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Magnetic field measurement based on a stimulated
two-photon Raman transition*
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The magnetic field in the microwave interaction zone of the fountain atomic clock was measured by stimulated

Raman transitions. By measuring the two-photon transition frequency between the Zeeman levels of the two ground

states, we achieved a magnetic field measurement accuracy of the order of 0.28 nT. This method is immune to the
Doppler shift and the AC Stark shift. The second order Zeeman shift of the fountain clock is 170.7 x 10715 with the

uncertainty of 7.2 x 10~16,
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The development of laser cooling and trapping
techniques has opened the door to a radical approach
in the construction of atomic clocks.[':2l The atomic
fountain clock is the most accurate microwave clock
that currently contributes to International Atomic
Time. Recently, the frequency stability and uncer-
tainty of the atomic fountain clock has reached the
10716 level.B! The uncertainty of the atomic fountain
clock is not evaluated by comparing it with other fre-
quency standards, such as statistical (type-A) uncer-
tainty, but by analysing all known systematic (type-
B) uncertainties of the clock transition. In the ac-
curacy budget of all shifts, the three most important
effects have been identified as the second-order Zee-
man Effect, blackbody radiation and collisions.!*—8!
For the evaluation of the second-order Zeeman effect,
one must depict the whole magnetic field in the in-
teraction zone. The whole magnetic field map is nor-
mally attained by measuring the frequency of mag-
netically sensitive transitions with microwave or low
radio frequency.”!

The rubidium fountain clock was constructed at
the Shanghai Institute of Optics and Fine Mechan-
ics in 2005,1'% the Ramsey fringe with high signal-
to-noise ratio was acquired in 2009.'" Recently, the
type-B uncertainty of the device has been evaluated.
Magnetic field mapping has been the subject of an in-
creasing number of important works in recent years.
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Normal ways of mapping include the radio frequency
method, which detects low-frequency transitions of
magnetic sublevels of the same hyperfine state,l) and
the microwave radiating method, which detects mi-
crowave transitions of magnetic sublevels of different
hyperfine states.[!?) The former requires additional
coils and may bring about magnetic noise in mea-
suring, while the latter is simpler and is utilized in

the same device we have used.!!]

However, the latter
method cannot map a whole microwave interaction
zone and cannot be seeded to a certain position, such
The method based on two-
photon stimulated Raman transitions is used to map
the C-field in this letter. The proposed method does

not bring about additional noise to the fountain and

as a cut-off waveguide.

can map the whole interaction zone of the fountain.
The
atoms are stimulated and transitioned between the

The principle of the method is as follows.

Zeeman sublevels of the ground states using the in-
teraction with the Raman pulse of two copropagating
beams. In this process, these transitions become sen-
sitive to the Doppler shift and the ac Stark shift. Nev-
ertheless, the frequency difference between the neigh-
bouring Raman transitions, which is proportional to
the magnetic field intensity, is unaffected by these
shifts.

The stimulated Raman transition has been widely

used in the field of atom interferometry.'2=14! In
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the theoretical analysis of the stimulated Raman
transition,[!415] the transition probability can be de-
scribed as:

2002,
(0AC — 6)% + 402,

x (1 — cos <\/(5AC 6 49357)) ()

The energy structure of the stimulated Raman tran-

a

sition is depicted in Fig. 1. In this equation, 2. =
Q705 /44, §8C = QAC — QAC OAC = 22 /4A, and
0OAC = 2/4A. In addition, |a),|b) are the two
ground states, {2; is the Rabi frequency used to char-
acterize the level coupling by the ith (¢ = 1,2) laser
beam, {2.g is the effective Rabi frequency of the two-
photon transition, d is the detuning from the Raman
resonance in the absence of AC Stark shift, and 6%€ is
the whole AC Stark shift of two ground states. In ad-
dition, 2AC and 2AC are the ac Stark shifts of level
|a) and level |b), respectively, 7 is the Raman pulse
width, and A is the Raman beam detuning from the
excited state. This equation could be obtained when
the detuning from the excited states are larger than
the Rabi frequencies, A >> (2. In the scheme that we
used, the two Raman beams were copropagating, thus
the influence of the photon momentum was neglected.
However, the different Doppler shifts of the two beams
influenced the central transition frequency.

wo

a

Fig. 1. Energy level of the two-photon stimulated Raman
transition. The case of the two Raman beams (w1, w2) in
dash line was not considered when the AC Stark shift of
the two ground states was calculated.

