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optical lumped element MKIDs

• Optimized for single photon 
detection at wavelengths 
between 1500 nm and 400 nm

• Current state-of-the-art detectors 
use PtSi, a high surface 
impedance superconductor, in 
arrays of up to 20,000 pixels

• Technology has been deployed in 
three science instruments to date: 
ARCONS, DARKNESS, and MEC

InductorCapacitor

Typical Single Photon Event
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standard noise performance
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parametric amplifiers 

Josephson parametric amplifiers

• Amplifier compression at low
powers (about -100 dBm)

• Nulling tones required for high 
power signals

C. Macklin et al. Science. 350, 307-310 (2015).

Kinetic inductance based 
parametric amplifiers

• Amplifier compression at higher 
powers (about -50 dBm)

• Compatible with single photon 
detection and large arrays B. H. Eom et al. Nat. Phys. 8, 623–627 (2012).
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MKID readout chain

Signal Tone DC Current Pump Tone
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EM

TMKID Bias Tee Diplexer Bias TeeDiplexer

PA

• 13 dB of gain over 5 GHz bandwidth

• -53 dBm amplifier compression point

• Unity transmission when unpowered

• Quantum limited noise performance
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parametric amplifier improvements

Improvements have lead to increased gain and better gain uniformity

See the poster by Peter Day et al. for more details (ID:306)
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improved noise performance
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Measurement Stability
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• The gain from the para-amp is sufficiently stable for measurements on the 
order of 10 minutes. 

• The low frequency two-level system noise introduces a baseline uncertainty 
that does not improve with lower amplifier noise.

• The photon energy estimation is insensitive to TLS baseline drifts.
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photon energy measurements
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Energy [eV]
Resolving Power [E/�E]

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

• The reduced noise improves the resolving power from about 7 to 9

• Noise measurements predict a resolving power of up to 25

• An unknown process is limiting the resolving power at ! ∼ 10
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current density uniformity

response ∝ , -. 0⃗ 1234 0⃗ 560⃗
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current density uniformity

response ∝ , -. 0⃗ 1234 0⃗ 560⃗

! ∼ 20 to 40 for different diffusion constants

3 cm2/s
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electron-phonon coupling effects
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where " is a dimensionless electron-phonon coupling con-
stant of order unity. Equation !4" describes the spatial diffu-
sion of the electron cloud and the simultaneous spectral
transformation. However, to find the phonon distribution
function in !2" we need to know only the electron density.
Thus, integrating !4" over all electron energies and assuming
the diffusion coefficient to be independent of electron energy,
we arrive at the diffusion equation describing the density of
the electron cloud during the E1!→#D stage of the down-
conversion cascade. The normalized electron density !in
units of 2N0!" for electrons diffusing within a layer of thick-
ness d with normal along the z axis !−d /2& z& d /2" is given
by
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Here )m,m! is the Kronecker symbol, x = !z ,r", and r= !x ,y" is
the two-dimensional !2D" vector defining the coordinates in
the xy plane, with diffusion starting from x0. Since we are
not interested in the distribution of phonons parallel to the xy
plane we may integrate n!x , t" over x and y to obtain an

averaged phonon distribution Ñ= !1/A"(dr N!# ,x ,x0 , tdc",
where A is the area of the interface. As a result we obtain

Ñ!#,z,z0,tdc" =
1
A

E
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where we denote ,!x"=exp!−x"sinh!x" /x, and define -2

='2Dtdc /2d2, where E is the photon energy, +=3/2'2$3cs
3,

and cs is the mean sound velocity in the superconductor. This
substitution ensures that the energy at the end of the E1
→#D stage remains equal to E, defining . from !3". Note
that the phonon density profile at tdc is sharper than that of
the electrons, since it is the time convolution of the electron
density.

