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We theoretically study the behavior of He+ exposed simultaneously to an ultrashort intense Ti:sapphire laser
and its 27th or 13th harmonic pulses, by solving the time-dependent Schrödinger equation using the alternating
direction implicit method. This system is chosen as an interesting application of state-of-the-art high-order
harmonic sources. Our results show that the simple hydrogenlike system exhibits surprising responses. The
addition of the 27th harmonic enhances high-order harmonic photoemission from He+ even by 17 orders of
magnitude compared with the case of the fundamental pulse alone, i.e., usual high-order harmonic generation,
and the H13 addition also increases photoemission efficiency by more than ten orders of magnitude. Moreover,
while an individual 10 fs laser(wavelengthlF=800 nm) or its 27th harmonic pulse with a peak intensity of
331014 and 1013 W/cm2, respectively, ionizes no more than 5310−6 of He+, their combined pulse leads to a
much higher He2+ yield of 17%. The photoemission efficiency only weakly depends on the fundamental
wavelength, and the main plateau efficiency scales as the intensity of the 27th harmonic pulse. The He2+ yield
is linear in the intensity of the 27th harmonic and quadratic in that of the 13th harmonic pulse. Its dependence
on fundamental intensity is much more complex, even containing a range where the yield decreases with
increasing laser intensity, due to the dynamic Stark effect. Detailed analyses reveal that the mechanism of the
enhancement of harmonic photoemission as well as ionization is a combination of harmonic generation from a
coherent superposition of states and two-color frequency mixing enhanced by the presence of a near-resonant
intermediate level, and that their relative importance depends on fundamental wavelength.

DOI: 10.1103/PhysRevA.70.013412 PACS number(s): 32.80.Rm, 42.50.Hz, 42.65.Ky

I. INTRODUCTION

Since the advent of ultrashort high-peak-power lasers,
many interesting phenomena of high-field physics have be-
come available for application. In particular, high-order har-
monic generation(HHG) [1,2] can produce ultrashort coher-
ent soft x-ray and extreme ultraviolet(xuv) pulses from a
compact laser system. Moreover, recent progress in the
phase-matching technique by use of a long interaction me-
dium has enabled the production of high-power soft x-ray
and xuv pulses[3–10]. Takahashiet al. [3] have succeeded in
the generation of the 27th harmonic pulses(wavelengthlH
=29.6 nm) of a Ti:sapphire laser with a pulse width smaller
than 30 fs and an output energy of 0.33mJ per pulse. The
same authors have subsequently reported the generation of
11th, 13th and 15th harmonic pulses(lH=72.7, 62.3, and
54 nm) with an output energy as high as 7, 4.7, and 1mJ,
respectively [4], and that of 59th harmonic pulses(lH
=13.5 nm) with an output energy of 25 nJ/pulse[8]. Hergott
et al. [9] has generated 15th harmonic pulsesslH

=53.3 nmd of a Ti:sapphire laser with an energy of 1.9mJ
per pulse, while Yoshitomiet al. [10] has recently generated
5th harmonic pulsesslH=50 nmd of a KrF excimer laser
with an energy of 1.2mJ. When these harmonic pulses are
focused to an area of 10mm2 using a mirror, its average
intensity can reach 1014 W/cm2 in the soft x-ray and
1015 W/cm2 in the xuv domain[11,12].

With such relatively simple but intense light sources at
hand, a variety of applications such as ultrafast xuv hologra-
phy, the diagnosis of dense bright plasmas, and even the
study of nonlinear optical processes in the xuv and soft x-ray
ranges, limited so far to a longer wavelength[13–15], might
become possible. In this context, Ishikawa and Midorikawa
[16] have proposed two-photon ionization of He+ by Ti:sap-
phire 27th harmonic(H27) pulses as a candidate for the ex-
perimental observation of a nonlinear optical effect in the
soft x-ray domain, and Nakajima and Nikolopoulos[17]
have theoretically shown that the two-photon double ioniza-
tion of He may be observed with the same harmonic. More-
over, several applications of the high-order harmonics(HH)
have recently been demonstrated in solid-state and plasma
physics[18], and Hentschelet al. [19] have demonstrated the
measurement of attosecond pulse duration using a HH.

