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The electrostatic fields induced by an intense laser field around an ion in a solid density plasma are in-
vestigated. In a plasma produced by irradiating an intense ultrashort pulse laser on a solid target, the
electron and ion temperatures are not in thermal equilibrium, and the electron temperature is higher
than the ion temperature. For such a plasma, the dynamical form factor of a plasma electron is derived.
By using the dynamical form factor, the screened potential and the induced oscillating electrostatic field
around an ion are obtained. As a result, the plasma screening effects on the direct ionization by the laser

are clarified.

PACS number(s): 52.25.Rv, 52.40.Nk

I. INTRODUCTION

Recently, dense plasmas produced by an intense ul-
trashort pulse (pulse width less than 1 ps) laser have at-
tracted much interest. In particular, the nonlinear plas-
ma dynamics in the intense laser fields have become an
interesting area [1]. An ultrashort pulse laser can heat a
solid surface before the surface plasma expands. In such
a case, the plasma density scale length is less than the
laser skin depth. Consequently, the ultrashort pulse laser
directly interacts with the solid density plasma. So far
the plasma screening effects on the direct ionization of
ions in the solid density plasma have not been investigat-
ed, although the effects have been discussed on the in-
verse bremsstrahlung absorption [2]. Moreover, when
the electron temperature is lower than or comparable to
the Fermi temperature, the ion-ion correlation and the
electron screening are, in particular, important. The
screened ion potential and electric field are evaluated by
using the hypernetted-chain equation and the Lindhard
linear response theory.

For dense plasmas, nonlinear inverse bremsstrahlung
of high intensity laser is discussed by a previous paper
[2]. The paper shows that the inverse bremsstrahlung ab-
sorption rate increases and then decreases with laser in-
tensity, which depends on the ratios among ¢, mv} /2,
and T,, where vy, €/, and T, are the electron quiver ve-
locity, the Fermi energy, and the electron temperature,
respectively. Note that the inverse bremsstrahlung ab-
sorption includes only free-free transitions. However, the
laser absorption by the above-threshold-ionization (ATI)
or tunneling ionization (TI) that is a bound-free transition
is more important than the inverse bremsstrahlung ab-
sorption when the laser pulse width is comparable to ion-
ization time.

The ionization processes by the intense short pulse
laser have been investigated by the theory and/or simula-
tion [3-8]. Since the perturbation methods are not appli-
cable to investigate the effects of the intense external elec-
tric field, a new approximation and a new analytical
method to describe the TI are developed by several au-
thors [3,4]. Keldysh derived a formula for the ionization
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rate of TI by evaluating the transition probability be-
tween the Volkov states and the unperturbed bound
states [3]. Recently, the Schrodinger equation for an
electron atom in the strong laser field was numerically
solved by using the super computer. The many interest-
ing behaviors of an electron which feels both atomic po-
tential and the external electric field are discovered
[1,5-8]. The experiments of the TI for noble gases are
analyzed by the Keldysh model and other theories
[9-11]. The collisional ionization rates are also investi-
gated for electron distribution functions which are de-
formed by intense laser fields [12-14].

When the intense ultrashort pulse irradiates a solid tar-
get, the laser field penetrates into a solid density plasma
when plasma density scales; L; length is very short,
namely, L; <<c/wy, where ¢ and o, are the speed of
light and the laser frequency, respectively. For the ATI
or TI in a solid density plasma, a bound electron in an
atom can be excited and/or ionized by not only the exter-
nal laser field but also the induced field of the dense plas-
ma. So far the induced electrostatic fields in the solid
density plasmas with the laser field have not been treated.
Therefore this paper discusses the induced field in rela-
tion with the plasma polarization. The screened ion po-
tential and electric field are derived by using the linear
response theory in Sec. II. In Sec. III, the screening ion
potentials and laser fields are calculated by using the
hypernetted-chain equation and the dielectric response
function. Some concluding remarks are given in Sec. IV.

