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ENVIRONMENTAL AND SAFETY ENVELOPE ANALYSIS FOR INERTIAL FUSION APPLICATIONS@

Joyce Gross Freiwald, JoF.n H. Pendergrass, and Thurman C. Frank

Los Alamos Scientific Laboratory

University of California
Los Alamos, New )’!eXiOo 87’j~5

This paper describes an envelope analysis concept and a generic process flow
model which together can be used to identify and isolate plant functions and
provide for detailed maas- and energy-balanae bookkeeping for environmental and

safety studies. Los Alamos Scientific Laboratory’s (LASL) two laser fusion power
pl.anL concepts were analyzed with this aoproach. &mples of the detailed tables
of material flow rates into and out of an envelope are presented in this paper.
The trltium and lithium inventories and alr activation were identified as having
important potential environmental problems and safety risks.

Fle purposes of thig paper are to describe

an en.?!ope analysls concept for use in
en~,j~onmr.l]tal and safeLy studies and Lo provide

I bao<<eeping scheme tc integrate enviranmenLal

and safeLy research in the development of a

Lcc5,Io1OKV o These concepls have been applied to
two 1:*5?I- fusion power plant designs L.I show how
thev can be uned. Samples Or the detailed
res~lts have been selected and presenLed in this

p(aper.

E24US’Y!!!A
Typically, deLalled environmental and

safety analyse3 of new Lechnolo&ies are not
performed unLll de~i~ns are finallzed. ‘M()
ex3mple9 are the light wlter reactor and the
liq’~id metal fast breeder reactor. This 19
basictilly because there is very little funding

for environmen~al and safety research, the
desi~nn are not sufficiently de?ined for
speclfi ‘ analyses, and verified evaluation
methodologies have not existed. This
postpanemont I,ns aaused expensive reduaiun,
licensing mnd oanstruction delays, and a
lowerlng of the plant capRclty. Howe\er, if
potential hnzards and lloanslng problems oould

bn Identified ea,’ly enough, they could be solvId
at lower coot , and inapproprile design

approaches cOuld be nliminatedm Each generation
of experiments should be lnstrumrllt.ed to provide
environmental and safely data to be useu an
deslgu criteritt for later generations Or

e~perimenlo. ‘rhis inherently mInim~ze3

~Uork p~rformnd under the auapioes of the U.S.

lJepartnenL of Enargy.

environmental impacL by safely dusign througf]~~]i

the research, development , Jlld demc,nstrdLl,>,.
proccs.9. A doLa IJa9e successfully develop?;
throu~h design iterations would facilitate LIoLh
the preparation or environmental imp]?.,

statements ar]d the licensinp, proce.sx,

As the tccnnolouy development prourdm for
laser fusion evolves over the nexL 20 years or
more, sLudies on 9peqlric aspects will De

parcelled out to different arganizntians, and
there w1ll be a continual changeover in paople
doing the environmental and safety analysis.
Ther~fore, a logica7, unifcmr, (’1)1,’i [I; q; :(,

t,[u]kkrcping .Mcrnc io nrc<ic< ? f p ;)1 t.c.11,,1 t ,

fhc cnlJr’romcf]ta/ a)lt! Iwsf(’t!l prl;rL7rc,J: ~;rl,7

f.lw rc(1147 t.i)+7 data,

_Envelopr Annlysls Concept

Envelope anal&s- ~nn provide a simpAt?,
logical, uniform, and universally appllr,~blr

fran}ework to guide research and “.) lnL~Krat~
etudy re3ults. This appronrh ldenLlflns an,l

lnolaten plant functions, p-ovidt?s for detailed
mass- ●nd energy-balanca bcokkeoping, arid
outlines a nested envelope containment schnmc.

Los Alamos Scientific Laboratory’s tw,) laser
fusi~n power plant concepts, the wetted wall
●nd the ❑ngnetloally protected wall raactor~,

ware annlyzed using this npproach (eat FiKs. 1
and 2, respectively). Each envelopr in

oonoelved as a boundary uround -I syat.om’n
components. Thus , i n Fig. 1, envnlapr A
contains the reactor itself, envolopo h
oontnins th~ pipe abase area , envdlopc C
oontfilns tt)e ljthlum alennup equipmorlt , and
envelcp~ II c,lntnlns the lnser hall. All o!’
t,heaa env~lop~)s, along with five others are
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Fig. 1. Environmental envelopes for LASL’S laser fusion power plant concept
- wetted wall design.

