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Instituto de Ciencias Nucleares, UNAM. Circuito Exterior,

Ciudad Universitaria, 04510 Ciudad de México, México.
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Abstract

This article presents detailed experimental and theoretical studies of the satellite fluorescence

lines observed when the 5P3/2 → 6PJ , (J = 1/2, 3/2) electric quadrupole transition (E2) is excited

in a room temperature vapor of rubidium atoms. The initial state of this E2 transition is prepared

by a narrow linewidth laser locked to one of the dominant 5S1/2 → 5P3/2 D2 hyperfine excitations

for zero-velocity atoms. Effects due to the selection of different atomic velocity classes in this

preparation step are responsible for the presence of several satellite lines that can be found in the

fluorescence decay spectra of both 85Rb and 87Rb. Compared to the main lines, these satellites do

not show a strong dependence on the relative linear polarization directions of the lasers used in

the preparation and the electric quadrupole steps. The relative intensities of the satellites decrease

as the intensity of the preparation laser increases. Results of a rate equation calculation that

explicitly includes selection-of-velocity effects indicate that optical pumping plays a central role in

determining the relative intensities and the polarization dependence of the satellite lines. When

the preparation laser is locked to the 5S1/2 F1 = 1 → 5P3/2 F2 = 0 low-F cyclic transition in

87Rb, six lines were found in addition to the 5P3/2 F2 = 0 → 6P3/2 F3 = 2 lone electric quadrupole

transition for zero velocity atoms. In this case, the calculated spectrum is necessary for the correct

interpretation of the experimental results, clearly indicating that optical pumping and selection of

velocities are responsible for these six additional electric quadrupole lines.

Keywords: Electric quadrupole transition, selection of velocities, atomic rubidium, rate equations

I. INTRODUCTION

Optical transitions beyond the electric dipole approximation play an important role in

basic and applied research areas. For example, cosmologists find them useful in understand-

ing the microwave background due to hydrogen and helium recombination in early space [1].

Electric quadrupole (E2) transitions are also used in the search for parity violation in atoms

[2, 3]. Long-lived states that may be reached via forbidden transitions are attractive for

error correction on quantum bits [4, 5]. E2 transitions have been identified as alternatives to

the use of narrow-dipole lines that need to be cleanly excited in lattice-based atomic clocks

∗ ferama@nucleares.unam.mx
† jimenez@nucleares.unam.mx
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[6, 7]. Forbidden transitions have become of interest to measure isotope shifts in ions of cal-

cium [8] and ytterbium [9] that may provide clues for physics beyond the standard model.

Recent work is dedicated to the study of forbidden transition in evanescent fields [10, 11],

fiber beams [12, 13], structured beams [14, 15], in microcavities [16, 17], in the presence of

nanoscale materials [18] or surface plasmons [19, 20]. Forbidden transitions are expected to

play an important part in the use of structured light in nonlinear quantum optics [21].

Experiments with forbidden transitions have been performed in cold ions [22] and cold

neutral atoms [23–25]. Forbidden transitions are also observed in room temperature or

even hot atomic vapors. These atomic vapor experiments study s → d transitions in alkali

atoms [13, 26, 27] and the strong p → p E2 excitation in rubidium [28–32]. The first

p → p experiment [28] found an anomaly in the fine structure line intensities that was

attributed to a significant magnetic dipole contribution in the forbidden transition. This

was later disproved in a cold atom experiment [24] that clearly indicated that the 6P → 8P

excitations in rubidium are due to electric quadrupole transitions only. This finding was

later confirmed in room temperature experiments with the 5P3/2 → 6P3/2,1/2 E2 transitions

for both fine structure components of the final state [29, 31]. In this series of papers optical-

optical double resonance experiments were performed, with one light field used to prepare

zero-velocity atoms in the hyperfine state of the 5P3/2 manifold with the highest F value

