Interferometry with Bose-Einstein Condensates
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Contrast Interferometry for o, Yb Precision: Acceleration and Scaling
Measuring atomic recoil frequencies allows Yb has several .advant_a.lges for interfgrometry:
determination of the fine structure constant, o.. A + Ground state insensitive to magnetic fields. Greater recoil energies are "
conducted in 2002 using sodium BECs proved the - Multiple stable bosonic isotopes (current work with 174): acceleration pulses. Each . Sﬁfg""escce'er""“"”
robustness of the contrast interferometry technique. * Allows comparisons of systematics between different isotopes. recoil imparts momentum | . N Right: Trajectories
. : : : . At : : : : i~ fi - for N=1 (blue) and
This Symmetnc three-arm interferometer has S|gnal Va.!qat'()n of Scatte“ng Iength without |ntrOdUC|ng magnetIC fleld. 1P EESEFJ] i 2hk to an atOm, while phase :c : ‘/ N=20 (bl(ack))
determined by (¢; = phase accumulated on path 7)  Multiple stable fermlonlc isotopes: | “I accumulates as the square of : contrast
b1(t) + ba(1) * Interferometry with degenerate fermions a possible follow-up. B momentum. . gggﬁ:ﬁ;ﬁ%f equal
9 1 3 3 : .
A(t) S1n 5 = (;52 (t) 3 = 399 nm 3|::] (656p) : time are shown,
Isotope Natural Abundance Nuclear spin [ /27m =29 MHz 3|::|
eliminating many systematic effects. 1681, 0.0013 0 The relative error of our recoil frequency measurement can be estimated as:
170 /
= readout | | contrast 171Yb 00505 ’ b = 556 AMm Swrec — 5¢'rec ae NYb
3 LA ]
1 /=\_ pulse | | signal 172Yb 0.143 1/2 C/27 — 189 kM | . Wrec Drec 8WrecN4T | |
: b 0.219 0 assuming atom shot-noise limited measurement, where +2Nhk is the atomic momentum
= 173 ) ) )
{_Z;‘:’)znsion_,. 3 174“’ 0161 5/2 during the free propagation and ¢,,..is the phase accumulation due to kinetic energy.
- - 176Yb 0-318 0 1S (652) With our current cycle time of 20s, operating on the 556nm transition with Ny, = 10%,
0 . . _ :
- *b 0. 127 ° Ytterbium T=5ms and N=20 , we can achieve a precision of 3 x 10~8 per shot. This scales to a
- = — 102 precision in w,,. and 5 x 1071% in « in less than 6 hours.
- At=1t/ 8® g
| : = T Yb BECs | . .
Release Kapitza- 2nd order  readout Accuracy PrOJeCted SyStemathS
from trap - Dirac Bragg e N = 380 000
T~ 1. _ Systematics have been estimated for 30 m\W Bragg beams of waist 8 mm red detuned
“ Lo e DT 5 ~1000 T from the 556 nm intercombination line. These parameters are achievable in our
; *\ 5 lab using known techniques.
’3}’;\, 5 Effect N=1,T=5ms N=20,T=5ms Correctable?
® S Coherence time 85 + 3 microseconds
£
J = Magnetic fields 0 ppb 0 ppb easily testable
contrast x L) =_280 000
signal t=0T e O'O_| | [ [ | [ | ic field b b bl
| | | | | T/Tzczz)'gli 0.00 0.0 004 006 0.08 010 Electric fielas <0.1pp <0.1pp measurable
960 980 1000 1020 1040 h Milliseconds
o VI Gravitational curvature 0.08 ppb 0.08 ppb measureable, scales with T2
Above: Sample of data from a single shot of the original contrast g Left:Yb atomic clouds at temperatures near T.. Plots are density
interferometry experiment I _ _ * . slices through cloud centers. Insets are corresponding absorption Differential AC Stark shift <0.001 ppb <0.001 ppb
Below: Phase versus free propagation time is fit to find recoil frequency. e« N_=160000 images.
. e o T/T.<.6 Above: Measurement of coherence time for a large condensate after L
_ v s, release from trap and some free expansion. Long coherence time aids Wavefront curvature 0.2 ppb 0.2 ppb measure & maximize Q.
= g;gg' / P . in interferometry.
a2 ) . A - - — N oop s " Beam alignment 0.6 ppb 0.6 ppb measure & maximize ¢
S€ 650" - | | | | | |
& Zgg-/ 0 50 100 150 200 250 um Index of refraction 20 ppb 1 ppb scales w/ initial momentum or
- 0.50 0.51 N 3.00 3.01 deiin
& Time T [ms] _ _ i ) i
i 0,5_ . . Kapltza-DIraC PUlse COntraSt ReadOUt PUlse Readout back actlon./ be.Ileved to degrfade S|gnal, no
25 00 I!' gl N eni-sifesie... s ) _ : spontaneous scattering shift (currently simulating)
o X, _05 1.0 o X . . .- . s " : ;.- » g .._ " S = ..-
S§ oo- 1k momentum state Atomic interactions 400 ppb 1 ppb known scaling with atom
g Red curves are . 25
g 885 Bessel function fits number/scattering length*
Fi n d i n g a é 7 +2hk momentum state
e 024
The most precise determination of the fine structure S - Our Lab
constant o comes from measurement of the electron’s I J J G s
gyro-magnetic ratio (g) and complex QED
calculationss. Above: Momentum state fraction vs pulse width for a Kapitza-Dirac pulse.
Recoll experiments compare the momentum and 2nd Order Bragg PUlSG
energy of an atom to determine h/m, from which o _ . Red Red detuning 260 Inewidtha| (|

Slack: Red detuning 22 linewidths| 1l

maybe calculated using
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Comparison of the values of @ obtained by these 10~ /‘ﬂ \ ww. 4 N0
two methods constitutes a stringent test of QED W*/ , 1’ —
theory. (M, is belng measured by [6]). o oo T
’ 1 a8, (UW) 1987 Above: Series of 7 absorption images. The leftmost image is . _
h/m(Cs) 1997 0 concurrent with the Kapitza-Dirac pulse. The fourth image is 6 ms Top: Absorption image after a small detuning readout pulse.
o h/m(Rb) 2006 later, during the 2" order Bragg pulse. The rightmost image is 12 ms Above: Vertically integrated density from absorption images
re1 a, (Harvard, 2006) later, during the readout pulse. taken after readout pulse (artificially offset)
< —
U.\:N Hargard a, after QED reevaluation
o a, (Harvard, 2008) R efe rences
hifm(Rb) 2008 . 1. Gupta, S., et al. PRL 89, 140401 (2002) 5. Jamison, A.O., et. al. Phys. Rev. A. 84, 043643 (2011) Group website: http://www.phys.washington.edu/users/deepg
e 2. Castin, Y. and Dum, R. PRL 77, 5315 (1996) 6. Edmund Myers, private communication Funding: National Institute of Standards & Technology,
(" - 137.03) x 105 3. Hanneke, D. et al., PRL 100, 120801 (2008) Alfred P. Sloan Foundation, and National Science Foundation.

4. Bouchendira, R. et al., PRL 106, 080801 (2011)

A comparison* of recent ¢ measurements.



