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1. Introduction

Recently, an unprecedented high peak power laser has been cre-
ated in the laboratory based on chirped pulse amplification
(CPA). Now the focused intensity can reach a level of
102 W/cm?!". These kinds of lasers are powerful tools for
studying laser acceleration, laser fusion, secondary source gen-
eration (such as electrons, protons, neutrons, and X-rays), labo-
ratory astrophysics, etcl?.

The most commonly used stretchers in CPA laser systems
include Martinez”! and Offner!" configurations. The Martinez
stretchers have obvious chromatic aberration, so they are not
suitable for use in an ultrawideband laser systems. The Offner
stretchers include single-grating and double-grating configura-
tions. Compared with the single-grating configuration, the laser
pulse out of the double-grating stretcher has smaller aberration,
so the latter has been used in some 10-petawatt-level laser facili-
ties, such as the Apollon laser facility™™ and the Shanghai
Superintense Ultrafast Laser Facility (SULF)!®). In the petawatt-
level laser facility, in order to increase the stretching quantity for
the femtosecond pulse to better match the nanosecond-level
pump pulse and reduce the volume and cost of the stretcher,
it is necessary to adopt a multipass design for the stretcher.
However, the analysis in this paper shows that the double-
grating Offner stretchers have significant off-axis aberration
in the multipass configuration, which would cause spatiotempo-
ral coupling distortion of the output laser.

In addition, many studies suggest that the far-field spectral
phase noise in stretcher was the sources of tens-of-picoseconds’

© 2023 Chinese Optics Letters

073201-1

A cylindrical Offner stretcher based on ternary reflector (COSTER) is proposed and analyzed. Compared with the traditional
Offner stretcher, the COSTER has no off-axis aberration in the multipass configuration, and the output laser of COSTER has
lower spectral phase noise and higher temporal contrast in the far field. The COSTER is quite suitable to be used in multi-
petawatt laser facilities, and it might be the preferred stretcher configuration for ultrafast and ultra-intense lasers.
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intensity pedestal in the CPA laser systems®”). In order to
avoid preionization of the experimental target, the intensity
of the noise or pre-pulses should not exceed the level of
102 W /cm?®, With the increase of pulse peak power, higher
temporal contrast of the intensity of laser pulses is required in
high field physical experiments. However, in an Offner stretcher,
the laser hits at the convex mirror after dispersion and focusing,
so the surface profile distortion of the convex mirror will lead to
far-field spectral phase noise of the output laser. This is the main
factor causing tens-of-picoseconds’ intensity pedestal in the far
field".

In order to improve the temporal contrast, Tang et al.
designed a stretcher without a far-field optical component for
the Gemini laser system'"*). Lu et al. presented a novel stretcher
based on two concave mirrors, which also has no optical com-
ponent on the focal plane!' "2, However, these kinds of stretch-
ers have larger chromatic aberration than the Offner stretcher.
Bromage et al. designed a cylindrical Offner stretcher!'>'*! that
improves the temporal contrast while retaining the aberration-
free nature of the Offner structure. However, the output laser of
this stretcher has spatial chirp.

In this paper, a cylindrical Offner stretcher based on ternary
reflector (COSTER) is proposed and analyzed. The COSTER has
no off-axis aberration, even in the multipass configuration, and
it has no far-field optical element, which allows higher far-field
on-axis temporal contrast of the output laser. In addition, the
COSTER supports higher pulse energy because each spectral
component is focused to a line on the cylindrical convex mirror
instead of being focused to a point. The COSTER is better than

Chinese Optics Letters 21(7), 073201 (2023)


mailto:wangxiaocn@263.net
mailto:zuoyanlei@tsinghua.org.cn
https://doi.org/10.3788/COL202321.073201

Top View o
Z
Z—IY g
= CCM2
M
Gl T.R input & output

Fig. 1. Top and side views of the COSTER. G1and G2, gratings; CCM1and CCM2,
concave and convex cylindrical mirrors; M, flat mirror; TR, ternary reflector,
consisting of three flat mirrors; RM, roof mirror. As shown in the dashed
box, compared with the RM, the TR does not change the spatial chirp direction
of the output laser. The green font in the side view indicates which pass of the
laser goes through the COSTER.

the traditional double-grating Offner stretchers in many ways,
and it is scheduled to be used in the 10-petawatt-level laser
facility of the Photonics Science Center of Zhongshan.

