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Relativistic semiclassical approach in strong-field nonlinear photoionization
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Nonlinear relativistic ionization phenomena induced by a strong laser radiation with elliptical polarization
are considered. The starting point is the classical relativistic action for a free electron moving in the electro-
magnetic field created by a strong laser beam. The application of the relativistic action to the classical barrier-
suppression ionization is briefly discussed. Further, the relativistic version of the Landau-Dykhne formula is
employed to consider the semiclassical subbarrier ionization. Simple analytical expressions have been found
for (i) the rates of the strong-field nonlinear ionization including relativistic initial and final state effiecthe
most probable value of the components of the photoelectron final state momeiiituitine most probable
direction of photoelectron emission, afig) the distribution of the photoelectron momentum near its maxi-
mum value.

PACS numbgs): 32.80.Rm, 03.36:p, 32.80.Fb, 42.50.Hz

[. INTRODUCTION photoionization connected with relativistic final states ve-
locities and/or low lying initial states from a unique point of
Relativistic ionization phenomena induced by strong laserview. Further the current work extends the investigation of
light have become a topic of current inter¢st-8. In the  relativistic ionization phenomena to the case of arbitrry
nonrelativistic theory it is assumed that the electron velocityiptical polarization.
in the initial bound state as well as in the final state is small Certainly this may be done in the framework of the so-
compared with the speed of light. However, the electrongalled strong-field approximatioi®]. In the papers of Reiss
may be accelerated up to relativistic velocities in an intens@nd of Crawford and Reisd,2,7] a relativistic version of
electromagnetic field produced by modern laser devices. Ithis approximation has been given for the ionization of a
the ponderomotive energy of the electron is of the order ofiydrogen atom with linearly and circularly polarized light.
the rest energy, a relativistic consideration is required. RelaWithin this approximation one calculates the transition am-
tivistic effects in the final states become important for anplitude between the initial Dirac state for the hydrogen atom
infrared laser at intensities of somelf 0w cm™2. The mini-  and the final state described by the relativistic Volkov wave
mal intensity required for relativistic effects increases by twofunction. Coulomb corrections are neglected in the Volkov
orders of magnitude for wavelength corresponding to visiblestate. Therefore the final results are obtained only within
light. lonization phenomena connected with relativistic final€xponential accuracy. Analytical results for the ionization
state effects have been studied for the cases of linearly arf@te applying to above-barrier cases as well as to tunneling
circularly polarized laser radiation both in the tunfig]g] ~ cases have been given in Relf$,2,7]. However, the corre-
and above-barrier regimé4,2,7. The main relativistic ef- sponding expressions are complicated and contain infinite
fects in the final state afd,2,5—4 (i) the relativistic energy ~sums over all multiphoton processes. Numerical calculations
distribution and(ii) the shift of the angular distribution of the are needed to present the final results.
emitted electrons towards the direction of propagation of in- In contrast to the more sophisticated investigations, such
cident laser beam. It has been shown that a circularly polar@s the solution of the Dirac equation or the strong-field ap-
ized laser light produces a large amount of relativistic elecProximation, we aim to obtain simple analytical expressions.
trons [1,2,8. On the contrary, it has been found that the From our final formulas the explicit dependence of the ion-
ionization rate for relativistic electrons is very small in the ization rate and of the photoelectron spectrum on the param-
case of linear polarizatiof]. eters, such as binding energy of the atom, field strength,

Relativistic effects have also to be taken into account ifffequency, and ellipticity of the laser radiation may be un-
the binding energyE,, in the initial state is comparable with derstood without the need of numerical calculations. In this
the electron rest energyB,4]. A relativistic formulation is ~Sense our approach resembles that of Pagtoal. [3,4] and
necessary for the ionization of heavy atoms or singly or mul-of Krainov [6,8].
tiply charged ions from the innéf shell. In Refs[3,4] the
relativistic version of the m_eth_od _of imaginary time has been|; ne| ATIVISTIC ACTION AND CLASSICAL BARRIER-
_employed to calculz_ite the ionization rate for a bound system SUPRESSION IONIZATION
in the presence of intense static electric and magnetic fields
of various configurations. Analytical expressions have been Let us start with the classical relativistic action for an
found that apply to nonrelativistic bound systems as well aglectron of chargee moving in the field of an electromag-
to initial states with an energy corresponding to the uppenetic plane wave with the vector potentia(t—x/c). Here
boundary of the lower continuum. and belowA denotes a two-dimensional vector in thez

