PHYSICAL REVIEW E

VOLUME 48, NUMBER 6

DECEMBER 1993

Positive and negative absorption by a plasma in an intense laser field
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Collisional absorption of a weak high-frequency linearly polarized electromagnetic wave by a

plasma located in a strong laser field is studied.

It is shown that the character of absorption

essentially depends on the polarization of the weak laser wave relative to the intense one. Condi-
tions for negative absorption are derived. Prospects for experimental demonstration of this effect

are discussed.

PACS number(s): 52.40.—w, 52.25.Fi, 34.80.Kw

L. INTRODUCTION

With the advent of very intense short-pulse laser sys-
tems the interest to studies of short-pulse-laser—matter
interactions and plasma properties in an intense laser
field is renewed. There are now many papers in the liter-
ature related to this topic and it is reasonable to expect
that their number will grow rapidly. In the experimental
papers the part of the short-pulse-laser energy absorbed
by the matter and the radiation spectra of the produced
plasma are usually studied. Another way is to probe
plasma properties in an intense laser field with the help
of a weak test signal. This so-called pump-probe method
allows a high temporal resolution and gives additional in-
formation about strongly nonequilibrium plasmas. It is
well known that in the case of an equilibrium fully ionized
plasma the weak test signal is absorbed. On the other
hand, there are still some uncertainties with the fate of
a weak signal in the case of a strongly nonequilibrium
plasma, such as the plasma located in an intense laser
field. The aim of the present paper is to remove these
uncertainties.

The interest in plasma properties in an intense laser
field arose many years ago. It was first shown [1] that
in the strong laser field E(t) = E coswt the dissipative
part of the conductivity at the laser frequency w and col-
lisional absorption of the laser radiation are determined
by the effective electron-ion collision frequency v ~ vEB,
where vg = eE/mw is the peak velocity of electon os-
cillations in the laser field. The corresponding nonlin-
ear behavior of the inverse bremsstrahlung cross section
o~ vg‘l was found in the studies of the elementary act
of the electron-ion collision in presence of a strong laser
field [2,3]. These results were confirmed later in clas-
sical [4-7] and quantum theories [8-10] of the inverse
bremsstrahlung absorption.

Additional results in this field were obtained due to the
studies of propagation of the weak electromagnetic wave
E,(t) = E; cosw;t through a plasma in the strong lin-
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early polarized laser field E(t) [11-13]. It was shown [11]
that when E; L E, the conductivity at the frequency w;
and the effective electron-ion collision frequency describ-
ing the absorption of the weak wave vary as v ~ vElv;Z,
where vy = (T./m)'/? is the thermal velocity of elec-
trons. In [12,13] the possibility for collisional amplifica-
tion of a weak wave was discussed. Collisional amplifica-
tion of a weak wave by a plasma in a strong laser field
can be considered as the generalization of the well-known
effect [14], where the amplification of the weak wave dur-
ing electron-ion collision (when v; || Eq, v; is the initial
electron velocity) was manifested.

In the present paper we study positive and negative ab-
sorption of a weak high-frequency linearly polarized elec-
tromagnetic wave by a homogeneous fully ionized plasma
located in a uniform strong laser field. We use our pre-
vious results [7] on nonstationary electron distribution
functions in a strong laser field and assume the case of a
transparent plasma for both waves (w, < w,w;), where
wp is the plasma frequency. For | w; — nw |> v the com-
plete solution of the weak signal problem is given. The
result [11] is confirmed. It is shown that when E; || E
(linearly polarized fields) the weak signal is amplified.
The effective collision frequency describing this amplifi-
cation is negative v ~ —1)53 Invg/vr. When the strong
laser field is circularly polarized in the plane S, the ef-
fective collision frequencies describing absorption of the
linearly polarized weak signal behave as v ~ vis when

E; L Sand v ~ —vg® when E; || S.

