J. Plasma Fusion Res. SERIES, Vol. 9 (2010)

Hard X-ray measurement during the current startup phase in QUEST

Saya TASHIMA', Hideki ZUSHI, Mitsutaka ISOBE?, Shoichi OKAMURA?, Hiroshi IDEL,
Kazuaki HANADA?, Sanjeev K. SHARMA', Tomofumi RYOUKALI', Masaki ISHIGURO',
Haiging LIU' and the QUEST group

! IGSES, Kyushu University, Kasuga, Fukuoka, 816-8580, Japan
2 RIAM, Kyushu University, Kasuga, Fukuoka, 816-8580, Japan
7 National Institute for Fusion Science, 509-5292, Toki, Japan

(Received: 30 October 2009 / Accepted: 31 March 2010)

ABSTRACT

Hard X-ray measurement (5 keV to 60 keV) has been performed in the current ramp-up phase of an electron cyclotron
heated plasma in the spherical tokamak QUEST. The pulse height analysis of the hard X-ray is carried out with a fast time
resolution of 1 ms, and the build-up of the spectrum and the evolution of the photon flux are studied under the various
operation conditions (initial gas pressure, Pg,s, RF power, Prr, and vertical magnetic field, B,). The parameter dependence of
the X-ray is compared with that of the driven plasma current, I,. The fast time responses of the X-ray and I, in Py, and Pgg
scans are coincident with each other at the breakdown, and time averaged values during the discharge show a similar
dependence on Py, and Pge. In the B, scan I, shows a peak at the optimal B,, however, both the temperature and flux of the
hard X-ray (I'tix) spectrum show minima near the same B,. The B, dependence of I, is discussed.

Keywords; Hard X-ray, Electron cyclotron resonance heating, Current start-up, Electron Bernstein wave, Mode conversion,

Spherical tokamak, Relativistic effects

1. Introduction

In a spherical tokamak one of the most urgent issues
for steady state operation is the establishment of non-
inductive current start up and sustainment methods.
Pressure-driven current (bootstrap current) and electron
Bernstein current drive EBCD are promising candidates
and a number of non-inductive current drive experiments
have been carried out in CDX-UJ[1], DIII-D[2], LATE[3]
and MAST[4]. Although the current start-up must be
performed in an open magnetic field configuration
combined with the toroidal, B, and vertical, B,, fields, the
initial condition of the poloidal fields must provide a
modicum of confinement. In references a weak mirror
field configuration has been chosen to confine on initial
slab plasma produced by ECW. Although the existence of
energetic electrons has been confirmed after the closed
flux surfaces have been formed in LATE[5] and CPDJ[6],
it is not clear whether energetic electrons can contribute
to the initial toroidal current in the open field or not. In
the present paper the hard X-ray (HXR) measurement
was used to compare with the time evolution and the
following parameter dependences of the initial L,. Special
emphasis was placed on the contribution of energetic
electrons to net toroidal current before the closed
magnetic surfaces have been formed.

Four mechanisms are considered for a net toroidal
current in the open fields, i.e., 1) a toroidal return current
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(Pfirsh-Schliiter current) compensating the charge
separation caused by the VB and curvature drifts vy, 2) a
toroidal precession current caused by the banana orbits of
the trapped electrons, 3) a toroidal circulating current
carried by so-called stagnated very high energy electrons
whose vertical component of the parallel velocity vy, is
balanced by vq4 [7], and 4) a parallel diamagnetic current,
so-called bootstrap current in the open field. Since these
currents (1, 2, 4) have similar dependences on the
electron pressure (pressure gradient), and vertical
(poloidal) field, the validation of mechanisms must be
carefully done. The observed dependence of the sign
(positive) of B, on the toroidal direction (negative) of I,
satisfies the same requirement for all mechanisms. In this
paper, the details of the B, dependence of I, were studied
from the view point of quasi poloidal equilibrium
balancing the EXB outward loss and the parallel loss
along the field lines to the wall [8,9]. The anisotropic
electron distribution effect (vj<<v,) on the B, dependence
was also analyzed. The dependence of the collision
frequency on I, was also investigated from the view point
of the collisionless nature of energetic electrons whose
collisionality is required to be in the banana regime. This
paper is organized as follows. Section 2 describes the
spherical tokamak QUEST device[l0], heating and
current drive system, HXR diagnostics and experimental
conditions. The results of the parametric study will be
presented in Section 3. The role of energetic electrons on
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the initial I, is discussed and a summary is given in
Section 4.

