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ABSTRACT

The concepts exployed in the Jevelopmeat of gamms-ray
and neutron detection systems for a special nuclesr mate-ials
booth portal monitor are described. The portal is desig: :d
for unattended use in detecting diversion by a technically
sophisticated adversary and has possible application to
International Atomic Energy Agency safeguards of a fast
criticsl assembly facility. Preliminary evaluation results
are given and plans for fu-ther paramster atudies sre noted.

REYWORDS: Portal monitors, SRM monitors, radiation detectors,
peutron detectors, IAEA safeguards, ZPPR

INTRODUCTION

The work described here is part of a joint Sandia Laboratories-Los Alamos Scientific
Laboratory (LASL) effort to examine techniques for possible IAEA safeguards use at fast
critical assembly (FCA) facilities and to develop and demonstrate ~omponents of an
advanced containment and surveillance system. A study that examined methods for safe-
guarding fast critical fecilities! identified containment of nuclear material by an
uoattended special nuclear material (5NM) portal monitor as a key elemert of the safe-
guerds system. To meet that requirement, the monitor described here was developed by
Sandis in consultation with LASL and has been described by Mangan.? Here, we intend to
examine in depth the concepts used in the design of the neutron and gasma-rsy detection
system, and to indicate the results of the first steps in evaluation of the detection
system per formance, and to mention plans for further evslustion.

FIRST CONSIDERATIORS

The SNM inventory at a FCA facility iocludes plutonium of varicus isotopic contents
and highly enriched uranium (HEU). The useful rsdiation characteristics of these two
materisls in an SNM monitor are quite different because plutonium fuel constituents ewmit
both strong gamas-ray rsdistion and peutrons vhile uranium emits only rether soft gamma-
ray radiation at a much lower specific activity. Purther, examination of the unreflected

1p. 0. Gunderson and J. L. Todd, "International Bafeguards for Fast Critical
Facilities,” Sandia Laboratories report, BAND 78-0168 (1978).

2p. L. Mangan, "A Personnel Portal for International Research Pacility Bafeguards,”
Nuclear Materials Management VIII, Proceedinge Issue, 674 (1979).



critical masmesd indicates that the critical mass of HEU is more than threc times that

of plutonium. Thus, more material must be diverted to achieve the saame effect with
uranium. Table I shows the specific intensity of penetrating radiation emitted by the
ma jor components of FCA fuel that are useful in detecting the presence of the fuel in

a wonitor. The first isotope, 235y, is the principal compunent of the uranium fuel (932)
and the rest of the table entries are found in the plutonium fuel.

TABLE 1

MAJOR GAMMA-RAY AND NEUTRON SIGNATURES% OF FCA FUEL COMPONENTS

Energy Intenaity
Iaotope (KeV) gammas/g/s Comment
235y 185.7 4.3 x 104 Only intense gamma ray easily
attenuated.
738y 1001.1 1.0 x 102 Arise from 234mp,
766 .4 3.9 x 10! daughter of 238y,
239py 413.69 3.4 x 104
129.28 1.4 x 103
240py SF neutrons 1.0 x 103
241y 59., 4.6 x 1010 Strong, but easily attenuated.

Table IT shows the chare-teristics of some plutonium fuel at the Zero Power Plutonium
Reactor (ZPPR), Argonne-West, Idaho, which is being uaed as a model facility for design
purpoaes in development of the portal described here. The ZPPR fucl is all in the form of
a plutonium-aluminum or plutonium-uranium alloy, an advantage for detecting diversion. 1n
one case aluminum dilutes the plutonium, decreasing the welf absorption of gamma-ray radi-
ation in the fuel and augmenting the spoutancous fission (SF) ncutrons with (alpha.n) re-
action neutrons while, in the other caae, Il adds some amount of penctratinpg gamma-ray
radiation to the fuel. The trend shown in the final columm of Table !l results from the
241py that decays to 241pm. The amount of the latter closely follows the 240py content
listed, but there is an additional variation with the age of the fuel becanse the amount of
241Am builda up with time. Other aources of possibly uscful radiation that have becn consid-
ered for det- (ion of SNM, auch a. fission products™ or 232Thi daughters in enriched uranium,®
have not beet lcund in large quantity in samples of fucl examined as part =f this investiga-
tion‘. but could still be of importance for heavily shielded fucl because they emit more
penctrating radiation.

Jw. R. Stratton, "Criticality Data and Factors Affecting Criticality of Sinmple
Homngenous Units,” lLos Alamos Scientific Laboratory report. LA-3612 (1967).

4R. H. Augusteon and T. D. Reilly, "Fundamentals of Passive Nondestructive Assav =i
Fiasionable Material,” Loa Alamos Scientific laboratory report, LA-5651-M (iy74).

