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Introgyction
Second harmonic generation (SHG) in laser produced
plasmas has been extensively used as plasma diagnostics.
Usually we have SHG near the critical density layer of
plasmas produced from solid targets. However SHG has
been also observed in the corona, far from the critical
region, and it's also been used as diagnostics [1], [2]. Here
we report on SHG, and on its angular distribution, in
experiments with underdense plasmas from solid targets
(plastic thin films) and gases, generated by a neodimium
laser with A=1.06 pm and | < 3-1013 w/em2.
In an underdense plasma, the 2w currents due to free
electrons, which are the scurces of SH, can be written as
j2m - jO [ (Evn) + n VE2/4] (1)
where
Jo = (@p/@)2 (Vg/L) Eo/4ni (2)
We consider a plasma with a density distribution ne =
non(r), where ny is a dimensional constant (unperturbed
electron density), interacting with an e.m. wave

Ew = eEoE(r) exp (Kgr - 1wt) = Eg E(r,t) (3)
with a polarization vector e and a maximum amplitude Eo.
Hence, wp and vg are the electron plasma frequency at ng
and the quiver velocity at Eo. L 15 a length to which all
spatial coordinates will be referred to in the following. It
can be taken as the length of the interaction region.

we note from (1) that no 2w radiation can be generated if
ne 1s uniform, since in this case vn = 0, while nVE2 is
irrotational. SHG then implies the plasma to be
Inhomogeneous in the interaction region In particular, 2w
w1l be produced by strong gradients as those generated by
whole beam self-focusing and filamentation. Hence SHG is
a preferential diagnostics for these processes.

Some theoretical works (e.g [3]) have shown that in
underdense plasmas generated from gases, 2w radiation
should be emitted mainly in the forward direction, with no
radiation on axis, with ring structures in the emission
pattern and without S00-side emission
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Fig. i: Geometry of the experiment

We have explicitly calculated the angular distribution of
2w radiation with a simple model of the physical situation
of a laser produced spark as in fig 1

lar distribution .

To get the angular distribution we write (1) as
I2e = j(°)2w* l(b)Zm (4)

where

J oy = JoNVE2/4 = j,WNE2)/4- jE2Vn/4  (5)
and we consider a linearly polarized electromagnetic field
at frequency w, wavevector Ko = kgez and linear
polarization vector e, A dielectric constant =1 (valid for
the underdense plasma in our experiment) is assumed. Let

K2w = K2ph = kou(sin¥cos®, sin¥sin®, cos®)  (6)
denote the wavevector of the 2w radiation, let

r =rer + ze; =(rcos¢, rsing, z) (7)
be the position of a point emitting 2w radiation in the
cylinder and let

k = 2kp - kg (8)
Using the far-field approximation, we compute the
solution of the wave equation for Bo,, with sources given
by (4), at a point Ryn
Bog = 5(5)20‘ B(D)Z(o) (9)
where
B() o, = Bo(nae,) [E2r)e-er)an/ar) exp(ik-r)aV  (10)

B(D) 5, = ~(By/4) [(naer) EX(r) (an/ar) exp(ik-F)AV  (11)
and
Bo = Kowlexptikog Ro)l (@p/@)2 (ve/C) Eo/(4rRy)  (12)

It is now convenient to refer to a new orthogonal
coordinate system having one axis along the direction of
observation n, one along the unit vector

e = (naey) = (0, cos¥, -si¥sing) (13)
and the third along the untt vector

€ = naey = (-sIn2¥sin2¢-cos2y,

SIN2¥CoSPSING, SINYCOSYCOSD) (14)
so that (10) and (11) become
B(®),, = By Icos(®)a(r) exptik-r) dv e (15)

