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Abstract. We fully characterize a high-peak-power, ultra-
short laser pulse in aTi:sapphire chirped-pulse amplifica-
tion laser system. The contrast, temporal, and spectral phases
of the 20-fs pulse are determined by using high-dynamic-
range cross-correlation and frequency-resolved optical gat-
ing techniques. Minimization of the total phase error can be
achieved by balancing the phase terms of the group delay
dispersion and quartic. The laser system is currently being
applied to perform high-field atomic ionization experiments
at 1020 W/cm2.

PACS: 32.00; 42.60

The application of chirped-pulse amplification (CPA) to op-
tical pulses has led to the ability to reach extremely high
peak powers. Such high-peak-power ultrashort pulse lasers
can realize pulses with a peak intensity of> 1020 W/cm2 [1]
and are therefore useful for a variety of high-field applica-
tions such as the generation of ultrafast X-ray radiation [2–4]
and high-harmonic generation [5, 6] from solid targets and
photoionization-pumped X-ray lasers [7, 8]. A fundamental
consequence of CPA in which pulse expander and amplifier
components are used to stretch and amplify a seed pulse,
is the presence of a pedestal or prepulse upon compression
due to phase distortions. The ultrashort laser pulses may,
in general, also have amplified spontaneous emission (ASE)
background associated with the main laser pulse. In a laser-
produced plasma experiment, such a pedestal and/or ASE
would create a low-density plasma in advance of the main
laser pulse and thus significantly alter the physics of the
laser/plasma interaction [9]. Therefore detailed characteri-
zation and control of the temporal shape and phase of the
laser pulse is crucial to the study of high-intensity physics
experiments.

Techniques for the measurement of high-intensity ul-
trashort laser pulses are now widely used [10–12]. The
frequency-resolved optical gating (FROG) technique can
measure the intensity and phase of the pulse over a wide range

of wavelengths using nonlinear optical materials [13]. The
second-harmonic generation (SHG) FROG technique is sim-
ple to set up and can measure pulses as short as4.5 fs in dura-
tion [14]. Delong et al. demonstrated the high-dynamic-range
measurement capability of the SHG-FROG technique [15].
They showed that the noise level of the retrieved pulse is
roughly of the order of10−4. The dynamic range of this
method is usually limited by the detection system such as
a CCD camera which is not sufficient to measure much higher
contrast pulses.

A slow-scanning high-dynamic-range second-order auto-
correlation has enough temporal resolution (≈ 0.5 fs) and dy-
namic range (≈ 1012) [16] suitable for the detection of very
low intensity ASE. Unfortunately, this technique gives infor-
mation on the symmetry of the pulse shape. On the other
hand, a high-dynamic-range third-order cross-correlation be-
tween the fundamental and its second-harmonic pulse, can
distinguish prepulses from postpulses [17, 18]. The time reso-
lution is, however, limited by the broadening of SHG and
third-harmonic generation (THG) caused by group velocity
dispersion (GVD), group velocity mismatch (GVM), and
spectral filtering in the doubling and tripling crystals. For
this reason the cross-correlation technique is not suitable
to measure pulses with a pulse duration of the order of
20 fs. In order to fully characterize the contrast, pulse du-
ration, and phase of20-fs laser pulses, it is therefore ne-
cessary to use cross-correlation and SHG-FROG techniques
simultaneously.

In this paper, we characterize a high-peak-power20-fs
laser pulse. The contrast and phase of the laser pulse were
measured with the techniques of high-dynamic-range third-
order cross-correlation and SHG-FROG. The measured con-
trast (defined as the ratio of the peak pulse intensity to ASE)
of the pulse is of the order of10−6. The result of the phase
measurement of the pulse indicates that the predominant
phase distortion is quartic. We then calculate the total phase
of the laser system by changing the conditions of the sepa-
rations and incidence angles of the gratings in the compres-
sor. We find that minimization of the phase distortion of the
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system by balancing the phase terms of the group delay dis-
persion (GDD) and quartic improves the pre- and post-pulse
contrast ratio.

1 SHG-FROG measurement

In this experiment we used a part of ourTi:sapphire CPA laser
system operating at a10 Hzrepetition rate [1, 19, 20]. A laser
pulse is generated from aTi:sapphire oscillator with a pulse
duration of≈ 10 fs [21]. The pulse was stretched to> 1 ns
in an expander and amplified by regenerative and multipass
amplifiers. The output energy of the amplified pulse was
≈ 250 mJ. The separation and incidence angle of the com-
pressor gratings were115.219 cmand 62.97◦, respectively.
After the compressor, the phase of the compressed pulse was
measured by using the SHG-FROG technique.

