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Efficient photoemission and ionization of H& by a combined fundamental laser
and high-order harmonic pulse
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We theoretically study the behavior of Hexposed simultaneously to an ultrashort intense Ti:sapphire laser
and its 27th or 13th harmonic pulses, by solving the time-dependent Schrédinger 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 fréravide 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 lasefwavelength\p=800 nn) or its 27th harmonic pulse with a peak intensity of
3x 10" and 132 W/cn?, respectively, ionizes no more tharka.0°8 of He*, their combined pulse leads to a
much higher H&" 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?>'TieliHe
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.
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I. INTRODUCTION With such relatively simple but intense light sources at
Since the advent of ultrashort high-peak-power lasershand, a variety of applications such as ultrafast xuv hologra-

many interesting phenomena of high-field physics have bephy' the diagnosis of dense bright-plasmas, and even the
come available for application. In particular, high-order har-StUdy of nonlinear optical processes in the xuv and soft x-ray

) ; ranges, limited so far to a longer wavelentt3—15, might
monic generatiotHHG) [1,2] can p_roduce ultrashort coher become possible. In this context, Ishikawa and Midorikawa
ent soft x-ray and extreme ultraviolétuv) pulses from a

eL616] have proposed two-photon ionization of Hey Ti:sap-

compact Iasgr system. Moreover, recent progress in th hire 27th harmoni¢H27) pulses as a candidate for the ex-
phase-matching technique by use of a long interaction me-

dium has enabled the production of high-power soft X_rayperlmental observation of a nonlinear optical effect in the

) . ’soft x-ray domain, and Nakajima and Nikolopoulpk7]
and xuv pul_se$3—1q. Takahashet aI: [3] have succeeded in have theoretically shown that the two-photon double ioniza-
the generation of the 27th harmonic pulgesvelength\

=29.6 nm of a Ti-sapphire laser with a pulse width smaller tion of He may be observed with the same harmonic. More-
t_han. 30 fs and a'n o‘LFt) Ut enerav of 0/53 er pulse. The  °Ven several applications of the high-order harmoitidisl)
P 9y /43 Per p ' h?ve recently been demonstrated in solid-state and plasma

same authors have subsequently reported the generation [9n :

) _ ysics[18], and Hentschedt al. [19] have demonstrated the
éitzﬂls\tir:hagr? git:uthzgn;?gn;cagur!?g@r?-'a_se.7A,, szfﬁ;‘;d measurement of attosecond pulse o_Iuration using a HH.
respectively[4], and that of 59th harmon’ic .pljlse(a In the_ present paper, we theoretlca[ly study the response
=13.5 nm with :';m output energy of 25 nJ/pulse] Herg;tt of a He" ion subject to a fundamental Ti:sapphire laser pulse

i ' and an intense 27th or 13th harmonic pulse at the same time,

ft53a:|%' [9] fhasT..gene[]gtedl 15th .trr]larmomc puI?ésH as an application of state-of-the-art HH sources. It is true that
=53.3 nm of a Ti:sapphire laser with an energy of 1.9 there exist studies on the behavior of a hydrogen atom

per pulse, V\{hile Yoshitomet al. [10] has recently generated [20-27 and a one-dimensional model atd@g)] irradiated

5th-harmonic pulseghy=50 nm of a KrF excimer laser g itaneously by a fundamental and its harma#ia [20],

with an energy of 1.24J. Wr12en t_hese ha_rmon!c pulses arey7 [21], and H11[22,23) pulses. It should be noted, how-

focused to an area ofm],@m rt:;mg a mirror, Its average gyer, that due to its high ionization potenti@4.4 e\j He*

mélesnsny nfza,n rﬁach Wienr in the soft xray and 5y he applied to generate harmonics of higher orders than

10> W/cnr in the xuv domain(11,132. 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-

*Electronic address: ishiken@gq.t.u-tokyo.ac.jp ested especially in the effects of the simultaneous irradiation
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on harmonic photoemission and ionization. The fundamental
laser pulse can hardly ionize Has 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 at¢Bisl(, 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

