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ABOUT THE COVER

The 90.m stack seaving a gener-
ating unit equipped with a wet
venturi scrubber for emission control
at a western US. coal-fited power
plant. The white plume is com.
posed of water droplets that quickly
evaporate: the streaky discolosation
is caused by acidic condensation
from the plume. Although scrubber-
equipped units like this one have
much cleance-looking plumes than
those emitted from precipitstor.
cquipped units. our studies show
that their cmissions are more
likely to deposit toxic clements
in the lungs.
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BRIEFS

ENVIRONMENT, HEALTH AND SAFETY

Characterizing Stack Emissions from Coal-Fired

Power Plants

In the first phase of a stidy to charactenze stack cmissions from
coal-fired power plants, we have  found that  clecirostatic
precipitators may raduce the potentigl particle-ihelation danger

more un wet venturi scrubbors.

Safety and Safeguards: Defining the ‘ssues

One of the Nuclear Regulatory: Commivsion s responsibilitics is
to cstablish regulations and procedures tha will ensure safery and
sufeguands for conumercial nuclear activivies. This article defises

some of the safety and safeguards issues.

Control of Nuclear Materials: System Evatuation

and Design

QOur safcguards program for the Nuclear Regulatory Commission
imvolves developing methods for assessing materigl-control systems

at licensed nnclesr facilities.

SCIENCE AND TECHNOLOGY

Taking Fast-Ncutron Snapshots of Thermonuclear

Plasmes

We have buils a special pinhole camera that produces fast-neutron
fmages with - resotutton and 10-ns “shureer speed.”” The

plasma  involved  was  abowr {cm

10'% newtrons in 10 10 100 ns.
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Briefs

The short ftems on this page e recent di

I nis of importance. Some of these items may be

amplified in future issues; none of this material is rcpum'd elsewhere in this issuc.

WALKER LAKE: POSSIBLE NEW URANIUM
RESOURCE

For ERDA"s National Uranium Resource Evaluation
{NURE), we have identified a possible new uranibm
resoutce in Walker Lake, westein Nevada. Some
550 tonnes of uranium are dissolved in the lake, which
lies about BC km east-southeast from Carson City.
Although this amount of uranium is small — about
$% of our curtent annual consumption — the
discovery is of interest both for its scientific value and
a8 an indicatfon of the potential of the NURE program.

The measured uranium concentrativn in Walker
Lake is 130 pants per billion (ppb), about 30 times
higher than in scawater, Other bodies of water also
contain uranium but generally in concentrations much
lower than Walker Lake. Great Salt Lake has about
5 ppb, the Caspian Sea 3 to 10 ppb. and most lake
and stream 'waters about | ppb. By comparison,
however, the uranium ores cuirently being mined in
the U.S. have concentrations » cxcess of 10 million
ppbd.

The NURE program, briefly described in the May
1975 Energy and Technology Review, involves four
major ERDA flaboratosies. They are conducting
systematic hydrogeochemical and stream-sediment
surveys throughout the US. to locate vianiumetich
areas. LLL s responsible fos seven weulern states:
Arizona, California, Idsho, Nevada, Oregon, Utah, and
Washington. The University of Nevada’s Desen
Rescarch  Institute is amsisting us. Sampling is
continuing in central Nevada ind will be expanded to
other paris of thal state and to other states later this
year.

Although of scientific intesest, the discovery’s
economic importance is yet to be determined. It is
not known whether uranium extraction from Watker
Lake is fessible. lon-exchange tecovery methods exist
that are capable of exteacling uranium from the
oceans, but tidal action is hamessed to do the
pumping. In lakes, some other pumping mechanism is
required; the added expense might prohibit economical
recovery.

HAWAIl ENERGY PROFILE
LLL has recently completed a compendium of

background information on the energy situation in
Hawaii. This profile is part of our on-going efforts to
help the State assest its technologica) needs, identify
technologles deweloped here or at other national
Isboratories that are applicable to those needs, and
identify arcas where ERDA might initiate beneficial
R&D programs.

Hawali's energy tequitcnients are currently being
met by petroleum and manufactured gas. With no ol
resources, Hawatl is entirely dependent upon imported.
tanker-carried petroleum products and thus highly
vulncrable to dislocations in the energy market from
an embargo. It has no flexibility to shunt and shuffle
a variety of energy supplies as can be done among
mainland states,

Literature data show that the {awalian economy has
a total energy inefficiency of 70%, much higher than
the national average of 47%. This inefficiency results
largely from the conversion of oil to electricity and
the impact of an energy-intensive tourist industry.
Also, some S9% of the petroleum is used for
transportation, a fact that completely dominates the
economy and reflects the State’s g2ographical position
as a crossroads for air and sca traffic,

The Hawalian cconomy — and its energy supply and
demand profile — is also dominated by one island:
Oahu. With just 11% of the State’s land asea, Oahu
accounts for 80% of Hawali's economic base, 74% of
its eclectric power generating capacity, 82% of its
population, and 75% of all registered vehicles.

Projections by various State agencies indicate that
in the near terin (to 1985), increased supplies of oil
will be needed to sustain the economy. For the
mid-teem(1985-2000), fuet costs will be high and new
energy techinologies will have to be developed to
prevent a substansial deterioration in the standasd of
living. Far the longterm (beyond 2000), development
of an alternative fue) such a3 hydrogen — from biomass
energy or the electralysis of water — may be the most
feasible route to energy self-sufficiency.

R&D activitics cumently being conducted in the
State are directed toward achieving these goals. As part
of these studies, the Laboratory is investigating the
feasibility of developing wind power as an alternste
encrgy oosource on Oahu. This reszarch was briefly
described In  the December 1975 Energy and
Technology Review.



