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A silicon surface-barrier detecto r was use to measure ener s ectd

an end cell of the GAMMA 10 tand
gy pectra of hot electrons coming out of

tan em mirror. A hump was observed in an e
attributed to enhanced velocit diA

e in an energy spectrum and it was
oci y i usion along heating characteristics o

of the incident waves. Hot el
eris ics of the third-harmonic resonance

o e ectrons were produced by second-harmonic e
heating and scattered into the loss . G

- armonic electron-cyclotron-resonance
e oss cone. Good agreement was obtained

Planck simulation, and the rediction fr
aine among the observation, Fokker-

e pre iction rom the relativistic resonance condition.

PACS numbers: 52.50.Gj, 52.55.Jd, 52.70.Nc

An important physical issue of electron-cyclotron-
resonance heating (ECRH) in a mirror field has been the

iA'usion of electrons in velocity space. ' In a tandem
mirror, ECRH is su
ele

is supposed to create a population of h t
ectrons for a thermal barrier and to heat electrons at

is su 0

t e potential peak for the raising of an ion-confining po-
tential. Velocit» diAiAusion of electrons is a main point of
the research on ECRH in tandem mirrors also. It in-
c u es Coulomb collisions and acceleration of electrons

iA'usion along heating characteristics and causes axial
no on y re evant toosses of electrons. These losses are t l l

t e efficiency of hot-electron production in a tandem
mirror, but they also provide an insight tin o mirror

loc
p ysics because they reflect the mechanism f

ocity diffusion. There have been theoretical studies as
n tan'emwell as asic experiments on axial losses. ' I

mirrors, hot-electron production by second-harmonic

owever, these papers have not discussed velocity difI'u-

sion from the viewpoint of electron losses. This paper
iscusses velocity dift'usion of electrons on the basis of
irect analyses of the energy distribution of loss electrons

and presents the first experimental indication of diffusion
o e ectrons along heating characteristics of the third-
harmonic (3' ) resonce ance. ince the energy spectrum
of thee end-loss electrons is determined by the energy dis-
tribution at the loss-cone boundary, the diA'usion of elec-
trons emer es as a hg a hump in an energy spectrum of loss
electrons. We have employed a silicon surface-barrier
SSB) detector for particle analyses of loss-cone elec-

trons (10 keV ~ E ~ 500 keV). "
The heating configuration in which microwave power

is injected as a beam to avoid cavity field heating adds a
new aspect to ECRH physics in a tandem mirror. ' "
The relativistic electron-cyclotron-resonance condition at
the nth harmonic is given by
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where p~~ is the parallel momentum of an electro,ec ron, p& is

2.0

1.0E
Cl

0
0 1.0 2.0

~l&lrnPC

FIG. 1. Cont
turn s ace

tour plot of diffusion coefficients in ths in e momen-

fi

um space for 2'„ECRH. Domains f h h d ffs o ig i usion coef-
cients associated with co„2mm„, and 3m„resonances are la-
eled b n=l n=y =, =2, and n =3. The loss-cone boundary is

shown by a dash-dotted line. Th h fe c ain o the 3',, resonance
crosses the loss-cone boundary hary as s own y t e arrow.

the perpendicular momentum h, co„ is t e e ectron cyclo-
tron frequency with the rest masass mo, y is t e relativistic
factor, and m (= m ) is= y o is t"e relativistic electron mass.
The incident wave has a frequency m and a parallel wave

~~, an is spatially local-number k~~ with a finite width Ak d
ized within a imited area in a mirror cell. For given
an co„on y electrons on curves in the momentum s ace
given b E . ~1n y q. ~ ~ can resonate with the wave field. We

momentum space

call these cue curves heating characteristics. In the heating
configuration referred to above h t he, ea ing c aracteristics
associated with eah eac" "armonic resonance are bounded in
limited domains in the momentum space "

