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Transition-edge sensors {(TES) are photon-nmnber resolving calorimetric spectrometers with near unit ofhi-
cieney. Their recovery timgon the order of microseconds, limitg the mnnber-resolving ability and timing
aecuracy in high photon-flux conditions. This is vsually addressed by pulsing the light source or disearding
overlapping signals, thereby limiting its applicability. We present an approach to assign detection times to
overlapping detection events in the regime of low signal-to-noise ratio. as in the ense of TES deteetion of
near-infrared radintion. We use a two-level diseriminator, inherently robust agninst. noise, to coarsely locate
pulies in time. and timestamp individual photoevents by fitting to a heuristic model. As an example, we
measure the second-order time correlation of a coherent source in a single spatial mode using o single TES
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I. INTRODUCTION

Transition-edge sensors are wideband photon-munber
resolving light detectors that ean he optimized for high
aquantum efficiency (= 98%) nikl 10 work in different re-
gions of the clectromagnetic spectrunt, from soft X-rays
to telecom wavelengths'=. Their high single photon de-
tection effiviency in the optical band was imstrumental
i one of the recenr loophole-free experimental violations
of Bell's inequality™®. Absorption of a single photon by
the TES generates an clectrie pulse response with o fast
(tens of nanoseconds) rsing edge, and a relaxation with
u time constant of a few microseconds?, Photodetection
events with time separation shorter than the pulse dura-
tion overlap and cannot be relinbly identified by thresh-
old crossing. To avoid this problem. TES are often nsed
with pnlsed light sonrees with a repetition rate lower
than few tens o kKH2P. This may exclude the nse of TES
with superb detection efficiencies from some applications,
crefory investigate the time diserimi-
nation for overlapping signal pulses wing a continuons-
wave (CW) light sonree. Similar problems are conunon
in high-energy physies® ', Fowler ot al'? improved time
diserimination by considering the time derivativie of the
signnd to locate the steep rising edge of individual pho-
todeteetion events, In cases with high signal-to-noise ra-

5‘,Jr\ ~—Tio. as i the deteetion of Tigh-encrgy photons Like - and

Nerays (SNR 2260, estimated from!"). this approach is
effective also when signals overlap. However, for near-
infrared (NIR) photodetection with a TES, it is neces-
sary to filter highsfrequency noise cotponents to improve
the signal-to-noise ratio (SNR =2.1; estimated from') at
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the expense of a reduced timing accurney, We approach
the problem by separating it into two distinet phinses;
an\initinl went idetification. followed by o more
aceurate timing diserimination, We identify photodetee-
tion events nsing a two-level discriminntor, Its resilience
to noise allows us to coarsely locate hoth isolated andd
overlapping pulses with a moderate wse of fltering, thus
retaining soine of the high frequeney components of the
signal, usefitl to iinprove the time aceuraey of subsequent
operations. For monoclhromatic sontrees. every detection
event has the same energy, We can then estimate the
number of photons for every detection region from the to-
tal pulse aren, identifving the cases of overlapping events,
Frow the munber of pliotons. we ealeulate a hearistic
model fimction and fit it to the signal 10 recover the
detection-times.

Il. ELECTRONICS AND PHOTON DETECTION PULSE

Our 'l'hugslml-husecl TES!" is kept at a temper-
ature of Thmls using an adiabatic demagnetization
refrigerator eryostat,  snd is  voltage  binsed  within
its supercondueting-to-normal transition in a negative
clectro-thermal feedback'. The detection sigunl s in-

duetively picked up and amplificd by a SQUID (Series)
@ followed by Turther signad conditioning at Toom

temperature with an overall amplification handwideh
of =G MHz. We operate the SQUID in a flux-locked loop
to minimize low=frequency components of the noise!. To
characterize the TES response, we use a lnser diode cen-
tered at 810 nm as a light source, operated in CW mode.
We control the average photon flux with a variable at-
tennator, then launch the light into a single mode fiber
(type SM28¢) that direets it to the sensitive surface of
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FIG. 1. Schematic of the TES readout cireuit, The TES
is voltnge-hinsed by o constant cwrrent source fyps throngh
shunt resistor Rom < Rris. The SQUID armay amplifier
picks up changes in TES resistance from Liy,. The signal is fur-
ther mnplified outside of the eryostat, Sigial feedback via g,
atel cvil Ly, linearizes the SQUID response,

