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ABSTRACT

Characteristics of hot electron ring are studied in a simple magnetic

mirror machine (mirror ratio 2:1) with a diameter of 30 cm at the midplane

and with the distance of 80 cm between the mirrors. Maximum microwave input

power is 5 kW at 6.4 GHz with the corresponding power density of approxi-

mately 0.3 W/cm3.

With a background cold plasma of 4 x 10 cm" , hot electron rings are

most effectively generated in two cases when the magnetic field on the axis

of the midplane is set near the fundamental or the second harmonic electron

cyclotron resonance to the applied microwave frequency. Density profile of

the hot electrons is observed to take a so-called ring shape with a radius

controllable by the magnetic field intensity and with an axial length of

approximately 10 cm. The radial cut. view of the ring, however, indicates

an M shape density profile, and the density of the hot electrons on the axis

is about one half of the density at the ring. Approximately 30 msec is

needed before generating the hot electron ring at the density of 10 cm

with an average kinetic energy of 100 keV. The ultimate energy distribution

function is observed to have a stepwise cut in the high energy tail and no

energetic components above 1 MeV are detected.

The hot electron ring is susceptible to a few instabilities which can

be artificially triggered. One of the instabilities is observed to associate

with a loss of lower energetic electrons and microwave bursts. At the

instability, the ring shape is observed to transform into a filled cylinder

in a few microseconds and disappear.
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1 . INTRODUCTION

I t has been known for a long time that the hot electron plasma
generated by microwaves in a magnetic mirror configuration takes a ring
shape.1'2

Because of high beta property of the hot electron ring, i ts application
to magnetic fusion devices has attracted great interests. For example,
poloidal Heliotron ring or Dawson ring could be replaced by the hot electron
ring which has no support losses nor anomalous scattering at the stagnation
points. Since the stabilization effect due to minimum average B with the
use of poloidal ring currents has been well studied experimentally," the
stabilization and physics of the hot electron ring is subject to further
investigation.

In the bumpy torn? concept where hot electron rings play a crucial
role for stabil ization!"8 the behavior of the hot electron ring is

9—12

anticipated to have a great similarity to that in a simple mirror.

In the following section, general description is given to microwave

generated plasmas in a simple magnetic mirror machine, TPM, at the Institute

of Plasma Physics, Nagoya University. Spatial structure or the density

profile of the hot electron ring is discussed in section 3. Experimental

studies on the evolution of energy distribution function of the hot elec-

trons are made in section 4. In the last section, several instabilities

are investigated by triggering them artificially with their effects on the

density profile and energy distribution of the hot electrons.

2. GENERAL DESCRIPTION OF THE TPM MIRROR MACHINE

The hot electron ring was generated by the microwave discharge in a
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simple mirror field with a mirror ratio R = 3.4 by means of the electron

cyclotron heating and is contained in a cylindrical cavity 40 cm long and 30

cm in diameter. The discharge is produced by a microwave pulse at 6.4 GHz

with 20 msec duration and powers variable up to 5 kW. The microwave power

is introduced radially through two opposite pairs of waveguide ports in the

cavity wall. The schematic diaoram of the device is shown in Fig.l.

-MAGNETIC FLL'X LINE
CONSTANT B CONTOUR

Fig.1. Schematic diagram of TPM machine. The bold
hyperbola-like lines across the flux lines indicate
the fundamental cyclotron resonance region.

The plasma produced at various power levels are very similar both in the

electron temperature and the electron density. For the most part, the

microwave was pulsed and helium afterglow plasma was studied.

In summary, various diagnostic techniques revealed the following

properties of the plasma in TPM mirror machine;

i) the plasma consists of three components: hot electrons, cold

electrons and helium ions;

ii) plasma density is composed of about 109-1010 hot electrons/

cm3 and 10 n-10 1 2 cold electrons/cm3;



- 3 -

iii) the average energy is typically 100 keV for hot electrons and
approximately 20 eV for the cold electrons;

iv) temperature of ions is about 7-10 eV;
v) the hot electrons take a density profile of shell structure

with 10 cm diameter;
vi) plasma density decay time is about several tens of msec, which

does not depend on the heating microwave power.

