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ABSTRACT We present an experimental and theoretical study
of the influence of the spatial beam quality (fluence and phase
distributions) on the second-harmonic generation in KDP crys-
tals pumped by 180-fs pulses at 790 nm. Conversion efficiency
and beam focusability are investigated experimentally and the-
oretically by the numerical analysis of the second harmonic,
considering effects due to the cubic nonlinearity, beam diffrac-
tion, group-velocity walk-off, and dispersion of the pulses. It
was found that the uniform intensity and phase distributions
of the fundamental beam are essential to obtain a high focal
intensity of the second-harmonic beam.

PACS 42.65.Ky; 42.65.Re

1 Introduction

Terawatt Ti:sapphire laser systems using the
chirped-pulse amplification (CPA) technique deliver ultra-
short pulses of high peak power which are widely used in the
field of high-intensity physics [1]. They suffer from amplified
spontaneous emission (ASE) background associated with the
main pulse and pre- and post-pulses. In solid–target interac-
tion experiments at high intensities, such pre-pulses and the
ASE create a low-density plasma prior to the main pulse and
thus significantly alter the physics of the light–matter inter-
action, especially for high-order harmonic generation from
solid targets [2, 3], isochoric heating [4], and ion-acceleration
experiments [5, 6] from thin foils. Second-harmonic gener-
ation (SHG) of femtosecond pulses can improve the intensity
contrast of laser pulses.

However, group-velocity mismatch (GVM) between the
fundamental and generated second-harmonic (SH) pulses af-
fects the efficiency of SHG with ultra-short laser pulses.
Therefore, thin crystals and high-intensity pulses are prefer-
able for efficient SH generation. On the other hand, at high
intensities the local refractive index of the crystal changes
with the laser intensity, primarily because of the third-order
nonlinear susceptibility, affecting the spatial characteristics of
the laser beam. Self-phase modulation (SPM) and cross-phase
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modulation (XPM) are of particular concern for SH spectral
broadening above the Fourier-transform limit due to the high
intensity and short duration of the pulses. When an intense
laser pulse propagates through a medium, its phase and am-
plitude can change due to SPM. Additionally, when the fun-
damental and SH waves simultaneously propagate in a con-
densed medium, they nonlinearly couple through cross-phase
modulation, whereby further phase and amplitude modula-
tions are introduced. These effects degrade the beam quality
and also influence both the conversion efficiency and the fo-
cusability of the SH beam.

A number of groups have investigated SHG with in-
tense femtosecond laser pulses with intensities exceeding
100 GW/cm2. Chien et al. [7] reported an energy-conversion
efficiency of 80% for 4-mm-thick type I potassium dideu-
terium phosphate (KDP) crystals using 500-fs, 1053-nm laser
pulses at an intensity as high as 400 GW/cm2. Krylov et
al. [8] investigated SHG with type I KDP crystals for differ-
ent crystal thicknesses of 3, 5, 10, and 40-mm, respectively,
using 150-fs, 780-nm laser pulses at an intensity of about
150 GW/cm2. They concluded that the energy-conversion ef-
ficiency could not exceed 50% due to the modulation of the
phase of the fundamental pulse and this effect could be even
larger than that due to group-velocity mismatch. Neely et
al. [9] investigated frequency conversion of intense picosec-
ond laser pulses with 4-mm- and 2-mm-thick KDP crystals.
They obtained conversion efficiencies as high as 60% and
also observed a multi-foci structure of the SH far-field inten-
sity distribution due to the thickness of the crystal and the
high intensity. Queneuille et al. [10] discussed improvement
of SH focusability by wavefront correction after SHG with
a deformable mirror. They obtained an energy-conversion
efficiency of approximately 55% for a 4-mm-thick type I
KDP crystal using 400-fs, 1053-nm laser pulses at an inten-
sity of about 200 GW/cm2. After SH wavefront correction,
they were able to reach a focal intensity of 1019 W/cm2 with
an estimated intensity-contrast ratio of 10−9. More recently,
Aoyama et al. [11], by pre-compensating the phase shift due
to the third-order susceptibility χ(3) as proposed by Ditmire
et al. [12], were able to reach 80% conversion efficiency for
130-fs laser pulses at an intensity of 190 GW/cm2.

