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Polarization of the 61st harmonic from 1053-nm laser radiation in neon
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We report the polarization measurement of a very high of8@th and 61st order-17 nm harmonic. A
Mo-Si multilayer mirror is used as a polarizer with reflectivity of 60% and polarization analyzing power close
to unity around a wavelength of 17 nm. We observe that for these high harmonics in Ne there is no rotation of
the polarization ellipse with respect to the fundamental laser polarization, even though the harmonics are in the
plateau. For linear and slightly elliptical laser polarization the harmonics still remain linearly polarized. These
findings are supported by a full theoretical simulation, which includes spatiotemporal integration and phase
matching of the emitted harmonic radiatig®1050-2947®8)07803-3

PACS numbegps): 42.65.Ky

[. INTRODUCTION the current theoretical models. First results have been ob-
tained in[10,11] and a detailed theoretic@b] and experi-
During the last decade, owing to the development of in-mental[12] study has been performed. The measurements in
tense ultrashort pulsed lasers, it has become possible to cotfiese studies have, however, been restricted to harmonic or-
struct new x-ray ultraviolet(XUV) sources with unique ders up to the 33rd and the polarizers used had a contrast
properties. A prominent example is high-order harmonic rafatio of about 0.9. _
diation, which appears when intense laser light is focused FOr ourexperlmental Stydy, we have used a poIanzer con-
into a gas. These harmonics are generated at odd multiples 8ting of a multilayer mirror, which has a near-optimal
the incident frequencisee, e.g1—3]). This phenomenonis (Unity) analyzing power. We selected essentially a single
characterized by a strong intensity decrease for the first fewery high harmonidthe 61s} without the use of extra dis-
harmonic orders, followed by a broad range of harmonicd®€rsive elementggrating in the harmonic beam, which
only sightly decreasing in intensity, known as the “plateau.” could change the harmon|c§’ state of polarization. It has been
At the blue end of the spectrum there is a characteristic sharpPserved 13,14 that the ellipticity dependence of the total
decreasecutoff) depending on the laser intensity and the harmonic yield follows the_ perturbative law fpr _ha_rmon_lc
electronic binding energy in the mediu]. o_rt_jers up to about 31, while the 61st harmonic in its eII|_p—
Theoretical modeling of the process must include on ondicity dependence falls off much slower than the perturbative
hand the atomic emission of the harmonics and on the othdtédiction, no longer following this simple scaling. .
hand their subsequent propagation through the medium. The We have also performed a comp_lete theoretical numerical
propagative part requires the solution of Maxwell's equa_5|mulat|o_n of_the experiment. To thl$ extent we ha\_/e devel-
tions with source and diffractive effects and has been drive®Ped an implicit, flux-conserving radiation propagation algo-
primarily by the group of L’Huillier and co-worker]. The rithm (assummg two—@mensmnal symmetry around the laser
atomic high-harmonic generatighiHG) is a much more dif- ©eam propagation axi§15] and used various atomic models
ficult problem to treat in principle since the quantum me-t0 describe the source of harmonics. We obtain very good
chanics of a driven multielectron system must be solveg@greement between theory and experiment using as the
Fortunately, however, HHG can be well described qualita2tomic model the three-dimension&BD) delta-potential
tively and even quantitatively by considering single-active-[16]-
electron model$6]. Even simpler “two-step” models have
grasped the essential ph_ysics of the mechanism tha_tt for the Il. EXPERIMENTAL ARRANGEMENT
HHG reduces to a quasifregeemiclassical electron driven
by the field and interacting punctually with the atomic core  We used as pump source the front end of the Max-Born-
(see the references [B]). Institute’s high intensity CPA laser syste7]. It consists
Presently the high-harmonic generatihHG) becomes of a titanium:sapphire mode-locked oscillatGFsunami -
more and more interesting for applicatidi’s8]. Therefore a type, Spectra Physigs a double pass grating-telescope
full characterization of the emitted HHG light is required. stretcher, a titanium:sapphire regenerative ampl{figrectra
Evidently the absolute total photon flux in the harmonics is aPhysics, two Nd:glass amplifiers and a grating compressor.
key parametef9], which it is imperative to optimize. On the It delivers pulses with 1053 nm, 20 mJ, and 700 fs. A 60-cm
way to even further control and possibly finer understandindens focused the pulses into a neon gas jet with a gas density
of the HHG process, the harmonic yield and polarization inof about 2 10'® cm™3. The gas nozzléseries 9, General
its dependence on the driving laser polarization is analyzed/alve) is mounted in a vacuum chamber. The focus diameter
This provides a much more detailed and quantitative test owas about 65um.
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For our first measurements, reporting total photon yields

