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Optical parametric amplifier pumped by two chirped pump pulses has been analytically and numerically inves-
tigated to predict the spectral gain bandwidth and its temporal distribution. We highlight that the properties
of the amplifier depend strongly on the relative chirp values and a uniform spectro-temporal gain can be ob-
tained when the two chirps have opposite signs. A chirped signal pulse owing a very broad bandwidth has also
been injected and we demonstrate the amplification of ultra-short pulse with this type of amplifiers.
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1. Introduction

Ultra-fast four wave mixing parametric process in guided
systems has been investigated in various configurations
since it can exhibit a very large gain-bandwidth suitable
for wide tunability and for the amplification of ultra-
short pulses [1-5]. Ultra-short pulses with high peak
power can be directly injected in hollow core fibers or
capillaries that have high optical damage threshold [6].
When solid core fibers are the amplification medium, the
ultra-short pulse is firstly chirped to decrease the peak
power before amplification. In this case, the amplifier is
often pumped by a strong quasi-continuous wave (CW)
with long (few ps or ns) pulse duration to temporally
overlap with the stretched signal [5, 7-9]. The para-
metric gain bandwidth defines the spectrum that can be
amplified and thus the minimum pulse duration deliv-
ered by the amplifier. Some efforts have already been
done to enhance the parametric bandwidth with differ-
ent configurations, for instance, by employing an idler-
band distributed fiber loss [10], a specific fiber with tai-
lored properties [11, 12] or a single stretched short pulse
which pumps a standard fiber [13]. Another possibility is
to pump the fiber by two quasi-CW pulses [14, 15]. This
configuration exhibits very large spectral gain up to 300
nm between the two pump waves [16] which is a key fea-
ture for an ultra-fast amplifier [17]. However, this system
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requires several pump lasers emitting spectrally shifted
CWs that are synchronized with the stretched signal. In
this manuscript, we are investigated the parametric pro-
cess with two pump pulses with large bandwidth. There
are several advantages to use chirped pulses in-
stead of quasi-CWs. Firstly, the peak power can
be much higher leading to a stronger gain. Sec-
ondly, the experimental set-up is easier to im-
plement since the signal and pumps are in pulse
mode as it is the case in most laser architectures de-
livering ultra-short pulses. Self-synchronized pump and
signal pulses can be derived from an unique laser system
by generating non linearity in fibers [18, 19], by selecting
parts of the ultra-wide bandwidth of the signal [20] or by
using a two color amplifier seeded by a continuum [21].
Each pulses are chirped with a standard grating based
stretcher or compressor to pump the fiber. A chirped
fiber Bragg grating can also be employed to realize a
monolithic all fiber system. All the timing between
the pulses can be adjusted only by delay stages
without complex electronic devices. For exam-
ple, in parametric amplifiers with nonlinear crys-
tals, it is common to derive the pump and signal
from one source [20]. Similar experimental set-
up can be implemented with our configuration
and incorporated in a high power laser chain [22]
or in a laser-matter experiment [23].

However, when pump chirped pulses are used, instanta-
neous frequencies are temporally separated and thus, a



temporal distribution of the spectral gain is expected.
In a previous work investigating parametric amplifier
pumped by a single chirped pulse, we have observed and
predicted the temporal distribution of the gain [13, 24].
Although the amplifier exhibits very large gain band-
width, up to 36 THz, capable of amplifying sub-30 fs
pulses [25], the amplified pulse needs to be firstly tai-
lored such as the signal chirp matches the properties of
the amplifier. In the case of the parametric amplifier
pumped by two chirped pulses, this temporal distribu-
tion can be uniform, provided the chirps have opposite
signs. The amplifier exhibits similar performances as
the one pumped by two CWs. For other chirp relative
signs, the amplifier properties become completely
different and are not relevant for ultra-fast pulses. In
the next section, an analytical model is presented to pre-
dict the behavior of the amplifier and several cases are
discussed to highlight the role of the pump chirps and
the group delay mismatch between all the pulses. In the
third section, a chirped signal pulse with a very broad
bandwidth is combined to demonstrate the amplification
of ultra-short pulse with this amplifier.

