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Sensitive detection of magnetic fields including their orientation with a magnetometer
based on atomic phase coherence
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An optical magnetometer based on electromagnetically induced transparency is analyzed. Utilizing the
different orientation characteristics for different field polarizations, the magn#nderientation of an applied
magnetic field can be measured. As a model system we consider the ddglitramsition taking into account
hyperfine structure and optical pumping effects.
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[. INTRODUCTION Here \ is the wavelength of the atomic transitioh,the
propagation distance, and we have used the relation
The presence of atomic coherence manifests itself in the= p?w®/6mh e c® for the radiative decay rate of the upper
optical properties of materials through a plethora of effectdevel. a is a constant containing Bohr’'s magneton and the
such as electromagnetically induced transpargfdy) [1], Landefactors of the lower levels. Due to the absorption can-
enhanced index of refractidr], lasing without population cellation, high atomic densities can be used, which leads to a
inversion[3,4], or resonantly enhanced nonlinear processe$arge phase shift in the presence of a magnetic field.
[5]. Among the interesting applications of these effects is a For many applications the simultaneous detection of both
proposal for a new kind of magnetome{é;7]. Contrary to  the direction and the magnitude of small magnetic field fluc-
the common and established techniques of optical magne-
tometry [8], it operates in the high-density — strong-field — 3
regime leading to potentially higher signal-to-noise ratios.
This new type of magnetometer utilizes the high dispersion
at an EIT resonance where the absorption is almost com
pletely canceled by quantum interference. probe Vv
For example, for a simple three-level system, as shown in
Fig. 1, the real part of the susceptibility of the probe transi-
tion, x', close to the resonance point, is linear in the two- v
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of the driving field, and\ the atomic density. At the same

time, as shown in Fig. (b), the imaginary part of the ,5 oS
susceptibility—which determines the absorption—has a‘§ N I
minimum value given by -g
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v. is the relaxation rate of the lower levels, which can be
much smaller than the optical decay rates and thls 0. 2 1 1 L L L L
Since the index of refractiom=1+ x'/2 is linear in the ’ ) ) ’
two-photon detuning, a relative Zeeman shift of the levels .
|c) and|b) caused by a magnetic fieB leads to a phase detuning (A/7Y)
shift of the probe field proportional tB,

FIG. 1. (a) Level scheme of an EIT resonangb) Polarization
spectrum(in arbitrary unit$ of the EIT resonances as a function of
_2m(n— i __ N)\2|i B (3y  atom-field detuning\ = wap— v for resonant drive field. IffP] cor-

N 47 Q7 responds to absorption, 2] to dispersion.
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! the doublet of the ground state via two resonant radiation
TN VB fields. The level scheme and the relative transition rates are

shown in Fig. 2.

AN If we apply a magnetic fiel@ whose direction defines the
quantization axis, the frequency shift for each hyperfine sub-
5 B ""2 level is given by
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whereug is the Bohr magnetorm is the magnetic quantum
number, andyg is the magnetig factor given by
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FIG. 2. Relative coupling constangs,,=Yyg in sodium hyper-

fine manifold from the excited state Rg,,,F=1) to the ground g oyr purpose, it is convenient to use shorthand notations

— _ — 30 . H
state (3,,,F=1,2), wherep=2.3x10""" C m; eachy value is ¢ the quantum numbers of the atomic system of sodium,
shown(same as fop ,.).

namely
tuations will be of particular intere§®]. In the present paper, |32P,,F=1mg)=|a,m,),
we investigate, therefore, the orientation dependence of the
dispersion at an EIT resonance and suggest a particular way 132S,,,F=1mg)=|b,my), (6)
to measure the magnetic fieleéctor This is made possible
by utilizing the dependence of the atom-field coupling 132S,,, F=2me)=|c,m),

strength of polarized light on the angle betweenkitgector

and the quantization axis of the atorfdirection of theB wherem,,m,e{—1,0,1} andm,e{—2,—1,0,1,3.