II. DERIVATION OF INDUCED FIELDS

The screened electrostatic potential and the electric
field which acts on the bound electron are derived in the
frame which oscillates with an electron excursion length
ro(t) We assumed that the laser light is linearly polarized
and the laser intensity 1is constant, namely,
E; (t)=Egsinwgt. Then ry(t)=rpsinwyt, and r,=—eEy/
mw3. This oscillation frame was introduced by analyzing
the inverse bremsstrahlung in the plasmas [2,15,16]. In
the analysis of the ionization called by the intense laser
fields, the above oscillating is called the Kramers-
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Henneberger (KH) frame [17].
The electric fields around an ion in the dense plasma
are determined as follows:

E(r,0)=E,(1)=V® (r—ry(1),t) , (1)

where ®_(r,1) is the electrostatic potential obtained in
the oscillation (KH) frame and the ion is put at the origin
of the coordinate in the laboratory frame. In the follow-
ing analysis, the effects of bound electron polarization on
the generation of the induced electric field is neglected,
because the number of free electrons contributing to gen-
erating the induced field is much greater than the number
of bound electron.
In the oscillation frame, ® (r,?) satisfied

— V2D (r,t)=4me[ Z*S(r+14(1))
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where n; and Z*e are the ion number density and
effective ion charge. g;(r) is the radial distribution func-
tion of ions plasma around a test ion, which is assumed to
be fixed. n,(r,t) is electron number density. The back-
ground plasma is assumed to be neutral: Z*n,=n,.
Then, we obtain

— V20 (r,t)=4me[Z*5(r+1y(1))
+Z*n;h(r+r1y(t))—bn,(r,1)], (3)

where
h(r+ry(t))=g(r+ry(t))—1, (4)
on,(r,t)=n,(r,t)—n, , (5)

and 6n,(r,t) and A (r) are the electron density fluctuation
and pair correlation function. The Fourier transform of

+Z*n,g(r+1y(2))—n,(r,1)], (2) Eq. (3) yields
¢os(k,w>=—%"i 'S 3 J,(kr2mdlo+nog —on. (ko) | | (6)

and the ion form factor S (k) is given by

S(k)=1+n, [ drh(r)exp(—ik-r) (7)

where , is the laser frequency. Using the linear
response theory, 8n,(k,w) is given by

k2@ (k, )

6n,(k,w)=[e(k,0)—1] o

) (8)

where e(k,w) is the dielectric response function. From
Egs. (6) and (8), the screened ion potential ¥ (k,w) is ob-
tained as follows:

__4nZ*e S(k)

(bos(krw): k2 ek, )

X ¥ Jkro2mblwo+naw) . 9

n=-—o

The inverse Fourier transform of Eq. (9) yields

D (r,t)= 3 ¢,(r,t)explinwgt) , (10)
where
dk 4nZ*e S(k)
,t = —
Galn,t) f(Zﬂ')3 k2 ek, —naog)
XJ, (k-rglexp(ik-r) . 1y

Setting S(k)=1 and e(k,w)=1, Egs. (9) and (10) are re-
duced to the pure Coulomb potential in the oscillating
frame,

f

__Z%e

Pcln == Tl
_ oz dk 4nZ*e
nsz(Zw)3 k2

XJ,(k-rylexpli(k-r+nwyt)] .

(12)
Using Eq. (12), we separate the pure Coulomb potential
from ® (r,?) as follows:
D (1,0)=DP(r, 1) +Pp(r,t) , (13)
where ®p(r,t) represents the plasma screening effects.
The plasma screening effects are then given as follows:

Qp(r,t)= Y  ¢p,(r,tlexplinwgt) , (14)
where
___r dk 4mwZ*e Sk)
dpn(n:1) f(277)3 k? e(k, —nawg) 1J
XJ,(k-rglexplik-r) . (15)

The electrostatic potential in the laboratory frame is then
obtained from Eq. (12) as

O(r,1) =D (r—ry(2),2)

- erie + 3 bp.(r—ro(t),t)explinagt) ,
(16a)
or
. Z*e @ )
()=~ 1] + 3 bupra(rlexplinag) , (16b)
where
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_ dk 4nZ%e S(k) ,
¢P,,(r-—r0(t),t)——f 2 K2 ek, —nay) —1|J,(k-rylexp{ik-[r—ry(2)]} . (17

