
Abstract. Conditions of the applicability of equations in the
quasi-static approximation for studying the parametric
interaction of frequency-modulated light beams in multistage
ampliéers are considered. This approximation is used to
simulate numerically processes in a multistage DKDP crystal
ampliéer with the output power exceeding 10 PW and
suppressed luminescence.
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1. Introduction

The possibility of optical parametric chirped pulse amplié-
cation (OPCPA) was discussed and studied as early as
1980s ë 1990s [1 ë 6]. By pumping BBO crystals by 100-fs,
400-nm second-harmonic pulses from a Ti : sapphire laser,
the ampliécation of frequency-modulated radiation with the
spectral width of up to � 1:2 fsÿ1 appearing upon self-
focusing of the incident radiation was realised [3 ë 7]. The
ampliécation of such broadband radiation occurs at a
certain angle between its beam and the pump beam (in the
case of vector phase matching and noncollinear interaction)
when the superbroadband phase-matching conditions are
fulélled at the vicinity of the central wavelength l �0�1 �
600 nm. In this case, the difference of the effective group
velocities of the signal and idler waves and the sum of
coefécients of their quadratic dispersion are close to zero.
After the compression of ampliéed radiation, pulses of
duration down to 4 fs and energy of a few microjoules were
obtained. Below, we will denote interacting waves by the
subscript j: j � 1 corresponding to the signal wave, j � 2 ë
to the idler wave, and j � 3 or j � p ë to the pump wave.

The superbroadband phase matching in BBO crystals
was used in the last years for the development of multistage
ampliéers of 5 ë 10-fs pulses stretched approximately to 30
ps [8 ë 17] and 1 ns [18]. As a result, 5 ë 20-fs pulses of energy
from � 1 to � 100 mJ and power from 0.1 to 10 TW were
obtained. Pumping was performed by the 400-nm second

harmonic of a Ti : sapphire laser or by second harmonics
from Nd 3�-doped crystal lasers at 530 ë 560 nm.

The possibility of using multistage parametric ampliéers
of frequency-modulated light pulses to achieve petawatt
powers was analysed in papers [20 ë 22]. It was proposed to
stretch pulses being ampliéed approximately up to 1 ns and
to use nonlinear KDP crystals of diameter up to 20 ë 30 cm
in the last stage. The authors of [21] proposed to use the 438-
nm third harmonic of an Asterix IV laser for pumping. In
this case, the superbroadband phase-matching conditions
are fulélled in a KDP crystal for 785-nm femtosecond pulses
of a Ti : sapphire laser. However, this phase matching is
absent for the 530-nm pump wavelength, which is promising
for the development of high-power ampliéers, and the
maximum gain bandwidth is achieved in the nearly degen-
erate interaction regime [20, 23, 24]. This complicates the
generation of high-power pulses shorter than 40 fs with the
help of ampliéers based on nonlinear KDP crystals [24]. In a
system based on a KDP crystal, 84-fs, 35-J pulses were
obtained [24].

It was shown in [25, 26] that upon pumping at l �0�p �
527 nm, ampliéers based on nonlinear DKDP crystals have
the superbroad phase-matching band at l �0�1 � 910 nm. An
ampliéer based on this crystal with the stretcher ë compres-
sor transmission bandwidth Ostr � 0:1 fsÿ1 produces 40-fs,
38-J pulses [27 ë 29]. The manufacturing of the énal
ampliécation stage with the pump pulse energy of
� 1000 J is planned. According to estimates, this will
make it possible to obtain pulses of power up to a few
petawatts. Such pulse durations and powers for ampliéers
with nonlinear DKDP crystals are not limiting.

In this paper, we analyse the possibility of achieving the
pulse power up to 10 ë 20 PW by expanding the transmission
band of the stretcher and compressor up to the limiting
width of the superbroad gain band. The project of man-
ufacturing ampliéers based on DKDP crystals pumped by
1 ë 10-ps pulses with a high repetition rate and peak powers
up to a few petawatts is discussed in [30]. Such ampliéers
also should have the gain bandwidth close to the limiting
spectral width of a signal being ampliéed.

An important question appearing in the development of
high-power ampliéers is the question about the intensity
decrease rate in the focal spot at the leading edge of a pulse
after focusing of compressed radiation. The radiation
intensity before the main pulse at the interval exceeding
30 ë 40 ps is determined by spontaneous luminescence. This
interval for OPCPA systems is determined by the pump
pulse duration, and contrast in this interval can be consid-
erably higher than that for laser CPA systems because
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parametric luminescence is not isotropic but is concentrated
near the phase-matching cone. If the phase-matching cone
of a subsequent channel is inverted with respect to the
luminescence cone of a previous channel (or vice versa),
parametric luminescence is concentrated within a narrow
region along the tangential plane of these cones [31, 32]. In
systems with such preliminary ampliécation stages, the
relative level of parametric luminescence not exceeding
10ÿ8 was achieved for pulse powers � 1ÿ 10 TW
[14, 18]. In laser CPA systems without the additional
suppression of luminescence, contrast is two-three orders
of magnitude lower [33, 34]. However, when compressed
radiation is focused, the difference between laser CPA
systems and OPCPA systems is determined only by the
lifetime of spontaneous luminescence.

In multistage parametric ampliéers with the output
power � 1ÿ 10 PW, as in laser CPA systems with the
high total gain Gm � 1011 ÿ 1012, the number Nd of sponta-
neous luminescence photons propagated for the time 2Tp

through the focal spot of radiation with the diffraction
divergence is proportional to the product of Gm by the
number of ampliéed longitudinal modes (i.e. to the product
of the gain bandwidth DO by the pump pulse duration):
Nd � DOTpGm. The spontaneous emission intensity Isd in
this region and the emission power density wsd propagated
through the focal spot of area a 2

d � 10ÿ6ÿ10ÿ7 cm2 achieve
rather high values of 1012 ÿ 1013 W cmÿ2 and 103 ÿ 104

J cmÿ2, respectively, for Tp � 1 ns.
The values of Isd and wsd can be reduced by the methods

similar to those developed for laser CPA systems
[19, 33 ë 35]. In [19], a parametric ampliéer pumped by 4-ps
pulses was used to generate 300-fs, 100-mJ pulses, which
were then ampliéed in a CPA ampliéer. In [33 ë 35], similar
pulses were generated by using the preliminary ampliéca-
tion (or ampliécation with recompression) of the initial
femtosecond pulse, its subsequent `puriécation' from noise
emission and stretching in a stretcher. The properties of
processes in the simplest OPCPA system, similar to those
considered above, are analysed in section 3 of this paper.

30 ë 40 ps before the pulse maximum the contrast begins
to deteriorate rapidly and achieves � 10ÿ6 approximately
10 ps before the pulse maximum [18, 34]. The contrast in
this region is mainly determined by the defects of diffraction
gratings of the stretcher and compressor with the depth
h4 0:1l �0�1 and the characteristic transverse size Dr � 1 mm
[34]. The focusing of a compressed radiation beam of
diameter Dc � 10 cm reduces the inêuence of defects of
compressor gratings by approximately (Dr=Dc)

2 � 104

times. The inêuence of defects of stretcher gratings is
reduced less considerably, but its reduction will be notice-
able (10ÿ2 ÿ 10ÿ3) if the beam diameter Dstr is large enough
(�1ÿ 3 cm). Therefore, the shape of the leading edge of a
pulse in the focal plane down to the level 10ÿ8ÿ 10ÿ10 of the
peak intensity will be determined by coherent processes in
the ampliéer stages and the stretcher ë compressor system.
We analyse in section 3 with this accuracy the factors
determining the shape and steepness of the leading edge of a
pulse and the pulse contrast in the interval up to a few
picoseconds from its maximum.

