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Operation of HT-7 tokamak in a multicycle alternating square wave plasma current regime is reported. A set of AC

operation experiments, including LHW heating to enhance plasma ionization during the current transition and current

sustainment, is described. The behaviour of runaway electrons is analysed by four HXR detectors tangentially viewing

the plasma in the equatorial plane, within energy ranges 0.3–1.2 MeV and 0.3–7 MeV, separately. High energy runaway

electrons (∼MeV) are found to circulate predominantly in the opposite direction to the plasma current, while the number

of low energy runaway electrons (∼tens to hundreds of keV) circulating along the plasma current is comparable to that

in the direction opposite to the plasma current. AC operation with lower hybrid current drive (LHCD) is observed to

have an additional benefit of suppressing the runaway electrons if the drop of the loop voltage is large enough.
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1. Introduction

Alternating current (AC) operation of a tokamak

reactor is an attractive regime to generate a continu-

ous output of electric energy without the need for a

complicated non-inductive current driven system. The

use of AC inductive current drive for a tokamak fu-

sion reactor allows the reactor to operate with a min-

imum plant recirculating power. Compared with non-

inductive current drive operation, AC discharges are

technically simpler and have higher cost efficiency.[1]

A possible disadvantage of the AC regime could be

mechanical fatigue of some tokamak components.[2]

However, the achievement of long flat-top plasma cur-

rent AC discharges can degrade the importance of this

effect.[3] The potential problems associated with ther-

mal fatigue of a first wall and a blanket and with me-

chanical fatigue of the toroidal coil may be relaxed by

long-pulse operation with a half-cycle period of several

hours using a large Ohmic transformer flux, perhaps

> 1000 Vs. Thus AC operation will be a very impor-

tant mode of operation for a next-step device such as

the international thermonuclear experimental reactor

(ITER) and commercial tokamak reactors as well.[4]

AC operation was first demonstrated in the

STOR–IM tokamak,[5] at a plasma current level of

4 kA and a cycle time of 4 ms, and then fulfilled on

several other devices with different current traces. Ex-

cept for JET[6] (2 MA with a dwell time from 50 to

6 ms), all the other devices are operated with fairly

low plasma current (several kA or so with zero or finite

dwell time). These experiments are helpful for solving

the problem of sustaining plasma current. Therefore,

understanding these experiments is currently one of

the key issues in tokamak fusion study, and it is also

of interest for those who concern the final realization

of controlled fusion energy.[7]

A quasi-steady-state multicycle alternating flat-

top plasma current operation was achieved success-

fully with a duration of more than one minute on

the HT-7 superconducting tokamak with plasma cur-

rent Ip = 100 kA, line-averaged density of ne =

1.25 × 1019 m−3 (0.1–0.4×1019 m−3 at the time of

current transition), electron temperature Te = 500 eV,

by the careful control of the configuration, intensified

gas puffing, upgraded PF power supply system and

the lower hybrid wave (LHW) assistance.[8] Plasma
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current, density and position were feedback controlled

during the flat-top of plasma current.[1]

Although AC plasma has been performed on

many tokamaks, the runaway electron behaviours in

AC plasmas have not been widely discussed. In this

paper, with the aid of the electron cyclotron emis-

sion (ECE), soft x-ray diagnostic system (SXR), verti-

cal multi-channel hard x-ray diagnostic system (HXV)

and the runaway electron diagnostic system (RA), the

AC operation and the runaway electron behaviours in

AC plasmas are presented, in detail, by comparing the

two current directions (positive and negative). The ef-

fects of lower hybrid current drive (LHCD) and loop

voltage on runaway electrons during AC plasma dis-

charges are also discussed in detail separately.

The rest of the present paper is organized as fol-

lows. In Section 2, the experimental set-up is intro-

duced. AC discharge with LHCD at the time of cur-

rent transition is presented in Section 3. In Section 4,

AC discharges with LHW during the current flat-top

are presented and discussed in subsections: Subsec-

tion 4.1 is for AC discharges with LHW during the

whole duration, Subsection 4.2 is for AC discharges

with LHCD during the positive current phase and

Subsection 4.3 is for AC discharges with LHW during

the negative current phase. Finally the conclusions

are drawn in Section 5.

