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Experiments on the injection, confinement, and ejection of 
electron clouds in a magnetic mirror 

S. Eckhouse, A. Fisher, and N. Rostoker 

Department of Physics. University of California. Irvine, California 92717 
(Received 11 October 1977; final manuscript received 27 March 1978) 

A cloud of (5 to 10 keV) electrons is injected into a magnetic mirror field. The magnetic field rises in 
40--120 µ,sec to a maximum of 10 kG. Two methods of injection were tried: In the first, the injector is 
located at the mirror midplane and electrons are injected perpendicular to the magnetic field lines. In the 
second scheme, the injector is located near the mirror maximum. Up to about 1011 electrons were trapped 
in both schemes with a mean kinetic energy of 0.3 MeV. Measured confinement time is limited only by 
the magnetic field decay time. The compressed electron cloud executes electrostatic oscillations. The 
frequency of the oscillation is proportional to the number of electrons trapped, and it is independent of the 
value of the magnetic field and the initial electron energy. The electron cloud was ejected along the 
mirror axis and properties of the ejected electron cloud were measured by x-ray pulses from 
bremsstrahlung of electrons on the vacuum system wall and by collecting t:lec trons on a Faraday cup. 

I. INTRODUCTION 

In the last twenty years, unneutralized electron plas­
mas have been proposed for creating strong electro­
static fields that can be used for ion acceleration, l-3 

The development of strong relativistic electron beams 
have made possible the creation of nonneutral electron 
plasmas with large self- electrostatic fields of the order 
of 100 MV Im which increased the need for understand­
ing nonneutral plasma. 

A plasma with higher electron densities than ion den­
sities over macroscopic ranges must create an electro­
static field which will blow the plasma apart, and an 
equilibrium can exist only if a restoring force is ap­
plied which can, for example, be a magnetic field. 
Possible equilibria of nonneutral magnetically confined 
plasmas which were studied theoretically and experi­
mentally are: the rigid rotor equilibrium in an infinitely 
long cylindrical plasma column confined radially in a 
solenoidal magnetic field, t an electron plasma confined 
in a toroidal magnetic field, s-7 and a no1U1eutral plasma 
confined in a magnetic mirror8

-
10 which is the subject 

of this paper. 

The main difference between mirror confinement and 
toroidal or cylindrical confinement lies in the fact that 
the finite length of the electron cloud creates an electro­
static field component along the mirror axis (z) and the 
mirror action of the magnetic field creates the restor­
ing force in the z direction. 

A possible equilibrium of an electron cloud in a mag­
netic mirror was investigated by Davidson et al. 11 

They calculated an equilibrium configuration of a cloud 
of electrons with no spread in total energy H0 andcanon­
ical angular momentum P 6 • The calculation is to first 
order in le<{J / H01, where :p is the electrical potential. 
The cloud in their calculation turns out to be hollow. 

An experimental study of nonneutral electron clouds 
in a magnetic mirror was done by Kapetanakos et al. 8 

With fields of about 30 kG at the mirror midplane they 
have been able to compress and accelerate up to 1011 

electrons, which were held in equilibrium for times of 

the order of 10 msec. Equilibria in toroidal geometries 
werestudiedbyDaughertyet al.,5 Clarke/ al.,6 and Mohri 
et al. 7 In these experiments the magnetic field served 
mainly to confine the electron cloud and not for com­
pression and acceleration. In the first two experi­
ments, electron densities of up to 1010 electrons cm ·3 

were achieved, and Clark et al. 6 measured, directly, 
electrostatic potentials of up to 300 kV:. 

Recently, 12 it has been suggested that an electron 
cloud confined in a periodically varying toroidal mag­
netic field could be used to confine heavy ions which 
would be inductively accelerated. The electrons will 
not be accelerated because of their higher magnetic 
moment which reflects them in the local mirrors. Cal­
culations show that such a device12 may accelerate 1014 

ions to the 109 eV energy range. Many of the results 
of injection studies and stability properties reported in 
this work are relevant to this accelerator concept. 

Section II of this work describes the details of the ex­
perimental systems used. In Sec. III we describe some 
results of injection studies with the electron injector 
located at the mirror midplane and near mirror maxi­
mum. Section IV deals with the equilibrium properties 
of the cloud and with our ejection experiments. 

