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Abstract
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The design and implementation of a low cost interferometric autocorrelator with no moving
parts is discussed. It is found that the device is optically simple, uses low cost components

and self aligns. The device is used to measure the interferometric autocorrelation of an 800 nm
Ti:Sapphire laser pulse produced from an 80 MHz oscillator. The theory and experiment of the
design is discussed and compared to results from a commercial autocorrelator. The device is
intended for use where pulse to pulse monitoring of the temporal duration is required.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The measurement of ultrashort laser pulses is some-what
frustrated by the fact that electronic devices do not respond
on a fast enough timescale. Thus, in the 1960s, techniques
were developed based on cross and auto-correlation methods
to solve the problem [1]. The basic tenet of auto-correlation
is that, when there are no shorter pulses available, the best
candidate to measure a laser pulse is the pulse itself. The auto-
correlation of the electric field of the laser pulse with itself
is equal to the Fourier transform of its spectral magnitude.
However, measurement of the auto-correlation of the laser
pulse intensity can be used to determine the laser pulse width
if the shape is assumed or known. The basic principle of oper-
ation of intensity autocorrelation is to split the laser pulse into
two replicas and measure the signal generated in a non-linear
medium as one pulse is time delayed with respect to the other.
The width of the measured signal is the product of the laser
pulse duration with some deconvolution factor which depends
on the pulse shape. If the pulses are combined non-colinearly
in the non-linear medium, the resulting measured signal is
characterised by an absence of background, and a smooth

0957-0233/16/117003+6$33.00

continuous signal. If the pulses are combined co-linearly in
the non-linear medium, the process is known as interfero-
metric auto-correlation. Here, the resulting signal contains
four components: a background signal; a modulated version
of the non-colinear signal; an oscillation at the fundamental
pulse frequency and an oscillation at twice the fundamental
frequency. Therefore, interferometric autocorrelation oper-
ates under the same principle of intensity autocorrelation but
provides extra pulse information. In fact, there are numerous
reports of interferometric autocorrelation being used together
with a measurement of the pulse spectrum to obtain both the
pulse intensity and phase or the pulse chirp [2, 3]. The com-
plete pulse structure, both temporal intensity and phase, and
spectral intensity and phase, can be measured using techniques
like FROG [4], SPIDER [5] or many of their clever derivatives
(like GRENOUILLE [6] or SEA-SPIDER [7]). However, for
many applications in industrial or research environments, an
accurate estimation of the intensity duration is sufficient.
Traditionally, something like a Michelson or Mach—Zender
interferometer is used in both intensity and interferometric
auto-correlation to split and delay the pulses time. However,
there are some reports on the use of fixed interferometers which

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Optical setup for the interferometric autocorrelator.

result in faster measuring times and lower noise [8]. Similarly
there has been much progress in auto-correlators which use
two-photon detectors as both the non-linear medium and the
method of detecting the signal [9]. These devices generally
result in higher sensitivity. Similarly there are reports of bire-
fringent beamsplitters being used to generate the optical path
difference between the two pulse replicas [9, 10].

In this article, we present the design and demonstration of a
simple, compact low cost interferometric autocorrelator with
no moving parts. The design uses a Wollaston prism to act as
an interferometer and a commercial web-camera is used as a
two dimensional detector. Most commercial web-cameras (for
example the Logitech WebCam Express, which was used in
this study) consist of a two dimensional array of active pixels.
These pixels are traditionally made of silicon. The spectral
response of a silicon detector has an upper limit of roughly
1100nm as this wavelength corresponds to an energy equal
to the band gap of silicon. Thus, silicon based photodetec-
tors are inherently sensitive to light in the mid-IR range of
the electromagnetic spectrum. In a typical web-camera opera-
tion, this sensitivity outside the visible would cause unwanted
image distortion and so, most commercial web-cameras are
equipped with an IR blocking filter to limit the response of the
camera to the visible range (400 nm—700 nm). For this reason,
the web-camera consists of a 2D silicon photodetector array
and an IR blocking filter. The sensitivity of the web-camera,
then, at the wavelength of the laser used in this study (800 nm)
is quite low. However, it was found that a non-linear process
could be driven in the filter such that the sensitivity at 800 nm
increased. A non-linear medium is a necessity for measuring
the pulse width of ultrashort laser pulses by autocorrelation.
Thus, the web-camera acts as both the non-linear medium and
the signal detector. The resulting device is a low-cost, non-
moving, single shot interferometric autocorrelator. The device
would be useful in industrial applications where online moni-
toring of stable, relatively simple laser pulses is needed. In
essence, this article combines the designs in two previous arti-
cles [9, 11]. In one of these articles [11], the Wollaston prism
interferometer is used with a linear detector to produce a non-
moving Fourier transform spectrometer. In the other article
[9], a multiphoton detector is used together with a Wollaston
prism to produce an interferometric autocorrelation meas-
urement. However, in that article, the Wollaston prism was

