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ABSTRACT We report on progress towards a measurement of
the fine structure constant « to an accuracy of 5x 10510 or bet-
ter by measuring the ratio /2 /mcs of the Planck constant 4 to the
mass of the cesium atom mcs. Compared to similar experiments,
ours is improved in three significant ways: (i) simultaneous
conjugate interferometers, (ii) multi-photon Bragg diffraction
between same internal states, and (iii) an about 1000-fold re-
duction of laser phase noise to S138 dBc/Hz. Combining that
with a new method to simultaneously stabilize the phases of four
frequencies, we achieve 0.2 mrad effective phase noise at the lo-
cation of the atoms. In addition, we use active stabilization to
suppress systematic effects due to beam misalignment.

PACS 03.75.Dg; 06.20.Jr; 06.30.Ft; 39.20.+q; 03.65.Ta

1 Introduction

The fine structure constant « [1, 2] describes the
strength of the electromagnetic interaction and is, thus, im-
portantin all of physics, from elementary particle, nuclear and
atomic physics to mesoscopic and macroscopic systems; an
improved measurement will thus be a basis for many appli-
cations in both fundamental and applied science. This also
implies that o can be measured by a wide variety of precision
experiments, see Table 1 [3]. This also provides one of the best
measures of the overall consistency of our basic theories and
experimental methods. Measurements of « have been made
using, for example, the quantum Hall effect, the ac Joseph-
son effect, or neutron interferometry. (The latter value also
depends on the electron and neutron masses and crystal lat-
tice spacings.) It is unclear whether the uncertainties of these
methods can dramatically be reduced in the near future.

The best precision measurements of « to date, however,
are based on the following two different principles: From
a measurement of the electron’s anomalous magnetic mo-
ment ge S 2, o can be calculated using quantum electrody-
namics (QED). This calculation [14] is probably the most
accurate prediction in science (that is not just a simple com-
bination of integers or mathematical constants such as e and
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7). It includes electron terms as well as contributions from
the muon, the tauon, hadrons, and even the weak interac-
tion, see Fig. 1. At the current experimental accuracy, how-
ever, only the electron terms (up to the 4th order) are rel-
evant. From the best current data on geS 2, « is obtained
to a precision of 3.8 ppb. On the other hand, « can be ob-
tained from measurements of 4/m, the ratio of the Planck
constant to the mass of an atom. The two best experiments
both lead to a similar accuracy of about 7 ppb in «: Biraben
and co-workers [6] used Rubidium atoms and Wicht et al.
(the predecessor of the experiment described here)[7, 15] Ce-
sium. The accuracy of the latter result may improve by up
to a factor of two when an accurate theoretical estimate of
the largest systematic effect has been made, the index of re-
fraction of Cs atoms. This method does not rely on involved
QED calculations. Thus, on the one hand, it is not limited
by the accuracy of present QED theory. On the other hand,
a comparison to « as obtained from g S 2 amounts to a test
of QED. The present values of «, obtained from both g, S
2 and h/m experiments, agree within the overall experimen-
tal error of about 8 ppb. This corresponds to one of our best
tests of QED and is an impressive accomplishment of modern
physics.

Recently, Gabrielse et al. have repeated the ge S 2 meas-
urement and anticipate a precision in« of 0.6 S 1 ppb [16].
This would open up the possibility to increase the accuracy
to which QED is experimentally tested by more than a factor
of ten by an improved measurement of 4/m. At this level of

description «518137.03  uncertainty
1053 ppb
electron g-factor [4, 5] 5.99880(52) 3.8
phaton recoil 2 /mgy [6] 5.99878(91) 6.7
photon recoil i /mcs [7, 8] 6.0001(11) 7.7
quantum hall effect Rx [9, 10] 6.0037(33) 24
neutron interferometry [11] 6.0015(47) 34
ac Josephson effect 1”544 (lo) [12] 5.9880(51) 37
muonium hyperfine structure [13] 5.9997(84) 61
CODATA 2002 adjusted value 5.99911(46) 33

L This recent measurement is not part of the CODATA2002 adjustment

TABLE 1 Precision measurements of the fine structure constant [3]. See
Table XV in [3] for a more complete overview
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FIGURE 1 Relative magnitude of the terms entering the QED calculation
of ge S 2 together with the present accuracies of relevant experiments

precision, the influences of the vacuum polarization caused by
muons (2.5 ppb) and hadrons (1.7 ppb) shown in Fig. 1 would
become visible. Thus, we are not only looking for the tenth
digit of «, but also for the first digit of these effects. Many
new discoveries in physics have come out of experiments that
have pushed the boundaries of applicability of our physical
theories.

