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Qubits are a concept ruled by quantum mechanic laws of physics

It is thought that quantum bits or elements can created computers able to solve problems
beyond what classical computers can solve.

Can simulate quantum problems accurately.
Can constitute cryptographically safe networks using entanglement and teleportation.
Can improve sensors in search of fundamental problems of physics and cosmology.

Qubits can be architecturally and technologically diverse (too many to enumerate):
Architectural models: 2 level qubits, multi level qubits (qudit), quantum memories, etc.
Technological materials: optical, superconducting, cryogenic, room temperature,
silicon, etc.

Macroscopic (micron or mm size) systems can behave as a single atom or particle.

R&D in QIS is pushing in all those aspects: better qubits, better models, better
materials.
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Quantum Computing

4 & Fault-tolerant quantum computation
@\Q
2

Q@

Algorithms on multiple logical qubits

Operations on single logical gqubits

' Logical memory with longer lifetime than physical qubits

Complexity

QND measurements for error correction and control

Algorithms on multiple physical qubits

Operations on single physical qubits )

v

Time

Quantum Controls is critically important:
* Is the interface between the quantum and classical worlds.

« Controls and readout belong to classical physics

« Control pulses prepare the state of a qubit and
Readout pulses measure the binary state of the qubit because the wavefunction collapses.
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The difference between a qubit and the quantum harmonic oscillator

(R ] < o
\ ho f * Inthe harmonic oscillator the energy levels are
8 no J kT equally spaced
% %hw ho /|« AQubit needs anharmonicity to be controllable.
w "> T

magnetic flux ® .

The Cooper pair box (the simplest SC-Qubit model)

Z(e) &
—1 II E= ¢ The oscillator’s inductance has been replaced by
v, — 2(Cj+Co) a nonlinear inductance, a Josephson junction.
L] X -— C
A
> ﬁhs\ _____
0.0 Ify \o= =~ Now the energy levels are not equally spaced
5 by g e
- le) Iw We can control that device using different RF
v 19) e frequencies.
5 hw,, will take it from the ground to the excited state
phase ¢
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Qubit dynamics: qubit in isolation or “undressed”

« It follows the Schrodinger equation.

4 0> : R : : ,
 ih la% = H|@ > Histhe Hamiltonian, ¢ is the wavefunction and h is the Plank constant.

The Block sphere

In polar coordinates:

ot =os () ot () o

A general wave function state | > is in a superposition of the
base states and collapses to |0> or |1> when measured.
The famous Schrodinger's cat paradox!

We can obtain information of the wave function by calculating probabilities

P(x,t) = |<p(x, t) |2 Experiments are repeated >10K times
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The qubit is placed inside a resonant cavity (“dressed”)

* The Jaynes-Cummings Hamiltonian governs the cavity-
gubit dynamics

Hjc :‘hwr(aTa + 1/2)' + ﬁ%az + hg(a'o™ 4+ ao™)
| |

I i |

cavity qubit Cavity-qubit coupling

—

The matrix is infinite dimensional, but using the anharmonicity, we can create a system that
only allows jumps between 2 states. (or more if we want!)

Example: Single transmon or fluxonium

Preparatlon 1st Interrogation Reset 2nd Interrogation .

| I | | I with fast flux control

4.85 GHz ~5 45 GHz 6. b"u GHz ~5.45 GHz 6.65 GHz

T CNOT,, CNOT,, RF control and readout channel

uWave
Treset
- o meas. cavity
“3"’ 2T Fast flux control channel
o Tdelay
=
5 _
"n"J Stf}rage Ca\u’lty
o 0T
] } SN | »
100 160 450 550 Time (ns)
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Qubit state readout: Example: a 9 qubit transmon from UCSB

200pm

Single readout. Qubits are
frequency multiplexed to an RF
line.

What do we measure?

How do we know the state of
the qubit?

Individual qubit controls

We measure amplitude and/or phase of the transmitted power over the RF readout line: S21

Transmission | T| ?
o o o o =
) S o o =}

=
o
r

arly

Transmitted Phase

2 }.

-2},

drly

Quantum non demolition: The qubit projects its state on the cavity.
Single shot measurements are difficult due to S/N ratio. Many measurements to average noise.
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Fermilab control and readout replaces expensive commercial equipment and messy cabling
and discrete RF components.

