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Motivation for Small Sub-eV  
Resolution Detectors
Current technologies ~1 eV threshold

MeV thermal relics, eV dark photons

Need new technologies to access  
keV thermal relics, meV dark photons!

Sharp targets due to simplicity:
same diagrams for annih. and scatt.
no accidental cancellations
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FIG. 5. Reach for dark photon mediated scattering in GaAs and sapphire, assuming one kg-year exposure. For
sapphire, we indicate the sensitivity if one requires a 2� observation of the daily modulation (see Sec. III C). For
GaAs, we also show the result using the analytic approximations in [34] (dashed line), which is nearly identical
to the full numerical result. GaAs can also be operated as scintillator for dark matter masses above 1 MeV [57],
as indicated by the dashed purple lines. Existing constraints and other proposed experiments are described
further in the text.

we express the result in terms of

�̄e =
4e02↵µ2

Xe

(↵me)4
. (26)

which corresponds to the typical cross section of dark matter with a bound electron, e.g. in a
semiconductor-based experiment. µXe is the DM-electron reduced mass, ↵ is the fine-structure
constant and me is the electron mass. The result is shown in Fig. 5 for both GaAs and sapphire. For
GaAs, we compare the isotropic limit with the numerical result including phonon eigenmodes and find
excellent agreement. Also shown are existing stellar cooling [58], BBN [59] and Xenon10 [60] con-
straints, as well as the projected reach of other experimental proposals [12, 26, 28, 50]. Interestingly,
we find that as little as a gram-month exposure would suffice to reach the freeze-in benchmark. In
the sub-MeV range, an experiment based on a Dirac material [28] is currently the only other proposal
which could compete with polar materials. Given that Dirac materials have not yet been fabricated
in the quantities needed for a dark matter detector, we expect that the polar material concept could
be realized on a substantially shorter timescale. Also shown in Fig. 5 (dashed blue) is the expected
sensitivity for sapphire if one requires a daily modulation signal at 2�. We elaborate on the daily
modulation in the next section.
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FIG. 10. The projected reach for GaAs (left) and Al2O3 (right) for a kg-year exposure and different experimental
thresholds. The solid lines show the reach using the numerically computed phonon modes, while the dashed
lines use the analytic approximation in (33). Also shown is a projection for a superfluid helium target that is
sensitive to multiphonon production from DM, with kg-year exposure and meV threshold [31].

analytic approximation for GaAs matches the numerical result very well for the acoustic branch (dark
purple), and for the optical branch (light purple) it reproduces the numerical result to within a factor
of ⇠ 3. As expected, the reach dramatically improves if the threshold is low enough to pick up the
acoustic modes, and in this case substantially outperforms a superfluid helium detector in multiphonon
mode [31].

If only the optical modes are accessible, the reach is comparable or somewhat weaker than that
of superfluid helium. In this case only one LO mode contributes for GaAs, and it is imperative that
the threshold is lower than 30 meV. For sapphire, there are several modes in the spectrum which
contribute comparably to the total rate. The cross section and the reach therefore differ for different
experimental thresholds in Fig. 10, as more phonon modes can be accessed for lower thresholds. This
is to be contrasted with the case of the dark photon mediator, where mode 30 alone was responsible
for almost all of the rate, provided that it is kinematically accessible. The threshold dependence of the
rate is thus not present for the dark photon mediator, and could be a discriminating variable between
the models, should a signal be observed. As for GaAs, the sapphire reach would increase substantially
if the acoustic phonons could be accessed. In particular, the improved reach for the 25 meV threshold
and mX > 200 keV in sapphire is due to one of the acoustic modes: at this point, the momentum
transfer becomes just large enough to access a portion of the acoustic branches (see Fig. 2). This
substantially enhances the rate, giving rise to the feature in Fig. 10.
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FIG. 13. Reach of GaAs and sapphire to dark photon dark matter in terms of kinetic mixing  and mass
mA0 , assuming kg-year exposure. For mA0 < eV, the dark matter is absorbed into single and multi-phonon
excitations. For mA0 > eV, the dark matter is absorbed into electron excitations. Also shown are existing direct
detection constraints from DAMIC [69], SuperCDMS [13], Xenon10 [61, 70], and Xenon100 [33, 70] (shaded
blue) and constraints on emitting dark photons in the Sun [42, 71]. The dotted lines are projections from Al
superconductors [32], Ge and Si semiconductors [33], Dirac materials [28] and molecules [72]. See Ref. [70] for
absorption on GaAs for mA0 > eV. Molecular magnets [29] have a reach in the  ⇠ 10�17

� 10�15 range for
10�2 eV . mA0 . 10 eV.

experiment, and the crystal anisotropy leads to a sizable directional dependence, which is manifest as a
modulation in rate over a sidereal day. This directional dependence is much smaller in GaAs due to the
more isotropic nature of the crystal. The dependence of the modulation pattern and amplitude on the
target material suggests that if a signal were to be observed, one could employ a number of different
polar material targets to extract details on the DM model and further confirm its cosmic origin.

We analyzed sub-MeV DM scattering via both a dark photon (vector) mediator and a scalar medi-
ator. For the dark photon mediator, the scattering occurs dominantly into optical phonon modes, and
the resulting reach and daily modulation are shown in Fig. 5 and Fig. 6 respectively. In the case of the
scalar mediator, the best sensitivity can be obtained if acoustic phonon modes are accessible; the reach
and modulation are shown in Fig. 10 and Fig. 11. The modulation pattern and which phonons are
excited thus depend strongly on the DM model, and a definitive observation of the modulation could
in principle be used to infer the DM mass and mediator spin. For the scalar mediator, we studied the
example where the mediator couples to nuclei, but our analysis also applies to the scenario where the
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Basics of Kinetic Inductance Detectors

Superconductors have an AC inductance due to inertia of Cooper pairs
alternately, due to magnetic energy stored in screening supercurrent

Changes when Cooper pairs broken by energy, creating quasiparticles (qps)
Sense the change by monitoring a resonant circuit
Key point: superconductors provide very high Q (Qi > 107 achieved), so 

thousands of such resonators can be monitored with a single feedline
enormous cryogenic multiplex technology relative to existing ones

very simple cryogenic readout components

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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Quasiparticles to Conductivity

MB gives characteristic T and 
ℏ𝜔/∆ dependence

Key features
Quiescent nqp exponentially suppressed 

as T decreases*
* as long as no anomalous qp 

recombination physics
* as long as no anomalous qp creation

Responsivity only weakly T-dependent 
(not exponential!)
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Figure 1: Plots of Mattis-Bardeen relations for h⇥/� = 0.06, valid for ⇥ = 3.5 GHz and � = 210 µeV.
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We note that Figure 2.10 of Gao’s thesis shows there is actually very little di⇥erence between the
expressions given above and d⌅/dnqp calculated from the thermal formulae without holding T fixed
(i.e., setting µ� = 0 and calculating d⌅/dnqp = ⌅⇥(T )/⌅T

⌅nqp(T )/⌅T ). If we write in terms of ⌅/|⌅(0)|, the
expressions simplify further because the ⇤�/h̄⇧ factor disappears into |⌅(0)|:
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Some notes:

• We see that both nqp and T appear. The way this should be treated is that, when considering
the quiescent quasiparticle density, it is necessary to self-consistently determine nqp and T ,
and then that T should be held fixed during the calculation of the derivatives. A convenient
way to determine nqp and T for the quiescent condition is to relate the observed ⌅1 and ⌅2

to nqp assuming a nominal T using Equations 81 and 82, then calculate a better estimate of
T from the nqp thus determined via Equation 74, redetermine nqp using the ⌅ equations, and
iterate until nqp and T converge.

