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CHARACTERIZING AND IMPROVING PASSIVE-ACTIVE SHUFFLERS
FOR ASSAYS OF 208-LITER WASTE DRUMS*

P. M. Rinard, E. L. Adams, H. O. Menlove, and J. K. Sprinkle, Jr.
Los Alamos National Laboratory, Los Alamos, New Mexico, USA

Abstract

A passive and active neutron shuffler for 208-1L waste
drums has been used to perform over 1500 active and 500
passive measurements on uraniam and plutonium samples
in 28 different matrices. The shuffler is now better charac-
terized and improvements have been implemented or sug-
gested.

An improved correction for the effects of the matrix
material was devised from flux-monitor responses. The
most important cause of inaccuracies in assays is a local-
ized instead of a uniform distribution of fissile material in a
drum; a technique for deducing the distribution from the
assay data and then applying a correction is suggested and
will be developed further.

A technique is given to detect excessive amoun's of
moderator that could make hundreds of grams of 235U
assay as zero grams.

Sensitivities (minimum detectable masses) for 235U
with active assays and for 240Pucg with passive assays anv
presented and the effects of moderators and absorbers on
sensitivities noted.

L Introduction

Pussive and active neutron (PAN) shufflers at Los
Alamos began by assaying cans of mixed-oxide fuels /1/ in
1974 and 208-L waste drums /2/ in 1982, Over 1500 active
assays and 500 passive assays have recently been com-
pleted on 208-L drums with 28 matrices to characterize and
improve the PAN shuffler assays of such drums,

The active neutron interrogation is used to assay ura-
nium. Passive neutron counting gives more precise and
accurate assays of plutonium than active interrogation,
unless other emitters of neutrons (such as 244Cm) are pre-
sent. A combination of passive and active assays is nceded
when both uranium and plutonium are in a drum.

Four results of the present study are discussed in this
paper. (a) The inaccuracies caused by localized distribu-
tions of fissile materials were quantified for a wide variety
of matrices; a correction technique for this localization
problem was explored. (b) The use of flux rmonitor detec-
tors in correcting the matrix effects on neutron transport
was improved. (¢) A monitoring scheme was shown to
detect a hydrogen density so high that an assay result would
be severely inaccurate (possibly zero) even though the true
mass might be hundreds of grams of 235U localized near
the center of a drum. (J) Sensitivities (minimum detectable
masses) with the various matrices were determined; tech-
niques to reduce tickground rates for improved sensitivi-
ties were either applied here or will be built into future
shuffiers.

*This work was supported partially by the U.S. Department
of Energy Office of Safeguards and Security and partially
by the U.S. Department of Energy Office of Arms Control
and Nonproliferation, International Safeguards Division,

Other aspects of this study and many more details on
the topics in this paper are given in another report /3/.

& Marcrials and Methods

The characteristics of the 28 matrices used in the study
are presented in Table 1. A range of moderating and absorb-
ing abilities is included, plus a few matrices with combina-
tions of moderating and absorbing properties. Many matri-
ces are quite homogeneous, others are semi-homogeneous
mixtures of large pieces, and others are deliberately inho-
mogeneous.

The matrices were well characterized except for two
that would be difficult to reproduce with certainty. Peat
moss was used to simulate earth, but the moisture content is
not easy to control. The simulated junk was simply a
loosely packed collection of common items that cannot be
specified accurately.

The drums had 2.54-cm diam tubes running from top to
bottomn at distances of 12, 20, and 25 cm from the central
axes of the drums. A capsule of uranium or plutonium was
»laced in these tubes at vertical heights of 8, 24, 40, 56, and

" ¢m from the bottom. These radial and vertical coordi-
nates are at the centroids of 15 equal-volume regions within
a drum. The drums were rotated continuously during mea-
surements.

The uranium was 94.5% enriched and had 4.67 g of
235U distributed uniformly on alumina pellets in an alu-
minum cylinder 2.54 cm in diameter and 10 cm long. The
plutonium sample was a 29.745-g cylinder of piutonium
metal with 93.81% 239Pu and 5.81% 240Pu (1.75 g of
240py, (¢ for passive coincidence counting); its multiplica-
tion was 1.10.

