The Nonlinear Ellipse Rotation in BK7 Glass Plate and its Application
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The intensity-dependent nonlinear ellipse rotation of high-energy femtosecond pulse in BK7 glass plate is
researched experimentally. The polarization, spectrum and shape of the femtosecond pulse were studied in
this process. Based on this scheme, we develop a pulse temporal cleaner, which has been used in our
femtosecond chirped pulse amplification (CPA) laser to provide a contrast ratio improvement of 2 orders of
magnitude for the milli-joule level fs input pulses. The total transmission efficiency of the cleaner reaches

16.7%.
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1. Introduction

Chirped pulse amplification” (CPA) technology has made it
possible to realize ultra-short and ultra-intense laser with a
focused intensity as high as 102W/ecm>?  Then it has created
exciting opportunities for the ultra-intense laser-matter
interactions experiments.

Several researches about nonlinear polarization rotation(NER)
have been done by other groups. The research about NER was
first studied by Sala and Richardson,” they studied the NER in
a CS2-filled cell. NER has also been studied in ordinary
optical fiber” by Tapi¢ and Mourou. Then Homoelle et al.
studied the NER in a hollow waveguides filled with xenon.”
The NER in air has been also studied by A.Jullien group.®”

This paper presents the results of our research about the
intensity-dependent nonlinear ellipse rotation (NER) of
high-energy femtosecond pulse in BK7 glass plate. The second
section summarizes the theory of NER effect. The
experimental results are described and discussed in the third
section.

2. Theoretical background

In this section, we give a brief introduction to the theory of
optical Kerr effect and nonlinear ellipse rotation effect.”

2.1 Optical Kerr effect

Optical Kerr effect, generally, is the linear birefraction
induced by linearly polarized laser. A linearly polarized laser
pulses with enough high energy, can change the refractive
index of the medium, and the change of the refractive index
will influence the propagation of the laser pulses in the
medium.

We suppose the frequency of the pump laser pulses (the high
energy laser pulses) is@, the polarization direction of the
pump pulses is along X -axis, and the pump pulses propagate
along Z -axis. The detect laser (the laser beam propagating in
the medium) with frequency of @ and the polarization
direction in xy -plane propagates also along the Z -axis,

1105

which is parallel to the pump laser.
The nonlinear polarization in frequency @' can be written
as:
P (') = 6¢, D xi(@ =0+ 0-0)E(0)E, (0)E (w)
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0 jkl=xy,z) O
In isotropic medium, the third-order nonlinear
susceptibility tensor Zlﬂil) (a)' =0'+w— @) has the
following nonvanishing elements:
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So the third-order nonlinear polarization is directly
obtainable from Eq.(2.1.1) and given by:
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The nonlinear polarization along X -axis and y - axis can be
described respectively as:
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Because of Ay, # A;(yy, the induced birefringence 6n at
@' (i.e., the optical Kerr effect) is
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Where AnXX and Anyy are the variation of the refractive

index in the direction along X -axis and y - axis. The

polarization direction of detect laser propagating in the
medium changes by the action of optical Kerr effect.

2.2 Nonlinear ellipse rotation effect

The polarization direction of laser pulse propagating in the
medium can also be changed by the optical Kerr effect induced
by the laser pulse itself.

In isotropic medium, the laser pulse with frequency
propagates along the Z -axis. The third-order nonlinear
polarization can be described as:

X1t (~0,0,0,~0)E (0)E (0)E] (@)
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For convenience, we redefine the axes for the coordinate
system as:
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Here we suppose the laser beam is elliptical polarization and
can be given by:

E(w)=E, (w)e, +E (w)e )

Then the third-order nonlinear polarization can change to be:
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The induced birefringence on is:
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After the femtosecond pulse propagates distance 1, the
polarization axis of the femtosecond pulse rotates an angle 0 is
length-dependent:

0=2snl (12)
c

We can know from the Eq.2.2.5, the rotating angle 0 depends
to the femtosecond pulse energy.

