PHYSICAL REVIEW A VOLUME 55, NUMBER 4 APRIL 1997

Coulomb-corrected strong-field approximation for the two-electron atom

Jarogaw Bauer
Centrum Fizyki Teoretycznej PAN, Al. Lotnik@2/46, 02-668 Warsaw, Poland
(Received 24 September 1996; revised manuscript received 2 Decembgr 1996

We present the model accounting for the Coulomb effects that occur in the direct double photoionization of
the two-electron atom in an intense field of a circularly polarized plane wave. The model is the strong-field
approximation(SFA) (the Reiss version of Keldysh-type modebpplied to helium. We improve here our
earlier study by inserting the electron-electron correlation in the initial state of the atom, and by inserting the
Coulomb correction due to the influence of the nucleus on the final state of ionized electrons’ pair. While the
former improvement is of little significance, the latter extends the applicability range of thef8F#ypical
laser wavelengthsand causes appreciable growth of the total ionization [&#8050-29477)00102-9

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

A single free electron oscillating in a plane-wave electro-"rnt . ,&(t)=6. Z is the charge of the nucleus, and the
magnetic field is described by the Volkov or Gordon-VolkoV gistance between the electrons is IF|=|Fy—1). We look

[1,2] exact solution of the Schdinger equation. This wave o the approximate solution of Eql) with a positive en-
function was often applied in the models introduced byeqy e when both electrons are not bounded by the atomic
.Kel'dys.h, Faisal, and Rei$8] to calculate .the smgle-eleptron otential V. Our calculation is a straightforward generaliza-
ionization of atoms by the strong laser field. There exists thtgon of that by Reiss and Krainof6]. We introduce the

analogous exact wave functip#] for two electrons interact- Kramers-Hennebergef7,8] transformation for the two-
ing both mutually and with the laser field. This wave func- qjactron wave function substituting

tion has been employed in our calculatidg of the direct

double ionization of helium by the intense circularly polar- t

ized electromagnetic plane wave. In these calculations, as in\If(r*l,r*z,t)=exr( —iJ drA(r)Z/ cz>
the original Reiss approadB], the influence of the remain- ‘°°

ing ion on the final state of ionized electrons has been ne- - > - = I
glected. Reiss and Kraind] have introduced an analyti- xexda(t)- Vilexg a(t) Vo] P(Fy, .,
cally simple dipole-approximation solution for the unbound 3
electron in the simultaneous presence of the circularly polar-

ized plane-wave laser field and a Coulomb potential. Theiwith

solution is simply the ordinary nonrelativistic Volkov state

times temporal factor, which only makes a shift in energy. - t >

This Coulomb-corrected Volkov wave function well de- a(t):_jxdTA(T)/ c.
scribes the electron, if the laser “field is strong enough to

require the Unbound e|eCtI’0n to move in a nearly CirCUIarRep|acing the wave functio® in Eq (1) by the right_hand
orbit at a distance much larger than a Bohr radius from thejge of (3), we get the equation satisfied dy. Performing

center of the Coulomb force[6]. algebraic operations included in the square brackets of Eq.
It is easy to derive a two-electron counterpart of the(1) we get

Coulomb-corrected Volkov state. The Sctiimger equation

4

for two electrons in both the laser and nucleus Coulom 9 1 1
fields is i(ﬁ +§Vf+EV§—V(F1fz)}
P
I Y (O Bl B AT :
i —— | —i - —=| =i - - -
a2 e 2 27 ¢ xexp(—if dTAZ/ Cz)exd&-vl)exq&.vz)d)
_V(Fl,rz):|ql(rl,rz,t):0, (1) :O7 (5)
with where the differentiation over time acts only @n Then we
multiply Eq. (5) from the left-hand side by the product of
... Z Z 1 two commutative operators: expé-V,)exp(—a-V,). Be-
V(F1,f)=— r, I, + T 2 cause both operators perform the well-known iderfiyy
(Atomic units are used throughout the papek(t) is the exp—a- V)V(Nexpa-V)=V(F—a), (6)

vector potential for the circularly polarized plane-wave field
in the dipole approximation, with the boundary condition we obtain

1050-2947/97/5&})/3261(3)/$10.00 55 3261 © 1997 The American Physical Society



3262 BRIEF REPORTS 55

1
2

In the above expression®=|P|, p=|p|, I' is Eulers
gamma function, and- is the confluent hypergeometric
function. Such a solution like>{™) has been chosen due to

=0. (@) its application in the physical problem of ionization.

