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We present an atom interferometer that has been used to measure g, the local acceleration 
due to gravity, with a resolution of tlg/g = 1 x 10-10 and an estimated acuracy of 3 x 10-• g. 
The value of g obtained by tills quantum mechanical measurement and the value obtained 
by dropping an macroscopic object agree with an uncertainty of 7 x 10-• , providing the best 
evidence so far for the validity of the weak equivalence principle at the quantum level: 

1 Introduction 

Since 199 1 ,  when the first matter-wave interferometers1 ·2 •3•4 using neutral atoms were demon­
strated , the performance of such atom interferometers has improved substantially. By now, they 
can be used to perform a variety of measurements with a precision and accurac·y that challenges, 
if not exceeds, that of any competing instrument. Here we demonstrate this for the measurement 
g, the local acceleration due to gravity. 

Measuring g ,  a site dependent quantity that also varies with time, is interesting for a va­
riety of reasons, including applications in geophysics and metrology.5 Precise measurements of 
g .are also useful for locating oil , water and other natural resources. These applications require 
measurement precisions ranging from 10-6 to 10-9 (See Table 1 for the magnitude of some 
gravitational effects) . The Performance parameters of commonly used gravimeters are listed in 
Table 2.  Currently, the best absolute gravimeters are falling corner-cube instruments which can 
obtain an gravity value accurate to approximately 2 µGal:' They are ·a proven reference against 
which vie can compare our interferometer. 

To measure g, we use an atom interferometer that uses laser cooled atoms in an atomic foun­
tain to achieve long measurement times. The interferometer employs atom optical components 
based on pulses of light which drive stimulated Raman transitions between stable hyperfine 
ground states. The main advantages of this two-photon technique are the nearly infinite lifetime 
of the involved atomic states and a measurement resolution that depends only on the stability of 
the frequency difference of the two laser beams, which can be phase-locked to a stable microwave 
source, referenced in turn to an atomic clock. This method has already been used to measure 
photon recoii1°· 1 1  and rotations12 with very high precision. We used it in 1991 to measure g with 
a resolution of 3 x 10-B after 40 minutes of 'integration time.4 

Stimulated Raman transitions have been discussed elsewhere in great detail.13• 14 The basic 
process is illustrated in Fig. 1 and can be summarized as follows: 

" I  µGal = 10-• cm/s2 = 10-• m/s2 :::::: 10-9 g. 
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I Spatial gravity variations 
I • gravity gradient � 3 x io-7 g/m I I • global scale � 1 0-3 g I 
I • regional scale (useful for navigation, prospecting, archeology, . . . ) � 10-6 g 

Temporal gravity variations 

• tides � 10-7 g 
• man-made environmental changes � 1 0-9 g 
• atmospheric pressure � 3 x 10-ID  g/mbar 

. 

I • local water table � 10-s g 
I • . . .  � 1 0-9 g 

Table 1: Important gravitational effects and their typical magnitude. 

l.J:ype of gravimeter 
Spring/ mass systems 
A very stable, well characterized 
ature controlled spring supports 

and temper-
a test mass 

"gainst gravity. Variations in gravity change the 
spring's extension. Drift caused mostly by ag-
i ng of spring. Requires frequent re-calibration. 
Very compact and transportable.5 

Cryogenic gravimeters 
A superconducting sphere is levita.ted in a mag-
nctic field and variations in gravity are counter-
balanced using force feedback. Drift caused 
mostty by changing mass of sphere due to cryo-
pumping. Vibration induced flux-jumps in su-
perconductor cause gravity offsets when instru-
ment is moved. Lowest noise of all gravimeters, 
limited by environment.5•6 •7 

Falling corner-cubes 
A laser interferometer monitors the motion of 
a freely falling corner-cube retro-reflector. Uses 
"super-spring" to eliminate effect of high fre-
quency vibrations. Noise depends strongly on 
site and drop rate. Maximum drop rate 1 Hz, 
but usually reduced to 1 / 1 5  Hz to limit mechan-
ical wear and prevent vibration induced accu-
racy degradation.5•8•9 

Atom interferometer 
See text. 

