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ABSTRACT

In today's rapidly changing regulatory environment, increasingly detailed
information is required about the composition of items intended for disposal.
We have examined a system that can be used to measure the radioactivity in a
container of waste destined for disposal. In order to better understand the
capabilities and limitations of the system, we performed a number of measurements
to calibrate and characterize this system. The results of this characterization
including detectability limits for 235U and 239Pu are presented.

INTRODUCTION

Changes in environmental regulations require increasingly detailed knowledge
about the items for disposal. Based on the characteristics of an Item, different
methods of handling, storage, and disposal are required. Radioactivity Is one
of the characteristics which require special methods. Previously, only external
radiation levels and whether or not the waste is transuranic (TRU, _3700 Bq/g,
_100 nCi/g) were required information for disposal of an item. However, some
waste acceptance criteria nov require identities, quantities, and concentrations
of radionuclides. On the other hand, waste stream exemptions are available for
"nonradioactive" material. As a result, new and better instruments are needed
to provide the information required to characterize material in order to meet
disposal requirements.

We acquired a low level waste assay system for measuring the radioactivity in our
waste containers so that the least expensive disposal method could be used. In
order to determine its ability to accurately characterize low level waste, we
performed several experiments with the system. In addition to measuring its
overall efficiency (detector count rate as a function of energy) versus material
density for a source uniformly distributed in a 55 gallon drum, we also measured
the system efficiency as a function of location within the drum. Samples of 2_SU
and mixed oxides were measured in several positions to compare with the
calculated minimum detectable activities (MDAs).

EXPERIMENTAL

The system we used is a Canberra Quantitative and Qualitative (Q2) Low Level
Waste Assay SystemI. A typical system is shown in Figure i. It consists of a
shield and turntable assembly, detectors, associated electronics, and a data
acquisition computer. The shield and turntable assembly includes a 15-cm-thick
(6 in) low-background steel shield which totally encloses thedetectors and
sample drum, a thin stainless steel liner, and a door-mounted turntable to hold
the drum. The turntable structure includes strain gauges to automatically
determine sample mass. The mass is read by the computer and used for sample-
density corrections to the counting efficiency. The three detectors are 20Z
relative-efficiency high-purity germanium detectors. The computer is a personal
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The efficiency calibrations for a 0z system are performed using four calibration
drums and an _52Eu llne source. The 55-gallon drums (0.2082 m3), each filled
with a different density material, span the capacity range of the system, 0 - 454
kg (0 - 1000 ib, 0 - 2.18 g/cm3). Because of the weight limitations of the
support of turntable assembly, this system cannot be used for heavier drums. The
densities of the calibration drums used are 0.024, 0.40, 0.73, and 1.69 g/cm3.
The contents of these drums are foam, fiberboard, wood, and sand, respectively.
Each drum contains nine vertical holes (1.75 cm diameter), one each in the center
of six equal-volume annular rings, one in the center of the drum, and two others
near the outside of the drum. The location of the holes is staggered azlmuthally
in order to minimize the density changes along any radius. The drums were
rotated at about ten revolutions per minute during the counts.

Figure 2 shows a horizontal cross section of a drum with seven equal volume rings
indicating the location of the rings and the location of the holes used for
source positioning. Also shown In Flgure 2 Is a vertical cross section showing
the source positions used for the characterization and the relative position of
the detectors to the drum. The scale applies to both cross sections.

The _52Eu is uniformly mixed In an epoxy matrix and cast Into a plastic tube.
The resulting source is 813 mm (32.00 in) long and 6.83mm (0.269 in) In diameter
with a density of 1.07 g/cm3. The source was counted when positioned in each of
the holes in each of the drums. The counts were one or two hours long in order
to produce counting statistics of approximately 1Z. The efficiency for each
density is calculated by averaging the results from counting the source in each
of the six annular calibration positions in that drum. The combination of the
drum rotation and the averaging of the measurements of the source in each of the
annular rings is intended to closely approximate the activity from homogeneously-
filled drums.

For the energy region below the 122-keV gamma ray of XS2Eu, a bootstrap method

was used. A 5 cm3 _pxed "point" source in a plastic vial containing 241Am,
i°gCd, SVCo, z23mTe, Cr, _13Sn, 8SSr, 13VCs, 88y, and 6°Co (60 - 1836 keV) was
counted in several positions in each drum. For each drum, the efficiency curve
above 120 keV was normalized to the efficiency curve obtained from the counting
of the IS2Eu line source in the same drum. This normalized curve was then used

to calculate the efficiencies for the photon energies below 120 keV.