• As seen in the plots below, the derivatives do not depend exponentially on temperature once
one has separated out the nqp dependence.

• Seth Siegel has shown5 that the above approximate expressions can result in 10–20% level
inaccuracies when fitting data over a large temperature range and that the full integrals
giving rise to the above expressions should in general be used. The above approximate forms,
however, do well to make clear the parameter dependencies.

• It is standard to define

�(T ) ⇤ ⌥(⌅/|⌅(0)|)
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(85)

⇤ �1(T ) + j �2(T ) (86)

We also define r� = 1 for the real part of � and r� = �2/�1 for the imaginary part. We will
find this factor convenient for writing formulae for the frequency and dissipation response in
a unified fashion.

5http://www.submm.caltech.edu/kids/AnalysisLog167
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Some notes:

• We see that both nqp and T appear. The way this should be treated is that, when considering
the quiescent quasiparticle density, it is necessary to self-consistently determine nqp and T ,
and then that T should be held fixed during the calculation of the derivatives. A convenient
way to determine nqp and T for the quiescent condition is to relate the observed ⌅1 and ⌅2

to nqp assuming a nominal T using Equations 81 and 82, then calculate a better estimate of
T from the nqp thus determined via Equation 74, redetermine nqp using the ⌅ equations, and
iterate until nqp and T converge.

• As seen in the plots below, the derivatives do not depend exponentially on temperature once
one has separated out the nqp dependence.

• Seth Siegel has shown5 that the above approximate expressions can result in 10–20% level
inaccuracies when fitting data over a large temperature range and that the full integrals
giving rise to the above expressions should in general be used. The above approximate forms,
however, do well to make clear the parameter dependencies.

• It is standard to define
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(85)

⇤ �1(T ) + j �2(T ) (86)

We also define r� = 1 for the real part of � and r� = �2/�1 for the imaginary part. We will
find this factor convenient for writing formulae for the frequency and dissipation response in
a unified fashion.

5http://www.submm.caltech.edu/kids/AnalysisLog167
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9 
Photon-Counting KIDs for the Far-IR Surveyor 

                                                                                       
 

     
 Fig. 7: We have already demonstrated thin Al films with excellent properties for photon-counting. 
(Left) We measure internal quality factors in our thin 10 nm films of Qi~106 at low readout powers. 
(Right) Fitting the internal quality factor and resonance frequency as a function of temperature we see 
behavior that conforms to Mattis-Bardeen theory. 

extract the loss-tangent due to TLSs. In doing so we will work to systematically determine 
fabrication techniques which will allow us to improve and reproduce these film properties.  

Fabrication will be done in the GSFC Detector Development Laboratory (DDL) in our 
state-of-the art sputtering deposition system (see Facilities section). We have already demoed 
NbTiN thin film resonators at GSFC with Qi~105 on unheated H-terminated Si substrates etched 
using a dry/wet etch process. On our path to achieving Qi~106, we will consult with our 
collaborators at SRON, whom have already developed and demonstrated world-record high 
quality NbTiN films on Si with low TLS loss/noise to adopt their methods [44,45]. In addition, 
in one device variation, SRON will deposit NbTiN films on our wafers, for return and processing 
at GSFC into our Al/NbTiN test devices. 

 
Milestone: We will demonstrate simple CPW resonators made of NbTiN films with internal 
quality factors ≥ 1 million (loss tangents, tan δ ~1e-6).  

4.1.3 Optimization of Thin-film Aluminum Parameters 

We have also carefully considered materials choices for the inductor/absorbing material 
of our photon-counting KID design, where the two most promising candidates were Al and TiN 
films. Although TiN shows great promise due to its high kinetic inductance and low microwave 
loss, recent studies suggest that even for high-Q resonators in TiN there is significant quasi-
particle trapping [46], which would limit its use in low space backgrounds. Al films however, 
have been well studied, show behavior that is well-predicted by Mattis Bardeen theory (see Fig. 
7), and when used in KID designs can already provide ultra-low sensitivity in the NEP ~ 10-19 
W/Hz1/2 regime [43]. Driven by this, with previous internal funding, we systematically 
developed and characterized Al films at a variety of thicknesses. We deposited films and 
patterned these films into simple KID resonators and characterized them in a customized low-
background cryogenic testbed (see Facilities). Of key importance for the detector response and 
sensitivity are Qi and quasi-particle recombination time τqp. With our 10 nm thin Al films we 
have recently achieved Qi ~ 1.2x106 at low microwave readout powers (P_feedline = -117 dBm; see 
Fig. 7), by far the best reported for such thin films [47-50]. Additionally, we have measured τqp ~ 
1.0 ms in 100 nm thick devices using an LED to measure the detector response time with single 
NIR photons, also similar to the best results in literature [43]. As is detailed in §4.2.2, these Al 
properties meet our photon-counting design requirements.  

Key material for ultrasensitive KIDs: thin 
aluminum 
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Quasiparticle response  
governed by quasiparticle  
lifetime, observed to  
follow 
 
 
where n∗ may be a  
limiting qp density

Frequently written as 
 
 
with the recombination  
constant

Sets bandwidth over which noise integrated: 
larger 𝜏qp is better

Many ms lifetimes achievable but perhaps only at  
low readout powers

Need to make conservative assumptions about 
𝜏qp to avoid optimistic predictions

 9

�qp =
�max

1 + nqp/n�

perturbation in the quasiparticle distribution that has the same shape as the steady-state

distribution, df(E) / f(E). Although this assumption is a reasonable starting point, it is not

guaranteed to be correct, and this is an important topic for future research. Our assumption

guarantees that the fractional perturbations to the physical quantities are all equal, because

dX
X!Xð0Þ ¼

hKXjdf i
hKXjf i

¼ hKY jdf i
hKY jf i

¼ dY
Y !Yð0Þ . 57 :

Thus, we can reduce the problem to the calculation of dNqp/Nqp.

5.6.3. Quasiparticle lifetime. The quasiparticle population may be calculated by balancing

the generation and recombination rates. Quasiparticles recombine via phonon emission along

with the subsequent escape of the recombination phonon from the superconducting volume

(113). Superconducting microresonators have proven very valuable for studying this process

(114, 115). As illustrated in Figure 17, experimentally, the quasiparticle lifetime tqp varies with

thermal quasiparticle density in a manner that is fairly well described by the relation

tqp ¼ tmax

1 þ nqp=n&
, 58:

where the crossover density n& ' 100 mm!3 is observed to be roughly constant for a wide range

of materials, and tmax is the experimentally observed maximum lifetime. The physics governing
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Figure 17

This figure shows the beautiful quasiparticle lifetime measurements made using superconducting
microresonators. The filled symbols represent Ta films; the open symbols are Al films. The inset shows the
same data on a linear scale. Reprinted with permission from Reference 114. Copyright 2008, American
Physical Society.
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asymptotic regime; limiting excess qp density n∗, or something else?
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Small-Detector (gram-scale) Architectures
Goal: detection of sub-eV energies from:

Dark phonon absorption, DM-e scattering,  
scalar-mediated nucleon scattering at very low recoil  
energies, directly producing phonons w/o e-h pairs

Methods:
Detection of qp creation in superconducting target  

via phonon or qp collection 
(Hochberg, Zhao, Zurek, arXiv:1504.07237)
Phonons appropriate when 2∆substrate > hνphonon: phonons  

propagate quasi-ballistically with long decay times  
(100 µs - ms: SuperCDMS, Gaitskell thesis w/high RRR Nb)

Quasiparticles appropriate when 2∆substrate < hνphonon:  
phonons cannot propagate, but qp’s can, w/long decay times 
(e.g.: probably Al, other low T superconductors: untested!)

