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Abstract

®

CrossMark

We observe electromagnetically induced transparency (EIT) in a V-system in a thermal
rubidium-87 vapour in the hyperfine Paschen-Back regime, realised with a 0.6 T axial
magnetic field. In this regime energy levels are no longer degenerate and EIT features from
different initial states are distinct, which we show produces a much cleaner feature than
without a magnetic field. We compare our results to a model using the time-dependent
Lindblad master equation, and having averaged over a distribution of interaction times, see
good qualitative agreement for a range of pump Rabi frequencies. Excited state decay into
both ground states is shown to play a prominent role in the generation of the transparency
feature, which arises mainly due to transfer of population into the ground state not coupled by
the probe beam. We use the model to investigate the importance of coherence in this feature,
showing that its contribution is more significant at smaller pump Rabi frequencies.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetically induced transparency (EIT) is an optical
phenomenon involving three quantum states coupled by two
optical fields (laser beams). In an absorbing medium, a trans-
parency window in the transmission of a weak probe beam
on one transition is induced by the presence of a strong pump
beam on another transition [1]. Throughout the text we refer to
these beams as ‘pump’ and ‘probe’. EIT has been widely stud-
ied and has potential applications in precision magnetometers
[2—4], slow light generation [5, 6], quantum information [7, 8],
and atomic clocks [9]. There are three possible configurations
of EIT: V; lambda; and ladder [10]. V-EIT is the least studied
of these because there is no stable dark state [11], as both of

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.

0953-4075/21/165403+7$33.00

1

the singly coupled states are excited states and can decay to the
ground state. Nevertheless, V-EIT has been extensively stud-
ied [6, 12-25], and provides an interesting testing ground for
ascertaining the relative importance of coherent and incoher-
ent mechanisms in the generation of the transparency window
[16, 26, 27].

One of the main obstacles to overcome in modelling and
understanding V-EIT in thermal vapours is the complexity
introduced by the overlapping spectral lines, as a consequence
of the degeneracies of the magnetic sub-levels and the excited-
state hyperfine splitting being less than the Doppler width of
the probed transition. To circumvent these difficulties, we use
the hyperfine Pashen-Back regime [28—35] where the energy
levels are non-degenerate. A 0.6 T magnetic field used with
87Rb vapour on the D1 and D2 lines leads to isolated transi-
tions separated by more than their Doppler width. Previous
work has shown that operating in this regime allows simpli-
fied energy-level schemes and theoretical models, leading to
good agreement between theory and experiment [36—39].

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. The energy levels involved in our system. (a) Shows the
EIT configuration, in which the 780 nm probe beam is coupling

my = +1/2 to my = +3/2. In (b) the probe beam is instead tuned to
couple the m; = —1/2 to m; = +1/2 transition, which excites out of
|0}, the non-pump-coupled ground state. This configuration does not
produce EIT, but demonstrates that population moves from |1) to
|0). These two probe positions produce the set 1 and set 2 of peaks in
figure 5, respectively. €2, are the driving Rabi frequencies, between
initial state a and final state b. The decays between states have two
contributions: I, the natural linewidth, and ., the collisional
decay to each ground state. The probe (pump) is left (right)-hand
circularly polarised and couples o (o_) transitions [40].

