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Effect of orbital symmetry on high-order harmonic generation from molecules
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It was found experimentally with increasing the laser ellipticity that the intensity of the 45th order harmonic
from O, decreases slower than that fromy .NThe difference is attributed to the fact that the recombination
probability is suppressed for,ut enhanced for Nin a linearly polarized field. Simulation results obtained
by extending the Lewenstein model to molecules agreed qualitatively with the experimental discoveries.
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High order harmonic generatioiHiHG) from atoms and half waveplate so that the major axis of the elliptical polar-
molecules exposed to a strong laser field is an interestinggation does not change. By doing this, the effect of the po-
subject for its potential applications as a coherent ultrafagirization dependent diffraction efficiency of the grating is
x-ray sourcg 1-3]. Compared to the study of harmonic gen- minimized. _ _ . _
eration from atoms, few efforts have been devoted to mol- Firstly, the scaling of the cutoff with the laser intensity for
ecules. On one hand, early experiments showed harmonfgolecules was compared with that for atoms. The laser
generation from molecules is similar to that from atomsPOWer is changed by a half waveplate/polarizer combination
[4,5]. On the other hand, it was found theoretically that mo|_before the pulse compressor of the laser. The cutoff of the

ecules(or molecular ions are attractive candidates for har- ;agmgrgf d:??ﬁ:rr?]e'sésdﬁfg&egelﬁigﬂgh?'%hgggv\?eeéﬁcéi?é?f Zit
monic generation because of their twor more-center : P

structure[6,7]. Recently, it was discovered experimentally ergy and laser intensity are shown in Fig. 1. The slope of the

. . X linear part is the same for atoms and for molecules, i.e., they
that the cutoff order of high harmonic generation frors O all follow the scaling law of the recollision mechanism

molecules is much higher than that from Xe atoms thouglf17 1, The results indicate that under our experimental con-
their ionization potentials are very clofg], which is related  jtion " the harmonic signal is from the recollision channel,
to the ionization suppression of,oleculeg9-11]. Under  instead of other possible mechanisms proposed7hyhat
elliptically polarized field, the recollision electron is driven nave different scaling laws. In Fig(H) the cutoff from G is
away by the transverse field component from its parent iofinuch higher than that from Xe at the saturation intensities;
so that the harmonic yield drops quickly with increasing thesych a cutoff extension is due to ionization suppression as
driving field ellipticity [5,12]. This property could be em- reported earlief8].

ployed to produce attosecond pulses with polarization gating Figure Za) shows the ellipticity dependence of 21st order
[13,14. For such applications, it is interesting to know HHG for Ar and N, gases. In this measurement, the 25 fs,
whether harmonic generation from some molecules is more¢ 5 mJ laser pu|ses were focused by a lens with an 800-mm
susceptible to ellipticity than that from atoms. Flette¢al.  fgcg| length. The on target intensity was
compared the harmonic generation foy &hd Ar gases and 2 3x 10 W/cn?. The signal from Ar gas was normalized
reported that the harmonic yield fromyNirops slower than  tg that from N, so as to make them unity for linear polar-
that from Ar with increasing the driving field ellipticity5].  jzation. The same normalizations were done in Figs. 3 and 4
In this communication, the dependence of high order harfor the clarity of presentation. In the measurement, the
monic generation yield on the ellipticity of the driving laser signal/noise ratio IGignar ! background’ (| signar™ | backgroun) 1S

field for O, and N, was compared experimentally for the first |arger than 30% over 4 orders of magnituiee range above
time.

