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ABSTRACT

) The design criteria for a tokamak engineering test reactor
can be met by operating in the two-component mode with reactlng
ion beams, together with a new blanket-shield design based on
internal neutron spectrum shaping. A conceptual reactor design
achieving a neutron wall loading of about 1 MW/m“ is presented.
The tokamak has a major radius of 3.05 m, the plasma cross-section
is noncircular with a 2:1 elongation, and the plasma radius in the
midplane is 55 cm. The total wall area 1is 148 m“._ The plasma con-
ditions are Te 3 T. 3 5 kev, and nt 8 x 10 cm” s. -The plasma
emperature is maintained by injection of 177 MW of 200-keV heutral
deuterium beams; the resulting deuterons undergo fusion reactions
. with the triton-target ions. The D-shaped toroidal field coils
are extended out to large major radius (7.0 m), so that the blanket-
shield test modules on the outer portion of the torus can be easily
removed. The TF'c01ls are superconducting, using a cryogenically
. stable TiNb design that permits a field at the coil of 80 kG and an-
axial field of 38 kG. The blanket-shield design for ‘the inner por-
tion of the torus nearest the machine center line utilizes a neu-
tron spectral shifter so that the first &tructural wall behind the
spectral shitter zone can withstand radiation damage for the '
reactor lifetime. The energy attenuation in this inner blanket
is 8 x 10_6. Lf necessary, a tritium breeding ratio of 0.8 can
be achieved using liquid lithium cooling in the outer blanket only.
The overall power consumption of the reactor is about 340 MW(e).
A neutron wall loading greater than 1 MW/m® can be achieved by
increasing the maximum magnetic field or the plasma elongation.
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1. . INTRODUCTION

The engineering difficulties associated with the construction and opera-
tion of Tokamaks as fusion power reactors have been investigated in consider-
able detail in several recent conceptual Tokamak reactor design studies [1-3].
_Whether the reactor is a pure fusion device using D-T fuel or a fission-
fusion hybrid, these engineering problems include radiation damage to the
reactor structural materials, blanket design for power conversion and breed-
ing fuel (with all the inherent thermal hydraulics problems,) remote

maintenance and handling, trltlum leakage control large bore toroidal fleld
magnet design, and so on.

With these problems in mind, it becomes clear that a Tokamak engineering
test reactor will be an integral part of any national or international pro-
gram to achieve viable Tokamak fusion power reactors. The functions of such
a reactor include testing blanket and shield designc, performing radiation
damage and materials studies, and testing solutions to other major engineer-
ing problems, such as tritium handling and leakage control, and remote
handling technidgiies. On the other hand, a reactor designed with these goals
in mind need not have as one of its primary functions the generation of net
electrical power.

The design goals for achieving the stated purposes of 'such_a reactor are;
(a) that the 14 MeV neutron wall loading should be about 1 MW/m2 (to achieve
the proper volumetric heating and bulk radiation damage); (b) that the sur-
face heat load on the first wall be similar to that expected in Tokamak power
reactors (to simulate first wall stresses and surface damage correctly); and
(c) that sufficient space be available for blanket module designitesting
(such as the thermal hydraulics of particular blanket designs.) The test
reactor should achieve these goals subject to the ¢onstraint that lt be
small, flexible, and as inexpensive as p0951ble.

Recently, the design of a facility recterred to ds a FERF (for fusion
engineering research facility) has been considered, with designs based on
mirror confinement [4] or theta pinch confinement [5]. In particular, the
mirror FERF -design operating with an nt three times less than classical has
the merit of small size and should produce steady-state 14-MeV neutron fluxes
at a level adequate for bulk radiation damage studies. On the other hand, the
surface heat load will not simulate the charged particle, neutral, and radia-
tion fluxes .in. Tokamaks, and the approximately 1 m“ of test area will make
extensive blanket and shield engineeting tests difficult. Perhaps a small
mirror FERF with more limited objectives will be the predecessor of a Tokamak
engineering test reactor. On the othér hand, if a Tokamak can perform the
required functions, it will have certain inherent advantages., Three of these
are especially important. First, it will simultaneously produce the most
relevant first wall surface damage together with the correct bulk radiation
damage. Second, it would automatically test other tokamak technologies, such
as large bore superconducting toroidal field coils, which must be developed
in any case. Third, because of its geometry, a Tokamak reactor necessarlly
has a large test area so that .its cost, measured in dollars per square meter
of test area, will surely be favorable. Therefore, extensive blanket and
shield engineering tests as well as materials and radiation damage tests can
be carried out.
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In this paper, we examine the potential of a beam driven tokamak operat-
ing in, the two-energy-component tokamak (TCT) mode [6,7] as a viable tokamak
engineering test reactor. The TCT concept is combined. with some recent
innovations in blanket [8] .and toroidal field magnet [9] design to produce a
relatively small and flexible reactor which appears able to achieve the stated:
purposes. The remainder of the paper is structured as follows. In Section 2,
we analyze the expected plasma behavior and, together with some of the design
constraints, evolve a base-case tokamak engineering reactor design. 1In .
Section 3 and 4, the design of the blanket-shield and toroidal field coils
are described. Particular -emphasis is placed on the flexibility these design
ideas bring to this reactor. In Section 5, we investigate.the power require-
ments for such a reactor -and present a rough cost estimate. Section 6
contains a study of alternatlve assumptions regarding magnetic field and

plasma shape.

2. PLASMA AND MACHINE PARAMETERS

2.1 Scaling of Fusion Power Density

The fusion core of an engineering test reactor should have the maximum
possible fusion power density, P_.. This section contains a discussion of the
plasma conditions for maximizing P_ in a beam-driven tokamak reactor, and
applies these results to determine  suitable plasma parameters for such a
reactor.