11. DESCRIPTION OF THE EXPERIMENT · 

A schematic view of the magnetic coil system and 
the vacuum system is given in Fig. 1. The mirror 
magnetic field is achieved by using a set of independent 
coils with an internal diameter of 12. 5 cm. Usually, 
three coils are used for the mirror and one coil for 
ejection. The use of individual coils facilitated varia­
tion of the field configuration. The field configuration 
used in most experiments is an asymmetrical mirror 
configuration, and the dependence of B ~ on z for this 
configuration is also given in Fig. 1. For this config­
uration the field has a mirror ratio of 1. 35 on the lower 
side and 1. 87 on the higher .side, and the distance be­
tween the field maxima is 20 cm although the effective 
length available for confinement is only 10 cm because 
of the unequal mirror ratios. With this configuration, 
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a field strength of 12 kG can be achieved at the mid­
plane with a 12 kJ capacitor bank. The mirror field 
risetime can be varied in the range of 40 to 160 µsec 
by using different connections of the capacitor bank to 
the coils. The field decays exponentially with a time 
constant of 1. 6 msec in the long risetime case and of 
0. 25 msec in the short risetime case. A coil identical 
to the coils used for the mirror is used as an ejecting 
coil; it creates a field that rises at a rate of up to O. 36 
kG/ µsec and to a maximum of 18 kG at the coil center. 

Because of the fast risetime of the magnetic field, a 
metal vacuum system could not be used in the experi­
ment. Instead, we used a Lucite system in some of the 
early experiments and a glass system in most c~ses. 
With the Lucite system, pressures of about 10"8 Torr 
could be achieved and the lifetime of the cloud was very 
limited. With the glass system, the usual working 
pressure was 5x10·8 Torr which extended the lifetime 
of the cloud to practically the decay time of the mag­
netic field. In both cases the vacuum system has an 
11. 5 cm i. d. In this cylindrical tube is a slotted, 
grounded stainless steel tube with an internal diameter 
of 10 cm. Stainless steel screens with the same dimen­
sions were also used in some cases. 

The injector is located at the slot of the metal cylinder 

T 
IOcm 

1 

ANODE 

FIG. 1. Experimental appa­
ratus. 

and is shown schematically in Fig. 2. The injector 
was described in detail earlier. 9 The injection voltage 
was varied in the range of 4 to 15 kV and injection cur­
rents of up to 20 A were achieved with pulses of up to 
10 µsec. The injector was located at different axial 
locations along the mirror as will be described later. 
The injector was built in such a way that the filament 
and the anode plate we·re parallel to the mirror axis. 
The filament extended 1 cm into the metal cylinder so 
that it was 4 cm from the mirror axis. In some cases 
two injectors at opposite radial positions on the metal 
cylinder were used, but this had no apparent influence 
on the results. 

The polarity of the injector was always such that the 
E • B direction at the injector was directed into the cen­
ter. An opposite electric field direction resulted in 
shorts at the injector. The injector voltage pulse could 
be operated at different times relative to the start of 
the magnetic field. 

The diagnostic of the system includedx-ray detectors, 
an electrostatic probe, a microwave detector, and a 
Faraday cup. Two x-ray detectors were used: a 5 cm 
x 5 cm NaI(Tl) detector with a 5 cm diam photomulti­
plier 10 dynode tube was used mainly to estimate the 
electron energies. The detector was calibrated by a 
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Co60 source and was then exposed to the x- rays from 
the experiment. The detector signal was integrated 
with a 25 µsec time constant which is long enough to 
identify the charge and the energy left by the photon in 
the detector . The detector was placed at a distance 
from the experiment such that the rate was about 10 
photons per msec, which permitted energy measure­
ments without pile up. In the energy range considered, 
most of the interactions are under the photopeak so that 
the method measures the photon energies. A second 
detector was a 7. 5 cm x 7. 5 cm NE102 plastic scintil­
lator attached to a 5 cm ten dynode photomultiplier. 
This detector was used in the ejected x-ray pulse mea­
surements because of its better time response. 

An electrostatic probe8 measuring induced currents 
was used to detect electrostatic oscillations of the elec­
tron cloud. The electrostatic probe was located at the 
mirror midplane in the metal slot at the same radius 
as the metal cylinder. It is 1. 9 cm wide and 4. 5 cm 
long. The signal is fed to an oscilloscope through a 
50 n terminated line. 

A Faraday cup was used to detect the total charge in 
the cloud. The Faraday cup consists of a 5 cm diam 
copper cup; the front face is covered with a copper 
screen. The collector is made out of metallic hexagonaJ 
tubes 2 mm wide and 2 cm long which are packed in a 
honeycomb structure and attached to a metal base. The 
axis of each tube is parallel to the axis of the experi­
ment. This structure reduces the effect of secondary 
electrons, since a secondary electron emitted has a 
high probability of being re-absorbed in the collector 
and not contribute to the net charge. The collector has 
a radius of 2 cm. The Faraday cup is located on the 
side of the weak mirror at a distance of 12 cm from the 
mirror minimum (Fig. 1). The field value at the Far­
aday cup location is 0. 4 of the lower mirror maximum. 
The Faraday cup signal is fed through a 50 n terminated 
coaxial line. 