3. STRUCTURE OF HOT ELECTRON RING1

In order to determine the density and temperature of the hot electrons,
X-ray photons are taken through a 0.1 mm-thick Mylar window onto a 3" dia. x
3" long Nal scintillator being collimated by an X-ray telescope. The solid
angle subtended by the crystal through the collimator is about 10"5 sr and
it collects photons from a cylindrical volume of plasma approximately 10 cm
long with a cross section of 2 cm2. The collimation system excludes any
reception from the chamber walls. When the X-ray telescope is moved along
the vertical slit (<->ee Fig.l), it is possible to calculate the radial
distribution of X-ray emission by using Abel's transformation. This distri-

bution is directly proportional to
that of the hot electron density.
The hot electrons are thus ob-
served to be bunched in a shell
structure throughout the microwave
discharge and the afterglow of the
plasma as shown in Fig.2. The
radial density distribution of
the cold electrons has the shape
of a bell centered on the axis of
the machine, while after the power
has been removed, the top of the
bell is depleted to form a shell.
The fact assures that the cold
electrons present in the plasma
during the afterglow are those
produced by ionization of neutral
atoms by the hot electrons present

S 0 S
radial distance (cm)

F i g . 2 . Plot of the radial density distribution of
~ the electrons, after Abel's transformation.

The dashed curves in the left half are
related to the cold electrons and solid
curves in the right half to ths hot electrons.
Parameters are the tiraes (msec) after the
front of the heating microwave pulse, of
20-msec duration. Each observation is made
for 20 msec.
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in the shell. The decay of this new cold electron distribution is deter-

mined now by the longer lifetime (30-100 msec) of the hot electrons.

It has been confirmed1'6'16 that the location of the hot-electron shell

corresponds to the throat of the single-lobe hyperboloidlike surface of

constant magnetic field intensity, which provides the second harmonic reso-

nance for the heating microwave at 6.4 GHz. As the magnetic field

increases, the radius of the throat increases and the radius of the hot-

electron shell is observed to follow this growth. In other words, the hot-

electrons are generated within the mirror always at the zone of constant

magnetic field intensity which provides the electron cyclotron frequency at

3.2 GHz.

Structure of the hot electron ring along the magnetic lines of force

is studied by measuring the perturbed magnetic field intensity due to the

presence of the hot electron ring. A Hall element is fit at the tip of

stainless steel pipe which is movable along the axial magnetic lines of

force without much perturbation

on the hot electrons. The

results are shown in Fig.3,

where paramagnetic perturbation

is observed over 10 cm at the

midplane when the hot electron

ring is established after 10

msec of heating. Away from

the ring, the perturbation is

observed to be diamagnetic.

The structure of the hot
10 20 30

Axial distance
from Midplane (cm)

Fig.3. Perturbation of axial magnetic
field on the axis with a time of heat-
ing as a parameter.

electron plasma is thus observed

to be a tubing of approximately

10 cm in diameter and 10 cm

in length rather than a thin

ring. The location is deter-

mined by the constant |B|

surface in the midplane that, satisfies the second cyclotron harmonic reso-

nance to the applied microwave frequency. The length is obviously a func-

tion of pitch angles, so that it will strongly depends on the field shape

as well as the microwave power density.
One may be interested in production of hot electrons at the fundamental
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cyclotron resonance. The ratio of the heating rate due to the second

harmonic resonance, ?2» to that for the fundamental resonance, rl5 may be

given by

where k is the wavenumber and p is the Larmor radius of the electron. The

condition, Y2/-i > 1> requires kp > 1.5, which is satisfied for the electron

with the energy greater than 200 keV under the experimental condition: B =

1150 G and k = 1.28 cm"1. The main reason why the second harmonic resonance

is so effective in generating the hot electrons is due to the

fact that in the present mirror field the electrons trapped in the midplane

with large pitch angles turn out to that they can gain energy only at the

second harmonic resonance.

