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NUCLEAR FISSION AND NUCLEAR SAFEGUARDS:

COMMON TECHNOLOGIES AND CHALLENGES

G. Robert Keepin
Los Alamos National Laboratory
Los Alamos, NM 87545
(505) 667-6394

ABSTRACT fts practical application. The unique
characteristics of the fission process and of
Nuclear flssion and nuclear safeguards have fissionable materials that underlie the
moch  in common, including the basic physical technology of all fission energy applications
phenomena and tnchnologles involved as well as also provide the unique "signatures" that are
Lthe commitments and challenges posed by expanding essential to quantitative measurement and
nuclear programs In many countries around the effective safeguarding of key fissionable
world, The uunlque characteristics of the fission materials against theft, loss or diversion,
process--such as prompt and delayed neutron and Through the years, fisslon energy and safeguards
gamma ray emmision-.not only provide the means have been closely interrelated, not only
uf sustaluing and controlling the fission chain technically, but also in other ways including
reactlon, but also provide unique “signatures" certainly politlical, and this close coupling is
that are essentlal to quantitative measurement ongoing today with effective and credible
and effective safeguarding of key nuclear materi- safeguards an indispensable component of a
als (notably 239Pu and 238U) against theft, loss, viable and expanding nuclear enterprise
ar diversion. In this paper, we trace briefly worldwide.
the historical emergence of safeguards as an
rsseutlal  component of the expansion of the NUCLEAR FISSTON
auclerr enterprise worldwide. We then survey --AN INDIVIDUAL HISTORICAL PERSPECTIVE
the major categories of passive and active
nondestructive assay techniques that are As a point ¢f departure, we look back nearly
currently In use or under development for rapid, a century to the year 1905, when Albert Einstein
accurate measurement and verif{cation of safe- published his theory of relativity: ever since
goarded nuclear materlals in the many forwas in then 1t has been reallized that, based on
whlich 1they oceur  rhroughout the nuclear fuel mass-energy equivalence (the celebrated E =
cyele, mc?. - probabl ; the world's most famous, and
fabled, scientific equaticn ever) there was a
INTRODUCTION theoretical possibility of releasing enormous
energy from matter (and subgequently the "curve
Nuclear flsslon and nuclear safepuards have of nuclear binding energy" clearly confirmed
uoch 1o comman, from thelr roots {n a common this) . As we now know, nuclear fission was
lasle vechnology to the <losely-coupled chal- actually flrst produced in 1934 by Enrico Fermi
lenges ol miclear flssion energy and the neces- and hls co-workers when they Ilrradiated many
sary assnrunces provided by nuclear safeguards, elements {nciudlug uranlum, with the newly
In keeplng with the guldellnes set by the discovered mneutrons, They tound a numher of
crpanfzers af this historic commemorative different fB-.actlvities to be produced from
cunferemer,  the prenent review, which was uranium, but belleved that these were due to
vinpnested ta ecover both history and contemporary neutron captire, Later radloclhiemical work
desselapments, I pregsented {n two major subject {nidicated some of the tnew activitles were frum
areas the tlrst sketehes some flrst-haad clements chemlcally similar to 1he much lighter
prrceptlons el vetlectlons on the history of elements Ba, La, etc,
v lear tlaanhm and the sabsequent emergonse of
e bear satopnacds, whille the  gocand  subject Flssion temajued unrecopnlzed un'{i .lanuary
avew envers dthe present status oand techmleal 1939 when the meticulous work of the (erman
capabtthrbes ol modern une lenr snfegnards A tadlochemisty O, tlalm and F. Strassmaun, showed
comuer Vheoad chronglinn the ent Lee paper Is the that these products were not mevely chemleally

vy ppltame ot by contervmes, Lov o, ahe stnllar va llghter elements, but were llphter
ventbabdbe plietvanenon wt ot lear tlsslon,  aul



elements.@ In that same month Lise Meitner
and Otto Frisch (in the January 16 1issue of
Nature) named the new procerss “"fisslon,”
predicted that the fragments should have large
kluerdlr energlies, and explained the process lu
terms of a liquid-crop model Also la that same
mouth of January 1939, Eurico Ferml arrive! lu
the Unlted States from Fascist Italv.

Following the discoverv of fisslon., cou-
firming experiments were quickly carrled pnut In
laboratorics around the world. It wias sooun
discovered that neutrous ware produced 1n the
flsslon process, aund that almost all of the
fissfon of uranium was occurrlng In the
velatively rare lsotupe, 233U, In that
same vear (1939), Niels Bohr and .ohn Wheeler
publlshed thelr theorv of fission, basen ou the
Hyguld-arap model, which Is still fundamcutal to
modern flssion theory.

On the date of publication of the Bohr-
Whecler paper. September 1, 1919, CGermany iluvaded
tolund, the Second World War was underwav, and
fisslon suddenly took on a new {mportauce. |1t
wis reallezed by many that o {ission chain reac-
tlouw mlght be possible, resulting In the release
vl verv larpe amounts of cnergv. Thus, informed
svientlsts were already aware in 1939 that |t
wlgh: well be possible ta produce the destructive
ctlect ol mmy  thousands of tons of hilgh explo-
slve with a slugle bomb contaluing a relatlvely
smill amount of fissionable materlal. It scemed
Prabable that Germany would press shead with thils
development . Appreliensive of this  possiblllty,
selentlsts In the rest uf the world largels
veased publishing flssion results by 1940,

T Yilewe! from the hlstorical perspective, It

Is most Interestlng that todav, a half ceutury
larver, we have the startling announcement/clalw
al o radlenlly wew, allegediy-niclear,
phenamenun popular lv known as "cold fuslon.®
Exper lment 5 to date are [nceoncluslve (some ave
vven disputed), and the verdler Ly »learly stlll
aal o "rvold fuston”: at this wrlvlng the
clalmed larpe encrgy release {rom cald fusion s
el pderstood- -wlth conjectures  tunglug  fram
the anprecedented passiblillty of elear
veactluns resnlilupg feom rame 1vpe ol
cliemleal /malecenlar Interactlons tn the very
temite possablllty ol a radleally new penve ol
alvea blph exarhermle chemleal  veact longar,
ahetbher bvmer ar breakthroaph, 1the  araneed
otem e cemmunlty o will o oses 1o [V oahar thils
i oo ahieetbvely ol et inltlvely vesolved,
ared that Notare's teath wlll o oart

PUOALFRED v NLERY m the Uulvernlty ol
Mlwewesora rper drect vepaest ot karlea Ferm))
et el a namp e TN B A R TN WYY 1Y
tevent by ddewe Lapesl o, spec b pame b I'he

cawple wan thien et e Ualaab la Padeer oty
whorte IE way et vl bow vl tane Lamtopee 'y
venpeunt L ey Tor aliw vt pene L Uas o

Work on fission was continued quletly at an
fwrreasiug rate. In June 1942, che Mathnttin
I'riicrt was secrerly undertaken In the Unlted
States, wlith the objectlve of praduclng ourlear
woeapoas, il possibly Arazinglyv soon
eredtCer, rhe world's first self-sustainlng
Vission clodo reaction (lasthup 28 mlnutes) was
prodduced on Deecember 2. 1942, under the
direction of Enrlco Fermi, the *ltallan
Navigatoer,” who with hls co-warkers lhad
carelallv assyabled  biocks of ordinarv uranlwn
and  extra-pure graphlte (as o neutron
"moderator™ to slow down the neutrons and
increase the likellhood ot fissiond to producce a
reartor, wider the West Stands of Stupg
Fleld Studium at the Unlversity of Chicape. An
incredibly short time later the glpantie gaseous
diltaslon faclllhiy wis walertaken (startlng on
a% at Oak Rldpe, Teunessee to separate  the
were flsslonable  Isctope 23%0 rom ordiuary
aranlam  (a prodipious  task that, [t was later
learned, had been cousidered a practleal
jmpossibllity v Loth Germany and Japan, at least
tn e for use In wWorld War 11,

A sccond c¢aundlidate materlal tCar a
sellesustatulug Isslon chaln reactlan, wnd
lesslble wuelear weapon, was the plutonlum
lsvtope,  23%pg,  that had only recently been
dlrcovered by Gl Seaboeg aml ca-workers
at Berkeley In 19410 1t was thought, and later
proved, that  plutonfun Guul more  specifleaily
the  Isatope 23%py) should he t lssfonable
hiy vlow neutrons ln the sume way as LRLIVE
Follawlng acrive research on the chemistry of
plutonfum at Berkeley In D41 and cavly 1942,
the Plutanium l'roject was estadilshed In early
1Y at the tnlverslty of Chlceago, mul on Aupust
Jug 144? the {lrst chiemleal compound of pluto-
alum, a fluoriide contalulng anly -1 mlerogram of
S, was Isalareil, dust  three weeks later
the flrst actual welghiny, ol o pure chemlveal
coempound  of platonlnm, I'u0y,, took plave
vir Thersday,  September e, %47 at the newly
cutalillnhed Calverstiey ol Chleapo Metallurplem
Laboratary,

It sceems un preat exagperatl lon to sav that
nacfear t{snlon mud thee ennulng, sucetear age lhiove
lmpactod, to n preaier or lesser depree, the
Hves of most of the flve billlan Inlmoltmt s of
thils planet aml nomy uwn case thls has been

Toe shoutd be borme o whl that,  beeanse
wi lear  safegunrds are dlrvect iy cowrvined with
Lsslonable materlials  and thelry patentlal  for
dliverstlon and miwunse, emplhasis lu thix
hilstorlcval pervspectlive Iy on acusltlve
Llsslonable mater faly  (novalily 2380 awl
VP cthe crvlbleal componenrs L uae bvar
exploslye alovives), Lhow tnes weae Forn
ehtaluced, and haw they wre eod, walepneadet
vont ]l Lt



tvue “in spades."® On the same day tnat
(plutonium) chemistry history was being made,- -
Thursday, September 10, 1942.-- a wide-eyed young
freshman arrived at the Iniversity of Chicago
full of enthusiasm to pursue his {intended major
in the excliting Iieid of chemlstry! My assigned
dormitory room on the J3rd floor of Hitchcock
Hall at the corner of 57th and Ellis, looked
directly over the West Stands of the football
stadium at Stagg Field. During the course of
that very busy and stimuiating fall at the
Unlversity of Chicago, I and many other young
would-be scilentists found the entire atmosphere
electric and highly stimulating. Particularly
impressive to many of us was a sealed.off
heavily pguarded area posted with the stern
warning "U.S. Government Metallurgical
Pruject--Keep Out." As we regularly passed .,
this area on the way to our Monday-Wednusday-
Friduv freshman calisthenics class, we would
ocvasionally pick 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 bfg and {mportant must be going
on, and we wondered when, and 1f, we'd one day
flnd out what {t was all about, That day did
rome nearly three years later on August 6, 1945,
at Cniumbla University in New York City.

