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Experimental Demonstration of Nondisruptive, Central Fueling of a Tokamak
by Compact Toroid Injection
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We report the first results of nondisruptive, central fueling of a tokamak by the injection of an
accelerated spheromak compact toroid (CT). Interferometry measurements indicate central fueling of
the tokamak plasma on a fast time scale (<0.5 ms), with more than 50% of the CT mass used for
plasma fueling. The tokamak particle inventory increased by more than 30% without disruption.

PACS numbers: 52.55.Hc, 52.55.Fa, 52.75.Di

On-line particle fueling is needed for long-pulse or
steady state operation of a tokamak. Present fueling
schemes such as gas puffing and pellet injection are not
considered adequate to fuel the center of reactor tokamak
plasmas. Fuel deposited in the edge by such schemes
will be transported to the center by diffusion processes.
However, a large portion of the fuel will not reach the
center and will be lost before burnup. Thus present reactor
design studies utilizing these fueling methods assume only
5% burnup of the injected fuel. With a large tritium
recycle fraction in the fuel cycle, undesirable amounts
of tritium may accumulate on the vessel walls and limit
reactor lifetime. Central penetration of the injected fuel
is important to maximize tritium burnup, to reduce tritium
inventory in the fuel cycle, to reduce tritium accumulation
in the vessel walls, and for density profile control of the
tokamak. While neutral beams have been used on a limited
scale, they are too inefficient for fueling purposes.

Perkins et al. [1], Parks [2], and Newcomb [3] proposed
the use of accelerated spheromak compact toroids for
central fueling of tokamak plasmas. The spheromak
is a compact toroid (CT) plasma configuration with
approximately equal toroidal and poloidal magnetic fields
[4]. It can be formed in a magnetized Marshall gun [5,6]
and efficiently accelerated to high velocities [7,8]. Central
fueling of a reactor requires injection velocities in the
range of 350 to 800 km/s which can be achieved only by
accelerated CTs. A previous injection experiment using
a relatively large nonaccelerated CT (CALTECH device:
CT velocity = 30 km/s, CT diameter = 8 cm) into the
small, low field, and relatively cold ENCORE tokamak
(R=38cm,a=12cm, I, =2kA, By =007T, T, ~
12 eV, 1 ms discharge) resulted in a tenfold increase in
the tokamak particle inventory and a quenching of the
tokamak discharge [9,10].

We have performed CT injection experiments using the
CTF device (Compact Toroid Fueler) into the TdeV toka-
mak. We present the first experimental results of nondis-
ruptive, central fueling of a tokamak by accelerated CT
spheromak injection. Measurements indicate that most of
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the CT mass is used for fueling the tokamak. CT injec-
tion successfully increased the particle inventory of the
TdeV tokamak by more than 30%. Multichord interfer-
ometer signals show central penetration for toroidal fields
(Br) of 0.73, 0.84, and 1.0 T. Partial penetration of the
tokamak discharge (~30% minor radius) is observed for
Br=15T.

The experimental configuration is shown in Fig. 1. In
CTF the spheromak is initially formed and contained in
a precompression region. An externally induced radial
current sheath accelerates the CT to high velocity by the
J X B force. Since the spheromak plasma is confined
by self-contained magnetic fields, most of the mass is
retained within the elongated spheromak configuration
during the acceleration process. In CTF, two diagnostic
ports located 65 cm apart on the accelerator section
contain poloidal magnetic probes that measure the CT
surface magnetic field as the CT translates past them [11].
The time delay between these signals is used to determine
the average velocity of the CT during acceleration which
for these experiments ranges from 120 to 220 km/s.
Since measurements are made at only two locations, the
final velocity of the CT cannot be determined. A He-Ne
interferometer located at the diagnostic port near the focus
cone is used to determine the CT density. The CT length
calculated using the average velocity and the FWHM of
the density signal is between 20 and 50 cm. The CT
diameter is limited by the accelerator diameter to 14 cm.
The CT density in the accelerator ranges from 1 X 102!
to 7 X 102! m™3 with a corresponding mass between 10
and 60 pug. In CTF there is a final compression in the
focus cone to a diameter of 9 cm. The final length is
anticipated to be between 12 and 30 cm due to self-similar
compression of the CT, resulting in a factor of 3 increase
in the CT density. CT self-similar compression has
been observed on the RACE device [12] using a tapered
accelerator electrode where the CT length decreased in
proportion to its radius.

The CT is injected into the TdeV tokamak [13], a
medium sized machine with a major and a minor radius
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Schematic of the experimental setup showing the CT injector in relation to the tokamak. The vertical lines overlaid on

the tokamak cross section show the location of the interferometer beams. The r/a = 0.1 and 0.7 chords are located as shown in

the figure.

of R =86 cm and a = 27 cm, respectively. For these
experiments the tokamak was operated with a toroidal
field of 0.73 to 1.0 T and a plasma current between 100
and 120 kA for a corresponding edge g between 4 and
6. The central g is always greater than 1. The plasma is
Ohmically heated and operated in a double null poloidal
divertor configuration. The electron density is in the
range of (1—2) X 10 m~3 with a corresponding nominal
particle inventory of (1.3—2.6) X 10! ions. CT injection
can provide between 30% and 90% fueling for these
plasmas. The feedback controlled tokamak gas injection
used to maintain a constant electron density is interrupted
2 ms before CT injection, preventing gas injection for the
rest of the discharge. In these experiments a D* or H* CT
was injected into a tokamak plasma of the same isotope.

