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We demonstrate fully phase-matched high harmonic emission spanning the water window spectral

region important for nano- and bioimaging and a breadth of materials and molecular dynamics studies. We

also generate the broadest bright coherent bandwidth (� 300 eV) to date from any light source, small or

large, that is consistent with a single subfemtosecond burst. The harmonic photon flux at 0.5 keV is 103

higher than demonstrated previously. This work extends bright, spatially coherent, attosecond pulses into

the soft x-ray region for the first time.
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Nonlinear optics has revolutionized laser science by
making it possible to efficiently convert laser light from
one wavelength to another. Using the extreme nonlinear-
optical process of high harmonic generation (HHG), light
from an ultrafast laser can be coherently upshifted, result-
ing in a useful, tabletop, coherent short wavelength source.
However, despite the fact that water window harmonics
were first observed in 1997 [1,2] most applications to date
have used extreme ultraviolet (EUV) and not soft x-ray
light, due to the limited flux there. The unique properties of
EUV HHG have already proven useful for studying ultra-
fast molecular, plasma and materials dynamics [3,4], for
characterizing nanoscale heat flow [5], for following
element-specific dynamics in magnetic materials [6], and
for high-resolution coherent imaging [7]. Moreover, the
attosecond recollision physics that underlies HHG pro-
duces femtosecond-to-attosecond pulses that are ideal for
capturing the motion of electrons in atoms, molecules, and
materials on their fundamental time (�<fs) and length
(�<nm) scales. However, for many applications in bio-,
molecular, nano-, and materials science, bright emission in
the soft x-ray region of the spectrum is needed in order to
access C, N, and O absorption edges that enable high
contrast, element-specific, spectroscopy and microscopy.

In HHG, short wavelength light is emitted as a result of
the highly nonlinear motion of an electron as an atom is
ionized by a strong laser field. The maximum HHG pho-
ton energy emitted by a single atom is given by a simple
cutoff rule: h�max ¼ Ip þ 3:2Up, where Ip is the ioniza-

tion potential of the atom and Up � IL�
2
L is the quiver

energy of an electron in a laser field of intensity IL and
wavelength �L (IL is the laser intensity at which the atom
is ionized) [8,9]. This very favorable scaling for h�max

means that weak harmonics can be generated in the
water window (between the C and O K-shell absorption
edges at 284–540 eV), [1,2] and even in the keV x-ray
region with very low flux levels [10]. For efficient fre-
quency up-conversion however, the generated harmonics

must propagate at the same phase velocity as the driving
laser, allowing for phase-matched, coherent growth of the
signal from many atoms in an extended nonlinear me-
dium. Full phase matching of the HHG process requires
that dispersion due to the neutral gas, plasma, quantum
phase, and any geometrical contribution be balanced. In a
hollow waveguide geometry [11–13], phase matching
(�k ¼ kqw � qkw ¼ 0) can be achieved at an optimum

pressure p given by

�k � q
�2

11�L
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(1)

Here q is the harmonic order, u11 is the mode factor, a is
the waveguide radius, � is the ionization level, re is the
classical electron radius, Na is the number density of
atoms/atm, �� is the difference in the indices of refraction
of the gas at the fundamental and x-ray wavelengths, !
and �L are the fundamental laser frequency and wave-
length, respectively, k is the phase velocity, and n2 ¼ ~n2IL
is the nonlinear index of refraction at �L.
However, from Eq. (1), phase matching is possible only

for ionization levels below a critical level of ionization
given by �cð�LÞ ¼ f1þ �2

LreNatm=½2���ð�LÞ�g�1. Be-
cause higher harmonics are emitted at higher levels of
ionization [14], this results in a phase matching cutoff
that is always lower than the single atom cutoff propor-
tional to� IL�

2
L. Physically, when the ionization in the gas

exceeds �crð�LÞ, the phase velocity of the driving laser
exceeds that of the generated harmonics, and phase match-
ing is not possible even using very short driving laser
pulses. For Ti:sapphire driving lasers at a wavelength of
0:8 �m, this limits bright harmonic emission to photon
energies <150 eV. Overcoming this phase-matching limit
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is thus a grand challenge in nonlinear optics, that has
motivated a variety of schemes such as quasiphase match-
ing (QPM) [15–18], nonadiabatic and short pulse phase
matching [10], and neutral atom phase matching [19].
However, to date none of these schemes has succeeded in
generating bright harmonics over an extended (absorption-
limited) length necessary to maximize efficiency.