In 1943, I was recruited {nto the Navy
"\'- 11" College Training Program and was sent to
MAT in Cambridge, Massachusetts on the condition
that 1 change my major to phyaics, end
subsequently serve as a Radar Officer In the
U.S. Nuvy. Thus I switched from chemistry to
physles, and upon graduation from MIT in June
145, all of us in the Navy V-1l! program were
Immediatelv sent tc Columbia for an intens{va~ 90
dav offleer tralning course (the re,ular Navy
deris{vely dubbed us "90-day wolulers"), With
litier's Germany just defeated, in May 1945, the
war focus was now riveted un the far east, and
we were heing prepared for immedlate sea duty
aid the coming massive ("million-man®*) invasion
of Japau. Everyone understood that a U.S.
Invasion of the Japanese homcland would be
tremendously costly in lives and resources, but
it was to bo the final big push that would end
World %ar 11 and at tast bring “poace to the
warld *  1n eurly Summer, 1945, however, lhe war
was natill rapglug, and though we didn’'t talk
aliout It (the {uvaslon) much, we all knew full
well whal was at wtake for our country, the
world, and aluwe for each ane of us {ndividuatly.

i As cxplained at the antset, this histarfeal
skoteh 1 purposely written from an  lnaividuoal
perspective  (my own), n paiut that should be
kept Iu mind, particularvly {n some aof the

yevounting of
recallectlans

persanal  Impregglons and

Then on the afternoon of August &, 1945, as
we were marching from drill back to our training
ship "The Prairie State," anchored in the Hudson
near George Washingten bridge, we heard the
newsboys shouting "Truman announces
revolutionary new atomfc bomb dropped on
Japan, K" Two burning questions rushed
{mmediately into my mind- (1) might this end the
war quickly, scratch the U.S. invasion, and save
untold lives .-both American and Japanese,
inciuding perhaps my own? and (2) could this
have been what the super secret "Metallurgical
Project™ at Chicago was all about? Both of
these questions were soon to ba answered, in the
affirmative. On August 15 the Japanese
surrendered, the mobilization of the massive
United States Invasion force was called off, and
World War II was over. On that unforgettable
day, August 15, 1945, I found myself caught up
in the wild, tumultuous throng that jammed into
Times Square in Manhattan to celebrate "V-J Day"
(Victory over Japan Day), and the return of
pesca, at last, to the world.®

Immediately after the war, my service
coemitment to the U.S., Navy waa tulfilled with a
yaar of sea duty ("magic e rpet™ duty, bringing
troops back home from the far east) as a Radar
Officer aboard the USS Kingsbury (which we
{rreverently dubbed the "dingleberry®). I then
returnad to civilian life .o complete my
graduate studies 1in physics (the Nsvy-imposed
switch from chemistry had "taken"l), and
September 1949 found ms, or rather us (I now had
a wife and newborn son), heading West in our
"rew" 1939 Ford Coupe to the University of
California, Berkeley to do research under
Profassor Emilio Segre as a U.S, Atomic Energy
Commission Postdoctoral Fellow, Berkeley was an
extremaly exciting place to live and do physics
in 1949, E. 0. Lawrence was Director of the
University of Callfornia Radiation Laboratory
and 1 wes privileged to get to know and to work
along side many leading scientists, several of
whom had worked at Los Alamos In the Manhattan
Project--people like Emilio Segre, {8 Alvarez,
Owen Chamberlaein, Robert Serber, Edwin McMillan,
Larry Johnston, Hugh Bradner, and many others.
From a tachnical and professinonal atandpoint, I
came to have a new appreclation and high regard
for the quality and quantity of tachnical work
that had besn accomplished in such an i{ncrsdibly
short tlme at Los Alamos. I must candidly admit
right here that { had already failen in love
wlith New Mex!co on ecarlier visits te the
Southwest datiug as far back as 1939 --when J.
Robert Oppenheimer himscl! wan nstill exploring
the strange and wanderful natural heauty of "The

Land of Enchantment . * Thuy, when [n the fatl of
1451 1 was offcreldl a research staft! pasftion at
i

"1t seems appropriate hete to elte once agaln
the earliet advinory lontmnte conceraluy  the

rather persounl, flest-lund acconut nature ot

some of the reflect lons vevuunted here,



Los Alamos, I accepten; we arrivinl bag aud
bagg.ge ou "the hill" un i New Mexico
star-studdea New Years Eve, lDecember Y1, 1951

I joined the statt of the Los Alamns
Svitical Experiments Groop, under the leadership
W . ¢ Paxten, which carvied aar pescarch oun
vritical and suber tical ossembilics ot srusitive
Cissiongble materials at the Pajarite Canyou
Site o some  seven miies  neithieast ot the  Los
i W tawnsice The Pajavisa Janve, wite was
vhiosen  tur reritical assembiv o work se that its
inolad i could protect otlivrs tram radjatiun it
aoocriticality accidere  slamtd aeea Y Qrig-
lnally, eritival asscubitics v 5, ot #3585
ated TR PG e various bare and yetoected  can
viparatlons) were ymploved spevitivally lor the
uue fear weapons developrent ol tort Licter, many
experiments wers aimed at estabilishing a wlde
vange at criticeisty-salety putdelines  aund
rentrictions. Also,  extensive  duvestlpurinns
with waricus cuntipurotlons ot lisslic il
tertile materfials 1o bare and veflected
srowme?1ies were catticd oudr te paiu a betier
autderstandiay ot ahe phvsics ol nuclear
teactions  in fissimable waterials and of  the
tissiun process irsell Siel tuvestipetions have
e luded detailed stuties of lission-vhain
dviamivs and  prempt o wenrvor behavioer ol
near-vviticral  osvstews, e pl, "Rossi-a" weas-
urement s of proempt heatesn periads In metal
viltival asscwhlles,? whivh provide an
ludependent methmt b previse reactivity
calilbivatlon, Viearly wdbne ol Lundameat el
mpartancer 1o reacior kinetics and previzion
veactivity determinat v oare the prompt  and
delaved  newtvon and paemg Fav emissioas trom
tisslun, as adiseanasd tuetler below,

The use of latense prampn peaicon bursts {rom
the  lare  23%  esembly,  "Lady cGallva®" (she's
e ladr, ta study the derailed  cluracterlstics
v Lopranp periceds canl viceldsy b adelaved neu-
ftens fram tisslon provides ane ol many exanpiles
v e e of vritical weesenhil les i naetoar
Linstan teneareh The  deras pronp pevlads and

a o .
T tirst avltival assembilles were
Aot apnn-God by sl a0 batarde proceduare e

et e e e el ot ey Daphilian oo e

el T et e Ptee Y e eserh erase
it b by ety meag palatend
G vl o P ma b i P i Beves ot Lo

A T veare i belowr o panadeal by g

e v e tar vnt s ragtaen earhinde gl
et e pee e v Al T vl vioee a
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vields of delayed neutrons are of particular im-
pertance in  the control of nuclear reactors be-
rause they limit, or "pice,” the rate of increase
ur deecrease at whilch a lisslon chalu reaction c¢an
|t ocerd. Delaved ncutron characteristics are
measared by irradiating a small sample of
tissionable material with a burst of neutrons
(vither high-energy "fast" tission neutrons or
low-energy "theimal” nceutrous), then  rapldly
transterring the sampic to a shilelded neutron de-
tector and @easuring the decav ol delaved neutron
intensity  with time. Computer annlysis  into
cxponential  decav-group yvields and prrlods (half
lives) Is thew pertormed by an appropriate itevra-
tive least squares tittiug procedure, The ultra-
Liph neutron  Iutens tices obtainable from a crit-
ical assembly  such as  Lady Godiva provide a
vunie  and  ideal irradiatlon source for such
medsurements . Figure 1 shows the Lady Godiva
bare 23%U  -riiical assembly (%) kg of 93% en-
riched  73%0 metal) that wis used {or the
extensive delayed neutron  stulies  that were
varried out v the mid-19508 at the Critlcal
Experlment.. Facility at  Los Alamos. For opera-

tion talwavs by remote control), the upper cap of
the  Lady Codlva  assembly  (see Fig. 1) was low-
crvd, sunl he  bottom cap was ralsed, to form a

