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NUCLEAR FISSION AMD NUCLEAK SAZEGUARDS:

COMMOW TECHNOLOGIRES AND CHALLENCES

G. Rabert Keepin
Los Alamos National laborzatory
los Alamos, WM 87548

ABSTRACT

Nuclear fisston and nuclear safcgusrds have
much  in common, including the basic physical
phenomena and technologies involved as vell as
the comsitments and challenges posed by expanding
nuclear programs {n many countries around the
world. The unique charscteristics of the filssion
process--such as prompt and delayed neutron and
gaoms ray emmision--not only provids the means
of sustalining and controlling the fissfon chain
reaction, but also provide wunique “"signatures*
that are essential to quantitative wmeasurement
and effective -afegunrdinf of key nuclear matert-
sls (notably 3%%Pu and ?33U) against theft, loas,
or diversion. In this paper, we trace briefly
the historical emergence of safeguards as an
essential component of the expansion of the
nuclear enterprise worldwide. Ve then survey
the major categories of passive and active
nondestructive assay techniques that are
currently in use or under developament for rapid,
accurate measurement and verification of safe-
guarded nuclear materials {n the many forms in

which they occur throughout the nuclear fuel
cycle.
INTRODUCTION

Nuclear fission and nuclear safeguards have
mich in common, from thei{r roots in a common
basic technology to the closely-coupled chal-
lenges of nuclear fission energy and the neces-
sary esssurances provided by nuclear safsguards.
In keeping with the gufdelines set by the
organizers of this historic comsmeaorative
conference, the present review, which was
requested to cover both history and contemporary
developrents, is presented in two major subject
areas: the first sketches some first-hand
perceptions and reflections on the history of
nuclear fission and the subsequent eamergence of
nuclear safeguards, while the second subject
area covers the present status and technical
capabilities of wmodern nuclear safeguards. A
common thread throughout the entire paper is the
very epitome of this conference; f{.ea., the
remarkable phenomenon of nuclear fission, and
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{ts practical application, The unique
characteristics of the fission process and of
fizssionable matertials that underlie the
technology of all filssfon ensrgy applicstions
also provide the unique “signatures® that are
esgsential te quantitative messursment and
effective safeguarding of key fissionable
sateriasls sgatnst theft, loss or diversion.
Through the years, fission svergy and safeguards
have besen closely interrelated, not oaly
technically, but also ia other ways i$ncluding
certainly political, and this closs coupling is
ongoing todsy with effective and credible
safegusrds an indispensable component eof »
viable and expanding nuclear entsrprise
vorldvide,

NUCLEAR FISSION
~-AR INDIVIDUAL HISTORICAL PERSPECTIVE

As a point of departurs, we look back nearly
a century to the year 1905, when Albert Einstein
published his theory of reslativity; ever since
then {t has been realized that, based on
mass-energy equivalence (the celebrated B -
ac?--probably the world's most famous, and
fabled, scientific equation ever) thers was a
theoretical possibility of releasing enormous
ensrgy from matter (and subsequantly the ®curve
of nuclear binding ensrgy® clearly confirmed
this). As we nov know, nuclear fission was
actually first produced in 1934 by Enrico Fermi
and his co-vorkers when they irradiated many
elenents including uranium, with ths newly
discovered neutrons. They found a number of
different p-activities to be produced fros
uranium, but believed that these vers dus te
neutron capture. Later rvadfochemicsl work
{ndicated some of the new activities wvere from
elements chemically similar to the auch lighter
elensnts Ba, Ls, ectc.

Fission remained unrecognized until Jamary
1939 vhen the meticulous work of the German
rediochesists 0. Hahn and F. Strassmann, showad
that these products were not mersly chemically
similar to lighter elements, but wgrs lighter




eloments. ® In that usame month Lise Meltner
and Otto Frisch (in the January 16 {ssue of
Natulg) named the new process “fisstion,"

predicted that the fragaents should have large
¥inetic energies, and explained the process in
terms of a liquid-drop model. Also {n that sase
month of January 1939, Bnrico Ferm{ arrived in
the United States from Fascist Italy.

Following the discovery of fisslon, con-
firming experiments were quickly carried out in
laboratories around the world. It was soon
discovered that neutrons were produced {n the

fiselon process, and that almost all of the
fission of uranius was occurring in the
relatively rare {sotops, 3%U, In that

same year (1939), Niels Bohr and John Whesler
published their theory of fiszsion, based on the
1iquid-drop model, which fs still fundamsntal to
modern fission theory.

On the date of publication of the Bohr-
Vheeler paper, Septesber Y, 1939, Germany f{nvafed
Poland, the Second World War was undervay, and
fission suddenly took on a new {mportance. It
wag realfzed by many that & fission chain reac-
tion might be possible, resulting {n the relecase
of very large smounts of energy. Thus, informed
scientists were already awvare in 1939 that {c
night well be possible to produce the destructive
e{fact of many thousands of tons of high explo-
sive with a single boab containing a relatively
small amount of fissionable material. It seemed
probable that Germany would press shead with this
development. Apprehensive of this possibiliry,
scientists in the rest of the world largely
ceased publishing fissfion results by 1940,

3 "Viewed from the historical perspective, {t
{s most i{nteresting that today, a half century
later, we have the startling announcement/claim
of a radically nev, allegedly-nuclear,
phenomenon popularly known sas “cold fusion.”
Experiments to date are inconclusive (some are
even disputed), and the verdict is clearly still
out on "cold fusion®; at this writing the
claimed large energy release from cold fusion is
understood--with conjectures ranging from
unprecedented possibility of nuclear
reactions resulting from some type of
chemical/malecular Interactions to the very
remote possibility of a radically nev genre of
ultra-high exothermic chemical reaction(s).
Whether boner or breakthrough, the aroused
sclentific community will see to it that this
issue is objectively and definitively resolved,
and that Nature's truth will out!

not
the

b ALFRED 0.C. NIER! &t the Unlversity of
Hinnesots (per direct request of Enrico Fermi)
separated a sanple of 23 using his
recently developed mass spectroaeter. The
sample was then sent to Columbla University
vhere it vas used to confirm the rare i{sotope’'s
responsibility for slow-neutron fission.

Vork on fisslon was continued Quietly at an
fncreaning rate. In June 1942, the Manhattan
Praject was secratly undertaken {n the United
States, with the objective of producling nuclear
weapons, {f possibdle. Amazingly soon
thereafter, the vorld’s first seif-sustaining
fisaton c:ain reaction (lasting 28 ainutes) was
produced on Decemdber 2, 1962, under the
direction of Enrico Fermi, the ‘Italian
Navigator," wvho vith his co-weorkers had
carefully assembled blocks of ordinary uranius
and extra-pure graphite (as a neutron
"moderator" to slow down the neutrons and
increase the likelihood of fission) to produce s
nuclesr reactor, under the West Stands of Strgg
Fleld Stadium at the University of Chicsgo. An
incredibly short time later the gigantic gaseous
diffuston facility was undertaben (starting in
1943) st Oak Ridge, Tenncsses to separate the
move fissionable {sotope 2?33 from ordinary
uranium (a prodigious task that, it vas later
learned, had been considered a practicsl
{mpossiblity by both Germany and Japan, at least
in time for use in World Var 11).

A second candidate material forxr a
self-sustaining fission chain reaction, and s
possible nuclear weapon, wvas the plutonium
fsotops, %Py, that had only recently been
discovered by Glenn Seaborg and co-workers
at Berkelesy in 1941. It was thought, and later

proved, that plutonium (and more specifically
the isotope ?3%Pu) should be  fissionable
by slov neutrons in the same way as 233U,

Following active research on the chealstry of
plutonium at Berkeley in 1941 and sarly 1942,
the Plutonium Project was established in early
1942 st the University of Chicage, and on August
20, 1942 the first chemical coapound of pluto-
nium, a fluoride containing only -1 microgras of
230py, was 1isolated. Just three wveeks later
the first actual weighing of & pure chemical
compound of plutonium, PuOy, took place
on Thursday, Septeaber 10, 1942 at the newly-
established University of Chicago Metallurgical
Labontory.'

[t seems no great exaggeration to say that
nuclear fission and the ensuing nuclear age have
impacted, to a greater or lesser degres, the
lives of most of the five billion {mhabitants of
this planet -- and in my own casse this has been

% 1t should be borne in mind that, becaise
nuclesr safeguards are directly concerned with
fissionable wmaterisls and their potential for
diversgion and misuse, emphasis in this
historical perspective is on sensitive
fissionable saterials (notably U and
230py .-the eritical conmponents in nuclear
explosive devices), how they were fivst
obtained, and hov they are used, safeguarded snd
controlled.




true *in spades.”? On the sams day that
(plutoniun) chemistry history was being made,--
Thursday, September 10, 1942.. a wide-eyed young
frashman arrived at the University of Chicago
full of enthusliasm to pursue his {ntended major
{n the exciting field of cheaistry! My assigned
dormitory room on the 3rd floor of Hitchcock
Hall at the corner of 57th and Ellis, looked
directly over the West Stands of the football
stediun at Stagg Field. During the course of
that very busy and stimulating fall at the
University of Chicago, 1 and sany other young
would-be scientists found the entire atmosphere
electric and highly stimulating. Particularly
{epressive to many of us wvas a sealed-off
heavily guarded area poated with the stern
varning "U.§5. Government Metallurglcal
Project--Keep Out." As we regularly passed by
this area on the way te our Monday-Wednosday-
Friday freshman calisthenics class, we would
occasionally plick up black dust (Fermi's
graphite) on the soles of our tennis shoes.
Needless to say, we were totally oblivious to
the history “"the Italian Navigator™ was making
under our very noses; many on campus sensed that
something really big and important must be going
on, and we wondered when, and if, we'd one day
find out wvhat it was all about. That day did
come nearly three years later on August 6, 1945,
at Columbia University in New York City.