In a two-energy-component tokamak (TCT), the temperature of the tritium
bulk plasma is maintained against transport and radiation losses by means of
injected energetic deuterons, which undergo fusion reactions with the
relatively cold tritons. The large beam-plasma fusion reactivity allows the
TCT to attain a fusion energy gain, Q, approximately equal to 1 at values of
nT many times lower than that required for a Q=1 thermonuclear reactor (where’
all reacting ions are thermalized) [6]. The fusion energy gained is defined
as :

Fusion power produced by the plasma in neutrons and alphas (1)
External beam power absorbed by the plasma

Q=

No account -"is  taken of any enefgy amplification by the blanket, so that the
energy released per fusion reaction is 17.6 MeV. For driven tokamaks with
the temperature maintained entirely by injected beams, we define

T = (fast-ion pressure/bulk-plasma pressure) : O.STS/TE; (2)

where T_ is the fast~ion slowing-down time, and T_ is the bulk-plasma energy
confinement time. For Q-values larger than attainable in "pure" TCT opera-
tion, n_T_ must be increased so that the injected beam power can be reduced
while the proportion of the fusion power output coming from thermal-plasma
reactions increases. At the same time, P_ decreases because of the reduction
in beam-plasma reactions [7]. Therefore, attaining large Q requires thermal-
plasma operation with large ng E,while producing the largést neutron flux
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demands TCT operation at.low n T_. The trade-off between Q and P for a
given plasma pressure is shownein Fig. 1, taken from Ref. [7]. For a Tokamak
engineering test reactor, a small-nT plasma that delivers a large neutron
flux at Q ~ 1 is desirable.- As such, TCT operation is the optimal mode.

For given values of electron temperature, Te’ and injection_energy, Wo,
one can express P_ in terms: of a single variableé (for example, ') which
is then optimized to maximize P_. The optimal values of T for Wo = 200 keV
and the corresponding Q and P_. are shown in Fig. 2, as well as thé maximum
P_ for a thermonuclear reactor of the same pressure. At the conditions
giving Q approximately equal to one in a TCT, P_ is a factor of four larger
than the maximum P_ attainable in a thermal plasma at . any temperature, for
the same total plasma pressure.

For plasmas of arbitrary gq, A=R/a, Bp < A, and axial magnetic field, B

t
(in kG), the maximuim attainable Pf is

. _S t g
- t ‘s A
Pt 7.7 x 10 Pfo pr Bp' , (3)

where Pfo is the value given in Fig. 2 and

S = (Plasma circumference/2ma}.. ‘ (4)

The quantity, a, is the plasma half-width at the midplane (i.e., the plasma
radius for a circular device) The neutron wall loading for a circular
plasma is given by 0.40 P_'a_ "/a_, where a_is the plasma radius and a__ is
the wall radius. Figure § sgowswthe wall Roading for circular and rec¥angu—
lar cross-section plasmas, -a8 a function of the maximum magnetic field, for
an illustrative set of plasma parameters,

2.2  Determination of the Minimum Test Reactor Size

The test reactor parameters were chosen to minimize power requirements
and capital investment, consistent with the following criteria:

(a) Time-averaged neutron wall loading approximately 1 Mw/mz.
(b) Useful wall testing area of at least 10 mzl
(c) Ease of access for replacement of blanket modules.

(d) Confinement. of 150-200 keV. beams, and attainment of the required
bulk-plasma net

v

E*
(e) Containment of fusion alpha particles, in order to minimize
alpha-wall interactions. _ , .

The minimum major radius of the plasma is determined by the minimum core
size, the thickness of the TF coil system, and the thickness of the inner
shielding. Figure 4 shows.a schematic layout of the machine. The dimensions
shown were determined according to the following considerations.
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The large time-averaged wall loading demands the use of superconducting
coils. A reactor constructed in the next decade would probably have to
utilize TiNb as the superconductor. We have chosen this material for the
three sets of tokamak coils: toroidal field (TF), ohmic heating (OH), and
equilibrium field (EF) coils. 'Since P increases extremely rapidly with B
(cf. Eq. 3), it is necessary to operaté at the maximum possible field. We
have chosen a maximum field of 80 kG at the coil with TiNb. Methods to
achieve higher fields are discussed in Section 6. The cryogenically stabi-
lized TF coil set is described in Section 4 and in further detail else- .
where [l0]. The thickness of each coil and its supporting structure is 40 cm.

Also discussed in the next section is the shield on the inside of the
torus. It is designed such that the structural material can withstand radia-
tion damage for the life of such a machine (~8-10 years). The shield
thickness is adequate to prevent significant heating rates or radiocactivity
in the superconducting coils caused by neutrons originating from the plasma.
The total shield thickness of 80 cm includes a 10 cm graphite layer that
moderates the neutron energy thereby reducing radiation damage to the first
structural wall. :

The design uses a air-core transformer. The diameter of the core is
determined by the maximum flux-swing required to start up the plasma current
(~2 MA) and to maintain this current for a period up to 50 s, subject to the
limitation of 70 kG for .the maximum field in. the core. A suitable core

diameter is 140 cm.

