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In trying to assess the engineering and enviromnental problems-
With fusion reactors onc mlght think that the problem will. strongly
depend on the choscn fuel cycle, W1Lh some ‘exceptions this is

‘not the case at all. It turns out that any fusion system employing
deuterlum will have simnilar neutron currents and the choice
therefore fallb back on which system is easiest from the plasma
Physics point of view.

Figute 1 shows the different fuel cycles generally considered
for fusion and with each réaction is iisted the minimum temperature
at which the reactor can operate as well as the minimum product
of the density and confinement time requlred to produce sufficient
energy to just kcep the systcm gOLng. Thesc numbers reflect some
assumptions about the total encrgy released in the reaction and
the cfficiency of converting kinetic energy of reaction products
and heat to electricity, but the numbers clearly indicate that the
D-T fuel cycle is by far the easiest to achieve. Therefore, in
this discussion we assumc oporatlon on the D-T cycle but ultimately
the other cycles may be pOoSlle and highly desirable,

As ve investigate the details of this cycle we see that while
it poses the simple st problem for the plasma physicist it may be
the most dllecnlt for the reactor engineer. This stems from the
fact that in this system 80% of the energy is released in the form
of a fast (14.1 Mev) ncutrbn‘and that tritium is not a naturally
occﬁtring isotope of hydrogen. Thé former problem is not unlike

‘that found in a fission reactor excépt for the higher neutron




encrgy and the latter problom 1s solved somcwhaL like the fast

brceder reactor in that we can produce tritium by the fission

capture'of a neutron in llthlum as shown in the bottom two rLdCthﬂS

One might thereforo say that the fuel for these fusion reactors
is deuterium and lithium,

This then forms the basis for our engincering gnd'env;.onmentﬂi
Proolems and we seccok to explore the details of this as far as
Possible.  We will be dealing with a system that produccs-s-lO'7
nentrons per sccond for cach megawett of thermal power ane  nis 1=
about a factor éf 4 higher than that in a fission reactor. The
System must produce tritium essentially.as.fast as 1t 1s CC1sumed
or about. 0.2 gram_pér mégawatt day.  This compares to the &iel
consumption in a LMFBR of about 9 g per megawatt day, or a :usion
Teactor consumes about 50 times 1055 fuel by werght ver ..

Yo handle the neutron and brecding problems of a fusic..
reactor, blan}u’zt like that shown in Fig. . 1 CRVIsLtone.,
surround the Lm:uc:tijxg plasma. In this blanket the noeucol,  ge- -
thermalized to remove its ennrrqy, captyred in lLLnan S ST TRIE
l'ril.ium"mcl additional enevgy,and finally stoppoed In .t',ho eoed
o solate the outside world and es >ecially the wupers ;..r‘ ‘v\.‘nnr"

tron neutron leakage.  The blanket must somehow b SULDOTrELOC  1ad

cooind and this requires structural matervials as well as | c 0O g

COOcant.  Because of Ehe neuvzron fluax, the high toemperatase aneg
the corrosive nature of lith .um, tho materials will have o se-

som:thing quite special. Purther complications occur becaus 2




nfho reactor rcqulfos a thong magnctlc 1nduct10n for plasma
con};nemcnt. Since auperconductoro are the only economlc way

to make large static magnetic fields, and keeplng-them cold
generally requires that they be located ou£$ide the blanket. This
suggests that the.whole blanket region will be 1mmersed in the strong
induction. This W1ll compllcate our cooling problem because
llfhlum is a good conductor and its motion: in the magnetic field
will set up Lorentz forces. There¢fore, one may not be. able to |
take advantage of its good heat transfer pzopertles due to the
pumping power loss in moving it across the magnetic field. It may
be desirable to bring in lowor COhdUCthlty coolants such as
gasses or fused. llthlum salts as the heat transfer fluid.

In terms of thc problem of slowing down and capturing the
nNeutron in the blanket, let us 1ook at-'some details of a so-called
standard blanket similar to that shown in Fig. 2. ‘This model is
~depicted in Fig. 3 and envisions a cylindrical system with a plasma
radius of 150 cm, a vacuum‘wall radius of 200 cm, a thin 0.5 cm
first wall, a 3 ¢m first wall coolant, anothor 0.5 cm wall, a
larqge bregdlng rcglon, a graphite reflecter, some more lithium
and finally a shield. WNotice that the coolant region has 94% Li
~and 6% struclture in a homogenized form. The two specified walls
are merely to look at neutvonic details within a metallic
structure. Ilor calculational purposes we assume a slab gcometry
and that the reactor produces 200 MW(th) per meter length which
results in a noutron wall loading of 10 MW/m2 or a ncutron current
of 4.4-1014 neutrons/cmzsec. For reasons which will be discussed

later, we use niobjum as the structural material and natural




ligbjum which contains 7.4% Li6 as the coolant. - Fi@urc 4 éhows

the absolufe ncutron flux for .the 100 cm thick blanket as well

as the encrgy deposited per unit volume by the neutron and’
resulting gammas as it undergoes elastic and lnclastlc COlllSthS.
Notice that the first wall operates in the highest flux range
(about 3. lOls n/cm sec) and highest enerqy deposition per unit
volume (about 120 watts/cm“). These dctails‘suggcsﬁ the‘fi:st

wall is gding to be an especially important problem area to
investigate. It is somewhat like:the'cladding of a fission reactor
fuel element. |

