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The thresholds for parametrically excited second-harmonic emissions from laser-produced plas-
mas from planar, slab targets of carbon, aluminum, and copper have been experimentally measured
using a 20-J-5-nsec, Nd:glass laser system at a pump wavelength of 1.0641 um. Theoretical esti-
mates of these thresholds are obtained, taking into account the homogeneous as well as inhomo-
geneous and isothermal state of the plasma governed by the electron-ion equilibration time. A criti-
cal analysis of the agreement as well as disagreement of the experimental measurements with the ex-

isting theories is presented in detail.

I. INTRODUCTION

The study of parametrically excited second-harmonic
emissions is a useful tool for understanding the physics of
parameter decay instability (PDI) in laser-produced plas-
ma experiments. The first evidence of parametric decay
instability in laser-plasma experiments was reported by
Tanaka et al.! and was later confirmed by Sinha and
Kumbhare.? Tanaka et al.! used the 24-beam, 1.054-um
Omega laser which had a pulse width of 1 nsec. They ex-
perimentally measured the threshold for PDI for a 15-um
scale length plasma produced from CH, Cu, and Ta-
coated spherical and glass microballoons and reported it
to be 5X 10'* W/cm?. From the theory given by Perkins
and Flick® they approximately estimated a threshold of
2X 10" W/cm? and attributed the difference between ex-
perimentally observed and theoretically estimated values
as that due to the inverse bremsstrahlung absorption
which reduces the effective pump intensity available for
the PDI. The limitation of their approximate formula is
that they ignored the homogeneous term as given by Per-
kins and Flick® and did not give the details of the ratio of
electron and ion temperatures, which also controls the
theoretical estimate of the threshold value.

There are three existing theoretical expressions for the
threshold of PDI. The first one is the homogeneous
theory given by Liu and Kaw,* which is valid for noniso-
thermal plasma, that is, T,>T;, where T, and T; are
electron and ion temperatures. The second theory is that
of Perkins and Flick® for inhomogeneous plasma, which
is valid for weakly damped ion-acoustic modes and is
applicable for T, > T;. The third theory is that of Liu’
for an inhomogeneous plasma, which is valid for heavily
damped ion-acoustic modes and is applicable in the case
when Z, T, =T,;, where Z, is the average ionization state.
The condition for the applicability of these theories is
determined by the electron-ion equilibration time which
decides whether the plasma is isothermal or noniso-
thermal, and further leads us to conclude whether the
ion-acoustic modes are heavily or weakly damped.
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Therefore one has to be careful in choosing a particular
theoretical deduction for the estimate of the PDI thresh-
old.

II. EXPERIMENTAL RESULTS

The experiments were conducted, using a 20-J-5-nsec,
Nd:glass laser amplifier system with Nd:YAG (YAG
denotes yttrium aluminum garnet) oscillator, on vertical-
ly positioned planar slab targets of carbon, aluminum,
and copper. The incident beam which was p polarized
had a wavelength of 1.0641 p and had an average angle of
incidence of nearly 7 /20, and 2, emissions were ob-
served at an angle 37 /4 from the forward direction of the
incident beam. The detector system consisted of a Pacific
Instrument Incorporated (U.S.A.) MP 1018B grating
monochromator, coupled with an RCA-7265 photomulti-
plier tube with an S-20 response and a Tektronix 7834
storage oscilloscope. An aspheric f/1.33 lens was used
to focus the beam onto the target. Intensity measure-
ments in the focal plane, using a focal spot camera, gave
a focal spot of diameter R equal to 405 pm, which was
free of hot spots. The scattered light was inferred to be
collected approximately from the 0.8n, layer, where n,
represents the critical electron density. This inference of
the emission region was obtained from the calculation
based on the peak shift as explained in the discussion sec-
tion. The detailed experimental setup and measurement
techniques are given in our earlier papers>® and the de-
tails of temperature diagnostics are also given in our pa-
per on temperature and turbulence diagnostics.” Density
scale length L in the underdense region was estimated to
be 45+5 pum using a 10-um resolution x-ray pin-hole
camera with the help of the usual Abel inversion tech-
nique. The pin-hole camera measurements did not show
any profile steepening. This is expected because, for a 5-
nsec Nd:glass laser, radiation pressure becomes much
greater than the local plasma pressure only at laser inten-
sities greater than 10'® W/cm?2.871° Thus one notes that
the density scale length is nearly the same as the focal
spot diameter. This is in agreement with the expansion
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model discussed by Mora,!! where he states that for

laser-plasma experiments such that C;7> R, the plasma
expansion is spherical instead of planar, where C; and 7
are ion-acoustic velocity and pulse duration. In that
case, L is expected to be of the order of R for planar tar-
get experiments, irrespective of the target material. It
has been checked that the above inequality is well
satisfied in our experimental conditions.

