
UC Irvine
UC Irvine Previously Published Works

Title
Observation of transverse and longitudinal modes in non-neutral electron clouds confined in 
a magnetic mirror

Permalink
https://escholarship.org/uc/item/0qj0z86h

Journal
Applied Physics Letters, 34(2)

ISSN
00036951

Authors
Eckhouse, Shimon
Fisher, Amnon
Rostoker, Norman

Publication Date
1979

DOI
10.1063/1.90723
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0qj0z86h
https://escholarship.org
http://www.cdlib.org/


Observation of transverse and longitudinal modes in non-neutral 
electron clouds confined in a magnetic mirrora> 

Shimon Eckhouse,bl Amnon Fisher, and Norman Rostoker 

Physics Department, University of California, Irvine, California 92717 
(Received 31 August 1978; accepted for publication 6 November 1978) 

Electrostatic modes on non-neutral electron clouds confined in a magnetic mirror field 
have been investigated. The cloud contains 2X 1011 electrons at an average kinetic 
energy of 0.3 MeV for a magnetic field with a peak intensity of 9 kG at the midplane. 
It was found that the cloud is moving azimuthally as well as longitudinally. The 
azimuthal motion has an m = 1 spatial nature. The longitudinal modes have a more 
complicated nature, but their frequency equals that of the azimuthal mode. 

PACS numbers: 52.55.Ke 

The physics of non-neutral plasmas has been investigat
ed lately because of the basic physical phenomena they re
present and because of application of such plasmas to collec
tive ion acceleration. An equilibrium of a non-neutral 
plasma is possible only if some restoring force overcomes the 
tendency of the plasma to expand by the action of its self
electrostatic field. The restoring force is usually supplied by 
a magnetic field. Non-neutral plasma equilibria were investi
gated experimentally and theoretically for straight magnetic 
fields, 1- 2 toroidal magnetic fields, 3

-4 and mirror magnetic 
fields. 5- 6 

Levy1-& has shown that an infinitely long cylindrically 
symmetric cold non-neutral electron plasma, confined in a 
homogeneous magnetic field, will exhibit electrostatic flute
type surface waves which might be stable or unstable. These 
waves have been ovserved experimentally by Daugherty et 
aU in a toroidally confined plasma. 

In the present experiment a non-neutral electron cloud 
is injected, traped, and compressed in a magnetic mirror 
field. The experiment was described in detail elsewhere6 and 
it is shown schematically in Fig. 1. The magnetic mirror field 
rises in 160 µsec from zero to a peak value of 9 kG at the 
mirror minimum. The field then decays in 1.6 msec. The 
mirror ratio os I. I : 6 on one side and 1.2 : 3 on the other 
side. The vacuum system has a base pressure of 5 X 1 o-s Torr. 
Inside the glass cylinder is a 10-cm-diam slotted stainless
steel cylinder which enables penetration of the fast magnetic 
field. The injector has a thermionic electron source and it is 
usually biased to -8 kV. The emitted current is about 10 A 
and the injector is pulsed for about 10 µsec. The injector is 
pulsed at the start of the magnetic field and electrons are 
injected during the first few microseconds of the mirror-field 
rise. 6 The injector is located between the mirrors close to the 
high side as indicated in Fig 1. 

About 2 X 1011 electrons are trapped under these condi
tions. They are compressed and accelerated by the increas
ing magnetic field to a cloud with a radius of about 5 mm9 

and to an average kinetic energy of0.3 MeV.6 Firing of the 

"'Work supported by the National Science Foundation. 
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ejecting coil shown in Fig. 1 pushes the cloud to the left, and 
when the mirror field becomes flat the self-electrostatic field 
of the cloud pushes it out of the mirror. 

