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What is an amplifier?

xi=Si+Ni

Axion detector

Introduction

Ny 5= System added noise
from the amplifier

Xi = G(Sl + Nl) + NsyS

+

Amplification will always
decrease the signal-to-noise
ratio
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What is an amplifier?

aoaa|| 00
g8Q|| i

xi=Si+Ni xl'=G(Sl'+Nl')+NSyS op 00 @ee
Axion detector . Amplifier .

The purpose of an amplifier is to ensure that
measurement noise is subdominant to what we're
trying to measure

What is the minimum added noise Nj,,;? Turns out Ny = System added noise

it's %hw for phase-insensitive amplification from the amplifier
Measurement noise —WMW— 4

Typical HEMTs ~10 quanta
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Using quantum-limited amplifiers for axion searches

Figures from the DOE Quantized proposal
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Motivated to use KTWPAs
_ * Broadband gain to match the frequency band of GigaBREAD
GigaBREAD concept « Near-quantum limited noise performance 5

* Insensitive to magnetic fields
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An example of a mechanical parametric oscillator

Introduction

Two ingredients make this possible:

* Modulation: Center of mass-
oscillations occur at twice the
frequency of the pendulum

* Nonlinearity: The restoring force of
the pendulum is nonlinear: ¥ ~ —sin 6
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Kinetic Inductance Traveling Wave Parametric Amplifier

* A non-linear transmission line allows for energy conversion if we apply a pump tone
(creating modulation).

* Three-wave mixing: w, = w; + w; w, = pump photon
* Four-wave mixing: 2w, = ws + w; s = signal photon
w; = idler photon

pump pump
A
signal idler signal idler
_ T 1 T
Three-wave mixing ) Four-wave mixing )

 Non-linear transmission line can be created with kinetic inductance or Josephson
Junctions (subject of next talk)
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Kinetic Inductance Traveling Wave Parametric Amplifier

» Kinetic inductance (in the thin-film limit):

L ARy hppe Normal state bulk resistance
"o Tl % i thick
iIm thickness
AN
Energy gap

 Typical kinetic inductance values for thin films:
 Nb ~ [0.1T-1]pH/sq
« Al ~[1-3]pH/sq
* NbTiN ~ 30pH/sq at 10nm
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Kinetic Inductance Traveling Wave Parametric Amplifier

» Kinetic inductance (in the thin-film limit):

L ARy hppe Normal state bulk resistance
S 7TAO B ﬂAot ) .
L ™\ Film thickness

. S L Energy gap
 Typical kinetic inductance values for thin films:

 Nb ~ [0.1T-1]pH/sq
« Al ~[1-3]pH/sq
* NbTiIN ~ 30pH/sq at 10nm

 Kinetic inductance is the inertial mass of the Cooper pairs is highly non-linear and
parametrized by I, which sets the current scale in our device

12
L (1) = L (0) (1 tot >

« Kinetic inductance, in principle, is insensitive to magnetic fields and can operate in strong B-
field environment such as an Axion experiment
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General overview

« 10nm NDbTIN L, = 30pH/sq

* Low-loss 150nm a-Si

* 40,000 unit cells for 8cm physical length
*  Minimum feature size = 3um

e ["'~2—-3mA

« Compression point: -70dBm

Broadband phase-matching via dispersion engineering

Stub Loaded
Inverted microstrip
line

Ground plane

NbTiN line dieletric

Substrate

NIST TWPA design

I ‘ 30-4
| version

10 mm

\J

/ 10 mm
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The need for dispersion engineering

* If you follow the coupled mode equations, the phase matching condition:

The 4-wave mixing amplitude:

5150 B 1
Ak=kp—ks—ki=—T(kp—2ks—2ki) §= EEE
Position down the TWPA when phased matched
signal f————~_~_
T

N
Phase matching makes sure that the pump keeps

pushing on the signal as it propagates down the line,
instead of sometimes pushing, sometimes pulling

J

11
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The need for dispersion engineering

* If you follow the coupled mode equations, the phase matching condition:

The 4-wave mixing amplitude:

5120 B 1
Ak=kp—ks—ki=—Tp(kp—2ks—2ki) § = EEE

* In the limit that the four-wave mixing is small (I, < I,, 1. ), then A, = 0.

A regular superconducting transmission line will naturally fulfill this condition, achieving

3WM:
Kixe s

However, this is undesirable because this
: line would support all sorts of parametric
S A conversion processes at once, increasing
> noise and reducing our gain.

pump

signal idler tu
NIST TWPA design

12
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Our approach to dispersion engineering

,\Q)
N
/ Dispersive tline {\@%
.\L
&
.OQ
O
Q)\/
N
ko)
k R
T I < L ©
pump
Ld
Lf
signal No idler w
C/ 2c-r R o
Can't satisfy both energy conservation 13

(wp, = ws + w;) and the phase-matching condition
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Our approach to dispersion engineering

Dispersive tline

\ J 1

Y Loaded cell (80%) 1 W/ stop band
Supercell structure Unloaded cell (500)
= (#unloaded/2, #loaded, #unloaded/?2)

(Le. 3-2-3)

pump
We engineer a stop band by modulating the impedance:
« Creates a resonance in the phase response

« Creates a "photonic” stopband in the amplitude response

signal  idler

W
Allows us to find triplets (kp, ks, k;), (wp, ws, w;) that satisfy
[1] 3WM energy conservation

[2] Phase-match condition 14

NIST TWPA design
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The supercell electrical length sets the stopband

0.3

Nonlinear
wavenumber k*
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NIST TWPA design
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When everything works well
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Pietro Campana, publication under review:
Strongly Directional Amplification with a Kinetic Inductance Traveling Wave

