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Measurement of the Intensity-Dependent Atomic Dipole Phase
of a High Harmonic by Frequency-Resolved Optical Gating
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The temporal profile and phase of the fifth harmonic of a Ti:sapphire laser were fully characterized by
two-photon ionization frequency-resolved optical gating technique for the first time. The fifth harmonic
was found to have negative chirp and the pulse compression was demonstrated. The negative chirp is
well explained by using a zero-range potential model. This technique is scalable to extreme ultraviolet
(XUV) and soft x-ray regions by using currently available light sources, making it possible to measure
the pulse duration and phase of vacuum ultraviolet, XUV, and soft x-ray pulses.
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High harmonics generated by nonlinear interaction be-
tween the intense laser field and atoms are of great inter-
est for the potential application to science and technology
in vacuum ultraviolet (VUV), extreme ultraviolet (XUV),
and soft x-ray regions. Recently, theoretical analyses and
experiments in the strong field approximation (SFA) re-
veal that high harmonic pulses have an intensity-dependent
phase, i.e., atomic dipole phase, and that it plays a predomi-
nant role in the macroscopic properties of a high harmonic
such as spatial and temporal coherence, phase matching,
and frequency chirp [1-8]. Especially, the atomic dipole
phase plays an important role in the temporal proper-
ties, because it induces negative chirp in a high harmonic
pulse. Thus, appropriate phase compensation compresses
the high harmonic pulses to the attosecond regime [9]. For
that purpose, full phase characterization is necessary to
obtain the phase distortion of a high-harmonic pulse.

One of the techniques commonly used for characteriz-
ing the ultrashort pulses fully is frequency-resolved optical
gating (FROG) [10]. It involves measuring the time-
dependent spectrum of the autocorrelation or cross correla-
tion (spectrogram) and solving the pulse retrieval problem
mathematically. The nonlinear optical processes used so
far, however, require bulk materials as nonlinear media,
through which XUV and VUV pulses cannot propagate.
Another nonlinear process is necessary for the pulse mea-
surement in the VUV and XUV regions.

In this paper, we propose two-photon ionization (TPI)
FROG for the full characterization of XUV and VUV
pulses and demonstrate the intensity and phase measure-
ment of the fifth harmonic pulses of a Ti:sapphire (TiS)
laser for the first time. TPI FROG is free from phase
matching and is scalable to XUV and soft x-ray pulses.
Here we focus on the fifth harmonic to demonstrate the
versatility of TPI FROG, because the phase manipulation
is easier by using the transport dispersive materials and
because the validity of the measurement can be checked.
We are also interested in the nonlinear response of the
atomic polarization under a high electric field of 6 X
10" W/cm?. In this work, the phase of the fifth harmonic
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was found to be negatively chirped and is discussed by
using a zero-range potential (ZRP) model [11-13], which
can explain high harmonic generation fairly well above the
third harmonic and includes the so-called two-step model
[13-15]. The predictions of the ZRP model generally
agree with that of the SFA model widely used for the ex-
planation of high-harmonic generation in the strong field
limit [16].

The TPI photoelectron spectrum is shown to be equiva-
lent to the spectral resolved SHG as follows: From the
second order perturbation theory, the nonresonant photo-
electron spectrum is represented as

Iw — I1,/h) ~ ’/::E(t)zexp(—iwt) dt

where E(r) is the time-dependent electric field, 7, is the
ionization potential of target gas, and w is the optical fre-
quency. When two ultrashort pulses with a time interval
of 7 are used for TPI, the photoelectron spectrogram is
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which is identical to the SHG FROG trace after the sub-
traction of a time-independent TPI spectrum f(w — I,/h)
by two individual beams. Thus, TPI FROG can be ana-
lyzed by the same way as SHG FROG.

Figure 1 shows the experimental setup for TPI FROG
measurement. Two spatially divided TiS laser pulses were
focused into the Xe gas jet placed at a position of 2.5 cm
after the focus to generate the fifth harmonic (7.75 eV).
The fifth harmonic was separated from the other harmonics
and the fundamental by using two beam splitters [17,18],
a CaF, filter, and a concave dielectric multilayer mirror
with a radius of curvature 10 cm for the fifth harmonic.
The reflected fundamental beam was reduced by 8 orders
of magnitude, making it possible to eliminate any nonlin-
ear effects related to the fundamental. The pulse energy,
the pulse duration, and the peak intensity at the gas jet
were 7 mJ, 40 fs, and 6.0 X 10" W/cm?, respectively, at
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FIG. 1. Experimental setup for TPI FROG measurement. The
inset shows the photoelectron spectra by high harmonics of a
TiS laser (dotted line) and by the fifth harmonic (solid line).

a repetition rate of 10 Hz. CaF, plates with the thickness
of 0.5, 2, and 4 mm were used to change the optical dis-
persion of the fifth harmonic. The generated two replicas
of the fifth harmonic pulses were focused into the Xe gas
jet for TPL. The ionization and the lowest excitation ener-
gies of Xe are 12.13 and 8.32 eV, respectively, which are
well above one-photon energy and assure the nonresonant
condition in the TPI process. The ejected photoelectrons
were collected over ~27 sr and detected by a microchan-
nel plate (MCP) at each delay time after passing through
a magnetic bottle electron spectrometer. The signals from
MCP were recorded by a 8-Gs, 1-GHz digitizing oscillo-
scope and converted into a photoelectron spectrum by a
computer to form a spectrogram.

