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Abstract

Excited states population distributions created by two-step 6S1/2→6P3/2→6D5/2 laser excitation in room temperature cesium vapor were
quantitatively analyzed applying absorption and saturation spectroscopy. A simple method for the determination of the excited state population in
a single excitation step that is based on the measurements of the saturated and unsaturated absorption coefficients was proposed and tested. It was
shown that only ≈2% of the ground state population could be transferred to the first excited state by pumping the Doppler broadened line with a
single-mode narrow-line laser. With complete saturation of the second excitation step, the population amounting to only ≈1% of the ground state
can be eventually created in the 6D5/2 state. The fluorescence intensity emerging at 7P3/2→6S1/2 transition, subsequent to the radiative decay of
6D5/2 population to the 7P3/2 state, was used to assess the efficiency of the population transfer in the chosen two-step excitation scheme. The
limitations imposed on the sensitivity of such resonance fluorescence detector caused by velocity-selective excitation in the first excitation step
were pointed out and the way to overcome this obstacle is proposed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Availability of single-mode tunable lasers having line widths
much smaller than the thermal Doppler width of the spectral
lines of atoms in a vapor, gave rise to many investigations that
require velocity-selective excitation. In the case of predominant
inhomogeneous e.g. Doppler broadening, atoms do not absorb
monochromatic radiation with equal probability. Rather, the
probability of absorption depends upon each atom's velocity.
Only those atoms, which are Doppler-shifted into resonance
with the radiation, can interact with the field, and a narrow
velocity group can be selected, resulting with a population of
excited-state atoms that all have the same velocity component
along the pump-laser propagation direction. Velocity-selective
pumping has important applications in saturation spectroscopy
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[1,2], line shape studies [3,4], laser cooling of atoms [5], and the
study of velocity-changing collisions [6].

Some optical techniques, in addition to velocity-selective
excitation, require also creation of high populations in the excited
states. Examples are single-point photon detectors, such as
resonance fluorescence/ionization detectors (RFDs/RIDs,), and
resonance fluorescence/ionization imaging detectors (RFIDs/
RIIDs) [7–18]. To maintain high spectral resolution and minimize
the effects of radiation trapping these devices utilize narrow-band
laser excitation in Doppler broadened medium, which leads to
velocity-selective pumping. In order to enable quality signal
conversion in a particular excitation/ionization scheme these
detectors also require production of high excited state populations.
Another research area where the combined need of applying
velocity selectivity in excitation and obtaining high excited atomic
populations is often encountered is in the field of collisional
excitation energy transfer investigations.Measurement of the cross
sections for the particular collisional transfer process requires the
determination of the atom number densities in the states involved
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in the reaction. Fluorescence, absorption or thermionic diode
signals are usually used as a measure of the excited population
crated [19–26]. If, for instance, measurements are performed in a
pure atomic vapor exited at |1〉→ |2〉 transition with single-mode
laser, and the population of the state |2〉 is measured bymonitoring
the fluorescence at |2〉→ |1〉 transition, the high population in the
state |2〉 is favorable to produce fluorescence signals of adequate
quality. However, to avoid trapping of fluorescence radiation, the
population the initial state |1〉 should be kept low, resulting in turn
with pumping in the Doppler broadened |1〉→ |2〉 transition, i.e.
with velocity-selective excitation.

Recently, the atomic vapor fluorescence detector using Cs has
been reported [13] and analyzed from the aspect of simultaneous
improvement of the efficiency of the chosen two-step excitation
scheme and minimization the occurrence of radiation trapping
and image distortion [27]. In this device, the cesium 6D5/2

population is created with two-step 6S1/2→6P3/2→6D5/2 laser
excitation. The 6D5/2 population radiatively decays to the 7P3/2
state eventually resulting with fluorescence at 7P3/2→6S1/2
transition. This wavelength-shifted fluorescence serves as the
analytical signal indicating that the initial absorption event
occurred. The positive influence of this selective excitation on
the spectral resolution of atomic vapor filters and photon
detectors has been well characterized [16,17]. However,
velocity-selective excitation also imposes significant limitations
on the efficiency of population transfer resulting from two-step
laser excitation followed by resonance fluorescence. In the
present investigation, the efficiency of population transfer and
fluorescence resulting from the two wavelength excitation
scheme used in the cesium resonance fluorescence detection,
was experimentally examined by means of absorption and
saturation spectroscopy. The purpose of this paper is to analyze
Fig. 1. (a) Setup used to investigate the efficiency of two-step excitation and detection
PMT=photomultiplier tube, IF= interference filter, M=mirror, BS=beam splitter, L
exaggerated. (b) Two-step excitation scheme used in the present experiment.
and quantify actual population distributions created in the
excited states when the Doppler broadened transition is excited
with single-mode laser, and to propose the way to improve low
sensitivity of such RFDs, which limits the applicability of these
devices. A straightforward way to obtain the quantitative
information about the excited state population is to probe the
population with another radiation source in the second excitation
step. In the present investigation we have employed and tested a
simple method for measuring the excited state population that
requires only absorption and saturation measurements in a single
excitation step.

