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Measurement of the transverse Spitzer resistivity during collisional
magnetic reconnection
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Measurement of the transverse resistivity was carried out in a reconnecting current sheet where the
mean free path for the Coulomb collision is smaller than the thickness of the sheet. In a collisional
neutral sheet without a guide field, the transverse resistivity is directly related to the reconnection
rate. A remarkable agreement is found between the measured resistivity and the classical value
derived by Spitzer. In his calculation the transverse resistivity for the electrons is higher than the
parallel resistivity by a factor of 1.96. The measured values have verified this theory to within 30%
errors. © 2003 American Institute of Physic§DOI: 10.1063/1.152861]2

Coulomb collisions among charged particle species were  The classical parallel resistivity is equal to that of an
historically the first mechanism of transport in plasmas to bainmagnetized plasma. Its value has been verified experimen-
described by a quantitative thedrin magnetically confined tally with precision in cylindrical Q-machines by driving cur-
plasma devices this “classical” mechanism is often stronglyrent on the axis of symmetAand later in tokamak$To the
modified by particle orbit effects, or is completely dominatedauthors’ knowledge no measurements of comparable quality
by turbulent transport. Nevertheless, the classical value dfave been reported for the transverse resistivity. The diffi-
electrical resistivity, among other transport coefficients, isculty of such measurement is due to #& B drift resulting
universally used as an important reference value and thgom the application of the transverse electric field. In a typi-
lower bound whenever transport or dissipation phenomenaal plasma that incorporates the unrestraifiedB flow the
are discussed. two terms on the left-hand side of Ohm’s lala+ v X B

For plasmas where Coulomb collisions dominate all=j very nearly cancel each other. Attempting to experi-
other dissipation processes, including wave and turbulencgentally evaluate Ohm’s law fails to produce a reliable esti-
effects the resistivity is determined by the collisional drag onmate of 7 since it involves subtracting two nearly identical
electrons moving against the background of ions. If a strongyumpers. One way to make the measurement feasible is to
magnetic field is applied perpendicular to the electric fieldSuppress the cross-field flow, which can be achieved by de-
direction, the current is not due to direct acceleration of e|eCsigning an equilibrium with a magnetic null between regions
trons by the electric field but is diamagnetic in origin. The yith oppositely directed fields. Plasma volumes with oppo-
transverse or cross-field resistivity was calculated by Sﬁitzersitely directed fields are brought into contact and EvwB
as the rate of momentum transfer from electrons to i0Ngnotions are stagnated against each other. This situation oc-
through collisions, curs in the field-reversed configuratiGRRC). The flux con-

finement time observed in FRCs createdipinch machines

has so far provided the only experimental estimates of

The transport in these devices has been found to be highly

anomalou$, with the resistivities implied by the flux decay

generally exceeding the classical values by a factor from
. several times to several orders of magnitude. Various mag-

What drives the current or which species carries it in théﬁetohydrodynammMHD) and microinstabilities were found

laboratory frame is immaterial to Spitzer's definition. This to correlate with the anomaly factorThese instabilities,

TR . . rather then collisions are thought to be the dominant dissipa-
transverse resistivity is approximately twice as large as th

L : L . %on mechanism in these experiments.
resistivity without the presence of the magnetic field since ) T .
This paper presents resistivity measurements in the neu-

the transverse electron distribution function is not as dis-t | sheet of M tic R tion E iméMRX)
torted as in unmagnetized plasma where the current is carrietfs SNeet o Magnetic ikeconnection txpernm '
here an electric field is applied perpendicular to the recon-

by energetic electrons experiencing less frequent collisiong”

We report the first quantitative measurement of the Spitzer’%IeCtIng mag?]etlc fr:elﬂ. Oppos:telﬁ/ directed magnetic f'?jl.d
transverse resistivity within the accuracy of 30%, in a highly'"€S Merge through the neutral sheet, as a pressure gradient

collisional magnetically reconnecting plasma. is created perpendicularly to bothandB (as in FRCsand
a neutral sheet current is induced. If the plasma were per-
fectly conductive, this sheet current would prevent the recon-

a . i . i il . . . . . .
fergs%tppz?ggfs' Cymer, Inc., San Diego, CA; electronic mailnaction of the field lines. If the plasma is collisional, a resis-
Ppresent address: Department of Physics and Astronomy, University o?ance force is created against the electric field, the sheet

California, Los Angeles. current dissipates and reconnection takes place. We mea-

