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Based on power modulation of a pump laser and precessional projection detection, we present an all-optical vector
magnetometer of cesium, which has a demonstrated magnitude sensitivity of 801‘T/Hzl/2 and an orientation
sensitivity of 0.1°/Hzl/2. In the device, four main factors are measured experimentally, which are the Larmor
precession frequency of a polarized magnetic moment that depends on the modulus of the measured magnetic
field only, two phase shifts and amplitude ratio of the precession projection in the two probe directions relative to
the magnetic field orientation. This kind of magnetometer with high sensitivity in the range of the spatial angle
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is suitable for solving the inverse problem and geomagnetic navigation.

As the most sensitive devices for measuring mag-
netic fields,[!! the atomic spin-precession magnetome-
ter has two fundamental kinds according to differen-
ces of the measurement parameters of the magnetic
field. One is the scalar magnetometer that gives only
the magnetic field magnitude by measuring the Lar-
mor frequency of polarized atoms directly or indi-
rectly. It may be applied in the field of measuring
magnetic field fluctuation in the specified direction,
for example, nuclear magnetic resonance, > ~° and bi-

rameters (including amplitude, frequency, and pola-
rization) has been developed rapidly.['®~?!] The ad-
vantage of this technology has been mainly shown
on avoiding the influence of metal components near
atom sensor and signal crosstalk in a magnetometer
array.l””l However, few investigations have been car-
ried out on the all-optical vector magnetometer having
better than 500 fT /Hz'/? sensitivity without bias mag-
netic field.

ological medical imagining.[>"] The other is the vec- D2
torial magnetometer that can record all information T

of the field, thus it plays an essential role in geophy- N |PBS1
sical measurement, spatial navigation and planetary g
observation.[® ') There are several main approaches QW1

to realize atomic vector measurement from a scalar
magnetometer. By compensating for the magnetic
field measured, the scalar magnetometer is kept ope-
rating near zero field,['""'?] where the sensitivity gre-

PL1

Q . . EOM Cs cell .~
atly depends on the noise level of compensation of the X\ Pumping laser
el magnetic field. It is also possible to extract orientation - -I' —w — e e ===
e information of the magnetic field by means of the de- o
: pendence of electromagnetically induced transparency fowz
(EIT) on the magnetic direction in a linearly polarized PBS2 /48
bi- or polychromatic light configuration.!'>'*l In the .\/A/—.] 7> PL2
case of the existence of an offset field in one direction, PD3' PD4

using magnetic modulation and demodulation in the
other two orthogonal directions, the vector compo-
nents of a weak measured field can be obtained, "]
because here the outputs of the lock-in amplifier are
proportional to the components of the field in corre-
sponding directions. Furthermore, to overcome a pos-
sibly suffered disturbance of a weak oscillating mag-
netic field driving the Zeeman transition to magnetic
field measured, Bell et al. discovered that circularly
polarized light with power modulation could induce
atomic magnetic resonance in the ground state.['”] Re-
cently, modulation technology of the all-optical pa-

Fig.1. Principle of the all-optical vector magnetome-
ter. EOM: electro-optic modulator, QW: quarter-wave,
PL: probe laser, and PD: photo detector.

In this Letter, we report on an all-optical vec-
tor magnetometer with three orthogonal laser beams,
which can synchronously track the precession caused
by the measured magnetic vector. It is able to read
out the modulus of the magnetic field through the
resonant frequency and to determine the field orienta-
tion by means of the phase of precession projection in
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two probe beam directions and their amplitude ratios.
Using pumping modulation and amplitude projection
detection of the precession, the experiment demon-
strates that the magnetometer not only has the op-
timum magnitude sensitivity of 80fT/Hz!/? and the
orientation sensitivity of 0.1°/Hz'/2, but also can keep
the sensitivity better than 120fT/Hz'/2 in the range
of large spatial angle. This type of magnetometer is
more appropriate for positioning and navigating.

The principle of the magnetometer is sketched in
Fig. 1. The cesium vapor can be polarized by a re-
sonance laser with circular polarization and an initial
magnetic moment is immediately generated along the
pumping z direction. If there is a magnetic vector me-
asured, it should induce the moment to precess around
the vector, and the time-dependent solution of the mo-
ment would be written by the Bloch equation!'?2!]

P'(t) =B x P(t) — I'P(t) + Py(t)i, (1)

where P(t) is the magnetic moment vector, v = 27 x
3.5 Hz/nT is the gyromagnetic ratio of Cs, B(|B|, «, )
represents the magnetic vector measured by us and the
corresponding Larmor frequency wy, = v|B| (« is the
angle between the magnetic vector and the y axis, and
[ is the angle between the z axis and the projection
of the vector in the y = 0 plane), and I" is the trans-
verse relaxation rate of the precession. The last term
in Eq. (1) describes the effect of the pumping laser to
polarize atoms along z, which is given by[*']

RopSo

Py(t) = 5

[1 + cos(wi)], (2)
where R,;, and Sy are the optical pumping rate and the
magnetic moment induced by the unit pumping rate in
zero magnetic intensity, respectively, and w represents
the modulation frequency of the pumping laser near
wr,. Two linear polarization lights propagating along
the z and y axes are used to detect the precessional
projections in the corresponding directions.

