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ABSTRACT

The differential disaway technique (DDT), which
uses a pulsed neutron source to interrogate
containers of f{issile materials with thermal
neutrons, is reviewed. This method is widsly used
for certifying trausuranic nuclear wastes for
eventual empiacement at the Waite laolation Pilot
Plant. For purposes cf criticality safety, an upper
limit of 200 g of flssile material is permitted in s
55-gal waste drum. Problems involving
waste-matrix effecta and self-shielding may
severely limit the accuracy of the DDT
measurement. A divaway method that uses both
thermal and epitherma! neutron interrogetion,
which has the potential for reducing thess
problems, is being developed. Recent experimental
and calculatiora] results for this development are
descnbed.

. INTRODUCTION

Before transuranic nuc'ear wastas can be stored at
the Warte Isolation Pilot Plant (WIPP), the waste
generator must cortify that each container and its
contents satisfy & number of specific requirements,
which include &  minimum  transuranic
radioactivity lovel and a maximum fissile material
content. The transuranic radiosctivity level (for
long-lived alpha emitters) was originally set at
10 nCig of waste, averaged over the container
contents, but thic was later changed to its current
value of 100 nCl/g. Waste with luss transuranic
radioactivity generally can be disposed of as

low-level waste at greatly reduced cost. A
maximum fissile content has been set at 200 g for
the standard 655-gal (200-/) waste drums, while up
to 600 g may be permitted for some larger waste
containers. These limits were imposed to ensure
that criticality excursions could not occur during
handling or storage. Recently, the real possibility
has been raised that sven more restrictive fissile
limits may be impcsed as a requirement for
transportation to the WIPP site. It is still
uncertain when WIPP will open, and waste has
not yet been shipped there, although a substantial
quantity of waste has been certified in anticipation
of WIPP opening soon.

The need to measure low levels of transuranic
radioactivity in the tens of thousands of containers
destined for emplacement at WIPP led to the
development of the differential dieaway technique
(BDT) assay device bty W. Kunz and J. Caldwell
about 10 years ago.” As detailed in the next
section, this method uses a pulsed neutron source
to induce ﬂuiosx and detects the prompt flssion
neutrons with "Hoe proportional counters. Kunz
and Caldwell reported detection limits as low as
1 nCi/g in 100 kg of waste containing low-burnup
plutonium, which corresponds to ~1 mg of fissile
material,

While this exceptionally good sensitivity is not
needed to verify that waste coniainers meet the
WIPP criticality limits, such DIDT systoms are
routinely used for that purpose, since the same
assay data can be used for both the transuranic
and flesily determinations. In fact, the DDT
method 'ias bocome the standard for assaying



55-gal and larger containers destined for
emplacement at WIPP. Built by the Los Alamos
National Laboratory, one or more of these devices
i8 in use at the major defense transuranic waste
storage and generating sites at Hanford, Idaho
Falls, Oak Ridge, Savannah River, Rocky Flats,
and Los Alamos. In addition, a mobile system,
containing two assay units, has been built for use
at these and other facilities operated for the
Department of Energy. Differential dieaway assay
devices have also been built and tested in other
countries“” and are now being manufactured
commercially in the U.S.A.® The most intensive
use of any of the Los Alamos DDT systems has
occurred at the Idaho National Engineering
Laboratory, where over fourteen thousand b5-gal
drums were assayed with the original neutron
generator before it failed; near the end of its life,
the neutron output had decreased to about
one-third of its original rate because of SH
depletion.

