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Outline

e Fundamental physics measurements with spins

e Limits on spin precession measurements

e Readout methods for nuclear spin precession

e Alkali-metal magnetometers for nuclear spin readout

e Examples of precision measurements with nuclear spins
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Spin Precession

B

=t=pxB o _ 21B

Quantum uncertainty

principle

| (e < Quantum S = Nh/2
IJ M. NUiSC I/W —@ é)
02 04 06 08 1.0 N atoms

lime (sec) 6:

“_ Quantum uncertainty for N atoms:

| W Y0)] 1 o
AN dw, = T = — For single measurement
=l Sw, 1
10 20 30 40 50 60 .

ow, = After averaging for time t

Frequency (Hz)

Jt/T; - JT2Nt
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Limits on spin precession sensitivity

Assume spin relaxation of atoms is only limited by their own collisions

Collision rate 1s proportional to the density, velocity and cross-section:

l—avn . = [ovn _ [ov
T, PTINe NVt

Magnetic field sensitivity is independent of density:

1 [ov

Energy resolution per unit time only depends on atomic
properties:

_(6B)*’V  ov

o€ = -
2pg 2P0y

OB — magnetic noise per unit bandwidth [T/Hz!?]
o¢ — energy resolution per unit time [J s
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Energy resolution of a DC SQUID

® Energy resolution of a SQUID also goes as (size)?
(5)

2L
®=na’B; L~p,a
. (58 ): a’

0E ~

-

oB o€ =

D)
21,
¢ DC SQUID requires shunt resistors across Josephson
junctions to obtain a linear response to B field. ‘
® Noise across resistors 1s a sum of Johnson noise and zero- R Il R

point fluctuations:

(0V,) =2hvRcoth(hv/2k,T)=2hvR, for k,T <<hv

® Even cooling a SQUID to zero temperature will not eliminate
this noise.

¢ Upon optimization of SQUID parameters the minimum R.H. Koch, D. J. Van
energy resolution is on the order of & ~ /;/2 Harlington, J. Clarke, Appl.

Phys. Lett. 38, 380 (1981)
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Energy resolution for spins on a rigid spin lattice

Dipolar Spin-Spin Relaxation: Local dipolar field : B,~ ugm/r’
m éﬁ/ Relaxation rate : 1/7,4~ yB,
éé é é(b Magnetic moment: m =y S#

Spacing : r ~ (V/N)3

1 |
OB = — ————
Y JSNIT,
5B ¥
(SB"“ JUUrI (‘_‘z((B)l =E
V 241, 2

Same as an isolated dc SQUID
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Energy resolution 1n a liquid or gas spin sample

®*Motional narrowing results in much longer T, o
- . . correlation time

— Fast motion of spins 1n a liquid or gas m
7Byt <<
ey @ | yB,r. 1
*How well can one do? /'b Y ot LIPS
) ~L T 71 " ed [ d
= 3He — a well-protected magnetic moment 2 2 2
= Spin relaxation limited by dipolar interactions
—> 744 hours/amagat at room temperature sa T T T T TR
—> Fast binary collisions: expect T, ~T, - - ; e :
o T F Ly 4 E
. - . . . = L -
—> Relaxation for weakly interacting magnetic S o2k j
. " _— ~— - n’ -
dipoles m of mass M at temperature 7- o1 F )<
| N32m'
- 8}7'}\4 1\7 OB -~ O b S T S TR T — -

I
y r / 0 5 10
]' l a [He] (amagats)
®Smaller magnetic moment gives better magnetic field Neéwhitey, Baiton, Cates,
SC]lSili\*’ily Happer, Middleton, PRA
48, 4411, (1993)
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Comparison of different spin species