A microwave horn is located 40 cm from the mirror 
midplane on the field axis. The horn is connected to a 
5 m long x-band waveguide which feeds the signal into 
an x-band detector (8 to 12 GHz) located in the screen 
room. 

10 11 

NO OF EL EC TRONS 

EACH POINT 
IS AN AVERAGE 
OF 4 SHOTS 

2 ~ 4 5 6 
V INJECTOR (l<VJ 

FIG. 3 . Number of trapped electrons as function of injector 
energy. 
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Ill. RESULTS OF INJECTION STUDIES 

Injection of an electron cloud into a toroidal field is 
most simply achieved if the injector is located on the 
boundary of the torus. This concept was used success­
fully by Daugherty et al. 5 We tried to use the same in­
jection concept in a mirror experiment. 9 This is in 
contrast to the Maryland experiment in which the in­
jector was located out of the mirror and electrons were 
injected along a bias magnetic field. The advantages 
of cross-field injection at the mirror midplane are: 
First, the electrons are injected at the location in which 
they are expected to be trapped and most of their en­
ergy should be in the perpendicular direction, which 
should make their trapping easier. Second, no mag­
netic guide field is needed. The basic disadvantage of 
locating the injector at the midplane is that one expects 
a thermionic injector to emit neutrals which might neu­
tralize the electron cloud. As has been shown13 and as 
we shall show, one can overcome this difficulty by some 
simple cleaning procedures. 

In the injection studies made by Daugherty el al . 5 

they found that the amount of injected charge increased 
with the injection voltage. They explained this by the 
fact that an electron has to meet some energy require­
ments in order to be injected into the existing potential 
well created by previously trapped electrons . A very 
similar dependence was observed by Clark et al. 6 Fig­
ure 3 shows the number of trapped electrons as a func ­
tion of the injector voltage for the injector located at 
the mirror midplane. The number of electrons trapped 
in each shot was measured by ejecting them on the Fara­
day cup and measuring the resulting charge. The large 
error bars in Fig. 3 correspond to large changes from 
shot-to-shot in the number of trapped electrons when 
this injection method is used. We must emphasize that, 
since the flow in the injector was close to space-charge 
limited in these experiments, the filament current also 
changes as a function of voltage. 

However, the more important dependence of the in­
jected charge is the dependence upon filament current. 
For our experimental conditions, successful injection 
is possible only if the current is higher than a critical 
current of about 5 A. (By successful injection we mean 
one at which at least 109 electrons were trapped.) This 
indicates that some kind of collective effect is related 
to a successful injection. 

During the injection we also measure the microwave 
power emitted in the x-band. We found that all success­
ful injections were accompanied by a microwave pulse. 
Figure 4 shows two typical traces of microwave power 
measured during injection. The microwave pulse al­
ways lasts for 1 to 2 µsec. In the lower trace the pulse 
appears 9 µsec after the magnetic field start while for 
the higher current it appears only 6 µsec after the field 
start. The value of the magnetic field is, of course, 
higher for the longer delay. Figure 5 is a plot of the 
dependence of the value of the magnetic field (measured 
in units of the electron cyclotron frequency nc) at which 
microwave emission in the x-band appears as a function 
of filament current. This is done for a large variety of 
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F IG. 4. Typical x-band microwave pulses for midplane injec­
tion for two different injector currents. 

experimental conditions as indicated in the figure. The 
value of the plasma frequency wp (this can be estimated 
from the measured filament emission current) for the 
electron density near the filament is of the same order 
as the electron cyclotron frequency Qc• However, wp 
is higher for higher currents so that if the conditions 
for microwave emission would have been w" = nc, then 
nc would have been an increasing function of the fila­
ment current in contrast to the experimental results. 

In addition to the microwave power measured during 
injection, a strong noise is also apparent on the fila­
ment current trace at the time of microwave emission. 
This is very similar to the observations of Daugherty 
et al. 5 The time of microwave emission is approxi­
mately the time for Hull14 cutoff conditions. It must 
also be pointed out that the microwave power measured 
fits an electric field at the injector of the same order 
of magnitude as the injector external electric field. It 
is therefore possible that the microwave field created 
plays an important role in the electron injection. 

We have also tried to pulse the injector at different 
times relative to the magnetic field. Because of the 
wide pulse we used, the behavior is not very clear. 
However, no successful injection was achieved whenever 
we pulsed the injector at late times such that the mag­
netic field value was higher than the one appearing in 
Fig. 5 for the appropriate current. 

