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A wide range of plasma assumptions and scenarios
has been examined for the current U.S. tokamak FED con-
cept, which aims to provide a controlled, long pulse
(MOO s) burning plasma with an energy amplification of
>_5, a fusion power of 180 MW, and a neutron wall load
of >0.4 MW/m2. The results of the assessment sugyest
that the current FED baseline parameters of R = 5.3 m,
Bt = 3.6 T, a = 1.3 m, b = 2.1 m (D-sbape), and Ip =
5.4 HA are appropriate in reaching the above plasma
performance, despite uncertainties in several plasma
physics areas, such as confinement scaling, achievable
beta, impurity control, etc. To enhance the proba-
bility of achieving fusion ignition and to provide some
margin against a short fall in our physics projections
in FED, a limited operating capability at B+ = 4.6 T
and Ip = 6.5 MA is incorporated. Various other options
and remedies have also been assessed aiming to allevi-
ate the impact of the uncertainties on the FED design
concept. These approaches appear promising because
they can be studied within the current fusion physics
program and may lead to drastically more cost-effective
FED concepts.

1. Introduction

As summarized in another paper,1 the U.S. Fusion
Engineering Device (FED) is currently envisioned to be
a tokamak with the above performance. The FED also
assumes ion cyclotron resonance heating at the deu-
torium second harmonic without precluding neutral beams
as an alternate, it includes a pump limiter for parti-
cle exhaust with a simplified poloidal divertor as an
alternate, and it aims to achieve a plasma Q >_ 5 with
ignition as a possibility. The baseline parameters
currently selected for FED are listed in Table 2 in
the paper by Steiiier.1 Details of the FED design
description and plasma engineering studies are being

prepared for publication.2*3 Here, ws summarize the
plasma engineering assessments of tie FKD plasma
performance and design requirements in achieving these
goals. The assessments are based on our current under-
standing of plasma physics'* and represent contributions
of many senior physicists from major institutions of
the fusion community.

2. Plasma Operation Scenario

The FED plasma operation scenario describes the
operating approach and plasma response through a
typical burn cycle and serves as a reference to the
engineering design trade analyses. As summarized in
Table 1 (8-T operation), a burn cycle involves the
phases of chamber prefill, rf-assisted plasma current
initiation, current rampup, bulk heating, burn, shut-
down and chamber pumpdown. Current initiation assisted
by electron-cyclotron heating (ECU) during the first
0.8 s establishes a current channel in small radius and
achieves the operating safety factor of q^ % 3.0 at
plasma edge. During the first 6 s, the plasma is
assumed to be in contact with a set of startup limiters
near the midplane of the chamber outboard. Upon bulk
heating, pump limiter action begins in conjunction with
impurity control to maintain a low impurity content
(Zeff £ 1.5). For 10-T operation the plasma current
ramps up to 5.8 MA at t = 6 s; the plasma density
reaches ^1.2 x 701'' cm'3, the plasma current reaches
•\-6.5 MA, and the fusion outpu"' power reaches *A50 MW
at t = 12 s, achieving ignition.

3. Plasma Startup, Heating, and Burn

Results of plasma simulation of plasma initiation
through bulk heating via ECU and ICH are summarized
here together with assessments of plasma performance
during burn via neutral beam heating.

Table 1. Plasma operation scenario (8-T operation)

Phase
Interval

(s)
Operation

requirements

Plasma characteristics
Current Minor Density Temperature Power
(MA) radius (m) (^1013cm"3) (keV) (MW)

Pre f i l l

Current i n i t i a t i on

Current rampup

Bulk heating

Burn

Shutdown

Pur.ipdown

0-0.R

0.8-6.0

6-12

12-112

112-122

122-152

To <10~s t o r r

ECH power ^1 MW

ICRH power i<5 MW
Fuel

ICRH power <50 MW
Fuel, pump l i m i t e r

ICRH power ".36 MW
Fuel, pump l i m i t e r

Par t ic le exhaust

To ^10"6 *.orr

-

0.2

+ 4.fl

-i- 5.4

5.4

* 0

-

0.4

-• 1 . 3

1.3

1.3

+ 0

10

10

0

0

-180

180

•+ 0
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3.1 RF-assisted Startup5

Heatiny of the electrons before and during current
initiation and rampup in FED should reduce the in i t ia-
tion loop voltage and resistive flux expenditure
during startup. This eases the engineering design by
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allowing a continuous vessel and slow startup, enhanc-
ing the device survivability against major disruptions,
maximizing the plasma current and pulse length, and en-
larging the parameter space of FED operation.

