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Comparison and real-time monitoring of high-order harmonic generation in different sources
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We compare the generation of coherent extreme ultraviolet (xuv) photons in argon from three different
high-order harmonic sources: a semi-infinite gas cell, a finite gas cell, and a pulsed valve. We demonstrate
photoionization of the background gas by the coherent xuv photons as an alternative to xuv spectroscopy for
real-time and in-line monitoring of the high-order harmonics. Using this technique for measuring photocurrent,
we show that the gas cells produce 50—-100-fold brighter harmonics than the pulsed valve, with an estimated
conversion efficiency of 107, The spectral distribution of the harmonics produced in the gas cells peaks at the
27th harmonic compared to the 19th harmonic in the pulsed valve. We attribute this difference to the interplay

between phase matching and absorption.
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I. INTRODUCTION

Advances in ultrafast laser technology have enabled the
development of table top sources of xuv and soft x-ray light
through the process of high harmonic generation (HHG)
[1,2]. High energy photons are produced in a nonlinear me-
dium when an electron, removed from an atom or a molecule
by the laser field, is driven back to the ion and undergoes
recombination [3,4]. HHG opens new frontiers in science by
extending nonlinear optics into the xuv region [5] and push-
ing ultrafast science to the attosecond domain [6], thus en-
abling: xuv spectroscopy, imaging of molecular orbitals [7],
and electron motion. However, progress in attosecond sci-
ence is presently hindered by the lack of high brightness
harmonic sources. Research has been ongoing to improve
HHG efficiency.

The efficiency of the HHG process depends on: (a) a high
density of atoms leading to coherent buildup of light as it
propagates through the nonlinear medium, (b) the length of
the nonlinear medium, (c) absorption of harmonics by the
nonlinear medium, and (d) phase velocity matching between
the fundamental and the harmonic fields. In addition to me-
dium dispersion, the presence of free electrons can lead to a
phase velocity mismatch, which limits coherent buildup to
short interaction lengths. The HHG efficiency is optimized
by a delicate balance of these competing processes.

HHG from noble atoms in gas phase is the most widely
used technique. However, laser ablation of solids provides an
alternative, especially at lower harmonics [8]. Gas jets pro-
duced by a pulsed valve (PV) are a common source of high
harmonics with typical medium lengths of 1-2 mm and a
maximum on-axis pressure of 10 Torr. Conversion efficien-
cies of about 107> in the 30 nm [9] and 1077 in the 13 nm
[10,11] region were obtained using high-power IR laser
pulses and a loose focusing geometry. The efficiency of
HHG in gas jets is determined solely by phase matching and
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is dominated by Gouy phase shift and medium dispersion. It
is optimized by controlling the relative positions of the laser
focus and the gas jet to balance both the Gouy phase shift
and dipole phase shift [12]. A technical limitation of such a
source is the repetition rate of the pulsed valve, which is
typically much less than that of the laser.

In contrast, static gas cells permit the use of higher atomic
densities and longer medium lengths, leading to higher con-
version efficiencies due to their quadratic dependence. In ad-
dition to phase matching, absorption of harmonics by the
medium starts to play an important role as the medium
length gets longer [13]. For interaction lengths on the order
of the confocal parameter of the laser, as in the case of finite
gas cells (FGC), conversion efficiencies of 10~ have been
reported [14]. In semi-infinite gas cells (SIGC) [15], where
the interaction length is several times the confocal parameter,
pressures in excess of 100 Torr were used for efficient gen-
eration of high harmonics.

High-order harmonics can be generated in hollow capil-
lary tubes [16] with conversion efficiencies of greater that
1079, producing more that 0.2 nJ per harmonic order from a
modest 150 wJ laser pulse. The efficiency of high harmonics
generated in the above sources can be further enhanced by
employing techniques such as adaptive pulse shaping, both
in the frequency [17] and spatial domains [18], and by uti-
lizing orthogonally polarized two-color (fundamental and
frequency-doubled) driving lasers [19]. Despite the numer-
ous studies on HHG efficiency in different types of sources,
there is a lack of direct comparison between them.