(cyclic transition), which was then excited by the E2 transition. This allowed measurements

free of Doppler-broadening that resolved the hyperfine structure of both 6PJ (J = 1/2, 3/2)

fine structure states. These experiments found strong E2 lines for these zero-velocity atoms,

but the spectra also showed weaker satellite transitions. The origin of these satellites was

readily identified [29] as being due to E2 transitions that involve other 5P3/2 hyperfine states

that are produced by the preparation step that is resonant with nonzero-velocity atoms in a

non-cyclic transition. A model based on the rate equation approximation for the population

of the zero-velocity atoms adequately reproduces the intensity distribution of the strongest

electric quadrupole transitions seen in a typical spectrum. These transitions were also found

to show a strong dependence on the relative polarizations of the light beams used in the

preparation step and in the excitation of the E2 transition [30, 31]. Once again, the static

rate equation calculation for zero-velocity atoms took good care of recreating the observed

polarization dependence of the strongest electric quadrupole transitions. Furthermore, these

E2 transitions were shown to be ideal probes of the Autler-Townes splitting caused by the
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strong cyclic D2 transition [32]. All these results took advantage of the good signal-to-

noise ratio achieved when the hyperfine state with the largest F value is produced in the

preparation of the 5P3/2 manifold.

These works show that the p → p electric quadrupole transitions for zero velocity atoms

are sensitive, non-perturbing probes of optical pumping effects in room temperature atomic

vapors. In particular, the satellite lines are useful for studying in detail the interplay between

selection of velocities and optical pumping effects in the preparation step using both cyclic

and non-cyclic transitions. These probes of velocity selective optical pumping (VSOP) may

be of interest in different areas of current research. VSOP has been used in the development

of room-temperature quantum memories [33, 34] or in experiments that use motion-selective

coherent population trapping [35] to achieve subrecoil cooling in atomic samples [36, 37].

VSOP is used to study hyperfine optical pumping effects of thermal rubidium atoms probed

by an evanescent electromagnetic field [38] and in surface plasmon resonance (SPR) ex-

periments [39]. Also, VSOP is very useful in the construction of narrow optical filters in

atom-photon interaction experiments where the signal-to-noise ratio is a critical parame-

ter [40, 41]. Applications, such as free space laser communication and the generation of

narrowband quantum light uses these atomic based filters [42, 43].

In this paper we present the results of a detailed study of the satellite lines that are

observed in the electric quadrupole spectra. It is shown that more satellites can be found in

addition to the single satellite identified in [29]. We follow the dependence of these satellites

on the intensity of the preparation light. We also measure the polarization dependence

of these satellite lines. A dynamical rate equation calculation in which velocity-dependent

terms are included in both preparation and E2 excitations is used to correctly identify all

observed satellites. This calculation also accurately describes the intensity and polarization

behavior of all the E2 lines. Finally, we present an electric quadrupole spectrum that results

by excitation from the 5P3/2F = 0 (low F cyclic transition) hyperfine state prepared for

zero-velocity 87Rb atoms. This is particularly interesting because, in this case, only the

transition to the 6P3/2F = 2 hyperfine state is allowed by the electric quadrupole selection

rules. Any other lines present in this spectrum have to result from velocity selection effects

or may be an indication of the presence of magnetic dipole transitions.

The rest of the paper is structured as follows. A brief description of the experiment

is presented in section II. Then section III outlines the procedure followed to introduce
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velocity-dependent terms in the rate equation approximation. Section IV shows the experi-

mental results with the corresponding comparison with the calculation. This includes an E2

spectrum obtained with the preparation laser locked to the low F cyclic transition. Finally,

the conclusions are given in section V.

