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Profiles of nine lines of singly ionized nitrogen have been measured in a dense (Ne= 1.9
&& 10 cm ) high-temperature (22 800 'K) plasma produced behind the reflected shock wave
in a T tube. Measurements were carried out that verified the fact that the plasma was homo-
geneous in both the radial and the axial directions and that the plasma was optically thin at
the various wavelengths where the profiles were measured. The half-widths of the measured
profiles show large discrepancies with earlier reported measurements of Day and Griem
and, in most cases, show significant disagreement with the theoretical predictions.

I. INTRODUCTION II. EXPERIMENTAL APPARATUS

The generalized impact theory for broadening
of isolated ion lines in a plasma by Griem et al. '
has recently been modified by Griem, '

~ and by
Cooper and Oertel. ' As a result, there has gen-
erally been improved agreement between theory
and experiment. ' " In the case of N II, however,
the modified theory resulted in worse agreement
between theory and experiment than was obtained
by the use of the original theory. In this partic-
ular case, the modified theory predicts half-widths
that are typically larger by a factor of 2 than the
experimental half-widths. " The cause of this dis-
crepancywas not immediately obvious, and the
need for further experimental work was indicated.
This paper is concerned with an experimental in-
vestigation of Stark broadening in singly ionized
nitrogen to determine the cause of this discrepancy.

An electromagnetic T tube was used as the light
source for this experiment, and a schematic of
the system is shown in Fig. 1. The general de-
scription and characteristics of T tubes are dis-
cussed in the literature' and will not be repeated
here. The shock tube was constructed of 19-mm-
o.d. & 16-mm-i. d. pyrex tubing. The observa-
tion ports are 2 mm diam and are so situated that
observations may be made along the diameter of
the tube and along a chord near the wall. These
ports are located 12.5 cm from the electrodes.
The capacitor stores 600 J of energy at 40 kV and
the circuit has a ringing frequency of 300 kHz.
The optical system (Fig. 2) consists of a 0. 3-m
monochromator which is used to scan the line pro-
file shot by shot. " This instrument has a (mea-
sured) resolution of 0. 28 A with 10-p slits and is

221

Copyright 1970 by The American Physical Society.



W. JALUFKA AND J. P. CRAIG

POWER
SUPPLY

0 = 40kv,
BACKSTRAP~

4MQ

REFLECTOR )

SHORTING '

SWITCH

CAPACITOR

PRESSURIZED 0
SPARK GAP

0 C

10 MQ

OBSERVAT ION

PORTS TO
VAC UUM

SYSTEM

IO MQ

FIG. 1. Schematic diagram of the T-tube experiment.

III. OPERATING CONMTIONS

The operating conditions for the experiment were
determined by experimentally investigating the
properties of plasmas produced by various mix-
tures of helium and nitrogen. It was required that
(i) the plasma be reproducible in both temperature
and electron density from shot to shot; (ii) the
central intensity of the nitrogen and helium lines
be greater than the continuum radiation by at
least a factor of 3; (iii) the electron density be
sofficiently high to ensure adequate broadening of
the nitrogen line with respect to both Doppler and
instrumental broadening; and (iv) the plasma be
homogeneous.

A gas mixture consisting of 85/o He and 15% NR

at an initial filling pressure of 1.2 Torr and a
capacitor voltage of 30 kV were finally chosen, as
they resulted in all of the above requirements
being met. At higher concentrations of N„ the
plasma became inhomogeneous, as discussed sub-
sequently, and at lower concentrations the electron
density became too low to broaden adequately most

equipped with an end-on photomultiplier tube. In
order to monitor the reproducibility of the plasma
from shot to shot, a 0. 5-m spectrograph equipped
with two side-on photomultiplier tubes was used.
Qne of the tubes measured the total intensity of the
5045 A N Ii line and the other measured the inten-
sity of a 15 A-wide continuum band centered at
5620 A. The outputs of the photomultiplier tubes
were recorded on dual-beam oscilloscopes. In
the course of the experiment only those runs mere
considered satisfactory in which there was not
more than a l(P/q variation in these two monitor
signals. Care was taken to ensure that both in-
struments viewed the plasma volume from the same
solid angle. All of the measurements in this ex-
periment were made 2 mm in front of the reflector
and behind the reflected shockwave.
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FIG. 2. Optical arrangement.