A second injection method we used was one in which 
the same injector used previously was located at the 
same radial point but near the high mirror maximum 
(this is the location appearing in Fig. 1) . All shots 
done with this method were done with 160 µ sec rise 
time of the mirror field. This method is similar to the 
one used by Kapetanakos el al., 8 the main difference 
being that the injector is still located inside the mirror 
and no bias magnetic field is used. 

The maximum number of electrons trapped by this 
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method is similar to the numbers achieved in the pre­
vious method. Up to about 5 x 1010 electrons were trap­
ped with an injector voltage of 10 kV, current of 10 A 
which decays to zero after 10 µsec when the injector 
pulse starts together with the magnetic field. When the 
injector pulse was delayed for more than 5 µsec rela­
tive to the start of the magnetic field, no detectable in­
jection occurred. So, injection occurs only if the mag­
netic field of the injector is lower than 0. 4 kG. This 
value is consistent with the value reported by Kapetan­
akos et al. 8 who reported trapping for delays of up to 
about 20 µsec of the injector pulse that under their con­
ditions corresponds to a field of about 0. 3 kG at the 
mirror midplane. No critical current was observed in 
this case. No microwave emission in the x-band was 
detected either. This injection method can therefore 
be explained on a single particle behavior basis where 
the trapped electrons ar e those electrons which have 
the right momentum to be trapped in the mirror. 8 

Both methods have a similar and poor trapping effi~ 
ciency of 10·3 to 10·4, which is defined as the ratio be­
tween the number of electrons trapped to the number 
of electrons emitted by the filament. 

IV. EQUILIBRIUM PROPERTIES OF THE ELECTRON 
CLOUD AND EJECTION OUT OF THE MIRROR 

A. Holding power of a magnetic mirror and electron 
ejection 

A nonneutralized electron cloud is accompanied by 
an electrostatic field. An axially symmetric electron 
distribution has electrostatic field components in the 
radial direction (E,) and the axial direction (E.). The 
radial component of the electrostatic field is balanced 
by the magnetic field while the axial component can be 
balanced by the mirror action of the magnetic field. 
This is, of course, true when one neglects the self­
magnetic field of the cloud. 

n =~ c me 

IS {GHz) 
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0 
0 

• 
10 60 0 0 c. 

• • 
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a c. 
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5 10 
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di /'sec 

• V INJECTOR = 8 k V 
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d t I' sec 

FIG. 5. Value of magnetic field at the injector at which micro­
wave pulse is detected as function of electron current leaving 
filament. Magnetic field ls shown in units of the electron cyclo­
tron frequency. 
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Calculation of an electron cloud equilibrium in a mag­
netic mirror was done by Davidson et al. 11 They have 
done an analytic calculation which shows, approximately, 
that an equilibrium is possible for a cold electron cloud 
in a magnetic mirror provided that the number of elec­
trons is small enough so that their self- electrostatic 
field can be neglected. It is clear, therefore, that such 
a calculation cannot give the number of electrons that 
can be trapped in a given mirror. However, a very 
rough calculation that gives the scaling laws can be done 
very easily. If the electron has a magnetic moment 
µ = mv~/2B(r, z), where v , is the perpendicular electron 
velocity, m is the electron mass, B(r, z ) is the mag­
netic field as a function of the radius r and axial position 
z, then the electron will be trapped if the condition 

e! E,(r,z)! <µ J~~ I 
exists for every electron in the mirror where E,(r, z) 
is the z component of the electric field at a point (r, z). 
This assumes, that the electron can be treated adiabat­
ically. Now suppose that N electrons are trapped in a 
mirror of length L with a mirror ratio M; we then have 

Ne2 4Ne2 

!eE, !-(L/ z)F/;2, 

I aB 1-w, B(M-1) _ 2W«M-1) 
µ az B L/2 L , 

where W, is the perpendicular electron kinetic energy. 

or 

For the equilibrium to be possible, we demand 

2W,(M -1)/ L > 4Ne2/V, 

N < L W,(M - 1)/ 2e2
• 

For our experiment we have: M = 1. 35, L = 10 cm, and 
W1 = 0. 3 MeV and we get 

N < 4 X 1012
• 

This value is more than an order of magnitude higher 
than the number of electrons trapped. We use this 
dependence of the number of possibly trapped electrons 
on the mirror ratio in order to eject the cloud at a cer­
tain moment by increasing the field at the mirror mid­
plane until the mirror ratio of the weak mirror de­
creased to 1. In this way we can push the electron cloud 
out of the mirror, measure the charge directly on a 
Faraday cup, and measure the x-ray flux associated 
with bremsstrahlung of electrons hitting the walls of 
the vacuum chamber. 