5Teahi Gozani, "Evaluation of Portal Monitors for the Detecticy of Nuclear Materials,”
Nuclear Materiala Manapement VIl1l, Proceedings isan~, :28 (1979),

6p. E. Pehlau and W. H. Chambers, "Perimcter Safepnards Techniques for Ura:wimm
Enrichment Plants," te be published.

"Hgis »-Hua Hsa, Los Alamos Scientific Laboratory, unpublished data. 1979.



TABLE 11

ZPPR MAJOR FUEL TYPE CHARACTERISTICS

Manufac- Masa 2 Atom Z Relative® RelariveB
turer's Enission of Emiesion of
Type Components Pu-U 240p, n/s/in8 239y y/in 241 g y/in
PARI Pu-Al 95 4,50 2,630 1.26 0.42
PUMS Pu-U-Mo 20~78 8.66 1,730 0.€7 0.49
PUMD &

PUMN Pu-U-Mo 28-69 11.6 3,000 1.0 1.0
PAHN Pu-Al 97 22.3 11,600 0.96 3.44
PUMH Pu-U-Mo 34-63 26.4 10,000 0.95 4.47

The nature of the plutonium fuel with its intensec penetrating gamma~ray emitters
is readily detected -:th conventional gamma-ray detectora when it in bare--i.e., not
shiclded--or when iL +: lightly shielded. Heavy gamma~ray shielding could hide the
plutonium from a conv-:ntional gamma-ray detection so there ia good reason to try to use
the more difficult-to-shield neutron emiasion. Of course, it also makes scnse to try to
detect the preaence of ahielding material and Lopez? has described the syatem used in
this portal. We pursued Lhe nevtron detection approach in addition to the detection of
shielding in order to prevent passa,e of material that way be shiclded with a more sophis-
t’ 1ted gamma-ray attenuator made of a material auch as lead disprreed in polyethylene.
P  ~raed small particle shielcding is difficult to detect with metal detectors, but is a
: ird cummercial itemlQ® and readily available. So, for plutonium there are good
re...ons for monitoring for both gamma-ray and neutron radiation i.. the context of safe-
guards where the adversary is technically competent and the monitor is unattended.

The ...anium fuel is more difficult to safepuard because the intensity of the emmited
gamma-ray radiation is lower than in the plutonium fuel! and also, the gamma-ray radiatiom
in all relatively scft and easily shielded. There is no uaeful neutron signaturc ao the
only alternate means to detect diversion is to detect shielding material. Qur approach
includes metal detection, as mentioned, and the use of the optimum de:ector for the detec-
tion of shielded uranium,l! a plastic acintillator, Additional measvren involving :he
detection of a decreasc in gamma-ray and ncutron backgrounds may be useful for detecting
sl ielding and w intend to examine this concepl during an upcoming cvaluation periad. A

8. T. Caldwell, Los Alamos Scientific Laboratory, unpublished dats, 1978. The unusual
unit of length used here, the inch, has become the unit of lenpth in fuel j;late sizes
and they are found in sizes 1 through 8 inches. The inch is 2.% cm long. The source
strength for a particular fuel plate is obtained from the product of the .ebulated
numbers and the tuel plate length in inches.

9A. A. Lopez, "Shielding (Metal) Detector Development Program," Sandia Laboratorics
report, SAND 78-1969 (1979).

10Reac tor Experiments, lnc., "General Catalog,' 963 Terminal Way, San Curlos, CA 94070
is one supplier, but there are certaiuly others,

11p, E. Fehlau and E. R. Shunk, "UFg Gamma-Ray Measuremcnts for SNM Portal Monilor
Applicstion,” to be published.

12¢, w. Henry and J. C. Pratt, "A New Containment and Surveillance Portal Mouitor Data
Analysis Method,” !-t Annual ESARDA Sympoaium on uafeguards and Nuclear Materials
Management, Proceedings, ESARDA 10, p. 126 (1979).



#-.ond technique, described by Henry amd Pratt,12 that we believe may extend the effec-
tiveness of the booth for detecting & protracted diversion. Thia spproacli savea a net
count for each occupancy and summation of data from many passages can achieve increased
aensitivity.

