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Theoretical profiles of (3/2)wy emissions from laser-produced carbon plasmas, at plasma tem-
peratures varying from 600 to 250 eV, corresponding to laser intensities varying from 1.5X 10'* to
1.7x 10" W/cm? have been calculated. The peak shifts of these emissions have been compared
with the experimental results obtained using a 1.0641-um Nd:glass laser and they are found to be
in good agreement. Theoretical estimates of wavelength shifts taking into account the variation of
plasmon wave number have also been compared with the experimental values. Profiles of (3/2)wq
emissions from planar slab targets of carbon, aluminum, and copper have been reliably measured
and are compared with the theoretical estimates. Experimental results strongly suggest the satura-

tion of two-plasmon—decay convective instability.

I. INTRODUCTION

With the appearance of the works of Bychenkov
et al."? experimental studies of (3/2)w, emissions from
laser-produced plasmas, from targets of different shapes
and sizes, have generated a new incentive for the investi-
gations of line shifts of these emissions from the exact
(3/2)wy harmonic and the broadening of the lines due to
the intrinsic nonlinear plasma interaction process as well
as the Doppler effect, if any, caused by the freely ex-
panding plasma. It is well known that, at one quarter of
critical density n., both two-plasmon decay and stimu-
lated Raman scattering (SRS) instabilities compete with
each other to excite plasmons with frequency close to
®o/2, where w, is the frequency of the incident light.
The incident or reflected photons couple with an wqy/2
plasmon and this coupling is responsible for emissions of
radiation with frequencies close to wg/2 or 3wy/2. Ob-
servations of half- and three-halves harmonic emission
have been variously reported by various authors, using
different target geometries and different lasers of various
wavelengths and pulse durations.’>~° Stimulated Raman
scattering, at the quarter critical surface, has been attri-
buted to produce the second-harmonic emissions. How-
ever, a double peak structure of the wy/2 spectrum,
similar to that observed in the case of 3w,/2 emissions,
strongly suggests 2w, decay as the process responsible
for the second-harmonic generation.!~!?> This observa-
tion is also supported by the lower threshold of the two-
plasmon decay instability.!3~!7 Kutty and Sinha,'® for
the case of stimulated Raman side scattering, using an
exponential density profile, observed that this threshold
is a strong function of density gradient scale length L.
For L having the values of 100, 10, and 5 um they es-
timated the threshold at around 1.14x 10'%, 0.30x 10'4,
and 7.65X% 10 W/cm?, respectively. Hence, for larger
values of L, SRS may also compete with two-
plasmon-decay instability.

Although quite a good number of experimental and
theoretical results have appeared on (3/2)w, emis-
sions, 123 10:12,19=22 1] the experimental data are not
quantitative enough to give a well-defined conclusion
about the shifts of these emissions from the exact
(3/2)wo harmonic as well as the broadening of the lines
as a function of the plasma parameters. The line shifts
and the line broadening are two important experimental-
ly observable parameters that are produced by the non-
linear laser-plasma interaction process and provide im-
portant clues as to what is happening inside the transient
plasmas. Unfortunately, in-depth theoretical studies on
(3/2)w, emissions are lacking. Avrov et al.’ used a
model where the plasmon wave number is the one which
gives the maximum growth rate for two-plasmon-decay
instability,?> but does not necessarily allow for phase
matching with an incident photon. Barr!® has also, from
brief theoretical considerations, given the wavelength
from the exact (3/2)wy harmonic for a 1.06-um laser.
Bychenkov et al.!'? have given a detailed theory of
(3/2)wy emission from laser-produced plasmas and our
theoretical analysis is based on their earlier formula-
tions; measurements of peak shifts from planar slab tar-
gets of carbon agree reasonably well with the theoretical
estimates of Bychenkov et al.'? Kartunnen’s deduc-
tions?? are also quite interesting, as he has taken into ac-
count the variation of plasmon wave number, while it
propagates from the 2w, region to the region of (3/2)w,
generation.

In the present work theoretical profiles of (3/2)wg
emissions from laser-produced carbon plasma at different
laser intensities have been obtained and compared quan-
titatively with the experimental results. Supplementary
data on the profiles of (3/2)w, emission from planar slab
targets of aluminum and copper are also discussed. The
reliability of temperature estimation from peak shifts of
these emissions has been examined for s-polarized pump
wave. At higher laser intensities strong evidence of
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two-plasmon saturation is indicated. Analysis on the
basis of Kartunnen’s theoretical deductions suggests a
way to study the variation of the plasmon wave number
from the origin of 2w, generation to the point of
(3/2)wo emission. This variation has been approximate-
ly estimated.

