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CONSPECTUS: In contrast to UV photomultiplier tubes that are
widely used in physical chemistry, mid-infrared detectors are notorious
for poor sensitivity and slow time response. This helps explain why,
despite the importance of infrared spectroscopy in molecular science,
mid-infrared fluorescence is not more widely used. In recent years,
several new technologies have been developed that open new
experimental possibilities for research in the mid-infrared. In this
Account, we present one of the more promising technologies,
superconducting nanowire single photon detectors (SNSPDs) by sharing
our experience with its use in a typical experiment carried out by
physical chemists (laser-induced fluorescence) and comparing the
SNSPD to a detector commonly used by physical chemists (InSb at
LN Temperature).
SNSPDs are fabricated from a thin film of superconducting metal, patterned into a meandering nanowire. The nanowire is cooled
below its superconducting temperature, Tc, and held in a constant current circuit below the critical current necessary to destroy
superconductivity, Ic. Upon absorption of a photon, the resulting heat is sufficient to destroy superconductivity across the entire
width of the nanowire, an event that can be detected as a voltage pulse. In contrast to semiconductor-based detectors, which have
a long wavelength cutoff determined by the band gap, the SNSPD exhibits single-photon sensitivity across the entire mid-IR
spectrum.
As these devices have not been used extensively outside the field of light detection technology research, one important goal of
this Account is to provide practical details for the implementation of these devices in a physical chemistry laboratory. We provide
extensive Supporting Information describing what is needed. This includes information on a liquid nitrogen cooled
monochromator, the optical collection system including mid-infrared fibers, as well as a closed-cycle cryogenic cooler that reaches
0.3 K. We demonstrate the advantages of these detectors in a time-resolved laser-induced infrared fluorescence experiment on
the energy pooling in crystalline CO overlayers formed on a NaCl(100) surface. We present dispersed fluorescence spectra
recorded from 1.9 to 7.0 μm obtained by single-photon counting. We also estimate the sensitivity of this WSi-based detection
system at 3 μm; the system’s noise equivalent power (NEP) value is ∼10−3 of a conventional InSb photovoltaic device.
Straightforward modifications are expected to provide another 100 000-fold improvement. We demonstrate that the temporal
resolution of the experiment is limited only by the pulse duration of the laser used in this work (fwhm = 3.7 ns). The use of
SNSPDs enables dramatically improved observations of energy pooling in cryogenic molecular crystals.

1. INTRODUCTION

Infrared absorption spectroscopy is used by chemists in myriad
applications: as a “fingerprinting” technique in the analysis of
synthetic reaction products, for studying protein folding,1−3

and on satellites to record global CO2.
4 It is used in

combination with mass spectrometry to obtain structural data
on gas-phase molecular ions5 and by surface chemists to
investigate adsorbates important in heterogeneous catalysis.6−8

It has even found applications in detection of bacteria,9

including food contamination,10 and for disease recognition.11

Mid-infrared fluorescence spectroscopy has applications in
everything from monitoring volcanos12 to infrared telescopy,13

thermal microscopy,14 and infrared chemiluminescence.15−18

Mid-IR detectors have a reputation for poor signal-to-noise and
slow time response, for example, one of the most commonly
used detectors based on semiconducting InSb has a micro-
second time response and a noise level equivalent to about 105

photons/s. Such detector properties have prevented infrared
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fluorescence from becoming more widely used in molecular
science, where scientists are accustomed to picosecond time
resolution or better and single photon sensitivity. However,
new technologies capable of single mid-IR photon detection are
now emerging providing new opportunities for molecular
science. These include HgCdTe based avalanche photo-
diodes,19 single photon up-conversion,20 transition edge
sensors,21 and superconducting nanowire single-photon
detectors (SNSPDs).22−27