field). Using a strong driving field, atomic coherence is cre- |n the following, a probe laser of frequeneycouples the

ated within the hyperfine structure of the sodium groundr=1 levels |a) and |b), whereas theF=2 levels are

state as in Fig. 2, where the effects of optical pumping an@oupled to|a) by a strong coherent driving field of fre-

coherent population trapping0] have to be taken into ac- quency»’ propagating in the same direction as the probe

count. The measured phase shift of a weak probe field ifie|d. If the two light beams are left circularly polarized, we

such a configuration will in general depend on the orientatiotayve two A schemes such as in Fig(al, involving |a,

of the magnetic field with respect to the field propagation_ 1) b 0),|c,0), and|a,0),|b,1),|c,1). Since for|b,1) and

and the polarizations of the probe and drive fields. lc,1), gr has opposite signs and:-#0, the latter configu-
The outline of the paper is as follows. In Sec. II, the probeation will contribute to the two-photon detuningetween

response of the sodium system including the hyperfine splitty) and|c)) and thus to a phase shift in the presence of a

ting is calculated. Since optical pumping due to the probgnagnetic field .

field can significantly affect the optical response in a multi-  The atom-field interaction, in the rotating wave approxi-

level system, the probe field is taken into account to all orpation, is described by the Hamiltonian

ders. In Sec. lll, numerical results for the phase shifts of the

probe light are presented and the sensitivity of the magneto- _

meter is estimated. In Sec. IV, we discuss a possible method H=H0+ﬁ2 Qape” |a)(bl

to detect both the magnitude and the direction of the applied

magnetic field simultaneously. This method relies on the si-

multaneous measurement of phase shifts for the left and right

circularly polarized components of the probe laser, which

have a different orientational characteristics. Finally Sec. Mwith a free term?, that includes the magnetic sublevel

summarizes the results. shifts. In the above short-hand notatida, represents all

upper levels with different magnetic quantum numbers, and

|b) and|c) stand for all lower level& =1 andF = 2, respec-

tively, as indicated in Eq(6). The summation runs over all

values ofm,, m,, andm,, for which the levels are actually
Both the ground state &,) and the first excited state coupled by the probe and the drive field. The Rabi frequen-

(3P4 of sodium have two subleveB=1, F=2 as are- cies of these transitions are given by

sult of the coupling between the electronic angular momen-

tum (J=1/2) and the nuclear spirl £3/2). In the present Q :@5 Q :50_;,1cg )

scheme, thé==1 levels of the excited state are coupled to ab™ g acT g “do

+5>, Qae” " Ya)c|+H.c., (7)

Il. DISPERSION NEAR AN EIT RESONANCE
IN THE SODIUM D; MANIFOLD
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where g, and g 5. denote the dipole matrix elements be- 8 - - - - T -
tween the particular states of tH¢a)}, {|b)}, and{|c)}
manifolds, and€ and &,y are the amplitudes of the probe and °r Re [P] |
drive fields. nl i
To include incoherent relaxation between the atomic lev-
els, we describe the above system by a master equation § e Im([P] S A -
o S [
p=—z[H.p]+Lp, © §
o 2r 7
(¥
wherep is the density matrix for the atom, g -
sl _
P= 2 ||!mI>PIm|,I’m|r<I’vml’|a (10)
,my 17 my 8 " " L L 1 .
-4 -3 -2 -1 0 1 2 3 4
and the operatof accounts for all the relaxation processes. (@) Aly
For instance, for spontaneous decay fr@hto |b), £ has
the explicit form 8 i : :
Yab 3
Lapp=— - ([a)(alp+pla)(a| —2|b)(alp|a)(b)),
11 il
11 = |
where we again suppress the indices for the magnetic sut'g Im [P] |
levels. A similar contribution ta is given by the decay from N ¢ breemmmmemzzzmzn
|a) to |c), or by the thermal and collisional redistribution 3
between|b) and |c), which is particularly relevant in our & 2f 1
system. The dispersive properties of sodium, which are illus-
trated in Figs. 3 and 4, are calculated by solving ER). i ]
numerically. In steady state, EP) represents a system of sl _
linear equations for the coefficienpq,ml 1y which can be
solved by a simple matrix inversion algorithm. B 15 10 s o s 10 15
For left-circularly polarizedLCP) probe light, the com-
plex polarization of the atomic transitiof8%Py,,,F=1) (b) Aly
|32S,,,,F=1) is related to the density matrix elements via
. < < <
Pe "= —N(pi_ 1poPa-1b0t+ Paop1Paopt):  (12)
whereN is the atomic density, and a similar relation holds
for the polarization on thé3?P,,,,F=1)«|32S,,,F=2)
transition, which is induced by a coherent LCP driving field. " 2.3 50 07 <
In Figs. 3a) and 3b) we show the steady-state valuesPof . . . .
for a resonant drive field and different values of the probe 16.4 159 164

