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In-situ Verification Techniques .or Fast Critical Assembly Lores

S.B. Brumbach und P.1. Amundson
Argonne National Laboratery, Idaho Falls, Idaho

i ) : _ . _ C.T. Rbche
' Argonne National Laboratory, Argonne, Ilinois

ABSTRACT -

Active and passive autoradiographic techniques were used to obtain
piece counts of fuel plates in fast critical assembly drawers land to verify
" the assembly loading pattern. Active autoradiography using prompt-fission
and fission-product radiation.was more successful with uranium fuel while
passive autoradiography was more successful with plutonium fuel. A source
multiplication technique was used to measure changes in reactivity when small
quantities (2-2.5 kg) of fissile material were removed from a subcritical
‘reference core of the Zero Power Plutonium Reactor. Efforts to compensate for
the loss of reactivity by substituting polyethvlene for fuel were largely
unsuccessful. Some. compensation was achieved by replacing U-238 with poly- ,
ethylene. The sensitivity for detection of partially compensated fuel removed. :
from minimum worth regions was approximately 2.5 kg (fissile) for a core
containing 2600 kg (fissile). . Substitution of polyethylene was detected with
‘a spectral index which was the ratio of the rate of the In-115 (n,Y) reaction
. to the rate of the In-115 (n,n') reaction. This spectral index was sensitive
- to the presence of an 0.64-cm-thick, 5.08-cm-high polyethylene column 10-15 cm
away from the indium foil. The reactivity worth of Pu-239 was also obtainnrd as
a function of location in the reactor core with the use of an inverse kinetics
technique. Reactivity worths for Pu-239 varied from a maximum of 58.67 Lh/kg
near the core center to a minimum of 14.86 Th/kg at the core edge.

KEYWORDS: Nondestructive assay, plutonium, uranium, reactivity, autoradiography,
: spectral index, fast critical assemblies.:

INTRODUCTION

"Fast critical assemblies such as the Zero Power Plutonium Reactor (ZPPR) facilitv
require large inventories of plutonium and enriched-uranium fuels. The ZPPR fuel is primaril-
in the form of thin metal or alloy plates (0.066-0.64-cm-thick, 5.08-cm high, and from 2.54
cm to 20.3 cm long) and small metal-oxide-containing rods (0.95 c¢m diam by 7.62-15.24 cm
long). Uranium enrichments vary between 167% and 93% U-235, and plutonium concentrations vary
from 15% to 99%. Fissile materials in these sizes and purities present an attractive target
to a potential diverter. Because of this diversion potential, it is important that eflfectiv
safeguards be implemented at fast critical acqemblv facilities. The subject of critical
facility safepuards has been recently reviewed. 12" Fuel elements at ZPPR are norﬁullv
located in the reactor itself or are stored in caniéteps in a vault. Most of the time, a
large majority of the fuel is in the reactor. The reactor has two halves, each of which
consists of a square array of matrix tubes. The fuel is contained in drawers, 5.08 cm squar

"by up to 91l.4-cm long. The drawers also contain structural, coolant, and fertile materials.

A typical drawer includes a core segment containing either one or two columns of fuel plates
(~ 0.5 kg or 1.0 kg of fissile material) and a second segment containing tvpical axial
blanket materials. The drawers are inserted into the matrix tubes, and the halves are
brought together to form the final reactor configuration. ' '

Because of the large number of fuel plates, and because the plates are normally located
in the reactor, verification of the fissile material 1nventory of the facility is time-
consuming. If individual plates, or even whole drawers are removed from the reactor for
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complete physical inventory at ZPPR, incluiing visual inspection of each fuel elecment and
nondestructive assay (NDA) measurements on 5% of the inventoryv,. requires about 30 eight-
hour shifts. Because of accumulated. radia!ion exposure, individual participation is limited
to 5 shifts. As a result, 36 persons are i12quired to perform the inventory.

In order to reduce the impact of inventory verification, it is desirable to assay the
fuel if the reactor core in the largest possible units. This is especially important during
the long periods between major loading changes when fuel is not accessible to assay in small
units. The mosl eflicient inventory veritication method would be able to examine the entire
~ reactor core in a ‘single measurement or combination of measurements. Ideally, the validity

- of the whole-core measurements should be verifiable by inspectors not normally part of the
fast critical facility. This is especially important in international safeguards where
institutional diversion is considered. Two potentially powerful assay methods, when used in
combination, are autoradiography and the measurement of integral (whole core) reactivity.

EXPERIMENTAL METHODS
Autoradiography

When x-ray sensitive film is placed apainst the edge of a fast cr1t1ca1 aqqembly fuel
plate, the radiation emitted by the isotopes in that fuel plate form a clear image (autora-
diograph) of the edge of the fuel plate. Two types of autoradiography can be used to obtain
piece counts of fuel elements in reactor drawers. The first type is passive autoradinnraphy
in which spontaneously-emitted beta and gamma radiation form the fuel-plate image. The
passive autoradlographLC method was prev1ously aprlied to pluton1um—contaln1ng fast criticalk
assembly fuels? and to low-enriched uranium fuel in LWR assemblies". The second type of .
autoradiography is active, in which prompt fission gamma radiation and fission-product beta::
and gamma radiation produced during and immediately after critical reactor operation form.

the fuel-plate image.

Passive autoradiographs of fuel plates in reactor drawers can be obtained by sliding a
packét of x-ray film between the top of the contents of a drawer and the matrix element
above that drawer. The clearance between the top of a.fuel element and the matrix tube 1is
0.152 cm in the ANL fast critical assemblies. The film used in previous applications to
plutonium fuel was Kodak Ready-Pack Type~M X-ray film. The film packet was. 3.8l cm wide
and was 0.089 cm thick where the ends of the packet were sealed with black tape. Tvpical
"exposure times were 15 min. .The passive autoradiographic method allowed a fuel-plate
piece count to be made in a large number of drawers in a short time. For plutonium fuels,
passive autoradiographic images are predominantly formed by the 60 keV gamma ray from Am-241.

The pa951ve autoradiography of uranium fuel in reactor draxers 1s -less satisfactory
tlian for plutonium fuels. One difficulty is that exposure times of many hours are reauired
if ordinary x-ray film is used for uranium fuel. This problem is caused by the low gamma-
ray emission rate for U-235 compared to'the gamma-ray emission rates for the isotopes
present in plutonium fuels. 1Intensifying screens cannot be used in reactor drawers because
of their thickness. A second problem with the passive autoradiography of uranium is the
large contribution from U-238 to the. image density of a fuel plate. The U-238 daughter
Pa-234 emits 2.29 MeV beta radiation which efficiently exposes film. The. image densities
from unclad depleted uranium plates and from unclad 93%-enriched plates are nearly equal.

