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The semi-catalyzed-deuterium Light-Water Hybrid Reactor (LWHR) comprises a
lithium-free light-water-moderated hlanket with U3Si fuel driven by a deuterium-

hased fusion-neutron source, with complete burn-yp af the tritium but almost no

burn-up of the helium-3 reaction product.

A one-dimensional model Yor a

neytral-beam-driven tokamak plasma is used to determine the operating modes inder
which the fusion energy multiplication Q_ can be z 0.3. Thermonuclear, beam-

target, 4and energetic-ion reactions are taken into account. The most feasible

4 -
operating conditions for Q, ~0.5 are <Nng>TE = 2 to 4 x 10‘ cm

35: <Tg> = 10 to

20 keV, ind Eheam = 500 to 1000 keV, with approximately 40% of the fusi.n ener)y
produced b+ beam-target reactions. Illustrative parameters of LWHRs are compared

with those of an ignited D-T reactor.

INTRODUCTION

While the deuterium-tritium fuel cycle provides
the most straightforward means of initiating the
substantial contribution of controlled fusion power
ta practical energy needs, a fuel cycle tased on
the D-D reaction with burnup of the tritium and
3e reaction products is in the long term more
desirable far a number of reasons:

(i) Deuterium resources are unlimited, whereas
1ithium resources are limited.

(i1) Deuterium-based reactors are free from the
need to breed tritium, so that the fire hazards of a
large lithium inventory can be avoided, and the
plant inventory of tritium is reduced by approxi-
wately two orders of magnitude.

{111) Freedom from the need to breed tritium allows
great flexibility in choasing blanket components to

minimize neutron activation.

(iv) For a given fusion energy oitput, the radi-
ation damage to the first wall is reduced by
approximately a factor of 2.

The practical difficulties associated with
deuterium-based reactors are that much higher
plasma temperatures and energy confinement times
are requirved, as compared with the requirements
of D-T reactors. GConsequently, the most
straightforward scenario for the evolution of a
"fusion power econgmy" calls first for the devel-
opment of DT-based fissile breeders and elec-
trical power reactors, to be followed at some
indefinite later time by D-O fusion power
regctors.

A possible alternative strategy, which is the
subject of the present paper, is to complement
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ignited D-T power reactors with subignition fusion
devices that are based on a deuterium fuel cycle,
and used to drive subcritical fission blankets.
These fusion-fission power reactors would be counted
as part of the "fission power economy", but their
deplovment could assist D-T reacters in hastening
the technical development of deuterium fueled "pure
fusign® reactcrs for production of heat and
2lectricity. Of the many possible hybrid reactor
concepts, the Light-Water Hybrid Reacter (LWHR)
driven by a subignition deuterium-based fusion
device(]'a) appears to be the most natural link
setween the most common fission technology of the
sresent, and the deuterium-based fusion technology
iesired for the future. The blanket af the LWHR,
ahick is depicted in Fig. 1, consists of Zircalloy
Jressure tubes which hold the water that acts both
as moderator anc coglant. Each pressure tube houses
several dazen l-cm-diameter U3di fuel rods clad with
0.6 mm Zircalloy. The LMHRs have been found to
possess an asuenblage of attractive features which
provide a number of useful options for power gener-
atian,(aj which could alleviate many potential
difficulties corfronting expansion of the nuclear
economy. These advantageous features include the
following:

(i) €limination of enrichment requirement — the
fuel feed can be natural uranium, depleted uranium,
or "spent fue!" fr.m LWRs;

©i1) No separzvion of plutonium is required,

LWHR SCHEMATIC

Wall Coolunr\ }'— 50 to 73cm
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FIGURE 1. Schematic diagram of blanket of Light-
dater Aybrid Reactor (78-3679)

{9i1) The equilibrium fissile fuel contert of
the subcritical blanket is several percent or
Tess.

(iv) The fuel cycle technology is similar to
that of the LWR.

(v) With co-processing to extract fission
products only (i.e., no separation of 23%y from
238y), the entire uranium rescurces {or tharium
resources) can be burned.