Figure 1 plots contours of the strength of diffusion
coefficients in the ms in the momentum space referred to the mid-
plane of the end mirror cell for a configuration of kot-
electron production in GAMMA 10. Th
ed fro

ey are calculat-
e an are bouncee rom the quasilinear heating model' and ar

averaged. These diflusion coeScients are used in our
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Fokker-Planck code. ' The calculation includes quasi-
linear diffusion coefficients associated with the co„, the
2'„, and the 3'„resonances. Hot electrons are pro-
duced by 2'„ECRH in an end mirror. ' Here, 2m„
ECRH means that co is twice as high as co„at the mid-
plane. Microwave power of about 100 kW, with a fre-
quency of 28 GHz, is injected as a beam aiming at the
mirror midplane at an angle of 50 to the magnetic axis.
The parallel refractive index n~~ is 0.64. The magnetic
field Bo at the midplane is 0.497 T for the standard
operation. Dark areas in Fig. 1 indicate high diAusion
coefficients. There are nested domains of strong diAu-
sion associated with the co„, the 2'„, and the 3'„reso-
nances. We see a chain of enhanced diAusion at the
3'„resonance reaching the loss cone at an electron en-
ergy of about 100 keV (indicated by an arrow), which
likely aA'ects energy spectra of loss electrons. The 3'„
resonance takes place as a result of the Doppler shift and
the increase of the electron mass due to the relativistic
eAect. The co„resonance stems from cavity fields exist-
ing at the 1-T region.

The SSB detector is located on an end wall of the vac-
uum vessel, where the magnetic field strength B is about

times as high as Bo. An aluminum plate with a
pinhole is placed in front of the detector to avoid a pileup
of signals and the detector is surrounded by an x-ray
shield. The detector is run in a pulse-height-analysis
mode with an energy resolution of 10 keV. The equiva-
lent radial position of the SSB detector mapped back to
the mirror midplane along the magnetic field line (detec-
tor line) passing through the detector is about 8 cm oA

the axis. It detects electrons which are scattered into the
loss cone on the detector line. Since the microwave
beam is obliquely injected and the value of B varies
along the axis, the beam crosses the detector line at
B =Bb (ABp). In the present experiment B&/Bo is equal
to 1.05.

A part of a plasma sustained by ion-cyclotron range of
frequency heating in the central cell flows into the end
cell. A heating pulse of 2'„ECRH is applied to the
plasma target. End-loss signals detected on the SSB
detector are shown in Fig. 2, together with a diamagnetic
signal and a waveform of the line density at the mid-
plane of the end cell. The diamagnetic signal increases,
indicating production of hot electrons, and a train of
pulses from the SSB detector appears. The pulse count-
ing rate increases with the increasing diamagnetic signal
and suddenly decreases after the turning oA of the
ECRH pulse. Since the diamagnetic signal decays very
slowly and the density in the end cell also goes down
slowly, the rate of Coulomb collisions does not change
suddenly. Therefore losses of hot electrons during the
2'„ECRH pulse are induced by the electric fields of
the incident microwave radiation. An energy spectrum is
constructed from accumulated data of several shots with
enough statistical accuracy. An energy spectrum of loss
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electrons measured during the period from 3 to 5 ms
after the turning on of 2'„ECRH is shown in Fig. 3(a).
The average energy E estimated from the slope of the
spectrum is about 20 keV. Hot electrons with high ener-
gy (E & 100 keV) are only slightly detected at this time.
That is consistent with the measurement of electron tem-
perature by means of x-ray analyses. ' Electrons with
higher energies are more abundantly detected later in
the ECRH pulse.

In Fig. 3(b) is shown an energy spectrum measured at
a later time. Electrons with energies up to 350 keV are
detected and a peak appears in the energy spectrum.
The most probable cause of such a peak in the energy
spectrum is the scattering of electrons into the loss cone
due to the 3'„resonance (see Fig. 1). The energy
Ep k at the observed peak is nearly equal to the energy
E3„ofan electron which has a pitch angle 0 close to the

FIG. 2. Time variation of hot-electron signals obtained from
a plasma shot with the standard Bo of 0.497 T. (a) Signals of
end-loss hot electrons detected on the SSB detector. The
detector is artificially piled up slightly in this shot to display
the signal traces clearly. (b) Diamagnetic signal in the end
cell. (c) Waveform of the line density. 2'„ECRH is turned
on at 2 ms and turned oA at 32 ms.
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FIG. 4. Plots of energies E~gk (open circles), Erp (filled cir-

cles), and E3 (lines) as functions of Bo. The solid line
represents E3 for Bb/Bo =1.05 and the dashed line, for
Bb/Bo = 1.08.
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FIG. 3. Energy spectra of end-loss hot electrons obtained
from analyses of SSB signals. (a) Energy spectrum obtained
during the period from 3 to 5 ms after the turning on of 2'„
ECRH. (b) Energy spectrum obtained at a later time.

