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Transverse ion acceleration and ion conic formation in a divergent-field 
laboratory plasma 

M. Zintl,a) R. McWilliams, and N. Wolfb) 

Department of Physics, University of California, Irvine, California 92717 

(Received 7 April 1995; accepted 17 August 1995) 

The results of laboratory experiments at the U ni versity of California at Irvine are presented in which 
multidimensional ion velocity distributions in the presence of radio-frequency (RF) waves and a 
spatially divergent external magnetic field are observed. A plasma volume is subjected to either local 
or nonlocal electrostatic turbulence, which in tum is responsible for accelerating the ions transverse 
to the confining magnetic field. The ions flow away from the source of turbulence in a spatially 
decreasing magnetic field, where the /L VB force and magnetic-moment conservation work to distort 
the heated distribution. Laser-induced-fluorescence (LIF) signals, measured downstream from the 
plasma source with the aid of optical tomography techniques, reveal substantial ion heating and 
conic formation. © 1995 American Institute of Physics. 

I. INTRODUCTION 

An ongoing theme in basic plasma research is the simu
lation or modeling of space-related phenomena in a labora
tory plasma device. Such research is useful for many rea
sons. Specifically, laboratory models may be used to bridge 
the often sizable gap between the theoretical interpretation of 
an effect, and the ability of a space satellite to measure the 
effect adequately in an environment that is often subject to 
constantly changing or nonrepeatable conditions. Among 
countless examples, laboratory experiments have been used 
to model auroral hiss, I large-amplitude electrostatic ion cy
clotron (EIC) waves in conjunction with auroral arcs,2 lower 
hybrid ion acceleration processes,3 double layers,4.5 and ion 
upwelling in a divergent magnetic field. 6•7 More recently, 
experimental measurements of energy-densIty-driven 
instabilities8 may have new implications for ion acceleration 
processes in the low-altitude ionosphere.9 

In the present work we consider specifically the evolu
tion of plasma velocity distributions consisting of charges 
born in the upper atmosphere that are accelerated predomi
nantly transverse to the magnetic field, and flow upward to
ward the ionosphere and beyond. These distributions are 
known generically as "ion conics," which are velocity
space distribution functions that have a nonzero velocity 
pitch angle other than normal to the confining magnetic field. 
A surface of constant ion flux for this distribution takes on 
the general shape of a cone in velocity space whose vertex 
points along the magnetic field axis in the direction of the 
acceleration region, hence its given name. 

Since the first satellite observation of ion conics,lo sev
eral mechanisms for their initial discovery have been pro
posed. In most models a low-temperature (-I e V) ion 
plasma is accelerated normal to the geomagnetic field by any 
of a number of possible heating mechanisms, followed by an 
adiabatic upwelling of the heated distribution as it moves 
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into regions of weaker magnetic field, where the charge mo
tion perpendicular to the field is slowed by conservation of 
magnetic moment, and the charges are accelerated in the 
direction of the field by the jJ, VB force. The ion heating and 
upwelling (often called "folding") of the distribution may 
often occur in tandem, i.e. the constituent charges must find 
a middle ground between the separate demands of the wave 
field and the magnetic confinement. Other mechanisms have 
also been suggested as alternatives to conventional adiabatic 
folding, such as interaction with double layers II and 
velocity-filter mechanisms.12 Several ion heating mecha
nisms have been proposed, such as electrostatic ion cyclotron 
(EIC) waves,13.14 lower hybrid waves, 15 electromagnetic ion 
cyclotron (EMIC) waves,16 large-amplitude EIC wavesp 
stochastic acceleration,18 double-cyclotron absorption,19 and 
velocity-shear waves.20 Some recent sounding-rocket 
observations21 in the topside auroral ionosphere cite an ex
tremely strong "cause-and-effect" relation between trans
verse ion acceleration and "spikelets," which are believed to 
be localized regions of intense lower hybrid turbulence. Prior 
satellite and rocket measurements have only been able to 
show simultaneity between electrostatic waves and energetic 
ion populations. 

While the proposed ion conic formation mechanism of 
perpendicular heating and adiabatic upwelling of the plasma 
along auroral field lines is by far the most popular, it is 
difficult to demonstrate conclusively by satellite measure
ments. The reason is that magnetospheric conics are suffi
ciently localized spatially that the satellite can only measure 
the distribution on time scales much shorter than the evolu
tion time of the conic. While multiple satellite measurements 
have shown the trend of increasing pitch angle with increas
ing altitude,22.23 those trends are inconsistent with adiabatic 
theory, most likely since wave-particle interaction may oc
cur anywhere along the path of the upflowing plasma. 

