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Correlated multiphoton double ionization of helium: The role of nonadiabatic tunneling and singlet
recollision

Gennady L. Yudin* and Misha Yu. Ivanov†

Femtosecond Science Program, Steacie Institute for Molecular Sciences, National Research Council of Canada, 100 Sussex
Ottawa, Ontario, Canada K1A 0R6

~Received 17 April 2001; published 15 August 2001!

We study the role of singlet coupling during double ionization of Helium atoms in intense laser fields, within
the framework of the recollision model. The singlet cross sections for inelastic e1He1 scattering, integrated
over all excitation and ionization channels, are used. Nonadiabatic corrections during tunneling of the active
electron are also included.
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In our previous publication@1# ~see also@2#! we have
developed a semiclassical model of intense-field double
ization of noble-gas atoms, based on the physical pictur
the recollision between an active electron and its parent
Calculations in@1# assumed simple quasistatic tunneling
the active electron and used total inelastic cross sections
eraged over the mutual orientation of the electron sp
Here, we discuss the effects of these two approximations
~i! including nonadiabatic corrections to the quasistatic t
neling of the active electron@3# and~ii ! using recent theoret
ical data for singlet e1He1 cross sections@4–6#.

Intense-field ionization in infrared laser fields is often d
scribed using the Ammosov-Delone-Krainov formula~ADK !
@7#. It is a quasistatic tunneling approximation of the mo
general expressions derived by Perelomov, Popov,
Terent’ev~PPT! @8# ~see also@9#!. Quasistatic tunneling ap
proximation is justified in the limit of the Keldysh paramet
g!1. Here,g25I p/2Up , I p is the ionization potential and
Up5E 2/4vL

2 is the average energy of electron oscillations
the laser field,E is the amplitude, andvL is the frequency of
the laser field~atomic units are used throughout the pape!.
However, experimentally one is typically dealing with inte
mediate values of the Keldysh parameterg;1. This is the
case in experiments on double ionization of noble gases
l'800 nm light.

The PPT expressions give cycle-averaged ionization ra
However, the problem of correlated double ionization
quires the knowledge of the subcycle ionization dynamics
the first ~active! electron, either for short or for long lase
pulses@10#. Simple closed-form analytical expressions f
the ionization rate as a function of instantaneous laser ph
for arbitrary values of the Keldysh parameterg, were ob-
tained in Ref.@3#. These expressions allow us to explicit
distinguish multiphoton and tunneling contributions to t
total ionization probability. Atg;1, the instantaneous lase
phase dependence differs dramatically from both the qu
static tunneling limit ofg!1 and multiphoton limit ofg
@1. Since subcycle electron dynamics plays a crucial role
the correlated double ionization of Helium, the corrections
quasistatic tunneling should be included.
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The result for the instantaneous ionization rateG(u) in a
many-cycle pulse, as a function of the instantaneous ph
2p/2<u<p/2 is @3#

G~u!5N expS 2
E 2

vL
3

F~g,u!D , ~1!

where the exponential dependenceF(g,u) is given by the
following expression:

F~g,u!5S g21sin2 u1
1

2D ln c2
3Ab2a

2A2
sinuuu2

Ab1a

2A2
g,

a511g22sin2 u,

~2!

b5Aa214g2 sin2 u,

c5ASAb1a

2
1g D 2

1SAb2a

2
1sinuuu D 2

.

The pre-exponential factor is

N5An* ,l* Bl ,umuS 3k

g3 D 1/2

CIpS 2~2I p!3/2

E D 2n* 2umu21

,

k5 ln~g1Ag211!2
g

Ag211
, ~3!

where the coefficientAn* ,l* is coming from the radial part o
the wavefunction atr @1/A2I p and depends on the effectiv
principal quantum numbern* 5Z/A2I p (Z is the ion charge!
and the effective angular momentuml * . The coefficient
Bl ,umu is coming from the angular part of the wave functio
and depends on the actual angular momentuml and its pro-
jectionm on the laser polarization vector. The correspond
expressions are@8,9,7#

An* ,l* 5
22n*

n* G~n* 1 l * 11!G~n* 2 l * !
, ~4!
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Bl ,umu5
~2l 11!~ l 1umu!!

2umuumu! ~ l 2umu!!
,

whereG(z) is the gamma function.
The factor C5(11g2) umu/213/4Am(vL ,g) is the

Perelomov-Popov-Terent’ev~PPT! correction to the quasi
static limit g!1 of the Coulomb pre-exponential factor, wit
Am given by Eqs.~55!–~56! of Ref. @8#. The correctionC is
in practice a slow function ofg. In the limit g!1, the factor
C51, while in the limit g@1, for m50 one hasA0

'1.2/g2 andC'1.2/Ag.
Previously@1#, we have used spin-averaged cross secti

of inelastic e1He1 collisions. However, there is an impo
tant difference between the usual e1He1 collisions and
those following tunnel ionization of He: in the latter case, t
two electrons involved in the process start in the sing
ground state, and their singlet coupling is preserved du
ionization. This effect is virtually absent in other noble gas
with many valence electrons.

