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Figure 1.4: Schematic illustration of MKID operation. (a) Photons with energy
h⌫ > 2� are absorbed in a superconducting film, breaking Cooper pairs and creating
quasiparticle excitations. In this diagram, Cooper pairs are shown at the Fermi level,
and the density of states for quasiparticles, Ns(E), is plotted as the shaded area as a
function of quasiparticle energy E. (b) The increase in quasiparticle density increases
the surface inductance Ls and the surface resistance Rs of the film, which is used as
part of a microwave resonant circuit. The resonant circuit is depicted schematically
as a parallel RLC circuit which is capacitively coupled to a transmission line (feed-
line). (c) On resonance, the LC circuit loads the through line, producing a dip in its
transmission. The quasiparticles produced by the photons increase both Ls and Rs,
which moves the resonance to lower frequency (due to Ls), and makes the dip broader
and shallower (due to Rs). Both of these e↵ects contribute to changing the transmis-
sion amplitude (c) and phase (d) of a microwave probe signal transmitted though the
feedline. (e) A 2 ⇥ 8 section of the geometry of a close-packed MKID resonator ar-
ray, with dark regions representing superconducting metallization. (f) Cross-sectional
view along A-A in (e) of a resonator showing the illumination mechanism.
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function of quasiparticle energy E. (b) The increase in quasiparticle density increases
the surface inductance Ls and the surface resistance Rs of the film, which is used as
part of a microwave resonant circuit. The resonant circuit is depicted schematically
as a parallel RLC circuit which is capacitively coupled to a transmission line (feed-
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Energy gap:
Silicon – 1.10000 eV
Aluminum – 0.00018 eV

The Kinetic Inductance Detector (KID)

In superconductor: L = Lm+Lki(nqp(hn)) P. Day et al, Nature 425, 2003 (JPL, Caltech)
O. Noroozian, PhD thesis, 2012 (Caltech) 
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KID multiplexing and readout is a big advantage
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O. Noroozian et al., IEEE MTT 60 (2012)
L. Swenson et al., Proc. SPIE 8452, (2012)



J. J. A. Baselmans et al.: A large format imaging system for future space based far-infrared observatories

Fig. 3. a) Frequency sweep of the array, with each dip corresponding to a di↵erent MKID pixel. The response in the figure is relative to a calibration
performed at 0.8 K, which e↵ectively removes a ⇠3 dB ripple due to the setup cabling. b) Zoom of a section of panel a), showing the relative
bandwidth of the resonators and the scatter in frequency of the resonators, mainly due to thickness variations in the NbTiN.

pixels of those will have only a partial coupling to the calibrator
due to the throughput-limiting aperture in the cold box.

5. Experiments

5.1. Resonator characterisation

To characterise the detector array we stabilise the chip at a tem-
perature of 120 mK and operate the black body with zero heater
current, resulting in TBB ⇠ 2.7 K. We refer to this condition
as “cold and dark” in the remainder of the text. We use a com-
mercial vector network analyser instead of the multiplexed read-
out in Fig. 2a to measure the forward scattering parameter S21
of the system as a function of frequency; the result is shown in
Fig. 3. We observe a “forest” of resonance features, each one cor-
responding to an individual MKID and a frequency-independent
transmission where no resonances are present. The resonances
occupy a frequency range from 3.9–5.55 GHz with a small gap
(by design) in the centre of the band which is used to place the
LO of the readout electronics. The frequency range is 5% lower
than the design due to a slightly higher kinetic inductance in
the MKIDs, which is of no consequence for the pixel perfor-
mance. Using an algorithm based on the double derivative of
the presented data to identify all resonators, we find 907 res-
onators out of 961, i.e. 94%. We fit to all the resonance features
a Lorentzian function to extract the Q factor and depth of each
resonance, from which we can deduce the coupling Q factor Qc
and Qi the Q factor describing all other losses in the MKID res-
onator: Q�1 = Qc�1 +Qi�1. We find that hQci = 1.3 ± 0.4 ⇥ 105,
close to the design value and that hQii = 1.3 ± 0.9 ⇥ 106, and
hQii > 5 ⇥ 105 for 715 devices, i.e. at cold and dark conditions
the resonator Q is dominated by Qc. Several of these scans were

performed to determine the optimum readout power of the detec-
tors. This is the maximum power for which the MKID resonance
features have no signs of asymmetry. We observe that �92 dBm
readout power at the MKID chip allows all resonances to be
read-out; at �86 dBm more than half of the MKIDs are over-
driven: they are asymmetric and produce very significant excess
noise.

5.2. Experimental methodology to measure the NEP

To measure the detector optical e�ciency and sensitivity we use
the method developed by Janssen et al. (2013): we measure the
detector NEP under background-limited conditions (i.e. at su�-
ciently high temperature of the black body calibrator) and com-
pare the result to a theoretical calculation of the photon noise
limited sensitivity. This analysis allows a direct measurement
of the optical e�ciency and requires an analysis of the spec-
tral shape of the noise to ensure background limited operation of
the MKID. In this section we discuss this method in detail, the
results are given in Sects. 5.3 and 5.4.

We use the multiplexed readout in the configuration shown
in Fig. 2 and operate it in its standard configuration with a tone
placement in multiples of 3.8 kHz and a data rate of 159 sam-
ples/sec. We use FLO = 4.685 GHz, in the centre of the empty
frequency region in Fig. 3a. We stabilise the array temperature
at 120 mK and put the array under the desired FIR loading condi-
tions by stabilising the calibrator temperature at the appropriate
value. We will use a calibrator temperature of 9 K and prove that
this represents background limited operation of the MKIDs. We
also measure under “cold and dark” conditions where the radi-
ated power is negligible. To initialise the measurement sequence
we perform a “wide frequency sweep” using 1000 evenly spaced
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Multiplexed Readout of ~1000/GHz KIDs at SRON for the 
European ‘Space KIDs’project

J. Baselmans et al., A&A 601, A89 (2017)

SPACEKIDs:	SRON,	Cardiff	et	al.
(Baselmans et	al.	2016)

11

NEP	~	3	x	10-19 W	/	Hz-1/2
Array	size	and	mux	factor:	961
Pixel	pitch:	1	mm
Pixel	yield:	85%
Optical	efficiency:	>	50%

Optical	bandwidth:	1	octave
Dynamic	range:	>	1000
Electrical	bandwidth:	>	100	Hz
Electrical	crosstalk:	<	-30	dB
Cosmic	ray	deadtime:	~20%	
(improvements	 underway)

iden3cal	Antennas

1	readout	line

2 mm

Array Design

Resonators	with	different	lengths

monolithic	lens	array

2 mm

A&A 601, A89 (2017)

Fig. 1. a) Photograph of a section of the chip, taken from the backside of the wafer where the lens array will be mounted, showing the MKIDs seen
through the sapphire substrate. Also visible is the TiN mesh layer, with the holes to allow the antenna beams to couple e�ciently to the lenses.
Note that all meandering resonators have a slightly di↵erent length to allow them to be read out at di↵erent frequencies. b) Zoom-in on a single
MKID detector, photographed from the front side of the chip. We see the NbTiN layer and the lithographic bridges used to balance the feedline
ground planes. c) Photograph of the chip-lens array assembly in its holder, with the lens array clearly visible. In operation we place a polariser and
set of bandpass filters on the circular aperture and mount the assembly inside the light-tight box of the cryostat, which is cooled to 120 mK. As a
result we can only illuminate a fraction of the pixels of the array. d) A zoom-in of panel b) showing the antenna at the shorted end of the MKID
resonator. e) Schematic diagram of the cross section of the assembled detector array with lens array, chip and the positions of the MKIDs and the
TiN mesh stray-light absorbing layer. f) The transmission of the feedline around a single MKID measured from contact 1 to 2 in panel b). The
MKID traces a resonance dip which changes upon radiation absorption: the blue line is the equilibrium case, and the red curve corresponds to the
MKID absorbing radiation. The two dots indicate the change in response of the forward scattering parameter (S21) when reading out the device
with a readout tone at F0.

becomes broader and shallower. We read out this response using
a single readout tone close to F0 for each resonator. The length
and width of the narrow NbTiN-Al line are designed to give
>95% radiation absorption and negligible radiation loss within
the limits of the contact lithography used in the device fabrica-
tion. Additionally, the length is minimised to reduce the device
TLS noise (Gao et al. 2008a). We use aluminium for the radia-
tion absorption due to its superior intrinsic sensitivity as demon-
strated by de Visser et al. (2014).

E�cient radiation coupling to the MKID antennas is
achieved by using a large monolithic lens array of elliptical
Si lenses mounted on the chip backside and aligned so that
each MKID antenna is located at the focus of an individual
lens (Filipovic et al. 1993). The lens array is made commer-
cially using laser ablation of high-resistivity Si (⇢ > 5 k⌦ cm)
and equipped with a �/4 anti-reflection coating made from
parylene-C (Ji et al. 2000). The lens-antenna design is optimised
for detection in a 170-GHz band centered around 850 GHz.
All MKIDs in the array are coupled to a single feedline as in-
dicated in Figs. 1a,b. The feedline is a CPW with a central
linewidth= 20 µm and a gap = 10 µm equipped with bond-
pads at either end for connecting the chip to the readout cir-
cuit. To prevent excess inter-pixel crosstalk we need to connect
the two ground planes of the feedline (Yates et al. 2014), which

is achieved by placing two aluminium bridges in between each
pair of MKIDs, isolated from the central line by a polyimide
stub. The polyimide stub is created by spin-coating, baking and
a photolithographic step to define the stub locations. A three-
hour 250� C cure under nitrogen atmosphere is done to make the
polyimide stubs chemically resistant to further processing steps.

The spatial encoding of the MKID resonant frequencies on
the array is based on the scheme presented in Yates et al. (2014):
F0 = Fc +M ⇥ dF, with dF = 1.6649 MHz, Fc = 5 GHz and
M a 2D matrix constructed from a spiral 1D array with inter-
leaving indices and an index gap in its centre as shown by the
insert in Fig. 1a. The result is that nearest-frequency MKIDs are
separated by one extra detector, but never more. This separation
is enough to mitigate EM cross coupling (Yates et al. 2014), but
is kept small to be less sensitive to thickness variations of the
NbTiN film (Thoen et al. 2017).

A key parameter in the design is the bandwidth of each res-
onator, which is defined by the coupling structure and denoted
as the coupling Q factor Qc. We design the resonators to have
Qc = 1 ⇥ 105, which is a compromise between high dynamic
range (requiring a lower Q factor) and a low probability of
overlapping resonance features, resulting in a better pixel yield,
which requires a high Q factor. The rule of thumb, obtained using
statistical simulations of the resonator resonant frequency scatter
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J. J. A. Baselmans et al.: A large format imaging system for future space based far-infrared observatories

Fig. 7. a) MKID local frequency sweep results in a circle in the complex plane, shown by the blue circle. The line inside the circle is the
trace of the MKID response from an increase in absorbed power from <10 aW to 200 fW with a readout tone placed 10 kHz below the MKID
resonance frequency. The data are over-plotted with the sections used to calculate the NEP. b) NEP as a function of loading power with a constant
LO frequency at a post-detection frequency of 60–80 Hz. We see that the measured NEP approaches the NEPBlip for powers exceeding 100 aW up
to 40 fW. c) Mean value in a 60–80 Hz post detection frequency band of the phase noise power spectral density, amplitude noise power spectral
density and the ratio of the two. We see that at low power the phase noise exceeds the amplitude noise. At the highest power we see that the phase
and amplitude noise become similar due to a sharp drop in the phase noise level. This drop is caused by the MKID responsivity being reduced
by the resonator moving too far o↵ the readout tone. The power level where the phase noise approaches the amplitude noise, which is the same
power level at which the NEP starts to deviate from the theoretical prediction in panel b), defines the maximum instantaneous source power that
the device can measure.

Fig. 8. a) Minimum dark NEP for all MKIDs of the array, obtained by
measuring the temperature response of the chip and the noise spectra
at 120 mK; for details see the text. b) Histogram of the data plotted in
panel a).

keeping the radiator in dark conditions, i.e. TBB = 2.7 K. Under
these conditions the amount of quasiparticles in the aluminium
Nqp can be calculate from the chip temperature, the volume

of the aluminium section of the resonator and the energy gap
(Janssen et al. 2014). Rewriting Nqp in terms of FIR power al-
lows the dark NEP to be calculated using Eq. (2) by replacing
the responsivity term �✓/�Popt by the dark responsivity

�✓

�Pdark

=
⌘pb⌧qp

�

�✓

�Nqp(T )
(5)

or its equivalent for amplitude. Importantly Janssen et al. (2014)
have shown that the dark NEP is a good approximation for the
NEP measured using a calibration source for the hybrid NbTiN-
Al MKID design.

We give, in Fig. 8 the dark NEP for both phase and ampli-
tude readout. The dark NEP is given by NEPdark = 2.8 ± 0.8 ⇥
10�19 W/

p
Hz for phase readout. The scatter in the NEP be-

tween the pixels is small, which is a result of the good fabrica-
tion control resulting in a very limited spread of the aluminium
properties over the wafer. The amplitude NEP is in most cases
a bit higher, and limited for most pixels by the readout noise,
which causes the higher value and larger spread. Both NEP val-
ues are in excellent agreement with the optical NEP presented in
Sect. 5.4 which confirms that the dark NEP is a good measure-
ment of the detector sensitivity and that we can expect that a full
size lens array coupled to the presented chip would result in a
imaging array with a limiting sensitivity given by Fig. 8.

