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We present a detailed theoretical study of two-photon above-threshold excitation to the lowest dipole forbidden
1Se and 1De autoionizing states of helium with free-electron-laser pulses. We consider the case where the formation
of these transient states is detected by monitoring the yield of atoms in the metastable 1s2s states, which are
reached in the radiative cascade decays of the autoionizing states. We describe the two-photon near-resonant
driving with an effective Hamiltonian operator within the density matrix formalism, and we report the relevant
parameters of the model, such as the field-induced shifts, the effective Rabi frequencies, and the cascade branching
ratios of both the autoionizing states and the 1sn� states, to which the autoionizing states decay. We compare the
calculated metastable atom yield to the vacuum ultraviolet florescence yield and to the electron yield. We discuss
the effects of the intensity of the source, admixture of higher harmonics in the incident beam, polarization of the
incident light, and the pulse chirp on the metastable atom yield.
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I. INTRODUCTION

Over the past decades, advances in the development of
free-electron-laser (FEL) sources have led to the generation
of intense, short-wavelength radiation ranging from extreme
ultraviolet to x rays, with pulse duration of the order of
(few tens of) femtoseconds [1–3]. While the sources based
on self-amplified spontaneous emission (SASE) [1–4], which
are characterized by lower shot-to-shot spectral and temporal
stability, can be used to perform spectral analysis using appro-
priately sorted single-shot FEL spectra (e.g., see Ref. [5]), a
more convenient scheme for producing stable FEL pulses is
the one based on generation at the harmonics of an external
seed laser [high-gain harmonic generation (HGHG)] [6–9].
The HGHG sources are especially important when scans are
required over energy regions narrower or comparable to the
range of energy fluctuations exhibited by the source.

Very recently, an experiment was performed by Žitnik
et al. [10] in which the lowest dipole forbidden 1Se and
1De autoionizing states of the helium atom were studied
by two-photon absorption using intense femtosecond pulses
generated by the seeded FEL source FERMI at Elettra. The
experiment was performed at the Low density matter end
station [11] and exploited the scanning capabilities of the
source [9]. The autoionizing states studied in Ref. [10] lie in
the energy region between 59.5 and 64.5 eV above the ground
state; thus the energies of the incident photons were of the order
of 30 eV (wavelengths ∼40 nm), i.e., above the ionization
threshold of helium. Identification of the two-photon process
poses a challenge in this case since the dominant mechanism,
single-photon ionization, is responsible for a large background
signal in the measured electron and ion yields. This is why
excitation to the autoionizing states was studied by monitoring
the yield of neutral atoms in the metastable singlet and triplet
1s2s states, to which the autoionizing states cascade with low
probability when they decay radiatively. Unlike the ion or
electron yield, the metastable atom yield is background free.
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Its increase is unambiguously associated with excitation to a
resonance state, as described in the following.

Autoionizing states of helium represent a subset of doubly
excited states (DES), often said to be the prototypical atomic
states for studying electron correlations. Since the experiment
performed by Madden and Codling [12], these states have been
extensively studied both experimentally and theoretically (see
Ref. [13] for a review). Apart from the studies dealing with
the properties of dipole forbidden DES through interaction
with dipole allowed DES in external electric [14–17] and
magnetic fields [18] or through dipole-quadrupole interference
[19,20], the dipole allowed DES have, to date, mostly been
studied experimentally. While autoionization is usually the
most probable decay mechanism of the DES, it became
clear that their radiative decay is important for a detailed
interpretation of photoabsorption spectra [21–23]. A relatively
simple alternative detection scheme, which can be used to
observe the radiative decay of DES indirectly, was shown to be
the aforementioned detection of atoms in the 1s2s states [24].
This scheme was used to detect the previously unobserved
triplet DES [25,26]. Although the decay branching ratios of
the DES to cascade to the 1s2s states are relatively low, the
metastable atom yield detection is efficient as it does not
depend on the detector acceptance angle (in contrast with the
fluorescence yield): excited helium atoms are detected in a
head-on collision of the collimated beam with the metastable
atom detector.

In this work we present a theory which is used for the
description of two-photon above-threshold excitation to the
1Se and 1De autoionizing states with intense femtosecond FEL
pulses. The in-depth theoretical study we present here was
used as a basis for the experiment described in Ref. [10]: it
served as the feasibility study and for the interpretation of the
experimental results.

II. FORMULATION

We consider ground-state helium atoms irradiated by FEL
pulses of peak intensity ∼1014 W/cm2 and pulse duration
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FIG. 1. (Color online) (a) Two-photon above-threshold excita-
tion of the ground-state (g) atom to the discrete state (b) embedded in
the continuum (c1). The arrows represent absorption and emission of
photons with energy ω0, and V (dashed line) denotes configuration
interaction (CI). The continuum not coupled to the discrete state via
CI is labeled by c2. (b) Cascade decay of the autoionizing state to
the 1s2s metastable states (m). (c) The paths neglected in the present
treatment.

of the order of 100 fs. Let |g〉 be the atomic ground state
and |b〉 the discrete state embedded in the continuum, which
we denote by |c1〉. Furthermore, let |c2〉 be the continuum
which is unreachable from |b〉 by autoionization [Fig. 1(a)].
The discrete state and the two continua are accessible from
the ground state by two-photon absorption. We denote the
energies corresponding to |g〉, |b〉, |c1〉, and |c2〉 by εg , εb, εc1 ,
and εc2 . The energy of the incident photons (ω0) lies above
the first (N = 1) ionization threshold (24.59 eV above the
ground state), so that the excitation proceeds through the 1P o

continuum (1sεp). It is assumed that two-photon excitation is
near-resonant, i.e., εb ≈ εg + 2ω0, and that no intermediate
resonance state lies close to εg + ω0. Since the excitation
proceeds from the helium ground state, the symmetry of |b〉
and |c1〉 is 1Se and the symmetry of |c2〉 is 1De or vice versa.
The atom in the autoionizing (resonance) state may be further
ionized by the laser. Alternatively, state |b〉 can decay by
photon emission [Fig. 1(b)]. The resonance states below the
N = 2 threshold, which are of interest here, decay radiatively
almost exclusively to the 1sn� states. These states, in turn,
cascade either to the ground state or to the metastable (MS)
singlet and triplet 1s2s states [denoted by m in Fig. 1(b)]. Note
that the direct (noncascade) decay of state |b〉 to the MS states
is dipole forbidden. The lifetimes of the singlet and triplet
1s2s states are long (20 ms and 8000 ms, respectively [27,28])
compared to the time of flight of the atoms to the metastable
atom detector, so that these states may be treated as stable.

The decay widths of the resonance states we consider are
taken to be small compared to their energy differences, so
that the states do not overlap. We assume that the intensity is
low enough and the pulse duration long in comparison with
the period of the field (2π/ω0), so that the driving by the
laser is describable in terms of the second-order transition
amplitudes. Furthermore, we assume that the continuum-
continuum coupling, i.e., the coupling between the 1sεp

continuum and |c1〉 and |c2〉 (1sεs and 1sεd), is weak. The
effect of the laser on the states is taken into account through
laser-induced decay widths and energy shifts [29–31]. Here we
employ the density matrix formalism in which the radiation
field is treated classically. The effective Hamiltonian operator

which describes the atom interacting with the laser field in the
rotating wave approximation is written as [29–33]

H = H0 + V + D̄, (1a)

H0 = (εg + Sg − iγg/2)|g〉〈g|
+ (

εb + Sb − iγb/2 − i�
f

b

/
2
)|b〉〈b|

+
∫

dεc1εc1 |c1〉〈c1| +
∫

dεc2εc2 |c2〉〈c2|, (1b)

V =
∫

dεc1Vbc1 |b〉〈c1| +
∫

dεc1Vc1b|c1〉〈b|, (1c)

