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Presenter
Presentation Notes
We report on research done in collaboration between the research groups of Martin van Exter at the University of Leiden and Andrea Fiore at the University of Eindhoven.



Goal: investigate SSPD fundamentals 

Nanodetector 

Multiphoton excitations 

Detector tomography 
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Presentation Notes
We wish to investigate the fundamentals of the detection mechanism in superconducting single photon detectors (SSPDs). SSPDs consist of a thin layer of NbN, which is patterned into a narrow geometry (typically a 100 nm wide strip). When biased close to the critical current, such a strip can briefly transition to the normal state when a photon is absorbed, indicating a detection event. Despite many technological advances, this detection mechanism is still poorly understood. We aim to investigate it. Our research relies on three components, which are mutually interlocking and reinforcing: quantum detector tomography, the nanodetector (our specific design of SSPD) and multiphoton excitations in the detector. In the first section of the presentation, I will introduce these three elements and discuss their interrelations. 



Multiphoton excitations 
• Observed in 2001 

[1], but considered 
a curiosity 

• We claim: important 
experimental tool: 
– Enhanced dynamic 

range 
– Probe with multiple 

energies in a single 
experiment 

 

[1] Goltsman APL 79 (2001) 
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A multiphoton excitation occurs when two or more photons are absorbed in the same location along in the wire of the SSPD and they together trigger a detection event. Multiphoton excitations were reported directly when SSPDs were invented. The graph shown is from the paper reporting the first SSPD (Goltsman et al, Appl. Phys. Lett. 79, 705 (2001)). It was also immediately observed that such multiphoton events occur at a lower current than single-photon events, indicating that the disruption to the supercurrent is stronger. However, such detection events were treated as a curiosity only, distracting from the single-photon nature of the detection events at higher currents. We claim that such multiphoton events can be used as a tool for accurate probing of the detection mechanism. Since a laser pulse of constant intensity contains a probability distribution of photon numbers, one can use a single experiment at a single wavelength to probe at multiple energies at once by observing all the multiphoton events of different orders (i.e. two-photon, three photon and so on). Moreover, we can enhance the dynamic range of an experiment where count rate vs. wavelength is measured by using multiphoton excitations. In this way, we can probe at excitation energies that, e.g., do not get through the optical windows of the cryostat.



How to study multiphoton 
excitations? 

• Exist in meander, but 
surpressed due to 
geometry 

• Furthermore: meander 
has: 
– Bends 
– ‘Constrictions’ 

• Fundamental study, 
so efficiency not an 
issue 
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The usual SSPD geometry is that of a meander. In this geometry, multiphoton events are difficult to study since the two photons must be absorbed close to each other by chance before they can cause a multiphoton detection event together. This suppresses multiphoton events relative to single-photon events. Moreover, the current density in the meander SSPD may be inhomogeneous due to fabrication defects, known in the field as constrictions. 



Our sample: nanodetector 

• One active point, 
150, 220 nm wide 
NbN on GaAs (5 
nm) 

• Simple geometry 
• Few fabrication 

errors 
• Several multiphoton 

processes at once 

220 nm 

Ib 

NbN GaAs 
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Presentation Notes
For the reasons mentioned in the previous slide, we work in a geometry where only a single cross-section of our wire is able to detect photons. This geometry consists of a bow-tie shaped detector where the narrow part of the bowtie has the highest current density and therefore is the only part that detects photons. The big advantage of this geometry is that there is a single, well-defined active point with a known with. Furthermore, it is also guaranteed that the point where the critical current is measured is also the point where photodetection takes place.



Detector tomography 
• Method to measure strength of multiphoton 

processes 
• Gives probability that detector responds to N 

photons 
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The second ingredient in our experiment is detector tomography. Tomography is a method of measuring the probability that a given multiphoton absorption results in a detection event. It relies on two probability distributions: -> first, given a certain laser intensity, it is known what the probability distribution in the number state basis is (speaking informally, this means the probability distribution of a certain number of photons in each laser pulse). This is calibrated by measuring the laser power.-> second, given a certain laser intensity, it is known what the probability of a detection event is. This is our observed quantity. The probability that we want to know is: given a certain number of photons are absorbed, what is the probability that the detector clicks? We find this by observing the count rates at various laser powers. For each power, we know the probability distribution of photons and the observed count rate. By solving a matrix equation relating the two probability distributions, we can find the required quantity.This is shown pictorially in the diagram in the center of the slide: the top row represents a series of laser pulses at constant intensity. The middle row represents the number of photons present in each laser pulse. The bottom row represents whether the detector clicks or not. 