To analyse the processes of parametric ampliécation of
frequency-modulated radiation beams in the éeld of a
transform-limited pump pulse, the authors of [25] proposed
to use equations for the amplitudes of interacting waves in
quasi-stationary and quasi-static approximations, which

take into account the dependence of the shift of wave
packets on the local frequency due to their different
directions and different group velocities, and also the
dependence of the wave detuning on the local frequency.
In section 2, we analyse the possibility of application of
similar equations for studying the parametric ampliécation
of frequency-modulated radiation beams in the éeld of
`short' 1 ë 10-ps frequency-modulated `inclined' pump
wave packets. We also considered the question about the
maximum length of nonlinear elements of ampliéers
pumped by pulses of duration close to the minimal and
with the limiting gain bandwidth. Based on equations in the
quasi-static approximation, we performed in section 3 the
numerical simulation of processes for several variants of
multistage parametric DKDP crystal ampliéers. Aside from
the questions mentioned above, this also allowed us to
elucidate some general properties of parametric ampliéca-
tion in multistage systems.

2. Quasi-stationary and quasi-static light beams

In the case of the optimally selected parameters of para-
metric ampliéers of femtosecond pulses of duration 2t0
stretched in a stretcher up to 2T1 4 2t0, the relative shift of
the interacting wave packets and the change in their
duration during propagation in a nonlinear element should
be smaller than T1: djDK 0maxj < T1, where d is the element
length; DK 0max is the maximum difference of the moduli of
wave vectors Sj � K 0j (oj) of the interacting waves; and Kj is
the wave number. Hereafter, the prime denotes the
derivative with respect to frequency. We assume that the
pulse has a Gaussian shape. In addition, when the choice of
these parameters is reasonable, the interaction of the waves
will lead to slow variations in their amplitudes and phases.
Therefore, it is reasonable to analyse parametric interaction
in such ampliéers in a weakly linear approximation, in
which wave eikonals satisfy linear dispersion relations.

In broadband multistage ampliéers, the type I (e ë oo)
interaction is used. We shall restrict our consideration to
this interaction. We assume that the signal wave with
spectral components propagating in one direction (colli-
mated beam) is incident on a nonlinear element long the
normal to its surface parallel to the z axis. After propagation
through a stretcher, the phase of spectral amplitudes of this
radiation changes by the value of F �0�str depending on the
shift O1 of the carrier frequency o1 from its central value
o �0�1 (o1 � o �0�1 � O1). It is known the pulse shape is
determined only by the nonlinear component of this depend-
ence: Fstr(O1) � F �0�str (O1)ÿ F 0�0�str (0)O1. It can be shown by
the stationary phase method that the signal wave amplitude
behind the stretcher is proportional to the spectral ampli-
tude A

�0�
1 (r?,O1) of the initial pulse, while the variable

frequency O1(t) is deéned in the implicit form

A1�r?; t� �
�

i

2pjF 00str�O1�t��j
�1=2

A
�0�
1 �r?;O1�t��

� exp�ÿiF �0�1 �t��, t � dFstr�O1�t��
dO1

,

(1)

F �0�1 �t� �
� t

0

O1�t�dt � Fstr�O1�t�� � tO1�t�,

the local frequency O1(t) changes with time almost linearly
as O1(t) � _O1t, _O1 � O0=T1. The quantity O0 � 1=t0 is the
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spectral half-width of a femtoseconds pulse, and the pulse
stretching coefécient Kstr � F 00strO

2
0 41 determines the pulse

duration T1 � t0Kstr after its propagation through the
stretcher. The stretcher is characterised by the transmission
bandwidth Ostr and the wave train duration Tstr � jF 00strjOstr.
These parameters are usually selected to provide conditions
Ostr 5 4O0 and Tstr 5 4T1.

Pump radiation with the pulse duration 2Tp 5Tstr is
also frequency-modulated in the general case: op �
o �0�p � Op(t), where Op(t) � O �0�p (t=Tp); O �0�p � 1=t �0�p ; and
2t �0�p is the duration of the initial transform-limited pulse.
Pump radiation is incident on a nonlinear element at an
angle of Cp to the z axis in the zx plane, to which the optical
axis of the nonlinear crystal is parallel [for deéniteness, we
assume that the axis of this beam (the z3 axis) is inclined in
the direction of negative values of x]. In some cases, the
wave packet of pump radiation should be made `inclined'.
Such a wave packet is obtained when a collimated wave
packet propagates through a refracting (or reêecting) dis-
persion element, for example, a prism (or is reêected from a
diffraction grating). The width of the pump spectrum is
usually considerably smaller than the carrier frequency:
O �0�p =o �0�p 5 1. Therefore, the complex amplitudes Ap of
the `inclined' pump wave packet at the boundary of a
nonlinear element can be written in the geometrical optics
approximation in the form

Ap�r?; t� � A
�0�
p

ÿ
~r?;Op

ÿ
t
�x�
p

��
exp

�
ÿ i

� t
�x�
p

0

Op�t1�dt1
�
,

t �x�p � t� S �x�p x, (2)

A
�0�
p

ÿ
~r?;Op

ÿ
t
�x�
p

�� � fp

�
~x

ap
;
y

ap

�
A �0�

�
t
�x�
p

Tp

�

� exp

�
ÿ ixq0

�
Op

ÿ
t
�x�
p

�
o �0�p

�2�
.

Here,

S
�x�
p � cosCp

c
�tan yt � tanCp�;

~x �
�
x cosC �0�p � Dz tan yt

Op

ÿ
t
�x�
p

�
o �0�p

�
;

q0 � k
�0�
p m1 tan yt; k

�0�
p � o �0�p =c; m1 ' 1; Dz is the distance

from the intersection point of central beams; fp(0, 0) � 1; ap
is the pump beam diameter; and yt is the wave-front tilt
angle with respect to the pump beam axis. The angle yt for
a prism in the case of normal incidence is determined by its
refraction angle Cpr and the érst-order dispersion npg �
cK 0pr:

tan yt � tanCpr

npg ÿ npr
npr

,

where npr is the refractive index of the prism; in this case,

m1 � cosCp

�
1� 1

2

�
tan yt�tanCpr � tanCp� �

o �0�p n 00pr
n 0pr

��
.

It is assumed that the transverse structure of the beam at
the input to the dispersion element is independent of time.

The idler wave at frequency o2 � o3 ÿ o1 is excited in
the nonlinear element of the ampliéer. Therefore, the
transverse component of its wave vector is equal to the
transverse component of the pump wave vector, and its
phase at the boundary (z � 0) is equal to the phase
difference of the pump and signal waves:

F �0�2 �x; t� � F �0�p �x; t� ÿ F �0�1 �x; t�

� ÿ
� t

0

O �0�1 �t1�dt1 �
� t�S �x�p x

0

O �0�p �t1�dt1.