Figure 6 is a typical example of two x-ray pulses 
resulting from ejection of the electron clouds. In the 
upper part of the figure is given the time dependence 
of the mirror ratio. What is seen quite clearly from 
the figure is that for the upper trace which shows a 
larger number of electrons in the cloud (assuming equal 
electron energy distribution in the two shots), ejection 
starts earlier than for the lower trace which shows a 
smaller number of electrons. Both shots wer.e made 
with the same voltage on the injector and the same max­
imum magnetic field, but with different injector cur-
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FIG. 6. Two ejection events as recorded on a 7. 5 c m x 7. 5 cm 
NE102 x-ray detector. Upper graph-mirror ratio as a function 
of time. Two lowe r traces are x-ray pulses r ecorded on the 
same time scale as the upper graph. Ejection starts earlier 
for a cloud with more trapped electrons. 

rents, so that one can expect similar electron energies 
in both cases. We assume, ther efore, that the current 
in the x- ray detector is proportional to the rate of elec­
tron ejection and the area of the pulse is proportional 
to the number of electrons that were trapped in the 
cloud. The x-ray flux was measured in both cases by 
the 7. 5 x 7. 5 cm NE102 scintillator which was located 
100 cm from the source. 

B. Equilibrium properties of the cloud 

1. Electron energy 

The use of the Nal detector enables us to estimate 
the energies of electrons in the cloud. 9 This cannot be 
done during the ejection of electrons since in this case 
there is a pile up of pulses in the Nal detector which 
permits no spectroscopic measurement. However, the 
energy can be estimated by using the fact that because 
of residual gas in the system, electrons are scattered 
to the walls and emit bremsstrahlung photons. 

When the emission rate was low enough, we could 
measure the amplitude of the integrated pulses in the 
Nal detector from which we estimate the electron ener­
gy. For an injection voltage of 10 kV, with the injector 
located at the field minimum and a maximum field of 
9 kG at the midplane, the average energy measured is 
0. 3 Me V. In these shots the voltage pulse was applied 
to the filament at the same time as the magnetic field 
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is fired . The injector pulse lasts for 10 µsec which 
corresponds to magnetic field values at the injector of 
o too. 6 kG, so that a measured energy of O. 3 MeV is 
consistent (assuming adiabatic compression) with a 
magnetic field at the injector of O. 3 kG which is within 
the limit given here. A similar value of kinetic energy 
of the electrons is measured when the injector is locat­
ed near the mirror maximum and for the same injector 
voltage. No measurement of the energy spectrum and 
its dependence upon the experimental parameters has 
been attempted because of the very limited accuracy of 
this method. 

2. Lifetime of the electron cloud 

If no apparent instability exists, it seems reasonable 
to expect that in a perfect vacuum the electron cloud 
should exist as long as the magnetic confining field 
exists. 8 However, if a residual gas exists in the sys­
tem, then collisions of electrons with neutrals should 
scatter them out of the portion of phase space which is 
trapped, 

The problem becomes crucial for the case of an in­
jector located between the mirrors . In this case even 
for a very low residual pressure before the experiment 
is started, there is a good chance that the neutral den­
sity will grow because of direct emission by the fila­
ment and because of emission from the walls which are 
hit by electrons not trapped. 

As mentioned in Sec. II, part of the early shots with 
the system were done with a Lucite vacuum container. 
As demonstrated previously by Fisher9 successful in­
jection and compression of an electron cloud in a mag­
netic mirror are also possible under poor vacuum con­
ditions if the risetime of the compressing field is short 
enough (50 µsec). In the first stages of the experiment 
therefore, we tried to use a Lucite tube as the vacuum 
container. 

The results of lifetime measurements for the Lucite 
system are shown in Fig. 7. This figure shows the 
flux of x-rays measured by the 7. 5X7. 5 cm NE102 
detector located 50 cm from the experiment in these 
shots. What is seen on the traces is that x-ray emis­
sion starts even before compression has been completed 
at about 100 µsec . On the other hand, the x-ray pulse 
detected after the ejecting field has been fired diminishes 
to practically zero for a delay of 0. 5 msec. The upper 
traces in each picture are traces of the current in the 
mirror and ejecting field coils. (The jumps on the cur­
rent traces during crowbarring are instrumental; how­
ever, the rise of the mirror field and ejecting field are 
clear). So, we conclude that an electron cloud can be 
trapped in a magnetic mirror field even with poor vac­
uum conditions, but the lifetime of the cloud is limited, 
and the cloud is neutralized at an early stage of the ex­
periment. 