The above considerations result in the location of the inner wall at
2.3 m. We note that the wall loading increases with plasma minor radius. so
that we first determine the radius.at which criterion (a) is satisfied. The
plasma size found in this way must be capable of carrying sufficient current,
at q > 2.5, such that criteria (d) and (e) are satisfied. It is evident from
Fig. 3, that for relatively small plasmas and with the axial fields available
using TiNb, somewhat elongated cross sections are essential to achieve large
wall loadings. The minimum plasma radius that provides a neutron wall
loading of 1 MW/m2 is a = 55 cm, for a plasma elongation of 2:1. The plasma
current at q = 2.5 is then 2.4 MA, which is adequate for bur confinement
requirements at T = 5.0 keV (see Section 2.3). (Actually q = 3.0 operation,
giving I_ = 2.0 , 1s probably adequate for confinement but leads to half
" the neutgon flux.) \ :

_ The plasma cross section is chosen in the shape of a flattened "D"
(s=1.78), because this shape has gross stability to vertical displacements
as well as flutes [l11]. Furthermore, the inside-D cross section lends itself
well to the implementation of a double-null poloidal divertor [12,13] which
is deemed necessary for the removal of D and T ions, impurities,and alphas
emerging from the discharge, thereby relieving the heat load on the wall. A
ecrape-off thickness of the order of 20 cm is required for adequate divertor
performance. '

The size of the vacuum vessel is completsly determined.by the above
considerations. The total wall area is 149 m”. 3



2.3 Plasma Engineering

The plasma parameters: for the TCT test-reactor reference design are
given in Table I. The choice of 5 keV for the spatially averaged plasma
temperature is determined by the following considerations: (1) Q should
be near unity, in order to minimize the investment .in beam injectors, as
well as the power demands; (2) Attaining maximum P_ at lower Te requires
an increase in n, to values whish make beam penetration difficult; (3) The
required plasma n T, of 8 x 107 "cm is well below the limitation set by
trapped-ion instagiEity diffusion [14]. The poloidal beta is chosen some-
what smaller than the MHD limiting value, and the value used here will
actually be increased by about 10% due to the pressure of fusion alphas.
Wwhile tokamak plasmas to date have operated in quasi-steady-state only at
B < 1 << R/a, experiments have been performed [15,16) in which B_ was
igcreased well above unity by an abrupt decrease in the plasma current,
with apparently no adverse .effect on the plasma equilibrium.

Profiles of n., T, and current density, J, are shown in Fig. 5. ‘'hese
profiles of n_ and T re expected witglghe use of an "unload" divertor [13].
7 &

J(r) increases slighgly faster than Te . For a value uf g equal tn 2.5 al
the limiter, the q on axis is 1.1.

At Te = 5 keV, there is little variation in Q.for‘Wo in the range
150-225 kevV. The value of W_ should then be chosen to maximize the
efficiency of producing the beam while assuring adequate beam penetration.
With the development of suitable direct conversion techniques [17], or the
use of negative ion beams, an efficiency of 65% (busbar to beam ) can be
expected at 200 keV. The parameters of the beam injéctors for the test

"reactor are given in Table 2. A total power of 200 MW is specified (in the
D° component), rather than the 177 MW actually required (Table I), because a
" small fraction of the injected neutrals is not trapped by the plasma, and the
extra power also provides us with a small reserve. The fraction of the wall
areca taken up by the becam apertures is less than 1%. All vacuum pumping can

be carried out through the beam lines, and through the divertot channels.

The trapping profiles of tangentially injected 200 keV neutrals are
shown in Figqure 6 for a plasma with Ze = 1. Penetration is acceptable,
but would be unsatisfactory for 150 kéV- beams. The ionization cross section
of high energy beams increasee nearly proportionally to Z ££ so that if
7 £ > 1, oblique injection must be used in order to main%aln good pénetra-
tion. Figure 6 also shows the lrapping profile fnr perpendicularly injected
200 keV beams in the case of 2 _. = 3. Apparently, if Z 2 4, W_ must be

. eff ff o)

raised above 200 keVv, or n_ wust be roduced. PFor 7 = 1, the fraction of
injected neutrals trapped fn the plasma 'is 99% and 97% for parallel and anti-
parallel injection, respectively, while for Z = 3.and perpendicular injection,
93% of the neutrals are trapped.

A The confinement of alpha-particles in tokamak plasmas has been discussed
in Ref. 18. In the test reactor, 92% of the alphas are confined at

I = 2.? MA (@ = 2.5), and 87% at I_ = 2.0 MA (q = 3.0). This good confine-
mgnt arises for a number of reasonst (1) The alpha source function is peaked;
(2) The aspect ratio of 5.5 results in relatively small banana widths;: '
(3) The scrapeoff layer of 20 cm effectively increases the plasma thickness;
(4) The TF ripple at the plasma surface is only 1/4%. ‘
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The reference plasma design outlined in Table I specifies a plasma
radius at the midplane of 0.55 m with a shape factor S = 1.78 and B = ?.5;
Initial calculations of MHD equilibrium and stability have been mad® using

the MHD program of Grimm, et al [19]. The usual magnetic-flux equation

| 2
3 (L) , 2V gy --pPR_g2pgH (5)
3r | R oR a2 ‘, o

is solved in an axisymmetric system to determine the plasma equilibrium for
reasonable prescriptions of the pressure profile, p(y), and the toroidal
field profile, B g(y). B_is the vacuum toroidal field on axis, R, ¢, and’
Zz are the usual axisymmetric coordinates with ¢ ignorable, and ¢ is the
poloidal flux function. "

The result of these initial calculations is that an equilibrium configu-
ration can be found with parameters acceptably close to those given in
Table I. (The latter parameters were determined on the basis of overall
system requirements.) The cross section of a 2.4-MA plasma is shown in
Fig. 7 together with the positions of the vertical field coils, and the
currents carried by each coil. The height~to-width ratio is 2.75, the shape
factor is S=2 and 8. = 3.5. The major radius is 3.0 m, the plasma radius at
the mid-plane is 0.26 m, and the magnetic axis is located at 3.1 m. The
magnetic field at the shifted magnetic axis is 40 kG. The plasma current
profile, averaged over magnetic surfaces, is relatively flat; the safety
factor, q, varies from 2.6 on the outside to about 1.5 near the magnetic
axis. Tests of the stability criteria for local interchange modes [20]
indicate that the plasma is stable. (The program does not now test for
stability against toroidal kink modes.) The main conclusions to be drawn
are that MHD equilibrium can be found for a plasma with parameters reasonably
close to those. listed in Table I,.and that stability tests to date are favor-
able. A more complete-discussion of these calculations is given by Yang and
Conn [21]}.

