Pump-Induced Temporal Contrast Degradation in Optical
Parametric Chirped-Pulse Amplification:
Analysis and Experiment

Introduction

Laser—matter interactions in new regimes have occurred due
to the generation of high-intensity optical pulses using large-
scale laser systems.! The interaction regime of a laser pulse
with a target is basically set by the peak intensity of the pulse,
which is fundamentally proportional to the ratio of the pulse
energy to the duration of the pulse and surface of the focal spot.
Intensities of the order of 1022 W/cm? have been claimed,? and
facilities delivering high-energy, high-intensity laser pulses
are under operation or construction.> The interaction can be
detrimentally impacted by light present before the main pulse
since absorbed light can lead to physical modification of the
target.* The temporal contrast of a laser pulse is the ratio of
the peak power of the main pulse to the power of the light in
some predetermined temporal range before the main pulse.
The contrast can be reduced significantly during the genera-
tion and amplification of laser pulses, and contrast degradation
manifests itself as isolated prepulses or as a slowly varying
pedestal. Incoherent laser and parametric fluorescence can
significantly impact the contrast of laser pulses and can lead to
a long-range pedestal on the recompressed pulse.*> This con-
trast degradation is fundamental since fluorescence is always
present for classical optical amplifiers. The contrast of optical
parametric chirped-pulse amplifiers, however, is also detri-
mentally impacted by temporal variations of the intensity of
the pump pulse that induce spectral variations on the stretched
amplified signal via the instantaneous parametric gain. This
is a practical limitation that can be eliminated or reduced by
proper design of the pump pulse and the optical parametric
chirped-pulse amplification (OPCPA) system.

The parametric gain induced by a pump pulse in a non-
linear crystal is an efficient process for large-bandwidth,
high-energy amplification of chirped optical pulses.®8 It is
used in stand-alone systems®~1¢ or as the front end of large-
scale laser facilities.!” The impact of temporal fluctuations on
the contrast of the recompressed signal in an OPCPA system
was first identified by Forget ef al.!8 Simulations of the effect
of pump-pulse amplified spontaneous emission (ASE) on an
OPCPA system have linked the ASE coherence time to the
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temporal extent of the induced pedestal.!® These publications
offer a physical explanation of pump-induced contrast degra-
dation, but an analytical treatment is necessary to quantify
the impact of this phenomenon, improve the contrast of exist-
ing systems, and design new high-contrast OPCPA systems.
This article quantifies the impact of incoherent pump-pulse
ASE using an analytic formalism for pump-induced tempo-
ral contrast degradation in OPCPA systems and presents an
experimental solution to reduce this impact. The impact of
incoherent pump ASE is analytically quantified as a function
of the operating regime of the OPCPA system. The following
sections (1) present the necessary formalism and derive general
equations describing the pump-induced contrast degradation in
OPCPA systems; (2) compare these analytical derivations with
simulations, bringing to light the magnitude of these effects in
a typical OPCPA system; and (3) describe an LLE experiment
that demonstrates the reduction of pump-induced temporal
contrast degradation by filtering the pump pulse with a volume
Bragg grating (VBG) in a regenerative amplifier.

Analysis of Pump-Induced Contrast Degradation
in an OPCPA System
1. General Approach

The derivations presented in this section assume a one-
dimensional representation of the electric field of the signal
and pump as a function of time (and equivalently optical fre-
quency), without spatial resolution. Such a model is sufficient
to introduce the various aspects of contrast degradation in
OPCPA systems. Some of these systems use flattop pumps and
signals, in which case the temporal contrast is mostly limited
by the contrast obtained in the constant-intensity portion of the
beam. For high energy extraction, efficient phase matching,
and optimal beam quality, OPCPA systems are usually run in
configurations where spatial walk-off and diffraction are not
significant. An instantaneous transfer function between the
intensity of the pump, the intensity of the input signal, and
the intensity of the output signal is used to describe the para-
metric amplifier. This applies to an amplifier where temporal
walk-off and dispersion-induced changes in the intensity of the
interacting waves are small compared to the time scales of the
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temporal variations of the signal and pump. This also applies
to a sequence of amplifiers where scaled versions of the same
pump are used in each amplifier with an identical relative delay
between the signal being amplified and the pump. Figure 111.1
presents a schematic of an OPCPA system. The short input
signal is stretched by a stretcher, amplified by the pump pulse
in an optical parametric amplifier (one or several nonlinear
crystals properly phase matched), and recompressed. As identi-
fied in Refs. 18 and 19, the variations of the parametric gain
due to variations in the pump intensity lead to modulations of
the temporal intensity of the amplified stretched pulse, which
are equivalent to modulations of the spectrum of this pulse.
These modulations lead to contrast-reducing temporal features
after recompression.