field detuning A=w,,—v). A is given in units ofy, the
inverse of the lifetime of the By, level, which is 16.4 ns
[11], andP in units of 103 Ng . © <:less than 0.1

Near resonance, the imaginary part of the polarization
drops to zero while the real part is linearly proportional to  FIG. 3. (a) Polarization spectrum of sodiuBy, line for resonant
the detuningA. This feature is similar to the absorption- drive field as a function ofA=w,,—» in units of 107 Ngpgy.
dispersion behavior in the simple three-levelsystem as (£2=0.2y,Q4=7y). (b) Same on a larger scalt) Population dis-
shown in Fig. 1b). Note, however, the qualitative and quan- tribution at resonanca =0.
titative difference between the curves in Fig. 3 and 1.
Whereas in the three-level scheme the absorption curvBigure 3c) shows the population distribution for exactly
(Im[P]) has two comparably narrow peaks at the points ofresonant probe and drive fields with parametdis,
maximum absorption, for the multilevel configuration these=1vy, Q,,=0.2y, and y,=10° s! for the collisional
resonances deform into a winglike structure. A similar ob-(phasé relaxation rate for transitions within the ground-state
servation can be made for the refraction curve[@®g. The  doublet. Note also that there is significant thermal population
different shape of the curves for the multilevel and the threeof the |c) =|32S,,,,F = 2) multiplet. Due to these effects, the
level situation is due to the effects of optical pumping andsteady-state population strongly depends on the polarization
coherent population trapping in the ground-state doubletof the applied fields and thus on the direction of the magnetic
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6 - - - - - - the propagation of the field is described by the wave equa-
tion, which in the slowly-varying-amplitude approximation
sl 4 reads[12]
Re [P] g 14 ik
ok - J— _— = —
Jz * c ot 2¢q (149

To calculate the phase shift, we solve E@.and(14) self-
consistently.

2} g If the propagation direction of the probe field coincides
with the direction of the magnetic field to be measured, then,
for an LCP probe, the induced polarization involves only two
pairs of levels and is related to the atomic density matrix as
in Eq. (12). In general, however, there will be a nonzero

Polarization

C a5 10 5 o s 1w 15 2  angledbetween the propagation axis of the laser fields in the
medium and the magnetic field. This is particularly important

(a) Aly if one wants to follow small fluctuation of a given average
magnetic field, and the direction of this fluctuation is not

< < 0 predictable. In this situation, both the probe and driving field

will couple to all the magnetic sublevels as is shown in Ap-
pendix A. The equations for this situation are, of course, still
given by Eqs(9) and(14), although Eq(9) now involves all
atomic levels and the corresponding relation between the po-
larization and the density matrix elements is more general

19.2 19.2 18.1 159 12.5 ;
than in Eq.(12).
14.7 02 0.2 The general solution of these equations is plotted in Fig.
5. There we show the probe phase shit for two orthogo-
(b) nal polarization§LCP and RCPas a function of anglé and