5.7. Crosstalk

In any imaging system it is important that the spatial informa-
tion in the scene being viewed is transferred with high fidelity
into the final image. This requires that each pixel responds only
to its position in the re-imaged focal plane of the system. Un-
wanted reflections and insu�cient ba✏ing in the optical system
can cause ghosting and stray light. In addition, an individual de-
tector pixel can exhibit spatial crosstalk, whereby its signal is
partly dependent on the signals of other pixels and vice versa.
Both e↵ects limit the image quality and can even make high
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OST vs Herschel:

Massive gain in sensitivity from: 
a) colder 4K telescope optics
b) larger aperture

Origins Space Telescope Mission Concept Study - final report
https://asd.gsfc.nasa.gov/firs/docs/OriginsVolume1MissionCo
nceptStudyReport_11Oct2019.pdf

Increased sensitivity of future far-IR space telescopes

NASA’s Origins Space Telescope (OST) 

2

OST	vs	Herschel:

~10x	gain	from	
aperture

Remaining	gain	
from	lower	back-
ground	 with
4K	telescope
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Photon-Counting KIDs for the Far-IR Surveyor 

                                                                                       
 

 
Fig. 3: Submillimeter spectrum of Arp 220, a nearby 
galaxy, seen by the HIRES instrument on Herschel, 
showing individual carbon lines. A space-borne 
integrated spectrometer with the photon-counting 
capability provided by our KID design would provide 
the sensitivity to extend this analysis to galaxies at z=2-
6, providing a clearer picture of the history of star 
formation over cosmic time.  
 

 
2. Science Motivation 

2.1 High Redshift Galaxies 
The great success of the far 

infrared and sub-millimeter surveys 
done with Herschel’s PACS and SPIRE 
instrument (see Fig. 3) and millimeter 
surveys [12-16] have provided us with 
an increasingly clear picture of the 
universe out to redshifts of z~5. Much 
of the extragalactic infrared 
background discovered by COBE is re-
radiation of the light from newly 
formed stars by heated dust grains in 
highly luminous far infrared galaxies. 
While a general picture of the 
luminosity and number evolution of 
galaxies has been developed, the details 
of these processes are unclear. Far-
infrared spectroscopy is a unique tool 
for the study of heavily obscured IR 
luminous galaxies at high redshifts. In 
developing the science case for 
SAFARI on SPICA [17], the science 
team identified fundamental questions 
that can be addressed using far infrared 
and sub-mm spectroscopy; 1) What is 
the relationship between the bulge 
mass and black hole mass in galaxies? 

What physical processes couple these disparate phenomena?  2) What are the relevant feedback 
processes that control the rate of start formation? Is the input of dynamical energy dominated by 
young stars, or by accretion onto black holes? 3) What is the role of molecular gas in the 
universe? 4) How have the abundances of heavy elements evolved with redshift? An array of 
photon-counting KID detectors at the backend of an integrated spectrometer such as µ-
Spec [2], SuperSpec [3,4] or DESHIMA [5,6] with moderate resolution (R~1000) on a 
cryogenic space telescope can address these questions. The excellent sensitivity of these 
photon-counting detectors would allow us to follow the fine structure lines of the abundant 
elements (C, N, and O) to high redshifts, providing tools for measuring redshifts, kinematics and 
elemental abundances. We can observe molecular lines, such as the CO ladder, from the nearby 
universe to z~8. A single instrument module could allow follow up of sources found in surveys, 
while arrays of hundreds of spectrometer modules, each with an array of 1000s of photon-
counting KIDs, would allow sensitive blind surveys. The successful advancement of this detector 
technology to TRL=3 is an important step in making a strong case for a Far Infrared Surveyor in 
the upcoming Decadal Survey. 

• Protoplanetary disk evolution and search for life
• Formation of habitable planets

• Evolution of galaxies over cosmic time
• Growth of structure in the universe

Two science case studies enabled with ultrasensitive 
detectors on the Origins Space Telescope

HL Tau
Credit: ALMA (NRAO/ESO/NAOJ); C. Brogan, B. 
Saxton (NRAO/AUI/NSF)

Technique: Mapping water, ice and molecular 
lines from key volatiles (e.g. NH3) in 
protoplanetary disks

Technique:  Observing fine structure lines 
of high-z galaxies



Requirements:

• Very low NEP of ~ 10-20 W/Hz1/2  or photon-counting

• Large format arrays of ~ 104-106 pixels

Photon counting vs total power detection:

• Photon counting is not sensitive to 1/f drifts in telescope 
electronics, temperature, etc.

• No need to measure a calibrator (2x) and no need to subtract 
1/f noise from signal (another 2x)  à ~ 4x increase in 
observation speed 

• Performance limited by “dark counts” rather than classical NEP

• Dark counts can fundamentally be close to zero for KIDs at low 
temperature (<100 mK)

Challenges for KIDs:

• >10x improvement in KID state of the art noise still needed

• Development of “cleaner” nano-fab techniques 
for ultra-pure thin films and substrates is crucial

• Extremely dark test environments for device 
characterization

Challenges for future submm/far-IR 
space detectors

D. Farrah et al., arXiv:1709.02389
Review: Far-Infrared Instrumentation and Technology 
Development for the Next Decade 



O. Noroozian et al., AIP conf. proc. 1185, 148, 2009 
https://doi.org/10.1063/1.3292302
J. Zmuidzinas, Annu. Rev. Condens. Matter Phys., 3, 169, 2012
O. Noroozian, PhD thesis, 2012 (Caltech) 

• Amorphous oxides/defects/dielectrics on resonator surfaces and 
interfaces contain “two-level system” defect states that tunnel 
randomly and create fluctuations in the dielectric constant. à
Frequency noise

• Frequency noise originates mainly in capacitive parts (E-field areas)

• A parallel-plate capacitor with crystalline dielectric and clean 
interfaces will have significantly reduced TLS noise -> Microstrip-based 
resonators made using SOI wafer technology are a good candidate

Reduced frequency noise in modern MKID resonators

38

d)

c)

b)

a)
780
µm

1040 µm

390 µm

1040 µm

Figure 3.3: (a) Photograph of an IDC resonator in the first group with wcap = 10 µm
and gcap = 10 µm. (b) An IDC resonator in the second group with wcap = 20 µm
and gcap = 20 µm. (c) Device chip with the 8 resonators mounted inside a test box.
Wirebonds between chip and duroid circuit board and metal box are visible. (d)
Measurement box with SMA connectors on both sides.

MKIDs for Cosmology  Sunil Golwala

Two-Level System Noise

• Amorphous oxides on resonator 
metal film and bare substrate

• Amorphous materials have large 
population of “two-level systems”
• Defect states in materials present 

opportunity for tunneling between 
two configurations

• Theory of two-level systems in NMR applies

• TLS interacts with resonator via electric 
dipole moment
• Trades energy with resonator’s RF EM field.
• But can also emit to substrate via phonons.
• Loss (dissipation) → noise in the coupling.

• Coupling to dipole moments in substrate 
= dielectric constant
Fluctuations in TLSs 
= dielectric constant fluctuations

97

Figure 5.11: A illustration of a particle in a double-well potential

are the Pauli matrices.

5.4.2 Two-level dynamics and the Bloch equations

TLS can interact with an external electric field E⃗ and strain field e. It can be shown that the

dominant effect of the external fields on the TLS is through the perturbation in the asymmetry

energy ∆, while changes in the tunnel barrier ∆0 can usually be ignored[65]. In the electric problem,

the interaction Hamiltonian can be written as (in ψ1, ψ2 basis)

He
int =

[
∆

ε
σz +

∆0

ε
σx

]
d⃗0 · E⃗. (5.23)

We recognize

d⃗′ = 2d⃗0
∆

ε
(5.24)

as the permanent electric dipole moment and

d⃗ = d⃗0
∆0

ε
(5.25)

as the transition electric dipole moment[66]. Because ∆0 ≤ ε, the maximum transition dipole

moment of a TLS with energy splitting ε is d⃗0. Later we will see that the first term in Eq. 5.23 gives

rise to a relaxation response and the second term gives a resonant response to the electric field. In

our problem of TLS in a microwave resonator, He
int gives the coupling between the TLS and the

microwave photons.

20



A single-photon counting KID design for 
submm/far-IR space spectroscopy

• Assuming spectrometer in space with R = 1000, 
background photon rate is expected 102 – 104

photons/sec, so suitable for photon counting

Our KID design and benefits:

• Ultra-small volume aluminum kinetic inductor for 
increased response to single photons

• SOI wafer (currently 0.45 µm Si substrate)

• Parallel-plate capacitor on single-crystal Si for 
integration with spectrometer (µ-Spec) and 
reduced TLS frequency noise

• Choke filter for confinement of submm radiation 
inside sensitive inductor

• All-microstripline elements and no cuts in ground 
plane  -> Immunity to stray radiation

O.Noroozian (PI), Photon-counting KIDs for the Origins Space Telescope, NASA ROSES APRA (2017)
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 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.  

Thin aluminum films for ultrasensitive KID resonators

• Well-behaved material, follows BCS theory
• Reliable fabrication processes developed at GSFC
• High intrinsic material quality: Qi ~ 400,000 at n = 1 

microwave readout photons 
• Qi is limited by dielectric loss at low power 

(follows P1/2 dependence)
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 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.  

Fit to loss assumes:

• TLS loss ∝ P-1/2

• QP loss (from readout) ∝ P1/2 

• Constant residual loss term

O.Noroozian (PI), Photon-counting KIDs for the Origins Space Telescope, NASA ROSES APRA (2017)



Very long quasi-particle lifetimes in Al

• Measured using fiber-coupled 660 nm LED 
pulsing at 7mK

• Dark intrinsic Lifetime is very long > 6ms 
• Measurement limited by noise at tail end of 

pulse
• “Lifetime” keeps increasing over time as 

expected for very dark background
• On-set of decrease is caused by readout 

power QP generation
• Consistent with data from SRON

Optical Fiber 
from LED

10 mK stage

Thermal 
Blocking Filter
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Fig. 8: We will use Al/NbTiN CPW diagnostic resonators to measure Al 
quasiparticle lifetime. An example of such a 2-layer resonator chip (an 
Al/Nb device in this case) is shown here where Al=light regions, 
Nb=dark regions. The presence of NbTiN as a plug or in the 
groundplane of the resonator structure (shown in b) and c)) provides a 
high superconducting gap, ensuring we measure intrinsic Al lifetime.  

In this work we 
will demonstrate the 
repeatability of these Al 
thin film results in the 
presence of our NbTiN 
film. We will do this by 
fabricating and testing 
additional 2-layer hybrid 
Al/NbTiN CPW 
resonators (see Fig. 8) 
and repeat 
measurements of Qi and 
lifetime. The presence of 
NbTiN in these 
resonator test devices 
provides a high 
superconducting gap 

which blocks quasiparticle diffusion out of the sensitive Al region of the resonators, ensuring 
that we measure intrinsic Al lifetime. We will aim to characterize any Al/NbTiN interaction and 
the impact of this on the Al film properties. Given the advanced starting point of our Al materials 
development work, the fact that Al/NbTiN films have already been demoed and used in KID 
designs by our SRON collaborators [45], and because these test devices consist of 1-2 film layers 
which can be quickly fabricated, we hope to be able to rapidly complete this task. 

In parallel to our work on this task, our collaborators at SRON will fabricate similar 
Al/NbTiN hybrid CPW half-wave resonators to measure the efficiency factor for excess quasi-
particle production from readout (ηread) and three parameters: Al film thickness, readout power 
and resonance frequency. They will do so by measuring generation-recombination noise 
following a demonstrated method [51]. These results will directly feed into our detector design 
(see §4.2.2). 

 
Milestone: We will demonstrate the repeatability of Al quality factor of ≥ 1 million at low 
readout powers in films of thickness ~10 nm in 2-layer Al/NbTiN resonator test devices. 

4.2 Photon-Counting KID Demonstration 

4.2.1 Low Background Enclosure Construction 
The integrated optics of our photon-counting KID design (at 420-800 µm) provide a 

highly protected environment for extremely sensitive detectors. Single-mode transmission lines 
are used for interrogation and readout of the detector, which can be well-filtered in-band. Loss 
above the NbTiN superconducting gap prevents unwanted coupling to the detector. The 0.45 µm 
single crystal Si substrate thickness is small compared to a wavelength and has low radiative 
coupling [52] and we have extensive experience in designing structures with low radiation loss 
[53,54]. In addition, selected regions of the chip will be patterned with a thin film absorber (~100 
Ohms/sq) to terminate stray radiation. In future integration of our photon-counting KIDs with an 
integrated spectrometer, the entire volume of this instrument, including the spectrometer and 
detectors (except for the lens and antenna) can be boxed at the detector temperature with tuning 

O.Noroozian (PI), Photon-counting KIDs for the Origins Space Telescope, NASA ROSES APRA (2017)
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assumed that TLS frequency noise is negligible, based on our proposed TLS-free capacitor 
design, which we propose to study experimentally (see §4.1.1). To increase S/N we constructed 
an optimal linear filter from the average ensemble of 100 pulse shapes weighted by their 
probabilities, and applied this filter to the time stream. Fig. 10 shows two examples that clearly 
demonstrate single photon counting is possible with our small volume Al design, for both a 
typical 5 K noise temperature amplifier, and with improved S/N for a parametric 
quantum-limited amplifier with 75% quantum efficiency (Tn = 0.064 K) [67]. We achieve 
>95% detection efficiency above the selected threshold, and 5 Hz dark count rate caused by the 
amplifier noise.  

