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Part |-l:Introduction to the
Rydberg project




4‘ Neutral Atom Qubits: Pros and Cons
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Long trap lifetimes>~ 1. Difticult to entangle with high

Minimal effects on other atoms. fidelity, but getting there.

Can be arranged (and re-arranged!)  ° Best Flemonstrated fidelity at

into arbitrary arrays of >100 Sandia was (~0.89), has now been
atoms3+0, matched by others.>’

e H d h hi
Very useful for metrology ﬁgégi; Oggr;)gpgwas HelEved

°*  Atom interferometers.
* DC electric fields. he used to exceed

* Optical clocks. —  standard quantum
limit (SQL)!
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; I Example Trap Arrays

Below: 3D trap arrays generated by D.
Barredo et al. at the Institut d’Optique.

a Hyperboloid (90 sites) D Mobius strip (85 sites)

c Cg, fullerene-like (84 sites) d Cone (100 sites)

Above: 2D trap arrays generated by M. Revelle
and M. Martin at Sandia.

f Eiffel tower (126 sites)

It’s relatively easy to make
arrays of >100 trap sites
with neutral atoms!




Neutral Atom Entanglement: Rydberg States

Need to execute an entangling gate. Neutral atoms make this

challenging.

*Most promising approach: use Rydberg states! Sandia has a
single photon laser at 318 nm to excite the 657/, = 64P3/;
transition. !

'Charactenstlc size ot the position space wavefunction scales as
(r) « n?* so the atom grows by 58% = 3364! The dipole

operator P = qF scales the same way.

*With this large dipole moment, the dipole-dipole interaction
H=-P, P, can provide an entangling gate.

* Atoms are brought close together (r < 1 um) to compensate
the 1/7° scaling,

(1) AM HANKIN, "RYDBERG EXCITATION OF SINGLE ATOMS FOR APPLICATIONS IN QUANTUM INFORMATION AND METROLOGY,". PH.D THESIS, 2015.




Neutral Atom Entanglement: The Rydberg
.1 Blockade
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1. Large dipole-dipole interaction causes a
light shift AE} ¢ between the
|F = 4, mp) ground state and the Rydberg
state |7).

2. |F = 4,mg) © |r) shifts out of
resonance with the 318 nm laser for the
other atom.

5. Thus we have a single co/lective excitation
into the Rydberg state.

We use this to employ “Rydberg dressing”. It

works by detuning the Rydberg laser to create
a superposition |P) = a|1) + b|r) with small
b to avoid dephasing.

Figure from Y.-Y. Jau et al, “Entangling Atomic Spins with a
Strong Rydberg Dressed Interaction”, Nature Physics. 12 (71-74),

(2016).




Part |-ll: Design and
Characterization of a
Microwave Resonator
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»1 Single Photon Control?
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Pros Cons
1. No oft resonant scattering. 1. Slow.
2. No need to worty about 2. Harder to implement.
relative phase. 3. No momentum kick for

3. High stability. interferometry.




A Resonant Structure for Microwave and DC
ol Field Control?

Can the current Faraday cage be
modified to a/so be a microwave
resonator? To work, the design
must:

1. Resonate at the Hyperfine
“clock” frequency of 1°Cs.

28mm

2. Have correct polarization(rr
polarized- magnetic field ).

5. Maintain full optical access. Above: CAD model of the

current design of the Faraday
cage used for DC field control.




A Candidate Solution:The TE, , ;Mode of a

"1 Rectangular Resonator

d_f{3)=4 Eigenfrequency=9.192955+5.524995E-4i GHz Multislice: Magnetic flux density norrP(T
Arrow Volume: Magneti

%107
25

0.06

415

B4 10

Left: Magnetic field of the TE,,
mode of a rectangular resonator.*
White arrows are electric field and red
arrows are magnetic field. Color legend

in'T.

*Simulation of the resonant field
distribution generated using COMSOL
Multiphysics, the same package used for field

simulations of the prototype.

L]




» | Faraday Resonator Prototype

*Prototype designed Using
SolidWorks tor CAD design and
COMSOL Multiphysics for finite
element method (FEM)

simulations.

*There are several major
challenges in properly simulating
the design:

L.

How to handle open
boundaries when
approximating solutions to
Maxwell’s equations?

How to propetly couple in the
microwaves?

Left: The CAD model
of the prototype

Right: An image of
the fabricated
prototype




s 1 Coupling in the Field:A Game of Modes

Coupling in the field is a matter
of mode-matching the antenna
to the cavity.