2. Experimental setup

The experimental setup and two-step excitation scheme used to
perform the measurements is shown in Fig. 1. Radiation at 852 nm
and 917 nm was provided by external cavity diode lasers operated
in Littman–Metcalf configurations (Model TEC 500, Sacher
Lasertechnik) with manufacturer specified linewidths of 5 MHz.
The excitation was done in Doppler-free geometry i.e. the beams
counter-propagated through a room temperature cylindrical cesium
absorption cell (Opthos, Inc.) measuring 7.5 cm (or 2.5 cm) in
length and 2.5 cm in diameter. The beams had 2 mm in diameter
and overlapped along the entire length of the cell. The cell was
made of Pyrex glass and was filled with pure cesiummetal with no
buffer gas added. To scan either laser, a waveform provided by a
function generator (Model FG3C, Wavetek Meterman) was used
to tune the piezo-driven mirror in the laser cavity. The frequency
calibration was achieved by directing a portion of the scanned
laser beam into the custom-built confocal FPI with free spectral
range (f.s.r.) of 150 MHz. Interference maxima were detected by a
photodiode. The radiation transmitted through the cell was directed
of resonance fluorescence in room temperature cesium vapor. DL=diode laser,
= lens, NDF=neutral density filter. The inclination of the beams in the cell is
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into an 852 nm interference filter (Optometrics, LLC) and detected
by near-infrared photomultiplier tube (R636, Hamamatsu). Simi-
larly, 917 nm exciting radiation was spatially separated from
852 nm radiation and the excited state absorption was detected by
PMT (R5108, Hamamatsu). The PMT output was amplified
(Model 427, Keithley Instruments) and recorded by an oscilloscope
(TDS3000 Series, Tektronix). Single sequence oscilloscope traces,
were stored on a laboratory PC for data analysis.

To determine the saturation behavior of the Doppler
broadened 6S1/2→6P3/2 transition the 852 nm laser was
scanned across the transition and absorption spectra at various
laser powers in the range of 9 μW to 1.8 mW were recorded.
Neutral density filters (Esco Products, Inc.) were used to
attenuate the intensity which was measured by a power meter
(LaserCheck, Coherent). To determine the population created in
the 6P3/2 state for each 852 nm power used, the 852 nm laser
was tuned to the center of the strong hyperfine (h.f.) component
of the ground state transition (6S1/2(F=4)→6P3/2(F=3, 4, 5))
and the resulting excited state population, as a function of
852 nm power, was probed with 16 μW of 917 nm radiation.
Saturation of the homogeneously broadened 6P3/2→6D5/2

transition was studied by pumping the 6S1/2→6P3/2 transition
in the center of the strong h.f. component with 1.6 mW of
852 nm radiation and measuring 917 nm absorption at powers
ranging from 12 μW to 2.5 mW. An excited state absorption
experiment capable of probing the 6D5/2 state population could
not be performed as an appropriate laser was not available.

The blue fluorescence at 7PJ→6S1/2 transition (455 and 459 nm
lines) which emerges in consequence to the radiative 6D5/2→7P3/2
transfer, was used as a measure of the increase of the population in
the 6D5/2 state during the saturation of the 6P3/2→6D5/2 transition.
The fluorescence at 455 nmwas collected at 90° with respect to the
laser beams' propagation by means of a lens, and measured by a
photomultiplier tube (R928, Hamamatsu) equipped with an
interference filter (Optometrics, LLC) centered at 455 nm
(FWHM 10 nm). In addition, an observation window (width:
1 cm, height: 2 cm) was used to ensure that always the same region
of fluorescence was measured. The photomultiplier output was
amplified, recorded by an oscilloscope and stored on a PC for
further analysis.

3. Determination of the population densities

The ground state atom number density N was determined
from the unsaturated 6S1/2(F=3, 4)→6P3/2(F=2, 3, 4, 5)
absorption spectrum. From the peak absorption coefficient k0 of
the Doppler profile the ground state density can be obtained
using the relation

k0 ¼ 1

DmD
ffiffiffi
k

p d
ke2

mc
dN d f ð1Þ

where ΔνD is the Doppler constant defined by:

DmD ¼ m0
c
d

ffiffiffiffiffiffiffiffiffi
2kT
M

;

r
ð2Þ
f is the oscillator strength of the strong (F=4→F=3, 4, 5) or
weak (F=3→F=2, 3, 4) component of the 6S1/2→6P3/2
transition (fS=0.398, fW=0.310 [28]), and the remaining
symbols have their usual meaning.

Additionally, the ground state density was determined from
the integrated unsaturated absorption coefficient according to
Ladenburg equation [29]:

Z
kðmÞdm ¼ ke2

mc
dN d f ð3Þ

The third way to determine N was use of the curve of growth
method [29,30]. The value of the experimentally measured
equivalent width was in the range corresponding to the linear
part of the growth curves where all the curves regardless of the
damping parameter value a=ΔL/ΔD (ratio of the Lorentz to
Doppler width) lie practically on the same line. Therefore, it
was not necessary to specify a, i.e. to calculate ΔL from the
reduced Cs–Cs broadening parameter γ=ΔL/N published in
[31] and estimated value of N. The mean value of the cesium
ground state number density determined in these three ways was
found to be N=(2.4±0.2)×1010 cm−3, which is excellent
agreement with the density at room temperature (293 K) given
by the cesium vapor pressure curve [32,33].