Previous laboratory studies related to this work have 
shed considerable light on the subjects of wave propagation 
and/or ion evolution in a nonuniform B field, in particular, 
those at Tohoku University,7 and the University of 
Iowa.4- 6

•
24 Hatakeyama et at.7 measured ion energy distribu

tion functions of an unheated plasma parallel to a divergent 
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field and found deformations in' the distributions that were 
discussed in the context of a simple adiabatic plasma model. 
Of. particular interest are the results of Cartier et al. i 24 who 
measured ion temperatures perpendicular and parallel~ to a 
nonuniform magnetic field, when the plasma was subjected 
to narrow-band ErC waves. In the pase, ,<?f approxiplately 
fixed input power to the plasm'a; they established that the 
heated ions transfer their" energy from perpendicular motion 
to parallel motion, in quantitative agreement with a straight
forward theoretical model, which accounts for conservation 
of magnetlcmoment and ~ne;g;; of tli~ constituent plasma 
ions. ' ,'" 

In this paper we report recent laboratory measurements 
of ion conicsjp. a Q:Illachine, plasma. Th'e conics are ob
tained in, a manner consistent with the earlier discussion of 
the most likely process of conic evolution in sp'~ce. Ions are 
heated by electr~static waves nearest the plasma source, in 
regions ,of maximummagne;!ic field, and the pl~sma flows 
into regions of a smaller magnetic field. Laser-induced fluo-25' ", ' ,,' 
rescen~e (LIF) aJ;ld optical tomography26,2~ measurements 
in the small-field region were, ~se<;l to obtain the p,lasma dis~ 
tribution function. The results shown in this paper build on 
the,previous research discusse!i above as follows. 

(1) The'complete two-dimensional structure of the plasma is 
measured. This is particularly important for identifying 
ion conics, as the angle of preferred 'velocity pitch (here
after referred to as the "cone angle") may not be deter
mined frofu a sirigIe mea:surement of the distribution ei
ther· perpendicular or parallel to the magnetic field. 

(2) III bIieset of measurements, the absorbed power by the 
plasma is varied for a fixed magnetic field ratio. This has 
the added benefit of measuring a variety of possible dis
tribution characteristics over a fixed flux tube, including 
cone angle and axial drift. 

II. EXPERIMENTAl ARRANGEMENT 

A. Plasma s~lIrce and magnetic,tield geometry 

The experiments described here' were performed in a 
divergent-field plasma device, with the magnet coils at the 
plasma source set at higher current than the coils at the op
posite end of the machine. This provided magnetic field ge
ometries that were divergent, rather than mirror, in configu
ration; typical on-axis magnetic field" configurations are 
shown in Fig. 1. The peak field near the plasma source was 
fixed at about 4.3, kG, while the field in the, region of the 
optical diagnostics was varied between 0.85 and 2.7 kG. This 
gives 'a ratio between the magnetic field at the source com
pared to the field at the optical detection (denoted R in , the 
magnetic field ratio) a range from 1.6 to 5.0. The plasma in 
the experiments was produced by contact ionization of 
barium metal on a tungsten hot plate. Barium was chosen for 
its ease of ionization and its useful optical properties. The 
source is similar to the usual Q-machine source,28,29 either 
modified by an annular oven30 surrounding the hot plate or a 
traditional stainless steel oven mounted to the machine. Once 
ionized, the barium flows along magnetic field lines and ter., 
minates at the cold, electrically floating endplate, approxi-
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FIG. 1. Plots of an on-axis magnetic field as a function of ' axial distance. 
The plasma source is located at approximately 0 cm and the optical tomog
raphy diagnostic is located at approximately 105 cm. 

mately 150 cm from the plasma source: When radio.: 
frequency (RF) excitation was desired, a dielectric ally 
shielded eight-ring antenna31 placed approximately 30 cm 
from the hot plate, and aligned coaxially with the pJ.asma 
column, was used. Broadband electrostatic ion-cyclotron 
(EIC} waves '3v;ere generated by, parametric decay of lower 
hybn!i waves that \Vere lavnched by a 30 MHz signal from 
the antenna. The Erc waves were used to heat the plasma 
ions perpendicular to the local magnetic field. To obtain 
time-evolution characteristics of heated plasmas, and to 
avoid measuring artificial temperature enhancenwnts due to 
the presence of the, wave field, the power to the antenna was 
pulsed for the duration of an ion transitti'me (approximately 
900 p,s), and the distribution function was sampled with a 
boxcar averager and gated integrator assembly triggered' to 
view the plasma distribution immediately after the antenna 
was_ turned off. ~ '<I'" 

A variety .of pI~sma diagnostics was used to obtain rel
evant information about plasma characteristics. Ion density, 
electron temperature, and radial density profiles were in
ferred from movable Langmuir-pr9be measurements made 
downstream from the antenl)a. Wavelengt,h and frequency 
spectra were observed with RF probes plac,ed in proximity of 
the antenna. Because of the broadband nature of the low
frequency wave response, the conventional method of mea
suring. wavelengths by an interferogram was not possible; 
thus wave-spectral information was obtained by digitally 
sampling the frequency resppnse of two probes placed at 
various relative radial separations, then cross-correlating the 
data?3 Ion-velocity distribution, temperature, and drift mea
surements were taken using laser-induced-fiuorescence 
(LIF)25,34 techniques. Typical measured plasma parameters at 
the source were as follows:·ni=n e=5X1Q8-8.0X109 cm-3, 

Ti=Te=O:2- eY. Figure 2 shows the arrangement of the 
source, antenna, and diagnostics in more detail. 

B. Laser-induced fluorescence and optical 
tomography 

Laser-induced fluorescence (LIF)25,34,35 is used in the 
laboratory to measure velocity distribution functions in one 
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FIG. 2. Diagram of the experimental arrangement. The plasma spreads ra
dially as a function of distance from the source due to the decrease in 
magnetic field from plasma source to observation site. 

dimension. A narrow-band (8w< 1 MHz) laser beam intro
duced into the plasma may excite atomic transitions of the 
constituent ions. For an ion moving with velocity vi and 
electronic transition frequency Wo, excitation and fluores
cence will occur when 

(1) 

where wI , k, are the frequency and wave number of the laser, 
respectively. The fluorescent photon flux (which is measured 
by a collection-optics array and photomultiplier tube 
mounted outside of the plasma device) is proportional to the 
number of ions at that velocity (within the bandwidth of the 
laser). By sweeping out the appropriate range of laser fre
quencies, one obtains the one-dimensional velocity distribu
tion f( v) for ions with a velocity component in the direction 
of the laser-beam propagation. 