Yo e ladyv onlivae e W i al assembly

vy PN g M Y aeratt e was ! e
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nean s sphere with essen? fally o vet s ter Tl
central  section contatued a4 diametiad o expern:
mental hoie Mglory hele™)r with fillers
and channe's for two 235 (934 enriched)
control  rods Campensation for  opendngs in the
niory hole was  provided by wass adjustreut bat-
tons  of 2720 03ey that  fit jute recesses in
The top  amd batiom spherical  vaps.  The glorvy
Hele was {rtted witho a | oa-in drametral coansfer
Tabee o for rapdd oMY wsee) pocumatic transter ol
e sampie under sty troe its pornt of irvadi-
e it the Godivwe to a anr-
stictded  ventron countlug geometry fu all, the
Lty wodiva ervitical asscirblv wys used to mrasure
deduved  meutemes Trom tast fission ol 3%,
S, LR R T SUPu, and  f3¥Th, and
tyom thevmal tission ot Y450, (3330 4ud ?39pu. ¢

e Chs

Cenietl ot Lady

Delaved neairans ae well as prowmpt ot rons
ard delaved and prompt gamms revs, are onlv o
tew af maan tmtic fissian vlararteristices tlan
are impertdant to the design, as well as
cttivient and safe operation of nuclear chain
-ieting svstems of  varlous tvpes. llowrver,
his werv braad topic would carry ns far afield
from the svope and thrust of thils paper; {or the
rescnt pul poac, suffice It to sav that unique,
charactertsile lisston phenomena (such as
Lissian neatren and guamma-rav emission) that are
saodmportant  in sustaloning aud controlling the
tisnion clhain reaction also provide, by thelr
verv nnisueness, rhe characteristic "signatures®
shat  are enseuti{al ta effective mcasurement ,
satveuaras, and control of seusitive uuclear
tatervials We  sball retuwrn 1o this lmpartian
P i presently laooanr disvassian of  nuelear
cotetards

cears the las Alawos Critleal
ot dwent s Facility los o wacked wlth a0 preat
Cardiet o at o tissivunable waterlal vvpes,
weni tivnt et comllipurad Lena. and thaee hiraaed
weegee ot Tl work at Patarita Site e been
st b awmeuted Lo twa o reveant hilstorleal
Wt For me, owe o ahe mest anloarpet

et impressive expea lewres b lag o some 13

orarita luvelved a sphere o meval Ll
cotendican whileh we shall deslpnate as platondam
; stwply "ILUTEX " The PLUTEX
ta vt wl rwe wmat by hewl s plores
Voo o bametgr e ol nlhe ket Ll
apprestaatels UL ke The

Vi ' hoe
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At sendd Loda e e auts hetd ahe caergy
cabter s o tens ot thoaasnanis ol s b TNT

e ol conrse, to the cnormuus energy relesise
(=200 MeV/lission) lu the process of nuclear
tission, whose discovery we commemavate in thls
Listoris couference. Furthermore, for all its
cunormous  destructive potential, this small
rather Yeuipn-loukiug metal ball, besides belng
extremely valudble, was abvionsly very
stevceptithle 1o cancedlment the!fs, luss it can
Lagpent s and diverslon,

e PLUTEX core is scen Lo an early (1966)
ot o Fig. 2y ws two hrlght meral (Ni-clad)
placed side bv side, flat  stde

.
. "
Yami splieres

Y The  splherleal contigaratious that are so
wlten characteristic of vritical assemblies stem
fiem werye scralghttorward geametrvical
coansiderat vons ol neutron “"economy™;  Loeo,
et rop production v, loss.  Neutrou production
Is a volume effect. while neutron loss
(primarily leakage, especially in bare systems)
is o surtive cffect. The geomcetrlc shape that
waxiwiztes volume to surtace Is a sphecs;
thierefore. for any glven tvpe of appropriate
Pinsivuable marerlal, the mloulimw mount of
vhare) matertal requlred 10 sustaln a chain
reaction is «a spbhere consistiug of the (hare)
"eritical miass" of that matertul.
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Ve, wy o stacked  lead  bricks. Lunne ot anna- v
Lehtwt the (wo vcore bemispberes is . Be
retlector (luwer halt-sphere)  consisting ol w

series of coucentric hemispherical shells
complete out to a diameter of -13 Inches. In
making the critlcal assembly, the plutonlum core
would be positioned in the center of the lower

Be reflector aud then enclosed within a
saccesslon of ucesting upper Be Lemlspherical
shells. The smallest upper Be shell (-4, in.
0.D. and -0.5 lu. thlek) is shown in position in
Fig. 2. The largest upper Be hemisphevical
shell (-9.0 in. 0.D.) Is scen at the lower right

under the soldering iron cord--to the far vight

nf the (Coke bottlce, that is!), With the core
positioned in the lower Be reflector, aud the
uyper serfes of Be shells complete out to a
diameter of 9 in., the assembly would bceceme
<rltleal. in 1946 hand manlpulation of such
critiral assemblies ceased completely, and all
scusitive crltical assembly operatious have

since been carried out by remote control (from a
dlstance of 1/4 mlle). The Flattop
t19-in -diameter “*infinite” natural uraniue
reflevtort assembly at the Critlcal Experiments
Facility at Pajarito Site, Los Alamos (see Flg.
}J) exempllfics modern specially-designed
cqulpment for fully-remotr-control critical
assemhly operations with scnsitlve fisslonable
matvrlals. The striking contrast between
Figures 1 and 3 underscores, perhaps more
vlftfectively than words ever could, the
Impressive progress wide slnce the early days of

liond  operated critlcal assemblice; l.e, as
regards both the mechanles of minlpulation and
operatlonid implicatlons.

Vliewed trom the perspectlve of nuclear
salepuands todavy, my ecarly years at Los Alamos
warkiug in the cerltleal assemblies grrup
provldee iovialuably lunnls-on expericence  and
iusipht lwo the unlque characrerclstles  and
belhavivr ol both small and larpe quantltlres ot
verlear materials of varlouvs types, camposit lous

and conlipgnrat lons. As o very soherlng case in
paint . 1t was PLUTEX that drove home
vele s anvthing conld, 1he vital Importance of
st hapemdt accountutlllty and controls ovver
sensitive naclear materlals In the rapldly
cuncoming melear apge --an Issue (both teclmleal
ad pedtr Lealt ot sreadily fucreasing worldwlde
vene et uter the vears, that was 1o ovulve
aentaad by hwro the broamd diselpline ww  known
A M bear salepinrds

to me, as

EMERGENCE OF NUCLFAR SAFEGUARDS
A PARTICIPANT'S PERSPECTIVE.
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Flgure 3. The Flattop <critical essembly at Pajarito
site, Los Alamos. A plutonium core (with bright
wickel cladding) s shown In place on Lhe vcencral
pedestal. Addie;onal central cores of 33U (931
enriched) and 233U are displaved at the left with
adapters and mass-.djustment inserrs. For (remote)
operation, with adapter v place, the pedestal is

rerracted into rhe stationary reflector heaisphere. aud
vhe two reflector quadranrs (on ways at 45°) are
moved (uward to cumplete rhe 19" diameter spherical
ret leveor of natural U

resiraining, the prollteration ot nuclear
weapons. in 1946, the Baruch plan proposed the
creation of an {oternational atowmic develapment
anthorlty, to be cntrusted with all phases of
the development, use, inspection, and control of
uurlear energy. The plan delineaied the need
tar restraint {n nuelear-weapon development and
for luternatlonnl safeguards and penalties to
prevent dlversion of nuclear materlala frow
clvlllan nuclear power programs. it also
propased that all natlons {oregoe the productlon
wnd  passussion af nucelear wrapous. Althaugh
many vlements of the Baruch plun were eventually

Lworpnyated  Into internattonal safeguards, in
lts time the plan was rejected, and by 1952
three watlons had produced wnclear weapons,
svcrvey hecame the fundamemal nuelear polley of
the Unfted States awd other nations, By the
carly [0 many mac ons were sceeklng ways to

acqolre the benefits of amelear tevlimofogy und

to develup thelry awn e lear cnergy  prageans.
This Larpeoanlay, acrlvity bad an [oberem
ptent Lal et aoly tin peacelal ases lmt ol
Lov wllltavy appllear Lo Ihe  sltwarion
clocaly called Ter pepewed atiemprs to acvive
some form ol furera Lonal medersrandlbog,
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Intervatiangl  eoapevacom b the peaceful  uses
of wuclear cuerpy awt,  at the sam time, 10
estubhlish lutervasioual catrels to cieae e
the products of thls eonperatioo wauld nat e
diverted to miiitary uses.

A major cvent early-on In the Atoms for
Peace program was the first United Nations
Conference on the Pcaceful Uses of Atomice
Eucergy;: this anprecerdented worldwlile coufervuce
was couvened In September, 1955 In Geneva,
Switzerland, As proclaimed by the vlice
presiient of tle Ceneva conference, Nobel
Laureate 1.I. Rabi, here for the first time
sulentists from the West and the East, and from
around the globe were assemhled to discuss the
technlical problems and challenges of the
exciting new nuclcar age. Iusofar as possible,
at the Genera Conferunce all papers from vacious
countries in « given suhject area were grouped
together in the same technical session or serices
of sessions. This format was used throughout
the conference to facilitate detalled
International {itercomparison of new data and
tecliniques. Thus the U.S. paper on delayed
neutron measurements, which I was privileged to
prescat, lbased largely on our recent work using
Lidy Godiva at Los Alumos. was dlrectly followed
in the same sesslon by a Russiaun paper, also on
delayed uncuiron measurements that had recently
livew carried out in the Soviet Union, Like afl
particlpants, 1 found this flrst truly
intermat lonad nuclear conterence, providing for
wne-on-owe  luteractlons  among sclentists from
ol the glohe working 1 the same fileld or
ipeslidlty, to be extremely stimulatling,
slpnifleant, and wemorable

{ recall clearly that many of us In the U.S.
Jdelegatlon to the flrst CGencva Conference were
tllled wlith a sense of hlstory, and some
amazement too. at the open reportlup af
previangly  restyleted  luformat Loy on {laslon
dara, fucel-cvele processes, aud plant
nperations.  Nearly cevery day, after late-nlght
meetings of 1he UW.S. lelepatlon at the

“ Ta c¢lie but uhe cexomple lu my speclfle area
ut delaved neotrans, such Tweractlans provided
nie Iterestiayg awl reveallng hlstarleanl
perspect e, namely that the key  lopartance ol
delaved nentrons 1 conmralllug the rate of
Livalone was vecogiced ey eacly on, net omly
tov the Went, e aluo Lo hee Sovier Dnlon I
tele ol delaved et vaon e vedevae klnet les ad
contral wan e Hloesd tue a0 very ean by peopieeilyg
ut o the poespes tn Jpeacelal al artluewlsey ot
waelear vuergy ! This remarkalily  forwand
Lok g, LE e “prophetv e ) popeer was paddd Lshed
e v vt le moare thane o year after the
At wvery o Thaston, awl more than two yeans
Lo o hilewewent ol dhe tlhent weld -snsiatulog,
Appeam Larely tacrored a1
vl B el wens tonclngie al o yeallom Yuta
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heaobparters Hotel de Rlime, we i new aveas of
sectioun ot flsslon-process alicta
devlassitivd and released to rhe punlle domain.
Larviag chis hlstoric couterence, 1 could oot
nelp but remember my earlier duys as &
University of Chicage freshman wondering just
vhat that supersecret "Metallurgical Project”
under the West Stands was all about. Tu me, the
unprecedented open spirit of Iluternational
cooperation that marked the first Geneva
Conference was 1n stark centrast to the wartime
secrocy that had of necessity characterized
Fermi’s lilstoric filrst "criticality experiments"”
leading to achicvement of the world's first
self-gustaining fission chain reaction just
thirteen yciars earlier in Chicagn.

