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ABSTRACT

We propose a helium scalar magnetometer based on a triple resonance setup, showing no dead angles, and which can be implemented in
an all-optical way. This triple-resonance scheme involves optical pumping with amplitude-modulated light, complemented by a modulated
light-shift. Both light beams propagate parallel so that a single optical access to the atomic cell is needed. Experimental results are in good
agreement with our theoretical model. The main error sources affecting the magnetometer accuracy are discussed.

Published under license by AIP Publishing. https:/doi.org/10.1063/1.5093533

I. INTRODUCTION

Accurate measurements of the local magnetic field are cru-
cial for geomagnetic mapping,* field measurements in space,” Mag-
netic Anomaly Detection (MAD), and searches for permanent elec-
tric dipole moments.®* Magnetic resonance phenomena provide
unprecedented levels of accuracy for these measurements, thanks
to the absolute character of the physical principle involved, and
its immunity to aging and temperature drifts. These phenomena
were first instrumented in NMR (Nuclear Magnetic Resonance)
magnetometers which have become widespread scalar reference
instruments.®

Developed in the 1960s, optical pumping of diluted atomic
gasses® opened the way to a new generation of magnetic resonance
magnetometers.” In these scalar optically pumped magnetometers
(OPMs), electronic spins of an atomic gas are first prepared in a
state characterized by a magnetic moment by using light and res-
onant with a well-chosen transition.® Then the magnetic resonance
between the Zeeman sub-levels is excited by a radio-frequency (RF)
field. The resulting atomic state is monitored by optical means, for
instance, by measuring the absorption of the pump light. These dou-
ble resonance (light + RF) magnetometers outperform the NMR
ones in several ways: they provide larger bandwidth, much lower
noise, improved electromagnetic compatibility® with at least the
same accuracy level.

However, due to the symmetry breaking by the polarization of
the pumping light, all optically pumped magnetometers show dead

zones, where they are unable to measure the field because the res-
onance signal vanishes. The suppression of these dead zones is very
desirable, especially for applications where the sensor is mobile, such
as Earth navigation or space exploration. Several ways to overcome
this issue have been proposed and operated, notably the combina-
tion of several magnetometers showing complementary dead zones,
which is, however, cumbersome and highly sensitive to gradients. In
the 1990s, the CEA-Leti pioneered an isotropic architecture based on
locking the linear polarization of the pump light orthogonal to the
measured magnetic field® with a servo loop. Since November 2013,
magnetometers based on this principle are successfully operated on
board the satellites of the European Space Agency (ESA) Swarm
mission.

In parallel, aiming for simpler and lighter magnetometers,
efforts were made for replacing the coil-generated RF field by a
modulation of the pumping light. These efforts sought to extend
the seminal work of Bell and Bloom'* on all-optical Mx magne-
tometer to other configurations. Various architectures based on
Amplitude Modulation (AM),*>** Frequency Modulation (FM),***
and Polarization Modulation (PM)***>-'¢ of the pump light have
been proposed and tested. A recent work™® presents an interest-
ing although complex dead-zone free scheme analog to CEA-Leti’s
one consisting in an AM pump combined with a slow PM. Another
approach consists in replacing RF by a modulated nonresonant light,
resulting in time-varying vector light-shifts, yielding an oscillat-
ing fictitious magnetic field.?** This scheme, however, shows dead
zones.
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In this paper, we study another scheme with suppressed dead
zones. We show that combining double resonance and pump mod-
ulation could lead to a new triple-resonance magnetometer whose
architecture presents an operation point very similar to the CEA-
Leti architecture. This scheme can be implemented in an all-optical
configuration combining a resonant AM pump with an AM circu-
larly polarized beam which creates a light-shift RF field. Both beams
propagate parallel which allows using a single optical access to the
gas cell. This scheme opens the way to a compact isotropic all-optical
scalar magnetometer.