Input signal Amplified
Esignal,O ‘ signal
Esignal,S
Stretcher (@) ‘ ‘
e Compressor (—¢)
Chirped signal
Esignal,l -
[oPAl
LOPA | Amplified chirped
Pump Ipymp signal Ejona) 2
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Figure 111.1

Schematic of an OPCPA system. Pump-intensity modulation gets transferred
onto the spectrum of the chirped signal in an optical parametric amplifier
(OPA). The modulation of the spectrum of the recompressed signal induces
contrast-reducing temporal features on the recompressed signal.

2. Contrast Degradation of an OPCPA System

in the Presence of Pump Noise

In this article, E and E relate to the temporal and spectral
representations of the analytic signal of an electric field, and /
and I relate to the corresponding intensities. The initial signal
is described by the spectral field Esignal’o(a)). After stretching
with second-order dispersion ¢, the stretched pulse is described
in the time domain by

Esignal,l(t) = (I/M)Esignal,O(t/qo) 2NY <_ it2/2(p>

up to some multiplicative constants. The quadratic phase
describes the one-to-one correspondence between time and
optical frequency in the highly stretched pulse, which is sym-
bolically written as t = ¢ @. The temporal intensity of the signal
after parametric amplification is a function of the temporal
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intensity of the stretched signal Lignal, 1(f) = (1/@)Lsignat,o(t/®)
and the temporal intensity of the pump /,,,,,(7), which can be
written as

Isignal,Z(t) =f[lsignal, l(t)’lpump(t)]' (1)

The function f'depends on the parametric amplifier length and
nonlinear coefficient.

Figure 111.2 displays two examples of behavior of the func-
tion f for a given input signal intensity, namely the relation
between the output signal intensity and the pump intensity.
In Fig. 111.2(a), the amplifier is unsaturated, and there is a
linear relation between variations of the pump intensity and
variations of the amplified signal intensity around point A.
In Fig. 111.2(b), the amplifier is saturated. The output signal
intensity reaches a local maximum, and there is a quadratic
relation between variations of the pump intensity and variations
of the amplified signal intensity around point B. Assuming that
the intensity modulation of the pump does not significantly
modify the instantaneous frequency of the chirped signal, the
intensity of a spectral component of the amplified signal at the
optical frequency w is

f [Isignal, 1 (q)a))’ Ipump (q)a))] =f [isignal,O (w)/¢’ Ipump ((00))] :

The pump-intensity noise Slpump(?) is introduced by writing
the intensity as Ipymp(7) =1 g{}mp (1) + 8l pump (7). Assuming the
amplifier is not saturated [Fig. 111.2(a)], the function fis devel-
oped to first order around the operating point set by / gmp as

f [isignal,o(a)) / ‘P’Ipump(q’w)]

:f[isignal,o(w)/(o’lgump ((pa))]

+61 pump ((DCU)T

jfmp [isignal,O(a))/(o, Igump (qoa))] . @

The spectral intensity of the amplified recompressed signal is
isigna1,3(a)) = ¢f[isignal,0(w)/¢’lpump(¢w) :

LLE Review, Volume 111



(b)

1 signal

Pumpr-INDUCED TEMPORAL CONTRAST DEGRADATION IN OPTICAL PARAMETRIC CHIRPED-PULSE AMPLIFICATION

Figure 111.2

Representation of the transfer function between output signal inten-
sity and pump intensity around the operating point of a parametric
amplifier in the (a) unsaturated and (b) saturated regimes. At point
A, there is a linear relation between pump-intensity modulation
and amplified-signal-intensity modulation. At point B, there is a
quadratic relation between pump-intensity modulation and ampli-
fied-signal-intensity modulation.
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and one can define

51gna1 3(60) (Pf[ signal, O(w)/¢’ pump ((pw)]

as the spectral intensity of the signal amplified by a noiseless
pump. The partial derivative of f with respect to the pump
intensity is assumed to be independent of the signal intensity,
and one defines the constant

f= af [1

signal,0 (CO)/(D Ipump ((Da))]

For a compressor matched to the stretcher up to a residual spec-
tral phase @qqiqual(@), the electric field of the recompressed
signal is simply

5(0)
Emgnal 3(60) / slgnal 3(60) + (pf(l)élpump((ow)

X exp [i Presidual (CO)] . (3)

A first-order development of Eq. (3) gives a spectral representa-
tion of the signal:

[50)
E51gna] 3(60) glgnal 3(60) exp [l¢res1dual (a))]

+ ¢ﬁ1)61 pump ((Dw)

s1gnal 3((0)
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One can define

51gnal 3((0) k| 31gna1 3(0)) €Xp [l¢r651dual (CO)]

as the electric field of the recompressed signal in the absence of
noise. In the OPCPA process, the spectral density of the ampli-
fied signal is usually approximately constant (or slowly varying)
because of saturation effects, so that / signal,3(@) is replaced by
@ligna) 2 in the denominator of Eq. (4). This leads to

f(1)51pump ((oa))

