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Thomson scattering measurements of heat flux from ion-acoustic waves in laser-produced
aluminum plasmas
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Thomson scatteringTS) measurements are performed at different locations in a laser-produced aluminum
plasma. Variations of the separation, wavelength shift, and asymmetric distribution of the two ion-acoustic
waves are investigated from their spectral-time-resolved TS images. Detailed information on the space-time
evolution of the plasma parameters is obtained. Electron distribution and variation of the heat flux in the
plasma are also obtained for a steep temperature gradient.
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I. INTRODUCTION of the two ion-acoustic peaks are analyzed. The evolution of
, ) L ) ) the electron temperature and plasma expansion velocity are
The interaction of a high-intensity laser pulse with plasmay e aqred as functions of time and space. The heat flux in the

is of currently great interest, both for understanding of theyasma with steep temperature gradient is calculated using
interaction physics and for potential applications in x-rayihe flux-limited theory.

lasers[1-3], inertial confinement fusiof4,5], and electron
accelerator$6,7]. The success of these applications greatly
depends on the efficient absorption of laser energy. Some
physical processes, such as stimulated scattering instabilities, The experiment was performed with the Shenguang I
inverse bremsstrahlun@B) absorption, and modulation and Nd:glass laser facility at the National Laboratory of High
filamentation instabilities are much influenced by the prop-Power Laser, China. The schematic of the experimental setup
erties of plasma$8—10. For example, the stimulated Bril- is shown in Fig. 18). A 1w (1.053um) heater beam was
louin and Raman scattering, which can greatly affect laser
energy absorption, depend strongly on the gradients of the
electron density and temperature. Thus it is important to de-
velop an accurate diagnostic method for measuring the in-
stantaneous plasma parameters. Thomson scattering provides
an excellent tool to study hydrodynamic processes in a very
small region of the plasmall-15. By irradiating the
plasma with a probe laser beam, and collecting the spectra :
scattered by the electrons, one can obtain the time-resolved : :
1
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ion-acoustic image of any region and deduce the temporally .
hydrodynamic parameters of the plasma.

In this paper, we present the results from measurements of
the ion-acoustic images from a Thomson scattering experi- @ ©
ment. The temporally resolved spectra corresponding to three
different regions in the plasma are obtained. Typical featurege
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FIG. 1. (a) Schematic of the experimental setup) Relative
am timings7eaerand Tprope @re the pulse durations of the heater
and the probe beams, respectivetly,corresponds to the time at
which the heater beam reaches the target surfaceAendl.7 ns is
* Author to whom all correspondence should be addressed. Elethe delay time of the probe beam relative to the heater béam.
tronic address: jzhang@aphy.iphy.ac.cn The scattering diagram.
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FIG. 2. Streaked Thomson scattering spectra of Al plasmas at u% 0