A blanket like this has not been obtimized but for discussion,
it produces 1.2.tritons perlincident neutron, giving a breeding
raﬁio comparable to fast breeder reactors.. It also has a leakage
of .07 neutron" per incident neutron ;nd the average encrgy of
these neutrons is about 100 keV sugges ting a very cffective shield
must occupy the region beyond the breeding biankct. This is
required not only for biological safety but because this heat load
into the surrounding supcrconductors would be intolerable. Shields
for such roactor'bTanknth aro belng designed and appcar to offer
. no ins u1mountablc problems,

Since breeding ratios over 1.6 have been calculated in some
blankut configurations. The large breeding ratio may become a
probicm because tritium thus far appears as Lhoe worst rvadialion
hazard for fusionf Equations 1-4 ‘are simple rate cquations :

. . . ]
devaelopnd by Vognlsang of Wisconsin which doscribe




Ehﬁ fuci doubling time in a recactor. llere IB‘is the inventory
of tritium in the.blankct, IO the initial external invoﬁtdry,

A = l/TR where TR is Lhc mean r051dcnce time of tritium in the
blanket; T is the half life due to radloactlve decay and we use

Ix as the stored inventory of tritum external to the blanket which
is ready for fueling or start-up of other plants. The rate of
~pProduction and consumpticn of tritium are NV and N~ respectively,

while their ratio N'/N™ s the breeding ratio T. The minimum

external inventory is Iim @nd the equilibrium inventory of tritium

in the blanket is IBSat' Writing
ar N
B _ et _ ) - ~l_ = nt : _l!._
gt = N, AIB T IB = N .IB(A + z ) (1)
de . I‘<
a't-' = AIB ~ N - ‘{_“‘"- (2)
Solving (1) and (2) we find
nt T
I, = Lom ¥ I E - (T-1) 1n =T | (3)
and
SUICS S ) |
T, = L BSab : (4)
N (1-1)

For a 5000 MW(th) plant we (ind that about 0.8 Kg of tritium
is consumed bur day. Figure 5 is5 the doubling time of fuel in a
fusion system as a function of the breceding ratio with the .

recovery Ultime and (Ixm) as a paramoter. IFrom this we sce that

the doubling time js more sensitive to the residence tine




(X = 1/rR) than the breeding ratio (1) so long as the initial
inﬁhhtory.is low undVA-< l/day. If rapid recovery is possible
(A > 1/day), low blanket 1nvontorlcs will be atLaLnable and
the breeding ratlo can be 51gn1f1canLly reduced.,'

A way to reduce the residence time in the blanket is to use
a breedlng and cooling material that has a low solubility for

trltlum such as 2LiF-BeF Using this in a blanket conflguration

2.
similar to that previously examined and not 6ptimized gives a
breeding ratio of about 1.1. If ths reduction is coupled to the
~further rcdurtlon that will occur when we' add access holes through
the blanket, a nect brcoding ratio even closer to 1.0 will be found.
From the figure we sce that.fbr a breeding ratio of only 1.05, if
the residence time is around 0.1 day and. the external minimﬁm
inventory is 6 kg or less, a doubling time of.less than 160 days
is found. This is quite good and is to be compaféd.with over
7 yecars for a LMFBR. A further beneficial feature about the
fusion system is that Ffuel ropnoce,sing Or recovery can be
accomplished at the plant site with rather simple chemical or
diffusional scparation techniques. |

Moving on to other aspects of these neutron rich plants
it is well to remember that the flux is comparable to a LMFBR
but the spectvum is harder. Thércforc, leﬁ us next look at what
appears to be the nost formidable technological  problan in fusion
power--that of materials radiation damagc We know that the wall
and qtyucLural materials must be safe from chemical corrosion by

Lithium or its salts and that they also must have good physicgl
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propertics at the hiqhor operating tomporatuycs envisioned in
these devices.  For this and othcr ron5on§ the refractory metal
niobium was thought tb have the most desirable properties and
many calculations were pefformed with it as a standard. We will

sce later that there may be reasors to sacrifice the higher

temperature qualities of niobium for better neutronic qualities at

the high fluence prcdicted.