Noise (g/JHz°) Drift (g/day) I Accuracy (g) [ 
< 1 0-9 . 3 x 1 0-s N/A 

< 10- 1 2  2 x 10- 10  N/A 

1 x 10-7 - 2 x io-9 

3 x 10-s - 3 x 10-9 

Table 2: Different types of gravimeters and their typical performance. The noise levels for the falling corner-cube 
gravimeter and the atom interferometer are for measurements in our laboratory. Under ideal conditions the noise 

of the falling corner-cube gravimeter can be 10 times lower. 
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Figure 1: An atom undergoes a stimulated Raman transition. It absorbs a photon of frequency w1 and emits 
another one ( via a stimulated emission) of frequency w,. Since both photons carry momentum, and because 

momentum has to be conserved in the process, the atom receives a recoil momentum kick. 
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Figure 2: Basic Mach-Zehnder type atom interferometer with (curved lines) and without (straight lines) gravity. 
The atom can either be in the internal state la) (dark) or lb) (light). The lines represent the classical trajectories 

originating from one of the space-time points comprising the initial wave packet. 

(a) The atom is illuminated by two counter-propagating laser beams whose frequency differ­
ence equals the splittihg between two hyperfine ground states of the atom . For this pair of beams 
we define an effective wave number keff = k1 - k2 (keff = lk2 I + lki,.I for counter propagating 
beams) and a� effective frequency Weff = w1 - w2 , where k; and w; are the equivalent quantities 
for the individual laser beams. 

(b) Absorption and stimulated emission of photons during a Raman pulse can change the mo­
mentum of the atom by hkeff and , simultaneously, its internal state. The transition probability 
depends on the pulse area and can be adjusted to create either beam splitters or mirrors. 

(c) The quantum mechanical phase of the resulting superposition state depends on the local 
Raman phase </>; = kelfZi - Welfti . 

Figure 2 shows how a sequence of three such Raman pulses is used to split , reflect and 
recombine an atom while simultaneously changing its internal state. At the end of this sequence 
the fraction of the atoms in one of the states is detected . The result  is an oscillatory function 
of the interferometer path difference, which, among other things, depends on the gravitational 
acceleration . 

The total phase difference between paths A and B can be divided into two parts. The fi rst 
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contribution describes the periods of free evolution between laser pulses and is given by 
1 ( B A) 

.6.ci>path = h Sc1 - Sc1 ( 1 ) 
in the limit where the classical action 

Sc1 = [T £ [z (t ) , z(t) ]  dt (2) 

along each path is much greater than n.15 For uniform gravitational fields (.C = Tv2 - mgz) this 
contribution vanishes. 

The seco_nd contribution is due to the interaction with the Raman beams. Whenever the state 
of the atom changes during such an interaction , it acquires an additional phase </>; = ketf Z; -Wetfti ,  
where z; i s  the position of the atom at time t ; .  The sign of the phase depends on the initial 
state of the atom. Tracing all the state changes we find a phase difference of 

(3) 

Without a gravitational field the trajectories are straight lines and the inherent symmetry 
of the situation (Fig. 2) leads to 6.4> = 0. The introduction of a gravitational field breaks the 
symmetry. The atorri now falls three times as far during the second half of the interferometer 
as during the first half and we find a phase shift proportional to the gravitational acceleration: 

(4) 

This simple equation describes the interferometer extremely well and has to be modified only 
slightly to account for gravity gradients and finite length Raman pulses.16 The equation also 
indicates that it is highly desirable to make the time T between the interferometer pulses as 
long as possible since the measurement sensitivity scales quadratically with T. Following our first 
gravity measurements in 1991  we have thus focused on extending the resolution of the device by 
increasing the interferometer measurement time by implementing an active vibration isolation 
system, and by increasing the measurement accuracy by studying and eliminating potential 
systematic effects .  
2 Experimental Setup 

The experimental setup is shown in Fig. 3. About ...... 5 x 108 cesium atoms are extracted from a 
low pressure background vapor and loaded into a magneto-optic trap 1 7• 18 in 600 ms, forming a 
"' 5  mm diameter cloud . After turning off the magnetic fields, the atoms are launched vertically 
using moving optical molasses.19 During this time the atoms are further cooled by tuning the 
molasses beams 60 MHz below resonance and lowering the intensity to 5 m W  /cm2. In the final 
stages of the launch , l aser intensities are ramped down in 400 µs so that the atoms are also 
adiabatically cooled?0 The final temperature of the launched atoms is ...... 1 .5 µK. Their velocity 
of "' 3 .0 m/s plac�s them on trajectories that will peak ...... 46 cm above the trap. 

