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Atoms in magnetically sensitive sublevels constitute a natural sensor for absolute magnetic field mea-
surements, which are explored here to form an optical Ramsey interferometer for determining the magnetic
field distribution. An optical Ramsey atom interferometer provides a convenient way to map a magnetic
field in vacuum. In comparison with the often used Raman spectroscopy method, a Ramsey interferom-
eter can not only improve the sensitivity, but also dramatically suppress the contribution of the ac Stark
effect. Furthermore, in this work, the magnetically sensitive atoms are velocity-selected, which improves
the spatial resolution for the magnetometer as well as the contrast of the Ramsey fringes. A short-term
sensitivity of 1.4 nT/Hz1/2 for magnetic field measurement is finally achieved even with an interrogation
time as short as 500 μs. The presented approach for absolute magnetic field measurement is expected to
find wide applications in atom-interferometry-based precision measurements.
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I. INTRODUCTION

In the last three decades, atom interferometry techniques
have been rapidly developed and found many impor-
tant applications, spanning from inertial sensors [1–6]
and atomic clocks [7–9] to fundamental physical quan-
tity measurement [10,11], tests of fundamental laws of
physics [12–17], and probing short-range forces [18–20].
In many of these applications, knowledge of the mag-
netic field experienced by atoms has to be acquired
precisely to estimate the corresponding influence [21].
A magnetic field can be measured by many methods,
such as the superconducting quantum interference device
(SQUID) method with a sensitivity of 1 fT/Hz1/2 [22],
the spin-exchange relaxation-free (SERF) method with an
ultrahigh sensitivity of 0.16 fT/Hz1/2 [23], the nonlinear
magneto-optical rotation (NMOR) method with a sensi-
tivity of 1 fT/Hz1/2 [24,25], and the coherent population
trapping (CPT) method with a sensitivity of 8 pT/Hz1/2

[26]. Although these methods have ultrahigh sensitivity
for magnetic field measurement, they are not handy for
the above mentioned atom-interferometry-based applica-
tions, either owing to their respective limited dynamic
range and/or operation conditions or because they cannot
achieve a perfectly collocated measurement with respect
to the atomic trajectories inside a vacuum chamber. In
this work, we investigate the potential of magnetically
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sensitive optical Ramsey interferometry for resolving an
absolute magnetic field in a vacuum chamber.

As an ingenious method of separated oscillatory
fields [27], Ramsey interferometry has been widely used
in physics experiments, particularly in the field of atomic
clocks [28]. Although it is well known for measuring the
absolute frequency of an atomic transition, there are only
a few reports in the literature in which Ramsey inter-
ferometry is explored to measure a magnetic field using
magnetically sensitive transitions [29–39], not even to
say optical Ramsey interferometry. Instead, spectroscopy
using a single oscillatory field, either stimulated Raman
transitions [21,40–42] or microwave transitions [42,43],
is usually adopted. In Ref. [37], a magnetometer is real-
ized using a single electronic spin in diamond by Ramsey
interferometry, with a sensitivity of about 500 nT/Hz1/2.
In Ref. [32], Ramsey interferometry, comprising two mag-
netically sensitive microwave transitions, is explored to
measure the time-averaged magnetic field over long flight
times. And the magnetic field profile has to be decon-
structed from many measured time-averaged values at
different fountain heights, which increases the complexity
and usually results in a poor spatial resolution for magnetic
field mapping.

In this work, magnetically sensitive Ramsey interferom-
etry based on stimulated Raman transitions is explored to
measure the magnetic field in an atomic fountain. Com-
pared with spectroscopy involving a single oscillatory
field, the Ramsey interferometry method can improve the
sensitivity as a consequence of increased interrogation
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time. In addition, compared with Raman spectroscopy,
the ac Stark shift is absent during the free evolution
period for an optical Ramsey interferometer, which means
that the ac Stark effect will be greatly suppressed. And
in comparison with microwave-transition-based Ramsey
interferometry as well as other magnetometers, like those
based on the SQUID, SERF, NMOR, and CPT methods,
Ramsey interferometry based on stimulated Raman transi-
tions is much more convenient for mapping the magnetic
field distribution of a certain zone, especially inside a
vacuum chamber serving as an atom interferometry sen-
sor where other magnetic detection sensors cannot readily
access.