Laser alone (3x10“ W/crnz)
O i Hydrogen atom
close to resonance, though not exactly, with a transition to = 19" | He"

the 2 or 2s levels from the ground state. It is expected, 107
therefore, that the addition of a Ti:sapphire 27th or 13th har-  1¢o'8
monic pulse can totally change the behavior of thé ke 10 L L L 1

ntensity (arb.unit)
=)
o

8

under an intense laser field. ° Harrnoiz: order (fu‘l"izamental v?gvelen th 80300|'|rr|)
We solve numerically the time-dependent Schrddinger g =

equation(TDSE) for He" interacting with a combined ul- FIG. 1. (Color onling Upper solid curve: harmonic spectrum

trashort intense laser and its 27th or 13th harmonic pulsgrom Het exposed to a Gaussian combined fundamental and its 27th
using the alternating direction implicit meth¢84]. Our re-  harmonic pulse with a duratioFWHM) of 10 fs, the former with
sults show that the combination of fundamental laser and itg peak intensity of % 1014 W/cn? and the latter 15 W/cn®. The
27th or 13th harmonic pulses enhance both high-order hafundamental wavelength is 800 nm. Lower solid and dotted curves:
monic generation and ionization by more than ten orders ofarmonic spectrum from Heand a hydrogen atom, respectively,
magnitude[25,26. For example, photoemission efficiency exposed to the fundamental pulse alone. Nearly straight lines be-
by a combined 10 fs lasgwavelength\r=800 nm) and its  yond the cutoff energy are due to numerical noise.

27th harmonic pulse with a peak intensity ok30" and

10** W/cn?, respectively, is by 17 orders of magnitude tjon [28] that varies from 1 to O over a width of 2/9 of the

higher than in the case of the laser pulse alone. This is by fafaximum radius at the outer radial boundary. The ionization
more dramatic than previously reported moderate enhancgje|d is evaluated as the decrease of the norm of the wave
ment[20,23,27. According to our detailed analyses, the en-fynction on the grid, and the photoemission spectrum is ob-

hancement is due to a combination of harmonic generatiopyined from the Fourier transform of the dipole acceleration.
from a coherent superposition of states and two-color fre- The glectric fieldE(t) is assumed to be given by

quency mixing enhanced by the presence of a near-resonant
intermediate level, and their relative importance depends on E(t) = Fe(t)sin(wt) + Fy(t)sin(nwt + ¢), (2)

the fundamental wavelength. . .
The present paper is organized as follows. In Sec. Il wéN'th Fr(t) andF(t) being the pulse envelope of the funda-

. : : . mental and harmonic pulse, respectively, chosen to be Gauss-
briefly summarize the simulation model. In Sec. lll we appIy.an with a duratior(full width at half maximum of 10 fs, w

the model to the calculation of photoemission and ionizatio he angular frequency of the fundamental puisdhe har-

of He* under the simultaneous irradiation of a fundamental X . : .
: g[ronic order, andp the relative phase. In typical calculations,

e use a grid with a maximum radius of 125—-250 a.u. and

dependence on intensity and wavelength. In Sec. IV we an : : N .
lyze the mechanism of photoemission and ionization ennaximum nhumber of partial waves,,,=100—-200. The grid

hancement, starting from the wavelength dependence of thePacing 1s 0.125a.u., and the time step is 1/65536 of an

+ . . : optical cyclet, of the Ti:sapphire laser light.
He?" yield. The conclusions are given in Sec. V. We have also solved Eql) using a method elaborated

based on an explicit finite difference scheme for several
cases and confirmed that the results remain virtually the
To study the interaction of a Fidon with a combined same as those obtained with the Peaceman-Rachford method.

laser and harmonic pulse, we solve the time-dependent

Il. MODEL

Schrédinger equation in the length gauge, L. PHOTOEMISSION AND IONIZATION
oD(r,t) }VZ 2 ol t . ENHANCEMENT
I a2 r 2B | (r.), @ In this section, we study how the harmonic photoemission

) o and ionization behavior of a Hiéon is affected by the addi-
whereE(t) is the electric field of the pulse. Here we have jon of an intense 27th or 13th harmonic pulse and how they

Equation(1) is numerically integrated using the alternating

direction implicit (Peaceman-Rachforanethod[24]. To re-
duce the difference between the discretized and analytical
wave function, we scale the Coulomb potential by a few In Fig. 1 we show the harmonic photoemission spectrum
percent at the first grid poir28]. To prevent reflection of from He" for the case of simultaneous fundamental and H27
the wave function from the grid boundary, after each timeirradiation. The fundamental wavelengkh is 800 nm, the
step the wave function is multiplied by a é6smask func- peak fundamental intensity: is 3% 10 W/cn?, and the