Here, we introduced a new variable ë the `local' time t �
tÿ zS0, where S0 � 1=v0 and v0 is the group velocity of
some of the waves at the central frequency (we assume
below that v0 � v �0�1 is the group velocity of the signal
wave).

Based on the considerations presented above, the éelds
Ej of the waves interacting in the nonlinear element of the
ampliéer can be written in the form

Ej �
ej
2

�
l �0�j Ip

l �0�p n
�0�
j

�1=2
Aj�r?; z; t� exp

�ÿ i
�ÿ
kjxxÿ kjzz

�o �0�j t
��Fj�x; z; t�

�	� c:c:, (3)

where n
�0�
j is the refractive index of the medium, and the

wave amplitudes Aj are normalised so that the square of
their modulus is proportional to the photon êux density at
the central frequency of the corresponding wave divided by
the photon êux density of the pump wave with the speciéed
intensity Ip. Functions Fj (x, z, t), which we will call the
eikonals of the corresponding waves, are deéned by linear
dispersion equations

DKjz

ÿ
p
�t�
j ; p

�x�
j

�� p
�x�
j � 0,

(4)

p
�t�
j �

qFj

qt
, p

�x�
j � qFj

qx
, p

�z�
j �

qFj

qz
.

The quantities DKjz( p
�t�
j , p

�x�
j ) are deéned by expressions

DKjz

ÿ
p
�t�
j ; p

�x�
j

� � �Kjz

ÿ
oj; p

�x�
j

�ÿ kjz ÿ S0p
�t�
j

�
,

kjz � Kjz

ÿ
o �0�j ; 0

�
, oj � o �0�j � p

�t�
j .

Here, we have

Kjz

ÿ
oj; p

�x�
j

� � �K 2
j ÿ �kjx � p

�x�
j �2

�1=2
,

Kj �
oj

c
�eo�oj��1=2, k1x � 0, k2x � kpx � k

�0�
p sinCp

for ordinary signal and idler waves ( j � 1, 2) and

Kpz

ÿ
op; p

�x�
p

� � ÿbpÿkpx � p
�x�
p

�
� �K 2

e �yp;op� ÿ
ÿ
kpx � p

�x�
p

�2�1� deoe ÿ b 2
p �
�1=2

for the pump wave, where

K 2
e �yp;op� �

o 2
p

c 2
eo�op�ee�op�

ee�op� cos 2 yp � eo�op� sin 2 yp
;
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Kp �
�
K 2

e �yp;op� ÿ k 2
px

ÿ
1� deoe ÿ b 2

p

��1=2
;

deoe � bpcot�2yp�;

bp �
�eo�op� ÿ ee�op�� sin�2yp�

2�ee�op� cos 2 yp � eo�op� sin 2 yp�
is the birefringence angle; the subscripts `e' and `o'
correspond to the extraordinary and ordinary waves,
respectively; and yp is the angle between the z axis and
the optical axis of the crystal.

We will write the solution of equations (4) in the
geometrical optics approximation (assuming that
p
�x�2
j � 0) and neglect the dispersion of birefringence:

Fj�x; z; t� � F �0�j

ÿ
x
�0�
j ; t

�0�
j

�
ÿ z
�
DKjz

ÿ
p
�t0�
j

�ÿ p
�t0�
j

~Sj ÿ p
�x0�
j

~bj
�
,

F �0�1

ÿ
t
�0�
1

� � � t
�0�
1

0

O �0�1 �t1�dt1,

F �0�p �x; t� �
� t
�0�
p �S �x�p x

�0�
p

0

O �0�p �t1�dt1,

F �0�2 �x; t� �
�
ÿ
� t
�0�
2

0

O �0�1 �t1�dt1

�
� t
�0�
2
�S �x�p x

�0�
2

0

O �0�p �t1�dt1
�
, (5)

p
�t0�
1 � O1

ÿ
t
�0�
1

�
, p

�x0�
1 � 0, p

�t0�
p � Op

ÿ
t
�0�
p � S

�x�
p x

�0�
p

�
,

p
�x0�
p � S

�x�
p Op

ÿ
t
�0�
p � S

�x�
p x

�0�
p

�
,

p
�t0�
2 � ÿO2

ÿ
t
�0�
2

�� Op

ÿ
t
�0�
2 � S

�x�
p x

�0�
2

�
,

p
�x0�
2 � S

�x�
p Op

ÿ
t
�0�
2 � S

�x�
p x

�0�
2

�
,

t
�0�
j � tÿ z ~Sj

ÿ
p
�t0�
j ; p

�x0�
j

�
, x

�0�
j � xÿ ~bj z,

where

~Sj

ÿ
p
�t0�
j ; p

�x0�
j

� � �K 0jz�oj; 0�
�
1� kjx p

�x0�
j

K 2
jz�oj; 0�

�
ÿ S0

�
;

~b2 � ÿ
kpx

K2z�oj; 0�
; ~bp � ÿ

�
bp �

kpx
ÿ
1� deoe ÿ b 2

p

�
Kp

�
.

Equations for the amplitudes Aj(r?, z, t) of the interact-
ing waves are similar to usual equations of quasi-optics
describing three-wave interactions with parameters depend-
ing on local frequencies oj � o �0�j � p

�t0�
j and transverse

components ÿp �x0�j of waves vectors. In the general case, a
linear operator R̂j should be added to the left-hand side of
these equations, which takes into account the inêuence of
the énite rate of frequency changing on the change of
amplitudes, as well as the second- and third-order dis-
persion:

qA1

qz
� ~S1�o1�

qA1

qt
� i

2K1

D?A1 � R̂1A1

� ig1�o1�ApA
�
2 exp�iDF�x; z; t��,

qA2

qz
� ~b2�o2�

qA2

qx
� ~S2�o2�

qA2

qt
� i

2K2z

D?A2 � R̂2A2

� ig2�o2�ApA
�
1 exp�iDF�x; z; t��,

(6)
qAp

qz
� ~bp

qAp

qx
� ~Sp�op�

qA2

qt
� i

2Kpz

D?Ap � R̂pAp

� igp�op�A1A2 exp�ÿiDF�x; z; t��,

R̂j � ÿ
K 00pz _Oj

2
ÿ i

K 00pz
2

q 2

qt 2
ÿ K 000pz

6

q 3

qt 3
.

Here, _Oj � qOj=qt. The interaction coefécients gj (oj) �
g0 fj (oj) of the waves are determined by expressions

g0 � w
����
Ip

p
,

fj�oi� �
n
�0�
j

nj cos ~bj

�
1� Oj

o �0�j

�
,

where

w � deff

�
2o �0�1 o �0�2

e0c 3n
�0�
1 n

�0�
2 n

�0�
p

�1=2
.

Here, w is measured in Wÿ1=2; deff is the effective non-
linearity of the crystal; and e0 is the permittivity of vacuum.

