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Abstract

This paper is a reviewwith a few original additions on the radiative transport and collisional transfer of energy
in laser-excited cesium vapors in the presence of argon or helium. Narrow-band excitation of lines with Lorentz,
Doppler and Voigt profiles is studied in order to calculate effective rates for pumping of spectral lines with profiles
comprising inhomogeneous broadening components. The radiative transport of excitation energy is considered, and a
new, simple and robust, but accurate theoretical method for quantitative treatment of radiation trapping in relatively
optically thin media is presented. Furthermore, comprehensive lists of experimental values for the excitation energy
transfer cross-sections related to thermal collisions in Cs—Ar and Cs—He mixtures are given. Within the collected
cross-section data sets, specific regularities with respect to the energy defect, as well as the temperature, are discerned
A particular emphasis is put on the radiative and collisional processes important for the optimization of resonance—
fluorescence imaging atomic filters based on Cs—noble gas systems.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Numerous basic studies have been performed
on systems involving alkali vapors and their

Theoretical and experimental investigations on mixtures with noble gases. There are several rea-

radiative transport and collisional excitation energy sons why these systems are very suitable subjects
transfer in gases, vapors and plasmas have a longfor experimental as well as theoretical investiga-
tradition in physics, since these complex processestions. Alkali resonance lines are in a spectral range
have to be fully understood if, for example, astro- attainable by available lasers and alkali vapors can
physical phenomena are interpreted, plasmas arégagijly he generated in cells. On the other hand,
characterized or discharge lamps for light genera- ¢ 15 their simple hydrogen-like structure, alkali

tion are optimized. atoms are convenient subjects for theoretical cal-
*Corresponding author. Faxt 385-1-469-8889. culations and for modeling. All these investigations
E-mail address: vadla@ifs.hr(C. Vadla. are important contributions to the general basic
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understanding of the physical processes in excited cence imaging filters have been carried out, deal-
atomic systems. They can be found in the literature ing with the optimization of the basic filter
under keywords such as optical pumping, line properties to find compromise conditions between
broadening, interaction potentials, radiative trap- optimum efficiency and both spectral and spatial
ping, diffusion of resonance radiation, collisional resolution. The experiments were performed with
excitation energy transfer, etc. On the other hand, cells filled with pure Cs vapors or mixed with Ar
there is a large body of work that deals with as the buffer gas. Cesium was chosen because of
practical applications of energy exchange pro- its high vapor density at room temperature and its
cesses in mixed vapors or gases. Alkali—noble gas convenient resonance wavelengths. As pointed out
systems used as atomic line filters represent onein [9], the laser wavelengths for pumping Cs atoms

example.
In an atomic line filter the input radiation at a

are in the near-infrared region, which is easily
accessible by cw laser diodes. Furthermore, the

resonance wavelength is absorbed in an atomicdetectors can be compact, portable and operated

vapor and a radiation output is observed at a
different frequency after radiative and non-radia-
tive excitation energy transfer processes. Atomic
line filters operate in various metal vapors at
numerous discrete wavelengths throughout the UV,
visible and near-infrared spectral regiofhs,2).

Mixtures of excited Cs or Rb atoms and noble gas

atoms have been found to be good candidates for

atomic filters. In a passive atomic line filter, no
additional optical pumping is applied, while in an
active filter the atomic vapor is initially prepared
by optical excitation using a laser tuned to the
wavelength of an intermediate transition, which
enables conversion of the input radiation to the
signal at a desired output wavelength. The atomic
line filters are ultra-narrow-band filters, which can
have various practical applications in applied spec-
troscopy, for instance in analytical chemistry or in
optical communications. Of particular interest are
atomic filters operating at the Fraunhofer minima
of the solar spectrum, which allow the measure-
ment of weak radiation in the presence of the solar
background.

Special classes of the atomic filters are imaging
detectors, i.e. two-dimensional atomic line filters.
Ultra-narrow-band atomic resonance ionization and
fluorescence imaging detectofs—4] represent a
new trend in imaging science with promising

with very low power consumption. The experi-
mental findings[5—10 stressed the influence of
the pumping schemes chosen and the effects of
radiation trapping and collisional mixing on the
general efficiency of a Cs imaging filter. It was
stated that further investigations of these processes
are needed to optimize these systems.

The aim of the present paper is to give specific
contributions to the optimization of the Cs imaging
filters. In particular, optical pumping, radiation
trapping and collisional excitation energy transfer
in neutral metal vapors are considered. New
aspects as well as new theoretical approximations
are presented, which can be useful for the straight-
forward quantitative analysis of the systems.

The present paper is organized as follows. Sec-
tion 2 deals with optical pumping i.e. pumping
rates and atom number densities created in excited
states are considered for narrow-band laser exci-
tation of both homogeneously and inhomogeneous-
ly broadened spectral lines. Appropriate relations
are obtained, which enable the evaluation of pump-
ing rates and the determination of optimum con-
ditions for optical pumping with respect to
maximum excited state number density. In Section
3 approaches are presented that yield a qualitative
picture of the radiative transport in atomic vapors
leading to trapping and diffusion of resonance

practical applications. They are under development radiation. The procedures presented also allow a
for the detection of e.g. moving objects or spatial quantitative treatment of the radiation diffusion

distributions of excited particles in a medium. and the effective radiation rates at almost optically
Here, besides spectral resolution and quantumthin conditions in a simple way. The collisional

efficiency, spatial resolution is the most important excitation energy transfer in cesium vapors, pure
characteristic of such detectors. Recently, severaland mixed with Ar or He, is addressed in Section
investigations[5—10 into cesium-based fluores- 4. The elements of experimental and theoretical
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approaches to this subject are discussed, and com- In the following sections, optical pumping by a
prehensive lists of experimental cross-section datasingle mode laser is considered with a view to
for various collision excitation energy processes producing the highest possible population density
involving cesium atoms taken from literature are in an excited atomic state, which is directly related
given. Taking into account these data, a simple to the efficiency of atomic filters. It is assumed
empirical relation between the energy defects and that the atomic vapor is confined in a closed cell
the cross-sections for different excitation energy at thermal equilibrium and that the absorbing
transfer processes is presented and a general picatoms are influenced by atom—atom collisions.
ture of the temperature dependence of the collision Some basic items important for the present consid-
cross-section is given. Finally, based on the con- erations is briefly discussedor more details see
siderations and theoretical approaches presentedRef. [12]) and the conditions for optimum effi-
experimental conditions for improvement of the ciency of optical pumping of the cesium resonance
spatial resolution and efficiency of imaging atomic lines in Cs—noble gas mixtures are discussed.
filters are predicted. The relevant spectroscopic
and other data concerning cesium are given in 2.1. Line kernel profiles
Appendices.
In gaseous medium, spectral lines have homo-