2 EXPERIMENTAL SETUP
2-1 QUEST device

QUEST is a medium sized spherical tokamak device.
The device parameters of the QUEST chamber without a
toroidal cut are as follows. The outer and inner diameters
of the chamber are 0.2 m and 1.4 m, respectively, and the
height is about 2.8 m. Two flat divertor plates are set at + 1
m from the mid-plane. The major (Ry) and minor (<a>)
radii of the plasma are 0.68 m and 0.4 m, respectively.
Eight toroidal magnetic field coils (TF coil) can produce
0.29 T at R=0.5 m in steady state. The poloidal magnetic
field is generated by five sets of mirror coils (PF coils).
Two RF waves at frr = 2.45 GHz (<50 kW, continuous
operation) and fgr = 8.2 GHz (<200 kW, continuous
operation) are used for these experiments. For 2.45 GHz,
waves are launched from the low field side in the O-mode,
and for 8.2 GHz both O- and X-modes can be injected.
They are injected on the mid-plane.

2-2 HXR diagnostics

Two semiconductor detectors (CdZnTe and CdTe)
with 3x3x2 and 3x3x1 mm”® are used to measure HXR in
the energy range up to 1 MeV. The detection efficiency (>
0.3) of the detectors covers the range of 3 - 200 keV. The
energy calibration was performed using three radioactive
gamma-ray sources (I'”’, Cs"’, Co®). Pulse height
analysis (PHA) is used to obtain the energy spectra
integrated along the tangential chords on the mid plane, as
shown in Fig.1. Tangency radii, R,,, are 0.372 m (CdZnTe)
and 0.5 m (CdTe), respectively. The diameter of the
viewing area is ~ 0.3 m at the plasma center, which is
decided by an aperture with the diameter of 5 mm in front
of the detectors. The collimator made of tungsten is used.
Two kinds of PH analyzer with dwell times from 1 to 100
ms are used to measure the time evolution of spectra
during the discharge up to 1.1 s.

Fig.1 Top view of QUEST with HX diagnostics. 8.2 and
2.45 GHz ports are also shown.
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The shaping time of the pulses is 1-3 ps for the PHA.
Raw signals of pulses are also recorded every 0.2 us to
study the fast response of HXR just after the RF waves are
injected. Fast electrons collide with ions and bulk electrons
and radiate in the HXR range of the spectrum. When the
electron energy is high, the radiation lobes of
bremsstrahlung emission strongly shift forward along the
electron drift direction by the relativistic effect. Forward
(backward) emission is detected by CdTe (CdZnTe) when
I, (>0) is driven in the CCW direction or the current
carrying electrons flow in the CW direction.

The positive sign is defined in the positive ¢ direction in a
cylindrical coordinate system (R, ¢, Z), where R is the
major radius of the torus.

2-3 Experimental conditions

In these experiments, the toroidal field is generated in
the pulsed mode for ~ 1 s (8.25 GHz) or ~ 1.5 s (2.45GHz).
B, is applied at a certain value prior to the RF pulse and
kept constant during the discharge. No loop voltage is
induced at the beginning and during the discharge. The
ratio of B,/B, is <40 X 10 at R = R, for both 2.45 GHz
and 8.2 GHz, and typical R, values are 0.37 m (2.45 GHz)
and 0.33 m (8.2 GHz), respectively. Fast camera imaging
of the plasma shows that the boundary of the plasma is
formed between R, and 2R, and an annular slab plasma
is extended to the upper and lower divertors. The chamber
temperature is kept at 40 - 70 °C and the base pressure is 9
X 10° Pa. Gas is fueled by a piezo valve at 100 - 200 ms
prior to the RF pulse and the initial Py, is controlled < 1
X 10 Pa by the width of the gas puffing tg.. Then the RF
waves are switched on to initiate plasma. For 8.2 GHz a
low level power of 1 kW is applied prior to the main pulse,
but no pre-ionization power is injected for 2.45 GHz.

3 EXPERIMENTAL RESULTS

3-1 HXR in a typical ECR discharge

Figure2 shows a typical discharge by 8.2 GHz, in
which I, is below a certain value of ij”mp, which is an
indication of the formation of the closed flux surfaces [3,7].
A rectangular waveform of H, was observed, though
external gas was not fueled during the pulse. This may be
due to enhanced recycling from a less conditioned wall.
Hence I, was not increased during the pulse, and it was
considered that a current jump did not occur under this
wall condition. Constant L, (~ - 0.8 kA) was driven in the
CW direction. Since the measured HXR energy was lower
than 12 keV, isotropic emission from electrons was
detected by CdTe. A steady state of the energetic electrons
was established during the whole discharge.
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Fig.2 Bypical discharge by ECRH(8.2 GHz). Waveforms of Py,
1, H, and HXR spectrum are shown.
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Fig.3 The evolution of Py, I,, H, and HXR spectrum for a time
interval of 20ms.