[ S S

Two yecars after the tilrst Geuneva Conference
in 1955, the luternational Atomic Energy Agcney,
a cornerston¢ of the "Atoms for Pzace"
loplemeatarlon, was creared (lu Qctober 1957) to
focus un, and carry out, the promotion and
conrrnl of the peacetul uses of nuclear energy
in {AEA Mcmber State countrles around the world.

Fostered lu large part by the Atoms for
Peace program. throughout the 1960s peaceful
muclear vuergy programs  flourished {u many
countries because supplier  natfons, includlng
the United States, offered an cxtremely
attractive long-term sourco of nuclear fuel, in
piart to dlscourage the development of other
supply sources. Concurrentiy with this peaceful
development, the 19608 also saw thie number of
nuclear weapons nations i{uc.arase from three to
tive with the addlitlon of France 1u 1960 and the
l'eople’s Republic of China In 1%t64a.  These and
other evenrs led to steadily ilunecrcased concerns
«buut. nuclear weapons proliferation --both the
further build up within nuclear-weapons nations
and especially the possible acqulslitlon by new
nations. In the mid-1960s, {utesifled efforts
to reduce the r!sk of prollferation led
ultlwately, In 1470, to i{mplementatlun of the
Trvaty an the Nonprollferatlon ot Nucicar
Weapons (NPT)

Durlng thls very acrive period of the
mid-1v6ts, | had 1he uniyue (at thiat tlme)
opportunlty te serve tor two yeurs (1'M63-19659)
with the lusulgquarters staff of the Internatlannl
Atomic Ynergy Agceucy {n Vleona, Austrla. There
| headed 1he Phynles Sectlon of the Divislon ol
Resvarch ol Laboratorles, and anr attent lm, was
Inltlally tooasmed an the very acr lve ,aeas of
tlsslomn ael rewetor physles; vop . we aspanlzed
il ol ted the Those Do che aupolng serles ol
TAFA Contervowm en on "The I'hesles sl el sty
of  Flowlon®  Canizboep, 1Y) e well as ot ber
TAEA  Couterviees on "tnelast e Seatter lup, ol
Neatpans®  (Bombay,  hella, R4, aul "1alsend
Neatrou Researebh™  Barvlaeahe, West ticrmany,
't ey, ol s
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to weet with wWermer lelsenherg who occasloually
visited Viewa and "dhe Agencv.”  In the v se
ot onr ftasciwating (tar me at least) discussions
-of physies aud maeclhh wore-- Helceuherg
expressed interest and comerns {n several

areas, luluding the problem of effective
“coutrols" over sensitive nucleir matarials to
cnsure agalust their misuse (i.e., the general
{ssue now called nuclear safeguards). A

prospective future role for physics measurement
instrumeutatlon was impltcit In our discussions,
which left a las:ing impression on me. Not only
were my discusslons with Helsenberg fasciuating
and inspiring on the tcchnical level, but the
same lield true on the philusophical and personal
level.® It seemed that Heisenherg (not unlike
many thinkers) inscinctively sought the larger
connections between the varlous physical and
bliological sclences -:and indeed between all the
natural sciences and all other areas of luman
thought and inquiry, including what he called
"the wider reglons of 1life" as embraced by
socliology, philosophy, and religion. In
comtemplating such a kind of epistemological
unity, he points up the uced for "breadth of
thought,” transcending unarrow discipline
boundaries and categories in such a way as to
ultimately find a way back "to a natural balance
between the spiritual aud material counditlons of
1ife." Helsenberg was indeed a physicist of
remarkable breadth and insight. After my return
to the U.S. from Vienna I looked forward to
future follow-on 1interactions with Prof.
Heiseuberg, particularly after I had beconme
active in the application of physics measurcement
techniques to the burgeonlng new flefd of
nuclaar safeguards, Sadly, hawever, thls was
not to be; Werner lleisenberg died on February 1,
1976, He has bequeathed to us all his
monumental contriburions to plysics as well as
hls wonderful, and for me lusplrliug, essays and
monographs® 1in areas of sclence, philosophy,
and even a kind of noetic spirltualley.

In July 1965, while astlll at ‘ke |AEA, 1
had the opportunity to tour amd lecture In three
major nuclear research centers In the USSR,  Une

tast a0 conple ot examples on the  persanal
Lol . lleisenbery  ware  car alisalntely  anlgue
Civpin dlsplaving  a beat Hal  diumowel sitadded
"t bl colebrared walemat beed o wymbinl ) called
"Lodear .t koown ta oeeay nlivstelst the world over
s the bandianent al o vane o the oot lon tor
e cetelirared "lelsenbiory, aucorvvaluty prhwel-
plo When |ooxelalmed mv admlratlon tor 1he
el caddbgee vabvakd bty ol vl paet Lealar
toe i b im alvwe, Beisenbery el wlith
vioen etk b, an Isr o ela peacleonk vog welpen
LI IRTLI TR Awvny, orher clellplotal v 1or met
Vit b it s was thie olbneese e, -|-l|l(' Loy
LR ot Wt e lbe St ta banes . Lol
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Folliesy ol e lt\l'.’\-:-|---ll.‘;||l-'\l winsion  wan e
encourge ol pramde o thiroegph thee frameewick ot
the tAFA, lwoher datvontivnal conperat ion aud
exchange in certain unclassilicd areas ol
nucledr aud reactor physics data, Extensive

briefings and technical discussious were leld
with prominentr nuclear and reactor physiclsts,
fncluding L. N. Usachev and B. P. Maksiutenko,
the ieading Soviet nuclear physicist in fission
deluyrd neutron research (see Flg. 4). I found
it beth stimulating and reassuring that our
Sovlet couuterparts shared many of our same
coucerns and problems In areas of reactor
kivetics and control, as well as In criticality
safety, and even the "coming" problem of
safeguards and tight controls on nuclear
materials.

Over tlie course of my two ycar assignment in
Vienna®, the ({mpact of mauy factors --world
nuclear developmeuts, the new experience and
perspective gained at JAEA headquarters, and my
widening interest in international technical/
political Issues-- all scemed to combine to
recaffirm more forcefully than ever before, my
earlier convictions about the growlug importance
of achieving stringent safeguards and controls
over sensitive nuclear materials, and the global
chailenge of unuclear nounproliferation
generally. I also had felt for some time that
the expanding capabilities of nuciear physics
measurement techniques might well be brought to
bear on this important problem. in retrospect,
it seems abundantly clear that I mysclf had
grown and evolved concurrently with the emerging
Issue and discipline of nuclear safeguards. In
any case, by the time I returucd to the United
States In the Fall of 1965, I was firmly
convinced that a vlgorous R&D program sliould be
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This

Figure 5.
Safegniards R&D at Los Alamos shows Carl Henry and Chrls

1967 photo from the aarly days of

Masters preparing to measure the delayed-nautron
response of a uranlum sphere uging a "zlpper" pulsed
Weut ron genarator (meta! cylinder at left) as a source
of futerrogating neutrons.

launched to develop new techniques and
Instruments that wonld, in time, provide the
technical basis for meetlng the increasingly
stringent safeguards requirements that some of
us saw as "inevitable".

I felt strongly that the United States

should take the lead in this key area, and that
los Alamos {tself was actually quite unique in
having both the expertise and the facilitiea
that would be essential for the required R&D
effort, {iuncludiug nuclear {nstrumentation and
measuremeut know-how together with the full

range cof materlals procesilug, fabrication, and
recovery facllities for special nuclear
materials. After some initial concerns about

how an R&D program In an area such as safeguards
(particular'y international safeguards) would be
regarded ard supported at Los Alamos over the

fong haul, 1 decided to take the whole matter
--my ldeas, convictions, concerns, and all --
dlrectly to the boss, Los Alamos Laboratory
Director Norrls Bradbury. (There was never any
doubt, incidentally, that Bradbury --who

dlrectly succevded Loa Alawus’ first Director,
.I. Robert Oppeuhieimer-- really was the boss, In
the very best seuse of the word).

After glving the matter due cousileration,
Dr  Bradiury came back with a very positive
response,  and  procecded to arrange for me to
make presentations, brieflugs, etc. to Atomic
Fuergy Commlsslon Chalrman Gleun Seaborg, Gerry
Tape, wud other AEC Commissloners, as well as to
appruprlate stafter  of the Congresslonal Joint

Commitree on Atemle Energy, uming others, In
dune  course.  tundlop was  sccured and the los
Alumas Safepunrns R&AD Frogram was  launched on
December 1, 1966, SIlx months later, the AEG
establlshed the nNfflce of Sateguards and
Matertals Mampement  at by Washington  llead-
Pravters, ax o owell as a new Divislan of
Salvpoarids I the AR Regulatory Branelh (naw the
Nucjear Repalotary Ganmlss lon) .