The present paper is aimed to consider the nonlineaplane. The action may be found as a solution of the
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Hamilton-Jacobi equation and regd®,11] 2 2e —g?
f(§)=—+—(asinwé—gacoswé) + —; e’sifwé,
X 1+a?+f2 o« o

Sf(g;fo):mcz[f'g_a——T(f_go) @

C

e ¢ o2 ¢ where,@l,,Bz, and; t'og_ether Wi.thal,az, and a have to be
+ f. f Adé— f A2d§] , (1)  determined from the initial conditions for position and veloc-

mca Jg 2m’ctal g ity. Further we have introduced the notatia¥f=1+a?
+a§+ g2é2.

Quantum effects may be neglected, for strong enough
fields, i.e.,F>Fz=E3/4Z (in a.u., whereE, is the electron
energy in the initial state and is the effective charge of the
atomic core. In this case the ionization process may be de-
scribed by an electron trajectory given in EG4. In a pure

2 classical task the constants of motion may be determined
r o X B € e . o
Sf(g;go):mCZ{f. ———(t+—) — (- &)+ — from the initial velocity and position of the electron at the
c 2 ¢/ 2a aw beginning of the laser action. However, the initial state is
given by quantum mechanics. According to a simple classi-
cal picture of ionization, for the barrier-suppression ioniza-
] ) €2 ) tion (BSI) [12], the transition occurs from the bound state to
X(sinwg=sinwéo)]—g——(9°~1) that continuum state that has zero velocity at the timéth
the phase of the vector potential\(&). From this condition
we have to choose the constants as

where a andf=(a;,a,) are constants;=(y,z); further &
=t—x/c, & is the initial value. Assuming a harmonic plane
wave of elliptic polarization with the electric fieldE
=F[g,coswé+gesinwé] we find the following expression
for the relativistic action

X[ai(coswé—coswéy) +ayg

X (sin 2wé—sin 2w§0)], 2

a=/6°+2e(a;Sinwé—ga,coswé) + (1—g?) e’c’sifwé,
where the notatiog?=1+ a2+ a3+[ (1+g?)/2]€? has been

introduced, the paramete¢=eF/omc characterizes the a;=—e€sSiNnwé, a,=geCoswf. (5)
strength of relativistic effects. Further the vector potential of
the laser radiation has been choosen in the form The maximal ionization rate occurs at the maximum of the

CE cF electric field of the laser radiation. For our choice of the
A=0, A,=——sinwé A,=g—coswé. (3) daugesee Egs(3)] the electric field has its maximum at the
® ® phaseé=0 or até=r, respectively. From Eqg5) we con-

. . . clude that the most probable final state is described by the
By applying the usual Hamilton-Jacobi method we take theconstants

derivative of the actionS; with respect to the constants
a;,a,, and « and set the result equal to new constants
B1.8>, and B3 in order to obtain the electron trajectory un-

der the influence of the wave field. We obtain that the elec-.l.WO important results follow from this derivation.

:re?rr: iZ]Otil\cl)gnmbthtehgeeldf;t(ijoLn %:?f (;?boratory coordinate sys- First, consider the components of the final electron drift
9 y q e momentum along the beam propagatipp=c(1—a2+a§
+a§)/2a, along the major axip,=ca,, and along the small

a=1, a;=0, a,==*e€Q. (6)

2¢€
a?(t+x/c)— B2+ —(a,coswé+gaysinwé) axis of the polarization ellipsg,= ca,, respectively. From
w
Eqg. (6) we see that the photoelectrons are preferably pro-
1—g? - f(&)—1 duced with the drift momentum
+ 1o €°sin2wé= B3, UX_Cf(§)+1’ zgz
€
Px= 2 ¢, py=0, p,==*egc. ()

cay Ce
y=pB1+ 75— Ecos(ug,
For a laser wavelength of=780 nm and for laser intensi-
2 ties of aboutl=(10"*-10") W/cn?, the parametefe is
vy=m{al+esinwg}, equal toe;=0.65-2.1 for the linearly polarized wavey (
=0) and e,=0.46-1.46 for the circularly polarized wave
cay ce (g?=1). According to the classical barrier-supression ion-
=B+ —&£—g—sinwé, ization model the photoelectrons are emitted with a relativ-
@ aw istic drift momentum[12] at these laser intensities and for
sufficiently large ellipticityg. On the contrary, in the case of
linear polarization the photoelectrons have a zero drift mo-
mentum.