The situation with the glass system is completely dif­
ferent. The residual pressure in the system measured 
when the filament is heated to the operating tempera­
ture is in the range 5 x io-8 to 10-7 Torr. Another step 

1845 Phys. Fluids. Vol. 21. No. 10, October 1978 

DEL AY = IOOf'sec DEL AY ~ 300µsec 
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FIG. 7. Ejection of the cloud in the Lucite system for different 
delays after magnetic mirror fie ld start. Upper two traces in 
all figures show the time dependence of the mirror field and 
ejecting field. The pulsed form on the magnetic field traces 
during the capacitor band crowbar is instrumental. Lower 
trace on all figures are x-ray flux measured with 7. 5 cm x 7. 5 
cm NE102 detector. Horizontal scale is 100 µsec/ div on all 
traces. X-ray pulses start appearing continuously approxi­
mately 100 µsec after injection. 

we use to clean the system l;lefore each shot is to oper­
ate the injector continuously with a voltage of 500 V and 
a current of 100 mA for about 100 sec before each shot. 
When the injector is operated under these conditions, 
one bombards the injector plates and the vacuum system 
wall with electrons and reduces the rate of emission 
during the experiment itself. 13 

Under these conditions the electron cloud exists with­
out any significant.loss of electrons for times of about 
1. O msec, which is the decay time constant of the field. 
We proved this by directly measuring the charge on a 
Faraday cup collected when the cloud is ejected out of 
the mirror at different times after injection. 

The fact that the cloud i.s not fully neutralized can 
also be deduced from the Faraday cup signals . There 
are cases in which a short occurs in the injector at the 
end of the injection pulse; under these circumstances 
plasma is injected into the mirror and the cloud is fully 
neutralized. In this case we observe an oscillatory sig­
nal on the Faraday cup when ejecting the cloud. This is 
in contrast to the signal we observe under normal con­
ditions (no short). [A typical Faraday cup signal is 
shown in Fig. 14. The current spikes observed are all 
below the baseline of the oscilloscope sweep (negative 
signal) . J 
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FIG. 8 . (a) Electrostatic probe signal on a long time scale; 
notice the growth of the oscillation from the negative signal re­
sulting from injection of net charge into the system. The cur­
rent scale shown is obtained from dividing the voltage scale on 
the oscillosope by the termination resistance of 50 n. (b) Elec­
trostatic probe signal at 250 µsec after injection on a short 
time scale. 

3. Electrostatic oscillation of the cloud and modulation 
of the Faraday cup signals 

a. Electrostatic oscillations. Previous experiments 
with nonneutral electron plasmas have shown that an 
electrostatic probe which measures currents induced 
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FIG. 9. Electrostatic oscillation frequency as a function of 
measured ejected nwnber of electrons for a field with a mirror 
ratio of 1 . 35 and for two different peak values of the field at the 
midplane. The accuracy of measuring the charge from the 
Faraday cup signal is estimated to be ± 10%. 
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because of charge motion in the confining volume mea­
sures oscillatory signals with frequencies in the mega­
Hertz range. Daugherty et al. 5 interpreted the oscil­
lation as the diocotron15 oscillation and used the fre­
quency of the oscillation as a measure of the amount 
of injected charge. Kapetanakos et al. 8 have observed 
a very similar oscillation, but found some evidence 
which showed that the oscillations seen on the capacitive 
probe cannot originate in the diocotron mode. 

We observed very similar oscillations in our experi­
ment with capacitive probe signals. Figure 8 shows 
the signal seen on the capacitive probe with two differ­
ent time bases. Figure 8(a) is the envelope of the os­
cillation. Figure 8(b) is on a shorter time base and 
one can see the detailed structure of the oscillation. 
In Fig. 8(a) the oscillation starts almost immediately 
after injection; the negative part of the signal comes 
from the net charge induced on the probe because of 
injected electrons. The oscillation is stopped abruptly 
at a certain stage because the ejecting field was oper­
ated. 

The result of the measurement of the dependence of 
oscillation frequency upon trapped charge is shown in 
Fig. 9. The amount of trapped charge in each shot was 
measured by ejecting the cloud on the Faraday cup and 
measuring the current pulse. The shots were done with 
two different peak values of the magnetic field as indi­
cated in the figure. The injector voltage is the same for 
all points in the figure and the amount of injected charge 
was changed by changing the filament temperature. The 
dependence is close to linear on the range covered by 
this measurement. 