various positions oz=200, 300, and 40@&m in the plasmaig
=263.3 nm is the wavelength of the probe laser beam.
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smoothed with a random phase plate to produce a plasma by FIG. 3. Simulated temporal electron density at three different
irradiating an aluminum disk at an angle of 60° to the diskpositions.z=300 um is inside the critical density surface, amd
normal. We used a typical laser pulse of duration 1(fo# =400 um is outside the critical surface.
width at half maximum and energy about 300 J. The focal
spot size, measured by an x-ray pinhole camera, was abog€attering can be seen. The narrow line at the lower left
200 um in diameter, indicating a laser intensity bf.,; COrner of the image corresponds to the probe beam, which
~1X 10 W/cn? on the disk. give us a fiducial wavelength of,=263.3 nm. It is clearly
The Thomson scattering probe laser beam was focused &een that the separation of the two resonance peaks decreases
different locations to probe the laser-produced plasma. Iavith time in the three images, indicating that without the
order to measure the evolution of the laser-produced plasm&gater beam, the plasma cools down because of radiation
the probe beam was delayed 1.7 ns relative to the heaté®ss and spatial expansion. The whole spectrum is apparently
beam, as shown in Fig.(}). The probe beam was perpen- blueshifted from the probe beam, indicating a rapid expan-
dicular to the disk and focused to a spot with diameter abousion of the plasma in the scattering volume. Away from the
100 um. The probe beam was operating at» 4\, targetsurface, a much larger blueshift of the two ion-acoustic
=263.3 nm with an energy of approximately 30 J in a 1 ns peaks can be seen. Furthermore, the two satellites are nearly
Gaussian pulse, resulting in an intensity bfn=3.8 ~Symmetrical az=400um, but somewhat asymmetrical at
X 104 W/cm?. As we will verify below, the effect of the the position 30Qum away from the target and more obvious
probe beam on the plasma is small due to its low energy. atz=200um. This means that the critical density surface is
The scattered radiation was collected at a scattering angfeetween the positions of 300 and 4@n from the target
of #=90° with f/3.6 optics and 18 magnification onto the surface. More precisely, the position 300 um is inside
50 um entrance slit of an optical spectrometer with abut the position at=400 um is almost outside of the critical
2400 grooves per mm grating. The cylindrical Thomsondensity surface.
scattering volume, determined by the focal spot of the probe The evolution of laser-produced plasma is numerically
laser beam and the slit of the spectrometer, wagB0long ~ Simulated usingnEDUSA, a one dimensional Lagrangian hy-
and 100um in diameter. The spectrally resolved Thomsondrodynamic code. Figure 3 shows the simulated temporal
scattering signal was recorded by an optical streak camengariations of the electron density at different positions of the
coupled to a charge-coupled device, resulting in a spectrdllasma. We can see that at the positionze##00 um, the
and temporal resolution of 0.1 nm and 10 ps, respectivelyelectron density can reach the critical density,,
Only very weak stray light is produced by this arrangement 107 cmi®) of the heater beam after the irradiating of the

of the probe beam and the collection shown in Fig).1 heater beam. But at the positioms 200 and 30Qum, the
electron density is much higher than the critical density dur-
lIl. EXPERIMENTAL RESULTS ing most of the time when the heater beam is on. In any case,

we can see the simulation also shows =400 um is near

The spectra of the Thomson scatte(@®) radiation are  butz=300 um is inside of the critical density surface. This is
related to the scattering parametay which determines consistent with the experimental result. In reality, the plasma
whether the scattering is sensitive to plasma-wave fluctuaexpands laterally due to the finite focal spot of the heater
tions. In our experimente=1/(k\p) >3, k=Ko—ks, where  peam. Simulation shows a small difference of the electron
k, ks, andkg are the scattering, scattered, and probe wavelensity between plasmas produced with a planar target and
vectors, respectively, as defined in Figc)l and\p is the  with a spherical target that expands laterdly]. This en-
electron Debye lengthl6]. The radiation is predominantly ables us to use the simulated electron density below to cal-
scattered into a narrow region near the frequency of theulate the heat flux.
probe beam. Figure 2 are three recorded TS images corre- The two satellites of the ion-acoustic waves, at
sponding to different detecting regions p#200, 300, and et wjaw, are usually used to deduce the plasma param-
400 um away from the target surface, respectively. fpr eters. Herew, e and wiay are the frequencies of the probe
+1.7<t<ty+2.4 ns, wherd, denotes the beginning of the beam and of the ion-acoustic waves, respectively. In the ref-
heater beam, two distinct ion-acoustic peaks of the Thomsoerence frame of the plasma, the shift frequengy,, of the
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ion-acoustic fluctuations from the central probe frequency isimulated one. This is possible because the positions and
given by[11] heights of the two peaks from the experiment and simulation
_ _ fitted well. The temporal variations of the separation, the
(wmw>2 _ Te,\< Z . I Ti) _ Te( Z ) asymmetry, and the wavelength shift of the two ion-acoustic
ko /| M\1 +IENS T M\1+K2\3)' peaks are clearly shown. The parameters of the laser-
produced Al plasmas, such as the electron temperatLitee

@) plasma expansion velocity, the electron drift velocityJy,
whereM is the Al ion mass]T; the ion temperature, and and the ion-acoustic speeg can also be obtained simulta-
the adiabatic index, varying from 5/3 to 3. neously. In the numerical program, we have assumed that the

The plasma expansion velocity is also determined by théon temperature is half of the electron temperature. The ion-
two ion-acoustic wavelengths, ization degree is used as 12, as predicted bymBEBUSA

hydrocode, which finds that the plasma is almost fully ion-

Vzc(l _ )\1+’\2> ) ized and varies slowly with time and space. However, the

2\ /' width of the experimental spectrum cannot be fitted by the

theoretical one. The broadened feature might be due to sev-

where\; and \, are the shorter and longer wavelengths oferal reasons, such as Landau damping, plasma inhomogene-

the two ion-acoustic peaks, respectively.