3-2 The evolution of HXR in an expanded
time scale
Since the wall condition in the present experiment is
the “wall fueling” condition as indicated by H, in Fig.2,
the very fast phase of the plasma current generation is
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focused on. Abrupt rises in I, and HXR spectrum were
observed when plasma breakdown occurred. Figure 3
shows the evolution of PrrH,, I, and counts > 6keVfor 1
ms in the expanded time scale. The spectra for every 1 ms
are also shown. Breakdown is delayed by ~ 4.5 ms at the
source rate of ~ 5.4 X 10" Hy/s. The spectra #1 (t = 0.403
to 0.404 s) shows no HXR (> 6 keV) before breakdown.
On the other hand, spectra #2 (t = 0.405 to 0.407 s) show
that generation of energetic electrons at the energy of > 6
keV is coincident with the breakdown. The maximum
energy of 18 keV was observed. A positive correlation
between the abrupt rises in I, and HXR suggests that
energetic electrons contribute to the formation of the
plasma current because of their collisionless nature.

3-3 Initial gas pressure dependence
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Fig.4 The Pg,s dependence of I, H, the flux of HXR and the
temperature of HXR.
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Fig.5 The HXR spectra as a function of Pgys.

It has been reported in [1, 2, 11] that particle recycling
strongly affects the performance of RF current drive. Here
the collision effects on energetic electrons
investigated by a comparison between I, and HXR. A gas
pressure scan experiment is performed using 8.2 GHz
waves at Ppp ~ 70 kW. Py, in the chamber is changed from
1.2X 107 to 2.1 X107 Pa by varying the initial gas puff
width(tg,s) from 15 ms to 0.3 s before discharge. The
external pumping was stopped by closing valves just
before each discharge. Other experimental conditions are
fixed. At low P, the breakdown is delayed at fixed Py
and magnetic configuration. By introducing the delay-times

WEre
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(i, Tuxwr) for I, and HXR to start to rise with respect to the
RF injection time the coincidence between Ty, and Tyxg is
observed as a function of P, The result shows that Ty,
Taxr and Ty, are ~ 10ms at 1.2 mPa and become less than
2.3 ms above it. Figure 4 shows the P,,, dependence of I,
['yx, integrated in the energy range, and the slope (oc
-1/Tyxr) of the spectrum. These quantities are averaged
during the discharge. I'yix is reduced with increasing P,
and I, shows a similar tendency except at the lowest P
Quantitative reduction factors for both I, and I'yx as Py,
increases are similar, and the time response of both
quantities is consistent with each other within 2 ms. Figure
5 shows the HXR spectra as a function of Pgs. Although
Tuxr is almost constant except at the maximum P, I'yx is
reduced to 1/3. Although the observable maximum energy
is down to ~ 8 keV, it is evidence that RF waves can still
accelerate electrons at least up to ~ 8 keV at the maximum
Py of 1.2 X 10° Pa. These relatively collision-less
electrons, compared to the thermal electrons having less
than a few tens of eV, can survive for a longer collision
time, which may drive the current. Since both pressure
dependences of I'yx and I, are similar, these observations
suggest that initial energetic electrons created by RF waves
contribute to I, but collisional processes via neutrals
including ions reduces I, at this power level when Py is
increased. The enhanced H, during the discharge,
indicating the pressure rise, also affects the I, rise.

3-4 Power dependence

Prr scan experiments have been carried out using 8.2
GHz waves from 20 to 90 kW at 7, of 50 ms. Other
operational parameters are fixed. Waves are injected in
mixed (both O and X-modes) modes and only the total
power is varied. Figure 6 shows the Prp dependence of 1y,
Tip Tuxr and the initial I,. Here the initial I, is defined as a
current peak value at the breakdown phase. To avoid the

enhanced recycling effects I, at the beginning phase is used.