) ) We have already employed the product of the similar
For the circularly polarized plane wave the vecidt), from  wave functions as the final state of the outgoing electrons’
Eqg. (4), only rotates, and its length is constant. We assumegjr in the direct double ionization of heliufb]. It is worth
that the laser fieldof frequencyw, electric-field amplitude  mentioning here the main idea of this paper. The following
F, and radiation intensity=2F<) is strong enough that two-electron strong-field approximati¢8FA) amplitude has
been applied to describe the process

B
i —+5Vi+

t3 V3= V(1= G(1),Fo— @) | D (71, fo,)

F
ap=|a(t)|=—=>ry,r,. (8)
’ Wt (s—1)ﬁ:—ifdt(qf§q><ﬁ*>,H.¢i), (13)

Because we are going to incorporate the wave funciian v. . _ .

the S-matrix element with the helium atom ground state,whereW¥ S is given by Eq.(12) without the last term in the
r1,r, should be limited to the values smaller than the radiussxponent, ') is given by Eq.(11), H,(P,t)=A(t)-P/c

r, of the atom. It seems reasonable to defipas a radius of | 5(4)2c2 is the laser-atom interaction Hamiltonian in ra-
the sphere including both electrons with the probability of ji5tion gauge, andb, is the laser-field-free initial atomic

90%, for example. If we employ the simple variational Un- gyate(the helium atom ground stateSince the final state of
correlated wave function with the effective nuclear charge o he electrons’ pair factorizes into two functions, one of the

Z=Z 3%, e.g.,[QJ, then we numerically obtain,=3.2/Z¢.  center-of-mass vector, and the other of the relative co-
(For the probability of 99% we hawg=4.7/Z;.) Thus, for o qinate vector, it is convenient to calculate the sixfold spa-
helium we evaluate the'Iower radiation intensity In(fnoT tial integral indicated by the parentheses of ) in these
the conditiona,=10r, with Z=2) to be about 7.810%". | ;iaples. We have shown that a reasonable approximation
On the condition(8) Eq. (7) reduces to of the initial state by the wave function, which depends only
on the lengths of the above-mentioned vectors, enables us to
D(Fy,F,,t)=0. (9) reduce significantly the number of numerical spatial integra-
tions to be done. The same mechanism works when we in-
tegrate the differential-ionization rate over all the possible
One solves the above equation by changing coordinates arithal states of outgoing electrons.

. d 1V2 V2
|—+§ 1+§ >~ _a’_0+F

1 27
ot

the respective operators frofp,f,,V;,V, to their center-of- In the present paper we employ our model to calculate the
mass and relative counterpafty: total direct double-ionization raféq. (15)] of [5]), with two
improvements. First, we apply a more accurate ground-state
R= (Fi+F )2, F=F,—F,, (10) wave function including also the electron-electron radial cor-
relation. This function has been constructed in a way similar
s s - - . - to the one beforg5], on the ground of the following wave
Ve=V1+V,, V,=(V=Vy)/2. function [10]:
The solution of Eq(9), which is to describe two unbound ®i(rq,rp,t)=N exp(iEgt)[exp(— ar;— Br,)

electrons, may be parametrized either by their momgpta N 14
B,, Or by their total and relative momen, p. Returning eXp(—ary— By, (14
[through Eq(3)] to the original wave functiot, we obtain it ,=2.179 B=1.189, E5=2.904, N=0.7070. The

the explicit approximate solution as the product of the repulchanges in the total ionization rate due to the better initial
sive Coulomb-wave function, satisfying the so-called “in- giate"increase with intensity from a few up to about 30%.