We consider two level system where the state |2〉 is excited
through the |1〉→ |2〉 transition with monochromatic excitation.
The equations to follow will be derived under the following as-
sumptions: the transition is homogeneously broadened, optical
pumping (in its classical sense) is absent, and there are no
quenching collisions or radiation trapping. The comments on the
validity of the obtained relations with respect to optical pumping
effects will be made subsequently. If the transition is excited at rate
Π which is comparable with the spontaneous relaxation rate A21,
the rate equation for the excited steady state population N2 reads
[28]:

dN2

dt
¼ 0 ¼ PN1−

g1
g2

PN2−A21N2 ð4Þ

In the above relation, g1 and g2 are the statistical weights of
the lower and upper state, respectively. In the case of a
homogeneous line profile, the pumping rate is defined in the
following way [28]:

PðymlasÞ ¼ 1
hm0

ke2

mc
f
Z

PLðm−m0ÞImðm−mlas0 Þdm ð5Þ

where PL(ν) is the normalized Lorentzian line profile, Iν(ν)
[J m− 2 s− 1 Hz− 1] is the spectral intensity of the laser beam,
ν0
las is the central laser frequency, and δνlas = ν0− ν0

las is the
pump detuning from the center of the spectral line. Note that in
the above equation (πe2f /mc)P(ν) =σ(ν) represents the ab-
sorption cross section for the considered transition. The pump
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rate defined as in Eq. (5) covers all cases of broad as well as
narrow band excitation.

Solution to Eq. (4) is obtained in the following form:

N1 ¼ N
1þ g1=g2

1þ ðg1=g2Þð1þ SÞ
1þ S

ð6aÞ

N2 ¼ N
1þ g1=g2

S
1þ S

ð6bÞ

where N=N1+N2 is the total population of the system and S
denotes the saturation parameter given by:

S ¼ P
A21

1þ g1
g2

� �
ð7Þ

If the transition between states |1〉 and |2〉 is inhomogen-
eously broadened, i.e., if the laser excites atoms with a
Maxwell–Boltzmann velocity distribution, not all the atoms
are able to absorb the incoming radiation. For the laser
propagating in the z-direction, only those atoms with the
velocity component vz being such that the Doppler-shifted laser
frequency ν′=νlas−Kz vz (Kz=1 /λlas) falls within the homoge-
neous linewidth ΔνL around the central absorption frequency ν0
of an atom at rest, i.e., ν′=ν0±ΔνL, can significantly contribute
to the absorption. If the laser line has a finite width Δνlas, i.e. if
νlas=ν0

las ±Δνlas / 2, the number density N(vz) of atoms able to
absorb the incoming photons is determined by vz being in the
interval between vz

− and vz
+ where

vFz ¼ ðc=mlasÞðmlas0 −m0FðDmL þ Dmlas=2ÞÞ ð8Þ
With the selected velocity group of atoms taken as conserved

during the absorption and emission of a photon, the following
relationship is valid:

NðvzÞ ¼ N1ðvzÞ þ N2ðvzÞ ð9Þ
In a Doppler-broadened medium the unsaturated and

saturated absorption coefficients, have the following relation-
ship [34]:

ksatðmÞ ¼ kunsatðmÞffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ S0

p ð10Þ

where S0=S(ν0) is the saturation parameter in the center of an
inhomogeneously broadened (Gaussian) profile. By expressing
S0 in terms of unsaturated and saturated peak (k(ν=ν0)=k0)
absorption coefficients given in Eq. (10), from Eq. (6a) and (b),
we obtain the following expressions for the velocity selective
population densities in the lower and upper states:

N1ðvzÞ ¼ NðvzÞ
1þ g1=g2

g1
g2

þ ksat0

kunsat0

� �2
" #

ð11Þ

N2ðvzÞ ¼ NðvzÞ
1þ g1=g2

1−
ksat0

kunsat0

� �2
" #

ð12Þ
As implied in the starting assumptions, the above equations
will yield valid results only in the case when the increased

transparency of the medium is solely due to the transition
saturation. Namely, when the system with multiple ground
states that are accessible from the excited states is illuminated
with polarized light of adequate intensity there are two distinct
processes that may contribute to the depletion of the particular
ground state hyperfine level: saturation and hyperfine pumping
[35]. In the presence of hyperfine pumping the two level model
considered above would represent an open system with the
possibility for atoms to accumulate in the other ground state
component and the assumption N=N1+N2 would not hold any
more. Also the inclusion of the relaxation rate to the other
ground state level would be necessary in the denominator of the
saturation parameter (Eq. (7)).

