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In this paper we present the development of a near-field single-shot third-order cross-correlator. We present
measurements of sub-ps pulses at 4 = 1055.5 nm demonstrating the device has a temporal window of AT = 36.4
ps and a resolution of 67 = 91 fs. We also discuss the spectral acceptance and the minimum required operational

1. Introduction

Since the advent of techniques such as chirped pulse amplifica-
tion (CPA) [1] and optical parametric chirped pulse amplification
(OPCPA) [2], petawatt class laser facilities have been developed to
provide ultra-short pulses with petawatt peak power. These techniques
offer attractive routes to explore light-matter interactions in the rel-
ativistic regime [3]. As the technologies producing ultra-short pulses
have advanced, so too have the diagnostics used in characterising
them. An extensive range of pulse characterisation methods have been
reported within the field of laser science [4-8]. However, the ma-
jority of these methods have been focused on sub-100fs, large spec-
tral bandwidth pulses, while the intermediate regime of ps pulses
has seen fewer reported developments [9-11]. Despite this, picosec-
ond and sub-picosecond pulses already possess a large range of ap-
plications, covering areas as diverse as medical applications in mi-
crosurgery [12,13], confocal and raman microscopy [14,15], mate-
rial processing methods [16-18], terahertz pulse generation [19] and
semiconductor testing [20].

Two instruments used widely in sub-ps petawatt class facilities
for temporal characterisation and contrast measurements are single
shot autocorrelators and scanning third-order cross-correlators (TOCC)
respectively. [21,22] A general property of TOCC devices that is com-
monly utilised in high contrast applications is that the output signal
scales cubically with the input signal, therefore changing the intensity
by one order of magnitude will change the output signal by 10°. As
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a result, they are often used in delay-scanning configurations over
nanosecond scale time windows to detect amplified spontaneous emis-
sion (ASE), pre and post-pulses and the rise/fall times of laser pulses.
However, scanning configuration measurements can be time consuming
and not viable in an operational mode, especially for low repetition rate
systems with significant shot to shot variation.

Single-shot TOCC devices have been proposed in several commu-
nications [23-25]. These can be used to capture temporal features
instantly and may be used to measure pulse duration in an equivalent
manner to a single shot autocorrelator (SSAC). However, the third order
cross correlation is a more informative measurement than the intensity
autocorrelation (IA) obtained from an SSAC. The symmetric nature
of the IA means that little information about the pulse shape can be
obtained. In addition, it is impossible to identify satellite pulses as post
or pre-pulses using this measurement. By comparison, the third order
cross correlation is an asymmetric measurement where the fundamental
pulse is probed by the shorter second harmonic offering more informa-
tion than a simple autocorrelation. This allows features preceding and
following the main pulse to be resolved. An additional advantageous
feature is the low noise present at the third-harmonic wavelength. This
arises due to the absence of direct third harmonic generation processes
occurring in the bulk of normally dispersive, isotropic, homogeneous
media [26,27].

This proposal is based on developing a single shot TOCC with a non-
collinear beam geometry, mixing a fundamental and second harmonic
generation (SHG) beam inside a barium borate (BBO) crystal in a type
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Fig. 1. Diagram showing the type-1 phase matching process in a sum frequency
generating BBO crystal. The fundamental beam with wave vector k, and frequency
w, interacts with the crystal surface at an external angle «,,, creating the internal
angle «,, with the plane normal to the crystal surface. The second harmonic beam
interacts with the crystal at f,,, and internal angle ,,,. The two beams phase match at
0 to produce sum frequency generated k; with three times the original frequency 3w,.
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Fig. 2. Schematic showing a top-down view of the upper (top) and lower (bottom)
decks of the single shot TOCC.

I phase matching process as shown in Fig. 1. This development is
intended to be relevant to picosecond laser systems as a near-field (NF)
diagnostic independent of the far-field (FF).

2. Design of the device

A schematic of the upper and lower decks of the device is presented
in Fig. 2.

The input beam passes alignment apertures A1 and A2, with lens L1
of focal length f, = 400 mm placed in between. It then passes through
a BBO crystal where a portion of the beam is co-linearly frequency
doubled. The two pulses then propagate to the lower (M1 to M2)
deck where they pass through lens L2 of focal length f, = 400 mm.
Afterwards, the IR fundamental and SHG pulses are separated using a
beam splitter that reflects the SHG pulses to a delay stage with the IR
pulses being transmitted and reflected off a mirror. The TOCC signal is
then generated by overlapping the SHG and IR signals in a non-collinear
geometry in a SFG crystal. The non-collinear beam geometry allows the
SFG beam, detected in camera C2 to be easily separated from the IR and
SHG beams detected in camera C1 and C2 respectively. The detected
TOCC signal is given by

TOCC(r) = / I(t — )1 (dt (€D)]

—oco
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where 7 is the time delay, I(¢) is the IR beam intensity and I*(t — 7) is
the SHG beam intensity. The phase matching in both crystals is type L.
Therefore, a 1/2 waveplate (WP) is placed in the fixed IR arm before
the second BBO crystal to ensure the IR and SHG beam polarisations
are vertical at the crystal. In order to optimise imaging and minimise
beam pointing aberrations, the SFG beam must exit perpendicular to
the surface of the crystal. To achieve this, the components of the light
momenta of the two incident beams must balance each other due to
momentum conservation. We describe this process as follows:

kg Sin(@;,) = Koq, Sin(Bi,) @

ks, = k,, cos(a;,;) + ky,, cos(Bi;) 3)

where k,, is the fundamental wave vector, k,, is the SHG wave vector,
ks, is the SFG wave vector and «;,, and f;, are the refracted angles
of the IR and SHG beams inside the crystal determined from «,,, and
P.x; using Snell’s law. Both crystals are BBO, the measured thicknesses
being Lgy; =1 mm and Lgp; = 100 pm. The phase matching angle of
the SFG crystal is 6 = 76.2°, requiring «,,, = 47° and B,,, = 21.5° and
by Snell’s law «;,, = 26.3° and p,,, = 12.6° for matching to occur.

