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LETTERS

The purpose of this Letters section is to provide rapid dissemination of important new results in the fields regularly covered by
Physics of Plasmas. Results of extended research should not be presented as a series of letters in place of comprehensive articles.
Letters cannot exceed four printed pages in length, including space allowed for title, figures, tables, references and an abstract
limited to about 100 wordsThere is a three-month time limit, from date of receipt to acceptance, for processing Letter
manuscripts. Authors must also submit a brief statement justifying rapid publication in the Letters section.

Beta-dependent upper bound on ion temperature anisotropy
in a laboratory plasma

Paul A. Keiter, Earl E. Scime, Matthew M. Balkey, Robert Boivin, and John L. Kline
West Virginia University, Morgantown, West Virginia 26506

S. Peter Gary
Los Alamos National Laboratory, Los Alamos, New Mexico 87544

(Received 25 August 1999; accepted 9 November 1999

Laser induced fluorescence measurements of ion temperatures, parallel and perpendicular to the
local magnetic field, in the Large Experiment on Instabilities and Anisotropies space simulation
chamber(a steady-state, high beta, argon plasdiaplay an inverse correlation between the upper
bound on the ion temperature anisotropy and the parallel ion heta8¢rnkT/B?). These
observations are consistent withsitu spacecraft measurements in the Earth’s magnetosheath and
with a theoretical/computational model that predicts that such an upper bound is imposed by
scattering from enhanced fluctuations due to growth of the ion cyclotron anisotropy instéh#ity
Alfvén ion cyclotron instability. © 2000 American Institute of Physics.

[S1070-664X00)05102-9

In a carefully controlled, fully diagnosed, high beta, fixed value of the dimensionless maximum growth rat€;
plasma, we have carried out the first laboratory demonstrain an electron/ion plasma can be writterf as
tion of the existence of an upper bound on the ion tempera- «
ture anisotropy that scales inversely with the plasma beta (Tii/TiH)_lzsp/lBin- @

(B=87nkT/B?). This experiment confirms the predictions \jores anda, are fitting parametersS, is a dimensionless
of collisionless theory and simulations, as well as validatingnumbepr of theporder of unity and is determined by the choice
results of space plasma observations carried out with lesgt maximum growth ratec, is relatively independent of
comprehensive diagnostics and under natural, rather tha,p/Qi with typical values ofw,~0.4.
controlled conditions. . _ There is a long-standing general hypothesis that wave-
If the ion velocity distribution is approximately bi- particle scattering by enhanced fluctuations from kinetic
Maxwellian andT;, >T; , where perpendicular and parallel pjasma instabilities should constrain the anisotropies that
denote directions relative to the background magnetic fiel@rive the unstable modes. A corollary, apparently first advo-
Bo. then two distinct modes may grow. These are the eleccated by Manheimer and Borss that a plasma instability
tromagnetic ion cyclotron anisotropy instabilitglso known  threshold derived from linear theory should correspond to an
as the Alfve lon Cyclotron instability'~* and the mirror  gpservable bound on the anisotropy driving the unstable
instability.** The former has a real frequenay which sat-  mode. Recent hybrid simulations of ion temperature anisot-
isfies O0<w,<(; (Q; is the ion cyclotron frequengy ropy instabilitie$ have provided support for this corollary.
whereasw, =0 for the mirror mode in a homogeneous  However, it is difficult to test this hypothesis and its
plasma. The magnetic fluctuations of the ion cyclotron anconsequences with space plasma data because particle distri-
isotropy mode are directed primarily perpendicularBg.  butions are often observed to exhibit more than one type of
Mirror mode fluctuations are primarily compressive, that is,non-Maxwellian feature and scattering may be due to more
AB||Bg. The threshold anisotropy for the ion cyclotron an-than one microinstability. In some cases, the Earth’s bow
isotropy mode is a function of the ionic constituents of theshock provides enough heating to the solar wind ions in the

plasm& and typically has the lower threshold whes) direction perpendicular t®8, that T;, >T; is the predomi-
=8mn kTiH/B§<1 . The mirror instability is more likely to nant proton free energy. The magnetic field becomes com-
arise under conditions of higher parallel ion béta. pressed as the magnetosheath plasma flows toward the day-

Linear Vlasov theory indicates that the threshold condi-side magnetopause ang;; decreases. Under these
tion for onset of the ion cyclotron anisotropy instability for a conditions, a number of observ&ts™® have demonstrated

