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Relative Rayleigh-scattering cross sections from nitrogen have been measured for vari-
ous pulse durations and wavelengths of incident laser radiation. No pulse-duration
dependence has been observed for laser pulses as short as 5 ns, and classical theory is
found to be still valid over the pulse-width range (5 ns <Az <110 ns) of our observations.

I. INTRODUCTION

Rayleigh scattering has been generally accepted
for decades as an in situ calibration to Thomson
scattering in plasma diagnostics."? Its validity for
probe laser pulse durations less than 50 ns was re-
cently questioned by Skowronek and Alayli.}

Their experimental evidence showed that the
Rayleigh-scattering cross sections drastically devi-
ated from the classical values, revealing strong
laser pulse-duration dependence. The dependence
was given by the equation

Sexpt/stheor=(7'l/7') (l_e_At/f) s

where 7 is an experimentally determined time con-
stant (r=28 ns in their experiment), S, and
Siheor are the experimental and the theoretical
Rayleigh-scattering cross sections, 7 is the classi-
cal dipole damping constant, and At is the laser
temporal duration. Similar experiments had been
carried out by Kilkenny and White,* using a Q-
switched ruby laser at 694.3 nm, and by Selter and
Kunze,’ using a flashlamp pumped dye laser at
600 nm. Over the range of pulse durations used in
Refs. 4 and 5 (<30 ns), no such pulse width
dependence was observed.

The purpose of this experiment was to carefully
investigate the quantitative nature of the laser tem-
poral pulse dependence of the Rayleigh scattering
by making precise and careful relative cross-section
measurements. We also performed supplemental
experiments such as scattering radiation pattern
and its wavelength dependence, plus a check of the
linear dynamic range of the detection system and
filling pressure to uniquely identify the measure-
ment of Rayleigh scattering. To ensure minimal
signal distortion over the entire measurement time
scales, we put some emphasis on improving the
high-frequency response of the detecting systems.
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The experimental detail will be described in Sec.
II. The results and comparison with other experi-
ments will be given in the final section.

II. EXPERIMENTAL METHOD

A commerically made coaxial flashlamp pumped
dye laser was used as the probe laser source. It
typically delivered a 700 ns pulse, with an energy
of 1J. A 1200-line/mm grating, mounted as the
end reflector of the cavity, was used for
wavelength tuning. The cylindrical dye cell has an
aperture of 11 mm and a length of 42 cm. Both
the liquid inlet and outlet of the cell have been
constructed in a way such that the dye flow is uni-
form along the cell axis.® This arrangement mini-
mizes dye turbulence and temperature gradients,
which smooths out the spatial profile of the laser
beam. A beam divergence of 1.5 mrad and a tun-
ing bandwidth of 0.13 nm was achieved. Two dyes
were used in this experiment, Rhodamine 6G at
concentration 1X10™* M and LD 490 at concen-
tration 2X 10™* M in 100% ethenol, providing las-
ing wavelength at 590 and 486 nm, respectively.

A Pockels cell consisting of a deuterated KDP
crystal with two Glan-Thomson polarizers on each
side provides temporal pulse slicing of the laser
output. The cell is gated by a trigger with an ex-
tremely sharp 1 ns rise and fall time. The extinc-
tion ratio is generally better than 1000. Laser-
pulse durations between 3 to 120 ns can be easily
obtained.

Stray light constitutes a major problem in this
experiment, particularly for the cylindrical scatter-
ing chamber with an azimuthal scattering plane.
The surrounding wall acts like a concave mirror,
tending to enhance the background light noise level
at the chamber center where the scattering experi-
ment is being carried out. Therefore the probe
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FIG. 1. Experimental setup with positive lenses 4, B,
G, and H, pinholes C and K, light baffles D and E,
Glan-Thomson polarizes P and interference filter L.F.
The test chamber has cylindrical symmetry, with the az-
imuthal plane chosen as the scattering plane. The laser
polarization is perpendicular to the scattering plane.

beam was reduced from 11 to 3 mm diameter by
entrance optics shown in Fig. 1 to diminish this ef-
fect. A sharp-edged aperture C with diame-
ter=600 um, mounted at the focal spot of a posi-
tive lens 4 with focal length=5 cm was imaged
into the chamber center by a second positive lens B
with focal length=20 cm. The aperture C not
only defines the illuminated area but also performs
certain spatial filtration. Four light baffles, D, one
in front of lens B and three behind the entrance
windows, were used to eliminate additional stray
light caused by scattering from each optical ele-
ment. A laser dump, made of absorbing glass with
optical density greater than 8, mounted at the
Brewster angle, significantly reduced back-reflected
light. A light baffle, E, is inserted between the
scattering center and the laser dump to prevent any
stray light coming back from the dump surface.