DESIGN CONSTRAINTS

Instrumentation for containment and surveillance in international safeguards must
function unattended, supported only by occasional visits from an inspector. Unattended
operation tranelates directly to the requirement that & portal monitor, by its design and
without human intervention, successfully deter diversion of nuclear material by any
subter fuge ~vailable to an adveraary short of phyaical desiruction of the portal. Our
choice of the booth configuration over the simpler walk-through designa commonly used
in domestic safeguards was necessary to prevent several postulated defeat thechniquea,
including the simple expedient of throwing msterial through the detectors too rapidly for
detection. The most basic of devign features—-the use of separate detectors for meral,
gamma-rays, and neutrons-—-resulted directly from the knowledge that an adversary can use
large amounts of shielding to attempt to conceal material. Likewise, the a:rangement of
the gamma-ray detcctors to eliminate regiona of low sensitivity wvaa dictated by the fact
that an unobserved portal user is free to place or suspend material in any position in the
portal volume where detection is least likely.

Integrating the three detector systems and the tamper-reniatant features, with the
often c..nflicting requirements of each, also imposed constraints cn the design. For
example, limited apace available within the portal volume resulted in the combination of
the lead background ahielding and part of the polyethylene neutron moderator/reflector
into one layer of lead-loaded polyethylene. The portal interior is another case. For the
metal detector to function properly, the user had to be isolated by nonmetsllic interior
surfeces. These aurfaces also had to be transparent to gamma-ray and neutron radiation,
as well as have some tamper-indicating qualities. Walls, ceiling and floor fatricated of
special boron-free fiberglass/epoxy with an overlay of Kevlar were used to similtaneously
meet all these needs.

To mininize processing time per user, the gamma-ray, neutron, and metal detectors
mist operate simultaneously, but experiences with earlier versions of the portal indicated
that croas-talk would be a problem. Electromagnetic shielding, carefnl routing of cables
and viring, and avoidance of current carrying loops partially solved these difficulties.
However, to complctely eliminate interference between the neutron and metal detector
systems, we found it neccessary in addition to actually interrupt bocth time and pulse
counts in the neutron detector at the times when the metal detector shifts power from one
transmit coil to the next.

Only occasionally did superposition of the three detector subsystems compromise the
needs of one over another. Inclusion of background shielding in the doors could have
caused sufficient flexure or poaition ..ange to disrupt the metal detector, but omission
of ahielding from doors raiaes the background level inside the portal, which commensu-
rately reduces gamma-rsy detection aensitivity. Becauae the possible effect on th. metal
detector was worse, shielding was omitted from the doors.

THE GAMMA-RAY MONITOR

In order to avoid unnecesaary development work, we chose to adapt commercially avail-
able 8NM monitor components to our needs. Working together with a commercial msnufacturer
in & deaign study, we developed the syatem based on six large plastic slab scintillation
detectors each of which is 3.8 cm thick and 160 cm by 20.8 cm in area. A second set of
thicker detectors is alao available for use in parameter studiea. Placememt of the detec-
tor' n the booth is illuatrated in Fig. 1. Background is reduced by the 2.5-cm-thick
leau .caded polyethylene covering the wall behind the detectors and the interior booth
surfaces are designed to minimize attenuation of gamma-ray radiation. Detector signala
are ganged and processed in 8 single signal-conditioning amplifier and single channel
analyzer in our initial configuration. We anticipate posaible advantages in grouping
detectors into perhaps three aeparate groups and will examine this concept later.



The single channel analyzer (SCA) is used to define an energy window that we plan to
set for optimum detection of shielded material. The baaic approach used to optimize an
energy window utilizea as a figure of wmerit the ratio 87/B. Here, S is the net aignal
count in a convenient time interval and B is the experienced background count in the sama
interval. The ratio of 52/B is uaed because we are unrch'i,gg for a aignal § among
statistical fluctuations thst are sized proportionally to vB. Thus 52/B clearly shows
us vhen we hava changed the detection sensitivity of a syatem. Exawples of the utility of
this approach are given by Fehlau.l3 1n setting up the portal for initial operation,
we have made measurements using a bare uranium source to determine appropriate system gain
and SCA energy window.

Fig. 1

The logic function for the gamma-ray system is based on a digital logic umit
developed by a commercial manufacturer for possible application to domestic safeguards.
The necessary logic unit modificstions for this application wer~ deaigned by Sandia who
also carried out an extended debugging-development exercise on the software modifications
to provide a workable unit. The bsaic logic approsch is background followirg with a
sliding inserval signal algorithml4 used to test agsinst an alarm level derived from the
background pius multiples of the standard deviation of the background. l!iany parumeters of

13p, E. Pehlau, et al., "On-Site Inepection Procedures for SNM Doorway Monitors,
U. 5. Nuclear Kegulatory Commission report, NUREG/CR-0598 or Los Alamos Scientific
Laboratory report, LA-7646 (1979).

l4y, n. Chembers, et al., "Portal Monitor For Diversion Safeguards, Los Alamos
Scientitic Laboravory report, LA-5681 (1974).



the logic module are variable and final valuea await completion of the evaluation.
Initially we use an alarm level of 4 standard deviationa above the background and a

S second count time, Other faatures of the logic module include tlie usual high limit
alara that prevents aubveraion by artificially raising background intensity and a low
limit alarm to detect subversion or equipment failure. Command controlled LED's aelf-test
the gaoms-ray system by producing a pulse of light in each scintillator slab and an
saaociated signal in the electromics.

