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Correlation effects in two-photon single and double ionization of helium
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We study the effects of two-photon absorption in the region of the double continuum of helium, with
extreme ultravioletxuv) laser fields. The nonrelativistic time-dependent Sdhrger equation is solved for the
two active electron systems, interacting with strong laser pulses. The dynamic calculations include electronic
correlations. The final double continuum states are calculated by treating the electronicrtgrmithin the
zero- and first-order perturbation theory. We calculate the total single and double ionization probabilities and
cross sections for photon energies of 45 and 57 eV, as well as the electron energy distributions in the double
continuum. The effects of electronic correlations are discussed in the context of ultrashort pulses.
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[. INTRODUCTION and structured for the sequential ofie., when the double
ionization results from the ionization of He followed by the
The development of new extreme ultraviolgtv) laser ionization of He'). It is important to recall that, in contrast
source facilities opens the way to explore light-matter inter-with one-photon multiple ionization or excitation processes,
action at high frequency, high intensity, and short pulse dumultiple ionization or excitation resulting from more than
rations[1,2]. Therefore, it will be soon possible to investi- one photon absorption does not necessarily require correla-
gate nonlinear processes in atoms and ions in the xuv regiméons to occuf13]. Therefore, the zero order in perturbation
It is well known that collective effects often play an impor- theory in 1f, should give the leading contribution to the
tant role during laser-matter interactions at short wave{2y,2e) cross sections. In particular, this applies to the iso-
lengths. In this case, the single active elect(®NE) ap-  electronic series of helium where the zero order & fér-
proximation is no more valid and the calculations mustturbation theory(PT) becomes exact for largé (in the non-
include channels where both electrons are excited and/or iomelativistic limit) [8]. The aim of this paper is to discuss the
ized. This increases enormously the computing efforts thatorrelation effects in direct and sequential two-photon
are required to calculate the relevant probabilities and crosdouble ionization of helium. A particular attention is paid to
sections, either by using the lowest-order perturbation theorthe description of the double continuum produced by ul-
(LOPT) or by solving the time-dependent ScHinger equa- trashort and intense pulses.
tion (TDSE). In this context, the helium atom is the simplest We have developed a spectral method of configuration
system to test the theory; it is also an excellent candidate fanteraction type to solve the time-dependent Sdhrger
experiments with free electron las@fEL) sources. Until  equation(TDSE) for two active electron systems. We use a
now, one-photon double ionizatiory2e) of helium has re- technique of discretization witlB-spline functions[14] to
ceived a lot of attention, from both the experimental and thecalculate the whole atomic spectrum. The advantag8-of
theoretical sidef3]; theoretical and experimental values now splines is that they are compdct integrable functions de-
agree fairly well. In the case of nonlinear processes with twdined in a restricted space usually referred to as a box, in
active electrons, a great effort has been put on the solution afontrast to such.? basis set as Gaussian, Sturmian or Slater
the TDSE. It is often solved by performing a numerical in- orbitals that extend to infinity. One of the advantages of solv-
tegration or through spectral type methddse Ref[4] fora  ing the problem in a box is that it is easier to control the
review and Refs[5-11] for recent works related to double density of states in the continuum. Nevertheless, by includ-
ionization. A R-matrix Floquet theory has also been successing different pairs of nonlinear parameters, Sturmians have
fully used to describe the (22e) process[12]. For two-  been shown to be efficient to solve the TDEE1Q]. They
photon double ionization (2,2e), the interest has increased also provide very accurate values for high-lying excited
in the last few years and several theoretical approaches hastates[15]. B-spline expansions are extremely powerful in
been developed. Although the theoreticaly(2e) cross sec- many situations in atomic and molecular physisse Ref.
tions obtained for helium by several groups lie within the[16] for a recent review For example, they have been re-
same order of magnitude, discrepancies still eése Ref. cently successfully used to describe the interaction gf H
[9] and references thergirand further investigations are with strong lasers by using an expansion in terms of prolate
needed in this domain. The electron energy distribution speaspheroidal wave functions confined in an ellipsoidal box
trum has also received attention from the community. Thi§17]. In the present case, products Bisplines are used to
spectrum is strongly related to the mechanism leading teepresent the radial part of the wave function, which permit
double ionization: it is generally flat for the direct processto incorporate electron-electron correlations at a high degree
of accuracy during the numerical solution of the TDSE. Our
approach has been described in previous pajpéesl above
*Corresponding author. and we will not give details here.
Email address: laulan@celia.u-bordeaux.fr Until now the main approximation was to project, at the
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end of the pulse, the solution of the TDSE onto Coulombdirect diagonalization of Eql) gives the eigenenergies and
states in order to extract the population of the doubly ionizedhe expansion coefficient#;i‘," of the bound and continuum
states; it is the zero order approximation of the perturbatiorstates. The cornerstone of our method is that, the system
theory in 1f,,. We develop here an approach that partlybeing confined in a box, the whole atomic spectrum is rep-
includes electronic correlations in the double ionizationresented by discrete states. Therefore, we do not make any
channel. Our method provides quantitative informations fordistinction between bound and continuum states and this re-
single and double ionization probabilities, as well as electrortduces considerably the numerical difficulties in both pertur-
energy distributions in the double ionization channel. bative and non-perturbative approaches. Furthermore, it is
We present first the theoretical approach. A particular ateasy to normalize the continuum states on the energy scale
tention will be put on the description of the double continua.and to extract physical quantities.
Then, we will present results for photon energies of 45 and
57 eV. Note that sequential double ionization, with two-
photon absorption, is permitted with photon energies of 57 ) ] _
eV, while this process is only direct in the other case. We will L€t us now consider the interaction between the atom and
present first cross sections calculated with correlated and ufPe 1aser field. Within the dipole approximation, the time-
correlated double continuum. Besides)(2e) calculations, dependent Schainger equation to be solved is given, in the
results will also be given for one-electron ejection with two- Velocity gauge, by
photon absorption (2,€). Then the electron energy distri-
butions will be also analyzed for different representations of =W, (ry,rp,t)=
the double continuum and with different pulse durations. The at
calculations are performed at an intensity of4W/cn?, _ _ o _
where three-photon absorption does not play a significanThe vector potential, polarized along thaxis, is defined as
role in the helium case. Atomic units are used throughout the -
paper unless otherwise mentioned. A(t)zAO( cos?t