The latter is a promising example of these emerging
technologies. Although SNSPDs operate at low temperatures
(typically 4 K or below), low-maintenance cryogen-free systems
are now commercially available, making them an increasingly
popular option for experiments in quantum optics,28−32 space-
to-ground optical communications,33−35 characterization of
single-photon sources and photon pair sources,36,37 light
detection and ranging (LIDAR),38 distributed fiber sensing,39

integrated circuit testing,40 and single-photon imaging.41 While
SNSPDs have traditionally been used in applications for photon
wavelengths in the near-infrared region of the spectrum (up to
1550 nm wavelength), recent developments in SNSPD
technology42 have enabled single photon detection at much
longer wavelengths extending into the mid-infrared, enabling a
host of new potential applications.
In this Account, we describe an example of a mid-infrared

dispersed laser-induced fluorescence (LIF) experiments using
an SNSPD based on amorphous-WSi alloy.42−45 After laser
exciting CO molecules in a cryogenic molecular crystal

deposited on NaCl, vibrational energy pools rapidly, for
example by a mechanism like the following:46−53 CO(v) +
CO(1) → CO(v + 1) + CO(0). Here, v is the vibrational
quantum number of the CO molecule. In this way, vibrational
states of CO from 1 < v < 37 are populated on the nanosecond
to millisecond time scale, resulting in mid-IR emission from
about 2 to 7 μm. This Account provides details of how mid-IR
experiments can be carried out using SNSPDs, exemplifying the
key advantages of this technology to molecular science.
The paper is organized as follows. Section 2 describes some

of the background information necessary to understand how a
laser-induced fluorescence experiment can be done in the mid-
IR using an SNSPD. In Supporting Information, we provide
extensive information required for a more detailed and
quantitative understanding of the experiment and the perform-
ance of the instrument. In section 3, we present results of mid-
IR observations of energy pooling that show the extremely high
sensitivity and ability to carry out photon counting using
SNSPDs. We also use the superior time response of these
detectors to measure the temporal response of the instrument.
We close with suggestions relevant to future use of these
devices.

2. THE ELEMENTS OF A MID-IR LIF EXPERIMENT
USING AN SNSPD

First developed in 2001, the SNSPD is fabricated from a thin
film of superconducting metal, patterned into a very narrow
meandering wire54 (see Figure 1). The nanowire is cooled

Figure 1. Detection of a single 5 μm photon by an SNSPD. (a) SEM image of an SNSPD with false color for clarity; (b) Absorption of a photon
produces a hotspot in a superconducting nanowire. This event destroys superconductivity across the entire width of the nanowire and can be
detected as a voltage pulse (c).

Figure 2. Schematic of the experimental setup: laser-induced infrared fluorescence collection and detection.
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below its superconducting temperature, Tc, and held in a
constant current circuit below the critical current necessary to
destroy superconductivity, Ic. Upon absorption of a photon, the
resulting heat is sufficient to destroy superconductivity across
the entire width of the nanowire, an event that can be detected
as a voltage pulse.
Early SNSPDs were made with polycrystalline NbN.25

However, the length of the nanowires (and hence the size of
the SNSPDs) were limited due to the difficulty of depositing
defect-free NbN films over large areas. In 2011, scientists at
NIST began experimenting with amorphous metals, including
WSi45 and later MoSi.55 With these materials, it became
possible to deposit uniform nanowires over large areas. Within
two years, photon detection efficiencies as high as 93% were
achieved at wavelengths near 1550 nm,44 still the record for an
SNSPD.1 These devices exhibited <100 ps timing jitter and
photon counting rates approaching 10 MHz.42,55 They also
show extraordinarily low intrinsic dark count rates (<1 Hz).44

Experiments also showed that WSi-based SNSPDs were
sensitive in the 2−5 μm spectral region.42

Figure 2 shows a schematic diagram of the SNSPD based
mid-IR LIF experiment, which is explained in detail in
Supporting Information. Briefly, a single crystal NaCl sample
is cleaved in ultrahigh vacuum (UHV), upon the surface of
which a multilayer CO sample is grown. The CO first overtone
is pumped by a pulsed near-infrared laser light source, and the
laser-induced infrared fluorescence is collected by parabolic
mirrors onto the entrance slit of a liquid nitrogen cooled
monochromator. At the exit of the monochromator, the
dispersed fluorescence signal is coupled to the SNSPD with a
multimode mid-infrared fiber. The SNSPD is held at 0.3 K in a
closed-cycle helium refrigerator. Voltage pulses produced by
the SNSPD are amplified with a room temperature amplifier
and counted by a multichannel scaler (MCS). The instrument
is also equipped with an FTIR spectrometer to monitor the
sample.

