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We realize beam splitters and mirrors for atom waves by employing a sequence of light pulses rather than
individual ones. In this way we can tailor atom interferometers with improved sensitivity and accuracy. We
demonstrate our method of composite pulses by creating a symmetric matter-wave interferometer which
combines the advantages of conventional Bragg- and Raman-type concepts. This feature leads to an
interferometer with a high immunity to technical noise allowing us to devise a large-area Sagnac gyroscope
yielding a phase shift of 6.5 rad due to the Earth’s rotation. With this device we achieve a rotation rate
precision of 120 nrad s−1 Hz−1=2 and determine the Earth’s rotation rate with a relative uncertainty of 1.2%.
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During the last decade atom interferometry, either with
cold atoms or Bose-Einstein condensates, has developed
into an extremely active field, with a wealth of applications
ranging from the use of gravimeters [1–3], gyroscopes
[4–6], and magnetometers [7] to the determination of the
photon recoil [8] and tests of the foundations of general
relativity [9,10]. Improving the performance of atom
interferometers relies on a maximization of the scale factor
and the intrinsic suppression of technical noise. In the
present Letter we introduce the method of composite light
pulses to create beam splitters and mirrors which allow us
to achieve both of these goals. We demonstrate our
technique by realizing a symmetrized large-area Sagnac
interferometer and measure the Earth’s rotation rate.
Composite laser pulses, reminiscent of NMR techniques

[11], have already been employed for beam splitters
introducing a large momentum shift [12–15], but without
taking advantage of their flexibility to suppress technical
noise. Although our symmetric interferometer shows fea-
tures that are similar to those based on double diffraction
[16–18], the composite-light-pulse technique bears several
decisive advantages: (i) Since our beam splitters are
composed of conventional Raman pulses, it is straightfor-
ward to implement and easily applicable to other interfer-
ometers such as gravimeters; (ii) moreover, it allows us to
scan the fringe pattern via the laser phase while still largely
suppressing the influence of laser phase noise and magnetic
field fluctuations.
As a consequence, our interferometer displays a rotation

rate sensitivity of 120 nrad s−1Hz−1=2 being the lowest
rotation noise measured by cold-atom gyroscopes [5] and
reaches a resolution of 26 nrad s−1 at 100 s. Thanks to the

reduced systematic uncertainties, we determined the
Earth’s rotation rate with an uncertainty of 1.2%.
Single light pulses driving narrow two-photon transitions

have become a versatile tool for atom interferometers to
realize beam splitters or mirrors [19]. Indeed, by tuning the
pulse duration τ and the Rabi frequency such that the Rabi
angle is π=2 or π, we obtain a beam splitter or a mirror,
respectively. In order to achieve a high contrast with the
conventional Mach-Zehnder interferometer (MZI) shown in
Fig. 1(a), atoms both with a narrow velocity distribution and
in a specific electronic statewith only higher order magnetic
susceptibility are prepared as a first step [20]. They are then
coherently split, redirected, and recombined due to their
interaction with three Raman pulses separated by a time T,
often referred to as the π=2 − π − π=2 sequence.
Our symmetrized composite-pulse interferometer (SCI)

displayed in Fig. 1(b) differs in two ways from the MZI:
(i) It does not require a preparation step prior to the
interferometer sequence and (ii) the beam splitter and
the mirror are composed of a rapid succession of several
Raman pulses separated by a minimal dark time tS of only a
few microseconds.
The first π=2 pulse of the MZI is replaced in the SCI by a

π=2 pulse and a subsequent π pulse. By shifting the
frequency difference of the Raman laser to match the
Doppler shifted resonance, the later pulse is only resonant
with the branch of the interferometer where the atoms have
remained in the initial electronic state [24]. The momentum
transferred in this process, by design, is inverted with
respect to the one obtained by the previous π=2 pulse. In
this way, the matter waves move apart from each other with
twice the effective photon recoil of the MZI. After the first

PRL 114, 063002 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

13 FEBRUARY 2015

0031-9007=15=114(6)=063002(5) 063002-1 © 2015 American Physical Society

Urheberrechtlich geschützt / In Copyright 
https://rightsstatements.org/page/InC/1.0/

http://dx.doi.org/10.1103/PhysRevLett.114.063002
http://dx.doi.org/10.1103/PhysRevLett.114.063002
http://dx.doi.org/10.1103/PhysRevLett.114.063002
http://dx.doi.org/10.1103/PhysRevLett.114.063002


beam splitter sequence a blow-away pulse removes all
atoms in the initial electronic state.
In a very similar procedure, the π pulse of the MZI is

extended in the SCI by two additional π pulses such that the
interferometer branches are redirected towards each other.
Again, a purification of the electronic state follows in this
sequence.
The SCI is closed by a third sequence composed again of

a π pulse and a π=2 pulse. The readout of the interference

signal is accomplished by a state-selective fluorescence
detection in complete analogy to the MZI.
In the MZI the Sagnac phase shift caused by a rotation

rate Ω reads [25,26]