3. Experiment and results

The experimental scheme for studying nonlinear ellipse
rotation effect in BK7 glass plate is shown in Fig.1. The
linearly polarized incident femtosecond pulses pass through a
zero-order A/4 waveplate to generate the elliptically polarized
pulses. The angle between the polarization direction of the
incident pulses and one axes of the waveplate is set as 22.5° to
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Fig.1 Experimental scheme about the nonlinear ellipse
rotation effect in the BK7 glass plate. L1-L.2: lenses
P: polarizing beam splitter.

maximize the output efficiency. Then the femtosecond pulses
are focused by an f=1.5m lens on a BK7 glass plate, which
acts as a nonlinear medium for the high-intensity femtosecond
pulse. In the glass plate, the polarization direction of the
high-intensity part of the pulse is rotated for stronger third
order nonlinear process, and the polarization direction of the
other part (the weaker part) is almost unchanged for the much
lower peak intensity. After the glass plate, the beam is
collimated by another f=1.5m lens, and passes through another
zero-order A4 waveplate, which fast axis is perpendicular to
that of the first /4 waveplate. In this way, the polarization
state of the low-intensity part of the femtosecond pulses
returns to the initial state, but the polarization of the
high-intensity portion of the pulse is rotated, just perpendicular
to the polarization state of input pulse. Then the femtosecond
pulses pass a polarizing beam splitter, which is used as
polarization analyzer to separate the high intensity pulses from
all the other components. Then, the femtosecond pulse can be
pure to increase the pulse contrast by this method.

Our experiments were carried out on a commercial TSA25
CPA laser system. The laser system can output 10mJ/51fs
pulses at 800nm with 10-Hz repetition rate. An energy adjuster
consists of a polarizer and a 1/2 waveplate is used after the
system to tune the energy of incident pulse continually. The
thickness of the BK7 glass plate used is lmm, and the glass
plate is placed after the focus point. We accurately adjusted the
distance between the glass plate and the second lens L2 to
maximize the output efficiency by adjusting the peak intensity
on the glass plate to 10''W/cm? level.

With 2.5mJ incident femtosecond pulse, we succeeded in
producing output pulse with the energy of above 0.42mJ. Thus,
the total energy conversion efficiency of the whole scheme is
above 16.7%. By taking into the losses from the reflections on
uncoated BK7 glass plate, we can assert that the internal
efficiency should be higher. In addition, the energy conversion
efficiency can be increased by use of antireflection-coated
glass in real application.

The pulse duration of the incident and output femtosecond
pulses are measured by single-shot autocorrelator (SSA)
(Shown in Fig.2). It shows the output pulse is not stretched
significantly, the pulse duration keeps almost same (~50fs).

In the term of the output pulse spectrum, our scheme is more
suitable for CPA laser system. A broadened spectrum with a
shape of saddle can be obtained from our scheme, which is
more suitable for gain narrowing effect compensation in the
CPA amplification system. We will discuss why this kind of
spectra is produced in the later part. The comparable spectrum
curves of initial pulse and output pulse are shown in Fig.3.

We also use this scheme with lower input pulse energy as
comparison. When the input energy was decreased to 1.2mJ,
we succeeded in producing pulse with the energy of above
0.2mJ. Thus, the energy conversion efficiency of the setup is
almost same with different input pulse energy. The pulse shape
and the pulse duration have not changed also. But the
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Fig.2 Normalized intensity autocorrelations of the initial
pulse and output pulse. (a) initial pulse (51.3fs,
FWHM). (b) output pulse (52.3fs, FWHM).

spectrum of output laser shows a shape with three peaks, and
it's narrower than the initial pulse. The spectrum curves of the
initial pulse and output pulse with lower input energy pulse are
compared in Fig.4.
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Fig.3 Comparable spectrum curves of initial pulse
(black curve) and output pulse (red curve)
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Fig.4 Comparable spectrum curves of initial pulse (black
curve) and output pulse (red curve) with lower
energy input pulse.

With the increase of the input pulse energy, the output pulse
spectrum becomes more and more narrow, and some new
spectral components begin to appear on the both sides. When
the pulse energy becomes high enough, the output pulse
spectrum gradually becomes a shape of deep saddle, and is
broadened. The evolvement of spectrum is the result of
diffraction, dispersion, SPM, and plasma behavior® during the
propagation in medium. The output spectrum is gradually
broadened with the increase of the input pulse energy, because
SPM is the main mechanism to generate new spectral
components during the propagation and how it strong depends
on the input pulse intensity.” It is consistent to the result of
numerical simulation in Ref10. In addition, the evolvement of
pulse spectrum in two perpendicular polarization direction are
the same, so that after the polarizing beam splitter, the output
pulse and the leaked pulse have the same spectrum with the
shape of saddle.