In this paper, we use argon as the medium to compare
HHG in a gas jet, a finite gas cell, and a semi-infinite gas
cell. We show that the gas cells produce 50-100 times more
intense harmonics relative to the gas jet. This direct relative
comparison among the different sources was made possible
by introducing an alternate technique of monitoring the har-
monics by measuring the photocurrent produced ionization
of the background gas by the high energy photons. The stan-
dard technique involves using an x-ray spectrometer. While
the spectrometer provides spectral information, the efficiency
of the microchannel plate detector varies with wavelength
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FIG. 1. (Color online) (a) Experimental setup for generation of
xuv photons. SIGC, semi-infinite gas cell; FGC, finite gas cell; DG,
dispersive grating. The grating sits on a motorized stage and must
be removed from the beam to measure photocurrent with the paral-
lel plate detector; MCP, microchannel plates with phosphor screen;
PPD, parallel-plate detector. (b) Semi-infinite gas cell. GI, gas in-
put; PH1, pinhole (100-250 wm); PH2, 1 cm pinhole. (c) Finite
gas cell. GI, gas input; PH, 4 X600 wm pinholes.

and absolute calibration is difficult. Often used in conjunc-
tion with a spectrometer, an x-ray photodiode measures short
wavelength photons but must be calibrated with known
sources such as a synchrotron. Unlike the standard methods,
our technique can monitor high harmonics in real time and
in-line, without intervention in or depletion of the x-ray
beam. This is important for many studies in the attosecond
domain.

II. EXPERIMENT

The schematic of the experimental setup for HHG is
shown in Fig. 1. Linearly polarized laser pulses from a
Ti:sapphire regenerative amplifier (0.8 mJ, 35 fs, 800 nm,
100 Hz) are focused through a 1 mm thick fused silica win-
dow onto the gas target with an achromatic lens of focal
length 75 cm. The target is either a gas jet produced by a
pulsed valve or two different types of gas cells. In all cases,
the harmonics are produced at the same location in the
source chamber. The source and detector chambers are dif-
ferentially pumped through a 3 mm diameter tube that is 5
cm in length. The different harmonic orders are detected us-
ing a grazing-incidence concave grating (1200 lines mm™)
which disperses and focuses them onto a microchannel plate
(15 mmX75 mm) coupled to a phosphor screen. The
screen is imaged with a charge coupled device (CCD) cam-
era. In the typical operating configuration, harmonic orders
11-49 are detected. The harmonics are optimized by slightly
moving the laser focus with respect to the target and by
adjusting the laser chirp.

When the grating, positioned on a translation stage, is
removed from the laser path, the harmonic beam passes
through a copper parallel plate detector. The parallel plate
detector and microchannel plates are equidistant from the
location of high-order harmonic generation. The active area
of the detector plates is approximately 10 mm X 75 mm
with an 8 mm separation. Ions of the background gas in the
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detection chamber (P~5X 1077 Torr) created between the
parallel plates by the high harmonic beam are detected by
applying a bias of +100 V on one of the plates and measur-
ing the photocurrent on the other plate with a picoammeter.
A larger bias voltage does not improve the signal collection
efficiency. Since a major constituent of the background gas is
nitrogen, which has an ionization potential of 15.58 eV, har-
monics of the 11th order or higher are required for single
photon ionization. As a result, the photocurrent scales lin-
early with photon flux. Since harmonics lower than the 11th
order are also produced, our photocurrent measurement un-
derestimates the total high harmonic flux. A small amount of
argon is also present in the background.

Both of our gas cells employ a differential pumping ge-
ometry to reduce the rate of gas flow into the source and
detection chambers. The SIGC consists of a cylindrical inner
tube (500 mm long, ¢ 36 mm) surrounded by a cylindrical
outer tube (575 mm long, ¢ 60 mm). Up to 200 Torr of gas
pressure is delivered into the inner tube by a ¢ 6 mm stain-
less steel tube. The gas pressure is monitored by a Baratron
gauge. The inner and outer tubes are separated by a 150 wm
diamond pinhole (Fort Wayne Wire Die, Inc.). The outer tube
has a 1 mm pinhole and is pumped by a roughing pump
(500 L min™!). The laser is focused to a spot directly before
the diamond pinhole, about 50 mm from the center of the
source chamber.

