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Precision Measurement of the Photon Recoil of an Atom Using Atomic Interferometry
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The atomic recoil from the absorption of up to 60 photons is measured using an atom interferometer.
We determine t'i/mc, with a precision of 10 in 2 h of integration time.

PACS numbers: 35.10.Fk, 32.80.Pj, 3S.10.80

The photon recoil of an atom was first observed spec-
troscopically in the doubling of certain spectral peaks in
saturation spectroscopy [1]. The authors pointed out that
the frequency splitting of these peaks is proportional to
hatt/m, allowing the possibility of a precision measurement.
We describe a new method of measuring 6/m based on
recent advances in laser cooling [2] and atom inter-
ferometry with Raman transitions [3].

The significance of 11't/m lies in the fact that mass ap-
pears in quantum mechanical equations only in that ratio,
so that tests of quantum theories typically require only
knowledge of h/m, and not of m. As a particularly im-
portant example, the One structure constant u is deter-
mined by combined measurements of 6/m, and the Ryd-
berg constant R

pulse pairs is equal [9,10]. The crucial difference be-
tween the two interfering pairs is that their velocities
diAer by two photon recoils, so that the center frequencies
of the sets of Ramsey fringes they produce are displaced
by 26k /m. The atom's initial velocity, the acceleration
due to gravity, and all position-independent frequency
shifts do not aA'ect the recoil shift measurement.

We have improved the optical Ramsey experiment in

three basic ways. First, the transitions are between
hyperfine ground states via a Doppler-sensitive stimulated
Raman transition [11]. The recoils from the absorbed

Many mass ratios can be measured to high precision, so
that the particular mass in the ratio 6/m is of secondary
importance [4,5]. Recently 1rt/m„has been measured
with an accuracy of 8x 10 by diA'racting neutrons with
a silicon crystal [6]. We now report a measurement of
6/mc, to a precision of 10 . It is hoped that future ver-
sions of this experiment will determine u to better accura-
cy than can currently be obtained independently of the
g —2 experiment and theory [7].

The basic physical principle of this atomic recoil veloci-'

ty measurement does not depend on atomic interference.
Figure 1(a) shows the center of mass of an atom with
zero horizontal velocity in the laboratory frame which ab-
sorbs a photon from a rightward propagating laser beam
tuned on resonance. To conserve momentum its velocity
changes by hk/m. It is then deexcited by a photon from
a leftward propagating beam. The deexcitation and exci-
tation frequencies are separated by pro =26k /m so that
accurate measurements of h, m and the photon wavelength
[8] determine 6/m.

This simple experiment is not optimal because it for-
goes the advantages of Ramsey spectroscopy, which in-
clude increased resolution, larger signal, and reduced sys-
tematic shifts. An impmved version shown in Fig. 1(b)
replaces each tr pulse with two tr/2 pulses. Optical Ram-
sey spectroscopy uses this same pulse sequence, which
puts the atom in a superposition of eight trajectories, two
pairs of which interfere when the spacing within the tr/2

ji

/
/

/
4/ /

2T/2

(c)

I IG. 1. Wave packet trajectories for photon recoil measure-
ments. The solid and dashed lines correspond to the two inter-
nal states of the atom. The photon arrows show the direction of
the eA'ective k vector for velocity-selective stimulated Raman
transitions. (a) The simplest photon recoil measurement. (b)
The basic double atom interferometer sequence. The four paths
which do not interfere at the final tr/2 pulse are truncated for
clarity. (c) The double interferometer with two additional tr

pulses. Currently up to 15 x pulses are used.
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FIG. 2. Schematic of the experiment. Cs atoms trapped in a
MOT are launched on a ballistic trajectory. The number of
atoms in the two hyperfine ground states are detected by
tluorescence as the atoms fall through the probe/blaster beam.

and emitted photons in this transition are in the same
direction, so the effective k vector is k,g=kl+k2. Also,
we need only control the diA'erence frequency between
two laser beams, not their absolute frequency, yielding all
the convenience and power of microwave measurements.
These Raman transitions simulate a microwave transition
where the photon carries an ultraviolet recoil kick.
Second, since both atomic levels are ground states, the
linewidth of the stimulated Raman transition is limited
only by the measurement time, which can be quite long in

an atomic fountain. Third, we add to our interferometer
up to 15 x pulses with alternating propagation directions,
sandwiched between the middle two z/2 pulses [see Fig.
l(c)]. Each x pulse adds an ultraviolet photon recoil to
each atomic path, so that for N z pulses the separation
between the two sets of interference fringes is multiplied
by A + 1. In this manner we have separated the two in-
terferometer end points by over 4 mm.