In 1943, 1 was recruited into the Navy
"V-12* College Training Program and was sent to
MIT in Cambridge, Massechusetts on the condition
that 1 change my major to physics, and
subsequently serve as a Radar Officer tn the
U.S. Ravy. Thus 1 switched from chemistry to
physics, and upon graduation from MIT in June
1945, all of us in the Navy V-12 program were
immediately sent to Columbia for an {ntensive 90
day officer training course (the regular Navy
derisively dubbed us ©"90-day wonders*). With
Hitler’'s Germany just defeated, in May 1945, the
var focus was now riveted on the far east, and
ve were being prepared for immediate sea duty
snd the coming massive ("million-man®) {nvasion
of Japan. Everyone understood that a U.S.
invasion of the Japanese homeland would be
tremendously costly in lives and resources, but
it was to be the final big push that would end
World War Il and at last bring “pesce to the
vorld." In early Summer, 1945, howvever, the war
vas still raging, and though we didn’t talk
about {t (the {nvazion) much, we all knew full
well wvhat wvas at stake for our country, the
world, and also for each one of us Individually.

LW explained at the outset, this historical
sketch {s purposely written from an individual
perspective (my own), a point that should be
kept in wind, partiecularly in some of the
recounting of personal {impressions and
recollections.

Then on the afterrcon of August 6, 194%, as
we vere marching fros drill back to our tratning
ship *The Prairie Stata,® anchored i{n the Hudson
near George Washington bridge, we heard the

newsboys shouting *Truman announces
revolutionary newvw atomic bomb dropped on
Japan.”* Two bdurning questions rushed
immedistely into wy mind: (1) might this end the
wvar quickly, scratch the U.§. invesion, and save
unteld lives --both American and Japaness,
including perhaps my own?! and (2) could this
have been wvhat the super secret "Metallurgical
Project® at Chicago wvas all about? Both of
these questions were soon to be answered, in the
affirmative. On August 15 the Japanese
surrendered, the wmobilization of the massive
United States {nvasion force was called off, and
World War I1 was over. On that unforgettsble
day, August 15, 1945, 1 found myself caught up
in the wild, tumultucus throng that jssmed into
Times Square in Manhattan to celebrate *V-J Day”
(Victory over Jspan Day), and ths return of
psace, at last, to the world.®

Iamediately after the war, my service
commitment to the U.§. Navy was fulfilled with a
yoar of sea duty (*maglc carpet® duty, dringing
troops back homs from the far esst) as s Radar
Officer asboard the USS Kingsbury (vhich we
irreverently dubbed the “dinglsberry®). 1 thes
returned to civilian 1life to complete my
graduate studies {in physics (the Kavy-imposed
switch from chemistry had “taken"!), and
Septesber 1949 found me, or rather us (I now had
a wife and newborn son), heading West in our
"new® 1939 Ford Coups to the University of
California, Berkeley to do research under
Professor Eailio Segrs as a U.S. Atomic Energy
Commission Postdoctorsal Fellow. Berkeley was an
extremely exciting place to live and do physics
fn 1949. E. 0. lawrence was Director of the
University of California Radiation Laboratory
and 1 was privileged to get to knov and to work
along side many leading scientists, several of
vhos had worked at los Alamos in the Manhattan
Project--people like Eamilio Segre, Luis Alvare:,
Owen Chamberlain, Robert Serber, Edwin McMillan,
Larry Johnston, Hugh Bradner, and many others.
From a technical and professional standpoint, 1
came to have a new appraciation and high regard
for the quality and quantity of technical work
that had been accomplished in such an {ncredibly
short time at Los Alamos. I must candidly adamit
right here that I had already fallen in love
with Nev Mexico on earlier visits to the
Southwest dating as far back as 1939 --when J.
Robert Oppenheimer himself was still exploring
the strangs and wonderful natural beauty of "The
Land of Enchantment.® Thus, when {n the fall of
1951 1 was offered a research staff pesition at

T7It seems appropriate here to cite once again
the earlier advisory footnote concerning the
rather personal, first-hand-account nature of

some of the reflections recounted hare.




{.» Alsmos, 1 accepltea, we arvived bag and
Laggage on “the hill® on a New MNexico
star studded New Years Eve, December 31, 1951,

! toined the staff of the Llos Alamos
Sritical Experiments Croup, under the leadership
of H C. Paxton, which cerried out research on
critical and subcritical sssemblies of sensitive
fissionable materials st the Pajarito Canyon
Site some seven miles southeast of the Llos
Alsmos townsite. The Pajariteo Canyon site was
chosen for critical assembly work se that {ts
tsolation could protect others fron radiation {f
a criticality accident should occur.® Orig-
tnally, critical assemblies (e.g., of 4y
and 1Py in various bare and reflected con-
f urations) wore eamployed specifically for the
huc lear weapons devalopment effort. Later, many
experiments were aimed at estahlishing a wide
range of criticality-safety guidelines and
restrictions. Also, extensive investigations
with various configurstions of fissile end
fert{le materials in bare and reflected
geometries were carried out to gain a better
understanding of the physics of nuclear
reactfons in fissionable matertals and of the
fissfon process itself. Such investigations have
fncluded detailed studies of f{ssfon-chain
dynamicse and prompt neutron behavior of
near-critical systess; e.g., “Rossi-a® peas-
uresents of promspt neutron periods in wmetal
critical assembliea,® which provide an
{ndependent method of precise reactivity
calibration. Clearly also of fundamental
isportance to resctor kinetics and precision
reasctivity determination are the proapt and
delayed neutron and gamma ray emissions froa
tissfon, as discussed further below.

The use of intense prompt neutron bursts from
the bhare 238y assembly, "Lady Godiva® (she's
unclad), te study the detailed characteristics
(e g.. group periods and yields) of delayed neu-.
trons from fission provides one of many examples
of the use of critical assemblies in nuclear
fission research. The decay-group periods and

* The first critical assemblies were
ecanipulated by hand, a hazardous procedure that
had led to the death of Harry Daghliian {n 1945
and of Loufs Slotin {n 1946.2 In each case
the <ritical assembly being manipulated
conzisted  of  two mating Pu hemispheres (the
"PLUTEX" ¢rre discussed below) surrounded by a
reutren reflector (of tungsten carbide and
beryllium, respectively). And in each case &
component of the critical assembly had slipped
inte a wmore reactive position, producing a
superprompt-critical pulse of radiation. The
second accident led to a formal ban on hand
speration, and a remote-control Critical
Paperiments Facility (with 1/4-mile separation
between critical assenbly laboratory and remote
control center) was specially designed and
;usted to completion at Pajarite Canyon site in
947

ylelds of delayed neutrons are of particular im-
portance in the control of ruclear reactors He-
cause they limit, or "psce,” the rate of increase
or decresse at which a fission chain resction can
proceed. Delayed neutron characteristics are
measured by irradiating s small sanple of
fissfonabir material with a burst of rneutrons
(either Nigh-energy “"fast¢” fisslon neutrons or
lov-energy "thermal®” neutrons), then rapldly
transferring the sample to a shislded meutron de-
tector and measuring the decay of delayed neutron
intensity with time. Cowputer analysis {nte
exponential decay-group ylelds and periocds (half
lives) is then performed by an appropriate iters-
tive loast squares fitting procedurs. The ultrs-
high neutron Intensities obtainable from a crit.
icel assembly such as Llady Codiva provids s
unique and {deal ({rradiation source for such
messuresents. Figure 1 shows the Lady Codiva
bare Y80 critical assembly (53 kg of 934 en-
riched 730U netal) that was used for the
sxtensive delayed neutren studies that were
carried out in the wid-1950s at the Cricicsl
Experiments Facility at Los Alamos. Por opers-
tion (always by remote control), the uppsr cap of
the Lady Godiva assembly (see Fig. 1) was low-
ered, and rthe bottom cap was raised, to form a

Figure 1. The Lady Godive bare "' critical sssembly
(53 Kg of 9% enriched "' pgetal) that was used at
Pajarito site. los Alasos to wrasure detatled charac-
teristics of deiayed neutrons from fission of various
uraniue, plutonium and thorium Lisotopes. For opera-
tion, the upper cap of lady Godive is lowered and the
bottca cap is ralsed to form a near-sphere of
113y wichout reflector.




vear spheie with essentially no reflector. The
.entral section vcontained @ diametral experi-
sontal access hole (*glory hole”) with fillers
and  channels for two 13y (938 enriched)
cortrol tods. Cospensation for openings in the
glory hole was provided by mass adjusteent but-
tons of MU (93v) that fit into recesses {n
the top and bottom spherical caps. The glory
hole was fitted with a 1/4-in. diametral transfer
tube for rapid (50-msec) pneumatic transfer of
the sample under study from its point of irvadi-
ation {n the center of Lady Godiva to a 4x-
shielded neutron counting geometry. In all, the
Lady Codiva critical assembly was used to measure
delayed neutrons from fast fission of %y,
Illu' “'U. 230py, 2C°pu_ and 21111.,' and
fros thermal fisslon of 238U, 233y and 23%py. ¢

Delsyed noutrons as well as prompt neutrons
and delayed and prompt gamma rays, are only a
fev of many basic fission characteristics that
are {mportant to the design, as well as
efficient and safe operation of nuclear chain
reacting systems of various types. However,
this very broad toplc would carry us far afield
from the scope and thrust of this paper; for the
present purpose, suffice it to say that unique,
charscteristic fission phenomens (such as
fission neutron and gamma-ray em{ssion) that are
50 f{aportant in sustaining and controlling the
fissfon chain reaction also provide, by their
very uniqueness, the characteristic "signatures”
that are essential to effective measurement,
safeguards, and control of sensitive nuclear
materfals. We shall return to this important
topic presently in our discussion of nuclear
safeguards.