2. Analytical model of a parametric amplifier
pumped by two chirped pulses

2.A. General principle and notations

The general principle is based on a non-degenerate para-
metric process generally used with two continuous pump
waves that provides very large gain bandwidth [14, 15].
In the following, the pumps are in pulse mode and have
relatively large bandwidth to allow high peak power
and an experimental implementation from an unique
laser source. The parametric amplifier pumped by two
chirped pulses is described as a wave mixing of four
pulses injected in a nonlinear fiber, including two pumps
(P1, P2) with the large bandwidth, a signal S and a gen-
erated idler I with a center angular frequencies wpio,
wWp20, wso and wyo, respectively (Fig. 1).
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Fig. 1. Generic scheme of the parametric amplifier pumped
by two chirped pulses. In this example, the pumps and signal
are stretched by chirped fiber Bragg gratings (CFBG).
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In order to amplify an ultra-short pulse with very
large bandwidth, the signal is a stretched pulse and af-
ter amplification the chirp is compensated leading to
an amplified and compressed ultra-short pulse (Fig. 1).
Fig. 2 displays schematic spectrograms of the injected
chirped pulses and introduces the notation required for
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Fig. 2. Schematic spectrograms of the injected chirped

pulses.

the model. The temporal phase applied to each pump
pulse ®,19(7), p20(7) induces a delay 7 on each spectral
component. The instantaneous angular frequencies are
given by the time derivative of the phase. In the case of
linear chirped pump pulses, the angular frequency shifts
(Fig. 2) can be written as

wp1 (T) —wpio = ap1 - T (1)

wp2(T) — wp20 = Qpa * T (2)

with aprQ:-a(I)pl’pg (7')/87'

When pumping the amplifier with the two pulses ow-

ing relatively broad bands, two instantaneous pump fre-
quencies generate an instantaneous parametric gain at
the time 7 with specific features.
Since FOPA is well described analytically with CWs
[26], we consider the chirped pump pulses as the sum
of independent monochromatic waves temporally sepa-
rated by delays defined by their chirps. Accordingly, all
the frequencies are derived from the central frequency
Wep = w at 7 = 0. We defined the central fre-
quency w¢(T), half of the pump spectral spacing W) (7)
and the angular frequency detuning between the signal
and the central frequency Q as (Fig. 2) :

_ wpa(T) +wpi (1) gt Y2 O
- - C\

we(r) 2 2

3)



with Wy = W,(7 =0) and Qo = Q(7 =0).

The dispersion coefficients involved in the derivation
are evaluated at the central frequency w. (B¢, B3¢, Baco)
and therefore evolved with time from those at 7 = 0,

(B2¢05 B3c0s Baco) -

Qp2 T Baco ;ap2 +
Bac(T) :ﬂch‘Fﬁsc%T—p ‘;0(%7)2 (6)

Qp2 + Q1
p. PT

B3¢(T) = B3co + Baco 5

(7)
2.B. Description of the model

A previous analytical model has been developed to
describe the parametric amplification when a fiber is
pumped by a single chirped pulse [24]. In the following,

we present the modification of the model to predict the
behavior of parametric amplifier pumped by two chirped

J

pump pulses with the relevant parameters (Eq. 3-7) in
the appropriate frame. In order to calculate the ampli-
fier properties, a CW signal is preferentially injected and
tuned over the full gain bandwidth; i.e ws(7) = ws. All
the waves have the same polarization states. No Raman
scattering contribution is considered and the pumps are
not depleted; i.e the pump powers are much stronger
than all the other waves. From Eq. 3-7, the appropri-
ate angular frequencies and the dispersion parameters
evolve with time and this variation can impact directly
the temporal distribution of the spectral gain. When the
two pump pulses are injected into a loss-less fiber with
a nonlinear coefficient v along the z propagation direc-
tion, the signal and idler electric field can be calculated
from the equations obtained with two CW pump waves
[26]. P,1 and P,y are the instantaneous power of the two
pumps. For sake of clarity, the time dependency of all
parameters is not written in the following equations. By
including the previous variables (Eq. 3-7), we obtained

