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Combined with the optical beam deflection, a novel approach of phase matched broadband scanning optical parametric
chirped pulse amplification (OPCPA) was proposed. For this scheme, there was no superfluous operations to the chirped
signal pulse which propagated in a changeless direction straightforward, but the pump beam were deflected in space with
time by passing through a KTN crystal, which was applied with varied driving voltage. The theories of phase matching
of each chirped signal frequency based on pump beam deflection was analyzed detailedly. And the type-I amplification of
chirped signal with 800 nm central wavelength and 20 nm bandwidth pumped by 532 nm in BBO crystal was simulated as
a case in point. The simulation results showed that the spectral distribution of chirped signal pulse was almost the same as
the initial form, i.e., there was nearly no narrowing on the amplified spectrum by using of the scanning OPCPA based on
pump beam deflection. In addition, the simulations demonstrated that it was worth minimizing the voltage deviation applied
to KTN crystal as much as possible for the sake of better waveform, larger bandwidth and higher conversion efficiency of

amplified signal pulse in the proposed scanning OPCPA.

Keywords: optical parametric chirped pulse amplification, optical beam deflection, phase matching, scanning,

KTN crystal
PACS: 42.65.—k, 42.70.Mp, 42.65.Re, 42.79.Ls

1. Introduction

The broadband phase matching is still a problem that has
not been solved well for optical parametric chirped pulse am-
plification (OPCPA), although the peak power of ultra-short
laser pulse has been increased to terawatt (TW, 1012 W),
petawatt (PW, 10> W) and even exawatt (EW, 10'® W) in
virtue of the OPCPA, whose focused intensity is near to 10%3-
10** W/cm?.1'=4 There is no denying that the OPCPA is
the preferred technology to output PW high power pulse at
present. And in recent years, high average power, kinds of
parametric crystal and multi-wavelength regions from visible
to near-infrared, even mid-infrared have been widely demon-
strated around the world.>~7] Although the bandwidth of the
signal pulse in spectral domain wider and the compressed du-
ration shorter such as few-cycle in time domain, the limited
gain bandwidth cannot ensure that it is phase matched for each
frequency component of the signal pulse. And some research
indicate that the intrinsic phase-mismatch induces the optical
parametric phase which degrades the bandwidth of the am-
plified signal pulse.!® To further enhance the phase match-
ing and amplified bandwidth, some measures have been ex-
plored, for instance, achromatic phase or quasi-phase match-
ing OPCPA.[>~!!I' Actually, too much operation to the signal
pulse is undesired because the tilted pulse front or wave front
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caused by dispersion elements may induce the beam quality
variation and so on. However, the OPCPA, predictably, is be-
coming most widely used in the whole table, high-power and
high-energy ultra-short laser pulse system step by step.

2. Theoretical basis of phase-matched scanning
OPCPA

In the second order nonlinear optical effects of OPCPA,
the weak signal pulse obtains amplified energy from the robust
pump pulse, and this process produces addition idler pulse.
Generally, the chirped signal pulse whose frequency shows
linear change with time is broadened from ultra-short laser
pulse by stretcher. Although there are two main geometry
schemes, i.e., collinear and non-collinear optical parametric
amplification, the second one is widely adopted inasmuch as
the interactional three waves leave from the nonlinearity crys-
tal in different directions without any splitting system and the
group velocity of the three pulse is easier matched in a large
wavelength range in the non-collinear amplification. The effi-
ciency of parametric conversion usually depends on the phase
matching which is also known as the conservation of momen-
tum in optics. The gain and conversion efficiency is the high-
est when the three waves are phase matched completely and
the amplified signal spectrum is wide enough to support the
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compressed ultra-short durations for Fourier transform lim-
ited pulse. Though the parametric amplification is also ca-
pable in the case of three coupling waves phase-mismatched,
the gain and conversion efficiency will decrease obviously. By
ignoring the vertical mismatch on the premise of small non-
collinear angle, the phase-mismatching Ak along the pumping
direction is

