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BWR SPENT-FUEL MERSUREMENTS WITH THE ION-1/FORK DETECTOR
AND A CALORIMETER

by
Phillip M. R}nard and Gerald E. Bosler

ABSTRACT

Gamma-ray and neutron measurements were made on about 50
irradiated boiling-water reactor (BWR) fuel assemblies using
the Los Alamos National Laboratory ION-1/fork detector. The
assemblies were placed in a dry storage cask (DOE's REA-2023)
at the General Electric Morris Operation (GE-MO) as part of
a program to evaluate the cask performance. Battells racific
Northwest Laboratory (PNL) conducted the program.

PNL compared axial radiation profiles developed from
ION-1/fork measurements with calculated profiles to interpret
the temperature distributions within the cask. The gamma-ray
profiles correlated with heat-emission rates measured with a
calorimeter, which suggests that the ION-1/fork - detector
could be used to determine heat-emission rates before fuel
assemblies are placed in cask storage; the ION-1/fork detec-
tor is much faster than the more direct calorimeter. In
addition, the radistion profiles from the ION-1/fork detector
can prevent cask loadings with undesirable heat source
distributions.

The detector also provides safequards information by
verifying the declared exposures and cooling times. The
genuineness of the assemblies 1s thus confirmed just before
the filling and sealing of a cask.

The ION-1/fork detector was permanently installed in the
GE-MO fuel storage pond for 1 year without any breakdowns or
significant maintenance required. Data were gathered for 9
months and analyzed using techniques developed during pre-
vious measurement campaigns. A few anomalies were found in
generally satisfactory results. The detector's ease of use,
reliability., and reproducibility were excellent.
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I. INTRODUCTION

A. Context of the Measurements

As public utility power plants spent-fuel ponds approach their capacities,
alternative msthods oEAstoring the fuel assemblies are being examined. One at-
tractive technique is to store the assemblies in iron casks outside the plants.
The casks m'st have walls sufficiently thick to provide radiation shielding but
still transport enough of the decay heat to tl.e environment to avoid thermal
damage to the assemblies. The measurements described here were made as part
of a characterization test to study the thermal transport properties of the
DOB's REA-2023 cask. )

Before being placed in the storage cask, the fuel assemblies' heat-emis-
sion rates were measured in a calorimeter, and their gamma-ray and neutron
emissions were measured with the Los Alamos National Laboratory ION-1/fork de-
tector. This report describes the measurement activities and the results from
the ION-1/fork detector, and correldtes them with the calorimeter data. The
storage cask and its properties will not be discussed here.

B. Battelle Pacific Northwest Laboratory's Objectives

Pacific Northwest Laboratory (PNL) conducted a program to characterize the
thermal and shielding performance of a REA-2023 spent-fuel storage caskl for
the Department of Energy's Commercial Spent Fuel Management Program. Figure 1
is a photograph of this cask. Part
of the performance test consisted of
characterizing the fuel before putting
it in the cask. The fuel was charac-
terized by calorimetry to deternmine
the decay heat magnitude, and radia-
tion scans to establish the decay heat
and radiation profiles in the cask.
The ORIGEN22 code was used to predict

decay heat magnitudes before calorim—

et t
ry of the Doiling-water reactor Fig. 1. The Department of Energy’s

(BWR) fuel to help in guiding test REA-2023 spent-fuel storage cask on a

lans. Aft com- Follroad carriage at the GE-MO site.
P er calorimetry was Instrumentation wires are the irregu-
pleted, an evaluation of the code was lar line down the side of the cask.

2




made by comparing precalorimetry predictions with measured decay heat data.
This evaluatton3 was sponsored by the' Electric Power Research 1Institute
(EPRI). 1In a similar manner, predicted decay heat profiles based on core-
averaged axial burnups were compared with measured radiation profiles. The Los
Alamos National Laboratory ION-1/fork detector was used to measure the radia-
tion profiles. '

C. Role of GE-MO
The fuel handling and weasurements were conducted at GE-MO. GE-MO built

the calorimeter for spent-fuel assemblies and conducted in-basin sipping (to
check for leaking assemblies) and visual inspections with film and video
cameras.

The Cooper Power Station (Brownville, Nebraska) shipped 54 BWR assemblies
to GE-MO. The assemblies were removed from shipping casks, then measured with
the GE~MO calorimeter and the Los Alamos ION-1/fork detector. Fifty-two assem-
blies were then loaded into the REA-2023 cask. Repeat measurements with these
two instrunents were made after the assemblies were removed from the cask.

D. Los Alamos Involvement

The neutron and gamma-ray emission measurements were valuable in several
ways.
(1) To calculate temperatures throughout the fuel and the cask, PNL needed
a heat-source term for each assembly in the cask. The source term is
a function of the axial position along each assembly. One of PNL's
objectives was to see how accurately the ORIGEN2 calculations could
produce such functions, given the irradiation history of the assem-
blies. The GE-MO calorimeter could not check the axial distribution
of the heat emission., but the ION-1/fork detector could scan along the
axis and monitor the neutron and gamma-ray emissions. The heat pro—
duction is almost entirely caused by gamma-ray and beta-ray emissions
from fission product decays, so a correlation between the two can be

expected. The calculated source profiles of gamma-ray and neutron
emissions could thus be compared with those measured with the ION-1/
fork detector system. Any unusual temperatures recorded within assem-
blies or around the cask could also be compared with the measured




(2)

(3)

(4)

(3)

profiles to find the cause -of the anomaly. The profiles measured
with the ION-1/fork detector are presented in Sec. IV.C.

The calorimeter directly measures the total heat production rate from
the assemblies (a correction i3 made for gamma rays that escape the
calorimeter) but requires about 5 h per assembly. If the ION-1/fork
detector results can be correlated with the calorimeter data, it 1is
possible to estimate an assembly's heat-production rate 4in about
6 min.

Beta particles are a major source of heat not measured by the ION-1/
fork detector. However, if the ratio of gamma heating to beta heating
is constant, it is sufficient to measure only the gamma rays. The BWR
assemblies used at GE-MO have generally similar irradiation histories,
so the gamma-ray emission rate could be proporticnal to the heat-
production rate. This topic is discussed in more detail in Sec. V.B.

1f casks become an accepted method of storing spent fuel, it could be
advantageous to quickly characterize the fuel assemblies as they are
loaded into the casks. We wished to demonstrate that the ION-1/fork
detector can quickly identify assemblies with skewed heat-source pro-

files and other anomalies, thereby preventing impréper lcading of
casks.

The ION-1/fork detector system was developed for nuclear safeguards
applications; the GE-MO measurements offered an opportunity to apply
safeguards analyses and show how the ION-1/fork measurements could be
used for this application. The detector can assure fuel managers and
safeguards 1inspectors that the assemblies being placed into storage
have radiation characteristics consistent with the utility operator's
declarations, and thus an implied amount of fissile material. Occa-
sional errors in declared values have been found in the past.

The PNL study at GE-MO gave Los Alamos an opportunity'to measure the
same set of assemblies more than once with the ION-1/fork detector
over a 9-month perjod. The information gained is useful in further



characterizing the detector and refining the data analysis techniques
discussed in Sec. IV.D. Furthermore, GE-MO techniclans used the de-
tector over an extended period of time in an industrial environment,
which was a good test of the detector's durability and ease of use.

E. Chronology of Los Alamos Activities
After some preliminary studies with the ION-1/fork detector at Los Alamos,

four visits were made to GE-MO to install and remove the detector and to assist
with the data gathering. '

The detector was installed on May 23, 1984. The Cooper fuel was not yet
present so & pressurized water reactor (PWR) assembly was used as a reference
assembly to establish neutron and gamma-ray readings that could be used to
check the stability of the detector with time.

The first measurements on the Cooper fuel were made on August 24-25, 1984,
as the fuel was received. After training a technician to use the ION-1/fork
detector on the first few assemblies, the GE-MO personnel continued with the
measurements alone.

The cask was loaded in stages, so the fuel was remeasured from October
1984 through November 1984. The sensitivities of the ION-1/fork detector to
measurement parameters were studied at this time to help determine the proper
procedures during the routine measurements.

buring the final Los RAlamos visit, some of the fuel was remeasured. The
detector was then removed from the receiving basin on May 23, 1985, and re-
turned to Los Alamos. ' h

This report does not necessarily follow the chronology of events; measure-
ments are described in a manner that will most easlly lead to an understanding
of their significance.

II. 1ION-1/FORK DETECTOR

BA. Fork Detector Head

The fork detector used at GE-MO is the product of a S-year design effort
to provide the International Atomic Energy RAgency (IAEA) with a transportable
detector that can quickly verify the contents of spent-fuel ponds. The result-
ing design has been used at many domestic and foreign power plants since 1982.

5
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1. General characteristics. The fork detector head 13 a U-shaped pilece
of polyethylene (Figs. 2 and 3). Each of the two cylindrical tines contains
two fission chambers and one ionization chamber. One of the fission chambers
in each tine is surrounded by polyethylene, which in turn 1s surrounded by a
sheet of cadmium. This fission chamber is most responsiﬁe to epithermal neu-

trons; the unwrapped fission chamber is most responsive to thermal neutrons.

Measurements at GE-MO in 1981 on all four sides of assemblies4 led to
the conclusion that detectors on two opposite rides gave as much information
as detectors on four sides. This conclusion was retested and verified (see Sec.
I11.D.3). '

The two tines join to a back plece of polyethylene and steel that is at-
tached to a steel pipe ascending to the surface of the basin. The pipe i3 the
neans of positioning the fork and also houses the electronic cables. The fork
and pipe are water tight: the ionization chamber responsé will quickly and
clearly indicate any leakage in the fork. After 365 days of continuous sub-
mersion no leakage took place.

Fig. 2. FPork detector in a disassembled state. On the left is the
polyethylene casing appropriate for BWR fuel assemblies. Two cad-
mium-wrapped polyethylene cylinders fit into the casing. Each cylin-
der has a hole and a notch for two fission chambers plus a hole for
an ionization chamber:; one fission chamber is inside the cadmium and
polyethylene, the other chamber is outside. Small L-shaped clamps
hold the cylinders in position. The cables for the chambers pass
through a pipe welded onto a steel backplate (shown on the right side
of the photograph). The cables connect to a feed-through flange.
Long cables continue to the surface of the storage pond through addi-
tional pipes not shown here. Rubber gaskets between mating pleces
maintained a water-tight condition inside the fork and pipes for the
year in which the detector was in the receiving basin at GE-MO.




Fig. 3. An assembled fork detector is shown adjacent to an ION-1
electronics unit. An Epson HX-20 computer rests on top of the ION-1.
The ION-1 provides power for the fork detector's fission and ioniza-
tion chambers and receives the signals from the detectors. The HX-20

computer is used to log the data on a paper tape and can do some on-
line analysis of the data.

The detector head is supported by some convenient structure on a bridge
or side of the basin. For IAER purposes, the support allows an inspector to
maneuver the fork around an assembly. At GE-MO the detector was attached to a
support from an earlier detector used in the basin and rested against the basin
wall: the fuel was brought to the detector. Figure 4 shows the white polyeth-
yvlene fork with a Cooper assembly in a measurement position between the tines:
a basket of other assemblies is to the right of the fork. Figure $ it a sketch
of the items in the basin. 4

The fork at GE-MO had additional polyethylene sleeves on each tine, reduc-
ing the gap between the tines to about 0.5 in. greater than an assembly's
width. The reduced gap limited an assembly's positioning within the fork. Sec-
tion II1I.D.2 provides more details.

