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Non-Maxwellian (flattopped) electron velocity distributions resulting from inverse bremsstrahlung of
intense microwaves are measured directly for the first time in experiments performed on the UCD AU-
RORA 11 device. The experiments are performed in the afterglow of a pulsed discharge plasma that is
moderately collisional and sufficiently ionized (~1%) that Coulomb collisions are dominant. Langmuir
probe measurements indicate that the isotropic component of the electron velocity distribution is non-
Maxwellian in very good agreement with electron kinetic (Fokker-Planck) simulations.

PACS numbers: 52.50.Gj, 52.25.—b, 52.50.Jm, 52.65.+z

Systems of particles in equilibrium are well known to
have Maxwellian particle velocity distributions. Plasmas
are rarely in equilibrium, but nonetheless Coulomb col-
lisions (and sometimes electrostatic fluctuations) are gen-
erally rapid enough that driven, steady-state plasmas
most often exhibit Maxwellian or piecewise Maxwellian
velocity distributions. Thus, any mechanism that sys-
tematically produces non-Maxwellian velocity distribu-
tions is of fundamental interest. Some time ago, Lang-
don [1] predicted that non-Maxwellian (flattopped) dis-
tributions would be produced in plasmas heated by in-
verse bremsstrahlung (collisional) absorption of suffi-
ciently strong electromagnetic radiation. Although nu-
merical simulations of laser-target interaction have sup-
ported this prediction [2,3], the present work is its first
experimental verification. This is particularly significant
since anomalously Maxwellian distributions have a long
history in plasma physics, beginning with those of
Langmuir’s paradox [4].

This subject also has considerable practical import for
x-ray lasers [5], x-ray sources [6], and laser fusion. In-
verse bremsstrahlung absorption is dominant in the
warm, long-scale-length plasmas produced when lasers ir-
radiate high gain pellets [7). In some pellet designs, the
average ionic charge Z and the laser intensity are large
enough that the distribution function is predicted to be
non-Maxwellian. This occurs when collisional heating
that preferentially heats low energy electrons is in com-
petition with electron-electron collisions that tend to
maintain the Maxwellian. This has important conse-
quences: reduction of the absorption rate [1], the elec-
tron heat flux [8], and the threshold of the ion acoustic
drift instability [9], and modification of the continuum
x-ray emission rates [10,11] and the excitation and ion-
ization rates [12]. Non-Maxwellian distributions are pre-
dicted when the parameter a~1 (here, a=Zv&/v2,
where v is the oscillating velocity of the electron in the
electric field, E, of the electromagnetic wave, vos =eE(/
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m.wq, M, is the electron mass, wg is the frequency of the
electromagnetic wave, and v, is the electron thermal
speed, v, =+/T./m.). In this case, the isotropic com-
ponent of the electron velocity distribution, f,o, is not
Maxwellian but flattopped, i.e., f.o~expl— (c/v,)™],
with the index m > 2, v2 =023 (3/m)/T(5/m), where
I'(x) is the gamma function. For non-Maxwellian distri-
butions, T, is the kinetic temperature, i.e., 3 of the aver-
age kinetic energy.

In this paper, we present the first direct measurements
of flattopped electron velocity distributions due to inverse
bremsstrahlung heating by intense electromagnetic
waves. Langmuir probes are used to measure the spatial
and temporal evolution of the isotropic component of the
electron velocity distribution function. Our experimental
results show that the distribution is indeed flattopped
when the plasma is heated by intense microwaves. The
measured results are in very good agreement with
Fokker-Planck simulations.

The experiments are performed in the UCD AURORA
Il device, an improved version of the UCD AURORA
device [13]. The improvements are the following: higher
plasma fractional ionization, higher microwave power, a
variable density gradient, and a greatly improved data ac-
quisition and analysis system. The plasma is created by a
pulsed discharge in low pressure argon (P~0.3 mTorr,
neutral density nygon~10'2 cm 73). The argon pressure
is low enough that the high power microwaves do not
significantly increase the fractional ionization. Perma-
nent magnets are arranged on the surface of the cylindri-
cal vacuum chamber to increase the fractional ionization
(~1%) and to produce an axial plasma density gradient.
The axial density gradient is controlled by biasing anodes
that are placed along the discharge length. At the time
of the heating experiment, the plasma density increases
approximately linearly with the axial coordinate z, and
the critical density is reached at z=150 cm. A mi-
crowave reflector (at z=70 cm, optical transparency
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~97%) divides the 200 cm long plasma axially into a
short microwave absorption region (0 <z <70 cm) and
a longer transport region (70 <z <200 cm). The mi-
crowaves are therefore excluded from the critical density
region by the reflector so collective phenomena that
would otherwise occur near the critical density do not
affect the results discussed here.

