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A method to measure the electron temperature and density
of a laser-produced plasma by Raman scattering
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2APRI and School of Photon Science and Technology, Gwangju Institute of Science and Technology,

Gwang]u 500-712, Republic of Korea

3Korea Electrotechnology Research Institute, Ansan 426-170, Republic of Korea
(Received 16 April 2008; accepted 30 July 2008; published online 20 August 2008)

A method is proposed to investigate the electron temperature and density of a laser-produced plasma
simultaneously, using the temperature dependence difference of the Raman forward scattering
(RFS) and backward scattering (RBS). Density and temperature dependence of spectra from the
RBS and the RFS in a laser produced plasma were investigated by one-dimensional particle-in-cell
simulations in the nonrelativistic regime. This technique has a great advantage as a simple
diagnostic of plasma characteristics in the sense that it can be performed only with the pump laser,
without any additional probe laser. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2973395]

A laser-produced plasma with a gas target has been stud-
ied extensively and intensively because of its wide applica-
tions for plasma-based particle acceleration,* high-
brightness x-ray generation,3 laser pulse ampliﬁcation,“’5
attosecond x-ray generation, etc. Generally the physical
properties of all those systems are strongly dependent on the
status of the plasma. So it is very important to have proper
diagnostics of the plasma for efficient experimental studies
of the laser-plasma. There are several techniques to diagnose
the plasma such as Thomson scattering, Raman spectros-
copy, interferometry, etc. The Thomson scattering is widely
used to obtain the plasma temperature and its temporal evo-
lution at a well-defined posrtron ¥ In this method, a probe
laser pulse should be used separately from a driving pump
laser. The Raman spectroscopy from Raman forward scatter-
ing (RFS) is also a very convenient tool to get the plasma
density without using a separate diagnostic pulse, in case of
laser-produced plasma with a gas target.9 The interferometry
technique is also available for the density measurement, and
it can give us spatially resolved snapshots of the density.10
However, those two methods do not give us plasma tempera-
ture information, which is very important for plasma studies.
In addition to the above methods, the Raman backscattering
(RBS) can be used to measure the electron temperature” of
plasmas. In their experiments, they had to measure the elec-
tron density with the interferometry, since their method of
temperature analysis required the electron density of the tar-
get plasma. Thus, those previously used techniques cannot
give the plasma density and temperature simultaneously
without using additional probe tools.

In this paper, we propose a method to simultaneously
measure the time- and space-averaged plasma density and
temperature by a single shot of a driving pump laser without
using an additional probe. The parameters are averaged over
a distance of the Reyleigh range for a focused laser beam.
The idea is using the different behavior of RBS and RFS as
a function of the plasma temperature. For RBS, the plasma
wave is driven by the beat of two counterpropagating elec-

“Electronic mail: hysuk @gist.ac.kr.

(003-6951/2008/93(7)/0715056/3/$23.00

93, 071506-1

tromagnetic waves: one is the pump wave and the other is a
daughter wave that is scattered backward. Because of the
counterpropagating nature, the beat wavelength of the driv-
ing ponderomotive force is even shorter than the laser wave-
length, which gives a large value of the Langmuir plasma
wavenumber (k;), i.e., a slow wave. In this case, the disper-
sion relation of the Langmuir plasma wave is given by

3
wi=w12,+ Evtzhkz, (1)

where vy, is the thermal velocity of electrons, the huge num-
ber k; gives considerable thermal effects even for a nonrel-
ativistic temperature (vy,/c<<1). On the contrary, for RFS, a
fast plasma wave is driven, where k; has only a small value
compared to the laser wavenumber. Thus the thermal effect
in RFS is generally negligible for nonrelativistic plasma
temperature.

In the regime of underdense plasmas, the incident elec-
tromagnetic wave is scattered into daughter electromagnetic
waves and an electron plasma wave. For RFS, the strong
electromagnetic pump wave (wg,ky) decays into a plasma
wave (w,,k,) and two forward propagating electromagnetic
waves with two frequencies, the Stokes (wy—w),) and anti-
Stokes (wy+w,). For RBS, just the Stokes component is
prone to the instability mechanism, leading to an exponential
growth to an observable amplitude.12 The scattered light and
the plasma wave obey the energy and momentum conserva-
tion as w; =wy— w,, k; =ky—k,, where w; is the frequency of
the Langmuir wave, w;, is the scattered light frequency, k; is
the wavevector of the Langmuir wave, k, is the wavevector
of the incident laser, and k; is the wavevector or the scattered
light. The relation between the wavevectors is derived from
the energy and momentum conservation as

lkep|* = ko — k,J* = k% + kf — 2kok, cos 6, (2)

where @ is the angle between k, and k,. If we assume k;
=k for underdense plasmas (w,<w ),

® 2008 American Institute of Physics
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lkr|* = 2ké - 2k(2) cos 0= 2k(2)(1 —cos 0). (3)

In case of the RBS, §= and |k,|>=4k;. Hence, from Eq.
(1), the thermal term relative to the cold plasma frequency
becomes 1.585,c%k; / 07 =6(Bywy/ ,)*, where By=vy/c.
Even for a nonrelativistic thermal velocity (8 <<1), the un-
derdense condition of the plasma (wy> w,), together with the
factor 6, gives a non-negligible thermal effect for RBS. In
the RFS case, however, §=0 and |k /ko|* <1, which conse-
quently leads to the strong independence of RFS on vy,.