Over the years the Los Alamos Critical
Experiments Facility has worked with a great
variety of fissionable material types,
compositions and configurations, and the broad
scope of this work at Pajarito S{ite has been
well documented in two recent historical
reviews. ® For me, one of the most unforget-
tahle and iopressive experiences during some 13
vyears ot Pajarito invelved a sphere of metallic
piutonius which we shall designate as plutonium
core X" or simply “PLUTEX * The PLUTEX
core® consisted of two mating hemispheres
-9 1-cm cdiameter) of nickel-clad plutoenium,
cact weighing approximately 3 1 kg. The
pavra-rav and spontaneous fisslion neutron
crission rates from PLUTEX were sufficlently low
tha' the two hemispheres could be held in one’'s
tands b e together, as a sphere), which 1
did The temfspheres were quite wvare to the
touth due to alpha-particle heating within the
plutorium mass, as one holds them, the neutron
monitor counting rate slowly rises due to the
higher neutron multiplication rate produced by
the neutron reflection and moderating
(slowing -down) effect of the human hand (mostly
H-Gy around the core. WVhat left an
fndelible impression on me in those early days
was that this small grapefrult-sized metal ball

that 1 could hold in my hands held the ensrgy
equivalent of tens of thousands of tons eof INT
--due, of course, to the encrmous ensrgy release
(-200 MeV/fiasion) In the process of nuclear
fission, whose discovery we commemorate in this
. .storic conference. Furthermore, for ell f{ts
enormous destiu‘tie potential, this small
rather benign-looking metsl bsll, besides being
extremely valuable, wans obviously very
susceptible to concealment, theft, loss (it can
happen!), and diversion.

The PLUTEX ccre {s seen in an early (1946)
photo (Fig. 2) as two bright metal (Ki-clad)
hemispheres® placed side by side, flat side

8 The spherical configurations that are so
often characteristic of critical assembliss stea
from very strajightforward geometrical
consjderations of neutron “economy”; {.e.,
neutron production vs. loss. Neutron productien
is a volume effect, while neutron loss
(primarily leakage, especially {n bare systems)
{3 a surface effect. The geometric shspe that
maximizes volums to surface is & sphare;
therefore, for any given type of sppropriate
fissionable material, the minisum swsunt of
{(bare) materiasl required to sustain a chain
reaction i{s a sphere consfsting of the (bare)
*critical mass® of that material.

Figure 2. In this early (1%64)} los Alsmws photo the
PLUTEX plutosium core (s seen [n the center of the
photo as two bright metal hemlspheres placed side by
Imsediately behind the two
PLUTEX hewlspheres iz part (che lover half) of a
beryllium reflector sssembly (consisting of a serles of
concentric nesting shells) that wvas used, with the
core at the center, to achleve various core-reflector

side, flat side down.

confligurations.




. arn ostacsed lead bLrilks {arediately
Jv it the two core hemispheres {3 a Be
svtiector ilower halt ospherel consigting of a

sertew of corventrie hemispherical shells
ete out to a diameter of ~13 inches In
garirg the ey ival sssembly.  the plutonium core
wrald be positioned in the center of the lower
v reflector and then enclosed within a
W reysfon of nesting upper Be healspherical
stells The smallest upper Be shell (~4.5 (n.
Q

ooand -0 5 in  thick) {s shown Ln position (n
- 5 T+ larcest upner Be hemlispherical
g2 T'e largest upper B {sp {cal

sl (=9 0 it 0O.D.) is seen at the lower right
Leder the soldering iron cord--to the far right
4 the Coke bottle, that {s!). With the core
pos{tioned in the lower Be reflector, and the
soper series of Be shells complete out to a
diameter of 9 in., the assembly would become
critical in 1346 hand manipulation of such
critical ascemblies cessed completely, and all
sensitive critical assembly operaticns have
since been carried out by remote control (from s
distance of 174 wmile). The Flattop
i19-in -cdianeter "infinite" natural uranius
reflector) assembly at the Critical Experiments
Facility at Pajarito Site, Los Alamos (see Fig.
1) exemplifies modern specially-designed
equipnent for fully-remote-control critical
assembly operations with sensitive fissionable
materials. The striking contrast between
Figures 2 and 3 underscores, perhaps wmore
vffectively than words ever could, the
impressive progress made since the early days n»f
bhand operated critical assemblies; 1i.e, as
regards both the mechanics of manipulation and
operational implications.

Vieved from the perspective of nuclear
safeguards today, my early yeurs at los Alamos
vorking 1In the critical assemblies group
irovided invaluable hands-on experience and
cosipht Into the unique characteristics and
tohavior of both small and large quantitites of
nuciear materiais of varfous tvpes, compositions
d conflgurations.  As a very sobering case in
joitt, ft was PLUTEX that drove home to me. as
mack as anything could, the vital importance of
“tringent arcountability and controls over
sensitive nuclear materials in the rapidly
onconing nuclear age --an issue (both technical
and political) of steadily in:reasing worldwide
sicern over the years, that was to evolve
vrercually into the broad discipline now known
v "muclear safeguards . )

EMERGENCE OF NUCLEAR SAFEGUARDS
A PARTICIPANT'S PERSPECTIVE.

“iewed from a broad historical perspective.
the dargers and potential for misuse of nuclear
fiscion ¢nergy have been recognized since the
dawn of the nuclear age, aud by the close ot
“arid war 11, scme statesmen held the glimmering
tope that placing all nuclear activities under
international ownership and nmanagement could
trevide a basis for preventing, or at least

Figure 3.
site, los Alamos.
nickel cladding) ls shown in plece on the concrsl

The Flettop critical sssembly at Pajarito
A plutoniua core (vieh bdright

pedestal. Additional  central cores of VN (90
enciched) and 23 are displayed at the left with
adapters and mass-sdjustoent [nserts. For (reaote)
operation, with adapter in place. the pedestal ia
retracted (nto the atationary reflector hesisphere, and
the two reflector quadrants (on ways &t 45%) are
moved invard to complete the 19" dismeter spherical
reflector of nstural U.

restraining, the proliferation of nuclesr
wveapons. In 1946, the Baruch plan proposed the
creztion of an international atomic development
authority, to be entrusted with all phases of
the developaent, use, inspection, and control of
nuclear energy. The plan delincated the need
for restraint in nuclear-weapon development and
for {internaticnal safeguards and penalties to
prevent diversion of nuclear materials from
civilian nuclear power programs. It also
proposed that all nations forego the production
and possession of nuclear weapons. Although
many elements of the Baruch plan were eventually
incorporated Into international safeguards, in
its time the plan was rejected, and by 1952
three nations had produced nuclear weapons.
Secrecy became the fundamental nuclear pollcy of
the United States and other nations. By the
early 1950°s many nations were seeking ways to
acquire the benefits of nuclear technology and
to develop thelr own nuclear energy Pprograss.
This burgeoning activity had an inherent
potential not only for peaceful uses but also
for military applications. The aftuation
clearly called for renewed attempts to arrive at
some form of {nternational understanding,
consensus, and constraint

President Eisenhower’s 1951 proposal, the
videly-hailed "Atoms for Peace" program, marked
a fundamental change fn U.S. nuclear policy.
The program was designed to prowmote




tnternational cooperation in the peaceful uses
of wnuclear everpv and, at the same time, to
establish internatlonal countrols to ensure that
the products of this cocperation would not be
diverted 1o military uses.

A major event early-on In the Atoms for
Peace program was the first United Nations
Conference on the Peaceful Uses of Atomic
Energy, this unprecedented worldwide conference
was convened 1In September, 1955 {n Ceneva,
Svitzerland. As proclaimed by the vice
president of the Ceneva conference, Nobel
Laureate 1.1. Rabi{, here for the first time
sclentists from the West and the East, and (roa
around the globe were assembled to discuss the
technical problems and challenges of the
exciting new nuclear age. Insofar as possible,
at the Ceneva Conference all papers from various
countries in a given subject area were grouped
together in the same technical session or series
of sessions. This format was used throughout
the conference to facilitate detailed
{nternational {ntercomparison of new data and
techniques. Thus the U.S. paper on delayed
neutron seasurements, which 1 was privileged to
present, based lsrgely on our recent work using
Lady Codiva at Los Alamos, was directly followed
in the same session by a Russian paper, also on
delayed neutron measurements that had recently
Leen carried out in the Soviet Unfon. Like all
participants, 1 found this first truly
{nternational nuclear conference, providing for
one-on-one interactions among sclentists from
around the globe working in the same field or
speclalty, to be extremely stimulating,
significant, and memorable.®

{ recall clearly that many of us {n the U.S.
delegation to the first Geneva Conference were
filled with a sense of history, and some
amazement too, at the open reporting of
previously restricted {information on fission
data, fusl-cycle processes, and plant
operations. Nearly every day, after late-night
meetings of the U.S. delegation at the

3 1o cite but one example In my specific area
of delayed neutrons, such interactions provided
an interesting and revealing historical
perspective, namely that the key importance of
delaved neutrons in contrelling the rate of
tisston was recognized very early on, not only
in the West, but also in the Soviet Union. The
role of delsyed neutrons in reactor kinetics and
control was outlined in a very ecarly prognosis
of the prospects (peaceful and otherwise) of
nuclear energy.’ This remarkably forward-
looking, {f not "prophetic”, paper was published
in 1940--1ittle more than a year after the
discovery of fission, and zore than two years
before achlievement of the first self-sustaining
chain jeaction. (Appropriately factored in, {t

could have brought more technical reallss into
sone of the ecarly estimates of how long it would
take the USSR to develop the atomic bombd).

headquarters Hotel du Rhone, we saw nev areas of
cross-section and fission-process dats
declasstflied and released to the public domein.
During this historfc conference, ! could not
help but rtemember my sarlier days as &
University of Chicago freshmsan wondering just
what ¢hal( supersecret *Metallurgical Project”
under the Weast Stands vas all asbout. To me, the
unprecedented open spirit of internstional
cooperation that marked the first Cenevs
Conference was in stark contrast to the wartime
secrecy that had of necessity characterized
Fermi's Listoric first "criticality experiments”
leading to achisvement of the world’'s first
sslf-sustaining fission chain reaction just
thirteen years earlier in Chicago.