ENVIRCNMENT, HEALTH AND SAFETY

CHARACTERIZING STACK LMISSIONS FROM COAL-FIRED

POWER PLANTS

LLL is conducting a program to evaluate

1 issions from U.S. coal-fired
power plants. As a first step we have compared
emissions from «wo plants vsing i wet

trac

Y

more toxic jnosganic clements in coal become
concentrated on these smaller particles: the vaporized
toxic cleinents condense on particle surfaces. Most
stack emission particles deposited in the lungs are in

and ¢l ic precipi to control emissi For
cach case we have calculated the potential Scpasition
from inhaling the fy-ash particks. Qur results show
that clectrostatic precipitators reduce the potential

particle inkalation more than venturi scrubbers.

Buring coud at high temperatures makes ssmoke that
contains  significant  quantities of toxic clements:
inhaling these emissions Is a p ial danger to human
health.  Either clectrostatic  precipitation o1 wet
scrubbing {see box on p. 2) can be usco to contiol
these cmissions. In fact, the managements of many
large western power plants are now  cansidering
insallation of commercial wet scrubbers to comply
with sulfur-oxide cimission standasds.

These vet scrubbers ate highly efficient in temoving
particles lzsger than 1 um (geeatly reducing plume
visibility . However. they ate gencsally less efficient
than  clec i precipitatl in  temaving

+ L)
b tre particles. Unf ly, many of the

Contact Richord C. Ragaint (Ext  3512) for further
information an this erticle,

Fig. 1. Setting wp O “ampling spparsius
st s midsisck pori. The probe, with
impu:ior stages and fites on e end, is
shout 5 m it the sick at Ove tight.
Emission gas that panes throwgh the
impicior siages and (iiter is pumped back
thcugh the dlack hose (Jel1) snd chazcoal
trags 10 & dry-gis meter. The stack's inside
Qiemeter i shout & m.

this submicrometre range.

As a necessary step in  understanding  these
notentially dangerous emissions, LLL has undertaken
a study to characterize the trace elements emided from
coal-fired power plants that have bren fitted with
various contrel  devices. We ase currently taking
measurements at two western U.S. mine-mouth power
plants. Plat A, using tangentially fired bumers and
a cold-side clectsostatic precipitator with a collection
efficiency of 99.5 10 99.8%. burns 150 tonnes of
putverized subbituminous coal per kows. Plant B
consists  of five units that burn 950 tonnes of
pulvetized subbituminous coal per hour. Four of the
five units at Plant B are being tested: two urits with
high-encrgy, variable-throat, wet venturi scrubbers and
two units with cold-side clectrostatic precipitators.

Both scrubber systems in the Plant B units use
limed process water; cach unit removes 99.2% of the
incident particles and 307 of the sulfur dioxide. The
ursds also use a front-fired bumer and on cach, during
the two-week sampling period. the gross load varicd
from 215 to 242 MW,




us to normalize particle samples tor a given

Design efficiencies for the el ic precipitators bled
on the two units in Plant B were 97% wlth all
ipi sections op l. (During our testing

penod however, 4 of the 32 sections on one unit were
inoperable, and the overall efficiency on that unit was
estimaizd at 957%.) Both units used a front and rear
bumer design and during our testing period carried
gross loads of 420 to 680 MW,

Samples were taken at mid-stack sampling ports such
as that shown in Fig. 1. Particles were collected
in-stack on filiers and cascade impactors mounted at
the end of the sampling probe. Emnission gas passing
ihrough the impactor stages and filter was pumped
back through charcoal tesps to a dry-gas meter. This

endssion gas velume. Samples of coal, precipitator
hopper fly ash, bottom ash. and scrubber hopper slurry
were taken at the samz time. The results of the
approximate analyses of the coal bumed during the
testing period are given in Tahle 1.

Particlessize  distribution  parameters  for  stack
acrosols were  obtained from clectron
micmscop).'.I Figure 2 shows the size distributions
observed for stack emissions from scrubber and
precipitator units at both plants. Each curve has two
obvious distribution peaks. The small-particle peaks
include particles condensed from stack vapor; the
large-particle peaks represent the distribution of fly-ash

+ Electrostatic precipitators are  highly efficient
. particle collectors consisting of a negative discharge
clectrode and a grounded collecting surface. The
emission gas passes through 3 high-voitage,
direcicurrent  corona  cstablished between  the
electrode and the grounded collecting  surface.
Suspended particles in the gas become highly charged
and migrate to the grounded surface. Then the
particles are distodged by mechanical nieans, such as
rapping or flushing with fiquid, and fall into a
removal hoppar.

A haotside precipitaior works on emission gas that
has been additionally heated after combustion. A
coldside electrostatic precipitator perates on
emission gas just as it comes from the generator.

Gas flow

; Stack
E Elﬂfif__, Demister
flow (baff]es)

. >;opperj

Venturi scrubber

EMISSION-CONTROL DEVICES

Stack

/—Electrode

- Grounded coilecting
surface

Electrostatic precipitator

Wet scrubbers spray a liquid. usually water. into
the emission gas. The liquid increases the size of the ‘
particles by colliding  with them, facilitating
collection: most of the larger particles are washed
away. Such scrubbers are equipped with one or more |
of a variety of baffle plates or impingament stages
that disrupt the straightline flow of the gas.

In a venturi scrubber, the liquid is sprayed at right
angles into the emission gas as it passes through s
narrow orifice. The narrowness of the orilice causes
an increased velecity and reduced pressure in the gas,
both of which impart a greater efficicncy to the
scrubbing process. Often a linte sburry is sprayed with
the water to reduce the sulfur-dioxide content of the
ue gas.




Table 1. Analysss of coal
burned during the
testing period
Coal Plant A Plant B
Ash, % 23.2 9.2
Sulfur, % us2 046
Moisture, % 11.3 6.8

Encrgy contznl,

M)/kg (Btu/lb) 204 (8,760) 23.7 (i2,330)

show significant  differences. Their operating
efficiencies during the sampling periods were 99.7%
(Pant A) and 95% (Plant B), the higher efficiency of
Plant A resulting in the narrower large-particle
distributicn peak.