A. Photoemission
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peak H27 intensityt,,7 is 10" W/cm?. For comparison we . ' ' ' '
also show the spectra obtained when only the fundamental Laser (3x10™ W/em?)
pulse of the same intensity is applied to a*Hen and a +H13 (10" W/em?)
hydrogen atom. The general feature of HHG can be ex-
plained by the classical model, which is usually called the
simpleman’s theonpr three-step modgl29]. 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, 10™
the highest harmonig@he cutoff has an energ¥,. given by 10

[2 9] 1 0'21 1 1 1 1
20 40 60 80
E.=I pt 3.1U . (3) Harmonic order (fundamental wavelength = 800 nm)

10°

=
o
5 o D

ntensity (arb.unit)
s 3
© o

|
-
o

Laser (3x1 0" W/cm2)

2 +H13 (102 W/em?)

o
8

wherel, andU,, are the ionization potential and the pondero-  FIG. 2. (Color onling Harmonic spectrum from Heexposed to
motive energy, respectively. This equation tells us that a way Gaussian combined fundamental and its 13th harmonic pulse with
of getting higher harmonics is to use an atom or an ion witha duration(FWHM) of 10 fs, the former with a peak intensity of

a larger ionization potential. For the case of Fig. 1, the cutofBx 10** W/cn?, and the latter ¥ W/cn? (upper curvg and
energy is calculated from E@3) to be 70 eV(H45) for a 102 W/cn? (lower curvg. The fundamental wavelength is
hydrogen atom and 111 efH72) for a He" ion. The cutoff 800 nm. Note that the horizontal axis is of the same scale as in
positions in Fig. 1 roughly agree with these values, thougHig- 1.

the cutoff for H& is somewhat higher than predicted by the
simpleman’s theory, which is because the distance betwediasé between the fundamental and H27 pulses. We have

the nuclear position and the appearance position of the elefound that this is also the case for a combined fundamental
tron is not negligible, as is discussed in RG0]. As a resul, and H13 pulse, and that the results do not depend on the
harmonics of much higher orders are generated fro He@Psolute phase of the pulse, either. Therefore, wehsél in
than from H. We note, however, that the harmonic intensity!n€ rest of the present paper. . _

from He' when only the laser is applied is extremely low !N Fig. 4 we compare harmonic spectra from*Headi-
compared with the case of H. This is because the large ior€d by @ combined fundamental and H27 pulse with
ization potential, though advantageous in terms of the cutoff /82 M and 800 nm. This figure shows that the harmonic

energy, hinders the first step of the simpleman’s theory, i_ellyntensity does not depend much on fundamental wavelength.
ionization. We have varied\g between 750 and 850 nm and found a

The situation changes completely if the H27 pulse is giSimilar enhancement over the entire range. This result indi-
multaneously applied to HeFrom Fig. 1 we can see that the

8
conversion efficiency is enhanced by about seventeen orders__ 106 ' 'R lati h' B
of magnitude. Moreover, the advantage of high cutoff is pre- E 104 elative phase ¢ =0
served, though its position is now closer to the value pre- 5 1°
dicted by Eq.(3). Figure 2 shows the harmonic photoemis- & 10°
sion spectrum from He for the case of simultaneous 2 10°
fundamental and H13 irradiation. Again the harmonic inten- % 10
sity is enhanced by more than ten orders of magnitude com-E 10+

1 1 1
0 20 40 60 80 100

Harmonic order (fundamental wavelength = 800nm)

b

pared to the case of the laser pulse alone. 10
In order to examine the influence of the relative phése
on photoemission, we have calculated spectra frorh dtie-
ject to a combined fundamental and H27 pulse by varying
the value of¢. Figure 3 compares the results f¢=0 and
¢=ml/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 phag&l—-35. In the
case of the present study, the H27 field has too small a pon-  10°®
deromotive energy to participate in the second step of the
simpleman’s theory, i.e., classical acceleration of the ejected
e|ectl’0n MOFGOVBI’, as we will see in Sec. IV, |On|zat|0n |S FIG. 3. (Color onhne Harmonic Spectra from HSUbJeCt to a
largely dominated by the path involving a single H27 photoncombined fundamental and its 27th harmonic pulse with a duration
and tunneling by the fundamental field, which renders thgFwHM) of 10 fs and a relative phase @& ¢=0 and (b) ¢
interference33-33 of different ionization paths negligible. =z/2. The peak intensities and the fundamental wavelength are the
Therefore, the response of His insensitive to the relative same as in Fig. 1.

