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Abstract

We report on progress towards an atom interferometric determination of the Newtonian gravitational constant. Fre
laser-cooled atoms will probe the gravitational potential of nearby source masses. To reduce systematic errors, we wi
double differential measurements between two vertically separated atom clouds and with different source mass positi
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Newtonian gravitational constantG is—
together with the speed of light—the most popu
physical constant. Invented by Newton in 1686 to
scribe the gravitational force between two massive
jects and first measured by Cavendish more tha
hundred years later [1], “bigG” became more and
more subject of high precision measurements. Th
are many motivations for such measurements,1 rang-
ing from purely metrological interest over determ
nations of mass distributions of celestial objects
geophysical applications. In addition, many theor
cal models profit from an accurate knowledge ofG.

* Corresponding author.
E-mail address: tino@fi.infn.it (G.M. Tino).

1 A comprehensive listing of motivations forG measurements
can be found in Ref. [2].
0375-9601/$ – see front matter 2003 Elsevier B.V. All rights reserved
doi:10.1016/j.physleta.2003.07.011
Despite these severe motivations and some
measurements in the past 200 years,2 the 1998 CO-
DATA [4] recommended value ofG = (6.673 ±
0.010) × 10−11 m3 kg−1 s−2 includes an uncertaint
of 1500 parts per million (ppm). Thus,G is still the
least accurately known fundamental physical const
Recently, two measurements with much smaller un
tainties of 13.7 ppm [5] and 41 ppm [6] have been
ported. However, the given values forG still disagree
on the order of 100 ppm. Therefore, it is useful to p
form high resolutionG-measurements with differen
methods. This may help to identify possible syste
atic effects. It is worthwhile to mention that so far, on
few conceptually different methods have resulted inG

measurements on the level of 1000 ppm or better
All these methods have in common that the mas

2 For a recent review of the status ofG measurements, see, e.
Ref. [3].
.
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which probe the gravitational field of external sour
masses, are suspended (e.g., with fibres). One wa
exclude this possible source of systematic effects i
perform a free-fall experiment. A high precision me
surement ofG using a free-falling corner cube (FFCC
has already been performed [7] but the uncertainty
mained on the order of 1400 ppm.

In order to surpass this result, we are setting
an experiment in which free-falling atoms are used
probe the gravitational acceleration originating fro
nearby source masses [8]. In this way, we will comb
the powerful techniques of atom interferometry3 and
laser cooling.4 Using atomic probe masses with we
known properties will further reduce and help
identify systematic effects.

In this Letter we firstly describe the general idea
a determination of the Newtonian gravitational co
stant based on free-falling atoms and atom interfer
etry. Then we present the setup and the current st
of our experiment. Furthermore, we argue that our
geted accuracy of�G/G∝ 100 ppm is reasonable.

2. General method

2.1. Free-fall gravity measurement

The basic idea of a free-fall experiment is t
following: a falling object, accelerated by the earth
gravitational force, changes its vertical positionz(t)
according to

(1)z(t) = −1

2
gt2 + v0t + z0,

g = 9.81 m s−2, v0 andz0 being the acceleration o
earth, the initial velocity and the starting position
the object. For simplicity, any spatial variation ofg
is omitted. To determineg, it is sufficient to measure
three positions at distinct timesz(t1), z(t2), z(t3) and
then solve the system of equations.

A gravimeter—an apparatus that allows such
measurement of the vertical acceleration—can
extended to determineG. One adds source mass

3 For an overview on atom interferometry, see Ref. [9a] a
references therein or Ref. [9b].

4 A laser cooling overview can be found in the Nobel lectu
of [10].
and measures by which amount they change
vertical accelerationg. Taking into account the mas
distributions, one can then assign a value toG.

2.2. Atom interferometry and detection of vertical
accelerations

State-of-the-art gravimeters, as used in [7], c
sist of a Michelson interferometer with a vertica
aligned arm that has a FFCC as retro-reflecting m
ror. The vertical movement of the FFCC can be
rived from the interference signal. When dealing w
atoms as probe masses, this technique is no longe
plicable because scattering of laser light would d
turb their free-fall dramatically.5 The method of atom
interferometry makes use of a unique advantage
atomic probe masses: the possibility of addressing
controlling their internal states. In the following, w
describe how the so-called Raman type atom in
ferometry can be used to perform the position m
surements, which are required to detect the vert
acceleration. For a more detailed description, refe
[11–13].