The setup of the FROG is similar to the single-shot
second-order autocorrelator [1]. The nonlinear material used
in the autocorrelator was a100-µm-thick KDP crystal. The
SHG signal was detected by an imaging spectrometer (Ac-
ton Research Corporation: SP-150-S) with a grating of
300 groove/mm and a CCD camera (Prinston Instruments:
TE/CCD-512-TKM/1PI – 512×512 pixels). A 250-mm re-
lay lens focused the SHG signal onto the entrance slit of the
spectrometer. The magnification of the image is 1: 0.8. The
sensitivity as a function of the wavelength of the detection
system was calibrated by using a halogen lamp (Ushio: JPD-
100-500CS). The measured FROG trace was extracted using
the central 256×256 pixelarea of the CCD camera and then
retrieved until the FROG error decreased to less than≈ 0.01.
The number of iterations was20 in this case. Figure 1a shows
the pulse intensity and phase in time retrieved from the SHG-
FROG trace. The pulse duration is20 fs full width at half
maximum (FWHM) accompanied with pre- and post-pulses.
The intensity and phase of the pulse in frequency are also
shown in Fig. 1b. The spectral width is67 nmFWHM. The
duration of the transform-limited pulse calculated from the
measured spectrum is16.5 fs. The measured pulse therefore
contains phase distortions.

Fig. 1a,b. Retrieved intensities and phases of the SHG-FROG trace for the
compressed pulse.a Pulse intensity (circles) and phase (squares) in time.
b Spectral intensity (circles) and phase (squares) as a function of wave-
length

The spectral phase ofφFROG
(ω) is expressed by

φFROG
(ω) = φExp

(ω) +φAmp
(ω) +φComp

(ω) , (1)

whereω is the angular frequency,φExp
(ω) is the phase of the ex-

pander,φAmp
(ω) is the phase of the amplifiers, andφComp

(ω) is the
phase of the compressor. The phase can be represented by
a Taylor’s series expansion as
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whereω0 is the central frequency of the expansion. In (2),
each term of phase distortion was determined by polynomial
fitting to the spectral phase of the FROG measurement. The
zeroth and first-order phase terms do not contribute to the
change of the pulse duration. The measured pulse contains
a GDD of2.83×102 fs2, a cubic phase of3.73×103 fs3, and
a quartic phase of3.80×106 fs4. Based on these results, we
conclude that the predominant phase distortion is quartic.

2 Minimizing of total phase error

With the goal being to obtain the shortest pulses, the compres-
sor must compensate for all of the dispersion of the amplified
pulse. A Treacy-type compressor [22], can compensate for
phase distortion up to third order by changing the separa-
tions and incidence angles of the compressor gratings. Exact
cancellation up to fourth order is desired to obtain ultrashort
pulses (≤ 20 fs) [23]. Fittinghoff et al. suggested that balanc-
ing different phase terms can minimize the overall dispersion
of the system [24]. Bagnoud et al. showed theoretically that
a global optimization also improves the overall dispersion by
minimizing the fourth order by some second order [25]. In
their simulation, an optimization algorithm is used to find the
best setting for as many variables as experimentally available.
We then apply this to the experimental result of SHG-FROG
measurement for the total phase simulation.

The modified total phase ofφMod
(ω) is determined from the

experimental result ofφFROG
(ω) by

φMod
(ω) =

(
φFROG
(ω) −φComp

(ω)