II. DISSTPATIVE PROPERTIES OF
HOMOGENEOUS PLASMA
IN A LASER FIELD

The equation of evolution of the electron distribution
function f = f(v,t) in a homogeneous fully ionized
plasma in the presence of two laser fields E(¢) (strong
field) and E;(¢t) (weak field) is

o e 0
(’a? + —[B(t) + El(t)]é;)f = Sei(f) + See(f> £),
(1)

where Se;(f) and Se.(f,f) are the electron-ion and

electron-electron collision integrals. In the Fokker-Planck
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approximation they are given by

1 0

of
2790,

Sei(f) = {(vz%' - vkvj)a_vj )

1 8 ! !
Secl £+ 1) = 53770 | ' veell v ="
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3] 7]
—125‘-—- o L /' = t t
0 =)= = )0~ ) g ) F9DT0), (3)
—
where veo(v) = 4me*NAm~2v73 and v (v) = Zvee(v) OF, e OF,
are the electron-electron and electron-ion collision fre- T‘)T_—‘_%E (T)_a— = Sei(F1) +See(F1, Fo) + See (Fo, F1).

quencies, Z | e | is the ion charge, N is the electron den-
sity, and A is the Coulomb logarithm, which is assumed
to be constant. This accuracy is enough for our purposes.
The strong laser field is described by the single-mode lin-
early (a = 0) or circularly (o = 1) polarized electric field
of equal intensity

E
B0 = s
The weak laser field is always linearly polarized.

It is useful to remove the rapid oscillations due to the
strong laser field from Egs. (1)-(3) by the transformation
to the new variables t = 7 and u = v — vg (e, sinwt +
eyacoswt)/(1 + a)'/? (where vg = eE/mw). Then
for the function F(u,7) = f(V,7), where V = u +
vg(ey sinwt + eyacoswt) /(1 + a)l/?, we get

(e coswt — eyasinwt). (4)

O CBA(n) O = Su(F) + SeelF, ), (5)
Sei(F) = %ij (V)%f—;, (6)
Dy;(V) = %Vei(V)(szskj =ViV5).  (7)

Here the electron-electron collision integral S..(F, F) is
given by the same expression (3), where f must be re-
placed by F and v,v’ by u,u’. This is due to the fact
that the homogeneous electromagnetic field has no influ-
ence on the electron-electron collisions and vice versa.
To solve Eq. (5) we expand F(u,7) in the small pa-
rameter (eE;/mw;)/u < 1, where u is the mean elec-
tron velocity. In a linear approximation over the weak
field strength F =~ Fy + F; we get
J

(8)

Here Fj is the electron distribution function in the strong
laser field [the solution of Eq. (5) with E; = 0], which has
been recently found for arbitrary laser intensities [7]. For
the high-frequency weak laser field we have the additional
small parameter v/w;, where v is the effective electron-
ion collision frequency. Using the expansion of I} in this

parameter, we get Fy =~ Fl(l) + Fl(z)

FOY = —/ dr' By (7
Fl(z):—i/ dT'sei(/ dr" By (7 ”) S Fo(u,7 ))
m Jo 0

(10)

, where from (8)

FO(“ T)7 (9)

Since we are interested in the absorption of the weak field,
in Eq. (10) the electron-electron collision term is omitted.
The energy exchange between the weak laser field and
plasma per unit volume and unit time is given by Q(7) =
Ei(7)j, where j = e fdvvf(v,t) = e [duVF(u,7) is
the electric current density. Averaging this value over
time T > 27 /min(w, w1 ), we get the average energy den-
sity transferred per unit time from the weak wave to the
plasma

T
Q:%/ﬂ drE (1)e

Using (9)—(11
tribution in (11) comes from Fl(z). This term gives a cor-
rection to the electron distribution function in the strong
laser field Fy due to the weak laser field and electron-ion
collisions. Thus we get

/duVF(u,T). (11)

), it is easy to show that the nonzero con-

Q:—%j _E1 /duu/ dTSm[/ dr" By (1" aFOS,)’T )]. (12)

Since in the present paper we use the simplified expressions (2) and (3) for the collision integrals, which could be
not appropriate in the case of resonances wy; = nw, we assume later that | w; — nw |> v. Taking into account that
Fy(u,7) depends on 7 only due to the relatively slow time dependence of the electron temperature (T, ~ v, see [7]),
and E;(7) rapidly oscillates in time, we can rewrite Eq. (12) as

e? 27/Y wdr o OF,
_© _[a 2 (g, %),
2mwi / u B [/0 2 Dr T)] Ou; (El du ) (13)
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Here Eq. (6) for the electron-ion collision integral with
Dyj(u,7) = Dy;(V) was used. In Secs. ITA and IIB we
consider the rate (13) of the energy loss from the weak
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wave for the different polarizations of the strong laser
field.