The second-harmonic emissions were recorded in the
wavelength domain of 5310-5400 A. We observed two
peaks, one known as the primary peak arising due to res-
onance absorption and the other red-shifted sideband
recognized as the parametrically excited second-
harmonic emissions arising due to the combination of the
plasmons produced by the PDI process, as reported ear-
lier by Tanaka et al.! and Sinha and Kumbhare. 2 The
primary peak occurs at about 5325.0 A and is Doppler
shifted by 4.5 A from the exact 2w, harmonic (5320.5 A).
The sideband peak which is expected to be shifted by
twice the ion-acoustic frequency from the exact 2w, har-
monic occurs at 5347.5 A thus shifted by 22.5 A from
the primary peak. It was observed that the primary peak
did not have a threshold and the signals were checked
and observed up to a laser intensity of 3X 10> W/cm ™2,
whereas the secondary peak had a threshold in the vicini-
ty of laser intensity predicted by the theory of the PDI
process. Moreover, it was observed that the peak shift of
the sideband was independent of the electron temperature
and the target material. It is important to note that the
experimental irradiation threshold for PDI is inferred as
the laser intensity at which the parametrically excited
2w, sideband signal first appears over the background ra-
diation emitted by the plasma itself.

Figure 1 shows the variation of parametrically excited
2w, sideband peak intensity as a function of incident laser
intensity for carbon, aluminum, and copper targets. The
laser intensity scale for carbon is different from that for
aluminum and copper. Within experimental errors we
note that the irradiation threshold for PDI for all the
three cases comes to approximately (2.0+0.5)X10!3
W/cm? We further note that these 2w, emissions show
saturation behavior beyond a laser intensity of 10'*
W/cm?, It may also be seen that the dependence of the
nonsaturated 2w, intensity on the irradiation intensity ¢
for all the three materials follows approximately a square
law and varies more accurately as ¢“‘7i0'3’, which is ex-
pected from theoretical considerations. The detailed
theoretical investigation of the saturation behavior will
be reported elsewhere. Presently, we confine our atten-
tion to the investigation of the PDI threshold problem.
In theoretical analysis of the threshold it is important to
know the plasma temperature at threshold. These tem-
peratures were estimated, using the two foil ratio tech-
nique,'>!* to be 350440 eV for carbon and 600+60 eV
for aluminum and copper. The estimation of higher tem-
perature for aluminum and copper, at the same laser in-
tensity, is in agreement with the observations of Turner
et al.'* where they reported that the underdense plasma
temperature is higher for high-Z targets, due mainly to
their lower thermal conductivity and lower hydrodynam-
ic losses.
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FIG. 1. Variation of the peak intensity of parametrically ex-
cited second-harmonic emissions for carbon, aluminum, and
copper as a function of p-polarized laser intensity, incident on
the target surface. BG is the background radiation level.