Qur preliminary testing of the gamma~ray system using the emergy window for un-
shielded uranium consisted of static measurements rather than actual pass-through teats.
We measured the reaponse of the gamma-ray system to bare uranium samples and found that
in the worat poaition in the booth, we should easily detect & compact 1 g sample of HEU in
2 seconds. This compares very well vith domestic walk-through systems that use a 10 g
sample for their procurement specification. Our initial meaaurements on ahielded uranium
fuel plates were done at the geometrical center of the booth, which is neither the highest
nor the lowest sensitivity positi.-n. we found we could easily detect the smallear (72 g)
HEU plate inaide of a 5 cm thick® '#3 of lead loaded polyethylene that ia equivalent to 1
cm of solid lead on 2 mass bas..

Preliminary testing 'th plutonium used a 1 inch gize PANI fuel plate, This is the
only fuel that has plates leas than 2 inches long and, from the data of Table II, has the
minisum gamma-ray and neutron intensity. At the central position we found that the 1 inch
plate vas easily detectable in 2 aeconds inside of 5 cm of lead shielding that had a maaa
of 11 kg. An additional borated polyethylene shield with a mass of 32 kg for neutron
ahielding further reduced the gamma-ray signsl, but it could be detected using a 3 second
count.

For reference, these reaults were obtained in a gamia-ray background of 17 microR/h
measured outside the portal. Inside, we measured 7 microR/h. We expect theae reported
sengitivities to change with bacrvground intensity as well as other variables such as
stielding thickness and position f the source in the portal. We plan to publish more
de:ailed results later.

THE NEUTRON MONITOR

The approsch taken for neutron mon:toring is novel and arises out of the development
of a monitor for very large vehicles by Caldweli .13 The unique feature is that the
volume to be monitored is located inside a 47 golid angle neutron detector. This i-
achieved by including in the booth wally an almost continuous surface of polyethylene
material that serves as neutron moderator and reflector. Neutrons born in the booth enter
the moderstor and some fraction of the neutrons are returned to the booth intecrior as
thermal neutrons. These thermal neutrons may undergo several reflections before being
lost by capture in polyethylene or in one of two arrays of JHe proportional counters
within the polyethylene cavity. Detector placement is not critical in the design and
Fig. 1 shows our arrangement where twelve S-cm—diameter by 90-cm-long IHe tubes are in
the floor and twelve in the ceiling. The total efficiency of this neutron detector has
been calculated by Atwater.l® We have verified his calculations by using PANI and PUMH
ZPPR fuel plates in the othervise empty booth and we measured a total efficiency value of
0.048. We used standard NIM proportional counter electronics and a logic system similar
to the gamma-ray system.

Our initial evaluation was conducted at sn altitude of 1676 m, so ~ur unatural
background, from cosmic ray events, is near the maxioum that will be experienced. We
found that a background suppresaion of about 42 was caused by oicupancy and our 43 kg

157, T. Caldwell, et al., "A Large Vehicle Portal Monitor for Perimeter Safeguards
Application, lat Annual ESARDA Symposium on Safeguards and Nuclear Material Manapement,
Proceedings, ESARDA 10, o. 122 (1979).

164, F. Atwater, Los Alamos Scientific Laboratory, unpublished data, 1978.



gamma-neutron shield caused an 8% reduction. 7Yhe 22.5 g PANI plate in this shield was
eaaily detectable and, in fact, we estimate that the total number of IHe tubes mnay be
reduced to perhapa as few as 4 from the present 24.

BUMMARY

To put this monitor in parspective, we point out that present 9rnctice in domestic
safeguarda utiliges rather inexpensive walk-throughl¥ or hand-heldl” monitore that
detect gamma-ray radiation. Great reliance is placed c.. the inspector in attendance to
properly operate the monitors and prevent unusual behavior by those being monitored. 1In
contrast, the booth monitor we have describrd is a atand alone instrument capable of
detecting gamma-ray radiation, neutron radiation, snd ghielding in a manner that is dif-
ficult to subvert. It smploys novel techniques for neutron detection and its gamma-ray
system repregents vhat we believe is an optimal detector for mon!toring a booth gize
volume. The effort apent in development of the booth monitor by many individuals at
Sandia and LASL has benificial effects in developing experrise in the basic problems
pertinent to SNM monitoring.
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