1070-664X/2000/7(3)/779/5/$17.00 779 © 2000 American Institute of Physics
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FIG. 1. The Large Experiment on Instabilities and AnisotropieEIA) a r o O%Q
connected to the helicon plasma soudght). The two locations at which o @
LIF measurements were performed in LEIA are indicated. ° TE
@ c
. . g
that the proton temperature anisotropy f&<1 does in- < [ Phan et al., 1994
deed have an upper bound of the form of Et). with 0.4 Fl - - Anderson et al., 1994
<ap<0.6. Several of these observations include measure- 01 Yy B
ments of proton-cyclotron-like fluctuations. 0.0001  0.001 0.01

The ion cyclotron anisotropy instability has been exam-
ined before in laboratory plasm&smost recently in the
GAMMA 10 mirror experiment® Although the GAMMA  FIG. 3. The ion temperature anisotropy=T;, /T;;, versus@ (open
10 results did demonstrate a correlation benN§€LNTi\| , circles) measured at the upstream pgsition. Thesg data were obtained over a

e . . M. wide range of operating magnetic fields but at fixed rf power and neutral
BiL, and the presence of Alfveion cyclotron instability pressure. Also shown are averaged values of anisotropy and for similar
waves, they did not indicate the existence of an upper bouneperating conditiongsolid circles investigated on different days with stan-
on the ion temperature anisotropy that is inversely correlatedard qeviation error bars and extrapolations of the fits from the magneto-
with By, . In fact, the reported results show no evidence of arpPheric observationgefs. 11 and 12
upper bound on the ion temperature anisotropy even though
the ion temperature anisotropy exceeded the threshold for The experiments were performed in the Large Experi-
instability excitationt® Thus, there are significant differences ment on Anisotropies and InstabilitiésEIA). LEIA (Fig. 1)
between the previous laboratory experiments, the magnet@onsists of a steady state, high density, helicon plasma
sheath observations, and the linear Vlasov theory results. source coupled to a largd.4 m long, 1.8 m inner diameter

In this paper, we present our direct measurements of theacuum chamber. Typical LEIA argon plasma parameters
perpendicular and parallel ion distribution functions in a ho-for these experiments wene<10'? cm 3, B=~17-70 G,
mogeneous, marginally collisional plasma and our observaf,~4-10 eVT;~0.1-1.0 eV, B¢ <0.2 and g;<0.02.
tions of an inverse correlation between the ion temperaturBecause of the differential pumping scheme, the neutral
anisotropy upper bound angl; . We also present measure- pressure decreases from 1.4 mTorr in the source where the
ments of the spectrum of transverse, electromagnetic fluctuaas is injected to 0.2 mTorr in LEIA. At these ion tempera-
tions and show that, as would be expected for the ion cyclotures and magnetic fields, the plasma diameter is 16 times the
tron anisotropy instability, there is a correlation betweenion gyroradius. The plasma is marginally collisional as
thermalization of the ion distribution and sub-cyclotron fre- A ,¢,/p~1 for the ion—ion collisions X, is the mean free
guency fluctuations. path andp is the ion gyroradiusand based on the edge

neutral pressur&,¢,/p~1 for ion-neutral collisions! This
is an overestimate for ion-neutral collisions as the neutral

Bﬂl

0.04 . . : N
- Perpendicular ] pumping effect in helicon plasmas should lead to a signifi-
o Parallel ] cantly reduced neutral pressure on axis in LE}Ahe ion—

0.03 ] ion collision frequency ranges from 5 to 10 times the ion

) - B gyrofrequency.

= L ] The parallel and perpendicular ion temperatures in LEIA

= 0020 1 were determined by laser induced fluoresce(id&). The

'%0 r ] ion velocity distribution is bi-Maxwellian withT;, >T;,

w - ] (Fig. 2). Previous LIF measurements have demonstrated that

= 0.011 . the perpendicular ion temperature is many times the parallel
r 3 ion temperature in the helicon source and that the level of ion
- ] temperature anisotropy can be controlled by adjusting the

0.00 & AW W source magnetic field or by auxiliary ion-heating®
-4000 2000 0 2000 4000 The ion temperature anisotrop¥;, /T;, versusg in

Velocity [m/s] LEIA is shown in Fig. 3. The data shown in Fig. 3 were all
FIG. 2 Th el and dicular i locity distributions f obtained for the same neutral pressure and source RF power.
. 2. € parallel and perpenaicular ion velocCity space distriputions tTuncC-~: . . : .
tions in LEIA measured with LIF at the upstream position. For this dita, Different source magnetic fields, LEIA magnetic fields, and