The various LWHR systems offer attractive
ways far the efficient utilization of “ranium in
all forms in which it is available, including
natural uranium, depleted uranium, anc¢ spent Fye!
from LWRs and HWRs. It is expecied that the
LWHRs will alsn he affective with the various
thorium-based fission fuel cycles. In particular,
the concentration of 38y in the so-called dena-
tured fuel cycle {Th- 233, 238U), and hence rhe
rate of production and total inventory of plu-
tonium, are anticipated to have lower values in an
LWHR than in critical fission reactors. Moregver,
as the LWHR utilizes a thermal fission system with
a high multiplication constant (K_), it can te
designed to give high energy multiplications witk
the thorium fuel cycles.

A recent study investigated the feasibility af
LWHRs driven by semi-catalyzed-deuterium (SCD)
fusion devices, in which all the tritium but none
of the 3He produced in the D-D reactions is burned
in the hybrid reactor.(5 It vas found that in
order for a SCD-based LWHR to be a viable power
reactor, the fusion power mulriplication af the
SCD plasma should be Qp 2z 0.5. The primary goals
of the present work are to find the operating
domains of beam-driven toroidal SCD plasmas that
can provide Qp 2 0.5, and to identify tie mast
feasible operating mode from the paints of view of
present-day tokamak performance and likely future
prospects.

The preliminary assessment(s) of the feasi-
bility of SCD fusion-neutron sources was carried
out with a simple zero-dimensional plasma model
that accounted for beam-target reactions only, and
did not include energy confinement requirements.

v e IR

k
p
[
i



i At ot g5 TR A i S 2 e

S T S B 2 mr e

-3~

The reactor-plasma model used in the present
analysis takes into account thermonuclear, beam-
target and energetic-ion ("beam-beam") reactions,
and realistic plasma temperature and density
profiles. The tritium reaction product is assumed
to burn up completely, while the e burn-up is
assumed ta occur only during slawing down. (The e
is nat recycled, but sold to the operatars of
0-3rie reactnrsfﬁ)) The variations of Q_ with eiec-
tron temperature, beam epergy, and ﬁTE‘are deter-
mined. It is found that Qp = 0.5 can be attained
in driven SCO plasmas at Wtg-values that are near
those required for ignited D-T plasmas, but at
somewhat higher temperature. Hence the size of the
required SCD fusinn-neutron saurce need be only

modestly larger than that of an ignited D-T reactar

SUMMARY OF LWHR BLANKET PROPERTIES

The properties of the subecritical light-water
blankets for the LWHR have been described elsewhere
in detai].(]'a) The following is a brief summary
of thase propertias.

(1) The light-water lattice designed to be
fuel-seif-sufficiant (i.e., have an average breeding
or conversion ratio of TR = 1), when fueled with

T Tt 1 T Tt T T T T T
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FIGURE 2.

Fissign energy generation per incident
avg. neutronin LHHR blankets, as a function of the
moderator-to-fuel volume ratio. The SCD blanket is
Tithium-free and is driven by equal numbers of
2.45-MeV and 14.1-MeV fusian neutrons. {

FIGURE 3.
78-3682) based nuclear power systems.

natural uranium, happens to provide alsoe the
highest energy multiplication M that can be
achieved with a light-water natural-uranium sys-
tem. This lattice has a moderatar-to-fuel volume
ratio (Vp/Vg) of about 2.

(2) The same Tattice maintains with burnup
an EFFC (equilibrium fissile fuel content) of
about 0.7% {of fissile plutonium isctopes), or
just about the content of 235y {a natural uranium.

(3) By reducing the watey valume fraction,
the EFFC increases. The EFFC corresponding to
the Vp/Vy = 0.5 lattice. which has about the
minimum water volume a)7gw
removal . is about 6.4%

. for effegtive heat

(4} For a given EFFC, light water is found
to be superior to heavy water (or graphite), pro-

viding the highest M, as well as a more compact
blanket.,

(5} The range of energy multiplication at-
tainable from DY-driven LWHR blankets with

Vp/Vg ranging from 2 to 0.5 is about 26 to 46C.