D̄ = ∑∫
j

�̄jg

2
e−2iω0t |j 〉〈g| + ∑∫

j

�̄gj

2
e2iω0t |g〉〈j |, (1d)

where V is the configuration-interaction (CI) operator and
D̄ the effective two-photon transition operator. In the present
formalism, states |g〉, |b〉, |c1〉, and |c2〉 are the eigenstates of
operator H0 with complex eigenenergies which include the
field-induced shifts (Sg and Sb) and the field-induced decay
widths (γg and γb) defined in the following. In addition, decay
width �

f

b has been included to account for the spontaneous
(fluorescence) decay of state |b〉. The sums with the integral
sign in Eq. (1d) include the integration over the energies of the
continua, and j runs over b, c1, and c2. The two-photon Rabi
frequencies are

�̄jg = F2

2

∑∫
ν

DjνDνg

εg + ω0 − εν + iη
, (2a)

�̄gj = F2

2

∑∫
ν

D
†
gνD

†
νj

εg + ω0 − εν + iη
, (2b)

where ν runs over the bound and continuum intermediate 1P o

states, F = F(t) is the envelope of the electric field of the
laser pulse (assumed real), and the limit η → 0+ is implied.
The electric dipole operator is D = ê0 · (r1 + r2), where ê0

is the unit polarization vector, and r1 and r2 are the electron
coordinates. Laser-induced shifts Sg and Sb and laser-induced
widths γg and γb of states |g〉 and |b〉 are defined by [29]

Sg − iγg/2 = F2

4

∑∫
ν

|Dνg|2
εg + ω0 − εν + iη

, (3a)

Sb − iγb/2 = F2

4

∑∫
μ

{ |Dμb|2
εb + ω0 − εμ + iη

+ |Dμb|2
εb − ω0 − εμ + iη

}
. (3b)

The generalized sums in Eq. (3a) and Eq. (3b) run over the
1P o and over the 1P o and 1Fo bound and continuum states,
respectively. The terms which correspond to both positive and
negative frequencies (i.e., describe absorption and stimulated
emission) are required in Eq. (3b) for the calculation of Sb

(see Sec. III B). In the present formalism, the decay widths of
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the bound intermediate states have been neglected because of
the large detunings (ω0 − εν + εg), and only the continuum
intermediate states therefore contribute to γg and γb. The
latter thus describe single-photon ionization of the atom in
the ground state and in the resonance state, respectively. The
integrals in Eqs. (3a) and (3b) are evaluated by taking into
account that the (dipole) matrix elements vary slowly with
the energy and by using the relation limη→0+ (x + iη)−1 =
Px−1 − iπδ(x), where P denotes the Cauchy principal value.

Our initial assumption has been that the driving be describ-
able in terms of the second-order transition amplitudes. In this
approximation, we have neglected the indirect coupling by
the laser between |b〉, |c1〉, and |c2〉 via stimulated emission
and subsequent absorption of photons, as has been depicted
in Fig. 1(c). This approximation is valid when the intensity is
low enough, i.e., when

F2

4

∣∣∣∣∑
∫

ν

〈k|D|ν〉〈ν|D†|j 〉
εg + ω0 − εν + iη

∣∣∣∣ � ∣∣Vc1b

∣∣ (4)

holds for j,k ∈ {b,c1,c2}. Note that this is consistent with the
assumption that the continuum-continuum coupling (described
by 〈c1|D|ν〉 and 〈c2|D|ν〉 when |ν〉 is a continuum state) is
weak. The reader is referred to Ref. [34] for a discussion.

We write the solution of the Schrödinger equation in terms
of the slowly varying amplitudes, ag , ab, ac1 , and ac2 :

|�(t)〉 = ag(t)e−i(εg+Sg )t |g〉 + ab(t)e−i(εg+Sg+2ω0)t |b〉

+
∫

dεc1ac1 (t)e−i(εg+Sg+2ω0)t |c1〉

+
∫

dεc2ac2 (t)e−i(εg+Sg+2ω0)t |c2〉. (5)

This leads to the following system of coupled differential
equations:

i
d

dt
ag =−i

γg

2
ag + �̄gb

2
ab +

∫
dεc1

�̄gc1

2
ac1

+
∫

dεc2

�̄gc2

2
ac2 , (6a)

i
d

dt
ab =

(
−
b − i

γb

2
− i

�
f

b

2

)
ab + �̄bg

2
ag

+
∫

dεc1Vbc1ac1 , (6b)

i
d

dt
ac1 =−
c1ac1 + �̄c1g

2
ag + Vc1bab, (6c)

i
d

dt
ac2 =−
c2ac2 + �̄c2g

2
ag, (6d)

where we have introduced detunings 
b = 2ω0 − (εb + Sb) +
εg + Sg , 
c1 = 2ω0 − εc1 + εg + Sg , and 
c2 = 2ω0 − εc2 +
εg + Sg . We proceed by integrating Eqs. (6c) and (6d) and
inserting the expressions into Eqs. (6a) and (6b). Next, we
take into account that the Rabi frequencies �̄c1g , �̄c2g , �̄gc1 ,

and �̄gc2 and the CI matrix elements vary slowly with εc1 and
εc2 , so that the Markov approximation [35,36] may be used.
Applying the Markov approximation is equivalent to ignoring
the derivatives in Eqs. (6c) and (6d) [32,37]:

ac1 ≈ �̄c1gag/2 + Vc1bab


c1 + iη
, (7a)

ac2 ≈ �̄c2gag/2


c2 + iη
, (7b)

and leads to the following equations:
d

dt
ag = − �̄g

2
ag − i

�̃gb

2

(
1 − i

qgb

)
ab, (8a)

d

dt
ab =

(
i
̄b − �̄b

2

)
ab − i

�̃bg

2

(
1 − i

qbg

)
ag. (8b)

We have defined the detuning as


̄b = 2ω0 − (εb + Sb + Fb) + εg + Sg + S̄g, (9)

the total decay width of the ground state as �̄g = γg + γ̄g ,
and the total decay width of the resonance state as �̄b = �a

b +
�

f

b + γb. The autoionization width �a
b and the shift Fb due to

the CI are obtained from

Fb − i�a
b/2 = P

∫
dεc1

∣∣Vc1b

∣∣2


c1

− iπ
∣∣Vc1b

∣∣2
. (10)

The energy shift and energy width due to two-photon absorp-
tion and emission are

S̄g − i
γ̄g

2
= 1

4

∫
dεc1

�̄gc1�̄c1g


c1 + iη
+ 1

4

∫
dεc2

�̄gc2�̄c2g


c2 + iη
,

(11)

The two-photon Rabi frequencies used in Eqs. (8a) and (8b)
are

�̃bg = F2

2

∑∫
ν

〈b̃|D|ν〉〈ν|D|g〉
εg + ω0 − εν + iη

, (12a)

�̃gb = F2

2

∑∫
ν

〈g|D†|ν〉〈ν|D†|b̃〉
εg + ω0 − εν + iη

, (12b)

and describe the coupling by the laser between the ground
state and the discrete state modified by the admixture of the
continuum:

|b̃〉 = |b〉 + P

∫
dεc1

|c1〉Vc1b


c1

. (13)

The asymmetry (Fano) parameters [38] associated with two-
photon transitions between the ground state and the resonance
state are

qbg = �̃bg

πVbc1�̄c1g

, (14a)

qgb = �̃gb

π�̄gc1Vc1b

, (14b)

and are independent of the intensity of the laser under the
approximations used here. It should be noted that �̃bg and
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�̃gb, as well as qgb and qbg , are complex since the excitation
proceeds through the continuum [39,40]. The expressions
for the asymmetry parameters agree with the ones given
in Ref. [40] for a single open continuum channel and an
isolated resonance state. Since the polarization-dependent
factors can be factored out of the numerators and denominators
in Eqs. (14a) and (14b), it can be shown that qbg and qgb are
independent of ê0. Consequently, qbg = qgb may be shown to
hold.

