
Appl. Phys. B 67, 59–63 (1998) Applied Physics B
Lasers
and Optics
 Springer-Verlag 1998

Phase-matched third-harmonic generation by nonlinear phase shift
in a hollow fiber
Y. Tamaki2, K. Midorikawa 1, M. Obara2

1The Institute of Physical and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama, Japan 351-01
2Department of Electronics and Electrical Engineering, Keio University, 3-14-1 Hiyoshi, Kohoku, Yokohama, Japan 223
(E-mail: youth@obara.elec.keio.ac.jp)

Received: 19 September 1997/Revised version: 2 December 1997

Abstract. Third-harmonic generation in a hollow glass fiber
has been demonstrated.Ti:sapphire laser pulses100 fswith
a moderate intensity of around1×1014 W/cm2 are intro-
duced into a1.8-cm hollow fiber in room air. From the ob-
servation of the third-harmonic beam quality and spectra, it is
clarified that the harmonics are pumped at the leading edge of
the fundamental pulse. The model calculation accounting for
the nonlinear refractive index change of air shows a quantita-
tive agreement with the experimental results.

High-order harmonic generation (HHG) in gases has been
studied intensively during the last decade [1–3]. These stud-
ies have demonstrated that HHG is a promising method
of achieving a tabletop, high-brightness, coherent, extreme-
ultraviolet radiation source. In order to improve HHG effi-
ciency, reduction of the phase mismatch between the pump
waves and harmonic waves is crucial. Unfortunately, stud-
ies so far have not attempted to address the phase matching
issue in a plasma- and neatral-gas mixture, since the inves-
tigation of the phase-matching condition is difficult due to
complicated phenomena such as self-focusing and plasma de-
focusing [4] in the interaction region with the tight focusing
geometry employed.

Recently, several techniques to control the propagation
conditions of intense ultrafast laser pulses were investigated.
These include the formation of plasma columns in gases
based on bulk plasma motions [5], relativistic electron os-
cillation [6], balance between self-focusing and diffraction
of a laser beam [7, 8], and reflection from a plasma lin-
ing wall [9]. With a glass-coated hollow-core fiber, Nisoli et
al. [10] demonstrated a long channeling of intense, fs–laser
pulses at an intensity of1013 W/cm2. Here we propose the
use of the hollow fiber in the HHG experiment. With this new
technique, due to the flat phase front of the driving (pumping)
laser, one can avoid undesirable variations of phase-matching
factors which originate from phase shifting around the fo-
cus. This will facilitate the clear and easy finding of phase-
matching conditions. Furthermore, under suitable conditions,

very long interaction lengths can be obtained without defo-
cusing.

Since various measurements can easily be made using
conventional UV optics and the precise measurement of spec-
tra and intensity distribution can be made in the UV region,
we concentrated our efforts on the investigation of the third-
harmonic generation (THG). The availability of experimen-
tally reported data of third-order nonlinear susceptibilityχ(3)3ω
and refractive indices [11] can also make it possible to carry
out the model calculation. Previously reported THG studies
have dealt with the conversion efficiency, spectral characteris-
tics, and spatial characteristics, in order to obtain a clue to the
efficient HHG. Siders et al. [12] used loosely focused80-fs,
800-nm pulses in subatmospheric-pressure noble gases with
pump intensities≈ 1016 W/cm2, to obtain third-harmonics.
They observed a strong blueshifting only at the beam core
which was well collimated by the self-channeling of the
pump pulse. Backus et al. [13] reported that whole beam
self-channeling of22 fs-Ti:sapphire laser pulses in room air
demonstrated a highly efficient THG (≈ 0.1%). They men-
tioned that the excitation pulse should be negatively chirped
and the strongest third-harmonic output was obtained with
loosely focusing opticsf/30. Fedotov et al. [14] studied ex-
perimentally the effect of temporal and spatial self-action of
light on the THG in room air, and speculated that the self-
focusing of light at the interaction region was responsible for
the saturated conversion. In spite of these studies, the un-
derlying mechanism of THG, especially for the conversion
efficiency, is not yet fully understood because of the complex-
ity in the interaction region.

In this paper we used a hollow fiber to investigate the
THG of 100-fs pulses of aTi:sapphire laser in atmospheric
room air. Since the phase front of both guided and generated
beams are in a plane in the hollow fiber, in other words it
is not possible for a curved phase front to couple with the
hollow fiber, the analysis of the experimental result becomes
straightforward. We made the spatial and spectral characteri-
zation of third-harmonic light. Our observations clarified the
view that harmonics are generated at the leading edge of the
pumping pulse. A model calculation assuming that the inter-
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action occurs at≈ 10 fs before the pump pulse peak shows
good agreement with the experimental result.