<:iless than 0.1 \haqnitudeB of the magnetic field. For the driving field,

FIG. 4. (a) Polarization spectrum of the sodiuby, line, with  |€ft-circular polarizationLCP) was chosen. One can see that
probe field only (1=0.2y), in the same units as in Fig. 30)  the dependence of the phase shift on the magnetic field has a
Corresponding population distribution at resonanceO. different characteristics for an LCP and an RCP probe. We

will utilize this fact in the next section to propose a scheme
field with respect to the propagation direction of the lasersthat allows us to simultaneously detect magnitude and direc-
Furthermore, a first order treatment in the probe couplingtion of B-field fluctuations.
which can be applied to the three-level scheme where to For a fixed angled, the phase shif ¢ changes linearly
zeroth order in the probe field all population is in lebelis ~ With the strength of the magnetic field, but the slope of this
generally not valid in the multilevel situation. Here optical change depends ah This linearity reflects the fact that the
pumping caused by the probe field is relevant and needs t&o-photon detuning induced by the magnetic field stays, for
be taken into account. the parameters of Fig. 5, within the linear range near the

To demonstrate the effect of optical pumping by the probeorigin of Fig. Ja), which defines the operation range of the
field we show in Fig. 4a) the susceptibility curves in the magnetometer. For a fixed value Bf a cut through Figs.
absence of the driving field. In this situation, the population5(@ and 8b) parallel to thex-z plane gives the angular de-
in the|b,0> and|b,1> levels is optically pumped to the other pendence of the phase shift. This is shown in detail in Fig. 6,
levels of the ground state as can be seen in Rig.. #rom  Which demonstrates the different directional characteristics
Fig. 3@ we can roughly estimate the dynamical range of theof the LCP and the RCP probe.
magnetometer. Since the real part of the polarization shows a Before we further discuss these figures in the next section,
linear response to the detuning upAe=0.14y, according to  let us briefly comment on the sensitivity of the magnetome-
Eq. (4) the operation range of the magnetometer will be up tder, which has been discussed in Rgfl. As was shown in

approximately 1 G. [7], the minimum detectable phase shift, as determined by
shot-noise, is given by
Ill. ORIENTATION DEPENDENCE AND 1+:2 1
MAGNETOMETER SENSITIVITY A dmin= "\ P — (15)
min 2K2 \/n—_!
n

A probe field propagating along tfeeaxis through a me-
dium of lengthl will acquire a reduction in amplitude and a wheren,, is the number of input photons passing through the

phase shift according to interferometer per measurement time. This result was ob-
. tained by assuming B field that is parallel to the propaga-
E(z=1)=kE(z=0)e'*?, (13) tion direction of the laser beams. As can be seen from Fig. 5,

the linear response of the signal to a changB is strongest
wherex is the transmittivity of the cell. Within the medium, for 6=0. For 6+#0, this response is generally weaker and
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FIG. 6. Phase shiftén units of 107) of RCP and LCP for a
given absolute value of the magnetic field ($0G) as a function
of the angle.

shifts from nonresonant couplings. Finite fluctuations of the
driving-field intensity, however, give rise to an uncertainty in
the susceptibility of the medium. In sodium the most relevant
nonresonant couplings are between the hyperfine |€vel
=2 of the first excited stat§3P,,,) and the ground state.
Our numerical studies including these couplings show that
for a sensitivity of about 10'° G the intensity of the pump
field has to have a short-time stability of 10 If we assume
a stability of 104, the maximum value for the sensitivity
reduces to 10’ G. These values can be improved by an
order of magnitude if one uses cesium instead of sodium,
180 © since the frequency spacing of the nonresonant levels is
larger. Note furthermore that the effect of nonresonant ac
FIG. 5. Phase shift of the probe ligkin units of 10°) as a  Stark shifts is much smaller in systems without a hyperfine
function of magnitude and direction of tigfield in the case of an  strycture.
LCP driving field.(a) LCP probe light(b) RCP probe light B field Summarizing, we can say that the sensitivity of the mag-
in units of 108 G). Atomic density and length of the_medium are netometer employing the hyperfine manifold depends cru-
chosen to beN=5x10"/cm’ and|=10 cm, respectively. Here cially on the intensity control of the driving laser. Although
and in all the following figures, we have~0.9. the achievable sensitivity in such a configuration is signifi-
cantly smaller than for atoms without a hyperfine structure
depends ord. For the singular valu&= /2, when theB  [7], it offers a unique way to measure both the magnitude
field and the laser fields are perpendicular, the probe lasaind the direction of a magnetic-field fluctuation simulta-
acquires no phase shift at all. The magnetometer will thereneously. This is of interest for various applications and will
fore be differently sensitive to changes of the magnetic fieldbe discussed in the next section.
of different direction. For the optimum cage=0, the ulti-

