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Abstract. Calculations of intense field (around 1016 W/cm2) single- and double-ionization processes in
helium at XUV wavelengths are presented. The laser wavelength is chosen near the |2s2p 1P〉 autoionization
structure and the dynamics are explored. Single and double ionization yields, as well as the photoelectron
energy spectrum for photon energies around the autoionization structure are calculated. In the case of a
pulse of few femtoseconds duration, no significant enhancement of the double ionization yield has been
found in tuning the photon frequency around the peak of the resonance. It is also shown that in the case
of a long pulse (and hence narrow compared with the relevant autoionization width), the branching ratio
of double to single ionization yield can be relatively enhanced by tuning to the absorption minimum of the
resonance.

PACS. 32.80.Rm Multiphoton ionization and excitation to highly excited states (e.g., Rydberg states) –
32.80.Dz Autoionization

1 Introduction

The interaction of short wavelength intense radiation
with two-electron systems offers the possibility of explor-
ing the interplay between correlation and double ioniza-
tion in much more detail and depth than the study of
single-photon double ionization can provide. This can be
achieved through the study of few-photon double ioniza-
tion in which, as has been discussed in recent work [1], cor-
relation enters in many subtle ways, which are absent from
single photon processes. Moreover, the judicious choice of
the wavelength, even in a two-photon process, can affect
the relative magnitude of the direct versus the sequential
double electron ejection, an example of which has been
discussed relatively recently [2].

A related question, that has been for quite some time
lurking in the literature, is whether direct double ioniza-
tion in a two-photon (or possibly few-photon) process can
be enhanced by tuning the photon energy to an inter-
mediate autoionizing resonance. This question has been
explored most recently by Parker et al. [3] through their
well established parallel computational approach [4,5] to
the direct integration of the two-electron time-dependent
Schrödinger equation. Specifically, they explored single
and double ionization in helium under two-photon ion-
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ization for photon energies around single-photon reso-
nance with the |2s2p(1P)〉 doubly excited autoionizing
state (AIS). Their final conclusion, reached through an
application of their method to an ab initio as well as an
one-electron model calculation of the helium, was that,
whatever enhancement of double ionization was found, it
was due to an increase of the sequential double ioniza-
tion as the photon energy crosses the value of 54.4 eV,
above which sequential double ionization becomes an over-
all two-photon process, whereas it is an overall three-
photon process below that value. That is because for pho-
ton energies between ∼40 eV and ∼54.4 eV, it takes two
photons to ionize He+ from its ground state, a range of
photon frequencies within which direct double ionization
is relatively more pronounced, as discussed in detail by
Kornberg and Lambropoulos [2].

Our purpose in this paper is to explore the vicinity
of two autoionizing resonances in somewhat further de-
tail, complementing thus the work of Parker et al. [3].
We have explored the same range of intensities, i.e.
around 1016 W/cm2. Noting, however, that even such high
intensity in watts/cm2 lies within the range of perturba-
tive behaviour, owing to the large energy of the photons,
we have performed our calculations through both the solu-
tion of the time dependent Schrödinger equation (TDSE)
(in a limited but sufficient basis), as well as through a
simplified few state model, whose chief use was to explore
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a further question; namely whether tuning the photon at
the minimum of the autoionizing resonance, enhances in
some way direct double ionization. Related to this ques-
tion, one of us (TN) has recently studied the possibility
of tuning a first laser to the absorption minimum of a
low-lying autoionizing state, which is further coupled to a
high-lying autoionizing state by a second laser, for the effi-
cient pumping of high-lying autoionizing states [6]. Recall
that, ideally, single-electron ionization (autoionization) at
the minimum should be zero, leaving double ionization, for
which the amplitude through the continuum (at the min-
imum) serves as a virtual intermediate state, unaffected.
We do indeed find such a tendency, except that for a real-
istic excitation through a pulse, single-electron ejection for
a frequency tuned at the minimum is not really zero, since
the finite bandwidth of the pulse spans a range of frequen-
cies around the minimum. Pursuing further the analysis
of the excitation via a pulse, we have also studied the
behaviour of the atom, through the photoelectron energy
spectrum, for pulses such that their Fourier bandwidth
may overlap more than one autoionizing resonance. The
analysis of the photoelectron energy spectrum also com-
plements that of Parker et al. [3], given that they present
equivalent information at a larger photon frequency.

