Time-to-frequency converter for measuring picosecond optical pulses
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We present a new technique for measuring the intensity I(¢) of optical pulses using a temporal
optical system. A diffraction grating pair followed by a microwave-driven, optical phase modulator
configured as a time lens is used to uniquely map the pulse shape from the time domain to the
frequency domain, allowing measurement of the pulse shape with a spectrometer. We discuss the
theory of operation and present experimental results illustrating 3 ps time resolution.

Direct measurement of optical pulses using either photo-
diodes or streak cameras involves high-speed electronics and
is currently limited to approximately 1 ps time resolution.
Most techniques for measuring shorter pulse shapes require
the use of nonlinear phenomena, but they do alleviate the
need for high-speed electronics. For example, second-order
intensity and interferometric autocorrelations' can be used
together to deduce the pulse shape from a train of sampled
pulses, while frequency resolved optical gating,” utilizing
third-order Kerr nonlinearity, can be used to deduce the pulse
shape on a single-shot basis. The advantage of these two
techniques is that they yield useful phase information, how-
ever, both require adequate pulse energy to excite the respec-
tive nonlinearities. In this letter, we present a new technique
for the direct measurement of short optical pulses that does
not rely on high speed electronics or optical nonlinearities.
This technique is best described as time-to-frequency con-
version: pulse amplitude is uniquely mapped from the time
domain to the frequency domain such that the pulse’s tem-
poral shape can be directly measured with a spectrometer. It
is important to note that this technique will work with
chirped pulses; in general, time-bandwidth limited pulses are
not required for this technique to work. To perform the time-
to-frequency conversion, we take advantage of the unique
properties of temporal optical systems and recently devel-
oped technology that allows implementation. With our cur-
rent system, we have achieved 3 ps resolution, which is in
agreement with our predicted resolution.

The time-to-frequency conversion process is best under-
stood by noting the analogy between a temporal optical sys-
tem manipulating pulses of light and a spatial optical system
manipulating beams of light. An equivalent temporal optical
system is found for a spatial optical system by exchanging
spatial variables with time variables, and spatial frequencies
with spectral frequencies. The effects of diffraction and spa-
tial lenses on a beam of light are equivalent to the effects of
dispersion and time lenses on a pulse of light. Because a
spatial lens causes a spatially varying phase shift, a time lens
must cause a time-varying phase shift. This space—time anal-
ogy was noticed by Treacy,” formalized by Kolner,* and
demonstrated experimentally by Godil®> and Kauffman.®

The temporal optical system performing the time-to-
frequency conversion is shown in Fig. 1. The pulse to be
measured travels through one focal time of dispersion, sup-
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plied by a grating pair, then is phase modulated by the time
lens. This is equivalent to a spatial optical system with the
object placed at the front focal plane of the lens. We know
from Fourier optics that the field distributions at the front
focal plane and output plane of the spatial lens are related by
a Fourier transform,’ and we will show below that the same
relation holds for a time lens. Also, the output field distribu-
tion and its spectral frequency distribution are related by a
Fourier transform. Therefore, the output spectrum and input
field are related by two successive Fourier transforms, and
must have the same functional dependence. As shown in Fig.
1, the output spectrum has the same shape as the input pulse.
Therefore, measuring the shape of the output power spec-
trum gives us the temporal shape of the input pulse.
Quantitatively, the temporal system operation is deter-
mined by following the input field Ey(¢), an optical carrier at
frequency wy modulated by the pulse envelope ugy(¢),

Eo(t) =uy(2)e/@0", (1)

Treacy [Eq. (14)] showed that if the propagation constant
Blw) of the dispersive medium can be approximated by a
three term Taylor series

B(w)=B|m0+B,|w0(w_ wO)‘*‘%B ”lwo(w~w0)27 (2)

then the effect of the dispersion distorts the input pulse en-
velope uy(¢) into w,(¢’):

wi ()= dt wyexpl e~ 72B LY, @3
Time-Lens
Dispersive (Electro-Optic’ -~ Output

Input Pulse Delay Line Phase Modulator) Spectrum

f—
E() - @
[ . ‘ ] ()

t £ ®

@ =21 52 GHz @—
m

FIG. 1. Experimental schematic of the time-to-frequency converter with the
ideal time lens approximated by a sinusoidally driven, electro-optic phase
modulator.
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where L is the distance traveled in the dispersive medium.
The pulse w,;(¢') is then phase modulated by the time lens.
Kolner showed that the ideal time lens has a quadratic phase
versus time:

(l)otlz
exp| j 57 B O

where fr is the focal time of the lens. For a lens approxi-
mated with the quadratic portion of a sinusoidal phase modu-
lator driven at frequency w,,, the focal time is given by
fr=wy/Aws, where A is the peak phase modulation of the
modulator. After passing through the dispersive grating pair
and the optical phase modulator, the output pulse uy(t') is
related to the input pulse wuy(z) by

) wotrz .
(2" )=wu(t )exp ey
_ .t,z(wn 1 f 7
=exp ]? —T +—B,‘7Z dt llo(t)
£ o :
X exp ]'Z,B—TL exp —]Z;TL. (5)

