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ABSTRACT We investigate the coherent population trapping
effect occurring between the Zeeman sublevels of a given hy-
perfine state of Cs when excited by a single-mode diode laser,
which is frequency modulated in the kHz—MHz range. In the
presence of a dc magnetic field, simultaneous excitation of pairs
of ground-state magnetic sublevels to common excited mag-
netic sublevels is performed. As a result, coherent population
trapping resonance is detected at only a given modulation fre-
quency, whose value gives a measure of the magnetic field. The
parameters of the resonances are measured in order to determine
the ultimate accuracy of the magnetic field measurement.

PACS 07.55.Ge; 32.70.Jz; 42.50.Gy

1 Introduction

The coherent population trapping (CPT) effect has
given rise to growing interest in the physics community since
its first discovery in 1976 [1]. CPT usually appears as a de-
crease in the fluorescence signal when two coherent laser
fields simultaneously excite two ground states to a common
excited one (for a review, see for example [2]). CPT has been
extensively studied in alkali atoms. CPT and related phe-
nomena like electromagnetically induced transparency and
electromagnetically induced absorption [3] have a very broad
area of fundamental interests and applications in the fields
of subrecoil laser cooling [4], steep dispersion [5], ultra-low
group-velocity propagation [6], frequency standards [7], and
many others. In application the interest is due to the very nar-
row spectral features of CPT and their sensitivity to external
factors like dc electric field [8], electromagnetic field intensity
and detuning (light shift), and magnetic field. We investigate
CPT with the aim of application in the field of magnetometry.

As a general remark, it should be noted that all the re-
sults recently obtained in the field of CPT-based magnetom-
etry have shown that these methods allow for measurement
of magnetic fields with high accuracy and in a wide range of
values. Moreover they have the practical and technical advan-
tages of operating at room temperature and of being all-optical
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methods, so that substantially nonmagnetic sensors, coupled
through optical fibers, can be built. The high accuracy comes
from the fact that the magnetic field (MF) intensity is deduced
by performing frequency measurements. MF measurements
require many different criteria to be fulfilled at once. Geo-
physics, archaeology, and material science, for example, re-
quire compact, robust, and easy-to-operate devices for precise
measurement and spatial mapping of MFs of moderate values
(typical environmental values).

A further interesting feature of the CPT approach to mag-
netometry is that vector magnetometers can be built, with
relatively high sensitivity and direction resolution.

Very interesting experimental results in the field of mag-
netometry have been recently obtained by Wynands and
Nagel [9] using CPT prepared by two coherent laser beams
exciting Zeeman sublevels belonging to the two different hy-
perfine (hf) ground states in Cs. Using a buffer-gas cell at
relatively high pressures (of the order of 10 kPa), extremely
narrow CPT resonances have been measured (full width at
half maximum FWHM,,;, = 42 Hz), which set the sensitiv-
ity limit of the magnetometer to about 12 pT/+/Hz, mainly
due to the frequency noise of the laser source [10]. Com-
parable results have also been obtained in Rb as reported
in [11]. The two hf ground states of Rb and Cs are separated
by several GHz and the two laser frequencies can be produced
either by phase locking two different laser sources [12] or
by producing sidebands by means of direct diode laser (DL)
modulation [13].

In both cases a bulky radio-frequency (rf) generator is ne-
cessary in the experimental setup, to generate a signal in the
range of several GHz that matches (either directly or with
a given harmonic) the frequency separation of the two ground
states. From a practical point of view, it should be noted that it
is an essential and nontrivial task to couple a substantial frac-
tion of the GHz-range rf power into the DL in order to obtain
a high modulation index at a reasonably low rf power.

The direct modulation approach has the advantage of be-
ing much more stable and reliable, and is commonly used at
present. Nevertheless, it is worth noting that, in both cases, the
final resolution is limited by the absolute uncertainty of the
rf which, even having a frequency stability as good as 1079,
can reach up to several Hz of absolute uncertainty. As a conse-
quence very accurate measurements demand special attention
to the accuracy and stability of the rf generator.
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Another CPT-based technique which can be utilized for
MF measurements has been recently developed [14]. In this
approach CPT is established in degenerate systems, and spe-
cifically A chains are created when Zeeman sublevels of a sin-
gle hf state are excited by two co-propagating laser beams
with variable-frequency offset. In the presence of a dc MF
a subnatural width resonance splitting is observed when the
frequency offset is varied. The frequency offset at which the
resonance occurs is a measure of the MF.