II. EXPERIMENTAL SETUP.

Details of the experimental setup shown in Fig. 1 have been previously presented in

references [29–31]. Briefly, the 780 nm preparation beam and the quadrupole exciting beam

(911 nm or 917.5 nm) counterpropagate along a 7.5 cm long natural-abundance rubidium

absorption cell which is kept at room temperature. The preparation beam is linearly polar-

ized and the direction of its electric field then defines the quantization axis for the atomic

system. The quadrupole exciting beam is also linearly polarized, with the polarization di-

rection either parallel or perpendicular to the quantization axis. The polarization direction

is set by a half wave plate. The 420 nm fluorescence of atoms decaying from the second

excited state is collected by a lens system and then passes through an interference filter

before it reaches a photomultiplier tube. The system detects fluorescence emitted at right

angles with respect to both the light propagation axis and the polarization direction of the

preparation beam. The preparation beam is chopped at a frequency of 800 Hz, and the flu-

orescence signal is detected in phase with the chopper reference signal. Electric quadrupole

fluorescence spectra are then recorded using a digital oscilloscope.

Except for the last set of data presented in this paper, the preparation beam frequency

is locked to the 5SF1 = I + 1 → 5P3/2F2 = F1 + 1 cyclic transition, where I is the nuclear

spin, and the frequency of the quadrupole exciting beam is scanned. In this paper we also

present the results of spectra recorded with the preparation laser locked to the 5S F1 = 1 →

5P3/2 F2 = 0 low F cyclic transition in 87Rb.

III. THEORY.

An energy level diagram for atomic rubidium is shown in Fig. 2. Using this diagram

one can follow the steps used for the production and the detection of the electric dipole

forbidden transition. A preparation laser (780 nm) is used to excite atoms from one of

5
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FIG. 1: Experimental setup. F: 420 nm interference filter; L: lens; PMT: photomultiplier

tube; M: mirror; BS: beamsplitter; λ/2 half wave plate used to rotate the linear

polarization direction of the 911/917 nm beam.

the hyperfine levels of the 5S ground state into states of the hyperfine manifold of the

intermediate state 5P3/2. A second laser (911 or 917 nm) then produces the 5P3/2 → 6PJ

(J = 1/2, 3/2) forbidden transition. Atoms in the excited 6PJ hyperfine states are detected

by the emission of a 420 or a 422 nm photon. Through this work we will use the following

notation for the hyperfine states involved in the transitions. We use F1 and M1 for the 5S

ground state sublevels, F2, M2 for the 5P3/2 intermediate sublevels, and F3, M3 the magnetic

sublevels of the 6PJ states.

We use the three-step approximation described in our previous papers [29–31], in which

the probability for emission of a 420 nm photon is obtained as the product of the populations

in the intermediate state σ(F2,M2) produced by the preparation laser multiplied by the

electric quadrupole transition probability and by the electric dipole decay probability from

6
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FIG. 2: Energy level diagram for the rubidium atom. The values of the total angular

momentum F are indicated in the right hand side of the figure. The hyperfine energy

splittings are not drawn with the same scale.

the 6PJ state directly into the 5S ground state.

For the preparation step one solves the set of rate equations in which the absorp-

tion/stimulated emission rates are written as frequency and velocity-dependent terms:

Babρ(ν, v) =
r

τ5P

(
1

1 + [4πτ5P (νp − νab − v/λp)]
2

)

Here τ5P is the lifetime of the 5P state, νp is the frequency of the preparation laser, νab is

the atomic frequency between states a and b, v is the atom velocity, λp is the D2 transition

wavelength, and r is the ratio of the preparation laser intensity to the D2 saturation intensity,

which is maintained below the Autler-Townes regime [32]. In this expression, the detuning

explicitly depends on the atom velocity component along the preparation beam propagation

direction. In the rate equations we include decay terms for the spontaneous emission rate
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and the loss of atoms because of the transit time τ = 1/γ across a laser beam of finite size:

Γa = γ

Γb =
∑
a

Aba + γ

Also, we introduce a term that describes the entrance of atoms into the ground state magnetic

sublevels with the same rate γ. This allows a steady state solution for all populations that

participate in the preparation step.

