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XFEL sources, capable of meeting the huge 
demand for XFEL usage from academic 
and industrial fields. This requires great 
advances in the development of extremely 
high gradient (~GV m–1) accelerators based 
on laser plasma wakefield acceleration14 
or dielectric laser acceleration15, as well 
as ultrashort period undulators. One of 
the key challenges in these schemes is 
to develop advanced high-power lasers. 
These lasers may also be useful for existing 
XFEL and synchrotron radiation sources 
to improve longitudinal coherence or 
to enhance the output powers. Another 
challenge is the design of very high 
repetition rate XFEL sources with extremely 
narrow bandwidths in the millielectronvolt 

range. Towards this direction, an XFEL 
Oscillator (XFEL-O) scheme that combines 
a high-repetition-rate linac, an undulator 
and an X-ray optical cavity has been 
proposed16. Alternatively, the linac may 
be substituted by a DLSR source, if it is 
possible to suppress the undesired influence 
of energy spread of the electron beam 
circulating in the storage ring. This type of 
scheme, a ring-based XFEL source, could 
become a promising research target as a 
post-DLSR source. ❒
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Optical microscopy aims deep
Sylvain Gigan

A new set of imaging techniques that take advantage of scattered light may soon lead to key advances in 
biomedical optics, providing access to depths well beyond what is currently possible with ballistic light.

Biomedical optics — from fluorescence 
microscopy to diffuse optical 
tomography and photoacoustics — 

has witnessed tremendous progress 
in the past decade, driven both by the 
refinement of optical techniques and by the 
development of new contrast mechanisms. 
One of the most exciting examples of such 
advances is probably the emergence of 
optogenetics in the field of neuroscience. 
There, progress in optical microscopy1, 
combined with the development of new 
genetic markers that can make specific gene 
populations optically active, has provided 
neuroscientists with a powerful means to 
better understand brain behaviour2. Given 
such promising developments, what is to 
be expected of biomedical imaging in the 
years to come?

In comparison with other imaging 
techniques (such as magnetic resonance 
imaging, echography and X-rays), optical 
approaches offer high sensitivity and 
a wealth of endogenous or exogenous 
contrast mechanisms (such as Raman and 
fluorescence) with the addition of very high 
spatial resolution. The latter is determined 
by the wavelength of incident light: in the 
visible and near-infrared range, microscopy 
routinely gives access to submicrometre 
spatial resolution. This resolution scale is 
by no means a fundamental limit, as shown 

by progress in the growing field of super-
resolution microscopy, with techniques 
such as stimulated emission depletion 
microscopy or structured illumination 
microscopy, to cite just two examples3. 
High spatial resolution is of paramount 
importance to investigate the nanoscopic 
behaviour of the machinery found in cells. 
Another key advantage of optical methods 
is the possibility to probe biomedical 
samples mostly without damage, in vivo 
or in vitro, as opposed to approaches 
using X-rays and electrodes, or electron 
microscopy.

A deep bottleneck
Many high-resolution microscopy 
techniques work well on thin and nearly 
transparent samples, but in most realistic 
scenarios it is important to obtain 
information at depth within in vivo 
tissue samples. Unfortunately, biological 
tissues are heterogeneous at all length 
scales: the resulting heterogeneities of the 
refractive index affect light propagation 
through tissue, and induce perturbations 
of the light wavefront, conventionally 
described as aberrations (for large-scale 
fluctuations) and scattering (in the case 
of short-range fluctuations). To mitigate 
these undesired effects, there is a strategy 
that consists of the removal of scattered 

light by selecting only ballistic photons 
unaffected by scattering. Optical coherence 
tomography, confocal microscopy, 
multiphoton microscopies and some 
structured illumination techniques provide 
this capability. A second, complementary 
strategy originates from astronomy 
and is based on adaptive optics. It takes 
advantage of an active element such as a 
deformable mirror to compensate for weak 
aberrations due to the surface curvature 
of the considered tissue sample4. This 
second approach significantly boosted 
the resolution and penetration depth of 
ballistic imaging techniques.

