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Quasi-phase-matched high-or der
har monic generation using tunable pulse
trains
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Department of Physics, Clarendon Laboratory, Oxford University, Parks Road, Oxford OX1
3PU, UK

*k.okeeffel@physics.ox.ac.uk

Abstract: A simple technique for generating trains of ultrafast psilise
demonstrated in which the linear separation between pakede varied
continuously over a wide range. These pulse trains are usetthieve
tunable quasi-phase-matching of high harmonic generati@an a range
of harmonic orders up to the harmonic cut-off, resulting mh&ncements
of the harmonic intensity in excess of an order of magnituides peak
enhancement of the harmonics is clearly shown to dependeoseiparation
between pulses, as well as the number of pulses in the tegirgsenting an
easily tunable source of quasi-phase-matched high haogenieration.
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1. Introduction

High harmonic generation (HHG) offers a straightforwargrach for generating ultrafast
pulses of coherent radiation with photon energies whichecaieed 1keV [1]. The high degree
of temporal and spatial coherence afforded by HHG makes #ttactive source for a host
of applications including studies of ultrafast processesandensed-matter systems [2], high-
resolution imaging [3], and attosecond metrology [4]. Hearethe adoption of HHG in many
applications is limited by poor conversion efficiency, fésg in low mean photon flux and
low peak brightness. The low conversion efficiency of HHGaiglely due to a phase mismatch
between the driving laser field and the harmonics createdfateht points in the generating
medium. This phase mismatch is the result of dispersionénptirtially ionized medium in
which harmonics are generated, and causes the intensiggbfgenerated harmonic to oscillate
with propagating distance between zero and some maximune veith an oscillation period
of 2L, where the coherence lendth = 11/Akq, andAkq is the wavevector mismatch given by
Akq = gko — kq, whereky andkg are the wave vectors of the fundamental afftiharmonic,
respectively. Therefore, in the presence of a phase misniia¢gcmaximum harmonic intensity
which can be achieved is that which can be generated ovegk sioherence length.

Under certain conditions it is possible to achieve true piraatching £k, = 0). For exam-
ple, in the case of harmonics generated in a gas-filled hetiore waveguide phase-matching
can be achieved by balancing the waveguide and plasma siispexith that of the neutral
atoms [5]. This technique has been shown to dramaticallpase the flux of harmonic sources.
However, phase-matching of this type will only work up to atam level of ionization above
which itis no longer possible to balance dispersion. Sirigkdr order harmonics are generated
at higher laser intensities, this means that phase-majdain only be achieved up to a certain
harmonic order.

Quasi-phase-matching (QPM) is an alternative techniguefercoming phase mismatch,
in which harmonic generation is suppressed in regions wtineréocally generated harmonic
radiation is out-of-phase with the harmonic beam. Supprgsaultiple out-of-phase regions,
or zones, allows the radiation from the remaining in-phas®s to combine coherently such
that the output harmonic intensity can, in principle, beéased by a factor 2 above that for a
single coherence length, wherg is the number of contributing zones. A significant advantage
of QPM is that it can be achieved for all harmonics up to thertwanic cut-off.

QPM has previously been demonstrated using a variety ofreifit methods. For example,
QPM has been achieved through the use of hollow-core wagsteguvith modulated inner-
diameters [6], by using spatially separated gas cells f/yautilizing mode beating in a cap-
illary waveguide [8]. QPM can also be achieved using a trdicaunter-propagating laser



pulses [9, 10, 11]. For pulse train QPM (PTQPM) harmonic gatien is suppressed in those
regions in which the driving laser pulse overlaps with a ¢etpropagating pulse, with sup-
pression being caused by a rapid variation in the phase didhmonics as the driving pulse
and counter-propagating pulses pass through each otfemtjieély scrambling harmonic gen-
eration in this region. A counter-propagating pulse transisting ofN pulses can suppress
HHG in N separate regions, leavifg+ 1 unsuppressed regions. Since the harmonic inten-
sity of a quasi-phase-matched source scales with the sgfitine number of in-phase zones
the harmonic intensity for PTQPM should scale & = (N + 1)?, so long as the pulses are
suitably matched td... In PTQPM the pulse train forms a modulation moving at a vigfoc

of approximately—c with respect to the driving pulse. It has been shown thatcigaporal
QPM leads to a shift in the frequency of the generated haresanich that the gth harmonic
has a frequency dhwy = qap — Aw, wherewy is the frequency of the driving laser [12]. As

a consequence the wave vector mismatch becdkes:- Awn(ay)/c+ Ak, whereAkg is the
wave vector mismatch in the absence of a pulse train. Forabe af a pulse train with period

N =w+d = 2w, wherew andd are the pulse width and separation, respectively, the corre
matching condition to achieve QPM can be writtendas 2mL., wherem= 1,2 3,... is the
order of the QPM process amg is the coherence length measured in the absence of the pulse
train.

