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A NONINTRUSIVE IRRADIATED PUEL INVENTORY
CONFIRMATION TECHNIQUE

E. J. Dowdy, N, Nicholson, and J. T. Caldwell
Los “lamos Scientific Laboratory, Los Alamos, New Mexico, 87545, USA

Abstract

Successful tests showing correlation
batween the intensity of che Cerenkov glow
surrounding irradisted fuel assemblies in
water-filled spent fuel storage ponds and the
exposure and cooling times of ascemblies have
been concluc.d. Fieldable instruments used in
subsequent tests confirmed that such measure-
ments can be made earfily and rapidly, without
fuel assembly movement or the introduction of
apparatus Into the storage ponds.

1. Introduction

A signficant fraction of the special
nuclear material in the fuel cycle is repre-
sented by the plutonjum and unburned 235U in
irradiated fuel assemblies. Almost all of
these assembiies are in water-filled storage
ponds at reactor sites. Conseguently, confir-
mat.on of declared inventories of fissile
material in irradiated fuel in these storage
ponds is one of the responsibilities of safe-
guards inspectors. Such confirmations can be
attempted by a staged approzch: beginrning
with item counting and proceeding through
obtaining evidence of irradiation exposure,
identifying fission product signatures,
correlating measured neutron and gamma ray
signals and signatures with fissile loadings,
and perhaps concluding with a "direct” deter-
mination of fissile content by neutron inter-
rogatior.. Progressing beyond item counting
and evidence of irradiation exposure reuires
a com:itment of signficiant resources and is
consequently limited to quite small sample
sizes in cases of large inventories, Thus,
the IAEA (Internationa. Atomic Energy Agency)
telies on containment and surveillance for
irradiated fuel safeguards, resorting to NDA
measucements only for establishing inventories
or for reverificaton following the failure of
the containment and surveillance system,
Because most NDA measurements are limited to
amall samples of the inventory, it siems
desirable that relative attribute measure-
ments, normalized to the NDA results, be made
o the majority of the fuel assemblies or
bundles, or even on the entire inventory,
Buch measureaents would allow also for
consistency checks among repesated inspec-
tiors,

Under the US program of technical assis-
tence to international safoguards, we began
investigating possible approaches to irradi-
at2d fue] attribute measurement and monitoring
techniques.] We mought to satisfy several
criteria we deemed important for routine
inspection purposes, viz., ease of imple-
mentation, miple interpretation of any
measurement data, and minimal {mpact onh the

facility operator'e schedule. The technique2
most suitably sat.isfying these criteria is
that of imaging and possibly measuring the
intensity of the Ceorenkov glow that results
from the interacticns of the radiation from
fission products in the assemblies or bundles
with the water in the storage ponds. Cur-
rently, IAEA inspectors visually confirm the
movement and storage of freshly discharged
fuel assemblies during refueling operations,
when the Cerenkov glow from such intensely’
radiocactive assemblies is visible. Although
shortly thereafter the glow is not visible

to the unaided eye, electronic light
amplification renders the low light levels
measurable. Because wrter has a very small
attenuation coefficient for visible and
near-ultraviolet (uv) light, the meas..~ments
can be made from above the gtorage pond
surface, obviating the introduction of
eJuipment into the pond. For the standard
vertical LWR assemktly s&torage, the
penetrations in the uppe: mechanical structure
of the assembly serve as Cerenkov light
channels, allowing sampling of the nuclear
radiation intensity to be deeper than the top
of the fuel assembly. The Cerenkov light
intensity measurement is thus considered less
susceptible to crosstalk among adjacent
assemblies than are nucleai radiation
intensity measurements made at the tops Jf the
assemblies.