Very recently we showed that by using longer wave-
length, midinfrared (mid-IR) driving lasers, full phase
matching of the HHG process can be extended in theory
to >10 keV [20,21]. The single atom cutoff rule, h�max �
IL�

2
L, clearly shows that using a longer wavelength driving

laser will result in the generation of shorter wavelength
harmonics [22,23]. However, recent studies have shown a
dramatically decreasing photon yield [24,25] with longer
driving laser wavelengths, scaling as � ��6:5

L . Fortunately

from the cutoff rule, to generate a given energy harmonic,
the required laser intensity is significantly lower for longer
driving laser wavelengths. This reduces ionization in the
medium and extends full phase matching to much higher
energies. In past work we demonstrated full phase match-
ing of HHG in He at photon energies up to 330 eV–the low
edge of the water window region important for applications
[20]. Other recent work demonstrated phase matching over
� mm regions of supersonically expanding neutral gas at
photon energies around 270 eV in Ne (with weak emission
extending to 400 eV in He) [19]. That work also predicted
that Ne would be the brightest emitter for water window
harmonics.

In this Letter we extend bright, spatially coherent, high
harmonics throughout the water window, to photon ener-
gies >0:5 keV for the first time. The phase-matched high
harmonic flux is >103� brighter than previously demon-
strated [10], and is sufficient for a range of applications in
materials and nanoscience. This high flux also makes it
possible for the first time to measure the spatial coherence
of a compact soft x-ray source. Because of broad phase-
matching conditions, we can generate the broadest bright
coherent bandwidths to date from any light source, span-
ning a 300 eV soft x-ray supercontinuum in He, which is a
bright emitter in the water window. Finally, through careful
comparison of theory and experiment, we validate that the
same phase-matching mechanism that operates for lower
energy EUV harmonics driven by 0:8 �m light, also works
in the soft x-ray region around 0.5 keV when driven by
mid-IR light, i.e., by matching the phase velocity of the
laser to the harmonics, the maximum high harmonic flux,
limited only by gas absorption, can be achieved.

In our experiment, 40 fs pulses at a wavelength of 2 �m
(6 cycles FWHM) are generated in a three-stage optical
parametric amplifier (OPA) seeded by a white-light con-
tinuum. High harmonics are then generated in He, Ne, and
Ar by focusing up to 2.4 mJ of the 2 �m idler beam into a
200 �m radius, 1 cm long, gas-filled hollow waveguide
[20,21]. The HHG spectrum is then detected using a

flat-field imaging x-ray spectrometer and an x-ray CCD
camera. Various metal filters are used to eliminate the
fundamental laser light and to calibrate the spectrometer,
depending on the photon energy range under investigation
[e.g., B (K edge 188 eV), Sc (L edge 400 eV), Ti (L edge
454 eV), and Cr (L edge 575 eV)].
Figure 1 plots the observed and predicted [from Eq. (1)]

phase-matching cutoffs for HHG in He, Ne, and Ar using
mid-IR driving pulses, for this work using 2 �m driving
lasers, and for previous work using shorter wavelength
lasers [19–21]. In He driven by 2 �m light, the phase
matching cutoff extends up to 520 eV, while the harmonic
emission peaks around 450 eV, extending past the O K
edge at 540 eV. The phase-matched HHG signal grows
quadratically with pressure and begins to saturate at pres-
sures of 8000 torr, as expected for phase-matched HHG
emission in the presence of absorption. In Ne, the phase
matching cutoff extends to 395 eVand peaks at 370 eVat a
pressure of 2600 torr, while in Ar, the cutoff extends to
165 eVand peaks at 145 eV, at a pressure of 800 torr. (The
critical ionization levels are 0.0788%, 0.152%, and 0.628%
in He, Ne, and Ar driven by 2 �m light.) The observed
phase-matching pressures are also in excellent agreement
with the predicted values from Eq. (1), as shown in Fig. 2.
Finally, from Eq. (1) and Fig. 1, we can derive a simple

FIG. 1 (color). (a) Solid (dashed) color lines show the pre-
dicted HHG full phase-matching-cutoff energies as a function of
the driving laser wavelength, for a pulse duration of three (eight)
optical cycles. Solid circles show the observed full phase match-
ing cutoff at 1:3 �m and 1:55 �m from [19,20], with the results
of this Letter plotted for 2 �m. Vertical stripes show the ob-
served phase-matching bandwidths. (b) Experimental pressure-
tuned HHG spectra as a function of pressure using 2 �m driving
pulses.
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scaling of �1:4–1:7
L for the highest energy harmonic that can

be phase matched in the soft x-ray region. This is nearly as
favorable as the single atom cutoff rule.

