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Direct evidence of excitation of the 5p3,, — 6p3/, electric-dipole-forbidden transition in atomic rubidium is
presented. The experiments were performed in a room-temperature rubidium cell with continuous-wave external
cavity diode lasers. Optical-optical double-resonance spectroscopy with counterpropagating beams allows the
detection of the nondipole transition free of Doppler broadening. The 5p;/, state is prepared by excitation with
a laser locked to the maximum F cyclic transition of the D, line, and the forbidden transition is produced by
excitation with a 911 nm laser. Production of the forbidden transition is monitored by detection of the 420 nm
fluorescence that results from decay of the 6 p3/, state. Spectra with three narrow lines (=13 MHz FWHM) with
the characteristic F/ — 1, F, and F + 1 splitting of the 6 p3,, hyperfine structure in both rubidium isotopes were
obtained. The results are in very good agreement with a direct calculation that takes into account the 55 — 5p3/»
preparation dynamics, the 5p3» — 6p3, nondipole excitation geometry, and the 6p3,, — 551/, decay. The
comparison also shows that the electric-dipole-forbidden transition is a very sensitive probe of the preparation

dynamics.
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I. INTRODUCTION

While the electric dipole approximation is a cornerstone
in the study of the interaction between optical radiation fields
and atoms, transitions induced by optical fields beyond this
approximation have also become important tools in atomic
structure calculations. These so-called “forbidden transitions”
have been traditionally used in astrophysical and plasma
studies [1]. They now play a fundamental role in metrology [2]
and have also been used in experiments testing parity noncon-
serving interactions in atoms [3].

In early studies of forbidden transitions, Sayer et al. [4]
determined transition probabilities of electric quadrupole (E»)
transitions using a tungsten lamp. The first direct observation
of electric quadrupole effects in multiphoton ionization dates
back to the work of Lambropoulos er al. [5]. Electric-
dipole-forbidden transitions were exploited in three-wave-
mixing experiments for optical sum and difference frequency
generation in Ref. [6].

The use of intense continuous-wave or pulsed laser sources
has facilitated the observation of weak absorption lines. For
instance, Guéna et al. [7] recorded evidence of the highly
forbidden 651/, — 751, transition by detecting a fluorescence
inhibition in a three-level system driven by two cw lasers in a
heated caesium vapor. More recently, Tojo et al. [8] reported
a determination of the oscillator strength of a E; transition
with a temperature-controlled cell and an external cavity
diode laser. Also, the study of strongly forbidden J =0 —
J = 0 transitions via single-photon excitation is presented in
Ref. [9]. Excitation of forbidden transitions involving states
with nonzero angular momentum in alkali-metal atoms have
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also been studied over the past few years [10—14]. The coherent
mixing of waves is theoretically studied in Ref. [10] for
ny 2p — ny 2p transitions. The excitation of the 5p — 8p
forbidden transition in thermal rubidium atoms was produced
with a sequence of pulsed lasers by Bayram ez al. [11] and the
same transition is observed in ultracold rubidium atoms with
narrowband cw lasers in Ref. [13].

The experiment with ultracold atoms [13] allowed res-
olution of the atomic hyperfine structure and conclusively
determined that the magnetic dipole contribution to this
transition was negligible. Other experiments with dipole-
forbidden transitions and ultracold alkali-metal atoms include
the measurement of the 3p — 4p transition in sodium [12]
and also the 55 — nd transitions in rubidium [14]. Recently,
experiments performed in atomic vapor nanocells with a
half-wavelength thickness and an applied magnetic field
demonstrated a strong enhancement of the probabilities of
forbidden transitions [15].

In this article we present experimental observations of
the 5p3/» — 6p3)2 electric-dipole-forbidden transition using
external cavity diode lasers (ECDL) in atomic rubidium at
room temperature. We were able to resolve the hyperfine
structure of the 6p3,, state. Even though the results presented
here pertaina p — p transition in atomic rubidium, our results
clearly indicate that similar experiments can be performed with
the other alkali-metal atoms. This is in agreement with the
observation in Ref. [12] that moderate cw laser powers could
be used to excite the np — (n + 1)p forbidden transition in
any of the alkali metals. The data are compared with the results
of a calculation that considers three independent steps, namely,
state preparation, nondipole excitation, and decay of the 6p3,
levels, where the first and third steps are dipole transitions,
whereas the nondipole excitation is an electric quadrupole
transition.
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FIG. 1. (Color online) Energy levels of 3Rb. The left panel
includes the fine structure. The hyperfine structure is shown to the
right. Note that the frequency scale changes for the hyperfine structure
of each state.