We have developed a numerical program based on the ~ T T
dynamic form factorS(k,w) to deduce the plasma param- 32000[ W experiment
eters by fitting the simulation results to the experimental g = Theory ]
data. The dynamic form factor can be expressefl@s E 1600} i

_2m Xe 27Z | xe|? g a k
Sk,w) = ” ‘1 " Fo(w/k) + ” Fi(w/k), (3) £ 1000l . ; ]
-] [}
wheree=1+y,+x; is the plasma dielectric functiory,; are % o HH‘
the electron(ion) susceptibilities, andF,; are the one- 2 500'- .y .‘? 7
dimensional electroition) velocity distribution functions in = 16 £,18 20 22 24 26

the k direction. Shown in Fig. 4 are the experimental and
theoretical ion-acoustic features at different times, at the po-
sition 300um away from the target surface. To compare the FIG. 5. Evolution of the experimental and simulated electron
ratios of the two ion-acoustic peaks, we have adjusted themperature with time, at a position 3@@n away from the target
experimental intensity units so that the spectrum fits thesurface.

Time (ns)
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FIG. 7. Spatial variation of the electron temperatiigeat dif-

FIG. 6. Temporal development of the plasma expansion velocit)}cerent timesto+1.790,t+2.060, andp+2.335 ns.

at positions of 200, 300, and 4Qm away from the target surface. position 400m away from the target surface, the expansion

) ] ] velocity is higher than that at 300 and 2@@n. This indi-
ity, and instrumental effects. For example, Figdishows a  cates that the plasma expands more rapidly further away
theoretical spectrum with instrumental resolution of 0.1 NMfrom the target. On the other hand, the expansion velocity

The large difference between the experimental and th@ecreases with time a=300 and 40Qum, and is nearly
broadened theoretical lines indicates that such broadeningpnstant az=200 um. This gives us a rather clear descrip-

effects can be significant and must be taken into account ifon of the expansion process.
our experiment. Detailed investigations have been made on The spatial variations of the electron temperature at dif-

the broadening of the TS specf{t8,19. ferent times are presented in Fig. 7. The data are obtained
from the three experimental images corresponding to the re-
IV. DISCUSSION gions atz=200, 300, and 40@m. The decreaS(_a Off, from
the target surface can be seen clearly. In the inner region of
Temporal variations of the experimental and the simulatedhe plasma, the electron temperature is much higher than that
electron temperatures at 300 um are shown in Fig. 5. A of the outer region, where the electron temperature changes
decrease of the electron temperature with time can be olyelatively little. The decrease @i, at the earlier time is more
served. We can see that the electron temperature obtaingapid than that at the later time. This shows that the laser-
experimentally agrees well with the simulated one frgm produced plasma approaches a steady state after a rapid ini-
+1.7 toty+2.1 ns. The deviation between the experimentalial evolution. The spatial variation of the electron tempera-
and the simulated temperatures becomes larger with timéures shows that the electron temperature gradient, which
This may be due to the neglect of the dielectronic recombicause heat flow in the plasma, is different during the mea-
nation in the simulation code. The vertical error bars, corresurements.
sponding to the uncertainty on the location of the resonance Typical ratios of the electron-ion mean free pathto the
peaks, the scattering parameter and the approximate of temperature scale length; are 4.4< 1073, 1.1x 103, and
Eq. (1), are about 15% in our experiment. Another source 0f5.9x 10 for the timest,+0.09,t,+0.36, andt,+0.635 ns,
the error is the probe beam, which also heats the probingespectively, where\g=T2/[4m(Z+1)e*In A] and Ly
volume. Simulation shows the difference in the electron tem=T,/(dT./d2). Because the classical thermal conductivity
perature with or without the probe beam is less than 8%. theory[Spittzer-Harm(SH) model is only valid in the range
The time evolution of the expansion velocity at different of \,/L+<2x 1073, our experiment is therefore at the limit
distances is shown in Fig. 6. We can see that the expansiaf its validity. It is currently accepted that the heat flux can-
velocity of the plasma is of the order of Afn/s. At the not exceed a small fractiottypically 0.03 of the so-called
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free streaming valuegys=n.mw.> even with Maxwellian sF L L
electron distribution. Herege:(TZ/me)l’2 is the thermal ve- "E I | ==t +1.790 bs
locity. Actually, deformation of the electron distributions al- 2 sl :IH»ﬂ'm ns

