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The technology of generating and harnessing light and other forms of radiant energy whose quantum unit is the photon. The
range of applications of photonics extends from energy generation to detection to communications and information processing.

59 SHEDS, Part Il
This month, we complete our

report on the Defense Advanced
Research Projects Agency's Super-
High Efficiency Diode Sources
(SHEDS) program. As we related
in last month'’s issue, although
the program was undertaken for
the benefit of the military, it will
have an enormous effect on the
commercial laser market.

0 Overcoming Hurdles on the
Road to More Efficient Diodes
by Dr. Aram Mooradian,
Novalux Inc.

62 High-Power, High-Efficiency
VCSELs Pursue the Goal
by L. Arthur D’Asaro. Jean-Francois
Seurin and James D. Wynn,
Princeton Optronics Inc.

6 Superpolishing Deep-UV
Optics
by David Collier and Rod Schuster,
Alpine Research Optics
Superpolished crystalline
substrates deliver important
benefits for coated optics in
demanding uliraviolet laser
applications, but the successful
use of the process requires a con-
sideration of ils unique subtleties.
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7 Quantum Cascade Lasers:
Valuable New Tools for Laser
Spectroscopy
by Dr. Christian Mann and Prof.
Joachim Wagner, Fraunhofer
Institut fiir Angewancdte
Festkdrperphysile, and Dr. Ulrilce
Tauer and Dr. Marcus Braun,
Fraunhaofer Institut fiir
Physikalische Messtechnilk
Capable of mid-IR emission at
room temperatures, quantum
cascade lasers enable laser
spectroscopy in the spectral region
of strong molecular signatures.

8 Miniature Deformable Mirrors

Bring Adaptive Optics Within

Reach
by Richard Gaughan,

Conlributing Editor
Developments in microelectro-
mechanical systems technology
promise to enable production of
low-cost, compact adaptive optics.

9 Breaking the Single-Cycle
Barrier

by Dr. Miroslav Y. Shverdin,
Dr. David R. Walker, Sunil N.
Goda, G.Y. Yin and Stephen E,
Harris, Stanford University.
and Dr. Deniz D. Yavuz.
University of Wisconsin

The generation of 1.6-[s pulses

opens the way to a new regime

of nonlinear optics and coherent

control.

1 0 Slower Growth Forecast

for Optical Microscopes
Indications are that optical
microscopes are giving way Lo
nonoptical instruments, according
to Business Communications Co.
Inc. of Norwalk. Conn.

1 07 Single-Chip Microsystem
Cuts Atomic Force
Microscopy Down to Size

by Gary Boas.

Contributing Editor

1 08 Probe Brings Higher
Throughput, Resolution to
Near-Field Microscopy

by Richard Gaughar,

Contributing Editor

1 1 0 For Atomic Force Microscopy,
~ the Beat Goes On
by Hank Hogan.
Contributing Editor

1 1 1 When the Chips Are Down,
It's Microscopy to the Rescue
by Hanlc Hogan.
Contributing Editor
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Breaking the

Single-Cycle Barrier

The generation of 1.6-fs pulses opens the way

to a new regime of nonlinear optics and coherent control.

by Dr. Miroslav Y. Shverdin, Dr. David R. Walker, Sunil N. Goda, G.Y. Yin and Stephen E. Harris,

Stanford University, and Dr. Deniz D. Yavuz, University of Wisconsin

that any periodic shape may

be formed by combining sinu-
soidal waves with prescribed ampli-
tudes, frequencies and relative
phases. Functions such as a square
or sawtooth wave require frequen-
cies covering several octaves of
bandwidth.

In the acoustic regime, multioc-
tave radiation sources are abundant.
A typical concert piano spans seven
octaves of bandwidth. The voice of a

F rom Fourier theory, we know

good opera singer can stretch over
nearly four octaves.

In optics, a laser is a source of co-
herent, intense, monochromatic ra-
diation, with a sinusoidal electric
field. Over the past several years, our
group has developed a unique source
of laser radiation that spans more
than four octaves of bandwidth —
from 195 nm to 3 pm — and that
consists of more than 200 discrete
frequency components,

In our latest pulse-shaping exper-

iments with this source, we achieved
phase control over seven spectral
components stretching from 410 nm |
to 1.56 pm, or two octaves. By
changing the relative phases of these
seven sidebands, we have synthe-
sized a train of 1.6-fs pulses witha
period of 11 fs, These pulses are sin-
gle-cycle, consisting of one electrie
field oscillation under the envelope.
We also have synthesized a fre-
quency-modulated pulse, wherein
the electric field chirp is apparent
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Figure 1. (a) The pump (red) and Stokes (dark red) driving lasers drive a molecular vibrational transition slightly off-resonance.
(b) The pump laser mixes with the molecular vibration to generate an additional anti-Stokes frequency (broken green line).
(c) The anti-Stokes field mixes with the molecular vibration to generate the next anti-Stokes frequency (broken blue line).