2 Formulation

We consider the helium in its ground state (1s)2 1S0 in the
presence of a field of frequency ω and N photons in the
initial state. The states involved are the following :

|g〉 = |He(1s2);N〉 ≡ |(1s2) 1S;N〉
|a1〉 = |He(2s2p);N − 1〉 ≡ |2s2p 1P;N − 1〉
|a2〉 = |He(2s3p);N − 1〉 ≡ |2s3p 1P;N − 1〉
|c1〉 = |He+(1s) + e−ε1 ;N − 1〉 ≡ |1sε1p 1P;N − 1〉
|c2〉 = |He+++e−ε′2 +e−ε2 ;N−2〉≡|ε′2l′ε2l, 1S(1D);N−2〉

|c3〉 = |He+(1s)+e−ε3;N−2〉≡|1sε3s, (d)1S(1D);N−2〉 ·
(1)

Representation of the states (atom + field) in this
way implies the quantized form of the electromagnetic
field (E/M), which although not necessary, is convenient
for our formulation. The photon energy of the field is suf-
ficient to ionize helium from its ground state raising one
of the electrons in the (1P) continuum with kinetic en-
ergy ε1 and simultaneously exciting the system to the au-
toionization resonances He(2s2p),He(2s3p) from which it
can decay into the continuum |c1〉, due to the electron-
electron interaction operator V = 1/|r1 − r2|. Further-
more the system can absorb one more photon, reaching
thus the double ejection threshold, either through absorp-
tion from the He+ ground state (sequential path) or from
the autoionizing states |a1〉 and |a2〉. The kinetic ener-
gies of the photoelectrons in those cases are denoted by
εi, i = 1, 2, 3. With l, l′ we denote the quantum angular
momentum number of the photoelectrons.

The Hamiltonian of the system is H = HA+HR+D+
V = H0+D+V whereHA andHR are the field-free atomic
Hamiltonian and the free E/M field respectively. The oper-
ator D is the interaction between the atom and the exter-
nal laser field in the dipole approximation. The non-zero
couplings between the discrete states |g〉, |a1〉, |a2〉 and the
continuum states |ci〉, i = 1, 2, 3 are the following:

〈g|H|c1〉 = Dgc1 , 〈ai|H|cj〉 = Dicj , i = 1, 2 j = 2, 3

〈ai|H|c1〉 = Vic1 , i = 1, 2, 〈c1|H|cj〉 = D1cj , j = 2, 3.

Note here that the discrete doubly excited states we as-
sume are those obtained when the interelectronic interac-
tion Va1a2 has been taken into account only between the
discrete states. In other words, we assume that the dis-
crete and the continuum states, involved in the model,
satisfy the following orthonormality relations:

〈g|H|g〉 = Eg, 〈ai|H|aj〉 = Eaiδij , i, j = 1, 2

〈E′ci |H|Eci〉 = Eciδ(E
′
ci −Eci), i = 1, 2, 3.

In the above subspace, the most general form of the state
of the system in time t will be of the form:

|ψ(t)〉 = Ug(t)|g〉+
∑
i=1,2

Uai(t)|ai〉

+
∑

i=1,2,3

∫
dEciUci(Eci , t)|ci〉 · (2)

Our task is to determine the time evolution of the state
ψ(t) through the amplitudes Uµ(t) (µ ≡ g, ai, cj , i = 1, 2,
j = 1, 2, 3), which allow us to calculate the population of
the ground state and the population in each of the con-
tinua involved, as a function of the photoelectron energy
(PES). The dynamics of the system is governed by the
TDSE which reads:

i
∂

∂t
|ψ(t)〉 = [H0 +D(t) + V ] |ψ(t)〉, |ψ(t = 0)〉 ≡ |g〉 ·

(3)

Inserting equation (2) into equation (3) we obtain a system
of first order integro-differential equations for the ampli-
tudes of the state vector Uµ(t) (µ ≡ g, a1, a2, c1, c2, c3).
The various couplings between states involving continua
complicate the problem considerably, since the time evo-
lution of each amplitude depends on the time evolution of
an infinite number of states (the continuum states).

To first approximation, when the couplings D are as-
sumed to be of constant magnitude, as in the case of a
square pulse, the resulting TDSE can be solved analyti-
cally. In the general case, however, the classical limit of
a quantized field linearly polarized, is of the form E(t) =
E0(t) cosωt, We shall assume for the moment a pulse with
constant amplitude, namely E0(t) = E0. This way we can
transform the equations using the Laplace operator and
once the continua have been eliminated (with their contri-
bution reduced to an ionization width of the discrete states
of the system), by making the inverse Laplace-transform
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we obtain a simplified system of first-order ordinary dif-
ferential equations [7].