(A) SELF-SUFFICIENT LWHR

Nal. U
—_—

Depl. U
—_— -

[”

Vm /¥y 2.0

07 % Fissile

(B) FUEL- PRODUCING LWHR

B !
* . e
& &
3% Fissite T4~ Pfoe7m 3% Fissile Nat. U
LWR } E;I::cr LWHR)
1.5% Fissile \er/ 15 % Fissile Depl.U

Va/Vy 065 @

Schematic descriptions of two LWHR-
(78-3680)
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The energy generation ability of these blankets is products only. New fuel rods are fabricated

shown in Fig. 2 (in units of MeV per fusion neutron) using depleted uranium as the make-up fuel, and
for blankets haviag 100% coverage efficiency. These loaded into the LWHR.
results are averaje values over a burnup cycle of
30,000 MWD/T. Ths blankets are assumed to have
reached their EFFC and produce 1.7 tritons per

This senuence of opera- i
tions is repeated indefinitely
A variation of type A is to operate with
Vm/Vg = 1.35, which gives an EFFC of 1.5%. The
initial loading as well ac the make-up fuel
would then be the spent fuel from LWRs that have
accululated from the once-through fuel cycle. .
In the fuel producing LWHR, shewn as type B
in Fig, 3, Vg/Vg = 0.65 and the EFFC is 3. The
LWHR blanket is loaded with spent fuel from
LWRs having 1.5% fissile content. 1In one ivvradi.
ation cycle, the LWHR increases the fissile fuei
content to 3%. After coprocessing and fuel rac

fusion neutren.

(6) The average fission energy generated in
the LWHR blankets per one SCD neutron (that is,
0.3 at 14,1 MeV and 0.5 at 2.45 MeV) is between
1.5 and 2 times Targer than that generated by a
14~MeV neutron in a blanket that must also breed
tritium (see Fig. 2).

LHR Energy Systems

Thare ara mary nassible optiens of s=lf-con.

tained nuclear erergy systems based on various types refabrication, the 33-fissile fuel is 193u8d

of LWHR blankets, which differ mainly by the rato into LWRs. The cycle can continue indefinitely,
Vm/Vg.  Two of these options are illustrated in with natura] or deiIEt?d uranium used as the

Fi3. 3. In type A, ¥ /Vp = 2.0 and the EFFC is make-up fuel for the LWHR.

0.7%. The LWHR is loaded initially with natural or [n a variation of type B, the spent fuel from

CA i 1 1 i \
depleted uranium. After the fuel reaches its burn- LWRs (1.5% fissile) is loaded into WWRs (heavy
water reactors), and the fuel discharged from :

up limit, it is co-processed to extract the fission

- ~——— SCD Neulron Source
—-—-— 0~T Neulron Source
Q2 4
Blanket Covarage =0.90
gttt

05 12 L5 20
WATER VOL./ FUEL voL.

PLANT EFFICIENCY RELATIVE TO RiTICAL FISSION REALCTOR

FIGURE 4. Relative plant efficiencies of LWHRs
driven by SCD or D-T fusion-neutron sources, for

various fusion power multiplications Q- (78-3683)

the HWR {0.7% fissile in this case} is tne sole
fuel supply for the LWHR.

Minimum QP Reguired

Figure 4 compares the relative plant effic-
iencies of LWHRs driven by semi-catalyzed-
deuterium (SCD) fusion neutron sources with
thase of LWHRs driven by 0-T fusion-neutron
sources, all with 90% blanket coverage. Here
the relative plant efficiency is defined as the
ratio of the net electrical efficiency of the
LWHR power plant to that of a water-moderated
critical fission reactor plant., In Fig. 4, the
fusion power multiplication Qp is defined as

.

qummmn_——‘ — ¥
power injected to sustain the plasma

Qo = {(n
The efficiency of generating the power injected
into the plasma is taken to be 60%, and the &af-
ficiency of electrical conversion of the blanket
heat is taken to be 30%. Assuming somewhat arb-
itrarily that in order to have a chance to com-
pete economically with critical power reactors,

;
{
h




the LWHR should provide a relative plant effic-
iency of at least 0.70, it is concluded that the
SCD fusion neutron source must have Qp 3 0.5.