The dotted line in the inset of Fig. 1 shows the photo-
electron spectrum of Xe by the harmonics above the 7th
taken by replacing the multiplayer mirror to an Al mirror
and by removing a CaF, plate. Two peaks from the ground
state of Xe, 2P3/, (12.13 V) and 2Py, (13.44 eV), were
resolved at each harmonic order, and no other peaks by the
mixing of the fundamental with harmonics were observed.
The photoelectron spectrum shown by the solid line was
obtained by the fifth harmonic with a CaF, plate and the
multilayer mirror. The peaks appeared between the 9th
and 11th, indicating TPI by the fifth harmonic. The pho-
toelectron was retarded by applying an electric field to the
time-of-flight tube to improve the spectral resolution of
a TPI photoelectron spectrum to be better than 20 meV,
which was good enough for TPI FROG. The spectral
resolution was assured in comparison with the optical spec-
trum obtained by using a grating monochromator with a
resolution of 2 meV. Special care was taken to avoid the
spectral degradation due to the space-charge effect during
experiment.

Figure 2 shows the 128 X 128 TPI FROG trace ob-
tained with a 2-mm thick CaF, plate and the retrieved
fifth harmonic pulse by the generalized projection algo-
rithm [10]. This is the first full measurement of a high
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FIG. 2. (a) TPI FROG trace with the use of a 2-mm thick CaF,

plate. (b) The solid and dotted lines are the intensity and phase
profiles of the retrieved pulse, respectively.

harmonic pulse. The FROG error was 3%. Constant back-
ground by TPI and mean background of random noise
were subtracted beforehand and super-Gaussian corner
suppression and low-pass filters were applied for the op-
timal preparation of a TPI FROG trace. These techniques
were shown to be effective for the pulse retrieval without
introducing significant distortion [19]. We have checked
the consistency of the retrieved pulse by comparing the
frequency marginal with the observed spectrum [20].

The time direction of the retrieved pulse cannot be deter-
mined from one spectrogram, since TPI FROG utilizes the
second order nonlinearity of the electric field. However,
the direction can be determined by changing the thickness
of the CaF, filter and by simulating the pulse shape, be-
cause a CaF; plate has positive dispersion at 160 nm. The
solid lines in Fig. 3 show the retrieved pulses after the 0.5-
and 4-mm plates. The dashed lines in Fig. 3 show the
pulse shapes calculated from the pulse after a 2-mm thick
CaF, plate by taking account of the dispersion relation of
CaF,. The calculated pulses are almost consistent with the
retrieved pulses, indicating that the reuslts of TPI FROG
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FIG. 3. Measured (solid lines) and calculated (dotted lines)
pulse profiles and phases at the thickness of 0.5 (a) and 4 mm
(b). The calculated pulse profiles are based on the pulse mea-
sured after the thickness of 2 mm of a CaF, plate. The phases
are shifted vertically for clarification.

are reliable. Thus, the time direction of the retrieved pulse
was determined as shown in Figs. 2 and 3. The pulses af-
ter 0.5- and 4-mm plates were found to have negative and
positive chirp, respectively, and the frequency chirp was
almost compensated around 2 mm. Then, the pulse with-
out a CaF, plate can also be calculated and is shown in
Fig. 4. The pulse duration was 80 fs. From the experi-
mental results, the following two points were found. First,
the generated harmonic pulse has negative chirp. The es-
timated quadratic coefficient of the phase before a CaF,
plate is —5 X 10%° rad/sec?. Second, the positive disper-
sive material compensates or overcompensates the phase:
The phase with a 2-mm plate was almost constant around
the pulse peak with a pulse duration of 50 fs, while the
phases after 0.5- and 4-mm plates were parabolic.