In this experiment, about 108 3’Rb atoms in the
upper state F' = 2 were collected in the magnetic—
optic trap in 500 ms and further cooled in optical mo-
lasses to about 4 uK. The atoms then underwent post

cooling and were launched vertically in (1, 1, 1) geom-
etry by moving optical molasses with an initial veloc-
ity of about 4 m/s in a few milliseconds. The upward
going atoms entered the interaction zone, which was
magnetically attenuated by four layers of mu-metal
shield. A highly homogeneous 150 nT static magnetic
field (about 150 nT) was produced by a solenoid and
compensation coils surrounding the microwave and
free-flight region. The environment magnetic field was
attenuated by 40 dB, and the residual magnetic field
fluctuation was expected to be less than 2 nT. The
time of flight signals were obtained at the detection
zone using two probe beams.

The Raman beams were generated by fibre
electric-optic modulator (FEOM) driven by the signal
generator referred to as the Hydrogen maser. The in-
put laser beam was provided by the diode laser, which
was locked to the crossover peak of ' =2 — F/ = 2
and F = 2 — F' = 3 of D2 line of 8"Rb. Prior to
coupling it to the FEOM, the laser beam was shifted
by a double-pass optical path of a 200 MHz acoustic—
optic modulator that was also used to switch off the
Raman beam. The FEOM driver frequency was swept
around 6.835 GHz to stimulate the Raman transitions
between the magnetic levels of the ground states. Its
carrier and the +1th sideband were used as the two
Raman beams. The residual sidebands of the FEOM
can be neglected for their far detuning. The ratio of
the two components can be changed by sweeping the
driver power of the FEOM. The output beams were
then delivered to the fountain physics system through
polarization maintaining fibre. The final beams that
have parallel linear polarizations have a total power of
0.04 mW in 1.4 cm Gaussian diametre. The effective
Rabi frequency of the Raman transition was about
550 Hz.

The magnetic intensity of the point of interac-
tion zone was detected through the following ways:
when atoms pass by the point, a 12 ms pulse of Ra-
man beams was switched on, facilitating their inter-
action with the atoms. The Raman transitions can
be shown by measuring the variation of transition
probability following the modulation frequency of the
FEOM (Fig. 2).
cation of the atoms was obtained by calculating the

The magnetic intensity of the lo-

distances of the peaks. The whole magnetic field map
was acquired when the time delay of Raman pulse
was swept step by step. As pointed out in an earlier
study,['%) the ¢ transition is forbidden given that the
propagation direction of the Raman beams is parallel
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to the vertical C-field. The width of the transition is
mainly limited by the Raman pulse width.
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Fig. 2. Resonance curve of the stimulated two-photon Ra-
man transition probability following frequency detuning §
of Raman beams; here, the Raman pulse is switched on for
12 ms after 425 ms from the time the atoms are launched.
The driver power of EOM is 10 dbm, and the frequency
step is 10 Hz. The Amyg # 0 transitions are forbidden.

In Fig. 2, the central frequency of the Raman
transition is offset from the clock frequency. This off-
set was mainly caused by the Doppler shift and AC
Stark shift of the Raman beams. For the copropagat-
ing Raman beams, the Doppler shift of the atoms with
velocity v can be expressed as:

Uhfs
12

UZ—(kQ—kl)l/Z (2)

The variant frequency shift with time can be expressed

as:
v Ungs

5t = - g (3)
In these equations, v is the Doppler shift, vng =
6.83468 - - - GHz is the 8"Rb hyperfine structure split-
ting of the ground state, ¢ is the light speed, and g

is the gravity acceleration. The relationship between
the time delay of the Raman pulse and the central
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frequency of 0-0 transition is depicted in Fig. 3. We
attained the gradient of the frequency shift through
the linear fitting of the data. The resulting experi-
ment gradient is about 0.251 Hz/ms, which is near the
theoretical value of 0.223 Hz/ms within 12% error.
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Fig. 3. Centre frequency of 0-0 transition versus the delay
time of the Raman pulse. The origin point of the z axis
is the time of launching the cold atoms. Error of the gra-
dient between the experimental result and the theoretical
calculation is within 12%.