II. EXPERIMENTAL SETUP

Figure 1 shows an energy-level diagram, where the total
angular momentum quantum numbers and the hyperfine
splittings correspond to 8’Rb. A similar figure, with different
values of F and hyperfine splittings, is obtained for #Rb. In the
experiment a laser in resonance with the 55 — 5 p3, transition
at 780 nm (D, line) is used to prepare atoms in the 5p3;»
state. A second laser beam at 911 nm is used to produce the
5p3/2 — 6p3)2 electric-dipole-forbidden transition. We detect
this excitation channel because atoms in the 6 p3/, state have a
significant probability of decaying directly into the 5s ground
state by emission of a 420 nm photon.

The experimental setup is shown in Fig. 2. Home-built
external cavity diode lasers (ECDL) provide the 780 and
911 nm photon beams. Both lasers were built after the design
of Refs. [16,17], adapted to the emission wavelengths. ECDLI1
operates at the frequency of the D, transition in atomic
rubidium (780 nm). It has an emission bandwidth of less than
6 MHz. Its frequency can be locked to the Doppler-free cyclic
transition of either of the rubidium isotopes [18,19]. ECDL2
uses a laser diode with a nominal emission wavelength of
915 nm [20]. The external cavity configuration was designed
and built to tune the emission of this laser to 911 nm. It operates
in a single mode and can be tuned across mode-hop free regions
of ~3 GHz. The bandwidth of the laser is narrower than
the 7.5 MHz resolution of a confocal scanning Fabry-Pérot
interferometer (Thorlabs, 1.5 GHz FSR, SA200-8B). Under
normal operation conditions one obtains up to 100 mW of
single-mode laser power at the output of the external cavity.
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FIG. 2. (Color online) Experimental setup for polarized velocity
selective spectroscopy. ECDL: external cavity diode laser; PMT:
photomultiplier tube; M: mirror; BS: beam splitter; L: lens system; F:
420 nm interference filter. A small part of the 911 nm beam is sent to
a wave meter (WM) and a 1.5 GHz Fabry-Pérot interferometer (FP).

Both beams are linearly polarized with parallel electric-field
vectors, and counterpropagate along a rubidium cell at room
temperature. The production of the electric-dipole-forbidden
transition is monitored by detecting the 420 nm fluorescence
that results from the direct decay into the 5s ground state.
These blue photons are collected by a lens system that focuses
them into the cathode of a photomultiplier tube (PMT). A
bandpass filter centered at 420 nm is placed in front of
the PMT window. In the experimental setup the detection
direction is perpendicular to the linear polarization direction of
both laser beams, and also perpendicular to their propagation
direction. A chopper is used to modulate the incidence of the
preparation beam with a frequency of 800 Hz. The amplified
PMT current signal and the chopper reference frequency
signal are sent to a phase sensitive detector whose voltage
output is read in a computer interface. This interface also
controls a programmable power supply that is used to scan the
frequency of ECDL2. An electric-dipole-forbidden spectrum
is the in-phase PMT signal as a function of the voltage
applied to the frequency scan of ECDL2. A wave meter with a
0.05 nm resolution is used for the initial tuning of ECDL2. The
Fabry-Pérot interferometer mentioned above is used to monitor
the single-mode operation of ECDL2, and it also provides a
coarse frequency scale.

Both laser beams were collimated and produced elliptical
cylinders along the 7.5-cm-long rubidium cell. The ECDL1
beam profile was a 4.9 mm x 2.4 mm ellipse and that of
ECDL2 was a 4.5 mm x 2.3 mm ellipse. Both beams overlap
inside the rubidium cell. For the 911 nm beam we used the
maximum available power of 100 mW, which results in an
average intensity of 12.3 kW m~2. The fluorescence lines can
be broadened by the power of the 780 nm preparation beam.
We therefore decided to use 100 uW of power. This puts
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its average intensity at 10.7 Wm™2, below the 16.46 W m >
saturation intensity for the D, transition [21].