Il. ALIGNMENT-BASED SCALAR MAGNETOMETERS
AND ISOTROPY

Most of isotropic scalar magnetometers are based on atomic
alignment. In the same way, as atomic orientation involves a
non-null average spin projection (Sk) along some axis k, atomic

ARTICLE scitation.org/journal/rsi

alignment is defined by non-null second-order moment 3 &) 2
—( ¥? . Alignment can be created in any spin>1: we will consider
helium 4 in its 2351 metastable level, a spin one. This level has
three Zeeman substates characterized by their spin projection along
a given direction m =—1, 0, 1. The population of these sublevels can
be prepared by depopulation optical pumping with 23Pg level.”
Figure 1(a) presents the simplest alignment-based scalar mag-
netometer architecture. The ambient field Bo to be measured fulfills
the condition yBo>I", where y =-2m 28 rad/s/nT is the gyromag-
netic ratio and I" is the relaxation rate of metastable level (typically
103-10* Hz). A RF field Brr cos(wt) at angular frequency w near the
Larmor frequency wL = yBo excites the magnetic resonance. When
w lies in the near vicinity of wL, three resonances appear: around
null frequency, around w, and around 2w. The amplitudes of these
resonances depend on the angle B8 between the magnetic field and
the light polarization, as calculated by Weis et al.”® and shown in
Fig. 1(a).
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Guttin et al.® demonstrated that an isotropic magnetometer can
be obtained by locking the polarization to 8 = m/2. This condition
can be stabilized by rotating the light polarization with an amagnetic
motor®* or a polarization rotator.”> The error signal for this lock is
provided by the odd parity in 8 of the resonance at w. The field mea-
surement can be performed by locking w at resonance with wc using
the 2w signal [Fig. 1(a)].

Scalar magnetometers can also be obtained without RF field by
modulating the pump intensity, as presented in Fig. 1(b).*? In this
case, a resonance is observed when pumping light is modulated in
amplitude at an angular frequency w=2w.. The amplitude of this
resonance as a function of B is presented on the right side of Fig. 1(b).
A response at 4w with the same dependence is also present.”® None
of these resonance signals presents the odd parity required to lock 8
as previously described.

An isotropic configuration could be obtained if it was possible
to combine the angular dependency of the resonance at w obtained
in the RF scheme with one of the resonance at 2w obtained in the
AM pump scheme. This suggested us to study the scheme displayed
on Fig. 1(c) which combines an amplitude-modulated pump at 2w
with an RF field at w colinear to light propagation. We will show

IS A6 R4 80 Ry PRl R Sete i LR SR Ik
isotropic magnetometer. We will explain in Sec. \/ how this RF field
colinear to light propagation could be generated by using light-shift.

Note that in this scheme, a second angle a is needed to accurately
describe the geometry, as shown in Fig. 1(c).

[ll. THEORY OF TRIPLE-RESONANCE MAGNETOMETER
The collective state of atoms in the helium-4 235 metastable
1
level can be described by a 3 x 3 density matrix g. For magnetometry,
it is useful to decompose it on magnetic multipoles basis’’*

2F k
p =3 3 mEOTOT. @)
k=0qg=-k
Since helium-4 atoms are pumped with linearly polarized light,
he foIIov%m%ewe wi dl rest ict_our

anaYyS|s to a%.é‘ﬁ?n%%?‘(kate% ich can scribe byt e five-

components column matrix M = (n @ Mm@ m® m®@)-.

1
Atoms are subject to the pumping Ilght which acts also as a
probe, and to a magnetic field comprising static and RF components.
As long as the pumping lightintensity is low, the evolution can be

|
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modeled by the following equation:?*?°
[gt— HCB D+ OIM = FOMs. @

The right-hand side corresponds to linearly polarized pump-
ing, whicb/ makes alignment evolve toward the steady-state Mss
=ms(00 176 0 § ', where mss is a constant depending on pump-
ing power and on atomic relaxation. This steady-state is written with

the quantization axis along the E field of the pumping light. The
total relaxation I"(t) includes the relaxation in the dark as well as the
relaxation brought by the pumping, which in our case is time depen-
dent due to the light modulation, yielding I'(t) = No(1 + cos(2wt)).
The left-hand side comprises the evolution under the total mag-
netic field Bo +xBrr cog wt + ¢ which is described using the 5« 5

matrix H(B 1) as introduced in the work of Weis et al.”* under
the name qur. Equation (2) becomes much simpler when rewritten
with quantization axis along the magnetic field. This change of the
frame is obtained by premultiplying M by the Wigner-D matrix*
D? 0, B,a), where a, 8 are the angles of Fig. 1(c). Moving to the
frame rotating at angular frequency w around Bo, the alignment M
becomes M' = D0, 0, —wt)M, yielding

—26 wie™? v3/ 0 0 0
d we? -0 T Zwe' v o 0
_ -1]0 32we'? , 0 " 32wie’? 0 ﬁll
dt l 0 0 3/2w1e'® 0 wie-'?
0 0 0 wee 25 )
+To[Mss - M ], ®3)

where d = w - yB; and wr = yBre(1 - sin?(B) cos?(a))'?, the com-
ponent of Brr being transverse to Bg with the angles of Fig. 1(c).
The pumping steady state in this rotating frame M'sis obtained by
decomposing in Fourier series the time evolution of the pumping.