In the present paper, we theoretically study the response
of a He+ ion subject to a fundamental Ti:sapphire laser pulse
and an intense 27th or 13th harmonic pulse at the same time,
as an application of state-of-the-art HH sources. It is true that
there exist studies on the behavior of a hydrogen atom
[20–22] and a one-dimensional model atom[23] irradiated
simultaneously by a fundamental and its harmonic(H3 [20],
H7 [21], and H11[22,23]) pulses. It should be noted, how-
ever, that due to its high ionization potentials54.4 eVd He+

may be applied to generate harmonics of higher orders than
possible today and is not ionized by a single H27 and H13
photon, for which high-power pulses are available, in con-
trast to a hydrogen atom. In the present study, we are inter-
ested especially in the effects of the simultaneous irradiation*Electronic address: ishiken@q.t.u-tokyo.ac.jp
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on harmonic photoemission and ionization. The fundamental
laser pulse can hardly ionize He+ as we will see later. Al-
though thanks to high ionization potential the harmonic spec-
trum from this ion would have higher cutoff energy than in
the case of commonly used rare-gas atoms[3–10], the con-
version efficiency is extremely low due to the small ioniza-
tion probability. It is, however, noteworthy that the H27 pho-
ton energy and twice the H13 photon energy happen to be
close to resonance, though not exactly, with a transition to
the 2p or 2s levels from the ground state. It is expected,
therefore, that the addition of a Ti:sapphire 27th or 13th har-
monic pulse can totally change the behavior of the He+ ion
under an intense laser field.

We solve numerically the time-dependent Schrödinger
equation(TDSE) for He+ interacting with a combined ul-
trashort intense laser and its 27th or 13th harmonic pulse,
using the alternating direction implicit method[24]. Our re-
sults show that the combination of fundamental laser and its
27th or 13th harmonic pulses enhance both high-order har-
monic generation and ionization by more than ten orders of
magnitude[25,26]. For example, photoemission efficiency
by a combined 10 fs laser(wavelengthlF=800 nm) and its
27th harmonic pulse with a peak intensity of 331014 and
1013 W/cm2, respectively, is by 17 orders of magnitude
higher than in the case of the laser pulse alone. This is by far
more dramatic than previously reported moderate enhance-
ment [20,23,27]. According to our detailed analyses, the en-
hancement is due to a combination of harmonic generation
from a coherent superposition of states and two-color fre-
quency mixing enhanced by the presence of a near-resonant
intermediate level, and their relative importance depends on
the fundamental wavelength.

The present paper is organized as follows. In Sec. II we
briefly summarize the simulation model. In Sec. III we apply
the model to the calculation of photoemission and ionization
of He+ under the simultaneous irradiation of a fundamental
laser and its 27th of 13th harmonic pulses and examine their
dependence on intensity and wavelength. In Sec. IV we ana-
lyze the mechanism of photoemission and ionization en-
hancement, starting from the wavelength dependence of the
He2+ yield. The conclusions are given in Sec. V.

II. MODEL

To study the interaction of a He+ ion with a combined
laser and harmonic pulse, we solve the time-dependent
Schrödinger equation in the length gauge,

i
]Fsr ,td

]t
= F−

1

2
¹2 −

2

r
− zEstdGFsr ,td, s1d

whereEstd is the electric field of the pulse. Here we have
assumed that the field is linearly polarized in thez-direction.
Equation(1) is numerically integrated using the alternating
direction implicit (Peaceman-Rachford) method[24]. To re-
duce the difference between the discretized and analytical
wave function, we scale the Coulomb potential by a few
percent at the first grid point[28]. To prevent reflection of
the wave function from the grid boundary, after each time
step the wave function is multiplied by a cos1/8 mask func-

tion [28] that varies from 1 to 0 over a width of 2/9 of the
maximum radius at the outer radial boundary. The ionization
yield is evaluated as the decrease of the norm of the wave
function on the grid, and the photoemission spectrum is ob-
tained from the Fourier transform of the dipole acceleration.

