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High-Quality 3-D Imaging with 
Multimegahertz OCT
Wolfgang Wieser, Benjamin R. Biedermann, Thomas Klein, 
Christoph M. Eigenwillig and Robert Huber

O ptical coherence tomography 
(OCT)1 is an imaging modality 

that can provide three-dimensional (3-D) 
information on the scattering properties 
of biological samples. However, the slow 
scanning speed of early-time-domain 
OCT systems in the range of 1,000 
depth scans per second usually limited 
OCT imaging to single 2-D frame 
acquisition protocols rather than full 
3-D volume acquisition. Between 2003 
and 2006, the introduction of Fourier-
domain-detection techniques2 for OCT 
has led to an increase in imaging speed. 
Depth scan rates of ~50-400 kHz are 
now possible,3-4 making it feasible to 
acquire entire 3-D volumetric data sets. 

However, even higher OCT imaging 
speed is desired, because it would help to 
reduce motion artifacts, enable volumet-
ric real-time imaging at video rates and 
allow for dense and isotropic sampling of 
large volumes. Such comprehensive large 
volume data sets may be used for absolute 
registration of the individual 2-D OCT 
frames, for large-area survey scans or for 
guiding and aiming subsequent medi-
cal procedures. Up until now, scientists 
debated whether it is possible to achieve 
high image quality at multimegahertz 
line rates due to limitations by shot noise, 
laser noise and reduced bit depth of avail-
able analog-to-digital converters.

We demonstrate the most recent 
increase in imaging speed,5 pushing 
the OCT line rate record of previ-
ously 370 kHz3 by a factor of more 
than 50: With a sustained rate of up to 
20.8 million depth scans per second, 
14,600 frames per second and one full 
volume in 25 ms (see fi gure), our system 
represents a breakthrough in high-speed 
OCT imaging. Despite being fast, it is 
still able to deliver high-quality OCT 
images due to a nearly shot noise-limited 
sensitivity of at least 98 dB and an axial 
resolution of roughly 10 µm in tissue. 

Th e high speed also opens the door to 
completely new volumetric averaging 
protocols for speckle reduction as well 
as future volumetric OCT at video rate. 

Our achievement is the result of 
systematically pushing swept-source 
OCT technology toward the limit: A 
specially developed high speed fi lter 
enabled us to build the fastest Fourier 
domain mode-locked (FDML) laser so 
far, running at a 5.2-MHz sweep repeti-
tion rate over an 80-nm tuning range at 
1,300 nm. Th e OCT imaging speed is 
further quadrupled for 3-D acquisition 
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by using four distinct imaging spots on 
the sample in parallel. 

A new design for a multispot interfer-
ometer uses both outputs of the buff ered 
FDML laser and thus makes better use 
of the available laser power. Special low-
noise, high-speed detectors, together with 
8-bit sampling at 4 3 2.5 GS/s, are used 
for data acquisition. Bidirectional scan-
ning reduces scanner-related dead times 
during acquisition to merely ~10 percent. 
A dedicated post-processing alignment 
and interpolation scheme removes bidirec-
tional scanning artifacts and seamlessly 
merges data from four spots into one 3-D 
volume. Th is work demonstrates the fea-
sibility of a transition from today’s kilo-
hertz to megahertz line rates in OCT. t

Th e publication was chosen to be highlighted in 
OSA’s Spotlight on Optics in July 2010. 
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Dual-phase apparatus and histograms of particle-detection events. (a) A microscope 
objective focuses light onto a nanometric channel, and particles flow past. Scattered light 
is collected by a dual-phase interferometer. (b) Histogram showing results from three dif-
ferent immobilized particles.
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A s we learn more about the effect 
of atmospheric nanoparticles on 

climate change1 and human health,2 
careful monitoring of these particles 
becomes crucial. Nanoparticles appear as 
pathogens in bioterrorism3 and as con-
taminants in manufacturing processes. 
In medicine, metallic nanoparticles can 
be used as cancer-fighting agents.4 An 
effective measurement system needs to 
be sensitive to small, single particles. If 
real-time detection is needed, the scheme 
should not require labeling the target 
particles with fluorescent molecules.