Detection of optical phonon production in polar materials:
GaAs (Knapen, Lin, Pyle, Zurek, arXiv:1712.06598)
Al2O3 (Griffin, Knapen, Lin, Zurek, arXiv:1807.10291)

Architecture: 
Single mm-scale KID on gm-scale, few-mm target substrate

Lower-gap superconductor for KID (e.g., AlMn)  
and/or better amplifiers promise meV-scale resolution
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insulator
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qp trap

*of the conventional kind 
with collector >> KID

182
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Collimator

Device/
housing

a) b)

Figure 7.2: a) Schematic of device mounting hardware, including source holder. b) Photo
of device mounted in testing enclosure.

patterned, as shown in Fig. 7.2a. The devices were then cooled to 50 mK in an Oxford

Kelvinox 25 dilution refrigerator. A detailed description of the dilution refrigerator test

bed can be found in [318] and [322].

Nearly 15 devices were fabricated and tested over the course of 24 months, summarized

in Table 7.1. A detailed discussion of the testing results is presented in the following sections.

7.2 Resonator parameters

Figure 7.3a shows the measured coupling Q for a variety of devices as a function of frequency

relative to the center of the array. As discussed in Sec. 6.5.1, the couplingQ for all resonators

on the array was designed to be 5�104 based on SONNET simulations, while the measured

Qc varies from 103 to 5�105, with a median Qc ⇥ 104. The variation in Qc is likely due

to the presence of position-dependent coupling of the resonators to the even CPS mode, in

addition to the odd mode for which the Qc simulations were performed. Future devices with

lower-impedance feedlines are expected to improve the Qc uniformity [305], as described in

Sec. 6.5.2.

The internal Q for the same devices is shown in Fig. 7.3b. The Qi is not strongly

dependent on material, with most measured values from Qi = 105–106. Therefore, for the

typical resonator with Qc ⇥ 104, the limit Q ⇥ Qc ⇤ Qi applies, although a small fraction

of resonators have Qc ⇥ Qi. All values of Qi in Fig. 7.3b were measured with no source

illuminating the substrate, and at temperatures, T ⇤ �, so that thermal quasiparticles are

negligible. It is not known what currently limits the maximum value of Qi for these devices

to <106. Possible sources of residual low-temperature dissipation include the presence of

2 cm
1 g
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Assume
delta-function-like energy deposition
qp population dominated by readout power generation
dissipation readout (no TLS noise)

amplifier noise dominant over g-r noise (T ~ 0.1 Tc required)
quasiparticle lifetime >> phonon absorption time, τqp >> τph,abs ~ 100 µs

optimistic, requires increasing τqp from ~100 µs

Reduce ∆, TN to get well below eV resolution

 12

quality factor 
due to  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factor
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Quantum Sensing and Readout for Low-Mass DM and CE⌫NS
Golwala

3.5.1 O1: Reorienting our Detector Architecture for Energy Threshold

Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:

�E =
2 �

⌘ph

r
⌘read

↵�c�qp

s
N0Vr

�sS1(fr, Tqp, �) Qi,qp

s
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Qi Qc
 1 �qp =

Qi

Qi,qp
 1 �BW =

⌧qp

⌧abs + ⌧qp
 1 (6)

In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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3.5.1 O1: Reorienting our Detector Architecture for Energy Threshold

Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
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geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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Small-Detector Architecture  
Characteristic Energy Resolution: Conservative Prediction

Assume (conservatively):
qp population dominated by readout power generation
dissipation readout (no TLS noise)
amplifier noise dominant over g-r noise (T ~ 0.1 Tc required)

quasiparticle lifetime in KID << phonon absorption timescale  
(τqp << τph,abs ~ 100 µs; conservative)

Reduce ∆, TN, increase τqp to get well below eV resolution
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3.5.1 O1: Reorienting our Detector Architecture for Energy Threshold

Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:

�E =
2 �

⌘ph

r
⌘read

↵�c�qp

s
N0Vr

�sS1(fr, Tqp, �) Qi,qp

s
kBTN

�BW
(5)

with �c =
4 Q2

r

Qi Qc
 1 �qp =

Qi

Qi,qp
 1 �BW =

⌧qp

⌧abs + ⌧qp
 1 (6)

In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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3.5.1 O1: Reorienting our Detector Architecture for Energy Threshold

Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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3.5.1 O1: Reorienting our Detector Architecture for Energy Threshold

Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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Core Strategy: Smaller Substrates with a Single KID We have already described the
motivation and potential gain for reorienting our detector architecture for energy threshold. To
properly evaluate the expected energy resolution, we must rederive the it dropping two key as-
sumptions: 1) We place no restrictions on Qc to ensure the KIDs have enough audio bandwidth to
see the rising edge information; and 2) We do not assume ⌧qp ⌧ ⌧abs, leaving both to be free. We
add the assumption that there is always only one KID on the substrate with resonator volume Vr

(so that we su↵er the minimum readout noise). The resulting resolution expression is:
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In evaluating this expression quantitatively, it is reasonable to assume �c = 1 (optimally designed
Qc), �qp = 1 (high-quality films), and �s = 1 (local limit). Then, there are two limits one can
take. One limit is that the phonons are collected quickly compared to the quasiparticle lifetime,
⌧abs ⌧ ⌧qp, so �BW = 1. Plugging in numbers for aluminum and assuming that there is one KID
on the substrate with with 1 mm2 area and 10 nm thickness (our current design, thinned from 30
to 10 nm), one finds
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If instead one makes the more conservative assumption ⌧qp ⌧ ⌧abs and then calculates ⌧abs from
geometrical quantities, the sound speed cs, the transmission probability pt, and the KID film pair-
breaking thickness �pb, then one finds (using numbers for aluminum and a 1 gm silicon subtrate
(e.g., a square 22 mm on a side, 1 mm thick), one finds
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where Msub is the substrate mass. These two limits bracket the likely behavior and indicate that,
for a 1-gm substrate, one can obtain eV-scale energy resolution using the existing KID design.

It is entirely straightforward to use our existing KID design on a substrate reduced to this 1-gm
mass, and, moreover, the physical infrastructure would be the same as our “proof-of-principle”
devices and could be reused. It would be necessary to address conclusively to what degree the low
⌘ph ⇡ 0.07 of those devices was due to the mounting structure versus dead metal. Since the KID
design can be fabricated with a Nb feedline, and even with Nb capacitors, we can entirely eliminate
the dead metal, leaving the mounting structure as the only potential phonon sink.

