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ABSTRACT

]

A review of possible fusion reaction cycles with
the associated neutron production rates and encrgies
is presented. Some of the problems in having to ther-

malize and capture tnese ncutrons for D-T cycles are

outlined in tecrms of likely ncutron wall currents and

resulting neutron fluxes. Dﬁe~to the encrgy of these
neutrons otﬁcr problems arise because of elastic and
inelastic_collisions.. Such collision rates and dpa
for a "standard blanket" are presented. Problems in
thermal and transient magnetic stress loading are also

outlined.




Introduction

Progress in the physics of piasma confinement during the
past s;vcral ycars has led to spcculation as td when once might
be able to gencrate electricity by the fusion procéss. Scveral
confecrences 1-3 have bcén conducted to explore the technological
aspects of fusion and almost all rescarch oriented meetings
devotéd to any aspect of'éncrgy, its production, or distxibution
contain some clements of the fusion problem.' It is; therefore,

important that conferences such as this look toward the problems

of fusion reactor design. In particular, the materials problems

of'spch roactors look formidable and it is good to bracket these
problcms as WOll.as possible in order to put them in perspecctive
and kecep themn befofe us. In'tﬁis pépcr we attempt to quantify
some of the problems in fusion reactor désigns and in particular
thosc problems that are related to the ncutron producticn, trans-
port, and collisions in reactor blankets. Since this will be
fundamental in socking‘solutions to the materials problems of

radiation damage; fatigue; stress cycling; hydrogen permeation,

diffusion and solubility; helium embrittlement and so on, zcroth

]
¢

order solutions are instructive.

All ncar term approaches to fusion are concerned with

burning deuterium cither with itsclf or with aﬁothcr isotope Of
hydrogen (T) or helium (He3). Of the thrce recactions possible
cach has its advantage and one might think that the tcchnological

problcms are dependent on the particular choice. For the arca




of interest in this paper, such is not the case as we will sce.
Table I lists the recactions discussed along with two fission
reactions useful in'brccding tritium (T) in a blanket. Also
listed are the ignition tcemperatures for the rgactions wpere it
is definced as that tewmperature ét which the power radiaﬁed by
bremsstrahlung is just balanced by the power produced from
fusion. This rcquirement on power has its equivalent encrgy
5alancc which leads to the Lawson condition4 for the required
minimum production of plasma density (n) and confinement time (1)
and this too is listed for the varibus rcéﬁtions.

From considerations on temperature and nt we see that the
D-T reaction appcars lecast demanding on the plasma physics and

as a resull, the first fusion reactors are likely te run on this

:I'
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c¢ycle. One sces that this reaction and the D-He™ reaction burns

isotopes which arc not naturally occurring. This is in fact a

problem bul T is easily produced by neutron captures in Li and
Hc3 is not so edsily produced'eithér by ‘D-D reactions or the
radiocactive decay of T which has a haiflife of 12.6 years. Mosﬁ
approachos‘to D—Hc3 fusion arc designcd around D-D systems with .
the reaction product He3 recycled as fuel. |

The point of this is tﬁat any syétcm_employing deuterium
will produqe D-D ncutrons and‘thcsc nus t be'thermalized and.
ekothermitally captured Lo be most useful. To-do this, most

conventional approaches to fusion assume a system similar to

‘that shown in Fig. 1 where the hot plasma is coaxial to a




Liguid metal blanket, shiold and UUpUﬂéondduting magnaobt.  Thae
blanket and shicld are to thermalize and caplture necutrons, and

to produce heat and possibly fuel for the system. In the D~D
system, Na'with a capture encrgy.or Q of 12.6 MeV i% cnvisioned
as the liquid metal coolant but in D-T systems Li ig‘fequired to
producc'T ana QLi = 4.8 MeV.

The first wall facing the plasma not only receives the

phbton and gamma radiation load but all ncutrons produced in

the system must pass through this wall. Because of the p@ssiblc
- high temperatures within which this wall Eust operate and because
of the corrosive nature of the liquid motalé, most reactor dcsigﬁs
only consider the bec metals, Mo, Nb.qnd V.together with their
alloys, as candidale materials.  Similar arcwuucnté lﬂold for the
structural materials within the blanket and shield region

but perhaps these requirements are less severe.