mate sensitivity of this magnetometer is in the shot-noise, g\ULTANEOUS MEASUREMENT OF MAGNITUDE

0.5
Phase Shift

angle (degree)

(b)

. . l .

I|_m|t found to be of the. orde_r of 10" Gina measurement AND DIRECTION

time of 1 s.(An analytic estimate of the sensitivity to first

order in the probe field is given in Appendix)B. As one can see from Fig. 6, the phase shift corresponding

Since we deal with atoms in a cell, it is important to to a magnetic field depends on its direction. If the direction is
consider also the effect of Doppler broadening. A detailechot known, one cannot uniquely tell what change of the mag-
study[7] shows, however, that Doppler broadening plays anetic field was detected for a given phase shit. On the
negligible role if the probe and driving field propagate in theother hand, the different characteristics of the orientation de-
same direction, the two-photon Doppler-broadening is smallpendence for probe fields with orthogonal polarizations of-
and the drive field is sufficiently strong. These requirementders a way to measure both the magnitude and the angle
(for details seg¢7]) are satisfied in the present configuration (with respect to the propagation axisf a magnetic field
and we therefore disregard Doppler broadening. fluctuation simultaneously.

In the present study we have, for simplicity, assumed that In Figs. 7a) and Ab), the contour graphs corresponding
the driving-field intensity is controllable to an arbitrary ac- to Figs. §a) and §b) are shown. The contours are obtained
curacy. In this case we can neglect the effect of ac Starky cutting the three-dimensional figure parallel to the
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FIG. 8. Schematic setup for simultaneous measurement of the
phase shifts for two orthogonal polarizations.

measure the phase shifts one more time after rotating the
magnetometer by an arbitrary angle in order to get rid of the
axial symmetry.

For some applications it may be inconvenient to first ap-
ply an LCP and subsequently an RCP probe laser, and a
simultaneous measurement of the corresponding signals is
required. If we use, however, an LCP driving field and a
linearly polarizedprobe field, which can be regarded as a
superposition of right and left circular polarization, it is in-

\ deed possible to measure the different phase shifts of each

; polarization at the same time. In Fig. 8 we provide a possible

scheme for a simultaneous measurement of the phase shifts

00 50 150 of the two orthogonal polarizations. They are now directed to
two different outputs via polarization beam-splitté RBS),

(b) angle (degree) each of them corresponding to one specific circular polariza-

tion.

FIG. 7. Contour graphs corresponding to Fig.(& RCP, (b)

LCP (units are the same as in Fig. 5
V. SUMMARY

plane, so that each contour corresponds to a specific value of ) ) ) ) )
the phase shift. A measured phase shift for LCP light corre- In this paper we investigated the orientation dependence
sponds to one specific contour in magnitude-direction spac®f & magnetometer based on atomic phase coherence. As a
Since the measurement of the phase shift for RCP gives a,rpodel case, we anglyzed the interaction of two quasiresonant
other contour in the same space, the crossing point of the twields with the sodiun{3S,,) and|3Py,;) hyperfine mani-
contours yields a unique identification of the detected magfolds on the assumption that the fluctuation of the pump field
netic field in both magnitude and direction. The only excep-ntensity is sufficiently small. The phase shifts for the right
tion is given for changes of the field perpendicular to theand left cqcularly polan;ed laser fields have_been calculated
laser beam, which lead to no Changeﬁrd) for either the f0r an arbltl’al’y orientation Of the magne“c f|e|d.
LCP or RCP probe. Due to the different characteristics of the phase shifts of