Considering the structure of the strong h.f. component 6S1/2
(F=4)→6P3/2(F=3, 4, 5) of the Cs D2 line at room temperature
[28] one can see that the pumping in its center dominantly
excites closed 6S1/2(F=4)→6P3/2(F=5) h.f. transition. There is
also a small probability of exciting atoms on the next neighbour,
open or cycling 6S1/2(F=4)→6P3/2(F=4) transition which is
around 250 MHz apart. Atoms undergoing this transition can
subsequently decay to the other ground state 6S1/2(F=3). No
optical pumping can take place on the closed transition, while
weak excitation of the cycling transition can to some extent
result with optical pumping. As shown in [35] for the case of
rubidium, the transmission of the medium in the center of the
Doppler envelope of the strong h.f. component of the Rb D2
line due to hyperfine pumping alone amounts to ≈5%. In the
case of cesium we can expect this effect to be even less
pronounced because the closest cycling transition is separated
from the closed one by twice as much as in the rubidium case.

As for the weak 6S1/2(F=3)→6P3/2(F=2, 3, 4) component
of the Cs D2 line, the pumping in the center of the Doppler
envelope coincides with excitation of the open 6S1/2
(F=3)→6P3/2(F=3) transition and it can be expected that the
measured value k0

sat of the peak absorption coefficient will be
affected by the optical pumping effect.

Therefore, in the present experiment, Eqs. (11) and (12) were
applied only to the Doppler broadened absorption spectrum of
the strong h.f. component of the 6S1/2→6P3/2 transition. In the
calculation the value (g1/g2)S=8/9 (see Appendix) was used for
the ratio of the statistical weights of the involved levels.

The fraction N(vz) of the atoms in the lower state that are able
to absorb under inhomogeneous broadening conditions can be
determined according to [28]:

Nðvz; ymlas;DmlasÞ ¼ 4

ffiffiffiffiffiffiffi
ln2
k

r
e−4ln2ðymlas=DmGÞ

2 DmsqrH þ Dmlas=2
DmG

N

ð13Þ
Here δνlas=0 since the pumping was done in the line center,

ΔνG is the inhomogeneous (Doppler) width (FWHM) of the
profile, ΔνH

sqr is a width of the rectangular approximation to the
normalized homogenous (Lorentz) component of the line
profile, and N is the total lower state population. Eq. (13) is
valid when the line profile is nearly pure Doppler



Fig. 2. (a) Absorption coefficient of the 6S1/2→6P3/2 transition measured for several powers P852 of 852 nm radiation. (b) Absorption coefficient of the 6P3/2(F=2, 3,
4, 5)→6D5/2(F=1, 2, 3, 4, 5, 6) transition measured with 852 nm laser being locked at the center of the strong hyperfine component 6S1/2(F=4)→6P3/2(F=3, 4, 5) of
the first excitation step. Measurements were done for a series of P852 values and the population created in the excited 6P3/2 state was probed with attenuated 917 nm
laser having the power of P917=16 μW. The frequency dispersion was calibrated by the transmission peaks of the confocal Fabry–Perot interferometer with f.s.r. of
150 MHz.
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(ΔνH
sqr≪ΔνG) and the laser linewidth Δνlas is much smaller

than the inhomogeneous linewidth but comparable with the
homogeneous linewidth. These criteria were fulfilled in the
present experiment, since ΔνG=460 MHz (measured width of
the Doppler envelope of the strong h.f. component), Δνlas=
5 MHz and ΔνH

sqr =8 MHz. The value of ΔνH
sqr was obtained

from the relation ΔνH
sqr =1 /PL(ν0), where PL(ν0)=2 / (πΔνL) is

the peak value of the normalized Lorentz profile. In the ex-
periment at hand, the Lorentz width was ΔνL=ΔνN+γCs–CsN=
5.2 MHz (ΔνN=5.18 MHz [36]). The value of N(vz) determined
from Eq. (13) amounts to 1×109 cm−3.

Population in the 6P3/2 level obtained from the saturation
measurements usingEq. (12),was also determinedby the absorption
measurement in the second excitation step 6P3/2→6D5/2

(λ=917 nm). In these measurements the power of the 917 nm
laser was sufficiently low to probe the population of interest without
introducing any additional perturbation. The 6S1/2→6P3/2 transition
was pumped in the center of the strong h.f. component and the
second step laser was swept in frequency across 6P3/2→6D5/2

transition. The 917 nm scans were taken for a series of 852 nm laser
powers already applied in the saturation experiment. The 6P3/2
number densitywas determined from the integrated or peak value of
the unsaturated absorption coefficient k917. Since the scanned
frequency range covered 6P3/2(F=3, 4, 5)→6D5/2(F=2, 3, 4, 5, 6)
transitions, the evaluation of N(6P3/2) from the integrated k917(ν)
was done using Eq. (3) and the corresponding oscillator strength
f917=0.238 obtained (see Appendix) from the total oscillator
strength f917

tot =0.282 [37] of the 6P3/2→6D5/2 transition. The
k917(ν) spectra were obtainedwith two-step excitation in counter-
propagating configuration and the measured line profiles were
Doppler-free, i.e. exhibited the pure Lorentzian shape. Thus for
the evaluation of N(6P3/2) from the measured peak absorption
coefficient the expression for the peak value of the Lorentzian
profile was used:

