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High-order harmonic generation in laser-aligned molecules
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We demonstrate high-order harmonic generation in high-density vapors of laser-aligned molecules. En-
sembles of aligned GSand N, are formed in the focus of a 300 ps duration laser pulse with sufficient density
(~ 10" molecules cm®) to enable efficient high-order harmonic generation by a second, 70-fs, high-intensity
laser pulse. We are able to modulate and significantly enhance the harmonic intensity in aligned molecules
compared to the randomly oriented case. Our results are explained by considering the influence of an aniso-
tropic dipole phase. Strong support for this interpretation is provided by theoretical results for high-order
harmonic generation in the aligned, Hmodel system.
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[. INTRODUCTION that is peaked about the direction of the electric field. From
the guantum-mechanical point of view, the eigenstates of
High-order harmonic generatio(HHG) resulting from  aligned molecules in the adiabatic limit correspond to the
the interaction of intense laser light with atoms has beerso-called pendular states and can be labeled by the quantum
extensively studied in recent years as a unique source afumbers] andM of the field-free rotational stafe3]. The
coherent XUV radiatiorf1]. An intuitive and durable theo- degree of alignment is quantified by the expectation value of
retical picture based on the classical electron trajectory in theo< g, (0052 ), whered is the angle between the molecular
laser field has helped to elucidate this prockZs Several axis and the electric-field vector. It ranges frojn corre-
workers have observed the similarity of HHG in atoms andsponding to no alignment, to 1 when the molecule is in a
small molecule$3,4], and recently it was shown that if suf- perfectly aligned state along the electric-field vector. For an
ficiently short pulses are use@<100 fg then even larger ensemble of molecules in thermal equilibrium, the average of
(organig molecules exhibit atomlike behaviPs]. However,  the Boltzmann distribution of the rotational states has also to
unlike atoms, molecules are not isotropic systems. It ie considered; thus we haj/0,13
known that processes such as multiphoton ionization can be

strongly influenced by the angle between the laser electric- M=+J
field vector and the molecular axj§], and it is, therefore, (cog 6)=2 Wy >, (o )iy - )
natural to ask if there is any orientation dependence of the J M=-J

closely related process of HHG. This question is addressed

[ o .
a theoretical paper in which it was shown that the amplitudeﬁ‘ Eq. (D), (coS @) v is the expectation value of cos over
of the single-molecule HHG response in a*Hion is in-  the rotational state characterized by the quantum numbers

creased if the laser field is polarized perpendicular to thend M andw3=exp:—3(j+1)/y]/Qr, whereQ, is the rota-
molecular axig§7]. Our experimental results confirm that the tional partition function andy=kT/B is the reduced rota-
HHG yield can indeed be increased in an aligned moleculational temperaturéB is the rotational constant of the mol-
medium [8]. However, these results strongly suggest thaeculd. In [11], asymptotic expressions fdicos ), are
modifications to thephaseof the single-molecule response reported as a function of the anisotropy parameter(
can be the dominant influence of molecular alignment. This- w, )2 whereo, , = a; | E;*/4B, wherea, anda, are the
anisotropic dipole phase has been investigated in recent thearallel and normal polarizabilities of the molecule dnylis
oretical work[9] that is considered here. the electric-field amplitude.

To study experimentally how HHG depends upon molecu- In earlier work[10,14—18, a~3.5 ns duration laser pulse
lar orientation it is first necessary to align a dense was used to align several species of neutral molecules in
(>10' cm™3) ensemble of molecules. Alignment has beensamples of density< 10'° cm™2, and a degree of alignment
demonstrated at low densities-@0'° cm™®) for molecules  as high agcod #)=0.9 was realized.
having no permanent dipole momda0,11] where the elec- In this paper, we present results from the study of HHG in
tric field of a laser pulse simultaneously induces a moleculadense vapors of spatially aligned molecules. To our knowl-
dipole moment and exerts a torque upofilig]. Under the edge this is the first time that controlled alignment has been
conditions discussed below, this torque creates an ensemhfiemonstrated at densities as high as’Hn 3. We show
of molecules with an angular distribution of molecular axesthat HHG may be enhanced and modulated by controlled

alignment of the molecules in a nonlinear medium. The re-
sults of both experiment and numerical calculation lead us to