Similar results have been obtained in [15] where pure
single-frequency excitation is used and thus the experimental
setup is significantly simplified. The subnatural width reso-
nances are observed when scanning the MF around zero. It has
been shown that the width and the contrast of the observed res-
onances depend on the presence of the residual MF and this
suggests the possibility of evaluating weak MFs by measuring
such parameters. The general scheme of this latter approach
has similarities and analogies with Hanle-effect experiments,
as well as with measurements of the nonlinear Faraday effect
(NLFE).

Remarkably narrow NLFE resonances have been meas-
ured (y ~ 2 x 1.3 Hz), the width of which is limited by the
alignment relaxation in spin-exchange collisions [16]. Here it
is worth noting that, in contrast to NLFE, which is related to
the MF component along the light-propagation axis, the CPT
signal is related to the modulus of the MF. This is due to the
fact that CPT resonances occur in dependence on the splitting
of the Zeeman sublevels regardless of the quantization axis
(MF direction). The orientation of the MF with respect to the
light polarization only acts on the CPT amplitude, which e.g.
vanishes in the specific case when they are parallel. Due to this
complementarity, the use of both NLFE and CPT can facilitate
building of a vector magnetometer.

To our knowledge, the best results so far in the field of
optical magnetometry have been obtained for optical pump-
ing magnetometer using potassium, where a resolution better
than 1.8 f T/ +/Hz has been obtained [17]. Such a resolution
derives from the fact that extremely narrow rf resonances have
been obtained (FWHM less than 1 Hz) in a 15-cm spherical
cell with paraffin coating. The authors have replaced the gas-
discharge lamp with a laser in order to ensure one essential
technical advantage: to couple the light source and the detec-
tor with the cell by means of fibers, thus reducing magnetic
influence of the equipment. This kind of optical-tf double res-
onance has also found application in fundamental research in
the testing of fundamental symmetries [18, 19].

The work described in this paper has common features
with the CPT experiments made in both the nondegenerate
and degenerate systems discussed above and summarizes the
experimentally investigated parameters that are relevant for
application. We use two coherent laser radiations (w; and w,
in Fig. 1), which in the presence of a dc MF excite a pair
of Zeeman sublevels belonging to a single hf ground state.
This is why we call the approach presented the ‘two-color
CPT effect’, as in the case of experiments using two differ-
ent hf ground states for the A system preparation. The two
ground sublevels have Amp =2 (mp is the magnetic quan-
tum number) and are excited to one Zeeman sublevel of the
excited state, creating the so-called A system. Multiple A
systems can be excited, depending on the total angular mo-

+2

+3

FIGURE 1 A systems in the Fy =3 — F, =2 transition created by the
oF and o~ components of the respective frequencies w; and w,, whose
difference is equal to the splitting of the Zeeman sublevels with Amp =2

mentum of the ground state, and thus A chains are created (see
Fig. 1).

It should be pointed out that, in our scheme, the two
frequencies have a much smaller separation, the value of
which depends only on the amplitude of the MFE. Such a low-
frequency modulation is a relevant advantage for practical
application.

2 Level structure and Zeeman splitting of cesium
hf ground states

The experiment is made by exciting transitions be-
longing to the D, line of Cs, where so-called cycling hf tran-
sitions are present, which give some advantages that are dis-
cussed later.

Let us introduce some general considerations about the
level structure in Cs that are relevant to this application. Apart
from specific values, most of these considerations apply to
other alkali atoms as well and in particular to Rb, which is
another good candidate for performing magnetometry experi-
ments exploiting CPT.

In alkali atoms the energy splitting of the magnetic sub-
levels of the ground states is described by the Breit—Rabi
formula, which gives a more precise evaluation with respect to
the linear Zeeman description:

— Vhf UB
ME =A7A7 Iy B—
e =aarvn SRS
Vhf 4mF
+— /1 2, 1
2 +(21+1>x+x M
where B is the MF intensity, x is given by
M“B
x=h—(81—81)3, 2
Vhf

and the values of the nuclear spin 1, nuclear g-factor g;, Bohr
magneton ug/h, hyperfine frequency vy, and fine-structure
Landé factor g are reported in Table 1.

