RAPID COMMUNICATIONS

High-order harmonic cutoff extension of the O, molecule due to ionization suppression
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High-order harmonic generation has been observed experimentally fromdlecules at the saturation
ionization intensity. The harmonic cutoff extends far beyond the cutoff of Xe despite both have nearly equal
ionization potentials. In contrast, the harmonic spectra fpahid Ar, which have almost the same ionization
potentials, are essentially close to each other. We show the extension of harmonic cutoff em@nsequence
of ionization suppression. Using a simple modified tunneling ionization model for molecules, we predict both
the harmonic cutoff extension and the ionization suppression semiquantitatively.
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The study of high-order harmonic generatittHG) has  The gas nozzId9] provides a 20Qum interaction region
attracted a great deal of attention because of its possible agjith a gas density of 26 molecules/cti To get a good
plications as a coherent deskt(_)p x-ray source in the femtophase matching, the nozzle is placed 4 mm after the focal
second or even attosecond regirh&l which can be used to spot. The generated HHG signal is imaged by a focusing
probe the dynamic processes involving electronic transitionsyirror at grazing incidence, then dispersed by a 2000

ﬁincebthe early discovgry of HHE], most o_lf_ghe ?Udie{;’ lines/mm transmission grating and recorded by a multichan-
ave been concer_1trate on rare-gas atoms. There have beep.q plates(MCP)/charge-coupled device system. In the ex-
number of experimental studies of HHG from molecules

[3-5], but a general picture for molecules in a laser field stillp.erlment of @, Ar, and Ny gases, a 0.2m per_ely_ne (.GHE‘)

has not emerged. In an earlier experimptit it was found filter was used. The transmission rate of this filter increases
that the HHG spectra of Qare close to that of Xe. Com- from 10% to 80% Whe.n the photon energy cha_nges .from 5.0
pared to the preliminary study of HHG from molecules, the€V to 150 eV. We use it here to suppress the signal intensity

ionization of molecules has been studied more extensivel)?f lower-order harmonics so that a better signal/noise ratio in
Recently, it was found that the ionization of @ suppressed (e cutoff region(80-100 eV can be obtained. For Xe, a
by about one order of magnitude when comparing with xe0-2 um A! filter was used, which has a good transmission
[6—8]. However, there is no ionization suppression foy N (>70%) in the range from 20 eV to 70 eV.

when comparing with Ar, which has nearly the same ioniza- In the experiment, we tuned the laser intensity to reach
tion potential as Bl As is known, HHG is closely related to the highest cutoff, which is defined as the distinguishable
ionization in an intense laser field. Generally speaking, théiHG peak with the highest photon energy. The optimized
HHG cutoff energy is decided fror,,or=1,+3.11,, laser intensity for Xe is 10" W/cn?; for O, it is 9
with I, the ionization potential and, the quiver energy. X 10" W/cn?. Under these intensities, the cutoff position
Thus, we should observe a higher cutoff energy in a highefor O, (q.=53) is nearly twice to that for Xeq,=29). For
laser intensity. Meanwhile, the valence electron will be to-Ar and N,, the optimized laser intensity is~9
tally ionized when the laser intensity is above the saturatiork 10t W/cn?, the same as in the ase. The cutoff posi-
intensity. Therefore, we can only obtain the highest cutofftions for Ar and N areq.=63 andg.=57, respectively. For
energy with an optimized laser intensity. The suppressed ionrcomparison, we also measured HHG of Xe with the same
ization of O, should lead to a significant extension of har- intensity used for @ (9 10** W/cn?). This laser intensity
monic spectra, which was not observed in the previous HHGs already far beyond the saturation intensity of Xe. At this
measurementf3,4]. Stimulated by such a controversy and intensity we did not get higher cutoff photon energy, com-
the desire to further explore the relation between the HHGared with the measurement axk40" W/cn?. The mea-
and ionization, we studied the HHG cutoff behavior for mol- sured HHG spectrum is originated from the unsaturated part
ecules and their companion atoms, for cases with a strongf the laser profile, both temporal and spatial. The measured
ionization suppression (£ Xe), and for cases with no ion- HHG signals for the four different gases near the harmonic
ization suppression (J\ Ar). cutoff region are shown in Fig. 1.

The experiment was carried out with the newly estab- In comparing the atomic and molecular species, we note
lished Ti:Sapphire laser system, Kansas Light Source, ahat Ar and N have nearly the same ionization potentials, at
Kansas State University. The laser system has an output d5.76 eV and 15.58 eV, respectively, and they have nearly
1.5 mJ at 800 nm center wavelength, and a duration of 25 falentical harmonic cutoff. On the other hand, while Xe and
with a repetition rate of 1 kHz. The laser is focused by a 2500, have nearly the same ionization potentials, at 12.13 eV
mm lens into the gas jet formed by a nozzle. The focal spoand 12.06 eV, respectively, the harmonic cutoff foy @
size W) is 25 um full width at half maximum(FWHM). much higher than for Xe. We attributed this to the fact that