2. Neutron Detectors. The purpose of two sets of Eission chambers is to
allow an IAEA inspector to determine the concentration of boron (a neutron ab-
sorber) in the basin water. The boron concentration can be inferred from the




Pig. 4. This photograph was taken
through the water at the GB-MO basin.
The white fork is partially obscured
by a Cooper assembly being measured
between the fork's tines. A basket
with other assemblies i1s to the right
of the fork.
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ratio of the méutton count rates from the cadmium-wrapped and bare fission
chambers.>

The boromﬁoncentration must be known to compare neutrbn data from dif-
ferent measurel:;zt campaigns at the same storage site or to compare data from
different sites.!®

There 133”16 boron in the water at GE-MO, but this is still an important
case to study.’ '}rbe ratio of count rates can be measured at different assembly

exposures to determine the effect of exposure (see Sec. III.F.).

AL

o

3. Gméietectors. The ionization chambers respond to the gross gamma-
ray flux by measiuring the ion current induced by the gamma rays. Although the
ion current proq.zced in the chambers is affected by the flux and energy distri-

bution of the jgamma rays, the current provides no clue about the nature of the
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distribution. In almost all cases,

however, ionizetion chamber response

is primarily caused by the gamma rays

137 134

from Cs cnd Cs, with minor con-

tributions from a few other fission

products;: after several years of cool-

137

ing, the gamma rays from ~~ Cs domi-

nate .6

B. TON- lgg-lectronics Unit

1. Ge;xeral Description. Refer-
ence 7 desx:ribes the ION-1 (Fig. 3)

and its opaation. so this report dis-
cusses only;:a few pertinent features.
The ION-1 -n:gs developed at Los Alamos
specifical]g for spent-fuel applica-
tions by i:l;;ie IAER, through funding by
the United States Program for Techni-
cal Assist;nce to TIAER Safeguards
(POTARS). .‘.;ts high-voltage power sup-
plies, pulse counting, and current in-
put channels are general in purpose.
The ffssion and ionization cham-
bers in the fork detector head are
biased with about 750 and 100 v,

respect iveI?

the operator.

SHIPPING CASK

CALORMETER

Flg. 5. Sketch of the approximate po-
sitions of the items in the GE-MO re-
ceiving basin. The water between the
fork and the other objects prevented
radiations from assemblies 1in the
cask, basket, and calorimeter from af-
fecting ION-1/fork measurements. The

. fork rested against a wall of the

basin and fuel was brought to it from
a basket or the cask.

The electrical signals from the fork detector are displayed to

The -ngu—l is battery operated to avoid the hazard of a main electrical
supply on'igﬁ_ steel bridge above a water basin and to provide electrical isola-

tion from moise on main power lines.

ION-1 cand;e run on a battery charger.

A mi::%oprocessor controls the ION-1 operations.

Battery operation also permits operation
of the uni:x in areas where main power is not available.

uously opetate for 1 day if the batteries are fully charged.

The unit can contin-
If necessary., the

A program in read-only

memory prompts the user through the operation of the ION-1 and performs some

9




data analyses such as background subtractions and count rate calculations. A
1iquid crystal display and a keypad (Pig. 3) enables easy operation. 2an RS-232
output from the ION-1 enables printout of the data collected. At GE-MO an
Bpson HX-20 (also shown in Fig. 3) was used for this purpose.

2. Pulse Channel Lower-Level Discriminator Setting. The ION-1 pulse
channel fo1 neutron counting has a lower-level discriminator (LLD) that passes
only pulses with a voltage higher than that corresponding to the LLD setting.
This function eliminates the low-voltage pulses associated with alpha decays -
inside the fission chambers and other noise sources.

Generally, the lowest LLD setting above the noise does not eliminate many
.neutron pulses. Finding this ideal LLD value requires equipment not always
available in the field, so an LLD setting is needed that 1s certain to be well
above the noise. 1In effect., this reduces the detector's efficiency while en-
suring that neutrons are the only source of the pulsee Ueing counted. On the
scale of the ION-~1, an LLD of 30 to 40 i3 considered satisfactory. Data were
taken at GB-MO at both these settings.

3. cCurrent Channel Amplifier Gain Ranges. The current channasl measures
the electrical current generated in the ionization chambers as gamma rays pass

through. Bight amplification ranges are built into the ION-1, providing a

“12 5 to 107 A: the TON-1 automat-

ically selects the most appropriate range. However, the user may manually se-
lect a particular range.

range in current measurements from 10

In automatic operation the range i3 continually changed to best match the
current being measured; no operator action is needed. During early measure-
ments, the ION-1 unit used at GE-MO occasionally took about a minute to make
large range changes., instead of the normal fraction of a second; Some incor-
rect data values were obtained as a result. The ION-1 was repaired and the
measurements were made again.

4. Calculated Uncertainties. RAmong other information, the ION-1 displays
the neutron count rate and its uncertainty, which is the square root of the net
counts divided by the count time.

The uncertainty for the gamma-ray value is not so simple. The ION-1
gamma-ray reading is proportional to the ionization chambers' current, which in

10
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turn depends on the gamma-ray flux. This relative number is an average of 16
consecutive readings (performed in about 0.5 ms). The uncertainty assigned to
it 4s either the equiialent value of half the least-significant bit in the
analog-to-digital cmvérter or the standard deviation o¢i the 16 readings,
whichever is larger.

»
,3

C. _Installatio: at GE-

The fork detector awas held about 30 ft under water at the end of a steel
pipe. The upper end of.the p'ipe was attached to the basin wall above the water
line. The fork rested:against the wall, and lead weights added to the fork's
exterior ensured that 1%_ stayed against the wall.

For IAER inspectians, operations are simplified by attaching the fork pipe
to a movable bridge arq manipulating the fork around an assembly that is only
partially removed from Jts storage rack. At GE-MO, however, 1t was simpler to
move the fuel rather thnn the fork.

Electrical cables #an through the pipe to a pulse channel preamplifier box
at the top of the pipe.”™ Power for the preamplifier was supplied by the ION-1.
The lonization cables arere also connected to the box, but these signals were
simply passed through aithout any change. Additional neutron and ionization
chamber signal cables ;znn from the preamplifier box to the ION-1.

III. ION-1/FORK PRELI!H:NAR! HEASUREMENT

B Preliminary Reg@e Heasurements

Although the Iou-.l?fork could not be absolutely calibrated at Los Alamos
without a spent-fuel a%embly similar to the Cooper fuel, some responses could
be measured with locally avallable standard sources for future reference.
Should the equipment /zbé'i_chax.lged. these same sources could provide a normaliza-
tion of the new results%to the old.

FLVIRES

1. Neutron ueasm_éments. The fission chambers had matched sensitivities.
Differences in tesponsi,; to the same neutron source between any two chambers
were less than 2%. 'rhe: pair of cadmium-wrapped chambers differed by about 1%,

as did the pair of bate;gchambers. This matching simplifies the analysis of the
2
2
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fork data and reduces the sensitivity of the neutron data to different hori-
zontal positions of an assembly within the fork (see Sec. 1I1I.D.2).

A 252“ source (called CR-9 at Los Alamos) was centered between the
fork tines, which were under water. This source hai an emission rate of
29 x 106 n/s on the day of the measurements.

The curves in PFig. 6 show the count rates from the cadmium-wrapped and
bare fission chambers as functions of the LLD setting. The cadmium-wrapped

detectors give the lower count rates in this case because the water detween the

O = Bare Chambers
0 = Cadmium-Covered Chambers

Count Rate (s)

d

o

a—
43 50

» 35 0
LLD Setting

Pig. 6. These curves show the effect of the lower-level discriminator
(LLD) setting of the ION-1. The LLD eliminated low-voltage pulses from
alpha decays in the fission chambers from the counting circuitry. For
the routine GBE-MO measurements, an LLD of 40 was used.

The fork detector head was placed under water with a 292Cf neutron
source centered between the tines. The bare chambers are outside the
cadmium sheet and are most responsive to thermal neutrons; because of the
water between the 252Cf source and the tines, the neutrons reach the
tines well moderated and produce a large count rate. The cadmium-covered
chambers are sensitive to the epithermal neutrons and thus produce a
lower count rate for this geometry.

12
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source and the fission chambers moderates the neutrons and the cadmium prevents
many of them from reaching the fission chambers. When an assembly is inside
the fork., the cadmium-wrapped detectors can give & higher count rate than the
bare detectors because the water 1is displaced by the fuel and most of the
moderation 1s caused by the polyethylene between the cadmium and the fission
chamber.5

The count rates of both the cadmtquVrapped and bare fission chamberg were
reduced about 40\ by changing the LLD from 30 to 40.

2. _Gamma-Ray Measurements. An intense 6OCO source is available at los
Alamos with which to calibrate the ionization chamber response. Dose rates up
to 1400 R/h were produced in the chambers.

The two ionization chambers selected had matched responses; over a range
of 20 to 1350 R/h. they differed on the average by only 0.1%. In air and out-
side the fork, each ionization chamber produced an ION-1 relative number re-
sponse of one while receiving 62.6 R/h. RAfter the chambers were placed in the
fork and partially shielded by the polyethylene, the dose rate in air (at the
chamber's location) required to get an ION-1 response of one from a single
chamber increased to about 69.8 R/h.

B. _Background Values
Background values were insignificant after the fork was installed in the

basin at GE-MO: neutron and gamma-ray backgrounds were taken repeatedly during
the measurements. Backgrounds could be caused by natural environmental
sources, contamination in the basin water, and fuel assemblies stored in an
adjoining basin. i

The neutron background count rate was less than one per second (including
Zero on many occasions) with an LLD of 30; at an LLD of 40, the rate was almost
always zero. The gamma-ray background responses were much less than 0.01,
which is insignificant compared with the 10 to 400 responses (relative units)
from the fuel assemblies.

C. Potential Sources of Interference

Other potential sources of interference that could be somewhat controlled
were identified and shown to be insignificant.

13




Although the ION-1 and Epson HX-20 can operate on batteries for many
hours, it can be convenient to run them from battery chargers. The chargers
may introduce noise into the ION-1, however, depending on the condition of the
supply line and the radiative electrical interference in the vicinity of the
equipment.

A comparison of responses on batteries with responses on the main supply
showed that the battery chargers had no effect on the data. The measurements
were made with a crane holding an assembly stationary in the fork and while
the crane was moving. Crané movement caused no discernible electrical inter-
ference.

Assemblies in the shipping cask, the storage cask, or basin storage bas-
kets were a few feet from the fork during the measurements (Fig. 5). with a
full shipping cask nearby, the readings were still at the background levels; a
partially removed assembly was detected by the ION-1/fork, however, as it was
uftedA beyond the shielding of the cask. Data were taken as a basin storage
basket was filled with nine assemblies; no change in the background was seen.
The shielding by the water and the cask’'s wall were sufficient to prevent in-
terference with the fork measurements Erom nearby assemblies.

D. Assembly Positioning Within the Fork

1. Vertical Positioning.

a. Controls. Data were to be taken at predetermined, reproducible axial
positions of each assembly. A steasl tape measure was attached along the fuel-
handling grapple: by sighting across the flat-topped rail of the bridge, the
tape markings could be read very accurately. The bridge was positioned a frac-
tion of an inch from the grapple to prevent parallax, or a card'wa‘s .placed
across the rail so that it even touched the tape.

The zero point of the measurements had the lowest point on the assembly
in the center of the fork tines. To find this position., an assembly was low~
ered beside the fork and moved horizontally. Wwhen the assembly just grazed a
tine, the zero point was chosen 2-3/8 in. lower (half the diameter of the
tine). An underwater television camera assisted in this process.

The bridge was deflected slightly by a person's weight. The data were
taken with one person on the bridge, so the deflection was practically

14



. constant. A second person on the bridg ith each LLD setting. A

only 1/16 in. -t rate with LLD = 30
Given this positioning and measuremei % o Count rates were
positioning were certainly less than 1/8 in ?ﬁ ?g 1,031, showing
. The zero point was determined on two occasi %E %; " . response
points differed by less than 1/32 in. % ‘:_, o \» gcans
. 2% e
b. Ei.ects of Errors. To quantify the efi '9 -
tical positioning, data were taken near the mic
117.3-in. height. Data were then taken at the
with no significant change in responses. The slopt /’/_gaﬁﬁzfﬁﬂﬂ'
ray axial profiles were not large at this position, -ec confidence in

the ability to position assemblies accurately, furthe. cnecks were not made.