*Corresponding author. Email address: n.hay@ic.ac.uk conclude that it is the highly anisotropic phase of the
"Present address: Istituto Nazionale Fisica della Materia, Dipartistrongly driven molecular dipole that dominates the observed
mento Scienze Fisiche, Via Cintia, 26-80126-Napoli, Italy. behavior.
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f=/55 cm lens /iris The aligning beam was modulated at 5 Hz by a mechani-

11 ' cal chopper wheel phase locked to the laser pulses to opti-

) [N mize the signal-to-noise ratio of measurements, comparing

Vou electron  energy the harmonic intensity with and without the aligning pulse.

spectrometer ~ multiplier  control The pump a_nd allgnmg beams were recpmbl_n_ed in a
70-fs pump pulse —p tube 50:50 beam splitter then aligned through a pair of irises and
focused into a small vacuum chamber by a planoconvex

300-ps aligning pulse ==X, A / fused silica lens with focal length 55 cm. The intensity pro-
files and spatial overlap of the aligning and pump pulses

variable delay\:t : telescope / were measured before and after every gxperiment. The
Lr A/2 waveplate beams were sampled by an optical wedge inserted after the

X7 focusing lens and attenuated by a neutral density filter. The

FIG. 1. Experimental setup showing 300 ps duration alignmeniOC@l volume was then imaged onto a charge-coupled device
laser pulses and 70 fs duration high-order harmonic generatioff@Mera using a microscope objective and sampled by a per-

pump pulses focused collinearly into a dense molecular gas jet. Sonal computetPC) equipped with a frame grabber. _
The peak intensities in the aligning and pump beam foci

were calculated using measurements of the intensity profiles,
pulse energies, and pulse durations. Pulse energies were
A. Laser system and optics measured using a laser energy meidolectron JMAX43.
. . N _ The duration of the aligning pulse was measured by a fast

Our experimental arrangement is shown in Fig. 1. A Ti 550 pling diodeg(New Focus 1437 We used a second-order
sapphire, chirped pulse amplification laser system with censjngle-shot autocorrelator to measure the duration of the
ter wavelength 798 nm and repetition rate 10 Hz was used tBump pulse assuming a s&tbmporal profile. We estimate a
simultaneously produce 38030 ps duration laser pulses for factor of 5 error in the calculated peak intensity.
molecular alignment and (705)-fs laser pulses to pump
HHG in the aligned molecules. A beam splitter immediately g High-order harmonic detection and data acquisition

before the grating pulse compressor divided the linearly po- | h-order h . din the i .
larized laser pulse into two parts. The reflected fraction H!gh-order harmonics generated in the interaction were

: : ectrally resolved using a vacuum ultraviolet monochromat-
propagated through a beam expanding telescope into thed
pulse compressor to produce 70 fs full width at half maxi-"9Y spectromete(GCA McPherson 226and detected by an

mum (FWHM) duration, 40-mJ pump pulses. The transmit- ©/ECtrON multiplier tubdEMT, Electron Tubes 143

ted fraction remained uncompressed to provide laser pulses The aligning and pump pul_ses were derived from the
for control of molecular alignment with 300 ps FWHM du- oM laser system so that their shot-to-shot energy fluctua-
ration and energy up to 60 mJ tions were proportional, and a single photodiode, calibrated

. L .. by the energy meter, was able to simultaneously monitor the
To synchronize the aligning and pump pulses, the ahgnm§nergy fluctuations of both beams.

pulses passed through a fixed optical delay of path leng : o .
equivalent to the pulse compressor. An additional delay was hc-;gziglo?e(naLSIsferoer?\etrhi/tEI\/le-t[rTs:r\?vﬁﬂlg 'sr;tﬁlgye%?‘?nthﬁe
introduced by a retroreflector mounted on a high—resolutiorP P gytog 9 9

; . tate of the alignment beaitilocked or unblockedwere
translation s_tage to control the r_elatlve delay between the thampIe d by theg digital osciI:ﬁ;Dscope and transferr)g d o a PC
.?_Lﬁlé’erseﬁ;rglg]c;}o%;ﬁi;isgl;tr'g: g\rllzirna rtz(i)ngzrc())f dl%wps' for immediate analysis. The rati® of the harmonic intensity
—0. was determingd with an accBrac 17?60 sb moni-, with the aligning beanfmolecules alignedto the harmonic