The experiments were carried out at tKansas Light
Sourcelaser facility. The one-stage amplifier system outputs
4 mJ, 25 fs pulses at a center wavelength of 790 nm. Parto 8ot
the laser output is led to a high-order harmonic generations 44|
system, which is composed of a gas nozzle, a grazing inci-%

. .. . . e 60| Cutoff Law
dence mirror, a transmission grating, an MCP intensifier, and;>g

a CCD camerfl6]. The gas nozzle has an outlet diameter of  sof
75 um and the gas density in the interaction region was asof
~5x% 10" molecules/cri. The ellipticity of the laser was

adjusted by a combination of a half waveplate and a quarte!
waveplate. In the experiment, we set the optic axis of the

guarter waveplate along the dispersion direction of the trans-

mission grating. The ellipticity was changed by rotating the  F|G. 1. Measured HHG cutoff with respect to the laser intensity
for two pairs of atomic and molecular gases with similar ionization
potential and different orbital symmetrgg) Ar vs N,; (b) Xe vs
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FIG. 4. Calculated ellipticity dependence f@) 45th and(b)

21st order harmonic from a bonding molecule, an antibonding mol-
ecule, and an atom.

FIG. 2. (a) Measured ellipticity dependence of 21st HHG of Ar
and N, gases. The laser intensity is X320 W/cn?. The region
above the horizontal line has a signal/noise ratibgg{y

— Ibackground/ (! signart | background DEtter than 30%(b) measured el- )
lipticity dependence for the 45th order harmonic from, N0, and ~ Order was much weaker than the 21st order, the dynamic

Ar gases. The laser intensity is 3<5_014 chrn2 range was Only about one Order Of magnitude in th|S case.
For this order, the harmonic signal intensity fromy Qas

the horizontal line in the figuje The 21st order intensity drops slower with increasing laser ellipticity thar, Mas,

dependence on ellipticity for these two gases was the samaem_jl_thatdOf Atr gzs;k:s |n".b?.tvyteedn. q diff for N
over five orders of magnitude. The results are different from 0 understand the eliipticity dependence difierence 1or

the previous results reported by Flettretral. [15]. They a_nd %t V\t/f] e>r<]tended. the well I;nom;n Le\INenTteirll model to
found that the harmonic yield fromJ\drops slower than that s;mu atel he ardmon:c gznera |on| Iomlo ecu ?S etvr\]/en— i

from Ar with increasing the driving field ellipticity. It seems steinet al. have developed an analytical quantum tneory o
to us that the slower drop of harmonic signal fos N [15] describe high order harmonic generation fratoms[19].

arose from the contribution of the detector background. The model can be_ cons_ldered as the quantum treatment of
Figure 2b) shows the 45th order harmonic signal depen_the three-step sgmlclassmal model, i.e., the electron first tun-
dence on the laser ellipticity for O N, and Ar gases. The nels out of the field-suppressed barrier of the atom, then the
laser pulse energy was 2.8 mJ and tr21e beam was fdcused ngd electron is accelerated by the laser field, finally it re-
a 500 mm focal Ieﬁgth lens. The intensity was © mbines with the parent ion and emits a photon. Since our
—3.5% 104 W/er?. In the measure.ment we used Quth measurement indicated that the molecular high harmonic sig-
Al +0.2 um parylene (GHjg) filters. The transmission of this nal was from the rgcolhsmn, the model .ShOUId be Vql'd'
In the Lewenstein model, the harmonic spectrum is calcu-

filter set increases from less than 10% at 50 eV-#0% at lated from the dipole moment of an atom in the time domain
70 eV. So the low order unwanted signal and fundamental® P '

laser were suppressed to obtain a better signal/noise ratio at

w 32
the 45th order harmonic-70 eV). Because the signal at this (1) = iJ dr
0

d* [ By(t) — A(t)JeSPs b

et+it/2

. - - -Antibonding | lo X E(t—7)d[ py(t— 7 — A(t— 7)]+c.c., (1)

{1 >
where e is a small numberp(t,7)=[i__dt’A(t")/ is the

1-2 canonical momentum corresponds to the stationary phase.
A(t) andE(t) are the vector potential and the electric field of
the laser field.S(p,t,t") is the quasiclassical action of the
lo electron moving in the laser field, is the ionization poten-

tial of the atom. Finallyd gs— A(t)] is the field-free dipole
transition matrix element between the ground state and the

{-3

(d) 30° |2 continuum state, under the approximation of the m¢ae],
Antibonding®, \ {-3 - 2 -~
N N . L L N N 3= ——— o) 2
00 041 02 03 00 01 02 03 04 A=z P @
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wherea=21, and¢(p) is the momentum space wave func-

