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Correlated multiphoton double ionization of helium: The role of nonadiabatic tunneling and singlet
recollision
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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 inelastiteé 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 publicatiorfl] (see also[2]) we have The result for the instantaneous ionization rB{g) in a
developed a semiclassical model of intense-field double ionmany-cycle pulse, as a function of the instantaneous phase
ization of noble-gas atoms, based on the physical picture of 7/2< < 7/2 is [3]
the recollision between an active electron and its parent ion.

Calculations in[1] assumed simple quasistatic tunneling of 2

the active electron and used total inelastic cross sections av- I'ie)=N ex;{ - —P(y, 0)) , (en]
eraged over the mutual orientation of the electron spins. WL

Here, we discuss the effects of these two approximations by . o

(i) including nonadiabatic corrections to the quasistatic tun¥vhere the exponential dependerd¢y, 6) is given by the
neling of the active electrof8] and(ii) using recent theoret- following expression:

ical data for singlet & He™ cross sectionf4—6).

Intense-field ionization in infrared laser fields is often de- 24 gir? 0+1 nc— 3yb-a ol— vb+a
scribed using the Ammosov-Delone-Krainov form#eDK) yorsl 2)"n¢ 22 sin/ ¢ 22 &
[7]. It is a quasistatic tunneling approximation of the more
general expressions derived by Pe.relo.mov, Pqpov, and a=1+12—sir? 6,

Terent'ev(PPT) [8] (see alsd9]). Quasistatic tunneling ap-

D(y,0)=

proximation is justified in the limit of the Keldysh parameter 2
y<1. ;—|erez, ?/Zzlplzup, I, is the ionization potential and b= a2+ 412 Si? 6,

U,=E&“/4w{ is the average energy of electron oscillations in

the laser field¢€ is the amplitude, and, is the frequency of 2 >

the laser fieldlatomic units are used throughout the paper B \/ b+a b-a

However, experimentally one is typically dealing with inter- c= V T+ Y] LV T+ sin6] | .
mediate values of the Keldysh parameter 1. This is the

case in experiments on double ionization of noble gases witfrhe pre-exponential factor is

A~800 nm light.

The PPT expressions give cycle-averaged ionization rates. 3\ M2 2(21 )3/ 2n* —|ml-1
However, the problem of correlated double ionization re- N=An*,|*B|,m(—3) p<Tp) ,
quires the knowledge of the subcycle ionization dynamics of Y
the first (active electron, either for short or for long laser
pulses[10]. Simple closed-form analytical expressions for k= In(y-+ \/m)_ Y 3

the ionization rate as a function of instantaneous laser phase, 2+t
for arbitrary values of the Keldysh parametgr were ob-

tained in Ref.[3]. These expressions allow us to explicitly \here the coefficien ;= is coming from the radial part of
d|st|n.gU|.sh .multlphoton' and tunneling 'contnbutlons to theihe wavefunction at>17\/7p and depends on the effective
total ionization probat_)lllty. Aty~1,_the instantaneous laser rincipal quantum number* =Z/\21 (Z is the ion chargke
pha;e deper)den_ce_dlffers dramatlcally from bo.th.the AU8SEnd the effective angular momen?urﬁ. The coefficient
static tunneling limit of y<1 and multiphoton limit ofy B is COming from the angular part of the wave function

>1. Since subcycle electron dynamics plays a crucial role i%nd depends on the actual angular momentand its pro-

the cprrel_ated dou_ble lonization 9f Helium, the corrections toJectionm on the laser polarization vector. The corresponding
guasistatic tunneling should be included.

expressions arg8,9,7]
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I 1 1} Cinx
||m|:(2I+1)(I+|m|)., Foo= 2 AInx+B(1——)—
T 20ml m (= |m)! X X X
Here, a, is the Bohr radius),~54.4 eV is the ionization
whereI'(z) is the gamma function. potential of H&. The data of[4,11] are fit byB=C=1,

The factor C=(1+42)M2+34p (» ,y) is the Wwhile A=0.285 is determined from the Bethe-Born limit for
Perelomov-Popov-Terent'e(PPT) correction to the quasi- the H-like atom[12]. This cross section has a maximum at
static limit y<1 of the Coulomb pre-exponential factor, with E,~170.6 eV.
A, given by Egs(55)—(56) of Ref.[8]. The correctiorC is The total excitation cross section includes all channels
in practice a slow function of. In the limit y<1, the factor  from n=2 to infinity. Using then2 scaling for highn, it is
C=1, while in the limit y>1, for m=0 one hasA, €asy to see that
~1.2/y* andC~1.2/\/.