The observing optics consists of two achromatic
lenses G and H and an aperture K which defines
the observing area. On axis but opposite the
chamber, within the solid angle (5% 1072 sr) of the
observing lens, is mounted another laser dump to
provide further reduction of the background light.
Finally, an interference filter with a typical band-
width of 6 nm was put in series with the observing
optics. As a result, a 5 to 1 signal to background
ratio at 90° scattering angle for 53.3 kPa (400 Torr)
of dry nitrogen was obtained. This ratio reduces to
2 to 1 at a 45° scattering angle and hinders any
small angle scattering measurements.

The Rayleigh-scattering signal was measured by
a fast photomultiplier (Hamamatsu 1294), while
the incident laser power was monitored by splitting
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off part of the beam before the chamber entrance
window and was sensed by a high speed biplanar
phototube (Hamamatsu 1328U). This latter signal
was used for normalization on shot-to-shot basis.
Two Tektronix 7834 storage oscilloscopes (band-
width 400 MHz) were used to record both detec-
tors. The overall time constants for the scattered
and the incident laser monitor signals were
measued by the use of Hamamatsu picosecond
light pulser C1308, and both were found to be
close to 600 ps, essentially limited by the oscillo-
scope bandwidth.

Rayleigh scattering was measured using dry ni-
trogen with filling pressure ranging from 40 to 140
kPa (300 to 1087 Torr). A particle filter was in-
serted at the gas inlet to reduce the amount of
dust. In addition, a sufficiently long waiting
period was allowed after each tank fill to permit
any remaining dust to settle. Nonlinear effects in
the scattered signal due to excessive gas filling
pressure and laser intensity were carefully checked
and avoided prior to each new set of measure-
ments.

III. RESULTS AND DISCUSSIONS

Rayleigh scattering from molecular nitrogen at
53.3 kPa (400 Torr) with an incident laser
wavelength of 590 nm was measured at a 90°
scattering angle (defined as the angle between the
incident and the observing axes), where the scatter-
ing plane were perpendicular to the laser polariza-
tion. Each signal was normalized by the synchro-
nous laser monitor trace; generally, data was taken
at the time of the peak Rayleigh-scattering signal.
All data were than divided by the mean value at
100 ns pulse duration as a relative calibration. The
results are shown in Fig. 2. A least-squares
linear-curve fit, y=p +qr, gives a constant term
p=0.97+0.02 and a slope g=0.0003+0.0003. It is
evident that there is no pulse-width dependence on
the relative Rayleigh-scattering cross section from
5 to 100 ns. The error bars indicated here are the
standard deviation from a minimum of 5 shots at
each laser-pulse duration.

Similar measurements were made at scattering
angles of 70° and 135°. In contrast to Ref. 3,
which conclude a sin(6/2) dependence of the time
constant 7, we observed no pulse-duration depen-
dence at all. A typical measurement at 70° and a
fit to a constant cross section is illustrated in Fig.
3.

The Rayleigh-scattering cross section has a



1002 TSU-JYE A. NEE AND J. R. ROBERTS 25

. frmmmeee +-

e
3
T

53.3 kPa N,

8= 90°

A = 590 nm
T=295 K

NO DELAY CABLE

RELATIVE INTENSITY

0.4

0 1 1 L 1 1
0 20 40 60 80 100
LASER PULSE DURATION (ns)

FIG. 2. Relative Rayleigh-scattering cross-section
measurements for 53.3 kPa (400 Torr) dry nitrogen, at
90° scattering angle and laser wavelength 590 nm. The
broken line is a least squares constant line fit.

wavelength dependence A~*. This had been inves-
tigated by repeating the experiment with LD-490
dye at 486 nm. The measured ratio of the normal-
ized signal between R6G and LD-490 was
0.43+0.05, in excellent agreement with the A% ra-
tio 0.46. The conclusion of a pulse-duration in-
dependent cross section is also evident for 486 nm
as shown in Fig. 4.

To further confirm the identity of Rayleigh
scattering from other types of scattering such as
Mie scattering by dust or oil contamination, etc.,
we measured the scattered radiation pattern in the
same chamber azimuthal plane, but with the laser
incidence normal to the observation plane (Z direc-
tion, in cylindrical geometry), and with 0° observ-
ing angle coinciding with the laser polarization.
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FIG. 3. Relative Rayleigh-scattering cross-section
measurements for 141 kPa (1060 Torr) dry nitrogen, at
70° scattering angle and laser wavelength 590 nm. The
broken line is a least squares constant line fit.
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FIG. 4. Relative Rayleigh-scattering cross-section
measurements on 141 kPa (1060 Torr) dry nitrogen, at
90° scattering angle and laser wavelength 486 nm. The
broken line is a least squares constant line fit.