> . . y 0bb ps Dy intensity without the aligning beagmolecules randomly ori-
toring separately the arrival time of the aligning and pump

. i o ented was determined. For each datum, the average and the
tpatjlIsoessciH(S)g]cgoSef(?rsetk?rg?lticc)glqrﬁ[—)éggrslggsT%iTgr{g%r;/do?%e standard error oR were calculated over 400 laser pulses.
harmonic pump pulses was controlled by rotating2awave
plate placed before the pulse compressor, which had a very
strong polarization dependence in its transmission efficiency. A pulsed molecular jet was produced by a temperature
A wave plate and a polarizing beam splitter were used t@ontrolled solenoid valve system consisting of integrated
vary the aligning pulse energy. The focused intensities in théieating elements, a sample reservoir, pressure gauge, ther-
interaction region could be varied in the rang& 50™~5  mocouple, and pulsed solenoid valve mounted on the
X 10 Wem 2 for the 70-fs HHG pump pulses and 1 vacuum chamber above the laser fodB#y. 2). For these
X 1011-2x 10' W cm~2 for the 300-ps aligning pulsébe-  experiments, the valve was modified to allow helium buffer
low the threshold for HHGEG gas to be bubbled through the liquid sample, thus mixing

Both the aligning and pump beams were linearly polar-with the molecular vapor and enhancing rotational cooling of
ized. Control of the molecular alignment plane was achievedhe molecular vapor during its supersonic expansion into
by rotating the polarization vector of the aligning beam to bevacuum. The laser beam was focused 3 mm below the 500-
either parallel with or perpendicular to the polarization vec-um-diameter nozzle to give an interaction regiefs mm
tor of the pump beam using &2 wave plate. long with density~ 10" molecules cm®. We estimate the

II. EXPERIMENT

C. Gas-jet characteristics
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capacitance manometer

2
nonreturn valve _ - —~
M., = \[qu 38.5. )

: I
heating element buffer gas

Once we havéM ., we can evaluate the distance of the quit-
thermocouple ting surface from the nozzles,. For X>d, we have

sample || | — copperbody M.\ Yr=1)
stainless steel sheath : brass mount Xq = ( C—JD) d, (4)
1
- giving X,~40d~20 mm for pure He. Similarly, for CSwe

find Xq~72 mm. We can reasonably assume that the expan-

sion is incomplete in our interaction regigwhich is only 3

mm from the nozzlgand, therefore, collisional processes are

not yet “frozen.” The continuum flow description is valid
FIG. 2. Temperature controlled pulsed valve with integraland the beam properties can be determined by solving the

sample reservoir and buffer gas supply used to generate higHluid equations using the method of characterisfitg| to

vacuum seal

pulsed solenoid valve
molecular vapor jet

density, rotationally cooled molecular vapors. give an approximate formula favl. From this, we can find
the temperaturd through

rotational temperature of molecules in the[j€f] to be~10 T y—1 1

K for CS, (350-Torr CS with 1400-Torr He and~25 K for — = ( 1+ —— MZ) ) (5)

N, and H,. These conditions provided rotational cooling To 2

sufficient to a"OW strong "3?“9”"1?”‘ while retaining an aC'Although the ratioy in Eq. (5) refers to a single kind of gas

ceptable HHG signal-to-noise ratio. (monatomic, diatomic, or polyatomicfor a gas mixture we
Our estimates of the density and temperature of the MO_. introduce an effective valug.,. For an ideal gas mix-

lecular jet are obtained using the framework of the theory,[ure the average heat capacit isﬁ.

described by Millef17]. From the estimated temperature we 9 pactly

can calculate the degree of alignment, given the species and o

the aligning laser intensity. The maximum cooling effect is szE Xi[vi/(yi—1)]R, (6)

obtained by locating the interaction region beyond the quit- :

ting surface, where the expansion becomes collisionless arWhere X

the temperature remains constant. However, in order to en-

sure sufficient gas density for HHG, the interaction region is

located close to the nozzle. This position does not realize the o Vet

maximum cooling effect of the expansion, but is instead a Cp= — R

compromise chosen to optimize the signal-to-noise ratio by Yeff

considering the increased alignment effect at lower temper ;

tures and the increased harmonic intensity at higher densig/rhus' by equating Eqs6) and (7) we have
The starting point of the determination of the rotational

temperature is the evaluation of the terminal speed ratio, i.e., 2 Xi(yilyi—1)

the final value for the ratio between the paral)l mean Yei= :

velocity divided by the thermal spread in velocities. It is

given by[17]

i is the number or mole fractionl7]. As C,
vi/(y;—1)R we can set

)

