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Abstract—An extremely thin cell with awedge gap was devel oped that makesiit possible to form a column of
Rb atom vapor with thickness in the range from 100 to 600 nm. It is experimentally shown that the use of this
cell, along with commercialy available diode lasers, allows one to spectrally resolve individua transitions
between the Zeeman sublevels of the hyperfine structure of the 8’Rb D, line (transitions Fy=1,2 — Fo =1,
2) in the resonance fluorescence spectrum in the presence of an external magnetic field (B =200 G). Thismakes
it possible to realize systems consisting of nondegenerate atomic levels. For comparison, it is shown that tran-
sitions between the Zeeman sublevelsin the fluorescence spectrum obtained with the aid of a conventional cell
(1-10 cmlong) in an external magnetic field with B ~ 200 G remain compl etely masked by the Doppl er-broad-
ened profile. The results obtained can be used for the creation of a simple magnetometer based on an extremely
thin cell with Rb vapor for the measurement of magnetic fields with a submicron local spatial resolution. ©

2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, aseries of studies have been devoted
to the spectroscopy of atomic vapors with the layer
thickness L ~ 10-1000 pm [1-8]. It is noteworthy that,
evenat L ~ 10 um, the sub-Doppler structure manifests
itself under resonance pumping with a single laser
beam [1]; however, for this structure to be revealed, the
laser radiation must be additionally frequency-modu-
lated [1-3].

Recently, it was shown that the use of an extremely
thin cel (ETC) in which the thickness of the atomic
vapor columnisL ~ 150-300 nm and an ordinary laser
diode (without frequency modulation) is sufficient for
resolving the hyperfine atomic transitions of the D, line
of Cs[9]. Itisimportant that the resonance fluorescence
and absorption have linear character (versus the pump-
ing intensity) up to intensities of 100 mW/cm? [9] and,
in contrast to the absorption saturation spectroscopy,
based on a strongly nonlinear process, allow one to
measure the probabilities of individual hyperfine
atomic transitions.

As was noted in [9], the sub-Doppler width of
atomic transitions in a ETC is narrower in the case of
fluorescence than in the case of absorption, and, hence,
in some cases, it is more reasonable to use the reso-
nance fluorescence spectra.

Theaim of the present paper isto study the possibil-
ity of complete spectral resolution of the transitions
between Zeeman sublevels in the fluorescence spec-
trum using a ETC with Rb in comparatively weak mag-

netic fields. The conditions that are favorable for better
spectral resolution of Zeeman components are as fol-
lows: the Landé gr- factorsfor the lower (ground) Fyand
upper (excited) F, hyperfine levels should have differ-
ent signs and be as large as possible to increase the fre-
guency shift; the dependence of the frequency shift on
the magnetic field should be close to a linear depen-
dence (so that the neighboring Zeeman levels do not
overlap and are separated in frequency at all magnetic
fields); the frequency spacing between the components
of the hyperfine structure of both the lower and the
upper levels should be aslarge as possible; and the val-
ues of F, and F, should be small, so that the number of
magnetic sublevels will be small. From this point of
view, the systems of the Fo=1,2 —F,=1,2 transi-
tions of the D, line of 8’Rb are the most convenient.

It should be noted that the analogous direct spectral
resolution of Zeeman transitions in cells of ordinary
(centimeter) lengths can be achieved only in strong
magnetic fields, when the Zeeman shift exceeds the
Doppler broadening of the spectral components. In
[10], amagnetic field with a strength exceeding 1000 G
was applied for the spectral resolution of Zeeman com-
ponentsin an ~1-cm cell with Rb vapor. In weaker mag-
netic fields, Zeeman components can be separated
using indirect methods. For example, the authors of
[11] used the selective reflection process for the spec-
tral resolution of Zeeman transitionsin Csvapors (in a
cell about 1 cm long) in amagnetic field.