Why detector tomography? 

• Fundamentals: Agnostic description 
• Applications: Complete description 

SSPD modeling: 
1) Efficiency 
2) Dark counts 
3) Constrictions 
4) Varying efficiency  
over active area 
5) Effects of cavity 
6) ??? 
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Why detector tomography? 

• Fundamentals: Agnostic description 
• Applications: Complete description 

Detector tomography: 
pi : probability of click given i photons 
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Compared to a making model of the detector, tomography has the advantage that it gives a complete description that doesn’t rely on knowing in advance which effects are present in your detector. In some applications (e.g., state reconstruction), small uncalibrated effects can have a large detrimental influence on performance. Since detector tomography doesn’t rely on previous knowledge of the detector, it is also suitable for finding new effects. 



How to do detector tomography 
• Measure counts vs 

input intensity 
• Response to i photons 

given by pi 

• Treat linear efficiency 
seperately, but as free 
parameter 
 ( )( )
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Renema et al, Optics Express 2012 
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Detector tomography works by observing the count rate R as a function of mean photon number (proportional to intensity) N. Eta is the linear efficiency associated with the mode overlap with the active area of the detector and absorption into the thin layer. p_i is the probability that the detector clicks, given that i photons are absorbed. The graph shows the observed click probability as a function of power. It shows two fits, one for a 1-photon detector, and one for a 2-photon detector. Both (non-tomographic) fits are inconsistent with the data, demonstrating the need for tomography. A full description of this method can be found in Renema et al, Opt. Expr. 20 (3), 2806-2813. The code used to perform all calculations in this presentation is available by sending an e-mail to renema@physics.leidenuniv.nl  



Detector Tomography 
• Measure counts vs 

input intensity 
• Response to i photons 

given by pi 

• Treat linear efficiency 
seperately, but as free 
parameter 
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Renema et al, Optics Express 2012 

The annotated presentation of Renema is still in PPT and needs conversion with sticky notes.  The abstract is missing: I still have to request it (I thought I have it, but cannot find).  The header is to be almost identical with that above, but the date differs: 
 
  
 
EEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2014.
Presentation given at the KRYO 2013 Workshop, Oct. 7th, 2013.

Presenter
Presentation Notes
In this slide, we fit the equation to the observed experimental data, and observe a good fit. 



Complete tomography 

• 1, 2 photon 
processes 
present 
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Presentation Notes
This graph shows the first two terms from the equation individually. The red line represents those detection events which are due to precisely 1 photon. The green dashed line represents those detection events which are due to two photons. This graph shows why tomography works: the various multiphoton regimes can be resolved because they are separate in input intensity. 



Complete tomography 

• 1, 2 photon 
processes 
present  

• Usual method 
R = (ηN)i  
restricted to  
ηN << 1, 
lowest i 
 

Semi-classically 
available region 
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We note that the usual semiclassical method for characterizing a detector involves measuring in the low-power, low-count rate regime. Usually, the function R(N) = (eta N)^i is used to characterize the efficiency and multiphoton regime of the detector. This characterization method only uses a small fraction of the information contained in the observed curve. 



Now repeat this many times 

• For each current, vary the input power 
• From the power dependence, reconstruct 

which photon processes are present 
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Result from tomography 
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Presentation Notes
We repeat the experiment discussed above for different bias currents. The result is shown in this graph, which we will discuss extensively in the next slide. In our measured current regime, we observe multiphoton response up to i = 4 photons, indicated by the black, red, blue and pink lines. The dark blue triangles show the linear efficiency eta. 



