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Upconversion time microscope demonstrating 1033
magnification of femtosecond waveforms
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We present the operational principles and results of a temporal imaging system, configured as a time
microscope, that achieves 1033 magnif ication of waveforms with 300-fs resolution and a 5.7-ps field of view.
The quadratic-phase time-lens element is realized by upconversion of the dispersed input waveform with a
linearly chirped 5-THz bandwidth pump. The system allows expansion of ultrafast optical waveforms to a
time scale that is directly accessible with slower conventional technology, in real time, on a single-shot basis.
 1999 Optical Society of America

OCIS codes: 320.7100, 320.2250, 320.7160, 190.2620.
Modern approaches to measuring ultrashort optical
waveforms invariably suffer from limitations, most no-
tably the requirements of repetitive waveform capture
and signal-processing time. The characterization of
single transient phenomena or rapidly changing wave-
form structure necessitates a new approach. In this
Letter we describe a temporal imaging system that cre-
ates expanded replicas of ultrafast optical waveforms
in real time so that they can be recorded with slower
conventional technology. The system is, in effect, a
microscope operating in the time domain.

Temporal imaging is based on the mathematical
analogy between paraxial diffraction and narrow-band
dispersion.1 – 5 These phenomena introduce quadratic
phases into their respective frequency domains, kx,
ky (transverse wave numbers), and v (temporal fre-
quency). In both cases these phases are acquired dur-
ing propagation, scaling as dyk for diffraction and
jb00 ­ f00 for dispersion, where d and j are propagation
distances in a fixed and a traveling-wave coordinate
system, respectively, k ­ 2pyl is the wave number in
the material, and b00 is the group-velocity dispersion.

A conventional lens imparts a quadratic spatial
phase that is proportional to kyf , where the focal
length f is a measure of the diffraction required for
removal of the phase imparted by the lens. Similarly,
one can create a time lens by imparting a quadratic
temporal phase (linear frequency chirp dvydt) to a
waveform. A temporal focal distance jf or focal group-
delay dispersion (GDD), f

00
f ­ jf b00 ­ 2sdvydtd21,

is defined as the GDD required for removal of the
quadratic phase imparted by the time lens. A tem-
poral imaging system is created by cascading an
input GDD sf00

1 d, a time lens, and an output GDD sf00
2 d

in proper measure to satisfy the temporal imaging
condition

1yf00
1 1 1yf00

2 ­ 1yf
00
f . (1)

A waveform of arbitrary shape passing through this
system emerges temporally rescaled with magni-
fication
0146-9592/99/110783-03$15.00/0
M ­ 2f00
2 yf00

1 . (2)

We can facilitate an understanding of this process by
drawing temporal ray diagrams,6 as shown in Fig. 1.
The horizontal axis is the propagation distance in units
of real distance or accumulated GDD. The vertical
axis is local time relative to the group delay. Rays
with different slopes in Fig. 1 depict different spectral
components sv 2 v0d of the input signal. Unlike
diffraction, which has only one sign, GDD sf00d can be
positive or negative. This allows two possible single-
lens imaging configurations that have either positive
or negative magnification. For M , 0, all GDD’s must
be of the same sign, and the diagram looks like its
spatial conterpart. For M . 0, the output GDD sf00

2 d
must have the opposite sign of the input and the
focal GDD’s, analogous to virtual imaging systems in
space. Figure 1 shows two pulses at the same carrier
frequency being magnif ied in a system with M ­ 13.
The pulses spread as they propagate through the input
GDD. The phase-modulation process in the time lens
frequency shifts each spectral component (ray), causing

Fig. 1. Temporal ray diagram of a two-pulse sequence
with f

00
1 , f

00
f . 0, f

00
2 , 0, and M ­ 13. Physical propa-

gation distance j is increasing from left to right.
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them to appear bent. The output GDD then focuses
the rays, creating a temporally scaled image.

The resolution of a temporal imaging system de-
pends on the bandwidth Df imparted by the time-
lens modulation process and is given approximately
by dtin ø 1yDf .4 Any process that imparts a large-
bandwidth linear chirp is attractive as a time-lens
mechanism. The first optical time lenses used
electro-optic phase modulation and demonstrated
pulse compression,7 – 13 temporal imaging,14 and time-
to-frequency conversion.15 Many technological chal-
lenges limit further improvement of the bandwidth
generated with this technique and thus limit its
utility. In contrast, the desired bandwidth is already
available from current laser sources, providing the
motivation for our upconversion temporal imaging
approach16 and a related time-to-frequency conversion
technique.17 In this experiment we utilize the broad
bandwidth and easily chirped femtosecond pulses from
a Ti:sapphire laser to sum with our input signal in
a nonlinear crystal to achieve the required time-lens
action. Additionally, the finite duration of the pump
acts as a shutter, since no sum-frequency signal
appears in the absence of the pump. This is also the
dominant factor determining the field of view.