. 29/ P, P,
S(Z,QO,T) — e](%'YPm+%5zcw§+%53CQ3+ﬁﬂ4cw§)z {SO(QO) (cosh(gz) -I—j; Sinh(gz)) +jff§(—Qo) Y pldip2 sinh(gz)}
g g

(®)

o 1 1 2v+/P,1 P,
I*(2,—Qo,7) = e—](%’YPm-i-%ﬁzcwi—533CQ3+ﬂﬁ4cwﬁ)z {I(?(_QO) (cosh(gz) —]% sinh(gz)) _jSO(QO)% sinh(gz)}

with Sy and Iy the input signal and idler electric field,
P, = P,1 + Pp3 the total pump power, and g the para-
metric gain coefficient given by

K0, 7)?

. (10)

9=90,7) = \/472Pp1Pp2 -

The total phase matching parameter is k(€g,7) =

AB(Qo, T) +vPy where A is the linear phase matching
parameter given by

6400

AB(S0,7) = fac [0F — W2] + 222

p

Q*-w,] (1)

From Eq. 11, we deduce that the linear phase match-
ing parameters depends strongly on the two chirp values
and their signs leading to a direct impact on the spectro-
temporal distribution of the gain. Two cases are detailed
in the following where the two chirps have identical or
opposite signs. For sake of simplicity, we do not take
into account B4 in the following derivation. We also
assume the pump bandwidths are much smaller than

9)

(

the spectral spacing between the two pumps and the
signal angular frequency detuning (apip2 - 7 << Wy,
Q) and Q is away from W, . The relative variation of

the phase matching from the value at 7=0 is calculated

AB(Qo,7)—AB(Qo7=0)
AB(Q,7=0)

written for a1 = ape = a (case d1) and a1 = ape = —

(case d2) as :

as d = . We can show that § can be

d1(apr = apa = ) = 6262 QpT (12)
(52(04;,;1 = —Qp2 = —ap) ~0 (13)

When the two chirps have opposite values, the lin-
ear phase matching is uniform for a wide range of sig-
nal angular frequency (£2) provided the bandwidth is
relatively small compared to the pump frequency spac-
ing (Eq. 13). Therefore, we can expect a flat spectro-
temporal distribution of the gain during the pump pulse
durations while the spectral gain will change over the
time for identical chirp values (Eq. 12).



2.C. Numerical simulations performed for the vali-
dation of the model

In order to validate the analytical model, realistic nu-
merical simulations have been conducted by integrating
the nonlinear Schrodinger equation (NLSE) along the
propagation z

O Ba(z) %Y B3P Ba O 2
9:" 2 or o oe Tasen YWY =00Y

describing the evolution of the slowly varying total
electric field ¥ in an optical fiber. Eq. 14 has been
solved with the standard split-step Fourier. The tempo-
ral resolution is 8 fs and the number of points is 2'8. The
input electric field includes a weak random initial condi-
tion that mimics quantum fluctuations, the two chirped
pump pulses and a weak CW signal whose frequency is
tuned over the full gain bandwidth. After propagation,
the signal is selected by a spectral filter and the gain is
calculated in the temporal domain for each frequency to
map its distribution.

2.D. Discussion of selected cases

To illustrate the discussion, we consider several cases
with parameters close to those used in previous experi-
ments [13] and numerical analysis [24]. The two pump
pulses have a duration of 900 ps full width at half max-
imum (FWHM) with a super-Gaussian temporal pro-
file. The central angular frequencies are & (27)x 15 THz
(weo = 0). The peak powers are Py,; = P,y =10 W and
the temporal chirp of pulse 1 is a,1 = —(2m) x 2.25
THz/ns while apo varies. Therefore, the spectral band-
width of pulse 1 is (27) x 2.02 THz (FWHM) while it
changes for the second pulse. For example, when ay,2=0,
the wave is quasi-monochromatic. The pumps are in-
jected in a fiber owing a nonlinear coefficient v = 35
Wkm~! and B0, B30, B0 equal to 1 x 10728 52 /m,
1x1074% 83 /m, —1x 107%%s* /m, respectively. The prop-
agation distance is L=10 m.

