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We investigate the above-threshold ionization of an atom in a combined infrared (IR) and extreme ultraviolet
(XUV) two-color laser field and focus on the role of XUV field in the high-order above-threshold ionization (HATI)
process. It is demonstrated that, in stark contrast to previous studies, the XUV laser may play a significant role
in atomic HATI process, and in particular, the XUV laser can accelerate the ionized electron in a quantized way
during the collision between the electron and its parent ion. This process cannot be explained by the classical
three-step model. Our results indicate that the previously well-established concept that HATI is an elastic
recollision process is broken down.
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With rapid developments of free-electron laser
(FEL) technology,[1−3] high-intensity lasers in extreme
ultraviolet (XUV) and x-ray regimes have become
an important tool for studying light–matter interac-
tions under extreme conditions. The unprecedented
properties of these new sources that deliver very in-
tense short wavelength femtosecond pulses have given
rise to numerous novel phenomena (for a recent re-
view, see, e.g., Ref. [4]). Recently, various two-color
schemes of combining XUV FELs with intense infrared
(IR) laser fields have been explored to study atomic
photoionization[5−7] and atomic and molecular relax-
ation processes,[8,9] which provides more insight into
the short wavelength intense field atomic dynamics. In
particular, for the case of photoionization under two-
color (XUV+IR) condition, the most significant char-
acteristic of a photoionization process is represented
by a strong modulation of photoelectron spectra by
the so-called sideband lines or by above-threshold ion-
ization (ATI) peaks, which are separated from each
other by the IR photon energy.[5−7]

This pronounced ATI structure for atoms in an
XUV+IR two-color laser field has been well inter-
preted in the context of laser-assisted photoionization:
upon ionization by absorption of the XUV photons,
the photoelectron dynamics is completely determined

by the IR field and the ATI structure may be un-
derstood by interference between electron wavepack-
ets emitted at different periods of the IR laser pulse.
Note that in this circumstance, the XUV field was
considered as a spectator after the electron becomes
free.

In this Letter, we investigate the photoionization
dynamics of an atom subjected to a combined intense
XUV+IR two-color laser field and focus on the role of
the XUV field in the formation of high-order above-
threshold ionization (HATI) photoelectron spectrum.
Our study relies on a frequency-domain theoretical
treatment of laser–matter interaction,[10−13] which
has an advantage of separating various ionization
channels to facilitate analysis of the roles of the dif-
ferent laser fields, i.e., XUV and IR fields, in the pho-
toelectron dynamics. It is found that the XUV field
plays a major role in ionizing the bound electron by a
multiphoton absorption (MPA) process; while the IR
laser, which can be regarded as a classical field, takes
the responsibility for accelerating or decelerating the
ionized electron during the collision between the ion-
ized electron and its parent ion in an HATI process.
More interestingly and in stark contrast to previous
studies, we find that the XUV laser can also play a
crucial role in accelerating the ionized electron during
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the laser-assisted photoionization process.
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Fig. 1. (Color online) (a) Photoelectron spectra of an
atom in an IR+XUV two-color laser field. The ionization
threshold of the atom is 𝐼p = 12.1 eV, the frequencies of
the two laser fields are 𝜔1 = 1.165 eV and 𝜔2 = 40𝜔1,
and the laser intensities are 𝐼1 = 1.0 × 1014 W/cm2 and
𝐼2 = 1.0 × 1013 W/cm2, respectively. (b) Photoelectron
spectra corresponding to different channels of HATI pro-
cess.

Based on the frequency-domain theory, the transi-
tion matrix of the whole atom-laser system, from the
initial state |𝜓𝑖⟩ to the final state |𝜓f⟩, can be ex-
pressed as (atomic units are used throughout unless
otherwise stated)[12]

𝑇fi = ⟨𝜓f |𝑉 |𝜓𝑖⟩ + ⟨𝜓f |𝑈(𝑟)
1

𝐸f −𝐻 + 𝑖𝜀
𝑉 |𝜓𝑖⟩, (1)

where 𝐻 = 𝐻0 + 𝑈(𝑟) + 𝑉 is the Hamiltonian of the
system, with 𝐻0 = (−𝑖∇)2/2 + 𝜔1𝑁1 + 𝜔2𝑁2 being
the energy operator of a free electron–laser system, 𝑁1

and 𝑁2 are the photon number operators of the two
fields with frequencies 𝜔1 and 𝜔2, respectively, 𝑈(𝑟) is
the atomic binding potential, 𝑉 is the electron–laser
interaction operator, and 𝐸f is the eigenvalue of the
final state |𝜓f⟩. The first term in Eq. (1) corresponds
to the direct ATI process, while the second term corre-
sponds to the HATI process. Particularly, the transi-
tion matrix element of an HATI process in a combined
IR+XUV two-color laser field can be expressed as

