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influence the laser, making it challenging to compensate for very
short coherence lengths.

Recently, Voronov et al. demonstrated that a weak
counterpropagating pulse can be used to disrupt high-harmonic
emission14,15, with the objective of using this technique to
implement QPM16,17. This experiment used a simple focused-
beam geometry in a low-pressure gas. The counterpropagating
field induces both a standing amplitude and phase modulation
on the driving laser field. Even though the counterpropagating
field is weak, it distorts the field of the driving laser, essentially
turning off phase-coherent high-harmonic production in the
region where the two pulses overlap. That work also demonstrated
that if the HHG signal is deliberately suppressed by a non-optimum
focusing geometry, a single counterpropagating pulse can recover
much of the original harmonic signal that had previously been
obtained in the optimum-focus geometry. However, this work only
investigated harmonic emission in regimes where conventional
phase-matching was already possible in the medium. Attempts
to obtain enhancements greater than what could otherwise be
obtained were not successful.

EXPERIMENT

Here, we overcome the limits of past experiments by demonstrating
all-optical QPM using a train of counterpropagating pulses, to
achieve a real and substantial enhancement of high-order harmonic
generation in a regime where the process cannot be phase-
matched. Using a train of two counterpropagating pulses in a short
hollow waveguide, we observe a selective enhancement of the 43rd
harmonic by up to 14 times compared with what is otherwise
obtainable. Furthermore, using a train of three counterpropagating
pulses in a long hollow waveguide, we increase this enhancement
to more than 300. This large enhancement due to all-optical QPM
increases the harmonic emission from argon around 70 eV to a
level comparable to the conventionally phase-matched (pressure-
tuned) emission from helium at this energy. This approach has
the potential for further substantial enhancements using additional
counterpropagating pulses. We also use the counterpropagating
pulse for detailed observations of long-range coherent signal
build-up, showing that the hollow waveguide geometry presents
an exceptionally well-controlled medium for such an extreme
high-intensity process, making it possible to implement QPM.
Finally, we demonstrate that the two different quantum pathways
that generate a given harmonic (the long and short trajectories)
respond differently to the counterpropagating field. We select which
quantum path to enhance using different counterpropagating
pulse intensities, demonstrating control over the radiating electron
wavefunction on attosecond timescales18–20.

The experimental set-up is shown in Fig. 1. The output from a
1 kHz Ti:sapphire laser amplifier is split into two beams—the first
with a 25 fs pump pulse to generate harmonics, and the second
with between one and three consecutive counterpropagating
∼1.6 ps probe pulses. The beams are coupled into a hollow
waveguide from opposite directions. The harmonic signal is
then observed as the intersection point of the two beams in
the waveguide is varied. The superposition of the forward-
travelling and weak counterpropagating beams can be described
by a forward-propagating field that is modulated in both
amplitude and phase along the direction of propagation, z, with
a periodicity corresponding to half the driving laser wavelength.
As a result, the phase of the local extreme-ultraviolet emission
also exhibits oscillations along z with the same periodicity. These
rapid phase variations prevent the coherent build-up of the
harmonic field, suppressing the efficiency in the regions where
the pulses intersect14–17. Therefore, if the laser beams collide in
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Figure 1 Experimental set-up for QPM of high-harmonic generation using
counterpropagating pulses. Optimal suppression of the emission from
out-of-phase zones is accomplished when the effective counterpropagating pulse
width and pulse separation correspond to one and two coherence lengths,
respectively (see inset). The inset corresponds to a frame co-moving with the
forward propagating beam. In the lab frame, the pulse width and separation are
twice as large.

a region where the harmonic polarization is out of phase (in
phase) with the driving beam, the harmonic signal is enhanced
(suppressed). Moreover, maximum enhancement (suppression)
will be obtained when the length of the intersection region
(half the counterpropagating pulse length, as the pulses move in
opposite directions) equals the coherence length. For QPM using
a pulse sequence, the pulse separation must therefore equal 4Lc

