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COMPARISON OF U.S. AND FRG POSTIRRADIATION EXAMINATION PROCEDURES 
TO MEASURE STATISTICALLY SIGNIFICANT FAILURE FRACTIONS 

OF IRRADIATED COATED-PARTICLE FUELS 

M. J. Kania, F. J. Homan, and A.-W. Mehner* 

ABSTRACT 

Two methods for measuring failure fraction on irradiated 
coated-partlcle fuels have been developed, one in the United 
States (the IMGA system — Irradiated-Microsphere Gamma Analyzer) 
and one in The Federal Republic of Germany (FRG) (the PIAA 
procedure — Postlrradiation Annealing and Beta Autoradiography). 
A comparison of the two methods on two standardized sets of 
Irradiated particles was undertaken to evaluate the accuracy, 
operational procedures, and expense of each method in obtaining 
statistically significant results. 

From the comparison, the postirradiation examination 
method employing the IMGA system was found to be superior to the 
PIAA procedure for measuring statistically significant failure 
fractions. Both methods require that the irradiated fuel be In 
the form of loose particles, each requires extensive remote hot-
cell facilities, and each is capable of physically separating 
failed particles from unfailed particles. Important differences 
noted in the comparison were 

• failure fraction results with IMGA were more accurate; 
• the IMGA system is fully developed, automated, and in 

routine use; 
• the IMGA method allows fission product identification and 

quantification of fission product release; 
• failure fraction determinations are independent of particle 

coating type and failure mechanism with IMGA; and 
• the high initial cost of an IMGA system is offset by 

increased throughput. 

We recommend that the failure fraction determinations on 
irradiated coated-particle fuels be made with the IMGA system 
for candidate high-temperature reactor fuels from both the U.S. 
and FRG development programs. 

*Kernforschungsanlage Julich, FRG. 
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INTRODUCTION 

The basic fuel unit for the High-Temperature Gas-Cooled Reactor (HTGR) 
Is the coated particle.1 A commercial HTGR core will contain 109 to 1011 

coated particles. The particle coatings are the primary containment for 
the fission products generated in the fuel during operation. The two 
commonly used coating designs are called Blso and Trlso coatings. The 
Blso coating Is a two-layer system consisting of a porous inner layer of 
low-density carbon surrounded by a high-density, Isotropic pyrocarbon 
outer layer. The Trlso coating is a four-layer system with the first two 
layers similar to the Blso coating followed by a layer of silicon carbide 
and another layer of high-density pyrocarbon. 

The primary performance attribute for coated-particle fuels is fission 
product retention. Gaseous fission product release must be maintained at 
very low values to meet the plant site boundary radiation release limits. 
Metallic fission product release must be kept low so that plant main-
tenance operations can be performed with minimum cost and worker exposure. 
The core designer needs precise information concerning fission product 
release (both gaseous and metallic) from the coated particles, as func-
tions of operating temperature, neutron exposure, burnup, etc. This 
information is used to calculate integrated release from the entire core, 
to make the necessary design trade-offs to keep the site boundary doses 
below the legislated limits, and to develop a workable maintenance 
philosophy. 

Performance goals have been established for the fuel used in dif-
ferent HTGR applications.2'3 These goals are based on target total release 
figures for gaseous and metallic fission products, as discussed above, and 
measured fission product release fractions from failed particles. For the 
direct-cycle HTGR it is desirable that the total fissile particle failure 
be below 1 part in 10,000. For the steam cycle HTGR the failure fraction 
should be below 5 i/arts in 10,000. Failure is defined as particles with 
broken or defective coatings, including both coatings that are defective 
as fabricated and coatings that become defective during irradiation. A 
defective coating is further defined as one through which a "significant" 
fraction of gaseous and metallic fission products escape. 
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This report describes Che comparison of two postlrradlatlon examina-
tion procedures developed to measure statistically significant failure 
fractions on irradiated coated-particle fuels. One method, developed at 
ORNL, employs the Irradlated-Microsphere Gamma Analyzer System (IMGA);1**5 

the other method was developed at the Kernforschungsanlage Julich (KFA) 
and uses the Postlrradlatlon Annealing and Beta Autoradiography (PXAA) 
procedure.6 This comparison addresses the reliability and the accuracy 
of the two methods in determining failure fractions, and a final recom-
mendation is made for the adoption of one method in fuel particle perform-
ance evaluation. 

BACKGROUND 

The measurement of low failure fractions in the 10~2 to 10 - 5 range 
requires advanced procedures that are accurate, reliable, and applicable 
within a reasonable amount of time. Failure fraction determination is a 
complicated statistical process, and many factors contribute to the diffi-
culty of this measurement. Among the most important factors that must be 
considered are that 
1. the need for statistically significant results and associated high 

confidence requires the examination of large numbers of irradiated 
particles; 

2. examination of large numbers of irradiated fuel particles requires 
sophisticated remote hot-cell facilities containing automated 
equipment; 

3. with low failure fractions, misclassiflcatlon of small numbers of 
particles out of thousands of examinations can produce large errors 
in failure fraction results; 

4. induced particle failures during normal postlrradiation examination 
procedures or the use of destructive tests can result in erroneously 
large failure fractions; and 

5. the failure fraction measurement must be independent of the specific 
mechanism causing failure and Independent of coated-particle type. 
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The objective of this Project Work Statement, PWS FD-13, was to com-
pare and evaluate the postirradiation examination procedures used ln IMGA 
and PIAA for making statistically accurate failure fraction measurements. 
Careful consideration was given to each of the factors discussed earlier 
for both IMGA and PEAA. To accomplish this objective two standard batches 
of fuel were selected for examination: (1) batch E0-819/820, a (Th,U)02 

kernel with a Trlso coating, which was irradiated in experiment BR2-P21, 
of the FRG fuel development program,7 and (2) batch A-601, a weak-acid-
resin-derived UCJJOJ-J,. kernel with a Triso coating, which was irradiated in 
experiment OF-2 in the U.S. development program.8 A set of particles from 
each experiment was obtained and each set was evaluated first with the 
IMGA system and then with the PIAA method. The original PWS FD-13 (dated 
January 1978) is shown in Appendix A. The actual work schedule is shown 
in Appendix B. This work was completed about two and one-half years later 
than initially planned. Most of this delay was associated with problems 
in shipping the German particles to the United States for examination 
with IMGA. 

The two methods of interest here were developed Independently, one ln 
the United States and the other in the Federal Republic of Germany, (FRG) 
but with the same ultimate purpose. The IMGA basically consists of a high-
resolution gamma-ray detector, a minicomputer-based pulse height analyzer, 
an automated remote particle handler, and appropriate interfaces to 
establish communication links between the three components.^>5 The com-
ponents have been integrated into a fully automated and versatile system. 
The unique component is the automated particle handler, shown in Fig. 1, 
and it has been Installed ln a shielded cubicle. It consists of three 
parts: a particle singularlzer, which selects a single particle from a 
large population and loads it into a sample holder; a sample changer, 
which contains three sample holders 120° apart and rotates the particles 
from the load position to detector position and finally to the drop 
position; and a particle collector, which contains 20 bins in which par-
ticles can be classified according to their radioisotopic analyses. 