We analyzad all the samples for up to 27 elements
by instrumental neutron-activation analysis of the
seven individual de imp stages and the
backup ﬁller used in each collection run. From these

pasticles. The small-particle peak for the scrubber is
at a conspicuously higher particle diamcter than for
the precipitators, probably because the particles arc
coated with water or process lime. The large-particle
peak for the scrubber unit is narrower than the
small-particle peak, demonstrating the scrubber’s
superici collection efficiency for large particles.

The cusves in Fig. 2 apply only to relative numbers
of particles; they do not reflect mass. Only 107 of
the total mass of fly-ash emissions from the
precipitator unif is in the form of small particles: 95%
of the mass of fly.ash emissions from the scrubber unit
is in small particlcs.

The small-particle peaks for Plant A and Plant B
precipitates units agree, but the large-particle peaks

we d ined the particle-size
distrib and mass medien diameters for the
individual ¢l and puted the rate

and total mass for cach clement.

Table 2 lists ratios of element emission rates (for
identical power generation rates) for the scrubber and
precipitator  units of Plant B. Emissions of
small-particle species in Group | are 2 to 7 times
higher from the scrubber than from the precipitator.
Group 11 species aw less volatile but are also associated
with small particles. The emissions of the Group 11}
species, which are least volatile and are associated with
lasge particles, are greater for the precipitator than for
the scrubber.

We used the pul y deposition function of the
Intemational Committec on Radiological Protection to
calculate the tota! maximum particle deposition
occurring in the lungs as a result of ogeraling the
precipitator and scrubbcer units tested.2> Ratios of
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CInissi For the farge-partcle species {Greap (1),

scrubber-to-precipitator Jep are p fin the
righthand column of Table 2. These ratios ae
conservative: some of the large purticles emitted from
the precipitator could fall out before the plume

traveled far. reducing the precipitator inhalation hazard
X .

relative  potential lueg deposition for precipitatos
emissions is about 3 to 7 times greater than for
scrubber emissions. These clements. including cobale,

iron, and scandium,  are

generally

A

at a distance downwind and correspordingly increasing

const J less toxie than those in Group 1

the deposition ratio.

For the small-particle species (Group 1in Table 2),
the pulmonary deposition for scrubber cmissions
ranges from 4 to 18 times greater than for precipitator

Table 2. Ratios of smission and
pctential pulmonary depo-
sition cates for & wet
venturi scrubber and sn
slectrostatic procipitator
Emission ratio’ Depuiition satio
Element (scrub./precip.) (scrub./precip.)
Group 1. Smalbparticle association
Selcnium 68 : 05 179 : 14
Barium 35 = 03 89 -+ 07
Antimany 26 : 02 36 : 05
Apsenic 24 2 02 47 =03
Tunpsten 20 : 02 44 : 03
Group 1. 1 Jiate-pasticte iati
Uranium 1.3 : 01 AT 03
Vanadium 1.2 : 02 3] : 09
Zinc 074 = 0.14 22 : 0S8
Calcium 07 :0) 24 : 04
Suontium >04 >1.3
Mass 04 : O 3 + 04
Group L. Largz-pasticle association
Cobalt 042 : 0.0 L3 : 04
Gallium 0.22 : 003 498 : 016
fron 0.21 : 002 072 : 009
Aluminum 0.17 = 001 0.6 : 0.10
Sodiun 0.7 2 0.0) 055 : 0.10
Thoriun a0%6 = 0.007 031 =+ 0.12
Scandium 0.094 : 0.007 0.30 = Q17
Lanthanum 0.033 : 0.007 039 + Q.

TUncertaintics quoted are those of the clemental analyscs
anly.

In the units tested, plume visinitity was far less on
the scrubber-cquipped units than on those equipped
with precipitators. However, the scrubber umits, by
coneentrating trace el ts an small patticles, allow

of toxic

emissions with the greater y
depaosition in the lungs.

We are now entering the secoml phase ol our
program (e evaluate {raceclement emissions  {rom
wastemn US. coal-fred power plants. Here we will
cexamine the chemical speciation of the elements in the
particulate ciissions, important because an element’s
chentical tfomu partially deterimines its toxicity in the
fungs: cestain chemical species are bioken down by
lung fluids mote casily than others. We aze alw
studying the surface structure of these par.scles. The
posttion of an clement in a pacticic  for example,
at 1ts cote or on the vulside suiface s mipozuant
to ts toxiity.

We are currently carrying oot downwind plume
sampling at Plant B in collaboration wath  the
University of Muryland Atmospheric Chemistry Group
and the N 3l Center for Atmospheric Rewearch.
Particle  and gas samples are bhang taken  with
aircraft-mounted cascade mpactors and charcoal trape.
These samples are then  amalysed at LLL g
tracecloment  content  and  subfir  speciation 1o
determine  any  atmospiienc physical and  chemical
transformations occusring among the Oy-ash particles.

We ace alse evaluating the solubility in lung Nuid
and e biolugic availability of potentially taxic
cientents in  (ly ash in collaboration with the
Radiobiotogy  Laboratory  at  the  University  of
Califoynia, Dawvis. These data from the plume and
availability experiments will then furm the basis of a
more  sophisticated  cvaluation  of the inhalation
exposure to fly ash.

Key Words: coal  envi I studies: clec pre-
cipitetors: fiv ady: powser planes - environmental studhcs:
swrubders. traee ol iratton; wet serniuri b




SAFETY AND SAFEGUARDS: DEFINING THE ISSUES

Tue Nuclear Regulstory Commission has the
reponsibility to ensure that commercial nuclear
activities are camied out with adequate safety and
mfeguards. To meet  this responsibility,  the
Commission is funding a number of resarch programs
to develop the best safety and saieguards techniques;
Li is working on several of these. The putpose of
this article is to define the isues involved in safety
and safeguards.