2. Theory

Our V-EIT system, realised in the hyperfine Paschen-Back
regime, is shown in figure 1(a). The levels we use, marked
|1), |2) and |3), do not form a closed system. We use ‘closed
system’ to mean the atoms do not decay to any states out-
side of the three EIT levels, and ‘open system’ when decay
to other, non laser-coupled states, is possible. The pumped
transition—from |1) to |3)—is an open transition so |3) can
decay to the other, uncoupled, ground state. This adds a fourth
level into the system, which we label |0). The pump causes
population transfer from |1) to |0), resulting in reduced absorp-
tion of the probe which couples |1) and |2). The driving Rabi
frequencies are labelled €,;,, where a and b represent the ini-
tial and final states respectively. The decays between states
have two contributions: the natural linewidth, I",;, and a col-
lisional decay to each ground state, ~.. The second is present
even where dipole-allowed transitions are forbidden, and the
total collisional decay from an excited state has been experi-
mentally determined in this vapour cell as 2-y,/27m = 7 MHz
[36]. The natural linewidths (linear) of states |2) and |3) are
6.0 MHz and 5.7 MHz, respectively. These are split along the
two decay paths according to the branching ratios calculated
using Wigner 3-j symbols. Part (b) shows the state configura-
tion when the probe is instead tuned to the transition between
|0) and |2). This is not an EIT setup, but allows us to see the
enhanced absorption caused by the extra population in |0).
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Figure 2. Experimental setup. Orthogonally linearly polarised
795 nm pump and 780 nm probe beams are combined on a
polarising beam splitter (PBS) cube, and passed through a quarter
waveplate converting them to right- and left-handed circularly
polarised light, respectively. The beams are focussed through a

2 mm vapour cell in a longitudinal 0.6 T magnetic field, to an
average beam waist of (83 £ 5) um. The light transmitted through
the cell passes through an interference filter to remove pump light,
and is recorded on a photodiode (PD).

3. Experimental details

The experimental setup is shown in figure 2. We use a 2 mm
long 98% ®"Rb vapour cell in a magnetic field, parallel to the
laser propagation direction, of 0.6 T, produced by two cylin-
drical ‘top hat’ magnets. The orthogonally linearly polarised
795 nm and 780 nm beams are combined on a polarising beam
splitter (PBS). A quarter waveplate transforms the polarisa-
tion to left-hand circular and right-hand circular respectively.
A lens of focal length 200 mm focusses the beams to waists of
(100 £ 5) pm x (78 £ 5) pm (780 nm) and (65 + 5) pum X
(90 £ 5) pum (795 nm) inside the cell. We aim to overlap the
beams as completely as possible inside the cell by optimising
the EIT feature, however due to the slight shape difference a
perfect overlap is not possible. After the cell an interference fil-
ter removes pump light, and the probe transmission spectrum
is measured on a photodiode (PD). We have a strong, resonant
795 nm pump, and a weak 780 nm scanning probe. We use a
vapour temperature of 80 °C; at lower temperatures the signals
are smaller, and at higher temperatures the absorption saturates
and the features are distorted.

4. Experimental results

Figure 3 shows the advantage gained by using the hyperfine
Paschen-Back regime. The top panels show theoretical D2 line
spectra without a magnetic field (red) and with a 0.6 T field
(blue). The two peaks used in the lower panels are shown high-
lighted. In the lower panels dotted lines are probe beam only;
solid lines are when the pump beam is introduced. The probe
only features have a Voigt profile with FWHM of ~550 MHz
at 80 °C. The profile is dominated by its Gaussian component,
which is due to the Doppler effect; atoms at finite temper-
ature travel at a range of velocities which each absorb at a
frequency displaced from resonance, given by w = wg + kv.
Here w is angular frequency, wy is resonance angular fre-
quency, k is wavenumber and v is the velocity component
along the direction of propagation of the laser beams. The left
panel shows experimental EIT features with no magnetic field,
which shows contributions from several transitions. The right
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Figure 3. Upper panels: theoretical scans over D2 features without
magnetic field (top, red), and with 0.6 T magnetic field (second
panel, blue). Shaded rectangles show where the experimental
spectra in the lower panels fit in the spectra. In the lower panels
dotted lines are probe beam only, solid lines are when the pump
beam is introduced. Left: experimental V-EIT feature with no
magnetic field. Many hyperfine sublevels contribute producing a
messy feature. Right: experimental feature in 0.6 T magnetic field.
Energy levels are separated by more than the Doppler width so a
single clean feature is seen.

shows the feature in a 0.6 T field, where one clean feature is
visible. Both features are produced in the same cell, with the
same laser powers.