1 Experimental

The laser pulses used in this study were generated by a mode-
locked Ti:sapphire oscillator pumped by anAr-ion laser.
After the80-fs pulses were temporally stretched to250 psand
regeneratively amplified to5 mJ at a 10-Hz repetition rate,
they were recompressed to100 fsassumingsech2 shape. The
recompressed pulses were focused to a diameter of75µm
by a f = 50 cm achromatic lens in room air. The hollow
fiber front was placed at the focal point. Angular and trans-
verse positioning of the hollow waveguide were performed by
monitoring the amount and mode pattern of the transmitted
light [9].

The linearly polarized,100-fs, 780-nm laser pulses at
intensities up to2.2×1014 W/cm2 were coupled into a
100-µm-diameter glass-coated hollow fiber in room air.
Measurements of THG beam quality and conversion effi-
ciency were performed as follows. The output light from
the hollow fiber was recollimated by a30-cm-focal-length
fused-silica lens. After recollimation by the lens, fundamen-
tal and third-harmonic beams were separated according to
wavelength by passing through aLiF prism and then could be
spatially discriminated. The third-harmonic light was further
selected by two additional mirrors, which reflected> 99% of
the 264-nm light but transmitted≈ 99% of the fundamental
light. We verified, using a color filter, that this optical arrange-
ment completely eliminated the fundamental light. The joule
meter has a detection limit of0.01µJ. The setup is shown in
Fig. 1.

The hollow fiber used in this study was a fused-silica cap-
illary supplied by GL Science Inc. and was not fabricated
for optical guiding. They have a100-µm bore diameter sur-
rounded by375-µm-diameter fused-silica which is polymer-
coated on the outer surface in order to keep it straight. The
fiber length was1.8 cm, i.e. ten times as long as the measured
confocal parameter and short enough for neglecting propa-
gation losses of the pump laser. When a Gaussian beam is
coupled into a cylindrical hollow fiber at its beam waist,
only the EH modes in the waveguide are excited [10]. The
propagation of electromagnetic waves under the cylindrical
boundary conditions has been studied in detail [15]. The max-
imum coupling efficiency for the EH11 mode is calculated to
be 98.1%, which is obtained atw0/a= 0.64, wherew0 is
a waist of the diameter of the input beam anda is the bore
diameter of the hollow waveguide. The coupling efficiency
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Fig. 1. Schematic of third-harmonic generation experiment in a hollow fiber
including detection apparatus

was measured at75% for an input energy of less than0.1 mJ.
Coupling losses were gradually increased with the increase of
input laser energy. The measured efficiency was decreased to
50% for a0.5-mJinput,32% for 1.5 mJ, and28% for 2.0 mJ.
These values were lower than the theoretical efficiency of
90% calculated with the experimental value ofw0/a= 0.75.
The losses were due to the distortion of the pump-beam pulse
front caused by self-focusing in room air prior to coupling.

The fiber did not undergo any damage during the ex-
periment, which was performed for several hours, when the
incident beam and hollow fiber were properly aligned on the
axis. This is explained by the theoretical prediction that no
optical energy can exist in a boundary region [15]. In order
to avoid any damage, the filter was removed while carefully
observing the output beam pattern after alignment was per-
formed with a very low-intensity laser by inserting a neutral
density filter.

2 Spatial and spectral characteristics of the THG

Measurement of the third-harmonic characteristics was per-
formed with and without the hollow fiber. First, we measured
the beam quality of the third-harmonic light through a hollow
fiber using a CCD camera, as shown in Fig. 2a. The slightly
oval shape of the profile obtained was due to the astigmatism
of the prism. Both the fundamental and the third-harmonic
beams from the fiber were linearly polarized and were single
mode. However the third-harmonic profile in Fig. 2b. gener-
ated in free space was strongly disturbed and featured a bright
red halo as reported before [14]. By focusing more-intense
laser pulses (5×1014 W/cm2) in free space, we observed
a white-light continuum.

The observed third-harmonic spectra with and without the
fiber are shown in Fig. 3. All the spectra generated with-
out the fiber were redshifted as shown by dashed lines in
Fig. 3. This redshift is induced by spectral upchirp of the
self-phase-modulation of the pump laser pulses. Since the ex-
periments were conducted in air, the self-phase-modulation-
induced spectral upchirp could not be avoided. This effect is
well known and does not modify the temporal shape of the
pump pulse [16].