To evaluate tdc we will consider further details of the E1
→E1!→#D stage. Below E1 by definition /ee0/s, where /ee
and /s are the electron-electron !e-e" and electron-phonon
!e-ph" scattering times, respectively. Nevertheless close to E1
each e-e event results in a drop in electron energy by ap-
proximately a factor 2, while in the energy range )E1 ,E1!*
phonon emission results in a much smaller loss of energy
because #D≪E1!. Therefore in the spectral interval )E1 ,E1!*
energy relaxation is controlled by the slower e-e interactions,
while the faster e-ph collisions control momentum relaxation
and hence electron diffusion. At energies lower than E1! with
further decrease of the e-e interaction strength, e-ph interac-
tions finally become dominant for both energy and momen-

tum relaxation. During the whole duration of the E1→#D
stage phonons are emitted across the entire spectrum, and
hence the phonon emission time, which determines momen-
tum relaxation, does not depend on the electron energy since
%0#D. In addition the electron group velocity is essentially
constant within this energy range above the Fermi level.
Thus the electron diffusion coefficient D remains constant
and independent of energy, thus justifying the assumptions
made above.

The energy E1! can be evaluated from the condition

/ee!E1!" =
E1!

2#D
/s. !7"

Since an electron with energy E1! takes on average the same
time to lose half its initial energy whether in a single e-e
process, or by emitting several E1! /2#D phonons !with the
emission of each of those phonons taking time /s", we obtain
from !7"

E1! = 21/3E1
2/3#D

1/3 + #D% E1

#D
&2/3

≫ #D. !8"

In arriving at this result we assume that for %0#D e-e scat-
tering is not affected by disorder and scales as /ee

−1 , %2. To
summarize, a phonon bubble is generated during the E1
→#D stage. The first substage E1→E1! is the faster with an
estimated duration of /ee!E1!"!1/4+1/16+ ¯ "=/ee!E1!" /3.
The second substage E1!→#D takes time /ee!E1!" /2 from E1!
to E1! /2 because there are two equally contributing channels
each with the rate /ee!E1!"−1, and a further /ee!E1!" /2 for pho-
non emission to relax the electron energy from E1! /2 to #D.
Thus our result for the duration of the E1→#D stage is
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This parameter is important in determining the distance from
an interface over which phonon loss can occur, as discussed
in Sec. III. The whole down-conversion process is summa-
rized in Fig. 1.

FIG. 1. Schematic picture of photoelectron energy down-
conversion in a superconductor.

ELECTRON ENERGY DOWN-CONVERSION IN THIN… PHYSICAL REVIEW B 75, 094513 !2007"

094513-3

A. Kozorezov et al. Phys. Rev. B. 75, 094513 (2007).

Phonons that are created in the initial 
energy down conversion can escape to 
the substrate.

This process creates an extra variability 
in the detected pulse height.

For PtSi, ! ∼ 13 to 30 at 800 nm.

! ≈ 1
2.355

< =
(? + -)Δ

11



for more details

Wide-band parametric amplifier readout and
resolution of optical microwave kinetic inductance
detectors

Cite as: Appl. Phys. Lett. 115, 042601 (2019); doi: 10.1063/1.5098469
Submitted: 2 April 2019 . Accepted: 7 July 2019 .
Published Online: 22 July 2019

Nicholas Zobrist,1,a) Byeong Ho Eom,2 Peter Day,2 Benjamin A. Mazin,1,b) Seth R. Meeker,2 Bruce Bumble,2

Henry G. LeDuc,2 Gr!egoire Coiffard,1 Paul Szypryt,3 Neelay Fruitwala,1 Isabel Lipartito,1 and Clint Bockstiegel1

AFFILIATIONS
1Department of Physics, University of California, Santa Barbara, California 93106, USA
2 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91125, USA
3 National Institute of Standards and Technology, Boulder, Colorado 80305, USA

a)nzobrist@physics.ucsb.edu
b)http://www.mazinlab.org

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

Appl. Phys. Lett. 115, 042601 (2019); doi: 10.1063/1.5098469 115, 042601-1
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