Nuclear power's increasing tofe in AReling cnergy
fequirements has become a majos focal point for public
debate. Among the concerns expressed, two that are
receiving increasing attention and study are safety and
safeguaids. The differences between these two
concerns are fundamental, aithough, in some cases, the
same technology or procedural changes can ameliorate
both. Everyone involved in debating these issues agrees
that high levels of safety ar:d safeguards arc an essential
precondition for operatiens involving nuclear materials.

Safely and  sufepuards  arc  most uszfully
distinguished in texms of the presence or absence of
matevolens intent. Safety is concemed with accidents:
situations that are not only unintended but, when they
occur, surprise everyone. By contrast, safeguards focus
on preventing purposeful, malsvolkent, or unauthorized

ions: actions undertaken oy with hostile
intent. Of special concem here are any astempis to
divert fissile materials that might be used 10 creare a
nuclear explasive or to divest radicactive material that
might be scattered to create 2 contamination hazard.
Cestainly the apparent global increase in terrorism
incid has exacerbated such ¢ .

Onc area ~ sabotage - brings togother batk safeiy
and  safeguards. Many of the design  featupes
incorpuraied 10 ensure safety will limit the nature and
extent of what sabotage can achicve. However,
sabotage is more customarily and adequately addressed
under safeguards, in that the malicious mind can
conceive of event sequesces that 25e most unlikely to
occur by chiace or inadvertence.

In simplified teims, then, it is sometimes saig that
safety deals with acts of God while safeguards deal
with acts of men. Neverthetess, both potential hazards
xsult from man’s activities and their Pprevention

q 3 ") q £ 1 #" md ¢ i,

The Nuclear Regulatory Commission, established as

Contact Marvin R. Gusiavson (Ext, 74361 Sor further
information on this ariicle,

2 separate federal entity in January 1975, has the
responsibility for establishing the regulatiens governing
commercial nuclear activities in the United States.
Thus it has the y respansibility of ing that
such nuclear activities are carricd out with adequate
safety and safeguards. Not only must it establish
sdequate regulations, but it is also required to carry
out inspections to ensurc compliance.

Furthenmore, there is an opportunity for U.S.
leadership intematic .sfly insofar as good practices
established  within the US. are adopted by the
Intemational Atomic Unergy Agency or are enforced
s preconditions on export sules. Such  action
intemationally is an outgiowth of this nation's Atoms
for Peace program. Only if adequate  safeguard
measures are: developed wn * applied can the goals of
this prograrn be achieved withoct contributing to a
worldwide proliferation of nuclear weaponry.

In pursnit of the i ions requited to execute
its responibilitics, wie Commission is funding a
nuinber of reseatch programs at LLL. ERDA, with its
continuing responsibilities to develop new energy
technology, shares many of these safety and safeguards
interests, If nuclear power is to provide a substantial
fractivn of the giobal energy needs of the future —
and these needs could be very large indeed if the
less-privileged proples aie to miarkedly improve their
position — ther success ir- these programs is essential.
Suitable safety and safeguarding techniques must be
devised to cover all of dhe steps in the nuclear fuel
cvele:  producti ich fuel el
fabrication, transportation, pewer mactor use, spent
fuel teprocessing, storage, and waste disposal.

I the course of our work for ERDA, we have
develaped expertise that is applicable 10 many nuct
safety ‘and safeguards issues. For example, our
experierce in the arca of seismic effects is now being
applied to & study of the effects of earth shocks on
nuclear power seactors. Ous initial concern in shis area
was telated to underground weapons® tesis, and this
remains of interest today. However, much broader
studies of carth/explusive interactions were ired
“nr the Plowshare program’s investigation into peaceful
uses of nuclear explosives.

slore secently, with the advert of teeaties limiting
tec: yic!ds,"lahc need for monitoring techniques based
on seiznic, measurements led us 10 analyze the
frequency uiid detailed structure ¢ f seismic svents. In
now applyirig ihe understanding gamered from those

P
|
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activities to the issue of reactor safety, we are also
drawing on such LLL cayabilities as computer codes
‘hat describe wave amplification, resonances, and
yracture.

This scismic cffects study illustraies two basic

ud

technology and means te such an ¢

while not unduly irhibiting fuel-handling operations is
the primary goal of LLL’s program on material-control
systems. This program, described in the following
article, invol the develop of methods to

lear material-control sy and strai_ges

aspets of safety research. One is the need to includ
in any andysis the strains or extreme conditions that
may be imposed by the environment. The other is the
need to undersizid how the system as a whole will
ezt to pertuibations or even failures in one or mose
of its parts. Of course, the human operators themsclves
can be a source of these failures, or their actions in
an emergency way be less than optimum. Thus the
human facior is never far from consideration in safety
analysis, aithough one alwuys strives to achieve
“accident-proof™ or “fail:safe” designs.

In the safeguards area, the human element is 1ot
simply past of the problem, it is the problem’s source.
Since sufeguards deal with p g intentipnal acts,
specifying the threat posed is a central issue. This, too,
is 1ot a nuw problem for LLL, although its early form
way in a different guise — namely, devising the

hnology and procedvres 1o ensu.e that nuciear
weapens would only be used by decision of the
National Co:munand Authority. Threat specification
was a key element in that work, witk primary
importance being assigned to the knowledge,
cequipment, and goals of the hostile group and to the
timespan oi its effosts.

In terms of the nuclear fuel cycle, another key issuc
is what magnitude of diversion — how much fissile
tmateriai - is of consequence? Specificaily, how much
does it take to make a bomb? ERDA, with its
responsibilities to develop nuclear weapons, is the
senior national advisor on this subject, and LLL's
spzcialiste are required to provide a basis of expert
opinior. This question is mom cc-_plex than it
appears. A terorist group might, for example, be
stisfied with bwliding an inefficicnt device that has
only one chance in ten or a hundred of achicving even
a low yield.

