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Abstract: We have designed a square-shaped beam homogenizer using a lens array for pumping
a petawatt-class Ti:sapphire amplifier. The designed beam homogenizer generated a flat-top
uniform square pump beam with 5.1% of edge steepness and 2.7% of RMS spatial uniformity,
respectively. This pump beam generated an output beam with 74 J of energy and 56.8% of
extraction efficiency, respectively. A scalar diffraction and two-dimensional amplification sim-
ulation were performed for optimization. The results indicate the possibility of improving an
amplification efficiency and developing a compact square petawatt-class laser system.
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1. Introduction

The generation of an ultra-intense laser pulse using chirped-pulse amplification (CPA) has been
used in research fields such as compact laser acceleration, medical applications, nuclear power,
and radiation applications [1-3]. Research into the applications mentioned above was only
accessible in approved facilities, but the development of a table-top-scale ultra-intense laser
system has made it possible for the basic science to be extended into industrial applications [4—6].

There has been renewed interest in developing a compact petawatt-class CPA laser system in
recent years [7—10]. Several studies have been conducted on reducing the size of the laser system
by utilizing optical parametric chirped pulse amplification (OPCPA) [11], enhancing the damage
threshold of optical components such as the mirror and diffraction grating [12], and shaping a
square beam [13]. The OPCPA technique has been commonly used in front-end systems [11]. A
high damage threshold of the optical components enables the use of small optical components
while the same energy is transferred. A square-shaped pump beam was used in the main amplifier
to generate a square-shaped amplified beam [13]. In this article, we will concentrate only on the
method for shaping a square beam owing to the following:
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The utilization of a square beam makes the laser system compact. A square beam can reduce
the size of the optical components by 11% compared with those of a circular beam with the
same fluence. In addition, a square beam can require 27% more area than a circular beam. This
makes it possible to reduce the risk of the damage to the optical component and to make the
pulse compressor and optical components compact.

A square-shaped laser beam can be created by pumping a gain medium with a square pump
beam. The pump beam is required to have a high steepness for efficient amplification [1, 14]. If
the steepness is low, the pump energy remains in the medium owing to a poor gain of the edge,
which has a low pumping fluence. The spatial uniformity of the pump beam is also an important
characteristic. The spatial distribution of the output beam follows the spatial distribution of the
pump beam owing to the high gain of the amplifier [14]. Therefore, it is important to make the
pump beam to have a high steepness and uniform spatial distribution.

The diffraction optical element (DOE) and the lens array can generate a square uniform
beam [15, 16]. The DOE has been used to create a uniform beam having a high steepness, but
there was a loss of energy [15]. A beam homogenizer using a lens array is more suitable for
high-energy pumping because there is theoretically no loss of energy, and the incident beam
profile does not significantly affect the performance. Some studies proposed methods utilizing
a DOE or lens array to homogenize a pump beam for a petawatt-class laser system [17, 18].
However, a circular beam was used to pump the gain medium, not a square beam. A previous
study of a square pump beam in a high-power laser examined a 100-J-level laser that used
Yb:YAG slabs pumping with laser diodes [19]. It was difficult to find other studies that used a
square pump beam in a high-power laser system.

In this paper, we designed a beam homogenizer using two lens arrays to convert several
nonuniform circular beams into a uniform square beam. For a numerical simulation, the final
booster amplifier was designed for tens of joules of output energy. An input beam with 2.4 J of
energy was amplified into a square beam with more than 74 J of energy through this three-pass
amplifier. A 2D amplification simulation was performed to optimize a beam homogenizer.

2. Beam homogenizer for square flat-top beam

2.1. Beam homogenizer

Lens array 1 Lens array 2 Condenser lens
Image plane

Incident laser

fzdzcjlrc dei = fe

Fig. 1. Schematic of beam homogenizer for pumping Ti:sapphire gain medium.

To make a uniform square beam into a Ti:sapphire gain medium, the beam homogenizer
consists of two lens arrays and one condenser lens, as shown in Fig. 1 [16]. The incident beam is
a square arrangement of four nonuniform beams of 25-mm diameter and 30-mm spacing. The
first lens array (LA1) divides the incident beam into several square beamlets. These beamlets
overlap on the image plane and form a uniform square beam. The size of the square beam on the
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image plane is expressed by Eq. (1) [16]:
pfe

D =
fifz
For the image condition(d, = f>), the size of the square beam on the image plane is simplified

to Eq. (2) [16].