. (8)
-1

Ei Xi(yilyi—1)

@ In the following discussions, the gas mixture temperatures
were calculated by evaluating E¢) using vy values given
by Eq. (8). For example, a He partial pressure of 1400 Torr

) _and a Cg partial pressure of 350 Torr give.s=1.59 result-
whereA andB are two parameters depending on the ratio Ofing in a CS temperature=10 K in the laser focus.

specific-heat capacitieg ng and T, are the source gas den-
sity (atoms cm®) and temperaturéK), respectively, and is
the nozzle diametefcm). The quantityCg depends on the
Lennard-Jones parametees and o through the relation Figure 3 shows the measurementoés a function of the
Ce/k=4(e/k)a®. For He we have C4/k=0.15 delay between the aligning and harmonic pump puldes,
x10"#Kcemé  whereas for C8§  Cg/k=150  for 9th order harmonics in GSH,, and N,. Positive values
X104 K cm®. of At correspond to the pump pulse arriving after the align-
Taking ng=5x 10" cm~3 (1400 Tor) andd=0.5mm, ing pulse. For each of the molecular species, alignment di-
we obtain§, ,~35 for He. From the relation between the rections parallel with and perpendicular to the pump pulse
speed ratidS and the Mach numbeWv we get the terminal electric-field vector are compared. Measurements were made
Mach number of the 9th, 11th, 13th, and 15th order harmonics, which

53C6 1/31B
se=amel 2] |

Ill. RESULTS
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[ FIG. 5. Filled circled®) showR for 350-Torr C$S as a function
ook , . . . § of He buffer gas pressure using perpendicular laser polarizations.
200 ' 0 " 200 400 The continuous curve is the degree of alignment calculated using
W ) - 5 N, estlmated rotaltlonal tjezmperatums—lo K and aligning laser in-
1.0 —2 3 tensity (8< 101t Wem™2).,
© g [ ¢ i 53 hancement of HHG is related to the increased order in the
T , ) aligned molecules and is independent of the alignment direc-
Lo gg:gﬁ;‘""“'a’ tion. We do not expect the aligning pulse to cause significant
L . L . 1 . L ionization or dissociation. This is supported by the observa-
-200 0 200 400

tion that the aligning pulse has no effed®€1) when it
At{ps) fully precedes the pump pulse. We observed similar results in
FIG. 3. RatioR of harmonic intensity with aligning pulse to hexane, although this molecule was less extensively investi-

harmonic intensity without aligning pulse as a function of detay ~ 9ated than CS

between aligning and harmonic pump pulses for the 9th harmonic No effect is observed in Hfor either aligning pulse po-
using perpendiculaf®) and parallel(O) laser polarizations ita) ~ larization [Fig. 3(b)]. This allows us also to rule out any
CS,, (b) Hy, and(c) N,. significant direct influence of the aligning pulse on the har-
monic generation process, e.g., through electric-field addi-
{ion or modified ionization dynamics. Other evidence for this
IS noted in the dependence of the enhancement effect on
ppump laser intensity, which shows no decreas®ias the
intensity is increased. In N[Fig. 3(c)], prealignment of the
molecules perpendicular to the pump pulse causes harmonic
emission to be suppresse®<1), whereas prealignment
parallel to the pump pulse has no observable effect. We dis-
cuss these results below in terms of the more complicated

. L alignment dynamics of this intermediate mass molecule.
pulse temporal history, although the aligning pulse FWHM The alignment dependence of HHG in OS studied as a

duration is 300 ps whereas fwe have a FWHM of=400 function of aligning pulse intensitgFig. 4). The intensity of

ps. The broadening can be attributed to the nonlinear behay: . : / 5 _
ior of R as a function of the aligning pulse intensisee Fig. the harmonic pump pulse iE10™ Wem 2 and its polar-

4). There is no significant difference between the parallel andzatmn is parallel to that of the aligning pulse. The temporal

perpendicular polarizations, suggesting that the observed e clay bgtvv_een the two p_ulses_|s chosen to maxinizes
the aligning pulse intensity increases from<1

X102 Wem 2 to ~5x 101 Wem 2 the harmonic inten-

showed evidence of the same magnitude of alignment effec
We present here only the 9th harmonic=89 nm) as it
coincides with the peak response of our detection syste
resulting in the optimum signal-to-noise ratio.

