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Introduction
The Experimental Breeder Reactor II (EBR-II),

located in Idaho and operated for the U.S. Department of
Energy by Argonne National Laboratory, has been used
as an irradiation testbed for LMR fuels and components
for thirty years.* During this time many endurance tests
have been carried out with experimental LMR metal,
oxide, carbide and nitride fuel elements, in which
cladding failures were intentionally allowed to occur. This
paper describes methods that have been developed for the
detection, identification and verification of fuel failures.
Experience with monitoring failures in subsequent "run-
beyond-cladding-breach" (RBCB) operation is described
in a parallel paper (ref. 1).

Failed Fuel Systems at EBR-II
Figure 1 identifies the major components of EBR-II,

the means for monitoring and identifying fuel failures,
and the systems used to decontaminate the cover gas and
primary sodium. Briefly, EBR-II is a hybrid pool reactor
with the core immersed in a 340 m3 tank (a) of sodium at
370°C. Two primary pumps (£>) suck sodium from the
tank at 485 kg/s (8000 gpm) to cool the core (c). Sodium
leaves the core at ~470°C via a single Z-shaped pipe (d)
to the upper end of the intermediate heat exchanger or
IHX (c). Cooled sodium is discharged back into the tank
from the bottom of the IHX. This discharge is remote and
baffled from the pump inlets. The 25 m3 space (/) above
the sodium pool contains argon at slightly reduced
pressure. Leakage from seals in the reactor cover (g)
cause a small loss of Ar (—1 L/m) during normal
operation despite this pressure differential.

Sodium Monitoring and Cleanup
Delayed neutron (DN) precursors released from

•Note: EBR-II was put into a "hot standby" status on
September 30, 1994, prior to permanent shutdown.

a failure in-core are detected in a —6 kg/s (100 gpm)
flow of sodium which is pumped from the IHX discharge
by means of a scoop into the Fuel Element Rupture
Detector (FERD) loop (h) and back into the primary lank.
The transit time from the core to the two banks of BF3

proportional counters positioned around the FERD loop is
— 18s; the loop flow may also be decreased in order to
artificially age the DN precursors in a diagnostic
technique known as the FERD flow reduction (FFR) test
(refs.1,2).

A graphite trap (*) is used to remove Cs, the major
sodium-soluble fission product released from fuel failures
(ref. 3). This trap is upstream of the primary cold trap (/)
that removes < '2 and I. The radioactive sodium chemistry
loop (jfc) is used to monitor the osygen content of sodium
and to obtain sodium samples for laboratory analysis.

Cover Gas Monitoring and Cleanup
Fission gas released from a fuel failure intimately

mixes with the primary sodium in the upper plenum cf the
reactor and is discharged into the tank from the IHX. It
rises as fine bubbles through a 3-m layer of stagnant
sodium and escapes into the cover gas space. A small
flow of cover gas is piped to the Germanium-Lithium
Argon Scanning System, GLASS (I), where fission-gas
activities are measured in a 25-mL chamber above a co-
axial Li-drifted Ge diode detector —10 m after release in-
core (ref. 4). This transit time includes a delay line to
suppress the 37-s Ne-23 activity caused by (n,p) reactions
on sodium. When a fuel failure occurs the cover gas
activity can increase dramatically and the system
sensitivity is decreased at such times to give GLASS a
wide dynamic range. Spectral information is collected in
a 2048-channel section of the analyzer memory on a 30-m
cycle. A microcomputer is used for estimating the net
count rate for each of seven isotopes (Xe-133, Xe-135,
Xe-135m, Xe-138, Kr-85m, Kr-87 and Kr-88) by sub-
tracting from the summed counts under a photopeak the



Fuel Handling
System r 3«/y Cover Gas Monitoring

Mo""" and Cleanup Systems

"'TajBeSs

Sodium Monitoring and
Cleanup Systems

RacJMeSwSoSim
Crummy Loop

Graphic Trap

CtfiTrap
102.1)

summed counts from an equal segment of a representative
Compton background at an energy just above the photo-
peak (ref.5); the resolution of GLASS is about 4 keV for
the 1.332 MeV photopeak of a Co-60 source.

When a fuel failure occurs, the leakage of cover gas
leads to radioactivity in the containment building. This
activity is controlled by a cleanup system (tri), which
processes the argon cover gas at up to 1 mVm by freezing
out radioactive Xe and Kr in a liquid-N2 cooled cyrostat
(ref.S). A 0.1 mVm bypass flow of the cover gas is also
passed through a series of three cbarcoal beds cooled by
liquid N2 in order to concentrate samples of Xe. The beds
are heated in turn and interrogated for the presence of
non-radioactive Xe tag isotopes with an on-line mass
spectrometer (o).