ΦMZI
rot ≈ 2ðk × vÞ ·ΩT2
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where we have accounted for a nonvanishing pulse duration
τ ≪ T and assumed for all light pulses the same Rabi
frequency. Here k and v denote the effective wave vector
associated with the momentum transfer and the initial
atomic velocity, respectively.
In contrast, the corresponding phase shift in the SCI is

given by [27]
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where tS ≪ T2=τ is the dark time during the composite
pulse. We emphasize that the scale factor of the SCI is twice
the one of the MZI. Moreover, apart from the correction due
to the dark time, the additional terms resulting from finite
pulse durations are similar in both interferometers.
A key result of our work is that the immunity of the SCI

to noninertial perturbations stems from the fact that most of
the time—namely, during the time T of free evolution—the
matter waves are in the same electronic state while
propagating along the two branches. Therefore, the fluc-
tuations of both the phase of the laser which drives the
transition between these states and the external forces
which, in general, act differently on the two internal states
only affect the interferometer signal during the comparably
small time intervals τ and tS and are therefore strongly
reduced as compared to the MZI.
The suppression of these noise effects is best quantified

in terms of the temporal sensitivity function gðtÞ, well
established in the characterization of atomic frequency
standards and interferometers [21,22,28] and shown in
Fig. 1 as a grey curve for each geometry. It describes the
change in the signal of the interferometer due to a small
phase step occurring at a specific instance t of the
interferometer cycle. If only one branch of the interferom-
eter is addressed by a light pulse, the sensitivity function
will oscillate at half the Rabi frequency between −1 or 1
and 0 and it remains constant while the light is off. If both
branches are manipulated, gðtÞ will oscillate at the Rabi
frequency between −1 and 1 during a light pulse.
For the SCI the sensitivity function vanishes during the

free evolution time T, while in the MZI it assumes the
maximum absolute value of jgðtÞj ¼ 1 during the same time
span. Depending on the durations tS and τ, only a small
Fourier frequency band of phase fluctuations couples into
the signal of the SCI.
We have implemented the SCI in a slightly modified

setup of our cold-atom gyroscope [23,29], formerly

FIG. 1 (color online). Space-time diagram (x; t) and the
corresponding sensitivity function gðtÞ defined in Refs. [21,22]
for (a) a conventional Mach-Zehnder interferometer (MZI) with
single Raman pulses (red wavy lines) as atom-optical elements
[23] and (b) the symmetrized composite-pulse interferometer
(SCI) featuring multiple Raman pulses (multiple red wavy lines)
for each atom-optical beam splitter and mirror. The single-pulse
duration τ as well as the dark time tS within a composite pulse is
not drawn to scale. The Raman interactions lead to a change of
both the electronic state (ground and excited state denoted by
solid and dashed lines, respectively) and the kinetic momentum
of the wave packet, depending on the direction of the effective
photon momentum k (indicated by black arrows). The contrast of
the MZI signal depends crucially on the state preparation. A pure
sample of excited-state atoms can be achieved by optical
pumping after molasses cooling. As shown in the figure, a
specific velocity class of this sample can be selected with the help
of a Raman pulse transferring them into the ground state, while
the rest of the excited atoms are removed by a resonant blow-
away pulse (yellow wavy lines). In contrast, in the SCI the blow-
away pulse is not performed until the first two beam-splitter
pulses. As indicated by gðtÞ, which expresses the sensitivity to
Raman laser phase noise and magnetic field fluctuations, the SCI
is insensitive to these noise sources during the free evolution time
T, while the MZI is most sensitive during the same period.
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operated as a dual MZI with two counterpropagating pulsed
beams of laser-cooled 87Rb with a forward speed of v ¼
2.79 m=s and a repetition rate of 2 Hz. The gyroscope is
mounted on a passive vibration isolation platform combin-
ing two MinusK 650BM-1 stages and shielded against
acoustic noise by an enclosure. The Zeeman degeneracy of
the atoms being in a hyperfine ground state is lifted by a
magnetic offset field of 750 mG. Coherent manipulation
with Raman pulses is performed on the hyperfine transition
with zero linear magnetic susceptibility in three spatially
separated zones employing retro reflectors of type
Thorlabs-BB2-E03 for the light fields which are mounted
on remotely controllable mirror mounts in order to align the
reflectors by the interferometer itself. During these proc-
esses the laser phase is imprinted onto the atoms. Between
the beam-splitter zones the atoms travel freely, allowing
pulse spacings of TMZI ¼ 23 ms and TSCI ¼ 25 ms in the
MZI and the SCI, respectively. The composite pulses are
made of τ ¼ 30 μs—long Raman pulses separated by
tS ¼ 4 μs. With these parameters, the SCI features an area
of 41 mm2, the largest demonstrated so far for a cold-atom
gyroscope.
We demonstrate the coherence of the beams in the MZI