Usually, a magnetic field is probed by atoms without
velocity selection, where the atomic cloud expands fast.
The measured magnetic field is actually an average of the
field experienced by a large atom cloud, ending up with
poor spatial resolution. In this work, besides preparing
atoms in magnetically sensitive sublevels, atoms are also
velocity selected in the vertical direction using a Raman π

pulse in Doppler-sensitive configuration before encounter-
ing the magnetic field measurement sequence. In this way,
the spatial resolution can be improved by about 5 times,
achieving about 1 mm in our experiment. Finally, a short-
term sensitivity of 1.4 nT/Hz1/2 for absolute magnetic
field measurement is demonstrated here even with a short
interrogation time of 500 μs.

II. THEORETICAL ANALYSIS

Ramsey spectroscopy usually takes an atomic clock
transition line as a frequency reference. For magnetic
field measurement, the Zeeman effect is explored to
sense the magnitude of the magnetic field, as shown
in Fig. 1(b). With 87Rb atoms prepared in a magneti-
cally sensitive sublevel |mF

〉
(mF = +1 or −1) of the

hyperfine state |F = 1
〉
, when subjected to a π/2 − π/2

Doppler-insensitive Raman pulse sequence, atoms will
oscillate between |F = 1, mF

〉
and |F = 2, mF

〉
, manifest-

ing a magnetically sensitive Ramsey fringe. The transition
probability can be expressed as

P = A − C
2

cos(�φ), (1)

where A and C stand for the fringe offset and contrast,
respectively. The total phase shift is

�φ = (δ − δB)T
(

1 + 4τ

πT

)
− 4

π
δACτ , (2)

where τ is the duration of the π/2 pulse and T is the
interrogation time between the two π/2 pulses. The effect
of Raman pulse duration must be taken into considera-
tion since the interrogation time is typically quite short
in a magnetically sensitive interferometer. δ = ωL − ω0

(a) (b)

FIG. 1. (a) Schematic of the vacuum cell and polarization configuration of Raman beams in the vacuum chamber, as well as (b)
energy level scheme of magnetically sensitive Raman transition for 87Rb. A mechanical shutter is integrated to switch between
Doppler-sensitive and Doppler-insensitive Raman laser configurations. When applying two phase-locked laser beams with a polar-
ization combination of σ+σ+ or σ−σ−, atoms will undergo a stimulated Raman transition between |F = 1, mF

〉
and |F = 2, mF

〉
.

For simplicity, here only the σ+σ+ transition and the case of |mF = −1
〉

are displayed. The transition between |F = 1, mF = +1
〉

and |F = 2, mF = +1
〉

could be combined to perform a differential measurement. I1 and I2 are the corresponding densities for the
two beams.
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represents the detuning of the Raman laser effective fre-
quency ωL with respect to the 87Rb atom clock transition
line ω0. δB is the Zeeman shift, namely the differen-
tial energy shift between |F = 1, mF

〉
and |F = 2, mF

〉

induced by the magnetic field. For the first-order Zeeman
shift, δB = 2αZ,I mFB, where αZ,I = 2π × 0.7 MHz/G is
the first-order Zeeman coefficient of 87Rb atoms in 52S1/2
electronic state and B is the magnetic flux density experi-
enced by the atoms. The effect of differential ac Stark shift
δac, which only occurs during the Raman pulses, is also
included in �φ.

Ramsey fringes are obtained by sweeping the effective
frequency ωL of Raman lasers, which modulates the detun-
ing δ. The central fringe corresponding to zero detuning
could be determined by examining the superposition of
fringes with different interrogation time T. In our situ-
ation, an appropriate value of δ, denoted as δ0, can be
found around the fringe center to make �φ = 0. Thus the
magnetic field can be determined as

BmF = 1
2αZ,I mF

[
δ0 − 4τ

πT + 4τ
δac

]
. (3)

We notice that both δ0 and δac are dependent on the value
of mF . In order to improve the measurement precision,
Ramsey interferometers with |mF = +1

〉
and |mF = −1

〉

are combined to make a differential measurement, and the
magnetic field can be deduced as

B = 1
2αZ,I

[
δ+1

0 − δ−1
0

2
− 4τ

πT + 4τ

δ+1
ac − δ−1

ac

2

]

, (4)

where the superscript +1 and −1 stand for |mF = +1
〉

and
|mF = −1

〉
, respectively.

