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Cyclotron modes of a non-neutral Mg ion plasma were studied in a long cylindrical Penning- 
Malmberg trap. Several modes with angular dependence exp(iZ@, 12 1, are observed near the 
cyclotron frequencies of the various Mg ions. The I= 1 modes for the majority species are 
downshifted from the cyclotron frequencies, with downshifts as large as four times the diocotron 
frequency. These large shifts are quantitatively explained by a multispecies cold-plasma theory, 
including the dependence on the plasma size and composition. These dependencies allow the plasma 
size and composition to be obtained from the measured mode frequencies. In contrast, the I= 1 
downshifts for minority species are generally close to twice the diocotron frequency, and remain 
unexplained. Cyclotron heating of the plasma ions was also observed with a surprising effect of 
improving the plasma confinement. 0 I.995 American Institute of Physics. 

1. INTRODUCTION 

In this paper we describe measurements and theory of 
the cyclotron modes of a non-neutral Mg ion plasma in a 
cylindrical Penning-Malmberg trap. In contrast to the exten- 
sive work done on low-frequency phenomena in non-neutral 
plasmas,’ cyclotron modes were first observed by Gould and 
Lapointe2 only recently in a pure electron plasma. The cy- 
clotron modes are modified by the macroscopic equilibrium 
electric field and rotation of the plasma, giving shifts in the 
mode frequencies away from the single-particle cyclotron 
frequencies. The main difference between the ion plasma and 
electron plasma cyclotron modes” results from the multiple 
ion species, including two ionization states and three iso- 
topes of Mg. While only one species supports a mode near a 
particular cyclotron resonance, the space charge associated 
with the other species contributes to frequency shifts of the 
resulting mode. 

Ion cyclotron resonances are commonly used for high 
precision determination of masses3*4 in more rarified clouds 
of trapped charges. Most of these experiments have been in 
the low-density “magnetron” regime, where the frequency 
shifts are largely determined by the applied confinement 
fields. However, the image charges induced on the confining 
conductors and the plasma shifts (similar to the upper-hybrid 
shift in a neutral plasma)5 are important for a full under- 
standing of the observed frequency shifts. The theory used to 
analyze such experiments was lirst modified to include weak 
space-charge effects by Jeffries et ~1.~ Recent efforts7 have 
tried to achieve better estimates of the average force between 
ions, including finite length effects. Image, charge effects 
have been considered for point or line charge approximations 
to the ion clouds.‘-” Gorsbkov et aZ.*’ discuss the implica- 
tions of having more than one species, although only for line 
charges orbiting at the same radius. Some of our experiments 
approach the magnetron regime, but most are in the plasma 
regime. 

In our experiments, several high-frequency modes with 
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angular dependence exp(iZ 13)~ 12 1, are observed near the 
cyclotron frequencies of each Mg ion species. The E= 1 
modes are downshifted from the corresponding single- 
particle cyclotron frequencies, while the 122 modes are up- 
shifted from the cyclotron frequencies. These shifts are re- 
lated to the “diocotron” frequency, fd , i.e., the frequency at 
which the plasma center-of-mass orbits around the trap axis. 

The main emphasis in this work is on understanding the 
downshifts of the I= 1 cyclotron modes. These downshifts 
are one to four times fd , and they depend on the plasma size 
and composition. A multispecies, cold plasma dispersion re- 
lation quantitatively explains the observed downshifts for the 
majority species of Mg& and Mg&‘. This agreement in- 
cludes the time evolution of the downshifts as the plasma 
profile evolves. The dependence of the shifts on the plasma 
size enables comparison of the predictions of the theory to 
independent measurements of the plasma profiles, thus 
checking the validity of the theory. Further, the dependence 
of the shifts on the plasma composition can be a useful di- 
agnostic tool, enabling the nondestructive determination of 
the relative abundance of the various magnesium ion species 
in the plasma. In contrast, the I= 1 cyclotron mode down- 
shifts for the minority species of Mgj, Mg&, H20+, and 
l&.0+ are observed to be near - 2fd, and do not agree with 
predictions of this theory. 

The Z = 2 cyclotron modes of the majority species are 
often observed to be upshifted by 1 fd , although families of 
resonances covering the range l-2 f d are also observed. This 
is not predicted by the multispecies fluid theory. For the mi- 
nority species, the I- 2 resonances are only slightly up- 
shifted; this is in qualitative agreement with the predicted 
upshift proportional to the species density. 

The cyclotron experiments we perform not only probe 
the plasma, but can also change its evolution, due to heating 
of the resonant ions. Such heating was analyzed by Lamb, 
Dimonte, and Morales.” We find a significant improvement 
in the plasma confinement due to the heating. This improve- 
ment is not understood, but is probably related to more ef- 
fective axial bounce averaging over field errors present in the 
confining volume. 
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FIG. 1. (a) Schematic description of the cylindrical confinement electrodes. 
The sectored rings are used for excitation and detection of waves. (b) A 
schematic description of the Metal Vapor Vacuum Arc ion source. Typically, 
VArc=.50 V, Trigger Pulse=8000 V, VAnode= +300 V, and VExl= -300 V. 

The manuscript is organized as follows: In Sec. II the 
production of the non-neutral magnesium ion plasma is de- 
scribed. The  cyclotron resonance measurements are de- 
scribed in Sec. III. There the composit ion of the plasma, the 
frequency shifts of the various modes, and the determination 
of the exact value of the magnetic field are discussed. The 
theory describing the frequency shifts of the cyclotron modes 
is discussed in Sec. IV, and used to analyze the experimental 
results. In Sec. V the effect of the cyclotron heating on  the 
plasma confinement is described. W e  conclude with a  discus- 
sion in Sec. VI. 

II. THE ION PLASMA 

Schematic diagrams of the trap and ion source are given 
in F igs. l(a) and l(b). The  ions are trapped in a  cylindrical 
Penning-Malmberg trap, similar to those commonly used for 
pure electron plasma experiments.’ The wall radius R,= 2.9 
cm and the full length is L,,,,=45 cm. Radial confinement is 
achieved with a  uniform axial magnetic field B produced by 
a  superconducting coil, with B= 1.5-20 kG. The ions are 
axially confined by positively biased rings at the ends of the 
plasma column. Electron plasmas can also be  produced in 
the same machine, using an  electron-emitting spiral filament 
similar to that used in previous electron plasma experiments. 

The  magnesium ion source is a  metal vapor vacuum arc 
(MEVVA), similar in its design to the M icro MEVVA devel- 
oped at Lawrence Berkeley Laboratory.12 The magnesium 
cathode is chemicaliy but not isotopically pure, so the result- 
ing Mg  plasma has the natural abundance of the stable Mg  
isotopes: 79% of Mg,,, 10% of Mg,, and 11% of Mg,,. 
Both Mg+ and Mg++ are generated, and our results suggest 
that typically there is about three times more Mgf than 
Mg++ atoms. The charge fractions of each species cy, 
denoted 8,s QJQ,,, , are thus typically @Mg&)-47%, 
qMg&+)=32%, &Mg&)=6%, 6(Mg&)=7%, and @ M g .&+) 
= ~Mg&+)=4%. 
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The vacuum arc is pulsed, with a  duration of about 160 
ps. The  ion source is located in the fringing field of the ma in 
superconducting coil, where the magnetic field is about 60  
times lower than the confinement field. All the experiments 
reported below were performed with a  fixed arc voltage of 50  
V, which resulted in an  arc current of about 12  A. The  Mg  
ion beam extracted from the arc is space charge neutralized 
to a  high degree.13 The electrons in the beam were stopped 
farther downstream by applying a  negative voltage (- 1000 
V) to a  ring through which the beam flowed, leaving only 
unneutral ized ions in the confinement region. 