The microwave heating experiments are performed in
the afterglow plasma. The electron density is monitored
and the microwave pulse is initiated when the density de-
cays to a preset value (typically n,~nma/2). By then,
the afterglow temperature has decreased to 7,0=0.4 eV,
so that electron-charged particle collisions are strongly
dominant over electron-neutral collisions, and the elec-
tron distribution is Maxwellian. A short microwave pulse
(vacuum wavelength Ao =10 cm, frequency fo=23.0 GHz,
critical density ne,=1.1% 10" ¢cm 3, and pulse width ~2
us) heats the plasma in the absorption region (n./n;
<0.5). The microwaves are transported in a rectangular
waveguide (TEjp mode) and converted to the circular
TMo; mode. This mode is adiabatically transformed so
that the plasma filled vacuum vessel (diameter of 26 cm)
is the cylindrical waveguide. A microwave filter is placed
at the entrance (z=0) to the absorption region so that
only the TMyg; mode interacts with the plasma. The mi-
crowave power can be varied up to 90 kW, thus giving
ao=Zv2/vk <2, even though Z =1 in our plasma. The
microwaves form a standing wave pattern in the absorp-
tion region since only a small (S5%) fraction of the in-
cident microwaves are absorbed. lon acoustic turbulence
is not significant in our present experiments because the
decay time of the electron heat flux is shorter than the
growth time of the ion acoustic drift instability. Several
cylindrical Langmuir probes are placed with their axes
perpendicular to the plasma axis to measure the isotropic
component of the electron velocity distribution function.
The data acquisition system is based on LabVIEW 2
[14]. The repetition rate is 60 s ', thus allowing a large
amount of data to be obtained in a short time.

Typical probe current versus probe voltage data are
shown in Fig. 1. The isotopic component of the electron
distribution function is proportional to the derivative of
the probe current with respect to the probe voltage. The
electron temperature 7., density n,, and distribution
function index m are obtained by fitting the data by
probe theory [15,16] that is modified to include flattopped
velocity distributions. A typical fit to the data is shown in
Fig. 1 along with a Maxwellian fit for comparison. The
fit is very good over the range of the data or up to ener-
gies of about 3 times the electron temperature (about
90% of the electrons). The ion current contribution to
the probe signal is negligible over the data range shown,
but it prevents taking data at lower voltages, i.c.,
Vprobe < 2.2 V (or higher electron energies). Each experi-
mental data point is averaged over 128 shots to reduce
the random noise. The large signal to noise ratio
(> 100) results in quite good measurement accuracy:
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FIG. 1. Typical probe data (probe current /probe as a function
of probe voltage Vprobe) taken right after the end of the mi-
crowave pulse (1 =0) with microwave power P =15 kW. Each
point is the average of 128 samples. The probe is located in the
absorption region at a distance of 55 cm from the plasma
boundary at z=0. A flattopped distribution fits the data very
well and a Maxwellian distribution does not agree with the
data. The resulting parameters are T.=0.69 eV (} of the
average kinetic energy) and the plasma density n,=4.0x10'
cm 73,

+7% for T, and £ 3% for m. Such distribution func-
tions that clearly differ from a Maxwellian were seen in
previous calculations of inverse bremsstrahlung heating
[1-3,10,12]. Moreover, we have found that, in the heat-
ing region, the dependence of the index m on the quiver
energy and the temperature matches earlier calculations
fairly well [10,12].