e Energy resolution better than possible with a SQUID

Pirsa: 17080034

Atom | S | Phase Density dependent | Relaxation Frequency Field noise Energy
relaxation time mechanism error for for 1 om? resolution
lem® [H2'#] | [T/HZzY4] g[Js]
‘He n | gas 744 hours/amg Dipolar dv~3x101 | 8B~ 8x10%2 | 2x10h
2Xe [ n | Liqud 1300 sec/(500 Spin-rotation | dv~ 6x10M | 8B ~ 5x102' | 9x10%Ah
amg)(T,measured) | interaction
“Hg |n | gas >500 sec at Spin- Optical
10"/em? (walls) rotation?? detection!
'H e | ultracold | 5 sec/(10'/cm?) Dipolar dv~ 1x108 OB ~ 4x101° 6x10*h
gas relaxation
1 e | ultracold | 1 sec/(10'/¢cm?) Dipolar dv~6x10° OB ~ 8x10°1? 2x103A
gas relaxation
K e | hot gas 0.14sec/(10'*/cm?) | Spin rotation, | dv~ Ix10® OB ~ 2x10°18 0.015hA
dipolar, others
OB = . '1 ‘ _ (;:58 )' I
YNNT, /2 24,
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Electron spin magnetometers in solid state systems

e Generally require dynamical decoupling to suppress dipolar relaxation
e Limited for detection of DC magnetic field

e spin coherence (T»): state of the art

ool ol ol a0l sl sl sl savil oy asel
%

0 F o e L
10" 3 . Jonathan Wemnstein, ¢
s
: ¥ ‘ . 2 -
. Umv. of Reno
.
S |
10 \
3 N
N
) s,
-2
w 10 .
~ Y \
o~ 1 Alkall vapor, 300K spih-exchange limited \
Jo = = K vapor SERF (theory) \_ = *a
.3 Cs in solid helium (1996) T2¢ a %
10" H ® Pdonorin Siat 2K (2012) \ % @t‘
4 NV centers in isotopically purified diarrond a
300K (2009) N »
A 77K, dyamical decoupling (204 3)
. » 77K, dynamical decoupling (20%5) ‘-\
4 | v 300K (2015) N I
1 0 1 300K, dynamical decoupling (2016) 1 v » " 3
4 "Molecular magnet" V compound, 10K (201§)
(not optically addressed) \ .\
® Rbin Parahydrogen (2017)

| BELARLLL BN R AL S L B R R B AL SR ALAE L L S N L N R N AR
9 10 1M 1& 13 14 15 16 17 18
10 10 10 10 10 10 10 10 10 10
. 3
Density (cm )
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Detection of nuclear spin precession

10

e Best method - optical detection

2
=Convert a 10 Hz photon to a UV photon using ¢ °
angular momentum selection rules 2 6
=Need optically accessible transitions, works in =~ g
199Hg, 201Hg at 254 nm: 32
= "Hg, U of Washington
. 2 ¢ . 0
=Recently explored in '“?Xe with a 2-photon 0 20 40 6 8 100 120
G lime (sec)
transition: ., f

Ii 2, , = ':“
. - . ’:.‘)l.l g .:
e Magnetic detection i\
il ) 5 "“."" )”I :: 3000 —
=Use NMR colil, signal ~ ® ' z 129¥e. U of Michigan
* T. Chupp, Spin Maser, Xe EDM 2 % 252.5 um 3 ot Skyler Degenkolb,
’ g 4oa® Tim Chupp
=Use SQUID e A T T

UV Excitation wavelength (nm)

* W. Heil, He-Xe co-magnetometer
=Use external atomic magnetometer
* . Budker, Low-field NMR
= Use internal atomic magnetometer

* Qur work
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Alkali metal magnetometer

Easily accessible optical transition using diode lasers
Relatively high vapor density
Already used to polarize nuclear spins

Limiting factor 1s spin—cxchangc alkali-alkali collisions

m —1 -
1 = 0O, Vn

D)
-

’.M
O,, =2 %10 4em? > <
\A

>Under 1deal conditions:
3

N cm’
5B ~ 1T\ S
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Reduction of spin relaxation at zero magnetic field

Ground state Zeeman and hyperfine levels 1n 87Rb. K
High field

Zeeman transitions

i)} PO
F=2 — _
CXCIlc C
Spin — exchange
collisions
i ne N E
Ferx1/2 = E 0

F=1 .

