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Abstract: Angular dispersion observed in a nanosecond optical parametric chirped-pulse
amplification (ns-OPCPA) amplifier adopted in the frontend of a multi-PW laser was analyzed.
The theory on the angular dispersion, extended by including the wavefront rotation and the
pulse front tilt of a strongly chirped laser pulse, revealed that the wavefront rotation is a major
contributor to the angular dispersion, as compared to the pulse front tilt, in a ns-OPCPA amplifier.
It was also shown that the wavefront rotation could be introduced by the phase mismatch and
the noncollinear propagation angle in the noncollinear ns-OPCPA amplifier. The theoretical
prediction was experimentally verified by measuring the angular dispersion of the ns-OPCPA
frontend installed in the 20-fs, 4-PW Ti:Sapphire laser. We emphasize the importance of the
proper characterization and control of the angular dispersion in the ns-OPCPA amplifier since the
focus intensity of an ultrahigh power laser could be significantly reduced due to the spatiotemporal
effect even for small induced angular dispersion.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the invention of the chirped pulse amplification technique [1], ultrahigh power lasers have
been developed [2,3] and applied intensively for the investigations of strong-field physics [4,5].
The first ultrahigh power laser exceeding an output power of 1 PW was demonstrated using an
Nd:Glass laser with a pulse duration of 0.5 ps at Lawrence Livermore National Laboratory [6].
The technical advancement of high power femtosecond lasers prompted the development of a 33
fs, 0.85 PW Ti:Sapphire laser in Japan Atomic Energy Research Institute [7], and then a 30 fs,
1.0 PW laser at Advanced Photonics Research Institute [8]. A further development utilizing the
broad gain bandwidth of Ti:Sapphire has prompted the development of a 20 fs, 4 PW laser at the
Center for Relativistic Laser Science in 2017 [2]. In this case, an optical parametric chirped-pulse
amplification (OPCPA) stage was employed in the frontend part [9]. Because of the use of a
strongly chirped ns pulse, we carried out the systematic analysis of angular dispersion in the
OPCPA process.

An OPCPA amplifier offers advantages in developing ultrashort high-power lasers [10]. The
nonlinear process between signal and pump beams can enhance the temporal contrast between
prepulses and the main ultrashort high-power pulse [11,12], and the low thermal load to nonlinear
crystals used in an OPCPA amplifier chain is beneficial for repetitive laser operation [13,14]. In
addition, the broadband gain through noncollinear phase-matching enables the amplification of
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ultrashort pulses [15], which allows to avoid the gain narrowing accompanied in a very high gain
amplification frontend stage of a CPA laser [10]. The OPCPA amplifier has been, thus, adopted
frequently in the frontend of ultrahigh power lasers [16-20].

However, the OPCPA amplifier with a noncollinear geometry may induce angular dispersion -
the angular spread of the propagation direction for different spectral components of a laser pulse
[21]. From the theory on the spatiotemporal coupling (STC) of a laser pulse, it is known that
angular dispersion can be generated by pulse front tilt and wavefront rotation [22,23]. And this
angular dispersion can affect the focal spot size and pulse width [24]. In the case of OPCPA
amplifiers using ps chirped pulses, there are studies on the beam quality degradation due to
angular dispersion caused by the pulse front tilt [21,25-27]. On the other hand, in the case of
OPCPA amplifiers using ns chirped pulses, studies have been conducted mainly on amplification
characteristics [20,28,29]. Consequently, it is crucial to investigate the angular dispersion of the
ns-OPCPA amplifier used as the frontend of ultrahigh power lasers.

In this paper, we report the analysis of the angular dispersion induced in the ns-OPCPA
amplifier. In Sec. 2, the angular dispersion due to pulse front tilt and wavefront rotation is
theoretically derived and applied to the ns-OPCPA amplifier. In Sec. 3, the experimental proof
for the analytical theory is presented by measuring the angular dispersion of the ns-OPCPA
amplifier, and its effect on the focal spot parameters is shown. The method to compensate for the
angular dispersion is discussed in Sec. 4. The conclusion is given in Sec. 5.

2. Theory

The angular dispersion usually appears when a laser pulse passes through a dispersive media,
for example, prism and diffraction grating [30]. Besides, the angular dispersion can be induced
when the laser pulse experiences a nonlinear process. An example of such a nonlinear process is
produced by the pulse front tilt, which is raised by a geometry of the noncollinear OPA amplifier
[21], where the magnitude of induced angular dispersion would be the same as that of the pulse
front tilt if the laser pulse does not possess temporal chirp [31]. Although a spatiotemporal theory
handled the first-order term of the spatiotemporal couplings analytically [22], it enabled us to
understand the relation between the angular dispersion and other various laser parameters. This
theory, applied to the case of the OPCPA amplifier, shows that even with the same pulse front tilt,
the angular dispersion decreases with the increase of pulse width due to the temporal chirp [27].

