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We report novel techniques for the scattering of laser light from plasmas to measure density
and temperature. Subnanosecond laser puises are used with fast optical streak cameras to
monitor the dispersed scattered light. The spectra are recorded on photographic film. Time
resolution down to 100 ps is obtained and stray light problems are eliminated so that the
unshifted scattered light can be observed. The techniques have been used to measure densities
in the range n, =~ 10'°~10"® cm 2 and electron temperatures in the range T, = 5-35 ¢V with an
accuracy of better than 10%. Laser pulses at 5265 A with an energy of about 10 J are used and

give little plasma heating.

I. INTRODUCTION

In this paper we review the laser scattering technigues
that have been used in recent experiments at the Rutherford
Appieton Laboratory to measure the temperature and den-
sity of a hydrogen plasma. The aims of these experiments
were to determine the heat fiux in a laser-heated plasma’ and
the generation of 2 uniform fully ionized plasma in hydrogen
by muitiphoton ionization.” In another experiment® these
techniques were employed to investigate the excitation of a
large amplitude electrostatic wave formed by the optical
mixing of two copropagating laser beams.* In the experi-
ments the plasma density was in the range 10'%-10" cm ™
and the eleciron temperature in the range 5-35 ¢V. For this
regime, laser scattering is very useful as the plasma self-emnis-
sion is very much less than the scattered light.”

The scattering techniques used ave characterized by var-
ious novel features. These are subnanosecond laser pulses,
fast optical streak cameras to view the dispersed profiles, and
photographic film to record the spectra. The use of a short
laser pulse gives exceptionally good time resclution, and
eliminates both stray light problems and the need for laser
and viewing dumps. This is due to the laser pulse length
being much smaller than the transit time of the scattering
chamber so that time discrimation between stray and scat-
tered light is possible. The unshifted scattered light signal
can be monitored so that both the electron and ion features
are obtained. The perturbation due tc the probe beam is
small since, for the same total scattered light, there is less
plasma heating for short laser pulses. This is due to the satu-
ration of inverse bremsstrahlung by the strong field effect.®

The new scattering techniques described give a contin-
uous spectrum in a single laser shot. The cost per resolved
spectral element is much smaller than for photomultiplier-
based detection systems. The time dispersion of the streak
camera enables simultanecus scattering at complementary
angles to be made in one detector channel. By using multiple
probe pulses the time evolution of the plasma can also be
obtained. A detector dynamiic range greater than 1000 has
been achieved.

In Sec. I¥ of this paper we describe the experiments per-
formed using the new techniques. The method of obtaining
the scattered light profiles from the raw film data is given in
Sec. FII and the use of the profiles to determine the plasma
parameters is presented in Sec. IV.

6182 J. Appl. Phys. 84 {11}, 1 Decembser 1888

0021-8979/88/236182-07$02.40

il. EXPERIMENTS

The experiments were performed with the Vulcan neo-
dymium glass laser at the Rutherford Appleton Laboratory.
Each probe beam was generated by frequency doubling the
£.053 pm laser light in a XDP crystal. The scattered light
was dispersed in a grating spectrometer and monitored with
a Hadland Imacon 675 or 500 streak camera fitted with an
$20 photocathode and intensifier. The output was recorded
on Iiford HPS film, the characteristic response of which was
obtained with a seasitometer.

A, The heat flux experiment

In this experiment’ a small volume of hydrogen plasma
was heated by inverse bremsstrahlung absorption of 2 1.053
gm laser beam and the plasma evolution determined at sev-
eral distances from the focal spot using Thomson scattering
of a 5265-A probe.

A schematic of the arrangement is shown in Fig. 1. A
stow Z pinch in hydrogen was used to produce fully ionized
plasma. The heating beam, with pulse length 1.5 ns, was
focused transversely into the pinch to a spot of 200 um diam-
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FIG. 2. The pulse-stacker arrangement for producing the four probe pulses.