For a constant perturbation, the TDSE (Eq. (3)), af-
ter performing the Laplace-transform, is transformed to
an algebraic equation for the resolvent operator G(z),
(z − H0 − D − V )G(z) = 1, with z being a complex
number. If the time evolution operator of the system is
denoted by Û(t), then the time-dependent wavefunction
is determined by ψ(t) = Û(t) tψ(0) = Û(t)|g〉. The matrix
elements of the evolution operator for the various states
of the system (given the initial conditions) are obtained
as the inverse Laplace transform of G(z), namely:

Uµ(t) = − 1
2πi

lim
η→0+

∫ +∞

−∞
dy Gµ(y + iη)e−iyt. (4)

For notational brevity we write the matrix elements of
G(z) as, Gµ ≡ Gµ(z) = 〈µ|G(z)|g〉. Writing (z − H0 −
D) 1G(z)|g〉 = |g〉 and projecting the states 〈g|, 〈a1|, 〈a2|,
〈c1|, 〈c2|, 〈c3| we obtain for the amplitudes Gg, Ga1 , Ga2 ,
Gc1 ,Gc2 ,Gc3 , a system of algebraic equations, from which,
following the standard procedure [9], we substitute the
amplitudes Gci , i = 1, 2, 3 of the continuum states into
the equations for the discrete states amplitudes Gg, Ga1 ,
Ga2 , we obtain:[
z −Eg −

∫
dEc1

|Dgc1 |2
z −Ec1

]
Gg∑

i=1,2

[
Dgai +

∫
dEc1

Dgc1Vc1ai
z −Ec1

]
Gai = 1 (5)

−
[
Da1g +

∫
dEc1

Va1c1Dc1g

z −Ec1

]
Gg

+
[
z −Ea1 −

∫
dEc1

|Vc1a1 |2
z −Ec1

]
Ga1 −Ω12Gc2 = 0 (6)

−
[
Da2g +

∫
dEc2

Va2c1Dc1g

z −Ec1

]
Gg

+
[
z −Ea2 −

∫
dEc1

|Vc1a2 |2
z −Ec1

]
Ga1 −Ω21Gc1 = 0 (7)

−Dc1gGg +
[
z −Ec1 −

∫ |Dc2c1 |2
z −Ec2

]
Gc1

−
∑
i=1,2

Vc1aiGai = 0 (8)

−
∑
i=1,2

Dc2aiGai −
∫

dEc1Dc2c1Gc1 + (z −Ec2)Gc2 = 0

(9)

−
∑
i=1,2

Dc3aiGai + (z −Ec3)Gc3 = 0. (10)

By making the pole approximation z → Eg +ω+iη at the
limit of η → 0, we see that the integrals obtain a real and
imaginary part. The next step in the calculation, following
Fano’s original paper [8] (Sect. 5), is to take into account
the effect of the second-order interaction Ω12, namely,

Ω12 =
∫

dEc1
Va1c1Vc1a2

z −Ec1
Gc2

= P

∫
dEc1

Va1c1Vc1a2

z −Ec1
Gc2 − iπVa1c1Vc1a2 |E=Eg+ω

(11)

upon the discrete states |a1〉, |a2〉. Note that the quan-
tity Ω21 is obtained by interchanging the states |a1〉, |a2〉
in Ω12. Thus, we diagonalize the sub-Hamiltonian, act-
ing on those states and we obtain a new set of discrete
states |ā1〉, |ā2〉 with new eigenenergy positions Eā1 , Eā2 .
The real part of this quantity is absorbed into the new
eigenenergies; which should be the position of the physi-
cally observable resonances in photoabsorption. Next, we
transform the resulting equations back into the time-
domain by making the inverse Laplace-transform thus ob-
taining the following system of first-order ordinary differ-
ential equations for the amplitudes:

i
d
dt
Ug(t) =

[
Eg + Sg(t)− i

γg(t)
2

]
Ug(t)

+
∑
i=1,2

Ω̄i(t)Uāi(t)

i
d
dt
Uā1(t) =

[
Eā1 − i

Γā1(t)
2

]
Uā1(t)

+Ω̄1(t)Ug(t) + iΩI12Uā2

i
d
dt
Uā2(t) =

[
Eā2 − i

Γā2(t)
2

]
Uā2(t)

+Ω̄2(t)Ug(t)− iΩI12Uā1

i
d
dt
Uc1(t) =

[
Ec1 − i

γ1(t)
2

]
Uc1(t)

+
∑
i=1,2

Vc1āiUāi(t) +Dc1g(t)Ug(t)

i
d
dt
Ucj (t) = EcjUcj(t) +

∑
i=1,2

Dcj āi(t)Uāi(t) (j = 2, 3).