2. Horizontal Positioning. The gap between the fork tines was only
0.5 in. wider than an assembly. Still., the crane operciors had no difficulty
inserting an assembly into the fork: they thought that the 0.5-in. gap could
have been half as'large without hindering them greatly.

All measurements were made with an assembly contacting the back of the
fork. The operator on the bridge could easily see when this contact was made.
To raise or lower the assembly, the crane first pulled the assembly a few
inches away from the fork's back, keeping the assembly within the tines. This
prevented catching a projection (such as a tie plate) on the back and possibly
damaging the fork or the assembly.

With the help of skillful operators, assembly CZ331 at the 77-in. height
was moved from contact with one tine to contact with the other tine in steps
of about 0.125 in. The five neutron readings had an average of 107.4 counts/s
with a standard deviation of 2.0 counts/s; the counting statistics uncertainty
in a single measurement was 3.3 counts/s, so the neutron count rate was in-

. dependent of the horizontal position. The fission chambers had been selected
because they are matched in sensitivity: had there been a large difference in
. sensitivities, there also could have been a horizontal position dependence.

The five gamma-ray responses on the ION-1 during this movement averaged
161.9 with a standard deviation of 0.5; the uncertainty for a single measure-
ment was displayed as 0.4. again indicating that with matched ionization cham-
| bers the horizontal position within the tines was not an important parameter.
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For consistency, the operators centered the assemblies as much as possible
without spending more than a few seconds to do so.

3. Axial Rotational Positioning. The detectors inside the fork tines are
most sensitive to the radiation from the adjacent pdrtions of an assembly.5
It had already been demonstrated that it was not necessary to gather radiation
from all fous sides of PWR assembues.4 but it seemed prudent to check this
conclusion for the Cooper BWR assemblies. )

Assemblies C2331 and C2259 were studled because they have quite different

irradiation histories. The axial neutron and gamma-ray profiles of C2331 have
two maxima after irradiation for two cycles, reaching 21.332 GWd/tU defore dis-
charge on April 1, 1978. Assembly CZ259 has a larger exposure of 26.466 GWd/tu
after Airradiation for five cycles and a later discharge date of April 21, 1981;
its axial profile is rather smooth.

Axial profiles of these assemblies were measured in a normal orientation
(1ifting bail in a particular orientation relative to the fork) and then after
a 90° rotation (briﬁging the other two sides adjacent to the tines). Por each
of six vertical positions, a ratio of the normal and rotated responses was
computed.,

For neutrons from CZ331, these ratios averaged 0.965 with a standard de-
viation of 0.097: this is consistent with an average of 1. Por gamma rays from
CZ331, the average ratio was 1.0012 with a standard deviation of 0.0080; this
again is consistent with an average ratio of 1.

From assembly CZ259, the ratios were 1.006 + 0.085 for neutrons and
1.0067  0.0057 for gamma rays. These ratios are also essentially 1.

From these limited data, there is no indication that the choice of assem-
bly sides placed adjacent to the tines has any effect on the data. Neverthe-
less, the normal orientation was always selected.

B. _Neutron Count Rates at Different LLD Settings

Most of the data were taken with an ION-1 LLD setting of 40, a conserva-
tively high setting designed to ensure that low-voltage noise (possidbly related
to the gamma-ray intensity in the fission chambers) would not 1ntt6duco spur-
ious neutron counts. Some of the earliest data were taken with an LLD of 30,
however, so the effect of this change was studied.
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Axial profiles of assembly CZ331 were taken with each LLD setting. &
ratio of the neutron count rate with LLD = 40 to the count rate with LLD = 30
was calculated at each of the nine axial positions where high count rates were
found. The average ratio was 0.896 with a standard deviation of 0.031, showing
that the LLD = 40 reduced the count rate by about 10%. (The gamma-ray response
is not affected by the LLD setting and its average ratio for these two scans
was 0.980 with a standard deviation of 0.055, which 1s consistent with a ratio
of 1.)

The default LLD setting on the ION-1 was 30. 1If data were accidentally
taken at this value instead of 40, the neutron count rate could simply be mul-
tiplied by 0.896 to calculate the effect of using LLD = 40. This never became

necessary.

F. _ Neutron Count Rates from Cadmium-Wrapped and Bare Fission Chambers

The ION-1 used had only one pulse channel input, so data from both sets
of fission chambers could not be collected at the same time. The two cadmium-~
wrapped fission chambers shared the same cable to the preamplifier, while the

bare fission chambers shared a second cable. The set of fission chambers to
use was selected by connecting the appropriate cable to the input of the pre-
amplifier.

' For the IAER application in determining the water's boron concentration,
data would be taken with both sets of fission chambers only once. The rest of
the data would then be collected with only one of the sets of fission chambers.

For use at GE-MO, the cadmium-wrapped fission chambers were used, with the
bare chambers available as an emergency backup. To prepare for such an emer-
gency, data were taken on assembly CZ259 with an LLD of 40 using both sets of
fission chambers. By using several axial positions, we estimated the effect of
exposure on the ratio of the.cadmium-wtapped count rates to the bare count
rates. We calculated the exposure at an axial position from the declared av-
erage exposure and the radiation profile shape. Figure 7 shows the data ob-
tained by this process.

For exposures between 25 and 35 GWd/tU, the average of six ratios was
0.844 with a standard deviation of 0.016. A seventh ratio at about 15 GWd/tu
was 0.803 with a counting statistics uncertainty of 0.021; it is not clear if
this is a real drop in the ratio.
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Fig. 7. The ratio of count rates from the cadmium-covered
and the bare fission chambers in the fork can bdbe used to
estimate the boron concentration in the water. At GE-MO,
there is no boron in the water, so data were taken to study
the variation of this ratio with fuel exposure. The data
shown here are from different axial locations along the same
assembly. The exposures at the locations are estimated from
the gamma-ray profile and the declared average exposure. The
error bars are l-o uncertainties because of counting sta-
tistics only. The solid horizontal line is the average of
all seven ratios; the dashed line is the average of the six
ratios with exposures between 25 and 35 GWd/tU. These data
suggest that the ratio of neutron count rates may be inde-
pendent of exposure, although more data with longer count
times are needed.

& Bad a problem developed with the cadmium-wrapped detectors, it would have
been possible to use the bare detectors to estimate the results from the cad-
mium-wrapped detectors. The need never arose for this adjustment.
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IV. ION-1/FORK MERSUREMENTS ON BWR FUEL ASSEMBLIES

. Cooper BWR Assemblies
Each Cooper assembly is marked with an identifler beginning with CZ, which

could easily be read through the water in the GE-MO pond. Table I gives the
exposure of each assembly, its irradiation cycle history end discharge date.
Figure 8 shows the measurement points selected by PXL. More details on this
fuel are in Ref. 1.

B. __Data Summary Tables
Tables II-V display the ION-1/fork measurement data. Tables II and III

are the gamma-ray responses, with Table III containing results for some closely
spaced axial locations near a tle plate of a couple of assemblies. Tables IV
and V provide the same information for the neutron count rates.

The tables show an assembly's identifier, the date and time of the meas-
urement, the ION-1's LLD setting (in the neutron tables only), the count time
used by the ION-1 (not very pertinent in the case of the gamma-ray responses),
and the data at the axial locatlons selected for that date. The very bottom
of an assembly is at 0.0 in.; the fuel region is from 7.6 in. to 153.6 in.

Gamma-ray data that were clearly erroneous because of the sluggish gain
range changes during the October-November 1984 campaign (see Sec. II.B.3) are .
not included in Table II.

Before the May 1985 measurements, the ION-1 was slightly modified. Sur-
prisingly. we quickly noticed that the neutron count rates were nearly half
the previous values. To verify that both fission chambers were functioning
properly, we placed an assembly on the outside of one tine and then the other:
similar count rates were obtained. The source of the differences was in the
ION-1, so the new results were normalized to those of the October-November 1984
campaign with a multiplier of 1.990. The neutron data in Tables IV and V from
the May 1985 measurements have already been multiplied by 1.990. fhe gamma-ray
measurements were not affected.

A very small number of anomalies remain (such as the identical gamma?ray
readings for CZ222 at 21.5 and 41.6 in. on November 5, 1984) that are not ex-
plained but also have no significant impact on the overall analysis that fol-
lows in this report.
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TABLR §
COOPER FUEL IRRADIATION DATA

Form 30 Irradiation History (I=in, O=out) and Discha Dat
Exposure 110011 111110 100110 100000 110000

Assenbd (cud/ty) 6/01/82 4721781 4/21/81 4/01/33 9/18/11

2102 11.667 X
c3147 26.709 X
cz148 26.310 X
c2182 26.524 b
2195 26.392 x
3203 25.344 X
2209 25.383 X
cz211 26.679 X
2222 26.692 x
c2225 25.796 X
2239 27.246 X
cz246 27.363 X
2259 26.466 x
c2264 26.496 X
c2277 26.478 x
2286 27.141 p
cz296 26.388 X
2302 26.594 X
2308 25.815 x
cz311 27.392 X
cz313 26881 x
cz318 26,568 x
€233l 21.332 X
cz331 26.720 X
€2342 27.066 X
. cz348 28.048 p
cz348 27.481 X
cz351 25.753 X
2355 25.419 X
2357 27.140 X
2369 26.576 X
€2370 26.342 X
c2372 25.848 X
2379 25.923 x
2398 27.418 X
cz415 25.863 X
cz416 27.461 X
2429 21.641 X
€2430 26.82% X
cz433 23.977 X
2460 26.512 x
2466 26.077 X
2468 26.737 x
2472 25.957 x
cz413 26.519 X
cz498 26.482 X
2508 26.357 x
2513 25,737 x
c2526 27.596 x
2528 25.718 x
cz331 26.699 x
2536 26.589 X
cz542 26.691 x
X

Cz343 26.668
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Cc2102
cz147
czid8
cz182

Cx195
Cz20%

cz211

8§

C3246

—Pate

8/25/84
11705784
8/25/84
11703704
8/25/84
11/29/84
9/01/84
11/0%/84
5/22/85
8/25/84
10/29/84
8/25/84
11/29/84
8/35/84
8/25/84
12/07/84
8/25/84
11/03/84
9/01/84
11705784
5/23/85
8/25/84
11/03/84
9/01/64
9/01/84
9/01/84
9/01/84
9/01/84
10/30/84
9/01/84
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8/25/84
8/25/84
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8/25/64
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9/0t/084
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8/25/84
13/05/64
8/25/84
11/03/84
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5/22/85
8/22/65
S/a1/83

7:12
23:03
18:55
12:56

8:29

8:5%
13:05
17:53
21:52

9:06
13:59

5:45

9:26
11:37
11:3
19:27
202595
15:19

$:56
10:57

1:17
14:47

9:53

228

1:33

1:34

1:41

1:47°

13:20

18:48
3:17
3:20

32:50
33

19:33
9:00

13:34
14

23:45

13:45
9:16
2139

18:29

18:30

18:3)
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TABLE 11

xial

16.1
114.6
ni.2

115.4
103.3

111.3
60.0

107.6
106.9

113.2
102.9

110.4
118.7

109.5
111.4
102.9

142.7

140.7

‘w.’

