to calculated 
Ag-110m inventory for five irradiated AGR-1
compacts. 

Compact 
Measured/calculated 

Ag-110m ratio 
6-3-2 0.51 
6-1-1 0.45 (0.92)* 
3-2-1 0.93 
4-1-1 1.03 
4-4-2 0.94 

*Value in parentheses for Compact 6-1-1 indicates 
the value for the subpopulation of particles in the 
upper peak of the bimodal distribution.

It is likely that the temperature distributions 
within each compact played a significant role in 
determining the spread in the degree of silver release 
of the particles. The temperature distributions were 
radially and axially asymmetrical because of the 
geometry of the irradiation capsules and could often 
have a range of as much as ~300°C (Tmax – Tmin) for 
certain compacts [4]. Nonetheless, the contribution 
from other sources, including fuel type, is not fully
known at this time. It appears from the data in Fig. 6
and Table 4 that significant silver was released from 
Baseline particles at a TAVA temperature of 
~1070°C and higher, while Variant 3 particles were 
more retentive of silver at similar temperatures 
(compare results of compacts 6-3-2 and 4-1-1). As 
noted in Section III in relation to europium, cesium, 
and strontium release, the conclusion that Variant 3 
fuel exhibits superior performance compared to 
Baseline fuel is not warranted at this time because of 
the small number of data points and the need to 
more fully explore the range of irradiation 
conditions. A more detailed comparison of the silver 
release data with calculated time-dependent 
temperature distributions within each compact is still 
needed.

The low average Ag-110m release from the 
Capsule 3 and 4 compacts (3-2-1, 4-4-2, and 4-1-1) 
is consistent with the very low levels of Ag-110m 
found in the capsule components (Table 1). Based on 
the data in Table 1, finding a compact with 
significant silver released from the particles is not 
expected.

Some characteristics of the data presented in Fig. 
6 are difficult to explain, including the extended
low-end tail on the distribution for Compact 4-4-2, 
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indicating that some of the particles retained as little 
as ~30–40% of their Ag-110m inventory, despite this 
compact having the lowest calculated TAVA 
temperature of the five compacts analyzed. Also, the 
still relatively broad distribution for compacts that 
on average lost little silver (3-2-1, 4-4-2, and 4-1-1) 
and the high end tails that extend to as high as ~1.3–
1.4 for several compacts (6-1-1, 4-1-1) are not 
adequately explained at this time. In the case of 
Compact 4-1-1, for example, the average Ag-110m 
retention value suggests little release, but the fact 
that some particles had as much as ~40% more 
Ag-110m than predicted suggests a very nonuniform 
end-of-irradiation distribution of Ag-110m in the 
particles throughout the compact. As seen in Fig. 4
and Fig. 5, the normalized inventory of Cs-137 in all 
particles from a single compact tends to be very 
narrow (standard deviations of 4–5%). Single 
particle inventory data of other isotopes, including 
Cs-134, Eu-154 and Ru-106, indicate that
normalized distributions in all of the compacts also 
tend to be narrow (standard deviations <10%). The 
broad distribution of Ag-110m is still under 
investigation.

Based on the significant levels of silver release 
historically seen in TRISO fuel and the questions 
raised about the nature of silver transport through 
SiC, this is one of the key areas of focus for the 
AGR-1 PIE. Particles with a known degree of silver 
release can be selected and examined in detail with 
modern analytical tools. For the compacts discussed 
here, several particles from both the low and high 
end of the distributions in Fig. 6 were selected for 
microanalysis in order to investigate any correlation
between coating microstructure and silver retention. 
Analysis includes cross-sectioning followed by 
optical microscopy, electron microscopy, wavelength 
dispersive spectroscopy, and transmission electron 
microscopy. Preliminary data on microscopic 
analysis of several Compact 6-3-2 particles selected 
based on gamma count data are discussed elsewhere 
in these proceedings [9]. Nondestructive 
examination of particles by x-ray microradiography 
with tomographic reconstruction is also in progress. 
The x-ray radiographic method for irradiated 
particles is discussed in Ref. [10].

V. CONCLUSIONS

Five irradiated fuel compacts from the AGR-1
experiment have been examined in detail in order to 
evaluate the extent of in-pile fission product release. 
The analysis included deconsolidation-leach-burn-
leach and individual particle gamma counting, 
allowing measurement of the inventory of fission 

products retained in the particles and released from 
the particles but retained in the compact matrix. The 
following observations are based on the preliminary 
data presented herein:

� The results show Eu-154 and Ag-110m in the 
fuel compact matrix at levels exceeding a single 
particle equivalent inventory in the absence of 
equivalent releases of other fission products,
indicating release through intact coatings. 

� The fraction of calculated compact inventory 
released from the particles was 0–0.63 for 
Ag-110m (based on particle gamma counting 
data) and 2.4×10-4 to 1.3×10-2 for Eu-154 (based 
on DLBL data).

� Fractional release of Ce-144 and Sr-90 (based 
on DLBL data) were similar for all five 
compacts and lower than Eu-154 release by 1 to 
3 orders of magnitude. However, the trend in 
Eu-154, Ce-144, and Sr-90 release is similar for 
the compacts.

� Silver release from individual particles within a 
compact often spanned a wide range: at least 
one compact (Compact 6-1-1) contained 
particles with virtually no silver loss while other
particles from the same compact had nearly 
complete silver loss. The role of various factors 
that might influence this behavior, including 
temperature gradients in the compact, is still 
under investigation.

� The feasibility of measuring Cs-137 and Ce-144
activity in all of the approximately 4,100
particles in a compact has been demonstrated 
using the Advanced-IMGA. Two compacts were 
analyzed, and none of the particles exhibited a 
spuriously low Cs-137/Ce-144 activity ratio 
indicative of a particle with a permeable SiC 
layer. Analysis of additional compacts is 
underway.

� Approximately 1% of the total Pd-105 inventory 
was found in the matrix of two compacts, 
indicating release through intact coatings. A
matter of interest is to see if this palladium 
release can be connected with silver release.

The PIE of additional irradiated AGR-1 fuel 
compacts is currently in progress. The results of 
these experiments, as well as the subsequent detailed 
microanalysis of irradiated particles, will augment
the data presented here and continue to improve the 
understanding of in-pile fission product release 
behavior.
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