ways exists if the electron-electrde-e) collisions are not .? \ 1,+2.335 ns
rapid enough to Maxwellize the flat-topped electron distribu- e 1 i 1
tion. Langdon predicted that super-Gaussian distributions = 4r .
would be produced in plasmas if the IB heating can compete = 1
with the e-e collisions[20]. According to the estimate given = 2 | Critical surface—i -
by Matteet al.[21], for high-Z plasmas, the electron velocity ﬂ | ! i
distribution can be described by a super-Gaussian distribu- 0 .._*;*==-._
tion foxexgd-(v/vy™], with the index 2<ms<5, even 200 250 300 350 400

when the laser energy is moderate. Clearly if there is suffi- Z (um)

cient time fore-e collisions, the electron distribution will be

Maxwellian (m=2). Some detailed investigation has been FIG. 9. Spatial variation of the heat flux at different timigs
made to study the electron distribution and its influence ont1.790,t5+2.060, andy+2.335 ns, respectively.

laser energy absorptidr21]. Since the super-Gaussian elec-

tron distribution leads to a crucial reduction of the heat flux,jn the exponentn, the ratios of\s/L, and\./L,, the experi-

the electron distribution function should be first determined.menta| electron tempera‘[ufg, and the simulated electron
However, so far it has not been measured experimentallyensityn,. We can see that the measurement of the heat flux
because of difficulties in the diagnostics. Here we use thett,+1.790 ns is of the order ¥W/cn?, and it decreases
theory of Matteet al. to deduce the exponemt, and then to  rapjdly away from the target surface. In the period between
calculate the heat f|UX] with the flux-limited theory. The t0+2060 andto+2.335 ns, the heat flux is of the order
relationship can be written as 102 W/cm?, much lower than that aty+1.790 ns. This
shows that the heat flux produced by the temperature gradi-

— 0.72
m(o) =2+ 301+ 1.666™79, “ ent in laser-produced plasmas is very obvious in the inner
where the Langdon parameteris given by regions and at the beginning of the probing time. The heat
oo o flux decreases rapidly with time, indicating that the plasma
o= 0_042|0(W cm )N (pm?) 1 - (5)  tends to be in equilibrium at the end of its evolution.
104 1.068 TykeV)™
V. SUMMARY

wherel, andA are the intensity and wavelength of the heater

beam, in units of W/cm angum, respectively. Figure (8) A Thomson scattering experiment was performed under
showsm as a function ofT.. We can see than>3 in our  and above the critical density surface in laser-produced alu-
experiment. That is, the electron distribution is much de-minum plasmas. Temporally resolved spectra, containing
formed due to IB absorption. The heat flux is then given bymuch information of the plasma, are obtained at different

[22] positions in the plasma. Temporal and spatial evolution of
B the electron temperatufi and the expansion velocily are
9= (KLt + KahdLn)ar, (6)  obtained. Electron distribution and variation of the heat flux
where K,=a(7b-50c), K,=2a(b-c), a  inthe plasma are also deduced under the conditions of steep

=[P(3/mPA3/T(5/m]7? b=I(10/m)/12, and ¢ eMperature gradients.
=[I'(8/m)]?/[9'(6/m)]. Compared with that from the Max-
wellian distribution, i.e.m=2, the transport coefficient &f;
decreases rapidly with increasing exponamtalthoughK, The authors would like to thank the staff of the Shen-
remains near constant, as seen from Fidp).8That is, the guang Il Laser Facility at the National Laboratory of High
heat flux for a non-Maxwellian electron distribution is Power Laser. This work was supported by the National Natu-
greatly reduced. We assume here that the density scale lengthl Science Foundation of China under Grants No. 10176034
is nearly equal to that of the electron temperature, Lg., and No. 10390160, the National Hi-tech ICF Program of
~-L,. Figure 9 shows the spatial variation of the heat flux atChina, and the National Key Basic Research Special Foun-
different times. The error bars are related to the uncertaintiedation of China under Grant No. G199075206.
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