In a vertical Raman atom interferometer, fre
falling atoms are illuminated by pulses of two las
beams with frequenciesω1 and ω2 (see Fig. 1a)
The beams counterpropagate along thez-axis with
wave vectors�k1 = k1�ez and �k2 = −k2�ez (ki = ωi/c,
i = 1,2).ω1 andω2 are close to transitions of a thre
level atom in which two ground or metastable sta
|a〉 and|b〉 share a common excited state|e〉. During
the pulses, the lasers drive two-photon Raman t
sitions between|a〉 and |b〉 that lead to Rabi oscilla
tions: as illustrated in Fig. 1b, the probability of fin
ing atoms in one specific state oscillates tempor
between zero and one. Aπ -pulse, which is a pulse o
durationτ = π/Ω , switches the atomic state cohe
ently from |a〉 to |b〉 or vice versa. On the contrar
aπ/2-pulse with durationτ = π/(2Ω) splits the atom
wave packet into an equal superposition of|a〉 and|b〉.
Note that for given transitions, the characteristic R
frequencyΩ depends only on the light parameters.

More precisely, the light field affects the atom
threefold: firstly, as already mentioned, the real am

5 The acceleration of87Rb atoms due to a 10 W m−2 laser
resonant to the D2-line at 780 nm exceeds 104 m s−2.
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Fig. 1. Graphical illustration of the Raman atom interferometer. (a) Three-level atom with lower states|a〉 and|b〉 that share an excited state|e〉.
The Raman lasers have frequenciesω1, ω2 slightly below the transition frequencies with a difference that matches the splitting�ωab of the
lower states. (b) Temporal evolution of the relative numberNa,b/N of atoms in states|a〉 and|b〉 during the interaction with the Raman las
light field.Ω is the two-photon Rabi frequency and depends only on light parameters. (c) Scheme of the Raman interferometer. On th
axis we plot the atomic vertical positionz(t) after subtracting the free-fall trajectoryz̄(t). Atom paths are split, reversed and recombined us
Raman pulses (see text).
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tudesα,β of the atomic wavefunctionΨ = αeiΦα |a〉+
βeiΦβ |b〉 change in time. Secondly, the phasesΦα,β

are modified as listed in Table 1. These phase te
depend on the local phaseφeff(z, t) of the light field
seen by the atom and contain hence information ab
the vertical position of the atom.

(2)φeff(z, t)= keff(t)z−
t∫

0

ωeff(τ ) dτ − φ(t),

where φ(t) is a phase term that can be controll
externally andkeff(t) = h̄(k1(t) + k2(t)), ωeff(t) =
ω1(t)−ω2(t). Thirdly, if the atom changes its intern
state, the two-photon Raman transition alters
atomic momentum by an amount ofh̄keff due to the
process of absorption and induced emission.

Applying first a π/2-pulse, then aπ -pulse and
finally another π/2-pulse, each separated by t
time T , results in an interferometer configurati
for the atoms. This Raman interferometer is sho
schematically in Fig. 1c. The first pulse acts as a be
splitter for the atoms at point A. The atomic wa
Table 1
Effect of a Raman pulse. Atoms that change the state rece
momentum of±h̄keff and a position and time dependent pha
factor. Contributions to the phase factor that do not depend
position or time are neglected because they do not contribute t
interference signal (details can be found in [12]). See Eq. (2) for
definition ofφeff(z, t)

Internal state Momentum Phase factorΦ

|a〉 → |b〉 p → p + h̄keff φeff(z, t)

|b〉 → |a〉 p + h̄keff → p −φeff(z, t)

|a〉 → |a〉 p → p 0
|b〉 → |b〉 p + h̄keff → p + h̄keff 0

packet is split into an equal superposition of|a,p〉 and
|b,p+ h̄keff〉 (p andp+ h̄keff are the external momen
tum of the atom). Theπ -pulse at points B and C play
the role of the mirrors in a classical Michelson interf
ometer. It reverses the internal state of the atoms
modifies their momentum by±h̄keff. The finalπ/2-
pulse at point D acts as a second beam splitter. I
combines atoms with different paths (path I= ABD,
path II= ACD). After recombination, the probabilit
Na/N of finding the atoms in state|a〉 shows a typica
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interference-like behaviour:

(3)Na/N ∝ 1+ cos(ΦI −ΦII ).