A complicating aspect of this issue is that the
diversion need not occur all at once but may occur
piccemeal over vesy long periods. Devising the

and the conceptual design of cv.emnplary systems. The
gm:nesl opponumty for diversion may occur in
ials. Hence. an ability to
un':emaml such pmaessmg opmlmm in detail, to
devire appropriat | instrumentation and
quantify its perfmm:m‘e. and to design awtomated
menitoring systemns that would give positive waming
of any h d proceduses is

from ized
iriportant in carrying forward this work. Automation
and cross checking are critical since we must assume
that the diversion team could involve employecs within
the complex, In fact, many onalyses assume that
black;nuil 10 attain such cocperation constitutes a
likely modus operandi for some threat groups.

The diversien of fissile material for use in fabricating
a nuclear expiosive is not the only eventuality that
must e guarded against. Lesser amounts of fissile

such as pi or radioactive wastes
might be reivoved and scattered 10 create a
~ontamination Lz-ard. Or no diversion at all may
actually cocur and yet a threat may be made: that
is, 2 hoax attemipted. Here again, being abie to acsount
for all materials on a real-time basis may be critical
in sefecting the proper response.

The safety and safeguards studies raviewed in the
following article and in future Energy and Technology
Review issues are a part of the story of man’s efforts
to cope with his own growing tecimical abilitics.
Indeed, nuclear technology is scen by some as having
become an importent public isiue lorgely because it
serves as a lightning red for more generai concerns
about technology, the changes it gives rise to, and the
mature of our future. In that sense, these studics are
at tiic leading ¢ Jge of man's efforts to be the master
of his own fate.

Key Wordy: nuciear rials, nuclear
nuslear mfety; g nuclear




CONTROL OF NUCLEAR MATERIALS: SYSTEM EVALUATION

AND DESIGN

The Laboratory is conduclmg a snfegunds pmgnm
for the Nuclear Reg y C to d
methods for asiessmg the control of nuclear matenals
at licensed nuclear facilities. ‘itie program has two
objectives: davelop evaluation methuds and tools for
both existing and proposed matesisk-contro! systzms,
and desqn exempluy material-conts l systems. We are

Program _Approach

Our approach to cvaluating the performance of
material-control systems is to develop a hierarchy of
mathematical models relating the various control
strategies and procedures to their counterdiversion
objectives. This mathematical framework is based on
utility theory, which allows us to quantify the relative
importance of various control system factors and

y d ping a hierarchy of mathematical
dels to relate A gies at fuel rep 3
plants to their ¢ diversion objecti

The diversion of nuclear materials constitutes a
potential threat to public health znd safety through
two possibilities: fissile tnaterial can be fabricated into
nuclear explosives or released to create a radiological
harard. To minimize this threat, the Nuclear
Regulalory Commission requires that safeguards be

p ted at all i d nuclear facilities to prevent
diversion. A matcrialcontrol system is part of thes:

feguards. As the Cc jon’s prime contractor in
material-control research, we are conducting a program
directed toward improving control strategies at nuclear
processing facilitics.

Material-control

systems must perform three
counterdiversion  functions: (1) limit  diversion
opportunities, (2) detect diversions oz diversion
attempts, and (3) respond to these diversions or
attempts. The first objective cf our sateguards program
is 10 develop analytical techniques for evaluating how
well cxisting and proposed moterial-control systems
can and do perform these three functions. A second
objective is to design exemplary control .ystems. Qur
initial focus is on control systems for the tail end of
the light-water reactor fuel cycle — specifically,
irradiated fuel reprocessing and mixed-oxide fuel
fabrication. Additional facilities to be considered later
include other reprocessing and fabrication plants and
high-level-waste treatment facilities.

Diversion at fuel reprocessing plants is defined as
any unauthorized removal of nuclzar material from

uiti ly to compare contro! systemx to one another
or to a predetermined standard.

There are four basic considerations in evalvating a
material-control system:

® How well docs the system perform its intended
dutics?

® How will the system affect plant operations?

® What does the system cost?

& What impact will the system have on society?
Utility theory gives us 2 basis for assigning a “worth™
or numerical value to cach of these considerations and
then combining these values to arrive at a single
“worth” for the total materialcontrol system. Our
present work focuses on developing the mathematical
models needed to assess system effectiveness.

In constructing these models, we are following a
“top down” approach that will take us from our basic
analytical toal - a utility model — through a
hierarchy of successive mathematical models ard down
to the specific characteristics and procedures of a
plant’s processing flow streams and material-control
system. We begin by identifying the varinbles or
attributes needed to evaluate system effectiveness.
Goals and consequences re our first concern. By goal
we mean the objective of an adversary within a
reprocessing plant. It might be to steal 20 kg of
plutonium or to sabotage a certain part of the plant.
Consequence is the potential danger to society if the
adversary succeeds; for example, it might be the death
of 20 000 people.

We must then ask what is the prohability of a

either the processing flow streams or interi ag
locations along these streams. The prime concern is
covert theft by an insider, although other
possibilities — such as ov ..t theft and sabotage —
must also be corudered.

Contact Lynn L. Cleland (Ext. 8053) for further information
on rthis article.

diversion attempt being made to achieve a given goal,
and if made, what will be its outcoine? Examination
of the probabilities of all possible diversion attempts
and of all possible outcomes should allow us to assess
the control system’s capability. However, to estimate
these probabilities, we need to break them down
further. We must evaluate ihe adversary and his view
of the reprocessing plant, and we must estimate the
plant’s ability to counter an adversary’s actions.



To estimate the probability ot a particular diversion
attempt, we neced to identify the parameters that
determine theft attractiveness and the deterrence

provided by a plant’s material-control system, both of

which influence an adversary’s target choice. These
parameters will include huw the adversary assesses his
probability of success, the value {monetary, potitical,
etc.) of the goal to him, and the potential risk to his
health or life resulting from a diversion attempt. To
detennine how an adversary perceives his chances for
success, we must also develop an adversary model.