Flgure 6. “THEN" and "NOW".-a span of nearly two
decades. The upper photo, taken In October 1968, shows
Los Alamos lLaboractory Director Norrls Bradbury and IAEA
Director General Sigvard Eklund shortly after thay had
been introduced for the Sirst time by Bob Keepin, Los
Alamos Safeguards Group Leader. In the lower ("NOW")
photo, taken durlng the recent 20th Anniversary
Safeguards Symposium at Los Alamos, Bradbury, Ekluad,
and Keepln recall the early Jays of safeguards and
Eklund's tirgt vislt to Los Alamos two decades earller.

che selection of tha

As already 1indicated,
Los Alamos Laboratory to spearhead United States
leadership in safegusrds R&D (both domeatically

and internationally) was due in large part to
the unique facillities and expertise that Los
Alamos already had in place. These included the
full gamut of materials processing, fabrication
and recovery facilitiea for special nuclear
materials, Including plutonium and uranium of
all 238y enrichments; it also had the
world's leading (and original) expertise and
remote-control facilities for experiments with,
manipulation, handling and storage of fisaion-
able materials of all compositions, shapes, and
sizes {n both subcritical and critical
conflgurations.® In sum, the Los Alamos
legacy of dlirect "hands-on™ experience with
fissionable materlals (ranging from thelir
detalled "mlerascople® characteristics to their

% In conncction with the special relationship
between critical asscemblles experlments and
safcguards R&D, {1t 18 most appropriate,
efflefent, and mutually advantageous that thess
"wo professlonal disciplines are now closely
voupled both teclmically and organizationally
within the same technicenl division at lLoa Alamos
(The Nuclear Teeclimolapy and Englueering (N)

Division),



overall "macroscopic” behavior in lairge critical

systems, to the nitty-grittv of state-of-
tha-art processing technology) was anticlpated
to be uniquely valuable to the nation's
ploneering safeguarda R&D effort. And indeed,

the iInternationally-recognized leadershin of
U.S. Safeguards R&D over the years bears out ths
highly productive synergism that has resulted

from combining the special materials
capabilities noted above with top-notch
safeguards detection, measurement, and systenms

design expartisa,

SAFEGUARDS TECHNOLOGY.-PRESENT STATUS AND
CAPABILITIES

Beginning in the 19608, as nuclear
activities expanded in many countries around the
world, safeguards concerns {ncreased
correspondingly, and steadily greater
requirements were placed on nuclear material
measurement capabilities (e.g., with respect to
detection sensitivity, timeliness, accuracy, and
representative sampling) for the many fcvms and
configurations of materials found in the nuclear
fuel cycle. This, {u turn, has led to the
development and implementation of a new
measurement technology to supplement, and
complement, the traditional destructive assay
methods of sampling and chemical assay. This
new technolugy --now commonly known as
nondestructive assay, "NDA"-- |s based on direct
physical measurements of unique characteristics

of the fission process and of fissionable
materials, As indicated earlier, there s a
special synergism in the juxtaposition of
nuciear fission and nuclear wsafeguards; 1.e.,
the characteristic fission phenimena (such as
gamma-ray and neutron emission) that are so

basic to the flsslon process and the release of
nuclear energy, provide at the same time thelr
own unique "signatures"™ that are essentlal to
effecitive measurement, accountabllity, aund
control of sensitive twuclear materials. Thus
the development of modern safeguards technolagy
has, by Ilts very nature, .untalled a synergistic
combinatlon of: (1) aetalled knowledga of
certali, inherent characterlstics of the fisasion
process and fissionable materlals togather with
(2) the practical appllcation of these
characteristics In the development of NDA
Instruments and techniques for safeguarding
these materlals.

tall Into
active.

Nomlestructive assay
two major cateporicy,
Pasuive assay uscs
anl/er neutron
of flssionable
luvolves
fuwluce

techuliuces
passive il
niturally emltted pampa-ray
radlatlons as dlrect si{gnatures
materials. ! Acltlive assay
Irradiatfon with neutrans ur photuns to
fiusions in the sumple to le assaycd,
The resnlting neutron or gamma-ray siguatures
are analyzed to determine gquantltatively the
amaunt of fi{ssiunable materifal prescnut, For
more than 20 years {ucavatlve safcepuarda
reyearch and deve lopment programs {n the tnttwml

States, and more recently {n several other
countries, have developed, tested, and
implemented a broad range of passive and active

NDA {nstruments and measurement/accountability
systems that are now widely employed |n
safeguarding nuclear materials in nuclear

facilities of all types. NDA Instruments range
in size and complexity from small portable unlits
(e.g., as small as a carry-on brief case) for
use by safeguards Inspectors In on-site
verification of nuclear material inventories,
to large In-slitu NDA measurement systems
designed for routine in-plant use not only for
safeguards and accounti™ility, but also for
process control, quality control, critlcality
safety, and radiological protection. In thls
section, we survey briefly the major categories
of gamma-ray and neutron-based passgive and
active assay techniques, glve ropresentative
examples of NDA 1instruments currently {n use,
and cite some notable instances of ongolng
state-of -the-art NDA technique development.

Firat, in the area of passive gamma-ray
asssy, many different {instruments have evolved
employlng the two well-known types of gamma-ray
detectors; {.a., low resolution NaI(TZ®)
scintillation detectors and the high-resolution
germanium solid-state detectors. Necessary
corrections for sample attenuation are carried
out uging eicher an external gamma ray source or
by suitable analysis of the measured response to
the sample's own internal gamma rays. Camma-ray
measurements using the so-called "enrlchment
meter" prinrlple are based on the fact that for
fixed detector-sample pgeometry and for samples
that ars thick ref{ative to tha penetration depth
of the 185.7-keV 238U gamma rays, the count
rate due to the 185.7-keV gamma rays is directly
proportional to enrichment. When performed with
care, NDA enrichment meceurements can achieve
0.1 to 0.2 precision at one relative standard
deviation.

In the case of plutonium lsotopic composi-
tion measurements by gamma-ray spectroscopy,
achievable accuracies aere better than 14 for

241Pu and ?¢°Pu, and better than 0,2y for ?3%Pu,
The well-known and widaly used Portabie Mini
MCA, (Fig. 7) Is a battery powered 2K/4K
mult [channel analyzer that can acqulre, dispilay,
analyze, aud racord gamma-ray spectras from
either Nal or high-resolution germanium

detectors, Using sultable standarda and
callbration procedures the PMGA can provide
accurate wou-the-spat measurements of U
eurlchment as well as total 238 coutent
(and can alsa be used for sume 'u verificat{on
appiicationn). A secand lustrumuent, the
Segmunted Gamma Scamner'', 1w used for
measuring samples np to 200 liters [n volume: it
empinys a transmisslon source that is viewed
through a “orizoutal colilmator sli{t to ausay
the sample as a werfes af lhorl mtal megmenta,
and 1then moasures sample respouse and the
transmins{ian correvt{vu sepment hy sepgment In



Flgure 7.

“intelligent"
(at lefr) that can display and record gamma-ray spectra
obtained from a Nal detector (center) or a high resolu-

The Portable Minl-MCA (PHCA) s an
battery-operated muicl-channel analyzer

tion Germanium Jwicector (at rlght).

standards and calibration procedures
provide accurate on-the-gspot measurement of U
enrichment as woll as tocal 3%y content, and
can also be used for some Pu verification applicatlons.

Using sultable
the PMCA can

the case of solld materlals (e.g. scrap and
sclid waste) an ({nportant source of bias can
arise when lumps are present in the sample to be
assayed; a wmethod of detection and correction
for the presence of lumps is under development
that involves assaylng the sample at different
gamma ray energles,!!

The second major category of NDA technlques
ils active gamma-ray assay, represented by the
complementary techniques of gamma-ray
densitometry and x-ray fluorescence, In the
densitometer, a gamma-ray beam is passed tlirough
an assay sample and . gamma-ray dntector
measures the transmitted beam wlose reduced
{ntensity is a2 function of the gamma-ray encrgy
and the amount, or concentration, of nuclear
material between the source and detector. The
{sotoplc sources, %7Co and "8Se-- with 122.0-keV
and 121.1-keV gamna rays respectively.- nicely
(nnd  fortuftuousiy) bracket the 121.7-keV
K-absorptlon edge of plutouium, These sources
are utliized ln the so-called compact K-.edge
densltometer iceveloped for {u-llue concentratlon
measnrements of Pu selutions in glove box llnes

without breaching or affecting {n any way the
plove box coitalmment, An  installad %7Ca-7%8e
K-edge densltometer system has Dbeen uased for

nearly 10 years for assay of product solution {n
the auaiytlcal laboratory of the Tokal fuel
reprocessing plant at Tokal-Mura, Jlapan '?
Generally, the accuracy and preciston of K-ndge

densltometer weasurcments are better than Iy aul
can approach 0.1%; {n practlce they are oftoen
supplemented wlth f{sotople composltlan
measurement 8 . In the vase af other olements
(e.g., uranlum, thovinm) such fortunltnus
Isotuple sources wtth  gomna-vay ceunergles  that

happen to 1lie just above and just below a
desired absorption edge, generally do not exist,
so X-ray generators are often used as the
transmission source for densitometry
measurements.