The optical tomography diagnostic26.27 is based on the 
principle that one may think of the distribution obtained by a 
laser scan as the line integral of the full velocity distribution, 
i.e. f(vx,v z) is integrated over the velocity component(s) 
orthogonal to k/ to obtain f( v 0)' where fJ represents the 
angle between the laser direction and the x axis, defined as 
the direction normal to the magnetic field. Expressing this 
result mathematically yields f( v 0) as a velocity-space "pro
jection" of the distribution f(v x ,vz): 

f(vo)= f~",f~J(Vx,Vz) 
X8(v x cos fJ+v z sin fJ-vo)dvx dvz. (2) 

From a collection of line integrals, one may invoke the 
reverse process, known as filtered back-projection, to obtain 
the complete distribution, 

f(vx,v z)= (7Tf'" h(vo) Jo -00 
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where h (v (}) is a one-dimensional velocity distribution con
volved with a filter function designed to compensate for 
"smearing" of the higher velocity-space Fourier harmonics, 
a natural effect of conventional back-projection.36 

III. EXPERIMENTAL RESULTS 

A. Wave propagation measurements 

In principle, one may choose from a variety of wave
generation methods, including direct launching, unstable ex
citation driven by a current drawn from a biased button,37-39 
or parametric decay.32,40 The first technique requires consid
erable input power since the antenna coupling to the plasma 
is extremely poor. The second technique generates an ex
tremely narrow-band signal. It is preferred that a broadband 
signal be generated when modeling space plasmas, as satel
lite observations of energetic ion distributions are often ob
served in tandem with a broadband frequency spectrum. Fur
ther, the biased button generates an "uphill" electrostatic 
potential,2 which slows the entire ion distribution down; the 
structure of the potential hill has the effect of decelerating 
small-gyroradius ions more than large-gyroradius ions, caus
ing a stretching of the velocity contours into a conical 
shape,41 even when the magnetic field is uniform. This is an 
important consideration if one wants to isolate the causes for 
laboratory conic formation to the presence of the divergent 
magnetic field. Note also that suprauroral plasmas are often 
observed by satellites to have electric fields that point away 
from the Earth's poles; if anything, this would accelerate, 
rather than decelerate, a plasma from its lower-altitude ori~ 
gin. 

Thus, it was decided to use parametric decay techniques 
for generating low-frequency electrostatic turbulence. The 
details of similar measurements at Irvine have been docu
mented previously,32.40 so we only highlight the important 
points here. 

Figure 3 is a graph of wave amplitude versus detected 
frequency for both the pump signal and decay signal, for a 
typical nonuniform magnetic field configuration. The center 
pump frequency is 30 MHz and is shown off scale to empha
size the daughter lower hybrid waves approximately ±50 
kHz away from the pump frequency. The second sidebands, 
at <± 100 kHz begin to appear just beyond the measurement 
range. The decay frequency is also at 50 kHz, and three 
harmonics are shown here. The number of harmonics ranged 
from one at amplitudes near the decay threshold42 to five for 
large amplitudes. Ratios of the EIC frequency to the gyro
frequency (w/wcJ ranged between 1.15 and 1.5. 

For most of the measurements, the frequency bandwidth 
was on the order of 10 kHz, or roughly 20%, of the fre
quency of the first harmonic. Moreover, attempts to correlate 
digitally the RF probe response proved futile after approxi
mately one-half wavelength. Given these two points, it was 
reasonable to conclude that the spectrum was weakly turbu
lent. However, phase information could still be obtained nu
merically within the measurable correlation length, and a 
wave number inferred. The phase information, coupled with 
estimates for a typical gyroradius, placed values of k.lPi for 
several measurements between 1.1 and 1.4. Porkolab43 pre-
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FIG. 3. Graph of typical RF probe spectral response for parametric decay of 
lower hybrid waves. Top graph: pump-signal band, centered at 30 MHz. 
Only the first sideband is shown. Bottom graph: decay response, band cen
tered at 0 kHz. The first three sidebands of the detay wave are shown, the 
third (at about 140 kHz) being only slightly above background on a linear 
scale. 

dicts kl.PI to be approximately 1.23, which reflects the value 
for which the growth rate of the cyclotron mode in paramet
ric decay is maximized. 

B. Background parameters 

Because it is possible for conics to exist in the iono
sphere without the need for the nonuniform field,11 and also 
because conics have been observed in the laboratory where 
the field is tmiform,41 it is important to know whether such 
possibilities eXIst in' this experiment. In order to establish a 
causal relationship between the final plasma distributions and 
the combination of ion heating and evolution in a nonuni
form field, we must first examine circumstances in which 
this causality does not exist. 