loss-cone angle OL|- and resonates with the incident elec-
tric field at the 3'„resonance. We have measured ener-

gy spectra of loss electrons for several values of Bp. A
peak is clearly observed in the energy spectrum for each
Bp except for Bp =0.33 T. Figure 4 plots the observed

E~„k (open circles) as a function of Bo. The value of
Ep k decreases with decreasing Bp to become nearly zero
at 0.33 T.

The energy E3„ for the n =3 resonance at the loss
cone is obtained from Eq. (I). If we fix the pitch angle
of electrons at OLc, we can calculate E3„=moc (y —I)
by solving Eq. (1) with n =3, and we plot it as a solid
line in Fig. 4. In the calculation, rd/2rr is 28 6Hz, nii is
0.64, and co„ is 1.05 times as high as that for Bp. The
measured Ep k agrees with the calculated E3„within ex-
perimental error except for lower Bp. Both values be-
come zero at 0.33 T, which is because cu is nearly 3 times
co„ for Bp =0.33 T. Computer runs of the Fokker-
Planck code are also carried out to obtain energy spec-
tra. They also show peaks, at Epp, as expected from the
contour mapping of diA'usion coe%cients. These peaks

are plotted in Fig. 4 as filled circles. All of Ep k E3„,
and Eqp lie close to each other except for Bp lower than
0.4 T. This indicated that the observed peaks in energy
spectra stem from the scattering of electrons into the loss
cone along heating characteristics of the 3'„resonance.
The 3'„resonance interaction becomes very weak as
the electron energy decreases. Since the incident beam
of 2'„ECRH has a finite width, ' rays within the beam
of the incident wave have diferent nii and cross the
detector line at diAerent B~. The ray with nii of 0.60 has
the maximum value of BI,/Bo equal to 1.08. The expect-
ed E3„corresponding to this ray is also plotted (by a
dashed line) in Fig. 4. The dashed line lies above the
solid line for Bq/Bo=1.05 and shows better agreement
with the observations.

Loss electrons have energy spectra continuously
spreading to high energy. The maximum energy of loss
electrons increases in time but saturates around 400-500
keV. A small fraction of hot electrons with 0 close to
OLp can be heated by the 2'„resonance to that energy
level. Continuous energy spectra of loss electrons do not
stem directly from the 2'„resonance diffusion driven by
beam fields because the associated heating characteris-
tics connect confined electrons to the loss cone only at
low energies (E ~ 10-20 keV) or at very high energies.
However, heating characteristics associated with cavity
fields can link confined electrons to the loss cone. The
calculation of diffusion coefficients shown in Fig. I in-
cludes cavity fields with the level as observed in GAM-
MA 10 (,'0 —

100 of the beam component). Diffusion
coefticients of a finite magnitude are distributed in the
region between the n =2 domain and the loss cone. This
is a probable process which causes a continuous spec-
trum of loss electrons.

Cavity fields also cause the co„resonance, but those
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efI'ects are estimated to be weak because of their low

power level. However, when an co„ECRH pulse aiming
at the 1.0-T surface is applied, its influence on electron
loss can be very strong. ' The level of 2'„ECRH
power has been kept nearly constant in the present ex-
periment. Loss rates depend on 2'„ECRH power. The
efIect of co„ECRH as well as the dependence on 2'„
ECRH power will be described elsewhere.

In summary, axial loss fluxes of hot electrons have
been successfully analyzed by use of a SSB detector.
Enhanced loss of hot electrons induced by the electric
field of 2'„ECRH was observed. In the energy spectra
of loss electrons, we have found a direct indication of the
dift'usion of electrons along heating characteristics of the
third-harmonic resonance in the velocity space.

We would like to thank members of the GAMMA 10
group for their collaboration in the course of this experi-
ment. Computation was performed with the VP-200
computer at the Computer Center of the Institute of
Plasma Physics at Nagoya University.
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