Maximum Neutron Wall Loading

The blanket energy generation per incident
aeutron, and the maximum permissible blanket
power density (determined by heat removal congid-
erations) dictate the maximum current of fusion
peutrons that is allowed to enter the blanket. M
is found from Fig, ! for the case of 100% blanket
coverage. Fig. 5 shows the maximum allowed
fusion-neutron wall loading, ¢,,» for LWHR blankets
driven by @ 3CD neutron source, (85% of the power
joading 1s due to the 14.1 MeV neutron.) As the
Blanket coverage i redutes, X .. becomes signifi-
cantly smaller, so that fewer fission reactions
occur, ¥ is reduced, and % is permitted to
incresse. varies in the poloidal
direction around a toroidal plasma, the average

*u at the blanket may be somewhat smaller than

the permitted peak value.

Because :w

The minimum desired
value of P is determined by economic consider-

ations.

REACTING-PLASMA CALCULATTIONAL MODEL
There are three operating regimes for neutral-
beam-driven toroidal fusion reactors, 7

which are

2 R e S L 0t M S A . s
= M
-— SCO|
§ m? : Blgnket Coverage =030
QB
-
o
<
F
Z o6k 085 A
3
b=
2
E 1.00 J
5 oar '
o
2 "’—‘—_,—-_—-_.————-__-___
5 02F — A
=2
E
b //////
S I T OO O TONS O VO S Y B W
00.5 10 1.5 2.0
WATER VOL./ FUEL wOL.
FIGURE §.

Maximum allowed fusion-neutron wall
Toading (MN/mé) in LWHR reactors with a 5CD fusion
driver, as_determined by M and the maximum per-
missible blanket power density. (78-3686)

distinguished by the method of fueling and by
ngTg: (1) the "energetic-jon" (EI) regime, where
"hot/Me iy
exceeds the electron energy, fueliny is performed

2> 0.3, the average ion eneryy greatly

solely by the neutral beams, and the dominant
fusion production is by reactions between the
energetic ions; (2) the "beam-target" (TCT)

regime, where n 2 0.2, fueling is performed

hot/”e )
by the beams and by recycling, and the dominant

fusion production is by beam-target rsactions; (3) the
“"beam-driven thermonuclear”" (BDIN) regime where

fueling is performed by the beams, by recycling,
and by pellet injection, and the dominant fusion
production is by thermonuclear reactivns, In

ganeral , 0oty must increase ia gaing from the EL
regime to the BDTN regime.(’) The ground rules

for the present study are that <n >1e not exceed

the range required for an 1gnitedeE-T plasma, and
that Te(O), the electron temperature at r = 0, not
exceed 50 keV.

The one-dimensional model used to calculate
the fusion-neutron source characteristics has also
been employed to analyze fusion-neutron production
in beam-injected PLT plasmas.(a) o transport
model is used, but realistic radia’ profiles of Ne
and Te are specified, and tiese determine the
neutral-beam trapping profile, H(r), when the beam
energy E and its injection angle are also speci-
fied. Axial peaking of the plasma profiles is
advantageous both for beam-target K and thermo-
motiear reattions.(lo‘ll‘ Because reaction rates
vary as R”m “i"jf(Te’Ti)' wherg f can be a
strong function of temperature, axial peaking al-
lows a much larger fusion power density for a
given average plasma pressure :F;T;. Similarly, a
given Qp can be obtained with a smaller value of
<ng>tg. In this work, the proFiT§S gf Ner Tor T
and H{r) are all of the form (1-r</a%)P, where p
is 0, 1, 2, or 3.

At each radial position, the steady-state ve-
locity distribution of the energetic ions, f (v),
is caleulate! by an analytic solution to the
Fokker-Planck equation,(lz) and includes a “tafl"

above the injection velocity. This analysis
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assumes that the fast {"hot"} ions uadergo deceler-
ation and pitch-zngle scattaring at the classical
Coulomb rates, and that they remain close to their
magnetic surfaces of birth while slowing down.
Coulomb interact-on among the fast jons is neglect-
ad, which 1imits the validity of the analysis to

< 0.5.