Since the component mt’l(z) rotates at qw angular frequency in the
lab frame, only the Fourier component g should affect the compo-

nent m¢@, yielding in our case m©@), = m<2) J/2, m(fi =0, and
m<2) = m( >/2 In the secular apprOX|mat|on dM/dt £0, Eq (3

Ieads to an algebralc equation which can be solved using appropri-
ate software, for instance, Mathematica. We thus obtain the follow-
ing anisotropy Sw(a, B) and Saw(a, B) for the signals at w and 2w
respectively,

\Ls wi(a, B) sin(B) cos(B)[(Gwz(a B) - 9) cos(28) + 10wa(a, B)* + 1]

w (q B) = -

@

64(dwt(a, By + Swi(a, B) + 1)

v 3sin?(B)[(13wi(a, B)? — 2) cos(2B) + 11wa(a, B)? +2]

SZw(a, B) =

®)

Sw(a, B) and Sz4(a, B) are shown in Fig. 2. Figure 2(b) shows
that for every a, the signal goes through zero at 8 = 90°. This
corresponds to one of its components changing sign at 8 = 90°.
Figure 2(c) shows that the signal at 2w is non-null at 8 = 90° for
any a. It even happens to be maximal at this point. This allows us to

2 64(4wa(a, B* + 5wa(a, B + 1)

(

measure Bo with an optimal sensitivity while locking the condition
B =90°, as described in Sec. II.

In order to estimate the sensitivity of this triple-resonance
scheme, we have compared the theoretical slopes resulting from this
calculation to those of the isotropic double-resonance scheme. If we
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FIG. 2. Theoretical predictions for the amplitude anisotropy of the triple resonance magnetometer; (a) geometrical description of the architecture; (b) theoretical amplitude
of the resonance at w; (c) theoretical amplitude of the resonance at 2w. All signals are normalized by the maximum amplitude of 2w signal; red: a = 90°, orange: a = 60°,

green: a = 30°, and blue: a = 0°.

consider an isotropic distribution of a, both slopes match closely.
Since the double-resonance isotropic scheme was demonstrated'’ to
reach 1 pT/HzY2, this same sensitivity should be achievable with the
triple-resonance one.

IV. EXPERIMENTAL CHARACTERIZATION
OF THE AMPLITUDE ANISOTROPY

In order to verify the above predictions, we built the experimen-
tal setup shown in Fig. 3(b). A cylindrical cell of 10 mm diameter and
10 mm length filled with 30 Torr of helium is used. The metastable
level is populated by an AC discharge at 6.72 MHz frequency absorb-
ing 70 mW power. A linearly polarized light beam of 12 mm waist
propagates along the longitudinal axis of the cell. The beam intensity
is modulated using an acousto-optical modulator from AA Opto-
electronic (MT110-IR20-FI0). The RF field is generated using coils.
A 140 kHz frequency, corresponding to the Larmor frequency of a
5 pT magnetic field, and an amplitude of 11 nT were chosen. The
pumping laser is a distributed feedback (DFB) diode from the QD
laser at 1083 nm. The light transmitted through the cell is photode-
tected with a photodetector (TIA 5251 from Terahertz Technologies
Inc.), and signals are processed by a lock-in amplifier (LIA) (SR865A
from Stanford). -

In order to study the amplitude anisotropy, a magnetic field Bo
of controlled direction is generated thanks to three Helmholtz coils
(accuracy of 10-3, orthogonality better than 2 mrad) enclosing the
cell, as depicted in Fig. 3(b). For each magnetic field direction (a, B),
the resonance signals are acquired and fitted allowing a precise
derivation of both the amplitudes and the slopes at resonance.