Using Eqs. (8a) and (8b), the following density matrix
equations can be derived:

d

dt
ρgg =−�̄gρgg + Im

{
�̃gb

(
1 − i

qgb

)
ρbg

}
, (15a)

d

dt
ρbb = −�̄bρbb + Im

{
�̃bg

(
1 − i

qbg

)
ρ∗

bg

}
, (15b)

d

dt
ρbg =

(
i
̄b − �̄g

2
− �̄b

2
− γL

)
ρbg

− i
�̃bg

2

(
1 − i

qbg

)
ρgg + i

�̃∗
gb

2

(
1 + i

q∗
gb

)
ρbb,

(15c)

where ρjk = aja
∗
k . An additional decay term (−γLρbg) has

been included on the right-hand side of Eq. (15c), where
γL is a transverse relaxation rate used to describe, for
example, phase fluctuations of the driving field [41]. Equations
similar to (15a)–(15c) have been obtained in Refs. [31–
33]. Note, however, that unlike the asymmetry parameters
used in Refs. [30–33], qgb and qbg are complex, as already
mentioned.

The fluorescence yield (yf ) and the yield of atoms in the
MS states (ym), to which the resonance state cascades, can be
calculated in a straightforward way from

d

dt
yf = �

f

b ρbb, (16a)

d

dt
ym = �m

b ρbb. (16b)

Here, �m
b denotes the cascade decay rate of state |b〉 to the

MS states (see Sec. III B). The electron yield due to two-photon
absorption (ye) is calculated as follows. From Eqs. (6c) and
(6d) we obtain equations of motion for the diagonal matrix
elements:

d

dt
ρc1c1 =− Im

{
�̄∗

c1g
ρc1g + 2V ∗

c1b
ρc1b

}
, (17a)

d

dt
ρc2c2 =− Im

{
�̄∗

c2g
ρc2g

}
. (17b)

We integrate Eqs. (17a) and (17b) over εc1 and εc2 , where we
take into account again that �̄c1g , �̄c2g , and Vc1b vary slowly
with εc1 and εc2 . By using Eqs. (7a) and (7b) to eliminate
ρc1g , ρc1b, and ρc2g , the total ionization rate is seen to be

equal to

d

dt
ye =

∫
dεc1

(
dρc1c1

/
dt

) +
∫

dεc2

(
dρc2c2

/
dt

)
(18a)

= Rgρgg + �a
bρbb + 2 Re

�̃bgρ
∗
bg

qbg

, (18b)

where Rg = π
∣∣�̄c1g

∣∣2
/2 + π

∣∣�̄c2g

∣∣2
/2 the first two terms

in Eq. (18b) describe the background two-photon ground-
state photoionization and autoionization of |b〉, respec-
tively. The last term in Eq. (18b) arises due to the cou-
pling (CI) between |b〉 and |c1〉, i.e., due to the “in-
terference” between the direct pathway to the continuum
and the indirect pathway through the discrete state. Note
that the ionization rate can also be calculated directly
from

dye

dt
= 2π{|〈c1|V + D̄|�(t)〉|2 + |〈c2|D̄|�(t)〉|2} (19a)

= 2π
{∣∣�̄c1gag/2 + Vc1bab

∣∣2 + ∣∣�̄c2gag/2
∣∣2}

, (19b)

where the first and the second term in Eqs. (19a) and (19b)
describe the transitions to the two continua.

As the incident photon energies lie in the energy region be-
tween the N = 1 and N = 2 ionization threshold, photoioniza-
tion (autoionization) results in ions in the ground state. Since
the latter does not decay radiatively, both the fluorescence and
the MS atom yield are background-free, i.e., the single-photon
process does not contribute to the background signal. This does
not hold for the electron yield: photoelectron kinetic-energy
analysis is required to differentiate between electrons ejected
in the one- and two-photon process.

We may obtain an approximate solution of the Schrödinger
equation for the whole energy region of the resonance states
in the following way. Since the resonances considered are
nonoverlapping, we may simply sum over the resonance
states (b) on the right-hand sides of Eqs. (15a), (16a),
(16b), and (18b). For I0 � 1015 W/cm2, the yields thus
calculated are practically indistinguishable from the yields
obtained in the calculation in which the full system of
coupled differential equations describing the density matrix is
solved.

III. CALCULATIONS

The bound and continuum atomic states have been rep-
resented in a basis of real two-electron Coulomb-Sturmian
wave functions [42,43]. The method of complex scaling [44]
has been used to calculate the parameters associated with the
resonance states.

While the singlet-triplet coupling among the resonance
states is weak [45] and has been neglected, it has been found to
be essential for the 1sn� states. The mixing among the 1LL and
3LL 1snL states is strong for total orbital angular momentum
L � 3 [46]. When the cascade proceeds through these states,
the probability to reach the MS states is increased: the 1sn�

states for which the singlet-triplet coupling is strong are more
likely to cascade to the triplet 1s2s states. In particular,
the 1De resonances decay directly to the 1snf states, which
cascade to the MS states with higher probability than the 1snp

063409-4



TWO-PHOTON EXCITATION TO AUTOIONIZING STATES . . . PHYSICAL REVIEW A 91, 063409 (2015)

states with predominantly singlet character (these are most
likely populated in the decay of the 1Se and 1De resonance
states).

A. Branching ratios of the 1sn� states

The decay widths of the singlet-triplet mixed 1sn� states
have been obtained by combining the dipole matrix elements
of the calculated LSJ -coupled wave functions with the values
of the singlet-triplet mixing coefficients and accurate energies
(these include relativistic and QED corrections) from the high
precision calculations (see Refs. [46–48]).

If βs
h and βs

k denote the coefficients of the singlet LSJ -
coupled basis states |hs〉 and |ks〉 and βt

h and βt
k the analogous

coefficients of the triplet basis states |ht 〉 and |kt 〉, the singlet-
triplet mixed states |h〉 and |k〉 are written as

|h〉 = βs
h|hs〉 + βt

h|ht 〉, (20a)

|k〉 = βs
k |ks〉 + βt

k|kt 〉. (20b)

The |k〉 → |h〉 partial decay width and the total decay width
are then calculated as

�h,k = 4α3

3
(εk − εh)3

(
Jh 1 Jk

−Mh Mh − Mk Mk

)2

×〈h‖D‖k〉2, (21a)

�k =
∑

h

�h,k, (21b)

where α denotes the fine-structure constant, Jh and Jk are the
total angular momenta of states |h〉 and |k〉, Mh and Mk the
corresponding projections, and 〈h‖D‖k〉 = βs

hβ
s
k〈hs‖D‖ks〉 +

βt
hβ

t
k〈ht‖D‖kt 〉 denotes the reduced dipole matrix element.

The branching ratio of state |k〉 to cascade to the MS states
is [48]

Bm
k =

∑
j

{
�j,k

�k

+
∞∑

n=2

∑
h2,...,hn

�j,hn

�hn

· · · �h3,h2

�h2

�h2,k

�k

}
, (22)

where j runs over the singlet and triplet 1s2s states. The first
term in Eq. (22) describes the direct transition from |k〉 to
|j 〉 and the second term the n-step cascade transition which
proceeds through states |h2〉, . . . ,|hn〉. The effective decay rate
is calculated as �m

k = Bm
k �k .

The branching ratios of the 1snp and 1snf states with a
nonzero singlet basis state admixture can be found in Table I.
As mentioned, the branching ratios of the states with L � 3
are high due to the strong singlet-triplet mixing, resulting in
an increased probability to cascade to the triplet 1s2s states.
Decay branching ratios of the 1sn� states calculated in a
similar way as in Eq. (22) were recently used to reproduce the
dependence of the MS atom yield on the strength of a tunable
static electric field with high accuracy [48]: the positions and
shapes of the structures in the measured yield, which were the
consequence of the strong field-induced mixing, were shown to
be in very good agreement with the results of the calculations.