3. Results
Flux Moniter Coreeti

Two JHe tubes monitor the flux of neutrons escaping a
drum being irradiated by the 252Cf source during an active
assay. A wrap of cadmium screens one tube from thermal
neutrons while the other tube is bare; the ratio of their
counts thus provides information on the moderating and
absorbing properties of the matrix. These tubes are located
almost one-quarter of the way around the assay chamber
from the 232Cf source, so they respond primarily to interro-
gating neutrons scattered from a drum's matrix.

The average of the 15 count rates measured throughout
cach moTix was used to study this comrection process. This
simulates 8 homogeneous distribution and separates the
flux monitor cotrection from the fissile material localiza-
tion problem.

Without any flux monitor correction, the relative stan-
dard deviation of count rates from 28 matrices was 80'%.
Corrections have often been made by dividing by the ratio



TABLE L. Characteristics of the Matrices
Weight _ Density (g/cm)
| Matrix (kg)  Hydrogen oron
N I
1. Empty 0.0 0.0 00
2. lron Chunks 0.0 0.0 0.0
3. Vermiculite 340 0.0008 0.0
4. Vermiculite in Linerd 349 0.00082 00
S. Paper 21.3  unknown 0.0
6. Simulated Junk® 86 oo 0.0
7. Polyethylene Shavings 11.8 0.00857 0.0
8. Concrete Blocks® 2184 0.013 00
9. Iron and Polyethyiene Chunks 37.2 00135 0.0
10. Vermiculite and 29.5 kg of Polyethylene Beads 49.0 0.0212 0.0
11, Polyethylene Tubes 42.6 0.0310 0.0
12. Vermiculite and 59 kg of Polyethylene Beads 78.5 0.0423 0.0
13. Vermiculite and 68 kg of Polyethylene Beads 87.5 0.0488 0.0
14, Peat Mossd 508 oo 00
15. Polyethylene Chunks 91.2 0.0663 0.0
16. Polyethylene Beads 120.2 0.0863 0.0
Absorbers
17. Raschig Rings® 142.0 0.0 >0.001?
18. Vermicui..e and 0.3 kg of Borax 343 0.00083 0.000172
19. Vermiculite and 0.6 kg of Berax 346 0.00087  0.000343
20. Vermiculite and 0.9 kg of Borax 349 0.00081 0.000515
21. Vermiculite and 1.2 kg of Borax 35.2 0.00095  0.000687
22, Vermiculite and 1.8 kg of Borax 358 0.00103  0.00103
Moderators and Absorbers
23. Alumina with 28% Water (by weight)f 2377 00376 0.0
24, V;:rmiculite, 68 kg of Polyethylene Beads, 0.21 kg 88.1 0.0490  0.000120
of Borax
25. ermﬁculite. 68 kg of Polvethylene Beads, 0.42 kg  88.5 0.0490  0.000240
of Borax
26, Vermiculite, 37 kg of Polyethylene Beads, 0.22kg  61.7 0.0272 0.000133
of Borax
27. Matrix 26, wop; Vermiculite, bottorné 485  0.025 0.000133
28. Vermiculite, top; Matrix 26, bottomh 506 0025 0.000133
2 This liner was 5.4 kg of plastic,
b This matrix had scrap gloves, aluminum, and iron (loosely packed).
€ The hydrogen density is calculated .. 3m a generic clemental composition of concrete.
4 The moisture content of peat moss was pootly controlled and was probably different when used in the
two instruments.
¢ The composition of these particular rings is poorly known. It is presumed that they are simply borated
glass, but the response 10 active interrogation indicates the presence of some moderator also.
f This water content is unusually high. In routine use it is usually below 10% (by weight) and the ability
to moderaie neutrons is gree*'y reduced.
8 The drum’s bottom half was filled with vermiculite and then the 10} half was filled with matrix 26.
" The drum’s botiom ha(C was (illed wisth matsix 26 sd then the (op hal( was (itled with vermicuiee, |

of the cadmium-wrapped and bare detectors R; this proce-
dure reduces the relative standard deviation to 53%.
A search for a more effective functon of the flux moni-

Ciencral Position Effects

If the fissile material is localized in only a portion of a

tor rutio led to the functiun RPR), where p(R) is a first-order
polynomial with two parameters determined from all 28
matrices. Corrected count rates obtained by dividing RPR)
into the measured count rates liad a relndve standard devia-

tion of 29%.