To measure the magnetic field accurately, the influence
of ac Stark shift must be evaluated. In Doppler-insensitive
Raman transitions, Raman lasers are usually configured
with a polarization combination of σ+σ+ or σ−σ−. Tak-
ing σ+σ+ as an example, the ac Stark shift for different
sublevels can be expressed as

δi
ac = κ[αiI1 − β iI2], (5)

where the superscript i = +1, 0, −1 denotes that the atoms
are in |mF = +1, 0, −1

〉
, respectively. κ is a constant

related to the transition dipole matrix elements of the
87Rb D2 transition line. I1 and I2 are the intensities of
the two Raman beams, as shown in Fig. 1(b). αi and β i

are the coupling coefficients, which are determined by the
detunings for single-photon transitions and dipole matrix

elements. They are calculated as [21,44,45]

α+1 = 5
12(� + ω0)

− 1
4�

, β+1 = 1
4(� − ω0)

− 5
12�

,

(6)

α−1 = 1
4(� + ω0)

− 5
12�

, β−1 = 5
12(� − ω0)

− 1
4�

,

(7)

and

α0 = 1
3(� + ω0)

− 1
3�

, β0 = 1
3(� − ω0)

− 1
3�

. (8)

According to the expressions, we can deduce that

α0 = α+1 + α−1

2
, β0 = β+1 + β−1

2
, (9)

resulting in

δ0
ac = δ+1

ac + δ−1
ac

2
, (10)

where � denotes the far detuning for two-photon Raman
transitions, which is around 1.5 GHz in our experiment.
In the expressions of αi and β i, the hyperfine splittings
of the excited state 52P3/2 are ignored. With the hyper-
fine splittings considered, the expressions of αi and β i will
vary slightly. But the relations in Eqs. (9) and (10) are still
approximately satisfied. According to Eqs. (6) and (7), it is
impossible to ensure δ+1

ac = δ−1
ac ≡ 0 at the same time for

directly canceling ac Stark shift by adjusting the intensity
ratio I1/I2. Generally, one can readily adjust the intensity
ratio to make sure δ0

ac = 0 prior to knowing the first-order
Zeeman shift because there is only a second-order Zeeman
shift when atoms are in |mF = 0

〉
[46]. In this case, it can

be deduced that δ+1
ac + δ−1

ac ≈ 0, namely equal amplitude
but opposite signs. We note that in the Raman spectroscopy
method, the influence of ac Stark shift cannot be eliminated
by differential measurement using opposite magnetic sub-
levels either. But in comparison, the influence of the ac
Stark shift can be suppressed by a factor of (πT + 4τ)/4τ

in our Ramsey method here.

III. MAGNETIC FIELD MEASUREMENT

A. Experimental setup and procedure

The proof-of-principle experiment is performed using
one of our interferometers reported previously [47,48].
A schematic of our vacuum chamber is shown in Fig. 1(a).
One cycle starts by loading 87Rb atomic cloud in the three-
dimensional magneto-optical trap (3D MOT), which is fed
by a two-dimensional MOT. After a loading time of 315
ms, about 108 atoms are launched upward with an ini-
tial velocity of 3.44 m/s by a far-detuned optical moving
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molasses, during which the atoms are further cooled to a
temperature of 6 μK through polarization gradient cool-
ing. This temperature corresponds to a velocity distribution
width of σv = 23.4 mm/s. Repumping light for the 3D
MOT is turned off later than the six trapping beams so
that all the atoms end up in |F = 2

〉
hyperfine ground state

in the atom fountain. After entering the interference area,
atoms are firstly state-prepared before being subjecting
to the interferometry sequence. A solenoid coil is tightly
wrapped on the outer cylinder of the interference tube to
provide a quantization axis for removing the degeneracy of
the sublevels in hyperfine states. And a five-layer μ-metal
film is added immediately outside of the coil for shielding
stray magnetic field.