4. ENERGY DISTRIBUTION OF HOT ELECTRONS15

Spectral distribution of the X-ray bremsstrahlung is normally used to

determine the hot electron temperature, for which a typical spectral distri-

bution is shown in Fig.4. If we assume the hot electrons to have the

Maxwellian energy distribution and adopt the quasi-classical approximation

(Weiche-Naherrung formula) for the total cross-section for the emission of

a photon with energy k, the photon number r,(k) within the energy interval

(k, k + Ak) is given by

n(k) = 3.33 x lO-^NnrVSk-iexpC-k/T) (1)

(photons/sec-cm3keV)

where N is the density of atoms with the atomic number Z, n is the hot-

electron density, and T is the hot-electron temperature in keV. The elec-

tron temperature can be roughly estimated from the slope of log kn(k) vs.

k. However, the quasi-classical approximation is valid only under the condition

2irZe2/hv » 1, to which the corresponding critical energy of the electron in

hydrogen atoms is as low as 700 eV. For the hot electron plasma in the

present experiment, Born's approximation is preferable, whose applicability

is based on the condition 2trZe2/hv « 1. With the Forn approximation, we

get
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n(k) = 1.69 x 10-15Z2Nnr'/2k-1exp(-k/2T)K0(k/2T) (2)

(photons/sec-cm3keV)

where K (Z) is the modified Bessel function.

From the energy spectrum n(k) obtained with the use of a NaI(T£)

scintillator. The energy distribution function of the hot electrons is

calculated from the Volterra's integral equation given by

= ^ <l>pNk-l H MJm G(E, k)E"1f(E)dE
J Jk

n(k) = ^ <l>pNk-l H MJm G(E, k)E"1f(E)dE (3)
J Jk

where <f> = Z2r§/137, u = me2, f(E) is the energy distribution function of the
electron, and

G(E, k) = ln{(/E + / E ^ T ) 7 k } (4)

is the energy dependent part of the total cross-section for the bremsstrah-

lung of photon with energy k by the electron with energy E. If f(E) is

assumed to be fiaxwellian, Eq.(3) is reduced to Eq.(2).

In order to find f(E) from the raw data as shown in Fig.4 with the

use of Eq.(3), it is necessary to smooth the scattered distribution of n(k)

vs. k, which is obtained in a. punched, paper tape from a pulse height ana-

lyzer. Then, those measured points (n(k), k) are simulated by an elastic

string where each point is connected by a proper spring. Fairing is carried

out by using a computer in such a way that the elastic energy of the system

becomes minimum. Let assume a smooth, elastic string g(k-) which has

flexure rigidity El, and a spring constant K, then the elastic energy of the

system is given by

U = ? K £ {g(ki) - n(ki)}
2 + 1 El I g"(k.)2 (5)

A smooth curve g(k} which best represents the measured points is determined

by an elastic string resulting in the minimum value of U. Such a fairing

te:hnique may more or less depend upon the subjective expectation of those

who engage in the problem, and arbitrariness could be introduced through

the determination of K and El. An example of the energy distribution func-

tion determined from Eq.(3) after the fairing process described above is
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r

400
ik«V i

0.23 0.3
energy (MeV'

0.75

F i g . 5 . Energy distribution function of the hot
electron calculated from the raw data in
Fig.1*.

Typical energy spectrum of the X-ray
bre—sstrahJuag. The ordina-.e is the photon
number obtained vrith the use or a A00-
channel pulse-height, analyzer.

shown in Fig.5, for which the raw data shown in Fig.4 is examined.
The energy distribution resembles a Maxwellian distribution with the

temperature 60 keV, but its peak does not locate at 30 keV, but at 50 keV.
One may find that the calculated distribution function reflects the feature
of a loss-cone distribution, except a slight bump in the high energy tail.

Energy distribution determined from the X-ray spectrum tends to
smooth bumps and hollows. Direct measurements of the distribution functions
with the use of a solid state detector are made simultaneously. The detec-
tor is located in the mirror end by 70 cm behind the mirror point, and in
order to protect the detector from bombardment and burning by a copious
amount of hot-electrons, the detector is mounted behind a 1 mm-thick lead
disk with a hole of 0.1 mm in diameter. Therefore, the solid state detector
accepts the hot electrons being lost into the loss cone, and for those
electrons to reach onto the detector, their pitch angle in terms of Vj./v,,
must be at least smaller than 0.1 at the point of detection. However, this
does not bring about any serious modification of the energy distribution
function, since the detector is located outside the mirror trap on the
longitudinal axis of the magnetic field.