1. Ion dynamics of a quiet plasma In a nonuniform 
field 

First we address empirically the motion of the plasma in 
the absence of an external power source that could energize 
ions. There are two objectives to this measurement. first, it 
should be shown that the plasma flow' is adiabatic, i.e., we 
want to show that the magnetic moment (manifested as 
plasma magnetization for the measurement) does not vary 
with the magnetic field ratio between the source and detector. 
Second, it is necessary to establish whether or not the total 
energy of the distribution is conserved, and to consider the 
possible implications for laboratory conics should the ion 
energy change with changing magnetic field ratio. One ex-

8hys. Plasmas, Vol. 2, No. 12, December 1995 

a) 0.3 
• 

:> 0.2 
Q) 
'-" 

e-
t-.& 0.1 

0.0 
0.0 5.0 10.0 15.0 

b) 0.2 

...... 
:> co ..... 
'-" ... 

3l 0.1 "',iII ... 
~ l. t 

~I~ E-<"" • 

0.0 
0.0 1.0 2.0 3.0 4.0 5.0 

B sourciB optics 

FIG. 4. Graphs of plasma properties as a function of magnetic field ratio 
Rm. Top graph: (a) Tl. VS Rm; bottom graph: (b) Til VS Rm. 

pects, in principle, that the total energy, of the distribution 
should not change, since magnetic forces do no work on a 
plasma. 

The following measurements were performed under con
ditions' similar to the experimental arrangement shown in 
Fig. 2. The plasma density was low «10..,9 cm-3) to limit 
effects due to Coulomb collisions, and there was no external 
RF power source. The magnetic field was varied to establish 
a range of m:agnetic field ratios between 0.8 and 14. In all but 
a few cases the field at the detection site was less than the 
field at the source. In order to consider the effects of plasma 
acceleration due to variation in downstream potential, float
ing potential measurements were made at both the center of 
the plasma (between the antenna and optical detection) and 
at the endplate. 

Figure 4(a) is a plot of perpendicular ion temperature 
versus magnetic field ratio. As the field ratio increases, the 
temperature decreases in a manner consistent with conserva
tion of the magnetic moment. The line is a curve fit that 
assumes an inverse field-ratio relationship with temperature, 
i.e;, 

(4) 

where Rm is the magnetic field ratio and where To is opti
mized to fit the data. The best-fit curve for this data dictates 
that To=0.21 eV, which is well within the experimental re
producibility of our expected temperature of 0.2 eV. While 
the appearance of a systematically higher temperature at 
larger magnetic field ratios suggests a nonadiabatic regime, 

Zintl, McWilliams, and Wolf 4435 



a) 1.4 

>' 1.2 •• + • ~ 1.0 ",·f • >. 
t:.4 0.8 
!l) ••• I=l • !l) 0.6 • ¢:: • . ;:: 

0.4 
0 

0.2 

0.0 
b) 

1.6 

>' 1.4 
I-I-I .6..6. 

~ 1.2 .-: .... Vf .6. 
! .6. 

~ 1.0 ... .6. .6. 

~ 0.8 .6. .6. 

!l) 

~ 
'0 

0.6 

E- 0.4 

0.2 

0.0 
0.0 1.0 2.0 3.0 4.0 5.0 

B source I B optics 

FIG. 5. Drift energy (a) and total energy (b) of the plasma plotted against 
the magnetic field ratio. 

such circumstances are well beyond the range of magnetic 
field ratios used in the conic-formation portion of the experi
ment. 

The parallel temperature is plotted in Fig. 4(b) as a func
tion of magnetic field ratio. The downward trend in tempera
ture with field ratio is the expected result, as the !.£ VB force 
acting to accelerate charges axially should also generate an 
axial cooling, i.e., the axial velocity difference between any 
two charges is smaller when both are subject to the same 
acceleration, provided the effects of /L VB acceleration are 
low. The larger error bars in these data are due principally to 
a reduced fluorescent photon flux when the laser is pointed 
toward the hot plate. 

Figures 5(a) and 5(b) show the drift energy and the total 
energy of the plasma distribution, respectively. The drift en
ergy is determined by squaring the average (peak) drift ve
locity, converted to units of electron volts. The drift energy 
rises with increasing field ratio, its rate of rise decreasing 
with increasing Rm. This is the expected result, since the 
drift energy of the distribution is increased at the expense of 
thermal (both perpendicular and parallel) energy; thus the 
asymptotic limit of drift energy can be obtained only at the 
expense of all of the perpendicular motion of the ions. As the 
field ratio increases, perpendicular motion must be surren
dered to parallel motion (the magnetic field cannot be a 
source of free energy for the plasma), so that the drift in
creases. 

In the absence of an external free energy source, the 
plasma distribution Should conserve energy, regardless of the 
structure of the magnetic field. Figure 5(b) shows that, for 
our experimental arrangement, this is not the case; there is a 
slight increase in total energy over the range of measured 
magnetic field ratios. This is due most likely to a slight ob-
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FIG. 6. Contour plot of heated velocity distribution function in the presence 
of a uniform magnetic field. Each contour is a fraction of the maximum 
value of t, decreasing in 11% intervals, down to 11 %. The stretching of 
contours in the direction perpendicular to the field is indicative of ion heat
ing in that direction, specifically in the form of a wave-particle interaction. 

servable change in electrostatic potential that tends to accel
erate ions axially away from the source. This change in elec
trostatic potential may be due to plasma electrons having a 
greater net /L VB aceelerationthan the ions, which would 
cause electrons to escape from the plasma column more 
quickly than the ions. To counteract the charge imbalance, 
and to help maintain plasma quasi neutrality, a negative elec
trostatic potential would be set up. One might expect the 
effect to be augmented for lower source densities, where the 
plasma tends to operate as "electron rich." Potential drops 
along a divergent magnetic field comparable in magnitude to 
the ones measured in this experiment (~0.2 V) have been 
reported by at least two different authors.1,24 

If we consider only the range of magnetic field ratios 
used to create and measure the ion conics (1.6<R m <5.0), we 
see that the total energy increase with increasing R m is no 
more than 0.2 eV (noting that the trend falls well within the 
repeatability of the measurement). This difference, though 
small relative to the energy of the background distribution, 
may influence some of the parameters of the more energetic 
ion conic, in particular, drift speed and total energy. 