Ak =k, — kgcos o — kjcos 3, (1

where k; (j = p, s, and i refers to the bump, signal and idler
pulse, respectively) is the wave-vector. The non-collinear an-

gle o is the angle between the pump wave-vector and the sig-
nal wave-vector, which is linked with 8 between the pump and

idler wave, described as

. (NsWs .
B = arcsin ( sin Oc).
n; @

@

Actually, for broadband signal range, Ak =0, < 0 or > 0 is
all possible which depends on the signal wavelength, non-
collinear angle, and phase-matching angle 6. The phase-
matching angle 6y, is the angle between the pump beam and
the optical-axis, expressed as

6 — arcsin { ngona AIAE —nZ, [meAZ A2 +nf A3 A2 + 2ngmiAl AAi cos (ot + B)]
=

(ngp + ngp) [nglg)tf +n kpzlg + 2nsni7tl§7ts7q cos(o+ [3)]

where nop and nep are the main refractive indexes of pump light
in crystal, supposed type-I (e, = o5 + 0;) parametric amplifica-
tion.

We take the 3-BaB,O4(BBO) crystal as an example. For
the central 800 nm wavelength signal pumped by 532 nm, the
absolute phase-matching angle 6,9 supporting Ak = 0 are ap-
proximately 26.85° and 29.34°, with the non-collinear angle
0 = 4° and 5° correspondingly. However, the actual signal
pulse has a certain bandwidth, and namely it is difficult to
achieve the whole phase matching on the condition of constant
geometric angle .

According to the above discussion, the contour plots of
the phase-mismatching Ak, signal wavelength A and phase-
matching angle 6y, are illustrated in Fig. 1(a). There are two
contour lines, thin and thick, which are plotted with different
central phase-matching angle 6,0 and corresponding central
non-collinear angle ¢ for more intuitively. Firstly, it is ob-
vious that different signal wavelength occurs different phase-
mismatching Ak with variable 8,,. Secondly, for the sake of
phase matching of each signal wavelength, exclusive 6y, is es-
sential to support the phase-matching Ak = 0O line. Further-
more, from the characteristics of the Ak = 0 line we note that
the needed O, varies almost linearly with signal wavelength in
near 100 nm wide range, which suggests the angle changing
rate Dy, is equivalent to the slope of the phase-matching line.
Last but not least, for broadband phase matching as shown in
Fig. 1(b) the non-collinear angle & also changes synchronous
with 8y, but the angle ¥ between signal beam and the optical-
axis of crystal is constant 22.85° and 24.34° for the thin and
thick contour lines, respectively, i.e., the direction of signal
beam does not change and is invariable throughout the ampli-

fication.
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Fig. 1. (a) The contour plots of the phase-mismatching Ak, signal wave-
length A and phase-matching angle 6,. The thin and thick contour lines
are presented with different central phase-matching angle 6,0 and central
non-collinear angle . (b) Variation of 6y, and o with signal wavelength in
the best phase matching performance where ¥y = 6, — «.

From the above discussion, it is feasible to enable each
signal wavelength phase matching whenever possible by de-
flecting the pump beam with time for the purpose of entering
into the nonlinear crystal with variational 6. And the ge-
ometry relationship of three wave-vectors phase matching is
depicted in Fig. 2(a). It illustrates that the wave-vector of sig-

nal ks, pump k, and the corresponding idler k; form a vector
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triangle always when the pump beam deflects with time to sat-
isfy the needed 6. Figure 2(b) is the block diagram view
of the scanning OPCPA based on the pump beam deflection.
The chirped signal pulse propagates in a changeless direction,
and remains the angle ¥ unchanged. The pump pulse deflects
in space with time by passing through a KTN crystal, which
is applied voltage in the signal pulse duration. The variation
of 6y, with time is synchronous with it of signal wavelength,
which makes for broadband phase matching and maximum

amplified spectrum.

toq, ky

to, kp

ty1, kp

(b)
weak chirped
signal source

photodetector|’ | it
voltage

beam

splitter mirror

powerful
pump pulse
source

KTN crystal

Fig. 2. (a) The phase-matching vector graph for non-collinear OPCPA in
control of deflecting pump beam. (b) Schematic drawing of the scanning
OPCPA based on pump beam deflection.