In our design the inductor volume V and microwave readout power are two key 
parameters that affect the signal-to-noise (S/N) and effective pulse time constants. As V is 
reduced S/N improves but this increases dissipation from the microwave readout, which can 
potentially generate a quasi-particle background (determined by efficiency ηread), which reduces 
S/N and recombination time. In the analysis shown in Fig. 10 we have made a very conservative 
assumption for ηread, but there is experimental evidence that ηread could be very small [51]. Our 
collaborator at SRON will study ηread (see §4.1.3), the results of which will feed back into this 
design.  

With optical lithography, we have made detector volumes of 5 µm3 - 0.12 µm3 for our 
previous KID designs at GSFC. In this proposed work we will use stepper lithography to reduce 
the inductor length and width in our design proportionately, while retaining an optical 
terminating impedance Z0 < 15 Ω. To avoid lateral proximity effects from the NbTiN capacitor 
contacts, we will set a minimum length of ≈ 10x the superconducting coherence length for our 
designs. All of these constraints will limit us to an Al inductor volume of ≥ 8e-4 µm3. Based on 
these constraints and our more comprehensive detector model described above, we calculate that 
Al inductor volumes in the range from ~ 8e-4 - 0.12 µm3 will be capable of photon counting.  

In this proposed work, we will further refine our detector model to narrow in on the 
optimal detector volumes. In addition, we will explore the limits to photon-counting designs near 
500 GHz, as the number of photons/sec in the far-IR sky background (for high redshift galaxy 

 Fig. 10: Example simulated output time streams for a KID demonstrating photon-counting ability at 
0.5 and 1 THz with our small-volume Al design when using a typical HEMT amplifier or a parametric 
amplifier. Background loading condition is ~100 photos/s similar to the sky background at 1 THz. N 
indicates the number of quasi-particles produced at each event. Material parameters are based on our 
measurements for 10 nm Al films (§4.1.3). Other parameters are: bath temperature of 0.1 K, resonance 
frequency of 2 GHz, ηread = 0.25. For readout with HEMT the feedline power is -137 dBm, and for the 
para-amp it is -156 dBm. 

• Dark counts are only caused by white amplifier noise at a rate of 5 Hz. This corresponds to NEP = 1-2 x 10-21 W/rt Hz in the 0.5-1 THz 
range .

• Integrated over the signal bandwidth, TLS noise is sub-dominant to amplifier white noise, because internal Q is low during pulse. ✓
• Recombination time and ring time are fast compared to photon arrival rate. Pulses decay with tau ~ 1.7 ms. ✓
• Counting photons with > 95% efficiency! 

Assumptions: 
photon rate = 100/s,  spectrometer resolution = 1000, optical coupling efficiency = 25%, 4K telescope  (conditions for high-Z galaxy case)
detector volume = 0.05 µm3,  bath temperature = 100 mK, readout power = -137 and -156 dBm
Material properties take from our films measured at GSFC.

Simulation of photon counting at 0.5 -1.0 THz 
with a 10-nm aluminum KID on SOI

Credit: Thomas Stevenson, GSFC

O.Noroozian (PI), Photon-counting KIDs for the Origins Space Telescope, NASA ROSES APRA (2017)
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1.0 Scientific, Technical, and Management 
1.1 EXECUTIVE SUMMARY  

The submillimeter (sub-mm) and millimeter part of the spectrum contain a wealth of 
scientific information about the content and history of our universe. This information is encoded 
in a wide range of molecular lines and fine structure lines. Observations of such spectral lines 
allow us to explore galaxies at high redshifts. Strong fine structure lines of abundant elements 
(C, N, and O) allow us to trace obscured star formation and AGN activity into the high redshift 
universe. We can measure galaxy redshifts, and determine their elemental abundances and 
physical conditions out to redshifts of z>~ 5. Our ability to fully explore this rich spectral region 
has been limited, however, by the size and cost of the cryogenic spectrometers required to do 
these sensitive measurements. We propose to continue our development of an extremely 
compact (~10 cm2), sub-milllimeter spectrometer, called µ-Spec. This high performance, 
remarkably compact instrument will enable a wide range of spectroscopy flight missions, 
which would have been impossible due to the large size of current instruments with the 
required spectral resolution and sensitivity. 

Fig. 1: (Right) The sensitivity of an R=512 µ-Spec is shown compared to Herschel instruments and the proposed 
SPICA instrument, SAFARI, BLISS, and µ-Spec SPICA. We have assumed 25% efficiency for the balloon µ-Spec, 
and have put in a factor of two loss for chopping and differencing. The warm balloon is a 1 m telescope at 240 K, 
the cold at 6 K. Remarkably, the Cold Balloon µ-Spec is similar in sensitivity to SAFARI for a point source. The 
BLISS sensitivity is derived assuming a realistic transmission (~30%) and the factor of two for chopping and 
differencing.  The µ-Spec SPICA is more sensitive because we have assumed photon counting detectors, whose DC 
stability reduces the need for constant referencing and differencing. (Left) The prototype=64 µ-Spec instrument with 
comparison to the present state of the art, Z-Spec. 
 

The development of an instrument like µ-Spec, which is based on superconducting 
transmission lines and devices, requires a robust electromagnetic design and considerable 
breadth of expertise in the team. In developing and demonstrating the end-to-end performance of 
our R=64 µ-Spec, supported by prior ROSES/APRA funding, we have built the team expertise 
and facilities required in four key areas: science expertise to define performance requirements 
and overall instrument design concepts; electromagnetic design capabilities and materials 
expertise to design robust, high performance spectrometer components; the fabrication capability 
to produce wafer scale microwave circuits using a wide range of metals on single crystal silicon; 
and the facilities and experience to measure performance at temperatures below 0.1 K at 
background levels of a few photons per second. We have also established collaborations with 
NIST Boulder and the U. Md. Laboratory for Physical Sciences (LPS) to broaden and strengthen 
our effort on materials, detector noise, and low noise amplifiers. 

Orders of magnitude reduction in the mass and volume of our spectrometer are achieved by using superconducting 
microstrip transmission lines with low-loss single-crystal silicon dielectric substrates (0.45 µm thick).

µ-Spec: an integrated spectrometer for submm/THz space 
spectroscopy (NASA GSFC) 

O. Noroozian et al.,” 26th ISSTT conference, 2015: https://www.nrao.edu/meetings/isstt/papers/2015/2015000018.pdf
E. Barrentine et al., SPIE Proc. 9914, 2016: https://doi.org/10.1117/12.2234462
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Multimode propagation region

G. Cataldo et al., Applied Optics, 53(6), 1094, 2014

A 400-600 GHz prototype µ-Spec chip with an R=64
• µ-Spec is an analog of a grating spectrometer that uses an 

artificial grating (Rowland spectrometer). 
• Phase delays in a tree of superconducting transmission lines 

are used to produce constructive and 
destructive interference in propagating waves, which focus 
light on diffraction-limited spots on 
a 2.5-D focal plane

• Photons go through order-sorting filters first and are then 
detected by ultra-sensitive KIDs

Photon-counting KID prototype
x48 half-wave microstrip
KIDs (one per channel)

Reference 1
Reference 2

Dark
Nb



Optical measurement of µ-Spec channels

15

Optical window

Tunable photomixer submillimeter source
100 GHz – 2 THz, chopped at 7.6 KHz



Measurement of a prototype µ-Spec designed for R = 64
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Demonstrated results:

• Sharp line profile of (sinx/x)2 (as opposed to Lorentzian in filterbank-based spectrometers)
• Resolution of R=64 achieved as designed
• Absolute frequency position within ±1 GHz as designed.



• Planck spacecraft bolometers were very sensitive to cosmic rays and lost significant 
observation time and data

• KIDs are more immune (better than bolometers) because:
fast response time + insensitive to phonons below energy gap (unlike TESs)

Insensitivity to cosmic radiation important in space

A&A 592, A26 (2016)

Fig. 5. LEKID toy proton model (red line) compared to a typical
143 GHz in-flight HFI bolometer (blue dashed line). The pink dashed
line represents the LEKID 5� level.

– energy distribution of CRs at the second Lagrangian point;
– ratio between the absorbed energy in the substrate and the

energy detected by the LEKID (suppression factor �).

From the literature, we know the energy distribution of the pro-
ton at L2:
�N
�Ep+

⇠ E��p+ , (2)

where � is equal to 0.8. In the energy range of interest we can fit
the stopping power function as a power law considering an im-
pact angle equal to ✓. We obtain therefore the generic absorbed
energy as a function of the proton energy and the impact angle

Eabs =
EO

cos ✓
·
 

Ep+

Ep+o

!��
.

Where Ep+o is the reference proton energy, EO = ⇢sil ·d ·S P(Ep+o)
is the reference absorbed energy for an orthogonal impact with
⇢sil the density of the silicon, d is the thickness of the silicon
die, and S P(Ep+o) is the stopping power function calculated at a
reference proton energy.

By integrating Eq. (2) over the solid angle, surface, and in-
tegration time and considering the suppression factor, we obtain
the energy absorbed in the detector,

�N
�ELEKID

=
4⇡A�tEp+o · �

(2� + � � 1) · E
��1
�

O

· E�
�+1��
�

abs , (3)

where A is the surface of the silicon wafer impacted by a CR,
�t is the integration time, and � is the suppression factor. In
Fig. 5 we show the spectrum obtained from Eq. (3) compared
to a glitch spectrum measured from a typical 143 GHz in-flight
HFI bolometer.

5.2. Simulation of LEKID time-ordered data

Starting from the distribution of the glitches absorbed energy in-
duced by CRs, we simulated timestreams of LEKID data in the
absence of sky signals. We added CR events to a realisation of
noise with a standard deviation � given from the expected pho-
ton noise level with an average of 0.3 pW. As already shown
from laboratory measurements, the LEKID detectors have an un-
resolved time constant, so we consider that each glitch a↵ects

Fig. 6. Simulated timestream of a LEKID detector at L2 compared to
an in-flight HFI dark bolometer.

only one point of data. The main results we can derive from this
simulation are:

– Data loss: as shown in Fig. 6, the CRs generate a rate of
glitches of about 1.8 Hz, which is larger than what was ob-
served in-flight on a typical Planck HFI bolometer. This is
because, as described in Sect. 4.2, the a↵ected surface of the
silicon wafer following a CR impact is about 1.4 cm2, which
is about twice that of the HFI bolometer silicon wafer. On
the other hand, the time constants of the glitches are unre-
solved for sampling rates up to 500 Hz. The percent level of
the flagged data due to the de-glitching is therefore about 1%
compared to about 12–15% for Planck HFI bolometers.

– Glitch residual contamination: one of the main di↵erences in
comparing the HFI bolometer glitch impact and the LEKID
array glitch impact is that for LEKID arrays, all detectors
share the same substrate, while HFI bolometers are fully in-
dependent. As a consequence, CR impacts a↵ect a surface
of about 1.4 cm2 in LEKID arrays giving a larger number of
glitches per detectors. All of the residual glitches (below 5�)
increase the rms noise by a factor of about 3%. In terms of
non-Gaussianity, we expect glitches to induce non-Gaussian
features in the TOD. This is shown in the left panel of Fig. 7,
where we present the one-dimensional (1D) distribution for
simulated TODs with (red) and without (blue) glitch con-
tribution, assuming Gaussian detector noise at the photon
noise level. Glitches show up as a positive tail with skew-
ness and kurtosis more than 44� away from that expected for
the Gaussian noise. These non-Gaussian features observed in
the TODs are significantly reduced when they are projected
to construct maps of the sky. This is because the noise per
pixel in the map is expected to decrease with the square root
of the number of TOI samples per pixel,

p
Nhits, while the

glitch contribution decreases with Nhits. We project the TODs
simulated above onto sky maps to test this hypothesis. We
assume a 2.5 yr space mission and a typical sky pixel map
size of 1 arcmin, which corresponds to Nhits = 150 samples
per pixel for a Planck-like sampling rate. We find that the
glitch contribution leads to non-significant, non-Gaussianity
in the final maps, as the skewness and the kurtosis is less than
0.23� away from that expected for the Gaussian noise. This
can be observed in the right panel of Fig. 7 where we present
the 1D distribution of the pixel values for the projected sky
maps in the case of noise only (blue) and noise and glitches
(red) simulations.

A26, page 6 of 7

A. Catalano, A&A 592, A26 (2016) 



Low	temperature,	dark	environment	

Black
body

Optical filters

3K stage

100 mK stage

Filtered coax cables

Detector

Low	temperature,	dark	environment	

Black
body

Optical filters

3K stage

100 mK stage

Filtered coax cables

Detector

A cryogenic black-body calibrator source with stray-
light shielding for testing space worthy KIDs

PJ. De Visser, PhD thesis, 2014 (TuDelft)

Well	controlled	excita/on	

Black
body

Optical filters

3K stage

100 mK stage

Filtered coax cables

Detector

Variation in power: 1 zW - 1 pW = 10-21 – 10-12 W

Calibrated down to 10-21 W

Using above design and concept as a starting point, we are
currently implementing a shielded ultra-dark blackbody 
source at GSFC (see next slide).



• Photon-counting aluminum KIDs at 100mK 
need to see a background incident power 
of ~10-21 W at f > 90GHz 
à Need ~137dB attenuation from 3.2K and 
~110dB from 800mK blackbody radiation 
from shields 

• Primary issues are minimizing radiation 
leaks to high precision, filtering 
feedthroughs for DC and microwave lines

• Need a fast, temperature-swept, integrated 
blackbody to introduce known amounts of 
optical power to detector for 
characterization.

• Challenge: A combination of residual 
resonator TLS frequency noise, slow BB 
temperature control, drifts, and very low 
microwave read power create potential 
problems with long-duration noise/NEP 
measurements. à Solution is a manually 
controlled iris at <100mK. Modulator 
provides stable background when iris 
closed. Currently implementing this at 
GSFC.