The AC Stark shift of the ground states also
caused the offset of the resonant frequency of Raman
transitions. Although the two Raman beams shifted
both ground states, we only considered the detuning
A, which is smaller than the splitting of the ground
The Stark shift of the two Raman beams
(dashed line in Fig. 1) is neglected. In the present

states.

experiment, the detuning A is about 127 MHz. Nor-
mally, 22¢ and 22€, the AC Stark shifts of the two
transitions are around 100 Hz. When the intensities
of the two Raman beams are equal, §4¢ (the total AC
Stark shift of Raman transitions) becomes zero. This
can be realized by tuning the driver power of EOM.
The relationship between the AC Stark shift and rel-
ative power of two laser beams are depicted in Fig. 4.
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Fig. 4. The AC Stark shift versus the driver power of the EOM. In Fig. 4(a), the centre frequency of 0-0 transition is
changed with the driver power since the total ac Stark shift is varied for the different ratio of the two Raman beams.

Figure 4(b) depicts the measurement results calculated from the difference frequency of neighbouring transition

versus the power ratio of the two Raman beams. The influence of the AC Stark shift can be neglected for the

magnetic field measurement. The data is attained at the 350 ms point.
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The offset caused by the Doppler shift and AC Stark
shift is equal to the neighbouring transition. Thus,
this offset is not considered an obstacle to the mag-
netic field measurement. The fluctuation of the mea-
sured magnetic field in Fig. 4(b) is mainly caused by
the error of fitting the Raman transitions. When the
ratio between the two Raman beams is larger than 1,
the total power is decreased drastically and the signal
to noise ratio of the Raman transitions is lower, which
brings about the error in the measurement. But this
fluctuation is much lower than the AC Stark shift.

The magnetic intensity is measured by calculating
the difference of Raman transition peaks. The mag-
netic field map of the interaction zone is depicted in
Fig. 5. The central transition frequency between the
magnetic levels was identified within 2 Hz, which cor-
responded to 0.28 nT. Typically, the measurement of
the magnetic field has a 0.4% relative uncertainty. To
verify the method, an additional experiment was per-
formed through the mapping magnetic intensity with
microwave radiation, which was based on our previous
work.l'”l The error between the measurement results
was less than 1 nT (Fig. 5).

The second order Zeeman shift of the clock transi-
tion can be directly evaluated by calculating the time
average of the square of the magnetic field. The co-
efficient of the second order Zeeman shift of 8"Rb is
dv = 575.15 Hz/G? x (B2(t)). We used (B(t))” in-
stead of (B%(t)) in the whole trajectory above the
Ramsey cavity. This shift of the 8’Rb fountain clock
was evaluated as 1.17 mHz, and the bias of the second
order Zeeman shift was 170.7x10715. The uncertainty
of this shift was about 7.2x10716,

In conclusion, we have measured the magnetic in-
tensity map of interaction zone of the 8"Rb fountain
atomic clock through the stimulated two-photon Ra-

man transition. By sweeping the driver frequency of
the EOM, we observed the Ampr = 0 transitions be-
tween the Zeeman levels of the ground states. The
centre of the resonance for the Doppler shift and AC
Stark shift of the Raman pulse shifts. However, the
difference of the neighbouring transitions is immune
to these shifts. In addition, the whole magnetic field
map in the interaction zone was depicted by sweeping
time delay of the Raman pulse. The magnetic field is
not as homogenous compared with the design of this
experiment. In future works, the homogeneity should
be improved toward precise compensation of the fluc-
tuation of the magnetic field.
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Fig. 5. Map of the magnetic field in and above the Ram-
sey cavity. The origin of the z axis is the center of the
magnetic—optic trap. The first point of the map is the
location of the Ramsey cavity. The C-field at the Ram-
sey cavity is distorted by the residual magnetic field of
the components of the cavity. The uncertainty of the data
(0.4%) is smaller than the symbol. The black triangle
lineshape of magnetic field is the result of Raman method
which the blank circle is the result of radiating method.
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