The plasma behavior was modeled with our planar
one-dimensional electron kinetic code FP1 (Fokker-Planck
International) [2,10,13], since the ratio of the electron
mean free path to the temperature gradient scale length
was as high as 1/2, while the limit of validity for classical
Spitzer-Hiarm heat transport is less than 1/100. The code
includes the following: transport (for each energy
group), a self-consistent electric field to ensure quasineu-
trality, electron-electron and electron-ion collisions in the
Fokker-Planck approximation, and a kinetic heating
operator [1] that is used to calculate the collisional ab-
sorption of the microwaves. The electromagnetic wave
equation for the TMg; mode was solved (using the mea-
sured plasma density profile, but neglecting the weak ab-
sorption) to find the quiver energy of electrons in the ab-
sorption region. This quiver energy was volume averaged
over the radial coordinate to produce a one-dimensional
axial profile of the quiver energy which is used to evalu-
ate the heating operator. It was not necessary to correct
for finite vy in the heating operator [17] since the param-
eter @ was always below 3. Electron-neutral collisions
were neglected, and so was hydrodynamics because the
hydrodynamic time scale is much longer than either the
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FIG. 2. Electron temperature T, as a function of axial posi-
tion with microwave power as a parameter (the origin, z =0, is
at the plasma boundary). These measurements (symbols) and
FPI kinetic code simulations (lines) were taken 0.4 us after the
end of the 2 us microwave pulse.

heating pulse or the decay time of the heat flux. In the
present calculations, the angular dependence of the elec-
tron velocity distribution function was expanded to third
order in Legendre polynomials. While the temperature is
a normal output of the code, least-squares fitting to the
isotropic component of the electron velocity distribution
of the form expl— (/v )™ was used to extract the local
value of the index m for comparison with the measured
results.

The measured spatial profiles of the electron tempera-
ture (symbols, Fig. 2) and distribution function index m,
(symbols, Fig. 3) agree very well with the Fokker-Planck
simulations (lines). The agreement is as good for the
three microwave powers shown. There are no adjustable
parameters in comparing the simulations with the mea-
surements. All input parameters to the code are mea-
sured (incident microwave power, microwave pulse width,
and unperturbed electron density and temperature pro-
files) or calculated from the measurements (quiver energy
profile which was calculated from the measured density
profile).

The very good agreement shown in Figs. 2 and 3 indi-
cates that FPI models both inverse bremsstrahlung absorp-
tion and electron heat transport very well. Since the mi-
crowave pulse is short enough that most heated electrons
remain in the absorption region during the pulse, very
steep temperature gradients are obtained at high mi-
crowave powers, i.e., at microwave power P =50 kW, the
electron mean free path A~ + Ly, where Lr=[(dT./
dz)/T,] ™! is the temperature gradient scale length. A
heat flux as high as ¢ =0.3n.v,7T, was seen in the FPI
simulations, due to the extremely steep temperature gra-
dients. These steep temperature gradients and resultant
large heat fluxes can also occur in laser driven pellets,
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FIG. 3. Distribution function index m as a function of axial
position with microwave power as a parameter (the origin,
z=0, is at the plasma boundary). These measurements (sym-
bols) and FPI kinetic code simulations (lines) were taken 0.4 us
after the end of the 2 us microwave pulse.

especially where a short pulse of very high power laser
light heats a plasma. Note that the heated electron tem-
perature (Fig. 2) extends farther into the transport region
than the non-Maxwellian distributions (index m > 2, Fig.
3). This is because the index m is characteristic of the
slower electrons with shorter mean free paths, whereas
heat transport is dominated by faster electrons with
longer mean free paths [2,3]. Although only slower elec-
trons are measured by the probes, the good agreement for
heat transport is an indirect proof that the FPI code
correctly models the faster electrons as well.

In summary, we have obtained the first experimental
confirmation of the predicted production of non-
Maxwellian electron velocity distributions in plasmas that
are heated by inverse bremsstrahlung absorption of in-
tense electromagnetic waves. These results show that
strongly driven plasmas can be successfully modeled by
Fokker-Planck kinetic codes, in regimes where classical
collisional physics is dominant, and turbulence has not
developed significantly. This lends confidence to the use
of such simulations to evaluate the consequences of heat-
ing plasmas by high power lasers for laser fusion and oth-
er applications.
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