Uranium fuel plates used at ANL are not clad. Additional filtration is nceded to reduce
the contribution-to image density from U-238, but additional filtration increases the thick~
ness of the film packet. Further work is required to investigate possible methods for

applying passive autoradiography to uranium fuel in reactor drawers.

The need to distinguish between U-235 plates and U-238 plates in an assembly core led
to the development of active autoradiographic methods. In active autoradiopraphv the prompt-
fission gamma radiation and/or the short-lived fission-product beta and. gamma radiation pro-
duces the fuel plate image. ‘The formation of an image 1is the direct result of the critiéal
operation of the assembly. Because the spontanecous radiation emission from uranium is
small, two types of active autoradiography are applicable to uranium fuel. In the first
type, the fuel plate images are formed by both prompt-fission and .fission-product radiation.
Operationally, there are three steps: (1) film is inserted into'dréwers, (2) the reactor
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is removed and processed after shutdown an cooling. Relatively insensitive tilm is used
in this first' type of ‘active autoradiograp- yv. 1In the second active autoradiographic

- method the fuel plate images are produced ~ily bv fission-product radiation. The steps
are: (1) the reactor is operated at high jower without film, (2) the recactor is shut down-
and allowed to cool over night, (3) the following dav film is inserted into drawers and
%xposei for a few hours, and (4) the film is removed and processed. In this second‘
method, more sensitive film 1s used. Active autoradiographv is somewhat more complicated
for plutonium than uranium because of the large spontaneous radiation component from
ﬁlutonium fuel. Only at-critical active autoradiography is practical for plutonium.

Intepral Reactivity Measurements

Reactivity Measurement Methods

A variety of reactivity measurement methods has been developed which are applicable to
fast critical assemblies.”»®,7 The two basic types of methods are static (equilibrium)
"and dynamic (kinetic). Equilibrium methods are conceptually simple because details of the
delayed-neutron behavior or the prompt-neutron lifetimes are not needed. One equilibrium
technique in common use with subcritical systems is the source-multiplication method . ©,8
For a plutonium-fueled reactor, the spontaneous-fission neutrons from the even plutonium
isotopes provide a neutron source of known strength. The reactivity of the assembly can be
deduced from the extent to which the fissile isotopes in the assembly multiply .the spontan-
- eous~neutron flux. The neutron flux can be monitored by detectors within the core or out-
side the core. ' :

Dvnamic techniques are also avnijlable which infer reactivity or changes in reactivity
from the time-dependent changes in neutron flux. Knowledge is required of the delaved-
neutron parameters and the prompt-neutron lifetime. Dynamic measurements are often made by
measuring the change in neutron flux during and after the movement of a control rod or nf
other material within the reactor. Perhaps the conceptually simplest dynamic technique is
the determination of reactivity from the .measurement of the reactor pericd.” For a super—
critical reactor, the reactivity can be inferred from just the period and the prompt-neutron :
lifetime. Period measurements, however, suffer from many of the uncertainties and long
measurement times encountered in the equilibrium methods. At ZPPR the more commonlwv used
dynamic method involves perturbation techniques in which inverse reactor kinetics equations
are used to derive values of time-dependent reactivity from measured time-dependent neutron
fluxes. - ' :

Reference Configuration

The core configuration of a fast critical assembly may be designed to model a postula-
ted reactor design or to address a generic reactor physics issue. For either type of
experiment, it is useful to establish a reference core configuration for which various
reactor physics parameters, including reactivity, are well characterized. As experiments
progress, many modifications are made to this configuration. These modifications are very
fqéquent, but often involvernly a small fraction of the total number of drawers in the
core. One way to verify the fissile content of the core is to periodically return to the
reference configuration and experimentally verify that the reactivity is the same (within
uncertainty limits) as it was when the reference core was initiallv established. When
possible, such a reactivity verification could be scheduled to coincide with a time durinz
the experimental proﬁram,when the core was close to the reference confizuration. The use of
reference reactivity values from a reference configuration assures that the initial refsvenc.
core loading was independentlyv verified. This initial verification can be accompliched S
making NDA measurements on fuel elements or drawers as thev are being leaded, bv verifving
the loading pattern with autoradiography, or by calculation of the reactivity expected for a
particular core configuration and composition. - :

Reactivity Worth

The effectiveness of reactivity measurements as a diversion detection technique will
depend upon the sensitivity with which these measurements can detect missing material. The .
factors influencing the diversion sensitivity are the uncertainty of the reactivitv mecasure-
ment and the reactivity worth of the fuel in the assembly. The reactivity worth of a



mitertal 48 that reactivity ctfece, per v it mass (c.g., Lh/kg), produced by the addition o.
* that material to the core. Reactivity wor-h can be either positive or negative, and both
the magnitude and the sign of reactivity vorth can vary as a function of position within th

core. .
Reaétivity Compensat ion

' The agreement between two measured reactivity values for a core in a reference con-
f1gurat10n still-does not necessarily mean that the fissile content has not changed in
the time between measurements. The loss of reactivity by removal of fissile material can,
in principle, be compensated for by addition of materials which also have a positive
reactivity worth. Similarly, compensation mipht be accomplished by removing materials,
such as absorbers, which have negative reactivity worth. A third compensation scheme
could involve removal of fissile material from a region of relatively low worth with a
simultaneous transfer of fissile material from a region of relatively low worth to a
region of relatively high worth. This third scheme would, of course, constitute a devia-
tion from the reference configuration. :

!

EXPERIMENTAL RFESULTS
'Autoradiography

The ZPR-9 fast critical assembly was used to test the applicability of active anto-
radiography to uranium-fueled cores. The fuel drawers of the assembly contained a single
column of 93%-enriched fuel plates. Each plate was 5.08 cm wide, 0.16 cm thick, and from
2.54 to, 7.62 cm long. On either side of the uramium plate was.a thin steel plate, and the
remaining drawer volume was occupied by thlck steel plates. The drawers contained only ste:s
and uranium.

An example-of an active autoradiograph produced bv fission product radiation is shown
in Fig. 1A. This autoradiograph was obtained approximately 18 hours after reactor shutdown.
"The reactor had been operated at a power of 255 watts for 66 min. Film exposure time was:
66 min. The film used was the relatively sensitive Kodak AA Industrex X-ray film. The
fuel - column was readily visible. The individual fuel plates could not be distinguished
because they were unclad and were fit tightly togethetr. in the column. Figure 1B shows a
passive autoradiograph of an identical fuel column obtained with Kodak AA Industrex film
and a 75-min exposure. The uranium plates in Fig. 1B had not been irradiated in the reactor
for several weeks.