and the SCI by recording the atomic population in one of
the output ports in its dependence on the laser phase ΦL
(Fig. 2). The latter is stepwise increased in successive
measurements by altering the phase of the last Raman laser
pulse with respect to the others. From the resulting
interference fringes, we deduce contrasts of 36% and
19% for the MZI and the SCI, respectively. These low
values are a consequence of (i) spontaneous emission
during the Raman pulses before the blow-away pulse
and (ii) inhomogeneities of the Rabi frequency across
the atomic cloud. These effects are even more prominent
in the case of the SCI due to the higher number of atom-
light interactions.
The interference pattern of Fig. 2 allows us to determine

the rotational phase for both geometries. In order to
distinguish it from the other phase contributions, we read
out the signals of two counterpropagating interferometers
with horizontal velocities þv and −v. In our configuration
one interferometer is resonant with the wave vector þk,
while the other interacts with the oppositely directed wave
vector −k. According to Eq. (1), the rotational phase
remains invariant under the transformation v → −v and
k → −k and we arrive at the total phases

ΦMZI
�v ≡ ΦMZI

rot � Φacc � Φð�Þ
B þ ΦðTþτÞ

L

and

ΦSCI
�v ≡ ΦSCI

rot � 2Φacc � ξΦð�Þ
B þ Φ

ðτcpÞ
L

of the two interferometers denoted by the subscripts �v
operated as a MZI and a SCI, respectively.

Apart from ΦL, ΦMZI
rot , and ΦSCI

rot , the other leading phase
components consisting of the linear acceleration shift
Φacc ∼ k and the magnetic field gradient shift ΦB ∼ v flip
their signs for the respective counterpropagating interfer-
ometer. The superscripts � of the magnetic phase empha-
size the fact that it crucially depends on the trajectory of the
atom in the two interferometers. The gradient relevant in
our experiment is pointing along the atomic beams as the
separation of the wave packets is still small with respect to
the transverse gradient. The suppression factor ξ ≈ ð2tS þ
6τ=πÞ=T in front of Φð�Þ

B in the SCI mainly arises from the
ratio of the time slots in which the interferometers are
sensitive to these effects. Moreover, we have introduced the
superscripts T þ τ and τcp to stress the influence of the laser
phase during these periods as expressed by the sensitivity
functions in Fig. 1. Here, τcp denotes the duration of a
composite pulse.
In order to extract the rotational phase, we combine the

phases of the counterpropagating interferometers in the
sums

ΦMZIþ ≡ ΦMZIþv þ ΦMZI
−v ¼ 2ΦMZI

rot þ ΔΦB þ 2ΦðTþτÞ
L

and

ΦSCIþ ≡ ΦSCIþv þ ΦSCI
−v ¼ 2ΦSCI

rot þ ξΔΦB þ 2Φ
ðτcpÞ
L :

We emphasize that the difference ΔΦB ≡ ΦðþÞ
B − Φð−Þ

B
vanishes only if the trajectories of the two counterpropa-
gating interferometers overlap perfectly, while this does not
hold for temporal fluctuations. Hence, in general, there is a
residual magnetic contribution in the MZI which in the SCI
is intrinsically suppressed by the factor ξ.
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FIG. 2. Interference signals of the MZI (triangles) and the SCI
(squares) obtained by scanning the phase ΦL of the last Raman
pulse. Because of an imperfect efficiency of the Raman proc-
esses, the larger number of beam-splitter pulses required in the
SCI leads to a reduced contrast of 19% in the SCI as compared to
the MZI, where it is 36%. From these fringes we also determine
the total phase offset which contains the corresponding rotational
phase shifts ΦMZI