The  voltage on  the injection ring is lowered to ground 
about 70  ps before the arc is triggered, and is raised back to 
the full confining voltage of 200 V after 200 +s. When  the 
voltage is raised, there is fast evaporation of ions for which 
the axial energy is high enough to overcome the potential 
difference between the plasma space charge potential and the 
confining voltages. After this initial loss, the resulting plasma 
has a  space charge potential of about 100 V and temperature 
of 20-30 eV. The initial ion plasma diameter is 1.5<R,<2 
cm, and the central density is 5  X 1  07<no< 1  X lo8 cmv3. 
The time  when the injection gate voltage is raised will be  
defined as t = 0, and all times given below are relative to this 
time. 

The dump ring is held at +200 V throughout the injec- 
tion process. Its voltage is lowered only for dumping the 
plasma onto a  charge collector, a  diagnostic technique that is 
inherently destructive. Nondestructive excitation and detec- 
tion of waves in the plasma is performed using two sectored 
rings. One ring has four sectors, posit ioned 90” from each 
other and extending 5X” in azimuth and 3.8 cm in length 
(hereafter, these sectors will be  referred to as 90” sectors). 
The  second sectored ring is built out of eight sectors, posi- 
t ioned at 45” from each other, each extending 27” (these 
sectors will be  referred to as 45” sectors). Waves can be  
excited in the plasma by applying an  oscillating voltage to 
one of these sectors, as will be  described in the next section. 

The  experiments were typically performed with back- 
ground pressure of PG2 X 1 O-’ Torr. 

Ill. ION CYCLOTRON RESONANCES 

The measurements of cyclotron modes were performed 
in a  single-frequency transmission mode.  An oscillating volt- 
age (typically 1.5 V) was applied to one of the 90” sectors at 
z=3 cm (z=O at the downstream edge of the inject ring), 
and the response of the plasma was detected on  two of the 
45” sectors at z = 37  cm. When  the frequency of the applied 
voltage matched a  coherent oscillating mode in the plasma, 
the mode was excited and image charges were induced on 
the downstream sectors. Note that this requires the excited 
ions to remain coherent in their 1-2 MHz oscillations for the 
-50 ps required for them to move 30 cm axially. The  oscil- 
lating voltage was produced by a  tracking generator, and the 
detected signal was processed by a  spectrum analyzer locked 
to the frequency of the tracking generator, with a  bandwidth 
of 300 Hz. For experiments in the “magnetron regime,” 
where a  short plasma was desired, the plasma was confined 
entirely within the eight-sector ring, with the signal transmit- 
ted on  one 45” vector and received on  another. Such experi- 
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FIG. 2. Received signal versus frequency for a 300 kH.z scan near the 
cyclotron frequencies of the Mgf isotopes. 

ments are more closely related to the work done with ion 
cyclotron resonance-Fourier transform mass spectroscopy 
(ICR-FTMS) cells3 

Wide frequency scans were performed in order to iden- 
tify the constituent ions of the plasma. In most of the experi- 
ments, no response of the plasma was detected at frequencies 
other than those corresponding to the singly and doubly ion- 
ized magnesium isotopes. In one phase of the experiments, 
HzOf and H30f ions (M= 18 and 19 amu, respectively) 
were also observed. Their appearance was probably related 
to the addition of optical elements to the system, some cov- 
ered with a hygroscopic coating. Baking the system led to 
the disappearance of these impurities from the ion plasmas. 

In general, the ratio of the amplitudes of the resonances 
corresponding to the Mgf and Mg+’ ions changed with 
time. Usually the Mg+’ resonances decreased in time rela- 
tive to the Mg’ resonances, but in some cases the trend was 
inverted. We believe that this time dehendence is caused by 
different levels of damping of the modes in the plasma, and 
not due to a change in the relative charge state composition 
of the plasma; see Sets. IV and V. It is important to empha- 
size that the observed amplitudes of the cyclotron modes are 
not proportional to the concentration of the resonant species 
in the plasma,, and thus cannot be used to determine the 
relative abundance of the species in the plasma. In Sec. IV 
we will discuss the use of the frequency shifts of the cyclo- 
tron modes for the analysis of the plasma composition. 
A. Long ion columns 

Most of our experiments were performed with a long ion 
plasma, with L,-45 cm. In this case, the confining electric 
fields at the plasma ends contribute little to the cyclotron and 
diocotron mode frequencies. Data in the short plasma “mag- 
netron regime” wilI be given in Sec. III B. 

In Fig. 2, a frequency scan of 300 kHz shows the cyclo- 
tron modes of the three isotopes of Mg+ at B=20 kG. The 
two lower-frequency modes are at resonant frequencies close 
to the cyclotron frequencies f,= eBlmc of Mg& and Mg& 
ions. In the case of the main isotope, (Mg&) three peaks can 
be observed, each slightly shifted from the exact cyclotron 
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FIG. 3. Repeated frequency scans near the cyclotron frequency of Mg&, 
showing the I = 1, I = 2, and I = 3 azimuthal modes varying with time. All 
the scans were performed on a single plasma. 

frequency. These modes have azimuthal mode numbers 1= 1, 
2, 3. 

For studying the detailed time dependence of the reso- 
nant frequencies f,,, , repeated 30 kHz scans were performed 
around the relevant cyclotron frequency f, . Each scan took 
about 3 s, and they were typically repeated about every 10 s, 
as the confined plasma slowly evolved. Figure 3 shows such 
repeated scans performed near the cyclotron frequency of 
Mg.&. The scans were obtained by applying the oscillating 
voltage to a single 90” sector, and detecting the transmitted 
signals on the second sectored ring with two adjacent 45” 
sectors that were connected together. Thus, modes of the 
form exp(il13) with I= I ,2 and 3 were excited and detected. 
Indeed, three different modes can be observed in most of 
these scans. By driving different sectors with properly 
phased signals, the azimuthal dependence of the various 
modes was uniquely determined. The lower-frequency mode, 
downshifted relative to the cyclotron frequency, is an 1= 1 
mode, while the two upshifted modes are I = 2 (closer to the 
cyclotron frequency) and 1= 3. 

Comparing the signals from sectors at different B posi- 
tions corroborates this identification. It was also established 
that the excited modes are characterized by k, = 0: signals 
taken from two sectors with the same angular position but 
with an axial separation of 30 cm have the same phase. This 
holds true irrespective of the position of the confining elec- 
trodes relative to the sector probes. 