(7 b gdimgl resduhm,

the TES.
with a sampling rate of

We_record Hhps long Araces
ms and a aertjcalresolution of 12bit. For light at

310 um. the signal generated by discrete absorption pro-
cesses for each photon after the amplifier chinin exhibits
i rise tige

__’___,___[ur_u_iiugh'_ulénmn pulse ul'@lﬂ() ns, aud an
overall pulse duration of &J2 .

We collected o total of 4 % 10° traces with the TES
continnonsly illuminated by an attenunted Iaser diode.
Despite the flux-locked loop, we observe a residual vers

‘[ tien] offset variation froan trace to trace. Thvr(-forv,T)}

every recorded pulse teace o' (1), we remove the residunl
b

n(t) = v'{#) - Vi . (1

where Vi is the most fregquently ocenrring value of the
discretized signal o' (1) over the sampling intvrvnl.\

-

et ~
. PULSE IDENTIFICATIOI\l@@’

In a Hrst step, we identify the presence of an absorp-
tion process from one or more photons in o traee, and
distinguish it from background noise. This is done by
a traditional Scehmitt. trigger mechanism™, implemented
vin diseriiminators at two levels: a qualifier Hag is raised
when the signal passes threshold Vg, (igure 2{a). point
A and lowered by the first subsequent crossing of thresh-
old Vi (point B).

In order to minimize the mmber of false quedifter
events, we estimate Vi, using a histogram of max-
i pulse heights for 4 = 107 traces, shown in Hg-
ure 3. The distribution has two distinet peaks, with one
around H5mV eorresponding to traces without any detee-
tion event (1 = 0}, and another one starting from 3.5 mV
onwards corresponding to traces with at least one detec-
tion event (1 > 0}, We choose Viig, to the minimum
hetween the two peaks (9.5mV), and V. to 0mV,

An expected timing aceuracy for single photon events
that can be extracted fromn the TES response would bhe

I
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FIG. 2. {a) Typical TES response with overlapping pulses.

The horizontal lines show the high and tow threshold settings
of the Selimitt trigger mechanisim. () Qualifving interval
AB idemificd by the Schimiu trigger. {¢) The interval CD
inclades the rising edges of the overlapping palses, and is usad
to initinhze o least-square fit. (d) The wider intervnl CE tha
includes the rising odge and decaying tail is used to estimate
the number of photons associnted with the event, Poim E
is obtained by extending interval CD by a fixed extension in

time Ao, Mot aliowed! see Sp g

Connak Subsw gl v in Fuiy ¢.9.1[¢*_f~'

/s

. L -
given by the noise (about N 7D mVeess), and the steepest
slope of the response (0.11(9) mV/ns, estimated from an

average of 10%-90% transitions of an ensemble of pulses)
to be on the order of 16ns. However, a simple threshold
detection of the leading edge does not work if pulses start.
1o overlap,

More precise timing information of a photodetection
event is oltained from a Iun.-s(-squurczﬁl to the sigual
wsing a displaced standard pulse. To efficiently initinlize
this Ht. we do naot directly use the qualifier window ADB
for two reasons: first, it contains ouly o fraction of the
feading edge belonging to the carlier pulse that contains
most of the timing information, and seconel, it inclides o
lnrge portion of the deeaving tail unassociated with the
omset of photodetection. The time window CD derived
froms the same discriminator levels ensures the inclusion
of the first leading edge. and is also shorter.

Similarly. we derive an integeation time window from
the qualifier window to determine the pulse integral,
from which we extract the photon namber of a enasi-
monochromatic light source.  As a starting point, we
clhoose point C for the integration to capture the ris-
ing slope of a pulse, and extend the time D by a fixed
amount At, ., to point. E to eapture the tail of the re-
sponse signal (Rgure 2(d)). We found that it is more
relinble to extend point D by a bxed time 1o capture
the tail of the signal rather than (o reference the ewd
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traces,

Distribution of maximnm pulse heights for 4 x 10°

of the integration window to point B. This is because
the signal-to-noise ratio around B is low, leading to a
large wariation of integration times. We empirieally find
that At = 1700 ns gives a goud signal-to-noise ratio of
the pulse integral.