(d) This process continues to generate both Stokes (broken lines to the left of solid lines) and anti-Stokes (broken lines to the
right of solid lines) frequencies. The number of new frequencies depends on the efficiency of the process.
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Vibrational Spectra: 16 Sidebands, Spaced by 2994 cm™!
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Rotational Spectra: 29 Sidebands, Spaced by 587 cm™!

Multiplicative Spectra: ~200 Sidebands, Spaced by <587 cm™’
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Figure 2. Three spectra demonstrate the effect of cascading the electro-optic modulators. The first is obtained by driving a
vibrational transition in D, (top). Driving a rotational transition in H, produces the second (middle). The third is
generated by simultaneously driving both transitions (bottom).

over three field oscillations.

Ultrashort pulse generation re-
quires a wide-bandwidth coherent
specirum. An incoherent radiation
source — such as sunlight, a high-
pressure arc lamp or an atomic line
emission lamp — consists of many
spectral components, all with ran-
domly varying phases. The time
structure from such a source is white
noise. In contrast, a coherent light
source has a fixed phase relation
among the spectral components,
which interfere to produce well-de-
fined waveforms.

Molecular modulation

It is well-known that an electro-
optic modulator can phase-modu-
late an applied laser field to produce
sidebands at new frequencies. These
modulators, based on electro-optic
erystals, have low conversion effi-
ciencies and typical bandwidths of
approximately 1 GHz. We have de-
veloped a process using molecular
modulation that has unity conver-
sion efficiency and a modulation
bandwidth of 90 THz.!
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100 ym

Liquid Crystal

Figure 3. Phase adjustment is performed with a liquid crystal spatial light

modulator.

This method involves exciting a vi-
brational or a rotational mode of a
molecule using two intense laser
fields (Figure 1). Classically, we can
picture this interaction as driving a
harmonic oscillator near its reso-
nance at the beat note frequency of

the two lasers. In this manner, we
prepare a very efficient molecular
modulator. The resulting molecular
motion mixes with the two applied
fields to produce new coherent fre-
quencies.

If many electro-optic modulators
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Pulse Shaping

with different modulation frequen-
cies are cascaded in series, the total

than 200 sidebands, we simultane-
ously excite a vibrational transition

in D, and a rotational transition in H,
using two pairs of lasers.

The experimental realization of this
effect is shown in Figure 2. When we

number of produced sidebands will
be the product of the number of side-
bands that each modulator alone
would produce. To produce more

liquid Crystal ¢ 'H“\

Phase Mt)dult.:itori
|~W'J //
1.56 um 410 nm

Xe Cell

v
| - Boe

D, Cell

Figure 4. The phase of each of the seven sidebands is adjusted in the
phase modulator to produce the desired pulse in the xenon cell.

Why Generate Single-Cycle Pulses?

ecently, we synthesized ultrawide-bandwidth optical pulses that P
R have the shortest duration ever achieved using optical frequen-
cies — 1.6 fs — and a repetition rate of 11 fs. These pulses are |
single-cycle, consisting of a single electrical field oscillation, and have
a peak power of more than 1 MW. In addition, we were able to vary the
shape of the pulse to generate different prescribed waveforms.
Scientists strive to control chemical and biological interactions by
applying laser pulses of different shapes.' A system can be forced into
certain states based on the shape of the applied electric field. In the op- !
tical regime, however, the shortest pulses produced to date (~4 fs) cover
less than one octave of bandwidth, which limits the possible types of:,I
waveforms that can be produced. (An octave is an interval of frequen-
cies for which the ratio of the highest to the lowest is 2:1.)
The synthesis of arbitrarily shaped multioctave pulses opens a new
frontier of nonlinear optics and coherent control. To obtain full control
over a molecular reaction, we need to match the bandwidth of the pulse
with the full molecular spectrum. The spectra of most molecular ma-
terials span a wide range of frequencies, and now we can simultaneously
access that range with our source.
We envision novel applications of multioctave pulses for the coher-
ent control of chemical reactions, as a probe for ever-shorter physical
processes, and for the highly efficient generation of far-infrared and
vacuum-ultraviolet radiation. o
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excite a fundamental vibrational
transition in deuterium, we gener-
ate an additional 14 sidebands.'
When we excite a single rotational
transition in hydrogen. we produce in
excess of 27.? If we simultaneously
drive both transitions, we obtain the
multiplicative spectrum.”

We can picture this process as cas-
cading a vibrational and a rotational
modulator. Here, the total number
of observed frequencies is approxi-
mately one-hall the product of the

rotational and vibrational number of

sidebands. This happens because
the additional sidebands are gener-

ated at such low efficiency that they
are not resolved.