Finally, we must consider the duty factor for such a reactor. The
operating cycle of a TCT -consists of (1) gas filling, (2) discharge current
rise and startup of beam injectors, (3) operation at full injector power,

(4) shutoff of injectors and reduction of current, and (5) vacuum system
purge. The duty factor is the ratio of period (3) to the total cycle period
and is determined by the maximum duration of the ohmic discharge, impurity
buildup in the plasma, and refueling techniques.

In order to maintain the plasma current, the primary current of the air-
core transformer must be increased linearly with time. For the dimensions of
Fig. 4, the discharge period can be as long as 50 s. AL least 10 s. is re-
quired to reduce I , to purge the vacuum system and refill, and to bring I
up to the maximum 8perating value of 2.4 MA. Thus, the duty factor could ge
as large as 0.83. High current neutral injectors are presently capable of
0.3 s pulses, and there appear to be no insuperable obstacles to steady-state
injection. We assume that divertor technology, as developed in PDX {13] and
other devices, will be effective in maintaining 2 __. < 3, in the case of
heavy ions, or Zeff < 1.5 in the case of carbon [35?, for periods up to 50 s.
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The lifetime of tritons in the plasma, T_, is expected to be long .
compared to T, which includes all transport and radiation losses. The lifg-
time of thermdlized deuterons should be approximately T _-T_s since there is
a gradual diffusion outward of fast deuterons during thgirsslowing down.
(That is, thermalized deuterons have a smaller diffusion scale length than
do the tritons.) At T = 5.0.keV, the proportion.of tritons among the bulk-
plasma ions is f_ = [le+ 0.15 (t /Tt - 1)]7+. For the plasma conditions of
Table I, T shoqu be of order 380 fis (17], ,for which £_= 0.82. Taking into
account bugk—plasma DT reactions, the neutron output wi$1 be reduced by about
15%.

The tritium composition must be maintained.by injection of pellets. [23].
Pellet injection into tokamak plasmas is a technology yet to be developed,
but it appears to be feasible for a plasma of relatively small density-radius
product, such as the present design. Penetration to the center of the plasma
requires 1l-mm diameter pellets, accelerated to 10 MV [20]. Maintaining
£ = .0.82 reguirea an injection ralte of approximately 60 pellets per second.
wﬁilé it is possible to raise f_ by increasing the rate of pellel injgction
beyond &0 s *, T will be reduced if the beam input power is constant, so
that the neutroneoutput might not be increased. '

The principal role of the poloidal divertor in the test reactor is to
minimize the number of energetic particles striking the wall, and thereby .
reduce the impurity influx into the discharge. The plasma capture efficiency
must be close to unity, so that the divertor entrance width should be at
least 30 cm. Backflow of neutrals into the torus must be prevented (i.e.,

" recycling coefficient R =z 0), in order to minimize charge-exchange loss of
fast ions, as well as cﬂarge—exchange neutral sputtering. The required
aryogenic pumping surfaces can be readily accommodated inside the large TF
coils. With this unload divertor, the plasma flow in the scrape-off region
proceedslgear}g at the sound speed [13], the density here is relatively low
(~2 x 10 cm ), and the plasma temperature is high (~2 keV), as shown in
Fig. 5. These characteristice are favarable for a beam=injected reactor.

3. BLANKET AND SHIELD ANALYSIS

An engineering test reactor should be designed as flexibly as possible
with ready access to seyments which must be changed often, particularly test
sections. 1In a torus, this can be especially complicated if the inner por-'
tion nearest the main ¢enterline must be removed. We describe here an
approach to avoid this difficulty. '

It is a well~known conclusion of recent fusion reactor design studies [1]
that the structural materials will have relatively short lifetimes in the
radiation environment of a D-T fueled fusion reactor. For example, it has
been concluded that a vacuum wall made from 316 stainless steel can be
expected to have an average life on the order of twg years when subjected
directly to a 14 MeV neutron wall loading of 1 MW/m~. The mechanism limiting
wall life depends on several factors, including the operating temperature,
and can be related to the high atom displacement rates and high gas produc-
tion rates (particularly He) expected in such an environment.
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For the test reactor described here, we would like to protect the
.structural wall on the inner portion of the torus. Blanket and shield zones
on the outer portion can be removed periodically since this is where access
is most readily available. Indeed, this zone can be constructed in a
modular fashion as discussed, for example, by the Culham group [25,26] and
such modules would themselves serve as test sections. 1In a recent paper [8],
several new concepts for fusion reactor blanket design were presented based
on the idea of shifting, or tailoring, the neutron spectrum incident on the
first structural wall. The spectral shifter is a non-structural element
which can be made of graphite, silicon carbide, or three-dimensionally woven
carbon fiber [27]}. It would be placed between the neutron source and the
first structural wall and serves to soften the neutron spectrum incident on
the structural components. This in turn leads to lower gas production and
atom displacement rates than .in more standard fusion.blanket designs and
results in longer anticipated lifetimes for the structural ‘materials. It can
also significantly reduce radiocactivity and afterheat levels. This general
class of blanket .design concepts was referred to as Internal Spectrum Shapers

and Energy Converters, or ISSEC, concepts.

The purpose behind the ISSEC design [8] is to allow the structural
components behind the nonstructural spectrum shifting zone to be able to last
the plant life. However, for an engineering test. reactor, we want the radia-
tion damage on test areas to take place in as short a time as possible.
Therefore, in the design discussed here, we propose to use the ISSEC concept
only on the inner portion of the torus and, perhaps .selectively, on the outer
portion. The basic idea is illustrated in Fig. 8. A similar notion has
also recently been discussed by Powell and Lazereth.[28] and by Sze and Conn

[29].