Zeeman transitions —o

Low field:

mg = 2 I 0 I 2
ol Linewidth at Linewidth at zero field: 1 Hz
- finite field: 3 kHz / v . -
5 e \ : Spin-Exchange Relaxation Free
3 ' (SERF) regime
[ ]
E_; 0.6 325 +1) 2
é’ 4 l~':23+:””+l)m‘:3w‘ﬁ‘ I+1/2
2 04
::._I
gl
= 024
W. Happer and H. Tang, PRL 31, 273 (1973);
00 PR : . e a— ~ i : T W Kommack
0 100 500 D o B0 15600 J. C. Allred. R. N. Lyman, T. W. Komack., and

Frequency detuning (Hz) MVR, PRL. 89, 130801 (2002)
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Operating magnetometer near zero field

OB
Probe
Pump

o a0 o~ i,

—>Spins are polarized along the pump laser
—>Measure rotation of spin polarization due to a torque from the magnetic field

—>Use optical polarization rotation of a far-detuned probe beam to measure spin

response

g ' a0
; : -1/2 1/2
probe beam ] L M
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Highest magnetometer sensitivity

Gradiometric recording

e Sensitivity 160 aT/Hz"? at 40 Hz
e Active volume 0.4 cm’/channel
e Energy resolution 6B°V/2u, = Th
3 Bz- 221G TG § §
8
e
o

‘ . . .
- = = Single channel

« | —— Gradiometer l1078 =
N " ! £
T |-+ Probe noise | i s _ ] .
= i %‘EN H.B. Dang A. C.
g .j10_9 g% Maloof. and MVR.
2 ] 5S Appl. Phys. Lett. 97,
1 i N < =
L 55 151110 (2010)
= 1107108
- _2160aT/HZ'2 = 6x10-11 emu/em3/Hz!/2] s
10 i L i |

40 50 60 70 80 90 100
Frequency (Hz)

e Recent PTB result with SQUID gradiometer — 150 aT/Hz!?
=45 mm coil vs. 23 mm diameter cell

— Noise at 40 Hz is 250 aT/Hz!? J-H. Storm. P. Hommen, D. Drung. and R. Korber,
Appl. Phys. Lett. 110, 072603 (2017)
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Alkali-metal Noble-gas Spin exchange

e Fermi-contact interaction between electron and noble gas nuclear spin
during collisions

H=oakK"S

;R
P=UpPyU U=eh 2,2 ITI

h 2

N

Coherent spin precession:

S g Spin-exchange collisions:
Effective magnetic field )P .
Polarization of noble gas

8
/f = e—K flf . d(K 24
K Wi ( > 178.1‘0\.£,(<S>—<K >)
QT dt ' ‘
Bs = TI{() /WK S.R. Schaefer et al, PRA 39 5613 (1989)
Ko,=3 for *He
. =500 for 129Xe  Amplification of classical dipolar field!
0"~ ‘
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Co-magnetometer often needed to eliminate long-term drifts

. Introduce *He gas 1n a spherical K magnetometer cell

2. *He nuclear spins are polarized by spin-exchange >
collisions with alkali metal (K) vapor

Polarized *He creates a magnetic field felt by K

ﬁ.bl(
4
K ’“K Spin-exchange

—L)—!B}ie

sHe' Maple

atoms QT

Bk = % sp M.

M

=> Similar to classical magnetization but enhanced by M

factor k, due to collisions.

- Apply external magnetic field B, to cancel field By .
=K magnetometer operates near zero magnetic field

5. Obtain high sensitivity of K atoms to magnetic fields
in spin-exchange relaxation free (SERF) regime

. Use K atoms to sense *He magnetization

J. C. Allred. R. N. Lyman. T. W. Kornack. and MVR. PRL 89, 130801 (2002)
I. K. Kominis, T. W. Komack. J. C. Allred and MVR. Nature 422. 596 (2003)
T.W. Komack and MVR. PRL 89, 253002 (2002)

T. W. Kornack. R. K. Ghosh and MVR, PRL 95. 230801 (2005%)
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Magnetic field self-compensation

(a) *He cancels the external field B.