The electric fieldEstd is assumed to be given by

Estd = FFstdsinsvtd + FHstdsinsnvt + fd, s2d

with FFstd andFHstd being the pulse envelope of the funda-
mental and harmonic pulse, respectively, chosen to be Gauss-
ian with a duration(full width at half maximum) of 10 fs,v
the angular frequency of the fundamental pulse,n the har-
monic order, andf the relative phase. In typical calculations,
we use a grid with a maximum radius of 125–250 a.u. and
maximum number of partial wavesLmax=100–200. The grid
spacing is 0.125 a.u., and the time step is 1/65536 of an
optical cycletL of the Ti:sapphire laser light.

We have also solved Eq.(1) using a method elaborated
based on an explicit finite difference scheme for several
cases and confirmed that the results remain virtually the
same as those obtained with the Peaceman-Rachford method.

III. PHOTOEMISSION AND IONIZATION
ENHANCEMENT

In this section, we study how the harmonic photoemission
and ionization behavior of a He+ ion is affected by the addi-
tion of an intense 27th or 13th harmonic pulse and how they
depend on the phase, wavelength, and intensity of the pulse.

A. Photoemission

In Fig. 1 we show the harmonic photoemission spectrum
from He+ for the case of simultaneous fundamental and H27
irradiation. The fundamental wavelengthlF is 800 nm, the
peak fundamental intensityIF is 331014 W/cm2, and the

FIG. 1. (Color online) Upper solid curve: harmonic spectrum
from He+ exposed to a Gaussian combined fundamental and its 27th
harmonic pulse with a duration(FWHM) of 10 fs, the former with
a peak intensity of 331014 W/cm2 and the latter 1013 W/cm2. The
fundamental wavelength is 800 nm. Lower solid and dotted curves:
harmonic spectrum from He+ and a hydrogen atom, respectively,
exposed to the fundamental pulse alone. Nearly straight lines be-
yond the cutoff energy are due to numerical noise.
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peak H27 intensityIH27 is 1013 W/cm2. For comparison we
also show the spectra obtained when only the fundamental
pulse of the same intensity is applied to a He+ ion and a
hydrogen atom. The general feature of HHG can be ex-
plained by the classical model, which is usually called the
simpleman’s theoryor three-step model[29]. According to
this model, an electron is lifted to the continuum at the
nuclear position with no kinetic energy, the subsequent mo-
tion is governed classically by an oscillating electric field,
and a harmonic is emitted upon recombination. As a result,
the highest harmonic(the cutoff) has an energyEc given by
[29]

Ec = Ip + 3.17Up, s3d

whereIp andUp are the ionization potential and the pondero-
motive energy, respectively. This equation tells us that a way
of getting higher harmonics is to use an atom or an ion with
a larger ionization potential. For the case of Fig. 1, the cutoff
energy is calculated from Eq.(3) to be 70 eV(H45) for a
hydrogen atom and 111 eV(H72) for a He+ ion. The cutoff
positions in Fig. 1 roughly agree with these values, though
the cutoff for He+ is somewhat higher than predicted by the
simpleman’s theory, which is because the distance between
the nuclear position and the appearance position of the elec-
tron is not negligible, as is discussed in Ref.[30]. As a result,
harmonics of much higher orders are generated from He+

than from H. We note, however, that the harmonic intensity
from He+ when only the laser is applied is extremely low
compared with the case of H. This is because the large ion-
ization potential, though advantageous in terms of the cutoff
energy, hinders the first step of the simpleman’s theory, i.e.,
ionization.

The situation changes completely if the H27 pulse is si-
multaneously applied to He+. From Fig. 1 we can see that the
conversion efficiency is enhanced by about seventeen orders
of magnitude. Moreover, the advantage of high cutoff is pre-
served, though its position is now closer to the value pre-
dicted by Eq.(3). Figure 2 shows the harmonic photoemis-
sion spectrum from He+ for the case of simultaneous
fundamental and H13 irradiation. Again the harmonic inten-
sity is enhanced by more than ten orders of magnitude com-
pared to the case of the laser pulse alone.