2. Optical pumping geneous proﬁles in their kfernels due to natural and
collision (impach broadening. The termomoge-
neous is related to the fact that all atoms in the
system participate in absorptigor emission with
equal probability. In contrast to that, the lines can
also be inhomogeneously broadened due to the
Doppler effect[13].

The homogeneously broadened line profile has
a Lorentzian shape, given in the normalized form

Optical pumping can generally be defined as
selective population or depletion of energy levels
by radiation. There are many aspects of optical
pumping, the effects of which depend on the
properties of the radiation and the characteristics
of the absorbing transition. For instance, if a
polarized narrow band light is absorbed in transi-
tions between the staté$) and |2), represented

by the electronic angular momenfa  afg  and 1 rv
the corresponding magnetic quantum numbéys PL(V_VlZ):E( 2 v /72
v—vip) +(T /2)
then the 2,4+ 1 degenerate substatggM,) of the
lower and upper level will be unequally depleted whereI'™ [s~*] denotes the broadening parameter,
and populated. The unequal population, i.e. the which comprises contributions from different
polarization of particular Zeeman sublevels, is the homogeneous broadening mechanisms. Note that
consequence of the selection rules for the absorp-the broadening parameter is expressed in frequency
tion of the polarized light in the|lJ,M,)— (emphasized by the superscript, not in angular
|2J,,M5) process and the spontaneous emission in frequencyo =2mv. This notation is used through-
the |2, M,y —|1,J,,M ) process. These optical out the paper. The natural broadening is character-
pumping effects can easily be achieved by classical ized by the parametdry,=A,/2w , whese,, is
incoherent light sources and detected by monitor- the Einstein coefficient for spontaneous emission.
ing the anisotropy and polarization of fluorescence The collision broadening parameters are usually
light. Long before the invention of the laser, represented in the fornT'i,=viNp , wherg}
experiments of this type were extensively per- [s™! m? is the broadening rate coefficient and
formed applying spectral lamps, hollow-cathode N, [m~3] the perturber number density. Due to
lamps, radio-frequency discharges, etc. At the samenatural and collisional broadening, the homogene-
time, the theory of optical pumping was developed. ous profile is a convolution of individual profiles,
A detailed review on this subject for the period which again is a Lorentzian with the broadening
1924-1971 is given in Refl1]. parameted’y,=I"}.+ 1% . The peak value of the

(2.1



1238 C. Vadla et al. / Spectrochimica Acta Part B 58 (2003) 1235-1277

Lorentzian profile equals? (0)=2/(=wT}) and It should be emphasized that the above relations
the half-width (full width at half-maximum, are accurate to 1% for all values 4&f /Ay in the
FWHM) is A, =T, range from 0O tow.

The Maxwellian distribution of atomic velocities
in a thermal vapor and the Doppler effect yield a 2.2. Pumping rate as a function of line profiles
Gaussian line profile, which in the normalized
form is represented by: For modeling of atomic excitation schemes, a
quantitative description of the optical pumping,
1 V—15)2 i.e. knowledge of the pumping rates, is often
Pg(v—v1p)= WeXF{_[A—J } (2.2 needed. To establish the relationships between
oy Vp Vp . . L.
pumping rates and basic characteristics of absorb-

With Avp=v1,(0,/c), Whereo .= (2kT/M )V2 is ing t_ransitions, we consider a cell filled with
the most probable velocity of atoms, whiteand ~ &tomic vapor having the total number densiy

M, are the Boltzmann constant and the mass of & temperaturel. The vapor is illuminated by a
the atom, respectively. The peak value of the laser beam with the frequency-dependent spectral
Gaussian profile i5(0)=1/(n%2Av,) and the  intensity"(v) [J m™= s Hz"|, which is deter-
full-width at half-maximum amounts toAg= mined by the powerW [J s77], the bandwidth
2(In2)¥2A vy, A [Hz] and the beam cross-sectignim?]. The

When both homogeneous and inhomogeneous!aSer frequency, is tuned to the frequency ;.

broadening processes are present, the full line Of the 1—2 transition from the ground to an
shape is a convolution of the Lorentzian and the €xcited state. It is assumed that states 1 and 2 are

Gaussian profiles. The resulting line shape is degenerate and that their Zeeman sublevels are
known as a Voigt profile, for which an exact collisionally mixed to such an extent that the

analytic expression has not yet been found. There Polarization effects become negligible. This is
are, however, tabulated data for the normalized Valid in experiments with the cesium resonance
Voigt profile Py(v—vy,a), where the parameter lines optically pumped by a linearly polarized,
a=A,/As. They can be found e.g. in RefL4]. single-mode laser beam when, for example, the
The analysis of these data and fitting to analytical Noble gas pressure is larger than several 10 mbar
functions yielded approximate analytical expres- at room temperature. Information and data for
sions for the peak value®,(0) and the half- collisional depolarization of Cs resonance lines
widths Ay of the normalized Voigt profiles. From ~¢an be found e.g. ifil6]. States 1 and 2 are taken
the empirical analytic expressions, as given in 0 beé well separated mutually and isolated from
[15], it follows that the peak value of the normal- the other levels, so that all collisional excitation
ized Voigt profile can be expressed by the half- €Nergy transfer processésee Section ¥can be
widths of the Lorentzian and Gaussian Neglected. In such conditions and taking into

components: account absorption, spontaneous emission and
stimulated radiation, the system is described in the
Py(0) steady-state regime by the following simple rate
1 equation for the number densitiéds andN, in the