Elastic light scattering is convenient 
for label-free detection. Small particles 
scatter light only weakly, but phase-
sensitive interferometry can greatly 
increase measurement accuracy. Ampli-
tude and phase decoupling usually relies 
on heterodyne interferometry, in which 
a lock-in amplifier demodulates at a beat 
frequency between the reference and sig-
nal beams. Such detection systems tend 
to be large or electronically complicated 
due to their reliance on active optical 
elements, so deployment in the field or 
clinic is challenging.

We have recently developed an 
interferometric detection system that 
decouples amplitude and phase using 
two orthogonal, simultaneous measure-
ments using passive optical elements. We 
have shown sensitivity to single 30-nm 
Au particles.5 Light is focused on a 
nanometric channel etched in glass and 
filled with the particle solution. A par-
ticle takes about 1 ms to pass through 
the focus, scattering light as it goes. The 
light is collected with a dual-phase in-
terferometer, as shown in (a) of the fig-
ure. The optical signal is combined with 
a circularly polarized reference beam, 
and a polarizing beamsplitter directs 
the two orthogonal polarizations on to 
two detectors. Since the relative phase 
between reference and signal differs by 

90° at the two detectors, amplitude and 
phase can be decoupled.

The amplitude of the collected signal 
indicates the size of the particle and 
contains material information. By col-
lecting signals from many particles, we 
can construct histograms that represent 
the population of particles in a sample, 
as shown in (b) of the figure. In this 
experiment, three immobilized gold 
particles of different sizes are moved 
through the focus on a microscope 
coverslip. Decoupling amplitude and 
phase improves measurement precision 
drastically and effectively separates the 
peaks. The remaining width is due to 
electronic noise.

The microscope objective used to fo-
cus light on the channels can be replaced 
with an approximately hemispherical 
lens called a numerical aperture increas-
ing lens (NAIL) along with a small 
aspheric lens. Since the NAIL is only 
a few hundred microns in diameter, it 

provides even more scalability opportu-
nities. The dual-phase system is useful 
wherever label-free detection is necessary 
at a single-particle level. That includes 
samples with very low concentrations 
of contaminants, like ultrapure water 
in semiconductor manufacturing, or in 
medical studies in which species popula-
tions must be characterized. The simplic-
ity and scalable nature of the apparatus 
makes field deployment feasible for 
biodefense or atmospheric monitoring. t

Bradley Deutsch (bdeutsch@optics.rochester.edu), 
Ryan Beams and Lukas Novotny are with the Institute 
of Optics at the University of Rochester, N.Y., U.S.A.

References

1. S. Menon et al. “Climate effects of black carbon aerosols 
in China and India,” Science 297, 2250–3 (2002).

2. S.T. Holgate et al., eds., Air Pollution and Health, Aca-
demic Press, San Diego, 1999.

3. M.R. Hillman. “Overview: cause and prevention in bio-
warfare and bioterrorism,” Vaccine 20, 3055–67 (2002).

4. M.V. Yezhelyev et al. “Emerging use of nanoparticles in 
diagnosis and treatment of breast cancer,” Lancet Oncol. 
7, 657–67 (2006).

5. B. Deutsch et al. “Nanoparticle detection using dual-
phase interferometry,” Appl. Opt., in press.

Detecting Nanoparticles with  
Phase-Sensitive Interferometry
Bradley Deutsch, Ryan Beams and Lukas Novotny



30 | OPN Optics & Photonics News www.osa-opn.org

INTERFEROMETRIC IMAGING

light beams are routinely generated 
in laboratories, and spatially coherent 
X-ray beams have also been produced in 
recent years.5

Part (a) of the figure illustrates the 
usual layout used in X-ray diffraction 
experiments. The intensities of the 
diffracted X-ray beams are measured 
by square-law detectors D1 and D2. 
Part (b) illustrates the essence of the 
new method, which makes it possible 
to determine the intensities and also 
the phases of the diffracted beams. The 
detectors D1 and D2 are replaced by 
pinholes Q1 and Q2 in an opaque screen 
A, and X-rays that pass through them 
form an interference pattern on a plane 
B, parallel to A, some distance behind 

A lmost 100 years ago, Max Laue 
suggested that X-rays may be dif-

fracted by a crystalline medium.1 This 
was confirmed almost immediately by 
experiments. Henry Bragg and his son, 
William Lawrence Bragg, soon used 
this phenomenon to estimate structures 
of several crystalline solids from X-ray 
diffraction experiments. These inves-
tigations were the starting point of a 
technique that has found numerous ap-
plications in physics, chemistry, biology 
and medicine. 