In common Doppler-insensitive atom interferometers, it
is usual to select atoms in a certain internal state, but with-
out velocity selection. In this work, in order to improve
the spatial resolution for magnetic field measurement,
both internal state and velocity selection are performed. A
counter-propagating (Doppler-sensitive) Raman π pulse is
utilized to implement the required state preparation.

The Raman lasers are originated from two external cav-
ity diode lasers (Toptica DL pro). Before injecting into
the same tapered amplifier (TA), they are superposed and
phase locked with an optical phase-locking loop (OPLL).
The output beams from the TA pass through an acousto-
optical modulator operating at 1.5 GHz. And the negative
first-order diffraction beams are used for the Raman lasers,
which are thus largely detuned for avoiding spontaneous
emission. The beams are guided to a collimator located
on the top of the vacuum system through a polarization-
maintaining fiber. A first quarter-wave plate (QWP), which
is installed over the top of the interference tube, real-
izes circular polarization. At the bottom, there is a mirror
for retro-reflecting the two Raman beams to form the
counter-propagation configuration for Doppler-sensitive

Raman transitions during state preparation. There is a
second QWP immediately over the mirror to ensure cor-
rect polarization for reflected Raman lasers. A mechanical
shutter is installed over the second QWP to block the
retro-reflected Raman lasers during the interfering process,
which ensures Doppler-insensitive Raman transitions for
interfering. The time for completely opening or closing
the shutter is about 30 ms. This time is short enough for
switching between the two configurations of the Raman
lasers. It is also worth noting that the effective frequencies
of the Raman lasers are completely different for the two
configurations due to Doppler detuning. And the hop of
the frequency between the two configurations is realized
by the frequency shift key feature of an arbitrary func-
tion generator used as frequency reference in the OPLL
for the Raman lasers. Unwanted atoms left in |F = 2

〉
are

blown away with a beam tuned to resonance on |F = 2
〉

to
|F ′ = 3

〉
of 52P3/2. This state preparation selects out about

106 atoms in required |F = 1, mF
〉
, and reduces the verti-

cal velocity spread of the cloud down to about 3.8 mm/s.
The selected atoms are then subjected to a π/2 − π/2
Doppler-insensitive Raman pulse sequence. The duration
of each Raman π/2 pulse is 20 μs. The interrogation time
is set as 500 μs, which ensures a relatively high contrast
for the Ramsey fringe and also a good spatial resolution
for magnetic field measurement. In the end, normalized
time-of-flight (TOF) fluorescence detection is performed
to deduce the transition probability when atoms fall back
into the detection zone. The whole procedure described
above composes one shot for magnetic field measurement,
and it takes 1 s.

The Ramsey fringes are obtained by modulating the
effective frequency of the Raman lasers from shot to shot,
and typical fringes are shown in Fig. 2. At a specific point
in space, the fringe center can be located by examining
the superposition of fringes for different T. Normally, the

FIG. 2. Typical Ramsey fringes
for the magnetically sensitive
interferometer. Atoms are pre-
pared in |F = 1, mF = −1

〉
in the

preparation stage, and the Raman
transition occurs between
|F = 1, mF = −1

〉
and |F = 2,

mF = −1
〉
. The free evolution

time is T = 500 μs. The solid line
is plotted as a guide to the eye.
Inset: enlargement of the central
fringe.
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fringe center search is necessary at only one point in space
since the magnetic field does not vary much from point to
point in our case.

B. ac-Stark shift measurement

To derive the magnetic field accurately, it is a
prerequisite to evaluate the ac Stark shift. We also explore
Ramsey interferometry to measure the ac Stark shift [1].
During the free evolution time of Ramsey interferome-
try, a Raman pulse with a changeable duration is inserted
to induce an additional phase shift, which is proportional
to the ac Stark shift and the pulse duration. This inserted
Raman pulse must be detuned far enough from the reso-
nance Raman transitions to avoid stimulating the atoms,
but meanwhile small enough to keep the induced ac Stark
shift as close as possible to the one to be measured.
A detuning of 15 MHz is chosen here, which is real-
ized by a radio-frequency switch to change the reference
frequency source of the OPLL. Before measurement, the
intensity ratio of the two Raman lasers is precisely adjusted
to ensure δ0

