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ABSTRACT
Precisely acquiring the timing information of individual X-ray photons is important in both fundamental
research and practical applications.The timing precision of commonly used X-ray single-photon detectors
remains in the range of one hundred picoseconds to microseconds. In this work, we report on
high-timing-precision detection of single X-ray photons through the fast transition to the normal state from
the superconductive state of superconducting nanowires. We successfully demonstrate a free-running X-ray
single-photon detector with a timing resolution of 20.1 ps made of 100-nm-thick niobium nitride film with
an active area of 50μm by 50μm. By using a repeated differential timing measurement on two adjacent
X-ray single-photon detectors, we demonstrate a precision of 0.87 ps in the arrival-time difference of X-ray
photon measurements.Therefore, our work significantly enhances the timing precision in X-ray photon
counting, opening a new niche for ultrafast X-ray photonics and many associated applications.

Keywords: single-photon detection, timing precision, superconductor, ultrafast phenomenon, pulsar
X-ray navigation

INTRODUCTION
Since Röntgen discovered X-ray radiation and
recorded the first X-ray image of his wife’s hand and
ring [1], X-ray radiation has played an important
role in science and technology, for example, in
astronomy to explore outer space [2], in medicine
to diagnose diseases [3] and in crystallographics to
study solids [4,5]. Among these applications, ac-
quiring the timing information that the X-ray carries
is critical to delivering high-precision timing infor-
mation for X-ray pulsar-based navigation [6–8],
to recording ultrafast X-ray photography [9] and
to revealing the ultrafast dynamics of individual
electrons or nuclei [10–12]. Although the detection
of X-ray radiation can be as fast as the order of
femtoseconds or even attoseconds [13], the timing
precision of the direct detection of individual
X-ray photons remains in the range of one hun-
dred picoseconds to microseconds with currently
available detectors, including photomultiplier

tubes [14], semiconductor detectors [15], scintil-
lator X-ray photodetectors [16], transition-edge
sensors [17], kinetic inductance detectors [18] and
superconducting-tunnel-junction detectors [19].
Some of them [15–18] are energy-resolving
detectors.

Superconducting nanowire single-photon de-
tectors (SNSPDs) [20] have been becoming ideal
detectors of choice in many photon-counting appli-
cations in the visible, near and middle infrared (IR)
spectral ranges that do not require intrinsic energy
resolution. In recent years, SNSPDs have been used
in quantum-key distribution [21], lunar laser rang-
ing [22], biomedical imaging [23] and deep-space
optical communication [24]. Compared with most
SNSPD-optimized near-IR telecommunication
wavelengths of 1550 nm [25–29], SNSPDs that
target photon counting in the soft X-ray band with
photon energy of several kiloelectronvolts are just
emerging and are more technologically challenging
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[30–35]. Several materials including niobium
(Nb) [30], tantalum nitride (TaN) [31,33]
and tungsten silicide (W0.8Si0.2) [32], thin
films (<10 nm) [34,35] and thicker films
(∼100 nm) [30–33], nanowires [30–32,34,35]
and microwires [33] have been explored for mak-
ing X-ray SNSPDs. Thin films used in near-IR
SNPSDs have low absorption coefficients of the
X-ray photons due to the greater X-ray photon
penetration, compared with near-IR counterparts;
therefore, thicker films are required for effective
absorption. However, SNSPDs made of thicker
superconducting films are more likely to suffer from
latching [30,36], an effect that hinders the detector
from free running. In addition, SNSPDs working in
the near-IR and visible spectral ranges have been
extensively investigated in terms of their timing
performances, including possible mechanisms
inducing timing jitter [25–29,37–39], devices with
ultralow timing jitter [40] as well as practical devices
and systems combining high detection efficiency
with high timing resolution [41,42]. In direct,
dramatic contrast, the timing properties of X-ray
SNSPDs remain almost completely unexplored.
Therefore, it is unknown whether X-ray SNSPDs
could provide exceptional timing precision on the
picosecond time scale, as has been demonstrated on
their visible counterparts [40]. It is also unknown
what and how extrinsic and intrinsic factors affect
the timing precision of X-ray SNSPDs. Finally, it is
unclear how the envelope of numerous engineering
efforts in device design and nanofabrication, system
implementation and optimization, and testing and
measurement techniques could help improve the
timing precision so that, possibly, the ultimate limit
of the timing precision of X-ray SNSPDs could be
probed and reached.