= 0.37 eV andT,, = 0.07 eV. The parallel data has been artificially scaled auXiliary ior_‘ heating power level® or 20_0 \M were used to
to an amplitude comparable to the perpendicular data. vary the anisotropy an; . Also shown in Fig. 3 are the fits
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andA=T;, /T. For typical LEIA parameters,
100

EL (a) v~ 4me*n/\m;(kT)) A0S, (4)

L Rewriting B; in terms of Eq.(4),
ek <~ Bij~ v(KT)) A% 4\/mm;e*B2. (5
[:j .\ ’; ~ Thus, varying the magnetic field and the ion temperatures
> T ‘.o .; - can yield a wide range g8; for a fixed isotropization fre-

2 i * quency,v, due to ion—ion collisions.

g Ig Figure 4a) shows a subset of the data shown in Fig. 3.

'g: C Phan et al., 1994 For these data, the isotropization frequency described by Eq.
| T 7 Anderson etal, 1994 (3) varies by less than 11%. Note thag spans more than

I Gary etal, 1994 order of magnitude and the temperature anisotropy changes

%10001‘ = "(‘)';01 —- "‘0“('” ' by a factor of 3. In addition to ion—ion collisions, ion-neutral
Bm collisions can also reduce temperature anisotropy through
velocity space diffusion. Assuming a constant cross section
100 = (a reasonable approximation over the limited energy range of

o (b) interes}, the ion-neutral collision frequency is proportional

; to \T; , whereT?=(2T7, +T7)/3. Figure 4b) shows a sub-

L T~ set of the data shown in Fig(&. For these data, both the
=10 __\\ ~ isotropization and ion-neutral collision frequencies vary by
;4 .0\..\ less than 11%. Although the range gf; is reduced, the
= o - inverse correlation of ion temperature anisotropy with
EZ i ¢ apparent in Fig. 3 is still apparent. A fit of E{.) to the data
g L yields S,=0.15 anda,=0.5. Thefact that the full data set
2 T 15/%'5 shown in Fig. 3 falls off more steeply at highgy is likely
< | Phan et al., 1994 due to the increasingly more important effects of ion—ion

| -— g:g;resto;ftla;;41994 collisions at larger values of plasma density which result in

ol e—— Iargervaluesoﬁ.in.' . .
0.0001 0.001 0.01 Also shown in Fig. 4 is a linear Vlasov theory curve for

the onset of the ion cyclotron anisotropy instability at a
maximum growth rate ofy/Q);=10 *. The scaling of the

gl(ti 4%53) Agsublsettog| thetiﬁntttehmIt?erf;ﬂuﬂ_e atr)isotrciAWTu Ty, \éEFISUS laboratory data with parallel ion beta,~0.5, isconsistent

T ey Wih both the spaceeraft measurements and the theory. n a
fixed ion-neutral collision frequendfess than 11% variationAlso shown  Serendipitous way, this laboratory experiment reproduces the
are the fits to Eq(1) for the laboratory measurements, the magnetosphericevolution of ion distributions in the terrestrial magneto-

obseﬁrl/atiogs(Refs. 11 and 1Rand the linear Vlasov calculations with sheath. At some distant location, a temperature anisotropy is
=100, created. The plasma is then examined at a different spatial
location in the magnetosheath and the temperature anisot-
%py is observed to be limited in a way that depends on the
: . plasma parameters at the point of measurement. The linear
dimensional measurements of Phanal. (S,=0.63, a;,  yjasov models suggest that overall magnitude of the anisot-

— 12
=0.50)" o ropy, theS, term in Eq.(1), also depends on the level of
The linear Vlasov model assumes a collisionless plasmagyiying” or initial anisotropy.® Numerically, this is varied

and that wave-particle interactions provide the anisotropyyy choosing different maximum growth rates in the simula-
limiting velocity space diffusion typically provided by Cou- {jon. The maximum growth rate that best fits the laboratory
lomb collisions in a collisional plasma. Because these experigatg is clearly smaller than what is required to match the
ments were performed in a marginally collisional plasma, itspacecraft measurements.
is important to determine if collisions are responsible for the Computations of the amplitude of the electromagnetic
observed scaling of anisotropy wif. Ignoring the much  f,cryations needed to limit the ion temperature anisotropy
smaller velocity space diffusion arising from ion—electron gra on the order of 1% of the background magnetic field for
collisions, the rates of change for the perpendicular and pat;,ogerate initial anisotropies arxd||%0.1.7 For Alfvén ion
allel ion temperatures &te cyclotron waves, the fluctuations should be transverse, right
dT,/dt=—3dT)/dt=—»(T, —T)), (2)  circularly polarized waves at frequencies below the ion cy-
clotron frequency. Electromagnetic wave measurements in

