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Laser-induced fluorescence of ionic states is used to measure local ion densities and

velocities in argon plasmas.

We present experimental tests of a sensitive
diagnostic method with wide applicability in plas-
ma and fluid physics, together with new results
obtained through its use. The technique address-
es itself to an essential current problem': the re-
mote, noninterfering measurement of collective
ion properties (density and velocity distribution).
Tests summarized below show that laser fluores-
cence spectroscopy is superior to methods now

in use with respect to spatial resolution and abil-
ity to probe the ion distribution.

Various ways of using resonant laser excitation
of ions in plasmas have been conceptually ex-
plored. ' The basic parameter underlying such
processes is the probability for excitation per
particle, P = JN(v)o(v)dv. Here the absorption
cross section o(v) at resonance' tends to the limit
A'/8n. -10 "cm ' for wavelengths A in the visible,
and is many orders of magnitude larger than the
Thomson or Raman cross sections. A photon
flux density N(v) =10" cm ' sec ' Hz ' then suf-
fices to ensure excitation probabilities of order
unity (saturation), e.g., using a cw argon-II laser
with 0.5 W focused to 0.5 mm.

Experiments were carried out in low-pressure
hot-cathode dc discharges in argon, which belong
to an important physical configuration: plasmas
supporting strong electrostatic fields. In such
systems, when collision probabilities are low,
an ion initially at rest will acquire the mean
speed v =e!EIT/M along the axis of the field E
during the mean-free time ~ between collisions.
Small-impact-parameter (large-angle) collisions
with heavy particles (neutral or ionized) random-
ly redistribute a large fraction —typically —,—of
this speed in the plane normal to E. The ions
thus end up acquiring field-dependent transverse
pseudotemperatures, i.e., random distributions
of speeds v ~ =nv, where n ranges from 0.5 to 3
typically, which greatly exceed equilibrium val-

ues. Theory predicts that in the resulting aniso-
tropic distribution function f(v), ions with large
axial (drift) velocities also end up with large
transverse speeds (pseudotemperatures) v ~.

In the tests, singly ionized argon was excited
by the intense radiation at 4880 A (transition
4p'D», -4s'P», ) from a single-line Ar-n laser.
The discharge operated at pressures down to 4

mTorr, currents up to 5 A, and average dc field
strengths 3 to 4 V/cm, in an 8-mm-i. d. Pyrex
or quartz tube with a Helmholtz axial magnetic
field of typically 50 G. The ground-state ion den-
sity could be varied up to 5 x10" cm ', with a
"target" 4s'P», excited-state density estimated
at 10' cm ' or less. Stark and collisional line-
perturbing effects were negligible and the medium
remained optically thin at all lines used. Along
the laser beam, ions in the initial state 4s'P3/2
were excited into the upper state 4p'D», . fons in
this upper state can decay either to the 4s' state
with emission of a 4880-A photon (~=10 nsec),
or to the 4s'P„, state with emission of a photon
at 4228 A (v=100 nsec). Thus the fluorescent
emission of either 4880- or 4228-A radiation,
following excitation by the laser beam, provides
a diagnostic of the condition of a target ion.

To optimize spatial resolution —an essential
advantage of the active technique used here over
the usual, passive optical methods' —the laser
beam was focused to a 0.5 mm diam and the diag-
nostic region viewed through an f/3. 5 lens sys-
tem along an axis normal to the laser beam fo-
cused on the beam waist. A variable slit in the
image plane limited the extent of the diagnostic
volume, whose dimensions were therefore deter-
mined by the product of laser-beam area and slit
width. Typically with a 3-mm slit the observed
fluorescence originated within a volume of 10 '
cm'.