For small amplitude of the MF the Breit—Rabi formula,
apart from constant terms, reduces substantially to the usual
linear Zeeman effect, and the splitting of the magnetic levels
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Data for 133Cs Sy 2

Nuclear spin /

Nuclear g-factor g;
Bohr magneton up/h
Hyperfine frequency vy¢
Fine-structure

Landé factor g

72
—0.00039885395(52)  [20]
139.9624624(56) Hz/T ~ [21]
9.192631770 GHz (exact) [22]

2.00254032(20) [20]

TABLE 1 Cs data relevant for the Breit-Rabi formula

is approximately linear with the MF and proportional to m .
It is interesting to evaluate the deviation from this behavior
due to the nonlinear part of (1). With this aim, in Fig. 2 we re-
port the deviation from linearity of the magnetically induced
splitting between different pairs of Zeeman sublevels having
Am F= 2.

The effect of this small nonlinear contribution, which
makes the splitting between adjacent Zeeman sublevels
slightly different, needs to be accurately discussed and ana-
lyzed. At very low MF amplitudes, when the linear Zeeman
approximation applies, all the A systems arising from a given
hf transition contribute simultaneously to enhancing a single
CPT signal.

At intermediate fields, when the nonlinear terms in (1) are
comparable with the line width of the CPT resonances, one
observes significant broadening of the CPT spectral features,
which would not be the case with measurements made by ex-
citing both the ground hf states using GHz modulation.

At higher MF values, due to the nonlinear terms in (1),
different A systems give resonances at different frequency
separations of the two laser components, so that multiplets of
subnatural width resonances can be resolved.

A Taylor expansion of the Breit-Rabi formula makes it
possible to express the energy splitting between any pair of
Zeeman sublevels having Am = 2 in the form:

8v = 8vLn+8vnL A 2A'B— A" (mp 1 +mpi_1) B2, (3)
where
A’ = pogr,
h 2 _ 2
A//ZZ(MB/ ) (gr—g&n @

vne (21 + 1)?

and g is the Landé factor of the given hf ground state.

In this paper we consider MF values at which splitting of
the resonances corresponding to different A systems is not
observed. The limit of this assumption depends on the fre-
quency resolution and it can be derived from the plots reported
in Fig. 2. The highest value of the applied MF amplitude is
0.15 mT and, according to the plots in Fig. 2, this corresponds
to a maximum deviation of 720 Hz between the highest and
lowest A systems of the transitions starting from F, = 4.

As can be seen in Fig. 2, the nonlinear terms responsible
for splitting of the A resonances are mainly quadratic in the
mT range, and hence the Taylor expansion described in (3)
applies. In particular, for Cs and for the two isotopes of Rb
the values obtained from (4) for A” are reported in Table 2,
together with the A’ values and with the ratios A’/ A”.
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FIGURE 2 Frequency deviation of the two-photon resonances due to the
nonlinear terms in the Breit—Rabi formula (1) as a function of the magnetic
field for the F, = 4 ground state of Cs. The plots represent the deviation from
the linear (Zeeman) splitting between ground-state Zeeman sublevels sepa-
rated by Am r = 2, like those participating in A systems. For the Fy = 3 case,
the two extreme curves are to be neglected and the sign of the deviation is
opposite

A/ A// A//A//
F,
Element g (MHz/mT)  (kHz/mT?) (mT)
3 3.5097
Cs 4 31986 2.76 1300
87 1 7.0236
Rb ’ 6.9958 14.4 486
85Rb 2,3 4.66 14 330
TABLE 2  Coefficients of the linear and quadratic terms in the Taylor ex-

pansion of the Breit—-Rabi formula

As can be inferred from the A’/A” ratios, in the case of
Cs the nonlinear behavior becomes relevant at a MF approxi-
mately three times larger, with respect to Rb.