The relay lens system (L1 and L2) makes the TOCC a NF device,
insensitive to the direction of the entering beam provided it is within
the numerical aperture of the device. Petawatt systems are complex
and beam pointing deviations are common making this an important
property.

In order to calculate the available time window on the device both
the crystal and the camera chip size must be considered. However, the
whole crystal can be imaged on camera C2 making it clear that the
crystal size is the limiting factor. The non-collinear geometry converts
the temporal domain to the spatial domain such that the single-shot
time window is calculated as the delay between the 2 pulses at the
aperture of the crystal

D,
AT = ZCR

(sina,,, + sin f,,;) “4)

where D is the diameter of the face of the crystal and c is the speed
of light in vacuum. D-g = 1 cm which when used with the values given
prior gives a time window of AT = 36.64 ps. In order to increase the size
of the time window, either the beam/crystal size or the angle between
the beams must be increased. Increasing the latter would require a
larger phase matching angle (and hence a different crystal).

To maximise the SFG signal the path length along each arm should
be equal. The SH delay arm can be moved over a range of 25 mm to
allow for correction and for the calibration of the delay scale in the
detector. The delay at a given motor position is given by
= w(coswi) — sin(8;) tan(f,,)) (5)
where x,, is the motor position and the beam angle of incidence on
the delay mirror is 6; The relation between the motor position and the
position on C2 (x,) is given by

Xe — 2M cos(p +6,) sin(6;) cos(h) ©)

m
where M is the magnification between the crystal and C2. The cal-
ibration factor, measured in px ps~!, giving the temporal scale of
measurements made by C2 is

¢ COS Poys

= @
Mp,; cotf;, —tanp,,,

F

where p,; is the length of a single pixel on the camera chip.

The fundamental temporal resolution limit of the device is deter-
mined by the thickness of the crystal. This is expressed by
(cOS finy — €OS Aiyr) 8)
Using the values given prior, the temporal resolution of the TOCC
due to the crystal is therefore 61, = 26.4 fs. However, the temporal
resolution of the device is also dependent on the camera temporal
resolution, given by ét,,,, = 1/Cr. Consequently, the larger of the pair
of values is the true temporal resolution of the device.

6t, =1L
f SFG z
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Fig. 3. TOCC profile of the pulse retrieved through the lineout of the trace image. The
signal in arbitrary units, normalised to the maximum value, is plotted against time in
picoseconds from the point of maximum signal. (Inset) Experimental result showing
the single-shot measurement of the compressed millijoule OPCPA laser system [28].

3. Experimental results

The device was tested using a partially compressed, sub-ps OPCPA
beam with ~1 cm diameter and energy ~100 pJ. The instrument was
used to observe visual features of the spatial profile. It was observed
that this is highly dependent on the phase matching conditions found
in the first SHG crystal. The horizontal uniformity of the spatial profile
observed in the inset of Fig. 4 is the combined result of the crystal
in the quasi-near field and the vertical SHG polarisation. In practical
terms, the horizontal orientation and uniformity of the beam gives an
increased SFG signal at lower energies and removes distortions along
the time axis of the signal.

The experimental TOCC trace, observed on camera C2 as shown
in the inset of Fig. 3 was collected by imaging the SFG crystal. By
moving the delay arm shown in Fig. 2, the trace line on the camera was
observed to move across the time window. M and p,; for the device
were 0.29 and 4.2 pm respectively which, upon substitution of M into
(6) gave 6; = 2.83°. From this, the maximum time delay correction
and calibration factor were therefore 7, = 148 and Cr = 11.02 px
ps~l. Using Cp, the camera temporal resolution was 6t,,, = 91 fs,
greater than 6t,, making é7,,, the temporal resolution of the TOCC.
A plot of the TOCC trace as a function of delay after performing a
horizontal lineout on the camera image is shown in Fig. 3. The full-
width half-maximum of the TOCC was determined to be 4¢;,,,, = 1.33
ps. Assuming a Gaussian pulse profile, the pulse duration was 4r = 940
fs.

The operational bandwidth of the device i.e. the spectral region
where phase matching can occur, is limited by the effects of chromatic
dispersion. To find the bandwidth AQ and verify that phase matching
conditions were achieved, the spectral acceptance curve given by the
product of the acceptance at both BBO crystals is plotted against the IR
spectrum of the input beam in Fig. 4. The curve being considered also
corresponds to the worst case scenario of a significantly chirped pulse.
The width of the spectral acceptance region in Fig. 4 corresponds to
the operational bandwidth. It was calculated to be 42 ~ 20 nm. The
bandwidth of the beam spectrum is notably smaller than the spectral
acceptance region, thereby allowing phase matching conditions to be
achieved across all wavelengths of the input beam.

4. Conclusion
Details on the development of a single-shot third-order cross-

correlator have been presented. A pulse of length 940 fs and energy
~100 pJ has been used to test the device. This NF diagnostic has an
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Fig. 4. Phase matching effects on the device. Spectrum of the beam entering the TOCC
plotted against the spectral acceptance curve of the device. (Inset) Spatial profile of
the SHG beam.

acceptance bandwidth of 20 nm, a temporal resolution of 91 fs and
a temporal window of 36.64 ps. The device is ideal for operational
use in petawatt class laser facilities, offering improved ultrashort pulse
characterisation over standard autocorrelator setups.
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