Previously[1], we have used spin-averaged cross sections Oexd™015-n=21015n=31 245015 .n=4- (6)

of inelastic e+ He' collisions. However, there is an impor- Wi thi ion to obtain the total spi d
tant difference between the usuatEle™ collisions and € use this expression 1o obtain the total spin-averaged ex-

those following tunnel ionization of He: in the latter case, theC!tatlon Cross sectionr exc from the data of Refl4]. We find

two electrons involved in the process start in the singletnat the scaling introduced {i1] holds, yielding the follow-

ground state, and their singlet coupling is preserved durind’d Semiempirical expression

ionization. This effect is virtually absent in other noble gases 0101782

with many valence electrons. oV~ 0
Calculation of correlated multiphoton double ionization of ¢ 140.31G(E)’

helium using the approach of Rdfl] requires the knowl-

edge of the total singlet cross sectiom, of all inelastic ~ WhereG(E)=(E—1y)/En. .

channels in & He" collisions. While there are no experi-  1he singlet cross section is related to the spin-averaged

mental data for singlet collisions, there are two recent theo®n€ Vvia the asymmetry coefficien; :

retical calculations. The first used the convergent close- s .

coupling (CCC) approach to obtain total singlet ionization o5 =(1+3Ag) oy, 8

cross sectionsr,,, and partial singlet excitation cross sec-

tions 0§, for all I,m states of differenn shells of He , with

n=2,3,4, for energies up to 1 KeM,5]. The second used

the B-spline-basedr-matrix approach to obtain total singlet

ionization cross sections?,, and partial singlet excitation

cross sectiong;; for |[1S)—|2S,2P) channels for energies For |i)=|1S) and electron energieE<400 eV we pa-

up to 175 eV[6]. i -
o rametrize the asymmetry coefficients as
We note that the absolute values of the ionization cross Y y

section in Ref[6] are clearly less than if,5], with devia-

tions ranging from 5% to 50%, depending on the electron A=A,
energy. On the other handy g ,,-» is virtually the same in

both[4,5] and[6].

Near and below the ionization threshold, the resultstdpf Based on the data di4,5], we find that the coefficients
exhibit oscillations that we average out following the pre-{B;,C¢,D;} are {0.535.7,1.9p for [1S)—|n
scription of[1]. We also note tha(i) these oscillations essen- =2), {0.61,2.8,2.p for |1S)—|n=23), and {0.66,2.9,1.p
tially cancel each other in the total inelastic cross section, for |1S)—|n=4). For all excitation channels the coefficients
in [6] similar oscillations have also been averaged out by there {0.56,4.0,1.9, and for the total ionization cross section
authors. they are{0.63,0.8,0.3.

Here, we are interested in the collision cross sections for These results, together with E@), allow us to find the
electron energies up ®&~400 eV. We begin with the spin- asymmetry coefficient for the total inelastic cross section.
averaged cross sections. The singlet cross sections are relateor the electron energids<400 eV, the asymmetry coeffi-
to the spin-averaged ones via the corresponding asymmetgjent is
coefficients, see below.

)

whereAs;=(1—r4)/(1+3ry) andrg=o7./05 is the ratio

of triplet to singlet cross sections. We note that although the
absolute values of the ionization cross sections in Réf5]
and[6] are different, the asymmetry coefficients that one can
obtain from these values are virtually identical.

1+C(G(E)+D;G3E)

(€)

The spin-averaged cross section for direct ionizatigf) 056
[4,11] can be approximated using the general expressions of Ainel= 1+2.5G(E)’ (10
Ref. [1] based on correct limits at high and near-threshold
energies: These results are illustrated in Fig. 1. Figur@) lshows

A for n=2,3,4 channels an8l,, for cross sections summed
Ry 2 over all excitation channels. Figuréh) comparesg, With
I_y> F(E/l,) (5)  Aion and A, For all energies except near the threshold
p

7ion(E)~mag ; . nea
Aion>A4>A3>A,. Since the main contributions to the ex-
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- . . ization, and all inelastic channel@) singlet(dot - ionization, dot-
i Flfhl; Asy”r_nr_netry Cofﬁ'f'ten(;s fo_r dlffErer;t c?gnnerlf (r)]f inelas- dash - excitation, solid - totgl(b) spin-averageddot - ionization,
lc etHe" collisions, calculated using Eq$9),(10) which are dot-dash - excitation, solid - totalThe curves are calculated using

based on the data of Refgl—6]: (a) excitation ton=2 (dot), n Eas.(5).(7).(8) (10). Circles - data based on th it 4
=3 (dash, n=4 (dot-dash, and all excitation channelsolid); (b) as.(5),(7),(8),(10). Circles - data based on the resuits{ /5]

all excitation channelgdot), ionization (dash, and all inelastic

channelgsolid). 2 (a)
107 Rs

citation cross sectionsa’. and o5, are coming from the e

|1S)—|n=2) channel A.,. is close toA,. 2 O’@’ @)
With increasing energy;,, decreases much slower than ho 10°F a