of the N II lines.
The electron density was determined indepen-

dently by scanning the 3889 A He I line. The ex-
perimental points were corrected for the under-
lying continuum, and a dispersion profile was fitted
to the points by varying the half-width and central
intensity until a best fit was obtained. The half-
width of this line was determined to be 6. 0 + 0. 5A
which indicates an electron density of 1.9 & 10"
cm ' (a 109o). ' The homogeneity of the plasma in
the radial direction was investigated by measuring
the profile of the 3889 A He I line near the wall.
Measurements of this line were also made in the
axial direction by masking the 2-mm-diam port
so that a layer of plasma, 100 IU, thick, was ob-
served by the monochromator. This slit was then
moved in the axial direction across the port and
the 3889 A He I line profile was measured at sev-
eral different positions. In every case (radial.
as well as axial), the half-widths agreed well with-
in experimental error, indicating that the plasma
was homogeneous in the radial direction and for
at least 2 mm in the axial direction. This same
procedure was also used with several N II lines
to investigate the uniformity of the plasma in this
same volume. Each of the NII lines had a con-
stant half-width within experimental error
throughout the volume of plasma investigated.
This consistency in the individual half -widths as-
sured that the nitrogen was uniformly distributed
throughout the portion of the plasma that was used
in the investigation.

The plasma temperature was obtained from the
absolute intensity of the N II 4630 A line under the
assumption of local thermodynamic equilibrium.
This assumption is justifiable since the electron
density and the relaxation time were sufficient to
ensure that the plasma was collision dominated. "
Calibration of the measuring monochromator was
accomplished by the use of a carbon arc placed be-
hind the shock tube (see Fig. 2). An image of the
crater in the positive electrode was formed at the
center of the shock tube by a lens system to coin-
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cide with the point of observation of the plasma.
The results of Null and Lozier" were used to de-
termine the absolute intensity of the crater. A
temperature of 22800'K + 10% was obtained from
this measurement.

To ensure that the lines measured were optically
thin, the following investigation was carried out.
After a line had been scanned and the center of the
line located, a half-silvered mirror was placed
behind the shock tube (see Fig. 2). One-half of
the emitted radiation was then reflected back
through the lens located between the mirror and
the shock tube and was focused at the center of the
shock tube. The scanning monochromator was
then set at the line and the central intensity of the
line was recorded with and without the mirror.
In each case, it was noted that the photomultipliex
signal increased by 45 + 5% for those shots with
the mirror in place. This result provided suffi-
cient evidence that the pla, sma was optically thin
for those wavelengths at which measurements
were made.

Several of the N II profiles obtained had such
sufficiently small half-width that it was necessary
to correct for instrumental broadening. The mea-
sured instrument profile was very nearly Gaussian,
so that it was possible to fit Voigt profiles to the
experimental points. " The unfolding wa, s then
trivial and the (dispersion) profile of the N II line
was easily obtained. A typical experimental pro-
file is shown in Fig. 3.

IV. EFFECTS OF INHOMOGENEITIES

The effects on the line half-widths of an inhomo-
geneity in the pla, sma in this experiment were in-
vestigated. This was done in order to determine
the magnitude of the effect that this condition could
introduce into the measured half-widths. A mix-
ture of 50% He and 50% N2 at a pressure of 2 Torr,

L
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and a capacitor voltage of 30 kV were used for
these measurements.