III. THEORETICAL FORMULATIONS AND RESULTS

With a view to interpreting the experimentally ob-
served threshold values, we consider the existing theoreti-
cal formulations for PDI threshold in detail. It is gen-
erally understood that in the PDI process an incident in-
tense laser beam of frequency w, decays into an electron
plasma wave of frequency ~w,~o, and an ion-acoustic
wave of frequency waz(mo—wp).l‘z The PDI process
occurs beyond a certain intensity threshold and at aboit
0.8n, plasma density. Different expressions for the
threshold intensity for PDI are given depending on
whether the plasma produced by laser is homogeneous or
inhomogeneous, isothermal or nonisothermal, and wheth-
er the ion-acoustic wave is weakly or heavily damped.
Moreover, the existing theoretical expressions are given
for a plasma with only singly ionized ions. We generalize
these expressions by considering the ions in the plasma
having an average ionization state Z, in rewriting them
here. As the criterion for applicability of these expres-
sions is obtained from a comparison of electron and ion
pressures, one replaces T, by Z,T, in these original ex-
pressions given for Z,=1. The threshold for PDI for
weakly damped ion-acoustic waves in an inhomogeneous
plasma of density scale length L is obtained by Perkins
and Flick® and is expressed as
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where 4 =5, y=1+3T,;/Z,T,, E, is the incident laser
electric field, T, and T; are the electron and ion tempera-
tures, ky is the wave number of the excited wave in the
direction of the pump electric field, I', and o, are the
temporal damping rate and frequency of the ion-acoustic
wave, and I', is the temporal damping rate of the elec-
tron plasma wave. The symbol kp represents the
Boltzmann constant. As seen from the wave-number
matching condition, the wave number of the electron
plasma wave is approximately the same as that of the
ion-acoustic wave in the PDI process. The condition that
a plasma is homogeneous is determined by the inequality?

L >Ap(2.5/k,Ap)N@, /2T, )

where Ay and A, are mean free path and Debye length,
respectively. Thus, when the density scale length is much
larger than the mean free path, the homogeneous con-
sideration is valid. In strongly inhomogeneous plasma
where L is smaller or approximately equal to Ay, the first
term on the right-hand side of Eq. (1) is dominant. In the
mildly inhomogeneous plasma it is safer to consider both
the terms on the right-hand side of Eq. (1). Expressing
E, in terms of the rms laser intensity in a medium with
refractive index p as I =(cuE3 /4w), the threshold inten-
sity I,;,, from Eq. (1), can be written as
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s 8cun kyT, | Ap 2T,
= | 5 4
th k,Ap L w,
+3.2cun kyT, Mo |25, (3)
. un.Kpit, w0, wp

It is relevant to note that Tanaka et al.! have deduced
an expression from Eq. (1) by considering some particular
values of Ap, ¥, and I', in a strongly inhomogeneous
plasma with p~=1 and written it as

I, =3X10'"(Ty /AL,) W /cm®, 4)

where Ty is the electron temperature in electron volts;
A, the pump wavelength in um; and L ,, the density scale
length in pm. This is not applicable to a general case of
laser-produced plasma with u changing significantly from
1, whereas Eq. (3) is the general expression for inhomo-
geneous plasma. It should be further noted that Eq. (1) is
derived on the assumption of weakly damped ion-
acoustic wave which is the case in a plasma with
Z,T,>T;. Hence Eq. (1) or Eq. (3) is applicable to plas-
mas with Z, T, > T;.

As a complement to the work of Perkins and Flick,?
Liu® analyzed the PDI process having a heavily damped
ion-acoustic mode in an inhomogeneous plasma and gave
the following expression for threshold under the assump-
tion that I',, is negligible in comparison to w,:
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where @, is the ion plasma frequency. Expressing this in
terms of rms laser intensity in a medium, the threshold
intensity is obtained as

I, =37 /V2)cun,kyT,) Ay /L)
X(T, /@y ) kyAp) 7272 (5b)

The applicability of Eq. (5a) or Eq. (5b) is limited to plas-
mas with Z,T,~T; and with ', negligible as compared
tow,.

The threshold for PDI involving a weakly damped
ion-acoustic wave in a homogeneous plasma is given by
Liu and Kaw* as

E§/(16mn,kpT,)=(T,/0,(T,/w,) . (6a)
The corresponding threshold intensity is expressed as!’
Iyw=4cun kpT (T, /0,)(T,/0,) . (6b)

Equation (6a) or (6b) is valid for plasmas with Z, T, > T;
and having L very much greater than the mean free path.
In order to estimate the threshold intensity one requires
the damping rates of electron plasma and ion-acoustic
waves. The temporal collisional damping rate (I',), of
electron plasma waves is expressed!® as (T,).=(v, /2),
where v,; is the electron-ion collision frequency. The col-
lision frequency v,; (in sec ™ !) is expressed as!’

vy =5.2X107%Z,n,T, 3> InA , (7a)
A=1.24X10'T3"2 /(Z}3/*n}"?) , (7b)

where Z, is the average ionization state, 7, the electron
temperature in K, n, the electron density in m~3, and
InA is the usual Coulomb logarithm. The temporal Lan-
dau damping rate (I', ), of the plasma wave is given as'6
—1/(2k7A3)

(T, =(m/8)% 3w, /k}7})e ®)

The damping of ion-acoustic wave is primarily due to
Landau effect. The temporal Landau damping rate I', of
ion-acoustic waves in a nonisothermal plasma with
Z,T,> T, is given by Shafranov!® as

r,=(n/8)"w,[(Z,m,/m)"?