Neutrons from the plasma must pass through the graphite zone before
reaching the first structural wall on the inner portion of the torus. In the
process, many are slowed down (primarily by the (n,n')3a reaction in carbon),
so that the high energy flux above 3 MeV is greatly reduced. This in turn
leads to a reduction in displacement damage ‘and gas production in the inner
structure. Of course, the unprotected structure on the outer portion is
damaged more rapidly, as is desired in a test reactor. The heat deposited
in the ISSEC zone (in this case graphite) is conducted to the front and back
surfaces and radiated to the cooler outer and inner walls, respectively.

For illustrative purposes, we have examined in detail the nuclear per-
formance of a blanket-shield outlined in Fig. 4. The blanket-shield zones
must serve to remove heat and to attenuate neutrons. In particular, for
superconducting toroidal field coils, the blanket-shield zones serve to limit
.the heat deposition in the coils and, as importantly, to limit radiation
damage to the copper conductor stabilizing material [30]}. The inner shield
shown as zone 4 is composed of 70% stainless steel and 30% boron carbide,
which has previously been shown to be a very effective design [31]. ‘he
coolant would probably be helium. An alternate and equally reasonable design
would be to use stainless steel cooled with borated water flowing at high
velocities and low pressures to remove the heat [32]. This can keep the
blanket-shield temperatures relatively low and reduce thermal stress problems.
Either design is feasible and we consider the former design for illustration.
Zone 6 on the inside portion of the torus between the plasma and the innec
shield is the nonstructural, neutron spectrum shifting zone. Its role is to
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protect the structural material in the inner shield. On the outer portion of
the torus, there is a 316 stainless steel wall followed by a 2zone of struc-
tural material and coolant. If it is possible to continuous;y buy tritium
for reactor operation, then this outer zone would be designed similarly to
the inner shield and would probably be cooled with borated water. However,
if it is necessary to produce roughly the amount of tritium consumed, one
can achieve this by using liquid lithium at relatively low pressure as the
coolant and breeding material on the outer half of the torus. Designs for
achieving low pressure lithium cooling in ISSEC blanket designs are dis-
cussed by Sze and Conn [29]. Since this is the more interesting case, we
examine it and leave the case of cooling with borated water as the more
likely and more straightforward alternative.

The nuclear performance of this blanket and shield design has been
‘studied by solving the discrete ordinates [33] form of the transport equation
for the neutran and gamma fluxes using the ANISN program [34] in the S -P
approximation and slab geometry. Aas noted by Dudziak [35), S -P_ calcula-
tions are adequate to predict integral parameters, such as tritium breediny
and gas production rates, to within approximately 2% of a high-order calcu-
lation like S, _-P_. An albedo of 0.3 in all groups has been used at the back
of the outside blanket and no shield has been included there. The neutron
and gamma multigroup cross sections werc processed using the programs
SUPERTOG [36] and MUG [37] from nuclear gata'gompiled in ENDF/B3 [38] with
the program, LAPHANGAS [39], except for Li, 'Li and.C for which the photon.
cross sections are from reference [40]. All calculations were performed
using 46 neutron groups and 43 gamma groups in a group structure discussed
in detail previously [l]. The use of slab geometry allows us to simulate
different blanket-shield designs on the inner and outer parts of the torus
without having to resort to expensive, two-dimensional cylindrical calcula-
tion.

The Yesults are listed in Table III. The breeding ratio is 0.8 which
means that only 20% of the tritium consumption will have to be provided
from off-site. The total energy generated per fusion neutron is 17 MeV.
This energy will be removed but not converted to electricity, since the
additional costs associated with a power cycle are not justified in light
of the purpose of this type of machine. ‘

The principal radiation damage characteristivs of the first inner wall
hehind the graphite spectral shaping zone (zone (5) 'in Fig. 4) and the
vacuum wall on the outer purlion of the tarus (zone (7) in Fig. 4) are also
given in Table III. The displacements psr atom (dpa) rate in Zone (5) io
5.18 dpa/yr for a wall loading of 1 MW/m“. By contrast, the first wall on
the outer half ol the torus experiences 15.64 dpa/yr. Thus, the inner
structural wall (zone (5)) will have at least three timec the wall life
compared with zone (7) when only a 10 cm graphite zone is used. Thicker
zones are possible from a heat transfer viewpoint but 10 cm appears adequate
for the purpose here. The helium and hydrogen production rates are also
given for these two zones. The decrease for zone (5) is even larger than
for the dpa rate because.the cross sections for hydrogen and helium produc-
tion have a threshold behavior such that neutrons below about 3 MeV do not
“significantly contribute to the gas production. This is not the case for
displacement damage.
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The gnergy attenuation of the inner blanket-shield design is
8.31 x 10”° and the energy attenuation of the blanket and shield on the
outer portion of the torgs will be at least an order of magnitude greater.
Therefore, with a 1 MW/m“ wall -loading of 14 MeV neutrons, the heat deposi-
tion in the superconducting coils is approximately 625 W. Assuming it takes
500 W at 300°K to remove 1 W at 4.2°K [4], the refrigeration power required

for the TF magnets is approximately 0.3 MW. : K

Perhaps more important is the dpa rate in the copper stabilizer of the
magnet. This rate varies from 4 x 10 “dpa/yr at the magnet winding closest
"to the plasma (point A in Fig. 9) to 6x2 x 1075 at point B. The effect will
‘be to increase the resistivity of PFHC copper by approximately a factor of 4
in one year. While this problem can be corrected by periodic annealing, it
can probably be avoided by a redesign of the ‘inner shield to include a non-
uniform distribution of boron carbide and stainless steel [42).. This rede-
sign can reduce the dpa levels in the Cu to where annealing once every one to
two years will be satisfactory.