A schematic diagram of our upconversion time mi-
croscope is shown in Fig. 2. It was designed for
a magnification M ­ 1100 and a field of view of
ø5 ps. A Ti:sapphire laser producing 87-fs (5.0-THz)
pulses at l ­ 830 nm was used as the source for
both the time-lens pump and the input test pat-
tern. A two-pulse input test pattern with adjustable
delay Dtin was created in a Michelson interferome-
ter with a minimum step size of 0.67 fs. We produced
the time lens by dispersing a pulse in a folded mul-
tipass grating-pair dispersive delay line18 and mix-
ing it with the dispersed input signal by noncollinear
sum-frequency generation in a 500-mm-thick beta bar-
ium borate crystal. This pump pulse produced a time
lens with an f# ; v0yDv ­ 82.19 The input and out-
put GDD’s were also realized with folded multipass
grating-pair dispersive delay lines, although lenses
were used in the input to change the signal of the
GDD.18,20 Both the input and pump dispersions used
600-grooveymm gratings. The dispersions were char-
acterized by use of spectrally resolved upconversion21

and resulted in f
00
1 ­ 10.17606 ps2 and a time lens

with focal GDD f
00
f ­ 10.17784 ps2. The output GDD

used a 3600-grooveymm grating and was configured
for f

00
2 ­ 217.606 ps2.

Figure 3 shows a series of temporal images from the
time microscope recorded with a 40-GHz photodiode
and sampling oscilloscope. Beginning with the button
trace, each successive trace is taken with an additional
667-fs delay of pulse #2 with respect to stationary pulse
#1 in the test-pattern generator. The right vertical
axis shows the input delay of pulse #2. The bottom
axis is the actual photodiode signal time scale. A
linear fit to the output versus input time of pulse #2
gives a magnif ication M ­ 1103 with a deviation of
22 fs rms, referred to the input. The top axis is an
equivalent input time scale created by division of the
output time by the measured magnification. We also
recorded images in 100-fs delay steps near Dtin ­ 0 fs.
For delays as short as Dtin ­ 300 fs two pulses were
still clearly resolved in the temporal image. When the
delay was shorter, interference effects obscured the
envelope profiles.

The output spectrum for each temporal image is
shown in Fig. 4. This figure demonstrates a very
interesting analogy with spatial beam forming. When
a diffraction-limited beam enters a lens parallel to the
lens axis, the exit angle depends on the displacement
of the input beam from the axis. The output beam
acquires a new mean spatial frequency corresponding
to this exit angle. In our time microscope the input
pulses are transform limited and enter the time lens at
various delays with respect to the chirp profile. Thus,
they acquire a new mean frequency when they exit
the time lens, depending on the portion of the chirped
pump frequency with which they sum. This is entirely
analogous to the spatial case described above and is
made apparent in Fig. 4.

In a high-magnification system with an input band-
width comparable with that of the time lens, the field
of view is approximately the duration of the lens. The
expected roll-off in the field of view is not readily appar-
ent in Fig. 3. This roll-off could be masked by slight
mechanical instabilities affecting the coupling into the
photodiode. A more pronounced roll-off can be seen in
the spectral data of Fig. 4, which were acquired with
a different photodetector. A Gaussian fit to the peak
spectral intensity of pulse #2 as a function of input
delay gives an input temporal field of view of 5.65 ps
FWHM, in good agreement with width of the chirped
time-lens pump pulse.

Deviations from ideal quadratic phase in both the
dispersion’s frequency dependence and the time lens’s
time dependence cause aberrations. We have discov-
ered that the dominant result of higher-order spectral
phase in the input dispersion is to distort the shape
of the system’s impulse response, whereas in the out-
put dispersion it alters the arrival time of the impulse
response. Time-lens aberrations can produce a vari-
ety of effects, including analogs to coma and spheri-
cal aberration in spatial systems. Phase matching in
the nonlinear crystal is required for good conversion

Fig. 2. Upconversion time microscope with positive mag-
nification. The input and output dispersions are con-
structed with grating-pair dispersive delay lines. The
time lens is produced by sum-frequency generation with a
chirped optical pump pulse.
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Fig. 3. Temporal images measured with 667-fs steps in
the input delay of pulse #2, Dtin. Each output delay, Dtout,
changed by 68.7 ps, indicating a magnification M ­ 1103.

Fig. 4. Output spectra corresponding to the series of
temporal images shown in Fig. 3. The frequency shift to
delayed pulse #2 is the temporal analog of steering a beam
with a lens by changing the beam’s displacement from the
lens axis.

eff iciency but group-velocity mismatch between the
fundamental and the upconverted signals is often un-
avoidable. This mismatch leads to an increase in the
width of the system’s impulse response and, more dra-
matically, to an additional source of roll-off in the
field of view. Our system was configured to minimize
the effects of these aberrations. The linear frequency
shift with input delay and the symmetric form of the
spectra in Fig. 4 suggest that our system is relatively
free from these effects. The pulses recorded in the
waveforms of Fig. 3 show that the photodiode (12.5 ps
FWHM, with some ringing), and not aberrations in the
imaging system itself, is the dominant distortion in the
total measurement system. From a convolution of the
ideal image, the ideal impulse response of the imag-
ing system, and the measured impulse response of the
photodiode, a 17.8-ps output pulse width was expected.
The average measured width of pulse #2 in the images
is 18.3 ps.

In conclusion, we have presented the fundamen-
tal principles and performance issues for a tempo-
ral imaging system and demonstrated a system with
11033 magnification and 300-fs resolution. In addi-
tion, since the principles of temporal imaging do not
rely on sampling, the system should be suitable for ex-
tending the range of single-shot waveform recorders
such as optical streak cameras.
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