2. Observations of ion velocity distributions in a 
uniform magnetic field 

Multidimensional distribution function measurements in 
a uniform magnetic field were done to ensure that unex
pected anomalies in the plasma that would generate conics in 
a uniform field were absent. The experimental arrangement 
used for this series of measurements was similar to that in 
Fig. 2, with the exception that the magnetic field was uni
form. The background plasma density was approximately 
1010 cm-3

, and the magnetic field was 2.9 kG. EIe waves, 
formed by the parametric decay process discussed earlier, 
were used to heat the plasma perpendicular to the magnetic 
field. 

Figure 6 shows the plasma distribution due to RF heat
ing. The contours fall off in 11 % intervals, starting at 88% of 
f max' and decreasing to 11 %. The stretching of the contours 
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in the direction perpendicular to the field is indicativ~ of ion 
heating; there is a fourfoldmcrease ill T~over' the unheated 
distribution; the heating in Til is much less, approximately 
25% of the original parallel temperature. The· maximum 
stretch of the contours is directly perpendicular to the mag
netic field (within the limits of the resolution of the recon
structed image), and there is no evidence of conic formation 
in the uniform magnetic field. We mention also that energi
zation of the distribution appears pn::dorrllnantly to be a bulk 
heating process, one that gives the full velocity distribution a 
bi-Maxwellian shape. Any experimental evidence of Max
wellian "tails,,3 was smaller thM. the observed hyperfine 
splitting of the distributions. 

. \ 

c. Laboratory generation of Ion conics 
, . 

Here we describe the generation of laboratory ion conics 
in the presence of Ere waves. The experimental setup is 
almost identical to that discussed in the previous section, 
except that the magnetic field is now nonuniform: Tomogra
phic data were taken for a variety of magnetic field configu
rations and RF power levels. 

1. Time evolution of a laboratory jon conic 

The first series of distributions showing aspects of conic 
behavior are presented in Fig. 7. All three of the distributions 
were measured iii the same divergent magnetic field (4.1 kG 
at the antenna and'!.! kG at the optical detectorj:'Plgure 7(a) 
shows a distribution with no external RF power. There is no 
evidence of ion conic formation, since the velocity contours 
are not outlined in a triangular fashion. .. 

Figure 7(b) is ; ~eiocity distribution lie~ted initially by 
Ere waves at fixed input RF power, but measured 300 /LS 
after the power to the ant~nna is cut off. Here we ~~e!l very 
weak conic structure, and it is apparent that replenishnient of 
the plasma with UDheated,source ions"dominates the'distri
bution's appearance, though comparirig t:p.~ distributibn to 
Fig. 7(a): it is seen that some heated ions r;~.ain. ' .. ~ 

Figure 7 (c) is a full ion. conic; where the plasma ions 
sample the Ere \vav,?s' for the full time of their transit from 
the plasma source to the"optical detector, We can obtain the 
cone angle by specifying the angle o{prefem!d velocity pitch 
relativ~ to the point o~ maximum f( v), ' 

" v.t . 
a=tan~l , 

-(VII-VIIO) 

which is the angle between tWQ lines whose intersect~pnJies 
at the maximum f( v) of)he distributiQ)1, ,!is exemplifi~d.\Jy 
the two lines accompanying Fig.7(c) . .In this experiment, 
conic angles range between,90° and,J80°, consistent with 
conics that evolve in ~h~ Earth's north~~~ hemisphere,' in 
which the field direction pqints along its positive gradient; as 
an example, ,the conic"shO,Wn in Fig. 7(c} Is angled at about 
122°. 

2. Conic structure a$,afunctlon of magnetic field, 
profile .. . :.:' .' . 

Next, ,we present, several conics;, all ·of . which were 
heated with approximately the same amount of Ere wave 
power, but that arose in the different magnetic field configu-
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FIG. 7. Observation of ion conic sJructure due to the presence of applied RF 
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plasma in the absence of external RF power. (b) is a plasma distribution 
measured 300 J.LS after the RF power was turned off, and shows only a weak 
conic structure. (c) displays a full ion conic, measured immediately after 
turning off the pulsed RF power. 