2. Structure of the COSTER

Figure 1 shows the structure of the COSTER, in which the laser
transmits four times. In the first pass, the laser is incident to gra-
ting G1 at an angle of 4.3° with the x-z plane. Then it passes
through the Offner structure consisting of concave (CCM1)
and convex (CCM2) mirrors and is collimated by grating G2.
In the second pass, the laser is reflected by a flat mirror (M)
at a small angle of 0.4°. Then the laser is reflected by G2-
CCM1-CCM2-CCM1-Gl in turn and reaches the ternary reflec-
tor (TR), where the different spectral components of the laser
pulse separate in space. The attitude of the three mirrors of
TR is adjusted to make the reflected laser (the third pass) parallel
to the incident laser (the second pass), and then the third and
fourth passes start. TR shifts the output of the second pass in
the y direction, and then returns it in parallel. Because of the
translational symmetry in the y direction of the COSTER,
according to the principle of reversibility of light, if the third
and fourth passes are shifted along the y direction, they can
completely coincide with the second and first passes in space.
Therefore, the output laser of the fourth pass has no spatial
chirp, just like the initial input laser. If the TR is replaced by
a roof mirror (RM), the output laser will have a more significant
spatial chirp. That means the TR in the COSTER effectively
eliminates spatial chirp in the case of a multipass.

In addition, since each spectral component in the COSTER is
line-focused on the convex cylindrical mirror rather than point-
focused in a traditional Offner stretcher, the COSTER will sup-
port a higher pulse energy at a limited damage threshold of the
optical elements.

3. Performance Analysis of the COSTER

3.1. Analysis of aberrations

The traditional double-grating spherical Offner stretcher (SOS)
is generally considered to be aberration-free. However, it is not
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Fig. 2. Top and side views of double-grating Offner stretcher. G1and G2, gra-
tings; CM1 and CM2, concave and convex mirrors; RM1 and RM2, roof mirraors.
The off-axis aberration of the concave mirror is shown in the dashed box.
L, off-axis distance; f, the focal length of the concave mirror.
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the case in a multipass configuration. Figure 2 shows the struc-
ture of a four-pass double-grating SOS. In order to achieve
multipass, the laser beam must propagate off-axis. In this case,
oft-axis aberration is unavoidable. As shown in the dashed box
in Fig. 2, the larger the oft-axis distance L, the farther away the
reflected laser is from the focus.

The off-axis aberration of a traditional SOS will cause fre-
quency-dependent spatial distortion of the output laser. We
simulated the transmission of laser in the stretcher using the
ray-tracing">! method, where the 3D spatial diffraction calcula-
tion of the grating is referred to Ref. [16]. In this simulation, the
off-axis distance of the input laser and the second/third pass
laser in the y direction are 60 and 30 mm, respectively. And
the output and input lasers are separated by 30 mm in the x
direction. Other main parameters of the input laser and the
stretcher are shown in Table 1. The near-field spot diagram
of the output laser is shown in Fig. 3. It can be seen that different
spectral components have different distortions, and the distor-
tions increase with the transmission distance.

The spot diagram of the output laser of COSTER is calculated
under the same conditions (shown in Table 1), and the results
are shown in Fig. 4. It can be seen that the spot diagram of each
spectral component has no distortion, and the shape of the spot
diagram almost does not change with the transmission distance.
This indicates that the COSTER effectively eliminates aberra-
tions in the multipass configuration because every pass is trans-
mitted within the radius planes of CCM1 and CCM2.