Acyc- This leads to a quantitatively different relationship be- ‘o ] R .

tween ionization and excitation cross sections in the singlet &5 Barrier Suppression

case, compared to the spin-averaged case. While in the latter £ =1 Intensity

'y
(=]
FN
—

o
F =Y
o

case, excitation always dominates, in the former case, the 3
singlet cross sectionss,. and a5, are very close in the N
energy range 156300 eV.

Absolute values of the cross sections based on our expres-
sions and the results ¢#,5] are summarized in Fig. 2 for

8 10 12 14 16

(b)

Qo
energies above the ionization threshold. T 107
For electron energies beloky we have used the approxi- « ;
mation described in[1], connecting the known value i
ainel(lp) with its zero value at the first excitation threshold. 4
-

Calculation of the probability of an inelastic collision
from the above cross sections is analogous to that described 2' . 2' — 4'
in [1]. Based on the data ¢#,5], we take the average exci- 0 5 30 35 0

- . . 14 2
tation energy to b&(1,)~1.6 a.u. Intensity (units of 10~ W/cm’)

. Resu[ts of our calculatloqs .Of double ionization of He- FIG. 3. Ratio of doubly to singly charged He vs laser intensity,
lium, which follow the prescription of Ref.1] and use total for A =780 nm. Circles: experimental data of Rif3]. (a) Effect of

inelastic cross sections, both singlet and spin-averaged, agg,gjet coupling: dashed and solid curves are calculated using semi-
shown in Fig. 3 together with the experimental data of Ref|assical recollision model as described [iti], including non-
[13]- Figure 3 shows the ratio of the yields of doubly and agiabatic tunneling. Dashed curv&’y) is obtained using spin-
singly charged ionsR=N(He" ")/N(He"), for laser wave-  averaged cross sections, solid curs() is obtained using singlet
length A\=780 nm and intensities =2x10"~1.4x10"  cross sectiongsee text (b) Effect of nonadiabatic tunneling at
W/cn?. Compared td1], we have used expressions for the ~1. Dashed curve RS9 is obtained using quasistatic tunneling
instantaneous tunneling rate from RE3], see also Eq(l), model as described ifi], while the solid curve RS,) includes
thus including the effect of the non-adiabatic tunneling. nonadiabatic tunnelin¢see text Both curves use singlet cross sec-
We have checked the sensitivity of the results to variousions.
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initial conditions for the positiorx, and the velocitw(” of  the characteristic energgproportional toU{Pxl,/w?) at

the active electron along the direction of the electric field,which the singlet effects become small. The ratio is two at
immediately after tunneling. The results differ less than 1094ow intensities, when the recollision is dominated by the ex-
for various ensembles ort),vﬁo) . The results shown in Fig. 3 citation to then=2 shell. In this case, the effect of the sin-
correspond tox, fixed at the point where the electron with 9let coupling is determined by the characteristic ratio of the
the energy—1, exits the Coulomb barrier, and(” has  CrOSS sections s /015 .n= IN the vicinity of I .

Gaussian distribution identical to that of (velocity com- . Quantitatively, the discrepancy between calculations us-
ponent perpendicular to electric figld ing singlet cross sections and the experimental data is about

30-50% in the plateau region. It is not surprising given the
approximate nature of the semiclassical model of double ion-

W(v)ocexp< — (12) ization [1]. The discrepancy can also be in part due to the
& inaccuracy of the cross sections used, which for ionization

Both theoretical curves show the same qualitative beha\/g'ffer betweer{4,5,11 and[6].
ior as experimental datée.g., display plateau at higher in-  We acknowledge fruitful discussions with P. Corkum. We
tensities. The effects of nonadiabatic tunneling are most pro-are very grateful to 1. Bray and D. Fursa for giving us access
nounced at lower intensities when~1, see Fig. ). to the database of electron-ion and electron-atom collision
For our conditions, the effects of singlet coupling can becross sections, to H. van der Hart for stimulating discussions
approximated by a simple empirical formuRy,/RA.~1  and additional data on singlet cross sections, and to L. Di-
+exp(—I/ly) wherelo=2.2x 10" W/cn? is determined by Mauro for providing experimental data of R¢1L3].
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