In order to examine the influence of the relative phasef
on photoemission, we have calculated spectra from He+ sub-
ject to a combined fundamental and H27 pulse by varying
the value off. Figure 3 compares the results forf=0 and
f=p /2. The two curves are virtually indistinguishable. This
may come as a surprise, since it is known that the detailed
structure of a harmonic spectrum and ionization rate by a
two-color field (typically, the fundamental and a few order
harmonic field) depend on the relative phase[31–35]. In the
case of the present study, the H27 field has too small a pon-
deromotive energy to participate in the second step of the
simpleman’s theory, i.e., classical acceleration of the ejected
electron. Moreover, as we will see in Sec. IV, ionization is
largely dominated by the path involving a single H27 photon
and tunneling by the fundamental field, which renders the
interference[33–35] of different ionization paths negligible.
Therefore, the response of He+ is insensitive to the relative

phase between the fundamental and H27 pulses. We have
found that this is also the case for a combined fundamental
and H13 pulse, and that the results do not depend on the
absolute phase of the pulse, either. Therefore, we setf=0 in
the rest of the present paper.

In Fig. 4 we compare harmonic spectra from He+ irradi-
ated by a combined fundamental and H27 pulse withlF
=785 nm and 800 nm. This figure shows that the harmonic
intensity does not depend much on fundamental wavelength.
We have variedlF between 750 and 850 nm and found a
similar enhancement over the entire range. This result indi-

FIG. 2. (Color online) Harmonic spectrum from He+ exposed to
a Gaussian combined fundamental and its 13th harmonic pulse with
a duration(FWHM) of 10 fs, the former with a peak intensity of
331014 W/cm2, and the latter 1014 W/cm2 (upper curve) and
1012 W/cm2 (lower curve). The fundamental wavelength is
800 nm. Note that the horizontal axis is of the same scale as in
Fig. 1.

FIG. 3. (Color online) Harmonic spectra from He+ subject to a
combined fundamental and its 27th harmonic pulse with a duration
(FWHM) of 10 fs and a relative phase of(a) f=0 and (b) f
=p /2. The peak intensities and the fundamental wavelength are the
same as in Fig. 1.
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cates that fine tuning of the fundamental wavelength is not
necessary for the enhancement of high-order harmonic pho-
toemission. It should be noted in Fig. 4, however, that the
two spectra are quite different in shape at a photon energy
lower than 25 eV. The spectrum forlF=800 nm contains a
small plateau in this range. On the other hand, for the case of
lF=785 nm, the harmonic intensity decreases as a photon
energy or harmonic order increases, and is lower than the
numerical noise level at an energy between 15 and 25 eV.
These observations suggest that the mechanism of photo-
emission enhancement depends on the fundamental wave-
length, as we will discuss in Sec. IV.

Let us next examine the dependence of the photoemission
spectra on the intensity of a H27 or H13 pulse. Figure 5
shows the ratio between the spectra from He+ subject to a
combined fundamental and H27 pulse for a peak H27 inten-
sity IH27 of 1011 W/cm2 and 1012 W/cm2. The fundamental
wavelengthlF is 800 nm, and the peak fundamental inten-
sity IF is 331014 W/cm2, as in Fig. 1. We can see that the

ratio is abount 0.01 at harmonic orders lower than 15(the
first or small plateau) and about 0.1 at harmonic orders
higher than 19(the second or main plateau). This indicates
that the spectral intensity is proportional toIH27

2 at the small
plateau while it is linear inIH27 at the main plateau atlF
=800 nm. Figure 6 shows a similar ratio as in Fig. 5 for a
fundamental wavelength of 785 nm. From Fig. 6 we can see
that the spectral intensity is again linear inIH27 at the main
plateau. On the other hand, at harmonic orders lower than 15,
the dependence of spectral intensity onIH27 is not clear,
partly because the intensity is close to the numerical noise
level in this range.

B. Ionization

Let us now turn to ionization probability. Table I summa-
rizes the He2+ yield for each case of the fundamental pulse
alone, the harmonic pulse alone, and the combined pulse.
The fundamental wavelength is 800 nm. Like harmonic pho-
toemission spectra, the ionization probability by the com-
bined pulse is also by more than ten orders of magnitude
higher than that by the fundamental laser pulse alone. Espe-
cially strong enhancement is found in the case of the com-
bined fundamental and H27 pulses: the He2+ yield is in-
creased by several orders of magnitude also with respect to
the case of the H27 irradiation alone. In Fig. 7, we plot the

FIG. 4. (Color online) Harmonic spectra from He+ exposed to a
combined fundamental and its 27th harmonic pulse, the former with
a peak intensity of 331014 W/cm2 and the latter 1012 W/cm2. The
fundamental wavelength is 785 nm(solid curve) and 800 nm
(dashed curve), respectively.