The evolution of the cyclotron resonances in Fig. 3 is 
due to the evolution of the plasma density and profile. Figure 
4 shows measurements of the radial charge density profiles at 
three times, obtained from repeated dumps of similar plas- 
mas through a movable 2.5 mm hole to a charge collector. At 
t=O and 10 s, the plasma has a full width half-maximum 
(FWHM) of about 1.6 cm. Radial expansion leads to a 
FWHM of 3 cm at t= 60 s, after which substantial loss of 
particles to the wall begins. 

As can be seen in Fig. 3, the frequency shifts f,,-f, of 
all of the observed modes are decreasing with time. Such 
behavior was also observed in the experiments with the elec- 
tron plasmas,’ and was related to the time-dependent fre- 
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FIG. 4. Radial profiles of the ion plasma charge density n(r,b) at t= 10, 20, 
and 60 s. 

quency fd of the 1= 1  “diocotron” mode of the plasma. The 
diocotron mode is an  EXB drift orbit of the plasma column 
about the axis of the confinement cylinders; it results from 
the asymmetric wall image charges induced when the plasma 
is off center. For long dense plasmas, fd is approximately 
proportional to the charge per unit length, N,, with small 
corrections from plasma pressure and from the end confining 
voltages.14 Thus, fd decreases as the plasma expands and 
loses particles. For a  short plasma, this mode is rdbre com- 
mon ly called the “magnetron” mode,  and the frequency is 
dominated by the applied confinement fields, with small cor- 
rections due to space and image charges. 

W e  obtain the relationship between the high-frequency 
cyclotron modes and the low-frequency diocotron mode by 
measuring the time  evolution of both modes in the same 
plasma. The diocotron mode,  with fdS 10 kHz, was mon i- 
tored with a  fast Fourier transform (FFT) frequency analyzer. 
In order to excite the diocotron mode,  a  200 ~CLS 5  V pulse 
was applied to one of the sectors: since this mode is damped 
within about a  second, the 5  V pulses were applied every 2.5 
s during the lifetime of the plasma. A typical time  evolution 
of the diocotron frequency fd is shown in F ig. 5. The  change 
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FIG. 5. Diocotron mode frequency versus time as plasma evolves. 
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FIG. 6. (a) Frequencies f,, of the I= 1 and 1= 2 cyclotron resonances near 
the cyclotron frequencies of Mg$ and Mg&+ pIotted versus the simulta- 
neously measured diocotron frequency fd . The solid and dashed lines are 
the frequencies predicted from a multispecies cold-plasma theory described 
in Sec. IV. 

in fd in the first 20  s is probably due to the decreasing tem- 
perature of the plasma. Afterward, the frequency is approxi- 
mately proportional to the NL . 

The  frequencies of the I= I and I= 2  modes near the 
Mg i4 cyclotron resonances are shown in F ig. 6(a) versus the 
simultaneously measured diocotron frequency. The  fre- 
quency of the I= 1  mode near the Mgg4’ cyclotron resonance 
is similarly shown at F ig. 6(b). For both cases, the frequency 
of the 1= 1 mode is downshifted from the cyclotron frequen- 
cies of the plasma ions. The  downshifts are about one to four 
times the diocotron frequency. For both Mgg4 and Mgz4’ 
resonances, the ratio between the downshift and the dio- 
cotron frequency decreases with time  (i.e., decreases with 
decreasing plasma density). The  downshifts of the Mg2+4f 
resonances are larger than those of Mg’. It should be  em- 
phasized that all the data required for either F ig. 6(a) or F ig. 
6(b) were obtained from a  single plasma. The time  evolution 
of the diocotron frequency for the plasmas in F igs. 6(a) and 
6(b) was almost identical. 

The  frequency of the I= 1  mode was found in the elec- 
tron plasma experiments* to be  downshifted relative to the 
cyclotron frequency by an  amount  that was equal to the dio- 
cotron frequency. In Sec. IV we wiil relate the larger shifts 
observed for the I= 1  mode in the ion plasma to the mu lti- 
species nature of this plasma. There, the ratio between the 
frequency shifts and the diocotron frequency will be  shown 
to depend on the plasma size, and to decrease for an  expand- 
ing plasma, in agreement with the observations. The  results 
of the mode l developed there are also shown in F ig. 6  as the 
solid and dashed lines. 

The  dependence of the frequency shifts on  the composi- 
tion of the plasma makes the modes an  important diagnostics 
tool. The  calculated shifts shown in F ig. 6  were obtained 
using independent measurements of the plasma size and as- 
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FIG. 7. Frequency f, of the 1 = 2 cyclotron resonance for Mg&’ cyclotron 
frequency plotted versus the simultaneously measured diocotron frequency 
fd* 

suming a fixed ratio of 3.0 between the Mg+ and Mgff 
densities, as discussed in Sec. IV. As can be seen, there is a 
very good agreement between the calculated shifts and the 
observations. 

The Z=2 resonance of Mg& is seen in Fig. 6(a) to be 
upshifted from the cyclotron frequency, approximately by 
one diocotron frequency (especially for lower diocotron fre- 
quencies at later times). Similar results for the Z=2 mode of 
Mg++ are,shown in Fig. 7 for a denser plasma and slightly 
different magnetic field. 

The single peak usually observed for the I = 2 mode in 
the ion plasma is in contrast to the families of resonances 
observed in the electron plasma experiments.” However, we 
could also obtain such “families,” as can be seen in Fig. 8, 
when we configured the excitation to be specific to the I= 2 
mode (connecting opposite 90” sectors together and applying 
signals differing by 180” to each pair). It can be seen that for 
most of the frequency scans, four resonance peaks were de- 
tected, with upshifts one to two times the diocotron fre- 
quency. Again, all the data shown in Fig. S-was taken in a 
single experiment. The cause for the appearance- of families 
versus a single I= 2 modes is not presently understood. 

The I=3 mode is seen in Fig. 3 to behave qualitatively 
the same as the Z=2 mode: it is upshifted relative to the 
cyclotron frequency, and the shifts decrease with time (cor- 
responding to the decrease of the diocotron frequencies). The 
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FIG. 9. The l= 1 and Z=2 cyclotron resonances for the minority species 
Mgj, Mg&, HaO+ and HsO+. AU four minority species show f,-f,-2fd 
for I = 1, and small upshifts of the Z=2 resonance. 

shifts of the 1= 3 will not be quantitatively discussed in this 
report. 

The frequencies of the I= 1 and I= 2 cyclotron reso- 
nances of the “minority” species Mg.& and Mg$ ions were 
also studied. For both modes the frequency shifts from the 
respective cyclotron frequencies were qualitatively different 
from those described above. The frequency of the 1= 1 mode 
was shifted down from the cyclotron frequency of the Mg& 
and Mg.& ions by about twice the diocotron frequency, as 
shown in Figs. 9(a) and 9(b). This ratio between the fre- 
quency shift and the diocotron frequency was maintained 
over large changes in the diocotron frequency. At the experi- 
mental phase where H20+ and H,Of ions were also ob- 
served in the plasma, the frequencies of these I= 1 modes 
were also found to be downshifted by twice the diocotron 
frequency, as seen in Figs. 9(c) and 9(d). 