- I t states:
AV[1.065+0.447(AL/A\/)+0_058(AL /A, )2] relevant states

2.3 dN dN
( ) El=_E2=O=_HN1+A21N2+&HN2
where the half-widthA,, of the Voigt profile is 82

given by: (2.5

) 12 where IT [s™1] is the pumping rateA,, is the
AV=AL/2+[(AL/2) +A§} (2.9 Einstein coefficient for spontaneous emission, and
g1 and g, label the statistical weight of the lower
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and upper state, respectively. The above rate equahand,Y [J s°* n1 3] is proportional to the first

tion is related to an optically thin volume element.
Considering the spectral intensify(v,x) of the
beam propagating in thedirection, the appropri-
ate expression for its change at the position
betweenx andx+dx is:

d v _ v ’ v
a[ (vx)=—k(W)I"(v.x)+ k' (V)["(v,x) (2.6)

wherek(v) [cm™1] is the linear frequency-depend-
ent absorption coefficient ank(v) is the coeffi-
cient for stimulated emission. Here, the
contribution by the isotropic spontaneous emission
in the x-direction has been neglected. E@.6)
corresponds to Ed2.5), and it is obvious that the
kK'(v)/k(v) ratio is equal to(g,/g>)(N»/N,), and
that ¥'(v) becomes non-negligible for high inten-
sities of incoming light. In that case, the medium
is characterized by a fictitious absorption coeffi-
cient ks(v) =k(v)(1—g.N,/g N9, which is usu-
ally called the saturated or non-linear absorption
coefficient. However, the actual absorption pro-
cesses are related i§v), which can be expressed
as:
k(v)=KN.P(v—v1y) (2.7
where K is given by the well-known Ladenburg
relation:

(2.9

andP(v—v,,) [Hz ] is the normalized[Pdv=1)
line profile. Here f,, is the line oscillator strength,
and ¢ and m, are the electron charge and mass,
respectively. If the line is homogeneously broad-
ened, the first term in Eq(2.6), integrated over
the whole frequency range, yields the total power
absorbed per unit volume:

Y=KN1J’PH(v—v12)I"(v) dv 2.9

where the subscript H is a reminder of the homo-
geneous character of the line profile. On the other

term in Eq.(2.5):

Yth]_zHHNl (210)
whereh is the Planck constant. The combination
of Egs. (2.9) and (2.10) gives an expression for
the pumping rate in the case of a homogeneous
line profile:

K
H=
hvlz

jPH(v—vlz)I”(v) dv (2.11)

If we consider the influence of the relationship
between the line profile widtlA and the laser
bandwidth A, on the pump rate, it is useful to
make a straightforward analysis in which the line
profiles are approximately represented by rectan-
gles. In this model, the square profitg,(v—v1J),
normalized to unit area, is constant and equals 1
Aso for the frequencies in the intervéal,,— As%/

2, v1,+AS%/2). Outside of this interval it is zero.

In the same way, the rectangular laser spectral
intensity isl&,= W/gA asin the frequency interval
(Vias— A 1ad/ 2, v 10t A 12{2), and zero otherwise.

In the following, we consider only optical pump-
ing in the center of the linév,.=v,,). In the case
when

(8) Ajpe>AST
which corresponds to broadband laser pumping,
Eqg. (2.1D yields:

KW 1
thzq AIas

Iy (2.12

which means that the line profile is irrelevant, i.e.
the pumping is homogeneously distributed over
the whole atomic ensemble. Therefore, E2.11)
can also be used for calculation of the pumping
rate of inhomogeneous profiles in the case of
broadband pumping. It is plausible that optimal
pumping occurs whem = A" Furthermore, in
the case when

(b) Ajge<AST

the rectangular approximation of a homogeneous
profile (width: A" yields the following expres-
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sion for the pumping rate:

iy KW 1
hv g AR

(2.13

Obviously, the pumping ratI1")? can be
determined without exactly knowing the laser
bandwidth. However, the line width of the homo-
geneous profile is needed.

If the line profile comprises the inhomogeneous
component, thenv, in Eg. (2.9) should be for-
mally replaced by a portioV" <N,. Since the
pumping rate in Eq(2.10) is defined for the total
number densityV,, this implies a lowering of the
effective pumping rate. Nevertheless, the integral
over the frequencies in Eq2.9), which is related

C. Vadla et al. / Spectrochimica Acta Part B 58 (2003) 1235-1277

2.3.1. Pure Lorentzian profile

In the case of a pure Lorentzian profile
(A_ > Ag) and for the laser detuningyv ,s="v o5
v, the detuning-dependent pumping ralé",
obtained via Egs.(2.1) and (2.11), reads as
follows:

1 KW A
27 hvig (Aviad?+(A/2)?

Y (Avag) = (2.14

For the sake of clarity in the following text,
here we define the pumping ratH'C for the
center of the Lorentzian profileAv,.=0):

_2kW 1
T hvig AL

LC

(2.19

to a inhomogeneous absorption coefficient, has no and the ratelI*" for the pumping in the Lorent-

specific physical sense. In this case the determi-

nation of the pumping rate is not simple and this
issue is treated in the following subsection.

2.3. Single-mode laser excitation in the line kernel

zian wing (Av,,>>A)):

1 KW A
20 hviog (Av,as)2

T“%(Avi,) = (2.16

Since for the homogeneous line broadening the

For practical and economic reasons, diode lasersabsorption is equally probable for each atom in

are the only true candidates for realization of active
atomic filters and imaging detectors. They can be
multimode (power of the order of magnitude of 1
W) or single modetypical power up to 100 m\W
However, the modes of a multimode diode laser
are typically 0.2 nm apart, which greatly exceeds

the Doppler widths at temperatures somewhat
above room temperature. Therefore, typical pump-

ing in the kernel of the spectral line with a
stabilized multimode laser is equivalent to single-
mode laser pumping.