Figure 10 is a measurement of the same kind done 
for a different magnetic field configuration. The mir­
ror ratio is reduced to 1: 1. 18. In this case the charge 
was measured by integrating the x-ray pulse signal so 
that we have no absolute calibration of the charge scale. 
The x-ray pulses during ejection were detected by the 
7. 5 x 7. 5 cm plastic scintillator which was located at a 
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FIG. 10 . Electrostatic oscillation frequency as a function of 
total measured x- ray flux. The mirror ratio in these measure­
ments was 1. 18. 
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FIG. U. Electrostatic oscillation frequency as a function of 
filament current. The points in this figure correspond to the 
same shots used in Fig. 10. 

distance of 100 cm from the mirror midplane. We used 
this different method of measuring the number of trapped 
electrons since it is not limited like the Faraday cup 
measurement by the fact that the electrons have to hit 
the collector in order to be detected. Since the elec­
trons · have to hit the walls of the vacuum chamber during 
ejection and since the distance between the experiment 
and the detector is large compared with the dimensions 
of the experiment, the integrated x-ray signal is pro­
portional to the number of trapped electrons. The re­
sult seems very similar to the previous result. The 
amount of injected charge was changed by changing the 
filament temperature while the injector voltage was 
kept constant. Figure 11 is a plot of the same shots 
where this time the frequency is plotted as a function 
of the measured filament current; the result is again 
similar to Fig. 10. 
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FIG. 12. Electrostatic oscillation frequency as a function of in­
jector voltage. The oscillation frequency is normalized to the 
amount of trapped charge measured for each point so that the 
accuracy of the measured frequency is ± 10%. All shots are 
done with a magnetic mirror ratio of 1.18 and peak magnetic 
field of 9 kG. 
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FIG. 13. Electrostatic oscillation frequency as a function of 
peak magnetic field at mirror midplane. The frequency is nor­
malized to the measured amount of trapped charge in each 
shot. All shots were done with a mirror ratio of 1. 35 and with 
an injector voltage of 5 kV. 

Figure 12 is a plot of the frequency dependence upon 
injector voltage. Since the injected charge does change 
with the injector voltage, we normalized each frequency 
to the measured charge based upon the linearity demon­
strated in Fig. 9. The peak magnetic field was kept at 
a constant value of 9 kG and the mirror ratio in these 
shots was 1. 18: 1. Over the range of 4 to 10 kV injec­
tion energy the oscillation frequency is independent of 
the injector voltage for a constant charge in the cloud. 

Finally, we measured the frequency dependence upon 
the magnetic field. This is given in Fig. 13. (The 
error bars in Fig. 13 come from the normalization of 
the measured frequency to the measured trapped charge, 
the same error is also applicable to the frequency val­
ues of Fig. 12. ) Again, we normalized the measured 
frequency value to the measured injected charge since 
there is a reduction of about 50% in the amount of in­
jected charge for the lowest magnetic field. The oscil­
lation frequency is independent of the magnetic field 
value over a range of 1 : 3 in the magnetic field. These 
measurements were done with a constant injector volt­
age of 5 kV. All the results shown in Figs. 9 to 13 
were done with the injector located near the high mir­
ror maximum. 

The results presented here are in contrast to pre­
viously quoted results8 which showed that for a similar 
experiment the oscillation frequency was independent 
of the number of trapped electrons while it did depend 
on the injection voltage. It showed, as in our case, 
that the frequency was independent of the value of the 
magnetic field. The dependence upon injection voltage 
shown in that experiment might, in our opinion, simply 
be a result of the change in the amount of trapped charge 
with the injector voltage. Had we not normalized our 
measurements of frequency as a function of voltage to 
the trapped charge, we would have obtained the same 
result. We think that by using these three independent 
diagnostics to measure the amount of trapped charge 
we have proved that under our experimental conditions 
the observed electrostatic oscillation is a collective 
mode and cannot be explained only by single particle 
motion. 
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FIG. 14. Faraday cup traces for two different shots. Both 
s hots were done with a mirror ratio of 1. 35, a peak magnetic 
field of 9 kG and 5 kV injection energy. 

b. Modulation of the ejected signal.. The current 
pulse measured on a Faraday cup and also the x-ray 
signal measured with a scintillation detector are usualiy 
not a single spike pulse but contain a few spikes spaced 
at equal time intervals . Moreover, the modulation fre­
quency has a direct connection to the oscillation fre­
quency observed on the capacitive probe. Figure 14 
shows typical Faraday cup traces. Both shots were 
made at the same peak magnetic field and injection 
voltage values, and they differed only by the amount of 
injected charge. The frequency of the appearance of 
the current pulses is seen to be higher for a higher total 
charge. 

Figure 15(a) shows the trace of the capacitive probe 
measured during ejection for the same shots shown in 
Fig. 14. The dark part at the center of the trace is 
because of direct electrical pickup on the capacitive 
probe during operation of the capacitor bank ignitrons. 
[Figure 15(b) shows the probe response to the ejecting 
field when everything is operated in the experiment ex­
cept the heating of the filament. l We see, therefore, 
that the oscillations survive after the ejecting field is 
operated and that the oscillation frequency is lower 
than the frequency before the ejecting field is activated. 
Moreover, as with the Faraday cup modulation, the 
frequency is decreasing together with the whole signal 
that approaches zero as the mirror ratio approaches 
unity. The frequency of the oscillation on the capaci­
tive probe is equal to the frequency of appearance of 
the peaks on the Faraday cup to within 5% when they are 
measured at the same time. This was verified for 15 
shots. 