FIG. 5. (Color online) Ratio between the spectra at each odd
harmonic frequency from He+ subject to a combined fundamental
and H27 pulse with a peak H27 intensity of 1011 W/cm2 and
1012 W/cm2. lF=800 nm andIF=331014 W/cm2.

FIG. 6. (Color online) Ratio between the spectra at each odd
harmonic frequency from He+ subject to a combined fundamental
and H27 pulse with a peak H27 intensity of 1011 W/cm2 and
1012 W/cm2. lF=785 nm andIF=331014 W/cm2.

TABLE I. The He2+ yield for various combinations of a Gauss-
ian fundamental and its 27th or 13th harmonic pulses with a dura-
tion (FWHM) of 10 fs and a peak intensity listed in the table.lF

=800 nm.

IF sW/cm2d IH27 sW/cm2d IH13 sW/cm2d He2+ yield

331014 – – 2.29310−15

– 1013 – 4.79310−6

331014 1013 – 0.173

– – 1014 1.25310−4

331014 – 1014 2.04310−4
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He2+ yield as a function ofIH27 and IH13 for a fixed funda-
mental intensity of 331014 W/cm2. Both for lF=800 nm
and 785 nm, the ionization probability is linear inIH27 and
quadratic in IH13 except for the saturation at
IH27.1013 W/cm2 for lF=800 nm, where the He2+ yield ap-
proaches unity. The dependence onIH27 and IH13 shown in
Fig. 7 indicates that ionization process involves a single H27
photon or two H13 photons.

The variation of ionization with the peak intensityIF of
the fundamental pulse is much more complex than that with
IH27 and IH13. Figure 8 shows the dependence of the He2+

yield on IF. For the case of a combined fundamental and H27
pulse with a fundamental wavelength of 800 nm, the yield
hardly depends onIF at laser intensity lower than 3
31012 W/cm2. In this region, two-H27-photon ionization is

dominant, which is supported by the fact that the yield is
quadratic in H27 intensity and approximately equal to the
value for the case where only a H27 pulse of the same in-
tensity is applied(see Table I). At a laser intensity range
between 331012 and 231014 W/cm2, the He2+ yield rises
rapidly with increasing laser intensity, indicating that the la-
ser optical field plays an important role in ionization. It
should be noted that the He2+ yield is proportional to peak
H27 intensity in this range and at higher laser intensity. This
suggests that a single H27 photon is involved in the ioniza-
tion process there, as we have already discussed in Fig. 7.
The results for a combined fundamental and H13 pulse with
lF=800 nm can be interpreted in a similar fashion. In the
case of a combined fundamental and H27 pulse withlF
=785 nm, no region where the yield is nearly independent of
IF appears in the figure, since the yield of two-H27-photon
ionization is relatively lows7.28310−7d. What is surprising
is, however, that the yield is not monotonically increasing in
IF: ionization is decreased with an increasing laser intensity
at IF.331014 W/cm2 slF=800 nmd and IF.6
31014 W/cm2 slF=785 nmd in the presence of the H27
pulse and at 231014, IF,431014 W/cm2 slF=800 nmd
in the presence of the H13 pulse. We will discuss the origin
of this counter-intuitive behavior in the next section.

IV. ENHANCEMENT MECHANISM

In this section we explore in detail the underlying mecha-
nism of the enhancement effects observed both in harmonic
photoemission(Figs. 1 and 2) and in ionization(Table I), by
far stronger than previously reported moderate enhancement
[20,23,27]. Let us start with an analysis of the results pre-
sented in Fig. 8, in which the He2+ yield decreases with an
increasing laser intensity in a certain range ofIF. In order to
clarify the origin of this counter-intuitive behavior, we have
calculated the dependence of the He2+ yield on the funda-
mental wavelengthlF for different values of fundamental
intensity. The results are shown in Fig. 9 for the cases of
IH27=1013 W/cm2 and IF=531013, 831013, 331014, 5
31014, 1015 W/cm2.