Characterization

In order to measure the effect of a nonuniform distribution of activity in a
drum, another calibration drum was made. It is a standard 55 gallon drum filled
with disks of 1.9 cm (0.75 in)- thick foam with a density of 0.087 g/cm3. The
foam was fastened into stacks of three disks to produce stacks of a thickness
approximately the diameter of gamma-ray calibration point sources mounted between
thin films mounted on an aluminum ring (5.4 cm). One stack had eight slots cut
into it, one each in the center of seven equal volume annular rings and one in
the center similar to the holes in the calibration drums. Seven annular rings
were used because the original calibration of this system was done with drums
divided into seven annular rings instead of the six annular rings in the current
calibration drums. The capacity of the drum is 14 stacks of three disks plus 1
stack of two disks. This allows a total of 15 approximately equally spaced
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counting levels in the drum as shown in Figure 2.

The characterization was performed by counting a mixed 125Sb-154Eu'15_Eusource.
It was counted in each of the eight slots of the stack, which was placed in each
of the 15 positions in the drum. The counts were one hour long in order to
produce one-standard-devlatlon counting statistics of less than 2% for the eight
strongest gamma rays.

A measurement of the effect of a partially full drum on the reported activity was
also performed. The mixed Sb-Eu source was counted both in the center hole of
third and fifth rows from the bottom in the full drum and in a drum with the top
two thirds of the material removed. The counts in the partially full drum were
obtained with the source positioned at the top and in the middle of the material
remaining in the drum. Similar measurements were also performed with the 0.73
g/cm3 wood-filled calibration drum using a 226Ra source.

Uranium and Plutonium

As a further check of the 02 system, counts were performed with a 43-mg piece of
uranium metal (93.5Z 235U) and a sample of mixed plutonium oxide powder
(including 6.3 MBq [170 _Ci] 239Pu and 1.7 HBq [50 _Ci] 241Am). The samples were
counted in Holes 0, 3 and 8 in each of the four calibration drums and in nine
positions representing the range of efflciencles in the characterization drum.
The efficiencies for these counts were verified by counting the special mixed
standard in the same positions. All counts were one hour long, the same as the
counts for the characterization. _dditionally, background counts were made with
each of the calibration and characterization drums and an empty drum to determine
the MDA for these isotopes. These counts were two hours long.

RESULTS

Calibration

The results from the overall whole drum average efficiency calibrations are shown
in Figure 3. The vertical bars, where they exceed the diameter of the symbol,
are one-sigma uncertainties. The solid dots were obtained using the IS2Eu line
source. The open boxes were obtained from using the mixed Sb-Eu source in the
special foam-filled drum. The asterisks are the efficiencies at 59.5 keV and
88.0 key obtained from normalizing the results from counting the special mixed
source in the foam-filled and flberboard-filled calibration drums. The

calibration drum densities, in units of g/cm3 for the 152Eu counts, are included
at the end of each curve.

Characterization

In order to characterize the effects of nonuniform distributions of activity in
a drum, the Sb-Eu point source was counted in each of the positions shown in
Figure 2b. The results from each of the 16 calibrated gamma rays (86.6 key -
1596.5 keV) were analyzed, and those from three gamma-ray energies (low [86 keY],
medium [247 keY], and high [1274 keV]) are shown in Figure 4. The solid lines
show the measured maximum and minimum efflciencies averaged over all azimuths
relative to the drum-average efficiency for that energy as a function of vertical
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position in the drum. Typically, the minimum efficiency occurs at the center
hole, and the maximum efficiency occurs at the outermost hole. In general,
measurements at the outer part of the drum are sensitive to detector positions,
whereas at the center of the drum the three detectors respond as one large
detector. The difference between the maximum and minimum efficiencies at the
outer part of the drum decreases only slightly as the gamma-ray energy increases.
This is due to the lesser attenuation of gamma rays as the energy increases. The
results from all slots except the center slot and for all levels were averaged
to obtain the efficiency curve results plotted as open boxes in Figure 3.

The results from the characterization counts with the wood-filled drum are shown
in Figure 5 for the 242-keV and,1238-keV gamma rays. The attenuation by the
higher-density material is easily seen for the lower-energy gamma ray. Also note
the change from linear-relative-efficiency axis in Figure 4 to a log-relative-
efficiency axis in Figure 5.