IV. PHOTON NUMBER DISCRIMINATION

To determine the mmnber of photons in each trace, we
assume that the detection and subsequent amplification
have a linear response, so that the integral of each signal
is proportional to the\eergy g resulting in a
diserete distribntion of the areas of the signals.  This
distribmtion is sproand ot by noise, and we have to use
an slgorithm to extract the plmtml mnnber in presence
of this noise, —_—

For this, we first unnpntv the pulsc nru
for every qualificd trace within region CE. Figure T3hows
a histogram of palse areas from the qualified traces ont of
all the 4 x 107 gequired. The distribution shows three re-
solved peaks that suggest &-be enused by n = 1.2.3 pho-
tons hung absorbed by the TES.

One ean fit the histogram in fignre 4 to a sum of nor-
malized Ganssinn peaks g, (a0, ), et

=}
Ha)= Y hygalalan.a,), (2)

n=l

where each Gonssian peak is characterized by an average
arei a, and width o, The ratio gz /oy = 195 indicates
that the TES response to photon energies of 1 and 2
photons is approximately linear,

We identify  thresholds a3, 88 the  val-
ues  that  minimize the overlap  between  distribu-
tions gn_ilala,_y.d,-1) and gy (ala,. o). With this,
we assign o munber of detected photous n by comparing
the area of every teace to thresholds a, g, and (g 449,

1000 |-

100

Number of traces

10 |

0 5 10 5 20 25 30 35 40

Araa {nVs)
FIG. 4.  Distribution of pulse arens H{u}. For every trace
that triggers the two-levels discriminator, the area is caleu-
lated within the region CE. The continnons Jines are Gaussian

fits for the n = 1 (blue), n = 2 {red), and n = 3 {green) nren
distributions, sad their st (ormnge).

The continuons nature of the light source with a fixed
power level makes it diffienlt to assign a number of pho-
tons per qualified signal, as the integration window varies
from pulse to pulse. and detection events may oceur
at random times in the respective integration windows.
Heuristically, however, one could even replace the indi-
vidunl event mubers by, in Eq. 2 by a Poisson distribu-
tion,

h, = Np(ulin). (3)

where f1 is an average photon number. p(njn} the Poisson
cooficient, and N is the total mimber of traces, For the
data shown in figure 4. this would lead to an average
photow number of 1 & (L3 per integration time interval.

V. DETERMINING THE DETECTION-TIMES OF
OVERLAPPING PULSES

The diffienfty of nssigning a photon number to light de-
tected from a CW sonree ean be resolved if one treats the
first detection process of light following the paradigm of
wideband photodetectors in quantum opties'®. As TES
are sensitive over a relatively wide optical bandwidth, the
corresponding time seale of the absorption process tha
is much shorter than the response time seales of a few
100 1s of the TES device physies. Then. the signal wounld
correspond to a superposition of responses to individual
absorption processes, which may happen at times closer
than the characteristic pulse tine.

To recover sbsorption times of individual absorption
events in a trace of N overlapping pulses. where N is
defermined with the pulse area method outlined in the
previous section, we fit the TES respouse signal v(f) to
a hieuristic iodel vy (1) of a linear combination of single-
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FIG. 5. Sdlid line: average response of the TES and am-
plification to a single absorption. We use a Schmitt trigger
to identify the region between fer and g, Grey region: one
staddard deviation in the observed ensemble of n = 1 traces,

photon responses (1],

N
':.\'{fi{fu “l})} = Z "'lr' l.l(‘. £k 'i)'. '“)
1=

where A, is the amplitnde and ¢ the detection time of
the i-th pulse. While the TES response to multi-photon
events is not linear, this model will give a reasonably
goud estimation of the timing for single photon absorp-
tion events,