In the complementary techuique of x-ray
tluorescence (XRF), agaln a gamma-ray beam is
passed through an assay sample, but lere the
absorbed, rather than the trausmitted, gamma
rays are used to provide an assay signal. The
absorbing atoms are ralsed to exclted states
from which they decay by emission of x-rays; the
energies c¢f these x-rays are uniquely
characteristic of the elements in the absorbing
material, and their intensities are proportional
to the amounts present., Gamma-ray densitometry
and x-ray fluorescence have been applied most
successfully to the measurement of uranium and
plutonium ccncentrations in solutions, The two
techniques are complementary: |.e., densitometry
i1s best suited for SNM concentrations above ~10
g/2, whereas XRF 1is best suited for coucen:
trations below this level. At least two hybrid
assay systems have been built that combine
densitometry and XRF, One 1is used to assay
uranium and plutonium {in light-water-reactor
reprocessing solutions at Kernforschungzentrum
Karlsrulie in the Federal Republic of
Germany,'$ and the other 1is designed for
routine use in the recovery section of the Los
Alamos plutonium facility.!'¢

Concerning advanced NDA technique develop-
ment in the area of gamma-ray assay, two novel
methods for determination of Pu concentration
(and {sotopic distribution) have recently been
developed that require no external radioac-
tive sources or x-ray generators, but rely only
on the natural iradiations from Pu, The methods
are ideally suited to the agsay of
reasonnbly pure (1 solutions such as the product
solutlons of a reprocessing plant and the cluate
solutions from anion  exchange columns. The
methods can be applied to aged or freshly
separated Pu and can be 1nsed to measure Pu
cancentrations In plpes or tanks. The flrst

method uses the MCA2 {sotoplec program develajed
at lLowrence Livermore National lLaboratory.!® In
this program a relative detection efficlency

curve |s fitted from 59 keV to 208 keV lucludlng
the digcontinuity at the Pu K-absorption edge,
For fixed sample thicknese, the magnitude af the

dlscontinulty Is proportluaal to ithe Pn
vomrentratlan of the wsolutlon, Applylug this
wethad te 't salutlons with concentent lons
vanpluy, fram b0 g/l to 320 g/t was Tomd
that the I'a concentratlany can be determluel to
L9 whih preclsfons af 1. %,

The necand method'  uses the ratlo ol o par
of paomn-ray  av Xeray peaks  fram the Pnosample:
o almve the K abcarptlon vdpge und one below <
vedpe so that the ubsorptlan coelflelents (mo are
substantlally  diflecent . The mn values ol 129
beV opamnae  (P790)  and TLE keV o x ray (O Ky Lrom

M) dHt ey snbstant lally,  so the patla ol



these ctwo lines 1s a strong function of Pu
concentration, and for a fixed solution
thickness the function can be used to determine
Pu concentration from a measurement of the
111/129 ratio. Applying this ratio method to Pu
solutions with concentrations ranging from 10
g/1 to 320 g/l, Pu concentrations were
determined to 0.26% with precisions of -0.2%.
Calvuvlations show that while the ratio methoc is
iusensitive to the amount of low Z absorber (Z <
10y, for best results the medium Z matrix (Z <
40) in the solution should be less than 6% of
the Pu concentration, and the high Z matrlx
should be less than 3% of the Pu concentration.
Thos 1{f thie concentration of {impurities in the
Pu solutlon 1s less than the amounts given
above, the method can bhe used to determine Pu
concentrations from 10 gm/l to 300 gm/l with
less than 1/2% blas. When the solution is very
thivk, the ratlo approaclies a unigque asymptotic
vilue, with the very practical consequence that
tne ratio method can therefore be used to
determine Pu concentrations in tanks or bottles
without drawing samples.

Turuing now to neutron-hbased NDA techniques,
we address first passive neutron methods, an
area wliere once again we find close technical
coupllng between basic cheracteristics of the
flsslan process and the development of
state-of -the-art NDA instrumentation. Neutrons
originating in nv lear materials are primarily
due to (1) spontaneous fission (largely In
I'u-238, 240, and 242) and (?2) (a,n) reac-
tlors In light elements (e.g., In the commonly
used compounds of uranium and plutonfum, notably
the oxldes, carbldes, and fluorides, or in B,
Be., or L1 ilmpurities). An addltlonal source of
nerutrons can arise, especially In larger
samples, from induced-fissian multiplication In
the sample., In geveral, passive neutron
detevtlon provides a convenient assay
weasurcement . especially for plutonfum samples,
fievause ot hlph neutron ylelds, detector
stmpllieliy, and nentron penetrablllity through
the sample and storage or shipplng containers.
The most  {requently used neutron detector for
NDA Instiumentatian is the *He proportlonal
vannter, chosen tor relatively high neutron
Mertectlos ellfclency, Iusensitivity to gamma
vavs, vellablllvy and long-term stabillty.
Svutdaneans tisslon "eolneldent” neulrons  ave
dist tupalshed tram  (o,n) "slugles” neatrons
ey voln Blence count {np, techmtques  baswl on
Ll vesolar lan (alvra lasiy "shifv rveglster®
vl Bleaee ey evtronies V7

Phe two most frequently ased poanslve aeatron
slpnatares  ave the spont anveong {laslan  decey
b the e mbered plutonlum Isotopes  and 1he
taL e teanet Lo ln iy Nentron  coluwe hilenee
et s weannre the  tatal o spontaavonn - { lsslon
dovay vate teaw platanlom, whileh Tneludes vonmrl
ot Loy Lot oo oven powlierel Faatapen
A TR A UTRRNT 1Y BN Y toeral by, %' 1w Vhe

major contributor, and it is convenient to define
the quantity:

240py(aff) = 2,52 288py + 249py + 1,68 ?4?Pu,

where the coefficlents 2.52 and 1.68 are
determined from fundamental measurements of
fission neutron emission from various fissionable
{sotopes, and take account of the higher
spontaneous fissicn decay rates as well as the
higher average number of neutsons per fission
(v) In 23%Pu and ?¢?pu. Total plutonlum can then
be calculated from plutonlum {isotople
composition; e.g., as determined from
high-resolution gamma ray spectroscopy. As
extensive flield experience lias demonstrated,
the combination of these two technlques can
be extremely 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 multiplication effects
below) .

For moast applications the passive neutron
signal from uranium {s too small to provide a
relliable assay signature, The major exception
is UFe where the high cross section of the
(a,n) reaction on fluorine provides a useful
uranium assay signature, that has been used to
measure highly enriched UFgq cylinders and
l1quid UFs at the product load-out point
of enrichment plants.'®

By far the most widely used passive neutron
counter 1is the High Level Neutron Coincidence
Counter, HLNC!'® (See Fig. J) developed at
Los Alamos for the assay of bulk plutonium
samples ranging from 10 g to several kilograms
of plutonlum, and ?4°Pu content from a faw
per cent to - 308, The HLNC has become one of
the reanl "workhorses" of IAEA safeguards
fuspectlon and verlficatlon operations world-

wide. It can assay samples containing 500 g
or more of plutonium {n 300 teconds with a
preclslon and accuracy of better than 1%, The

utility of the basic HLNG system has been
preatly extended by the development of a whole
famlly of ILNC-1lke detectors with speclalized
detector heads, but all employing the same basic
"shift.-reglster” colncldence electronles.'?
Indlvidunl detector heads vary greatly depending
v the materlals and counfiguratious to he
measured (e.p.. ranglug from heads far small
Ilnventary samples to  larpe fast veactor fuel
asnenhl{es),

Many maclear materlal samples exhlblt a meas-
urable  neutrvan mafeipl teatfan value, especlally
the larper samples with haeleeds ov thausandy of
prams  of colther 3t or #3%pa, ‘s passlve
nentron measntements can be  altered hy  nentron
miderntorn (e p., molstnre), ref lectors,  and
absorbers  In or near the sampli,  touvent lanal
colneldencn counting  procedures have  worked
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The High-Leével Neutron Colncldeuce Couuter,
widely used fuoc assay of plutontom samples ranging from

1Y g i several kiliograms with meagsurement preci'siap
aud avvnracy of IV or betrer. The HINC Lu nsed
roul vely by [AFA aud EURATOM safeguards 1ngpectars 1
wiclear 1nscallaciins acound rhe world

reasonably  well lTer pure  Pu0y wmaterlals:  Low-
ever  fur Lighly waltlplylag  somples,  lwopune
uxldes, samples with hilgh “4'Am content, and
salvs  with high o 0y ylelds, the procednre
talls  levnase  of  the  unknawn  wul Ipllent Loy
mut  hieloced finslom rates. A method wis
develuped soveral vears aga t corrvect fo
waltlplleation ettects bused an medasurement  of
the veal culneldence conut rate, R, topether
wtth  the  vatfoa  of R ta total  nentian rme,
T, l.e . the "reals to totals® ratfn, 40
Move cecvnt by, detalled multlplbeatlan eovree.
tlens have  heen applfed ta spectal Cane
v nentian seltoluterrapal [ Laclnlgue
Lat ussay  uf Pl an bom fu hiph Ca, )
wbor Laly 4 AMsa, Mante  Cmlo sl lar Lany
ot wetien e Dl e comt ey assays huve Yooy
CETORICEO SR I Y .||-||ll|--|” Lo paen e avvay ot
Lan o me bt P, wampley Lo whilbv e e
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effecrs. To state the problem briefly: in tie
grueral case of passive neutron counting there
are three principal anknown vaclables: plutonium
wass, sample self wmultlpllcatlon, and (a,n)
rate; however, there are only two measvred
parameters In conventioual colucidence counting
l.e.,, "real" neutron colncidence count rate,
R, (coincldence neutrons that originated In
a vommon fission event) and total neutron
couet rate, T, Among a number of possible
approadiws, -3 thls basic problenm of "one-
too-many uunknowns” {s currently helug addressed

at l.os Alamos 1In two quite different ways,
although each 1{uvolves the development of
an lunovative ueutron counting system. One ls a

fast neutron counter using liquid sciutillator

detectors, and pgamma ray/neutron pulse shape
dlscrimination.?4 This detection system {is
deslgned to measure all three of the ‘inknown

quantities noted above, and to minimize any
interference from gamma-ray response of th-
scintillators, High-resolution coincidence
clrcuitry separates the amplified scintillater
pulses 1into single, doubla, and triple
colncidence evei.ts, just as neutrons are emitted
in pairs and higher multipllicities In the
fission process {tself,