0030-400X/04/9603-0328%$26.00 © 2004 MAIK “Nauka/ Interperiodica’



ZEEMAN EFFECT ON THE HYPERFINE STRUCTURE

2. EXPERIMENTAL
2.1. The Design of the Extremely Thin Cell

Aswas shown in [7, 8], the best sub-Doppler spec-
tral resolution is achieved at the cell thickness L = A/2,
where A isthe wavelength of the laser radiation. To sat-
isfy this condition, we used a ETC with a wedge gap
between the windows, so that the range of its thickness
covered the desired value.

The ETC construction is similar to that described in
[9], but has several distinctions. The windows, 30 mm
in diameter and 3 mm thick, were made from Y;Al;0,,
garnet, which is chemically resistant to the vapors of
alkali metals. To form the wedge gap, an Al,O; strip
~600 nmthick, 10 mm long, and 1 mm wide (instead of
the ring-shaped Al,O; layer used in [9]) was deposited
on the surface of one window inits lower part. Prior to
the deposition, a hole 2 mm in diameter was drilled in
the bottom of the windows, into which a tube of the
same diameter and ~50 mm long, made of commercial
sapphire, was inserted. Then, the entire construction
was assembled and glued in a vacuum furnace [12].
After the gluing, a glass extension was sealed in the
sapphire tube [13], and the ETC was filled with a natu-
ral mixture of ®Rb and 8’Rb, as done for an ordinary
glass cell. The amount of rubidium was chosen so that
the sapphire tube, with an inner diameter of about
1 mm, was amost completely filled. After sealing off of
the ETC, the glass tube was 56 mm long. As was
shown in [14], the rubidium vapor pressure is deter-
mined by the temperature of the upper edge of the metal
rubidium column in the sapphire tube. Varying the
heater construction, one can achieve the following lim-
iting thermal conditions; atemperature at the top upper
edge of the metal Rb column of approximately 500°C,
and atemperature of the glass extension (which is out-
side of the heater) of about 80°C. At such alow temper-
ature, metal Rb only dlightly reacts with glass. As for
the interaction of Rb vaporswith sapphire, no chemical
interaction occurs up to temperatures of about 1000°C
[15].

The wedge-shaped (vertically) thickness L of the
ETC gap was determined by the interferometric method
described in detail in [16] and was found to range from
100 to 600 nm. In the experiment, we used the ETC
areawith the gap thickness L = 400 nm (=A/2).

2.2. Experimental Setup and Results

The scheme of the experimental setup is shown in
Fig. 1a A beam (2 mm in diameter) of a single-fre-
guency diode laser with thewavelength A = 794 nm (the
spectral width of the radiation is about 20 MHz) was
incident on the ETC window at a nearly normal angle.
The ETC was placed in the center of three pairs of
Helmholtz coils, which alowed us to create a uniform
arbitrarily directed magnetic field of a strength B. The
frequency of the laser radiation was linearly scanned in
the region around the D, line of Rb. A Glan prism
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Fig. 1. (8) Schematic diagram of the optical experimental
setup: (1) laser diode; (2) Glan prism; (3) quarter-wave plate
with antireflective coating; (4, 5) extremely thin cells;
(6) Helmholtz cails; (7) photodetectors; (8) Tektronix TDS
3032B oscilloscope; (9) computer. (b) Geometry of the
magnetic measurements.

ensured ahigh degree of linear polarization of the pump
radiation; a A/4 plate with an antireflective coating for
780 nm was additionally used to form the circularly
polarized pump radiation. A fraction (50%) of the
pump radiation was sent to a second ETC with Rb (in
some cases, the second ETC was replaced by an ordi-
nary cell 1 cm long filled with rubidium), whose fluo-
rescence spectrum was used as afrequency reference at
B = 0. The magnetic investigations were done in the
configuration presented in Fig. 1b.