After launch , the atoms are subjected to a sequence of microwave, velocity .selective Raman , 
and state selective blow-away pulses that places 3 x 106 atoms in the 65112 , F = 3, mF = 0 state 
with an effective vertical temperature of ......, 10 nK.  This low velocity spread gives us a fringe 
contrast of 65% for all times T between 0.5 ms and 160 ms. 

The interferometer measurement occurs in a magnetically shielded region where the atoms 
are illuminated by a sequence of laser pulses generated by two external-cavity phase-locked d iode 
lasers. The Raman difference frequency is controlled by a direct digital frequency synthesizer 
which is referenced to a Loran-C frequency standard. The frequency d ifference is switched 
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Figure 3: Overview of experimental setup. 

between 3 fixed frequencies to compensate for the � 7 MHz of gravity-induced Doppler shift 
during the 320 ms interferometer free-fall time.16 

As shown in Fig. 3 ,  both Raman beams enter the vacuum chamber from below and are 
retro7reflected . Since the atomic transitions are Doppler sensitive, only one beam from each 
pair of "upward and downward travelling beams is in resonance with the atoms. Since the 
two Raman beams travel over a common path before entering the vacuum system, laborator,y 
vibrations frequency shift the two beams by nearly the same amount . Thus, only vibrations of 
the retro-mirror affect the Raman difference frequency. This mirror is mounted on an actively 
stabilized , vibration isolation system. The platform has an effective resonance of 0.02 Hz and 
reduces vibrations between 0.2 Hz to 5 Hz by two orders of magnitude?1 Without this vibration 
isolation, our interference fringes vanish for T > 40 ms. With the feedback circuit on, there 
.is essentially no Joss of fringe contrast up to the maximum drop times, limited by the size of 
the magnetically shielded region. Further motion control in our apparatus includes an active 
tilt control to maintain the horizontal position of the retro-mirror to within 10 µrad, and an 
additional active system acting on the optical table to reduce table rotations. 

The interferometer phase shift, which manifests itself as a modulation of the fraction of atoms 
in the F == 4, mF == 0 state, is finally determined using normalized fluorescence detection . The 
duration of the complete measurement cycle is 1 .3 s .  

3 Experimental Results 

Typical interferometer data fo.r a pulse spacing of T == 160 ms is shown in Fig. 4. One minute of 
integration time allows us to determine g with a precision of 3 x 10-9 g .  To locate the central 
fringe, we vary T from 2 ms to 160 ms. Our uncertainty in determining the center of this fringe 
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Figure 4: Typical Doppler sensitive interferometer fringe for T = 160 ms. Each of the 40 data points represents a 
single launch of the atoms, spaced l . 3  seconds apart and taken over a period of l minute. One full fringe period 
corresponds to � 2 x 10-5 g. Performing a least squares fit determines local gravity to approximately 3 x 10-9 g. 
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Figure 5: Gravi.ty data taken over a period of 9 days. The data points are spaced approximately l minute apart 
and each corresponds to one of the interferometer fringes shown in Fig. 4. The solid line is a single parameter 
(vertical offset) fit using a theoretical model of the gravity tides at our measurement site (Stanford, California) . 

results in . bg/g_ ,...., 3 x 10-9. 
Figure 5 shows a continuous measurement of g over a period of 9 days, with each dot cor­

responding to data similar to Fig. 4. The complicated time dependence is due to tidal forces 
and can in principle be predicted by appropriate theoretical models. To achieve our targeted 
measurement accuracy, however, these models have to be quite sophisticated and include defor­
mations of the local tectonic plate due to ocean loading effects.22,23 The solid line in Fig. 5 is a 
single parameter fit (vertical offset) using one such model.24,25 

During the course of our experiment we have arranged for an Micro-g Solutions FG5 absolute 
gravimeter 9 to be run in our laboratory for three days to measure the absolute value of g. This 
is a Michelson optical interferometer with one arm defined by a freely falling corner-cube and 
has a quoted uncertainty of 2 ppb. 