The FGC consists of a small cylindrical inner cell (16 mm
tall, ¢ 11 mm) and larger cylindrical outer cell (28 mm tall,
¢ 30 mm). Gas is delivered to the inner cell through a 6 mm
Teflon tube and pressure is monitored with a Baratron gauge.
The inner cell has two inline pinholes (¢ 600 wm) that lead
to the outer cell. The outer cell also has two inline pinholes
(¢ 600 pm) which lead to the source chamber. The outer
cell is pumped by a roughing pump (500 L min~!) similar to
the SIGC. The FGC has an effective interaction length of
~15 mm and is mounted on an XYZ manipulator to permit
precision alignment with respect to the laser axis.

The PV has a 500 wum aperture with a 200 us opening
time and operates at 10 Hz to avoid overpressuring the
source chamber. The pulsed valve is mounted on an XYZ
manipulator and is positioned so that the interaction length is
~1 mm. Stagnation pressures of up to 5 atm were used. We
estimated the on-axis pressure in the gas jet based on dy-
namical arguments [20]. Specifically, for a stagnation pres-
sure of P, the pressure in the gas jet, P, is given by

P -1 Y(y-1)
?0=<1+—y2 Mz) , (1)

where y=5/3 for a monatomic gas, M=A(x/D)”"! is the
Mach number, A is a constant that depends on 7y and is 3.26
for a monatomic gas [21], x is the distance from the nozzle,
and D is the nozzle diameter. With the laser positioned at a
typical downstream distance of ~1 mm, a stagnation pres-
sure of 2300 Torr produces an on-axis pressure of 7 Torr. The
atomic density in a gas jet follows a Lorentzian distribution,
and over the length of the laser-jet interaction region the
pressure should be at least half of the on-axis pressure [22]
or approximately 3.5 Torr. A fast ionization gauge from
Beam-Dynamics, located below the pulsed valve, is used to
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FIG. 2. (Color online) Total photocurrent as a function of laser
intensity for different gas cell geometries. The photocurrent was
recorded under optimum pressure conditions which were 43 Torr
for the semi-infinite gas cell (black squares), 7 Torr for the finite gas
cell (red circles), and 3.5 Torr for the pulsed valve (blue triangles).
The inset graph shows the intensity calibration performed with the
pulsed valve and a fast ionization gauge (see text). It indicates a
saturation energy of 560 uJ, which for argon corresponds to the
saturation intensity of 2.37 X 10* W cm™2.

monitor the gas density and the position of the laser focus
with respect to the gas jet by measuring the relative ion sig-
nal produced by the laser.

III. RESULTS AND DISCUSSION

For the three HHG sources that were investigated,
the total photocurrent measured by the parallel plate
detector as a function of the laser intensity is shown
in Fig. 2. For each source an experimentally determined
optimum gas pressure, P, was used. The photocurrent,
vis-a-vis the harmonic signal from the SIGC (P=25 Torr),
grows by nearly 3 orders of magnitude over an intensity
range of 5X 10> W cm™-2X 10'* W cm™2, beyond which
the signal starts to saturate. A similar trend is observed for
the FGC photocurrent (P=7.0 Torr) in the intensity range of
2X 10" W em™2-4 X 10" W cm™2. However, the harmonic
signal is lower by a factor of 2-20 compared to the SIGC. In
contrast, a relatively large intensity of ~3 X 10'* W cm™ is
required to record any photocurrent when using the PV (stag-
nation pressure of 2 atm) and the photocurrent is at least 2
orders of magnitude smaller than the SIGC. Unlike in the gas
cells, no saturation of the harmonic signal is observed until
the maximum intensity is reached. In all sources, the lowest
measurable photocurrent is 0.2 pA, which is limited by our
ability to distinguish the signal from the background current
of <0.05 pA. The error bars on the vertical axis represent
fluctuations in the harmonic signal due to shot-to-shot varia-
tions in pulse energy.

