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Invited talks
Sensing beyond the standard limits
Ulrik L. Andersen*
Department of Physics, Technical University of Denmark, Fysikvej, DK-2800 Kongens Lyngby,
Denmark
*Corresponding author: ulrik.andersen@fysik.dtu.dk
Gravitational waves – ripples in the fabric of space-time – were measured for the first time in 2016 using
huge and extremely sensitive optical interferometers at LIGO [1]. This measurement validated a 100 year old
theory by Einstein and the discovery was recently rewarded the Nobel prize. The gravitational wave
interferometers are extremely sensitive and their performances are limited by the quantum fluctuations of the
probing light. Therefore, by controlling the quantum fluctuations of light, it is possible to further enhance the
sensitivity of the LIGO interferometer as well as other optically based interferometers [2,3]. A particular
interesting quantum light source for improving interferometry is the squeezed state of light which has been
generated in the optical laboratory since 1985, and has been employed in various applications within sensing
and quantum information processing [4]. Today, squeezed light is the only practical source of sensing that
brings the sensing capabilities beyond the standard classical limits as for example demonstrated by the
attained quantum-enhanced sensitivity of gravitational wave interferometers [4]. In this talk, we will discuss
the application of squeezed light opto-mechanics. Using squeezed light it is possible to sense the vibrational
modes of a micro-mechanical oscillator with a precision that goes beyond the standard sensitivity levels, and
thereby 1) obtain quantum-enhanced cooling of the oscillator via real-time feedback [5] and 2) obtain
quantum-enhanced magnetometry. The results of these experiments will be presented in the talk.
References:
[1] Observation of Gravitational Waves from a Binary Black Hole Merger, LIGO Scientific Collaboration
and Virgo Collaboration ". Phys. Rev. Lett. 116 (6): 061102 (2016).
[2] Enhanced sensitivity of the LIGO gravitational wave detector, T. L. S. Collaboration, Nature Photonics 7,
613 (2013).
[3] Squeezing more out of LIGO, Ulrik. L. Andersen, Nature Photonics 7, 589 (2013)
[4] 30 years of squeezed light generation, Ulrik L. Andersen, Tobias Gehring, Christoph Marquardt, Gerd
Leuchs, Physica Scripta 91, 053001 (2016).
[5] Quantum enhanced feedback cooling of a mechanical oscillator using nonclassical light, Clemens
Schäfermeier, Hugo Kerdoncuff, Ulrich B. Hoff, Hao Fu, Alexander Huck, Jan Bilek, Glen I. Harris,
Warwick P. Bowen, Tobias Gehring, Ulrik L. Andersen, Nature Communications 7, 13628 (2016).
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Detection of glaucoma using high-resolution OCT
Patrick Bowen*
NKT Photonics A/S, Blokken 84, DK-3460 Birkerød, Denmark
*Corresponding author: pabo@nktphotonics.com
Glaucoma is a degenerative disease that causes a slow loss of vision and eventual blindness. It is currently
the 2nd largest cause of blindness in the world, affecting both developed and developing countries. This
stems from the lack of systems that can effectively diagnose glaucoma in its early stages with many people
reaching irreversible vision damage before the glaucoma is detected. The Galahad project aims to improve
glaucoma diagnosis using an optical coherence tomography (OCT) system that can resolve small
degradations in the retinal nerve fibre layer, and in this way, catch glaucoma in its early stages before any
damage has occurred. This will be achieved through imaging of the macular where a gradual thinning of the
nerve fibre layer has been associated with glaucoma.
The imaging process in question is a type of low-coherence interferometry that uses a supercontinuum light
source injected into a Michelson interferometer. Here, one arm of the interferometer is directed into the eye
causing the spectrum from the resulting interference pattern to correspond to a 1D image of the eye. This can
then be repeated to generate cross-sectional or even 3D images. In Galahad, a significant challenge will be
increasing the spectral width and noise stability of the system, to give a resolution and contrast high enough
to resolve small changes in layer thicknesses of the image. To address this problem, a new NKT laser source
is being developed using ultra-short pulse durations (100 fs) to pump an all-normal-dispersion microstructured fibre.
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High-Capacity Transmission Using High-Density Multicore Fibers
Toshio Morioka*
DTU Fotonik, Technical University of Denmark, Ørsteds Plads, Bldg. 343, 2800 Kgs. Lyngby, Denmark
*Corresponding author: tomo@fotonik.dtu.dk
Abstract: Recent developments of transmission technologies based on space-division multiplexing are
described with future perspectives towards E bit/s transmission.
Over the last few decades, optical communication technologies have enabled a continuous increase in
transmission capacity per fiber by more than four orders of magnitude, driven by such major technological
innovations as ultrafast time-division multiplexing (TDM) electrical circuits, wavelength-division
multiplexing (WDM)/Erbium-doped fiber amplifiers (EDFAs) as well as digital coherent technology as
shown in Fig.1. They actually have increased the capacity from 400 Mbit/s to 8 Tbit/s per fiber. If we assume
that the data traffic continues to increase at an annual rate of 40-50 % per year, a capacity increase by four to
five orders of magnitude is expected for the next thirty years although the present optical communication
systems based on single-mode fibers (SMFs) have a fundamental capacity limit of around 100 Tbit/s per
fiber.
This talk reviews innovative research efforts to meet this challenge. Firstly, physical limits of the present
optical communication systems are briefly identified. Secondly, recent progress in SDM technologies
enabling more than Pbit/s transmission using high-density multicore fibers (MCFs) is reviewed. Lastly,
future perspectives towards more capacity are described.

Fig. 1. Evolution of optical transmission technologies.
References:
[1] E. B. Desurvire, “Capacity Demand and Technology Challenges for Lightwave Systems in the Next Two
Decades,” J. Lightwave Technol.Vol.24, No.12, 4697-4710 (2006).
[2] T. Morioka, “New Generation Optical Infrastructure Technologies: “EXAT Initiative: Towards 2020 and
Beyond,” OECC 2009, FT4 (2009).
[3] R.-J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini, and B. Goebel, “Capacity limits of optical fiber
networks,” J. Lightwave Technol., Vol. 28, No. 4, pp. 662–701, (2010).
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Novel lasers and optical switches based on Fano resonances in photonic crystals
Jesper Mork*, Yi Yu, Dagmawi Bekele, Kristoffer S. Mathiesen, Thorsten S. Rasmussen, Elizaveta
Semenova, Luisa Ottaviano, Aurimas Sakanas, and Kresten Yvind
DTU Fotonik, Dept. of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby,
Denmark
*Corresponding author: jesm@fotonik.dtu.dk
The rich physics of Fano resonances [1] has recently been explored in a number of different photonic and
plasmonic systems [2], [3]. In two-dimensional photonic crystal structures, where a thin semiconductor
membrane is embedded in air, Fano resonances can be realized by side-coupling a point-defect nanocavity
with a line-defect waveguide [4]. Such Fano resonances can be exploited to realize efficient all-optical
switches [5], non-reciprocal elements [6], or lasers that can generate short optical pulses [7,8,9].
The properties of the Fano resonance can be exploited for different applications. Thus, the fast transition
between maximum and minimum transmission can be used to realize switches, requiring much less energy
than conventional switches [4,5]. The Fano resonance can also be used as a laser mirror [7]. In comparison to
standard line-defect lasers implemented in the same membrane structure [10], the Fano laser wavelength is
pinned by the nanocavity resonance, independently of the laser cavity length. In the case where the
nanocavity also incorporates quantum dots, it turns out that the laser undergoes a transition to self-pulsing,
with pulsewidths on the order of 10 ps and repetition rates in the gigahertz region [9]. Theory presented in
[8], indicates that such photonic crystal Fano lasers may have intrinsic modulation bandwidths exceeding 1
THz.
In the presentation we will emphasize the physics of these novel structures as well as the models that have
been developed based on coupled-mode theory to understand the dynamics and design the structures.
References:
[1] Fano, U., “Effects of configuration interaction on intensities and phase shifts,” Phys. Rev. 124, 1866
(1961).
[2] Miroshnichenko, A.E., Flach, S. & Kivshar, Y.S, “Fano resonances in nanoscale structures,” Rev. Mod.
Phys. 82, 2257 (2010).
[3] Luk'yanchuk, B. et al., “The Fano resonance in plasmonic nanostructures and metamaterials,” Nature
Mater. 9, 707 (2010).
[4] Heuck, M., Kristensen, P.T., Elesin, Y. and Mork, J, “Improved switching using Fano resonances in
photonic crystal structures,” Opt. Lett. 38, 2466 (2013).
[5] Yu, Y., M. Heuck, H. Hu, W. Xue, C. Peucheret, Y. Chen, L. K. Oxenlowe, K. Yvind, and J. Mork,
"Fano resonance control in a photonic crystal structure and its application to ultrafastswitching," Appl. Phys.
Lett., 105, 061117 (2014).
[6] Yu, Y., Y. Chen, H. Hu, W. Xue, K. Yvind, and J. Mørk, “Nonreciprocal transmission in a nonlinear
photonic-crystal Fano structure with broken symmetry,” Laser & Photonics Reviews, 9, 241 (2015).
[7] Yu, Y., Xue, W., Semenova, Y., Yvind, K, and Mork, J., “Demonstration of a self-pulsing photonic
crystal Fano laser, ”Nature Photon. 11, 81 (2017).
[8] Mork, J., Chen, Y., and Heuck, M. “Photonic crystal Fano laser: terahertz modulation and ultrashort
pulse generation,” Phys. Rev. Lett. 113, 163901 (2014).
[9] Rasmussen, T. S., Yu, Y., and Mork, J. “Theory of Self-pulsing in Photonic Crystal Fano Lasers,” Laser
Photon. Rev., 11, 1700089 (2017).
[10] Xue, W.Q. et al., “Threshold characteristics of slow-light photonic crystal lasers,” Phys. Rev. Lett. 116,
063901(2016).
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The European XFEL - the world’s biggest X-ray laser, and what it can do
Martin Meedom Nielsen*
Department of Physics, Technical University of Denmark, 2800 Kgs. Lyngby
*Corresponding author: mmee@fysik.dtu.dk
The field of X-ray science is transforming. New Free Electron X-ray Laser (XFEL) sources are providing
capabilities never seen before, and with the inauguration September 1st of the European XFEL, Denmark has
become partner in the world’s most powerful X-ray laser. It is also the world’s first hard X-ray laser facility
based on superconducting accelerator technology and delivers an unprecedented X-ray beam to the user
community with a high repetition rate and extreme peak brilliance. By next year, all six instruments will be
available to the users covering a wide range of scientific fields, including atomic and molecular physics,
physical chemistry, biology, and condensed matter physics.
In this talk I will discuss the XFEL machines, and show a few examples of our experience from 7 years of Xray XFEL experiments. A common theme in our work has been tracking ultrafast energy and charge transfer
in solvated metal complexes and the interaction between solute and solvent. An example is shown in the
figure below [1].