HHG in CS is enhanced in the presence of an aligning
laser pulse[Fig. 3(@]. The aligning pulse intensity is 2
X 10 Wem 2 and the intensity of the pump pulse is 5
X 10" W ecm™ 2. The enhancement 4 follows the aligning

1.20 1.0

[ Cs, ] sity is progressively enhance®¢ 1). The effect then satu-

. 109 rates andR increases only gradually up to the maximum
15 Jos aligning pulse intensity of  10'2 W cm™2. In the same fig-

. % { { Jo7 s ure we also show the predicted degree of molecular align-

x 110 |- Jos & ment,{cog 6), calculated using the formula reported]i8].

i 17 The measured variation of HHG and the calculated degree of
1.05 % 105 alignment are strongly correlated.

: { 104 Further evidence for alignment is presented in Fig. 5,
Yy '0'5' — '1'0' — j‘s e which shows the influence of the He buffer gas pressure on

the enhancement fact®& The harmonic pump pulse inten-

sity is 7xX 10" W cm™? and its polarization is perpendicular
FIG. 4. RatioR as a function of aligning laser intensity for the to that of the aligning pulse, which has an intensity-o8

9th harmonic in C$ using parallel aligning and pump-laser polar- X 10" W cm™2. The effect of the aligning pulse is optimized

izations. when the rotational temperature is decreased by maximizing

Aligning laser intensity (10 Wem™?)
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14 &

TABLE |. Molecular properties important to alignment 90 - 5x10™ ¢
dynamics—moment of inertia, polarizability anisotropy, and rota- —\\ 1 W S
tional constant. " ; - 4x10"

$ 60 ﬁ | 14 =
o X 43x107 2
Molecule 1 (10 ** kg n?) [18] a;,—«a, (A3) [19] B (cm™?) [18] 2 3 - W 2
i) - 1 2x10™ &
= 30 : -

cS, 2.56 9.6 0.109 ® R 1w 2

N, 0.139 0.93 2.0 I . o

H, 0.004 57 0.22 60.9 (£} e mrs—m— 0 E

-150 -100  -50 150

the buffer gas pressure. Alt.hOUQh t.he rOtatic.mal temperature FIG. 6. Realignment of Nduring a 75-fs harmonic pump pulse.
can be reduced further by increasing the dlstance from th olid curves are solutions of E@9) for initial alignment angles
nozzle throat to the laser focus, the decreasing density Causgs,,, 10° to 90°. Dotted curve is the pump pulse intensity. Smaller

a rapid re_ductlon n _harmo_nlc intensity resulting in an unfa'initial angles result in greater realignment at the peak of the pulse.
vorable signal-to-noise ratio.

invalidated by the possibility that it may be subsequently
IV. DISCUSSION aligned by the pump pulde0].
It has been showf0,2] that N, undergoes realignment
ring an intense short pulse. Additionally, we have shown
at in our experimental conditions alignment ig,Nhough
eak, is predicted due to the long pulse. Thus, when using
, we have a system that is weakly aligned by the long pulse
and subsequently interacts with an intense short pulse. The
second pulse is, in turn, able to modify the alignment of the
A. Degree of alignment and alignment dynamics molecular axes. The results for this system are shown in Fig.
The alignment dynamics will be in the adiabatic limit if 3(C) where the measurement Bfas a function of the delay
the laser-pulse duration exceeds the rotational firge In ~ Petween the two laser beams is reported. We see that the
our experiment this condition is always satisfied by the 3odPrealignment has no effect if realized parallel to the subse-
ps duration aligning pulse, as the high&gt, corresponding ~duent short harmonic pump pulse whereas it produces a sup-
to the lowest rotational energy, 18100 ps for C$, 5 ps for ~ Pression of the harmonic signal if the molecules are prefer-