3. RESULTS AND DISCUSSION
Figure 3 shows a comparison of mid-IR LIF to conventional
FTIR absorption for a 13C18O multilayer measured in the first
overtone region. The sample layer thickness is determined
based on the integrated absorbance of the CO absorption

band.52 The FTIR spectrum required 256 scans (ca. 6 min)
averaging using a 0.2 cm−1 resolution setting. The FTIR light
source is p-polarized and at a 50° incident angle with respect to
the NaCl surface. For the LIF excitation spectrum, the
monochromator is tuned to 3675 cm−1, which detects CO (v
= 10 → 8) infrared emission. We integrated the fluorescence
signal recorded on the MCS from 0.05 to 1.05 ms after the laser
pulse; each point in the spectrum of Figure 3 was averaged with
50 laser pulses (5 s). A Gaussian fit to the data gives a fwhm =
2.1 cm−1 for the FTIR spectrum and a fwhm = 2.75 cm−1 for
the LIF excitation spectrum; the peak center frequency is at
4055.9 cm−1 for both spectra. In this experiment, we excite
∼3% of the CO molecules per laser pulse with a laser power of
ca.6 mJ (4 mm in diameter), see Supporting Information for
more details. Despite the fact that the sensitivity of the SNSPD
was reduced by lowering the bias current to about 1/2 Ic to
avoid detector saturation, the LIF spectrum already shows
substantially better S/N than the FTIR absorption spectrum.
Figure 4 shows an example of a laser-induced dispersed

fluorescence emission spectrum of the multilayer CO sample,
resulting from the first overtone excitation (v = 0 → 2) shown
in Figure 3. Here the monochromator was scanned, while the
laser frequency was held at 4056 cm−1. The detected emission
lines cover a broad mid-infrared wavelength range of 1400−
5200 cm−1 (1.9−7.0 μm), originating from Δv = −1, −2, and
−3 transitions. The drop in signal strength at 7.0 μm is due to
absorption by the mid-IR fiber.
Rapid vibrational energy pooling occurring after initial laser

excitation of v = 0 → 2 creates a nonequilibrium vibrational
population distribution among the CO molecules. The
assignment of the emitting vibrational states of CO (5 < v <
30) are shown by the combs in Figure 4a. By adjustment of the
temporal integration window, fluorescence from vibrational
states from v = 1 to v = 37 can be detected. We note that the
signal intensity observed here is influenced by several factors
such as the frequency-dependent SNSPD detection efficiency,
the monochromator grating efficiency, and the wavelength-
dependent fiber transmission. For the current experiments, the
system is optimized in the first overtone region.
Quantitative determination of the absolute sensitivity of this

SNSPD compared to other IR detectors is beyond the scope of
this paper. This is partly because many basic improvements to
the current experiment are still possible. For example, we have
made no effort to focus the output of the fiber (100 μm core
diameter) onto the 10 μm × 10 μm SNSPD. Still we attempted
to gain insight into the sensitivity issue by reducing the CO
sample thickness. We note without further discussion that we
easily find conditions where we can record the dispersed
fluorescence spectrum resulting from energy pooling in a CO
monolayer on NaCl(100) in the CO first overtone emission
region. This has not been previously possible in experiments
employing conventional IR detectors, for example, InSb.53

These spectra will be published in the near future.
We also made direct comparison to a conventional liquid

nitrogen cooled InSb photovoltaic detector (Judson Tech-
nologies56 J10D-M204-R02M-60). We found that the mid-IR
signal-to noise ratio is increased about 100 times when the
fiber-coupled SNSPD replaced a standard InSb detector at the
monochromator exit, despite the fact that the InSb detector has
a 2000 times larger effective detection area. The improved
performance is a direct consequence of the much lower noise-
equivalent power (NEP) detected with the SNSPD as
compared to the InSb detector. For our current SNSPD