Although the previous study enhanced the understanding of the generation of the angular
dispersion in the OPCPA amplifier, the systematic analysis of the effect of the wavefront rotation
on the angular dispersion has not been properly done.

In Sec. 2.1, the theory of the angular dispersion generation is generalized by including the
wavefront rotation. In Sec. 2.2, we show how the wavefront rotation can occur in the ns-OPCPA
amplifier. In Sec. 2.1 and Sec. 2.2, the pulse front tilt and the wavefront rotation appear as
the real and the imaginary parts of the first-order spatiotemporal coupling in the x-t domain,
respectively. Finally, in Sec. 2.3, the angular dispersion is derived for a broadband laser pulse
without the Taylor expansion for the case that a signal pulse has a large temporal chirp.

2.1.  Main contributors to angular dispersion

Main contributors to angular dispersion were analyzed by using the first-order space-time theory.
Suppose a laser pulse has a time-dependent rotation of wavefront angle 6(¢), i.e., wavefront
rotation, a spatiotemporal phase function of the laser pulse, R(x, ) is

R(x,t) = ksin[0]x = k(sin[0(t = 0)] + 60)x, (1

where k is a wavevector, ¢ is the retarded time in the pulse frame, and 66 is a Taylor expansion of
the phase function. Assumed that the expansion of the phase function can be terminated after the
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linear term, that is

_ dsin[6(1)]
T dt

If the wavefront angle is zero at ¢ = 0, the spatiotemporal phase function with a wavefront rotation
parameter y is

50 @)

t=0

dsin[0(t
R(x, 1) = k66x = kM Xt = yxt. 3)
dt =0
The temporal phase function of the laser pulse is
(1) = ~wet = Br. )

where w, is a carrier frequency and S is a temporal chirp parameter. With the first-order expansion
of the spatiotemporal phase function and the temporal phase function, the laser electric field can
be expressed as

E(x,1) = |E(x, 1) expligi(r) + iR(x, 1)]
2 2
[ x) _[t=Ix
() (=)
with the beam size wy, the pulse width 7, the pulse front tilt I' = dty/dx, and fyis the pulse front.

To transform the envelope of the laser electric field from the x-t domain to the w-k domain for
obtaining the angular dispersion, the temporal and spatial Fourier transform was performed on

Eq. (9).

, . S)
expli(yxt — wet — Bt7)].

= exp

Alky, w) = FT/[FT,[A(x, 1)]]
_ 1
[ a5, [#Br2 0GByl iy )4 (6)
72 B —iwoz+ﬁw0272
wo2(i—BT2)k 2 +wo (= 2T +y 2k w+i(T2+T2wo ) w?
X exp 2wl 2 _ 22 A7
4B12+wo2 (4B 2 —iy? 12 —4yT)—4i

where FT,is the spatial Fourier transform, FT, is the temporal Fourier transform, and spatiotem-
poral envelope A(x, t) = E(x, t) exp[iwt].
For the clarification, Eq. (6) may be rewritten by substituting the variables as
Alky, ) = HQ(w)K (k - %w) explio(ke, )],
H= L

s
Lo | 9}
L4 R S
72 ﬁ wozﬁ‘rz—iwoz

Q(w) = expl-Ca(y*Two? + )(x? + Tw?)w?], @
K (kx - %w) = exp [—Cz(kx - %w)z] s
olky, w) = LA - ZH,
with the following auxiliary variables, where Z is the argument of the complex number.
C1 = 4872 + wo? (4812 — iy>12 — 4yT') — 4i,
C2 = s ®)

dke _ 2Byt —ywo’T(y=2T)7>+4T
dw 48214 +wo2(y-2BT) 272 +4

In Eq. (7), the complex function H is a constant for a given input condition, and the coupled
phase function ¢(k,, w) does not influence the envelope of the laser pulse in the Fourier domain
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(w-k domain). The spectrum function Q(w) can be ignored because, even if it contributes to
the spectral shape, it does not contain coupling terms. As a consequence, for calculating the
angular dispersion, we focus on the coupled amplitude function K(k,, (dk./dw)w) and express
the angular dispersion in terms of the coupling parameter dk./dw in Eq. (8).