In the expansion (2) the states |ai〉, i = 1, 2 are replaced by
the new states |āi〉, i = 1, 2 and accordingly in the differen-
tial equations above appear the new coefficients Uā1 , Uā2 .
The imaginary part of the integrals over the continuum
states have been reduced to time-dependent coarse grain-
ing widths (denoted by γ1, γg and Γā1 , Γā2), while the real
part to energy shifts as follows:

Sg(t) = P

∫
dEc1

|Dgc1 |2
Eg + ω −Ec1

, (12)

γg(t) = 2π |Dgc1(Ec1 = Eg + ω)|2 , (13)

γ1(t) = 2π|Dc1c2(Ec2 = E(He+(1s)) + ω)|2 (14)
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and

Γāi(t) = Γ1 +
∑
j=2,3

γāij (t) (15)

γāij (t) = 2π|Dāicj (Ecj = Eāi + ω)|2, (j = 2, 3) (16)

Γ1 = 2π|V (Ec1 = Eg + ω)|2, (17)

with i = 1, 2. Finally the quantities Ω̄i, i = 1, 2 are the
complex Rabi frequencies, characteristic of autoionization,
defined by:

Ω̄i = Ωi(t)
(

1− i
qi

)
≡ Dgāi(t) + lim

η→0+

∑∫ Dgc1(t)Vc1āi
Eg + ω −Ec1 + iη

,

i = 1, 2 (18)

where ΩI12 = −
√
Γ1Γ2/2 is the imaginary part of the com-

plex quantity defined by (11). while the quantities qi, i =
1, 2 are the Fano q-parameters [8] defined by inspection
of relation (18). We should keep in mind here that the
Fano q-parameters are time-independent quantities. Note
that the amplitudes have to satisfy the normalization
condition,

|Ug(t)|2 +
∑
i=1,2

|Uāi(t)|2+
∑

i=1,2,3

∫
dEci |Uci(Eci , t)|2 = 1.

(19)

A brief digression into formalism may be useful at this
point in order to underscore the validity of the formula-
tion employed in this work. The separation of the wave-
function into discrete and continuum parts entails a par-
tition of the atomic Hamiltonian, which in one form or
another is involved in any method. If the partition of the
Hamiltonian is chosen judiciously the energy positions of
the states |ā1〉 and |ā2〉 should coincide with the positions
of the observed resonances i.e. the physical states. In a
somewhat different formulation, which stresses this physi-
cal picture, one can consider the physical states ΨE in the
continuum which, however, is not smooth due to the pres-
ence of the resonances. Then the matrix element 〈ΨE |D|g〉
will not be a smooth function of the energy E, as it will
exhibit resonances. In the vicinity of two resonances, rel-
atively isolated form others, it can be written as,

〈ΨE |D|g〉 = −Dcg

1 +
q1
ε1

+
q2
ε2[

1 +
(

1
ε1

+
1
ε2

)2
]1/2

, (20)

with q1, q2 being the q-parameters of the resonances
and ε1, ε2 the dimensionless detuning of the radiation from
the respective resonances measured in units of the respec-
tive widths, and Dcg the direct dipole matrix element into
the smooth uncoupled continuum. This expression, which
is valid when two resonances decay into one and the same
continuum can be easily generalized to more resonances.

One can, after a considerable amount of algebra (which we
refrain from reproducing here) show that the formulation
in equation (10) is equivalent, in the sense that it leads
to the above expression. This implies that in the formu-
lation of Section 2, we can interpret the energy positions
of |ā1〉 and |ā2〉 as those of the physical resonances, which
we obtain through a separate atomic calculation together
with the corresponding q-parameters and autoionization
widths. The main point of this digression is to show that
the imaginary parts of the cross terms Ω12 are present
because of the particular formulation, while the real parts
must be absorbed into the energy positions of the physical
resonances, in any formalism. The complete equivalence of
these two formalisms, in the case of single resonances, have
been discussed in detail long ago [9].

Now we are in the position to consider a pulse with
time-dependent profile better suited, than the square
pulse, for more realistic situations. After the end of the
pulse, the time-dependent coefficients provide the popu-
lations of the respective states of the system. The popu-
lation of He++, He+ and of the ground state of He, for
long times, are related by Pg + P (He+) + P (He++) = 1.
The photoelectron energy spectrum (PES) is defined as
the population of the continuum in the long-time limit (in
practice at the end of the pulse), given by:

S(εc) = lim
t→∞

 ∑
i=1,2,3

|Uci(Eci , t)|2
 . (21)

From here on, for notational brevity, we shall denote the
new eigenstates by |a1〉, |a2〉 instead of |ā1〉, |ā2〉.