Thus the higher harmonic components of the induced electric field in the laboratory frame ¢,,, p, (r) is obtained by ex-
panding exp{ik-[r—r(?)]} of Eq. (17) into a Fourier series as follows:

dk 4nZ*e S(k)

—1
Qry} k2 e(k, —maoy)

Brab pa (1) =— i f

m=—oo

I (koW ,, _,(k-rylexplik-r) . (18)

Note that ¢y, p(, —o) represents the static screened potential which is relevant to the ionization potential lowering
effects. In the high density and degenerate plasmas, the effects of the screening static potential on the atomic levels are
important and been widely investigated by many authors [18-21]. In the following discussion, the effects of the ioniza-
tion potential lowering on the ATI and/or TI are discussed.

In the laboratory frame, the total electric field is represented as

E(r,t)=E;(t)+E; 4(r,t)=E[ () —Vd(r,?) ,

where E; (¢)=Esinwt,

dk 4nZ*e
27}  k?

S(k)
e(k, —ma,)

Eind( T, t) = i f

n,m=—o

In the limit of small electron excursion length, the lowest
order laser induced field is proportional to the excursion
length. It is clear from Eq. (20) that the lowest order field
induced by laser come from (m=z1,n==%1) and
(m=0,n==1). Note that the terms for n =0 vanish in
Eq. (20), since the integrand of Eq. (20) of k because of
J2(k-r) is the even function of k-r and S (k) and &(k) are
the even functions of k.

III. NUMERICAL CALCULATIONS
OF INDUCED ELECTRIC FIELD

The electric field at the origin (at the ion nucleus)
E(r=0,t) is numerically calculated in this section, since
it will be enough for estimating the induced field effects
on ATI and/or TI. We represent E, 4(r=0,¢) as follows:

Eq(r=0,2)= 3 E,explinwgt) , (21)
where
hud dk 4nZ%e S(k)
E, = —1
" ,,,:2_00 2r)?  k? e(k, —may) l
XJ,, (k-to),, -, (k-1o)ik . (22)

If the dielectric response function does not depend on the
frequency, namely, e(k,o)=~¢e(k,0), the induced fields
vanish since the integral of Eq. (22) over k vanishes.
Therefore the electron dynamics is essential for the gen-
eration of the induced electric field. We assumed that the
dielectric response function and the ion structure factor
are isotropic, namely, e(k,0)=¢c(k,w), S(k)=S(k).
Then, the electrostatic field of Eq. (22) is given by

—1

(19)
I (ketol,, _,(k-ry)ik exp[i(k-r+nawgt)] . (20)
[
Bu= 3 Gy o
x [ "k dk d—k%
X fo‘x dx J, (krox)J,, _,(krox) , (23)

where 8, 4qq=1, when n =odd, otherwise, 0. In Eq. (23),
the laser polarization direction is assumed along a z axis.
Furthermore, Eq. (23) indicates that the induced field has
only odd harmonics. The summation in Eq. (22) is taken
up to |m | =80 in the numerical calculation.

Let us discuss here the validity of the linear response
approximation for the electron dynamics, when the
electron-ion and electron-electron couplings are weak,
the electron response is described by the linear dielectric
constant £(k,»). The dielectric response function includ-
ed the electron degeneracy effect which is called the Lin-
dhard dielectric function. Of course, it may be possible
to use e(k,w) which includes the local field correction
given by Ichimaru et al. [18]. The local field correction
is important, when the electron temperature is very low
and the electron density is not high enough.

The dielectric response function of the partially degen-
erate collisionless plasmas have been given in a previous
paper [2,22]. In the plasma produced by the ultrashort
pulse laser, the ion is usually strongly coupled, namely
10=T; 21, where I'; is the Coulomb coupling constant
and defined by