-Z,T,/2T,

+(Z,T,/T;)* % 1,

where m, and m; are electron and ion masses. The ion-
acoustic wave frequency @, is given as

w,=k,Cs, Cs=(Z,kpT,/m;)"?. (10)

The ion-acoustic wave in a plasma with Z,T,=T; is
heavily Landau damped by the ions. In this case the tem-
poral Landau damping rate of ion-acoustic wave has been
approximately considered by Shearer et al.'> as T', = w,.
On the basis of the above equations we have made
theoretical estimates of the PDI threshold and have
displayed them in Table I. At threshold the experimental
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values of T, for carbon as well as aluminum and copper
have been estimated to be 350+40 eV and 600£60 eV, re-
spectively. The average ionization states at these temper-
atures for carbon, aluminum, and copper have been taken
as 6, 11, and 16 from the works of Mosher.!? In Table I
the threshold values where I', /w,5 1 are obtained by us-
ing the actual values of I', calculated from Eq. (9). Al-
though Shearer et al.'> used T, /o, =1 for T,~T, in a
plasma with ions of finite Z_, its use is justified only when
Z,T,=T;. It overestimates the damping rate for ion-
acoustic waves when Z, T, > T; with T,~=T;. The refrac-
tive index p of the plasma is obtained from the relation
u=(1—n,/n.)"’? and is 0.447 at n,=0.8n,. The thresh-
old values obtained from the expression of Tanaka et al.!
have also been multiplied by u to obtain the values in the
fifth column of Table I with a view to estimating the
threshold intensity at n, =0.8n,.

From damping calculations of electron plasma waves
we have found that Landau damping is negligible below a
certain wave number which corresponds to k,Ap,=0.2
and strongly increases, thereafter, with increase in k,.
Only the collisional damping is dominant for plasma
waves with wave numbers corresponding to k,Ap $0.2.
From the phase matching conditions and the dispersion
relations for electromagnetic, electron plasma (p), and
ion-acoustic (a) waves, it is observed that k, =k, >k,
where k is the local pump wave number. As one gets
the lowest threshold when the growth rate is maximum,
which occurs for decay waves propagating along E; and
having the largest value of k, consistent with negligible
Landau damping of electron plasma waves, one sets
k,Ap=0.2 for the most unstable decay waves.?’ Hence
only the collisional damping rate is taken for electron
plasma waves in estimating the threshold. Regarding the
ion-acoustic wave damping one should first assess the iso-
thermal or nonisothermal nature of the plasma. This is

established from the consideration of the equilibration
time 7,; for exchange of energy from electrons to ions,
which is given by Stacey! as (in sec)

Tu=(m;/m, ;. (11)

We estimate 7,; to be 1.3 nsec for carbon at T, =350 eV
and 3.7 and 6.7 nsec for aluminum and copper plasmas at
T,=600 eV. Since our laser pulse duration [full width at
half maximum (FWHM)] is of 5 nsec, the electrons and
ions thermalize to form plasmas with 7T,=T; on carbon
and aluminum targets, whereas T, is approximately equal
to T; in copper plasma. Thus the plasmas formed on all
the three targets are considered isothermal (T, =T;). As
Z,T,>T; in all the three cases, Liu’s expansion [Eq. (5)]
for the threshold is not applicable here and has not been
used.

The effective threshold intensity which prevails at the
0.8n, layer, given in the third column of Table I, is ob-
tained from the incident laser intensity threshold shown
in the second column, 2 which decreases owing mainly to
the inverse bremsstrahlung process as discussed below. If
the intensity of a laser beam normally incident in the z
direction on the solid target is I, the effective laser inten-
sity I, available for the PDI at n, =0.8n, is given by

n,=0.8n,
Ip=I,exp [—f alz)dz |, (12)

n,=0

where a(z) is the linear absorption coefficient given as?!