kL0 ¼ ke2

mc
dN d f917d

2
kC

ð14Þ

where the line width Γ (FWHM) was determined from the
measured spectra. Very good agreement between N(6P3/2)
values obtained in these two ways was found.
For a homogeneously broadened |1〉→ |2〉 transition, the
relationship between the unsaturated (ksat) and saturated (ksat)
peak absorption coefficients, measured at very low and relatively
high laser power, respectively, is given by [28,34]:

ksatðmÞ ¼ kunsatðmÞ
1þ SðmÞ ð15Þ

The above equation yields the following expression for the
ratio of the unsaturated and saturated peak (ν=ν0) absorption
coefficients of the homogeneously broadened transition:

ksat0

kunsat0

¼ 1
1þ S0

ð16Þ

By using Eqs. (16), (6a) and (b) one obtains the following
expressions for the populations of the lower and upper state:

N1 ¼ N
1þ g1=g2

g1
g2

þ ksat0

kunsat0

� �
ð17Þ

N2 ¼ N
1þ g1=g2

1−
ksat0

kunsat0

� �
ð18Þ

From the measurements of the peak absorption coefficient
for a series of laser powers the population densities N1 and N2

of the initial and final state, respectively, as functions of the
applied power can be determined using the above equations. In
the present experiment Eqs. (17) and (18) are applicable to the
determination of the population transfer from 6P3/2 to 6D5/2

state.
4. Results and discussion

The quantum efficiency of RFD/RFID devices depends on
the efficiency of the population conversion between input
(excitation) and output (detection) channel. For the cesium based
RFD/RFID [13,27] operating at room temperature in pure vapor,
which uses 6D5/2→7P3/2→6S1/2 radiative decay scheme to
detect the initial absorption event occurring at 6S1/2→6P3/2
transition, the detection efficiency essentially depends on the



Fig. 3. The velocity selective portions of the ground N(6S1/2) and the excited N
(6P3/2) state populations created during the saturation of the Cs 6S1/2(F=4)→6P3/2
(F=3, 4, 5) transition at 852 nm, plotted against applied pump power P852. ● —
Atom number density of the 6P3/2 state determined from 6P3/2→6D5/2 absorption
measurements; ○ — atom number density of the 6P3/2 state determined from the
saturation of the 6S1/2(F=4)→6P3/2(F=3, 4, 5) transition;□— velocity selected
fraction of the ground state population N(6S1/2) determined from the
saturation measurement; ■ — velocity selected fraction of the ground state
population N(6S1/2) determined using the measured data for N(6P3/2) and the
calculated value for the total number of the atoms in the lower state that are able to
absorb 852 nm radiation (Eq. (13)). Dashed lines are only guides to the eye.
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population density of the 6D5/2 state which can be created with
two-step 6S1/2→6P3/2→6D5/2 excitation.

The efficiency of the first step excitation was examined by
measurements of the laser absorption at 6S1/2(F=4)→6P3/2
(F=3, 4, 5) transition. The transition was gradually saturated
and the measured peak absorption coefficients of the strong h.f.
component was used to determine the population densities in
the 6S1/2 and 6P3/2 states using Eqs. (11) and (12). The values
thus obtained for the 6P3/2 density were checked by mea-
suring the unsaturated 6P3/2→6D5/2 absorption and deter-
mining N(6P3/2) from Eqs. (3) or (14).

The results of the measurements of the absorption coefficient
k852 at the 6S1/2(F=3, 4)→6P3/2(F=2, 3, 4, 5) transition are
shown in Fig. 2a for several pump powers P852 in the
investigated range (9 μW≤P852≤1.8 mW). For the two lowest
applied powers (9 and 50 μW) the spectrum was measured in a
2.5 cm long cell to avoid total absorption in the line center,
while the remaining scans were taken in the cell having
L=7.5 cm. The frequency calibration marks in Fig. 2a and b
were separated by 150 MHz.

The measurements were done at a cesium ground state
number density of N=(2.4±0.2)×1010 cm−3 which was
determined from the unsaturated absorption spectrum
(P852=9 μW) as described previously. The velocity selected
populations N1(vz) and N2(vz) of the 6S1/2 and 6P3/2 states,
respectively, created with different laser pump power applied,
were obtained from the measured peak absorption coefficient of
the strong (F=4→F′=3, 4, 5) h.f. of the 6S1/2→6P3/2
transition using Eqs. (11), (12) and (13).

The dependence of the N2(vz) population on the power P852

of the pump laser, determined from the saturation measurements
in the first excitation step were checked by directly probing the
6P3/2 state density with weak (P917=16 μW) second step laser at
6P3/2→6D5/2 transition. The 852 nm laser was locked in the
center of the strong h.f. component of the D2 line, and its power
was varied in the range from 9 μW to 1.8 mW. For each P852

power the 917 nm laser was scanned over 6P3/2(F=4, 5)→6D5/2

(F=3, 4, 5, 6) transition and the unsaturated upper step
absorption was recorded. For the two lowest applied P852

powers the upper state absorption was too weak to be measured
(the cell had to be kept short to avoid optical thickness of the
852 nm line). Reliable signals were obtained for P852N200 μW,
and the results for the absorption coefficient k917 are shown in
Fig. 2b for a few values of the pump power P852.

