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Abstract—Electromagnetically induced transparency (EIT) resonances are investigated with the 83 Rb D, line
(795 nm) in strong magnetic fields (up to 2 kG) with three different types of spectroscopic vapor cells: the
nano-cell with a thickness along the direction of laser light L = 795 nm, the micro-cell with L = 30 um with
the addition of a neon buffer gas, and the centimeter-long glass cell. These cells allowed us to observe system-
atic changes of the EIT spectra when the increasing magnetic field systematically decoupled the total atomic
electron and nuclear angular moments (the Paschen-Back/Back-Goudsmit effects). The observations agree
well with a theoretical model. The advantages and disadvantages of a particular type of cell are discussed along

with the possible practical applications.
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INTRODUCTION

Coherent interaction of light fields with three-level
atomic/molecular systems is responsible for such
widely studied processes as coherent population trap-
ping (CPT) and electromagnetically induced trans-
parency (EIT). These processes find many exciting
applications in fundamental and applied science: in
metrology, magnetometry, quantum communication,
atomic clocks, etc. [1-5]. In particular, EIT reso-
nances in strong magnetic fields allow one to form
tunable narrow optical reference resonances (dis-
placed by several GHz) from the unperturbed atomic
transitions. This can be used in laser frequency stabili-
zation, which is often necessary in practice [6], and
also for the construction of secondary tunable fre-
quency references with a spectral resolution of a
few MHz.

A small number of papers on EIT in strong mag-
netic fields B ~ 1 kG is caused mainly by the difficulty
of creating strong, sufficiently homogeneous magnetic
fields in several-cm-long cells, filled with vapor of
alkali metal atoms. Because of these technical prob-
lems, previous studies of EIT in Rb vapor cells were
limited to fields not exceeding 40—50 G [7, 8]. While
modern permanent magnets (PM) can create a field of
several kG at distances of several centimeters, they are
usually strongly inhomogeneous (field gradients
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reaching 100 G/mm), which excludes their applica-
tion with centimeter-long cells. On the other hand, the
problem of field inhomogeneity may be alleviated by
application of vapor columns of micrometer or sub-
micrometer thickness.

In [9], EIT in ¥Rb D, line under strong magnetic
fields was investigated using nano-cell (NC) with the
vapor column length L = A =795 nm. At low magnetic
field B three EIT-resonances were recorded, however
for B > 1.2 kG only one resonance was visible.

In the present paper, a modification of the EIT
spectra of the D, line of 3Rb atoms in strong magnetic
field is systematically investigated for the first time
with three cells of very different lengths: the nano-cell
(NC) with L = A = 795 nm, the micro-cell (MC) with
L = 30 um, and the centimeter-cell with L = 1 cm.
We also present EIT spectra in 0.8 and 2.5 cm-long
cells placed in a homogenous magnetic field and com-
pare them with those observed in NC. This compara-
tive study aims at determination of optimum cell
design for registration of the EIT resonances in strong
magnetic fields.

EXPERIMENT
Nano-cell

The nano-cell used in this work was described pre-
viously [10]. It allows one to vary smoothly the atomic
vapor column thickness in the range of 100—1200 nm
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in the vertical direction. Its rectangular windows with
size of 25 X 30 mm and 2 mm thick are made of care-
fully polished crystal sapphire (roughness is of
~5 nm), with an axis C perpendicular to the window
surface to reduce birefringence. To form a tapered gap
between the inner surfaces of the windows, a platinum
strip of 1.2 um thickness is placed at the bottom of NC.
The side-arm of the NC is filled with natural Rb. The
NC enables using relatively large light beams area
(about 1 X 1 mm) along a constant cell length of L ~
A =795 nm. The deviation of the gap thickness from
this value is below +10% and does not deteriorate the
EIT resonance parameters. The heating oven for the
NC and MC is made of non-magnetic material and
has two openings for passage of the laser beam. The
oven consists of two heaters: the first one for heating
of the windows, and the second one for the side arm
(SA), where the Rb is stored. SA temperature is 120°C,
which provides a vapor density of N ~ 2 x 101 ¢cm~3.
To prevent condensation of Rb on the NC windows
their temperature is kept about 20°C above the SA
temperature. For the selection of the required cell-gap
thickness L = A, the oven with NC was attached to a
vertically movable nonmagnetic table (for details, see

[11]).