we have u_se.d a more Fonvem'onal Spec”ome_tef a”"’}nge' FIG. 2. Reflectivity properties of the multilayer mirror. Reflec-
ment, consisting of a toroidal mirror, a plane flat-field gratingyyities R, and R, (dashet| analyzing power Ry~ Ry)/(Re+ Ro)
and a special beam dump for the intensive IR laser radiationgg|ig), and peak wavelengtfdotted, on right-hand scale

placed in the zeroth order of the grating. A two-stage micro-

channel plate gnd pho.:sp.hor.screen a”"%”gemer.‘t converts tHJeur) harmonics. A further reduction of this bandpass is pos-
vacuum ultraviolet radiation into green light, which was de-

tected by a charge-coupled device camera. sible by shifting the reflection maximum of the mirror over

Both the investioation and possible apolications of thethe L-absorption edge of the Al filter. As a result we select
o 9 ) possit PPlICe only a single harmonic, primarily the 61st)e#=17 nm, with
HHG radiation require high reflectivity optics in the short . :
wavelength range. Multilayer optics have already proven " admixture of roughly 20% of the 59th harmonic.
‘ Figure 2 also shows the polarization dependence of the

be a powerful tool for focusin§l8] as well as for polariza- - ) P

tion analysis[19]. Thus, for our polarization measurement, rgflectfwny. Ilt IS Sg"—‘lf‘ :lh‘? at aﬂ angle or= 4(.) the rgflehc—
we used a multilayer reflector, in contrast to the previoust'on 0 Elqu arllz_e ;19 throm ‘I’?I mirrorRy, is practica Iy
experimentd11,12. Use of the multilayer mirror has three Ize_ro. T |sd|rrr1]p |e;5 that the m#_ t'. ayerhm|rr0r IS an ideal po-
advantages(1l) There is no need for a dispersive element a“_zer an t.ereh(_)re more T icient tTe;]n a gralltm.g or a me-
(grating, which can alter the polarization of the harmonic tallic mirror in this spectral range. The analyzing power

radiation and whose characterization would be a source ) S Rpt)rq(RSJrl'?lP) curve thuihas |ts| maxm@tjmbat Lin;l,%/o?y
error. (2) The reflectivity of our mirrorR,, for p-polarized urning thé multilayer mirror by a poiar ange2 abou

light is close to zero at the wavelength of the 61st harmoni@rc,:.und.tthe HH pslan: in a ﬁ)laneﬂ\]/ertlc?I FO tthe beta;n p;otrr)]a-
considered and as a result the multilayer has an analyzi ?J'\(/)r: IdilstipﬁSSI € 10 analyze the polarization state of the
power, which is practically equal to unitisee below (3) adiation.

The high reflectivity of 60% for a spectral range from 13 to In analyzing the data we have to take into account that

18 nm allows to extend the polarization analysis to theséhzre II'S1 a res!duaIFs,lgnaI fr?m rt]kc])nzlero ref![(ra]canyoat IOY[VH
very high harmonic orders. order harmonics. For wavelengths longer than nm the

