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The ARIES Tokamak Reactor Study

Progress Report for the period Dec. 1, 1990 to Nov. 30, 1991

The ARIES research program is a multi-institutional effort to develop several visions
of tokamak reactors with enhanced economic, safety, and environmental features [1). The
aims are to determine the potential economics, safety, and environmental features of a
range of possible tokamak reactors, and to identify physics and technology areas with the

highest leverage for achieving the best tokamak reactor.

Four ARIES visions are currently planned for the ARIES program. The ARIES-I
design is a DT-burning reactor based on “modest” extrapolations from the present tokamak
physics database (e.g., 1st stability operation) and relies on either existing technology
or technology for which trends are already in place, often in programs outside fusion.
ARIES-II and ARIES-IV are DT-burning reactors which will employ potential advances
in physics (e.g., 2nd stability operation with ~100% of plasma current driven by the
bootstrap effect). The ARIES-II and ARIES-IV designs employ the same plasma core but
have two distinct fusion power core designs; ARIES-II utilize the lithium as the coolant and
breeder and vanadium alloys as the structural material while ARIES-IV utilizes helium is
the coolant, solid tritium breeders, and SiC composite as the structural material. Lastly,

the ARIES-III is a conceptual D-*He reactor.

During the period Dec. 1, 1990 to Nov. 31, 1991, most of the ARIES activity has been
directed toward completing the technical work for the ARIES-III design and documenting
the results and findings. We have also completed the documentation for the ARIES-I
design and presented the results in various meetings and conferences. During the last

quarter, we have initiated the scoping phase for ARIES-II and ARIES-IV designs.
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1. The ARIES-I Research Activity

The first ARIES design to be completed is ARIES-I, a 1000 MWe power reactor. The
ARIES-I research activity was completed in 1990. During this period we have finalized the
documentation of the ARIES-I research effort and findings [2,3]. The results of ARIES-I
research activities were also presented in several workshops and conferences as invited

presentations as listed in the attached list of publications and presentations [4-10].
2. The ARIES-III Research Activity

Most of our activity during this period was focused on ARIES-III design. Technical
work for ARIES-III is completed and the results were presented at 14th IEEE meeting at
San Diego, CA (Oct. 1991) [11-24].

The ARIES-III activity is the first large-scale investigation of the potential of tokamak
as an advance-fuel (D-3He) power reactor. Therefore, an extensive scoping study of D-3He
tokamak reactors was first performed before the final design directions for the ARIES-III
reactor were chosen. We considered diverse areas such as: (1) physics (power balance)
requirements for burning D-’He fuel, (2) MHD beta limits in second stability regime,
(3) fueling of a D-*He reactor (production and injection of *He pellets as well as compact
tori injection), (4) choices of coolant and structural material for the first wall and shield,

and (5) advanced power conversion schemes (including direct conversion techniques).

The fusion reactivity for D-3He fuel is almost 2 orders of magnitude lower than that
of DT fuel. Therefore, to achieve an adequate fusion power density, Py o 82B*, the fB?
parameter should be > 1000 % T?, at least 50 times higher than that of a DT reactor. In
addition, the burn temperature, T, for D-3He fuel is about 50 keV, higher than that of a
DT reactor. Therefore, a D-3He reactor requires high plasma g, high magnetic field, and
high plasma temperature. Since high B and high T result in a highly radiative plasma

(both synchrotron and bremsstrahlung radiations) the power balance window for a D-*He

tokamak reactor is small.



The synchrotron radiation losses from the plasma depend on the first wall conductivity
and “hole” fraction. As a result, a D-3He reactor requires a highly conductive first wall
material (or coating) in order to reduce the synchrotron radiation to an acceptable value;
material choices are severely limited (W and Be for high temperature operation, and Cu

for low-temperature application).

The fusion ash accumulated in the plasma also plays a central role in a D-3He reactor.
The fraction of fusion ash in the plasma depends on the parameter 1,,4/7g, the ratio of
ash-particle confinement time to the energy confinement time in the core plasma. As the
Tash/TE parameter increases (the fraction of fusion ash increases), the plasma radiation
increase. At the same time, for a fixed total plasma 3, the fuel ion 8 is reduced, decreasing
the fusion power density. As a result, an increase in the 7,,,/7g parameter will result in

the power balance window to shrink and finally disappear.