In previous experiments on PTQPM the required pulse traimewenerated either by in-
serting glass plates inside a grating stretcher in ordeeteate different delays for different
frequencies of a stretched pulse [9, 10], or by using a sempehbirefringent plates in which
the thickness of each successive plate was doubled, progladirain of pulses with uniform
pulse separation [11]. In both cases the width and separafithe pulses within the train is
fixed by the choice of optical plates, determining the valok&: which can be efficiently
matched. In order to fully exploit the benefits of PTQPM sieptchniques for generating
versatile pulse trains are required, which allow the fregyef the QPM output to be tuned.

In this paper a simple technique for generating tunableeptisins is shown to allow
continuously-tunable QPM over a wide range of harmonic kxde

2. Generation of tunable pulsetrains

A train of femtosecond-duration pulses may be generatedalsgipg a single chirped pulse
through a birefringent plate, as first described by Yano.¢13], and subsequently by Robinson
etal. [14]. Inthat technique a linearly-polarized chirpeser pulse is passed through a multiple-
order waveplate orientated with its fast axis at 46 the plane of polarization of the laser
pulse. A linear polarizer is then placed after the wavepdaieh that its transmission axis is
parallel to the original plane of polarization of the lasalse. In order for light to be transmitted
through the combination of polarizer and waveplate a plsagfeof 2nrT (n an integer) must be
introduced between the field components polarized patatiélperpendicular to the fast axis
of the waveplate. This condition will only be met for certi@aquencies and, since the pulse is
chirped, the radiation transmitted by the polarizer willrbedulated to form a train of pulses.
For a linearly chirped laser pulse the spacing between pdiséll be approximately uniform

across the train and given by
TIC 1

bl Boe_ BOO
wherec is the speed of lightl is the thickness of the waveplate,is the frequency chirp
parameter (such that the instantaneous frequenay is 2bt), and 1/Bée and ]/Béo are the
group velocities of the ande rays, respectively [15]. For a given waveplate matedais

therefore determined by the thickness of the waveplate laadinear chirp of the stretched
pulse.
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Fig. 1. Schematic of technique for generating tunable pwées. G: grating stretcher P:
polarizer (a) Waveplate axes in same orientation as axesafe¢pair so thdf = AL+ L.
(b) Waveplate axes at 9@o axes of wedge-pair so thet= |AL — Lp|. Fig. (b) illustrates
the case of\L =L, such that’ = 0.

In order to match to arbitrary coherence lengths it would ésirdble to be able to contin-
uously tune the pulse separatidnFrom Eq. (1) it is clear thad can by varied by changing
the thickness of the waveplakeln the experiments described héreould be varied contin-
uously over a wide range by using a multiple-order wavepkateombination with a pair of
birefringent wedges, as illustrated in Fig. 1. This arranget effectively produces a waveplate
of variable thickness. If the axes of the waveplate have the same orientation & thbthe
wedge-pair thel = AL + L, wherelL,, is the thickness of the waveplate aff is the thick-
ness of the wedge-pair, which can be varied betwdegy andAL i, by changing the insertion
of the wedges. However, if the waveplate is orientated wighakes at 90to the axes of the
wedge-pair the’ = |AL — Lp| since the phase-shift introduced in the wedge pair will n@w b
offset by that introduced in the waveplate. By choodiggsuch thal.p, = ALpin it is possible
to tunel’ continuously from 0 to a maximuilmax + Lp Simply by varying the insertion of the
wedge-pair and selecting the appropriate waveplate atient