scanned spatially to produce the path delay between the two
pulses as a function of the spatial position of the Wollaston
prism. In this article, it is shown that both techniques can be
combined to produce a new result: a single-shot, interferomet-
ric autocorrelation measurement with no moving parts.

2. Experiment

A commercial Ti:Sapphire oscillator (Coherent Micra 5) was
used in this experiment as the source of laser pulses. The laser
operated at its fundamental wavelength of 800nm and gener-
ated laser pulses at a repetition rate of 80 MHz. A schematic
of the non moving, interferometric autocorrelator is shown in
figure 1.

The fixed autocorrelator is comprised of 5 optical comp-
onents. A lens (L), two thin polarisers (P}, P;), a camera
(CMOS sensor) and a Wollaston prism (W). The beam is ini-
tially vertically polarised. P; selects the component of polari-
sation at 45° to this and the beam then enters the Wollaston
prism. A Wollaston prism is composed of two wedges of a
birefringent material joined at their hypotenuse faces. They
are joined in a such a way that their optic axes are perpend-
icular to each other and the beam direction. Thus, any linearly
polarised beam will be resolved into two orthogonal comp-
onents which emerge from the Wollaston prism with a diver-
gence angle between them which is related to the angle of
the wedges of the prism (6). If the beam that enters the prism
is polarised at 45° to the optic axes, the two emerging beams
will be of equal intensity. The optical path difference between
these two beams will change as a function of lateral displace-
ment from the centre of the prism and is given by:

A = 2x(n, — n,) tan

ey

where x is the lateral displacement from the center of the prism.
The time delay between the two pulses, as a function of x, can
be calculated from equation (1). For the apparatus described
here (a prism with dimension 2mm (thickness) x20mm
(height) x20mm (breadth), that was calculated to be +1.4 ps
for the two ends of the prism. A 100mm focal length lens
is used to image the interference plane of the fringes to the
camera with a magnification of X1. The position of the pola-
risers is relatively unimportant as long as they are either side
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Figure 2. Spectral response of the IR blocking filter in front of the
web-camera. The detected intensity was normalised to the spectral
output (measured independently). The response plotted here does
not take into account the spectral response of the imaging sensor.

of the Wollaston prism. The object plane of the lens is set to
be roughly in the centre of the Wollaston prism and the web
camera is placed at the image plane in order to observe clear
fringes. This information allows the pixels on the camera to be
converted to a time step (in the horizontal direction) and a spa-
tial length (in the vertical direction). The spectral response of
the camera was measured using a xenon lamp with a relative
intensity spectrum that was known in the range 300-900 nm.
A monochromator was used to scan the spectrum of the xenon
lamp in the 300-900 nm spectral range at high resolution. The
response was of the camera at different wavelengths in the
range 300-900 nm is plotted in figure 2, normalised to the rel-
ative spectral intensity. Figure 2 shows that the camera is blind
to radiation in the wavelength range of the laser beam used in
this experiment. This is due to an IR blocking filter placed in
front of the sensor during manufacture.

The non-linear response of the camera was measured in
the following way: first, the modelocking procedure of the
oscillator was deliberately interrupted to produce continuous
wave radiation from the oscillator. The total (pixel integrated)
response of the camera was measured as a function of laser
power. The procedure was then repeated for modelocked laser
pulses. The results are shown in figure 3.