A. Single photon pulse madel

We obtain a model for the single photon response v (¢)
of the TES and its signal amplifieation chain for the fit
in Eq. 4 by seleeting Ny = 10* single photon traces from
the messurement shown in figure 1, and avernging over
them. The averaging process eiminates the noise from
individnal traces, and retains the detector response,

Sigual photon events can happen at any time within
the sampling window. [t is necessary to align these detec-
tion events to avernge the traces, We assign a detection
time to the i-th trace :-1'3{0 by recording the time f,
corresponcding 1o the maxinmm of rll'g'}[!)_frl!. We use a
Savitzky-Golav filter (SGF) to reduce the high-frequencey
components'’; the SGF replaces every point with the re-

:-mlﬁt to the snbset of adjacent 1 points,
—YWe also reject clear ontlier traces by limiting the search

for 1, to the time interval CD, The remaining Ny traces
are then averaged by syoachronizing them necording to
their respective £, and to obtain the single-photon re-
sponse vy (1),

N,

m(t) = AL'; Z e +10).
i=1

f

5.9n
errgr ?

(5)

Signal (mV)

Excitation (V)

Time (us)

FIG. 6. (a) Fit of a two-phioton signal with the heuristic
function described in the main text. Black line: measured
TES rosponse after removing the verticad offset. Orange line:
fit 1o Eq. (4}, with two single photon components separated
in time (blue and red line). (b) Electrical pulse pair sepaeatod
by 23% ns sent to the LI illuminating the TES.

The result is shown in figure 5, together with a noise in-
terval derived fromn the standard deviation of Ny single
photon traces. The model demonstrates an average rise
time of 116 us from 10% 1o 909 of its maximun height.
The relaxation timel{1/e) of 635 ns corresponds to detee-

. TSR T
tor thenmalization!'®, halie s

B. Time-tagging via least-square fitting

For every qualified trace, we assign a munber of pho-
tons N according to the ealendated aren, and fit it us-
ing Eq. (1). The fit has 2 § N free parnineters: detee-
tion times ¢, and amplitudes A, with i = 1... N, We
hound {; to the range CD (fignre 2(c)), and restrict the
sum of A, to be consistent with the thresholds obtained
from the area distribution

N
G NN+

- =< A< 5 0
f,:' ley(7) dr — Zl f,'r' fug(7) dr

(6)

Tlhe accuracy of the fit depends on the choice of min-
imization algorithm.  We used Powell's derivative-free
method™ beeanse the presence of noise tends to corrpt
gradient estimation".

To verify the aceuracy of the fitting algorithm for N =
2, we expose the TES to pairs of short (Jus) laser pulses
with a controlled delay Aty that ocensionally leads to
traces with two overlapping detection pulses. The repe-
tition rate of 100kHz is low enough to isolate the TES
response between consecutive laser pulse pairs. While
each pulse pair ean generate two single photon events
separated by Ay, they ean also generate a single two-
photon event in just one of the pulses (i.e., two detection
cvents that can not be temporally resolved).
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FIG. 7. Difference between the detection-time separation es-
timated with the fitting technique (At) and the delay of laser
pulse paies (Ady) for five different delays: 92uns, 170 ns, 239 us,
193ns, and 950 ns. Blue regions: distribution of Af — Af,.
Grey region: expected mnge of separation for 90% of single
photon detections for Ans long laser pulse pairs. Black cir-
cles: mean of the distributions with error bars corresponding
to one standand deviation,

We compared the TES response for five different de-
lays &t 9208, 170us, 23008, 493 ns, and 950 ns. Fig-
ure 6 shows an exnmple of a measured trace where the
fitting algorithin was able to distingnish between sepa-
rate photodetection events at Aty = 239 ns even though
it appears to be a single event beeanse of the detector
nnise_Far each delay we collected = 3.5 = 107 traces,
anrd for each t?ﬁ‘ﬁ?ﬁ@}lﬁtﬂlﬁ.lw detection events using
the least-square method, T figure 7 we stimuarize the
distribution of time differences At = |, — ¢ for each
delay,

Except for the shortest pulse separation, the time dif-
ferences have Ganssian distributions with standard devi-
ations of =16ns. This matches the time accuracy ex-
pected from the simple noise/slope estimation for the
leading edge of the single photon pulse, despite the over-
lapping pulses. The average separation between the cen-
tor of the distribution and the expeeted result, A2 — Aty
is 2 = Ins. For Aty = 92us, the distribution is clearly
skewed toward Ouns, indicating that the fit procedure
is nnable to distinguish two single-photon events gener-
ated by the two separated diode pulses from two-photon
events generated within the same diode pulse.