for maximum enhancement, as the effective pulse separation in
the frame co-moving with the forward propagating pulse will then
be 2Lc. The phase mismatch and coherence length for the qth
harmonic order is given by:
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where P is the pressure, q is the harmonic order, klaser and kEUV are
the laser and extreme-ultraviolet wavevectors, η is the ionization
level, l0 is the laser wavelength, re is the classical electron radius, a
is the waveguide diameter, u11 is the lowest-order waveguide mode
factor, Natm is the number density of atoms at atmospheric pressure
and �δ is the differential gas dispersion. From equation (1), Lc

scales as 1/q with harmonic order, for fixed values of P and η.
Setting the waveguide term to zero, equation (1) can be solved for
�k = 0 to derive the critical level ηc ≈ 5%, 1% and 0.5% in Ar, Ne
and He, respectively, above which pressure-tuned phase-matching
is not possible. For argon, this corresponds to harmonic orders
greater than 31 for our experimental conditions.

FINDINGS

Figure 2a shows the harmonic signal as a function of the position
of a single counterpropagating pulse in an argon-filled waveguide,
for a driving pulse energy and duration of 0.52 mJ and 25 fs, and
counterpropagating pulse energy and duration of 0.2 mJ and 1.6 ps.
The high ionization (20%) and low pressure (Ar at 5 torr) in
this experiment are far from the conditions (<5% ionization and
40 torr) that enable pressure-tuned phase-matching for harmonic
orders less than 31. Clear coherent oscillations, with a period
corresponding to 2Lc, are observed for harmonic orders 37–45.

nature physics VOL 3 APRIL 2007 www.nature.com/naturephysics 271

Untitled-1   2 22/3/07, 5:54:14 pm



ARTICLES

0 2 4 6 8 10 12 14 35

37

39

41

43

45

1
2
3
4
5

En
ha

nc
em

en
t f

ac
to

r

z (mm) Ha
rm

on
ic 

or
de

r

Harmonic order

L c (
m

m
)

CP FWHM

35 37 39 41 43 45

0.2

0.4
0.3

0.6

0.8

43

41

39

37

45
0

2
4 6

8 10

Ha
rm

on
ic 

or
de

r

z (mm)

0

1

In
te

ns
ity

 (a
.u

.) ba

Figure 2 Probing the coherent build-up and coherence lengths with a single counterpropagating pulse. a, Harmonic intensity as a function of harmonic order and
intersection point z, with respect to the exit of the waveguide. b, Enhancement factor as a function of harmonic order and collision position with respect to the exit of the
waveguide, for the long quantum trajectory. The enhancement factor is the ratio of the harmonic signal with and without the counterpropagating pulse. Inset: Measured
coherence length at z= 5 mm (near the gas inlet) as a function of harmonic order. The coherence length decreases with increasing harmonic order. As expected, the largest
enhancement is observed for the 45th order, for which the coherence length most closely matches the effective counterpropagating pulse full-width at half-maximum
(CP FWHM) of 300μm (red line).

Modulations are clearly visible from the exit of the waveguide
to approximately 1 cm into the waveguide. Figure 2b shows the
enhancement factor (the ratio between the harmonic intensity with
and without the counterpropagating pulse) for these harmonics
as a function of intersection point. The inset of Fig. 2b shows
that the maximum enhancement is obtained for harmonic order
45, for which the coherence length most closely matches the
effective counterpropagating pulse width (300 μm). In this case, the
counterpropagating pulse suppresses the harmonic emission from
a single out-of-phase zone. Hence, the total signal results from a
coherent addition of two adjacent in-phase zones.

Interestingly, there are two distinct peaks for each harmonic
shown in Fig. 2a. These high- and low-energy peaks correspond
to harmonic emission from two different quantum pathways of
the ionized electron, as it propagates in the field of the laser21.
The so-called long or short trajectories correspond to orbits of
electrons that are free from their parent ions for more or less than
one half cycle of the driving laser. Thus, although both trajectories
gain nearly equal energy from the laser field, the long quantum
path spends more time in the continuum, and therefore is more
sensitive to the presence of the weak counterpropagating beam.
This conjecture is confirmed both experimentally and theoretically
in Fig. 3. Figure 3a,b shows data illustrating the effect of the
counterpropagating light on harmonics in the plateau region, for a
0.25% intensity ratio between the counterpropagating and driving
laser beams. As expected, only the long trajectory is significantly
modulated by the counterpropagating light. In the cutoff region
however, the short- and long-trajectory electrons spend almost
the same time in the field. To clearly observe the cutoff region,
we decrease the intensity of the driving pulse by a factor of 4,
while the intensity of the counterpropagating beam is not changed,
resulting in an intensity ratio of 1%. In this case, harmonics
emitted by both long and short trajectories are modulated by the
counterpropagating light (Fig. 3c,d), with stronger modulations
observed for the short trajectory.

