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Spatial chirp in Ti:sapphire multipass amplifier*
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The spatial chirp generated in the Ti:sapphire multipass amplifier is numerically investigated based on the one-
dimensional (1D) and two-dimensional (2D) Frantz—Nodvik equations. The simulation indicates that the spatial chirp
is induced by the spatially inhomogeneous gain, and it can be almost eliminated by utilization of proper beam profiles and
spot sizes of the signal and pump pulses, for example, the pump pulse has a top-hatted beam profile and the signal pulse
has a super-Gaussian beam profile with a relatively larger spot size. In this way, a clear understanding of spatial chirp
mechanisms in the Ti:sapphire multipass amplifier is proposed, therefore we can effectively almost eliminate the spatial
chirp and improve the beam quality of a high-power Ti:sapphire chirped pulse amplifier system.
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1. Introduction

During the past several decades, immense progress has
been made in the research of high-power Ti:sapphire chirped
pulse amplification (CPA) laser system.!'™ The ultrahigh
peak power laser can produce a focused intensity of 10%'—
1022 W/cm? class,>9 which is thought to be suitable for
high-field physics, such as particle acceleration, filamentation,
x-ray generation, and the study of plasma physics.[”-1?] At
present, the development of femtosecond high power laser sys-
tems with power levels of 10 PW or even 100 PW is being
pursued. 1314

However, it is not sufficient to have just high power; other
aspects such as spatial chirp of signal pulse also play an im-
portant role in physics experiments.!!>-1°] A beam with spatial
chirp means that its different spectral components are sepa-
rated in space transverse to the direction of propagation. In
most CPA systems, the signal pulse is stretched with a pos-
itive chirp. The red portion of the pulse precedes the blue
portion. When the stretched signal pulse is injected into the
Ti:sapphire amplifier, the leading part of the signal pulse ob-
tains more energy than the trailing part. As a result, the am-
plified signal pulse becomes redshifted (spectral components
are shifted towards the longer wavelength). Furthermore, the
energy flux densities of the pump and the signal determine the
redshifting process; therefore, when the pump and the signal
beams are spatially inhomogeneous, the signal pulse will be
redshifted differently at different positions in the spot, indicat-
ing the generation of spatial chirp. Generally, the spatial and
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temporal frequency dependencies of the electric field of an ul-
trashort pulse are often assumed to be separable into indepen-
dent functions. However, this assumption fails when coupling
occurs between the spatial and temporal frequency dependen-
cies of the pulse electric field, and this effect is referred to as a
spatio-temporal distortion. The broadband nature of ultrashort
pulses makes them particularly vulnerable to these distortions.
When such pulses are utilized in amplifiers, these distortions
often erode the temporal resolution, reduce the intensity, and
cause various other problems.[!7-18]

In this paper, we numerically investigate the spatial chirp
appearing in the Ti:sapphire multipass amplifier, which is used
as the main amplifier in a high-power Ti:sapphire CPA sys-
tem. First, we modeled the multipass amplification process
in 1D (without considering the transverse profile) by adopt-
ing Frantz—Nodvik equations!'*?%! to study the influence of
the pump and the signal energy flux densities on the redshift-
ing effect. We calculated the spectrum of the amplified signal
according to the different pump and signal energy flux densi-
ties, and found that the spectrum tends to move towards longer
wavelengths when the pump and signal energy flux densities
are increased. Next, we numerically modeled the multipass
amplification in 2D (considering the transverse profile) by as-
suming that the pump and the signal energy flux densities have
the same Gaussian spatial distribution. We found that the spa-
tial distributions of the pump and the signal give rise to spa-
tial chirp in the amplified signal beam, since the higher en-
ergy flux density portion in the spot makes the corresponding
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spectrum shift towards a longer wavelength. Since the spatial
chirp of the amplified signal is influenced by the spatial distri-
butions of the pump and signal energy flux densities, we nu-
merically analyzed the amplification processes of four compa-
rable cases with distinct pump and signal spatial distributions,
with the aim of eliminating the spatial chirp from the output
signal. The simulated results suggest that the spatial chirp in
the Ti:sapphire multipass amplifier can be almost eliminated
by utilization of proper beam profiles and beam sizes of sig-
nal and pump pulses, as the pump pulse has a top-hatted beam
profile and the signal pulse has a super-Gaussian beam profile
with a relative slightly larger spot size.