The theoretical basis for the technique
is described in some detail in one of our
earlier papers> and will not be repeated
here, Suffice it to say that the major
portion of the Cerenkov emissions is believed
to be caumed by the .isgion product decay
gamma rays. Becondary electruons of energy
greater than 0.6 MeV {n the water directly
generate the Cerenkov photons, and these
electrons are produced both in the water and
in the cladding., The number of Cerenkov
photons per pr!mary gamma ray photon s
strongly dependent on the gamma ray energy.
Because both the intensity and the spectrum of
the fission product gamma rays is dependent on
burnup and cooling time, it {8 expected that
the Cerenkov glew intensity will carry the
burnup and cooling time {nfourmation. Our
results have given us confidence that thie ‘n
the case,

The Cerenkov glow can bw image¢ and
intensities measured in severa) ways. We have
concluded preliminary tests of the technique
using imaging inmtrumentas that included a
silicon-intennified target (BIT) video camera,
an {tensified milicon-intennified target (1517)
video camera, a prototype hard-tilm camera
that incurpnrates a microchanne)] plate image
intensifier, and a standard hard-film camera



with uv-transmitting lenses. Images of both
MTR (Materials Testing Reactor) plate-type
fuel elements from the Los Alamos Scientific
Laboratory OWR (Omega West Reactor) and
commercial PWR (Pressurized Water Reactor)
pin-type assemblies from the Zion Nuclear
Station have been made. The Cerenkov inten-
sity was quantified by photometric measure-
ments of selected bright spots on the recorded
images corresponding to the water-filled
interstices of the assemblies. Results of
these earlier measurements are contained in
sepurate zeports.3"

In this report, we describe exercises at
the Morris, Illinois irradiated fuel storage
facility, owned and operated by the General
Electric Company, and at the NRX irradiateqd
fuel storage bay at the Chalk River National
Laboratory, operated by Atomic Energy of
Canada, Limited. Both PWR and BWR (Boiling
Water Reactor) assemblies were imaged at the
Morris facility, and measurements were made of
the Cerenkov glow from a number of the PWR
assemblies. Thirteen CANDU bundles, of the
19-pin iype, were imaged at CRNL, and coarse
estimates were mide of the Cerenkov glow
intensity of each.

2. Experimental Method

Morris

Our earliest quantitative dat. from PWR
assemblies at the Zion Station had been
obtained by off-line analysis of video-taped
images of the glow from the assenmhlies,

These data confirmed our predictions, but the
intensities we measured were amplified
intensities becauge the output of an ISI%
video camera was used to record the images.

In the Morris exercise, we desired to mrasure
the emitted Cerenkov radiation directly and
chose to use a high-gain spot photometer with
digial readout* and an ISIT TV camera attached
to the viewing lens to assist with alignment
in the darkened storage bay. The majoricvy of
.ambient lighting had been extinguished to
reduce the background. The requirement for a
darkened storage bay is currently
indispensible because the equipment we now use
is sensitive to a broad spectrum of light, Wwe
foresee the possiblity of relaxing thi:
requirement by a judicious choice of
photosenritive response, tailored lighting
spectrum, and low band pass filtering ot the
incoming spectrum, The photometer/ISIT camera
combination (weighing approximately 20 kg) won
attached to an articulating fisture, which wan
{n turn clamped to the railing of the bridje
that travels over the storage pond, The
bridge and fixture were used to align tne
instrument over the selected fuel assembly and
the photomete- readings were recorded,

In addition tc the photoweter, another
system war used to estimate the amplified
Cerenkov glow intensity. This systein con-
sigted of a standard 1)3-mm telephoto lens, an

] Pritchard Model §190A

electrostatically-focused night vision device
(NVD)** with & gain estimated to be approxi-
mately 2x104, and a SLR automatic camera

back courled to the output phosphor of the
NVD. The total weight of this system iz
approximately 10 ka. Estimates of the glow
intensities were made using the automatic
exposure feature of the camera. Through-
the-lens metering provides for an »ptimum

ex; nsure on the film plane. Thus, for a fixed
aperture, the length of time the shutter
remains open i5 a measure of the intensity of
illumination of the film plane and hence of
the brightness of the output phosphor, and of
the Cerenkov glow, under the assumption of
linearity of the NVD gzin., We had the NVD
modified to eliminate the automatic brightness
control feature to provide for a linear
response, This instrument was aligned over
the assemblies and shutter speeds recorded for
each assembly.