In most of the numerous investigations of frequency con-
version with picosecond or sub-picosecond laser pulses, the
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biggest concern has been the achievement of high conversion
efficiencies. On the other hand, for the experiments in high-
field physics, high-contrast femtosecond pulses with a nearly
diffraction limited focus are needed. Factors limiting the fo-
cusability of frequency-doubled multi-terawatt laser pules
have still not been quantitatively investigated. To the best of
our knowledge, only two groups [9, 10] have addressed SH
focal intensity distributions.

In this paper, we investigate the frequency conversion with
a 2-mm-thick KDP crystal and high-intensity laser pulses
provided by the 2-TW, 130-fs and 10-TW, 180-fs output
beams from the 10-Hz ATLAS (Advanced Titanium:Sapphire
Laser) facility at the Max-Planck Institute for Quantum Op-
tics (MPQ) in Garching, Germany. SHG with the 2-TW AT-
LAS beam allowed us to reach peak intensities of about
8 ×1018 W/cm2 and an intensity-contrast ratio of about 10−9.
We will give a comprehensive comparison of second-harmonic
focal intensities obtained with 2-TW and 10-TW laser pulses.
The experimental results are compared with theoretical ones
by taking into account group-velocity dispersion, pulse walk-
off, and self-phase modulation in the strongly nonlinear
regime. The influence of the pump-beam modulations in
space and phase, as well as phase modulations induced by the
third-order nonlinearity, on the focal intensity distribution are
shown.

2 Theoretical background

The detailed spectral and angular characteristics of
the broadband femtosecond pulses are important issues in fre-
quency conversion. The phase and amplitude modulations of
the pulse due to both second- and third-order nonlinearities
are expected to modify the spectra and angular distributions
of the interacting fields. The equations that describe the three-
wave nonlinear interaction are well known and can be derived
from Maxwell’s equations using the common slowly varying
amplitude approximation [13]. To take into consideration the
above-mentioned effects, terms describing diffraction of the
beams as well as dispersive spreading have to be included. It
is necessary to mention here that, for our experimental condi-
tions, the beam diffraction plays an insignificant role.

Using the plane-wave approximation, the electric fields of
the pulses are represented as interacting plane waves having
central frequencies ω1, ω2 = 2ω1 with corresponding wave
vectors k1, k2:

E1(r, t) = 1

2
A1(r, t) exp [i(ω1t −k1r)]+ c.c. ,

E2(r, t) = 1

2
A2(r, t) exp [i(2ω1t −k2r)]+ c.c , (1)

where ki = ωi/nic (i = 1, 2) are the propagation constants, ni

is the refractive index for the ith wave, and c is the vacuum
speed of light. Subscripts 1 and 2 here refer to the fundamental
and SH pulses, respectively. Substituting (1) into the expres-
sion for the nonlinear polarization up to the third order,

P(NL)(r, t) = χ(2)E2(r, t)+χ(3)E3(r, t) , (2)

and keeping only the terms involving the fundamental or SH
carrier frequencies, the contributions to the (non-resonant)

nonlinear polarization waves become

P(NL)
1 (r, t)

= 1

2

[
χ(2)A1 A∗

2 +3χ(3)
(|A1|2 +2|A2|2

)
A1

]
eik1 r−iω1t + c.c. ,

(3)

P(NL)
2 (r, t)

= 1

2

[
χ(2)A1 A∗

2 +3χ(3)
(|A2|2 +2|A1|2

)
A2

]
eik2 r−i2ω1t+ c.c .

(4)

The χ(2) nonlinearity gives rise to the parametric gain (or
depletion) of the fundamental and SH pulses, the χ(3) non-
linearity to self-phase modulation effects, and the combined
action of the χ(2) and χ(3) nonlinearities is responsible for the
cross-phase modulation effects.