"!I 

rations display~d in Fig. 1. These are shown in Figs. 8(a)-
8(c). Several trends are evident. First, the perpendicular tem
perature increases as the field ratio approaches unity. Second, 
the, drift speed increases slightly with increasing field ratio. 
Third, the cone angle increases (the distribution is more 
beam-like) as the magnetic field at the detection site de
creases. Finally, as the magnetic field ratio between the .an-

ZinU, McWilliams, and Wolf 4437 



-1.0 
b) 

1.0 

-1.0 

-1.0 

e) 

1.0 

-1.0 

-1.0 

0.0 1.0 2.0 

0.0 1.0 2.0 

0.0 1.0 2.0 

v Z (105 em/s) 

FIG. 8. Ion conic distributions for the magnetic field profiles described in 
Fig. 1 under conditions of fixed input power to the plasma. The magnetic 
field ratios from peak field to optical detection site for (a)-(c), respectively, 
are 4.9, 2.8, and 1.7. 

tenna and the conic detection site approaches unity, we note 
that the lower percentile contours at the smallest axial veloci
ties [Le., the low velocity (v z) cutoff] tend to broaden, mak
ing the appearance of the distribution less cone-like and 
more bowl-like (isotropic). There appears to be no particular 
trend in the magnitude of the low-energy cutoff with respect 
to the field; in fact, it appears that the cutoff is relatively 
constant. We note that most of the general trends in the dis-
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FIG. 9. Conic parameters as a function of magnetic field. (a) TJ. and Til; (b) 
drift energy and total energy; (c) conic angle, estimated from visual evalu
ation of distribution contours. 

tribution can be explained in the context of basic adiabatic 
particle motion; we discuss some of the trends more quanti
tatively below. 

Let us consider several specific aspects of the conics 
shown in Fig. 8. We may reduce the parameters of interest to 
five quantities: parallel and perpendicular temperatures, axial 
drift energy, total energy (or energy density), and conic 
angle. While this selection does not provide a complete de
scription of a given conic, it does give a quantitative basis 
for a physical description of the processes at work, and, if 
desired, one may use the parameters to quantify comparisons 
between theory (e.g., Monte Carlo models) and experiment. 

Figure 9 shows various conic parameters as a function of 
magnetic field ratio. The top graph shows the parallel and 
perpendicular temperatures. There is no appreciable change 
in Tn with an increasing magnetic field ratio (Within the re
peatability of the measurements). Previous authors44 have 
suggested that the parallel temperature of the distribution 
should experience a slight cooling due to the combined ef
fects of p, VB and electrostatic potential acceleration; the 
results for an unheated plasma in a divergent B field shown 
in Fig. 4(b) are consistent with this suggestion. There is a 
considerable increase in T 1. as the magnetic field ratio be
tween the antenna and the optics decreases. That T 1. should 
increase as the field ratio approaches unity is reasonable,. 
since the magnetic moment of the constituent charges is con
served. The temperature exhibits an approximate lIRm rela
tionship, similar to the curves shown for magnetic moment 
conservation in Fig. 4. This suggests that, in this case, the 
evolution of the distribution may be a two-stage process, i.e., 
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the plasma is heated.Jocally near the antenna, then folds 
along a decreasing magnetic field, as opposed to a simulta
neous heating/folding process. 

Figure 9(b) shows a plot of drift energy and total energy 
varying with field ratio. The increase in drift energy is con
sistent with fJ- VB acceleration of the distribution. The total 
energy is approximately constant within the repeatability of 
the measurement, though it is arguable that there may be a 
slight (0.1 e V) energy increase over the range of fields in 
which the conics were measured. However, one must be 
careful to acknowledge potential subtle differences in both in 
ErC wave propagation and electrostatic potential differences 
due to the magnetic field divergence. One may expect to see 
a small (perhaps 10%) ion energy increase with increasing 
field ratio, as shown in Fig. 5(b), but this is likely offset both 
by the higher ion density (lower electron free-energy density 
for axial acceleration of the ions), and a slightly longer axial 
range of EIC wave propagation for magnetic field configu
rations that are more uniform; this would result in more free 
energy being made available to the plasma. 

Finally, Fig. 9(c) shows the conic angle as a function of 
field ratio. For the conics observed in this series of measure
ments, the angle of maximum flux ranged between 90°-
130°. In some cases, the angle changed slightly as a function 
of ion energy (or as a function of contour percentile that is a 
manifestation of the same thing), over as much as a nine 
degree range; in those cases we determined the conic angle 
from the outer two or three contours, since those contours 
most strongly manifested magnetic folding. Qualitatively, the 
trend of increasing ~onic angle with increasing field ratio is 
expected, since the greater axial motion and the smaller ra
dial motion of the ions with increasing field ratio would tend 
to align the ions more with the direction of the magnetic 
field. 

3. Variable-energy Ion conics in a fixed nonuniform 
magnetic field 

Now we consider the evolution of ion conics in a fixed 
nonuniform magnetic field subject to a variety of input RF 
power levels, as shown in Fig. 10. The general trends seen in 
the distributions resulting from increasing RF power are (1) 
an increase in perpendicular temperature; (2) an increase in 
axial drift; (3) a slight increase in parallel temperature; (4) 
greater flattening of the velocity contours in the low-energy 
cutoff, giving the distribution more of a "bowl-shaped" ap
pearance; and (5) a decrease in velocity pitch. Figure 11 
shows a plot of the variations of these plasma parameters as 
a function of modulated parametric decay input power. Fig
ure l1(a) shows increasing perpendicular temperature versus 
input power; this is expected, since the greater the applied 
power, the greater the transverse acceleration. There is a 
slight increase in parallel temperature as well, approximately 
30% over this range (-6X) of applied power. Ordinarily, 
one might expect the change in Til to be relatively flat, since 
fJ- VB acceleration and conversion of perpendicular to paral
lel energy do relatively little to adjust the parallel tempera
ture appreciably. However, given the plasma density used in 
the experiment, it is likely that Coulomb collisions will tend 
to thermalize the distribution slightly toward a Maxwellian, 
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FIG. 10. Ion conic distributions for fixed magnetic field ratiolmd variable 
input power to the plasma. Modulated parametric decay input power for 
these data is -16, -10, and -8 dB m, from top to bottom. 

and thus an increase in T 1. would result in a somewhat pro
portional increase in Til as well. Figure l1(b) displays an 
increase in total distribution energy with increasing RF 
power and also an increase in drift energy. This is to be 
expected, since the bulk effect of having a larger magnetic 
moment for each ion (i.e., larger magnetization) is to have a 
larger overall fJ- VB acceleration of the distribution. 