‘Neutron Wall Current

The three approaches listed in Table I can be comparcd'with

cach other in terms of the encrgy and rate of production of

reaction ncutrons. To do this we use somewhalt standard notation

for the reaction rate per unit volume as

2
n.o<ov>. . = D ocgys ' (1)

Rpp = Dphp DT 4 DT

where SOV is the cross sccltion of the D-T reaction averaged

-over the velocity distribution of the reactants. In these sinmple




calculations we take the plasma density (n) as a constant for all

the approaches and here ny = ng o= n/2. Becausce D-D rcactions can
also occur in such recactors, we have the total reaction rate in
a D-T system given by

N

F <oV | | (2)
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where the second term reprasents both branches of the D-D recaction.

That is, <ov> 4 <gv> = <gvy> or the reaction rate for the

7 7Dbn DDp DD
branch which produces a neutron and the one for the branch to
produce a proton combine to give the total reaction rate and the
branching ratio is about cqual for the temperatures considered.

From this we know that each D--D rcaction'produccs on the average,

only half a 2.45 MeV neutron. We can coicbine BEq. (2) to give

2
- N
Rpqp = g <ov>

+ :.C_I__V_ip._D_ ' (3)
2<0V> : - .

DT DT

and the first term reprcséntg the production rate of 14.1 MeV
neutrons and the second term represents twice the production rate
of 2.45 MeV necutrons. |

Similar calculations can be made for D-D and’D—HeB‘reactions
wher§ onc must'detdrminc the 7T and-nq3‘prbduction,ra£e from D-D
recactions in a steady state to givc‘

' nyl\ = n3 "_‘- ’4—7‘ Z'a"\_;;'_— s . ’ V ) . . (4)
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where thae first term is twice the 2.45 MeV ncutron production and

the sccond texrm is the 14.1 MeV ncutron production from burning

tritlum of a density given by Lg. (4).

For the D--Ile3 reactor, where we denote He3 as 3, we find

2 ‘ <gv>

o RS
RD3 = ~4- <O'V>D3 l_'l -2—{6_\73133 [l + 2] . (6)

Here the first term represents the D-—He3 reactions which produce

no neutrons,; the second repr esonts the D-D reactions whiqh is twice
LhL 2.45 MeV nnutron production and the third term the D-T
reactions which produce 14.1 McV neutrons.

VJOWLng the results of Dqs. (3), (5) and (6) we can compare
the production laLL of 2.45 MeV ncutrons to Lhe total neutron
production, VFor tempcratures below 100 kev’<ov>DT >> <ovin, gnd
ve find that in D-T systems 95% of the ncutrons.are fast or 14.1
MeV. I# the D-D and D—He3 syétcms the ratié of slow or 2.45 MeV
neutrons to the total is Jndopcndent of temperature and because
of the factox of 1/2 neutron per D-D recaction, we find Lhcac
systems produce cqual amounts of fast and slow neutrons.

Now that we know the ratio of fast Lo siow neutrons,
let us invastigate the toﬁal neutron production per unit

of power for.the three cycles. This cannolt be done
. _ . tnt (

\



for fixed density alone since it becomes a comparison of the

cocefficicent in ffont of the brackets in Egs. (3), (5) and (06)
and L""cntlal]y this anounts Lo a comparison of the various
Cross soctlons,A We can, however, comparc the ncutron production
per unit of power produced and to do this we will have to use
the @ valucs for the various roactions.and neutron captures.

-

In the D-T rcactor we use QDT = 17.1 MeV and assumc all ncutrons

arc cnpturod in Li6 where Qg o = 4.8 MeV. For the D-D and D--Hc3

reactors we have Q.o = 3.65 MeV, averaged between the two branches,
and Op3 = 18.3 MeV. Since no breeding is required here, wve
capture all ncutrons in Na with QN“1 = 12.6 McV. Table II shows

. ) [8

the power produccd perx unit volume for the three cycles discussed

"<ur1ng a plasma density of 1AJO /cm and various temperatures
below 100 keV. . Also shown is the number of 1d.1 MeV neufrons,
‘2.45 MeV necutrons and Lotal reutrons produced per sec, per thcrmal
watlt of reactor power. From this we see that the total noutlon
production ié onlyvabout‘an order of maqnitude different from
onc extrcnc to the other. |

