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A method to obtain pulse contrast on a single shot

Xiaoping Ouyang (B -F)'*, Xiaoyan Li (4 #%)', Yanli Zhang (#%#m@)", Zhaoyang Li (£#Mm)?,
Guang Xu (% *)', Tao Wang (£ #)?, Baoqgiang Zhu ((k£#&)', and Jianqgiang Zhu (k#%)’
!Shanghai Institute of Optics and Fine Mechanics, Shanghai 201800, China
2Shanghai Institute of Laser Plasma, Shanghai 201800, China
*E-mail: oyxp@siom.ac.cn
Received December 25, 2008

A novel method for obtaining a single shot multi-point high dynamic range pulse contrast measurement
is presented. We use Dammann gratings to generate multiple beamlets by division of amplitude on ultra-
short laser pulses. The analysis results show that this method can achieve high dynamic range in pulse
contrast measurement on a single shot by using photomultiplier tube (PMT) detectors and the long work-
ing distances to minimize cross talk between channels. Some distortion of pulse shape is also analyzed
detailedly with the Dammann grating and its compensation grating, which may degrade the pulse contrast
measurement in some degree by pulse stretching and spectrum clipping.
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Ultra-short laser pulses have become an important tool
for the study of ultra-fast phenomena and a principal
method of generating extremely high-power pulses of
laser radiation. The ultra high intensity laser pulses have
been used in areas of research including multi-photon
ionization, high-harmonic generation, laser-plasma in-
teraction, and X-ray laser development. When ultra
high intensity, ultra short laser pulse-plasma interacts
with a solid target, the intensity of prepulse must be
lower than ~10'9 W/cm? to avoid the interaction with
the preformed plasma. As the peak power at the fo-
cus generated by optical parametric chirped pulse am-
plification (OPCPA) technique can achieve 10 W /cm?
or abovel! 3!, the dynamic range of the temporal pulse
needs to be ~ 1072 or better.

There are two ways to realize pulse contrast measure-
ment. One is based on the second order autocorrelation,
which has simple configuration, and just needs lower en-
ergy input. The other is based on the third order cross-
correlation, which has an advantage of distinguishing pre-
pulses from postpulses. So the pulse contrast measure-
ments for peta-watt laser systems are all based on the
third order cross-correlation*=7). These correlators tend
to be either scanning or single shot. Scanning correlators
using a photomultiplier tube (PMT) detector are capable
of measuring the contrasts up to 10 (see commercial Se-
quoia from Amplitude Technologies or other references).
However it provides only one sample point per shot. Sin-
gle shot correlators are hard to get a high dynamic range
results in pulse contrast measurement because of the de-
tector’s low dynamic range (typically ~ 10 for a high
speed charge coupled device (CCD)’s dynamic range)!.
Although Christophe’s pulse replicator is compact and
ingenious to generate multiple beamlets!'?, it needs high
energy for very low transmittance.

We have made some research on pulse contrast mea-
surement under the second order autocorrelation and
third order cross-correlation. And a calibration method
was presented under the second order autocorrelation
to testify the pulse contrast measurement!®9. All these
work is taken on an oscillator GLX-200-HP-1053, because
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a stable OPCPA system is not set up. By combining the
high dynamic range scanning correlator with the need
for a single shot measurement, the multi-point correla-
tor is conceived to give several measurement points at
different delays and individual PMTs. In this letter, we
present a novel solution to give a range of such points
using Dammann gratings.

In past measurements on a single shot, the fundamen-
tal wave and harmonic wave, separated by a Wollaston
prism, were tilted by a Fresnel bi-prism, and crossed with
each other on the sum crystal. The optical path delay of
this method is determined by the crossing beam width
and the angle between the two beams. Different position
of temporal delay is decided by different beamlet divided
by wavefront. This method is unable to get large tempo-
ral window, and there is no report of high dynamic range
in pulse contrast measurement!*). Our method for pulse
contrast measurements is based on division by amplitude
of an ultra-shot single pulse instead by wavefront. So it
is the same as Christophe’s method.

Dammann grating is a kind of binary optical elements
that can generate many beamlets by averaging, and does
not need a strict requirement for coatings on it!'*-12l. We
need two gratings for the fundamental wave 1w and the
harmonic wave 2w, so the grating functions are

{ dlw sin 6‘1 = m/\lw (1)
dae, Sin v = nAgy,

where d;,, and ds,, are the constants of fundamental and
harmonic grating, m and n are the diffraction orders of
fundamental wave and harmonic one, respectively. 6; and
~; are the diffraction angles of fundamental wave and
harmonic one, ¢ = 1,2,3,--- . A\, and Ay, are the wave-
lengths of the fundamental beam and harmonic beam.
The schematic of the measurement setup is shown in
Fig. 1.

It has another characteristic that these beamlets’
diffraction angles increase with the diffraction order. So
the beamlets’ optical paths increase in the plane of the
Dammann grating and its compensation grating. When
the fundamental and harmonic grating are set symmet-

(© 2009 Chinese Optics Letters



1002

rically, different optical paths are distributed between
these beamlets. That is to say, the optical delay compo-
nent is deleted from every pair of beamlets. This method
of pulse contrast measurement by a single shot also needs
m =n and 0; = ;. So it can be inferred that dy,, = da, .