In either rubidium isotope, the 5s;/, hyperfine splitting
is larger than the D, Doppler width at room temperature.
Therefore, the frequency of the preparation photons at 780 nm
has been used to determine the initial hyperfine state of
the three-step excitation sequence. We used polarization
spectroscopy [18,19] to lock the frequency of the preparation
beam to the Doppler free F — F + 1 cyclic transition (F = 2
in ’Rb or F = 3 in 3Rb). The 911 nm laser has been used to
excite the 5p3;» — 6p;3; electric-dipole-forbidden transition.
By sending it in a counterpropagating configuration one can
perform a Doppler free excitation into the hyperfine states of
the 6 p3 > manifold [22]. For zero velocity atoms the excitation
sequence is F1 = F — F>, = F 4+ 1 — F3. Direct use of the
electric quadrupole selection rules (AF = 0, £1, +2) results
in F; =1, 2, and 3 for 8Rb and F; = 2, 3, and 4 for 3°Rb.
For each isotope one therefore expects a triplet with the
frequency splitting of the well-known hyperfine structure of the
6p3,2 state [23]. These splittings were used for the frequency
calibration of the dipole-forbidden spectra.

III. CALCULATION OF RELATIVE LINE INTENSITIES

The relative intensities of the emission that follows the
electric-dipole-forbidden excitation have been calculated. We
found that the experimental results for these intensities are
properly described assuming that (i) the system can be
described in terms of three sequential steps (preparation 5s —
5p32, electric quadrupole excitation 5p3/» — 6p3/n, and
decay 6p3/» — 5s) and (ii) the rate equation approximation is
valid for the description of the first step. The assumption (i) is
based on the fact that the forbidden excitation is very weak
compared to the transitions of the preparation step, so that the
modification of the population of the 5pj3,, states due to both
the electric quadrupole excitation and the subsequent electric
dipole decay can be neglected in a first analysis.

Under these assumptions, the probability to observe a
420 nm photon resulting from the decay of the |6p3/»F3)
hyperfine states is given by

P(F)= Y

My, M3, F|, M| )

0 (Fa, M2)|(5p3 )2 FaMa| T |6 p3 0 F3 M3)|?

X [(6p3/2F3sM5| Dy |55, F{ M) >, (1)

Here o (F>,M5) is the population of the |5 p3,, > M>) prepared
by the 780 nm laser, T is the nondipole transition operator,
and D, is the 6p3/» — S5s1» electric dipole decay operator
associated to the polarization A. The sum is performed over all
projections of total angular momenta of the initial M, and final
M3 states of the nondipole transition, the angular momenta of
the final 5s1,, hyperfine states (Fj,M;), and also over two
orthogonal polarization directions A. The value of the total
angular momentum of the intermediate state F, corresponds
tothe F — F + 1 cyclic transition of the D, preparation step.

The geometry of the experiment that is used in the
calculation is the following (Fig. 3). The preparation and
nondipole beams counterpropagate along the x axis. They are
both linearly polarized, with parallel electric-field vectors. We
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FIG. 3. (Color online) Geometry used in the calculation. The
preparation (780 nm) and the forbidden excitation (911 nm) beams
propagate respectively in the negative and positive directions of the
x axis with parallel linear polarizations E; and E, directed along the
z axis. The detection of the fluorescence is performed by the PMT in
the positive direction of the y axis.

take this polarization direction as the z axis. Finally, the 420 nm
fluorescence is detected along the y axis.

The first step is then the calculation of the alignment of the
5p3pF> = F + 1 state induced by the preparation laser. This
establishes the relative populations o (F;, M>) of the magnetic
sublevels [19], which were calculated using the rate equation
approximation taking into account the transit time Ty, Of the
atoms across the preparation beam [ 19]. Einstein rate equations
for the F and F, = F + 1 states in the cyclic transition [say,
F) =2(3)and F, = 3(4) for Rb (**Rb)] with all the magnetic
projections M read

dNy, | |
S~ Bl (N, — Nu) + ; ANy, @
dNM/ j ‘ j

= —pBy (Nu, = Nu) - ZAZ{, Ny, (3

Equation (2) describes the changes on the population of
the lower F,M; states so that the sum runs over all the
possible upper states />, M that can decay spontaneously to

. . . . M; .
the M, state with an Einstein coefficient A Mf; the stimulated

transitions involve the Einstein coefficients B%’ multiplied by
the radiation energy density p. The second equation, Eq. (3),
describes the changes on the population of the upper F,M;
states. In it, the sum now runs over all the lower M; states
coupled by spontaneous emission. Clearly, Eq. (2) is the
negative of Eq. (3) establishing a conservation of population
that is approximately valid under the experimental conditions
since the second step corresponds to the much less probable
forbidden transition.