Calculation of correlated multiphoton double ionization
helium using the approach of Ref.@1# requires the knowl-
edge of the total singlet cross sectionss inel

S of all inelastic
channels in e1He1 collisions. While there are no exper
mental data for singlet collisions, there are two recent th
retical calculations. The first used the convergent clo
coupling ~CCC! approach to obtain total singlet ionizatio
cross sectionss ion

S and partial singlet excitation cross se
tions s f i

S for all l ,m states of differentn shells of He1, with
n52,3,4, for energies up to 1 KeV@4,5#. The second used
the B-spline-basedR-matrix approach to obtain total single
ionization cross sectionss ion

S and partial singlet excitation
cross sectionss f i

S for u1S&→u2S,2P& channels for energie
up to 175 eV@6#.

We note that the absolute values of the ionization cr
section in Ref.@6# are clearly less than in@4,5#, with devia-
tions ranging from 5% to 50%, depending on the elect
energy. On the other hand,s1S→n52 is virtually the same in
both @4,5# and @6#.

Near and below the ionization threshold, the results of@4#
exhibit oscillations that we average out following the pr
scription of@1#. We also note that~i! these oscillations essen
tially cancel each other in the total inelastic cross section,~ii !
in @6# similar oscillations have also been averaged out by
authors.

Here, we are interested in the collision cross sections
electron energies up toE;400 eV. We begin with the spin
averaged cross sections. The singlet cross sections are re
to the spin-averaged ones via the corresponding asymm
coefficients, see below.

The spin-averaged cross section for direct ionizations ion
Av

@4,11# can be approximated using the general expression
Ref. @1# based on correct limits at high and near-thresh
energies:

s ion
Av ~E!'pa0

2S 2 Ry

I p
D 2

F~E/I p! ~5!
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F~x!5
1

x FA ln x1BS 12
1

xD2
C ln x

x G .
Here, a0 is the Bohr radius,I p'54.4 eV is the ionization
potential of He1. The data of@4,11# are fit by B5C51,
while A50.285 is determined from the Bethe-Born limit fo
the H-like atom@12#. This cross section has a maximum
Em'170.6 eV.

The total excitation cross section includes all chann
from n52 to infinity. Using then23 scaling for highn, it is
easy to see that

sexc's1S→n521s1S→n5312.45s1S→n54 . ~6!

We use this expression to obtain the total spin-averaged
citation cross sections exc

Av from the data of Ref.@4#. We find
that the scaling introduced in@1# holds, yielding the follow-
ing semiempirical expression

sexc
Av '

0.101pa0
2

110.31G~E!
, ~7!

whereG(E)5(E2I p)/Em .
The singlet cross section is related to the spin-avera

one via the asymmetry coefficientAf i :

s f i
S 5~113Af i !s f i

Av , ~8!

whereAf i5(12r f i)/(113r f i) and r f i5s f i
T /s f i

S is the ratio
of triplet to singlet cross sections. We note that although
absolute values of the ionization cross sections in Refs.@4,5#
and@6# are different, the asymmetry coefficients that one c
obtain from these values are virtually identical.

For u i &5u1S& and electron energiesE,400 eV we pa-
rametrize the asymmetry coefficients as

Af i[Af5
Bf

11CfG~E!1D fG
2~E!

. ~9!

Based on the data of@4,5#, we find that the coefficients
$Bf ,Cf ,D f% are $0.53,5.7,1.0% for u1S&→un
52&, $0.61,2.8,2.0% for u1S&→un53&, and $0.66,2.9,1.6%
for u1S&→un54&. For all excitation channels the coefficien
are $0.56,4.0,1.9%, and for the total ionization cross sectio
they are$0.63,0.8,0.3%.

These results, together with Eq.~6!, allow us to find the
asymmetry coefficient for the total inelastic cross secti
For the electron energiesE,400 eV, the asymmetry coeffi
cient is

Ainel5
0.56

112.5G~E!
. ~10!

These results are illustrated in Fig. 1. Figure 1~a! shows
Af for n52,3,4 channels andAexc for cross sections summe
over all excitation channels. Figure 1~b! comparesAexc with
Aion and Ainel . For all energies except near the thresho
Aion.A4.A3.A2. Since the main contributions to the ex
1-2
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citation cross sectionssexc
Av and sexc

S are coming from the
u1S&→un52& channel,Aexc is close toA2.