B. Resonance parameters

We have used the method of complex scaling [43,44]
to calculate the parameters of the resonance states. In this

formalism, each resonance state is associated with a single
eigenvector |bθ 〉 of the complex-scaled Hamiltonian operator
H (θ ), where θ denotes the rotation angle. The corresponding
eigenvalues can be written as Eθ

b = ε̃b − i�a
b/2, where �a

b is
the autoionization decay width and ε̃b is the energy of the
resonance state which already includes Fb [Eq. (10)].

The generalized Rabi frequencies have been calculated
using the following relations:

�̃bg

(
1 − i

qbg

)
= F2

2

∑
ν

〈b∗
θ |Dθ |νθ 〉〈ν∗

θ |Dθ |gθ 〉
εg + ω0 − Eθ

ν

, (23a)

�̃gb

(
1 − i

qgb

)
= F2

2

∑
ν

〈g∗
θ |D†

θ |νθ 〉〈ν∗
θ |D†

θ |bθ 〉
εg + ω0 − Eθ

ν

, (23b)

where |νθ 〉 and Eθ
ν denote the eigenstates and the eigenenergies

of H (θ ) of 1P o symmetry, Dθ = eiθD, and D
†
θ = eiθD†.

The complex-scaled ground state is denoted by |gθ 〉. The
conjugation sign in 〈b∗

θ |, 〈ν∗
θ |, and 〈g∗

θ | means that the
deconjugated radial parts of the wave functions should be
used in the calculation of the matrix elements. It is important
to note that the two-photon transition amplitudes calculated
by means of the complex-scaled states—described by the
right-hand sides of Eqs. (23a) and (23b)—are associated with
�̃bg(1 − i/qbg) and �̃gb(1 − i/qgb). This was discussed in
Ref. [37] for the case of the single-photon coupling. The
discussion used there also remains valid in the present case if
the dipole operators, D and D†, are replaced with two-photon
transition operators DG+(εg + ω0)D and D†G+(εg + ω0)D†,
where G+(ε) = (ε + iη − H0 − V )−1 denotes the retarded
Green’s operator.

As has been mentioned, the singlet-triplet mixing among
the resonance states has been neglected. In this approximation,
only the resonances of the 1Se and 1De symmetry are accessible.
These resonances decay to those 1snp and 1snf states {|k〉}
that have a nonzero admixture of the singlet basis state (βs

k �=
0). Furthermore, the direct decay of the resonance state to the
MS states is dipole forbidden. Decay rate �m

b of the resonance
state may therefore be assessed from the cascade branching
ratio of state |b〉:

Bm
b =

∑
k

Bm
k

�
f

k,b

�
f

b + �a
b

≡ �m
b

�
f

b + �a
b

, (24)

where Bm
k is the branching ratio of state |k〉 (Sec. III A) and

�
f

k,b is the |b〉 → |k〉 partial decay width (cf. Refs. [43,49]):

�
f

k,b ≈ 4α3

3
(εb − εk)3

(
Jk 1 Jb

−Mk Mk − Mb Mb

)2

× ∣∣βs
k

∣∣2
Re{〈k∗

s,θ‖Dθ‖bθ 〉2}. (25)

The total angular momentum of the resonance state and state
|k〉 and their projections are denoted by Jb, Jk , Mb, and Mk .
The complex scaled state which corresponds to the singlet
basis state (|ks〉) has been denoted by |ks,θ 〉. Only the 1snp

and 1snf final states have been considered in Eq. (24) since
the partial decay rates of |b〉 to the lower-lying DES have been
found to be much smaller. Equation (25) gives the (partial)
decay width of the discrete part of the autoionizing state
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TABLE I. Decay branching ratios Bm
k and decay widths �k of the 1sn� states. Only the ratios of the states with nonzero singlet component

βs
k are shown. The numbers in parentheses denote the powers of ten.