ac ∼ 0 following the general procedure [46].
Results are shown in Fig. 3. As expected, the induced
phase variation changes linearly with the duration of the
inserted pulse for all three magnetic sublevels. The slopes
correspond to their ac Stark shifts. The fitted slopes are
δ+1

ac = +2π × 3.44(7) kHz, δ−1
ac = −2π × 3.50(7) kHz,

and δ0
ac = +2π × 0.06(13) kHz. These values agree well

with the proposed relation in Eq. (10). The shifts of δ+1
ac

and δ−1
ac are used to calculate the correction in the mag-

netic field measurement due to the ac Stark effect. The
correction is as high as 248 nT for the Raman spectroscopy

FIG. 3. Measurement of the ac Stark shift for different sub-
levels. The solid lines are the respective linear fittings. The slopes
are the ac Stark shifts of corresponding magnetic sublevels.
These measured results are used to calculate the corrections due
to the ac Stark effect in the magnetic field measurement.

method, but is only 12 nT for the Ramsey method, which
corresponds to a suppressed factor of over 20.

C. Mapping the magnetic field distribution

Measurements with atoms prepared in |F = 1,
mF = −1

〉
and |F = 1, mF = +1

〉
are performed alter-

nately. Two adjacent measurements from the two sublevels
are combined to derive one determination of the absolute
magnetic field. At one point in space, we repeat this dif-
ferential measurement 10 times. The magnetic field within
373 to 606 mm is mapped by moving the interferometry
sequence upward step by step with a time increment of
4 ms. This region is the typical interference area for our
g measurement. The resulting magnetic field distribution
along the central axis of our vacuum chamber is depicted
in Fig. 4(a). The vertical error bars show the statistical
error. For comparison, mapped magnetic field distributions
using the Ramsey method without velocity selection and
the Raman spectroscopy method are also displayed. The
distributions for the three methods agree well with each
other, which verifies the corrections of the ac Stark effect
for the different methods. The discrepancy of abscissa val-
ues shown clearly in the inset of Fig. 4(a) comes from the
velocity difference due to velocity selection. Comparing
with Raman spectroscopy, the Ramsey method shows an
obvious advantage of higher precision. And compared with
the Ramsey method without velocity selection, velocity
selection can improve the spatial resolution significantly,
which is discussed in detail below.

The spatial resolution for magnetic field measurement
here depends on the atomic cloud vertical size and the
movement during interrogation. While it is convenient to
map the magnetic field using a moving atomic cloud, the
movement of atoms indeed deteriorates the spatial reso-
lution. The total interrogation time is 2τ = 40 μs for the
Raman spectroscopy method and T + 2τ = 540 μs for the
Ramsey method. Thus the atoms indeed move for a longer
time in the Ramsey method during interrogation. How-
ever, for an interrogation time as short as 500 μs, this
factor is not the primary limitation for the spatial reso-
lution as we will show. Taking the midpoint (490 mm)
as an example, the corresponding flight time after launch
is about 198 ms and the velocity there is about 1.5 m/s.
The moving distance is about 0.06 mm for the Raman
spectroscopy method and about 0.8 mm for the Ramsey
method. Taking half of the distance as the contribution to
the spatial resolution, the corresponding values are 0.03
and 0.4 mm, respectively. However, due to spread, the
vertical size of the atomic cloud without velocity selec-
tion becomes 4.7 mm when considering a typical value
of 0.5 mm for the initial size. This means that the spa-
tial resolutions for the Raman spectroscopy method and
Ramsey method without velocity selection will be limited
to be about 5 mm due to spread. Using vertical velocity
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(a)

(b)

(c)

FIG. 4. (a) Magnetic field dis-
tributions measured by the Ram-
sey interferometer using atoms
with (black squares) and with-
out (red dots) velocity selec-
tion. For comparison, mapped
magnetic field using the gen-
eral Raman spectroscopy method
is also depicted (blue stars).
(b) The difference between mea-
sured magnetic field by the Ram-
sey method without and with
velocity selection. (c) Corre-
sponding variations of contrast.
Magnetic field along the cen-
ter axis of our vacuum cham-
ber is mapped by changing the
beginning time of the first π/2
pulse step by step. The time
between neighboring measure-
ments is 4 ms. Error bars are
smaller than the size of the
markers on the plot. Inset in
(a): the plot of measurements
around 490 mm is enlarged for
seeing the error bars clearly.

selection, the spatial resolution can be improved to about
1 mm for the Ramsey method. The horizontal error bar in
Fig. 4 accounts for the uncertainty of the center position
of the atomic cloud, where the effect of fountain fluctua-
tion dominates. The shot-to-shot position variation due to
fountain fluctuation is measured as 0.4 mm, and thus the
final horizontal error bar is 0.4 mm.