Some examples of thus measured energy distribution functions are shown



in Fig.6 where the energy distribu-

tion is measured for each successive

30 msec during the heating period of

200 msec. For the first 90 msec from

the introduction of the microwave

power, the so-called hot-electron

temperature determined from the

slope increases ana thereafter tends

to saturate. However, the average

kinetic energy keeps on increasing

by producing a plateau in the high

energy tail of the distribution.

Two reasons may account for the for-

mation of the plateau in the high

energy tail of the hot-electron

energy distribution function. One is

attributed to the fact that in a

mirror trap, lower energy electrons

are rapidly lost into the loss cone

by the Coulomb scattering and that the ultimate kinetic energy of the elec-

tron is proportional to the lifetime in the stochastic heating process.

High energy electrons are not only contained for a longer time in the

mirror trap, but also they experience more heating because of that prolonged

lifetime. The other reason is the experimental fact, which will be shown

later, that higher energy electrons are stable against the whistler insta-

bility, which is the most dangerous among many coexisting instabilities in

hot electron plasmas.

5 10
energy (XlGOkeV)

F i cr 6 Electron energy Distribution measured
~~ ~ by silicon surface barrier detectors.

The ordinate is the electron flux in
logarithmic scale. Input microwave
pulse is of 200-msec duration at the
peak power 4 kW. Gas is helium at
10~5 torr.

5. INSTABILITY OF HOT ELECTRON RING
13,14

Electromagnetic triggering

In the present device, instabilities can be triggered by introducing

an additional small microwave pulse of about 100 W at the same frequency as

the heating microwave pulse after 1-50 msec from the end of the main pulse.

For some conditions at pressures lower than the critical value of ~\Q~k torr,

the plasma is spontaneously unstable. However, no physical difference is

observed between the triggered instability and the spontaneous ones. When
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2nd pulse

34Gc fringe

- total light intensity

islMiiii'J x-band noise

x-rcy burst

rs probe

; rc probe

rc scintillation probe

z scintillation probe

sweep 5Opsec/div.

He p=3*lO"4torr

BM = I.2KG

2nd input power 5Ow

Fig.7. Signals accompanied with the
instability triggered by the second
microwave pulse (500 W). The onset of
the instability is seen about 70 ysec
after the pulse front. Helium (2X10"1*
torr) is admitted in steady flow opera-
tion. In the 6th and 7th traces, r s

denotes a radially inserted Langmuir
probe situated close to one end-walls
of the cavity and r c that at the center
of the cylindrical cavity wall. Both
probes are 10 cm apart on the same
magnetic lines of force.

frequency emission (8.4, 10.5, 12.6 and the
are collected by X-band waveguides.

the pressure is above 8 x 10"'',
no instabil i ty could be
triggered.

Some details of the
triggered instabil i ty are
shown in Fig.7. The instabil-
i ty is characterized by the
sudden loss of hot electrons
from the mirror bottle, but
not of the cold electrons, and
by the stronn burst of micro-
wave emission. The signals
related to the hot electrons,
like X-ray s igrcl , microwave
noise, scint i l lator output and
diamagnetic signals, disappear
within several microseconds.
However, those related to the
cold electrons, l ike Langmuir
probe signal, l ight intensity
and plasma density, decay at a
slower time constant of about
200 ysec.

The strong microwave
burst accompanied by the
instabil i ty characterizes the
nature of the instabi l i ty.
The microwave emission is
composed of harmonics of 2.1
GHz fo the typical mirror
f ie ld (4000 G - 1200 G - 4000
G). Signals in the frequency
range of 2.1, 4.2 and 6.3
GHz are collected by a loop
antenna, while the higher-

frequency region up to 18.9 GHz)