K feels no field

-

2 (Bf\ _ Bh’e)

Suppression factor includes
5-layer magnetic shield

107¢
10~7
10-%

1077

Suppression Factor

10 10

(b) *He compensates for B,

K feels no change

]O—!]
i 1 10712
F 4 1077
L :
i 4 10 i
E 3
] 10-15
5
E,. atul TTTT BTy sl al ,: ]O—“J
0.001 0.01 0.1 1 10 100 1000

Frequency (Hz)

(L) pl2td painseapy
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Co-magnetometer Magnetic Field Sensitivity

» Scnxili\'ii_\' of ~0.7 fT/Hz!'? for both electron and nuclear interactions
=>Energy shift uncertainty of
* 20 pHz/month'? = 10> ¢V for "He

* 20 nHz/month!'* = 1022 eV for e

e Signal needs to be modulated with a period of a few seconds to achieve the best
sensitivity
107 g

Old Comag.

1]

10
+—— Thesis Comag.

10!

!”n

Best operating region

1n-!

Effective Magnetic Noise (f1'/V11z)

,“_._' PR A A AR 1 el et il el L
|

1) * [0 ! 1Y 10!

Frequency (Hz)
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*INe-Rb-Cs co-magnetometer

“riin =4 - & N & 0 AT X 1 ™ g TR v 1 ‘T htaT o T 7 171 ation T e

e Use hybrid optical pumping Cs—Rb—?!Ne

—Small concentration of Cs 1s optically-thin, allows uniform pump light
illumination

—Rb 1s polarized by fast spin-exchange with Cs

—?INe 1s polarized by spin-exchange with high density Rb vapor

—Probe laser 1s tuned near Rb D1 line

—=Allows operation with 10 times higher Rb density, lower *!Ne pressure.

—0Overcomes faster quadrupole spin relaxation of *'Ne

M. V. Romalis, Phys. Rev. Lett. 105, 243001 (2010)

Pirsa: 17080034 Page 30/51



Pirsa: 17080034

Co-magnetometer can be used as a nuclear spin gyroscope

e Vibrate floating optical table with a piezo transducer 6x ~ 10 um

=>Monitor position of the table using 6 non-contact sensors

—>Independently calibrate gyroscope sensitivity from magnetic field dependence

20
E] ' |
310 ! \ |
— i B \
= [| : I
2_‘ il \
210 | 3 ,
= A ! 4"
z —— Magnetometer Slgnal
-« 20 ---- Table angular frequency
0 5 10 15 20
Time (s)
Use Earth’s rotation rate -
= Change heading of the gyroscope in the lab 2007
- 100
3 o
:-Jl
B
100
200
300 = - e
0 100 200 300 400 500 600 700

Heading (degrees)

800
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2INe-Cs-Rb gyroscope performance

=

Allan variance (deg/hour)

.001

0.1

8

01

™

'%\

— . — ]

Gyro Allan Vanance
ARW = 0.00015 deg/hour'’?
Bias drift = 0.005 deg/hour

1 L 1

| 10
Averaging time (sec)

7)

ARW Noise (degrees/hour

probe laser noise

suppressed magnetic noise level

10"
Frequency (Hz)

Very good short-term sensitivity, angle random walk (ARW)

5 N
10°

Similar to atomic interferometer gyroscopes but with much smaller

volume and simpler operation
But has a large bias drift (plan to introduce additional modulation)
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Can we build a better co-magnetometer?

e The signal depends only on K T, and density, 1s independent of density or relaxation time
of the nuclear spins: g
. n 71-_. /i‘,C’ ‘ ol e
s~ Kot T2 T (pr _ prey
a(v—=v,)
e Sensitivity 1s limited by K magnetometer oB®
L

['o take advantage of long nuclear spin coherence time need to tip the nuclear spins and
measure their precession signal:

¢ 3n -
By = = KoMy, ‘
3 |
> 30
B, 2
1
e Then the uncertainty 1s given by Cramer-Rao bound:
—_— 2 0 1} 40 ol 80 100
S[} \/ lz l'ime (sec)
e = -
0 K1SRKY T3/2 1
Yie (B® /0B™) T
, : PR . Bt TH€~102-101
=>For optimal conditions sensitivity of K magnetometer 1s enhanced by: Yye BDpel 2 -
SBX

(Sb)[] o

K He
Vie Brel5

Pirsa: 17080034
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Extension of SERF operation to moderate fields

e Use NMR techniques to decouple Rb spin evolution due to a 5 mG field.

e Use opposite gyromagnetic ratios of the two hyperfine states to suppress spin-

exchange relation ’Wllél 1t pulses. B, Pulses: ~1 A, ~1 psec
T

! !

f

!

