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ABSTRACT

This paper describes the measurements of ion temperatures in an argon plasma experiment. Three
flux ropes were created in a quiet background plasma, and the method of laser induced fluorescence
was used to map temperature gradients of the three flux ropes at different times. Ion temperatures
were observed in the 1 - 6 eV range, and the heat diffused due to the gyro-radius of argon ions.

INTRODUCTION

Magnetic flux ropes have been a topic of interest in
plasma physics for at least a decade. In highly conduct-
ing fluids it is proven mathematically that the magnetic
fields become attached to the medium (frozen in condi-
tion), and plasmas are a medium where this phenomenon
readily occurs. In some cases of strong electric currents
in the plasma, the magnetic fields become rope like in-
side the current channels, leading to the formation of
magnetic flux ropes.

Flux ropes are observed in nature in various situations.
Flux ropes have been observed as a result of coronal mass
ejections [1], and these flux ropes can reach from the sun
as far as the earth and back. Flux ropes also exhibit
interesting properties as dynamical systems because they
interact via j×B forces. The helical B-fields surrounding
the flux ropes move with the ropes, causing phenomenon
such as magnetic reconnection.

This paper presents results of an experiment designed
to measure ion temperatures of a magnetic flux rope
configuration. Laser Induced Fluorescence was used on
three flux ropes in an argon plasma, created in the Large
Plasma Device at UCLA’s Basic Plasma Science Facility.

Laser Induced Fluorescence (LIF) works by exciting a
transition in argon ions and observing the emission at an-
other wavelength. By assuming the ions are distributed

FIG. 1: Magnetic flux ropes created in the Large Plasma
Device at UCLA. The flux ropes (field lines traced from a 3D
data set) are colored to distinguish them.

in a normal distribution, and using the properties of the
Doppler shift, temperatures of ions can be spatially de-
termined.

LASER INDUCED FLUORESCENCE

Laser induced fluorescence is a diagnostic tool used
to measure properties of the ions in plasma, in particu-
lar ion temperatures. To perform laser induced fluores-
cence, a transition level in Argon ions was stimulated,
and detected by the resultant emission of a photon due
to the decay. By observing the emission as a function
of the frequency of the stimulating light, and by using
the doppler shift, a Distribution function of the ions is
measured. With knowledge of the distribution function,
the temperature of the ions can be determined (assuming
the line broadening mechanism is Doppler broadening).

Laser Induced Fluorescence is a scheme presented as
early as 1975 by Stern and Johnson [2], and has been used
for diagnostics in plasmas since. [3] [4] [5] The scheme
used in this experiment was adapted from [3].

In figure 2, the energy level diagram of argon ions
used in this laser induced fluorescence measurement are
shown. The 3D state is metastable, with a lifetime of over
a millisecond [6]. Therefore, the 3D state will be popu-
lated due to collisions with energetic electrons in the tail
of the electron distribution.

To induce fluorescence, a laser is tuned to have the
energy required to excite the electron to another energy
level. This excites electrons in the 3D state to the 4P
state, and from there they decay to the 4S state. The
probability of that decay occurring is .665 [7], and so
a significant portion of the electron decays are to the
4S state. When they decay, the ions emit a photon of
wavelength 461nm; this is the induced fluorescence that
is detected.

The energy transition from the 3D to the 4P is narrow
enough that ions moving with sufficient velocity towards
or away from the incident laser see doppler shifted laser
light and will not absorb it. The frequency shift is given
by ∆ν = νov/c, where νo is the frequency in the rest
frame of the laser. By scanning the laser over a range
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FIG. 2: Energy Levels relevant to laser induced fluorescence.

of frequencies (νa ≤ νo ≤ νb), moving ions are caused
to absorb and fluoresce as well (of course, the only ion
velocity component that matters is the one parallel to
the laser light).

At each wavelength of light incident onto the ions, the
fluorescence intensity changes depending on how many
ions are moving with the appropriate velocity to absorb.
By recording the level of fluorescence at each point in the
sheet of light and for each wavelength, a number propor-
tional to the amount of ions moving with a certain calcu-
lable velocity at each point is obtained. This data, when
combined over the whole range of velocities, produces a
Maxwell distribution function,

f = Ae
−Miv

2

2kTi , (1)

where Mi is the mass of argon ions, and Ti is the ion tem-
perature, and A is a constant dependent on plasma den-
sity. This function can be written in units of frequency,
so that it gives the number of atoms moving with the
velocity resonant with the doppler shifted frequency. By
making the change of variables according to the Doppler
shift of light, v → c∆ν/νo, the distribution becomes de-
pendent on the frequency of the laser:

f = Ae
−Mic

2(∆ν)2

2kTi(νo)2 . (2)

The distribution above has a full width at half max-
imum dependent on the temperature of the ions. The
standard deviation of the function is given by

σν =
νo
c

√
kTi
Mi

. (3)

The standard deviation, when divided by the central
frequency νo, becomes dependent only on temperature.
Thus the standard deviation measured in wavelength, di-
vided by the central wavelength, is equal to the standard

FIG. 3: A picture of LIF emission at a single stimulating
wavelength. The three bright spots are the three flux ropes.

deviation in frequency divided by the natural frequency:
σν/νo = σλ/λo. The standard deviations are numerically
calculated from collected data, and the temperature is
then calculated from equation 3.