The second {unovative
system 1s the "neutron multlpllelty
caunter"?®  designed to luvestigate the use
of neutron multiplleity cdistributions for NDA of
plutontfum samplces. Like othier NDA methods, thls
new approach 10 nentran assay of plutonfum Is
aldo based on an  lnhereut characteristic ol
flsston physles - -wnely that the averuge nmber
af  prompt neutrans praduced In the 2499y
Iivslar process {8 hilgher for the neutron-
Induced fissfan of 230py than far the
spontancous  fissfan of 240py, Based on this
small but r1ol)llng vharacrerintic difference, the
detalled measnrement and analysis of noeutron
munltiplicity distributfans can he used to
detevrmlne the neutron multiplication In
plutontinm samples. Yo enhance the maltipilolty
conformatlon, the multipllefty caunter was
des{pn with low deadtlme, fast uputron
tle-away time, and high vfflclency,  The working
system (overali dimeusfaus -80-cm diam by -~/0-cm
is

neutran counting

hilgh) shovn  in Fiy, Y. The uceutronus are
detected by a total ol VIO Ve alutectors
confignred lu tlve courentrie tings; the sample

vivity {s 19.em {n dlameter, wnd the body of the

cormter ta sureomudad by b oem at palyethylvene
1ef levtor, A total of 3 AMI"LEK  clrenlin?®
ate nwed tn vedure deml fwme Neatron
malvipllearlon han been detewomloed by analysls

ul wmeaon el newtvon wndripllelty  distelbut fons

Lo wamnples of pore plavonbom oxbide with vatying
A tract o (o 20m), for plmoonlem oxdde
mlxed with matvlx warwi lals Laving  varlons
(n,n) ylehly,  mul tor pe mul Ly
plurtantum meral Maxs umcertalnt les  lrom
ot iy, wtartlbar o vanpge Liom o Iw for o1 Wy,
Prue aometal ta ] aw L boPe pae oy
wlith e /001 el ton 1ab L b law |,



Figure 9.
tinn at che Los Alamos safeguards R&D laboratory.

The “"neutron mulciplicity counter” in opera-
The
cuter shleld measures -30 cm diameter by -7’0 em iu
hotght and the central sample cavity s 15 c¢m In
dlams e The neutron multiplicity councer s designed
for .rcurate nondestructlve assay of Pu samples wich
unkuown self-multiplicattion and (a.n) ytelds.

(SF=Spont ancous Flssion). Counting statis-
tics errors rlse rapldly for high (a,n)
samples (.a,n)/SF > 3), and at high couutling
rates. The wmost prumising applicntlons of the
neutron multiplicity counter are assay of impure

metal samples up to several Kg and Impure oxide
sanp les up to =~1 Kg, both with (a,n)/SF
ratios < 2. Concerning possible camplementarity
between tha !quid scintillator and uneatron
multiplliclty methnds, for high (a,u) mate-
rials the liquld scinti{llator counter, wheu

fully developed, may provide a useful supplement
to the demon-trated capabllitles of the ncutron
multlplicvity counter.

Moving now fram passive 1o active neutron
assay, hete the fisslon procesan l1self 1w
employed directly to stimulate (or "lnduce”) a
denf{red assay sipnature, The NDA of ¥3%y
materiais provides n very practical rvase In
prelnt ;. bevanse 23U daes amt have a  pasaive
nent van slpgnatme, A% bearing, samples  ave

Lvvasllated with neatrons to {fadoce llsslons {n
the 20, mul the vesulting, emltted llaslon
nentvonn (prawpt  andZorv alelayed) provide a
slpnatare for accurate NDA. Fxumples are plven
belew of state of the-art acrtive wntron NDA
Instrouments thar utilize prompt nentron ax well
wy delayed  wentvon vesponse  measurements (ool

wlen alelayrd  pamma v vesponsy)  to determlne
Iluslle martevial vontent with attaluablo
weenvarles of one percent or hetey

INTERNATIONAL
ATOMIC ENERGY AGENCY

Figure (0. Indicative of ongoing U.S. technlcal
cupport to the luternacional Atomic Energy Agency, this
front cover of 1he IAEA Bulletin shows a top view
of the universal fast-breeder-reactor assembly counter
developed at Los Alamos to measurv tota. Pn conctent by
weutron colncldence counting. The advanced anaslog
electronics can accommodate neutron counting rates
above a mtllion counts/ second, thereby eunabling
accurete measurement and verificaction of Pu lu fase:
breeder-reactor assemblies coutaining as much ax 16 Kg
of reactor grade plumionfum (208 2¢9m).

Plrat we clite the Active Well Coincldence
Counter (AWGC) used for assany of ?33U content {n
curfehed uranfum materlalg, Twa (a,n) neutron
sources (AmlLl, euch ~5x10%1/s8) located above and
below the smmple well are used to {nterrogate
the sample, and the {uduced fisslun neutrons are
counted with standard shift iegister colucidence
electronics Colnceldence cuvnting discriminates
agalust the rondom “siugles" (a,n) neut rons
fram the Aml{ saurces while detecting coineident

meutrons from neutvan- hinluced  {{asfons In  the
LRI vresent o the sawmple. The AWCG 18
nsed o measnre lhnlk Uoy samples, hilgh
cenrvlelment uranlom metals, LWR Inel, pellets,
AANTh tuel waterials having  blgh  pomn-ray
hackpgromds,  mud mave recently  even wlxed-oxhile

samples, 47 A sccoud lwportant  applleation

vl active nentron colne blenew counting ts the
Pranfran Nentroa Colmweldence  Collar  (UNGL,  sen
Fly. L), The UNUL can he operated In both the
uctlve amd the passlve mode to weasnure MU
and  vhe 404 content . respectively, of  both
PWR and BWR Llpht cwarer veactor awaevenhl foy In
the aerdve meede g low Lhietenslhiy (0 x [0
u/st Awll neatpan saoncee Intertopates the ool



Figwe . The ramium Neatron (oincideunce Collar
(UNCLY ts shown here measuring a PWR ruel assemblvr
moCkup. The I'WUL cann be operated in both the active
and the passive mide to measure 3% and 234

soittee, respectively. of both PWR aud BWR light-water
reas tor assemblies The 128y respolse sensiiivity
eudbles deiection of the removal or substiturion ot 1.4
tofs o a 'WR assemblv and une rod in a BWR assemblv.
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such as lrradiated fuel and reprocessing waste,

Lecause the 252Cf gource strength can be
increased somewhat to override the background
radiation. Flg. 12 {llustrates a ?2%3Cf

shuffler system installed at the UK prutotype

fast reactor rveprocessing plant in Dounreay
Scotland under a joint evaluation project
between the U.S. and the U.K. The shuffler

system has been used nearly continuously over
the past five years for the assay of plutonium
in hot scrap and leached hulls (fiom spent fast
reactor fuel) In the head end of the
reprocessing plant. In several applications {au

the U.S. as well as in Dounreay, the shuffler
lius been built into an existing hot cell, and
the shielded source "storage position" |is
located in the center of the existing cell
walls. Another large ?%2Cf shuffler system
lins been Installed «t the Fluorinel and Fuel

Storage ("FAST") Facllity in Idahc, where it {s
fn routine use for Vissile assay of irradiated,

highly enriched uranium fuel assemblies (with
assay preclsions of 2.3%) 2%

The 2*2Cf shuffler systems just noted
provide yet another practical example of the

commen technology "roots"” of uuclear fission and
nuclear safeguards; 1.e., the wunique
characteristics of filsslion delayed neutrons
(decay group periods, abundances, and absolute

fisslon ylelds) 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 Iluclsive “"siguaturen" required for
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accurate delayed neutron assay of fissile
materials for safeguards.
Finally we cite an active mnecutron

interrogation system that utilizes not delayed

neutron but delayed pgamma-ray r2sponse: the
automated ?%2Cf fuel rod scanner, developed
early 1in the Los Alamos Safeguards R&D
program, ls used for quantitative assay of
both light-water-reactor and fast-breeder-
reactor fuel rods., The fuel rods are irradiated
with a 282¢f neuvtron source to 1induce
fission in the tissile fuel (235U or
239py) 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; 1i.e., grams 238y or
3%py, to better than 0.5% accuracy. Fuel
rod scanners are today widely used --for process
and quality control, as weli as material
accounting and control-- in commercial nuclear
fuel manufacturing plants in many countries.

Many of the instruments described in this
paper exemplify an {important trend in NDA
fustrumentatinn development, namely
computerization and standardization of
measurement equipment and procedures for
saleguards inspection and verification. Insofar
as possible *the new, "intelligent” NDA

instruments are equlpped with software programs

for performance self-dlagnostics, calibration
and measurewent quality control. Some
fustrumen. s  sueh as the Portable Minl-MCA, also
teature {oteractive-display prompting of the
usvr (c.g., safepuards Inspector) through the
proper detalled measurement procedure, and
periform all unecessary calculatlons to give
direct on-the-spat measurement and verificatlon
results. These "intelllgent" NDA {ustruments
af ter muny lmportant advantages In fleld
pevlormanee  (e.p. by 1AEA fuspectors), {n new
epelpment acceptance and inspector tralulug, as

well as slpnifleantly reduced equipment
walw enamre and field-{oglstles problems,

Much of 1the currenmt NDA development efforc
Iy dlvected taward wmodifylup, and Improving
exIsting techalques; e.p.,. Imroved methods for
newrvron multlplleatlan correctlan, gamma-ray

penk area cvaluation, aud gamma-ray attenuation
In betevopenenus micterlals, as well as ongolug
developwent  awml  lwprovements  In the  {mportant

YA avea ol calarlmetyfe assav teclmbpues and
pracedures, ' One  example  of work ann lew
techulyue  development  Is the applleatlon  of
Latier - hwdneed breakduwn spectroscapy to
Llpb. venslttIvity measorement s al Howluy, uranlum
aund  platowlam solotlons as well as to
hWiphly - radtaser Ive wolat lans M Ulearly a
key area of obpuing vonrero In o safvepnavds R&D
I the adevelopment aod tield Toplewentat lon ol

weasurement  stamlardy
und  1he

yoenl wil callbrar foun

P iy, aeenrate sdertearminn Lo al

bias and precision for NDA techniques.
Noteworthy {n this connection {s the use of
Monte Carlo simulations3' to determine call-

bration parameters for neutron coincidence assay
of mixed oxide fuel elements, and the potential

for more effective, less costly {inspector
verification of finished reactor fuel elements
by redicing rellance on expensive physical
standards.