Equation (8) shows that the angular dispersion can be affected by both pulse front tilt and
wavefront rotation. For the estimation of the angular dispersion, the following two cases are
considered. (1) A chirp-free femtosecond pulse is amplified in an OPA amplifier. (2) All
parameters are the same as those of case (1), except that the femtosecond signal pulse is stretched
to several nanoseconds. In case (1), the 72 and the 7* terms are much smaller than the constant
term, and then the angular dispersion dk./dw can be expressed as

dk,
=T.
o €))

This result indicates that the angular dispersion equals the pulse front tilt, agreeing with the
previous results [21,26,27]. On the other hand, in case (2), the terms with 74 are much larger
than others. The angular dispersion dk,./dw can, thus, be expressed as

dk. vy
- 10
do 2B (10)
Equation (10) means that, for a highly stretched signal pulse, the angular dispersion is determined
mainly by the wavefront rotation and the temporal chirp, although the angular dispersion is
affected by many parameters. In the process of inducing the angular dispersion, the temporal
chirp acts like a rocker switch that determines the main contributor to the angular dispersion.

2.2. Generation of a wavefront rotation in the ns-OPCPA amplifier

In order to apply the result on the angular dispersion in Sec. 2.1 to the case of a ns-OPCPA
amplifier, the wavefront rotation induced by the ns-OPCPA amplifier is analyzed. In the ns-
OPCPA amplifier, the relation between instantaneous frequencies of the three interacting pulses
is [32]

wp(1) = wy(1) + i), (1n)

where instantaneous frequency wq(f) = ws + 21, w;(t) = w; —28t, and wy(t) = wp. Then, a phase
mismatch is a function of the instantaneous frequencies

AR (1) = K plwp®] = & s[ws(1)] - K i (0)]. (12)

The coupled equations for describing the optical parametric process of the signal and the idler
are expressed as follows:

dAS . f(t)de 'A, * .
d_Z = lt]:[u)x—(t;}]céAi eXp[lAk([)Z],

dA; . ,-z(f)dc A * ;
T = i oA explidk(n)z],

13)

where Ag, A;,and A, are the electric field of the signal, the idler, and the pump, respectively [33,34].
In Eq. (13), d.g is the effective nonlinear optical coefficient, ky, k;,and k,, are the wavevector of
the signal, the idler, and the pump, respectively, and Ak = |Al;|is the scalar phase mismatch. In
the case of the broadband ns-OPCPA using a positively chirped laser pulse, the phase mismatch
changes in time within the ns-pulse duration because the instantaneous wavelength component
varies from long wavelength to short wavelength with time. Since the beam size is large enough
and the pulse width is sufficiently long in the ns-OPCPA amplifier, the diffraction effect and
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group velocity dispersion is ignored in Eq. (13). Assuming an undepleted pump with high gain,
g > 1, and plane wave, the phases of signal and idler at distance z can be expressed as

Ak 1 explgz]-exp[—gz] | o Ak(t)z

@s(t) = 3 (Z §exp[gz]+exp[—gz]) =27
_ M) 1 explgz]—exp[—gz]

@i(t) = 2 ( + §exp[gz]+exp[—gz])

Ak(t)z+7 ( 14)
2

+

T~
2 - b

where gain g = \/wxza),-ngﬁAf, Jkskic* — A2 /4.

The geometry of the noncollinear propagation of the signal and the idler beam is shown in
Fig. 1(a). In the OPCPA amplifier with tangential phase-matching, adopted to avoid the parasitic
second harmonic generation that decreases the OPCPA efficiency [35], the signal beam moves
away from the pump and the idler beams, while the pump and the idler beams propagate together.
To simplify a theoretical model, it is assumed that the crystal length is sufficiently long enough
to separate the signal beam from the pump beam, and the slight deviation of the pump beam
to the idler beam is neglected. While the signal beam becomes spatially separated from the
pump beam, the idler beam coupled with the pump beam produces the signal beam through the
difference frequency generation (DFG) process. Hence, the signal beam consists of two parts -
the amplified signal beam (red) by the OPA process and the signal beam (blue) generated by the
DFG process in Fig. 1(b).

(a) (b) z
e Generated signal
Amplified S;unal and idler ~
signal o~ ®; /
A 1 /

/ pump |
idler |

A)

Fig. 1. (a) The schematic of the tangential phase matching in the noncollinear optical
parametric amplifier. As the signal beam propagates through a nonlinear crystal, it is
separated from the pump and idler beam. (b) Generation of the signal and idler beam. The
signal beam consists of an amplified signal beam (red) and a generated signal beam (blue)
from DFG process. The propagation path of the signal and idler beam, starting at point (A),
are plotted as the red (signal) and the blue (idler) solid arrows, respectively. Before reaching
point (B) or (C), the signal and idler beam are overlapped with each other. After the signal
and idler beam pass through point (B) or (C), two beams are completely separated. From
point (B) or (C) to the end of the crystal (D) or (E), the propagation paths are plotted as
dotted arrows. The effective interaction lengths of the signal and idler beam are defined as
Ls and L;, respectively.