2

C
=m{a2— €g COSwé},

Uz
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Second, the angle between the electron drift momenturstate with abitrary momentum within exponential accuracy.
components along and perpendicular to the direction of thé applies for the case of sub-barrier ionization with ellipti-
laser beam propagation is shifted toward the forward direceally polarized laser light.

tion and reads We are now interested in thetal ionization rate. Within
exponential accuracy it suffices to find the maximum of the
P, Ipd  €lgl transition rates between initial state and all possible final
tan0=w=m=7. ®  states. Equivalently, one has to find the minimum of the

imaginary part of the action as a function of the final state

For linearly polarized laser light we obtain tar 0. For the ~Mmomentum. The minimization of the imaginary part of the
case of circularly polarized lightwhere targ= €/2) our re-  action with respect to the components of the final state mo-
sult coincides with that of previous workg,g]. mentum leads to the following boundary conditiddg]

(x,r)(tg)=0, Im(x,r)(t=0)=0. (12
Ill. RELATIVISTIC SEMICLASSICAL APPROACH

. . Co From these conditions we obtain that the most probable final
Consider now the process of nonlinear ionization of a

strongly bound electron with a binding ener&y, compa- state is characterized by the parameters
rable with the rest energy. Recently the ionization process in 1 SinfPh. 1- 02
static crossed electric and magnetic fields has been consid- 42—=14+ —_| 1+ g2—2¢2 o_ —gsinh Ao,
ered[3,4]. The results of this paper may be applied to the 279? A3 AN
ionization in laser fields only for the case of very strong (13
fields e>1. With an increasing frequency of the laser light
(especially for a tentative x-ray lagerery high laser inten- a;=0, (14)
sities are required to satisfy this condition. Therefore it is
necessary to generalize the resul{®#] to the case of non- a;=*(g/n)(sinhAg/No). (15
zero frequencies. We consider the sub-barrier ionization. The o . . ]
condition to be satisfied is the opposite to the case of pure Substituting the values,=—iwty and a into the final
classical ionizatiorF <Fg, in addition we have the quasi- state'actl_on we obt_aln the_ probabll_lty_ of reIat|V|§t|c quasi-
classical conditiomiw<E,. No restrictions are applied to c_:lassma_l |pn|zat|on in _the field of elliptically polarized laser
the parametee. Thus we will cover both the regime of rela- light. Within exponential accuracy we get
tivistic tunnel and multiphoton ionization. oE

We employ the relativistic version of the Landau-Dykhne We ex;< - _bf( %ngb)) , (16)
formula[3,5]. The ionization probability in quasiclassical ap- ho
proximation and with exponential accuracy reads

where

2
Wocexp‘—%Im[Sf(O;to)+Si(to)]], 9

f(v.0.Ep)=| 1+

1+9° mcé (1—a)?
+— \o
2—)/2a Eb 2a

whereS, = Egt is the initial part of the actiort; is given by
Eq. (1) [or Eq. (2)]. The complex initial timety has to be

determined from the classical turning point in the complex
half-plane[3,5]:

tanhi g\ sinh 2\
—. (17

—(1—92+292 e

472a

The magnitudes and\ have to be taken as the solution of

1+a?+f2 e e? , Egs.(11) and(13). Furthery= \2mE,w/eF is the common
Ef(t))=mc® Y mczaf'A(to)erA (to) adiabatic Keldysh parameter from nonrelativistic thel@y

Equation(16) is the most general expression for the relativ-

=E,=mc—Ey. (10)  istic ionization rate in the quasiclassical regime and for field
strength smaller than the above-barrier threshold. It describes