Two years after the first Geneva Conference
in 1933, the International Atomic Energy Agency,
& cornerstone of the "Atoms for Peace®
implesentation, was created (in October 1957) te
focus on, and carry out, the promotion and
control of the peaceful uses of nuclesr energy
in IAEA Member State countries around the world.

Fostered in large part by the Atoms for
Peace program, throughout the 19602 peacaful
nuclear energy programs flourished {n many
countries because suppliar nations, {including
the Unjited States, offered an extreaely
attractive long-term source of nuclear fuel, in
part to discourage the development of other
supply sources. Concurrently with this peaceful
development, the 1960s also sav the nusber of
nuclear weapons nations increase f{rom three to
five with the addition of France in 1960 and the
People’s Republic of China in 1964. These and
other events led to steadily increased concerns
about nuclear weapons proliferation --both the
further bulld up within nuclear-vespons nations
and especially the possible acqulsition by new
nations. In the mid-1960s, intensified efforts
to reduce the risk of proliferation led
ultimately, in 1970, to implementation of the
Treaty on the Nonproliferatfon of Nuclear
Weapons (NPT).

During this very active period of the
mid-1960s, [ had the unique (at that time)
vpportunity to serve for tvo years (1963-1965)
with the headquarters staff of the International
Atomic Energy Agency i{n Vienna, Austria. There
1 headed the Physics Section of the Divisfon of
Research and Laboratories, and our attention wvas
fnitially focussed on the very active areas of
{isslon and reactor physics; e.g., we organized
and conducted the first in the ongoing series of
IAEA Conferences on “The Physics and Chewmistry
of Flssion® (Salzburg, 1963) as well as other
IAEA Conferences on "Inelastic Scattering of
Neutrons® (Bombay, Indi{a, 1964), and "Pulsed
Neutron Research® (Karlsruhe, West Germany,
196%), among others.

During my ussignment f{n Vienna, IAEA
Director Ceneral Sigvard Eklund arvanged for me




(e meer with Wernep Helsenberg who occasionally
visiied Vienna and “the Agency * 1In the course
of our tascinatieg (for me at least) discussions
. of physics and much more-- Helsenberg
sxpressed Interest and concerns {n saeveral
areas, including the problea of effective
~controls® over sens{tive nuclear msterisls to
ensure against thelr misuse ({.e., the ganeral
{ssue now called nuclear safeguards). A
prospective future role for physics aeasuremsent
{nstrumentation was implicit fn our discussions,
which left a lasting lmpression on ms. Not only
vere ay discussions with Heisenberg fascinating
and inspiring on the technical level, but the
sase held trus on the philosophical and personal
Jevel.® It seemed that Heisenberg (not unlike
many thinkers) {nstinctively sought the larger
connections between the various physicsl and
biological sclences --and {ndeed between all the
natural sclences and all other areas of human
thought and inquiry, including what he called
*the wider regions of 1ife" as embraced by
soclology, philosophy, and religion. in
comtemplating such & kind of epistemological
unity, he points up the need for “breadth of
thought,” transcending narrov discipline
boundaries and categories in such a way as to
ultimately find a way back "to a natural balance
betveen the spiritual and material conditions of
1ife.*  Helsenberg was indeed a physicist of
remarkable breadth and insight. After ay return
to the U.S. from Vienna I 1looked forward to
future follov-on Intersctions with Prof.
Hefsenberg, particularly after 1 hsd become
active in the application of physics measurement
techniques to the burgeoning new field of
nuclear safeguards. Sadly, however, this was
not to be; Werner Heisenberg died on February 1,
1976. He has bequeathed to us all his
monusental contributions to physics as wvell as
his wonderful, and for me inspiring, essays and
monogrephs?® (n areas of science, philosophy,
and even a kind of noetic spiritualfty.

In July 1965, while still at the IAEA, 1
had the opportunity to tour and lecture in three
xajor nuclear research centers in the USSR,  One

Just a couple of examples on the personal
level:  Helsenberg wore an absolutely unique
tle-pin displaying a beautiful diamond-studded
“h"--the celebrated mathematical symbol, called
"I bar . * known to every physicist the world over
as the fundamental constant {n the equation for
the celebrated “"Helserberg uncerteinty princi-
ple. " When 1 exclaimed my adomiration for the
truly unique suitability of that perticular
tie-pin for him aslone, Heisenberg beamed with
eves sparkling, "das {st ein geschenk von aeinen
studenten! Asong  other delightful (for me)
little sidelites, was the discovery, quite by
chance, that we're fellow Sagittartans, bdoth
born on the CGerman legendary “Krampus Day,*
December fifth

&

purpase of the IAFA.sponsored nmisslon was teo
encourage and promote, through the framework of
the IAFA, further {international cooperation and
exchange in certafn unclassified areas of
nuclear and reactor physics data. Extensive
briefings a. 4 technical discussions were held
with prominant nuclear and reactor physiclats,
including L. N. Usachev and 3. P. Maksiutenko,
the leading Soviet nuclear physicist in fiss{on
delayed neutron research (see Fig. 4). 1 found
{t both stimulating and reassuring that our
Soviet cournterparts shared many of our same
concerns and problems {(n aresas of resctor
kinetics and control, as well as in criticalfey
safety, and even the “coming® problem of
safeguards and tight controls on nuclear
materials.

Over the course of my two year assignment in
Vienna®, the twmpact of nmany factors --world
nuclear developments, the new experience and
perspective gained at IAEA headquarters, and my
widening Interest {n International technical/
political {ssues-- all seemed to cowbine te
reaffirm more forcefully than ever before, my
earlier convictions about the growing importance
of achieving stringent safeguards snd controls
over sensitive nuclear materials, and the global
challenge of nuclesr nonproliferatien
generally, 1 also had felt for some time that
the expanding capabilities of nuclear physics
measurement techniques might well be brought te
bear on this i{sportant problem. In rstrospect,
it scems abundantly clear that 1 wsyself hed
grown and svolved concurrently with the emerging
issus and discipline of nuclear safoguards. 1In
any case, by the time I returned to the United
States in the Fall of 1965, ! was firmly
convinced that a vigorous R&D program should bde

Figure 4. Fission and reactor physics discussion with
Soviet physicists asfter the author’s lectures at cthe
lastitute of Physics and Lnergetica in Obninisk, USSR.
Left to right are V. Kuznetsov, head of the Department
of Reactor Physics. the suthor; the late L. N Usachev,
distinguished cheoretical reaccor physicise; 8. P.
Maksiutenko, [eading Soviet nuclear physicist fn de-
layed neutron resssrch., and physicist A. ]. Abramov,
USSR representative to IALA International Nuclear Data
Group .




Figure $. Thiz 1967 photo from the early days of
Safeguards P&D at los Alawos ghows Carl Nenry and Chris
Nasters preparing to ameasur# the deleyed-neutron
response of & ursnium sphere using & “sipper” pulszed
neutron gensrator (metal cylinder at loft} #s a& source
of interrogating neutrons.

launched to develop new techniques and
{nstrusents that would, {n time, provide the
technical basis for meeting the increasingly
stringent safegusrds requirements that some of
us sav as "inevitable”.

1 felt strongly that the United States
should take the lead fn this key ares, and that
Los Alamos itself was actuslly quite uniqus in
having both the expertise and the facilities
that would be essentisl for the required R&D
effort, {ncluding nuclear I{nstrumentatfon and
measurement know-how together with the full
range of materials processing, fabrication, and
recovery factlities for special nuclear
materials. After some initial concerns about
how an R&D program {n an area such as safeguarda
(particularly international safeguards) would be
regarded and supported at Los Alamos over the
long haul, 1 decided to take the whole matter
--my ldeas, convictions, concerns, and all --
directly to the boss, Los Alamos Laboratory
Director Norrls Bradbury. (There was never any
doubt, {ncidentally, that Bradbury --who
directly succeeded Los Alamos’ first Director,
J. Robert Oppenheimer-- really was the boss, in
the very best sense of the word).

After giving the matter due considevation,
Dr. Bradbury came back with & very positive
response, and proceeded to arrange for me to
sake presentations, briefings, etc. to Atoamlc
Energy Commission Chairman Clenn Seaborg, Cerry
Tape, and other AEC Commissioners, as well as to
appropriate staffers of the Congressional Juint
Compittee on Atomlc Energy, among others. In
due course, funding was secured end the Los
Alamos Safeguards R&D Program was launched on
Decezber 1, 1966, Six months later, the AEC
established the Office of Safeguards and
Katerlals Management at {ts Washington Head-
quarters, as well as a new Divisfon of
Safeguards in the AEC Regulatory Branch (nowv the
Nuclear Regulatory Commissfon).

Figure 6. “THEN" and *NOW®..s of nearly twe
decades. The upper phote, takem In October 1968, shows
Los Alamos Leboratory Director Norris Braddury and [ARA
Director Cenwrst Slgvard Ehlund shorely after they Aod
bean introduced for the first cime by Bobd Leapin, los
£1en0s Bafeguards Croup leader. Ia the lover (&l ad]

photo, taken durlng che recent 20th Annivarsary
Safeguards Sysposium st Los Alsowe, Dreddury, Fklund,
and Ksepin recall the oarly days of safeguards and
Eklund's firet viait to Los Alawos two decadss eeriier.