/ T i
Mot Te he fast ions become part of the

ture range aof interest the tritium will have an
equilibrium concentration of 3% or less.) The
helium-3 formed in the reaction D(D,nJaHe is
assumed to burn up only during thermalizaticn, by
the reaction D(JHe,]H)4He. More than 90% of the
He diffuses out of the plasma and is not recycled
While the recycling and burning of 3He would give

Maxwellian thermal-ion population when they deceler- larger values of Q , this neutron-free reaction

ate o an energy £ = 2 Ti'
The plasma temperature is maintained solely by
injected neutral beamc and charged fusion-reaction
oroducts. In the EI and TCT regimes it is ‘ikely
that Ti will excueed Te by a factor of & ur more
~ecause of beam “ueling, because more than 50% of
the Tast-ion ena~gy is given up to the thermal ions
5 < 3% Te'
inis effect is apparent in present beam-
'niaction experiments,

when and because of electron radiation
lass.
and alsoc from detailed
fokker-Planck/transport calculations far intensely

(1a,15)

beam-driven plasmas, At very large nte and

noderate Te’ however, Ti and Te are likely to be
“airly close. Tae electrons and ions are assumed
tg have the same energy confinemant time s which

is calculated as follows:

3. =
H <n3—f(neTe +nTo)dr

N T ® 5 {2)
ek Pbeam * ’Pc dr
uhere pbeam is the total injected power and Pc is

the rate of energy production of charged fusion-

roaction products., The calculations of Qp and

~n,-7c are independent of density except via weakly

Jaéying Ini factors, For given values of Eb’ <Te>,
and N> the required injection vower density Pb
is proporticnal to ng. In this paper, <Te> is the
varticle-averaged temperature defined as
ne{r)Te(r)andr/<ne>wa2.

Fusion reactivities are evaluated numerically
by integrating over the product of the distribution
functions of hat ions and thermal ions at each
plasma radius. Thermonuclear (R]]), beam-target
(R12) and energetic-ion (RZZ) reactions are
included.

{n calculating Q_, the tritium formed in the
reaction D(D,p)T is assumed to burn up instantly by
the reaction D(7,n} He. {In fact, in the tempera-

does not contribute to the blanket energy mulii-
plication. Furthermore, a significant concentra-
tion of 3He would actually detract from the LWHR
performance, because the finite plasma pressure
would dictate a reduction in the deuteron density
when 3He is present. In any event, it is not
known in practice how to reinject 3He ty means of
pe.lets. The present calculatians assume that the
concentrations in the bulk plasma of 3Heq

H are negligible.

4
He, and

BEAM-FUELED OPERATION

In smaller tokamak plasmas where Ne"E is
limited to modest values, the largest Dp are
obtajined when neutral beams are used both for
fueling and heating.(]a’ls) For all beam-fueled
systems, one expects that Ti > Te'
Qp vs <n >t for various plasma profiles, under
the conditions that "hot/"e = 0.5 and T_i =27,
For each set of profiles, the largest<T > corres-

ponds to TE(O) = 50 keV. Half the beams are

Fig. 6 shows

0.20 g T T !
I yeo_
0.6 Jﬁ
Q.12F 4
Gp L i
0.08}
0087 /5K <15 010 hav Ti =27y
L. Ep=500kev 1
i L. . !
00 ! 2 3 4 5
<ng>Tg (IO'!:md!l
FIGURE 6. Fusion power multiplication Q_ for beam-

fueTed operation with npge/ng = Oéipand p = 500

keV, Plasma profiles are (1-rc/a?)P.
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injected tangentially in ane toroidal direction, <Te>, because the product of the fast-ion density
and half in the oppesite toroidal direction, which and slowing-down time increases more rapidly with
can be advantageous for maximizing the energetic-  temperature than does the thermonuciear reactivity.
ion reaction rate, RZZ’ when Eh < 500 keV. For The reduction in RH/Rtota’I with Eb is due to the
the conditions of Fig. 6, RZZ is always about 37%  increase in beam-target reactivity with Eb, but