The observed saturation of the photocurrent (harmonic
signal) in the gas cells is the result of a combination of neu-
tral atom depletion and the free-electron contribution to
phase mismatch. The laser intensity is accurately determined
by measuring the saturation intensity of argon atoms as
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FIG. 3. (Color online) Pressure dependence of total photocurrent
(top panel) and individual harmonics (bottom panel) measured us-
ing the x-ray spectrometer for [(a) and (d)] the semi-infinite gas
cell, [(b) and (e)] the finite gas cell, and [(c) and (f)] the pulsed
valve. The laser intensity was 3% 10 W cm™ for the gas cells
and 6 X 10'* W cm™2 for the pulsed valve. Error bars are a result of
shot-to-shot variation in the recorded photocurrent. In the bottom
panel, the harmonics shown are the 15th (black squares), 19th (red
circles), and 23rd (blue triangles).

shown in the inset of Fig. 2. We used the fast ionization
gauge below the pulsed valve to record the ions produced by
the laser as a function of pulse energy. When plotted in a
semi-log plot the intercept on the energy axis gives the satu-
ration intensity [23]. The saturation intensity of argon is
2.4X10" W cem™,

Optimum gas pressures used in Fig. 2 are obtained by
studying the pressure dependence of the total photocurrent
(top panel in Fig. 3) and the intensity of individual harmon-
ics with the xuv spectrometer (bottom panel in Fig. 3). For
the latter, the signal strengths for HI3—-H23 were measured
by integrating across the MCP image in those regions where
the harmonics appeared. All three HHG sources have very
different pressure dependencies.

In the SIGC, the harmonic signal reaches a maximum
near 25 Torr and rapidly decreases due to stronger absorption
of the harmonics at higher pressures. At 25 Torr, the typical
absorption length is about 0.5 mm for the 15th and 19th
harmonics whereas it is twice as long for the 23rd harmonic,
leading to a stronger signal. On the other hand, the signal
strength from the FGC rises at first due to increasing number
density, maximizes at a pressure of 7 Torr, and then de-
creases as the absorption dominates over the 15 mm effective
interaction length. Finally, the PV never reaches a critical
point at which the harmonic signal is limited by absorption.
At a pressure of 3.5 Torr, the absorption length would be
approximately 4 mm, which is much longer than the interac-
tion length. As a result, the signal strength rises linearly with
stagnation pressure. With their larger number densities, gas
cells are essential for efficient harmonic generation.

We now show that the photocurrent measured by the par-
allel plate detector is due to photoionization of the back-
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FIG. 4. (Color online) Diameter of harmonic beam at parallel
plate detector measured for the semi-infinite gas cell (black
squares), finite gas cell (red circles), and pulsed valve (blue tri-
angles). The fit line plots the relationship Dy/ g, where Dy is 12
mm in this case.

ground gas by the high order harmonics. First, by removing
argon from the gas cells and turning off the gas jet, the mea-
sured photocurrent dropped to the background value. Sec-
ond, by increasing the background gas density in the detec-
tion chamber, the photocurrent signal increased
proportionately, as expected in single photon ionization.
Third, by measuring the diameter of the harmonic beam at
the detector, we ensured that the observed signal was due to
ions produced and not due to the photoelectric effect. Since
copper has a work function of 4.7 eV, harmonics higher than
the third order could produce photoelectrons if they are inci-
dent on the detector. To measure the diameter of the har-
monic beam we used the spectral images obtained by the xuv
spectrometer. Since the harmonics are focused by the grating
along one axis, their spatial extent along the other axis pro-
vides beam divergence.

The diameter of the harmonic beam for different orders at
the parallel plate detector is shown for all three sources in
Fig. 4. The recorded beam diameter is substantially less than
the 8 mm separation between the parallel plates, which con-
firms that the photoelectric effect does not contribute to the
measured photocurrent. For both gas cells, the beam diam-
eter tends to decrease with increasing harmonic order. This is
expected from the simple expression of the dipole moment at
the gth harmonic frequency, which according to lowest order
perturbation theory, varies as the gth power of the incident
field. The solid line in Fig. 4 is the fit to Dy/\q, where Dy is
the diameter of the fundamental, measured to be 12 mm.
However, for the PV, the beam diameter increases slightly
with the harmonic order, as observed in previous experi-
ments [24]. The spatial characteristics of the harmonics de-
pend on (a) the position of the laser focus with respect to the
gas jet, and (b) on the spatial profile of the driving field.
Divergence of harmonics was found to change by varying
the aperture size near the input window. Unlike the earlier
experiments with semi-infinite gas cells [15], we did not ob-
serve any aperture effect on the beam divergence or HHG
intensity.
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From the total photocurrent measured by the parallel plate
detector we can estimate the HHG conversion efficiency.
This estimate will be greatly influenced by any errors in our
assumptions of the number of ions, the molecular density, the
size of the harmonic beam, the interaction volume, and
the ionization cross sections. Assuming the background
molecules in the detection chamber are mostly nitrogen
and that each molecule is singly ionized by the high
harmonic beam, 100 pA of measured photocurrent corre-
sponds to 6.24 X 10% ions s~!. Harmonics lower than the
11th order cannot contribute to the photocurrent signal, as-
suming the probability for multiphoton ionization to be
low. The number of ions s™'cm™, r; produced by
the harmonic beam can be expressed as r;=poJyyg,
where p is the molecular density (molecules cm™) in the
interaction region, o is the photoionization cross section
measured in cm?, and Jyyug is the harmonic photon flux
measured in photons s~! cm™. Assuming that only ions
produced in the detector volume will contribute to the
measured signal, 7,=N;/V=1.04 X 10® ions s~ cm™3, where
N;=6.24%10% ions s™! (as above) and V=6 cm’. With a
constant pressure of 1 X 107® Torr, p~2.45X% 10" cm™.