Through XFEL experiments, we could track the sub picosecond light-induced motion of a photocatalytically
active molecule and the structural response of the solvent to the changes in the molecular structure, shedding
light on the atomistic mechanistic processes of solvation, and providing some small steps towards the dream
of charting chemical reactions. The European XFEL provides the time resolution and X-ray energies,
necessary to monitor chemical reactions as they progress through a number of reaction intermediates from
short-lived far-from equilibrium states, towards equilibrium.
References:
[1] Tim B. van Drieln et al, “Atomistic characterization of the active-site solvation dynamics of a model
photocatalyst,” Nature Communications 7 (2016).
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Open Entrepreneurship - Opportunities for Photonics Start-ups and Corporate
Innovation
Jes Broeng*
*Corresponding author: jesbo@fotonik.dtu.dk
In Denmark, we have excellent and leading photonics researchers with a long tradition of collaboration with
industry. In this talk, we will focus on a new initiative, Open Entrepreneurship. The initiative further
strengthens the universities ability to bring value to industry and vice versa in terms of tech-transfer - by
matching research teams with experienced and external entrepreneurs to create more sustainable
businesses. These can either be entrepreneurial (spinout or startup company) or intrapreneurial (within the
university, company or organization). The Open Entrepreneurship is a collaborative initiative with Danish
partner universities including Aalborg University, Aarhus University, IT University of Copenhagen &
Technical University of Denmark, and with Californian UC Berkeley as a the strategic partner. A significant
fact that sets Open Entrepreneurship apart from other entrepreneurial programs is that the initiative is
embedded directly in the cutting-edge research environments. The initiative aims to create and capture as
much value as possible of the research done at the participating universities by matching researchers with
seasoned entrepreneurs and business angels. These professionals (who traditionally are external to the
universities) are invited directly into the lab environment and may become co-founding team members for
the research based start-ups, typically in a role as CEO or co-founding board member.
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Photodynamic diagnosis and diode laser treatment of non-invasive bladder
tumours - an ongoing clinical RCT
Marie Schmidt Erikson1*, Karin Mogensen1, Gregers Gautier Hermann1.
1

MedicoOptic Center, Urological Department, Herlev and Gentofte Hospital.
*Corresponding author: marieserikson@dadlnet.dk

Approximately 1000 patients in Denmark are each year diagnosed with non-invasive bladder tumours. The
tumours are detected with cystoscopy of the bladder and are removed by endoscopic resection under full
sedation of the patient in the operating theatre. The bladder tumours often relapse and are a burdensome
disease for the patients, which are fragile due to older age. Optimal imaging techniques like photodynamic
diagnosis are crucial for visualizing the tumours and for a high tumour clearance rate. To ease the burden for
these patients, this trial investigates whether bladder tumours can be removed by diode laser treatment while
patients are awake with equal efficacy as the golden standard, which is tumour resection under full sedation.
248 patients with non-invasive bladder tumour are randomized for either outpatient laser treatment or tumour
resection in the operating theatre. Every patient is examined with white light cystoscopy and photodynamic
diagnosis. Patients randomized for laser treatment is also examined with further image enhancement
modalities. The laser treatment is performed with a 980 nm diode laser.
If diode laser treatment is proven effective, substantial resources could be spared for the patients with noninvasive bladder tumours and the urological departments. White light cystoscopy and photodynamic
diagnosis is well documented imaging techniques in bladder tumour diagnosis and treatment. This study will
show, if further imaging techniques can increase tumour detection and clearance rate.
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Development of compact Terahertz emitter arrays
Christian Buhl Sørensen*
Institute for Materials and Production at Aalborg University
*Corresponding author: cbs@nano.aau.dk
Terahertz radiation (30um-3mm in wavelength) lies in a part of
the electromagnetic spectrum that is difficult to generate, but has
many interesting applications.
Terahertz spectroscopy can, e.g. be used for security applications
like detection of explosives or controlled substances, as well as
for more benign applications like quality control in the food and
plastics industries, so the motivation is broad.
The work in Aalborg currently focuses on one primary challenge
for mobile applications; to reduce size, weight and power
(SWAP) of coherent terahertz emitters, while increasing the
output power. Our approach is to use conventional
microfabrication methods to make dense arrays of photomixer
emitters. Issues arise with the out-coupling efficiency, but the
long wavelength of the radiation enables graded index substrate
lenses, also fabricated with conventional deep dry etching.
We will present simulations, initial results and design considerations for antennas and larger arrays in our
system.
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Adapting optical technologies: Archaeology
Mathias C. Broch*
De Kulturhistoriske Museer i Holstebro Kommune, University of Copenhagen, The Saxo Institute
*Corresponding author: Mathias.broch@kulmus.dk
In this paper I will focus on some of the dilemmas archaeologist have been dealing with for centuries, and
how optical technologies has been used to increase accuracy, decrease workloads, detect new aspects of past
activity and use this new data to improve the understanding of world heritage.
The presentation will attempt to cover a broad range of adapted technologies to illustrate the range of
possibilities for interdisciplinary approaches to the past. New ways to use optical techniques for
archaeological purposes are continually being presented around the world, so this paper does by no means
cover all the tried adaptations, but will hopefully work as a source of inspiration for future alternative
adaptations of optical technologies.
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Oral contributions
Thermal noise in PPLN up-converter
A. Barh*, P. Tidemand-Lichtenberg, and C. Pedersen
DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark
*Corresponding author: ajaba@fotonik.dtu.dk
Applications in mid-infrared (MIR: 2- 15 µm) spectral domain are diverse, ranging from precise molecular
spectroscopy, health science to astronomical studies [1]. The primary requirements are MIR- (a) efficient
light sources, (b) optical components, and (c) sensitive detectors. Though MIR source technology is growing
fast with the advancement of SuperK, QCL, OPO technologies, low noise detection at MIR is still a
challenging issue compared to their vis-NIR counterpart. Direct detection based MCT or InSb detectors are
available, however they require cryogenic cooling to suppress the ambient thermal noise. Alternatively,
conventional Si-detector can be used when the MIR wave is translated to NIR domain (< 1 µm) by means of
frequency conversion. This technology is growing faster today and popularly known as upconversion
detection (UCD) [1, 2]. Si-detector at the end makes UCD suitable for low noise detection of IR radiation
even at room temperature operation.
In general, frequency conversion is carried out in an optically transparent nonlinear media to avoid any
losses. However, in reality it’s a challenge to find the ideal material which simultaneously possesses high
nonlinearity, transparent over wide spectral range
(covering MIR, signal and pump), the ability to phase
match the nonlinear process, robust, suitable for mass
production and so forth. In the 2 – 5 µm range (known
as functional group regime), one such conventional
material is lithium niobate, which has been
successfully used over past decades in all kind of 2nd
order nonlinear processes (OPO, SHG, DFG, SFG). Its
transmittance at long wavelength falls off ~ 3.6 µm.
However, the thermal noise originating from the
blackbody radiation in the material itself (while
operating > 3.6 µm range) has been ignored so far.
Fig. 1. Experimentally measured upconverted thermal noise
This could be a deciding factor while calculating noise spectra at different temperature (T) of PPLN for a CW
missing beam power of 60 W. Integration time is 0.8 sec.
equivalent power (NEP) of the UCD. Thus, it is an
extremely important issue when designing a broadband and highly efficient frequency converter system.
In this contribution, I shall discuss this intrinsic thermal effect and fundamental limit of the NEP using the
example of a periodically poled lithium niobate (PPLN)-based highly sensitive broadband UCD. The results
including rigorous theoretical analysis and careful measurements of the noise (for ex. see Fig. 1) will be
presented in detail.
Funding: Innovation Fund Denmark through the ShapeOCT grant No. 4107-00011A.
References:
[1] J. S. Dam, P. Tidemand-Lichtenberg, and C. Pedersen, Nat. Photonics 6, 788 (2012).
[2] A. Barh, C. Pedersen, and P. Tidemand-Lichtenberg, Opt. Lett. 42, 1504 (2017).
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Non-destructive testing of layer-to-layer fusion of a 3D print using ultrahigh
resolution optical coherence tomography
Michael Maria1,*, Niels Møller Israelsen1, Thomas Feuchter2, Adrian Podoleanu3, and Ole Bang1,2
1

Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
2

3

NKT Photonics A/S, Blokken 84, DK-3460 Birkerød, Denmark

Applied Optics Group, School of Physical Sciences, University of Kent, Canterbury CT2 7NH, United
Kingdom
*

Corresponding author: mma@nktphotonics.com

Within the last decade 3D printing has moved from a costly approach of building mechanical items to the
present state-of-the-art phase where access to 3D printers is now common, both in industry and in private
places. The plastic printers are the most common type of 3D printers providing prints that are light, robust
and of lower cost.
When printing a structure, the robustness of the material is only maintained if each layer printed is properly
fused to its neighboring layers. In situations where the printed components have a key mechanical role there
is a need to characterize the quality of the explicit print which may only be revealed by in-depth testing in
order to discover unwanted air-gaps in the structure.
Optical coherence tomography (OCT) is an in-depth imaging method that reaches high axial resolution in the
micrometric range by using white light interferometry. The main applications of OCT are within the
biomedical imaging world with for example eyes imaging, skin cancer detection or cardio-vascular imaging.
However, a new trend tends to appear in the OCT community with more and more application of OCT
systems to Non-Destructive Testing (NDT) of different material.
We report here, on volume imaging of a 3D printed block made with 100% PLA fill by employing ultrahigh
resolution OCT (UHR-OCT). We show that some parts of the PLA volume reveal highly scattering
interfaces which likely correspond to transitions from one layer to another. In doing so, we document that
UHR-OCT can act as a powerful tool to detect fractures between layers stemming from insufficient fusion
between structure layers which can serve as an important characterization method. Also, we show that
imperfections (gaps/holes) in the 3D printed structure appear almost all the time especially at the edges of the
structure. We propose in that presentation a description of this two types of issues using UHR-OCT.
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High-sensitivity measurement of cardiac troponin I with UV LED excitation for
point-of-care immunoassay
Olga Rodenko*, Susann Eriksson, Peter Tidemand-Lichtenberg, Carl Peder Troldborg, Henrik
Fodgaard, Sylvana Van Os, and Christian Pedersen
*

Corresponding author: olro@fotonik.dtu.dk

High-sensitivity measurement of cardiac marker troponin is critical for acute myocardial infarction (AMI)
diagnosis. We report on preliminary tests of troponin measurement on an immunoassay analyzer based on
optimized LED excitation. Limit of detection (LoD) is improved by a factor of 43 (9.5 ng/L to 0.2 ng/L)
combining the LED based system and novel high-sensitivity chelate when compared to the current system;
whereas the improvement by the LED system only is a factor of 5 (9.5 ng/L to 2.0 ng/L) and a factor of 3
(0.67 ng/L to 0.22 ng/L) for standard and high-sensitivity troponin, respectively, compared to the current
system. The LoD of 0.22 ng/L of high-sensitivity troponin allows to measure troponin levels in >90% of
healthy population, preliminarily fulfilling hsTnI criteria and enabling more accurate determination of
biological variations of troponin reference levels. Moreover, the obtained LoD enables more accurate
interpretation of clinical results and points towards earlier diagnosis and rule-out of acute myocardial
infarction.

13
Book of abstracts: DOPS Annual Meeting 2017

Direct amplitude-phase near-field observation of higher-order anapole states
Vladimir A. Zenin1*, Andrey B. Evlyukhin2,3, Sergey M. Novikov1, Yuanqing Yang1, Radu
Malureanu4,5, Andrei V. Lavrinenko3,5, Boris N. Chichkov2,6, and Sergey I. Bozhevolnyi1
1

SDU Nano Optics, University of Southern Denmark
2

Laser Zentrum Hannover e.V., Germany
3

4
5

ITMO University, Russia

Department of Photonics Engineering, Technical University of Denmark

National Centre for Micro- and Nano-Fabrication, Technical University of Denmark
6

Leibniz University, Germany

*Corresponding author: zenin@mci.sdu.dk
Anapole states associated with the resonant suppression of electric-dipole scattering exhibit minimized
extinction and maximized storage of electromagnetic energy inside a particle. Using numerical simulations,
optical extinction spectroscopy, and amplitude-phase near-field mapping of silicon dielectric disks, we
demonstrate high-order anapole states in the near-infrared wavelength range (900-1700 nm). We develop the
procedure for unambiguously identifying anapole states by monitoring the normal component of the electric
near-field and experimentally detect the first two anapole states as verified by far-field extinction
spectroscopy and confirmed with the numerical simulations. We demonstrate that higher-order anapole states
possess stronger energy concentration and narrower resonances, a remarkable feature that is advantageous
for their applications in metasurfaces and nanophotonics components, such as nonlinear higher-harmonic
generators and nanoscale lasers.

References:
[1] V. A. Zenin, A. B. Evlyukhin, S. M. Novikov, Y. Yang, R. Malureanu, A. V. Lavrinenko, B. N.
Chichkov, and S. I. Bozhevolnyi, "Direct amplitude-phase near-field observation of higher-order anapole
states," Nano Letters Just Accepted Manuscript.

14
Book of abstracts: DOPS Annual Meeting 2017

All-fiber Gas-filled Hollow-Core Photonic Crystal Fibers for Gas sensing
Abubakar I. Adamu1*, Ole Bang1, 2 and Christos Markos1
1

Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
2

NKT Photonics A/S, Blokken 84, DK-3460 Birkerød, Denmark
*Corresponding author: abisa@fotonik.dtu.dk

Hollow-Core Photonic Crystal Fibers (HC-PCF) have gained much attention recently especially in the field
of gas sensing and trace gases detection. Like other wave guiding mechanisms, HC-PCF confines and
propagates -electromagnetic waves. In the case of optical waveguides, electromagnetic waves in the optical
spectrum are guided. Optical Fibers propagates light using the mechanism of total internal reflection; where
two materials of contrasting refractive index reflect lights of specific wavelengths whose angle of incident
falls below the critical angle. In index modified fibers, light is guided in the core area, due to a modified
version of total internal reflection. However HC-PCF, optical fibers (PBG-MOFs), where the refractive
index of the core (air) is lower than the effective index of the cladding; guiding is achieved by the formation
of a Photonic Band Gap (PBG), which prevents light from propagating in the periodic cladding, within a
certain range of frequencies. In the latter case the fiber core could be hollow (air-core) - which is a necessary
configuration for this project. In a HC-PCF, light propagates through the hollow-air chamber through
photonic band gap effects, which occurs due to the periodic distribution of air holes in the cladding. The
presence of little holes around the core provides a refractive index contrast in two dimensions along the fiber.
HC-PCF is known for its very low loss, dispersion and nonlinearity which makes is very attractive for optical
applications. These attractive properties made HC-PCF a very promising candidate for gas sensing
applications. Furthermore, the hollow core in the PCF provides a pathway for gases, paving way for
interaction between the confined light and gas molecules. The presence of gas molecules whose absorption
spectrum matches the transmission of the fiber on the same fundamental transmission band will result in
quenching, which can assess the presence of the gas.
Despite the advances in air-silica microstructure fibers, there are still persisting challenges faced before
commercialization of such fibers for gas sensors, one of the challenges is the entry and exit of these gasses,
because both ends of the Hollow fiber will be spliced to get an all fiber system that’s compact and robust.
Splicing is necessary not only for the robustness of the system but also to limit the loss associated with
coupling light. In attempt to solve the gas diffusion through the fiber, facet of typical Single Mode Fibers
(SMF) is milled with a Focused Ion Beam and when later spliced to a Photonic Band Gap Fiber, an entry
holes provide much enhanced gas diffusion channel. Measurements taken with a Supercontinuum source are
later analyzed to observe various absorption of gases within the 1550nm window.
Acknowledgment: This work is supported by; Emission Control: Methods and Technologies for
Agriculture, Denmark. (ECOMETA) Project - 71013.
Keywords: Gas Sensing, Hollow-core fibers and Supercontinuum
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Time resolved spectral characterization of mid-infrared supercontinuum pulses
using electronically synchronized delay-tuned pulsed upconversion
Laurent Huot*, Peter M. Moselund, Lasse Leick, Peter Tidemand-Lichtenberg, Christian Pedersen
*Corresponding author: lahu@fotonik.dtu.dk
The use of pulsed mid-infrared sources like supercontinuum sources and quantum cascade lasers is becoming
ever more popular in a variety of spectrometric optical systems for detection, identification, and/or
quantification of chemical species. It is however critical to characterize their temporal profile as well as the
spectral variation within the duration of a pulse to ensure the best possible accuracy, resolution and
repeatability of such measurements.
We present a system performing measurements of the temporal profile and time resolved spectra of midinfrared supercontinuum pulses from a Mid-IR SuperK Compact source from NKT using an electronically
synchronized and delay-tuned pulsed upconversion setup. The supercontinuum ranges from 2 μm to 4.5 μm
and emits 1.2 ns pulses at 40 kHz that are focused inside a lithium niobate crystal. In the crystal they are then
mixed with a sub-200 ps 1064nm pulse from a gain switched diode seeded MOPA which leads to sum
frequency generation in the spectral range of 690 nm to 860 nm. Both sources are triggered electronically
with a T560 pulse delay generator from Highland Technology and their relative delay can be tuned in with a
precision of less than 45ps. We characterize the supercontinuum pulses by delay tuning the 1064nm pulses
and measuring the upconverted signal on a grating spectrometer.