Fig. 2a,b. Spatial patterns of a third-harmonic light beam emerging from
the 1.8-cm hollow fiber (a) and in free space (b). Detection was made
with a CCD camera after passing the lightthrough a prism and two high
reflectors
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Fig. 3a–d. Spatially integrated third-harmonic spectra for three pump in-
tensities. Spectra of third harmonics generated in free space are shown
by dashed lines, and after the propagation in the 1.8-cm fiber are
shown by solid lines. The pump intensities area 2.0×1014 W/cm2,
b 1.0×1014 W/cm2, andc 0.8×1014 W/cm2. Note that the spectra meas-
ured in free space were considered to be third-harmonic spectra at the fiber
entrance in order to determine the ionization rate. The calculated unshifted
third-harmonic-generated spectrum of the fundamental is shown ind

Third-harmonic spectra after propagation through the
fiber are indicated by solid lines in Fig. 3. We found that third-
harmonic spectra are blueshifted compared to those obtained
in free space though they are still redshifted compared to
the calculated unshifted third-harmonic-generated spectrum
of the fundamental. The amount of blueshifting increased
with higher pump intensity. The measured shifts were (a)
2.0 nm at a pump intensity of2.0×1014 W/cm2, (b) 1.0 nm
at1.0×1014 W/cm2, and (c)0.5 nmat 0.8×1014 W/cm2.

Siders et al. [12] observed two peaks in the modulated
third-harmonic spectra, and also reported that blueshifted and
unshifted third-harmonic pulses were separated spatially. The
spatial and spectral characterization with a prism disclosed
that the guided third-harmonic pulse in a plasma channel was
strongly blueshifted, whereas the pulse in the spatial wing
was unshifted. Third-harmonic spectra observed by Backus et
al. [13] are very similar to our result shown in Fig. 3. All the
specta of third-harmonics were uniformly blueshifted so they
did not have spatial variations. Since only the third-harmonic
pulses pumped on axis propagate in the guide, and the cen-
tral part of the THG pulse beam was strongly amplified, the
spatial distribution of the third-harmonic spectrum emerging
from the guided region became uniform.

Generally speaking, an intense ultrashort pulse experi-
ences a temporal variation of gradients of electron densities,
which makes the shape of a self-modulated spectrum very
complicated [17]. However this is not true for THG, since
some experimental results reported by some other groups [2,
12–14] and this study indicated no spectral modulation of
third-harmonic. This fact indicates that the ionization rate of
the plasma during THG is constant [18].

A blueshift is caused by a rapid change of the refrac-
tive index because of the rapid ionization of atmospheric
gases during an interaction with intense fs-laser pulses. The
blueshift is expressed as a function of the rate of ionization
and the interaction length [19], so the ionization ratedNe/dt
can be estimated from the observed blueshift∆λblue. Here we
neglect the frequency shift that is due to depletion of the neu-
trals since it is roughly two orders of magnitude smaller than
that from the increase of the free electrons [17]. We obtained
the interaction electron densityNe, simply by multiplying the
ratedNe/dt by one half of the pulse width∆t = 50 fswhich
was used in this experiment.

Next, in order to determine when the THG occurred in
the pump pulse, we compared the experimentally estimated
electron density with the numerically calculated one. The
numerical calculation of the temporal evolution of electron
density was performed using the ADK ionization model [19].
The result indicated that the electron densities estimated from
the observed amount of blueshift must be a few percent of
the calculated densities at the pulse peak. This result indi-
cates that the interaction was made at≈ 10 fsbefore the pulse
peak. This calculation supports a prevailing interaction model
in which harmonics should be pumped at the leading edge of
the pump pulse.

3 Conversion efficiency

The measurement of energy conversion efficiency in a1.8-cm
hollow fiber was carried out. We averaged five data of meas-
urements. Each measurement was performed for one second
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Fig. 4. Experimental plots of energy conversion as a function of pump laser
intensity along with model-calculation results considering dispersion of air
and plasma, and the nonlinear refractive index change of air

at 10 Hz. The results are plotted in Fig. 4. This measurement
revealed that the conversion efficiency reached a peak value
of 3×10−4 at a pump intensity of1×1014 W/cm2, and then
decreased to1.0×10−4 at2.4×1014 W/cm2. After that, it in-
creased again. Although a similar structure of the conversion
efficiency as a function the pump intensity was found in other
literature [12, 14], this fact has not been explained in detail.
To explain the characteristics of the conversion efficiency, we
performed a model calculation. The third-harmonic conver-
sion efficiencyη3ω for a plane wave is written as [20]