The gain profile in the anti-Stokes side is calculated at
each time from Eq. 8 and Eq. 9. Gain maps representing
the spectral gains as a function of time 7 are displayed
in Fig. 3 for three cases in which aps = —ay1 (Fig. 3.a),
aps = +ayp (Fig. 3.b) and ape = 0 (Fig. 3.c). Fig. 3.g-
h-i (solid lines) represent the instantaneous gain profiles
at 7 = 0 (white dashed lines in the maps). Fig. 3.j shows
the temporal distribution of the gain at the central fre-
quency (f=0 THz) for the three cases : ap2 = —ap
(blue line), ape = +ayp1 (red line) and ape = 0 (green
line). The temporal distributions of the gain change
considerably for the three cases. For aps = —ay1, the
spectral gain is uniform at each 7 since the variation
of the phase matching is weak during the pump pulse
duration as expected from d2 (Eq. 13). The maximum
gain is ~55 dB and varies by less than 8 dB from 0 to
22 THz (Fig. 3.g). The ripples and the number of ex-
trema depend on the amplifier properties as in the case

Model Simulation
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Fig. 3. Gain maps calculated in the Anti-Stokes side from the
analytical model and the NLSE simulation for aps = —ap1
(a~d), apz = +ap1 (b-e) and apz = 0 (c-f). The spectral
gain at 7=0 ps for ape = —ap1, ap2 = +ap1 and apz = 0
are shown in (g), (h) and (i). The dashed and solid lines
correspond to the results obtained with the simulation and
the model, respectively. The gain as a function of 7 at f=0
THz are displayed in (j) for ay2 = —ap1 (blue line), ape =
+ap1 (red line) and ap2 = 0 (green line). The dashed brown
line is calculated for two CW pumps. The blue and red lines
are reproduced in (k). The corresponding curves obtained
with the NLSE simulation are also shown in (k) (ap2 = —ap1
(cyan line), ape = +ap1 (magenta line))

of an amplifier pumped by two CWs. The flatness is im-
proved for reduced 40 value and higher yP,; [27]. The
extrema between the two pumps are located at 0 THz
(maximum) and £ 12.3 THz (minimum) in good agree-

=682c0
BacO

from the case with two CW pumps [27]. We checked that
the spectral distribution of the gain is nearly the same
as the one calculated for two continuous pump waves.
The corresponding curve displaying the gain evolutions
as respect to the time at f=0 THz (Fig. 3.j) and to the
frequency at 7 = 0 (Fig. 3.g) are similar to the one ob-

derived

ment with the expected location, i%



tained with the chirped pulses. The variations are not
observed on these scales : the gain is unchanged over
the full temporal profile for the CW while it changes
by 1 dB in the case of the chirped pulses. For the case
where ape= +ap1, the spectral gain changes strongly
with time (Fig. 3.b) as expected from Eq. 12. Similarly,
for a,2=0, the map is not uniform (Fig. 3.c) mainly due
to the variation of the dispersion over the pump band-
width. For ap2 = 40ayp1, B2c changes from -6x10728 to
+8x1072% 52 /m when the pump frequency is swept dur-
ing the pulse duration leading to a significant change of
the gain profile. The maximum gain is similar to the
previous case but it extends to higher frequency up to
~40 THz at 7 ~-300 ps (for aype = +ay1) and ~32 THz
at 7 ~-350 ps (for a2 = 0). However, each frequency
is amplified at a given time making the amplifier less
convenient than the previous case (apz = —ap1). For
example, the maximum gain at f=0 THz only occurs
at ~-30 ps and -70 ps for ape = +ap1 (Fig. 3.a-red
line) and a2 = 0 (Fig. 3.a-green line), respectively. In
addition, the temporal width of the gain depends on 7.
Consequently, the efficient amplification of a chirped sig-
nal pulse with large bandwidth will require to match the
signal chirp with the temporal distribution of the gain.
Numerical simulations have been performed with the
same parameters as those used in the analytical model.
The temporal distributions of the spectral gain are dis-
played in Fig. 3.d-e-f next to the maps obtained with
the analytical model together with the gains at 7 = 0
(g-cyan dashed line, h-magenta dashed line,i-light green
dashed line). Excellent agreements are obtained for
the three discussed cases confirming the correct behav-
ior of the analytical model. Weak additional informa-
tions are provided by the numerical simulations. Be-
yond ~40 THz, weak degenerated four wave mixings
between the pumps appear. In addition, the contri-
bution of the idler can be observed with the simula-
tion. For example, the gain at f=0 THz as respect to
the time is displayed in Fig. 3.k for aps=-a,1 (cyan
dashed line) and apz = +a,1 (magenta line) together
with the corresponding curves obtained from the ana-
lytical model (blue and red solid lines). In fact, the idler
generated and filtered at f=0 THz interferes with the
signal wave at the same frequency. However, the fre-
quency of the generated idler changes with time dur-
ing the interaction with the other pulses. From the
photon energy conservation, the frequency is given by
fi = (ap1 +ap2)7/(27) — f=(ap1 + ap2)7/(27) . When
Op2 = —O0yp1, the idler at 0 THz is generated for each
7 value simultaneously with the signal at f=0 THz.
Therefore, no spectral modulation from interferences is
observed in the time domain. The gain is 3 dB higher
(Fig. 3.k-cyan dashed line) than the one obtained with
the analytical model since both signal and idler con-
tribute to the output at f=0 THz. For oy = a1, the
idler at f=0 THz is generated only around 7 = 0 and in-
terferes with the signal leading to temporal modulation
(Fig. 3.k-magenta line).