To estimate the probability of a specific outcome
to a diversion attempt, we must analyze how the
material-control systemn will respond. For this analysis,
we must further reduce the problem to how individual
components in the systein will function. These
components can be categorized as either active or
passive.

Under active, we have monitoring and reaction
vomponents. The former monitor conditions in the
plant and supply information to the decision and logic
parts of the control systemn. 1u the event of a diversion
attempt. reaction components notify the s:ifcg,uards
system and create commands for safeguard devices.
They may also alter materials or processes to reduce
the probability of a successful diversion.

There are likewise two basic passive components.
The first of these, stimuli-enhancement components,
create more easily detected stimuli for the active

components. A stimulus is defined here as a sequence
of signals resulting from an adversary’s actions. For
example, an attempted intrusion of a plove box may
be easier to detect if the box is pressurized. The
second, opportunity-reduction components, forcc the
adversary to take more obvious actions. Strategically
located physical barriers would fall into this category.

Figure 3 represents a material-control system. The
existence of all components within this system
influences an adversary’s perception of his success
probability, thereby changing the probability of an
attempted diversion. The performance of these
components wili determine material-control system
response.

The performance of an active component will
depend un the stinwl penerated from an attempted
diversion. It is therefore necessary to know the
probability of stimuli. Because these stimuli will result
from the adversary’s physical actions during an
attempt, we must determine them, i turn, from the
time sequence of actions associated with that attempt.
This determination is the last step in our “top down™
decomposition; il completes the derivation of our
mathematical framework. Figure 4  depicts  the
evaluation process that results from that framework.

Our present cfforts are thus directed toward
developing a mathematical frumework that rests on
variables describing the material-contrul system and
components. the reprocessing plant, and the adversary.

=== —Adversary's—Stimuli Material-control
! acts / system
i
1
1
1
ity- i i- . . rial-
Opportunj ty Stimuli Moni toring Material Commands ,
reduction enhancement j-— components ™1 control ———
components components P logic notifications
T ”
\\ /’/’ l
\Ad . cptionZ . Reaction
\dversary's perception=——-—=o  n5onents
Fig. 3. Rep ios: of a I-control system. Opp ducti p force the y to select paths for
which diversion IS more easl]y 1. Stimuli-enh create more easily deteeted stimuli. These stimuli
are ther op d on by to create the signals that are the basis for decisions made & oy the material-contro)

logic. On command from this logic, rezchon components serve to reduce the probability of a successful diversion.
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The open arrows indicate where facility, process, and material-control system data are required.

The computer models developed through this effort
will support the Nuclear Regulatory Commission in its
choice of effective regulations by assessing the effects
of changing material-control strategies. When a
complete utility-model hierarchy is validated, it will
be used for assessing licensee proposals. It may also
be used to establish general regulation criteria.

We will usc the model hierarchy to fulfill the second
objective of our safeguards program: designing
exemplary material-control systems. The hierarchy will
allow us to determine specifications for material-
control systems and components. Tradeoff analyses

will be performed by exeicising the utility model and
its constituent models, thereby identifying preferred
material-control system configurations.

Program Development

To achieve our two objectives, the program has been
divided into three development systems
engineering, material-control component design, and
facility characterization. The three areas are interactive
and wre being pursued « “ncurren:ly.

The systems cngineenag group is responsible for
developing the evaluative tools and conceptual designs

areas:

9



for materialcontrel systems, Our principal concern
here is the total system — developing appropriate
assessment methods and designing effective exemplary
systems.

The group for material-control component design is
evaluating the design and performance of sperific
functional components for material isolation, :naterial
handling, measurements and instrumentation, and data
processing and analysis. This development work centers
on the individual components and processes that make
up a control system.

10

Finally, the facility characterization proup is
providing the process and secarity infonnation needed
to design and evaluate control systems and
components. Here we are examining the physical
layout of existing reprocessing plants and the various
chemical and mechanical processes involved in their
operaiion.

Key Words: material control systems; nuclear materials;
nuclear il ag 1 sofe ding nuclear materials.




SCIENCE AND TECHNOLOGY

TAKING FAST-NEUTRON SNAPSHOTS OF THERMONUCLEAR PLASMAS

Attempts to study th p have long
been hampered by our inability to image their
neutron-producing regions. X-ray pinhole cameras are
ineffective for this purpose; their walls and pinhole
aperture plates are too transparent, their fiinn teo
insensitive. We have constructed a special pinhole
camera that solves these problems, imaging a I-cm
volume thal emits about 10'2 neutrons in 10 to
100 ns with a resolution of 1 mm and a “shutter
speed™ of about 10 ns. With this camern we have
i igated dense pl pinch p and plan
{0 diagnose a v:mely of merllally and magnetically

fined th pl

Fast ncutrons are one of the mair preducts of a
thermonuclear reaction experiment, and measurenments
of the number and energy spectrum of these neatrons
are among the primary diagnostic means for
investigating plasma dynamics. This information is
incomplete, however, in that it gives no hint of the
size and location of the ncutron-cmitting region.

Contacr Rudolf W, Bauer (Ext. 7527} for further information
on this article,

Without a neutron-imzging system, plasma physicisis
are in somewhat the same position as a blind man who
feels the wammth of the sun but has no idea of its
size and shape.

We have developed a fast-neutron pinhole camera
with high detection cfficiency and nanosecond time
resofution. It combines a specially designed copper
collimator with a varicty of interchangeable neutron
detectors at the image plane. Resolution is adequate
to show the size and shape of the neutron-cmitting
region in the plasnn,

Pinhole cameras are nothing new, of course. They
predate photography. having been used by Renaissance
artists in their studies of perspective drawing. X-ray
pinhole cameras have been used for plasma diagnostics
for many yecars.