The IMGA system measures a gamma-ray spectrum for each fuel particle 
examined. A subsequent, quantitative analysis of the gamma peaks of 
important fission products, coupled with knowledge of the chemical and 
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Fig. 1. Views of the automated particle handler showing (A) particle 
feed hopper; (B) lndividuallzer drum; (C) sample changer; (D) sample 
collector; (E) unloading mechanism; (F) Bodlne motor; (G,H) driving and 
driven halves of Geneva mechanism, respectively; and (J) 1:2 right-angle 
drive unit. 
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physical properties of theBe fission products, permits an assessment of 
the particle's performance. Figure 2 shows a detailed flow diagram of 
the procedure used in the IMGA examination. The actual failure fraction 
determination is based upon a particle's ability to retain fission products. 
Failed-nonfailed decisions are based on the ratio of the activity of a 
volatile fission product to the activity of a nonvolatile fission product. 
This activity ratio gives a direct measure of the fission-product reten-
tion properties. Volatile or extremely mobile fission and activation pro-
ducts in HTGR fuel particles are 1 1 0 mAg, 13ltC8, i 3 7Cs, and 1<+1*Ce (which is 
typical of the other rare earths). Chemically stable and nonmobile fission 
products are 9 5Zr and 1 0 6Ru. By combining the results from a significant 
population of examined particles, a statistically significant failure 
fraction can be determined with high confidence. 

The FIAA method6 uses two remote particle-handling devices to load 
Irradiated particles, Fig. 3, and to unload selected individual particles, 
Fig. 4, and a helium-swept annealing furnace. The procedures employed by 
the PIAA method are to load specially designed graphite trays with loose 
particles and to anneal them in a helium-swept environment at 1000°C for 
up to 5 h. If a particle fails during the annealing step, liquid nitrogen 
cold traps in the helium sweep circuit trap the radioactive krypton and 
xenon fission gases that escape. The traps are monitored continuously 
during the anneal. The graphite trays are arranged one on top of the 
other, with the bottom of each tray forming a surface above particles in 
the tray beneath it. In this manner PIAA can process several hundred 
particles at the same time. During the high-temperature anneal, mobile 
or volatile fission products released from broken or defective particles 
are deposited onto this surface. After completion of the anneal, the 
loose particles are removed by placing a similar tray on top so that the 
identity and position of each particle can be maintained. The empty trays 
are then autoradiographed with beta-sensitive film. Figure 5 is a flow-
sheet of the PIAA method. Since the particles are located in individual 
holes in each B-tray (one particle per hole in tray), the activity 
detected in the exposed beta-sensitive film can be correlated with the 
defective particle responsible for the release. To form a failure frac-
tion using PIAA, it is necessary to examine a statistically significant 
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Fig. 2. 
FAILFRAK. 

Flow diagram of IMGA fuel particle examination program, 
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Fig. 3. Sample apportioning and loading device. Components of 
the device are 1, graphite B-tray with individual holes for particles; 
2, particle selector; 3, particle hopper; 4, particle storage bin; 
5, filling nozzle; and 6, graphite A-tray with blind holes capable of 
holding 100 particles. Photograph courtsey of KFA Julich. 

Fig. 4. Individual particle selector and control mechanism. 
Photograph courtesy of KFA Julich* 
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Fig. 5. Failure-fraction detection on bonded fuel particles by PIAA 
technique requires only routine hot cell operations. 

particle population with annealing followed by autoradiography. The 
number of defective particles is determined by counting the number of dark 
spots on the exposed film. The exposed areas are due to released volatile 
fission products or activation products such as cesium and strontium. 

STANDARD FUEL BATCH SELECTION 

To perform an unbiased comparison, the same set of particles from 
each standard batch was examined by IMGA and PIAA procedures. The pro-
posed material and information flow chart agreed to by both ORNL and KFA 
is shown in Fig. 6. Particles from the U.S. standard batch A-601 were 
obtained from fuel rod C-2-2 irradiated in the OF-2 experiment. Particles 
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Fig. 6. Proposed material and information flow chart. 

from the FRG standard batch EO 819/820 were obtained from fuel rods 3707 
and 3735 irradiated in the BR2-P21 experiment. Loose particles for each 
standard batch were obtained by electrolytic deconsolidation of the fuel 
rods. A general description of the operating conditions and documentation 
of the deconsolidation process for each fuel rod are provided below. 

FUEL ROD C-2-2 

This fuel rod achieved a fast fluence of 8.5 x 10 2 5 neutrons/m2 

(>29 fJ) in the Oak Ridge Research Reactor (ORR) over a period of 380 
full-power days at 30-MW reactor power.9 Peak operating temperature was 
about 1350°C. This fuel rod contained fissile particle batch A-601, a 
weak-acid-resin-derived particle with a Triso coating, and fertile par-
ticle batch J-488, a Th02 particle with a low-temperature isotropic Biso 
-.oating. The fissile particle achieved a burnup of about 74% fissions per 
initial heavy-metal atom (FIMA) and the fertile particle about 4.1% FIMA. 
The fuel rod was fabricated by the slug-injection process and contained, 
ln addition to the fuel particles, both shim and Inert particles. 
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Electrolytic deconsolidation10 was used to obtain loose fuel particles 
for IMGA and PIAA examination. However, a portion of rod C-2-2 had been 
used in the postirradlatlon metallographic samples, so only about one-half 
to three-fourths of the rod was available for deconsolidation. Figure 7 
shows the deconsolldated rod after drying. Both photographs show debonded 
fuel particles as well as shim particles. Figure 7(a) shows three notice-
able particles with cracked coatings, and in Fig. 7(b) one particle is 
shown with a broken outer coating. Figure 8 shows the rejected and 
accepted fractions directly after shape separation. The rejected fraction, 
Fig. 8(a), consists primarily of matrix material and shim particles plus 
extraneous debris. However, several particles or coating fragments can 
also be seen in the figure. The fraction of particles sent for IMGA 
examination, Fig. 8(b), was split with a random sampler into two portions, 
and one portion was introduced into the automated particle handler. 

It is standard practice10 to submit a sample of the electrolyte 
solution from the deconsolidation for determination of uranium and thorium 
contents. A 10-mL sample of the total 400-mL electrolyte solution was 
submitted for analysis, and the results are shown in Table 1. As shown, 
significant amounts of thorium and uranium were found. This was expected 
from the sectioning of the rod for metallographic purposes. In actual 
failure fraction determinations the chemical analysis results must be 
taken into account, since they provide information on whether particles 

Table 1. Chemical analysis of electrolyte solution from 
deconsolidation of OF-2 fuel rod C-2-2 

Content, g/L 
Sample*2 

Thorium^ Uranium* 

OF-2 C-2-2 0.095 0.0024 
aTotal sample size was 10 niL. 
^Heavy-metal inventory of particles at end of 

irradiation. 
Fertile: 0.007 mg V per particle 

0.539 mg Th per particle 
Fissile: 0.014 mg U per particle 
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R-76081 

Fig. 7. Fuel particles from OF-2 fuel rod C-2-2 directly after 
deconsolidation. Photographs show particles as well as matrix and shim 
particles, (a) Three particles are noticable with broken outer coatings, 
(b) One particle has a broken outer coating. 
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R-75082 

Fig. 8. Material from the deconsolidation of OF-2 fuel rod C-2-2. 
(a) Rejected fraction, which consists primarily of matrix and shim 
particles; however, several particles or coating fragments can be seen. 
(b) Fraction of particles sent for IMGA examination. 
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were damaged In the deconsolidation process or if there were gross failures 
during the irradiation. With other OF-2 fuel rods (not used for metal-
lography) that were deconsolldated, no uranium or thorium was detectable 
in the electrolyte sample. 