cmtalned wit:]in a larger envelope, K, the
reactor buildin~. separate envelopes contain

the pellet factory, M, waste handling, L, the
operations ●nd con’rol building, N, the turbine
hall, O, etc. All these envelope3 are
contained within the largest envelope, P, for
the plant site ltseif. Typically, envelopes
enclosing the ieaat conventional equipment will

require resolution of thn greatest number of
●nvironmental and aa~ety questions. For
example, .nve!opes A through J inaid~ the
r~ictor building hf,e deepest insldo the plant

●nd represent the least oonventlonal

technologies. Clearly, nll unnecessary passage
or aaterimls between envelopes should he

minimized, Tf the r~.sulta of much atudics mre
fed back into design ●nd safety system
ortterih, there is loss probability of ●dverse

impaots outside the larger containing ●nvolopes

(fOr ●XAmPIO, tho reactor building, K, cnd then
the sito itself, P).

Qua!itifying the material and energy fAows
insidt fin ●nvalop* will facilitate ●aseaament

of how ●uoh material paases from this onvalope

to another. It will slno allow for ●stimation

of poaslble routine releaseo to the
environment. Am m raault, the rcAatlve
importenos of ●aoh ●nvlronmental ●nd ●mfety
●hpoot Oan be ●vkluat,gd,

Thus , envelope analysia during the
research, development, and demon~tration of a~!

energY technology (such as an inertial rusior,
power plant) can (1) provide 8 bo?~keepin~
scheme for research program planning and (2)
facilitate the licensing process through desig!,

iterations.

Process Elements

The ●nvelope ●nalysis approach can also
be us?d to study the entire fusion fuel cycle

●s uell as the distinct plant elements. The
fusion fuel oycle can be viewed as a series of
prooea.ses. For each prooess, there ●re input
requirements of money, materials and reaournes,

labor, ●nd energy, ●a shown in Fig. 3. Tnere
●re baeinally three phases of a facility’s
lifetime: construction, operation, ●nd
deoommias~nning, The operational Phase has
four subsets of startup, routine operation,
routine malntennnce, and ●ocildents thnt should

b~ oormidered in nn ●nvironmental ●nd Dnfetv
●t!ldy. Each of these ph~ses generate process
wastes or effluanta that must be handled and/or

treated ●nd disposed of. Figure 3 illust”atea
● framework for collecting data 011 morl?v,
materials ●nd resouroea, people, and en~rgy
needs, and the ●ffluents for ●ach phnse of’ a
facility’s lifetime, as well as on ttlr
environmental and safety ●spects,

2
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Saraule Results TABLE 111

Early ●nvironmental bnd safety ●tudles
will focus mlnly on Seneric items for routine
ope~ation ●nd ●ccident potential%. :3 laser
tusion reactw designs ● re firmed UP, XCMW
detailed ●spects of the other four oases can be
●valuated. For ● routine-operation @naiy918,

we prepared tables of Mterial flow rates intO

snd out Or each envelope. T4bies ] ●nd II show

input or =terials and energy, production or

conversion a? materials ●nd energy, ●nd output
of materials ●nd energy for ●nvelope A, tne
reactor ceil, of two Laser fusion pow-- plant
design t,oncepts. Flag items (the right-hand
co~urnn fOr ●ach table) mre ●nvironmental or

!s&fety ●spects that need further definition or
research. As indicated above, some of these
items mieht be ●ddressed, ●t least in p@rt,
throcgh instrumentation in present or future
generations of experiments.

For the purposes of an ●nvironmental ●nd
safety ●nalysis, the inputs ●ve the ●ame with

both rtaztor concepts but vary in quantities.

In reference to outputs, the de?ign of the
reactor cell his four purposes: (1) to ● ssure
that the radiation dose to tlie rwst of the
pla~t ●nd to the gene.al envl~onrnent uill be ●t.

8cceP:a@le levels, (2) to withstand ●ny lithiuu
spills ●nd sprays, (~) to aaintrin ● n inert

atmusphe~e, ●nd (4) to contain tritlum leaktge.