In order to demonstrate this technique, cross-correlatafrthe pulsetrains were recorded
for different wedge thicknesses and waveplate orientatidhe pulse trains were formed by
stretching 35fs pulses to approximately 10ps using a gyatiretcher comprising a single 880
lines/mm Au-coated grating used at & 2iegree angle of incidence. The 1st order beam was
reflected onto the grating four-times using the combinatiba horizontal and vertical retro-
reflector. The efficiency of the grating into 1st order was 8884hat the throughput of the
stretcher was 40% . The stretched pulse was then passedjtthtioel wedge-pair-waveplate
combination with its polarization at 450 the axes of the variable waveplate. The wedge-
pair used in these experiments comprised two quartz wedgésgeflection coated for 800nm,
25mm high and 50mm wide with thin and thick edges of 1mm andrh5respectively. The
finite size of the laser beam limiteslj, to 8mm andALax to 24mm. The waveplate was a
7.7mm thick quartz plate, so thap ~ ALmin. After the variable waveplate the stretched pulse



was passed though a linear polarizer, so that only the ha@azpolarization was transmitted
which, together with the stretcher efficiency, resulted iatal pulse train generation efficiency
of 20%. We note that with an optimized stretcher design tfieieficy of the pulse train optics
could be increased close to the theoretical maximum effigien 50%.
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Fig. 3. Measured variation of pulse separatidnand number of pulsegy, in the pulse
train with effective waveplate thickneds, The open and closed symbols are for waveplate
orientations of 0 and 90, respectively. The dashed lines are fits to the measured data

Fig. 2 shows the measured cross-correlations of the p@sestgenerated using the extreme
values ofAL for both waveplate orientations, demonstrating that higitr@ast pulse trains are
produced across the full range 16f The robustness of this technique is illustrated in Fig. 2
(b) and (c), corresponding in both cased’tez 16mm. The resulting cross-correlations are
shown to be almost identical, except for a temporal shift tluthe optical path introduced
by the difference im\L. The parameters of pulse trains generated by various vafuésnd
for different orientations of the wedge pair and waveplagshown in Fig. 3. It is seen that
d01/l', as expected, and can be varied continuously from appra&ly@3 — 5mm. Since the
total stretch of the pulse is determinediiyywhich is fixed by the grating stretcher, the number



of pulsesN O b/d O 1’, as confirmed by the data in Fig. 3.

3. Quasi-phase-matching with tunable pulse trains
3.1. Experimental setup

QPM using the pulse trains described above was studied asingHz Ti:sapphire laser sys-
tem which produced linearly polarized pulses of energy 8i&l, duration 35fs, and centre
wavelength 800nm. A schematic diagram of the experimentahgement is shown in Fig. 4.
The output of the Ti:sapphire laser was split into a 0.6mJedrbeam used to generate har-
monics and a 2.2mJ counter-propagating pulse used to dereapulse train. The energy of
each beam could be controlled independently by use of a Mateepolarizer combination. The
pulse train was generated by passing the counter-propagaitise through the optical system
described in the previous section. The point of collisiotwsen the driver and the pulse train
could be varied using a computer-controlled timing slidee Polarization of the pulse train was
parallel to that of the driver beam, with the result that #est amount of energy is required to
achieve QPM [16].

¥ XUV
XUV Spectrometer

l 10cm | I | ' pulse
NS il
Waveguide

V"""V

~

TS

Fig. 4. Schematic of expermental setup. TS: timing slide, @&ing stretcher, QW: quartz
wedge-pair, QP: quartz plate, P: polarizer, WY2 waveplate.

The driver beam and counter-propagating pulse train weupled into opposite ends of a
glass hollow-capillary waveguide using f = 500mm lenseshdhat the focal spots of both
beams were closely matched to the lowest-order mode of threguéde. The waveguide was
100mm long with an inner-core diameter of 108. Narrow slots were cut 2.5mm and 38mm
from the exit (i.e the end closest to the spectrometer) ofdipélary to allow gas to be injected
into the waveguide. A similar slot was located 48mm from tki¢, @llowing gas to leave the
waveguide. The short gas region and long run-in region &f Waveguide design served to
improve the mode quality of the driving laser pulse, whileimizing ionization-induced defo-
cusing. The waveguide was filled with 14mbar of Ar gas throtingtslots at 2.5mm and 38mm,
ensuring a constant pressure between these gas inletstafisenissions of the driving beam
and the pulse train were 55% and 50%, respectively. The ggateharmonics passed through



a 2mm diameter hole in the mirror used to couple the counmmgpagating beam into the cap-
illary, and entered a flat-field spectrograph containing ld-goated grating with a spacing of
1200 lines/mm and a cooled soft x-ray CCD.