A third instrument wvas used in yet
another way to estimate the glow intensity,
Th.s instrument consisted of a 75-mm telephoto
lens, a proximity-focused NVD*#* with a gain
of approximately 1.5x104, and a biocular
viewer, The total weight of this instrument
is approximately 2 kg. 2n "image-extinction"
typc of determination was made using the dis-
tinctive circular poison pin hole images in
the PWR assemblies as targets. With these
holes sharply defined for large lens aperture
and full gain on the NVD, the aperture was
stopped dowr. until the image of the holes
became "fuzzy". The aperture settings for the
onset of "fuzzinens" or the extinction of the
images were recorded. It is assumed these
settings are directly related to the Cerenkov
intensity.

Chalk River

Only the electrostatically-focused NVD,
135-mm lens, and SLR camera back ‘vere used in
the exarcise with CANDU oundles. 1Images were
made of the bundles in storage baskets with
axes verticul, and lying in trays with axes
horizontal. Shutter speed measurements wore
also made in thy same way ar (~: the Morris
exercise. The major objective in this exer-
rise wap to obtain the visual information for
CANDU bundles.

Results

Mor:is. The irraciated fuel assemblier
are stored vertically in baskevt, the PWR
basket te'1ding four asmamblies and the BWK
basket holding nine mgmpamb)ies. The initial
measurements were designed to test repro-
ducibility of measurements with the photomete:
unit becaure alignmer.t over the amsvmblien inm
deemed important., This teut war conducted
on one row of PNK bashets containing 52 asmem-
biies, The results are ahown In columns 4
and 5 of Table 3. The burnup and cooling time
values are thoas pinvided by the operator.

L Juvelin Modvl #2226
e Javelin Modei #2212



TABLE I

RESULTS OF THE MEASUREMENTS ON PWR ASSEMBLIES AT THE MORRIS FACILITY.
THE DATES OF THE MEASUREMFYNTS ARE INDICA" D IN THE COLUMN HEADINGS.
(06/14/'9 and 06/18/79)