af the total reaction rate, with R.lz acecounting this effect is relatively small for Ep > 500 keV.
for 50 to 60%, and thermonuclear reactions account-
07L T T T 71 L B S T 1
| ing for anly 3 to 13% of the total rate. g sCo zooo-i -
i Evidently the maximum Op attaijnable with Ty=2Te . 1000 |
| i . i
! hot/"e 0.5 and Eb = 500 keV is about 0.2. For 06k ] 500
a given <Te>, Qp is nearly independent of the de-
: gree of profile peaking, although the required /— £y, =200 keV |
“Ng*Tg is reduced by a factor of 2.5 in going from 05- / 1
= Qw0 n =13 The conditions of Fig. 6 can : !
possibly be reached in near-term devices Such as 04 <ng>Te % 27210 om s _}
the TFTR, if 500 keV beams were to become avail- Q, i
atie, but the values of Qp are too small to be of 03 /ZOOO_; N
: . - -
i use in a LWHR. ———1000 ‘
f In the EI and TCT regimes, most fusion re-
t 1 fast f 02 300
: acti i e fast ions. % ini F
ions involve th st ion Thus the finite - £, <200 keV
slowing~down time of the injected fast ions 1imits
the attainable Q_. Higher values of can be
: .Q g . .Q 04 <ng>tg m 9xi0% em ¥ g
- realized only in the BOTN regime, which demands a
large n,Tg SO that Pb can be reduced and R‘ can
b € . 1 L - | 1 1 1 L NN !
ecome significant. I 10 14 18 22 26
TCT AND THERMONUCLERR OPERATION <Tg> lkev)
If nhut/ne is fixed. then a given <"e>TE is FIGURE 7. Fusion pnwer muitiplication vs -'TD> at
associated with a unique <T > for a given set of largﬁ v%;ges af “ng>zg. Plasma profiles are”
. . (1-re/a with p for ng and p = 2 far T
profiles. On the other hand, a range of <Te> is Ti, and H, giving <T > = 172 TE(D). (78~ 3677)

0ssi f j T i i
possible for a given Natps when nhot/ne is varied

{ by changing the injection power density. When ! ! ! T T T
‘ ! ; —_——— .
Mhot/Ma = 0.1, the neutral beams provide only par- 0.8} ~ By 200Ky 4
tial fueling of the bulk plasma, but this beam \
fugling contributes to maintaining T, » T, i
) ) ioe 3 0§ 500
i ' Fig. 7 shows Q, vs <T_> for a parabaiic n,(r), =
i and parabalic-squared Te(r), T‘.(r), and H(r}), with S \ 1000 -
Ti{r) =2 Te(r). Then <Te> = Te(O)/Z. Evidently, < 04k SCD \“2000_1
! Q, ~0.5 can be obtained for n v = 2 to3x10M4en™3g }' Tir2%y -y
" .
i and £, > 200 keV. The relatively weak dependence Sng*Tg® 910 Tom Ty 1
i on E. i - _ 0. 1 1 | ! 1 1
! p is a consequence of the importance of thermo L 0 I8 TR TR
nuglear reactions at high NgTg- As shown in Fig.8, <Ty > {neV)
40 to BO% of the fusion reactions are thermg-
nuclear, even for <n >t ~10"%m™3s. The relative FLGURE 8. Fraction of tgtal reaction rate due to
| importance of b ¢ . ) thermonuclear reactions (R”) for SCD plasma with
‘1 p nce of beam- arget reactions increases with profiles of Fig. 7. (78-3690)
g
|
A

S
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FIGURE 9. Fusion power multiplication for SCD —p=
plasmas with same profiles as in Fig. ?. Dashed

line shows the D-T ignition condition for uniform
grafiles. (78-3678)

The principal reason for preferring higher values
of Eb {e.g., 1000 keV) is to obtain adequate beam

penetration into the large, dense plasmas that are Q

required to give economic fusion power densities as
#4211 as large Na g

Figures 9 and 10 compare the "eE and <Te> re-
wirements of an tgnited D-T plasma with uniform
profiles and Ti = Tg» to those of an SCD neutron
source with the same profiles as in Fig. 7, Evi-
dently, Q;J = 0.5 in the SCD plasma can just be
sotained under canditions similar fo those required
“ar iqaition in 0-T. (The 0-T ionition rconditions

0)

fouever. in an ignited plasma at moderate Te‘ it is

soutd e eased as well by using profile shaping('

unlikely that T, can exceed Te‘ because most of the
sustaining power from the charged fusion-reaction
orogucts is deposited into the electrons. For the
ssam-driven SCD plasma, on the other hand, it is
most likely that Ti will exceed Te by a consider-
able margin, as discussed previously, and the
nigher Ti is advantageous for thermonuclear power
sroduction.)