The use of the slowly varying envelope approximation
yields the following equations for the coupled propagation of
the fundamental and SH waves in the frame moving with the
pump pulse [13]:

∂A1

∂z
− i

2k1

(
∂2 A1

∂x2
+ ∂2 A1

∂y2

)
+ ν12

∂A1

∂t
+ id1

∂2 A1

∂2t

= i
ω1χ

(2)

2n1c
A2 A∗

1 exp(−i∆kz)+ i
3ω1χ

(3)
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A1,

(5)
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)
+ id2

∂2 A2

∂2t

= i
ω2χ

(2)

2n2c
A2

1 exp(i∆kz)+ i
3ω2χ

(3)
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[
2|A1|2 +|A2|2

]
A2 ,

(6)

where ∆k = k2 − 2k1 is the wave-vector phase mismatch,
1/ν12 = [∂k1(ω)/∂ω]−1 −[∂k2(ω)/∂ω]−1 is the group-velocity
mismatch of the SH with respect to the fundamental wave, and
di = 0.5(∂2k/∂ω2)|i (i = 1, 2) is the group-velocity disper-
sion (GVD) coefficient. In the case of type I SHG in KDP, the
group-velocity walk-off rate between the fundamental pulse
at 800 nm and the SH is 77 fs/mm [12].

The system of (5) and (6) was solved numerically by
using the common split-step procedure dividing the equa-
tion into dispersive and nonlinear parts. We have solved them
using the fast Fourier transform and fourth-order Runge–
Kutta procedures for each (dispersive and nonlinear) step,
respectively [14, 15]. The field amplitude A0(x, y, 0, t) at the
entrance of the nonlinear medium was taken in the form of
a plane-wave Gaussian envelope in time with lateral distribu-
tion A0(x, y) = √

8πI0(x, y)/c, where I0(x, y) is the exper-
imentally measured beam intensity. Pump pulses of 180-fs
duration propagating in 2-mm-thick type I KDP crystal are
used in the calculations.

3 Experimental setup

The experiments were performed with the two dif-
ferent versions of the ATLAS facility. The 2-TW version
(ATLAS-2) delivers 130-fs long pulses, with an energy of up
to 230 mJ, a bandwidth of 8 nm, and a central wavelength of
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792 nm. The pulse-contrast ratio at 792 nm was about 1 : 108

at t > 2 ns and 1 : 104 at 1 ps < t < 2 ns.
In the ATLAS-10 configuration, the 330-mJ pulses from

ATLAS-2 (before compression) are further amplified in the
second multi-pass amplifier using four passes in a 40-mm
Ti:sapphire crystal to an energy of ∼ 1.3 J and then com-
pressed in a second vacuum compressor to pulses of about
700 mJ/180 fs with a bandwidth of 6 nm and a central wave-
length of 793 nm. The pulse contrast at the fundamental wave-
length was somewhat poorer than that in ATLAS-2, being
1 : 5 ×107 at t > 2 ns and 1 : 103 at 1 ps < t < 2 ns. To correct
the strong wavefront distortions and intensity-profile modula-
tions induced by growth defects of the second multi-pass am-
plifier, we use two deformable bimorph mirrors [16]. These
allow us to reduce the intensity modulations by more than
a factor of three and minimize the wavefront peak-to-valley
variations to λ/4.

The experimental setup used in the SHG experiments is
depicted in Fig. 1. SHG was performed using two different
2-mm-thick, type I KDP crystal plates (wavefront distortion
λ/8 at 790 nm) with the clear aperture of 65 mm for ATLAS-
10 and 55 mm for ATLAS-2 and which were placed in an
evacuated tube system. To reduce the group-velocity mis-
match, we increased the pulse duration of ATLAS-2 to 180 fs
by detuning the compressor. For separation of the second
harmonic from the unconverted fundamental, four dielectric
mirrors (M1–M4 in Fig. 1), reflecting > 99% of SH light and
transmitting > 99% of the fundamental light, were used. This
results in a suppression ratio of about 108 for the fundamen-
tal. For the ATLAS 2 experiments, these mirrors as well as
the λ/2 plate (not shown in Fig. 1) were placed not in vac-
uum but in air, so the SH beam is transmitted through two
3-mm-thick antireflection-coated fused-silica windows on the
exit of the beamline and on the entrance of the target chamber.
For the ATLAS-10 measurements, they were part of the vac-
uum beamline and high optical quality mirrors M1–M4 were
used in order to maintain the flat wavefront (surface flatness