Electrostatic probesl (image current probes) are used to 
detect the modes of the electron cloud. These probes are 
sensitive to motion of net charges in the system which in
duces an image current on the probe.l Two kinds of electro
static probes are used: radial probes are placed outside of the 
glass tube near the slot in the stainless-steel cylinder and they 
are sensitive mainly to radial or azimuthal motion of the 
electron cloud; longitudinal probes are placed on axis with 
their area perpendicular to the axis of the system and they 
are mainly sensitive to motion of the cloud along the axis. All 
the radial probes have a width of 2 cm and they are longer 
than the slot in the metal tube. The longitudinal probes have 
a shape of a disk with a 10-cm diameter and are located as 
indicated in Fig. 1. 

As reported before, 6 we have measured the frequency of 
oscillation recorded on radial probes as a function of a few 
parameters of the experiment. We found that the frequency 
is independent of the value of the magnetic field and the 
electron injection energy. We also found that the frequency 
is proportional to the number of electrons t rapped, which 
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FIG. I. Schematic diagram of the system. Note the two longitudinal elec· 
trostatic probes located on both sides of the system. The location of the 
radial electrostatic probe along the slot can be changed. 
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FIG. 2. (a) Schematic diagram of location or radial electrostatic probes 
around the system with the special slots cut in the stainless-steel cylinder. 
The location along the axis of the mirror field is also shown. 
(b) Signals recorded on the three probes. Two dual-beam oscilloscopes 
were used here. 

proves the collective nature of the measured oscillation. In 
the present study we have been able to increase the number 
of trapped electrons by a factor of 4 compared to previous 
results by some changes in the injector9 and by increasing the 
mirror ratio. This has, in turn, increased the frequency of the 
observed oscillations up to about 10 MHz, so that the same 
dependence between trapped charge and frequency exists for 
a larger range of charges and frequencies . 

The investigation of the spatial nature of these electro
static oscillations was done by using sets of radial and longi
tudinal electrostatic probes. A set of four radial probes 
spread along the slot in the stainless-steel cylinder measured 
the relative phases along the cloud axis. A zero phase differ
ence between all four probes was found. The meaning of this 
result is limited since the probes are exposed to the whole 
length of the cloud and they are not detecting only the oscil
lation at their location. What can be said safely is that this 
result is not in contradiction to identifying the mode as a 
flutelike mode. 

The azimuthal mode number was investigated by using 
three radial probes located around the metal cylinder. To 
facilitate this, we cut two additional slots in the metal cylin
der at angles of90° and 180° relative to the main slot. The 
slots were cut to a depth of 5 cm into the metal cylinder and 
to a width of 3 cm equal to the width of the main slot. The 
main slot was covered with a grounded metal strip out of the 
glass cylinder up to 5 cm from the edge so that the three 
probes detected the induced currents due to the cloud mo-
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tion with the same geometry. The geometry of this measure
ment is shown in Fig. 2(a). 

The signals observed on the three probes are shown in 
Fig. 2(b). The relative phases between the three probes in 
Fig. 2(b) are equal to their azimuthal shift. This proves that 
the mode observed is an m = l mode. Moreover, from the 
phase shifts between probes Nos. 3 and 4, the sense in which 
the disturbance is propagating azimuthally can be deduced 
and it is found to be clockwise. For the direction of the mag
netic field shown in Fig. 2(b), the E,xB, drift is also 
clockwise. 

Longitudinal motions of the cloud were detected and 
investigated using longitudinal probes at both sides of the 
experiment. We found that the cloud is exhibiting longitudi
nal oscillatory motion with a frequency that is always equal 
to the frequency observed on the radial probes. Figure 3(a) 
shows typical traces of the longitudinal probes on the high 
and low mirror sides. Usually, the singnal of the probe on the 
higher field side shows more components with higher fre
quency than the one on the low field side, as is also the case in 
Fig. 3(a). 