Figure 3(c) shows that for any a, the amplitude of the signal
at w goes to zero at B8 = 90°. Moreover Fig. 3(e) shows that the in-
phase component of this signal changes sign, as predicted by theory.
This confirms that the signal can be used for the polarization locking.
At the same time for any angle a, the signal at 2w is not null at 8
=90° as shown in Fig. 3(d) and so it can be used to measure the
magnetic field. The signal at 2w is even maximal at 8 = 90° which is

optimal in terms of resolution for the field measurement. The most
visible disagreement with the theoretical results is the nonexplained
inversion of the curves for a = 60° and a = 90°.

This confirms that triple resonance technique allows us to
obtain an isotropic magnetometer. Furthermore, the RF field gen-
erated thanks to coils could be obtained by using a modulated light-
shift generated by a beam sent through the same optical access as the
pump beam.

V. FICTITIOUS RF FIELD IMPLEMENTED
WITH A MODULATED LIGHT-SHIFT

The possibility of implementing scalar magnetometers using
modulated light-shifts in replacement of electrical RF was demon-
strated in the past.”* Parametric resonance magnetometers have also
been implemented in this way.**>*

Light-shift consists in a displacement of the Zeeman sublevels
caused by a circularly polarized light detuned from the optical res-
onance line, here the Do pumping line at 1083.206 nm. This dis-

placement is equivalent to a fictitious magnetic field Bus colinear to
the beam propagation. For metastable, helium subject to a purely
circularly polarized beam its amplitude writes®

B - gm’eC(p

I[2fo,V(V — vo) + fo, V(V — v1) — T, V(V — v2)], €

where [ is the photon flux, re is the classical electron radius, c is the
speed of light, V is the Voigt profile, v~ vi and fp are the detuning
of light and the oscillator strength of Di line, respectively.*

We first performed an experimental measurement of Bis as
a function of the wavelength to verify that the fictitious field can
reach the amplitude required for RF. Figure 4(a) shows the corre-
sponding setup with a laser beam propagating parallel to the static
field. By varying its wavelength, the magnetic resonance can be
shifted. As it is presented in Fig. 4(b), the generated BLs amplitude
measured from the resonance detuning is in good agreement with
theory.
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FIG. 3. Experimental characterization of
the amplitude anisotropy of the triple-
resonance magnetometer. (a) Triple
resonance magnetometer scheme; (b)

" B0 experimental setup, LD laser diode,
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A drawback of using light-shift for applying fictitious magnetic
fields is the residual absorption of this beam, which causes spurious
pumping of the atoms. In order to determine the highest ampli-
tude of magnetic field which can be generated before the light-shift
beam overcomes nominal pumping, we computed for each A, Bis
corresponding to broadening of resonance by a factor 2. As shown
in Fig. 4(c), a large enough field (i.e., superior to 80 nT) can be
obtained. The optimal wavelength is around 1083.250 nm, where
the feets of D1 and D2 make the accessible light-shift higher than
at 1083.500 nm, while allowing us to use less laser intensity than at
1083.150 nm.

By modulating the beam intensity, it is possible to generate
a fictitious oscillating field, i.e., the RF. In order to probe if this
fictitious RF field is equivalent to a coil-induced RF field, we mea-
sured the angular dependence of the magnetic resonance signals.
Light-shift beam is amplitude modulated with an acousto-optical
modulator (same model as previously described) with a sinusoidal
peak-to-peak modulation ranging from 0 to 6 mW, which corre-
sponds to a time-varying magnetic field between 0 and 12 nT. When
the modulation frequency matches the Larmor frequency of the

\, signals at (c) the Larmor frequency

\ and (d) twice the Larmor frequency.

\ lo (e) Angular dependence of in-phase
0,2 0,3 component measured at the Larmor

frequency; red diamonds: a = 90°,
orange crosses: a = 60°, green circles:

a =30°, and blue crosses: a = 0°. Solid
lines are theoretical predictions given in
the text.

static field (140 kHz-5 pT), magnetic resonance signals are observed.
In Fig. 1(a), the amplitudes of these signals are compared to the
theoretical expectations for a coil-based scalar magnetometer. There
is an excellent agreement between both, showing that the LS-based
RF acts in the very same way as coil-induced RF.