2.E. Influence of the group delay mismatch

During the propagation, each pulses propagate with dif-
ferent group velocity and the monochromatic signal ex-
periences a range of pump frequencies from the two
pulses along the propagation. The group delay (GD)
is given by the frequency derivative of the phase. Dur-
ing propagation, the two pumps have been delayed by

ﬁ3c
2

T = (;@CWP + w2 faco W§’> 2 (15)

12

The GD of the signal is calculated by assuming that the
amplifier is phase matched and we only use the expo-
nential term in Eq. 8. The group delay of the signal
is

2
Ty = Bae (QO _ ot o T) z (16)
2 2

The GD effect has been included in the model by cal-
culating step by step the Stokes and anti-Stokes am-
plitudes (Eq. 8 and Eq. 9) along the fiber. De-
lays T4 o=7, — 71,2 have been added at each step shift-
ing the parameters w., W, (Eq. 3 and Eq. 4) by
AWC:M and AWp:M, respectively.
These equations clearly show that the effect of the GD
will depend on the value of both chirps. Gain maps are
displayed in Fig. 4.a-b. for an amplifier pumped by two
chirped pulses but with P,; = Ppe=1 W with L=100 m
for apa = Foayp.

The spectral gain has ripples with much higher mod-
ulation depth than in the previous case since they in-
crease with lower pump power, as observed in a two CW
pump amplifier [27]. For comparison, the same map has
been analytically calculated with no GD mismatch be-
tween the pulses (Fig. 4.c-d). We can notice that the
effect of the GD is negligible when oy,a=—ay,1 while the
gain decreases for frequency away from the pump when
app=-+ayp1. For example, for Qy=0 THz and 7=0 ps,
T1,2~~44 ps and 7,=0 in both cases. However, Aw. and
AW, are equals to 0 and ~-0.7 THz (apa=—0y1) while
they are equal to ~-0.7 THz and 0 THz (ape=+ap1). In
the latter case, the important variation of w. in compar-
ison to the central frequency at L=0 m (w.=0) leads to
a drop of the gain. The fiber length should be short to
limit the GD effect. For example, the GD does not im-
pact the gain shape when the fiber length is decreased to
L=10m. Fig. 4.e-f are the corresponding maps obtained
from the NLSE simulation and excellent agreements are
obtained with the analytical model when the GD effect
is included.