Fig. 1. Top view schematic of the

The electronic delay has the advantage of not requiring any mechanical delay lines [1]. This is especially an
advantage when probing longer timescales i.e. tens of ns or longer as this would require a long delay arm.
Additionally, the use of a gain switched diode seeded MOPA enables measurements with temporal jitter 2
orders of magnitude lower than observed in previous similar work [2].
References:
[1] Jacob Ramsay "Generation of infrared supercontinuum radiation: spatial mode dispersion and higherorder mode propagation in ZBLAN step-index fibers," Opt. Express 21, 10764-10771 (2013).
[2] Jean-Michel Melkonian “Time-resolved spectral characterization of a pulsed external-cavity quantum
cascade lasers”, SPIE Proceedings Volume 8546, Optics and Photonics for Counterterrorism, Crime
Fighting, and Defence VIII; 854607 (2012); doi: 10.1117/12.971429.
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Nonlinear self-carver using Fano resonance
Dagmawi A. Bekele*, Yi Yu, Hao Hu, Pengyu Guan, Michael Galili, Leif K. Øxenløwe, Kresten
Yvind, and Jesper Mørk
DTU Fotonik, Technical University of Denmark DK-2800 Kongens Lyngby, Denmark
*Corresponding author: dbek@fotonik.dtu.dk
We experimentally demonstrate the application of a photonic crystal Fano resonance for carving-out short
pulses from long-duration input pulses without the need of a triggering clock signal. This is achieved by
combining red-parity Fano resonance with carrier-induced nonlinear effects in a nanocavity side-coupled to a
line-defect waveguide. These enabled pulse carving of ~500 ps and ~100 ps long pulses to 30 ps and 20 ps
short pulses respectively with small time-bandwidth product. Furthermore, error-free pulse carving of 2
Gbit/s RZ-OOK modulated signal is demonstrated with energy consumption down to ~1 pJ/bit.
We fabricated Indium Phosphide (InP) photonic crystal membrane with hexagonal lattice arrangement
bonded to a silicon wafer. This rich platform allows efficient light-matter interaction in nanoscale devices
such as waveguides and cavities formed easily by introducing defects into the photonic crystal. The device is
composed of a point-defect cavity side coupled to a line-defect photonic crystal waveguide. The discrete
cavity mode interacts with continuum modes of the waveguide creating Fano resonance [1]. By placing a
partially transmitting element (PTE) in the waveguide, the coupling between the waveguide and the cavity
can be controlled. Asymmetric red-parity [2] Fano lineshape is obtained by placing the PTE at the mirror
plane. Such asymmetric lineshipe is characterized by large on-off transmission ratio with close spectral
separation making self-carving of pulses possible with only small resonance shift.

Fig. 1. Self-carving using Fano resonance (a) measured red-parity resonance with its theoretical fit. (b)
sampling oscilloscope trace of a 500 ps long input pulse (c) self-carved output pulse with pulse width of 30
ps. The inset shows a zoom-in view of the output pulse (d). The input and carved pulses optical spectra with
FWHM of 0.028 nm at 1553.86 nm.

The long duration input pulse is placed at the peak of the Fano resonance shown in Fig. 1 (a). When the input
power is around 0 dBm, a resonance blue-shift up to the minimum of the Fano resonance is possible via
carrier-induced nonlinearities hence a short pulse of 30 ps is carved out of the long input pulse without the
need of a clock or triggering signal as opposed to conventional methods. Details of the nonlinear dynamics
and comparison of the experiments with theory will be presented in the conference.
References:
[1] Miroshnichenko, A. E., Flach, S., and Kivshar, Y. S., “Fano resonances in nanoscale structures,” Rev.
Mod. Phys. 82(3), 2257 (2010).
[2] Osterkryger, A. D., de Lasson, J. R., Heuck, M., Yu, Y., M_rk, J., and Gregersen, N., “Spectral symmetry
of Fano resonances in a waveguide coupled to a microcavity,” Opt. Lett. 41(9), 2065-2068 (2016).
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Robust and power scalable supercontinuum source based on highly GeO2 doped
silica fiber
D. Jain1*, G. Woyessa1, R. Sidharthan2, S. Yoo2, and O. Bang1
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DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, 2800 Kgs. Lyngby,
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Center for Optical Fiber Technology, The Photonics Institute, Nanyang Technological University,
Singapore
*Corresponding author: *deja@fotonik.dtu.dk

Supercontinuum (SC) sources are great man-made sources of light which have proved of immense potential
and have several applications. Currently silica photonic crystal fibers (PCF) based SC sources are being used
and sold commercially for several applications. Unfortunately, silica based fibers are limited in broadening
up to 2.4 μm due to high phonon energy of silica glasses. SC sources in mid-IR wavelength region are of
great interest for several applications such as diagnosis of several diseases, non-destructive testing of several
materials, chemical gas sensing, pollution and food control etc. due to the presence of unique and strong
mid-infrared spectral fingerprints that reveal valuable chemical information.
Although soft glass fiber (such as ZBLAN, Tellurite, and chalcogenide) based SC sources for mid-infrared
wavelength region are also making progress, still they are limited mainly to lab demonstrations due to poor
mechanical strength, high susceptibility to moisture, low damage threshold, and poor compatibility to silica
fiber (in terms of splicing) etc.
The GeO2 doped silica fiber is an attractive option of exploiting 2 to 3 μm wavelength range thanks to the
shift of the intrinsic IR absorption and the impurity of the Ge–OH absorption bands to longer wavelength.
Several SC demonstrations have been made using these low GeO2 doped fibers (concentration lower than 30
mol %), although spectrum has been limited to ~3000 nm for low power (up to 27mW) and to ~2700 nm for
high power (up to 5.3 W). In 2004, researchers at FORC, Russia demonstrated low-loss (lower than
120dB/km at 1.9-2 μm for all of these fibers) highly GeO2 doped fiber with concentration varying from 51
mol % to 97 mol %.
Further these highly GeO2 doped fibers were characterized for SC experiments by different groups in
different configurations. Table 1 summarizes these experiments.
Table 1 Summary of SC experiments over highly GeO2 doped fibers at FORC, Russia.
Year

Source

2012,
Kamynin et
al.

1.59 μm laser, 35 ns pulse
width, Repetition rate 4.4 kHz

2012,
Anashkina
et al.

1.56 μm laser, 50-80 fs pulse
width, Repetition rate 49 MHz

2013,
Zhang et al.
2014,
Dvoyrin
al.
2014,
Anashkina
et al.

et

Fiber characteristics
64 mol %, 7 m long fiber

97 mol %, 3 m long fiber,
2.5 μm core diameter
spliced to 30 mol % 2.5 m
long fiber 5 μm core
diameter.