going” boundary conditiorj9]: Second, we apply the Coulomb-corrected Volkov final state
. (12) instead of the ordinary Volkov state. One can easily
<I><f)(r*)=ex;< T F( _ '_) understand this change as a simple radiation frequency and
P 4p 2p intensity-dependent decrease of the binding energy
xex;a(iﬁ~F)F(2l—,1,—i(pr+ﬁ-F)), (11 Eg(w,1)=E _ZL:E _2\/52_(1)2 (15)
p B ’ B ao(w,l) B \/l— .

and the nonrelativistic Coulomb-corrected Volkov-type wave

. (For helium we haveEg=2.904 andZ=2.) In this expres-
function

sion intensity is bounded from below in such a way that for
a given frequency the negative term is always much smaller
\ng(ﬁ,t)zex;{iﬁ- R—i(P%4+p?)t+ia(t)-P thanEg . However, as we have observed previoUsly, the
P SFA is quite sensitive to the value of the binding energy.
. 217 Thus, evena small change in the binding energy may change
_ij dTAz(T)/ C2+—'[} (12) the total ionization rate by a few orders of magnitutieee
- o Fig. 1) It follows from Eg. (15) that in the limit of infinite
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FIG. 1. The direct double-ionization rates for helium by the FIG. 2. As Fig. 1 for some higher frequencies. Each curve is

circularly polarized plane wave. Solid line, the Coulomb-correctedshown for intensity starting from the ten times smaller one than the
SFA,; dotted line, the ordinary SFA. Frequencies are given in atomigespective lower applicability limit.

units. ®=0.043 a.u. corresponds to the wavelength of 1053 nm and

0=0.0742 a.u. corresponds to the wavelength of 614 nm. For the . L
intensity, 1 a.u. corresponds to 3%610'° W/cn?. However, our calculation indicates that the process de-

scribed here is very weak for the intensities applied experi-

mentally so far. There have been two experiments concern-

intensity the second term vanishes, and we get the ordinari¥] L ; -
. . g the double ionization of helium by the strong circularly
uncorrected SFA. Figures 1 and 2 show the direct dOUblebolarized laser field11,12,. Fitinghoff et al. [11] have ob-

ionization rate as a function of intensity for several frequen- . -
cies. The ordinary SFA is supposed to be valid whgn1 ferveq’ that the nonsequential rat% or the charactensuc
[3]. The intensity parametey, is equal to twice the pondero- knee” structure (on the p_Iot of the HE" ion cpunts d's"’?p'
motive potentiall, (of the ionized electrondivided by the pears when Fh? polanzathn changes from linear to circular.
electron binding energyin the absence of the laser figld Although a similar conclusion is made by Walkeiral. [12],

This condition applied here for the two-electron atom is@ Slight “knee” shape may be recognized also in the case of
2,=4U,/Eg=10. Then the lower intensity limit is evaluated circular polarization theré-ig. 3 of Ref.[12]). These authors

to be about 18°Eg . The analogous limit for the Coulomb- Suggest that the direct two-electron ionization seems to be
corrected SFA has already been evaluated abidee the the most logical explanation for helium.

text below Eq.(8).] While for higher frequencies including o o .

the Coulomb correction remarkably restricts the applicability ~The author is indebted to Professor Kazimierz Zeeski
range of the SFAFig. 2), for lower frequencies this range is for his assistance and to Professor Howard Reiss for his use-
extendedFig. 1). The most important thing is the very high ful remarks. The paper has been supported by KBN Grant
increase of the total ionization rate if the correction is takerNo. 2 PO3B 04209, KBN Grant No. 2 PO3B 05809, and by

into account. MCS Fund Grant No. PAN/NIST-93-156.
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