Considering the total electrolyte volume of 400 mL, 38 mg Th and 
0.96 mg U were recovered. This quantity is due to failed fuel, If any, 
together with that fuel in which failure was induced by metallographic 
sample preparation. The total thorium content represents about 71 fertile 
particles with an end-of-life (EOL) fertile inventory of 0.539 mg/particle. 
The contribution to the total uranium Inventory due to the 233U contained 
within these 71 particles amounts to 0.50 mg* The remaining 0.46 mg U is 
then attributed to the fissile particles. Because each fissile particle 
contains 0.014 mg U the total number of failed fissile particles is 33. 
The contribution to the total inventory from the metallographic sample 
preparation can be estimated by considering the number of particles, both 
fissile and fertile, per unit length of fuel rod* For the 50.8-mm-long 
fuel rod, about 97 fertile and 47 fissile particles were contained per 
millimeter of rod length. (This 1-mm thickness represents the approximate 
number of fuel particles that would be failed during sectioning of the 
rod*) The ratio of fissile to fertile particles in this section is 0.48. 
From the chemical analysis results, the ratio of failed fissile to failed 
fertile particles is 0.46. By increasing the number of failed fissile par-
ticles by 1 also gives a ratio of 0.48. Therefore, we concluded that a 
total of 71 fertile and 33 fissile particles were failed by sectioning of 
the rod, and one fissile particle was failed by irradiation. 

FTJEL RODS 3707 AND 3735 

These fuel rods were irradiated in the upper capsule of BR2-P21. The 
particles in the rods achieved a fast fluence of 14.3 x 10^5 neutrons/m2 
(>16 fJ) In the Belgian research reactor BR2 over an irradiation time of 
380 equivalent full-power days. Peak operating temperatures were about 
1600°C in rod 3735. The experiment was intended to show Irradiation 
behavior of fertile particles in molded rods. The design was planned to 
be used ln an advanced German helium-coded direct-cycle reactor. Both 
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fuel rods contained fertile particle batch EO 819/820, a (Th,U)02 particle 
containing about 5% U. Final burnup of these particles was 8.8% FIMA for 
rod 3707 and 9.6% FIMA for rod 3735. 

During the irradiation, rods 3707 and 3735 were broken into two pieces. 
Visual inspection of the inner surfaces of the broken rods revealed no 
failed particles. The smaller pieces were deconsolidated by a chemical 
method [20% (NH4)2S208 in concentrated l̂ SOi* at room temperature]. About 
1700 particles were received from rod 3707 and 2700 from rod 3735. The 
remaining pieces were used for uetallographlc examination. 

As-received particles from chemical deconsolidation are shown in 
Figs. 9 and 10. About half of all visually intact particles were sub-
mitted for PIAA and later for IMGA examination. 

Y-183704 

2 mm 

Fig. 9. Deconsolidated fuel particles from rod 3707. 
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Y-183705 

2 mm 

Fig. 10. Deconsolldated fuel particles from rod 3735. 

Gamma spectrometry was performed on solid and liquid samples 
separated from particles. Results are given ln Table 2, and the numbers 
of failed particles have to be added to the final amount of failed 
particles determined by PIAA. 

Table 2. Results from gamma spectrometry 
of electrolyte and graphite matrix 

Rod « 7 C s 
(counts/s) 

Equivalent failed 
particles 

3707 5 x 106 11 
3735 6.8 10 
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IMGA ANALYSIS 

Particle batch A-601 from fuel rod C-2-2 was examined with the IMGA 
system in one continuous run lasting about 110 h. During this period 
3939 fueled particles were examined along with a large population of 
inert particles. In a similar manner, particle batch GO 819/820 from fuel 
rods 3707 and 3735 was examined in continuous IMGA examination runs 
lasting 35 and 38 h, respectively. We analyzed 977 particles from rod 
3707 and 927 particles from rod 3735. 

For each fueled particle examined from these three groups of particles, 
a number of important gamma-ray energy peaks were selected from the full 
energy spectrum (50 keV to about 1.6 MeV). These correspond to heavy 
metals, fission products, or activation products of interest. Table 3 
lists those gamma-emitting isotopes and the important energy peaks that 
were recorded for each particle of the respective groups. For batch A-601 
only ten gamma peaks were recorded. These Included eight fission or 
activation products plus the two X-shell fluorescent x rays from 232Th at 
90.0 and 93.5 keV. The latter two were used to make the fissile-fertile 
particle split for rod C-2-2. Only the fissile batch A-601 was of interest 
here. For each group of particles from batch E0 819/820, 12 fission or 
activation product peaks were recorded. This particle batch contained a 
(Th,U)02 kernel, and no split was required. 

FUEL ROD C-2-2, PARTICLE BATCHES A-601 AND J-488 

The counting time for each particle from this rod was 60 s of analog-
to-digltal converter (ADC) live time; inert detection was accomplished in 
a matter of milliseconds. The gamma peaks, shown in Table 3, the counting 
statistic for each peak, and the time at wĥ .ch the examination spectrum 
was accumulated were permanently recorded for each particle. These last 
data were used to adust decay time for each data set. This adjustment is 
necessary with long examination periods during which many particles are 
examined, whose respective fission product inventories will eventually be 
compared. 

The results of the fissile-fertile particle split are shown in Fig. 11 
in histogram form. The histogram, 50 channels wide, was formed by summing 
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Table 3. Selected peaks from gamma spectra measured on Irradiated 
particles from batch A-601 and batch EO 819/820 

Counting errors, o m a 

Peak Isotope Energy 
(keV) A-601& 

E0 819/820® Source 
A-601& 

3707 3735 
1 232Th 90.0 d 2.78 2.86 Ka2 x ray from 232Th 
2 232Th 93.5 d 2.14 2.19 Kai x ray from 232Th 
3 ^ C e 133.5 0.60 0.66 0.79 Fission product 
4 125Sb 428.0 e 7.18 8.72 Fission product 
5 1°6RU 511.8 3.38 2.5] 5.82 Fission product 
6 l3-Cs 604.7 0.58 0.95 0.50 Activation product-133Cs(n,Y)13l»Cs 
7 621.6 e 7.32 8.69 Fission product 
8 l37Cs 661.6 0.70 0.93 0.56 Fission product 
9 696.5 e 3.92 4.57 Fission product 
10 95Zr 724.2 11.47 9.06 12.18 Fission product 
11 95Zr 756.9 12.90 10.70 12.89 Fission product 
12 "Nb 765.8 5.07 5.95 4.53 Fission product and 

95Zr decay 
13 13-Cs 795.8 0.65 1.13 0.59 Activation product-

133Cs(n,Y)13,*C8 
14 lJ*Eu 1274.8 e 5.96 7.14 Fission product 

^Estimate of the statistical uncertainty associated with count rate detected 
for each Isotope. 