SC
800 nm to 2700 nm,
Output power 500 mW,
significant asymmetry
1000 nm to 2600 nm, optical
solitions of 80-160 fs were
measured in 2-2.3 μm

1.95 thulium doped MOPA, sub
picosecond pulses of 12 kW

75 mol %, 3.4 m long

1900 nm to 3000 nm

all-fiber MOPA pulsed system
with a Tm-doped fiber modelocked seed laser at a 44 MHz
repetition frequency

Pure GeO2 doped fiber of
9 μm core diameter

10dB bandwidth from 1930
nm to 3180 nm, Output
power: 3.8 W, OH absorption
peak around 2700 nm

1.6 μm Er: fiber source, a
Raman shifter and a Tm:
amplifier

97 mol %, 1.5 m long fiber

optical solitions of 100 fs
were measured in 2.5-3 μm
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Most of these demonstrations are limited in wavelength broadening and power scaling. Recently, we have
demonstrated highest output power of 1.44 W for a broadest spectrum from 700 nm to 3200 nm and 6.4 W
for 800 nm to 2700 nm from these highly GeO2 doped fibers. Further, we have fabricated an ultra-low-loss
highly GeO2 doped fiber. Figure 1 shows the transmission spectrum of 10 cm fiber, extending up to 3.6 µm.
In the current work, we have demonstrated a record supercontinuum spectrum spanning from 0.5 µm to 3.5
µm wavelength, for the first time in a silica doped fiber. The applications of such a supercommunication is
simply beyond imagination. The details of the work will be presented during the conference.

Fig. 1. Transmission spectrum of 10 cm long GeO2 doped silica fiber.

Acknowledgement: The authors acknowledge support from Innovation Fund Denmark for the project
ShapeOCT (J. No. 4107-00011A). D. J acknowledges the support from Hans Christian Ørsted COFUNDED
Marie-curie action fellowship. S.Y acknowledges A*STAR’s support through Advanced Optics Engineering
Programme.
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Single Photon Sources in AlGaAs Nanowires
L. Leandro1*, C. P. Pedersen1, R. Reznik2,3, K. D. Jöns4, Y. Samsonenko2, A. Khrebtov2, T.
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ITMO University, Kronverkskiy pr. 49, 197101 St. Petersburg, Russia
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*Corresponding author: llea@fotonik.dtu.dk

The scalability of optical quantum technologies relies on efficient, on-demand sources of single photons
grown with excellent control. Semiconductor quantum dots in nanowires are one of the most promising
systems for quantum nanophotonics and single photon generation [1]. Such systems enhance the potential
and traits of heterostructure quantum dots by combining them with photonic structures like nanowires,
bringing powerful possibilities, such as precise positioning of the emitters, excellent photon extraction
efficiency and direct electrical contacting of QDs [2].
Here we show controllably grown GaAs quantum dots in AlGaAs nanowires with excellent and predictable
optical properties. Furthermore, we study the emission of the nanowires and demonstrate how the nanowire
emission does not diminishes the quantum dot emission but instead it increases its optical quality, leaving the
chance to optimize the photonic structure to obtain an efficient and precisely controlled single photon source
platform.
Our work demonstrates the high potential of GaAs quantum dots in AlGaAs nanowires as single photon
sources for quantum technologies and allows the combination of the powerful nanowire traits in such
material system.
Fig. 1. Single Photon Emission
from a GaAs quantum dot
embedded
in
an
AlGaAs
Nanowire. a) Schematics of a
GaAs quantum dot in an AlGaAs
nanowire grown by bottom-up
approach. b) SEM picture of the
structure in a). The quantum dot is
not visible because embedded
inside AlGaAs. c) Emission
spectrum of an individual GaAs
dot at 1.5 K, showing excitonbiexciton dynamics and very high
brightness. d) Emission spectra of
AlGaAs nanowires at 1.5 K, with
different Al concentration and no
quantum dots.

References:
[1] L. Leandro et al., paper in preparation.
[2] O. Gazzano et al., Nature Comm. (2013).
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Wavelength tunable MEMS VCSEL for OCT Imaging
H. K. Sahoo1*, T. Ansbæk2, L. Ottaviano1, E. Semenova1, O. Hansen3, K. Yvind1
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Summary: We present a novel wavelength tunable MEMS VCSEL for OCT imaging which moves away
from the traditional III-V based design towards more established Si platform. The proposed design
encapsulates the MEMS in a cavity thereby increasing the reliability and robustness of the device. The
design helps achieve a shorter laser cavity and thus a bigger free spectral range. We also present the
fabrication and optical characterization of the laser.
MEMS VCSELs are one of the most promising Swept Source (SS) laser sources for Optical Coherence
Tomography (OCT) and one of the best candidates for future integration with endoscopes, surgical probes
and most likely for achieving integrated OCT systems. However, the current MEMS based SS are based on
III-V material system [1-4]. Further, the actuating part i.e. MEMS is on the top, which gives a strong
dependence on packaging to decrease sensitivity to the operating environment. We address these design
drawbacks and propose a novel design. The design is compatible with silicon photonics processing with all
lithography done on the silicon substrate. This design also enables either a two-way actuation on the MEMS
or a smaller optical cavity (pull-away design), i.e. wider FSR to increase the wavelength sweep.
The proposed device is a Fabry-Perot (FP) cavity in its basic form. Figure 1 shows the schematic cross
section of the full structure. The high contrast grating (HCG) defined on a Silicon-on-insulator (SOI) wafer,
forms the bottom mirror. The dielectric Distributed Bragg Reflector (DBR) mirror on the top defines the
other end of the cavity. Both reflectivities can be tuned easily to achieve higher reflectivity. The bottom
mirror is slightly less reflective compared to the top to lase from the top. A thin layer of InP, consisting of
the desired quantum wells (gain material) along with the air-gap on top of the HCG form the optical cavity
for the VCSEL. Electrostatic actuation for the MEMS is achieved by applying a voltage between the MEMS
HCG and the SOI substrate. Operation at the resonant frequency of the MEMS achieves the maximum
displacement and hence the maximum tuning range [4]. (AC operation has not been shown in this abstract
and is currently under characterization).

Fig. 1. Illustration of the wavelength tunable MEMS VCSEL.

Fig. 2. Laser wavelength tuning achieved by
MEMS actuation.
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The device design brings a lot of flexibility into the fabrication process. In simple terms, a MEMS HCG on
SOI is defined and independently QWs are grown on an InP substrate defining the active material. Then, we
bond them together and etch contacts to the SOI wafer for MEMS actuation. At last, we deposit SiO2/TiO2
DBR layers. So, we have made sure that all the critical processing with strict tolerances (HCG patterning
with E-beam, growth of QWs in MOVPE and wafer bonding) are processed independent of each other. Only
then, the processes with not so strict tolerances (substrate removal, contact etching) follow. Furthermore,
direct-bonding using an intermediate layer of Al2O3 followed by an anneal at 300 ºC is chosen to bond the
SOI with the InP wafer. It helps achieve a good bond (good enough to survive substrate removal and all the
post processing).
The characterization of the device was done on an optical microscope based setup. The device was optically
pumped using a 980-nm laser source which was fed to the microscope using an optical fiber. The same path
was used to collect back the output and later on coupled onto a fiber going to an optical spectrum analyzer.
Figure 2 shows the lasing spectrum and tuning of the device. The laser output without actuation is shown in
Figure 2 (spectrum corresponding to 0 V). The tuning of wavelength was achieved using electrostatic
actuation in two directions - by application of voltage between the MEMS HCG and Si substrate, & the
MEMS HCG and the doped InP layer. The application of voltage creates an electric field between the
electrodes, which results in force on the MEMS HCG. The displacement of the mirror thus changes cavity
length and we see the tuned wavelength. Unlike the existing MEMS VCSELs, encapsulating the MEMS
between two electrodes enables this operation. The device characterized above has a tuning range of
approximately 35 nm. However, it is limited by the gain spectrum of the QWs used for the device. So, with a
proper design of QWs in InP, the device has the potential to achieve much higher tuning range.
We have presented the design, fabrication and characterization of an optically pumped long wavelength
tunable MEMS VCSELs focused on application within OCT. The design integrates the superior mechanical
properties of Si MEMS with active III-V material. Further, it enables to achieve 2-way actuation and the
possibility to achieve a very short cavity without being limited by the MEMS pull-in distance. We have
presented our initial results on the lasing and tuning capability of the proposed MEMS VCSEL. We have
also studied the process of direct bonding using Al2O3 as an intermediate layer which was crucial for
fabrication of the device. It can be translated to the integration of III-V and Si for photonics applications.
Further characterization of the device is underway.
References:
[1] V. Jayaraman, G. Cole, M. Robertson, A. Uddin, and A. Cable, “High-sweep-rate 1310 nm mems-vcsel
with 150 nm continuous tuning range,” Electronics letters, vol. 48, no. 14, pp. 867–869, 2012.
[2] Y. Rao, W. Yang, C. Chase, M. C. Y. Huang, D. D. P. Worland, S. Khaleghi, M. R. Chitgarha, M.
Ziyadi, A. E. Willner, and C. J. Chang-Hasnain, “Long-wavelength VCSEL using high-contrast grating,”
IEEE Journal of Selected Topics in Quantum Electronics, vol. 19, pp. 1701311–1701311, jul 2013.
[3] C. Gierl, T. Grundl, K. Zogal, H. Davani, C. Grasse, G. Bohm, F. Kuppers, P. Meissner, and M.-C.
Amann, “Surface micromachined mems-tunable vcsels with wide and fast wavelength tuning,” Electronics
letters, vol. 47, no. 22, pp. 1243–1244, 2011.
[4] T. Ansbæk, I.-S. Chung, E. S. Semenova, O. Hansen, and K. Yvind, “Resonant mems tunable vcsel,”
IEEE Journal of Selected Topics in Quantum Electronics, vol. 19, no. 4, pp. 1702306–1702306, 2013.
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A new high-fidelity phase retrieval technique robust towards measurement
imperfections and incoherent light
Anders K. Hansen1
1
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A class of very useful techniques to determine the wavefront of laser beams is that of the so-called phase
retrieval methods, in which a set of measured intensity profiles at various values of defocus are analyzed
numerically to determine the phase of the beam in an arbitrary reference plane. Specialized wavefront
sensors such as Shack–Hartmann sensors are more expensive, not commonly found in many laser
laboratories, and feature lower resolution due to their lenslet pitch, typically above 130µm.
However, phase retrieval techniques generally suffer from poor convergence and fidelity when the input
measurements contain electronic or optical noise and/or an incoherent intensity contribution overlapped with
the otherwise spatially coherent laser beam. I will provide a short overview of various phase retrieval
methods used in the literature and present a newly developed, modified version of the commonly used
multiple-plane Gerchberg–Saxton algorithm and demonstrate that it is highly successful at extracting the
intensity profile and wavefront of the spatially coherent part of the light from various lasers, including
tapered laser diodes, at a very high fidelity despite the presence of incoherent light and noise.