Because the k917(ν) measurements were performed with two-
step excitation in counter-propagating beam configuration the
obtained k917(ν) profile is Doppler-free and has the Lorentzian
form. The displayed k917(ν) spectra exhibit unresolved
components of the 6P3/2(F=4, 5)→6D5/2(F=3, 4, 5, 6)
transition. The most pronounced peaks separated by
≈30 MHz, correspond to F=5→F′=5, 6 h.f. transitions
[38,39]. The measured k917(ν) confirms the expectation
expressed previously in Section 2, i.e. that in the present
experimental conditions only the 6P3/2(F=5) level is populated
significantly when the strong h.f. component is excited in its
center with a narrow band laser. The number density N2(vz) of
the atoms in the 6P3/2 state was calculated from the measured
k917(ν) in two ways: from the peak absorption coefficient of the
Lorentzian profile (Eq. (14)) and from the integrated absorption
coefficient (Eq. (3)), which yielded consistent results. The cor-
responding number density N1(vz) of the velocity selected frac-
tion of the atoms in the ground state was calculated as N1(vz)=
N(vz)−N2(vz), where N(vz) is given by Eq. (13).

The values of N1(vz) and N2(vz) obtained by direct probing
of the excited state population with second step laser as a
function of pump power P852 are depicted in Fig. 3 with full
symbols, while the results determined from the saturation of the
strong h.f. component in the first excitation step are depicted
with open symbols. The agreement between the results obtained
in these two ways is very good. As mentioned in Section 2 the
absorption coefficient of 6S1/2→6P3/2 transition might be
burdened with optical pumping effects. However, as anticipated
earlier, and confirmed with the obtained agreement, it turns out
that within the error bar of the measured data, pumping in the
center of the strong h.f. component of the Cs 6S1/2→6P3/2
transition may be considered to be free of such effects. Based on
this finding we may conclude that reliable determination of the
excited state population is possible by performing saturation
spectroscopy in a single excitation step, with a care being taken
that the excitation is done on the closed transition. This is very
convenient in the cases when lacking adequate laser to further
excite atoms in the upper state.

The population created in the 6D5/2 state with the 917 nm laser
was determined fromsaturationmeasurements at the 6P3/2→6D5/2

transition. With the 852 nm laser (power: 1.56 mW) being locked
to the center of the strong h.f. component of the D2 line, the upper
step absorption was measured for a series of P917 powers between
12 μW and 2.5 mW. The k917(ν) results for four P917 values
covering the investigated range are shown in Fig. 4. Description of



Fig. 5. The 6P3/2 and the 6D5/2 state populations created during the saturation of
the Cs 6P3/2→6D5/2 transition at 917 nm, plotted against applied pump power
P917. The data were obtained from the measurements of the peak absorption
coefficient k917 while saturating 6P3/2→6D5/2 transition. ● — Atom number
density of the 6D5/2 state; ● — atom number density of the 6P3/2 state. Dashed
lines are only to guide the eye.
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the measured spectra is given in Fig. 2b. The peak absorption
coefficients of the unsaturated and saturated spectra were used to
evaluate N(6P3/2) and N(6D5/2) according to Eqs. (17) and (18),
respectively. The value of initial population created in the 6P3/2
state was additionally evaluated by determining N(6P3/2) from
the unsaturated k917(ν0) measurement according to Eq. (14). The
N(6P3/2) and N(6D5/2) populations dependence on the applied
P917 power are shown in Fig. 5.

During saturation of the 6P3/2→6D5/2 transition, for each
applied P917 power the blue fluorescence at 7PJ→6S1/2 (455 and
459 nm lines) was recorded simultaneously with the upper step
absorption. It served as indication of the increased population in
the 6D5/2 state. The 7PJ state can be populated radiatively from
6PJ level and by collisional 7P–6Dmixing induced by Cs ground
state atoms. To our knowledge the cross sections for this process
have not been reported. If we assume that they are two orders of
magnitude larger than the cross sections for the same process
induced by noble gases (He, Ar) [40], which is very likely
overestimated, the corresponding 7P–6D collisional transfer rate
at the present cesium density (2.4×1010 cm−3) would be≈20 s−1

atmost. Comparedwith the radiative 6DJ→7PJ rates which are of
the order of magnitude of 104 s−1 [28] these collisional rates are
negligible. Therefore, wemay say that in the present experimental
conditions the creation of the 7PJ population is entirely due to
weak radiative 6DJ→7PJ relaxation. Considering the cross
sections [41] for the cesium-induced collisional mixing of the
6DJ fine structure levels, the losses in the 6D5/2 population due to
this process can also be neglected in comparisonwith the radiative
6D5/2→7P3/2 rate. Collisional 7PJ fine-structure mixing is also
very weak at the present ground state Cs density (see the
corresponding cross sections in [42]), and with the used
interference filter (FWHM 10 nm), the measured fluorescence
intensity can be entirely attributed to the 455 nm line. Taking into
account all the information mentioned above, it is justified to use
the intensity of themeasured blue fluorescence as ameasure of the
6D5/2 population.