FIG. 8. Frequencies f, of the family of I = 2 cyclotron resonances near the 
cyclotron frequency of Mg&. Such families of resonances were observed 
when the excitation was configured to excite only I = 2. 

Subsequently, it was found that similar f,- 2fd- reso- 
nances of the I= 1 mode can be induced, even for the “ma- 
jority” Mg& case by increasing the amplitude of the excita- 
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tion voltage. For certain conditions (the pressure higher than 
lo-’ Torr, where plasma expansion and loss are faster), the 
I= 1 mode had the frequency f,- 2fd for the entire lifetime 
of the plasma, even for low excitation amplitude; further, 
sometimes both modes at f, - 2fd and f =-- fd could be seen 
simultaneously. Although readily distinguished by the fre- 
quency versus fd characteristics, the fundamental differences 
between these two modes are not understood. 

The frequency shifts of the 1=2 cyclotron mode of the 
minority Mg.& , Mg&, and H,Of ions were all observed to be 
smaller than those observed for the Mg& ion (Fig. 9). Quali- 
tatively, they behaved similarly to all the other studied 
modes: decreasing shifts with time, and decreasing ratio be- 
tween the shifts and the diocotron frequency. However, the 
shifts were typically only few hundred Hz, even for dio- 
cotron frequencies of several kHz. For the Mg.& and Mg.& 
resonances, the shift usually did not exceed 0.1-0.25 fd . 
Larger shifts were observed for the H,O+ resonance, usually 
in the range of 0.15-0.5 fd. 
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B. Magnetron regime 

Qualitatively different behavior is observed for short col- 
umns in the “magnetron” regime. When the plasma is con- 
fined in just one ring (the 5.8 cm long eight-sector ring), the 
radial electric fields produced by the confining rings can be 
as large or larger than the radial field of the plasma space 
charge. The frequency of the diocotron mode and the fre- 
quency shifts of the cyclotron modes are then largely deter- 
mined by the value of the confining voltages rather by the 
plasma density and composition. This situation is typical of 
high precision experiments with ICR cells3 and few-particle 
confinement with Penning or Paul traps.4 In that context, the 
diocotron mode is referred to as the magnetron mode. 

FIG. 10. (a) Diocotron (or magnetron) frequency fd for a short plasma 
versus time. At time 25-30 s, the confining voltages on both end rings were 

raised from 40 to 200 V. (b) Frequency f xs of the I= 1 cycIotron resonance 
of Mg& for a short plasma, plotted versus the diocotron frequency for con- 
fining voltages of 40-250 V. 

Gaussmeter, separately calculated from the current in the su- 
perconducting magnet: both methods have an accuracy of 
about 1K3. A better determination of the field was obtained 
from the cyclotron resonance measurements themselves. The 
downshifted 1= 1 mode and the upshifted I=2 mode are 
both converging toward an intermediate frequency, and the 
shifts decrease as fd decreases. 

As will be shown in Sec. IV, this limiting frequency is 
indeed f c. Since the cyclotron modes were followed to shifts 
~500 Hz, it was possible to extrapolate to the zero-density 
limit with an estimated accuracy of about 100 Hz (or better 
than 10T4 of the main field at a field of 2 T). Comparing the 
values of the magnetic field obtained using frequency shifts 
of different ions support the estimate of low4 accuracy. It 
should be noted that for the above experiments, where the 
confined plasmas were long, the uniformity of the magnetic 
field over the confinement region is about equal to our accu- 
racy in its determination, i.e., &3/B= 10R4. 

Figure 10(a) shows the 1= 1 diocotron (i.e., magnetron) 
frequency fd for this short ion plasma versus time for two 
confinement voltages. The frequency initially decays as N, ’ 
decreases, but it does not decay below a certain level deter- 
mined by the confining voltage. To demonstrate the domi- 
nance of the confining electric fields, the confinement volt- 
ages were changed at t= 25-30 s from the initial value of 
40 to 200 V. The diocotron frequency changed accordingly 
from 1343 to 6812 Hz (a factor of 5.07). 

Figure 10(b) shows the downshifts of the I= 1 cyclotron 
mode of Mg$ as a function of the diocotron frequency in the 
magnetron regime. For this data, a series of experiments was 
performed with varying confining voltages (40-250 V). In 
all cases, the downshifts are close to one diocotron fre- 
quency, i.e., f,,,=f,-- fd . The scatter of the results seems to 
be statistical in nature, limited by the accuracy of the fre- 
quency measurement, and thus study of the corrections due 
to space charge and image charges was not attempted. Simi- 
lar downshifts, very close to one diocotron frequency, were 
observed for each of the plasma species. 

IV. THEORY OF THE CYCLOTRON MODES 

The terms upshifts and downshifts (and the dotted lines 
in Figs. 6- 10) assume knowledge of the exact cyclotron fre- 
quency f, . Actually, the accuracy in determining f, by mea- 
suring the field was less than the accuracy in extrapolating 
the observed resonances to fd= 0. The magnetic field was 
measured outside the vacuum chamber by a Hall-effect 

Some of the modes in non-neutral plasmas can be ad- 
equately analyzed by considering only the motion of the cen- 
ter of mass of the extended plasma. Indeed, the I= 1 cycIo- 
tron and diocotron modes for single-species plasmas are 
essentially center-of-mass motions, as would be obtained for 
a single particle. In Sec. IV A, we discuss these center-of- 
mass motions, with the electric fields arising from the con- 
finement fields, the plasma space charge, and the wall image 
charges. 

However, description of the multispecies cyclotron 
modes requires analysis of the dispersion relation for an ex- 
tended plasma, approximated as several interpenetrating cold 
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fluid columns. This analysis is presented and compared to the 
experiments in Sec. IV B, for the cases of constant and radi- 
ally dependent density profiles. 

A. Center-of-mass analysis 

Consider the motion of a single particle moving under 
the combined influence of crossed electric and magnetic 
fields. The static electric field will be assumed to result from 
externally applied voltages and to depend linearly on the 
radius. Such a description can be used in the case of the 
magnetron regime, where a low-density charge cloud is con- 
fined in a short ce1L6 where the potential has. the form 
@(r,z)=(V/2)(2z2-r2). The equations of motion in this 
case are 

i+R,j-Kx=O, 

j;--cn&Ky=O. (1) 

Here, K= 24 VGIrri relates the externally applied voltage 
V to the acceleration of a particle with mass m and charge 4, 
taking into account a factor G that depends on the geometry 
of the confining device. $1, = IqlBlmc is the cyclotron fre- .~ 
quency of the particle. 

Equation (1) has oscillatory solutions of the form 
exp(iot), with frequencies o+ given by 

@?=y q/1-$), 
For K+Rz,: the lower-frequency solution is w- = K/n,, the 
“magnetron” frequency, while the higher-frequency solution 
is approximately w + = a,--- KIR, . The higher-frequency so- 
lution is downshifted from f12, by the magnetron frequency. 

When the density of the trapped charges is small, the 
space charge and image charges cause only small corrections 
to the above expressions. Jeffries et aL6 defined a space- 
charge modified parameter K’ = 2q VGIm + 4rq2nGilm, 
with Gf a geometrical factor. Such a treatment, which we 
shall call the “confinement fields limit,” takes into account 
the contribution of the space charge to the electric field, but 
neglects the image charges. 