3.2. Analysis of far-field temporal contrast

Compared with the SOS, another advantage of the COSTER is
that the output laser has less far-field spectral phase noise and
higher temporal contrast. In an SOS, different spectral compo-
nents are focused on the surface of convex mirror, which is a far-
field element. But in COSTER, the laser on the surface of convex
cylindrical mirror is only focused in one direction, so it is not a
strict far-field optical element. The surface profile distortion of
convex cylindrical mirror in COSTER has less effect on the far-
field on-axis spectral phase, which allows higher far-field on-axis
temporal contrast. To prove that, we simulated the impact of
surface profile distortion of the concave/convex (cylindrical)
mirrors on the far-field temporal contrast. The model used
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Table 1. Parameters of the COSTER/SOS and the Input Laser.

Item Value
Radius of concave (cylindrical) mirror 1200 mm
Radius of convex (cylindrical) mirror 600 mm

Grating line density 1480 lines/mm

Distance between the two gratings 500 mm
Incident angle 60°
Diameter of the laser beam 10 mm
Central wavelength 900 nm
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Fig. 3. Spot diagram of the output laser of the double-grating Offner
stretcher. (a) The laser propagates 1 m after one pass through the stretcher:
(b) the laser propagates 10 m after one pass through the stretcher.

for the simulation is shown in Fig. 5. Figure 5(a) shows the sche-
matic of a zero-dispersion stretcher, in which f = 600 mm, and
the focal length of F is 100 mm. Other parameters used in the
simulation are shown in Table 1. Figure 5(b) shows the beam
locations of different spectral components on concave/convex
(cylindrical) mirrors, which can be determined according to
the grating equation and the geometry of the optical path.
According to the grating equation, the diffraction angle of each
spectral component is given by (ignoring the effect of the angle
between the incident light and the x-z plane in COSTER)
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Fig. 4. Spot diagram of the output laser of COSTER. (a) The laser propagates
1 m after one pass through the COSTER; (b) the laser propagates 10 m after
one pass through the COSTER.

Vol. 21, No. 7 | July 2023

(@) Gl Cl C2 (1 G2

.
O
E | ] E Near-field ! Far-field

Input

b) - —
o ot
2 £
£ 0 =
= ol
: ; . i -10 iz
200 -150 -100 50 0 50 100 150 200 250
x(mm)
optical |, . > Eu(x,,0)
clements
Scalar Diffraction IDFTl
- wn W1 W2 - On Eou(x;,;,1)

Ein(x,y,0) Eou (x,y,00)

Fig. 5. Calculation model of the temporal contrast of the laser passing
through a stretcher. (a) Schematic of the zero-dispersion stretcher. 61 and
G2, gratings; C1 and C2, concave and convex (cylindrical) mirrors; F, focusing
element; f, focal length of the concave (cylindrical) mirror; (b) simulated sur-
face profile and beam locations of different spectral component (w_);
(c) scalar diffraction calculation model for a broadband laser. Sampling along
the w axis of the broadband laser field (£, (xy,w)), then calculating the output
field of each spectral component (£, (xy,w)) based on the scalar diffraction
theory, finally using inverse discrete Fourier transform (IDFT) to obtain the
output field (Eyu: (xy,8).

where w; is the ith angular frequency component of the laser
pulse, y; is the diffraction angle of the ith spectral component,
c is the speed of light, d is the grating line period, and 6 is
the incident angle. According to the optical path geometry, the
position of each spectral component on the concave/convex
(cylindrical) mirror is given by

x(w)=i—7d) R 2)

where y, is the diffraction angle of central wavelength compo-
nent and R is the radius of the concave/convex (cylindrical)
mirror.

Figure 5(c) shows the scalar diffraction calculation model for
a broadband laser, which could be used to calculate the influence
of the surface profile distortion of various optics on the laser
field. When the laser is reflected by the optical elements, the sur-
face profile distortion will be mapped to the wavefront of the
laser according to Eq. (3),

oz(x,y)
C b

094, (x,y) =2w; - (3)

where 6¢,, (x, y) is the wavefront error of the ith spectral com-
ponent and 6z(x, y) is the surface profile at (x, ).