A. Absorption in the strong circularly polarized laser field

Since the homogeneous plasma in the strong laser field has axial symmetry, it is natural to write the electron-ion

collision integral in cylindrical coordinates

1 @ oOF 1 _ OF OF
Sei(F') = wl Oul [UL (D_LJ_b‘IZ + ZDL¢3_¢ +D¢zau2)]
19 oOF 1 _ OF oF] 8 oF 1 _ OF oF
L 90p, 1 p,, 0" ¢ D, o p. 2 1p oy p. o
L 8(75[ L ouy T ur D ag TP auz}+3uz|: Lous tul e T auz] (14)

In the circularly polarized laser field for the diffusion ten-
sor D we choose the directions parallel (z) and perpen-
dicular (L) to the direction of propagation of the laser
beam

2 4 1,2 (0o2
u? + vz cos?

f
Here v = wT + ¢, where ¢ is azimuthal angle of vec-
tor u, Dog = Dpq for a,8 = L,z,¢, and V = (u® +
V2vgu, siny + v%/2)1/2.

Introducing the standard definition of the effective
electron-ion collision frequency v from the energy bal-

D, 1 1 . ance condition Q = vNmv% /2 (where vy, = eE;/mw;)
Dy TVl cosw(uiﬁ— V2'E sin¢)) we can rewrite Eq. (13) as ’
D 1 —u,(uL + —zvgsiny)
D_Lz = EVei(V) u? + (ug + fu sine)? 1 w?
Do ST VA Q= E(w.BE, +viEL), (16)
Dd)z — /3 VEY: cos 87T wi
zz 2 1,2 H
ultevpt V2uivpsing Here v, and v, are the longitudinal and transverse effec-
(15) tive collision frequencies, which are given by
]
2 [ e — 7] — 0 \9F,
z = T AT d d z Dz o Dzz_ a9 17
v N Jo uLul[m v ( J‘auj_+ 8uz)8uz (7)
w [ > — 4] 1 = — o \ OFy
= —— d d z D -~ —D D z a8 9y 18
vy A UL’U‘J_/voo u ( _L_LauL'f"uJ_ oo T DL Buz)—auL (18)

and D,g = 021!' dy Dog(uy,u,,)/2m.
The absorption coefficient of the weak wave is

_8mQ wp (v.E}f, +viE}))
- cE? - cw? E?

In the limit when the basic laser field, which is taken
into account in the tensor D and in the electron distri-
bution function Fy(u,T), is weak (vg < vr), Egs. (17)
and (18) give the well-known result [15,16]

VU
ﬁuel(UT)’

where U = (27)%/2v3 N~ 1F,(u = 0,7) and vr is the ther-
mal velocity of electrons.

When Fy(u,7) is the Maxwellian electron distribution
function then the cases of a strong and weak basic laser
field can be described by the same formula. With the
help of Egs. (14)—(18) we can write

v, = V8 (vg)[erf(v/2) — v exp(—+2/4)/v/7),

. (19)

v, =v, = (20)

v = V20ei(vE)[- erf(y/2)

+ (1 ++%/2) exp(—v?/4)/v/7],  (21)

[
where v = vg /v and erf(x) = (2/y/7) [y dt exp(—t?) is
the error function. The corresponding absorption coeffi-
cient is given by Eq. (19).