2. Experimental set-up

Hefei Tokamak-7 (HT-7) which was rebuilt from

the original Russian T-7 tokamak in 1994 is a medium-

sized tokamak with superconducting toroidal coils and

water-cooled graphite limiters, constructed to achieve

high-performance long pulse plasma discharges and to

study relevant physics. The machine runs normally

with plasma current Ip = 100 − 225 kA, toroidal

magnetic field BT = 1.5–2 T, central line-averaged

plasma density ne=(1–6)×1019 m−3, major radius

R = 122 cm, minor radius a = 27 cm, central electron

temperature Te=0.5–3.0 keV, and central ion temper-

ature Ti=0.2–1.5 keV, with a circular cross section.[9]

The plasma current, position and central line-averaged

electron density were feedback controlled during dis-

charges. A stainless-steel liner was installed in the

vacuum chamber at the radius of 0.32 m.[10,11]

The following basic diagnostics will be used in the

paper.

A 35-channel Hα (λ = 656.3 nm) photodiode ar-

ray is mounted on the top port to monitor the plasma,

with the components including a lens, an interfer-

ence filter, a 35-channel photo diode chip and the pre-

amplifiers.[8] The soft x-ray diagnostic system consists

of two imaging cameras with slot-apertures, through

which a given toroidal cross-section of the plasma

can be viewed from different poloidal chords horizon-

tally and vertically, each camera containing 37 Au–Si

surface-barrier diode detectors.[12,14] All detectors are

mounted on the arc-shaped stainless-steel pedestals

with R = 55 cm in a horizontal array and R = 60 cm

in a vertical array. Thespatial resolution, the radial

distance between neighbouring viewing chords of the

detector, is 1.5 cm for each detector. They view the

plasma from −27 cm to +27 cm along the given chords

through thin slot-apertures with an area of 5×20 mm2

in the vertical array and 4× 25 mm2 in the horizontal

array. The time resolution ranges from about 4 µs to

12.8 µs.[15]

Vertical multi-channel hard x-ray (HXV) diag-

nostic system was composed of CdTe detectors. In

an energy range of 20–300 keV, it has a moderate

stopping efficiency and good energy resolution. And

there is a 11-sight line set to observe the fast electron

bremsstrahlung (FEB) emission in the poloidal cross

section from +25 to –25 cm with a spatial resolution

of 5 cm, and a sight line is set to monitor the wall

radiation on the low field side. The shielding is pro-

vided by a 3-cm-thick homogeneous lead plate cast

in one piece between two 4-mm-thick stainless steel

plates. The pinhole has 4 × 4 mm square aperture,

which can be changed into other dimensions manu-

ally. This system is installed in front of an aluminum

vacuum window (1-mm thick), nearly transparent to

photons with energy Eγ > 20 keV. A CdTe detector

and a preamplifier are mounted in aluminum housing

with dimensions of 20×40×50 mm−3, equipped with

an aluminum entrance window (100-µm thick). The

detection head is made of a spectroscopy grade CdTe

detector (5× 5× 2 mm−3).[16]

Recently, a broadband heterodyne radiometer has

been installed on HT-7 tokamak to measure second

harmonic x-mode electron cyclotron emission at a fre-

quency range of 98–126 GHz, which is the only de-

tectable ECE mode with an optical depth greater

than 1 in the present study.[17] The high temporal

resolution (4 µs) diagnostic system is now opera-

tional with 16 detection channels separated by approx-

imately 2 cm on the radial axis for measuring electron

temperature (Te) on the low-field side for a typical

machine operation at a toroidal magnetic field (BT)
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of 1.0–2.5 T.

The hard x-ray emission resulting from the thick

target bremmstralung when runaway electrons are

lost from the plasma and impinge on the vessel walls

or plasma facing components[18] provides information

about the generation, the loss and the energy content

of runaway electrons.[19,20] And the system is mainly

sensitive to the electrons leaving the plasma. Four

hard x-ray detectors have been installed to monitor

the runaway electrons with a tangential view into the

plasma in the equatorial plane. The two NaI (TL)

(ϕ50 mm×50 mm) scintillator detectors are used to

monitor the high-energy hard x-ray radiation in an

energy range of 0.3–7 MeV, and two CdTe detectors

(hemispherical, with a volume of 65 mm3 a diameter

of 8 mm and a length of 91 mm) are used to monitor

the low-energy hard x-ray in an energy range of 0.3–

1.2 MeV. One of the NaI (TL) scintillator detectors

(with the label RA3) and one of the two CdTe de-

tectors (with the label RA1) are installed tangentially

in the equatorial plane with the clockwise direction

(for monitoring the hard x-ray emission of clockwise

direction), while the other CdTe detector (with the la-

bel RA2) and the other NaI (TL) scintillator detector

(with the label RA4) are installed tangentially in the

opposite direction (anticlockwise direction) as shown

in Fig. 1.