7,=1.03x10 *T,; % ZInA (Ohm-m), (1)

where the electron temperatufig, is in electronvolts and
In A=In(T¥? [7z€e*n'?) is the Coulomb logarithm. This re-
sistivity arises frome—i collisions as the electrons drift with
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(@) . where inside the current sheep,~10 2 cm<4&~3cm,
Vacuumvessel | | Borone ey where § is the thickness of the sheet; apg<\ g, where

the electron collision mean free path, varies between 0.1

and 100 cm. Therefore, assumptions 1 and 3 are always sat-

isfied in MRX. Depending on the operating conditions, as-

sumptiong4)—(6) may or may not be satisfied; experimental

data exhibiting distinct regimes will be presented below.

The second condition is violated in the reconnection
neutral sheet. The magnetic field in MRX has a null surface
in the middle of the current sheet and, to the lowest order,
varies linearly with radius away from null surface. The
plasma and current density are both peaked at the magnetic
null line, while Spitzer’s resistivity calculations assume spa-

I tial uniformity. It is not obvious which valuey, or 7, if
v any, applies in the case of MRX current sheet. A detailed
FIG. 1. MRX apparatus and magnetic field geometry. kinetic theory of resistivity in nonuniform magnetic field is

beyond the scope of this letter. In the approximation of cir-
cular particle orbits, one can write the Fokker—Plank equa-
sured the Spitzer’s transverse resistivity in a highly colli-tion for the speciesr as
sional region of a reconnecting plasma where the mean free
path for Coulomb collisions is smaller than the neutral sheet V- Vfa=Q,(f/dp) +Q.E- (9fJov) =(df ./ dt)c,
thickness. (2)

Figure Xa) shows a poloidal cross-section view of the \yhere o =i or e, ¢ is the gyrophase anglay, are the
MRX vacuum vessel. The plasma is formed by inductivecharges, and),=q,B/m. z is taken to be parallel t8, and
discharge driven by two sets of coils contained in two toroi-y| guantities are allowed to vary in thedirection only. &
dal flux cores. The plasma assumes an annular shape Sukorresponds t&— R, in the MRX device coordinates, where
rounding the flux cores. The reconnection driving forces argR, is the major radius of the field nullThen the diamag-
controlled by the rate at which a toroidal current is inducednetic current is in the direction. The right-hand side ¢®)
in the annular plasmas. Not shown are equilibrium fieldjs the collisional Fokker—Planck term. The zeroth order dis-
coils. The configuration allows the study of reconnection un+sipytion functions are taken to be Maxwellian with densities

der_a variety of externa! driving conditions_. The presgnt eX1_ and temperatured, that depend orx quadratically as
periments deal with antiparallel reconnection, for which thena=na0+n”0x2/2, TazTaO+T"OX2/2' The distributions

al al

toroidal guide field is absent. Without a guide field, the eX-mhake the collisional terms and the terms contairihgan-
periment is strictly two-dimensional so the transverse resisipy, The magnetic field at the origin is linear so tify,

tivity is directly related to the measured reconnection rate:QroX_ Using standard Fokker—Planck theory one finds the
Following the formation of the plasma, the initial force-free cqrrection to the distribution function to the first order in
magnetic field configuratiofFig. 1(a)] has an x-point on the 4 1/(-.()) andeES/T,, and by taking the first velocity
midplane of the device. To trigger the so-called “pull” re- ,oment of(2) the electron—ion friction force as
connection depicted in Fig.(i), the externally applied po-

Spitzer

loidal field_ is ramped down. A; a result, the poloidal_ flux i§ R=neen P — 3n, P j ., 3
pulled radially toward the x-point, and a characteristic toroi- _
dal current sheet forms. The typical conditions are as folwherej.1=(dT/dx)/(enP?®|Q,]) is the diamagnetic cur-
lows: density 0.1-1.810cm 3, electron temperature rent resulting from the electron temperature gradient. The
3-20 eV, andB< 0.5 kG. resulting resistivity is essentially equal to Spitzey's with a