3.2. Results

For various values df the harmonic spectrum was recorded (using 1s exposuregyaston

of the collision pointgz, of the driver and pulse train. ASwas increased from an initial value of
2mm suppression and coherent oscillations were observegf®1 — 25. Asl’ was increased
further the harmonic showing the greatest QPM enhancemanshifted to higher orders, as
d became matched ia.. This behaviour is clearly seen in Fig. 5 which shows the radizad
intensity in a 1nm bandwidth centred on each harmonic as eifumof z for harmonicsgy =
27— 31 at each value df. For increasing the observed oscillations and enhancements are seen
to occur at higher values of, corresponding to matching smaller values gfas expected. It

is also observed that for increasiagand|’ the maximum enhancement which is achieved
increases, sinchl (I |/, enabling matching to occur over a larger number of zonesgieh
photon energies. We note that for the experimental arrapgentescribed here true phase-
matching by balancing the waveguide and plasma dispersiaid only be achieved up to

g = 25, however by varying’ it was possible to achieve QPM up to the cut-off harmonic,
g = 33. In Fig. 5 the peak of the enhancements for each harmotér & seen to shift to lower
values of delay a$' increases due to the change in optical pati\asncreases. Achieving
the maximum enhancement via PTQPM for a particular harmanaler therefore requires both
matchingd to L, as well as optimizing the collision point within the wavédg!
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Fig. 5. Normalized harmonic signal in a 1nm bandwidth fomhanicsq = 27— 31 as a
function of collision point for different values of. As g increases enhancements are ob-
served to occur at larger valueslgfcorresponding to matching shorter coherence lengths.
The asterisk in each case indicates the valu€ at which the maximum enhancement
is observed. The signal has been normalized to the averagmet in the same spectral
window over 30 exposures in the absence of the pulse train.

Fig. 6 shows the spectrum of the generated harmonics in thenab of a pulse train. Also
shown is the maximum signal which could be achieved for eacimbnic order by PTQPM for
optimized values oF and the collision point. It can be seen that the output of decmonic



can be optimized by correct tuning of the pulse train. Suggios, rather than enhancement,
was observed for harmonics belay= 25, consistent with the fact that for these harmonics
strong absorption and long coherence lengths preventasffiQPM.
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Fig. 6. Harmonic spectrum generated in 14mbar Ar in the atesefa pulse train (solid
blue line). The dashed lines show the largest measured|sigren the pulse train was
present and’ and the collision point were optimized for that harmoniceTdotted black
line shows the transmission through 5mm of 14mbar Ar (cpweding to the total length
of the pulse train).

PTQPM requires sufficient intensity in the counter-propiaggpulses to suppress HHG in
regions of destructive interference. To understand thidetail the dependence of QPM on
the intensity of the pulse train was therefore investigdtedwo pulse train configurations:
I” = 12mm corresponding to enhancementef 31, andl’ = 2mm corresponding to strong
suppression off = 23. For each configuration, scans were performed for diftgpalse train
intensities. The results of these measurements are shdwg.in. It can be seen that maximum
suppression and enhancement for both low and high orderdmesoccur at approximately
80% of the maximum counter-propagating beam intensity, afestnating that the enhance-
ments observed in these experiments are not limited by teesity available in the counter-
propagating pulse train.

The technique for generating pulse trains used in this éxert results in pulse trains of
the formA(z)cos(2mz/d), as observed in the frame of the driving pulse, whaf®) is the
envelope of the pulse train. Each pulse in the train will ¢éfiere have a different peak intensity,
and consequently will have a different contribution to QRIgpending on its position relative to
the peak of the envelope. In addition, the shape of indiligukses within the train means that
not all points on a pulse will result in the same level of s@sgion — points at the beginning of
the pulse will have little effect, while those at the peakhd pulse will have the largest effect.
Using the results of Fig. 7 it is possible to incorporate ¢heffects into a simple numerical
model of PTQPM. The expected output of harmonimay be calculated by integrating the
growth equation given by

dE,

e (z) exp(—imz/Lc)

