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Enhanced Axial Loss of Electrons from a Tandem Mirror Induced
by an Alfvén Ion Cyclotron Wave
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(Received 22 June 1998)

Increases in the flux and temperature of end-loss electrons are observed following excitation of an
Alfvén ion cyclotron (AIC) mode in the GAMMA 10 tandem mirror. Electron loss power carried to an
end wall becomes more than twice as large as that without the AIC mode. The increases in the electron
flux and temperature are observed only when the parallel phase velocity of the AIC mode matches
with the electron thermal velocity, strongly suggesting that the parallel electron acceleration is due to
electron Landau damping of the AIC mode. [S0031-9007(98)08365-3]

PACS numbers: 52.35.Qz, 52.50.Gj, 52.55.Jd
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Electron acceleration by using waves of an ion cyclotro
range of frequency has been studied for current dri
and electron heating in tokamaks, where electron Land
damping is considered to be a basic mechanism [1–4]. E
ternally excited fast magnetosonic waves have been us
in these experiments. In Landau damping, electrons w
a parallel velocity nearly equal to the wave phase velo
ity are resonantly accelerated along a magnetic field li
[5]. Therefore, electron acceleration due to Landau dam
ing of ion waves is also very important in mirror device
because it may affect potential formation and possib
enhance electron axial loss. So far in mirror devices, ho
ever, electron acceleration by ion waves has not been st
ied, except for helicon waves with a frequency much high
than an ion cyclotron frequency,v ¿ vci [6]. While the
theoretical study on interaction between helicon waves a
electrons is still under way, electron acceleration by he
con waves has been observed in basic experiments [7
Recently, a slow Alfvén ion cyclotron (AIC) wave with
v # vci was spontaneously excited in a central cell o
the GAMMA 10 tandem mirror [9–11], and its interaction
with electrons has been found. In this Letter, the first o
servation of parallel electron acceleration by the AIC wav
is reported. From the analysis of the transient feature
the electron acceleration, electron Landau damping is
tributed to this interaction.

The AIC wave is spontaneously excited in the centr
cell in GAMMA 10 with hot ions of a large temperature
anisotropy. Its interaction with ions has been reporte
[10]. The AIC wave causes relaxation of the anisotrop
of the ion velocity distribution. This Letter shows a reso
nant interaction between the AIC wave and electrons, a
adds a new aspect to the study of the AIC wave. Man
electromagnetic waves with a frequency nearvci are spon-
taneously excited in a plasma trapped in a mirror config
ration including space plasmas [12,13]. This paper reve
the importance of the electron response to these waves

Observation of electron Landau damping of a slow wav
had been claimed in the C stellarator [14]. The slow wav
was externally excited and there was a beach resonanc
0031-9007y99y82(6)y1169(4)$15.00
n
ve
au
x-
ed

ith
c-
ne
p-
s
ly
w-
ud-
er

nd
li-
,8].

f

b-
e
of
at-

al

d
y
-
nd
y

u-
als
.
e
e

e of

ions. The electron temperature was indirectly estimate
from the Spitzer resistivity. Contrary to this experimen
frequencies of the AIC modes are lower thanvci. There
is no resonance with ions, and resonant interaction wi
electrons can be extracted. We directly detect accelera
electrons at a machine end by making use of the open fie
configuration of GAMMA 10 and examining the effects o
the AIC mode on electrons. Information on the AIC mod
obtained with reflectometers [15] and magnetic probes [1
makes it possible to discuss the Landau damping proce

The GAMMA 10 tandem mirror consists of the centra
cell, two anchor cells located in both ends of the centr
cell, and two mirror cells connected to the anchor cel
[9]. The magnetic field strength at the midplane of th
central cell is 0.405 T and the mirror ratio of the centra
cell is 5. A slow wave withv . vci0 is excited for ion
cyclotron resonance heating by a pair of antennas instal
midway between the midplane and the mirror throats
the central cell. The resonance layer is located betwe
the midplane and antenna position. Here,vci0 is the ion
cyclotron frequency at the midplane of the central cel
Ions are perpendicularly heated and magnetically confin
near the midplane. The ion temperatureT' perpendicular
to the magnetic field line attains several keV. Anisotrop
defined by the ratio ofT' to the temperatureTk parallel
to the magnetic field line becomes larger than 10 [17
The b value of a hot ion plasma is about 1%. The
measurements reported here are all done without elect
cyclotron resonance heating at a plug region.