N,, and 0.2 ps for k. Table | summarizes the physical €ntially aligned perpendicular to the pump. _
properties of these three molecules that are relevant to their 10 Understand such asymmetric behavior we can describe

alignment dynamics. We evaluateog ¢) using our pre- the interaction of I}Ivyith a short pqlse by means of a clas-
dicted rotational temperatures to estimate the degree ¢ic@l approach valid in the strong-field lini22,23. We can
alignment induced by an aligning pulse with intensity 2 neglect the thermal energy with respect to the potential well
X 1012 W em 2. We find (co€ )~0.82 for CS, 0.38 for generated by the short laser pulse and the induced electric
N,, and 0.33 for H. Thus, the aligning pulée produces dipole, and the differential equation governing the dynamics

strong alignment in CSand poor alignment in N In H, of the molecule become22]
there is no alignment at all and so this molecule represents d2e 1
the null casgno prealignment —+ —(
The subsequent high-intensity, ultrashort pump pulse can dr* = 2
also influence the alignment of molecules. It has been shown ) ) )
experimentally that the molecular moment of inertia plays d" Ed. (9) w is the laser angular frequency=wt is a di-
crucial role in alignment with short pulses. In particulas, H m2en5|onless tlmeg(r) is the temporal laser profile, and
and N, are forced into alignment by sub-100-fs laser pulses?o=0-5(¢— a,)Eg/l, wherel is the moment of inertia of
(I~2x 10" W cm™2) whereas under the same conditions, | the molecule. The initial conditions am{— =)= 6, and 6
shows no signs of reorientatid20]. The same conclusion (—=)=0. The latter condition is that the molecule rotational
for I, is reached with higher-intensity (0Wcm 2),  velocity is negligible, which holds also during the adiabatic
shorter duratior(80 f9) pulses[21]. We can assume that no interaction with the long pulse. The distribution 6§ will
significant reorientation of GSoccurs during the pump follow the law 0.5sir9 (6 ranging in the interval —/2,
pulse. The Cgrotational constant is only three times that of 7/2]) if the molecular axes are isotropically oriented. Experi-
I, whereas this factor is=54 for N, and ~1600 for H,. In mentally, this is the case forjs it is unaffected by the long
CS, we have observed no dependenceRobn the pump aligning pulse.
pulse intensity, which would be expected if aligning effects Solutions of Eq.(9) are shown in Fig. 6 for Nwith 6,
of the pump pulse were significant. =10°-90° in 10° increments. We have assumed askeeh
H, is not oriented by the aligning pulse. This indepen-ser pulse shape with FWHM duration of 75 fs and peak
dence from the aligning pulse ensures that plovides a intensityl ;=5x 10" W cm™2. From Fig. 6 it is evident that
reliable control case for these experiments. This status is nahe behavior ofd(t) strongly depends on the initial align-

To explain these observations we must consider a numbedu
of factors: the degree of steady-state alignment caused by tI?ﬁ
aligning field, realignment of the molecules by the more in-
tense but shorter duration HHG pump pulse and the effect
alignment on the HHG process itself.

wo 2 .
) g(7)cogrsin(26)=0. 9

w
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ment angled,. In particular, this means that small changesfrom a small correction, the dipole phase is given[B§]
in the distribution of6, can lead to large changes in the

distribution of 6(t=0) at the peak of the short pulse when _ :§~ (Uptlp)7s (10)
harmonic emission is greatest. Thus, the behavior observed Pdip™ 3 h '

with N, can be explained by considering that when the mol-

ecule is prealigned parallel to the short pulse, the reorientg;, Eq. (10), U

tion induced by the short pulse is enhanced, whereas f

perpendicular prealignment reorientation is suppressedyq jonization potential, and, is the so-called return time,

However, in the case when the two pulses are parallel thise e time for the electron to recollide with the nucleus
argument implies an enhancement of HHG' which has NOLtter it tunnels out. In the plateau regian,is approximately
been observed. We argue that the main reason for the o ne period of the fundamental wavelend@4]. This can
served asymmetric behavior lies in the strong nonlinearity o, 5 2 significant phase shift. For example, wih
Eq. (9): molecules at small or intermediate initial angles are_ 800nm, U,=30eV (I=5x 101;1 W e 2) an’d |
strongly realigned, whereas molecules at large initial angles. 10 eV V\'/e hgve:p 120 rad ’
undergo little realignmensee Fig. . This implies that the In an anisotrop(ijcl:p system éuch as a linear molecule, we
reduction of the degree of alignment obtained when the ini- ' X