)
+φCompN

(ω) , (3)

whereφCompN
(ω) is the phase term introduced by the new com-

pressor. In (3), the phase termφFROG
(ω) −φComp

(ω) obtained from
(1) represents the phase including the expander and amplifier
components in the laser system. We calculate the modified
total phase as a function ofω−ω0 for various settings of
the separations and incidence angles for the new compressor
gratings. The values of the root mean square (RMS) and the
peak to valley of the modified total phase as a function of
ω−ω0 are also calculated for each setting. Figure 2a shows
the experimental result of spectral phase (circle) which is the
measured value as shown in Fig. 1b and modified total phases
(solid and dashed lines). Minimization of the modified total
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Fig. 2. a Measured and calculated total phases as a function ofω−ω0.
b Pulses are calculated from the Fourier transform of the measured spec-
trum and its phase from (a)

phase error can be achieved by balancing the phase terms of
the GDD and quartic. Two cases are found in order to make
the modified total phase as flat as possible. The separations
and incidence angles of the compressor gratings of the two
cases correspond to115.192 cm, 62.95◦ (case 1: solid line)
and 115.179 cm, 62.94◦ (case 2: dashed line), respectively.
In case 1 the RMS of the modified total phase as a function
of ω−ω0 is minimized. In case 2 the peak to valley of the
modified total phase as a function ofω−ω0 is minimized.
In Fig. 2b, each of the pulses is calculated from the Fourier
transform of the measured spectrum and its phase shown in
Fig. 2a. As a result, case 1 is better in terms of the reduction
of pre- and post-pulses than case 2, although the pulse du-
rations of these three cases are almost unchanged. The level
of the prepulse occurring≈ 35 fsbefore the main pulse using
the parameters of case 1 can be reduced to below half that
of the experimental value (SHG-FROG). More precise con-
trol of the total phase can also be realized by using an active
phase compensator. For example, a deformable mirror can be
used for an ultrashort-pulse laser system as an active phase
compensator [26].

3 High dynamic range measurement

The experimental setup for the high-dynamic-range third-
order cross-correlator is shown in Fig. 3. The arrangement of
the cross-correlator is that of a type-I phase-matched, non-
collinear geometry which incorporates SHG and THG nonlin-
ear crystals. The SHG and THG signals were obtained with
1-mm- and500-µm-thick KDP crystals, respectively. To min-
imize the dispersion of the SHG signal, reflective optics are
used after frequency doubling. The two beams were focused
onto the THG crystal with an aluminum-coated concave mir-
ror (R= 500 mm) and had a crossing angle of8◦. In the case
of nonlinear phase matching, the interaction length of the fun-

Fig. 3. Experimental setup for the high-dynamic-range third-order cross-
correlator. HW: half waveplate; TFP: thin-film polarizer; BS: beam splitter;
DM: dichroic mirror; PD: photodiode; FM: focusing mirror; BP: Brewster
prism; ND: neutral-density filter; PMT: photomultiplier tube

damental and its second-harmonic pulse becomes less than
the thickness of the THG crystal. By using a slit, a Brew-
star prism, and three dielectric mirrors centered at266 nm,
the cross-correlation signal was divided from the noise aris-
ing from the scattering of the fundamental and its second-
harmonic pulse on the surface of the THG crystal. The
THG signal was then recorded by a standard photomultiplier
tube (PMT, Hamamatsu: H6780-06). A computer-controlled
stepping-motor (Newport: M-UTM50PP) was used to vary
the delay between the two cavity arms (up to±160 ps). Cal-
ibrated neutral-density filters were also used to obtain the
THG signals at a different attenuation level. The signal from
the PMT was time gated (50 ns) to avoid any other long-term
noise and averaged over ten laser shots in a Boxcar integrator
(Stanford Research Systems: SR250).

The cross-correlation signal of the compressed pulses is
shown in Fig. 4. Each point of cross-correlation trace with
a time resolution of670 fscorresponds to an average of ten
laser shots. The detection limit of this apparatus is approxi-
mately10−8. The measured contrast is of the order of10−6

limited by ASE mainly coming from the regenerative ampli-
fier. ASE can be easily suppressed by two orders of magni-
tude by using a solid-state saturable absorber with a preampli-
fier before the pulse expander [27].

Figure 5 shows the same trace at a time scale (±1 ps)
different from Fig. 4. The time resolution is about80 fs due
to GVM in the doubling and tripling crystals. The retrieved
pulse obtained from the SHG-FROG measurement and the
compressed pulse calculated from a Fourier transform of the
measured spectrum are also shown in this figure. The cross-

Fig. 4. High-dynamic-range cross-correlation trace of a compressed pulse.
Each point of the cross-correlation trace corresponds to an average of ten
laser shots
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Fig. 5. High-dynamic-range cross-correlation trace which is the same trace
at a time scale different from Fig. 4. SHG-FROG trace and transform-
limited pulse calculated from the measured spectrum are also shown

correlation and FROG results are in good agreement at10−4

which is limited by the dynamic range of the CCD camera
used for the FROG measurement. In comparison with the
transform-limited pulse, the leading and trailing edges of the
cross-correlation signal contain a much larger pedestal within
the 300-fs time scale due to quartic phase distortion as de-
scribed in the previous section. This kind of pedestal can be
suppressed by using the active phase compensator.

