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Outline

■ Motivation for a compact atom interferometer (Al)

■ Sandia Development in SIGMA Grand Challenge (GC)

■ Passively pumped vacuum package

■ Integrated photonics platform

■ Al demonstration with compact sensor head and diffractive optics

■ Conclude
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• Atom interferometers (Als) are excellent inertial sensors

• Exciting candidate for inertial navigation under GPS-denied environments

• Can an atom interferometer be substantially miniaturized while maintaining high performance?

• Research the technologies that enable miniaturization of an Al.

Navigation
Grade

(HG9900)

Atom
interferometer
(Lab demos)

SIGMA Goals
(1-axis accel)

Accel Bias (16) [p.g] < 25 < 10-4 <0.25
Accel SF (16) [PPM] < 100 < 10-4 1
Accel Random Walk not reported

QA— 10
10-5 <1

[ptg/A, 1/-1z]
Gyro Bias (16) [deg/hr] < 0.003 < 7 x 10-5
Gyro SF [PPM] < 5 < 5
Gyro Random Walk (16)

< 0.002 2 x 10-6
[deg/-0/Tr]

QA: Quartz Accelerometer

RLG: Ring Laser Gyroscope

 ►
Honeywell
HG9900

QA (x3) & RLG (x3)



One measurement cycle
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Example, (40 Hz)-1 cycle:
• Laser cool 106 atoms (4.3 ms)

• T 15 p.K

• Release atoms
• Raman pulse sequence
(14 ms, T = 7 ms) E

• Detect 
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• Recapture (1.7 ms)
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Why it an interferometer?

photodiode

T
Single atom trajectory

H. J. McGuinness, et al., Appl Phys Lett 100, 011106 (2012).



Three Key Components
toward Deployable Cold Atom Inertial Navigation Sensors

Physics &

Optics

• Complete Al physics model

• Theory & ControlIMU cosensor inputs

• Al feedforward algorithm Algorithm System

• High data-rate Al operation

• Simplified laser architecture

• Reliable and compact optomechanical structure

• Reliable Al control electronics

• Real-time Al feedforward processor

• Self-calibration/optimization

AI: Atom Interferometer

IMU : Inertial Measurement Unit
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Sandia Development in SIGMA GC
■ Atom interferometer prototype

GMOT Grating
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Sandia Development in SIGMA GC

■ Alignment-free Al sensor head designs

■ Vacuum package: passively pumped
operation > 5 month Pinched off!



Sandia Development in SIGMA GC

• Silicon Photonic Single Sideband Modulator

Vi

• 
1,1 ' •

- .• 4.11, • +• • 
- ,,kr•

"I"?

: ' ,rr 1- •

• III-V Optical Amplifier
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Middle stage
Amp

//Cleaved
out device

Provide cooling light
for MOT

• Exploring E-FISH
doubling

• Impressive results from
Yale (amplifiers) and
University of San
Diego (LiN doublers)



Sandia Development in SIGMA GC
• Advanced Entanglement-Based Sensing

Error characterization paper published Moving toward better entanglement fidelity
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400

Excellent separation

<70 cts/ 5 ms

• Extending the Dynamic Range in Simulation
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Passively pumped Vacuum Package: Titanium Packag
Design
• Passive pumping: SAES St172 getters

• C-cut sapphire windows, AR-coated
• No helium permeation (or very low)

• Rb dispenser: SAES Rb-dispensers.

• Copper pump-out tube for eventual
pinch-off seal.

• Sealing: laser welding and brazing

• Preparation: 400 °C bake-out in
vacuum furnace

Electrical Feedthrough

Getter

Titanium
Tubing

Titanium

body

Rb Source

Appendage

41 mm

Getter

Appendages

Sapphire Window with

Titanium Frames

Copper Tube

for pump out

Electrical Feedthrough Alumina
Spacers

„co-1k_

Two Rb
Dispensers

Titanium
Tubing

Grating Chip

MEM



Passively pumped Vacuum Package: Titanium Packag .....

Design



MOT in the Passively Pumped Chamber
Sustaining Cold Atoms for More Than 140 Days
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• MOT seems happier with "pinch-off" rather than "pump off".

• (NT)Pinch_off 3 x 105 atoms • s vs (NT)pump_off ~ 0.7 X 105 atoms • s.

• Estimate pressure to be —2 x 10-7 Torr. PRb = N 0.5 x 10-7 Torr
• Large uncertainty in pressure estimates: need a clean way to estimate/vary PRb

and alignment effects.



Integrated Laser Implementation

Five laser channels

• Ch 1: Cooling and depump

• Ch 2: Repump and detection

• Ch 3: Raman #1 (Seed laser
frequency)

• Ch 4: Raman #2

• Ch 5: Laser Lock (Sat. spec.)