Figure 3 shows magnetic state populations for the 85Rb 5P3/2F2M2 intermediate state

magnetic sublevels when the excitation laser is locked to the 5SF1 = 3 → 5P3/2F2 = 4

transition for zero velocity atoms in 85Rb. The figure gives the populations for two values

of the laser intensity.

These results indicate that optical pumping produces aligned states with largest pop-

ulations for MF = 0 at the F2 = 2 and 4 levels, while for F2 = 3 the populations are

concentrated in the extreme MF = ±3 sublevels. The ordinate scales of the left and right

panels in Fig. 3 differ by a factor of two. Therefore, this comparison makes it clear that a

factor of two increase in the intensity ratio not only doubles the populations of the magnetic

sublevels, but also that the change in intensity also increases the alignment of the three in-

termediate hyperfine states (for instance, the M2 = 0 bars are larger compared to the other

bars in the F2 = 4 and 2 panels). The same factor of two in intensity also reduces the overall

contribution of all the F2 = 2 and 3 levels because they can also decay to the 5SF1 = 2 dark

state. Therefore, the calculation predicts that the relative intensity of the velocity-selection

satellite lines decreases as the preparation laser intensity increases. A similar behavior is

found for the 5SF1 = 2 → 5P3/2F2 = 3 cyclic transition in 87Rb.

The calculation also allows a detailed study of the behavior of the magnetic sublevel

populations when the preparation intensity ratio r is varied, and the preparation laser is

locked to any frequency of the Doppler broadened profiles. For instance, this is made in Fig.

4. The plot in the left panel gives the populations for the preparation laser frequency locked

at the F1 = 2 → F2 = 3 maximum F cyclic transition for zero velocity 87Rb atoms. The

plot in the right panel corresponds to the preparation laser locked to the F1 = 1 → F2 = 0

minimum F cyclic transition, also in 87Rb.

All populations show growth rates that saturate for larger values of the intensity ratio

r. Even for the largest intensity ratio considered here, the largest population (M2 = 0) is
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FIG. 3: Populations of the magnetic sublevels of the 5P3/2F2 levels in 85Rb for a

preparation laser locked to the maximum F transition for zero velocity atoms. The left

panel shows the populations obtained with an intensity ratio r = 0.175. The right panel

gives the populations for r = 0.350 and thus the right scale is exactly a factor of 2 times

the right scale. All populations were multiplied by a factor of 1000.

less than 0.3% of the total atomic population. When the frequency of the laser is locked

to the maximum F1 = 2 → F2 = 3 cyclic transition (left panel) the populations of all

magnetic substates of this intermediate state are dominant. Optical pumping effects that

deplete the other two hyperfine states (F2 = 2, and 1) are a factor of 30 smaller, and the

curves show saturation effects for smaller values of r. The situation is different when the

preparation laser is locked to the minimum F cyclic transition F1 = 1 → F2 = 0. Here the

dominant populations correspond to F = 1, with M = ±1. In the range of r studied here,

the population of F = 0 is always lower, but it does not saturate as fast. At the largest value

of r considered here, the populations of these two states are almost equal. The populations

of the other magnetic substates (F2 = 2 with M2 = ±2 and 0) are always smaller, and they
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FIG. 4: 87Rb 5P3/2 magnetic sublevel populations as functions of the preparation laser

intensity ratio r (a) for the F1 = 2 → F2 transitions, and (b) for the F1 = 1 → F2

transitions. The number in square brackets are the values of [F2,M2] for each sublevel.

seem to saturate at the same pace as the F2 = 1 M2 = ±1 populations. A similar behavior is

also found for the sublevel populations of 85Rb. It is important to notice that these relative

populations determine the polarization dependence of the electric quadrupole transition into

the 6PJ states [30, 31].

