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The D; line spectrally selective pumping process in Doppler-broadened cesium is analyzed by solving the optical
Bloch equations. The process, described by a three-level model with the A scheme, shows that the saturation intensity of
broadened atoms is three orders of magnitude larger than that of resting atoms. The |Fy = 3) — |F; = 4) resonance pumping
can result in the ground state |Fy =4, mr = 4) sublevel having a maximum population of 0.157 and the population difference
would be about 0.01 in two adjacent magnetic sublevels of the hyperfine (HF) state Fy = 4. To enhance the anisotropy in the
ground state, we suggest employing dichromatic optical HF pumping by adding a laser to excite Dy line |Fy =4) — |F, = 3)
transition, in which the cesium magnetometer sensitivity increases by half a magnitude and is unaffected by the nonlinear

Zeeman effect even in Earth’s average magnetic field.
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1. Introduction

Spectrally selective pumping is a useful way to obtain an
anisotropic medium and has important applications in high-
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precision measurement, such as atomic clocks,
troscopy, atomic filters,”*! and atomic magnetometers.*3 So
optically pumped processes have been researched by many
scientists, both theoretically and experimentally, in recent
years. Several contrasting methods are proposed to cal-
culate and analyze the time evolution of optically pumped
alkali-metal atoms, including rate equations,/®’! density ma-
trix formalisms,!®] and quantum electrodynamics.'’! These
theories can get identical results after a few microseconds of
interaction, even though they have different formal differen-
tial equations. From the experimental point of view, cesium
has become an excellent candidate for developing atomic mag-
netometers recently, since it has the highest saturation vapor
pressure and the largest hyperfine HF splitting in the ground
state of all alkali metals, although it has the most complicated
structure in the HF sublevels.

The present paper discusses the Cs D; line selective
pumping processes, characterized by a model with a A three-
level atom structure, and then points out that the saturation
intensity of a left-hand circularly polarized (¢ ") laser with the
Fy =3 — F, = 4 resonant frequency is about 1.46 mW/cm? in
Doppler-broaden atoms, theoretically. To investigate the de-
pendence of the anisotropy in the ground state on a pumping
laser, we analyze the time evolution of the correlative HF mag-
netic sublevels by solving rate equations and indicate that the
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|Fy =4, mp = 4) sublevel should have a maximum popula-
tion of 0.157 and the population difference between adjacent
sublevels in ground state Fy = 4 would be about 0.01 after be-
coming steady. On the basis of the analysis, we propose a
new all-optical cesium magnetometer using dichromatic op-
tical HF pumping, which can increase the resonance magni-
tude by one order of magnitude compared to the traditional
optically pumped magnetometer with a single mode laser, and
simultaneously eliminate the nonlinear Zeeman effect on sen-
sitivity in a terrestrial magnetic field.

2. Pumping process and analysis

The Dy line HF structure of Cs is shown in Fig. 1(a). The
HF splitting frequency in the ground state is 9.2 GHz, which
is much larger than 400 MHz Doppler width at room tempera-
ture, so while a o+ laser with Fy =3 — F. = 4 resonance de-
pletes the population of the Fy = 3 state (as shown in Fig. 1(a)),
the Fy = 4 level should become a leaky trapped state and its
population should increase due to the repopulation from the
excited state, thus the pumping process might be taken into
account in an atomic model with a A structure, as shown in
Fig. 1(b).

We confirm the saturation intensity in the scheme theoret-
ically, and write the optical Bloch equations as

paa = _%-Qp(pab - pba) +I_l;apbb + Y(pcc - paa)a (D

. i . I;,
Pab = 2QP(pbbpaa)1<A+5d)paba 2
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Fig. 1. (a) Cesium HF structure of Cs D; line transition. (b) Equivalent
model of spectrally selective HF pumping in Cs.

Pob = %Qp(pab — Poa) = I'Pob, (3)
Pcc = H)cpbb - Y(Pcc - paa)- (4)

Here, paa, Pcc, and pyy are populations of the ground states
F, =3, F; =4, and excited state Fe =4, SO Paq + Ppb + Pec = 1,
I' is the natural decay rate of F. =4, and Iy, and Iy, represent
the spontaneous emission rates from the excited state to both
the ground states, and thus I' = Iy, + Iy, ¥ < I is the re-
laxation rate between the ground states, A and Q, = pE/ n?
denote the frequency detuning and the Rabi frequency of the
pump light, where u, E, and 7 are the dipole moment operator,
the electric field amplitude, and the Planck constant, respec-
tively. Solving Egs. (1)—(4), one can define the optical inten-
sity as the saturation intensity while the population of F, = 3
is reduced to the half of the initial value, and then obtain

ceoh? 4A2
Isat:‘uz<1+1_,2>ry (5)

