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Perturbative high harmonic wavefront control

Zhengyan Li, Graham Brown, Dong Hyuk Ko, Fanqi Kong, Ladan Arissian and P. B. Corkum*

Joint Attosecond Science Laboratory, National Research Council and University of Ottawa, Ottawa, Canada

We pattern the wavefront of a high harmonic beam by intersecting the intense driving laser pulse
that generates the high harmonic with a weak control pulse. To illustrate the potential of wavefront
control we imprint a Fresnel zone plate pattern on a harmonic beam, causing the harmonics to focus
and de-focus. The quality of the focus that we achieve is measured using the Spectral Wavefront
Optical Reconstruction by Diffraction method (SWORD). We will show that it is possible to enhance
the peak intensity by orders-of-magnitude without a physical optical element in the path of the
XUV beam. Through perturbative wavefront control, XUV beams can be created with a flexibility
approaching what technology allows for visible and infrared light.

High harmonic generation is a non-perturbative nonlin-
ear optical process [1], in contrast to conventional per-
turbative nonlinear optics [2]. The two realms can be
bridged by a wave mixing process during high harmonic
generation [3]. In this approach, a harmonic XUV photon
with frequency (2 is a combination of ! driving photons
with frequency wq and m perturbing photons with har-
monic frequency wy, (2 = lwq + mwyp). The harmonic in-
tensity scales as 7., where I,ert is the perturbing beam
intensity. This scheme has led to advanced optical mea-
surement techniques for isolated attosecond XUV pulses
[4].

In contrast to optical characterization, spatiotempo-
ral control of high harmonic radiation remains challeng-
ing compared to visible light [5]. Conventionally, XUV
focusing is achieved using glancing incident mirrors [6]
and multi-layer mirrors [7]. For a spatially coherent
XUV beam such as high harmonics, physical Fresnel zone
plates [8, 9] have been used to focus a harmonic to micro
size [9, 10] or to select a single harmonic from a high har-
monic spectrum [11]. All XUV optical components are
demanding to manufacture.

We introduce a weak control beam to gently modify
the high harmonic generation process. Similar to co-
herent control of a high harmonic spectrum [12] or of
quantum dynamics [13, 14], the interplay between two
beams controls the electron re-collision phase and thus
imprints a controllable phase structure on the high har-
monic wavefront while the XUV radiation is being gen-
erated. This perturbative control directly leads to all-
optical XUV phase-modulation optics — effectively a spa-
tial light phase modulator for high harmonics.

Perturbative control of the high harmonic wavefront
can be analyzed using the semi-classical model of high
harmonic generation [1, 15]. In this model, each har-
monic emission is related to an electron trajectory charac-
terized by the canonical momentum kg, the electron birth
time ¢, and the re-collision time t.. All of these parame-
ters are determined by the driving field Fq = E cos(wqt).
When a perturbative field E, = AE cos(wpt + ¢) is ap-
plied, the harmonic phase is related to the action of the
corresponding election trajectory. The phase variation
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FIG. 1. Schematic diagram of experimental setup. The inset
shows details in the nonlinear gas medium. In the case illus-
trated in the figure (converging perturbing field with R < 0),
high harmonics are generated in the red circle area, covering
the bottom part of the multi-ring zone plate pattern which is
constructed by interference between the loosely focused 800
nm driving and tightly focused 400 nm perturbing beams.
The m = 1 components of harmonics converge to the zone
plate real foci, and the m = —1 components diverge from
virtual foci. The SWORD (Spectral Wavefront Optical Re-
construction by Diffraction) slit is used for measuring one-
dimensional (y) lineout of the XUV wavefront [21].

due to the perturbative field is given by [15]

_EAE te

Wdwp

P, [sin(waty) — sin(wa)] sin(w,™ + ¢)dr.

(1)

tp

This harmonic phase shift can be calculated by determin-
ing kg, tp, and t. for harmonic ¢ using the saddle point
method [1]. With this method, ¢, can have an imaginary
part, representing the tunneling time. We define param-
eters Cy and 1, for harmonic ¢ that are independent
on perturbing field amplitude AE and phase ¢. C; =

‘—(E2/wdwp) fttbc (sinwqty, — sinwqgT) exp(iwpr)dr‘ and

1y = arg [— (E? Jwawp) ftic (sinwqtp — sinwqT) exp(ipr)dT} -

/2. §®, can be expressed as CoAE/E cos(¢ + ).