Although the magnetic field is varied around the optimum field
intensity (4000 G - 1200 G - 4000 G), the variation of the microwave fre-
quency (2.1 GHz) with the magnetic field at the mirror center is insensitive.
This is quite reasonable, since the hot electrons are produced in a shell
which touches the throat of the singlelobe hyperboloid-like surface of the
constant magnetic field intensity, which provide the electron cyclotron
frequency at 3.2 GHz. Since the frequency 6.4 GHz of the heating microwaves
is fixed, the magnetic field intensity which give rise to the second
harmonic resonance is also fixed. This fact implies that most hot electrons
stay always around the region of 1140 gauss, corresponding to the second
harmonic resonance, as far as the mirror remains around the optimum field
intensity. When the field is changed drastically to give the production and
heating at the center of the mirror at the fundamental cyclotron resonance,
the frequency of the microwave radiation is doubled and becomes 4.2 GHz.
The main contribution to the total power emission comes from the fundamental
component and the power collected by the probe is found to be several 10 W
within a bandwidth of 5 MHz. The amplitude of the burst increases with the
growth rate of about 0.1 ysec, and reaches its maximum at about 1 visec
after the initiation of the instability.

Furthermore the radiation is detected by using a pair of two loop
antennas inserted into the cavity each through the opposite end arms, one being
fixed and the other movable along the axis of the machine. The microwave
emission accompanied with the instability is found to be standing electro-
magnetic waves with the wavelength of 19 cm for 2.1 GHz. The mode of the
wave is likely to be determined by the diameter of the cylindrical side
arms of the vacuum chamber as a circular waveguide with TE,, mode. It will
be also interesting to note that the instability destroys the hollow
structure of the hot electron plasma. Experimental detection with the use
of a Hall element is shown in Fig.8, where longitudinal magnetic perturba-
tions are compared in two cases of stable and unstable decay. In case of
unstable decay, either the hot electrons fill the hole, or the peaked edge
disappears.

At the onset of the instability, the burst of end loss electrons,
which escaped out of the magnetic mirror, was led onto an aluminum foil of
six different thickness. The energetic electrons having passed through the foil
impinge onto a plastic scintillator mounted on a photomultiplier. The
resulting signal of the photon pulse-height is a function of the absorber
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*xial distance from midplane (cm)

Fi-g-8- Plasma magnetic field along the axis of
the machine. The parameters are the time in msec
from the heating pulse front. When the instability
is triggered at 13 msec, the anti-d*^magnetic field
disappears and larger diamagnetic fields are
observed, which tells us that the shell structure
has been carried away by the instability.

heatinc pulse : SkwOOmsec width) i
pressure • 2.5X 10 -*torr Ihtiiua)

Fig. 9 . Number of electrons escaped from the
mirrors at ihc triggered instability, vs. their
energy measured by the scimiUator probe
on the z-axis. The 2nd microwave pulse
was applied 20 msec after the main pulse
tumofi".

thickness. The pulse height spectrum
in the presence of instability is
shown in Fig.9, where the thickness
has been related to the energy of the
electrons from the range-energy curve.
The electrons that escaped from the
mirror during the quiet decay is
observed to have a Boltzmann distribu-
tion with the temperature of about
150 keV.
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Spontaneous instability
Transient state just after the removal of the microwave power have

been observed to support various kinds of instability: interchange modes in
simple mirror traps, electrostatic velocity space mode, and electromagnetic,
whistler mode. During the heating period with the microwave power input,
the stability aspect of the plasma is similar :o that during the transient
state, and the life time of the hot electron is supposed to be much shorter
than it is during the stable, late afterglow. The fact is not only
attributed to those instabilities, but also to the stochastic heating
process itself in the sense that the diffusion in velocity space inevitably
accompanies that in the coodinate space. During the heating period, a
copious amount of X-ray emission is detected, which is obviously radiated
by numbers of hot electrons colliding with the cylindrical wall of the
vacuum chamber.