Currently at IBM and most
QIS big labs
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Gen3 (RFSoC) : FNAL Readout and Control: Up to ~80 qubits/module (if FMUXed)
>1000 qubits/system RF inputs, outputs, LO, fast
flgx control, high precision

FNAL Gen3 electronics stakeholders:
* U. Chicago: Davis Schuster lab.
e U Princeton: Andrew Hock lab.

* Fermilab: SQMS (A. Grassellino) of

« Fermilab: QSC Thrust 3 (A. Chou) - / ,

« UCSB: Ben Mazin Lab. Qubit

* U. Perdue: Alex Ruichao Ma. / measurements at U.
* IIT-FNAL: Rakshya Khatiwada. s e e e s Chicago.

« Fermilab CMB MKIDs (B. Benson). ., Ramsey vy = 4.745 G D. Schuster lab

* Fermilab DM MKIDs: Noah Kurimsky. |
* Fermilab DE MKIDs: Juan Estrada. __.

—4001

—600

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (us)
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FNAL Readout and Control electronics

The RF board is in fabrication, to arrive at FNAL on April 15th.

4 RF
inputs

~200 ampllflersl g bE 4 x 0-2GHz
mixers, filters,L® . "~ .
mputs

8 DC bias (20 bit

DACs)
16 digital 1/0 (2ns

resolution)
LO generator

8 RF and nonRF
outputs

L

FPGA+ADC+DAC+memory RF inputs, outputs, LO, fast

+interfaces flux control, high precision More than 200
bias amplifiers, mixers,

filters, LO generators,
etc.

2= Fermilab
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Control software, firmware and hardware

Client PC software:

FNAL Control
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Parallel computing

El JL./\f

2 L]

Readout “* ! |

o
I

Repeat N times
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Things may happen to all
elements at once, things
may happen at times
defined by an offset.

Allow for conditional
programming.

Allow for deterministic and
conditional loops.

Allow for pulse parameters
such as:

— Amplitude, phase, delay,
time duration.
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Multiple qubit programming model, multiple elements.

El

Hardwar
e
interfac
e

QUA

interfa
ce
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Pulse generator (one DAC shown) for outputs

,\ signal out to
A 1 % SUM, mixer
. MU 1. DDS [
Jv, X GI v d)o

. » ‘ SUMq
AXI 'A' 10 freq. mux DAC1 A ~\r A — J_l __f,
Intf. AW . pulses on asingle f, f, f, fo
' DAC A A )
To G Lo e =
) Af=200MHz  Af=200MHz
RISC §
J L MU
J DDS
PS : X - d)O
!/V' : b Gglo vy,
) . Fast DDS (complex sinewaves) from near DC to 4GHz.
f . Library of envelopes including AW for optimal control (up to 6 Ms long).
T . A single DAC can multiplex many control outputs. E.g. 10 mux of pulses with 200MHz limited BW.
AW . Complete time and frequency control of the pulses.
G . Arbitrary gains.
. Initialized by software, dynamically run at firmware speed.
. Low latency, allows error correction algorithms.

JE H
aF Fermilab
13 Presenter | Presentation Title 2/23/2021



Performance

Filtered out signals

DAC output mixer Our signal

NCO=2GHz LO=8.0GHz

LO=8.5GHz _ _ LS_B_ _ _ 2L0=15GHz

0.5GHz 3.5GHz - 0.5GHz 3.SGHZ 4GHz 7.5GHz 8.5GHz 11.5GHz  11.5GHz  14.5GHz 15.5GHz 18.5GHz

Spectrum | =

s Due to fast digital DDS and DSB
o | mixer, there are no spurs in the
ﬂ;;% 7 operational spectrum 4-8 GHz.
o o e ! No spurious signals exciting

o qubit modes by mistake.