Fig. 1. Schematic of runaway electron diagnostics during

AC plasmas on the HT-7 tokamak (down view).

The CdTe detectors (RA1 and RA2) are installed

inside a lead shielding against uncollimated x-ray ra-

diation. An entrance hole (with a radius of 1 cm and

a length of 2 cm) is made in the front of the lead

shielding to collimate hard x-ray radiation. The en-

trance hole of the lead shielding of RA1 has the same

size as that of RA2. The cylindrical lead shieldings

of NaI (TL) scintillator detectors (RA3 and RA4) are

both 11 cm in radius, 40 cm in length and 10 cm in

thickness. An entrance hole of the collimator is about

1 cm in radius and 15 cm in depth. Photomultipliers

are usually influenced by magnetic field. Two soft iron

cylinders closely housing the photomultiplier tube are

used to shield stray field from the tokamak coils. A

data acquisition system provides the integrated hard

x-ray emission flux by detecting the photomultiplier

anode current.[21]

The current directions are defined in the bird’s

eye view[22] as shown in Fig. 1. The positive current

is in the anticlockwise direction and the negative cur-

rent is in the clockwise direction. The toroidal field

direction is kept in the clockwise direction during all

of the AC discharges as shown in Fig. 1.

3. AC discharge with LHCD at

the time of current transition

Figure 2 shows a typical steady-state AC dis-

charge (shot No. 99552) with lower hybrid current

drive (LHCD) only at the time of current transition

on the HT-7 tokamak. The plasma current is fixed at

about 100 kA for both the positive and negative cur-

rent directions. The central line-averaged density is

about 1.25×1019 m−3, and it slightly changes during

the flat-top plasma current. The line-averaged density

of the positive current plasma is almost the same as

that of the negative current plasma. Central electron

temperature Te is 500 eV. To keep the gas ionized at

the phase of current transition, the gas puffing pulse

and the power of 250-kW LHCD are applied in a way

as shown in Fig. 2. During current flat top, feed-

back gas puffing is employed to keep plasma density

at a required value. We can see from Fig. 2 that Hα

line emission intensity in the positive phase is twice as

high as that in the negative phase (from 0.4 to 0.2 in

arbitrary units). These observations, taking into con-

sideration the slight difference in line average density

between both current phases (Fig. 2), suggest that the

particle confinement of the positive plasma is lower

than that of the negative current plasma.[22]
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Fig. 2. Typical AC discharge (shot No. 99552) with lower

hybrid current drive (LHCD) only at the time of current

transition, showing the traces: (a) plasma current, (b)

loop voltage, (c) central line-averaged density, (d) LHCD

power, (e) Hα line emission, (f) soft x-ray emission de-

tected by photodiode array, (g) FEB detected by the CdTe

array inside the vessel (vertical position.)

The difference in behaviour of the runaway elec-

trons in between the positive and the negative current

directions is interesting and has rich connotations of

physics. Figure 3 shows the traces of emission signal

in shot No. 99552. We can see from the figure that

RA1 and RA2 signals increase at 1.2 s while the RA3

and RA4 are negligible. The increase of the emission

in the low energy RA1 and RA2 detectors is corre-

lated to the generation of runaway electrons during

the current ramp-up, while the high energy RA3 and

RA4 signals are still close to zero, which is possibly

because the runaway electron energy is too low to

give noticeable emission. The later increases of the

signals in all the detectors at about 1.2–1.3 s are due

to the acceleration and energy gain (possibly includ-

ing avalanche runaway generation) of the runaway

electrons during the flat-top phase. The runaway

electrons are generated during the ramp-up of the

current by the Dreicer process, when the loop voltage

is larger and the density is lower. During the flat-

top phase, the number of Dreicer process generated

runaway electrons seems to be negligible. Parame-

ter ε = E∥/Ec = E∥(4πε
2
0kTe/ne

3 lnΛ) can deter-

mine the Dreicer process generated runaway electron

yield during the flat-top and it is estimated by using

E∥ ∼ Vl/2πR0 with Vl ∼ 0.7 V and R0 = 122 cm

ne = 1.25 × 1019 m−3 and lnΛ ∼= 15, i.e. ε = 0.011,

which is too low to allow for runaway generation (the

primary generation generally works for ε > 0.02[23]).