eter, giving a peak irradiance of 5x 10" W cm™2 Four
probe pulses of 100 ps separated by 1 ns were produced using
the pulse - stacker arrangement shown in Fig. 2. These pulses
were amplified and freguency doubled to give a total energy
of about 20 J. The scattered light from each pulse was moni-
tored in two channels, one at a large angle of 100° and the
other at a variable angle of 22°, 44°, or 66°. The channel col-
lecting light at the large angle had a resolution of 5 A suffi-
cient to resolve the electron feature but not the central ion
feature. The ion feature was resolved in the second chaunel
which had a resolution of 0.1 A, The electron feature was
used to determine the electron density and temperature. The
resolved ion feature enabled the ion temperature to be deter-
mined and was also used to detect the presence of ion acous-
tic turbulence. The ion feature was monitored at more than
one angle to investigate the ion acoustic energy spectrum.
For both channels the collecting optics ( f/6) consisted of
two identical lenses with a field lens at the intermediate fo-
cus. The scattering volume was a cylinder of 100 um diame-
ter and about 1 mm long, coaxial with the probe beam. The
temporal resolution was determined by the probe pulse du-
ration of 100 ps. The spatial variation of the plasma tempera-
ture and density was obtained by moving the focal spot of the
heating beam vertically or horizontaily with respect to the
fixed scattering volume. For horizontal displacements the
differential scattering vector is in the plane of the heat fiux
while for vertical displacements it is perpendicular to the
heat flux. This allowed the effect of the heat flux on the
velocity distribution to be investigated.

*
5265A —»

1A T

PULSE NS 1 2 3 4

6183 J. Appt. Phys., Vol. 64, No. 11, 1 December 1988

Rownleadedd4-50p-200540.-230:1560.248.1-Redistribution subject to-AlR-license-sr.copyright,see-hitpi/iapaip-05e4anleopyaghigsp - mm -

PULSE NO 1

An example of the data obtained from a typical shot is
shown in Fig. 3. The well-defined wings in the electron fea-
ture from the first probe pulse, which is before the heating
beamn, are no longer present in subsequent pulses. This shows
that the plasma was heated. There is no change in density on
this short timescale. In the absence of a plasma no scattered
signal was observed, indicating that there was no stray light.
The heating is also evident in the ion feature spectra. The
spectra obtained from the first pulse were from a thermal
plasma. These were used to obtain a relative sensitivity of the
electron and ion feature channels.

The electron and ion temperatures obtained from the
scattered spectra at different positions were compared with a
1-d hydrodynamic simulation. This shows' that the inverse
bremsstrahlung absorption should include the strong field
correction and that the maximum heat flux is limited to
about 0.1 of the free streaming Himit. The ion-electron equili-
bration rate is found to be in agreement with the usual
expression. Theratioof 7, /7; was measured as 5. However,
the ratio of the total scattered light in the ion and electron
features is ciose to the theoretical value for 8 thermal plasma,
indicating that the level of turbulence excited by the heat
flow is small.

B. The multiphoton ionization experiment

In this experiment’ an intense 5265-A beam was focused
into hydrogen gas at a pressure of a few Torr to investigate
the generation of a plasma by multiphoton ionization. Scat-
tered light was monitored from this ionizing laser beam. The
laser energy was typically 10 J in 100 ps with a focal spot of
about 200 urm radius, giving a peak irradiance of about 10
Wem™ 2,

The experimental arrangement is shown in Fig. 4. Two
scattering channels were used at angles of 120° and 160° with
respect to the incident beam. Light scattered from the com-
plementary angles, 60° and 2(°, respectively, was collected
by using spherical mirrors to reimage light back to the scat-
tering volume. In this way spectra with four different values
of the scattering parameter @ were obtained. The f/4 collect-
ing optics consisted of two identical lenses with an overail
magnification of unity. A pinhole in the image plane of the
first lens defined the extent of the scattering volume which
was chosen to be of dimension 100 gm. The spectral and
temporal resolutions in both channels were about 5 A and

FIG. 3. Typical scattering data from
the heat flux experiment using the
pulse stacker. The electron features
are on the left and the ion features on
the right.
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100 ps, respectively. The length of plasma generated was
determined by monitoring the scattering at different posi-
tions along the axis of the laser beam. The radial extent was
determined by viewing the total scattered light in zero order.
The laser spot size was measured with the eguivalent plane
monitor.

An example of the data is given in Fig. 5. This shows two
spectrawith o = 0.9 and @ = 5.4 obtained at 160° and 20°,
respectively. The results show that the plasma generated is
fuily ionized and that it is uniform over an axial length of at
least 8 mm. The radial extent is about egual to the laser spot
size. The temperature of the plasma is about 10 eV.