Optical path delay is depended on the distance of L be-
tween the Dammann grating and its compensation grat-
ing when the diffraction angles are fixed. We can get
these functions from Fig. 1(b) as

OPDy = L/cos6y — L/ cos~ys
OPDy = L/cosby — L/ cosvyy
OPD3 = L/cosf3 — L/ cosvs . (2)
OPDy = L/cosfy — L/ cosys
OPDs = L/ cosbs — L/ cosvy

The optical path difference of the middle pair of Fig.
1(b) is set to zero. So OPD3=0. And from Egs. (1)
and (2), we can derive that OPD; = —OPD; and
OPDy; = —OPDy. It is found that the optical path
differences of side pairs are symmetric and they increase
one by one. So the functionality of this measurement
in temporal range and resolution depends on the optical
path difference OPD; and the distance L. Using typical
values of OPDy = -3 mm (—10 ps), da, = 100 pm, Ag,
= 0.526 pum, it can be calculated that 6, = 0.905°, 64
= 2.114°, and L = 1346.85 mm. Thus we can get that
the time spacing of sample points in the ten picosecond
timescale.

We can see that the new method’s advantage is that the
pair of a Dammann grating and its compensation grating
can provide multiply beamlets on average. Because of
the long working distances, cross talk between channels
could be minimal. For that gratings will introduce some

dispersion[13’14], we need to consider the dispersion and
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Fig. 1. Schematic of (a) configuration and (b) vertical view
of the measurement setup. BS: beamsplitter; DG, : funda-
mental Dammann grating; CGi,, : fundamental compensation
grating; DGa, : harmonic Dammann grating; CGa, : har-
monic compensation grating; IF: Interference Filter; PMT:
photomultiplier tube. L : distance between Dammann grat-
ing and compensation gratings.
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spectrum clipping of these gratings.

Suppose that the measured pulse is not chirped after
compression by a compressor. It will be stretched in tem-
poral and clipped in spectrum when it transmitts through
the pair of a Dammann grating and its compensation
grating. The width of output pulse can be derived from
Kirchhoff-Fresnel integrall!] as

81n232L2
2 4 n24

Tout = (Tin

WKL,
o2 24 81n23%L?

in

, (3)
2

where 7y, is the input pulse width, 7444 is the output pulse
width, o is the 1/e radius at the beam waist, k = 27/,
and A is the wavelength. 8 = —m\/(2wcd cos 0), where
m is the number of the diffraction order, ¢ is the speed
of light in vacuum, d is the Dammann grating constant,
and 6@ is the angle between the incident and diffracted
rays.

It is found from Fig. 2 that the higher the diffraction
order is, the wider the output pulse width is. And fun-
damental wave is easier to be stretched. When m = 33,
the input pulse width is 500 fs, and L is 1000 mm. The
output pulse width is 603 fs when di, =200 pm, and
530 fs when ds,, =100 pm. The number of sample points
for the correlator is given by 2m and is limited by the
pulse width as shown in Fig. 2. When the pulse width is
500 fs, we can get 10 points on either side, and with 1 ps
17 points on either side. With a 50-fs system the usable
points would be only 1 on either side. Thus this method
is only suitable for long pulse laser systems. So we need
to constrain the output pulse width with this function
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Fig. 2. Pulse stretched by gratings pair with L=1000 mm at
wavelength of (a) 1053 nm and (b) 527 nm.
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when the pulse width is 500 fs:
Tout = (1+n)*7, (4)

where 1 = (Tout — Tin)/Tin - 100%. From Egs. (1), (3), and
(4), the relationship of d and m can be deduced as
P )
- @rezE"
where 32 = (B + O)/A, A = 2. (8In2L?)%/o* + 2 -
(4n2kL)?, B = (2n — 1) - 8In2L?%72 /0%, and C =
8In2L72((2n + 1)2L% + k%)1/2/52. So d should increase
with m as shown in Fig. 3. It is obviously demonstrated
that d is proportional to m, and the distortion of output
pulse width can be decreased by selecting proper m and
d. But the diffraction efficiency will fall when the con-
stant d becomes larger.
For peta-watt lasers have a wide spectrum, the pulse
contrast is deteriorated after the gratings pairl'6! :

Toutput (t) = |FT_1{[Iinput()‘)k()‘)]l/2}|27 (6)

where k()\) is a wavelength-dependent clipping ratio of
the grating pair, finput(A) is the intensity spectral profile
of the input pulse, Iouspus(f) is the intensity temporal
profile of the output pulse, and FT™*{} is an inverse
Fourier transform.

In order to detect more temporal positions, larger num-
ber of diffraction order is needed. And a longer distance
L is required for placing compensation gratings. The
spectral width of input pulse is 3.4 nm, and we assume
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Fig. 3. Relationship between grating constant d and diffrac-
tion order m.
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Fig. 4. Degradation of pulse contrast from the compensation
grating.
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just all spectrum has passed the gratings pair. It is de-
rived that spectrum clipping from the gratings pairs does
not degrade pulse contrast, even if there is some energy
loss on each spectrum. Noise generation by the grat-
ings pair is lower than 10710 at 10 ps before the main
pulse, until diffraction order m is 69 or above with L =
1000 mm.

In conclusion, we present a feasibility to obtain a
multi-points high dynamic range pulse contrast measure-
ment by a single shot. For it adopts division by am-
plitude instead by wavefront, it has some advantage of
pulse contrast measurement with high dynamic range af-
ter OPCPA. The larger diffraction order degrades the
pulse contrast, and needs larger constant d to avoid
pulse stretching. So the number of beamlets from the
Dammann grating is confined. A proper selection is that
the distance L is 1000 mm, diffraction order m is 19,
constant dj,, is 200 pm, and constant dg, is 100 pm.
And ten beamlets are available on either side of each
Dammann grating. The effect from spectrum clipping
can be neglected when the wider compensation grating
is used. Although it is complicated to setup some 3rd
harmonic stages all running at optimal performance, it
will be a useful way to obtain high dynamic range be-
cause of the use of PMTs. Based on the experiments
with PMT detectors, it is easy for running at 105 or
better.

The authors thank Xinglong Xie, Guoxing Wang, Yayi
Pu, Kuixi Huang, and Luyan Ge for their help in this
research.
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