Explicitly we obtain for\g= —i ot the following relation in ~ Poth the tunnel as well as the multiphoton ionization. Itis the

the case of an elliptically polarized planar wave Eléa]ltlwstm generalization of previous nonrelativistic results

sinhA
sintP\ o —g? 0

2
_ .2
coshho— ) =y (a), (11 A. Relativistic tunnel ionization

Consider now some limiting cases. In the limit of tunnel
where y(a)=7J1+a?’—2ag,, or y*(a)=(1—a)?7?> ionization p<1 we reproduce the static result of Ref3,4]
+ ay?, with the dimensionless initial energy,=E,/mc>  and obtain the first frequency correction
and the relativistic adiabatic parametgr e = wmdeF.
Equation(9) together with Eqs(2) and (11) expresses the \ytunnel, exp[ _ F_s q)]
transition rate between the initial state and the final Volkov F ’
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2\/5(1_61/%)3/2 3\/§(1_a(2))5/2 1000.0
= _ 2(1_(~2 4
@ o Sa (193 + 007,
(18 800.0 |
where Fg=m?c®/efi=1.32x10'® V/cm is the Schwinger
field of quantum electrodynamicg§15] and ag=(gq = 600.0 |
+\/802+8)/4. In the nonrelativistic regimeg,=E,/mc -
<1, the parametetrg=1—¢,/3+ s§/27, and the probability 7
of nonrelativistic tunnel ionization including the first relativ- 400.0
istic and frequency corrections reads
200.0 |
4 \/ﬁEg/Z 'yz
tunnel,, _ — 1 (1—0n2
W exp[ 3 ohF 1 10(1 g/3)
0.0 : : :
. 13 0.0 0.5 ;.o 1.5 2.0
b
- 1- —~%(1— 2/3)) . (19 b
12mc2( 30”179

FIG. 1. Absolute value of the logarithm of the ionization rate

. . . .. —InWvs the binding energy of initial level,= E,,/mc. The solid
Here the first two terms in the brackets describe the fam|I|a{ine shows the relativistic rate E€16), the dashed line is the non-

nonrela}t|V|st|c lonization rate 'ncmd'ng, the f'rst,fr?quency relativistic Keldysh formuld Eq. (23) without the relativistic cor-
correction, the next two terms are the first relativistic correcgction terni. The curves are shown for a frequengy- 100 and an
tions. It follows from Eq.(18) that the account of relativistic jnensity| =8.5% 107 (in a.u).

effects increases the ionization rate in comparison with the

nonrelativistic rate. However, even for binding energies of

the order of the electron rest energy the relativistic correction f(y>1,9,ep)=In 2y _1 _ Eo

in the exponent is quite small. In the “vacuum” limit Eq. e Vi-¢2 2 8mdn2y/J1-g*
(19) results into Weexp{—9Fg2F[1— 9/4092(1—g?/3)]}. (21)
We find a maximal deviation of about 18% in the argument g# *+1,

of the exponential from the nonrelativistic formula. Here the

“vacuum” limit shall not be confused with the pair creation 1 E,

from the vacuum. It is known that there are no nonlinear f(y>1g,e,)=IN2y\2Iny—-— ,
vacuum phenomena for a plane wdi8]. In contrast to that 2 8mcfin2yy2iny
we deal here with the ionization of an atom being in rest in (22
the laboratory system of coordinates. Nevertheless, the g==1.

“vacuum” limit should be considered only as the limiting . i _ ]

result of the present semiclassical approach where the effecfgain the first two terms in the functioi(y>1g, ;) reflect

of pair production have been neglected. The polarization ofhe nonrelativistic resuft3], the relativistic effects that lead
the vacuum becomes important if the binding energy of thd0 an enhancement of the ionization probability are con-
atom exceeds the electron rest energy. At the binding energiensed in the third term. .

E,=2mc the single-particle picture employed in this paper It has been shown that there is an enhancement of the
breaks down ultimately. The electron energy is decreased ughization rate in the relativistic theory for both large and
to the upper limit for the energy of a free positron, and theSmall 7. This should be compared with the results found by
threshold energy for the production of an eIectron-positrorpranOfd and Reiss. In their numerical calculations they also
pair becomes zero. On the contrary, for a weak relativistidound an enhancement of the relativistic ionization rate for a
initial states,<1 we expect only a small influence of pair Circularly polarized field and fom>1, but for y<1 their
production effects on the ionization process. An appropriaté€sults suggest a strong reduction of the ionization probabil-
consideration of vacuum polarization effects can be giverdty [2]. For the case of linearly polarized light the ionization

only in the framework of quantum electrodynamics. How-rate is found to be reduced by relativistic effeft3. How-
ever, this is beyond the scope of the present paper. ever, Crawford and Reiss studied the above-barrier ioniza-

tion of a hydrogen atom within the strong-field approxima-
tion. In contrast to that we have investigated the sub-barrier
ionization from a strongly bound electron level, which yields
Consider now the multiphoton limig>1. In this case the an enhancement of the ionization rate. This enhancement is