II. THEORY

Generally, the pump wave combination scattering on
the parametrically excited Langmuir oscillations near
quarter critical density layer is responsible for the gen-
eration of (3/2)wy emissions in the laser-produced plas-
mas. Three-plasmon coupling is also a distinct possibili-
ty but this is generally regarded as a higher-order pro-
cess.” Its probability was evaluated by Alexandrov?*
who reported that the three-plasmon coupling contribu-
tion to the (3/2)w, emission is negligibly small under the
laser-produced plasma conditions. Moreover, Langmuir
oscillation parametric excitation may also be caused by
stimulated Raman scattering. However, as reported in
Sec. I, the two-plasmon instability threshold is observed
to be lower than that of SRS (Refs. 13-15) if the plasma
density gradient scale length L, near the n./4 layer, is
not too large so that the following inequality holds true:

(koL)'®<c/Vr, , (1

where ky=(wq/c) pump wave number. For typical ex-
perimental conditions koL < 102-10%, T, ~0.5 keV and,
consequently, the inequality, as expressed by Eq. (1), is
valid. Thus, SRS contribution to the harmonic genera-
tion may be neglected.

A. Peak shifts from exact (3/2)wo harmonic

Avrov et al.’ considered a model, in which the
plasmon wave number which has the highest growth
rate for the two-plasmon decay was used,?® but the mod-
el had the limitation that it did not necessarily allow for
phase matching with the incident radiation. This model
gave

Arp = —22.7T, cosf (A) , )

where AL, is the wavelength shift from exact (3/2)wg
harmonic, T, is the electron temperature in keV, and 6
is the angle of scattered light with respect to the incident
laser light.

Barr!® considered phase matching between an incident
photon and 2w, generated plasmon adding together to
form (3/2)w, radiation. It was noted that the forward
scattered plasmon must have a wave number which is
small compared to the wave number which is expected
near threshold.?*> For a 1.06-um laser, Barr gave the
wavelength shift from the exact harmonic as

Ak, =—33.9T,(cos§—0.919) A . (3)

Bychenkov et al.? considered, in detail, an obliquely
incident laser light on the plasma (Fig. 1) and, using the
reported formulations of Bychenkov et al.,' connected
the harmonics generation with the two-plasmon convec-
tive instability at the quarter critical density layer. They
noted that harmonic spectra and intensities essentially
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FIG. 1. Arrangement of wave vectors of the obliquely in-
cident and scattered waves to and from an inhomogeneous
plasma; E; and E, represent s and p components of the pump
wave electric field.

depend on the pump wave polarization. Using the for-
mulations of Bychenkov et al.,! Bychenkov et al.? ar-
rived at the expression for the scattered wave energy flux
spectral density as (Fig. 1)

e? Lg cosy | k'—k, |

T 2mm2S [(2)—sin26,]'? | k. |

g'(o',n")

, )3
X Wi(0' —wo, ki —kop,Xg) (‘;’—] , @

where o’ is the scattered wave frequency, n’ is the unit
vector along the scattered direction, g, is the pump
wave energy density flux in vacuum, 6, is the pump
wave incidence angle, k' =(kg,,kq,) is the scattered wave
vector in the harmonics generation region, ko=(kq,,ko,)
is the pump wave vector in the harmonics generation re-
gion, k. ,kg, are the vector components along density in-
homogeneity direction, k/,kg, are the vector components
perpendicular to the density inhomogeneity direction,
W, is the Langmuir wave energy flux spectral density,
and x, is the coordinate of the harmonic generation re-
gion.

For an s-polarized light, under the normal pump wave
incidence, they gave the approximate expression for the
peak shift AA,, from the exact (3/2)w, harmonic, as
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., (3l
Mo =F5h0 | T2y |
RT 5)
T,
y=1 = | (14125sin%0")1/2
c

where VTe is the thermal velocity of electrons, ¢ is the
velocity of light, and 6’ is the scattering angle measured
with respect to the incident beam.

For a p-polarized light they also gave an expression
for the maximum possible shift AA,,;, determined by
Landau damping as
Vr

e

Ahppm=14g [(3)—sin%6y)]'"?, 6

c

where 6, is the angle of incidence that the pump wave
makes with the direction of density gradient scale length
change.