The ampliécation process depends most strongly on the
dependence of the phase detuning DF(z, x, t) on the local
values of p

�t0�
j and ÿp �x0�j :

DF�x; z; t� � �F1�x; z; t� � F2�x; z; t� ÿ F3�x; z; t��.

Small variations in the refractive index caused by cubic
nonlinearity in right-hand sides of equations (6) can be
taken into account in the obvious way. We assumed in
calculations that the anisotropy and dispersion of this
nonlinearity are small, so that the nonlinear refractive index
Dnj for the jth wave can be described by expressions for an
isotropic medium [36]

Dnj �
1

2
n2

�
jEjj2 � 2jElj2 �

2

3
jEpj2

�
� j � 1, 2, l � 1, 2�,

Dnp �
1

2
n2

�
2

3
jE1j2 �

2

3
jE2j2 � jEpj2

�
.

(7)

Based on the data presented in [37], we can assume that the
B integral in a nonlinear DKDP crystal for pump radiation
is 3:2� 10ÿ2dIp, were d is the crystal length and Ip is
measured in GW cmÿ2. Taking this into account, the value
of 1

2 n2 was determined in speciéc calculations.
By varying the pump-beam tilt angle yt, we can

compensate the group mismatch of the signal and pump
within some limits and change the gain bandwidth (see, for
example, [7, 32, 38]. However, for S �x�p 6� 0, the phase of the
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frequency-modulated pump and, therefore, the phase mis-
match DF depend on the transverse coordinate x and time.
In parametric ampliéers, where the pump spot radius ap is
of the order of the length Lp � cTp or exceeds it, this can
lead to the chromatic dependence of the signal phase on x.
In addition, in these cases, when the pump-pulse front is
strongly inclined with respect to the entrance surface of the
nonlinear element, the pump-pulse shape and, hence, the
ampliéed-beam shape will be nonstationary. Therefore, the
tilt angle yt in parametric ampliéers of high-power short
pulses should be chosen so that the front of the pump pulse
would be parallel to the entrance surface of the nonlinear
element (S �x�p � 0). In this case, due to quadratic angular
dispersion, the dependence of the propagation direction of
the pump beam on the local pump frequency is weak:
DCp � tan yt(Op(t)=o

�0�
p )2 [see (2)]. If the nonlinear element

length d is restricted by the relation

jbp2jq0
�
Op

ÿ
t
�x�
p

�
o �0�p

�2
d <

p
2

(bp2 � ~bp ÿ ~b2),

this dependence will affect neither the gain nor the phase of
the ampliéed signal. We will restrict our consideration to
this one-dimensional approximation for eikonals.

Relations (5) for eikonals and equations (6) for the
amplitudes of frequency-modulated waves determine
ampliécation processes in a broad interval of parameters.
The ampliécation of suféciently smooth pulses in para-
metric ampliéers operating in the nearly optimal regime can
be described by replacing expressions (5) and (6) by
equations considerably simplifying the numerical simulation
of the operation of multistage ampliéers. This is related to
the fact that the time shifts of the ampliéed waves with
respect to each other and the pump pulse in nonlinear
elements of such ampliéers should be smaller than the
duration of these pulses: jSjmaxjd < Tstr;Tp. If this condition
is not fulélled, then, as was shown already in the érst study
of the inêuence of the group-velocity dispersion of interact-
ing waves on parametric ampliécation processes [39], a
strong modulation of the amplitude of these pulses occurs at
the nonlinear stage of interaction and, therefore, the
spectrum of the ampliéed signal is considerably distorted.
In the case of small relative shifts of the interacting pulses,
the expression for the phase mismatch can be written in the
form

DF�z; t� � zD~K�z; t�, D~K�z; t� � �DK�t� ÿ dk�z; t��;
(8)

DK�t� � �DK1�O1�t�� � DK2z�O2�t�� ÿ DKpz�Op�t��� � Dk0;

dk�z; t� � z

�
_O1

~S 2
1 �t� ÿ ~S 2

2 �t�
2

� _Op

~S 2
p �t� ÿ ~S 2

2 �t�
2

�
.

Here, O2(t) � Op(t)ÿ O1(t); Dk0 � k1 � k2z ÿ kpz; and
~Sj(t) � K 0jz ÿ S0. The quantity dk(z, t) proportional to the
longitudinal coordinate characterises a change in the wave-
detuning modulus DK(z, t) due to a énite rate of the
frequency change (due to the frequency `slipping' effect).
The inêuence of this term on the ampliécation process
increases with increasing the gain bandwidth and decreasing
the duration Tstr of the stretched pulse. Therefore, we
consider the case of short pump pulse durations Tp (� 1 ps)
at which the pump pulse intensity Imax below the break-
down threshold increases up to a few tens GW cmÿ2

[because Imax � I0(T
�0�
p =Tp)

1=2, T �0�p � 1 ns]. As a result, the
gain bandwidth also increases. This limiting width DOmax

can be estimated from the condition �jD ~K(z,O1(t))j�
(2g0)

ÿ1�2 4 0:25. When this condition is fulélled, the
wave detuning DK weakly affects the gain of plane
waves determined in the linear quasi-static approximation:

G�z; t� � cosh�p0z�2
�
1�

�
D ~K

2p0
tanh�p0z�

�2�
,

p0�t� �
�
g 20 �t� ÿ

D ~K 2

4

�1=2
[to simplify the expression, it is assumed that fj (oj) � 1].
We will assume in estimates that Imax � 25 GW cmÿ2.

Figures 1 and 2 present the characteristics of the super-
broadband phase matching (wave detunings DK and
projections of beam vectors ~Sj) for a BBO crystal (S �0�p �
1.37 ps cmÿ1, w � 6:1 GWÿ1=2) of length up to
� 0:2Tstr=S

�0�
p pumped by the second harmonic 100-fs,

400-nm pulses of a Ti : sapphire laser stretched up to
2Tp � Tstr � 1. The functions DK and ~Sj are constructed
based of the Sellmeyer relations presented in [40]. It follows
from these data that for the length of a nonlinear element
d < 0:1Tstr=S

�0�
p , the relative frequency shift weakly affects

the interaction of waves in the gain band ÿ0:6 fsÿ1 4
O1 4 0:6 fsÿ1. The ampliécation of smooth signals in this
region of parameters can be described in the quasi-static
approximation: ~Sj � 0, D ~K(z,O1) � DK(O1).

As the length d is increased up to dm � 0:2Tstr=S
�0�
p , the

`wave matching' band as if broadens ë in the high-frequency
part of this band, where the difference of group velocities of
the ampliéed waves rapidly increases with increasing fre-
quency, a region appears in which the `wave matching' is
established in the second half of the nonlinear element. As d
is further increased, the wave detuning at the end of the
nonlinear element begins to increase at the gain band centre.