‘Let us now move on to chcrmlne the magnitude of the necutron

currcnt and limit our comments to the D-T rcacLor since it is
the most abundant produccr of ncutrons. Whether we have an
opech. system (mifrér) or closcd system {torus) the averagc 14.1
MeV ncquonvcuLLogL (®) per unit 1cnth for a cyllndrlcgl plasma

of radius rp and'duty factor n can be written as



2 .
= N 2
dZﬂrw =4 SOV nrp n (7)

where r, is the wall radius and gencerally is related to the plasma
radius by a constant such that rp =YL We can assume for
simplicity that both the plasma density and temperature are

constant. over the radius rp. ‘If it 1s.not, onc must intogyate

n2?0v> over the area and this can lead to reductions of the current

by factors of up to 4 for parabolic n and <ov>, |
Equation (7) can be put into mére uscful units aﬁd plotted

as a function of the variable nzrpyn with the temperature‘or

<OV>n as a param?tcr. Figu;g 2 is such a plot where the

neutron current in neutrons/cmznooc is divcn as a function of

the plasma density in (particles/cm3 2, plasma radius in m and

reactor duty factor (n). Low B toroidal systems such as tokamakss

‘or stellaratorsG will oﬁcfatc at lower temperatures than mirrors

and to distinguish the régions wc‘crosshdtCh the various opcrating

regimes. nigh,B experinents such as the‘0npinches7 and laser

fusion QQvices8 operate at higher densities and modest temperatures

but have low dutylfactgrs. Estimatcs‘of these reactor systcms

are also indicated. | _ !. o | o
From the results of Fig. 2, it is casy to see that low B

toroidal systems are likely to operate with wall currents somcwhat

. .

lower than cther fusion approaches. This is essentially because
the reaction rate per unit voluwwe is less - a fact which suggests
this_ approach mayibe more expensive per unit power output than

other alternatives.
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WLLL cotbwin Lo Ihis polnt lator, 70 fupthoy rodioe (l;hu loalinye
Flun Lo tho nnpmruundnuhmrn‘nurroundinq Lha davica, the ahilold
will have Lo attenuale the total neutron flux by an additional
factor of 105 oY more.

Thﬁ flux versas cenengy i blottod in Pig§ 4 for the blanket
of Fig. 3. Jlere the 14.1 MeV neutron bﬁrrcnt is 1 ncutron/cm2~scc
giving a total flux of about 10 ncutrons/cmz—scc and an isotropic
sheli neutron souwrce was assuncd fqr this-balculation. Thrce
regions are»shown, the first wall, the center of the 60 cm coolanc
region and the third wall. We sce the spectrum softens appreciably

in only alboub 30 cm of the blinket bult is still almost as hard

fe

as that found in broposed LMFBRs.lB Also note that the flux
versus cnergy reverses below about .0l MeV and the neutron flux
below this is higher in the third@ wall than that in the first
wall. : ’ . . v
"Transmutationvcoliisions are also important because the
transmutation products may not bhe soluble in.the host material.
There aré two major transmutation reactions in Nb% 'Nb(n,a)Y and
Nb(n,p)%xr. 7The proddétion'df Y is small but it is marginally
soluble in Nb.' Thé pr&duction of Zr can be ldrge and while it

is soluble in Nb, the rcal problem in cither case is the hydrogen

s

[ : . Q . . 14
and helium because of embrittlement and bubble formation.

. . .
In-view of’ the possible .problems from these elements, we list

1.5
o

thc (n,p) and {(n,ua) rcaction rates in Table IIX.

/
’




Mlanket Activation Colenlation

Some form of blanket must surround the recacting plasma to
thermalize and capture the neutrons. A "standard blanket"
configuration has becen adopted for the D-T systcems in order to
compéro calculational techniques and cross sectaion data.9 This
design may not be applicable to.thc blanket systems for other
fuecl cycles, such as those employing Na, but it is appropriate
for what we scek to do here. ‘his stdndard blanket, shown in
Fig.- 3, is cooled by natural Li metal consisting of 943 Li’ and
6% 1%, A first ana sccond wall of 0.5 cm thick Nb are used for
~vacuum containment and to provide coolant channcls.. ﬁiobium
structural matcerial is assumed to be homogencously dispersed
throughtout'thé.ccolant cn a.G a/o basis. For calculational
purposes a 0.5 ci thick Nb wall has been inserted just belore Ehe_
graphite reflector and this isreferred to as the third wall.