B. Relativistic multiphoton ionization

parameters\o=In(2y/y1—g?) (or \o=Inyy2 Iny for g= connected with a smaller initial timg. As a result the under
+1) anda=1-¢,/2\q and the ionization probability in the barrier complex trajectory becomes shorter and the ioniza-
relativistic multiphoton limit read tion rate increases in comparison with the nonrelativistic

oE theory. Figure 1 shows the relativistic ionization rate Eq.
multi-ph _cEbe o (16) and the nonrelativistic Keldysh formula as a function of
w Mex[{ (X0) fly>19,20) ], (20 the binding energy,, and for the case of linear polarization.
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The figure should be considered only as an illustration of the
enhancement effect. The frequency and intensity parameters
used for the calculations are still not available for the experi-

mentalists.

C. The case of weak relativistic initial state

PHYSICAL REVIEW A61 033403

LSNP 1-g?

_ 2_ _
B=1+g“—2g (02 ()

wsinh 20 (27

Equation(23) is valid in the wholey domain, i.e., in the
multiphoton regimey<<1 as well as in the tunnel limity
>1. For small adiabatic parameters, i.->0, it coincides

The switch from the multiphoton to the tunnel regime ywjth Eq. (19); in the case of large— it transforms to Eq.
with increasing field strength may be studied in the nonrela20). we mention that Eq23) reproduces the full relativistic

tivistic limit e,<<1. Within first order ofey, the ionization

probability is found to be
2Fy
wweak-reb ey — o f(r.g.ep<1) |, (23

where

f(7,9,66<1)=10(y,9)+ &, P (7,9).

Here

fO(y,9)=

2
+1+g ANO—|1-¢g2
272

+29

ztanh)\(o) sinh 2\ (@
(24)

A (© 42

represents the nonrelativistic resl8], and\ (*) satisfies the

equation

sinhA (@) ? )
— :’y

i (0)_ 42 (0)
sintPA (@ —g (cosh)\ NG

Besides,

B

B+472
fH(y, 9=

A

1+g?> cosha©
2 2

2

L ?io ,tanha @ ,tanh\ ©
9°+29° NCH ARG

S|nh2)\(°) ) SIﬂf‘F)\(O)
INCH 1+g°+2g° NGE

+ 2

1-g

g’ sinh 22 (9 | \ () —
22
tanh)\(o)

+2g° NG

)smh 2>\(°>] (25)

is the first relativistic correction, with

sinha (©)
")

A=sinh 29— 292( coshi (9 —

X

. (26)

sinha (©)
A0

1
sinha () — W( cosh\ (©—

formula Eq.(16) with very high accuracy foE,<mc2.

The expression for the rate of ionization of a weak rela-
tivistic initial state essentially simplifies in the caseliokar
polarization. Then we have

2E,
wweakielo gy ~ 7o [(rg=0ep<l)y,

1
f(v,9=0,,<1)=arcsinhy+ F[arcsinhy— yV1+ yz]
Y

Y4+ y?—2yJ1+ y?arcsinhy+ arcsmﬁy
8y*arcsinhy

— ey
(28)

The terms inf(y,g=0,6,<1) that do not vanish as,—0
represent the nonrelativistic quasiclassical ionization rate
found by Keldysh[14]; the terms proportional te, are the
first relativistic correction to the Keldysh formula.

IV. RELATIVISTIC PHOTOELECTRON SPECTRUM

Consider now the modifications of the energy spectrum
induced by relativistic effects. First we will characterize the
most probable final state of the ejected electron. The classical
nonrelativistic barrier-suppression ionization predicts a non-
zero leaving velocity of the photoelectron. However, relativ-
istic effects as well as frequency corrections modify this re-
sult of the classical BSI picture. In the relativistic
semiclassical theory employed in this paper we may set the
constantsa; =0 anda,= = (g/7)(sinh\q/\y) according to
Eqgs.(14) and(15). From Eqgs(4) we obtain then for the most
probable emission velocity in the laboratory system of coor-
dinates

2 H 2
sinhA
1—a? +g— 1— 0
v 29
v . :C s
x,leaving g2 sinh)\o 2
1+ a? +— 1-
7 o
Uy leaving— 0, (30)
2acC g [ sinh\q
Uz leaving— * 2 . 2_< N _1);
g sinh\g 0
1+a?+ =|1- )
7 Ao