The data of Figs. 1 and 2 clearly show that the observed
phase-matching cutoffs and pressures are in excellent
agreement with mid-IR phase matching based on Eq. (1).
This finding is significant because other schemes have been
proposed for generating bright soft x-ray harmonics—such
as nonadiabatic phase matching [26,27], reduced phase
mismatch using intense few-cycle driving laser pulses
[2], or neutral gas phase matching [19]. However, to date
these schemes have not resulted in bright harmonics in
the water window. Moreover, the first two of these schemes
are not general phase-matching schemes, while the third
scheme is fundamentally the same physics as discussed
here. Our combined theoretical and experimental results
thus validate that the same simple approach of dispersion
control for phase matching, that generates bright harmon-
ics in the EUV using 0:8 �m driving lasers, also works in
the soft x-ray region for mid-IR driving lasers—provided
that the gas pressure is increased by orders of magnitude.
Finally, our data also show that pulses shorter than 10
optical cycles are not required for generating bright soft
x-ray harmonics.

An important question to address is the brightness of the
phase-matched soft-x-ray harmonic emission. Our flux
estimates are based on two approaches. First, we imaged
the HHG beam on the CCD camera, and derived the flux
based on the counts, using the known CCD quantum
efficiency and gain, and filter transmissions. Second, we
compared the HHG emission with the phase-matched
HHG flux at 0:8 �m and 1:3 �m (the HHG flux using
0:8 �mkHz lasers was measured using a NIST-calibrated
vacuum photodiode). Based on these measurements,
an approximate brightness of �106 photons= sec or
�105 photons=shot is observed in a 1% bandwidth around
450 eV in He (at a repetition rate of 10 Hz). A total of

6� 107 photons=s is observed over the entire water win-
dow region (284–520 eV). These flux levels are >103

higher than achieved to date at 0.5 keV [10]. Further
increases in flux by orders of magnitude can be expected
by using driving lasers with better beam quality and higher
repetition rates, higher He pressures, and longer wave-
guides with better differential pumping.
To demonstrate that the HHG beam is spatially coherent

[28], we implemented the first coherence measurement in
the water window using any compact light source. We
placed a double slit in the beam �30 cm after the wave-
guide, followed by an x-ray CCD camera placed �1 m
after the double slit. The width of each slit was 10 �mwith
a center-to-center separation of 20 �m. The entire 60 eV
FWHM bandwidth HHG from Ne around 330 eV was used
to illuminate the double slit, with a beam waist of 1.7 mm.
Figure 3(a) shows the measured and predicted interference
patterns, while Fig. 3(b) shows a lineout of the measured
diffraction intensity (red) and simulated lineout (black).
The broad spectral bandwidth limits the fringe visibility
off-center, as expected. The low HHG beam divergence
means that the fringes become smaller than the CCD pixels
if the slits are further separated, and the diffraction patterns
from the pinholes do not overlap. The strong modulations
of the measured diffraction pattern, combined with excel-
lent agreement with simulation, demonstrate that the beam
center is spatially coherent. Notice that in the image, only
the 1st and 3rd fringes are visible. The 2nd fringe is not
visible due to overlapping interferences between the single
slit and double-slit diffraction patterns.
The phase-matched harmonic emission in He, at

>300 eV, is the broadest bright coherent bandwidth
generated to date from any light source [see Fig. 4(a)]
and extends bright attosecond pulses into the soft x-ray
region for the first time. Past theoretical work has shown
that because phase matching is confined to only a few

FIG. 2 (color). Comparison between the measured (circles)
and predicted [dashed lines based on Eq. (1)] optimal phase-
matching pressures at the phase-matched cutoff photon energy
in He, Ne, and Ar. The calculations assume ionization levels
between 96% and 98% of critical ionization.