K)QL4ileS Discussion

cslculational results as shown in the
cables also indicate that air ●ctivation &y be

● aig-,lficant conslde~ation. Aa on+ of the
● reas containing liquid llthi~m, the ~at!tor
cell surrounding the rwctor vezscl UOU14 have
an inert ●tmo9pbere of ●rbon . Tha ●r&on
●tmosphere will also minimize genrrction of air
Activation products in the reactor oall. The rd
● rc four potentiai sources or impurities in th
argon atmosphere. Tn. different grades of
a-son commercially ●vailable vary Ln th~
percentage of iqwritiea, ● g ●hwn in mble
111, but they ●ll oontain some Weoes of
oxy~.n, nitrogen, and oarbon. ?ne oompa~imon
of tlwse trace concentrations uittithoso fIWa
sir in-lemkoge 18 ygt unknown WOSIJDQ tha
in-plart purification gyatem hav~ not yet been
designed in datail.

A ●econd source of ●ir ●otivatlon
products umJXd M fmm air Aeakage into the
reactor 0.11. 1.4w-ieakage containment vessels
for fission resctors have ● ●ir leskage af

0.1S pw” day,q Slthough in prlnoiple the
●rton Oould be maintained on o stro.leakago
basis. It haa been tsti~tqd that the mm-l
in-leatase !or the Peactor 0.11s ulAi be 0.01S
oeil VOI!IM per dsy.~ Tablea 1 snd 11 Sive
the .otimat&d voiuee of dally In-hskage ●t
thst rate, Y’M Min constituents of ●ir ●;*O
of Oollmc, oxYgen ●nd tiitro~en, feilovsd by

Comiclercial Resea-:-

A1.gon 99.9+s 99.995%

Oxygen 0.002s 0.1 ppr

Hydrogen 0.0023 0.1 ppr

Nitroeen G.ools 0.1 pp:.

mrbon 0.003s 0.1 pplz co

0.1 ppc, Ck”

Total
Impurities 0.01$ ~ PDF

carbon dioxide ●nd ●rbon, with trisee. c:

lrrypton, neon, heliun , hydroger., ●ns Xp:-<.,,

The proportion of irl-iea~lmg a.r p:ilu::..:~
such ● S CG, S5X, tJLx, an5 metr,a.,c “~-.

widely with the site s Taaie IV !3n3bs :“.

potential air ●ctivation Dr02J:tS G., t..

●ssumption that ●ll the constituents lea<s: 3’.
the ● mme rate, UhlCh WOJ]d only ha;;e- i-, :..

ease of structural cracks. Otneruise tne E~:.

would have tn permeate the solid wa>is ::

concre’e and the stainless steel 11-,?-: .
Nitrogen ●nd hyd~ogen would then be m~c” m--e

Aikely to in-leak by permea:lon, Since nc ra-c

@as gOe9 th~ough ●ny metal unless the gas I:
ionized, it is v~ry Uniiwely that neon AC:

xenon will leak in.5 Tne •~gon in-leakage is
of no concern obviously. A minute ● m~unt o:
krypton (less thsfi 10-4 ppm) tight be

●xpaoted.

The third source of ●ctivation produ:t>
in the ●tmosphere of the oovity oell w3L1S hf

gas Jeakaga frem t:,c reactor vessel and PIPJKS,

which oould conceivably include iitrliu:,

lit>ium impurities, helium, dcuteriuu., ● n:!
tritium.

A fourth source, Iases from the b:~:i C!
the structural ssterial, involves minute

quantities and w88 not considered ;t) this
●nalysi~.

Rough ●etiBate8 indioate that -2S of the

neutron ●nergy may 100II into the reactor
oeli .Q We ●ir ●ctivation produotm to be
●xpected sw tritius, 13N, 16N, ldC, ●nd
41 W . @ttreSen.14 has ● theme] rsdlstive
oapture etios oection to stsble ~5N of 0.075 b.
Aitrocm-ls has ● thermal radiative cross
●otion of 0.?4 ●b. ?WOMTsbie IV, nitrogen
will be <0.008S by ●olume. Since ttlc
hAlf-liVe8 of 13N and 16N ● re 9.97 ninutes
●nd 1.10 seconds, res ●ctively, they ~eprescnt
a ~,’ligibls h.smrd.~,1 ~ the Oth,r hand,

b



TABLE IV

~otentlal Sources of Air Activation Products

(m3 for wetted wall design)

Ar N H o co~ 39,41K He Neon Xenon

Gmtribution from 115,000 0!11 0.11
argon impurit~esa

Contribution from ().~o 9.03 5x10-fJ
in-leakabe of airb

Contribution from 3X1O-4
leakage from reactor

vessel or pipingc fjx;;-3

Per cent by volume 99.990 0.008 -

0.11 0.11

2.42 0.005 1X1O-5 5xlo-5 2xlo-~ lxlo-~

lxlo-3 1X1O-3

0.002 -

aAssumes argon at 99.9995X purity (research grade commercially ●vailable).

bAssumes air in-leati~ge rate of O.01~ reactor Celi volume ptr day. Assumes air constituents all

lea< at same rate; actually nitrogen and hydrogen are much more likely to lea< in by permeation thd!,

are O, CO, CG2.