Fuel Handling Systems
Post-shutdown confirmation of a fuel failure often

comes from release of fission gas during discharge of a
subassembly. After shutdown, the core cover (p) is un-
latched and swung aside for fuel handling. A subassembly
in the reactor grid (7) is lifted ~ 5 m by the gripper (2)
to the transfer position. This lessening of hydrostatic
pressure often causes secondary release of stored gas from
a failure. The subassembly is then swung to the storage
basket (3) where it is located for 15-45 days to reduce
decay heat. In this, or later maneouvers, any fission gas
bubbles previously trapped in the subassembly may be
dislodged and rise to the cover gas.

Fig.l EBR-II Major Components
and Failed Fuel Systems

Subsequent handling takes place in argon. First, the
subassembly is raised into the cover gas space to "drip
dry" of sodium; release of fission gas then occasionally
occurs to confirm a failure. Next, the subassembly is
lifted into the fuel unloading machine, or FUM (4).
Again, gas release may occur; if it does, a sample of the
FUM atmosphere can be analyzed for fission gas and tag.
Finally, the subassembly is lowered into the interbuilding
coffin, or IBC (5). Before transfer into the hot cells the
IBC atmosphere can be analyzed for Xe-133 activity as a
final check of whether it contains a leaking subassembly.

Detection of Fuel Failures
During normal operation without a fuel failure in-core

there are low activities detected on both the GLASS and
FERD detectors. This "tramp" background is believed due
to minor fuel contamination of surfaces in the primary
circuit caused by past fuel failures, particularly ones that
occurred in 1986 (ref.6) and 1992 (ref.7). Table 1 gives
the background cover-gas activity values as measured by
GLASS and recorded on the EBR-II data acquisition sys-
tem (DAS) near the beginning of Run 158 (June 1992); at
this time all isotopes except 5.3-day Xe-133 were at
radioactive equilibrium. Against this tramp background,
the fission gas release from any type of new fuel failure
can be readily detected, in as much that initial breach of
cladding will be normally accompanied by a blowdown of
stored gas (see ref. 1). Such biowdown will cause a 3-4
orders of magnitude increase in fission gas activities. For



Table 1
Tramp Background Activities

in EBR-11 Primary Circuit*

Specific
Isotope

Kr-85m
Kr-87
Kr-88

Xe-133
Xe-135
Xe-135m
Xe-133

Br-87, 1-137
etc.

GLASS Activity
(nCi/mL)

5.0
3.5
6.0

- 5 0
35
0.5
1.7

540 cps FERD
(Channel A)

•June 1992, 10 days into Run 158

example, Figure 2 shows the typical burst of stored gas
which accompanies the failure of a mixed oxide fuel
element, as recorded on the EBR-II DAS. Following this
release of stored gas sodium is free to contact the exposed
fuel; sustained release of DN precursors can subsequently
occur and cause DN signals on FERD; several examples
are given in a parallel paper (ref. 1).

In contrast, a release behavior peculiar to sodium-
bonded metal fuel at high burnup is a burst of DN pre-
cursors before release of stored gas. This occurs because
the sodium-soluble Br and I precursors are extruded from
the breach site with some of the sodium bond prior to
release of stored gas. Figure 3 illustrates this behavior for
an experimental IFR fuel element at 17 at. % burnup, one
of the few natural failures experienced in EBR-II with this
type of fuel (ref. 8).

Identification of Failures
Although the way gas is initially released, the

presence (or absence) of a DN signal, and stable fission
gas ratios like Xe-134/Xe-128 or Xe-131/Xe-134 (ref.9)
can be used as qualitative indicators of the type and
bumup of a failure, they are non-specific and cannot be
easily used to pinpoint a suspect. But before 1973-74 they
were the only methods available: subassemblies that were
suspect because of them were grouped into sets and dis-
charged sequentially until there was no short-lived gas
activity on reactor startup; the last set discharged was then
subdivided and returned to core piecemeal until the failure
was found. Searches to identify a failure thus involved
much fuel handling and many shutdowns and startups.
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Fig.2 Initial Release of Stored Gas
from a Breached Mixed Oxide Element
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Fig.3 DN Signal Burst Preceding Stored Gas Release
from Sodium-Bonded Metal at High Burnup
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tag would be released with the fission gas from the
element plenum and be identified by mass spectrometry of
the cover gas.