Finally, we consider the evolution of the conic angle 
with energy (or energy density). Figure l1(c) shows a range 

Zintl, McWilliams, and Wolf 4439 



a) 0.5 
"'" • :> 
~ 0.4 Legend: 

• T 
<I) 

6 T::::U.I • ... 0.3 
~ ... 0.2 • <I) 
0.. 
8 0.1 • J!>. J!>. 

~ • J!>. 

b) 0.0 
4.0 

>' 3.5 Legend: V 
<I) • dritt energy 
-;:: 3.0 v total energy 

V 
on ... 

2.5 <I) • r.G V 
V • 2.0 V • • • 

C) 1.5 
140 

bO 
<I) 
'0 • '-' 

<I) 

~ 120 • 
«I 
(,) • 
'S + 
0 
U • 

100 
0.0 0.2 0.4 0.6 0.8 1.0 

Input power (watts) 

FIG. 11. Conic parameters as a function of input wave power. (a) TJ. and 
Tn; (b) drift energy and total energy; (c) conic angle, estimated from visual 
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of conic angles from 103° to 130°, decreasing monotonically 
with increasing input power. That this should occur is not 
immediately obvious, since one needs to consider the com
peting effects of increased J.L VB acceleration, which would 
tend to increase the cone angle (i.e., as the cone angle moves 
toward 180°, the distribution would appear to be more 
"beam" shaped), and the effects of increased perpendicular 
energy that would tend to decrease the cone angle. 

Consider an ion with typical perpendicular speed and 
axial velocity close to the drift speed of the distribution; such 
a particle is a subset of the maximum ion flux, the region in 
the velocity distribution used to determine the angle of the 
conic. Prior to adiabatic upwelling of the ion, it has an initial 
perpendicular speed of v.L and an initial axial speed of 

. 0 
vllo' At the small-field end, the velocity of the ion, based on 
conservation of magnetic moment and energy, is 

(6) 

(7) 

Because vllo typically is considerably larger than to V.Lo 

in Eq. (7), the final axial speed will not be appreciably higher 
than the initial axial speed, even if the magnetic field ratio is 
large. However, the final perpendicular speed will decrease 
considerably (over a factor of 2 for a field ratio of 5.0). This 
means that for our expression for the cone angle equation 
(5), the numerator will increase proportionately more than 
the denominator with increasing energy, and therefore the 
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conic will tend toward angles closer to 90° with increasing 
energy as well. Our observation is consistent with this argu
ment. 

IV. SUMMARY 

Ion conics have been observed time in a laboratory 
plasma in which the scaled-down experimental parameters 
model the processes believed to exist above the auroral oval. 
Ions heated near the plasma source by electrostatic turbu
lence flow into regions of spatially decreasing magnetic field, 
where downstream optical detection of the plasma reveals 
velocity distributions unambiguously conic in appearance. 
Specific conic parameters such as perpendicular and parallel 
temperature, drift speed, total energy, and preferred velocity 
angle (cone angle) change as a function of changing mag
netic field profile and changing RF power applied to the 
plasma. These changes are consistent with expected varia
tions based on energy and magnetic moment conservation. 

The possibility ·of discussing further theoretical aspects 
of the results is beyond the scope of this paper. Monte Carlo 
models of the plasma evolution, using theoretical models in 
the spirit of previous authors,45,46 have been used to provide 
a useful comparison between theory and laboratory experi
ment.These will be the subject of another paper. 

ACKNOWLEDGMENTS 

This paper has benefited from useful discussions with D. 
Sheehan, D. Edrich, N. Rynn, and G. Van Hoven. 

This work was sponsored by National Science Founda
tion Grant No. PHY-9419192. 

IR. L. Stenzel, J. Geophys. Res. 82, 4805 (1977). 
2 A. Lang and H. Boehmer, J. Geophys. Res. 88, 5564 (1983). 
3R. McWilliams, R. Koslover, H. Boehmer, and N. Rynn, in [on Accelera
tion in the Magnetosphere and Ionosphere, AGU Geophysical Monograph 
38 (American Geophysical Union, Washington, DC, 1986), p. 245. 

4S. L. Cartier and R. Merlino, Phys. Fluids 29, 2549 (1987). 
SM. J. Alport, S. L. Cartier, and R. L. Merlino, J. Geophys. Res. 91, 1599 
(1986). 

6S. L. Cartier, N. D'Angelo, and R. Merlino, Phys. FIuids 28, 3066 (J 985). 
7R. Hatakeyama, N. Sato, Y. Tsunoda,. H. Sugai, and Y. Hatta, J. AppJ. Phys. 
45,85 (1974). 

8M. E. Koepke, W. E. Amatucci, J. J. Carroll III, and T. E. Sheridan, Phys. 
Rev. Lett. 72, 3355 (1994). 

