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Presenter
Presentation Notes
We report on work done in collaboration between the University of Leiden and the Technical University of Eindhoven (TUE).



Goal: investigate SSPD fundamentals  

? 
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The goal of this work is to investigate the detection mechanism in superconducting single photon detectors. An SSPD consists of a thin film (in our case 5 nm) of superconducting material (in our case: NbN) which is nanofabricated into a wire form. This wire is driven with a bias current which is a significant fraction of the critical current. When a photon is absorbed, a detection pulse occurs which can be separated from the DC bias current, amplified and counted.Many of the steps from the absorption of a photon to the creation of a detection event are well understood: the optics of absorption in thin layers is well understood, and it is understood how this may be enhanced by a cavity. The electrothermal process by which a normal domain in the film is converted into a voltage pulse is also understood. What is not understood is how the excitation caused by an absorbed photon results in a normal domain inside the superconductor. This step is at the heart of the working mechanism, and it is with this that our research is concerned.



Vortices? 
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Normal state? Yes No 
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There are two main open questions in this topic, which each have yes / no answers, corresponding to roughly four possible descriptions. Each of these has been theoretically studied by various groups. The first question is whether there is a role for a normal domain in the superconductor. In this approach, the approximation is made that energy of the photon is used to make a cylinder of SC material normal. The alternative is the view that the photon energy is much more spread out, leading to a diffuse band where superconductivity is weakened but nowhere entirely surpressed. The second question is whether vortices play any role in the detection event. 



Vortices? 

Yes 

No 

Normal state? Yes No 

Four models 

Energy-current relationship is 
key! 

IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) October 2014 
Invited Presentation 4EOr2C-02 given at ASC 2014, Charlotte, August 10 – 15, 2014.

4

Presenter
Presentation Notes
It turns out that the key question to distinguish these four models is what is called the energy-current relationship, i.e. how much current is required to produce a detection event, given that we have a photon of a particular energy. Each of the four models has a different prediction for this. As an example: for the normal-core, no-vortex model, the energy of the photon is spread in a cylinder. Therefore, the obstruction that this hot spot makes scales as the square root of the photon energy. Similar arguments can be made for the other models.



Three inter-related techniques: 

Nanodetector 

Multiphoton excitations 

Detector tomography 
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In order to measure the energy-current relationship, we use three interrelated techniques: Quantum detector tomography, multiphoton excitations and the nanodetector (our specific sample). In the following, I will discuss these three techniques before proceeding to the results. 



Multiphoton excitations 
• Observed in 2001 

[1], but considered 
a curiosity 

• 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 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, (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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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.



How do you make multiphoton 
excitations? 

IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) October 2014 
Invited Presentation 4EOr2C-02 given at ASC 2014, Charlotte, August 10 – 15, 2014.

9



How do you make multiphoton 
excitations? 

Bright laser pulses 
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Quantum detector tomography 

Intensity 

# of photons 

Click 

Known from theory 

QDT is the bookkeeping of photon number probabilities, 
click probabilities and detection probabilities  
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Unfortunately, pure multiphoton states are not experimentally available. Since one must work with probability distributions of multiphoton states, the whole experiment becomes of a statistical nature. Quantum detector tomography is the name of the experimental protocol used to distinguish the contributions from the various multiphoton states. There are three probability distributions that we are concerned with: first, the probability that given a particular intensity, we have a particular numer of photons. This is known from theory. 



Quantum detector tomography 

Intensity 

# of photons 

Click 

Measured experimentally 
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Then, the second probability is that given a particular light intensity, one obtains a detection event. This is our experimentally observed quantity. We measure count rates as a function of bias current for a large (~20) number of input intensities.



Quantum detector tomography 

Intensity 

# of photons 

Click 

Desired quantity 
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Then, we combine our understanding of photon number distributions with the observed count rate to obtain the desired quantity: the probability of a detection event given that a particular number of photons is absorbed in the detector. 



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. pi 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. 



Detector Tomography 
• Measure counts vs 

input intensity 
• Response to i photons 

given by pi 

• Treat linear efficiency 
seperately, but as free 
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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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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. 