Image charges play a crucial role in the center-of-mass 
motion of a plasma column confined in a long cylindrical 
conductor. If the plasma column shifts off center, the image 
charges induced on the surrounding conductor, result in an 
orbit of the column about the trap axis at the “diocotron” 
frequency. 

Let us now suppose that the effect of the confining fields 
can be neglected relative to that of the space charge and the 
image charges. Such a situation is typical for plasmas that 
are axially long relative to the diameter of the surrounding 
conductors. The equations of motion of the center of mass of 
the plasma column (neglecting all internal degrees of free 
dom) are actually identical in form to Eq. (l), but K is now’ 
K=$(oi(r)). Here, og(r)=4rn(r)e2/iz is square of the 
plasma frequency due to plasma density n(r), and the aver- 
age ( ) is over the entire cross section ofthe surrounding 
conductor. Thus, for a plasma column with uniform density n 
and radius R,, surrounded by the cylindrical conductor of 
radius R, , K= &(R;IR&$. For KlCI~<l, the lower- 

frequency solution is o _ = i( @$I,) (Ri/R&) = od , where 
od is the diocotron frequency. As before, w- f w+ = a,, and 
the higher-frequency solution is downshifted from the cyclo- 
tron frequency by o- , i.e., w+ = fi2,- wd . We will refer to 
such a treatment as the “center-of-mass plasma limit.” The 
1= 1 cyclotron mode observed for the electron plasmas in the 
experiments of Gould and Lapointe2 can be appropriately 
described by this limit. 

Neither the “confinement fields limit” nor the “center- 
of-mass plasma limit” are adequate for the explanation of the 
frequency shifts observed in the present ion experiments. 
Here, the I= 1 center-of-mass mode is downshifted from R, 
by more than od. Also, modes with 122 are not predicted 
by the center-of-mass analysis. 

B. Multifluid analysis / / 

To understand the large downshifts of the I= 1 mode, the 
effects of the other species in the plasma must be considered. 
The electrostatic dispersion relation of a multispecies non- 
neutral plasma column has been derived by DavidsonI for 
k,=O, as 

0=1-c 
O~j[1-(RpIRw)2’] 

j 2(w-ZW,j)[(O-ZW,j)+(-a,+2W,j)]’ 
(3) 

This dispersion relation can be solved for any I and thus 
contains information on the higher I modes as well. It is 
derived by demanding a nontrivial perturbation solution to 
the linearized set of the macroscopic fluid-Poisson equations 
describing a cold ion plasma, i.e., the continuity, momentum, 
and Poisson equations. In its derivation, an idealized 
constant-density multispecies plasma column with radius R, 
was assumed, confined inside a cylindrical conductor of ra- 
dius R, . Later in this section, we will treat the case of radi- 
ally dependent density profiles. 

The sum in the dispersion relation is over the species j 
of the plasma, and W;jE $rrnjej’lmj is the square of the 
plasma frequency corresponding to component j. We have 
taken a sign convention such that a,, wrj , and o are all 
positive. 

The (slow) rotation frequency wrj of species j can be 
seen to beI 

urj+ l- 1-2x 1 i 4lTeiejni IL2 

L 4 i mjacj 

4-ire.e +z. 
z- 27 m;;' 

j cj 

2m 

= 7 Z$ eini 

Only the lower-frequency solutions for the rotation frequen- 
ties wrj, as appropriate to our experiment, are considered. 
The approximation made in expanding Eq. (4) is valid for 
orj+Qcj 3 in which case mass-dependent centrifugal effects 
are negligible. In this approximation all the species in the 
plasma rotate with nearly the same rotation frequency wR . 
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For O4~2,j, the dispersion relation of Eq. (3) has the 
solution 

2 
w-[oR=-c opj 

j 2Rcj 

or, using Eq. (4), 
o=wRIZ- 1 +(R,lR,J2’]. (6) 

Of special interest is the solution for I= 1, i.e., the center-of- 
mass diocotron mode, which can be written as 

In addition to these low-frequency diocotron solutions, 
there exist solutions of Eq. (3) near the cyclotron frequences 
of each of the plasma components. Let us look for the solu- 
tion wi near the cyclotron frequency of one of the species, 
Wi~~~i+Aw' with (A Wil +fiCi . Define Si to be the rela- 
tive charge f&tion of species i in the plasma, i.e., 

(8) 

Assuming that o,~lR,i-~,l for all species i, j, we can 

retain in the summation of Eq. (3) only the term correspond- 
ing to species i and obtain 

Equation (9) predicts, in agreement with the experimen- 
tal results, that the L= 1 resonances are downshifted, while 
all the 122 resonances are upshifted, since si[ 1 - (RJ 
R,,J2’] < 1. This result is qualitatively the same whether the 
plasma is single species or multispecies. As will be seen 
below, Eq. (9) gives accurate quantitative predictions for the 
downshifts of the majority species, including the effects of 
plasma size and composition. However, it fails to explain the 
constant downshifts of the I= 1 resonances (Afi= - 2fd) of 
the minority species. 

For 1= 2 cyclotron resonances, the correspondence be- 
tween theory and experiment is less satisfactory. For the ma- 
jority species, the predicted upshifts are larger than fd and 
decrease with increasing plasma radius, unlike the almost 
constant upshifts of one fd observed in the experiments and 
shown in Figs. 6 and 7. For the minority species, Eq. (9) 
predicts small upshifts, proportional to Si, in qualitative 
agreement with the observations shown in Fig. 9. 

1. Dependence on R,, 

The dependence of the 1= 1 shifts predicted by Eq. (9) 
on the plasma radius R, can be used to check its validity for 
the description of the experimental results. We will calculate 
R, using the measured I= 1 downshifts and compare it to 
independent measurements of the plasma radial profiles. We 
shall use only the Mglh and Mg&’ results (the “majority” 
species), as only they seem to follow the predictions of Eq. 
(9). We shall first assume that the plasma is composed of just 
these two species, and then correct the analysis using our 
knowledge of the natural abundance of the Mg isotopes. 

4 
T 
-3 
ii 

-s 
E 
@d 2 

3 

A flat. no isotopes 
B flat, with isotopes 
C parabolic, no isotopes 
D parabolic. with isotopes 

0 measured FWHII 
0 measured. FDP appror 

1 ~~~~‘~~~t’~t~i’t~ 
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time (see) 

FIG. 11. Comparison of the measured and calculated plasma diameter ver- 
sus time. Tbe four dashed curves A, B, C, D show the diameters calculated 
from the measured 1= 1 cyclotron mode frequency shifts with four levek of 
approximation. Curve FWHM gives the full width half-maximum of the 
measured density profiles, while curve FDP shows the diameter of a flat- 
density-profile plasma having the same number of particles and central den- 
sity as the measured plasma. 