FIGURE 1 Experimental setup for SHG and SH far-field measurements.
The laser pulse is frequency doubled in the KDP crystal and then selected
from the fundamental wavelength by four dichroic mirrors M1–M4. The
OAP f/3 off-axis parabola is used for SH far-field measurements

typically λ/8). For the polarization rotation, instead of using
a λ/2 plate, we implemented a periscope with mirrors M1 and
M2. Using color filters and a calibrated PIN photodiode, we
verified that in both SHG schemes fundamental light was sup-
pressed below our detection limit of 0.1 nJ. In the vacuum
chamber, the laser light was reflected by the 99% reflection
dielectric mirror, M5, and focused by the dielectric off-axis
parabolic mirror, OAP, with f-number F# = f/2.5 (Fig. 1).
Beam leaking through mirror M5 was used for the monitor-
ing of the input laser energy with a calibrated PIN photodiode
or the measurement of the SH spectrum with a spectrograph
(ORIEL, MS125) equipped with a 1200-grooves/mm grat-
ing. The inverse linear dispersion of this spectrograph was
0.7 nm/mm at 400 nm, i.e. the spectral resolution was around
0.07 nm for the entrance slit of 100-µm width.

The second-harmonic focus was checked using a small
gold pickup mirror which could be inserted into the beam
just before the parabola focus and which deflected the beam
through an F# = f/2 imaging lens onto a 14-bit CCD camera.
For the ATLAS-2 SH focus diagnostics, we used a magnifi-
cation factor of 55, whereas for ATLAS-10 the magnification
was 65. In some ATLAS-10 SHG experiments, we replaced
the M5 mirror by an un-coated glass wedge in order to meas-
ure the focal intensity distribution with the maximally pos-
sible SH pulse energy.

The intensity distributions of the fundamental beam were
registered by the 14-bit CCD camera at the position of the
nonlinear crystal. The SH intensity distributions were cap-
tured for ATLAS-2 after mirror M4, and for ATLAS-10 at the
position of mirror M3. In the latter case, additional color fil-
ters were used to suppress the remaining fundamental beam
energy.

4 Experimental results

Experimental conversion efficiencies versus pump
intensities are shown in Fig. 2 for both pump sources,
ATLAS-2 and ATLAS-10, as solid squares and solid circles,
respectively. All experimental points were obtained by aver-
aging over 100 laser shots. The efficiencies increase mono-
tonically with the pump intensity when it is between 10 and
40 GW/cm2 for the ATLAS-2 beam, and 30 and 120 GW/cm2

for the ATLAS-10 beam. The efficiency reaches its max-
imum at 50 GW/cm2 and 200 GW/cm2 for the ATLAS-2 and
ATLAS-10 beams, respectively. In the case of ATLAS-10,
a further increase in the pump intensity does not significantly
change the conversion efficiency due to a possible reduction
of the phase-matching bandwidth and the phase modulation
caused by the SPM at high intensities leading to saturation
of the conversion efficiency [17, 18]. The absence of a drop
in the conversion efficiency with increasing pump intensity
indicates that there is no significant reconversion from the
second harmonic into the fundamental due to the cubic non-
linearity χ(3) [12]. The different slopes of the conversion
efficiency for the ATLAS-2 and ATLAS-10 beams possibly
can be explained by taking into account that (i) different KDP
crystals with possibly different nonlinear coefficients were
used, (ii) different pedestal intensities of the fundamental
were present [19], and (iii) two beams with different phase ab-
berations were used as the pump (see discussion below). The
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FIGURE 2 Second-harmonic conversion efficiencies for the ATLAS-2
beam (solid squares) and for the ATLAS-10 beam (solid circles)

influence of each factor on the conversion efficiencies are the
subject of separate investigations.

Measured second-harmonic spectra for the maximal fun-
damental intensities from ATLAS-2 and ATLAS-10 are pre-
sented in Fig. 3 as solid squares and solid circles, respectively.
The smooth spectrum registered at the incident intensity of
50 GW/cm2 (solid squares in Fig. 3) indicate that no spec-
tral modulation is introduced by self-phase modulation. Slight
modulations appeared in the ATLAS-10 second-harmonic
spectrum when the incident intensity reached 250 GW/cm2

and the maximal conversion efficiency was observed. SH
spectral widths of 1.8 nm for low incident intensity and 1.7 nm
for high incident intensity were in good agreement with the
calculated value of about 1.7 nm for the 2-mm-thick KDP
crystal. The shift of the ATLAS-10 SH central wavelength is
caused by the red shift of the ATLAS-10 fundamental spec-
trum in the second multi-pass amplifier.