Since the size of the atomic cloud along the vertical
direction is quite large without velocity selection, it is
supposed that different parts of the cloud experience dif-
ferent magnetic field. Thus the measured value is actually
an average over all the atoms in the atomic cloud. This
average effect has two consequences. One is the inhibition
of the precision. There is a local maximum of the mag-
netic field around 580 mm shown in Fig. 4(a). It can be
imagined that the measurement result will deviate from the
actual value due to the average effect when the center of
the atomic cloud arrives at this point. And a wider atomic
cloud gives a smaller measurement value. This is clearly
shown around 580 mm in Fig. 4(b), which corresponds to
the difference of the magnetic field measurements between
Ramsey methods without and with velocity selection.
The difference is greatest around 580 mm as expected.

The other consequence is the degradation of the fringe
contrast. The transition probabilities after the interfering
pulses will not be the same for different parts of the atom
cloud if the magnetic field is inhomogeneous over the
cloud. The fringe corresponds to an average of the tran-
sition probabilities for all the atoms participating in the
interference, and thus the fringe contrast will decrease for
nonzero atomic cloud size. The contrast decreases more for
a wider atomic cloud, which is clearly shown in Fig. 4(c).
As predicted, the contrast for Ramsey fringes without
velocity selection is at least 20% lower than that with
velocity selection throughout the measurement region. In
addition, it can be seen that both the contrasts decay rapidly
when the magnetic field varies rapidly, for example, after
the point of 580 mm, but the contrast for the fringes with-
out velocity selection decays much faster than that with
velocity selection.

It is also interesting to examine the TOF signal for
the interferometer without velocity selection. As discussed
above, the transition probabilities of atoms in different
parts of the cloud will vary when encountering an inho-
mogeneous magnetic field, which may lead to multiple
peaks in the TOF signal. This is indeed observed in the
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(a)

(b)

FIG. 5. (a) Measured (black
squares and red dots) and simu-
lated (blue and cyan solid lines)
TOF profiles in the Ramsey
method with and without velocity
selection. The detected TOF sig-
nal is reversed due to a negative
current-to-voltage conversion. (b)
Corresponding transition proba-
bilities of atoms in the simulation
versus their position at 278 ms.
The purple square and green dot
indicate the centers of the clouds
with and without velocity selec-
tion, respectively, and the error
bars represent the corresponding
cloud sizes.

experiment, as shown with red dots in Fig. 5(a). The TOF
signal is obtained through fluorescence detection when
atoms fall back into the detection chamber. It is propor-
tional to the atoms transited to |F = 2

〉
hyperfine states

after the interference that takes place at the local maximum
around 580 mm. The multiple-peak feature of the TOF
signal is an intuitive representation of the view that atoms
within the large cloud behave differently. A simulation is
further carried out to directly manifest the different behav-
iors of the atoms during the interference, which is shown
in Fig. 5(b) (red dots). In the simulation, a cloud with 105

atoms is generated. For each atom, an initial position and
velocity are assigned from a list of numbers generated from
Gaussian distributions, where only the vertical dimension
is considered. The center of the position distribution corre-
sponds to the initial cloud central position, which is set at
the center of the 3D MOT, and the standard deviation of the
position distribution corresponds to the cloud initial size,
which is assigned a typical value of 0.5 mm. The center of
the velocity distribution corresponds to the initial velocity
of the cloud after launch (3.44 m/s), and the standard devia-
tion of the velocity distribution corresponds to the velocity
spread (23.4 mm/s). Each atom follows a ballistic trajec-
tory after launch and the cloud spreads freely during the

