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HBT-EP is a new research tokamak designed and huilt to investigate passive and active feedback
techniques to control  MHD ingtabilities. In particular, HBT-EP will be able to test techniques to
control fast MHD ingtabilities occurring @ high Troyon-normdlized beta, by = bBall, [Tm/MA],
dnce it is equipped with a thick, closedfitting, and adjustable conducting shell. The maor goas
of the initial operation of HBT-EP have been theachievement  of high beta operation (by~3)
using only ohmic heating and the observation of MHD instabilities. By using a unique fast start-
up technique, we have successfully achieved these goals. A variety of MHD phenomena were
observed during the high beta operation of HBT-EP. At modest beta (by < 2), discharges have
been maintained for more than 10 msec, and these discharges exhibit saturated resistive instabilities.
When by approaches 3, major disruptions occur preceded by oscillating, growing precursors.
During start-up, one or more minor disruptions are usually observed. A 1-D transport code has
been used to simulae the evolution of the current profile, and these early minor ingtabilities are
predicted to be double tearing modes. The simulation also reproduces the observed high beta

operation when saturated neo-Alcator energy confinement scaling is assumed.
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1. I NTRCDUCTI ON

The high beta operation of a tokamak is limited by
the occurrence of MHD instabilities that can be classified
as. low-n external modes, low-n internal modes, and
high-n internal ballooning modes. The low-n external
kink mode is predicted to appear at beta values above
the Troyon beta limit,(D

characterize. In general, the conditions which favor the
instability of these modes is the existence of finite pres-
sure gradients in regions of low magnetic shear typicaly
found in the core region of the discharge. Based on the
Generomak study,®  operation of afusion reactor in the
second stability regime a useful fusion power densities
using conventional super conducting magnet technology
limited to 12 Teda, requires operation significantly above
the Troyon beta limit. For a tokamak plasma stable to

g < py =10 _CLIEJ 0 high-n ballooning and low-n internal modes, the ap-
aB, pearance of the low-n external kink modes places the

where IA) is the toroidal plasma current, By(T) is the
vacuum toroidal magnetic field on axis, u(m) is the plasma
radius, and Gy is a factor equal to about 3. For the low-
n internal mode@  the stability limit is more difficult to
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ultimate constraint on high beta operation.

Although significant progress has been made in the
understanding of betalimiting, low-n modes, very little
has been done in controlling these instabilities. Experi-
ments on HBT® PBX,® and DIII-D®  have reported
the observation of beta limits in agreement with the pre-
diction of the onset of external kink modes. Because of
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the extremely rapid growth rate of these ingtabilities, the
use of a nearby conducting wall provide the most likely
method of stabilizing these modes. The PBX-M(™ uses
a close fitting conducting shell with a bean-shaped cross-
section plasma. The HBT-EP tokamak has been built to
investigate this important area of low-n MHD mode con-
trol of betalimiting phenomena.

The present paper gives the initial results from the
HBT-EP tokamak, showing successful achievement of
high beta (3y = 3) ohmic operation. A comparison of
the experimental data and the numerical results obtained
from a 1-D transport code is also presented in this paper.
This comparison has assisted in the interpretation of the
observed MHD perturbations by providing a description
of the current profile evolution.

2. DESCRIPTION OF HBT-EP TOKAMAK

HBT-EP, High Beta Tokamak-Extended Pulse, is
an upgrade to the HBT tokamak at Columbia Univer-
sity.(*) The ohmicaly-heated, high BN operating regime
of HBT-EP has been extended to higher temperatures
and longer pulse durations than was possible in the pre-
vious HBT experiments. HBT-EP makes use of the to-
roidal field coils from the CLEO tokamak/stellarator built
at Culham laboratories,(') a fast ohmic heating system
capable of rapid discharge startup and sustained high
loop voltage, a flexible poloidal field coil system, and
a modular vacuum vessel with good diagnostics access.

The top view of the HBT-EP tokamak is shown in
Fig. 1. Twenty toroida field (TF) coils are grouped into
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Fig. 1. Top view of the HBT-EP tokamak.
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ten coil pairs, and each coil pair is linked by one stain-

less-steel vacuum chamber segment. This modular ar-
rangement allows easy assembly of the tokamak since
each coil pair can be handled separately. The ten vacuum

segments, which make up the toroidal chamber, are con-

nected by five quartz insulating bresks, three stainless-
sted spool pieces and two bellows sections. In order to

achieve the low impurity levels (< 0.2% oxygen) re-
quired for high beta ohmic operation, considerable effort
was spent in the design of the HBT-EP vacuum system.

All vacuum seals are made either with copper gaskets

or double o-ring viton seals. Each vacuum chamber seg-

ment is surrounded by an insulating heating pad for bak-

ing to 110°C, and base pressures as low as 108 Torr
have been achieved.

