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Abstract

Instruments are essential for accounting,
for surveillance and for protection of nuclear
materials. The development and application of
such instrumentation is reviewed, with special
attention to international safeguards
applications. Active and passive non-
destructive assay techniques are some 25 years
of age. The important advances have been in
learning how to use them effectively for spe-
cific applications, accompanied by major ad-
vances in radiation detectors, electronics, and,
more recently, in mini-computers. The progress
in seals has been disappointingly slow. Surveil-
lance cameras have been widely used for many ap-
plications other than safeguards. The revolu-
tion in TV technology will have important
implications. More sophisticated
containment/surveillance equipment is being
developed but has yet to be exploited. On the
basis of this history, some expectations for in-
strumentation in the near future will be
presented.

It would seem to be worthwhile now and
then, to take a look back at the safeguards
activities in the past and to think about where
we stand now and where we are going. Contrary
to rumor, 1 was not involved at the start of
safeguards or of the INMM. So my review of the
early days is based on published documents.

As the title states, the subject is
safeguards instrumentation, not safeguards as a
whole. Also, the emphasis is on instruments for
use by the IAEA, although most of the instru-
ments also are useful for national safeguards
applications. I am sure that this audience un-
derstands how instruments are, or should be used
as tools for independent verification of mate-
rial accounting and for containment and surveil-
lance; and that the availability of suitable
instruments, reliable instruments, and instru-
ments that are easy to use are very important
for the efficiency and credibility of IAEA
safeguards.

How many of you have heard of Atomic Energy
Commission contract AT C30-D-2176, of 1959?
The IAEA was then a couple of years old, but not
yet actively engaged in safeguards. The nuclear
test moratorium had started and there appeared
to be some hope of halting the nuclear anas
race. The Atomic Energy Commission requested
Westinghouse Corporation to design an interna-
tional safeguards system and to develop the nec-
essary instrumentation. The contract was for
one year.

Here is a summary of the instruments:

Chemical Analysis: Selection of methods, study
of analysts' performance.

NDA: Passive gamma-ray scanner for MTR fuel
plates.

Passive neutron assay of U-238, active
assay of U-235 in PWR fuel assemblies

Annular nuclear core for criticality of
PWR fuel assemblies.

Perimeter intrusion detector; motion detectors.

Access control techniques.

Portal monitor (gamma-ray, neutron, metal
detectors)

Tamper indicating techniques; secure data links.

Data logging/processing computer.

On-line instruments: Liquid level, specific
gravity, polarograph, alpha detectors, gamma-ray
detectors and absorptimeters, neutrons,
flowmeters.

Reactor power monitors (watts, thermal flow, n-
flux).

Some instruments were purchased and
evaluated. Gamma-ray and neutron instruments
were constructed and demonstrated. Feasibility
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ofsopfi more elaborate NDA systems was
established. 33 reports were written and
distributed. All of this in one year, at a cost
of 1.2 million dollars. By the end of the year
the AEC had lost interest. No significant
amount of safeguards R&D was sponsored until
1967, after the V.S., U.K. and U.S.S.R. bad
agreed on tha terms of the NPT, and the Lumb
Panel emphasized the critical importance of both
domestic and international safeguards.

The IAEA, on the other hand, was becoming
more active at this time, arranging for joint
R&D projects with friendly member States. There
were approximately 20 of these joint studies ia
the period 1959-1967. All of them had something
to do with spent fuel: deducing burnup from
gamma-ray spectra of the fission products,
burnup calculations, reactor power monitors, and
a device to photograph the serial numbers on
fuel assemblies. The reason for this emphasis
was that almost all of the facilities under
safeguards at that time were reactors. The
emphasis began to switch to fuel processing
facilities when the NPT became a likely prospect
in January 1967.

In J.968 I was invited to observe the ALKEM
Exercise at the Karlsruhe Nuclear Center. At
that time, the Karlsruhe safeguards group was
doing very exciting things: systemn studies, in-
strument development, and demonstration
exercises. The ALKEM plutonium-uranium fuel fab-
rication plant, located nearby, fabricated about
200 kg of plutonium into fuel rods for testing
in LWR's. The PuOy, obtained from the U.S., was
very carefully measured analytically. Pellets
and rods were measured by gamma-ray
spectrometry, and several rods were measured
at-a-time in a giant calorimeter. Scrap and
waste were also measured by NDA. Items were
sealed, and there was a portal monitor. This
was probably the first fully measured material
balance for a fuel campaign.