B. Time-dependent calculations

H+,22A<t>-pi}w,)(rl,rz,t). (4)

2
cog wt)e,, (5)

1. THEORETICAL APPROACH . . .
whereT is the total pulse duration; T/2<t<T/2, andw is

A. Atomic structure calculations the photon energy. Similarly, in length gauge, the time-

Let us first describe the method. The electronic structuré€Pendent Schedinger equation reads
of the helium atom satisfies the equation

4
(H_En)’\ljnzo (l) IE\PI(rl,rz,t)_[H_l—zlz E(t)r|:|q,|(rl!r2!t)! (6)
H is the nonrelativistic Hamiltonian, which reads with the electric field defined as
_ 1 J
H—Ho(1)+Ho(2)+r—12 E(t)=—EA(t). %)
1 1 z zZ 1
=—zA Ay ———+—, (2 The time-dependent total wave function is expanded on
2 277 1 T Ty the basis of the field-free atomic eigenstates, normalized to
unity,

whereZ is the nuclear chargeZ(=2). The labels 1 and 2

refer to the electrons 1 and 2, respectively. For a given total Ng,Lmax
angular momentunh and projectionM, the solution of Eqg. W (FyTgt)= E Cv,l(t)q,L,M(rl’rz)' ®)
(1) is expanded on a basis of two-electron configurations that o a=nL "

are products of one-electron functions as follows:
Equation(4) [or Eq. (6)] is integrated over the total pulse
2 L wBi(ra) Bj(ry) durationT. The initial condition is given by
C ' —_—