Here we report on the first experimental investi-
gation and analysis of the timing properties of X-ray
SNSPDs.With combined optimizations in nanofab-
rication of devices, bias and readout circuitry, and
testing and measurement facilities, we successfully
demonstrate an X-ray SNSPD made of a 100-nm-
thick niobiumnitride (NbN)filmwith an active area
of 50 × 50μm2. It reaches an unprecedented tim-
ingprecisionof 20.1ps, operating in the free-running
mode that continuously detects X-ray photons with-
out latching. We also study the dependence of the
timing jitter on the geometries of the detectors, bias
conditions and energy ofX-ray photons,with further
analysis of the extrinsic and intrinsic components of
themeasured total timing jitter. In particular,weper-
form a repeated, differential timingmeasurement on
two adjacent X-ray SNSPDs fabricated on the same
chip, and demonstrate an exceptional timing preci-
sion of 0.87 ps in measuring the arrival time of X-ray

photons. Our results push the timing precision of
X-ray photon counters to the picosecond regime,
and, therefore, we believe that this work not only
impacts the research and development of ultrafast
X-ray photonics [4,5,9–12], but also finds numer-
ous applications in X-ray pulsar navigation [7,8] and
X-ray astronomy [2].

RESULTS
The false-colored scanning-electron micrograph
(SEM) of a typical X-ray SNSPD we fabricated
(see the Methods section for the nanofabrication
process) is shown in Fig. 1(a), demonstrating
the good uniformity of nanowires. In order to
optimize its timing precision, several crucial fac-
tors in the process of designing and making the
detectors were taken into account. Polycrystalline
NbN is the material of choice because compared
with amorphous superconducting materials (e.g.
W0.8Si0.2 [32]), the higher density of the supercur-
rent in a NbN nanowire could decrease the noise-
and inhomogeneity-induced timing jitter [25–29].
All detectors were fabricated with 100-nm-thick
films (see the inset of Fig. 1(a)) because the thicker
films, compared with the sub-10-nm films [34,35],
permit better X-ray absorption (see Fig. 1 within the
online supplementary material). Another advantage
of thicker films is better uniformity, reducing the
inhomogeneity-induced timing jitter [27,29].
The relatively low kinetic inductance also helps
reduce the timing jitter [26,27]. All the turns of
the meandering structure were optimized in their
design to mitigate the current-crowding effect [43],
to increase the switching current of the nanowire,
and to decrease the timing jitter. We chose an active
area of 50 × 50μm2 (Fig. 1(a)) as the major device
under study, which took into account a large enough
receiving aperture for the X-ray photons and the fact
that an even larger area would deteriorate the timing
resolution of the resulting detector.The envelope of
all these engineering factors and optimizations is the
key to achieving X-ray SNSPDswith unprecedented
timing resolution and precision.

We employed a continuous X-ray source to con-
firm that the detector was working in the free-
running, single-photon-detection regime and to
measure its photon-count rate (PCR) as a function
of the bias current. Figure 1(b) presents the experi-
mental setup. If the commonly used current-biased
sources were used to bias the detector [25,26], the
detector would suffer from latching, meaning that
it could not continuously detect X-ray photons in
the free-running mode [30]. Latching occurred be-
cause of the low kinetic inductance and the result-
ing too fast current dynamics and because of the
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Figure 1. Characterization of the superconducting nanowire single X-ray photon detector (X-ray SNSPD) using a continuous
X-ray source. (a) False-colored scanning-electron micrograph of an example X-ray SNSPD. The thickness of the NbN film is
100 nm, the width of the nanowire is 250 nm, the fill factor is 0.5 and the active area is 50 × 50μm2. Inset: a tilted, enlarged
view of the false-color scanning-electron micrograph of the nanowire. (b) Experimental setup with a continuous X-ray source
for characterizing the photon-count rate (PCR). AMP: amplifier. (c) The energy spectrum of the continuous X-ray sources,
emitted from the silver (Ag) target, was measured by a mercury cadmium telluride detector in photon-counting mode. (d) PCR
versus bias current. (e) PCR of the X-ray SNSPD at I b = 1760μA versus the current of the X-ray source. The black line is a
linear fitting to the measured data shown with red dots.