Current design is a single
antenna made by striping the end
of a coaxial.

Antenna inserted from one side
at a 20° angle.

Above: Cutaway view showing the
antenna input




1«1 Experimental Response of the Prototype

|S11|(Reflection Coefficent)

(2)

Measured Frequency Response
of Faraday Resonator Prototype
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Above: (a) The Frequency response of the prototype. Maximum (critical) coupling
is achieved when |S11| = 0. (b) A closeup of the resonance of interest.




the Trapping/Imaging System
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1 Single Atom Dipole Traps: High NA Imaging

Wantwy < 1 um. A high
numerical aperture (NA) imaging
system 1s necessary. For a trapping
laser at A = 938 nm

NA = 0.29.

Required for an idea/ Gaussian trap.
Better approximations show

NA = 0.5.
Required in practice.

Moral of the story: Very high NA
trap required to achieve a sub-
micron trap!

(pm)

+w(z)

-15 -10 -5 0 5 10 15

> (pm)

Above: The behavior of a
Gaussian beam at it’s focus(waist).

Figure from Hankin.




-1 Questions About the Lens

*Currently use a commercial lens (Lightpath Technologies code

355561) designed at the Institut d’Optique.!
oNominal NA of 0.6.

*Lens designed for 8"Rb wavelengths. Does it work at 1>°Cs
wavelengths?

*Measured size is >1pum admeasured trap frequencies too low.

Why? How sensitive is the lens to input tip/tilt? Input
displacement?

(1) THE COMMERCIALLY AVAILABLE LENS HAS THE SAME DESIGN SPECIFICATIONS AS THOSE
LAID OUT IN LUCAS BEGUIN. "MEASUREMENT OF THE VAN DER WAALS INTERACTION
BETWEEN TWO RYDBERG ATOMS." INSTITUT D’OPTIQUE GRADUATE SCHOOL, 2013.

CREDIT TO MIKE MARTIN FOR NOTING THIS FACT.




1 The Point Spread Function

o

*Even ideal lenses limited by
diffraction.

(CCD coumts)

*Minimum spot size characterized
(44 = b 2
by “point spread function (PSF). 10 :

*Ratio of maximum normalized 0.8

intensity of the PSF to the
maximum normalized intensity of
an ideal Airy disc is the S#reh/ ratio

S.
oS = 0.8 arbitrary threshold for S T
diffraction limited performance. Radial distance r (um)

0.6

0.4

Normalized intensity profile

0.2

Above: The on axis PSF of the lens at 850
nm as measured at the Institut d’Optique.

*How does the PSF respond to
tip/ tilt?

*How does the PSF respond to Image from the thesis of L. Beguin (2013).
translations?




Zemax Results: Soft Dependence on
w1 Displacement

(2) (b)
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Above: (a) Example of the PSF data generated in Zemax for a beam decentered by
500 um. Gaussian curve fit via Matlab to determine the 1/e? size is also shown. (b)
Behavior of the Strehl ratio and 1/e? size of the beam as a function of beam
decentering,



» | Zemax Results: Stronger Dependence on Angle

(2) (b)
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Above: (a) Example of PSF data generated in Zemax for a beam that has been
tilted by 26.6 Arcmin = 6.28 mRad. The Gaussian curve fit via Matlab to
determine the 1/e? size is also shown. (b) The behavior of the Strehl ratio and
1/e? size of the beam as a function of tilt angle.




» | Experimental Results

Imager Gain = 1.0

Exposure time = 0.512 ms (Auto)

Exposure time = 0.296 ms (Auto)

2Wva @135% 1247.8 um
Wb @50.0%  1162.7um | | X

217.5um GFit 98.9% [ caw
o — e

Above: (a) The imaged on-axis point spread function of both trap sites at A = 938 nm.
(b) The imaged on axis point spread function of the first trap site at A = 938 nm. Both
images were captured at a measured magnification of M = 103.7 + 0.28. Using this

along with the pictured fit, the 1/ e? radial size of the first trap was found to be
0.98 um + 0.01 um.




Comparison of Results

() (b)

1#0000000 2| o wD|x-SimuIated Data
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Above: (a) Comparison of simulated Strehl Ratio data to the measured

mRag

data. (b) Comparison of simulated spot size data to measured spot size
data.




» | Conclusions on the Trapping/Imaging System

1. It can achieve sub micron sized traps if perfectly aligned.

2. With 5 mRad available in either direction and
1 mRad /10 pmtrap spacing, can achieve a square grid of up

to (5 + 5)% = 100 trap sites!