Laser cooled atoms and atomic interferometers have
great promise for a broad range of sensitive measure-
ments, but no previous experiment using either of these
new technologies has measured a fundamental constant to
high precision. Because h/m is already known to high
accuracy, our measurement is well suited for studying
systematic errors in light-pulse interferometers.

The apparatus is similar to previous atomic fountain
experiments (see Fig. 2) [12]. A beam of thermal Cs
atoms is slowed and loaded into a magneto-optic trap
(MOT) [13]. In 0.2 s, —5&10 atoms are loaded before
the trapping magnet is shut oA, leaving the atoms to
equilibrate in optical molasses. The molasses beam fre-

quencies are then acousto-optically shifted to create mo-
lasses in a frame moving upwards, —5 oA' vertical at 2
m/s. [14]. The light intensity is then decreased to cool
the atoms to —3.5 pK, after which a mechanical shutter
blocks the light, leaving the atoms on a ballistic trajectory
upward. The repetition rate of' the experiment is 2 Hz.

On their way up most of the atoms are optically
pumped into the F =4, mF =0 magnetic sublevel. Then a
velocity-selective Raman beam pair, which propagates
along the 85 mG bias magnetic field axis, transfers a
group of atoms with a velocity width of —500 pm/s into
the F=3, mF =0 level. A beam resonant with the 6S]y2,
F=4 to 6P3/2, F=5 cycling transition pushes away the
remaining F =4 atoms, while the selected atoms continue
upward. Near the top of the trajectory, a single pair of
Raman beams, parallel to the previous Raman beams,
delivers all of the interferometer pulses.

The Raman beams are generated by two diode lasers
which are phase locked to each other with a 9.2 GHz fre-
quency diAerence [15]. The lock reference frequency is

the summed output of two precision oscillators, one a di-

gital synthesizer which controls the Raman beam diA'er-

ence frequency. The beams are combined, sent through
an acousto-optic modulator for intensity control, and cou-
pled into a single mode optical fiber to ensure precise
overlap. The final beams have 15 mW total power in a
2.3 cm Gaussian diameter, and are frequency locked be-
tween 0.5 and 2.5 GHz from the 6P3/2 state. The max-
imum Rabi frequency of the interferometer pulses is —10
k Hz. The interferometer Raman beams are retro-
reAected from a mirror mounted on a precision air rail,
which isolates it from residual horizontal vibrations of the
vibration isolated table. Both Raman beam frequencies
travel in both directions, but the velocity along the beam
is made large enough so that only one of the two
Doppler-sensitive pairs is resonant at any time, and the
Doppler-free pairs and standing wave pairs are not reso-
nant with the atoms.

The frequency width of each interferometer pulse is

narrower than the recoil shift, so a given sequence of
pulse frequencies is only resonant with one pair of in-

terfering paths. Atoms which branch oA' into non-
resonant paths, either because they are in the other inter-
ferometer paths or because of imperfect z pulses, contrib-
ute a background which reduces fringe contrast. Most of
these atoms can be removed because both paths in any
given interferometer are in the same atomic state during
the time between the x/2 pulse pairs. Therefore, before
and after the last z pulse, we pulse on one of two clear-
ing beams aligned nearly parallel to the interferometer
beams. F=3 atoms are cleared by a linearly polarized
beam resonant with the F=2 excited state, and F=4
atoms by a beam resonant with the F=5 excited state.

After the interferometer sequence, the remaining
atoms fall back down through the probe/blasting beam.
Fluorescence from F=4 atoms is detected with a pho-
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FIG. 3. Ramsey fringe recoil doublet. The separation be-
tween ir/2 pulses is reduced to I ms to reveal the coarse signal
structure. The frequency of the first two ir/2 pulses is the same
for both sets of fringes, but the frequencies of the 8 z pulses are
different. Only the frequency of the final two x/2 pulses is
scanned.

Frequency (Hz)
FIG. 4. Typical interference fringe pattern. This is l min of

data showing the central fringes of one of the interferometers.
There are 18 ms between each n/2 pulse pair and 10 intermedi-
ate x pulses, so the frequency separation from the other set of
Ramsey fringes is 22h(k i+kgb) /m =363 kHz.

tomultiplier tube, as the atoms are pushed out of reso-
nance by the unidirectional beam. In 2 ms, Auorescence
from F=4 atoms nearly vanishes, while the F=3 atoms
have fallen only a fraction of a probe beam diameter. A
beam resonant with the F=3 to F=4 transition then op-
tically pumps the F =3 atoms into the F =4 state and the
probe excites them with nearly equal efticiency as the
original F =4 atoms. The Auorescence ratio allows us to
normalize the signal [16].