A preliminary measurement of the anomaly g, S 2 of the
gyromagnetic ratio of the muon to 1 ppm (part per million)
at the Brookhaven laboratory [17,18] makes this particu-
larly exciting: Data obtained over five years deviate from the
QED prediction by 0.9-2.4 standard deviations (equivalent
to 0.5-1.2 ppm); the exact deviation depends on the method
employed to estimate the hadronic vacuum polarization. If
other explanations would fail, however, the discrepancy could
be a first indication for supersymmetric particles. Our ex-
periment with its sub-ppb accuracy will allow to resolve the
hadronic influence for the electron and can thus contribute to
a clarification of these issues.

11 Outline of the paper

This paper describes how we want to reach the
above accuracy of 0.5ppb (or better) in «. Since the phase
of the atomic wave function is measured against the phase
of laser beams, the accuracy is based on a laser system of
high phase stability. While many other systematic effects also
need to be taken into account, in this paper we focus on
the construction of the laser system. Section 2 describes the
basic principle of the measurement of 4/m; the atom inter-
ferometric realization is then described in Sect. 3. The main
part of the paper, Sect. 4, describes the feedback loops that
we use to obtain a drastic reduction of laser phase noise,
the most important noise contribution in most atom interfer-
ometers. We concentrate on the role and the interaction of
the secondary phase locks: These take out the noise picked
up by the light on its way from the lasers to the atoms and
thus reduce the noise as seen by the atoms. We believe that
these technical aspects are interesting in the context of present

and future atom interferometry projects (such as spaceborne
experiments).

2 Basicidea

The principle of our experiment is to measure the
recoil frequency

h2
fr_f

2mc?

o))

of an atom with the mass m that absorbs or emits a photon
having the frequency f, where # is the Planck constant and
¢ the velocity of light: If an atom absorbs a photon, it also
absorbs the photon momentum p = h f/c and thus acquires
a kinetic energy of p?/(2m) = h?f?/(2mc?). Thus, transi-
tions between the ground and the excited states can take place
if the light frequency is

f= fegt fr, 2

where £ foq is the energy of the excited state of the atom
relative to the ground state in the rest frame of the atom.
The positive sign yields absorption, the negative stimulated
emission. In our experiment, we use the D2 transition in ce-
sium atoms, S0 m = mcs is the mass of the Cesium atom and
f  foz 352THz. Thus, f; 2.066 kHz. A very basic ex-
periment to measure f, would measure the difference in the
frequencies of light that produce stimulated emission and ab-
sorption in Cs atoms.
By using the relation

Jrc mes my

o? = 4R ) ,
fDZ my me

@)
we can express « by the recoil frequency, the Rydberg con-
stant R and ratios between mcs, the atomic mass unit
my, and the electron mass me. This can easily be veri-
fied by inserting the definitions R = mee*/(8ce3h®) and
o = €2 /(4meghc). The quantities entering this relation are
known to high accuracy from frequency measurements (hy-
drogen spectroscopy for R and measuring the ratio of cy-
clotron frequencies in Penning traps for the mass ratios), see
Table 2. The uncertainties in these quantities have been im-
proved recently by new measurements of m./m, and the Cs
transition frequency and combine to 0.24 ppb in « (note that
most uncertainties enter o with half their value due to (3)).
However, for both the mass ratios as well as the Rydberg
constant, there is a clear potential for significant improve-
ments in the near future. But already with the present un-
certainties, we can obtain « to an accuracy of up to about
0.3 ppb.

quantity value uncertainty Ref.
ppb

me/my 54 857990945(24) x 1084 0.44 [3]

mcs/my 132.905451931(27) 0.20 [19]

fo2 351725718.4744(51) MHz 0.015 [20]

R 10973731.568525(73) m°>1 0.0066 [3]

TABLE 2  Quantities entering the determination of o from i /mc;
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data using an ellipse fit [28], it is still possible to measure
the differential signal. However, for different applications and
as a tool for characterizing systematic effects, one wants to
have fringes from the individual interferometers. Therefore,
we need a good phase noise performance in f as well.