Adapting this well-hknown principle to neutron
imaging involved a number of ingenious innovations,
however. For an optical pinhole camera, the walls and
piniiole aperture plate can be thin sheet metal or even
cardboard. For an x-ray pinhole camera, they must be
a few millimetres of icad. For our neutron pinhole
camera. the walls became a paii of 1-m-thick
water-and-concrete shields (Fig. 5), and the pinhole

Experimental cave Detector cave
= - Pinhole <
Shieldin \ /co]]imator X Shielding
NN . N
> Line-of-sight
opening
B - U S = -——- N
R e N ¥
Ground Detector
Source N R
- |
2.5m 20 m
Fig. 5. Sch ic di of the shielding and collimation setup for the neutron pinhole camera experi An object di:

of 2.5 m, together with an image distance of 20 m, gives an image magnification of 8. The overali flight path of 22.5 m
allows clean time-of-flight separation of the neutron pulse from the prompt gamma-ray signal for typical pulse widths of 100 ns

or less.
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Fig. 6. Geomeiey of the ncuton

pinhole  collimator, This collinuator

10 ¢m—, was osiginally machined from copper.
0 el ene | | L S
p 1
& —={J i
~1 mm ’
115 ¢m

became a i15-cm-long copper collimator with & 1-nun
central aperture 15 cm long (Fig. 6).

Making such a collimator of solid copper is no cusy
task. Ymagine boring a f-mm hole 15 cm long in the
middle of a copper bar. and boring two more holes.
aligned with the first, that taper from 1 mm to 5 mun
over a length of 50 cm. Such impossible specifications
could be met only by subterfuge: first we mitled two
copper bars tengthwise and keyed them to fit together
perfectly: then we milied grooves of appropriate
dimensions in the mating faces so that when

bled, the comp bar would have the
required ccntral hole.

After making a couple of these solid copper

12

collimators, we thought of an casicr. faster, and less
expensive method. We made a mandrel the shape of
the desired holes, inserted it into 2 simple mold, and
filled the mold with copprrdoaded epoxy plastic.
Removing the mandrel teft the finished piece with the
required comtral hole. The high concentration of
copper in the cpoxy 1807%) erabled this inexpensive
collimator o perform almost exactly  like  the
solid-copper original.

As shown in Fig. 7, we istalled these collimators
in pairs aimed at the same source point. This offers
the possihility of making stereoscopic views, and also
provides a conveniem way of comparing competing
imaging systems.

Fig. 7. A pair of cuppes collimators
instatied in the pinhole-experi
cave, The collimators define two lines of
sight diverging from a common source
point (object center) to the left in the
center of the shielding enclosure. Each
collimator scives a  different  detector
station 20 m away to the right in the
detector cave,




Image Recording

X-ay pinhole cameras commonly use photographe
film  for image recording. To tecord  neutrons
efticiently. lowever, we would need a stack of
camulsions some § to 10 cm thick. 1t would then take
many  months o process the film, and  the
recanstituted image would be integrated over the entite
neutron pulse (108 ns). There would be nio practical
way to resulve cvents 10 ns apart, as was desieed. Such
resolution requires sonw form of electronic detection.

For use with this fast-ncutron pinhole camera we
have devised thiee different fteutron imaging systems,
Each has advantages and drawbacks. cach sepresents
a compromise with the ideal. Together they constitute
a system that offers |-nun spatial resolation aind 100s
time tesolution and that provides a fisst Jook at the
neutron image within about 15 minutes of the neutron
pulse.

The tirst, and in some ways the most direct,
detection system consists of a hexagonal array of 61
simall olastic scintillatess, cach connected by a shiclded
light pipe o a sepasate photomultiplier tube {Fig. 8).
Each scintillator is a cylinder 1 cm in diameter and
5 em long, sheclded from adjacent scintillatoss wath
25.um-thick aluminum foil.

These dimensions were closen 10 miningize cross
tatk between the different imzge clements; only about
half of the neutrons entesing the front face of the array
wil interact (and cause a scimitlation) befure travelling
throtgh the array. and very few of those that interaci
once will do it again in a different scintitlator hefore
they also escape. Similarly. no mose than about 1%

Fig. 8. Asscmblcd 61-clement scintillation-
phatamultiplics system used én the ncutron
pinhole ~amcra as an imaging detectop
with an iaherent tin.. resolution of a fow
mnuseconds. The acutron flus comes in
from the kit Curved aluminum-wrapped
{ight pipes connect cach individual sin:
tillator to a di i
ube.

of the neuttons will bounce back from the plastic light
pipes and make a scintillatian in any past of the array.
As a result, we can be sure that at least 959 of al)
the scintillattons s a piven santliator  represent
neutrons that came disectly from the plauna sousce,
through the collimates, and 2o that snage clement, 1c.,
that are bona fide membess of the neutron ymag:.

The output of cach of the photomultiplics tubes 1s
separately  amplified and  displayed, together with
timing fiducial markers, on several oscifloscopes. These
oscilloscope traces represent not the mdividual light
flashes from cach ncutron interaction, but the total
light output of the scintillator as a function of ume.
The various oscii scupes have different sensiwvitics;
the mote sensitive ones record the beginning of the
uglt pulse, and the less sensitive ones display detals
near the peak of the light ennssion. These scores of
traces van then be digitized. divided into 10-ns slices.
and combined into a sestes of images that show how
the neutioncmitting segion bualds up and decays.

This 61-clement arzay tepresents a tradeott in favor
of time resodution. The image may be somewhat crude,
but the time resolution s excellent. The two other
detzcters sacrifice time semsiution i favor of improved
image quality.

The scintilimion-Niber system (Fig. 9) is similar in
prisiciple to the scintiltation-photomultiplie:s system
described  above. Instead of 6} image clements,
however, 1t crowds about 1000 plastic scintillating
fibers, cach § em long, into a Y-cm bunuie. This gives
it greatly improved spatial resolution. We connect all
1000 scintillating fibers dicgctly 10 the faceplate of an
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image-intensifies tube that amplifies the light outpuy
about 10° times, making it pussible to photograph ths
resulling image on 70-mun film.