Codling - Shutter
Assembly Burnup.l' Time Tc Pholometer Resdings.] - ! Speed. Ts
Locatlon  GWD/MTU  days 1 7/ T | R PY [ ¥ /T_ﬂ—x ) IV T -5 Secs. BT, [
115 W %.17 1300 4.02 x 1073 2.26 x 1073 .09 214100 el x0°8 7% 1.99 x 103 1.63x107}
u %.0 1300 2.8 2.3 .95 2.24 T4 7 1.98 1.6n
1 M lu 20.90 1000 2.0 2. .92 2.08 7.20 13 1.96 lu
u 18.¢ 1700 0o.n 0.696 Y 0.733 3.97 174 321 1.28
[t I nn 1000 1.7 m 1.00 2.76 X s 2.07 %)
u nn 1000 .80 2.68 1.06 n 8.3l ™ 3.08 2.5
12 I 30.57 1000 2.03 1.96 1.04 2.00 6.5¢ 75 2.2% 1.50
u 0.9 1000 2.60 2.4 1.06 2.3 7.64 ® 2.6% 2.02
1w 20.79 1200 0.9 0.805 1.08 0.922 0 171 3.56 1.58
u 0.0 1700 123 1.09 103 1.6 5.57 168 3.4 1.91
0 .64 1000 .73 2.63 1.04 2.60 'Y ” 1.5 212
u .08 1000 2.68 2.93 1.08 2.59 7. ™ 20 123
W 20.93 1700 Wt 1.09 1.04 11l 5.3 17 3.5 10
u 20.38 1700 1.02 0.93 110 098 a8l n 3.6l '
$ 10.84 3400 0.57%0 0.597 ” 0.504 $.39 166 1.0 0.97
u 10.90 34600 0.620 0.567 108 0.594 $.45 168 1.0 0.98
7w 19.29 3600 Nt 116 .96 114 5.91 169 3.2 19
u 19.12 3400 1.0 1.0¢ [0 1.04 $.44 155 318 1
- 19.30 3400 1.03 1.00 .95 1.08 5,34 168 118 '
u 19 .01 3400 1.06 1.20 " 113 s 94 168 34 1.3
S 19.1) 2400 1.00 094 1.01 1.00 5.2% a8 318 1.68
u 19.01 3400 0.98 0.9? 90 0.96 5.8 165 314 1,88
W 10.95 3400 1.20 12 92 128 6.60 168 L 206
u 19.62 2400 0.98 1.02 .9 1.00 5.10 ™ 2.24 1.68
3w .11 3400 113 L 1.02 11 5.86
u s 3400 0.78 0.6% 1.69 0.72 T}
11 r 2 45 1300 140 1 n " 256 968 o 169 1 64
rl 2608 1300 a2 3.20 1.01 )21 12.2 o8 1% 2.2
uor 0.8 1900 0.98 1.00 .98 0.99 420 i .00 LN
tl n.an 1000 3.20 3.28 % 320 10 34 Q 1.3 1.3
D un 1000 32 708 112 302 1% 7" 11 2.14
rl 3118 1000 4.0 3N 1 07 FR L 11.67 82 . n 201
2 ru 31.09 1000 34 1% ) 106 1.30 .81 58 N2 192
tl %.92 1000 s 324 108 ¥ 10 % % 297 124
Noeomwoomm B s s om o aw iy
. . 12 1 ] s 134 1 n
10 ru n» 1000 3.9 300 106 ) un “ 14 : :7
. [} n 9 1000 3.5 1% 108 10 [UR 7] 69 P IRY
nokEopwo Y ST S R S ¥
. (T} I 08 1 48 rn 1S M .
teonn o 2 T S T B 3
7 T ;‘o 0.79 0.70 1 0 748 69 T 1" L2
ry 194 400 1.20 1 9 V22 ) 10 1 208
$ e 10T 2400 o I ' os L2 T I T 1y 162
A e e i " o " ‘o e b )82
(Y ] & 08 140 2 W [
$ I;r :: :: :Qg: 1.4 17 1 08 1 W [ 1] 160 I 200
“« “‘“ l‘ o 1] 122 110 120 [ )] [LY] P N1 206
LR W e b b 1 a7 1o 7 04 18 12 11
I ru i9 82 400 | % 13 : g: : : ; :: |:; ?07 Les
o wa o 1.0 1 (T 138 i :70 32: :9:

The upper half of the table reprusents the
left side of the baskets in row T of the pond
and the lower half represents the .ight side
ot the row. The photometer was positioned
over the left side and the photometer readings
recorded for esch assembly on the left side.
The bridge was returned to the top of the row
and the photometer positioned over the right
side ana the photometer readings recorded for
each aasembly on the right side, At the
conclunion of this series, the entire
photometer/1SIT camera and mounting fixture
were removed from the bridge railing, and four
days later the process repeated., Approxi-
mately 20 assemblies per hour were measured

in this way. Column 4 represents the first
nerien of readings and column 3 the mecond,
Column 6 is the ratio ot theme readings,
showing an average 1% blam and a 74 atandard
deviation about tha bianed mean,

The averaqe measured intensities are
given in column 7 of Table I. Only the asriem-
blies with 3400 days cooling time have a
reasonably varied burnup. Thete is a group
of assemblies wi'h an average of 19.27 GWu/MIu
and another group with an sverage of 10,94
GWD/MTU., The ratio of these two burnup valuus
{s 1,76. The ratio of the corresponding
average measured Cerenkov glow intensjties
is 1.73, in good agreement. Table II in &
compilation of these averages for the various
burnup/cooling time groupings. The lasnt
column «* Table II is the normalized calcu-
lated vilue of the Cerenkov intensities. The
average ratio of measured to calculated valuer
is unity with a standard deviation of 16%.