Kartunnen?? considered the variation of plasmon wave
number from a 2w, region to the region of (3/2)w, gen-
eration and, for a red shift, due to interaction between
the red plasmon and the incident photon (kg,w,); he ap-

proximately deduced the expression as
2

Ao

V

TE

1+—2r(11a2——8sin26’

AR, = V3

1
P72

—4vV6atcost)'\ 2|, (T

where a=k,/k, is the measure of change in the
plasmon wave number from the 2w, region (k,) to the
region of 3wy/2 generation (k5). The symbols k, and
k’ represent associated plasmon wave numbers in the
two regions. For the parallel density gradient (Vn|k,)
the red plasmon (k,,w,) travels down the gradient indi-
cating that the two-plasmon decay operates at higher or
equal density than the 3wy/2 region. This means that
we have a<1 in Eq. (7). We have considered various
values of a for the analysis of our results in Sec. V.

B. Intrinsic profile of (3 /2)w, emissions

We have defined the intrinsic profile of (3/2)w, emis-
sions as the profile obtained as a result of differential
convective amplification coefficient of the Langmuir
wave two-plasmon instability as a function of frequency
of the scattered radiation. With reference to Eq. (4), one
obtains

|k’ —ko | =[(k'—ko)-(k'—ko)]'"% . (®)

The scattered wave number k' is obtained from the
corresponding dispersion relation

(@' )V=0}+c’k?, C)

where w, is the plasma frequency.

In order to calculate the scattered energy flux density,
one should know the amplified plasmon energy flux den-
sity. The theory for this is still far from complete? be-
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cause one does not know exactly which parametric pro-
cess results in amplification and how far from the origin
of the plasmons the nonlinear phase-matching condition
is satisfied, giving rise to harmonic generation. Assum-
ing that the harmonic generation takes place near the
threshold region and the parametric instability satura-
tion is of convective nature, the Langmuir energy flux

density can be written as>%
noKTe
Wik, )= exp[2X(,k,)] , (10)
n())\.D

where X(w,k,) is the Langmuir-wave two-plasmon insta-
bility convective amplification coefficient, K is the
Boltzmann constant, Ap is the Debye wavelength, and
ng is the electron density.

The temperature 7, determines the thermal fluctua-
tion level. If the plasma density linearly depends on the
coordinates x, then X(w,k,) is determined from the rela-
tion?

L (k-V ) (kko—k3/2)
| kox | VE, k2[(k—ko)-(k—ko)]

X(w,kl)z% , (11)

where V is the electron oscillation velocity in the pump
wave electric field and k=(k,,k;) is the amplifying
plasmon wave vector. For normal incidence,
| kox | =ko. For no amplification, X=0 and Eq. (10)
gives the usual thermal fluctuation wave energy density
given by Nicholson.”> The x component of the plasmon
wave vector is determined by decay conditions and is ob-
tained as
(w—wo/2)wy ko

ky=—— o — 4 — (12)
3ko V7, 2

Using Eqgs. (10)-(12), one obtains the Langmuir wave
energy density in terms of scattered electromagnetic pa-
rameters as

noKTe

3
noAp

Wi (o' —wo,k|)=

exp2X(w’ —wp,K]) - (13)

The corresponding amplification coefficient and the
value of k,, after replacing o by (o' —wg) in Egs. (11)
and (12), are obtained as

X(w’—(QO’kl)
X k2 (2k, —ko)?
= A max (k)‘2+k12)[k(2)+k12+kx(kx—zko)] » (14)
where
V2
_m Ve 2
X max = >4 V% koL cos“6 , (15)
'—3wy/2 k

=t
* 3koV7, 2

The symbol 6 represents the angle between k| and V.
For the experimental situation as shown in Fig. 2, the
angle @ is given by 7 /4. The energy flux density of scat-
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FIG. 2. Vectorial representation of the experimental situa-
tion for normal incidence. The incident, scattered, and polar-
ization vectors are clearly shown.

tered radiation has been studied using Egs. (4), (9), and
(13)—(16) and the results are discussed in Sec. IV.

III. THE EXPERIMENTS

Figure 2 vectorially represents the experimental situa-
tion. The directions of the incident beam and plasma
density inhomogeneity are shown by the symbols k, and
An,. The direction of scattering is represented by the
symbol k', which is in the incident plane and makes an
angle 7/4 with the positive x direction. The com-
ponents k| and ki, parallel and perpendicular to the pos-
itive x direction, are also shown. The vector E
represents the direction of polarization of the incident
beam. The plasma is formed at the origin of the rec-
tangular coordinate system.