The half-width of the 3889A He I line was used
to determine the electron density at the center of
the shock tube and at the wall. These measure-
ments indicate an electron density of 3.3 x 10"
cm ' at the center of the tube but only 1.6 x 10"
cm ' at the wall. The monitor signals, which
were obtained from the center of the shock tube
in both cases, indicated that the plasma was fairly
reproducible. Scatter in the experimental points,
however, resulted in an uncertainty in the above
densities of about +2&o. Measurements of several
N 1I line profiles were made at the center of the
tube and also at the wall under these conditions.
The ha, lf-widths of these profiles were in agree-
ment, within experimental error. These results
indicate that more helium radiation originates in
the higher-density core than in the lower-dbnsity
layer near the wall, and vice versa for the N D

radiation. Comparison of these results with those
obtained from the homogeneous plasma verifies
this, as the N II line profiles are indicative of the
lower density.

V. EXPERIMENTAL RESULTS

Half-widths of nine N II line profiles were ob-
tained in this experiment. The results are sum-
marized in Table I. Theoretical half-widths from
the modified theories as given by Griem'~ ' and by
Cooper and Oertel, 4 are also listed for comparison.
The experimental half-widths obtained in this ex-
periment have been corrected for the contribution
from ion broadening (less than 1% except for mul-
tiplet 59) and have been extrapolated to an electron
density of 10"cm '.

Five of these lines have been previously mea-
sured and reported by Day and Griem. " The re-
sults of the present experiment are in disagree-
ment with these previous results in that the half-
widths reported here are typicallylarger by fac-
tors of approximately 2 to 3. The present re-
sults, however, agree with those obtained by Berg
ef a/. , "within + 15% with only one exception
(4447 A).

VI. DISCUSSION OF ERRORS
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FIG. 3. Experimental profile of 3995 A N II.

The determination of the electron density from
the half-width of the 3889A He I line has been
shown to be accurate to within 5%. ao Scatter in the
experimental points allowed the half-width of this
line to be determined with an uncertainty of about
8% so that the electron density should be accurate
to within +10%(rms value). In the case of the N II
lines, the half-width could be determined to within
about 8% for those lines for which unfolding was
not necessary. For the narrower lines where it
was necessary to correct for instrumental broad-
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TABLE I. Summary of results.

Multiplet Transition
~i/2 ~i/2 . ~i/2 ~i/2 ~i/2

X(A) Griem Griemh~o Cooper-Oertel Day and Griem this experiment
(A) (A)

12
15
18
29
30
59

3s P2 -3p P2
3 0 3

3s P2 -3p P2
3 0 3

3s Pi -3p P~
3 0. 3

3s Pg -3p D2
1 0

3p P( -3d D2

3p Pg -4s Pg
1 0

3p P2 -3d P2
3p P2 -4s P2

3 3 0

3d E3 -4f G4
0

4630
4643
4613
3 995
4447
3007
5496
3838
4530

0.28

0.28

0.28

0.17

0.32
0.50
0.40
2.8

0.25

0.25

0.25

0 ~ 20

0.26

0.24

0.43
0.42
1.9g

0.24

0.24

0.24

0.17

0.32
0.72
0.42
20

0.14

0,26

0.20
0.58
1.6

0.35
0.35
0.35
0.30
0.28

0.60
0.58
1.0
2.2

See Ref. 2.
See Ref. 3.
Semiempirical predictions.
See Ref. 4.

csee Ref. 13.

f+15% (rms).
gValue from Griem, Ref. 16. For this multiplet kT/

~=0.72, Coulomb effects are negligible, and the upper-
state broadening is described by the data in this refer-
ence.

enon@, the half-widths of the I II lines could be de-
termined to within about +10'%%up. Therefore the to-
tal error (rms) in the N ll half-widths is about 15/p.

The Stark profiles have only a slight tempera-
ture dependence so that any uncertainty in the tem-
perature would not affect the limits within which
the half-width could be determined.

