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NMR QIP
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Qubit representation (Spin 12)
Initial state preparation
‘pseudo-pure state” preparation techniques

Unitary operation
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Readout

Quantum state tomography + NMR spectroscopy
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Nobel Prize in Physics 1964

Photo from the Nobel Foundation Photo from the Nobel Foundation Photo from the Nobel Foundation

archive. archive. archive.

Charles Hard Townes Nicolay Gennadiyevich  Aleksandr Mikhailovich
Basov Prokhorov

Prize share: 1/2
Prize share: 1/4 Prize share: 1/4

"for fundamental work in the field of quantum electronics, which has led to the
construction of oscillators and amplifiers based on the maser-laser principle"



Maser (1953)
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Race to Make the first Laser

Polighed aluminum
reflecting cylinder

Maiman, T.H. (1960)

Components of the first ruby laser
1007 -reflective

mirror Quartz flash tube

Published: 06 August 1960

Stimulated Optical Radiation in Ruby

T. H. MAIMAN

Nature 187, 493-494 (1960) | Cite this article

23k Accesses | 3031 Citations | 107 Altmetric | Metrics

Stimulated Optical Radiation in Ruby

Schawlow and Townes! have proposed a technique
for the generation of very monochromatic radiation
in the infra-red optical region of the spectrum ;mmg
an alkali vapour as the active medium. Javan and
Sanders? have discussed proposals involving electron-
excited gaseous systems. In this laboratory an
optical pumping technique has been successfully
applied to a fluorescent solid resultmg in the attain-
ment of negative temperatures and stimulated optical
emission at a wave-length of 6943 A the.actn‘re

material used was ruby (chromium m

corundum).

« On May 16, 1960, at Hughes' Malibu, California, laboratories, Maiman's
solid-state pink ruby laser emitted mankind's first coherent light.
« On June 22, submitted to PRL, and got rejected on 24™".

« One August 6, published on Nature.



https://en.wikipedia.org/wiki/Malibu,_California
https://en.wikipedia.org/wiki/Coherence_(physics)
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5 T TR AR

"for his studies of the transition
states of chemical reactions using
femtosecond spectroscopy”

Photo from the Nobel Foundation
hi

arcnive.
Ahmed H. Zewail

Prize share: 1/1
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Vapor cell: Alkali metal atoms

Detector

T T
Polarization

plane of laser
rotated

Magnetic field . Polarization
(v direction) (*) : vector rotated

Laser by magnetic field

pump

z direction

Potassium
atom Polarization vector
set by laser pump

. . /l
X direction

Figure from: D.Budker. : A new spin on
magnetometry

Nature (News&Views) 422, 574 - 575 (2003)
* Optical pumping
 Spin precession

* Probe (light intensity/light
polarization)

Atoms/spins

Light/photons Lig ht-atOm
interaction

 —
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Preparation: Optical pumping

collisional
mixing

Alkali-metal: K or Rb

Close to 100% Alkali-metal atomic spin polarization!
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Encoding: Lamer processing

N\
I . .

I <: axi1s Opr'CCGSSlOIl
I

(defines magnetic dipole)

{———— axis of spin
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Readout: Faraday Effect

Polarization rotation due to the Faraday effect

B N Optical rotation used for detection

the plane of polarization

Polarization angle rotation

Anew spin on magnetometry

Dmitry Budker

linear polarized light

The capability to measure small, localized magnetic fields is valuable in
biology as well as physics. A new device, based on spin-polarized alkali
atoms, achieves better sensitivity and resolution than before.
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Response signal (V)
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n= %ﬁMﬁPﬁvnTzn > 1 n~0

Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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Axion mass (feV)

170 . . . a 1010 41.36 82.71 12407  165.43
e data 2pT/Hz!?

— &

§ 150} —— average - ~ R —

S T 10% photon-shot-noise limit

p =128+03 g = |

é 130 M . “. ceoo D :; 2 orders of magnitude
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€ 3 :

< 102k spin-projection-noise limit
920 ! L L I
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Resonant frequency v (Hz) Frequency (Hz)
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Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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Spin quantum amplification: sub-fT magnetic detection sensitivity

System improvement

*Large spin-destruction * Smaller spin-destruction
cross section cross section(five orders)

Phpton-shot noise |

*Short noble gas coherence * Longer noble gas coherence

Magnetic sensitivity (fT/Hz'/?)