We calculate the influence of the counterpropagating beam on
the two trajectories (see the Methods section). Figure 3e shows
the ‘survival factors’ (the power accumulated after one period
(0.4 μm) in the presence of a counterpropagating beam normalized
by the power without the counterpropagating beam) of the
two trajectories. In agreement with our observations, the theory

predicts that for low intensity ratios (around 0.25% in the plateau
region), only the long trajectory is significantly influenced by
the counterpropagating pulse. However, for larger intensity ratios
(around 1% in the cutoff region), both trajectories are influenced
by the counterpropagating beam and moreover, the short trajectory
is influenced more. Thus, the use of counterpropagating pulses with
different intensity ratios will be useful for selecting and enhancing
harmonic generation from either the short or long quantum
trajectories. Because the time difference between the recollision
of the two trajectories is <1 fs, this result also demonstrates
attosecond coherent control of the radiating electron wavefunction.

A two-pulse counterpropagating pulse train can enhance the
extreme-ultraviolet emission still further by suppressing emission
from two out-of-phase zones, whose widths match the effective
counterpropagating pulse width. If the counterpropagating beam
fully eliminates the generation process in the out-of-phase regions,
then the output signal should correspond to the coherent addition
of three in-phase zones—in which case an enhancement factor
of 9 would be expected. For this experiment, a 2.5 cm hollow
waveguide was used. The length of each counterpropagating pulse
was set to 0.48 mm with a separation of 1.1 mm, and the pulse
energy of the pump pulse and each of the counterpropagating
pulses was 0.42 and 0.1 mJ, respectively. Figure 4a,b shows the
measured enhancement in the output extreme-ultraviolet signal
as a function of harmonic order, using either one or two
counterpropagating pulses. When the effective pulse separation
of 0.55 mm approaches 2Lc, a maximum enhancement factor
of 14 is observed in the output of the 43rd harmonic. The
counterpropagating pulse separation is measured directly by
monitoring the intensity of the 43rd harmonic as a function of the
intersection point in the waveguide, for either counterpropagating
pulse individually, as shown in Fig. 4c. Interestingly, the large
14-times enhancement of the 43rd harmonic shown in Fig. 4b
exceeds the expected value (of 9). This indicates that the interaction
with the counterpropagating beam may lead to a 180◦ phase
shift in the overlapping region, that is, out-of-phase zones are
transformed into in-phase zones17. As discussed below, weaker
coherence zones at the exit of the medium may also result in a
larger-than-expected enhancement.

To further optimize all-optical QPM, we increased the number
of counterpropagating pulses to three, while also using a longer,
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Figure 3 The influence of the counterpropagating beam on the short and long quantum paths. a, Harmonic intensity as a function of harmonic order and pulse collision
position, for an intensity ratio of 0.25% between the counterpropagating and driving pulses. b, Cut through the 39th harmonic in b, showing the strong and diminutive
modulations in the long (black) and short (red) trajectories, respectively. c, Harmonic intensity as a function of harmonic order and pulse collision position, for 1% intensity
ratio. d, Cut through the 21st harmonic in a, showing that both the long (black) and short (red) trajectories are strongly modulated. The driving laser intensity for c and d was
a factor of 4 smaller than in a and b, and therefore lower harmonic orders are observed. e, Calculated survival factor of various harmonics for the long and short trajectories
as a function of intensity ratio. The calculated conditions (see Methods section) are similar to the conditions in plots c and d. Lines are labelled in harmonic order.