2.1 Simplified system

To the extent that the inclusion of a single autoionizing
state is sufficient to gain some insight into the dynamics
of the system, the set of equations given in the previous
subsection can be simplified so that we can obtain analyt-
ical expressions under certain conditions. Assuming that
the laser frequency is near resonant with the |2s2p 1P1〉
state, we neglect |a2〉 in the analysis that follows in this
subsection (|ā1〉 ≡ |a1〉). Note also, that the continuum-
continuum transition (|c1〉 → |c2〉) has been neglected. As
a result, the single- and the double-ionization do not in-
terfere with anything. Introducing the slowly-varying am-
plitudes ug = UgeiEgt, ua1 = Ua1ei(Eg+ω)t for the two dis-
crete states, the simplified equations are written as,

u̇g = −1
2
γgug − iΩ1

(
1− i

q1

)
ua (22)

u̇a1 =
[
iδ − 1

2
Γa1

]
ua1 − iΩ1

(
1− i

q1

)
ug (23)

U̇c1 = iEc1Uc1 − iDc1gUg − iVc1a1Ua1 (24)

U̇cj = −iEcjUcj − iDcja1Ua1 , (j = 2, 3) (25)

with δ = Eg +ω−Ea1 . Note that all quantities appearing
in the above equations have been defined in the previous
subsection.
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Before proceeding further, a comment on the treat-
ment of the double continuum c3 is necessary. Strictly
speaking, it is not correct to treat |c3〉 as if it were a single
continuum, since it involves two continua. In the present
case, however, this is legitimate since we do not consider
the photoelectron energy spectrum above the double ion-
ization threshold. We are here interested only in the to-
tal double ionization yield. In other words, after integrat-
ing |Uc2 |2 over photoelectron energy Ec2 , we obtain the
correct population into {|c2〉}. We also assume that all ions
associated with the |c1〉 continuum have a core He(1s),
i.e., we ignore the branching into the He(2s) ionic core,
which in the present context can be shown to be negligible.

We define now R1 and R2 as single- and double-
ionization yields. It should be kept in mind that R1

contains all contributions to photoionization; from |g〉
(into |c1〉), autoionization from |a1〉 (into |c1〉), and single-
photon ionization from |a1〉 (into |c3〉), while R2 repre-
sents, a sequential double-ejection process with photoion-
ization width γ++

a1
. Then, we obtain,

Ṙ1 =
d
dt

∫
dEc1 |Uc1 |2 +

d
dt

∫
dEc3 |Uc3 |2 − γ1R1 (26)

Ṙ2 =
d
dt

∫
dEc2 |Uc2 |2 + γ1R1. (27)

In the above equation for R2, the first term represents
the direct, while the second term represents the sequential
process.

In general, using Laplace transform, equations (25) can
be solved analytically for a square pulse. Using the so-
lution thus obtained for ug and ua1 , expressions for Ucj
(j = 1, 2, 3) can be obtained. Next, a coarse grained rate
can be derived from the expression,

Ṙ1 =
1
δt

∫
dEc1

(
|Uc1(t+ δt)|2 − |Uc1(t)|2

)
+

1
δt

∫
dEc3

(
|Uc3(t+ δt)|2 − |Uc3(t)|2

)
− γ1R1

(28)

Ṙ2 =
1
δt

∫
dEc2

(
|Uc2(t+ δt)|2 − |Uc2(t)|2

)
+ γ1R1.

(29)

It should be evident that, each expression for Ucj (j =
1, 2, 3) will consist of three exponential terms with e−s+t,
e−s−t, and e−iδcj t where s± are the roots of

(
s+

1
2
γg

)
[s− iδ + Γa1)] ≡ (s− s+)(s− s−) = 0. (30)

If the field is sufficiently weak, in the sense that Rabi os-
cillations between |g〉 and |a1〉 are not significant, and the
interaction time τ is such that Γ1τ � 1 but γgτ � 1, only
the terms involving e−s−t survive in equations (28, 29).

