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Abstract

In a nuclear fuel reprocessing plant, the spent light water 
reactor fuel elements are chopped into approximately 2-4 inch 
lengths and the irradiated fuel dissolved from the Zircaloy 
hulls in a nitric acid dissolver solution. From the dissolver, 
the empty hulls are transferred batchwise to a leached hull 
monitor to be assayed for undissolved uranium and plutonium.
After the assay, the hulls may be recycled back to the nitric 
solution for continued dissolution or disposed of as solid 
nuclear waste using the assay results to provide accountability 
data for special nuclear material content.

The hull monitor at the Barnwell Nuclear Fuels Plant (BNFP) 
will be a remotely controlled, fully automated system designed to 
quantitatively assay leached hulls for undissolved uranium and 
plutonium. The hull monitor will assay the hulls from one metric 
ton of fuel per dissolver basket with the design goal of detect
ing 0 .1% undissolved fuel and yet remain within the framework of 
the BNFP materials flow, i.e., handle five hull baskets per day.

The non-destructive assay will be accomplished using a 
computer-based ganma-ray pulse height analysis system employing 
a 5x5 inch Nal(Tl) scintillation detector. The intense radiations 
from the fission product isotopes and the activation product 
isotopes produced in the reactor prevent direct assay of the 
undissolved fuel left in the hulls. The measurement will be 
made indirectly by demonstrating a correlation between the 
amount of 11,,'Ce undissolved and the remaining uranium. The 
isotope ^ “Ce is a direct fission product with high (6%) cumula
tive yield. The daughter isotope Pr has a gamma ray at 2.18
MeV well above other predominant radiations in the spectrum from 
the major interferences 60Co, 58Co, 95Zr(95Nb), 137Cs and 
106Ru(T06Rh).

Segmented scanning operation of the hull monitor is accom
plished by rotation and vertical transversal of the hulls container 
past the detector station. Proper collimation and absorbers are 
required to maximize the 1'*‘*Ce( Pr) to background ratio. A 
basket indexer is provided which monitors the scanning rate and 
ensures repositioning.



The leached hull monitor system will be interfaced to a 
computer-based multichannel analyzer for ease of operation and 
data handling. A calibration basket has been fabricated to 
accomodate radioactive sources and inactive Zircaloy hulls. 
Experiments to be performed with the hull monitor using this 
basket will simulate operation prior to plant startup. The 
system, calibration, geometry and hull attenuation, spectral 
interferences, quantitative limits of assay, and the role of 
the hull monitor in nuclear materials accountability.will be 
discussed.

INTRODUCTION

The Leached Hull Monitor (LIIM) was built by Intelcom Rad 
Tech for the Barnwell Nuclear Fuel Plant and has been described 
by Gozani.1 Its purpose is to detect the presence of undissolved 
fuel in chopped hulls of irradiated fuel elements after leaching 
with nitric acid. The assay can be used to determine any shipper- 
receiver differences as well as for accountability of special 
nuclear materials. For a reprocessing plant with a capacity of 
1500 metric tons of spent fuel per year throughput the leached 
hull monitor would detect and account for approximately 4-5 kg 
of undissolved uranium per day. The position that has been 
applied to the BNFP states that a quantity of fuel remaining in 
the leached hulls exceeding 0 .1% of the input must be detected 
and accounted for. This corresponds to approximately 1 kg of 
uranium in each basket of hulls (about 650 kg of hulls are 
associated with one metric ton of fuel).

The hull monitoring system involves passive gamma-ray tech
niques to scan the dissolver basket for 111 **Ce (1 “ l*Pr) , a fission 
product isotope produced at a 6% cumulative fission yield. The 
daughter isotope ^ ‘‘Pr has a 2.186 MeV gamma ray which is rela
tively free of spectral interferences. The ratio of ll4l*Ce to 
uranium in the dissolver solution, determined by laboratory 
analysis is used to calculate the amount of undissolved fuel 
remaining in the leached hulls.

DESCRIPTION»

The hull monitor is an attempt to develop ah improved 
non-destructive assay method for measuring the undissolved fuel 
remaining in a basket of hulls from a chop-leach type nuclear 
fuel reprocessing plant. It has evolved into a specialized and 
sophisticated system as potential problems became apparent.
Because of the extremely high radiation environment, the detector, 
absorbers, and collimator are located in a sealed maintenance 
gallery. The electronics, data acquisition and analysis system, 
and remote controls are located in the analytical laboratory, a 
cable run of about 650 feet. The detector, absorber filters,.and 
the collimator are mounted on carts that can be independently 
moved to a position of optimum geometry. The carts ride on rails 
bolted to the sides of the maintenance gallery. The detector can 
be placed a maximum of 12.5 feet from the hull basket. A 
schematic of the LHM is shown in Figure 1.