To analyze the information of the precession pro-
jection in the z and y directions, we need to make
three assumptions: (1) wg, > I" > 1, (2) the influence
of longitudinal relaxation on the precession is not ta-
ken into account under the condition of varying field
orientation, and (3) the counter-propagating rotatio-
nal response at —w is ignored. Then the time depen-
dence of precession components in three coordinate

axes may be expressed as[*”]
A
P B
I'? + (w—wp)?
- [cos(wt) — 1] + R;I}SO, (3)
PZ- (t) _ FROpSO Az (aa 5)
I'? 4+ (w—wp)?
- [cos(wt — ;) — cos(pi)], (4)

where i = z or y, A, («, ) and A;(a, ) are proporti-
onal to the amplitude of precession’s x and i direction

projection, as a function of the field orientation, and
¢; represents the phase shift in the ¢ direction assu-
ming that the initial phase is zero in the z direction.
Inserting Egs. (3) and (4) into Eq. (1), the coefficients
of harmonic components on both sides of the equation
must be equal, and using Wolfram Mathematica 10.0,
the above four parameters A,(«, 8), A.(«, 8), ¢, and
¢, we are interested in can be obtained numerically
on resonance.
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Fig. 2. (a) Projection amplitude of the precession versus
the EOM modulation frequency. The black points repre-
sent the experimental data. The red curve is a Lorentzian
fit. (b) Power spectrum density (PSD) of (a).

In our experimental setup, a spherical vapor cell
with a 30mm external diameter contains saturated
cesium vapor and 70 Torr of helium that serves as the
buffer gas to allow much lengthening interaction time
and narrowing the spectral width effectively. The Cs
metal is heated to 39°C by flowing hot gas to obtain
Cs vapor density of 2x10' cm™3. The cell is magnet-
shielded with cylinder permalloy shielding, which has
10° radial shielding factor and 2x10* axial factor be-
cause it is open on one side. The magnetic vector is
created by a y-direction Helmholtz coil and a quasi
Helmholtz coil, and the field yielded by the latter is
located horizontally at the bisecting of angle Zxoz,
which means that the experimental fields have the
identical 8 = 7/4. Two current sources having short-
term relative stability of 107 in 1s provide electric
current for both coils. Two external cavity laser diodes
with 1 MHz line width are used. First, an o+ pump
light with 8 mm? cross section and 650 uW power is
actively stabilized to the center of Fy =3 — F. =4
hyperfine transition of the cesium D, line by saturated
absorption spectra. The pump intensity is modulated
with an electro-optic modulator (EOM) by a square
wave with 50% duty cycle near. The other linearly po-
larized probe laser is locked to the Fy; =4 — I, =5
cycling transition of the cesium Do line. It is split
into two beams propagating along the z and y directi-
ons, respectively, while each has 2mm? cross section
and 2 uW power, and traverses through the polarized
samples, a quarter-wave (QW) plate and a polarizing
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beam splitter (PBS) in turn. The axis of the PBS
is oriented at 45° with respect to the fast axis of the
A/4 plate. In this case, the measurement of ellipticity
of linear polarization light could not be dependent on
dispersion of the ¢ and o~ components, and that
- ~ 1072,
where xT and x~ are the absorption parameters for
both circular polarization components. Unlike ordi-
nary polarization rotation detection where the probe
frequency has to be controlled to a largely detuning
position,?*2°] the ellipticity detection simply needs
the frequency to be locked resonantly. In addition,
the photodiodes of balanced amplified photo detec-
tors (PD) record the precessional projections along y
and z, and a dual-phase lock-in amplifier (LIA) allows
the measurement of the amplitude and phase of the
projections at each beam.

There is evidence that the magnetometer may have
an optimum magnitude sensitivity of 80fT/Hz!/2.
When the field along the y axis (i.e., & = 0°) has
1.08 uT magnitude, experiments measured the pro-
jection amplitude of the precession in the z axis, as a
function of the modulation frequency of pumping light
is shown in Fig.2(a). Experimental data were fitted
with an absorptive Lorentzian function. The spectrum
having a line width of 11.2Hz implies 70 Torr he-
lium buffer gas should be more suitable for increasing
atomic coherence life at the temperature compared
with 100 Torr in Ref.[26], because the buffer gas not
only decreases collision of the polarized atoms with
the internal wall of the cell, but also causes the Cs-
He relaxation to increase. The square root of power
spectrum density (PSD) of the resonant spectrum and
the signal-to-noise ratio (SNR) of about 20000 are dis-
played in Fig.2(b). In terms of the magnetometer’s
sensitivity proportional to spectral slope divided by
the SNR,[*"] we are able to certify the magnetometer
with 80fT/Hz'/? noise equivalent magnetic field.
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Fig. 3. (a) Phase changes of precession projection in the
z and y directions as a function of the field direction. (b)
Dependence of the amplitude ration on the field angle.