In addition to transportable and in-plant

NDA systems for quantitative measurement of SNM,
there also 1s an active ongoing effort in the
development of rugged, hand-held instruments for
use by relatively untrained personnel for search
and detection of special nuclear materials. For
instance, two recently developed instruments
provide the cepabillty for direct, on-the-spot

verific:<lon of the presence or absence of
certain sunsitive nuclear materials, ?? One
finstrument uses a SOLiI(Eu) scintillator and

pulse-height analysis to verify the presence or
absence of plutonium by measuring neutrons
emanating from a container surface. The other
{instrument uses an LED-stabilized NaI(Tl)
scintillator and three single-channel analyzers
to measure and strip Compton background from a
gamma-ray peak or region of interest to verify
that certain isotopes of plutonium or particular
enrichments of uranium are present or absent,
These new instruments ere lightwelight, have low
power requirements, and are easily operated in
the field by nonspeclalists.

The nation's Safeguards R&D program |is
committed to the development and application of

state-of -the-art NDA Instruments, technigues,
and systems to meet the requirements of
government and commercial nuclear facllities, as

well as the needs of safeguards inspection
autliorities, both domestlc and International. A
lhighly productlve cooperative R&D effurt between

Iinstrument developers, safeguards systems
analysts, and materlals processing experts ls
nctively ongoing today with the overall

ubjective of developing Integrated
“near-real-tlme" material accounting und control

systems for demonstration, test and evalvation
In varlous facility types. A timely case in
polut Is the recently {ustalied {integrated

system of automated NDA Instrumentation
(gamma-ray spectrometetrs supplied by Llvermore,
nentvon colncldence counter hy Lus Alamos, and
calor{meters Dby Mauuwd Laboratories) for unelear
materlals ascounting and process contra! In the
new plutanlum scrap recovery faclllty at the

U §. Department. of Energy's Savamanh River !'lant
In Sauth Carollua (See Flg. 113). The entlre
lutegrated NDA system Is presently wnierpolng
lull-scale test and evaluatlon ut the Savaimah
Rlver recovery faclllty,

Filually, we clte one farther example  of
vngolng safepnnrds techuleal support  and
voaaperat lve  actlvities at e Interna bal
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leveel. UCider a formal US-dapau agreeaent for
couprratlon iu the peaceful vses of wurlear
cncrpgy, a number of NDA justruments are
curreutly teing developed hy the US Safeguards
R&D program in cooperation wlith the Jdapanese I'NC
(l'ower and Nwoclear Fnel Development
Corporation); these justruments will be used for
lu-line weasotewent of mixed oxide (MOX) fuel In
the rew, large (5 ton MOX/year output) Plutvnium
Furl Produrtion Facllity (PFPF) at Tokal Mura,
Japan, 33 The  I'FPF facillty will supply MOX
fuel for Japaun's fast Dbreeder rveactors, MONIU
and JOYO, as well as future platonfum-recycle
fight water reactors. NDA {ustrumeuts to be
fuscalled in the PFPF will measure fced
materials, process materials, fuel pellet
fabricatlon, handling and trausfer, fuel plus in
trays, cuompletid MOX fuel assemblies, as well as
process-1line holdup, sc¢rap and waste. All
wmaterial handliug aud processiung operations are
carried out by automated, remote control so Lhat
all the {n-process MOX materlal 1Is, in effeuct,
vonflned withiu a sealed “contuliment cnvelope”
from the Input of feed mnterial to the final
outpnt  of flulshed MOX fucl assemblies, The
PFPF faclllty represents a very significant
advancewment  {n wodern nuclear fucl fabrlcation
technology and, as such, represeuts a
corvespoundingly sigulficaut challenge and
opportunity for the development, test, und
Implementatlon of state-of-the-art safegnards
techirology in a state-of-the-art hilgh-throughput
‘wcelear productlon facility.

Notwithstanding the ilmpressive progress that
lus leen made in safeguards teclumology develop-
ment  and  Implementatlon, It s patently cleur
that the offectlveness of uwuclear safeguards
deprnds nat  anly on teclinology and hardware,
lmit also ou the people 1luvolved --both the
safeguards  Iaspectors  and  the “luspectees” In

unclear facilltles, As lu all humun
cudoeavors, the actual lwplementat lan of
cffeetive and workable  saftepuards must he
carrvled out Dby peaple - and marcover  hy
pal Htled people with the rvequlslite tratuing,
knowledge, and motivatlan, Toward thils

absolutely essentlal goal of cftectlive
salepnards training andg tecelmalogy transter, the
Dulted States s led the way [n develapluy, and
canduct lng  over a duzen salepn rds tralnlng,
vourses  ewh yeur te o luspectors aud salepguarus
Prelesslonals from throughont the Untired States
and comntrles arouml the world., Indleatve al
the  fmportanmee attached  ta walvpnan ds tralulng,
and toyhmalopy  vrensfoer, sluce 80 oviny  pew
PAEA  Clorernavlonal Avewle Encipy Apeucyd
Luspector has been aequlred to vomplete the Las



Alamos NDA training course for IAEA iunspectors.

To date this has Involved a total of some 400
IAEA peopie.
Effective operation of the overall

international safeguards regime depewds not only
on a well tralned IAEA Inspectorate, but aisn on
the effectiveness of the State (l.e., national)
safeguards systems wlose performance the
Interqational system must iudependently wverify.
It |s therefore essentla! to have iIn place an
ongoing program of training and technology
transfer for key personnel in Member States who
are responsible for the State's safeguards
system (including, of course, safeguards at the

State's nuclear facilities), and for the
interface between the State system and the
TAEA. The need for steadily {improved State

Systems of Accounting tor and Control of Nuclear
Material ("SSAC") led to the serles of IAEA
Basic SSAC Training Courses that were begun by
the Agency in 1976; in recent years these have
been strongly augmented by SSAC Implementation
courses glven alternately in the U.S, and i{u the

USSR, hoth 1In close collaboration with the
TAEA. The 1988 SSAC course (focusinpg on
dlscrete item facilities) was convened November
14-26, 1988, at Tashkent, Uzbekistan, 1in the
USSR. It is followed in the USA by an advanced
SSAC course (focusing on bulk handling

taciiities) held In Los
Mexlco and Richland, Washington, from May 1-19,
1989 (See Flg. 14)., Course partlcipants include
a total of 24 course attendees (trainees) from
20 nations, and 32 lecturers from 7 nations, the
IAEA in Vienna, and the

Alamos/Santa Fe, New

EURATOM Safcguards

..u,

-
dlimm

Direvrtorate {u Luxembourg. Many years of
experience have shown that the SSAC and TAEA
iuspector courses as well as other international
aund domestlie safeguards tralnlng courses
contribute not only to the techunical
cffectiveness, acceptance, and credibility of
safeguards, but also help to bulld a spirit of
cooperation, mutual confidence, and a shared
sense of professional commitment among

safepuards professionals from around the world.
By 1its very uvature and mission, the safeguards
profession tends to engender a common dedication
to the challenge of nuclear safeguards and
nouproliferation in the nuclear age whose 50th
anniversary 1Is comnemorated {n this historic
internatlonal conference.

Concerning the nuclear age and prospects for
the future, I would offer a general observation
that the IAEA's unique world-wlde safeguards
fuspection and verification experience can
provide a useful guideline for development and

evaluation of possible future International
verification systems, as for example in the
senusitive and pivotal area of nuclear arms

control. As IAFA Director General Hans Blix has
polnted out in reference to IAEA safeguards, the
success of this first bold experiment in
institutionalized {interuational verification
could serve as an insplration and valuable
guldellne for developing needed verification and
control measures In the context of nuclear
disarmament--or conversely, should international
safeguards be perceived to falter, this could be

a significant setback in the prospecta for
nuclear arms control, Wwith US-USSR
Figure l4. The most recent (n the
cngolng serles of International

Training Courses on Stete Systems
of Accountiug For and Contrul of

Nuclear Materials was held May
119, 1989 tn he USA at los
Alamos/Sania Fe., N. M. aud
Richland, Wash. Course parrict-
pants, shown Lta this group
photograph, tnclude 24 rourse
rraliiees from 20 nattous, and 12
lecturers from / nadlons, rhe

1AKA, and 1he EVRATOM Safeguards
Dtrectorate 10 Luxembouryg.




implementation of the INF treaty already well
underway, and reasonabls prispects for further
productive arws coutrol wegotiations, it seems

abuundantly
teclmology,

clear that modern safeguards
suitably adupted as necessary, is
destined to play a %ey role in rhe achievement
of effective verification of nuclear arms
contrnl agreemeuts, of whatever type the future
may bring.

The preparation of this review naturally
involved extensive rcflection on the history of

nuclear fission and the cwnsequent emsrgence
of the issue and <he discipline of nuclear
safeguards; in the course of all this
reminiscing I could not hLelp but recall, with
nostalgia awd gratitude, the many outstanding

frieunds and assoclates who pruovlded inspiraciou,

guldance, and suppert at varlous stages along
the way. Although it would be 1impossible to
nawe all those to whom I am thus indebted over
the years, this wunique 50tu Anniversary

Conference affords a very special opportunity to
express my debt of gratitude to both »nf our
istiuguished Couference Co-chalrmen: to
Professor Emilio Sepgre. mv postdoctoral advisor
spomsor at Berckeley o the early 19508, !
ta Professor Glemn Seaxbourg wha, as ARG Chairman,
helped  cusuce establbvtwment ol the noeclear
safcepoarils R&ED program  at Alames  over two
devader ago, 1t lims been a preat privilepge for
we, as for many of ux in the ruelear fleld, to
be assuvclated with both of these pgreat
reicntist -plonecrs of nuclear flssior,

il
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