If the amount of dispersion is adjusted such that the object
pulse ug(¢) is at the front focal plane of the time lens, that is,
wy/fr=—1/B"L, then the quadratic phase term outside the
integral disappears. Under this condition, the form of Eq. (5)
shows that the output pulse u,(¢') is a Fourier transform of
the input pulse uy(z) multiplied by a quadratic phase factor

£ i
uz(t')=f dt uo(t)exp( J ZB—HL‘)eXP(fJ BTL) (6)
The Fourier transform of the output pulse is

thz
Uy(o) =uo(t)eXp(-j —)

o5, (7

t=wfrw,

The power spectrum measured by the optical spectrum ana-
lyzer is the pulse spectrum centered at the carrier frequency
g,

[U2(0— @0)|*=100(t)]i= (- wo)sp/ay: ®)

Therefore, the input pulse intensity is found by measuring
the power spectrum of the output pulse and scaling the fre-
quency axis to a time axis using

_(w‘wo)fr_ (A_)\O)fT
t= P - )

The time lens used to demonstrate this measurement
technique is a LiNbO, electro-optic phase modulator built by
Godil. It produces A=51 rad of peak phase modulation for
16 W of microwave power at w,, =2 5.2 GHz. The experi-
ments were carried out using a mode-locked, Nd:YAG laser
operating at 1.06 um. A fiber-grating pulse compressor was
used to produce the short pulses. The input dispersion is
provided by a four pass dispersive delay line constructed
with a 1700 lines/mm grating.

An optical pulse measurement is shown in Fig. 2. The
output spectrum is measured and wavelength converted to
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FIG. 2. Pulse shape measured by time-to-frequency conversion.

time using the scale factor —30.3 ps/nm given by Eq. (9).
The pulse has a main lobe FWHM=11.8 ps with a signifi-
cant, asymmetric tail. This asymmetric tail cannot be seen by
intensity autocorrelation, which, by definition, must be sym-
metric. The directly measured autocorrelation of this pulse
has a FWHM of 20.0 ps, while the computed autocorrelation
FWHM is 18.7 ps.

The important performance measures of this system are
the temporal resolution and temporal field of view. Just as a
spatial lens has a diffraction limited spot size arising from its
finite aperture, the time lens has a dispersion limited pulse
width because of its finite time aperture. The time aperture is
defined by the quadratic duration of the sinusoidal phase
versus time of the time lens. The time aperture is approxi-
mately 1/w,,, and the resolution® 2.8/(Aw,,). For our lens,
these numbers are 31 and 1.7 ps, respectively. When pulses
shorter than this are measured, they will dispérsively broaden
and overfill the effective aperture. Also, pulses which are
initially longer than the time aperture will overfill the effec-
tive aperture. Unlike a spatial lens which has a physical lens
stop, a sinusoidal time lens has no stops, and light dispersing
into the nonquadratic regions is not transformed correctly.
That is, the nonquadratic phase error causes aberrations.
Both of these limits have been explored experimentally, and
the results are presented below.

To find the time resolution we used our system to mea-
sure a pulse whose measured autocorrelation FWHM is 1.9
ps. Figure 3 shows the output spectrum of the pulse. The
spectral width is 1.8 nm at the input and a spectrometer-
limited 0.08 nm at the output. After converting the wave-
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FIG. 3. Measured system time resolution found by performing time-to-
frequency conversion on a pulse whose autocorrelation width is 1.9 ps.
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FIG. 4. Effect of aberrations on long pulses. (a) Photodiode measured input
pulse. (b} Pulse shape measured with new technique shows aberrations due
to overfilling the time-lens aperture.

length axis to time, the FWHM of the measured pulse is 3.0
ps.

The temporal field of view is given by the effective ap-
erture of the sinusoidal time lens, ¢,, which is 31 ps for our
lens. This effect of exceeding this limit is demonstrated by

measuring a long pulse whose width is greater than the ef- -

fective time aperture. Figure 4(a) shows the photodiode mea-
sured 63 ps FWHM time domain of pulse before time-to-
frequency conversion. The output spectrum is shown in Fig.
4(b), with the wavelength also converted to time. The time-
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lens measured pulse shows obvious distortions arising from
overfilling the effective aperture of the time lens. Unlike the
short pulse limit, the long pulse limit is not a fundamental
restriction to time-lens operation. The addition of a lens stop
in the form of an optical intensity modulator synchronized to
the time lens should allow aberration-free operation over
larger fields of view.

In conclusion, we have demonstrated a fundamentally
new technique for measuring the shape of optical pulses. The
technique uses a temporal optical system for time-to-
frequency conversion so that an optical spectrum analyzer
can be used to measure the temporal intensity of the optical
pulse. Since this technique measures the actual pulse shape,
it provides more information about the pulse than an auto-
correlation. We have shown that it works with non-time-
bandwidth limited pulses, and also investigated the temporal
resolution and temporal field of view. Using an electro-optic
phase modulator operating at 5.2 GHz as a time lens, 3.0 ps
system time resolution was achieved. Time lenses with more
phase modulation should reduce this resolution to the subpi-
cosecond regime. We have also demonstrated the limited
field of view of a sinusoidally driven time lens, but note that
this can be overcome with the use of an appropriate lens
stop.
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