To optimize the detector for.highest efficiency at 2.186 Mev, 
a 5-inch by 5-inch Nal(Tl) scintillation detector was chosen. The 
2.186 MeV gamma-ray is only 0.74% abundant in the decay of ^ “Pr, 
and, therefore, maximum sensitivity is required. With this de
tector approximately 82% photo.interaction of the gamma-ray occurs. 
The mean stopping distance of the gamma ray in Nal is 4.4 cm or 
at 35% total depth of the crystal. The Nal(Tl) detector displays 
excellent intrinsic efficiency for the 2.186 MeV gamma-ray. A 
full-^width at half-maximum resolution is observed for the 2.186 
MeV peak using this detector.

The filter assembly is located between the collimator and 
the detector: It is cart-mounted and remotely controlled for
ease of operation. The purpose of the filter assembly is to 
optimize the ^ ‘‘Ce to background ratio. Three lead filters 
(1-inch, 2-inch, and 4-inch thickness) can be remotely placed 
between the detector and the radiation source. Because of differ
ent burnup and decay times of the fuel assemblies to be reprocessed, 
it may be necessary to change the thickness of the absorbers to 
minimize the intensity of low energy radiations and yet maintain 
reasonable yield for the high energy gamma ray. A pneumatic 
control system with electric selenoid switches was designed and 
installed on the filter cart assembly .to position the filters in 
the beam line since the hull monitor cannot be approached once 
fuel assembly assay has begun due to the high radiation background. 
In fact, the entire hull monitor system was designed under the 
criterion that maintenance would occur only during plant shutdown 
or two months out of each year.

The collimator is a three-foot long bored lead cylinder with 
a 3-inch diamter collimating hole. There is a 3-foot by 3-inch 
by 0.180-inch wall copper sleeve down the center of the bore to 
minimize X-ray and secondary radiation originating from, the gamma- 
ray interaction with the lead. The hull monitor is separated 
from the hull basket by a 16-inch wall of high density concrete 
that has a 24-inch wide by 6-inch high window. This window has 
been lined with lead brick to produce a 4-inch by 6-inch hole to 
further collimate the gamma radiations. The collimator, concrete 
wall and the lead-lined window allows the detector to focus on 
a relatively small portion of the hull basket as it is rotated 
and lifted past the window.

The hull basket receives the hulls from the shear 
equipment and is lowered into the dissolver solution. After 
dissolution of the fuel from the chopped hulls, the basket is 
raised, allowed to drain, and lowered onto the hull monitor table. 
The table is rotated and raised vertically while scanning is 
accomplished. The hull basket is approximately 3 feet in diameter 
and 7 feet high, and capable of h o l d i n g  the hulls from one .metric ton 
of fuel. There is a basket positioning transducer that permits 
repositioning of the basket for further study of localized lumps 
of undissolved fuel. This basket indexing mechanism was installed 
on the drive axle gear and is interfaced to the data acquisition 
system. The transducer serves as a monitor device for the con
sistency of the scanning rate and provides the capability of re-, 
positioning the basket for further study of irregular scans.



The electronics and the data•acquisition system are located 
in the laboratory where temperature and humidity control can be 
closely maintained. The electronic system was designed to take 
advantage of pulse pile-up rejection techniques. The leached 
hull monitor data acquisition ‘and analysis system (LHM-DAS) is 
a 16K PDP 11/05 computer with input/output and mass storage 
devices. The LHM-DAS will be interfaced to the materials account
ability computer for permanent record storage and status alert for 
plant operators. The system can be programmed to locate hot spots 
and apply appropriate correction factors. The system was developed 
to automatically interpret data and calculate the quantity of un
dissolved fuel with minimum operator intervention.

HULL MONITOR CALIBRATION

Specific calibration tests of the leached hull monitor 
detection system will be performed during the cold checkout 
period for performance evaluation of BNFP. The calibration 
tests of the LHM will require a number of radioactive sources 
to duplicate the fission products and induced activity in the 
cladding, end pieces, and spacers present in the leached hull 
basket during a normal basket scan. The sources will represent 
several concentrations of fission products and cladding activity 
corresponding to 0 .1% - 0 .001% undissolved uranium fuel remaining 
with the Zircaloy hulls. Unirradiated Zircaloy hulls will be 
placed in the calibration basket along with the radioactive 
sources using remote handling techniques. Establishment of the 
relationships between spectral data and radial position of the 
sources is necessary in order to determine the average mass of 
Zircaloy hulls between the source and the detector. Attenuation 
correction factors can then be determined. Isotopes with possible 
interference potential can be placed in the calibration basket 
in the same ratio found in the hulls to determine limits of assay.

The calibration basket is a stainless steel drum that will 
simulate the dissolver basket. It is designed to hold calibration 
sources in thin tubes running vertically in the basket. The tubes 
are located at varying distances from the center of the basket so 
that different matrix combinations of hulls and sources can be 
obtained. The calibration basket is filled with unirradiated 
Zircaloy hulls and the sources placed into the source tubes.

A small calibration check source of 111 **Ce(111 ‘‘Pr) is located 
on the detector cart that can be remotely moved into position 
directly in front of the detector. The check source will be 
used to verify the performance of the electronics’ and the. detector 
response to Ce( Pr) between calibrations with the calibration 
basket. It will be used to monitor detector efficiency and ampli
fier gain shifts. The assay system is also equipped with a pulser 
to monitor the detector preamplifier electronics.