2.F. Impact of the pump chirps on a chirped signal
pulse

A chirped signal has a quasi-linear temporal distribution
of the spectrum. Each frequency needs to be amplified
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Fig. 4. Gain maps calculated in the Anti-Stokes side from
the analytical model ap2 = —ap1 (a) and ap2 = +ap1 (b)
including the GD effect. (c,d) are the maps when the GD is
neglected and (e,f) are the corresponding gain obtained with
the NLSE simulation. The colorbar is the same as in Fig.3.

at the appropriate time. However, the spectral gain of
the amplifier varies strongly with time in several cases
making the parametric amplifier not convenient for the
amplification of this stretched signal pulse; i.e the prop-
erties of the amplifier need to be engineered. For ef-
ficient amplification of a large bandwidth, the spectro-
temporal distribution of the signal needs to match the
gain map. This optimization is similar to the case of
a single chirped pump [25] and some suitable configu-
rations can be found if the signal chirp is preliminary
adjusted. However, when the two pump chirps have
opposite values, the gain profile does not change with
time. This means that any chirped signal with the cor-
rect spectral bandwidth are expected to be amplified.
Firstly, we consider a signal with a linear chirp as=
27 x50 THz/ns corresponding to a frequency sweep from
-20 THz to 420 THz when 7 changes from -400 ps to
4400 ps. Fig. 5 displays the instantaneous gain for
selected signal frequencies when oy, is fixed and oy

is varied. The gain changes significantly excepted for
f=0 THz (7 = 0) where the gain is constant since the
dispersion does not vary with the chirp at this time.
For apo=-ap1, all the selected frequencies have similar
gain (~49 dB+3 dB) making this configuration suitable
for the amplification of large bandwidth. For f=+ 20
THz, the corresponding time is 4= 400 ps where the pump
power decreases by ~20 % leading to a gain drop.

60 , , , , , , ,

3 2 1 0 1 2 3
o, (rads?)

Fig. 5. Gain as a function of a2 for f=-20 THz (blue line),-
10 THz (red line), -7 THz (light green line), 0 THz (cyan
line), +7 THz (magenta line), +10 THz (black line), +20
THz (dark green) when a signal is injected with a chirp
as=2mx50 THz/ns. ap1 = —(27) x 2.25 THz/ns.

The gain of a chirped signal pulse is displayed in
Fig. 6 for ay;=27x50 THz/ns, a;=27x100 THz/ns,
as=2mx200 THz/ns, in the frequency (Fig. 6.a-c) and
temporal (Fig. 6.b-d) domains.

For ape=+ay (Fig. 6.c-d), the gain changes con-
siderably and is structured when the signal chirp varies.
However, the amplification can occur at higher frequency
for selected chirp in which the spectro-temporal distribu-
tion matches the gain map at high frequencies (Fig. 3.b).
For example, for a;=27x200 THz/ns (green curves), -
30 THz occurs at 7=-150 ps and therefore can be ampli-
fied (Fig. 6.d). For ap=-ap (Fig. 6.a,b), the spectral
gain does not change for any signal chirp value. For
as=27x50 THz/us, the frequencies beyond ~20 THz
are amplified by the edge of the pump leading to a de-
crease of the gain, as already observed in Fig. 5. By
adjusting the signal chirp, the signal pulse duration in-
creases and the instantaneous spectral gain occurs at
other times (Fig. 6.b). Accordingly, the amplification
of a chirped signal pulse with large bandwidth is very
flexible when the pump chirps have opposite signs. The
choice of the signal chirp is not defined by the properties
of the amplifier and therefore this configuration is very
promising for the design of a laser architecture.
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Fig. 6. Gain as a function of the signal frequency (left col-
umn) and the time (right column) for ape=-ap1 (top line) and
ap2=+ap1 (bottom line) for a;=2mx50 THz/ns(red lines),
as=27x100 THz/ns (blue lines), as=27x200 THz/ns (green
curves).

3. Ultra-short pulse amplification with two chirped
pump pulses

To confirm the possibility to amplify ultra-short pulses
with an amplifier pumped by two chirped pulses,
numerical simulations have been performed as in
Section 2.B. The signal has a Fourier transform limited
pulse duration equals to 50 fs with a Gaussian profile
corresponding to a spectral bandwidth of ~8.76 THz
(FWHM). The pulse duration is increased to 300 ps
with a standard stretcher to match the pulse duration of
both pumps and to decrease the peak power. The signal
spectrum is centered between the two pumps (29 = 0
THz) to take benefit from the full gain bandwidth.
The spectrogram of the input pulse together with the
temporal and spectral shapes are shown in Fig. 7. The
black lines display the central frequencies of the two
pumps. The fiber length L=6.5 m has been chosen
to amplify the signal in an unsaturated regime. A
spectrogram of the total electric field is calculated at
the output of the fiber. The two configurations of the
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Fig. 7. Spectrogram, temporal and spectral profiles of the
input signal.