Nevertheless, strategies that exploit 
ballistic photons suffer from the so-called 
curse of depth due to the Beer–Lambert 
law: the number of ballistic photons 
decays exponentially with depth, with a 
characteristic length corresponding to the 
mean free path (typically of the order of 
50–100 μm in tissues in the visible and 
near-infrared range). Only a few ‘heroic’ 
experiments with ballistic light could 
reach slightly beyond 1 mm in depth; 
most techniques are still limited to a 
few tens to a few hundred micrometres 
in depth, limiting the investigations to 
surface or sub-surface imaging5 (Fig. 1). 
A radical solution known as CLARITY — 
valid only for fixed tissues — has been 
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recently discussed: it hinges on removing 
scattering in tissue by replacing some of 
its components with an index-matched 
material, effectively making tissues 
transparent6. However, it is crucial to 
note that light is not lost at depth — it 
undergoes multiple scattering. This 
scattered light penetrates diffusively 
and very deep into tissues, and it can 
still be exploited, as is done in diffuse 
optical tomography or photoacoustics7. 
Unfortunately, the resolution of these 
techniques still ranges from a few hundred 
micrometres to the centimetre range, 
which is orders of magnitude above the 
optical diffraction limit.

A little help from mesoscopic physics
New insights came from the unexpected 
field of mesoscopic physics, which describes 
waves in disordered systems. In this area, 
it is well known that scattering is a highly 
complex yet linear and deterministic 
process; as such, it does not destroy 
coherence, even in the multiple scattering 
regime. Scattered coherent light gives 
rise to a complex interference image with 
diffraction-limited features known as 
speckles. About ten years ago, it was shown 
that it is possible to control speckles in the 
multiple scattering regime using spatial 
shaping of the incident light. Coherently 
manipulating the speckles by controlling 
the incident wavefront with a spatial light 
modulator (SLM) made it possible to 
generate very bright diffraction-limited 
focal spots at depths well beyond what could 
be conceived with ballistic light (Fig. 2). 
This type of approach combined insights 
from research fields such as optical phase 
conjugation, acoustic imaging, radars and 
microwaves8, and raised a strong interest 
from the biomedical optics community. 
Nevertheless, some questions remained 
unanswered: how to focus inside, rather 
than through a medium? How to perform 
measurements fast, given that tissue is prone 
to movement and speckles decorrelate in 
milliseconds? In summary, how to develop 
a practical toolbox for optical microscopy? 
Thanks to a dynamic research community 
determined to actively address such pressing 
challenges, various experiments have tackled 
these problems during the past few years; 
still, they have done so separately9.

The future of optical microscopy
With many technical fundamental hurdles 
individually overcome, the community 
is growing more confident that optical 
microscopy is well poised to take control 
over the multiple scattering regime.

No universal or unique solution has 
emerged, however, and it now seems 

that no isolated technique will dominate. 
Instead, it seems that the concept of 
wavefront manipulation in the multiple 
scattering regime is a pervasive concept, 
with the potential to open new horizons 
for nearly all optical techniques. Therefore, 
we can expect it to have an influence on 
multiphoton fluorescence microscopy, 
super-resolution imaging, light delivery, 
optical trapping and manipulation, 
Raman microscopy, photoacoustics and 
endoscopy, among others. It may also 
give rise to original and unexpected 
imaging techniques, as suggested by 

the combination of acoustics and optics 
witnessed in recent years9.

What are the next frontiers that must 
be explored for such prospects to become 
real? Three aspects are likely to be of 
crucial importance.

