
6 NATURE PHOTONICS | VOL 7 | JANUARY 2013 | www.nature.com/naturephotonics

news & views

acquires a time-independent characteristic 
value, which confers the spatial extent of the 
Anderson localization. Roughly speaking, 
at the localization transition, the porous 
structure of the sponge becomes so tiny 
that the fluid cannot penetrate it, and the 
fluid, originally infiltrated in the sponge, 
gets trapped and stays localized in a 3D 
region. A standard fluid does not exhibit this 
behaviour, but the ‘light fluid’ does, owing to 
subtle interference effects occurring when the 
transport mean free path l* is comparable to 
the wavelength λ.

One exciting result provided by the work 
of Sperling et al. is the clear determination 
of the ratio between λ and l* at which the 
transition occurs. Well-known theoretical 
investigations state that the condition for 
localization is λ/l* = 2π, which is known as 
the Ioffe–Regel criterion. However, the fact 
that the ratio λ/l* must be 2π (or larger) is 
based on general theoretical arguments; 
until now, the precise experimental 
value was unknown. The novel results of 
Sperling et al. demonstrate that λ/l* = n, 
where n is the spatially averaged refracting 
index of the sample.

Sperling et al. found that the critical 
value of the refractive index n is around 
1.7, which is in agreement with previously 
reported numerical investigations based on 
full simulations of Maxwell’s equations11. 
However, for computational reasons, the 
simulations were limited to very small 

samples (a thousand times smaller than 
those adopted in the experiments of 
Sperling et al.). More work is therefore 
required to establish a definite agreement 
regarding this ‘magic’ value of the refractive 
index at which the 3D disorder induced 
localization of light is observed.

The key challenge is to assess both the 
unique characteristics and the value of the 
Anderson localization of light, with respect, 
for example, to the same effect for sound 
waves or matter waves in ultracold gases. 
This effect could allow us to build disorder-
based laser sources that will be widely 
tuned and very versatile12. Light can also 
sustain relevant nonlinear effects even in 
absence of active optical media. The physics 
of the nonlinear Anderson localization of 
light, and in particular the 3D case, is an 
important research frontier. This field can 
also be related to modern techniques13 
for transmitting light through disordered 
media by proper engineering of the beam’s 
wavefront; the way this can be related to 
Anderson localization, and exploited to 
sustain nonlinear effects in the presence of 
relevant randomness, is yet unexplored. In 
addition, the quantum properties of light 
at the Anderson transition are, in many 
respects, unknown.

In our everyday lives, we are more used 
to dealing with disordered systems than 
ordered ones. The reason is to be found in 
the richness and large number of degrees 

of freedom that disorder provides. One can 
think, for example, about the many ways a 
group of beads can be stacked in a random 
fashion, in contrast with the limited number 
of possibilities for an ordered packing. We 
are just beginning to learn how to control 
disorder. The applicative possibilities offered 
by random photonics are still to be imagined, 
ranging from microscopy and laser-assisted 
surgery to telecommunications, solar energy 
harvesting and astrophysical investigations. ❒
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Many powerful and sophisticated tools 
have been developed for optical 
spectroscopy since the advent 

of the laser. Within the field of nonlinear 
spectroscopy, counter-propagating beam 
geometries that cancel out Doppler shifts in 
gas-phase atomic samples provide natural 
linewidth resolutions deep within Doppler-
broadened inhomogeneous lines1. Usually 
such studies are performed using tunable 
continuous-wave lasers. On the other hand, 
ultrashort pulses can also be exploited 
despite their very large bandwidths. In 
approaches based on the concept of quantum 
control, femtosecond pulses that are shaped 
temporally and spectrally coherently excite 

two photon or Raman transitions. Spectral 
resolution is achieved at the level of the finest 
features tailored to the optical spectrum2. 
Another ultrashort pulse approach employs 
frequency combs3. Here, the long-term 
coherence associated with a periodic train of 
mode-locked pulses with a stabilized pulse-to-
pulse phase relationship carves the broadband 
optical spectrum into a series of precisely 
spaced delta functions with stabilized absolute 
frequencies. Such combs have revolutionized 
the precision and accuracy with which 
different optical transition frequencies can be 
measured and compared.