All of these systems were built to assay the
contact-handled (CH) transuranic wastes, which
have low levols of gamma and neutron radiation,
that make up the great majority of the transuranic
waste inventory in the USA. Those wastes with
gamma-ray exposure rates >200 mR/h at the
surface of the container are categorized as
remote-handled (RH); in addition to the radiation-
safety probloms they cause, the high gamma-ray
fluxes may be falsely detected by the neutron
proportional counters (because of pulse pileup),
preventing an accurate assay. In an RH-DDT unit
built at Loa Alamos for assaying containers of RH
waste,” this problem has been overcome by heavy
gamma shielding of a greatly reduced detector
volume. These changes increased the detection
limit to ~80 mg of 238y, which is sufficient to
ensure compliance with the fisaile limit, but is not
low enough to screen wastes at the 100-nCi/g
transuranic limit in the 1l-gal inner waste-
container volume. For the Los Alamos RH waste,
this lack of sensitivity is not crucial, because most
of *he containers are thought to have much more
than 100 nCig of transuranic radioactivity, and
the total number of containers is small. However,
for other RH waste streams, the capability to
scroen wastos at the 100-nCig level may be more
important.

a Pajarito Scientific Corp., Los Alamos, NM  87544.

II. STANDARD DDT ASSAY DEVICE
A. Description of Device and Method

A typical Los Alamos built assay device har a
central cavity, where the waste container is placed,
that is enclosed by an inner layer of graphite and
outer layers of polyethylene and borated
polyethylene. A door allows access to the cavity,
and the entire device is covered inside and out by
an aluminum frame. A small, 14-MeV Zetatron
neutron generator is located in one corner of the
cavity; neutrons are produced hy the *H(*H,n)*He
reaction. A variety of >He-filled, neutron
proportional counters are located in the cavity and
in the walls behind the graphite layer. Some of
the latter detectors are enclosed in a amall amount
of polyethylene moderator, which is shielded by
layers of cadmium and borated rubber; these
packages will only detect neutrons with energies
above the cadmium cutoff at ~0.4 eV. All of the
other 3He counters are most efficient for thermal
neutron detection. Figure 1 shows a recently built
55-gal-drum assay device.

MNy. 1. Photograph of a los Alamos.built, 88-gal.drum DDT
assay device.



During the "active” mode of operation, the neutron
generator is usually pulsed at a rate of 50 s,
producing a nominal output of 10° 14-MeV
neutrons per pulse. Within a few hundred
microseconds after a pulse, the low-Z materials in
the walls (and in the waste container) moderate
the neutrons to thermal energies (<0.4 eV), and
the shielded detector packages no longer see the
interrogating neutrons. Subsequently, the
thermalized interrogating f{lux decreases in
intensity (dies away) with time at a rate that
depends on the details of the device construction
and the contents of the waste container; neutron
moderators and absorbers in the waste matrix can
have large effects on both the interrogating flux
intensity and dieaway time. The dieaway flux
pattern can usually be well approximated by an
exponential (or sum of two exponentials) curve
over wide time regions, with half-lives typically in
the 1/2- to 1-ms range. Thus, within ~10 ms or
less, the thermal interrogating flux has decreased
to negligible levels. During the dieaway period,
the interrogating flux induces fission in the fissile
isotopes in the waste. The prompt fission neutrons
can then be readily detected in the shielded
detector packages, with a total efficiency of about
8%. Figure 2 derionstrates the typical patterns
observed in a multichannel scaler.

Recent Los Alamos-built, drum-.size DDT systems
are also able to perform "passive" singles and
coincidence neutron measurements, with a total
singles cgunt.mg efficiency of ~12% for fission
neutrons Since (a spontanecus fiseion
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isotope) is always presant with 239py, the passive
coincidence measurement prgyvides an additional
method of determining the mass value if
(1) the rano of the two isotopes is known,
(2) enough 240p,, ig present to provide reasonable
coincidence count rates, and (3) other neutron
emitters do not overwhelm the detection system.

B. Daia Analysis and Errors

In the Los Alamos DDT systems, the fissile assay
values are derived from the net count rates
recorded in a selected time region relative to the
interrogating pulse; for the data in Fig. 2, the
region used ig 700 to 4200 us. Corrections for
variations in the interrogating neutron flux
intensity and waste-matrix moderation and
absorption are made to the net counts. Such
correction factors are made with data obtained
from two flux monitors during the iaterrogation
and, for waste drums containing the appropriate
radioactive isotopes, with passive counting of
spontaneously emitted neutrous before or after the
active n.easurement. Calibration factors, which
depend on the fissile isotope presert, are ther
applied to the corrected active count data. The
factors and procedures used for deriving them for
the Los Alamos drum-size DDT devices are
described in detail in Ref. 6.