Ĉounting time for each particle was 60 s of analog-to-digital converter 
(ADC) live time. 

"Counting time for each particle was 100 s of ADC live time. Source-to-
detector distance was 45 cm. 

^This gamma peak was used only for the fissile-fertile particle split in 
OF-2 fuel rod C-2-2. 

eGamma peak was not selected from the total gamma energy spectrum of par-
ticles from batch A-601. 
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Fig. 11. Fissile-fertile particle split histogram from IMGA exami-
nation of OF-2 fuel rod C-2-2. 

gamma energy peaks 1 and 2 (see Table 3) and dividing the range between 
the minimum and maximum counting rates ln those peaks into 50 intervals. 
Each interval corresponds to a histogram channel, and the histogram is 
generated by plotting the number of data sets that have gamma counts that 
lie within the specific channel limits. The area of the histogram in 
Fig. 11 to the far left, a statistical distribution about background, 
represents 1283 fissile particle loads, and the area at the far right 
represents 2666 fertile particle loads. The separation between the two 
groups is 23 channels, Indicating no mixing between fissile and fertile 
particles. 

The first priority of the data analysis was to examine each particle 
data set and discard those that were not representative; for example, 
coating fragments and double-particle loads. The results of this 
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examination are described in Table 4. There, each data set removed from 
the total population is indicated along with the reason for its removal. 
Sixteen data sets were removed: two from the fissile population and four-
teen from the fertile population. From Table 4 the removals consisted of 
one coating fragment, one fissile doublet, seven fertile doublets, and 
seven fissile-fertile particle loads (one fissile and one fertile particle 
analyzed together). With these removals, the resulting fissile population 
to be analyzed was 1281 particles, and the fertile population was 2651 
particles. 

A particle's ability to retain its fission products was determined by 
considering the activity ratios of 134Cs/95Zr, 137C3/95Zr, llftlCe/95Zr, and 
13ltCs/137Cs. The reasons for selecting these ratios were discussed by 
Kania and Valentine.1* From Table 3, peaks 6 and 13 were combined to arrive 
at the total inventory of 13l+Cs. Instead of using the two zirconium peaks 
with relatively poor counting statistics, the gamma peak (12) was 
used to represent zirconium. The 95Nb isotope is a result of 95Zr decay, 
and for the fuel of interest the activities of each were in approximate 
equilibrium. Therefore, the 

95Zr activity can be estimated by dividing 
the 95Nb activity by the asymptotic activity ratio 2.174. All gamma 
spectrometry data were corrected to a common analysis time, which was the 
discharge date for the OF-2 experiment from the reactor, August 1, 1976. 
Results of the data analysis for inventories of 

13"Cs, 137Cs, 1 Ce, and 
95Zr are shown in Table 5. This table lists the minimum, maximum, and 
mean values for the total population of fissile particles examined. The 
standard deviations were calculated by assuming normal distributions. 
Also shown in Table 5 are similar data for the activity ratios of interest. 
Detailed plots of these same activity ratios are shown in Fig. 12. FUEL RODS 3707 AND 3735, PARTICLE BATCH EO 819/820 

The counting time for the particles from both fuel rods was 100 s of 
ADC live time. For each of the 14 gamma energy peaks in Table 3, their 
associated counting statistics, and the time during the examination run, 
a separate data set was created for each particle examined. Since the 
particles were of only one type, a (Th,U)02 particle, a fissile-fertile 
particle split was not needed. The activity ratios considered were 
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Table 4. Particle data sets removed from the examined population 
of fuel particles from OF-2 fuel rod C-2-2 

Data set Population 
removed from Reason for removal How detected 

157 Fissile Fissile doublet Amount of zirconium present 
more than twice normal 
amount 

524 Fertile Fissile-
load 

•fertile 232Th concentration plus 
high 137Cs Inventory 

1240 Fertile Fissile-
load 

•fertile 232Th concentration plus 
high 137Cs inventory 

1381 Fertile Fertile doublet 232Th concentration twice 
normal 

1499 Fertile Fissile-fertile 
load 

232Th concentration pluB 
high 137Cr> inventory 

1641 Fertile Fertile doublet 232Th concentration twice 
normal 

1872 Fertile Fertile doublet 232Th concentration twice 
normal 

1874 Fertile Fertile doublet 232Th concentration twice 
normal 

2315 Fertile Fissile-fertile 
load 

232Th concentration plus 
high 137Cs inventory 

2527 Fertile Fertile doublet 232Th concentration twice 
normal 

2534 Fertile Fissile-
load 

-fertile 232Th concentration plus 
high 137Cs Inventory 

2722 Fertile Fissile-
load 

-fertile 232Th concentration plus 
high l37Ca Inventory 

2977 Fertile Fertile doublet 232Th concentration twice 
normal 

3038 Fertile Fissile-
load 

-fertile 232Th concentration plus 
high 137C8 Inventory 

3684 Fertile Fertile doublet 232Th concentration twice 
normal 

3913 Fissile Coating fragment Zirconium inventory three 
orders of magnitude less 
than normal 
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Table 5. Results of data analysis for particle batch A-601 
irradiated in fuel rod C-2-2 of experiment OF-2 

Isotope or 
activity ratio 

Activity*2 (MBq) Standard 
deviation 

(%) 
Isotope or 

activity ratio Minimum Maximum Mean 

Standard 
deviation 

(%) 
95Zr 4.101 E+7 1.176 E+8 8.162 E+7 13.87 
13lfCs 6.232 E+4 1.365 E+7 8.956 E+6 13.38 
l37Cs 3.875 E+4 6.704 E+7 4.418 E+6 13.12 
^ C e 3.473 E+7 1.027 E+8 7.185 E+7 12.36 
13"Cs/95Zr 7.387 E-4 1.457 E-l 1.104 E-l 7.52 
137Cs/95Zr 4.606 E-4 7.027 E-2 5.451 E-2 6.55 
ll+ltCe/95Zr 5.558 E—1 1.108 8.829 E-l 5.81 
13ltCs/l37Cs 1.607 2.182 2.023 2.45 

aIsotope activity at reactor discharge date of Aug. 1, 1976; 
activity ratios are dimensionless. 
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Fig. 12. Activity ratios derived during IMGA analysis of particle 
batch A-601 Irradiated in fuel rod C-2-2 of experiment OF-2. 
(a) 13*»Cs/95Zr. (b) 137Cs/95Zr. (c) 13*Cs/13'Cs. (d) ^ C e / ^ Z r . 
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were combined to yield the 13ttCs inventory. To determine the zirconium 
inventory, each of the peaks at 724.2 and 756.9 keV was corrected so that 
the contribution from a nearby minor 15lfEu peak was not considered. 
This was accomplished by subtracting the contribution of 15t*Eu, based on 
inventory derived from the 1274.8 keV peak, from each energy peak. The 
corrected 9®Zr data from peaks 10 and 11 were then combined with the 95Nb, 
peak 12 (in a similar manner as described for rod C-2-2), to arrive at the 
accurate zirconium inventory. For both fuel rods the gamma spectrometry 
data were corrected to the date of reactor discharge for experiment 
BR1-P21, February 5, 1978. The results of the data analysis for the 
activity ratios listed above are shown in Table 6. Also shown there are 
similar data derived from batch A-601 analysis. Detailed plots of the 
activity ratios are shown in Fig. 13 for fuel rod 3707 and Fig. 14 
for rod 3735. 

