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High-order harmonic generation by an oscillating current due to intense laser electric fields in
dense plasmas is investigated. In solid target plasmas produced by an intense ultra-short pulse
laser, the intense laser radiation directly interacts with overdense plasmas. In such a case, plasma
screening effects are important in the plasma response to the laser field. For such plasmas, the
higher harmonics are evaluated by using a dynamical form factor for plasma electrons and ions.
There is a peak in the harmonic spectrum at twice the plasma frequency.
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Recently, nonlinear dynamics in an intense laser field
has become an interesting problem. In particular, plas-
mas produced by ultra-short pulse lasers have attracted
much interest as novel sources of radiation. The emis-
sion includes coherent radiation at harmonics of the laser
frequency, discrete x-ray emission related to the bound-
bound transition,!) and hard x-ray bremsstrahlung radi-
ation due to high energy electrons.?®) Higher harmonic
generation due to the anharmonic motion of bound
electrons,”) and the nonlinear response of underdense
plasmas,®19 overdense plasmas,1"13) and solids!¥ have
been recently investigated theoretically. Generation of
both odd and even harmonics has been observed in the
interaction of an intense laser with a solid target.!5-17)

An ultra-short pulse laser can heat a solid surface be-
fore the surface plasma expands. In such a case, the
plasma density scale length is less than the laser skin
depth. Consequently, the ultra-short pulse laser directly
interacts with the solid-density plasma. Large space
charge fluctuations are induced generating strong elec-
trostatic waves.'®) As a result, strongly anharmonic mo-
tion of the electrons develops, and generates higher har-
monics. So far, the effects of plasma screening on high-
order harmonic generation in dense plasmas have not
been investigated, although the effects have been dis-
cussed for inverse bremsstrahlung absorption'®2!) and
induced electrostatic fields.'® Therefore, this paper in-
vestigates high-order harmonic generation involving the
oscillation current which is related to the plasma polar-
ization.

The electron density fluctuations and the vector po-
tential are derived by using linear response theory. Ion-
ion correlations and electron screening which are also
included are in particular important in strongly coupled
plasmas. Ion-ion coupling is usually not weak, namely
I; > 1, where [} is the Coulomb coupling constant and
is defined by I} = (Z*¢)?/(a T;), where Z*e is the effec-
tive ion charge, q; is the average ion radius (3/4mwm;)1/3,
and 7; and n; are the ion temperature and ion number
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density, respectively. For example, in the case of fully
ionized solid aluminum, the Coulomb coupling constant
is greater than unity, even if the ion temperature is 1.5
keV. For medium ion correlation, 1 < I3 < 10, the ion
structure factor is known to be well approximated by
the hypernetted-chain equation model. The detailed for-
mulae of the electron dielectric response function and
the ion static form factor were described in previous
papers.18:19)

Electromagnetic radiation due to current-density fluc-
tuations in a dense plasma irradiated by an intense laser
field are evaluated. We assume that the laser light is
linearly polarized and the laser intensity is constant,
namely FEp(t) = Epsin(wpt), where E( and wp are the
laser electric field and the laser frequency, respectively.
When the electron quiver speed is comparable to the
speed of light, relativistic effects are important in the
dynamics of the plasma. The electron motion in the per-
pendicular excursion length with the laser electric field is
neglected in this model. Namely, only the mass correc-
tion for the electron excursion length is included. Rel-
ativistic effects are discussed in detail in the summary.
The formulation is analogous to our previous paper for
the induced electrostatic fields.!®) In the following analy-
sis, the effects of bound electrons are neglected, because
the number of free electrons contributing to generating
the electron density fluctuation is much greater than the
number of bound electrons in highly ionized plasmas.