> £(0)
Esignal,3(a)) = Esignal,3(w)|l + 2Is'gnal 5
ignal,

®)

The Fourier transform of Eq. (5) gives the electric field in the
temporal domain:

© fw
signal,3 signal,3 2Isignal,2(0

X E (?;nal 3(t) ® 81 pump(t/ (P)~ ©)

Further simplification stems from defining

f(l,N) =ﬁ1)1£)03mp/lsignal,2 )
which is the change in intensity of the amplified signal normal-

ized to the intensity of the amplified signal for a change in the
pump intensity normalized to the pump intensity. The field of
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the recompressed signal is

© fuw
Esignal,3(t) = Esigna]j(t) + 0

pump

X Eg(i);nal,3(t) ® 5ipump(t/q’)’ 7

and the intensity of the compressed signal is

2

Y
(0)

(0)
Isignal,3(t) = Isignal,3([) + 2
4[(01 pump]

2

) ®)

X ‘Ei(i)g);nal,fi(t) ® 5ipump<t/¢)

using the fact that the first term in the right-hand side of Eq. (7)
is a short pulse while the second term describes the contrast
reduction over a large temporal range.

When the amplifier is saturated [Fig. 111.2(b)], f(l) =0and

Eq. (2) must be replaced by the second-order decomposition
of f, which is

f[isignal,O(w)/q)’lpump((ow)]
=f[isignal,0(w)/(p’1g)lzmp ((D(U)]
+ 36l ump 0@

X

o f [
2
Ol mp

isignal,O (a))/(0’ Ig)lzmp ((Da))] . (€)

Assuming that the second-order derivative of f with respect
to the pump intensity does not depend on the signal intensity,
one defines

2 2 7 0
f(Z) =0 f/alpump[Isignal,O(w)/(p’Ii)lzmp ((0(0)]

Replacing ] g?;nau(a)) by @lignal 2> ONE Obtains
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f(2) ol ;z)ump (¢w)

4Isignal,2

> 7(0)

Esignal, 3(60) = Esignal,3(a)) 1+ (10)

The Fourier transform of Eq. (10) gives the temporal field of
the recompressed signal:

K
(Z’N)]zEg(i);nalﬁ (0

(0)
Esignal,S(t) = Esigna1,3(t) + o
4[¢I pump

® 81 ump(t/P) ® STy (/)5 (11)

where fo,n) = ﬁz)[l g{l)mp]z / Lignal,2 is the normalized change
in the amplified signal intensity for a normalized change in
the pump intensity. Finally, the intensity of the recompressed
signal is

fom

©) 2N

Isignal,3(t) = Isignal,3(t) + ©) 4
16[‘”[ pump]

X ‘ Esignal,3(t) ® 5ipump<t/(p) ® 5ipump(t/(p) ’2- (12)

Equations (8) and (12) are general expressions linking the varia-
tions in pump intensity to the intensity of the recompressed
pulse in the two practically relevant cases: f(1y # 0 describes
the linear modulation regime, with a linear relation between
the pump intensity and the amplified stretched signal intensity
around the operating point; f1y =0, f(2) # 0 describe the quad-
ratic modulation regime, with a quadratic relation between
the pump intensity and the amplified stretched signal intensity
around the operating point. In the next two subsections these
general expressions are evaluated when ASE is present on the
pump pulse.

3. Contrast Degradation of an OPCPA System in the Linear-
Modulation Regime due to the Pump-Pulse ASE
The pump-pulse ASE is described as an additive stationary
process E5qg, and the field of the pump pulse is

Epump(t) = Eg)gmp O+ EASE (). (13)
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One has at first order

0 0 *
Ipunp®) = I ) + B\ () Ergis 0

B O Exge (0,

which allows one to identify

Sy (1) = E s (D E psp (1) + Emn (0 E g (0.

One can use the simplification

(0)* (0)

EQ 0 =ES 0= {1

pump

over the interval [0,7 ], where the pump has significant intensity,
and set the ASE electric field to 0 outside the interval [0,7].
The electric field of one realization of the ASE restricted to
the interval [0,7] and its Fourier transform are noted Exgg 7
and E ASE, - Fespectively. One obtains

ST (@) = { [EASE,T(CU) +Epgp p (@) (14)

In the linear modulation regime, the calculation of the
intensity of the recompressed pulse using this expression and
Eq. (8) leads to
2

(0) i

LN) 0 ,
Isignal,3(t) = Isignal,3(t) + 4e /Isignal,3(t —pw )
pump

% Tase, @)+ Izgp, (- 00)]de’, (15)

where €pymp
induced pedestal is therefore given by a convolution of the sym-
metrized spectrum of the ASE present on the pump pulse with
the recompressed pulse intensity. The intensity of the pedestal
is proportional to f' (21 N): Proper spectral filtering of the pump
pulse reduces the temporal extent of the induced pedestal. In
the usual case where the recompressed pulse is significantly
shorter than the temporal variations of the induced pedestal,