As long as ε < 002, only an exponentially small

fraction of the electrons will run away. The traces

of the calculated critical energy for runaway gen-

eration, Wc(t) (Wc = (e3ne lnΛ(2 + Zeff))/8πε
2
0E,

using E∥ ∼ Vl/2πR), the parameter ε(t), the sec-

ondary runaway electron birth rate ((dnr,sec)/(dt) =

(3nreEc)/(2m0c
2 lnΛ(2 + Zeff)), which is indepen-

dent of electrons density ne) and the avalanche

time for secondary runaway generation[24] (τs =

(2(2 + Zeff)mec lnΛ)/3eE), where nr,sec is the num-

ber of secondary runaway electrons, E is the inductive

electric field, Zeff is the effective ion charge, nr is the

total number of runaway electrons for shot No. 99552

according to the experimental data are shown in Fig. 4

(using Te = 500 eV, lnΛ = 15, R0 = 122 cm and

Zeff = 2). From the figure we can see that the critical

energy for runaway generation Wc is about 110 keV

and parameter ε is about 0.01 during the flat-top

phase, both the positive phase and the negative phase,

while it was not the case during the current transition

(Wc becomes very low and ε > 0.02). Therefore, we

can see that the runaway electron generating Dreicer

process plays a more important part in the current

ramp-up phase, while the avalanche (secondary) pro-

cess (the creation of runaways through close collisions

of already existing runaways with thermal electrons)

plays an important role in the current flat-top phase.

We can also see from Fig. 4 that the avalanche process

plays a more important role than Dreicer process dur-

ing the current transition because of the high induc-

tive loop voltage. And it (dnr,sec/dt) decays during

Fig. 3. Traces of emission signal in shot No. 99552 ( from

top to bottom): plasma current loop voltage in detail,

HXR intensity measured by a CdTe detector in the clock-

wise direction (RA1), HXR intensity measured by a CdTe

detector in the anticlockwise direction (RA2), HXR inten-

sity measured by a NaI (TL) scintillator detector in the

clockwise direction (RA3), HXR intensity measured by a

NaI (TL) scintillator detector in the anticlockwise direc-

tion (RA4) and the signal of electron cyclotron emission

(ECE).
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the ramp-up phase. The avalanche time in the flat-top

phase (see Fig. 4) τs ≈ 0.75 s is a bit lower than that

in the current ramp-up phase where E∥ ∼ Vl/2πR0

with Vl ∼ 0.7 V, lnΛ = 15, Zeff = 2 have been used.

However, there are several effects that complicate the

issue. Firstly, shortly after breakdown the plasma is

only partially ionized whereas the theory treats only

fully ionized plasmas. Secondly, in that phase of the

discharge the distribution function of the bulk elec-

trons may deviate strongly from a Maxwellian distri-

bution. Thirdly, because of the relatively slow pen-

etration of the applied electric field, it is most likely

that in the startup phase the runaway electrons are

generated predominantly in the outer region of the

plasma.[25]

Fig. 4. Traces from top to bottom: calculated critical

energy for runaway generation Wc(t), parameter ε(t) de-

termining the yield of runaway electrons generated by

Dreicer process, the secondary runaway electrons birth

rate (dnr,sec/dt ∼ nrE ∼ RA · Vloop, where RA sig-

nal shows the time evaluation of runaway electrons dur-

ing the discharge under the assumption of a constant loss

rate, Vloop signal indicates the time evaluation of induced

electric field), and the avalanche time for secondary run-

away generation (τs = (2(2 + Zeff)mec lnΛ)/3eE) in shot

No. 99552 according to the experimental data.

The HXR signals shown in Fig. 3 saturate at

about 1.5 s. The reason is that the runaway elec-

trons have already achieved their energy limit and/or

the maximum energy that can be detected by the sys-

tem (∼ 7 MeV). To keep a runaway electron confined

within the plasma, a sum of their orbit shift and drift

orbit radius must be smaller than the minor radius

a.[26] This limits the maximum runaway energy to

Wmax = aecB0 = qa, where qa is the edge safety fac-

tor. The orbit shift limit for HT-7 is Wmax ∼ 40 MeV

(qa = 4, B0 = 2 T). On the other hand, the estimated

runaway energy limit in the core plasma is ∼ 26 MeV

while the edge runaway energy is blocked to a few

MeV due to the strong interaction with the magnetic

field ripple.[26]