To obtain the phase of the signal beam by the OPA and DFG process, first, the phase of the
signal beam amplified by the OPA process was derived. By taking the imaginary part of equations
under the polar form, A = a exp(ip),the phase change between amplitudes with respect to z can
be expressed as following relation [34]

d‘Ps,i ais
oc —.

15
z " o 5)
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From Eq. (15), it is noted that the phase of the signal beam does not change significantly when
the idler beam amplitude a; is much smaller than the signal beam amplitude ay. In Fig. 1(b), the
signal and idler beam propagate along the red arrows and the blue arrows, respectively. The
signal beam at point (A) (x =X, z =0), propagates along the red solid arrow and amplified by
optical parametric process before point (B). The x, y coordinates of point (B) are given by

B(x,2) = (xo,L+ ) (16)

tane
where L is the crystal length and & is the noncollinear propagation angle between the signal and
idler beam. At the point (B) in Fig. 1(b), the signal and idler beam are fully deviated and after
this point, plotted as the red dashed arrow, the phase of the signal beam barely changes according
to Eq. (15). Thus, the phase of the signal beam at point (D) is approximately equal to that of the
signal beam at point (B)

¢s(x < 0,2,2) = (1, Ly), a7

where Liis the effective interaction length and it equals to z coordinate of point (B) L + x/tan &.
From Eqgs. (14)-(17), the phase of the amplified signal by the OPA process can be obtained,

ds(x <0,8,2) = &(t) (Z+ tafle)'

> (18)

From now, we focus on the phase of the idler beam to obtain the phase of the signal beam by the
DFG process. The idler beam generated at point (A) propagates along the blue solid arrows. At
point (C), the idler beam is deviated from the amplified signal beam. The x, y coordinates of
point (C) are given by

Clx,2) = (0, —taxnog) . (19)

Along the path from (C) to (E), plotted as the blue dashed arrow, the phase of the idler beam barely
changes according to Eq. (15). Thus, the phase of the idler beam at point (E) is approximately
equal to that of the idler beam at point (C)

L; (20)

where ¢;(x, t,z) = ¢;(t, L;), is the effective interaction length of the idler beam and it equals to
the z coordinate of point (C), z — x/tan . Then, the phase of the idler beam can be derived from
Egs. (14) and (20).
Ak(1) X n
(x>0, 1, =—(— )+—. 21
dilx 2 2 ¢ tane 2 @h
By taking the imaginary part of Eq. (13), the phase equation of the signal beam by the DFG

process can be expressed as

ds(x>0,1,2) = Ak(1)z — il(x, 1) + g 22)

Using the phase of the idler beam, Eq. (21), and the above phase equation Eq. (22), the phase of
the signal beam by the DFG is
Ak(1) X
>0,6,2) = =5 (24 —=—). 23
¢s(x>0.1,2) = —= 2+ —— (23)
Equations (18) and (23), the phases of the amplified signals by the OPA and the DFG process,
are the same form. Accordingly, the phase functions of the entire signal beams can be written as

o = A0 (o 2, 4

2 tane
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Then, the phase mismatch can be approximated using the Taylor expansion.

Ak(t) = Ak + ok,

_ dAk 1 d*Ak
Ok = d 10t+2 dr?

(25)
2+,
t=0 *

where the time ¢ = 0 is defined for the moment of the central wavelength at 800 nm, and Ak is
the phase mismatch at ¢ = 0. The phase mismatch can be expressed with the first-order term as

dAk
Ak(t) = — 26
UL (26)
With Egs. (24) and (26), the spatiotemporal phase of the signal beam can be expressed as
dAk
A(x, 1) oc |[A(x, t ] — t. 27
(x.1) o< [Ax 1) exp [zzmg - t:ox] @7

From Egs. (5) and (27), the imaginary spatiotemporal coupling term 7y, the wavefront rotation,
can be determined by
1 dAk

- Qtane dt

4 (28)

1=0
Because it is assumed that the signal beam has a large temporal chirp, the angular dispersion is
obtained by inserting the spatiotemporal coupling term 7y in Eq. (28) to Eq. (10):

dk. 1 dAk
dw ~ 4Btane dt

(29)

t=0

According to this theory, the phase of the signal beam is distorted due to phase mismatch with
walk-off, which introduces the wavefront rotation to the signal beam. Consequently, the wavefront
rotation leads to the angular dispersion in the ns-OPCPA amplifier.