Speculative Design Options The idea of implementing Nb capacitors o↵ers another prospective
gain in resolution: by making the capacitor out of Nb, its size can be increased without becoming
dead metal, which will reduce its contribution to TLS noise and perhaps the frequency direction
can be readout-noise limited. This is a rather speculative direction because we have very limited
data on TLS noise in our current devices, so it is di�cult to predict how much TLS noise can be
improved and thus when it becomes the limiting noise.
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SuperCDMS 0.5-5 GeV search limited by:
Bulk cosmogenics producing electron recoils
Surface background rejection

Requirements:
ER/NR rejection  

using spectral  
information and 
e/h quantization

Position-based rejection 
of surface bgnds

Large-Detector (kg-scale) Architectures
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Data reconstruction and calibration.—The full data set
was separated into series of 10 000 events. For each series,
noise spectra and phonon pulse templates were computed
from the first and second halves of the digitized traces,
respectively, with the trigger point located in the second
half of the trace. The pulse amplitude and start time were
estimated using the optimal filter formalism (e.g.,
Ref. [23]). We reconstructed amplitudes for individual
channels and their sum in order to quantify signal position
dependence and channel noise covariance. We observed
time variation in the noise spectra and the pulse amplitude
but not in the shape of the templates. Thus, a single
averaged pulse template was generated from laser calibra-
tion events taken over the entire science exposure.
The laser calibration showed that the detector energy

response was nonlinear, requiring a quadratic correction to
convert from the pulse height to an absolute energy scale as
discussed in Ref. [14]. Additionally, the change in the
overall energy scale caused by temperature variations was
corrected by aligning the laser spectral peaks with equal
e−hþ pair quanta. The temperature correction was observed
to be linear in energy throughout our analysis region of
0–10 e−hþ pairs. Finally, we compared laser events with
events from periods with an elevated surface leakage near
the outer edge of the detector to determine the relative
calibration gain factor between the inner and outer QET
channels. This resulted in a 30% increase in the outer
channel amplitude. The calibrated total energy is thus
position and temperature independent.
The calibrated detector was characterized by varying the

crystal bias voltage and laser intensity while triggering on
the laser coincidence signal. Figure 1 shows the reduced
fill-in between laser peaks as compared to the previous
result in Ref. [14] due to the reduced SGIR. There is still a
population of fill-in events, which is well fit by an impact-
ionization model with 3% ionization probability across the
4 mm crystal thickness [24]. As with Ref. [14], the bias
scans showed linear signal scaling and constant power
noise with increasing voltage (demonstrating ideal NTL
amplification [20,21,25]).
Charge leakage.—Large electric fields used for signal

amplification can autoionize impurities within the crystal
and cause charge carriers to tunnel into the crystal at the
surface, which, along with SGIR, produce background
events within the region of interest for DM searches.
Consequently, we carefully studied the total charge leakage
rate as a function of the bias voltage. In these diagnostic
studies, the acquisition system was configured to trigger on
the laser coincidence signal, with the laser pulsed at 100 Hz
and λ ≈ 2. The Si crystal bias was varied in a staggered
manner, increasing by 20 V and then decreasing by 10 V.
Data were acquired at both the increasing and decreasing
steps after allowing the detector to stabilize for 1 min. This
staggering enabled the study of a 10 V prebias on the
charge leakage of the detector. The energy spectrum of the

charge leakage was determined by scanning the first half of
each trace for pulses using the optimal filter. The resulting
charge leakage spectrum is thus independent of the physical
trigger threshold.
The measured event rate above 0.8 e−hþ pairs as a

function of the crystal bias, largely dominated by non-
quantized SGIR at lower voltages, is shown in Fig. 2. The
event rate was ∼2 Hz up to "140 V ("120 V) for
prebiased (nonprebiased) data. This event rate is 10 ×
smaller than achieved previously, demonstrating the effi-
cacy of our SGIR mitigations. Above this voltage, the
quantized leakage rate increased, indicative of increased
surface tunneling at the electrodes (as opposed to auto-
ionization in the bulk). Full breakdown occurred around
180 V, corresponding to a field strength of ∼450 V=cm in
the crystal bulk and in excess of ∼1 kV= cm near the
electrode plane.
For the science exposure, the detector was prebiased to

−160 V for 5 min and then biased to −140 V for a minute
prior to data collection to allow the detector to settle. The
prebias was performed after each data series was acquired
to ensure low charge leakage throughout the acquisition. As
shown in Fig. 2, the event rate varied between 0.2 and 3 Hz
above 0.8 e−hþ pairs.
Data selection.—From the initial 27.4 hr of raw exposure

at a detector bias voltage of −140 V, a science exposure of

FIG. 1. Laser calibration data showing a resolution of ∼0.07
e−hþ pairs for a short laser-triggered acquisition at 150 V. In the
series shown in this figure, a lower DR temperature allowed for a
30% improvement in energy resolution as compared to the
average value during the science exposure. Both the between-
peak event rate and the energy resolution are significantly
improved compared to the previous result in Ref. [14]. For this
calibration series, the mean photon number (λ) was 1.0 to increase
statistics near zero in the short acquisition, while the science
exposure used λ ≈ 2 to cover the full energy range of interest. The
model curve is a maximum likelihood fit of photon distribution
and charge transport parameters, with results described in the text
and Ref. [14].
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Silicon

Germanium

Raw background spectra expected for  
SuperCDMS SNOLAB dominated by :
• ERs from cosmogenics (32Si, 3H)
• continuum gammas
• surface events
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Goal: 
traditional nuclear recoil search at very low  

recoil energies (10 eVr)

Method:
10 eV resolution +  

Neganov-Trofimov-Luke  
phonon production by drifting  
e-h pairs in large electric field  
for single e-h pair detection

Or, 0.25-eV resolution and no NTL

Architecture: 
~100 KIDs on 10-cm-scale substrate
Energy resolution 

provides ER/NR 
discrimination

Fine pixelation  
yields surface bgnd 
rejection via  
fiducialization

Also provides pos’n  
correction  
for energy

Large-Detector (kg-scale) Architectures
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Data reconstruction and calibration.—The full data set
was separated into series of 10 000 events. For each series,
noise spectra and phonon pulse templates were computed
from the first and second halves of the digitized traces,
respectively, with the trigger point located in the second
half of the trace. The pulse amplitude and start time were
estimated using the optimal filter formalism (e.g.,
Ref. [23]). We reconstructed amplitudes for individual
channels and their sum in order to quantify signal position
dependence and channel noise covariance. We observed
time variation in the noise spectra and the pulse amplitude
but not in the shape of the templates. Thus, a single
averaged pulse template was generated from laser calibra-
tion events taken over the entire science exposure.
The laser calibration showed that the detector energy

response was nonlinear, requiring a quadratic correction to
convert from the pulse height to an absolute energy scale as
discussed in Ref. [14]. Additionally, the change in the
overall energy scale caused by temperature variations was
corrected by aligning the laser spectral peaks with equal
e−hþ pair quanta. The temperature correction was observed
to be linear in energy throughout our analysis region of
0–10 e−hþ pairs. Finally, we compared laser events with
events from periods with an elevated surface leakage near
the outer edge of the detector to determine the relative
calibration gain factor between the inner and outer QET
channels. This resulted in a 30% increase in the outer
channel amplitude. The calibrated total energy is thus
position and temperature independent.
The calibrated detector was characterized by varying the

crystal bias voltage and laser intensity while triggering on
the laser coincidence signal. Figure 1 shows the reduced
fill-in between laser peaks as compared to the previous
result in Ref. [14] due to the reduced SGIR. There is still a
population of fill-in events, which is well fit by an impact-
ionization model with 3% ionization probability across the
4 mm crystal thickness [24]. As with Ref. [14], the bias
scans showed linear signal scaling and constant power
noise with increasing voltage (demonstrating ideal NTL
amplification [20,21,25]).
Charge leakage.—Large electric fields used for signal

amplification can autoionize impurities within the crystal
and cause charge carriers to tunnel into the crystal at the
surface, which, along with SGIR, produce background
events within the region of interest for DM searches.
Consequently, we carefully studied the total charge leakage
rate as a function of the bias voltage. In these diagnostic
studies, the acquisition system was configured to trigger on
the laser coincidence signal, with the laser pulsed at 100 Hz
and λ ≈ 2. The Si crystal bias was varied in a staggered
manner, increasing by 20 V and then decreasing by 10 V.
Data were acquired at both the increasing and decreasing
steps after allowing the detector to stabilize for 1 min. This
staggering enabled the study of a 10 V prebias on the
charge leakage of the detector. The energy spectrum of the