Thus at the nonlinear medium, the near field harmonic
radiation, carrying the phase modulation d®,, can be
decomposed into terms according to harmonic wavefront



so modulation order m

AFE
E, x exp(id®q) = exp [iC’q? cos(¢ + )
Do " In(CAE[B)Em O,

m=—0oo

(2)

s where m is an integer and .J,, is the m-th order Bessel
a function. Each term E,gm) = i"Jn(CyAE/E)et™@+va)
& describes how the perturbative wavefront phase ¢ is im-
s printed onto each harmonic. The modulation efficiency
6 of the m-th component of the g-th harmonic beam is
es optimized when Cy,AE/E reaches the first maximum
o of |Jm|?. If the harmonic phase modulation satisfies
o CqAE/E < 1, the m-component of harmonic wave

68 E,gm) o (AE/E)™ satisfies the scaling law 7%,
0 monic intensity in Ref. [3].

o To demonstrate perturbative control we have con-
structed an all-optical Fresnel zone plate for XUV high
22 harmonic radiation. As illustrated in Fig. 1, in the non-
73 linear medium we use a driving laser field with a flat
wavefront, while the perturbing beam is incident at an
oblique angle 6 and is tightly focused millimeters away
7 from their intersection point. Thus, in the nonlinear
77 medium the perturbing field has a radius-of-curvature,
s R (positive for diverging and negative for converging).
|R| is significantly larger than the Rayleigh range of the
o0 tightly focused perturbing beam. Thus it is controlled
a1 by varying the perturbing beam focal position relative
@ to the gaseous nonlinear medium, and |R| approximately
equals to the distance between them.
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s The perturbation to the wavefront
s of  harmonic ¢ is given by 09, =
6 CqAE/E cos [ky(2? 4+ y?) /2R + kpby + 1], where

e kp = 2w/, is the wave vector of the perturbing
s beam and A, is its wavelength. 0¥, represents a
s concentric-ring shaped phase modulation map. These
o rings are centered at (xo,yo) = (0, —R0) with ring radius
a Ty = /NNy |R| for the n-th ring. A conventional phase
zone plate has a similar concentric-ring structure [16],
s and the n-th ring radius r,, follow the same r, o~ \/n
relation. Therefore, each harmonic g has a phase pattern
s 0@, imprinted on its spatial profile that is essentially
equivalent to the pattern created by a zone plate placed
o7 at the exit of the gas medium where the harmonics are
generated.

s We consider the case where w, = 2wq. Neighbor-
ing attosecond pulses in the train that makes the high
11 harmonic radiation have a time delay of a half cycle of
102 the driving field, and ¢, the relative phase difference be-
103 tween the driving field and the perturbing field, has =
104 shift. So phase perturbations of these neighboring at-
105 tosecond pulses are 6@, and —d®P, respectively accord-
s ing to Eq. 1. The effective field of even harmonic ¢ sums
107 these neighboring attosecond pulses and is proportional
w8 to 9% — e79% o sin [C,AE/E cos(¢ + 1,)]. Thus, it
109 is the amplitude of the even harmonic that is modulated
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in this case and therefore, the wave front gains the char-
acteristics of passing through a transmission zone plate.

For any m-component, due to the opposite phase shift
of the neighboring attosecond pulses, the effective field
of harmonic ¢ is proportional to e®®s — (—1)9¢~"% =
S = (=1)"mF9)im g, (C,AE ) E)et™$+¥a) accord-
ing to Eq. 2. Thus modulation of harmonics is only avail-
able when m + ¢ is odd. This is equivalent to the parity
conservation condition in harmonic wave-mixing [3]. In
our experiment, the driving laser wavelength is 800 nm
and the perturbing wavelength is 400 nm. For m = +1,
only even order harmonics are modulated.