Complete tomography 

• 1, 2 photon 
processes 
present  

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

 

Semi-classically 
available region 

QDT can quantify multiphoton processes 
We are open to sharing this technique 
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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 a mail to renema@physics.leidenuniv.n



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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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 

 
Renema et al, Optics Express 20, 2806-2813 (2012) 
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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. We note that the fit at each bias current is independent of all the other ones; we did not put in externally that the efficiency has to behave in any particular way. From this, we conclude that the pi 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 than 
linear efficiency 

Renema et al, Optics Express 20, 2806-2813 (2012) 
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Summarizing our experimental part, we have developed a technique for characterizing the internal workings of the detector. We find that there is much more to the device than just linear efficiency. 



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 pi as a function of current. Moreover, we observe that the three photon excitation at 1500 nm occurs almost at the same current as the two photon excitation at 1000 nm. These two excitations have the same energy, so therefore it is reasonable to plot everything as a function of energy. We do this by taking a constant value of pi = 0.1 and plotting energy vs. current required to achieve that internal detection probability. 



Interchange energy/current 
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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 

• Detector is an 
energy detector 

4 phot @ λ1 

1 phot @ λ2 

E 

E/4 

Δ << E 

Renema et al, Phys Rev B 87, 174526 
(2013) 
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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. Said differently: it doesn't matter how you supply the energy far above the gap, the only thing that matters is the overall amount of quasiparticles that end up at the gap. 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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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 

• Results 
compatible with 
theory (both Engel 
& Vodolazov) 

Renema et al, Phys Rev B 87, 174526 
(2013) 
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We note that this universal curve is compatible with the explanation of the slow roll-off that was recently put forward by Engel et al (arXiv:1408.4907) and also by that of Vodolazov (Phys. Rev. B 90, 054515) 



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. 



Extreme dynamic range 

• Find  Ib = I0 - γE 

• 10.8 eV (X-UV):  
λeff = 115 nm 

• Photon regimes 
overlap -> no 
stitching errors 
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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. Moreover, we note that the high excitation energies achieved in this experiment (up to 10.8 eV) are experimentally difficult to access as they correspond to UV wavelengths which are absorbed by air. 



First conclusion 
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From the linear current-energy relationship, we can draw our first conclusions. The models which have a normal core have (as was discussed previously) square root behaviour in the energy-current relationship. Our result that the energy-current relationship is linear over a large range is therefore strong evidence that these models are incorrect. 



Moreover 
I0 ≠ Ic !!! 
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However, there is more to this curve. Surprisingly, we find that the current scale does not reach the critical current as E => 0. We can therefore parameterize our results as Ib = I0 + gamma E, where gamma is some exchange constant, and I0 != Ic is a novel current scale. 



Temperature dependence of I0 
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Temperature dependence of I0 

•  Ib = I0 - γE 
 Only I0 temperature 

dependent 
 Find cases I0 > Ic and 

I0 < Ic 

 Ratio I0 / Ic follows 
vortex entry energy 
prediction 

Renema et al, Phys Rev Letters 112, 117604 (2014) 
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We investigate the temperature dependence of our results. We find that gamma (the interchange between bias current and photon energy) is independent of temperature. However, I0 follows a prediction which is comes from the entre energy of a vortex into the sample.We stress that we find cases where I0 > Ic and I0 < Ic, demonstrating that I0 is not some constant fraction of the critical current, but an independent quantity.We also stress that the temperature dependence of I0 fully encapsulates the temperature dependence of the device. 



Second conclusion 

Renema et al, Phys Rev Letters 112, 117604 (2014) 

IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) October 2014 
Invited Presentation 4EOr2C-02 given at ASC 2014, Charlotte, August 10 – 15, 2014.

35

Presenter
Presentation Notes
From the fact that our temperature measuements yield evidence for vortices, we conclude that the scenario in which vortices play a role is the likely one. We therefore conclude that model d) is the one that corresponds closest to reality. 



Conclusions 
• There is more in the detector than linear effiency 

• Quantum tomography useful for inner workings of detector  
• Linear energy-current relation up to X-UV 

• Temperature dependence fixed by vortex behaviour 

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 
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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. Moreover, we have shown that the temperature dependence of an SSPD is entirely confined to the temperature dependence of the current scale I0, which follows the temperature dependence of the current scale of vortex entry.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 for 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)JJ Renema et al, Physical Review Letters 112 (11), 117604 (2014)Note: there is overlap in the material in this presentation and and Renema et al, “Detector Tomography of Superconducting Single Photon Detectors” STP374, SNF 27 January 2014
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