thicker films and the resulting slow dissipation of the
absorbed energy. Therefore, we used a homemade
voltage-bias circuitry (see the Methods section for
details) to avoid latching.The resistance, inductance
andcapacitanceofRb,Lb andCb are 5�, 500nHand
10 pF, respectively.The reduced resistance adapts to
the lower hotspot resistance due to the thicker NbN
film.The flux of the X-ray photons emitted from the
X-ray tube was controlled by the current and voltage
in the tube, and it increased linearly with the current
at a fixed voltage. The X-ray SNSPD was installed
on the cold head with a base temperature of 2.5 K
of a pulse-tube cryostat. The switching current, Isw,
of the X-ray SNSPD was measured to be 1800 μA
at this temperature. Without X-ray illumination, we
could not measure any counts within 103 s at the
bias current close to Isw,meaning that thedark-count
rate was negligibly low and <10−3 counts per sec-
ond (cps). The X-ray photons illuminated the de-
tector through a beryllium window of the cryostat
and two polyimide windows on the two stages of the
thermal shields. The target of the X-ray tube was sil-

ver, and its energy spectrum is presented inFig. 1(c),
featuring a relatively broad energy distribution with
a sharp Kα peak at 22.2 keV and a sharp Kβ peak at
24.9 keV. Figure 1(d) presents PCR as a function of
the bias current, Ib, of the X-ray SNSPD, fixing the
bias current and accelerating the voltage of the X-
ray tube to 100μA and 40 kV, respectively. One im-
portant feature of this curve is the low threshold bias
current, 207μA, above which PCR becomes promi-
nent. Another feature is that, when the bias current
is larger than 385 μA, the increase in PCR with the
bias current slows down, showing a trend of satu-
ration. We attempted to fit this curve with two seg-
ments of linear functions and presented the fitting in
Fig. 2 within the online supplementary material. For
X-ray photons with an energy of 10 keV, the photo-
electric effect is the dominant effect in their interac-
tion with NbN. According to the database [45], the
absorbance due to Compton scattering is 35 times
less than that due to the photoelectric effect. On the
other hand, researchers reported that the absorbed
energy could generate hot phonons as secondary
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Figure 2. Timing properties of the X-ray SNSPD. (a) Schematic of the experimental setup. Light from a femtosecond laser, with
a central wavelength of 800 nm and peak power of 6W, was focused on the rotating target to generate the femtosecond X-ray
pulses [44]. An X-ray illuminated the X-ray SNSPD, the temporal traces of the output signals were recorded and the timing
jitter of the X-ray SNSPD was measured. Electromagnetic shielding was used to avoid interference with the measurement
equipment in the ambient environment. (b) The energy spectra of the femtosecond X-ray photons generated from the titanium
(Ti), copper (Cu) and molybdenum (Mo) targets were measured by a mercury cadmium telluride detector in photon-counting
mode. (c) Histograms of the time delays measured as functions of the bias current of the X-ray SNSPD with a 50 × 50μm2

active area and a 250-nm-wide nanowire, illuminated by the X-ray photons generated from the Ti target. (d) Timing jitter as a
function of the bias current for a 50 × 50μm2 detector and a 100 × 100μm2 detector, both with 250-nm nanowire width.
The Ti target was used. (e) Timing jitter as a function of bias current for 150-, 250-, 350- and 450-nm-wide nanowires, all with
a 50 × 50μm2 active area. The Ti target was used. (f) Timing jitter as a function of the bias current for the 50 × 50μm2

X-ray SNSPD, measured with X-ray photons generated from three types of target, Ti, Cu and Mo.

particles to excite nanowiresmade of thin films [34],
and we speculate that a similar effect may exist in
our devices, which may explain the increase in PCR
as a function of bias current in the saturated detec-
tion efficiency region. Figure 1(e) presents PCR as a
function of the bias current on the X-ray tube whose
accelerating voltage was fixed at 40 kV.The bias cur-

rent, Ib, was 1760 μA. The good linear fitting con-
firmed that the detector was working in the single-
photon-detection regime.