We note that our measurement scheme is not restricted #€ two orthogonal circular polarizations, the contour-graph
detecting small magnetic fields. Due to the large dynami¢nethod provides a unique determination of the magnetic
range of the magnetometer, it is also possible to observBield with regard to both its orientation and its amplitude.
small variations of a large magnetic fields by tracing theHence we can accomplish a simultaneous measurement us-
crossing point. Suppose we have a known magnetic field"d two output ports in a Mach-Zehnder interferometer. High
(meaning that we have one point on the contour graptu sen5|t|_V|ty, a Iarge_ operation range, and vectorial flqctuatlon
there is a small change in the magnetic field. The corredetection make this type of magnetometer a potentially use-
sponding signal change of the LCP light leads to a move oful tool in many areas of application.
the crossing point to another contour line, but we do not yet
know the dir.ection of the chqnge in thiefield. As soon as ACKNOWLEDGMENTS
we get the signal for RCHnoving to another contour line in
the RCP plang we can find a crossing point again, and we The authors wish to thank H.-J. Briegel and U. W. Rathe
have both the magnitude and the direction of the magnetifor stimulating discussions. This work was supported by the
field variation with respect to the symmetry axis. If all three U.S. Office of Naval Research, the Welch Foundation, and
spatial components of thB field are required, we need to the Texas Advanced Research Program.
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APPENDIX A: ORIENTATION OF THE MAGNETIC APPENDIX B: ANALYSIS TO THE FIRST ORDER
FIELD IN THE PROBE FIELD
If the magnetic-field direction has an anglewith the Here we analyze the sodium scheme of Sec. Il to first

propagation direction of the light beatwhich we chose to order in the probe field. For simplicity we assume that the
be thez axis of our coordinate systenboth the driving and  collisional decay is only from levdk) to |b). At resonance
the probe field couple to all the magnetic sublevels as show(wo— wpe=v, wan— wo=v'), the Hamiltonian in the in-

in Fig. 2. We can simplify the description by introducing an teraction picture is given by

appropriate atomic coordinate systethy’,z' in which the

z' axis is parallel to the magnetic field. Taking tkleaxis to _ iAgpt iAgct

be the same as theaxis, the unit vectors of these coordinate V=2 Qs ta) (bl + 2 il et a)(c]+He,

systems are related by (B1)
L where A p=A,— Ay, Ay=(ug/h)m,g,B for each m,,
&=6€, and so on for subscrift andc. Now using the master equa-
tion
éy=é§,cos 0—e.sin 6, (A1) ) i
p=—7Vpl+Lp, (B2)

e,=&/sin g+ e;cos 0. _ _ , _ _
we find p,;, to the first order in the probe fiel, , in the

. o . ' steady state,
For the circular polarization, the unit vectors are defined as y

(@)

Pa-18 Qafl,b,el’;afl,bﬁ
R 1 . ~ “ 1 . ~ ~ . _ ~
e.=—=(g-ig), e =—=(gtig), phop | =(=DMATH Quops/Yaons | PhYos
\/E \/E ~(1) >
(A2) Pa+1 Qar1pp! Varibp
(B3)
~ 1 A o 1 oA
e+=T(ex—|ey), e,=T(ex+|ey), with 8=—1,0,1 from now on. Here we have used the short-
2 2 hand notations
and we have the relations Pac.op=PacppeXH —i1(Aay—Appt],
(B4)

~ ~ 1 ~ i . ~ 1 Yaa,bp™ 7aa,bﬁ+i(Aaa_Abﬁ)i
ei:egz(ltcosa)ie;—sm 0+¢e =(1¥cosh) _ _
V2 ' where y,, vs is the off-diagonal decay rate between level
(A3) |a,a) and|b,B), and the subscripta and 8 show the mag-
netic sublevels explicitly. The 83 matrix M# is given as