2. 1D and 2D models of Ti:sapphire amplifier

The 1D (without considering the transverse profile) and
2D (considering the radial profile in the cylindrical co-
ordinate system) models to simulate the processes in the
Ti:sapphire amplifier can be created based on the Frantz—

19201 Within each volume element in the

Nodvik equations.!
gain medium, three processes are accounted for: pumping the
ground state atoms to an upper state, the spontaneous emis-
sion of photons (including those into the laser beam and those
lost in other directions), and the amplification of the optical
radiation propagating through the cell. Other de-excitation
processes (e.g., collisional) are not considered, although they
could be accounted for with a reduction in the effective pump-
ing rate or through additional equations and parameters.

The 1D equations for the absorption and amplifica-
tion of optical radiation have been developed by Frantz and

NodvikH

W(z,t) = WyIn {1 _ exp(GANZ) [1 ~exp (WOW(’)m W

S

This equation relates the input energy flux density Wy(¢) to
the output energy flux density W(z,7) obtained after passing
through an amplifying or absorbing medium with the length
of z. o is the absorption or emission cross-section and AN is
the difference between the upper and lower state population
densities. Here, equation (1) has not accounted for the sponta-
neous emission of photons, and is thus valid only for the time
step which is much smaller than the energy relaxation time of
the medium.

According to the Frantz—Nodvik equations,'! the popu-
lation inversion density function can be expressed as

AN(z) =Nr <1 — {1 —exp(—0aNTz) [1 —exp (%)} }—1) |

2
where o4 is the absorption cross-section, Wy is the total in-
put energy flux density, z is the depth at which the pump light
passes through the gain medium, and Nt is the total number
density.

For four-level systems such as Ti:sapphire, the saturation
energy flux W is calculated according to the following equa-
tion:

he
=— 3
oL’ 3
where c is the speed of light in vacuum, # is the Plank’s con-

Ws

stant, and A is the laser wavelength.

In order to analyze the spatial chirp, the pump and signal
beam transverse profiles are taken into account. We model the
linearly polarized beam using the energy flux densities of the
laser in a cylindrical symmetry around the propagation axis z.
Then the 2D amplification equations in cylindrical coordinates

are deduced from Egs. (1) and (2)
o)) o
AN(z,r)

= Ny (1 — {1 —exp(—0aNTZ) [1 —exp (W&E:) )} }l> .(5)

3. Spectral redshifting with distinct input en-
ergy flux densities

W(z,t,r)

= W,In {1 — exp(GAN(r)z) [1 -

In most high-power CPA systems, gain saturation in the
main amplifier is inevitable. Gain saturation will cause pref-
erential amplification of the leading part of the pulse during
the amplification process./?!! For a positively chirped pulse
(red wavelengths preceding blue wavelengths), the red por-
tion acquires higher gain than the blue portion. As a result,
the signal pulse is redshifted in the spectrum. As shown in
Eq. (1), the amplification process is determined by the input
signal and the pump energy flux densities. In order to study the
relationship between the input energy flux density and the am-
plified spectrum, we simulated the single-pass amplification
process in two cases based on the 1D model using Egs. (1)—
(3). In the first case, the pump has a wavelength of 532 nm
and the Ti:sapphire has a thickness of 3.2 cm. The duration
of the signal is 400 ps and the input signal energy flux density
is fixed at 0.16 J/cm®. However, the input pump energy flux
density is varied from 0.56 J/cm” to 1.6 J/cm?”. In the second
case, we use a 3.2-cm Ti:sapphire and 532-nm pump; however,
the input pump energy flux density is assumed to be fixed at
1 J/cm? while the input signal energy flux density is varied
from 0.1067 J/cm? to 0.2400 J/cm?. The simulated spectra of
the amplified signals are shown in Fig. 1.