The next major question relates to the heat deposition and operating
temperature of the inner graphite zone (zone 6 in Fig. 4). The nuclear heat
deposition from neutrons and gammas serves as input to the heat transfer
calculations. Heat is assumed to be conducted to the front and back surfaces
and radiated to the colder stainless steel walls. The temperature distribu-
tion in the graphite spectrum. shaper is insensitive to the actual stainless
steel temperatures as long as these are low. Since.the graphite will be at
‘least 1000°C while the stainless steel will be 500°C or less (and perhaps
only 100-200°C), this condition is satisfied. The thermal conductivity has
been taken as that of nuclear grade graphite, namely 0.36 W/cm-°C. The
temperature profi%e in the graphite is shown in Fig. 10 for a neutron wall
loading of 1 MW/m” and a surface heat loading of 50 W/cm2. The maximum
temperature is 1650°C which is well below the 2000°C range where the vapor
pressurequgraphitg becomes comparable to the pressure in' the plasma chamber
(namely 10 to 10 torr). This problem has been extensively reviewed
elsewhere [22]. .

An important variation on this result is to consider the effect of the
surface heat flux on the maximum temperature. The low ntT-values typical of
TCT operation may result in high surface heat loads, depending on whether a
divertor is used and on the severity of impurity radiation. In Fig. 11, we
show the variation in the maximum graphite temperature as a function of sur-
face heat lgad. It appears that even under very high surface loadings, such
as 100 W/cm~, the maximum temperature remains within the acceptable range.

From these results, we conclude that the ISSEC concept can extend the
life of the shield on the inner portion of the torua. The test modules making
up the outer purtion of the torus will be subject to higher 14 MevV fluxes and
will be damaged more rapidly. These modules can be rcadily removed and re-
placed since the outer part of a torus.is where space is plentiful. Thus,
this blanket-shield concept, when combined with the toroidal field coil design
discussed next, brings considerable flexibility to toroidal 'systems.
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4.. SUPERCONDUCTING TF COILS

Superconducting toroidal.field magnets are practically mandatory for
the machine described here in order to minimize power. consumption and insure
a relatively long pulse with a large duty factor. The detailed superconduct-
ing magnet design will be presented elsewhere [10], but for completeness we .
describe and summarize the main features here. (We have investigated the use
of a water cooled copper magnet set; although steady-state operation with an
axial field of 30 kG is possible, the power consumption is at least 180 MW.)

The toroidal field coils have been designed with the philosophy of
complete cryogenic stability, in order to insure maximum reliability, and
with as little extrapolation of present technology as possible. This dictates
the choice of TiNb superconductor filaments embedded .in a copper matrix. A
copper backing strip is included to guarantee complete cryogenic stability,
and liguid heliwm pool boiling at 4.2°K is used for cooling the conductor.

The desigh maximum fiold at the conductor ls 80 kG at 4.2°K. Pumpiny the
helium bath to lower temperatures can allow the ¢oils to operate at even
higher fields [41].

The "embedded disc" type conductor design developed by Boom, Young,
et.al., [4l), is used. The structural material for the coil is 316 stainless
steel. The shape of the magnets is a modified or extended "D" shape as shown
in Fig. 9. This shape, as-developed in the UWMAK-II conceptual reactor
design [9], provides extra space for removing blanket-shield modules on the
outer portion of the torus while maintaining a height no more than is required
for the internal system components, including the vertical field coils.

The major characteristics of the toroidal field coiis are listed in
Table IV. -The average current density is about 2800 A/cm”, The total number
of coils is 18, and an analysis of the field structure shows that the maximum
field ripple at the outer surface of the plasma is less than 0.22%.

Lue et al. [10] have carried out an estimate of the total capital coast
of this toroidal field coil set and arrive at amounts between 5 and 13
million dollars depending on the price of the superconductor. This can be
compared with cost estimates for similar coils recently compiled by Lubell
[43].  7The total energy stored in the toroidal field of the coil set described
in Table IV is approximately. 2600 MJ and, with this as input, the cost
estimate based on Lubell's compilation turns out to be between 6 and 13
million dollars, in good agreement with the values of Lue et al. [10].

5. POWER REQUIREMENTS. AND COST ESTIMATES

The power ratings of the various electrical systems of the test reactor
are given in Table V. As noted before, the OH and EF coils are constructed
of TiNb, since the power dissipation in copper coils would be prohibitively
large. The parameters of.the OH .and EF electrical systems are given in
Table VI. Since the peak power requirement of the OH circuit (42 MW) occurs
during discharge current startup (that is, before beam injector turn-on), the
OH coils can be supplied directly from the power line without affecting the
maximum power to be drawn from the line. Otherwise, a 28 MJ energy storage
system is required to supply the OH coils during startup.
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The EF coils, on the.other hand, demand substantial power during both
current startup and the period when the plasma is being heated and B is being
raised to its final value. The total EF energy during .the. current s artup and
plasma heating phases can be supplied from a capacitor bank. . Once plasma
conditions reach equilibrium, further EF power is supplied directly from the
mains, while the capacitor storage is charged for the next cycle.

. The current risetime has been chosen to be 1.0 s in order to minimize
eddy current dissipation in the TF coils and to minimize the cost of OH elec-
trical equipment, such as rectifiers and switches. The injection current will
be brought up to full value over a one second period also, in order to
minimize EF power and associated electrical equipment.

The power specified for refrigeration is adequate even if the TF coils
are to be maintained at 1.8°K (in order to increase B,). Miscellaneous plant
equipment includes circulation pumps for the blankets, vacuum pumps, power
supplies for electronic equipment, and ventilation systems.

The estimated costs of the major systems of the test reactor are given
in Table VII. The cost of the neutral beam injectors is estimated as
$0.40/watt, where the power refers to the D° component of the neutral beam.
This figure includes the -investment in direct conversion, if any, that is
necessary to give an efficiency of production (busbar to beam) of 65%, as well
as the rather small outlay for rectifiers. (The beam injectors will be
..supplied directly from the mainline while the EF electrical equipment in-
cludes the 20 MJ capacitor bank.) The cost of the TF coil is that estimated

in section 4.