An example of an active autoradiograph obtained during a critical operation of the
reactor is shown in Fig. 2. The film used was the relativelyv insensitive 3M QA-V graphic--
arts-type film. Sheets of film were cut into strips approximately 3.8l cm wide and were
contained in Kodak Ready-Pack film holders. The autoradiograph of the fuel column sesment
in Fig. 2 was ohtained during-a 15-min reactor operation at a power of 85 watts followed by
a three-hour cooling period. The film was in the reactor for a total of approximately four
hours. The: contribution to image density from spontaneous radiation during the four-hour
period was very small. The 0.16-cm-thick fuel column can be clearly seen as the darkest
part of the line in the center of Fig. 2.

The sensitivity of the active, at-critical autoradicgraphic technique to some simple
drawer-loading defects was tested. Figure 3A shows an active autoradiograph of part of a
fuel column from which a 7.62-cm-long, 93%-enriched uranium plate was removed. Fizure 38
shows an active autoradiograph of part of a fuel column in which a 7.62-cm-lonaz, 93%-~nrich:
fuel plate was replaced by a 20%-enriched fuel plate. Both defects in Fig. 3 were easily
detectable. In another case, a 0.080-cm-thick fuel plate was substituted for a 0.6l-cm-
thick ‘plate. The presence of the thin plate was detectable, but only upon careful inspec-
_tion of the.autoradxoagraph Smaller differences in plate thickness would probably not be
detectable. : ' ‘

The film base and film packaging materials are hydropenous, and in the ZPR-9 core
described here, the film had 'a positive reactivity effect. A reactivity worth of 103 Ih/kg
was measured for Kodak 35 mm Ready Pack X-ray film randomly distributed through a quadrant
of one-half of the ZPR-9 assembly. This reactivity worth meant. that only approximately 30
pieces of film, each 102-cm long, could be placed in the 800-drawer assemblv without vio-
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would have to be decreased by removing fuel drawers. In order to insure safe reactur opera
tion, the reactivity effect of the film mu "t alwayvs be considered when doing an at-critical
autoradiographic verification.

The success of the active autoradiographic technique for uranium fuel in an assembly
core led to a test of the applicability of the active technique to a plutonium-fueled
4ssembly core. An example of an active autoradiograph obtained in the 6100-liter ZPPR
assembly 10D is shown in Fig. 4A. The autoradiogpraph was produced during a 100 watt-hour
operation of the reactor. The film was in the reactor core for 5.5 hours. This active
autoradiograph shows portions of the edges of two 0.64-cm-thick plates in the center. The
image at the right edge of the autoradiograph and parallel to the fuel plates corresponds
to a column of U-238 plates. The space between the U-238 column and the fuel-plate column
was occupied by a can containing sodium. Figure 4B shows a passive autoradiograph pro-
duced in a 5.5-hour exposure when the assembly halves were separated. Both autoradio-
graphs were obtained with 3M QA-V film. The film was processed by hand at room temperature
in Kodak X-Omat chemicals. :

'The 5.5 hours the film spent in the assembly core was greater than the minimum time
necessary for autoradiography because other experiments were also conducted. The minimum
time for an active autoradiographic irradition is approximately 2.5 hours, which includes
reactor startup, irradiation, and reactor cooling.

The fuel-column image is more dense in the active autoradiograph (Fig. 4A; 1.2 optical
density units) than in the passive autoradiograph (Fig. 4B; 0.6 optical density units).
However, the background density is also higher in the active autoradiograph. The density
difference between active and passive fuel plate images may have been greater if the total
time the film was in the core had been the minimum 2.5 hours, instead of the actual 5.5 how

The plutonium fuel-plate images in the active autoradioagraphs obtained in the assemblv
drawers had only very small contributions from the fuel columns in adjacent drawers. Activ
“autoradiographs were obtained in drawers which contained a single fuel column and which alsc
had drawers above containing a single fuel column. The two fuel columns were separated by
0.28 cm of steel in the two matrix tubes and in the bottom of one drawer. Active auto-
radiographs were also obtained in drawers which contained a single fuel column, but which
had no fuel-containing drawer above. The density of the fuel column images were nearly
identical in both cases. From this observation of nearly equal image densities, it was con-
cluded that the 0.28-cm-thick steel separating the two fuel columns absorbed most of the
radiation which produced the fuel column images. This, in turn, led to the conclusion that
low-energy radiation produced the images. This final conclusion is not surprising, because
low-energy photons-dominate both the prompt-fission gamma ray cpectrun? and the fission-
product spectrum!! even though some very high energy photons are produced. In addition, ths
beta radiation from fission products will be highlv absorbed by the 0.28-cm-thick steel,
but will still be able to expose film within the drawer.

Active autoradiographs were also obtained for blanket drawers which contained no fuel,
but which had fuel-containing drawers above them. The fuel column in the drawer above was
not visible on the blanket drawer autoradiographs. Images of the U-238 plates in the blanke
drawers were visible. An active autoradiograph of a blanket drawer is shown in Fig. 4C. It
was obtained simultaneously with the autoradiograph in Fig. &4A. In Fig. 4C, the liesht, cent
portion of the autoradiograph corresponds to an l.27-cm-wide sodium can, and the darker re-

gions correspond to U-238 plates.

In Fig. 4A, the density of the image of the plutonium-containing fuel plates is approxi
mately equal to the density of the image of the U-238 plates. This equality of densitv mav
be surprising at first because the fission rate in the U-238 in the assembly was onlyv 157 o
the total fission rate. However, the plutonium fuel plates were clad in 0.03-cm-thick stai:
less steel, while the U-238 plates were unclad. 1t was earlier concluded that the fuel-
plate images were produced primarily by low-energv photons and beta radiation. If this con-
clusion is correct, then it can be expected that the image density of the U-238 plates will
be enhanced because these plates have no cladding to absorb low-energv photons or beta radie
tion. - While the images of the clad fuel plates and of the unclad U-238 plates do not look
the same, their equal image densities for unequal fission rates presents a potential compli-
cation for interpreting active autoradiographs of drawers containing both clad plutonium
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plates and unclad U-238 plates. The density of the images of the U-238 plates in Fig. 4C
is low compared to the density of. the ima~»s of U-238 plates in Fig. 4A because the fissior
rates are much lower in the blanket region than in the core region.

React ivity ‘Worths

' Ahs a first step in assessing.the sens itivity of reactivity measurements to diversion
detection, reactivity worths were measured for Pu-239 as a function of position within the
ZPPR core. - These measurements were made on ZPPKR assemblv 10-A whose reference configurat ic
is shown in Fig. 5. The assembly was a hexagonal 4590-1liter mockup of an LMFBR which con-
tained 19 mockﬁp control-rod positions. The core had an axial length of 101.6 cm and was
divided into two fuel-enrichment zones. The inner core, with the mockup control-rod posi-.
tions, contained, primarily, drawers with a single column of ‘Pu-allov fuel. The outer core
was loaded with single-column drawers and double-column drawers in alternate peositions. Th
5.08 cm by 5.08 cm cross section of the core zones of a single-column drawer and a double-
column drawer are shown in Fig. 6. Outside the outer core was a blanket zone whnse drawers
contained fertile material and coolant. The outermost zone contained a steel reflector. 1
ZPPR-10A reference configuration was critical, with a total fissile mass of approximately
2100 kg. : .