PIAA ANALYSIS 

Before being subjected to the PIAA examination, the particles were 
examined nondestructively for fission gas release at KFA. Room-temperature 
helium was passed over the loose particles, and any fission gases released 
from defective fuel were swept away with the helium. The sweep gas was 
then analyzed for activity. Such measurements are qualitative and do not 
present a good comparison for the number of failed particles except when 
similar fuels with nearly the same irradiation conditions are compared. 

This is the case for the two BR2-P21 fuel rods but not for the 
fuel from the OF-2 fuel rod. The results of the room-temperature gas 
release measurements,12 shown in Table 7, indicate that all three particle 
sets exhibit some activity in the sweep gas. The fuel from rods 3707 and 
3735 have nearly the same activity, but the activity for the OF-2 fuel is 
one-fourth to one-third as much* 

In the PIAA analysis loose particles from batches EO 819/820 and A-601 
were radiographed and then distributed on graphite disks, each containing 
320 single holes. These disks were mounted on a graphite rod, placed in a 
resistance-heated furnace swept with helium, carefully heated up to 300°C, 
and then annealed for 15 h at 300°C. A second heating up to 1000°C for 



Table 6. Selected activity ratios measured by Irradiated microsphere gamma analyzer 
on standardized particle batches for PWS FD-13 

Experiment/ Particle Activity IMGA dataa Standard 
deviation 

(%) 
Population 

fuel rod batch ratio Minimum Maximum Mean 

Standard 
deviation 

(%) size 

OF-2/C-2-2 A-601 137Cs/95Zr 4.511 E-4 7.027 E-2 5.451 E-2 6.55 1281 
BR2-P21/3707 EO 819/820 137Cs/95Zr 8.034 E-2 5.479 E-l 3.328 E-l 26.65 977 
BR2-P21/3735 EO 819/820 1 3 7 C s / 9 5 Z r 9.807 E-2 4.795 E-l 3.654 E-l 16.33 927 

OF-2/C-2-2 A-601 ^ C s / ^ Z r 7.245 E-4 1.457 E-l 1.104 E-l 7.52 1281 
BR2-P21/3707 EO 819/820 13ltCs/95Zr 1.147 E-2 1.110 E-l 6.759 E-2 29.42 977 
BR2-P21/3735 E0 819/820 13"Cs/95Zr 1.355 E-2 1.002 E-l 7.615 E-2 18.17 927 

OF-2/C-2-2 A-601 l 3 1 W 1 3 7 C s 1.607 2.182 2.023 2.45 1281 
BR2-P21/3707 E0 819/820 13lfCs/137Cs 1.343 2.102 1.993 7.88 977 
BR2-P21/3735 E0 819/820 1 3 ^ 3 / 1 3 7 ^ 1.006 2.151 2.068 5.43 927 

aIMGA data corrected back to discharge date from reactor for each experiment* 
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Fig. 14. Activity ratios derived during IMGA analysis of particla 
batch EO 819/820 irradiated in fuel rod 3735 of experiment BR2-P21. 
(a) 13l*Cs/95Zr. (b) 137Cs/95Zr. (c) 13tfCs/137Cs. 
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Table 7. Results of the PIAA analysis and room-temperature gas 
release measurements on particle batches EO 819/820 from 

fuel rods 3707 and 3735 of BR2-P21 and batch A-601 
from fuel rod C-2-2 of OF-2 

Experiment/ 
fuel rod 

Particle 
batch 

Room 
temperature 
gas re leas e a 

(counts/s) 

Estimated 
activity 
release 
(mBq/s) 

PIAA& 

BR2-P21/3707 EO 819/820 8.5 94 53/954 
BR2-P21/3735 EO 819/820 10.5 117 0/961 
0F-2/C-2-2 A-601 1.5 17 1/1196 

aUnpublished work of R. Duwe, Institut fur Reaktorwerkstoffe, 
KFA Julich. The data presented give only the 8 5Kr count rate 
recorded during the test. 

^Unpublished work of J. Schunk, Institut fur Reaktorwerkstoffe, 
KFA Julich. Data represent number failed particles per number of 
particles examined. 

2 h was followed by annealing at 1000°C for 5 h. During the last 
annealing step 8 5Kr release was measured. The graphite disks were cooled 
down in the furnace. After unloading of the particles, the empty trays 
were laid onto a beta-sensitive film. 

The results of the PIAA examination on each of the sets of particles 
are shown ln Table 7 along with the gas release measurement data.13 Beta 
autoradiography of the graphite trays that contained particles from fuel 
rod 3707 revealed a number of failed particles, as is shown in the photo-
graph of the exposed beta-sensitive negative in Fig. 15(a). The number of 
particles determined to be failed was 53, and all were found in one of 
the three graphite trays. A visual examination of the particles ln the 
tray showed none to be cracked and no mechanical damage to the coatings. 
During the anneal, no fission gases were detected in the helium purge gas. 
Autoradiography of the trays containing particles from fuel rod 3735 
showed none to have cracked coatings. Here, three different graphite 
trays were used, and examination of their radiographs indicated no defec-
tive particles. One particle from batch A-601 was determined to be 
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(a) 
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\ 
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» 

(b) 

Fig. 15. Photographs of beta autoradiographs• (a) Failed particles 
from fuel rod 3707 in experiment BR2-P21. A total of 53 particles were 
determined to be failed from this photograph, (b) Particles from fuel rod 
C-2-2 in experiment OF-2. The one exposed point marked by an arrow is 
indicitive of a failed particle. The other exposed areas correspond to 
positioning points on the radiograph negative. Photograph courtesy of KFA 
Julich. 
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defective in the autoradiography of the respective graphite trays, and a 
photograph of Che exposed beta-sensitive film is shown Fig. 15(b). Visual 
examination of this particle revealed a cracked coating. No fission gases 
were detected in the helium purge during the annealing of particles from 
batch A-601. 

DISCUSSION OF RESULTS 

Results of the IMGA examinations to determine activity ratios 
13tCs/95Zr, 137Cs/95Zr, and 13^Cs/137Cs for loose particles from the 
three fuel rods were shown in Table 6. Figure 16 graphically compares 
the 137Cs/95Zr activity ratios of the three sets of particles examined. 
Each histogram shown is 50 channels wide. Quite noticeable is the dif-
ference in the histogram for batch A-601 (left in Fig. 16) compared with 
the histograms from rod 3707 (middle) and rod 3735 (right) containing 
batch EO 819/820. The standard deviations about the mean 137Cs/95Zr ratio 
for the three histograms are 6.5, 26.6, and 16.3%, respectively. Within 
each set of data a normal-appearing distribution contains the largest 
percentage of the particles. To the left of this distribution are those 
particles with activity ratios indicative of low 137Cs inventory. The two 
fuel rods from BR2-P21 show a large number of particles with activity 
ratios to the left of the major distribution. For the OF—2 fuel rod only 
two particles are Indicated. For each of the activity ratios of interest, 
Appendix C lists the number of particles with activity ratios corresponding 
to each channel. 