Because of the experimental diffi-
culties in simultaneously controlling
the phases of so many sidebands,
we used a single vibrational modu-
lator in our pulse-shaping experi-
ment. The vibrational spectrum was

obtained by applying two Q-switched
lasers: a diode-seeded Nd:YAG at
1064 nm with a pulse energy of 70
md and a pulse duration of 10 ns,
and a homemade Ti:sapphire ring-
cavity laser at 807 nm that produced
A transform-limited 15-ns pulses of 60
md. The Ti:sapphire was seeded by
a tunable diode laser and pumped
by the second harmonic of a sepa-
rate Nd:YAG laser. The D, molecules
were contained inside a 50-cm-long
cell at a pressure of 60 t, liquid-ni-
trogen-cooled to reduce the thermal
population of upper energy levels and
to decrease the Doppler linewidth.
The output after the deuterium cell
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Figure 5. Multiple three-photon paths of Raman frequencies (solid lines) result in
the same generated UV frequency (dashed line). The overall UV signal depends

on the phases between the different three-photon paths. Continued on page 102
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Pulse Shaping

Continued from page 96

appeared as white light. The gener-
ated sidebands were observed after
dispersing the beam with a prism.

After the cell exit window, the rel-
ative phases of individual sidebands
are unknown. To synthesize a pre-
scribed temporal shape, we must ad-
just the phases of each spectral com-
ponent, compensating for all disper-
sive elements in the system.?#

Dispersion control

Because of technical limitations,
we work with a seven-sideband sub-
set of the vibrational spectrum, from
410 to 1560 nm. The energy of the
components ranges from 2 mdJ at
1560 nm to 0.5 mJ at 410 nm. Phase
adjustment is performed with a lig-
uid crystal spatial light modulator
featuring 640 pixels, each measuring
97 pm X 7 mm and spaced 3 pm
apart (Figure 3). Each pixel consists
of long birefringent molecules inside
two clear electrodes. The electrodes
allow independent electric fields to
be applied in the Z direction to each
pixel, causing the molecules to ro-
tate and thereby changing the re-
fractive index. Having first calibrated
the spatial light modulator, we can
adjust the phase of each sideband
by applying a specified voltage to
each pixel.

After the deuterium cell, the seven
generated sidebands are dispersed
and collimated using two fused silica
prisms (Figure 4). All other frequen-

Raman Sidebands
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Figure 6. In the four-wave-mixing detector, the UV signal serves as feedback for
adaptive phase adjustment by the spatial light modulator.

cies are blocked. After collimation,
each sideband passes through a
range of pixels of the spatial light
modulator. The beams are then re-
combined using another prism pair
that mirrors the dispersing prism
pair, and they are steered and fo-
cused into a xenon chamber. The de-
sired pulse is synthesized in this focal
region of overlapping sidebands in-
side the chamber. The phase ad-
justment compensates for Gouy
phase shift and the optics prior to
the focal spot. The ultrashort pulses
exist only inside the chamber. Before
and after, the relative phases are not
known.

Four-wave mixing inside the xenon
chamber serves as a pulse shape di-
agnostic, which enables us to prop-
erly adjust the individual phases of

the seven Raman sidebands. Focus-
ing the sidebands into the chamber
produces a very weak UV signal (in
the range of picojoules) at several
discrete frequencies resulting from
the four-wave-mixing nonlinear
process in xenon. The magnitude of
this signal depends on the intensity
of the synthesized pulse. The short-
est possible pulse that can be syn-
thesized also has the highest possi-
ble intensity, so we adjust the indi-
vidual phases to maximize the UV
signal, In this manner, the UV signal
serves as feedback for adaptive phase’
adjustment by the spatial light mod-
ulator. |
Four-wave mixing up-converts the.
Raman frequencies into the UV. In.
a typical four-wave process, three
wavelengths are combined in a non-
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Figure 7. The cross-correlation trace is obtained by electronically delaying pulse 1 with respect to pulse 2. Pulse 1 consists of

odd Raman sidebands; pulse 2 consists of even Raman sidebands, as shown.
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Figure 8. The researchers synthesize single-cycle (a) and frequency-modulated

(b) waveforms.

linear medium. The result is the gen-
eration of a [requency equal to some
combination of the three input fre-
quencies (Figure 5).

Mixing Raman sidebands

In our experiment, we focus tightly
into the xenon chamber with an [ =
15-em lens. In this limit, in which
the medium is much larger than the
confocal parameter, the phase-
matching conditions produce radia-
tion whose frequency equals the sum
of the frequencies of any two Raman
sidebands minus a third. Mixing the
seven Raman sidebands, which are
equally spaced by 90 THz, generates
six UV signals at wavelengths from

365 to 236 nm, with efficiencies of

10°® or less. The energy at each de-
pends on the relative phases of the
Raman sidebands.”