To discriminate between fluorescence and
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FIG. 1. Spontaneous (traces a and c) and fluorescent
(traces 5 and d) spectra of argon-gas discharge, pres-
sure 8 mTorr, discharge current 4 A. Vertical axes:
intensity, linear scale, relative units. Horizontal
axes: wavelength, linear scale. Prominent lines are
(i) 4198.8, (ii) 4200.7 A from Ar I; (iii) 4218.7,
(iv) 4222.6, (v) 4228.16, and (vi) 4287.22 A from Ar n.
0.25-m grating monochromator (1800 lines/mm) with
100-pm slit for traces a and 5, 30-pm slit for traces
c and d. In a, more light corresponds to downward
trace deflection.
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spontaneous emission, the laser was intensity
modulated. Figure 1, trace a, presents the spon-
taneous emission from the plasma over the spec-
tral range 4190 to 4240 A, containing several
lines. In contrast, in Fig. 1, trace 5, the abscissa
is proportional to the amplitude of the photode-
tector component phase locked to the laser modu-
lation frequency. Here, only the 4228-A ion line
is seen to have a measurable amplitude. Qn an
expanded scale the ion lines at 4227 and 4229.9 A

(-1.1 and + 1.7 A from the 4228-A center) are
clearly visible in emission c, but do not appear
in the fluorescence spectrum d. This resolving
power of the technique indicates that simple,
"open" optics can be used, since competition
from unwanted lines can be negligible.

The connection between the target and ground
(majority) ionic state is illustrated in Fig. 2. The
lower trace (circles) is a plot of the fluorescence
intensity averaged over the 4228-A line as a
function of the discharge current Id, . The qua-
dratic dependence indicates that the 4s' state
originates in collisions between energetic elec-
trons and ground-state ions. This result is con-
sistent with indirect measurements and calcula-
tions. The upper trace (squares) is a plot of the
current dependence of the 4228-A spontaneous
emission. This monitors the 4P-state population,
known to originate from electron-ground-state-
ion collisions, and expected to be proportional to
Id, ' as shown here. ' We conclude that the laser-
induced fluorescence is a sensitive probe of the

FIG. 2. Spontaneous (squares) and fluorescent (cir-
cles) intensity of Ar n line at 4228 A versus discharge
current. Laser beam is parallel; radiation is viewed
normal to discharge axis. Vertical axes: intensity,
log scale. Horizontal axes: discharge current, nor-
malized to 2.0 A.

local majority-ion density.
The narrow linewidth AA. and strong collimation

(small wave-number spread) in laser beams en-
able the ion velocity distribution to be sampled
in plasmas, such as low-pressure discharges,
where the linewidth of ionic spectral lines is at-
tributable to the Doppler spread due to f(v). A

resonant laser beam will selectively excite only
the fraction of ions whose velocity component v

along the laser beam is less than v, „=a)t.c/A,
Thus, depending on the angles between laser
beam, viewing axis, and field gradients, differ-
ent sections of the velocity distribution can be
probed.

Under our conditions, the laser linewidth of
0.02 A corresponds to v~„=1.2&10' cm sec '.
Using the collision cross section' v„„+=1.34
x10 "cm', a typical mean speed v = 1.7 x10' cm
sec ' is calculated. We expect therefore to find
largely different v~= nv (typically 0.5 &n& 3) de-
pending on the angle between laser and field axis.

Figure 3 demonstrates the selectivity of the
laser-fluorescence diagnostic through two exam-
ples. First, Fig. 3, trace a, shows the fluores-
cent-line detail at 4880 A, with the laser beam
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(c)

FlG. 8. Detailed (Fabry-Perot) spectra of Ar II line
at 4880 A. More light corresponds to downward trace
deflection. (a) Fluorescence with laser beam normal
to discharge axis; (b), (c), laser line, free spectral
range (distance between peaks) 0.2 A; (d) spontaneous
emission (viewed normal to discharge axis); (e) fluo-
rescence with laser beam parallel to discharge axis.

incident on the plasma at eight angles to the field
axis. The viewing axis is normal to the field, so
that the detector is sensitive to the transverse
velocity spread v~ of the fluorescent ions. The
superposed trace 6 shows the laser line alone.
The fluorescent line (trace a) is only slightly
wider, indicating that the laser has excited all
those ions whose transverse velocities are less
than v, ,„and hence lie within the laser linewidth.