213

$2.3
51.0
216.3
208.1

196.2
241.2
230.6
205.6

203.6
232.%
217.5

199.3
213.7
206.8

246.2
216.9

224.3

2%6.2
259.4
248.7

205.6
208.1
216.2
208.7
228.1
215.0
208.7

2L 4.6 517 sl.8

283.9

261.2

263.7

10.0
274.3

257.9
318.1
293.7
262.5

. 265.6

298.9
2680.0

250.6
281.2
270.0

246.2
278.1

280.0

331.8
320.6

264.4
265.6
276.9
266.2
292.%
an.2

a32.5

V4.4
297.5
87.%

285.0
308.9

2%0.0
270.6

2935.0

335.6

303.8
364.4

343.8
286.1

278.8
280.0
310.0
293.1
83.8

7.6
288.1
275.6

307.9
272.9%

an.y

320.0
292.5

263.1
300.6
288.1

na.s
290.6

293.6

348.7
334.3

269.4
270.6
280.0
269.3
302.%
288.7

246.2

2.0
5.7

310.0
300.6
321.5%

288.1
322.9
285.6

306.9
3asl.2

314.4
N4
.0
375.0
3715.0
3%0.0
359.4

288.1

281.9
279.4
328.8
307.9
282.5

)

n.s
393.1
276.9

318.7
a8l.8

268.1

321.%
304.4

272.9
305.0
290.6

328.1
291.2

297.5

349.3
331.2

261.9
265.6
2%0.6
260.0
308.7
292.%
a5s.1
24s.1
a46.8

63.5
62 3
2685.0
270.6
275.6
257.9
313.1
300.6
267.5
250.0
240.6
il
291.2
269.4

2%6.2
280.0
268.1
5.0
330.6
267.9
292.3
278.1
338.8

323.1
3)3.1
229.3
252.9

236.2
251.9
242.5
263.7
2343
296.3
201.8
m.‘
268.7
295.0
a50.6

38.9

38.2
201.3
190.6
193.1
185.0
217.%
209.3
188.1
166.9
161.2
220.6
205.6
166.9

178.7
198.7
190.6
214.3
302.%
184.4
201.3
191.2
mlo
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169.3
210.6
185.0

131.6  169.3
90.1 23.0
87.2 23.0

21.8
93.4 1.2
86.5 19.9
72.7 12.1

101.1 22.%
95.3 20.9
84.0 21.3
92.3
88.9 22.6

22.1

203.6 94.6
86.4 20.7
91.2 22.4

15.9

100.7 15.1

23.3
90.4 2.2
4.6 13.4
76.4 12.4
T77.04 13.9
4.7 13.9
86.5 21.1
90.9 26.9
8.3 0.0
8.1
8s.1




Y4

a7
48
L]
50
51
32
53
54
53
56
57
58
59
60
61
62
63

635

67
68
69

n
72

"

T

280
8l
82
83
84

86
a7
8s
a9

n
92
93
94

Assen.
c2308

cxz311

cz13
cz318

cz33l

cz3n?
cz342
c346
cz48
€z331

Cz3%%
cxz33?
C2369
C2370
c2372
czI?y
Cz398
czas
cz4le

czZ429

Date

9/01/84
10/30/84
9/01/84
11/07/84
5/23/8%
8/28/84
11729/84
8/28/84
11/30/84
8/25/84
10/729/84
11/02/84
11/28/084
11730/84
5/22/83
5/23/8%
5/723/8%
97017984
10730/04
8/28/84
11/30/84
9/01/84
11707/84
9/01/84
10/30/84
8/20/84
11/30/84
5/722/8%
5/22/85
9/01/84
11/07/94
9/01/04
11730/84
9/01/84
11/03/84
8/28/84
11/07/84
8/28/84
11/07/84
9/01/84
11/03/84
9/01/84
11/071/84
8/20/94
11707784
9/01/84
10/30/84
8/23/94

Time
9:09
17:43
7:21
11:10
2:30
11:40
14:33
11:10
6:37
3:04
11:40
11:03
14:47
23:50
16:40
3:02
9:43
3:5%
17:15
10:32
10:39
8:30
12:5%
3:30
16:43
14:40
13:20
22:41
22:50
9:3
14:50
11:23
11:03
12:32
13:28
12:07
19:40
17:19
3:24
12:14
11:29
7:43
11:46
15:02
1:34
3:14
15:08
11:16

Count

Time

A=)
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10

Table II

(cont)

76.4
95.7
110.9
123.9
9.5
120.1

173.7

169.4

164.4

136.7

191.2

240.6
213.1

224.4
210.6
197.%

134.9
132.3
132.3
123.7
123.4
124.1
263.1
252.3

210.6
260.0
250.0
251.2
242.9
219.4
196.1
199.4
192.4
233.1
220.6
193.1
193.0
200.6
242.%
210.0
202.3

254.4

31s5.0

5.6
306.2

263.1

bottom)

Anial Height (inches from the
4.6 51,1 _61.8 _1.0

266.9 206.2
246.8 264.3

3. 326.9
305.0 310.6
Mn.9 215.0

320.6 331.3
290.6 301.2
269.4 280.0 288.1 299.4
251.9 270.6

172.5 166.9
162.5 165.0
162.5 164.3
160.0 162.%

159.4 161.2
192.5 153.7
152.5 154.4
152.5 135.0
330.0 335.4 341.9 349.4
319.3 228.})

298.1 310.0
268.1 281.2
235.6 26,9 151.9 35719
322.5 236.8
322.% 339.4 245.0 3%0.0
315.0 329.3

296.9 308.8
272.9 218.7
247.5 253.7

265.0 283.1
246.2 260.6

326.2 131.8
295.6 305.6

315.6 328.7
293.1 307.5

283.0 300.0
268.1 262.5

291.9 310.6
263.1 205.0

269.3 21.8
253.1 262.5

335.6 346.2
306.8 323.7
286.3  300.0 306.9 315.0
6.2 2.7

300.0 220.0
276.8 295.0

366.3 369.4

9.1

21.5%

340.6
279.4

309.4
303.1
202.1

163.0
163.7
161.2
160.6
153.7
153.7
155.6
349.4
335.0

291.9
355.8
1.2
348.1
.7
293.0
268.1
268.1
1.8
311.2
1s.0
290.6
292.3
268.1
335.6
316.9
304.3

310.0

272.3
263.1
316.9
305.0
270.6
31i.}
291.2
293.6
276.2
173.08
168.1
166.8
163.7
168.7
155.6
156.2
138.1
330.0
316.8
310.0
286.2
3351.2
235.6
.
308.7
307.9
283.7

259.3
266.2
254.9
324.3
301.2
as.o
0.8
283.0
0.1
299.4
287.9
278.7
267.%5
346.9
329.3
30%.0
294.3
312.%
297.9
354.4

121,8
190.0
183.0
221.9
212.9
193.1
218.1
203.1
210.0
198.1
132.9
128.5
127.4
126.2
125.6
120.1
122.4
123.4
228.1
220.0
224.4
208,97
an.2
260.0
220.0
211.2
213.1
196.9

183.7
184.4
176.2
221.5
211.2
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207.%
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97

.99
100
101
102
103
104
105
106
107
108
109
110
m
112
113
114
115
116
1n?
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

139
140

2430
2433
2460
2466
2468

C24N2

C2473
C2498

C2515

Cz538
c2531

C2542
CI545

pate

11/071/84
9/01/84
10/30/684
8/28/84
13/08/84
8/28/84
11/30/84
8/28/64
11/30/84
8/28/84
13/30/84
3/22/85
5/22/85
5/32/85
8/28/84
11/30/84
8/28/84
13/30/84
8/25/84
13/03/84
$/23/85
$/22/85
s/28/84
11/30/64
8/28/04
t1/08/64
8/25/84
11/03/64
11/03/84
11/03/84
5/23/8%
5/23/85
8/25/84
11/03/84
9/01/64
9/01/64
10730784
$/22/85

5/22/85%

$/22/85
8/28/84
11/01/084
8/28/04
13730784
8/28/84
13/30/84

9:22
2:98
9:3
21354
207
34:23
§3:52
13:28
11324
16:39
15:00
23:05
23:24
23:13
15:56
15:20
15:30
21:20
19:47
14:50
19:21
19:22
13:08
11:40
19:43
1:40
15:20
13:05
11:17
11:22
00:43
00:44
19:26
13:5%
2:38
2:41
9:10
21:05
20352
21:00
18:56
:00
12:34
12:40
16:%8
21:%%

Count
Time

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
180
180
10
10
10
10

Table I1 (cont)

L6 I35 203 L3

127.1
105.1
9.8
7.6
117.3
112.5
113.3

105.4

115.4
97.8
95.6
83.7
88.4

91.2

97.6

530’
115.9
111.6

1271.5%

1.3

140.1
140.}
139.3

265.6
248.7
202.%
201.2
225.0

2.5
192.%
230.6
208.7
208.7
208.7
231.2
194.4
246.2
213.7
215.6

196.9
268.9

222.%

228.7
220.6

200.6

243.7
213.7

191.2
205.6

210.6

253.8

321.3

271.9
272.%
269.4
272.5

266.2

331.5
3175
275.6
266.9
2718.1
242.9
297.5
an.e
an.2
.3N.2
297.%
245.0
N7
376.2
an.2
267.5

330.1
324.3

m.’

0
2.3

@

263.7
263.7
262.5

338.7
208.9
302.%

325.6

321.9
a13.1
340.0

299.4
291.9
348.8

295.0
295.6

284.3
324.4

263.7
292.5
289.4

349.3
335.0
291.3
2.2.5
280.6
259.4
301.2

275.0

300.0
262.5
323.1
205.6
280.6
280.0

356.1
324.3

a98.7

320.0
21.5

205.6
280.0
270.6

__Axtal Helght (inches from the bottom)
4L6 317 6.8 L0 91

4.9
296.9
309.4
285.6

aa.s

325.6
292.5

343.0

310.0
301.3
365.0

302.%
305.0

295.6
331.2

305.6
313.6
288.1

357.5
320.1
299.4
289.4¢
290.6
295.0
301.9

an.1

296.2
a%8.7
328.7
a88.1
293.7
288.1

“l.a
336.2

302.9

286.2

ass.7
301.2
5.6

1.3
336.2
3.9
308.7
268.8
an.s
301.?
9.4
286.3
266.2
301.9
280.6

235.6

303.0
280.6
280.6
an.y
328.1
310.0
372.%

306.3
281.9
288.1
an.
m..

" 348.1

303.7
302.5
331.2

.S
asl.e
281.8
281.8
299.4
208.1
316.9
291.2
275.0
a55.0

1313

234.3
223.1
213.1
202.%
197.%
210.6
193.7
208.1
193.7
205.0
188.1

136.2

215.0
198.7
209.6
193.7
225.6
212.9
193.1
192.5
215.0
198.7
200.0
‘9‘ .’
273.6
346.0

236.2
222.5

249.4
249.4
243.7
a16.2
al6.2
216.2
214.4
201.5
a1s.1
201.2
'“Q‘
171.9

1.6
104.3

92.5
92.2
”.‘
90.3
89.5
83.6

9.5

88.0
89.2
95.7
21.5%
95.1
92.6

‘30.9
263.7

1.5

98.7
”.o
2.8

169.5
13.8
13.2
13.1
2.6
21.0
13.1
13.1
13.9
12.8
11.0
10.7

11.7

12.2
‘l.o
8.2
20.7

14.0
14.3
13.4
14.3

16.9

25.5

16.7

16.0
16.8

26.1
25.8
23.8
23.0
13.0
11.2
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Assenm.