The various factors and corrections can have a
large effect on the derived fissile values. For
example, when interrogated with thermal
neutggu Pu emits 1.5 times as many neutrons

per unit mass, and the matrix correction
factors can easily differ by as much as a factor of
5, or more, between hydrogenoue and
non-hydrogenous waste.  However, since the
isotopic composition of the fissile material is well
known for most waste c.reams, it is the
uncartainty associated with the matrix correction
factors that generally contributos most to the
assigned measurement erior, which is 10% or
more,

In making this type of analysis, a number of
simplifying assumptions are made regarding the
assay measurements:

(1) the waste matrix is uniform throughout the
drum volume;

(2) flssile material is uniformly distributed in the
waste; and,

(3) there are no "lumps” of flssile material large
onough to cause welf-shielding probloms when
interrogated by the thermal neutrons.



While these assumptions may be reasonably valid
for some waste streams, they are clearly not for
othera. Unfortunately, there is generally no way
te demonstrate that all of them are valid for
particular waste drums. However, because most
waste drums are also radiographed, it would be
posaible in some cases to know that the first
assumption was not valid, but then still not know
what correction tc apply to the results to
compensate for the non-uniformity. In "benign”
waste matrices, non-uniformity in either the
matrix or the fissile-material distribution might
have little effect on tha assay results, while for
highly moderating or absorbing matrices, the effect
could be quite large, easily a factor of 2 or more.

Possibly the largest potential assay errors,
however, are associated with the third assumption:
no significant self-shielding. If some of the fissile
material is present as lumps or pieces, then
self-shielding will occur, and unless corrected, the
active assay result will tend to understate the
fissile mass present. This happent because the
mean-free-path length of thermal asutrons in
gxglijle matg ia] is quite small: ~0.03 cm in either

or Pu metal. Thus, for lumps with
dimensions of this magnitude¢ or larger, only a
surface layer of the material is thoroughly
interrogated by the thermal flux, and
consequently, the fission yield is more closely
related to the surface arer than the volume or
mass. Just how large the self-shielding effect can
be is illustrated for metal spheres of enriched
uranium in Table [.

The self-shield.ng in low-burnup plutonium metas
93% *%%Pu) is even somewhat greator.z'
However, it should be emphasited that these
calculations are for the worst-case scenario of
highly enriched metal spheres. Lower enrichment
or density, or any non-spherical ahape will result
in lass self-ghielding.  Nonetheluss, it seems
possitle that in some cases, perhaps rare,
self-shielding could result in active assay values an
order-of-magnitude under the actual (flesile
content.

For plutonium wastes, the presence ¢f plutonium
lumps would have no significant sdverse effect on
the observed passive coincidence counts: hence, if
sclf-shielding were appreciable, the pawive value
should be considerably larger than the active assay
rosults.  This discrepancy would provide an
indication that the problem existed, and the
passive value would generally be more accurate.
Experimental deta on an actual plutoninm waste
stream have been ovaluated to estinate the
average amount of welf-shielding present as

function of the calculated mass.® These data have
been fitted to an exponential function, and
subsequently, that function has been used in some
Los Alamos-built DDT devices to correct for
self-shielding for other plutonium waste streams.
The magnitude of this correction is relatively
small; for example, when the uncorrected active
measurement result is 50 g, the reported mass
obtained with this self-shielding factor is 68 g.
(Additional data are being analyzed, and the
self-shielding factor may be changed.lb) Clearly
this average self-shielding factor would not be
adequate for wastes containing a large fraction of
lumpy, high-density, fissile material.

For plutonium wastes containing large quantities
of other spontaneous fission isotopes, or where
singles uneutron rates are quite large because of
(o,n) reactions, the passive coincidence datu may
not be a reliable indicator of self-whielding. This
may also be true for waste containing primarily
uranium, or uranium and plutonium in unknown
ratios.