(f1 + f2—d), (D

fe
2’

The size of the square beam (D) can be defined by three parameters: the pitch size of the lens
array (p), the focal length (f>) of the second lens array (LA2), and the focal length (f,.) of the
condenser lens (L. ). The beam homogenizer must maintain its distance from the image plane
owing to the structure of the petawatt amplifier [20]. In consideration of this, f. is fixed at 3 m.
The amplifier setup fixes the beam size. Therefore, the characteristics of the beam homogenizer
can be simply described by one variable, p.

The size of the pump beam with 126 J of energy is fixed at 6 cm for 3.3 J/em? of pumping
fluence. The Ti:sapphire crystal used in this study has a thickness of 25 mm, and its absorption
coefficient is 1.2 cm~!. With this property, an energy of 120 J is stored in the crystal with 95%
of absorption. The lens pitch varies from 0.5 to 6 mm. d. is set arbitrarily to avoid damage to
LA2 because it does not affect the size of the pump beam, as shown in Eq. (2). We assume that
the interval (d,.) between LA2 and L. is close to zero in the simulation. d». does not affect the
diffraction effect or the size of the pump beam, but it does affect the divergence of the output
beam [21].

D=p )

2.2. Numerical analysis process

Figure 2 shows the propagation simulation process and the image of each plane. The entire
propagation process consists of two propagations: the first interval is between the input beam
and LA2, and the second interval is between L. and a center of the Ti:sapphire, as shown in Fig.
2. The simulation parameters are listed in Table 1.

Table 1. Simulation parameters of beam homogenizer

plmm]  fimm]  fo=dipplmm] doe [mm]  fe=d.i[m]

0.5 15 25
1.0 30 50
2.0 60 100
3.0 90 150 0 3.0
4.0 120 200
5.0 150 250
6.0 180 300

The Fourier convolution theorem [22] in Egs. (4) or (6) can be used for the first propagation
from the input beam to the LA2 plane. & and 77 41 are an impulse response and a transmittance
function of LA1. F, F~!, and n are the Fourier transformation, the inverse Fourier transformation,
and the number of lens elements in the lens array, respectively. x,, and y, are the coordinates
based on the each lens element in the lens array. Equation (4) can calculate the image of the
short propagation distance without aliasing errors, and can use the memory efficiently. However,
its computational cost is very high owing to many calculations of the Fourier transformation.
Equation (6) requires only one calculation of the Fourier transform, but it requires a long
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Fig. 2. Propagation simulation process: (a) intensity of input beam |E;, (x, y)|2, (b) intensity
on LA2 plane |Ef 42 (x, y)|2, and (¢) intensity of output beam |E_ -y 747 (x, y)|2.

propagation distance or more memory than Eq. (4). Ax, and Ay, are the space shifts between
the center of the beam homogenizer and the center of the lens elements in the lens array.

exp(jkz) jk
hx,y.2) = ZPTE op [ 222+ ). 3)
jaAz 27
Case (i): propagation of each lenslet
Epaa(x,y) = Z F™YEin (X y)tra, Cons y) FUR G, s di)}), “)
n
trai(x,y) = exp| - JR ), (5)
2f1
Case (ii): propagation of an entire beam
Epas(x,y) = FYF{E;n(x, »)trai(x, Y)IF{h(x, y, di2)}}, (6)

tear(x,) = Y [reer (= prect (A exp -5 = =) | )

To calculate the propagation from the condenser lens (L) to the Ti:sapphire image plane as
shown in Fig. 2, the two-step propagation in Eq. (8) [22] is used. 7 42 and ¢, are the transmittance
function of LA2 and condenser lens, respectively. Because d». is set to 0, both 77 42 and ¢,
must be applied to the equation. L; and L, are the plane sizes of LA2 and Ti:sapphire for the
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simulation, respectively. xi, y; and x3, y, are the coordinates of the plane of LA2 and the image
plane. fx1, fy1 are the frequency coordinates of the plane of LA2.