The first one is technical: until now, 
the community has been relying on 
existing hardware, mainly commercial 
liquid crystals and SLMs based on 
microelectromechanical systems, with 
strong limitations in terms of speed or 
performance for applications where tissues 
evolve over millisecond timescales and 
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Figure 1 | Depth penetration versus spatial resolution for some of the most widespread biomedical imaging 
techniques. STED, stimulated emission depletion; PALM, photoactivated localization microscopy; SIM, 
structured illumination microscopy; SOFI, super-resolution optical fluctuation imaging; 2PFM, two-photon 
fluorescence microscopy; OCT, optical coherence tomography; OCM, optical coherence microscopy; 
DOT, diffuse optical tomography; PAT, photoacoustic tomography. Wavefront shaping opens the exciting 
prospect of exploring the upper left corner of the graph, which corresponds to a deep imaging capability with 
micrometre or submicrometre resolution. Figure adapted from ref. 5, Nature Publishing Group.
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Figure 2 | Principle of wavefront shaping in disordered media. a, Without shaping, light is scattered when 
propagating through a turbid medium such as tissue. b, By appropriately shaping the incident light field 
with an SLM, for example, it is possible to re-form a diffraction-limited focus at depth, thus extending the 
operating principles of microscopy to the deep multiple scattering regime. Figure reproduced from ref. 9, 
Nature Publishing Group.
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where the complexity of scattering requires 
the highest possible degree of control. 
There is a need for dedicated hardware 
that may now be worth developing, given 
the bright prospects of the field. One can 
already cite recent efforts towards merging 
an SLM and a camera into a single device10, 
or developing thin endoscopes made of 
multimode fibres that can carry both light 
and ultrasound11.

The second aspect is fundamental: it is 
necessary to better understand the complex 
physics of light propagation in tissues 
beyond a full multiple scattering regime 
model, where mesoscopic theory provides 
a suitable description but also comes with a 
rather pessimistic view. Indeed, in the first 
few millimetres of tissue, ballistic photons 
disappear, but light has not yet fully 
undergone isotropic multiple scattering: in 
this regime, the multiscale nature of tissue 
heterogeneity is paramount to accurately 
describe light scattering. We thus expect 
other interesting effects to be revealed, 
and in turn bring new opportunities for 
more efficient imaging approaches. For 
instance, unexpected spatial or polarization 

correlations of scattered light were recently 
reported in the literature12,13.

Finally, computational optics concepts 
(such as phase retrieval, compressive 
sensing and light field imaging) have 
proved extremely useful to better analyse 
the information carried by scattered 
light (in neuroscience14, for example), or 
to significantly improve imaging speed, 
depth and resolution15. It is likely that 
computational methods will become an 
inescapable tool in deep optical microscopy 
techniques, efficiently complementing a 
purely physical approach.

To conclude, it is important to note that 
going deeper is by no means an incremental 
progress over existing achievements in 
optical microscopy. As an illustration, 
present optogenetics techniques give 
access, in rodents, to only a fraction of the 
cortex thickness. Being able to monitor 
and optically control brain activity through 
the whole cortex, and possibly through 
the skull16, would represent a revolution in 
neuroscience. While the specific applications 
that will result from new imaging techniques 
are difficult to predict, the next decade 

is expected to bring deeper insight into 
biomedical optics. ❐
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Extreme terahertz science
Xi Cheng Zhang, Alexander Shkurinov and Yan Zhang

In the future, sources of intense terahertz radiation will open up an era of extreme terahertz science featuring 
nonlinear light–matter interactions and applications in spectroscopy and imaging.

The far-infrared region of the 
electromagnetic spectrum 
(0.3–10 THz), known as the THz 

frequency band, is a spectral window 
with rich scientific opportunities, but is, 
at present, served by limited technology. 
The region has long been considered 
the last remaining scientific gap in the 
electromagnetic spectrum, which is 
underdeveloped but ripe for exploitation.

This field shows great promise 
for a variety of reasons. First, many 
molecules have structural absorption 
resonances at these frequencies, making 
THz spectroscopy a unique tool for 
investigating matter. Second, the THz 
range constitutes the ultimate limit of 
operation for high-frequency electronics. 
Third, the oscillation period of THz waves 
corresponds to the timescale of elementary 
chemical reactions, weak collective 

Image plane

Sample

THz

X-ray

∆τ

Figure 1 | Conceptual illustration of a pump–probe experiment employing a THz pump and an X-ray 
probe for time-resolved nanoscale imaging. The idea is to use the THz pulse as a pump to modify the 
atomic structure of a target and then capture an image of the atomic structure by X-ray scattering.  
Δτ is the timing between the X-ray pulse and the THz pulse.
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