L,M —
‘I,n (rlirZ)_A na r
1 2

W12,
©) W(ry, 1o, t=—T/2) =W (ry,r,,t=—T/2)

=WEM=0(ry,ry), (9)

aEi,I‘,|1,|2

where A is the antisymmetrization operatdy,is the angular
. ’M . . ._ B
momentum of electron andylLl’,Z(l,Z) Is a bipolar sphen where\Ifi",;M‘O(rl,rZ) is the initial state of the field-free sys-

cal harmonic. TheB-spline function of ordek denoted by tem, j.e., the ground state of He in the present case. In the
BX(r) is a piecewise polynomial of degré&e- 1 [14]. We use following, it is assumed thatl =0.

Ny B-spline functions, that are distributed along the radial |n order to accelerate the numerical calculations, we
axis, in a radial box defined from=0 toR,ax. As usual, we  eliminate the oscillations of the field-free atomic states by
choose the B-spline sequence so thaB¥(0)=0 and solving the TDSE in the interaction picture. The relation
BK,b(Rmax)zo in order to fulfil the boundary conditions. A between the total wave function in interactidh) and
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Schralinger (S pictures is given, at the end of the pulse, by  TABLE I. The (I,,1;) pairs of angular momenta and total num-
ber of combination terms in E@3), for each total angular momen-
‘lff)")|(rl,r2,T/2)=exp(iHT/Z)\Iffj)(rl,rz,TIZ). (10 tum L. B-spline basis set parameteiR;,,,=50 a.u., N,=50, k
=7, and a linear knot sequence.

C. Description of the final double continuum states
Angular Number of

The basis set being not truncated in expandi®n the momentumL (I1,1,) angular pairs combination terms
electron-electron correlations are included in the solution of
the TDSE to a high degree of accuracy. The main approxi-  L=0 0,011 22 3B3 5100
mation comes at=T/2, i.e., when the population of the final L=1 0.1 (1,2 5000
double continuum state, ., (r1,r;) is calculated. It is :: g ©2 @13 6275

simply given, in the interaction picture, by = 03 (12 5000
PLKIK' 1) =[( D0y (P, ) [T (ry 10, t=T12))[2, , ~
(12) Pe=I(F () [PH(rora t=T/2)2 (1)
\"I'fg'])l(rl,rz,tzT/Z) refers to expansiofB) where the initial It is now easy to calculate the population in a double

state has been excludgg. In previous works, we have fully ionization channel I(,I,I"). In the zero order PTsee Eq.
neglected the electron-electron correlationﬁ)ibk,,,(rl,rz) (11)], we sumP(klk’l") over allk andk’ with E,,E/s
and the double continuum was approximated by an antisym=0. In the case of the first-order PT calculatidsee Eq.
metrized product of hydrogenic functionsgli(r)  (16)], we sumP: over all n and k values withEX" =E,,

=R (r)Y["(8,¢). This is the zero order of the perturbation =0. In both cases, the total double ionization probability is
theory with 1Z as a parameter, within this approximation the simply obtained by summing the contributions of the chan-

double continuum reads nels CL=0,l,,l,) and L=2,I1,l,) with the angular pairs
. ¥ (11, 1,) shown in Table I. Note that the eigeneneigl' is
<I>k,k,,,(rl,rz):/\/[Rk,(rl)Rk,,,(rz)yh, (1,2)+(1=2)]. the total energy of the two electrons, one of the electrons
(12 having the fixed energ¥,,, the other electron has the en-
The normalization coefficient/ insures that ergyEy =Ey' —Ey . The set of energieSy' represents a
“smooth” double continuum channel and it is easy to nor-
(P | P ) =1 (13)  malize the stategX'"'(r,.r,) on the energy scalek’l’” by
using the density of stat¢46]
and
. ) 2
[HO(I)_EK|]¢ran(ri):OI (14) p(Ekq/):p(Eﬁ” ):W, (17)
|Enfl_ En+l|

wherei =1 or 2 andH(i) is defined in Eq(2). For the sake
of consistency, Eqgs(1) and (14) are solved using similar where the labelsy, n—1, andn+ 1 refer to the ordering of

B-spline basis set parameters. the eigenenergieEﬁ”' . A similar formula holds forp(Ey).