O, molecule is much harder to ionize than Xe although they
have the same ionization potential. This is known as ioniza-
*Email address: xmtong@phys.ksu.edu tion suppression, and it has been investigated extensively
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70 FIG. 2. Approximate two-centered molecular orbitals of the va-
Harmonic Order lence electrons of ©(m7g) and N, (og) and their closest one-
centered atomic orbitals. Only the outer region of the electronic
FIG. 1. Measured high-order harmonic signals from Xg, Ar, wave function is of interest.
and N, gases with a Ti:Sapphire lasé800 nm, 25 f$ at a laser

intensity of 9<10' W/cn?. The Xe signal is measured with a atomic orbitals at the two centers. To apply the ADK model

0.2 um Al filter and the @, Ar, and N, measurements are mea- 4 distomic molecules, we need to extract the dominant
sured with a 0.2um perelyne (gHj) filter. The dashed curve is the 5, mic orpital or partial waves centered at the charge center
high-order harmglz“c S'gn:;als of Xe recorded at an optimized lasef¢ 1o mojecule. Figure 2 shows the two-centered molecular
intensity of 4x 107 W/cn. orbitals and their closest atomic orbitals centered at the mid-

. : . point of the internuclear line. The Ovalence orbital )
6-8 at different laser intensities and pulse lengths. There; I e 9
gore ]the harmonic cutoff extension an% the ion?zation Supwave function in the outer region is constructed mainly by

pression are strongly correlated the two 2p; orbitals located at the two nuclei. In terms of

. L tomic orbital nter t the midpoint of the molecules it i
To explore the relation between HHG and ionization, welomic o bitals centered at the midpoint of the molecules itis

simulate the HHG spectra by using the Lewenstein modeli)eSt approximated ?’9‘1 partial wave, or :_2’ m=_1. For
. 2 . the N, valence orbital §,), we choosel=2, m=0, as

[10], which has been modified to take into account the§hown in Fig. 2. The ab%ve parameters are for molecules

round-state depletion by the laser pulse. The depletion of,. L ! S :

?he ground statepwas cal)c/ulated by upsing the AmmF())sov Deqhgned along the laser field dlrect_lon. We list all the param-

lone Krainov(ADK) model[11]. The Lewenstein model is eters we used in the ADK model in Table I.

o R : ; To check the validity of our theoretical model, we first
valid in the tunneling ionization regime for calculating har-

monics when the photon energy is much larger than the ion§tUdy the ionization of @ comparing with Xe. To compare

o . . . with experiment, we calculate ionization probability at a
ization potential. This model should work well here since we _. .
. . . . iven position from the ADK rate as

are interested in calculating only the harmonic cutoff at the?
saturation intensities.

The key issue is how to calculate the ionization rate for _
molecules in the framework of the ADK model. For a com- Pim(r,z)=1—exp{— [ w[l,mE(t,r,z)]dt}, (2
plex atom, the ADK ionization rate ijgl1]

Intensity (arb. units)

and an ionization signal as

1/2
W(I,m,E)=C§*|*Ip(2|+1)(|+|m|)! ( 3E )

2Im | mfr(1—=|m[)! | 7Fo

. SlmocJ Pim(r,z)2mrdrdz. (€)]
2FO 2n* —|m|—1
X = e72F0/3E (l)
TABLE I. Harmonic cutoff and parameters in the ADK model
. . L . for molecules and their companion atoms.
with Fo=(21,)3?2 wherel , is the ionization potential, aré P

is the laser field strength. Information on the initial state is 0, Xe N, Ar
given by the angular momentuhand its projectiorm along

the polarization axis of the laser field, whik is the effec- 1, (€V) 12.56 12.13 15.58 15.76
tive principal quantum number and depends only on the ionMO Ty oy

ization potential;l* =0 for the present systems. For Ar and AO d; Po do Po
Xe, thel andm in Eq. (1) are well defined. To extend the | 2 1 2 1
ADK model to diatomic molecules, whatandm should we m 1 0 0 0
use? As we know, the most important ingredient in the ADK| (10 W/cn?) 3.01 1.75 3.71 4.40
model is the wave function of the electron in the tunnelingq, (calculated 45 29 55 65
region, i.e., the asymptotic region. In the asymptotic regiong, (measurep 53 29 57 63

the molecular orbital can be expressed as a superposition ef
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FIG. 3. The ratio of single-ionization signals betweenadd Xe

vs the peak intensity of the laser field. The open circles are fro

Ref.[6] and the filled triangles are from Ref].