The neutron flux and heating rate per unit volume shown in

Fig. 3 are normalizcd Lo a neutvon Qall‘loading of 10 M’.-J/m2 or

14

2
a current of 4.4x10 neutrons/cm“-sec. These values are about

a factor of 10 larger than anticipated in low f toroidal systems
‘but closae to those which may be found in large miryror systems.

. : . : gy 10
An anisolyopic scattering Sn code (ANISN) was uscd for these

calculations along with ENDI'/B cross scction data filcs.l; This .
blanket design has not been optimized but calculations squcét
that the 100 cm thick blanket has a tritium brceding ratio of

1.3‘and a lcakage of 0.02. Vogclsan912 has suggcstcdithat

. . AN



Also listoed in Tnb}c 1IXI is the dpa (displnccments per al:om)
vhlu;*in the corrvesponding regions. The dpa value is esscntially
the neutron flux times the damaga ¢ross section. This quantity
s calculated from the elastic and inelastic .damage encrgy.
deposition values given by Robinsoan who.uécs'a Kinchen and
Peasc modell7 for calculating tﬁe displacement cfficicncy. The
dpa unit rebrosonts the ﬁumbers of times cach atom is theorctically

. . . ,
displaced from its lattice site. The actual numbcr of displaced
atoms remaining after an extended, high temperature irradiation
is obviously uch less than the. dpa value but since we are looking
at only relative effects, such a unit is useful.

Our calculations revcal that each atom of the Nb will be
displaced 50 times por year ér ahout theisamc as in proeposcd. fast
breeder reactors. Nolice that the H and He productidn drops
significantly in the third wall and.the dpa scales about liﬁe the
fast neutron flux of fig. 4. Thesc numbers are somewhat less
than Lhoée prcseﬁted by Mnrtinl4 and Stcino.r}8 and are a
conscduonce of tw5 factors. The firsp is that Martin used a
wall ioading'of 3.7X1014,n/cm2;scc and Steiner used 4.4X10;4/cm2~scc
which are factors of about 5 larger than assumed.hefe. A seccond

- reduction comes from the ncutron source distribution assuned in

-
the plasma. The work of Abdou and.Maynarle suggests that,

differences in the source geometry can make variations as great

as 50% in the inclastic collisions and over 100% in the dpa.




The previouz results have all boén‘for b bcqnuse it is
onc ol the first bec mcLuls where high energy cross scction data
have been developed for use in ANISN., Similar data wifl be
‘available for other material and cquivalent calculaéions are
underway. In the meantime, some indicatsion of Lhe problem in
other bcece metals can bo gained by comparing the (n,a) and (n,p)
crouss sectiowswith those of Wb al a well developad enﬁrgy like
14.) MeV. Unfortunately, Mo has many isotopes but we find that

lg,and

Mog2 has the largest (n,p) cross secction of 100 mb
several isotopes have (n,a) CLOSs sectiqns of about 20 mb,

We'find the (n,p) cfoss section for V is abéut'36 mb and the (n,a)

is about 24 mb. Niobium, on the olher hand, has a cross section

for (n,p) bf,25‘ﬁb and (n,«) of 10 nb. Therefore, once night assume
that Mo will contain a wuch higher a/o of neutren induced H afier

a modest lifetime when compared to Nb oxr V. This is especially

truc in view of the fact that tho permecability of Mo for hydrogen

is very low compafed to that for Nb ‘or V..>On.the otheyx hand, V
would have a largern helium concentration than Nb or Mo and this could
presént a more severe cmbrittlémont problem. Beforec leaving
the subject of transmutation reactions it Shéuld be mentioned
that most of thesc rcéctions have an cnergy threshold which is
above 3 MeV. For this'reason, eauivalent calculations for,2;45

MeV ncutrons are not. included. Generally the disPIaccmént'daMAge
for thesc neutrons is about half that for_l4.l McV neutrons.