The experimental setup using the multilayer mirror for thereflectivity from the multilayer increases while the transmis-

polarization analysis is shown schematically in Fig. 1 Thesion from the Al filter is low but finite. Therefore, a differ-

gas jet (diameter about 1 mmposition is centered at the ence measurement (_)f two signals has been taken. First, we
peak harmonic yield, i.e., about 0.5 mm in front of the IasetmeasurEd the total signal &t=37.5°%, and second we mea-

focus. The radiation from the focus passes throughgani- s_ured the “background signal” .@:42‘50' T_his secor_1d
aluminum filter that blocks the fundamental light and alll theSignal was subtracted from the first value to yield the signal
high harmonics beyond its absorption edge, which is just for the 61st harmonic onlywith a sma_ll contribution from
beyond the 61st harmoni€H61). The transmitted light H%g). ;he me_astl;rerl?ent f(g’:.42‘5 t%r']veis on:y Eﬂe Iowe_r-
propagates to the Mo-Si multilayer mirror with an apertureor er harmonic background since at that angie the maximum

: Co of the multilayer reflectivity is in the spectral region where
X . . "
?:iclécﬁgn:;ﬁk;gla”y’ the reflected light is detected by a the Al filter blocks the radiation completely.

The calculated reflectivity of the multilayer mirror is
shown in Fig. 2[20]. The reflectivity of the mirror depends Il RESULTS
on the angle of incidenc® and on the wavelength. The
mirror can be used in a wavelength range from 11 to 22 nm. We first show a typical result for the total photon yields.
At a given angle of incidence, the reflectivity of the mirror A characteristic HHG spectrum measured with the grating
peaks at the wavelength given by the dotted curve on thdisperser setup and yielding absolutely calibrated photon
right-hand side scale of the figure. The peak in the wavenumberg11] is given in Fig. 3. The harmonic signal around
length dependend@ot shown has a characteristic width of the 61st order appears by roughly a factor of two higher
(fwhm) about 15 A. This is a key ingredient in our frequency compared to the lower-order plateau harmonics41st or-
selection: the central maximum in the mirror's reflectivity der. This is caused by propagati@phase-matchingeffects
acts as a frequency bandpass, selecting only a(flesee to  through the medium and depends sensitively on the focal
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FIG. 3. HHG spectrum at 52)x10'* W/cn?. The labels
H39, H61, and H81 indicate harmonic orders.
FIG. 5. Upper part: polarization of H61 for linearly polarized

geometry with respect to the gas [@tl]. The figure shows pump laser radiatioridotted line: theoretical cdscurve. Lower
that the radiation from the 61st harmonic is optimized withpart: polarization of H61 for slightly elliptically polarized pump

respect to all other harmonics for the position of the gas jefaser radiationg = 0.03 (dotted line: theory,
(practically at the center of the laser fogad that the har-
monic is still in the plateau for our experimental conditions."pticity than the one we observe. This result is in agreement
Inserting a quarter-wave plate into the laser beam in fron{itp previous work[13,20, where it was observed that the
of the lens produces pump pulses with different ellipticity |o\-order harmonics follow the perturbative curve up to
values, allowing one to record the ellipticity dependence Ofaboutq231, while higher-order harmonics have a falloff
the harmonic yield. The result for the 61st harmonic is pre-=.q,en” at about the value ofj=31. In fact, the solid line
sented in Fig. 4. We define the ellipticityas the ratio of the Fig. 4 for q=35 is the result of a least-squares fit to the
minor axis to the major axis of the electric field strengths.gynerimental results. This is in accord with the theoretical
Each circle is the result from a single laser shot, the Uncergingle-atom response, using the 3D delta potential model.
tair!ty_ resulting primarily from the laser pulse pa_rameter-l—he average theoretical single-atom yiefsmoothed out
variations. The data are compared to the pre(;ilctlon Obver the strong interference structures which appear in the
lowest-order perturbation theo13,22, 1,~[(1-e)/(1  plateau as a function of intensitjollows the perturbative
+£9)]97, wherel is the intensity of thejth harmonic and |5y for harmonic orders up to about 31 and falls off with
e the ellipticity of the laser. Obviously, lowest-order pertur- roughly theq=31 law for all higher orders.
bation theory predicts a steeper falloff of the yield with el- Using now the multilayer mirrof23], first we measured
the harmonic polarization for linearly polarized driving laser
radiation(upper plot in Fig. 3. The data points shown in Fig.
5 are the results of the difference between@ve 37.5° and
the ®=42.5° measurements, leading to slightly negative
values for some points. The error bars are given by the stan-
dard deviations resulting from the statistics of thx 0
measured values at eadh angle (10 shots for each of the
two O values. The large statistical error in our measurement
1 results from the low repetition rate of our laser, which al-
i lowed us to take only about 10 shots pérvalue, and a
1 rather large fluctuation of the laser output energy, leading to
an intensity spread in the measurements.
\ Theory vyields linearly polarized harmonic radiation for
o2l v 1 B L N linearly polarized driving field and thus a theoretical €os
0.00 005 0.10 = 015 0.20 curve is superposed in the upper part of the figure. From a
Ellipticity least-squares fit to the experimental data of the foffd)