Figure 3. LIF excitation spectrum and FTIR spectrum of a multilayer
13C18O sample (ca. 1400 layers, 0.4 μm thickness) on NaCl(100) at Ts

= 7 K, measured in the first overtone region. The LIF signal originates
from the CO emission line 10 → 8 at 3675 cm−1. For LIF, the
fluorescence between 0.05 and 1.05 ms after the laser pulse was
integrated, and the signal counts per laser pulse (left y-axis) were
recorded. The FTIR absorbance is shown on the right y-axis. The two
spectra have been normalized to one another for comparison.
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detection system, we determined a NEP < 2 × 10−14 W/√Hz
at 4 μm (for details, see the Supporting Information) whereas a
liquid nitrogen cooled InSb detector produces typically 10−12

W/√Hz.
Two key advantages of SNSPDs need to be emphasized at

this point

1. The present NEP level achieved with our SNSPD is
limited by blackbody background (∼10 kHz). By further
reducing background count rates, for example, with
improved cryoshielding of the sample, toward the
intrinsic dark count rate of ∼1 Hz and enhancing the
fiber-SNSPD coupling efficiency by matching the size of
the SNSPD to the fiber, the NEP can in principle be
reduced to 7 x 10−19 W/√Hz. This is far better than can
be achieved with InSb devices.

2. InSb has a hard wavelength cutoff at 5.5 μm due to its
bandgap. The SNSPD in this work already shows good
response out to the fiber cutoff at 7.1 μm. We are
presently designing a free space optical coupling setup
that promises single photon detection at even longer
wavelengths.

In addition to high sensitivity in the mid-IR, SNSPDs also
exhibit far superior temporal response compared to more
conventional technology like InSb detectors. Figure 1c shows a
single-shot oscilloscope (bandwidth 500 MHz) trace of an
amplified electric pulse generated by the SNSPD irradiated by a
weak and continuous source of 5 μm IR photons. The amplifier
gain and bandwidth are 52 dB and 2 GHz, respectively. The
electrical pulse signal is similar to the one described in ref 45.
The electric pulse amplitude is much larger than the amplifier
noise level and is thus compatible with conventional counting
electronics. The pulse shows a rise time of ∼2 ns (1/e), limited
by the bandwidth of the oscilloscope; and a recovery time of
∼18 ns (1/e), limited by the kinetic inductance of the detector
device.26 In order to make a direct measure of the temporal
response limits of our experimental setup, we recorded the
temporal profile of the pulsed near-IR laser described in the
experimental section. To do this, we attenuated the laser pulse
sufficiently that individual pulses could be recorded by the
MCS. The results are shown in Figure 5. Open squares show

the SNSPD output, and a red line shows a Gaussian fit to the
data. The fwhm of the experiment’s temporal response derived
in this way is 3.7 ns and is most likely dominated by the laser
pulse duration, given that similar SNSPDs have demonstrated a
jitter on the order of 100 ps using near-infrared femtosecond
laser pulses and fast readout circuits.57−59

We can exploit the high sensitivity, fast time response, and
high time resolution of the SNSPD to reveal the dynamics of
the early stages of vibrational energy pooling. Figure 6 shows
the temporal profiles of Δv = −1 fluorescence (red curves)
from vibrational states important in the earliest stages of energy
pooling; specifically v = 1−4. Here the laser excites the v = 0 →
2 transition to suppress the influence of scattered laser light at
the Δv = −1 emission wavelengths. The scattered light
contribution (black curves) was measured by tuning the
monochromator between emission features. It is immediately
obvious that during the time that the infrared laser pulse is on,
fluorescence from the CO(v = 2) state is by far the strongest of
the four states, consistent with the fact that the laser populates v
= 2 efficiently. But by the time the laser pulse is switched off,
the population in this state rapidly decays nearly to the baseline.
At the same time, population in v = 1 and 3 is still nearly
negligible; however, the emission signal from CO(v = 4) is

Figure 4. Fluorescence emission spectrum of the multilayer 13C18O on NaCl(100) at Ts = 7 K, induced by laser excitation of the first overtone
transition of the multilayer CO at 4056 cm−1 as marked by the arrow line. SNSPD bias current = 5.5 μA. (a) Overview spectrum, integral time
window = 0.05−1.05 ms, 20 laser shots averaging; (b) spectrum of v = 1−5 in fundamental region, integral time window = 1−5 μs, 100 laser shots
averaging; (c) Spectrum of v = 29−36 in first overtone region, integral time window = 5−105 μs, 100 laser shots averaging. The scale factors are
applied for convenience of data display.