Now, reporting in Nature Photonics, 
Itan Barmes and co-workers beautifully 

combine these concepts to control and shape 
the spatial excitation of alkali gases, at the 
same time furthering the accuracy at which 
we can determine spectroscopic constants4.

The experimental apparatus starts with 
femtosecond pulses from a Ti:sapphire 
frequency comb laser, which are spectrally 
shaped in a grating-based pulse shaper 
equipped with a programmable liquid-crystal 
modulator5. Shaped pulses are directed 
into a heated vapour cell containing either 
pure rubidium or a rubidium–caesium 
mixture, where they excite resonant two-
photon absorption. After passing through 
the cell, the pulses are reflected back for 
nonlinear interaction in the Doppler-free, 

FREQUENCY COMBS

Spatial coherent control
Combining concepts from Doppler-free spectroscopy, coherent quantum control and frequency comb 
spectroscopy leads to new opportunities for the precision excitation of atomic species with high resolution,  
both spectrally and spatially.
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Experiment Theory

counter-propagating geometry. Barmes et al. 
monitored the two-photon absorption 
yield at different points within the vapour 
cell by collecting and imaging the resultant 
fluorescence in the blue spectral region. 
By shaping the input pulses in different 
ways, they were able to control the spatial 
distribution of two-photon excitations in 
the gas.

These points are illustrated in Fig. 1, 
which shows the experimental demonstration 
of spatial coherent control. In Fig. 1a, a 
pair of transform-limited (unshaped) 
pulses interact in the counter-propagating 
geometry in a pure rubidium cell. The 
fluorescence image shows a narrow peak — 
corresponding to the position where the 
counter-propagating pulses overlap — on 
top of a broad background. Such an image is 
similar to what might be observed in intensity 
autocorrelation pulsewidth measurements 
based on two-photon fluorescence, as 
practiced in the early days of ultrafast 
optics. The broad background arises from 
the two-photon absorption associated 
with either the forwards- or backwards-
travelling beam acting individually, and is 
therefore not Doppler-free. The narrow peak 
associated with the counter-propagating pulse 
interaction is Doppler-free and has a width 
that is proportional to the pulse duration.

Figure 1b shows an example of the 
fluorescence image obtained when shaped 
pulses are used. In this case, the spectral 
phase is modulated according to a cosine 
function, which reshapes the time-domain 
intensity into a series of three main peaks, 
as pictured, while the pulse energy ideally 
remains constant. As demonstrated in 
quantum control studies in the late 1990s, 
ultrashort pulse excitation of a narrow 
two-photon resonance is extremely sensitive 
to symmetric spectral phase variations, of 
which the cosine modulation is an example6. 
For certain modulation amplitudes, such 
as the one selected here, the result is a ‘dark 
pulse’ that leaves the two-photon resonance 
completely unexcited. This eliminates the 
broad background in the fluorescence 
image, which is associated with single-
beam excitation and is sensitive to Doppler 
broadening. However, the combination of two 
such dark pulses with a nonzero delay is no 
longer dark and therefore permits excitation 
exclusively through the counter-propagating, 
Doppler-free pulse interaction. Different 
positions along the cell axis correspond to 
different relative delays and hence different 
excitation strengths. Barmes et al. show they 
can program the spatial excitation profile 
through their choice of pulse shape, with 
a spatial resolution proportional to pulse 
duration and with excellent correspondence 
between experiment and theory. 