Because of the large neutron flux, elastié or inelastic
collisions of neutrons with wall material atoms will result. After
20 years of.operation transmutation collisions duc.to (n,2n),'(n,p)
and (n,a) rcactions'have been calculated by Martin to produce some
0.5, 0.28, 0.6 and 10 atomic percentages of I, He, Y énd Zr
rGSpcctively, in the niobium structure..‘The H will diffuse out,
the yttrium is marginally soluble and the zirconium is quite
soluble in niobium so that these may be minor problems. However,
the helium will bocome of considerable importance because of bubble
formation and growth which will degrade the physical propbrties
of the material and onhancé swelling since the helium does not
diffuse out,

| Elastic collisions: are also eﬁtrcmely important in the
structural materials bocause the energy transferred to a lattice -
atom or primary knéCk~on can do considerable damage as it cascades
down in encrgy. [t has been.outimntud that due to the high
Elﬁenca and cnergy in Fusion systems, every niobium lattice atom
willlpndorqo a dinplucvmont‘uvcfy day. Such a high displncemént

rate gives rise to enhanced void production and this will lecad to




'8

increased swelling., While éwcllind in reactor materials is flux
dependgnt it is also tchpefature dépcndent and Kulcinski gives
us Fig. 6 to show the general t;endé. AE low temppratdres,'only
isolated decfects survive but as the ‘temperature ié incfeasea,

. L I N
intcrstitials.become immob .le and then tend to precipitate into
platelets while the vacancies arc still isolated. Raising Ehe
temperature somewhat further allows the vacancies to become mobile
and précibitate into loopé or three dimensional voids. Further |
increases cause the Jwelllng to be reducud as the moblllty is
Jncreased and self- annlhllatlon of dlaplacements and vacancies
takes place. Above about 0.3‘T (where T is the melting point)
swelling again anrcases and then flnally drops to zecro at about
0.5 Tm. .Tn fusion rcactoru it may be possible to operate at 0.3 Tm
or above 0.5 Tm to reduce this problem but as yet it is unclear
what the situation will be in alloys that may be used.

In general, radiation damage of metals increases their yield
strength‘but saverely degradcs‘thcir elasticity until they become
like glass and can fracture under strain. Neutron radiation
damage is not the only problem with reactor materials. Steiner
of ORNL has calculated Lhc induced radioactivity in possible
niobium structural matevials of fusion reactors using the reactions
previously indicated as well as (n,n') and (n,y) reactions. While
good‘gro 58 saction data are not yet available in the high encrgy
range, the induced activity shown in Fig. 7 is obtaincd as a

funclion of the irvradiation Lifetime of a plant. PFrom Lthis we




see that USNU and the isomeric states of 94Nb and 9SNb are the
njor contributors to the activity and consequently tﬁey form
the major source of reactor after-heat and radiation waste that
must be considered. éteiner has applied these calculations EQ a
system that looks like the referenced blanket we saw in Fig. 2
and the resulting after-heat is shown in Fig. 8. The 1% we see
.here is about a factor of 7 less than that found in érescnt and
planned fission plants.

Considerations such as this form another engineering and
environmentﬂl‘problem for fusion redctors-and again there are
ways around it. As we have mentioned, niobium was a first éhoice
material to be investigdﬁod and because of that we know cquite a
bit about its neutronic pfoportics. This has occurred cven though'
‘there are dofinite uncertainties about the details of inelastic
cross scctions at high neutron energies. Vanadium is algso a
refractdry metal that has‘good high temperature physical properties
but one that‘has no long lived radioactive isotopes. Steiner

has estimated that by using vanadium, the induced activity and

3~104~comparcd to that of -

aﬁtér~hcnt arc reduced by bofwecn 10
niobium, but thefc ave other problems with vanadium,

We Lhoevelore seo Lhat radioactive skructural materials may
be present or produced in fusion reactorvs and thig represents
an<environméntui bnfdcn. Howovci, the waste is of solid form

and of reasonably. short half-1ife which makes its handling and/or

disposal a significantly simplified problem. Uncertainties




remain in this uroa.and designs are belng inves tigated- where

this radiation is reduced cven futhcr' however, the insult to

the chironmcnt from nloblum SYoLCmS still looks better than
anything curréﬁtly-available in the cnergy production area by
over four orders of magnitude.