In the next step, the 5P3/2 → 6Pj electric quadrupole transition probabilities are also

written as frequency and velocity-dependent line profiles:

P (b, c) =
σc| ⟨b|q|c⟩ |2

(νq − νbc + v/λq)2 + Γ2
6P/4)

where νq is the frequency of the laser that excites the electric quadrupole transition, q ∝

(eϵ̂ · r⃗)(k⃗ · r⃗) is the electric quadrupole operator, ϵ̂ and k⃗ are the light polarization and

propagation direction. In this expression σc represents the population of state c of the 6P3/2

hyperfine manifold that results by the electric quadrupole excitation. Here and b and c are,

respectively, any of the sublevels of the 5P3/2 and 6PJ hyperfine manifolds, and Γ6P is the
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natural width of the 6P state. In this expression, the sign of the velocity term indicates

that this beam counter-propagates with respect to the preparation beam. The 6PJ → 5S

electric dipole decay probabilities needed for the third step are the same ones used in our

previous work [29–31].

One thus obtains an expression for the probability to emit a 420 nm photon that depends

on the detuning δab of the preparation beam, on the detuning δbc of the laser that excites

the electric quadrupole transition, and on the velocity of the atom. The value of δab is fixed

to the locked frequency of the preparation laser for each experimental spectrum. The final

fluorescence spectrum is the convolution of the resulting function with the atomic velocity

distribution function. Finally, to obtain theoretical fluorescence spectra a convolution with

a Gaussian (width 5.5 to 9 MHz) is performed to consider instrumental broadening.

IV. RESULTS AND DISCUSSION.

In our previous results [29–31] it was shown that the use of the static population equa-

tions for the preparation step allowed a direct calculation of the relative populations of the

5SF1 = I + 1/2 → 5P3/2F2 = I + 3/2 cyclic transition in both isotopes. Furthermore, when

these intermediate state populations are combined with the polarization states of the radi-

ation used to produced the electric quadrupole excitation, strongly anisotropic fluorescence

spectra are obtained. Here we show that the calculation that includes the velocity dependent

populations in the preparation step not only reproduces the previous results, but it also gives

a rather accurate description of the behavior of the electric quadrupole transition satellites.

One example of this can be found in Fig. 5, which shows the comparison of fluorescence

emission obtained with parallel and perpendicular linear polarizations of the preparation

and the electric quadrupole transition radiation for 87Rb. These spectra were recorded for

an intensity ratio of r = 0.31, which is significantly below saturation. In this figure the first

number of each parenthesis is the value of F2 in the 5P3/2 intermediate hyperfine state, and

the second number gives the value of F3 in the 6PJ state after the quadrupole transition. The

spectra in Fig. 5 are dominated by the lines produced by an electric quadrupole excitation

from the F2 = 3 state. However, three satellites can be observed, especially for perpen-

dicular polarizations. These satellites originate from the F2 = 2 intermediate state which

is produced by selection of velocities in the Doppler-broadened gas. In both polarization
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configurations the positions and relative contributions of these satellites are well reproduced

by the velocity dependent calculation. It is important to point out the complete absence of

the F2 = 2 → F3 = 2 line, which corresponds to an electric quadrupole forbidden transition.

A similar comparison is made for fluorescence emission that follows the preparation and

electric quadrupole excitation of 85Rb atoms. The spectra recorded with parallel and perpen-

dicular polarizations are shown in Fig. 6. In this case, the intensity ratio of the preparation

step is r = 1.55, significantly larger than the previous case. These spectra are dominated

by the electric quadrupole transitions originating from the 5P3/2F2 = 4 state. Once again,

the relative intensities are determined by the relative polarizations of the two lasers. The

calculation reproduces well the relative intensities, and it also predicts the presence of two

satellite peaks at the high end of each spectrum. However, the calculation overestimates

the contribution of the Lorentzian wings both between the (4, 3) and (4, 4) peaks, and in

the region of the (3, 4) and (2, 4) satellites. It will be shown later that this strong reduction

of the velocity selection satellites occurs because of optical pumping effects that reduce the

populations of the 5P3/2F2 = 3 and 4 states.