Eq. (15) can be simplified as

is the energy of the pump pulse. The pump-
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2 (0
; O = I(O) )+ f(l,N)gsignal
signal,3 signal,3 4¢£pump

*|Tase.r(t/9)+ Ixse.r(-1/0)].  (16)

The pedestal due to the ASE present on the pump pulse is
therefore directly given by a symmetrized version of the spec-
trum of the ASE present on the pump pulse. The symmetrized
spectrum of the ASE is spread in time proportionally to the
second-order dispersion of the chirped pulse. Integration of
Eq. (15) gives

(0) 2
Esignal = Esjgnal 1 +f(l,N)EASE,T/28pump >

which allows the energy inothe pedestal € desta) NOrmalized to
the energy of the signal £, to be expressed as

signa
2

Epedestal f (1,N) EASE,T 17

0 - 2 € : a7

P pump

signal

The ratio of the pedestal energy to the signal energy,

(0)
gpedestal/ Esignal ’

is directly proportional to the ratio of the energy of the ASE in
the temporal range defined by the pump to the energy of the
pump. The ratio €5g 7 / €pump is called “fractional ASE energy”
in the remainder of this article.

4. Contrast Degradation of an OPCPA System in the
Quadratic-Modulation Regime due to the Pump ASE
The intensity of the recompressed pulse for an OPCPA
system in the quadratic-modulation regime with ASE present
on the pump can be calculated using Egs. (12) and (14):

2

eRY)
0 : 0
LGonal 30 =1 gi;nalﬁ(t) + 1 ii})gnalj(t)

8(0Epump)”
® [Tk, 7(t/9)+ Ias,7(~1/9)]

® [iASE,T(’/‘P)+iASE,T(_f/‘P)]- (18)

Equation (18) shows that the pedestal is given by the double
convolution of the symmetrized spectrum of the pump ASE
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with the recompressed signal in the absence of pump ASE. The
convolution of the symmetrized spectrum of ASE with itself
is broader than the spectrum of ASE (e.g., by a factor V2 for
a Gaussian spectrum). Therefore, the temporal extent of the
pedestal is larger than in the linear-modulation regime. In the
case where the intensity of the recompressed signal is short
compared to the temporal variations of the pedestal, Eq. (18)
can be simplified into

2 (0
) f (2,N)Esignal
Isignal,S(t) = Isignal,3(t) + 2 2
Epump

“|Tase,r(t/ @)+ Inse.r(=1/9)|

® [Ixser(t/0)+ Iase r(-1/9)). (19

Finally, integrating Eq. (18) leads to the energy in the pedestal,

2 2
Epedestal f(Z,N)EASE,T 20
O - .2 20)
signal pump

In the quadratic-modulation regime, the ratio of the energy
of the pedestal to the energy of the signal is proportional
to the square of the fractional ASE energy. Comparing
Eq. (20) with Eq. (17) leads to the conclusion that if
8ASE,T/8pump < [f(1,1v)/f(2,1v)]2’ there is less energy in the
pedestal when the amplifier is run in the quadratic-modula-
tion regime. Operating the OPCPA in the saturation regime
locally decreases the modulation of the output intensity and
reduces the total energy of the associated temporal pedestal,
provided that the previous inequality is verified.

Simulations of Pump-Induced Contrast Degradation
1. Model Description

Simulations of an OPCPA system with parameters similar
to those of the OPCPA preamplifier of LLE’s Multi-Terawatt
laser'® and the front end of the OMEGA EP Laser Facility!’
have been performed. The signal has a central wavelength
equal to 1053 nm. The case of a flat spectral density has been
simulated since it corresponds closely to the derivations per-
formed in the previous section. The case of a Gaussian spectral
density with a full width at half maximum (FWHM) equal to
6 nm has also been simulated since it is closer to the actual
experimental conditions. The stretcher introduces a dispersion
equal to 300 ps/nm, i.e., ¢ = 1.76 x 1022 s2. The preamplifier