Early Experience with Xenon Tags
Over 1974-77, samples of cover gas were obtained

manually and analyzed for tag in the laboratory. A sample
could be taken no more often than twice a day and a tag
could be identified only after about 0.04 mL had been
released to the cover gas. This was the period also when
tag composition shifts caused by in-reactor exposure were
first encountered (ref.10); the major changes were due to
burnout of Xe-124, and production of Xe-128 by (n,?)
reactions on 1-127. These tag shifts initially caused
confusion, but empirical correlations were quickly deve-
loped to account for them and special irradiations begun
to determine the shifts absolutely. Figure 5 shows the
correlation for Xe-128 production versus bumup which
was determined at that time from the previously measured
plenum contents of irradiated mixed oxide elements that
contained no tag.

Armed with tag compositions corrected for exposure,
identification of failures became rapid and much less
ambiguous than when there bad been no tags. This im-
provement was much needed in that failures had now
begun to occur more frequently in run-to-cladding-breach
(RTCB) tests. This experience is described in ref.ll.

Fig.4 Failure Identification by Gas Release Caused by
Movement of Adjacent Control Rod

An identification technique which was occasionally
successful in this early period was that of exercising
control rods at reduced reactor power in order to alter the
gas release from a failure. Figure 4 how the short-lived
Xe-138, Xe-135m and Kr-87 activities from a breached
mixed oxide element were modulated by the reciprocal
movement of control rods 7 and 11. In this instance, the
failure was in subassembly XI14 (6FS) next to control rod
7 (5A1). In a fast reactor, the technique will work only if
the failure is in a subassembly immediately next to an
active control rod; for EBR-II, this meant it could work
for less than half of all core locations.

Although non-specific failure indicators continued to
be used, beginning in 1974, identification increasingly
was performed by recognition of a xenon tag released by
a failed element into the cover gas. For several years now
each element in any new experimental subassembly had
been loaded during fabrication with about 1 mL of a
unique blend (tag) of the stable xenon isotopes Xe-124,
Xe-126, Xe-128 and Xe-129. If a failure occurred, this

0.07

4 6 8 10 J2
AVERAGE FUEL BURNUP. at. 7.

Fig.5 In-Reactor Production of Xe-128 Versus Burnup
for Unfagged Mixed Oxide Fuel Elements



On-Line Mass Spectrometry
After installation of the cover gas cleanup system in

1977, tag analyses could be performed on-line at intervals
of 110 m with a 7.5-cm radius 60° sector mass spectro-
meter. This gave about a 2-3 fold increase in accuracy
over manual tags. This greater accuracy and the more
frequent sampling that was possible allowed composition
changes in the cover gas to be tracked readily. For
example, Table 2 shows how a failure in subassembly
X294 progressively released its tag and became the
dominant suspect even against a background of tag
contaminants from previous failures (note: the core and
storage basket at EBR-II share the same cover gas).

Table 2
Failure of Subassembly X294 as Followed by
On-Line 7.5-cm Radius Mass Spectrometer

Time Xe-124 Xe-126 Xe-128 Xe-129 X294 (mL)

0105
0255
0445

0636
0826
0850

1016
1206
1337

X294

0.0243
0.0252
0.0277

0.0344
0.0391
0.0409

0.0391
0.0396
0.0403

0.0416

0.0117
0.0132
0.0130

0.0163
0.0175
0.0182

0.0178
0.0179
0.0185

0.0181

0.3310
0.3290
0.2809

0.1716
0.1236
0.1165

0.1128
0.1068
0.1048

0.1061

0.6330
0.6326
0.6784

0.7777
0.8198
0.8244

0.8304
0.8358
0.8364

0.8345

0.00
0.01
0.21

0.72
0.91
0.92

0.96
0.97
1.00

0.0006
0.004
0.005

0.009
0.030
0.036

0.054
0.072
0.100

The first on-line mass spectrometer was replaced in
1980 with a 15-cm radius instrument designed to have an
abundance sensitivity of > 30,000 at 133 AMU. This new
instrument allowed the routine analysis of background
samples of £0.002 mL of tag in the ~ 107 mL of cover
gas with a precision of 1 % at a mole fraction of 0.0015
for Xe-124.