This analysis also includes the emission spectra that follows the 5P3/2 → 6P1/2 electric

quadrupole excitation first reported in [31]. The spectra for this second fine structure com-

ponent of 85Rb are presented in Fig. 7. Once again, spectra with parallel and perpendicular

polarizations are given, and the comparison with the calculation is made in both cases. The

two spectra are dominated by the (4, 2) and (4, 3) electric quadrupole excitations for zero

velocity atoms, but there are also clear indications of the other satellite lines. Again, their

relative contribution is stronger for the perpendicular polarization configuration, something

that is in very good agreement with the calculation. A major difference is now that there

are significant contributions from the three (F2 = 4, 3 and 2) intermediate hyperfine states

in both F3 = 2 and 3 manifolds. The comparison also shows that the theory overestimates

the contribution from the wings at the high energy side of each manifold.

We now present the behavior of the satellite lines as a function of the intensity of the

preparation step. Figure 8 compares three spectra for 85Rb recorded with parallel polariza-

tions and different values of the preparation light intensity. The spectra are dominated by

the 5P3/2F2 = 4 → 6P3/2F3 electric quadrupole transitions for zero velocity atoms. For the

lowest intensity the two high-frequency satellites are very well defined, but as the preparation
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FIG. 5: Comparison between experimental spectra and the results of a rate equation

calculation for the 5P3/2 → 6P3/2 transition in 87Rb. Top spectrum: perpendicular linear

polarizations of preparation and quadrupole laser beams. Bottom spectrum: parallel linear

polarizations. The position of the expected resonances is indicated by vertical lines. The

numbers in parenthesis indicate the values of F2 and F3 for each transition. The black dots

correspond to the experimental spectra and the continuous red lines give the results of the

calculation.
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FIG. 6: Comparison between experimental spectra and the results of a rate equation

calculation for the 5P3/2 → 6P3/2 transition in 85Rb. Top spectrum: perpendicular linear

polarizations of preparation and quadrupole laser beams. Bottom spectrum: parallel linear

polarizations. The position of the expected resonances is indicated by vertical lines. The

numbers in parenthesis indicate the values of F2 and F3 for each transition.

intensity is increased their relative contribution is reduced. For the top spectrum (and in
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FIG. 7: Comparison between esperimental spectra and the results of a rate equation

calculation for the 5P3/2 → 6P1/2 transition in 85Rb. Top spectrum: perpendicular linear

polarizations of preparation and quadrupole laser beams. Bottom spectrum: parallel linear

polarizations. The position of the expected resonances is indicated by vertical lines. The

numbers in parenthesis indicate the values of F2 and F3 for each transition.

the equivalent spectra of Fig. 8) the satellites are barely discernible from the high-frequency
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Lorentzian wing. These results are in agreement with the calculation, that predicts a steady

reduction in the satellite contribution because the preparation step pumps population out

of the 5P3/2F2 = 2 and 1 hyperfine states that are produced by non-cyclic transitions and

for non-zero velocities.
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FIG. 8: Spectra of the 5P3/2 → 6P3/2 forbidden transition recorded at three values of the

preparation laser intensity r.
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A similar reduction of the relative satellite contribution was found for the spectra of 87Rb.

Three examples of this effect are given in Fig. 9. The three satellites are clearly present in the

bottom spectrum recorded at the lowest intensity. In this case, it is even tempting to assign

what appears to be a peak at 37.0 MHz to the (1, 2) electric quadrupole transition. However,

in this case this bump is at the same level as the background. The relative contribution of

the three identified satellites diminishes as the intensity of the preparation laser is increased.

This is in agreement with the result of the calculation, and it results from a reduction of the

relative 5P3/2F2 = 2 populations prepared with a non-cyclic transition.