140

has two lithium triborate (LBO) crystals cut for type-I phase
matching at 1053 nm and 526.5 nm in collinear interaction, i.e.,
@1Lpo = 11.8° and 6 g = 90°, with a total length of 59.5 mm.
The OPCPA pump at 526.5 nm is obtained by doubling a
pump pulse at 1053 nm in an 11-mm LBO crystal. The pump at
1053 nm is a 20th-order super-Gaussian, with a FWHM equal
to 2.6 ns. The intensity of the up-converted pump has been
obtained using a Runge—Kutta resolution of the correspond-
ing nonlinear equations. Figure 111.3 displays the normalized
intensity of the pump and stretched signal in the OPCPA
crystal. The operation of the preamplifier was simulated by
solving the system of three equations describing the parametric
interaction of the electric field of the signal, idler, and pump
using the Runge—Kutta method. No spatial resolution or tem-
poral effects have been introduced, for the reasons expressed
at the beginning of the previous section. It is straightforward
(although computationally more intensive) to introduce these
effects. The phase mismatch between the interacting waves
was chosen equal to zero. Figure 111.4 displays the amplified
stretched signal intensity as a function of the pump intensity
for an input stretched signal intensity of 0.1 W/cm?, i.e., the
function Iignat,2 = f[Lsignal, 1- lpump| used in the previous sec-
tion for /g,y 1 = 0.1 W/cm?. Points A and B correspond to the
linear- and quadratic-modulation regimes, respectively. A fit of
the curve plotted in Fig. 111.4 around these two points leads to
the values f(; ) = 8 and f(; x) = 66. The next two subsections
present the contrast degradation results for a pump with ASE
and a signal with constant spectral density followed by results
for a pump with ASE and a signal with a Gaussian spectral
density. For the sake of clarity, the intensity of the recompressed
signal is plotted only at negative times (i.e., before the peak of
the signal), bearing in mind that the pump-induced contrast
degradation is symmetric.
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Figure 111.3
Normalized intensity of the chirped Gaussian signal (solid curve) and pump
(dashed curve) in the OPCPA system.
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Figure 111.4

Transfer function of the OPCPA preamplifier for a signal intensity equal
to 0.1 W/cm?. Points A and B identify the linear and quadratic regimes of
operation, respectively.

2. Pump with ASE and Signal with Flat Spectral Density

In this section, the stretched signal has a flat spectral density
and an intensity of 0.1 W/cm?2. The pump ASE spectrum is
assumed Gaussian and centered at the wavelength of the pump
pulse. The FWHM of the spectrum is chosen equal to either
0.14 nm (which was experimentally measured on the Nd:YLF
regenerative amplifier used to generate the pump pulse) or
0.03 nm (which corresponds to a hypothetical pump spectral
bandpass filtering). Figure 111.5 displays close-ups of the simu-
lated intensity of the pump for an ASE bandwidth of 0.14 nm
and 0.03 nm at various fractional ASE energies €5g 7 / €pump-
The homodyne beating of the electric field of the ASE with
the electric field of the pump leads to significant pump inten-
sity modulation even at low ASE energy levels. Figure 111.6
displays a comparison of the results of the simulation with the
analytical results for the 0.14-nm bandwidth. The OPCPA is run
either in the linear modulation regime [Figs. 111.6(a)—111.6(c)]
or in the quadratic-modulation regime [Figs. 111.6(d)—111.6(f)].
The fractional ASE energy is specified as 10, 10~4, and 103
Significant pedestal levels are observed, even for relatively
low pump intensity modulation, indicating that such contrast
degradation can severely limit OPCPA systems, or laser sys-
tems that include an OPCPA as one of their amplifiers. Good
agreement of the simulations with the analytical predictions
is obtained. Discrepancy in the quadratic modulation regime
at low fractional ASE energies is attributed to the leading
and the falling edge of the pump, for which the amplification
process is in the linear regime. The pedestal due to the pump
ASE extends at longer times in the case of quadratic modula-
tion, as expected from the double convolution of Eq. (18). The
pedestal is typically more intense at short times in the linear
regime, and it can also be seen that the total energy in the
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Figure 111.5

Close-ups of the temporal intensity of the pump for ASE with a Gaussian
spectrum with a FWHM equal to 0.14 nm and a fractional energy equal to
(a) 1075, (b) 10~%, and (c) 103, and (d) for ASE with a Gaussian spectrum with
a FWHM equal to 0.03 nm and a fractional energy equal to 103

pedestal is smaller in the quadratic modulation regime than in
the linear modulation regime {in agreement with the relation
EASE, T/epump < [f(l,N)/f(Z,N)]z’ with [ﬁl,N)/f(z,N)]2 =0.014}.
It should be noted, however, that the two modulation regimes
lead to similar pedestal levels around —100 ps. Figures 111.7(a)
and 111.7(d) display the intensity of the recompressed signal
for an ASE bandwidth of 0.03 nm and a fractional ASE energy
equal to 1073, which can be compared to the intensity plotted
in Figs. 111.6(c) and 111.6(f). Reduction of the bandwidth of the
pump ASE leads to a drastic improvement of the signal tempo-
ral contrast. This result shows that a significant increase in the
contrast of OPCPA systems can be obtained via proper spectral
filtering of the pump pulse, as is discussed in Experimental
Demonstration of Temporal Contrast Improvement of an
OPCPA System by Pump Spectral Filtering (p. 144). While
this was expressed previously in terms of the coherence time
of the pump ASE,!? the temporal contrast away from the peak
of the signal is influenced mostly by the spectral density of
the ASE at optical frequencies significantly different from the
central frequency of the pump. A non-zero spectral density at
these optical frequencies leads to a finite extinction ratio for the
pulse. The coherence time of the ASE describes the variations
of the temporal electric field of the ASE due to interference
between different optical frequencies in the ASE spectrum.
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Figure 111.6
Intensity of the recompressed signal for an input signal with a flat spectral density and an ASE Gaussian spectrum with a FWHM equal to 0.14 nm. (a)—(c) cor-