Reactivity worths were obtained with the use of inverse kinetics techniques. The
neutron flux was measured as a function.of time for a fissile sample which was moved across
the center of the axial midplane of the core. The sample was moved in steps bv remote
control so that an entire traverse was performed during a single reactor run. A traverse
was made with an empty sample holder to correct for the reactivity effect of the holder
Neutron flux measurements were made w1th BF3 detectors located outside the core. :

In addition to the experimental results, first-order perturbation reactivity worths for
the isotopes Pu-239, Pu-240, and U-238 were obtained from a 28-neutron-energy-group diffusic
calculation in two-dimensional geometry. Isotopic worths were combined in the proper weight

-fractions so that results could be compared to thc experimental samples. A sample size
(self- shxeldlng) correction was also made.

The experimental and computational results for Pu-239 reactivity worths as a function
of radial position at the centerline of the core axial midplane are presented in Table I.
The uncertainties in the measured worths are 10 statistical variations. Graphical results
are displayed in Fig. 7. The squares in Fig. 7 are the experimental data, while the solid
line was obtained by applying a normalization. factor to the calculated data over the fuel-
bearing regions. The normalization factor was derived from a comparison of calculation
and experiment. ' ‘ )

The second factor required to determine the sensitivity of reactivity measurements to
fissile material removal is the uncertainty of such measurements. ~One obvious contribution
to this uncertainty is the simple experimental uncertainty in making any single reactivity
measurement. However, because reactivity verification measurements will be compared to
previously measured reference reactivities, the long-term reproducibility of reactivityv
measurements 1s also important. ' '

In a fast critical assembly such as ZPPR, differences between reference reactivity
measurement s may arise from temperature variations, irreproducibilitv of table closure and
control-rod positions, and unavoidable chanzes in the core compnsition, particularly the
decay of Pu-241. The temperature of the ZPPR cell can be held constant to within % 0, 140C,
Therefore, if the approach to critical is alwavs the same, uncertainties associated with
temperature variations during reference measurements are small. Experience at ZPPR indicat.
that overall reproducibility of reactivity measurements on the same assembly over a short

reriod (< 1 week) should be apnroximately + 1 Ti. However, over a longer time period, the
“decay of the Pu-241 (14.4-year half-life) present in small quantities in the ZPPR fuel allov
produces colisistent and observable reactivity loss with time. Corrections can be made for

_the Pu-241 decay, but the decav still makes a contribution to the overall uncertaintw.
Assessment of these factors (for a range of critical assemblies containing 1.5% Pu-241 in Pu
fuel) leads to a long-range (several month) uncertainty of + 3 Ih.
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TABL

£ I.

Calculated and Corrﬂcted Measured Rndinl'Traverse for
"~ Pu-30, Sample in ZF'R Assembly 10A

Position,

“Samnle Worth,

124

cm Ih/kg
Experiment  Calculated Self- Correctcd C/E
‘Shielding Calculated
0.023 55.04 + 0.09 N
5.522 55.67 + 0.12 63,66 1.04 65.97 1.19
11.052 57.95 + 0.10 - 64.39 1.04 67.06 1.16
©16.576 58.48 + 0.12 65.00 1.05 67.94 1.16 -
22.095 58.67 + .0.09 64 .96 1.05 68.00  1.16"
27.625 - 57.49 + 0.09 - 64.26 1.05 -67.29 1.17°
. 33.147 "56.68 + 0.11° 63.12 1.05 66.11 1.17-
38.671 56.01 + 0.11 61.82- 1.05 64 .82 1.16
44,201 ° 54.94 + 0.12 60.52° 1.05 63.54 1.16
. 49.720 53.71 +.0.10 59.33 1.05 62.22 1.16
55.245 52.33 + 0.10°  58.03 1.05. 60.83 1.16
60.772 '50.77 ¥ 0.07 56 .42 1.05 59.22 1.17
66.294 49.01 + 0.12  54.14 1.05 56.97 1.16
71.818 46.55 + 0.11 51.28 1.05 53.76 1.15
77.346 42.91 + 0.09 47.53 1.04 49.63 1.16
82.867 39.05 + 0.11 - 44.11 1.04 45.90 1.18
88.389 36.57 + 0.11 * 41.70 1.04 43.42 1.19
93.914 34.95 + 0.09 39.59 1.05 41.39 1.18
99. 444 33.37 + 0.09 37.08 1.05 39.09 1.17.
104.965 30.32 + 0.14 33.24 1.06 35.16 1.16
110.490 25.65 + 0.13 28.02 1.06 29 .66 1.16
116.017 20.46 + 0.11  21.88 1.06 23.09 1.13
121.539" 14.86 + 0.13°  15.82 1.05 16.57 1.12
127:066° 9.90 + 0.12  -10.87 1.01 11.04 1.12
132.588 5.66 + 0.13 6.90 0.97 6.73 1.19
138.115 '3.71'+ 0.08 4.25 0.93 3.95 L.07 .-
143.634 2.04 + 0.13 2.73 0.87 2.38 1.18
176.789 . 0.00 ¥ 0.06 0.00 0.67 0.00
TABLE 1I. Fissile Removal Detection Sensitivity - ZPPR-10A |
(Using 1 Ih short-term and 3 1h leng-term Reac-
tivity Sensitivity)
Radial Axial Sensitivity, kg
Position, Posit ion, Isotope Short Term Long Term
cm ' cm : o
0 0 239p,, 0.017 0.05
124 0 239py 0.067 0.2
- 124 50 239py 0.267 0.8
0 0 235y 0.023 0.07
124 0 235y 0.09 0.27
124 50 235y 0.36 1.09
0 - 0 233y 0.012 0.036
124 0 233y 0.05 0.15
233y 0.20 0.60

core edge



H

Thegs short- and long-term uncertainties can he combinmed with the reactivity worth

‘results in Table I to obtain estimates of rne fissile removal sensitivities. ‘These sensi-

tivities are presented ‘in Table T1 for thr-e core pesitions: the core center (0.0), the
core edge at the axial midplane (124,0), a'd the minimum reactivity position at the radial
and axial core edge (124,50). These sensitivities are only estimates and will later be
compared with observed changes in reactivity when fuel was removed. Also, these sensitivi-
ties represent removals of almost pure fissile fuel material. Actual fuel plates which
contain mixtures of .fissile and fertile material will have reduced detection sensitivities
at the core center and probably slight enhancement at the core edge due to the presence of
the fertile material. This 1is expected because of the fertile material's negat ive reactivit
effect at the core center and small positive reactivity effect at the core edge.