*2,2
r,= Z*e ,
a;T;
1
where a; is the average ion radius (3/47n;)’. For the
medium ion correlation 1 <T; <10 the ion structure fac-
tor is known to be well approximated by the
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-2 r m—rrrrmy -. : hypernetted-chain equation model [23,24]. The detailed
25E (a)_E formulae of the electron dielectric response function and
’;- I 3 the ion static form factor were described in a previous pa-
s SF ] per [2].
- 3.5 3 3 When there is no laser field, the energy levels of the
> E ] bound state in the present plasma model are shown in
g -4 1 3 Figs. 1(a) and 1(b). The ionization potential lowerings are
w 45¢E 3 estimated by the electrostatic potential Eq. (18) at r,=0.
; ] We consider a lithium plasma (Z =3), namely, the bound
'i’ 01{;";"620 1521 1"6221"623 ’;'024 energy of grand state for a hydrogen like Li is —4.5 a.u.
Electron Density (cm™) Figure 1(a) shows the electron density dependence of Fhe
bound energy for T, =T; =100 eV. The energy lowering
B — is less than the 10% for the density lower then the cutoff
25 (b) density of the laser wavelength 0.53 um. Figure 1(b)
3 E shows the temperature dependence of the electron bind-
5 -3¢ E ing energy in the solid density plasmas. The binding en-
i 3.5 3 3 ergy decreases with decrease of the plasma temperature,
A ] because the screening distance becomes shorter when the
§ -4F 3
-4.5 3
-5 et

10! 102 10°

Temperature (eV)

FIG. 1. Energy level of the grand state for the lithium plas-
mas. Figure (a) shows the electron density dependence for
T,=T;=100 eV. Figure (b) shows the electron temperature
dependence for the solid density. The solid and dotted lines
show T,=T; and T;=10eV.
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FIG. 2. Time evolution of the laser and induced field for
T.,=100eV, T;=T,, n,=1.5X 102 cm 3, n;=5.0X10% cm ™3,
Z*=3. The solid and broken lines show the induced and laser
field, respectively. Figures (a) and (b) are for laser intensity;
I, =10'¢ and 10'7 W/cm?, respectively.
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FIG. 3. Amplitudes of fundamental and harmonics for
T,=T,, n,=1.5X10% cm™3, n,=5.0X102 cm™3, Z*=3. The
circle, square, diamond, and triangle are for electron tempera-
ture; T,=10, 50, 100, and 200 eV, respectively. Figures (a), (b),
and (c) are for laser intensity; I, =10, 10', and 107 W/cm?,
respectively.
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tion of laser intensity for 7,=100 eV, T;=T,, n,=1.5X10% E (b) 3
cm ™3, n;=5.0X102 cm™3, Z*=3. The circle, square, dia- r A e 1
mond, and triangle show n=1, 3, 5, and 7. ’5 107 '_ e ,’>< ~ ,:j.t‘-«\}_\\. _!
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temperature decreases. The ionization energy lowering — ] o 1
enhances the ionization rate, as discussed in Sec. IV. L [ p o 1
For example, the ion density is assumed to be the solid 3
lithium, namely, n;=5X102 cm 3, Z*=3, n,=Z*n, ; !' / |
=1.5X10? cm™3. We also assume that the Fermi tem- 10-11 101; S 13‘5 — "1613

perature is 10 eV, the laser wavelength is 0.53 pum, and
the cutoff density n, =4X10*! cm™>. Then n,/n, ~37.5
and w,/wy=~6.12. Figures 2(a) and 2(b) show the tem-
poral evolutions of the induced field given by Eq. (21)
with Eq. (23) for the laser intensity I; =10'® and 10"
W/cm?, respectively. The electric fields are normalized
by the atomic units. The phase of the induced electric
field shifts from that of the source laser field shifts by
20°-30°; this shift is proportional to the imaginary part of
the electron dielectric response function. Namely, the
laser absorption by the inverse bremsstrahlung is related
to this phase shift. The deformation of the wave form of
the induced fields from the sinusoidal wave in Fig. 2(b) in-
dicates that higher harmonics are generated strongly.
The bound electron in the ion is perturbed by both the
laser fields and the induced fields. Since the induced
fields are greater than or comparable to the input laser
field in Fig. 2(a), the effects of the induced fields have to
be taken into account in the analysis of the photoioniza-
tion process in dense plasmas. The ionization rates
influenced by the induced fields are discussed in Sec. IV.
The fundamental and higher harmonics obtained from
Eq. (23) for various electron temperatures are shown in
Figs. 3(a)-3(c), where the fundamental field includes the
input laser field. Here, we assume that T;=T,, and the
laser intensities are I; =104, 10', and 10'7 W/cm?, for
Figs. 3(a)-3(c), respectively. Figure 3 shows that the
amplitudes of the lower order harmonics, namely, n =3
and 5, become maximum at the optimum laser intensities.
The amplitudes of the fundamental and harmonics as
functions of the laser intensity for 7, =100 eV are shown
in Fig. 4, for n=1, 3, 5, and 7. The fundamental field is
enhanced, where the laser intensity is less than 10'®
W/cm? The n=3 harmonic amplitude becomes max-
imum at I; =10'® W/cm? for the present plasma parame-
ters. The higher harmonics of n > 11, increase when the
laser intensities increase up to I; =10'® W/cm?. In order
to investigate the mechanisms of the existence of the op-
timum laser intensity, the plasma density dependence of