η3ω = 1

33/2

ω2
3

n3n3
1c4ε2

0

|χ(3)3ω |2 I 2
1 L2 sinc2(∆kL/2). (1)

SI units are used.ni (i = 1,3) are the refractive indices of
the fundamental and third-harmonic waves,c is the velocity
of light in vacuum,ε0 is the vacuum permittivity,χ(3)3ω is the
third-order nonlinear susceptibility,Ii is the pump laser in-
tensity, andL is the hollow fiber length.The amount of phase
mismatch is given by

∆k= 2π(n3/λ3−3n1/λ1). (2)

The refractive index for airni,air is calculated using Sell-
meier’s equation [21], and those for free-electron gasesni,fe
are calculated from the plasma frequency. The total refractive
index is expressed by

ni = ni,air+ni,fe. (3)

It is unlikely that phase mismatching could be decreased
by increasing the pump laser intensity in air or in plasma
without resonance, which will be explained below. The phase
mismatch caused by neutral air is+5.4 cm−1, and decreases
with increasing electron densityNe because of the ionization
by pump laser pulses, whereas the positive phase mismatch
results from the free electrons, which are initially zero and
increase very rapidly with the increase inNe. Therefore, the

total positive phase mismatch is expected to increase rapidly
from a minimum value of5.4 cm−1 to 100 cm−1 when I1
exceeds1×1014 W/cm2. This contradicts the experimental
result. So we introduce the nonlinear refractive index which
plays an important role in the nonlinear phenomena caused
by an intense laser field such as self-phase modulation. The
nonlinear index,ni,air in (3) is given by

ni,air= ni,0+ni,2Ii , (4)

wheren0 is the linear refractive index andni,2 is the nonlinear
refractive index5×10−15 m2/W [7]. The nonlinear refrac-
tive index change is effective when the pump laser intensity
is higher than1×1014 W/cm2, because the nonlinear term
exceeds the linear one. The linear refractive indicesni,0 and
ni,fe, the nonlinear refractive indexni,2, and the third-order
nonlinear susceptibilityχ(3)3ω are all linear functions of the
electron density. As mentioned previously, the electron dens-
ity is a function of pump laser intensity and all parameters
are expressed as a function of the pump intensity. The amount
of phase mismatch in (2) is calculated as a function of the
pump intensity and is shown in Fig. 5. To clarify the effect of
the nonlinear index change, the calculation withoutn2 is also
shown by a dashed curve.

We have calculated the conversion efficiency as a func-
tion of the pump intensity using (1) which was rewritten in
(5×10−38)I 2

1 sinc2(∆k/2) in SI units from [11]. For a numer-
ical calculation, it is assumed that harmonics are pumped at
the front of the pump pulse where the interaction intensity
is 90% of the peak intensities. As can been seen in Fig. 4,
the model calculation showed a very good quantitative agree-
ment. Phase matching, where a peak efficiency is given, is
achieved at1×1014 W/cm2, and then the conversion effi-
ciency is decreased because of phase mismatching induced by
the rapid ionization. At1×1014 W/cm2, the conversion effi-
ciency once again increases because the ionization begins to
saturate and the nonlinear refractive index compensates for
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the mismatch, as shown in Fig. 5. Since the conversion effi-
ciency is sensitive to the amount of phase matching, and the
phase matching is sensitive to the interaction electron density
and the pump laser intensity, the slight variation of the pump
intensity caused large fluctuations in the outputs in the experi-
ment. This makes the error bars at≤ 1×1014 W/cm2 much
larger than those at a higher intensity in Fig. 4.

4 Conclusion

We have demonstrated third-harmonic generation in a hol-
low fiber in room air. The beam quality of the third harmonic
was dramatically improved with a hollow fiber. Spectral char-
acterization showed that all the spectra of third-harmonics
were uniformly blueshifted. We conducted a model calcu-
lation of the energy conversion efficiency by introducing
an intensity-dependent refractive index and electron density.
The results of the calculation indicated that phase match-
ing was achieved with a pump intensity of1×1014 W/cm2,
and showed quantitative agreement with the measurement.
The results shown here encourage further investigation of
higher-order-harmonic generation in the hollow fiber, which
may lead to the understanding of the role of macroscopic
phase matching in higher-order-harmonic generation. Further
experiments, including the use of a gas-filled hollow fiber iso-
lated in vacuum in order to avoid both the coupling loss due to
self-focusing before the fiber and absorption after the interac-
tion in the fiber, are under investigation.
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