B(P) 5y, = ~([(51n2¥ 51020+ C052¥)[COS(9)Q(M)eXD(IK-F) AV
-sin2¥cosdsin®|sin(¢)a(rlexp(ik-r)dVie,
+[cos¥isin(@)a(riexp(ik-r)dvies} (By/4)  (16)

where

Q(r) = E2(r)(an/ar) (7
Since the dielectric constant of the plasma is close to
I, lkogl = 2ke, and a straightforward, though lengthy
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calcutation shows that
Jls1n(¢),cos($))Qlriexplik.r)dV = (2in) expliy)-

sinc( sin(@).cos(®)]irdrQ(r)Jd j(kpgrsing)  (18)
where
X = (kpg)sin2(¥/2) (19)
sinc(x) = sin(x)}/x and J1(x) 1s the Bessel function. Let's
now define the dimensional constant

o = ikoglexplitkgRo* 1)) (@p/w)2(vg/C)E0/(2Rg) (20)
and the form factor

L) =sinc(y) Jrdra(rid 1 (Kpgrsing) 210
equation (8) finally becomes

Bow(®.¥)= (Eo/4){(4-cos2¥)cosde
-sin®coster) RY) (22)
From this, the Poynting flux averaged over ® comes out to

be
(Soy> = MIEol2/32)((4-c052¥)2 - CoS2¥) F2(¥) (23)

Assuming a gaussian density distribution and denoting its
nalf-width by a, we can finally reproduce the dependence
of the intensity on the elongation - ¥ according to (23) .
This 1s reported in fig 2: note that at 900 there's no 2w
emission
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Fig.2: theoretical angular distribution for 8=2.7 pm.
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in practice, a 1s the filament radius and in our
experimental congitions its value is 2.7 ym, as deduced
from analysis of diffracted w light [S]. The calculated

distribution is in agreement with the experimental one [1]
as observed in a helium spark at electron density ng «

Nc/100 (ne 1S the critical density for a Nd laser). This is

another hint to the existence of filaments in the plasma.
Furthermore, these have also been directly observed in 2w

time-resolved images of the interaction region (1]

Angular distribution in experiments on thin films

In underdense plasmas from solid targets the situation is
very much different. As pointed out in [2], we can now have
an additional fundamental wave

EBy = e EBp E(r) exp (~kgyr - 10t) = EBo EB(P,t) (24)
propagating back toward the laser. This can arise from a
reflection at an inner critical surface or from stimulated
Brillouin backscattering (SBS). in this case, we have two
agditional terms in jo, The first one 1s analogous to (1)
with EB in place of E This qgives a 2w wave in the
backward direction (¥=n) The second term 1=
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jow = jo[EBE+ EEB).wn (25)

where EBE and EEB are second order tensors. This term
produces a contribution normal to the laser beam (¥ = n/2).
Indeed in this case the z-integration in the far field
integral, which before gave the factor exp(ix)sinc(y), now
yields a factor proportiona!l to

[dz exp(-2 i kg COSY) (26)
which has a maximum at ¥ = =/2, with an effective angular
width A¥ = A/L. This is a clear difference between
experiments in gases and on solid targets. However the
formation of density gradients perpendicular to the beam
axis is still necessary for 900 emission and these could be
again due to self focusing and filamentation.

In a recent experiment with plasmas generated from very
thin plastic films [6] we collected 900-side time resolved
images in 2w light of the expanding plasma. Fig. 3.shows
one picture of 2w source evolution for a Formvar film of
.25 gm thickness. The extension of the 2w sources in a
region of the order of | mm perpendicular to the film
confirms that SH originates from a plasma definitely
underdense and hence (25) is the only possible origin of
SHG, where EB must be due to SBS.

laser beaml

—— 0.5 ns

Fig.3: time resolved 2w image for d=1.25 pm.

we note that the process (25) could be better defined as
“sum of frequencies”. Indeed the backscattered wave EB has
a frequency wg shightly different from @

W= W+ W (27)
where @ is the frequency of the ion sound wave which is
generated by SBS together with the backscattered em.
wave EB. This difference produces a red shift in 2w
radiation of the order

AW = - (Vs @/C2) (1-na/Nc)/(1 + dkhp?2) (28)

where vs is the sound velocity in plasma and Ap the plasma
Debye length. Time resolved spectroscopy of the 2w line is
now in progress to see this effect.

In conclusion these notes can explain our experimental
observations, showing forward annular (and no 900) 2w
emission in plasmas from gases and 900 2@ emission in
underdense plasmas from thin solid targets.
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