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To investigate the contribution of fast electron in the non-inductive plasma current (Ip) in electron cyclotron heated
(ECH) plasma, the experiment at three magnetic configuration with different vertical field (Bz) curvatures are
performed in the QUEST. Ip and flux of the hard X-ray photon (ΓHX) are compared with different magnetic
configuration as a function of Bz. In the magnetic field of negative curvature, trapped or stagnation electron are easily
losed. In the magnetic field of moderately positive curvature, Ip and ΓHX are respectively fourth and three times lagers
than them in the magnetic field of negative curvature at week Bz (< 2 mT). In the strong curvature, Ip and ΓHX are
respectively three and ten times lagers than them in the moderately positive curvature, at strong Bz (> 3 mT).

1. Introduction
For steady state operation of tokamak devices,
non-inductive current start-up and maintenance are
one of the important research fields. Especially
ECH has been found to be effective for plasma
breakdown and production of a seed current Iseed
non-inductively. Although three mechanisms of Iseed
have been proposed in the open magnetic field
configuration, the final conclusion is still open.
1)The return current along the spiral field line that
cancels the charge separation due to the ∇B drift.
Ip = 2<P>S/RBz (1) , [1]
2) The current by the electrons whose toroidal drift
is cancelled by the vertical component of v//. [2]
vz=v//( Bz/Bt ) – m( v//2 + v⊥2/2 )/ eRB ≈ 0 (2)
3) The toroidal precession current caused by the
banana orbits of the trapped electrons.
Here, <P>is spatially averaged plasma pressure, S
is cross-section area of plasma current, R is the
plasma major radius, Bt is toroidal field. In the
CDX-U device, the closed field configuration can
be obtained in ECH plasma under steady Bz, and
relationship of Iseed ∝ Bz-1 is obtained [3]. This is
consistent with first mechanism. In addition, the
fact that the particle confinement time in the open
field configuration shows the maximum at the
optimized Bz has been interpreted on the balance
between the parallel loss along the spiral field lines
and radial E×B drift loss in WT-2 [4] and TORPEX

[5]. In QUEST it has been also observed that Iseed
agrees with the optimized Bz[6]. In order to
discriminate the second and third mechanisms for
Iseed dependence of the decay indexes n* = -d (lnBz)
/d(lnR) has been carried out in TST-2 [7]. Results
show that Iseed is independent of n*. In the present
research, to investigate the driven mechanisms of Ip
and n* dependence of fast electrons, HX
measurement is performed. Both Bz and n*are
surveyed. Furthermore how Iseed is increased with
increasing Bz and connects the driven current Ip are
investigated.
2. Device and experimental conditions
QUEST is a medium sized spherical tokamak
device [8]. Bz can be produced by a three sets of
Poroidal field coils PFs, PF17, PF26, and PF35. n* is
-0.2(PF17), 0.25(PF26) and 0.5 (PF35) at (R,Z)=(0.6
m ,0 m), respectively. The O-mode waves with
parallel refractive index N|| of 0.4 are injected from
the low field side via a phased array antenna. In the
present experiments the resonance position is fixed at
R=0.3 m. HX flux (ΓHX) is horizontally detected by
the semiconductors. The pulse height analysis for the
photon flux in the energy range of < 400 keV is done
at the dwell time of 1-5 ms.
Two cases of experiments are conducted. For the
case 1, production of Iseed is investigated at low
power Prf of 17 kW and constant Bz in time. Three
PFs configurations are used, time averaged current
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For PF 35 case ΓHX 1.8 times greater than in PF26
case at Bz = 3 mT, and trend of ΓHX is same as Ip.
4. Discussion and Summary
In order to investigate the electron confinement
in these magnetic configurations, the electron orbits,
which are launched at the vessel center (R = 0.6 m
and z = 0 m), are numerically investigated for the
energy range from 1 keV to 30 keV, at various pitch
angles. In the PF17 case, all electrons are lost at the
wall, because no trapped particles can be allowed.
Therefore the Bz dependence of <Tseed> and orbit
calculations suggest that the first mechanism may play
a role for current generation.
The equilibrium Bz is estimated by eq. (3)
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Here, βp = 8π2a2<P>/µ0Ip2, <P> = neTe, Te is the
electron temperature (~100 eV), ne is the electron
density (~1×1017 m-3). For the PF 26 case, the relation
indicates a conventional low βp equilibrium. However,
for PF35 case, the larger Bz is required for higher βp.
The role of the energetic electrons on βp is essential.
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Fig. 1 Time averaged Ip and ΓHX function of Bz.
♦; PF26coil configuration○; PF17coil configuration
Figure 2 shows the comparison of Bz
dependence of <Ip> for the PF35 case, with those of
the PF26 case. Although both the maximum of <Ip>
are ~ 5-6 kA, the relation with Bz is quite difference.
For the PF35 case the maximum value of <Ip> is
obtained at Bz of 8 mT, while no current is
generated for the PF26 case for Bz>1.6 mT. In
order to increase Ip for the PF 26 case the Bz
ramp-up scenario (the case 2) must be used, as
denoted by open diamonds in the Figure 2. For the
PF35 case, when Prf > 60 kW, more than 10 kA can
be easily accessed without ramping–up Bz.
Therefore, the confinement of the energetic
electrons and generation mechanisms of Iseed seem
to be strongly dependent on n* from 0.25 to 0.5.
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Fig. 2 Time averaged Ip function of Bz. ♦ ; PF26coil
configuration with constantly Bz. ▲; PF35coil
configuration with constantly Bz ◊ ; Bz ramp-up
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<Iseed> is used. Iseed and ΓHX are studied as a function
of Bz and n*. For the case 2 ramp-up of Iseed and ΓHX
is studied with temporally increasing Bz and then a
relation between Ip and Bz is compared with the
conventional tokamak equilibrium. In order to
ramp-up Ip Prf is raised up to 40 kW.
3. Experimental results
Figure 1 shows the Bz dependence of <Iseed>and
ΓHX for the PF17 and PF26 configurations. For the
former, no current is generated for Bz < 0.8 mT,
<Iseed> is ~ 1 kA at Bz ~ 1.0 mT and decays for Bz >
1 mT. For the latter, <Iseed> increases linearly up to
4 kA with Bz of 1.6 mT , but <Iseed> cannot be
created avove 1.6 mT. Thus, the clear n* dependence
on <Iseed >is confirmed. ΓHX is not observed for Bz <
0.8 mT, but appears for Bz> 0.8 mT for both cases.
For the PF17 case ΓHX peaks at Bz of 1.2 mT, but
ΓHX for the PF26 case peaks at slightly higher Bz of
1.5 mT. At the higher Bz ΓHX is reduced, but a finite
intensity is observed though <Iseed> is < 1 kA.
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Fig. 3 The confined areas in the velocity space
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