CF 7.5 GHz 691 pts Span 15.0 GHz
Marker Peak List
No *-value | Y-value | No \ X-value | Y-value |
1 510.000000 MHz | -62.900 dBm 5 9.497000 GHz -55.69% dBm
2 4.504000 GHz | -20.319 dBm | 6 9.996000 GHz -45.424 dBm
3 5.004000 GHz -40.487 dBm 7 10.496000 GHz -60.962 dBm
4 5.503000 GHz -21.169 dBém 8 14.490000 GHz -62.554 dBm

< >
15 GHz span
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All control signals are synchronized to the qubit reference frame

Several sine waves at different Freq. synced to phi=0 at t=0 Gaussian pulses modulating a fast DDS IF
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Close in noise and stability

Ref Level -61.00 dom © RBW 1H:z Starting at 2021-02-10 22:57:15

Att 0dB  SWT 96.7 s VBW 10 Hz Mode Auto FFT
@ 14w Clrw

6280 -

-70 dBm

-80 dBm 6275 A

-90 dBm

6270 1

-100 dBm

o of values

-110 dBm 6265

-120 dBm

-130 dBm / \‘
-140 dim 6255 T T T T T T T T
,// \\\ 0

A8
-150 dBm
m ‘x\ ‘\\ .'\\ >\ ’\\' .l\\ :\N .>\ >\

6260 1

CF 4.5 GHz 2000 pts Span 10.0 MHz

]’[ | Measuring...  QRRHRANED il 1a:19:07

. Tone drift over 16 hours: ~7e-4
Phase noise -145dBc/Hz at 1MHz
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Superconducting detector/element map

« Light Dark Matter: searching for low energy WIMPs and Axions.

Dark Sector Candidates, Anomalies, and Search Techniques

>
Small-Scale StructLle I

<€ ¥ 3 > >
Small Experiments: Coherent Field Séarches, Direct Detectioll, Nuclear and Atomic I’hysi#‘., Accelerators Microlensing

zeV aeV feV peV neV ueV meV eV keV MeV Geva | Tev PeV 30M;

— oy —
zeV aeV feV peV neV ue\}l meV eV ke'/ MeV Gev | Tev PeV 30M
1 | | | | | | . 1 . . 1 . . |I - | — | t
| | | | | I I y ' T Y v v | z | '
QCDAxioi I I !\-JIMPS
< > € : -
Ultralight Dark Matter Hidden Sector 'lark‘\/latter Black Holes
— r >
Pre—InﬂationaryA)Ion 1 Hidden Thermal Relicli/\l\iMPless DM
Post-Inflationary Axion 4 Asymmetr'cD [ -
Can be explored ; l il ,
. I Freeze-In DMI
with SCD | —> I
i | SIMPs / ELDERS I
I I Beryllium—i
[ .
| Muong2 |
[
|

T

« Superconducting elements in 2D or 3D can also be used in:

Large mass detectors
(e.g. the liquid xenon LZ)
are close explore down
to 1048

Solar Neutrino floor?

— Dark energy: CMB and Low-resolution spectroscopy of billions of galaxies.

— Quantum computing.
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Firmware and software (RF part not shown)

Polyphase
filter bank
(PFB)
o deMUX
and FDM
C lex datal |, 2,000 2MHz
omplex data I,Q to TDM B
oversampled
spectra
DDS
Complex data I,Q
DAC 7

Tone tracker

Tone decoder.
Tones are not
uniformly
distributed.

DDS

Tone tables

Photon or
power
decoder

To DAQ

Software must find resonant frequencies, calibrate

powers, rotate I, Q loops, calculate resonator
parameters, program Tone tables or DDS.

Take data and make images.
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Rotated/calibrated_
resonator

Unrotated/uncalibra

ted resonatof. w= == = -»

110dBc/vYHz

I

%

A Noise floor

~ WM -154dBc/VHz
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o
Frequency (Hz)



Team: Fermilab, ANL, U. Chicago, Instituto Balseiro (Argentina)

Neal Wilcer (FNAL) Ken Treptow (FNAL) Leo Stefanazzi (FNAL) Shefali Saxena (ANL)

1

Horacio Arnaldi (CNEA, Argentina) Sara Sussman (U Princeton) Chrls Stoughton (FNAL) David Schuster (U.Chicago)  Gustavo Cancelo(FNAL)

BUEDIGY

GDNZAG&
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Thank you

2= Fermilab
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Bandpass filter to clean up the spectrum

Filtered out signals

DAC output .
mixer Our signal
NCO=2GH LO=8.0GHz
z LO=8.5GHz LSB
F|Itered out
B - P I VI e [ S —
EN —_— -
0.5GHz 35GHz 0.5GHz 3 5GHz 4GHz 7.5GHz 8.5GHz 11.5GHz 11.5GHz  14.5GHz 15.5GHz  18.5GHz

* Readout (Firmware)
* Functions that are already implemented:

— Averaging scope: an experiment is run N times, every time generates M samples, the saved result
Is the N-average of M-long vector.