rot and ΦSCI
rot .
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We have verified this remarkable feature of the SCI by
increasing the magnetic offset field in discrete steps of
about 150 mG while operating the interferometers. The
resulting time series of ΦMZIþ and ΦSCIþ are depicted in
Fig. 3, where, for comparison, the phases were scaled in
units of a relative rotation rate.
The phase ΦMZIþ follows the steps in the magnetic field

strength and exhibits huge dips due to transients introduced
by the stepwise increase during the interferometer
sequence. In contrast, no significant perturbations occur
in ΦSCIþ . By the same mechanism the SCI suppresses the
influence of fluctuations of the magnetic field, which
allows us to directly determine the rotational phase ΦSCI

rot
by deliberately setting ΦL ¼ 0.
Although the dc component ofΦL is reliably controllable,

the sensitivity to rotations can be harmed by its ac compo-

nents. Their suppression in Φ
ðτcpÞ
L as compared to ΦðTþτÞ

L is
confirmed by the comparison of the noise inΦMZIþ andΦSCIþ ,
depicted as a two-sample standard deviation in Fig. 4.

For this measurement we have used a standard rf
synthesizer as a phase reference for the Raman pulses.
The stability of the MZI is strongly affected by the
synthesizer phase noise at 700 nrad s−1Hz−1=2, as con-
firmed by the use of a low-noise microwave reference,
whereas the SCI suppresses the noise by 11 dB. In the latter
case the noise is due mainly to rotations of the platform, as
verified by correlating the signal with two seismometers.
The best performance of the SCI gyroscope with a

precision of 120 nrad s−1 Hz−1=2 was obtained during a
quiet period on the weekend, employing a high perfor-
mance microwave reference for the Raman laser. This value
represents an improvement compared to the instability
achieved in Ref. [5] and is close to the intrinsic noise
level of the device given by 77 nrad s−1Hz−1=2, which is

slightly below the performance reported in Ref. [4]. An
even lower value of 0.6 nrad s−1 Hz−1=2 was obtained for a
narrower detection bandwidth with a thermal beam inter-
ferometer [6]. This device strongly benefits from its
continuous measurement scheme as well as a higher atomic
flux but features a baseline that exceeds the one of our cold-
atom gyroscope by an order of magnitude.
We have measured the Earth’s rotation rate with an

inaccuracy of about 600 nrad s−1, corresponding to 1.2%.
The uncertainty is more than one order of magnitude larger
than the resolution of 26 nrad s−1 obtained with our setup
by integrating the signal over 100 s. This measurement was
performed with a slightly higher short-term instability of
260 nrad s−1Hz−1=2 as we removed the acoustic shielding
which caused thermal drifts of the retroreflectors of the
interferometer [30]. The long-term instability of our gyro-
scope is a factor of 2.6 higher than the one in Ref. [5],
which was integrating over 1000 s. Before now, the lowest
long-term instability was obtained in Ref. [6] by integrating
over 2000 s.
The inaccuracy of our measurement is dominated by the

systematic uncertainties in the launch velocity of the atoms
as well as their starting position combined with the relative
wave front alignment of the Raman light beams. These
errors can be inferred from the Sagnac formula, Eq. (1),
which depends on the cross product of the effective wave
vector and the atomic velocity. In order to improve on the
accuracy and precision obtainable with molasses cooling, a
combination of ultracold atoms with Bloch oscillations can
be employed for the atom launch [31].
In conclusion,we have employed composite light pulses to

realize an atom interferometer which surpasses current cold-
atom gyroscopes in both area and sensitivity to rotations.
Because of its flexibility, our composite-light-pulse technique
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FIG. 3 (color online). Time series of the sum phases ΦMZIþ
(grey) and ΦSCIþ (black) expressed in units of a relative rotation
rate for a stepwise increasing magnetic offset field (red). The
changes in the MZI rotation signal are caused by transients
occurring when the magnetic field is changed while the inter-
ferometer operates. In contrast, the SCI signal given by the
horizontal line is unaffected by these perturbations.
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can also be employed in other applications, such as gravim-
etry, or in tests of the foundations of physics. The interfer-
ometer is fundamentally immune to internal-state dependent
forces because the atoms traveling through the interferometer
most of the time remain in the same electronic state, in
contrast to the standard MZI. Moreover, the immunity to
noisewill be extremely beneficial for very long baseline atom
interferometers, where large magnetic shields and low-noise
lasers for coherent manipulation of the atoms are required
[32–34]. Finally, we envision extensions to Bragg pulses and
Bose-Einstein condensates.
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