3 Experimental setup and principle of operation

In this section the most important features and pa-
rameters of the experimental setup will be discussed as well
as their influence on the ultimate accuracy in MF measure-
ments. The experimental setup, presented in Fig. 3, consists
of a frequency-modulated DL source, a sealed Cs absorption
cell (diameter 3 cm and length in the range 1-6 cm, which can
be with or without additional buffer gas), and a system for
stray MF compensation/shielding and generation of a homo-
geneous dc MF.

3.1 Magnetic field shielding and compensation

The test measurements made in the laboratory to
evaluate the final limits of our CPT approach to magnetome-
try were carried out under controlled conditions, and special
care was needed to shield/compensate the stray MF, with-
out introducing MF inhomogeneities. Two types of stray MF
shielding/compensation were used.

The first uses high-permittivity material (p-metal) to
shield both dc and low-frequency MFs. We set up two concen-
tric cylinders of CO-NETIC alloy, theoretically [23] attaining
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FIGURE 3 Experimental setup. HC is a set of three pairs of Helmholtz
coils and PD is a photodiode. For some measurements, HC was replaced by
p-metal shielding

an extinction factor of 10~ in our geometry. A homogeneous
MF is applied longitudinally by means of a solenoid.

The other approach is based on three pairs of coils in
a Helmbholtz configuration to compensate the dc MF, together
with a hollow aluminum cylinder to shield alternating MFs
down to a frequency of about 20 Hz (thus attaining good ex-
tinction of the 50-Hz component) [24]. This configuration
allows one to apply a controlled, modulated MF in any desired
direction.

In the case of p-metal shielding the gradients are mainly
due to the finite size of the solenoid. Special care was taken
and the final calculated homogeneity of the MF achieved
(ABiong/B =2 x 1073 on a 6-cm cell) was better than our ex-
perimental resolution.

In the case of Helmholtz compensation, assuming that the
external stray fields are substantially homogeneous, we esti-
mate the maximum spatial deviation as due to the finite sizes
of the atomic sample and of the compensating coils, obtaining
arelative ABjong/B = 1.2 x 10~* ona 6-cm cell.

For the purpose of having a compact experimental setup,
the p-metal shielding provides the best conditions to achieve
very narrow resonances. On the other hand, the Helmholtz
compensating system makes it possible to investigate the ef-
fects of MFs in different geometries, which is of particular
interest for vector magnetometry and the study of polarization
effects, with the disadvantage of a larger experimental setup.

3.2 Laser source and CPT preparation

As alight source we used a Mitsubishi single-mode
DL emitting 850 nm at room temperature. High relative and
absolute frequency stability of the DL was ensured by a highly
stable current driver and precise temperature controller. We
used a commercial (Newport) device, providing reliable sta-
bility and efficiency, apart from an unshielded rf noise (due
to a broadcast emission at 1.5 MHz); minor harmful effects
were also present, coming from the 50-Hz supply. The max-
imum output power available was of the order of 50 mW and
the laser beam cross section was typically 0.08 cm?. The DL
operating in free-running regime had a line width of 45 MHz,

which was measured using a beat signal between two identical
DLs.

The presence of a MF removes the degeneracy between
Zeeman sublevels of a given hf state. As stated above, a low-
amplitude MF produces a separation between adjacent Zee-
man sublevels that is proportional to the MF amplitude itself
and is the same for all the pairs of adjacent Zeeman sublevels.
Thus, in order to create A chains (as shown in Fig. 1), two co-
herent frequencies should be produced (w; and w, in Fig. 1)
with a frequency separation twice the splitting of adjacent
Zeeman sublevels (i.e. Aw = w; —wy; =2A'B =2upgrB).
This resonance condition is simultaneously fulfilled for all the
A systems, provided that the nonlinear deviation described in
Fig. 2 is negligible. In the case of the D, line, according to the
selection rules, each ground state is coupled to three differ-
ent excited states. Nevertheless, we consider only the cycling
transitions (F, =3 — F, =2and F, =4 — F, = 5) which, as
discussed in [15], play the major role when a vacuum Cs cell is
used.

The two coherent spectral components of the laser radia-
tion are produced with controllable frequency separation by
modulating the DL current. As mentioned in the Introduction,
the difference in the Landé factors of the excited and ground
states leads to slightly different resonance frequencies for dif-
ferent A systems. Nevertheless, due to both the atomic and
the laser line widths, the whole set of A systems can be put in
resonance simultaneously.