GSFC design for an ultra-dark testbed with BB 
calibrator for KID spectrometer testing

J. Connors (formerly GSFC NPP postdoc)



• Graphite loaded epoxy coating forms 
a non-magnetic lossy absorber

• Optimized cone angle, absorber 
thickness, and thermal time constant

• 15 deg half angle chosen for BB to 
have < -35dB reflection at 850GHz 
(using multiple light ray bounces)

• Thermal time constant estimated at 
~5min at 4K with copper wire defining 
G to 800mK bath

Blackbody calibrator design

J. Connors (formerly GSFC NPP postdoc)



Blackbody calibrator being assembled at GSFC



The good:
• Quantum-limited noise
• Octave or more bandwidth
• High input dynamic range (-50 to -40 dBm)
• Very low dissipation
• Can operate at temperature of ~< 3 K
• Integration with superconducting 

electronics
• Can read out large array of detectors 

The not-so-good:
• High pump power (~10 µW)
• In-band ripples (recently reduced)
• Relatively long line length of 2.5 cm

(used to be 1 meter!)

• Invented in 2012 at Caltech/JPL
• Kerr medium made of ultra low-loss

and high kinetic inductance NbTiN film
• "#$%& ∝ '(
• Uses transmission-line architecture

Cycle 5 NRAO ALMA Development Study Proposal – Quantum-Limited Very-Wideband 4-Kelvin RF and 
IF Amplifiers for ALMA 
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In order to achieve amplification attention must be paid to achieve the required dispersion at the signal, 
idler and pump frequencies. To avoid loss of power into the third harmonic of the pump frequency the 
device utilizes a periodic structure to suppress the third harmonic (see inset of Fig. 3). The simulated and 
measured gain vs. frequency are shown in Fig. 4. Figure. 5 shows the signal-to-noise measurements for a 
weak CW signal along with the setup and measurements of the wideband noise. The measured noise 
contribution from this prototype paramp was < 3.4 photons at 10 GHz. The key innovation in this paramp 
device is the use of NbTiN in the transmission line. In addition to providing a highly nonlinear inductance 
the ultra-low loss of NbTiN allows the gain to grow along the transmission line while adding only the 
noise required by quantum mechanics.  

It is important to note that the physics of the material remains the same at higher frequencies. This allows 
for the concept to be applied to frequencies up to the gap frequency of NbTiN, or about 1.4 THz, beyond 
which photons break Cooper pairs. This has opened up the possibility to develop these amplifiers for 
ALMA’s font-ends as RF amplifiers. The lower frequency limit is determined only by the length of 
transmission line that can be fabricated, ultimately limited by fabrication yield. 

 

Fig. 3: A TKIP amplifier covering 9 to 14 GHz with a pump frequency of 11.6 GHz. (A) Nonlinear 
phase response at 4 GHz of the NbTiN device as a function of the DC current sent down the center 
conductor of the coplanar transmission line. (B) Picture of 0.8 m long spiral NbTiN transmission line. 
The inset is a magnified section of the transmission line showing the periodic loading of the line to 
block the 3rd harmonic of the pump. The thickness of the line is 35 nm and the center conductor and 
gap widths are 1 μm. (C) Calculated dispersion relative to the nominal linear dispersion of the 
transmission line. The gray regions represent stop bands; waves in these frequency ranges decay 
evanescently. From fig. 1 in [4]. 
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A wideband, low-noise superconducting amplifier
with high dynamic range
Byeong Ho Eom1, Peter K. Day2*, Henry G. LeDuc2 and Jonas Zmuidzinas1,2

An ideal amplifier has very low noise, operates over a broad frequency range, and has large dynamic range. Unfortunately, it

is difficult to obtain all of these characteristics simultaneously. For example, modern transistor amplifiers offer multi-octave

bandwidths and excellent dynamic range, but their noise remains far above the limit set by the uncertainty principle of quantum

mechanics. Parametric amplifiers can reach the quantum-mechanical limit, but generally are narrow band and have very limited

dynamic range. Here we describe a parametric amplifier that overcomes these limitations through the use of a travelling-wave

geometry and the nonlinear kinetic inductance of a superconducting transmission line. We measure gain extending over 2GHz

on either side of an 11.56GHz pump tone and place an upper limit on the added noise of 3.4 photons at 9.4GHz. The dynamic

range is very large, and the concept can be applied from gigahertz frequencies to ⇠1 THz.

O
ver the past decade, the combination of high-performance
superconducting microresonators and low-noise, mi-
crowave frequency cryogenic transistor amplifier readouts

has proven to be particularly powerful for a wide range of
applications, including photon detection and quantum information
experiments1–3. These developments have generated a strong
renewed interest in superconducting amplifiers that achieve even
lower readout noise4–9. Most of these devices are parametric
amplifiers (paramps) that make use of the nonlinear inductance
of the Josephson junction, which is almost ideally reactive with
little dissipation below the critical current Ic. As a result, Josephson
paramps10,11 can be exquisitely sensitive, approaching the standard
quantum limit of half a photon h̄!/2 of added noise power per
unit bandwidth in the standard case when both quadratures of
a signal at frequency ! are amplified equally12. Even less noise is
possible in situations when only one quadrature is amplified13. In
comparison, the added noise of cryogenic transistor amplifiers is
typically 10–20 times the quantum limit14. However, the dynamic
range of Josephson paramps is regulated by the Josephson energy
EJ = h̄Ic/2e (e is the electron charge) to values that are far lower
than for transistor amplifiers. Furthermore, as in optical parametric
oscillators in which light passes many times through a nonlinear
medium, previous superconducting paramps generally use resonant
circuits to enhance the effective nonlinearity and thus achieve
high gain. Consequently, amplification is achieved over a narrow
instantaneous frequency range, typically of the order of a few
megahertz, versus ⇠10 GHz for transistor amplifiers. This results
in a relatively slow response time, which can hinder observation
of time-dependent phenomena, for example quantum jumps15.
Also, as with superconducting quantum interference devices16, the
combination of a limited dynamic range and a limited bandwidth
results in a low Shannon information capacity and limits the utility
of Josephson paramps formultiplexed readout of detector arrays17.

Instead of using a resonator, the optical or electrical path may
be unfolded into a long nonlinear transmission line or waveguide.
This results in a travelling wave paramp18,19 which has a very
broad intrinsic bandwidth. However, a low-dissipation medium
that is sufficiently nonlinear over a realizable length must be

1California Institute of Technology, Pasadena, California 91125, USA, 2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
91109, USA. *e-mail: Peter.K.Day@jpl.nasa.gov.

found. At visible and infrared wavelengths, these requirements
are met in optical fibres20 and silicon waveguides21 through the
nonlinear process of four-wavemixing (FWM) that results from the
intensity dependence of the refractive index, that is the Kerr effect.
Fibre paramps achieve high (>60 dB) gain20 and single-quadrature
versions have exhibited noise levels below the standard quantum
limit22. An analogous microwave device using a metamaterial of
numerous Josephson junctions embedded in a transmission line23,24
has been proposed and investigated, but this design has not yet
resulted in a practical amplifier.

Like a Josephson junction, a thin superconducting wire
behaves as a nondissipative inductor for currents below a critical
current Ic. The critical current is therefore an obvious scale
for nonlinear behaviour in both junctions and wires, although
Ic for a wire is typically orders of magnitude larger than
for a junction. Indeed, the phenomenological Ginzburg–Landau
theory and the microscopic Bardeen-Cooper-Schrieffer (BCS)
theory25,26 both predict the nonlinearity of the kinetic inductance
of superconductors. In practice this nonlinearity is usually weak,
although resonant paramps based on this effect have been proposed
and investigated27,28. Here we show that the use of a high-resistivity
superconductor, such as TiN (ref. 29) or NbTiN, results in a kinetic
inductance nonlinearity that is sufficient to allow parametric gain in
a practical, realizable travelling wave geometry.

The current variation of the kinetic inductance of a super-
conducting wire is expected to be quadratic to lowest order, that
is Lk(I ) ⇡ Lk(0)[1+ (I/I⇤)2] for I/I⇤ ⌧ 1, just as in the case of
Josephson junctions. I⇤ sets the scale of the nonlinearity. The
Mattis–Bardeen theory30 gives Lk(0) = h̄Rn/⇡� for a wire with
normal state resistance Rn and superconducting gap parameter �,
whose transverse dimensions are small enough so that the current
distribution is approximately uniform. I⇤ is comparable to Ic, and
can be roughly estimated by equating the kinetic energy of the
Cooper pairs LkI 2/2 to the pairing energy Ep = 2N0�

2
V , where N0

is the density of states at the Fermi level and V is the volume. The
resulting expression for I 2⇤ is proportional to 1/Rn. The phase veloc-
ity of the transmission line is vph = 1/

p
LC ⇡ vph(0)(1�↵I 2/2I 2⇤ ),

where L and C are the total inductance and capacitance per unit
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ABSTRACT

The energy resolution of a single photon counting microwave kinetic inductance detector can be degraded by noise coming from the
primary low temperature amplifier in the detector’s readout system. Until recently, quantum limited amplifiers have been incompatible with
these detectors due to the dynamic range, power, and bandwidth constraints. However, we show that a kinetic inductance based traveling-
wave parametric amplifier can be used for this application and reaches the quantum limit. The total system noise for this readout scheme
was equal to !2.1 in units of quanta. For incident photons in the 800–1300 nm range, the amplifier increased the average resolving power of
the detector from !6.7 to 9.3 at which point the resolution becomes limited by noise on the pulse height of the signal. Noise measurements
suggest that a resolving power of up to 25 is possible if the redesigned detectors can remove this additional noise source.

https://doi.org/10.1063/1.5098469

Optical microwave kinetic inductance detectors (MKIDs)1 are
superconducting, single photon counting, energy resolving sensors
which are sensitive to radiation in the ultraviolet to near infrared
range. Advantages over semiconductor detectors in this wavelength
band include the absence of false counts (read noise, dark current, and
cosmic rays), intrinsic spectral resolution, high speed, and radiation
hardness. Other superconducting detectors have shown promise at
these wavelengths,2,3 but they are difficult to chain together into large
arrays. Optical MKIDs, however, are naturally frequency domain mul-
tiplexed, which has enabled full-scale instruments at the Palomar
observatory4,5 and Subaru telescope.6 In the future, these detectors will
be included in a balloon borne mission.7

Photon counting MKIDs operate differently than MKIDs
designed for longer wavelength detection in the bolometric regime.
Instead of measuring a constant flux of photons, they record indi-
vidual photon events similar to an X-ray calorimeter. To achieve a
measurable detector response for a single photon event, they tend
to be smaller and able to handle less signal power than their longer
wavelength bolometric counterparts. In these conditions, amplifier
noise can be comparable in magnitude to the detector phase noise

that originates from microscopic two-level system (TLS) states on
the surface or between layers of the device.8 The TLS noise can be
mitigated through careful sample preparation,9 fabrication,10,11

and device design,12–14 while the effect of amplifier noise can be
addressed by designing detectors that can handle higher signal
powers.15,16 These routes are actively pursued, but, for optical
MKIDs, improving the main readout amplifier’s noise floor offers
an additional path to lowering the total system noise.

Quantum mechanics imposes an uncertainty relationship
between the two quadratures of an electromagnetic signal.17 This rela-
tionship results in a lower limit to the noise that a high gain, phase-
preserving, linear amplifier adds to its input signal, equal to that of the
electromagnetic zero-point fluctuations ðA ¼ 1=2Þ. To readout an
optical MKID array, the primary amplifier must have a moderately
high saturation power, significant dynamic range, and large band-
width. High electron mobility transistor (HEMT) amplifiers are often
used to satisfy these requirements.18,19 State of the art commercial
HEMT amplifiers operating over 4–8GHz at 5K typically reach added
noise numbers, in units of quanta, as low as A ¼ 8.0 (2.3K noise tem-
perature at 6GHz).20,21 A quantum limited amplifier that could
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ABSTRACT

The energy resolution of a single photon counting microwave kinetic inductance detector can be degraded by noise coming from the
primary low temperature amplifier in the detector’s readout system. Until recently, quantum limited amplifiers have been incompatible with
these detectors due to the dynamic range, power, and bandwidth constraints. However, we show that a kinetic inductance based traveling-
wave parametric amplifier can be used for this application and reaches the quantum limit. The total system noise for this readout scheme
was equal to !2.1 in units of quanta. For incident photons in the 800–1300 nm range, the amplifier increased the average resolving power of
the detector from !6.7 to 9.3 at which point the resolution becomes limited by noise on the pulse height of the signal. Noise measurements
suggest that a resolving power of up to 25 is possible if the redesigned detectors can remove this additional noise source.

https://doi.org/10.1063/1.5098469

Optical microwave kinetic inductance detectors (MKIDs)1 are
superconducting, single photon counting, energy resolving sensors
which are sensitive to radiation in the ultraviolet to near infrared
range. Advantages over semiconductor detectors in this wavelength
band include the absence of false counts (read noise, dark current, and
cosmic rays), intrinsic spectral resolution, high speed, and radiation
hardness. Other superconducting detectors have shown promise at
these wavelengths,2,3 but they are difficult to chain together into large
arrays. Optical MKIDs, however, are naturally frequency domain mul-
tiplexed, which has enabled full-scale instruments at the Palomar
observatory4,5 and Subaru telescope.6 In the future, these detectors will
be included in a balloon borne mission.7

Photon counting MKIDs operate differently than MKIDs
designed for longer wavelength detection in the bolometric regime.
Instead of measuring a constant flux of photons, they record indi-
vidual photon events similar to an X-ray calorimeter. To achieve a
measurable detector response for a single photon event, they tend
to be smaller and able to handle less signal power than their longer
wavelength bolometric counterparts. In these conditions, amplifier
noise can be comparable in magnitude to the detector phase noise

that originates from microscopic two-level system (TLS) states on
the surface or between layers of the device.8 The TLS noise can be
mitigated through careful sample preparation,9 fabrication,10,11

and device design,12–14 while the effect of amplifier noise can be
addressed by designing detectors that can handle higher signal
powers.15,16 These routes are actively pursued, but, for optical
MKIDs, improving the main readout amplifier’s noise floor offers
an additional path to lowering the total system noise.