T T T
Relative phase ¢ =n/2

Intensity (arb. unit)

1 1 1 1
0 20 40 60 80 100

Harmonic order (fundamental wavelength = 800nm)
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Intensity (arb. unit)
-o;
Ratio

Laser (3x10™ W/cm?) + H27 (102 Wicm?)

L 1 1 1 1 1 0001 Lt L e L

0 20 40 60 80 100 120 140 0 20 40 60 80
Photon energy (eV) Harmonic order (fundamental wavelength = 785nm)

FIG. 4. (Color onling Harmonic spectra from Heexposed to a FIG. 6. (Color onling Ratio between the spectra at each odd
combined fundamental and its 27th harmonic pulse, the former wittharmonic frequency from Hesubject to a combined fundamental
a peak intensity of % 10 W/cn? and the latter 18 W/cn? The  and H27 pulse with a peak H27 intensity of 1@v/cm? and
fundamental wavelength is 785 nigsolid curve and 800 nm 10 W/cmP. \z=785 nm and =3 10 W/cn?.

(dashed curvg respectively.

ratio is abount 0.01 at harmonic orders lower than(tte
cates that fine tuning of the fundamental wavelength is nofirst or small plateauand about 0.1 at harmonic orders
necessary for the enhancement of high-order harmonic pharigher than 1qthe second or main platepuThis indicates
toemission. It should be noted in Fig. 4, however, that thehat the spectral intensity is proportional Ifg,, at the small
two spectra are quite different in shape at a photon energjglateau while it is linear irl,; at the main plateau atg
lower than 25 eV. The spectrum fap=800 nm contains @ =800 nm. Figure 6 shows a similar ratio as in Fig. 5 for a
small plateau in this range. On the other hand, for the case @findamental wavelength of 785 nm. From Fig. 6 we can see
Ar=785 nm, the harmonic intensity decreases as a photofhat the spectral intensity is again linearlip, at the main
energy or harmonic order increases, and is lower than thglateau. On the other hand, at harmonic orders lower than 15,
numerical noise level at an energy between 15 and 25 e\the dependence of spectral intensity kp; is not clear,
These observations suggest that the mechanism of photgartly because the intensity is close to the numerical noise
emission enhancement depends on the fundamental wavewel in this range.
length, as we will discuss in Sec. IV.

Let us next examine the dependence of the photoemission B. lonization
spectra on the intensity of a H27 or H13 pulse. Figure 5 o N
shows the ratio between the spectra front labject to a Let us now turn to ionization probability. Table | summa-

combined fundamental and H27 pulse for a peak H27 intentizes the H&" yield for each case of the fundamental pulse
sity 14,7 of 1011 W/cn? and 162 W/cn?. The fundamental alone, the harmonic pulse alone, and the combined pulse.
wavelength\s is 800 nm, and the peak fundamental inten- The fundamental wavelength is 800 nm. Like harmonic pho-

sity I is 3x 104 W/cn?, as in Fig. 1. We can see that the 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-

8 T T T T T T T T . . .
g ] cially strong enhancement is found in the case of the com-
4 ] bined fundamental and H27 pulses: the’Hgield is in-
2 . o« o° o 1 creased by several orders of magnitude also with respect to
01, etecoesOe,0 o o®® Ccotecte] the case of the H27 irradiation alone. In Fig. 7, we plot the
L ]
6l °
o 4 ]
g 1 TABLE |. The He" yield for various combinations of a Gauss-
T o % L | ian fundamental and its 27th or 13th harmonic pulses with a dura-
001 ° E tion (FWHM) of 10 fs and a peak intensity listed in the tabig.
§ 3 =800 nm.
4 4
2 . . . e (W/cm?)  lupr (W/em?) Iy (W/cm?)  He* vield
o‘m1 PRI T T N B A PR T B A A PET I I N '] PRI T T N B A
° H '2ode funda 4ontal I e: 800 ® 3104 o B 22910
armonic order (fundamental wavelength = 800nm) B 1013 B 4.79% 1075
FIG. 5. (Color onling Ratio between the spectra at each odd 3% 10 10" - 0.173
harmonic frequency from Hesubject to a combined fundamental - - 104 1.25x 1074
and H27 pulse with a peak H27 intensity of 2@v/cn? and 3% 1014 _ 104 2.04x 1074