DK, D ~K
�
cmÿ1

l1
�
mm

0

3

21

2

1

ÿ40

±20

20

40

±0.636 ±0.212

0.75

0.212

0.64 0.56

O1

�
fsÿ1

Figure 1. Dependences of the wave detunings in a BBO crystal on the
shift of frequency O1 and wavelength of a signal for l �0�3 � 0:4 mm:
stationary detuning DK�O1� ( 1 ), D ~K�z;O1� for z � 0:5dm mm ( 2 ) and
z � dm ( 3 ) for _O3 > 0, y3 � 27:38,Cp � 5:678 (solid curves) and also
DK�O1� ( 1 ) and D ~K�z;O1� for z � dm ( 2 ) for _O3 < 0, y3 � 27:68,
Cp � 6:138 (dashed curves).
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Thus, the maximum length of the nonlinear element during
the ampliécation of a signal in a band with the limiting
width DOmax � 1:2 fsÿ1 for Tstr � 1 ps can be considered
equal to dm � 0:2Tstr=S

�0�
p . The maximum gain Gm �

�cosh (g0dm)�2 of a stage, by neglecting the relative pulling
down of beams for Tstr � 1 ps achieves 2500. A change in
the sign of the frequency modulation of the pump leads to a
red shift of the gain band. In this case, the frequency
`slipping' effect is manifested at a larger length of the
nonlinear element (for dm � 0:35Tstr=S

�0�
p , see Fig. 1). To

elucidate the possibility of using the effect of `broadening of
the wave matching band' at d � dm for increasing the
spectral width of the ampliéed signal, it is necessary to
analyse the ampliécation process by using the complete
system of equations in the quasi-stationary approximation.

The interaction coefécient of waves in the DKDP crystal
is an order of magnitude lower than that in the BBO crystal,
but dispersion is also approximately an order of magnitude
smaller (for example, S

�0�
p � 0:235 ps cmÿ1). Because of

this, the situation in the DKDP crystal is similar, however,
the limiting gain bandwidth is somewhat smaller (DOmax �
0.8 fsÿ1). In addition, because the interaction coefécient of
waves in the DKDP crystal is an order of magnitude lower
than that in the BBO crystal, the length of a nonlinear
element should be chosen taking into account the require-
ment of a smallness of the nonlinear phase incursion caused
by the cubic nonlinearity.

3. DKDP crystal ampliéer
with the output power above 10 PW
and suppressed luminescence

To analyse the operation of the ampliéer in the quasi-static
approximation, we prepared a program for simulating
processes in a multistage (up to éve stages) ampliéer. The
number of a stage is denoted by the subscript n, n � 0
referring to waves at the system input, i.e. at the érst stage
input. Processes were simulated both in one-dimensional
approximation and upon interaction of wave beams taking
into account their transverse structure and different
directions of group velocities and diffraction. In the latter

case, the investigation was performed in two steps. In the
érst step we solved the system of equations (6) for a éxed
instant of time t1 � t=T1 to which the dimensionless instant
frequency O � O1=O0 corresponds. The results of calcu-
lations performed for characteristic sections in the
beginning and end of the stage were stored. Apart from
the amplitudes Ajn(x, y,O) � Ajn(r?,O) of the waves, their
dimensionless `angular' spectrum was also calculated:

Bjn�qx; qy;O� � Bjn�q;O� �
� �

Ajn�r?,O� exp�iqr?�dr?.

The function

Bn�qx; qy;O� �
�
1� o1

o �0�1

�
B1n�qx; qy;O�

determines the éeld in the focal region of a lens (or a
focusing mirror) with the focal distance F :

E1n�xf; yf;O� � i
k
�0�
1 apn
2pF

�
Ipl

�0�
1

l �0�3

�1=2
Bn�qx; qy;O�. (9)

Here, apn is the pump-beam radius in the nth stage; qx �
q �0�x (1� O); qy � q �0�y (1� O); q �0�x � yx=ydn; q �0�y � yy=ydn;
ydn � 1=(k

�0�
1 apn); yx � x=F ; and yy � y=F.

In the second step the development of the process in time
was investigated. We calculated the Fourier transform for
each function Ajn(x, y,O) or Bn(qx,qy,O)

�Ajn�x; y; t0� �
�
Ajn�x; y;O� exp�iFAcor�O�� exp�it0O�dO,

�Bn�qx; qy; t0� �
�
Bn�qx; qy;O� exp�iFBcor�O�� exp�it0O�dO,

thereby determining the dependence of the amplitudes
�Ajn(x, y, t0) and �Bjn(qx, qy,O) of a compressed pulse on time
t0 � t=t0. The parameters of this pulse were determined by
assuming that the compressor introduces frequency-depend-
ent phase incursions FAcor(O) and FBcor(O) compensating
the phase incursion Fstr(O) in the stretcher and the linear
phase incursion in the ampliéer. The frequency dependence
of the nonlinear phase incursion was determined in
calculations and presented as the sum of the approximating
polynomial (up to the éfth degree) and the residual phase.
The characteristics of the compressed pulse could be
calculated when this phase incursion was completely
compensated and also when it was completely or partially
compensated by the approximating polynomial.

Consider additional assumptions which are used in
simulations of the interaction of frequency-modulated
beams.

In the general case the wave packet of the pump has the
comet-shaped proéle due to saturation. In the case of
moderate saturation, the pulse shape at the central part
is close to Gaussian (see, for example, [41]), while the cross-
sectional intensity distribution weakly differs from the
radiation intensity distribution at the ampliéer input. There-
fore, the expression for the amplitude Apn(r?, t) at the input
surface of the nonlinear element of the nth stage with the
independent pump can be written in the form

Apn�x; y; t� �
�
Ipn
Ip

�1=2
exp

�
ÿ t 2

2T 2
pn

�
�

0

ÿ0:5

0.75 0.69 0.64 0.53 l1
�
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ÿ0:636
0.56

± 0.212 0.212 O1

�
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~S1;2

�
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Figure 2. Dependences of the projections of beam vectors ~S1 on O1 and
l1 for y3 � 27:38, Cp � 5:678 ( 1 ), ~S2 for y3 � 27:38, Cp � 5:678 ( 2 ), and
~S2 for y3 � 27:68, Cp � 6:138.
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� cos 2
�
p
2

ÿ
r 2
�mn

�
ÒÓË r 2 � x 2 � y 2 < 1, (10)

Apn�x; y; t� � 0 ÒÓË r 2 > 1.

Here, Ipn is the pump-wave intensity at the input of the nth
stage; Ip is the pump-wave intensity at the input of the érst
stage of a preampliéer; and mn is the `super-Gaussian'
exponent characterising the shape of the beam cross
section. The coordinates x and y are normalised to the
pump-beam radius of the corresponding channel (x �
x=a

�x�
pn , y � y=a

�y�
pn ). The possibility is provided for intro-

ducing into the right-hand side of (9) the factors simulating
the dependences of the amplitude and phase modulation of
pump beams on the transverse coordinates according to the
harmonic law the quadratic dependence of the phase on r.
The signal radiation pulse at the ampliéer input is assumed
Gaussian. Note that, to determine its energy, it is necessary
to introduce the correction factor equal to � 1:2ÿ 1:5
because the amplitude of real pump radiation differs from
amplitude (10).

The interacting wave beams from the output of a
previous stage are projected to the input of a next stage
with the speciéed signs and values of shifts, magniécation,
and the transfer coefécient. It is also possible to introduce
élters of the angular spectrum of the beam transmitted in
projection devices.