This situation changes if we inject and trap only a small 
number of electrons. Figure 3(b) shows the traces of the two 
longitudinal probes for a shot in which only about 5 x 10'0 

electrons were trapped. What is seen very clearly in this case 
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FIG. 3. (a) Typical signals on the two longitudinal electrostatic probes note 
the higher harmonfos observed on the probe on the high mirror side. (b) 
The same as (a), but here a smaller number of electrtons is trapped. Note 
the phase relation between the probes. Note also the decrease in the oscilla
tion frequency when a smaller number of electrons is trapped. (c) Signals 
observed on the rwo longitudinal electrostatic probes during ejection. The 
signal on the probe on the high mirror side is because of electrons hitting it 
directly. The probe on the low mirror side detects electrons hitting the end 
flange of the system through their induced charge. Note the phase 
difference. 
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is that the two probes show basically the same signal shape 
and that they are out of phase by 180°. 

A similar picture about the cloud longitudinal motion is 
observed during its ejection. As was reported earlier,6 the 
electron cloud is not ejected continuously, but in a series of 
pulses that appear at an almost constant frequency. Since the 
ejecting coil is located Pear the high side of the mirror (Fig. 
1 ), the electrons are expected to be ejected along the low side 
of the mirror. However, about 5% of the total number of 
trapped electrons are ejected through the high side of the 
mirror and are detected by the electrostatic probe located 
inside the vacuum system. Most of the electrons are ejected 
to the low mirror side and hit the flat edge of the glas tube 
which is insulated. The net charge of these electrons induces 
a net charge in the longitudinal electrostatic probe which is 
located in the low mirror side out of the vacuum system. 
Figure 3(c) shows the traces of the two longitudinal probes 
during ejection. What is seen is that a phase difference close 
to 180° exists between the two probe signals. This indicates 
that during ejection the electrons in the cloud are oscillating 
longitudinally in unison in accordance with the observation 
of Fig. 3(b ). Each time the oscillation reaches one of the 
mirrors, part of the electrons are ejected. 

A possible interpretation of the observed mode on the 
radial probe is that it originates from a bunch of electrons 
rotating on the surface of the cloud. The frequency of rota
tion on the cloud-surface is given by (J) = 2Necl a2B, where the 
cloud radius is a (cm), it has N electrons/cm, Bis the mag
netic field, - e is the charge of the electron, and c is the 
velocity of light. This is the rotation frequency obtained by 
calculating the.Ex.ii drift velocity originating from the radi
al component of the self-electrostatic field crossed with the z 
component of the magnetic field. 

We have proved experimentally,' by measuring the ra
dial distribution of the cloud that the cloud behaves roughly 
adiabatically so that a2 o: B -1

• This explains why the observed 
frequency is independent of the magnetic field. For the cloud 
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in our experiment the numerical value of (J) is about a factor 
of 5 higher than the value observed experimentally. This is 
obtained assuming a cloud length of 5 cm and a =0.5 cm for 
B= 10 kG.9 

The frequency of the Ex.ii drift rotation equals the 
m = 2 diocotron mode frequency for an infinite cylindrical 
column. However, our observed mode has an m = l spatial 
nature and it cannot be identified as this mode. The physical 
nature of the two phenomena is still very similar. The ob
served mode cannot be identified as the m = 1 diocotron 
mode either, since for that mode w 1=2N ,,cl R 2B, where R is 
the radius of the cylindrical conductor. The frequency of this 
mode is inversely proportional to the strength of the magnet
ic field, in contrast to the experimental observations.' 

The fact that the longitudinal and transverse modes 
have the same frequency proves that they are coupled. A 
possible coupling mechanism can be through the 0-compo
nent of the electrostatic field which is caused by the azimuth 
mode. This field crossed with the radial component of the 
mirror magnetic field causes an axial oscillatory drift which 
will have the same frequency as the azimuthal mode. The 
coupling may also happen because of the fact that the axis of 
the metal cylinder and the axis of the magnetic field are un
parallel. The azimuthal motion will then cause an oscillating 
component of the electric field in the z direction. 
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