2.3.  Angular dispersion for broadband laser pulses in the ns-OPCPA amplifier

Equation (29) represents the angular dispersion near the center wavelength in the ns-OPCPA
amplifier, but it cannot describe the angular dispersion of the broadband pulse, because the
first-order expression is insufficient to express the phase mismatch of the broadband pulse. Here,
we derived the angular dispersion of the broadband pulse in the ns-OPCPA amplifier. The
broadband laser pulse with time-dependent phase mismatch in the x-t domain is expressed as

2 2 .
A(x, t) = exp [—([ —TFx) — (i) l exp [ iAk(w(2))x

wo 2 tan g(w(t))

exp[—iBt*]. (30)

To characterize the angular dispersion of the broadband laser pulse in the OPCPA amplifier, the
laser electric field Eq. (30) was transformed numerically to the w-k domain. The parameters in
the calculation were similar to the experimental conditions except for the temporal chirp and
pulse width: radius (1/e?) wy = 2.45 mm, induced pulse front tilt [26] T = tan(a)/vy = 232
fs/mm where group velocity v,,temporal chirp 1/8 = 100, 000 fs?, and pulse width 7 = 5, 800
In order to avoid the huge memory required for numerically treating the ns laser pulse, the
temporal chirp and pulse duration were intentionally reduced; the actual temporal chirp and pulse
width in the experiment was about 100 times larger than the above values used in the calculation.
The phase mismatch Ak and the crossing angle & were calculated with the phase-matching
condition: @ = 2.369°, 0 = 23.894°, ¢ = 7.118°, and Ak(A = 765nm) = 0. The envelopes of the
laser pulse in the x-t domain and the w-k domain are shown in Fig. 2(a) and (b), respectively.
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From these envelopes of the laser pulse, the pulse front tilt and the angular dispersion can be
determined. In Fig. 2(a), the arrival time of the laser pulse, the centroid (solid line) along the
time axis linearly varies across the beam, implying that the laser pulse has a constant pulse front
tilt. In Fig. 2(b), k.(w), the centroid along the k-axis related with the signal angle, nonlinearly
varies as away from the center frequency. This implies that the angular dispersion, the derivative
of the k.(w) respect to optical frequency, is not a constant but a function of optical frequency.
This is because the phase mismatch rapidly increases at the blue side of the spectrum, while it is
relatively small and does not change much at the red side.

(a) (b)

4 L0 'E 050 L0
s = (L%}
= 1 - 0=
g (TN 06
P 2 00
= 04 g o4
@ -2 S 0as
0 3 0.2
—4 ®
oo & 050 0.0
=S50 1] S0 360 3o M
Time |fs] Frequency [THz]

Fig. 2. (a) An envelope of the laser electric field in Eq. (28) in the x-# domain. The solid
line in the x-f domain indicates the pulse front tilt. (b) An envelope of the electric field in the
-k domain. The solid line in the w-k domain, obtained from Eq. (32), shows the centroid
of the electric field, whose derivative with respect to  is the angular dispersion.

For extending the angular dispersion analysis by numerical Fourier transform of Eq. (28) to
the ns laser pulse, the huge memory and a large computational effort are required. Therefore,
an analytic analysis is rather required, but it is not easy because the Fourier transform of the
exponent of the third degree polynomial or higher cannot be handled analytically. However, if
the laser electric field has a large temporal chip, 1/8 > Tczf, where 7 is the pulse width of a
chirp-free pulse, the Fourier transform can be obtained using the following relation [36].

A(x,w = 2B1) = /2;/; expli2B1A(x, 1). G1)
The temporal Fourier transform of the laser pulse in the x-t domain can be expressed as
iw? iNk(w)
Alx, — ——x|. 32
e np |7 v | ¢

Using the frequency shift properties of the spatial Fourier transform, the complex amplitude in
the w-k domain is given by

FT[A(k,, @)] = B(kx Akw) w), (33)

~ Ztan[s(w)]’

where B(x, w) = A(x, w) exp[—iAk(w)x/2 tan[e(w)]],and B(k,, w) = FT,[B(x, w)].The centroid
of the envelope in the w-k domain is expressed as
Ak(w)

kc(a)) = m .

(34)

The centroid of the envelope, Eq. (34) is plotted as the solid line, as shown in Fig. 2(b), and the
solid line matches well with the envelope of the laser pulse, calculated numerically. This means
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that Eq. (34) can be used to estimate the angular dispersion of the broadband laser pulse in the
ns-OPCPA without the numerical Fourier transform of Eq. (30). In addition, this result indicates
that the wavefront rotation is a major contributor to the angular dispersion in the ns-OPCPA
whereas the pulse front tilt effect is negligible in the ns-OPCPA.