The rf modulation was introduced directly on the DL pins
using a waveform generator whose frequency was in turn ex-
ternally controlled. The external control made it possible to
scan linearly the rf, as well as to introduce additional sine-
wave modulation in order to make lock-in detection.

Due to the DL responses in frequency and amplitude, the
rf signal causes both frequency and amplitude modulation,
although the latter is negligible (less than 2% of amplitude
modulation was measured using a fast photodiode). When
the applied rf power was high enough to make the spectra
detectable with Fabry—Perot interferometers, a perfectly sym-
metric frequency comb appeared that was consistent with pure
frequency modulation.

Nevertheless, the effect of frequency-modulated laser
light on atoms interacting with the beam for a short time (as
in the case of Cs vapor in vacuum cells) can be identical to the
case of amplitude modulation. The instantaneous frequency,
as seen by the atoms of a given velocity class, while scanned
over its range, goes periodically across the resonance.

33 Evaluation of the modulation index through the

CPT resonances

In accordance with pure frequency modulation, we
assume a spectrum composed of a number n of sidebands with
respective amplitudes given by J,(m), where m is the modu-
lation index. The actual spectrum of a frequency-modulated
laser cannot be visualized directly by means of a Fabry—Perot
interferometer when the modulation frequency is smaller than
the laser line width. In this case, indirect evaluation of the
modulation index can be made through the CPT effect.

The modulation index can be estimated through the num-
ber of the CPT resonances that are observed when the MF
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FIGURE 4 Transmitted light as a function of longitudinal magnetic field,
obtained by exciting the three D transitions starting from F, = 3 with a laser
field that is modulated with a fixed frequency of 500 kHz

is scanned at a fixed modulation frequency. One example of
the signals recorded in these conditions is reported in Fig. 4,
where the laser wavelength was tuned to the set of hf tran-
sitions starting from F, =3 and it was modulated at the
fixed frequency f,, = 500 kHz (see Fig. 3). The beam was lin-
early polarized in the y direction. The transmitted power was
measured with a photodiode and the signal was recorded by
a digital oscilloscope. The MF was compensated in x and y
directions, while the z component was scanned around the
zero value by supplying the z Helmholtz coils with a low-
frequency triangular signal. Thus, whenever the splitting of
Am g = 2 sublevels of the ground state matched the frequency
difference of a pair of the components of the DL spectrum, a A
chain was created and a narrow CPT peak was observed.

InFig. 4, besides the signal at B, = 0 (Oth peak), four pairs
of CPT peaks appear. It can be inferred that sidebands with
frequency separations of f,, 2 fin, 3 fu, and 4 f,,, exist in the
spectrum of the DL.

It is worth noting that the nth CPT peak is not in simple
correspondence with the nth sideband, e.g. the 2nd CPT peak
is due to the presence of the Oth and 2nd sidebands, but it may
originate also due to the presence of 1st and —1st ones. The
highest order of CPT peak gives information about the most
distant pair of sidebands, having a suitably high power, and
hence about the actual modulation index. For example, the
existence of four orders of CPT peaks appearing in Fig. 4 in-
dicates that the modulation index is large enough to provide
sufficient energy in the +2nd sidebands.

For a given power density (I = 0.68 mW /cm? as a total
power over carrier and all the sidebands) the ratios between
the Oth CPT peak and each of the other CPT peaks were meas-
ured by changing the amplitude of the rf modulation at a fixed
value of the rf frequency f,, = 1 MHz (see Fig. 5).