C. The beat wave experiment

The aim of this experiment’ was to detect the plasma
wave generated by mixing two laser beams with wavelengths
1.053 and 1.064 um. At the irradiances available ( =2 X 10"
W cm™?) the plasma frequency had to be matched to the
frequency difference of the pump beams to within 1%.” For
this reason, multiphoton ionization was used to generate the
plasma. The induced plasma wave interacts with the pump
beams to produce sidebands at frequencies shifted by the
plasma frequency.® This can be used to measure the ampli-
tude of the plasma wave generated by the beat wave process.
The decay of the plasma wave will also give rise to additional
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FIG. 5. Scattering data from the multiphoton ionization experiment in hy-
drogen at 4.0 Torr. The intermediate light at the laser probe wavelength is
due to reflections in the target chamber.
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heating above that expected from inverse bremssirahlung
absorption of the pump beams.

The experimental arrangement is shown in Fig. 6. The
pump beams, each delivering 5C J in 200 ps, were focused
( f720) to give a 200-pm radius spot. The plasma was pre-
formed by a 5265-A laser beam of 10 J and 200 ps, copropa-
gating with the pump beams and focused to the same posi-
tion. The pump beams were mixed in vacuum to avecid
Raman scattering by atmospheric nitrogen.® The transmit-
ted light was dispersed and then monitored with an Imacon
675 streak camera fitted with an S1 photocathode. Thomson
scattered lght from the ionizing green beam and from a sep-
arate delayed green probe was monitored in two channels.
Using this arrangement the plasma conditions could be de-
termined both before and after the pump beams had passed
through the plasma.

Figure 7 shows upshifted and downshifted sidebands on
the pumps. These are generated by the CARS effect’® in the
optical components in the mixing box and are about an order
of magnitude greater than the sidebands expected from the
plasma wave. An analysis of this data is to be published else-
where, Figure 8 shows Thomson scattered spectra with the
characteristic features associated with both high and low a.
The temperature increases from 12 eV to about 25 eV. In
some shots the spectra obtained with the probe beam, which
is after the pump beams, indicate a nontherma! plasma. This
could be due to the heating process or due to a two-compo-
nent plasma consisting of plasma heated by the pump beams
and the surrcunding plasma generated by the probe beam.
The temperature increase is consistent with inverse brems-
strahlung absorption of the pump beams and suggests that
there 1s no additional heating due to the decay of a plasma
wave. The density was measured to be 1.1 X 10" cm ™2 with
an accuracy of 10%. The caiculated resonant density for the
pump beams is 1.07 X 10" ¢cm 2 and as indicated previously
a large amplitude plasma wave is expected only if the density
is within 0.5%. The absence of any additional heating in the
experiment may be due to the density being outside this
range.

. DATA REDUCTION

In this section we descibe how the information recorded
on the film is converted into spectral profiles that can be
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compared to scattering theory. The recorded information is
digitized and then corrected for film response, distortion in
the image intensifier, and the spectral response of the chan-
nel. The spectral resclution of the channel is allowed for
when comparing with theoretical spectra.

A Joyce Loebl microdensitometer was used to digitize
the film data. The microdensitometer slit width was chosen
to match the granular structure on the exposed film. This
structure is produced in the intensifier. The slit height was
set to match the temporal resolution that is the equal to the
duration of the probe pulse. This ensured that the spectral
information was not degraded while keeping the fluctuations
in the digitized data to 3 minimum.

The film response was obtained by exposing the film
with a sensitometer. This consists of a photographic flash
lamp, filtered to give the same output as the camera intensifi-
er phosphor and of duration similar to the phosphor persis-
tence. The light is passed through a ten-level attenuator with
0.3ND steps and then onto the film to give a calibration step
wedge. For each shot a calibration wedge was recorded and
then processed with the data. The films were scanned with
the microdensitometer and the calibration wedge used to
convert the density value of each point in the scattered spec-
trum to the intensity value. A typical wedge and the result-
ing characteristic curve obtained by linear interpolation are
shown in Fig. 9.
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FIG. 7. Upshifted and downshifted sidebands on the pump beams. Light at
1.053 and 1.064 um is attenuated by 100.
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The intensifier used with the Imacon 675 camera uses a
Mullard XX1330 (50/40) tube that produces pincushion
distortion of the form

art +br=7¢, (N
where r and # are the distances from the center of distortion
in the input and output planes, respectively. The coefficients
are ¢ = 2.128 X 107* mm™? and b = 0.667. The intensities
in the input and output planes of the intensifier with gain G
are related by