ΦI,II are the phases accumulated on path I and
respectively, and with|a〉 as final internal state. Takin
the phase values listed in Table 1 and considering
atomic trajectories shown in Fig. 1 as well as the pu
timing one finds:

(4)ΦI = φeff(zA,0)− φeff(zB, T ),

(5)ΦII = φeff(zC, T )− φeff(zD,2T ),

whereT is the time between two sequent pulses.
Free-falling atoms are accelerated during the in

ferometer time 2T . In the laboratory frame, this lead
to a variation of their transition frequencies due
the first order Doppler effect. As a consequence,
a proper functioning of the pulse sequence, we v
ωeff(t) linearly in time, exactly as the velocity of th
atoms does.

Takingωeff(t) = ωeff(0)−γ t , neglecting variations
of keff and using Eq. (1) for the determination ofzA,
zB, etc. we find

(6)
ΦI −ΦII = (γ − keffg)T

2 − φ(0)+ 2φ(T )− φ(2T ).

Assuming proper Doppler effect compensation (γ =
keffg) and no perturbation of the laser phase evolut
one is left with ΦI − ΦII = 0 (all atoms in state
|a〉). Actively changing the laser phase betweenT

and 2T by δφ will result in φ(2T ) = φ(0) + δφ =
φ(T ) + δφ and henceΦI − ΦII = −δφ. In this way,
one can scan the interference fringe to prove(γ −
keffg) = 0 (for right γ ) or reveal the phase offse
(γ − keffg)T

2 for imperfect Doppler compensation.
both cases, the value ofg is obtained combining th
measured phase offset and the valueγ , which is set
by a frequency generator. Note that this interferom
scheme is—in the case of a uniform acceleratio
insensitive to the initial condition of the atom. A
the acceleration induced signal is proportional toT 2

(see first term in Eq. (6)), an improvement of t
gravimeter sensitivity can be obtained increasing
length of the atomic trajectories as far as possible.
a given extent of the apparatus, by launching the at
vertically (atomic fountain) instead of just releasi
them, it is possible to increaseT by a factor of 2. The
power of a gravimeter based on vertical Raman a
interferometry has already been demonstrated with
atoms in a determination ofg with an accuracy o
�g/g ≈ 10−8 and a sensitivity 10 times better [14].

2.3. Atom interferometric G-measurement

The modification of the vertical Raman atom inte
ferometer that allows to measureG is the same as a
ready mentioned in Section 2.1. Like in [7], one ad
well-known source masses (SM) close to the ato
trajectories. The change of the local acceleration
to the gravitational potential of the SM can be me
sured and depends only on the SM density distribu
as well onG. However, even quite heavy SM (e.g
1 ton of tungsten) are able to generate only an acc
ation on the order of 10−7g. As a consequence, for
targeted accuracy inG of 10−4, the use of a simple Ra
man atom interferometer requires a control of the s
tematic errors at the level of 10−11g. At the moment
this is an impossible task, considering all the effe
that limit the present atomic gravimeter at the 10−8g

level [12].
To be able to perform a high precision measurem

of G, we consequently have to extend the at
gravimeter in two ways.

Firstly, we will launch two clouds of atoms to rea
ize two fountains that are displaced vertically (Fig.
clouds 1 and 2). The Raman lasers will then act
both clouds simultaneously and generate two inter
ometers at the same time. In a detection of the diffe
tial phase shift between the two interferometers, s
tially homogeneous accelerations cancel (e.g., ea
gravity accelerationg that changes due to tides, pre
sure variations, etc.) and common mode measurem
errors are reduced (e.g., uncontrolled phase varia
in the Raman beams). The two-clouds setup resul
an atomic gradiometer [15]. In addition, the signal d
to the SM can be increased by a proper choice of
atomic trajectories. If the trajectory of the upper clo
is located above the SM, this cloud will experienc
SM induced acceleration in the direction of the ea
acceleration (in−z direction). In contrast, if the lowe
cloud is located below the SM, its SM induced acc
eration will be in+z direction. The difference of thes
two accelerations results in a signal that is twice
one achievable with only one cloud.

This differential measurement has another
advantage. The one cloud interferometer signa
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keff(g + a)T 2 wherea is the SM induced accelera
tion. It is dominated byg, which is about 7 orders o
magnitude bigger thana. Therefore, to measurea and
consequentlyG with an accuracy of 10−4, one needs
to know keff andT 2 better than 10−11. But in a two
cloud differential measurement,g cancels and the ex
perimental requirements (knowledge of the pulse t
ing T , the laser frequency and the laser beam ali
ment) reduce by a factor of 107.