(31)
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where a has to be taken from Ed13). In the tunnel limit 0.80
(»<<1) we obtain
1-a? 0.60 |
Uxleaving= C7 5 T O( 772), (32)
1+ aj
Q
1— aé . . 040
Uz leaving— +~ 9Cnag >t O(7%°). (33 >
1+ ag
0.20 |

Here and belowyy=(gq+ \/802+ 8)/4. The first term in the
component of the leaving velocity is independent from both
the frequency and the intensity of the laser light. It coincides

with the static result of Muet al. [4]. The leading term in 0.99 %0 0.50 100 , 150 200
the z component is proportional to the frequency and in- E , /mc

versely proportional to the electric field strength of the laser

radiation. From Eqs(32) and(33) it also follows that thex FIG. 2. Thex component of the emission velocity,/c vs the

component of the leaving velocity vanishes in the nonrelabinding energy of initial leveb,=E,/mc?. The emission velocity

tivistic limit, whereas the-component has a nonzero nonrel- in the nonrelativistic theory is zero. The curve is shown for a fre-
L _ . . _ 7 .

ativistic limit. For a nonrelativistic atom, we get quencyw=100 and an intensity=8.5x 10" (in a.u).

2

v Py.m=0, (39
Ux,leavingzg{l"' O(UZ/CZa '}’2)}1 (34 ym
shh
P, mztmcg 2 (40)
_.V 2/~2 2 ' 7 Ao
Uz,Ieaving_—gg'Y{1+o(U e, v9) 1, (39

The leading terms in the tunnel limity<1) read
wherev = \2E,/m is the initial “atomic” velocity of the

electron. In the “vacuum” limit @y=1/2), we have mc g2
=0, 41
3 , px,m 2(10 772 ( )
Ux,leaving:§C+O(7] ) (36)
3 Pzm= * mC%- (42)
Uz, leaving— iﬁg cn+O( 773)- (37)

For a nonrelativistic initial state and within the tunnel regime
It follows from these equations that a strongly bound elec{y<1) we obtain
tron has a relativistic emission velocity along the direction of

the laser beam propagation. For a nonrelativistic initial state e2F2g? V2 g?+1

ep<<1, the emission velocity along the beam propagation is Pxm=7""> 3 | (43
small. Nevertheless, the mean emission velocity seems to be 2w"mc 9

the most sensitive measure of the appearance of relativistic

effects in the initial states. In Fig. 2 thecomponent of the . eF ¥

leaving velocity is plotted versus the binding energy of the Pzm= ~om 1+ 6/ (44)

initial state. Though we have choosen the same parameters

of the laser beam as in Fig. 1 it should be mentioned that th@here we have given the leading terms and the first fre-

dependence of the emission velocitycomponent on the quency corrections.

laser parameters is rather weak. The main parameter deter- From Eqgs.(38)—(40) we easily obtain the most probable

mining the leaving velocity along the propagation of the la-angle of electron emission. Denote Bythe angle between

ser beam is the binding energy of the atom. the polarization plane and the direction of the photoelectron
From Egs.(13)—(15) we also obtain the most probable grift motion and by the angle between the projection of the

value for each component of the final state drift momentume|ectron drift momentum onto the polarization plane and the

(which is the full kinetic momentum minus the field momen- smaller axis of the polarization ellipse. In the case of a non-

tum). We puta; = py m/MC, a,=p;m/mMc, anda=(—pxm relativistic atom the most probable angles read

+\m?c?+pg o+ Pyt PZm)/mc and get

Pxm _ eFlgl ([, g°+29°
g> 6

px,m:z l-ao°+— (38 m_|pz,m| - 2mcw

mc| , 9 sinhz)\o] tand,,=
7 N )
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We conclude that relativistic effects produce a nonzero components as well as the expression for the peak of the angular
ponent of the mean electron drift momentum along the axiglistribution coincide with the corresponding expressions
of beam propagation. As a result the mean angle of electrowithin the BSI model(see Sec. )l if one neglects the fre-
emission is shifted to the forward direction. However, in thequency corrections.

case of linear polarization the appearance of a nonzero  Consider now the relativistic final state spectrum, i.e., the
component of the photoelectron drift momentum is con-momentum distribution near the most probable final state
nected with relativistic effects in the initial state. The latterdrift momentum. The calculations will be restricted to the
are typically small except the case of ionization from innertunnel regimey<1. Assuming weak relativistic effects in
shells of heavy atoms. Notice that for the nonrelativisticthe initial statee,<1, and puttingdpy=(pPx— Px,m)<<mCc,
atom the most probable value for the drift momentum com-6p,= (p,— p,,m) <mc, andp,<mc, one obtains

[6p2—28pSp,eg+ 6p2(1+2€2g%+ e'g*l4)]
m (1+ €°g?/2)?