We incorporate now first-order correction terms in the ex-—rs gensity of probability associated to the electron energy
pression of the double continuum. We include correlations b%istribution reads

diagonalizing the HamiltonianH in the basis set
{fl){;lk,l,(rl,rz)} with k, I, andl’ fixed. This diagonalization d2pk

leads to eigenenergieE" and associated eigenvectors mZP(Ekm)p(Em)PE. (19

FX(r,,r,), normalized to unity, which read
We also calculate the one-electron energy spectrum in the
double continuum, which is obtained by summiRy over

Np
FUW ()= > AU DL L (r1,r). 15 /
n (Tar2) kgl nk [Phicr(12:2)) 19 E=EﬁII . In this case, the density of probability reads

Note that, if we choos&l=1s, the eigenstates lying above dP:
the first ionization threshold represent thekl’ continuum d?=p(Ek,) Z 'Plé. (19
states in the well-known static-exchange approximation. The K S

new representation of the double continuum only involves

radial correlations. Screening effects, totally neglected in the |n order to calculate the total-integrated cross sections, we
zero order perturbation theory, are now partly taken into acyse the following expressions:

count in 7" (ry,r,).
At the end of the pulse, the population of the stationary
stateZ"" with energyE=EX"" reads

. w 2Pnk
0-(27!e)_ I_ T (20)

T
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TABLE II. The (27y,2e) cross sections calculated at various
photon energies and in interactién and Schrdinger(S) pictures.
Cross sections are expressed irfem
w (eV) Zero-order PT First-order PT
45 1.4x10752 (1) 1.7X107%2 (1)
0.9x10752(9 0.99<10 %2 (9
57 2.4<10°%2 (1) 2.5x107%2 (1)
2.15x10°%2 (9 2.2x10°%2(9
2y,26)=| 2 P 21
o(2v22)=T7] 21 02 04 06 08 10 1.2 1.4

wherel is the intensity in W/crh and the photon energy is
expressed in joules:= 35T (expressed in secongshe co-
efficient 25 takes into account the time dependence of the 1.
intensity.P,,, and Py are the total probabilities of single and
double ionizations, respectively. The single ionization prob-

ability P, is calculated by adding the populations in chan- 1.
nels L=0 (excluding the initial stafeand L=2, and sub- =
tracting Py . S 0.8
L}
L

IIl. RESULTS AND DISCUSSION 0-

The B-spline basis set and the configurations used in ex- 0.4

pansion (3) are given in Table I. The eigenvectors and
eigenenergies are calculated by using a standard diagonaliz:

tion method. In the dynamical part, we include the lowest 02 04 06 08 10 1.2 14

1500 eigenstates, for each total angular momeriturhere- (b) = (a.u.)

fore, there is a total number of 6000 eigenstates in the time-

dependent expansiqi8). We assume a (;65pu|se envelope FIG. 1. Comparison of the electron energy distributions between

[see Eq(5)], the maximum intensity i$=10"* W/cn? and  the zero order calculatiof®), left, and calculation in first-order of
we choose ten optical cycles for the total pulse durationPT (), right, for =57 eV, 1=10" W/cn¥, and a pulse duration
We have checked that higher-order processes, such & 10 c;ptlcal cycles. The dotted line is the theoretical excess energy
three-photon ionization, do not play a significant role at thisE" TE"=1.29 a.u.
intensity. } )