Diagnostic traces for a typical tokamak discharge with
central penetration of the CT are shown in Fig. 2. There
is no disruption following CT injection at 602 ms. The
central (r/a = 0.1) and outer (r/a = 0.7) interferometer
chords show a fast rising (<0.5 ms) density from CT
fueling followed by a slower decrease. The measured
2-3 ms e-folding time of the density decay is consistent
with the estimated particle confinement time for these
low field, low temperature discharges. Post-CT fueling
(t > 604 ms) increases the tokamak density again to the
density limit, causing a loss of central density about 70 ms
after CT injection. For CT injection into a low density
tokamak plasma (~1 X 10'° m™3), the post-CT fueling
related density buildup never reaches the density limit.
Several sources can contribute to post-CT edge fueling of
the tokamak plasma: the diffuse plasma trailing the CT,
gas used for CT formation which has not been ionized,
and increased recycling from the tokamak walls due to
increased particle losses after CT injection. The mass
of the trailing plasma generally exceeds the CT mass,
while the unused portion of the CT formation gas typically
represents >100% of the tokamak particle inventory. In
this Letter, we restrict our discussion of the fast time scale
CT specific fueling.

Shortly after CT injection, when the magnetohydrody-
namic (MHD) oscillations have built up to high levels, we
generally observe a sudden drop in the central soft x-ray
signal and an increase in the H,, signal. Thomson scattering
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measurements made within 100 to 400 us after CT injec-
tion indicate a strong cooling of the central plasma (600 to
<400 eV); this low value of T, is an upper limit since the
central Thomson scattering channel is optimized to mea-
sure T, > 400 eV. This decrease in T, is responsible for
the drop in the soft x-ray signal from the exp(—E, /T,) de-
pendence, where E, is the mean energy of the sampled
x rays. The associated increase in resistivity causes the
loop voltage (V) to increase and the plasma current (/,,)
to decrease. This decrease in electron temperature could
be caused by impurities contained in the CT plasma and by
the large addition of cold plasma. Oxygen and carbon lines
have been observed in CTF but the absolute level of these
and metallic impurities is unknown. Reduction in tem-
perature could also be caused by enhanced electron ther-
mal conductivity (y.) resulting from high levels of MHD
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FIG. 2. Time history of tokamak parameters for the central
penetration case at By = 1 T: (a) line averaged electron density
at r/a = 0.1, (b) line averaged electron density at r/a = 0.7,
(c) plasma current (/,,), (d) loop voltage (V.), (e) central chord
soft x-ray signal, (f) Thomson scattering electron temperature
in the plasma center, and (g) Mirnov coil signal.
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oscillations [14]. The electron temperature recovers within
about 10 to 20 ms of CT injection.

Strong MHD oscillation occurring about 0.5 ms or
more after CT injection (Mirnov signal) is dominated by
the m =2, n = 1 mode. On some shots we observe a
conversion to higher poloidal mode numbers correlated
with a rapid (<0.5 ms) decrease in the density signal from
the centermost (r/a = 0.1) interferometer chords and a si-
multaneous increase on the outer (r/a > 0.5) interferom-
eter chords, indicating a rapid transfer of particles from
the inner to the outer flux surfaces. The onset of these
modes is possibly caused by the large perturbation to the
particle inventory and the resulting response of the toka-
mak to redistribute the injected fuel.

A CT injected into a tokamak will slow down due to the
toroidal field gradient [1]. CT penetration into the tokamak
requires that the CT kinetic energy density exceed the dis-
placed toroidal field energy density (0.5pv2 > B%/2u),
where p and v are the CT mass density and velocity and
Br is the tokamak toroidal field. Within the tokamak the
CT will expand or contract to maintain pressure balance
with the external plasma and magnetic pressure until it dis-
integrates. Two disintegration mechanisms were proposed
by Parks [2]. In the first scheme the CT magnetic field is
annihilated by dissipative magnetic merging processes oc-
curring in a thin field reversal layer on the surface of the
CT, resulting in a maximum CT lifetime of <5 us for this
experiment. In the second mechanism, resistive decay of
the internal CT magnetic field is followed by a recompres-
sion of the CT until the density increases to a point where
a critical B is reached, causing the CT to break up. The
maximum resistive dissipation time scale for the present
case is 100 us. Both dissipation times are shorter than
the time scale of events reported here.