In Fig. 1c, the spectral phase is modulated 
according to a sine function, which is anti-
symmetric. Ultrashort pulse excitation of 
a narrow two-photon resonance is known 
to be insensitive to such anti-symmetric 
spectral phase variations6. As a result, the 
fluorescence image is identical to that of 
a transform-limited pulse (Fig. 1a), and 
thus the broad background corresponding 
to single-beam excitation remains. An 
interesting point is that the time-domain 
intensity of waveforms shaped according 
to cosine- and sine-modulated spectral 
phase is very similar. However, the temporal 
phases are quite distinct. The pronounced 
difference between the fluorescence images 
of Fig. 1b and Fig. 1c clearly demonstrates 
the very strong dependence of this resonant 
nonlinear process to phase, which is one of 
the hallmarks of coherent quantum control. 

The sensitivity of two-photon processes 
to the spectral phase of ultrashort pulses 

has been known since the early 1990s. In 
early experiments, a simple frequency chirp 
and a spectral amplitude mask formed the 
equivalence of Fresnel zone plate, leading to 
‘spectral focusing’ of two-photon excitations 
in Rydberg atoms7. Subsequent research 
considered more general phase variations, 
including sine- and cosine-modulated 
spectral phase, demonstrated dark pulse 
behaviour6, and showed how related 
approaches could be applied to single-beam 
nonlinear microscopy2. The same principles 
also apply for coherent control of second-
harmonic generation (SHG) using shaped 
femtosecond pulses7. Concepts related to 
the dark pulses introduced for narrowband 
two-photon absorption were subsequently 
applied in broadband SHG experiments, 
where coherent control of the SHG spectrum 
was shown to enable high-sensitivity receivers 
for fibre communication experiments based 
on spectrally coded femtosecond pulses8. The 
effect of spectral phase on the SHG spectrum 
also forms the basis of a powerful, pulse-
shaper-assisted technique for measuring 
ultrashort pulses known as multiphoton 
intrapulse interference phase scanning9.

Barmes et al. have made a number 
of distinctive new contributions. By 
programming different symmetric 
phase variations and adding a counter-
propagating geometry, they are able 
to reshape and coherently control the 
spatial excitation profile while preserving 
the spatially integrated excitation. By 
performing experiments in a rubidium–
caesium mixture, they demonstrated the 
ability to excite the two species selectively 
with independent control of their spatial 
excitations, which, for instance, permitted 
the rubidium and caesium to be excited 
either in the same or different positions. By 
exploiting quantum control to eliminate the 
single-beam background, they isolated the 
Doppler-free signal with a high signal-to-
noise ratio, leading to a record accuracy in 
determining rubidium’s hyperfine constant. 
Furthermore, these experiments were all 
performed in above-room-temperature 
vapours. Previously, high-resolution 
spectroscopy and quantum control 
experiments in rubidium utilizing frequency 
comb sources relied on laser cooling to 
suppress Doppler broadening10.

The combination of spatial and spectral 
coherent control opens intriguing new 
horizons. Possibilities mentioned by 
Barmes et al. include selective excitation of 
specific trapped ions and spatially dependent 
photo-association or photo-disassociation 
of molecules. The spatial–spectral control 
techniques introduced by the group are also 
potentially compatible with femtosecond 
comb enhancement cavities11, which may 

Figure 1 | Spatial coherent control demonstrations 
in Barmes et al.4 for a transform-limited pulses 
and for shaped pulses with b cosine and c sine 
spectral phase modulations.  Each subfigure shows 
the intensity profiles of the counter-propagating 
pulses, the fluorescence image, and a line-out of 
the fluorescence image. 

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 



8 NATURE PHOTONICS | VOL 7 | JANUARY 2013 | www.nature.com/naturephotonics

news & views

provide dramatic sensitivity enhancements 
across a broad spectral band. ❒
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In the movie Star Wars, the Empire’s 
Death Star fires a laser beam that destroys 
Princess Leia’s home planet, Alderaan. 