23
Book of abstracts: DOPS Annual Meeting 2017

Bend enhanced nonlinear fibers for high power supercontinuum sources
A. Simonsen* and D. Jain
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Supercontinuum light sources based on optical fibers as a non-linear medium are great source of light thanks
to the waveguide dispersion, strong confinement, longer interaction lengths, good beam quality, and better
heat management [1]. A supercontinuum can be generated in a fiber by pumping a powerful pump beam,
however efficiency of supercontinuum depends on many factors such as non-linearity and dispersion of the
fiber. A smaller core diameter increases the power density, hence contributes to the non-linearity of the fiber.
However, small core fibers cannot handle high energy pulses leading to the damaged facets, therefore
limiting the power scaling of the source which is essential for several applications.
Tapering of a fiber has been a conventional approach to reduce the core diameter in order to increase nonlinearity. However, tapering of a fiber is a challenging task and not useful in practice because it is expensive
and results are hard to reproduce. Another easy approach of using large core diameter to handle high pulse
energies cannot offer high non-linearity and tailored dispersion due to the low power density. Therefore, a
trade-off exists between power scaling and non-linearity.
J. M. Fini et al. from OFS Laboratories were the first to emphasize on the bend-induced effective area
reduction of the large core diameter fiber for high power lasers [2]. The resulting mode shape in a bent fiber
is elongated and confined to one side of the core; this distortion is caused by the difference in optical path
length from the inner and outer radius of the bend. Bend-induced effective area reduction is a severe issue in
high power lasers, leading to the birth of rod-type fiber lasers.
In this work, for the first time, we utilize the concept of bend area reduction of large core diameter fibers for
enhancing their non-linearity, so that the existing trade-off between power scaling and non-linearity can be
balanced. This is done to meet the challenge of being able to couple high energy pulses while maintaining a
high non-linearity (reduced effective area). Our results show the effect of bend-induced effective area on the
efficiency of supercontinuum generation. The detailed results will be presented during conference.
References:
[1] J. M. Dudley, G. Genty, and S. Coen, “Supercontinuum generation in photonic crystal fiber,” Review of
Modern Physics, 78 1135-1184 (2006).
[2] J. M. Fini, “Bend-resistant design of conventional and microstructure fibers with very large mode area,”
Opt. Express 14(1), 69–81 (2006).
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Space-time mapping of terahertz-induced electron field emission
Simon L. Lange1*, Thea M. B. Kristensen1, Krzysztof Iwaszczuk1 and Peter U. Jepsen1
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Abstract: We present simulations and experiments showing how THz induced electron field emission from
gold antennas can be mapped in space and time. Whereas our simulations predict the spatiotemporal electron
distribution after single-cycle THz-induced field emission, our experiment validates this through a timeaccumulated, spatial electron mapping due to long-time irradiation with THz transients.
Using broadband, single-cycle THz transients for emission and acceleration of electrons is a growing field of
interest [1]. In comparison to IR and visible light, THz wavelengths are so long that 3D structures for control
can be fabricated in most modern cleanrooms. Using such structures, both high electron field emission (EFE)
in the subwavelength regime and acceleration gradients on mm length scales can be obtained, which is
superior to the use of microwaves [2, 3]. Yet, unresolved issues including electron emission timing and
momentum control arise when moving from narrowband microwave signals to broadband THz signals.
In this work, we present simulations and experimental results showing the spatiotemporal electron
distribution on ps/μm-scale due to EFE induced by single-cycle THz transients. Aided by the design of a
THz metamaterial merited on high EFE over a large 5 μm gap, we are able to emit electron bunches with
duration on the order of few hundred fs, energies between 1-12 keV and direct the electrons away from the
emission point. This is done at atmospheric pressure and with only a single THz transient present. The
understanding of the electron bunches provided here paves the way to using the metamaterial as a novel
platform for e.g. electroninduced femto-chemistry or an emission source for a THz driven electron gun.
We fabricated a sample consisting of a standard HR-Si wafer with 1 μm SiO2 grown on top and an array of
200 nm thick Au antennas with a double split-ring resonator (dSRR) design optimised for large EFE when
subjected to intense THz transients. Lastly, we applied 210 nm positive e-beam resist and the sample was
illuminated with single-cycle THz transients with a few μJ pulse energy for 12 hours.
Figure 1(a) shows a SEM image of the antennas after development of the e-beam resist, where light spots
indicate developed resist and thus show high EFE. The complete profile consisting of all irradiated antennas
maps the complete THz peak field intensity distribution. Fig. 1(b) shows a SEM close-up of a single antenna,
and Fig. 1(c) shows the simulated electron distribution after the first emission burst at 5 ps. The two pictures
are in close agreement, confirming that the development of the e-beam resist indeed stems from the electron
emission. All simulations were performed with the Finite-Element-Time-Domain solver in CST Particle
Studio with a pulsed system setup. The emitted current collected from the simulations is shown in Fig. 2(a)
and corresponds to an e-beam dose that is > 106 times higher than usual doses given in an e-beam setup. Fig.
2(b) shows two snapshots in time of the electron emission, confirming the spherical shape of the electron
burst in 3D.
This work enables the practical use of THz metamaterial for EFE as ultrafast, broadband electron sources in
the 1-12 keV range. The combination of simulations and experiment shows how space-time mapping of
electrons can be done in such systems and is hence of general applicability.

25
Book of abstracts: DOPS Annual Meeting 2017

Fig. 1. (a) SEM image of antenna array with e-beam resist after
12 hours of THz irradiation at 440 kV/cm peak field strength and
subsequent resist development. The clear spots show where the
electron emission has taken place and exposed the resist. (b+c)
The heart-shape of the spots is in agreement with the CST
simulations of electron trajectories. Electrons in (c) are shown
after the first electron burst at 5 ps. Electron energies lie mostly
in the 1-4 keV range.

Fig. 2 (a) Emitted tunnel current over time. The emission
consists of three bursts, each with duration below 1 ps. (b)
Two snapshots in time (at 4.3 ps and 6 ps) from CST of the
emitted electron distribution in side view and perspective.
Notice how the trajectories of the emitted electrons trace out
a half sphere over time, hence corroborating the
experimentally observed ebeam exposure.