Two origins of the negative chirp are considered: One
is the phase modulation by ionization and the other is the
atomic dipole response to the electric field. The creation
of free electrons with the temporal evolution of a pulse
induces the refractive index change within the pulse,
resulting in the phase modulation. However, the peak
intensity of the fundamental pulse is lower than the
ionization threshold of Xe, which is approximately
1 X 10" W/cm?. Thus, it is concluded that the negative
chirp of a high harmonic is due to the atomic dipole
response. In the case of high harmonics with the photon
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FIG. 4. Pulse shape just after generation calculated from the
measured pulse after a 2-mm thick CaF, plate. The solid and
dotted lines show the intensity and phase, respectively.

energies higher than the ionization energy under high laser
intensity, the SFA model predicts the intensity-dependent
atomic dipole phase [2]. However, lower harmonics are
beyond the SFA model, and the phases of lower harmonics
have never been investigated.

Now, we note that the ZRP model gives a harmonic spec-
trum similar to the numerical calculation of the time-
dependent Schrodinger equation [13] above the third
harmonic, when the binding energy of an electron is
adjusted to the first excited state instead of the ionization
potential. Both calculations agree quite well with the
experimental results [21]. The ZRP model assumes a
three-dimensional &-function potential of an atom still
retaining some features in common with a real atom,
while the binding potential does not enter explicitly in
the SFA model, which ignores the interaction process of
an electron with the laser field before it returns to the
ground state [16]. As a result, the former model includes
effects of the atomic potential and explains the generation
of relatively lower-order harmonics well. Of course, both
models agree well with each other in the high intensity
region. We have simulated the intensities and the phases
of several high harmonics for both models and then
found that the calculated results generally agree in the
strong field limit. Thus, the ZRP model was used for the
simulation of the fifth harmonic.

The fifth dipole moment was numerically calculated at
various laser intensities by using the first excitation en-
ergy instead of the ionization potential [13]. Then the
quantum-path analysis proposed by Balcou and co-workers
was made to disentangle the intensity dependence of the
phase [22,23]. In their analysis, the local slopes of the
intensity dependence of the 45th harmonic phase were
calculated and then are mapped on the intensity versus
slope plot, showing two main quantum paths with slopes
ofa =13 X 10 *anda = 25.5 X 10 cm?/W con-
tributing high-harmonic generation clearly. In the case
of the fifth harmonic, a strong component with a slope of
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a =59 X 107 cm?/W was found around an intensity
of 6 X 10" W/cm?. This intensity-dependent phase in-
dicates that the dipole moment of the fifth harmonic has
negative chirp components. When the fundamental pulse
with a Gaussian pulse shape I(¢) is approximated by a
parabola, the intensity-dependent phase ®(r) = al(¢) is
expressed as

41n(2
n2( )t2>,

70

d(r) = a10<1 - 3)

where 7 and Iy are the pulse duration and the peak inten-
sity of the fundamental pulse, respectively. Therefore, the
generated harmonics have negative parabolic phase when
a is positive and can be compressed by optical compo-
nents with the positive group velocity dispersion. By com-
paring the experimentally obtained quadratic coefficient
with Eq. (3), the coefficient « is estimated to be 4.8 X
10715 c¢m?/W, which is in good agreement with the above-
mentioned simulation by the ZRP model. Consequently,
the obtained slope is attributable to the strong component
around zero in the quantum path analysis. Phase mismatch
calculation including the Gouy phase and the obtained
intensity-dependent atomic phase indicates that the phase
mismatch is small when the gas jet is placed after the fo-
cus of laser, suggesting that the intensity-dependent phase
with a small coefficient is selected by phase matching. The
same phase matching and selection of the quantum path
has also been discussed theoretically and experimentally
in higher harmonics [3,8,24].

Finally, the TPI FROG is scalable for the characteri-
zation of the XUV and soft x-ray pulses generated by
femtosecond lasers by the following three schemes: One
is the scheme demonstrated in this paper, which is ap-
plicable up to the 13th harmonic of TiS laser pulses by
changing rare gases. We have already demonstrated TPI
of helium gas, of which TPI cross sections are approxi-
mately 107! cm*s [25], by the ninth harmonic pulses
with a peak intensity of 115 GW/cm? [26]. Since the
TPI cross section of helium gas is almost constant from
the ninth to 13th harmonic [25], it is possible to character-
ize the high-harmonic pulses by TPI FROG. Another TPI
scheme has been proposed by Schniirer et al. to observe
nonlinear phenomena induced by high harmonics [27]. Ac-
cording to them, high-harmonic pulses at 13 nm gener-
ated by their state-of-the-art femtosecond laser are intense
enough to cause the two-photon absorption from K shell
to a free state in boron in spite of a small cross section at
a shorter wavelength and the expected electron number is
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10* sec™!. By measuring the ejected photoelectron spec-
trum, TPI FROG should be feasible. The other scheme is
the cross correlation between high harmonic and the fun-
damental pulse, which has been extensively applied to the
temporal measurement of high harmonics so far [28—31].
FROG is applicable to the cross correlation scheme by us-
ing the principle component generalized projection algo-
rithm [32] TPI FROG is a useful technique to evaluate
high-harmonic pulses.
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