The normalized angular intensity distribution is il-
lustrated in Fig. 5 in polar coordinates. The solid
line indicates a least squares fit to 0.032 + 1.06
sin?6, from which a depolarization factor,
0.032/1.06=0.030, is derived and found in reason-
able agreement with the value of 0.032 obtained by
Watson et al.” The observed fit can thus be inter-
preted as due to the presence of a weak depolarized
component superimposing on the normal polarized
dipole radiation, a typical Rayleigh-scattering
characteristic. This measurement along with the
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FIG. 5. Normalized scattered radiation in polar coor-
dinates representation. 0 is the azimuthal angle in the
cylindrical chamber; and K, being along the Z axis, is
the laser propagation vector. Solid curve is a least
squares fit to 0.032 + 1.065sin%0. Laser polarized in
6=0" direction.
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A~* dependence provides a definitive identification
of Rayleigh scattering.

Since our results indicated no pulse-width depen-
dence on the Rayleigh-scattering cross sections, in
agreement with Refs. 4 and 5, we investigated pos-
sible causes of the 1 —e ~4//7 dependence of Ref. 3.
To this end a mathematical simulation in which a
Gaussian pulse was convoluted with the transfer
function of an electronic integrator was performed
on a computer. The output peak value was divided
by the input Gaussian peak to simulate the way
data is usually anaylzed. It was found that a time
constant, 7, of 20 ns will reproduce the 1—e ~4*/7
dependence. The question then lies in what kind
of integrator in the detecting system will produce a
20 ns integration time. We did a series of brief in-
vestigations with RG-58 coaxial cable, terminated
with 50 at both ends, to provide a time delay be-
tween two experimentally matched phototubes both
sensing the laser pulse simultaneously to simulate
the recording of two signals on one oscilloscope.
According to Ref. 8 this is the method used in
Ref. 3 for recording the monitor and the scattered
signals, with a 100 ns delay cable adding on the
latter to separate the two signals in a single scope
trace. The ratio of the two peaks as a function of
laser-pulse duration is illustrated in Fig. 6. The re-
sults of Ref.3 are plotted on the same figure for
comparison. It is clearly seen that a 100 ft delay
cable will possess an effective time constant of 7
ns, whereas a 300 ft one will give 15 ns. The de-
crease of the delayed pulse amplitude is believed to
be due to cable dispersion effects. Because of the
use of the two recording oscilloscopes to avoid the
delay cable problem, as mentioned in Sec. II, the
effective time constant in our experiment is found
to be at most 600 ps, essentially limited by the
scope bandwidth. Consequently, no noticeable dis-
tortion was detected for laser-pulse widths between
5 and 110 ns. However, if we added the RG-58
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FIG. 6. Variations of signal attenuation due to RG-
58 delay cables. Reference 3 results, shown as the group
of circles with error bars, is presented for comparison.

delay cable to the photomultiplier channel, we ob-
tained the same curves as in Fig. 6. It is therefore
believed that the cable associated time delay may
be the major reason for the pulse-width dependence
of Ref. 3.

In conclusion, we have measured the relative
Rayleigh-scattering cross sections from molecular
nitrogen for laser duration ranging from 5 to 110
ns, and found no temporal pulse-duration depen-
dence at all. The classical Rayleigh-scattering for-
mula has been investigated for its A~* dependence,
its dipole angular radiation distribution and its
depolarization factor, and was found to be valid
over the pulse-duration range of our experiment.

ACKNOWLEDGMENT

We wish to thank Dr. Wolfgang Wiese for his
continuous interest and support at various stages of
this experiment. Many fruitful discussions with
Dr. Tom Lucatorto and Professor H.-J. Kunze are
also gratefully acknowledged.

1A. W. DeSilva and G. C. Goldenbaum, in Methods and
Experimental Physics, edited by Hans Griem
(Academic, New York, 1970), Vol. IX A, p. 61.

2H.-J. Kunze, in Plasma Diagnostics, edited by W.
Lochte-Holtgraven (Wiley, New York, 1968), p. 550.

3M. Skowronek and Y. Alayli, Phys. Rev. A 19, 2260
(1979).

4). D. Kilkenny and M. S. White Phys. Lett. 55A, 209
(1975).

K. P. Selter and H.-J. Kunze, Phys. Lett. 68A, 57
(1978).

ST. Lucatorto, T. J. Mcllrath, S. Mayo, and H. Furmo-
to, Appl. Opt. 19, 3178 (1980).

'R. D. Watson and M. K. Clark, Phys. Rev. Lett. 14,
1057 (1965).

8Y. Alayli, Ph. D. Dissertation, Université Pierre et
Marie Curie, Paris, France 1978 (unpublished).