- i R a
e,=€, —= sin #+€e,cosf—e_ — sin .
2 2
V2 V2 ME.— 1 [Qa—l,c—lﬂgo,c—l N Qa-10Q%0.0
. _ A = '
Hence the electric-field components with respect to the Ya-1bp Ye—1bp Yeobp
atomicz’ axis are given by . .
ME — 1 [an,cflﬂaf Le-1 Qaocoa- 1,c01
. 21—~ = = ,
1 [ 1 '}’aO,bﬁl Yec—1bp Ycobp
§(1+cose) Esma E(l—cos&)
E;_ B 1 Qal,cOQ;O,cO Qal,le;O,cl
) i —-i M2s== ~ tT—= :
E, | = E sin @ cosé E sin 6 Yaoppl  YcobB Yeibp | (B5)
E. [ T
1 —j 1 ME 1 | Qa1c0Q30c0 N Qa11Q%0,1
— — - qj — 327 ~ ~ ~ ’
5 (1—cos6) 2 sin 6 5 (1+cos¥b) Yaibgl  Yoobs Yeips
E+ M’f3=~ 1 [Qa—j,coﬂgl,co ,
x| E; |, (A4) Ya—1bg Ycobps
E_
ME. — 1 [Qal,coﬂzf 10
whereE, , E,, andE_ are the right circularly polarized st ;,al‘bB[ Yeons '

(RCB, z-polarized, and left circularly polarized CP) com-
ponents of the probe laser, respectively. and
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‘Q’a @ 2
 Raneral?] 6
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NI |50a0 bl|2
Ap=———| 77— Pgi),blAcl,bl
)\soﬁ |Qa0,cl|2
|Wa— 1,bo|2
T |2pé,%>,boAco,bo , (B8b)
a—1,0

wherea=—1,0,1. The upper level decays radiatively to theWwhere we have used E¢) for the probe field. Taking the

lower levels with decay rate, and the levelc) decays to
the level|b) due to collisions with ratey .

When the magnetic-field direction is parallel to the light-
beam direction, with LCP light for both probe and driving

field, we obtain from Eq(B3) that

~a " 1Qa 10 Ya-1p0Ycopo (0)
Pa-1p0~ "= = ~ > |Pbobo>
Ya—1b0 | Ya—1p0Ycopot |Qa— 1,c0|
(B7a)
~1) _ " 1Qa0p1 Yaob17Yc1b1 (0)
Paob1= "~ ~ ~ 2|Pbip1-
Yaopr | Yaob1¥erpb1 T |Qaocil
(B7b)

For a strong driving field|€.|?> y7.), we can neglect the
first term in the denominator. Substituting E&.7) into Eq.
(12) (note that here we are in the interaction piciunge
obtain from Eq.(13) and Eq.(14) the transmittivityx and
the phase shif\ ¢ as

|(?7a71,b0|2 (0)
— 5 Pb0b0Yc0ho
|Qafl,c0|2 ’ Y

NI

_ |Pa0,b1|2 (0)
}\SOﬁ

0 |2 Pb1p17Ye1pl
a0cl

|

(B8a)

coupling constants into accourisee Fig. 2 and using
Yc000= Ye1p1= Yc/2 @andAppe=0, we find

2aNIh iy
K=expy — ——— , (B9a
D{ 3\egl €4l ve
TNI7ipi g
= —— > Aup, (B9b)

3\eol€4l?

where we have assumed equal populations in|tthdevels
and again used E@8) as&y denotes the driving field ampli-
tude. As one can see in E@B9), the phase shift essentially
depends on the absorption

1) Acl,bl (BlO)

Adp= 1I
P

From Eqgs(4), (15), and(B10) the minimum detectable mag-
netic field strength is now given by

“B (1 1+« 1
& (0= 05)Brin=27¢In 1(;) V= Vi
(B11)

and the minimum is exhibited fot~0.33. Under these con-
ditions one can estimate the sensitivity of the magnetometer,
which is of order 10! G, in good agreement with Sec. IlI.
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