The electron density fluctuation in the frame that os-
cillates with an electron excursion length 7¢(¢) is ob-

tained as:'®)
ongse(r,t) = Z exp(inwpt)
dk . [1—e(k,w)
[t [ 5] e
x exp(ik - 1), (1)

where Z*, S(k), and e(k,w) are the charge state, the ion
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form factor, and the dielectric response function, respec-
tively, and J,(z) is a Bessel function of the first kind.
The electron excursion length is 1y = eEp/mewd[l +
(eEo/mewoc)?/2]~1/2, where me, e, and c are the elec-
tron mass, the electron charge and the speed of light,
respectively. This oscillating frame was introduced in
the analysis of inverse bremsstrahlung in a plasma.1929)
The electron density fluctuation in the laboratory frame
is obtained as

6nlab (. 1) = 6nS%(r — ro(t),1). (2)
Substituting eq. (1) into eq. (2), we have
6nl2b(r t) = Z exp(inwpt)

x / %Z*ang(k)exp(ik.r), 3)

where
sng(k)= Y F™(k)By(k- o), (4)
=2 [Fmsw], o
B:ln(k . 7’0) = Jm(k . ’l”())Jm_n(k . 7’0). (6)

F™(z) and B]"(z) represent the plasma screening func-
tion and nonlinearity associated with the finite electron
excursion length, respectively.

The current density induced in the plasma through
coupling between the laser and the density fluctuations is
obtained as discussed in ref. 22. The Fourier components
of the current-density fluctuations are

e’n.Eq

J(k,w) = - [0ne(r,w —wo) — dne(r,w+wo)], (7)

e
where ne is the electron density and éne(k,w) are the
Fourier components of the electron density fluctuation
given by eq. (3):

Sne(k,w)= > F™(k)B7(k-10)2m8(w — nwo). (8)
n=—oo
The Fourier components of the vector potential A, (r)
far away from the emission region are determined as fol-
lows:
exp(ikem - T)
cr

% /V Jo(r)exp(—ikem - 7)dr',  (9)

where kem, and V are the wave number and the vol-
ume of plasma, respectively, and J,,(7) is the temporal
Fourier component of the current. Substituting eq. (7)
into eq. (9), we obtain the vector potential as follows:

A,(r)=

e’n.VE,
A (r) = S0 0
Neo (7) 2meNwyg
G N
% wa(ké\;,]\r%), (10)
cr
where
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oo
a(k,Nwo) = Y F™(k)Jm(k 7o)
n=—0oo

X [Jman-1(k - 7T0) = Jmin41(k - 70)]. (11)

Here kY is the wave number of the N-th order harmonic
emission.

The spectral radiation power per unit solid angle is
obtained from eq. (10) as follows,

2
dPyu,  1cER [kffncJ

d? 4 87 | Nwo

a(kd

em’

(12)

where 7. = e2/mec? is the classical electron radius and
0 is the angle between E and kL .

Electrons do not instantaneously respond to the laser
field. Therefore, dynamic screening effects are essential
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Fig. 1. Total power spectrum of electromagnetic radiation as a
function of the laser intensity. The circle, triangle, diamond,
square, and inverse triangle show ne = n¢, 4n¢, 10nc, 100nc, and
ns, respectively. (a) and (b) are for J;, = 1 x 1018 W/cm? and
2 x 1018 W/cm?, respectively.
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for high-order harmonic generation. If the dielectric elec-
tron response function does not depend on the frequency,
namely F™(z) ~ F(z), the time dependence of the elec-
tron density fluctuation vanishes. So, the summation of
eq. (11) over m vanishes. The plasma screening factor
F™ has a peak at |m| ~ wp/wo = (ne/nc)*/?, namely,
the frequency is in resonance near the plasma frequency,
when £ < kp.

The total power spectra for overdense plasmas are cal-
culated by integrating eq. (12) over all solid angles. Here
we assume that the laser wavelength is 0.53 um, and the
-cutoff density n. is 4.0 x 102! cm™3. The ion tempera-
ture is assumed to be same as the electron temperature
which is 1 keV. For fully ionized aluminum, the solid
density ng is 8.6 x 1023 cm™3, namely, ny/n. = 215. The
volume V depends on the skin depth c/wp, where wp
is the plasma frequency. However, we assumed that the
volume is constant.