Moving on to other engineering and environmental problems,

- We concern ourselves with the waéte'heat.of a potential fusion
eaCtor. This problem is coﬁpled to the fact that the blanket
must be cooled because it is ultimately the heat source for Ehe
system. Since we are trying to conver£ hcat energy to electrical
encrgy we are . tied to Carnot cycle eff1c1encxes. Present day
plants use Rankine cvclc LurbLn es and of course this must be

the first consideration for fusion recactors. AaAs most of you know,
the cycloe dfficioncy for such systems is determined by the maximum
oporating temporaﬁure. Al present, steam turbineé are limitcd

to inlet temperatures around 1050°F and this has generally limited
modern coal fired power plants Lo thermodynamic efficiencies (n)
of less than 42%. Because of 5 number of factors, present fission
plaﬁts have trouble mecting this value and consequently they
reject slightly more heat. This can be scen because the reject
hecat is oqual Eo (L=n)/n times the power out. A plant producing

1000 MwWo operating with n = 0,432 rejects abont 15% less heat: than

.

a plant operating with n = 0,38,
Fusion plants should be able Lo opaerate at higher temperatures

because of their potential ability to take dlmgn,tona] changes due



to thcrmal expansions, ~To Lake advanrago of'this; Fraas of ORNL
ha§.adaptcd a poLnooLum Lopp1ng cyclc to a fusion plant. This
binary- vapor cycle is shown in TFig. 9 and his calculations
indicatc that cfflcxcncles of arOLnd 54% should be possible and
thlo sounds very atltractive. )

The problem of moving a conductlng liquid metal coolant out
of the magnetic field region will present some problems but
again there are scoveral alternatives. One that looks especially
attractive to me is to use gas cooling of the blanket. Sceveral
groups have looked at this and D'Hospital and Hopkins of GGA
conclude that heiium gas cooling coupled'to\Brayton cycle turbines
‘coulo operate with n = ,49 and if these turbines are coupled to
dry cooling towers the environmental impgct as far as waste heat
is concerncd would be extremoly small. Unfortunately large
Brayton cycle turbines ‘do not yet exislt but as the neced baconmes
clear they will be dovolooed and could be available by the time
fusion is here. | ‘

In the longer term, ot for systems where it jisg especially
suited, cycles such as D-D or D~Hi can be used for the direct
oktraction of charged particlolkinctic ehergy and conversion to
electricity may bo rossible with clticiencies near 853%. Since
electrostaltic direct conversion only is applicable to churgod
particles, it is of little coMSCQHonco For D=1 systems whaere 803

of the encrgy is in the naeutron.




One fin&l nrca'of engineering that I would iikc-to cover
Hag Lo do with fucling and heating Cf reactor systems. Tnitially
a fusibn reactor has to have cnormous quantities of encrgy
supplied to the plasmé to heat ip to the point where reactions are
‘ tdking place at a sufficient rate that one might hope to;keép it
going. The way to envision this is that hot fuel is injected
into or created in the recacting volume but it is always leaking
outf As D-T feactions take place, neutrons leave this region but
- the other rgaction product, the 3.5 MeV helium ion or alpha
particle, is charged and therefore trappdd in the reaction volume.
If.will‘givo up itg energy to the background plasma through
Coulomb collisions and brovide the needed heat to the fuel.
In the ideal casé, one would only have to inject cold D&T fuél
into the reaction volume to keep the system going. Such an idecal
sitqation will be modified by oﬁr inability to confine the.plasma
and hot o particles beyond a certain period. As thc.fuel lecaks
out of the magnetic container it must be cooled, collected and
recireulated.  The recirculation will cither be done.at high
encrgy or as cold fucl depending on the systém dnd the need to
control the reactor burning rate. At present it appears tﬁnt
fucl will have to pass through the reacting volume on the average
of some twenly times l)éf%)r(r it is burned. This general leakiness
and” the nend to always supply tuel from the outside, either
onofqntiually or not, is both a‘blcssing.and a problem fbr fusion
systems. Tt is a blessing because it guarantees the inherent

salety of a reactor and its inability to undergo a nuclear




excursion. lHowever, it is a problom because small amounts of’
radioactive tritium, about 1 kg per day, muat be hundlcu e iy “imn;
ex;éedlngly well to Prevent minute losses outside the plant.

In conclusion then this has been an outline of some
'enQineoring problems in fusion reactors that will have dlrL t
ylnteractlon on and 1mp11caklon for their environmental 1mpact.

Of course eventually reactors may be different than they are
presently Onvisionod, howova, unless the drsigns change CENs T L,
they appear to offer a significant environmental advantnql sver
any thing prcscntly available. When this ndvantage 156 couc.ca to

the long term availability of Ffuels for fUSLOH, it suggev .+ that

the sooner fusion‘power becomes available in a re allsLLc sinse,

(')

thc bth er we will be able Lo meet the need for clean, sa.e
eccnmic clectric pover.
Special rhanks is extoended to my colleagues for theiv

permission to use slides and data rom their works.
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