3. Achieving the required level of alignment precision 1s
exceptionally difficult.

4. Alternative optical system may be a better option.




Part 2-l:Introduction our
Optically Pumped
Magnetometer (OPM)




25‘ Why Atomic Magnetometers for RF Fields?

|. Can achieve sensitivities ~1fT /VHz, comparable to
superconducting quantum interference devices (SQUIDs)
without need for cryogenic cooling.(!

2. Radio communication with small signal amplitude.

3. Nuclear magnetic resonance (NMR) and nuclear quadrupole
resonance(NQR) detection.®

4. Fundamental Physics (Axion searches).®)

(1) Savukov, Seltzer, and Romalis “Tunable Atomic magnetometer for Detection of Radio-
Frequency Magnetic Fields”. PRL 95,063004(2005).

(2) Garroway et al. “Remote Sensing by Nuclear Quadrupole Resonance”. IEEE Trans.
Geosci. Remote Sens. 39,1108(2001)

(3) Bradley et al. “Microwave Cavity Searches for Dark-Matter Axions”. Rev. Mod. Phys. 75,
777(2003).




| Atomic Magnetometers: Larmor Precession

Exploit the Larmor precession of
atoms 1n a magnetic field B = Bye,
wo = yBy.

Where wg is the Larmor precession
frequency and y is the gyromagnetic
ratio.

It we know y, we
can measure Wq to
measure B!

Right: Illustration of Larmor Precession
in a static magnetic field |



» | Optically Pumped Magnetometers(OPMs)

Atomic vapor 1s naturally in the
maximally mixed state

|e> 'I:msz—Z mF:,F_l

1
p — N HN' / i
Where the Hilbert space of the I/ :
atom has N total states and Il is ot A
the N X N identity operator. /! :
/ I
Before measuring precession, the ,ll v
state must be optically pumped " me =Fg
into a metrologically useful state |g ) mp=F,—1

such as the “stretched state’:

p=lFomp =Falfamp = Fal Apgve: Optical pumping with
Where F; =14 1/2 and o™ polarized light causes
F,=1—-1/2. population to accumulate in
the “stretched” sate.




1 RF Magnetometry

Consider the effect an RF field
transverse to By:

Brr(t) = Bgp sin(wgrt) ey

Causes the state to rotate around
e, at frequency 2wgp and
oscillate between +e, at
frequency

Q' =/(Aw)? + 02.

Where Aw = WRrr — Wy and

Q=-yB
2 VORF Above: Bloch sphere picture of ‘

the dynamics of the state in an RF
magnetic field.



» | Practical RF Magnetometry

| E, =2

1. Pick frequency to measure f. [ A ‘
2. Tune By so f = 2ntwy. ] /"——;-\)
3. With Aw = wgp, measure Mg i 2(:—]_{/’/
(Sx(t)) = yBgrrla cos(wgpt) By J— AE = hf

4+ sin(wggpt)]. - —

Right: Hyperfine ground state 1
+
manifold of an [ = % alkali atom MM F<|: 1 0O —

such as 8’Rb, with the Zeeman
resonance of interest marked. Y




30‘ The Experimental Layout

e (PD 2) (D 3 [/’lpump 5 Snm]

1/2
18

Ryl ] (S =)
i\

N\

L= [N
1/2
Vi(t) — Vo (t) o< (Sx(£))

1/2

[ Aprope = 780nm ]
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Part 2-1l: Modeling and the
master equation
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The Master Equation

Hyperfine | |External Spin Destruction
Interaction| |Magnetic Field| | Collisions
B S — T
dp _, [I-S,p]! [B-S,p]; , lp—p
Et_ |aHF if :+IMBch if |+:T :+
AT o] B Par
+i m +R(q§(1+2$ S) — p)
S
I T _____ !_ ________ T ________ J
Spin Exchange Optical Pumping
Collisions




33‘ The Hyperfine Interaction

dp
ap — I-S
(dt)Hyperfine | 2

This 1s the term from the free evolution of a single
atom 1n vacuum.

*ayr 1s the hypertine coupling constant. It can be
found in the literature.

*Iisan (N X N) X 3 vector operator representing
the nuclear spin of an atom.

*Sisan (N X N) X 3 vector operator representing
the electron spin of an atom.




34

Magnetic Field Coupling

d_p _ [B - S, p]
dt HBIs ™ ip
Mag

tp = 9.2740100783(28) x 1072*L" is the Bohr Magneton.
°gs = 2.00231930436256(35)" is the electron g-factor.
‘h = i6.62607015 X 10734] - §* is the reduced Plank’s constant.