n LJ −εk

∣∣βs
k

∣∣2
�k Bm

k n LJ −εk

∣∣βs
k

∣∣2
�k Bm

k

2 P1 2.1238389034 1.0000 4.355(−8) 1.097(−3) 8 P1 2.0079471379 5.9878(−8) 3.383(−11) 9.998(−1)
2 P1 2.1331718034 7.7451(−8) 2.470(−10) 1.000 8 D2 2.0078165302 9.9992(−1) 8.387(−11) 1.726(−2)
3 S0 2.0612721521 1 4.424(−10) 1.097(−3) 8 D2 2.0078179505 8.1157(−5) 1.008(−10) 9.959(−1)
3 P1 2.0551451572 1.0000 1.402(−8) 2.306(−2) 8 F3 2.0078133037 7.6422(−1) 4.348(−11) 2.322(−1)
3 P1 2.0580833984 6.5434(−8) 2.551(−10) 1.000 8 F3 2.0078133189 2.3578(−1) 4.351(−11) 7.746(−1)
3 D2 2.0556208958 9.9976(−1) 1.541(−9) 1.377(−3) 8 G4 2.0078127146 5.1998(−1) 2.573(−11) 3.327(−1)
3 D2 2.0556364715 2.4366(−4) 1.711(−9) 9.998(−1) 8 G4 2.0078127224 4.8002(−1) 2.573(−11) 6.970(−1)
4 S0 2.0335868114 1 2.748(−10) 9.973(−3) 8 H5 2.0078125740 5.1525(−1) 1.699(−11) 3.686(−1)
4 P1 2.0310691570 1.0000 6.100(−9) 2.757(−2) 8 H5 2.0078125792 4.8475(−1) 1.699(−11) 6.805(−1)
4 P1 2.0323253374 6.2400(−8) 1.746(−10) 1.000 8 I6 2.0078125300 5.1289(−1) 1.205(−11) 3.886(−1)
4 D2 2.0312799444 9.9987(−1) 6.524(−10) 7.043(−3) 8 I6 2.0078125337 4.8711(−1) 1.205(−11) 6.737(−1)
4 D2 2.0312889381 1.2987(−4) 7.545(−10) 9.999(−1) 8 K7 2.0078125134 5.1117(−1) 9.013(−12) 4.015(−1)
4 F3 2.0312551467 6.3506(−1) 3.345(−10) 3.518(−1) 8 K7 2.0078125162 4.8883(−1) 9.012(−12) 6.705(−1)
4 F3 2.0312552539 3.6494(−1) 3.346(−10) 6.496(−1) 9 S0 2.0063695649 1 3.420(−11) 1.750(−2)
5 S0 2.0211769075 1 1.650(−10) 1.352(−2) 9 P1 2.0061563442 1.0000 5.555(−10) 3.046(−2)
5 P1 2.0199057427 1.0000 3.171(−9) 2.904(−2) 9 P1 2.0062673547 5.9731(−8) 2.454(−11) 9.997(−1)
5 P1 2.0205516925 6.1157(−8) 1.103(−10) 1.000 9 D2 2.0061756842 9.9992(−1) 5.917(−11) 1.833(−2)
5 D2 2.0200158953 9.9990(−1) 3.368(−10) 1.111(−2) 9 D2 2.0061766964 7.8814(−5) 7.131(−11) 9.953(−1)
5 D2 2.0200210810 1.0230(−4) 3.969(−10) 9.986(−1) 9 F3 2.0061734120 7.7270(−1) 3.074(−11) 2.248(−1)
5 F3 2.0200029491 6.9758(−1) 1.730(−10) 2.929(−1) 9 F3 2.0061734228 2.2730(−1) 3.077(−11) 7.824(−1)
5 F3 2.0200030066 3.0242(−1) 1.731(−10) 7.108(−1) 9 G4 2.0061729942 5.2014(−1) 1.820(−11) 3.279(−1)
5 G4 2.0200007114 5.1909(−1) 1.030(−10) 3.742(−1) 9 G4 2.0061729997 4.7986(−1) 1.820(−11) 7.019(−1)
5 G4 2.0200007432 4.8091(−1) 1.030(−10) 6.559(−1) 9 H5 2.0061728939 5.1525(−1) 1.201(−11) 3.641(−1)
6 S0 2.0145631337 1 1.038(−10) 1.532(−2) 9 H5 2.0061728975 4.8475(−1) 1.201(−11) 6.851(−1)
6 P1 2.0138338389 1.0000 1.852(−9) 2.971(−2) 9 I6 2.0061728622 5.1289(−1) 8.512(−12) 6.772(−1)
6 P1 2.0142082520 6.0516(−8) 7.148(−11) 9.999(−1) 9 I6 2.0061728648 4.8711(−1) 8.511(−12) 3.851(−1)
6 D2 2.0138982650 9.9991(−1) 1.964(−10) 1.389(−2) 9 K7 2.0061728501 5.1117(−1) 6.349(−12) 3.974(−1)
6 D2 2.0139014493 9.0800(−5) 2.339(−10) 9.975(−1) 9 K7 2.0061728520 4.8883(−1) 6.349(−12) 6.745(−1)
6 F3 2.0138906946 7.3160(−1) 1.012(−10) 2.614(−1) 9 L8 2.0061728451a 5.0985(−1) 4.926(−12) 4.061(−1)
6 F3 2.0138907291 2.6840(−1) 1.013(−10) 7.437(−1) 9 L8 2.0061728462a 4.9015(−1) 4.926(−12) 6.731(−1)
6 G4 2.0138893488 5.1947(−1) 6.000(−11) 3.524(−1) 10 S0 2.0051430006 1 2.534(−11) 1.783(−2)
6 G4 2.0138893672 4.8053(−1) 6.000(−11) 6.775(−1) 10 P1 2.0049879545 1.0000 4.058(−10) 3.056(−2)
6 H5 2.0138890361 5.1525(−1) 3.980(−11) 3.864(−1) 10 P1 2.0050688692 5.9634(−8) 1.831(−11) 9.997(−1)
6 H5 2.0138890484 4.8475(−1) 3.980(−11) 6.629(−1) 10 D2 2.0050020812 9.9992(−1) 4.329(−11) 1.915(−2)
7 S0 2.0106257997 1 6.877(−11) 1.637(−2) 10 D2 2.0050028267 7.7197(−5) 5.226(−11) 9.949(−1)
7 P1 2.0101692270 1.0000 1.173(−9) 3.008(−2) 10 F3 2.0050004215 7.7867(−1) 2.254(−11) 2.198(−1)
7 P1 2.0104051450 6.0123(−8) 4.824(−11) 9.998(−1) 10 F3 2.0050004295 2.2133(−1) 2.256(−11) 7.878(−1)
7 D2 2.0102100536 9.9992(−1) 1.245(−10) 1.584(−2) 10 G4 2.0050001149 5.2026(−1) 1.336(−11) 3.246(−1)
7 D2 2.0102121286 8.4763(−5) 1.491(−10) 9.966(−1) 10 G4 2.0050001188 4.7974(−1) 1.336(−11) 7.052(−1)
7 F3 2.0102052566 7.5158(−1) 6.437(−11) 2.433(−1) 10 H5 2.0050000409 5.1526(−1) 8.814(−12) 3.609(−1)
7 F3 2.0102052789 2.4842(−1) 6.442(−11) 7.627(−1) 10 H5 2.0050000435 4.8474(−1) 8.814(−12) 6.883(−1)
7 G4 2.0102043898 5.1977(−1) 3.810(−11) 3.402(−1) 10 I6 2.0050000174 5.1289(−1) 6.241(−12) 6.801(−1)
7 G4 2.0102044014 4.8023(−1) 3.810(−11) 6.896(−1) 10 I6 2.0050000193 4.8711(−1) 6.241(−12) 3.823(−1)
7 H5 2.0102041850 5.1525(−1) 2.519(−11) 3.755(−1) 10 K7 2.0050000083 5.1117(−1) 4.649(−12) 3.950(−1)
7 H5 2.0102041928 4.8475(−1) 2.519(−11) 6.737(−1) 10 K7 2.0050000098 4.8883(−1) 4.649(−12) 6.769(−1)
7 I6 2.0102041217 5.1289(−1) 1.792(−11) 6.671(−1) 10 L8 2.0050000046a 5.0985(−1) 3.600(−12) 4.035(−1)
7 I6 2.0102041273 4.8711(−1) 1.792(−11) 3.953(−1) 10 L8 2.0050000054a 4.9015(−1) 3.600(−12) 6.757(−1)
8 S0 2.0080936385 1 4.761(−11) 1.704(−2) 10 M9 2.0050000028a 5.0881(−1) 2.874(−12) 4.097(−1)
8 P1 2.0077890691 1.0000 7.887(−10) 3.031(−2) 10 M9 2.0050000032a 4.9119(−1) 2.874(−12) 6.752(−1)

aExtrapolated.

[43,49]. It can be shown that the fluorescence decay branching
ratio �

f

k,b/(�f

b + �a
b ) is additionally enhanced by a factor (1 +

1/q2
kb) due to the coupling to the continuum, where qkb is the

asymmetry parameter associated with the |b〉 → |k〉 transition

[50,51]. The branching ratios (Bm
b ) are modified accordingly.

However, the effect of the correction factors on the decay
branching ratios has been found to be negligible in the present
case.
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The single-photon shifts and widths have been assessed
from the real and imaginary parts of

Sg − iγg/2

F2
= 1

4

∑
ν

〈g∗
θ |D†

θ |νθ 〉〈ν∗
θ |Dθ |gθ 〉

εg + ω0 − Eθ
ν

, (26a)

Sb − iγb/2

F2
≈ 1

4

∑
μ

{ 〈b∗
θ |D†

θ |μθ 〉〈μ∗
θ |Dθ |bθ 〉

ε̃b + ω0 − Eθ
μ

+ 〈b∗
θ |Dθ |μθ 〉〈μ∗

θ |D†
θ |bθ 〉

ε̃b − ω0 − Eθ
μ

}
. (26b)

The resonance states we consider are slowly decaying, so
that their autoionization widths are small. The contribution to
the imaginary part on the right-hand side of Eq. (26b) due
to the complex nature of the wave function corresponding to
|bθ 〉 [44,52] is therefore small compared to the contribution of
states |μθ 〉 which represent the continuum. It is thus a good
approximation to treat the resonance state as stable, as has
been done in Eq. (26b). The contribution of the second term in
Eq. (26b) to the total rate was found to be negligible compared
to the contribution of the first term. Note that the leading
configurations of the 1Se and 1De autoionizing states below
N = 2 are 2sn� and 2pn�′ (� = s,d; �′ = p,f ). These are
coupled to the 1sε� continuum configurations. The dominant
contribution to the dipole transition amplitude connecting the
resonance state to the 1sεp continuum is therefore due to the
(weak) 1sε�−1sεp coupling. Contrary to γb, the second term
must be included in the calculation of the field-induced shift
(Sb), as has already been mentioned.

The single-photon ionization rates pertaining to |g〉 and |b〉
can be calculated from the respective ionization cross sections,
σg and σb, using γj = σjF

2/(8παω0), where j = g,b. We
have taken into account that the intensity of the pulse, which
we denote by I (t), and the electric-field amplitude are related
through

I (t) = F2(t)/(8πα), (27)

where I (t) is given in units of E2
H/(a2

0�) ≈ 6.44 ×
1015 W/cm2 (EH is the Hartree energy and a0 the Bohr radius).
Since the ground-state ionization cross section does not vary
strongly with ω0 in the energy region of the resonances,
its value has been kept fixed to the cross section near the
2 (1,0)+ 1Se resonance for simplicity: σg = 0.20 a.u. ≈ 5.6 ×
10−18 cm2.

