C

ieBroglie Wave Atom Optics with Coherent
(Laser-Like) Atoms

William D. Phillips
National Institute of Standards and Technology
Gaithersburg, MD
and
University of Maryland

K. Helmerson, P. Lett, T. Porto, S. Rolston

Support: NIST, ONR, NASA, ARDA



What are laser-like atom waves?

All matter is wave-like: lyg = h/p

Hot atoms have short |4g ; 1000K Na (~10° m/s)

— =2x10 M m

Cold atoms have long | ; 1 cm/s (< 1 mK) —> 1=2x10%m

But, just as ordinary (thermal) light is a jumble of different
wavelengths and directions, a cold, thermal gas is a jumble
of atom waves.

Laser light, or Bose-Einstein condensed atoms, are different:
orderly, organized waves.
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Making a BEC?

Start with, e.g., Na atoms, at T = 1000 K
(or Rb-87 atoms at T = 500 K, or other things)
Laser cool the Na to -50 mK
Trap the atoms in a magnetic bottle
Evaporatively cool
Bose condense at T = 1 mK; n= 1013 atoms/cm?
(approximate parameters for Na in out lab)
« Continue to evaporate and adiabatically expand

nearly pure condensate -100 mm diameter, -10° atoms
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2D Velocity distribution by TOF
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Coherent Atom Optics

Using coherent atoms, let’'s do the
sorts of things we do with coherent
light--like diffraction, interference, non-
linear optics, ....
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& phase 3rq+in3 diffracts /ijh‘f
Just like an amplitude 3rq+}nj—q
periodic array of Slits (at least ir
the Far- field).

dsma = A




L\ﬂ‘\f '{:\-’Y‘tﬁd FC\‘»' F“Cn'; an Q+Omfc
resonance shifts the energy ofF
the O«.‘fOrn_s -

e

€

v N ORI
19> —t—/" the "light shift

An energy shift applied For a Zime
intervel produces a phase shiFl in Zhe

Qtdm/.c wave Func Ef/én.

A JfQInJJ'nj wWave OF /)5‘7" QC,f} /lke
a FhaJQ 3:‘0.1";09 For alom waves :

T~
"\ |3h n tens ) +7',. 5‘,::|‘i“;::;;+7)
Ja.rje. Fh&}& IhoFf bh";*.




d\ffraction of an aComic beam 6/
asf‘a.mdmj wave of hjh*f

C MIT = Pritehead — 1980 )

like diffraction of /yh?‘ b), a
thin phase 5ra.d/nj,

Also , m'fer? reted as redistribotion
of photon momentum by
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General Expenmenfa\ frocedure
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Normal Diffraction of BEC

BEC

pulsed optical

\/\/\/W\/\/\/ standing wave

coherent diffraction
of condensate
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Fourier composition of a pulse

Single frequency

Combination of frequencies
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A short pulsed standing wave diffracts atoms
because of the Fourier spread of frequencies

h 271 2
Erec = h k
E.. 2M

S h O rt z-pulse <<

If the pulse islong  (Tpue >> #E,.)

there is too little Fourier spread to allow energy
conservation, so there is no diffraction — unless the
Bragg condition is fulfilled.



"Normal “ diffraction vs. Bm/; i FFraction
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Diffraction and Bn,, reflection of an

atomic beam Ffrem a static srafin,
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Bragg Diffraction of BEC
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Bragg diffraction of a BEC
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The Mechanical Effects of Light

Cold cloud ®
of atoms Y1

Dipole force
absorption
followed by

stimulated emission

Scattering force
absorption
followed by

spontaneous emission




Techniques like Bragg reflection are coherent (if we avoid
spontaneous emission) and may be used in studying the
Intrinsic coherence of a condensate.

meveabls mirroyr

Recall Michelson’s

interferometer for light \L’ /l[\/\,._

Path-length difference, L, over which interference happens
gives the Coherence length of the light.



The NIST BEC coherence experiment is equivalent to:

a Michelson interferometer where the condensate is split
and recombined after a variable delay. We look at
fringes and fringe visibility as the path-length difference
changes.



Mu.surinj the coherance of Zhe BEC
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A reminder:
OP*\ch Mach- Zehnder

InterFeromeler

beam splitter
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Atom Interferometer
Use Bragg diffraction as 50/50 beamsplitter (11/2

pulse) and mirror (11 pulse) between 0 and 27k
momentum states

- P(x)
y [ |
@ < T cosz((p(x)/2)
_ ‘ _______ > ‘
; oot
O
T TT/2




Atom Interferometer
Use Bragg diffraction as 50/50 beamsplitter (11/2

pulse) and mirror (11 pulse) between 0 and 27k
momentum states




Arbitrary Phase Patterns
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The laser/ a®om laser a,na'c’r
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Raman Output Coupler
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Repeated Raman output coupling

me=-1 me=0

1 pulse

3 pulses

6 pulses
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Quasi -Continuous Atom Laser

E. Hagley et al., Science 283, 1706 (1999).

140 pulses (1 s duration) at 20 kHz (7 ms total)

Pulse length ~ 34 pum

Pulse separation= 2.9 um



Atom Lasers
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4-Matter-Wave-Mixing at NIST

Theory: M. Trippenbach, Y. Band, P. Julienne
Expt.: L. Deng, E. Hagley, J. Wen, K. Helmerson, S. Rolston, WDP
(earlier ideas by Meystre)

One way to understand 4WM:

= Two deBroglie waves interfere to create a standing
matter wave-equivalent to a refractive-index grating.

. A3Md deBroglie wave Bragg-reflects from this grating, and
the reflected wave is the

fourth deBroglie wave — a new matter wave arising from the
non-linearity (mean-field effect)

phase matching = satisfaction of Bragg condition



Four Wave Mixing Experiment
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Four Wave Mixing Experiment
U)+50 KHz

6.2 ms
.
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Y- wave Mixing
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“Quantum” atom optics

The fourth wave and the amplified wave are
correlated--for every atom in the fourth wave,
there is an amplified atom. This is similar to
the quantum correlation between twin photons
In parametric downconversion. These atoms
are entangled. Can this entanglement be
useful? This remains to be seen.



Other things in atom optics

Evanescent-wave and magnetic mirrors
Optical and magnetic waveguides

Higher order Bragg mirrors and beamsplitters
Talbot effect

More output couplers for atom lasers
Material diffraction gratings

....Mmore



THE END

(of Phillips lecture # 1)