— Qubit state: the readout generates a single complex value which describes the state of a qubit (or
several values for more than one qubit). N readouts generate N different values.

— The qubit state can be used for fast feedback and error correction.
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Advantages of superconducting elements

SC elements are operated at 30-100mK << T_;;.o @Nd << than the T of a 5-100 GHz photon used
In sensors or qubits.

At Toperation << Teriical SUPErconducting materials have very stable parameters.

In a sensor a single photon (from the CMB or optical spectrum) generates thousands of
quasiparticles that can be measured.

Enough quasiparticles to measure single photon wavelength with resolution of R~100 in the optical/near IR

‘ CCD + filters 7 ‘!

|
2 g : Bandgaps of ~10meV
g " N 1,000+ quasiparticles allow low
" 1 ; YQ resolution spectroscopy without
ﬂ , 7 external filters.
M { Qi 5 A
020 E \g“) N(E)

O.m; MKID: Microwave Kinetic Inductance Detector

600 800 1000 1200 1400
Wavelength [nm]

Each pixel is a low-resolution spectrometer in real time ~1us.

Similar detectors are used to measure power (CMB) or phonons (CDMS)

J€ :
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One example of a superconducting detector the Microwave Kinetic Inductance
Detector (MKID)

One pixel

RF transmission line
O O
Coupling capacitor

A microwave or

optical photon hv
deposits energy on
the inductor —— LC resonator Phase jump and recovery
breaking Cooper The electrons go back to Cooper pairs in
pairs into electrons 100 usec time.
O O
B+t
Resonator Q~30,000 50, A
0 R — - .
o". 2% ‘v- E ‘ ||
! ' : g ¥ ‘J
g | : ! S \
g ! 8| - 10 lw:l\‘ r L |
v . E ( N (| !
I | 0 “yk‘.“'h'w I M',"WJ \ h‘v'M,\'WM.‘MWJ,hm
- _L oFr -105 . \ , i
10 o : ) ] -200 0 200 400 600 800
Microseconds

* The superconducting part of the inductance is the kinetic inductance and used for detection. The
capacitors are used for frequency multiplexing and coupling.

* Typical bandwidth ~ 250KHz.

JE H
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MKIDs can be frequency multiplexed

20 . & : « Atypical detector may have 2K
. < = MKIDs separated by 2MHz on a
Ve Cy #HL2R, C; L2R; G, L2R, 20 single RF line.
port 1 port 2

A frequency scan made by a VNA
instrument of the S21 amplitude

(zoomed at 16 resonators centered at
~5.7GHz)

IS, |

02+

.........

, - 'S - - - 4 -
568 568 570 572 574

2= Fermilab

24 Presenter | Presentation Title 2/23/2021



A 10 K pixel MKID designed by UCSB (B. Mazin)




Fermilab readout and control system: fMESSI (2016)

1pps, and 100 MHz reference.

RF
IF IF
jmm— ===
—\ | [ Cryostat : | —\ i
. . . | .
1K pixel signal PE > : e, % D) 1K plxel.
generator —\ Qmser | prs 1Q Miser channelizer
=\ |
s ' MKID  HEMT | a1 \F
(LPF) oy sove oo s oy s 5 (LPP)
Warm
Cold Warm Computer

2= Fermilab

26 Gustavo Cancelo | Scalable 10 to 20 Kilo-pixel MKID Signal Generation and DAQ for Cosmology 2/23/2021



Instrument developed for DARKNESS

27

: Mazin Lab at UCSB
| http:/imazinlab.org
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_ On-sky, July 23 2016
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FMESSI (Frequency Multiplexed Electronics for Superconducting Sensor Instrumentation)

DARKNESS at Palomar «  DARKNESS: 10,000 pixel instrument
OB s Mages oM ARCON * 2 observation runs at Palomar

« MEC: 20,000 operating at the Subaru telescope in Mauna
Kea since 2018.