VI. DETECTION-TIME SEPARATION FROM
COHERENT SOURCE

As another benehmark for the htting technique pre-
sented in here, we extract the normalized seeond -or-
der correlation function ¢"2'(A#) for detection events
recorded with o single TES from o coberent light ficld.
For a light ficld in a coherent state, this correlation fune-

‘}
3
~
& 2 1
Time differenca At (us)
FIG. 8. Notmalized second order correlation Tunction

¢ AL for events recorded with a single TES from a co-
herent light field. Error bars indicate one standard deviation
assuning Poissonian statistics, the bin size is 25 ns. Solid line:
expected correlation for o coherent feld.

tion shonll be exactly 1 for all time differences A6,

For this, the TES is exposad to light from a continu-
ously running laser diode. with an average photon num-
ber of about 0.3 per integration interval of around 3 ps.
Again, we select only two-photon traces nusing the meth-
ods desceribed in seetion 1V, and fit the traces to the
model described by equation | with N = 2,

Each fitted trace leads to two time values 1 and fa,
which we sort. into a frequeney disteibution G'™(At) of
time differences At = £, — 1. We nornmalize this distri-
bution with the distribation expected for a Poissonian
sonree, taking into account the finite time of our acqui-
sition windows. We Duther remove single-photon traces
mis-identificd as two-photon traces by filtering out traces
that have a minimum estimated amplitude smaller than
one half of a single photon pulse,

The resubting normalized distribution  ¢'2/(Af) s
shown in figure 8. For Af = 175 ns. the correlation fune-
tion is compatible with the expeeted wlue of 1. For
shorter time differences, the fit algorithm oceastonally
locks the on the same detection times ¢ and ta. redis-
tributing pair events to At = 0. This instability region is
comparable with twice the rise time of the average single-
photon pulse in this acquisition, and i consistent with
the precision indicated in figure 7.

So =15 Fhis a pooat oF phySics or an arbibect ~F
Fhe declechin schemel Nesd 2 5oy
Vil. CONCLUSION merd Dr-pl.u*l.’

We demonstrated o signal processing method based on
a Sclunitt-trigger based data acquisition amd a linear al-
gorithm that ean relinbly extract both a photon number
and photodetection times from the sigual provided by an
optical Transition Edge Sensor (TES) with an accuracy
that is mostly limited by the detector time jitter.
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Using this method, we guccessfully  resolved  he-
tween n = 1.2 and 3 photons from a CW NIR source, us-
ing the signal integral evaluatgd in the time interval iden-
tificd by the diseriminator. The time interval includes a
greater feaction of the photpdetection signal than that
considered by a ningln—tlmeld discriminator, By con-
sidering an optimal fractiog of the pnlse profile. we ob-
tained pulse integral diﬁlri!‘énimm that sufliciently resolve
hetween plioton munbers, This technique provides an al-
ternative to photon counting using cdge detection on the
differentinted signnl'® when signal-to-noise ratio is low.

The diseriminated region is then wsed to initialize a
lenst-squares fit of a signal containing two overlapping
putlses to n fwo-photon model, returning the unplitudes
naul deteetion-times of the individual photons,

With the awilable TES. we can distiuguish two pho-
todetection events within about 200 s using this met hod,
The highest detection rate that ean be processed is thus
estitnated to be nbout 5 x 108 &ontads, compared to
abont 4 x 10% eventsfs if we were to diseard overlapping
pulses.

Potential applieations include the measureinent of
time-resobved correlation functions nsing the TES with-
out the need for the spatial muadtiplexing of severad single-
plivton non-photon-number resolving detectors, provided
that the coherence tinee of the light souwrce is larger than
the timing resofution of this technique. The order of the
correlntion function neasured is limited only by the max-
itnum wunber of photons resolvable by the TES.
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