To investigate the timing properties of X-ray
SNSPDs, we used a home-built setup as presented
in Fig. 2(a) and detailed in the Methods section to
measure their timing jitter. Accordingly, Fig. 3
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Figure 3. Repeated differential timing measurements. (a) Schematics showing the principle of the differential timing mea-
surements. Two adjacent X-ray SNSPDs were employed to cancel some timing jitter. (b) Histograms of the time delays,
measured by the two X-ray SNSPDs. For each X-ray SNSPD, each histogram contained 800 time delays and 50 histograms
were measured and recorded. Here �t is the time difference between the two exponentially modified Gaussian peaks in
each group. (c) Timing for each individual X-ray SNSPD (red and blue) and the time difference between the two (green). The
solid black lines show the mean values of timing and the dashed black lines show the standard deviations.

within the online supplementary material shows a
photograph of the experimental setup with its ma-
jor components labeled. In this setup, the ultrafast
laser illuminated the target in the vacuum chamber
and generated femtosecond X-ray pulses. The aver-
age number of X-ray photons in each pulse was es-
timated to be 1.8 × 108 so that the probability that
each pulse contains more than one X-ray photon ar-
riving at the active area of theX-ray SNSPDwas only
approximately 3% (see Fig. 4 and Note 1 within the
online supplementary material for details). We used
three types of target, titanium (Ti), copper (Cu)
andmolybdenum (Mo), whose energy spectra were
measured and are presented in Fig. 2(b).

We studied thedependenceof timing jitter on the
bias current and the geometries of the nanowires,
and on the types of target. Figure 2(c) presents
the histograms of the time delays measured as a
function of the bias current. In this study, the X-
ray SNSPD had an active area of 50 × 50μm2,
and the target used for generating the X-ray pho-
tons was Ti. Considering the geometry of the ex-
perimental setup (Fig. 4 within the online supple-
mentary material), we estimated that the rate of X-
ray photons coupled to the active area of the X-ray
SNSPD was 260 cps. Because the PCR from the X-
ray SNSPD was approximately 10 cps at a bias cur-
rent of 1760 μA (therefore, the device efficiency,
excluding coupling efficiency, was estimated to be
10/260 = 3.8%), much lower than the repetition
rate of the reference signal, 1 kHz, we used the out-
put signal from the X-ray SNSPD as the trigger and

measured the time delay of the reference signal rel-
ative to the output from the X-ray SNSPD using a
33-GHz real-time oscilloscope. From the PCR and
the estimated rate of X-ray photons coupled to the
active area, we estimated the device efficiency, ex-
cluding coupling efficiency, to be 10/260 = 3.8%,
which should be compared with the calculated
absorptance, 2.4%, of the detector with a fill factor
of 50%. The estimated device efficiency was slightly
larger than the calculated absorptance, and we at-
tributed this discrepancy to error in the estimationof
the flux of X-ray photons. Figure 5 within the online
supplementary material shows the temporal trace of
the output pulse without any ratio frequency (RF)
amplifiers. An exponential-decay fitting of the falling
edge shows a time constant of 8.9 ns. In addition
to the exponential decay, the pulse contains a long
tail on a time scale of a few microseconds. We at-
tributed this long tail to the impedancemismatch. In
Fig. 2(c) and throughout this paper, each histogram
of the measured time delays was normalized to its
maximum and was fitted by an exponentially modi-
fied Gaussian function (see Fig. 6 andNote 2 within
the online supplementary material for details) [46],
whose full width at half maxima (FWHM) was used
to quantify the timing jitter. At low bias current, the
histograms show more prominent tails at the large
time delay and larger timing jitter, while at high bias
current, the histograms are more Gaussian-like and
the timing jitter decreases (see Figs 7 and 8, and
Note 3 within the online supplementarymaterial for
details).
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Table 1. Geometry, switching current and the minimal timing jitter for X-ray SNSPDs.