flight. After a flight time of 278 ms, atoms are subjected
to the interference pulses, and the transition probability
for each atom can be calculated. In the calculation, the
magnetic field distribution mapped by the Ramsey method
with velocity selection is used. As shown in Fig. 5(b), the
transition probabilities of atoms indeed vary within the
large cloud. The position distribution of the cloud after a
flight time of 278 ms can also be obtained by counting the
position of each atom. The center and standard deviation
are depicted by the green dot and error bar, respectively.
The standard deviation is 6.6 mm, corresponding to the
cloud size. For comparison, the simulation is also carried
out for the situation with velocity selection [black squares
in Fig. 5(b)]. The procedure is the same except that the
standard deviation for the initial velocity distribution is
3.8 mm/s accounting for velocity selection. Correspond-
ingly, the center and the standard deviation of the position
distribution for the atoms after a flight time of 278 ms are
indicated by the purple square and error bar. The standard
deviation implies that the cloud size is only 1.2 mm in
this case. The simulated clouds continue flying freely for
another 309 ms, arriving at the detection chamber, where
the corresponding TOF signals can be calculated. The TOF
signals depend on both the transition probability and the
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(a)

(b)

FIG. 6. (a) Demonstration of
the switch between full-fringe
scanning mode and fringe-
locking mode. (b) Allan standard
deviations of the magnetic field
measurement. Atoms are pre-
pared in |mF = −1

〉
. The black

squares and red dots represent the
measurements with and without
velocity selection, respectively.
The blue triangles correspond to
the measurement with the Raman
spectroscopy method. The orange
(blue) solid line corresponds
to a short-term sensitivity of
1.4 nT/Hz1/2 (36.5 nT/Hz1/2).

density of the atoms within the cloud, and the calculated
results are shown in Fig. 5(a). The simulated TOF signals
agree well with the experimentally detected TOF signals,
which verifies that the multiple peaks are indeed induced
by the large spread of the atomic cloud. And it also indi-
cates that velocity selection is effective for improving the
spatial resolution.

D. Short-term sensitivity

In order to evaluate the short-term sensitivity for our
optical Ramsey interferometer with velocity selection, a
continuous measurement is performed. A fringe-locking
method is also adopted to improve the sampling rate and
sensitivity [49,50]. The switch between full-fringe scan-
ning mode and fringe-locking mode is accomplished auto-
matically by the controlling program, as shown in Fig. 6(a).
One measurement of the magnetic field is obtained from
every two shots, and according to the acquired long-time
data, the Allan deviation can be evaluated, as shown in
Fig. 6(b). The sensitivities for Raman spectroscopy and the
Ramsey method without velocity selection are also shown
in Fig. 6(b). For the sensitivity test, the measurements are
all performed around 437 mm using only one magnetic
sublevel for the three methods, i.e., |mF = −1

〉
. According

to the Allan deviations, the short-term sensitivities for the
Ramsey method with and without velocity selection are the
same, which is 1.4 nT/Hz1/2. The sensitivity for Raman
spectroscopy is 36.5 nT/Hz1/2. Thus the sensitivity for the
Ramsey method is better than that for Raman spectroscopy
by a factor of over 20 because of its much longer interro-
gation time and higher sampling rate. The sensitivity for
the Ramsey method here is most likely to be limited by
the fluctuation of the atomic fountain and the detection
noise. Note that the state preparation with velocity selec-
tion induces additional fluctuation of the atomic fountain,
which accounts for the deterioration of the long-term Allan
deviation in the Ramsey method with velocity selection.

IV. CONCLUSION

In conclusion, we have performed an absolute mag-
netic field measurement using a Ramsey interferometer
based on stimulated Raman transition. Compared with the
usual Raman spectroscopy method, the Ramsey method
can ensure high precision, and the influence of the ac Stark
shift can be largely suppressed. It is also convenient to map
the magnetic field along the interference region by Raman
stimulation instead of microwave stimulation in an atomic

054062-8
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clock. A Doppler-sensitive state selection is explored for
the Ramsey interferometer, which improves both the spa-
tial resolution and fringe contrast. The method presented
here is applicable for evaluating the magnetic field effect
in precision measurements by atom interferometry.
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