Spontaneous instabilities are typical of the hot electron plasma
especially operated in a lower pressure regime. Effect of the instabilities
on the energy distribution of the hot electrons are shown in Fig.10, where
striking feature lies in the repetitive sudden decrease in the number of
low energy electrons. These wild fluctuations are observed to correspond
with spontaneous instabilities appearing regularly during the heating
period. These instabilities have been studied in detail and identified
to be the whistler instability. Driving whistler waves, resonant electrons
consume their energy component perpendicular to the magnetic field and fall

into the loss cone. From Fig.10
we see that those resonant elec-

|'E=50keV ,.j

trons have energy below or approx-
imately 50 keV. More important
fact is that the electrons with
higher energy are found not to
participate with the instabilities.
The fact implies that the cloud of

100 200 300

TIME (»s«) high energy electrons be stable
Figj_o. Rci^vr change in the number or citron, against the whist ler i n s t a b i l i t y ,

wilh specified energy E. The heating micro- ' J

wave puise is turned orr at 2oo msec. which i s the most dangerous,

absolute instabi l i ty among many
coexisting electrostatic and electromagnetic instabi l i t ies. This character
wi l l be in the favor of producing self-minimum B configuration with the use

JJ200
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of a collection of high energy electrons.
Electrostatic triggering

The reason why the hot electron plasmas are stable against flute
instabilities during afterglow, especially, is understood as being due to
the presence of the cold electrons; the stabilization is attributed to a
linetying effect caused by 'volume' short-circuiting cold electrons, which
are continuously generated by the hot electrons ionizing residual helium
atoms during the late afterglow plasma.

By controlling the cold electrons, one can artificially trigger
hydrodynamical instabilities, as well as microscopic ones.

In order to

_JJ |J position or check the stabiliia-
U U "%%% tion mechanism in

detail, a disturbance
is introduced by
extracting the cold-
electron component
from the plasma by
means of a pulsed
Langmuir probe. Sev-
eral probes are
located at different
radial positions and
a pulse of positive

RADIAL DISTANCE

Fig.11. Probability of triggering the insta-
bility by radial probes (Pi ^ P5); probes Pu
and P5 can trigger the instability.

voltage is applied to them against the plasma. As shown in Fig.11,
probability of triggering instabilities are observed to be maximum when the
positive voltage is applied to the end probe, located on the magnetic lines
of force which pass through the region of maximum hot-electron density.
It is important to recollect that the hot electrons take a ring shape,
which is a peculiar feature of ECH hot electrons in a magnetic mirror trap.
By varying the height and width of the pulse applied to the probe, the
triggering probability is plotted as a function of the cold-electron number
deprived by the pulsed Langmuir probe. As shown in Fig.12 the minimum
number of electrons extracted to provoke the instability at 100 % is esti-
mated to be 10 1 2, which corresponds to average 5 % depletion of local elec-
tron densities. Being associated with the extraction, a whistler insta-
bility is detected,, as well as a flute-like, low frequency instability.
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p,,!
5 msec (afterglow)

SOOr-
I

o
~ 50 O O

0_

parameter

O pulse width

0 voltage

o
I

0 0.5 1.0

ELECTRON NUMBER REMOVED BY PROBE(X10'-]

1.5

Fig.12. Probability of triggering instabil-
ities by the probe Po. Extracted electron
number was estimated by time integration of
the probe current.

The detailed process of

the triggering is shown

in Fig.13. About 8

ysec after the pulse

current of cold-electron

evulsion, flute-like

instability, propagat-

ing azimuthally in the

diamagnetic direction,

is observed to grow and

successively a whistler

instability is detected

in the similar way as

described in the pre-

vious section of elec-

tromagnetic triggering.

In the present

ECH plasma, the hot-

electron energy is so

high that the electro-

-heating po»er!6. 4 GHzl
s-band radiation
triggering probe-current
x-ray radiation-
jrwave radiation (2.S5 GHz)
total light intensity

x-band radiation
counter-probe current
triggering-probij current
wali-probe current

Fit

1 '5 ms/div ; 2 : A expanded to 0.2ms/div
3 : B expanded to 20 fts/div

. 1 3 . Instability is triggered in 3.5 msec after the
heating power turned ofi*.

magnetic instability can easily

compete with electrostatic ones. It

should be noticed that hot electron

plasmas are almost always electro-

magnetically unstable, since the

condition Tj./T,, > 1 is inevitable.

Experimentally a critical

ambient, neutral gas pressure is

observed below which the hot elec-

tron plasma carries various insta-

bilities. The pressure is higher

for higher microwave input power.

The stable and unstable boundary

with the input power of 5 kW is shown in Fig.14, where the quasi-stable

region is determined by the electrostatic triggering.
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