L . .k Li-L
Ecrystat (x2,Y2) = =exp(jkderexp| = j=——=—(x3 +3)]
L k Li—-L
_1 . 1,2 2 . 1 2.2, .2
x P exp| - jmadei (i + E0]F{Ur e yesp 57— === + D] ),
Ui(x,y) = ELaa(x, y)tLaz(x, y)tc(x,y), &)

tean(e) = D) [rect (SR reer (S exp i A=+ 0= 10

1o, ) = exp ~ 5 (2 4], an
fe

There is an interference on the image plane when using the beam homogenizer [16]. There
has also been concern about the interference effect because a general petawatt amplifier uses
several pump beams to provide a sufficient energy [20, 23]. However, previous experimental
results show that the interference does not have a significant effect on the output beam and not
damage a surface of the gain medium [20,23]. In the setup of a general Ti:sapphire amplifier, the
input beam passes through the crystal several times with a tilted angle, and the pump beam enters
the crystal at a tilted angle. Because the input beam energy is integrated with the propagation
direction, it will blur a Talbot effect. The interference effect also will be eliminated by this
structure. A detailed investigation will be conducted in a further study. In this research, we will
ignore the interference effect on the image plane for amplification simulation.

3. Optimization of the beam homogenizer
3.1. Design of beam homogenizer for high steepness

The steepness of the pump beam is defined as edge steepness in Eq. (12) according to ISO
standard [24]. Aj09, Agyg are irradiation areas with energy density values above 10% and 90%
of maximum energy density, respectively. However, maximum energy density does not assure
reliability of the result because local hot spot influences it significantly [25]. For this reason, we
use peak energy density in the histogram curve instead of maximum energy density as proposed
by ENEA [25]. It is important to design the beam homogenizer with a high steepness because
the higher the steepness, the more energy is transferred to the input beam [14,20].

A109% — Agog
S10%,90% = ————————, (12)
A10%

In the geometric optical imaging condition(d» = f>), a high steepness of the edge is guaranteed
without considering a diffraction effect. Since an image of where the incident beam is divided
by LA1 is formed on the image plane, a sharp edge is obtained at the center of the Ti:sapphire
crystal [21]. The edge steepness by the lens pitch is shown in Fig. 3. A larger lens pitch decreases
the diffraction effect; therefore, the edge of the pump beam has a high steepness. If the lens pitch
is lower, the steepness of the edge decreases by the diffraction effect.
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Fig. 3. Relation between lens pitch and edge steepness: (a) lens pitch vs. edge steepness, and
(b) position vs. intensity. Lens pitch is 0.5 (blue), 4.0 (red), and 6.0 mm (green), respectively.
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Fig. 4. Relation between lens pitch and RMS uniformity: (a) lens pitch vs. RMS uniformity,
and (b) position vs. intensity. Lens pitch is 0.5 (blue), 4.0 (red), and 6.0 mm (green),
respectively.

3.2. Design of beam homogenizer for uniform spatial distribution

The spatial uniformity of the pump beam is defined as the normalized root mean square (RMS)
in Eq. (13) according to the ISO standard definition [24]. H,,4,. and Af7 are a spatially averaged
energy density and irradiation area above 1 of peak energy density Hp.qx is proposed by [25]
for reliability of the result, not maximum energy density, respectively. The uniform spatial
distribution of the pump beam is important in obtaining a uniform spatial distribution of the
output beam [14]. Because of the high gain of the amplifier, the amplified beam has almost the
same spatial distribution as the pump beam.

1 1
U, = — H(x,y) — Hygvel?dxdy, 13
) HW\/A;]f [H(x, ) ~ Hyave Py (13)

Figure 4 shows the RMS value of the spatial uniformity Uj ¢ of the output beam by the lens
pitch. An RMS spatial uniformity of 2.7% is achieved when the lens pitch is 4 mm. When the lens
pitch is less than 4 mm, the RMS spatial uniformity increases by the diffraction effect by the small
lens pitch. When the lens pitch is more than 4 mm, the RMS spatial uniformity gets worse because
the number of beamlets in the lens array is not enough to remove the effect of the nonuniform
input beam and separated beamlets. As a countermeasure to this problem, a freeform microlens
array homogenizer was recently proposed [26]. This system showed excellent performance in
uniformity and steepness. However, the input beam profile influences the performance because
the optimization process was based on the spatial distribution of the input beam.
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Fig. 5. The structure of Ti:sapphire amplifier: (a) input beam, (b) nonuniform pump beam,
(c) shaped pump beam by beam homogenizer, and (d) amplified beam (output).

Lens pitch [mm]
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Fig. 6. Amplification simulation with various conditions: (a) output beam and (b) residual
pump beam. Red box indicates optimum result.