With an operating duty factor of 80%, and a particle turnover time of
300 ms, the tritium throughput is 180 g/hr. A plant inventory of about 1 kg
of tritium (10 MCi) is therefore required. If the duty factor averaged over
the year is 50% (including down time for module replacement), the annual
consumption of tritium is 5.0 kg. This amount may.be sufficiently small that
tritium need not be bred. in the test reactor blanket, thereby reducing blanket
and processing costs. However, as discussed in section 3, the option exists
of designing Li-bearing blankets that can give breeding ratios of about 0.8
(and higher if Be is used). Thus, the tritium required from aoff-site could
be reduced by at least 80%. .

6. ALTERNATIVE PLASMA AND MAGNETIC FIELD ASSUMPTIONS

For the base case design discussed in sections 2, 3, and 4, the plasma
cross-section was taken as noncircular with a height-to-width ratio of 2 and
the maximum toroidal field strength was limited to 80 kG. However, both B
and b/a might be increased. There are two possible ways of increasing B .t
Fifst, at least 90 kG can be obtained even with TiNb "superconductor by
pumping on the He coolant and operating as low as 1.8°K [43]. Second, Nb.Sn"
with its much higher critical field could in principle be used as the supér-
conductor. This material is much more brittle than. TiNb (which is the reason
we did not choose it for base case calculations) but nevertheless provides an
interesting alternative. .It has been considered recently in a fusion reactor
congceptual design study [2].
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We have considered variations of B . and b/a, keeplng gq and Bo fixed, to.
determine the effect on the 14-MeV neutron wall loading. The results are
summarized in’ Fig. 12, If the he1ght—to-w1dth ratio is increased tQ 3 and
the shape factor S is taken as 2.35, with B held at 80 kG, the,plasma
current is 1n3reased to 4.5 MA, the power denslty becomss 13 W/cm”, the wall
area is 195 m™ and the neutron wall loadlng 'is 3.4.MW/m“.

If the height-to-width ratlo remalns 2 but the maximum field is. 1n—
creased to 90 kG by pumping -on the helium to ~3°K, the plasma current
increases to 2.7 MA, the fusion power density increases to 6. 9 W/cm ’ ‘and
the neutron wall loadlng .becomes 1.54 MW/mz, a 50%:gain in_ wall loading
compared w1th the base case. This case is likely to be the most stralght-
forward of the magnet alternatlves to achieve.

For' the Nb_Sn cases, the maximum field is taken as 150 kG. For a 2:1-
nonc1rnu1ar machine with the dimensions of the base case, the plasma current
is 4.47 MA2 the fusion power density-is 53 W/cm3 and the neutron wall loading
is 11 MW/m®. This value -is probably too high even for a test reactor, and

~ the correspondingly hlgh plasma dénsity would reduire neutrdal Leam encrgloc
“much greater than 200 keV.:

"With 150 kG maximum field, it is interesting to examine a circular
machine of comparable 51ze.f For illustration, consider a device with a
. plasma current of 2.5 MA'at g = 2.5 and a radius to the innermost coil
‘,Windlng of 1.45 m, as chosen previously. The resulting plasma radius is
“:79 cm, the magor radius is 3.3 m, and the wall area with .a 20 cm scrape-off
"zone is 130 m”~. The_ axial magnetic field becomes 66.2 kG, the fusion: power
den51tyzls 10.5 W/cm™ and the 14 MeV neutron wall loading is 3.3 MW/m<,

We see from these calculations of design alternatives that there can
be many tokamak plasmas in approximately, the same overall size range which’
generate neutron wall loadings of 1 MW/m“ or grcater. Such devices could
perform the function of an engineering test reactor. o

i
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TABLE ‘I

Plasma Parameters of a Tokamak Engineering Test Reactor

R
o
a
A
elongation
shape factor
horizontal wall radiis
‘wall area

‘plasma area

axial Bt

% (ideal)

Pf (ideal)

T

ncutron production
neutron power

neutron wall loading

total thermal power

4.3 W/ em®

3.05m

0.55 m

5.55

2.0

1.78 (flattened "Df-shape)

0.7%m

149 m2

2.16 m2

38.0 kG

2.4 MA

2.5 v
14 -3

1.2 x 10 "cm

5.0 kev

8 ¥ 1012@m'3s
200 kev

177 Mmw

885 A

3.5

1.0

3

0.85
6.4 x lOlg n/s
142 MW

2
0.96 MW/m

355 - MW
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TABLE II-

Neutral Beam Injection Systems . -

Injection energy -
Injection power
Injectioﬂ currenﬁ
ToEal bea&vaperture
Fraction of wall area

Overall efficiency

Power consumption

- 200 keV
200 MW (D°) peak
1000 A (equiv) éeak
1.0 m2 atio.lfA/emz
0.7%
65%

310 MW
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TABLE III

Nuclear Characteristics of the Blanket-Shield
Design Outlined in Figure 4 :

Breeding Ratio . R " 0.8

Energy Per Fusion o : ) 17.0 Mev

Energy Attenuation by Inner . -6
Blanket-Shield per .14 MeV Neutron ~8.34 x 10

Displacements per Atom for 1 Mw/m2 Wall Loading
In 7nne (5)a 5.18 dpa/y:

In zone (7)b ‘ ' ' 15.64 dpa/yr

Helium Production Rate for 1 MW/m2 Wall Loading
In zone (S)a : 58.0 appm/yr

In zone (7)b ' 297.8 appm/yr

Hydrogen Production;Rate:for.l‘MW/mz Wall Loading

In zone (S)a L ' 151.0 appm/yr

In zone (7)b ‘ 615.8 appm/yr

a L - , ) '
Zone (5) is the stainless steel wall behind the graphite spectruu

shaper.

