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the gradient in the magnetic field is weak, we can approxi-
mate py!mvy!eB0x/c . The electron distribution function
is chosen to be

f e
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where X is related to the canonical momentum in the y di-
rection, X"x!vy /%e"!(eB/c)py . We choose a local
model and expand about x"0 to find

f e
0!! 1!&n

vy
%e

"FM,e ,
where &n"d ln n/dx and FM,e is a Maxwellian electron dis-
tribution.

Using the electrostatic approximation, the perturbed
electron density can be shown to be "see the Appendix#
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The perturbed ion density is straightforward to calculate
in the limit of unmagnetized, drifting ions, yielding25
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where , i"()!kyV)/kv th,i . We can then use Poisson’s
equation to relate the density perturbations to the potential
perturbation:
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The dispersion relation can then be obtained from roots of
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The value of the electron “B drift velocity can be shown
to depend on the value of the total plasma beta. If we assume
equilibrium between the magnetic and plasma pressure, and
also that the temperature is spatially uniform, we find
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where 1 is the total plasma beta, 1"8$n(Te#Ti)/B2. Thus
the plasma beta enters into Eq. "2# through the “B drift term
in the plasma dispersion function.

Using Eq. "2#, we can explore the linear characteristics
of the LHDI using parameters relevant to the MRX experi-
ment. The relevant dimensionless parameters in MRX are
&n* i/221 "density gradient scale length is roughly 2* i#,
V/v th,i22.5 ( j /ne!nevD ,e22.5v th,i), and Ti /Te21. Figure
1 shows the real frequency and growth rate as a function of
normalized wave number, k!*e , for these parameters and for
a few values of the normalized parallel wave numbers,
k # /k!!M /me, for the case 1"0. The frequencies obtained
from the roots of Eq. "2# are Doppler shifted by k!V in this
plot in order to show the frequency in the ion rest frame. In
the ion rest frame, positive real frequency is found for k! in
the electron diamagnetic direction, indicating that the un-
stable waves propagate in that direction. The growth rate of
the LHDI is found to be quite strong, and peaked near
k!*e21 and )2)LH . Significant growth is found at a wide
range of k!*e , translating to a range of real frequencies up
to two to three times the lower hybrid frequency. In the ion
rest frame, the phase velocity of the waves at peak growth
")2)LH , k!*e21# is

FIG. 1. Real frequency and growth rates for the LHDI using parameters
relevant to the MRX experiment.
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t=1200 !s, the reconnection drive was applied, pulling the
plasma into a current sheet, whereupon the current density at
the x line increased from 25 to about 50 kA /m2. The dis-
ruption of this current density is associated with a reconnec-
tion event, which in this discharge occurs at t=1375 !s. The
reconnection !toroidal" electric field associated with the cur-
rent crash reached 12 V/m.

The four panes of Fig. 3!c" show the contours of mag-
netic flux !lines" and profile of toroidal electric field !colors"
at four times indicated by green vertical lines in Figs. 3!a"
and 3!b". Black lines track constant flux surfaces, whereas
the white contour denotes the magnetic separatrix. The cho-
sen times illustrate characteristic times during the discharge:
current sheet formation, reconnection, and postreconnection.

Finally, associated fluctuation observations are shown in
Figs. 3!d" and 3!e". Figure 3!d" shows the time signals ob-
served on four electrostatic probes for the 10 !s window
centered on the time indicated in the associated flux frame.
Signals are color-coded green, blue, red, and yellow, corre-
sponding to the probes in the experiment cross-section
shown as the colored symbols in Fig. 3!c". !They are in the
“fan” configuration from Fig. 2." Figure 3!e" then shows the
power spectra, found from standard spectral estimation tech-
niques, for these 10 !s time windows.

The essential observations are as follows: away from the
reconnection events, for instance, at t=1300 !s, fluctuations
are small, close to the bit-noise level. !Some rumbling visible
near f =1 MHz is due to noise from the reconnection drive
firing circuits; it is actually visible on the flux probe diagnos-
tic as well." During the reconnection event at t=1375 and
1400 !s, strong fluctuations arise. The fluctuations are flat
out to or have a peak near 10 MHz, which is approximately
the LH frequency. Above this frequency, the fluctuations
maintain a broadband character, with power extending all the
way to the electron cyclotron frequency.

In the 10–100 MHz frequency band, the fluctuations
typically show strong spatial variation, apparent in both the
time traces of fluctuation power in Fig. 3!c" and in the spec-
tra in Fig. 3!g", with the red and yellow probes initially pick-
ing up much stronger fluctuations than the green and blue. In

general the spatial distribution of fluctuation power in this
lower-frequency band has been found to be highly complex
and structured.

Continuing on, at frequencies near 800 MHz, generally a
new peak appears !visible on blue and green at t=1375 !s
and on all four at t=1400 !s". In this high-frequency range,
all probes typically measure similar power. This new peak at
800 MHz is notable because it persists long after the recon-
nection event—it is still visible on the power spectrum at
t=1420 !s. Note that at this time, the low-frequency modes
have mostly disappeared, and the reconnection event has
ended. Such high-frequency modes are also observed away
from the main reconnection event, for instance, during other
types of relaxations of the plasma current during the initial
Ohmic heating phase of the experiment.

Figure 4 shows the evolution of a statistical collection of
spectra from 25 discharges and all four probes !in the same
fan configuration" at three times relative to the reconnection
event. The black curve indicates the geometric mean of the
spectra, and the colored band denotes the 1−" group so that
2/3 of the measured spectra lie within this band; this gives a
measure of the shot-to-shot and probe-to-probe variations in
observed fluctuation power. !These are substantial, more than
an order of magnitude in the 10–100 MHz frequency range."
The location of the lower-hybrid frequency #fLH
$!fcefci"1/2%, ion plasma frequency fpi=1 /2#
$ !ne2 /%0mi"1/2, and electron cyclotron frequency fce are in-
dicated in the figure as well. The electron plasma frequency
fpe=1 /2#$ !ne2 /%0me"1/2&10 GHz is at or off the end of
the abscissa.

These curves illustrate that the fluctuation phenomena
discussed above are generic: Before the reconnection events,
fluctuations are near the noise level. Subsequently, strong
fluctuations in the lower-hybrid regime, extending out to fce,
are driven during the reconnection events. Finally, after the
reconnection events, a band of high-frequency modes peak-
ing near 1/4 to 1/2 fce persists.

To assemble this data set, reconnection events are iden-
tified by the flux probe diagnostic by the time of maximum
!' /!t; discharges are only included if the peak reconnection
electric field is at least 10 V/m. !This excludes about 1/3 of
the discharges." The reconnection electric field is measured
at a magnetic flux array relatively close to the fluctuation
probes !approximately 20° away toroidally". Spectra are cal-
culated using standard spectral estimation techniques23,24 for
the 10 !s window bracketing the reconnection event. This is
partitioned into ten segments, which are separately fast
Fourier transformed, and the results are averaged to
reduce statistical variance in the periodogram estimate. The
individual segments are windowed using a Bartlett window
before fast Fourier transform. The data were decimated by 2
from the initial 12.5 GS/s sample frequency to decrease pro-
cessing requirements for this ensemble; however signals
from 3.125 to 6.25 GS are observed to be at the noise floor.

To summarize, two distinct species of fluctuations are
observed during the reconnection events, a collection of
lower-frequency modes peaking near the LH frequency and a
high-frequency band peaking from 500 to 1000 MHz

B

1.0 cm

0.3 cm

B

b) “Correlation”
configuration

a) “Fan” configuration

FIG. 2. Two fast Langmuir probe array geometries.
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