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Research goals

 Many applications in neuroscience and other fields require a high-
resolution, high-sensitivity magnetic microscope.

 Magnetoecephalography (MEG): a diagnostic technique for
studying the brain through measurements of magnetic fields
produced by neural currents.
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Research goals

Sensitivity (T/Hz'"™)

- Los Alar
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Atomic Magnetometer

 Atomic magnetometer:
» based on lasers and alkali-metal (Cs, Rb, K) vapor cells
» the most sensitive non-cryogenic magnetic-field sensor.
* Alkali-metal: a single unpaired electronin the outer energy
shell that can be easily manipulated.

Magnetic field

Probe beam
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Principle of atomic magnetometer

1. Optical pumping Polarizing spins

7 - Erin o

n~10"/cm’at150°C
Comparison to thermal polarization ( P) :

0.59.1;B g, ~2: Dirac g —factor, 1z, = Bohr magneton
P. =tanh
ks = Boltzmann constant

B

Py =107 with 0.5 G, P+=0.02with10 T

P =~ 1 by optical pumping
(1 W — 10*8 photons/cc, 1 mW is enough for pumping

» Los Alamos
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Principle of atomic magnetometer

2. Optical rotation PD1

6 ~ LnS,

. 2 2
Probe signalatpD: |, =1,8In° 0, |,=1,c0s8" 0

» Los Alamos
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SERF magnetometer

Fundamental Limitation of AM: Spin-exchange collisions.

Decoherence
(short T,)

Breakthrough: Spin-Exchange Relaxation-Free (SERF) magnetometer

* Inthe regime of high density (strong spin-exchange, strong signal)
and low magnetic field, spin-exchange collisions do not depolarize

the spins.
* Only SERF magnetometer can achieve subfemtotesla sensitivity in

low frequency



SERF magnetometer

high density,
low magnetic field

NO decoherence

) =
A

Spin-exchange collision rate >> precession frequency

SERF magnetometer eliminates spin-exchange relaxation!

First demonstrations of the SERF magnetometer ( PRL V. 89, p.130801, 2002 ):
1. Pump and probe beams were orthogonal (most optimal configuration)
2. Sensitivity ~ 10 fT/Hz/2
P 3. Less convenient for miniaturization and cost reduction
» Los Alamos
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SERF Magnetometer Response

Bloch equation describes the response of the SERF magnetometer
to magnetic fields:

—~ | S:electronspin polarization vector,
dS 7§ B’ (S 5 _ §) _3 R: optical pumping rate
0 T2 S,: equilibrium electron spin polarization
y=2nx1TGHz/T

Steady state solution, dS/dt =0 :

Sx S0 _182y+182xﬂz 2y’ Sy_SO IB);—I_IBszBZ 2y’
1+ (B, + By + 5;) 1+ (B, + B, + 5;)

1+ 57 . P
SZZSOl 2 ,322 2y p= 7/8_1
+(ﬂx+ﬁy+ﬁz) R_l_-I-Z
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SERF Magnhetometer Response
VA

Magnetometer signal proportional to the
component of the electron spin in the
probe propagation direction: probe

S

Pump

=S,SIna+S, cosa >y

(B, +B.B)sina+(1+pl)cosa |
1+ (B, + By + ;)

(—fB,+BB,)sina
1+ (BI+ BB

Maximum value when o is /2
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SERF Magnetometer Response

| 1+ BZ)cosa ) | 1 |
Sprobe ~ SO 2 2 N | T S0 2 2 2
A+ (B + 6, +5) 1+ (B +5) 1A+ ;) |
l.ﬂ':'
0.8}
2 0.6}
4 04|
0.2} Borove _ max
0.0k : : . 8'63’
-10 -5 0 5 10
By

» LOS Alamos
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SERF Magnetometer Response

S

1+ BZ)cosa

1

~ ESO

probe

(B BI B

~ ESO

1 (B2 + B I+ D)