References:
[1] Huang, W. R. et al., Sci. Rep. 5, 14899; doi: 10.1038/srep14899 (2015).
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Poster contributions
Multi-tone supercontinuum sources for food control applications with IRSpectroscopy
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Research on supercontinuum sources (SC) in the near- and mid-infrared region has received enormous
attention due to various advantages of such sources. Such advantages include their inherent broad
transmission bandwidth extending into the molecular fingerprint region above 13 μm making them
potentially applicable for spectroscopy, the high beam quality, and intensity. Due to the strong multiphonon
absorption in silica fibers beyond 2.4 μm, generating SC in the mid-infrared has been challenging with these
fibers. Thus, development of SC sources in the MIR is focused on using the so-called soft glass fluoride
fibers. The most matured soft glass fiber that has received much attention is the ZrF4-BaF2-LaF3-AlF3-NaF
(ZBLAN) fiber, which has a transmission up to 4.5 μm. Besides the characteristic high-power capabilities, its
commercial availability and low background loss makes it ideal for mid-infrared SC generation.
The aim of the project is to develop an all-fiber SC source spanning 1.2 μm in the NIR region to about 4.0
μm in the MIR region. Such a source should have a high power with an output greater than 1 W. This will be
achieved by using a high-power ytterbium nanosecond pump laser to generate an SC in Photonic crystal fiber
and then couple it into a high core ZBLAN fiber. Such a source requires a higher mode field diameter fiber
to handle high power at the output and hence efficient techniques to fusion splice the smaller mode field
silica fiber and the ZBLAN fiber should be adopted to reduce losses.
It is envisaged that this SC source will be compact, cheap and robust which will make it commercially
relevant. Noise from the output of the SC source will be measured and efficiently characterized aiding in the
subsequent application of the source. The generation of the high-power SC source spanning the bandwidth
stated above is a prerequisite to developing a spectroscopic setup for taking measurements on samples like
food oils, glucose in water, powder mix flour, and milk. Such conducted tests will be compared with
commercially available systems.
Keywords: supercontinuum mid-infrared, bandwidth, spectroscopy, multiphonon
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Mid-infrared Upconversion based Hyperspectral Imaging
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Mid-infrared (MIR) hyperspectral imaging has a great potential to be used as a tool for medical diagnostics.
In hyperspectral imaging, the images of the (biomedical) samples are acquired containing both spectral and
spatial information.
In this work, hyperspectral imaging in 5 to 9 µm spectral regime is investigated based on nonlinear
frequency upconversion technology. The goal of this work is to create series of monochromatic images such
that a full spectrum is measured for every spatially resolvable element within the field of view, exploiting
angle tuning of the nonlinear crystal to scan the phase matching condition. Upconversion of MIR to NIR
wavelengths enables to the use Si-based detectors readily available, thereby, making cheaper and more
sensitive detection possible for MIR wavelengths.
Two different illuminations sources are used i.e. a globar as a broadband and a Quantum Cascaded Laser
(QCL) as a narrowband illumination source. The system performance using the two light sources are
compared in terms of spectral resolution, spatial resolution, acquisition time and monochromatic image
acquisition algorithm.
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Quantum emitters in Epsilon-Near-Zero Medium
Larissa Vertchenko*, Nika Akopian, and Andrei V. Lavrinenko
Department of Photonics Engineering, Technical University of Denmark, Ørsteds Plads 343, DK-2800
Kongens Lyngby, Denmark
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Materials with near zero parameters, such as the relative permittivity and/or permeability, constitute a new
field of research with great opportunities for manipulating light at nanoscale [1]. Plasmonic Epsilon-NearZero (ENZ) materials exhibit a number of unique features enabling efficient light–matter interactions. An
interesting property of an ENZ medium is that it converts incoming radiation into collective oscillations of
electrons known as bulk plasmons, that are able to fully transmit the mode through a distorted channel
independently of the geometry of deformation [2]. Therefore, light experiences the so called supercoupling
effect and in this manner, long-range communication might be performed. We present our numerical
simulations showing the possibility of combining plasmonic ENZ platforms with quantum emitters (QE)
[3,4]. We do hope that the interactions between quantum emitters connected via such ENZ channels may
open new horizons in the field of quantum optics.
References:
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High-power supercontinuum sources for multi-spectral photoacoustic
microscopy
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The advent of Photonic Crystal Fibers (PCF’s), which enabled a high degree of dispersion engineering in the
late twentieth century, led to the efficient ways of developing broadband and coherent light sources called
Supercontinuum (SC) sources. Since its discovery, accelerating attempts are being made in the interest of
implementing the SC sources for real-time applications in the areas of medicine, meteorology, spectroscopy
and much more. The current project addresses one such promising attempt, to develop and implement costefficient high-power visible SC sources for multi-spectral photoacoustic microscopy (MS-PAM), so as to
image various major endogenous contrast agents in the biological tissues using a single source.
High-resolution optical imaging modalities like confocal, two-photon microscopy and optical coherence
tomography (OCT), do not account for the optical energy deposited inside the biological tissue. In addition,
they are limited by the optical diffusion limit (~1 mm down the sample surface). PAM is a hybrid imaging
modality, enabling high optical contrast based on the optical absorption and high spatial resolution based on
the ultrasonic sound detection.
For the multi-wavelength imaging modalities, a wide range of sources (with phenomena like Stimulated
Raman Scattering, four-wave mixing, etc.) are already being implemented. However, these sources limit the
tendency to go into practical applications, due to the high cost of the system, large footprints, low
wavelength range and also the pulse repetition rate, thereby limiting the scope and speed of the system.
In this work, a specially designed SC source is being developed, by pumping a standard single mode optical
fiber with the low-cost directly modulated laser diode, thereby generating SC from 1500-1900 nm with novel
high pulse energies (18.3 nJ/nm in the second optical window (1650-1850nm) for biomedical imaging,
which are more than 10 times the pulse energies of the current state-of-the-art commercial compact SC
source). The realized source is subsequently being implemented in the MS-PAM setup at our facility, in the
interest of conducting high-speed multi-wavelength PAM experiments of lipids rich biological tissues.
Keywords: supercontinuum laser source, multi-spectral photoacoustic microscopy, photoacoustic
spectroscopy and lipid detection
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Dispersion free full range spectral intensity optical coherence tomography
Mikkel Jensen1*, Niels M. Israelsen1, Michael Maria2,3, Thomas Feuchter2, Adrian Podoleanu3, and
Ole Bang²
1

Technical University of Denmark, DTU Fotonik, Kongens Lyngby, 2800, Denmark
2

3

NKT Photonics, Birkerød, 3460, Denmark

University of Kent, School of Physical Sciences, Canterbury, CT2 7NZ, Great Britain
*Corresponding author: mikkje@fotonik.dtu.dk

Optical coherence tomography (OCT) is a non-invasive imaging technique with many applications and
widespread use in ophthalmology. The axial resolution in OCT is inversely proportional to the bandwidth of
the optical source used, but the improved axial resolution comes at the price of more significant effects of
dispersion stemming from the imaging system and the imaged medium. In recent years, spectral intensity
(SI) OCT has been shown, as a classical pendant to quantum OCT, to remove even orders of dispersion
intrinsically. One major drawback of SI OCT is however halving of the imaging range, which is limited by
the spectral resolution, and hence number of pixels of the spectrometer. In this work we demonstrate SI OCT
with the imaging range of conventional OCT.
SI OCT is realized using the recorded interference spectrum

where

,

, and

, , and
are the vacuum speed of light, the vacuum wavenumber and the center optical frequency of the
. By
,
detected spectrum, respectively. The SI OCT signal is thus given
applying the Fourier transform to
,
, we find a reflection profile. Peaks corresponding to real
reflections are obtained free from even order dispersion as well as artefact peaks from interference between
two reflectors, which can be reduced. The interference fringes of
,
, has a period which is half of that
corresponding to the reflection profile peaks, hence at twice the real axial interval corresponding to the
sample thickness. Scaling the depth axis, one finds that the imaging depth is also reduced by a factor of 2.
This reduction in imaging depth can be circumvented purely numerically by using the analytic signal of the
,
. We show the procedure on an experimental image of a 255
detected spectrum before calculating
micron thick silicon wafer.
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Capacity of the current communication networks needs to steadily increase to sustain the perpetual growth of
Internet traffic. Due to limited bandwidth of optical fibers and amplifiers, further increases in capacity are
obtained from increased efficiency in the use of the available spectrum. In particular, advanced modulation
formats are being deployed in optical networks to allow for a higher spectral efficiency, and thus increased
data rates. However, this leads to more strict optical signal-to-noise ratio (OSNR) requirements in order to
keep a certain level of bit-error-rate (BER). Consequently, more and more power needs to be launched into
the fiber and it is then the nonlinear effects which become strongly pronounced and degrade the signal
quality. Optical phase conjugation has become a candidate method to suppress the nonlinearities, also
allowing for supplementary dispersion compensation, leading to an increase in the transmission distance and
system capacity. The poster provides an overview and guidelines of OPC generation and implementation. In
the project, OPC was realised through four-wave mixing (FWM) due to the Kerr effect in a highly nonlinear
fiber (HNLF) in a single pump configuration. The presentation includes both: system simulations and
experimental measurements. The simulations are conducted with the developed optical channel model in
Matlab, which is based on the nonlinear Schrödinger equation (NLSE) solved numerically with the split step
Fourier method (SSFM). Subsequently, the code was incorporated into DTU DSP Robochamaleon
framework to facilitate simulations of realistic systems. The relevant findings are verified in a laboratory
experiment, where a real OPC system was assembled and tested. The analysis incorporates several link
configurations, different amplification schemes and advanced modulation formats. It is initially
demonstrated in the simulations and later confirmed during the experiment that addition of an OPC is indeed
able to compensate for chromatic dispersion and can also reduce the impact of fiber nonlinearities,
substantially improving the performance in high-power regions. Consequently, it is possible to obtain lower
number of bit errors for OPC-aided systems, provided that certain criteria are satisfied. Implementation of
OPC therefore has the potential to serve as an upgrade to future optical transmission networks.
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Fig. 2. Spectra of MOPA system for different
back heater currents.