4.2 Basic setup

Two frequencies are generated from two coherent
899 Ti:sapphire lasers that will be denoted red and black in
this paper (Fig. 5). Compared to diode lasers [29], Ti:sapphire
lasers provide higher output power, which is important for
high-order Bragg diffraction with high efficiency. The black
laser (1.4 W output power) is pumped by a Coherent Verdi-
10. The red laser (1.6 W) contains an intra-cavity electro-
optic modulator (EOM) for phase locking. Because of the
losses associated with the insertion of the EOM it needs
a higher pump power, which is provided by a Coherent Innova
argon-ion laser that is running at 15.6 W output power. (With-
out the EOM, the power of the red laser can be 2.0 W at this
pump power.) The light of both lasers is brought into the setup
by two single-mode fibers (not shown), to decouple the align-
ment of the setup and the one of the lasers. The fibers provide
about 1.0 and 1.2 W at their outputs.

The frequency of the black laser is stabilized to a fre-
quency thatis 10 GHz higherthantheoneofthe F=3 F=
5 D2 manifold. This is done by phase-locking it at 10 GHz off-
set (given by a microwave synthesizer) to a diode laser that is
itself frequency stabilized to a resonance in a Cesium vapor
cell.

The frequency difference fieq S folack A of the lasers is
phase locked to a variable frequency around 168 MHz (Fig. 6)
by the “primary” phase lock as described in [30]. It uses the
intracavity EOM as a feedback path with 10 MHz closed-loop
bandwidth, achieved using broadband radio-frequency am-

double-pass

precision reference for fm
DBM3

Secondary PLL
for f0o

o DBM4

limiter
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plifiers to drive the EOM and a passive network to set the
frequency response. The speed is actually limited by the de-
lay due to the 5 m signal path between the EOM and the
detector.

We achieve a phase-noise of S138dBc/Hz (i.e., the
single-sideband noise power spectral density expressed in
dB within one Hz bandwidth, referred to the carrier) meas-
ured 1 MHz from the carrier (Fig. 7, solid graph), perhaps
the lowest phase noise achieved thus for in any phase locked
laser system. The phase noise was measured by taking a beat
note between the lasers using a separate photodetector with
a HP 8590B spectrum analyzer. The low frequency part below
100 kHz was measured from that signal with an SR 785 fast
Fourier transform analyzer. See [30] for details.

However, even the best phase-lock does not guarantee that
the light as seen by the atoms has low (or even acceptable)
noise, because the transmission of light through fibers [31],
the vibration of optical elements, and even the fluctuating in-
dex of refraction of air due to air currents seriously degrade the
phase stability. Therefore, we use an elaborate system of feed-
back loops to cancel the phase noise as seen by the atoms. In
this paper, we will concentrate on these extra feedback loops
and their interrelation.

Although it has been pointed out in the literature
(e.g., [29]), we note here that there are many common mis-
takes in frequency and phase-noise measurements. The most
common one is to infer the noise from the error signal in
a closed phase or frequency locked loop (“in-loop measure-
ment”). There is no certainty that all noise components are
revealed in such a signal. For example, if the beam splitter
in the beat setup of the primary phase lock (Fig. 5) vibrates,
this causes the phase of the beat to be unstable. This insta-
bility is removed by the lock, with the result that its negative
image now appears in the red laser light. For this and other rea-
sons (such as imperfections of the phase detector), the in-loop

LLI
f1If2

limiter

fm FIGURE 5 Frequency generation
and phase locking scheme for SCls
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FIGURE 6 Frequency generation.  is made variable in order to set the
reference for fm= S f; between 0 and about 1 MHz. The frequencies of
AOM1 and AOM2 are swept to account for the time dependent Doppler
effect due to the free-fall motion of the atoms. f; is fixed

measurement often underestimates the real noise, by as much
as 40 dB in some cases. A conservative method to measure
phase noise is to overlap the beams on another beamsplitter
elsewhere in the setup and use a separate beat detector (“out-
of-loop signal™). All phase noises quoted in this work have
been measured using this method.