End-loss electrons are measured with an electrostatic
ergy analyzer of a multigrid type installed on an end wa
of the vacuum vessel. End-loss electrons enter the an
lyzer through a small hole on an electrically floating en
plate that is located in front of the end wall. The collec
tor current of the analyzer stands for the electron curre
flowing into the end plate. The electron repeller voltag
of the analyzer is swept, and current voltage characterist
of the end loss electrons can be obtained in one shot.

An AIC mode is excited when a drive termbsT'yTkd2

exceeds a threshold value [11]. Its excitation is monitore
© 1999 The American Physical Society 1169
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by reflectometers [18] and magnetic probes. Usually,
AIC mode has several peaks in the frequency spectr
The frequency of each peak is lower thanvci0. Fig-
ures 1(a) and 1(b) denote a central cell line densityNl

and a central cell diamagnetic signalD. Since the elec-
tron temperatureTe is much smaller thanT', the diamag-
netic signal represents the perpendicular pressure of the
ions. As the diamagnetic signal increases, an AIC mo
is excited as shown in Fig. 1(c). The AIC mode is me
sured with a reflectometer installed near the midplane
the central cell. Simultaneously with AIC mode excit
tion, a steplike increase in the collector current of the e
ergy analyzer is observed as depicted in Fig. 1(d). He
the electron repeller voltage is kept constant, and the
crease in the collector current indicates an increase in
end-loss currentIe flowing into the end plate.

The mean energy of the end-loss electrons also
creases. Figure 2 denotes the collector currents just be
and just after AIC mode excitation, plotted as functions
the electron repeller voltage of the energy analyzer. T
energy distribution of the end-loss electrons can be fit
to a one component Maxwellian. The electron tempe
ture as evaluated from the slope of the current-volta
curve slightly increases with excitation of the AIC mod
Figure 3 shows time variations of the diamagnetic s
nal, the electron current, and the electron temperature.
was point out above,Ie increases with AIC excitation bu
gradually decreases with time. A small increase in

FIG. 1. Wave forms of the relevant parameters. (a) The l
density of the central cell. (b) The central cell diamagne
signal. (c) The AIC mode signal measured by a reflectome
(d) The end-loss electron flux. In (c) and (d) the signa
increase downward.
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electron temperature with AIC is also seen. As withIe,
Te has a maximum value just after AIC excitation and de
creases very slightly with time.

Axial heat flow to the end plate carried by electrons i
roughly represented by2TeIe [19]. It has been considered
that, in a hot ion mode of GAMMA 10, the power source
of electron heating is electron drag on hot ions. We the
evaluate the end-loss power carried by electrons in term
of the electron drag powerPdrag  Wiytdrag [20]. Here,
Wi is the ion energy density and is well represented byD.
The electron drag time is proportional toT1.5

e yne. Thus
Wiytdrag ~ NlpDyT1.5

e , assuming that the plasma radius
does not change very much with time. Figure 4 plot
2TeIe as a function ofNlp DyT1.5

e . Before excitation of
the AIC mode, as depicted by closed circles, the electro
heat flow is very well proportional to the drag power. The
AIC mode enhances the electron heat flow as shown by t
open circles in Fig. 4. The value of2TeIe becomes several
times as large as the drag power. However, the electr
heat flow gradually decreases with time and asymptotes
the level of the drag power. Although the time width o
enhanced heat flow varies shot to shot, it is typically 1
through 20 ms. Thus the electron heat flow is enhance
transiently in the middle of ion heating and settles down t
a value corresponding to the drag power.

The transient phenomenon of electron acceleration su
gests a resonant interaction between electrons and the A
mode. Electron Landau damping is a possible mechanis
The power absorbed by electrons in Landau damping
given by [5]

PLD 
p

p v´0E2
k

√
vpe

v

!2√
v

kkye

!3

exp

"
2

√
v

kkye

!2#
.

(1)

Here,v is the wave frequency,vpe is the electron plasma

FIG. 2. Current-voltage curves of the end-loss electrons ju
before and just after onset of the AIC mode.
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FIG. 3. Time variations of the diamagnetic signal, the en
loss electron flux, and the electron temperature are plotted
the closed circle, cross, and open circle, respectively.

frequency,Ek is the wave electric field parallel to the
ambient magnetic field line,kk is the parallel wave number,
and ye is the thermal velocity of electronsye  s2Tey
med1y2. Power absorption is maximum forvykkye 
s3y2d1y2. This condition gives a relationTeseVd  1.9 3

10212svykkd2, v in Hz and kk in m21. Substituting
the experimental values,v ø 2p 3 5.8 MHz and kk ø

FIG. 4. The heat flow to the end plate is plotted as a functio
of Nlp DyT1.5

e . The horizontal axis is proportional to the
electron drag power. The closed circle stands for the heat fl
before excitation of the AIC mode and the open circle depic
that after excitation. The indicated times are representat
values.
d-
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10 m21, maximum coupling is expected forTe ø 30 eV.
As shown in Fig. 3, the electron temperature is abo
30 eV and meets this condition well.