FIG. 3. Calculated ellipticity dependence for the 45th order har-,[ion for the ground state of the atom. For the dtate,

monic from bonding and antibonding molecules with different ori-
entations© is defined as the angle between the molecular axis and

: i : - o 2712 P
the major axis of the ellipse of the electric field ©=90°; (b) d(B)=i—— a5 3
®=70°; (c) ®=70°; (d) ©=30°. 1P =i a (FP+a)® ®
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This expression has been used to calculate the ellipticity ddar to Young’s double slit interference in optics. The effect of
pendence of harmonic yield for neon atom although itsthe interference on the ionization suppression of molecules
ground state is a2 state, not a & state[12]. was considered by Muth-Bohet al.[22].

The dipole transition matrix elements for molecules were In the experiment, the molecules in the interaction region
calculated using Ed2), in which the momentum wave func- were randomly oriented. The measured high harmonic signal
tions of the molecules were obtained by following the pro-was the coherent superposition of the radiation from all the
cedure taken by Leif21]. Instead of using the exact expres- mojecules. In the simulation, the ellipticity dependence of
sion of the wave function in momentum space fof &d  the harmonic signal on the orientation angles of the mol-
N, simulation was done for two model diatomic, homo- ocyjles was examined for the 45th order. The orientation

nuclear molecules. The two model molecules are only differy 16 was defined as the angle between the molecular axis
ent in that one is a bonding orbital and the other is an anti-

bondi bital. Th f ; fih lecul bital and the major axis of the ellipse of the electric field. The
onding orbital. The wave functions of the molecular orbitalSq;, | ation results fol®=30°, 50°, 70°, 90° are shown in
of the model were described as linear combinations ®f 1

atomic orbitals. The LCAO molecular wave functions in the Fig. 3. For angles less than 10° the calculation shows that

configuration space for bonding and antibonding orbitals aréhe HHG signal Intensity frpm bonding mplecules decreas_es
slower than from antibonding molecules; however, the dif-

(1) = B[ 17— §1)+ brd(T— ﬁz)] (4) ference is small. For angles between 30° and 50°, the HHG
s s ’ signal from antibonding molecules decreases slower than the
Do F) = by (F— F'il)— bidF— F'i)] (5) bonding molecule at small ellipticities, but falls off faster at
al S! 5 y

large ellipticities. For angles larger than 60°, the antibonding
respectively, where@ and y are normalization factors. molecules show slower decrease for the calculated ellipticity

ﬁl,ﬁzzﬁﬁﬁ are the positions of the nucle|i§| is the fange, in addition, the difference is significant.

equilibrium internuclear separation. The wave function of the FOF the ©® =90° molecule, the simulation results can be
1s atomic orbital that forms the molecules[is] explained with a semi-classical theory. The ellipticity depen-
dence for antibonding molecules has been given by Lein

1 , [21]. He pointed out that for an antibonding molecule with
b1 = —azape "', (6) its axis oriented perpendicular to the electric field of linearly
T ) ; . .
0 polarized light, the field does not break therror symmetry
where ro=1/Ja is the size of the atom. We took, of the system, therefore, the momentum space wave function

=15.8 eV that equals the binding energy of Ar. The internu-Of th_e molecule in the laser fie_ld has a distribution similar to

clear distance is taken &= 2r,. Thus, the atom size is1  the field free one, as shown in E@). In other words, the

a.u. and the internuclear distance-i€ a.u. The internuclear €l€ctron tunnels out with a certain initial transverse Yelocny

distance is close to the real values of (1.098 A) and due to thesineterm of the wave function, i.e., sip(R/2)

O, (1.208 A). =0 for pL R. For a linearly polarized laser pulse, the elec-
By the Fourier transforms ofi,() and ¢ 4(F), the wave tron will drift away transversely from the parent ions. This

functions of the molecular orbitals in the momentum spaceesults in a very small recombination probability for the

are recollision process. With an appropriate amount of ellipticity,
_ _ . the vertical component of the electric field compensates the