Thetemperature of the upper edge of the Rb column
was, as arule, 120°C, which corresponds to the vapor
density N ~ 2 x 10'* cm. To prevent the condensation
of Rb vapors on the ETC walls, the temperature of the
windows was kept at alevel of 140°C. The intensity of
the pump radiation was about 50 mW/cm?.

Figure 2 shows the resonance fluorescence spectra
of the D, line of Rb at B =0 for acell 1 cm long (the
upper curve) and for aETC (the lower curve), recorded
with a Tektronix TDS 3032B two-beam digital oscillo-
scope at room temperature. Asis seen, owing to the use
of the ETC, dl the hyperfine transitions of ®’Rb and
85Rb isotopes are spectrally resolved.

In the case of circular polarization of the pump radi-
ation, o* (Ieft-handed circle) or o~ (right-handed circle)
(Fig. 1b), the magnetic field B was applied along the
direction Z of the laser beam propagation (B || k). Inthe
case of linearly polarized (1) radiation, the magnetic
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Fig. 2. Spectra of the resonance fluorescence at the Rb D,
lineat B=0for (a) acell 1cmlongand (b) aETC. Theeight
resolved peaks correspond to the transitions (1) 87Rb, Fg=
2 —> Fo=1,2,(2 ®Rb, Fy=3 — Fo=2, 3; (3) ®Rb,
Fg=2—>Fe=23,(9 ¥Rb,Fg=1—>Fc=12

field B was directed along the X axis, i.e., dong the
direction of polarization of the laser radiation (B || E).
The fluorescence of Rb vapors was recorded in the
direction perpendicular to the direction of the laser
beam propagation.

Thediagrams of Zeeman sublevels of the transitions
Fo=1—F,=12andF;=2 —F,=1,20f theRb
D, line are shown on the right-hand side of Figs. 3 and
4, respectively. The values of the level shifts are given
for qualitative estimations, since, according to the cal-
culations of the frequency positions of levels by the
Breit—-Rabi formula [17], the condition of the linear
Zeeman effect isfulfilled well for magnetic fields up to
~50 G.

Figures 3aand 3b show the fluorescence spectradue
totheFy=1 — F,=1, 2transitionsin amagnetic field
with B = 225 G in the case of the pump radiation with
o+ and o~ polarization, respectively. All the fluores-
cence peaksin these figures can bereadily identified; in
particular, the five peaks in Fig. 3a correspond to the
following transitions (in order of increasing fre-
quency): Fg=1,mg=-1,0 — F,=1,m: =0, +1and
Fo=1,m=-1,0,+1 — F,=2,me =0, +1, +2. Col-
umns in the spectra denote the calcul ated values of the
fluorescence amplitudes and transition frequencies (see
below). The fluorescence spectrum for the case of a
magnetic field with B = 225 G and linear (1) polariza-
tion of the pump radiation is shown in Fig. 3c. In this
case, all the possible transitions between the Zeeman
sublevels are also spectrally resolved. Note that the
transition between the magnetic sublevels Fy= 1, mg =
Oand F.= 1, mz =0 must be absent, sinceitisforbidden
by the selection rules in the case of weak magnetic
fields. However, at B = 225 G, this transition begins to
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manifest itself dightly (a short calculated column is
seenin Fig. 3c).

Figure 4 demonstrates the fluorescence spectra for
the transitions F; = 2 — F, = 1,2 in the case of the
magnetic field with B = 225 G under excitation by the
radiation with o*, -, and Tt polarization. Here, simi-
larly to the previous case, the transitions between the
Zeeman sublevels can aso be easily identified (seven
peaks in each plot). From Fig. 4, one can see that al
these transitions are spectrally resolved.