A facility can select matrices from Table 1 that best
match its waste (or make ne'w rneasurements on its own
wasle) to develop a more specialized p(R) for use on drums
whose matrices are poorly known,

drum's volume, the assay result will generally depend on
the location. As the fissile material becomes more uni-
formly spread thzoughout a drum, this position effect dis-
appears.

Calibration is often done with drums of homogeneous
contents, but the actual distribution of fissile material
within a drum (s generally unknown. Ratios of average
responses to minimum and maximum responses are then
the multipliers of an assay resull that give the possible
range of the true mass. As the position etfect worsens, these



ratios depart farther from unity, and the accuracy of an
assay result is poorer,

The shuffler currently makes no position correction, but
data taken as part of this study point to a possible technique
/3/. Assays were done in four stages; during cach stage the
drum was stationary but rotated 90 degrees from the previ-
ous stage. Ratios of counts in opposing detector banks, in
combination with the flux monitor responses, are used to
estimate the distribution. The average delayed-neuwon
count rate from four stationary drum orientations was found
to be the same as the count rate with a contnuously rotating
drum, regardless of the initial orientation angle of the drum.
This topic will be pursued further, aithough its accuracy
with the smallest waste quantitics may be poor.

The position effects measured with the small uranium
and plutonium samples in the various matrices will now be
described for active and passive assays. These effects are
with very localized sources, the most difficult assay situa-
tion.

ve Assay Position Eff

Active assays were made with both the uranium and
plutonium samples. The results given here are based on the
assays of uranium for which active assays are most gener-
ally applied.

Moderating Matrices. Figure 1 shows the ratio of aver-
age responses to extreme responses plotted against the
hydrogen density for moderating matrices (and the empty
and iron-filled drums).

With no moderator in a drum, the shuffler’s responses
are nearly independent of the position of the sample and the
average-to-minimum and average-to-maximum ratios are
both nearly equal to unity. This shows that there is no bias
caused by the shuffler's design.

The hydrogen in a matrix generates responses that can
often differ from the average response by a facior of two.
The energy spectrum of interrogating neutrons changes
with depth of penetration, making the fission rate depen-
dent on the position of the fissile material. The moderator
also hinders the transport of delayed neutrons to the detec-
tors.

A drum’s assay result (after calibration for uniform fis-
sile distributions) can be multiplied by the average-to-mini-
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Fig. | Rattos of average active responses 10 the mimmum or maximum
active responses are shown here for localised Asnile materials in mod-
eraiing mairices (1 through 16 in Table 1). The tdeal \alue for these
rattos is unity The values of the twe ratios for an insirument indicate

ihe comns afsarnihls areau sarulte for 4 navticular matny

mum ratio to calculate the largest possible true fissile mass
(from a point distribution). Figure 1 shows that this ratio is
as large as 2.5 for matrix number 13 with 68 kg of
polyethylene beads. The hydrogen density in inatrix 13 is
87 kg of water; such a high hydrogen density is unlikely to
be encountered in practice.

If a drum’s contents are known to be homogeneous, no
such multiplier of the assay value should be applied. But
the flux monitors lose sensitivity to hydrogen densities
above about 0.042 g/cm3, so it is recommended that the
contents of a drum exceeding this limit be repackaged
before assaying. This should be a rare event, because this
hydrogen density requires 58.8 kg of polyethylene or
75.6 kg of water; it is unlikely that waste drums will have
this much hydrogen.

Absorbing Matrices. Vermiculite with different concen-
trations of borax {matrices 18 through 22 in Table ) pro-
duced no position effect. The energies of the interrogation
neutrons and the delayed neutrons are too kigh for signifi-
cant capture in baron and vermiculite does not have enough
hydrogen to thermalize a significant fraction of the nzu-
trons. A dium with this type of matrix is little ditferent
{rom an empty drum.

jces. An absorber
becomes effective when mixed with a moderator that low-
ers the energies of the neutrons. Matrices 23 through 28 are
of this type.

A moderacor-absorber combination can produce large
average-to-minimum racios because count rates from the
drum’s interior can be greatly 1educed.

The boron density of 0.000133 g/cm3 has a large effect
in combination with the hydrogen density of 0.0272 g/cm3
(matrix 26). Not enough matrices with different combina-
tions of moderator and absorber were studied to defiie
acceptable limits for the concentrations.