TABLE II

AESULTS FROM GROUPING THE DATA FROM TABLE I.
THE CALCULATED INTENSITIES ARE ALSO INCLUDED.

B,GWD/MTU T, days Ineas Ir:.ic
31.84 1000 2.96 + 0.58 3.56
26.28 1300 2,54 + 0.48 2.31
20.80 1700 1.22 + 0.27 1.46
19.27 3400 1.16 + 0.18 1.00
10.94 3400 0.67 + 0.09 .56

Other correlations are suggested in the
last two columns of Table I. The entries in
the second to last column are the productse of
the burnuy values and the recorded shutter
speeds for the electrostatically-focused NVD,
Such a correlation is exvected because the
through-the-lens rictering system provides an
optimum exposure, and the incoming light is
integrated until this exposure level is
reached, The product of the incoming light,
presumed to be proportional to B, and the time
the shutter remains open, Ty, should there-
fore he a constant. Tw. possible sources of
error are known when us.ng this instrument:
the gain contreol potentiometer does not have
detents, s0 gain variations can occur by
inadvertent contact with the potentiometer,
and, in order to 1 mit the field-of-view to
one assembly for the intensity estimates, a
framing iris within the NVD case was used,
and may not have been always returned to a
standard position. A third difficulty that
invalidates a large portion of the data war
discovered at the conclusica of the exercire.
The ahutter on the automatic camera is limited
to a maximum time in the neighborhuvod of 160
seconds. An improvement in the specular
reflection of the film plane i{n the camera,
e.9., with a mirror or flat white surface,
has subgequently been shown to improve this
condition markedly. Excluding those data for
‘Tg > 160 seconds, the product BT, is found
to be nongtant within a standard deviation of
22y, A similar result is obtained for the
product T T,, which has a standard deviation
ci 219 about a constant value,

An egtimate of crosstalk amcng asseiblies
war made for the PWR assemblies in the storage
barket . Two assemblies with comparable burnup
and cooling time were {solated and the Cer/n-
kov intensitiss meamured for each using th.
photometer /1SIT camera instrument, The ausem-
blier were then placed as close to each other
av allowed by the storage pond basket indexing
fixturer. The center-to-center separation wan
on the oi1der of 36 cm., The intensities were
again mearurecd, There was no statistically
signiticant differences between the average
intensitier for the isolated and adjacent
anpamb] teon,

The resulta of the image "extinction”
method using the proximity-focused NVD are
given in Table Il1, Because this method
involvex the subjective judgment of the

observer, we refrain from comparing one
observer with another. The aperture settings
required for the range cf assembly brightness
represented in this set was from £/22 to £/5,
a8 dynamic range of over 20, and yet the burnup
values and aperture gizes track within 20% on
average without taking cooling time into
consideration. Approximately 40 assemblies
per hour were examined using this method.

Chalk River. Thirteen NPD (Nuclear Power
Demonstration) reactor irradiated bundles and
one fresh fuel buncle of the 19-pin cype were
used to demonstrats the technique on CANDU
fuel. The burnup and cooling time values for
the irradjated bundles are given in Table IV,
along with the values of camera shutter speeds
recorded using the elactrostatically-focused
NVD on isolated bundles. The values in the
second to last column are che calculated
Cerenkov photon intensities, The calculations
for these CANDU bundles and the PWR assemblies
of Tabie I assume a uniform burnup rate, which
is legitimate for PWR assemblies under good
fuel management programs. However, CANDU
bundles experience different burnup rates
depending on the fuel channel they travel
through, and the '.niform rate model is expected
to be faulty but not so much as to account for
the three obvious outliers. With the exception
of these three bundles (#5445, #GC020w, $5391),
the product ¢f Tg and Ig,)c I8 constant
within 208, We have no explanation fur the
discrepancies n ted for the outliers.