* Maximum response to a oscillating field in y direction:

probe

y

= 0.65S,

at

B.=p,=0,p,=1/3

Optimal fields

Decreased by a factor of 1.5 compared to the perpendicular beams

 Maximum response to a oscillating field in z direction:

0S

probe

z

= 0.258,

at

B, =1 B+ P, =2

Optimal fields

Decreased by a factor of 2 compared to the perpendicular beams
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SERF Magnhetometer Response

-1 -1 pdc
f=tan " (S,/S,)=tan" B,
I\/Iagnitude:\/SX2+S§+SZ2

AM signal
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Resolution of SERF magnetometer

The fundamental sensitivity limit is due to shot-noise:

1 N = the number of active atoms
OB = V =the cell volume,
7/\/ NTZVt t = the measurementtime

(Nature V. 422, p.596, 2003)

(Nat. Photonics V. 1, p.649, 2007)

How to reach high resolution, high sensitivity?

» Instead of reducing cell dimensions to micron size, a flux
concentrator expands the microscopic magnetic distribution to
match the dimensions of AM operating with high sensitivity.
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FC + AM system

AM measured B,:

dDAZ BZ=Bﬁ

A,

Sensitivity of a FC+AM system composed of
an AM with 1 fT sensitivity and 5 mm
channel and an FC with 100 um resolution:

(5mmj2
HE
>=2.0pT

A B =B, 2 _1fT
L A 100 4m
e 2
Magnetic field of interest ‘ Suitable for detecting a single
neuron

» Los Alamos
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Design of a single channel FC+AM system

EST.1943

Flux concentrator:

* Constructed from non-conductive
MnZn ferrites to avoid large
Johnson noise.

* Noise from MnZn ferrite ~ fT level

° u~6500

Atomic magnetometer:
« Commercial integrated AM
e Vapor cell size: 3Smmx3mmx 3mm
* Sensitivity ~ 10 fT level ( it can be
improved to ~ 1 fT level).

16




Test of field transfer on FC

x::itlfqm Gap between ferrite tips =2 mm

Field at the excitation coil, B, =

Field at the sensing colil, B, = v
NAw

7RG Field transfer coefficient |k = =%
Sensing coil with D = 11.6 mm, 20 turns Bl

Sensitivity of FC + AM system
-3
= (Sensitivity of AM)/k Ideal k =9.4x10
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Test of field transfer on FC

» Los Alamos
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Test of field transfer on FC
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Field transfer improves with smaller gap between ferrite tips
- more flux is collected by ferrite

» Los Alamos
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Test of resolution

Coil array

{“ -
>

A

i E—)

Side view

(D=0.079mm)

Change the distance between the
coils for resolution tests

Flux concentrator can see three
peaks of the field?

Sep
€« --————-———->

Standoff = 0.5 mm

e e o e e

Scanning field through this way

|
Desired signal
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Test of resolution

* Gap between ferrite tips changed
* Measuring three peaks means the resolution of 500 um.
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Test of resolution

* For higher resolution, a sharp p-metal
film (one layer) is attached on the
ferrite tips

e Gap of the ferrite tips ~ 0.1mm

pn-metal film

N

(I)3mm

X 10-9 One-layer of mu-metal tip added
I I I [ I I I T T
G) 155_ _____ —— Gap between coils=0.24mm ||
' —I—Gap between ccnls 0.20mm
L] nhbht b A A S A
B e P (et S S o
e .
Q. : : : : ' : : : :
B B ] it S e Pir Vg Froeees R R A
* The distance between w 13— g i 1wl e
excitation coilsis~0.2 mm £ 125 @~ b A “TAN™ of B S T
w0
and 0.3 mm. & 12r
= sl
148 .. Resolution=200um ...
10 ________________________________________________________________________________________
] ] ] ]
pa 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
LgAlamos Arbitrary Distance (mm)
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Test of resolution

* The distance between excitation coils is ~0.2 mm and ~0.1 mm.
* Gap of the mu-metal tips ~ 0.1mm

