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‘ Laser-atomic oscillator & Push-pull optical pumping
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Push-Pull Laser-Atomic Oscillator

Y.-Y. Jau and W. Happer

Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
(Received 28 June 2007; published 29 November 2007)

A vapor of alkali-metal atoms in the external cavity of a semiconductor laser, pumped with a time-
independent injection current, can cause the laser to self-modulate at the “field-independent 0-0
frequency” of the atoms. Push-pull optical pumping by the modulated light drives most of the atoms
into a coherent superposition of the two atomic sublevels with an azimuthal quantum number m = 0. The
atoms modulate the optical loss of the cavity at the sharply defined 0-0 hyperfine frequency. As in a maser,
the system is not driven by an external source of microwaves, but a very stable microwave signal can be
recovered from the modulated light or from the modulated voltage drop across the laser diode. Potential
applications for this new phenomenon include atomic clocks, the production of long-lived coherent atomic
states, and the generation of coherent optical combs.
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Push-Pull Optical Pumping of Pure Superposition States

Y.-Y. Jau, E. Miron,* A. B. Post, N.N. Kuzma, and W. Happer

Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
(Received 2 June 2004; published 13 October 2004)

A new optical pumping method, “push-pull pumping,” can produce very nearly pure, coherent
superposition states between the initial and the final sublevels of the important field-independent 0-0
clock resonance of alkali-metal atoms. The key requirement for push-pull pumping is the use of D1
resonant light which alternates between left and right circular polarization at the Bohr frequency of the
state. The new pumping method works for a wide range of conditions, including atomic beams with
almost no collisions, and atoms in buffer gases with pressures of many atmospheres.
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Optical transitions of push-pull pumping light:
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3 ‘ Laser-atomic oscillator in frequency domain
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Semi-classical picture:
Photon spin (circular polarization) modulation = atomic spin _ j ‘ }
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Priorly demonstrated 3°K laser-atomic oscillator (LAO)
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5 ‘ Oscillation signals of the 3°K-LAO

T 55 -50 —1st
m Spectrum analyzer signal: E 17 LD bias signal background
i 8 - Background o 60— 2nd —— LD bias signal
o —— Spontaneous modulation ey 7
2 g g 70 — 3rd
W = 7
g |
E'?S -80 | LA DL LU L N N N N B B N NN N B B N |
e SR TR - . ot .. 0.5 1.0 15 2.0 25 3.0
0.5 1.0 1.5 2.0 " Freqeuncy (GHz)
Frequency (GHz) 1073
&3
_ 124(b) % Fabry-Perot signal: = 4
5 b === Without SPPP £ 2
2 i |M § Singleoptical peak: 2 L
= oo 107
ER W WP N — with SPPP 8103
E‘ 4 T Generation of : E\An optical comb: % 4]
< ] ~ _ optical comb HICIIAN 2-
D T T T II\.'T T T T T '-.ll. -I T T T T T T 10-“] I T ||||||| T T ||||||| L] LR
-10 -5 0 5 1 10 100 1000
Relative frequency (GHz) Integration time (sec)
Clock signal . Clock signal
Y Laser cavity ® I
—_— _ — = = = = — — — _ = {-
| |
| i A4 -
Fast PD ul) L
o~ QL t a4
| Quiput Current
coupler Vapor cell Lens | source
|

-140
4617272 461.72

Ground-state

Oscillation at 0-0 resonance
Bias B-field = 30mG

Clock oscillation
with tiny 60-Hz
sidebands

1 1 1
74 461.7276 461.7278 461.7280

Frequency (MHz)

atomic clock hyperfine

hyperfine 0-0 end
resonance resonance
sublevels
m= -2 -1 0 1 2
Oscillating at
50 — FM SpeCtJum 1-2 resonance
due to 6dHZ Bias B-field = -96 mG
> AC field
= 40 4
t%”
20 —
0 A | : »ﬂul |
461.522 461 523 461.524

Frequency (MHz)

An LAO can also be an earth-field, high-sensitivity
(e.g., ~50 fT/Hz!/2 from -100 dBc/Hz phase noise),
and high dynamic range atomic magnetometer.



Why cesium laser-atomic oscillator?
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* Since the first, highly miniaturized atomic clock “Chip-Scale Atomic Clock (CSAC)” was
commercialized in 2011, the desire of pursuing low size, weight, and power (SWaP)
atomic-clock devices continues.

* CSAC is a passive atomic clock, and the complexity of its peripheral electronics leads
to a volume > 15 cm3, about the size of a matchbox, not truly “chip-scale.”

* An LAO is an active atomic clock, and its simplicity eliminates major SWaP burdens,
e.g. a local oscillator, a microwave synthesizer, the clock-loop control electronics, and
a possible atoms/ions trapping mechanism in a general passive atomic clock.

* For an LAO device, only one of the device dimensions has to match the microwave
transition wavelength, and therefore, it greatly reduces the device volume.

* By changing atomic species from 3°K to 133Cs for making an LAO, the large cesium
hyperfine frequency at 9.2 GHz can in-principle leads to a 133Cs-LAO with a very
small size (< 0.1 cm3), a true chip-scale atomic clock.



Advantages of cesium laser-atomic oscillator

** We aim to develop Chip-Scale Laser-
Atomic Oscillator (CSLAO), based on
cesium (Cs) atoms, which naturally
has 20x shorter wavelength compared

to a 3°K-LAO.
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Anticipated features of a basic-version CSLAO:
* Low-power (S20 mW, estimated based on the prior studies)
* Extremely small (<1 cm?3)

* Low-g-sensitivity (1012~ 10-4/g, calculated based on the
prior studies)

* Delivering stable electrical and optical timing signals

* Intrinsic frequency stability: 20x better in short term and up
to 400x better in long term compared to 3°K-LAO if there
are no other dominant frequency-drift mechanisms.



8 ‘ First Cs-LAO demonstrated in history!
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* Currently, the oscillation
signal is detected optically
using an ultrafast PD. But we
shall observe the electric
signal once the electric
coupling is made.



Cs-LAO oscillates at different transitions

By adjusting the cavity settings, we can make a Cs-LAO oscillate at different Cs hyperfine
transitions. Therefore, this Cs laser-atomic oscillator can be used as a clock or a magnetometer.
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Improvement of frequency drift and phase noise
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Improving the frequency drift of the oscillation signal by enhancing mechanical stability:

Original 0-0 oscillation RF spectrum -+ Improved 0-0 oscillation RF spectrum
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. Outlook

* Laser-atomic oscillator (LAO) is unconventional active atomic oscillator, and CSLAO
is unique, unprecedented, and highly miniaturized atomic-device technology.

* The simplicity of CSLAO enables very-low SWaP, vapor-cell-based atomic clocks and
magnetometers.

* Developing CSLAO is challenging but high-payoff. Success of this technology
development will enable true chip-scale atomic clock devices.
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