The modulation index can be estimated looking at Fig. 6
that shows the ratios between the square of the Oth- and the
nth-order Bessel functions Jg / Jf, which represent the in-
tensities of the corresponding sidebands. For the curve (a)
in Fig. 5, the best coincidence between the ratio of the CPT
peaks and the corresponding sideband ratio (curve (a) in
Fig. 6) occurs at the beginning, when the modulation index
is low enough (m < 0.8) and only the first sidebands con-
tribute to the CPT signal. The same is valid for curves (c) and
for m < 1.5 where the only relevant contribution to the CPT
signal comes from the second sidebands coupled with the op-
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FIGURE 5 Ratios between the CPT at B, = 0 (Oth peak) and 1st CPT peak
(curve (a)), 2nd-(b), 3rd-(c), and 4th-(d) are reported as a function of rf
amplitude
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FIGURE 6 Ratios between the square of the Oth- and the 1st-order Bessel
function (curve (a)) and of the Oth- and 2nd-order Bessel function (curve (b)),
as a function of the modulation index m

posite first ones. Curve (b) cannot be considered, because the
contribution from 1st and —1st sidebands cannot be distin-
guished from that of Oth and 42nd sidebands. Similarly the
curve (d) does not have a nonambiguous interpretation.

It is important to note that no significant change of the
amplitude of the already existing CPT resonances can be ex-
pected by increasing the modulation index, because of the
complex contribution to the signal coming from all the side-
bands. Actually, we can see from Fig. 5 that when increasing
the rf amplitude by more than 0.1 V (which corresponds to
a modulation index larger than 1.5) the amplitude of the 1st
CPT peak does not increase and a stable maximum is being
reached. This is why the experiments described later are per-
formed atm ~ 1.5.

Signals like the one presented in Fig. 4 also make it pos-
sible to reflect on the nature of the CPT resonances produced
in A chains. In the case of degenerate systems the excitation of
the two independent A chains produces coherences between
ground Zeeman sublevels which belong to two separate sets
(with odd and even m  values). In our case, even if the degen-
eration is removed, coherences between sublevels belonging
to different As of a given chain can be expected. This hypoth-
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esis is supported by the fact that throughout the range of MFs
that we applied (up to several hundreds of pT) we did not
observe significant differences between the shape of the Oth
(degenerate case) peak and the other peaks (nondegenerate
cases), as shown in Fig. 4.

4 Application to magnetometry

Let us discuss some of the most relevant parame-
ters that influence the final absolute and relative accuracy of
a magnetometer based on CPT.

The measurements discussed above concerning the evalu-
ation of the modulation index are made by scanning the MF
and keeping the rf constant. In contrast, the measurements for
magnetometry are done by scanning the rf and keeping the MF
constant. In such a condition, the 1st CPT peak occurs when
the modulation frequency f;, equals 2A’B (see (3)).

The resonant f, can be determined with an accuracy
mainly depending on the line width of the CPT resonance
and on the signal to noise (S/N) ratio. The absolute accu-
racy at this level is also determined by that of the rf genera-
tor, which makes this technique advantageous with respect to
others based on GHz-range generators.

A non-negligible aspect of the problem is that the MF can
be oriented in an arbitrary way in our coordinate system. This
is why it is important to experimentally examine the features
of the observed CPT peak, in particular its contrast and width,
when a MF is present in different directions. A crucial point
is to analyze how the behavior of these features depends on
the field direction when different linear polarizations are used.
This analysis is necessary in order to define a set of com-
plementary measurements (with different light polarizations)
that guarantee at least one large enough signal, regardless of
the MF orientation.

4.1 Excitation of the Fg = 3 state

A homogeneous dc MF was alternatively applied
along the x, y, and z axes (see Fig. 3) and the contrast and
width of the 1st CPT peak (when it existed) were measured
depending on the input power density and on the laser-light
polarization.

The DL frequency was tuned to the set of hf transitions
starting from the F, = 3 state and it was frequency modulated
by means of direct DL current modulation using a sine-wave
generator, whose frequency was slowly scanned in the in-
terval from 200 kHz to 1.36 MHz. The slow triangular-wave
scan of the rf modulation frequency was done at 6.17 Hz (see
Fig. 7).

The transmitted signal was recorded using a digital oscil-
loscope and a typical signal is shown in Fig. 7, where the laser
polarization is linear in the y direction and a dc MF is applied
in the z direction.