Effects of Fuel Removal

The next step in assessing the sensitivity of reactivity measurements to diversion was
the measurement of reactivity change when fuel was removed from a reference core.” These
measurements were made on ZPPR assembly 10D. This assembly was a hexagonal 6100 liter
mockup of an LMFBR which contained 31 control-rod positions. Though larger than the core
in assembly 10A, the loading pattern was similar. Reference core 10D contained a fissile
mass of roughly 2600 kg. '

The reactivity of the subcritical 10D reference core was determined by the source-multi
plication method. . This reference reactivity was -0.29$. In the source-multiplication mea-
surement, the neutren flux was measured by b4 in-core fission counters. Each fission counte:
consisted of a thin U-235 foil inside an ionization chamber filled with an argon-methane
mixture. The fission counter was enclosed in a stainless steel chamber, 5.08 cm by 0.64 cm
by 15.2 cm. The fission counters took the place of the fuel plate nearest the axial
mid-plane in 32 different single-column fuel drawers in each reactor half. Reference

assembly 10D is shown in Fig. 8. The x's indicate the location of fission counters in Half
t

1, while the o's indicate the location of fission counters in Half 2. One advantage in

_using the source=multiplication method to detetrmine reactivity for diversion detect ion

purposes 1s that one can simultaneouslv obtain bolh an integral reactivitv for the entire

.core and a relative fission-rate distribution map from the 64 individual fission counters.

The value of the integral reactivity is obtained from the weighted absolute fission rates of

all 64 counters.. This integral reactivity is-then compared to the previous result for the
reference core. In addition, the relative fission rate for each detector (fraction of the
total fission rate in the core seen by one detector) in the verification measurement can be
compared to the relative fission-rate obtained in the reference measurement. 1If a local
diversion has occurred, the absolute fission-rate measurements will detect the reduced
integral reactivity, and the fission-rate distribution map mav be able to indicate the
location of. the diversion. If a diversion is made uniformlv throughout the core, the
integral reactivity will still decrease, but the fission-rate distribution could essentiallv
be unchanged. ' :

Operationally, fuel was removed from selected drawers of the reference configuration, and
then the reactor halves were brought together and the control rods set to their reference
positions. After a wait of a .few minutes to assure equilibrium, the fission-countar outputs
were read and stored by a digital computer. The computer then calculated the integpral
reactivity, the relative fission rates for each detector, and the ratio of these relative
fission rates to the .relative fission rates for the reference. The relative fission-rate
ratics were displaved on a core map so that local variations could be seen.

The first simulated fuel diversion was a simple removal of all fuel nlates frem four
it

'single-column drawers near the center of the inner core. Approximatelv 2 kg of fissile

material was removed. The fuel plates were not replaced ‘with any other material. The
results for this simulated diversion .are shown in Fig. 9. The drawers with an "z'" are thosr
from which fuel was removed. This fuel removal resulted.in a decreadse in the integral
reactivity of 0.16$. The numbers in Fig. 9 represent the changes in relative fission rates
from the reference values. Each number appears at the approximate'core location of its
respective fission counter. The numbers, which we will call "Q", were computed from the

expression -
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aiRy ,
Q=1000 | _ i - 3
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where R; is the fission-counter count rate and a; is a weighting factor for that’ counter.
The subscript "ref" indicates values for the reference configuration. Thus, a Q of -20

‘indicates a 2% decrease in the relative fission rate for that detector compared to the

relative fission rate for that detector in the reference measurement. As indicated by the ¢
values .in Fig. 9, ‘there is a definite decrease in relative fission rates in the vicinity of
the 2-kg localized fuel removal. The statistical uncertainties of the Q's (lo) were *+ 3

for the inner core, + &4 for the outer core, and + 6 for the blanket. The uncertainty in.
the integral react1v1ty measurement was approx1mate1y 0.003$ (1o}, although, when long-term
instabilities are included. (comparisons with reference react1v1t1es made months prev1ou91y)
this uncertainty is likely to be 0.01$.

Table I gives a plutonium reactivity worth near the core center of ZPPR-10A of approx-
imately 56 Ih/kg. Using a conversion factor of 333 TIh/$, one would predict that a removal
of 2 kg of Pu-from the core center would reduce the reactivitv by about 0.335. The observed
react1v1ty reduction in the larger but similar ZPPR-10D was 0.16S. This smaller reactivity
decrease is expected because fuel was removed from the entire 50.8-cm fuel column, and
because the reactivity worth of fuel decreases with increasing distance from the axial
midplane. Axial worths at 50.8-cm from the midplane can be as much as a factor of fOUL lowr
than at the midplane, 'so an 0.16$ change in reactivity 1is reasonable.

One postulated method of compensating for a reactivity 1oss due to fissile removal 1is
the substitution (eor addition) of moderator material which mav have a positive reactivity

‘worth in a fast critical assembly. A very simple moderator substitution was made in the
‘second simulated diversion. The voids created in the drawer by the fuel removal of the

first simulated diversion were filled with polyvethvlene plates having the same dimensions a<
the fuel plates. Except for the presence of the pnlyethvlene, the reactor core configurati
was the same in the second simulated diversion as it was in the first. The source-multipli-
cation.measurement results for this second diversion are shown in Fig. 10. The intezral re-
activity was 0.18S less than the reference core, which was 0.02S less than the uncompensated
diversion. Obviously, this effort to compensate for the reactivity loss was not successful.
A possible explanation for this apparent negative reactivity worth for the polvethylene may
be that the local ‘shift of the neutron spectrum resulted in increased absorption in loacal
fertile material (U-238), reducing the neutron flux available to more distant fissile
material.

As in the first diversion, the map of Q values shows a marked reduction in relative
fission rates in the vicinity of the diversion. These maps can be generated with anv set of
fission counter readings as a reference. When the first simulated diversion was used as thr
reference, there was no statistically significant difference betwen the relative fission
rate distributions in the second and in the first diversions.