The black line in Fig. 1(a) indicates the normalized input
signal spectrum. Figure 1(a) shows that when the energy flux
density of the pump is increased from 0.56 J/cm? to 1.6 J/cm?,
the output spectrum tends towards longer wavelengths, since
a higher energy flux density of the pump implies an increased
gain in the leading part of the pulse. From Eq. (1), it is seen
that gain increases nonlinearly with increase in pump energy
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Fig. 1. (color online) Output signal spectrum corresponding to distinct
input (a) pump energy flux densities and (b) signal energy flux densities.

flux density. The pulse with higher energy flux density will
undergo stronger redshifting during the amplification process.
In the second case, when we hypothesize that the pump en-
ergy flux density is fixed at 1 J/cm? (Fig. 1(b)) and the signal
is varied from 0.1067 J/cm? to 0.24 J/cm?, the output signal
spectrum tends towards longer wavelengths along with an in-
crease in the signal energy flux density. Therefore, the 1D

simulations of the amplification process suggest that the red-
shifting effect becomes more pronounced with increases in the
input pump and signal energy flux densities.

4. Spatial chirp generated along with spatially
inhomogeneous input pulses

In the above 1D simulation, the beam profiles of signal
and pump pulses have not been taken into consideration, how-
ever, the transverse energy flux density profile of the laser
beam is not always ideal flat. As discussed in Section 3, this
spatial energy flux density distribution causes miscellaneous
redshifting at each point of the spot. In order to analyze the
spectral redshifting in ordinary spatially inhomogeneous sig-
nals and pump pulses in the Ti:sapphire amplifier, we simu-
lated the triple-pass amplification process with the 2D model
by assuming that the spatial profiles of the pump and signal are
Gaussian with diameters (1/ e? of the maximal intensity) of
30 mm. The thickness of Ti:sapphire is assumed to be 3.2 cm.
The signal input energy is hypothesized to be 1 J. The duration
of the signal pulse is hypothesized to be 400 ps. We assume a
two-end pump, with the energy of each pump being 7.5 J.

In the amplification process, the spectrum is redshifted
towards longer wavelengths, since the central portion of the
input laser beams has a larger energy flux density. In contrast,
the wings of the input laser beams have lower energy flux den-
sities, and hence there is less redshifting in the spectrum. This
mechanism is shown in Fig. 2. This generates spatial chirp
in the output signal pulse from Ti:sapphire amplifiers. The
results shown in Fig. 3 are simulated by using the 2D model
based on Egs. (3)—(4). To explain the difference in redshifting
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Fig. 2. (color online) Basic mechanism for the generation of spatial chirp in Ti:sapphire multipass amplifier.
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Fig. 3. (color online) Spatial chirp after triple-pass amplifier and the
spectral center of gravity (CG), (a) the input pump and signal spatial
energy flux density distributions; the spatial distribution of the ampli-
fied signal spectral CG; (b) the output signal spectrum corresponding to
the point shown in panel (a).

at different points of the spot, we analyzed the amplified signal
spectrums for three points in the spot (shown in Fig. 3(b)). In
addition, the spatial distribution of the spectral CG (shown in
Fig. 3(a)) of the amplified signal was used to show the amount
of redshifting at every point in the spot. Based on the separa-
tion of these spectra as shown in Fig. 3(b), we can conclude
that inhomogeneous energy flux density in the spot leads to
the generation of spatial chirp. To eliminate the spatial chirp,
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the spatial energy flux density distributions of the input beams
should be carefully controlled.