The laser field’s temporal and spatial distributié(t,r,z) is

taken to be

E(t,r,z)= W2

with W(z) =W0\/1+22/22R, whereW, is the size of the focal
spot, zg= ’7TW(2)/)\ is the Rayleigh range, and is the laser
wavelength.7 is the pulse length at FWHM anH, is the
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FIG. 4. The ratio of single-ionization signals betweenawd Ar

nvs the peak intensity of the laser field. The filled circles are from

Ref.[8] and the filled triangles are from RdfZ].

ionization potential (,=16.9 eV) for Q in the ADK model.
So far, the proposed larger ionization potential lacks direct

experimental proof or direct theoretical support. The ioniza-
tion suppression of Palso has been explained by the inter-
ference mode[13], i.e., interference from the two atomic
centers. Our present model does not contradict with this

laser field peak strengtls,,,, the ionization signal, is the

quantity directly proportional to the measured ion signal. Ifshown in Fig. 4. The solid line is the ratio for the alignegl N
the molecules are randomly distributed, we calculate the ionmglecule on the laser field direction and the dashed line is

for the unaligned one. The experimental data were measured
at 100 fs and 800 nm by DeWigt al.[8] (filled circles with

ization signal as

Sim
Sav_% 21+1°

3, we present the ratios of single ionization signals efX

(4)

model, but it is much simpler, and attributes the suppression
to the nature of the molecular orbitals instead of quantum
interference. Within the ADK model, the suppression ni©
due to (=2m=1) as compared tol €1,m=0) for Xe.

A similar comparison of ionization signals of,N's Ar is

errorbarg and at 30 fs and 800 nm by G al. [7] (filled

triangles. Indeed, we do not see a significant suppression in
N, vs Ar. Within the ADK model, (=1,m=0) for Ar, (I
Although the calculated ionization signal depends on the=2m=0) for N,, thus, there is no suppression.

pulse length, the ratio of the ionization signals is not sensi-
tive to the pulse length. The saturation intensity movesnolecules are aligned or not. At intensities neal* M/ cn?,
slightly to the lower intensity in a long pulse. Here, we cal-simple estimate based on the static polarizabilities of the
culate the ionization signal by using a 25 fs laser pulse to benolecules indicates that these molecules are not aligned for a
consistent with our present experimental conditions. In Figshort 25 fs pulse. However, ionization suppression does oc-

In the present experiment, we have no knowledge if the

cur whether the molecules are aligned or not. For simplicity,

measured at 200 fs by 800-nm pulsed laser by Talebpoun calculating the HHG spectra using the modified Lewen-
et al. [6] (open circleg at 30 fs by 800-nm pulsed laser by stein mode[10], the molecules were assumed to be aligned
Guoet al. [7] (filled triangles and with our predicted ones. and the parameters used in the ADK model are those listed in
Here, we plot two curves, one for molecules aligned on theTable |. Note that, we only calculated the single atom or

laser field direction(solid line, calculated from Eq3) with

molecule HHG spectra and did not consider phase matching

=2, m=1) and another for molecules randomly distributeddue to the laser temporal and spatial distribution. The result-

(dashed line, calculated from E@) with | =2). Overall this

ing HHG spectra are shown in Fig. 5. The calculated har-

simple modified tunneling ionization model does predict themonic cutoff order for Xe and Ar are 29 and 65, respectively,
O, ionization suppression comparing with Xe, and the pre-which are in good agreement with the measured values of 29
dicted suppression strengths are in reasonable agreemartd 63, respectively. The calculated harmonic cutoff for O
with the experiment. We emphasize that in the ADK model,is atq.= 45, to be compared to the measured value at 53. For
the ionization rate depends on the ionization potential andN,, the calculated cutoff is af.=55, as compared to the

the quantum numbeilsand m. We attributed the lower ion-

experimental value at 57. More importantly, the theoretical

ization signal of Q vs Xe to the geometry effect, or to the results clearly show that there are little differences between
different values ol, m as listed in Table I. This is different the HHG for Ar and N, but there are drastic differences in
from the model of Gud12] who used a larger effective the high-order HHG between Xe and,.OThe agreement
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102 ey In summary, we have observed a significant extension of
0 L talilildhs the harmonic cutoff for @ molecules, as compared to Xe
10 ‘ I L AL s NAr o atoms, when both are exposed to an intense laser field, even
Z 02 Ili i ' : A i though both have nearly identical ionization potentials. No
S “ P H .- such extension has been observed for the other pajrgsN
. 1 ! ml . . . .. . .
g 10 | Oy/Xe ig;,-,". = Ar, which also have nearly identical ionization potentials.
\‘i 5 1 IRk Ao M/ T The origin of the harmonic cutoff extension is traced to the
A (|| | “‘ i i well-known ionization suppression of the, @olecules. By
g 108} i ’ by 'i':l:";l:"”.l ‘f‘.“.‘ " replacing the two-center molecular orbital with the closest
- w0 '-"i',";:":l,\ . one-center atomic orbital in the ADK model to account for
107 ‘ ' "":.". "#. the symmetry and the geometry of the molecular orbitals, we
1012 l HE i have shown that the ADK model can be used to interpret the
0 10 20 30 40 50 60 70 80 ionization rates of diatomic molecules. The present simple

Harmonic order

ADK model offers possible new directions for studying mol-

FIG. 5. Theoretical simulated HHG power spectra from Xg, O €cules in an intense laser field. The cutoff extension caused
Ar, and N, in an 800 nm, 25 fs intense laser field at the saturationby the ionization suppression provides another avenue for
intensities listed in Table |. Solid lines are for atoms and dashedabtaining higher-energy x-ray photons, complementary to the
lines are for molecules. Note that the results gfddd Ar have been schemes demonstrated previouly].
shifted by a factor of 10
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