respond to an amplifier run in the linear-modulation regime when the fractional ASE energy is equal to (a) 10~5, (b) 10, and (c) 1073. (d)—(f) correspond to an
amplifier run in the quadratic-modulation regime when the fractional ASE energy is equal to (d) 1075, (e) 1074, and (f) 1073. In each case, the simulated intensity
is plotted with a continuous line, and the intensity predicted analytically is plotted with solid circles.
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Figure 111.7
Intensity of the recompressed signal for an input signal with a flat spectral density, ASE with various Gaussian spectra, and fractional ASE energy equal to 1073,

(a) and (d) correspond to a FWHM equal to 0.03 nm in the linear and quadratic modulation regimes, respectively. (b) and (e) correspond to a FWHM equal to
0.14 nm filtered by a 0.20-nm FWHM, 20th-order super-Gaussian filter in the linear and quadratic modulation regimes, respectively. (c) and (f) correspond to
a FWHM equal to 0.14 nm centered 0.07 nm away from the central wavelength of the pump in the linear and quadratic modulation regimes. In each case, the

simulated intensity is plotted with a continuous line, and the intensity predicted analytically is plotted with solid circles.
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However, the modulations of pump intensity are mostly due to
the interference between optical frequencies of the noiseless
pump pulse and optical frequencies of the pump ASE. Fig-
ure 111.7 presents simulations and analytic predictions for two
different ASE spectra that have a FWHM equal to 0.14 nm, i.e.,
the same coherence time, for a fractional ASE energy equal to
1073. In the first case [Figs. 111.7(b) and 111.7(e)], a 20th-order
super-Gaussian filter with 0.20-nm FWHM has been used to
filter the ASE. A large decrease in the level of the pedestal is
observed away from the peak of the pulse, although the pedestal
conserved its value closer to the peak, as expected from the
dependence of the pedestal to the spectrum of the ASE. In the
second case [Figs. 111.7(c) and 111.7(f)], the ASE has a Gaussian
spectrum with 0.14-nm FWHM centered 0.07 nm away from
the central wavelength of the pump. The contrast is signifi-
cantly degraded compared to Figs. 111.6(c) and 111.6(f), and
an increase of the pedestal intensity by approximately 20 dB
is observed. Optimization of the contrast can be performed by
proper spectral filtering of the pump. A narrow filter on the
pump pulse increases the contrast of the recompressed signal
and is not detrimental to the operation of the OPCPA system
as long as the pump pulse is not temporally distorted by the
spectral filter. Generally speaking, the pedestal shape, extent,
and intensity vary significantly with the energy of the ASE, its
spectrum, and the regime of operation of the amplifier.

3. Pump with ASE and Signal with Gaussian

Spectral Density

In this section, the spectral density of the signal is assumed
Gaussian, and the intensity of the stretched signal varies
significantly as a function of time, taking its maximal value
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of 0.1 W/cm? at the peak of the pulse. The condition that the
first-order derivative or second-order derivative of the func-
tion fas a function of the intensity of the signal is independent
of the signal intensity is not strictly verified. Some temporal
components (i.e., spectral components) of the signal have an
optical intensity placing them in the quadratic-modulation
regime for the OPCPA process, but other components have an
optical intensity placing them in the linear-modulation regime.
The contrast of the recompressed signal is generally linked in a
nontrivial manner to the noise of the pump pulse. Figure 111.8
displays the transfer function between pump intensity and
output signal intensity for a signal input intensity equal to
0.1 W/cm? and 0.05 W/cm?2. While the pump intensity corre-
sponding to point B ensures that the output signal intensity is
approximately the same for these two input signal intensities
(i.e., the spectral density of the amplified pulse does not depend
on the wavelength at first order), it allows operation only in the
quadratic-modulation regime for the highest signal intensity.
Figure 111.9 presents the intensities simulated with ASE param-
eters identical to those of Fig. 111.6. The analytical results plot-
ted on this figure correspond to the stretched signal pulse with
a constant intensity of 0.1 W/cmZ2. For the linear- and quadratic-
modulation regimes, no significant difference between the two
sets of simulations is observed, and the analytical derivation
is still in good agreement with the simulations. In the linear
regime for the peak intensity of the stretched pulse, all of the
optical frequencies in the pulse are in a similar linear regime,
and the resulting contrast is equivalent to the contrast obtained
for a constant spectral density. The discrepancy observed for
low ASE energy in the quadratic regime is more prevalent in
this case, which indicates that additional contribution to the
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0.90 0.95 1.00 1.05 1.10

Pump intensity (GW/cm?2)