The IAEA had begun to use seals in 1968.
The Agency purchased the cheap cup or cap seals
manufactured in the U.S. for the control of alco-
hol producers. Agency personnel conceived of
the idea of marking the inside with random
scratches, photographing this pattern, and opti-
cally verifying this pattern after a seal was
returned. One of the first TSO tasks was to de-
termine if the seal could be mechanically
disassembled and reassembled without leaving ob-
vious marks. C. Sastre and T. Gody found a way
to do this and suggested a way to treat the
seals to overcome this vulnerability.

Let me take NDA instruments according to ap-
plication. The first reference in 1952 was to
measuring the 186 KeV gamma-ray of U-235, in
order to measure tha U-235 in MTR fuel plates.1

A Nal(Tl) scintillation detector was used. The
first reference I find on employing this ap-
proach for enrichment is from G.E. Hanford,
1955.^ There have been a great many papers on
these applications since. Probably the largest
application today, is for measuring the

enrichment of UFg in cylidners, using an acous-
tic device to measure and correct for the thick-
ness of the cylinder wall.

Of course, development of germanium detec-
tors in the early 1960's opened up many new ap-
plications for high—resolution, gamma-ray
spectrometry. Jim Cline used this technique to
measure the plutonium contained in 10 liter
bottles of Pu-nitrate in 1970.3 At the same
time, Ray Gunnink was developing very sophisti-
cated ganana—ray spectroscopy systems and com-
puter programs for measuring all sorts of
radioactive samples. He remeaaured the energies
and branching ratios cf the isotopes of special
interest for safeguards and has continued to im-
prove the sensitivity and efficiency of isotopic
and elemental assay of plutonium samples.^

In 1968, the idea of using coincidence tech-
niques to distinguish spontaneous fi3sion events
from alpha—n and background neutrons was
rediscovered at the Naval Research Lab. and Los
Alamos, simultaneously. I say rediscovered be-
cause Jacques Jacquesson of CEA, Paris,
published this technique in 1963.^ There have
been many modified versions of the coincidence
(autocorrelation would be a better word) circuit
since then which have some advantages* Norbert
Ensslin of Los Alamos has contributed much to
our understanding of how these systems work and
of how to assess and to correct for self multi-
plication of fission events in large samples.&
Others who have contributed to this art include
G. Birkhoff and L. Stanchi of Ispra, K. Boehnel
of Karlsruhe, and K.P. Lambert of Harwell.
What has also been important has been the large
amount of experience in using these instruments,
which has resulted in the design of special con-
figurations for particular applications. High-
resolution ganma-ray spectrometry, to measure
isotopics, and passive neutron instruments are
a very useful combination for the IAEA at pluto-
nium handling facilities.

{ This brings us to active neutron or neutron
interrogation instruments. The first that I re-
member were a neutron and a high energy photon
activation sytera using pulsed accelerator
sources. Los Alamos and General Atmics built
vans with these machines which toured the U.S.
in 1970. Like the Westinghouse sub-critical re-
actor of 1959, these seem, in retrospect, to
have been overly ambitious. However the tours
proved to be useful and there have been some im-
portant applications of pulsed neutron activa-
tion and delayed neutron counting.

The first active neturon instrument in the
U.S. to use an isctopic neutron source, was the
ISAS, designed by Tsahi Gosani at Rad Tech for
United Nuclear Corp. The detector consisted of
3 plastic scintillators, sensitive to neutrons
and to gamma-rays. Fission events were
identified by requiring s coincidence of 2 or 3
of the scintillation detectors in response to
the burst of prompt neutrons and gamma-rays from
a fission. This was soon followed by She
"random driver" of Los Alamos, which also had 3



detector slabs around the sample, but which
responded only to neutrons. Each had its advan-
tages and disadvantages and both are still
manufactured and sold commercially.

Someone at Los Alamos deserves credit for
combining the passive neutron coincidence system
with a neutron source. The moderated, thermal
neutron detectors of the former have high effi-
ciency and Che coincidence (autocorrelation) cir-
cuitry easily distinguishes induced fission
events from the single neutron pulses due to the
isotopic neutron source. From these have
developed a great set of passive and active neu-
tron NDA instruments, confused by such names as
the "High-level neutron counter" (which in fact
is quite inefficient), the "Active Well Coinci-
dence Counter", (which can also be used pas-
sively, and all models are designed with a
well), the "Neutron Coincidence Collar" (it is
a "collar"), etc. In fact, all of this set of
instruments use the same electronic circuits ta
count singles and coincident neutron pulses, the
same calculator to reduce the data, and the same
He-3 proportional counters. There are now a num-
ber of detector heads for specific uses (small
samples to F3R fuel assemblies), and weak (and
therefore safe) AmLi neutron sources are used
for the active mode. This facilitates commer-
cial production and simplicity of training,
while offering instruments for a very wide range
of materials.