We can also see from Fig. 3 that the loop volt-

age (both in the positive and the negative phases) is

about 0.7 V: a little more than 0.7 V at the beginning

of the negative current phase, and a little less than

0.7 V at the end of the negative current phase. The

emission of high energy runaway electrons (RA3) in

a clockwise direction is slightly larger in the positive

current phase, while the emission of high energy run-

away electrons (RA4) in an anticlockwise direction is

larger in the negative current phase. These observa-

tions suggest that high energy (∼MeV) runaway elec-

trons are mostly circulating in the opposite direction

to the plasma current. This is consistent with the

fact that high energy runaway electrons are basically

collisionless and hence, essentially accelerated by the

electric field in the opposite direction to the current

direction. However, the intensities of low energy hard

x-ray emission both in RA1 and RA2 detectors shows

a similar time behaviour and the emission is larger

in the positive current phase, suggesting that a more

comparable number of low energy (∼tens to hundreds

keV) runaway electrons are flowing in the direction op-

posite to the plasma current. It should be taken into

account that lower energy runaway electrons are more

collisional and have a larger probability of backscat-

tering through their collisions with thermal electrons.

4. AC discharges with LHW dur-

ing the current flat-top

In addition to maintaining steady state currents,

the lower hybrid waves have also been used to start

up and ramp up the tokamak plasma current as well

as to heat electrons during LHCD experiments.[27] It

is found that in the HT-7 tokamak, the electron run-

away is enhanced in the presence of lower hybrid waves

when the fast electron tail of velocity distribution ex-

tends to above the critical velocity for electrons to run

away. In runaway discharges, the LHWs may suppress

runaway electrons due to the drop in the electric field

linked to the non-inductive current drive.[28]

In AC plasmas, besides helping plasma ionization

during the current transition and current sustainment,

AC operation with LHCD could have an additional

benefit of suppressing the runaway electrons if the

drop of the loop voltage is large enough. An LH power

(PLH) up to 1.2 MW at 2.45 GHz is available presently

065201-5



Chin. Phys. B Vol. 19, No. 6 (2010) 065201

in the HT-7 machine. The launched parallel refractive

index, Npeak
∥ , of LHWs can be varied from 1.8 to 3.5

with an FWHM of about 0.5, which provides flexibility

for current density profile control.[29] The correspond-

ing energy of the suprathermal resonant electrons is

about 20–110 keV.

In the reported experiments, LHW heating is ap-

plied in the whole discharge duration (Subsection 4.1)

as well as in one current phase (Subsections 4.2 and

4.3). In all the cases, the LHWs are injected to drive

current in the positive current direction.

4.1.AC discharge with LHCD in the

whole duration

A typical AC discharge with LHCD in the whole

duration of the discharge (shot No. 99660) is shown

in Fig. 5. The 200-kW LHW power was launched into

the plasma from 0.1 s continuously, obtaining plasma

current Ip = 100 kA and central line-averaged density

ne = 1.25 × 1019 m−3. It should be noted that the

low loop voltage (∼ 0.25 V) in the positive current

phase, associated with the creation of non-inductive

current during LHCD, is much lower than the loop

voltage in the negative current phase (∼ 0.75 V). As

a consequence, the generation of runaway electrons

in the positive current phase (via the Dreicer mech-

anism and the avalanche process) will be quite smaller.

Fig. 5. Typical AC discharge (shot No. 99660) with lower

hybrid wave (LHW) in the whole duration of the discharge,

showing the traces: (a) plasma current, (b) loop voltage,

(c) centre line-averaged density, (d) LHW power, (e) Hα

line emission, (f) soft x-ray emission detected by photodi-

ode array, (g) FEB detected by the CdTe array inside the

vessel (vertical position.)

From Fig. 6 we can see that the critical energy for

runaway generation Wc is about 30 keV in the posi-

tive phase, while Wc
∼= 110 keV in the negative phase.

Concerning parameter ε that determines the yield of

runaway electrons generated by the Dreicer process,

its value equals 0.003 in the positive phase which is

much lower than that (ε = 0.01) in the negative phase.

The avalanche time is large in the positive current

phase, when the loop voltage (and, hence, the electric

field) is low, so that no secondary generation occurs

in such a phase. The runaway avalanche generation

yield in the positive phase is lower than that in the

negative phase because the loop voltage in the posi-

tive phase is lower than that in the negative phase.

And the avalanche production rate is very high only

at 1.3–2 s.