A solar-blind photomultiplier tube
measures the weak UV signal (Figure
6). Because of the very low conver-
sion efficiency to the UV, great care
is necessary to attenuate the back-
ground radiation. The photomulti-
plier is placed approximately 2 m
from the xenon chamber. Using a
fused silica prism, we spatially sep-
arate each of the UV components
from its neighbors by approximately
10 cm. The scattering of the Raman
sidebands from the various optical
components in the setup still results
in a very poor signal-to-noise ratio.
Finally, we use an interference filter
with a 1000:1 rejection ratio. The
combination ol photomultiplier re-
sponsivily, beam separation and fil-
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tering results in a signal-to-noise
ratio of approximately 1000:1.

Once the ultrashort train of pulses
has been synthesized, we want to ob-
serve and characterize it. Pulses that
are shorter than a few tens of picosec-
onds cannot be measured directly.
Instead, we use indirect correlation
methods in which part of the pulse is
delayed and then combined with the
rest of the pulse. By measuring the
resulting signal as a function of the
delay, we can infer the pulse dura-
tion. This type of pulse measurement
requires a nonlinear detector; we use
four-wave mixing in xenon, a third-
order process. Hence, the four-wave
mixing serves both as a diagnostic
for pulse synthesis and as a means
to characterize the pulse shape.

Waveform characterization

We characterize the synthesized
waveform by electronically delaying
the pulse formed by three of the
Raman sidebands with respect to the
pulse formed by the remaining four.
The synthesized single-cycle wave-
form can be viewed as the sum of
the waveforms formed from these two
sets of the interleaving Raman side-
bands. Both trains of pulses have
nearly the same pulse width and half
the pulse spacing as the total wave-
form. The delay of one pulse train
with respect to the other is achieved
by adding to each of its three side-
bands a phase proportional to the
sideband's frequency.

At each delay interval between
the two pulses, we measure the
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Pulse Shaping

resulting UV signal at one of the UV
frequencies. In Figure 7, the red dots
represent the UV energy at 329 nm
as a function of the delay. The
dashed line is the corresponding tlre-
oretical plot of the interaction. This
plot is the cross-correlation of the
two pulses. It has a period of 5.5 fs
(one-half the actual pulse spacing)
and a cross-correlation width of sev-

eral femtoseconds. From the agree-
ment between theory and experi-
ment, we conclude that in the syn-
thesized pulse, all the relative phases
are the same. The actual synthesized
electric field (Figure 8a) is obtained
by summing the seven sinusoidal
terms at the frequency [, with the
corresponding measured field am-
plitude, A :

the perfect
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E(t) = £ A,sin@rf,t+4)

Because the phase of each term is
the same, ¢, = 0.

Synthesized pulses

And because we know the fre-
quencies and relative amplitudes of
each of the seven sidebands, we can
plot the electric field. The resulting
waveform, which is shown in Figure
8a, has a period of 11 fs because of
the discreteness of the spectral side-
bands. Pulse separation is inversely
proportional to the separation of the
adjacent frequencies (i.e., oo THz
= 11 fs). Note that the electric field
changes in phase from one pulse to
the next.

The incommensurate frequency
comb causes this phenomenon,
which is called carrier-envelope slip.

In the spectrum, the frequency
difference between adjacent side-
bands is not an integer multiple of
any one sideband. When the peak
electric field coincides with the in-
tensity envelope, the pulse is called
a “cosine pulse.” When it is offset
by /2, the pulse is a “sine pulse.”
The pulse width of the cosine pulses
is 0.5 fs. Each synthesized pulse
has a peak power of more than 1
MW, and there are approximately
10° pulses under the 10-ns en-
velopes of the Q-switched pump
lasers.

Besides the single-cycle pulse, we
also synthesize a frequency-modu-
lated waveform (Figure 8b). After the
UV signal is maximized, we conclude
that all of the relative phases of the
Raman sidebands are the same. We
then calculate and add phases to
some of the seven sidebands to min-
imize the generated UV signal. The
resulting electric field corresponds
to a frequency-modulatedlike pulse,
In all cases, phase stability is ex-
tremely good. In our experiments, we
have noticed no detectable phase
drift among the sidebands during
several hours of operation.

Future goals

Having achieved phase control over
such a wide-bandwidth source, we
are working on its applications to a
real system and on further source
improvements. To demonstrate shap-
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Pulse Shaping

ing of an arbitrary pulse, we need to
extend phase control over a larger
bandwidth and to increase the num-
ber of spectral components that we
simultaneously control.

We also are researching systems
for which the use of multioctave op-
tical pulses provides a clear advan-
tage over sources with a narrower
bandwidth. Another one of our goals
is to attain stop-motion photography
of molecular movement.*®

We believe that our multioctave
laser source is a unique tool that,
with time, will find many novel ap-
plications.
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