Passive / Position Eff

Only passive assays based on real coincidence counting
will be discussed here because they have more applications
in actuai facilities than assays with (otal neutron counting.

Meoderating Matrices. The ratios of average tu extreme
passive count rates in Fig. 2 are from a localized plutcnium
sample moved throughout the drums. There are no interro-
pation neutrons ia this case, but the matrix affects the
trunsport of fission neutrons from within a drum into a
detector. The fission neutrons have higher average energies
than delayed neutrons, so the transport to the detectors is
somewhat different than during active assays.

The position effect is smaller than with the active
assays for hydrogen densities below about 0.04 g/em3;
beyond that density the position effect is generally much
worse. The average-to-minimum ratios become very large
with the larger amounts of moderator because neutrons are
less likely to escape from near the drum’s center.

The uverage-to-maximum ratios are less affected
because the maximum responses are from plutonium posi-
tions near a drum’s surface and ovtside most of the matrix.

It is again recommended that the contents of a drum
with an unusually high hydrogen densiiy beyond
0.042 g/em3 be repackaged to lower the density before the
assay.
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Fig. 2. The ratios of Fig. | are shown here for passive responses (real
coincidence counting) from localized waste quantities (tens of mil-
ligrams) of plutonium. The shuffler’s average-to-minimum ratios are
large for the mairices of vermiculite with 68 kg of polyethylene beads.
the 91 kg of polyethylene chunks, and the 120 kg of polyeihylene beads.

Absorbing Matrices. Absorbers have no effect on pas-
sive coincidence counting. A neutron that is nearly thermal-
ized (and thus has a good possibility of being captured) will
not contribute to the real coincidence count rate because it
caunot be detected within the electronic time gate with
other neutrons from the same fission. Therefore, it does not
matter if this neutron is absorbed or not,

Modcrating and Absorbing Matrices. A moderator
increases the capture rate in the absorber, but any impact on
a passive coincidence assay is caused by the moderator
alone, The absorber still has no effect for the reasons just
discussed.

Excessive Moderator

An upper limit of 0.042 g/cm3 for hydrogen in a drum
has been suggested above for both the active and passive
assays. As the hydrogen density grows beyond this limit,
inaccuracies in assay results increase. With a hydrogen
density approaching Q.1 g/cm3. the fissile material is
shielded to the point where the assay result is zero even
though hundreds of grams of 2351) may be localized near
the center of a drum.

The flux moritors used to correct for transport effects
of the matrix are inadequate to detect excessive amounts of
moderator because their count rates saturate at the limit of
0.042 g/cm? of hydrogen.

The detector bank across the assay chermber from the
252Cf source that normaily counts delayed or prompt fis-
sion neutrons is able to also count neutrons transmitted
through drums while the 232Cf irradiates the diums. This
bank's count rate did not saturate even with no drum pre-
sent. A drum with an excessive amount of moderator gave
about half the transmission count rate of an acceptable
drum, so the presence of such moderation is readily
detected.

The shuffler can inform an operator of the excessive
amount of moderator o that the drum'’s contents can be
repackaged. The facility may wish to investigate how and
why 1o much moderator got into the drum in the first place.

Sensigvitics

Sensitivity here means the smallest fissilz mass that
produces a signal three times greater than its precision; its
precision is the standard deviation of a large set of repeat
assays on the same drum.

The shuffler sensitivities given below are for drums
with uniform distributions of the fissile matenal. Sensitivity
is the same function of position discussed as assay
responses if the fissile material is localized.

The background rate is an important limiting factor on
sensitivity. Cosmic-ray interactions in the shuffler’s body
are the source of coincident neutrons; the background rate
is weaker at lower elevations. A cmall fraction of the neu-
trons from the 252Cf source leak through the shielding zna
increase the total background rate. Intense neutron scurces
at a facility have the potential of adding to the total back-
ground if they are near the shuffler, but the shuffler’s thick
walls of shielding and facility controls can eliminate this
potential problem, The total neutron background affects the
accidental coincidence rate and thus a passive assay’s sen-
sitivity, although this is a minor cffect compared to the cos-
mic-ray background.

New hardware and software techniques are discussed
below to reduce the background ratzs and thus improve the
sensitivities.