Calculations show that about 1 MW of ECRH power at
90 GHz is needed for 50 ms to burn through the impurity
radiation barrier and achieve Te = 100-200 eV, ne ̂
TO13 cm"3 near the UHR region, with up to 3% oxygen
content. A relatively low level of poloidal error
field (i5 G) is required to limit the heating region to
a volume of about 5 m3. For an initial plasma minor
radius of 0.4 m, a maximum V^ close to 10 V suffices
in the absence of impurities. However, V£ has been
specified to be 25 V to account for uncertainties in
•impurity content and the control of the initial minor
radius. Calculations indicate that a lack of electron
preheating increases the maximum Vj, requirement to
about 100 V. The impact of no rf-assist prior to and
during plasma current rise is to raise further the
maximum loop voltage to above 100 V and more than
double the resistive induction flux loss during start-
up. This loss can be limited to below 20 Wb with up to
3% oxygen content with rf-assist. Given that the
oxygen content can be limited to about 1%, the resistive
loss is assumed to be 13 Wb for the baseline design.

3.2 Ion Cyclotron Heating

Ion Cyclotron Heating (ICH) has been selected for
the baseline choice for bulk heating. The recommended
heating mode for a driven FED is at the second harmonic
of deuterium (f = 54 MHz, \/Z = 2.8 m for the 8-T
operation) with fundamental proton minority heating
used during current rampup.

In a transport simulation of 10-T operation, the
averaged electron density is held constant at 1.3 x
10llf cm"3, and the ion mixture is assumed to be 45% D,
45% T, and 10% 3He by electron displacement. Impurity
transport, ripple effects, and scrapeoff models are not
included in these calculations. A conservative 80% of
the power generated at the rf source is assumed to be
transmitted to the plasma. The results show that
ignition (when the rate of increase in plasma energy
exceeds the rf input power in the central half of the
plasma volume) is reached with approximately 27 MW at
<e> ̂  3.3% and a central ion and electron temperature
of roughly 17 key. While this result of low power
requirement is highly encouraging, it is obtained using
an optimistic FED transport model. The baseline ICRF
power requirement of 50 MW over 6 s is, therefore,
retained, pending refined assessments of time dependent
wave launching, penetration, absorption, energy deposi-
tion, and more realistic transport modeling of the ICH
approach.

3.3 Plasma Burn Performance6

A 1-1/2 dimensional time-dependent transport code
has been used to generate Plasma Operation CONtour
(POPCON) plots in the average density-temperature space
for the FED plasma. In addition to the standard physics
models,'1 the physics assumptions used include injection
of 150-keV neutral deuterium beams tangential to the
inside edge of the plasma with a source species mix of
80:12:8 among full, half, and third energy components;
absence of impurities; and local fusion alpha heat
deposition. The results are illustrated in Fig. 1,
indicating that the nominal FED goals of Q >_ 5, P(inj)
<_ 36 MW, <S> ± 5.5%, and P(fusion) -v- 180 MW can be
satisfied over a relatively wide regime in density
(0.55 x lO1* cm"3 to 1.2 * 1011* cm'5) and temperature
(6.5 keV to 12.5 keV).

By assuming a PLT-like electron heat conduction,
similar calculations show that ignition could occur in
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Fig . 1 . Regimes o f operat ion that s a t i s f y the physics
goals of Q > 5. <g> <S%, Ph B ,m < 36 MW, and
P fus ion ^ 18b MW. ~

the v ic in i ty of <n> ^ 7.5 x 1013 cm"3, while 0 i 5
could be obtained with <n> ^ 4.5 x 10 is" m-3 Assuming
standard physics models for the 10-T operation, igni-
tion would occur within the <B> limit of 5.5% while
producing 450 MW. Sensitivities of plasma performance
to variations in density profile, neutral beam species
mix, orientation, and energy have also been calculated.
While uncertainties in plasma models still remain, the
results suggest that the baseline design goals can be
met over a significant operating regime in plasma
density and temperature.

4. Power, Particle, and Impurity Handling

A critical area for FED is the handling of large
fluxes of thermal power and plasma particles (including
fusion-produced helium) at the plasma edge without
excessive accumulation of impurities in the plasma or
damage to the first wall. These functions can be
assigned to a magnetic divertor or to a pump limiter,
the latter possibly supplemented by schemes for impuri-
ty control. In FED a pump limiter is considered the
primary option, a poloidal divertor the alternate,
and other schemes, such as radiation-cooled plasma edge
and impurity flow reversal, supplementary approaches.

4.1 Pump Limiter

The configuration of the pump limiter7 at the
chamber bottom has been chosen because: (1) the
horizontal toroidal belt affords the greatest flexi-
bility in placement of the plasma to accommodate for
the uncertainties in the plasma scrapeoff width, the
power and particle loads, and the required particle
exhaust rate; and (2) the location at the chamber
bottom results in a large simplification in design and
installation of pump limiter as well as lower heat load
because of the expansion of magnetic flux surfaces
there relative to the outboard pl?sma region.