Quantum mechanics imposes an uncertainty relationship
between the two quadratures of an electromagnetic signal.17 This rela-
tionship results in a lower limit to the noise that a high gain, phase-
preserving, linear amplifier adds to its input signal, equal to that of the
electromagnetic zero-point fluctuations ðA ¼ 1=2Þ. To readout an
optical MKID array, the primary amplifier must have a moderately
high saturation power, significant dynamic range, and large band-
width. High electron mobility transistor (HEMT) amplifiers are often
used to satisfy these requirements.18,19 State of the art commercial
HEMT amplifiers operating over 4–8GHz at 5K typically reach added
noise numbers, in units of quanta, as low as A ¼ 8.0 (2.3K noise tem-
perature at 6GHz).20,21 A quantum limited amplifier that could
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operate in these conditions would reduce the added amplifier noise by
a factor of 16.

Parametric amplifiers have been shown to perform at or near the
quantum limit and have been used in several experiments with super-
conducting resonators. A !1MHz, bandwidth format was used to
investigate a superconducting resonator’s noise properties in the dissi-
pation quadrature.22 However, only one resonator could be measured
at a time, and a carrier suppression tone was needed, which made the
amplifier incompatible with single photon measurements. At low sig-
nal powers, larger bandwidth formats have been able to readout up to
20 superconducting qubits.23 This readout system, too, does not have
enough dynamic range for an optical MKID array as the amplifier’s
saturation power is on the order of the required signal tone’s power.

Traveling-wave parametric amplifiers (TWPAs) based on a
superconductor’s nonlinear kinetic inductance were designed to
handle this wideband, high power, and high dynamic range case.24–26

In this paper, we show how one of these parametric amplifiers can be
integrated with a large MKID array and demonstrate its ability to mea-
sure single photon events with quantum limited amplifier noise.

The full readout is divided between three temperature stages with
most of the large electronics at room temperature. The rest of the com-
ponents are cooled to either 3.3K or 100 mK in a Leiden Cryogenics
CF-200 dilution refrigerator with the MKID array and parametric
amplifier inside of a Amumetal 4K magnetic shield developed by
Amuneal. Outside of the cryostat, we employ a homodyne readout
system with the signals digitized at a sample rate of 2MHz after being
low pass filtered at 1MHz to prevent aliasing. Figure 1 shows a sche-
matic of the setup used for this experiment.

The detector that we tested was designed for the MEC instrument
at the Subaru telescope on Mauna Kea in Hawaii.6 It has ten niobium
coplanar waveguide feedlines and a 20 440 pixel platinum silicide

MKID array multiplexed over 4–8GHz.1 Each pixel is a lumped ele-
ment resonator, capacitively coupled to one of the feedlines. A micro-
scope image of a pixel is shown in the inset of Fig. 1.

For the photon measurements, we used five single mode laser
diodes with wavelengths from 808 to 1310nm. The 1120nm diode
was purchased from Eagle Yard, and the others were purchased from
Thor Labs. The diode light was coupled into a fiber using an integrat-
ing sphere and sent into the fridge. Near the detector, the fiber output
was collimated and directed toward a microlens array on top of the
device. The microlens array focused the light onto the inductor of each
pixel and was purchased from Advanced Micro-optic Systems. It is
made from 1mm thick STIH53 glass with 140" 146 lenslets at a
150lm pitch.

We chose a resonator from the array at 5.67446GHz with cou-
pling and internal quality factors of 15 100 and 190 000, respectively,
for this test. All data taken off resonance were captured at a frequency
of 5.675GHz. Near the resonance frequency, the parametric amplifier
had a constant gain of 13.7 dB, and the resonator was driven almost to
saturation at about #106 dBm. When the parametric amplifier is
turned on, we see changes in the coupling quality factor of some reso-
nators on the order of !10%. More isolation between the parametric
amplifier and the MKID array could remove this effect, but since this
difference is smaller than the variation intrinsic to the design, modifi-
cations were unnecessary for this test.

The parametric amplifier itself is a wideband, traveling-wave,
kinetic inductance amplifier of the general type first described by Eom
et al.26 but is an updated version and differs in several respects. The
coplanar wave guide transmission line structure uses finer features
(e.g., the centerline width and gaps are 320nm). In order to lower the
characteristic impedance to 50 X, added capacitance is provided with
a interdigitated structure in a similar manner to the amplifier

FIG. 1. Circuit diagram of the readout system. The two synthesizers are labeled A and B for the signal and pump tones, respectively. 50 X terminations are represented as
resistors to ground, and superconducting components are shaded purple. The diagram does not include line losses. The system noise is measured using a cryogenic switch
which can connect the HEMT amplifier, to the parametric amplifier, or to one of the two matched 50 X loads on different temperature stages (shaded red and blue). Light from
a laser is directed to the MKID array with an optical fiber and focused onto each inductor with a collimating lens and microlens array. The approximate spot size on one resona-
tor in the array is shown in red in the inset.
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ABSTRACT

The energy resolution of a single photon counting microwave kinetic inductance detector can be degraded by noise coming from the
primary low temperature amplifier in the detector’s readout system. Until recently, quantum limited amplifiers have been incompatible with
these detectors due to the dynamic range, power, and bandwidth constraints. However, we show that a kinetic inductance based traveling-
wave parametric amplifier can be used for this application and reaches the quantum limit. The total system noise for this readout scheme
was equal to !2.1 in units of quanta. For incident photons in the 800–1300 nm range, the amplifier increased the average resolving power of
the detector from !6.7 to 9.3 at which point the resolution becomes limited by noise on the pulse height of the signal. Noise measurements
suggest that a resolving power of up to 25 is possible if the redesigned detectors can remove this additional noise source.

https://doi.org/10.1063/1.5098469

Optical microwave kinetic inductance detectors (MKIDs)1 are
superconducting, single photon counting, energy resolving sensors
which are sensitive to radiation in the ultraviolet to near infrared
range. Advantages over semiconductor detectors in this wavelength
band include the absence of false counts (read noise, dark current, and
cosmic rays), intrinsic spectral resolution, high speed, and radiation
hardness. Other superconducting detectors have shown promise at
these wavelengths,2,3 but they are difficult to chain together into large
arrays. Optical MKIDs, however, are naturally frequency domain mul-
tiplexed, which has enabled full-scale instruments at the Palomar
observatory4,5 and Subaru telescope.6 In the future, these detectors will
be included in a balloon borne mission.7

Photon counting MKIDs operate differently than MKIDs
designed for longer wavelength detection in the bolometric regime.
Instead of measuring a constant flux of photons, they record indi-
vidual photon events similar to an X-ray calorimeter. To achieve a
measurable detector response for a single photon event, they tend
to be smaller and able to handle less signal power than their longer
wavelength bolometric counterparts. In these conditions, amplifier
noise can be comparable in magnitude to the detector phase noise

that originates from microscopic two-level system (TLS) states on
the surface or between layers of the device.8 The TLS noise can be
mitigated through careful sample preparation,9 fabrication,10,11

and device design,12–14 while the effect of amplifier noise can be
addressed by designing detectors that can handle higher signal
powers.15,16 These routes are actively pursued, but, for optical
MKIDs, improving the main readout amplifier’s noise floor offers
an additional path to lowering the total system noise.

Quantum mechanics imposes an uncertainty relationship
between the two quadratures of an electromagnetic signal.17 This rela-
tionship results in a lower limit to the noise that a high gain, phase-
preserving, linear amplifier adds to its input signal, equal to that of the
electromagnetic zero-point fluctuations ðA ¼ 1=2Þ. To readout an
optical MKID array, the primary amplifier must have a moderately
high saturation power, significant dynamic range, and large band-
width. High electron mobility transistor (HEMT) amplifiers are often
used to satisfy these requirements.18,19 State of the art commercial
HEMT amplifiers operating over 4–8GHz at 5K typically reach added
noise numbers, in units of quanta, as low as A ¼ 8.0 (2.3K noise tem-
perature at 6GHz).20,21 A quantum limited amplifier that could
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along with the kernel density estimation of the distribution that was
used to compute the FWHM. We note that even though the dissipa-
tion noise is significantly smaller than the phase noise when the para-
metric amplifier is on, the smaller dissipation signal for this detector
means that roughly 90% of the expected resolving power can be
achieved with the phase signal alone.

Using the parametric amplifier clearly improves the resolving
power, but the results do not match the expected values for the noise
level in the system. Table II shows this discrepancy over the five mea-
sured photon energies. Our noise model does not account for the
small, nonstationary decrease in phase noise during a photon event,
but we still see this discrepancy when estimating the energy using only
the dissipation signal, which has stationary noise. Additionally, since
the actual phase noise for a given event is smaller than that which a
stationary noise model predicts, nonstationary noise is unlikely to
explain the measured discrepancy in resolving power.

The resolving power is approximately the inverse of a scaled stan-
dard deviation, and so we can consider additional noise on the pulse
height, corresponding to a resolving power of R0, using

1
R2
measured

¼ 1
R2
0
þ 1
R2
expected

; (1)

where Rmeasured and Rexpected are the resolving powers from the col-
umns in Table II. Since Rexpected represents a lower bound, R0
calculated from Eq. (1) can be interpreted as a upper bound. For these
data, R0 ranges from 7.3 to 11 with the parametric amplifier off and
from 9.6 to 10 with the amplifier on. These results are in rough agree-
ment with a constant detector-related energy uncertainty of#10.

R0 may be attributable to more than one source. In the supple-
mentary material, we detail how the nonuniform current density in
the resonators can contribute to an uncertainty in the pulse height and
account for the skewed distribution in Fig. 3. This effect is strongly
dependent on the diffusion constant for platinum silicide, which is
unknown for our films. However, the diffusion constants of similar
films28 suggest R0# 20–40. Pulse shape variations may also contribute
to R0, but we expect them to be small since the quasiparticle distribu-
tion averages out the current nonuniformities at time scales on the
order of the quasiparticle recombination rate. In our data, we do not
see significant variations in the pulse shape for photons of the same
energy with different pulse heights.

Interactions between the quasiparticles and phonons in the
superconductor could also introduce fluctuations in the pulse height.
The standard Fano-limit29 is well above the measured resolving pow-
ers, but hot phonon escape from the superconductor to the substrate
during the initial energy downconversion may be an important fac-
tor.30,31 For an 800nm photon absorbed in platinum silicide on a
sapphire substrate, this effect could contribute anywhere from
R0# 13–30, with the uncertainty being dominated by the unknown
electron-phonon interaction energy in platinum silicide. See the sup-
plementary material for more details on this calculation.

Together, the worst case estimates of R0 for the current nonuni-
formity and the hot phonon escape effects may account for the mea-
sured value of R0# 10. More detailed measurements of the
superconducting properties of platinum silicide are needed to make a
more accurate estimation. Nevertheless, the lowered amplifier noise
reveals that the detector’s design is the limiting factor in its resolving
power.With the help of a parametric amplifier, future designs address-
ing this issue could reach resolving powers of up to 25 without requir-
ing lower TLS noise.

In summary, we have demonstrated a straightforward readout
scheme for a full MKID array which incorporates a quantum limited
amplifier and presented measurements showing that this amplifier is
compatible with single photon detection. Detailed calculations of the
noise in this system show that it significantly outperforms the standard
HEMT amplifier readout scheme at the cost of a modest increase in
complexity and exposes an additional noise source on the pulse height
for these detectors.

See the supplementary material for a discussion of the noise mea-
surement procedure (A), noise measurement uncertainty (B), reso-
nance fitting (C), detector characterization (D), photon energy
estimation (E), current density simulations (F), and hot phonon escape
calculations (I).

FIG. 3. The normalized distribution of fitted energies is plotted when the device
was illuminated with a 808 nm laser. There is a clear reduction of the linewidth
when the parametric amplifier’s DC current and pump tone are turned on. However,
the resulting line shape is significantly skewed to lower energies. The dashed lines
are kernel density estimations used to calculate the resolving powers listed in Table
II. The inset shows the relative improvement in data quality by comparing an arbi-
trary phase response in the two conditions.

TABLE II. The measured increase in the resolving power is shown by comparing
data with the parametric amplifier unpowered and powered for different photon ener-
gies. A lower bound on the expected resolving power of the estimate, based on the
noise level, is also specified (see the supplementary material). The detector
response starts to saturate, as designed, at the highest energies, and so the resolv-
ing power begins to decrease.

Resolving Power ðE=DEÞ

Energy (eV) Measured Expected

1.53 (808 nm) 5.8! 8.9 9.5! 23
1.35 (920 nm) 7.4! 9.4 10! 24
1.27 (980 nm) 7.5! 9.6 11! 25
1.11 (1120 nm) 6.6! 9.6 9.3! 24
0.946 (1310 nm) 6.0! 9.2 8.7! 23
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described by Chaudhuri et al.25 Additionally, the amplifier is operated
in a three-wave mixing mode by applying a DC bias current using the
technique shown by Vissers et al.27 Further details about this amplifier
are in preparation and will be published separately.