Then, we obtain,

Ṙ1 = 2π

 ∣∣∣∣∣Dc1g

{
−s− + iδ−(γ+

a1
+γ++

a1
)/2
}

+iVc1a1Ω

s+ − s−

∣∣∣∣∣
2

(31)

+
∣∣∣∣Dc3a1Ω̄1

s+ − s−

∣∣∣∣2
]

e2Res−t − γ1R1

Ṙ2 = 2π
∣∣∣∣Dc2a1Ω̄1

s+ − s−

∣∣∣∣2 e2Res−t + γ1R1 · (32)

Finally, the single- and double-ionization rates Ṙ1 and Ṙ2

can be obtained as,

Ṙ1|t=0 =
∣∣∣∣Dc1gδ + Vc1a1Ω1

δ + iΓ1/2

∣∣∣∣2 +
∣∣∣∣ Dc3a1Ω̄1

δ + iΓ1/2

∣∣∣∣2 (33)

Ṙ2|t=0 =
∣∣∣∣ Dc2a1Ω̄1

δ + iΓ1/2

∣∣∣∣2 · (34)

Obviously, these results suggest that, in the weak field
limit which, should be emphasized again, is valid for rather
large values of the intensity in W/cm2 at this photon
energy, the direct double ionization yield into the |c2〉
continuum via |a1〉 as a function of the laser detuning
from the autoionizing resonance, has a Lorentzian profile
with width Γ1. The single ionization yield via |a1〉 (i.e.,
into the |c3〉 continuum) has a profile identical to that of
the direct double ionization. This branching depends on
the ratio of the matrix elements Dc3a1 and Dc2a1 and is
independent of δ.

On the other hand, the single photoionization into
the |c1〉 continuum has the usual autoionization line profile
whose asymmetry is determined by q1. This means that,
although the main contribution to double ionization comes
from the sequential process and also the direct double ion-
ization itself is maximum at δ = 0, the ratio between se-
quential and direct double ionization would be smallest at
the absorption minimum; simply because single electron
ejection is minimized at the minimum.

2.2 Atomic basis

In order to obtain the necessary atomic parameters for
helium, we have calculated the field-free multichannel
states ψiE where i indicates a channel associated with a
certain ionic eigenstate denoted by Φi [1] and E the energy
of the atomic system. This ionic eigenstate can be either
a bound or a continuum state of the ion. The method
through which we obtain these multichannel states has
been presented and employed for single-photon double ion-
ization [10], as well as two-photon double ionization [1] of
helium, within lowest order perturbation theory (LOPT).
Briefly, the channels ψiE ≡ |ELSMLMS;Φi, ε′l′〉 con-
tributing to the final state are characterized by the quan-
tum numbers of the core target state Φi, namely the
energy and the angular momentum (ε, l), as well as the
quantum numbers of the other electron (ε′, l′), subject to
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the relation ε+ε′ = E, and with l and l′ restricted by angu-
lar momentum and parity addition rules so as to result to
a state with L, S angular and spin momenta. Since we con-
struct the target (one-electron) states Φi(ε, l〉) as solutions
of the He+ Hamiltonian, the resulting discrete eigenener-
gies ε are negative and positive. The negative ones corre-
spond to the bound spectrum while the positive ones to
the continuous spectrum. We separate single from double
ejection final states as follows: final channel states with
one-electron core states and ε negative (ε < 0) contribute
to single ejection, while all of the rest (ε > 0) contribute
to double ejection. With the above in mind, the algorithm
for calculating the multichannel states ψiE is the following:
We first construct the bound states of the system using
fixed boundary conditions [10], namely the two-electron
wavefunctions are assumed confined in a spherical box of
radius R = 40 a.u. with nodes at the two edges ψ(0, 0) =
ψ(0, R) = ψ(R,R) = 0. Next, the multichannel continuum
states are calculated with no assumed boundary condi-
tions for the symmetries L = 0, 1, 2. Having obtained the
above two-electron, field-free LS-uncoupled states, we are
in the position to calculate the corresponding dipole ma-
trix elements between those states. Those dipole matrix
elements and the energies of the two-electron states are the
only dynamical quantities that enter the equations for the
time-dependent coefficients. Since we confine the basis em-
ployed here to Lmax = 2, the importance of processes such
as two-electron ATI, noted by Parker et al. [3], cannot be
assessed quantitatively nor it is within our purposes here.

3 Results and discussion

First we assume, as in the work of Parker et al. [3]
a laser pulse of trapezoidal profile, with peak intensity
I0 = 4× 1016 W/cm2 and of photon energy on resonance
with the |2s2p〉 autoionizing state (AIS) of helium. The
laser pulse is ramped on and off over 8 cycles, with a total
duration of 25 cycles.

In Figure 1 we present the population of the discrete
states of the system (ground + model autoionizing states).
The figure is quite similar to that produced by Parker
et al., as obtained from the direct integration of the two-
electron time-dependent Schrödinger equation. Basically,
the results are identical, with a difference in the popula-
tion decay after the end of the pulse. It is evident that
after the passage of the pulse, the populations at the
two AIS will decay with a half-life equal to 1/Γ1 for the
first and 1/Γ2 for the second state. However, the popula-
tion of the AIS |a2〉, as obtained here is not large enough
(compared to the population of the AIS |a1〉) to produce
the oscillations found in [3]. The oscillations we find are
reduced by more than an order of magnitude, compared
to those in Parker et al. [3], which may be due to the dif-
ference in the methods of calculation, as well as in the
analysis of the final information.