Figure 8 represents the dependence of the 1 st CPT peak
contrast on the laser power density, when linearly polarized
(in the y direction) light is tuned to the maximum absorption
of the group of lines starting from the F, =3 ground state.
The contrast and width of the subnatural width resonance are
measured by applying dc MFs in x and z directions. When the
direction of the MF is parallel to the laser-light polarization (y
direction) no CPT resonances are observed. It can be seen that,

»
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FIGURE 7 At adc MF of 82 uT, scanning the rf, nonequally spaced peaks
appear. Peaks are detected when either the rf or one of its harmonics satisfy
the resonance condition. This happens at f;, = 2A’B (for the 1st CPT peak),
and at 1/2 and 1/3 of this value for the 2nd and 3rd CPT peaks respectively.
The trace was obtained from the average of 16 traces to improve the S/N
ratio, the resulting total measuring time being 2.6 s
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FIGURE 8 Contrast of the observed CPT structures as a function of the
total power density, with a modulation index m ~ 1.5 and a beam size of
0.083 cm?. The contrast is defined as the ratio between the 1st CPT peak and
transmitted power out of the absorption line

when increasing the power density, the contrast of the 1st CPT
peak increases and reaches its maximum value for total power
densities greater than 2.5 mW/cm?. However, the width of
the CPT resonance also increases (see also [9, 15]). At power
densities lower than 0.5 mW/ cm?, the CPT resonance width
levels out at 37 kHz, which is attributed to the limited atom—
light interaction time.

As noted above, the crucial parameters for precise MF
measurements are the FWHM and the S/N ratio. As can be
seen from Fig. 9, the lower the power density, the narrower the
width of the resonance. However, Fig. 8 shows that the con-
trast of the feature drops dramatically (together with the S/N
ratio) when the power density decreases.

In order to improve the S/N ratio and to evaluate the fi-
nal resolution that one can obtain with this technique, we
used an rf generator by driving it with a wide slow (55 mHz)
ramp superimposed with a small and fast sine modulation
(971 Hz). A lock-in detection referenced to the latter fre-
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FIGURE 9 Width of the observed CPT structures as a function of the total
power density, with a modulation index m ~ 1.5
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FIGURE 10 Signal from the lock-in amplifier as a function of the modula-
tion frequency. A S/N ratio better than 500 has been achieved, allowing for
20-nT accuracy. The whole scan was recorded in 18 s

quency was used, obtaining signals like the one shown in
Fig. 10.

As can be seen, the minimum FWHM obtained was still
large, specifically of the order of 37 kHz. However the S/N
ratio was significantly improved (S/N ratio better than 500).
The zero crossing can be determined within an uncertainty of
the order of 37 kHz/500, corresponding to an uncertainty of
the order of 20 nT in the MF.

4.2 Excitation of the Fg = 4 state

When the laser frequency is tuned in resonance
with the group of transitions starting from F, =4, a bright
resonance is recorded in the fluorescence (this corresponds to
adip in the transmitted power) [15]. That result is obtained by
irradiating the atomic sample with single-frequency, linearly
polarized light.

In Fig. 11 is shown a typical spectrum of the transmit-
ted light obtained when frequency-modulated, linearly polar-
ized light was tuned to the maximum of the Fy =4 group
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FIGURE 11 CPT dips observed when the laser is tuned to the set of lines
starting from the Fy =4 ground state and the modulation frequency is
scanned in the presence of a dc magnetic field of 83.3 uT
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FIGURE 12 Interaction scheme in the case of the Fy=4— F, =5
transition

of hf transitions in the D, line. A dc MF in the z direc-
tion was applied and the transmitted power was recorded in
dependence on the modulation frequency. As can be seen
a number of resonances appear, similar to the case of F, =3
(see Fig. 7). The interaction scheme can be represented as in
Fig. 12, where the 0", w| and 0~, w; excitations come from
different sidebands having a frequency separation of 2A’B/i,
where i = 1, 2, 3, corresponding to the 1st, 2nd, and 3rd dips
in Fig. 11.

It has been shown [25-28] that this kind of bright reson-
ance can be attributed to constructive interference of atomic
transitions. In [25] the authors show that, depending on the
interaction scheme, both constructive and destructive interfer-
ences can be achieved and, in particular, constructive interfer-
ence is possible when N-type systems are present which are
sets of transitions involving two ground levels and two excited
levels, like the ones represented with bold lines in Fig. 12. As
expected from the theory developed in those papers, we ob-
served resonances when the rf matched the splitting of the two
ground Zeeman sublevels.