The modulation depth of the harmonic phase is con-
trolled by the perturbing intensity. In the experiment,
the perturbing intensity is three orders of magnitude
smaller than the driving beam intensity (2x 10'* W /cm?,
determined by the high harmonic cut-off energy). For
example, when (AE/E)? =5 x 1073, numerical calcula-
tion of Eq. 1 showed that the maximum harmonic phase
modulation occurs for §®, is approximately 0.37. When
the intensity ratio increases to ~ 2 x 1072, the energy of
m = +1 components of the harmonic beam is optimized
with d®, = 0.587.

Analogous to a physical zone plate [16], the principle
focal spot for harmonic ¢ is real and located

fq=aRAp/Aa (3)

after the gas medium (A\q driving beam wavelength),
while a conjugate virtual focus is f; before the medium.
The focal spot size scales as \a fq/qD = A\, R/D where D
is the harmonic beam size at the gas medium. The lower
limit of a first-order zone-plate focus is the perturbing
beam focus. Higher-order foci are available at £f,/|m|
(“+7 for real foci and “-” for virtual). They have fo-
cal spot diameters that are |m| times smaller than the
first-order foci but require stronger perturbing fields to
maximize |J,,|2. Based on Eq. 3, a shorter perturbing
field wavelength also leads to a shorter zone plate focal
length and a tighter focus.

In the transverse direction, the non-collinear perturb-
ing geometry [18, 19] shifts the zone plate foci away from
the driving beam axis by Ay = —R#. Thus, for practical
application, material damage by the driving laser field is
avoided due to the oblique perturbative angle . How-
ever, the non-collinear geometry is not otherwise neces-
sary.

Now we turn to experimental results for short trajec-
tory harmonics (the long trajectory signal is considerably
weaker). We begin by using our spectrometer for a direct,
but qualitative, measurement of the beams (without the
SWORD slit in Fig. 1). The spectrometer spreads the
harmonics along the horizontal (z) direction while the
other (y) direction records their divergence.

In our first demonstration we place the gas jet 5 mm
before the driving beam focus, so the unperturbed har-
monic beam diverges due to the transverse intensity gra-
¢ dient of the driving beam [19, 20]. Our aim is to par-
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FIG. 2. Far field divergence measurement of high harmonic
spectra including the m +1 components and the un-
deflected (m = 0) harmonic beam when (a) R = —2.3 mm
and (b) R = 2.2 mm. The nonlinear gas medium is placed 5
mm before the driving laser focus.

tially correct this divergence. Fig. 2a, b shows the high
harmonic spectrum when the perturbing wave front cur-
vature at the medium is R = —2.3 mm (the perturbing
beam has a converging wave front at the jet) and 2.2 mm
(diverging wave front) respectively. We use the m = +1
terms of the harmonic radiation.

The m = 1 components (even harmonics) propagate
towards y > 0 direction with the angle A\q/gA\,. When
the perturbative field is converging (R < 0), the m =1
harmonic beams are focused closer to the detector and
the beam size decreases (Fig. 2a). In contrast, when we
have a diverging perturbing field (R > 0), the m = 1
harmonic beams are defocused, exaggerating the beam
divergence (Fig. 2b). For the m = —1 components, the
near field harmonic phase is inverted, so their propaga-
tion angles are —0A\q/g)p along y < 0. The m = —1
harmonic beams are diverged with R < 0 and focused
with R > 0. These coexisting focused and defocused
harmonic beams are related to the real and virtual zone
plate foci respectively.

For a more precise characterization of the wave front
curvature and zone plate foci, we turn to SWORD (Spec-
tral Wavefront Optical Reconstruction by Diffraction)
[21]. SWORD is analogous to a one-dimensional spec-
trally resolved Shack-Hartmann wave front sensor [22].
In Fig. 1, the 25 pum SWORD slit moves along the vertical
(y) direction with 20 pm steps. 20 pm is small compared
to the few hundred micron beam size. The spectrometer
slit selects a vertical lineout of the SWORD slit-diffracted
beam, yielding a frequency-resolved diffraction pattern at
the detector. By determining the position of the central
fringe of the diffraction pattern we determine the wave
front gradient of harmonic ¢ at position y, equivalent to
spatial phase distribution ¢4(y). The total energy con-
tained in the diffraction pattern leads to the intensity dis-
tribution I,(y). Once amplitude (solid lines) and phase
(dashed lines) are known at the slit (z = 0), the beam is
fully characterized (Fig. 3a for H22). It can be projected
everywhere in space.