A

Plot2D

100
80—

60—

https://web.physics.ucsb.edu/~bmazin/projects/mec.html

Counts Average

40

204

T T T T T T T ]
92.776 84.788 76.800 68.812
132.219 126.203 120.187 114.17*

2% Fermilab
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Phase synchronization in the qubit rotating frame

« Evenwhen you hop frequencies you always need to be synced up to a master phase in the qubit
rotating frame.

Tektronix
Add New...

The plot shows how we
can create arbitrary
intervals of modulated
signals with arbitrary gain.
The phase is always
synchronized to the
master clock phase.

W wl‘i ';‘\ f \('

s 1 ‘
| ‘
! ;

AR | 1Y M
(1 R RAAT H \ H
| ]

‘ | |
‘
[

i M (i

"I Ittt
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Early measurements with qubits at U. Chicago: David Schuster’s lab Feb 2020

Rabi, vy = 4.748 GHz * One day test before lab closed due to Covid.
o /f' *  Now with limited lab access time has to be distributed over
o many student projects that are late.
// *  We have not pushed to make new measurements
because we are still building the system.
°e " " et R «  We will measure again in few weeks when few blocks of

the firmware and software come together.
* Active qubit reset will make measurements a lot faster at

Ramsey, Vg = 4.745 GHz the Iab
200 |
. *  Most exciting measurements will come when the RF board
. Is working.
—-400
e 0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (us)
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Summary

* Many fundamental questions of particle and quantum physics can be
answered, at least in part, by experimental cosmology.

« Superconducting technology is taking a substantial portion of current and
future detectors for cosmology.

« Superconducting detectors can also be used as macroscopic quantum
devices.

* Major challenges for engineers!

— Warm and cold electronics, RF, firmware and hardware development,
signal processing, noise, ASIC design, and more.

 Fermilab is open to new collaborations!

JE H
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Two level quantum system

Here the two square wells represent the qubit states |0>and |1>

If the wells are far away from each or at different potential the keeps its location and energy
state. If the wells are closer the red wavefunction is shared and the state will jump.

-
-

Dispersive mode Resonant mode -

_-=~"/ Ramsey oscillations

— o
A % & 7 6 5 4 3 0”2 i 4 5 6 7 8

A
\ ==

ED =-1.04467 ED =-0.87662 ==
E1=-1.04986

i e /\ Rabi oscillations
/'\ _ - o = CCdewmmEmmEETTT]
BAND AR o
\ ,
|0> | 1> | 0> | 1>
& Fermilab
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Cooper pair box energy levels (solution to H,.)

Resonant mode: the qubit is strongly coupled to the cavity. Dispersive regime: qubit detuned from cavity, very
Cooper pairs jump back and forth. low probability of jumping.
H,c energy levels 0, -w=A>g
. . (w,+(2n+1)g%/A) N~ = = |n}
Cavity energy levels ©,= o, Qubit energy levels [n+1) = =" |
— ‘ _oNG I2>
IN) = === 2g/n - ===|In1 ) ==~
| — H ) 2 - —— |1}
3) == —— -—=—==12) 2) == _"‘._({,)31‘3'9 57 I(mr+gzm}

(w-g%/A) = = |0}
|2) = === 292 -_— -1} 11 ——--_]

. l o (o0 +g%A) |,
1) 25 1 ->--10 0 2m— b

lm, A g’ le)
0) = ===

w,, g, A are tunable control parameters of H,. which have a correspondence in the Cooper pair box
parameters E¢, E;, N,

E.g. of a control pulse: RF pulse with a
certain envelope and freq.

Voltage [V]
%

s
)
=

Time [ns]
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Qubit logic operations

Fidelity (+0.03) »  Perform rotations in the Block sphere with

more than 99% fidelity (not enough for QC).

X 99.92 _ . . : .
« Multi qubit logic operations CNOT (2 qubits)
v EEE . Toffoli gate (3 qubits)
X/2 99.93  H: Hadamard (1 qubit)
Y/2 99.95 +  Phase shift R,(®) (1 qubit)
-X 99.92 * | Why nobody has achieved a fault tolerant
Y 99.91 QC yet?
X/2 9993 — Fidelities need to be 99.999999... (17 nines)
-Y/2 99.95
H 99.91
I 99.95
S(Z/2) 99.92

T (ei™*)  No RB method

J€ H
aF Fermilab
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Cost and size of RF electronics

Evaluation Board and Circuit

Typical amplifier m

Pricing & Availability Pricing & Availability

K2 International Shipping Option > International Shipping Option »
- é Quantity Unit Price
=7 sty LL TN 4 20 §17.05 |
’ S —— & J
-~ woll = S
0.12x0.12x0.045” TI% 100 $14.95

*Eval Board (with unit mounted)

Unit
: n
Price Y

(TB-994+ |

Mod-!