Figure 5. Temporal profile of the excitation laser pulse at 4056 cm−1

measured with an SNSPD with a time resolution of ∼100 ps.
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dramatically larger. Even without the benefit of sophisticated
kinetic models, it is already clear that the process of overtone
pooling, CO(2) + CO(2) → CO(4) + CO(0), must be playing
a role. However, the rate of this process is just barely resolvable.
Indeed, if one subtracts the scattered light contribution from
each trace in Figure 6 (right panel), one sees that the rise time
of CO(v = 4) is quite close to the decay time of v = 2. In the
future, these issues will be more carefully studied using a
picosecond excitation laser.
As the vibrational quantum number increases, the rise time

increases and becomes fully resolved. Starting from at least as
low as v = 6, the full temporal profiles of each emitting state can
be clearly resolved. In fact, the rise time increases approximately

exponentially with vibrational quantum number, from 13 ns at v
= 4 up to 39 μs at v = 27, where the rise time stops increasing.
This is due to the onset of vibrational to electronic (V−E)

energy pooling, which becomes clearer when one analyzes the
fluorescence data to obtain time integrated vibrational
populations (green curve in Figure 7). The vibrational
population drops by 2 orders of magnitude from v = 27 to v
= 31, and then rises slightly until v = 33 followed again by
another sharp drop. The vibrational energies of the two turning
points at v = 27 and v = 31 and the observed maximum state v
= 37 are coincident with the energetic onsets of transitions to
the first three excited electronic states of the CO molecule,
shown as dashed vertical lines in Figure 7. This correlation
between the rise time, vibrational population and the energy of

Figure 6. Dispersed fluorescence temporal profiles (red lines) for v = 1−4 levels measured in fundamental transition region. The residual scattered
laser signal (black lines) is measured under identical experimental conditions as those fluorescence signals, except the monochromator is at a
frequency of 2028 cm−1, between the emission lines at 2040 cm−1 (v = 1) and 2016 cm−1 (v = 2), where there are only residual background photons
and scattered laser photons. The acquisition time resolution is 1.6 ns for v = 1, 2, and 4 (1968 cm−1) signals and 6.4 ns for v = 3 (1992 cm−1) signal.
Each temporal profile is averaged over 20000 laser shots (ca. 33 min) at a 10 Hz rate. The right-hand panel shows the results when the scattered light
background has been subtracted.

Figure 7. Vibrational-state-dependent rise time (black diamonds), defined as the peak time of the dispersed fluorescence temporal profile and time
integrated vibrational population (solid line). The three dashed vertical lines mark the energy positions of the first three electronic transitions of CO
molecules for reference. The values of the three energy positions are from the NIST database60 for gas phase 12C16O.
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CO electronic transitions is strong evidence of V−E transfer
leading to population of the a3Π, a′3Σ+ and d3Δ states. In the
future, we plan to optimize the detection sensitivity in the
wavelength range of 6000−7000 cm−1, searching for IR
emission originating from transitions between the first two
electronic levels a3Π ← a′3Σ+.
The vibrational energy pooling phenomenon has been well-

known for CO molecules in the gas phase50 and solid phase51

and for CO overlayers52 and monolayers53 on NaCl(100). In
these previous measurements, CO molecules were highly
vibrationally excited upon the initial optical pumping of the v =
0 → 1 or v = 0 → 2 vibration transition, and vibrational levels
as high as v ≈ 4050 have been detected due to vibrational
energy pooling.
However, there is still no detailed understanding of the