A more rigorous test of the integral reactivity method for detecting diversinn (and thr

relative-fission-rate ratio method for locating diversion) is a distributed diversion in a
“low-worth region. - In the third simulated diversion. fuel was removed from each of frur

single-column dravers along the core-blanket interface. The fuel plates were replaced with
polyethylene plates. The location of the fuel removal and results for this third diversion
are shown in Fig. 11. The integral reactivity was 0.025 less than the reference. This
reactivity reduction 1is in reasonable agreement with the results of Table I when the . low-
worth -locations of the fuel removals ‘are considered. The total fissile material removed was
‘again approx1mat1ey 2 kg. :

The most notable feature in the Q-value map is the very high reading for the fission

counter directly adjacent to the drawer containing polvethylene near the bottom of the

reactor. This is due to the counters' high sensitivitv to low energy neutrons and the lack
of intervening absorber. In the second diversion, the ncarest fission detector was four
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drawers away from the polyethylene. The other fission counters show a negative tilt toward
the side where the fuel was removed, but 'hese Q-values are not much greater than the
statistical uncertainties. ' :

_ A fourth . simulated diversion was made which was localized in a minimum-worth region at
a corner of the core. ’'lhe fuel plates were removed from three single-column drawers and on
.double-column drawer, and polyethylene plates were substituted for the fuel. Total fissile
material removed was 2.5 kg. Figure 12 shows the location of fuel removal and the Q-value
map. The integral reactivity was only 0.0l$ less than the reference, a value which is close
to the expected value for the uncertainty of long-term comparisons to reference measuremecnt:
The Q-value map successfully located the region of the diversion. The reason for the rathe:
‘large positive reading from the fission counter in the blanket near the diversion 1s not
obv1ous

In order to test a slightly different reactivity compensation scheme, the configuratio:
of the second simulated diversion was reproduced with the addition that polvethylene was
substltuted for fertile material (U-238) in two drawers. in the outer core. ‘Polyethvlene
once agaln replaced fuel removed from the inner core. This fifth simulated diversion is
shown in Fig. 13. The x's indicate a drawer in which polyethylene replaced fuel, and the o'
indicate a drawer in which polyethvlene replaced U-238. The integpral reactivity for this
configuration was 0.14$ less than the reference, which was 0.025 more than the case of fuel
removal with no polyethylene (first diversion), and was 0.04S more than the case when polv-
ethylene was substituted only for fuel (second diversion). It appears that replacing U-238
-with polyethylene was a more successful reactivity compensation method than was replacing
fuel with polyethylene. The Q-value map clearly located the missing fuel.

Figure 14 shows a Q-value map in which the configuration of the fifth simulated diver-
sion was compared to the second simulated diversion. The only difference between these
configurations is the polyethylene which replaced the U-238 in the outer core. This change
is apparent from the map which shows a positive tilt to the side of the core with the extra .
polyethylene and the highest Q- values closest to the polvethvlene

Foil-Irradiation Experiments

Because the reactivity of a particular ‘assembly-core configuration depends on the
neutron-energy spectrum, it might be necessarv to verify the spectrum as part of a reac-
tivity verification. The addition of moderator to a fast reactor core can increase reac-
tivity by increasing the relative neutron flux at low energies where the fission cross
sections  are relatively large. A typical neutron-energy spectrum for a ZPPR LMFBR mockup is
shown in Fig. 15. As indicated, the relative flux is very small below a few hundred eV.

A verification of the neutron-energy spectrum-of a fast critical assembly core can be

‘obtained from experimentally determined rates of neutron-energv-dependent reactions. The
types of measured data that are sensitive to neutron spectra are called spectral indices.
One spectral index which has been used for many vears in reactor experiments is the ratio of
the fission rates in U-235 and U-238. The fission rate for U-235 generally decreascs or is
relatively flat with increasing neutron energy, while the fission rate for U-238 increases
with increasing neutron energy, with a threshold near 1 MeV. Thus,.the ratio of fission-
product concentrations in U-238 and U-235 foils can be used ‘as an index of the neutron

" energy distribution. " The use of reaction-rate ratios in metal foils for safeguards purpese-
has been investigated in.the highly enriched uranium-fueled SPECTR assemblv in the USSR.'!
The foils should contain a material sensitive to low-enerpy neutrens in one reaction, and
should contain a material sensitive to high-enercv neutrons in another reaction. Ffor low-
enerev sensitivity, (n,Y) reactiens are useful, while (n,n"), (n,2n), (n,p) and threshold
“fission reactions have good high-energy sénsitivfty. ' '

The - spectral index chosen for this studv was the ratlo "of the rate of the In-115 (n,7)
Teaction to -the rate of the In-115 (n,n') reaction. This index has the advantage of requir-
ing only a single foil of nonradloactlve material. Natural indinm contains. about 96% In-115.
The product of the (n,y) reaction, In- 116m), has a S54-minute half life and emits several -
gamma rays, including one at 417 KeV. The product of the (n,n') reactions, In- 115mn, has
a 4.5-hour half life and emits a single gamma ray of 335 keV. The ratio of the intensities
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‘are produced mainly by radiatinn from Am=241, the verification of the {iceile canren!

* of the 417-keV and the 335-keV gamma rays as used as the spectral index. The neutron-ener;

dependence of the In-115 (n,Y) and In-115 (n,n') reactions is shown in Fig. 16.

The ability of the indium-foil spectr«l index to detect local spectral changes due to
moderator substitution was tested by placing indium foils in several locations around the
sites where polvethvlene had been substituted for fuel. The foil-irradiation test was
cnnducted with the reactor 1n'a conflguratlon which contained both the second and fourth -
diversion types. That is, polyethylene had been substituted for fuel in four drawers near
the core center and in four drawers of a corner of the outer core. Foils were placed
in and near the drawers containing polyethylene, and also in symmetrically equivalent
drawers away from the diversion locations. These foils away from the diversion points
provided reference spectral-index data points .for essentially unperturbed regions of the
core Figure 17 gives the core-loading pattern for the foil-irradiation experiment.. The
x's indicate drawers in which polyethylene was substituted for fuel and the o's indicate
drawers which contaln an indium foil. '

The indium foils were 1.27 cm in diameter and 0.0127 cm thick. The foils were held in
0.051-cm-thick stainless steel holders. The holders were placed in the dravers parallel to
the fuel or coolant plates. . Each foil was placed adjacent to the central plate of the

“drawer, and each foil was 7.62 cm from the axial midplane. The foils were irradiated at a

power of approximately 800 watts for 15 minutes. The reactor control rods were withdrawn
from their positions during the reactivity measurements to permit the higher power operation
At 800 watts, the total neutron flux near the core center was approximately 8 x 10% neutrons
em™2 sec™!. After about a two-hour cooling period, the foils were removed from the core.

. The foils were then placed in other holders for counting.. Two Ge(Li) detectors with auto-

matic sample changers were used to count the 41 foils. Tntal count time for the 4l spectra
was approximately 20 hours. Several spectra were obtained for each sample.

The results for the simulated diversion near the core center are shown in Fig. 18. The

horizontal cross-hatch marks indicate a drawer in which polvethyvlene was substituted for

fuel. The numbers at the drawer locations are the ratios of the intensities of the (n,Y)-
product gamma rays to the (n,n')-product gamma rays. The intensities were corrected for
decay from the time of reactor shutdown. The larger the value of the spectral index, the
greater the (n,Y) contribution, and hence, the softer.the spectrum. -The average value of
the spectral index (s.i.) for the 13 foils in drawprq in the relatively unperturbed region
was 62.3, with a standard. deviaton (10).of 3.0.  The s.i. values of the foils located in the

‘drawers with polvethylene were quite high. The third drawer removed (both horizontallv and

vertically) from the diversinn site had an s.i. which was more than 20 higher than the
s.i.'s in the unperturbed region. The s.i. in the fourth drawer was not significantlyv
higher than the averdge for the unperturbed region. One of the foils in the unperturbed
region also had an s.i. value of 70, which was more than 20 higher thén the average for the-
region. This value may have been high due to its proximitv to the diversion site and to the
rather large amount of intervening sodium with its low absorption cross section.