Figures 1(a) and 1(b) show the electron density depen-
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Fig. 2. Total power spectrum of electromagnetic radiation as a
function of the electron density. The diamond, square, triangle,
and circle show i, = 1 x 1017 W/cm?, 4 x 1017 W/cm?, 1 x 108
W/cm?, and 2 x 1018 W/cm?, respectively. (a) and (b) are for
the cutoff and solid densities, respectively.

(Vol. 66,

dencies of the power spectra when the laser intensities
are 1 x 10'® W/cm? and 2 x 10'® W/cm®, respectively.

‘The peaks of the spectra are at N = 2(n./n.)'/2. The

higher harmonics are localized between 16wy and 30wyq
for ne = 100n. and between 28wy and 43wy for ne = ns.
For n. = ns in Fig. 1(b), there is a peak at N = 41,
because in the vicinity of N =~ 41 and m = 15, the
wave number of electromagnetic wave coincides with the
wave number of the plasma wave. The imaginary part of
the dielectric function is negligible. In such a case, the
electron-ion collision frequency becomes important for
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Fig. 3. The angular distribution of the high-order harmonics.
The zero direction is along the electric field. (a) and (b) show
the second and fifth order harmonics, respectively, for the cutoff
density with Ij, = 2x1018 W/cmz. (c) shows the thirtieth order
harmonic for the solid density with I, = 2x10'8 W/cm2,
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the damping of the wave. However, this model does not
include collisional processes. The sharp spectral peak
will be actually broadened by the collision.

Figures 2(a) and 2(b) show the laser intensity depen-
dencies of the power spectra for the cutoff and solid den-
sities, respectively. For the cutoff density in Fig. 2(a),
the power of second and fifth order harmonics for I, =
1 x 10'® W/cm® are 10% and 106 times greater than
the harmonics for I, = 1 x 1017 W/cm?, respectively.
The generation of high-order harmonics strongly depends
on the laser intensity. For the solid-density plasma in
Fig. 2(b), the peak power of the high-order harmonics
for I, = 2 x 10'® W/cm® is 108 times greater than the
harmonics for I, = 1 x 1018 W/cm?®.

The angular distributions of the high-order harmonics
are shown in Figs. 3. For the cutoff density with f, =
2x10'® W/cm?, Figs. 3(a) and 3(b) show the second and
fifth order harmonics, respectively. Figure 3(c) shows the
thirtieth order harmonic for the solid density with 1, =
2 x 108 W/cm®. These patterns have the directionality.
In Fig. 3(c), the propagation direction is perpendicular to
the electron excursion direction, namely the laser electric
field direction.

In summary, we have derived a formula for electron
density fluctuations around an ion in a dense plasma
irradiated by an intense laser field. The total power
spectra of the electromagnetic radiation due to the elec-
tron density fluctuations are evaluated. There are both
odd and even harmonics due to the nonlinear response
of the electron density fluctuations. As a result, har-
monics above 30wy appear for fully ionized aluminum at
the solid density interacting with a laser pulse of inten-
sity I, = 2x10'® W/cm?. They are strongly directed
in the plane perpendicular to the laser electric field [See
Fig. 3(c)]. The harmonics below 10wy are generated near
the cutoff density.

Finally, we discuss the limitation of our theory. The
electron quiver velocity is comparable to the speed of
light, when the laser intensity I, \? is higher than 108
Wpum? /cm?, where I;, and A? are the laser intensity and
wavelength, respectively. In this paper, relativistic ef-
fects are only treated by mass correction, namely, our
present formula is no longer valid, when relativistic ef-
fects are essential for plasma dynamics. In the rela-
tivistic regime, highly nonlinear processes are reported
from particle-in-cell code simulation.?>-2%) Especially, a
harmonic generation mechanism that has no cut off at
the plasma frequency is reported by Gibbon.?%) This
mechanism of harmonic generation is completely differ-
ent from our mechanism which is induced by nonlinear
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dense plasma polarization in the screened ion potential.
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