As a second modification of the gravimeter schem
the SM will be moved in a way similar to the on
described in [16]. We will determine the differe
tial phase shifts of the two atom clouds with the S
in position 1 and with the SM in position 2 (se
Fig. 2). Evaluating the difference between those m
surements will further reduce systematic effects.
this way, also systematic errors due to spatially in
mogeneous spurious accelerations are suppress
they are constant on the time scale of the SM rep
tioning. The most obvious example for such a rem
if

able systematic error is the effect of the earth’s gra
gradientg′. This scheme is also able to remove pha
shifts arising from magnetic or electric fields that m
be not homogeneous in space and phase-shifts ca
by inertial forces. An example for the latter is the Co
olis force, which results in a phase offset if the ato
trajectories and laser beams are not perfectly verti

3. Experimental setup

The described experiment is an ongoing project
der the name MAGIA (“Misura Accurata diG medi-
ante Interferometria Atomica”). A detailed descripti
of the whole apparatus would go beyond the scop
this Letter. Hence, we will concentrate on some ess
tial parts of the setup that ease the understandin
the measurement procedure. A more detailed des
tion of the experimental setup will be published el
where [17].
itions. Not
erferometer
Fig. 2. Graphical illustration of the experimental setup with the vacuum system, the atomic trajectories and the source mass pos
included are the laser systems, the detection units and the source mass holder. The atomic trajectories during the time of the int
pulse sequence is sketched (dashed arrows).
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3.1. Laser systems

The experiment will be performed using87Rb
atoms, mainly because laser systems6 and techniques
for trapping, launching and detection of this elem
are nowadays standard. In our experiment, we
grating stabilized diode lasers that are locked to ato
transitions and amplified using standard techniqu
Frequency modification and amplitude control of t
laser light is achieved using acusto-optic modulato

A critical part of the atom interferometer expe
ment are the lasers used to realize the Raman pu
because the relative phase between these two las
used as a ruler to measure the free-fall of the ato
Uncontrolled variations of this relative phase w
show up as noise in the acceleration measuremen
could limit the precision of theG-determination. The
Raman lasers are also grating stabilized laser dio
but we have set up an optical phase-lock loop (OP
[18] to avoid random variations of their relative pha
the beat note of the two lasers is mixed down to l
frequencies. The resulting signal is proportional to
phase difference between the two lasers and is use
stabilize their relative phase.

3.2. Vacuum system

The vacuum system is shown in Fig. 2 together w
the source mass positions and the atomic trajecto
It mainly consists of three parts. The lowest pa
a titanium cube with cut edges, is used to trap, cool
launch atoms that are evaporated from Rb dispens
Six independent laser beams are needed to trap
atoms in a magneto-optical trap and to launch th
in moving optical molasses. These beams are cho
to be in a 1–1–1 6-beam-σ+/σ− configuration. This
keeps the central vertical axis free for the Raman la
beams and allows to realize a stable and precise at
fountain [19].

The second part of the vacuum system is a stain
steel cell. It is used for pumping and detection
the atoms. Furthermore, it provides optical acces

6 All the lasers used in the experiment are close to transit
from the two lowest hyperfine states 52S1/2,F = 2 and 52S1/2,

F = 3 of 87Rb to the 52P3/2,F = 0,1,2,3 manifold. The corre-
sponding wavelengths are around 780 nm.
s
s

;

.

implement degenerate Raman cooling [20], a met
to increase the brightness of the atomic fountain.

The upper part of the vacuum system consists
the interferometer tube which is made of titaniu
The Raman laser beams enter the vacuum system
below at the central axis of the lower cube, leave
interferometer tube at the top, pass aλ/4 plate and
are retro-reflected by a vibration isolated mirror. T
Raman interferometer pulse sequence is applied w
the atoms are on their free-fall parabola within t
interferometer tube.

3.3. Source masses

The SM are planned to be two separate major d
of a tungsten alloy with a central hole. Each ma
disk will consist of several independent discs, loca
concentrically on top of each other. It will have
inner diameter of∼ 0.10 m, an outer diameter o
∼ 0.44 m, a height of∼ 0.18 m and a mass of abo
500 kg.

4. Targeted accuracy

In order to achieve an accuracy of 10−11g in a
free fall gravity measurement on earth, one has
know the vertical position of the probe masses wit
30 µm. This restriction is caused by the vertical gr
ity gradientg′ = 3 × 10−7gm−1 on earth. Becaus
such a precise knowledge is very difficult to achie
with atomic fountains, we propose the following so
tion.