. ST . . _expectgg, to depend upon the relative orientation of the
t'a.‘l d|str|bu_t|on is shifted toward97/2.(pt.a.rpend|cular P molecular axis and the electric-field vector of the fundamen-
alignmenj is expected to be more significant than the im-

g . ! | . In th iclassical h, th i
provement obtained in the opposite case. In terms o}a beam. In the semiclassical approach, the action depends

harmonic generation relative to the case of no long aligning oo the details of the binding potential througf{25]. In a
ulse HH%; will be reduced more by per endicSIar ?ase?nolecule, this factor is orientation dependent. On the other
P ’ y perp hand, the return time as well as the tunneling time depend

ipztzllsgrz]gtmns than it will be enhanced by parallel laser pOIar'upon the atomic binding potential. Thus, it is reasonable to

xpect that in an anisotropi tem the numerator of Eq.
In summary, for N, we have a system that is initially expect tha an anisotropic syste © numerator o1 =9

. . N . (10) will show a dependence upon the direction considered.
slightly aligned (cos’ 6)~0.38) and subsequently realigned In our conditions ¢ 4,~ 120 rad and we see that a change as

by the ultrashort harmonic pump pulse. The dynamics of th o
molecule in the potential well generated by the uItrashori_élnss(ljI ?nsqplf in the numerator of H.0) leads to a change of
p-

laser pulse and the induced electric dipole are strongly non- Once we assume an orientation dependence of the phase

petween the molecuiar axis and the Iser cleciic ield vectdf {16 eMited harmonife. o= (), the intensity of the
éiven harmonic will include contributions from all possible

strongly depends upon the initial anglg. This means that a molecular orientations. This means that the measured inten-

small difference in the initial distribution of, can lead to a sity will depend upon the distribution of molecular orienta-

very. d|ffer.en.t d|s_lt_rk|]butt)|orr11 o.fe(tEO), aé th.(ta .F;;ak ?f. h%r— tions in the ensemble. In particular,is equal for all emitters
monic emission. The behavior observed wi hiblexplaine when all the molecules are aligned in a particular direction
by considering that realignment induced by the pump puls%

p is the ponderomotive potentid,is the qua-
iclassical action describing the motion of the electigris

p

) isted when the aliani se i larized llel to th whatever it i3. This leads to an enhancement of HHG com-
IS assisted when the aligning puise 1S polarized parallel 0 g, .o 4 14 gther distribution®.g., isotropig. Thus, we suggest

pump _pu_lse, whereas for perpendiculgr .polari.zati_on, reorienthat the increase oR we have observed with GSan be
tation is impeded and so the harmonic intensity is re‘juced'ascribed to a reduced angular distribution of the molecular

axes.
B. Enhanced harmonic yield for aligned ensemble of molecules

As stated above, our measurements fop @& consistent C. Numerical model of anisotropic behavior

with HHG efficiency depending on the degree of alignment To examine the dependence of the harmonic phase on
but not on the direction of alignment. In earlier theoreticalmolecular orientation, we report the results of numerical cal-
work the direction of alignment was important, but in theseculations for a two-dimensional #i model system. The
calculations the effects of the process on phase matchingamiltonian for this system in a fieléi(t) polarized along
were not consideref’]. To explain this behavior we invoke the x axis is(in atomic unit3
a dependence upon molecular alignment of the dipole phase
relative to the strong driving field. In the semiclassical pic- p? 1
ture of HHG, this corresponds to the anisotropy of the mol- H= 27 2 > > +PLA(L),
ecule leading to different classical trajectories depending 12 (X=x) "+ (y =) *+0.5
upon the direction along which the electron is emitted.

A harmonic wave generated by an atom in the presence of
a laser field is shifted in phase with respect to the fundamerwhere A(t)=— f{E(t')dt’, and i,y1), (X»,Y,) are the
tal wave. This phase shift is equal to the phase of the atomipositions of the nuclei. In Eq11), a soft Coulomb potential
dipole moment induced by an electromagnetic field. The dewith a smoothing parameter of 0.5 has been used to repro-
pendence of such a phase on the laser intensity has bednce the ground-state energy-680 eV. The time-dependent
discussed in a number of papéesg.,[24,25). In particular, ~ Schralinger equation is solved by means of the split-
it has been shown that in the semiclassical approach, apavperator method26]. The amplitude and phase for a har-

