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ABSTRACT

© Higher Education Press 2023

We report an experimental study of magnetic-field-sensitive multi-wave

interference, realized in a three-wave RF-atom system. In the F = 1 hyperfine
level of the 7Rb 525, , ground state, Ramsey fringes were observed via the
spin-selective Raman detection. A decrease in the fringe contrast was
observed with increasing free evolution time. The maximum evolution
time for observable fringe contrasts was investigated at different atom
temperatures, under free-falling and trapped conditions. As the main
interest of the Ramsey method, the improvement in magnetic field resolu-
tion is observed with an increase of evolution time T up to 3 ms and with
the measurement resolution reaching 0.85 nT. This study paves the way
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for precision magnetic field measurements based on cold atoms.

Keywords atom interferometer, magnetometer, cold atom device,

multi-wave interference

1 Introduction

Ramsey interference [1] has been widely used in metro-
logy, notably with the principle of atomic fountain
clocks [2—4]. The interference fringe pattern in a two-
wave system is well-known and can be reversed to determine
the physical quantities associated with the phase shift.
In multi-wave systems, studies [5-10] have revealed that
the interference fringes are distorted and produce higher
fringe slopes, which led to improved measurement sensi-
tivity.

An intrinsic atomic system demonstrating multi-wave
interference is in the Zeeman effect on alkali atoms,
which contains 2F + 1 spin levels in the hyperfine ground
states. Under a magnetic field, both sides of the spin
levels beside mpr = 0 move in opposite directions, making
the multilevel structure sensitive to the magnetic field.
By applying radio frequency (RF) fields to couple the
spin levels, multi-wave interference fringes sensitive to
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magnetic fields can be implemented.

A straightforward application for this is magnetic field
sensing. Different types of atomic magnetometers such
as DRAM [11], CPT [12, 13] and SERF [14] have high
sensitivity levels exceeding pT/v/Hz and even fT//Hz.
More detailed reviews of atomic and other various
magnetometers can be found in Refs. [15, 16]. They have
demonstrated state-of-the-art results in terms of sensi-
tivity, spatial resolution, dimension, etc.

The evaluation of the systematic errors that are
induced by magnetic fields in some atom interferometry
experiments, such as those involving atomic clocks
[17-19], gravimeters [20-23], gyroscopes [24-26] and
short-range forces measurements [27-30], is important.
In these scenarios, the use of the aforementioned
magnetometers is inconvenient owing to the necessity of
measuring the magnetic field at the position of the
atoms inside a scientific vacuum chamber. Therefore,
the research of magnetic field measurements based on
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Ramsey interference [17, 31], which can be applied in
situ, provides a method or reference in this context.

The merit of the Ramsey method lies in improving
measurement sensitivity by increasing the free evolution
time. This feature has been validated on atomic clocks
[2-4]. Besides, in contrast to the Raman transition
coupling [10, 18, 31], RF coupling is used to avoid light
shift. In this article, we report the experimental study of
multi-wave interference. As a demonstration, the multi-
wave interference in a gravimeter based on an ultracold
atom source [32] was observed.

The article is arranged as follows. In Section 2, we
provide the necessary theoretical expressions for the
experiment. In Section 3, a summary of the experimental
apparatus is presented. In Section 4, we present the
Finally, the
presented.

results. discussion and conclusions are

2 Theory

We use the three spin levels in the F' = 1 hyperfine
ground state of ®7Rb5%S;/, to demonstrate multi-wave
Ramsey interference. When the atoms are under a static
magnetic field B, the energy gaps between Zeeman
levels are | — p - Bl. We couple the spin states with RF
radiation in the form of Eq. (1).

(1)

where B, is the RF waveform amplitude, egr indicates
the polarization, w is the RF circular frequency, and ¢ is
the RF initial phase. The RF detuning is
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BRF = BQBRF COS (wt + 90) 5

d=w (2)

where pp is the Bohr magneton.
The evolution of the system is the solution to the
rotating wave approximated Schrodinger equation

ih¢ = He, (3)

where H is the Hamiltonian
-0 V20el? 0

V2Qe i 0 V2Qel? |,
0 V2Qe v 5

H=n (4)

c = (c1, ca, c3)7 is the state vector containing the amplitudes
for |F =1,mp = —1), |1,0) and |1, +1) spin states, Q is the
Rabi frequency quantifying the coupling strength. The
details of the Hamiltonian, Eq. (4), the corresponding
deduced time evolution operator U and the level scheme
can be found in Ref. [33], where the effective Rabi
frequency Qg = V02 + 4Q2.