Experiments were conducted using 20 J-5 nsec,
1.0641-um Nd:glass laser amplifier system, with a
Nd:YAG oscillator (where YAG is yttrium aluminum
garnet) on planar slab targets of carbon, aluminum, and
copper. The linewidth of the incident beam was mea-
sured to be 4.5 A. Originally the light was p polarized
but the plane of vibration of E was rotated by an angle
/4 by the Faraday isolator which was positioned be-
tween the laser chain and the plasma chamber. As a re-
sult, the plane of vibration of E made an angle of 7 /4
with the incident plane, giving equal components in both
the s- and p-polarization directions. The detector system
consisted of a Pacific Instruments Incorporated MP 1018
B grating monochromator, coupled with an RCA-7265
photomultiplier tube with an S-20 response, and a Tek-
tronix 7834 storage oscilloscope. The grating monochro-
mator uses a Jarell Ash plane reflection replica
diffraction grating in Czerney Turner configuration and
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has a reciprocal linear dispersion, at exit slit of 17.5
A/mm, in the first order, with 1180 lines/mm grating,
which was used in the present experiment. The mono-
chromator was calibrated using standard light sources of
a He-Ne laser, Hg(I), Hg(II), Ne, and a hollow potassi-
um cathode at the wavelengths 6328, 7300, 5790.7,
7032.4, and 7664.9 A, respectively, and the wavelength
of scattered radiation was measured with an accuracy of
*+1 A. The monochromator gave a satisfactory perfor-
mance. Shot-to-shot variation in laser energy was found
to be within =5-10 % and the focal spot was measured
with an accuracy of £7%. This gave the accuracy of
laser intensity measurements within +25%. X-ray diag-
nostics using absorption filters and the two-foil ratio
technique gave the electron temperature which was
found to be in reasonably good agreement with the re-
sults of Kang et al.?® and Sakabe et al.?’” who quoted
the results of other works also. The results quoted by
Sakabe er al.?’ usually show a scatter of 10-15% in
temperature values. Within the scatter our measure-
ments were found to be reasonable. The method and re-
liability of the technique have already been reported in
Sinha?® and Sinha and Gopi.? The main source of ex-
perimental error was found to be the fluctuation in laser
intensity and the focal spot size. From the results of
Kang et al.?® and also from Sakabe et al.,? the scaling
of plasma temperature on laser intensity can be taken
between ¢2/° to ¢*/°. Therefore, error in temperature es-
timation due to the lower scaling factor on ¢ comes to
within approximately 6-11 %. Reflection losses from
the optical components were duly taken into account
while estimating the values of laser intensity. An as-
pheric f/1.33 lens was used to focus the beam onto the
target. Intensity measurements in the focal plane
showed no significant variation; hence, the temperature
measurements were found to be reliable within the ex-
perimental bars. Emission from plasma, at wavelengths
of interest, consisted of a broad pulse of 20-25 nsec full
width at half maximum (FWHM) pulse width due to the
background radiation over which much narrower pulses
from the harmonics were superimposed. The contribu-
tion due to background radiation was approximately
constant in the wavelength region of investigation,
though it was different at different laser intensities. This
contribution was measured on both ends of the line
profile and its values were checked for each set of the ex-
periments. '

IV. THEORETICAL AND EXPERIMENTAL RESULTS

Langmuir wave two-plasmon instability convective
amplification coefficient X is plotted in Figs. 3(a)-3(c) as
a function of the shift AA of scattered radiation from
Ao(7094 A) at the temperatures of 600, 520, 480, and 250
eV for carbon plasma corresponding to the laser intensi-
ties of 1.5x10", 8.0x 10", 4.1x 10", and 1.7x 10"
W/cm?, respectively. Equation (14) was used to estimate
the value of X. The values of plasma temperature and
the laser intensity were taken for the convenience of in-
terpreting the experimental results. One notes that the
value of AA,, at which the peak of each curve occurs,
shifts towards the origin for descending values of tem-
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FIG. 3. (a) Two-plasmon convective amplification coefficient
X as a function of AA for different plasma temperatures and
laser intensities and for L =100 um. Here AA=(A'—221,). (b)

Two-plasmon amplification coefficient X as a function of AA for

L =200 um. (c) Two-plasmon amplification coefficient X as a
function of AA for L =300 um.