As already indicated, the selection of the
Los Alamos Laboratory to spsarhesd United States
lesdership in safeguards R&D (both domestically
and internationally) was due ia large part to
the unique facilities and expertise that Loa
Alamos already had in place. These included the
full gasut of materials processing, fabrication
and recovery facilities for specilal nuclear
materials, including plutonium and uranium of
all 238y enrichments; |t also had the
world's leading {(and original) expertise and
remote-control facilities for experiments with,
manipulation, handling and storage of fission-
eble materfals of all compositions, shapes, and
sizes {n both subcritical and critical
configurations.® 1In sum, the Los Alamos
legacy of direct “hands-on® experience with
fisslonable materials (ranging from thetr
detailed “"microscopic® characterfstics to their

% In connection with the special relationship
betwean critical assemblies experiments and
safeguards R&D, Lt fs most appropriste,
efficient, and mutually aedventageous that these
tvo professional disci{plines are novw closely
coupled both technically and organizatfonally
within the same technical division at los Alanos
(The Nuclear Technology and Engineering (W)
Division).
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sverall *mzacroscepic® behavior in large critical
systeas. to the nitty -gritty of state-of-
the-art processing technology) was anticipated
to be uniquely valuable to the nation's
ploneering safeguards RAD effort.  And {ndeed,
the internationally-tecognized leadership of
U.S. Safeguards R&D over the years bears out the
highly productive synerglsm that has resulted
from cosbining the apecial materials
capabilitiss noted above with top-notch
safeguards detection, measurement, and systeas
deafgn expertiss.

SAFEGUARDS TECHNOLOGY--PRESERT STATUE AND
CAPABILITILS

Beginning {0 the 1960z, as nuclear
activities expsnded {(n many countries sround the
world, safeguards concerns {ncreased
correspondingly, and steadily greater
requirements wvere placed on nuclear material
measurement capabilitles (e.g., with respect to
detection sensitivity, timeliness, accuracy, and
representative sampling) for the many forms and
configurations of materials found in the nuclear
fuel cycle. This, in turn, has led to the
development and implementation of a nev
sessurement technology to supplement, and
complement, the traditional destructive assay
methods of sampling and chemical assay. This
nev technology --nov commonly known as
nondestructive assay, "NDA"-- fs based on direct
physical messurements of unique characteristics
of the fission process and of fissionable
materials. As {indicated earlier, there {s a
special synergism in the juxtaposition of
nuclear fission and nuclear safeguards; {.e.,
the characteristic fission phencmena (such as
ganmma-ray and neutron eaission) that are so
basfc to the fission process and the release of
nuciear energy, provide at the same time their
own unique *signatures® that are essential to
effective messurement, accountability, and
control of sensitive nuclear materials. Thus
the development of modern safeguards technology
has, by {ts very nature, entailed a synergistic
combination of: (1) detailed knowledge of
certain {nherent characteristics of the fission
process and fissionable materials together with
(2) the practical applicastion of these
characteristics in the development of NDA
{nstruments and techniques for safeguarding
these materials.

Nondestructive assay techniques fall into
two major categories, passive and active.
Passive assay uses naturally emitted gamsa-ray
and/or neutron radiations as direct signatures
of fissionable mater{als.!® Active assay
fnvolves irradiation with neutrons or photons to
{nduce fissions in the sanple to be assayed.
The resulting neutron or gamma-ray signatures
are analyzed to determine quantitatively the
asount of fissfonable material present. For
more than 20 yeare {nnovative safeguards
rescarch and development programs in the United

States, and more recently In soveral other
countries, have developed, tested, and
{nplemented & broad range of passive and sctive
NDA {instruments and rRoasurement/accountablilfty
systems that are now widely eaployed (in
safeguardirg nuclesar msterials In nuclear
facilities of all types. KDA fnstrusents range
in size and complexity from small portable units
(e.g., as small as & carry-on brief case) for
use by safeguards inspectors in on-sfite
verification of nuclear material tnventories,
to large in-situ FDA measurenmsnt systems
designed for routine in-plant use not only for
safeguards and accountability, but also for
process control, quality control, criticality
safety, and radiological protection. In this
section, we survey briefly the major catsgories
of gamma-vray and neutron-based passive and
active assay techniques, give repressntstive
exsmples of NDA fnstruments currently f{n use,
and cite zome notable instances of ongoing
stace-of -the-art NDA techniqus development.

First, in the asrea of passive gasma-ray
assay, many different {instruments have evolved
ezploying the two well-known types of gamma-ray
detectors; f.e., low resolution Nal(T2)
scint{llation detectors and the high-resolution
germanium soli{d-state detsctors. Necessary
corrections for sample attenuation are carrled
out using eithar an external gamma ray source or
by suftable analysis of ths seasured response to
the sample’s own internal gsmma rays. Camma-ray
measurements using the so-called "enrichment
seter” principle are based on the fact that for
fixed detector-sample geometry and for samples
that are thick relative to the penstration depth
of the 185.7-keV 338U gemma rays, the count
rate due to the 185.7-keV gamma rays is directly
proportional to enrichment. When performed with
care, NDA enrichment measurements can achieve
0.1 to 0.28% precision at one relative standard
deviation.

In the case of plutonium {isotoplc coaposi-
tion measurements by gamma-ray spectroscopy,
achievable accuracies are better than I8 for
241pu and ?4%°Pu, and better than 0.2% for 1¥0py,
The well-known and widely used Portable Mint
MCA, (Fig. 7) is a battery powered 2K/4K
multichannel analyzer that can acquire, display,
analyze, and record gamma-ray spectra fros
sither Nal or high-resolution germantium
detectors. Using suitable standards and
calibration procedures the PMCA can provide
accurate on-the-spot measuresents of U

enrichment as vell as total %%y content
(and can also be used for some Pu verification
applications). A second instrument, the

Segronted Gamma Scanner'?, s used for
measuring samples up to 200 liters in volume; it
employs 8 transmission source that {s viewed
through a herizontal collimator slit to assay
the sample as a series of horirontal segments,
and then measures sample vresponse and the
transaission correction segment by seguent. In




Figucre 7. The Portable MiIni-MCA (PMCA) is an
*intelligent® battery-cperated sulti-channel analyser
{at left) that can display and record gauns-ray spectra
nbtalned from a Nal detector (centear) or s high resolu-
tion Cermsnium datector (at right). Using suitable
scandsards snd calibratlon procedures the PHCA can
provide accurate on-the-spot Beasureszent of U
enrichment as wvell as total '8  content, and
can also De used for some Pu veriflication applications.

the case of solid materials (e.g. scrsp and
solid waste) an {mportant source of bias can
arise vhen lumps are present in the sample to be
assayed; a method of detection and correction
for the presence of lumps is under development
that involves assaying the sample at different
garna ray energles.'!

The second major category of NDA techniques
{s active gamma-ray assay, Trepresantsd by the
complementary techniques of gamma-ray
dansitometry and x-ray fluorescence. In the
densitometer, a gamma-ray beam is passed through
an assay sample and a gamma-ray detector
measures the transmitted beam whosa reduced
{ntensity is & function of the garma-ray energy
and the amount, or concentration, of nuclear
matarial between the source and detector. The
fsotoplc sources, %7Co and "%#Se-- with 122.0-keV
and 121.1-keV gamma rays respectively-- nicely
(and  fortuituously) bracket the 121.7-keV
X-absorption edge of plutonium. These sources
are utilized in the so-called compact K-edge
densitoneter developed for {n-line concentration
measurements of Pu solutions in glove box lines
without breaching or affecting in any vay the
glove box containment. An {installed #7Co-"!Se
K-edge densitometer system has been used for
nearly 10 years for assay of product solutfon in
the analytical laboratory of the Tokai fuel
reprocessing plant at Tokal-Mura, Japan.!?
Cenarally, the accuracy and precision of K-edge
densitoneter messurements are better than 1% and
can approach 0.1%; in practice they are often
supplenented with {sotopic composition
measurezents. In the case of other eslements
(e.g.., urentuma, thorfum) such fortuitous
fsotople sources with gamsa-ray energiles that

happen to lie just above and just belov s
desired absorption edge, genarally do not exist,
80 x-Tay generators are often used as the
transsission source for densfitometry
reasurements.

In the complementary technique of x-rey
fluorescence (XRF), again & gamns-ray beas (s
passed through an asssy sampls, but here the
sbsorbed, rather than the treansmitted, gomms
rays sre used to provide an assay signal. The
absorbing atoms are rafsed to excited states
from which they decay by emission of x-rays; the
snexgies of these x-rays are uniqusly
characteristic of the elements {n the absorbing
naterial, and thefr intensfties are proportional
to the amounts present. GCamza-ray densiteaetry
and x-ray flucrescence have been applied most
successfully to the messurczment of ursnium and
plutonius concentrations {n solutions. Ths two
techniques are complementary; i.e., densitomstry
is best suited for SHM concentrations above -10
g/4, vhereas XRF is beat suited for concen-
tratfons belov this level, At lesst two hybrid
asssy systems have been built that cozbine
densitometry and XRP. One is uaed to assay
uranifus and plutonium ian 1light-water-vesctox
reprocessing solutions at Karnforschungzentrus
Karlsruhe in the Federal Republic of
Germany,}? and the other 1s dasigned for
routine use fn the recovery section of ths los
Alanos plutonius faciligy, ¢

Concerning advanced NDA techniqus dsvelop-
sent in the area of gasma-ray assay, twvo movel
methods for determination of Pu concentration
{(and isotopic distribution) have recently bess
developed that require =mo external radtosc-
tive sources or x-ray generators, but rely eanly
on the natural radistions from Pu. The methods
are tdeally suited to the ansay of
reasonably pure Pu solutions such as the product
solutions of a reprocessing plant and the eluate
solutions from anion exchange columns. The
methods can be applied to aged or freshly
separated Pu and can bs used to wmeasurs Pu
concentrations in pipes or tanks. The first
method uses the MCA2 1isotopic program developed
at Lavrence Livermore National Laboratory.!? 1In
this program & relative detection efficiency
curve is fitted from 59 keV to 208 kaV including
the discontimuity at the Pu K-absorption edge.
For fixed sample thickness, the magnitude of the
discontinuity is proportional te the Pu
concentration of the solution. Applying this
method to Pu solutions with concentrations
ranging from 60 g/1 to 320 g/1, it was found
that the Pu concentrations can be determined to
1.9¢ with precisions of -1.5%.