The Euler method was used to solve the differential
equations (2) and (3) using temporal evolutions corresponding
to several values of p and a time Ty, ~ 10 us, which
corresponds to the mean transit of thermal atoms (7" ~ 300 K)
through the laser beams used in the experiment. The time
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FIG. 4. (Color online) (a) Temporal evolution of the populations
of the 5p3» F = 3 M magnetic sublevels for ¥’Rbj; (b) time average
of these 5 p3/,, magnetic state populations [0 (F = 3, M)] integrated
over a time period of 10 us.

average of the population Ny, (¢) yields the o (F,, M>) value,

Tirans
o (Fa,My) = / Nu(t)d. 4
0

trans
Figure 4(a) illustrates the temporal evolution for the population
of the |5P;,,,F, = 3M) magnetic projection states for 87Rb.
The preparation beam is linearly polarized with an energy
density p corresponding to an intensity / = 0.651,, where I is
the saturation intensity for rubidium D line, and its frequency
is resonant to the F} =2 — F, = 3 cyclic transition. The
behavior of the negative M levels is identical to that of the
positive M levels. The selection rule for linearly polarized
light AM = 0 prevents excitation into the M = =3 sublevels.
For this preparation intensity the steady-state population of all
magnetic sublevels is reached within the first two microsec-
onds. For M = 0 and =£1 the steady state is asymptotically
reached from below, while for M = =2 there is a population
maximum for very short excitation times, and the steady state
is reached from above. Figure 4(b) shows the o (F, = 3,M>)
obtained taking the time average of the populations over a
transit time of 10 us. These are the available populations that
could be excited by the quadrupole electric transition. It can
be observed that the population is maximum for the magnetic
state M, = 0, but that there are significant contributions from
the M = +£1 and M = %2 states. Qualitatively similar time
evolution curves and population distributions are found for
different values of the energy density of the preparation laser.
The time to achieve the steady state is reduced for higher
values of p, and the corresponding asymptotic population
values are larger. It is interesting, however, that the ratios
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0(3,M)/ X0 (3, M) remain almost constant for 0.1 < 1 /1y <
1.0. Equivalent results were obtained for 83Rb.

The second step corresponds to the calculation of the
5p3/2 —> 6p32 nondipole excitation. This transition could
arise from electric quadrupole and magnetic dipole couplings
of the atom to the light field. Previous studies of the 5p —
8p dipole-forbidden transition in cold rubidium atoms [13]
showed no significant contribution from magnetic dipole cou-
plings; the ultimate reason was that a radiative M1 transition
between states of the same parity but with orthogonal spatial
wave functions is highly forbidden; its description in general
requires taking into account subtle relativistic effects. There
is no reason to expect a different scenario in our experimental
setup. Therefore, in the present calculation, we restricted our
study to the electric quadrupole transition operator 7. Since the
nondipole beam counterpropagates to the dipole beam along
the x axis, and it is also linearly polarized in the z direction
with an electric-field amplitude E,,, the relevant component
of the electric quadrupole tensor operator is

T = —eEznz(ikzx), (5)

which is written in terms of the components of the irreducible
tensor operators of rank two,

Y1+ Y
V2 '

The Wigner-Eckart theorem then gives the transition matrix
element

(Sp3jpFaM3|T |6 p3 /2 F3M3)

:(—I)FZMz\/(2F2+1)(2F3+1){.13 Fy 1}

T = —€E20k2r2 (6)

2 F J 2
| = F 2 F3 + P 2 F3
—M2 1 M3 —M2 -1 M3

X (5p32T6p3)2), (7N

where the terms in parentheses are Wigner 3-j symbols,
the curly bracket is a 6-j symbol, [ is the nuclear spin,
and (5p3,|IT|6p3y2) is the reduced matrix element. For
this geometry the selection rules for the magnetic quantum
numbers are

AM = +1. ®)

Finally, the 6p — 5s decay was observed along the y axis,
with no polarization selection. Therefore, for calculating the
measured relative decay rates we took incoherent sums of the
D, = x and D, = z electric dipole operators.