The results for the simulated diversion at the edpe of the outer core are shewn in Fig.
19. The diagonal cross hatch marks indicate a drawer in which polvethylene was substituted
for fuel. The average value of the s.i.'s for the unperturbed resion was 49.7 with a
standard deviation (10) of 3.6. Again, the foil in a drawer containine polvethvlene had a
very large value of the s.i. The value of the s.i. is significantly highar than the unper-
turbed average value for onlv the two drawers ad jacent to the diversion site, with the
possible exception of the third drawer below the diversion. It arpears that the feoiis
slightly less sensitive to the presence of the polvethylene at the core edze than at t
core center, although that .conclusion may not be 1ust1f;ab1e from tliis small amount of

1T o

34
f
ne

'ev1dence

DISCUSSION

Autoradiography can provide 'a piece count of fuel elements in fast critical asserhly
drawers, and ‘can also provide a simultaneous verification of the loading pattern in the
reactor core. Autoradiography is an in-situ technique which requires no handling of fuel
elements or reactor drawers, and a large number of drawers can be examined in a short time.

Passive autoradiography, presently applicable only to plutonium fuels, can be used to examin
-any desired fraction of the reactor drawers. Because the passive autoradiceraphic imazes
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fuel eléments is indirect. However, for the active technique, the fuel element images are
the direct tesult of the fissile content »f the fuel elements and of the presence of a crit
cal mass in the reactor. The film itsel’ may have a positive reactivity effect .that must

be considered when planning an active aulradiographic inventory verification. Any reac-

tivity effect must also be considered when 1nterpret1ng the results of an active autoradio-
graphic inventory.

L B . .
Passive autoradiography is not presently practical for in-core uranium application.
Further work i$ needed to explore the possibility of adapting existing passive autoradio-
graphic techniques to the in-core uranium problem. The availability of a passive techniqur
is important for verlflcatlons when the assembly cannot easily be brought into a critical
configuration.

The application of active autoradiopraphy to plutonium-fueled ‘cores is more compli-
cated than it is for uranium-fueled cores because of the approximately equal image densiti.
for the clad plutonium plates and the unclad U-238 plates and because of the large contribu
tion to fuel-plate images from spontaneous radiation. -More data is needed to better evalu-
ate the active autoradlographlc technique for plutonium-fueled cores. However, the presen
passive technique is qu1te adequate as a companion technique to react1v1ty measurements an-.
foil irradiations. .

The reactor power required for film exposure in an active autoradiographic verificati-
is sufficient to activate indium foils. Both the products of the (n,Y) and (n,n') reaction
are produced in sufficient concentration with approximately a 100-watt-hour irradiation of

“the 6100-liter ZPPR. The 100-watt-hour irradiation is recommended for active autoradio-

praphy in a core with a volume of 6100. liters. ‘The simultaneous foil irradiation and film
exposure 1s expected to be applicable to uranium-fueled cores.

The results of the intepral reactivity measurements have indicated that these measure-
ments are indeed sensitive to the removal of small quantities of fissile material from fast

~critical assembly cores. The great attractiveness of the integral reactivity measurement

lies in its ability to provide a quantitative estimate of the fissile content of an entire
core in a single measurement requiring approximately two hours. This measurement time
assumes that the reactor is already in its reference configuration. Decpending on the
degree of deviation from a reference configuration, the time required for a reactivity ver-:
ification could be significantly longer than a few hours. The use of reference reactivity -
measurements requires an independent verification of the core contents upon initial reactor
loading. The detection sensitivity to the 2.0 - 2.5 kg (fissile) simulated diversion was
well outside measurement uncertainties for all but the fourth.simulated diversion which was
made in a zone of minimum fissile worth.. These results were particularly encouraging in
view of the IAEA detection-sensitivity goal of 8 kg (fissile).

The attempt to compensate’ for reactivity loss from fuel removal by substitution of
polyethyvlene was-not successful. In the only case where both a compensated and an uncompen
sated diversion was made (diversions 1 and 2), the compensated diversion actuallv resulted .
in a lower reactivity than did the uncompensated case. All other diversions were made with
polyethylene substituted for fuel. " This reactivitv decrease with the addition of moderator
was attributed to increased neutron capture in nearby absorbing materials (e.g., U-233).
This increased absorption resulted in a reducticn in the total neutron flux and conssquent!
in a reduction in the fission rate in fuel several drawers awav from the substitution wheroe
the nearest fission counters were located. In the third simulated diversien, a fissien
counter was in a 'drawer adjacent to a drawer containing polvethvlene, and this fission
counter showed anhuch higher relative fission rate than it did in the reference caso. Thie

“high fission rate was attributed to the high counter sensitivity to low-energv neutrons and.

to the presence of a relatively large number of low-energv neutrons close to the polvethy-
lene. These -low-energy neutrons were not absorbed because of the relatively small amount o
absorber material between the polyethylene and. the fission counter. Fission counters four
drawers removed from polvethylene substituted for fuel showed reduced relative fission
rates. These observations with fission counters were supported by the foil-irradiation
experiments which .indicated that the effects of the polyethylene had a short range. The
polyethylene-induced. effect on flux was not detectable four drawers awav in the inner core,
and was not detectable three drawers away at the core edge. In both regions, the effect wa
readilv detected in the adijacent drawer, :
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In the fifth simulated diversion, polyvethylene was substituted for U=238 in fuel~
containing drawers. The reactivity effect for this substitution was positive and the
effect was observed by fission counters mc—e than four dravers away. The reactivity
effect resulted from the removal of U-238 ibsorber and addition of moderator. No measure-
ments were made to evaluate the effects of U-238 removal alone. o

‘The vombined results of the reactivitv measurements and the foil-irradiation measure-
merts do seem to suggest that the most effective way to conduct a reactivity-measurement-
based verification is to place the indium foils in drawers directly adjacent to the fission
counters. This tactic appears to have the best chance of detecting the substitution, or the
addition, of moderator to compensate for the removal of fissile material. 1If a diverter
wants to substitute moderator for fuel to cover up the removal of fuel, he must do so close

.to the fission counter. However, if this substitution is close enough to the fission

counter to compensate for.the fuel removal, it .is likely to be close enough to the indium
foil to have a detectable effect on the spectral index.