Fig. 11 shows the spatially averaged fusion
sower density <F.> for the same profiles as in
Fiys. 7 to 10, znd with ne(o) =2 x 1014cm'3.

Note that <3> = plasra pressure/magnetic field
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would decrease with <T > when <3> is constant. S 0.3 ]
This analysis is valid only for Zeff =1, z !
High-Z impurity radiation makes it difficult to é} 0.2k {
'y : 2 v ¥
reach large <T > and Qp. Low-Z impurities result > :
in deuteron depletion and a reduction in Pg. ol -7 d
’ =" "¢p>at By + 507 !
FIGURE 11. Fusion power_density for SCD plasmas . —3 s - -7 £y 1000 F2v l
WTth nal0) = 2 x 101%emd, <ng>te ¥ 2.7 x 10l4ar, D rda L |
and plasma profiles as in Figs.7 to 10. 0 5 10 15 20 25 10

(78-3689)

< Ty 2ikev)




!
!
!
i

e e

3 S e e o

-9-

[LLUSTRATIVE PARAMETERS FOR SCD-DRIVEN L4WHRS
Preferred Operating Regime

To obtain Q
fusion plasmas at reasonable temperatures, it is
necessary to gperate in the transition regime
between the TCT and BDTN mades. An examination of
Figs. 7 to 10 reveals the most feasible range of

2 0.5 in semi-catalyzed deuterium

parameters. Very Tow values of <Te> can be used
only wnen <ng>Tg is larger than required for an
ignited D-T plasma, and it is felt that there will
be great econamic ohstacles tg going much beyond
the size or magnetic field required for D-T
ignition. Mence <T_> should be at Teast 10 keV.

allows a considerable reduction in N Tg but in
3 tokamak device values of <Te> exceed1ng 26 keV
(with Te(O) > 40 keV) seem unlikely because of
synchrotron radiation 1oss, and may also be un-
desirable because of the pressure limitation which
dictates a reduction in ng> and hence in Pf at
very large <Te>.

Using presently observed scaling laws for
energy confinement, of the form ngTp < (nea)z,
Eb > 250 keV is required for agequate penetration
to the center aof a plasma of D-T ignition «:n'ze.(]a
The minimum £, will increase if still larger den-
sity is desired to obtain higher Dy For efficient
neutral-beam production at Eb > 200 kev, it is
necessary to develop intense negative-ion (D7)
beams, but given such beams, high efficiency
shou}d be maintained for Eb up to at least 1000

17 . .
Loy 17) Higher energy ceams require smaller

beam ducts for a given injection power, thus
allowing an increase in blanket coverage, and also
facilitating shielding of the superconducting
coils from neutrons streaming up the ducts.
However, the capital cost of the injector systems
per unit pawer is expected to increase markedly
with Eb'

[n summary, the most feasible operating condi-
tions for obtaining Qp ~0.5 in SCD tokamak plasmas
appear to be <n >t = 2 t0 4 X 1014cm'3s, Tg> =
10 to 20 ke¥, and Eb = 500 to 1000 kev.

PTABLE 1. [llustrative Parameters of SCD Neutron
‘Source and an Ignited D-T Plasma

seD nrcTR(18)
2 .53 Ignited (D-T)
Major radius {m) 5.6 6.0
Plasma half-width (m) 1.6 1.2
Plasma elongat. 1.5 1.5
Bmax at winding (T) 14.0 13.1
Bt at plasma (T) 6.9 7.4
Plasma current (MA) 10.2 6.7
Beam energy {keV) 750 120-300
Beam power {MW) 490 100
n, (10 4cn"3) 3.0(1-r2/a2) 5.2{(1-r / )
TE {hev) 30(1-r /a?)z i T2.4{1- r2/=2)
T, (kev) 60(1-rsa2)2 | 12.100-r%/a%)
’T > (ke¥) 15 8.0
<T1> (keV) 30 7.8
<ne>tE(cm'3s} 2.7 x 10" 4.0 x 10"
<g> 1nc]udjng 0.065 0.042
energetic ions
<> (M) 0.43 7.7
Fusian pawer (MW) 260 2440
Fusion neutrons/sec 1.3 x 16891 8.6 x 1020
meutron wall load. (Mw/mz) 0.22 4.0