We simulated processes in a multistage system with the
ampliécation of a short pulse in the érst stage of the
preampliéer and suppression of luminescence at its output.
The scheme of the ampliéer is shown in Fig. 3. Such an
ampliéer is excited by femtosecond pulses of the idler
[25, 26] or signal wave with energy W0 � 1 nJ. The exciting
pulse érst propagates through preliminary stretcher ( 1 ), in
which it is stretched up to T

�0�
1 � 10ÿ 40 ps. This is

necessary to provide linear ampliécation (103 ÿ 104) in
the érst stage. In addition, the ampliécation of such a
stretched pulse weakly depends on the frequency `slipping'
effect. Note that the linear ampliécation of a short pulse
located at the centre of a long pump pulse is described
almost exactly by equations in the quasi-static approxima-
tion.

After the propagation of a pulse exciting the érst stage
through the pulse shaping system and ampliécation of this
pulse up to a few microjoules in this stage, the signal
radiation pulse was compressed down to its initial duration

in compressor ( 3 ) and then passed through nonlinear élter
( 4 ), which did not transmit luminescence from the érst
stage. As such a élter it is convenient to use a device based
on nonlinear birefringence like that studied in [35]. We
assumed in calculations that the nonlinear élter is inertial-
less and its saturation intensity is so low that changes in the
shape and phase of the signal spectrum can be neglected. It
was also assumed that the signal was attenuated after
éltering by an order of magnitude.

After the suppression of luminescence, the signal pulse
propagates through main stretcher ( 5 ) and then is ampliéed
in the second stage. We assumed in calculations that optical
systems transfer to the input of this stage the inverted (with
respect to the coordinate origin) images of the pump and
signal radiation emerging from the érst stage, not changing
angles between these radiation beams and the optical axis of
the nonlinear element (or change the signs of the angles but
do not invert images). In this scheme of connection of
stages, the ampliécation cone of the second stage is inverted
with respect to the luminescence cone of the érst stage, and
effects related to the relative pulling down of the beams are
somewhat compensated. When the érst stage was excited by
the idler wave with the beam radius a20 � 0:12 cm, the beam
radius of signal radiation transferred to the second stage
increased by a factor of éve.

The length of nonlinear DKDP elements can achieve
12 cm. Therefore, when the peak intensity of pump radi-
ation at the input to a preampliéer achieves Ip �
1 GW cmÿ2, its efécient conversion to signal radiation
can occur in the second stage. This case was considered
in the simulation of a scheme with a two-stage preampliéer
(scheme 1). When the preampliéer operates at lower
radiation intensities Ip 4 0:8 GW cmÿ2, the third pream-
pliécation stage is required. The two variants of connection
of the third stage are possible. In the érst case, the third
stage is connected to the second stage by using coherent
excitation when all the three interacting waves propagate
through a rather narrow gap to a nonlinear element of the
third stage not changing the shape of the beams and phase
matching (scheme 2). In the second case (scheme 3a), the
connection between the second and third stages is similar to
that between the érst and second stages in the scheme with
the inversion of the phase-matching cone. After preliminary
ampliécation, the signal-beam diameter increases by a factor
of 12 and the beam is ampliéed in the érst stage and then,
after its diameter is further increased twice, the beam is
ampliéed in the second énal stage. Table 1 presents the
parameters of scheme 3 with the reduced pump intensity and
energy (scheme 3b) and the narrowed transmission band of
a stretcher (scheme 3c).

The operation of the ampliéer was simulated with
pumping parameters chosen close to the achieved
[26 ë 28] or expected parameters (see Table 1). The radii ~apn
of pump beams at the input of énal stages and lengths of
their nonlinear elements in all calculations were éxed (~ap1 �
6 cm, ~ap2 � 12 cm, ~d1 � 8 cm, ~d2 � 3:5 cm). We also éxed
pump-pulse durations in all stages (Tp � ~Tp1 � 1 ns, ~Tp2 �
1.2 ns) and the pump intensity at the input of the énal stage
~Ip2 � 1:4 GW cmÿ2. It was also assumed that the radiation
intensity distribution in the pump beam in the preliminary
ampliéer is super-Gaussian with mn � 4. Calculations in
énal stages were performed both for mn � 2 (the pump-
pulse energy in the énal stage was ~Wp2 � 795 J) and for
mn � 4 ( ~Wp2 � 1024 J). It was found that, when the value

To the compressor

2T1

5

2

4

3
10 ë 40 ps

6 7 8

~Ip2, ~ap2, ~Tp2, ~Wp2

9

W
pr
1

W 1f
1 W 2f

1

1

2t0,
W0

Ip, ap, Tp,Wp

~Ip1, ~ap1, ~Tp1, ~Wp1

Figure 3. Scheme of the parametric multistage ampliéer: ( 1, 5 ) stretc-
hers; ( 3 ) compressor; ( 4 ) nonlinear élter; ( 2, 6, 7) preampliéer stages;
( 8, 9 ) énal ampliéer stages; the thin straight lines parallel to the system
axis are the signal wave; the thick straight lines are the pump wave.

Interaction of frequency-modulated light beams in multistage parametric ampliéers 399



of mn was changed, all other factors being the same, the
energy and power of the ampliéed pulse changed propor-
tionally to the élling factor Kmn

of the pump beam with an
accuracy of a few percent (Kmn

� 0:59 for mn � 2 and 0.76
for mn � 4); the pulse shape and duration almost did not
change. Tables 1 and 2 present the values of parameters for
mn � 2. Calculations were performed for two transmission
bandwidths of the stretcher Ostr � DOmax and 0:8DOmax,
where DOmax is the limiting width of the gain band
(estimated below).

The beam radius of an idler wave exciting the ampliéer
was set equal to a20 � 0:12 cm, which is approximately éve
times smaller than the pump beam radius ap. This is
necessary to reduce the inêuence of the phase inhomoge-
neity of the pump beam. When the ampliécation band of a
signal is close to its limiting value, a small radius of the
exciting beam leads to a noticeable dependence of the signal
intensity ampliéed in the érst stage on the instant frequency
of the radiation pattern. The angular-frequency character-
istic for qy � 0 for this case is presented in Fig. 4a. The
frequency dependence of the signal propagation direction
can be almost completely compensated by the proper choice

of parameters of the subsequent stages of the preampliéer,
as illustrated in Fig. 4b. We will not discuss here the details
of such compensation. Note only that scheme 3 of a
preampliéer excited by an idler wave allows the generation
of compressed pulses with parameters close to the param-
eters of pulses excited directly by signal radiation, which are
considered below.

When the ampliéer is excited by signal radiation, it is
expedient to make the beam radius a1 equal to the radius of
the pump beam of the érst stage. Because the angle
bp2 � ~bp ÿ ~b2 between the group velocities of the idler
and pump waves is small compared to the angle ~b2 between
the group velocities of ampliéed waves (jbp2j � (0:004�
0:02)O1, j~b2j � 0:041), the ampliécation of such a beam is
weakly sensitive to the phase inhomogeneities of the pump
beam with the transverse scale DF exceeding the relative
displacements jbp2jdn of the pump and idler wave beams
over the length of a nonlinear element, and also to small-
scale inhomogeneities of the pump-beam intensity in the zx
plane (of the scale D1 < j~bpjdn � ap). The inhomogeneities
of the pump intensity in the zy plane, even if they are weak
(no more than 0:1Ip), can produce the noticeable modu-
lation of the signal intensity (a few tens of percent).
Calculation show that such a modulation weakly changes
the gain averaged over the cross section (in the nonlinear
regime ë the pump conversion coefécient). Spatial élters
mounted behind each stage of the preampliéer reduce down
to � 1% the inêuence of this modulation on the parameters
of a signal ampliéed in énal stages.