Micro-cell

The micro-cell used in this work was filled with Rb
vapor and neon buffer gas under pressure of about
100 Torr. The use of buffer gas was motivated by the
results of [12, 13] where it was shown that for the for-
mation of the EIT resonance in A-system using MC it
is important to provide a small frequency detuning A
of the coupling laser from the respective atomic tran-
sition. High magnetic field, however, results in high A.
In such case, EIT occurs for the atoms moving in the
laser-beam direction z with the velocity V, = 2nA/k,
where k = 2mt/A. That high V, reduces the time of flight
1t = L/V,and, consequently, increases the phase deco-
herence rate (I';, = 1/27T) between two lower levels of
the A-system. An increase in I'}, decreases the ampli-
tude and broadens the EIT resonance. On the other
hand, the presence of a buffer gas (~100 Torr) greatly
reduces the mean free path of the alkali atoms (down
to ~1 um) such that they do not reach the walls of the
30 um cell (this also increases the interaction time of
the atom and laser light).

The Experimental Setup

The scheme of the experimental setup is shown in
Fig. 1. We used the radiation of two continuous wave
narrowband extended cavity diode lasers (ECDL)
with a wavelength of 795 nm and a spectral width of
~1 MHz. The coupling laser had the fixed frequency
vc, whereas the probe laser frequency vp was tunable.
The polarization beam splitters PBS1 and PBS2
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formed mutually perpendicular linear polarizations of
the coupling and probe fields. Both beams with a
diameter of ~1 mm were combined in the PBS? and
directed to the studied cell.

A part of the probe vp radiation was directed to an
auxiliary Rb NC (6). This cell was used as a frequency
reference as described in [14]. The transmitted light
was detected by standard FD-24K photodiodes (5).
The photodiode signals were amplified by operational
amplifiers and supplied to a Tektronix TDS2014B
four-channel oscilloscope (&). The radiation of the
coupling laser was partly directed to system (7) to form
the error signal and stabilize frequency v [15]. Mag-
netic fields under 200 G were produced by the system
of Helmholtz coils (not shown in Fig. 1), into which
the oven with the micro-cell was placed. Strong mag-
netic fields were produced by disk shaped permanent
magnets with the diameter 60 mm, width of ~30 mm,
and a 2 mm bore for the transmission of the laser
beams. The permanent magnets were mounted onto
two nonmagnetic stages with the possibility of gradu-
ally adjusting the distance between them. The mag-
netic field in the micro-cell increased when the per-
manent magnets approached each other (the tech-
nique of the measurement of the inhomogeneous
magnetic field is described elsewhere [14]). The radia-
tion of the coupling laser was cut off by the PBS4 so
that merely the probe radiation was detected. For bet-
ter selection of the probe radiation at a wavelength of
795 nm, an interference filter (IF) with a half-maxi-
mum bandwidth of 10 nm was used.