At the lowest power of 20 kW 1, is ~ 30 ms but I, shows a
sharp rise up to ~ 0.6 kA at the breakdown. No HXR > 5
keV is observed, though the lower energy component may
be expected. HXR becomes observable when the Pggp
exceeds 30 kW. tyxg 1s 90 ms ~ at 30 kW to less than 10
ms above 50 kW.
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Fig.6 The features of breakdown by varying Prg

319

__ 1000 —
2
=
=
5 100 -
z
Z
=
10 —
Energy [keV]
Fig.7 The HXR spectra as a function of Pgp.
1.0H I I I I L4
—— <Ip> #
0.8 g Ha ;- -3 .
* 06 15
v I~ I ®
v £
04| —H1 =
024 0
B T T T T
——T b
2 - " 1.2
Thx ] -
T 10F Jos?
s E =
PR} 1., %
l—<= R —_ 04 =
10” b | | | | 0.0
0 20 40 60 80 100

RF power [kW]

Fig.8 The Py dependence of 1, H, the flux of HXR and the
temperature of HXR.

A similar tendency between them also supports the idea
that energetic electrons contribute somewhat to I,. The
initial peak of I, at the breakdown slightly varies from 0.6
to 1 kA. The time averaged spectra for 0.25 s are shown for
various Pgp in Fig. 7. Below 50 kW, a spectrum with
enough statistical accuracy was not achieved, but above it
the Prr dependence of the HXR spectrum is measured. For
50 — 70 kW the spectra increase in the whole energy range,
however, above 80 kW, the increment in the higher energy
range becomes significant. Figure 8 shows the Pgg
dependence of I,, H, I'yx and Tyxr. Tuxg increases from
0.48 keV at a Pgr of 60 kW to 1.22 keV at 90 kW. However,
I'yx increases by three orders of magnitude. The time
averaged plasma current <I,> during the discharge is found
to increase linearly with increasing Pgy for 20 kW < Pgp<
50 kW, and then it jumps at Prr of 60 kW. A further rise in
I, is not obtained. Since enhancement in H,, with increasing
Prr is found, it is considered that the apparent saturation of
I'yx at a Prp of 70 kW is partially ascribed to the enhanced
collision with neutrals.

3-5 B, dependence

The effects of B, on HXR are studied in two kinds of
RF discharges at 2.45GHz and 8.2 GHz at the different B,
keeping the ratio B,/B, almost constant. For 2.45 GHz
experiment Ppp is 4 kW and the steady plasma duration
lasts for 1.1 s. Ry is fixed at 0.37 m and B, is scanned
from —3 mT to +3 mT. Since the annular slab plasma is



S. Tashima et al., Hard X-Ray Measurement during the Current Startup Phase in QUEST

unstable and blob ejection at a typical frequency of ~ 1
kHz may affect I,,, the time averaged quantities (I, and H,)
over the whole discharge duration are studied. In Fig. 9 (a)
<l,> shows a semi-symmetric B, dependence, whose peaks
exist at B,/B;= 0 and B,/B;~ 1.2 X 102 This small apparent
positive shift of B,/B; is caused by mutual coupling of the
used RF coils and unused closed ones. Actually B,/B;=0.6
X107 seems to correspond to B,= 0. H,, is also consistent
with the optimal B,, at which H, reaches the maximum.
The energy spectrum of HXR is taken every 0.1 s and it
extends to ~ 65 keV. Since the energy spectrum is steady
during the discharge, the time averaged one is analyzed.
The Tyxrand ['yx show two minima corresponding to the
maxima of <I> as is shown in Fig. 9 (b,c).
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Fig. 9 (@I, , (b)FHX and (c)THX vs. B/B and (d), the energy

spectra at the minimum and maximum of 1, for frr=2.45GHz.

The similar B, dependence is also investigated at 8.2
GHz at higher B, of 0.293 T at R,; = 0.327 m, as show in
Fig. 10 (a). Without mutual coupling problems the B, scan
could be carried out. The plasma duration is 0.13 s. P is

60 kW. The <I,> absolute value is much larger than that of

the 2.45 GHz data and a symmetric dependence is found.
Although B, is higher, the optimal B,/B, is in the same
range. The energy range of the spectrum is reduced to ~ 15
keV, which is thought to be caused by the increased plasma
cutoff density of 7.6 X 10'" m™. The minima of I'yx and
Tuxr also agree with the maxima of <I,>, as is shown in
Fig. 10 (b,c). These B, scan experiments suggest that there
are two unresolved problems. One is the minima-maxima
relation with respect to <I,>. The energy spectra for 2.45
GHz and 8.2 GHz cases are compared at both I, minimum

320

and maximum, as is shown in Fig. 9 (d) and Fig. 10 (d),
respectively. The other is the existence of HXR at B,= 0.
In this configuration no equilibrium exists and only very
unstable plasma can be created. These points will be

discussed later.
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4. Discussion and summary

In order to study the contribution of the energetic
electrons on initial current formation, parameter (P, Pgr,
and B, ) scan experiments of I, and HXR are carried out.