Total length Switching Minimal timing
Detectors (μm) current (μA) jitter (ps)

Various areas with 10 × 10μm2 200 2012 15.0
250-nm-wide 20 × 20μm2 800 1962 17.9
nanowires 50 × 50μm2 5000 1800 20.1

100 × 100μm2 20 000 1600 39.7
Various widths with 150 nm 8333 900 28.5
a 50 × 50μm2 area 250 nm 5000 1800 21.9

350 nm 3571 2500 25.2
450 nm 2778 3500 24.2

Figure 2(d) summarizes the measured timing jit-
ter, as a function of the bias current, of this X-ray
SNSPDwith a50 × 50μm2 active area andpresents
a comparison with another X-ray SNSPD with a
large area, 100 × 100μm2. The former exhibited a
larger switching current, 1800 μA, and the lowest
timing jitter was 20.1 ps; in comparison, the lat-
ter exhibited a relatively lower switching current,
1600 μA, and the lowest timing jitter was 39.7 ps.
These results indicate that the X-ray SNSPDs with
larger areas probably contain more localized defects
and spatially distributed inhomogenies that limit the
switching current and deteriorate the timing reso-
lution and have higher geometric timing jitter due
to the transmission-line effect of the nanowire [37].
These trends were strikingly (considering the fact
that we used the 100-nm-thick film here) similar to
those of regular SNSPDs made of sub-10-nm-thick
films. However, the minimal timing jitter, as low as
20.1 ps, would be impossible for regular SNSPDs
made of thin films that cover the same active area of
50 × 50μm2. Figure 2(e) presents the timing jitter
as a function of bias current for 150-, 250-, 350- and
450-nm-wide nanowires covering the same active
area of 50 × 50μm2. For even smaller devices, we
only measured the timing jitter with the highest bias
currents because the PCR was too low and the mea-
surements of the histograms at a lower bias current
took an unacceptably long time. Table 1 summarizes
the geometric dependence of the timing jitter. For
very small detectors, timing jitter as low as 15 ps was
measured, but, of course, at the expense of overall
system detection efficiency and PCR. We also mea-
sured the dependence of the timing jitter on the en-
ergy of the X-ray photons. Figure 2(e) presents this
dependence for three types of target, titanium (Ti),
copper (Cu) and molybdenum (Mo), for the ma-
jor X-ray SNSPD under study.The results lead us to
conclude that over a wide range of energies of X-ray
photons, the X-ray SNSPD can achieve timing jitter
as low as≈20 ps.

We attempted to analyze the origin of the timing
jitter of X-ray SNSPDs and inferred their intrinsic

timing jitter. Note that, although the mechanisms
of single X-ray photon detection using SNSPDs
have previously been outlined [30,34], a quantita-
tive model is still absent. In what follows, we use
the framework for analyzing the timing jitter of reg-
ular SNSPDs working in the visible and near-IR re-
gions that has been established [25–29,37–39], and
we here state this assumption explicitly. In Figs. 9
and 10 within the online supplementary material
we measured and calculated the timing jitters in-
duced by electronic noise, the fast photodetector,
the femtosecond laser and the transmission-line ef-
fect in detail to be 3.7, 0.98, 0.1 and 3.5 ps, respec-
tively, for the major X-ray SNSPD under study, bi-
ased at 1760 μA. Note that the geometric timing
jitter due to the transmission-line effect was mea-
sured on another X-ray SNSPD with the identi-
cal design but with the dual-port bias and read-
out circuitry [37]. See Supplementary Fig. 10 for
more details. Additionally, the vibration of the tar-
get resulted in the fluctuation of the length of
the optical path. The peak-to-peak vibration was
300 μm and, therefore, we estimated that the tim-
ing jitter induced by this effect was <0.5 ps. By
quadratically subtracting these components from
the measured total timing jitter of 20.1 ps, we in-
fer that the intrinsic timing jitter, probably including
the Fano-fluctuation-induced [28], inhomogeneity-
induced [27] and transverse-geometric timing jit-
ters [38,39], to be 19.4 ps. Based on these calcu-
lations, we conclude that the total timing jitter we
measured, 20.1 ps, of the X-ray SNSPD was dom-
inated by the intrinsic timing jitter, and we note
that this seemingly larger timing jitter, compared
with the lowest value, 3.4 ps [40], measured in the
visible region, was obtained on an X-ray SNSPD
with a practically large area, rather than on a short
nanowire [40].