The second-order ground-state ionization rate Rg from
Eq. (18b) has been calculated from the generalized two-photon
background ionization cross sections given in Ref. [40].
The total two-photon cross section is written as σ̄g =
σ̄g(1sεs) + σ̄g(1sεd), where the two terms describe transitions
to the 1Se and 1De continuum. The connection between the
two-photon ionization rate and the cross section is Rg =
σ̄gF

4/(8παω0)2. As for the single-photon ionization cross
section, the energy dependence of the total background two-
photon cross section has been disregarded. The value used
in the calculations is σ̄g(1sεs) + σ̄g(1sεd) = 0.011 a.u. ≈
2.18 × 10−52 cm4s, which corresponds to the total cross
section near the 2 (1,0)+1Se resonance. Except for two-photon
rate Rg , which is needed to describe nonresonant two-photon
ionization, the two-photon shift and width have not been

included in the present calculations since they are much
smaller than their single-photon analogs.

The asymmetry parameters have been taken from Ref. [40].
Since, for Jg = Mg = 0, the only possible value of the total
angular momentum of the intermediate states is Jν = 1, the
asymmetry parameters of the resonance states can be shown
to be independent of Mb.

The resonance parameters used in the calculation are given
in Table II. The incident light was taken to be linearly polar-
ized, with the quantization (z) axis chosen parallel to ê0. Since
the basis states are real, �̃bg = �̃gb. The net field-induced
shift has been denoted by Sbg = Sb − Sg . The states have been
labeled by n (K,T )A, where n is the principal quantum number
of the “outer” electron and K , T , and A are the correlation
quantum numbers. The details about the classification of the
DES are beyond the scope of this work, and we refer the
interested reader to the review of Rost et al. [52]. Except for
the lowest-lying 1Se resonance, the Rabi frequencies and the
fluorescence widths calculated using the velocity and length
forms of the dipole operator are seen to agree well. The matrix
elements corresponding to the two forms are related through

〈b∗
θ |eiθD|aθ 〉 = 〈b∗

θ |e−iθ ê0 · (∇1 + ∇2)|aθ 〉
Eθ

a − Eθ
b

, (28)

which follows from pj e
−iθ = i[H (θ ),rj e

iθ ], j = 1,2.
Laser-induced shifts Sbg are of the same order of magnitude
as the ponderomotive shift,

Up(t) = 2πα
I (t)

ω2
0

= F2(t)

4ω2
0

. (29)

For example, the ratio Up/F2 is approximately 0.192 a.u. for
the 2 (−1,0)+ 1Se resonance and 0.187 a.u. for the 3 (1,0)+ 1De

resonance, which is comparable to the calculated shifts found
in Table II. The method used here for the calculation of
the ground- and resonance state shifts gives results which
agree with the values of the static [53] and dynamic [54]
polarizabilities of He.

Since, for the resonances considered, |1 − i/qbg| ≈ 1, it
is possible to assess the magnitudes of the two-photon Rabi
frequencies from Eqs. (10) and (14a) by using the expression
for the partial two-photon background ionization rate given by
π |�̄c1g|2/2 ≡ σ̄ ′

gF
4/(8παω0)2:

|qbg|
√

σ̄ ′
g�

a
b

8παω0
= |�̃bg|

F2
≈ |�̃bg(1 − i/qbg)|

F2
. (30)

The magnitudes obtained from the left-hand side of Eq. (30)
using the values of the partial ionization cross section (σ̄ ′

g)
reported in Ref. [40] agree with the results found in Table II.

IV. RESULTS AND DISCUSSION

A. Metastable atom yield for a focused laser beam

We consider linearly polarized incident light described by
time-dependent electric field

F(t) = F(t) Re{ê0e
−iω0t }, (31)

with Gaussian envelope F(t) = F0 exp(−2 ln 2 t2/τ 2), where
τ is the pulse duration (the full width at half maximum,
corresponding to the intensity profile) and the peak intensity is
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TABLE II. Parameters of the 1Se and 1De resonances below the N = 2 ionization threshold. The numbers in parentheses denote the powers
of ten. For each resonance state, the parameters in the first and the second line are calculated using the velocity form and the length form of the
dipole operator, respectively. The quantities which depend on ω0 have been evaluated at the photon energy equal to (ε̃b − εg)/2.

n (K,T )A −ε̃b �a
b �

f

b �̃bg(1 − i/qbg)/F2 Sbg/F
2 σb Bm

b Re qbg
aa Im qbg

a

1Se 2 (1,0)+ 0.777866 4.543(−3) 6.510(−8) 1.769(−1) − i 7.870(−2) 0.226 3.15(−2) 5.478(−8) −6.97 4.03
6.509(−8) 1.738(−1) − i 8.519(−2) 0.303 5.476(−8)

2 (−1,0)+ 0.621876 2.137(−4) 2.010(−7) 1.234(−1) − i 6.057(−2) 0.174 1.27(−2) 1.624(−6) −20.1 −12.3
2.010(−7) 1.240(−1) − i 6.080(−2) 0.174 1.624(−6)

3 (1,0)+ 0.589893 1.363(−3) 7.553(−8) 8.017(−2) − i 3.143(−2) 0.116 1.65(−2) 1.108(−6) −6.45 −4.59
7.554(−8) 8.170(−2) − i 3.154(−2) 0.120 1.107(−6)

3 (−1,0)+ 0.548080 7.469(−5) 1.385(−7) 5.567(−2) − i 2.217(−2) 0.112 1.29(−2) 4.269(−5) −10.9 −4.81
1.385(−7) 5.593(−2) − i 2.205(−2) 0.112 4.269(−5)

4 (1,0)+ 0.544881 4.920(−4) 1.061(−7) 4.385(−2) − i 1.859(−2) 0.0987 1.35(−2) 5.486(−6) −5.44 −8.53
1.061(−7) 4.453(−2) − i 1.835(−2) 0.101 5.485(−6)

4 (−1,0)+ 0.527714 4.624(−5) 1.120(−7) 3.935(−2) − i 1.456(−2) 0.0958 1.32(−2) 6.642(−5) −8.37 −3.53
1.120(−7) 3.952(−2) − i 1.444(−2) 0.0960 6.642(−5)

1De 2 (1,0)+ 0.701907 2.363(−3) 2.656(−7) 3.123(−1) − i 1.819(−1) 0.366 1.64(−2) 3.586(−7) −15.4 7.40
2.656(−7) 3.116(−1) − i 1.820(−1) 0.365 3.587(−7)

3 (1,0)+ 0.569211 5.557(−4) 1.712(−7) 1.393(−1) − i 7.481(−2) 0.191 1.22(−2) 8.530(−6) −15.5 5.48
1.713(−7) 1.392(−1) − i 7.509(−2) 0.191 8.530(−6)

3 (0,1)0 0.556425 1.990(−5) 9.599(−8) 3.078(−2) − i 8.850(−3) 0.116 1.42(−2) 4.350(−4) −25.6 6.35
9.599(−8) 3.077(−2) − i 8.898(−3) 0.116 4.350(−4)

4 (1,0)+ 0.536722 2.319(−4) 1.547(−7) 8.868(−2) − i 4.726(−2) 0.153 1.19(−2) 2.841(−5) −16.1 5.48
1.547(−7) 8.867(−2) − i 4.743(−2) 0.153 2.841(−5)

4 (0,1)0 0.531510 1.109(−5) 1.098(−7) 2.277(−2) − i 6.386(−3) 0.122 1.33(−2) 8.885(−4) −27.7 6.18
1.098(−7) 2.277(−2) − i 6.420(−3) 0.122 8.885(−4)

4 (−1,0)0 0.529293 9.679(−9) 2.158(−7) 9.682(−4) − i 5.566(−5) 0.150 8.79(−3) 4.376(−1) −26.2 4.05
2.158(−7) 9.689(−4) − i 5.628(−5) 0.150 4.376(−1)

aFrom Ref. [40].