Operation of the amplifier using three-wave mixing requires the
use of both a pump tone and a DC bias current. The pump tone (from
synthesizer B in Fig. 1) at 14.765GHz is attenuated by 20 dB at 3.3K
and filtered using a 14.5–17GHz Marki FB-1575 bandpass filter to
ensure that phase noise from the pump generator does not leak into
the signal band. The pump tone power at the input of the amplifier is
about !23 dBm. The tone is then combined with a DC current of
approximately 0.7mA to produce about 15 dB of gain from 5–10GHz.
The two Anritsu K250 bias tees and the two Marki DPX-1114
diplexers isolate the DC current and pump tone from the other com-
ponents, respectively. The diplexers have over 60 dB of isolation at the
pump frequency, and the pump tone is terminated on the cryostat
ground at 3.3K where there is more cooling power. The parametric
amplifier is then protected from reflections off of the warmer compo-
nents with a 3–11GHz Pamtech CTH1365K10 isolator.

Input signal saturation occurs when the signal power at the out-
put of the amplifier is approximately 15 dB below the pump power. At
that point, the pump amplitude becomes depleted and the operating
point of the amplifier is altered. For a gain of 15 dB, this results in an
input signal saturation power of around !53 dBm. The large satura-
tion power obviates the need for any carrier suppression tones. For
this array, even if all the signal tone power from a simultaneous mea-
surement of a full feedline of resonators reached the amplifier input, it
would take !86 dBm of power per tone before reaching saturation,
well above the typical operating point of an optical MKID. In practice,
most of the signal tone power is reflected by the MKIDs before reach-
ing the parametric amplifier, and so higher signal powers might be
usable.

The second low temperature amplification stage is a 4–12GHz
CIT412 HEMT amplifier from Cosmic Microwave Technology with a
gain of about 32 dB and thermalized to the 3.3K temperature stage
with a copper heat strap. A low pass filter is included before the ampli-
fier input to ensure that the pump tone does not leak past the diplexers
and saturate the HEMT. This amplifier is required because the para-
metric amplifier does not have enough gain to boost the signal above a
standard room temperature amplifier’s noise floor.

Since the transmission through the parametric amplifier is near
unity when unpowered, we can perform an extended Y-factor mea-
surement of the system. This method allows us to accurately determine
the noise components and assign them to different elements in the
setup. Table I shows this breakdown for a signal tone slightly detuned

from the MKID resonance frequency. The details of the procedure
used to collect these data are presented in the supplementary material.

While the parametric amplifier operates near optimally, some
aspects of the system may be improved. The observed system noise is
about two times the achievable limit. Almost 75% of this excess comes
from the HEMT amplifier. This effect could be mitigated by either
increasing the parametric amplifier’s gain or using a lower noise sec-
ondary amplifier. Additionally, the input noise is about 0.2 quanta
larger than that one would expect from a 100 mK termination. It could
be brought closer to its lower bound by increasing the lowest tempera-
ture attenuation to block more of the thermal noise from the 3.3K and
300K stages.

Figure 2 shows the noise in the bandwidth of our signal with the
signal tone set to the MKID resonance frequency. This state is used for
all the single photon measurements. The flat component of the noise
decreased by a factor of 9.6 when the parametric amplifier was pow-
ered, with the noise level in the dissipation response quadrature
matching the off resonance noise floor for the system. In the phase
response quadrature, there is significant low frequency noise which we
attribute to TLS noise in the detector.

When the detector is illuminated, we measure a two dimensional
pulse record for each photon event. From a record, we can calculate a
maximum likelihood estimate of the photon’s energy and arrival time.
More details of this estimation are given in the supplementary mate-
rial. Since the pulse decay time is about 35 ls, care was taken to use
low count rates (<200Hz) and to exclude photons which arrived
within 2ms of each other to ensure clean event records.

The resolving power of the detector, E=DE, is determined by
measuring many photon events of known energy and evaluating the
full-width half-max (FWHM) of the resulting fitted-energy distribu-
tion. Figure 3 shows this distribution for 808nm photons with the
parametric amplifier’s pump tone and DC current both on and off,

TABLE I. Maximum likelihood estimates for the input, parametric amplifier, HEMT,
and total system noise in units of quanta at 5.675 GHz (from left to right). 1r statisti-
cal errors and systematic errors are reported to the right of the estimates. The HEMT
noise level corresponds to a noise temperature of about 5.3 K and is within the man-
ufacturer’s specifications for the amplifier. The effective noise temperature of the
combined parametric and HEMT amplifiers is 0.43 K. The measurement used to
determine these numbers and errors is detailed in the supplementary material.

AI AP AH Asys

0:71þ0:03þ0:2!0:03!0:01 0:59þ0:02þ0:2!0:02!0:07 19:5þ0:1þ2!0:1!2 2:13þ0:01þ0:8!0:01!0:1

FIG. 2. Noise on resonance in both signal quadratures with the parametric ampli-
fier’s pump tone and DC current on and off. When on, the white noise level
decreases to about a factor of two above the quantum limit of a half photon per
quadrature (zero-point plus amplifier noise). For an average single photon event,
the magnitudes of the Fourier transforms, in arbitrary units, are shown for the phase
(green) and dissipation (red) quadratures. The majority of useful signal lies between
2–60 kHz.
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along with the kernel density estimation of the distribution that was
used to compute the FWHM. We note that even though the dissipa-
tion noise is significantly smaller than the phase noise when the para-
metric amplifier is on, the smaller dissipation signal for this detector
means that roughly 90% of the expected resolving power can be
achieved with the phase signal alone.

Using the parametric amplifier clearly improves the resolving
power, but the results do not match the expected values for the noise
level in the system. Table II shows this discrepancy over the five mea-
sured photon energies. Our noise model does not account for the
small, nonstationary decrease in phase noise during a photon event,
but we still see this discrepancy when estimating the energy using only
the dissipation signal, which has stationary noise. Additionally, since
the actual phase noise for a given event is smaller than that which a
stationary noise model predicts, nonstationary noise is unlikely to
explain the measured discrepancy in resolving power.

The resolving power is approximately the inverse of a scaled stan-
dard deviation, and so we can consider additional noise on the pulse
height, corresponding to a resolving power of R0, using

1
R2
measured

¼ 1
R2
0
þ 1
R2
expected

; (1)

where Rmeasured and Rexpected are the resolving powers from the col-
umns in Table II. Since Rexpected represents a lower bound, R0
calculated from Eq. (1) can be interpreted as a upper bound. For these
data, R0 ranges from 7.3 to 11 with the parametric amplifier off and
from 9.6 to 10 with the amplifier on. These results are in rough agree-
ment with a constant detector-related energy uncertainty of#10.

R0 may be attributable to more than one source. In the supple-
mentary material, we detail how the nonuniform current density in
the resonators can contribute to an uncertainty in the pulse height and
account for the skewed distribution in Fig. 3. This effect is strongly
dependent on the diffusion constant for platinum silicide, which is
unknown for our films. However, the diffusion constants of similar
films28 suggest R0# 20–40. Pulse shape variations may also contribute
to R0, but we expect them to be small since the quasiparticle distribu-
tion averages out the current nonuniformities at time scales on the
order of the quasiparticle recombination rate. In our data, we do not
see significant variations in the pulse shape for photons of the same
energy with different pulse heights.

Interactions between the quasiparticles and phonons in the
superconductor could also introduce fluctuations in the pulse height.
The standard Fano-limit29 is well above the measured resolving pow-
ers, but hot phonon escape from the superconductor to the substrate
during the initial energy downconversion may be an important fac-
tor.30,31 For an 800nm photon absorbed in platinum silicide on a
sapphire substrate, this effect could contribute anywhere from
R0# 13–30, with the uncertainty being dominated by the unknown
electron-phonon interaction energy in platinum silicide. See the sup-
plementary material for more details on this calculation.

Together, the worst case estimates of R0 for the current nonuni-
formity and the hot phonon escape effects may account for the mea-
sured value of R0# 10. More detailed measurements of the
superconducting properties of platinum silicide are needed to make a
more accurate estimation. Nevertheless, the lowered amplifier noise
reveals that the detector’s design is the limiting factor in its resolving
power.With the help of a parametric amplifier, future designs address-
ing this issue could reach resolving powers of up to 25 without requir-
ing lower TLS noise.

In summary, we have demonstrated a straightforward readout
scheme for a full MKID array which incorporates a quantum limited
amplifier and presented measurements showing that this amplifier is
compatible with single photon detection. Detailed calculations of the
noise in this system show that it significantly outperforms the standard
HEMT amplifier readout scheme at the cost of a modest increase in
complexity and exposes an additional noise source on the pulse height
for these detectors.

See the supplementary material for a discussion of the noise mea-
surement procedure (A), noise measurement uncertainty (B), reso-
nance fitting (C), detector characterization (D), photon energy
estimation (E), current density simulations (F), and hot phonon escape
calculations (I).

FIG. 3. The normalized distribution of fitted energies is plotted when the device
was illuminated with a 808 nm laser. There is a clear reduction of the linewidth
when the parametric amplifier’s DC current and pump tone are turned on. However,
the resulting line shape is significantly skewed to lower energies. The dashed lines
are kernel density estimations used to calculate the resolving powers listed in Table
II. The inset shows the relative improvement in data quality by comparing an arbi-
trary phase response in the two conditions.

TABLE II. The measured increase in the resolving power is shown by comparing
data with the parametric amplifier unpowered and powered for different photon ener-
gies. A lower bound on the expected resolving power of the estimate, based on the
noise level, is also specified (see the supplementary material). The detector
response starts to saturate, as designed, at the highest energies, and so the resolv-
ing power begins to decrease.

Resolving Power ðE=DEÞ

Energy (eV) Measured Expected

1.53 (808 nm) 5.8! 8.9 9.5! 23
1.35 (920 nm) 7.4! 9.4 10! 24
1.27 (980 nm) 7.5! 9.6 11! 25
1.11 (1120 nm) 6.6! 9.6 9.3! 24
0.946 (1310 nm) 6.0! 9.2 8.7! 23
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• Application in exoplanet imaging coronographs: 
Single-photon energy-resolving optical MKID arrays serve as 
multi-band wavefront sensors in adaptive optics for high-speed star-light 
speckle suppression.

• Example: MEC (MKID Exoplanet Camera): ~ 20,000 PtSi MKIDs (800-1300 nm)
• Energy resolution (measured with paramp) R ~ 10 
• R is currently limited by MKID design (current non-uniformity in absorber, 

TLS noise) and hot phonon escape to substrate. Could be improved to ~ 25. 

808 nm photons

First demo of application of TWKIPs for KID readout



Millimeter-wave TWKIP amplifiers for 
astronomical receiver front-ends
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Astrophysical Motivation 

• O. Noroozian, “Superconducting paramps: the next big thing in (Sub)millimeter-wave receivers”, National 
Committee of URSI National Radio Science Meeting, 2018

• D. Woody, “Development of ultra-wideband quantum limited amplifiers for millimeter and submillimeter 
receiver frontends”, ALMA final study report, 2013

• TWKIPs can in principle be designed to operate at frequencies up to 1 THz.
• Paramps could be used as front-end amplifiers before down-converting mixing elements
• This would obviate the need for SIS mixers altogether, would allow quantum-limited performance for 

full system, and increase the instantaneous bandwidth and observation speed of receiver systems by 
many times. (e.g. for ALMA band 3 receivers à 8x increase in telescope observation speed!)



• Application for space-based detector readout. e.g. for 
the Origins Space Telescope to read out arrays of 
photon-counting spectrometers 

• Replacing high power consuming HEMT amplifiers with 
TWKIPs for reducing SWaP in space platforms.

• Sensitive current sensors for multiplexed readout of 
large TES detector arrays for astronomical telescopes 
(e.g. CMB-S4 needs ~ 105 TESs)

• X-ray/Gamma-ray spectrometers for fast/real-time 
materials analysis in industry or national security. 

• Deep-space communication – e.g. IF amplifiers for DSN
• Space debris tracking using radar

Many applications of TWKIP amplifiers



generated by stray pair-breaking radiation are negligible) so
Nqp ¼ greadPreadsqp=D, where D is the superconducting gap
and gread is the efficiency for the readout power to create
quasiparticles in the resonator. While the detailed mecha-
nism for quasiparticle generation from the sub-gap readout
phonons remains unclear,15 in the most conservative case we
can assume gread ¼ 1. Finally, we assume that frequency-
based readout is used with the noise dominated by the
HEMT amplifier with noise temperature, TN.

Given these assumptions, the expected energy resolution
for an MKID-based phonon-mediated detector is:5,13

rE ¼ D
gph bðf0; TÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread
apt

AsubkbTN
2pf0

N0kpb
sqpS1ðf0; TÞ

s

; (1)

where pt is the probability for a phonon to be transmitted
from the substrate to the MKID, a is the fraction of the total
inductance of the resonators due to kinetic inductance, kpb is
the mean free path for phonons to break Cooper pairs in the
MKID,16,17 and N0 is the single-spin density of states. The
ratio of the frequency to dissipation response is defined as b,
while S1 is a dimensionless factor of order unity describing
the dissipation response at temperature, T.18,19

Figure 1 shows the design of prototype arrays consisting
of 20 lumped-element resonators,20 each with a 70 lm wide
meandered inductor (with total area Aind ¼ 1mm2) con-
nected to an interdigitated capacitor with 20 lm spacing
between fingers. Devices were fabricated on 1mm thick,
high-resistivity Si substrates (q $ 5 kX cm), which were
deglazed in dilute hydrofluoric acid (HF) just prior to vac-
uum processing. The resonators were patterned by induc-
tively coupled plasma etching (BCl3/Cl2) of a single, 25 nm
thick aluminum film deposited by dc magnetron sputtering at
ambient temperature. The substrates were mounted to a test-
ing enclosure with GE varnish at the corners of the chip,
with total contact area of 8mm2. An 129I source was
mounted to illuminate the substrate face opposite the resona-
tors, and the enclosure was cooled to 50 mK in a dilution
refrigerator.