Although, regarding the atomic structure, no compro-
mises have been made (except computational limits), since
the method we have developed produces two-electron cor-
related states in a fully ab initio way, the reduction of
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Fig. 1. Population of the discrete states of the system during
the a laser pulse of wavelength 20.6 nm and of peak intensity
4 × 1016 W/cm2. The pulse shape is trapezoidal and ramped
on and off over 8 cycles, with a total duration of 25 cycles. The
arrow in the figure denotes the time that the laser stops acting
on the system. Interaction between the excited electrons is then
responsible for the change of the populations at subsequent
times.

the Hamiltonian space involved in the dynamics makes
our approach complementary to that work. Our approach,
however, provides detailed information about some quan-
tities of interest in single and double ionization of helium,
near resonances. One such quantity is the PES, which was
one of the objectives of this work, namely to examine the
behaviour of the PES near an autoionizing resonance and
its role in the single and double ionization signal, as a
function of various parameters of the pulse. Related infor-
mation for photon energy 3.2 a.u. has also been given in
Parker et al. [3].

In Figure 2, we show the photoelectron energy spec-
tra at two different times. The full curve is the pop-
ulation into the continuum, at the end of pulse (after
25 cycles of the field) while the other is at a time that
corresponds to 900 cycles. Since after 25 cycles the field
is zero, whatever photoelectrons are produced between
that time and 900 cycles come from autoionization. The
shape of this PES is rather reasonable if one considers the
strength of the autoionization compared with the pulse
duration as well as with the peak intensity. Given that
the width of the resonant AIS is Γ1 ∼ 1.3× 10−3 in a.u.
we find a life time of the order τ1 ∼ 17.61 fs. The laser
is on for 25 cycles (τL ∼ 1.72 fs), which means spec-
tral width of about ∆ω ∼ 1/τL = 2.4 eV; the interac-
tion time is about 10 times smaller than the AIS width,
Γ1τL ∼ 0.1. Given the spectral width of the pulse, we see
that it is broad enough to populate both AIS |a1〉, |a2〉
taking also into account the relative shift of the ground
state Sg ∼ 0.13I0 = 4.03 eV and the ponderomotive
shift of the states above the first ionization threshold,
Up ∼ I0/4ω2 = 1.588 eV. At the end of the pulse, the
maximum population in the continuum is shifted because
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Fig. 2. Photoelectron energy spectra at two different points in
time after the laser started acting on the system. The dotted
line represents the energy distribution of the photoelectron for
energy range around the position of the autoionizing structures
at time equal to 25 cycles of the field. The full curve is the
same quantity as evolved to time equal to 900 cycles of the
field. Note that the autoionization lifetime of the state |2s2p〉
is about 250 cycles.

of those shifts. After turning off the laser, the only channel
of populating the continuum is the electron-electron inter-
action, peaked at the field-free AIS energy positions; and
this is the case as shown in the figure. The oscillations in
the dotted curve are due basically to the finite duration of
the pulse and generally decay, provided we look at times
long compared with the AIS width (t � 1/Γ1, 1/Γ2). El-
ementary analysis of the differential equations for such
times gives for the PES:

S(Ec1 , t) ∼ t2
[
Γ1|Ua1 |2

sin2(∆a1t/2)
(∆a1t/2)2

+ Γ2|Ua2 |2
sin2(∆a2 t/2)

(∆a2t/2)2

]
(35)

with ∆ai ≡ Ec1 − Eai , i = 1, 2. From this equation, the
origin of the oscillation becomes evident, as well as the
peak structures in the limit of ∆ait→ 0.

In Figure 3, we show the populations of the He+, He++

and discrete states as a function of the detuning with
the AIS |a1〉 at 900 cycles of the field period ∼62.15 fs;
i.e. about three times the width of state |a1〉. From
the figure, we see that none of those curves exhibits
the typical Fano profile [8]. This behaviour is not unex-
pected, given the small (compared to 1/Γ1) interaction
time. On the other hand, the peak intensity of the pulse
is 4.0 × 1016 W/cm2 which makes the maximum Rabi
strength Ω1 ∼ 0.0227