102 W/cmé. Ag=800 nm and =3 X 10 W/cn?.
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10° — dominant, which is supported by the fact that the yield is
10" | H27 (800nm) - quadratic in H27 intensity and approximately equal to the
102k i value for the case where only a H27 pulse of the same in-

tensity is applied(see Table ). At a laser intensity range

-3
° 10_4 between X 10* and 2x 10" W/cn?, the Hé* yield rises
2 105 i rapidly with increasing laser intensity, indicating that the la-
&y 107 ser optical field plays an important role in ionization. It
T 10°F should be noted that the Beyield is proportional to peak
107 H13(800 nm) H27 intensity in this range and at higher laser intensity. This
108 i suggests that a single H27 photon is involved in the ioniza-
10° | tion process there, as we have already discussed in Fig. 7.
107 T T R The results for a combined fundamental and H13 pulse with
o o T g BT e BT e A=800 nm can be interpreted in a similar fashion. In the
H27 or H13 intensity (W/cm?) case of a combined fundamental and H27 pulse with

=785 nm, no region where the yield is nearly independent of

FIG. 7. (Color onling The H&* yield as a function of peak |- appears in the figure, since the yield of two-H27-photon
intensity of the 27th{upper curve fol\p=800 nm and middle for jonization is relatively lowm(7.28x 10°7). What is surprising
Ae=785nm and 13th(lower curve for\g=800 nm harmonic s however, that the yield is not monotonically increasing in
pulse when Heis exposed to a Gaussian combined fundamentay_: jonization is decreased with an increasing laser intensity
and its 27th harmonic pulse with a duratid@WHM) of 10 fs. The at  1p>3x% 104 W/cn? (\e=800nm and 1->6
peak intensity of the fundamental pulse ix 30 W/cn?. % 104 W/cn? (\-=785 nn in the presence of the H27
pulse and at X 10M<I<4x 10" W/cm? (A\r=800 nm
in the presence of the H13 pulse. We will discuss the origin
of this counter-intuitive behavior in the next section.

He?* yield as a function ol y,; and 1,5 for a fixed funda-
mental intensity of X 10 W/cm?. Both for A\r=800 nm
and 785 nm, the ionization probability is linear lip,; and
quadratic in ly;3 except for the saturation at
I 27> 10 W/cn? for A\r=800 nm, where the Héyield ap- IV. ENHANCEMENT MECHANISM
proaches unity. The dependence lpg; and ;3 shown in

. T o . X In this section we explore in detail the underlying mecha-
Fig. 7 indicates that ionization process involves a single H27 . . .
nism of the enhancement effects observed both in harmonic
photon or two H13 photons.

o S . . . photoemissioriFigs. 1 and 2and in ionization(Table I, by
The variation of |on|;at|on with the peak intensity of . far stronger than previously reported moderate enhancement
the fundamental pulse is much more complex than that Wltfi

. 20,23,27. Let us start with an analysis of the results pre-
lo7 and I3 Figure 8 shows the dependence of théHe - . . . .
yield onlg. For the case of a combined fundamental and H27sented in Fig. 8, in which the Heyield decreases with an

pulse with a fundamental wavelength of 800 nm, the yieldincr_easing Ia_se_zr inten_sity ina ce_rtai_n_rangd FOfm order to
hardly depends o, at laser intensity lower ’than 3 clarify the origin of this counter-intuitive behavior, we have
F

A . . . .~ o+ calculated the dependence of the?Hgield on the funda-
X 10'% W/en. In this region, two-H27-photon ionization is mental wavelength\g for different values of fundamental

intensity. The results are shown in Fig. 9 for the cases of

()
b I lz7=10" W/en? and 1p=5x 10", 8x 101, 3x 10 5
10 X 1014, 105 W/cm?,
10* The curve for I=5x 10 W/cn? peaks around\p
10° =820 nm. Since the corresponding photon enefgy is
2 10* 1.51 eV, the H27 photon enerd27:»=40.8 eV} is exactly
> 10° . resonant with the £2p transition. Thus, in this case, the
“;1:; 10 - 4 electron is resonantly excited to the 8tate by a single H27
107 — . _ photon and is subsequently lifted to the continuum through
. H13 (10 W/cm)/ .................... o optical field ionization (OFl) by a laser field. Atlz=8
0Tr S ] X 10 W/cm? we can see a second peak aroung
10° - H13 (10" Wiem®) .~ } =793 nm(fw=1.56 eV}, for which 26iw (=27hw-fiw) co-
10":0" — "'1"('),2 — "'1"('),3 = 1"('),4 = "1"015 incides with the $-2s transition energy. This indicates that

at this wavelength the 2level is resonantly populated
through two-color two-photon excitation which involves