One other conclusion which- can be drawn at this point is that-it is not a trivial
problem for a diverter to devise a reactivity-compensation scheme. An extensive series of
test diversions and compensations would be needed to cover up for any significant fuel

"removal, especially if 64 fission counters with 64 accompanying spectral-index-measuring

foils were used in a verification measurement. Such a diversion and cover~up may be pos-

sible for an entire facility working together, but would be exceedingly difficult for an
individual, or even a few individuals in collusion.

The applicability of reactivity measurements and other reactor operating parameters to
safeguards  purposes was studied previously by Grvazev!i?,!3 at the small, highly enriched
uranium~-fucled fast critical assembly SPEKTR. In their experiments, Grvazev, et al., made
simulated diversions by removing uvanium fuel and compensated for the reactivity loss by
adding moderator in various parts of the core. They found that they could completelv
compensate for fuel removal by replacing uranium-centaining elements with polvethvlene
elements. In these experiments, Gryazev measured the fundamental harmonic decay constant

"for a subcritical configuration whose reactivityv was held constant by additions of mnderator

‘Deviations of this decay constant from reference values were due to changes in the prompt

" neutron lifetime. Compensated diversions as small as 1.5 kg U-235 were detected.

The evaluation presented here of the reactivity measurement as a safeguards tech-

nique. for fast critical assemblies has been limited tn strictly technical considerations,

such as detection sensitivities and measurement uncertainties. Another tvpe of evaluation
should be mentioned, at least in passing, when considering the application of reactivity

' measurements to international safeguards. This second type of evaluation concerns the

practical application of the method by inspectors who are outsiders at a fast critical
assembly, and it also concerns the degree to which reactivity measurements can be made truly
independent of the facility and, hence, credible to an outsider. The experiments described
here relied on in-core fission counters to obtain reactivity data. Fission~-counter output

.was fed .into scalers which were then read by a digital computer which, in turn, calculated

reactivities._ It would be extremely difficult for an international inspector to assure that
all aspects of the fission-counter data-collection and -processing svstem were working.
properly and had not been subject to tanperine The oracticabilitv of inspecters' supplving
their own instrumentation in the form of in-cere or outside- corP detectors snould be con-
sidered, but is likely to be a difficult problem. ‘

The foil irradiation techniques used to obtain spectral indices arr relativelv inde-’

" pendent of the facility. The inspector can supply his own foils, can insert them into and

remove them from the assembly drawers himself, ~and can use his own gamma-ray spectromoter to

obtain the reaction- rate rat1os It is necessarv to make reference spectral-index measure-
ments throughout the reference core when it is first established because spectral indices
will vary ‘with 'location within the core. Foil-irradiation measurements require that the

core -be capable of produc1ng relatively high fluxes (109 - 10!V neutrons em™2 sec™!).

The indium rPaction products used ‘in these experiments had half-lives of 54 minutes and

~of 4.5 hours. Because of the gamma-detectors -and automatic sample changing equipment, the

41 foils could be counted quxckly enough to make the 54-minute half-life isotope useful.



» Inspectors may find it difficult to utili.: this isoCOpe'bécause of its short halfflife.
Several other (n,Y) reactions can be subs!ituted for the In-115 (n,Y) reaction.

Cryazevll'a]so studied the applicaticn of spectral-index measurements to the detection
of moderator-compensated diversions. ‘His spectral index was the ratio of the Au-197 (n,¥)
reacticn rate Lo Lhe In=115 (n,n') reaction rate. He found that he could detect polvehtvlen:

compensated diversions 10 cm awéy from the point of diversion. This detection range of 10
cm was similar to that observed in the experiments reported here (diversion detectable at
least two drawers away —— each drawer ~ 5 cm wide). Gryazev also used foil activation as a

neutron flux measuring technique. A flux measuring technique using foils would probably
require a prohibitively large number of foils in the large ZPPR cores.

‘The methods described here for measuring reactivity and for verifying the neutron-enery
spectra are only examples of many methods available. Reactivities can be determined by
measuring reactor period, or bv such perturbation techniques as rod drop or rod occxllatlon.
1f extcrnal neutron sources are used, reactivities can be determinad by a source-jerk tech-
nique or by fundamental-mode decay-constant measurements. The source-multiplication tech-
nique used in these experiments 1s appllcnb]e as described only for plutonlum fueled cores
because the neutron source is the spontaneous fission in the even Pu 1sotopes. A sxmllar
technique could be applied to uranium-fueled cores by -introducing some other neutron
sources.,

Several techniques are available for neutron-encrgy spectrum verification in addition
to the foil-irradiation methods described here.  Reactivity worths can also serve as spectr.
indices, and Grya7ev12 has successfully applied U-238 and boron worth measurements to the
detection of compensated diversion in the SPEKTR fast critical ‘assembly.” The prompt neutror
lifetime is also sensitive to changes in the neutron-energy spectrum. Estimates of prompt
neutron lifetimes can be obtained from reactor-power nnise measurements or from fundamental-
mode decay-constant measurements at constant react1v1ry :

Each of the three techniques described here ~=- autoradiography, foil irradiation, and
reactivity measurement -- have individual strengths which make them useful as inventorv
verification techniques, and have individual weaknesses which -make them vulnerable to defeat
by specific diversion scenarios. The roles of the various inventory verification techniques
will be determinéd, in part, by the credibility of various postulated diversion strategies.
‘For example, passive autoradiography of plutonium fuel in reactor drawers may possiblv be
vulnerable to defeat by radioactive 'dummy'" fuel elements which do not contain fissile
material. A diversion scenario involving the fabrication of "dummy" fuel elements mav be
credible in international safeguards problems, and passive autoradiography would be com-
bined with foil irradiation and/or reactivitv measurements. However, fabrication of "dummy"
fuel elements is much less credible when considering diversion by individuals or groups of
individuals so that passive autoradiography may require less support in domestlc safeguards
applications. .

Reactivity measurements have the advantage of great sensitivity to changes in the
fissile content of a reactor. The entire core can be examined in a single measur(mont
However, because of the poqs1b111tv of reactivity compensation by changes in core peometrv,
or by the substitution of non-fissile materials with positive reactivity worth, reactivity
measurements must be supported by other techniques. If chanres in core confinruration or
core composition are ‘considered credible diversion scenarios, the autcradioeraphv can
verify the core loading pattern while foil irradiaticn measurements can, with some limita-
tions, verify the core composition. Similarly, the foil irradition.technique is not very
sensitive to core geometry and thus needs to be supported by autoradiography.

The potentially greatest assurance of diversion detection lies in a combination of
all three inventory verification: techniques. If the reacdtivityv measurements are considered
too facility dependent to be credible; then the relatively facility—independent autoradio-
graphic and foil irradiation technqiues should be used in combination. Only autoradingraphy
"can be applied to cores which are substantially subcritical. '
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