il

to the two-dimensional magnetospheric ion measurements
Anderson et al. (S,=0.85, a,=0.48)"> and the three-

where LEIA (Fig. 5 were obtained with an array of three-

2\/;e4n tan~X( \/;) dimensional magnetic sense cdifsScans of helicon source
p~————| —3+(A+3) ————— 3 and LEIA parameters clearly indicate that the amplitude of
\/H(kTH)WA2 JA the sub-cyclotron waves depends strongly on the ion beta in
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frequency wave activity is not understood at this time. The
ratio of upstream anisotropy to downstream anisotropy de-
fon creased fromA,/Agown=19/2=9.5 in the case of strong
Hoanne wave activity and fromA,,/Agown=17/3=5.7 in the case of
weak wave activity. Thus, stronger sub-cyclotronic wave ac-
tivity appears to be correlated with more effective thermali-
zation of the ion distribution, i.e., a larger change in the
upstream and downstream anisotropies.

This work demonstrates that E@l) with «,~0.5 con-
stitutes an observable constraint ®n /T;;—1 and that the
observed sub-cyclotron magnetic field fluctuations are corre-
rnl SNl s lated with isotropization of the ions. The observed fluctua-

10 tions are electromagnetic, transverse, and the measured wave
numberé? are consistent with predictions for ion cyclotron
FIG. 5. Transverse electromagnetic wave activity in LEIA. Strong waveanisotropy waves. These results suggest that the ion cyclo-
activity case(solid line), weak wave activity casédashed ling The weak tron anisotropy |nstab|||ty is indeed the process that imposes

wave activity case is comparable to the background level of the probe. Aftef,.: : ;
background subtraction, the integrated field perturbation oveft6 10, this bound in both magnetosheath and h@lﬂ] laboratory

is roughly 1% of the background magnetic field. The dashed lines mark th@lasmas. These results also suggest that this cons.traint is a
region of integration. fundamental property of all high beta plasmas bearing such
an anisotropy, including other laboratory plasmas as well as
LEIA, while the higher frequency peakaround 6 kHz in  space and astrophysical domains not yet subjedh tsitu
Fig. 5 depend strongly on source parameters. Preliminarpbservations. Thus, the basic concept of short wavelength
measurements suggest that the higher frequency waves méstabilities imposing anisotropy constraints offers an alter-
play a role in creating the ion temperature anisotropy in thenative to the long-standing approach of using analogues of
expanding field region between LEIA and the source. Notecollision-dominated transport coefficients to express the con-
that the ion cyclotron frequency identified in Fig. 5 is basedsequences of small-scale, collective processes in the colli-
on the magnetic field strength at the magnetic probe. Tosionless plasmas of space. For example, the Manheimer and
wards the source, the magnetic field increases sharply. Al@oris limitation on field-aligned curreritsnay prove more
waves excited upstream at a fraction of the upstream cycladseful than the various approaches to anomalous resistivity,
tron frequency could appear at a larger fraction of the cycloand the heat flux constraint imposed by heat flux instabilities
tron frequency at the probe location, i.e., waves excited amay have greater application than the Spitzer—Harm thermal
w~0.25), upstream might appear ab~0.7%), down-  conductivity derived from collision-dominated thedty.
stream. For AIC waves, however, waves generated upstream
at frequencies above the local ion cyclotron frequency
should not reach the probe. ACKNOWLEDGMENTS

Near the ion cyclotron frequency, the transverse wave
amplitude B,), is more than 10 times the parallel, compres-
sional B,), wave amplitude. After background subtraction, 9616467 and the U.S. Department of Energy under Grant
: : ; No. DE-FG02-97ER54420.
integration of the measured transverse fluctuation wave am-
plitude from 0.5); to 1(); yields a sub-cyclotron fluctuation
amplitude between 0.5 to 1% of the background magneticlc F. Kennel and H. E. Petschek, J. Geophys. R8sl (1966
. S H H H H . F. Kennel an . E. Pelschek, J. Geopnys. .
field. Ad(.jltllonal s.,lmulatl.ons. are.needed to deterrr_une if the .’ C. Davidson and Joan M. Ogden, Phys. FILis 1045(1975.
larger driving anisotropies in thig;~0.001 experimental 3gary R. Smith, Phys. Fluid27, 1499(1984).
case can explain magnetic fluctuation amplitudes on the or“s. Chandrasekhar, N. Kaufman, and K. M. Watson, Proc. R. Soc. London,
der of 1% Ser. A245, 435(1958.