Amy_g_&gmuxmg Table Il shows the sensitivities
from active assays of 2>3U in grams of that isotope. These
are computed for a 1000-s assay consisting >f a 270-s
background count preceding 730 s of active interrogation
and delayed-neutron counting. The background count rate
used in the calculations consists of 2 counts/s from cosmic-
ray interactions (at 170 m above sca level) and 12 counts/s
from a 500-pg 252Cf interrogation source.

Neutrons from the 232Cf dominate the background, so
the sensitivity would be improved by better isolation of the
252Cf from the assay chamber. If the total background rate
were 4 counts/s instead of 14 counts/s, the sensitivities
would be approximately half those shown here. Improved
shielding materials have become available since this shuf-
fler was built and are being studied for possible use in
future shufflers.

T'wo-thirds of the sensitivitics are under 0.25 g of 235U
and about half are under 0.1 g of 235U, Sensitivity intproves
as the hydrogen density increases until 0,028 g/cm3 is
veached: :ne fission rate is enhanced by the moderated
enersies of the interrogation neutrons, but interrogation and
delayed neutrons are able to still pass through the matrices
without excessive capture rates. Even at the highest hydro-
gen densities, the sensitivities are well under 0.1 g of 233U,

The sensitivities to plutonium for active assays are
much worse than with uranium because the yield of delayed
neutrons per fission in plutonium is about a third of that in
uranium. The senuitivities range from | to 4 g of low-bumn-
up plutonium (0.058 to 0.233 g of 240Pueyr). The passive
assay sensitivities are much better than :he active sensitivi-
tiey, so it is recommended that the passive assay option of
the PAN shuffler be used on plutonium.

Sensitivities are greatly improved by reducing the
energy of the interrogating neutrons when it is known that
the hydrogen density is below 0,01 g/em? (corresponding to
14.6 kg of polyethylene or 18.7 kg of water), This was
demonstrated in this study by surrounding drums with
about 2 cm of polyethylene. However, none of the results
given in this paper are from data taken with this technigue.



TABLE I Assay Sensiuvites
Sensitivity
Active Passive
Matrix (g2350)  (mg 20Pugp)
Neurral
1. Empty 0.384 1.35
2. Iron Chunks 0.102 1.22
Moderators
3. Vermiculite 0.292 1.34
4. Vermiculite in Liner 0.141 1.39
5. Paper 0.111 1.42
6. Simulated Junk 0.120 1.46
7. Polyethylcne Shavings 0.076 1.44
8. Concrete Blocks 0147 eeeeee-
9. Iron and Poly=thylene Chunks 0.075 233
10. Vermiculite and 29.5 kg of Polyethylene Beads 0.033 221
11. Polyethylene Tubes 0029 e
12. Vermiculite and 59 kg of Polyethylene Beads 0038  .--eee-
13. Vermiculite and 68 kg ot Polyethylene Beads 0.047 187
14. Peat Moss 0.027 2.12
15. Polyethylene Chunks 0.074 427
16. Polyethylene Beads 0.077 12.06
Absorbeny
17. Raschig Rings 0783  --ee- -
18. Vermiculite and 0.3 kg of Borax 0.315 1.35
19. Vermiculite and 0.6 kg of Borax 0.337 1.34
20. Vermiculite and 0.9 kg of Borax 0.335 1.31
21. Vermiculite ond 1.2 kg of Borax 0.345 1.39
22. Vermiculite and 1.8 kg of Borax 0.345 1.38
Modemsors apd Absarhers
23. Alumina with 28% Water (by weight) 0.063 474
28. ;letmiculite. 68 kg of Polyethylene Beads, 0.21 kg of 0.061  --eee-
Orax
285. \é'ermiculite. 68 kg of Polyethylene Beads, 0.42 kg of 0.072 5.22
orax
26. ;'en'niculite. 37 kg of Polyethylene Beads, 0.22 kg of 0.053 2.49
orax
27. Matrix 26, top; Vermiculite, bottom 0.086 1.74
28. Vermiculite, top; Matrix 26, borrom 0.073 1.86

Passiys Sensitivities. Sensitivites with passive assays
of plutonium are given in Table II for & real coincidence
background rute of 0.17 counts/s and an assay time of
1000 s.