The ability to track slight changes in cover gas
composition became important in the early 1980s. By that
time experience gained in RBCB testing (ref.12) had
shown that it was safe to leave failures in-reactor until a
scheduled shutdown (at EBR-II, no longer than 40 days).
But this period also saw a peak in the number of failures
experienced in RTCB tests. In a number of the reactor
runs, therefore, more than one failure occured and these
would have to be identified for subsequent discharge.
Figure 6 shows on extreme example, when over a three-
week period in 1980 five fuel failures were encountered:
one in a metal driver fuel element (X272); two in mixed-

oxide elements (X300 and X332); and two in mixed-
carbide elements (X280 and X313). Beginning on July 11,
the figure shows how measured cover-gas compositions
moved through tag-ratio space until August 4 and
approached in turn the corrected compositions of the five
failures as each became the dominant source of release
through blowdown of its stored gas and tag. The CGCS
was operating throughout the period to remove activity
(and tags); thus the tag from one failure became a minor
contaminant for the analysis of the next, and so on. The
five failures were removed at later shutdown; an absence
of short-lived activity on startup confirmed that all sources
of activity had been successfully identified and removed.

Only if the gas blowdown from one failure overlaps
blowdown from the next (and tags mix without cleanup),
or if the time between failures is less than the CGCS
sampling time (with the same end result), does the
problem of near-simultaneous failures occur. This
problem has not arisen in the 20-year history of RTCB
testing at EBR-II, although the situation shown in Fig.6
came close. Nevertheless, computer codes like MKTAG
(ref.13) and POLYFAIL (ref.14) were devised and used
to deal with the uncertainty of multiple failures, and to
account for contaminants like natural Xe in the cover gas,
or failures that "burped" old tags from the storage basket.

100

DATE
1. 7/11
2. 7/15
3. 7/23
4. 7/24
5. 7/24
C. 7/25
7. 7/28
8. 8/04

2 4 6

RATIO: Xe 129/Xe 128

Fig.6 Shifts in Tag-Ratio Space in July-August 1980
Which Identified Fuel-Element Failures



Application of EBR-U Experience to Other Systems
The Xe tags used at EBR-II over 1974-1994 were

made up from three sources of Xe isotopes that were
commercially available at a reasonable price in the early
1970s: pure Xe-128 produced from 1-127 in a thermal
reactor; natural Xe; and natural Xe that had been 10%
enriched in Xe-124. These gases were bought in sufficient
quantity to last 10-15 years. In practice, the recycle of
compositions used in old completed irradiations into new
elements meant that the tag gas supply has lasted the
lifetime of EBR-II.

In the region of SO distinct, well spaced tags could be
blended from these original gases. However, because of
the limited feedstock compositions, tags were crowded
along one axis in tag-mole space, as shown in Fig.7.
Moreover, although composition changes due to in-reactor
exposure had been anticipated, their magnitude was not.
As a consequence some tags that originally were separated
became indistinguishable in-reactor. To aid identification
in those instances the fission-gas/tag-gas ratio method
(ref.14), which increases with the burnup of a failure,
was developed and used with some success.

This EBR-II experience has been used to develop
schemes for spacing tag compositions to avoid confusion
in failure identification. One scheme developed for the
Fast Flux Test Facility (FFTF) placed compositions on a
sphere in tag space (ref. IS); the stable Kr isotopes Kr-78,
Kr-80 and Kr-82 were also added to allow a larger
number of possible tags. This scheme was used with great
success at FFTF to identify the small number of failures

experienced during the lifetime of that plant. The same
scheme forms the basis of tags now loaded into the driver
fuel of the MONJU reactor in Japan.

A second scheme employed a concentric-sphere
design (ref. 16) to increase the number of possible tags to
several hundred, as may be required in a commercial-size
LMR. An alternate scheme retains the idea of tagging but
employs Ar and Ne isotopes as the tag gas. Parasitic
absorption in these light elements is believed to be
extremely low in a fast neutron spectrum, and sufficiently
tow even in a thermal spectrum to make them attractive
for application to LWRs. Early feasibility tests in the
Palisades PWR (ref. 17) suggested that Ar/Ne isotopes
released in-core could be detected in the reactor off-gas
system. An industry-wide goal of zero defects has
rekindled interest in developing Ar/Ne tags for use in
commercial reactors in the US. Preliminary tests of a
proprietary nature are now under way with several US
utilities and vendors.

Conclusions
Because of its experimental mission of fuels testing

the EBR-II reactor has exhibited a large number of
intentional fuel failures. Methods have been "devised for
annunciating and clearly identifying these failures.
Paramount is the gas tagging method which was pioneered
at Argonne. The method worked well even in its original
primitive form. Refinements of the method were used at
FFTF and will be used in MONJU. A future challenge is
the translation of this identification method to LWRs.

" - * — » - - — * • " * * • > • • — — —

Fig.7 Tag Map for Run 157 Showing
Tags Crowded on a Single Axis
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