The curve for IF=531013 W/cm2 peaks aroundlF
=820 nm. Since the corresponding photon energy"v is
1.51 eV, the H27 photon energys27"v=40.8 eVd is exactly
resonant with the 1s-2p transition. Thus, in this case, the
electron is resonantly excited to the 2p state by a single H27
photon and is subsequently lifted to the continuum through
optical field ionization (OFI) by a laser field. At IF=8
31013 W/cm2 we can see a second peak aroundlF
=793 nms"v=1.56 eVd, for which 26"v s=27"v−"vd co-
incides with the 1s−2s transition energy. This indicates that
at this wavelength the 2s level is resonantly populated
through two-color two-photon excitation which involves
single H27 and fundamental photons. With increasing laser
intensity, the peaks are shifted to longer wavelengths due to
the laser-induced dynamic Stark effect; the red shift is con-
sistent with a standard formula for the effect[37].

At IF=331014 W/cm2, the second peak is now higher
than the first one and is located around 800 nm. In Fig. 10
we show a temporal evolution of the 2s and 2p population of

FIG. 7. (Color online) The He2+ yield as a function of peak
intensity of the 27th(upper curve forlF=800 nm and middle for
lF=785 nm) and 13th (lower curve for lF=800 nm) harmonic
pulse when He+ is exposed to a Gaussian combined fundamental
and its 27th harmonic pulse with a duration(FWHM) of 10 fs. The
peak intensity of the fundamental pulse is 331014 W/cm2.

FIG. 8. (Color online) The He2+ yield as a function of peak
intensity IF of the fundamental laser pulse when He+ is exposed to
a Gaussian combined fundamental and its 27th or 13th harmonic
pulse with a duration(FWHM) of 10 fs. The fundamental wave-
length lF is 800 nm except for the dashed line, for whichlF

=785 nm. The peak intensity of each harmonic pulse is indicated in
the figure along with its order.
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He+ for the case of simultaneous fundamental and an H27
irradiation withlF=800 nm. We can see that the 2s level is
in fact populated through two-color two-photon excitation
and that about 8% of electron population is left in this level
after the pulse while the 2p level is hardly excited. Since the
2s level lies only 13.6 eV below the ionization threshold, the
electron can now be lifted to the continuum by the funda-
mental laser pulse much more easily than from the ground
state and subsequently emit a harmonic photon upon recom-
bination. Thus the ionization yield as well as the harmonic
photoemission efficiency is largely increased. In order to
check quantitatively whether this is true or not, we have
calculated the harmonic spectrum from the superposition of

the 1s (92%) and 2s (8%) states subject to the laser pulse
alone. The result is displayed in Fig. 11 along with the spec-
trum from the ground-state He+ subject to the combined
pulse. The two spectra are strikingly similar to each other
both in peak heights and positions. Hence the enhancement
mechanism for this case may also be interpreted as harmonic
generation from a coherent superposition of states. Such a
process has already been studied by Watsonet al. [36]. They
have found that the harmonic spectrum from a superposition
of states consists of two distinct sets of harmonics: the first
(lowest energy) plateau has a cutoff atIe+3.17Up with Ie
being the ionization potential of the excited state, and the
second plateau has a cutoff given by Eq.(3). They have
reported that the spectrum does not depend on the initial
relative phase between the states, which may partially ex-
plain our results in Fig. 3 that our spectrum is insensitive to
the relative phasef. They have also shown that the first and
the second plateau efficiency scales asb4 anda2b2, respec-
tively, wherea and b denote the amplitudes of the ground
and the excited states. In the case of the present study, the
excitation of the 2s state is linear inIH27, thusb2~ IH27, and

FIG. 9. (Color online) The He2+ yield as a function of funda-
mental wavelength when He+ is exposed to a Gaussian combined
fundamental and its 27th harmonic pulse with a duration(FWHM)
of 10 fs. The peak intensityIH27 of the 27th harmonic pulse is fixed
at 1013 W/cm2, and we plot the results for five different values of
fundamental peak intensityIF indicated in the figure. Note that the
wavelength of the 27th harmonic varies with that of the fundamen-
tal pulse.