charge leakage was determined by scanning the first half of
each trace for pulses using the optimal filter. The resulting
charge leakage spectrum is thus independent of the physical
trigger threshold.
The measured event rate above 0.8 e−hþ pairs as a

function of the crystal bias, largely dominated by non-
quantized SGIR at lower voltages, is shown in Fig. 2. The
event rate was ∼2 Hz up to "140 V ("120 V) for
prebiased (nonprebiased) data. This event rate is 10 ×
smaller than achieved previously, demonstrating the effi-
cacy of our SGIR mitigations. Above this voltage, the
quantized leakage rate increased, indicative of increased
surface tunneling at the electrodes (as opposed to auto-
ionization in the bulk). Full breakdown occurred around
180 V, corresponding to a field strength of ∼450 V=cm in
the crystal bulk and in excess of ∼1 kV= cm near the
electrode plane.
For the science exposure, the detector was prebiased to

−160 V for 5 min and then biased to −140 V for a minute
prior to data collection to allow the detector to settle. The
prebias was performed after each data series was acquired
to ensure low charge leakage throughout the acquisition. As
shown in Fig. 2, the event rate varied between 0.2 and 3 Hz
above 0.8 e−hþ pairs.
Data selection.—From the initial 27.4 hr of raw exposure

at a detector bias voltage of −140 V, a science exposure of

FIG. 1. Laser calibration data showing a resolution of ∼0.07
e−hþ pairs for a short laser-triggered acquisition at 150 V. In the
series shown in this figure, a lower DR temperature allowed for a
30% improvement in energy resolution as compared to the
average value during the science exposure. Both the between-
peak event rate and the energy resolution are significantly
improved compared to the previous result in Ref. [14]. For this
calibration series, the mean photon number (λ) was 1.0 to increase
statistics near zero in the short acquisition, while the science
exposure used λ ≈ 2 to cover the full energy range of interest. The
model curve is a maximum likelihood fit of photon distribution
and charge transport parameters, with results described in the text
and Ref. [14].
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Large-Detector Architecture 
Characteristic Energy Resolution: Conservative Prediction

Assume (conservatively):
qp population dominated by readout power generation
dissipation readout (no TLS noise)
amplifier noise dominant over g-r noise (T ~ 0.1 Tc required)

resonator is coupling dominated (Qi >> Qc = 10k-50k) so τr < τph,r

quasiparticle lifetime in KID << phonon absorption timescale (τqp << τph,abs ~ ms; conservative)
Reduce ∆, TN, increase τqp to reach eV resolution
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superconducting  
gap energy

efficiency for 
converting

phonons to qps

fraction of 
inductance 
due to KI

probability for  
phonon to enter 

KID per try

area of substrate 
(including sidewalls)efficiency of  

qp creation by  
readout power

pair-breaking length  
in KID film

KID resonant 
frequency

amplifier noise  
temperature

normal state
single-spin  

density of states

superconductivity  
factorquasiparticle  

lifetime

no quasiparticle trapping!

SC-FOA-0002077
QuantISED for HEP

Quantum Sensing and Readout for Low-Mass DM and CE⌫NS
Golwala

µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative to assume
Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the KIDs on a timescale
⌧abs much larger than the KID quasiparticle lifetime, ⌧qp. The former can be as long as 1 ms while
the latter is usually about 100 µs. This assumption is conservative in that the mismatch of the two
time constants incurs a penalty. It optimistically assumes ⌧abs is only a↵ected by the KID surface
fill factor; i.e., no energy is lost by other means. Such losses can be accommodated by taking the
overall phonon absorption e�ciency in Equation 2 ⌘ph < 1. Using standard techniques (e.g., [22]),
these assumptions yield an energy resolution (rms)

�E =
�

⌘ph

r
⌘read

↵pt

s
Asub�pbN0

�sS1(fr, Tqp, �)

s
kBTN

2⇡fr⌧qp
(2)

= (330 eV)

✓
0.3
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↵
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200 µeV

◆s
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100 cm2

�pb

1 µm

3 GHz

fr
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⌧qp

TN

5 K

1.6

S1(fr, Tqp, �)

where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al KID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/KID interface is transmitted into the KID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the KID film (1 µm is
typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the KIDs; kB

is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the KID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the KID superconducting material; and S1 is a function, given
by the Mattis-Bardeen theory of electrodynamics in superconductors [23], of fr, the quasiparticle
e↵ective temperature Tqp (which may be greater than the operating temperature due to heating
of the quasiparticles by the readout power), and �.7 Note this expression is independent of many
parameters such as the KID surface coverage fraction, the number of KIDs, the individual KID area
and thickness, the substrate thickness and sound speed, the coupling and internal quality factors,
and the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of amplifier noise temperature TN or superconducting transition temperature (i.e., �)
combined with operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3.

Proof-of-Principle Demonstration We summarize here our results on our proof-of-principle
device (22 mm ⇥ 22 mm ⇥ 1 mm silicon) [24].

For simplicity, we fabricated KIDs on only one substrate face. While the individual KID area
and surface fill fraction should not a↵ect the energy resolution, we chose to cover 2.6% of the area
with KIDs based on the reasonable performance obtained by SuperCDMS with 6.2% coverage [25]
(also Al phonon absorbers). We chose to use 20 resonators to match the readout system available
at the time. These yielded an acceptable individual KID area of 1 mm2. Optimization via EM

7S1 is only weakly dependent on its arguments in the regime of interest: relative to its value at fr = 3 GHz,
Tqp = 0.1 K, and � = 200 µeV, it changes by 0.62, 1.22, and 0.75 when Tqp is increased to 0.2 K, � is increased to
300 µeV, or fr is decreased to 1 GHz.

Project Narrative – 10

~ aluminum  
gap
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KID Performance

Reasonable yield

Qi’s spread from 104 - few 106

Fab goal is a cluster > 105

Formal noise limit being studied:
GR or TLS, no evidence of TLS yet

Proper responsibly calibrations
Sub-mm community has standard techniques
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KID Power Pulsing
Calibration of KID response with readout power pulsing

Apply a 10 µs readout power pulse to one KID (red),  
off-resonance, while reading out it + another (blue)

Quasiparticle recombination visible in pulsed KID
1/(pulse amplitude) shows linear relationship with time  

as expected for pair recombination

Phonon-mediated signal seen in other KIDs (blue)
Quasiparticle decay creates phonons
Phonons propagate in substrate to other KID and 

create quasiparticles there (with rise time)
Those quasiparticles decay (exp. decay because δnqp/nqp small)

Calibrate position information with many localized sources!
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Figure 10: Pulsed-KID data analysis chain. (Upper left) Temperature sweep data showing Smeas
21 (f, T )

along with “non-ideal” model fits overlaid, which allow for a KID-transmission line impedance mismatch
and a slowly varying instrumental complex gain (Upper right) Temperature sweep data translated to an
“ideal” complex transmission, in these e↵ects have been removed. (Bottom left) Pulse data from a pulsed
and a receiving KID, in units of complex transmission. (Bottom center) Pulsed KID data plotted as 1/|S21|

vs. time. This plot confirms that the quasiparticles are disappearing via recombination and thus generating
2 � phonons, as it is the solution nqp(t) = 1/(R t) to the di↵erential equation dnqp/dt = �R n2

qp (allowing
for �S21 / �nqp. (Bottom right) Receiving KID pulse plotted as ln |S21| vs. time, revealing a two decay
times, approximately 55 µs and 100 µs. See text for further discussion.