Although no one’s cheering for the bad guys, 
this scene captures the imagination of every 
experimental laser physicist who has used 
their powerful laser to destroy a target. While 
laser ablation and laser cutting researchers get 
to have this kind of fun while doing serious 
science, it’s not such a good idea if you’re 
performing interferometry — using the phase 
coherence of light to measure an object’s size, 
movement or material properties.

During the process of optical 
interferometry, it’s usually considered 
undesirable to destroy or damage the sample 
with your laser. Typically, this isn’t a problem; 
most samples are robust and it’s easy to 
make precise measurements without too 
much disturbance if you choose the correct 
wavelength and optical power. But what if the 
object to be measured is so small or sensitive 
that even a tiny amount of light would alter 
or destroy it? This situation brings us to a 
fundamental trade-off in optical metrology: 
the signal-to-noise ratio increases with the 
flux of the probe beam, but so does the 
level of disturbance, until ultimately the 
latter dominates — perhaps destructively. 
Now, writing in Nature Photonics, 
Florian Wolfgramm et al.1 challenge this 
boundary by making an entanglement-
enhanced measurement of a sensitive 
sample — in this case, an ensemble of atoms. 

It has been known for a number of years 
that quantum entanglement — strong 
correlations between the states of quantum 
systems — can be used to improve the 
sensitivity of quantum measurements. 
Specifically, the enhancement represents an 
increase in the information obtained per 
unit photon passing through the sample. 

The archetypal entangled state for quantum 
metrology is the ‘NOON’ state2, in which N 
photons are superposed across two modes 
of an interferometer such that all go in one 
path and none in the other, or vice versa 
(Fig. 1). This system is like the famous 
Schrödinger’s cat, being in a superposition 
of two extreme states. The key feature of 
a NOON state is that the uncertainty in 
measuring the interferometer’s phase scales 
as 1/N instead of 1/√N, which would be the 
case for N single photons or for a laser pulse 
containing N photons. Although NOON 
states and other comparable entangled states 
have been demonstrated using small numbers 
of photons3, as have algorithms for optimally 
extracting their phase information4,5, it 
remains an ongoing challenge to scale up the 
entanglement to large-sized optical states.

Because NOON states extract maximal 
phase information per photon, it makes 
perfect sense to use them in a situation where 
minimal flux is required; that is, where the 
sample is easily damaged. The idea is to use a 
gentle touch so that the sample doesn’t ‘know’ 
that it is being probed. Wolfgramm et al. 
considered a cloud of rubidium atoms, 

although one may also imagine employing 
this approach with sensitive biological 
samples or photoreactive compounds. The 
atomic cloud can possess a precise and 
delicate quantum state that is easily degraded 
by an optical probe beam, just as a small pile 
of snowflakes will melt around your finger 
when you touch them.

The researchers then used quantum-
enhanced interferometry to probe the 
sample with minimal disturbance. Instead 
of an interferometer with two distinct arms, 
they measured the phase shift between 
co-propagating right- and left-circularly 
polarized light. Linearly polarized light can be 
expressed as an equal superposition of these 
two circular polarizations, and a phase shift 
between the two rotates the plane of the linear 
polarization. Measuring this rotation gives 
an accurate measurement of the phase shift. 
The differential phase shift between right- 
and left-circularly polarized components 
propagating through the cloud arises from 
the energy level structure and populations 
of the rubidium atoms in a magnetic field — 
that is, the collective spin — in an effect 
known as Faraday rotation. 

OPTICAL METROLOGY

A gentle touch
Light is an excellent tool for making precise measurements of objects, but can sometimes alter or damage a 
sensitive sample. Researchers have now shown that entanglement and quantum-correlated light can be used to 
help alleviate this problem.
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Figure 1 | Wolfgramm et al.’s set-up that uses a two-photon NOON state. Instead of being in different 
beams, the states were in the same beam but could be distinguished by their different circular 
polarizations. The sample was a collection of atoms that imparted a phase shift on the photons due to 
their spin and the Faraday effect.
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