In the following, we consider single-mode
pumping of a spectral line having a profile com-
prising the homogeneous and

inhomogeneous

the vapor, the detuning—dependent ratig/Ny,
obtained by combination of Eqé2.5) and(2.14),
is Np/Na=(I1"/A2) /[1+ (11" /A2)(1+ g /g ]
In turn, the pumping ratel- can be formally
expressed in terms of the established population
ratio N,/N as follows:

Nz(AV|aS)
Na

1_(1 +81/82)

HL(Avlas) =A,g

NZ(Avlas) (217)

A

The form of Eq.(2.17) is used in the next

broadening contributions. Here, we assume that subsection for the determination of effective pump-

the laser width\,, (typical value approx. 10 MHz
is very small in comparison with the widths of

both homogeneous and inhomogeneous profile

componentgA,..<A,Ag). Therefore, in the fol-
lowing, the laser line profile is represented by the
d-function, i.e. the laser spectral intensity is
described by *(v) =(W/q)-8(v —1o9).

ing rates in cases of line

broadening.

inhomogeneous

2.3.2. Nearly pure Doppler profile

In thermal equilibrium, the number density
dNA(v,) of the atoms with a velocity component
between, andv, +dv, is given by the Maxwellian
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distribution:

Na

| T0m

dN A(vy) = (2.19

ot |

Due to the Doppler effect, for the laser detuning
Avs=V 25— v 1,0Nly atoms with the velocity com-
ponent v,=(c/v.12)Av,,c can absorb photons of
frequencyv,,s propagating in the-direction. How-
ever, due to homogeneous line broadening, a cor-
respondingly larger portion of atoms can
participate in absorption.

First, we present a semi-quantitative approach
using the rectangular approximation for the shape
of the homogeneous line profile, since it is quite
illustrative for the subject considered. In this
approximation, the number densityt'!  of atoms
able to absorb incoming photons is determined by
vy being in the interval betweeary andoy, where:

v =(¢/v12)(Aviast AT (2.19

In the simple two-level approach, with the
selected velocity group of atoms taken as con-
served during the absorption and emission of a
photon, the following relationship is valid:

N =N+ NH (2.20
For v small compared witho,, i.e. when
Aﬁﬁf<<AG=2gIn2v12(u n/c), the detuning-depend-
ent number densitw}' | labeled withi,® in the

case at hand, is given by:

Na

)y T

Ux
2
e —4n2(Av, /A f dv,
FTrUm Ux
Asar
sqr
AF'<<Ag

4 In_2 e~ An2(Av./A Y
Vo A (2.20)

Taking into account E¢(.2.20), the rate equation
for the number densitie®Vi® and N3P, written
analogously to Eq.(2.5), yields the following
expression for the number density3® of the
excited atoms:

NRD(AvIas) =

NA!
G

1241
NBD(AVIas)
11%/Az,
= NRD(Av|aS)’
1+ (HH/A21)(1 +g]/82)
A< Ag (2.22

where the pumping ratH" is given by Eq(2.13).
In the case when the saturation parameiiEt/

A,1> 1, the considered velocity group of atoms is

strongly saturated, but the number density of the
atoms in the excited state is small compared with
the total number density,. This is the case of
strong burning of Bennet holes in the velocity
distribution [12].

By analogy with Eqg.(2.17), the effective rate
I12R related to all atoms can, in terms of ratios
N3P/N A, be defined as:

NSD(AMaS)
Na
1_(1 +g1/82)

NSD(AvIaS)
=Ap————,

Na

gf?(Avlas) =A,; NED(Avlas)

A
A'<Ag
(2.23

For example, in the case of strong pumping
(IT"/A,,>1) the combination of Eqs(2.23),
(2.22) and (2.21) yields for pumping in the line
center:

2042/ gy
Anq 1+g4/82Ag’

(2.29
ANr<Ag, MM7Az>1

which is obviously much smaller than 1. In the
limit TI"/A,, <1, the effective pumping rate is
related toIT" as follows:

sqr
H

Ag
AFr<<Ag, IT7A;<1

T15R(0) =4 In2/=

",
(2.29

However, from the efficiency standpoint of an
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atomic filter, it is important to obtain the highest The rate equation for the number densithéd-
possible excited-state number density. In the caseand N5- with appropriate pumping ratél*© [see
of single-mode pumping, that can be simply and Eg.(2.15)] yields the following expression for the
efficiently realized by increasing the homogeneous detuning-dependent number densiy*-:

half-width [see Egq. (2.24)], for instance by

increasing the buffer gas pressure. B
a
2.3.3. Combination of Doppler and Lorentzian NzDL(M,Ot,B)va(M,OL)B—NA (2.30
profiles 1+ (1+g1/g2)
In the following step we consider single-mode a

pumping of a spectral line with Lorentzian shape ) ] ]
of the homogeneous profile component. For the Where the pumping parametgris defined by:
Lorentz profile and for the given laser detuning,

the corresponding portiow}!, labeled asVg", is __2kwW 1 (2.31)
determined by a convolution of velocity compo- ThvigA 1 A g '
nent distribution [Eq. (2.18)] and the profile

P’L=(wAL/z)PLﬂAuas—ux(vlz/c) , Where the var- The calculated dependence 88-(0,a,8)/Na
iable of integration isv,. In contrast toP_ [see on parameters. and B for single-mode pumping