FIG. 3 (color). (a) Measured and calculated double-slit inter-
ference pattern using HHG from Ne at 330 eV. (b) Comparison
between the measured (red) and simulated diffraction pattern
lineout (black). The broad bandwidth (�E ¼ 60 eV) limits the
number of fringes. One fringe is not visible due to interference
between the diffraction from a single and double slit.
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half-cycles of the laser—even when using relatively long
6-cycle driving laser pulses (15 fs at 800 nm or 40 fs at
2 �m)—the harmonics emerge as a single attosecond
burst. This prediction was recently confirmed using 15 fs,
800 nm, driving lasers, where chirped pulses as short as
200 as were measured [29]. Here, the 2 �m idler beam
from the OPA is intrinsically phase stabilized, which was
verified experimentally [see Fig. 4(b) inset]. Thus, when
combined with a reduction of the attochirp (1=�L) with
longer driving lasers, together with chirp compensation
techniques that have been demonstrated previously [30],
there is an excellent potential for generating pulses as short
as 11� 1 as, which is the transform-limited bandwidth of
the HHG emission from He, assuming a flat phase.

In summary, we demonstrate bright, coherent, soft x-ray
high harmonic emission for the first time. Because of broad
phase-matching conditions, we observe the broadest bright
coherent emission from any light source to date, spanning
300 eV. We also validated that the same dispersion balance
mechanism that applies to phase matching in the EUV
region using 0:8 �m lasers also applies in the soft x-ray
region using mid-IR driving laser wavelengths, provided
the gas pressure is increased by orders of magnitude.

Finally, we implemented spatial coherence measurements
in the soft x-ray region for the first time using any compact
light source. These advances will enable high-resolution
tabletop microscopies of materials, nano- and biological
samples with unprecedented combined spatial and tempo-
ral resolution.
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FIG. 4 (color). (a) Flux comparison between the ultrabroad
bandwidth, phase-matched, HHG from He and Ne driven by
2 �m lasers, together with the gas-filter transmission curves.
The dip in the spectrum around 284 eV is due to carbon
contamination. (b) Fourier transform of the HHG spectra from
He, assuming a flat phase, showing the potential to support an
11� 1 attosecond pulse, provided that the chirp is compensated.
(inset) An f� 2f interference measurement (each point aver-
aged over 10 laser shots) shows long term stability of the 2 �m
light, with an rms jitter of the carrier wave with respect to the
pulse envelope of 210 mrad over 40 mins.

PRL 105, 173901 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

22 OCTOBER 2010

173901-4

http://dx.doi.org/10.1103/PhysRevLett.79.2967
http://dx.doi.org/10.1126/science.278.5338.661
http://dx.doi.org/10.1063/1.112283
http://dx.doi.org/10.1063/1.112283
http://dx.doi.org/10.1126/science.1164498
http://dx.doi.org/10.1038/nmat2568
http://dx.doi.org/10.1103/PhysRevLett.103.257402
http://dx.doi.org/10.1103/PhysRevLett.103.257402
http://dx.doi.org/10.1364/OL.34.001618
http://dx.doi.org/10.1103/PhysRevLett.68.3535
http://dx.doi.org/10.1103/PhysRevLett.68.3535
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1063/1.2364126
http://dx.doi.org/10.1063/1.2364126
http://dx.doi.org/10.1126/science.280.5368.1412
http://dx.doi.org/10.1103/PhysRevLett.83.2187
http://dx.doi.org/10.1103/PhysRevLett.82.1668
http://dx.doi.org/10.1364/JOSAB.12.000863
http://dx.doi.org/10.1364/JOSAB.12.000863
http://dx.doi.org/10.1038/nphys541
http://dx.doi.org/10.1126/science.1088654
http://dx.doi.org/10.1103/PhysRevLett.99.053902
http://dx.doi.org/10.1103/PhysRevLett.101.253901
http://dx.doi.org/10.1073/pnas.0903748106
http://dx.doi.org/10.1073/pnas.0903748106
http://dx.doi.org/10.1364/OL.33.002128
http://dx.doi.org/10.1103/PhysRevLett.98.013901
http://dx.doi.org/10.1103/PhysRevA.65.011804
http://dx.doi.org/10.1103/PhysRevLett.100.173001
http://dx.doi.org/10.1103/PhysRevLett.100.173001
http://dx.doi.org/10.1103/PhysRevLett.103.073902
http://dx.doi.org/10.1364/OE.15.015351
http://dx.doi.org/10.1364/OE.15.015351
http://dx.doi.org/10.1103/PhysRevA.62.033817
http://dx.doi.org/10.1103/PhysRevA.62.033817
http://dx.doi.org/10.1364/OE.17.004611
http://dx.doi.org/10.1103/PhysRevLett.94.033001
http://dx.doi.org/10.1103/PhysRevLett.94.033001