FIG. 4. Yield of the 61st harmonic from Ne vs laser ellipticity at :Y1+Y?C952@+‘P)' we conclude that the ellipticity of t_he
a laser peak intensity of 10 Wicn?. Circles: present experiment. H61 radiation iseg;=|Y1/(Y1+Y,)[=0.2+0.2. The ori-
Uncertainties result fronf) laser fluctuation§20%) and i) detec- ~ entation of the major axis of the polarization ellipse of the
tor background noisél0—20 % at the largest ellipticities. Crosses: harmonics with respect to the laser polarization direction is
experiment of 5] (different wavelength and intensjtyinterpolated ~ at ¢=—1°*=3°. Thus, the experimental results are compat-
from graph, roughly similar uncertainties. Dashed line: Predictionible with linear polarization of the H61 within experimental
of lowest-order perturbation theoty~[ (1—&?)/(1+¢%) 19"t with ~ error, as expected.
g=61. Solid line: Same dependence, but itk 35. In the lower plot of Fig. 5 the result from the measure-
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ment with slightly elliptical driving laser polarization,s,, ~ (ground-state atom and elliptically polarized incident laser
=0.03+0.02 is shown. Again there are some negative dat#adiation) to an unknown final state, the atomic part of which
points because of the difference measurement. We find thig not being detected. Therefore, the atomic harmonic re-
the ellipticity of the H61 is zero to within errorg=0.0 sponse can in principle have any polarization the degree of
+0.3. The rotation angle in this casegs= —0.3°+3° [24].  which yields information on the physics of the HHG process.
In fact, as noted i112], the measurement of the contrast For low-order harmonics, where presumably atomic reso-
ratio Y,/(Y,+Y,) leads only to an upper boung ., nances play a predominant role, large variations of ellipticity
rather than to the harmonic ellipticity, itself. The reasonis of the harmonics have indeed been obser{&g]. In the
the possibility of partial polarization of the harmonic light. experiment, however, an average is taken over a large en-
The harmonic polarization varies in dependence of the pumgemble of atoms in the focus, which experience in general
pulse profile in space and in time through the intensity degifferent laser intensities. The emitted harmonic light from
pendence of thejth component of the time-dependent di- the whole focal sample is therefore a superposition of many
pole. This implies that the space- and time-averaged hatsiomic responses, which tends to decrease the observed po-
monic field, measured in the experiment, is only part'a"ylarization, smoothing out its fluctuations.
polarized. . . o . We have performed a measurement of the polarization of
. Thus, for slightly elllptlcal Ias_er p_olarlza'uon_ the_polanza- a selected very-high-order harmonic of 1053-nm driving la-
tion of the 61st harmonic remains linear and is oriented par-