For the BR2-P21 particles, we estimated the number of particles 
having 137Cs/95Zr ratios significantly different from the mean value.11* 
This estimate was accomplished by assuming a symmetric distribution for 
the normal-appearing portion. The center of each was visually determined, 
and the distribution was folded back on itself (right to left). Those 
channels of the histogram that did not fall within this distribution 
were then assumed to contain particles that had lost significant amounts 
of 137Cs. For fuel rod 3707, the channels were 1 through 11 and repre-
sented 109 of the 977 particles examined, or 11.2Z. For fuel rod 3735, 
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Fig. 16. Comparison of the 137Cs/95Zr activity ratio histograms 
measured during irradiated microsphere gamma analyzer examination* From 
left to right are the data from batch A-601 in OF-2 rod C-2-2, batch 
EO 819/820 in BR2-P21 rod 3707, and batch EO 819/820 in BR2-P21 rod 3735. 

the channels were 1 through 22 and represented 58 of the 927 particles 
examined, or 6.3%. This same procedure was used on the OF-2 fuel rod; 
the channels were 1 through 29, which accounted for 2 of the 1281 par-
ticles examined, or 0.16%. From previous work,15 it is known that the 
distribution of activity ratio measurements on particles is not normal. 
Rather than being symmetric, it rises faster and falls off less rapidly 
than a normal distribution. Hence the previous estimates are actually 
underpredicting the number of particles with deficient cesium inventory. 
For comparison within this PWS, the number of defective particles obtained 
earlier is quite sufficient. However, further statistical investigations 
would be necessary if actual fuel qualifications were required. These 
investigations on other IMCA examinations are in process. 

As noted earlier, the comparison between the rcom-temperature gas 
release results, Table 7, does not provide quantitative data on the number 
of defective particles present. The reason for this is that each set of 
particles experienced different irradiation conditions: particle batch 
A-601 was irradiated at peak temperatures of 1350°C and achieved a burnup 
near 74% FIMA, and particle batch EO 819/820 was Irradiated at tempera-
tures up to 1600°C and achieved a burnup of about 8.8% FIMA in fuel 
rod 3707 and about 9.6% in fuel rod 3735. However, for the three sets of 
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particles examined, an estimate of the total amount of the long-lived 
isotope 85Kr present in each particle ranged from 1.0 to 1.1 nmol per 
particle. This value then combined with the detectable activity provides 
an Indication of the relative number of defective particles for each par-
ticle set. From Table 7, particles from rod 3735 have the most broken 
particles, followed by particles from rod 3707, and then the particles 
from rod C-2-2 have the least number of failed particles. 

A comparison of the failure fraction results from the IMGA and PIAA 
methods combined with the analyses of the electrolytes used In deconsoli-
dation are shown in Table 8. Also shown are the room-temperature gas 
release data, Which provide a qualitative ranking. The results show 
agreement for particle batch A-601 from 0F-2. However, the agreement 
for particle batch EO 819/820 in fuel rods 3707 and 3735 from experiment 
BR2-P21 is relatively poor. In both the PIAA and IMGA analysis of par-
ticles from rod 3707, failed particles were detected. The IMGA data 
suggest 109 failed, but the PIAA data suggest 53 failed, half as many. 
For rod 3735, IMGA data suggest 58 defective particles, but the PIAA data 
suggest no failed particles. The gas release measurements suggest that 
the number of failed particles In both rods should be nearly the same 
because of the similar activity detected In the sweep gas. 

Table 8. Comparison of the failure fraction results determined 
by the postirradiation examination procedures of 

IMGA and PIAA under PWS FD-13 

Failure fraction (%) 

Experiment/ 
fuel rod 

BR2-P21/3707 

BR2-P21/3735 

OF-2/C-2-2 

Room-
temperature 
gas release 
(counts/s) 

8.5 

10.5 

1.5 

From 
electrolyte 
analysis 

0.17 

0.16 

0.16 

From radio-
activity 

PIAA IMGA 

5.56 11.16 

0 6.26 

0.08 0.16 

Total 

PIAA IMGA 

5.73 11.33 

0.16 6.42 

0.24 0.32 
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SYSTEM COMPARISON 

The original intent of PWS FD-13 was to compare two fully developed 
postirradiatlon examination methods for measuring statistically signifi-
cant failure fractions. However, the actual comparison is made between 
one system that is fully developed and operational (IMGA) and one method 
that is in the evaluation and development phase (PIAA). In many instances 
the IMGA method is superior to the PIAA method, and it may be prudent to 
terminate the PIAA development. For the system comparison, the two 
methods have several common characteristics: 

1. Irradiated fuel must be in the form of loose particles, so fuel 
elements must be deconsolldated. 

2. They are located in separate hot-cell cubicles with access to the 
main cell areas, as is necessary for fuel transfer. 

3. They have the capability for physically separating failed par-
ticles from nonfailed particles. With IMGA this is accomplished under 
computer control during normal operation, with the type and degree of 
separation used defined at the start of examination. With PIAA, separa-
tion is performed after beta autoradiography with a particle selection 
device. 

Also significant differences exist between the postirradiation 
methods, and four main points are illustrated below. 

1. The IMGA method is fully automated and capable of examining large 
populations under computer control without operator attendance once the 
system is set up. The only particle-handling requirement is loading the 
feed hopper (particle capacity, 10s) at the beginning of the examination 
run and unloading the sample collector (20 bins, each with 2 ® 101* par-
ticle capacity) when examination is completed. In contrast, the PIAA 
procedure requires operator attendance at each step in the method. Much 
particle handling is required in loading and unloading graphite trays as 
well as the manipulation of the trays for annealing and autoradiography. 
Elimination of particle handling operations greatly increases efficiency 
of the system, reduces possibility for batch-to-batch contamination, and 
reduces risk for particle damage. 



32 

2. For each particle examined with IMGA, a detailed fission product 
inventory is obtained nondestructively by gamma spectrometry, and for 
each a record is stored. Important fission products, such as 106Ru, 95Zr, 
137Cs, and 1'*'tCe, and activation products, such as 110mAg and 13**Cs, are 
recorded for each particle. The use of these data allows a quantification 
of fission product release over large particle populations in addition to 
the actual failure fraction determination. The PIAA procedure uses 
annealing at 1000°C to drive out volatile fission products from defective 
fuel. This procedure is possibly destructive and can alter fission 
product distributions within fuel particles. The actual fission products 
released during the annealing are not quantified nor identified but are 
thought to be 13l*Cs, 137Cs, and strontium isotopes. 

3. Separation of different fuel particle types — fissile, fertile, 
and inert — is relatively simple and is accomplished automatically with 
IMGA. No preference for either Biso or Trlso coating exists; evaluation 
of irradiation performance is independent of particle type. Only particles 
with Triso coatings are amenable to the PIAA method. This limitation is 
due to the annealing procedure, ln which fission products are driven out 
of the Biso coating. Fissile, fertile, and inert particles cannot be 
differentiated except by size before use of the PIAA method. 