Fig. 6. Traces from top to bottom: parameter de-

termining the yield of runaway electrons generated by

Dreicer process, calculated critical energy for runaway

generation Wc(t), secondary runaway electron birth rate

(dnr,sec/dt ∼ nrE ∼ RA · Vloop, where RA signal shows

the time evaluation of runaway electrons during the dis-

charge under the assumption of a constant loss rate, Vloop

signal indicates the time evaluation of inductive electric

field) and the avalanche time for secondary runaway gener-

ation (τs = (2(2 + Zeff)mec lnΛ)/3eE) in shot No. 99660

according to the experimental data.

The hard x-ray signals (RA1–RA4 detectors) are

shown in Fig. 7. It is observed that in the positive

current phase (with LHCD), the signals from the high

energy detectors, RA3 and RA4, fall to zero while the

low energy signals from RA1 and RA2 decay to a low

level. This is mainly a consequence of the fall of the

loop voltage and, hence, of the runaway electron en-

ergy in this phase. We can see from Fig. 7 that the

loop voltage is about 0.25 V in the positive current

phase, and it is about 0.75 V in the negative current

phase. The average plasma density in the positive cur-

rent phase is almost the same as that in the negative

current phase. The low energy hard x-ray emission

intensity in the positive current phase (both RA1 and

RA2) is lower than that in the negative current phase
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because of the low loop voltage in the positive current

phase.

Fig. 7. Traces of emission signal in shot No. 99660 (from

top to bottom): loop voltage in detail, HXR intensity mea-

sured by a CdTe detector in the clockwise direction (RA1),

HXR intensity measured by a CdTe detector in the anti-

clockwise direction (RA2), HXR intensity measured by an

NaI (TL) scintillator detector in the clockwise direction

(RA3), HXR intensity measured by an NaI (TL) scintilla-

tor detector in the anticlockwise direction (RA4), and the

signal of electron cyclotron emission (ECE).

In the negative current phase, due to the higher

electric field, the yield of runaway electrons and the

energy of the generated runaway electrons both in-

crease, and the resulting emission intensities measured

by the hard x-ray detectors (RA1–RA4) are substan-

tially large. As the observations reported in Section 3

show, even though the runaway electrons in this phase

are accelerated by the electric field in the counter-

clockwise direction (opposite to the plasma current),

large emission intensities are also measured not only

by RA2 and RA4 but also by RA1 and RA3 detectors,

which is possibly due to the collisions of low energy

(∼tens to hundreds of keV) runaway electrons with

the thermal electrons which could reverse their flow

direction.

Finally, the ECE emission (see Fig. 7) is observed

to decrease in the negative current phase of the dis-

charge. In a low density discharge, the plasma is op-

tically thin and the ECE signal is mainly determined

by the cyclotron radiation of the suprathermal elec-

trons. When the electrons are accelerated by the elec-

tric field in the negative current phase, because of the

high energy, the effect of the collisions is small, the

pitch angle is low, and the radiation associated with

the cyclotron motion can be reduced thereby reduc-

ing the ECE emission intensity. In contrast, in the

positive current phase, due to the lower electric field

and electron energy, pitch angle scattering due to the

collisions with thermal plasma increases, leading to a

larger ECE emission intensity

4.2.AC discharge with LHCD at the

time of positive current

Figure 8 shows a typical AC discharge (shot

No. 102994) with LHCD only in the positive current

direction. The plasma current is about 100 kA for

both the positive and the negative current phases.

The trace of HCN is the original signal of the far

infrared laser interferometer system which is used to

measure the plasma density. The fixed central line-

averaged density of this shot is about 1.25×1019 m−3

slightly changes during the time of 6 s–8 s (about

1.40×1019 m−3). The plasma density is kept at about

0.1–0.4×1019 m−3 when the plasma current is zero.[1]

The 250-kW LHW power is launched into the plasma

in the positive current phase which is used to ionize

plasma in the transition phase and drive the plasma

current in the current flat-top phase.

Fig. 8. Typical AC discharge (shot No. 102994) with

lower hybrid current drive (LHCD) only in the positive

current phase, showing the traces: (a) plasma current, (b)

loop voltage, (c) original signal of the far infrared laser in-

terferometer system, (d) LHCD power, (e) Hα line emis-

sion, (f) soft x-ray emission detected by photodiode array,

and (g) FEB detected by the CdTe array inside of the

vessel (vertical position.)