Table Il shows the cross sections for double ionization ofPendent of the picture adopted. Nevertheless, dug) tthe
helium through two-photon absorption, fer=45 and 57 eV,  truncation in expansiori8) and (||_) the fact. that theT .fmal
in the interaction and Schainger pictures; we also compare States do not have correct standing outgoing gondltlons, the
the zero- and first-order PT results. The calculations hav&V0 pictures lead to different results. Comparison between
been performed in the length gauge, we have checked that
the velocity gauge produces similar results. The TDSE equa
tion is solved within the interaction picture by means of an
explicit Runge-Kutta method of order 18], we have
checked its stability. In principle, i.e., in a complete basis set
and with exact stationary states, the results should be inde

NS \@
TABLE Ill. The (2y,e) cross sections calculated at various ~ B
photon energies and in interactiéi and Schrdinger (S pictures. o~ R Q'\"’
Cross sections are expressed irfem < - -~
<3 e QQ-\Q?
. <, O o &
w (eV) Zero-order PT First-order PT ! PR o
—51 51 < oV
45 1.6x10°>* (1) 1.57x107> (1)
1.74x107°1 (9 1.64x10°°* (9 FIG. 2. Electron energy distribution in the dominant channel
57 8.4x10° %3 (1) 7.6x10° %3 (1) (L=2, 1,=1, lI,=1), calculated within the first-order PT, fas
10.6x 10723 (9 10.1x 10753 (9) =57 eV, | =10" W/cn?, and a total pulse duration of ten optical
cycles.
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FIG. 4. One-electron energy spectrum in channeke@, |,
=1, 1,=1), calculated within the zero order Rdashed curveand
the first-order PTsolid curve, for =57 eV, | =10 W/cn? and
a total pulse duration of ten optical cycles.

Schralinger picture. For the sake of clarity, we have repre-
sented only the contour lines which correspond to the higher
probabilities. For this photon energy, the theoretical excess
energy available in the double continuum B'+E?
~1.3 a.u.; itis represented in the figure by a dotted line. We
note that the distribution is dominated by two symmetric
peaks. Each peak results from a two-step process where the
helium atom is ionized through one-photon absorption, then
the He' ion is ionized through the absorption of the second
photon. During the first step an electron is emitted with the
energyE'=1.2 a.u., the second step leads to the ejection of
FIG. 3. Same as Fig. 1, with a total pulse duration of six opticalthe residual electron with a lower energy, iB2=0.1 a.u.
cycles. The differenceE'—E?=1.1 a.u., corresponds to the corre-

zero- and first-order PT calculations indicates that for botl‘%:mon energy in the ground state of He. Note that the two-
q

(b)

hoton energies electron-electron correlations do not affe tep(or sequentialprocess dominates when the ionization of
P 9 e He" ion is energetically permitted, i.e., for photon ener-

significantly the cross sections. Although orders of magni- ies larger than 54.42 el2 a.u). This is in agreement with

tudes are similar, cross sections calculated in the interactiogarlier prediction§13]. For lower photon energigd.45 a.u
and Schrdinger pictures differ at 45 eV. At 57 eV, both <w<2 a.u.), the two-photon double ionization process is a

pictures give similar results. It is also worth noticing that the . o
order of magnitude of the cross sections at 45 and 57 eV ar%'reCt one and the electron energy distribution is unstructured

similar.

We have also calculated the ¥2) ionization cross sec-
tions for =45 and 57 eMsee Table lll. As in the case of —~
(2v,2e), we consider a total pulse duration of ten optical s
cycles and a peak intensity of ¥0WN/cn?. Table 11l shows a
good agreement between the zero- and first-order PT results
The interaction and Schadinger pictures also compare well.
In contrast to the (2,2e) case, the (2,e) cross section at
45 eV is much larger than that calculated at 57 eV. Compar-
ing Tables Il and 1ll we note that double ionization domi-
nates at 57 eV, while single ionization is predominant at
45 eV.