For the partial penetration case of injection into a
tokamak toroidal field of By = 1.5 T, I, = 210 kA, we
observe a sharp rise on the outermost interferometer chords
(r/a = 0.7,0.9) with a factor of 1.3 increase in density in
~0.5 ms [Fig. 3(a)]. This rate of density rise is longer than
the CT dissipation time constant and consistent with the
time necessary for injected particles to equilibrate on field
lines. Chords located at r/a < 0.7 show a much slower
rise in density indicative of inward diffusion from the outer
flux surfaces (the central chord at r/a = 0.1 takes about
12 ms to peak). In comparison, for the central penetration
case at By = 1 T [Fig. 3(b)], we see that all chords show a
rapid increase in density. The tokamak particle inventory
increased by a factor of 1.8. When only the CT gas valves
are pulsed we do not see any measurable increase in the
tokamak inventory during the first two ms after pulsing the
valves, which is the time required for the CT gas to diffuse
into the tokamak. After 2 ms, the rate of rise of the central
density, for the case of gas puffing, is much less than for
the partial penetration case shown in Fig. 3(a). Injection
of a CT with low kinetic energy density (compared to
the tokamak toroidal field energy density) or a poorly
formed and accelerated CT results in edge fueling where
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FIG. 3. Comparison of the rate of line averaged electron

density increase for the case of (a) partial CT penetration at
Br = 1.5 T and (b) central penetration at By = 1.0 T. The CT
is injected at 602.05 ms.

a sharp density increase is observed only in the outermost
interferometer chord located at r/a = 0.9.

One can determine the depth of CT penetration by
identifying the innermost interferometer chord signal that
does not show any further increase in density after about
0.5 ms past the CT injection time. In general, on many
of the shots with partial penetration, some of the CT fuel
appears to reach the tokamak center on these time scales,
but the tokamak inventory continues to increase for the
next 0.5 to 1 ms, and longer still for edge fueling, as
plasma diffuses inward. Because of the relatively long
CT length (12 to 30 cm) compared to the TdeV minor
radius (27 cm), the CT fuel is expected to be deposited over
a large radial distance within the tokamak, producing a
fast density increase on several interferometer chords after
CT injection. For partial penetration of the longest CTs
(length > 20 cm), not all the mass contained in the CT will
be deposited within the tokamak, as part of the CT could
extend beyond the last closed flux surface, contibuting to
post-CT fueling. In Fig. 4 we plot the tokamak toroidal
field energy density (B7/2u,) at the radial location up to
which the CT has penetrated versus the CT kinetic energy
density (pv?/2). Here p is the CT plasma density after
compression by the focus cone and v is the average CT
velocity. Scaling of the tokamak toroidal field energy
density at the point of maximum penetration is roughly
linear with the CT kinetic energy density in agreement
with the penetration model proposed by Perkins et al.,
Parks, and Newcomb. The detailed scaling relations for
CT slowing down and tilting cannot be verified from these
measurements.

Figure 5 shows a plot of the increase in the tokamak
particle inventory on a short time scale (~0.5 ms) versus
the calculated mass of the CT. This short time scale is
used to avoid contribution from post-CT fueling sources.
The increase in the tokamak mass is greater than 50%
of the CT mass indicating good CT fuel deposition. The
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FIG. 4. Tokamak magnetic field energy density versus CT
kinetic energy density based on average velocity. The dotted
line represents the simplest CT penetration model.

fact that most of the fuel is deposited within the tokamak
plasma is consistent with the estimated short dissociation
time indicating that the CT does not bounce back [2].

In summary, we have experimentally demonstrated cen-
tral fueling of a medium sized tokamak discharge by
CT-spheromak injection. In these experiments the toka-
mak particle inventory was increased by a large fraction
(>30%), without disruptions. Most of the CT fuel is de-
posited within the tokamak and there is no evidence of the
CT bouncing back. The amount of impurities contained in
the CT plasma was not quantified, but was not sufficient to
push the Z¢ in the TdeV beyond the limit for tokamak dis-
ruption. A calculation of Z based on plasma parameters
indicates that the relative Z.¢ increased by less than 20%
after CT injection (for ¢+ > rct + 20 ms). Since the typi-
cal fueling per pulse for reactors is anticipated to be on the
order of ~0.5% (compared to the present >30% at TdeV),
much less perturbation to the tokamak should result after
CT fueling under reactor conditions. A reactor tritium fu-
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FIG. 5. Increase in the mass of the tokamak after CT injection
versus the CT mass. The dotted line is the 100% fueling line
and the solid line is the 50% fueling line.
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eler operating at a compressed CT density of 5 X 10?? m™3
will require a CT velocity of ~350 km/s; these conditions
should be attainable on a larger device [7,8]. Since the ra-
tio valfvén-tok /veT Will remain about the same as one scales
to reactor sized devices, we do not expect the primary CT
penetration and dissipation mechanisms to change. Post-
CT fueling can be significantly decreased by optimization
of gun design and greater vacuum pumping on the CT gun.
That the tokamak mass can be nondisruptively increased
by such large fractions is encouraging for the viability of
the CT fueling concept.
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FIG. 1. Schematic of the experimental setup showing the CT injector in relation to the tokamak. The vertical lines overlaid on
the tokamak cross section show the location of the interferometer beams. The r/a = 0.1 and 0.7 chords are located as shown in
the figure.