4. Application

Considering our scheme can separate the high-intensity
portion of the pulse from the weaker part, our scheme can be
used as a pulse cleaner to improve the laser contrast ratio.

The incident and output pulses are characterized by a home
made third-order cross correlator shown in Fig. 5, which is
based on frequency doubling and mixing with nonlinear
crystals.

o w DM,
- V‘ ;w | BBO1 w
< v N2
- J Filter ND
N 3w I
Delay units BBO?2 Detector
L

Fig.5 Setup of the home made third-order cross-correlator.
BBO1, BBO2: nonlinear crystals; DM: dichroic
mirror; L: lens; ND: neutral density filters.
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Along the direction of the laser beam, a 0.3mm-thick type I
BBO crystal is used to generate the 2m-pulse. Then the laser
beam is divided at a thin dichroic mirror. The translation stage
of the ® arm, driven by a step motor, has a travel range of
10cm and the reflection stage of the 2m arm, also driven by a
step motor, has another travel range of 10cm and makes it
possible to scan up to 1.33ns. The third-harmonic generation
(THG) is achieved by non-collinearly wave-mixing the two
beams from ® and 20 arms at a 0.5mm-thick type I BBO
crystal. We use a focusing geometry to get the strong enough
energy of the 3® signal to make measurement. Background
noise scattered from ® and 2w beams is removed using a
band-pass filter at 266nm, as illustrated in Fig. 2. We have
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Fig.6 Third order correlation curves initial pulse (red curve)
and cleaned pulse (black curve).

changed the polarization of @ arm laser from horizontal to
vertical to match with 2@ arm laser in the second crystal.

We measured the contrast of the cleaned and initial pulses
with the same energy. The comparable contrast curves are
shown in Fig.3. For the pulse has been stretched in the process
of measurement, we must consider an attenuation factor (about
5-6) of the peak level.'” Therefore, the actual laser contrast
should be higher than the results shown in Fig.6

There are two significant prepulses in -13.3ps and -18.7ps
respectively before the main pulse in initial pulse, and other
small pulses are brought by the third-order cross correlator. So
that, the real contrast of the initial pulse is ~ 10* and the ASE
intensity level is 5-6 orders of magnitude below the peak
intensity of the main pulse. After the pulse cleaner, the contrast
ratio is improved to 10°-10° and the ASE intensity level is
lowered above one order of magnitude. Considering our
attenuation factor, the real contrast of the cleaned should be
above 10°. Limited by the correlator's dynamic range, we
cannot measure the ASE pedestal level below 107 exactly. So
we believe using our new scheme can improve the contrast 2
orders of magnitude at least.

It can be shown in Fig.3, for the prepulses with higher energy
level, such as one in -13.3ps time delay, our scheme can offer a
contrast ratio improvement of 2 orders of magnitude; for the
prepulses with lower energy level, such as that in -18.7ps time
delay, our scheme can make them obliterated completely in the
background.

Our scheme, as a laser cleaner, has several advantages in
efficiency, stability, configuration, pulse shape and output
spectrum. First, using the glass as the cleaning medium makes
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the setup much simpler, without using complicated vacuum
system. The simpler structure creates opportunities for broadly
application. Second, for the glass is isotropic, the scheme does
not need much adjustment, so the energy conversion efficiency
of our scheme is stable enough, the shift of output energy is
below 10%. In addition, our scheme is suitable for the pulse
cleaning of higher energy laser. With 2.5mJ incident energy,
the output energy is above 0.42mJ, which is almost the highest
output pulse energy in pulse cleaning.

5. Conclusion

In conclusion, we researched the nonlinear ellipse rotation
(NER) effect of BK7 glass plate. This scheme we set up can be
used as a femtosecond laser pulse cleaner and produce a
contrast improvement of 2 orders of magnitude at least for the
incident pulse with higher energy. According to the limiting of
our correlator's dynamic range, the real contrast improvement
of our scheme maybe better. The total energy conversion
efficiency of the cleaner scheme is above 16.7%. If the BK7
glass plate is AR coated, the energy conversion efficiency
should be higher. Comparing to the former technologies™*®,
this scheme can offer a number of advantages: simpler, stable
conversion efficiency, no significant influence on the pulse
duration, and pulse spectrum with a shape of saddle which is
more suitable for gain narrowing effect compensation in the
following amplification process.
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