Fig. 3. Emission wavelength of the MOPA system,
as function of the front and back heater currents.
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High power widely tunable sampled-grating GaAs based MOPA system
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Several applications within the field of absorption spectroscopy, trace-gas detection and nonlinear frequency
conversion require high-power, tunable narrow bandwidth and diffraction-limited laser emission in the near
infrared [1,2]. In this work, a master oscillator power amplifier (MOPA) system will be presented, that
satisfies these requirements regarding high power, narrow linewidth, and wide wavelength tunability in a
compact system. The MO is a 23 nm tunable sampled grating (SG) laser emitting about 30 mW around 970
nm, developed for the first time in GaAs material [3]. This laser consists of four different longitudinal
sections; a gain section, a phase section, a front and a back SG mirror, see Fig.1. A micro resistor-based
heater is embedded on top of each SG, allowing for thermal wavelength tuning of the individual gratings. To
increase the output power, the MO is combined with a tapered amplifier, consisting of a RW section and a
tapered amplifier section (TPA). The MO is collimated using a set of fast/slow axis collimation (FAC/SAC,
respectively) micro cylindrical lenses. The collimated light from the MO is then coupled into the RW section
of the PA using a set of similar lenses. All of components are placed on an AlN micro bench, placed on top
of a 25 mm × 25 mm conduction cooled laser mount.

Fig. 1. Sketch of the hybrid MOPA system.

By heating one of the two SGs in the MOPA system, a discrete wavelength tuning of Δλdisc = 21.1 nm can be
obtained, with a peak-peak distance of about 2.3 nm and a spectral width below 17 pm, see Fig. 2. By
simultaneous tuning of both SGs, a wavelength tuning map is realized, where a total tuning range of Δλ =
23.5 nm of quasi-continuous wavelength tuning is obtained, see Fig. 3. The tuning range covers the
wavelengths Δλ = [962.0-985.5] nm, with mode-jumps of the order of 115 pm. The output power of the
MOPA system varies between [482-1042] mW, depending on the detuning between the MO wavelength and
the PA gain peak. Overall, the combination of high power, tunable narrow spectral width, and compactness
makes this device suitable for, among others, nonlinear frequency conversion applications.

34
Book of abstracts: DOPS Annual Meeting 2017

Photonic Crystal Lasers with Selectively Cavity-Embedded Quantum Well
Active Medium
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The development of novel ultra-small and highly efficient laser devices is driven by the anticipation that
optical interconnect systems are to become the solution to the problem of power consumption and limited
bandwidth capacity [1]. While the conventional photonic crystal (PhC) membrane lasers with active layers
across whole structure [2] suffer losses from the absorption and surface recombination, semiconductor lasers
with buried gain region offer superior performance by separating the active and passive material regions.
The buried heterostructure (BH) photonic crystal laser bonded to a silicon wafer illustrates the effective
single-platform active-passive material integration method. Optimized processing methods together with
novel PhC cavity designs (employing e.g., Fano mirrors [3]) can be used to achieve very low values of the
required energy for transmitting one bit [4], especially when integrated with the efficient electrical-pumping
scheme [5].
This contribution concentrates on the cleanroom fabrication and the optical characterization of the buried
heterostructure PhC lasers, employing selective (re)growth technique. Three major parts constitute the
fabrication process of the laser device: epitaxial growth and direct wafer bonding, the formation of the buried
heterostructure region and regrowth, aligned transfer of photonic crystal pattern and membranization. Lasing
power characteristics, together with emission spectrum below and above the lasing threshold proves
successful active material integration into the PhC cavity, although with losses due to imperfect alignment.
Direct integration of III-V materials on silicon platform offers numerous possibilities for active photonic
devices’ research urging the progress of further developing high-functionality large-scale photonic integrated
circuits.
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Hyperbolic metamaterials (HMMs) have the ability to propagate waves with high spatial frequencies (high-k
waves). In conventional media these waves are usually not propagating but evanescent and thus will not
contribute to the far-field image. The diffraction limit can be attributed to this filtering of high-k waves. As
HMMs provide a medium where subwavelength information can propagate unimpeded, has this led to the
hyperlens, a device for superresolution imaging. The hyperlens uses HMMs to magnify the subwavelength
details so that after leaving the device the fields can be freely imaged with conventional far-field optics.
For many applications there is a need to image weakly scattering objects. In this case it is important to
separate the incident radiation and scattered fields. This is the motivation behind the dark-field hyperlens,
which filters out the incident radiation while allowing propagation of high-k waves. We have previously
reported [1] on an approach to achieve these properties by properly choosing the HMM parameters.
However, there is a conflict between the design requirements between good image contrast (filtering of
background fields) and good image quality (minimal distortions of the image) and a trade-off is necessary.
Here we report on our recent work which shows that by introducing magnetic properties to the HMM it is
possible to relax the design constraints of the dark-field hyperlens. We show that the magnetic properties can
be used to suppress the distortions of the image while the filtering properties can be tuned separately by
permittivity tensor.
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Scaling up quantum photonics experiments requires integration of many single-photon sources on the same
photonic chip. Based on spontaneous four-wave mixing (SFWM) for photon-pair generation, microring
resonators (MRRs), benefiting from an extremely small footprint and the resonantly enhanced nonlinearity,
are becoming an increasingly popular workhorse for integrated quantum photonics [1]. We propose a means
to entirely eliminate the spectral correlation in the photon-pair state, paving the way for efficient on-chip
generation of pure heralded single photons. The bi-photon quantum state generated from SFWM is of the
form
(1)
where |

is a signal-idler vacuum state,

is a creation of a photon in mode

∈

,

with angular

frequency , and is the signal-idler joint spectral amplitude (JSA). In case of a MRR photon-pair source,
the JSA takes the form
(2)
where is a Lorentzian resonance factor, and
is the pump spectrum. The convolution integral in Eq. (2)
can be interpreted as the spectrum of pump photons available for SFWM inside the MRR. For a pulse
spectrum much broader than the pump resonance linewidth the JSA takes the form shown in Fig. 1(a), and
exhibits a small degree of (anti-)correlation [2]. This spectral correlation can be completely eliminated by
using
a
dual-pump
configuration
with
a
spectrum
of
the
form

1

exp

Δ

exp

, where

is a relative pulse weight, Δ is the pulse

, and
separation, and is the pulse width. Figure 1(b) shows the obtained JSA for
0.55, and Δ
2
illustrates the complete lack of spectral entanglement. Our proposed scheme allows generation of heralded
single photons with purities in excess of 0.99, and is enabled by a simple interferometric pump preparation
setup.

Fig. 1. Joint spectral intensity for (a) a Gaussian pump and (b) our dual-pump scheme.
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Quantum photonics of the future will depend on the ability to generate a range of optical quantum states for
e.g. optical quantum computing [1]. Perhaps the simplest of such quantum states are quantummechanically
pure single-photon states which are a key component of linear optical quantum computing schemes [2]. In
the past, the main source of such photons has been spontaneous parametric downconversion, where a single
photon can be heralded from a spontaneously produced photon pair. However, spontaneous four-wave
mixing (SFWM) offer similar heralding possibilities with more flexibility with respect to phase matching,
due to the extra pump. However, due to the weaker nature of third-order nonlinear effects, four-wave mixing
require longer interaction with the nonlinear medium. This entails that a number of parasitic effects can
influence the process. One of these effects is group-velocity dispersion (GVD). During the SFWM process,
GVD both broadens the pumps temporally and broadens the temporal single-photon wave packets. This can
cause an otherwise uncorrelated two-photon state to become spectrally correlated. This is illustrated in Figs.
1a-1b where the introduction of GVD introduces curvature, and hence correlation, into the two-photon
spectral amplitude. The previously pure state is attained using asymmetric group-velocity matching of the
quantum fields to the pump [3]. All simulations are for fiber parameters used in experiments [4]. In the
context of the asymmetric scheme, used in Figs. 1a-1b, this has an important consequence: Since shorter
pump pulses are more severely affected by GVD, in its presence it is not advantageous to decrease the
temporal pump duration. In fact, as shown in Fig. 1c, the maximum attainable quantum purity decreases with
decreasing pump pulse duration. However, the asymmetric scheme is often carried out in specialized
photonic crystal fibers which, due to fabrication considerations, are limited to a few meters. From Fig. 1c this
means that for any fixed fiber length, there is optimal pump pulse duration, which is not the case without
GVD (see dashed lines). Thus, GVD imposes an important design consideration in such experiments.

Fig. 1a. Uncorrelated two-photon
spectral
amplitude
without
higher-order dispersion.

Fig. 1b. Two-photon spectral
amplitude where higher
order dispersion introduces
correlations

Fig. 1c. Purity vs. fiber length for
different pulse durations. Dashed lines
are for the case of no GVD.
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