The measured Qc varied from 5 % 103 to 5 % 104, lead-
ing to a corresponding variation in the responsivity. The rela-
tive responsivity was calibrated using & 200 events from
cosmic rays or natural radioactivity that deposited
Z500 keV in the substrate. An example 200 keV interaction
is shown in Fig. 2. At times longer than & 100 ls after the
interaction, the initial position-dependent information has
decayed away and the phonons have diffused sufficiently
that they are uniformly distributed throughout the substrate.
The phonon velocity is 6–9mm/ls, depending on polariza-
tion,21 indicating that the average phonon has traversed the
substrate more than 20 times in this period, and all position-
dependent information has been lost. By matching the ampli-
tude of the pulses’ exponential tails at long times, the relative
responsivity can be determined since all resonators receive
the same flux.3 After calibrating for the responsivity, we
denote the “primary channel” as the resonator showing the
largest response and the “opposite channels” as the group of
resonators showing the smallest response.

As shown in Fig. 2, the pulse shape varies significantly
between the primary and opposite channels. We find that the
measured pulses, p(t), are well described by the sum of two
components plus a noise term: pðtÞ ¼ ApspðtÞ þ AosoðtÞ
þ nðtÞ, where Ap is the amplitude of the prompt component
that decays with the quasiparticle lifetime, Ao is the ampli-
tude of the delayed component that decays with the phonon
lifetime, and n(t) is a noise realization. The pulse shape for
the prompt component and delayed component is given by sp
and so, respectively. The standard optimal filter formalism
then gives the amplitude estimates for each pulse component
for the ith channel as:

Âp;i

Âo;i

 !

¼ M( 1

X
Reð~s)p~piÞJ( 1

X
Reð~s)o ~piÞJ( 1

0

@

1

A; (2)

where the sum runs over the length of the trace, ~sp;o and ~pi
denote the Fourier transforms of sp,o and pi, J is the power
spectral density of the noise, and

FIG. 1. (a) Array layout. The resonators are arranged in an offset grid and
coupled to a coplanar strip feedline. The numbers denote the ordering of res-
onators by frequency, which were evenly spaced by 10MHz so that the
entire array fits within 200MHz of bandwidth around 4.8GHz. The interac-
tion locations for the event from Fig. 2 determined from the energy parti-
tioning (% ) and timing delays (O) are also shown. (b) Geometry for a single
resonator.

FIG. 2. Pulses observed in each resonator for a 200 keV energy deposition.
The pulse heights, giving the phase shift of the signal transmitted past the res-
onator in degrees, have been calibrated to remove responsivity variations, and
a 200 kHz low-pass filter has been applied. The numbers denote the corre-
sponding positions shown in Fig. 1 for the resonators closest to the interaction
site, which have large, prompt responses. The resonators farther from the
interaction have smaller, delayed responses. (inset) Optimal filter fit (solid) to
the pulse in the primary channel. The pulse contains a prompt component
(dashed-dotted) that decays away with the quasiparticle lifetime as well as a
delayed component (dashed) that decays away with the phonon lifetime.
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Application of KIDs for dark matter detection
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The energy of the pulse is then reconstructed from the opti-
mal filter amplitudes as E ¼ E0

P
iðÂp;i þ wÂo;iÞ=ri, where

the latter component is weighted by the ratio of the template
integrals, w ¼

P
so=
P

sp, and the index i runs over the res-
onators. Since the two pulse components measure the quasi-
particle creation rate convolved with the quasiparticle decay
time, w gives the ratio of the total number of quasiparticles
created in these components, noting that the linear convolu-
tion does not affect the ratio. The relative responsivity of
each resonator is given by ri while the overall scaling, E0, is
determined by calibration with x-ray lines of known energy.
Figure 3 shows the reconstructed energy spectrum for
phonon-mediated events from an 129I source.

The frequency and dissipation response of the resonators
with temperature were used to determine a ¼ 0:07560:005
and D ¼ 204621 leV.18,19 Comparing the response versus
temperature to the response from the source indicates that
gph ¼ 0:07060:011. Measurements of the frequency noise
confirm that it is consistent with HEMT noise for TN ¼ 5 K.
The quasiparticle lifetime, sqp ¼ 12:961:2 ls, was deter-
mined from the fall time of the prompt component of
the primary channel pulses. Using these parameters and
Eq. (1), the expected resolution for this device was
rE ¼ ð0:48 keVÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
, consistent with the measured

baseline resolution for
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
' 0:8. The phonon lifetime

was determined from the fall time of the opposite channel
pulses to be ( 50 ls, in agreement with the 1ms fall times
seen in TES-based detectors3 after accounting for the differ-
ences in substrate geometry and sound speed between the
devices.

Although the baseline resolution is consistent with
expectations, the measured energy resolution at 30 keV is

rE ' 1 keV, indicating that systematic variations in the
pulse shape or amplitude with position are dominating the re-
solution. In addition, non-Gaussian tails of events lie
between the expected spectral peaks. To remove poorly col-
lected events and account for these systematic variations, a
simple position estimator was constructed from the relative
partitioning of energy between sensors for each event.1,22

For i resonators at locations (xi, yi) with energy Ei detected
in each resonator, the “X energy partition” is defined as
Px ¼

P
i xiEi=

P
i Ei, and correspondingly for Y. Figure 4

shows the reconstructed event location using this position es-
timator, which has higher signal-to-noise than the corre-
sponding estimator based on timing delays at 30 keV.
Although further calibrations with collimated sources will be
necessary to precisely determine the position resolution of
the device, a rough estimate can be obtained from the over-
lap of the partition distribution for events with neighboring
primary channels. The widths of these overlap regions indi-
cate a typical position resolution of ( 0.8mm at 30 keV.

For interactions occurring near the edge of the substrate,
more phonon energy can be lost to the detector housing than
for interactions in the center. Figure 4 shows a position-
based selection of events that removes edge events with poor
collection, eliminating nearly all of the events in the non-
Gaussian tails between peaks.

In addition, a position-dependent correction for variations
in the reconstructed energy was applied, similar to the correction
used in existing TES-based detectors.1,22 For each event
with energy partition location (Px; Py), the set of n ¼ 400
events with the closest partition location were selected. The
spectrum for these “nearest neighbor” events was fit to deter-
mine the location of the 29.8 keV peak, and the corrected energy
for the event was determined as Ecorr ¼ ð29:8 keV=Enn

29:8ÞE,
where Enn

29:8 is the location of the peak maximum for the event’s
nearest neighbors. The resulting spectrum is shown in Fig. 3.
The best-fit resolution is rEð30 keVÞ ¼ 0:55 keV. This resolu-
tion is nearly a factor of 2 better than the uncorrected resolution
for all events and is within 40% of the baseline resolution of
rEð0 keVÞ ¼ 0:38 keV.

We are currently scaling this design to 0.25 kg substrates
with Asub ' 100 cm2. Existing TES-based phonon-mediated

FIG. 3. Observed spectrum from an 129I source. The reconstructed energy
before (light histogram) and after (dark histogram) restricting to events inter-
acting in the central portion of the substrate and applying the position-based
correction to the energy are shown. The spectrum is fit to the observed lines
at 29.5 (29.8%), 29.8 (53.1%), 33.6 (10.2%), 34.4 (2.2%), and 39.6 keV
(4.6%), where the numbers in parentheses denote the expected absorbed
intensities in 1mm of Si. The thick line shows the fit to the total spectrum,
with best fit resolution of rE ¼ 0:55 keV at 30 keV. The location of the
39.6 keV peak indicates there is a ( 2% non-linearity over the 30–40 keV
range, requiring a non-linear energy calibration similar to existing TES-
based athermal phonon mediated detectors.22 (inset) Fit to the reconstructed
energy spectrum for randomly triggered noise traces giving a baseline reso-
lution of rE ¼ 0:38 keV.

FIG. 4. Reconstruction of the interaction location from the energy partition.
The coloring denotes the primary channel for each pulse. The black lines
indicate the selection of events interacting in the center of the substrate. For
comparison, the device geometry from Fig. 1 is overlaid.
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Position and energy-resolved particle detection using phonon-mediated
microwave kinetic inductance detectors
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We demonstrate position and energy-resolved phonon-mediated detection of particle interactions
in a silicon substrate instrumented with an array of microwave kinetic inductance detectors
(MKIDs). The relative magnitude and delay of the signal received in each sensor allow the location
of the interaction to be determined with . 1mm resolution at 30 keV. Using this position
information, variations in the detector response with position can be removed, and an energy
resolution of rE¼ 0.55 keV at 30 keV was measured. Since MKIDs can be fabricated from a single
deposited film and are naturally multiplexed in the frequency domain, this technology can be
extended to provide highly pixelized athermal phonon sensors for "1 kg scale detector elements.
Such high-resolution, massive particle detectors would be applicable to rare-event searches such as
the direct detection of dark matter, neutrinoless double-beta decay, or coherent neutrino-nucleus
scattering.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4726279]

Next generation rare-event searches such as the
direct detection of dark matter require large target masses
("103 kg) with sub-keV energy resolution. This requires
increasing the mass of current solid-state, cryogenic experi-
ments1,2 by 2 orders of magnitude, while maintaining the
background-free operation of existing detectors. Reducing
the cost and time needed to fabricate and test each detector
element is necessary for such large cryogenic experiments to
be feasible.

Detectors that measure both the athermal phonons and
ionization created by a particle interaction have demon-
strated sufficient background rejection to enable next-
generation experiments.3 Microwave kinetic inductance
detectors (MKIDs)4,5 offer several advantages for providing
athermal phonon sensors in large experiments relative to the
transition edge sensor (TES)-based designs currently in
use.1,2,6 MKIDs can be patterned from a single deposited alu-
minum film, with large (>10 lm) features, significantly
reducing fabrication time and complexity. Since MKIDs are
naturally multiplexed in the frequency domain, hundreds of
sensors can be read out on a single coaxial cable, enabling a
more granular phonon sensor that is expected to provide
enhanced background rejection. In addition to dark matter
direct detection, high-resolution, massive particle detectors
are applicable to the detection of neutrinoless double-beta
decay7 and coherent neutrino-nucleus scattering.8

Previous designs9–11 attempted to absorb the incident
energy in large-area collectors coupled to smaller volume,
distributed MKIDs. Although separating the absorber and
sensor allowed increased sensitivity by concentrating the
absorbed energy, test devices suffered from poor transmis-
sion of quasiparticles from the absorber to sensor. Here, we
present a simplified design that eliminates the absorber by
directly collecting the energy using large-area MKIDs. A

similar design developed independently by Swenson et al.12

has been used to demonstrate time-resolved phonon-medi-
ated detection of high-energy interactions from cosmic rays
and natural radioactivity using MKIDs. We have previously
demonstrated energy-resolved detection of 30 keV x-rays13

using phonon-mediated MKIDs fabricated from high-
resistivity nitride films,14 but the energy resolution was
limited to rE¼ 1.2 keV by systematic variations in the recon-
structed energy with interaction location. In this work, we
present results for devices fabricated from aluminum films
that exhibit improved uniformity. These devices allow the
location of the interaction to be determined and a position-
based correction to be applied, recovering a reconstructed
energy resolution within 40% of the baseline resolution.

To calculate the expected detector resolution, we
assume that the phonons uniformly illuminate the substrate
surface and that incident energy is converted into quasipar-
ticles in the inductive section of the resonators with overall
efficiency gph. In this case, the phonon lifetime, sph, is deter-
mined by the substrate geometry and fraction, gfill, of the
total surface area, Asub, that is covered by MKIDs. To resolve
the rising edge of the phonon signal requires that the quality
factor Q # 104 for resonant frequencies f0 $ 3 GHz to give a
resonator response time sres ¼ Q=pf0 $ 1 ls. For gfill $ 5%
as in existing TES-based designs,3 sph $ 1 ms, while quasi-
particle lifetimes, sqp, in our films are measured to be
10–100 ls. Given these characteristic times, we assume
sres % sqp % sph. The resonator quality factor, Q&1 ¼ Q&1

c
þQ&1

i , depends on both the coupling quality factor, Qc, due
to energy losses through the coupling capacitor and the inter-
nal quality factor, Qi, due to all other losses (e.g., dissipation
due to quasiparticles). For our devices, typically Qi > 106, so
Qc % Qi is required for sufficient sensor bandwidth to
resolve the phonon rise time. We assume that the steady-
state quasiparticle number is dominated by the readout
power,15 Pread, (i.e., thermal quasiparticles or thosea)Electronic mail: davidm@caltech.edu.
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M ¼

X
j~spj2J"1

X
Reð~s$p~soÞJ"1

X
Reð~s$p~soÞJ"1

X
j~soj2J"1

0

@

1

A: (3)

The energy of the pulse is then reconstructed from the opti-
mal filter amplitudes as E ¼ E0

P
iðÂp;i þ wÂo;iÞ=ri, where

the latter component is weighted by the ratio of the template
integrals, w ¼

P
so=
P

sp, and the index i runs over the res-
onators. Since the two pulse components measure the quasi-
particle creation rate convolved with the quasiparticle decay
time, w gives the ratio of the total number of quasiparticles
created in these components, noting that the linear convolu-
tion does not affect the ratio. The relative responsivity of
each resonator is given by ri while the overall scaling, E0, is
determined by calibration with x-ray lines of known energy.
Figure 3 shows the reconstructed energy spectrum for
phonon-mediated events from an 129I source.