Laser Intensity (W/cm?2)

FIG. 5. Amplitudes of fundamental and harmonics as a func-
tion of laser intensity for T,=100 eV, T;=T,, n,=n,/Z*,
Z*=3. Figures (a) and (b) are for electron density;
n,=4.0X10?! and 4.0X 10" cm™3, respectively. The circle,
square, diamond, and triangle show n=1, 3, 5, and 7, respec-
tively.

the harmonics is numerically calculated as shown in Figs.
5(a) and 5(b). For n,=n_ and n,=n_/100, the funda-
mental and harmonic amplitudes as a function of the
laser intensity are shown in Figs. 5(a) and 5(b). The op-
timum laser intensity is lower, when the plasma density is
lower. We interpret the above laser intensity depen-
dences of the generation of the higher harmonics, as fol-
lows. Let us consider the ratios of the excursion length
ro to the average ion radius @; and Debye length A, and
the ratios of the laser field E; to the Coulomb field
around ion Z*e/a? and Z*e/A}. For the laser wave-
length 0.53 um, those ratios are given as follows:

-t —t
o o
- -y
N >

Rate (1/s)

-—h

o
—
o

o
101014

1017

107 ‘ 1 1 5
Intensity (W/cm?)

FIG. 6. Ionization rate as a function of laser intensity, where
the ionization energy and the fundamental wavelength are 87
eV and 0.53 um. The closed circle, square, diamond, and trian-
gle show the fundamental 3rd, 5th, and 7th harmonics, respec-
tively. The open circle, square, and diamond show 11th, 21st,
and 41st harmonics, respectively.
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L=ry/a =15 | L W/em?)] | [ [n, (em™)] |
=ro/a; =
C 10' 5x102 |
L=ro/hp=14 | L (Wsemd] | [(n; (em™1 ][ 100 |
2=Tg D= 1016 5X1022 [T (CV)]
E = EL ~ 3 [IL (W/sz)] 172 5x1022 31/2
' Z%e/sa z* 10'¢ [n, (em™] |
and
2 2 172
E E_EL__E 4 3 [I, (W/cm")] 5% 10?2 100
2 Z*e/A} Z* 1016 [n, (cm )] T (V)] |-

When the L, (for strong coupling) or L, (for weak cou-
pling) is greater than unity, the electron motion becomes
nonlinear and the higher harmonics are generated. On
the other hand, the induced plasma fields, which may be
limited by the Coulomb field around the ion are negligible
in comparison with the laser field, when E, or E, is
much greater than unity. Therefore the electron oscilla-
tion becomes sinusoidal and the harmonic generation will
be ineffective. Therefore, the harmonic generation be-
comes maximum when E, or E,=~land L, or L, > 1.

IV. CONCLUDING REMARKS

We derive the screened ion potentials and the induced
electrostatic fields in dense plasmas with intense laser
fields. The screened ion potential and electric field are
evaluated by using the hypernetted-chain equation and
the linear response theory. For the solid density plasmas,
the screened potential and energy level lowering are eval-
uated. In our evaluation, the free electron polarization is
treated by the dielectric response function where the elec-
tron local-field correction is ignored although the ion-ion
strong correlation is included. The ionization energy
lowering or wave function modification due to the static
plasma shielding is found to be important for the direct
ionization rate. The enhancements of the ionization rate
due to the ionization potential lowering are evaluated by
using the Keldysh or Reiss formula [3,4]. Furthermore,
in order to show that the induced oscillating electric field
effects on the laser direct ionization, the induced electric
fields are evaluated. The numerical calculations are car-
ried out to obtain the oscillating electric fields at an ion
nucleus. We find that the induced electrostatic fields are
comparable to the external laser field, for dense plasmas.
For the solid density plasmas, the atomic processes and
harmonic emissions will be significantly modified by the
plasma polarization.