With increasing energy,Aion decreases much slower tha
Aexc. This leads to a quantitatively different relationship b
tween ionization and excitation cross sections in the sin
case, compared to the spin-averaged case. While in the l
case, excitation always dominates, in the former case,
singlet cross sectionssexc

S and s ion
S are very close in the

energy range 1502300 eV.
Absolute values of the cross sections based on our exp

sions and the results of@4,5# are summarized in Fig. 2 fo
energies above the ionization threshold.

For electron energies belowI p we have used the approx
mation described in@1#, connecting the known value
s inel(I p) with its zero value at the first excitation threshol

Calculation of the probability of an inelastic collisio
from the above cross sections is analogous to that descr
in @1#. Based on the data of@4,5#, we take the average exc

tation energy to beV̄(I p)'1.6 a.u.
Results of our calculations of double ionization of H

lium, which follow the prescription of Ref.@1# and use total
inelastic cross sections, both singlet and spin-averaged
shown in Fig. 3 together with the experimental data of R
@13#. Figure 3 shows the ratio of the yields of doubly a
singly charged ions,R5N(He11)/N(He1), for laser wave-
length l5780 nm and intensitiesI 523101421.431015

W/cm2. Compared to@1#, we have used expressions for th
instantaneous tunneling rate from Ref.@3#, see also Eq.~1!,
thus including the effect of the non-adiabatic tunneling.

We have checked the sensitivity of the results to vario

FIG. 1. Asymmetry coefficients for different channels of inela
tic e1He1 collisions, calculated using Eqs.~9!,~10! which are
based on the data of Refs.@4–6#: ~a! excitation ton52 ~dot!, n
53 ~dash!, n54 ~dot-dash!, and all excitation channels~solid!; ~b!
all excitation channels~dot!, ionization ~dash!, and all inelastic
channels~solid!.
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FIG. 2. Cross sections of e1He1 collisions for excitation, ion-
ization, and all inelastic channels:~a! singlet~dot - ionization, dot-
dash - excitation, solid - total!, ~b! spin-averaged~dot - ionization,
dot-dash - excitation, solid - total!. The curves are calculated usin
Eqs.~5!,~7!,~8!,~10!. Circles - data based on the results of@4,5#.

FIG. 3. Ratio of doubly to singly charged He vs laser intens
for l5780 nm. Circles: experimental data of Ref.@13#. ~a! Effect of
singlet coupling: dashed and solid curves are calculated using s
classical recollision model as described in@1#, including non-
adiabatic tunneling. Dashed curve (Rna

Av) is obtained using spin-
averaged cross sections, solid curve (Rna

S ) is obtained using single
cross sections~see text!. ~b! Effect of nonadiabatic tunneling atg
;1. Dashed curve (Rqs

S ) is obtained using quasistatic tunnelin
model as described in@1#, while the solid curve (Rna

S ) includes
nonadiabatic tunneling~see text!. Both curves use singlet cross se
tions.
1-3
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initial conditions for the positionx0 and the velocityvx
(0) of

the active electron along the direction of the electric fie
immediately after tunneling. The results differ less than 1
for various ensembles ofx0 ,v i

(0) . The results shown in Fig. 3
correspond tox0 fixed at the point where the electron wit
the energy2I p exits the Coulomb barrier, andv i

(0) has
Gaussian distribution identical to that ofv'

(0) ~velocity com-
ponent perpendicular to electric field!,

w~v !}expS 2
A2I pv2

E~ t ! D . ~11!

Both theoretical curves show the same qualitative beh
ior as experimental data~e.g., display plateau at higher in
tensities!. The effects of nonadiabatic tunneling are most p
nounced at lower intensities wheng;1, see Fig. 3~b!.

For our conditions, the effects of singlet coupling can
approximated by a simple empirical formulaRna

S /Rna
Av'1

1exp(2I/I0) where I 052.231015 W/cm2 is determined by
.
r-

a
.

03540
,

v-

-

e

the characteristic energy~proportional toUp
(0)}I 0 /vL

2) at
which the singlet effects become small. The ratio is two
low intensities, when the recollision is dominated by the e
citation to then52 shell. In this case, the effect of the sin
glet coupling is determined by the characteristic ratio of
cross sectionss1S→n52

S /s1S→n52
Av in the vicinity of I p .

Quantitatively, the discrepancy between calculations
ing singlet cross sections and the experimental data is a
30–50% in the plateau region. It is not surprising given t
approximate nature of the semiclassical model of double i
ization @1#. The discrepancy can also be in part due to
inaccuracy of the cross sections used, which for ionizat
differ between@4,5,11# and @6#.
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are very grateful to I. Bray and D. Fursa for giving us acce
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