The resulting intensities of the triplet F3 lines, through
the Wigner-Eckart theorem, have a common factor that is
the product of squares of reduced matrix elements of the
electric quadrupole transition and the electric dipole transitions
(6p3,21ID|15s1/2). These factors cancel out for relative line
intensities, which have been directly compared with the
experimental data. The calculation indicates that geometrical
effects in the 6p — 5s decay play a minor role (less than
3%) in the relative intensities. On the other hand, the relative
peak intensities strongly depend on the populations of the
5p3,2» magnetic sublevels produced in the preparation state.
Therefore, the electric quadrupole transition is at the same
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FIG. 5. (Color online) Fluorescence emission spectra. Dots: ex-
perimental data; continuous lines: result of fitting Voigt profiles to
each line. The numeric labels indicate the F' value of the 6ps),
hyperfine state. The velocity selected transition in #Rb is indicated
by the parentheses with the F values of the excitation chain. The
vertical bars give the position and calculated relative intensity of
each hyperfine state.

time a sensitive and nonperturbing probe of the preparation
dynamics of the 5p3,, M, magnetic sublevels.

IV. RESULTS: COMPARISON BETWEEN
EXPERIMENT AND THEORY

Figure 5 shows typical spectra of the fluorescence signal
recorded as the frequency of the 911 nm laser was scanned.
The original horizontal scale is the voltage applied to the
ECDL2 piezo. A coarse frequency equivalence is obtained
with the Fabry-Pérot interferometer. The least-squares fits
of independent Voigt profiles [24] shown in the plot were
performed for each spectrum. The center and height of each
peak was varied independently, whilst the widths (Gaussian
and Lorentzian) were the same for all peaks. The differences
between peak centers were then fit to the known 6 p3,, hyper-
fine splittings [23]. Finally, the zero in frequency was shifted to
the center of gravity of the 6 p3,, hyperfine manifold common
to both isotopes [23]. After this calibration the resulting total
linewidth for both isotopes is I' = 12.9 + 0.2 MHz (FWHM).

For both isotopes we observe the expected three lines
that result from the excitation sequence 5s1,2F — 5p3ppF +
1 — 6p3ppkFs (F3=F —1, F,and F + 1) for zero velocity
atoms. Also, the splittings of the triplets correspond to the
known frequency separation between the 6p3/, F3 hyperfine
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states of each isotope [23]. However, other groups of atoms,
with nonzero velocity projections, are also excited by the
preparation laser. For these groups the Doppler shift of the
counterpropagating 911 nm laser only partially compensates
the Doppler shift of the preparation beam, and the dipole-
forbidden transitions appear at frequencies different to the ones
obtained with the maximum F preparation. The strongest of
these velocity-selected nondipole transitions results from the
F — F — F + 1 excitation chain (2 — 2 — 3 in ¥Rb and
3 — 3 — 4 in ®Rb). In %Rb there is a clear indication of a
shoulder ~19 MHz above the F' = 4 peak, in good agreement
with position of the velocity selected transition that is expected
to appear 16.4 MHz above the 3 — 3 — 4 excitation. No
evidence of the corresponding 2 — 2 — 3 transition is found
in the 3Rb spectrum. This transition is expected to occur
37 MHz above the F; = 3 line in Fig. 5.

The fit also gives information about the relative intensity
of the hyperfine lines. For ®Rb the relative intensities are
20%, 62%, and 18%, while for 8’Rb they are 12%, 65%, and
23%. The calculated relative line intensities are 22%, 60%,
and 18% for ®Rb and 13%, 63%, and 24% for ¥'Rb, in
very good agreement with the measured values. No variation
of these ratios was found for values of the preparation
laser power between 10 and 100 wW. This is in agreement
with the calculation that also predicts no significant change
of the intensity ratios in this range of preparation laser
intensities.

The intensity of the velocity selected peak in 3Rb (3 —
3 — 4) is 3.2% of the sum of intensities of the other three
peaks. In the calculation the electric quadrupole transition
probability for this line is comparable to the ones in the
zero velocity triplet. The reduction of its intensity is ex-
plained in terms of optical pumping effects that effectively
move the F> = 3 population into the F} = F — 1 =2 dark
state.

V. CONCLUSIONS

In summary, direct evidence of the 5p3,, — 6p3 /> electric-
dipole-forbidden excitation using ECLD in atomic rubidium
at room temperature was observed. Efficient detection of
the fluorescence that follows the Doppler-free optical-optical
excitation allowed resolution of the 6 p3,, hyperfine structure.
Our results confirm that the Sp3,» — 6p3/, excitation is the
result of an electric quadrupole transition. A simple calculation
using a sequential two-step excitation and one-step decay is
in very good agreement with the experiment. This electric-
dipole-forbidden transition is a very sensitive probe of the
dynamics of the 55 — 5p3,, preparation step.
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