€z205
€2526

Date

8/25/84
8/25/84
5/23/85

TABLE II1I

TON-1/FORK GAMMA-RAY RESPONSES TO COOPER EWR FUEL

Time

5:48
15:28
00:43

(Tie Plate Vicinity)

count

Time Axia)l Height (inches f;cn the bottom)

=)  _1%.5 _82,0 _84.5 _87.0 24.5
10 322.% 325.0 319.4 319.4 321.3- 325.6 326.9
10 359.4 3%6.3 350.6 353.1 351.3 361.9 3s58.8
10 301.9 300.6 296.9 291.2 295.0 2%8.1 300.6

25



TABLE IV

9¢

I0M~1/FORK NTUTRON COUNT RATRS (counts/s) FROM COOPER BWR FUEL
(%Normalized by a multiplier of 1.990)

Count
Tine Axia] Height {inches from the bottom)
Basew. _Date  Fime LW (o) ¥ _ 7.6 _13.3 2L 3L .6 511 sk L0 311 MII 131.5 151, 163.5
1 302 8/25/84 :12 @ 1 o s.0 7.4 16.4 12.4 3.9
2 11/05/84 23:04 40 10 < 0.2 a0 ' 14.5 1.6 19.9 14.5 2.7 0.4 0.0
3 cael 8/25/84 18:55 40 10 o 0.4 162.3 167.0 157.8  59.9 §
4 11/703/84 12:51 @ w o 4.3 0.2 150.0 161.3 175.0 164.3  355.0 'R 9.0 &
5 Ca149 8/25/84  8: 40 10 o 62.9 . 150.4 164.1 136.6 48.2 H
6 : 11729/64  8:55 &0 109 o 3.0 60.9 124.0 144.0 164.2 125.9  50.5 2.7 0.1 {
1 c3182 9/01/64 11:05 &0 10 o 93.7 209.1 212.% 206.7 N 0.0 %
] 11/07/64  17:53 40 10 o 5.1 90.7 190.3 194.0 266.2 208.7 72.2 4.8 9.0 b
9 . $/22/85 250 40 W o 5.4 90,3 185.1 204.0 232.2 197.8 6.7 6.0 0.0 % 3
10 cal9s 8/25/88  9:06 &0 190 cd 4.6 166.3 164.1 112.2 383 ki)
1 10/29/84 14:00 &0 10 < 4.9 61.3 152.7 157.0 1420 107.2  34.4 2.2 0.0
12 205 8/25/84  5:45 40 10 ca 6.6 32.5 88.1 150.4 179.8 192.8 198.5 214.2 232.00 201.1 83.2 6.3 0.1 £
13 11/29/88  9:26 40 19 ca 5.6 15.6 169.7 183.3 2146 W19 5.2 5.2 0.0 7
14 ' C2209 8/25/84 11:31 40 10 ca 7.1 170.9 191.3 151.1 5.1
15 8/25/84 11:3% & 10 ca 175.2
16 1L/071/84  15:30 & 10 o 3. 7.7 150.3 170.6 182.3 149.4  €9.1 3.3 0.0
17 8/25/84 20:55 &0 10 cd 3.3 0.6 7.7 119.8 147.3 163.8 173.9 188.8 191.1 143.9 %8.3 4.1
1 11703784  15:16 &0 1 o 3.4 0.4 152.1 184.4 180.5 142.5 51.3 3.3 0.0
19 222 9/01/86  5: «® 19 cd 1.5 248.2 257.1 190.8 69.8 0.1
20 11705/84 10:57 & 10 cd 6.7 109.4 109.4 225.4 41.9 2335 193.0 626 4.2
a . 5723765  1:15 40 0 cd 6.2 94.9 214.9 243.0 239.2 185.7 62.3 4.6 0.0
22 cz235 8/25/86 14:47 40 100 c4 92.1 211.1 190.0 165.7  56.4
3, 11/03/84  9:55 40 I o 0.0 9s5.1 191.2 205.9 202.0 164.0 59.% 8.2 0.0
24 2239 9/0M/8¢  1: 40 10 ca 112.6 259.4 263.9 21¢.2 63,3 0.0
as 9/01/8¢ 1:33 & W o4 202.9
26, 9/01/84  1:34 40 0w c 272,98
n 9/01/84 1:41 &0 0 o 215.0
28 9/01/84 1:47 &0 W o 261.4
29 10730784 11320 &0 w o 7.9 1.6 111.6 260.7 251.7 196.4  635.0 5.2 0.0
0 cz246 9/01/84  5:30 &0 10 o 14,8 262.1 m.9 107.4 6.7 0.0
n 10730784 18:49 40 10 o 6.0 114.3 235.7 269.3 251.0 186.3  %9.4 5.2 0.0
32 3259 8/25/64 3:17T W 10 ca 19.4 16¢.9 161.7 117.9 .l
33 8/25/04 3:20 &0 10 ca 3.9
3 11729784 13:%0 & 19 o 5.2 €9.9 151.2 165.0 139.7 103.3 318 2.3 0.0
35 C1264 8/25/64 137 W w o 2.1 163.5 157.0 1.3 3.6
3% 11/05/85 18:33 40 1 ca &1 3.3 150.3 150.8 146.4 109.7 3.0 3.5 0.0
37 cam 9/0)1/84  9:00 &0 10 ca 5.5 22.6 69.6 121.8 136.5 149.6 148.4 145.6 131.0 953 29.) 3.1 0.0
as 1/07/8¢ 13333 W 0 o 4.2 66.% 141.6 143.1 1213 95.9 318 1.8 0.0
9 C2286 e/25/8¢ 141 W@ 0 o 101.6 s.5 235.1 1M.9 &l
40 11/03/84 23:45 40 0 ca 9.0 103.3 213.0 220.% 223.9 1654  55.7 3.7 0.0
a c2296 /25784 13:45 &0 W 6s.1 164.3 174.4 145.5  56.2
42 15/03/8¢ 9118 @0 1 o 9.0 6s.1 140.4 192.4 173.0 143.9 SL.8 4.0 0.0
43 cx302 8/35/86 2133 40 10 o €2.0 200.0 191.6 216.1  109.3
“" 13/0s/84 11337 0 10 ca 0.9 $1.0 166.4 196.4 243.0  245.7 102.% 2.9 0.0
[ . 8/22/8% 18:29 40 100 o 3.4 - 53.5 199.0 204.4 255.9 249.% 110.8  10.3 0.0
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TABLE IV (cont)

Count
Time Azla] Height {inches from the bottow)
posem. _Pate  Tiwe WD _(s) Pc _2.6 _13.53 _21.3 _3.,5 _41.6 _S1.7 _61.8 7,0 _97.01 AT.3 133 1516 169.,3
. 5/22/83 18:30 40 10 (=] 8.8
* S/22/85 18:31 40 10 c4 9.6
Cx308 9/01/84 5:0% 40 10 cq 62.9 162.5 187.4 166.6 62.3 0.1
10/30/84 17:43 40 10 cd 4.8 62.9 147.3 163.1 177.1  153.1 %8.7 4.6 0.1
2311 9/01/84 7:21 @0 10 o 109.3 232.6 230.4 246.2 2.0 0.0
1/07/84  11:11 a0 10 c4 6.6 105.9 223.% 223.1 239.3 z.9.7 93.4 6.2 0.0
¢ 5/23/8% 2:30 <0 10 cq 4.6 98.9 220.3 222.1 238,2 226.9 89.9 3.0 0.0
c331% 8/20/8¢ 11:40 40 10 cd 93.4 218.1 246.0 226.1 86.4 0.0
11/29/84  14:33 40 10 ca 4.4 83.1 167.9 219.8 246.4 214.8 7.1 5.0 0.1
c13le 8/28/84 11:10 40 10 o4 3.4 24.9 n.A 134.2 157.6 1680 207.1 216.6 247.7 226.2 89.2 8.1 0.1
11/30/84 6:37 40 10 cA 3.8 63.3 132.0 164.9 232.1 221.2 a7.1 6.9 0.0
Cc32331 8/25/94 5:04 40 10 ca 3.4 107.4 102.3 . 144.0 66.1
10/729/84  11:40 40 10 cd 0.1 0.0 89.4 100.2 114.9 125.6 6l.1 4.3 0.0
33/702/84  11:03 40 10 c4 1.6 40.3 07.6 27.9 112.8 134.0 359.8 3.1 0.0
11/728/84  14:30 a0 .10 ca 2.5 3.9 87.3 100.8 115.8  132.6 4.9 4.0 0.1
11730/84 23:32 40 10 c4 3.6 41.2 84.9 101.4 116.4 17.1 61.2 4.9 0.0
bd 5/722/83 16:40 40 10 cq 3.2 33.4 83.4 100.9 1s.8  126.8 63.3 5.0 a.0
L S/23/83 3:02 40 10 od 1.6 28.9 87.7 99.9 105.7 130.7 7.8 4.0 0.0
. $/2%/83 9:43 40 10 cd 2.0 4.2 89.0 104.7 122.4 130.1 69.5 6.6 0.0
Cc2337 9/01/84 3:355 40 10 cq 7.9 40.7 118.6 189.3 215.3 232.9 243.8 2¢9.4 249.8 227.4 83.2 4.4 0.1
10/30/88 17:13 40 10 cd 3.3 112.2 220.9 9.8 253.7 218.7 78.8 4.9 0.0
c2342 8/28/84 10:32 40 10 cd 86.4 190.9 213.0 220.9 102.2 0.0
31/730/84 10:40 40 10 c4 qA.8 n.2 169.3 191.8 226.7 221.0 100,1 7.3 0.0
C2346 9/01/84 8:30 40 10 cd 6.3 33.1 104.5 1905 222.4 248.7 249.7 256.4 255.6 204.2 le60.1 10.9 0.0
11/07/84  12:53 40 10 (=) 6.1 102.7 226.0 242.6 264.3 271.3 1491 it.s 0.0
C2348 9/01/84 3:30 40 10 cd 6.6 33.8 10%.4 192.2 228.4 253.8 274.8 273.8 286.4 241.2 83.9 7.1 0.0
j0/30/84 16:43 40 10 cd 5.7 104.9 236.2 260.5 204.5 223.8 80.8 7.4 0.0
c2331 8/28/84 14:40 40 10 cd 100.4 194.1 202.9 217.8 80.3 0.0
11/30/84 13:20 40 10 c4 5.8 92.6 183.2 182.1 232.6 °207.2 4.1 6.7 0.0
. S/22/8% 22:40 30 10 c4 4.3 (uLp) 186.8 (LLD)
¢ 5/22/8% 22:49 40 10 c4 5.4 83.6 183.7 108.7 228.7 2032 84.6 6.0 0.0
€231%% 9/01/84 9:33 40 10 c4 70.2 m.s 101.9 158.1 9.9 0.1
11707764  14:3% 40 10 c4 4.9 65.7 132.2 1713.9 186.8 1%6.3 97.4 3.7 0.0
€23%7 9/01/84 11:23 40 10 ca 104.3 240.9 230.1 4.1 99.5 0.0
11/730/84 11:03 40 10 cd 4.9 101.8 216.6 222.4 250.1 250.6 93.3 6.3 0.0
C2369 9/01/8¢ 12:32 40 10 cd 7.0 196.2 1.9 238.3 94.% 0.0
31/03/84  13:28 40 10 cd 0.0 79.8 175.6 204.0 236.35 231.2 89.7 6.6 0.0
c2370 8/20/84 12:07 40 10 68.3 198.6 231.7 220.2 88.6 0.0
11/07/864 19:40 40 10 4 3.4 68.7 178.1 207.3 238.5 218.4 9.6 7.1 0.0
c2312 8/28/84 17:19 40 10 c4 62.4 214.0 235.5 267.4 127.4 0.0
11707/84 3:23 40 10 cd 4.2 62.7 170.9 214.9 248.9 251.7 122.8 8.7 0.0
c2379 9/01/84 12:14 40 10 c4 7.7 171.9 175.0 192.2 106.2 0.0
11/03/84  11:29 &0 10 ca 9.2 69.8 155.9 164.1 183.7 197.8 ~97.6 9.0 0.0
Cc2398 9/01/84 7:43 40 10 cd4 101.7 220.% 249.6 273.8 121.4 0.0
11707784 11:46 40O 10 c4 4.9 93.% 200.0 233.7 260.8 262.3 111.4 9.4 0.0
c241% 8/28/84 15:02 40 10 c4 3.9 23.3 66.2 131.% 163.4 206.8 217.3 237.0 272.4 2%6.1 114.2 7.6 0.0
11/07/84 1:3¢ 40 10 c4 1.7 3.3 187.3 219.86 2.2 234.7 110.8 8.3 0.0
c2416 9/01/84 3:14 @0 10 cd 2.3 198.0 230.9 263.3  108.2 0.0