Result from tomography 
• We find: linear 

efficiency is 
independent of bias 
current 

• This is a result, not 
an assumption 
(agnostic) 

• Number consistent 
with overlap x 
absorption 
 
Tomography code available, see also Renema et al, Optics Express 2012 
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Presentation Notes
We find that eta is independent of bias current. This is a validation of our notion that it models the incoupling efficiency and absorption into the detecting layer. The value that we find (eta = 1e-4) is consistent with this as well. From this, we conclude that the p_i describe the inner workings of the detector, and we focus on these in the rest of the presentation.



Result from tomography 

• Pi internal response 
of the detector 

• Independent of 
absorption, 
independent of 
incoupling 

• There is more 
going on than linear 
efficiency! 
Tomography code available, see also Renema et al, Optics Express 2012 
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Multiple wavelengths 
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Next, we repeat this experiment at several wavelengths (1500 nm was shown previously, we now add 1300 and 1000 nm). We observe that the change in wavelength produces a shift the values of p_i as a function of current. We map this shift by taking a constant value of p_i = 0.1 and plotting energy vs. current required to achieve that internal detection probability. 



Interchange energy/current 

Renema et 
al, Phys 
Rev B 87, 
174526 
(2013) 
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Presentation Notes
We find that the interchange between bias current and excitation energy required to achieve constant internal detection probability is linear. We find the exchange constant between the two for a detector of 150 nm. Note that the number of photons in the excitation does not enter into the problem. For example, at E = 2.4 eV, we find that both 3 photons at 1500 nm and 2 photons at 1000 nm require the same current to produce a detection event with fixed probability. 



QP conversion is linear 

• No dependence on 
initial number of 
photons, only energy 

• Excitation insensitive 
to details of how you 
made it 

• Detector is an 
energy detector 

4 phot @ λ1 

1 phot @ λ2 = λ1/4  

E 

E/4 

Δ << E 
Renema et al, Phys Rev B 87, 
174526 (2013) 
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Presentation Notes
The result that the detection probability doesn’t depend on the number of photon has an interpretation in terms of the quasiparticle multiplication process which causes the weakening of the supercurrent. We find that this process is linear in the sense that it is only sensitive to the overall energy supplied to the detector. This result is consistent with the fact that SSPD-like detector have also been constructed for molecules and for high-energy electrons. 



Universal curve 
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Presentation Notes
When we apply the rescaling law to the entire data set, we find that the results superimpose not only at the detection probability where we found the rescaling law, but also at all other currents. This demonstrates that there is a universal curve for photodetection in our detector. The detection probability depends only on the renormalized bias current. We note that this rescaling applies both to the plateau region at high currents and to the ‘fluctuation assisted’ region at low currents. 



Universal curve 

• R(I,λ,N) = 
R(I+γE) with  
E = N*hc/λ 

• Goes beyond 
measuring edge 
of the plateau 
region 

Renema et al, Phys Rev B 87, 
174526 (2013) 
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Universal curve 

• Fluctuation-
assisted scales 
in the same way 
as plateau 
response 

• Challenge for 
theorists: explain 
this curve 

Renema et al, Phys Rev B 87, 
174526 (2013) 
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Result on 220 nm detector 
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We then perform the same experiment on a wider detector, over a much larger range of wavelengths (460 nm to 1650 nm). This allows us, combined with the energy enhancement due to multiphoton excitations, to probe the response of the detector over more than a decade in energy. We find linear behavior across this entire range. 



Result on 220 nm detector 

Multiphoton-only region 
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Presentation Notes
We note that the majority of the energies at which we probe would be inaccessible using only single-photon excitations. 



Extreme dynamic range 

• 10.8 eV:  
λeff = 115 nm 

• X-UV: not available 
with open-beam 
setup 
 
 

1,2,3 

3,4 

4,5,6 
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We achieve very large dynamic range in energy: the highest energies at which we measure correspond to UV wavelenths which would be absorbed by air (X-UV). 



Extreme dynamic range 

• Photon regimes 
overlap -> no 
stitching errors 
 
 
 

1,2,3 

3,4 

4,5,6 
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As a validation of our measurment technique, we note that we find points where lower-photon number excitation exacly overlap with higher-photon number excitations. I.e. at some overall energy, we find that two excitations of different photon number require the same amount of current to achieve a detection event. This is a validation of our measurement technique because it shows that multiphoton excitations have the same current-energy behaviour a single photon excitations. Through a bootstrap argument we can extend this to higher photon numbers. 