First, let us look at the E= 1 mode in a plasma composed 
of just two species, LY and fl, representing Mg.& and Mg$’ , 
respectively. Using Eqs. (7) and (9) and Sa+ Ss= 1, the I = 1 
frequencies for the two species, o, and us, can be written as 

Ao,p~-~c,=-od-~ 
CB 

fkJp%Owp-i&p= -wd- & 
c(Y 

Adding these two equations and using frequencies f = w/27r 
yields 

Afe+Af/3-1-fR 

fd 

-=-I- 

fd 
(11) 

Equation (11) relates the measured frequency shifts to 
the radius of the plasma, and can be compared to indepen- 
dent measurement of the plasma size. Curve A of Fig. 11 
shows the plasma diameter versus time calculated from Eq. 
(11) and the measured frequency shifts of the 1 = 1 cyclotron 
measurements of the Mg& and Mg&’ . The measured density 
profiles, as in Fig, 4, are characterized by the full width 
half-maximum (FWHM) and by the diameter of a flat- 
density profile (FDP) having the measured total number of 
particles and central density. These measured diameters are 
shown in Fig. 11 by the circles and squares. Both criteria 
yield plasma diameters that agree with the cyclotron mode 
calculation to within a few mm. 

The relative abundances of Mg+ (species a) and Mg” 
(species p) in the plasma can also be obtained from Eqs. 
(10): 

8, n, -=-= Afplfd+ 1 

% 2nLJ Af,ffci+l' 
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FIG. 12. Ratio between the Mg+ and Mgct number densities as a function 
of time calculated from the measured I = 1 cyclotron mode frequency shifts, 
using the same approximations as Fig. 15. 

The smaller I= 1 downshifts of Mg+ compared to those 
of Mg’+ (Fig. 6) are thus a manifestation of the higher abun- 
dance of the Mg+ ions in the plasma. Curve A in Fig. 12 
shows the ratio between the number densities of Mg+ and 
Nit++, calculated using Eq. (12) as a function of time. it is 
calculated that there are 2.75-3.5 times more Mg+ ions than 
Mg+’ ions, and there is no clear tendency of this ratio to 
increase or decrease with time. 

The above analysis can be easily modified to take into 
account the existence of the less abundant isotopes Mg2s and 
Mgzc, using knowledge of their natural abundances (10% 
and ll% , respectively). Since Mg, accounts for 79% of Mg, 
S,+Sp=0.79, and Eq. (11) is replaced by 

Wa+Af, 
fd 

= -0.79- 1.21f,lfd 

= -0.79-1.21(R;lR;). (13) 
The plasma diameter calculated using this expression is 
given in Fig. 11 by the curve marked B. It does not differ 
significantly from  curve A. The agreement with the directly 
measured diameter is not improved by considering the isoto- 
pic composition within the frame of the flat-density model. 

Curve B in Fig. 12 shows the ratio between the number 
density of the Mgf and Mg++ ions calculated when the iso- 
topic composition is included. The difference between curves 
A and B in Fig. 12 is more substantial than in Fig. 11. This is 
to be expected, since this ratio is derived from  the ratio of the 
shifts rather than the sum of shifts, and is more sensitive both 
to the underlying assumptions and to experimental errors. 

2. Radial density profiles 

We now examine the effects of the deviation of the 
plasma profile iz(r) from  an idealized flat-density profile. We 
assume the same radial profile for each of the plasma spe- 
cies: ?Zj( r) = njo*h(r), with h(r=O)= 1. Experiments that 
looked for radial separation of the Mgf and Mg++ ions (by 

dumping the central portion of the plasma and looking at the 
cyclotron modes before and after the dumping) did not indi- 
cate any significant separation. 

If we write the radially dependent rotation frequency as 
tiR(r)=WRO.g(r), withg(r=O)=l, thenh(r) andg(r) are 
related through the following differential equation:16 

1 d 
; 5 [~*&)1=w~). 

Again, we are looking for modes close to the cyclotron fre- 
quency of one of the plasma species. We will denote by Xi 
the frequency shift from  fl, normalized to the central rota- 
tion frequency: hj’ WRo- j = w - fl,-j= Aoj . A treatment malo- 
gous to the one leading to the dispersion relation given 
above, investigating the possible perturbation solutions to the 
continuity, momentum, and Poisson equations, gives the fol- 
lowing expression for the case of a radially dependent den- 
sity profile: l7 

-21 Rw 
l=-jp-l- s 

Sjh(r)r2’-’ 

w 0 dr hj-(I-l)g(r)+(l-Sj)h(r)’ (15) 

Equation (15), treating an arbitrary density profile n(r), is 
the direct analog of’Eq. (9) for the flat-density profile. 

We now consider the case of a parabolic density profile, 
i.e., 

I 1 - r”la2, rGa, 
h(r)= o 

9 r>a. (16) 

Integrating Eq. (14) using the parabolic density profile yields 
g(r)= 1 -&r/a)‘. Substituting h(r) and g(r) in Eq. (15) 
and solving for the I= 1 mode yields 

In the lim it Sji 1 (species j becomes the sole component of 
the plasma), Xj+ -a2/2R% and Afj=Xj.fRo~-fd. This 
diocotron frequency is the same as that characterizing a flat- 
density plasma, with density equal to the central density of 
the parabolic profile and radius R,=alfi. Such a flat- 
density plasma has a diameter that is equal to the FWHM of 
the parabolic profile. 

A numerical solution of expression (17) is given in Fig. 
13 for two-species plasma with a specific parabolic profile 
( a2 = Rtl 1.5)) together with the solution for the correspond- 
ing flat-density plasma with R, = alfl. The shifts are given 
as a function of the charge fraction 8, of one species. The 
solutions for the flat and parabolic profiles coincide for both 
S,=l and S,=O. These two lim iting cases are the single- 
species plasma (downshift by the diocotron frequency); and 
the “single-particle” lim it (downshift by the rotation fre- 
quency). The shifts for a multispecies plasma (OCXl) are 
an intermediate case between the two extreme lim its. 

In Fig. 14 the shifts near the cyclotron frequencies of 
Mg+ and Mg++ ions are shown as a function of the FWHM 
diameter of a parabolic plasma (flu j, assuming a fixed com- 
position of the plasma (three times more Mg+ ions than 
Mg++ ions, isotopic abundances). By creating such figures 
for a series of abundance ratios, we determ ined the plasma 
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FIG. 13. Calculated frequency shifts of the I= 1 cyclotron mode for species 
a, normalized to fd, as a function of the charge fraction of species a. 
Calculations for both flat-density and parabolic profile plasmas are shown. 

diameter and abundance ratio that best match the measured 
cyclotron shifts at any given time. The resulting FWHM di- 
ameters are given in Fig. 11 as the curves marked C and D. 
Curve C was obtained, assuming that the M = 24 is the only 
isotope, curve D by taking the actual isotopic composition 
into account. For both cases, the agreement to the directly 
measured plasma diameter (curves FWHM, FDP) is better 
than the flat-density calculations (curves A and B). 