MEASURING MAGNETIC FLUX ROPES

Magnetic flux ropes have been studied using the Large
Plasma Device at the Basic Plasma Science Facility at
the University of California, Los Angeles [8], [9]. For
this experiment, three 2.5 cm diameter flux ropes were
emitted from a lanthanum hexaboride (LaB6) cathode
and end 9 meters away on a mesh anode. Laser induced
fluorescence is performed by shining a sheet of light into
a cross section of the flux rope experiment.

The fluorescencent light is emitted in 4π steraradi-
ans, so a mirror is placed further down the machine and
light reflected into a CCD camera. The laser pulse lasts
∼8.5ns, the fluorescence lasts ∼10ns [6], and the camera
is set for an exposure of 20 nanoseconds. Due to the noise
inherent to the experiment (the LIF signal is weak), an
average of 300 shots per wavelength is taken to produce
a good signal to noise ratio. The background flux ropes
also emit light at 461nm. To isolate the Laser Induced
Fluorescence signal the average of the data without laser
input was digitally subtracted and an LIF signal with a
signal to noise ratio of 20 was obtained. Figure 3 shows
CCD image at a wavelength where a clear LIF signal can
be seen due to flux ropes.

By taking data over a range of incident wavelengths
(611.52 to 611.62 nm), at each pixel a function such as
the one seen in figure 4 is constructed. The data collected
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FIG. 4: The observed camera intensity at a fixed pixel of LIF
signal data, with a gaussian fitted to the data. The width of
the graph is used to determine the temperature. The vertical
units are arbitrary.

is gaussian, as seen by comparison to the gaussian fit, also
in figure 4. The width of the peak is used to determine
the temperature at each pixel.

EXPERIMENTAL RESULTS

LIF data was collected in at 3 different times. The
flux ropes were initiated at t = 0 and the data acquired
at 20, 100, and 200 microseconds later. The observed
temperatures ranged from about 1 (background plasma)
to 6 eV. It is interesting to note that very soon after the
flux ropes turn on, the heating becomes widespread and
encompasses all of the flux rope region.

At t = 20 microseconds, the flux rope configuration can
still be seen in the pattern of the heating; there are three
distinct peaks in the temperature map, corresponding to
the three rope configuration. At 100 and 200 microsec-
onds, the heat is more spatially spread out, as seen in
figure 5. Conversely, as seen in figure 6, even at times
when the ion temperature has spread over an area greater
than that encompassed by the flux ropes, the electron
temperature remains confined to the flux ropes

The majority of the heating is most likely due to resis-
tive heating from the electron current flowing through the
plasma. The electrons and ions collide via Coulomb inter-
actions, which transfers energy from the electron current
to the ions. From the heat distribution at 20 microsec-
onds, it seems reasonable that this heating takes place at
the location of the three beams, as would be expected.

The heating likely spreads out due to the increasing
gyro-radius of the argon ions (rg = mv/qB). At temper-
atures of 5 eV and a magnetic field of 900 Gauss, there
are a significant number of ions with gyro-radius greater
than 2.5 cm, which is the diameter of each flux rope.
Thus, as ions are heated they leave the flux ropes due to
their gyro-rotation; this is what causes the diffusion of
the heat of the ions. The electrons have a much smaller
gyro-radius due to their smaller mass, and are more likely
to stay confined to the flux ropes (re ≈ 100µm). Figure
6 shows that the electron temperature has not diffused

like the ion temperature, even at 200 microseconds.
It is worthwhile to consider how long the plasma takes

to equilibrate thermally. According to [10], the self-
collision time for a species in a plasma is given by

tc ≈
T 3/2

Z4n
(
m

mp
)1/2 × 106 (4)

in seconds, where T is the plasma temperature in Kelvin,
Z is the charge number, m is the mass of the species in
question, n is the density, and mp is the proton mass.
For the argon ions in this experiment, this number was
on the order of 100 microseconds. However in this ex-
periment the electrons in the current channels associated
with the flux ropes are heated first. The relevant time is
ion-electron equilibration time. This time is given, theo-
retically, as

teq ≈
√

2mimeπ
3/2k3/2ε

3/2
o

10q2i q2eni
(
Te
me

+
Ti
mi

)3/2. (5)

When calculated, this time is about 10 milliseconds for
electron-ion thermal equilibration. This does not agree
with the observed results because the ions are being
heated on much faster time scale than 10 milliseconds.
While the cause of the heating is unknown, it is possible
that it is due to plasma turbulence as well as coulomb
scatterings.

CONCLUSION AND ACKNOWLEDGEMENTS

In this experiment laser induced fluorescence was suc-
cessfully used to determine ion temperatures in magnetic
flux ropes in argon. Ion temperatures peaking in the 6
eV range, with heat diffusion occurring due to the gyro-
radius of the argon ions exceeding the diameter of the
flux ropes was observed.

FIG. 5: Ion temperatures as measured 20, 100 and 200 µs
after the flux ropes begin.
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FIG. 6: Ion and electron (inset) temperatures at 200 µs after
the flux ropes turn on.
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