The beams of the red and the black lasers are overlapped
on an acousto-optic modulator (AOM1, Fig. 5) that is running
at a frequency fi 168 MHz at 50% deflection efficiency.
Two pairs of beams are thus obtained, each consisting of an
un-deflected beam from one laser and a deflected and fre-
quency shifted beam from the other laser. Each of them has
a power of about 500 mW. The frequencies of them are

- : fred
first pair 10
P {f black + fi (10)
second pair Jotack (11)
fred S fl

(Fig. 6). Within each pair, the frequency difference is thus
AS fi. This will be the reference for measuring the recoil
shift. Each pair then gets frequency shifted by the double-pass
AOMs 2 and 3 by fi;;. After that, the frequencies are

fi= fiedS fin,

2= fock+ AS fins

f3= fredS fit fun,

fa= folack+ finr - (12)

These AOMs are also used to amplitude-modulate the beams
with a Gaussian envelope that is proportional to exp[S 1%/
(20%)] with a o of the order of 20 s. The AOMs need to be
located before the fibers (Fig. 5). Located after the fibers, they
could impair the pointing stability and the shape of the beams
that address the atoms. Pointing stability and a high quality

of the spatial mode pattern are important, because the wave-
fronts of the beams define the “ruler” that measures the phase
of the atomic states.

Active feedback is used to control the envelope waveform
to obtain an accurate Gaussian envelope. Although just two
actuators are provided to stabilize the power of four beams,
the amplitude stabilization is arranged such that it keeps the
Rabi frequency of the transitions in each of the SCls constant.
However, we will focus on the generation of frequencies here
and thus skip the description of this part.

Each pair then enters its own single-mode fiber with the
same efficiency for each of the frequencies. With a well-
aligned setup, we achieve about 180 mW of output power per
frequency, i.e., 600mW total. For the frequency fr, that is the
reference for the recoil frequency, we now have

2fm= AS 1S (S f2)=2( S f). (13)

4.3 Common-mode rejection

Because of the nearly perfect overlap of the beams
within each pair (verified by the similarity of the fiber-
coupling efficiencies), any vibrations affect both frequencies
nearly equally and thus should have a very slight effect on the
measurement of m f.

To make the best use of this common-mode rejection, the
beat signal used for the primary phase lock are the parasitic
reflections from the input surface of AOML1 (Fig. 5): Any vi-
brations that cause phase noise before AOM1 are removed
by the primary phase lock. Vibrations after AOM1, however,
are common mode and thus rejected. Vibrations in the signal
path of the beat system after the beam splitter are common
to both frequencies and are rejected by controlling the red
laser’s frequency. The mirror and beam splitter of the beat
setup are mounted rigidly using half-inch optics on a com-
mon copper block. This reduces the influence of vibrations.
The copper block is electronically temperature stabilized to
keep the optical path length constant to below a wavelength.
As a result, the dc phase between the beat frequencies of the
signals in each of the two fibers is long-term stable to much
below a wavelength. This will be important for the operation
of the secondary phase locks.

44 Secondary phase lock for f

There are two significant frequency differences be-
tween the laser beams, fy and fm. The stability of both is
improved by two secondary feedback loops that measure the
noise after the fibers. Since the one for f, cannot operate with-
out the other one, we will explain the f,, post-fiber phase lock
first.

The transmission of the signals through fibers and the vi-
bration of optical elements can introduce many radians of
phase uncertainty. However, as explained, most of that can-
cels in our setup. The effective phase noise that is relevant
for the interferometer is given by integrating the noise spec-
tral density shown in Fig. 7, solid graph, from 1 Hz to about
10 kHz (these limits are rough, but conservative, estimates
based on a pulse duration of tens of s and a pulse separation
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