TABLE 2. Pe: “1rmance of SCD-Driven LWHRs

Type-A paraw  2ars as in Table 1. Type-B has
same geometry and n_(r), but smaller “To
Thermal power 1nc]u8es injecteqa Leam pnwer

Moder.-to~fiuel volume ratio

Type- Type-B
2.0 0.65
0.90

Blanket coverage 0.90
M (avg. fusion neutran) 9 70
&T > (kev) 15 1
Q¢ 6.53 0.45
Fision neutron powgr: (MW) 172 2
Wall loading (MW/m<) 0.22 0.14
Gross thermal power {MW) £620 7490
Thermal efficiency 0.33 0.33
[ajector efficiency 0.60 0.60
Net electrical power (MW) 1370 1860
Plant efficiency 0.21 0.25

Reactor Parameters

Jable 1 compares the parameters of ¢ minimum-
sized tokamak SCD neutron source giving Q *0.5
with those of an ignited D-T reactor (the HFCTRGB))
The SCD plasma has a 10% larger major radius, a
50% larger plasma current, and cbout twice the
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mear zlectron femperature. The magnetic field at REFERENCES

<ne windings (E1 = 14 T) and the plasma beta

- = 3,063) are about the maximum practical values
aarected for near-term tokamak technology and

ota3ma performance.  Both Bm and <g¢> could be re- 2
T2aed by an increase in machine size. However, all
wiese guantities are significantly less demanding

men would be reauired for an ignited fully cata- 3

o :lasma.;]l)

«nie 2 gives the performance of two LWHRs with
*ie SCI fusion driver of Table 1. Type-A has

VL. = L0 LEFFT = 0.7%) and s a self-sufficient
© .o systen,  Type-B has Vm/Vf = 0.65 (EFFC = 3%),

i3 used ty refresh LWR fuel rods, as well as

aruriig oower (see Fig. 3. While Pf and », are ;
=, about E. of the DT-reactor values, the LWHRs
sraviges far more electrical power than the HFCTR, 6
xgse o7 their large blanket multiplications. In
227 2 smaller aw in the LWHR is not possible, be- ;
> 4 ainimum n_-a is determined by the <n o™ TF
Jirement. "o reduce the power output of the 8
T.u2-3 LWHR, whicn has a larger M, it is necessary
ccerate at o lower <Te>, thereby permitting a
~aisction in 8, to 12.0 T far the same <3>.
i these machines, u is only about 1/4 of the 9
1xinun permitied value (see Fig. 5). In fact 7y 10

¢ aucficiently Tow so that replacemeni of the first
+3°1 should nat be necessary for 30 years, if the 44
3"} temperature is kept under 500°C§19) An unat-
~.active feature of these LWHR examples is the re-
Tacrvely low plant efficiency, although this draw-
~ac+ 1; less serious for the fuel-enriching type-B. 13
The efficiency ¢in be improved in larger machines 14
ik should give higher ng>Tg and Qp, by increas-
ing tne iniector efficiency, and by utilizing the
‘aavage fusion neutrons to breed tritium, which is
burnad v the fusion driver,

Contemparary Tokidmaks. The SCD fusion driver must
produce about 10°° n/s at Q 59.5. By comparison, 16.
*he beam-injected PLT p1a5mg 36 kev) has 17
oroduced 10 D-1) neutrOns/sﬁ 3t a ~10-%. In 180
the beam-injected POX plasma 1S expected to pro-
Zuce up to 3 x 10'5 9.D neutrons/sec at Qg ~10-7.

{n 1982 the beam-injected TFTR plasma (E =
should generate up to 10'7 0-0 neutrons/Eec at

i 1077, and up to 10'? D-T neutrons/sec when oper-
ating with a tritium target plasma,
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