To make substantial further gains in energy threshold, more dramatic design evolution is needed.
The two paths motivated by Equation 2 to consider are other materials with lower � or to pursue
further reductions in readout noise.

New materials certainly deserve study, but the potential challenges are substantial. At a given
readout power (and thus readout noise), it is reasonable to expect that reducing � will increase
the readout-power-generated quasiparticle density, degrading Qi,qp and ⌧qp in proportion to the
increase in quasiparticle density. The gain in the � factor in Equation 2 may thus be entirely
wiped out by losses in Qi,qp and ⌧qp. The requirement of reduced operating temperature is of
course a major practical challenge: our DR would allow us to reduce � by a factor of 2 (current
Tbase = 40 mK) and possibly 4 (best achievable Tbase = 25 mK given the design) from that of Al,
but further reductions would require a new system with a base temperature of 5–10 mK. We do
intend to seek funding to pursue such work in collaboration with colleagues with access to more
capable DRs, such as via a LDRD proposal with FNAL aiming to use the NEXUS facility being
commissioned there and/or in collaboration with the ongoing LBNL QuantISED e↵ort, but that
work is disjoint from this proposal.

The above challenges along with its inherent potential thus motivate our Objective O4, ap-
plying and developing more sophisticated QIS phase-sensitive amplification techniques to evade the
standard quantum limit while still respecting the Haus-Caves Theorem to further reduce threshold
via improved readout noise. To do so will require circumventing the Standard Quantum Limit,
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Figure 10: Pulsed-KID data analysis chain. (Upper left) Temperature sweep data showing Smeas
21 (f, T )

along with “non-ideal” model fits overlaid, which allow for a KID-transmission line impedance mismatch
and a slowly varying instrumental complex gain (Upper right) Temperature sweep data translated to an
“ideal” complex transmission, in these e↵ects have been removed. (Bottom left) Pulse data from a pulsed
and a receiving KID, in units of complex transmission. (Bottom center) Pulsed KID data plotted as 1/|S21|

vs. time. This plot confirms that the quasiparticles are disappearing via recombination and thus generating
2 � phonons, as it is the solution nqp(t) = 1/(R t) to the di↵erential equation dnqp/dt = �R n2

qp (allowing
for �S21 / �nqp. (Bottom right) Receiving KID pulse plotted as ln |S21| vs. time, revealing a two decay
times, approximately 55 µs and 100 µs. See text for further discussion.

To make substantial further gains in energy threshold, more dramatic design evolution is needed.
The two paths motivated by Equation 2 to consider are other materials with lower � or to pursue
further reductions in readout noise.

New materials certainly deserve study, but the potential challenges are substantial. At a given
readout power (and thus readout noise), it is reasonable to expect that reducing � will increase
the readout-power-generated quasiparticle density, degrading Qi,qp and ⌧qp in proportion to the
increase in quasiparticle density. The gain in the � factor in Equation 2 may thus be entirely
wiped out by losses in Qi,qp and ⌧qp. The requirement of reduced operating temperature is of
course a major practical challenge: our DR would allow us to reduce � by a factor of 2 (current
Tbase = 40 mK) and possibly 4 (best achievable Tbase = 25 mK given the design) from that of Al,
but further reductions would require a new system with a base temperature of 5–10 mK. We do
intend to seek funding to pursue such work in collaboration with colleagues with access to more
capable DRs, such as via a LDRD proposal with FNAL aiming to use the NEXUS facility being
commissioned there and/or in collaboration with the ongoing LBNL QuantISED e↵ort, but that
work is disjoint from this proposal.

The above challenges along with its inherent potential thus motivate our Objective O4, ap-
plying and developing more sophisticated QIS phase-sensitive amplification techniques to evade the
standard quantum limit while still respecting the Haus-Caves Theorem to further reduce threshold
via improved readout noise. To do so will require circumventing the Standard Quantum Limit,
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Colleagues at JPL (P. Day et al) are developing a quantum-limited amplifier based on:
Nonlinearity due to kinetic inductance
3-wave mixing (DC + pump)

Broadband gain and quantum-limited performance demonstrated
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3 Technical approach

3.1 Non-linear Kinetic Inductance

3.1.1 Overview

Inductance of thin-film superconductors is sum of a constant value from device geome-
try (Lg), and a kinetic component (Lk) due to quasiparticle motion, and Lk nonlinearly
depends on the super-current (I), Ref [55, 56]. Thus for superconducting resonators /
transmission lines the resonance frequency / transmission speed can be modified with the
addition of a DC current [57–61]. The total inductance is expressed as L(I) ⇡ Lg +
Lk,0

�
1 + (I/I⇤)

2 +O
�
(I/I⇤)

4
��
, where I⇤ is a current-scale for non-linearity.

Superconducting resonators and transmission lines are e↵ectively inductor-capacitor (LC)
circuits. For resonators the resonance frequency is current controlled as 2⇡f0(I) = 1/

p
L(I)C.

The phase-velocity u in a superconducting transmission line is identically current-controlled,
the expression is shown in Eqn. 1, where the per-unit-length inductance/capacitance are L/C
respectively. We emphasize that C and Lg (gemoetric) can be chosen during fabrication,
while Lk,0 (1 + (I/I⇤)2) is field-tunable between Lk,0 and ⇠ 2Lk,0. Therefore phase-velocity
is engineer-able and controllable around desired values.

u(I) = 1/
q
C (Lg + Lk,0 (1 + (I/I⇤)2)) (1)

3.1.2 Laboratory demonstrations

Current controlled non-linear kinetic inductance is well studied, particularly collaborator
Day’s group demonstrated that this e↵ect can be significant in high-resistivity supercon-
ductors such as TiN and NbTiN. Similar measurements were performed on atomic layer
deposited (ALD) TiN by PI Shiroko↵ and Co-I Basu Thakur, and on NbN nanowire devices
by Co-I Mauskopf’s group. Fig. 5 shows our achieved measurements, Refs. [56–59, 61–63].

Figure 5: Measurement of current controlled frequency shift in multiple devices done at UChicago,
JPL and ASU. A variety of di↵erent device topologies and materials show common physics.

All three groups demonstrated the current controlled e↵ect via DC biasing on-chip LC
resonators. While fabrication techniques, geometries and materials vary, the resonators are
all representable by Fig. 6 (left). In this figure we note that the DC biasing circuit requires
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dians of the transmission line with physical length L and guide wavelength �g[7]. For 20 dB

gain, we would need ✓ ⇡ 3⇠�1, a readily realizable length for frequencies in the GHz range,

especially given that the phase velocity on the transmission line may be  0.1c. Note that

the amplifier may also be operated at higher nonlinearity, as long as the increase in nonlinear

dissipation remains small, as it does over the entire range of the data in the figure. In ad-

dition to the loss of the superconductor, the tones propagating on the transmission line will

be attenuated by losses including dielectric loss, which is dominated by two-level systems[8]

at very low temperature. This loss will be completely negligible because ⇠Qi � 1, as can be

seen by noting that Qi > 106 for resonators made from TiN[9] or NbTiN[10].