The intrinsic timing jitter fundamentally deter-
mines the time-resolving capability of the X-ray
SNSPD and in many applications, for example,
the above-mentioned celestial GPS by detecting
the X-ray from pulsars, it affects the precision of
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the positioning [47]. However, two important tech-
niques could further enhance the timing and posi-
tioning precision if they were applied independently
or jointly.The first one is repeated measurements of
the arrival times of the X-ray photons—theN events
of detection of X-ray photons can reduce the uncer-
tainty of the estimation of themost likely arrival time
relative to a reference by a factor of

√
N . This fact

has been well known in visible and near-IR photon-
counting light detection and ranging (LiDAR) to en-
hance the depth resolution [48]. However, similarly
to the photon-counting LiDAR, the cost would be
longer time for themeasurements.The second is the
differential timing measurement [49]—by placing
two ‘identical’ X-ray SNSPDs side by side and mea-
suring the difference in the arrival times of the X-ray
photons to these two detectors, rather than measur-
ing the individual time difference relative to the ref-
erence as we did before. A portion of the extrinsic
timing jitter induced by the fluctuations shared by
both X-ray SNSPDs, for example, the timing jitter
from the reference signal, could possibly be annihi-
lated this way.

We implemented repeated differential timing
measurements. Figure 3(a) presents the schematics
of the experiment. Two ‘identical’, 50 × 50μm2 X-
ray SNSPDs were fabricated on the same chip and
spaced by 100μm.The values of their switching cur-
rent were measured to be 1803 and 1798 μA and
they were biased at 1781 and 1761 μA. The X-ray
pulses illuminated both detectors; however, because
of the low flux of the X-ray photons, we note that the
probability that both detectors received X-ray pho-
tons fromthe samepulsewasnegligibly low.Theout-
put voltage signals from these two X-ray SNSPDs
were combined electrically by an RF power com-
biner, and then the combined signal was used as the
trigger. The time delays between this combined sig-
nal and the reference signal, the output from the
fast photodetector, were measured by the oscillo-
scope. In total, 40 000 time delays of the X-ray pho-
ton countsweremeasured.Weused the following al-
gorithm to process the data. We grouped the 40 000
time delays into 50 groups so that each group con-
tained 800 time delays. In each group, for the time
delays between 200 and 300 ps, we fitted them with
an exponentiallymodifiedGaussian function; for the
time delays between 280 and 400 ps, we fitted them
with another. Figure 3(b) presents the data and the
fittings. There was a 20-ps overlap, meaning that
the data from 280 to 300 ps were used in both fit-
tings. We note that this overlap did not affect the
results.

The upper panel in Fig. 3(c) presents the tim-
ings of the first peaks of the fitted curves, tp1; the
solid black line presents the mean value, t p1, which

is 242.51 ps, and the dashed lines present the stan-
dard deviation, σ 1, which is 0.94 ps. Similarly, the
middle panel of Fig. 3(c) presents the timings of
the second peaks of the fitted curves, tp2; the solid
black line presents the mean value, t p2, which is
319.73 ps, and the dashed lines present the stan-
dard deviation, σ 2, which is 1.21 ps. Considering
the 21-ps FWHM timing jitter of each of the two
particular X-ray SNSPDs and 800 X-ray photon
counts in each group (then, approximately, N =
400), σ 1 and σ 2 should, theoretically, be compared
with (21/