Besides cross sections, our approach permits to calculat
electron energy distributions. In Fig. 1, we have representec 0 o5 p v
the eIectron'energy _d|str|but|on inthe€2,1,=1,1,=1) Ejected electron energy (a.u.)
channel, which dominates, for a photon energy of 57 eV. The
pulse has a total duration of ten optical cycles; its maximum FIG. 5. Same as Fig. 4, with a total pulse duration of six optical
intensity isl =10 W/cm?. The distribution is shown in the cycles.

2e-06 LI L N I L R I L B I BN B B I B L B

1.5e-06

nsity (

1e-06

Probability de

5e-07

o
N
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[8,10]. Zero- and first-order PT calculations are shown in thelaser pulses. Correlations are included in the initial state and
figure. We remark that the distribution calculated within theduring the solution of the TDSE. At the end of the pulise.,
first-order PT is closer to the energy conservation line, whictatt=T/2) the double continuum state is approximated by
indicates that the calculation of the electron energy distribua simple product of hydrogenic functions af®l by a func-
tion is improved in the first-order PT. Figure 2 shows thetion including first-order corrections. Our results show that,
profile corresponding to the case of Figb)l obtained with a5 expected, cross sections calculated in zero- and first-order
the first-order PT. We clearly see the peak at the expectep o not differ significantly. Nevertheless, the electron en-
position E*~1.2 a.u. ande“~0.1 a.u., and its symmetric. ¢4y distribution is influenced by the correlations since the
Figure 3 shows a case S|rlnllar2tq Fig. 1 but with six opticalyayimum of the distribution is closer to the energy conser-
cycles. The total energf™+E" is maximum at a value 4ii0n jine when the first-order correction is introduced. In-
slightly lower than 1.3 a.u. The figure shows that, as in th&yaoq i the latter case, screening effects occurring during the
Egicﬁg:?rt] Ctﬁcsaef'irtskfo:gzlr"STar\?vglgfs%r ;%::?hZT?L%yrﬁngn?rY&'wization of helium(first step are partly taken into account.

' he correlation effects are mainly due to the structure of the

et closer to the diagonaE'=E?, for the shortest pulse. . . .
Igndeed, the pulse dur%tion being of the order of thepcorrela'-n't'al He(1s?) state. For photon energies smaller than 2 a.u.,

tion time of He(1s?) (=0.9 a.u.), the core relaxation is not correlations in He(8%) provide part ,Of t'he .required energy
permitted during the double ionization procé8s-10]. In the fqr the direct two-photon' double ionization process. .For
limit of shorter pulses, the double ionization process result§igher photon energies, this process leads to two peaks in the
from the ionization of two equivalent 1s “Hartree” states One-electron spectrum, separated by the ground-state corre-
through two-photon absorption, leading to the production ofation energy. For ultrashort pulse durations, the electron left
two electrons having equal energies. in a nonstationary bound state of Héas no time to relax

Finally, Figs. 4 and 5 show the one-electron energy specand the two peaks move towards each other.
tra obtained within the Schdinger picture, with the laser ~ Our objective is to extend our study towards more com-
parameters of Figs. 1 and 3, respectively. We compare thplex atomic systems, such as beryllium, which requires
zero order PT(dotted ling and the first-order PTfull line) smaller photon energies to double ionize. The correlation en-
results. We clearly see the displacement of the peaks for thergy in the ground state being much smaller than in He, it
shortest pulse duration. We also note that the first-order PTan be explored with longer pulse durations. It is of particu-
calculations affect the position of the peak located at thdar interest to study the effects due to the presence of an
highest energy. Indeed, this peak corresponds to the emissi@hectronic core.
of one electron from Heéstep 1, while the other electron
screens the nuclear charge. On the other hand, screening ef-
fects are less important in the second dfiepization of the ACKNOWLEDGMENTS
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