The sensitivities of the pump limiter design, per-
formance, and loads to uncertainties in the plasma
scrapeoff parameters in FED are assessed to determine
whether the chosen configuration is acceptable. The
results are obtained for varying levels of particle and
heat loads. It is shown that a leading edge location



of about 35 cm from the plasma-limiter contact is need-
ed to achieve a pumping fraction up to 15% for all the
cases considered without excessive heat load at the
leading edge. These results suggest that the pump
limiter concept chosen in the baseline is appropriate
for power and particle handling despite large uncer-
tainties in the plasma edge and scrapeoff properties.
However, limiter erosion and plasma contamination by
limiter impurities remain potentially serious problems.

4.2 Poloidal Divertor

The principal alternative to the pump limiter is
the single null poloidal divertor.8 A two-dimensional
model was constructed to assess the divertor perfor-
mance. The divertor channels were characterized by
rectangular channels of 70 cm length and 30 cm width.
Tne neutral gas transport is calculated using Monte
Carlo techniques. The collisions of neutrals and ions
with the walls are handled using experimental reflec-
tion data. The code is thus able to calculate ioniza-
tion and charge exchange source terms for the plasma as
well as the neutral gas flows and pressures and the
heat loads and sputtering (erosion) rates. The plasma
density (for one ion species), momentum, and energy
transport are calculated in a two-dimensional (along
and across the magnetic field) steady-state fluid
treatment. It is also assumed that the parallel
electron thermal conduction is sufficiently high to
maintain a constant electron temperature along the
field lines.

The results show that the FED poloidal divertor
should operate at a high density {^2.5 * 10 1 3 cm"3)
near the divertor plate. The edge temperatures are
then reduced to T-j •*> 20 eV and Te i> 40 eV, reducing
erosion of the neutralizer plate. The impurities
sputtered from the divertor plate are expected to be
shielded from the discharge by the divertor action.
The recycling and associated charge exchange erosion is
expected to be localized inside the divertor channels
away from the first wall. Correlation of these esti-
mates with experimental (e.g., PDX) observations should
be examined.

4.3 Supplementary Schemes

Supplementary schemes of particle and impurity
control are of great interest because the pump limiter
may not be adequate for impurity control. A number of
schemes are possible but we limit attention here to
radiation-cooled plasma edge and impurity flow rever-
sal.

Radiation-Cooled Plasma Edge. This has been
studied with a transport code in which impurity trans-
port is assumed to be neoclassical plus an amount equal
to the anomalous hydrogen diffusion coefficient.
Impurity radiation is given by coronal rates, the
impurity sources are sputtering from the wall by
charge exchange neutrals and from the limiter by
plasma ions, and there is assumed to be no impurity
recycling or self-sputtering. For an ICH driven case
with iron limiter and wall, the results show that the
iron density is found to build up in the plasma periph-
ery until the iron radiation cools the plasma edge
enough to reduce both the limiter and wall sputtering
to levels compatible with a steady state. The primary
source of impurities in steady state is ion self-
sputtering of the limiter. The resulting radiation is
from the plasma edge since the iron density is peaked
at the edge and is-fuily stripped in the plasma core.
Almost all of the'thermal power is radiated from this
thin edge region, and only 2 MM reach the limiter via
p^tictes. Jl''"'11 ".•-:•..•• • -"ITWOS
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Impurity Flow Reversal. A major uncertainty
associated with the cold edge scheme is the inward
migration of the impurities from the plasma periphery.
There are experimental indications of impurity ejection
with intense coinjection of neutral beams. Theoretical
studies have suggested that either the direct momentum
input to impurities through Coulomb collision with fast
beam ions or the effect of supersonic plasma flow (with
respect to the impurity species), driven by parallel
momentum input, can expel impurity ions from the plasma

While some preliminary estimates of these schemes
have been encouraging, more refined calculations and
experiments are needed.

5. Plasma Shaping and Control

Plasma shape and profile control is considered
necessary in FED to ensure a high achievable <e>,
which in turn strongly influences the plasma perfor-
mance. Here we assess the plasma configuration appro-
priate for achieving a <e> value as high as 5.5%,
determine the FED poloidal field configuration that
satisfies the shaping needs, characterize plasma
disruptions, and suggest approaches that mitigate their
impact in FED.