√
N)/2.35 = 0.45 ps. The enhancement

of the timing precision, compared with the single-
shot timing precision, was contributed from the re-
peatedmeasurements.Thebottompanel in Fig. 3(c)
presents the differential timing, �t = tp2 − tp1; the
solid black line presents themean value,�t , which is
77.23 ps, and the dashed lines present the standard
deviation, σ�, which is 1.24 ps. To compare with σ 1
and σ 2, this number needs to be divided by a fac-
tor of

√
2, and then we obtained the standard devia-

tion of the differential timing, (1/
√
2)σ�, whichwas

0.87 ps and indeed reduced compared with σ 1 and
σ 2. We note that the reduction in the specific value
of the timing precision by the differential timing did
not seem significant in our experiment; however, the
principle demonstrated here can be equally well ap-
plied to applications such as celestial GPS where
the cancelation of the external timing jitter could be
prominent [49].

CONCLUSIONS
In conclusion, we have demonstrated a free-running
X-ray SNSPD with 20.1-ps timing jitter and with
a practically large active area of 50 × 50μm2. To
our knowledge, this work is the first systematic
characterization of the timing properties of SNSPDs
in the soft X-ray band (see Table I within the online
supplementary material for a list of X-ray SNSPDs
published in the literature so far), and it shows
that X-ray SNSPDs are ideal detectors of choice
for ultrafast X-ray photon counting. The timing
resolution and precision have been enhanced by a
factor of 4 compared with the best existing X-ray
photon counters reported before this work [15].
Furthermore, we demonstrate that repeated differ-
ential timing measurements can further enhance
the timing precision. The state-of-the-art timing
performance of X-ray SNSPDs reported here was
enabled by combined engineering optimizations
and implementations in nanofabrication and testing,
and further optimizations of the film depositions
and fabrications may further improve the timing
precision of X-ray SNSPDs. We therefore believe
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that this work significantly advances ultrafast
X-ray photonics [11] and that the X-ray SNSPDs
demonstrated here may find direct applications
in the ground demonstration of X-ray pulsar navi-
gation that China has already launched [8], X-ray
astronomy [2], nuclear sciences [4,5] and medical
radiography [3].

METHODS
Nanofabrication of the X-ray SNSPDs
We fabricated the X-ray SNSPDs presented in this
paper at Nanjing University using a nanofabrica-
tion process similar to that reported previously [50].
Here, very briefly, 150-nm-thick silicon nitride was
deposited on top of a silicon wafer. We sputtered
a 100-nm-thick NbN film by reactive sputtering at
room temperature. The sheet resistance of the NbN
film, measured at room temperature, was Rsq =
16�/�. The critical temperature of the film was
measured to be Tc = 11 K. The sheet inductance at
2.5 K was≈2.45 pH/�.

We patterned the devices using 400-nm-thick
positive-tone electron-beam resist (AR-P 6200.13)
and scanning-electron-beam lithography with an ac-
celerating voltage of 100 kV. The electron-beam
lithography contained two steps of exposure. The
first step was to pattern the nanowire. To reduce the
possible edge roughness of the nanowires, we used a
low beam current of 100 pA and a small step size of
2 nm.The second step was to pattern the electrodes,
and we used a beam current of 15 nA and a step size
of 5 nm. We developed the chips in AR600-546 for
1 min at 20 ◦C and rinsed them in de-ionized wa-
ter for another 1 min. To transfer the pattern to the
NbNfilm, we performedCF4 reactive-ion etching at
80Wfor 3minwith a lowpressure of 0.5Pa to obtain
more vertical sidewalls of the nanowires. After etch-
ing, we removed the residual AR-P 6200.13 layer in
N-methyl pyrrolidone at 80 ◦C for 5 min and then
spin coated a new layer of 400-nm-thick AZ1500
photoresist to protect the device from oxidation and
cutting damage. After dicing, AZ1500 was removed
with acetone, andwebonded the detectorswith gold
wires for testing.