FIG. 8. (Color onling The H&" yield as a function of peak fsingle'H27 and fundamen'gal photons. With increasing laser
intensity I of the fundamental laser pulse when*Hs exposed to  intensity, the peaks are shifted to longer wavelengths due to
a Gaussian combined fundamental and its 27th or 13th harmonie laser-induced dynamic Stark effect; the red shift is con-
pulse with a duratiof FWHM) of 10 fs. The fundamental wave- Sistent with a standard formula for the eff¢8f].

Laser intensity (W/cmz)

length A\r is 800 nm except for the dashed line, for whiak At 1p=3x 10" W/cn?, the second peak is now higher
=785 nm. The peak intensity of each harmonic pulse is indicated ithan the first one and is located around 800 nm. In Fig. 10
the figure along with its order. we show a temporal evolution of the and 2 population of
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10° e e
— 92% 1s, 8% 2s + Laser (3x10™ W/cm®)

Intensity (arb. unit)

020 T T T Fundamental intbnsity
— 10" W/em®
------- 5x10™ W/cm
015} 3x10™ W/em®
— 8x10" W/em
2 5x10" W/em
;“ 0.10
[
I
0.05 f......
0.00 i L

760 780 800 820
Fundamental wavelength (nm)

FIG. 9. (Color onling The H&* yield as a function of funda-
mental wavelength when Flds exposed to a Gaussian combined
fundamental and its 27th harmonic pulse with a duratleWwHM)
of 10 fs. The peak intensitly, of the 27th harmonic pulse is fixed
at 103 W/cn?, and we plot the results for five different values of
fundamental peak intensity indicated in the figure. Note that the
wavelength of the 27th harmonic varies with that of the fundamen-

tal pulse.

He* for the case of simultaneous fundamental and an H27 4ot

840

Harmonic order (fundamental wavelength = 800 nm)
L AL LI L B L LR L BN

i naa
10°

Intensity (arb. unit)

10’ h g &
10° . . w iyﬁ'-

irradiation withAp=800 nm. We can see that the vel is 102
H H H PRI S TR S S U I NN SN T TN TN T NN TN T NN T T N W O N 1
in fact populated through two-color two-photon excitation 0 5 10 15 20 25 30 35

after the pulse while thelevel is hardly excited. Since the

2s level lies only 13.6 eV below the ionization threshold, the  FIG. 11. (Color onling Solid curve: harmonic spectrum from
electron can now be lifted to the continuum by the funda-the superposition of thes1(92%) and % (8%) states of Hé ex-
mental laser pulse much more easily than from the groungosed to a fundamental laser pulse with a peak intensity of 3
state and subsequently emit a harmonic photon upon recomx 10" W/cn?. Dotted curve: harmonic spectrum from the ground-
bination. Thus the ionization yield as well as the harmonicstate Hé exposed to a combined fundamental and its 27th harmonic
photoemission efficiency is largely increased. In order topulse, the former with a peak intensity 0f3L.0'* W/cn¥ and the
check guantitatively whether this is true or not, we havelatter 10°W/cn?. The fundamental wavelength is 800 nm. The
calculated the harmonic spectrum from the superposition ojwo curves overlap each other in most parts. The bottom graph is a

0.10 , , , , 4x10™
fundamental wavelength = 800 nm
— 2 —
0.08| === 2p . g
— Laser intensity 3 8
nt
§ 0.06} 5
kS > 3
> 7]
g =3
L 004 _
2
15
0.02- )
0.00 L 0
0 20 40 100

Time (fs)

magnified view.

the 1s (92%) and X (8%) states subject to the laser pulse
alone. The result is displayed in Fig. 11 along with the spec-
trum from the ground-state Flesubject 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 Watstaad. [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 ai+3.1J, with I,
being the ionization potential of the excited state, and the
second plateau has a cutoff given by K8). They have
reported that the spectrum does not depend on the initial