VI. MAIN MECHANISMS OF FREQUENCY ANISOTROPY

Beside amplitude anistropy characteristics, scalar magnetome-
ters can show frequency anisotropy which affects their accuracy.
Any phenomenon shifting the magnetic resonance frequency, and
showing an angular dependence, causes such an anisotropy. For
instance, the feet of the resonance signal at w may result in an appar-
ent shift of the center of the resonance at 2w. Since both signals
show angular dependences, this is a potential source of frequency
anisotropy. However, as discussed elsewhere in the work of Guttin
et al.,* this shift disappears when locking B at 90°. We will discuss
here about 2 important effects which cause frequency anisotropies:
the anisotropy of Bloch-Siegert shift and the vector light-shift
offset.
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FIG. 4. Calibration of the amplitude of the
fictitious field resulting from light-shift.
(@) Scheme for light-shift measurement
(laser beams are not at scale, they com-
pletely cover the cell in the actual setup).
(b) In continuous line, the theoretical fic-

titious field amplitude generated by LS
for a 5.5 mW light intensity, and in dot

/\ line, the experimental results. (c) The

maximal fictitious field reachable before
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A. Anisotropy of the Bloch-Siegert shift

As described by Bloch and Siegert,* exciting magnetic reso-
nance with an oscillating RF field, instead of a rotating one, causes a
shift in resonance frequency. This shift has a quadratic dependence
with Brr: the component of Brr transverse to Bo: ABo = BﬁFL /(4Bo)
[cf. Fig. 5(a)].

Since the angle between EE;: and Bo is not fixed, this shift

becomes anisotropic. Figure 5(c) illustrates this particular depen-
dence in the case of a 5 yT field and 8 = 90°.

1083,206
Wavelength (nm)

1083,300  1083,400

The maximal amplitude of this anisotropy corresponds to the
amplitude of the shift: for an ambient field of 5 pT, the theoretical
prediction is shown in Fig. 5(h) as a function of the transverse RF
field. We experimentally characterized this dependence as shown in
Fig. 5(b). With an 11 nT amplitude RF field, the maximal anisotropy
due to the Bloch-Siegert effect is of 24.2 pT when a = 90°. If we
want to operate this magnetometer in the Earth magnetic field vary-
ing between 15 and 55 pT and with an RF of 100 nTpp, we are
then expecting an anisotropy varying between.170 pT and-45 pT,
respectively.
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FIG. 5. Bloch-Siegert shift and the resulting frequency anisotropy for 8 = 90°. (a) Geometrical configuration of the experiment, (b) Bloch-Siegert shift as a function of the RF

amplitude, and (c) angular dependence of the shift.
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B. Vector light-shift offset

As described in Sec. V/, to build an all optical magnetometer,
the RF field can be generated with an amplitude modulated light-
shift. In this configuration, the mean value of the intensity of the
light-shift beam is Imax/2. This non-null average intensity brings a
field offset along the light propagation axis. For an 11 nT amplitude
optical RF, the average intensity of light-shift beam is 5.5 mW. This
means that in the worst case (a = 0°; 8 = 90°), the offset is of 11
nT. This offset shows an angular cos(a) sin(8) dependence which
creates anisotropy. However, this anisotropy can be suppressed by
using a polarization modulation in addition to amplitude modu-
lation. Indeed, o * and o - polarizations bring opposite light-shifts
allowing us to keep a null average light-shift. This kind of optical
RF can be obtained by using a laser modulated in intensity with a
|cos(2wt)| time dependence, and a o* polarization for cos(2wt) > 0
and a o- polarization for cos(2wt) < 0.

VII. CONCLUSION AND PERSPECTIVES

The combination of a modulated pump and a modulated light-
shift beam yields a triple-resonance magnetometer. We provide evi-
dence that this scheme opens the way to an all-optical dead-zone free
scalar magnetometer.

This scheme should be able to deliver sensitivities around 1
pT/HZY2. Its accuracy is, however, degraded with respect to the
isotropic double-resonance scheme due to the anisotropy of the
Bloch-Siegert shift. In the most pessimistic setting, this contribution
can reach 50 pT. Based on past measurement in space with double-
resonance magnetometers,'® the overall accuracy should be below
100 pT at 1o.

Further work on a complete implementation of this configura-
tion, including all the light modulations and the control loops, will
allow to probe experimentally the frequency anisotropy and its accu-
racy and to compare it with other isotropic scalar magnetometry
schemes.
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