dynamics of this vibrational pumping process due to the lack of
sufficient time resolution. For example, Chang and Ewing52

have measured the dispersed temporal profiles of laser-induced
fluorescence from a CO overlayer on NaCl(100) using an InSb
detector. The measured temporal profiles only show the signal
decay on a millisecond time scale, and the fast rising times of
the signals, as well as the weak and fast decay signal for low v
states, which is crucial for understanding the vibrational energy
pooling dynamics, could not be time-resolved due to the long
excitation laser pulse (5 μs), as well as the slow time response
of the InSb detector (ca.10 μs) used in those experiments.
Moreover, for a monolayer CO on NaCl(100), the detection
sensitivity of InSb was so low that only the wavelength
integrated fluorescence could be measured.53

While it is beyond the scope of this Account to analyze the
data with a detailed kinetic model, the vibrational dynamics are
governed by a variety of elementary vibrational energy transfer
processes, which we now describe in more detail. This relies on
work by Corcelli and Tully47 and Boney and Marcus,49 who
have theoretically modeled the vibrational energy pooling
dynamics for a CO monolayer on NaCl(100). Some of the
important elementary processes are the following.

1. Vibrational energy pooling via near-resonant V−V
exchange process: CO(v) + CO(1 or 2) ↔ CO (v + 1
or v + 2) + CO(0) + ΔE > 0, v ≠ 0. This process is
exoergic due to the anharmonicity of CO molecules and
thus can proceed over and over to produce CO
molecules in high vibrational states. This may occur as
long as the excess energy can be dissipated to the
phonons of the CO multilayer or the substrate
NaCl(100) surface.

2. Vibrational energy unpooling is the inverse, endoergic
process, whose rate by detailed balance is equal to the
rate of the corresponding vibrational pooling process
times a Boltzmann factor exp(−ΔE/(kBTs)). Therefore,
it is most important for low vibrational states where the
ΔE resulting from vibrational anharmonicity is the
smallest. We have confirmed that the populations in
low v-states are strongly temperature dependent.

3. Resonant V−V exchange process: CO(n) + CO(m) ↔
CO(m) + CO(n) + ΔE = 0. The rates for resonant
processes are in general much faster than those for the
corresponding nonresonant processes. Although this
elementary process does not result in pooling or
unpooling, it provides mobility for vibrational quanta,
so that two vibrationally excited molecules may be near
one another allowing pooling to occur more efficiently.

Resonant V−V energy transfer is also expected to be
most important for low v states, for instance, CO(1) +
CO(0) ↔ CO(0) + CO(1) and possibly for CO(2) +
CO(0) ↔ CO(0) + CO(2).

4. Nonradiative vibrational relaxation: CO(v) → CO(v −
1). The rate of this process is much smaller than the
vibrational pooling process due to large energy mismatch
between the C−O stretching frequency (∼2000 cm−1)
and the phonon frequency (<223 cm−1) of the CO
multilayer or the substrate NaCl(100) surface. However,
as v increases, this energy mismatch decreases, and the
rate increases.

5. Infrared radiative fluorescence: CO(v) → CO(v − 1, −
2, − 3) + hv. This rate is given by the Einstein A
coefficients, which scale strongly with v, see Figure S10 in
Supporting Information. .

6. Vibrational to electronic energy transfer. This becomes
important for the highest vibrational states and ultimately
prevents states of CO above v = 37 from being observed.

As a result of the interplay between these different vibrational
energy flow processes, the vibrational dynamics can be quite
complicated and development of kinetic models is difficult.
However, the mid-IR emission data can be used to derive the
actual quantum-state-resolved population profiles. Figure 8

shows the derived time evolution of the relative populations for
vibrational states from v = 1 to v = 37, not all v states are shown
for clarity. We describe how these were obtained in Supporting
Information.
Immediately during and after the 3.7 ns excitation laser pulse,

only low v states (v = 1−5) are populated. The vibrational
ladder climbing process then takes over, and one can see that
the population builds up sequentially in higher v-states as time
passes. For instance, it takes about 0.3 μs for the vibrational
population of v = 20 to start growing and about 2 μs for v = 35.
After only about 1 μs, v = 7 becomes the most populated state,
and this persists for at least 10 ms. For the fluorescence decay,
the measured temporal profiles exhibit a multiple-exponential
decay with a strong vibrational state dependence. The decay
time for the low v states of v = 1−5 are much faster than the
higher v states because of the fast depopulation caused by
vibrational energy pooling. For example, the decay time (at 5%
of peak intensity) is 10 μs for v = 4 and 2 ms for v = 7. For