We reconstruct the even harmonics field distribution
at any location before the SWORD slit by propagating
the field E4(y, z = 0) = \/I;(y) exp[ig4(y)] back toward
the gas medium using the one-direction wave propaga-
tion equation 0,F,(y, z) = iXa/(47q)0yy Eq(y, 2) [23]. In
this way we locate the beam foci by searching for the
z-position maximizing |E,(y, z)|?, and obtain the trans-
verse y-profile of the focal spots.

The H22 intensity distribution along y (or vertical)
direction is shown as a function of distance from the
SWORD slit in Fig. 3b where we have used a perturbing
beam with a concave wavefront (R = —2.8 mm). In the
figure, the beam propagates to the right as illustrated by
the arrow in the figure. The measurement shows that
the m = £1 component of H22 cross at 23 cm before the
20 SWORD slit. This is the exact position where we have
20 placed the gas medium.
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FIG. 3. SWORD measurement of the m +1 compo-
nents of H22 radiation. (a) Measured intensity (solid) and
phase (dashed) distribution along y or vertical direction of

the m = 1 (right) and m = —1 (left) components of H22
radiation at the SWORD slit (z = 0). The perturbing wave-
front radius of curvature is R = —2.8 mm. (b) Intensity

y-distribution of XUV field at z-positions before the SWORD
slit, reconstructed from XUV field at the slit in (a) through
back-propagation. The nonlinear gas medium is placed 10 mm
before the driving laser focus. The arrow shows the propaga-
tion direction of laser and harmonic beams.

For this aspect of the experiment we have placed the
22 gas jet 10 mm before the driving beam focus to minimize
23 the intensity gradient effect. In this configuration, the
224 focal positions and sizes are predominantly determined
25 by the zone plate. There are two foci in Fig. 3b. The m =
»s 1 and -1 components have their intensity maximum and
227 the smallest transverse size at 20 cm and 25 cm before

221
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the SWORD slit respectively, corresponding to the real
and virtual foci of the zone plate for H22. For the m =1
component, the focal length is 3.4 £ 0.6 cm. This is the
distance between the real focus and the crossing point
of the m = 41 harmonic beams. The full-width-half-
maximum (FWHM) size of the real focus is 16 + 1 pum,
approximately one third the beam size at the gas medium
(50 £ 10 pm).

The m = —1 virtual focus is closer to the gas medium
than its counterpart real focus because of a small remain-
ing divergence imprinted on the XUV by the intensity
gradient of the driving beam [19, 20]. Next we quan-
titatively compare our zone plate foci characterization
results with simulations including such complexities.

We use the strong field approximation [1], and propa-
gated the m = £1 harmonic beams to calculate the real
focal positions and spot sizes. As shown in Fig. 4a for
both simulation (solid line) and experiment (circles), the
real focal lengths of the H22 beams, either m = 1 com-
ponents for R < 0 or m = —1 components for R > 0,
agree within error. Both decrease as |R| decreases, as
discussed in Eq. 3.
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FIG. 4. Simulation of H22 zone plate foci and comparison
with experiments. (a) Experimental (circle) and simulation
(solid lines) results of real focal length. (b) Experimental
(circle) and simulation (solid lines) results of real focal spot
size. Both (a and b) are plotted as a function of the radius of
curvature of the control beam wavefront, R. (c) The inten-
sity spatial profiles of focused H22 beams generated by narrow
driving beam (blue, 1/e? size w = 80 um) and wide driving
beam (red, 1/e? size w = 250 um) with the medium placed 10
mm before the driving beam focus. The driving beam inten-
sities and other parameters for these two cases are the same
(except the beam size), and the perturbing wavefront curva-
ture is R = —2 mm. The narrow driving beam (w = 80 pum)
induced H22 intensity is multiplied by 100 times artificially for
comparison with the wide driving beam case (w = 250 pym).