°B = Be,, where B is a scaler in Teslas, and e,, isa 1 X 3 vector of unit
length.

This term represents the interaction of thgz electron spin with an external
magnetic field. The nuclear spin coupling is ~1000 times smaller, and
can be neglected.

*CODATA values from NIST.




51 Spin Destroying Collisions

dp\ _¢—p
dt

T
SD SD

*d =p/4+ S - pS is the part of the density operator with
only nuclear spin polarization =p — ¢ is the part with electron
spin polarization.

1

*‘Rep = — = Zj n;Vj0sp,; is the total spin destruction rate.
°n, is the denisty of the jth species with which the atoms are
interacting

o 17] is the average center of mass speed of the atoms relative
to those of the jth specles.

*Osp,j is the interaction cross section for spin—depolarizing
collisions with the j* species.

This term represents the loss of coherence due to collisions
that destroy the electron spin polarization.




1 Spin Exchanging Collisions

dp) _¢A+4S)-S)—p

dt) Ter

i represents loss of coherence due to the collisions that exchange
E . .

the spin between particles (§1 = 5, & S, = §9).

AP(S)-S

gives the rate of redistribution of spin polarization from the
sp1rS1EeXCha_nge collisions, as the average spin (§) = Tr(pS) of the

ensemble interacts with spin of the individual electrons §.

1 _ . . .
*Rgp = — = nvogg is the rate of spin exchange collisions, where n
. SE. — ‘
is the density, U 1s the average relative center of mass iﬁ)@ed, and ogg
is the interaction cross section for spin-exchanging collisions.

This com hca}ted term describes how spin-exchangin collisions
betwc;en alkali atoms both causes decoherepce and redistributes spin
polarization throughout the hyperfine manifold.




37‘ Optical Pumping

dp e
(E) = R(¢p(1+2s-S) —p)
OP

*R(¢p — p) represents loss of coherence due to the optical pumping
tield.

*2R¢s - S represents the interaction of the average spin § = se, of
the photons in the pumping field with the spin § of the electron(s).

This term represents the interaction of the atom(s) with the light
field used for optical pumping.




1 Setting up the Calculation

*All operators can be represented as N X N matrices, where

N =2(2 + 1).

*Angular momentum operators F, I, S can be found in
spherical basis.

L

N V2
*Find (F, mg|J|F', mg,) for convenient values of F, m using

ladder operators, where ] = F, S.
*From Wigner-Eckart theorem:
(F,mg|Jq|F',mpr) = (F',mpr, 1, q|F, m_F)XF||JI|F').
Where g = 11,0 is the spherical index. The first term on the

right 1s a Clebsh-Gordan coefficient, and the second is a reduced
matrix element.

: : d : :
*With operators in hand, calculate d_}: for a given input state p




» | MATLAB Implementation: The Basis Representation

.o 3 .
The basis is illustrated below for I = S Mp values are in

ascending order, so p11 = |Fp, mp = —Fp)( Fp, mp = —F} |,
P22 = |Fp,mp = —Fy + 1)( F,,, mgp = —Fp+1] etc. After the

lower hyperfine manifold, it restarts at the bottom of the upper
manifold, so pgq = |F;, mp = —F ) F,, mp = —F, |, etc.

P11 P12 P13' P14 P15 Pie P17 Pis
P21 P22 P231 P24 P25 P26 P27 P28

————————————

Ps1 Ps2 Ps3 Psa Pss Pse Ps7 Pss,
Pe1 Pe2 P63 Pea Pos Pe6 Pe7 Pes,
P71 P72 P73 P74 P75 P76 P77 P78,




« | MATLAB Implementation: Simulation Procedure

1. A set of functions calculates ayp, 1/Tsg, 1/Tsp at a given
temperature from literature values for given species.

2. Another function calculates F, I, § from the value of I for
the alkali in question.

3. A third function takes these along with an input state p, an

external magnetic field B, and the mean photon polarization
. d
vector S to compute the evolution d_it)

4. An 1nitial state pg, mean photon polarization s, and
magnetic field B(t) are chosen and used with the evolution
function to feed into built in ODE solver.

* Solutions are “stift ”’, requiring use ot correct ODE solver.

5. Out comes p(t)!
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Above: Data showing the dependence of the Zeeman resonance
linewidth I" on the power of the optical pumping beam. Error bars
are 95% confidence bounds of Lorentzian fit. The resonance
frequency was fo = 2wy = 24.125kHz for these measurements.