C&:S~ Cadl.j i~clu~c= the f’o~lowing: Si, Ca, Nat Fe, NJ, Cr, Ta, F, Cl, b~i, 7Li, and NtI.

14N(3,P)1UC nas a tnermal cross section of
~,pl h, and the resulting 14C has a l!al? ilfr
of ~?lf) years, so some researchers have

id~ntiiled lli~ ● s ‘the most 31g171fiCanL

activation product ariaing from acbivat,ion of
air. ..b.b However, preliminary estimates
indicaie an annual production of 0.16 curie of
14C for the wetted wall desiun, with a
resultant global population dose of

approximately 0.3 person-rem per year.g
Further investigation of lbc production lS
desirable.

Argon activation was ●stimated at 50 F
brilocuries, whe-e 5 is ● correction Coefficient

accounting for detailed geometries of Me
reactor vessei and reactor ceil. Argon-41 1s
an energetic beta ● nd gamma emitter but,
because argrm is ● rare gas, it is not readily
taken Up by living organisms ●nd has ● n
axtram~ly emal i bi(,logieal effect.~”
However, the 41 ~r clearly should be

considered a potentitl raactor affluent.

Argon, with its impurities, would be
circulated through the cell inerting and
coollng systcm. There the impurities Would be
removed, minimizing the inventory that could be
dlaperaed to the ●tmosphere in an ●cclden~..
Assuming ● 50 K difference in temperature and ●

?$ leabfag@ of neut@on energy, the flow rat,e for

argon in the cell inerting and cooling avatom

tiould be ?300 kg/s.

Tne target pellet is injected

(n),

tnr9~E.
either by a pneumatir or an electr~-

ma~?etic process. Tne electromagnetic process
would operate with an internal vacuum and th~s

minimize contamination of the reactor cell’s
inert atmosphere. The pneumatic process WOUIC
be operated in ● n inert atmosphere (helium), so

again there would be no introduction of
impurities into the reactor ceil’s ●tmosphere.

As with the laser beam tr~nsport ducts, tne
neutron streaming into the pellet injecL19”l
sy~tem is of concern.

Accident Analysis

Accident ●nalysis requirrs asse~sment of
the probability of falluros leading to materla!

exchange betw?en ●nvelopeb ●nd to potentiai

haznrdous releases to the environment. Sore* of
the basic data for theoretical aocldent
analyai~ is contained in Tablea I and II. me
trltium ● nd lithium inventories were idenilfied

● a havinf, important potential environmental
problems and safety riaka. For the wetted wall
design, the total lithium inventory would be
9.6 X 1OS kg; ● nd for’ the magnetically
protected wall design, the total lithium
inventory would be 20.5 x lo!i kg. As ●

general coneluaion, the greatest hazard is From

the lithium, whtch represents ● more serious

chemical than radiological hazard. This
problem hag been Z,heoretically addressed by the

USQ of double-ualled ● taam generator tubes,



reactor cell linings, isolation valves, and
argon atmosphere~. The use of lithium in the

primary heat exchange loop remains a focal
poirit of discussion.

W!?!x!Q

using this envelope ●nalysis approach, we

have identified mater~al and energy flows and
have formulated a systematic approach for
● ~sessment and analysis. Flag@ed itemg needin~

further environmental and sa~et.y research
include corrosion product~ and their
activities; structural ●ctivation; handling of
pellet debris; lithium cleanup ?ystems; tritium
inventories, barriers, and recovery
technologies ; and 14C production,
inventories, migration, ● nd removal . For
further studies, we recommend a five-phase

cycle, including completion of theoretical

mas!l- and ●nergy-flow calculations, postulation

and calculation of accident scena, 0s,
assignment of priorities to scenarios acccrding

to predicted effects, design of experiments to
gather data, and incc poration of results such

as new subsystem designs in the next generation
hardware. This approach should prov.dt=
inherent safety and minimize enviror,mental
imDact.
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