(11)
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FIG. 7. Harmonic phase and amplitude for the 31st harmonic irPump laser polarization. The laser intensity is 50 W cm”>.

the H,* model system as a function of alignment direction. The
laser intensities are %10 Wcm 2 (O), 7x10%Wem 2 (CI),  ties, we observe the same phenomenon: the phase depends
and 1xX 1085 Wem 2 (0). weakly on the angle of alignment except for a sudden jump
at a certain critical angle. The size of the phase jump is in the
monic of frequencyw is obtained as the modulus and phaseViCinity of 7. The critical angle is the same for all three
of the complex Fourier transform of the dipole accelerationintensities. The amplitude is at a local minimum at the same
expectation valug¢27—29 angle. A detailed investigation of this effect that is also found
for most other high harmonics will be published elsewhere.
. In this paper, we concentrate on comparing the harmonic
a(w)zf (P(D)]a V+EM®)|W(D)e'“'dt, (120 yield of aligned molecules to that of randomly oriented mol-
ecules. In the latter case, we must sum the complex contri-
whereV is the potentia[second term in Eq(11)]. Equation ~ butions, Eq(12), of all angles between 0° and 90°, weighted
(12) is for harmonics polarized along thxeaxis, i.e., parallel by their respective solid angle factors. The result for the laser
to the laser. For symmetry reasons, the yield of harmonicgitensity 5< 10 W cm™? is shown in Fig. 8. Here, we have
p0|arized perpendicu|ar to the laser is zero in an ensemble @Otted the ratio between alignEd and random orientation for
randomly oriented molecules. The same is true if the molalignment angles of 0° and 90°. In the intermediate range of
ecules are aligned parallel or perpendicular to the laser as iarmonics(orders 9-3, our results show the same trend
the present experiment. In the calculation we employ lasethat was already found for higher intensitigd: harmonic
pulses of 780 nm wavelength and a total duration of terpeneration is more effective in perpendicular alignment than
optical cycles(26 fs). The field is switched on and off using in parallel alignment. In this regime, the summation over all
three-cycle linear ramps. angles leads to a harmonic yield lying in between those for
The positions of the nuclei are fixed, so realignment by0° and 90°. Apparently, the contributions of orientations
the short harmonic pump pulse is not possible. In this reclose to 90° are dominant through their larger amplitudes.
spect, these calculations are most closely related to the eXOr higher orders, the difference between parallel and per-
perimental results for GS the heaviest molecule investi- Pendicular alignment is small. Here, the yield of randomly
gated. The calculated harmonic phase cannot be direcugriented molecules is smaller by a factor that ranges between
compared to Eq(10) since it is found by taking the phase of 1 and 60. Such a strong suppression cannot be explained in
the complex valuea(w) and is, therefore, only defined terms of the harmonic amplitudes only. Rather, the orienta-
modulo 2. tion dependence of the phase leads to a destructive interfer-
Figure 7 displays the calculated orientation dependence &nce between the contributions from angles close to 0° and
the phase and amplitude for the 31st harmonic. The 31dhose close to 90°. This agrees well with the experimental
order has been chosen because the ionization potential &¢sults for C$, where parallel and perpendicular alignment
H,* is three times as large as that of CSince the harmon- are found to give similar yields, and for no alignment the
ics considered in the present experiment correspond to trayield is smaller.
sitions from electronic energy levels not far above the ion-
ization potential, it is appropriate to scale the harmonic
frequencies by multiplying by the ratio between the ioniza-
tion potentials. In this sense, the 31st harmonic i Hdor- In conclusion, we have made an experimental observation
responds to the 9th or 11th harmonic inLShree different  of an alignment dependence of HHG in molecules. This re-
laser intensities have been employedk B0 Wem™2, 7 quired us to demonstrate, for the first time to our knowledge,
X 10" Wem 2, and 1x 10'® Wcem™2. For all three intensi- molecular alignment in a dense vapor 10" cm™3) corre-

V. CONCLUSIONS
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sponding to~ 10" molecules in the laser focus. We proposemonic yield by controlled molecular alignment may also per-

an explanation for the alignment dependence in terms of amit exploitation in a scheme for enhanced HHG using

anisotropic intensity-dependent dipole phase. Enhancequasiphase matchir{@0].

HHG is found in aligned molecular systems and this may
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