The second method!® uses the ratio of a palr
of gamma-ray or x-ray peaks froa the Pu sample:
one above the K absorption edge and one below the
edge so that the shsorption coefficients (mu) are
substantially different. The mu valuss of 129
keV gamma (?3%Pu) and 111-keV x ray (U Ky from
243py) differ substantially, so the ratio of




‘hese two lines 1is a strong function of Pu
repcentration, and fer a fi{xed solution
thickness the function can be used to detarmine
fu concentration from e mearuresent of the
1117129 ratto. Applying this ratic method to Pu
solutions with concentrations ranging from 10
g/1 to 320 g/1. Pu concentrations were
determined to 0.268 with precisions of -0.2%.
ralculations show that while the ratio sethod is
{nsensitive to the amount of low Z absorber (Z <
10y, for best results the medius Z matrix (Z <
40) in the solution should be less than 6% of
the Pu concentratfon, and the high Z wmatrix
should be less than )% of the Pu concentration.
Thus i{f the concentration of {mpurities imn the
Pu solution is luss than the smounts given
above, the method can be used to determine Pu
concentrations from 10 gm/l to 300 gm/l with
less than 1/2% bias. When the zolution is very
thick, the ratio approaches a unique asysptotic
value, with the very practical consequence that
the rat{o method can therefore be used to
doteraine Pu concentrations in tanks or bottles
vithout drawing samples.

Turning now to neutron-based NDA techniques,
ve address first passive neutron asthods, an
srea where once again wve find close technical
coupling between basic characteristics of the
fission process and the development of
state-of -the-art NDA {nstrumentation. Neutrons
originating in nuclear materials are primarily
due to (1) spontaneous fissfon (largely in
Pu-238, 240, and 242) and (2) (a.,n) reac-
tions in light elements (e.g., in the commonly
used compounds of uranium and plutonium, notably
the oxides, carbides, and fluorides, or in B,
Be, or Li i{mpurities). An additional source of
neutrons can arise, especially in larger
saeples, from {nduced-fission multiplication in
the sample. In general, passive neutron
detection provides a convenient assay
measurement, especially for plutonium samples,
because of high neutron ylelds, detector
simplicity, and neutron penetrability through
the sample and storage or shipping containers.
The most frequently used neutron detector for
NUA {nstrumentation 1s the 3*He proportional
counter, chosen for relatively high neutron
detection efficiency, {insensitivity teo pgamma
rays, reliability and long-term stabilfity.
Spontaneous fission "colnc{dent® neutrons are
distinguished froe (a,n) “singles™ neutrons
by coincidence countfing techniques based on
high resolution (ultra fast) “shift register”
coincidence eiectronics. !’

The two most frequently used passive neutron
signatures are the spontaneous-fission decay
uf the even-numbered plutonium {sotopes and the
(e,n) reaction in UF,. Neutron coincidence
counters measure the total spontaneous-fission
decay rate from plutonium, which includes contri-
butions from the three even-nuabered {sotopes
138py, 240py. and ?47pPu. Cenerally, 3¢°Pu is the

major contributor, and {t {s convenient to define
the quantity:

TOOPu(eff) » 2.52 380py 4 espy 4 ) g Ferpy,

where th: coefficients 2.52 and 1.68 are
detarmined from fundasental messuresments ef
fission neutron emission from various fissfenable
{sotopes, and take account ef the higher
spontaneous fission decay rates as well as the
highser average number of neutrons per fission
(v) in T2y and ?7¢7Py.  Total plutontium cen then
be calculated from plutonius isotopic
composition; e.g., as determined from
high-resolution gamsa-tay spectroscopy. As
extensive field experfence has desonstrated,
the combiration of these two techniquas can
be oxtremely effective --as long as the
contribution from (a.,n) neutrons and sample
self-multiplication is not too large (cf discus-
sion of (a,n) and aultiplication effects
below).

For most applications the passive neutron
signal from uranium §s too small to provide a
reliable assay signature. The major exception
is UFq where the high cross section of the
(a,n) reactfon on fluorine provides a useful
uranfum assay signature, that has been used to
messure highly enriched UPq cylinders and
liquid UF, at the product load-out point
of enrichsent plants.!®

By far the most widely used passive neutron
counter is the High Level Neutron Coincidence
Counter, HLNC!® (See Fig. 8) developed st
Los Alsmos for the assay of bdulk plutonium
sanples ranging from 10 g to several kilograms
of plutonfum, and ?4%Pu content from a few
per cent to ~ 30%. The HINC has becoms ome of
the resl “workhorses® of IAEA safeguards
{nspection and verification oparations world.
wide. It can assay sasples containing 300 g
or more of plutonfua {n 300 seconds with a
precisfion and accuracy of better than 18, The
utility of the basic HLNC syatem has been
greatly extended by the development of a whole
family of HLNC-like detectors with speclalized
detector heads, but all employing the same basic
“shift-register® coincidence e¢lectronics.'’
Individual detector heads vary greatly depeanding
on the materials and configurations to be
measured (e.g., ranging from heads for small
inventory samples to large fast reactor fuel
assemblies).

Many nuclear material samples exhibit a meas-
urable neutron aultiplication value, especially
the larger samples with hundreds or thousands of
grams of efithar 38U or 73%Pu.  Thua passive
neutron measurements can be altered by neutron
woderators (e.g., moisture), reflectors, and
absorbers in or onear the saaple. Cenventionsl
coincidence counting procedures have worked




The Nigh-Level Meutron Colncldance Counter,
widely used for assay of plutonium sanples ranging from
10 g to several kilograme with measurement precision

Figure 8.

and accuracy of -l8 or better. The HLNC 1s wused
routinaly by IAEA and EURATON safeguards inspectors (n
auclear Installations around the world.

reasonably well for pure Pu0; materfals; how-

ever for highly multiplying samples, impure
oxides, samples wich high 3¢'Am content, and
salts with high (a.n) ylelds, the procedure

fails becauss of the unknown wmultiplication
and induced fission rates. A method was
developed several years age to correct for
multiplication effects based on measurement of

the real coincidence count vate, R, together
with the ratio of R to total neutron rate,
T; t.e , the “reals to totals” ratio.?®

More recently, detafled multiplication correc-

tions have been applied to speclal cases;
e g , & neutron self.interrvgation technique
tor assay of plutonius in high (a,n)

saterials *! Also, Mante Carlo sirulations
of neatron colncidence counter assays have been
surcesstully applled?? to passive assay of
lavye, woist PuO; samples for which erro-
neounly high assay values are obtained by
ronventional coincldence counting procedures.
Notwithstanding the significant progress
that has been made {n developing coincidence
counting corrections, the major area of
development {n neutron assay techniques
continues to be focused on finding better ways
te seasure and correct for sample multiplication

effects. To state the probles brfefly: in the
gensral case of passive neutron counting there
are three principal unknown varlables: plutonium
maxs, sample self sultiplication, and (a.,n)
rate; however, there are only two measured
parameter» in conventional colncidence counting
{.e., ®real” neutron ceincidence count vrate,
R, (coincidence neutrons that originated in
a cosmmon flesion event) and total neutron
count rate, T, Among a nusmber of possidle
approschsa,?? this basic problem of “one-
too-mary uiknowns® i{s currently being addressed
st Los Alamos in two quite different ways,
although each involvea the developmant of
an innovative neutron counting system. One ia &
fast neutron counter using liquid scintilliator
detectors, and gamma ray/nsutron pulse shape
discrimination. ?¢ This detection system {s
designed to measure all thres of the unknown
quantitiess noted above, and to minfiize any
interfersnce from gamma-ray responsse of the
scinti{llators. High-resolution coincidence
circultry separates the smplifisd scintillator
pulses {nto single, double, and triple
coincidance events, just as nsutrons ars emitted
in pairxs and higher wsultiplicities in the
fissfon process ftself,

The sescond innovative mneutron counting
system {3 the *neutromn multiplictey
counter®?® designed to finvestigate the  use
of neutron multiplicity distridutions for NDA of
plutoniua saaples. Like other NDA methods, this
nev approach to neutron assay of plutoniua {s
also based on an inherent characteristic of
fission physics --namely that the average nuaber
of prompt neutrons produced in the 2Py
fission process is higher for the neutron-
{nduced fission of 2spy than for the
spontanecus fission of ?¢9pu, Based 'n this
small but telling characteristic differe :e, the
detailed wmeasurement and analysis of nsutron
multiplicity distributions can be wused to
determine the neutron msultiplication in
plutoniun szamples. To enhance the wmultiplicity
conformation, the multiplicity counter was
designed with low deadtime, fast neutron
die-away time, and high efficiency. The working
system (overall dimensions -80-cm dlam by -70-cm
high) {s shown in Fig. 9. The neutrons are
detected by s total of 130 JHe destectors
conflgured in five concentric rings; the sample
cavity is 15-cm in dlameter, and the body of the
counter is surrounded by 5 cm of polyethylene
reflector. A total of 34 AMPTEK circutts?®
are used to reduce deadtime. Neutron
sultiplication has heen determined by analystis
of measured neutron wmultiplicity distributions
for samples of pure plutonfum oxide with varyimg
240py fractions (5-20%), for plutonfum oxlide
aixed with matrix materials having various
(a,n) yields, and for pure and {mpure
plutonfua metal. Mass uncettainties from
courting starlatics range from 0.3% for ~1 Kg
pure Pu metal to 1.4% for ~1 Kg pure Puds
wvith (a,n)/SF neutron ratios below ~1,




Figere 9. The "nsutron multiplicity counter® (n opera-
tiem at the Los Alamos ssfeguards RAD laboratory. The
outer shleld aecasures -80 cam dlameter by -70 ca in
helght and the central sasple cevity is 13 ¢m in
dismeter. The neutron multiplicicy counter is designed
for sccurace nondestruccive assay of Pu samples wvith
unknovn self-sultiplication and (a,n) ylelds.