Eqg. (2.1)], the Doppler-shifted Lorentzia®| is in the line center is shown in Fig. la. The
dimensionless and is normalized to unity in the calculations were performed for the case when
line center. Note that E((2.21) can be formally  g,=g,. As can be observed in Fig. 1a, an optimum
regarded as a convolution of the velocity distri- population density in the excited state for moderate
bution and the homogeneous square profile, where pumping power(parameterg <3) appears when
the latter is normalized to have height equal to 1. a=1. A further increase in pumping power does
The convolution yields detuning—dependent not produce a significant rise in the population of

N, which may be represented in the form: the excited state.
For instance, in the case of the Cs D resonance
NR"(u,0) =f (u,0)Np (2.26) line at 300 K, the Doppler width of a particular
) o ] hyperfine component iA; =380 MHz. Using the
where the relative detuningis defined as: cesium vapor pressure curve given in Appendix C
and the value for the broadening parametgr
u=as—v1d/Ac (2.27) given in Appendix D, we obtain a Lorentzian half-

width that is approximately two orders of magni-
tude smaller than As. However, adding
approximately 50-mbar argon gas withi, =
2.5x1071° 5! (see Appendix D makes the
Lorentzian width comparable with the Doppler
width, i.e. creates optimum pumping efficiency. At
this point it should be stressed that, under the
physical conditions defined here, the decrease in
noble gas pressure below several 10 mbar, besides

and the broadening parameteras already defined
in Section 2.1, is:

a=A /A (2.29

The Voigt functionf, (u,a), the value of which
is in the interval between 0 and 1 for all values of
u anda, is given by:

1 (~ lowering the pumping efficiency, also removes the
Su(u,o)= Tf exp—s?) effects of collisional depolarization of the Zeeman
MU ) substates. In the limit of pure cesium equilibrium

% & . ds  (2.29 vapors near room temperature, we should take into

(u_ g/zﬂnz) + (a/z)z account strong polarization effects appearing when

the Cs first resonance states are excited by polar-
where the variable of integration Is=v,/vm. ized narrow-band light11,16.
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B =100

0.5 1

<

N,” (0, o, B) /N

1,20, o, B)/ (A, B)

(04 =AL/AG

Fig. 1. (a) The calculated excitetbtal atom number density
ratio N3“(Av,s=0,0,8)/N A as a function of the ratio of the
Lorentzian and Gaussian line widths=A, /Ag for a series of
pumping parameter, in the case of single-mode pumping in
the center of the line comprising inhomogeneous and homo-
geneous broadeningb) The relative effective pumping rate
TI15%(0,a.,8)/A2B for single-mode pumping in the center of the
line comprising inhomogeneous and homogeneous broadening,
as a function of thex=A_/Ag ratio and pumping parameter
B. The dashed line indicates the relative rate for pumping
homogeneously broadenéHorentzian line.

The effective pumping rate$l g (u,c,8)  were
calculated by analogy with Eq$2.17) and (2.23)
from the field of N3"(u,a,3)/N s curves via:

N2 (u,0,B)
N
DL — A —
Heff (M,G..B) A21 NZDL(M,(X,B) y 81T 82
1-2. =" 77
Na
(2.32

1243

The results obtained for the pumping in the line
center, expressed as the rafibgf(0,c,8)/A28
which we call the relative effective pumping rate,
are plotted vsA, /Ag in Fig. 1b. In the present
notation, the Lorentzian pumping rafteq. (2.14)]
is described by:

o

H"(u,oc,B)=A21B4 (2.33

u?+a?

For comparison, the hyperbolic curve
IT*C/A,.8 =Ag/A, is also plotted in Fig. 1b. As
can be observed, when a line having the Voigt
profile is pumped by a narrow-band laser, the
effective pumping rate strongly depends on the
parameter, i.e. on the applied laser power den-
sity. However, in the limitB <1 and fora>1,
the effective pumping ratdI3f approaches the
values of IT-. The present representation is very
convenient for establishing the relationships
between effective pumping rates and the rates
corresponding to the homogeneous component of
the line profile considered. For instance, in the
case of line-center pumping and fer=1, the
following relationship is obtained by fitting the
data displayed in Fig. 1b:

1

eDLOQ]‘, = N o oA
iw(0.1.B) 1.42+0.83B

I1-0,1,8), g1=g
(2.39

The numerical accuracy of the latter expression is
better than 0.01% foB values between 0 and 100.

If B— « (case of strong pumping then Eq.
(2.34 vyields TII9(0,1,0)=A,,/0.83, which
means that the maximum saturation parameter is
HeDfIF/Azlzl-z

2.4. Pumping in the Lorentzian wing of the Voigt
profile

In order to reach very high populations in the
excited state, it is obvious thai,, i.e. the tem-
perature T of the metal vapor cell, should be
increased as much as possible. However, for the
given power and bandwidth of the laser, a finite
saturation parameter and consequently a finite
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rate acquires the form of the Lorentzian wing
(~u~?) for a relative detuning several-fold~5)
greater thana. To obtain a relationship between
IT"" and the effective ratél2f" for the pumping
in the Lorentzian wing of the Voigt profile, we
have calculated the ratios TISFW(u>
50,00,8)/TI"W(u>5a,,8). The results as a func-
tion of « and B are depicted in Fig. 3. Analysis
of the results displayed has shown that the relation:

&:.‘; ™ (u>5a,0,B)

< 1 Lw

g = ———II"(u>5a,a,B),

e 1+2(8/)

= 81=82 a=1 (2.395

holds with the numerical accuracy better than
1:1¢ for thea and B parameters in the range
stated above. Substitution of Eq.33), (2.3D,
(2.28 and (2.27) into Eq. (2.39 yields a more
detailed expression faofl5FW

Hgflf_W(Avlas)
1 KW A
3 = s
10 01 T 1' — 10 | 4KW 1 2mhviyg (Av,as)z
- u= (VI - V12)/A Thv1g AziA |
as ¢ Avias>5A,, A >Ag (2.36)

Fig. 2. The effective ratdI2f(u,o,8) for pumping the line
comprising inhomogeneous and homogeneous broadening as a
function of laser detuningi=(v,,s—v1J)/A g for a series of
pumping parameterg in the case ofa=3. The dashed line 1.0
indicates the relative rate for pumping homogeneously broad- 1
ened(Lorentzian line in the line wing(u>> o).