5. Eliminating the spatial chirp

In Section 4, it was shown that the spatial energy flux
density distributions of the input signal and pump determine
the generation of spatial chirp in the output signal. In order
to analyze and eliminate the spatial chirp, we simulated four
comparable cases with distinct input pump and signal spatial
energy flux density distributions using the 2D model. In the
first case, we assume a top-hat pump profile and a Gaussian
signal profile with diameters of 30 mm. In the second case,
we assume that both the pump and signal profiles are 5™ order
super-Gaussian (W (r) = Wyeak exp(—(r/r0)***)), with diame-
ters of 30 mm. In the third case, we assume a top-hat pump
profile and a 5™ order super-Gaussian signal profile with di-
ameters of 30 mm. In the last case, we assume a top-hat pump
profile, a 5 order super-Gaussian signal profile, and the di-
ameters of the signal and pump are 40 mm and 30 mm, re-
spectively. Other parameters are the same as those shown in
Fig. 3. Under these conditions, we simulate the triple-pass
amplification process. The results are shown in Fig. 4.

The profiles of the spectral CG in Fig. 4 illustrate spa-
tial chirp. From Figs. 4(a)—4(c), it is observed that the super-
Gaussian signal and top-hat pump will lead to a flatter spectral
CG profile as shown in Fig. 4(c). That is to say, the spatial
chirp will be less serious in this case. Therefore, for a mul-
tipass amplifier, a super-Gaussian signal profile and a top-hat
pump profile are recommended. However, residual signal spa-
tial chirp is present in the third case as shown in Fig. 4(c). In
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Fig. 4. (color online) Input spatial energy flux density distributions and profiles of amplified signal spectral CG in distinct cases. (a) Input
signal profile is Gaussian while pump profile is top-hat. (b) Input signal and pump profiles are 5 order super-Gaussian. (c) Input signal
profile is 5 order super-Gaussian while pump profile is top-hat with the same radius as that of the signal. (d) Input signal profile is 5" order
super-Gaussian, pump profile is top-hat, and the signal spot is larger than the pump.
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the fourth case, the size of the signal spot was expanded rel-
ative to that of the pump spot, and we obtain an almost flat
spectral CG profile, as shown in Fig. 4(d). Therefore, the best
way to cancel the spatial chirp in the Ti:sapphire multipass am-
plifier is to adopt a super-Gaussian signal profile and a top-hat
pump profile as well as keeping the signal spot slightly larger
than the pump spot.

6. Conclusion

We numerically investigated the spatial chirp appearing
in a Ti:sapphire multipass amplifier, which is used as the main
amplifier in high-power Ti:sapphire CPA systems. First, we
modeled the multipass amplification process in 1D by adopt-
ing the Frantz—Nodvik equations to study the influence of the
input pump and the signal energy flux densities on the redshift-
ing effect. The spectrum of the amplified signal corresponding
to different pump and signal energy flux densities was simu-
lated, which has a tendency to longer wavelength when either
the pump or the signal energy flux density is increasing. Then,
the 2D numerically modeling was also processed with the as-
sumption that the pump and signal energy flux densities have
the same Gaussian spatial distribution. In this case, the spa-
tial chirp of the amplified signal beam get raised, since the
higher energy flux density portion in the spot makes the cor-
responding spectrum shift towards the longer wavelength. In
a word, the spatial chirp is induced by the spatially inhomo-
geneous gain. In addition, the amplification processes with
distinct pump and signal spatial distributions were also simu-
lated, and the simulated results suggest that the spatial chirp in
the Ti:sapphire multipass amplifier can be almost eliminated
by utilization of proper beam profiles and spot sizes of signal
and pump pulses, as the pump pulse has a top-hatted beam
profile and the signal pulse has a super-Gaussian beam profile
with a little larger spot size. In this way, a clear understand-

ing of spatial chirp mechanisms in the Ti:sapphire multipass
amplifier is presented, therefore we can almost eliminate the
spatial chirp and improve the beam quality of a high-power Ti:
sapphire CPA system effectively.
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