Note that, in the cell of ordinary length, all the tran-
sitions between Zeeman sublevels under the conditions
considered are completely masked by the Doppler-
broadened profile. Figure 5 (lower curves) demon-
strates the Doppler-broadened spectra of the transitions
Fg=1-—F.=1, 2 and Fg=2 —F=1, 2 for acel
1cmlong inamagnetic field with B = 225 G. The laser
radiation has alinear () polarization; B || E. The spec-
tra of the resonance fluorescence at the ®’Rb D, linein
the ETC (the upper curvesin Fig. 5) are given as afre-
guency reference. It is noteworthy that the high-fre-
guency wing of thelower curvein Fig. 5b arisesrapidly
owing to the influence of the high fluorescence peak
corresponding to the Fy = 2 — F, = 3 transition of
85Rb (see Fig. 2), shifted to the low-frequency region by
the magnetic field.

3. SSMULATION OF THE SPECTRUM
AND DISCUSSION

In fact, the transitions between the Zeeman sublev-
els of the D, line of 3’Rb are separated in the fluores-
cence spectrum even in the case of fieldswith B ~ 50 G,
but their complete resolution requires application of a
field of about 200 G (the use of a diode laser with a
spectral width of 1 MHz [16] would allow oneto reduce
this value). Asfollows from the cal culations of the fre-
guency positions of levels by the Breit—Rabi formula
[17], evenin the case of magnetic fieldswith B> 100 G,
the frequency positions (shifts) of some peaks begin to
deviate from the positions calculated in the linear Zee-
man regime, which is observed in the experiment. In
particular, a shift of 40 £ 5 MHz toward the high-fre-
guency region is observed in Fig 3c for the transition
Fg=1,m=0 — F,=2, m: =0, while the deviation
in the linear regime should be equal to zero.

As an external magnetic field is switched on and
continuously increased, it begins to break the coupling
between the electron and nuclear angular momenta in
the Rb atom (hyperfine interaction). Simultaneously,
the wave functions of magnetic sublevels having the
same val ue of the magnetic quantum number m but ini-
tially belonging to different hyperfine levels F are mix-
ing. Hence, the quantum number F ceases to be a good
guantum number, while the magnetic quantum number
mretainsits value.
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Fig. 3. Left: fluorescence spectra of the 87Rb D, line (transitions Fy =1 — F¢ =1, 2) for the ETC in amagnetic field of 225 G;
right: diagrams of the corresponding Zeeman transitions with the values of thelevel shifts. The pump radiation polarizationis(a) o*,

(b) o~, and () Tt

The wave functions of the magnetic sublevels of an
atom in an external magnetic field can be written as

Fo=Jo+1
- (e)
|Xe’ meD_ Z Cxe, FelFel meD
Fe=1]Je—1
Fg=Jg+!
— ©)
IXg MyO= Cy, F,IFg Mgl
Fg=13=1l
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where the subscripts e and g correspond to the excited
and ground states, X and X, are the superposition quan-
tum states, and C are the mixing coefficients.

Asaresult, the additional energy gained by the atom
at adefinite magnetic sublevel ceasesto depend linearly
on the strength of the external magnetic field. A devia-
tion from the linear Zeeman effect takes place. In turn,
the mixing of the wave functions leads to a change in
the probabilities of the light absorption and emission at
the transitions Fy, my —— F,, m,, which actually are
now the transitions between the x;, m, and X, m, states.
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Fig. 4. Left: Fluorescence spectra of the 3’Rb D, line (transitions Fy =2 — F¢ =1, 2) for the ETC in amagnetic field of 225 G;
right: diagrams of the corresponding Zeeman transitions with the val ues of thelevel shifts. The pump radiation polarizationis(a) o*,

(b) o, and (c) Tt

To caculate these probabilities, one should take into
account that the initial and final states of the transition
are the superpositions of the hyperfine levels with dif-
ferent quantum numbers F.