given by I0 = F2
0/(8πα). Further, we assume that the spatial

profile of the incident beam is Gaussian. If we denote the
coordinate along the beam axis by ζ and the coordinate
perpendicular to the beam axis by ρ, the intensity near the
focus (ζ = 0) is described by [55,56]

I0(ρ,ζ ) = If

w2(ζ )
exp

(
−4 ln 2 ρ2

ρ2
0w

2(ζ )

)
, (32)

where w(ζ ) =
√

1 + (ζ/ζ0)2, If denotes the intensity at the
focus, and ρ0 is the focal radius. We calculate the volume-
integrated yield from single-atom yields yj (j = m,e,f ) as

Yj = 2πN lim
t→∞

∫ ζ1

−ζ1

dζ

∫ ρ1

0
dρ ρ yj (t ; I0(ρ,ζ )), (33)

where 2ζ1 and ρ1 are the length and the radius of the
cylindrically shaped interaction volume, and N is the density
of atoms in the volume (assumed to be independent of ρ

and ζ ). In the calculations, we assume that 2ρ0 = 25 μm,
ζ0 = 18.75 mm, and ζ1 = 2.5 mm, yielding the beam
divergence ρ0/ζ0 ≈ 1.33 × 10−3. The density of atoms is
taken to be N = 3 × 1013 atoms/cm3. The pulse duration
and the transverse rate have been fixed to τ = 70 fs ≈ 2894
a.u. and γL = 9.5 meV ≈ 3.5 × 10−4 a.u. These parameters
approximately match the experimental conditions of Ref. [10].

Metastable atom yield ym, electron yield ye, and fluo-
rescence yield yf calculated for peak intensity I0 equal to
1012, 1013, and 1014 W/cm2 in the region of the autoionizing
states are shown in Fig. 2. As can be seen, isolated peaks are

clearly visible in all the yields. The relative peak amplitudes
remain largely unaffected by the peak intensity for I0 �
1014 W/cm2. In this intensity range, the volume-integrated
yields for the Gaussian spatial profile (plotted with dashed
black lines) coincide—up to an overall factor—with the
single-atom yields: at these intensities, the amplitude ratios
of the peaks have been found to be roughly independent of the
spatial profile of the pulse.

Conversely, the peak ratios in the single-atom yield change
substantially when the intensity of the pulse is increased to
1015 W/cm2. As shown in Fig. 3, the peaks lying at higher
energies are strongly suppressed. This occurs both due to high
ionization rate γb, which becomes comparable to or greater
than the spontaneous decay rate, and due to the strong ground-
state ionization. For I0 � 5 × 1014 W/cm2, the single-atom
yield is no longer approximately proportional to the volume-
integrated yield, as can be seen in Fig. 3. Note, however, that
the peak ratios for the Gaussian profile remain approximately
the same even for high If : the spatial regions further away from
the focus, where the intensity is lower, contribute substantially
in this case.

The saturation due to the depletion of the ground-state
population may be examined by studying the dependence of
the peak positions and their strengths (areas under the peaks)
in the MS atom yield. In this case, it is instructive to compare
the results for the Gaussian spatial profile to the yield obtained
using a flat-top profile:

Ȳm = 2πρ2
2ζ1N lim

t→∞ ym(t ; If ), (34)
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FIG. 2. (Color online) Metastable atom yield ym (top), electron yield ye (middle), and fluorescence yield yf (bottom) for peak intensity I0

equal to 1012, 1013, and 1014 W/cm2. Dashed black lines correspond to the volume-integrated yields (Ym, Ye, and Yf ), as given by Eq. (33) for
the intensity at the focus (If ) set to 1012, 1013, and 1014 W/cm2. The 1Se and 1De (underlined) autoionizing states are labeled by correlation
quantum numbers n (K,T )A (see Table II).

where ρ2 = ρ0/
√

4 ln 2 denotes the effective radius chosen
to give the same total power (πρ2

2If ) as the Gaussian
spatial profile. Figure 4 shows the dependence of the peak
positions and the areas under the peaks for the lowest three
resonance states. As can be seen, the areas start deviating
from the quadratic trend at the peak intensity of roughly
2 × 1013 W/cm2 in the case of the Gaussian pulse and slightly
lower in the case of the flat-top pulse. As is well known, this
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FIG. 3. (Color online) Single-atom metastable atom yield (ym)
for the peak intensity of 1014 W/cm2 (fine dashed red) and 1015

W/cm2 (dashed green). The volume-integrated yield (Ym) for the
Gaussian spatial profile of peak intensity 1015 W/cm2 is plotted with
a solid black line.

saturation occurs at intensities at which the depletion of the
ground-state population becomes substantial [57]. The order
of magnitude is consistent with the saturation intensity (Is)
calculated from σgIsτ/(�ω0) ∼ 1.

In the intensity region where no saturation occurs, we may
express the effective ionization rate as Re = ye/τeff , where the
effective pulse duration is

τeff =
∫ ∞

−∞

(
F(t)

F0

)4

dt = τ

√
π

8 ln 2
≈ 0.75τ. (35)

The order of magnitude of the effective rate for I0 =
1012 W/cm2 in the region of the 2 (1,0)+ 1Se and 1De states
agrees well with the rate calculated in Ref. [40].

Žitnik et al. [10] used the calculated dependence of the
shifts and the energy-integrated MS atom yield to show that
the maximum intensity of the pulses was of the order of
1014 W/cm2. The measured energy shifts were seen to be
of the same order of magnitude as the ponderomotive shift, as
has also been demonstrated here. Furthermore, the measured
saturation trend suggested that the spatial profile of the beam
was closer to a profile with a cutoff radius than to a Gaussian
profile.

B. Effects of higher harmonics

Photon energies of the third and higher harmonics lie above
the double ionization threshold of helium. These harmonics
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result in an increase of ionization rates γb and γg . Apart from
affecting the widths of the peaks and further depleting the
ground-state population, they produce no additional effect in
the MS atom yield. Conversely, even a relatively small ad-
mixture of the second harmonic (ω1 = 2ω0) can substantially
modify the measured MS atom yield through single-photon
excitation to one of the 1P o resonance states when ω1 lies
close to the resonance energy.

Let |p〉 be a discrete 1P o state embedded in the 1sεp

continuum. We may take its effect into account by adding
−γ

p
g ag/2 − i�̃p(1 − i/qp)/2 to the right-hand side of Eq. (6a)

and by extending the set of equations with

d

dt
ap = i
pap − �p

2
ap − i

�̃p

2

(
1 − i

qp

)
ag, (36)

where ap denotes the slowly varying amplitude corresponding
to state |p〉. The single-photon ground-state ionization rate
for photons with energy ω1 analogous to γg is denoted
by γ

p
g , 
p = ω1 − εp + εg − Spg − Fp denotes the detuning

(includes the field-induced shifts and the shift due to the CI),
and �p the total decay rate of state |p〉 (includes autoionization
rate �a

p and fluorescence rate �
f
p , as well as the total ionization

rate). The Rabi frequency connecting the ground state to the
CI-modified discrete state and the corresponding asymmetry
parameter have been denoted by �̃p and qp, respectively.

The singlet MS state can be reached directly from the
1P o states; thus the order of magnitude of the branching
ratios for the lowest few 1P o states is given by Bm

p ∼
�

f
m,p/(�f

p + �a
p). The branching ratios of the 2 (0,1)+,

3 (1,0)−, 3 (0,1)+, and 3 (−1,0)01P o states are 1.13 × 10−4,
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FIG. 5. (Color online) Metastable atom yield for peak intensity
I0 = 1014 W/cm2 and for flux ratio K = �1/� set to 10−2, 10−3,
and 10−4.

1.72 × 10−2, 2.89 × 10−6, and 6.38 × 10−2, respectively. The
other relevant parameters (the dipole matrix elements, asym-
metry parameters, and fluorescence widths) can be found in
Refs. [49,52].