absorption coefficient occurs. Thus, attenuation of 3

the laser beam takes place in accordance with the — 0.5 17
Lambert—Beer exponential law, and this produces 2=

a spatially inhomogeneous number density in =
the excited state. Nevertheless, under the condi-
tions of an optically thick line center, uniform and 0.0
efficient pumping in the whole vapor volume can 15
be achieved by laser excitation in the optically 5 0510
thin line wing. loga 05 "S S 10 05 7
00 "9 1.5 log

We have calculated the detuning-dependent
effective pumping ratesIIgf(u,o,8) using Egs. _ _ ‘ _
(2.30) and (2.32) for a series ofa and B para- Fig. 3. The ratio of the effective rate for pumping the Voigt

. profile in the Lorentzian wing and the rate for pumping pure
met‘?rs In the rangeda <100 and 0.kB < 100_' Lorentzian profile in the line wingI2xW/II*" calculated for
For illustration, the results fos =3 are shown in detuningsu > 5« and displayed as a function of and g for

Fig. 2. As can be observed, the effective pumping parameter values in the rangec& <100 and 0.k 8 <100.
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In the limit of strong pumping (W— =), depths kgR- being approximately in the range
HE#W=O.125421(AL/Av.aS)2. between 5 and 100. At optical depths higher than

Obviously, this rate is smaller than the rate 100, A,z becomes nearly constant over a wide
obtained by pumping in the line center. However, range of large optical depthisee for example the
at higher N,, trapping effects start to play a case of sodium in Refl20]).
significant role. Radiation trapping refers to the In the case of the cesium,D and,D lines at
fact that the absorbed, and subsequently sponta-Nes>10" cm 2 (and a cell radius of approx. 1
neously emitted, photons can be absorbed and re-cm) the effective rates are approximately two
emitted several times before finally reaching the orders of magnitude smaller than the radiative rate
cell window. A comprehensive overview dealing A,; (see Appendix E An increase in the ground-
with the problem of trapping is given in R€fL7]. state number densityy, has the favorable effect
As a consequence of this multiple re-absorption so that not only is there an increase in the popu-
and re-emission, the effective lifetime in the excit- lation of the excited state by pumping, but also by
ed state, related to photon escape from the wholelowering of the effective spontaneous emission
excited volume, is prolonged, i.e. the effective rate[see Eq.2.37)].
radiative rateAS? is smaller than the Einstein  Although pumping in the optically thin line
coefficient A,, (see Section B The simple rate  wing produces a rate that is smaller than that
equation[Eq. (2.5)], related to an optically thin  realized by pumping in the line centécompare
volume element, cannot be applied for the descrip- Egs.(2.34) and(2.36)], due to radiative trapping,
tion of such systems, since trapping is a volume a significant and spatially uniform population in
effect. Nevertheless, in the case of weak pumping the excited state can be produced, which is on the
in the Lorentzian wing(N,/N,<1), stimulated track of achieving high quantum efficiency of
emission can be neglected and the balance in theatomic filters.
whole volume considered yields:

3. Radiation trapping

DLW
H eff

A—gflfN A (2.37) As stated previously, a detailed treatment of the
radiation trapping can be found [47], which also
comprises a list of nearly 1000 most relevant works
published up to 1996. This bookl7] vyields
insights into the physical mechanisms of radiation
trapping and can serve as a toolbox of mathemat-
ical methods to solve various radiation trapping
problems in practice. In addition, historical pro-
gress of investigations in this field has been over-
viewed, showing that, at particular stages in the
development of this field, several times independ-
ent groups of atomic physicists and astrophysicists
made equivalent contributions at the same or
slightly different times.

Trapping problems are usually analyzed in
media characterized by high opacity at the relevant
AT = &A a1 (2.39 spectral lines. Due to trapping, the lifetimes of the

(mk5R)Y? resonance states can be prolonged by up to three
orders of magnitude, which makes the resonance
where k5 is the peak value of the absorption states act as quasi-metastable states.
coefficient, i.e. k5=2KN,/wA_. It should be As for the atomic line filters, they can be
emphasized that Eq2.39) is valid for the optical regarded as textbook examples of practical situa-

N2:

whereN, is the spatial average 8% The values
for AST are usually estimated using the results
obtained by Holsteii18,19, who studied in detail
two volume shapes: an infinitely long cylinder and
an infinite slab. In both cases, the limit of strong
absorption in the line kernel has been considered
for two extremes: a pure Doppler and pure Lor-
entzian line profile. In the case of an infinitely
long cylinder with the radiuc (a similar situa-
tion as for a long absorption cgland in the case
of a pure Lorentzian profile, the Holstein approx-
imation yields:
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tions in which trapping plays a vital role. Discus-
sion on the positive influence of strong trapping
on the quantum efficiency of an atomic line filter
can be found in Ref[17]. Nevertheless, regarding
the spatial resolution of an atomic imaging filter, I
trapping is an especially undesired effect. For
example, when only part of a volume with metal
vapor is excited in such imaging detectd&, the
subsequent re-absorption and re-emission pro-
cesses produce excited atoms far outside of the (a)
original excitation zone. This diffusion-like effect v,
can strongly degrade the spatial resolution of the
imaging atomic line filter. M) -
Since imaging atomic line filters should have as \
high quality as possible, it is obvious that the M, | %*
region of relatively small optical depths, where . Vi V
trapping effects start to play an important role, is —L—
of particular interest. For this reason, we consider
here radiation trapping for optical depths lower (b)
than 1 in a way that can be useful for finding
experimental conditions for optimum spatial reso- Vi Vn Vet

lution of atomic imaging filters. Y
2R, | * * *
3.1. Rate equation approach }

[+ 2RC$

Following the considerations in the previous
section, the problem of trapping can easily be ()

defined in terms of additional optical pumping o ) )
Fig. 4. Schematic illustration of the trapping and resonance

rates appearing m.dense' (_axuted medl.a' For .thls radiation diffusion processes. For detailed explanations see the
purpose, we consider again the cell filled with eyt in section 3.