EXPERIMENTAL RESULTS
AND DISCUSSION

Nano-cell

We have studied the A-system of the D,-line of
85Rb atoms shown in the inset of Fig. 2. Here, the fre-
quency vc is in resonance with the £, =3 — F, = 3'
transition (primed numbers stand for upper levels),
whereas the frequency v, is swept through the 2 — 2',
3" resonances. In the presence of the external longitu-
dinal magnetic field B || k (where k is the wave vector
of the laser field), several A-systems of different mp
sublevels are formed (see Figs. 2, 3). The power of the
coupling (P = 1-30 mW) and probe (Pp < 1 mW)
lasers emission was chosen so that the EIT compo-
nents were narrow and had high contrast. Figure 2
presents the probe transmission spectra a, b, ¢ for
magnetic fields B = 55, 300, and 770 G, respectively;
the curve d depicts the EIT resonance at B = 0, while
e shows the spectrum of the velocity-selective optical
pumping (VSOP) with the reference frequency inter-
val of 362 MHz. The EIT components are marked by
numbers /—5 (this numbering is the same in Fig. 3
below). The frequency intervals between the high and
low frequency components numbered 7 and 5, respec-
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Fig. 1. Scheme of the experimental setup with the (ECDL) continuous wave narrowband extended cavity diode lasers with A =
795 nm and a spectral width of ~1 MHz: Faraday isolators (7), polarization beam splitters (PBS1, 2, 3, 4), cells filled with Rb (2),
cell in the oven (3), permanent magnets (4), photodiodes (5), auxiliary Rb NC with the width L = A (6), frequency stabilization

system (7), and 4-channel digital oscilloscope (&).

tively, increase with the magnetic field. At the same
time, the amplitudes of the EIT components decrease
gradually with an increase in the magnetic field. It is
easy to show that in a longitudinal magnetic field five
A-systems of atoms are formed involving the magnetic
sublevels of the ground states F, = 2, 3 (see inset in
Fig. 3). Despite the fact that the amplitudes of the EIT
components decrease with an increase of the magnetic
field, the components are well resolved up to 1 kG.
The magnetic-field dependent decrease of the ampli-
tudes of the EIT components has two reasons: an
increase in the magnetic field leads to an increase in
the detuning A of the frequency v from the respective
atomic transition, and (more importantly [16]) a
decrease of the atomic transition probabilities at fre-
quencies v¢ and vp [17—19].

Thus, the use of NC allows formation and study of
the EIT-components up to 1 kG (see below). It is
important that the observed spectra are not obscured
by the VSOP resonances that are present in the centi-
meter length cells [20]. Such VSOP resonances also
split in a magnetic field, making it very difficult to dis-
tinguish all EIT-components.

From a practical point of view, the use of NC has
great advantages when measurement of strongly non-
uniform (gradient) magnetic fields is necessary, due to
its sub-micron (~0.79 um) spatial resolution.

OPTICS AND SPECTROSCOPY  Vol. 120

Micro-cells

We investigated the same A-system of 3*Rb atoms at
the D, line (inset in Fig. 2) with a 30 um-long micro-
cell. The power of the coupling P- (1-30 mW) and
probe Pp (~1 mW) lasers was adjusted to detect weak
EIT resonances in strong magnetic fields. The behav-
ior of EIT in the D, line of 5Rb atoms, using 30-um
cell filled with Rb vapor and neon buffer gas (pressure
of 100 Torr) in strong magnetic fields was first studied
in [12]. Figure 3 shows the similar probe transmission
spectra containing EIT resonances obtained in this
work at magnetic field strengths 410, 704, and 1160 G
(spectra a, b and c respectively), d shows the EIT res-
onance at zero magnetic field, and e is the reference
spectrum. As can be seen, in a longitudinal magnetic
field, the EIT resonance splits into five components,
which may be recorded in a larger magnetic fields than
that in the case of the NC. It is interesting to note that
frequencies of the components 4 and 5 initially
decrease—with increasing magnetic field, and then
begin to increase, and at magnetic field B = 722 and
1444 G, respectively, are formed on the same fre-
quency as the B = 0 ElT-resonance (see below).
Importantly, using the buffer-gas-filled cells helps to
avoid VSOP resonances which facilitates identifica-
tion of EIT component. As noted in [12], the use of
30-um cell with the addition of buffer gas allows the