_ 9

whereEg is the amplitudegyq is the power absorption coefficient of harmogifl 7], andsq(z)
is the strength with which harmonics are generated. Foethakulations the pulse train was
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Fig. 7. (a) Normalized harmonic signal as a function of thiision point for different
powersP of the pulse train for: (afj = 31,1’ = 12mm; (b)q = 23,!" = 2mm. (c) Measured
suppression aff = 23 (blue circles) and enhancementgeE 31 (red squares) as a function
of P. The pulse train power has been normalized to the maximuseptein power.

modeled ag(z) = exp(—2?/20?)cog(2mz/d), where 2 is the 1/€? half-width of the pulse
train measured in the laboratory frame. The intensity ddproe of the harmonic suppression
was modelled by assumirsg(z) = 1—F (p(2)), whereF is a threshold function such thiat= 1

for p(z) > 0.8=1 andF = 0 for p(z) < 0.3=0, as observed experimentally. The enhancement
in this model was determined by integrating Eqn. 2 over a fixaéthber of coherence lengths
with the pulse train modulation, and then normalizing thigwthe integrated output without
the pulse train modulatiors{(z) = 1 at all points). For each harmonic ordes,was determined
from the matching conditiord(= 2L), using the fit to the measured valuegdahown in Fig.

3.
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Fig. 8. (a) Maximum measured enhancement of harmonic ogler25— 33 as a func-
tion of I’. (b) Calculated enhancement of harmonic oraprs 25— 33 as a function of’
(dashed lines) including the intensity dependence of thebraic suppression as measured
experimentally. The solid lines in (b) show the calculatedlancements of harmonic orders
g = 25— 33 without including the intensity dependence of the haiimenppression.

The maximum measured enhancements for harmonic ocgerg5— 33 at each value of



I’, as well as the calculated enhancements, are shown in FRgo&d qualitative agreement is
seen between the experimental results and calculated esin@nts. The maximum measured
enhancement shifts to higher valuesgadsl’ is increased, as expected. Enhancements can be
tuned up to the cutoff harmonic, with a 16-fold increase gnal being observed far= 31,
corresponding to an estimated mean photon flux of 7ftbtons sec!. This estimation is
based on the transmission of the aluminium filters in the tspgaph, the grating efficiency,
and the quantum efficiency of the CCD camera at this photorggnk is also observed that
asl’ increases so too does the enhancement, gihcel’ allowing PTQPM to be achieved
over a larger number of zones. The calculated harmonic eenaents in Fig. 8 (b) show that
the intensity dependence of the harmonic suppression eslyits in a slight increase in the
range of values of’ for which QPM is observed and does not have a large impact en th
resulting enhancements. The lower than expected enhantewieserved fog = 25 and 27
compared with the calculated enhancements of these hacmordy be due to longitudinal
variation ofL¢, preventing the output of multiple in-phase zones to catitgrecombine. It
has previously been shown that even small changes iare sufficient to prevent PTQPM
over multiple zones [11]. The measured and calculated ex@maents also show that the range
of I’ for which significant enhancement is observed becomeswarrfor increasing g. This
narrowing occurs because QPM becomes increasingly sedesfta particular harmonic order
as the number of contributing zones increases due to thedsicrg number of pulses in the
train, as has previously been demonstrated in the case oPRIQO].

4. Conclusion

We have demonstrated a method for generating continuouisgbte pulse trains and shown
that they can be used for quasi-phase-matching high-oralendmics. Tuning of the QPM
spectrum was demonstrated over a range of harmonic ordes thyg harmonic cut-off by
tuning the pulse train parameters. A maximum QPM enhanceaofenore than an order of
magnitude was observed fqr= 31, and a simple numerical model was found to be in good
agreement with the data. The pulse trains generated in thris are scalable to large numbers
of pulses, can match to coherence lengths on the order ofofemscrons, and in principle
may also be used to generate pulse trains with nonunifbfiB]. The ability to match to
short coherence lengths combined with the favourablersgalf increasing\ for decreasing
values ofd afforded by these pulse trains offers an attractive routadbieving high-brightness
tunable QPM sources at photon energies well beyond thosghainé possible with true phase-
matching.
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