3. Experiment

3.1. Measurement of the signal angle after the OPCPA amplifier

For verifying the generation of the angular dispersion in a ns-OPCPA amplifier, the angular
dispersion before and after the ns-OPCPA amplifier, placed after a ns-stretcher in the 4 PW laser
at CoReLS, were measured. The experimental setup of the OPCPA amplifier and the angular
dispersion measurement are shown in Fig. 3(a). After stretched to 2.5ns by an Offner-type
stretcher with the group delay dispersion of 6.3x10° fs?, a laser pulse with 20 uJ energy was
injected into the OPCPA amplifier as the signal beam. The OPCPA amplifier consisted of two
stages of B-barium borate (BBO) crystals. The BBO crystal lengths were 15 mm and 4 mm for the
first and the second stages, respectively. The radius (1/e%) of the pump and the signal beam are
2.45 mm. The shape of the signal beam is a Gaussian, and the shape of the pump beam is top-hat.
When a frequency-doubled Nd: YAG laser with 800 mJ energy pumped the OPCPA amplifier, the
amplified signal energies were 140mJ and 240 mJ for the first and the second stages, respectively.
Because the gain of the second stage was considerably small and the condition of Eq. (14) could
not be satisfied, the effect of wavefront rotation on angular dispersion was investigated only for
the first stage of the OPCPA amplifier. The detailed configuration of the OPCPA amplifier can
be found in [9]. To avoid the parasitic second harmonic generation that decreases the OPCPA
efficiency, the tangential phase-matching in which the pointing vector of the pump beam follows
the idler beam was adopted in the OPCPA amplifier.

Pump Laser (b)
, Flip
4{ Stretcher H Seed Laser ‘
1.0 = simulation
experiment
K Gratin; =
In Lens1 = h
@ } *1 . _ P 0.6
Reference | D s -
am Beam I S £ 0.4 -
Etalon, splitter e g ™
aL_imn | &
N ] > Tverse 0.2 -
Dumper[] Flip Beam am
splitter ~l
Non-collinear ~ 0.0 . ; ;
OPA amplifier Mach-Zender interferometer Imaging spectrometer 0.75 0.80 0.85

Wavelength [Lm]

Fig. 3. (a) Schematics of the experimental setup for measuring the angular dispersion
generated by the noncollinear OPCPA amplifier. (b) Measured laser spectrum (blue shaded)
and calculated spectrum (blue line).

The phase-matching angle and the noncollinear angle of the OPCPA amplifier were adjusted
with the consideration for the final spectrum of the 4 PW laser. The output spectrum of the
OPCPA amplifier was controlled such that the laser spectrum after the final booster amplifier
of the 4 PW laser became as broad as possible. As the spectral shaping process in the OPCPA
amplifier, a red-side suppressed laser spectrum was prepared to compensate for the gain depletion
effect in the final booster amplifier that preferentially amplifies the leading edge of a laser pulse,
i.e., the red-side of a positively chirped laser pulse. As shown in Fig. 3(b), the laser spectrum
was set to be significantly protruded in the blue-side by adjusting the phase-matching condition
to be Ak = 0 at 4 = 765 nm. In this phase-matching condition, the amplified spectrum of the
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OPCPA amplifier was measured experimentally and compared with the one obtained from the
analytic method [33] in Fig. 3(b).

The diagnostic system to measure the angular dispersion was composed of an etalon, a
Mach-Zehnder interferometer with image inversion [37], and an imaging spectrometer, as shown
in Fig. 3(a). The etalon with a free spectral range of about 11 THz was used, and its transmission
peaks within the laser spectrum were 759, 778, 800, 824, and 851 nm. The spectrally resolved
fringes at the etalon transmission peaks were recorded by the imaging spectrometer, and the
angular dispersion could be obtained from the measured fringe spacing. The diagnostics was
based on a spectrally resolved interferometer [38], adopted because of its highest sensitivity
among the angular dispersion diagnostics [39]. The diagnostic system was operated as follows:
two replicas produced by the Mach-Zehnder interferometer generated a fringe pattern after
being recombined, and then the fringe pattern, spectrally resolved by the gold-coated grating,
was image-relayed by two lenses (f; = 150 mm, f; =125 mm) onto a CCD camera with the
magnification factor of 0.833. In the inverting arm, the laser beam image was flipped horizontally
so that the fringe pattern appears with its spacing depending on the wavelength if the laser beam
has the angular dispersion. The measured signal angle from fringe spacing s can be described by
[38]

