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Device for enhancing the time contrast of utrashort laser pulses
based on a polarisation Mach — Zehnder interferometer

A.V. Gitin

Abstract. A polarisation Mach—Zehnder interferometer is
considered containing identical cells with a nonlinear medium
in different arms. A parallel wave beam propagates through
one cell and a converging-diverging wave beam propagates
through the other. It is shown that the interferometer
transmission depends on the power of the laser pulse
propagated through it. It is proposed to use this effect to
enhance the time contrast of ultrashort and superhigh-power
laser pulses, i.e. to suppress side (background) pulses.
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1. Introduction

Since the advent of lasers, their pulse power has been
constantly increasing and the achieved duration of pulses
generated by using passive mode locking [1, 2] is already
comparable with the cycle of light oscillations. The use of
chirped pulse amplification (CPA) [3] makes it possible for
such ultrashort pulse to achieve petawatt powers and to
increase the intensity of the radiation focused on a target to
10> W cm ™2 [4]. Physical processes proceeding during the
interaction of light with matter depend, first of all, on the
intensity, i.e. the ratio of the laser beam power F to its
section area S:

I=F/S. (1)

The output pulse of the CPA system usually has a
complex shape: its main peak is surrounded with side
(leading and trailing) peaks [5] and is located on a pedestal
of spontaneous emission noise (Fig. 1). At the high intensity
of the main pulse, the leading side pulse, the so-called
prepulse, can ionise the target, which distorts the interaction
pattern of the laser pulse with the target material. In such
studies it is necessary to increase maximally the peak
intensity I of the main pulse and its intensity with respect
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Figure 1. General view of an optical ultrashort pulse.

to the intensity I of side pulses, i.e. to increase the so-called
time contrast K = Ig/Iy [5].

The ‘natural’ time contrast of the output pulse from the
CPA system does not exceed 10° [6], but it is known that it
can be increased by placing a passive contrast enhancer
(PCE) [8, 9] between a preamplifier and the main amplifier
of the two-stage CPA system [7] (where the pulse energy is
of the order of millijoules). Such a device should cut off side
maxima and transmit the main pulse to the main amplifier
without losses. To fabricate a nonselective PCE, either the
effect of nonlinear elliptic polarisation rotation [4, 8—11] or
the effect of generation of cross-polarised waves [12—14] or
a nonlinear circular Sagnac interferometer [6] are used.

We will show that a PCE for ultrashort and superhigh-
power laser pulses can be fabricated based on the scheme of
a polarisation Mach—Zehnder interferometer.

2. Polarisation Mach — Zehnder interferometer

The polarisation Mach—Zehnder interferometer [15]
(Fig. 2) differs from the conventional interferometer [16]
by the fact that it employs polarisation prisms rather than
semitransparent mirrors as beamsplitters.

To explain the operating principle of the polarisation
interferometer, we will mentally divide it into two units. The
first unit contains a polariser, whose principal cross section
forms an angle 0 = 45° with the vertical (Fig. 2) and a
polarisation divider, whose principal cross section is vertical.
This divider splits the linearly polarised laser pulse U into
two equal complex amplitudes, U, = Usin45°= U/+/2, and
U, = Ucos45°= Uv2 and separates them to different
optical channels. The second unit contains a similar polar-
isation divider and an analyser, which is oriented
perpendicular to the polariser of the first unit, i.e. at an
angle 6 = 45°— 90° = —45° to the vertical. In the second
unit the polarisation divider combines pulses with complex
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Figure 2. Polarisation Mach—Zehnder interferometer with Glan—Tay-
lor prisms serving as beamsplitters.

amplitudes U, and U, into one pulse. In this case, if the
optical lengths of channels from the first polarisation divider
to the second one are equal, the combined pulse will have
the same linear polarisation as the pulse before the polar-
isation divider (Fig. 3a) and the analyser will not transmit it.
If the optical lengths of these channels differ by 7/2, the
complex amplitude of one of the pulses will change its sign
to the opposite one (for example, U, — —U,) and, having
passed through the second polarisation divider these pulses
will be combined into a linearly polarised pulse orthogonal
to the pulse polarisation after the polariser (Fig. 3b), which
will be transmitted through the analyser without losses. (The
A/2 plate oriented at 45° to the polarisation plane of incident
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Figure 3. Summation of vertically and horizontally polarised waves with
the zero optical path difference (a) and the /2 path difference (b).

radiation has a similar property to rotate the polarisation
plane of transmitted linearly polariser radiation by 90° [17].
The advantage of the polarisation Mach—Zehnder inter-
ferometer compared to the 4/2 plate consists in the fact that
the orthogonally polarised components of the pulse are
separated in it into different optical channels.)