pumps are considered; i.e apr=aye (Fig.8.a) and ap1=-
apa (Fig. 8.b). They are compared to the case where
two quasi-CW pumps are used for the amplification
(Fig. 8.c). In the three cases, the spectrograms show
a ?X” shape as observed in [17] in the case of two CW
pumps. At each time, the signal is amplified at its
instantaneous frequency while the idler is generated at
Wi = Wp1 + wp2 — ws. The contribution of both pump
chirps and bandwidths are actually weak and impact
marginally the idler. Thus, the idler frequencies are
generated with an opposite temporal distribution as
respect to the signal. The combined contribution of
the signal and idler leads to the shape observed on
the spectrogram. The spectrum contains the same
components generated at different time leading to
interferences of the total electric field in the spectral
and temporal domain. The results obtained with the
opposite pump chirps (Fig. 8.b) are the same as the
ones obtained with two CW pump waves (Fig. 8.c)
confirming the suitable behavior of the dual chirped
pump pulse amplifiers. The peak gain is ~35 dB and
the amplified bandwidth has not been significantly
narrowed during the amplification. On the contrary,
the signal amplified by two pumps with the same chirp
values exhibits a narrowed spectrum with a shift toward
lower frequencies (Fig. 8.a).

At the output of the fiber, the two pumps have been
filtered out to keep only the signal and idler pulses.
Then, a standard compressor has been optimized to re-
duce the pulse duration of the signal near the Fourier
transform limit (Fig. 9). The compressor has two grat-
ings owing 1200 grooves/mm. The angle and the grat-
ing separation have been adjusted to best compress the
signal pulse in each case. They are ~81 ° and 0.9 m,
respectively. For opposite value of the pump chirps, the
compressed pulse is ~60 fs (Fig. 9, blue line) near the
input pulse duration (Fig. 9, black line). The com-
pressed pulse amplified by the two CW pumps has the
same pulse duration (Fig. 9, red line). We also checked
that shorter pulse duration can be reached in the satu-
ration regime as in [17]. For example, the compressed
pulse duration is 50 fs when the signal is amplified in a
L =7 m long fiber. When the two pumps have the same
chirp value, the pulse duration is increased to ~200 fs
(Fig. 9, magenta line) as expected from its gain nar-
rowed spectrum (Fig. 8.a).

Fig. 9.b shows an enlargement of the compressed pulses
in the few hundred ps window. The long pulses corre-
spond to the generated idler. As it has the same spec-
trum, it cannot be filtered and also experiences the phase
from the compressor device. Therefore, as the idler has
an opposite chirp from the signal, it is stretched further
by the compressor to twice the input pulse duration of
the signal; i.e 600 ps. In this case, the temporal
contrast is ~38 dB. For ap;=+ay2, the idler pulse
duration is shorter than the one in the other cases be-
cause of the gain narrowed spectrum and the contrast
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Fig. 8. Spectrogram, temporal and spectral profiles of the
output electric field for two pumps with the same (a) and
opposite chirps (b) and with two quasi-CW pumps (c).

is ~30 dB.

‘We have also calculated the optical to optical
conversion efficiency defined as the energies of
the signal and idler divided by the input en-
ergy of both pumps. We found that the effi-
ciency reaches 60 % at saturation (for L=15 m)
when two CWs or two pulses with opposite chirps
pump the fiber while it is only 15 % when the
pulses have the same chirps.

4. Conclusion

We have analytically and numerically investigated opti-
cal parametric amplifier pumped by two chirped pump
pulses with relatively large bandwidth. In particular, we
highlighted that the properties of the amplifier depends
strongly on the relative chirp values and a uniform
spectro-temporal gain can be obtained when the two
chirps have opposite values. We also demonstrate
the possibility to amplify ultra-short pulses with this
scheme particularly suitable for laser architectures that
deliver several ultra-short pulses.
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