In Fig. 6 the dependence of the 455 nm line fluorescence
intensity is plotted against the population in the 6D5/2 level
determined from the saturation of the upper excitation step. As
Fig. 4. Absorption coefficient of the 6P3/2→6D5/2 transition measured for
several powers P917 of 917 nm radiation. The measurements were taken with the
pump laser being locked at the center of the strong hyperfine component 6S1/2
(F=4)→6P3/2(F=3, 4, 5). The pump laser power was P852=1.56 mW. The
spectrum calibration marks are separated by 150 MHz.
can be seen the measured five-fold increase in the fluorescent
intensity corresponds to a change of N(6D5/2) by the same factor.
This can serve as confirmation of the reliability of the method
used for the determination of the excited state populations created
with two-step excitation, using single-mode narrow band lasers.

The performed measurements illustrate and quantify the
limitations on the size of the excited state population which can
be created with pumping the Doppler broadened line with a
single-mode narrow-line laser. With the ground state atom
number density amounting to 2.4×1010 cm−3 andwith complete
saturation of the velocity selected group of atoms N(vz), a
maximum density of ≈5×108 cm−3 in the 6P3/2 state can be
attained, i.e. only ≈2% of the ground state population can be
transferred to the first excited state. Our finding is in agreement
with general expectations that the excited state populations
created by narrow-band laser pumping in the Doppler profile are
small. A rough estimate of the fraction of atoms that can be
Fig. 6. The intensity of the blue fluorescence emerging at the 7P1/2, 3/2→6S1/2
transition subsequent to the radiative 6D5/2→7P3/2 transfer of population, plotted
in dependence on the atom number density created in 6D5/2 state by 6P3/2→6D5/2

pumping. The shaded triangle indicates that the increase in theN(6D5/2) population
increases the 455 nm fluorescent signal by the same factor.
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excited by the saturation of the transition can be obtained from
the ratio of the homogeneous and the inhomogeneous widths. In
the present case, such an estimation yields an excited state
population which amounts to ≈1% of the ground state
population. This assessment underestimates the actual excited
state population because it does not take into account the ratio of
the laser width to the homogeneous width, which does not
necessarily has to be small. In the experiment at hand, the
velocity selective population fraction was calculated using Eq.
(13) which takes into account the homogeneous and inhomo-
geneous broadening as well as the laser line width and pump
detuning. The very good agreement obtained with the
experimental values proves the validity of our approach.

With the second excitation step and its complete saturation,
eventually only ≈1% of the ground state population can be
transferred to the 6D5/2 state. Moreover, these few atoms
reaching the 6D5/2 state have to pass another obstacle before
exiting the 7P3/2→6S1/2 (detection) channel. Namely, the
radiative 6D5/2→7P3/2 transition acts as a “bottle neck” in the
considered excitation scheme, due to its small transition
probability. All these inconveniences manifest themselves in a
low quantum efficiency of resonance fluorescence imaging
detectors which employ single-mode lasers to maintain high
spectral resolution, and low vapor pressure conditions (Dopp-
ler-broadened lines) to avoid radiation diffusion and trapping
which deteriorate spatial resolution. In fact, the quantum
efficiency of the process is determined by the branching ratio
between the radiative transition rate to the fluorescing level
(7P3/2) and the sum of the de-excitation rates of the D5/2 level.
By using the A-values reported in the literature for the pertinent
transitions (see [27]), this efficiency is ∼0.004, and therefore
even lower than the population transfer efficiency into the 6D5/2

state. Therefore, in order to preserve the advantages of high
spectral and spatial resolution for the investigated Cs RFID, and
at the same time increase its quantum efficiency, it becomes
imperative to ensure efficient 6D→7P population transfer. A
way of achieving this has already been proposed and
investigated [27]. By introducing helium in the system, a 35-
fold quantum efficiency increase was obtained. The helium
induced substantial collisional 6D→7P mixing and thus
augmented the population transfer on one hand, and on the
other caused line broadening and therefore increased the
effective pumping rate in the first excitation step.

5. Conclusion

The limitations of velocity selective excitation by pumping
the Doppler broadened atomic line with a single-mode narrow-
line laser have been examined quantitatively. The use of excited
state absorption in combination with saturation theory has
allowed the development of a robust technique for monitoring
the transfer of atomic populations within a multi-level atomic
system. It has been shown that velocity-selective excitation, in
addition to saturation effects, can greatly influence the transfer
of population involved in a two-step excitation scheme followed
by detection of resonance fluorescence, which is used in a
cesium based resonance fluorescence detector.
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Appendix A

The oscillator strength for the cesium 6S1/2→6P3/2 transition
is f=0.708 [36]. If the hyperfine structure of the 6S1/2 and 6P3/2
levels is taken into account, there are six transitions involved,
and the following relationship between the corresponding
oscillator strengths exists:

fa þ fb þ fc ¼ fd þ fe þ ff ¼ f ¼ 0:708 ðA:1Þ

Here fa, fb, and fc label the oscillator strengths for
F=3→F=2, 3, 4 transitions, respectively, which form the
weak component of the 6S1/2→6P3/2 line. The oscillator
strengths for F=4→F=3, 4, 5 transitions, which constitute the
strong component of the transition are denoted with fd, fe, and
ff, respectively.