In the general case, the transmission 7 of the polarisation
Mach —Zehnder interferometer depends on the difference of
optical lengths A in channels and is calculated for the
orthogonal orientation of the polariser and analyser by
using expression [18]:

©(4) = sin? (gzl) 2

3. Optical path length in an optical nonlinear
medium

If a high-power laser beam passes through an optically
nonlinear medium, the refractive index n of this medium
changes due to the optical Kerr effect according to the
expression

n=ng +n2]’ (3)

where ny is the refractive index for the low intensity; and n,
is the nonlinearity coefficient of the refractive index.

The optical path length of the beam consisting of parallel
rays (a light beam) is proportional to the geometrical path
length multiplied by the refractive index of the medium. Let
us compare the optical lengths of collimated and conver-
ging-diverging light beams of equal power F, which pro-
pagate through completely identical layers of optically non-
linear media of thickness /. According to expressions (1) and
(3), the optical path difference

F
4 =ny g’?l, 4

appears between these pulses. Here, 5 is the coefficient
taking into account differences in the beam geometries. In
the particular case of telescopic expanders (Fig. 4)
n=1-S5/s, where S = nR? and s = 2, but in the general
case, instead of telescopic expanders ordinary spherical
concave mirrors can be used (Fig. 5). In both cases,
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Figure 4. Optical lengths of light beams having different cross sections in
optically nonlinear media.
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Figure 5. Optical scheme of a device based on a polarisation Mach—
Zehnder interferometer.

according to (4) there appears the optical path difference,
which is proportional to the radiation power F. Hence,
there exists the radiation power F* for which the optical
path difference has the form

*

=m— nl, (5)

A
2

where 4 is the wavelength of a monochromatic wave
(central for the pulse spectrum). We will call the quantity
F*, which depends on the beam geometry 1, composition
and the gas density in the cell as well as on the cell length /,
the ‘power of the half-wave delay’.

4. Optical scheme of a PCE based
on the Kerr effect in a polarisation
Mach — Zehnder interferometer

Let us place identical cells with the optically nonlinear
medium (for example, gas) in both channels of the
polarisation Mach—Zehnder interferometer, but in one
channel a pulse in the form of a collimated wave beam will
propagate through the cell and in the other channel a pulse
in the form of a wave beam focused and defocused by a
couple of identical confocal concave spherical mirrors will
propagate through the other cell (Fig. 5). The parameters of
focusing mirrors, the composition and the gas density in the
cells as well as the cell length can be selected so that the
power Fg = UZ of the main pulse propagated through the
cell be equal to the power F* of the half-wave delay. This
pulse will propagate through the interferometer without any
losses. The side maxima and spontaneous emission noise
(for the time contrast of the pulse equal to K = 10°) have
the power Fyy = Ug inducing the optical path difference so

small that the interferometer will not transmit them. Thus,
the device under study will relieve the main peak of the
pulse from side maxima, which will enhance the time
contrast of the ultrashort laser pulses propagated through
1t.

In the general case, according to expressions (2), (4) and
(5) the transmission dependence of the PCE based on the
polarisation Mach—Zehnder interferometer on the pulse
power has the form:

1(F) = sin? (g %’”F) (6)

In this case, according to expression (6) half transmission of
the PCE corresponds to the half power F*/2 of the half-
wave delay.

5. Conclusions

It has been shown that the polarisation Mach—Zehnder
interferometer makes it possible to split, without losses in
the light beam, the input laser beam into two orthogonally
polarised beams, which are spatially separated into two
channels containing cells with an optically nonlinear
medium. Because in one channel a parallel wave beam
propagates through the cell, and in the other channel a
converging-diverging beam propagates through the cell, the
optical path difference appears between pulses in different
interferometer arms and its value depends on the input
pulse power. This allows one to remove less powerful side
pulses and emission noises, thereby increasing the time
contrast.
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