𝑇r =
−𝑖

8𝜋2𝑉
1/2
e

∑︁
𝑞2𝑞1

∑︁
𝑠1𝑠2

[(𝑢p,1 − 𝑠1)𝜔1

+ (𝑢p,2 − 𝑠2)𝜔2]|𝑝m|

×
∫︁
𝑈𝑝f𝑝m

Φ𝑖(𝑝m)𝐽𝑞1−𝑠1(𝜁1m − 𝜁1f)𝒥𝑠1,𝑠2(𝜁m)

× 𝐽𝑞2−𝑠2(𝜁2m − 𝜁2f) sin 𝜃𝑝m
𝑑𝜃𝑝m

𝑑𝜙𝑝m
, (2)

where 𝑠1 (𝑠2) is the IR (XUV) photon number
that the electron absorbs in the first step, |𝑝m| =√︀

2[(𝑠1 − 𝑢p,1)𝜔1 + (𝑠2 − 𝑢p,2)𝜔2 − 𝐼p] is the abso-
lute value of the electron momentum before colli-
sion, 𝑈𝑝f𝑝m

=
∫︀
𝑑𝑟𝑒−𝑖𝑝f ·𝑟𝑈(𝑟)𝑒𝑖𝑝m·𝑟 with 𝑈(𝑟) be-

ing replaced by a short-range potential 𝑈(𝑟) =
−𝜖 exp(−𝑟)/𝑟, 𝜁𝑗𝑚 = 2

√︀
𝑢p,𝑗/𝜔𝑗 |𝑝m · 𝜖𝑗 | and 𝜁jf =

2
√︀
𝑢p,𝑗/𝜔𝑗 |𝑝f · 𝜖𝑗 | with 𝑗 = 1, 2, 𝒥𝑠1,𝑠2(𝜁m) is a gener-

alized Bessel function,[14] and 𝜃𝑝m is the angle between

𝑝m and 𝑝f with 𝑝m and 𝑝f being the momenta of the
electron before and after the collision, respectively.

Figure 1(a) presents the total ATI spectrum of
an atom in an IR+XUV two-color laser field with
the polarizations of both lasers along the same di-
rection. The frequencies of the two lasers are 𝜔1 =
1.165 eV and 𝜔2 = 40𝜔1, and their intensities are
𝐼1 = 1.0 × 1014 W/cm2 and 𝐼2 = 1.0 × 1013 W/cm2,
respectively. It can be seen that both the direct ATI
and HATI spectra show a multi-plateau structure with
identical cutoffs, which is quite different from the case
of the monochromatic IR laser, where the cutoffs of
the direct ATI and HATI spectra are about 2𝑈p,1 and
10𝑈p,1, respectively. Moreover, one can find that the
direct ATI process dominates the first plateau, while
the HATI dominates higher-order plateaus. In the fol-
lowing we will focus on the HATI and aim to uncover
the role of the XUV laser in the HATI photoelectron
dynamics.

To facilitate the analysis, we first distinguish dif-
ferent quantum channels in the HATI by defining the
𝑞2th channel as the one where the atom absorbs 𝑞2
XUV photons in the whole ionization process. In
Fig. 1(b), the first four channels are shown. It can be
seen that the total number of the XUV photons ab-
sorbed by the ionized electron determines the height
of the corresponding plateau, and interestingly, a pro-
nounced dip structure is present in the intermediate
regime of the spectra for the higher order channels
(i.e., 𝑞2 > 1), which will be discussed in the following.
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Fig. 2. (Color online) The HATI spectra for the second
channel (a), sub-channels (2, 0) (b) and (1, 1) (c).