Figure 2 shows the cross-section of HBT-EP. The
poloidal field (PF) coil set consists of a six turn ohmic
heating (OH) coil (OH1-OH3) and a five turn vertica
field (VF) coil (VF1-VF2) The three turn VF2 is anti-
pardld tothe two turn VFL and this VF coil has been
designed to eliminate the mutua inductance between the
OH and VF coail. The air-core ohmic heating coil has
been designed to minimize the poloidal field within the
plasma and alows fast start-up. The vacuum vessel has
been designed to accommodate the installation of a multi-
turn shaping coil system, within the bore of the TF mag-
nets, which can be used to produce dee-shaped and di-
verted discharges. The formation of dee-shaped and
diverted discharges have been smulated®®  using the TSC
code (D)

An unique feature of HBT-EP is its adjustable con-
ducting shell. Each vacuum chamber segment contains
an upper and lower conducting shell section (see Fig. 2)
which covers 26" of the toroidal circumference, thus pro-
viding 260" total coverage. The shells are made from
spun duminum, approximately Icm thick, and they are
nickel plated to reduce sputtering. Two sets of movable
stainless-steel rail limiters (not shown in the figure) de-
termine the size of the plasma

The OH, VF, and TF coils are powered by capacitor
banks. To initiate a typica plasma discharge, the air-
core OH transformer is charged with a negative bias
current (bias bank) with a rise time of about 500 psec
followed by a fast start current (start bank) with a rise
time of about 150 psec enabling formation of the plasma
discharge faster than the magnetic diffusion time. The
sustainment of the loop voltage is done by a one Farad
electrolytic power crowbar. A low power electron gun
is used to provide free electrons to aid in initiating plasma
formation. The VF bank (consisting of a fast start fol-
lowed by power crowbar) is fired a the same time as
the OH start bank. The toroidal field is powered by a
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Fig. 2. Cross-section of the HBT-EP tokamak.

2MJ bank with a 100 ms rise time which can generate
a maximum of 5.5 kG on axis. The device operates
reliably and the shot-to-shot reproducibility of the dis-
charge characteristics is very good.

The diagnostics capability of HBT-EP includes
Thomson scattering, CO, laser interferometer, magnetic
diagnostics, wide-band radiometer, and visible spectros-

copy.

3. NUMERICAL MODEL FOR THE HBT-EP
DISCHARGES

A 1-D transport code, HERVMES along with 0-
D caculations have been used to determine the amount
of impurity tha can be tolerated in HBT-EP, dlowing
operation with temperature —100 eV and a value of By
= 3. In HERMES, the plasma current is a given constant
vaue. The code has been modified to include the ioni-
zation equation for simulaing the formation of the dis-
charge. The modified equations are given below.
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Cylindrical circular geometry is used here. This is a rea-
sonable assumption for a high aspect ratio tokamak like
HBT-EP. c and D are the therma diffusion and particle
diffuson coefficients respectively. Neo-Alcator model
is used for the electron energy transport and ion energy
transport is neo-classical. Subscripts eh, imp, i, and n
refer to electron, deuterium ion, impurity atom, total
ion, and neutral deuterium atom respectively. Sy, is the
source of sputtered impurity atom from the wall and is
assumed to be a given fraction of the deuterium ion flux
reaching the wall. The impurity charge state and radia-
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tion is evaluated using the average ion corona model
given by Post.® Neutral deuterium atoms are trans-
ported and deposited within the plasma using a Monte-
Carlo method. S, is the corresponding source term. The
flux is continually adjusted so that the ionization just
balances the loss of deuterium ions by diffusion (a re-
cycling coefficient of unity). J is current dendty, | is
the energy loss due to ionization and exitation of deu-
terium and is taken to be 40eV, Wg is the equipartition
energy, Vied 1S the ionization frequency, and ¢ is the
plasma conductivitywith the trapped particle correction
included. Wy is the radiation energy and consists of
impurity radiation and bremsstrahlung. The initid pro-
files are assumed to be uniform. The initiad deuterium
ion density was set a a given fraction (10%) of the initial
neutral density, and this density was adjusted to give the
best agreement between simulation and experiment. The
actua value used corresponded to twice the fill pressure
measured in the absence of plasma.

The boundary condition for the electric field is given

by

Vit) = E(a,1)2wR, _ 2ma 3

- = LEG O

L, is the plasma inductance, V(t) is the applied loop
voltage and the vaue for a given plasma shot can be
calculated as

d d
V(t) = Mgy pi E‘Toh + Mg afuf (10)

where, Mgy and Mgy are the mutual inductances be-
tween the OH caoil and plasma, and the VF coil and
plasma respectively. |y, and | are the currents through
the OH and VF cails respectively. This value of V(t) has
been found to agree with the vacuum loop voltage mea
surement using a flux loop.