Figure 6 shows the maximum efficiency deviation from the drum-average efficiency
for a single source as a function of gamma-ray energy. Our results, using a 0.09
g/cm 3 drum, are shown with solid dots and all fall somewhat outside the
calculated limits z shown for a 0.1 g/cm 3 drum. The limits are calculated from
assuming that all of the activity is contained in a I cm-diameter sphere placed
at the worst location. Ideally, the data points should be between the
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Figure 4 Positional Relative Efficiencies in the 0.08 g/cm 3 Drum

corresponding-density curves and the average relative intensity of 1.0. The
maximum deviations are about 0.63 and 1.38, with the average deviations of about
0.73 and 1.2, independent of energy. The results from the measurements on wood-
filled drum are shown with open circles. These are also slightly outside the

calculated limits. Generally, the calculated maximum deviation corresponds to

the outside edge of the drum, and the calculated minimum corresponds to the
center of the drum.

All the results reported here are based on the assumption of counting a full

homogeneously-filled drum. The results from counting a homogeneously-filled drum

that was only about one third full shows an increase in calculated nuclide

activity by 20% in the 0.089 g/cm 3 special drum and by as much as a factor of
four in the 0.73 g/cm 3 wood-fil%ed drum. This increase is due to the lesser

attenuation of the gamma rays detected by the upper detectors. As a result, this

system will overestimate the activity in partially-filled drums.

A general effect of partially filling a drum is that the shape of the efficiency

curve changes. With the one-third-filled special drum and the source in the

fifth row from the bottom (about one third of the distance from th_ bottom to the

top, see Figure 2), the ratio of counts for a given gamma-ray energy from the

partially full drum to the full drum ranged from 1.3 at 86.5 keY to I.I at 1274.5
keV. With the source in the third row from the bottom (about one sixth of the
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Figure 5 Positional Relative Efficiencies for the &/ood-Filled Drum

distance from the bottom to the top), the ratios ranged from 1.1 to 1.0. For the

0.73 g/cm 3 wood-filled drum, the ratios range from 14.2 to 2.4 with the source
in the fifth row up and only from 3.3 to 1.5 in the third row up. This change !
in shape also affects the identification of nuclides and the calculation of their
activities by changing the relative intensities of gamma rays from nuclides that
emit multiple gamma rays.

For a partially-filled drum, if the percentage fill input is changed from the
actual percentage filled to 100Z full, the density used by the software to
determine the counting efficiency is correspondingly reduced, and the efficiency
used to calculate emission rate is increased. Doing this changed the results

obtained in the counts described above. The nuclide activity went from about 20Z
high relative to the source activity for the source positioned in the fifth row
to 12Z high. It went from 8Z high with the source in the third row to only 27.
high. For the wood-filled drum, the nuclide activity ratios were reduced from
3.4 - 4.4 to 1.7 - 2.2 and from 3.2 - 1.6 to 1,5 - 0.9 respectively fo::those two
rows. Therefore, telling the program the drum is 100Z full for a partially-
filled drum appears to provide more accurate results than giving the program a
good approximation of percent fill of the drum.

Uranium and plutonium DISCLAIMER

ThisreportwaspreparedasanaccountofworksponsoredbyanagencyoftheUnitedStates
Government.NeithertheUnitedStatesGovernmentnoranyagencythereof,noranyoftheir
employees,makesanywarranty,expressorimplied,orassumesanylegalliabilityorresponsi-
bilityfortheaccuracy,completeness,orusefulnessofanyinformation,apparatus,product,or
processdisclosed,orrepresentsthatitsusewouldnotinfringeprivatelyownodrights.Rcfcr-
cncchereintoanyspecificcommercialproduct,process,orservicebytradename,trademark,
manufacturer,or otherwisedoesnotnecessarilyconstituteor implyitsendorsement,recom-
mendation,or favoringby the UnitedStatesGovernmentor anyagencythereof.Theviews
and opinionsof authorsexpressedhereindo not necessarilystateor reflectthoseof the
UnitedStatesGovernmentoranyagencythereof.
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The results from counting the uranium and plutonium samples are consistent with

the results from the characterization. The MDA for the 2SSU is limited by the

activity in the background. For our system, 235U background activity is I00 ±

20 counts _r hour for all drums except the sand drum. Due to the activity in
the sand, SU background activity for the sand drum is 750 ± 30 counts per hour.

In all cases, the background activity corresponds to less than 0.2 pCi/g.