The photoionization cross section of N, for each har-
monic energy is taken from [25] and ranges from o
=8-25% 10718 cm® over the spectral range involving
11-49 harmonics. Jyyg is then calculated as a function
of harmonic order and has a typical value of
~3X 10" photons s~! cm™. The power out is then deter-
mined by P,=JuncAE, where A is the area of the rqth har-
monic at the detector, approximated by A=(1.2/2vq)?, and
E is the single-photon energy of the gth harmonic multiplied
by the relative abundance of that harmonic, as determined by
the spectral image obtained with the spectrometer. Given an
input power of 80 mW, we estimate single order conversion
efficiencies as high as 107 for the 27th harmonic produced
in a semi-infinite gas cell.

The three sources used in the experiment produced differ-
ent harmonic spectra as shown in Fig. 5. The SIGC spectrum
shows a relatively narrow distribution, with more than half
of the signal coming from the 23rd to 31st harmonic orders.
The most intense harmonic is the 27th. The FGC spectrum is
broader and peaks at the 25th harmonic. In both gas cells, the
harmonic intensity drops rapidly by 2 orders of magnitude
between the 29th and 39th harmonics. In contrast, the spec-
trum of the PV peaks at the 19th harmonic, but has a broad
plateau, with similar intensities in the range of the 15th—23rd
harmonics. A rapid cutoff is observed past the 23rd har-
monic. For all three sources, the harmonic spectrum exhibits
a local minimum at the 37th harmonic which can be attrib-
uted to the Cooper minimum (~50 eV) in argon [26,27].
This trend was observed to be independent of laser intensity.

We show that the differences in the harmonic spectra of
the gas cells and the gas jet are a result of interplay between
phase matching conditions and absorption of the harmonics.
Efficient generation of high harmonics depends on three
length parameters [13]; medium length L,.4, absorption
length L,,=1/po, and coherence length L.y,=/Ak. The
phase mismatch between the gth harmonic and the funda-
mental fields is given by Ak=k,—qk,, where k, and k, are
harmonic and fundamental wave vectors, respectively. In
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FIG. 5. (Color online) Observed high harmonic spectrum for
different gas sources. The laser intensity is 3 X 10'* W cm™ for the
semi-infinite gas cell (black squares) and the finite gas cell (red
circles). The pulsed valve data (blue triangles) were recorded with a
laser intensity of 6X 10'* W cm™.

free space, the propagation constant of light with vacuum
wavelength N in a neutral gas medium is given by

‘e 27m§()\) 2)

)\ b}

where the index of refraction is n,=1+P4&(\), with the pres-
sure, P, in atmospheres and the gas dispersion function, 5(\),
is given by a suitable empirical relationship [28]. In general,
empirical relationships are difficult to deduce beyond the
UV, and we use calculated data [29] for wavelengths shorter
than 140 nm. For sufficiently large laser intensities partial
ionization of the medium occurs and the index of refraction
is modified as

ng=1+(1-9)PS8N\) + (1 = pnyl — 9PN 1 /27,
(3)

where N, is the number density at atmospheric pressure,
n is the ionization fraction, and r, is the classical
electron radius. The nonlinear index of refraction,
n,~9.9X 107" cm? W~ atm™' [30], has negligible effect at
our intensities. The phase mismatch then becomes