We then comparePLD with Pdrag. For ne  2 3

1012 cm23, Ti  2 keV, andTe  50 eV, typical in the
central cell of GAMMA 10, the drag powerPdrag is
estimated to be1.7 3 105 Wym3. For the same condition,
the Landau damping power is evaluated to bePLD ø
1.1 3 103E2

k Wym3. By using the parallel component o
the Ampere law of the Maxwell equationss= 3 Bdk 
v´0m0KkEk, the magnitude ofEk is evaluated for a cold
plasma as [21]

Ek ø
c2

v

√
v

vpe

!2

krBu . (2)

Here, kr is the radial wave number andBu is the azi-
muthal component of the wave magnetic field. Forne ø
2 3 1012 cm23 andkr ø 2pya for a plasma radiusa of
about 0.1 m, the parallel electric field is given byEk ø
3.3 3 104BusTd Vym. The magnitude ofBu is estimated
from magnetic probes located near the midplane and n
the mirror throat of the central cell [11,17]. The on-axi
value of Bu is evaluated to a factor of31024 T, which
givesEk $ 10 Vym [22]. ThusPLD compares well with
Pdrag. This is consistent with the enhanced heat flux
the end plate, which is nearly double the drag power,
plotted in Fig. 4. The AIC mode has a significant ampl
tude in the central cell [11,16]. The region in which th
electrons gain energy from hot ions is also limited to th
central cell. Therefore, the comparison ofPLD with Pdrag
is valid. The Landau damping power depends on the el
tron velocity distribution [23]. Equation (1) assumes a
isotropic electron distribution function. Frequent electro
collisions ste , 10 msd keep the distribution isotropic in
the present experiment.

One remarkable feature of the present observation is t
enhancement of the end-loss electron flux lasts for on
,10 20 ms after excitation of the AIC mode. Characte
istics of the AIC mode are measured with magnetic prob
The AIC mode has several frequency peaks. Figure 5
shows time variations of the peak frequencies. After o
set of the AIC mode, they shift slightly upward with time
but they are bounded within a narrow frequency band a
then gradually approach constant values. The value
vci0 is 6.16 MHz. Thus the peak frequencies lie in be
tween,0.9vci0 0.95vci0. The parallel wave number is
estimated from the phase differenceDf between the AIC
signals detected on two magnetic probes installed near
midplane with an axial distanceDl. Figure 5(b) depicts
DfyDl corresponding to each frequency peak. Just af
onset, the AIC mode is a traveling wave and finiteDfyDl
of ,5 10 m21 corresponds to the parallel wave numbe
kk. Although DfyDl soon asymptotes to a very sma
value, a detailed examination indicates that the variati
of DfyDl is not due to a shift to a long wavelength sid
but is due to a change to a standing wave. The wavelen
itself becomes rather short [16].
1171
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FIG. 5. Time variations of the frequencies of the AIC mod
(a) and the parallel wave numbers corresponding to ea
frequency (b). The value ofkk is evaluated askk  DfyDl.
Here, Df is the phase difference between the magnet
fluctuations picked up by two magnetic probes placed with th
axial distanceDl.

The transient increase in the heat flow is interpreted
follows. As is seen in Fig. 5(a), the frequency of the AIC
mode is bounded in a narrow band and hence almost c
stant. Then, the power absorption by electronsPLD is pro-
portional tox3 exps2x2d, wherex  vykkye. Here, we
assume constancy of the electron density [see Fig. 1(a
ThusPLD is maximum atx0  s3y2d1y2 and quickly falls
for x , x0 or x . x0. Experimental parameters at the on
set of the AIC mode,Te ø 30 eV andkk # 10 m21, are
very close to the condition of maximum power absorptio
This explains the jump of the heat flow to the end pla
as plotted in Fig. 4. Subsequently,Te increases and the
wavelength of the AIC mode decreases with increasing fr
quency. This leads to a decrease inx and then results in a
substantial decrease inPLD. At a later time,x decreases
to about 0.5, which results in a decrease inPLD by about
70%. In the meantime, the drag power increases as
ion temperature increases, and the electron temperatur
about 60 eV is sustained by electron drag only. The val
of kk sometimes takes a value at about10 m21 again at
a later time, and the heat flow also increases at the sa
time. Moreover, when ion heating power is adjusted in o
der for the hot ion pressure to keep an appropriate value,kk

remains5 10 m21. In this case, the increase in the elec
tron heat flow lasts for a long time.