√
I0 = 0.0295, about 17 times larger

than Γ1; namely Ω1 = 17.15Γ1. It has been shown by
Lambropoulos and Zoller (see discussion of Fig. 4 in [9]),
that when the interaction time is much less than the au-
toionization lifetime even a moderately strong intensity
can modify considerably the weak-field typical Fano line
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Fig. 3. Populations of the He+, He++ and bound states of
helium as a function of the laser detuning from the AIS |2s2p〉
at time of about 900 cycles of the field. For comparison the AIS
width is about 250 cycles. The pulse duration was 25 cycles.
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Fig. 4. Same as the previous figure, with pulse duration about
250 cycles.

profile. For the present laser parameters the population
for He++ is not affected by the presence of the AI states.
We should note here, that the He++ population remains
constant with the end of the pulse while the He+ increases
depending on the observation time. Eventually, within our
model, in times of the order of a few AIS widths 1/Γ1 the
population in He+ will be that of population of He+ plus
the population of AIS at the end of the pulse. The main
channel of production of He++ is the sequential channel
and the decrease of He++ population as a function of the
photon energy is due to the corresponding decrease in the
rate γ1.

In Figure 4 we present calculations similar to those of
Figure 3 but with duration of the laser about 250 cycles
(∼17.2 fs), almost equal to the width of AIS |a1〉. The re-
sults change, when crossings the AIS |a1〉, in contrast of
those of the smaller duration pulse. The population of He+



304 The European Physical Journal D

5 0 5
laser detuning (in units of Γa1

)

10
9

10
7

10
5

10
3

10
1

yi
el

d

He
++

 : sequential
He

++
 : direct

5 0 5
10

5

10
4

10
3

10
2

10
1

10
0

yi
el

d

He
+

(a)

(b)

Fig. 5. Variation of the ionization yields as a function of laser
detuning for a 1 ps Gaussian pulse at the intensity of 4 ×
1011 W/cm2. (a) Single ionization yield and (b) sequential-
and direct-double ionization yields.

and of the discrete state have the same behaviour and a
clear increase (though rather broad) occurs for near res-
onance photon energies. Most of the discrete states pop-
ulation is in the AIS state, which eventually will decay
to the He+ continuum. This channel affects the He++

population in the opposite way, since crossing the reso-
nance a broad minimum appears. The PES, not presented
here, exhibits two narrow peaks, in a rather smooth back-
ground, at the energy positions of the AIS |a1〉 and |a2〉,
in accordance with the large duration of the laser pulse.
Basically, in both cases, though with different response to
the laser pulse, not significant enhancement of He++ can
be attributed to the presence, of the resonances. For rea-
sonable laser pulse parameters (duration, peak intensity),
we do not find any unusual behaviour in the single and
double ionization signals of helium.

Now, using equations (25), we have calculated the vari-
ation of the single-, sequential-double-, and direct-double-
ionization yields as a function of laser detuning. The
results are plotted in Figure 5. The laser intensity and the
pulse duration have been taken to be 4.5 × 1011 W/cm2

and 1 ps (Gaussian FWHM), respectively. Since the laser
intensity is rather weak and the pulse duration rather long,
(Γa1τL � 1), the profiles of the single- and sequential-
double-ionization yields exhibit typical Fano shapes. On
the other hand, the profile of the direct-double-ionization
is practically Lorentzian, as equation (34) suggests. It is
interesting to point out that, although ionization into the

single continuum |c3〉 and the double-continuum |c2〉 do
not interfere, as equation (33) shows, the contribution of
the sequential-double-ionization represented by the first
term of equation (33) can be made minimum if the laser
frequency is tuned to the absorption minimum of the au-
toionizing state. Thus, the contrast ratio of the sequential-
and direct-double-ionization is maximum when the laser
is tuned to the absorption minimum.

4 Conclusion

We have calculated the single and double ionization
of helium from the ground state around photon fre-
quency 60.1 eV (in the vicinity of the AIS |2s2p〉) and
for intensity of about 1016 W/cm2. Both the photon fre-
quency and the intensity are expected to be available with
the Free Electron Laser (FEL) source at DESY in Ham-
burg. Our intention was to explore the role of the au-
toionization structure on the single and most importantly
the double ionization yield. We have found that, for any
pulse, the presence of the neighbouring autoionizing states
|2s2p〉 and |2s3p〉 does not have any significant influence
of the double ionization yield. It does, however, lead to
an increase of the double to single ionization ratio in the
case of a long pulse tuned to the absorption minimum of
the |2s2p〉 state, because at that frequency, single-photon
absorption is significantly reduced. This can be useful in
reducing depletion of the initial state or perhaps even sat-
uration of photoelectron detectors.

The work by T.N. was supported by the Grant-in-Aid for sci-
entific research from the Ministry of Education and Science of
Japan.
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