Jh . . S5A. Barnes, Phys. Fluids, 1483(1966.

To mvgsﬂggte the c.orrelatlon .of the sub—cyclotrpnlc 5C. P. Price, D. W. Swift. and L.-C. Lee, J. Geophys. Rss 101 (1986.
wave activity with relaxation of the ion temperature anisot- 7s p. Gary, J. Wang, D. Winske, and S. A. Fuselier, J. Geophys.1Rgs.
ropy, LIF measurements were performed at two axial Ioca-827159(1997). _
tions in LEIA (shown in Fig. ). While keeping the isotro- S.P. Gary,.M. E. McKean, D. Winske, B. J. Anderson, R. E. Denton, and

izati d ion-neutral collision frequencies as constant asS' A, Fuselier, J. Geophys. Re, 5903(1994.
p|zat!on and lon-neu . 8 q - W. Manheimer and J. P. Boris, Comments Plasma Phys. Control. Fgision
possible, the RF and ion heating powers were manipulated to15 (1977.
vary the upstream ion temperature anisotropy and amplitung- J. Anderson and S. A. Fuselier, J. Geophys. R851461(1993.
of the sub-cyclotronic wave activity. The neutral pressure, ;; 5'9';“?8'156('12320“’“5‘””""’- Baumjohann, and N. Sckopke, J. Geophys.
helicon source magnetic fleld, anq LEI.A magnetic field wereizg "3 "anderson, S. A. Fuselier, S. P. Gary, and R. E. Denton, J. Geophys.
held constant. When the ion heating circuit was engaged, theres.99, 5877(1994).
sub-cyclotronic wave power decreased from roughly 1% ofslé- C. Tan,GS- F-hFung, R-LLégesg;ﬂ(,lgég- Chen, J. L. Green, and T. E.

- o ; astman, Geophys. Res. , .

the background_ fieldthe strong wave actmt_y_case shown in 1T, A, Casper and Gary R. Smith, Phys. Rev. Ldg, 1015(1982.
_F|9- 5) to the noise |e_Ve‘1the V_Veak wave aC“V't}_’ case shown g, Katsumata, M. Ichimura, M. Inutake, H. Hojo, A. Mase, and T.
in Fig. 5. The physics behind the suppression of the low Tamano, Phys. Plasmas 4489(1996.

Intense Wave Case
--------- Weak Wave Case

0t
[
i

i
'
'
'
)
1
)
]
\
v
i
'
|
\
I
8
4
4
A
N

-

UEEELLL B R LU SRR LD R AL

_.
ol

(0
o

Normalized Power (AB/B )’ [Hz'']

—
(=

10
Frequency (Hz)

This work supported by NSF under Grant No. ATM-

Downloaded 10 Jul 2001 to 157.182.108.77. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 7, No. 3, March 2000 Beta-dependent upper bound on ion temperature . . . 783

16M. Ichimura, M. Inutake, R. Katsumata, N. Hino, H. Hojo, K. Ishii, T. 2%J. L. Kline, E. E. Scime, P. A. Keiter, M. M. Balkey, and R. F. Boivin,

Tamano, and S. Miyoshi, Phys. Rev. Letf, 2734(1993. Phys. Plasmaén press.

v, E. Golant, A. P. Zhilinsky, and |. E. SakharoFundamentals of  21J. D. Huba,NRL Plasma FormularyNaval Research Laboratory, Wash-
Plasma PhysicéWiley, New York, 1977, pp. 51. ington, DC, 1994, p. 33.

183, Gilland, R. Bruen, and N. Hershkowitz, Plasma Sources Sci. Technol. 22P. A. Keiter, Ph.D. thesis, West Virginia University, 1999.
416 (1998. 23F, V. Coroniti, Space Sci. Rev2, 399 (1985.

19E. E. Scime, P. A. Keiter, M. W. Zintl, M. M. Balkey, J. L. Kline, and M. 2*E. E. Scime, S. Gary, J. L. Phillips, and W. C. Feldman, J. Geophys. Res.
E. Koepke, Plasma Sources Sci. Techmol186 (1998. 99, 23391(1994.

Downloaded 10 Jul 2001 to 157.182.108.77. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



	2000
	Beta-Dependent Upper Bound On Ion Temperature Anisotropy In A Laboratory Plasma
	Paul Keiter
	Earl Scime
	Matthew Balkey
	Robert Boivin
	John Kline
	See next page for additional authors
	Digital Commons Citation
	Authors


	Using PHP format