Optical pumping c*/c~

e For 7 pulse rate >> Larmor rate in B,:

—>Realize sensitivity to B, field

B,
—Eliminate B, precession  tad
e O Pulsed Mag, 5mG
y A ulsed Mag. 0mG 12
—>Need low pulse duty G 03 e
i 2 . ; ; ‘ Bell-Bloom Mag. & mG 10
cycle to eliminate SE -
- T 025 C _:]"“
Limited only by practical ability % g 06
s £, 3
fo generate short, strong field 20! 0 =
‘ 2 [o}
7 - 0 Q w
pulses g o = i 2 QS %
v o - " = y 2} T T 10
: " 20 B i 2 = " x Pulse Rate (He)

v Pulse Repetiton Rate (kHz)

M. Limes, D. Sheng, MVR, arXiv:1708.05772
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‘He-1?Xe co-magnetometer

e Polarize *He and '*’Xe along B,
e Tip both spins and detect precession using m Rb pulses

Bell- Blaom

| Continuous deteation ] 10
Rpulse o jo P

A\ )

Signal Hexght

| TG TN NI R ] NC N WL 10”

0 20 40 €0 80 i100

F‘urle Time (8) 1 Gradient
¥

- . 10"

4 Decoupling 4 ;
90° pulse znd Detection 90° pulse 5 10 15 0
Time (s)
0 50 100 150 200 250
e Precession in the dark .

(V)

=Measure 1nitial phase

=Turn off lasers and actively depolarize Rb

=>Turn lasers back on to read final phase

Signal Height
o

= Dala
3 — Fi{‘ ]
Residual {(x100)

Pump Detect In-the-dark Decoupling Detect Gradient
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Long-term *He-!?Xe co-magnetometer stability and accuracy

e Operating as a clock results in good long-term stability

: s 100 ¢

=7 nHz resolution after 8 hours
=No evidence of drift

e Many effects to consider

=Dipolar fields due to cell impertections

=>Effect of Rb 7 pulses on nuclear spins

Rot. Rate Allan Var. (nHz)
o

-
T

01 1 10
Time (h)
e Also sufficient accuracy to see Earth’s rotation directly, without

changing orientation of the apparatus

“}} 10
Q= [(nl - (1)2('Y1 /Vz )]_] ]
=N/ .
) ) ‘ p— -~ ey
¥
Use v, 71,0 recently measured with high /
, |
accuracy by W. Makulski, Magn. Reson. L " "
1 2 3 4 8
Chem. 53, 273-279 (2015) By field (mG)
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Detection of nuclear spins with alkali magnetometer in larger fields

. Yo
e If placed in 1 G field, electron and %‘Dc /f/' .
nuclear spins precess at very different U - B,
frequencies. Rb electron spins: 700 kHz/G
: - Proton spins: 4 kHz/G
e Possible solutions: Eratligps G
=Operate at zero field
=Decouple B, for electron spins
—Make separate bias coil for nuclear spins Bias Field Coils
* Hard to get high homogeneity with a small coil
¢ Introduce parametric coupling between
spins Magneto-
Probe i meter Cell
Laser

Pump Laser
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Parametric magnetometer

e Introduce RF field parallel to B, . ] Vo,
- ‘S/F\vwc —
® MV ,— O (6} e b
| -
I -l'l . [\—/ b I;“
e Analyze using Bloch equations B
e Recover ~50% of on-resonance signal
e Need RF field amplitude on the order of bias field
0.5 e
0.4
5 0.3
0.2
— Two Sidebands
03 One Sideband
0.0L
0.0 0.5 1.0 1.5 2.0
Brf/BO
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Detection of water NMR at 1.3 G

Balanced polarimeter
detection

COTT.‘.FEL.'_?er Shields

-1 XYZ Colla

\ 'J\ PD i 2 ;A 1 7- Coills !