The Ramsey sequence consists of two RF pulses with
duration 7 and a period of evolution time T, as shown in
Fig. 1. During the evolution, considering the RF and

Raman
T detection

[ 11

Time
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~

Fig. 1 Experimental sequence of the Ramsey interference
in the three-wave system. Raman spin-selective detection is
used to read the population in spin states.

magnetic field induced phase, the free time evolution
operator Uy is

ei&T 0 0
u;=| 0o 1 o0
0 0 efiST

()

Setting the initial state at time ¢ =0 as ¢(0), the final
state of the Ramsey interferometer is

c(T+271)=U(r)Us(T)U(7)c(0). (6)

Setting 7 =r/(4Q) and ¢(0) = (0,1,0)T, after the
Ramsey sequence, the probabilities of the |1,0) and |1,+£1)
states are given as Eqs. (7) and (8), respectively.

1
4

where the phase shift ¢ = 6T,

Py(¢) = 7 (1 —cos¢)?, (7)

Par(9) = (1403 6)(3 — cos ). (8)

3 Experimental apparatus

The three-wave Ramsey interference magnetometer is
integrated into a reported BEC gravimeter [32]. The
diameter of the lab-made RF coil is 40 mm, and the
number of turns is 30. To avoid the Titanium vacuum
chamber blocking the propagation of the RF field, the
RF coil must be put near the viewports of the gravi-
meter, as shown in Fig. 2.

The distance between the center of the RF coil and
the atomic cloud is 78(5) mm. According to the relationship
between the magnetic dipole matrix element and the
desired Rabi frequency [34], an RF field oscillating with
an amplitude of 0.7mG is estimated to achieve a Rabi
frequency of 27 x 980 Hz. The target B field at the location
of the atomic cloud is ~ 60mG, corresponding to the
Zeeman energy gap of ~ 42 kHz.

The direction of the B field is along the z-axis in Fig. 2.
The RF field diffusion and the hindrance of propagation
from the metal vacuum chamber cause difficulty in the
alignment of the RF coil, compared to the situation with
laser optics. Thus, the RF coil orientation near the view-
ports was manually adjusted so that the Rabi oscillation
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Fig. 2 (a) Global view and (b) detailed view of the
atomic interference magnetometer integrated into a BEC
gravimeter.

could be optimized. Through this, the RF system was
properly deployed.

At the end of the interferometer sequence, we used
the Raman transition of AF =+1, Amp =0 to transfer
the atoms from a specific spin state in FF = 1 to F = 2
and then counted the atom numbers in F'= 1 and F = 2
states as N; and N, with resulting probability
P'= N;/(Ny + Ny). Considering the Raman two-photon
efficiency 5 in the experiment, the normalized probability
was P = P’/n. The same process can be applied to obtain
the probability of |1,+1) state.

4 Results

First, the initial state |1,0) was prepared. Doppler cool-
ing, polarization gradient cooling, loading into the optical
cross dipole trap (OCDT), and evaporation cooling to
atoms’ temperature of 500 nK are performed as reported
in Ref. [32]. By the Raman spectroscopy shown in Fig. 3,
three Gaussian peaks were obtained with amplitudes P’ ,,
P}, and P/, representing the populations in |1, 1), [1,0),
and |1, +1) states without normalization. For detection of

e Data
0.6 —— |1,—1) state
’ —— |1,0) state
—— |1,+1) state
=
2 0.4
<
=
o
9
o
0.2
O_O-ﬂv/\Nv‘ C S "'uﬁ-/.\-‘q

105.0 105.1

Raman control frequency (MHz)

104.9

Fig. 3 Raman spectrum of the initial state. Solid lines are
the Gaussian fits representing the relative ratio in the spin
states.
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Fig. 4 RF frequency scan for the resonant transition
frequency.

the |1,0) state, the Raman efficiency n was estimated by
(9)

By this means of estimation, the Raman efficiency in the
three spin states is assumed to be the same. From Fig. 3,
n = 88(5)%. This value was used for normalization in the
article.

Free-falling atomic clouds were used in the experiment.
The quantization B field was approximately 60 mG in
the region with a falling time of less than 10ms. We
scanned the RF frequency using single pulses to get the
resonance curve shown in Fig. 4. The center of the
Gaussian fit indicated a resonant frequency of 45.5 kHz.
At this frequency, we spanned the RF pulse duration to
get the Rabi oscillation of the |1,0) state, as shown in Fig.
5. With the exponentially decaying cosine fit, the first
population inversion occurred at 0.29ms. The effective
Rabi frequency Q. was deduced as 2w x [1/(4 x 0.29
ms)] = 27 x 864 Hz. We set 7=0.14ms for the next-step
Ramsey sequence.