perature. Moreover, the value of X is not symmetrical
around its peak but has similar profiles on both sides of
the Y axis. The curve rises fast, reaches the peak, and
then decreases comparatively slowly. The amplification
coefficient vanished at AA=0, that is, at A'—2A,=0,
which is obvious from Egs. (14) and (16). At
©'=(3/2)wy, k,=ky/2; hence, X becomes zero at
(3/2)wq from relation (14). The value of W, [Eq. (13)] is
very sensitive to the value of X. From Figs. 3(a)-3(c) one
notes that the values of AA, at which the peak of X
profiles occurs, at a given temperature, are independent
of the values of L, which have been taken as 100, 200,
and 300 um to illustrate this point. This is obvious from
Eq. (11) in which the second term of the numerator
determines the value of AA at which the peak of the X
profile occurs. Limitations of Eq. (13) are discussed in
the subsequent section on profile broadening.

The value of n,, for calculations, has been taken as
2.5x10% which is the n, /4 value of the plasma pro-
duced by glass laser. Three values of L have been taken
as shown in Figs. 3(a)-3(c) and 4(a)-4(d). Herbst
et al.,* using a 3-5-nsec, Nd:glass laser, at a laser inten-
sity of 7Xx10'> W/cm?, measured the density profile of
an aluminum plasma. Taking into account the errors re-
ported in the experiment, the density gradient scale
length, at n./4, can be estimated to be in the range of
150-200 pum. Therefore, we have found it convenient to
consider three values of L. Moreover, at this stage it is
useful to check the inequality expressed by Eq. (1). Tak-
ing T,=500 eV, A, is the wavelength of incident light
equal to 1.0641 yum and L =100, 200, and 300 um, the
right-hand side of the inequality comes out to be 32.02
and the left-hand side of the inequality comes out to be
2.897, 3.252, and 3.479 for L =100, 200, and 300 um, re-
spectively. For lower temperature this inequality is still
better satisfied. Therefore, the inequality is well satisfied
and one may ignore the contribution due to SRS. As far
as the error in the estimation of peak shift due to the er-
ror in the value of L is concerned, the approximate peak
shift as given by Eq. (5) does not depend on the value of
L and the exact peak shift from profile calculations
based on Egs. (13), (14), and (15) is governed by the term
(2k, —kg)? in the numerator of Eq. (14). Therefore, er-
ror in the estimation of L will not cause any error in the
estimation of the peak shift which can be noted from the
data presented in Table I.

Figures 4(a)-4(d) display the plot of the coefficient of
the conversion of pump radiation into the harmonic ra-
diation (g’ /q,) for carbon plasma, where g, is the pump
energy-flux density, for four values of laser intensities
and their estimated corresponding temperatures. One
notes that each curve is approximately symmetrical
around the peak in the vicinity of the FWHM value of
the linewidth. The FWHM value ALy of the linewidth
of each curve as well as the peak shift AA, have been
shown in Figs. 4(a)—4(d) by horizontal and vertical lines,
respectively. The linewidths AAp, as shown in Figs.
4(a)-4(d), vary approximately between 5-10 A for
different values of laser intensities and their correspond-
ing temperatures and different values of L. The profiles
are much sharper as compared to those of experimental
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measurements. The values of the peak shift are indepen-
dent of the values of L and they are tabulated in Table I.
These theoretical profiles of (3/2)w, emission are exact
and are plotted on the basis of Eqs. (4) and (13)—(16).
The peak shifts obtained from these profiles are exact,
whereas those obtained from Eq. (5) are approximate.
Figure 5 shows the relative signal in volts as a func-
tion of wavelength for a carbon plasma at laser intensi-

A/\B- HORIZONTAL ARROW HEADS
A)\P -VERTICAL ARROW HEADS

(a)

107 x 974,

L =300u

10 X q'/qo

N
10

| .
o 5 10 15 20 25 30 35 40 45
A X (A)