Parametric Amplifier
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When everything works well
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Strongly Directional Amplification with a Kinetic Inductance Traveling Wave * Characteristic U shape
Parametric Amplifier * Frequency conversion visible by eye
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When everything works well
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~1 quanta in excess of the quantum limit (% ha))

Howe, et. al. Near-quantum-limited Kinetic Inductance Traveling Wave
Parametric Amplifiers: Methodology and Characterization
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Direction of the research moving with an eye for higher frequencies

Improvements in dispersion engineering

» Next-gen modulation techniques [Pietro,Andrea]

Microwave packaging [Logan]

On-chip integration of microwave components
 Integrated bias-tees, directional couplers, diplexers [Logan, Corwin]

Magnetic field capability [Christian]

19
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https://twpalab.github.io/twpasolver/index.html

Magnetic field compatibility [Christian Boutan at PNNL]

Gain (dB)

B-field perpendicular to device
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Devices were exposed to several 2.5T
magnet ramps and did not require thermal
quenching to expel trapped flux

25

20

15

10
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4 5 6 7 8
Frequency (GHz)

10

KTWPA gain is maintained even
with significant magnetic fields!

NIST|
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Improvements in packaging with Pogo pins

Pogo pin benefits:
» Drastic reduction of packaging inductance _
* Fully optimized launch: §,; <-10 dB at 70 GHz
* Simple, repeatable assembly: <5 min

Results:

* Greater max gain, lower ripple
* Beyond-octave (4.96 GHz) bandwidth
* Operation at higher frequencies possible (future)

40

CUSTOMER
PCB TEST BOARD
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The On-chip RF Components Kit (ORCK)

* Why put things on-chip?
« Compactify!
» Reduce losses between signal and amplifier

e D t dd d . In V3, we have integrated all
€Crease SyS €ma €d noise these components on chip

- Pump out, -
DC-bias IPump out Pumpin BiasIn Bias Out terminated at 4K To HEMT amplifier
noise source | | 1 1

g TR, —\ — 1l ; E_Il
I-[I} Tl > 13 GHz 20 4B 230 db " |
LNF 4-12 GHz RL Fairview MCO218-02
220 GHz

22
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Signal out

V3 ORCK deVICe Pump out DC OUT
Nb (top) Nb (top) + Al (bottom) [l NDTIN (bottom) Al (bottom)
(a) 300 m

: -

Capacitor :dc B;anch: :Micr(';strip: Amp:]iﬁcatior:l

Transition Medium

Podell Wiggly Coupler
DCIN
Pump in

P 23

Howe: Compact Superconducting Kinetic Inductance Traveling
Wave Parametric Amplifiers with On-chip rf Components

Signal in

NATIONAL INSTITUTE OF
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https://arxiv.org/html/2503.03608v1
https://arxiv.org/html/2503.03608v1

V3 ORCK device
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* Nearly 30dB of gain from on-chip TWPA
* Noise degraded by bias-tee inductor self resonance (~930MHz)

24

Howe: Compact Superconducting Kinetic Inductance Traveling
Wave Parametric Amplifiers with On-chip rf Components
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https://arxiv.org/html/2503.03608v1
https://arxiv.org/html/2503.03608v1

Next generation on-chip RF components

Directional coupler On-chip diplexers for On-chip inductors with

for greater isolation pulling out pump power exceptional self-resonance
frequencies

High-pass  Low-pass
E—— T 200um

o / IZ.Sum v

1.0um
1.0um

A
v
A
v
A
\ 4

200um 200um 200um

[ -
(<

5.5um

2.0mm
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Supercell sinusoidal modulation concept

Creates more gentle
dispersion that is easier
to phase match
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Conclusions

« KTWPAs are broadband, near-
quantum limited devices with low
sensitivity to magnetic fields

» Well matched to the requirements for
a broadband axion search

» Pushing KTWPAs to higher
frequencies

» Design and packaging
« Making improvements for the end-
user of these amplifiers

» Reducing backaction on devices
* Reducing required pump powers

This work was supported by the U.S. Department of Energy, Office of Science, Office of
High Energy Physics under Award DE-SC0026061.

NATIONAL INSTITUTE OF

. . . . STANDARDS AND TECHNOLOGY
IntrOdUCtlon NIST TWPA deS|gn Resea rCh d|rect|on NHrU.S.DEPARTMENTOFCOMMEHCE



Operation of a KI-TWPA

 To bring in the DC bias, we need bias tees on either side of the device

» Each DC bias line needs some low-pass filtering and some in-line resistance to
thermalize noise to 4K KIL Lo
\J

KT Pump

1 kQ) 1 kQ
A\\\'(,:” Scope | N =
H 00 & i
T0.95 K
[ | [FonN ] Y ] 05 K
)
28
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Operation of a KI-TWPA

« We always want a diplexer on the output side of the amplifier to avoid saturating
amplifiers further up the readout chain
« Either a diplexer or a directional coupler to bring the pump in

 Diplexer offers higher isolation to device (finding the right combo of frequencies can
be tricky), but will need an attenuator at the mK stage

* Directional coupler thermalizes noise at mK stage is wideband

Pump In Bias In Bias Out Pump Out

12.2 GHz 12.2 GHz
||§ > §4 ==
Qubits FH—H" \ (S T TN=S—{=>=}{uemT ADC

Two common

7.8 GHz  11.7 GHz 11.7 GHz
examples 0.015 K
293 K
: Pump out, »
DC-bias Pump out Pumpin Bias In Bias Out terminated at 4K To HEMT amplifier

noise source | | | 1 1

g JILLU » L\ |
I-m il > I_ 13 GHz 20 dB 50 dB |
LNF 4 12 GHz w MCO218-02
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