b . . ,
Zoné (7) is the stainless steel vacuum wall on the outer part of

the tonrus.
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TABLE IV

Principal Characteristics of Superconducting
Toroidal Field Magnets

Axial Magngtic Field 38 kG
Maximﬁm ﬁaggetic Fie1d.. E ,i - 4 1 gO kG
Sﬁpei?oh&ucform- A - ' . TiNb
Average Current‘Denéity'in Conductor Discs?® 2800 A/cm?.
Magnet Cross Section . ' : 37cm X 40¢ﬁ
‘Disc Cr;ssisééfion ? - :A- - z C : 2cm x 40cm
Discs'péf magnet ) S 16
Total Cu, to Tilb Rat;io- R L ] e "
"Disc:Stainless Steel ‘to Cu Ratio o 1:2
(Cryogenic ‘Stability)
Number of Cails‘ 4;. : S - . 18
Rgdigs.to Point of Max. Field ‘vl.45 m
Coil Borc at Midplane - | - 5.5 m

AThe average cﬁrrent.density is defined as the ratio of the total
current=turns divided by the total area of a winding disc.



-22-

'TABLE V’ -

. Power Consumption

Peak Power'

Syéteﬁ Energy Supply
Refrigeration “Main Line ‘5 MW
(all coils)
OH coils‘ (1) -Main Line (current 42 MW .
(TiNb) startup)
(2) Main Line 2 MW
Equilibrium (1) Capacitor bank 28 MW
field coils (2) Main Line 4 MW
(TiNb)
Bcam injectnrs. " Main Line 310 MW
Miscellaneous Main Line 20 MW
plant equipment
The maximum power drawn from the main line is 341 Mw.
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TABLE VI

OH Power System

Plasma current . ’ 2.4 MA
Current risetime - 1.0 s
Curfent dura£ion 50 s
Flux swing ' 26 volt-s
Stored .energy for startup 28 MJ

(if capacitors used)
Maximum field in core 65 kG
Peak power .. 42 MW
Peak current 10.5 KA
Peak voltage 4.0'kV

EF Power Systém

Maximum Vertical Field 5.1 kG

Maximum Rate of Change ) .
of Vertical Field 3.0 kG/s

Stored:Enexgy. 22 MJ
‘Peak Power 28 MW
Peak Voltage - 0.8 kv

 Peak Current ' . 36.kA
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_ TABLE VII

Preliminary Cost Estimates of Major Subsystems of a
Tokamak Engineering Test Reactor

Cost Element , Cost (106$)
TF coils and supports 13
OH, EF coils . : 8
Ré[rigeration | . | ‘. 10
Vacuumlvessel and equipftent 12
Neutral beam injectors: . 80
Fuel injection and liquid helium 8
Blanket mod&les and shieldiné 55
Tritium inventory ' 2
Tritium handling system 16
Instruentaltion and contrnls 20
Remote handling ) ' 20
Flaectrical equipment for OH and EE 9
Heat ?emoval and cooling'toﬁers ~ 40
Building§ »b . ' 35
Total of above itemsa ;$328 M

aUne can roughly estimmte the total cost of reactor
construction and installation by adding 15% to acc¢ount
for engineering services and, if necessary, a percentage -
to account for contingency.
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Fig. 3. Neutron wall loadlng'for circular and rectangular (b/a=2)

TCT reactor plasmas. B:- .. is the field at the TF inner wall, located

at 1.45 m. The vacuum Egner wall is at 2.3 m, and the thickness of the
scrape-off layer is 20. cm. For the circular case, a=80 cm, a=4.1. For
the rectangular case, a=50 cm, A=6.0. Both plasmas have the same cross-
sectional area. In each case, B O 54, g=2.5. The fields at the magnetic
axis are indicated. ' ' '
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"SCHEMATIC LAYOUT OF BLANKET-SHIELD. FOR A
TOKAMAK ENGINEERING TEST REACTOR
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Fig. 4. The graphite zone (6). protects the inner structural wall
zone (5) frum excecsive radiation damage. The outer blanket contains Li
if tritium production is necessary. Otherwise, zohe (8) would be conled
with borated water and zonea (9) and (10) would be replaced by normal
shielding. '
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.Fig. 5. Radial profiles in the plasrﬁa midplahe. The discharge is
confined to r < 55 cm. The scrape=off region lies between 55 and 75 cm.
On-axis parameters are indicated. ' '
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Fig. 6. Trapping profiles of 200-keV D neutrals injected into the
test reactor plasma. The plasma density profile is shown in Fig. 5.
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Fig. 7. Cross-section of the engineering test reactor showing

vertical-field coils and their currents.
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Fig..8. Cross-section of the engineering test reactor showing

blankets and shielding. The plasma flux surfaces have been calculated
with an MHD equilibrium code. : ' :
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Fig. 9. Shape of the superconducting toroidal field magnet.. The
blanket and shield extend to approximately 5.25 m, so that modules can be
extracted without removing any TF coils.
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Fig.” 10. ' Temperature distributi'qn in the graphite ISSEC ‘zone.
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. Fig. 11. Variation of the maximum temperature in the graphite ISSEC
zone as a function of the surface heat load. The 14 MeV neutron wall
loading is 1 Mw/mz.
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ON MAGNETIC FIELD OR NONCIRCULARITY |
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Wall loading for various values of magnetic field and plasma
elongation, b/a.
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NOTICE

This report was prepared as an account
of work sponsored by the United States Gov-
ernment. Neither the United States nor the
United States Atomic Energy Commission, nor
any of their employees, nor any of their con-
tractors, subcontractors, or their employees,
makes any warranty, express or implied, or
assumes any legal liability or responsibility
for the accuracy, completeness or usefulness
of any information, apparatus, product or
process disclosed, or represents that its
use would not infringe privately owned rights.