FIG. 10. (Color online) Temporal evolution of the 2s (thick
solid) and 2p (thick dashed) population of He+ exposed to a Gauss-
ian combined fundamental and its 27th harmonic pulse with a du-
ration (FWHM) of 10 fs, the former with a peak intensity of 3
31014 W/cm2 and the latter 1013 W/cm2. The fundamental wave-
length is 800 nm. The thin solid line(the right axis) is the temporal
profile of laser intensity.

FIG. 11. (Color online) Solid curve: harmonic spectrum from
the superposition of the 1s (92%) and 2s (8%) states of He+ ex-
posed to a fundamental laser pulse with a peak intensity of 3
31014 W/cm2. Dotted curve: harmonic spectrum from the ground-
state He+ exposed to a combined fundamental and its 27th harmonic
pulse, the former with a peak intensity of 331014 W/cm2 and the
latter 1013 W/cm2. The fundamental wavelength is 800 nm. The
two curves overlap each other in most parts. The bottom graph is a
magnified view.
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we can assume thata<1. Hence we expect that the first
plateau scales asIH27

2 and the second asIH27. These results
are consistent with the observations in Figs. 1 and 5, which
reinforces our view that the enhancement atlF=800 nm,
IF=331014 W/cm2, and IH27=1013 W/cm2 is essentially
due to harmonic generation from a superposition of states. It
is noteworthy that the H27 addition provides a means to
prepare such a superposition, which was not explained in
Ref. [36].

At IF=331014 W/cm2, we can also see a third peak
aroundlF=770 nm corresponding to two-color 2p excitation
involving one H27 and two fundamental photons. On the
other hand, atlF=785 nm, located between the second and
the third peaks, we expect that there is very little excitation
of the 2s and 2p states, though these are broadened by the
dynamic Stark effect. Nevertheless the photoemission is still
strongly enhanced, as we have seen in Fig. 4. The He2+ yield
(0.046) is also much higher than in the case of the funda-
mental pulse alones5.2310−15d. In this case the population
of 2s and 2p states after the pulse is 1.0310−4 and 7.7
310−6, respectively, and the other excited levels are virtually
unpopulated. We have calculated the harmonic spectrum
from the superposition of the 2s s1.0310−2%d, 2p s7.7
310−4%d, and 1s states subject to the laser pulse alone with
lF=785 nm. The result is shown in Fig. 12 along with the
spectrum from the ground-state He+ subject to the combined
pulse. In contrast to the case oflF=800 nm (Fig. 11), the
harmonic spectrum from the superposition cannot account
for the primary peaks in the spectrum by the combined pulse.
The results in Fig. 12 indicate that the electron is lifted to the
continuum directly from the ground state and that the photo-
emission process can be viewed as two-color frequency mix-
ing, enhanced by the fact that"vH27−"vF and "vH27
−2"vF are close to the resonance with 1s-2s and 1s-2p tran-
sitions, respectively. From this mechanism we expect the
main plateau efficiency scaling asIH27 and weak photoemis-
sion at lower orders, consistent with the results presented in
Figs. 4 and 6. The mechanism may also be interpreted as
follows. A single H27 photon, in cooperation with one and
two fundamental photons, promotes a transition to virtual
states near the 2s and 2p levels. The electron can be lifted
from these virtual states to the continuum by the fundamental
pulse much more easily than from the ground state. The tran-
sition to the virtual states are facilitated since they lie near
the intermediate(2s and 2p) levels, and, as a consequence,
ionization and HHG efficiency are largely augmented. It
should be noted in Fig. 12, however, that the spectrum from
the ground state by the combined pulse contains small peaks
which clearly correspond to those in the spectrum from the
superposition by the fundamental pulse. This observation im-
plies that both enhancement mechanisms of harmonic gen-
eration from a coherent superposition of states and two-color
frequency mixing coexist in general and that their relative
importance depends on fundamental wavelength. In both
mechanisms, the entire process involves a single H27 pho-
ton. Hence, we expect that ionization yield is linear in the
intensity of the H27 pulse irrespective of fundamental wave-
length, as we have seen in Fig. 7.