Two Pgp and Py, scan experiments are discussed by
following simple momentum balance in which the source
rate from RF waves is dissipated through collisions with
both ions and neutrals.

dj e Prr .

d_¢£ — V. 1
dt m(m/k") ei+en) ( )
,where j = —enuyis the driven current density, Vej4eniS

the collision frequency of electrons with ions and neutrals,
w/k; the phase velocity of the injected waves, and e and
m are the elementary charge and electron rest mass,
respectively. When P, is increased from 3.7 to 14.7
mPa, I'yx is reduced to ~ 30 % and <I,> is also reduced by
~ 50 %. Since the neutral density, ny, in the bulk plasma is
not measured, n, is assumed to be increased by a factor of
two, which is deduced from the variation in H,. Since this
enhancement in ny dominates the collisional dissipation,
the driven current at the stationary state is expected to be
reduced by a factor of two at constant Py if the resonance
condition is not changed. By using data of T, and n. of 8 to
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3 eVand 3 x10'7 to 0.5x 1017m'3, which are measured near
the wall, the thermal plasma contribution to j < ne\/Te is
reduced to 10 %. Since Tyx is little changed within a
few %, the energetic contribution on j ne_HX\/m is~
50 % if ne_py is reduced by the same order. Here n. yx is
the density of energetic electrons. From the change in 'y,
which is proportional to the product of n. and n.ux, a 50 %
reduction in neyy is possible if n. in bulk is reduced to ~
60 %. Thus the energetic contribution is more plausible
from the P, dependence of I,. At constant Py, Pgp is
varied from 50 kW to 90 kW. This causes both increments
in I, by 175 % and Tyux by ~ 400 %, respectively. It is
observed that n.and T, near the wall increased from 0.2 to
1.7 x10"m> and 1.5 to 5 eV, respectively. With an
assumption of the same variation in bulk n. and T. as n,
and T, near the wall, the thermal contribution to Pgg/Ve;
is evaluated ~125 %, on the other hand the high energy
contribution is ~170 %. Thus, two scan data suggest that
the contribution of energetic electrons to the plasma
current is plausible. The detailed measurement of the bulk
parameters is left to the future.

The confinement of current carrying particles (j/t) is also
considered in the right hand side of Equation 1 and the B,
dependence of I, is analyzed along this line. According to a
model of quasi poloidal equilibrium [8, 9], the following
optimum B, at which t is maximized can be derived for a
slab plasma whose width and height are Aand h,
respectively.

3 |2vBtme/MT| H Ty
B, op| = | [PABmey M H () | T
| Z.OPt| Re?2 A Ty ’

where vj, me, M, T and T, are parallel Coulomb collision
electron and

)

frequency, ion masses, parallel and
perpendicular temperatures, respectively. Using T, = T,
=10 eV, the cutoff density of 8 X 10" m™, and H/A~ 10,
the B, dependence of 1, is compared with data for 8.2
GHz. Agreement is quite good, as shown in Figure 11.
The fast rise with increasing B, is due to the rapid
reduction in EXB outward loss by line tying effects and
the slow decay above B, is ascribed to the enhanced
parallel wall loss. For 2.45 GHz the cutoff density of 7.4 X
10'® and B=0.0875 T give a similar value of Byopt /Bi~
0.8 % , which is also consistent with that in Fig. 9.
When we take into account the anisotropic temperature
T,/T) of 103, the deviation from the dotted curve in Fig. 11
is within experimental variation, because v, varies
inversely with T /T [9]. Thus, one can expect that this
quasi equilibrium is possible for energetic electrons with
T, >> T, and their contribution to the initial current is
larger than that of cold ones.

Based on a single particle drift picture in open fields, a
profile of the toroidal precession current is arc-shaped, but
that of stagnated current is circular. Since a slab plasma is

formed, the bootstrap current is bipolar. The magnetic
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analysis using flux loops suggests that the current profile
outside the last closed flux surfaces, especially on the
outboard side of the torus, must be taken into account for
reconstruction [6,12] even after the closed flux surfaces
have been formed. If this is the case in the open fields,
precise magnetic measurement will verify the contribution
of stagnated circular passing electrons. This is left for the
future.
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Fig.11 rand |I,| dependence of |B. /B for frr = 8.2 GHz.

d

In summary, we have examined the mechanisms during
the current ramp-up phase of RF plasma in the open fields.
HXR measurements suggest that energetic electrons play
an essential role in carrying the current in this phase. The
stagnated circulating electrons are one of the candidates to
drive the current.
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