FIGURE 3 Spectra of the second harmonic generated with ATLAS-2
(squares) and ATLAS-10 (circles) pulses of 50 and 250 GW/cm2, respec-
tively

In order to investigate the intensity distribution at the focus
of the OAP, i.e. in the far field, information about the near-field
intensity distribution is necessary. Captured intensity distri-
butions of the ATLAS-2 fundamental and second harmonic
at maximal pump intensity are presented in Fig. 4a and b, re-
spectively. The fundamental beam diameter was about 63 mm
(at 86.5% level) and that of the second harmonic was 60 mm.
The diffraction-limited focus diameter of our OAP should
then be d = 2.44λ F# = 2.66 µm (for the Airy-disk pattern).
The circular fringe pattern in the fundamental beam intensity
distribution originates from beam clipping at the input win-
dow of the ATLAS-2 pulse compressor, and this pattern is
transferred to the SH intensity distribution (Fig. 4b).

A magnified intensity distribution of the second-harmonic
focus obtained with the OAP is presented in Fig. 5. The fo-
cal spot mainly consists of a single peak containing 50% of
the total energy within a 2.4-µm-diameter area (see inset in
Fig. 5, approximately 6 µm for the Airy-disk pattern), i.e. the
spot size is approximately two times diffraction limited. This
leads to an average intensity of 2 ×1018 W/cm2, with a peak
intensity of about 8 ×1018 W/cm2. This indicates that the
spatial phase distribution across the ATLAS-2 SH beam is
almost uniform and was not affected by propagation in air
for more than 1 m. Furthermore, from the pulse-contrast ratio
at the fundamental wavelength, the contrast ratio of the sec-
ond harmonic was estimated to be 1 : 1016 at t > 2 ns, and
1 : 108 in the interval 1 ps < t < 2 ns, at fundamental intensi-
ties < 50 GW/cm2.

Similarly, we registered the intensity distributions of AT-
LAS 10 at the fundamental wavelength and second harmonic
(Fig. 6a and b, respectively). These images were taken using
the minimally possible pump intensity because of propagation
through glass windows. Strong modulations in the intensity
spatial distribution and wavefront distortions due to amplifier
crystal-growth defects and pump-induced modulations were
minimized using two deformable mirrors as described by
Baumhacker et al. [16]. Several hot spots in the fundamen-
tal intensity distribution are still clearly observable; never-
theless, the intensity modulation was reduced by a factor of
two. As one would expect, the SH intensity modulation was
even larger (Fig. 6b) due to operation in the linear conver-
sion regime. The fundamental beam diameter after propaga-
tion in vacuum of about 10 m downstream from the second
deformable mirror was about 67 mm (at 86.5% level) and
the second-harmonic beam diameter was 68 mm. It should
be pointed out that, due to technical restrictions, the second-
harmonic intensity distribution was registered after a propaga-
tion distance of 6 m from the position where the fundamental
intensity distribution was registered.

Magnified intensity distributions of the second-harmonic
focus obtained with the OAP are presented in Fig. 7a–d. Due
to the potential application for the high-order harmonic gener-
ation, we examined the SH focal intensity distributions using
pump intensities at 2 (a, b) and 250 GW/cm2 (c, d). In the
first case, the conversion efficiency depends linearly on in-
tensity and in the second case it is in the saturation regime.
As can be seen from vertical lineouts in Fig. 7b and d, the
central peak in the focal intensity distribution is surrounded
by a broad halo, which becomes more pronounced with in-
creasing pump intensity. For 250 GW/cm2 pump, 50% of the



MARCINKEVIČIUS et al. Frequency doubling of multi-terawatt femtosecond pulses 551

FIGURE 4 Intensity distribu-
tions of ATLAS-2 fundamental (a)
and second harmonic (b) at a fun-
damental intensity of 40 GW/cm2

energy was concentrated within a 14-µm-diameter area, i.e.
in an area which is approximately four times bigger than
the diffraction-limited spot. This leads to a peak intensity of
about 3.2 ×1018 W/cm2. The contrast ratio of the ATLAS-
10 second-harmonic pulse was estimated to be 1 : 1014 at
t > 2 ns, and 1 : 106 at 1 ps < t < 2 ns, at fundamental intensi-
ties < 120 GW/cm2.