Figure 111.8

Transfer function of the parametric preamplifier for a signal intensity equal to 0.1 W/cm? (solid curve) and 0.05 W/cm? (dashed curve). Points A and B repre-

sent the linear- and quadratic-modulation regimes for the OPCPA system for a stretched signal intensity of 0.1 W/cm?Z. (a) Full transfer function; (b) close-up

around point B.
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Figure 111.9

Intensity of the recompressed signal for an input signal with a Gaussian
spectral density and ASE with a Gaussian spectrum with a FWHM equal to
0.14 nm. (a)—(c) correspond to an amplifier run in the linear-modulation regime
when the fractional ASE energy is equal to (a) 1075, (b) 1074, and (c) 1073.
(d)—(f) correspond to an amplifier run in the quadratic-modulation regime
when the fractional ASE energy is equal to (d) 1075, () 10~%, and (f) 1073. In
each case, the simulated intensity is plotted with a continuous line, and the
intensity predicted analytically is plotted with solid circles.

pedestal is present due to some components of the signal in
the linear-modulation regime. The coupling between pump
intensity and amplified signal intensity for these wavelengths is
smaller than at point A of Fig. 111.4. A fit of the dashed curve
of Fig. 111.8 at its intersection with the vertical dashed line
representing the pump intensity for these simulations leads to
J,n)=4, which implies a smaller impact of the pump intensity
modulation. These results demonstrate that, in the general case,
both linear- and quadratic-modulation regimes influence the
induced pedestal on an OPCPA system.
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Experimental Demonstration of Temporal Contrast
Improvement of an OPCPA System by Pump
Spectral Filtering
1. Experimental Setup

A general approach to significantly improve the contrast
of OPCPA systems by spectrally filtering the pump pulse has
been experimentally demonstrated. Simple and efficient filter-
ing of the pump pulse is performed in a regenerative amplifier
using a VBG, and the bandwidth of the filtering is narrowed
significantly by the large number of round-trips in the cavity.
Contrast improvement by regenerative spectral filtering was
performed on the prototype front end of the OMEGA EP
Laser Facility (Fig. 111.10).1917 The pump pulse is generated
by a fiber integrated front-end source (IFES), where a 2.4-ns
pulse around 1053 nm is temporally shaped to precompensate
the square-pulse distortion during amplification. This pulse is
amplified at 5 Hz from 100 pJ to 4 mJ in a diode-pumped regen-
erative amplifier (DPRA).20 One of the flat end-cavity mirrors
of the DPRA is replaced by the VBG and a flat mirror, so that
the mirror acts as the DPRA end-cavity mirror and the beam
is reflected twice per round-trip on the VBG. The incidence
angle on the VBG, designed for high reflection at 1057.5 nm
at normal incidence, is approximately 7° to provide maximum
reflection at 1053 nm. The VBG is a bulk piece of photothermo-
refractive glass, where a grating is permanently written by
UV illumination followed by thermal development.2! The
damage threshold of similar VBG’s has been found to be
higher than 10 J/cm? in the nanosecond regime. With sol-gel
antireflection coating, the VBG has a single-pass reflectivity
of 99.4% at 1053 nm, and the slight increase in the DPRA
build-up time due to the additional losses was compensated by
increasing the diode-pump current. No change in the output
beam spatial profile was observed. Without active temperature
control of the VBG, the DPRA operated for several days in
a temperature-controlled room with no variation in perfor-
mance. (Additional characterization can be found in Ref. 22.)
The bandwidth of the VBG reflectivity around 1057.5 nm is
230 pm, which, assuming a Gaussian shape, should provide a
23-pm bandwidth after 50 round-trips in the DPRA, with two
reflections on the VBG per round-trip. With the intracavity
VBG, the unseeded DPR A output spectrum shows a reduction
of the bandwidth of the DPRA from 146 pm to 41 pm, but is
broad enough to amplify the pump pulse without distortion
(Fig. 111.11). Subsequent amplification to 2 J is performed by
four passes in a crystal large-aperture ring amplifier containing
two flash-lamp—pumped Nd:YLF rods, after apodization of the
DPRA beam.?3 Frequency conversion to 526.5 nm occurs in
an 11-mm LBO crystal with an efficiency of 70%. Filtering in
the DPRA decreases the amount of ASE from the IFES and
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Figure 111.10

Schematic of the laser system. IFES: integrated front-end source; DPRA: diode-pumped regenerative amplifier; CLARA: crystal large-aperture ring amplifier;

SHG: sum-harmonic generation. Filtering of the pump pulse is performed in the DPRA (shown above in bold).
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Figure 111.11

Optical spectrum of the unseeded DPRA measured with a mirror in the
cavity (thin solid curve with open circles) and with the VBG in the cavity
(solid curve with solid squares). The optical spectrum of the signal ampli-
fied by the DPRA (dashed curve) is limited by the resolution of the optical
spectrum analyzer and is significantly narrower than the unseeded DPRA
with the intracavity VBG.

from the DPRA itself (these two high-gain stages having the
largest contribution to the pump ASE) and benefits from the
large number of reflections on the filter.