The signal level from the camera (in counts) is scaled to
give an output voltage by setting the maximum number of
counts to 5V. It can be clearly seen that the camera responds
negligibly to continuous wave radiation and non-linearly to
modelocked radiation over a wide power range. The mini-
mum input power required to detect a signal in this device is
dependant on many different factors and is likely to be device
specific. Firstly, the absorption/reflectance of the optics used
will reduce the optical power at the face of the detector. In
this study, the routing mirror used was a broadband dielectric
mirror designed with 99.99% reflectivity across the spectrum
of the laser pulse. The polarizers (P, and P,) were made of a
polyvinyl alcohol dichroic plastic which had a transmission
of roughly 80% across the spectrum of the laser pulse. The
Wollaston prism was made of calcite which, again has high
transmission across the laser spectrum and the achromatic lens

was made of BK-7 glass. The other thing that will limit the
detectability of the instrument is the IR filter and the camera.
Firstly, the minimum required energy will be influenced by
the noise of the camera. To estimate the noise on the camera,
several ‘dark’ images were taken with no laser present. The
minimum detectable signal is then defined as three times the
standard deviation of the ‘dark’ signal. In this study, the mini-
mum required input power was found to be 1| mW with a cam-
era integration time of 10ms. The efficiency of the non-linear
process in the filter will also determine the minimum required
input power. The efficiency was estimated at 8% by compar-
ing the output signal of a camera with a filter in front with an
identical camera with no filter at an input power of 1 mW.
There is also a maximum input power allowed as evidenced
by saturation of the modelocked graph in figure 3. The signal
seems to saturate at 1.4V (roughly 55 counts) which is below
the saturation of the camera (255 counts). Thus, the saturation
is most likely a saturation of the non-linear process occurring
in filter. All of these parameters can be tailored by suitable
choice of optics and detection hardware. However, the comp-
onents chosen during this study give good response for input
powers typical of most standard Ti:Sapphire laser systems.
Similarly, the maximum input power will also be dependent
on the damage threshold of the optics used. In this study, the
damage threshold was far in excess of the input powers. The
raw image obtained from the interferometric autocorrelator is
shown in figure 4.

The interference pattern sits upon a slowly varying back-
ground. This is due to the spatial variation of the laser beam
across the face arising from diffraction effects, unclean optics
and the Gaussian profile of the beam. The contribution (/,0q)
can be measured exactly by measuring two images: one
with the second polariser aligned to the optic axis of one of
the Wollaston prism wedges () and one with the polariser
aligned to the other Wollaston prism wedge (o). A composite
image is then formed by adding these two together in the form

Tod = /%(I % +1 SO). This is then divided out of the interfero-
metric signal.

3. Theory

Typically, interferometric autocorrelation is realised by split-
ting an ultrafast laser pulse into two replicas and combining
them co-linearly in some medium which responds non-linearly
to the instantaneous electric field to the combined replicas.
If the non-linear medium responds to the square of the com-
bined input field, and the pulse is Fourier transform limited,
the measured intensity as a function of delay (7) is given by:

7\ 3 LAY
Inc(m) =1+ elen(z)(ﬁ) + 46752111(2)(5) cos(wr)
T 2
+ 2e_21"(2)(5) cos(wr) (2)

where w is the central laser frequency and 6t is the under-
lying intensity pulse width. In the case of the Wollaston
prism interferometer, the temporal delay 7 between the
two pulse replicas is a function of optical path difference
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Figure 4. Raw image obtained with the optical setup.

between the two pulse replicas which is itself a function
the pixel position across the camera. It can be written as:
7= Alc = 2x(n, — n,) tan(f)/c. Thus, the measured signal
across the face of the CMOS detector in the Wollaston prism
interferometer is given by:

32m@)

T 2 . 2
Inc(x,y) = A(x, y)[l + elen(z)(ﬁ) +4e 2 (E) cos(wT)

2
426 200(5;) cos2(m)] 3)
A(x,y) can be modeled as the sum as two spatially shifted
TEMgo Gaussian profiles of the form:

C=dx)? ¥ 7(x+dx)2+y72
A, y) =LThle 27 "2074+e 27 207 )

where I, is the initial laser intensity and 7, and T, are the
transmission of polarisers P; and P,. A(x,y) has this form
because, at the image plane of the lens, each laser pulse rep-
lica has the same spatial profile of the original laser beam but
both replicas are shifted laterally in space due to the Wollaston
prism. dx represents the spatial shift between the two replica
beams and is given by the wedge angle approximation.

2dx = fd(n — 1) (5)

where 0 is the wedge angle of the Wollaston prism, f is the
focal length of the lens and n is the mean refractive index of
the prism. In reality, n takes a different value for both the e
and o-waves which results in the plane of the interference pat-
tern being rotated slightly. This is compensated for by rotat-
ing the Wollaston prism in the experiment. To retrieve the /ac
signal from the measured image, the parameter A(x,y) can
be measured by placing the second polariser at 0° and then
90° and measuring an image. The term A(x,y) is then given

by A(x,y) = ,/%(A% + A2y). Both this and the measured Ixc

image are vertically integrated. The background can then be
divided out of the resulting signal to retrieve equation (2).