To understand why the focal intensity is so low, one should
remember that for obtaining a high focal intensity an excellent
phase distribution over the beam is necessary. If we assume
that the phase of the fundamental beam entering the SH crys-
tal is constant, then it is reasonable to expect that the SH beam
phase variations were induced by the third-order nonlinearity
in the crystal due to strong intensity modulations. Using the
theoretical model described in Sect. 2, we were able to cal-
culate the intensity and phase distributions of the SH at the
output of the nonlinear crystal. In these calculations, we as-
sumed a phase mismatch ∆k = 0, a constant phase, and used
experimentally obtained fundamental intensity distributions
at the crystal position as the input to the code. First, we cal-
culated the intensity and phase distributions for ATLAS 2,
presented in Fig. 8a and b, respectively. For these, we used the
pump intensity distribution depicted in Fig. 4a. From the com-
parison of the calculated SH intensity distribution (Fig. 8a)
with that experimentally registered (Fig. 4b), we can conclude

FIGURE 5 Magnified ATLAS-2 second-harmonic focal intensity distribu-
tion at a fundamental beam intensity of 200 MW/cm2

that these patterns are in reasonably good agreement. The
calculated SH phase distribution was relatively constant, par-
ticularly in the central part of the beam. The phase variation
over the whole beam was about 0.1λ (0.19π rad), primarily
due to the presence of diffraction rings in the fundamental
beam intensity distribution.

Similar calculations were performed using the ATLAS-10
pump beam (Fig. 6a) as an input. The resulting SH intensity
and phase spatial distributions are presented in Fig. 9a and b,
respectively. As can be seen from Fig. 9a, even for a strongly
modulated fundamental beam, the calculated intensity distri-
bution closely resembles the experimentally registered one
(Fig. 6b). The phase variation over the whole beam is more
than three times larger than that in the ATLAS-2 SH beam,
i.e. approximately 0.3λ (0.6π rad). Comparing the positions
of the hot spots in the intensity distribution with the positions
of the maximal phase variation, we can conclude that the latter
were induced in the crystal by the hot spots in the fundamental
intensity distribution. This result could explain the distorted
focal intensity distribution (Fig. 7b) for a fundamental inten-
sity of 250 GW/cm2 when the influence of the third-order
nonlinearity is not negligible. The phase shift of the whole
beam at this intensity will approach unity at the character-
istic length of SPM, LSPM = λ/(2πn0nKDP

2 I), of 0.84 mm.
Here we used a value of nKDP

2 = 4 ×10−16 cm2/W for the non-
linear refractive index of KDP [20]. From this it follows that
the focal intensity distribution of the ATLAS-10 SH beam
cannot be explained by the modulated fundamental beam
only.

The knowledge of the spatial phase of the input laser beam
is crucial in determining the quality and the focusability of the
second-harmonic beam. In order to evaluate the spatial phase
shift across the ATLAS beam, we implemented a numeri-
cal iterative phase-retrieval code based on a generalized [22]
Gerchberg–Saxton algorithm [21] in the form reported in [23]
(see Eqs. (16)). In our specific case, the algorithm allows the
retrieval of the spatial phase shift across the beam in two
different (x, y) directions, normal to the propagation axis z
(z planes), once we know the corresponding intensities, and
thus the amplitudes. The spatial distribution of the intensity
of the ATLAS beam was recorded by means of a CCD at
two different planes, z1 and z2, separated by a few meters
propagation distance in an evacuated tube. The propagation
distance and CCD resolution were chosen in order to fulfill
the Nyquist condition for proper sampling. Assuming a ran-
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FIGURE 6 ATLAS-10 funda-
mental (a) and SH (b) intensity
distributions at a fundamental in-
tensity of 1 GW/cm2

dom array as the initial phase at plane z1, the code iteratively
calculates the spatial phases at the two planes. At each itera-
tion the amplitude of the reconstructed beam, f2(x), at plane
z2 is compared with the measured amplitude, f1(x), and the
iterative process is terminated as soon as the L2 distance,[∫

( f1(x)− f2(x))2
]1/2

, is less than 1%.