It is discussed how the ionization rates are enhanced
by the laser induced fields. The ionization rates are eval-
uvated by the Keldysh formula. It is assumed that the
wave function of the ground state is not distorted by the
laser field and the hydrogenlike properties. This model is
applicable and commonly used to evaluate the ionization
by intense laser-atom interactions, when the photon ener-
gy is less than the ionization energy. It has been checked

that the Keldysh theory agrees well with the experimen-
tal results for the low Z atoms [11]. Since the ionization
rate is sensitive to the ionization energy, it is necessary to
take into account the ionization energy lowering in the
solid density plasmas. The radiation intensity depen-
dences of ionization rate for various harmonics is shown
in Fig. 6, where the ionization rates for the solid density
lithium with the temperature of 100 eV. In this case, the
ionization energy is 87 eV, the laser wavelength is 0.53
pm, and the photon energy is 2.2 eV. When the field in-
tensity is 10'® W/cm?, the ionization rate for the funda-
mental is less than 10° s~ 1, while it is greater than 10°s7!
for the fifth harmonic and greater than 10'2 s™! for the
21th harmonic field. Note in Fig. 6 also that the ioniza-
tion rate is greater than 10° s ! for the 21st harmonic
and greater than 10'? s™! for the 41st harmonic, when
the field intensity is 10'* W/cm?. Moveover, the ioniza-
tion rate for the fundamental is greater than 10° s,
when the field intensity is 1.4 X 10'® W/cm?.

In the laser intensity region of a few 10'® W/cm?, the
ionization rates strongly depend on the photon energy
and intensity. The enhancement of the fundamental field
and generation of the harmonics up to the seventh are
shown in Fig. 4, where the laser intensity is from 10'?
W/cm? to 10'® W/cm?. In this case, the ionization rate
for I; =10 W/cm? and 10'® W/cm? is enhanced to be
greater than 10° s~ !, because the fundamental fields for
I, =10" W/cm? and 10'® W/cm? are greater than
1.4X10' and 2X10'® W/cm?. When the intensity is
higher than 10'7 W/cm?, the ionization rates are dom-
inated by the input laser fields, because of very efficient
tunneling ionization. Note here that the Keldysh model
is not applicable to the 41st harmonic field, because the
photon energy is greater than the ionization energy.

The more precise ionization rate evaluation is required
as for the effects of the multifrequency fields, because the
Keldysh formula gives the precise ionization rate for the
monochromatic laser field. Namely, the formula is not
applicable to the multifrequency induced fields. Actually,
in the case of the multifrequency fields, the ionization
rate is predicted to be greater than the monochromatic
field [25-27].

Although, the ionization processes in cold plasmas on
solid targets are theoretically investigated by many au-
thors [28—-30], the multihigher harmonics effects have not
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been investigated. In this case, not only the ionization

energy lowering but also the multiharmonics generation

will strongly affect the ionization processes. Namely, in
order to evaluate the direct ionization rates in solid densi-
ty plasmas, we have to solve the Schrédinger equation for
bound electrons in an ion by taking into account the
dynamical screening. The precise studies of the direct
ionization by solving the appropriate Schrédinger equa-
tion will be presented in a following paper.

When the laser intensity IA? is higher than 10'®
W um?/cm?, where the electron quiver velocity is com-
parable to the speed of light, namely, the relativistic
effects are essential for the plasma dynamics, our present
formula is no longer valid. For example, the magnetic
field of the laser radiation will play very important roles
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in the photoionization process, which has been neglected
in the analysis of this paper. The relativistic corrections
on the direct ionization processes will be also discussed
further in following works.
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