In the limit of the weak basic laser field v <« 2 Egs.
(21) give the same result as (20) with U = 1. In the
strong laser field v > 2

V. ~ V8uei(vg)[1 — yexp(—7?/4)/ V7],
vi =~ —V20e(vp)[1 — 7* exp(—v?/4)/(2v/7)]-

Thus, when the weak radiation wave is polarized along
the direction of propagation of the strong laser radiation
(z axis), the wave is absorbed by the plasma. When the
polarization of the weak wave is perpendicular to the di-
rection of propagation of the strong laser radiation, the
wave is amplified. In Fig. 1 the dependence of the ef-
fective collision frequencies (21) on the strength of the
basic field is illustrated. As can be seen, the negative
absorption arises when (vg/vr) > 3. From this con-
dition, taking into account the time dependence [7] of
the electron temperature in the strong laser field T'(7) ~
4(3v2) " 'rmvdve;(vE), we can find the time duration
of the negative absorption 7, = V2[12v¢(vE)]™!' ~
0.1v,;' (vg).

(22)
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FIG. 1. Dependence of the effective electron-ion collision

frequencies (21) on the parameter v = vg /vy for the circularly
polarized basic laser field.

The absorption coefficient of the weak wave is

o= V2vei(vs) (3’1>2<i>2(3cos29 1),  (23)

c w w1

where cos@ = E;,/E; and z is directed along the direc-
tion of propagation of the strong laser field. The weak-
wave amplification exists for 125° > 6 > 55° for arbitrary
w1. Note that the classical approach used in this paper is
valid only when the condition Aw; <« mv% /2 is fulfilled.

To estimate the value of the gain coefficient (6 = 90°)
we need to make some assumptions. First, to overcome
the problems connected with the refraction of the strong
laser radiation and with the excitation of electromagnetic
instabilities, we choose (wp/w)? = 0.1. Second, to be ob-
served, the amplification should exist for a sufficient pe-
riod of time. We assume for this time 7,, = 100 fs. This
J

2

_ _ 53/2
v, = —2u, =2% Vei(VE) {1 - mol

Thus, independent of the electron distribution, the ef-
fective collision frequencies describing the weak-field ab-
sorption are determined by the electron-ion collision fre-
quency in the strong laser field v.;(vg).

B. Absorption in the strong linearly polarized laser
field

Using Eq. (14) for the electron-ion collision integral in
cylindrical coordinates with directions (z) parallel and
(1) perpendicular to the strong laser field, we can write
for the nonzero components of the diffusion tensor D

D, sz

p.| 1 | —uv

Dzz - 51181(‘/) ’U,?L ’ (26)
Dy ui + V72

V. =u, +vgsinwr, and V2 =u? 4 V2
In the case when Fy(u,7) is the Maxwellian electron

i (Tz_TL)+1|:m
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corresponds to Ve; (VE) = (wp/w)?(e*w?/mvy)AZ = 102
s~1. This value of the electron-ion collision frequency in
the case of a Nd glass laser (A = 1.06pum) corresponds
to the laser intensity ~ 4 x 10'® W/cm? and in the
case of a KrF laser (A = 268 nm) to the laser inten-
sity ~ 3 x 1017 W/cm?. For these estimates we used A =
In{[vr/ max(w,w;)]/[2Z€?/mv%]} and assumed Z = 5.

With ve;(vg) = 1012 s~1 the expression for the gain
coefficient reduces to | o |= 4.7 X (w/w;1)? cm™!. When
w1 > w the gain coefficient is negligible, but when w; ~ w
the amplification can be observed.

Note that the duration of amplification will be longer
if the strong-laser-pulse intensity grows in time as I ~
72/3. In this case the ratio v = vg(T)/vr(T) remains
constant and the gain coefficient is given by | a(7) |=
(wp/w)?(w/w1)?/(cy?). This expression is valid for 7 >
v fvr(0)], where vr(0) is the initial electron thermal
velocity. In the time interval from 10 fs to 1 ps for v = 4,
(wp/w)? = 0.1 and w ~ w;, as an example, the gain
coefficient will vary from 20 to 0.2 cm™!.