The Spitzer model used to obtain Ed) relies on the correction due to the temperature gradient. In MRX this cor-
following assumptions(1) steady stated/Jdt=0, (2) uniform  rection is ignored since the measured radial temperature gra-
magnetic field(3) the electrons are magnetized, adjl col- dient is small and vanishes in the middle of the current sheet.
lisional: pe<\ i<, (5) the electric field is small enough Very close tox=0 the approximation on which the theory is
so that the deviation of the electron distribution functionbased breaks down and the orbits change from circles to
from Maxwellian is small:EN ,,;,<Te, (6) collisions with  “figure eight” and betatron orbits. The distribution function
neutral species are negligible. Hevgg, is the electron mean for the betatron orbits is distorted as in Spitzepjscalcula-
free path due to Coulomb collisiongs, is the gyroradius and tion. However, only one half of the total number of electrons
S is the characteristic size of the system. Let us examin@t x=0 are on these orbits. One could guess that hgre
these assumptions to determine if we can in fact expect the2»,~ 5, , so that there should be no major change in Eq.
measuredy to follow the classical expressidd). For MRX  (3) even atx=0. The presence of field reversal therefore
the electron collision time is<10 ns, and therefore the re- does not change the value gf"'*®". Let us now consider
connection phase of the discharge provides sufficient timéhe experiment.
for a steady-state electron velocity distribution to be estab- The present experiment relies on the diagnostics consist-
lished. The electrons are strongly magnetized almost everyng of several arrays of internal magnetic pickup coil probes,
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open symbols is the transverse Spitzer resistivity calculated
using Eq.(1) based on measurék, andn, andZ.4=12 The
measured resistivity is remarkably close to the classical value
FIG. 2. Toroidal current densitia), electric field(b), and resistivityc) vs 1N the range of pressures above approximately 5 mTorr. Be-
neutral fill pressure for K (squaresand D; (circles. Open symbols irfc) low 5 mTorr, the resistivity quickly becomes “anomalous.”
correspond tay>*"*, filled symbols are measured resistivity. The normalized resistivity is plotted in Fig. 3 as a function of
the collisionality parameterd/\ . For the collision-
dominated plasmass(\ m,>1) the resistivity is classical.
and Langmuir probes. All three components of the magnetic  In our past papers, we stated that magnetic reconnection
field are measured by a 90-channel 2D pickup coil array. Acould not be generally explained by a classical theory based
finer 1D pickup coil array measures tBe profile across the on collisions, and Fig. 3 proves this point once again. As the
current sheet with 5 mm resolution. The electron density andgnean free path increases beyond the size of the pl@stha
temperature are measured simultaneously by Langmuiesistivity is enhanced by up to an order of magnitude over
probes with triple pins. Both the electric field and the plasmathe collisional value, indicating that dissipation mechanisms
current density are determined from magnetic pickup coilother than Coulomb collisions become domin&ht.particu-
probe data. The electric fiel; is calculated from Faraday’s lar, lower-hybrid drift turbulence has been observed in MRX
law as —(dW/dt)/2wR, where W(R,Z,t) is the poloidal current sheet¥ and this could contribute to the measured
magnetic flux. The poloidal flux function is determined ex- resistivity. However, a theoretical estimate of the effective
perimentally as¥V (R,Z,t)=[527R'B,(R’,Z,t)dR’, where  collisionality, which is comparable to the lower hybrid fre-
axisymmetry is assumed. The “pull” reconnection phasequency, shows that this contribution is insignificant in high
starts when an axially elongated two-dimensional currentollisionality discharges#;>f, ).
sheet forms and persists for20—30us. The current density The main claim of this paper is that we have found a
is calculated from Ampe’s law j,(R)~—(1/ug) regime in which the electron—ion Coulomb collisions play
X (9B /dR). Stable neutral current sheets are reproduciblythe main role in determining resistivity over other effects
obtained in MRX® The radial profile ofB, was found to  which includes Hall effects, turbulence and Pedersen cur-
conform very closely to the hyperbolic tangent profile of therents. This regime is realized in MRX when the plasma den-
field in the Harris-type current layérUsing this extremely  sity is high and the electron temperature is low, and the mean
robust result, we routinely determine the thickness of theree path of electron$l-5 mnj is much shorter than the
current sheet as a fit parameter from the best fit of the shortest scale size of the neutral shdet2 cm. In this limit,
experimentaB;, profile to the hyperbolic tangent. the collision rate greatly exceeds the characteristic turbu-
A typical MRX discharge has a time interval of approxi- lence frequencies and the resistive MHD Ohm'’s law is valid,
mately 20us duration that is characterized by a plateau ofand therefore, it can be used to measure resistivity.
the total current and a spatially stationary neutral sheet. This A slight increase of the resistivity over the classical
is the portion of the discharge evolution we used for resisvalue is seen at pressures abové&3 mTorr[Fig. 2(c)]. As
tivity measurement. The toroidal component of the Ohm’sthe background neutral pressure increases, electron collisions
law, E++VgrB,= 7 j1 in the center of the current sheet re- with the background neutral gas atoms and molecules start to
duces to simplyEr=7%j;. The electric field and current contribute to dissipation.
density are measured, and the expression yields the resistiv- Based on the discharges that satisfy the high Coulomb
ity that can be directly compared to the classical value.  collisionality criterion /A ,,>1 and are not neutral colli-
The observed loop voltage, peak current density and resion dominatedfill pressure under 13 mTorrthe transverse
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FIG. 4. T, dependence of the measured resistiviiycles and ,;”“*'cal-  FIG. 5. Filled circles: measured values of the temperature-normalized resis-