Successful as this technique has 
been, its usefulness is limited by the fact 
that it provides no information about 
phases of the diffracted beams. However, 
for unambiguous determination of the 
structure of crystals, one must know 
both the amplitudes and the phases of 
the beams.* 

Recently, a solution of this “phase 
problem” was found,2,3 after it was 
pointed out that all previous treatments 
have made the unrealistic assumption 
that the X-ray beams are monochro-
matic. Actually, amplitudes and phases 
of the beams vary randomly in time. 
Quantities that are physically mean-
ingful, and that can be measured, are 
correlation functions, well known in 
coherence theory of light.4 The cor-
relation functions contain information 
about the amplitude and the phase of 
an average wave function of a diffracted 
beam and from their knowledge the 
crystal structure can be unambiguously 
determined, provided that the beams 
are spatially coherent—a property that 
must be distinguished from mono-
chromaticity.2,3 Spatially coherent 

Schematic of the usual arrangements for determining structure of crystalline solids by 
X-ray diffraction experiments (a), and of the new technique (b), which makes it possible to 
determine not only the amplitudes, but also the phases of the diffracted beams.
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Solution of the Phase Problem of  
X-Ray Crystallography
Emil Wolf

* The knowledge of the amplitudes alone has made it pos-
sible to determine the structures of some crystalline media, 
at least approximately. The importance of this technique 
is evident from the fact that 11 Nobel prizes in physics, 
chemistry, medicine and physiology have been awarded 
for such contributions.

it. From the fringe pattern, both the 
amplitudes and the phases of the dif-
fracted beams can be deduced. t
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Experimental setup for X-ray holography using HERALDO. An extended reference with 
sharp features (triangle corners) is placed in the vicinity of the object of interest (viewing 
window with iron/iron-oxide nanocubes). Three reconstructions are computed in closed-
form and combined to yield the fi nal image. A scanning transmission X-ray microscope 
(STXM) image is shown for comparison.

Fourier transform holography (FTH) 
has played an important role in 

coherent X-ray imaging,1 enabling, for 
example, quantitative imaging of mag-
netic domains at high resolution. With 
the advent of bright, short pulses from 
X-ray free-electron lasers (X-FELs), 
coherent diff ractive imaging enables 
femtosecond snapshots of dynamic 
phenomena with unprecedented tem-
poral and spatial resolution. However, 
the resolution of FTH is limited by the 
size of the point reference that can be 
fabricated. Although in principle the 
resolution can be improved through 
deconvolution, in practice an accurate 
knowledge of the complex-valued dis-
tribution of the point source is diffi  cult 
to obtain.

A generalization of FTH can be 
made by using a suitable extended 
reference (rather than a pinhole), and 
then using diff erential operators in the 
reconstruction procedure, a technique 
we term holography with extended 
reference by autocorrelation linear 
diff erential operation (HERALDO).2 
For HERALDO, the phase of the 
fi eld diff racted by the object is encoded 
through interference with a bound-
ary wave arising from a sharp feature 
on the extended reference. Th is added 
fl exibility permits us to use structures 
that are naturally sharp, such as crystal 
corners or thin nanotubes, to improve 
resolution.

Using a lithographically fabricated 
mask, we have recently shown that 
HERALDO can achieve superior 
resolution over FTH with comparable 
signal-to-noise ratio in the reconstruc-
tion.3 We also show that the imaging 
performance of HERALDO compares 
favorably with iterative phase retrieval4 
and with state-of-the-art X-ray zone-
plate microscopes, for a low-contrast 

sample consisting of iron/iron-oxide 
nanocubes of 18 nm in size.3 

We further demonstrated the capa-
bility of improving image resolution 
beyond the reference fabrication limita-
tion by combining reconstructions 
arising from diff erent sharp features of 
the same reference. More recently, good 
quality reconstructions were obtained 
from a table-top high-harmonic source 
with a single pulse of 20 fs,5 which 
demonstrates the eff ectiveness of 
HERALDO in single-shot scenarios, 
a crucial capability for imaging us-
ing the new X-FELs. Because of the 
fl exibility in choosing the reference 
structure and its simple, closed-form 
reconstruction, HERALDO off ers an 
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attractive platform for X-ray coherent 
diff ractive imaging. t
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