Cladding and dissolver residue studies give some indication 
of the environment and quantitative limits.of assay expected for 
the leached hull monitor.2'? Gamma activity can originate from 
several sources when scanning the basket of hulls and an under
standing of their associations with the cladding will minimize 
the error for the total assay.



During the dissolution cycle, insoluble residue is formed 
which would be expected to transfer out of the dissolver with 
the dissolved solution. Approximately 0.2 - 0.3 weight percent 
of the' irradiated U02 in light water reactor fuel is insoluble.
The cladding can become coated- with a thin film of this residue 
during dissolution in HN03 that is not necessarily associated 
with undissolved fuel. Pilteration and/or centrifugation of 
the dissolver solution will collect a substantial black deposit 
with a weight of 0.05% to 0.3% of the toal weight of the U02 
depending on the type fuel and the amount of burnup; the lower 
the burnup the less residue is present. The dominant fission 
products are 103Ru, 106Ru(106Rh), 1 ** °Ba (1 °La) , 95Zr(95Nb),

7Cs, 13l*Cs,' llflCe and 1 *41 Ce (1 k ‘'Pr) with the ruthenium isotopes 
accounting for as much as 40% by weight. Very small amounts 
of uranium can be detected in the residue. The residue also 
contains Cs, Ce, Cm, and Pu activities in approximately the same 
ratio to uranium as in the fuel and therefore can be associated 
with undissolved fuel.

The residue is extremely radioactive due to the fission 
product ruthenium. This will require special attention because 
of the possible spectral interference with the 1 ** “Ce (114 “Pr) peak 
and its heat generating properties. Temperature gradients can 
cause performance variations in the detector.

Gamma activity associated with the cladding is the result 
of the recoil of the fission products of nuclear reactions 
ejected from the fuel into the cladding as well as induced 
activity in the cladding. The fission products have a much 
greater recoil energy than the transuranium elements. Thus 
the relative fraction of fission products trapped in the cladding 
would be much greater than the transuranium elements. Approxi
mately 0 .1% of the total fission product inventory is found 
associated with the cladding. The fraction of transuranic 
elements associated with the cladding is 0.001 - 0 .002% of the 
total present.2 These contamination levels will then contribute 
a minimum base or background in the hull assay and will vary 
according to total burnup time and location in the fuel assembly. 
The recoil of ^ “Ce into the cladding is approximately 0.09% of 
the total in the fuel and unrelated to the amount of plutonium 
or uranium left undissolved.

Another potential problem in the non-destructive assay tech
nique of leached hulls is the intense gamma activities of ®°Co 
due to the activation of the end pieces and spacers in the fuel
assembly. The Zircaloy is a relatively pure alloy which contains
very little cobalt. Unfortunately,*activation products in the 
core hardware greatly diminish the spectral sensitivity and 
selectivity of the Pr peak. These end pieces and spacers 
contain up to six hundred times more cobalt as in the Zircaloy. 
Cobalt activation in the miscellaneous components could produce 
from 100 to 400 times the 6°Co activity observed in the cladding 
alone. The 1 “ ̂ Ce (1 k <*Pr) peak at 2.186 MeV is well above that 
lor 60Co; however, a 400 fold addition of 6®Co to. the spectrum 
makes the ll*'*Pr peak limits difficult to define. This interference 
limits the quantitative capabilities of the monitor to perhaps 1-2%
of the total fission product inventory. It is anticipated thatr



the electronic pulse pile-up rejection system will make the 
spectral sensitivity to ll,l|Pr acceptable. Figure 2 is a 
spectrum taken of check sources of 6 °Co and 1 Ce (111 ''Pr) in 
a gross activity ratio of 375 to 1. This system is capable 
of maintaining approximately 4% resolution with only 9-12% 
system dead time.

These tests are indicative of the environments and 
quantitative limits expected of the hull monitor. The spectral 
interference of 10cRu(106Rh) as a dissolver residue, the recoil 
of fission pirducts into the cladding not associated with the 
undissolved uranium, and the intense induced activity of the 
cladding hardware will be some of the limiting factors to the 
system. Time also becomes a limiting factor for the sensitivity 
of the leachcd hull monitor as the spent fuel waits to be re
processed. The decay of the 1 ** ‘‘Ce (1 “ ’’Pr). (half life 285 days) 
causes the ratio of 1'' ̂ Ce to longer lived fission products to 
increase. It is estimated that spent fuel older than seven 
years can not be assayed using the ^ ‘‘Pr 2.185 MeV gamma ray 
to quantify the amount of undissolved uranium or plutonium left 
in the hulls. In that case, another gamma ray relatively free 
from spectral interference may be chosen or an alternate method 
used to determine the amount of undissolved uranium.
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Figure 1. A schematic of the leached hull monitor system.

Figure 2. A portion of the spectrum of'60Co and llfl,Ce(1I,,,Pr) 
using pile-up rejection electronics at a gross 
activity ratio of 350:1.
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