Y
Wp0< Wtunnebx% _ %

2
e - Pym 7°(1-0% Py.m k2 48
3m  fo amic?(1+ e2g?2)? fiw |’
|
whereW"U""¢ljs the total ionization rate E419) in the weak In conclusion, in this paper relativistic phenomena for the
relativistic tunnel regime. In Eq46) only the leading con- ionization of an atom in the presence of intense elliptically
tributions in op, and op, have been given; in thp, distri-  polarized laser light have been considered. The cases of rela-

bution an additional relativistic term proportional p@ has tivistic classical above-barrier and semiclassical sub-barrier
been maintained, which becomes the leading term in the casenization have been investigated. Simple analytic expres-
of static fields withy=0. In the nonrelativistic limite<1  sjons for the ionization rate and the relativistic photoelectron
andp<c we reproduce the results of R¢L3]. For the cases spectrum have been obtained. These expressions apply for
of linear (g=0) and circular §=+1) polarization our re- relativistic effects in the initial state as well as in the final
sults are in agreement with recent derivations of Krainovstate. We have shown that relativistic initial state effects lead
(6,8]. to a weak enhancement of the ionization rate in the sub-
The first exponent in Eq(46) describes the momentum parrier regime. The mean emission velocity has been shown
distribution in the plane perpendicular to the major axis ofto be a more sensitive measure for the appearance of relativ-
the polarization plane. In the nonrelativistic theory=0)
the width of the momentum distribution jm, coincides with 1.0 j ; ; ;
the width of the p, distribution. The relativistic effects
(which are measured byg) destroy this symmetry in the
(x,2) plane. The distribution op, becomes broader, the, Bosr
distribution becomes narrower. We also mention the appear§

relativistic
——~- nonrelativistic

ance of a cross term proportional to the proddgpt dp,, 2
which is absent in the nonrelativistic theory. In Fig. 3 the £ o6 |
&

|
f
11
i1
11
11
1
1!
!
!
|
distribution of the projection of the photoelectron drift mo- I
. . . c |4
mentum on the axis of the beam propagation is shown. We= : }
consider electrons that are produced in the creation 8f Ne § o4 | 0
R
1!
;|
P!
[
[
[
| |
! \

(E,=239 eV) ions by an elliptically polarized laser radia- 2
tion with wavelengthA=1.054 um, field strength 2.5 %
X 10" Vv/em, and ellipticity g=0.707. The relativistic mo- @ 5, |

mentum distribution is compared with the distribution of
nonrelativistic theory. From the figure we see that the main

effect is the shift of the maximum of the momentum distri- 4, /., .

i H H -10.0 0.0 10.0 20.0 30.0 40.0
bution, the_ broadening remains small for the parameters we drift momentum p, (in a.u.)
have considered.

The first term in the second exponent of E46) deter- FIG. 3. Spectrum of the electron momentum projection along

mines the nonrelativistic energy spectrum for the low enerthe beam propagation for electrons produced in the creation of
getic electrons moving along the major polarization axis,Ne!* by an elliptically polarized laser radiation with wavelength
whereas the second, relativistic term becomes important for=1.054 um, field strength 2510 V/cm, and ellipticity g

the high energy tail. A detailed analysis of the photoelectron=0.707; the relativistic spectrum is taken from E46), the non-
spectrum will be given elsewhefé6]. relativistic one is Eq(46) with e=0.
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istic effects in the initial state. The more important relativis- the Coulomb interaction through the perturbation theory. The
tic final state effects may cause a sharp increase of the elepesults of this paper may be also used in nuclear physics and
tron momentum projection along the propagation ofquantum chromodynamics.
elliptically polarized laser light. This results in a shift of the
most probable angle of electron emission to the forward di-
rection.

Finally, the expressions obtained in this paper within ex- This research was partially supported by the Deutsche
ponential accuracy may be improved by taking into accounforschungsgemeinschdttermany.
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