Here, ¢ and € represent the speed of light and the permit-
tivity of vacuum. The optical intensity I = cgyE?/2 is taken
into account here. This demonstrates that the relaxation be-
tween both the ground states results in the atom having fac-
tor y/I" saturation intensity compared to an atom with a two-
level structure.’] Whereas because of the thermal velocity of
an atom moving along the pumping direction in a Cs cell, the
velocity distribution in that direction has to be considered in
the calculation, and then the expression can be rewritten as

ceh* 'y 1 [+ <H_4(A+k:~v)2

2

I
Iat_

s TR TV 3
Here, u is the probable velocity of atoms, k is the wave vec-
tor of the pump light, v denotes the moving velocity of the

) e/ 4u. (6)

atom. To compare the expressions quantitatively, we assume
y/T" =10~ and plot saturation intensities of the pump beam
as a function of the frequency detuning together in Fig. 2. The
figure displays explicitly that the resting atom has a saturation
intensity of about 0.3 uW/cm? on resonance only because the
slow relaxation makes the saturation intensity decrease by sev-
eral orders of magnitude in comparison to a two-level atom,!
while for the moving atom, there is a resonant saturation in-
tensity of 1.46 mW/cm?. This means that normally a single
mode extended cavity diode laser can easily provide satura-
tion intensity for the circular polarization pumping with the
D resonance that is an order of magnitude greater, as has been

[4.12] If the detuning of a pump laser is

shown experimentally.
over 0.7 GHz, the two cases have the same saturation inten-
sity, as shown in Fig. 2, because almost all of the atoms see

the light as being the same frequency under this condition.
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Fig. 2. (color online) Saturation intensity of the D; line 6™ transition
from Fy = 3 to F = 4 as a function of the pump’s frequency detuning in
two cases: dotted and solid curves represent the static and moving atom
models with a three-level A scheme.

In order to understand how resonant circular polarization
pumping would cause cesium vapor to become anisotropic, it
is necessary to calculate the dynamic population evolvement in
each HF magnetic sublevel of ground and excited states. Con-
sidering an anti-relaxation coated cell containing the cesium
vapor with number density of 10'! cm™3 in the experiment,!'3!
we can ignore atomic perturbation probability due to atom-
atom collisions in the excited state. When a pump laser has
o polarization (as shown in Fig. 1(a)), the populations of the
magnetic sublevels of the ground and excited states are ex-
pressed by rate equations, and the results are as follows:

dPFg:3,mF . Fo=4.mp+1 I (PFg:S,mF - QFe:4,mF)

de RS 2y 1+4(A+k-v)? T2
mp=mp+1 ,
Foe=4m

+ Z RFg:3,ml;F QFe:4,m’F
mp=mp—1

+ Z ’}/(PFg:f’a,m} - PFg:3mp)
m#mp
mp=4

+ Y V(Pr,=4 . — Pry=3.mp ), @)
mp=—4
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mF:mFg+1

d Pr,—4mp _ RFe:4,m;, ro /
dt Fo=4,mp, Fe=4,mp,

m{;:mpg—l N

+ Z ,J/(PFg:4,m;; - PFg:4smF)
M

mp=3

+ Z Y(PFg:S,m}; - PFg=4’mF)7 ®)

mp=—-3
dQr—amp _ Fmamy T 1 (Pr=3mp—1 — Qr=am)
dr Fe=3mr =17 sat 1+4(A+k-v)2/F2
m};:mp+1
F :4,mF

- Z RFZ:3,m’FFQFe:4va
m}-:mpfl
m}:mp+1

Fe=4m

- X R T Qs ©

mp=mp—1

Here, Pr,m, and QF,m, tepresent the populations of the

ground state sublevel |F,, mr) and the excited state |F;, mp)

; . ple=4mp
respectively; RF;m/F

between sublevels |Fy, my) and |Fe = 4, mp) ) In the cal-
culation, the HF sublevel shifts and relaxation induced by the

is the normalized transition strength

magnetic field to be measured are ignored completely, because
they are smaller in comparison with the natural width of the
excited state (about 4.6 MHz). The above analysis is correct
for an atom with specified velocity. In view of the atomic ther-
mal velocity, likewise, it is necessary to revise populations in
the Fy = 3 and F; = 4 Zeeman sublevels, and these results are
given by the following expressions

1 Foe o2 /2
Pﬁg:mmpg = rﬁ /_w PF:3,mFg (A+k-v)e / dv, (10)
, 1 T —o2 i
Qr=4mp, = m/_m OF.=am, (A +k-v)e dv.(11)

Based on practical experimental conditions, we assume that
the o pump laser, having a several megahertz line width and
I =4I, intensity, is tuned to the D Fy =3 — F, = 4 transi-
tion. The intensity should cause a population relaxation time
of hundreds of nanoseconds (ns), which is enough for geomag-
netic field measurement, even though increasing the intensity
can shorten the time.”! Solving Eqgs. (7)—(11), one can obtain
the numerical solutions of the population dynamics of every
correlative sublevel; and the results are shown in Fig. 3.
Figure 3(a) shows clearly that the populations of the
F, = 3 sublevels decrease rapidly with increasing interactive
time, then finally reach zero. Figure 3(b) reveals the time evo-
lution of the populations of the F, = 4 sublevels According
to the selection rules, the populations of |Fz =4, mp = —4)
and |F, =4, mp = —3) are not affected by the pumping pro-
cess and always remains zero; the populations of the rest
of the F, = 4 sublevels have an initial increase and attain
the peak value of a few percent after several nanoseconds,
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Fig. 3. Time evolution of the magnetic sublevel populations of three HF

components after turning the pump light on: (a) Fy = 3, (b) Fz =4, (¢)