P(P) =2B 14 P)cogp-R/2), (7)  effect of the transverse initial velocity and drives the drifting
electron back to the parent ion, thus enhancing the recombi-

Pa(p)=i2yd14 P)sin(p- RI2) (8)  nation probability. A similar argument was made to explain

the double-ionization of moleculgg3].

and hence the dipole transition matrix element are The argument was extended to bonding molecules. For a
. . - bonding molecule with its axis oriented perpendicular to the

dy(P) =i2Bd1(p)cos - R/2), (9 electric field of a linear light, the field does not change the

. . . symmetnyof the system. This indicates that the initial veloc-

d,(P) =2vd;(p)sin(p- R/2) (10 ity distribution of the tunneled out electron also has the co-

~sine term, i.e., the probability of an electron tunneling out

for a bonding and an antibonding molecule, respectivelywith its initial velocity along the electric field is larger than
where the atomic wave functiong,(F), in momentum in any other directioficos@:R/i2)=1 for pL R], as shown in
space is the Fourier transform of E&) andd;((p) is given  Eq. (7). In this case, when the electric field drives the elec-
by Eq. (3). tron back to the parent ion, the recombination probability is

The following simulation results were done by inserting highest for a linearly polarized light pulse. Since the high
Eqg. (9) or (10) into Eqg.(1). Equationg9) and(10) explicitly harmonic originated from radiative recombination of the
show the difference between harmonic generations frommecollision electron with the parent ion, the harmonic signal
molecules than that from atoms. The dipole transition matriwill initially increase with the increase of ellipticity for the
ces are the product of two terms. The first term is the atomi@antibonding molecule. For a bonding molecule, the harmonic
counterpart and the second term is the interference betweesignal decreases monotonically. This explains the difference
the two atomic wave functions in configuration space, simi-in ellipticity dependence between an antibonding molecule
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and a bonding molecule oriented @t=90°. The argument cutoff harmonic, the signal of Omolecules falls off slower
can be extended to other orientation angles. than Ar and N gas. Our simulations using the Lewenstein
Figure 4a) shows the simulation results for the 45th order model agreed qualitatively with the measured results. To the
that summed up the contributions from molecules with ranfest our knowledge, this is the first time that the Lewenstein
dom orientation angles. The ellipticity dependence differencénodel and LCAO are combined to simulate harmonic gen-
between bonding and antibonding molecules still existseration from molecules. The model can be refined by using
however, the difference is not as large as in the 90° casdnore precise LCAO orbitals; however it is surprising to see
because smaller angles yield a smaller the difference. It i@t simulation using such simple model molecules recovers
worth noting that, for a fixed orientation angle intervaf), the experimental finding. Apart from explaining the experi-

the angle dependent weighting factor is proportional tgMents, our approach revealed that the field-free dipole tran-
ition matrix elements of molecules are orientation depen-

sin©). Th's is because the large gngle m_oleculles oceupy éent, which is an important conclusion for understanding
larger solid angle for the sand®, i.e., dQ)=27sin®dO. harmonic generation from molecules
L .

An approximation is made in the calculation, which assume
that molecules with the same orientation angle make the This work is supported by the Division of Chemical Sci-
same contribution regardless of whether they are in the poences, Office of Basic Energy Sciences, U.S. Department of
larization plane or not. The simulation is consistent with ourEnergy. The authors acknowledge Dr. Chun Wang for assis-
experimentally measured resulfSig. 2(b)]. The simulation tance on operating thikansas Light SourceWe also thank
results for the 21st harmonic from,MNind Ar are shown in  Dr. Philip Heimann at Lawrence Berkeley National Labora-
Fig. 4(b). The difference is very small, which is what was tory for loaning us the x-ray spectrometer. TRansas Light
observed in the experiments as shown in Fig),2ut differs ~ Sourcewas built partially with the support of a MRI grant
from the results of15]. from the National Science Foundation to Dr. C. L. Cocke and
In conclusion, our experiments showed that for a neaDr. B. DePaola.
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