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The inference of the electron temperature 7. from the Landau cutoff of backscattered Raman spectra
is tested by simultaneous Thomson scattering temperature measurements and compared with results of
two-dimensional hydrodynamic computer simulations. If the threshold condition is calculated by using a
detailed modeling of the instability, then all three indications of 7. agree. In contrast, the often-used es-
timate of kAp.==0.3 for sizable damping typically overestimates the electron temperature by a factor of

1.5 to 2 in this case.

PACS numbers: 52.70.—m, 52.40.Nk, 94.30.Gm

Laser-produced plasmas are important in a number of
applications, including laser fusion [1], x-ray lasers [2],
x-ray sources [3], and plasma accelerators [4]. An in-
direct method of obtaining T, consists of using the Lan-
dau cutoff of the spectrum of stimulated Raman scatter-
ing (SRS). SRS is an instability in which the incident
laser-light wave decays into a scattering-light wave and a
plasma wave [5], with the three waves having frequencies
and wave vectors wg, ko, . ks, and o, k., respectively.
In SRS and similar decay instabilities, o, + o, =wo and
k,+k.=ko. For SRS backscatter discussed here, k.
> ko and, as the plasma density decreases, k., increases
slowly and o, decreases. Consequently, the phase veloci-
ty of the plasma wave decreases as density decreases until
Landau damping becomes large enough to decrease the
SRS amplitude. The abrupt onset of Landau damping
due to its exponential dependence on T, allowed Seka et
al. to propose its use as a T, diagnostic [6] for experi-
ments with submicron laser wavelengths. Since the in-
ferred values of T, have often differed by up to a factor
of 2 from those calculated using hydrocodes [7], a test by
Thomson scattering is of more than general interest.
Thomson scattering [8] is a diagnostic that allows a rela-
tively direct measurement of the electron temperature.
In laser-produced plasmas, the so-called ion feature of
the Thomson scattering spectrum is used to determine 7T,
[9,10]. We report here the results of experiments that
have allowed us to make the first direct comparison of
inferences of T, from the Landau cutoff of the SRS spec-
trum, Thomson scattering measurements of T,, and cal-
culations of T, by a hydrocode.

In this experiment, carried out at the National Re-
search Council of Canada, we studied the SRS instability
occurring in plasmas produced by the interaction of a
Ao=1.06 um laser pulse with 200-nm- (% 25%) thick
plastic (CH) targets. The target material was stretched
across thin Mylar washers with an inside diameter of 7
mm. The Nd-glass laser system delivered between 50
and 100 J onto a spot of 150 um (%20%) diameter.:
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Two different pulse lengths were used, 1 and 3 ns
FWHM (% 10% in both cases), with a roughly triangu-
lar shape. The range of irradiances covered, measured
with an uncertainty of & 40%, was 9X 10" to 7x10'
W/ecm?. The exploded CH targets have roughly parabol-
ic density profiles which have a low threshold for SRS,
providing favorable conditions for driving the instability.
The target thickness was chosen in order to allow the
electron density to decrease rapidly enough that the den-
sity at which Landau damping occurs would be present
near the peak of the laser pulse.

The experimental setup is shown in Fig. 1. The Thom-
son scattering diagnostic used a A, =355 nm laser probe
synchronized with the main laser pulse and of the same
duration, focused onto an 80-um spot in the plasma. The
scattered light was collected at 90° from the incident
probe and then analyzed by a spectrometer and a streak
camera. The spectral resolution was varied with the
width of the spectrometer’s slit and ranged from 0.5 to
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FIG. 1. Schematic of the experiment. A 1.06-um laser
drives the CH foil plasma. The time-integrated backscattered
Raman spectrum is obtained with a spectrometer—image-
dissector pair. Simultaneously, Thomson scattering measure-
ments and interferometry are performed.
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12— T T T T T T /10 focusing lens was directed into a spectrometer and
[ #90083113 @ then to an image dissector [11]. This apparatus focused
1.0 . ~10 channels of spectral information onto a single Au-
L ] doped Ge detector with a time delay of 13 ns between
08 E E channels. The overall spectral resolution of these time-