By designing and integrating all the needed RF (warm) components we achieve factor of 10 to 20 reduction in
area, plus we do not need hundreds of costly and messy cables.

The cost of connectorized amplifiers (sold as evaluation boards) cost x10 and x100 times more.
FNAL RF board has 200 active components (amplifiers), mixers and filters.

When you design entire RF amplifier chain you can control impedances and S-parameters much better. You
can simulate the entire chain.

2= Fermilab
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FNAL Readout and Control electronics

The RF board is in layout stage.
Available in Jan 2021.

All features have been designed
specifically for QIS in terms of
power, BW, etc.

~200 amplifiers, .
e smixers, filters O Fom A large system with 20 or more of

_.DACs = Wl these boards is easy to do.

Each board could control 50 to
100 qubits if we do some
multiplexing.

FPGA+ADC+DAC+memory RF inputs, outputs, LO, fast flux
+interfaces control, high precision bias,

JE H
aF Fermilab
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Transmon, fluxonium, and more

RF pulses at several frequencies modulated by envelopes (Gaussian, AW, triangular, etc.)
Fast flux control with no modulation.

300 K DC flux RF flux RF charge RF output . i X
Preparation 1st Interrogation Reset 2nd Interrogation
S50 K [ 1 I 1 I 1
_--I? _______________________________________ ‘g’ & 4.85 GHz ~5.45 GHz 6.65 GHz ~5.45 GHz 6.65 GHz
. | >
! still 5 25 200K T CNOT,, Meas CNOT,, Meas
; (700 mK) o uWave
roumi) B '8 77K Treset
s| AMTeERPTS— || TS 22 —
E 10-20 mK) & é % ~ meas. cavity
H % 2 o a | 5 B _C_S:! 12
89 b=l o |<] g8 a
S E 2 2 = o Tdelay
£3 52 g
2 I 5 g ‘3 storage cavity
o, o pran ] a 0
32 =9 oS x 5 I I ! ! I »
=W o e i u T t >
29 X 2= 5 ' 100 160 450 550 Time (ns)
= 2 £~
=1
=l = — 4 c 3
£5 S = S
ok £3 FE 3 3 f 350 | Ry f
23 gs 22 3 b : SPHAARRAA,
S5 oF 83 5 = N A ETRTRIRIRTRIRY
T H E = | o R
§ E O i - - 250 0’ S oLf
5 85 _ i ) 4 V4 0 125 250
£5 W= oz | A T F & “ *. Time (ps)
Bl 82 ' 150 1 f’
3 § g et H . ad \
o 2
k! w= E Repeat for other ] 50 -#M“
@ + four qubits 20 ) '2 5 é 2
' ¥ K
Flux in| | Lsamele Out : 8D/, X10°
H
""""""""""""""""""""""""""""""" Dilution Refrigerator . )
******************************************************** T1and T2 critically depend on the Flux bias

2= Fermilab
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Going deeper into the FNAL RF and Control

8x DAC outputs (6.5 Gs/s) can be used in RF mode (4-8GHz) or DC mode (0-2GHz).
— The RF outputs are used for XY control: AM modulated by pulse envelopes, 70ps resolution, up to 60us length.
— Power control of over 60dB and maximum power of 10dBm.
—  Spur free over 3GHz of bandwidth.
— Carrier frequency hoping takes 1 sample (70ps).
«  8x 20bit high resolution DACs for flux biasing.
—  Very low 1/f noise with knee at 10Hz.
4 RF ADCs for qubit/cavity readout
— 80dB of gain, few dB of flatness over 4-8GHz.
— 60dB selectable dynamic range.
* 4 non RF ADCs 2 GHz BW for scope or spectrum analysis.

« 16 digital I/Os for triggering and synchronizing to external instruments.
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