The SM in position 1 (Fig. 2, dark grey boxe
generate a vertical accelerationa(z) on the centra
axis as plotted in Fig. 3a with a maximum ofamax ≈
10−6 m s−2. Taking into account the earth gravi
gradientg′, a(z) changes significantly (Fig. 3b). A
indicated in this plot, we choose atomic trajector
which include an extremum of the overall accele
tion whereg′ is compensated by the gradient of t
SM induced acceleration. In this way, the result
atomic phase shift is much less sensitive to the in
conditions (atomic position and velocity). Moving th
source masses to position 2 (Fig. 2, light grey box
the sign and the amount of the SM-induced acce
ation change, but the atomic trajectories remain
cated around an extremum of the acceleration. He
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strate
mic
Fig. 3. Calculated on axis vertical accelerationa(z) with the two 500 kg source masses in position 1 (see Fig. 2). The grey boxes illu
the vertical position of the source masses. (a)a(z) without g andg′. (b) a(z) with g′ included. The dashed arrows mark the projected ato
trajectories.
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the atomic phase shift is again insensitive to variati
of the initial conditions. To determine the effect
such variations quantitatively, we have performed
merical simulations [17]. Here we briefly describe o
analysis and summarize the results.

First of all, we calculate the atomic trajectori
for two clouds of atoms that are accelerated byg, g′
and the SM. We assume a timeT = 150 ms between
two Raman pulses, which corresponds to an ato
free-fall height of∼ 0.11 m. The trajectories depen
on the initial atomic conditions (atomic positionsz0,i
and velocitiesv0,i at the time t = 0 of the first
Raman pulse;i = 1,2 is numbering the clouds). Th
knowledge of the spacetime points of the atoms
us determine the phases that are imprinted onto
atomic wave functions by the Raman pulses. The n
step is to evaluate the interferometer phase shiftΦi =
ΦI,i − ΦII ,i (see Eqs. (4) and (5)). Performing th
analysis for different sets of parameters we find
optimum SM positions 1 and 2 as well as the atom
initial conditions that leaveΦi relatively insensitive
to variations inz0,i and v0,i . Note that we use th
same initial atomic conditions for both SM position
This eases the experimental procedure because
launch of the atoms has not to be modified. Then
calculateΦ = Φ1 − Φ2, the differential phase shif
of the two interferometers (two clouds). Finally, w
take the difference of the differential phase shiftsΦ

obtained with the two different SM positions. Th
phase difference is�Φ ≈ 0.9 rad for the presente
experimental conditions and depends linearly onG.
Determining�Φ within 1% per measurement an
averaging 10 000 measurements, which correspon
a data collection time of several hours, will allow
resolution of�G/G≈ 10−4.

The choice of the atomic trajectories around
extremum of the overall acceleration dramatica
reduces the sensitivity to variations of initial atom
conditions. For example, to reach 100 ppm accur
the initial position and velocity of the atoms ha
only to be exact within±0.75 mm and±5 mm s−1,
respectively. This can be achieved in atomic founta
However, the reduced sensitivity to initial atom
conditions comes at the price of a precise knowle
of the distance between the SM (0.01 mm) a
accurate relative movement of the SM (to 0.1 mm
Although quite demanding, controlling and measur
source mass positions to this accuracy can be don

For completeness we remember that the 1%
cision in the�Φ measurement requires some ex
conditions. The Raman pulses must be short eno
and consequently large enough in the frequency
main in order to really beπ/2 andπ pulses for all
the detected atoms, even if they have different ve
ities. Moreover, the Raman beams have to be la
enough in order to have a homogeneous power
the region occupied by the atoms. Finally, the det
tion system to measure the number of atoms in
upper and in the lower state has to provide a sig
to noise ratio of 1000. Using 106 atoms this require
quantum projection noise limited detection [22]. T
experimental apparatus has been designed in o
to fulfil all these requirements. Not accomplishi
these conditions will cause a reduced visibility
the fringes and a longer integration time to achie
the targeted 10−4 precision inG measurement. Fo
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a more exhaustive description of these aspects ref
[12,21].

5. Conclusion

We presented a scheme that allows to mea
the Newtonian gravitational constantG using a new
method based on atom interferometry. In this sche
free-falling atoms probe the gravitational potent
of nearby source masses. Using two atom cloud
a gradiometer configuration and repeating meas
ments with different positions of the source masses
duce noise and systematic errors. We reported on
progress of our MAGIA experiment, which—bas
on the described scheme—aims at the high preci
measurement ofG. The experimental setup is in gre
part already functioning. We numerically analyzed
influence of atomic initial conditions and source ma
locations on the measurement. The results are
couraging to determineG to the targeted accurac
of 100 ppm. Using modified configurations, atom
terferometry can also be applied to prove the 1/r2-
dependence of Newton’s law of gravitation or to t
the equivalence principle.
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