gexperimcnt(/l) = Asin[s]. (35

For determining the signal angle variation of each spectral beam, the wavelength-resolved fringes
of the input and amplified signal for 759, 778, 800, 824, and 851 nm were measured, and they
are shown in Figs. 4(a) and (b). As the fringe spacing can be easily distinguished in the Fourier
space, a 1-D Fourier transform was performed with respect to the horizontal axis of the image.
In the Fourier space, shown in Figs. 4(c) and (d), three vertical lines exist, and the vertical lines
at both sides provide the spatial frequency of a fringe. The spatial frequency was determined
after averaging the results along the vertical direction. As shown in Figs. 4(c) and (d), the spatial
frequency of the ns-OPCPA output beam was wavelength-dependent, and it became reduced, as
compared to the input beam. This means that the signal angle of each spectral beam changed
after the ns-OPCPA amplifier due to the generation of the angular dispersion.

A comparison was made between the experimentally measured signal angle and the numerically
calculated one for validating the theory on the angular dispersion in the ns-OPCPA. It is noted
that in Sec. 2 theory, the angular dispersion was represented as the derivative of the centroid in
the w-k domain, not as the signal angle. Thus, for comparison, the wavelength-dependent signal
angle is newly derived from Eq. (30) and it can be expressed as

Otheory (1) = sin™! [@] : (36)

Since the signal beam was refracted on the end surface of the nonlinear crystal in the experiment,
the refraction angle by Snell’s law was taken into account for calculating the signal angles after
the nonlinear crystal. The measured and theoretical signal angle with respect to the wavelength is
plotted in Fig. 5(a) as the blue dot and the solid red line, respectively. The measured and theoretical
angular dispersion is also shown in Fig. 5(b) as the blue line and the red line, respectively, where
the theoretical angular dispersion was calculated by taking the derivative of the Eq. (30), and the
measured angular chirp was computed by differentiating the Lagrange polynomial, determined
from the measured signal angle. The results in Fig. 5 show a good agreement between the theory
and the experiment. The calculated signal angle and angular dispersion for the phase matching at
800 nm are also plotted as the dashed red lines in Fig. 5 for comparison.

3.2. Influence of the angular dispersion on focal spot parameters

Because the angular dispersion existing in an ultrahigh power laser can increase the pulse duration
[40] and the focused beam size [41,42], the degradation of focal spot parameters should be
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Fig. 4. Fringes of the input to the ns-OPCPA amplifier (a) and the output of the ns-OPCPA
amplifier (b). The wavelengths of these images are 759, 778, 799, 824, and 851 nm from left
to right. (c) and (d) 1D spatial Fourier-transformed images are represented for the images of
(a) and (b), respectively.
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Fig. 5. (a) Measured (blue dot) and calculated (red solid line) signal angles for the
experimental conditions (phase matching at 765 nm) after the nonlinear crystal. The signal
angle calculated for the phase matching at 800 nm is shown as the red dashed line for
comparison. (b) Measured angular dispersion of the signal beam (blue line) and calculated
angular dispersion (red solid line). The calculated angular dispersions for the phase matching
at 800 nm are shown as the red dashed line.
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evaluated [24]. If a laser pulse does not have spatiotemporal coupling, it is sufficient to assess
the performance of a beam based on its beam size and pulse duration. In case a laser pulse
contains spatiotemporal couplings, focal spot parameters such as effective radius, effective pulse
duration, and spatiotemporal Strehl ratio, enable to properly evaluate beam characteristics [35,43].

Effective radius is given by

VF(-x’y)/FO

T

(37

eff

where the fluence F(x, y), and the peak fluence Fy = max(F(x,y)). The effective pulse duration is
given by

teff = Pio / P(t)dt, (38)

where the power P(t) = f / I(x, y, t)dxdy,and the peak power Py = max(P(t)).The spatiotemporal
Strehl ratio is defined as
max(I(x,y,1))
maX(IO(x’ Y, l)) ’
where I is the intensity of the diffraction-limited and bandwidth-limited pulse.
To determine the focal spot parameters, the laser electric field at the focus was simulated using
the amplified spectrum and the signal angle of a laser pulse, the aberration-free focus with a
focusing optics of f-number 1.6, and spatially uniform pulse compression. The unidirectional
pulse propagation method was used to simulate the pulse propagation from the near field to the
far-field [44]. For comparison of phase matching conditions, the signal angle in the near field
was considered for the cases of the experimental configuration and the zero phase mismatch at
800 nm [25]. It was also simulated to improve the focal spot parameters by reducing the angular
dispersion using a prism pair [43,45] and a spatial filter [46]. The detailed results of the focal
spot parameters are listed in Table 1.