Finally, we present for the first time results for the fluorescence in 87Rb that follows the

5SF1 = 1 → 5P3/2F2 = 0, 1 and 2 preparation and the electric quadrupole excitation.

One would expect that for this minimum F cyclic preparation transition the fluorescence

spectra should be dominated by electric quadrupole excitations from the F2 = 0 intermediate

hyperfine state. Furthermore, the electric quadrupole selection rules prevent transitions to

the F3 = 0 and 1 states. Therefore, one would expect a strong single fluorescence peak.

However, the calculation predicts that optical pumping and velocity selection effects in

the preparation step (see Fig. 4b) produce significant populations in other intermediate

hyperfine states for nonzero velocities. The experimental fluorescence spectrum obtained

for this preparation is shown in Fig. 10. In this case, the signal to background is low, and

this spectrum actually is the average of more than 30 individual spectra. The spectrum

is composed of three independent groups, with a central dominant line that would appear

to result from a single electric quadrupole transition. However, the calculation (red line)

indicates the presence of seven electric quadrupole transitions that start in different 5P3/2

hyperfine states prepared at different velocities. Once again, the electric quadrupole selection

rules do not allow the F2 = 2 → F3 = 2 transition. According to this calculation, there

are two transitions that contribute to the strongest, central line. Both transitions originate

from the states with the highest populations in the intermediate state, namely F2 = 0 and

1 (see Fig. 4b). To test the overall prediction of the calculation, a set of seven Voigt peaks

of equal widths were fit to the data. The result of this fit gives the emission lines at the

positions given by the calculation, but with relative intensities that are not in agreement.

In particular, the experiment shows either a reduction of the electric quadrupole transitions

that start in the F2 = 2 hyperfine state, or an increase in the transitions originating in the

F2 = 1 intermediate state. It is important to point out that such an increase in the electric
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FIG. 9: Spectra of the 5P3/2 → 6P3/2 forbidden transition in 87Rb recorded at three values

of the preparation laser intensity r.

quadrupole intensity from the F2 = 1 state seems to occur for ∆F = 0, 1, and 2. The latter

is allowed by an electric quadrupole transition only. Therefore, the discrepancy between

theory and experiment cannot be assigned to the presence of magnetic dipole transitions.
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FIG. 10: Comparison between experiment and theory for the 5P3/2 → 6P3/2 transition

starting in the F = 1 manifold of the 5S initial state.

V. CONCLUSIONS.

The results presented in this work provide a deeper understanding 5P3/2 → 6PJ electric

quadrupole transition in atomic rubidium. It is shown that the strong difference in transition

probabilities between the preparation (electric dipole) and the electric quadrupole step allows
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an extension of the three-step model presented in references [29, 30] to include selection of

velocity effects. When these effects are included in the rate equations, one can calculate

fluorescence spectra that include satellite lines and are in very good agreement with the

experiment for electric quadrupole transitions into both 6PJ fine structure states. Light

polarization effects are also present in the velocity-selected satellite lines, but they are not

as strong as with the main electric quadrupole lines. This results in larger relative intensities

when the polarization of the electric quadrupole step is perpendicular to the polarization

of the preparation step. Experiment and theory also agree in showing a reduction of the

relative contribution of the velocity-selected satellites as the intensity of the preparation laser

is increased. The dynamic rate equation calculation was shown to be necessary to interpret

the fluorescence spectra obtained with the preparation laser locked at minimum F cyclic

transition of the preparation step. In this case selection of velocity effects resulted in the

production of seven distinct fluorescence lines. These experiments show that the observed

forbidden excitations are the result of electric quadrupole transitions, with no indication of

any contribution from magnetic dipole transitions.
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Mijangos, F. Ramı́rez-Mart́ınez, D. Sahagún, R. Jáuregui, and J. Jiménez-Mier, Control
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