integrated measurements was 55 nm. The spectral win-
r ] dow was about 600 nm wide and its placement was varied
06 ] for the different shots. Two of these discrete-channel
] SRS spectra from 200-nm CH targets are shown in Fig.
- 2. The first one [Fig. 2(a)] was obtained at an intensity
of 9x10'* W/cm?, using a pulse duration of =3 ns,
02l ] while the other [Fig. 2(b)] was obtained at /=5.9x10"
' ; W/cm?, with a pulse length of 7 =1 ns.
11 ‘ g Shortly after the onset of SRS from exploding-foil tar-
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13 1.4 1.5 16 17 1.8 gets, the spectrum may be broad [7] or narrow [12], de-
Waveleneth (Lm pending on the laser intensity relative to the 1{1stab1hty
12 gth (um) threshold. However, both these and other previous data
ot #900'91323 ! ' ! ] ®) show that the shortest observed wavelength is emitted
C ] from the maximum density as this density decays and the
= -

Landau damping increases. This result is also expected
L from theory. The spectrum of the Raman light depends
on the densities (n) at which the instability takes place:
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T

1 —Ao/As =C(n/n) "2, )

- I where n, =102' cm ~3 is the critical density for 1.06-um
04 H lasers, A, is the scattered light wavelength, and ¢=Aq
+3k2A3.)"% In the spectra of Fig. 2, the long-
wavelength cutoff is instrumental and the short-wave-
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r length cutoff is due to Landau damping. We define the

[ i Landau cutoff to be the wavelength at which the ampli-
o ot bl ] J o b .

12 13 14 15 16 1.7 1.8 tude of the Raman spectrum is less than 20% of the max-

imum. The cutoffs for Figs. 2(a) and 2(b) are thus re-

Wavelength (um) spectively 1.32 and 1.49 ym (%28 nm in both cases).
The inferred densities at which sizable damping occurs
are 0.04n, (£20%) at 1=9x10'> W/ecm? [Fig. 2(a)]
and 0.08n, (+20%) at 1 =5.9%x10'* W/cm? [Fig. 2(b)].
The simplest way to obtain T, from the SRS spectrum
0.8 A. The time resolution was approximately 100 ps and  is to assign a chosen value of k.Ap. to the short-
the spatial resolution was ~80 um, as defined by the  wavelength cutoff. We use k.Ap.=0.3, as is common,
spotsize of the probe and by the slit of the spectrometer. corresponding to an electron-plasma-wave phase velocity
The density profiles were measured with a folded-wave-  of approximately 3 times the thermal velocity o
front interferometer using a 355-nm, 100-ps laser-pulse =(T(./m(.)'/2, where m, is the electron mass. An expres-
probe, with a magnification from the plasma to the film  sion for 7, as a function of the cutoff wavelength can be
plate of 23. The SRS light backscattered through the | obtained from the dispersion equation for the waves in-

volved:

FIG. 2. Typical discrete-channel SRS spectra from 200-nm
CH foils irradiated with a 1.06-um laser pulse. (a) 7 =3 ns,
1=9%10" W/ecm?2, (b) t=1ns, [=59%10" W/cm?.
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For a given cutoff wavelength A, this formula is solved fQLTg-
A more complex but physically more correct way to calculate 7, from the Landau cutoff wavelength A; is to assume

that the cutoff corresponds to the SRS going below threshold. In the notation of Williams and Johnston, the threshold
for SRS at a density maximum is [13]

r-+r'2—4=0, 3)

212
I_M_zzl*)] }20,3,

where '=1/1 is the dimensionless growth rate for the collisionless case and A =A .+ A p is the dimensionless damp-
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ing rate. The laser intensity / is normalized by I:

;. —_1074x10" FT
=
n/n) RGP LY

The collisional attenuation A, is negligible in the
present conditions. Ay p is the Landau damping term,

(W/ecm?). @

given by
8.45%10°[(n/n. ) Tiev] (L 3u/00,) >
A= 1/3
R -
1 n 511
Xex —_—— |, (5)
P 2 ne RZchV

where F and R are functions of the electron density only
and are given by Williams and Johnston [13]. L,, and
Xou are respectively the parabolic density scale length and
the laser wavelength (both in um), and Ty.v is the elec-
tron temperature in keV.