ST = (39)

Table 1. Focal spot parameters with different conditions

Zero phase Diffraction- and
Experimental mismatch at Prism Prism pair & bandwidth-

Parameter condition 800 nm pair spatial filter limited
X [um, FWHM] 422 2.16 1.75 1.57 1.36
y [um, FWHM] 1.30 1.34 1.34 1.35 1.36
7 [fs, FWHM] 249 17.2 16.2 15.4 154
Strehl ratio 0.358 0.598 0.764 0.853 1.00
Effective radius reg [#m] 2.00 1.55 1.37 1.30 1.20
Effective duration g [fs] 49.1 329 26.0 22.4 19.8
Spatiotemporal Strehl ratio ST s 0.256 0.506 0.702 0.840 1.00

4. Discussion

The measurement of the signal angle clearly confirmed that the angular dispersion was induced
in the ns-OPCPA amplifier. The angular dispersion of -3.97x10~3 mrad/nm at 800 nm, obtained
by taking the derivative of the signal angle, whereas the angular dispersion of the input signal
beam was measured to -0.586x 103 mrad/nm at 800 nm, was close to the predicted value of
-3.55x1073 mrad/nm at 800 nm by Eq. (34), and it decreased rapidly as decreasing wavelength,
as shown in the solid blue line in Fig. 5(b). According to the theoretical calculation, the variation
of the signal angle induced by the ns-OPCPA amplifier is proportional to the phase mismatch,
and measured result also shows that the signal angle changes rapidly with decreasing wavelength
like phase mismatch.
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Since the measured angular dispersion was small, the effect of the angular dispersion on the
focal spot was evaluated and listed in Table 1. In the case of the experimental configuration, the
spatiotemporal Strehl ratio at the focus could decrease to 0.256 due to the increase of the effective
pulse duration by 2.5 times and the effective radius by 1.7 times. This result suggested that
even small magnitude of the angular dispersion in a strongly chirped laser pulse could severely
degrade the achievable laser intensity, which necessitates the control of the angular dispersion to
produce near diffraction-limited and bandwidth-limited pulses.

A couple of approaches were assessed for minimizing the angular dispersion. The first approach
was to obtain the zero phase mismatch at 800 nm, instead of 765 nm, because the phase mismatch
can be reduced [24,25]. However, the angular dispersion still exists, as shown in the dashed red
line in Fig. 5(b). In this configuration, the spatiotemporal Strehl ratio was 0.506, because the
first-order term of angular dispersion was reduced. On the other hand, this method enhanced the
red side of the laser spectrum, which prevents the compensation of the gain depletion effect in
subsequent CPA amplifiers.

The use of external devices with the phase matching at 765 nm, such as a dispersive optical
element or a spatial filter, was also examined. For the compensation of angular dispersion, a
prism pair [47,48], a grating pair [49], or imaging optics with grating [50,51] can be utilized.
Among the compensating methods, the compensation with prism pairs was simulated with an
optimum angle obtained by the least-square method. This compensation could improve the
spatiotemporal Strehl ratio by about three times. A more powerful method to reduce the angular
dispersion would be the introduction of a spatial filter, which can improve the spatiotemporal
coupling and other aberrations. This method is effective in cleaning the laser pulse distortion
[46], but the distortion is removed at the expense of laser energy during the spatial filtering. As
a method to increase the transmittance of the spatial filter, the first-order term of the angular
dispersion was pre-compensated with a pair of prisms before the spatial filter. After the prism
pair and the spatial filter, the focal spot parameters approaching those of the diffraction-limited
and bandwidth-limited pulse could be accomplished with the spatiotemporal Strehl ratio of 0.840,
when the transmitted energy of 75% is normalized to one. In the 4 PW laser, after controlling the
angular dispersion, we could achieve the ultrahigh laser intensity of 5x10*2 W/cm? [45].

5. Conclusion

We have demonstrated that the angular dispersion can be induced in the ns-OPCPA amplifier
employed as the frontend of the 4 PW laser. The angular dispersion, measured precisely using
a Mach-Zehnder interferometer, matches well the result of the theoretical analysis. We have
found from the spatiotemporal analysis of the OPCPA amplifier that the wavefront rotation can
be introduced by the phase mismatch with the spatial walk-off and the wavefront rotation leads
to the angular dispersion, whereas the pulse front tilt does not affect the angular dispersion.
By installing a vacuum spatial filter, the angular dispersion of the ns-OPCPA amplifier could
be significantly reduced to an acceptable level to produce ultrahigh intensity laser pulses [45],
paving the way to explore strong field physics at unprecedented laser intensity.
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