3.3. 2D ampilification simulation

The designed beam homogenizer generates a uniform square pump beam, which is used for a 2D
amplification simulation using the Frantz-Nodvik equation in Egs. (14) and (15) [27]. Jin, Jout,
and Jg,; = hv/o are the input fluence, the output fluence, and the saturation fluence, respectively.
Jpump 1is the fluence of two dimensional electric field calculated from Eq. (8).

Jour (%, ) = Jsarn[1 + Go(x,y)(exp[%x;”] - 1)], (14)

Go(x,y) = exp[/lpump//llaser : ]pump(x, Y/ Jsarl, (15)
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Fig. 7. Influence of pump beam on output beam: (a) edge steepness of pump beam (red) vs.
extraction efficiency (blue), and (b) RMS spatial uniformity of pump beam (red) and output
beam (blue) according to lens pitch.

Figure 5 illustrates the structure of a Ti:sapphire amplifier. The chirped input beam by an
offner stretcher [28] has 2.4 J of energy and 700-900 nm of bandwidth. Sixteen nonuniform
pump beams enter into four beam homogenizers and form a square-shaped flat-top beam of
width 6 cm and 126 J of energy on a Ti:sapphire crystal. The input beam passes through the gain
medium three times. The spatial distribution of the output beam is almost the same as the spatial
distribution of the pump beam.

Figure 6 shows a 2D image of the intensity of the output beam and the residual pump beam.
When the lens pitch is small, the spatial distribution of the output beam is nonuniform owing to
the poor spatial uniformity of the pump beam. There is residual pump beam at the edge because
of the low steepness of the pump beam. When the lens pitch is large, there is little residual
pump beam by the high steepness of the pump beam. However, the spatial uniformity of the
output beam is nonuniform because of the poor spatial uniformity of the pump beam. When the
lens pitch is 4 mm, the spatial uniformity of the output beam is uniform, and there is almost no
residual pump energy by high steepness.

Figure 7(a) shows the influence of the edge steepness of the pump beam on the extraction
efficiency. Since the edge steepness is higher, the extraction efficiency is higher. If the edge
steepness is low, the edge of the beam cannot extract the pump energy because of low pumping
fluence.

Figure 7(b) shows that the spatial distribution of the output beam follows the spatial distribution
of the pump beam. It turns out that a low RMS of the pump beam leads to a low spatial uniformity
of the output beam.

The extraction efficiency is higher than 54% regardless of the size of the lens pitch. In a
practical Ti:sapphire laser amplifier, the extraction efficiency is usually between 40 —50% [20,23].
The existing system shows super-gaussian order about 10 to 20, but pump beam shaped by
imaging beam homogenizer like we introduced shows super-gaussian order more than 100.
Because most of residual pump energy comes from the edge of the beam, so high steepness
pump beam improves the extraction efficiency. But there will be additional efficiency loss in
practice by parasitic lasing not considered in simulation.

The optimal pitch size for pumping amplifier is 4 mm when the spatial uniformity is lowest.
The extraction efficiency is 56.8% with 1.2cm ™! of the absorption coefficient and residual pump
energy is only 3.7 J, which means most of the pump energy is extracted with 97% of efficiency.
The RMS value of the spatial uniformity of the output beam is 2.7%, which is the lowest value in
this simulation. The output beam has 74 J of energy when 120 J of energy is stored in the crystal.
The extraction efficiency is close to the quantum defect efficiency, which is the ratio between the
wavelength of the pump beam(532 nm) and the wavelength of the seed beam (700-900 nm) [29].
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4. Conclusion

We have designed a square-shaped beam homogenizer with high steepness and uniformity
for a petawatt-class Ti:sapphire amplifier. The beam homogenizer exhibited its best pumping
performance when the lens pitch was 4 mm. The designed beam homogenizer generated a pump
beam with 5.1% of edge steepness and 2.7% of RMS spatial uniformity. The results of a 2D
amplification simulation with the designed beam were obtained an extraction efficiency of 56.8%,
an edge steepness of 4.2% and a RMS spatial uniformity of 2.7% for the output beam. In addition,
74 J of output energy was achieved. By this result, we should obtain more than 2 PW of peak
power when the efficiency of the pulse compressor is considered [20]. By these results, it is
shown that the beam homogenizer using lens arrays is effective for improving an efficiency of
the amplifier and reducing the size of the petawatt laser system.
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