Trace c is a laser-line profile providing cali-
bration for traces d and e below; the free spec-
tral range of 0.2 A determines the distance be-
tween line centers. The large width of the spon-
taneous line d, about 0.09 A, corresponds to
transverse velocities as large as 5 xl0' cm sec '
= 3v (as predicted theoretically) and equivalent
to a 6 eV "temperature. "

Finally, trace e presents the fluorescence,
viewed normally to the field, but with the laser

beam parallel to the field axis. Here E/p —600
V/cm Torr corresponds' to an average drift
speed 2&10' cm sec ', appreciably larger than
v „, so that the average ion distribution is de-
tuned from the laser line. The low signal-to-
noise ratio indicates that only a small fraction of
the 4s' ions now fluoresce. Most significantly,
the linewidth is much narrower than either the
spontaneous or laser lines. This unique condition
indicates, as expected, that ions with low vd„- «
have transverse speeds v, which are much less
than the mean spread (trace d), and can even be
lower than the maximum Doppler speed allowed
by the laser gain envelope (v~=0. 5 V &v,„,„).

These results, which verify qualitatively some
physical aspects predicted by mell-known theo-
retical treatments, illustrate the versatility of
the laser-fluorescence technique. They suggest
that, using the particular properties of lasers,
one can diagnose density and velocity spectra not
attainable by other means.

The technique just described is applicable to a
wide variety of plasmas of high current interest.
Of course it is immediately useful in argon plas-
mas, which comprise a very large fraction of
plasmas used in current basic research. ' It is
trivially extendable to other gases as well as to
alkali plasmas, ' using commercial tunable la-
sers. ' lt is also directly applicable to thermo-
nuclear studies, e.g. , in relativistic-electron-
beam plasmas and tokomak-like geometries with
impurities, where the plasmas contain excited-
state ion populations (typically in He, Ar, or N)
which fluoresce in the visible. '

It is a pleasure to acknowledge useful discus-
sions with H. M. Gibbs, K. B. McAfee, C. K. N.
Patel, and G. D. Patterson.
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A new emission band at about 8 v =2 eV is observed in GaSb which is excited by a Nd-
yttrium aluminum garnet laser. From the dependence on the crystal orientation and in-
tegrated intensity and from the line shape and its dependence on doping, it is concluded
that the emission band cannot be attributed to nonlinear mixing of the laser line with the
E~ luminescence, but is caused by electronic interband anti-Stokes Raman scattering.

In GaSb, excited by a Q-switched Nd-yttrium
aluminum garnet (YAlG) laser, two emission
bands appear lying energetically between the la-
ser energy and the second harmonic of the laser
line. One emission band is located at about hv
=1.58 eV, the other one at about hv =2 eV. The
first band is attributed to the radiative recombi-
nation of Auger-excited holes in the split-off va-
lence band with free or shallow-bound conduction-
band electrons and was reported earlier. ' In this
paper we report the new' band at about hv =2 eV
which is about two orders of magnitude weaker
than the Auger band.

GaSb crystals are immersed in liquid He and
are excited by a Q-switched Nd-YAIG laser, fo-
cused on the sample to a peak power density of
about 100 kW cm '. A minority-carrier density
of about 10"cm ' at the crystal surface is esti-
mated. The samples used in the experiments are
undoped p-type and Te-doped n-type single crys-
tals. The luminescence is dispersed by a 0.85-

m Spex double spectrometer and is detected with
an RCA C31034A photomultiplier with GaAs cath-
ode using a "digital-boxcar-integration" method
described elsewhere. ' All spectra are corrected
for the spectral response of the system and for
the transfer from the wavelength scale to the en-
ergy scale. Furthermore, the spectra measured
above the bandgap are corrected for reabsorption
in the sample. Figure 1 shows the spectra of a
not intentionally doped GaSb sample [P(300 K)
=1.2&&10" cm '] at 4.2 K in the energy range 1.4
to 2.4 eV. The upper part is the result on a (111)-
oriented surface. The lower part is obtained
from a (100)-oriented surface. The band at 1.58
eV is the known Auger band. ' The second har-
monic of the laser lies at 2.33 eV. Between
these lines the new comparably weak band ap-'

pears at about 2 eV.
As a,n explanation of the new band, any type of

two-step excitation to another band extremum
— a,s is the case for the 1.58-eV band, for exam-
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