The observations described so far strongly suggest t
the electron acceleration is due to electron Landau damp
of the AIC mode. Here, we enumerate the facts supporti
this. First, the increase in the heat flow is triggered by th
AIC mode and well accounted for by Eq. (1). Second
the enhancement of the heat flow resonantly occurs on
for x ø x0. Third, the AIC mode is a spontaneously
excited plasma wave and there is no possibility of electro
acceleration due to a near field of an antenna. Moreov
1172
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since the electron collision frequency is much smaller tha
the AIC frequencysncoll ø nAICy20d, collisional damping
does not cause electron heating. The small collisio
frequency ensures the conditions of the validity of Landa
damping [5].

In summary, we have observed enhancement of th
end-loss electron flux and the heat flow to the end plate
GAMMA 10 during the phase of hot ion creation. This
enhancement is driven by the AIC mode. The increase
the heat flow is equal to or higher than the electron dra
power on hot ions. The present observation shows th
electron Landau damping of the AIC mode is the mos
probable mechanism of the parallel electron acceleration
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during this work.

*Present address: Faculty of Integrated Human Studie
Kyoto University, Sakyouku, Kyoto, 606-8501, Japan.

†Present address: National Institute for Fusion Scienc
Toki, Gifu, 509-5259, Japan.

[1] T. H. Stix, Nucl. Fusion15, 737 (1975).
[2] N. J. Fish and C. F. F. Karney, Phys. Fluids24, 27 (1981).
[3] C. C. Pettyet al., Nucl. Fusion35, 773 (1995).
[4] T. Intrator et al., in Radio Frequency Power in Plasmas,

edited by R. Prater and V. S. Chan, AIP Conf. Proc
No. 355 (AIP, New York, 1996), p. 221.

[5] T. H. Stix, Waves in Plasmas(AIP, New York, 1992).
[6] F. F. Chen, Plasma Phys. Control. Fusion33, 339 (1991).
[7] A. W. Molvik, A. R. Ellingboe, and T. D. Rognlien, Phys.

Rev. Lett.79, 233 (1997).
[8] R. T. S. Chen and N. Hershkowitz, Phys. Rev. Lett.80,

4677 (1998).
[9] T. Tamano, Phys. Plasmas2, 2321 (1995).

[10] M. Ichimuraet al., Phys. Rev. Lett.70, 2734 (1993).
[11] R. Katsumataet al., Phys. Plasmas3, 4489 (1996).
[12] R. F. Post, Nucl. Fusion27, 1577 (1987).
[13] A. Roux et al., J. Geophys. Res.87, 8174 (1982).
[14] S. Yoshikawa and H. Yamato, Phys. Fluids9, 1814

(1966).
[15] A. Maseet al., Phys. Fluids B5, 1677 (1993).
[16] A. Kumagaiet al., Jpn. J. Appl. Phys.36, 6978 (1997).
[17] R. Katsumataet al., Jpn. J. Appl. Phys.31, 2249 (1992).
[18] The reflectometer finds density and magnetic fluctuation

in the microwave power returning from the cutoff layer
as a reflection of an incident probe microwave. For mor
detail, see Ref. [15].

[19] T. Saitoet al., J. Phys. Soc. Jpn.66, 3809 (1997).
[20] J. Wesson,Tokamaks(Clarendon Press, Oxford, 1997).
[21] W. P. Allis, S. J. Buchsbaum, and A. Bers,Waves in

Anisotropic Plasmas(MIT, Cambridge, MA, 1963).
[22] Since hot ions do not reach the mirror throat, the mirro

throat magnetic probe can be inserted into the axis withou
disturbance. For the fluctuation amplitude, see als
Ref. [15] and A. Maseet al., [Rev. Sci. Instrum.66, 821
(1995)].

[23] M. Porkolab, in Radio Frequency Power in Plasmas,
edited by Donald B. Batchelor, AIP Conf. Proc. No. 244
(AIP, New York, 1992), p. 197.