8z

€z439
C3430
C2433
C2460
C2466
CI468

472
C1473
CI499

C2508
C€3515
Cx526

C2528

C2531

Doty

10/30/84
8/25/84
13/07/84
9/01/84
10/30/04
8/28/84
11/08/84
8/28/84
32/30/04
8/28/04
11/30/84
8/28/084
11/30/84
5/22/68%
5/322/85
$/22/85
8/20/04
11/730/84
8/26/04
13/30/84
8/25/84
11/03/84
5/23/85
5/23/85
8/28/04
13/30/04
8/28/04
11/08/84
8/25/84
11/03/84
5/23/8%
5/23/83%
5/23/85
5/23/8%
8/25/84
31703784
9/01/64
9/01/64
10/30/84
$/22/85
$/22/85
5/22/85
8/28/84
11/0%/84
e/26/84
11/30/84
8/38/84
11730/84

15:08
11:16

9:23

2:58

9:30
21:%4

1:00
14:29
13:%0
13:28
11:24
16:39
15:00
23:24
23:05
23:13
15:56
15:21
15:30
2):23
19:47
14:52
19:21
19:22
13:08
11:40
19:43

1:40
1%:20
$11:05
00:43
00:44
00:17
00:22
19:26
13:%5

2:38

2:41

7119
21:05
20:50
20395
18:56

1:02
12:34
12:40
16:58
21355

e e E B EEEEEEEEELELEEEEEEEEE8888888

- 2
35855585855335358855558855555353ng
2080022520022 0028% 2020220220202 02020220222202022220022200888 8
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TABLE IV {(cont)

2.9
8.1
8.0
4.1
3.5
4.6
4.8

5.3
3.4

6.8
4.6
3.8
3.8
5.4
3.8
7.4
0.0

4.4
5.2

4.9
6.1

19.6

30.1
35.8

28.7
35.6

80.7
134.2
123.7
114.1
116.6

67.6

67.1
104.0
104.3

n.3

69.3
101.3
100.4

94.7

99.1
118.2
105.9%
103.2

62.8

69.7
111.6
113.4
102.9

Astal Helaht (inches from the bottom)

21,8 3.5 4.6 517 .sl.é 310 201
180.3 209.2 253.4
281.17 207.2
245.8 201.6 295.1
241.6 242.4
241.3 246.0 265.2
140.3  184.7 306.3 206.6 216.8 235.9
1023 212.3 236.5
218.6 201.7
205.8 196.5 215.1
162.9 202.2
150.2 173.6 203.4
222.6 216.6
264 202.6 203.2
225.5 213.1 212.5
. 289 -
256.9
226.1 2150
200.5 210.6 210.2
165.3 211.3 .
141.9 1713.8 226.2
240.7 235.2
231.3 224.9 2447
220.3 211.5 238.6
198.9 214.3
177.0 197.5 222.6
216.9 241.3
184.1 212.5 260.6
190.6 231.2 246.9 251.2 3252.9 266.6
221.9 218.7 230.5
178.9 230.8 227.9 239.4 245.0 372.6
189.1
181.5
216.5
205.1 218.3
173.4 209.9 241.2
123.2 229.3
209.7 221.4 240.4
208.8 202.4 243.4
182.3 216
173.2 209.8 263.1
181.5 224.2
170.1 197.6 242.4
195.6 199.2
180.6 206.0 214.5

UL

345.3
257.7
251.0
232.}
233.9
232 2
236.9
200.7
188.5
202.2
198.8
200.6
180.6
196.8

202.4
183.7
216.9
a17.6
223.2
211.0
210.9

222.9
207.4
244.9
242.8
300.8
267.1
291.9

248.7
249.3
261.0

2361.7
254.7
252.9
296.9
258.2
253.1
229.9
227.4
184.3
164.9

94.3
toi.1
93.7
5.6
80.2
98.7
93.1
72.0
1.7
86.0
82.7
0.6
$9.9
65.3

79.5
5.3
85.58
4.7
6.3
5.2
5.0
12.4
86.%
6.8
92.8
95.0
157.7
296.4
164.4

116.3
117.%
132.7
136.2
136.0
135.3
133.3
153.0
107.9
112.2

88.%

78.2

61.0

57.9

7.4
8.9
6.7
6.0
8.1
6.4
6.5

s
4.0

5.8
$.9
12.4

154.8
k1.9

sessosezssis of

.

oo ook G~ wmmoOD

0.0
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TABLE V

ION-1/FORK NEUTRON COUNT RAIRS (counts/s) PROM COOPER BWR FUEL
(Tie Plate Vicinity)
{*Normalized by a multiplier of 1.93%0)

count
Tine 551 1 nglghg {in Qg! fron the bottom)
Bssen, _Date  Time LD _(8) ¢ ~£2.3 92,0 _94.%

1 c220% 8/25/84 $:48 40 10 c 210 2 21(.1 223.9 213 T 2219 2212 223.6
2 C2526 8/25/84 1%:28 40 10 €4 262.8 249.9 246.9 247.4 242.¢ 257.3 267.4
$/23/¢> 00:43 40 10 cd 250.3 243.2 251.9 225.3 245.6 248.9 259.7

C. Profile Measurements

1. Reproducibility. The data in Tables II and IV show the good repro—-
ducibility of the gamma-ray and neutron count rate results, taking.into account
the decreasing activities with cooling time. For a given assembly, some data
were taken only minutes apart, while other data were taken months apart.

For simplicity. uncertainties in the data values are not indicated in the
tables. They can be stated in general, however, and applied to any data in the
tables. 1In the neutron tables, the standard deviation in a count rate is the
square root of the quotient.of the count rate and the count time. The gamma-
ray uncertainties produced by the ION-1 follow a step function as the gamma-ray
response increases, but & useful approximation is that the uncertainties are
0.16% of the response values.

No correction for cooling time has been applied to any of the data in
these tables (except implicitly in the normalization of the neutron count rates
for the May 1985 campaign). and the small decreases in the activities with time
are apparent in the tables.

The reproducibility of the ION-1/fork data is most easily seen for assem-
bly CzZ33l. Tﬁis assembly had been cooling for 3 years longer than the others
and thus the decay rate for CZ331 was the smallest of the Cooper assemblies at
GE-MO. Whereas CZ33] was not used in the storage cask because of its lower
heat output, it was well suited as & reference assembly to check the operation
of the ION-1/fork detector. Although some decay is still evident in its data,
the decay rates for neutron and gamma-ray emissions are much lower than those
of the other assemblies.
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2. Gamma-Ray Cooling with Time, The gamma-ray cooling can be illustrated
with assembly CZ182, which has one of the shorter ccoling times. In Table 1I,
the gamma results can be seen to decrease by about 4% from September 1 to
November 7, 1984; they drop another 11% from November 7, 1984, to May 5, 19853;
between the September 1, 1984, and May 5, 1985, dates, there is an overall drop
of about 15, 1If we assume that only 1:MCS and 137c$ produce the gamma-ray re-~
sponse, then these percent drops indicate that 35% of the response comes from
137c$ and the rest from ;34C3. This mixture is in agreement with an average of
39% 137C5 previously calcuiated6 for thres other BWR assemblies.

To find the best expression for the rate of decrease in the gamma-ray re-
sponses with cooling time, we examined the data Erom each assembly in Table 1II,
ignoring the axial positions smaller than 21.5 in. and greater than 151.6 in.:
they were less precise than at other locations. At each of the other locations
for a given assembly, we calculated the ratio of a later response to an earlier
response. These ratios were generally very similar fo. all the locations on
each assembly, and an average ratio was calculated. Each assembly thus had one
to three sets of cooling times and responses relative to the earliest response.

Figure 9 1s a plot of these relative responses, with an exponential curve
that is the least-square fit to the data points. The “decay constant” for this
curve is 0.000577 ¢ 0.000022 per day.

3. Neutron Count Rate Changes with Cooling Time. The neutron data for
C2182 in Table IV can also be examined for cooling time effects, although the
statistical fluctuations from only 10-s count times limit the precision. Froa
September 1, 1984, to November 7. 1384, the count rate decreases about 7%. As-
suning that only 244cm and 242cu are important contributors of neutrons (as can
be expected from Ref. 8)., this drop is consistent with 93% of the neutrons com~
ing fronm 2Mcm: 98% is calculated from the data in Ref. 8. Further compari-
sons with the May 1985 data are not possible because these data were normalized
after the I10N-1 modification mentioned in Sec. IV.B. ,

The good reproducibility i3 still apparent in all these data, allowing for
the statistical fluctuations that must be expected with only 10-s count times.
This short count time was used because good gamma-ray data could be obtained
while minimizing the total time spent on all the assemblies. 1In previocus
spent-fuel examinations, count times of 30 to 60 s have been entirely satisfac-

tory to gather good neutron data. as well as good gamma-ray data.
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Fig. 9. The decline in the gamma-ray emissions from the Cooper assemblies.
The cooling times are relative to the first measurements made with the ION-1/
fork detector in Rugust or September 1984. Although the curve fitted to the
data points may appear to be a straight 1line, it actually is an expcnential
with & “decay constant” of 0.000577 ¢ 0.000022 per day. The gamma-ray measure-
ments would thus be half those shown here after about 3.3 years.

4. Profiles and Areas for Similar Assemblies. Table I shows that many

of the assemblies had exposures between 25 and 28 GWd/tU and were discharged
on the same date. Similar assemblies have similar data (see Tables III and
IV). This can be seen by comparing individual numbers in the tables, or by
plotting the profiles in Fig. 10(a)-(e) and computing the areas under the pro—~
files.

The profiles can be categorized according to the number and location of
extrema. Each of the basic types is shown by one of the profiles in Fig.
10(a)-(e). Just specifying the exposure and cooling time is not sufficient to
predict the shape of the profile; the proximity to poisons during irradiation
is quite important. RAssemblies with the same gamma-ray profile wmay have dif-
ferent neutron profiles, and vice versa.
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Plg. 10(a)=(e). The measured
gamma-ray and neutron profiles
for various assemblies. The
upper curves are the gamma-ray
profiles; the lower curves are
the neutron counts/s profiles.
The curves through the points
are spline fits that merely con-
nect the curves in a smooth man-
ner: there is no physical argu-
ment for the shape of the curve
between the data points aside
from continuity. These profiles
1llustrate the types of profiles
seen for the Cooper assemblies.




The curves drawn through the data points in Fig. 10(a)~(e) are simply
spline fits that have no physical Justification. However, the areas under the
spline curves .approximate the areas under the true profiles. After fitting
spline curves “to only five data points, we found that additional data points
tended to lie:.very near the spline curves: Fig. 11 1s an example of such a
process for CZSZG. The areas under the spline curvas for five and nine data
points differ by only 0.3%. Table VI presents the profile areas for the gamma-
ray responses; the calorimetry data in that table will be discussed in Sec.

V.B.

5. Effects of Tie Plates. The tie plate at the 87.0-in. location was
used to study the effects of a tie plate on the gamma-ray and neutron emis-
sions. The seven measurement locations shown in Fig. 8 near 87.0 in. were
2.5 in. apart &nd led to the data in Tables II and IV.

2504 ¢ 9 Points
’ 5 Points

Gamma—-Ray Response
N
(=]
(=]
L

Y - T T T T T =T
o 25 50 75 100 125 150

Axial Location (in.)

Fig. 11. Gamma-ray profiles for assembly C2526 were formed from five
and nine data points to determine the effects of using only five points.
The nine-point profile shows that the spline fit to five points can
slightly deviate from the true profile. The areas under the two pro-
files, however, differ by only 0.3%. Using the smaller number of data
points redutes the measurement effort without introducing an important
loss in accuracy. _
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GAMMA-RAY PROFILE AREAS, CALORIMETER POWERS, COOLING TIMES

TABLE VI

(Gamma-Ray Profile Areas Corrected to Calorimeter Measurement Dates)

Assembly

c2147
Cz148
C2182
Cz195
C2205

Cz2209
cz211
Cz222
C2225
Cz239
CZ246

CZ259

Cz2264
cz2m
C2286
Cz236
CZ302
Cz308
cz3ll
2313
C2318
€2331

€z2337

Data from the September-December 1984 Heasurehents
Fork Positions from 7.6 to 151.6 in.