It has been shown that an HATI process can be
regarded as an ATI followed by a laser-assisted col-
lision (LAC),[12] and for both steps the XUV pho-
tons may be absorbed. In the following we will illus-
trate that, in stark contrast to previous studies, the
XUV laser could play a significant role in photoelec-
tron dynamics after the electron becomes free, giving
rise to nontrivial features in HATI spectra. To illus-
trate this effect, we further define the sub-channels in
the 𝑞2th channel as (𝑠2, 𝑞2 − 𝑠2), where 𝑠2 and 𝑞2 − 𝑠2
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are the XUV photon numbers absorbed in the ATI
and LAC steps, respectively. Taking the second HATI
channel (𝑞2 = 2) as an example, Fig. 2(a) shows the
HATI spectra for three sub-channels (2, 0), (1, 1) and
(0, 2). One can see that the ionization amplitude from
the sub-channel (0, 2) is lower than that of the sub-
channels (2, 0) and (1, 1) by about 10 orders of magni-
tude, which is because absorbing XUV photons in the
ATI step can effectively increase the HATI probability.
On the other hand, the sub-channels (1, 1) and (2, 0)
have a comparable ionization strength and both con-
tribute to the HATI process significantly. Moreover,

while both spectra of the sub-channels (2, 0) and (1, 1)
have a similar cutoff position, the contribution to the
cutoff region from (1, 1) channel overwhelms that from
(2, 0). Also note that the sub-channel (1, 1) presents
an obvious dip at about the middle of its spectrum
which is the source of the dip in the spectrum of the
second channel (see Fig. 1(b)). It is worth mentioning
that the sub-channel (1, 1) corresponds to the absorp-
tion of one XUV photon by the ionized electron in
the LAC step, which is a quantum process beyond the
classical recollision perspective.
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Fig. 3. (Color online) The HATI spectrum as a function of 𝑠1 for sub-sub-channel (2, 0|𝑠1) ((a1)–(a5)) and (1, 1|𝑠1)
((b1)–(b5)). The incoming direction of the collision electron 𝜃𝑝m = 0 for (a1) and (b1), 30∘ for (a2) and (b2), 90∘

for (a3) and (b3), 150∘ for (a4) and (b4), and 180∘ for (a5) and (b5), respectively.

To understand the significant role of the XUV
laser in the HATI process and the closely related
spectral structures of the sub-channel (1, 1), we fur-
ther define the sub-sub-channel (SSC) (𝑠2, 𝑞2 − 𝑠2|𝑠1)
within each sub-channel (𝑠2, 𝑞2 − 𝑠2), where the elec-
tron absorbs 𝑠1 IR photons and 𝑠2 XUV photons in
the ATI step, while it absorbs 𝑞2 − 𝑠2 XUV photons
in the LAC step. Figure 3 presents the HATI spec-
tra of SSC (2, 0|𝑠1) (Figs. 3(a1)–3(a5)) and (1, 1|𝑠1)
(Figs. 3(b1)–3(b5)) for different incoming directions
of the electron before it collides with the ion, i.e.,
𝜃𝑝m = 0 (Figs. 3(a1) and 3(b1)), 30∘ (Figs. 3(a2) and
3(b2)), 90∘ (Figs. 3(a3) and 3(b3)), 150∘ (Figs. 3(a4)
and 3(b4)) and 180∘ (Figs. 3(a5) and 3(b5)). We may
find that the spectrum for a forward collision, i.e.,
𝜃𝑝m

< 90∘, changes from a very narrow band to a wide
band as the incoming angle 𝜃𝑝m increases; while the
spectrum for the backward collision, i.e., 𝜃𝑝m > 90∘,
always presents a relatively uniform wide band with
a certain width. Moreover, the low-energy part of the
HATI spectrum for both SSCs is determined by the
forward collision, while the spectrum cutoff is deter-
mined by the backward collision.

To explain the band structure of the spectra shown
in Fig. 3 and to further elaborate the role of the XUV
field in HATI process, we now treat the IR laser field
as a classical field and use the saddle-point approxi-

mation in the LAC process for SSC (𝑠2, 𝑞2 − 𝑠2|𝑠1).
Let us consider an electron in a classical IR laser field
with potential 𝐴cl(𝑡) = 𝜖1ℰ1/𝜔1 cos(𝜔1𝑡), and the cor-
responding classical action is 𝑆cl(𝑡,𝑝) = 1

2

∫︀
𝑑𝑡[𝑝 +

𝐴cl(𝑡)]
2. By applying the saddle-point approximation,

we obtain

[𝑝f + 𝐴cl(𝑡𝜇)]2

2
=

[𝑝m + 𝐴cl(𝑡𝜇)]2

2
+ (𝑞2 − 𝑠2)𝜔2. (3)

Using Eq. (3), the minimal and maximal values of the
final kinetic energy can be obtained as