Fy=4.
and then decline and ultimately reach zero as well, as ex-
pected. Figure 3(c) interprets the formation process of the
anisotropic medium: all the F; = 4 magnetic sublevels had
equal populations of 1/16 at the initial time, except that the
state |Fy =4, mp = —4) populations of each sublevel increase
gradually via spontaneous emission from the excited state
F. = 4, and then after hundreds of nanoseconds of interac-
tion they almost become steady. In this case, the population
increases continually with the magnetic quantum number (as
shown in Fig. 1(a)), so |Fy =4, mr = 4) might have a maxi-
mum population of about 0.157, and the population difference
between adjacent sublevels would be about 0.01. On the other
hand, it has been discussed that the population of nine sub-
levels in the ground state Fy = 4 varies with the pumping light
intensity (see Fig. 4) when the interactive time among light
and atoms is quite long (about microsecond magnitude).
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Fig. 4. Populations of the Fy = 4 Zeeman sublevels as a function of the
pump intensity.

The result explains that after the pump intensity reaches
6 mW/cm? (about 4 times of the saturation intensity), fur-
ther increasing the intensity will not alter the populations of
the Fy; = 4 magnetic sublevels, and will not affect the vapor
anisotropy, because all the F; = 3 sublevels become empty at
this intensity.

3. Discussion

Our designed magnetometer measures the strength of the
external magnetic field based on the magnetic resonance in
F,=4 sublevels,''?! so the device sensitivity depends on the
spectral figure of merit and the system noise. Since the exper-
iment adopted the optical structure in which the transmission
direction of the probe laser is orthogonal to that of the pump
light, noises derived from frequency and intensity fluctuations
of the pump beam cannot be found by the detector and are
neglected. In a weak field (< 2 uT) condition where the non-
linear Zeeman shift in the ground state can be neglected, eight
resonant spectrum components from the nine magnetic sub-

D, line |Fy=4)>|F,=3)
transition with elliptical

polarization as secondary ;

pumping
Fo=4 — _ = —
6S1/2 9.2 GHz
F,=3 - -

levels have the same resonant frequency and linewidth. There-
fore, measured signal magnitude, which is proportional to the
population difference between |F, = 4, mr = 4) and |Fy =
4, mp = —4), is about 0.1, and its width would be 20 Hz.['?]
However, in a geomagnetic field (about 50 uT), the quadratic
Zeeman effect leads to a resonant frequency separation of 7 Hz
between the adjacent magnetic sublevels. Therefore, not only
do eight resonances practically blend into a single asymmetric
contour with 50 Hz width at least, but also the correspond-
ing amplitude decreases to some degrees. In order to over-
come the intrinsic disadvantage of the pumping with a single
mode diode laser here, we suggest preparing a pure quantum
state |Fy =4, mp = 4) using dichromatic optical HF pumping,
i.e., adding an assistant repump laser with the elliptical po-
larization, whose intensity can be about one third of the main
laser and frequency is tuned to the D line |F; =4) — |F, =3)
transition avoiding evident intensity broadening and coherent
population trap (CPT), as shown in Fig. 5. In this way, except
for the state |F, = 4, mp = 4), Hence, all other ground state
Zeeman sublevels will have no population. So the resonant
amplitude will increase nearly one order of magnitude. It is
particularly important that the spectrum width cannot be af-
fected by the nonlinear Zeeman shift though the assistant light
source. This might lead to a linewidth increase of up to 25%
due to the relaxation induced by the repump laser,!>!'# which
means that dichromatic pumping would enhance the figure of
merit of the resonant signal by six to seven times. In fact, to
minimize the optical frequency shift,!'3! the detailed param-
eters of the assistant laser (for example intensity, frequency
detuning, and elliptical degree) can be determined in exper-
iment with the improved magnetometer, which will become

our main research subject in the near future.

D line |Fy=3)-|F.=4)
transition with ot

polarization as main

pumping

Fig. 5. Preparing the pure quantum state using dichromatic optical HF pumping.

4. Conclusion

In this paper, we analyzed the D; line spectrally selec-

tive pumping process in Doppler-broadened cesium, which is

described by a three-level model with the A scheme, showing
that the Doppler-broadened atom has much larger saturation
intensity than the resting atom. While the atoms are pumped
by a single mode laser with the Dy line |Fy = 3) — |F. = 4)
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resonant frequency and turn into an anisotropic medium, the
ground state |F, = 4, mp = 4) sublevel can reach steady state
with a maximum population of 0.157 and the population dif-
ference between adjacent Zeeman sublevels be about 0.01 in
the HF component. In order to improve the anisotropy, we
have proposed to add an HF repump laser exciting the D line
|F; = 4) — |F. = 3) resonance, which would be an effective
approach to improve the sensitivity of the magnetometer by
half a magnitude.
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