TABLE [. Cplculated Salf-Shielding in Enriched
(93% ) Uranium Maetal Spheres
Mass @ ostinie Flatan Ratet
0.001 0.54
0.01 038
0.1 0.19
1.0 0.092
10.0 0.044
100.0 0.021
200.0 0.017

*Calculated uging a 54'6-mup Mazxwell-Boltzman
thmml-‘uutmn distribution’ and the ENDF/B-V cross
sections.” The metal spheres (p.= 18.7 g cm'”) were placed
in a void, with the source located on the surface of & sphere
with a larger rudiua

Tha need to assay the latter type of waste at Los
Alamos recently resulted in the development of a
technique. that provides additional information
about self-shielding nixd may mitigate the effect for
swome waste forms.!! While providing thermal
neutron interrogation as in the DDT method, the
new technique also interrogates the container with
eptihermpl nentrons, which are subject to much
less self-shielding in fasile materials.  This
combination of interrogating fluxes has tha
potential for greatly reducing some of the assay
uncertainties inherent in the standard DDT
method.



1L COMBINED THERMAL/EPITHERMAL
NEUTRON INTERROGATION

A. RH-CTEN Device

Built specifically to assay small containers (30 cm
high by 21 c¢m in diameter) of RH waste, the
RH-CTEN (remote-handled, combined thermal/
epithermal neutron) device is constructed almost
entirely of lead byicks (see Fig. 3). The lead is
used to shield the neutron detectors from the high
gamme flelds associated with the RH waste, and it
serves as the moderator of the interrogating
neutrons. Lead moderates the interrogating flux
more slowly than the low-Z materials used in the
standard DDT system, thus providing an
vpithermal component for several hundred
microseconds after the neutron generator pulse.
After ~500 us the flux is entirely thermalized.

Proportional counters filled with *He, which only
detect neutrons with energies of several hundred
kiloelectron volts or greater, are used to detect
fission neutrons in the presence of both the
epithermal and thermal interrogating fluxes.
Thus, after these detectors recover from the initial
burst of interrogating neutrons (40-50 us), they
detect the fissions induced by the moderated flux
as it changes from predominantly epithermal at
early times o entirely thermal at later times.

Fig 3. Photograph of the IU1.CTEN assay devics.

Because of the increase in self-shielding as the
average energy decreases with time, the observed
time response patterns of uranium spheres are
markedly different from those of thin foils.
Therefore, the method provides the possibility of
detecting self-shielding and correcting for it.
(Reference 11 contains a detailed description of the
method.)

Recently, a significant improvement in the
sensitivity of the RH-CTEN devxce was achieved at
Los Alamos by covering the *He propomonal
counters with borated rubber. This covering
greatly reduces the background counts observed 1a
the multichannel scalers after §0-100 ps.
Apparently, most of those background counts were
the result of thermal and eplthermal neutrons
interacting with the ~1 ppm of 3He present in the
helium fill gas, The large interrogating flux and
the very large aHe(n,p) cross sections resulted in a
sizeable number of (n,p) events in the detectors,
which were indistinguishable from the
fast-neutron-induced *He recoils. The borated
rubber reduced the observed background b more
than an order of magnitude, because the ! B(n,a)
reaction prevented most low-energy neutrons from
entering the detector. This background reduction
decreased the lower limit of detection, defined as
4 std dev gf the background, from ~100 mg to
20 mg of 23%U for a 8-min measurement. Figure 4
chows multlchannel scaler apectra obtained with
the boron-ahielded *He detectors.
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B. Extension to Larger Containers

The feasibility of extending the CTEN method to
556-gal drum-.size containers of CH waste has
recently been studied at Los Alamos using Monte
Carlo calculations. It was concluded that this
method might be valuable in resolving
self-shielding problems in wastes with moderate-
and high-Z matrices. Unfortunately, the presence
of even modest amounts of hydrogen would
attenuate the epithermal component too rapidly for
it to be used directly to assay waste; however, the
thermal compc ient could still be used and is
actually enhanced. It was suggested that even for
such wastes, measuring the pattern of epithermal
attentuation might be used indirectly to provide
additional matrix correction factors to increase the
accuracy of the assay for finely divided fissile
material,