When a broad beam is ampliéed, a change in its
propagation direction with deviation of the frequency
from the exact phase-matching frequency becomes almost
unnoticeable. We consider in more detail the parameters of
ampliéers excited in this way.

The parameters of énal stages of the preampliéer
(second or second and third) were selected in calculations
to provide the moderate `supersaturation' operation regime
of the output stage, when the maximum of the conversion
coefécient is achieved inside a nonlinear element and then
this coefécient decreases approximately by half. The lengths
of nonlinear elements in two énal stages and power transfer
coefécients between the stages were selected so that these
stages operated in the regime close to saturation.

We also assumed in calculations that the spectral width
2O0 � 2=t0 of the ampliéed signal at the ampliéer input was

Table 1. Parameters of the preampliéer.

Scheme
number

Preampliéer scheme
Ip
�

GW cmÿ2
Wp

�
J ap0

�
cm a10

�
cm d1

�
cm d2

�
cm d3

�
cm

~Ip1
�

GW cmÿ2
~Wp1

�
J

1 Two-stage scheme 1.0 1.09 0.5 0.4 11 10 ë 1.2 145.5

2
Scheme with coherent excitation
of the third stage

0.8 0.87 0.5 0.5 12 8.0 7.0 1.0 121.3

3Â
Scheme with the inversion
of the phase-matching cone
of the third stage (Ostr � DOmax)

0.8 1.25 0.6 0.5 12 9.6 7.0 1.0 121.3

3b
Scheme with the inversion
of the phase-matching cone
of the third stage (Ostr � DOmax)

0.7 1.1 0.6 0.5 12 9.6 7.0 1.0 121.3

3c
Scheme with the inversion
of the phase-matching cone
of the third stage (Ostr � 0:8DOmax)

0.8 0.87 0.5 0.5 12 9.6 7.0 1.0 121.3

No t e : ap0 and a10 are the pump and signal beam radii, respectively; d1, d2, and d3 are the lengths of DKDP elements in the preampliéer; Ip and ~Ip1 are
pump intensities in the érst stages of the preampliéer and énal ampliéer, respectively;Wp and ~Wp1 are the corresponding pump energies.
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Figure 4. Dependences of the signal wave intensity B1�qx; 0;O� on
frequency O and wave number qx at the outputs of the érst (a) and énal
stages (b).
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smaller by half than the transmission bandwidth Ostr of the
stretcher, while the duration Tstr of the ampliéed pulse was
equal to the doubled duration of the stretched input pulse.
In this case, the intensity of the spectral components of this
pulse at the wings of the transmission band was eÿ4 of the
maximum intensity.

The main goal of calculations presented below was to
elucidate the possibility of increasing the energy and
improving parameters (power, the leading edge steepness,
and contrast achieved at the leading edge) of the compressed
pulse by varying the ampliéed pulse duration Tstr when the
transmission bandwidth Ostr of the system was close to the
limiting gain bandwidth DOmax.

The width DOmax depends on the pump intensity and is
determined by the angle C �0�p � 0:023 rad between the signal
and pump beams in ampliéer stages. This value of the angle
was chosen so that for Ipn � 1 GW cmÿ2 the condition
�DK=(2g0)�2 5 1, g0 � 0:6 cmÿ1] of the weak inêuence of the
wave detuning on the ampliécation process was violated
only at the wings of the transmission band (the wave
detuning at the central region of this band did not exceed
0.02 cmÿ1, while at the wings it did not exceed 0.1 cmÿ1). It
follows from analysis of the tuning parameters of a DKDP
crystal that the limiting ampliécation bandwidth in the case
of such adjustment is DOmax � 0:47 fsÿ1 (analysis was
performed by using Sellmeyer relations presented in [42];
see also [26]). The dependence of the wave detuning on the
frequency O1 in this band was approximated by the third-
degree polynomial DK � 3:54O1 � 2O 2

1 ÿ 122:4O 3
1 .

Calculations performed in the one-dimensional approx-
imation showed that in the case of the optimal adjustment
(when �DK=(2g0)�2 5 1 in the transmission band), the energy
of the ampliéed pulse and its dimensionless effective
duration

teff �
�1
ÿ1
j �A f

1�0; 0; t0�j2dt0
�

�A f
1�0; 0; t0�j2

�t0 � t=t0 and �A f
1�0; 0; t0) is the function describing the éeld

structure at the énal stage output] after compression weakly
depend on the spectral width of the pulse up to its limiting
value 2O0max � DOmax=2. This corresponds to t0min �
8.5 fs. In this case, the pulse energy and teff weakly change
with changing the operation regime of the preampliéer:
teff � 1:95 in the supersaturation regime, while in the
saturation regime the effective pulse duration increases up
to teff � 2:1 and the pulse energy decreases approximately
by 10%.

As O0 is further increased (up to Om � 0:14 fsÿ1 >
O0max), the requirement �DK=(2g0)�2 5 1 within the entire
transmission band Ostr � 4Om of the system cannot be
fulélled because �DK=(2g0)�2 � 1 at some points. This leads
to the reduction of the pump conversion eféciency and the
energy and power of the ampliéed pulse. These conclusions
were conérmed and reéned by calculations in the approx-
imation of quasi-static ampliécation of frequency-
modulated beams.

The dimensionless effective pulse duration t feff in these
calculations was determined from the calculated time
dependence of the amplitude �B f

1(0, 0, t0) at the centre of
the focal spot of a compressed pulse

t feff �
�1
ÿ1
j �B f

1�0; 0; t0�j2dt0
�j �B f

1�0; 0; 0�j2 .

The dimensionless divergence of this radiation Dy1=Dydpn
� 2:4, where Dydpn � 1=(k

�0�
1 apn), in all calculations is close

to the divergence of a beam of radius close to the radius of
the pump beam of the output stage and having the
homogeneous intensity distribution.

Table 2 presents the output energies W pr
1 , W 1f

1 , and W 2f
1

of the érst and second stages of the main ampliéer, and the
duration t feff and power P f

1 of the compressed pulse (by
neglecting losses in the compressor) in the case of the
complete compensation of the nonlinear phase incursion
calculated for three schemes at some values of parameters
Ip, ap, Tstr, and t0. Note that the compensation of this
incursion accurate to the approximating polynomials of éfth
and third degrees noticeably, approximately by 5%, leads to
the increase in t feff only in the scheme with coherent
excitation of the third stage of the preampliéer. The pulse
full width at half-maximum t f0:5 is smaller than t feff approx-
imately by 10%.