Finally, the x-ray flux pictures show the same mod­
ulation as the Faraday cup. The upper trace in Fig. 

1848 Phys. Fluids. Vol. 21, No. 10. October 1978 

16(a) is the trace of the x-ray signal during ejeclion 
while the lower trace on the same figure is the signal 
or the Faraday cup for the same shot. The Faraday 
cup was located on axis in this shot. In Fig. 16(b) we 
show a different shot under the same conditions, but 
the Faraday cup axis is located 1. 5 cm off the experi­
ment axis. The collector on the Faraday cup is 2 cm 
in radius so that the collector still covers the experi­
ment axis. Under these conditions we get a very simi­
lar pulse shape on th.e Faraday cup while the x-ray 
detector shows some additional pulses which correspond 
to electrons missing the collector but hitting other parts 
of the system at different times. 

We have done some measurements of the radial dis­
tribution of the ejected cloud by this method of moving 
the Faraday cup radially while keeping its axial position 
{Fig. 1) and measuring the x-ray and Faraday cup sig­
nals. From these measurements we conclude that the 
ejected cloud has a diameter of less than 2 cm and is 
cylindrically symmetric. We also conclude that when 
the Faraday cup is located on .axii;, it measures more 
than 95% of the ejected electron cloud. The accuracy 
of this method is limited by the size of the Faraday cup 
collector so one cannot obtain a detailed radial distriou­
tion in this way. 
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FIG. 15. (a) Capacitive probe signals during ejection. The 
traces are for the two events shown in Fig. 14 and are in the 
same order. (b) The response of the capacitive probe to the 
noise during operation of the ejecting field. This shot Is done 
unde1· the same conditiions as part (a), but with no filament 
heating. 
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FIG . 16. (a) X-ray pulse and Faraday cup pulse for a shot in 
which the Faraday cup is located on axis and all e lectrons hit 
the collector. (b) X- ray pulse and Faraday pulse for a shot in 
which the Faraday cup collector is located 1. 5 cm off axis. 
Some electrons miss the collector while they still appear on th€ 
x-ray detector at diffe rent times since they might bit different 
parts of the system. 

c. Discussion. We believe that the evidence pre­
sented here is quite conclusive about the collective 
nature of the observed oscillations. However, their 
origin and what they really consist of are still open 
questions. Trying to identify them as the diocotron 
mode causes some fifficulties as already discussed by 
Kapetanakos et al. 8 H we assume that the charge is 
spread out over the whole mirror length for a cloud of 
1011 electrons, we have a charge density of 1. 6 x 10"7 

C/m; and for a radius of 5 cm of the conducting wall we 
find that the frequency 18 of the m = 1 mode should be 
0. 18 MHz for a 10 kG field. This is about an order of 
magnitude lower than the observed frequency. This is 
not too bad considering the fact that the formula we are 
using is for an infinitely long cylinder and we do not 
know what the real length of our cloud is. Another, 
problem is that the formula predicts a dependence of 
the form 16 f-1/B for the diocotron frequency which we 
did not observe. 

Another question is what is the origin of the modula­
tion we observe on the ejected cloud? The simplest 
explanation of this phenomena is that the cloud is either 
expanding and contracting longitudinally or that the 
whole cloud is oscillating back and forth along the z 
axis. Each cycle ejects part of the electron cloud 
through the weaker side of the mirror. Another ex-
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planation might be that a transverse motion of the cloud 
is projecting part of the electrons into the loss cone of 
the mirror each time. In both cases, this motion will 
induce an oscillating singal on the electrostatic probe. 

V. CONCLUSIONS 

We have conducted experiments on electron clouds 
trapped in magnetic mirrors, studied two possible 
methods of radial injection, investigated some of the 
cloud equilibrium properties and gathered further in­
formation about the cloud by ejecting it out of the mir­
ror. Some of the conclusions are: 

(i) Injection is possible by placing the injector in the 
mirror midplane and a collective effect governs the in­
jection. 

(ii) Injection is also possible by placing the injector 
near the mirror maximum and the injection has a single 
particle behavior characteristic. 

(iii) An electrostatic collective oscillation was de­
tected and its frequency depends linearly upon the total 
charge in the cloud, but not upon the magnetic field or 
injection energy. 

(iv) A similar oscillation has also been observed in 
ejected current pulses seen on a Faraday cup and x-ray 
detector. 
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