Coupled mode equations for predicting the gain of the paramp

The wave equation for the current I in the transmission line is
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The I2dI/dt nonlinearity connects combinations of four frequencies. Hence a general dis-

cussion of parametric amplification in a Kerr medium includes four frequencies in the sum

in eqn. S5: two pump tones at !p1 and !p2, a weak signal at !s and a generated idler at
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JPL and ASU. A variety of di↵erent device topologies and materials show common physics.
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resonators. While fabrication techniques, geometries and materials vary, the resonators are
all representable by Fig. 6 (left). In this figure we note that the DC biasing circuit requires
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gain, we would need ✓ ⇡ 3⇠�1, a readily realizable length for frequencies in the GHz range,

especially given that the phase velocity on the transmission line may be  0.1c. Note that

the amplifier may also be operated at higher nonlinearity, as long as the increase in nonlinear

dissipation remains small, as it does over the entire range of the data in the figure. In ad-

dition to the loss of the superconductor, the tones propagating on the transmission line will

be attenuated by losses including dielectric loss, which is dominated by two-level systems[8]

at very low temperature. This loss will be completely negligible because ⇠Qi � 1, as can be

seen by noting that Qi > 106 for resonators made from TiN[9] or NbTiN[10].
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published,16 and each term has a typical form with three resonant factors in the 
denominator. 
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            + 47 other terms                                                                                                     (2) 
 
The summation in (2) is taken over all states of the oscillator, and N is the oscillator 
density, µgk is the electric dipole matrix element between states g and k, ωkg is the 
frequency of the transition from g to k, Γkg is the damping of the off-diagonal element of 
the density matrix that connects g to k, and ω1,2,3 are the frequencies of the fields.  The 
tensor properties of the susceptibility are derived from the vector properties of the dipole 
matrix elements in (2).  The primary difference between the 48 terms is the ordering of 
the frequencies involved in the summation.  A method of using diagrammatic 
representations for these terms in calculating perturbations to the density matrix has been 
suggested by Yee et. al.17 (similar to Feynman diagrams in particle physics).  The 
susceptibility is usually simplified further by only considering terms which have small 
factors in the denominators due to resonance with oscillator frequencies.18  For example, 
Raman processes are described by the terms which contain ω1-ω2 and ω3-ω2, while two-
photon absorption is described by terms that contain ω1+ω3. 
 In order to understand the four-wave mixing process, a closer examination of the 
third order nonlinear polarization must be made.  The general form of the polarization 
may be written as shown in (3). 
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This nonlinearity describes a coupling between four waves, each with its own direction of 
propagation , polarization, and frequency.  This expression for the polarization 
immediately gives insight into the nature of measured four-wave mixing signals.  Since 
the physical quantity that is measured by experiment is the field intensity, the observed 
signal will be proportional to |χ(3)|2, the product of the three field intensities, and a “phase 
matching” factor.  This functional dependence is often used as a quick method of 
verifying that an observed signal is actually due to a third order mixing effect. 

Now, if this nonlinear polarization is substituted into Maxwell’s equations, a set 
of four coupled wave equations may be found for the fields. The form of the equations is 
simplified by defining nonlinear scalar coupling coefficients and a wave vector 
mismatch,14 
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may be directly compared by tuning the two difference frequencies to the two Raman 
transitions of interest (ω1-ω2 and ω3-ω2).  FWM also has the advantage of eliminating the  
non-resonant background signals present in the other methods.  The main disadvantage of 
FWM is the complications involved in simultaneously overlapping three coherent beams 
while maintaining the phase matching condition (BOXCARS).  Experimental data 
obtained through FWM are shown in figure 8 and figure 9.   
 
 

 
 

Figure 9.  (from reference [28])  Two-dimensional plot of the dispersion of |χ(3)
1111|2 versus the two 

difference frequencies in a 1:1 mixture of benzene and cyclohexane.  The heavy lines show data obtained by 
FWM and path VI corresponds to CARS.  The ratio of the Raman cross sections of benzene and 

cyclohexane was determined from such plots to be 3.45:1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Diagram of coherent Raman processes and the relative orientation of output signals detected in 

the different methods of Raman spectroscopy (ω1>ω2 and  ω1- ω2 is near a Raman resonance).  
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3 Technical approach

3.1 Non-linear Kinetic Inductance

3.1.1 Overview

Inductance of thin-film superconductors is sum of a constant value from device geome-
try (Lg), and a kinetic component (Lk) due to quasiparticle motion, and Lk nonlinearly
depends on the super-current (I), Ref [55, 56]. Thus for superconducting resonators /
transmission lines the resonance frequency / transmission speed can be modified with the
addition of a DC current [57–61]. The total inductance is expressed as L(I) ⇡ Lg +
Lk,0

�
1 + (I/I⇤)

2 +O
�
(I/I⇤)

4
��
, where I⇤ is a current-scale for non-linearity.

Superconducting resonators and transmission lines are e↵ectively inductor-capacitor (LC)
circuits. For resonators the resonance frequency is current controlled as 2⇡f0(I) = 1/

p
L(I)C.

The phase-velocity u in a superconducting transmission line is identically current-controlled,
the expression is shown in Eqn. 1, where the per-unit-length inductance/capacitance are L/C
respectively. We emphasize that C and Lg (gemoetric) can be chosen during fabrication,
while Lk,0 (1 + (I/I⇤)2) is field-tunable between Lk,0 and ⇠ 2Lk,0. Therefore phase-velocity
is engineer-able and controllable around desired values.

u(I) = 1/
q
C (Lg + Lk,0 (1 + (I/I⇤)2)) (1)

3.1.2 Laboratory demonstrations

Current controlled non-linear kinetic inductance is well studied, particularly collaborator
Day’s group demonstrated that this e↵ect can be significant in high-resistivity supercon-
ductors such as TiN and NbTiN. Similar measurements were performed on atomic layer
deposited (ALD) TiN by PI Shiroko↵ and Co-I Basu Thakur, and on NbN nanowire devices
by Co-I Mauskopf’s group. Fig. 5 shows our achieved measurements, Refs. [56–59, 61–63].

Figure 5: Measurement of current controlled frequency shift in multiple devices done at UChicago,
JPL and ASU. A variety of di↵erent device topologies and materials show common physics.

All three groups demonstrated the current controlled e↵ect via DC biasing on-chip LC
resonators. While fabrication techniques, geometries and materials vary, the resonators are
all representable by Fig. 6 (left). In this figure we note that the DC biasing circuit requires
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all representable by Fig. 6 (left). In this figure we note that the DC biasing circuit requires

10

dians of the transmission line with physical length L and guide wavelength �g[7]. For 20 dB

gain, we would need ✓ ⇡ 3⇠�1, a readily realizable length for frequencies in the GHz range,

especially given that the phase velocity on the transmission line may be  0.1c. Note that

the amplifier may also be operated at higher nonlinearity, as long as the increase in nonlinear

dissipation remains small, as it does over the entire range of the data in the figure. In ad-

dition to the loss of the superconductor, the tones propagating on the transmission line will

be attenuated by losses including dielectric loss, which is dominated by two-level systems[8]

at very low temperature. This loss will be completely negligible because ⇠Qi � 1, as can be

seen by noting that Qi > 106 for resonators made from TiN[9] or NbTiN[10].

Coupled mode equations for predicting the gain of the paramp

The wave equation for the current I in the transmission line is
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�
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where L(I) and C are the inductance and capacitance per unit length, and the current

dependence of the inductance is given by

L(I) = L0
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. (S4)

As in the standard treatment of waves interacting in nonlinear optical media, we express the

total current in terms of a number of frequency components,

I =
1
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where the slowly varying complex mode amplitudes An satisfy
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dAn

dz

���� . (S6)

The I2dI/dt nonlinearity connects combinations of four frequencies. Hence a general dis-

cussion of parametric amplification in a Kerr medium includes four frequencies in the sum

in eqn. S5: two pump tones at !p1 and !p2, a weak signal at !s and a generated idler at
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Sum of currents: pump, weak-signal, idler
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3-current (nonlinear) mixing

!i = !p1+!p2�!s. Here we specialize to the case of degenerate four-wave mixing, !p1 = !p2.