One can see from Table 2 that the signal pulse energy at
the énal stage output for all three ampliéer schemes
increases approximately by 30% with increasing Tstr

from 1.2 to 2.4 ns. The effective pulse duration increases
somewhat slower. As a result, its peak intensity almost does
not change. As Tstr is further increased, the pulse power
begins to decrease because t feff noticeably increases (from 2
to 2.35 for Tstr � 2:4 ns) despite a small increase in energy.

The shape and duration of the fronts of the compressed
pulse depend stronger on the preampliéer scheme and the
ampliéed pulse duration.

In the limiting case Ostr � DOmax, the compressed pulse
structure begins to depend considerably on the nonlinear

Table 2. Output parameters of ampliéers.

Scheme number Ip
�
GW cmÿ2 ap0

�
cm Tstr

�
ns t0

�
fs W pr

1

�
J W 1f

1

�
J W 2f

1

�
J t feff P f

1

�
PW

1 1.0 0.5 1.5 8.5 0.16 37 234 1.8 15.3

1 1.0 0.5 2.0 8.5 0.18 42 272 2.0 16.0

2 0.8 0.5 1.5 8.5 0.10 29 246 1.9 15.2

2 0.8 0.5 2.0 8.5 0.13 31 270 2.1 15.1

3Â 0.8 0.5 1.2 8.5 0.125 27 219 1.63 15.8

3Â 0.8 0.5 2.0 8.5 0.154 33 280 2.0 16.4

3Â 0.8 0.5 2.4 8.5 0.153 33 280 2.35 14.0

3Â 0.8 0.6 1.5 8.5 0.2 35 260 1.8 17.0

3Â 0.8 0.6 2.0 8.5 0.26 37 290 2.0 17.1

3b 0.7 0.6 2.0 8.5 0.14 32 262 2.15 14.3

3c 0.8 0.6 1.2 10.6 0.18 29 238 1.57 14.3

3c 0.8 0.6 2.0 10.6 0.22 37 287 1.97 13.7
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phase incursion DFnl(O) of the ampliéed wave (Fig. 5). By
adjusting the stretcher-compressor system, this phase incur-
sion can be compensated up to the third or éfth order of its
expansion in powers of frequency O. After such correction
for Ostr < DOmax, the effective pulse duration in schemes
studied becomes almost equal to the transform-limited pulse
duration. However, for Ostr � DOmax in scheme 2, the
noticeable phase incursion DFres(O) remains (Fig. 5).

The shape and duration of the pulse leading front for
ampliéer schemes 1 and 3 differ insigniécantly. The residual
phase incursion in these schemes did not exceed 0.2 rad, and
after the compensation of the nonlinear phase incursion up
to the third or éfth order, the pulse almost completely
coincides with the transform-limited pulse. The pulse fronts
exhibit weak oscillations with period of � t0. The averaged
amplitude decreases exponentially down to some level,
which we will call the pulse contrast. The steepness of
the exponential part noticeably depends on the stretched
pulse duration and increases approximately twice with
increasing Tstr from 1.2 to 2.4 ns (Fig. 6).

It is important that, when the pump pulse energy of the
intermediate ampliéer is decreased by 10%, the frequency
dependence of the nonlinear phase incursion changes
insigniécantly, so that the shape of pulse fronts remains
almost invariable and the effective pulse duration increases
due to a small change in the spectral width of the pulse (less
than by 10%) (Table 2).

In scheme 2 with coherent excitation of the third stage of
the preampliéer, the leading front of the pulse noticeably
differs from exponential and its duration is approximately
1.5 times longer than that in schemes 1 and 3, even when the
phase incursion is completely compensated. In addition, the
residual phase incursion in this case is larger than that for
schemes 1 and 3 (Fig. 5) and noticeably affects the shape of
pulse fronts (Fig. 7). This is explained by the fact that upon
coherent excitation of the third stage of the preampliéer, the
nonlinear elements of the second and third stages are in fact
combined. As a result, the ampliécation process is subjected
to a stronger inêuence of the asymmetry of the dependence
of the effective interaction coefécient g(O1) � �g1(o1)�

g2(o2)�1=2 on the signal frequency and also of different
directions of the group velocities of the waves because the
relative displacement (d2 � d3)jb2j of their beams exceeds the
pump beam radius almost by a factor of 1.5. When the
signal width is close to the limiting value, this leads to a
strong asymmetry of the dependence of the output power of
the intermediate ampliéer on the local frequency, which is
preserved in énal stages (Fig. 8), and also complicates the
dependence of the nonlinear phase incursion on this
frequency (Fig. 5).

The pulse contrast is determined by the amplitude of
spectral components at the wings of the stretcher trans-
mission band, which was assumed sharply restricted. For

ÿ1 0 1 t1

DFnl, DFres

�
rad

2

1

1

2

3

ÿ3

ÿ2

ÿ1

Figure 5. Nonlinear phase incursion DFnl ( 1 ) of the signal wave in
ampliéer scheme 2 and the residual phase incursion DFres ( 2 ) for Tstr �
1.5 ns.
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Figure 6. Time dependences of the amplitude j �B f
1�0; 0; t0�j at the centre of

the focal spot of a compressed radiation pulse for preampliéer scheme 3a
for Tstr � 1:2 ( 1 ), 2 ( 2 ), and 2.4 ns ( 3 ).
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Figure 7. Dependences of the amplitude j �B f
1�0; 0; t0�j at the centre of the

focal spot of a compressed radiation pulse for ampliéer scheme 2 in the
case of the complete compensation of the nonlinear phase incursion
(thick curves) and upon the correction of the nonlinear phase incursion
up to the third order (thin curves).
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Ostr � DOmax, the wave detuning DK at the wings of the
transmission band is comparable with the interaction
coefécient g0, and the gain in each stage decreases compared
to the gain of central components by three ë four orders of
magnitude. Therefore, in this case the pulse contrast is high
(� 109 ÿ 1010) in the entire range of the ampliéed pulse
duration Tstr (1:2 ns4Tstr 4 2:4 ns). The decrease in the
transmission bandwidth Ostr down to 0:8DOmax (upon the
corresponding decease in the spectral width of the signal)
without changing the angle Cp leads to a strong dependence
of the pulse contrast on Tstr (Fig. 9) because for Tstr�1:2 ns
the gains at the wings of the spectrum and at its central part
are close, while for Tstr � 2 ns the gain at the wings
considerably decreases due to the noticeable decrease in
the pump intensity in this region. In the case of a constant
duration Tstr, the pulse contrast can be increased in the case
under study by narrowing down the ampliécation band by
changing the angle Cp.

4. Conclusions

The main results obtained in the paper are:
(i) We have obtained relations allowing us to determine

the applicability of the quasi-static approximation for the
description of parametric ampliécation of frequency-modu-
lated light beams for the gain bandwidth close to the
limiting value. For BBO and DKDP crystals, the quasi-
static approximation is applicable when the duration of
pulses with the limiting spectral width increases up to several
picoseconds and above.

(ii) By using nanosecond pump pulses at lp � 500 nm, it
is possible to create a DKDP crystal ampliéer with sup-
pressed luminescence for pulses of duration down to 17 fs
and power at the compressor output � 10 PW.

(iii) The steepness of the leading edge of a compressed
pulse and its contrast increase with increasing the ampliéed
pulse duration approximately up to the duration of pump
pulses of énal stages.
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