Assay devices constructed entirely of lead or
graphite, or a combination of the two materials
were studied. (The long transit time of slow
neutrons across the large cavity accounts for a
long-lived epithermal component even when
graphite is the primary moderator.) Based on the
calculations and experience with the RH-CTEN
device, it was concluded that a drum-size
graphite/Pb device with the capability of detecting
~100 mg of 25U could be readily built. The study
also raised the possibility that the current
generation of DDT devices, which have graphite
liners, might have significant epithermal fluxes.
Such fluxes could be used to prowde some degree
of epithermal interrogation, if *He proportional
counters were added to the devices to detect the
fission neutrons. Both experimeants and Monte
Carlo calculations, reported in the next section,
have been undertaken to examine this posaibility.

IV. EPITHERMAL FLUXES IN DDT DEVICES
A. Experimental Resulta

The 65-gal-drum DDT device shown in Fig. 1 was
used for the epithermal and thermal flux
measurements. Six "He proportional counters
were attached to the inside of one wall; each
detector was § cm in diam by 25 cm long, with a
fill pressure of 220 psia (16 atm). Measurements
were made with and without a borated rubber
shield (3 mm thick, 26% boron by weight) around
tha detectors. A multichannel scaler was used to
record counts in the detectors as a function of time
after the gonerator pulse. [Figure 5 shows 2
multichannel scaler spectra, cach collected using
36000 generator pulses. The lower curve was
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Fig. 5. Multichannel scaler spectra obtained with bare ‘He
detectors for 36000 neutron generator pulses; the DDT device
pictured in Fig. 1 was usrd for the measurements,

obtained with no fissile material in the chamber,
while the upper curve is for a Cd-covered,
enriched-uranium foil, centered on and in contact
with the bare detector package. This geometry
maximized the count rate and clearly
demonstrates the existence and shape of the
epithermal (i.e., epicadmium) flux.

Figure 6 shows data obtained in the same
geometry, which demonstrate the difference in the
spectra for bare 10.7-g spheres and a 9-g foil (both
93% 235Uy, 18000 generator pulses were used for
each spectrum. At very early times, the four
spheres gave a higher response than the foil, while
at later times, aa the epithermal component of the
interrogating flux became negligible, the converse
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Mg 6. Multichannel scaler spectra obtained with bare ‘He
detactors in @ DDT device using 18000 neutron gensrator
pulues for each. The four 10.7-g spheres were well separated
from each other.



was true. The relative response of the foil and
spheres changed by a factor of 4 over the time
domain shown, which is due to the difference in
self-gshielding between them and the changing
epithermal-to-thermal flux ratio. Such differences
in response to the combined thermal/epithermal
neutron interrogation might be exploited to detect
self-shielding in waste containers and improve
assay accuracy where it is detected. Of covirse,
different waste matrices also would affect the
shape of the multichannel spectrum and would
complicate observation and quantification of
self-shielding. Unfortunately. the self-shielding
effect might be completely obscured in some
matrices, especially hydrogenous ones. More
extensive investigations are required to better
understand the utility and limitations of the
method.

To determine the fissile sensitivity that could be
obtained using the CTEN method in existing DDT
systems, the bare uranium foil was placed in the
center of the cuvity, ~256 c¢m from the ‘He
detectors. When the detectors were not shielded
with boron, t.he measured detection lumtg were
0.5 g for bare *3%U and 8 g for Cd-covered 2 8U for
9000 generator pulses. When the detectors were
covered with borated mbge , the measured limit of
detection was 0.1 g of No detaction-%ix?it
measurements were made on Cd-covered

when the detectors were shielded with boron, but
based on calculation the value would be ~1 g.

All of these measurements were made without a
"waste" drum in the cavity. A limited number of
additional measurements were made with 55-gal
drums containing various matrix materials. These
meaiurements showed that the background count.
increased above the empty-cavity background, with
the amount dependmg on the matrix. Thus,
detection limits for 23°U in actual waste drums
could be somewhat higher than those indicated
above.