4. The relative system cost is much lower for PIAA than for IMGA 
because of IMGA'S much higher degree of sophistication and automation. 
However, the higher particle throughput and automated control procedures 
make the operating cost of IMGA comparable to that of PIAA. 

CONCLUSIONS 

The major conclusion reached through completion of PWS FD-13 is that 
the postlrradlatlon examination procedure employing the IMGA system is 
superior to the PIAA method for measuring statistically significant failure 
fractions. Although both systems have features in common, including 
capacity for examining large particle populations, requirement for access 
to hot-cell facilities, and physically separating failed particles from 
nonfailed particle population, the IMGA method was judged superior. 
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Therefore, we recommend that the method using the IMGA system be adopted 
to evaluate irradiated coated-particle fuel performance. This conclusion 
Is based upon the following. 

1. Failure fraction results measured on standard particle batches 
with IMGA were more accurate. 

2. The IMGA system is a fully developed, automated system used in 
routine postlrradlatlon fuel examinations, whereas PIAA Is not. 

3. The IMGA allows for fission product identification and quan-
tification of fission product release, but PIAA does not. 

4. Particle failure fractions determined with IMGA are independent 
of particle coating type and failure mechanism, but these with PIAA are 
not. 

5. Although IMGA has a high initial cost, its degree of sophistica-
tion and automation increase throughput so that operating costs are com-
parable with those of PIAA. 
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Program Area 4 
25 January 1978 

PROJECT WORK STATEMENT 

US/FRG THERMAL GAS REACTORS PROGRAM 

Task Title: Comparison of U.S. and FRG Postlrradiation Examination 
Procedures for Measurement of Statistically Significant 
Failure Fractions for Irradiated Coated Particle Fuels 

I. PROGRAM 

A. Objective 

To compare the U.S. and FRG postirradition examination procedures 
for measurement of statistically significant failure fractions for 
irradiated coated particle fuels. The comparison will include an 
evaluation of the accuracy of the two methods, the time consumed, 
and the expense. If one method is clearly superior to the other 
it will be adopted by both sides. If both methods have something 
to offer to the overall performance evaluation, the objective of 
the work will be to integrate the procedures in complimentary 
fashion to increase the overall accuracy of failure fraction 
measurement, while decreasing the expense. 

B. Description 

Fuel failure fractions for direct cycle power production applica-
tion must be less than 10"^. For steam cycle application the fuel 
failure must be less than 5 X 10~3. Measurement of such low failure 
fractions with high levels of confidence requires examination of 
thousands of coated particles. The measurement procedures must be 
accurate, reliable, inexpensive, and applicable within a reasonable 
amount of time. 

Two methods for failure fraction measurement have been developed, 
one at ORNL (the IMGA system — Irradiated Microsphere Gamma Analyzer) 
and one at KFA (the PIAA System). The IMGA system employs an auto-
mated particle handling system and a GeLi gamma ray detector. Par-
ticles are recovered by deconsolidation of the irradiated fuel rods. 
The particle handling system moves Individual particles into position 
for gamma counting, and then classifies the particles on the basis of 
the gamma spectrum. Decisions regarding whether the particle is 
failed or in fact are based on ratios of highly mobile fission 
products (such as the Cs isotopes) to fission products with low 
mobility (such as Zr). 

37 
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The PIAA system also uses loose particles. Large numbers of loose 
particles are heated ln monolayers which are covered with graphite 
plates Which collect the fission products released from the par-
ticles. The fractional release of fission products from each 
particle can be measured by further examination of the graphite 
plates* The throughput for this method is limited by the number 
of particles which can be heated in one step* 

Under this PWS both methods will be compared on standard batches. 
The IMGA system will be employed first, because it does not change 
the concentration of fission products within the Individual coated 
particles. The accuracy, time requirements, and expense of both 
systems will be compared. System reliability will also be compared. 
It is possible that each technique will provide unique information, 
ln which case it might be logical to develop a combined procedure 
whereby the IMGA and PIAA systems will complement each other and 
provide greater accuracy at lower cost. It Is also possible that 
one sy3tem will show a clear advantage over the other and justify 
adoption of that system by both sides. 

C. Schedule and Milestones _ _ ^ Due Date 
1. Approve project work statement 8/22/77 

2. Identify GA, ORNL and KFA representatives 9/1/77 

3. Initiate task 10/15/77 

4. Send complete description of IMGA to KFA 11/1/77 

5. Send technical information about PIAA 

to Thiele/ORNL 2/1/78 

6. Complete description PIAA system at ORNL 3/1/78 

7. Agree on standard batches for comparison 6/1/78 

8. Complete examination of standard batches with IMGA 12/1/78 
9. Complete examination of standard batches 

with PIAA 12/1/78 

10. Complete draft report on comparison of systems 2/1/79 
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Due Date 
11. Issue final report on comparison; make 

final decision relative to selection of 
one system or development of technique 
employing both systems 5/1/79 

D. Costs 

Total By FY 
FRG US 78 79 

Evaluation of IMGA 5 0 5 0 
Evaluation of PIAA 0 5 5 0 
Deconsolidation of Rods 0 10 10 0 
PIE with IMGA 0 5 5 0 
PIE with PIAA 10 0 10 0 
Data Evaluation and Reporting __5 _5 _0 10 

Total 20 25 35 10 

E. Management Plan 

Overall coordination of the task will be under Dr. A. W. Mehner 
of KFA/HBK. A team including one representative each from KFA 
(B. A. Thiele), ORNL (M. J. Kania), and GA (0. M. Stansfield) 
will be assigned to perform the task. 

II. IMPLEMENTATION REQUIREMENTS 

• Obtain approval from Ad Hoc Committee on 22 August 1977. 

Agreement must be reached on selection and exchange of standard 
batches of fuel particles for evaluation with IMGA and PIAA. 

III. BACKGROUND AND CURRENT STATUS 

The need for PIE procedures for measurement of statistically valid 
failure fractions for coated particle fuels has been established and 
is not questioned. The very low failure fractions permitted in direct 
cycle and steam cycle applications require that hundreds and perhaps 
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thousands of coated particles be examined with high accuracy, high 
reliability, and low cost. Each Installation Involved ln fuel testing 
has evolved different procedures for making such measurements. It Is 
desirable, as a minimum, to be able to correlate results between the 
different installations. Better still would be the systematic evalua-
tion of all potential procedures and selection of the procedure with 
the post potential for application by all installations. 