6 cm, waveguide. The longer waveguide ensures better coherent
build-up and mode coupling22, while reducing mode beating
effects. For this experiment, the length of each counterpropagating
pulse was set to 0.34 mm, with an effective pulse separation of
1.1 mm, and the pulse energy of the pump pulse and each of the
counterpropagating pulses was 0.46 and 0.12 mJ respectively. Note
that in this case, where the counterpropagating pulses are further
apart, the out-of-phase zones that are suppressed are not adjacent.
Figure 5a,c shows the measured enhancement in the output
extreme-ultraviolet signal as a function of harmonic order, using
one, two or three counterpropagating pulses. The large 300-times
enhancement of the 41st harmonic far exceeds the predicted value
of 16 for the coherent addition of four in-phase zones. The probable
reason for this large enhancement is that the harmonic emission
from the last coherent zone is weaker than that from the centre of
the waveguide because of modification of the driving laser beam
owing to loss, mode beating and decreasing pressure ramps. (We
note that the absolute fluxes given in Figs 4a and 5a can be directly

compared.) To benchmark the observed enhancements due to all-
optical QPM, we compare the brightness of harmonics emitted
from three-pulse QPM with conventionally phase-matched helium
at the same energy (Fig. 5b). We find that the brightnesses of
the 39th, 41st and 43rd harmonics are comparable or brighter
than those from phase-matched helium (at considerably higher
pressures), and result in an estimated flux of ∼1010 photons s−1 in a
single harmonic near 70 eV. This finding conclusively demonstrates
that all-optical QPM significantly enhances the harmonic flux in
regimes well above the critical ionization that cannot be phase-
matched using other approaches.

FUTURE WORK AND CONCLUSIONS

In the future, using additional counterpropagating pulse trains,
larger, and selective, enhancements of individual harmonic orders
should be possible. Moreover, this technique can be extended
to extremely high-order harmonics with very short coherence
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Figure 4 All-optical QPM of high-harmonic generation by counterpropagating pulses. a, Observed HHG emission for no (grey), one (blue) and two (red)
counterpropagating pulses. The effective pulse widths and separation are 0.24 and 0.55 mm, respectively. b, Enhancement factor versus harmonic order for one (blue) and
two (red) counterpropagating pulses. The maximum enhancement (14 times) is observed when half the effective pulse separation (dotted horizontal line) matches the
measured coherence length (solid black line). The error bars represent the standard deviation of the enhancement factor, which is obtained by sampling 10 different spectra
under the same conditions. c, Intensity of the 43rd harmonic versus collision position, in the presence of both counterpropagating pulses (red) and when only the first (grey)
or second (blue) pulse is present. The effective pulse separation is determined from these plots.
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Figure 5 QPM of high-harmonic generation using either one, two or three counterpropagating pulses in a long (6 cm) hollow waveguide filled with 7 torr of argon.
a, Observed HHG emission for no (grey), one (blue) and three (red) counterpropagating pulses, each of width 0.34 mm, spaced by 1.1 mm. b, Comparison of the brightness
between three-pulse QPM (red), no counterpropagating pulses (grey), in argon at 7 torr, and the phase-matched emission from 100 torr of helium (black) under otherwise
identical conditions. c, Enhancement factor as a function of harmonic order, for one (blue), two (black) and three (red) counterpropagating pulses. d, Intensity of the 41st
harmonic versus pulse collision position for each counterpropagating pulse separately (green: first pulse; black: second pulse; blue: third pulse), as well as all three pulses
(red). This data directly measures the pulse separation to be 1.1 mm. The three counterpropagating pulses were generated from the blue, centre and red parts of the laser
spectrum respectively.

lengths, by using a pulse train with a period of a few micrometres.
Furthermore, longitudinal changes in the coherence length can
be addressed using pulse-shaping techniques. Interestingly, the

required intensity ratio between the counterpropagating laser and
the driving laser for a given phase modulation decreases for
increasing harmonic order. Moreover, the pulse duration of the
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counterpropagating field can be quite short and still result in
large enhancements near 700 eV photon energies, because the
coherence length is rapidly decreasing, proportional to 1/(ne q),
where ne is the electron density. Thus, all-optical QPM will
be an exciting candidate for enhancing harmonic emission
at 700 eV photon energies by orders of magnitude, using a
long train of multiple counterpropagating pulses, each having
energies of only tens of millijoules and femtosecond duration.
Finally, the selectivity of the quantum-path control for long
and short trajectories can be extended to all harmonic orders
generated above the critical ionization level for any gas, that
is, 50 eV to 700 eV. This ability also means that, for the first
time, efficient, spatially coherent beams can be generated from
long trajectories.