Let us now return to the discussion in Fig. 9. The dynamic
Stark effect induces not only the peak shift but also the peak

broadening, which results in the decrease of peak heights at
higher fundamental intensity. For example, the peak atlF
=800 nm is lower atIF=531014 W/cm2 than at IF=3
31014 W/cm2 and cannot be recognized anymore atIF
=1015 W/cm2 due to too much broadening. This leads to the
decrease of ionization yield atIF.331014 W/cm2 in Fig. 8.

Thus, the role of the fundamental laser pulse is three-fold:
to assist transitions from the ground state to the 2s and 2p
levels or virtual states near them through two-color excita-
tion, to lift the electron from an excited(real or virtual) level
to the continuum through optical-field ionization, and to in-
duce dynamic Stark shift and broadening. The interplay of
these three leads to a complicated behavior seen in Figs. 8
and 9.

Although we have mainly concentrated ourselves on the
case of a combined fundamental and H27 pulse in the
present section, a similar discussion applies to the case of the
H13 addition. For this case, since twice the H13 photon en-
ergy is close to the 1s-2s and -2p transition energy, primary
ionization and photoemission channels involve two H13 pho-
tons, whether the underlying mechanism may be harmonic
generation from a coherent superposition of states or two-

FIG. 12. (Color online) Solid curve: harmonic spectrum from
the superposition of the 1s, 2s, and 2p states of He+, as described in
the text, exposed to a fundamental laser pulse with a peak intensity
of 331014 W/cm2. Dotted curve: harmonic spectrum from the
ground-state He+ exposed to a combined fundamental and its 27th
harmonic pulse, the former with a peak intensity of 3
31014 W/cm2 and the latter 1012 W/cm2. The fundamental wave-
length is 785 nm. The bottom graph is a magnified view.
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color frequency mixing. Hence we expect that the main pla-
teau efficiency and the He2+ yield scale asIH13

2 with IH13
being the H13 peak intensity, which can be confirmed in
Figs. 2 and 7.

V. CONCLUSIONS

Using numerical simulations, we have investigated the
photoemission and ionization behavior of a He+ ion subject
to a combined field of an ultrashort intense Ti:sapphire laser
and its high-order harmonic pulses. Specifically we have
considered the 27th and 13th harmonics, for which especially
high intensity can be achieved with the state-of-the-art HHG
technique. The response of He+ is totally different from that
in the case of the irradiation of the fundamental pulse alone
or the harmonic pulse alone. The H27 addition enhances
high-order harmonic photoemission even by 17 orders of
magnitude, and the H13 addition also increases photoemis-
sion efficiency by more than ten orders of magnitude. More-
over, while an individual laserslF=800 nmd or its 27th har-
monic pulse with a peak intensity of 331014 and
1013 W/cm2, respectively, ionizes no more than 5310−6 of
He+, the combined pulse leads to a high He2+ yield of 17%.

Such enhancement is caused by two-color-field-induced
transition to 2p and 2s states or to a nearby virtual state,
which lie significantly closer to the ionization threshold than
the ground state. When the real excitation of 2p and 2s states
is present, the enhancement mechanism is harmonic genera-
tion from a coherent superposition of states. Otherwise the

process can be viewed as two-color frequency mixing en-
hanced by the presence of a near-resonant intermediate level.
In general the two mechanisms coexist, and their relative
importance depends on fundamental wavelength: the former
is dominant atlF=800 nm and the latter atlF=785 nm
when a H27 pulse is added to a laser pulse withIF=3
31014 W/cm2. The harmonic pulse plays an essential role in
transition to 2p and 2s states or to a nearby virtual state, and
the fundamental pulse is important in OFI from these levels
as well as in 1s-2p, 2s transitions through two-color excita-
tion; their co-presence leads to the enhancement of both har-
monic photoemission intensity and He2+ yield. Our results
show that even a simple hydrogenlike system exhibits unex-
pected properties under appropriate perturbation. Although
several issues such as production of fully ionized He+ plasma
and phase matching are yet to be resolved with regard to
experimental implementation, the efficient H27- or H13-
assisted harmonic generation might open a way to develop
an intense light source of an even shorter wavelength than
available today.
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