Now for containment/surveillance (C/S).
The IAEA performs surveillance, assuming that
the walls of a UFg cylinder or of a reactor pro-
vide the containment. If the seals or locks or
camer.-s are highly reliable, one has to worry
about the containment; but that is another sub-
ject .

After seals, which I mentioned above, the
IAEA began to use cameras for surveillance of
sensitive areas for the considerable time be-
tween visits of inspectors. Someone else will
have to record this history. The U.S. Govern-
ment finally began to worry about physical pro-
tection of sensitive nuclear materials and
facilities in 1973, after Ted Taylor and Mason
Willrich warned of potential subnational
threats. As a result of this the U.S. Govern-
ment initiated R&D on physical protection instru-
ments and techniques. Some of this has proved
also to be of use to the IAEA. The camera sys-
tems used by the IAEA today havo two Minolta
8mru, home-move cameras, adapted for time-lapse
exposures, provided with a timer to take pic-
tures at a chosen frequency, and enclosed in a
tamper-indicating enclosure that is sealed by
the inspectors after changing film cartridges.
These are cheap systems. Over time, camera fail-
ures have been analysed and largely corrected.
There are still problems: The pictures are dim
if the lights go dim (TV cameras have a much
wider dynamic range). The film capacity is mar-
ginal, even using Kodak extra-thin B&W film.
Even with two cameras, double failures do occur.
Time is not recorded on the film. Some
countries insist that the films be developed

there - not sent to Vienna. If much activity is
recorded on a film Lt may be very difficult to
decide whether or not anything suspicious has
happened.

Home movie cameras are about to di'appear,
being replaced by home TV cameras. This will
offer an opportunity to replace film cameras
with more effective and reliable TV's, in time.
In the last few years Euratom and the U.S. have
spent money developing TV systems. The Agency
is now evaluating a U.S. model which has many at-
tractive features. It works with high or low il-
lumination, records time and date on each frame,
has motion sensors to discard scenes with
activities that are not of interest, records at-
tempts to subvert it, and can replay the
recorded pictures along with alarms to call at-
tention to suspicious events. It is a very com-
plex system and costs about $50,000 compared to
about $1,000 for the two Minolta cameras in a
tamper-indicating enclosure.

There are three instruments which I want to
mention because they appear to be especially use-
ful, and because they did not develop logically
from the NDA and C/S programs above.

One is the Cerenkov viewer. The U.S.
supplied a pool-type research reactor to the
first Atoms for Peace Conference in Geneva,
1955. All of the delegates and many natives
looked into the pool and admired the blue-green
Cerenkov glow around the fuel elements. Night
vision devices were developed during WW-II;
snooper scopes we called them. These have been
improved. Some genius at Los Alamos thought to
find out if one could use these to see the
Cerenkov glow of spent fuel assemblies that had
been out of a reactor for several years. Lo,
and behold, it worked. If you can persuade the
reactor operator to dim the lights, you can see
the glow, outlining the rods, looking down
through the pool water at the top of fuel
assemblies. Once a year, and whenever a surveil-
lance camera fails, IAEA inspectors are supposed
to reinventory the 1,000 or so spent assemblies
in a reactor storage pool. Counting them may
not be too time-consuming;. but reading identity
symbols under 20 fpet of water is time-consuming
and difficult. Besides, it would not be very
difficult to replace spent fuel assemblies by
dummies with authentic symbols. It is easier
and more convincing to observe that all 1,000
assemblies are indeed in the pool, and glowing.

A serious problem for the IAEA, and even
for U.S. agencies, \s the shipment of
radioactive safeguards samples to a central
analytical laboratory for analysis. This is a
vital operation. On their own initiative, a
group of analytical chemists at Oak Ridge
developed a clever technique for plutonium sam-
ples from a reprocessing plant. Highly
radioactive solution samples from the input
accountability vessel or less radioactive solu-
tions downstream, are accurately measured aud
then spiked with accurately measured amounts of
U-233 and Pu-244. Then small resin beads are



dropped into Che solution to selectively absorb
pluionium and a lesser amount of the more abun-
dant uranium. A few beads are withdrawn,
containing a niicro-gram or so of plutonium, the
radiation levels are so low that the beads can
be legally shipped by air-mail to Vienna. The
bead part worked well; but difficulties were
encountered in preparing the samples and m
performing the mass-spectrometer analysis at the
Safeguards Analytical Lab. in Vienna. The Oak
Ridge inventors have provided assistance to the
analysts at the reprocessing plants and the spec-
troscopists in Vienna. The prospects look very
good.