With a fixed B field, by changing the RF frequency w
during the free evolution time T, the phase shift ¢ can
be scanned to produce interference fringes. We set the
free evolution time T = 0.4 ms to extract Ramsey fringes
in the three spin states, as shown in Fig. 6. From the fit
to Egs. (7) and (8), the phase behavior in [1,£1) is
reversed compared to that of the |1,0) state with half the
amplitude.

To determine the fringe center, we observed the
Ramsey fringes with different evolution times. The over-
lapping fringe centers in Fig. 7 reveal the amplitude of
the B field.

We further increased the evolution time T to observe
the fringes shown in Fig. 8. The contrast decreased with
increasing 7. When T =3 ms, the fringe contrast was
about 33%, and the fringes still could be fit. At evolution
times of 6 and 9 ms, the contrast decreased to less than
20%, and the fit was close to the range of the error bars.

n=P. ,+ P+ P,
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Fig. 5 Rabi oscillation initialized and observed in |[1,0)
state.

This is because, with increasing evolution time under
the free-falling condition, the effect of the magnetic field
gradient becomes significant. The B field gradient in
space behaves as magnetic field variations over time
during the interferometer sequence. The variation of the
B field is the most likely reason for the dephasing of the
interferometer, presented as the vanishing of the fringe
contrast, which is also pointed out in Ref. [5]. In the
worst case, the second RF pulse will be out of resonance
with increases of T or B field variation.

The finite temperature of the atomic cloud, combined
with the B field gradient, is an important factor in the
fringe contrast decay. Because of the temperature of the
atoms, the atomic cloud expands during free fall. With
the B field gradient, each atom experiences a different
variation in B over time during the Ramsey sequence.
The fringe contrast will decrease and be washed out if
the atomic cloud is too hot.

We observed fringe contrast in different atom tempera-
tures under free-falling condition, as shown in Fig. 9.
Overall, the fitted exponential decay time Tp that char-
acterizes the maximum free evolution time increased
with decreasing atom temperature. The lower the atom
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Fig. 6
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Interference fringes observed on the three spin
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Fig. 7 Ramsey fringes with different evolution times. The
dashed line indicates the overlapped fringe center.

temperature, the smaller the atomic cloud was during
free fall. The critical temperature of the BEC transition
was 200 nK. Above the critical temperature, the estimated
evolution time was approximately 6ms. At 100 nK, the
estimated evolution time of 35.5 ms was due to the even
slower expansion of the BEC. The experiment was
conducted for the longest falling time of 20 ms; therefore,
the 35.5 ms here demonstrates the estimation.
Furthermore, we observed the fringe contrasts for
atoms trapped in the OCDT, as shown in Fig. 10. Without
the expansion of the atomic cloud, the free evolution
time was drastically increased to the order of 500 ms.
This was also true under the free-falling condition; the
estimated evolution time increased with decreasing atom

0.6

0.4

Population in [1,0) state

0.4+

Phase shift ¢ (rad)

Fig. 8 Fringes with the increase of evolution time.
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Fig. 9 Fringe contrast decay with different temperatures
of atoms under free falling condition.

temperature. However, under free-fall condition, even
when the fringe contrast held for a long time, the fringe
was not useful for fitting. When atoms were trapped in
the OCDT, because of the spin-dependent interaction [9,
35-41] that may redistribute spin populations, the phase
of the interferometer was out of order.

By characterizing the measurement resolution using
the standard error of the mean from the fitted fringes
with an integration time of 411 s (for 100 shots), the
resolution of the interferometer phase o, and B field op
with different evolution times were summarized, as
shown in Fig. 11. Because of the relationship
op/os = 2h/(usT), although the phase resolution worsens
with increasing free evolution time 7T, the magnetic field
resolution improves until 7 reaches 3ms, indicating
0.85nT. This is a clear demonstration of the advantage
of the Ramsey interference method.