𝐸min
f =[

√︁
∆𝐸′+𝐸L+2

√︀
𝐸L∆𝐸 cos(𝜃𝑝m)−

√︀
𝐸L]2,(4)

𝐸max
f =[

√︁
∆𝐸′+𝐸L−2

√︀
𝐸L∆𝐸 cos(𝜃𝑝m

)+
√︀
𝐸L]2,(5)

where ∆𝐸′ = 𝑠1𝜔1 + 𝑞2𝜔2 − 𝑈p,1 − 𝑈p,2 − 𝐼p, ∆𝐸 =
∆𝐸′ − (𝑞2 − 𝑠2)𝜔2, and 𝐸L = 2𝑈p,1. The minimal
and maximal values of the spectrum given by the
above two formulas are shown by the black dashed
curves in Fig. 3, which agree well with the numerical
calculation. In particular, for SSC (2, 0|𝑠1) we have
∆𝐸′ = ∆𝐸, hence for 𝜃𝑝m

= 0, Eqs. (4) and (5) give
𝐸f = 𝐸𝑝m

, which indicates that the electron keeps its
energy after the collision. The spectrum thus shows
a very narrow band in Fig. 3(a1). For 𝜃𝑝m

̸= 0, we
have 𝐸min ̸= 𝐸max, hence the electron can exchange
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photons during the collision with the ion and presents
a relatively uniform band in the photoelectron spec-
trum. In contrast, for the SSC (1, 1|𝑠1) the electron
absorbs one XUV photon during the collision and thus
∆𝐸′ ̸= ∆𝐸. As a consequence, the spectrum shows a
band structure even when 𝜃𝑝m

= 0, indicating that the
electron always exchanges photons with the IR laser
during the collision process. The most obvious dif-
ference for the spectra of SSCs (2, 0|𝑠1) and (1, 1|𝑠1)
occurs at 𝜃𝑝m

= 180∘, corresponding to the so-called
backward collision as shown in Figs. 3(a5) and 3(b5),
where the amplitude of the spectrum for SSC (1, 1|𝑠1)
is much larger than that for (2, 0|𝑠1). This is because
the electron absorbs two XUV photons in the first
step for SSC (2, 0|𝑠1), while it absorbs only one XUV
photon for (1, 1|𝑠1). Hence, in general, the momen-
tum of the electron in SSC (2, 0|𝑠1) before collision
is larger than that in (1, 1|𝑠1). As is well-known, the
probability of the backward collision decreases with
the incoming momentum of the particle, hence the
strength of the spectrum for (2, 0|𝑠1) is smaller than
that for (1, 1|𝑠1). Since the backward collision mainly
contributes to the spectrum in the high-energy region,
the high energy part of the spectrum of the (1, 1|𝑠1)
channel is higher than that of the (2, 0|𝑠1) channel
(see Fig. 2(a)), indicating that the process in which
the XUV photon is absorbed during the collision plays
a dominant role in the HATI spectrum.

We now aim to understand the specific structure
(e.g., the dip) and cutoff values in the spectra for sub-
channels (2, 0) and (1, 1). For the present laser con-
dition, the formula of the transition matrix for sub-
channel (𝑠2, 𝑞2 − 𝑠2) can be simplified to

𝑇 (𝑠2,𝑞2−𝑠2)
r ≈ −𝑖𝜋−2/8𝑉 −1/2

e [(𝑢p,1 − ̃︀𝑠1)𝜔1

+ (𝑢p,2 − 𝑠2)𝜔2]|𝑝m|
∫︁
𝑈𝑝f𝑝m

Φ𝑖(𝑝m)𝐽𝑞2−𝑠2

× (𝜁2m − 𝜁2f)𝐽−𝑠2(𝜁2m)𝐽−𝑞1(𝜁1f , 𝜁3)𝑑3𝑝m, (6)