Pork Data
Cooling Time Gamma-Ray
(Days) Profile Area

1 292 33 431
1 318 32 507
890 37 174

1 287 31 042
912 34 a7
890 31 301

1 292 33 861
:}:1:) 38 602
886 34 932
882 40 042
882 37 930
37 864

1 318 31 147
30 226

1 294 31 21
1 296 30 772
889 34 531

1 292 33 356
1 294 33 119
882 31 239
890 37 793
912 35 137
913 32 203
2 403 ———m—-
24907 @920l emem———
2 433 —————
2435 292\ meeee-
882 38 636

Calorimeter Data

Cooling Time
{Days)

1
1

)|

s et ot

(e

293
281
849
287
846
856
860
861
874
876
88l
885
888
918
924
934
077
092
880
259
887
854
882
885
888
287
339
281
285
919
292
282
884
878
920
920

884

Power

A ))

276.7
273.5
332.6
255.5
324.0
361.5
343.5
353.2
331.8
338.7
327.5
313.1
311.4
314.0
331.0
17.2
289.7
307.9
279.5
296.0
355.7
321.3
366.5
320.9
341.7
241.7
288.5
263.9
262.7
278.4
256.7
285.6
26%.7
356.9
328.0
271.6
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TABLE VI (cont)

Fork Data —Calorimeter bata
Cooling Time Gamma-Ray Cooling Time Power

Assembly (Days) Profile Area __(Days) (W)
CzZ342 913 33 521 919 280.1
CZ346 890 40 494 879 388.7
€Z348 882 38 076 883 342.8
Cz351 913 33 224 922 313.8
Cz355 890 30 920 880 290.5
Cz357 913 . 35 955 921 320.3
CZ369 886 36 307 8711 347.7
*€Z370 1 296 33 544 1 256 288.1
Cz372 1 296 34 402 1 254 288.7
Ccz379 886 31 833 886 287.4
CZ398 890 39 030 879 372.0
CZ415 1 296 35 446 1 254 289.3
CZ416 882 35 183 883 319.8
CZ429 . 890 41 200 878 38%5.6
€z430 882 38 221 882 353.3
C2433 1 297 33 862 1 253 287.4
CZ460 913 33 576 922 313.5
CZ466 913 33 072 850 302.1
CZ468 813 34 718 924 325.3
Cz472 -+ 913 36 316 848 325.0
Cz473 813 31 424 923 293.2
CZ498 886 37 991 876 359.4
Cz508 1 Zi8 34 826 922 310.0
Cz515 1297 33 595 1 253 294.0
* 33 018 1 283 296.0
CZ526 886 42 446 853 395.3
cz528 1 292 33 752 1 283 297.6
€z531 881 38 073 882 347.2
CZ536 1 296 34 239 1 255 295.2
€Z542 913 32 621 921 311.9
C2545 913 31 483 924 295.2

-
=

Figure 12 plots. the radiation responses for CZ526: the plots for CZ205 are
very similar. A well-defined dip in the gamma-ray responses is certainly due
to shielding by the tte'plate.

A smaller dip in the neutron count rates is still about three times the
uncertainty in a single count rate and thus is also likely to be real. The tie
plate apparently scatters some neutrons away from its neighborhood and the fork
detector.

For both gamma-rays and neutrons, the tie plate has small, localized ef-
fects on the radiation transport.
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Fig. 12. Detailed axial profiles for assembly C2526. Of par-~
ticular interest are the effects of the tie plate at the
87-in. location. Apparently, the plate scatters neutrons away
from the detector while gamma-ray abscrption causes only a
small dip in the detector‘'s gamma-ray response.

D. _ Consistency Check of the Declared Exposures and Cooling Times

The data can be examined for internal consistency through techniques pre-
viocusly used with the ION-1/fork tletet:l:o::'."'9 If consistency 1s found among-
the assemblies already measured, the curves developed can be used for near-
real-time checking of assemblies measured at some future time.

1. Declared Exposure and Neutron Count Rate.

a. Curium-244 Decay-Corrected Relations. A power-law relationship has
been applied‘l between the declared exposure and the measured neutron count
rate. The general form is

(corr. n counts/s) = (a) B(B). ' (1)

where (corr. n counts/s) is the measured neutron count rate corrected for the

Z“Gn decay back to the discharge date, B is the exposure, and o and B8 are
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parameters obtained by & curve-fitting procedure. This assumes that the
242

cooling time 4s sufficiently long so that the Cn has decayed to insignif-

icance compared to 2“Cm. The half-life of 242Cm is only 163 days and for a

e )
PWR assembly freshly discharged with 26 GWd/tU exposure, “‘ZCm contributes
about half as many neutrons per second as does 24‘0m.8 This fraction rapidly.
242

decreases with time; after 2 or 3 years, the Cm can be ignored as a signifi-
cant neutron emitter.

For PWR assembies with fairly flat axial profiles, the corrected neutron
cdﬁnt rates can be calculated from measurements at the midpoint of the assem-
blies. However, the Cooper BWR assemblies had uneven profiles, so the area
under the neutron profile was used as the neutron count rate in Eq. (1).

There will always be scatter about this curve because of count rate and
declared-exposure fluctuations, but the trend is generally agreeable. Allow-
ance must generally be made for about a 5% uncertainty in the operator—-declared
exposutes.11

The relationship in Eq. (1) was examined for the Cooper assemblies. . It
seems that the neutron count rate, after an exposure of more than 20 Gwd/tU and
a cooling time of 3 years, is almost entirely caused by the spontaneous fis-
sioning of the 24‘Cm isotope. To account for the assemblies' different cool-
ing times, we applied a correction factor to each count rate; this recovers the
count rate that would have been measured from 2“Cm emissions alone immedi-
ately after the fuel was discharged. The correction is simply an exponential
factor whose argument 1is the product of the decay constant of 24QCm and the
cooling time.

The data and the fitted power law function are shown 4a Fig. 13. The
range of exposures 1s quite small. The least-square fit choice of beta is
3.55, which is similar to values found at other BWR facilities.

However, it is obvious from Fig. 13 that some data points trend across the
fitted curve rather than along it. The assemblies responsible for this trend
have longer cooling times (they are marked by plus signs and crosses in Fig.
13). 1If Eq. (1) is applied to only those assemblies that have the most common
operating history (marked by circles in Pig. 13), then the curve of Fig. 14 is
produced. The value of beta is now 4.18 and the points in this subset lie
along the curve very nicely.

The corrected neutron count rates were used with the fitted curves to in-

7 terpolate exposures. Evgn when ugtpg all thg p;sembl;es (Fig. 13), the average
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FPig. 13. The neutron count rates from the Cooper assemblies (inte-
grated along the assemblies' axes) are plotted against the declaréd

" exposures. Figure 13(b) is a magnification of the region containing

the data points. Three operating histories are shown: 1 indicates
when the assembly was in the core during that cycle; 0 indicates when
the assembly was out of the core. The fitted curve is a power func-
tion. Assemblies with the same operating history tend to cluster
separatsly from other assemblies, implying that exposure alone is not
sufficient to characterize assembly neutron emission rate.
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Fig. 14. These assemblies with the same operating history demon-
strate that the neutron data can be correlated to the exposure
through & power-law relation. Without data from other assemblies,
the power-law relationship is clear.
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difference in absolute value between the interpolated and declared exposures
is only 0.87 GWd/tU; on a percentage basis, the average absolute difference is
3.3%. when using only the short-cooling—timé assemblies (Fig. 14), the average
absolute difference between the interpolated and declared exposures is 0.40
GWd/tu, or 1.5%. This is a very good result considering that the probable un-
certainty in the operator's declared exposures is about 5\.11

The: apparent- effect of operating history seen in Fig. 13 needs further
discussion. ¥Fr3 calculational sstudims8 on a PWR assembly, we know some
parameters can affect the neutron source strength. Differences in the initial
2350 enrichment can easily produce the spread seen in Fig. 13:; however, it
appears that all the enrichments of these Cooper assemblies were 2.5%. Varia-
tions in the 002 densities are not likely to affect neutron emission rates
as greatly as needed to understand Fig. 13. The effect on neutron production
by wvariations in the reactor's power level is also slight over the 160- to
240-W/cm range; for the exposures and cooling times of the Cooper assemblies,
the power level can not explain PFig. 13 either. The produciion of 2420: is
very sensitive to power history: this is an important subject of continual
study in spent-fuel measurements, and is discussed in detail in the following
section.

b, Curium-242 Decay Corrected Relations. The only parameter that dis-
tinguishes one group of " assemblies from another in Fig. 13 is operating his-
tory. which is known to affect the relative amounts of the important neutron

emitters uzcn and zucm. If an assembly 1is given a continuous irradiation up
to a certain exposure., a certain amount of 242@1 will be produced. However, if

the irradiation had been interrupted, ulpu would have decayed into 2“1\1: dur-

ing the interruption, which would have led to the formation of additional 242@
from the Z“Am after irradiation was restarted. Thus when other factors are
equal, an assembly with an interrupted irradiation history will have an en-
hanced amount of 23Zcm, '

However, there are two problems with applying this argument to the Cooper
assemblies. Pirstly, all the cooling times are about 2.5 years or more. If
other parameters of the assemblies are equal (for example, initial enrichment),
as they seem to be, the 24201: after this much cooling time should be insig-
nificant regardless of the operating history. Secondly, if the operating his-

tory argument did apply. it would not explain why the points marked by plus
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gigns in Fig. 13 are above those marked with circles. These two sets of points
represent assemblies that both cooled for two cycles and then were irradiated
for two more cycles; the assemblies shown as circles have a shorter cooling
time and thus should fall above the plus signs, not below them.

To examine the 242@1 effect in a more quantitative way, a code™ ™ was used
to calculate the fraction of neutrons emitted by isotopes of uranium, pluto-
nium, americium, and curium. The operating histery is part of the input to

this code and histories of eight Cooper assemblies are presented in Ref_, 3;

12

this includes two of the assemblies shown by plus signs in Fig. 13 and one
shown by an cross. ‘

For those five assemblies with the shorter cooling times (circles in Pig.
13), the code calculated that 9$5% of the neutrons came from 2“Cm: for the
three assemblies with the longer cooling times (pluses and crosses in Fig. 13),
the fraction was 98.5\. These are all very near 100%, as expected for cooling
times of 2.5 years and more,

Although it séems that operating history affects the mweasured count rate,
the exact mechanism by which it does so is poorly understood at this time. A
few anomalies were also seen in ION-1/fork data from Three-Mile Island assem—

bltes.13 Even though some assemblies had the same exposure, cycle pattern,

. and cooling time, neutron count rates could still differ. A possible cause

discussed in Ref. 13 is the local neutron spectrum each assembly experiences,
which itself depends on the proximity of control materials. The neutron spec-
trum could affect the amounts of the curium isotopes generated, and hence the
neutron emission rates.