X 1,:,-9 One-layer of mu-metal tip added | | | AN Coil array
15 T I I I I
1.45 A e ‘
c | | | | |
— 14 . : : . :
m i i E ! '
g | | | i {l
T 1.35 i 2 ; R
o .
S scanning
T 13
L]
=
1.25
i j 1 L : i
0 0.1 0.2 0.3 04 0.5 0.6
Arbitrary Distance (mm)

. Los Alamos
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B. (mGIA)

X

Gradient cancellation

Gradient coil
position

0.015. |

X(j/
001! V4
E -
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0.005.J.-- "N
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’ 0.01
\ e 0 ' 0.5 mmEsmzmEmE
x10 - / 0.005 oa =B-Gradient_0V
y(m) 0.01 x (m) . =f—Gradient_0.3V
. . . 0.3 ~B-Gradient_0.4V
Direction of scanning B, ' #-Gradient_0.5V
200 T T T T T T
S N
o N
N
SN e e AMcellares, ~3 mm
T o e [
TR 090mG/cm—)001mG/cm
100 S B L
sl nnN 0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
PO I T I W2 z (mm)
o0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

z (mm) 24



Test of AM performance

_Gradient coil One layer of mu-metal shied is not shown
’ :4;"., -

There are 3 axes compensation coil
and 5 gradient compensation coil

Note: these coils cannot
compensate the gradient on FC!

FC +AM system

» Los Alamos
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Signal Amplitude (V)

Test of AM performance

Ideal case with shielding WITH FCin shielding
0.16 T T T T T ——
! ! ! ! ! e B 024 ——F——F—T T T 7= 'T' - It2I0|-I|
R tof Bl  we. . il = Tuningat20 Hz|
014 L e T : Lorer:1t2 Fit pr a 0.22 il —: —————————— ————————— Lorentzian Fit
o012 L %% R Width = 180 Hz | 0.20 """"" """" Width = (185 +/- 3) Hz |
' | Center Freq = 0 L e e S o oo o e
i ; ; : > [ 3 3 3 3 : 3 | 3 |
R Y L o b A S S S S B
. T 04 o N
0.08 |om ek N\ i = | | | | | ; | | |
N 5 042 o G A
008 [ e L S e T e R
‘ T 008 bl B ]
c L | | : : : : : : : i
e e R s . 2 o006 i S L T e ]
‘ Z e
o2l et e | 0.04 |-
R 0.02 |
0.00 PR N[N [ S U N 0.00 ]
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Frequency (Hz) Frequency (Hz)

* Flux concentrator doesn’t deteriorate AM’s performance.
* The gradient compensation coil on the flux concentrator is
important to get best AM’s performance.

ya

- )
» Los Alamos
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Idea of Multi-channel AM

Array of photo-detectors

Broad probe beam /ﬁ/

Rb cell with buffer gas
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Prototype multi-channel AM

Retro-reflecting Large pancake Atomic cell sﬁndo(\:‘)'ven i e
mirror Rb cell Polarizing beam splitter
G-7 spacers
Polarizers  Pumpfiber
N4 plate >
Probe detection
Probe fiber
_‘_’“ e o Probe beam optics
ST / & alignment
i ’ - Pump beam fiber
: 1 e T
HHE » p’Obeb Probe detection Pump beam optics & alignment
"'-—-_ eam — " Nt T ce
S — Coils
Field sensitivity
rection and volume Polarizing beam ™
splitter
/ Pyrex window ; Shield
— Probe detectio
Heat insulation Pyrex heaters

Advantage of using fibers: Flexible AM
design

AM module 8



Feasibility proof in single channel

Cell temperature ~ 150 °C

1 DE =

—
-]
=

Noise ( fT/Hz")

=il
EI-

—a
-
]

- " , : , :
0 10 20 30 40 a0 B0 70 a0 90 100
Frequen Hz

quency (Hz) o dwidth ~ 90 Hz

» Los Alamos
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Configuration of multi-channel AM system

N

’—’ o S ;z::g‘.“—..
Compensationcoil DFB lasers g 20 —
controller

: |

L

-
o ) S

: P —
—— ~ nin s AT
- u-metal shiele
. o & e

Compensation
coils inside

4x4 channels

For shielding:
16 channels photodiodes array
- Los Alamos
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One layer of mu-metal shield
One ferrite box
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Preliminary sensitivity test

Noise (V,,/Hz'/? )

.......................................................................