5 Discussion

The demonstrated experimental results and the deduction
of Eq. (7) are for cases with strong driving condition
such that the RF pulses are near-resonant. This is to

—=—1200 nK, 7,=12.0 ms|
—e—3800 nK, 7,,=138 ms
—a—500 nK, 7,=576 ms
—v—300 nK, 7;,=1070 ms

40 —— 100 nK, 7,,=1400 ms
-
R

20 ‘\L:*

60 4

Contrast (%)

- 2
0L- . . .
0 300 600 900
Time (ms)

Fig. 10 Fringe contrast decay with different temperatures
of atoms under OCDT trapped condition.

Evolution time (ms)

Fig. 11 Phase resolution o, and magnetic field resolution
op in different evolution time 7.

expand the overall envelope of the Ramsey fringe, which
arises from some effects that make the response of the
atoms non-resonant, such as the atom temperature or
variations in the B field. During the experiment, there
was no spatial separation of atomic clouds, so Q.7 could
be any value except m to produce fringes. The fringe
slope produced by =/4 pulses is 0.66rad~', higher than
0.5rad™! in a typical Ramsey two-wave system. Our goal
is to perform measurements with 7/2 pulses in a three-
wave system, producing a fringe slope of 1.0 rad™!, which
leads to the highest theoretical measurement sensitivity.
However, the sensitivity to B field variations in time will
become higher as well. The origin of the variations is
primarily the low-frequency ambient magnetic field noise
and the noise of the electric current-produced B field.

Currently, there is no magnetic shield or magnetic
field stabilization [42, 43] in the experimental apparatus.
The demonstrated result of this work is not competitive
with those of the developed magnetometers [11-14] or
even with the measurement of the magnetic field inside
a vacuum chamber [19, 31], possibly due to the magnetic
field gradient. As pointed out in Ref. [5] and calculated
in Ref. [33], magnetic field gradients may cause dephasing
of the interferometer, which results in decreased sensitivi-
ty. A magnetic shield may reduce the magnetic field
gradient and the environmental magnetic field noise.
Magnetic field stabilization [42, 43] can further suppress
magnetic field noise, leading to improved results. Besides,
notably, Ref. [18] measured magnetic field vector and
Ref. [17] presented a more rigorous analysis of the
Ramsey method.

From Figs. 9 and 10, the benefit of using a colder
atom source is clear. However, evaporation cooling sacri-
fices atom numbers for lower atom temperatures. There-
fore, the resolution limited by the number of atoms
under the context of standard quantum limit [44] will
worsen. This is the trade-off between atom temperature
and the atom number.

With the free-falling configuration, the limit for the

Wenhua Yan, et al., Front. Phys. 18(5), 52306 (2023)
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free evolution time 7T depends on the available falling Prapi i1 = }[1 — c08(20%57)). (12)
distance. The dephasing caused by the magnetic field ' 4
gradient and the atom temperature is calculated in Ref. Tpo  fipst  full population inversion occurs when

[33]. Last but not least, according to Ref. [45], the
decomposition of the oscillating RF field By parallel
and perpendicular to the B field cause energy shifts,
which will lead to systematic errors. The next step for
improvement requires consideration of the discussed
elements.

6 Conclusion

In conclusion, we have presented experimental results of
multi-wave interference, driven by separated RF pulses,
in a three-wave RF-atom system. The initial state was
the |1,0) state. The Rabi oscillation showed an RF-atom
coupling strength of 864 Hz. Spin-selective detection was
carried out by Raman transition to observe the interference
fringes in the [1,0) state. Overlapped fringe centers with
different evolution times indicated the absolute value of
the magnetic field. The effect of atomic cloud expansion
was investigated using fringe contrast as a function of
evolution time. Under the free-falling condition, evolution
time with an observable fringe contrast reached approxi-
mately 10 ms with atomic clouds of 300 nK. When atoms
were trapped in the OCDT, this value reached 1s.
Finally, a gain in the measured magnetic field resolution
op was observed with an increase of evolution time until
T reaches 3 ms, which demonstrates a measurement reso-
lution of 0.85nT. This work paves the way for precision
magnetic field measurement through the reported
scheme. Next-step analyses of noise sources and the fine-
tuning of experimental conditions are underway.
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Appendix

The evolution of states under RF radiation of pulse
duration 7 is given by Eq. (10). The Rabi oscillation in
the [1,0) and |1,£1) states are given by Egs. (11) and
(12), respectively,

c(1) = U(71)c(0), (10)
Prasno = %[1 + cos(20e7)], (1)

Qeer = 7/2. Under this configuration, a =/4 pulse where
Qerm = m/4 makes the population one half in |1,0) state
and one quarter in the |1, £1) states, like a so-called “r/2”
pulse in a two-level system.
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