2. Cooling Time and camma-Réx Response. A second power—-law relationship

exists between the gamma-ray response divided by the exposure and the cooling

timeg:

g/E = a 'r.b . (2)

where g is the gamma-ray response, T is the cooling time, and E is the expo~

sure; the parameters a and b are found by a curve-fitting prc»c:m!t.xre.lfI For
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cooling times less than a year, a great dealvof scatter has been found about -
such a curve, but with the longer éooling times of the Cooper assemblies there:
is no such prohlenﬁ
The data and fitted curve are shown in Fig. 15. With essentially only two
cooling times, thi data separate into two collections of points. The fitted
value of b is 0.04202, with T in days and B in GWd/tU, which is similar to
values from other fuel examinations. ,
No inconsistencies are seen among the gamma-ray and cooling time data.
However, because There are only two cooling times and neither is short, little
significance can De attached to the fitted curve. The data points form clus-

ters as expected.
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Fig. 15. Azpower-law relation between gamma-ray response data di-
vided by the exposures and the cooling time. With essentially only
two cooling® times, the curve is not very informative. However, the
clustering of the data points indicates no inconsistencies among the
operator-derlared parameters {(exposures and cooling times) and the
measured daia.
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V. CORRELATION OF ION-1/FORK AND CALORIMETER MEASUREMENTS

A. GE-MO calorimeter

Reference 14 describes the GE-MO calorimeter for BWR and PWR assemblies
in detail. only its basic features will be noted here. An assembly §s en-
closed inside a water-filled tude that is well insulated thermally from the _
pool water. The “sater in the tube can be stationary and its temperature moni-

"tored with time, or the rate of water circulation can be found that maintains

a fixed temperature differential across the calorimeter's length. Some gamma-
ray monitors are built into the calorimeter to estimate the gamma-ray flux es-
caping the calorimeter. A correction for the lost gamma-ray heating can thus
be made to the measured heat rate for this loss: the correction for Cooper
fuels was about 10\.3

The calorimeter was used in 1982 with an excellent reproducibility €luc-
tuation of about 2% at 300 W (Ref. 14). However, the standard deviation of
repeated measurements on assembly CZ205 was 4%, or 14 W out of about 350 W
(Ref. 1). The calorimetry data for the Cooper fuel placed in the REA-2023 cask
are given in Table VI.

B. Gamma-Ray Heating Praction

Before attempting to correlate the gamma-ray data with the calorimetry
results, the variations resulting from different gamma-ray heating fractions
from the assemblies must be analyzed. If the fraction of the heating caused
by gamma rays is constant, or nearly so, the gamma-ray responses from the
IoN-1/fork detector will also be proportiocnal to the heat-emission rate from
the assemblies.

Calculated gamma-ray fractions for these Cooper assemblies were not read-
ily available and not pursued because our estimates of the differences among
fractions were less than the variations in the calorimeter data. The rest of
this section justifies this decision.

We based our estimates of the sensitivity of the gamma-ray fraction to
differences in exposures and cooling times on the calculated fractions for some
other BWR assemblies given in Ref. 1S. These calculations show that for cool-
ing times in the range of 2 to 3 yeafs. the gamma-ray fraction changes by less
than 2% for an exposure difference of 1 GWd/tU. The Cooper assemblies had
these cooling times and exposures of 25.3-26.6 GWa/tU, a range of 1.3 Gwa/tv.
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variations in the gamma-ray fraction due to different exposures are thus taken
to be 2% or less. o

Furthermore, from the information in Ref. 15 for exposures between 18 and
36 GwWd/tU, the gamma-ray:fraction changes by only about 1% as the cooling time
increases by 20 days (aztime greater than nearly all the differences between
the ION-1/fork and calorimeter measurement dates). This deduction of a low
sensitivity of the gamma-ray fraction to cooling :ime is further supported by
two gamma-ray fractions extracted from the ORIGEN2 calculations by PNL for
CZ342; the initial fraction of 38.1% increased to only 38.8% after about 90
days of additional cooling, a time much greater than any needed for correcting
Cooper fuel data. “

These arguments conmwinced us that the dlfferences in the gamma-ray heating
fractions among the COopgr assemblies were 1nsign1f1cdnt.

k]

C.. _Correlation of the TON-1/Pork and Calorimeter Data

1. cCalorimeter and TON-1/fork Measurements Contrasted. A calorimeter can
give an accurate measure of the heat-emission rate from an assembly. This in-
formation is important for the safe loading of a dry storage cask such as the
REA-2023.

However, a calotimeiet has two drawbacks: (1) The time required to meas-
ure one assembly is long (about 5 h at GE-MO), and (2) no information is ob-
tained about the axial distribution of the heat emission.

The ION-1/fork detertor requires only about 6 min to generate a profile’

of the gamma-ray (and nemtron) emissions of an assembly (from which the calo-
rimeter value can be 1n5§rred. as discussed in Sec. V.C.3).

2. Vvalue of the Profile Information. Knowledge of the axial distribu-
tion can prevent creating an unexpectedly *hot* spot inside the cask. Aﬁ as-
sembly with an unusually high heat-emission rate at some location would de de-
tected, and a collection of assemblies that would lead to an unacceptable com-
bination could be avoldé?. The heat-emission profile calculated with ORIGEN2
in Ref. 3 was virtually a mirror image of the measured gamma-ray profile; the

two profiles have a siﬂ?le maximum at opposite ends of the assembly. This
emphasizes the value of measuring the profile directly.

3

2
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3, Correlating the Data. For the Cooper assemblies, we expected that the
areas under the gamma-ray profiles were directly proportional to the calorim-
eter power data Wsee Sec. V.B). Because. most of the assemblies were measured
by the two 1nstt;nnents on different days. some adjustment might be needed be-
cause of the cooling discussed in Sec. IV.C.2.

4

o

8. Correlation Without & Cooling Time Difference RAdjustment. For most
of the assemblies., the time between ION-1/fork and calorimeter measurements was
less than 30 days, so the cooling corrections are generally small., We first
correlated these two sets of data, ignoring the time differences. The most
complete sets ofidata are from the October-November 1984 period during which
each assembly wag measured in the calorimeter before loading intc the storage
cask. The ION-I7fork profiles collected during this time were from eight
points that were gzearly equally spaced along the length of the assemblies.

The calorimetiric heat power P was assumed to be a simple linear function
of the ION-1/fork:gamma-ray profile area A:

“ly wF

P=sa . (3)

#

(5]

-3
The slope s was gletermined by a least-square Eitlo of the data in Table VI

and has the valpe 0.00%061 + 0.000063 W. Figure 16 is a plot of the data
points and the fiztted curve. The error bars on P are all $14 W. The uncer-
tainties for the profile areas are all under 1\ and are not drawn on the plot.
Of the 52 dnaa points, 27% are more than one standard deviation from the
fitted line, whith indicates that the %14 WV uncertainty is indeed about one

- standard deviation: the same can be said for the fact that 4% of the data

points are more ttian two standard deviations from the line. The average abso-
lute value of theiresiduals between the data points and the curve is 12.8 W or
4.2v. In generall the fit to the data is as good as the stated uncertainty in

the calorimeter dazta would allow.
2

. ,
b, Correlatfon With a Cooling Time Difference Adjustment. Typically, we
measured assemblies with the ION-1/fork detector and the calorimeter
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Pig. 16. A simple correlation between the calcrimeter and ION-1/fork
gamma-ray data. (a) A straight line through the origin. (d) A mag-
nified view of the region containing the data points, which shows
there may dbe a slight dependence on the operating history. 1 indi-
cates when the assembly was in the core for a cycle; 0 indicates when

! the assembly was out of the core during that cycle. A discharge date

: follows a cycle description. No correction has been made for differ-
ent ION-1/fork and calorimeter measuring dates, which introduces a
small error in the correlation.
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on different days. The exponential decay discussed in Sec. IV.C.2 was used to
correct for the effect of time on the aééemblies' cooling.

The largest time difference between the two measurements was 44 days (as-
semblies CZ433 and CZ515). The correction factor in this case is about 2.5%.
Hany other assemblies had time differences of less than a week, and their cor-
rection factors were less than 0.5%.

FPigure 17 shows Eq. (3) fitted using these small corrections. The slope
is now 0.008961 + 0.000062 W, which hardly differs from the slope without the
cooling time correction. The statistics of the fit are virtually the same as
in sec. V.C.2.a. '

RApparently the uncertainties stated for the calorimeter data are quite
accurate and the much smaller corrections for cooling time differences have no
important effect.

VI. NUCLEAR SAFEGUARDS TMPLICATIONS

Before fuel is loaded into dry storage casks and therehy removed from view
for an extended period of time, there should be a guarantee that special nu-

- clear material has not been removed from the fuel. After the casks are loaded,

& seal can then be attached to the cask to gquarantee that the contents remain
intact. The ION-1/fork system can verify the characteristics of spent-fuel as-
semblies just before they are placed in a dry storage cask. The measurements
at GE-MO gave us an opportunity to test the ION-1/fork under conditions similar
to those one might find in a storage basin where fuel is being moved into dry
storage casks.

For best results, the fork detector should be installed in a fixed loca-
tion (probably on & wall) and the fuel should be moved to the detector before
it 1is placed in the cask. 1In this manner, the detector could be located in a
low-radiation background area and a consistent measurement geometry could be
maintained. For PWR fuel, a single measurement at one axial position could
suffice for the verification. BWR fuel may require measurements at two or
three axial positions to be sufficiently characterized. The fork at GE-MO re-
mained in the pool for about 1 year. without any problems, demonstrating that

the equipment can be left in the pool at a facility for an extended period of
time.
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Pig. 17. 'nn*?::;same data used in PFig. 16 are shown here after adjusting
the ION-1/forXk data for cooling between the dates on which measurements
were made withy the ION-1/fork and the calorimeter. The largest differ-
ence in datesy 44 days, generated a 2.5% correction. Most of the cor-
rections were!less than 0.5%. The stralght-line fits in Pigs. 16 and
17 show that: these differences in measurement dates have no significant

effect on the: linear: correlation between the ION-1/fork and the calo-

rimeter data.’
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This final check before storage could be done quickly and easily with the
type of equipment used at GE-MO,

VII. SUMMARY AND CONCLUSIONS

The study of the Cooper BWR assemblies with the Los Alamos ION-IIforf:
detector was useful in five ways. ,

Profiles of gamma-ray and neutron emission along the lengths of the assem—
ﬁlies showed that there are & varlety of profile types. Some profiles were
smooth and regular. whereas others had peaks at various positions, presumably
because of the proximity of control blades. This profile information was
available to assist in the calculated heat emissions and could be correlated
with temperature measurements made within assemblies and around the cask.

The fraction of the heating caused by gamma rays appears to be very nearly
the same for all the Cooper assemblies. This justifies correlating the ION-1/
fork detector's gamma-ray data with the heat-emission rates measured by the
calorimeter. The correlation was linear, with a spread about the curve nearly

:equal to the 4% uncertainty in the calorimeter data alone; the precision of the

ION-1/fork gamma-ray data is estimated to be better than 1%.

'~ These results suggest that an ION-1/fork detector could be used to quicklf
monitor fuel assemblies during routine cask loadings. Assemblies could be se-
lected on the basis of their gamma-ray profiles to produce an even heat distri-
bution within the cask. Undesirable loadings with highly skewed heat distdbu-
tions or dangerously high total heat emissions could be prevented.

From international and domestic nuclear safequards standpoints, the veri-
fication of the operator's declared exposures and cooling times is an important
step just before sealing the assemblies in a cask for long-term storage. The
ION-1/fork detector can quickly determine that genuine fuel assemblies are be-
ing loaded.

The data were analyzed with what have become standard procedures for nu-
clear safeguards applications for the ION-1/fork detector. The analyses gen-
erally agreed with results from measurements at other facilities, but some neu-
tron count rates were inexplicably inconsistent. These anomalies seem to be
related to operating history. possibly depending on the proximity of control
materials in the core. High neutron count rates have been found before, but
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could be explained by unusually high amounts of 242Cm: this explanation fails

here. The unusually low count rates are a new feature (at least in nonrecon-
stituted fuel). The continued study of these data can aid in understanding the
spent-fuel emissions and the future applications of the ION-1/fork detector.

The fork was continually under water for exactly a year without any prob-
lem. The ION-1 prototype electronics unit also performed well, although some
modifications tc¢ it part way through the'measutementsvforced the normalization
of some of the neutron count rates. This unit was doveloped at Los Alamos, but
commercial units are now available (the GRAND-1 from Davidson Co., 19 Bernhard
Road, North Haven, CT 06473). The GE-MO personnel who used the ION-1/fork de-
tector remarked on its ease of use.
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