4. Results

Figure 4 shows a 2D image which contains the interferometric
autocorrelation of the pulse in the horizontal direction and the
spatial wavefront in the vertical. The image is integrated in the
vertical direction to give the interferometric autocorrelation of
the laser beam.

Figure 5 contains all the requisite features of an interfero-
metric autocorrelation signal. Mainly, interference fringes and
a peak-background ratio of 7:1 which is close to the theoretical
expected value of 8:1. The reason for the less-than-optimal
7:1 ratio is due to a slight misalignment of the second polariser.
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Figure 5. Interferometric autocorrelation of the laser beam with the Wollaston prism autocorrelator (left) for an input power of 50 mW at a
rep. rate of 80 MHz. During acquisition, the integration time of the camera was at a minimum (10ms) and the gain on the camera was set to

zero. Calculated trace using equation (2) (right).

It is not expected to have a significant effect on the estimated
pulse duration. The pulse width was extracted by fitting
the data to equation (2) and extracting the fitted parameter
ot. The fit gave a pulse width value of 31 £2 fs where the
error bar was estimated from repeated measurements. This
is compared to a measurement on two commercial devices.
The first, a non-colinear intensity autocorrelator (APE pulse
check) gave a pulse width value of 34 + 3 fs and the second,
a Swamp Optics Grenouille gave a value of 29 4= 0.5 fs. Both
commercial devices are in agreement with the device pre-
sented here.

The minimum measurable pulse duration is ultimately lim-
ited by the broadening of the pulse through the optics and the
time resolution of the non-linear interaction in the IR filter.
The broadening of a Fourier transform limited pulse through a
transmissive optic of thickness / is given by:

At KN Bx " BiC\
=2 lhien—2| /=L 6
I TCZ[ v—ci] w-gr @

where K is the time-bandwidth constant for an assumed pulse
shape while B and C are the Sellmeier co-efficients. Given the
total thickness of the optics in the apparatus, the total pulse
broadening percentage is estimated at 2.6% for an input pulse
duration of 30 fs with central wavelength of 800nm. It is
interesting to consider the broadening through the Wollaston
prism. In our calculations, we chose the refractive index at
800nm to be the mean refractive index of the ordinary and
extraordinary values. However, in truth the broadening will
the different across the face of the beam. In our measurement
however, the broadening due to the different refractive indices
is negligible with respect to the total broadening. Similarly,
the minimum measurable duration is limited by the duration
of the non-linear interaction. In traditional, second harmonic
or two-photon, detectors the interaction is instantaneous. In
the study presented here, the nature of the two-photon pro-
cess was investigated. Firstly, the IR filter is a thin coloured
glass screwed to the front of the image sensor. The amorphous
nature of such a filter makes it unlikely to produce efficient
second harmonic radiation. Two photon fluorescence or two

photon induced transparency are likely candidates for the
nature of the non-linear interaction. Certainly, from testing
several off-the-shelf cameras, the empirical evidence suggests
that a suitable non-linear interaction of sufficient bandwidth
is possible in most standard web cameras or, a stand alone
IR-blocking filter made of optical Schott glass could be used.

5. Conclusions

The performance of a low-cost interferometric autocorrelator
with no moving parts has been described. The device uses a
Wollaston prism to introduce a spatially varying phase delay
which is imaged onto a CMOS webcam. The detector, nor-
mally blind to 800 nm radiation, acts as a non-linear medium
allowing interferometric autocorrelation to be performed,
potentially in a single laser shot. The technique for extract-
ing the pulse width from the measured signal was discussed
including how to handle the slowly varying background that
appears due to spatial modulation of the laser beam. It was
shown that the extracted signal gives pulse widths that are in
agreement with commercial devices. The ultimate result is
a reliable, compact, self-aligning pulse width measurement
device which is low cost. It would be suited in industrial
environments where the pulse width needs to be monitored
throughout a processes. It is worth noting that that the device
is easily calibrated, not very sensitive to alignment and can
easily be made single shot using a lower repetition rate laser
(like a Re-gen amplifier) or, for high rep rate lasers, using
a time gated ICCD with an appropriate filter or second har-
monic crystal.
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