The image-intensifier tube can be switched op md
off in 50 uns, enabling us 10 image either the beginning,
the end. or the middle of a 100-ns light pulse. There
is no simple way with this equipment 1o image an
adjacent 50-ns slice of the same light pulse, however,
By the time the 70-mm camera presents the next frame
of film, the original light pulse is long gone. 11 takes
an entire separate scintillator-intensificr-pinhote system
and meticulous cross timing to obtain an image of an
adjacent 50-ns slice of the same light pulse.

The picture recorded on the 70-mm film is a
featureless blob with indistinet boundaties that blend
imperceptibly into the background. Scanning this
photograph  with a microdensi ter prod a
contour map of the film density that is much simpler
to interpret. Figure 10 (upper pair) shows such a map,
wgether  vith a Ol<element view of the same
deuterium-tritium  plasma  pulse taken through an
adjacent ¢ccilimator. The two views agree well on the
size and shape of the neutron-emitting region, and on
its displacement from the optical centee,

The tower pair of images in Fig. 10 thows a change
in the lacation of the neutron-emitting region. This

displacement  supplies important operating informa-
ton, Moot us to sply coirections to centes
and focus the plasma for more cfficient operation
of the plasma machine.

The third ncutson imaging detector is a modified
prepane bubble chamber (Fig. 11). In conventional
bubble chamber applications, we wish to examine
individual particle tracks and observe how they curve
in a magnetic ficld or how they branch. To best show
these features, we place the cumcra at right angles to
the beam direction. In neutron imaging, however, wa
only wish 1o record whese cach neutron interaction
took place: for this we align the viewing window and
the camera with the beam axis, ie.. with the
collimating pinhole.

In this gerector, the neutron inieractions of interest
take place in a cylindrcal vatume 10 ¢ deep and
10 cm in diameter in superheated liquid propane. Each
neutron interaction leaves behind a teail of fons on
which bubbles can fosm if the pressuse on the bubble
chamiber is released just after the neutron pulse. Each
of these bubbles serves as a scattering center for the
side light. This scattered lipht stands out brifiiandly
against  the all-black background and can  be
} hed with o ¢ ional camera set to the

Uil

"smallest aperture fer the maximum depth of ficld.

Qutput fiber faceplate

Light-tight box .
Input fiber face-
/rplate
L

— 70-mm
f—— photographic
f—- 3-stage film
=" T image intensifier  }| N ..
—_— Camera box
—
——
Incident
neutron
beam {Focusing magnet not shown)

Scintillation fiber bundle

Fig. 8. The scintillation-fibcrchamber image-intensifier system caed as an imaging &

for the pinhole camera.

The scintillator fibes bunrdle, about 9 om in dlameter and S cm thick, consists of soma 1000 individua! plastic scintillator

rods 3.2 mm in di Quastz-fiter facepl
and the output sceeen (o the 70-mm photographic fAim.
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Scale at the source positicn — mm

Scale at the source position — mm

Fig. 10. N imaging d ‘ Upper pair: 2 61! intillation-ph ltiplics image (icft) vs a 3000
element minldhnowumgem(cnﬂﬁcr nmp (n;hl) of a D-T plawma pinch. Lower pair: a 61 cleme 1 scintillation-photomultiplicr
image (teft) vs 3 prop graph {right) of a D-D plasma pinch. The 61-clement images were drawn (tom
the integrated l;hl pulse data, The l000-clmcn| image is an isodensitometer scan of the original photograph. The propane-
bubbl hed. Numbers in the 61-cly arrays indi the incid fMux (n/cm:)
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The lower pair of images in Fig. 10 compares a
bubblechamber photograph of a deuterium plasma
with + 6l-clenent image taken through an adjacent
collimator. In both images the neusron-cmitting region
has moved closer to the horizontal axis, but is siill
far to the right. The agreement between the two views
is evident.

The bubble chamber offess no time sesofution at
ali within the ncutvon pulse, although it dues
gainst random backg 1 events more
than a few hundred microseconds before or after the
pulse. It is even possible to distinguish between D-D
and D-T neutrens at low flux levels.

Summary
We have developed a pinhole camera foo inaging

sougees of DD and DT neutrons with & resolution
of 1| mm at the source. We have used this camera in
sevesal plasma  experiments and  de
ability o inage l-cndiame sobrées emitting about
10'? neutrons.

We have devised thice different image-recording
systems and developed each to the point that they
yield quantitative flux  measurements.  With a
Gi-clesnent-matrix scintiflation-detection assembly, we
have achieved a time resolution of about 10 ns and
maedsate  spatizl  gesolution.  The limit on  tinie
resujution was imposed primarily by our escilloscope
recording  system; wide-band  oscilloscupes  would
permit 3 gresolution of 2 to 3 as. Our
scintilation-fiber-chamber image-intensifier system has
a time resolution of a few tens of naneseconds and

ated its
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good spatial lution. The propane bubble chamb
has relatively poor time resolution (milliseconds) but
good spatial resolution.

The spatial resolution of all three systems is
ultimately limited by our pinhole geometry; for the

a good compromise that took into uccount detector
dimensions, time-of-flight separation betweer neutsons
and gammas, and Doppler broadening of the neutron
signal.
The neutron camera described in this article was a
liable and versatile toal in our investigations of dense

61l ystern, it is also limited by the rclatively

low number of image clemznts. All three detectors are
about equally sensitive. with a lower response iimit of
a few ncutrons/cm?, They also permit fast information
retricval; 15 minutes between exposure and the first
look at raw data is nommal.

We carcfully designed the pinhole geometry, using
a Monte Carlo ncutron transport code. to minimize

plasma compression phenomena. We are planning to
adap! it now to magnetic fusion and laser fusion
experiments. Thesc adaptations will be mainly a matter
of scale.

Key Words: bubble ch ; deuterium - nuclear

scattering and to give about l-mm spatial I
We feund that an cightfold image magnification was

I pl ;  scintillators;  scintillation
detectors; thermonuclear reactions.
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