The focal spot sizes also decrease as |R| decreases
(Fig. 4b), reflecting the fact that the focal length, or
f-number, decreases. The minimum FWHM focal size
that we measured is 13 + 1 pym when R = 1.2 mm.
This is approximately one fourth the beam size at the
gas medium (50 £ 10 pm). If the second harmonic
intensity were appropriately chosen, we might expect
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~ |J1£1(0.587)|* = 34% energy of the radiation to be de-
flected into the m = +1 component beams. Meanwhile,
the estimated pulse duration broadening of the focused
harmonic pulse is negligible (< 2 fs). Thus an intensity
enhancement of ~ 5 times is available. However, the
measured focal size is larger than simulation prediction
as |R| approaches 1 mm. We believe the difference is due
to aberration on the perturbing beam as the fundamental
beam overlaps almost all of the perturbing beam near its
focus.

In Figure 4c we show results of a simulation for a larger
driving beam. For comparison we use the same driving
beam intensity and R = —2 mm as the experiment, but
increased the driving beam size (1/€?) from 80 to 250 pm.
The simulation shows that the H22 focal spot size shrinks
from 10 to 2.9 um (Fig. 4b). The peak intensity enhance-
ment would be correspondingly larger by a further factor
of 100 (10 from the higher energy beam created by the
fundamental and another factor of 10 from the smaller
focal spot). We anticipate that the focal spot size can
reach sub-micrometer and the intensity enhancement of
4—6 orders-of-magnitude seem feasible.

Before concluding, a reader may find it useful to link
the wave front description that we have used to the pho-
ton momentum. In momentum language, a net-single
photon from the perturbing beam contributes to each
photon of high harmonic emission (m = 1) when R < 0in
Fig. 1 [3]. Its momentum simultaneously focuses and de-
flects the harmonic, corresponding to the real zone plate
focus. For the -1 order, a net-single photon is emitted
into the perturbing beam (m = —1) and its momentum
contributes to defocusing and deflection in the opposite
direction (Fig. 2a). Higher order diffraction (not shown)
corresponds to net-2 (|m| = 2) or more (|m| > 2) pho-
tons absorbed from or emitted to the perturbing beam.
However, while the photon momentum picture is useful
qualitatively, it is difficult to use for quantitative predic-
tions.

In conclusion, we have introduced the concept of per-
turbative control for all-optical XUV optics and demon-
strated it by controlling the wave front curvature. Since
control is exercised with much smaller field than the driv-
ing field, the ionization process during high harmonic
generation is not significantly impacted, and the accu-
mulated harmonic wave front phase d®, is proportional
AFE/E. Intuitively, perturbative control is similar to the
wave-mixing picture in conventional perturbative nonlin-
ear optics [2] but the power law dependence of the mod-
ulated harmonic intensity to I, is not necessary for
optimal zone plate formation.

One can take advantages of the general properties of
perturbative control to construct different versatile all-
optical XUV optics and actively tune their parameters or
optical properties in a flexible way. For example, XUV
beam carrying tunable orbital angular momentum can be
obtained [24].

Moreover, the wave front control that we have pro-



sie posed and demonstrated has several advantages. First,
a5 it deflects the focused XUV beam out of the path of the
a1 fundamental pulse. Thus, a sample can be placed at the
XUV focus without risking damage from the high inten-
sity fundamental. This could be important for femtosec-
ond XUV pump-XUV probe experiments [25]. Second,
an XUV monochromator can be constructed by trans-
lating a micro-diameter pinhole along the central axis of
the zone plate. Thus, the focused harmonic order is se-
lected with limited temporal broadening and minimum
energy loss [26, 27]. Third, a zone plate produces the
same focal spot size for each harmonic, making inten-
sity comparisons between different harmonics more ac-
curate. Finally, all-optical zone plates can be used to
pre-focus beams for further focusing with physical zone
plates. This will allow even smaller foci (10 nm seems
feasible) and allow many orders-of-magnitude intensity
enhancement over what is currently available [28].
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