B. Monte Carlo Calculations

The Los Alamos neutron transport code, MCNP2
was used to model a 66-gal-drum DDT device for
calculating the expected thermal and epithermal
fluxes, (The same procedure described in Ref. 12
was used, and more details can be found there.)
An inner core of 10.cm-thick graphite enclosed a
100-cm-high by 66-cm by 66-cm cavity. Layers of
polyethylene and borated polyethylene, with a
total thickness of 28 cm, surrounded the graphite.
The amour* -¢ boron was adjuet~d to obtain a
thermal die half-life of about 500 us in the 1.
to 3-ms regic. . match the experimental values.

This procedure was used to simulate, in a gross
fashion, the effect on the flux of the cadmium and
boron shields used in various locations in the DDT
device. The neutron generator was located in one
corner of the cavity; it was assigned a composition
of hydrogen, carbon, oxygen, and fluorine to
simulate the moderating effects of the actual
plastic housing and insulating fluid in it.

Some of the calculational results are shown in
Fig. 7. The calculated epithermal (>0.4 eV) flux
dieaway half-life was 86 us, in good agreement
with the experimental measurement of 40 us.
Both the calculated thermal and epithermal flux
magnitudes were approximately a fact;or of 5 to 8
less than those previousiy calculated!? for the
graphite/Pb CTEN device. The calculated
epithermal/thermal flux ratio was somewhat lower
in the DDT system, showing that a device built of
graphite and Pb should provide better CTEN
assays than a current-generation DDT device with
4He detectors added. However, the latter device
might be very useful for some "problem” drums,
and 1t only involves the addition of a small number
of *he detectors and & modest amount of
eloctronics to systems already built.
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Fg. 7. Montu Carlo calculations for a 55-gal-drum DDT
device. Fluencs values per starting nautron are shown on the
vertical axis; points are plotied horizontally with time at the
center of 25.-us-wide time bins referenced to the neutron
slarting time.

V. CONCLUSIONS

J4 is apparent that using the passive-active DDT
system can result in large flssile measurement
errors for some waste forms. What fraction of
waste containers might give rise to significantly
large errors is unknown; however, beca'ise of the
economic value of fissile material and the control



measures used in generating waste, it seems
reasonable to assume that few, if any, will actually
exceed the criticality limits.

Rather, the major problem is being able to certify,
on the basis of the assay mesasurement, that a
particular container does not exceed the limit
when the measured active values are tens of
grams or more. For low-burnup plutonium waste
streams, the passive coincidence counts can often
be used to ensure that the fissile value reported is
not grossly in error. However, for some waste
streams, the passive count data may not be as
helpful. Additional techniques, such as the CTEN
method, could be very useful in some of these
situaticns.

Adding several *He detectors to existing DDT
systems would permit some degree of epithermal
interrogation. For suspect drums, longer-
than-normal interrogations using the 4He detectors
might provide data of sufficient statistical
precision to resolve questions about self-shielding,
at least in some waste matrices. This would
certainly be a less costly approach than building a
dedicated graphite/Pb CTEN device. Regardless of
which type of unit is used, a considerable
experimental and calculational effort would be
required to determine how to interpret the results
for the various waste forms that might be
encountered. = Experimental evaluation of the
RH-CTEN unit on waste mockups is currently in
progreas at Los Alamos, and experiments with real
RH wastes are planned for late 1989.

Another approach to  deducing  possible
self-shielding and non-uniform fissile distribution
in waste, using the basic DDT method, has
receatly been report;ed.1 The response of
individual neutron detactors i recorded to provide
positional information about the fiss le distribution
in a 66-gal drum. The possibility of using such
data to obtain "images" of the drum content was
also examined A separate analysis of the
potantial resoluticn possible with this method has
been made using computer simulatica
tm:hniquen.14 The latter study also provides a
similar analysis of another imaging technique that
uses bremestrahlung beams from a small linear
accelerator to interrogate the waste container.
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