HHEEUC, time(~1000's) 10 Femtotesla-level sensitivity!
*Small noble gas * Larger noble gas Latest result: 0.8fT/Hz1/2
gyromagnetic ratio (0.0118 gyromagnetic ratio(0.0324 © er
T/Hz) T/Hz) SR T T T T T T T T T T

0 50 100 150 200
Frequency (Hz)

Key experimental technologies

* High-quality hybrid atomic vapor cell with long coherence time

* Active and passive ultra-low magnetic noise shielding system

(RIEFS X Fotiie
FIB B RIZR

* Ultra-low noise high-power vacuum heating system

30
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0 Floquet maser

Xinhua Peng'%%" and © Dmitry Budker*>5

M Min Jiang'23, © Haowen Su™%3, ® Ze Wu'/23,
1 1 1
Vae = 0.01 Hz
0.5 FWHM
Py 0.3 mHz
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Frequency (Hz)
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Jiang et al,, Sci. Adv. 7, eabe0719 (2021)
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Highlights Recent Accepted Collections Authors

Floguet Spin Amplification

Jiang, Yushu Qin, Xin Wang, Yuanhong Wang, Haowen Su, Xinhua

Min N N . n ang, Peng, and Dmitry Budker
Phys. Rev. Lett. 128, 233201 — Published 9 June 2022

Data
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Jiang et al., PRL 128, 233201 (2022)
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Jiang et al., PRL 128, 233201 (2022)
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Measurement-feedback spin amplification

Nobel Prize: Maser and atomic clock

Optical
b t' frequency
® "  (Optical cavity)

4
2 o

G.Basov M. Prokhorov  N. F. Ramsey

C. Townes

Microwave
Photoelastic Detector —1 o freq uency
modulator — lifi .
amplifier (Cav|ty)
Periodic field :I
JVAVAVAVAVAVATAY =
G [ Atoms R d'
el adlo
-1 B o~ Feedback 3
BJ[j",, N coll -~ | |8 frequency
-fields \ a—— | .
— " = |  MM(feedback Coils)
Function POIarizi.n\ |] I: Laser ‘ “‘,'
generator beamsplitter —_
Wave plate -




Fquuet maser: ENR{EAFloquet) RIEMIGEETTTR

I, n)\ - = /// ] T T T e T T
1 (2) Spectrum
> Strong
N - | Floquet
5 e _ l i driving
Weak A » L

Floquet 7.0 75 80 85 90 95
driving Frequency (Hz)
1 1 1 1 1 1

~ | ] 1 L ] ] 1 t ] v, =0.01 Hz FWHM
S . (c) l spectrum ~ 0.3 mHz
~ A7 ] - 2
% : 70 75 80 §s 90 95 100 105 go.s i :d) !
i -4. 5 — 9 0290490690::L

4 Feedback ON + no rf driving

10.0 10.5 11.0 1

8 8.5 9 9.5 10 10.5 11
Frequency (Hz)

M. Jiang et al. Science Advances 7, eabe0719 (2021)
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U ) Floquet maser

1,23 Haowen Su’-23, ® Ze Wu'-2:3, (® Xinhua Peng'-23" and ® Dmitry Budker?>:

P o Min Jiang

e PHYS (3%
Extending maser techniques to Floquet
Amasing ladder =

techniques to Floquet systems. In their paper

A maser that amplifies oo & el Gyl e e e
emission of peri()dica]]y PloqUBt Systoma. Fen-Bac Liv, with the Chinese
modulated quantum states ]

has uses in metrology physics

New Floquet maser is very good at detecting low frequency

By Ren-Bao Liut? magnetic fields

{Science) Perspectives reports:

“... demonstrate a new type of maser...
Conceivable applications of this work include
precision clocks and detection of ultralight dark
matter particles such as axions”
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Temperature Electric-field

stress detection

Magnetic Spin-coupling
field Spin-sensing

—

—

Magnetic field sensitivity (per Hz'?)