Illustrative data with 1 ms between rr/2 pulses (within
each pair) are shown in Fig. 3. The x/2 pulse separation
was typically 15 to 20 ms. The two sets of fringes corre-
spond to the two interferometers in Fig. 1(c). The oA'-

resonant baselines on the left and right in Fig. 3 diAer be-
cause before the final rr/2 pulses, the atoms are either in
the F=4 state, N+1 recoil kicks away from the pre-
selected velocity, or in the F=3 state, N+1 recoil kicks
in the opposite direction. The fringes at the Rabi peak do
not extend to the baseline because half of the atoms that
survive the clearing are necessarily in two noninterfering
trajectories. Although the broad structure of the signal is
inverted for the two interferometers, the fringe pattern is
not.

Alternate data points are taken from the two inter-
ferometers as the frequency of the final rr/2 pair is
scanned. Least-squares fits of the interference patterns to
sinusoids yield the recoil splitting to within an integer
multiple of the fringe frequency. Scans with diferent rr/2

pulse separations determine the correct fringe number.
Figure 4 shows a fringe pattern taken in 1 min with 18
ms between rr/2 pulses and 10 rr pulses. In 2 h we can
measure the photon recoil with a relative precision of
1 0 7

We have studied the systematic errors in this experi-
ment. A more detailed discussion of anticipated and
measured limits on systematic errors appears in Ref. [17],
and will be published in a longer paper. The most impor-
tant experimental handles on systematic errors are the
time between rr/2 pulses (T), number of rr pulses (N),
Raman laser detuning from the excited state (5), and

Rabi frequency (0). Using these experimental "knobs, "
we have uncovered and removed several errors at the
10 level. The largest systematic error was caused by
optical standing waves from retroreAected, linearly polar-
ized Raman beams. These standing waves shift the mea-
surement as a function of the distance of the interferorne-
ter from the retroreflecting mirror. Switching to a o
polarizations eliminated the standing waves and this shift.

Magnetic field gradients shift the phases of the inter-
ferometers diA'erently, and will alter the measured recoil.
We monitor this shift in two ways. First, we reverse the
direction of all the Raman pulses, which creates interfer-
ence paths that are mirror symmetric to the original ones.
Since the two paths in each interferometer Aip sides, the
shift from any linear gradient reverses. Second, we
change the parity of the number of x pulses, which
changes the internal state during the time between the
last two rr/2 pulses for all the paths. Increasing the bias
magnetic field fourfold causes a 1 ppm shift in the mea-
sured recoil that reverses sign in just this manner. With
our typical bias field, these reversals do not aAect our
measurement.

We have also looked for dependences on beam align-
ment 6, the relative ac Stark shifts of the hyperfine levels,
and clearing beam power. Our current empirical limits
on shifts due to these eAects are at the 0.25 ppm level.
Although we do not see a clear dependence on T, h, , or N,
our measured value is 8.5 x 10 below the accepted
value, which has a relative uncertainty of 7.7 & 10

We believe the cause of this presumed error is wave
front distortion from imperfect optics. In the past we
have seen repeatable changes in the measured recoil of up
to 10 ppm with our routine reversals, at about the same
level as the disagreement with the accepted value. Suc-
cessive improvements in the optics have led to measured
recoils progressively closer to the accepted value, with

progressively smaller internal inconsistencies. Still, in the
current configuration it is di%cult to ensure that all
eA'ects due to wave front distortion have been eliminated.

The next improvement in this experiment is to orient
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the Raman beams vertically. The effects of wave front
distortions will be easier to study in this configuration be-
cause the transverse motion of atoms in the beams can be
varied. Also, we will be able to easily vary where along
the beam atoms receive interferometer pulses, and the
tr/2-tr-tr/2 pulse interferometer will provide extra infor-
mation on the effects of wave front distortion. The fre-
quencies of the Raman beams will have to be adjusted
between each pulse to account for gravitational accel-
eration, but the adjustment is the same for the two inter-
ferometers apart from a slight difference in the
local gravitational acceleration. Furthermore, the verti-
cal launch should permit a 200 ms tr/2 pulse separation
and give time for additional z pulses. We anticipate a
resolution of 10 in 1 h, but it is di%cult to now predict
the severity of the associated systematic errors, particu-
larly those related to the quality of the Raman beams.
However, the simplicity of this system, which fundamen-
tally depends only on simple interactions between free
atoms and photons, makes the prospects for accuracy in

this and similar measurements promising.
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