The LHCD takes place in the positive current

phase and a fall of the electric field is found (Vl ∼
0.4 V) which substantially reduces the runaway pro-

duction (Wc ∼ 210 keV in the positive current phase,

while Wc ∼ 57 keV in the negative current phase) and

the runaway energy, leading to the disappearance of

the MeV runaway population in this phase. Accord-

ingly, the RA1–RA4 signals drop to zero (only low

065201-7



Chin. Phys. B Vol. 19, No. 6 (2010) 065201

RA1 and RA2 signals are observed in Fig. 9 in the

second positive phase). In the negative current phase

(no LHW injection), the intensities of hard x-ray emis-

sion in the four detectors (RA1–RA4) are very strong

(see Fig. 9) because of the high loop voltage in this

phase. Finally, the ECE signal noticeably drops in

the negative current phase. Due to the large electric

field, the electrons are accelerated to high energies in

this phase, so that collisional pitch angle scattering

and the radiation associated with the electron gyro-

motion are remarkably reduced.

Fig. 9. Traces of emission signal in shot No. 102994 (from

top to bottom): loop voltage in detail, HXR intensity mea-

sured by a CdTe detector in the clockwise direction (RA1),

HXR intensity measured by a CdTe detector in the anti-

clockwise direction (RA2), HXR intensity measured by an

NaI (TL) scintillator detector in the clockwise direction

(RA3), HXR intensity measured by an NaI (TL) scintilla-

tor detector in the anticlockwise direction (RA4) and the

signal of electron cyclotron emission (ECE).

It should be noted that in the negative current

phase (no LHW), the loop voltage (∼ 1.5 V) is much

larger than that in shot No. 99552 (∼ 0.7 V; see Fig. 2)

also without LHW injection. The reason is that as

indicated by soft x-ray and ECE emission measure-

ments, the electron temperature in the negative cur-

rent phase of short No. 102994 is smaller than that

of shot No. 99552 and, hence, the plasma resistivity

(η ∝ T−3/2) and the electric field both increase.

We can see from Fig. 9 that the loop voltage in

the positive current phase (about 0.3 V) is lower than

that in the negative current phase (about 1.5 V) be-

cause of the effect of LHCD on the plasma. So in

the positive current phase, the hard x-ray emission in-

tensities measured by the four detectors (RA1, RA2,

RA3, and RA4) are all small because of the low loop

voltage, while in the negative current phase, the hard

x-ray emission intensities from the four detectors are

all very strong because of the high loop voltage. From

ECE signal we can find that the intensity of ECE in

the positive current phase is stronger than that in the

negative current phase. That is to say, in the positive

current phase most of the super thermal electrons can-

not be accelerated into runaway electrons by the low

loop voltage because of the big drag forces (collisions

damp) and big runaway critical energy, while in the

negative current phase most of the super thermal elec-

trons were accelerated into runaway electrons because

of the high loop voltage and small runaway critical

energy

4.3.AC discharge with LHW at the time

of negative current

The trace of a typical AC discharge with LHW

only in the negative current phase (shot No. 103006)

is shown in Fig. 10. From the figure we can see that the

plasma currents in the positive current phase and in

the negative current phase are both about 100 kA. The

fixed central line-averaged density of this discharge is

also about 1.25×1019 m−3 (the same as that of shot

No. 102994) and slightly changes in the discharge du-

ration. The 250-kW LHW power is launched into the

plasma in the negative current phase to ionize and

heat the plasma. The critical energy for runaway

generation in the positive phase is calculated to be

Wc
∼= 80 keV by using Vl ∼ 1.1 V, whileWc

∼= 123 keV

in the negative phase by using Vl ∼ 0.7 V.

Fig. 10. Typical AC discharge (shot No. 103006) with

lower hybrid wave (LHW) only in the negative current

phase, showing the traces: (a) plasma current, (b) loop

voltage, (c) original signal of the far infrared laser inter-

ferometer system, (d) LHW power, (e) Hα line emission,

(f) soft x-ray emission detected by photodiode array, and

(g) FEB detected by the CdTe array inside of the vessel

(vertical position).