(SFeSpontaneous Fission). Counting statis-
tics errors rise rapidly for high (a,n)
sanples ((a,n)/SF > 3), and at high counting
rates. The most promising spplications of the
neutron multiplicity counter are assay of {mpure
metsl samples up to several Kg and impure oxide
sanples up to ~1 Kg, both with (a,n)/SF
ratios < 2. Concerning possible coaplementarity
between the liquid scintillator and neutron
multiplicity methods, for high (a,n) mate-
risls the 1liquid scintlllator counter, when
fuily developed, may provide a useful supplement
to the demonstrated capabilitles of the neutron
multlplicity counter.

Moving now from passive to active neutron
assay, here the fission process itself s
erjloyed directly to stimulate (or "induce”) a
destred assay signature. The NDA of 33y
materials provides a very practical case in
peint. because YU does not have a passive
neutron signature, 23%U.bearing  samples are
frradiated with neutrons to induce fissions in
the 13%U, and the resulting emftted fission
neutrons (prompt and/or delayed) provide a
signature for accurate NDA. Examples are given

below of state-of-the-art active neutron NDA
instruments that utilize prompt neutron as well
a5 delayed neutron rtesponse measurements (and
slsc delayed gamma-ray response) to determine
fissile material content with acttsinabdble
accuracies of one percent or better.

Indicerive of ongolng U.S. technlical
support to the Intermstlonsl Atomic Inergy Agency, this

Flgure 10.

front cover of the IAEA Bulletin shows & top view
of the universal fast-dreeder-reactor sssembly counter
developed at lLos Alamos to peasure totsl Pu conteat by
asutron coincldence counting. The advanced analog
electronice csn sccommodate peutrom councing races
above & allllon counts/ aecond, thereby ensbling
sccurste messuremsnt end verification of Pu In fast-
breeder-reactor assesblies concaining as such es 16 Ig
of reactor grade plutoniuve (208 ?4%Py).

First we clte the Active Well Coincidence
Counter (AWCC) used for assay of 234U content in
enriched uranium materials. Two (a,n) neutron
sources {(AmLi, each -5x10%n/s) located above and
below the sample well are used to interrogate
the sample, and the i{nduced fisslon neutrons are
counted with standard shift reglster coincidence
electronics. Colncldence counting discriminates
against the random “singles” (a.,n) neutrons
from the Anli sources while detecting cofncident
neutrons from neutron-induced fissions in the
138y present in the sample. The AVCC is
used to wmeasure bulk UOD; sanples, high
enrichment uranlum metals, LWR fuel, pellets,
3335.Th fuel materials having high ganca-ray
backgrounds, and more recently even mixed-oxide
samples. 7 A second important application
of active neutron coincidence counting is the
Uranium Reutron Coincldence Collar (UNCL, see
Fig. 11). The UNCL can be operated in both the
active and the passive mode to measure ?'%U
and the 3%  content, respectively, of both
PWVR and BWR light-water reactor assemblies. In
the active mode a low-intensity (5 x 10¢
n/s) AsL{ neutron source luterrogates tha fuel




Figure 11. The Uranius Neutron Coincldence Collar
(UNCL) is shown hers mwasuring & PR fuel assesdly
mockup. The UNCL can be operated in both the active
and the passive amode to measure *3%U  end 30U
content, respectively. of both MR and MR llght-vacer
reactor assemblies. The U  response sensitivicy
enables detection of the resoval or subscltution of 3-4
rods in a PWE asseably and one rod in a BWR assembly.

assembly, and the induced prompt neutrons (from
238y fisgion) are coincidence counted. Vhen
no interrogation source is present, the passive
neutron coincidence rate (from 238y
spontaneous fission) gives a measure of the
3%y in the fuel. The 23%U response sen-
sitivity enables detection of the removal or

substitution of 3-4 rods in a PWR assembly and
one rod in a BWR asseably.

The so-called ?2%7Cf shuffler?® {llustrates
the application of active neutron fnterrogation
together with delayed neutron response measure-
ments.  The heart of the ?83Cf shuffler is an
annular neutron detector into which the sample to
be assayed is placed. A large ?*3Cf source (107
to 10'° nys) §s repetitively cycled (“shuffled®)
into and out of the detector cavity region to

irradiate the sample and Induce fissions {n the
‘380 present. Between successive 257ClH neutron
itradiations the detector is gated “"on® to count
delayed neutrons from the induced 23%U
fisstons. Properly calibrated, this delayed
neutron signal then provides a measure of the
spount of 2%%U {n the sample. The shuffler

technique has been adapted to different wmeas-
urvment problems and container sizes from small
vials to 200-¢ (55-gallon) drums. Shuffler
systems can measure highly-radiocactive samples,
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such a3 irradiated fusl and reprocessing waste,
because the 383Cf source strength  can be
{ncreased scasvhat to override the background
rediation. Fig. 12 {llustrates a %3¢t
shuffler system {nstalled at the UK prototype
fast 3:3ictor reprocassing plant in Dounrsay
Scotland under a joint evaluation project
betwesn the U.S5. and the U.K. The shuffler
systes has been used nearly contimuously over
the past five years for the assay of plutonius
in hot scrap and leached hulls (from spent fast
reactcr fuel) in the head end of the
reprocessing plant. In seversl applicstions in
the U.S. as well as in Dounreay, the shuffler
has been built into an existing hot cell, and
the shielded source "storage position® |is
located in the center of the existing cell
valls. Another large ¥83Cf shuffler systes
has been {nstalled at the Fluorinel and Fuel
Storage ("PAST") Pacility in ldaho, where ft s
in routine use for fissile assay of frrad{ated,
highly enriched uranium fusl asseanblies (with
assay precisions of 2-34). 2

The 282Cf  shuffler systems  just noted
provide yet another practical example of the
common technology “roots® of nuclear fission and
nuclear safegusrds; {.e., the unique
characteristica of fission delayed neutrons
(decay group pericds, asbundances, and absolute
fission ylslds) that pace the fission chain
reaction and enable the precision control of
nuclear reactor kinetics are the very same
unique delayed neutron characteristics that
provide the incisive "signatures” required for
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The t3Cf

Shuffler used
interrogation and delsyed neutron sssay of plutoniva in

Figure 12. for neutron

leached hulls (from spent fast resctor fuel) in the
head end of & reprocessing plant. The Shuffler can
aleo de used for routine precision assay of "%
content in ltrradlated Aighly-enriched uranium fuel
asgemblies.
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accurate delaved neutron assay of fissile
ssterials for safeguards.

finally we cite an active neutron
{rterrogation system that utilizes not delsyed
neutron but delayed gamms-ray response: the
automated ?83Cf fuel rod scenner, developed
early fin the Los Alamos Safeguards R&D
program, is used for quantitative asasay of
both light-water-reactor and fast-breeder-
reactor fuel rods. The fusl rods are i{rradiated
with a rsace neutron source to {induce
fiss{on in the fissile fuel (333U or
73%py) loading of the rods. Measurements on
the delayed gamma rays from induced fissions in
the fuel rods are then used to determine
pellet-to-pellet uniformity of loading, and
total fissile content; f{.e., granms 238y or
33%py, to better than 0.5% accuracy. Fuel
rod scanners are today widely used --for process
and quality control, as well as material
accounting and control-- in comsercial nuclear
fuel manufacturing plants in many countries.

Many of the {nstruments described in this
paper exemplify an {mportant trend {n NDA
{nstrumentation development, namely
computerfization and standardization of
messurement equipaent and procedures for
safeguards inspection and verification. Insofar
as possible the newv, "intelligent” NDA
instruments are equipped with software programs
for performance self-diagnostics, calibration
and measurement quality control. Some
instruments, such as the Portable Mini-MCA, also
feature {interactive-display prompting of the
user (e.g., safeguards inspector) through the
proper detalled measurement procedure, and
perform all necessary calculations to give
direct on-the-spot measurement and verification
results. These “intelligent" NDA instruments
offer many {mportant advantages in field
performance (e.g. by IAEA inspectors), {n new
equipment acceptance and {nspector training, as
well as significantly reduced equipament

maintenance and fleld-logistics problems.

Mich of the current NDA development effort
{s directed toward wodifying and lamproving
existing techniques, e.g., improved methods for

neutron multiplication rcorrection, gamma-ray
peak area evaluation, and gamma-ray attenuation
it heterogeneous materials, as well as ongoing
development and improvements in the {mportant
NDA area of calorimetric assay techniques and
procedures 10 One  example of work on new
tehrigue development {s the application of
caser-induced breakdown spectrogcopy to
Nighesensitivity measurements of flowing uranium
and plutonfum solutions as well as to
Lighly-radicactive solutions.?® Clearly a
key area of ongoing concern in safeguards R&D
is the development and ficld implementation of
good measurement standards and calibration
procedores. and the accurate determination of

bias end precision for NDA techniquas.
Noteworthy in this connection is the use of
Monts  Carlo simulations®! to determine calil-
bration paramsters for neutrom coincidence asssy
of mixned oxide fusl slements, and the potential
for more .ffective, less costly inspector
verification of finished resctor fuel elements
by reducing reliance om expensive physicsl
standarda.