52654+ §
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FIG. 8. Thomson scattering data from the beat wave experiment. In both
photographs the first and third spectra are from the preionizing beam and
the second and fourth spectra are from the probe beam.
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DENSITY FIG. 9. Characteristic curve for HPS
ok film {right) obtained from the calibra-
. tion wedge data (left).
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DISTANCE {(mm} Rel. logy E
GI(rirdrdd=1"(¥)¥ dr df where v, = (2k,T./m, )2, so that for A = 5265 A,
so that T, = 229X 1073 [AA(A) /sin(8 /2) % eV. (6)
GI(ry =1 (r)(ar + b)Y (3ar’ + b). ()

These equations are used to correct for the distortion. The
correction is insignificant for r < 5 mm. The 20/30 intensifi-
er used with the Imacon 500 camera has a correcting lens
element and gives low distortion over its whoie output field.

The spectral response of each channel was determined
by imaging a standard lamp onto the input slit of the
spectrometer. Exposures were taken in focus mode and cor-
rected for film response and distortion. The color tempera-
ture of the lamp was then used to give the spectral response.
Vignetting in the coupling optics between the grating and
streak camera as well as the photocathode spectral response
are accounted for by this method. Over the spectral region of
interest the reiative sensitivity changes by about 10%.

The photographic data of weak scattered signals that
are obtained with the intensifier at maximum gain are
grainy. This is a characteristic of the intensifier and results in
large intensity fluctuations in the spectral profiles. In such
cases a smoothing routine based on taking the median of a set
of surrounding data points is used before fitting to the theo-
retical profiles.

V. COMPARISON WITH THEORY

A least-squares method is used to fit the reduced data to
theoretical Thomson scattering profiles from a thermal plas-
ma which have been corrected for instrument response. The
scattered light spectrum lies in one of three domains’ de-
pending on the value of the scattering parameter . This is
defined as

a = 1/kA, (3)

where A, is the Debye length and k is the differential scatter-
ing vector

k= 2k, sin(8/2). (4)

Here k, = Z7/A is the wave vector of the incident light and &
is the scattering angle.

For & < 0.5 the light is incoherently scattered from indi-
vidual electrons and the resulting spectrum is directly relat-
ed to the electron velocity distribution. For a thermal plasma
the shape of the spectrurm is predominantly sensitive to elec-
tron temperature and is almost Gaussian with the half width
at /e given by

Aw = kv, {5)
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Thus by measuring the width of the profile the electron tem-
perature can be obtained directly. An accurate determina-
tion of the electron density can only be obtained if the scat-
tering channel is absolutely calibrated. An example of the fit
obtained for a spectrum with 7, =26 eV and ¢ =0.4 is
shown in Fig. 10. The accuracy on the temperature is better
than 10% and « is better than 25%. The quoted density is
obtained from 7, and e using Eq. (3}. The 1/¢ point of the
profile in the figure i3 110 A and this gives T, = 28 eV using
Eg. (6).

For values of « between 0.5 and 2 the spectrum consists
of a narrow ion feature centered on a broad eleciron feature.
The electron feature has distinct shoulders at approximately

Aw = akv,, (1)
so that for A = 5265 A,
n, =7.16X 102 [AL(A)}2ecm 3. (8)

The paosition is independent of the scattering angle. The de-
tailed shape of the electron feature depends upon both the
temperature and density. By fitting theoretical profiles to the
observed spectrum the electron density and temperature are
determined. The fit obtained to a spectrum with T, = 34 eV
and n, = 6.5 X 10" cm ™ corresponding to o = §.0isshown
in Fig. 11. The accuracy on T, and », is better than 10%.
The shoulders are at 95 A and this gives n, = 6.5 10"
cm ~? confirming that for this range of ¢ Eq. (8) is accurate
enough,

For a > 2 the spectrum has distinet satellites located at

100 s v — v ~y
NTENSITY To= 26 eV .
(arb units] an =104 fe = 1.1 107k 2
o = 04
5.0 e RS

ot , . )
515 5165 5215 5265 5315

WAVELENGTH (A)

-y

5365 5415

FIG. 10. The scattered profile at & = 162° and the best-fit theoretical curve.
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FIG. 11, The scattered profile at 8 = 100° and the best-fit theoretical elec-
tron feature.