Evolution of the mode amplitudes Ap, As and Ai inside the transmission line is then governed

by three coupled mode equations[11],

dAp

dz
=

ikp
I 02⇤

⇥�
|Ap|2 + 2|As|2 + 2|Ai|2

�
Ap + 2AsAiA

⇤
pe

i��z
⇤
,

dAs

dz
=

iks
I 02⇤

⇥�
|As|2 + 2|Ai|2 + 2|Ap|2

�
As + A⇤

iA
2
pe

�i��z
⇤
,

dAi

dz
=

iki
I 02⇤

⇥�
|Ai|2 + 2|As|2 + 2|Ap|2

�
Ai + A⇤

sA
2
pe

�i��z
⇤
, (S7)

where the low-power propagation mismatch �� = ks + ki � 2kp, and I 02⇤ = 2I2⇤/↵.

The number of equations in S7 could be increased if we were to include mixing processes

involving, for example, the pump harmonics (2n+1)!p, n = 1, 2 . . ., and combinations such

as 2n!p+!s, etc. We assume here that these higher frequency tones either fall in a stop band

of the stepped impedance structure and do not propagate, or at least that the dispersion

engineering of the line creates enough phase mismatch at those frequencies that they do not

interact coherently with the lower frequency modes.

For !s ⇡ !p and using the undepleted pump approximation, d|Ap|/dz = 0, eqns. S7 yield

analytical results for the signal power gain Gs and idler conversion e�ciency Gi, which may

be expressed as[7, 12]

Gs =
|As(L)|2

|As(0)|2
= 1 +


kp|Ap|2

I 02⇤ g
sinh gL

�2
(S8)

Gi = Gs � 1, (S9)

with parametric gain coe�cient g = ���(��/4+ kp|Ap|2/I 02⇤ ). In the case of no dispersion,

�� = 0, g = 0 implies that

Gs = 1 +

✓
kp|Ap|2

I 02⇤

◆
= 1 + (�✓)2, (S10)

where �✓ is the phase shift of the pump tone. The gain in this case is quadratic in the length

of the transmission line, rather than exponential, owing to a phase mismatch that results

from the nonlinearity (as can be seen from the factors of 2 in eqn. S7, the phase shifts of the
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Figure S4: Calculation of the paramp gain using the coupled mode equations S7 for (left:)
no dispersion and various values of the nonlinear phase shift �✓; and (right:) fixed �✓ =
3 radians and various values of ��.

signal and idler tones are twice that of the pump tone.) If �� = �kp|Ap|2/I 02⇤ , the linear

phase mismatch compensates that due to the nonlinearity and the exponential gain regime

is accessed with

Gs ⇡
1

4
exp (2�✓). (S11)

The kinetic inductance paramp described in this paper may operate well outside the

frequency range where !s ⇡ !p is valid, so to predict the gain and bandwidth we integrate

eqns. S7 numerically. The results of that calculation for several idealized cases are shown

in fig. S4. Here we assume that the frequencies other than those of the pump, signal and

idler are blocked by engineered stop bands or large dispersion at those frequencies. For

simplicity, we ignore the narrow stop band near the pump that would be associated with

introducing dispersion at that frequency. We also neglect the detailed form of the dispersion

near !p, taking �� to be either a negative constant or zero. The calculation results uphold

the very broadband nature of the amplifier. In the case of no dispersion, the 3-dB bandwidth

narrows, but remains above 25% for 20 dB peak gain. For optimal ��, 20 dB peak gain may

be realized with a phase shift of only 3 radians, and the 3-dB bandwidth is greater than an

octave.
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New Directions in Searches for Light DM Basu Thakur/Golwala

50 ohm nanowire KIT
• Increase capacitance with IDC
• vph = 0.004 - 0.007 c  ->  2.5 cm length
• Can tailor dispersion by modulating 

capacitor finger length
• Other 50W KITs:  AA Adamyan et al.  (2016),  

Chaudhuri et al. (2017)

0.32,
0.25 
umPD 7

Broadband Kinetic Inductance Parametric Amplifier
Colleagues at JPL (P. Day et al) are developing a quantum-limited amplifier based on:

Nonlinearity due to kinetic inductance
3-wave mixing (DC + pump)

Broadband gain and quantum-limited performance demonstrated
Devices low yield due  

to fine features

Applied to UV/O/IR MKIDs  
to obtain 10x lower TN
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High kinetic inductance thin films requires carful engineering of transmission lines
High Lk materials for higher gains

   Phase mismatch for varying frequencies for large BW

    Transmission / reflection optimized for large BW



New Directions in Searches for Light DM Basu Thakur/Golwala

Colleagues at JPL (P. Day et al) are developing a quantum-limited amplifier based on:
Nonlinearity due to kinetic inductance
3-wave mixing (DC + pump)

Broadband gain and quantum-limited performance demonstrated
Devices low yield due  

to fine features

New version made showing higher Gain!

Y-factor noise measurement done!

New low-loss a-Si:H  
dielectric enables  
higher-yield version:  
gain demonstrated,  
TN = 4 x QL at 3 GHz, likely to improve to QL

Broadband Kinetic Inductance Parametric Amplifier
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New Directions in Searches for Light DM Basu Thakur/Golwala

Plans and Context
Near-term

Using KID pulsing scheme and 55Fe/129I x-rays to measure baseline σE; position-correct also

Mid-term
Provide position reconstruction and NR discrimination to reach neutrino floor > 1 GeV

Provide NR discrimination via e-h spectral peaks to reject dominant tritium and 32Si backgrounds
Provide position reconstruction to reject non-cosmogenic surface bgnds (210Pb betas and 206Pb nuclei)
Large-detector track 1: σ ~ 5-10 eV + HV: QL paramp + 1 ms qp lifetime
Large-detector track 2: σ ~ 0.25 eV at 0V: QL paramp + 1 ms qp lifetime + lower ∆ + higher KI fraction

Small-detector track
Reoptimize design purely for energy resolution and small target size; σ ~ 0.15 eV possible with Al

Threshold, not position information

Continue using phonon absorption on semiconducting substrates. but begin to consider polar substrates
Start with Al2O3, try out GaAs for better mass reach.

Long-term
Revisit design for superconducting substrates, σ ~ 1 meV

Use quasiparticles or phonons?  Phonon propagation challenging in superconductors (check Gaitskell).
Find a configuration that works.  Hybrid CPW-lumped element?  Microstripline?

Other efforts?  Not many!
CALDER = effort to deploy KIDs for photodetection in CUORE follow-on 0νββ expt CUPID

No scintillation in TeO2, but betas Cherenkov radiate.  Separate dominant alpha background from betas by 
requiring Cherenkov signal.  Need σ ~ 20 eV to see 100 eV signal → simpler needs.
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Conclusions

KIDs coupled to insulating and superconducting substrates promise to 
extend reach in dark matter mass and cross section
Small-detector architectures have potential to reach thermal relic mass limit  

via DM-e scattering and to probe boson DM in the meV - keV mass range 
inaccessible to coherent techniques

Large-detector architectures have potential for background rejection needed to 
reach neutrino floor

Quantum-limited readout is critical to achieving these goals

Ideas for evading standard quantum limit may provide additional gains

There is a lot of work to do!
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