This background ratwe is again for an elevation of 170 m
above sea level uut includes a cosmic-ray rejection scheme
that detects and eliminates coincidence counts with high
muldplicity that could only be crsated by cosmic rays in the
shutfler's body. At the Los Alamos elevation of 2225 m,
this technique reduces the real-coincidence backgroun rate
by a factor of 1.3 and significantly improves the sensitivity,

The accidental coincidence counts creats another com-
ponent of the background, but for waste quantities of pluto-
nium they are nearly regligible.

Matrices numbered 2 through 10 represent a range of
materiais that best represent facility waste, The sensiuvitdes
for thcss materials range from 1.2 to 2.3 mg of 240Pugy (or
20 w0 39 mg of plutonium, for the iow-burnup isotopics
used in this study).

Sensitivities worsen to 4 or 5 mg of 240Puyy as the
hydrogen density goes beyond 0.042 g/cm3. Matrix 16 with
120 kg of pulyechylene boads creates an effective shield for
plutonium near the drum's center, so the senaitivity (s
12 mg of 40Pyyqy.

Absorbers have no effect on passive sensitivity, even in
combination with moderators, for the same reasons dis-
cussed earlier for position effects.

4, Conclusions

The PAN shuffler performs precise assays of uranium
(active mode) and plutonium (passive mode) on 208-1.
waste drums. The most important cause of inaccuracies in
assays is ignorance of the distribution of “issile material
within a drum. Calibration is likely 1o be done with a uni-
form distribution, while highly localized distributions are
possibie in practice. A technique for determining the distri-
bution from the assay data and correcting for the assay
result accordingly is suggested here and will be explored
further,

The hydrogen density in a crem should be limited to
0.042 g/cm3 for both active and passive assays, which cor-
responds to very large amounts of water (75.6 kg) or
poiyethylene (38.8 kg) in a 208-L. drum of waste. Flux
monitor corrections have been devised to correct the mea-
sured count rates for the matrices.

In drums holding more than this density of hydrogen.
the variation of assay results with position can lesd to very
large insccuracies and the flux monitor responses do not



reflect the proper amount of hydrogen on which a correc- 5, References
tion would be based. Detectors on the opposite side of the

assay chamber from the 232Cf source can monitor the /\/ H. O. Menlove and T. W. Crane, “A 232Cf Based
transmussion of interrogation neutrons through the drums Nondestructive Assay System for Fissile Material,”
and give a warning when the hydrogen density is excessive. Nucl. Instrum. Methods 152, 549-557 (1978).
Sensitivity (minimum detectable mass) from an active

or passive assay depends on the nature of the matrix, the 2/ T. W. Crane, "Versatile System for Measuring Nuclear
background rate, and count times. A software technique has Waste in 55-Gal Drums,” in “‘Safeguards and Secunty
been used to reduce the cosmic-ray backsround rate and Status Report, February-July 1982 Los Alamos
new shielding materials are being studied to reduce the National Laboratory report LA-9595-PR (February
background component from the 232Cf source. 19%3), pp. 24-29.

/3/ P. M. Rinard, E. L. Adams, H. O. Menlove, and J. K.
Sprinkle, Jr., “The Nondestructive Assay of 55-Gallon
Drums Containing Uraniuni and Transuranic Waste
Using Passive-Active Shufflers,” Los Alamos National
Laboratory report to be published, 1992.

DISCLAIMER

T‘hu repart was prcnnrcd as an accounc of work sponsored by sn agency of the United States
(mv;:mmcm Neither the United States Government nor any agency thereof, nor anhy o; I;eeir
;I::'? ur:cs;hmnk‘c's un‘y wfumnly. express or implied, or ussumes any lega! liability or responsi.

y :r. € accurdey, completencss, or usefulness of any information, upparatus, product, or
process dntsclmcd. or represents that ity use would not infringe privately owned r;gmw Re}cr-
ence herein to any specific commercial product, process, o sesvice by trade name m;dcmnrk
manufacturer, or otherwise does not necessarily constitute or imply ity cndorun;em re¢ m.
mendation, or favoring by the United Stutes Government or uny agency lhnfcof 'I'!‘w ::ws

:?J opinions of suthars expressed herein do not necessurily stute or reflect those of the
Inited States Government or any agency thereof.