atomic vapor illuminated by a light beam matching

the 1— 2 transition. Here, we assume low intensity

of the incoming light and neglect stimulated emis- where H(?H) is the position-dependent pumping
sion. Furthermore, we assume significant opacity rate for the 1> 2 transition. In contrast to Eq.
of the medium at the frequency of the transition (2.5), we have here not only the position-depend-
considered. The latter assumption means that theent number densities, but also the additional
spontaneously emitted photons can be absorbedpumping’ termX,, which represents absorption in

and re-emitted in the media again. Then, the AV, of the spontaneously emitted radiation from
appropriate equation for the power balance in a the rest of the excited volume:

selected optically thin volume elementV, at

position7,, within the volume/ illuminated by the X,= Y X, (3.2
laser bean(see Fig. 4ais: e
CIACSING R where, X,,, [J s] is the power of the radiation
X from volume elementAV,, that is reabsorbed in
— AN {7, AV, hvi+ X, =0 (3.D the volumeAV,. The powerW,, [J s '] emitted

from volumeAYV,, is given by:
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W, =AgN {7 AV v, (3.3)

At this point, it is crucial to define the spatial
and spectral distribution of re-emitted light from a
selected volume element. We assume that the
spontaneous emission is isotropic and, in addition,
that all atoms emit the same, fully spectrally-
redistributed spectrum, which is the same as the
absorption profileP(v). It should be noted that
the same assumption was made by Hols{dii.
Now, the spectral intensity},,(v) [J m™? s*

Hz~1] at positionr, , which is spontaneously emit-
ted in the volumeAV,, and exponentially attenu-

ated along the patﬁm—?n , can be expressed as:

|

Iin(v)= — " P()exd —k(v)|F, 7,
r

qn r

m n

(3.9

The volumeAV, is characterized by an absorp-
tion coefficientk(v) at the transition 2. The
absorbed power per unit volum®¥,, is defined
analogously to Eq(2.9):

X, = Aank(v)I}’,m(v) dv (3.5

By substituting Egs(3.5), (3.4), (3.3) and(3.2)
into Eq. (3.1), we obtain the following relation for

the number densities at positiap

5 5
rm - rn

)

AN f7,) =40 Y AV, N (7, ) F(

m%#n

=11(#)Nn.(7,) (3.6
where the functiorF(|?m—?n ) is given by:
f k(v)P)exd] — k()| — 1| | dv
F([#,~7.])=* —
4w |r,— 7,
(3.7
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By replacing the sum in E(.3.6) by a volume

integral wherer,, and, becomé and , respec-
tively, we obtain the steady-state equation of Hol-

stein [18] with an external sourc&l (7)N,(#) :

A21N2(?)—A21f N {7)
VO

xF([7-7]) @ =n()n.G) (3.9

The above equation, with no source part, was
derived by Holstein18] and in the literature it is
known as the Holstein or Holstein—Biberman
equation[17,24.

The Holstein integral Eq(3.8) is the equation
for the spatially dependent number densities of the
atoms in the excited state. A general solution of
the Holstein equation does not exist. For every
particular case, with given boundary conditions,
the solution can be obtained only by making
suitable approximations. In the Holstein approxi-
mation [19)], the solutions were obtained fa(v)

X |?,,,—7»n > 1 for a geometry reduced to a quasi
one-dimensional case. For instance, in the case of
an infinite slab the number densities of atoms in
the excited state are taken to be independent of
two space coordinates. In addition, as mentioned
in Section 2, the Holstein approximation is related
to pure Doppler and pure Lorentzian profiles.
Because of their convenient explicit form, the
results of the Holstein approximation became
widely used in spectroscopy for situations in which
media exhibited a strong trapping effect. In con-
trast, in the next subsection we consider the trap-
ping effect for a finite volume and low optical
depths.

3.2. Low opacity and constant number-density
approximation

We consider a finite volume of the siz€®. The
atoms are excited by spatially uniform optical
pumping at the transition %2, i.e. we assume
the pumping ratdI to be independent of the space

coordinates. At uniform pumpingIT(7)=IT=

constarit, the number densities;(#)  amd,(#)
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can be regarded as weakly dependent on spatialTable 1

co-ordinates and, in a straightforward approach,

Numerical values of the coefficientsa,P=(P(0))~ f

the position-dependent number densities can be p(,))+dy for the Doppler and Lorentzian profile

replaced by average valups  aNd , respective-
ly. This implies that the integral in Eq(3.8)

should be related to the average valuerof in the
volume considered, i.e. to the center of gravity
where the contributions from the rest of the volume

are the largest. Therefore, we take7,, , where

7 IS the position of the center of gravitgee Fig.
43).

Hence, the integral Eq(3.8) reduces to the
linear equation:

) #r=1IN, (3.9

— r(:g

ApN — AN zj
vol

If we look for the simplest way to reduce the
problem described by Eq3.9), it is apparent that
the volume integral is most easily solved by
assuming spherical symmetry. Although this geom-
etry is of no particular interest regarding further
considerations in the present paper, it is, neverthe-
less, very convenient for transparent demonstration
of the validity of the approximations that are made.