where 𝐽−𝑞1(𝜁1f , 𝜁3) =
∑︀

𝑞3
𝐽−𝑞1+2𝑞3(𝜁1f)𝐽−𝑞3(𝜁3). Fig-

ures 2(b) and 2(c) present the spectra obtained by
Eq. (6) for sub-channel (2, 0) with ̃︀𝑠1 = −25 and 87,
and for sub-channel (1, 1) with ̃︀𝑠1 = 10, 46 and 68, re-
spectively. It is found that the main spectral features
in Fig. 2(a), and in particular, the dip structure for the
sub-channel (1, 1), can be reproduced by the results
obtained by Eq. (6). Furthermore, from Eq. (6), it can
be found that the dip structure for the sub-channel
(1, 1) comes from the fact that the Bessel function
𝐽𝑞2−𝑠2(𝜁2m − 𝜁2f) = 0 for 𝑝f = 𝑝m. Therefore, the
formation of the dip structure may be understood as
follows: if there is no IR laser field, since the electron
absorbs one XUV photon in the LAC process, the fi-
nal momentum 𝑝f cannot be equal to the intermedi-
ate momentum 𝑝m, hence the probability of HATI for
𝑝f = 𝑝m will be zero. However, because of the exis-
tence of the IR laser field, which now can be regarded

as a classical field, the electron can be accelerated or
decelerated by the IR laser field in the LAC process.
Therefore, the probability of the HATI is no longer
zero but reaches a minimum as far as 𝑝f = 𝑝m (see
Figs. 2(c)). Moreover, the final position of the dip in
the total HATI spectrum is determined by the average
effect of contributions from all SSCs.

We then turn to the cutoff in the sub-channel
spectra. Similarly, using the saddle-point approxi-
mation in Eq. (6), the cutoff formula for sub-channel
(𝑠2, 𝑞2 − 𝑠2) can be written as

𝐸max = (
√︀
𝑞2𝜔2 − 𝐼p +

√︀
2𝑈p,1)2. (7)

We notice that this formula only depends on the to-
tal number of the XUV photons 𝑞2 and exhibits an
independence on 𝑠2. Consequently, the sub-channels
(2, 0) and (1, 1) possess an identical cutoff value in
their spectra, and therefore, the cutoff value of the
second channel is also determined by Eq. (7). In gen-
eral, the cutoff values of all channels in HATI spectra
obey the above cutoff formula, which is the same as
the direct ATI spectrum.[14] Therefore, these results
explain why the corresponding plateaus in the direct
ATI and HATI spectra have the same cutoff values.
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Fig. 4. (Color online) (a) The spectrum of photoelectrons
that are emitted along the polarization direction of the IR
laser. Note that the polarizations of IR and XUV laser
fields are perpendicular to each other; and the spectra of
various channels for the direct ATI (b) and HATI (c) pro-
cesses, respectively.

Since the direct ATI and HATI spectra have sim-
ilar step-like structure with the same cutoff values,
then one may ask how to identify these two processes
in the spectrum. We find that it can be achieved by
setting the polarization directions of the two lasers
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to be perpendicular with each other and by detect-
ing the photoelectrons emitted along the polarization
direction of the IR laser.

Figure 4(a) presents the total spectrum. Compar-
ing Fig. 4(a) with Fig. 1(a), one finds that the spec-
trum is now dominated by the HATI process even in
the first plateau except in the very low energy region.
This can be explained by analyzing the various chan-
nel contributions for both spectra as shown in Fig. 4
for ATI and HATI. One sees in Fig. 4(b) that the spec-
trum is dominated by the even-number ATI channels,
where the electron can only absorb an even number
of XUV photons. This phenomenon has been recently
observed in the ATI spectrum in a monochromatic IR
laser field by Korneev et al.,[15] and was explained in
terms of the interference between the long and short
quantum orbits. In contrast, Fig. 4(c) shows that, for
the HATI spectrum, the electron can absorb both odd
and even number XUV photons, which can be un-
derstood as follows: upon ionization by absorption
of any number of XUV and IR photons in the first
step, the electron will further absorb more IR and
XUV photons in the second (LAC) step and runs along
the polarization direction of the IR laser. The addi-
tional absorption of XUV photons in the LAC results
in breakdown of the even-number photon-absorption
rule for the HATI process, giving rise to the domi-
nance of HATI over ATI contribution in the spectrum.
This provides a possibility of experimental access to
the HATI process.

In conclusion, we have investigated the HATI pro-
cess of an atom in a combined IR and XUV two-color
laser field where the HATI spectrum presents a multi-
plateau structure. By analyzing ionization channels,

we find that, in the HATI spectrum, the forward col-
lision of the ionized electron determines the structure
of the low-energy part of the plateau, while the back-
ward collision determines the cutoff of the plateau.
Moreover, the XUV photon can also be absorbed dur-
ing the collision between the ionized electron and its
ionic core and more interestingly, this process plays a
dominant role in the high-energy region of the HATI
spectrum.

We thank W. Becker and the members of the
SFAMP club for helpful discussions and suggestions.
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