B. K. SINHA, S. R. KUMBHARE, AND G. P. GUPTA 36

ties of 1.5x 10", 8.5x 103, 4.1x 10", and 1.7x 10"
W/cm?. The peaks of these profiles are shown by verti-
cal lines. The profiles give linewidths of 93, 58, 28, and
15 A at the four laser intensities in descending order.
The profiles are approximately symmetrical and they get
broader and broader at higher intensities. Figures 6 and
7 display similar profiles for aluminum and copper and
the relevant numerical values are also shown. The flat
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FIG. 4. (a) Variation of coefficient of conversion of pump radiation into the harmonic radiation (g’/q,) as a function of AA at
different laser intensities and temperatures for carbon. L =100 um. (b) Variation of coefficient of conversion of pump radiation
into the harmonic radiation (g'/q,) with AA for L =200 um. (c) Variation of (¢’/q,) with AA for L =300 um and T, =600 eV.
(d) Variation of (¢'/go) with AA for L =300 um and T, =520, 480, and 250 eV.
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TABLE 1. Data on theoretical and experimental estimate of peak shifts AAp’s for carbon.
Red shift (A)
A B C
Bychenkov’s works Kartunnen’s works
Observation Measured Exact
number temperature Approximate [Egs. (4), (13)-(16)]
(eV) Experimental [Eq. (5)] (L =100,200,300pm) a=1.0 a=0.8 a=0.6
1 60060 15 +1 16.3 18.9 22 17.3 11.6
2 550+55 14 *+1
3 520£50 13 +1 14.2 16.0
4 480+45 10 +1 13.3 15.1 17.6 13.8 9.3
5 450+45 13 +1
6 425+40 11 +1
7 400 10.9 14.7 11.5 7.7
8 360+35 8.8+1
9 310+30 6.8+1
10 300 11.0 8.6 5.8
11 275+30 7.5+1
12 250+30 2 £2 6.8 7.6 9.2 7.0 5.0
9.5
90 r
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FIG. 5. Profiles of (3/2)w, emissions for carbon plasma at different laser intensities as a function of AA.
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lines show the occurrence of no signals. The supplemen-
tary data on aluminum and copper support the con-
clusions obtained from the data on the carbon plasma.

Figure 8 shows the experimental and theoretical
values of the peak shift as a function of electron temper-
ature for carbon plasma. The lines 4, and 4, represent
the peak shifts estimated from Egs. (4), (13)-(16), and
from Eq. (5), respectively. Whereas line 4, gives the ex-
act peak shift, line 4, gives the approximate one. The
linear variations B, B,, and B, are obtained from Eq.
(7) for three values of a (a¢=1.0, 0.8, and 0.6). The
straight line C gives the best fit to experimental estima-
tion of the peak shift at different temperatures. At a
temperature of 250 eV, the experimental measurement of
peak shift is a bit off the straight line C. This is because
this measurement has been made almost at the threshold
intensity for (3/2)w, emission and the signal height is
very close to the background radiation and the error in-
volved in this measurement is much higher than those
involved in the measurements obtained at higher intensi-
ties. The results are discussed in Sec. V. The results ob-
tained from Egs. (2) and (3) usually fall far off the experi-
mental values. Hence, they are not shown.

V. DISCUSSION

Although it is a bit difficult to establish the exact cou-
pling mechanism responsible for the emission of
(3/2)w, emission in solid target laser-plasma experi-
ments, 258 1113.20—-22 we have tried in the present work
quantitative studies of the profiles of (3/2)w, emissions
on the basis of theoretical formulations presented by By-
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chenkov et al."? We have considered their work be-
cause they have taken into account the polarization of
the pump wave in three dimensions. We have also con-
sidered the estimates of peak shifts on the basis of the
formulation of Bychenkov et al.'? and that of Kartun-
nen.?? Firstly, it is interesting to look at the estimates of
red shifts AA, of (3/2)w, emissions. The approximate
theoretical estimates on the basis of the works of By-
chenkov et al. [Eq. (5)] are presented and compared
with those of the exact calculations based on Egs. (4)
and (13)—(16) and displayed in Figs. 4(a)—4(d) and experi-
mental measurements. These values are also tabulated
in Table I. We note that the straight lines 4, and C
closely agree with each other. But the values represent-
ed by A, are approximate. The values obtained from
exact calculations are represented by the line 4, and the
experimental values represented by the line C are ap-
proximately within 10-15 % of the values represented by
A,. Considering the big scatter in temperature measure-
ments?’ this agreement is reasonable. Moreover, as ob-
served by Bychenkov et al.,? the theory for (3/2)w, is
still far from complete, because one does not know ex-
actly which parametric process results in amplification
and how far from the origin of the plasmons the non-
linear phase-matching condition is satisfied giving rise to
harmonic generation. However, Kartunnen?? approxi-
mately considered the variation of the plasmon wave
number from the point of origin to the point of (3/2)w,
emission. The values represented by line B, do not
agree with those of line ¢ and this is expected because,
for the line B, we have taken a=1.0; that is, we have
not considered the variation of the plasmon wave num-