Generation of the femtosecond X-ray
pulses
We set up a femtosecond X-ray source, which
was excited by an ultrafast laser. The laser source
was the Spfire Ace-1001HP laser produced by
Spectra-Physics, with its output wavelength cen-
tered at 800 nm, peak power of 6 W, pulse width of
0.1 ps (see Fig. 9d within the online supplementary

material for the measurement by an autocorrelator)
and repetition rate of 1 kHz. The X-ray pulses
were steadily generated by illuminating the targets
with the laser pulses. The targets made of different
materials emitted X-ray pulses with different energy
spectra. Specifically, in our home-built setup, the
laser deposited its energy onto the surface of a
polished 3-inch target in the vacuum chamber
through a sapphire window. We used a lens with a
focal length of 75 mm to focus the beam of the laser.
Both the target and the lens were placed in vacuum
chambers with a pressure of 5 × 10−2 mbar; be-
tween the target and the lens, a thin Mylar film was
used to avoid sputtering on the lens while the Mylar
film was transparent to the incident light. The target
rotated at a speed of 120◦/s and moved along the
anti-diagonal of the XY coordinate plane by 30 μm
every 3 s. The movement of the target avoided the
laser spot from illuminating the same location; in
this way, a target could be used for 2–3 h as the
X-ray source without the need for replacement. On
the other hand, the movement of the target induced
vibration of the surface by < 300μm, which fur-
ther induced timing jitter (Fig. 9e within the online
supplementarymaterial).Thevacuumchamber con-
taining the target was connected to the pulse-tube
cryostat by a metallic corrugated pipe with a length
of 160mm.TheX-ray photons illuminated the X-ray
SNSPD through a 50-μm-thick, 10-mm-diameter
beryllium window mounted on the cryostat, and
two polyimide windows mounted on two stages of
thermal shields. We employed an electromagnetic
shield containing conductive fibres to reduce elec-
tromagnetic interference to the readout circuitry
and, thus, to reduce noise-induced timing jitter.

Measurements of timing jitter
The experiment was conducted using a pulse-tube
cryocooler at a base temperature of 2.5 K. The sig-
nal from the X-ray SNSPD was transmitted through
a homemade bias-T to avoid thermal latching at a
high bias current. Instead of using a shunt resis-
tor [33], we replaced the constant-current circuit
with a constant-voltage circuit that provided a low-
impedance path to avoid latching and optimized
the signal-to-noise ratio of the output signals. In
Figs 1(b) and 2(a), the resistance, inductance and
capacitance of Rb, Lb and Cb are 5 �, 500 nH and
10 pF, respectively. The reduced resistance adapts
to the lower hotspot resistance due to the thicker
NbN film.Then, the pulse was amplified with a low-
noise amplifier LNA-650 at room temperature. The
amplifier has a nominal gain of 50 dB, a nominal
bandwidth of 600 MHz and a low-frequency cut-
off of 30 kHz. We note that the output signals from
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the X-ray SNSPDs saturated the RF amplifier in our
experiments.

The method for measuring the timing jitter of
X-ray SNSPDs was similar to that used for mea-
suring the timing jitter of ‘regular’ SNSPDs work-
ing in the near-IR range [25,26]. A small fraction
of the laser beam was split off and was sent into a
fast photodetector (EOT ET-4000), whose output
signals served as references for the measurements
of time delays and timing jitter. According to the
specification of the fast photodetector, the 10% to
90% time constant of the rising edges of the refer-
ence voltage signals was measured to be <30 ps;
its cutoff frequency was higher than 12.5 GHz. We
measured the timing jitter of the fast photodetec-
tor by using two such detectors, and the measured
timing jitter of each was 0.98 ps (Fig. 9c within
the online supplementary material). The reference
signals and the output voltage signals from the
X-ray SNSPD were sent to a high-speed, real-time
oscilloscope (Keysight MSOV334A). Timing jitter
was measured at its maximum sampling rate of
80 Gb/s.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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