3‘ Extraction of the Pumping Rate

2100 | 1
® ['vs.V

2000 - X Excluded I' vs. V |
i, —Linear Rate Fit
N
I-
= 1900 | 1
T
<
oL
£ 1800 | 1

X
1700 - 1
X
X
1600 - x |
0 05 1 15 2 2.5 3
Average Photodiode Voltage(V)
: : RspR av
Above: Liner fit to the equation I' = —+b for “;;) L L1OAfittoT = — tb

thus gives Rgp = aV. This fit gives a = 910. 2(879 5 940.8)s1/V.

(1) Analytic form from the Savukov, Seltzer, and Romalis “Tunable Atomic Magnetometer for Detection of Radio-Frequency
Magnetic Fields”, PRL 95, 063004(2005). I have added the offset term “b”’.




44

2200 |
——t
2100 - n
——

2000 - == ]
N "
; 1900 . -
g e o
[T 1800 F 1
g ==
—~ g

i
1700 HH &
(] i
L
E &
1600 - e -
1500 | | | | |
0 500 1000 1500 2000 2500

R op(s7)

Above: The linewidth as a function of optical
pumping rate with error bars given by 95%
confidence intervals of the linear fit.

3000




45‘ Comparison with Theory

2300 T T T T T

2200 - .

2100 .

4*mm
N 2000 —— Analytic Approximation at 96°C -
u *Simulated Data at 96°C
=
T 1900 - .
L
— 1800, |
§ :
-
1700 - A 1
] e - HH
HE
i
1600 - L R .
1500 L 1 Il 1 1
0 500 1000 1500 2000 2500 3000

-1
Rop(s )
Above: Comparison of data to the analytic approximation
R RcrR
[ ~ Rop | RseRsp
4 S5Rop
T = 96°C as measured from our thermocouple. The result from a fit based on

+ b where Rgg and Rgp were computed for the temperature

numerical simulations of the density matrix is also included.
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«1 Short Term (By the end of the Semester)

1. Install third coil pair for three axis magnetic field control
* Wil allow for the field to be fully zeroed.

2. Analyze optical linewidth data to extract the density of
buffer gas ny, .

5. Investigate in the low magnetic field “spin exchange
relaxation free”(SERF) regime to extract the spin
destruction and exchange rates, along with an independent
calibration of the optical pumping rate.

4. Investigate the effect of RF power broadening on the
/.eeman resonance linewidth.

5. Add a heatsink to OP-AMP to reach higher temperatures.




# 1 Medium Term(By the end of the year)

1. Characterize the sensitivity/noise floor of our
magnetometer from DC to 300kHz.

2. Try several cells with different isotopic combinations
(natural abundance Rb, 133Cs?) and buffer gas pressures.

*  Expand simulation framework for multiple alkali 1sotopes
by taking
p =apy + bp,.
* Ensure that the simulation agrees well under multiple
configurations. If not, figure out why and adjust.

3. Decide on a final alkali species and buffer gas combination
for our needs.




» 1 Long Term (By the end of the Project, 2022)

1. Build an active feedback coil system to work without
shielding,
* Use an FPGA for fast logic?
* Use Labview?

* Hybrid system (atoms+classical) for rough zeroing?

2. Design a compact mobile palatiform.
*  Minimize size and power consumption.

3. Try to see if we can pick up real signals outdoors with it!
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The Rydberg Project

*Thanks to Sandia National
Laboratories for providing funding for
through the XIGMA grand challenge,
along with pervious funding through a
number of other laboratory programs.

*Thanks to CQuIC for providing me

with this amazing research opportunity.

* Special thanks to professor Deutsch
and his quantum optics course .

* Thanks also to Adrian Orozco and
Nate Ristoff.

*Thanks to everyone at UNM and
Sandia who have contributed to the
Rybderg Project.

* Special thanks to my advisor, Grant
Biedermann.

* Special thanks also to Prof. Alberto
Marino and Mike Martin.

Above: Prof. Grant
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21 The RF Magnetometer

*Thanks to Sandia National LLabs for
providing funding through the
laboratory directed research and
development (LDRD) program for this

work. X _- }
*Thanks to Peter Schwindt for giving me Abdve: Petér Sch\%inddt
the opportunity to work on this project, .

and his continuing mentorship. Below: Neil Claussen

*Thanks to Neil Claussen for his ongoing
help with all aspects of the project.