-----------------------------------------

__________

0 50

| | | | I |
100 150 200 250 300 350

Frequency (Hz)

Noise (V,,/Hz'/? )

10 i
0 50

NATIONAL LABORATORY
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| | | | | |
100 150 200 250 300 350 400

| i i i
50 100 150 200 250 300 350

Frequency (Hz)

SNR of each channel : 4000 to 100

Field sensitivity of each channel:
50 fT/Hz/2 to 2000 fT/Hz1/2

The beam is not uniform?
Intensity attenuation in fiber?

Frequency (Hz)
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rms

Signal Amplitude ( uV.__/Hz'?)

/HZ112 )

Bandwidth of each channel
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The bandwidth of each channel is
good, around 80 Hz
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16 channels DAQ system

DC powered DAQ system

/A
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16 cha

nnels DAQ system

aﬁéAlaiﬁ

Fil

Vaoltage - Continuous In|

e Edit View Project Operate Tools Window Help

BEm

-

NATIONAL LAB( Evaluation | ¢

EST.1943

Labview program will collect data from 16 channels at same tim'e -

Channel Settings .
Physical Channel Max Volt  Min Volt Acquired Data
[} Pxa1siots_2/ai: 15 |m] [1] -1 1599
L o
Terminal Configuration
][ defauit |] =254
L J -5 ==
[ - - = ) -BE-5-
Timing Settings
Sample Clock Source Tﬁ -8E-5 N P S Y B B P B O 9 9
(& - Num Samples/Sample Rate e
‘ |/0 OnboardClock |f_1] < TTL period 0.0001 e o
Sample Rate Actual Sample Rate  Mumber of Samples -0.00012 -]
| 500 | ‘|5°°-°° | | 3000 |] -0.00014-
- — -0.00016 -
. . - - =
Logging Settings Write Txt File append to file? —
. I 1 1 1 | 1 | 1 1 1 | 1 |
I:"99""‘9 Mode TDMS File Path 0 0.5 1 15 2 2.5 3 3.5 G} 4.5 5 3.9 [}
= |0ff |] |=l,, C:\WORK \test 1. tt H@] e
. . e |
Trigger Settings Power Spectral Density
Mo Trigger | Digital Start | Analog Start | 0.00100 -
Digital Trigger Source Edge
[}2 fpxtaslots_ajprio | m] 2] [Faling |] 0.000100-
timeout
A — 1.00E-5-
oo < insic noi Il ch |~ 20 1/2
= Intrinsic noise at all channel ~ 20 nV,. /HzY/
G 1.00E-6-
. PSD Settings i E
window averaging parameters =
9 Hanning ‘laveraging mode E 1.00E-7 -
.
export mode o RMS
9 Power Spectral Density ‘weighting made 1.00E-8-
) ;.} Exponential
restart averaging (F)  averages completed
number of averages
10 ' 10 1'00E'9_| 1 | | 1 1 1 | 1 1 | | | | | | 1 | | | |
averaging done i 0 10 20 30 40 50 &0 70 80 90 100 110 120 130 140 150 160 170 180 190 200
» TDMS File Path 2 Frequency (Hz)
[f C:WORK est1_FFT. txt | @]
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future work

* Application of the FC+AM system to detection of magnetic
nanoparticles which in turn are very important for
detection of target molecules in national security, medical
diagnostics, and other application areas.

» Better AM will be delivered in a week

* Improvement of the multi-channel AM system and keep
checking its performance
» Place a small coil on the vapor cell and measure the
field distribution with 16 channels at same time.
» Check the performance of a 4x4 photodiode array

o
AN
» Los Alamos
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