No. 6 2016
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Fig. 2. Transmission spectra observed with the NC of L = 795 nm, (a, b, ¢) with B= 55 G (a), 300 G (b), 770 G (¢), 0 G (EIT
resonance, d). The spectra are shifted vertically for convenience; EIT-components are sequentially numbered as /—5. The tem-
perature is 120°C. Configuration of the v and vp is shown in dotted rectangle (the frequency vp scanned around Fg =2->5P 2
transition). The reference spectrum (e) was obtained with an additional Rb NC.
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Fig. 3. Transmission spectra observed with a micro-cell of L = 30 um at B =410 G (a), 704 G (b), 1160 G (¢), and 0 G (EIT
resonance, d). The spectra are shifted vertically for convenience; EIT-components are sequentially numbered as /—5. Configu-
ration of v and vp is shown in dotted rectangle (frequency vp scanned around Fg =2-5P; 2 transition). The reference spectrum
(e) was obtained with an additional Rb NC.
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Fig. 4. Transmission spectra containing EIT resonances under various magnetic fields observed with the centimeter-cell of L =
0.8 cm. The power of the coupling and the probe lasers is 8 mW and 0.2 mW, respectively, the temperature is 40°C. The dotted
lines connect the positions of the /—5 components on magnetic field (the vertical positions of individual spectra are arbitrary, so
the dotted lines do not reproduce exactly the energy level dependence on B). Note that for some values of the magnetic field small

ElT-satellites appear (shown with the arrow).

formation and study of the EIT -components up to 1.8
kG.

From a practical standpoint the use of 30-um cell
allows one to form narrow optical resonances strongly
frequency shifted (relative to the unperturbed atomic
transitions) which can be used, particularly, for the
laser frequency stabilization [6].

Centimeter-long Cells

Here, the results of the study of EIT resonances in
high magnetic field using conventional centimeter-
long glass cells are presented for the first time. The
absence of other similar work is caused by the techni-
cal difficulty of producing strong homogeneous mag-
netic fields of a few kG at centimeter lengths (the sys-
tem has been assembled in the Jagiellonian University,
Krakow). We investigated the same A-system as in
Fig. 2 inset. Figure 4 shows the transmission spectra of
the probe beam containing five EIT resonances, for
magnetic field increasing from zero (the second curve
from the top) to 1209 G (lower curve). We used the
0.8 cm-long glass cell filled with Rb, and the oven
temperature was 40°C. The upper curve shows the ref-
erence spectrum of saturated absorption. In this case,
when B = 0, a narrow 3.5 MHz wide (FWHM) EIT
resonance is formed, narrower than the natural width
(~6 MHz). As can be seen from the spectra, in some
cases the EIT resonances have dispersion profile that
we attribute to the competition of the EIT and other

OPTICS AND SPECTROSCOPY  Vol. 120

Raman-like processes [21]. The VSOP resonances
that have larger spectral width than the sub-natural
EIT-components are also visible in the spectra. Appli-
cation of the 0.8 cm-cell allows for formation and
study of the EIT-components up to 1.4 kG. Note that
for some values of the magnetic field, small EIT-satel-
lites appear, as shown with the arrow in Fig. 4.

The necessary condition to form EIT-resonances
in magnetic field is vp — vo = [E(F =3, mp) — E(F = 2,
my)]/h |3, 12], for the relevant Zeeman sublevels of
the ground states F, = 2, 3 (see inset in Fig. 2). The
energies of the Zeeman sublevels can easily be calcu-
lated as, e.g. in [17, 19]. Figure 5 shows the calculated
curves (solid lines) for the EIT-components with the
numbers /—5 corresponding to the configuration of
the vp and v frequencies, such as shown in the inset in
Fig. 2, while the small EIT-satellites are associated
with the curve 6. Note that at strong magnetic fields
the satellites disappear. The symbols represent the
experimental results. The numbers on the right indi-
cate the Zeeman sublevels which are involved in the
EIT resonance formation (see the inset in Fig. 3): the

first number indicates sublevel m}. of the ground level

F, = 2, and the second number indicates sublevel mj

of the ground level F, = 3. Note that for some sublevel-
configurations, like (my = 0, my = 2) and (mp = 2,
my = 0), the probe frequencies vp coincide. As seen in
Fig. 5, the EIT components with m} — m;= 0 survive