2m(1 -
A= nPNur ho =) - 250 - 0,1

q
(4)

The ionization fraction, », was calculated using the ADK
theory of tunnel ionization [31] at similar intensities to those
used in the experiment. For an argon atom and a pulse dura-
tion of 35 fs, 7 is ~0.08 at 4 X 10'* W cm™ and ~0.42 at
7% 10" W cm™2. These values were used in calculating Ak.
We then calculated the number of gth harmonic photons per
unit time and area emitted on-axis, which is proportional to
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FIG. 6. (Color online) Theoretical harmonic signal for the SIGC
(black squares), FGC (red circles), and PV (blue triangles) calcu-
lated using Eq. (5). The ionization fraction is 7=0.08 for the SIGC
and FGC, and 7=0.42 for the PV, corresponding to laser intensities
of I=4X 10" W cm™ and I=7 X 10'* W cm™2, respectively.

4pL2 { ( L d)
N, o p?A> o8 1 +exp| - —=
PR 4 (2L, P\ L
L L
-2 cos(Tr med)exp(— —medﬂ, (5)
Lcoh 2Labs

where A, is the amplitude of the atomic response approxi-
mated to be (1—7)I°, where I is the laser intensity.

The theoretical spectra for the gas cells and the gas jet are
calculated with Egs. (4) and (5) and plotted in Fig. 6, using
similar intensities as in the experiment. We see a qualitative
agreement between our experimental results and the theoret-
ical calculation. Note that harmonics higher than the 31st are
not included in the theoretical spectra due to the lack of
dispersion data. In the case of the PV, the HHG efficiency is
low due to lower number densities. The number density can
be increased to some extent by increasing the gas load, but
there are strict physical limitations on how much gas pres-
sure the PV can accommodate. Since the medium length of
~1 mm is much shorter than the typical absorption length,
even in the strongly absorbing region near H15 (~3 mm at
3.5 Torr), absorption of the generated harmonics by the me-
dium is negligible. As the ionization fraction increases with
intensity, phase matching for higher harmonics cannot be
achieved, resulting in the observed decrease in HHG effi-
ciency.

The harmonic distribution for the two gas cells can be
explained in terms of absorption and phase matching. The
higher gas densities in the cells lead to lower absorption
lengths, especially around the 15th harmonic. As a result,
lower order harmonics are absorbed by the medium in which
they are produced. Higher order harmonics have lower effi-
ciency due to phase matching problems caused by ionization.
As the ionization fraction increases, the peak in the spectral
distribution shifts toward lower harmonics. The interplay be-
tween phase matching and absorption gives rise to the ob-
served distribution with a peak around the 27th harmonic.
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IV. CONCLUSION

By monitoring the photoionization of a background gas
by the xuv photons produced via HHG, we have made a
direct comparison of high harmonic generation in an argon-
filled pulsed valve, a 11 mm finite gas cell, and a semi-
infinite gas cell. Under optimal pressure conditions, we have
shown that the harmonic efficiency in finite and semi-infinite
gas cells is, respectively, 50 and 100 times that which is
produced in pulsed valve. The strongest harmonic emission
was obtained with the semi-infinite gas cell, which had an
estimated conversion efficiency of ~107*. We show that the
spectral distributions in both the gas jet and the cells are
different due to the role of phase matching and absorption.
Our results reaffirm that large conversion efficiencies cannot
be achieved by simply using higher atomic densities and
longer medium lengths, because, while the efficiency de-
pends quadratically on these two parameters, it also depends
on the negative exponential of their product. As a result,
absorption of harmonics starts to play a critical role along
with phase matching. Further enhancements in HHG effi-
ciency depend on absorption management. By far the most

PHYSICAL REVIEW A 79, 033404 (2009)

promising technique to efficiently produce high harmonics
employs successive sources to modulate the atomic number
densities along the interaction length in order to achieve qua-
siphase matching while simultaneously minimizing absorp-
tion [32]. This and similar density modulation techniques
might enable one to increase the harmonic flux and thereby
realize experiments in xuv spectroscopy and attosecond do-
mains.
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