065201-8



Chin. Phys. B Vol. 19, No. 6 (2010) 065201

In the positive current phase (no LHW) in shot

No. 103006, the voltage (∼ 1.1 V) is also much larger

than that (0.7 V) in shot No. 99552 shown in Fig. 2

also without LHW injection. The reason is also that

the Spitzer resistivity

ηs = 0.51
m

1/2
e e2 lnΛ

3ε20(2πTe)3/2
∼ T−3/2

e

decreases rapidly with the increase of electron tem-

perature Te. We can see from Figs. 2 and 10 that

the plasma currents and the line-averaged densities of

these two shots are almost the same, while the SXR

emission (0.2–0.3 in arbitrary units) in the positive

current phase of shot No. 103006 was lower than that

in the positive current phase of shot No. 99552 which

is about 0.3–0.4 in arbitrary units. And the intensity

of ECE signal (0.2 in arbitrary units) in the positive

current phase of shot No. 103006 is weaker than that

(0.4 in arbitrary units) in shot No. 99552. Therefore

temperature Te of shot No. 103006 in the positive cur-

rent phase is lower than that in the positive current

phase of shot No. 99552. And the Spitzer resistivity

ηs in the positive current phase of shot No. 103006 is

higher than that of shot No. 99552 in the positive cur-

rent phase. Therefore the loop voltage (Vl = 2πR0η.j)

in the positive current phase of shot No. 103006 (no

LHW) is larger than that of shot No. 99552 shown

in Fig. 2 also without LHW injection, because of the

higher Ohmic power in shot No. 103006 in order to

maintain the same current as that of shot No. 99552.

Comparing Fig. 11 with Fig. 9, we can find that

the loop voltage in the positive current phase in Fig. 11

(which is about 1.4 V) and that in the negative current

phase in Fig. 9 (which is about 1.5 V) are comparable.

While the loop voltage in the negative current phase in

Fig. 11 (which is about 0.8 V) is much higher than that

in the positive current phase in Fig. 9 (which is about

0.3 V), even though the plasmas both in the negative

current phase in Fig. 11 and in the positive current

phase in Fig. 9 are heated by the same power of LHW

and with maintaining the same central line-averaged

density, with the slight change of the density in the

flat-top phase neglected. We can also see in Fig. 7 that

the loop voltage in the negative current phase (which

is about 0.75 V) is higher than that in the positive

current phase (which is about 0.25 V), even though

the plasmas both in the negative current phase and

in the positive current phase are heated by the same

power LHW (200 kA) and with maintaining the same

central line-averaged density (ne = 1.25× 1019 m−3).

The possible reason may be that for LHW, the waves

are launched with an asymmetric spectrum in k∥ (n∥)

in a given toroidal direction, therefore the waves push

forward the resonant electrons and thus drives a cur-

rent only in one direction. The low hybrid waves are

injected to drive a current only in the positive direc-

tion. LHCD will occur only in the positive phase of

the current, while LHW heating takes place only in

the negative phase of the current.

Fig. 11. Traces of emission signal in shot No. 103006

(from top to bottom): loop voltage in detail, HXR inten-

sity measured by a CdTe detector in the clockwise direc-

tion (RA1), HXR intensity measured by a CdTe detector

in the anticlockwise direction (RA2), HXR intensity mea-

sured by an NaI (TL) scintillator detector in the clockwise

direction (RA3), HXR intensity measured by an NaI (TL)

scintillator detector in the anticlockwise direction (RA4),

and signal of electron cyclotron emission (ECE).

5. Conclusions

A quasi-steady state AC plasma operation is

achieved successfully at about Ip = 100 kA, ne =

1.25 × 1019 m3, and Te = 500 eV in the HT-7 su-

perconducting tokamak. The LHW heating is applied

in the whole discharge duration and only in one cur-

rent phase to enhance the plasma ionization during

the current transition and current sustainment.

The behaviour of the runaway electrons during

AC operation is analysed by four hard x-ray detec-

tors tangentially viewing the plasma in the equato-

rial plane, within energy ranges of 0.3–1.2 MeV and

0.3–7 MeV, separately. Runaway electrons generat-

ing Dreicer process plays an important role during

the current ramp-up of each current phase, while the
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avalanche generation process seems to play a role dur-

ing the current flat-top. High energy runaway elec-

trons (∼ MeV) are found to circulate mostly in the

opposite direction to the plasma current, while the

number of low energy runaway electrons (about tens

to hundreds of keV) circulating along the plasma cur-

rent is comparable to that in the direction opposite to

the plasma current. AC operation with the lower hy-

brid current drive shows that besides helping plasma

ionization during the current transition and current

sustainment, the lower hybrid current drive can sup-

press the high energy runaway electrons in the current

drive phases if the drop of the loop voltage is large

enough.
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