On the'othcr hand,,thc.gin$1 mntcriél‘choicc may not‘bb made on'

' ' 20

any. of the above considefations-but'on consideration of afterheat.
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Since hydrogen is one of the subjects of our concern we
should cxplore the problam of the production of tritium and
helivin in D-T reactors by Li(n,a)T recactions. For radioloyical

and cconomic purposes it will be essential to remove the T as
L . 4 g . . » » 2
rapidly as possible to maintain a minimum inventory of fuel.l

Howaver, it is good to point out that the ease of recovery of

If we arce able to reduce the v Conconhfation in the Li blankct
to 10 ppm, this would also bhe the limiting concentration in
the structure hecause of the bhigh-temperatures and generally
lavge diffusivity of T'. Therefore, the minifwum concentration
of this fuel in the breeding Li metal may be a major materials
consideration. Tf the fused salt 2LiF«BbF2 (FLIBE) is used as
the blanket material, the brecding ratio is reducad but prebably
acceptable, and the minimum concentration of 1 is also reduced
becauvse of the difference in activity. On the othexr hand,
the corrosion prdblcms in a FLIBE system are brobably increascd.,
The heat_depésited in the blanket varies with radius as in
Fig. 3 and conscequently the tcﬁporaturc gradient within the
blanket will always be tovards the plasma. Logically, the first
wall will be at the highest temperature. If we are considering
d_thoidal system, there will 5ot be equal heating around the
poloidal dircction and the inner surface first wall wifl iikcly
be warmex than the first wall at é largcr major radius. This
Cis due Ld two clffects. Thé first is that the inner surface,
"with a lower average manr radius, is cxpesad to an isotﬁopic

.

neutron source while the ouler surface is not. ‘Conscquently,

. 3 z . . U ”
hydrogen at low concentralions in lithium is an unknown quantlty.‘l



neutron heating should be greater as p6intud out by Abdou: and
Mayn;fd.ls A Scond problom arises from the brcmsétrahlung and
Y radiation. These sources are isotrdpic'but-again“ for small
aspect ratio'toroids, the surfuace area of the innc; wall'is
significantly less pcr'unit’voiumc of plasma than'that of the
outer wall.. Fstimates of the fi;st wall brcméétrahlnng hcating
lJoad suggest that it will likély be scveral times.the héating
dueAto ncutrons.  Consequently temperature gradients will exist
both within the first wall and in the poloidal direction around
the wall., fThese problemns may incrcase,thé_byckling stress but
perhaps more importantly will increase the bubble nigration
within fhc nmaterial as well as the hydrogen and tritium concen-
trationg 'v/Ai;th.i.n.Lln_': Wi ;:_onc:s.’ Both p.roc ssses lead Lo
cenbrittlomont and suggest écverc liﬁitations on temperature

cycling,

o b e e = 4 > ot e e

Miscellancous cactor Considerations

There are any number of reactor Rroblems that we do not

foresce al the present time butb which will eventually become

important as systomatic designs are undertaken. A whole host of
special problems occur at the. first wall because of energetic

particles and waves which strike it.. Such problents have been

. 13 . - 2 2 3]
summarlzed and we will nol roview them here. On Lthe olther

hand, there are some problems that relate more to the purpose

-of this, paper and should be mentioned.
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.Onc such problem arisecs in pulscd.toroidal systems vhere
the plasma is required to cafry a current and pcrhaps the worst
case occurs in pinches. The pinch reactors of TLos A}amos? or
Culham23 envisions carrying sufficient current in the transient
coil to.prodncc fields of 141 kG for half-cfclc pcgiods of 0.067
scc. This represents a transient expanding force of 800
atmosphercs and is a major concern, fokamaks do not reguire the
first wall Lo carxy a driving current but the wall must carry
the plasma image currents. These may have periods of J.O2 to 104
longer so the field will soak through the first wall and the load
will be distributed within the blanket. 'ﬁough estimates suggest
this expanding pressure will be lesé than 4 atmosphcfcs but in
theso systoms the wall arecsn is ten times larger and this
represents a sfgnﬁficant force. This is e5pecially_trnc when one
considers thalt between pulses, atmospheric pressure reverses the

stroess.,

The driving or image currents in the first wall also represent

a significant heat load to the wall. 'Ribc7 has calculated this

for a O0-pinch reactor and has cmployed. special cooling systems
[~

to kecep the resistance down. In tokamak systems” approximately

0.9><].06 A/w image currvent will be transiently induced into the

fiirst wall and blanket. The I./R time for the inner wall is less:

than the outer wall but the image current is greater in the inner




Lo

.