In the initid stages of a tokamak discharge, there
is possihility for the formation of non-monotonic current
profile™  leading to double tearing mode. The double
tearing mode has been included in the modified HERMES
following the treatment given by Dnestrovskii and Kos-
tomaov.’  The code also solves for A’, the jump in
the logarithmic derivative of the perturbed radia mag-
netic field at the resonant surface, similar to the calcu-
lations done by Hastie e a9 If A’ is larger than the
critical value, then the plasma is unstable to single hel-
icity tearing mode. For the present set of caculations,
the value of the isand width was determined as a func-
tion of the value of the resonant surface in accordance
with the calculations of Caneras et a1, assuming a
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parabolic current profile. The density and temperature
profiles are then made uniform across the island width.

4. RESULTS AND DISCUSSION

The initial high beta operation of HBT-EP was done
with a maximum value of the toroidal magnetic field on
axis of 0.3T. Calculations done using HERMES and the
O-D model showed the maximum permissible oxygen
impurity level to be less than 028  In HBT-EP, this
was achieved by a proper conditioning of the vacuum
vessdl involving discharge cleaning in deuterium, fol-
lowed by baking.

The value of b, was computed from the requirement
of radial equilibrium force balance. This is then used for
determining band L = b, + [;2. A constant value of
I, = 0.65 was used for the calculation and this value
was representative of those predicted by the HERMES
caculaions. The parameters used for the radial equilib-
rium force balance are the measured value of the plasma
current, the value of the vertical field evaluated using
the measured values of the ohmic and vertical field coil
currents, and the plasma position measured using the
cosine coil. The average electron temperature was esti-
mated from the loop voltage assuming a constant Zyg of
1.1 A list of the parameters of high by (= 10°BaB,/L,)
HBT-EP discharges is shown in Table I.

A plot of the conductivity electron temperature and
the value of the centra electron temperature measured
using Thomson scattering is shown in Fig. 3 as a func-
tion of the equivaent puff valve eectron density, corre-
sponding to the neutral gas fill pressure. Both the

Table 1. Measured and Calculated Parameters of Initid High by
HBT-EP Discharges

Toroidd magnetic field on axis, Bd 0.3 1
Plasma current, 1. 135-32 kA
Plasma current rise time 150 ne
Discharge duration 9 11 ms
Major radius, Ry 0.94 m
Minor radius, a 01302 m
Aspect ratio 4.1-7.2
Cylindrical safety factor, g* >2
A=l HI 21
Internal " inductance (simulated), [ 0.9
B =3
Conductivity temperature, (T,)| assuming Zel =  30-50 eV
11
Electron density corresponding to the injected  1-3 x 109 m3

neutra density, n.
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Fig. 3. Comparison of the conductivity electron temperature and the
central electron temperature measured using ‘Thomson scattering.

conductivity temperature and the Thomson scattering
temperature are seen to scale with the equivalent puff

valve electron density in a similar way. Also shown shaded
in the figure is the approximate oxygen radiation barrier,

above which the radiation due to the oxygen impurity

decreases rapidly. For electron densities below 3 x 109
m3, HBT-EP is seen to be capable of crossing the oxy-
gen radiation barrier and reaching temperatures of 80
ev.

Figures 4 and 5 give a representative high beta dis-
charge, where the maximum value of by was = 3. For
this discharge, the conducting shells were fully retracted
and located about 5 cm from the plasma surface, and
the limiters were located to produce a discharge with a
= 0.13 m. The tota duration of the discharge was about
35 ms. The traces in Fig. 4 show, from top to bottom,
(@) the plasma current, (b) the loop voltage, (c) the av-
erage electron temperature, (d) by, and (€) the output
from the cos2q rogowski coil. The traces (a)-(d) also
contain the values obtained from the numerical smula
tion. Fairly good agreement is seen between the numer-
ical and the experimental results. The plasma current
initially rises to about 9.3 kA in about 135 neec, then
drops to about 8.7 kA and rises again to a pesk value
of about 135 kA. At about 2.1 ms, the plasma current
shows a sudden rise and then decreases slowly accom-
panied by some fluctuations before disrupting a 3.4 ms.
The loop voltage trace shows a negative spike around
2.1 ms followed by postive fluctuations. This negative
voltage spike can be due to tearing mode activity oc-
curring in the plasma.® In the numerical simulation, M
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Fig. 4. Time evolution of the plasma parameters for a typica high
beta discharge showing (@) plasma current, I, (b) loop voltage, L,J
(c) average electron temperature, (Tg, (d) Troyon-normalized beta,
by, and (€) signa from the cos2q rogowski coil.