1T nT Wt 1mT
10pm
® (squb N Conventional
\sensors © 1\ NMR sensors
(from 1944)

% (2003) ee |® ® \
< 1pm
S J
8 Singy AN
s 2002} y,
5 S Force sensors v
§ 100 nm\\af/%, sensors o / 10%,

~ 7o
7 \ o b \ ‘
% N ° (2008) ;
3| NS (2004) ° /
g N 7 10%,
F NS NV y A
So sensory y
10nm S 7/ Magnetic moment
< | (@013 Y 11, sensitivity (per Hz'?)
LX) / N
~2018)
(2014)\% /
1nm "y
109,

\_ /NVat. Nanotechnol. 3, 643(2008)

Diamond nanoscale magnetometry

Excitation laser

Scanning diamond E
platform

Nat. Phys. 9, 215 (2013)

J
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DC Maghetometry

Ramsey pulse sequence me = +1
i Readout D

*
*
0’.
' L

H = DS?+~B.S,

Xt FRRRLI I &, B %
HMAMBEERRTE a2
B FLPRIE, BIEHEN
B3Pk (ODMR)iE

spin dynamics

MILIRIES 2 B BE R BS
; Rt T CAVH S H A B R
P =, / AB(t)dt B3,
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AC Magnetometry

A variant of Ramsey sequence: Hahn- Echo or Spin-Echo (SE) sequence




AC Magnetometry

Signal

\ /\ /\ /\ / Dynamical decoupling
VARV \/ \/

k=1,3,5,..

w2 T T w2
Modulation function modulation function g(t)
+1 _ -
- o= [ By
-1 0

\/\NV\/\/\/\/) ® =~.TBacW(fL,%0)

Rectified signal the filter function

wT) sin (‘ZZ;)
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Special Section

WHAT DoN'T WE KNOow?

What Is the

Universe Made Of

very once in a while, cos-
Emologists are dragged,

kicking and screaming,
into a universe much more unset-
tling than they had any reason to
expect. In the 1500s and 1600s,
Copernicus, Kepler, and Newton
showed that Earth is just one of
many planets orbiting one of
many stars, destroying the com-
fortable Medieval notion of a
closed and tiny cosmos. In the
1920s, Edwin Hubble showed
that our universe is constantly
expanding and evolving, a find-
ing that eventually shattered the
idea that the universe is unchang-
ing and eternal. And in the past
few decades, cosmologists have
discovered that the ordinary mat-
ter that makes up stars and galax-
ies and people is less than 5% of
everything there is. Grappling
with this new understanding of

T

HIAAE=ELT

In the dark. Dark matter holds galaxies together; supemovae
measurements point to a mysterious dark energy.

form of dark matter, made of an as-yet-
undiscovered type of particle, must be
sculpting these vast cosmic structures.
They estimate that this exotic dark matter
makes up about 25% of the stuff in the uni-
verse—five times as much as ordinary matter.

But even this mysterious entity pales by
comparison to another mystery: dark energy.
In the late 1990s, scientists examining distant
supernovae discovered that the universe is
expanding faster and faster, instead of slow-
ing down as the laws of physics would imply.
Is there some sort of antigravity force blow-
ing the universe up?

All signs point to yes. Independent meas-

sofa variety of ph Smi

background radiation, element abundances,
galaxy clustering, gravitational lensing, gas
cloud properties—all converge on a consis-
tent, but bizarre, picture of the cosmos. Ordi-
nary matter and exotic, unknown particles
together make up only about 30% of the stuff
in the universe; the rest is this mysterious anti-
gravity force known as dark energy.

This means that figuring out what the uni-
verse is made of will require answers to three
increasingly difficult sets of questions. What
is ordinary dark matter made of, and where
does it reside? Astrophysical observations,
such as those that measure the bending of light
by massive objects in space, are already yield-
ing the answer. What is exotic dark matter?
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Search for axion-like dark matter with spin-based
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Classical sensing vs. quantum sensing

Classical Quantum Quantum
sensing sensing sensing
Probe Classical Quantum Quantum
Parameter Classicall’l Classicall’] Classicall™
Available | Repeated Repeated N-probe
resources | measurement: NV measurement: N entanglement
Spatl?l Macroscale Nanoscale Nanoscale
resolution
60 [ L 50 11— 5011
Error N VN : N
(Central limit) (Standard (Heisenberg
quantum limit) quantum limit)

[*]: Classical signal (e.g., magnetic field) or classical parameter of a quantum
object (e.g., Zeeman frequency of a spin-1/2, parameters in a wave function)
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