4 High-field atomic ionization experiments

In high-field physics experiments, the peak intensity is one of
the most important issues for studying light–matter interac-
tion in the relativistic regime. In general, a focused intensity
can be estimated by measuring the energy, pulse duration,
and spot size of the laser pulse. For example, a Gaussian
spatial profile is assumed and the peak intensity is esti-
mated as 0.61E/(τπr 2), where E is the laser energy,τ is
the pulse duration (FWHM), andr is the radius of the spot
size (half width at half maximum: HWHM). It should be
noted that the spatial beam quality of our100-TW laser sys-
tem is determined by focusing the attenuated output with
a 3-m-focal-length spherical mirror and measuring the spot
size at the focus with a CCD camera. The spatial quality
was about 2 and2.5 times diffraction-limited in vertical-
and horizontal-planes, respectively. Estimation of the fo-
cused intensity, however, is uncertain by a factor of 2−
3, because the full energy in the experiment is not always
concentrated in the central portion of the spatial and tem-
poral profiles. Overestimation is usually anticipated, so the
effective peak intensity can be determined from the ioniza-
tion rate of Ammosov–Delone–Krainov (ADK) theory [28].
Ionization in a strong laser field has been investigated ex-
tensively, and for many gases and various wavelengths the
intensity dependence of the ion yield has been observed
and compared with the calculated dependence. Augst et
al. reported experimentally that below1018 W/cm2 the ob-
served ion-production curves of noble gases agree with
curves predicted by ADK theory and barrier suppression
ionization [29]. Figure 6 shows the ion population of neon
calculated by ADK theory as a function of the peak in-
tensity for a pulse duration of20 fs. From this calculation,

Fig. 6. Calculated ion population of the neon atom as a function of the
peak intensity. Thethin solid linesrepresent the populations from neutral
neon toNe7+, and thethick solid linesrepresentNe8+, Ne9+, andNe10+,
respectively

Ne8+ can be produced at a peak intensity of3×1017 W/cm2

defined as
∫

WADK dt = 1, where WADK is the ionization
rate of ADK theory. Using the peak intensity at which
Ne8+ occurs as a base, we can characterize the peak inten-
sity well over 1018 W/cm2 from the energy scaling of the
laser pulse.

Fully stripped neon ion is generated over1020 W/cm2

and the maximum charge states of argon, krypton, and xenon
correspond toAr16+, Kr26+, and Xe36+ at this peak inten-
sity. However, comparison of the ion yield with ADK the-
ory has not yet been demonstrated in the ultrahigh-intensity
regime (≈ 1020 W/cm2). Electrons oscillating in such an
ultra-intense laser field are relativistic and thus this makes it
possible to investigate an entirely new class of physical ef-
fects such as relativistic self-focusing of the laser pulse [30]
and harmonic generation by relativistic electrons [31] in the
ultrahigh-intensity laser field. In order to clarify the ioniza-
tion mechanisms of an atom including the ionization rate,
the 100-TW Ti:sapphire laser system is currently being ap-
plied to perform high-field atomic ionization experiments at
1020 W/cm2.

5 Summary

We have fully characterized a high-peak-power, ultrashort
laser pulse in aTi:sapphire CPA laser system. The contrast,
temporal and spectral phases of the20-fs pulse are deter-
mined by using high-dynamic-range cross-correlation and
SHG-FROG techniques simultaneously. The pulse duration
is 20 fs FWHM accompanied with pre- and post-pulses re-
sulting from the predominant quartic phase distortion. Min-
imization of the phase distortion of the system by balancing
the phase terms of the GDD and quartic improves the pre-
and post-pulse contrast ratio. The measured contrast of the
pulse is of the order of10−6 limited by ASE mainly coming
from the regenerative amplifier. The high dynamic measure-
ment and retrieved FROG results are in good agreement at
10−4 which is limited by the dynamic range of the CCD
camera. High-field atomic ionization experiments will be
demonstrated by using the100-TW Ti:sapphire laser system
at 1020 W/cm2.
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