FIG. 10. (Color onling Temporal evolution of the 2(thick ~ relative phase between the states, which may partially ex-
solid) and 2 (thick dashegipopulation of H& exposed to a Gauss- Plain our results in Fig. 3 that our spectrum is insensitive to
ian combined fundamental and its 27th harmonic pulse with a duthe relative phase. They have also shown that the first and
ration (FWHM) of 10 fs, the former with a peak intensity of 3 the second plateau efficiency scalesdsand a??, respec-

X 10" W/cn? and the latter 18 W/cm?. The fundamental wave- tively, wherea and 8 denote the amplitudes of the ground
length is 800 nm. The thin solid linghe right axig is the temporal and the excited states. In the case of the present study, the

profile of laser intensity.

excitation of the 2 state is linear ify,7, thus 821, and
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we can assume that=1. Hence we expect that the first 107 AP RANSASERALDE ST AARARRS LS A SRR PNN P A RO
plateau scales ag,, and the second as,7. These results 10°F ?3'3;":?:'°:s‘::(§’§3’1f32§';2;l‘a:;((?’é,gwx:vr/:{)" L
are consistent with the observations in Figs. 1 and 5, which - ’ -
reinforces our view that the enhancementh\at=800 nm,
lF=3X 10" W/cn?, and l4,,=10" W/cn? is essentially
due to harmonic generation from a superposition of states. It.g
is noteworthy that the H27 addition provides a means to <=
prepare such a superposition, which was not explained in £
Ref. [36].

At [g=3X 10" W/cn?, we can also see a third peak
around\g=770 nm corresponding to two-colop2xcitation
involving one H27 and two fundamental photons. On the
other hand, ahg=785 nm, located between the second and
the third peaks, we expect that there is very little excitation
of the Z and 2 states, though these are broadened by the
dynamic Stark effect. Nevertheless the photoemission is still
strongly enhanced, as we have seen in Fig. 4. TH¢ #eld
(0.049 is also much higher than in the case of the funda-
mental pulse alon€s.2x 10719, In this case the population
of 2s and D states after the pulse is QL0 and 7.7
X 1076, respectively, and the other excited levels are virtually
unpopulated. We have calculated the harmonic spectrum
from the superposition of the s31.0X 10%%), 2p (7.7
X 107%%), and X states subject to the laser pulse alone with
Ae=785 nm. The result is shown in Fig. 12 along with the
spectrum from the ground-state Heubject to the combined
pulse. In contrast to the case »pf=800 nm(Fig. 11, the 102
harmonic spectrum from the superposition cannot account 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 &5
for the primary peaks in the spectrum by the combined pulse. Harmonic order (fundamental wavelength = 785 nm)
The results in Fig. 12 indicate that the electron is lifted to the FIG. 12. (Color onling Solid curve: harmonic spectrum from

continpum directly from thg ground state and that the phOtpfhe superposition of thes12s, and 2 states of H& as described in
emission process can be viewed as two-color frequency MMXhe text, exposed to a fundamental laser pulse with a peak intensity
ing, enhanced by the fact thaiwy7~fiop and w7 of 3% 1014 W/cn. Dotted curve: harmonic spectrum from the
~2hwe are close to the resonance witeds and I-2p tran-  ground-state Heexposed to a combined fundamental and its 27th
sitions, respectively. From this mechanism we expect th@armonic pulse, the former with a peak intensity of 3
main plateau efficiency scaling &s,; and weak photoemis-  x 104 w/cn? and the latter 1% W/cn. The fundamental wave-
sion at lower orders, consistent with the results presented igngth is 785 nm. The bottom graph is a magnified view.
Figs. 4 and 6. The mechanism may also be interpreted as
follows. A single H27 photon, in cooperation with one and broadening, which results in the decrease of peak heights at
two fundamental photons, promotes a transition to virtuahigher fundamental intensity. For example, the peakat
states near thes2and 2 levels. The electron can be lifted =800 nm is lower atlz=5Xx10* W/cn? than atl-=3
from these virtual states to the continuum by the fundamentak 104 W/cnm? and cannot be recognized anymore lat
pulse much more easily than from the ground state. The trar= 10'°> W/cn? due to too much broadening. This leads to the
sition to the virtual states are facilitated since they lie neadecrease of ionization yield >3 X 10'* W/cn? in Fig. 8.
the intermediaté€2s and ) levels, and, as a consequence, Thus, the role of the fundamental laser pulse is three-fold:
ionization and HHG efficiency are largely augmented. Itto assist transitions from the ground state to tlsea@d 2
should be noted in Fig. 12, however, that the spectrum frontevels or virtual states near them through two-color excita-
the ground state by the combined pulse contains small peak®n, to lift the electron from an excite@eal or virtua) level
which clearly correspond to those in the spectrum from thdo the continuum through optical-field ionization, and to in-
superposition by the fundamental pulse. This observation imduce dynamic Stark shift and broadening. The interplay of
plies that both enhancement mechanisms of harmonic gethese three leads to a complicated behavior seen in Figs. 8
eration from a coherent superposition of states and two-colaand 9.
frequency mixing coexist in general and that their relative Although we have mainly concentrated ourselves on the
importance depends on fundamental wavelength. In botlease of a combined fundamental and H27 pulse in the
mechanisms, the entire process involves a single H27 phgresent section, a similar discussion applies to the case of the
ton. Hence, we expect that ionization yield is linear in theH13 addition. For this case, since twice the H13 photon en-
intensity of the H27 pulse irrespective of fundamental wave-ergy is close to the<s2s and -2 transition energy, primary
length, as we have seen in Fig. 7. ionization and photoemission channels involve two H13 pho-
Let us now return to the discussion in Fig. 9. The dynamictons, whether the underlying mechanism may be harmonic
Stark effect induces not only the peak shift but also the peageneration from a coherent superposition of states or two-