The cubic crystal KTN (KTa;_,Nb,Os3, potassium tanta-
late niobate) has excellent electro-optical properties, and its
quadratic electro-optic coefficient is one of the largest among
the known crystals. After the first successful experiment and
mechanism exploration of optical deflection in KTN crystal
based on the quadratic electro-optical effect, kinds of op-
tical beam splitter, optical switch, multi-dimensional scan-
ning and ns magnitudes response have been designed and

d.['>151 According to the previous analysis of

implemente:
phase matching issues, the deflected angle of pump beam tran-
sits KTN crystal, which is put on voltage in the proposed scan-

ning OPCPA, is given as below:[!%]

Aby = O — Oo = —

%(UY, @

84 \d
where L and d are the length and thickness of the crystal,
respectively. ng represents the linear refractive index, s;; is

the Kerr constant of the crystal, and often equals to 1.0 x

10~ % m?/V2. Because 6y, varies almost linearly with signal
wavelength in a broadband range by inspection of Fig. 1, the
deflected angle changing rate Dy, is defined as

_ Aby,
AL

which is exactly the slope of Ak = 0 line. Invoking the needed

Dom ®

ABp, it follows from Eq. (4) that the driving voltage U applied
to the crystal can be written in the form

_ Abn
|ABp |

8|Aa|d3
9Ln(3)s,~j '

(©)

Generally, in a moving coordinate system the coupled

wave equations of type-I OPCPA in BBO crystal are written

as!7]

J0E; wd

=i CefprEi* exp(—iAkr),
S

O d

=i (‘Z.cefprE: exp(—iAkr), )
1

JoE d

87: =i w;l; zHESEi exp(iAkr),
P

where E; (j = p, s, 1) is the electric field of three waves with
second order nonlinear action. n; and ®; (j = p, s, i) re-
fer to the refractive index and frequency of each pulse in the
medium, respectively. des is the second-order effective non-
linear coefficient.

3. Numerical simulation and discussion of scan-
ning OPCPA

Taking into account the amplification of the signal and
pump both as Gaussian pulses, the split-step Fourier and fourth
order Runge—Kutta method are used to transform the math-
ematical model into a discrete simulation model, by using
MATLAB?2014a simulation software to simulate Eq. (7)’s dy-
nastic performance. In this simulation, resulting of similar
features, a specific case of central 6,0 = 29.34° correspond-
ing to ap = 5° for signal center wavelength Ay9 = 800 nm is
provided to show the scanning OPCPA with pump deflection.
The length of nonlinear BBO crystal and deflection KTN crys-
tal is Lggo = 1.22 mm, and Lgtn = 40 mm, respectively. The
linear chirped coefficient Cs of the signal pulse is 21230 cor-
responding to bandwidth approximately 20 nm, and the de-
flected angle changing rate Dgy, = 0.0115 °/nm. In addition,
the signal pulse duration T,,s = 1 ns with the peak intensity
Ios = 0.1 MW/cm? and assuming monochromatic wavelength
Ap = 532 nm of pump pulse whose pulse duration Ty, is 2 ns
with peak intensity Ipp = 1 GW/cm?.

Figure 3 shows the amplified temporal profile and the
spectral distribution of signal with proposed scanning OPCPA
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in comparison to that without it. The initial chirped signal
pulse shows Gaussian distribution whenever in time or fre-
quency domain, and its bandwidth is almost 20 nm (FWHM).
It is observed that after the traditional amplification of fixed
phase matching angle, usually 6y, the waveform and spec-
trum of chirped signal are both narrowed, which is mainly
caused by the phase-mismatching except the central wave-
length. In contrast, on the strength of scanning OPCPA the
amplified temporal profile and spectral distribution of signal
pulse exhibit a good agreement with the initial ones, and it
almost remains the original bandwidth unchanged under the
aegis of phase matching of each signal wavelength. In ad-
dition, the conversion efficiency of the scanning amplified
mode is approximately 27% in excess of the conventional 3%.
This reflects the fact that it is entirely possible to broaden the
phase matching bandwidth greatly and improve the gain of sig-
nal pulse adequately by means of scanning OPCPA based on
pump deflection.

1.2 | (a) — initial Gaussian signal pulse waveform
amplified signal without scanning OPCPA
1.0 = amplified signal with scanning OPCPA
—~ L
b=
Z 08}
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Fig. 3. Comparison of the amplified signal pulse waveform in time domain
and frequency spectrum with the conventional and scanning amplification.
(a) Temporal profile. (b) Spectral distribution.