Our analyses of a first-stability D-3He reactor showed that power balance can be
achieved only for 7,,,/7g ~ 1 (optimistic value of 7,,,/7F in present experiments is about
4). Furthermore, because the synchrotron radiation scales as B5/2, the attractive ARIES-I
regime operation for first-stability DT reactors (high aspect ratio, low current, high boot-
strap-current fraction, and high field) is inaccessible (i.e., there is an optimum in B re-
gardless of the cost of magnets). Because the fusion power density is low, the plasma 3 has

to be high resulting in a plasma operating with an aspect ratio of ~3 and a high current

" of ~60 MA. Our analyses showed that even assuming advanced synchrotron current drive

to supplement the bootstrap current and assuming the direct conversion of synchrotron

' radiation by solid state rectennas (at efficiency of 80%) still results in a reactor which is

about 50% more expensive than a second-stability version. Therefore, the second stability

regime of operation was chosen for the ARIES-III design.

In order to allow for longer a ash particle confinement time 7,,4 /7 ~ 2, the ARIES-III
should operate in second stability regime with a high plasma 3 ~ 20%. Present theoretical
analyses indicate that these high values of B can be achieved only if kink stability require-

ments are relaxed. Furthermore, this regime of operation leads to a large bootstrap-current
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overdrive and requires driving plasma current in both direction by the current-drive sys-
tem. Feedback stabilization of kink modes as well as precise profile control to ensure
ballooning stability are also required. The current drive system is based on high-energy
(3 to 6 MeV), negative-ion neutral beam injectors because of the need for precise control
of the current density profile and predicted relative high current-drive efficiency. Most of
the fusion power is radiated in the form of bremsstrahlung and, therefore, almost all of the
reactor thermal power is deposited on the first wall and removed by the first-wall coolant

circuit.

Because of the high heat flux on the first wall, the choice of coolant is somewhat
limited. Helium suffers from poor heat transfer capability. Water-cooled systems lead to
inefficient power cycles and result in an expensive reactor. The draw-back for the liquid-
metal coolants are activation and MHD effects. Organic coolant appears to be a good
choice for the D-He systems because of high thermal efficiency and good heat transfer
capabilities resulting in relatively low-pressure coolant circuit. Organic coolants can be
used in a D-3He system (as opposed to a DT reactor) because the reduced neutron yield of
D-%He cycle reduces the radiolytic decomposition rate of organic coolant to an acceptable

level.

The first wall material and the shield is made of low-activation ferritic steel (HT-9)
because it produces the thinnest shield and qualifies as shallow-land burial waste. First
wall is coated with 1.45 mm of Be with a thin (0.1 mm) tungsten interface between Be
and HT-9. An steam cycle with a thermal conversion efficiency of ~44% is utilized. As
a whole, the ARIES-III research indicate that the physics of D-3He tokamak reactors are
very demanding. But, if physics parameters can be achieved, the engineering features are
attractive (with the exception of the in-vessel components which are subjected to high

particle and heat fluxes).

The safety and environmental features of the ARIES-III designs are attractive. the
first wall and shield can operate for the life of the plant. After 30 full power years of

operation, the shield qualifies as Class-A waste after a cool down period. Activation of
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the coolant is negligible: but disposal of the decomposed coolant is an issue (burning the
decomposed coolant is suggested as the option). The ARIES-III design is at least passively
safe and may qualify as inherently safe as defined by ESECOM.

3. The ARIES-II and ARIES-IV Research Activity

During the last three months of this period, we have initiated the scoping phase of
the ARIES-II and ARIES-IV designs. Both designs operate with the same fusion core but
utilize two distinct first wall, blanket, and shield combination. The ARIES-II design uses
liquid lithium as the coolant and breeder and vanadium alloys as the structural material.
The ARIES-IV utilizes helium as the coolant, solid tritium breeders, and SiC composites

as the structural material.

The aim of ARIES-II/IV activity is to examine reasonably-consistent advances in
physics to improve the economics of the reactor and also to reduce the required extrapo-
lation in technology as compared to the ARIES-I designs. The major component costs of
the ARIES-I fusion power core are the current-drive system (cost and recirculating power)
and the magnet system. The ARIES-II/IV designs operate in the second-stability regime
but aim at plasma operation such that almost all of the plasma current is provided by the
bootstrap effect. This regime of operation leads to plasmas with moderate 8 (but higher
than that of ARIES-I). As a result, substantial savings both in current drive and magnet

costs can be made.

The ARIES-II/IV activity is planned to be completed by late spring 1992.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility 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. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.