200 300 200

500 600 700

ELECTRON TEMPERATURE (eV)

FIG. 8. Experimental and theoretical estimate of peak shift A, as a function of temperature 7.
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ber. But if we consider the values represented by lines
B, and Bj;, estimated on the basis of «=0.8 and 0.6, re-
spectively, the values represented by line ¢ fall in be-
tween those of B, and B;. In fact, the experimental
value is very close to the theoretical variation obtained
when we take a=0.7 (not shown in the figure). From
this figure we conclude that it is necessary to know the
exact estimate of the parameter « if we wish to estimate
the electron temperature reliably using Eq. (7). Con-
versely, one can estimate the value of a if one knows the
correct estimate of the temperature. Therefore, it is pos-
sible to study the plasma turbulence, which controls «,
from the measurements of peak shifts of these emissions.

Secondly, it is interesting to consider the profiles of
these emissions. From the sets of Figs. 5, 6, and 7 it is
clearly noted that the linewidth of these emissions is
much broader than the theoretical estimate as shown in
Figs. 4(a)-4(d) and decreases sharply as the laser intensi-
ty decreases. Doppler-shifted profile calculations using
Egs. (4) and (13)-(16) at plasma expansion velocities of
10’-10% cm/sec have shown insignificant contribution
(2-3 A) due to the Doppler effect to the broadening of
the observed lines. Therefore, Doppler broadening is
ruled out. Since the linewidth of the incident beam is
4.5 1°\, this linewidth has no role in the broadened
profile. The wave-energy-flux spectral density of the
scattered (3/2)w, radiation follows the profile of Lang-
muir wave-energy-flux spectral density? which depends
linearly on 7, and exponentially on the two plasmon
convecting amplification coefficients. At high laser in-
tensities two-plasmon instability displays saturation phe-
nomena®' which were not taken into account by Bychen-
kov et al.? Saturation of two-plasmon instability, at low
levels, has also been indirectly observed in experiments
by Garban et al.® and Ng and Offenberger.’’> Langdon
et al.’® also reported efficient saturation of the two-
plasmon decay in computer simulations. As a result of
the saturation mechanism the profile of Langmuir wave-
energy-flux spectral density will most likely become
broadened and is most probably responsible for much
higher linewidths of the observed profile at higher laser
intensities.

Thirdly, it is interesting to consider the peak intensity
ratios of these emissions at different values of the elec-
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tron temperatures [Fig. 4(b)]. For experimental values it
is more reliable to consider the peak intensity ratios ob-
tained from the values at 600, 520, and 480, respectively.
Peak intensity measured at threshold has more errors in
estimate because of its being very close to the back-
ground radiation. Theoretical ratios are much higher
than the ratios obtained from experimental measure-
ments. This strongly suggests involvement of serious
saturation mechanisms as discussed in the previous para-
graph and supports its conclusions.

Fourthly, one may consider the supplementary data
obtained on aluminum and copper. It is noted that
aluminum and copper have given higher peak shifts (red)
of 25 A at lower laser intensities of 1.0x10'* and
4.3% 10" W/cm? than that of carbon at a laser intensity
of 1.5x10'* W/cm?. Hydrodynamic code simulations of
Turner et al.'” indicate that the underdense plasma tem-
perature is higher for the high Z targets due mainly to
their lower thermal conductivity and lower hydrodynam-
ic losses. They also believed that the increased splitting
(peak to peak) observed with higher Z targets is qualita-
tively due to higher temperature in the plasma. The ob-
servations of Turner et al. are also supported qualita-
tively by the results of Tabatabaei and MacGowan** on
aluminum plasma in approximately the same region of
laser intensity.

Fifthly, one may consider the absence of blue-shifted
emission in the present experiments. The blue wing may
be generated by reflection of either the (3/2)w, photon
or wy/2 plasmon.'%222.35 Ipn underdense plasma experi-
ments the reflection of (3/2)w, photons is impossible
since there is no 9n./4 surface and the reflection of the
wy/2 plasmon is small if the density gradients are very
long.?! Therefore, experimentally, one can expect only
the red peak in backscatter laser plasma experiments. In
some experimental situations a faint blue shift has also
been reported.’®
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