VII. CONCLUSIONS

The half-widths of the N II lines measured in this
experiment have been compared to theoretically
predicted half-widths obtained from a modified
impact theory. The half-widths of lines of mul-
tiplets 12, 18, and 30 are larger than the theoret-
ical values by a factor of about 2. Multiplets 29,
and especially 59 and 15, are in reasonable agree-
m. ent with the theoretical values, and lines from
multiplet 5 are larger by about 40/p.

The discrepancies between theory and experi-
ment observed here indicate the need for further
theoretical and experimental work. In some cases
(multiplets numbers 18, 30), the modified impact
theory does not appear to be in any better agree-
ment with experiment than the previous theory. "

The results for the three multiplets where theory
and experiment agree reasonably well are quite
insufficient to allow any conclusion to be drawn
concerning the two theories.

Investigation of the effects on measured half-
widths by an inhomogeneity in the plasma indicates
that it is not always justifiable to assume that the
plasma is homogeneous. This assumption can
lead to errors in the measured half-widths which
may be as large as a factor of 2 or more. There-
fore care must be taken in this type of experiment
to ensure that the plasma is indeed homogeneous.

The half-width values obtained in this experi-
ment were compared to the experimental values
reported by Day and Griem. " The results of this
experiment were used to calculate half-widths of
all lines common to the two experiments at the
values of electron densities reported by Day and
Griem. " The ratio of this calculated half-width
to the experimental value reported by Day and
Griem' was a constant, within experimental error.
This result indicates that the electron-density
measurements reported for their experiment were
in error and that the error was possibly due to
inhomogeneities in their plasma.
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Coherent interactions between short CO2 laser pulses and a resonant absorbing SF~ gas me-
dium have been examined carefully, using a laser cavity-dumped rectangular pulse with a
width of 20 nsec and input intensities from 10 to 10 lcm . Parameters studied included
the width, shape, and delay time of the transmitted pulse after propagation through several
absorption lengths of SF6 cell. In addition to these measurements, we have observed two new

phenomena, namely, optical free induction decay and edge echo, which are induced by this
short rectangular CO2 laser input pulse. Results indicate that although level degeneracy in
SF6 may be involved, the simple two-level model can account qualitatively for most observed
phenomena, with the exception that the observed shape of a 27) pulse deviates significantly from
the symmetric hyperbolic-secant function predicted by the simple two-level theory. In the
7t' pulse region, we have demonstrated that the free-induction-decay tail can be valuable for
studies of atomic and molecular collision processes.

I. INTRODUCTION

Coherent interaction of a short laser pulse with
a resonant medium is currently a subject of con-
siderable interest. It was shown first by McCall
and Hahn' that a ruby laser pulse of high intensity
can propagate through an inhomogeneous absorb-
ing medium (also ruby) without attenuation but with
a delay in time. This phenomenon is known as
self-induced transparency and has recently been
studied in detail. ' A similar effect has also been
observed' in SF, gas using 10.6- p. pulses from a
CO, laser. In this paper, we report the observa-
tion in SF, of an optical free induction decay and
an edge echo on an initial short 20-nsec rectangu-
lar 10.6-p P(20) CO, laser pulse using the cavity-
dumping technique. ~ Similar phenomena, with
pulses from the P(18) and P(22) CO, transitions
were also observed. For a simple model consist-

ing of two nondegenerate quantum states with an
inhomogeneously broadened line, theory' shows
that the stable condition of self-transparency re-
sults after the initial pulse traversing through a
few absorption lengths into the resonant medium
and the pulse evolves into a symmetric hyperbolic-
secant pulse in time and space with a pulse area
corresponding to a "2z pulse. " More recently,
numerical computations have also been made'
with the emphasis on the evolution of a pulse as
it develops into a 2m pulse. However, there exist
differences in interpretation'&' ' of previous ex-
periments'~' which were performed using a rotating
mirror Q-switched CO2 laser pulse. ' By using a
short and flat-topped CO, laser pulse, we have
been able to examine in detail the dynamic evolu-
tion of this input pulse through an optically thin as
well as thick SF6 absorbing medium. This was
accomplished by studies of the pulse shape, pulse