It has been my pleasure to have
participated on a few IAEA expert groups. At
one of these, I remomber that Les Thorne, now
head of the Far East Operations Section,
complained about verifying weights. It was not
too difficult to bring standard kilogram weights
to calibrate the balances at a nuclear plant,
but it was not feasible to bring tonne weights
to calibrate the scales used at fuel fabrication
plants to weight 2h tonne cylinders of UFg.
Besides, in modern plants such scales are
hitched to computers and the calibration could
be changed at will.

Some friends at the National Bureau of
Standards, whose business it is to keep up with
weights, proposed a few years ago that commer-
cially developed strain gauge devices, which are
physically small, might be used by the Agency to
independently weigh such heavy objects. Not
only did this work, but the commercially avail-
able instruments have become less delicate and
more accurate since then. Now, the IAEA can
mske its own measurements of the weight of UFg
cylinders, PWR fuel assemblies, etc., if it can
persuade the operators to hook this instrument
between hoist and object when moving full
containers, and also when removing the empty con-
tainers for tare weight. The technical problems
are solved, though perhaps not the operational
ones.

There are many more special instruments and
applications, but these should be enough to sup-
port the following conclusions.

Some of the instrument developments came
about directly as a result of continued R&D on
safeguards instruments. The passive and active
neutron instru-aents are of this class. In the
case of gairana-ray instruments, the gamma-ray
detectors, special amplifiers and multichannel
analyzers were developed for other purposes, and
ndapted for sa fegunrd.i uses. From here on, the
important improvements in NDA instruments will
be to make them easier to use, taking advantage,
e.g., of micro-computers. For accuracy, calibra-
tion is vital. More effort is needed to develop
NDA standards and to explain how the nature of
fuel cycle items may affect the results. Few in-
spectors have a thorough understanding of the
physical properties of nuclear materials. If
possible, instruments should flash a warning if
the spectrum is abnormal, or the dead-time

losses excessive, etc.

The accurate variables measurements are usu-
ally based on the measurement of weight and the
taking of samples to be sent to Vienna for chemi-
cal analysis. At bulk processing facilities for
high enriched uranium or plutoniuo fuels, it
would be desirable for inspectors to analyze sam-
ples at the facilities. There may be procedural
problems. For example, the facility operator
may insist that only his technicians handle the
samples. Also, such equipment should not re-
quire years of training on the part of Agency
analysts.

In the C/S area, I doubt that it will be ec-
onomically feasible or technically credible to
place great reliance on extended C/S, as was
recently advocated by the International Working
Group on Reprocessing Plant Safeguards. How-
ever, more extensive use of C/S, carefully
integrated with accountancy, is surely needed.
In some cases, I suspect that it will be useful
to invest a considerable amount of money and ef-
fort in trying out techniques that may not, in
the end, prove to be useful, but will lead to
the better solutions. In this regard, the gener-
ous participation of the Japanese at the Tokai-
Mura reprocessing plant and JAERI, has been in-
valuable in learning how to efficiently apply
safeguards for reprocessing.

The 550,000 TV sets that the U.S. has pro-
vided the Agency, are another example of this.
It would be very expensive to replace all of the
Minolta twin cameras with these instruments. On
the other hand, with all of the special features
on these camera systems it will be possible to
define the criteria for future cameras that will
take advantage of the rapid changes now taking
place in that field.

Sandia has developed and demonstrated a set
of modules, various sensors and a tamper
indicating data analysis and recording module,
which should have a number of applications. For
example, it could be used at a spent fuel stor-
age pool to record the motions of the cranes
which would be needed to remove spent fuel from
the pool and would trigger the surveillance cam-
eras only when suspicious activities were
sensed.

By now we have solutions for almost all of
the instrumentation problems we know of. What
we need is closer cooperation between the devel-
opers and the users. I know that this is diffi-
cult to achieve. We have made a lot of progress
in the last ten years. We just have to keep
trying.
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The Westinghouse safeguards ins t rumenta t ion
repor t s of 1959-60 have the following
numbers: WCAP-1161, 1192, 1221, 1232, 6010,
6013, 6015 and 6016 through 6046.

All other items have been described at
safeguards symposia sponsored by the IAEA,
ESARDA and the INMM.