9M. Koepke, W. E. Amatucci, J. J. Carroll III, V. Gavrishchaka, and G. 
Ganguli, Phys. Plasmas 2, 2523 (1995). 

lOR. D. Sharp, R. G. Johnson, and E. G. Shelley, J. Geophys. Res. 82,3324 
(1979). 

"J. E. Borovsky, J. Geophys. Res. 89,2251 (1984). 
12J. L. Horwitz, J. Geophys. Res. 91,4513 (1986). 
13E. D. Ungstrup, D. M. Klumpar, and W. J. Heikkila, J. Geophys. Res. 84, 

4289 (1979). 
14M. Ashour-Abdalla and H. Okuda, J. Geophys. Res. 89, 2235 (1984). 
1ST. Chang and B. Coppi, Geophys. Res. Lett. 8, 1253 (1981). 
16T. Chang, G. B. Crew, N. Hershkowitz, J. R. Jasperse, J. M. Retterer, and 

J. D. Winningham, Geophys. Res. Lett. 13,636 (1986). 
17R. L. Lysak, M. K. Hudson, and M. Temerin, J. Geophys. Res. 85, 678 

(1980). . 
18G. R. Smith and A. N. Kaufman, Phys. Rev. Lett. 34, 1613 (1975). 
19M. Temerin and I. Roth, Geophys. Res. Lett. 13, 1109 (1986). 
20G. Ganguli, M. J. Keskinen, H. Romero, R. Heelis, T. Moore, and C. 

Pollock, J. Geophys. Res. 99, 8873 (1994). 
21 J. L. Vago, P. M. Kintner, S. W. Chesney, R. L. Arnoldy, K. A. Lynch, T. 

E. Moore, and C. J. Pollock, J. Geophys. Res. 97, 16935 (1992). 

Zintl, McWilliams, and Wolf 



22w. K. Peterson, H. L. Collin, M. F. Doherty, andC,)vj:." BjOddur\d, Geo~'" ",,;;R,':~A. Stern,p:N. Hill, and N. Rynn, I?hys. Rev. ~tt.A7,792 (1981).' 
phys. Res. Lett. 19, 1439 (1992). 36 A. Macovski, Medical Imaging Systems (Prentice'::'Ha1I, Englewood Cliffs, 

23W. Miyake, T. Mukai, and N. Kaya, J. Geophys. Res. 98, 11127 (1993). NJ, 1983). ',... , ',_' , 
24S. L. Cartier, N. D'Angelo, and R. Merlino, J. G,eophy§., Res; 91, 8025 37N.)?, Angelo and R. W. Motley,J'hys. F)uids 5, 633 (1962),. 

(1986). 38N. Rynn, D. R. Dakin, D. L. Correll, and G. Benford, Phys. Rev. Lett. 33, 
25D. N. Hm:S. Fornaca, and M. G. Wickham, Rev. Sci. Instrum. 54, 309 765, (1974)., , . , 

(1983). 39D. R. Dakin, T. Tajima, G. Benford, and N. Rynn, J. Plasma Phys. 15, 175 
26M. Zintl and R. McWilfiams,.Rev. Sci: Instrum.!Ii5, 2574 (1994). (1976).: L' ,cCc" .:. ",: - ,::',,:'d, . ~ 
27R. Koslover and R. McWiWams; Re,v.S,ci. Jnstrum. 57, 2441 (1986). _ 4°R.McWilliams, M.':K. Okubo, and N. S. Wolf, Phys. Fluids B 2, 523 
28R. W. Motley, Q Machines (Af.~QeJUin,.t'!~,~Xork, 1975). ' , (1,9901> ': ' ... ~nl I,. , .. ' , ., , 
29N. Rynn, Rev. Sci. Instrum:'35,4d (1964). ' ... 41R. McW!lhams and R. Koslover, Phys. Rev. Lett. 58, 37 (1986). 
30p. J. Paris and N. RyiiN, Rev. Sci: I~s'trum; 61, 1095 (1990). ,,;,.,- 42M:'Porkolab, PhYi.:'Fluids 17, 1432 (i974). ' ' 
3Ip. M. BeHan and M. Porkolab,Phys.Fluids'19, 995 (l976);'~ ," 43M. Porkolab,Phys.F1uids 20, 2058 (1977).,: 
32R. McWilliams, D. Hill, N .. Wolf, and N. ~np! ,!)hys:~ev. Lett. S0" ~36" 44T. N. Good, Ph.D. thesis, D.C. Irvine, 1986. 

(1983). , . 45M.,Temerin, Oeophys. Res. Lett. 13, 1059 (1986). .. .. 
33D. L. Correll, Ph.D. thesis:U.C':Irvine, 1976: ,'-. ~. '. ~l 46J. M. Retterer, T. Chang, G. B. Crew, J. R. Jasperse; aridJ~'D. Wmning-
34R. A. Stern and I. A, Joliiison, Pliys. Rev. Lett. 34, 1548 (1975): ham, Phys. Rev. Lett. 59, 148 (1987).--

'\ 

" !," , ... ---

';,-,," 

'f. ..,.. 

·:1'..,-_, 

• • • ~ + ~ 

',;t.'":O'}' ..... ',t;. 

.;,-

. ,; .. ~ , 

.f_h .~ 

';:;. 

Phys. Plasmas; Vol. 2; No. 12, December 1995 Zintl, McWilliams, and Wolf 4441 