Figure 4 shows a scan over the two m; =3/2 D2 o4
absorption lines in a 0.6 T magnetic field. The black trace
is a probe only scan, and the red traces shows the effect of
adding in a 20 W pump beam. Here, and throughout, we
use a probe power of 0.1 uW. All the optical power values
reported throughout this work are measured before the vapour
cell, and have an error of £5%. We see that two different fea-
tures appear; on the my = —1/2 — m; = +1/2 peak (left) we
see a narrow transmission feature, characteristic of EIT. The
states coupled at this point in the scan are shown in the dia-
gram above. Notably the probe is coupling out of | 1), the upper
ground state. On the m; = —1/2 — m; = +1/2 peak (right)
there is an enhanced absorption feature. In this case, as shown
in the lower diagram, the probe couples out of |0), the lower
ground state. This state is populated by spontaneous decay
from |3), which is itself populated by the strong pump beam.

Following on from figures 4 and 5 shows the effect of tun-
ing the pump beam to different m; transitions. The black trace
in (a) shows a scan of the 780 nm probe over the D2 absorp-
tion lines at 0.6 T, with no pump. At 0.6 T, m; and m; are good
quantum numbers. For 87Rb, I =3 /2, therefore there are four
possible values for m;. The spectrum shows two sets of four
transitions; in set 1(set 2) all four transitions are between states
with initial m; = +1/2(—1/2) and final m; = +3/2(+1/2).
Inside each set, each transition has a different m; value, as
labelled in the figure. The four coloured traces show the probe
transmission when the pump is tuned to the correspondingly

my = +3/2 — |2>
mj=-+1/2

5Py

Transmission
o o
(@) o0
1 1
1 1

e
~
1
1

0.2 1 1

6 7 17 18
780 nm linear detuning (GHz)

= +3/2 ———
5Pz )= 11 12)
5P1/2 —— |3)
mj=-1/2

Figure 4. Figure shows a 0.1 W, 780 nm probe beam scan over the
two m; = 3/2 D2 transition lines at 0.6 T. The black trace is probe
only, while the red traces shows the effect of introducing a 20 uW
pump beam on the transition |1) <> |3), as shown in the energy level
diagrams. The energy level diagrams show which states the pump
beam is coupling for the two features in the scan. Where the probe
couples out of |1), there is a transparency feature, and where it
couples out of |0) there is an enhanced absorption feature.

coloured transition in (b). It is evident that when the pump
is coupled to a particular m; level in the upper ground state,
|1), there is a transmission window in the probe absorption
peak coupling out of that level (set 1 transitions). There is also
a corresponding enhanced-absorption feature when the probe
instead couples out of the lower ground state with the same m1;
value, |0) (set 2 transitions). The EIT features shown in figure 5
have an FWHM of (39 + 3) MHz.

5. Model

Atomic systems can be modelled using the Lindblad-master
equation [10],
dp

i
E__%[H’p]+L’ ()
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Figure 5. (a) Shows a 0.1 W, 780 nm probe beam scan over the D2 transition lines at 0.6 T. The black trace is probe only, while the four
coloured traces show the effect of introducing a 20 W pump beam on the correspondingly coloured transition shown in (b). Each of the
four pump transitions has a different m; value. Introducing a particular m; pump transition induces a transparency in the peak in set 1, and an
enhanced absorption feature in the corresponding peak in set 2, which have the same m;.

which describes the evolution of the density matrix, p,

Poo P10 P20 P30
pPo1 - P11 P21 P31
p— N 2
p P02 P12 P2 P32 @
Po3 P13 P23 P33

of the system. The diagonal elements, p,,, are the population
in each state, and the off-diagonal elements, p,,,, are the coher-
ences between states. The system Hamiltonian, H, in the rotat-
ing wave approximation, has state detunings, A, on the diag-
onals, and Rabi frequencies, (2,,, coupling the states on the
off-diagonals. The Hamiltonian corresponding to the system
in figure 1(a) is

0 O 0 0
_hfO0 O Q2 Qi3
H= 210 Qn —24p 0 ’ )
0 913 0 _2A13
while the Hamiltonian for figure 1(b) is
0 0 % 0
_h| 0 0 0 Q3
H= 2(Q0 0 —2Ap 0 ' @
0 Q3 0 —2A43

As we use a V system in a co-propagating geometry,
we incorporate the Doppler effect into the model by set-
ting Apump — Apump - kpump'U and Aprobe — Aprobe — Kprobe V-
Prominent EIT features are observed with velocity groups
where the residual two-photon doppler broadening (kpymp —
kprobe)V < Qpump  [27]. This geometry makes the system
Doppler insensitive, because the two photon resonance con-
dition is maintained for atoms of non-zero velocity.