The ratio between the number density of the Mg’ and 
the Mgtf ions calculated under the assumption of a para- 
bolic profile is shown in Fig. 12, curves C and D; curve C 
neglects isotopic composition, while curve D includes isoto- 
pic composition. Both curves are quite similar to curve A, 
calculated with the flat-density model, 
n(Mg+)/n(Mg++)=2.5-3.75 for all times. 

giving 

Alternately, we can use the independently measured 
plasma diameter to calculate the expected shifts near the 

5 ““,““,‘“‘,““I”” 

l=l 

1 ,,,,‘,,,,‘,,,,1.,,,1,,,, 
-2 2.5 3 3.5 4 4.5 
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FIG. 14. Normalized frequency shifts for the I= 1 cyclotron modes for Mg& 
and Mg&’ ions as a function of the FWHM plasma diameter for a parabolic 
density profile. 
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FIG. 15. Axial temperature of the ion plasma as function of time, with and 
without cyclotron heating. 

Mg+ and the Mg** cyclotron resonances. Based on the re- 
sults of Fig. 12 we assume a fixed composition, with three 
times more Mgf ions than Mg’ f ions. A parabolic profile is 
assumed, and the isotopic abundance is included. The result 
of this calculation is shown as solid lines in Figs. 6(a) and 
6(b). As can be seen, the significant features of the 2= 1 
downshift is well modeled by this calculation, with no ad- 
justable parameters. Since the plasma profile is not exactly 
parabolic, our definition of the plasma diameter might be 
biased. Adding a constant 2.5 mm to the measured plasma 
diameters at each time gives calculated shifts shown as 
dashed lines in Figs. 6(a) and 6(b); this can be thought of as 
a one-parameter “best fit.” 

V. PLASMA HEATING BY CYCLOTRON EXClTATlON 

Applying an oscillating voltage at a frequency close to 
the cyclotron frequency of one of the plasma species can lead 
to heating of the plasma.’ For our plasma, this process acts in 
combination with two other mechanisms in determining the 
time dependence of the plasma temperature. (1) Electrostatic 
energy is converted to kinetic energy (Joule heating) as the 
plasma expands. This mechanism is effective mainly for 
early times when the density is high. (2) Collisions of the 
plasma ions with the background gas cool the ions. At a 
pressure of 10-a Tot-r the cooling time is about 20 s, i.e., 
shorter than the plasma confinement time. 

The axial temperature of the ions, 7’11, was measured by 
slowly decreasing the voltage on the dump ring and measur- 
ing high-energy ions that escape over the potential barrier, 
thus obtaining the tail of the velocity distribution.‘8 The 
number of collected ions was found to increase exponentially 
as the voltage was decreased, justifying the use of a tempera- 
ture to describe the distribution of the axial velocities. Figure 
15 shows the time dependence of the measured axial tem- 
perature with and without excitation at the cyclotron fre- 
quency of Mg’. The excitation considerably slows the ion 
cooling due to their collisions with the background gas. 
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PIG. 16. Axial temperature of the plasma ions at t= 50 s and total number 
remaining at r= 100 a as a function of the excitation frequency. The exci- 
tation amplitude is 1.5 V for all frequencies. The peaks are centered around 
the cyclotron frequencies of Mg& and MS&‘, i.e., 0.95 and 1.90 MHz. 

Figure 16 shows the axial temperature of the ions at 
t=50 s as function of the excitation frequency. The two 
peaks are centered around the cyclotron frequencies of the 
Mg.& and Mg&’ ions, i.e., 0.95 and 1.90 MHz, respectively, 
at B=15 kG. 

In contrast with the resonant modes studied in previous 
sections, these peaks are wide, with a full width half- 
maximum of about 10% of the resonant frequency. This 
width can be attributed to the finite interaction time between 
the excitationand the ions. The excitation voltage is applied 
to a 3.8 cm long sector, for which the transit time of a 5 eV 
Mg ion is only 7 pus. Thus, the ions perform about ten gyra- 
tions passing through this sector ring, with the result that 
they can be heated even if no coherent mode is excited in the 
plasma. 

Heating by cyclotron excitation significantly increases 
the plasma confinement time. This is seen both as a reduced 
radial expansion early in the evolution, and as a reduced loss 
rate to the wall late in the evolution. 

Figure 16 also demonstrates the reduced loss rate of the 
particles to the walls by showing the number of plasma ions 
at t= 100 s, N,,, as function of the excitation frequency. .At 
t= 0 s, about 2.5X lo9 ions were captured in a plasma length 
of 45 cm. With no excitation, or ~4th excitation far from the 
cyclotron frequencies of Mgf or Mg++, about 95% of the 
ions were lost by t = 100 s, leaving only 1 X lo8 ions in the 
plasma. The number remaining increased -more than six-fold 
when the plasma was excited near the cyclotron frequency of 
either of the Mgf or Mg++. The n’,, peaks in Fig. 16 have a 
similar width to the temperature peaks, with FWHM being 
about 10% of the resonant frequency. Excitation at the third 
and fourth harmonic of the Mg& resonance did not lead to 
heating or improvement of the confinement of the,plasma. 

This temperature dependence of the’ion confinement re- 
sults in,a pressure-dependent loss rate, since ion-neutral col- 
lisions cool the ions. A pressure dependence of the coniine- 
ment time is also observed for electrons,!’ but is significant 
only for P>10b7 Torr when the collision-induced transport 
is comparable to the transport due to field errors. Figure 17 
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FIG. i7. Confinement times r,n for ions and electrons at B=20 kG versus 
pressure, showing the influence of ion-neutral collisional cooling at low 
pressures. 

shows the dependence of r,,;. (the time when half of the 
initial number of charges are lost) on the pressure for both 
electrons and ions (obtained in the same machine and the 
same magnetic field). The electron confinement time is in- 
deed independent of pressure for P-C 10m7 Torr, as was ob- 
served in previous experiments. On the other hand, the ion 
confinement still improves as the pressure is lowered, even 
for P=Z 10m9 Ton-. 

Similar (although not identical) temperature evolutions , 
can be obtained at two different values of background pres- 
sure if cyclotron heating is applied in the higher-pressure 
case to compensate for the greater collisional cooling. Such 
comparisons showed that indeed the pressure dependence of 
the confinement times of the ions for P= 1 Om9 Torr is only 
due to the changing cooling rate. In Fig. 18, we plot the 
plasma loss time rL versus temperature for P= 7 X 10-l’ 
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PIG. 18. Characteristic time rL for decrease of the plasma line density from 
t=60-80 s versus the axial temperature measured at t=80 s. The mea- 
surements were performed at P = 7 X 1 O- lo and 1.4X 10-a Torr with vary- 
ing levels of cyclotron heating. 
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and P = 1.4 X I 0 -9 Tot-r. At each pressure the temperature 
was adjusted by adjusting the excitation frequency. The loss 
time rr, (obtained in a way described below) appears to be 
affected by background pressure mainly through the result- 
ing change in ion temperature. 

The data shown in Fig. 18 were taken with the aim of 
quantifying the dependence of the plasma loss rate on its 
axial temperature. Since the temperature measurement is de- 
structive, it was important to measure the loss rate of the 
plasma just before dumping it, over a period when the tem- 
perature was not varying rapidly. This was accomplished by 
measuring the rate of decrease of the diocotron frequency 
(proportional to the plasma line density) at t= 60-80 s and 
measuring the temperature at t= 80 s. For t= 60-80 s the 
diocotron frequency was decreasing nearly exponentially, 
since the plasma was then losing particles to the wall with a 
rate (In 2)9-L ’ = (dfdldt)/fd. Thus, rr. is the time over which 
the density would decrease by half, It can be seen that the 
loss time is approximately linear with the axial temperature. 
To date, we have no explanation for this effect. 