Single experiment 

• Within single 
experiment 50 nA 
errors 

• Allows for 
extremely accurate 
comparison with 
theory 
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We find that we achieve the highest experimental accuracy when we restrict ourselves to measurements taken at a single wavelength. There is a systematic error of approximately 250 nA associated with changing the wavelength, while the statistical errors at a single wavelength are of the order of 50 nA. In this graph, we plot the reponse to 1, 2, 3 and 4 photons at 600 nm. 



Comparison with theory 

• We find: I = I0 + γE 
• We find: I0 ≠ Ic 

• I0 / Ic ~ 0.79 ± 0.01 
• Very compatible 

with results of 
Engel et al arXiv: 
1308:5781:  

 I0 / Ic ~ 0.826 
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Presentation Notes
Also for this subset of the data, we find linear exchange between bias current and energy. Extrapolating to zero energy, we find a current which is unequal to the critical current. This current, which we dub the reference current I0, is approximately 0.8 times Ic. This is consistent with the recent numerical results of Engel and Schilling J. Appl. Phys. 114, 214501 (2013). 



Comparison with theory 

• Accuracy sufficient 
to rule out 
alternatives to 
linear behaviour 
– Normal-code HS 

model 
– Time-dependent GL 

model (Zotova et al) 
– Bulaevskii model 

before Engel’s 
corrections 
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Presentation Notes
The accuracy of our experiment is sufficient to rule out alternatives to linear behaviour. From this data, we can exclude the normal-core hotspot model (in which the energy of the photon is thought to form a normal-state region) as it was initially proposed (Goltsman Appl. Phys. Lett. 79, 705 (2001)), a model based vortex nucleation around a normal core, based on the time-dependent Ginzburg-Landau equation (A. Zotova and D. Vodolazov, Phys. Rev. B 85, 024509 (2012)) and the vortex crossing model of Bulaevskii et al (L. Bulaevksii, M. Graf, and V. Kogan, Phys. Rev. B 85, 014505 (2012)). All of these models predict nonlinear energy-current relations. 



Comparison to theory 
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Presentation Notes
To demonstrate this, we make a fit to these three models, and to a linear model. 



Comparison to theory 
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Presentation Notes
We plot the residuals of this fit, in units of our error bar (50 nA). We find that only the linear model (which is called here the diffusion-based model) fits the data. We reject the other models with > 3 sigma. 



Conclusions 
• There is more in the detector than linear effiency 

• Quantum tomography studies inner workings of detector  
• Universal response curve 

• Linear behavior up to X-UV 
 

Nanodetector 

Multiphoton excitations 

Detector tomography 

Enhanced multiphoton response 
Model system of SSPD 

Insensitive to linear losses 
Full, quantitative characterization 

High accuracy 
Single-shot experiment 

High dynamic range 

JR et al, OE 20, (2012) 
 JR et al, PRA 79, (2013) 
JR et al, PRB 87, (2013) 
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Presentation Notes
Concluding, we can say that by performing detector tomography, we have demonstrated that the response of the SSPD is much more complex than just dark counts and linear efficiency, and that we can learn a great deal about the working of the detector by studying the nonlinearities in detail. We have demonstrated that quantum detector tomography is the appropriate tool to do this. In particular, we have found a universal curve for photodetection, and we have found that the current-energy response of the detector is linear over an order of magnitude in energy. We stress the interrelation between the three conceptual elements in our work. Multiphoton excitations are needed for high accuracy in a single-shot experiment. The nanodetector is used as a model system of the SSPD with a relatively enhanced multiphoton response. Detector tomography is necessary to observe the multiphoton excitations. References to this work are:JJ Renema et al, Optics Express 20 (3), 2806-2813 (2012)JJ Renema et al, Physical Review A 86 (6), 062113 (2012)JJ Renema et al, Physical Review B 87 (17), 174526 (2013)
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