The data from the comparison measurement is summarized in Fig. 6. It shows that our atom 
interferometer has 3 times higher resolution than the falling corner cube gravimeter, mainly due 
to slower FG-5 repetition rate ( 1/ 15  Hz) compared with our instrument ( 1 / 1 .3 Hz) .  The noise 
per launch for both instruments was similar. 
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Figure 6: Comparison between atom interferometer (lower dataset )  and classical gravi meter (upper dataset ) .  
Each point represents 1 minute o f  tide corrected gravity data. The continuous lines are running averages (30 
minutes) . The histograms show distribution of the 1 minute data points around the mean (for every 30 minute 
interval) . Compared to the classical instrument, the measurement noise of the atom interferometer is smaller by 
a factor of 3 for equivalent measurement times. The noise per drop ( launch ) ,  on the other hand, is  comparable . 
Both instruments obvserve a slight increase in g over the measurement time period due to changes in atmospheric 
pressure. The difference in the absolute gravity value is mostly due to the different measurement height of the 

two instruments (see text). 

Atom interferometer gravity value 979, 933, 1 60 ± a 
Falling corner-cube gravity value - 979, 933 , 300 ± 2 
Measurement height correction + 147 ± .) 
Difference 7 ± 7 

Table 3: Comparison between atom interferometer and falling corner-cube gravity measurements. An independent 
measurement of the gravity gradient (using LaCoste-Romberg spring-type gravimeters) is used to compensate for 

the - 0.5 m of difference in measurement height. The atom interferometer gravity value is slightly higher . 
To compare the absolute gravity values one first has to apply a gravity gradient correction 

to compensate for the ,..., 0.5 m difference in the measurement height of the two instruments. 
However, even after applying this correction and we first found an offset of 1 75 µGal. Using a 
new value for the cesium D2 transition frequencY' , which differs by 50 MHz from the previously 
used va:lue of Avila et.al. ,26 reduced the discrepancy to approximately 40 µGal. 

Most of the remaining 40 µGal discrepancy was later traced to an Coriolis effect and to 
a disturbance of the vibration isolation system by magnetic fields. Figure 7 shows a graphical 
representation of the systematic effects that we have considered and analyzed in this context. A 
more detailed discussion of these effects, in addition to an extensive analysis of the noise sources 
limiting the measurement resolution, can be found elsewhere.16•27 

After the known systematic shifts were eliminated , we performed another 2 day measurement 
of g and found a difference of 7 ± 7 parts per billion with respect to the earlier FG-5 value (See 
Table 3) . The combined uncertainty of this comparisdri is dominated by the uncertainty in the 
measurement of the local gravity gradient. 

•This value was measured using a phase coherent frequency chain by Hansch et.al. at the Max-Planck-Institute 
for Quantum Optics 
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> 100 10-100 1 - 1 0 0.1 - 1 < 0.1 Possible systematic errors 
µGal µGal µGal µGa l µGal 

Cs wavelength 
Laser lock offset 

RF phase shifts 
Timing of pulses 
Chirping of pulses 
Switching of pulses 

Coriolis force 
Gravity gradient 

Zeeman shift 
AC Stark shift 
DC Stark shift 
Cold collisions 

Tilt 
Retro reflection 
Standing waves 
Wavefront curvature 
Speckle 
Leakage light 
Dispersion of Cs vapor 
Dispersion of air 
Disper5ion of windows 

Berry phase 
Finite speed of light 
2nd order Doppler shift 
Gravitational Redshift 
Other relativistic effects 

Synchronous vibrations 
Synchronous fields 
Synchronous noise 

Pressure correction 
Tide corrections 
Other environmental effects 
Conventions. definitions 

Figure 7: Summary of systematic errors. Hollow bars indicate the original size of the effect before experimental 
improvements. solid bars the current size. Dotted lines indicate the p0tential size of the effect for different 

experimental configurations. 

4 Summary and O utlook 

We have demonstrated an atom interferometer that can measure g with a resolution of !lg/ g = 
2 x io-8 after a single 1 .3 s  measurement cycle and 1 x io- 10 after 2 days of i_ntegration time. 
The estimated accuracy of the instrument is 3 parts in 109, which is by far the h ighest accuracy 
achieved by any matter wave interferometer up to now. Furthermore, from our study of the 
systematic, effects of this measurement, we feel that straight forward improvements, particularly 
better zeroing of the Coriolis force, should lead to an accuracy on the order of one part in 1010. 

Future experiments could use the techniques developed here to perform tests of the equiv­
alence principle or to measure Newton's gravitational constant, G. In particular, the method 
seems well suited to measure gravitational forces at the sub-centimeter scale and to search for 
new short-range interactions that have been predicted by various theories.28•29 
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