To obtain the thermal velocity and temperature of the
plasma from the wavenumber of the Raman backscattered
signal, the above relations, the dispersion relations of the
pump and scattered lights, which are given as w§=w§+czk(2),
wf:wfﬁczkf, and the condition #= (backscatter) in Eq.
(2), are combined to yield the following relation between k;
and vy,:

T BT
o} woky 2\ w,

3 2
=22 1+—<%) + (ky + ko)? (4)
) 2\ w,

for RBS, where k, is the wavenumber of the Raman back-
scattered signal. As mentioned above, the frequency of the
Langmuir wave driven by the beat of Raman forward scat-
tered signal and the pump wave is not influenced much by
the thermal effects. Neglecting the thermal term in Eq. (1)
yields
2 252
wy— ¢k

“r= 2w, )
for RFS, where k; is the wavenumber of the Stokes from the
RFS. Equation (5) gives the plasma density for a given fre-
quency of the driving pump laser.

In the laser plasma with a gas target, the idea can be
applied as follows. The RFS and RBS signals from the driv-
ing pump laser are acquired simultaneously. Then the Stokes
or anti-Stokes from RFS is used to determine the plasma
density using Eq. (5). The additional shift of the RBS peak
from the anti-Stokes location can be used to estimate the
plasma temperature by Eq. (4). Note that in the previous
experiments, only one of the RBS or RFS signals were
captured to measure only one of the plasma temperature or
density.

Though the scheme proposed here is eventually for ex-
periments, the idea was tested by numerical simulations us-
ing the one-dimensional particle-in-cell code xoopIc.” In
the simulations, the Stimulated Raman Scattering (SRS)
spectra were obtained for varying 7,. We loaded a preformed
plasma at the laser target position. The plasma frequency for
the simulations was w,/ w,=0.132, which corresponds to 7,
=1.95% 10" cm™, and its temperature was varied from 0 to
300 eV. Note that the temperature range is in the nonrelativ-
istic regime, which is commonly observed in the laser wake-
field acceleration. The wavelength of the driving laser pulse
is 1 wm and the longitudinal duration is 700 fs. This pulse
length is proper for the electron acceleration in the self-
modulated laser wakefield accelerator regime. The normal-
ized vector potential, which is defined by a=eA/mc?, is 0.2.
Here A is the magnetic vector potential of the laser pulse, m
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FIG. 1. Measured electric field data and their transformed spectra for
t=5.15 ps and 7,=200 eV. (a) is the right-propagating case (laser direc-
tion) and (b) is the left-propagating case (opposite to the laser direction).
The dashed line in (a) is the spectrum of the incident laser pulse (unshifted
main pulse).

tively, and c is the speed of light in vacuum. A moving win-
dow technique was used to reduce the simulation time. The
driving pump laser pulse propagates to the right direction in
the simulation window.

The spectra of the pump and scattered lights were ob-
tained by Fourier transformation of the electric and magnetic
field data. To distinguish the backward and forward scattered
spectra, the electromagnetic wave was separated: one propa-
gates along the pump laser and the other propagates in the
opposite direction by using the equation Ejp=(E,—cB,)/2,
Eop=(E,+cB,)/2, where E;p, is the electomagnetic wave
which goes to the pump laser direction and Eqp, is the elec-
tromagnetic wave which goes to the opposite direction.'* By
the fast Fourier transform on this electric field data, we could
get the spectra of the backward and forward scattered lights.
Figure 1 is the measured electric field data and their trans-
formed spectrum for t=5.15 ps and 7,=200 eV. Figure 1(a)
shows the right-propagating case (laser direction) and Fig.
1(b) shows the left-propagating case (opposite to the laser
direction). We compared these two SRS spectra to measure
n, and T,. Figure 2 shows the (a) RFS and (b) RBS spectrum
in case of 7,=0 eV and 7,=200 eV. These spectra were
measured after the laser pulse propagated through the plasma
by 770 um. The peak location of RFS is almost fixed while
the peak location of RBS moved considerably. Also the peak
location of RFS agrees well with the expected peak location
from Eq. (5) (0,=0.858w for w,/wy=0.132). From this re-
sult, we could confirm that the peak location of RBS light is
affected significantly by 7,, while the peak location of the
RFS light is not. To observe more peak location data with
varying T,, we launched several simulations with different
electron temperatures.

Figure 3 is the summary of the simulation results. It
shows the peak shift due to the change of T, for r=545 ps.
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FIG. 2. (a) RFS and (b) RBS spectra in case of T,=0 eV and
T,=200 eV. Peak locations of the RFS signal are almost the same, but the
peak locations of RBS signal show a big difference as T, is different.

The lines represent theoretically calculated locations, which
are the solutions of Egs. (4) and (5). Since we used a laser
pulse whose a is 0.2, Egs. (1) and (4) are valid without the
relativistic treatment. For higher power application, the rela-
tivistic effect for the temperature should be considered. The
circles (RBS) and the dots (RFS) are the peak locations of
the scattered light measured from the simulations, which
shows a good agreement with the theoretical values. As T,
increases, the wavevector of the scattered light decreases and
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FIG. 3. The peak shift due to the change of T, for t=5.45 ps. The lines are
theoretically calculated locations of the RBS light, the circles are the peak
locations of the RBS light, and the dots are the peak locations of the RFS
light
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it is caused by the frequency change of the RBS light. w; is
dependant on T, as mentioned in Eq. (1) for RBS and it
affects the frequency and wavevector of the scattered light.
In conclusion, we proposed and studied a method utiliz-
ing the different sensitivity of RBS and RFS to the thermal
velocity to simultaneously measure the electron temperature
and density of a laser-produced plasma. For the studies, we
conducted one-dimensional numerical simulations and the
results showed a good agreement with the linear theory. The
idea can be realized in experiments by measuring the RFS
and RBS spectra in a single shot of a pump laser without
using separate diagnostic tools such as a probe pulse or in-
terferometry. This implies that the plasma diagnostics in the
laser-plasma experiments can be greatly simplified and this
method can be used as a tool for plasma diagnostics.
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