VI. DlSCUSSlON 

The shifts of the I = 1, I= 2, and I = 3 modes from the 
Mg ion cyclotron frequencies are qualitatively similar to 
shifts observed for electrons: the I= 1 mode frequency is 
shifted downward, while the frequency of the 1= 2 and I= 3 
modes is higher than the cyclotron frequency. However, sig- 
nificant quantitative differences exist between the ion results 
and the electron results, because of the multiple species in 
the ion plasma. 

For the electron plasma, the 1= 1 mode was found to be 
downshifted from the cyclotron frequency by an amount 
equal to the diocotron frequency. In the ion plasma, the shifts 
are larger than the diocotron frequency (up to four fd in the 
case of the Mg&+ ions), and are different from species to 
species. The derivations of Sec. IV show that these frequency 
shifts can be understood when the existence of several spe- 
cies in the plasma is taken into account. Good agreement was 
obtained between the diameter of the plasma calculated from 
cold fluid theory applied to the measured cyclotron fre- 
quency shifts, and the directly measured plasma diameter, as 
shown in Fig. 11. Four different levels of approximation 
were compared (flat versus parabolic density profiles, each 
with or without taking into account the existence of several 
isotopes). It was found that the differences between the re- 
sults of these four approximations are relatively small. As 
can be seen in Fig. 6, the measured shifts near the cyclotron 
frequencies of both Mg&+ and Mg&+ can be explained by 
the theory with a fixed ratio between the abundance of these 
ions. The time dependence of these shifts is readily explained 
by the time evolution of the plasma profile. 

As was seen in Sec. IV, the theory for the multispecies 
plasma ranges between two limiting cases. On the one ex- 
treme, there is the single-species plasma (“center-of-mass 
plasma limit”). Its I = 1 frequency downshift equals one dio- 
cotron frequency, and can be understood by the interaction 
between the center of mass and the induced image charge, 
neglecting all internal degrees of freedom. The single-species 
electron plasma is adequately described by this picture. On 
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the other extreme is the “single-particle” limit for a very 
dilute minority species. In this case most of the shift is 
caused by electric fields that are generated by the other spe- 
cies, and the predicted downshift is the rotation frequency of 
the plasma. This limit resembles the “confinement-fields!’ 
limit discussed in Sec. IV, where for a short plasma the radial 
electric fields are generated mainly by the confinement fields 
and not by the excited particles. 

Our results in the magnetron regime (confinement of a 
short plasma) matched the prediction of downshifts of one 
fd. On the other hand, we did not observe the predicted 
single-particle behavior in the case of the long plasma, even 
for the cyclotron modes of the minority Mg& and Mg& ions. 
Instead, a downshift of two fd was measured. The observa- 
tion of a similar behavior for the Mg& ions when the exci- 
tation amplitude was high enough seems to suggest that 
some nonlinear process may change the nature of the mode. 
Further investigation is required for understanding this re- 
gime. 

Our results strongly suggest that the amplitude of the 
detected mode cannot be used as a reliable measure for de- 
termining the relative abundance of the plasma species. This 
is probably due to mode damping, which depends on the 
species abundance. On the other hand, the frequency shifts of 
the I= 1 cyclotron mode of the majority species also turn out 
to be dependent on the relative concentration of this species 
in the plasma, and thus can be used as an important diagnos- 
tics tool. 

The upshifted I= 2 cyclotron mode is less we11 under- 
stood than the 1= 1 mode. Usually we observed upshifts of 
about one diocotron frequency for the I= 2 resonances of 
Mg& and Mg,‘4’. However, when the drive was tailored for 
the excitation of only the I = 2 mode, a family of up to four 
peaks was obtained between f C +fd and f C + 2fd. Such fami- 
lies of resonances were explained for the electron plasma2 by 
considering the effects of the finite temperature of the 
plasma, and adapting the theory of trapped Bernstein modes 
to the case of the non-neutral plasma. This analysis does 
indeed yield families of resonances, with spacings of 
W&J oRO> where R, is the ion Larmor radius. This 
analysis predicts that as the plasma expands (RP increases) 
and the ions cool (R, decreases) the spacing between the 
resonances (normalized to fd) should decrease. This predic- 
tion is in contradiction to the observed data of Fig. 8, where 
the spacings were nearly constant multiples of fd . 

The cold-plasma theory developed in Sec. IV predicts 
1= 2 upshifts that are proportional to the relative abundance 
of the resonant species [ECq. (18)). For majority species this 
yields excessively large upshifts compared with the observed 
upshift of l-2 fd. For minority species like Mgj and Mg& 
with charge fraction S-6%-7% small frequency shifts are to 
be expected, as was indeed observed. The size of these fre- 
quency shifts, 0.1-0.25 f d, yield reasonable estimates for the 
relative abundance of these isotopes, when ECq. (18) is used, 
together with an independent measurement of the plasma 
size. However, since only small shifts are involved, it was 
difficult to determine the level to which the cold-plasma 
theory successfully describes these observations. 

The heating of the ions due to an oscillating voltage 
close to their cyclotron frequency was investigated by Lamb, 
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Dimonte, and Morales.” There, a single pass of ions through 
.  - i L*F.- * 

a localized excitation region was considered. The hearmg, 
was analyzed in terms of the breaking of the adiabatic con- 
dition 1 o - !2 1 Llv t% 1, where L is the length of the exe ita- 
tion region and v, is the ion axial velocity. The range of 
frequencies over which this condition is violated roughly 
matches the range of frequencies where heating of the 
plasma was observed in our experiments. It should be noted 
that our temperature measurement probed only the axial ve- 
locity distribution, while the theory’ ~predicts mainly a 
change in the perpendicular energies. However, the collision’ 
time is short enough for transfer of perpendicular to parallel 
energy to occur. Future laser-induced fluorescence can fur: 
ther probe the velocity distribution in both directions, and 
quantify the efficiency of the temperature equilibration. 

We believe that it is indeed the increased axial velocities 
that are responsible for the improved confinement observed 
for the cyclotron-heated plasmas (and equivalently, for the 
better confinement at lower pressures). .The nature of the 
responsible mechanism is not well understood, but it is probY 
ably related to the faster bouncing motion of the ions, ltiad- 
ing to better bounce averaging over the magnetic field errors 
that inevitably exist. Resonant-particle transport theories*’ 
emphasize the importance of the ratio between the bounce to 
rotation frequencies. However, it is found in our experiments 
that the heated and better-confined plasmas do not neces.sar- 
ily have a higher ratio of the bounce to the rotation ,fre- 
quency. This is due to the higher rotation frequency charac- 
terizing the b*etter-confined plasmas. Thus, both theoretical 
and experimental effort are required in order to achieve bet- 
ter understanding of this phenomenon. .[ c 
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