(Aw)? = a? + 3k %%
=a} (1 + 3/a?), (%3
where w,, 18 the plasma frequency, so that for 4 == 5265 A,
[AA(A)]? = 6.9% 10 Pn, (cm ™)
+ 650 sin’(8/2)T.(eV). (10)

If & i3 very large the second term which is temperature de-
pendent is relatively small so that a direct measurement of
the density is possible from the satellite positions. Figure 12
shows data obtained in the muitiphoton ionization experi-
ment with n, = 2.7 X 18"7 cm ™" 10 an accuracy better than
10%. This value of n, has been obtained from Eg. (10} using
the fitted temperature from a low ¢ spectrum. Neglecting
the temperature correction gives 7, = 2.9 X 10" cm >, The
scattered spectra from three axial locations show that the
positions of the satellites are the same 1o better than 2%
indicating that the plasma is uniform to better than 4% over
at least 8§ mm.

For large o the ion feature contains the greater part of
the scattered light. If 7,/7, > 3 the ion feature has distinct
wings that are due to the ion acoustic resonance. The posi-
tions are

(11)

2 kT 3k, T\
AO)=k( [« 4 Iie+ B))

2
T4+a° m, m;

i Te = 106V
Ng= 2.7» 10Wcm"3
g =5.4

Z=-4mm

Z=0mm
] : i
{1 i
fid {
i ¢ ‘ Z=4mm

Py

5165 5215 5265 5315 5365
WAVELENGTH (A)

FEG. 12. High o scatiering data from the multiphoton ionization experi-
ment at the focus (z = 0) and on either side. The value of #n, is obtained

using the positions of the shoulders with 7, obtained from & low @ profile.
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FIG. 13. Ion feature spectrum with the best-fit theoretical curve.

and can be used to determine the ion temperature if the elec-
tron density and temperature are known. An example of the
fit obtained to the ion feature is shown in Fig. 13. With 7,
known to better than 10% the value of 7, is accurate to
within 20%. Figure 14 shows a spectrum that due to turbu-
lence cannot be fitted to a thermal profile. However, using
the position of the wings the ion temperature can still be
obtained from Eq. (11). The level of ion accustic turbulence
can be found by comparing the relative magnitudes of the
integrated ion and electron features. For the case shown the
integrated ion feature is about 1.5 times greater than the
thermal value and indicates a level of turbulence dn/n
== (0.09%. This shows the extreme sensitivity of the shape of
the ion feature spectrum to turbulence.

V. DISCUSSION

In the scattering measurements reported in this paper
an absolute calibration of the scattering channels was not
necessary. This is because scattering was observed at inter-
mediate values of @ or at complementary angles to give ex-
treme values of a. In the first case both 7, and », are deter-
mined from the shape of the electron feature. In the second
case the width of the low a spectrum gives 7, and using this
value the positions of the satellites in the high « spectrum
give n,. The use of short probe pulses with streak camera
monitoring is particulariy suitable for this. Only one detec-
tion channel is necessary when scattering at complementary
angles and, if these angles are judicially chosen, curve fitting
is not required. It should be noted that calibration by Ray-

15 .
INTENSITY | T =55e¢ )
(crb.unigiso}i . mo=2d > 3

PRI T SRS Y

et srersotess

e

5266 5265 5267

WAVELENGTH (4)

FIG. 14, lon feature spectrum from the heat flux experiment. The theoreti-
cal profile is obtained using n, and 7, from the electron feature in a separate

channel and 7, from the posttions of the wings in the ion feature.
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leigh scattering is not possible with short probe pulses be-
cause of multiphoton ionization.

Toobtain T, from the ion feature requires that 7, and ,
be known and thus it is necessary to observe scattering in
more than one channel. This is because the width of the ion
feature is considerably less than that of the eleciron feature,
typically about 1/100.

The principal errors in the measured quantities arise
from the fitting and the uncertainty in the film response, the
spectrometer dispersion, and spectral response. The detec-
tion system used gives a continuous spectrum and thus al-
lIows the fitting to be done to high accuracy. In these experi-
ments the quoted errors are mainly due to small departures
from thermal plasma. An accuracy of better than 10% can
be obtained for n, > 510" cm ™ for submillimeter size
scaitering volumes. For lower vaiues of n, it is necessary {o
increase the scattering volume. With f/6 collecting optics
and an incident intensity of 5 X 16" W ¢m ™2, the total num-
ber of scattered photons into the detector is ~ 10° from a
scattering volume of 100 ym size and plasma with #, = 10"
em™> and a~1. Assuming 100 resolved spectral elements
and 10% spectrometer throughput this gives = 10° photons
per element on the streak camera photocathode. For the
Hadland Imacon 675 camera with intensifier at maximum
gain this corresponds {0 a signal-to-noise level of about 20:1.
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