Decays between states are included in the Lindblad dissi-
pator term, L, given by

1 . .
L= 5[2CpCl = (pCICy + C,Clp)]. 5)

which is a sum over all decay modes, n, where C, = \/7,A,
are collapse operators and A, are operators which couple the

environment to the system with rate ~,. For our system this
means Cy, = /Ty + 7c|b)(al.

We solve the Lindblad master equation numerically for
our four-level system. We model with a probe beam Rabi
frequency of 0.96 MHz on the m; = +1/2 — m; = +3/2,
and, due to the differing dipole matrix elements of the
transitions, a Rabi frequency of 0.55 MHz on the
my = —1/2—my; =+1/2 transitions. This puts us in
the weak probe regime. We use a range of pump Rabi fre-
quencies to produce a range of features which span those seen
experimentally. This range is 2 MHz—100 MHz. The pumping
transition we use is open, as the excited state, |3), can decay to
both m; ground states, |0) and |1), as depicted in figure 1(a).
The pump and probe only couple to |1) so in the steady-state
solution all the population ends up in the uncoupled ground
state, |0), resulting in no absorption. We therefore have to use
the time-dependent solutions. We have beams with an average
1/ ¢? radius of (83 & 5) um, from which we calculate the in-
beam time-of-flight distribution, using the transverse velocity
distribution [41-43]. For a given probe detuning the solutions
are summed over all longitudinal velocity contributions [44].
The absorption profile is calculated from the imaginary part of
the relevant coherence, which is a suitably weighted average
of the result at each time step, and we use the Elecsus code
[45] to calculate the linestrengths.

6. Comparison with experiment

Figure 6 shows the effect of changing pump power/Rabi fre-
quency on the transmission and absorption features, with
experimental results in the upper panels and model predic-
tions in the lower panels. Optical power is related to Rabi
frequency by the area of the beam and the dipole matrix ele-
ment of the transition. Here, as we are not plotting theory and
experiment on the same axis we use optical power for experi-
ment, and Rabi frequency for theory. We see good qualitative
agreement, with both the narrow transmission and the extra
absorption feature correctly predicted, though the features are
slightly narrower in theory than in experiment. We attribute the
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Figure 6. The effect of changing the 795 nm pump power on the
induced transparency and enhanced absorption features on the

my; = +3/2 transitions of the D2 (780 nm, 0.1 W) spectrum.
Upper: experimental transmission spectra with changing pump
powers, with values of in W of 1 (dark), 5, 10, 50, 100, 500, 1000
(light). These correspond to Rabi frequencies in the range

2 MHz-100 MHz. The EIT features shown in the top left panel have
FWHM ranging from (21 4 3) MHz (lowest pump power) to

(247 4+ 5) MHz (highest pump power). Lower: modelled
transmission spectra with pump Rabi frequencies in MHz of 1
(dark), 3, 10, 20, 50, 100, 300 (light). The range of Rabi frequencies
was chosen to straddle the range of features seen in the experimental
data; they are not calculated equivalents.

small sub-features seen in the 0.5 and 1 mW spectra to back
reflections, which become more significant at higher powers.
Figure 7 shows the experimental trace for 10 xW pump power,
plotted with 5.5 MHz and 12.0 MHz model predictions. We
see that using this model, we can choose to fit the peak of the
absorption window, or the depth of the feature, but not both
at once. In our model we assume that the beams have uniform
intensity, whereas in reality they have a Gaussian profile; con-
sequently atoms will experience a varying pump intensity as
they traverse the beam. The intensity they see is also corre-
lated to the time they spend in the beam. These factors are
likely to change the shape of the spectra. For a numerical com-
parison we use the average Rabi frequency of the beam within
the 1/e? waist, and an average power through the cell, taking
into account absorption along its length and at cell windows. In
this way, 10 W input power converts to an average Rabi fre-
quency in the cell of 15 MHz, which is close to the two model
values. Both the issues mentioned above, and the fact that we
do not fully take into account the incomplete spatial overlap
of the beams could explain this discrepancy. A more detailed