FIGURE 7 Magnified ATLAS-10 SH focal intensity distributions for fun-
damental intensities of 2 GW/cm2 (a) and 250 GW/cm2 (c). Corresponding
vertical lineout cross sections of the intensity distributions are shown in (b)
and (d), respectively

In phase-retrieval problems, the uniqueness of the solu-
tion is always an issue. Let us first notice that in the present
case we are mostly interested in the variance of the phase per
unit length and thus the issue is not of fundamental impor-
tance. In any case, we tested the uniqueness of the solution
in the way proposed by Seldin and Fienup [24], i.e. we ran

FIGURE 8 Numerical simulations for ATLAS-2 at a fundamental intensity
of 30 GW/cm2: calculated SH intensity distribution (a) and phase distribu-
tion (b)



MARCINKEVIČIUS et al. Frequency doubling of multi-terawatt femtosecond pulses 553

FIGURE 9 Numerical simulations for ATLAS-10 at a fundamental inten-
sity of 200 GW/cm2: calculated SH intensity distribution (a) and phase
distribution (b)

the code several times each starting from a different array of
random numbers as the initial phase and verified that the eval-
uated phases at the end of the different runs were essentially
the same, which means that they differed by less than the 1%
L2-distance value assumed as the convergence criterion. This
ensures practical uniqueness of the solution.

Results from our code are shown in Fig. 10. The upper
part of the figure shows a comparison of the intensity profiles
along the x and y directions for the measured and calculated
amplitudes of the beam at the final z2 plane (Fig. 10a, b solid
and dotted lines, respectively). Notice that in order to appre-
ciate a difference in the two amplitudes, we show here the
result at an intermediate number of iterations corresponding
to a 8% L2 distance. The lower part of Fig. 10c, d shows the
reconstructed phase of the beam in the z1 plane and at the
end of the iterative cycle. As a result, in the central part of
the laser beam we obtained average spatial phase variations
of about 0.3 λ/cm, which is comparable to the value reported
by Baumhacker et al. [16]. Phase distortions in the SH wave
will depend approximately linearly on the aberrations of the
fundamental wave, φSHG(x, y) ∼ 2φfund(x, y) [25]. Thus, even
for a low-intensity fundamental wave, phase variations of the
SH will be on the order of 0.6 λ/cm and could account for

FIGURE 10 Comparison of measured (solid line) and calculated (dotted
line) amplitudes of the electric field of the ATLAS-10 fundamental beam in
two orthogonal directions (a and b). Retrieved spatial phase along the same
directions (c and d)

the poor focal intensity distribution (Fig. 7a). Furthermore,
phase variations of the fundamental wave cause a variation
of the phase-matching angle across the beam and will af-
fect the ∆k(x, y) distributions, with detrimental effects on the
SH intensity distribution and conversion efficiencies (Fig. 2).
Hence, more precise control of the ATLAS-10 fundamental
beam phase distribution prior to frequency conversion is ne-
cessary. Moreover, we can expect an improvement of the SH
focal intensity distribution by using an additional deformable
mirror placed after the SH crystal.

5 Conclusions

The second-harmonic generation of ∼ 180-fs/
790-nm pulses produced by the MPQ ATLAS facility in type I
KDP crystals was investigated both theoretically and experi-
mentally. Conversion efficiencies of 45% at a laser intensity of
50 GW/cm2 were obtained using the ATLAS-2 beam (200-mJ
fundamental energy) without substantial degradation of fo-
cusabilty. Comparing theoretically calculated intensity and
phase distributions for the ATLAS-2 and ATLAS-10 beams
(700-mJ fundamental energy) with experimental ones, it was
found that the distorted focal intensity distribution of the
ATLAS-10 SH beam is most likely caused by an inhomoge-
neous phase distribution of the fundamental beam, as well as
phase changes due to pump intensity modulations inducing
considerable phase variations in the SH beam, thereby deteri-
orating its focal intensity distribution. Hence, to obtain a high
SH focal intensity, a fundamental beam without any intensity
modulations and spatial phase variations as small as possible
is necessary.
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