5.1 Plasma Equilibrium and Beta Considerations

Parameters of plasma magnetic configuration
(elongation K, triangularity 5, safety factor q̂ ,,
poloidal beta 6p, etc.) must be consistent with MHD
equilibrium conditions. The desire to enhance plasma
beta has led to K = 1.6 and 6 = 0.3; qj, = 3 has re-
sulted from concerns of plasma disruption. For the 8-T
operation, equilibrium calculations showed that Ip
increases from 4.8 MA to 5.4 MA as <•$> is increased
from 0.2% to 5.5?:, ano egp is increased from 0.04 to
0.5. These ranges of <B> and 6P define the potential
operating regime of the FED plasma.

Estimates of achievable beta in tokamak reactor
studies have typically been based on ideal MHD balloon-
ing stability limits. For a plasma with FED param-
eters, numerical calculations indicate that the base-
line FED beta values of <B> = 5.5% and eBn = 0.5 are
possible with proper pressure profiles. On the other
hand, recent experiments on ISX-B indicate that the
electron energy confinement time Tre decreases with
increasing Bp. Although the underlying mechanisms for
this deterioration are not yet understood, the impact
of such a 6B dependence on FED can be assessed. It is
found that Q >_ 5 may still be achievable but that
ignition at 8 T must ba regarded as highly improbable.

Another approach is to use n-tj:e as a parameter to
reflect potential plasma performance. There, it is
shown that the plasma performance scales like B^qJ1*,
independent of the uncertainties in the scaling of T£e
in plasma size. To achieve high plasma performance, it
is thus just as effective to lower <u as it is to raise
B. Low B operation in FED can be offset by a lower q^,
as long as plasma disruptions can be avoided. This
suggests that the disruption-free regime of qj, < 2
demonstrated in some tokamaks, if achievable in FED,
would permit a highly cost-effective FED design.

5.2 Poloidal Field Configuration9

A relatively simple poloidal field coil configura-
tion without inboard equilibrium field coils has been
obtained for FED with the pump limiter. As shown in
Fig. 2a, it consists of a superconducting ohmic heating
solenoid with a separately controlled inner segment,
two copper shaping coil bundles interior to the TF
coils, and two superconducting vertical field coils
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Fig. 2. (a) Poloidal field coil configuration and a
typical sequence of poloidal flux plots at
(b) t = 0 s, (c) t = 2 s, (d) t = 6 s, (e) t =
12 s, and (f) t = 112 s, corresponding to the
baseline operation scenario (Table 1).

exterior to the TF coils. MHD equilibrium calculations
show that the coil locations are appropriate in pro-
ducing the initial field null at t = 0 s (Fig. 2b) and
properly positioning and shaping the plasma through
the discharge cycle (Figs. 2c-2f). Aside from the
solenoid, the total current in the coils is 20 roega-
ampere turns (MAT). Each coil bundle in this concept
is required to provide the equilibrium field as well as
the current drive functions.

For the poloidal divertor, additional coil bundles
and a total of 30 HAT are needed to reduce the shift of
separatrix location to ̂20 cm during heating. For both
pump limiter and poloidal divertor cases, closure of
the scrapeoff flux surfaces requires K = 1.5 and 8 =
0.2. Analysis indicates that this is due to the
absence of inboard equilibrium field coils, not the
variations in the plasma current profile.

5.3 Disruptions

The consequences of plasma disruptions can have a
serious impact on the FED design. Major plasma dis-
ruptions limit the plasma current and density at which
reliable tokamak operation is possible. The abrupt
termination of the tokamak discharge produces large
electromagnetic and thermal loads on the device.

Preliminary comparisons between theory and experi-
ment have been done and have shown some qualitative
corroboration. It is suggested that a disruption is

preceded by tearing mode activities (in t-|) which lead
to a sudden and large enhancement of plasma heat loss
(thermal quench in tj) followed by loss of plasma
position and current (current quench in t3>. Currently
tg "" 1-2 ms and tj ̂  10 ms are suggested with an energy
loss of about 80 MJ during thermal quench. The plasma
is assumed to contact the inboard, top, or bottom wall
during current quench.

Although disruptions can be handled, they are
currently assumed to be unavoidable and can be made
unlikely (probability V10"3) in FED. The device should,
therefore, be designed to survive numerous major dis-
ruptions. Assuming that the plasma temperature stays
high (>100 eV) after thermal quench, the ability of FED
to withstand disruptions can be enhanced by a continu-
ous plasma vessel of low resistance. This is consistent
with the rf-assisted startup approach currently assumed
for FED.

Conclusions

These results indicate that the current FED
baseline design is appropriate for achieving the
stated physics goals for a range of reasonable physics
assumptions and eventualities. Large improvements in
performance and economy of FED are likely as recent
physics advances in rf current-drive and low q^ opera-
tion are taken into consideration.10
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