If we look at the ground state as a whole, the oscillator
strengths of the weak and the strong component of 6S1/2→6P3/2
transition are defined by:

fW ¼ gF¼3ðfa þ fb þ fcÞ ¼ gF¼3df ¼ 0:310

fS ¼ gF¼4ðfd þ fe þ ff Þ ¼ gF¼4df ¼ 0:398 ðA:2Þ

where gF=3=7/16 and gF=4=9/16 are the relative statistical
weights of the ground state hyperfine sublevels with F=3 and
F=4, respectively.

The oscillator strength of the |1〉→ |2〉 transition is given by
[29]:

f12 ¼ mc
8k2e2

k212
g2
g1

A21 ðA:3Þ

Accordingly, we can define the oscillator strengths for the
weak and strong component of the 6S1/2→6P3/2 transition:

fW ¼ mc
8k2e2

k212
g2
g1

� �
W

A21 fS ¼ mc
8k2e2

k212
g2
g1

� �
S

A21

ðA:4Þ
By taking the ratios fW/f12 and fS/f12, and taking into account

Eq. (A.2) we obtain:

g2
g1

� �
W

¼ gF¼3
g2
g1

g2
g1

� �
S

¼ gF¼4
g2
g1

ðA:5Þ

For the 6S1/2→6P3/2 transition, g1=2 and g2=4, and the
relation (A.5) yields (g2/g1)W=7/8 and (g2/g1)S=9/8 for the ratio
of the statistical weights of the upper and lower level in the case



1268 V. Horvatic et al. / Spectrochimica Acta Part B 61 (2006) 1260–1269
of weak and strong hyperfine component of the 6S1/2→6P3/2
line, respectively.

By applying the expressions for the relative line intensities of
the (J, F)→ (J′, F′) hyperfine transitions [28] to the Cs 6P3/2
(F=2, 3, 4, 5)→6D5/2(F=1, 2, 3, 4, 5, 6) case (917 nm line), the
following relationship between the intensities IFF′= I(F→F′) of
the considered hyperfine components is found:

I21 : I22 : I23 : I32 : I33 : I34 : I43 : I44 : I45 : I54 : I55 : I56

¼ 3
13

:
3
13

:
3
26

:
2
13

:
35
104

:
33
104

:
9

104
:
891
2600

:
198
325

:
21
650

:
77
13

: 1

ðA:6Þ

If the total oscillator strength for the J→J′ transition is
known, the oscillator strength of each particular hyperfine
transition can be obtained from the set of the following relations
[28]:

IðFYF VÞ
Ið ̂FY ̂F VÞ ¼

f ðFYF VÞ
f ð ̂FY ̂F VÞ d

2F þ 1

2 ̂F þ 1

F; ̂F; ̂F V¼ F V;F VF1

ðA:7Þ

For the Cs 6P3/2(F=3, 4, 5)→6D5/2(F=2, 3, 4, 5, 6)
hyperfine transitions, which were relevant for the evaluation of
present experimental results, the corresponding oscillator
strengths calculated using Eq. (A.7) read:

f32 ¼ 0:054 f43 ¼ 0:024 f54 ¼ 0:007
f33 ¼ 0:117 f44 ¼ 0:093 f55 ¼ 0:053
f32 ¼ 0:111 f45 ¼ 0:165 f56 ¼ 0:222

ðA:8Þ

If each hyperfine sublevel of the 6P3/2 state is considered, the
following relationship between the oscillator strengths of the
hyperfine transitions holds:

f21 þ f22 þ f23 ¼ f32 þ f33 þ f34 ¼ f43 þ f44 þ f45
¼ f54 þ f55 þ f56 ¼ f tot917 ðA:9Þ

where the total oscillator strength for the 917 nm line is
f917
tot =0.282 [37].
If we look at the 6P3/2 state as a whole, the oscillator

strengths of F→F, F±1 components are:

f3 ¼ gF¼3ð f32 þ f33 þ f34Þ

f4 ¼ gF¼4ð f43 þ f44 þ f45Þ

f5 ¼ gF¼5ð f54 þ f55 þ f56Þ ðA:10Þ

were gF=(2F+1) /gtot denotes the relative statistical weight of
the considered hyperfine sublevel of the 6P3/2 state, and gtot=32
is the total statistical weight of the 6P3/2 state.
The relation (A.10) yields the oscillator strength f917= f3+ f4+
f5=0.238 for the 6P3/2(F=3, 4, 5)→6D5/2(F=2, 3, 4, 5, 6)
component of the 6P3/2→6D5/2 transition.
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