culated from measuretl, andn,, (shaded argaThe onee range of>Pe’ tivity 7y =9.71x 10* 5T32—(3/2)In(T,) [left-hand side of4)]; dotted line:
values shown incorporates the statistical uncertainfj.aheasurement and 23— (1/2)In(n,) vs electron density.
the n, variations in the data set. Fill pressyve-6 mTorr.

agree to the calculated Spitzer value to within 30% uncer-
resistivity was found to bey, = (1.1+0.09)5°P"**", The er- tainty. To our knowledge, this is the most accurate measure-

ror estimate includes only statistical uncertainty due shot-toment of the transverse Spitzer resistivity to date. The ob-
shot variations and temporal variations of measured valueServed resistivity follows th@, *> dependence characteristic
during each shot. In order to verify the, measurement by ©0f Coulomb collisions, and shows no significant depen-
the triple Langmuir probe we compared it with measured —dence. A transition from Coulomb to anomalous dissipation
independent|y fronﬂ]_) thel =V curve measured by Scanning is observed as CO“iSionality is decreased. Evidence of the
the bias voltage of a double probe at the conditions of the&ontribution of electron—neutral collisions to the resistivity is
present experiments ar(@) spectroscopic measurement us- observed at high fill pressures.
ing Hel line intensity ratio method and collisional-radiative
model data for helium plasmas with, in the 10-20 eV
range. Based on these comparisons, we estimate that the S¥Sation of the experiment
tematic error of theT, measurement is in the 10%-20% This work was su §

. : ) . pported by the NSF, NASA, and the
range. This results in the total uncertainty of approximately,

30% for the normalized resistivity, /g% U.S. DOE Contract No. AC02-76CHO0-3073.
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3/2_ _ Carbon is the dominant ionic impurity in MRX discharges based on spec-
9.71x10° 7Te (3/2)In(Te) =23-(1/2)In(ne), (4) troscopic data. We analyzed visible emission spectra ©§=al10 eV, n,
where T, is in eV andn, is in cm 3, and an approximate =25 10" cm™3 MRX plasma created with helium as the fill gas. By

- . - measuring line intensity ratios of the doubly ionized carbon @nd the
expression for I\ was used. The left-hand side 6f) was main ionic species He and adopting the coronal model for the popula-

evaluated using experimental data and plotted as a functionjons of excited states, one can estimate the ratio of 8 Heil ground

of density in Fig. Scircles. The right-hand sidédotted ling state populations to be 7%. This impligg;=<1.13, where the inequality is

is a function of density only. The weak density dependence is due to the fact the singly ionized carbon is not taken into account. The

consistent with the Iogarithmic scaling of the Spitzer formula pollisional resistivity me_asurements de_scribed in the letter were performed

. ; in hydrogen and deuterium plasmas with 3€V,<9 eV. In this cas&

across the entire one order of magmtgde range. . is even lower for two reasonsl) because of the lower temperatures the
In summary, the transverse resistivity of a plasma with c population is lower(2) H, dissociatior ionization energy is much

singly ionized ions has been measured over a range of colli-lower relative to helium ionization energy, implying that for a giverthe

sionality conditions. The assumptions of the Spitzer model_degree of ionization of hydrogen is higher.

degre
hold for the steady-state phase of MRX discharges with the . 5 ™ Yamada, S. Hsu, and R. Kulsrud, Phys. Rev. L8@. 3256

COHiSionQ”ty paliEi!me'Fer&/)\_mfp> 1.1In the_ p_arameter range 171 A Carter, H. Ji, F. Trintchouk, M. Yamada, and R. M. Kulsrud, Phys.
where this condition is satisfied, the resistivity was found to Rev. Lett.88, 015001(2002.
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