Then, we further discuss the influence of the field

orientation on phase angle ¢,(.) of the projection in
both probe directions and the ratio of their correspon-
ding amplitudes, in the first octant (Fig.1). In the
experiment, all field orientation has the same 8 = 7 /4
and only a sole directional variable . In the case of
weak magnetic strength, the effect of nonlinear Zee-
man shift on atomic precession can be neglected. Set-
ting 1.08 uT amplitude of the field unchanged, we in-
vestigate the dependence of ¢, ) on the orientation «
in y(z) (Fig.3(a)) and the corresponding ratio of the
amplitudes (Fig.3(b)) simultaneously. In view of the
small amplitude in the y axis at « = 10°, the pro-
jection was recorded from « = 20° experimentally in
the direction.
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Fig.4. Measurement for the field angle fluctuation in
time domain. Inset: its magnification.

Here the red (blue) solid line of Fig.3(a) is the
theoretical curve in the z(y) detection derived from
Eq. (1), and closed (open) circles are experimental
data in the corresponding directions. In Fig. 3(b), the
red curve is derived from the above-mentioned calcula-
tion, i.e., the value of A, («, 8)/A. (e, ) from Eq. (4),
while the dots represent the measurement result. The
pictures have shown perfectly the consistency between
the experimental results and the proposed model, if
the deviation of less than 2% from measurement en-
vironment fluctuation is taken into account, for in-
stance, the variations from lasers’ parameters and the
field instability. Further, considering the field symme-
try in space, we have reasonably confirmed that the
field orientation should be determined by the phase
variation and the ratio. To evaluate the uncertainty
of the field angle, setting the field with constant in-
tensity of 1.08 uT and switching at o = 60° and 90°
at intervals, the angle fluctuation in Fig. 4 along the z
axis was recorded. In view of the measurement band-
width of 1.25Hz, the magnetometer with 0.1°/Hz'/2
direction sensitivity has been demonstrated.

We have also experimentally studied the magni-
tude sensitivity in the field with different magnetic
orientations. Based on the fact that the magneto-
meter has the highest amplitude at @ = 0° and the
spectral noise is independent of the field orientation,
we may then analyze a magnetometer’s relative sen-
sitivity which is defined as the ratio of the sensitivity
with the orientation angle to the highest magnitude

. . 5B; .
sensitivity, i.e., 6Brel(i) = gorpnL=iz (i = z or y),
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where dB; is the amplitude sensitivity in the ¢ di-
rection. Considering that the experiment detects the
precessional projections in the z and y directions, one
may estimate the whole relative amplitude sensitivity
by 6Brcl(wholc) = [(6Brcl(z))_2 + (§Brcl(y))_2]_1/2' Fi-
gure 5 illustrates the influence of the orientation on the
relative sensitivity, the red (blue) curve is the relative
sensitivity in the z(y) detection theoretically and the
black one corresponds to the whole relative amplitude
sensitivity, while solid (open) squares, circles refer to
the experimental points correspondingly. We estimate
therein the whole relative sensitivity at a = 0, 10° by
means of the theoretical result in the y direction. The
picture has shown that the amplitude sensitivity of
the magnetometer is better than 120 fT/Hz'/2 in the
angle range. It is found that the experimental devi-
ation increases with « slowly, reaching the value of
about 30% at a = 90°. The variation of deviation
may be caused mainly by precessional spectral broa-
dening and its reasons are analyzed as follows. Firstly,
the contribution from longitudinal relaxation to the
precession can be more significant with the increasing
angle, whereas it is ignored in our model. Secondly,
the broadening is caused by magnetic field gradients
because of the imperfection of the measured field. "]
Lastly, the difference between axial and radical shiel-
ding factors of the shield cylinder might be another
reason for affecting the spectral width. Consequently,
making a perfect cell whose spectral width will not
depend on the field orientation, i.e., the longitudinal
relaxation rate is equal to the transverse rate,[*?] is
going to become a potential research subject. We
have to point out that the dead zone and measure-
ment range of the magnetometer are also important
parameters, but they have been limited by our current
source and coils arrangement for yielding the magnetic
field, which are not researched in detail. Nevertheless,
they will also still be a topic for future study.
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Fig. 5. Dependence of the relative sensitivity on the mag-
netic field direction in the magnetometer.

In summary, we have realized an all-optical vec-
torial magnetometer with the configuration of three
orthogonal laser beams in a proof-of-principle experi-
ment. Using power modulation of the pump laser and

the detection of the precession projection, the magne-
tometer would have 80 fT /Hz'/? magnitude sensitivity
and 0.1°/Hz'/? directional sensitivity. It is demon-
strated experimentally that the Larmor frequency de-
termines the field magnitude, and the phases of the
precession projections in both the probe directions
and the ratio of the two projection amplitudes deter-
mine the field orientation together. The variation of
the magnitude sensitivity on the field orientation has
also been discussed.

We thank Dr. Zoran Gruji¢ for our useful discus-
sion and critical reading of the manuscript.
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