unit)

nsity

2
£

. Harmonic order (fundamental wavelength = 785 nm)
10 T T T T T T T T T T T T T T

Intensity (arb. unit)
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color frequency mixing. Hence we expect that the main plaprocess can be viewed as two-color frequency mixing en-
teau efficiency and the Heyield scale aslﬁ,13 with 1413 hanced by the presence of a near-resonant intermediate level.
being the H13 peak intensity, which can be confirmed inin general the two mechanisms coexist, and their relative
Figs. 2 and 7. importance depends on fundamental wavelength: the former
is dominant atA\r.=800 nm and the latter aXp=785 nm
when a H27 pulse is added to a laser pulse witk3
V. CONCLUSIONS X 10 W/cn?. The harmonic pulse plays an essential role in

Using numerical simulations, we have investigated thd"@nsition to P and & states or to a nearby virtual state, and
photoemission and ionization behavior of a*Hen subject the fundamental pulse is important in OFI from these levels

to a combined field of an ultrashort intense Ti:sapphire laseftS Well as in &2p, 2s transitions through two-color excita-
and its high-order harmonic pulses. Specifically we havdion; their co-presence leads to the enhancement of both har-
considered the 27th and 13th harmonics, for which especiall{’°Nic photoemission intensity and Heyield. Our results
high intensity can be achieved with the state-of-the-art HHGNOW that even a simple hydrogenlike system exhibits unex-
technique. The response of His totally different from that Pected properties under appropriate perturbation. Although
in the case of the irradiation of the fundamental pulse along€Veral issues such as production of fully ionized plasma

or the harmonic pulse alone. The H27 addition enhance@nd Phase maiching are yet to be resolved with regard to
high-order harmonic photoemission even by 17 orders ofXxperimental implementation, the efficient H27- or H13-

magnitude, and the H13 addition also increases photoemi€SSisted harmonic generation might open a way to develop

sion efficiency by more than ten orders of magnitude. More2" i_ntense light source of an even shorter wavelength than
over, while an individual lasefA=800 nnj or its 27th har- available today.
monic pulse with a peak intensity of >310* and
10" W/cn?, respectively, ionizes no more thank3.0°® of
He', the combined pulse leads to a high’Hgield of 17%. We would like to thank E. J. Takahashi, K. Midorikawa,
Such enhancement is caused by two-color-field-induced. Nabekawa, and H. Hasegawa for helpful discussions es-
transition to D and 2 states or to a nearby virtual state, pecially on experimental feasibility. We gratefully acknowl-
which lie significantly closer to the ionization threshold thanedge fruitful discussions with P. Saliéres and A. de Bohan on
the ground state. When the real excitation pfahd Z states the enhancement mechanism. This work has been partially
is present, the enhancement mechanism is harmonic genempported by the Ministry of Education, Culture, Sports, Sci-
tion from a coherent superposition of states. Otherwise thence and Technology of Japan, Grant No. 15035203.
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