In addition to transportable and {in-plant
KDA systems for quantitative measurement of SMM,
there slso is an active ongoing effort in the
development of rugged, hand-held instruments fer
use by relatively untrained personnel for search
and detection of special muclear materfals. For
instance, twvo recently daveloped instruments
provide the capabilicy for direct, on-the-spot
verification of the presence or absence of
certain sensitive nuclear matertials.3?? One
fnstrument  uses a SLiI(Fu) scint{llator and
pulse-height analysi{s to verify the presence or
absence of plutonfum by messuring neutrons
emanating from a container surface. The other
instrument uses an LED-stabilized MalI(T1)
scintillator and thres single-channel analyzers
to measurs and strip Compton background from a
gamna-ray peak or region of interest to verify
that certain fsotopes of plutonium or particulsr
senrichments of uranium sre present or absent.
These nev instruments are lightveight, have low
pover requirements, and are easily operated (n
the field by nonspecialists.

The nation’s Safeguards R&D program {is
comnitted to the developsent and application of
state-of-the-art NDA {nstruments, techniques,
and systoms to meet the requirements of
government and coamercial nuclear facilities, as
well as the needs of safeguards inspection
authorities, both domestic and international. A
highly productive cooperative R&D effort between
{nstrument developers, safeguards systess
analysts, and materials processing experts |is
actively ongoing today with the overall
objective of developing integrated
"near-real-time” material accounting and control
systems for demonstration, test and evaluation
in various facility types. A timely case in
point is the recently installed {ntegrated
system of automated NDA instrumentation
(gamma-ray spectrometers suppllied by Livermore,
neutron coincidence counter by los Alamos, and
calorimeters by Mound Laboratories) for nuclear
materials accounting and process control in the
new plutonium scrap recovery facility at the
U.S. Department of Energy's Savannah River Plant
{n South Carolina (See Fig. 13). The entire
integrated KDA systema i3 presently undergoing
full-scale test and evaluation at the Savannah
River recovery facility.

Finally, we cite one further example of
ongoing safeguards technical support and
cooperative activities at the {International




level Lnder a formal US-Japan agreement for
coaperation 1in the peaceful vuses of nuclear
enecgy, & vnumber of NDA instruments are
vurrently being developed by the US Safeguards
B&D program i1 cooperation with the Japanese PNC
(Power and Nuclear Fuel Develoupnent
Corporation,, these {nstruments will be used for
{r-line measurement of mixed oxide (MOX) fuel in
the new, large (5 ton MOX/year output) Plutoniua
Fuel Production Facility (PFPF) at Tokal Mura,
Japan. ?? The FPFPF facility will supplv MOX
fuel for Japan's fast breeder reactors, M NIU
and JOYG, as well as future plutonfus recvele
light water reactors NDA instruments to be
installed in the PIPF will measure feed
materials, process materfals, fuel pellet
tabrication, handling snd transfer, tuel pins in
trays, completed MOX fuel assemblies, as well as
process-line holdup, scrap and waste All
material hLandling and processing operations are
carried out by automated, remote control s that
all the in-process HOX material s, in effect,
confined within a sealed “containment envelope*
from the input of feed materfal to the firal
output of finished MOX fuel assemblies. The
e 13 Kigh tesol.tion gana ray spectrometers PFPF facility represents a very significant
tor selids isotopic analyses) recently installed in advancement In modern nuclear fuel fabrication
"he sapple awsav :oom of the new plutonium scrap technology and, as such, represents a
re overy facilltvy ar the IXOE Ssvannah River Plant correspondingly significant challenge and
Ve and lower photos are front and rear views of opportunity for the development, test, and

gElonvs Bax lline) The piclured spectromerers are p‘lrL implcnontatlon of state-of-the-art laf"ulrdl
! & compleie integraved NDA svstea., which also

- lindes & feed assav ne.airon coincidence counter and technolegy in s state-of-the-art hl‘h'thrwshp“t
© . alarimerers ’ nuclear production fac{lfity.

Notwithstanding the fmpressive progress that
haz been made in safeguards technology develop-
ment and {mplementatfon, 1t is patently clear
that the effectiveness of nuclear safeguards
depends not only on technology and hardware,
but also on the people involved --both the
safeguards 1Inspectors and the “{nspectees” in
nuclear facilitles. As in all husan
cndeavors, the actual {mplementation of
eftective and workable safeguards must be
carried out by people --and moreover by
qualified people with the requisite tratning,
kruowledge, and motivation. Towvard this
absolutely essential goal of effective
safeguards tralning and technology transfer, the
Unlted States has led the way in developing and
conducting over & dozen safeguards tralning
courses each year for {nspiectors and safeguards
professicnals from throughout the United States
and countries around the world Indicative of
the importance attached to safeguards training
and technology transfer, since 1980 every new
TAEA (Inteinational Atomic Energy Agency)
fuspector has been required to complete the los




Alamos NDA fraloing course for [AEA inspectora
Ta date this has involved a toral of some 400
TAFA people

Etfective operation of the overall
{nternational safegusrds regime depends not only
on a vell trained I[AEA inspectorate, but also on
the effectiveness of the State ({.e , national)
safeguards systeas whose performance the
fnternatlonal system must independently wverify.
It (s therefore essential to have in place an
ongalng program of training and technology
transfer for key personnel in Member States who
are responsible for the State’'s safeguards
systea (including, of course, safeguards at the
State’'s nuclear facilities), and for the
interface between the State systex and the
1AEA . The wneed for steadily lwproved State
Systens of Accounting fur and Contrel of Huclear
Material ("SSAC") led to the series of IAEA
pas{c SSAC Training Courses that were begun by
the Agency in 1976, in recent years these have
been strongly augmented by SSAC implementation
courses given alternately in the U.S. and in the
USSR, both fn close collaboration with the
1AEA. The 1988 SSAC course (focusing on
discrete ltes facilities) was convened November
14-26, 1988, at Tashkent, Ugbekistan, in the
USSR. It is followed in the USA by an advanced
SSAC course (focusing on bulk handling
factlities) held in Los Alamos/Santa Fe, Naw
Kexico and Richland, Vashington, froa May 1-19,
1989 (See Fig. 14). Course participants include
a total of 24 course attendees (trainees) from
20 nations, and 32 lecturers from 7 nations, the
IAEA in Vienna, and the EURATOM Safeguards

Directorate in Luxeasbourg. Many years of
experfence have shown that the SSAC and 1AZA
{nspector courses as well as other internstional
and domestic safeguards tralning courses
contribute not only to the technicsl
effectiveness, acceptance, and credibility of
safeguards, ~.t also help to build a spirit of
cooperation, mutual confidence, and a shared
sense of professional commitment aemong
safeguards professionals from around tha werid.
By its very nature and afssion, the ssfeguards
profession tends to engender a common dedication
to the chaiiengs of nuclear safeguards and
nonproliferation in the nuclear age whose 50th
anniversary {s commemorated in this historic
internationsl conference.

Concerning the nuclear age and prospects for
the future, 1 wvould offer a general observation
that the IAEA‘s unique world-wide safeguards
inspection and verification experfence can
provide a useful guidaline for developaent and
evaluation of possidle future {nternstional
verification systems, as for example in the
sensitive and pivotal ares of nuclear arms
control. As IAEA Director Ceneral Hans Blix has
pointed out in reference to IAEA safeguards, the
success of this first bold experiment in
institutionalized international verification
could serve as an inspiration and wvalusble
guideline for developing needed verification and
control measures in the context of nuclear
disarmament--or conversely, should i{nternational
safeguards be percelived to falter, this could bde
a significant setback {(n the prospects for
nuclear arms control. With US-USSR

Figure 14. The zost recent in the
ongoing serles of Incemational
Training Courses on State Systess
of Accounting For and Control of
Nuclear Materisls wes held Ray
1-19. 1989 In the USA at Lo»
Alemos/Sanca Fe., N M. and
Richland, Wash Course partici-
pants, gshown in thls group
photograph. lnclude 26 course
trainees from 20 netioms, and 32
lecturers from 7 nations, the
lAEA, and the BSURATOM Safeguards
Directorste in luxesbourg.
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Lopementation o!  che INF treaty already well
v ie prospects for further
st Ltive srmn cOonRIlo] negotlations, (U seems
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e Yeolapy . scitahlv adapted  an necessary,  is
destined to plav a kev role i the achlevement
6: etfective veritication of nuclear arms

contiol sgreements, of whatever 'yps the future
may bring

The preparation of this review naturslly
fivel ced externsive teflection on the history of
o iear fission and the  consequent emergence
st the issae atd the discipline of nuclear
satepuards:. in the rourse of all this
treniniscing 1 could not help but recall, with
nostalgia and pratitude, the many outstanding
friends and asscociites who provided inspiration,
guidance, and suppor: at varfous stages along
the wav Although it would be impossible to
name all those to whom [ am thus indebted over
the vyears, this unique 50th Anniversary
Conference affords a verv specisl opportunity to
express my debt of gratitude to both of our
distinguisted Conference Co-chairmen: to
Professor Emilio Segre, my postdoctoral advisor
s sponsor at Perkeley in the early 1950s, and
to Frotessor CGlenn Seaborg who, as AEC Chafrman,
felred ensure establishment of the nuclear
safepuards R&D program at Los Alamos over two
decades ago It has been a great privilege for
¢ as for manv of us in the nuclear fileld, to
ne assoclated with both of these great
sc1eptist -pienerrs of nuclear fiss{on.
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