The fresh fuel bundle was used to simulate
a dummy bundle among irradiated bundles. The
distinctic: between the images of the fresh
fuel bund e ard even the weakest of the
irradiate) bundles wag striking, confirming the
exnvicticn that dummy bundles (unirradiated)
wn be rpotted if an optical path is open.

Conclusions

We have continued to show the Cerenkov
glow imaging and measuring technique to be
promising for attribute measurements of
irradiated fuel. Simpie instruments have been
used in exercises with both LWR assemblier and
CANDU bundleg, Direct measurements of the
emitted radiation can be made using the
photomater/ISIT comera ccmbinaticn, with
reasonable precision (10%) for repeated trials,
and fajr accuracy (18t) with respect to
calculations based on operator-supplied burnup
and cooling time valuer. The NVI based
instruments are not intended primarily for
qguantitative purposes, but the exercise
reported here was to give aspurance that the
amplified Cerenkov glow tracked the emitted
Cerenkov glow reasonably well. The ability to
spot dummy amsemblies ur bundlen was also
demonntrated. A new inatrument based on a
direct quantification of the amplified 1light
from the NVD {s under construction.
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TABLE III

RESULTS OF THE IMAGE "EXTINCTION" METHOD USED BY

Observer #1

i
1
1
1
1
1
1
1
1
2
2
2
2
2
1
1
1
1
2
1
1
2
2
2
1
2
1
2
1
1
1
2
1
1
1
1
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.08
.39
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3

.06
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e
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55
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.95
S
AR
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.9)
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64 x 10-3
.65
.65
.18
.61
.57
,68
.98
.99
.18
.52
67
.18
.59
49
.93

cooco
W W
e w2 O

o
«
r3

THREE DIFFERENT OBSERVERS.

Burnup/Aperture S'-e

Observer #2 Observer #3
1,64 x 10-3 1.19 x 1073
1.56 1.20
1.25 1.20
1.18 1.18
1.31 131
1.47 1.68
1.18 1.03
1.44 1.44
1.44 1.67
1.72 1.72
1.72 1.49
1.51 1.51
1.9 1.53
2,07 1.55
0.95 1.04
1.63 1.93
2.08 1.16
1 90 1.16
1.89 1.49
1.89 1.49
1.44 1.98
1.70 2.02
PRNIY 1.50
1.4% 1.60
1 4% 1.580
1.3] 1.3
1.27 1.4¢
1.27 H R
1.5% 1.5¢%
1.2% 1.6}
1.2) 1.56
1.34 1.54
1.7% 1.42
1.76 1.4¢
1.9 1.36
1.7% 1.38
Averages
1.56 4+ 0.27 1.59 + € 26
1L41s022 1,19 5 6.0l
1.57+0 2 1.34 + 038
1.5% + 0.27 1.50 « 0 09
1.5 + 0.28 146 + 0.24

TABL" IV

RESULTS OF THE MCASUREMENTS MALE OF THE CANDU BUNDLES.
INTENSITIES ARFE ALSO INCLUDED.

CALCULATED

Cowling
Bundle Burnup B, T e T,
Number GWD/NTLU monthe
Rrorac 8.2 10
Br¢7?IC [} 10
874y 44 10
5445 7.8 1n
B o4l (] RL}
AP 00X 10,0 22
DCO0IW 10 4 20
GCo20M [ 18
5391 6.5 20
Bl o240 [ 18
L.O1IC 1.2 'y
Alond 10.0 22
BYolac 10.8 18

Shutter
Speed. T,
Seconde leale . Tal ale
6.0¢ 6 49 9.3
5 5% 6.88 38 18
1604 19 63 6F
17.90 6.2¢ 11 0%
LI 0.99 44 77
14 s¢ 34 51.70
13 8¢ 40 55. 8¢
9.0 RIRFS 129 %8
< 80 2.8 93 11
1.7 I 4620
122 37 49 97
LR I 4 50 R4
14, 6K 46 30
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