The 239Pu content was measured by using the 129.3-, 375.0-, and 413.7-keV gamma

rays. The results from the two higher-energy gamma rays are in agreement, but
those from the 129-keV gamma ray are not, even though it has approximately five

times the measured peak area of the other two gamma rays. This disagreement is

due to poor determination of the underlying continuum because of the many gamma-
ray and x-ray peaks in this region. The peaks were measurable only in the foam,

fiberboard, and wood drums• In the foam drum, the reported activities of the
239Pu are within 15_ of actual, 1300 Bq/g (35 nCi/g). This is much better than

expected because the 375- and 413-keV gamma-ray peaks each had only 200 to 300
counts in them.

The results from counting the 375.0-, and &13.7-keV gamma rays from the mixed Pu

source in the fiberboard drum (70 Bq 239Pu/g, 2 nCi/g) are a factor of two lower

than expected from the efficiency curves at the center of the drum (about 45

counts per peak), 35_ low half-way out (about I00 counts per peak), and about 20_
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low at the outside edge (about 180 counts per peak) The two peaks were not seen
when counted in the center hole of the wood drum i40 Bq 239Pu/g, lnCi/g) or in
the sand drum (20 Bq _39Pu/g, 0.bnCi/g). In the half-way-out position in the
v,,od drum, the measured activities were 30% low (about 50 counts per peak) and

only 15% low at the outer edge (about 180 counts per peak).

The MDAs obtained for 239Pu from the background counts on each of the drums are

160, 15, 15, and 20 Bq/g (40, 0.4, 0.4, and 0.5 nCl/g) for the foam, fiberboard,

wood, and sand drums respectively. The high MDA for the foam drum is due to its

low weight for the calculated MDA of 0.9 MBq (24 _Ci) which is similar to the
calculated MDA for the other drums.

Even with counting efficlencles a order of magnitude lower than those of other

isotopes, the 59.54 keV gamma ray of 241Am can be measured with this system.
[

However, calibration is more difficult. Bootstrapping using an efficiency curve
from a point source to match the efficiency curve for the drum yields large

uncertainties, especially with these rapidly changing efflclencles. Also, the

effect of density is very large. The count rate varies from 140,000 counts per

hour with the source in the center of the foam drum to 4000 per hour with it in
the center of the wood drum. The 24_Am is undetectable (less than 2000 counts

per hour) when the source is in the center of the sand drum. Also, the large
differences in attenuation as a function of radius (3700 counts to 83,000 counts

in the wood drum) produce large uncertainties in the measurement of the 241Am.

DISCUSSION

The use of iS2Eu as the sole calibration source is not sufficient. Because it

has only one gamma ray (121 keY) in the nonlinear region of the efficiency curve,

it cannot be used to define the low-energy part of the curve. This can produce
large errors in the measurement of 235U. A better source is the mixed Sb-Eu

source because it has four gamma rays between 85 and 200 keV. A further

improvement is to add 241Am (59.5 keV) to the Sb-Eu source. This is advantageous

because the 02 system can measure gamma rays as low as 40 keV.

The RMS deviation in the relative efficiency from the drum average efficiency for
each row and hole in the special foam-filled characterization drum was calculated
from the deviation of the ratio from 1.0 for each of the sixteen characterization

energies. The RMS deviation was also calculated from weighting each of the

deviations with the counting statistics for that peak. Although the range of

unweighted RMS deviations for each row and hole can be as large as 37Z, the

majority are within 10X of the average. Weighing each gamma ray by its counting

statistics, all RMS deviations are within 10_. The largest deviations are near

the center at the top and bottom'6f the drum and near the outside at the vertical
middle of the drum• The unweighted overall RMS deviation is 12_, but the overall

weighted RMS deviation is only 3_. These results show that the effect of

nonhomogeneous distribution of activity in a drum is not nearly as large as the
maximum and minimum ratios would suggest. A value of I0_ can be used as the l-

sigma uncertainty due to nonhomogeneous distribution of activity at this density.

CONCLUSIONS

One of the uses of 02 systems can be to measure 235U and 239pu in drums. This
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system can measure 235U below the Bq/g (30 pCi/g) level depending on the
background in the base material as shown by the differences in the backgrounds
from the calibration drums. 239Pu can be measured below 400 Bq/g (10 nCl/g) so
the determination of whether or not a drum is designated as TRU waste can be done
reliably with this system. Also, the Q2 system does appear to be sensitive i
enough to measure solid samples for release as noncontamlnated rather than
radioactive waste.
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