In summary, we demonstrate enhancement of high-harmonic
generation using all-optical QPM in a highly ionized regime
where conventional phase-matching techniques are not applicable.
Using a three-pulse sequence, we enhance extreme-ultraviolet
emission around 70 eV by up to two orders of magnitude, to
a level comparable or better than the conventionally phase-
matched emission from helium. These measurements provide a
demonstration of the high level of coherence of extreme-ultraviolet
beams generated in waveguides, which bodes well for implementing
QPM at even shorter soft X-ray wavelengths. This approach is
particularly amenable for very high-order harmonic generation
in highly ionized gases, because the counterpropagating pulse
travels in, and does not disturb, the neutral gas up to the pulse
collision point. Furthermore, the generation of higher harmonic
orders is more easily perturbed by the counterpropagating field.
This work thus represents an important advance in overcoming
a critical challenge in laser science, for implementing useful
coherent extreme-ultraviolet sources at wavelengths of interest to
advanced lithography, and for high-resolution imaging. Promising
future directions include the application of this technique to
very high-order harmonics, the use of pulse trains and pulse
sequences that are shaped in time, amplitude and polarization to
optimize extreme-ultraviolet efficiency, as well as attosecond-pulse
generation by enhancing selected quantum paths while applying
gated phase-matching techniques.

METHODS

EXPERIMENTAL
In our experiment, the chirped amplified output from a 1 kHz Ti:sapphire laser
is split into two beams before the pulse is recompressed to a short duration.
One beam (the pump beam) contains 30% of the laser energy (4 mJ), and is
compressed to 25 fs using a grating pair compressor. It is then coupled into a
3.5-cm-long, 150-μm-diameter hollow waveguide using a 75 cm focal-length
lens, as shown in Fig. 1, to generate high harmonics. The second
counterpropagating beam is partially compressed (still positively chirped) to a
few picoseconds, using a second pulse compressor. It is then sent through a
motorized delay line and coupled into the waveguide from the opposite side,
using a 75 cm focal-length lens. Finally, it enters the waveguide by reflecting
from a mirror at 45◦ with a central hole, through which the lower divergence
extreme-ultraviolet beam can pass. To generate two or three
counterpropagating pulses, pieces of glass are inserted into the second pulse
compressor to delay different frequency components of the laser spectrum.
Thus, the counterpropagating pulses are formed from different parts of the
spectrum, and can be blocked independently. Each counterpropagating pulse
alone, although frequency-chirped and originating from different parts of the
laser spectrum, can be adjusted to result in equal suppression of the harmonic
generation from a particular coherent zone. The harmonic emission is then
observed as the intersection point between the pump and counterpropagating
pulses is varied. It is detected using a flat-field spectrometer and X-ray
charge-coupled device camera. The fundamental laser light is rejected by two
aluminium foil filters, each of 200 nm thickness.

THEORETICAL
Here, we describe the method we used for calculating the survival factor shown
in Fig. 2e. The survival factor is defined as the power accumulated after one
period of the induced longitudinal interference grating (0.4 μm) in the presence
of a counterpropagating beam, normalized by the power observed without the
counterpropagating beam. Neglecting dispersion, absorption and all nonlinear
effects within the short interval z = [0–0.4 μm], we assume the following
driving field E(τ,z) = E0{sech(1.76τ/τ0)cos(ωτ)+ rcos[ω(τ+2z/c)]}
where τ0 = 20 fs is the forward beam full-width at half-maximum,
ω = 2.36 fs−1 is the angular frequency, r is the amplitude ratio between the
forward-travelling and counterpropagating beams, E0 = 2.6×1010 V m−1 and
τ = t − z/c is the time in the frame moving in the forward direction at the
speed of light, c. The atomic dipole moment, which is the source for the HHG
field, is calculated by the generalized Lewenstein model23, which also accounts
for non-adiabatic effects. The ionization rate is calculated by the so-called ADK
tunnel ionization model24. The contributions of the short (long) trajectories to
the dipole moment are calculated by solving equation (9) in ref. 23 for a
recombination time that is larger than the ionization time by less (more) than
half a cycle (1.33 fs). Finally, the dipole moment is used for calculating the
HHG field, and subsequently the power at z = 0.4 μm, according to this model.
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