The effect of mid-frequency surface profile distortion (spatial
period range: 0.12-33 mm) of the concave/convex (cylindrical)
mirror is considered in this simulation. The simulated surface
profile obeys the power spectrum density (PSD) criterion line
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Fig. 6. (a) Partial surface profile used in the simulation; (b) 1D PSD of surface
profile. The red dashed line indicates the PSD criterion line of the NIF, and the
blue solid line indicates the average 1D PSD of the surface profile.

of the large aperture optics defined by the National Ignition
Facility (NIF)"”), which is given by

PSD <A - f7?, 4)

where A = 1.05, b = 1.55, and the units of PSD and f are nm? -
mm and mm™!.

The partial surface profile used in the simulation is shown
in Fig. 6(a). The 1D PSD of the simulated surface profile (blue
solid line) and the PSD criterion line of NIF (red dashed line) are
shown in Fig. 6(b).

The far-field on-axis spectral phase (Fig. 7) and temporal con-
trast (Fig. 8) of the output laser of the SOS and the COSTER are
simulated under the same surface profile conditions. Figure 7
shows that the surface profile distortion of the concave (cylin-
drical) mirror in the SOS and the COSTER will cause nearly
the same distortions of far-field on-axis spectral phase. In con-
trast, the surface profile distortion of convex (cylindrical) mirror
will cause obvious high-frequency noise of the far-field on-axis
spectral phase, and the spectral phase of the COSTER is
smoother than that of the SOS.

Figure 8 shows the far-field on-axis temporal contrast of the
output laser. Figure 8(a) shows the far-field on-axis temporal
intensity of the output laser when the surface profile distortion
of the concave (cylindrical) mirror is included. In this case, the

0.15F T T T T T T T T T ]
COSTER & Concave mirror SOS & Concave mirror
COSTER & Convex mirror

SOS & Convex mirror |

0.1 ‘

Spectral Phase(rad)

-0.15F 1 1 1 1 1 1 L L L -
895 896 897 898 899 900 901 902 903 904 905
Wavelength(nm)

Fig. 7. Far-field on-axis spectral phase of the output laser. COSTER and con-
cave mirror, with the surface profile distortion of concave cylindrical mirror in
the COSTER (blue line); COSTER and convex mirror, with the surface profile
distortion of convex cylindrical mirror in the COSTER (orange line); SOS and
concave mirror, with the surface profile distortion of concave mirror in
SO0S (yellow line); SOS and convex mirror, with the surface profile distortion
of the convex mirror in the SOS (purple line).
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Fig. 8. Normalized temporal intensity in the far-field. (a) With the surface pro-
file distortion of the concave (cylindrical) mirror; (b) with the surface profile
distortion of the convex (cylindrical] mirror.

two kinds of stretchers have the same far-field on-axis temporal
contrast. However, as shown in Fig. 8(b), the surface profile dis-
tortion of the convex (cylindrical) mirror has a greater effect
on the far-field on-axis temporal contrast. And compared with
the SOS, the output laser of the COSTER has a higher far-field
on-axis temporal contrast, and its signal-to-noise ratio at 20 ps
is 102-10° times higher than that of the SOS.

Based on Figs. 7 and 8, it can be seen that the surface profile
distortion of the convex (cylindrical) mirror is the main factor
that leads to the high-frequency noise of the far-field on-axis
spectral phase and the reduction of the far-field on-axis tempo-
ral contrast. In addition, compared with the SOS, the output
laser of the COSTER has higher far-field on-axis temporal
contrast.

In fact, the far-field intensity noise is spatiotemporally
coupled'. Figure 9 is the simulation result of the 3D spatial-
temporal distribution of far-field intensity, which can explain
why using COSTER can enhance the far-field on-axis contrast.
As shown in Figs. 9(a) and 9(c), the noise produced by the con-
cave (cylindrical) mirror in the SOS and the COSTER will
exhibit similar spatial-temporal coupling characteristics. The
noise of the far field is dispersed in space, so it does not have
a significant effect on the far-field on-axis contrast. However,
as shown in Fig. 9(b), the noise generated by the concave mirror
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Fig. 9. Normalized 3D spatial-temporal intensity distribution in the far field.
(a) and (c) Surface profile distortion of the concave (cylindrical) mirror in
the SOS and the COSTER, respectively; (b) and (d] surface profile distortion
of the convex (cylindrical) mirror in the SOS and the COSTER, respectively.
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