Regardless of the selected hf transition, the narrowest ob-
served line width in vacuum cells is mainly determined by the
interaction time of atoms with the laser field. Other possible
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FIGURE 13 1st CPT peak recorded with lock-in detection, observed in lines
starting from the Fy =3 ground state, excited with linearly polarized light
at a power of 64 WW and a spot size of 0.2 cm? with a 133-Pa Ar-buffered
cell. The frequency modulation is swept in 3.6 s and the lock-in integra-
tion time is set at 30 ms. The solid line reports the experimental curve; the
dotted line is the best fit obtained with the first derivative of a Lorentzian
profile

factors that may broaden the line exist, such as fast jitter of
the rf, scattered light, residual ac MF, and MF gradient (as
discussed in Sect. 3).

4.3 Measurements with a buffer-gas cell

In order to reduce the broadening coming from the
limited interaction time, the same experimental approach was
applied using a Cs cell containing Ar at 133 Pa as a buffer
gas.

In Fig. 13 we present the lock-in detected signal obtained
by scanning the modulation frequency around the two-photon
resonance corresponding to the 1st CPT peak in the case of
A systems. As can be seen, a relevant (about 26-fold) reduc-
tion of the width was obtained due to the increased interaction
time.

Itis interesting to evaluate the accuracy with which the res-
onance frequency can be determined by numerical fits of the
experimental data. As an example, in Fig. 13 a fitting curve
is reported, modeled with the first derivative of a Lorentzian
profile in addition to the experimental curve.

According to the results of the numerical fits, at the noise
level of our present setup, this approach for measuring MFs
of intermediate values gives a relative accuracy of the order of
2 x 1072 evaluated according to the relative uncertainty with
which the fitting procedure determines the center of the res-
onance. Further reduction of the line width and improvement
of the S/N ratio will bring us to another limit set by the pre-
cision with which the value of A’ is known. More precisely,
looking at the numbers given in Table 1, it can be seen that
alimitof 1.3 x 107%is set by the uncertainty of the value of the
g1 Landé factor.

In addition to the limiting factors discussed above, a de-
tailed investigation is needed in order to determine the influ-
ence of effects such as the resonant Stark effect (known as
light shift), line distortion due to a nonuniform laser-light po-
larization, presence of ac magnetic fields which can produce
line distortion and broadening, and many others.

5 Conclusions

In the present paper we have shown that subnat-
ural width resonances are registered in the presence of a dc
magnetic field when multi-frequency laser light excites the hf
transitions starting from a given hf ground state of Cs. It has
been shown that an increased absorption or transparency can
be registered depending on the electromagnetically coupled
ground state. We have illustrated the dependence of the coher-
ent resonance parameters on the laser power density, magnetic
field direction, and light—atom interaction time. Such reso-
nances can be applied for measurement of MFs in the range
of 10 uT-0.1 mT with a relative accuracy of 10~ using the
effect of CPT occurring at the Zeeman sublevels of a sin-
gle hf ground state. This approach presents the possibility
of significant size reduction and simplification of the experi-
mental setup. Other advantages are that high precision in
the magnetic field measurement is attainable with a lower
relative stability in the radio frequency, the modulation fre-
quencies are significantly reduced (down to the kHz or MHz
range), and application to other atomic species is possible,
regardless of the hf structure of their ground level. In order
to make a more in-depth comparison between the previously
developed methods using the CPT effect and the one pre-
sented here, further experimental investigations are necessary
in order to determine the systematic errors and the ultimate
accuracy.

As a general remark, it should be pointed out that the
ultimate precision which can be reached with all the opti-
cal methods for magnetic field measurements is theoretically
fixed by the peculiarities of the long-living levels involved.
The use of an atomic medium as a magnetic field sensor pro-
vides us with a tool for absolute measurements where final
precision is given by the knowledge of atomic constants with-
out the need of calibration. All methods that use single ground
hf state excitation will suffer a decrease in the signal ampli-
tude due to unwanted population losses to the other ground
state due to hf optical pumping.

The measured width of CPT resonances of 1.4 kHz makes
it possible to measure magnetic fields in a wide range of
values with an absolute accuracy of the order of 600 pT. Some
of the resonance-broadening factors and limitations to final
magnetic field measurement accuracy have been discussed.
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