Figure 5 shows how the MS atom yield changes with the
flux ratio defined as

K = �1(t)

�(t)
= I1(t)

I (t)

ω0

ω1
, (37)

where � and I denote the photon flux and the intensity of the
fundamental, and �1 and I1 are the flux and intensity of the
second harmonic in the incident beam. The MS atom yield
has been calculated by solving the extended set of the density
matrix equations for I0 = 1014 W/cm2. The same temporal
dependence of the fundamental and the second harmonic has
been assumed for simplicity.

As can be seen, an admixture as low as K ∼ 10−4 produces
measurable changes in the MS atom yield in the energy
region of the 2 (0,1)+ and 3 (1,0)− 1P o resonances. For
higher values of the ratio (K ∼ 10−2), photoexcitation by the
second harmonic already represents the dominant process in
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this energy region and in the region of the 3 (−1,0)0 and
4 (1,0)− 1P o states. Here, the MS atom yield is thus very
sensitive to the admixture of the second harmonic and can
be used to assess its content in the incident beam. The energy
region of the 3 (1,0)+ and 3 (0,1)01De states, on the other hand,
is only weakly affected by the admixture: the signal due to the
3 (0,1)+ 1P o resonance remains low even for high values of
parameter K . Consequently, this energy region and the region
of the 2 (−1,0)+ 1Se resonance, which is also only weakly
affected by the second harmonic, were used in Ref. [10] to
study two-photon above-threshold excitation. In this energy
region, the upper bound of parameter K was determined to
be of the order of 10−3 based on the absence of statistically
significant signal of the 1P o resonances in the MS atom yield.

C. Polarization and chirp effects

One of the unique properties of FERMI is that it can
produce light pulses with variable polarization [9]. The effect
of polarization of the incident light on the MS atom yield is
studied most conveniently if ê0 is parametrized as

ê0 = (x̂ + iκ ŷ)/
√

1 + κ2, (38)

where −1 � κ � 1 and where it has been assumed that the
beam propagates along the z axis. For κ = 0, Eq. (38) describes
linearly polarized light, whereas κ = 1 and κ = −1 for right-
and left-hand circularly polarized light, respectively. For |κ| <

1, Eq. (38) describes elliptically polarized light.
It is easy to show that the amplitudes of the 1Se and 1De

peaks in the MS atom yield scale approximately as{
(κ2 − 1)2/(κ2 + 1)2 for the 1Se states,

(1 + 4κ2 + κ4)/(κ2 + 1)2 for the 1De states,
(39)

relative to the amplitudes obtained with linearly polarized
light. The latter holds when photoionization rate of the
atom in the resonance state (proportional to σb) is weak in
comparison with the total spontaneous decay rate. This has
been demonstrated in Fig. 6. Note that the signal is invariant
to the change of sign of κ , which is a consequence of the fact
that a center of symmetry exists. Apart from its handedness,
polarization of the incident light could thus, in principle, be
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FIG. 6. (Color online) Dependence of the metastable atom yield
on parameter κ . The peak intensity has been set to 1014 W/cm2.
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FIG. 7. (Color online) Dependence of the metastable atom yield
on chirp parameter ξ .

analyzed by studying the relative peak ratios of the 1Se and 1De

states.
The present formalism can also be extended to study the

effect of a (linear) pulse chirp if one replaces the harmonic
factors exp{±2iω0t} with exp{±2iφ(t)} in D̄ [Eq. (1d)], where

φ(t) = ω0t + 2ξ ln 2
t2

τ 2
(40)

is the time-dependent phase of the field, and ω0 in Eq. (9) with
the instantaneous frequency given by

ωi(t) = dφ(t)

dt
= ω0 + 4ξ ln 2

t

τ 2
. (41)

The dimensionless chirp parameter has been denoted by ξ in
Eqs. (40) and (41). In Fig. 7, we show how the MS atom yield
changes when the chirp parameter is varied. As can be seen, the
effect of the chirp remains weak even for relatively high values
of the parameter (|ξ | ∼ 2): the peaks are only slightly shifted
and broadened as the magnitude of the parameter is increased,
while the intensity ratios of the peaks are only weakly
affected.

V. SUMMARY

We have studied two-photon above-threshold excitation to
the lowest 1Se and 1De autoionizing states of the helium atom.
Our model is based on an effective Hamiltonian operator
and formulated in the framework of the density matrix. We
have reported the relevant parameters used in the description
of the driving by a pulsed free-electron-laser source: two-
photon Rabi frequencies and laser-induced shifts and widths.
The comparison of the parameters with the values obtained
from the theoretical two-photon ionization cross sections and
dynamic polarizabilities found in the literature indicates that
the parameter values are reliably calculated. The radiative
and autoionization decay of the resonance states have been
taken into account. Excitation to the resonance states has been
studied by examining the yield of atoms in the metastable
1s2s states, to which the resonance states cascade radiatively.
The cascade branching ratios for both the resonance states and
the 1sn� states, through which the cascade decay proceeds,
represent an important ingredient of the present model. The
branching ratios and other parameters may be useful for future
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experiments or as benchmark results. Furthermore, we have
studied the dependence of the metastable atom yield on the
intensity of the beam. We have examined the influence of
the second harmonic, which has been found to be strong
and generally needs to be taken into account, and the effect
of polarization of the incident light, which affects the 1Se

versus 1De peak ratios. Finally, we have shown that the
effect of the pulse chirp on the intensity ratios is weak. The
measurement of the yield of atoms in the metastable states
therefore represents a relatively efficient and robust way of

detecting two-photon transitions in the energy region of the
autoionizing states of helium below the second ionization
threshold.
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Lett. 102, 033002 (2009).

063409-13

http://dx.doi.org/10.1103/PhysRevA.89.063422
http://dx.doi.org/10.1103/PhysRevA.89.063422
http://dx.doi.org/10.1103/PhysRevA.89.063422
http://dx.doi.org/10.1103/PhysRevA.89.063422
http://www.rcp.ijs.si/amihelic/phd/thesis.pdf
http://dx.doi.org/10.1103/PhysRevA.18.2538
http://dx.doi.org/10.1103/PhysRevA.18.2538
http://dx.doi.org/10.1103/PhysRevA.18.2538
http://dx.doi.org/10.1103/PhysRevA.18.2538
http://dx.doi.org/10.1103/PhysRevA.28.3349
http://dx.doi.org/10.1103/PhysRevA.28.3349
http://dx.doi.org/10.1103/PhysRevA.28.3349
http://dx.doi.org/10.1103/PhysRevA.28.3349
http://dx.doi.org/10.1088/0953-4075/30/21/010
http://dx.doi.org/10.1088/0953-4075/30/21/010
http://dx.doi.org/10.1088/0953-4075/30/21/010
http://dx.doi.org/10.1088/0953-4075/30/21/010
http://dx.doi.org/10.1088/0953-4075/26/14/002
http://dx.doi.org/10.1088/0953-4075/26/14/002
http://dx.doi.org/10.1088/0953-4075/26/14/002
http://dx.doi.org/10.1088/0953-4075/26/14/002
http://dx.doi.org/10.1103/PhysRevA.61.013407
http://dx.doi.org/10.1103/PhysRevA.61.013407
http://dx.doi.org/10.1103/PhysRevA.61.013407
http://dx.doi.org/10.1103/PhysRevA.61.013407
http://dx.doi.org/10.1103/PhysRevA.70.053401
http://dx.doi.org/10.1103/PhysRevA.70.053401
http://dx.doi.org/10.1103/PhysRevA.70.053401
http://dx.doi.org/10.1103/PhysRevA.70.053401
http://dx.doi.org/10.1103/PhysRevLett.102.033002
http://dx.doi.org/10.1103/PhysRevLett.102.033002
http://dx.doi.org/10.1103/PhysRevLett.102.033002
http://dx.doi.org/10.1103/PhysRevLett.102.033002