No. 6 2016
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Fig. 5. The dependence of the frequency shifts of EIT-components (frequencies configuration of v and vp is shown in the inset
of Fig. 2) on the magnetic field. Solid lines are the calculated curves; the symbols are experimental points. When B > 1 kG, the
slopes of the curves /—5 (the numbering corresponds to EIT-components in Figs. 2, 3) are positive, and the slope values asymp-
totically approach s = 2.8 MHz/G, which is the manifestation of the HPB regime. Within the range of laser tuning, some EIT

resonances belonging to 87Rb are visible.

at higher fields. Each of these components is formed
by the two pairs of the coupling and probe radiations
corresponding to two helicities of both light beams

(6p,0c) and (0p,06¢). The previously observed
(Figs. 2, 3) frequency dependence of the EIT compo-
nents versus the magnetic field B is in good agreement
(the inaccuracy is within 2%) with the theory. The fre-
quency slopes (the derivative of the frequency shifts)
of all curves becomes positive at B > 1 kG and asymp-
totically approaches s = 2.8 MHz/G.

This behavior is due to the fact that at B > 1 kG the
total angular momentum J of the electron and nuclear
magnetic moment I starts to decouple and the behav-
ior of atomic levels perturbed by the magnetic field are
described by projections m; and m; (so-called Pas-
chen-Back or Back-Goudsmit regime of the hyperfine
structure (HPB)): the behavior of the Zeeman sublev-
els of F, = 2, 3 are shown, for example, in [22—24].
The values of the magnetic fields where the I—-J
decoupling is efficient are determined by the condi-
tion B > B, = Ayps)p, Where Aygs is the hyperfine
coupling constant for the 5 , ground state of Rb and
pg is the Bohr magneton (appropriate values are given
e.g. in [25]). The B, value for the 3Rb atoms is
~0.7 kG. Note that at 600 < B < 800 G some satellites
appear in five EIT resonances, which is consistent
with the theory. Interestingly, in the range of 700 < B <
1400 G additional EIT resonances appear generated
with frequencies v and v} in the D, line of ¥Rb, while
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the frequency vy is close to the frequency of the /—1',
2' transitions.

For the sake of comparison, the 2.5 cm-long glass
cell filled with Rb vapor was also used. In this case for
B > 1 kG the generated EIT resonances had a lower
contrast and signal/noise ratio as compared with the
thin (0.8 cm) cell.

CONCLUSIONS

A comparison of the experimental results on the
formation of the EIT resonances in strong magnetic
fields was obtained using three different types of spec-
troscopic cells:

(1) nano-cells filled with Rb vapor with the thick-
ness of L = 795 nm. Application of NC allows for the
formation of EIT-components up to 1 kG, using read-
ily available permanent magnets. There are no VSOP
resonances in the spectra which is convenient for
spectrum processing. From a practical point of view,
the use of NCs provides sub-micron spatial resolution
suitable for measurements of strongly non-uniform
magnetic fields;

(2) Rb micro-cell of a 30 um thickness with the
addition of buffer gas. This cell enables the formation
and the study of the EIT components up to 1.8 kG.
From a practical standpoint the use of micro-cells
allows one to form highly detuned narrow optical res-
onances, which can be used for laser frequency stabili-
zation,;
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(3) Rb glass cell of a centimeter lengths. By com-
paring two cells with 0.8 and 2.5 cm length it was dis-
covered that the shorter one yields better spectra. The
EIT resonances recorded with the cm-cells are nar-
rower than the resonances generated in NC and MC.
Another advantage is the ease of manufacturing such
glass cells. The disadvantage is the non-trivial forma-
tion of magnetic fields sufficiently homogenous
within a large volume, as well as the presence of VSOP
resonances, which are making difficult both the detec-
tion and correct assignment of the EIT components.

In conclusion, all three types of applied cells are
suitable for the observation of Paschen-Back/Back-
Goudsmit regime of the hyperfine structure.
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