The OPCPA system is composed of a mode-locked laser
operating at 1053 nm, an Offner-triplet stretcher providing a
dispersion of 300 ps/nm, a preamplifier with two 29.75-mm
LBO crystals in a walk-off compensating geometry, a power
amplifier with one 16.5-mm LBO crystal, and a two-grating
compressor in a double-pass configuration. The pump pulse is
split to pump the preamplifier and power amplifier. Amplifica-
tion of the signal to 250 mJ is achieved, and a portion of the
amplified pulse is sent to the diagnostic compressor.

2. Experimental Results

The temporal contrast was measured using a scanning third-
order cross-correlator (Sequoia, Amplitude Technologies).

LLE Review, Volume 111

The dynamic range of the diagnostics is 10'! but is limited to
108 by the parametric fluorescence from the OPCPA system.
Postpulses are due to multiple reflections in the cross-correla-
tor and are of no practical concern. Figure 111.12 displays the
cross-correlations measured (a) when the preamplifier and
power amplifier are operated at full energy, (b) when only the
preamplifier is operated at saturation, and (c) when only the
preamplifier is operated at half its nominal output power. The
prepulse contrast is consistently improved with the intracavity
VBG. The pump-induced contrast degradation is particularly
important in the preamplifier, even when it is run at saturation,
and a contrast improvement of the order of 20 dB is observed.
When the preamplifier is run at half output power, a larger
coupling between the pump intensity and the amplified signal
intensity magnifies the impact of the pump noise on the con-
trast. These two operating points correspond to the linear- and
quadratic-modulation regimes for the preamplifier, as identified
by points A and B in Fig. 111.4. The choice of the crystals and
pump intensities in this system reduces the spatial-intensity
modulations in the amplified signal. This decreases the tem-
poral-intensity modulations in the amplified signal and reduces
the impact of the pump-intensity variations on the contrast of
the recompressed pulse. Most OPCPA systems are not designed
with these considerations in mind, and the contrast improve-
ment is expected to be significant for these systems.

The optical signal-to-noise ratio (OSNR) of the OPCPA
pump pulse was reduced by decreasing the average power of
the monochromatic source in the IFES from its nominal value
of 10 mW to 2 mW, 0.4 mW, and 0.1 mW, and compensating the
reduced output energy by increasing the DPRA diode pump
current. The reduced OSNR is due to the reduced seed level
in both the IFES fiber amplifier and the DPRA. Figure 111.13
displays the cross-correlations measured when the preamplifier
and power amplifier are operated in nominal conditions [the
cross-correlations measured for the nominal value of 10 mW
can be seen in Fig. 111.12(a)]. Without spectral filtering, a large
increase in the temporal pedestal is observed, and the contrast
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Figure 111.12

Third-order scanning cross-correlation of the OPCPA output pulse (a) when the preamplifier and power amplifier are operated at full energy, (b) when only the
preamplifier is operated at saturation, and (c) when only the preamplifier is operated at half its nominal output power. In each case, the cross-correlation mea-
sured with the mirror in the DPRA is plotted with a solid line, and the cross-correlation measured with the VBG in the DPRA is plotted with a dashed line.

50 ps before the peak of the pulse is 54 dB, 46 dB, and 35 dB,
respectively, for a 2-mW, 0.4-mW, and 0.1-mW average power.
No contrast degradation is observed with the filtered DPRA,
and the contrast 50 ps before the peak of the pulse is consis-
tently equal to 68 dB.
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Figure 111.13

Third-order scanning cross-correlation of the OPCPA output pulse when the
average power of the monochromatic laser of IFES is reduced from 10 mW
to (a) 2 mW, (b) 0.4 mW, and (c) 0.1 mW. In each case, the cross-correlation
measured with the mirror in the DPRA is plotted with a solid line, and the
cross-correlation measured with the VBG in the DPRA is plotted with a
dashed line.
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Conclusions

An analysis of pump-induced contrast degradation in an
OPCPA system has been performed. The general link between
pump modulation and the contrast of the recompressed pulse
has been derived in the two cases of practical interest, for
which pump-intensity modulation couples either linearly
or quadratically to the amplified signal intensity during the
parametric process. Analytical expressions linking the spec-
trum of the ASE present on the pump pulse to the temporal
pedestal of the signal amplified in the OPCPA system have
been derived and compared to simulations. Significant reduc-
tion of the induced temporal pedestal was experimentally
demonstrated in an OPCPA system by filtering the pump
pulse during its amplification in a regenerative amplifier. The
general expressions of the contrast degradation should prove
useful for understanding the contrast limitation of current
OPCPA systems and predicting the performance of future
systems. The demonstrated solution is simple to implement
and is applicable to most OPCPA systems.
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