(13)

Following Hughes,?! the expression for I in an iso-
thermal plasma with linear density gradient of scale
length L is obtained as

TABLE I. Experimental and theoretical values of threshold for parametrically excited second-harmonic emissions.

Observed Theoretical threshold W/cm? from different
threshold expressions
intensity Effective Inhomogeneous plasma Homogeneous plasma
at the threshold Perkins and Liu and Kaw
surface at 0.8n, Flick, valid valid for
Target (W/cm?) (W/cm?) T,/T; Tanaka et al. for Z,T,> T, Z,T.>T,
4.6Xx10" 1.3x10"
+ 13 12 11 (Fy/0,=1) (Ty/w0,=1)
Carbon (2.0£0.5)X% 10 8.4X2.8)X10 1 9.4X10 20% 10" 595 102
(T, /w,7#1) (T, /w,7#1)
2.5x10" 2.3X108
13 + 12 12 (Cg/0,=1) (T, /w,=1)
Copper (2.0£0.5)X 10 (8.0+2.7)X 10 1 1.6X10 3.0% 1012 47 101
(C,/w,7#1) (T, /w,7#1)
2.1x10" 1.7x10"
; + 13 4 13 12 (T'y/w,=1) (T /w,=1)
Aluminum (2.0£0.5)X 10 (1.0£0.3) X 10 1 1.6X 10 9.0% 1012 1 8% 101
(T, /w,7#1) (T, /w,7#1)
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Vei(nc )L

- [*5221-2)""dz |, (14)

Ip=Iyexp |— o

where v,;(n,.) is the collision frequency at critical density
n.. Using Egs. (14) and (7), we have obtained for our
laser-plasma experiments the values of Iy /I, at thresh-
old, equal to 0.42, 0.40, and 0.50 for C, Cu, and Al, re-
spectively.

IV. DISCUSSION

At this stage it is useful to infer the region of the
second-harmonic emissions. From energy and momen-
tum conservation and the dispersion relations, one ob-
tains the expression to estimate the wavelength shift of
the sideband of 2w, emissions due to PDI as'*?
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where V,=(kyT,/m,)"/? is the electron thermal speed.
By comparing the theoretical and experimental wave-
length shifts, we have concluded that PDI occurs at ap-
proximately 0.8n,.

Now, we consider the theoretical estimates of PDI
thresholds under different formulations. The approxima-
tion relation given in Eq. (4) by Tanaka et al.! cannot be
used for a general case as they have ignored the homo-
geneous term of the complete relation given by Perkins
and Flick® as given by Eq. (1). Moreover, they have not
discussed the role of damping constants I'; and T, as
well as that of ¥, which strongly determine the threshold
value. Equation (4) gives a rather low estimate of the

6963

threshold. As is well known, the theoretical estimate of
the threshold value for an inhomogeneous plasma has to
be greater than that of the homogeneous expression
where L is considered to be very large. The thresholds
given by the expression of Perkins and Flick [Egs. (1) and
(3)] are larger than those given by the homogeneous
theory. Hence the theory seems to be in order. Now it is
interesting to pay some more attention to the results ob-
tained from Eq. (3) and shown in the sixth column of
Table I. As discussed earlier, T, = T; in all the three plas-
mas with the ions having different values of Z,. Follow-
ing Shearer et al.,'® if we use I', =w, irrespective of Z,
in Eq. (3), the theoretical estimate is observed to be
higher than the effective threshold intensity at n, =0.8n,.
This is owing to the fact that this equality overestimates
the damping rate for ion-acoustic waves resulting in
higher threshold when Z,T, > T;. However, if we use the
values of T',(#w,) calculated using Eq. (9) appropriate
for Z,T, > T;, the threshold intensity estimated from Eq.
(3) is observed to reasonably agree with the experimental
estimate of threshold at n,=0.8n, within experimental
errors. Thus we conclude that the theoretical estimates
from the expression given by Perkins and Flick,® and ex-
pressed in Egs. (1) and (3), with the damping rate of ion-
acoustic waves calculated using Eq. (9) reasonably agree
with the experimental estimates of threshold for carbon,
and aluminum, as well as copper.
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