= 2 double tearing mode is predicted to occur near this
time. The output from the cos2q rogowski coil also show
fluctuations around 2.1 ms. The maximum vaue of the
average electron temperature attained for this discharge
iS seen to be about 30 eV.

Just before the magjor disruption at 3.4 ms, the ex-
perimental trace of the cos2q rogowski coil shows os-
cillations increasing in amplitude. The value of by & the
time of major disruption was observed to be about 3.2,
typicad of high beta disruption. By adjusting the neutral
fill pressure, HBT-EP can produce low beta discharges
(byy~ 15) that has a pulse length of about 11 ms (sev-
eral energy confinement times). In these discharges, high
beta disruptions were not observed, dthough continuous
saturated instabilities were present.

Figure 5 shows the traces, from top to bottom, (a)
R, the mgjor radius of the plasma current centroid, (b)
the value of b, (c) the value of A, (d) the value of
cylindrica-o* = 2ma®B,/(w.R,1,){ and (€) the output from
a wide-band radiometer. The mgjor radius of the plasma
current centroid is seen to be nearly a congtant for the
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Fig. 5. Time evolution of the plasma parameters for a typica high
beta discharge showing (a) major radius, Rq) (b) (B)) () A =B, H
12) (d) g* and () radiated power from the-plasma

duration of the discharge. In the numerical simulation,
the major radius has been assumed to be a constant. The
maximum value of b reaches about 1% just before the
major disruption. The value of g* is close to two for
most of the discharge. From the radiometer, it is seen
that the radiated power, after the initial spike, slowly
increases and then decreases with a quarter period of
about 0.75 ms. At about 2.1 ms, the radiated power
dtarts to increase again. This is believed to be due to the
influx of neutral deuterium and impurities from the wall
following the minor disruptive event. This sudden influx
of gas is not modeled in the numerica simulation.

Figure 6 shows the oscillatory part of the radial
magnetic field measured by two magnetic pickup coils
separated toroidally by 180". The output from the cails
has been integrated to obtain the radia magnetic field,
and the ocillatory part is obtained by subtracting the time
average. The initia oscillatory signal occurring before
0.8 ms corresponds to the discharge formation. Oscil-
lations are seen on the radiad magnetic field, occurring

when the loop voltage and the cos2q monitors show fluc-

tuations. The first set of oscillations (region A) damp
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Fig. 6. The outputs from the magnetic pickup coils separated toroidally
by 180° (a), with details of region A (b)) and region B (c).

out a around 2.8 ms. This is then followed by oscilla
tions growing in amplitude with a mode number of n =
1 (region B), just before the disruption Expanded scales
of regions A and B are aso shown. In region A, there
seems to be mixing of an odd mode (n = 1) and an
even mode (n = 2). A reduction in frequency is seen
just before the oscillations in region A damps out. This
is similar to the phenomenon of mode locking seen in
other tokamaks.(? Region B shows the growth of the n
= 1 mode just before the disruption.

Figures 7 and 8 show the profiles of the electron
temperature and the plasma current density obtained from
the numerica simulation. In the initial stages of the dis-
charge, a skin current forms leading to double tearing
modes. The maximum value of the electron temperature
on the axis is about 60 eV, just before the experimentally
observed magjor disruption. Near this time, the code also
predicts the plasma to be unstable to the m = 2 tearing
mode. Note, however, that the details of the major dis-
ruption are not. modeled in the smulaion and we do not
have yet any confirmation of m = 2 tearing activity
preceding a major disruption.
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Fig. 7. Electron temperature profile from the numerical simulation.
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fig. 8. Plasma current density profile from the numerica
simulation.

5. CONCLUSIONS

A new research tokamak, HBT-EP, has been built
to investigate the MHD instabilities that occur during
high beta (by 2| 3) operation. Successful operation of
HBT-EP at the design gods has been achieved. A value
of by = 3 has been obtained in HBT-EP by using an
unique fast current start-up technique.

A variety of MHD activity were observed during
the high beta operation of HBT-EP. A maor disruption
was observed to occur when the value of by reached =
3. These disruptions were sometimes preceded by one
or more minor disruptions with associated negative spikes
on the loop voltage signal. For discharges with by = 2,
pulse duration = 10 ms have been obtained. Saturated
resistive instabilities were observed in these low by dis
charges.
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A 1-D transport code has been used to simulate the
evolution of the HBT-EP discharge. Good agreement is
seen between the numerical simulation and the experi-
ment. In the simulation, the plasma current density is
predicted to become non-monotonic during the initial
stages of the discharge, making the plasma susceptible
to the onset of double tearing modes. Double tearing
modes were predicted to become unstable near the time,
when minor disruptions were observed in the experi-
ment.
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