In order to achieve the above-mentioned scanning
OPCPA, the KTN crystal needs to be applied with an appropri-
ate driving voltage, and the variation of the voltage with time
is shown in Fig. 4(a). The pump beam deflects in space after
passing through KTN crystal, and its deflection angle makes

the most of phase matching Ak = 0 of each frequency com-

ponent of chirped signal pulse, as the dashed line shown in
Fig. 4(b). From the solid line perspective, the farther the off-
center wavelength is, the larger the phase mismatch increase.
That is because the fixed and just one phase-matched angle
Omo contents phase matching of the central wavelength only,
resulted in different phase mismatching for other signal wave-

length.

600

400

200

Voltage (V)
o

—600 . . . . .
-3 —2 -1 0 1 2 3

Time (ns)

—without scanning OPCPA
with scannig OPCPA
20}

Ju—
o

Ak (arb. units)
S

|
—
o

—920 . . . . . . . . .
750 770 790 810 830 850
Signal wavelength (nm)

Fig. 4. The required voltage for pump beam deflection for scanning OPCPA
and the comparison of phase mismatching with signal wavelength in the
case of varied deflection 6, and fixed constant 6y,. (a) Required voltage.
(b) Comparison of phase mismatching.

Figure 5 demonstrates the impact of unavoidable imper-
fection of actual driving voltage on the performance of scan-
ning OPCPA. Obviously, as a result of the voltage deviation,
the pump’s deflected angle escapes from the optimal phase
matching angle, which results in the distortion of amplified
spectral distribution after the scanning OPCPA, and the greater
the voltage deviation, the more serious the distortion is, as
shown in Fig. 5(a). Furthermore, it is depicted in Fig. 5(b)
that with the increasing of voltage deviation the energy extrac-
tion of signal from pump, i.e., the conversion efficiency de-
creases, whose main reason is the phase mismatching of each
signal wavelength also caused by the voltage deviation. Ac-
cordingly to this end of obtaining amplified signal with better
waveform, larger bandwidth and higher conversion efficiency,
it is necessary to minimize the voltage deviation as much as
possible. The voltage pulse applied to the KTN crystal can be
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generated by any waveform generator.!'®!1°1 The low energy
signal pulse from the beam splitter can pass through the time
delay line and then trigger the arbitrary waveform generator
through the photodetector. In order to ensure the matching of
variable voltage and deflection angle of pump light, the high
precision time synchronization control technology is needed,
and the time synchronization accuracy can reach the several
picoseconds order, which can basically meet the needs of ns
pulse amplification.[?0-1]

(a)

o
[}
L
}pamannn
Ll ibaRsesaes

Intensity (arb. units)

20
o (V)

viat©

Q Ve
Y —
Cn I 20 \]Owage

Efficiency (%)
- _ N
CRS ® S ©

10 I I I I I I I
—-20 —-15 —-10 =5 O 5 10 15 20

Voltage deviation (V)

Fig. 5. The effect of voltage deviation on amplified signal spectrum and
conversion efficiency after scanning OPCPA. (a) Signal spectrum evolution
and (b) conversion efficiency with the voltage deviation.

4. Conclusions

In conclusion, the phase matching is the critical factors
of OPCPA, and we first propose a novel scheme that broad-
ens the bandwidth of phase-matched OPCPA combined with
optical beam deflection. In this scheme, the chirped signal
pulse propagates in a changeless direction, and there is no su-
perfluous operations to it. The pump pulse are deflected in
space with time by passing through a KTN crystal which is ap-
plied with varied driving voltage. By virtue of the deflection
of pump beam, the phase matching angle 6y, is synchronous

with the variation of signal wavelength in time domain, which

provides broadband phase matching, spectral distribution and
higher conversion efficiency. The amplification of chirped sig-
nal with 800 nm central wavelength and 20 nm bandwidth
pumped by 532 nm is simulated. The results demonstrate that
the amplified temporal profile and spectral distribution of sig-
nal pulse exhibit a good agreement with the initial ones, and
it almost remains the original bandwidth unchanged by using
of the scanning OPCPA based on the pump deflection. And it
is worth minimizing the voltage deviation as much as possible
for better waveform, larger bandwidth and higher conversion
efficiency of amplified signal pulse.
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