wall. Thus it scems the inner wall will operate significantly -
warmer than the outer wall for this and other reasons.
To get some ideca of the importance of this type of problcm,
«

in the tokamak reactor of Golovin ot al.S a cuvrent of l,lxlO7

ampercs is induced in the wall énd blanket. If thcipulsé length
£ the systeom is 20.scc, the skih depth is about 1 m and some
l.2><109 joulés arc dissipatod_in the structure. This, also
suggests that the pogsibility of aligning liguid metal cooling
channels parallcllto the magnetic induction is virtuélly
impossibio'bccausc of the'time dcpéndent soak in of the field.
The MHD punping probleﬁ with liquid mcﬁals has sugycsted

that lle gas cooling should be a solutién. Unloxtunately, the
compatability of bee refractory metals with the impurities that
will surely be carrvied by tho He is not good. J.I. DcVan of
ORNI, reminds us of the wor% at JprL wﬁere 1 ppm impuritics of 0,
and H,0 in a rccircul#ting argon loop using Nb~1%72r was fouhd
to contain 4480 ppm oxygen plus nitrogen after 1000 hours of

24

operation at 1093°C. These and other yet unforescen problens

will surcly make the task of designing fusion reactors challenging.



Conclusions

- .

Fusion rcactors will present a new set of design problams

for recactor cngincers., However, before such designs can be

A4

undextaken, a lhrge amount of additional information will ke
necessafy Lo determine radiation, temperature, impurity anc
stress ef fects on reactor materials. In this survey we hav.
found that the neutron flux can be expected to fangc from . sunc¢

014 . 2.0

2 . .
1 to 10 neutrons/oen”-sce depending on the confinement

b
«

scheme.  The opérating temperatures for material component.,
expected to be between 0.3 vaand 0.5 Tm in various region; of
reactor first walls. Modest to largé concentrations of H, 7

and o particles may cause severe probloms in structural mompers
of the blanket that will be rcpeétedly cycled both in stree.
and.tcmﬁcruturo.

While bcc‘rcfractory nctals are prime candidates‘for ‘usion
rcactor matcrials1‘littlc.is known about these metals undcr hiagh
neutron fluences. Alloys of thesc metals, and others that DIr1Ng
together the desirable prope;tics of each, nced to be éxp“orCu
“for both the problems considered ébgve,‘corrosion compatiinyilisy
and the case of fabrication{ Reagonable efforts begun no'r 1n
parallel with light water and fast b;ecdcf reactor materinils

can have a significant payoff in the. future.
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lat wall
2nd wall

3rd wall

Table IIX

Angp). o)
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dpa

14.8 x10” 2L

11.1 x10” %%

0.93%10” %%
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Pigure ) Typlceal fusion yeaclow €rous secltion showing the
plasma, vacuun 0x divertor rogion, first wall, .
1ithiwn containing blanket with its support struc-
Lura, ncubron and y shicld for the magnets, a frce
space for insulation or wpansion and the super-
conductors with their supporting structure.

(first listed - page 2)

~

Figure 2 14.1 MoV neubtron current to the first wall as a

i
L

funcltion of the reactor parawcters for a D-1osyston.
The reaclor is characterized by the product of the
squarce of the plasma Aensity (cm"3)2, plasma radius
(m), ratio of plasma Lo wall radius (y) and duty
cycle (n). DPlasma temperature is also a paramcter
wheroe uniform densily and temperature are assunad
across the plasma. Fox mirror reactors a mirror
vatio of 2.3 iz assumed and a reforence value of

o 2 . .
10 Mii/m” is also shown. (first Yisted - pagce 7)

rigure 3 Total ncubyon flux and cnergy deposition rate for a
nstandard blankat" of 100 cm thick. For this blanket
a 14.) MoV neutyon current corresponding to 10 M'»'J/m2
is acsumed. A third wall is added for calculation of
damage rates. | (first listed - pagec 8)

Figure 4 Tolal neutron flux as a funclion of encryy in the
first wall, center of the main coolaiﬁ;_rogicnwland
the third wall for a 14.1 McVv noutron curvent of
1 noutron/cmzﬁscc. The calculation is for a "standard
Llankot" as modificd in Figure 3 for a third wall.
(first lianted - page 4)°