\\‘ ‘ Ty X [
S

i PBS A2 A/2 é]
Optical
PI‘ObG Isolator ‘

T
Optical

4 '
Isolator  AOM D

Bias Field Coils e

Probe
Beam

Flowing thermally | NMR Precession
polarized water fron .

permanent magnet -
< Tl’ep - SS >
e B,=B,=13G
e Use multi-pass Rb cell with Pump  ACQ Oven
: : 2ms | 3 ms ~8 ms
lnternal MIITOorS s
Tsample ~16.67 ms (60 Hz)
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Water NMR Signal

Single Rb sensor shot Proton FID

Fits with T2* = 1.01 +/- 01 s

0.020 0.000020
—— No Water Signal «  Water Data
0.015 Watar Signal & Fit to Water Data
0.000018 A
0.010 A
"n

0.000010

0.000
L
0.000005
~0.005 ¥
& L T
LAAAA.W 8 il
0 L“a“‘_l
0.0000 0.0008% 0.0010 0.0015 120 0.0025 0.0030 0.000000

0.0 0.5 1.0 1.5 2.0 26
Time (s)

Time (s)
0.000020
—— No Waler Signal

Water Signal

0.000015

Amplitude (VisqriiHz))

0.000010 \
® |
o |
= |
o } |
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Application for dark matter searches

e Place 10 atm “He inside the alkali-metal magnetometer

e ‘He magnetic field is enhanced by a factor of 6 due to contact interaction
and ~10 due to better geometric coupling

e Already demonstrated K RF magnetometer sensitivity of 0.2 fT/Hz!? at

423 kHz.
| S
This approach 1s promising for axion =
wind search in the 100 Hz -10 kHz g
& A FT /L1172

range S 0.2 t1/Hz

nl ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o ' |"'|¢.:14||u::‘|t;_v (:i;/) o -
S.-K. Lee, K. L. Sauer, S. J. Seltzer, O. Alem,

M.V.R Appl. Phys. Lett. 89, 214106 (2006)
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[Local Lorentz Invariance

e s the speed of light (photons) rotationally mvariant in
our moving frame?
= First established by Michelson-Morley experiment as a
foundation of Special Relativity

e [s the speed of “light” as 1t enters into particle Lorentz
transformation rotationally invariant in the moving
frame?

= Best constrained by Hughes-Drever experiments due to

finite kinetic energy of nucleons

e These two questions are actually closely related and
we can answer both, setting best limits on Local
Lorentz invariance

V.V. Flambaum, M.V. R., PRL 118, 142501 (2017)
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South Pole Lorentz violation test (SPLIT)

a} b) Cell H-metal
Ferrite

Coil-form

1 meter

Qven

Effective Field (nT)
o

o n 2n an an
Orientation (rad)

Reliable operation with minimal intervention over the winter:
e Simple optical setup with DBR diode lasers

e Whole apparatus in vacuum at 1 Torr
e Automatic fine-tuning and calibration procedures

e Remote-controlled mirrors, lasers, tilt, etc
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South Pole Lorentz Violation Test (SPLIT)

e Two winters of data taking e Several operating modes
e About 60% duty factor e Check data self-consistency

2H Sidereal frame (2013) / I, 1H Sidereal frame (2014) / 1%,
W 1] ¥

nu, nﬂvgm = o) .;\‘ ”-'“1_, 2op a) {

e A

1H nldut, :I frame (2013) i 1HS Id(,l[, Wl frame (’3014]

10 10 s

—p—
S —

: 2 " L5 : . . 0
1H Lab-frame (2013) " 1H Labrframc (?014; . = e s e ! —_— o == —

AT || -

29102 39x10% 1.8x10%

Cy 3.1% lo-m 3.6 x 10-5(] 1.8x 10.3{) 8
¢, 33x10°%  34x10%  12x10%¢ 3
C 2 9x1030 3.2x10730 1.2x1030 5
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Searches for classic spin-dependent forces

e Frequency shift

l-—i

e Acceleration

4._. or

e Induced magnetization

SQUID ( t Il
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I. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984)
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