The frequency and dissipation response of the resonators
with temperature were used to determine a ¼ 0:07560:005
and D ¼ 204621 leV.18,19 Comparing the response versus
temperature to the response from the source indicates that
gph ¼ 0:07060:011. Measurements of the frequency noise
confirm that it is consistent with HEMT noise for TN ¼ 5 K.
The quasiparticle lifetime, sqp ¼ 12:961:2 ls, was deter-
mined from the fall time of the prompt component of
the primary channel pulses. Using these parameters and
Eq. (1), the expected resolution for this device was
rE ¼ ð0:48 keVÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
, consistent with the measured

baseline resolution for
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
' 0:8. The phonon lifetime

was determined from the fall time of the opposite channel
pulses to be ( 50 ls, in agreement with the 1ms fall times
seen in TES-based detectors3 after accounting for the differ-
ences in substrate geometry and sound speed between the
devices.

Although the baseline resolution is consistent with
expectations, the measured energy resolution at 30 keV is

rE ' 1 keV, indicating that systematic variations in the
pulse shape or amplitude with position are dominating the re-
solution. In addition, non-Gaussian tails of events lie
between the expected spectral peaks. To remove poorly col-
lected events and account for these systematic variations, a
simple position estimator was constructed from the relative
partitioning of energy between sensors for each event.1,22

For i resonators at locations (xi, yi) with energy Ei detected
in each resonator, the “X energy partition” is defined as
Px ¼

P
i xiEi=

P
i Ei, and correspondingly for Y. Figure 4

shows the reconstructed event location using this position es-
timator, which has higher signal-to-noise than the corre-
sponding estimator based on timing delays at 30 keV.
Although further calibrations with collimated sources will be
necessary to precisely determine the position resolution of
the device, a rough estimate can be obtained from the over-
lap of the partition distribution for events with neighboring
primary channels. The widths of these overlap regions indi-
cate a typical position resolution of ( 0.8mm at 30 keV.

For interactions occurring near the edge of the substrate,
more phonon energy can be lost to the detector housing than
for interactions in the center. Figure 4 shows a position-
based selection of events that removes edge events with poor
collection, eliminating nearly all of the events in the non-
Gaussian tails between peaks.

In addition, a position-dependent correction for variations
in the reconstructed energy was applied, similar to the correction
used in existing TES-based detectors.1,22 For each event
with energy partition location (Px; Py), the set of n ¼ 400
events with the closest partition location were selected. The
spectrum for these “nearest neighbor” events was fit to deter-
mine the location of the 29.8 keV peak, and the corrected energy
for the event was determined as Ecorr ¼ ð29:8 keV=Enn

29:8ÞE,
where Enn

29:8 is the location of the peak maximum for the event’s
nearest neighbors. The resulting spectrum is shown in Fig. 3.
The best-fit resolution is rEð30 keVÞ ¼ 0:55 keV. This resolu-
tion is nearly a factor of 2 better than the uncorrected resolution
for all events and is within 40% of the baseline resolution of
rEð0 keVÞ ¼ 0:38 keV.

We are currently scaling this design to 0.25 kg substrates
with Asub ' 100 cm2. Existing TES-based phonon-mediated

FIG. 3. Observed spectrum from an 129I source. The reconstructed energy
before (light histogram) and after (dark histogram) restricting to events inter-
acting in the central portion of the substrate and applying the position-based
correction to the energy are shown. The spectrum is fit to the observed lines
at 29.5 (29.8%), 29.8 (53.1%), 33.6 (10.2%), 34.4 (2.2%), and 39.6 keV
(4.6%), where the numbers in parentheses denote the expected absorbed
intensities in 1mm of Si. The thick line shows the fit to the total spectrum,
with best fit resolution of rE ¼ 0:55 keV at 30 keV. The location of the
39.6 keV peak indicates there is a ( 2% non-linearity over the 30–40 keV
range, requiring a non-linear energy calibration similar to existing TES-
based athermal phonon mediated detectors.22 (inset) Fit to the reconstructed
energy spectrum for randomly triggered noise traces giving a baseline reso-
lution of rE ¼ 0:38 keV.

FIG. 4. Reconstruction of the interaction location from the energy partition.
The coloring denotes the primary channel for each pulse. The black lines
indicate the selection of events interacting in the center of the substrate. For
comparison, the device geometry from Fig. 1 is overlaid.
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• Energy and position of a rare dark matter 
particle interaction with the silicon 
substrate demonstrated with < 1mm 
accuracy and 0.55 eV at 30 keV 
resolution.

• Position reconstructed from partial 
signals across different KIDs and 
improved energy resolution from 
combining signals from many KIDs.



The End
Thank you!



Funded by NASA in 2019: Measuring the cosmological 
evolution of gas and galaxies with the EXperiment for 

Cryogenic Large-aperture Intensity Mapping (EXCLAIM) 
• A high-altitude balloon spectrometer designed to measure the 

redshifted emission from CO and C[II] lines over cosmic time to 
deepen our understanding of star formation. (PI: E. Switzer)

• Intensity Mapping: Rather than detect individual galaxies, EXCLAIM 
will measure the statistics of brightness fluctuations of redshifted, 
cumulative line emission. 

• All-cryogenic telescope with 1.5 K mirror coupled to six (6) 
µ-Spec chips each with resolution R=500.

• EXCLAIM will use significant heritage equipment including the 
gondola, cryostat, electronics, and  software from the PIPER balloon 
mission. Commissioning planed for 2021.

• Detectors will be microstrip aluminum KIDs similar to the photon 
counting detector design. 

• The project leverages the design, materials development, results, 
lessons learned, testing infrastructure, and same team for the KID 
project as well as the µ-Spec project.

EXCLAIM (E. Switzer, PI)

Executive Summary
The EXperiment for Cryogenic Large-aperture Intensity Mapping (EXCLAIM) is a high-

altitude balloon spectrometer designed to deepen our understanding of star formation in a
cosmological context. It will map the sub-mm emission of redshifted carbon monoxide (CO)
and singly-ionized carbon ([C ii]) lines in windows comprising 0 < z < 3.5. These lines
trace the precursors of star formation but have only preliminary characterization beyond the
nearby universe, with most previous e↵orts limited to the brightest objects or galaxies selected
in other surveys. Rather than detect individual galaxies, EXCLAIM will measure the statistics
of brightness fluctuations of redshifted, cumulative line emission. This approach is known as
intensity mapping, and the Enduring Quests Daring Visions Roadmap establishes it as a
priority in the Visionary Era, to “completely map the content of selected volumes
of space that represent slices through all of cosmic time.” EXCLAIM is a pathfinder to
future missions that will probe early star formation and reionization. A blind, complete census
of redshifted CO and [C ii] addresses New Worlds, New Horizons Decadal survey priorities to
understand baryons in galaxies and the context of their dark matter halos.

EXCLAIM will address significant outstanding
questions: What factors led to the dramatic decline
in star formation from z⇠2 to the present? What is
the typical abundance and excitation of the molecular
gas which forms stars? How well does CO trace H2

in our galaxy? Is intensity mapping a viable approach
to push to high redshift? We will address these ques-
tions by flying six redundant spectrometers configured
from 421-540GHz (�/��=R=512), permitting cross-
correlation of [C ii] 158µm and CO J=6�5, 5�4, and
4�3 emission with galaxies in the Baryon Oscillation
Spectroscopic Survey (BOSS).

EXCLAIM’s strategy is to start with the most
feasible intensity mapping demonstration: the bright-
est emission lines at relatively low redshift in cross-
correlation with a rich spectroscopic galaxy catalog.
EXCLAIM is the only CO/[C ii] intensity mapping survey specifically designed for cor-
roborated cross-correlation, and takes advantage of overlap with BOSS that is only possible
in a conventional flight from the North. Conventional flights simplify logistics and reuse, making
this a versatile instrument for testing sub-mm technology in a space-like environment.

Due to dramatically reduced column depth and pressure broadening at float, the atmosphere
has windows that approach space-like photon backgrounds and are significantly darker than
emission from 300K telescope optics. To exploit these low photon backgrounds, EXCLAIM
employs an all-cryogenic telescope (1.5K) with a 74 cm projected aperture coupled to the
µ-Spec on-chip spectrometer. µ-Spec implements an on-chip Rowland spectrometer coupled to
kinetic inductance detectors. Lithographic construction achieves mass and volume much lower
than free-space gratings, making the architecture appealing for future space-borne instruments.

Our team has led the field in the development of large, balloon-borne cryogenic apertures,
the on-chip Rowland spectrometer, and intensity mapping through cross-correlation. EXCLAIM
reuses the design of the Primordial Inflation Polarization ExploreR (PIPER) gondola,
housekeeping electronics, software, and 100mK cooling with a continuous adiabatic
demagnetization refrigerator. Commissioning (2021) and science (2022) flights are planned.
Using data from these flights, we will constrain models of galaxy evolution, and enable new
approaches to studying our universe.
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EXCLAIM (E. Switzer, PI)

Omid Noroozian).
The MKIDs will consist of half-wave Al-Nb microstrip transmission line resonators, similar

to a design we have used for laboratory testing of µ-Spec prototypes. Critical to detector
performance is achieving Al and Nb films with moderately high internal microwave quality factors
(Qint � 5⇥ 105) in 20 nm and 500 nm film thicknesses, respectively. At NASA-Goddard we
have demonstrated Al films in 1-layer coplanar waveguide resonator structures at thicknesses of
10-25 nm with Qint of (1�4)⇥106, and long quasi-particle lifetimes ⇠1ms [78], the best quality
Al films at these thicknesses reported in the literature. We have also demonstrated Nb films
in similar structures with Qint of (5 � 8) ⇥ 105. The R=64 µ-Spec prototype sensitivity was
limited by loss in the Nb ground plane due to inadequate cleaning of the Si-Nb interface, but we
have since developed a modified Nb lifto↵ process which addresses this issue. Therefore, we are
confident we will be able to achieve the design sensitivity required for the EXCLAIM instrument.
Table 1 summarizes the spectrometer.

Comparative assessment: µ-Spec achieves a 10⇥ reduction in size by using antenna-
coupled planar transmission lines and MKID detectors to build a spectrometer on-a-chip. This
contrasts to the approaches used, for example, by the Z-Spec [14], STARFIRE [63] and HIRMES
spectrometers, which couple large dispersive optics directly to the detectors. For longer-term
applications, the more compact, low-mass µ-Spec architecture can o↵er advantages, including
the possibility of multi-object spectroscopy. Furthermore, the antenna-coupled approach used by
µ-Spec (and other on-chip spectrometers) has advantages for cryogenic balloon or space MKID-
based spectrometers, where high-sensitivity is needed. A direct-coupled MKID must meet multiple
constraints on the inductor geometry, limiting optimization for low NEP.

Table 1: EXCLAIM Spectrometer

S
p
ec
tr
om

et
er Spectrometer architecture Rowland on-chip

Number of spectrometers 6 single-pol
Spectral range [GHz] 421-540GHz
Spectrometer e�ciency 53� 63%
Resolving power R=512
Spectrometer order 2
Spectrometer dimensions 4⇥ 8 cm
Detectors per spectrometer 349
Emitters per spectrometer 256

D
et
ec
to
rs Time constant < 1ms

MKID Al film thickness 20 nm
MKID NEP 10�19 W/

p
Hz 3

Detector bath 100mK CADR
MKID Readout Band 2.64�3.36GHz
HEMT Noise Temp. < 5K

Specific design and material choices make
µ-Spec a compelling design for EXCLAIM, when
compared to other compact on-chip spectrom-
eters under development, such as SuperSpec
[51, 52, 102, 125] and DESHIMA [39, 40]. µ-
Spec uses Al-Nb MKIDs to meet the EXCLAIM
sensitivity requirements. Al MKID designs have
demonstrated NEPs of ⇠ 10�19 W/

p
Hz [7,

131]. µ-Spec is also compatible with an ultra-
small-volume Al-NbTiN MKID design being de-
veloped at Goddard [78], providing a path to
photon-counting sensitivity for future space in-
struments. SuperSpec [101] couples TiN MKIDs
to their filterbank spectrometer and has demon-
strated NEPs of 7� 30⇥ 10�18 W/

p
Hz [125].

While suitable for ground-based astronomy, this
is 20⇥ the NEP requirement for EXCLAIM. TiN

MKIDs have shown anomalous response at low powers [16] and excess noise associated with the
inductor [124], which may limit their ability to achieve lower NEPs.

µ-Spec is unique in its implementation of all spectrometer components in microstrip format
(except the slot antenna). This provides low MKID-to-MKID cross-talk, and excellent immunity
to stray light due to the protective groundplane. Inserting thermal blocking filters [117, 128] at
the input of the µ-Spec readout lines and patterning regions of the chip with thin film absorber
also prevents stray radiation from reaching the sensitive detectors.

Furthermore, µ-Spec uses a novel wafer-scale bonding technique, and a Nb lifto↵ patterning
process that provides precise control of line width [82], to fabricate the spectrometer circuit
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“Laboratory” 
MKID

R=256 balloon 
MKID

R=512 balloon 
MKID

Optical Frequency ~ 500 GHz ~ 500 GHz ~ 500 GHz

Power loading 1 nW – 20 pW 30 fW 50 aW

Thickness 100 nm 20 nm 10 nm

Qint under loading 20k – 137k 300k 800k

Detector NEP 
(W/Hz1/2)

1.5x10-15 –
5.5x10-17

8x10-18 3.5x10-19

BLIP NEP 9x10-16 – 4x10-

17

5x10-18 2x10-19