In the case when the atomic state splitsinto only two
hyperfinelevels, asoccursinthe case of the S, and P, ,
levelsinthe Rb atom, the additional energy of magnetic
sublevels, which depends nonlinearly on the external
field, and the mixing of the wave functions can be cal-
culated analytically by the Breit—Rabi formula (see, for

example, [17]). In the case when the atom has more
than two hyperfine levels for each electronic state, the
energy of the magnetic sublevels and the mixing of the
wave states should be calculated numerically on the
basis of the diagonalization of the corresponding
Hamiltonian matrix. For example, such a calculation
for the D, line of Rbis described in [18].

Knowing the energies gained by different atomic
states in an external magnetic field, one can calculate
the spectral positions of the absorption and emission
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Fig. 5. (1) Fluorescence spectraof the D, lineinthe ETCin

the absence of a magnetic field and (2) Doppler-broadened
fluorescence spectra of acell 1 cm long in amagnetic field
of 225 G for the transitions (8) Fg = | — Fg=1, 2 and
(b)Fg=2 —F,=1,2

linesfor theatomin thisfield. In turn, knowledge of the
coefficients of mixing of the wave functions enables
one to calculate the probabilities of the transitions
between different atomic states under excitation by
light of a certain polarization, as well as the intensities
of various emission lines observed in a definite direc-
tion with respect to the polarization of the pump radia-
tion and the external magnetic field.

The calculated intensities of the spectral compo-
nents of the fluorescence of the D, line of 3’Rb excited
by the light of different polarizations under the condi-
tions of our experiment are shown in Figs. 3 and 4 as
vertical columns whose positions correspond to the fre-
guencies of the pumping laser radiation, while their
heights signify the total intensities of the fluorescence
excited by this radiation (without spectral and fre-
guency resolution) in the direction of the radiation
detector.

Thus, the use of a ETC allows one to determine the
positions of magnetic sublevelsin an external magnetic
field and to measure the relative probabilities of the
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Zeeman transitions (which may be modified in astrong
magnetic field).

From Figs. 4a and 4b, it follows that the frequency
spacing between the transitions Fy = 2, me = 2 —
Fe=1l,me=-landFy=2, m-=+2 — Fo=1,m: =
+1 in amagnetic field is the largest among al the tran-
sitions and is equal to approximately 3.1 MHz/G (the
calculated value in the approximation of thelinear Zee-
man effect is about 3.2 MHZz/G). In addition, the well-
defined peaks of these transitions are convenient for the
creation on their basis of asimple magnetometer for the
measurement of magnetic fields ranging from 50 to
500 G. In this case, despite the relatively low expected
sensitivity (magnetometers with record parameters are
described in[17, 19, 20]), one can achieve asubmicron
local spatial resolution.

CONCLUSIONS

Using the extremely thin cell with Rb vapors devel-
oped, we experimentally realized spectral resolution of
individual transitions between Zeeman sublevels of the
hyperfine structure of the D, line of ¥Rb (the transi-
tionsFy=1,2 — F.=1, 2) inthe spectrum of the res-
onance fluorescence in an external magnetic field with
B ~ 200 G. The experimental data agree well with the
theoretical calculations.

Theuseof aETCinarelatively weak magnetic field
allows one to obtain (and identify) nondegenerate
atomic transitions between Zeeman sublevelsin theflu-
orescence spectrum of the D, line of Rb. The formation
of the A and V atomic systems consisting of nondegen-
erate levels, which can easily be shifted, makesthe pro-
posed ETC method convenient, for instance, for inves-
tigation of coherent population trapping [21].

On the basis of a ETC with Rb, one can design a
magnetometer for the measurement of magnetic field
strengths ranging from 50 to 500 G with submicron
local spatial resolution.

Estimates show that the use of ETCswill also alow
realization of nondegenerate atomic transitions
between Zeeman sublevels in the spectra of fluores-
cence of the D, line of cesium, potassium, and other
atoms. Such evident manifestation of the Zeeman levels
in the case of ETCs can serve as a clear demonstration
of the Zeeman effect on the hyperfine structure of alkali
metal atoms.
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