The IMGA system at OKNL is completely developed. Some minor design 
flaws are being corrected, after which full-scale operation on a 
production basis Is anticipated. The PIAA system at KFA is already 
operational on a production basis. This method is somewhat less 
automated than IMGA. These two methods show the most promise and 
will be thoroughly evaluated in the work outlined ln this PWS. 
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REVISED SCHEDULE 

Task Title: Comparison of U.S. and FRG Postirradlatlon Examination 
Procedures for Measurement of Statistically Significant 
Failure Fractions for Irradiated Coated Particle Fuels 

Schedule and Milestones 

1. Approve project work statement 

2. Identify GA, ORNL, and KFA 

representatives 

3. Initiate task 

4. Send complete description of IMGA to KFA 
5. Send technical information 

about PIAA to ORNL 

6. Complete description of PIAA 
system at ORNL 

7. Agree on standard batch selection 

3. Complete IMGA examinations of 
standard particle batches 

9. Complete PIAA examinations of 
standard particle batches 

10. Complete draft report on 
comparison of systems 

Completion Date 

August 1977 

September 1977 

October 1977 

November 1977 

February 1978 

July 1978 

June 1978 

January 1980 

May 1980 

September 1981 
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Appendix C 

PARTICLE FREQUENCY DISTRIBUTIONS FOR FISSION PRODUCT ACTIVITY 
RATIOS DETERMINED FROM FUEL RODS C-2-2 (OF-2), 

3707 (BR2-P21), AND 3735 (BR2-P21) 



Table C.l. Particle frequency per channel for irradiated 
particles from fuel rod C-2-2 

Number of particles classified per channel for ratios'2 
Channel 

13"Cs/95Zr 137Ca/95Zr 13*Cs/137Cs ^ C e / ^ Z r 
1 1 1 1 1 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 0 
5 0 0 0 0 
6 0 0 0 0 
7 0 0 0 0 
8 0 0 0 0 
9 0 0 0 0 
10 0 0 0 0 
11 0 0 0 0 
12 0 0 0 0 
13 0 0 0 0 
14 0 0 0 0 
15 0 0 0 0 
16 0 0 0 1 
17 0 0 0 0 
18 0 0 0 0 
19 0 0 0 1 
20 0 0 0 9 
21 0 0 0 13 
22 0 0 0 21 
23 0 0 0 38 
24 0 0 0 50 
25 1 0 0 63 
26 0 1 4 83 
27 0 0 3 96 
28 0 0 5 119 
29 0 0 26 97 

47 
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Table C.l. (Continued) 

Number of particles classified per channel for ratios'2 
Channel Channel 

13*Cs/95Zr l37Cs/95Zr 1 3l»Cs/137Cs ^"Ce/^Zr 
30 0 0 48 105 
31 1 0 57 109 
32 7 1 72 112 
33 14 1 75 76 
34 54 11 105 76 
35 90 31 105 56 
36 167 91 118 43 
37 179 159 113 27 
38 180 203 115 35 
39 186 221 102 15 
40 139 206 75 16 
41 101 152 70 6 
42 74 95 62 6 
43 46 62 46 3 
44 23 31 34 0 
45 11 6 20 1 
46 3 4 16 0 
47 1 0 7 1 
48 0 3 0 1 
49 0 0 1 0 
50 3 2 1 1 

^ o determine activity ratio for the midpoint of each 
channel, use the following linear relationships for the activity 
ratio of interest. 

13'*Cs/95Zr - -7.253 x lO-1* + 2.899 X 10~3 x CHNL 
137Cs/95Zr = -2.471 X 10"1* + 1.397 X 10"3 X CHNL 
13l*Cs/137Cs - 1.602 X 10° + 1.151 X 10-2 X CHNL 
mCe/ 9 5Zr - 5.560 X 10""1 + 1.117 X 10-2 X CHNL 

where CHNL - Channel Number. 
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Table C.2. Particle frequency per channel for 
irradiated particles from fuel rod 3707 

Number of particles classified per 
, channel for ratios^ Channel 

^ C s / ^ Z r 1 3 7Cs/ 9 5Zr m C s / i 

1 11 9 l 
2 16 16 l 
3 25 21 0 
4 22 19 0 
5 16 21 3 
6 8 11 3 
7 5 3 3 
8 0 3 0 
9 3 2 2 
10 1 2 5 
11 2 2 3 
12 3 3 8 
13 3 4 7 
14 4 4 6 
15 3 3 15 
16 5 6 13 
17 2 5 4 
18 9 3 7 
19 3 5 9 
20 3 1 3 
21 1 1 2 
22 1 8 6 
23 4 3 1 
24 3 15 1 
25 7 26 1 
26 16 38 1 
27 37 52 2 
28 42 76 0 
29 61 82 0 
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Table C.l. (Continued) 

Channel 
Number of particles classified per 

channel for ratios® 
131+Cs/95Zr 137Cs/95Zr 131+Cs/137Cs 

30 94 98 1 
31 87 87 1 
32 91 84 2 
33 87 67 3 
34 80 58 3 
35 59 54 2 
36 57 22 6 
37 36 18 2 
38 20 18 2 
39 22 5 1 
40 7 4 6 
41 4 5 1 
42 3 3 7 
43 3 4 11 
44 5 1 24 
45 0 1 55 
46 2 1 119 
47 1 1 232 
48 1 0 241 
49 0 1 123 
50 2 1 25 

aTo determine activity ratio for the midpoint of 
each channel, use the following linear relationships 
for the activity ratio of interest. 

13<tCs/95Zr „ 1.047 x 10~2 + 1.991 X 10~3 X CHNL 
137Cs/95Zr - 7.570 X 10~2 + 9.347 X 10~3 X CHNL 
13l*Cs/137Cs - 1.336 X 10° + 1.518 X 10-2 X CHNL 

where CHNL - Channel Number. 
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Table C.3. Particle frequency per channel for 
irradiated particles from fuel rod 3735 

Channel 
Number of particles classified per 

channel for ratios3 

13"Cs/95Zr 137Cs/95Zr l3*Cs/137Cs 

1 4 3 1 
2 4 6 0 
3 8 6 0 
4 4 7 0 
5 8 5 0 
6 3 3 0 
7 3 5 0 
8 2 2 0 
9 2 2 0 

10 0 1 0 
11 1 0 0 
12 2 1 0 
13 0 2 0 
14 4 1 0 
15 0 1 0 
16 0 2 0 
17 3 1 2 
18 1 3 0 
19 3 1 1 
20 3 2 1 
21 2 1 5 
22 2 3 3 
23 2 2 0 
24 1 3 2 
25 1 1 2 
26 2 1 3 
27 0 2 2 
28 3 2 2 
29 1 1 4 
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Table C.l. (Continued) 

Number of particles classified per 
channel for ratios® 

13<*Cs/95Zr 1 3 7Cs/ 9 5Zr 1 3*Cs/ 1 3 7Cs 

30 0 2 5 
31 1 8 2 
32 7 24 1 
33 11 31 0 
34 27 69 4 
35 58 90 1 
36 85 99 3 
37 113 132 0 
38 134 98 1 
39 117 110 2 
40 109 61 2 
41 63 54 3 
42 60 31 1 
43 31 19 4 
44 21 17 7 
45 13 6 5 
46 4 4 17 
47 1 1 171 
48 2 0 441 
49 0 0 209 
50 1 1 20 

aTo determine activity ratio for the midpoint of 
each channel, use the following linear relationships 
for the activity ratio of interest. 

134Cs/95Zr „ 1.268 X 10~2 + 1.733 X 10 - 3 X CHNL 
137Cs/95Zr = 9.426 X 10~2 + 7.625 X 10~3 X CHNL 
13tCs/137Cs „ 9 . 9 4 9 x IQ-1 + 2.291 X 10~2 X CHNL 

where CHNL - Channel Number. 