To calculate the effective electron-ion collision frequen-
cies (17) and (18) when the electron distribution function
is non-Maxwellian, we can use the expansion of the ten-
sor D in @/vg < 1. The results of such expansion up
to the second order in the small parameter are given in
Appendix A. Using these expressions for the case when
Fo(u, ) is the anisotropic Maxwellian electron distribu-
tion (see [7])

Nm?3/? mu? mu?
Fop= ——rroo ——L Z), 24
0= T JT O F ( 2T, 2T ) (24)

where T’} and T, are the transverse and longitudinal elec-
tron temperatures in the strong circular polarized laser
field, we get

S -1)] } (25)
E

[
distribution function, we have from (17) and (18)

vy = vei(vE) (L1 + I2),
VvV, = —2Vei('UE)(I2 + 13) (27)

Expressions for the integrals I, (k = 1,2, 3) together with
the discussion of integration procedure are given in Ap-
pendix B. After integration, for vg > vy, we get

’UZ

E
v) = ﬂ—v% Vei(vE)a
yZ:—-Ve—i(:ui)(2ln'UE/’UT+31n2+C—4)7 (28)
™

where C' = 0.577 is Euler’s constant. The expression for
v, coincides with the expression, which has been derived
earlier [11].

The corresponding absorption coefficient is
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_ w;‘: 2 2, 2 derived. It is shown that the collisional amplification of
*= Tew? vei(ve){(1 — cos® O)vig /v the weak wave by a plasma located in a strong circularly
—cos?0[2 In(vg/vr) + 3In2 + C — 4]}, (29) polarized laser field can be observed.
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III. CONCLUSION
APPENDIX A: EXPRESSIONS
We studied collisional absorption and amplification FOR THE TENSOR COMPONENTS D,g
of a high-frequency weak electromagnetic wave by a
nonequilibrium plasma located in a strong laser field. The tensor components for the circular polarized
The effective electron-ion collision frequencies determin- strong laser field used in the calculations of the electron-
ing the absorption or amplification of the weak wave are  ion collision frequencies (17) and (18) are
J
D,, = L1/,31(1115;) vh +ul+ Eu2 + i(5u4 + 36u? u? — 24u?) + —2—5—(64u6 — 432utu® 4+ 120u%ut + Tub)
\/g E z 4 1 16’0% 1 1%z z 1281}% z z% L 2z L 1/
D= X, _03 o2 a2y, 1O o4 150202 o4
1. = Vei(VE)uzuy |2 5 (12u; — 3u] ) + —— (8u; — 12ujui +ul |,
V8 2v%, 8vg
(A1)
Dyy = iI/Ei(vE) vd +ul + lui + 3 (ul + 12u2 u? — 24u?) + 2 (64u® — 144u2u® + 24u?u? + u8)
V/S‘ z 4 16'1)2E 1 1%z z 128U4E z z7 L z 7L 171

5
(—112uf + 600uiul — 270ulud + 5uj)] )

— 1 3
D,, = —ve(vE) [21}% —6u? + u? + ——-(40u? — 72u% w? 4+ 3u) + 1oL
VE

V8 8vg

APPENDIX B: EXPRESSIONS FOR THE where
INTEGRALS I
P =u,/ uﬁ_+u§,
In the strong linearly polarized laser field the effective

electron-ion collision frequencies determining the absorp- u3 (vZ + u,vpg sin )
tion of the weak laser wave depend on the integrals I ®y, =— 2.2 N3z
(k=1,2,3) 207 (v +u?)
3 oo oo 27 2,,3 o342
¥ dy v?uq sin® Y
I, = ——— du, du —®r(ul,u,, Py = —5————+. B2
* 2v2mvi, /_Oo /0 + /0 2w w(us ¥) 3 2(u? + u2)3/2 (B2)

Introducing spherical variables u = (u? 4 u2)'/2, cos 8 =

u,/u and integrating first over 6, we get the double inte-
(B1) grals, which can then be easily reduced to
J

x exp[—(u? + u? — 2u,vpsiny + vh sin® ) /202],

2,),2 ’Y/\/E 2
L= m/ dt exp(—t*)L(t, ),
0

732

v/V?2
=ty [ dep(-) L) + (1 - 2= B /2 4 L),

472 "I/\/E
I = / dt 12 exp(—t2) L(t,7). (B3)
0

7372

Here L(t,7v) = In[(y + /72 — 2t2)/+/2t]. Then in the limit v = vg/vr > 1 we get Eqgs. (28).
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