Figure 8. Time evolution of relative vibrational population for
different vibrational states as labeled in the graph.
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vibrational state v > 25, the decay becomes faster again due to
the increasing rates of vibrational relaxation and fluorescence.
Another interesting observation is that, for states of v = 1−4,

the decay curves are approximately parallel to each other up to
1 ms, quite different from other v states. This is probably
because for these low v states the vibrational pooling and
unpooling rates are much faster than the vibrational energy
relaxation and fluorescence rates, and hence a quasi-equilibrium
vibrational distribution is established among these states. For
the higher v states, the unpooling rates become smaller and the
vibrational energy loss rates increase and start to interplay with
the vibrational pooling process, and thus the decay becomes
strongly dependent on the vibrational states. Numerical fitting
of these highly detailed data, based on a master equation
method that describes the vibrational energy flow processes
involved, could extract the rate constants for each vibrational
energy transfer process and thus provide a high-level theoretical
modeling of the vibrational energy pooling dynamics for the
overlayer CO on NaCl(100).

4. CONCLUSIONS AND FUTURE OUTLOOK
We have revisited the problem of CO energy pooling in a
cryogenically cooled CO crystal employing a newly constructed
instrument for mid-IR laser-induced fluorescence that relies on
a superconducting nanowire single-photon detector fabricated
from an amorphous WSi alloy. The instrument also features a
liquid nitrogen cooled monochromator, which allows dispersed
fluorescence spectra to be recorded. Pooling up to CO (v = 37)
can be observed; emission from states above the lowest three
excited electronic states is weak or absent indicating the
efficient production of a3Π, a′3Σ+ and d3Δ states. Infrared
fluorescence from CO undergoing pooling is detected at a wide
range of mid-IR wavelengths (1.9−7.0 μm). We estimate the
sensitivity of the SNSPD-based system to be more than 100×
better than a conventional InSb detector. Furthermore, we can
easily resolve the temporal profile of an injection seeded Q-
switched infrared laser, whose fwhm was found to be 3.7 ns and
sets the limit to temporal resolution for this instrument. This
temporal response far exceeds what is possible with our InSb
detector and enables us to time-resolve the vibrational state
population distributions resulting from energy pooling after
overtone excitation of CO. With single-photon sensitivity in a
broad mid-infrared wavelength range and a fast time response,
SNSPDs open up many new opportunities in molecular
science.
Although NbN SNSPDs have also demonstrated sensitivity

at wavelengths in the mid-infrared,25,26 at the present time WSi
appears to be the best material for applications in this region of
the spectrum. Obtaining high internal efficiency with NbN in
the mid-infrared requires the fabrication of ultranarrow
nanowires (<50 nm), which significantly reduces yield for
large-area detectors due to fabrication imperfections. In
contrast, WSi allows efficient detection at wavelengths up to
5 μm with 100 nm-wide nanowires, which significantly eases
fabrication constraints. The mid-infrared NbN detectors
reported in ref 26, for example, were 3 × 3 μm2 in area,
whereas the WSi detectors presented here are 10 × 10 μm2.
While this is a small active area compared to semiconductor-
based mid-infrared detectors, 64-pixel arrays of 30 × 30 μm2

WSi SNSPDs have recently been demonstrated with areas as
large as ∼0.5 × 0.5 mm2.41 Thus, there is significant room for
improvement in terms of coupling efficiency to the detector.
Nevertheless, even with small active areas, SNSPDs have

surpassed other detector types for applications where extremely
high sensitivity and excellent time resolution is required in the
mid-infrared, opening a path to a wide range of new
applications.
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