Timing

• Raman pulses: 1-10 ius

• State sensitive detection
pulses: —0.1 ms
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Integrated Photonics Overview

Laser +4

Rb Lock

amp

Frequency Amplitude

Shift Adjust

Eventual 1560 nm
chip implementation 780 nm

Co-packaging of components

Scalable Photonic Architecture



Single Side-Band Modulator Principles
A A A >f

!deal Output Spectra
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M. lzutsu, et. al. IEEE J. Quant. Elect. QE-17 2225 (1981)



Single Side-Band-Modula

TO 1

Loop 2

RF

r Feedbac imary Output

-30

 ► Carrier

+1 Side-band

-1 Side-band

Carrier

+1

Feedback to 1

Feedback to 3

Signal to Al

Feedback to 2

+2,

-30 dB carrier suppression

-3 -2 -1 0
f (GHz)

—No Feedback
—With Feedback

-20 dB spur suppression _
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Packaged SSBM Demonstration

• State Selective Detection
Successfully Demonstrated
• Seed laser locked at midpoint of detection
& repump frequencies

• Modulator driven at 1.644 GHz
• Thermo-optic phase shifters switched

between +1 and -1 side-band
• Total frequency jump at 780nm — 6.576
GHz

0.35

0.3

'L" 0.25

0.2

0 0.15

o.1
O_

0.05

0
0

Marrs in F=1.
— Atoms in F=2

-1 SB +1 SB -1 SB
Det. Repump Det.

2 3 4 5 6 7

Tirne (rns)

lo°

87Rb Spectrum

o

0

S
e
e
d
 L
as

er
 

-2 0 2 4 6 8

Detuning (GFIZ)

1ms 1 I
1 1

Cooling Power
L 4

1
1; 1 1 1 1 1 1 1 I 1 1 1 1 1

1 1 1 1 1 1 I I 1 1 1 11
1

/ 1 1 1 1
1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 Ii/ 1
Cooling Detuning 1 1 1 1 1 1 1 I 1

411111
1

I 11111 1
t t

1 1 1 1

Repump Power
1 1 I 1 1 I 1 1 1 1 I 1 I

. ' ..

100ps

Depump Power

11 1

1 ps 2ps

-10ms -10ms
Raman Power m2 n n/2

Detection Power

Sandia
National
Laboratories

I

/



Raman light

GMOT Grating

Compact Atom Interferometer

Sensor Head

• Grating magneto optical trap (GMOT)

Cooling/ • Grating replaces one window of vacuum
Detection package

light • Vacuum maintained by ion pump, fused
silica windows

• Atom number: 106-107, Sub-Doppler

cooling: 18 iu,K.

GMOT Ti Vacuum Package with Grating

Sandia
National
Laboratories

Same Raman configuration used in McGuinness, et al., APL (2012)



Commercial off the Shelf (COTS) Laser Architecture

Five laser channels (previously 4
channels)

• Ch 1: Cooling and depump

• Ch 2: Repump and detection
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• Ch 3: Raman #1 (Seed laser (i)
frequency)

• Ch 4: Raman #2

• Ch 5: Laser Lock (Sat. spec.)

Seed : NP Photonics Rock Fiber Laser
Amplitude Switching
control control

90 deg.

rf in •
2-way

-- splitter

Seed in  

IQ bias
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IQ mod
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Commercial off the Shelf (COT!

Five laser channels (previously 4
channels)

• Ch 1: Cooling and depump

• Ch 2: Repump and detection

• Ch 3: Raman #1 (Seed laser
frequency)

• Ch 4: Raman #2

• Ch 5: Laser Lock (Sat. spec.)

Seed : NP Photonics Rock Fiber Las

rf in

Seed in

IQ bias
values

90 deg.
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Atomic Coherence with microwaves

• Rabi oscillation with a microwave horn
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Rabi oscillation:

Rabi frequency 10 kHz

• Ramsey interferometry with a microwave horn
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Atomic Coherence with Raman beams

• Rabi oscillation with Doppler-free Raman beams
>, 0.175

1E
ea 0.150
o

a 0.125

15 0.100

— 0.075

II
LI_ 0.050

▪ 0.025
II
u_

0.000

0 20 40 60
Raman pulse duration [us]

80 100

Rabi oscillation:

Rabi frequency 27 kHz

• Ramsey interferometry with Doppler-free Raman beams
0 25

_o
2, 0.20
2

II
u_
0 05-

0.00 ol,it. "4""1"".1°6."14141\MA

,-1
II

-400 -200 200
Detuning from resonance (T= 42us) [kHz]

400

Ramsey sequence:

T —7 (frequency scan)
- 2 2

Interrogation time T = 42 [is

MEM

la I mais os

LL



Atom Interferometer Demonstration
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■ Atomic accelerometer (atomic gravimeter) with a SIGMA prototype

■ Sensing axis aligned to the direction of gravity.

■ Atom interferometry with Doppler-sensitive Raman beams: T scan

■ Data rate: 6.7 Hz

■ Statistical uncertainty: < 25 !Ag (improving by the phase lock of two Raman beams)



SIGMA Developments

toward Deployable Cold Atom Inertial Navigation Sensors

Why Sandia?

• Navigation system expertise

• Physics modeling (Monte Carlo) Theory &
+ IMU cosensor + Kalman filter Algorithm

• High data-rate atom interferometry (40Hz)

• Single laser architecture (COTS & PIC)

• Single-beam grating-mirror MOT (GMOT)

• Passively pumped vacuum chamber

• Alignment-free and vibration-immune sensor head

• Time-critical control electronics

• Algorithm implementation for

operating in dynamic environments

COTS: Commercial-off-the-shelf

PIC: Photonic Integrated circuits

MOT: magneto-optical traps



Conclusion

• SIGMA is multifaceted program

• Vacuum package development

Passively pumped operation for N 5 month

• Integrated photonics platform

Single sideband modulator with suppressed carrier

Demonstrated fast switching of 6.58 GHz for state-sensitive detection

• Compact atom interferometer sensor head

GMOT in miniature vacuum package

Initial gravimeter demonstration

• Future work

• Combine integrated photonics platform with atom interferometer prototype

MEM

LJ
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