In order to use these equations, we need to know the
parabolic density scale length. This parameter is provid-
ed by both the interferometry and the simulations. For
I=5%x10"" W/cm?, with the 1-ns pulse, the measured
electron-density profile was fitted with a parabolic profile,
n,=n.o(l —x?*/L3,). From interferometry, the scale
length is L2, =300 ym (% 20%) and the maximum den-
sity is n,0=0.08n, (£ 20%), 0.5 ns after the peak of the
pulse. The scale length calculated by LASNEX is about
15% shorter than the experimental one. For the plasmas
produced by 3-ns pulses, only the simulation result is
available. At the peak of the pulse, the maximum density
is n.0=0.04n., and the scale length is L,,=500 um. In
both cases, the dependence of the threshold on L», is
weak. Equations (3) to (5) then give a relation between
T. and n.¢ (and thus A,).

The electron temperature was obtained from Thomson
scattering by fitting the theoretical spectra to the experi-
mental spectra. The four parameters used for fitting, 7,
T; (the ion temperature), and the ion and electron drift
velocities, have distinct effects on the calculated spec-
trum. For the conditions studied, Thomson scattering
spectra are dominated by resonance peaks due to the ion
acoustic mode in the plasma [9,10]. The separation of
these two peaks, AApeaks, is determined by the ion acoustic
speed, which varies as the square root of T,. The error
bars on the T, measurements take into account the un-
certainty on T; and n,, as well as that due to the fitting.

The two-dimensional hydrodynamic simulations were
performed with LASNEX [14], using the experimental
conditions as input parameters. The exact shape of the
pump laser pulse was used. The flux limiter for heat con-
duction was f=0.1. The hydrocode results indicate that
the density (n.9) corresponding to the Landau cutoff of
the SRS spectra occurs approximately at the peak of the
laser pulse. This agrees with the interferometry. The
calculated electron temperature and density at that in-
stant are uniform over the 200-um central region and
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vary slowly in time. It should be noted here that the
simulation results agree well with the Thomson scattering
measurements from the same region, for both 7=1x10"*
and 5% 10" W/cm?,

The results for T, are displayed in Fig. 3. The Thom-
son scattering and hydrocode results are shown in both
parts of the figure and are seen to be consistent. The
values of T, inferred from the SRS spectra using Eq. (2)
are seen to lie typically within a factor of 2 of these re-
sults and to overestimate the electron temperature. If we
use instead Egs. (3)-(5) to evaluate T,, better agreement
is obtained, as one would expect. In Fig. 3(b), nearly all
the SRS data are consistent with the Thomson scattering
data within the measurement accuracy. The error bars
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FIG. 3. Measured electron temperature as a function of the
irradiance. T. from the cutoff in the SRS spectrum (@), T.
measured with Thomson scattering at the peak of the pulse (0),
and LASNEX estimates at the same instant (A). (a) SRS T. is
deduced from the condition k. Ap.==0.3. (b) SRS T, is obtained
from the threshold condition Q; =0.
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on the electron temperature deduced from the Raman
data correspond to the width of one channel of the image
dissector; the temperature uncertainty due to that of the
laser irradiance is half of this amount.

In interpreting the SRS spectra, we have assumed that
the plasma was uniform across the 150-um focal spot of
the pump laser. The interferometry does not allow us to
be certain of that, because it is not sensitive to small den-
sity perturbations. Even if some of the SRS light may
originate in filaments, the observed short-wavelength
cutoff should correspond to the coldest region in the plas-
ma that is above threshold.

It is worthwhile to point out that, for the present com-
bination of pump intensity and threshold conditions, the
criterion k,Ap.==0.25, instead of 0.3 as used in Fig. 3(a),
would have given results comparable to those obtained
with the zero-growth-rate condition [Fig. 3(b)].

In conclusion, a direct comparison of the electron tem-
perature inferred from the Landau cutoff with simultane-
ous Thomson scattering measurements, and with two-
dimensional hydrocode results, was achieved for the first
time. The criterion k,Ape.==0.3 for “significant”” damping
is too strong and should be replaced by a better-suited
condition for the onset of SRS on parabolic profiles.
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FIG. 1. Schematic of the experiment. A 1.06-um laser
drives the CH foil plasma. The time-integrated backscattered
Raman spectrum is obtained with a spectrometer—image-
dissector pair. Simultaneously, Thomson scattering measure-
ments and interferometry are performed.