: ; o . : r radiation, emi in neon. Th xXperimen
allel to the incoming laser polarization. The dotted line g|vesSe adiation, emitted co e experiment used a

the result from the theoretical simulation, which is in agree—mUItiIayer mir_ror that presents a COf?"ef?‘e”‘ polar_izer in the
ment with these findings. In fact, the difference from a%os XUV range with a r_1e_ar-perfect polarization anglyzmg power
curve is not visible in the figure. On the average, for theand a high reflectivity. We observe no rotation angle be-

driving laser ellipticity of 0.03, the field components along WW&en harmonic polarization and laser polarization with in-
the minor and major axes of the harmonic field emitted by arpreas.mg.laser ellipticity for linear and_sllghtly elliptical laser
atom have a ratio that is even smaller, roughly 0.015. Tholarization. In both cases the polarization of the 61st har-
integration of the propagation further reduces this ratio sigimonic is still linear within our experimental error. These
nificantly. For the macroscopic response, the theoretical relesults are in agreement with theoretical calculatigfjsand
sults give a much lower bound on the harmonic ellipticity, measurementl4] for lower-order harmonics. In these pre-
yielding evidentlyp=0 andeg;=0 for g),5,=0. FOre e  ViOUS €xperiments and calculations, in the cutoff region the
=0.03 the theory yielde= —0.2° ande,<0.001. One has harmonic ellipticity was much smaller than the fundamental
to bear in mind that the theoretical results have an uncerellipticity and a very small rotation angle of the harmonic
tainty due to the uncertainty of the atomic response modelpolarization with respect to the fundamental one was ob-
since the model is so successful in describing even the quaserved for high degrees of ellipticity of the fundamental. On
titative HHG yield, however, we presume this uncertainty isthe other hand, for the harmonics in the plateau, it was re-
not relevant here. ported that the polarization has a significant degree of ellip-
We have also performed a measurement,at=0.1 el- ticity (however, smaller than the fundamental elliptizignd
lipticity of the driving laser. However, our signal statistics the major axis of the harmonic polarization rotates by a large
was too low to allow the extraction ofn,, and ¢ with @ offset angle from the driving field polarization.
reasonable error estimate. _ Our results extend the observed range to the 61st har-
We are planning to use the same analyzing arrangemenfsnic, for intensities such that it is just within the plateau
to study a high harmonic from 800-nm driving laser radia-rggion, 1n contrast to harmonics of order 35 and below, the

tion. The new Ti:Sa driving laser will give vastly improved ) vielq falloff with ellipticity is much slower than pertur-
stau_spcs and thus rr_luch smallt_a( error bars due to its bett%ative for these high harmonics, in agreement Wi2a].
stability and much higher repetition rate. From our polarization measurement we find that for a
slightly elliptically polarized driving field there is no rotation
IV. DISCUSSION AND CONCLUSIONS of the harmonic ellipse with respect to the fundamental light.
For linear and slightly elliptical laser polarization the 61st

. o s . . harmonic is linearly polarized. Therefore, if ellipticity
periment, both a variation of the driving forfthe incoming switching is applied25] to create fs harmonic pulses, one

I b d diff tial detecti f th dudth
aser bearfs)] and differential detection of the produgtse will obtain practically purely linearly polarized harmonic

harmonic radiation, the remaining atom or ion and the’ S .
ejected electrais)] must be performed. As a study of the ight when considering harmonics around order @ir

angular dependence of the HHG, the driving laser polarizalighe?- _ . o
tion was made elliptical. In purely perturbative situations the Our theoretical results support the experimental findings
emitted harmonic radiation is predicted to have the sam@nd agree qualitatively with previous resylf. The result-
polarization as the incoming ligh22] for ground-state at- ing single-atom harmonic yield around order 61 has an ellip-
oms, since the initial and final state are both known andicity that is comparable to but smaller than the fundamental
unpolarized. In the present case, however, the atomic systelaser ellipticity. Ellipticity and axis offset angle can exhibit
can absorb and retain an arbitrary amountliokar and an- larger values in the plateau. However, for these high harmon-
gulan momentum, part of which can be carried away byics, the harmonic yield has always minima at the intensities
ionized electrons. The polarization properties of the emittedvheree and ¢ are significant. The propagated macroscopic
light result from a transition from a well-defined initial state response at a driving laser ellipticity of 0.03 has thus an

In order to probe the HHG process in a “complete” ex-
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