101 —— 55 MHz - model
—— 12.0 MHz - model
0.8 - === 10 pW - experiment / .
e
.S
= 0.6-
=
®
=
0.4 -
0.2 1
550 575 6.00 6.25 6.50

Linear detuning (GHz)

Figure 7. A comparison of experimental and modelled results. Black
dashed line is experimental with 10 4W pump, which converts to an
average linear Rabi frequency in the beam of 15 MHz. Two theory
traces are plotted, chosen to fit the tip of the transparency feature
(red) and the bottom of the absorption feature (blue). They have
linear Rabi frequencies of 5.5 MHz and 12.0 MHz respectively,
which are close to our experimental value. It is clear that for this
model a pump Rabi-frequency cannot be chosen which fits well to
all aspects of the feature; we must choose one or the other.

1.0 1 YY)
= AN . —— 2MHz
& L
—= sy —— 20 MHz
8 7 11\ \
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Figure 8. Plot showing the absolute value of the coherence between
excited states |pa;], as extracted from the model, and the
corresponding probe transmission. On each plot we compare a
closed system (dashed lines), and the open system of our experiment
(solid lines), for linear pump Rabi frequencies as shown in the
legend.

numerical model beyond the scope of this work is required to
fully account for the shape of the EIT features.

7. How significant is the coherent effect?

A relevant question in three-level-systems is whether the spec-
tral features are caused by coherent or incoherent effects
[11, 16, 26]. The presence of a prominent enhanced absorption
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feature on the transition out of the non-pump-coupled ground
state, |0), is evidence that a significant part of the transmis-
sion feature does not arise from a coherent EIT effect, but
instead from population transfer to a different (and uncoupled)
ground state via velocity-selective optical pumping. However,
the coherent process is still present, and we can use the model
to see this. The density matrix element p,; is the coherence
between |2) and |3), the excited states of our system. Figure 8
compares the transmission (lower panel) and corresponding
coherence (upper) for a closed system—meaning no decays
into |0)—(dotted lines) and our open system (solid lines).
A range of pump Rabi frequencies are plotted and coloured
according to the legend. We see that as pump Rabi frequency
increases, the difference between the coherences in the closed
and open systems increases, and that in our system, coherence
increases as Rabi frequency increases up to a point (approx.
20 MHz), above which coherence decreases. We also note that
for a given pump Rabi frequency the closed system coher-
ence is greater than the open system coherence, while the open
system transmission is greater than the closed system trans-
mission. This shows that in our open system the coherence
is a small, but present, cause of the feature and that as the
pump Rabi frequency increases, its proportional contribution
decreases.

8. Conclusions and outlook

In conclusion, we have observed a clean, narrow EIT feature
in a V-system and the concomitant enhanced absorption. We
see that the EIT feature has contributions from a coherent pro-
cess, and an incoherent optical pumping process. The incoher-
ent contribution occurs because of the allowed decay from the
excited states to both ground states, and is the cause of the
enhanced absorption feature. Our theoretical model captures
all of the relevant processes, and gives insight into the role
of coherence in explaining the observed narrow spectral fea-
tures. The theoretical treatment is greatly simplified because
the experiment was conducted in the hyperfine Paschen-Back
regime, leading to distinct non-overlapping resonances.

In this work the Doppler mismatch is small, however the
clean system presented here would easily allow investigation
of the effect of large mismatches, for example the 5S—5P
5S—6P V-system in rubidium [15, 25], and could be the sub-
ject of further study. Another interesting aspect of this work is
the sensitivity of the V-EIT spectra to collisional linewidths.
Indeed, the study of isolated resonances in the hyperfine
Paschen-Back regime could provide a more sensitive spectral
measurement of alkali metal-noble gas collisions, and will be
the subject of future work.
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