With the substitutionp=|#—7| , the volume
integral in Eq.(3.9) in spherical coordinates reduc-
es to:

sph_f F(|”_’"cg) %
- J { f k() P(v)exe] — k()] dv] dp (310

0

where Rs is the radius of the spherical volume
considered. In accordance with the initial assump-
tion of low opacity, the exponential function in
Eq. (3.10 can be represented by the first three
terms of the Taylor series:

exp —k(v)p|=1—k(v)p+ %(k(v)p)z (3.1

which is a good approximation fok(v)p <0.5.

i aP

i

L

i

a

1 0.707 0.500
2 0.577 0.375
3 0.500 0.312
4 0.447 0.273
5 0.408 0.246
6 0.377 0.225
7 0.353 0.209
8 0.333 0.196
9 0.316 0.185
10 0.301 0.176

With this approximation, we obtain the following
result for the integralsyy,

Jopn=a kR §— (k';!e ¥ + (k'? ¥ (312

where k§=KN,P(0) is the peak absorption coef-
ficient, while the dimensionless coefficient8 are
of the following form:

J— 4‘[(10(1;))”l dv (3.13

T (PO

For pure Lorentzian and pure Doppler profiles,
the corresponding coefficientg anda? are 1/2
and 1/ /2, respectively. The calculatiofisee Table
1) show that these coefficients are always smaller
than 1 and, in addition, they decrease slowly when
i increases. FokfRs<0.4, the first term in Eq.
(3.12) is dominant. Even whenkbRs=0.4, its
contribution ta/p,amounts to approximately 95%.
Therefore, in the present approximation it is justi-
fied to takeJspn=a"kR sfor k'R «<0.4.

In view of the further consideration presented,
cube- or cylinder-shaped volumes are of interest.
In the case of a cylinder with radiug. and height
2Rc, the corresponding integrdly, is given by:
Jey=1.1%k5Re kR c<0.35 (3.19

In the case of a cube with volumé3, the
calculation yields:



C. Vadla et al. / Spectrochimica Acta Part B 58 (2003) 1235-1277

Jeun=0.64"kL, kT <0.6 (3.19

For the particular geometry and corresponding
J, Eq. (3.9) yields a number density in the excited
state:

Ny
2 Ap(1-J)

(3.16

which is higher than in the pure optically thin
case. The emitted radiation is ‘trapped’ in the
volume considered and, from the macroscopic
point of view, the excited state is characterized by
a lowered spontaneous emission rate, given by:
AST=A,(1-1) (3.17
The factorm=(1—J), commonly attributed to
the probability for radiative escape from a cell

(escape probability exhibits in the case of low
opacity and constant number density a direct

dependence on the line broadening parameters,

number density of the atoms in the lower state and
the size of the cell. In summary, bearing in mind
the basic assumption of spatially isotropic and
frequently fully redistributed spontaneous emis-
sion, theJ values for all three cases of geometry
and three basic types of line profilékorentzian,

Voigt, Gaussiah discussed above are given by:

Rg 1/wAL
J={1.1R, ><]\71><%f12>< a¥P (0) , J<03
0.64. (2In2/m)"?/Ag
(3.19

where the values for the coefficienty, which
corresponds to the Voigt line profile, depend on
the ratioA, /Ag and are in range betweer4 and

1/y2.
3.3. The ‘piece-by-piece’ method

Among many approximations for the solution
of the Holstein equation, a simple but efficient
method for numerical solution is the so-called
piecewise method17]. The basic principle is to
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divide the vapor cell volume inte small optically

thin regions with centers at corresponditig . The
number density in the excited state is assumed to
be constant within each region. Then, the specific
trapping problem is defined by amdimensional
set of linear equations with unknown population

densitiesNz(?gg) . Obviously, this method fits with
the concept of trapping adopted in Section 3.2.
The substantial difference we make here is that we
consider optically quasi-thin and slightly ‘trapped’
volumes. Using the results given in Section 3.2 it
is instructive to examine the simplest case when
we have two adjacent cubic volumésee Fig. 4b

of equal size L, both relatively optical thin
(k5L <0.6). In this ‘piece-by-piece’ approach, both
volumesV, andV,, are supposed to be under the
same physical conditionGamong othersy,(n)=
Ny(m)=N,). The volumes are excited by the
pumping ratesll, and II,, and, as stand-alone
units, are characterized by an effective spontaneous
emission ratedST=A,,1—J .y . Then, following
the scheme given by Ed.3.6), with A,;— A%,
AV—I3 |t |-L and NL(7) > NaG), we
obtain the system of two coupled relations for the

average number densitids,(n)  aNg(m)

ASIN An)— ASILPON gm)=TI,N,
(3.19

— ASTLAON An)+ASIN gm)=T1,N,

where, analogously to Eq3.7) and to the proce-
dure performed in the steps from E&.10) to Eq.
(3.19), the coupling factorb is given by:

jvk(V)P(V)eXp[—k(V)L} afkEL  0.12J
4mr2 T 4mL® L3
kPL<0.6 (3.20

b

Regarding the pumping of volumés, andV,,,
we consider two cases. In the first case, when

(@ ,=11,=11
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the solution to Eq(3.19) is: tions were most often sought for two basic geom-

_ etries studied originally by Holstein, i.e. the

Ny(n)=N o(m) infinite cylinder and the infinite slab. In order to
II _ test the validity of the approximate solutions

zA21(1—J D(1—0.127 QNl 32D obtained here, we have applied the procedure
o o described to an infinite cylinder.
The above relation clearly shows that mutual  For this purpose, we consider an infinite long

influence betweerV, and V,, (see Fig. 4b, lejt cylinder with a radiusR., which is divided into
leads to a further decrease in the effective spon- sub-regions of equal lengthRg (see Fig. 4%.
taneous emission rate in the whalg+ V,, volume. Each region is pumped by the same rate By
In the second case, when taking into account all assumptions made before,
(b) I, %0 andIl,,=0 each sub-regiom with the volumeV=2nRE can

th

. _ N be characterized as a stand-alone unit by an effec-
e following solutions for the number densities of tive spontaneous emission redg=(1—J o)Az

the excited. atoms in the particular volumesand where J.,, = 1.135kER for kR <0.35 as given
m are obtained: by Eg. (3.14). In the next step, we consider the
H piece-by-piece interaction between the sub-regions.
ﬁz(n)= n =N, The situation is described by an infinite system of
A21(1=J (1 —0.0144(J ) coupled relations. Following Eq(3.6) and the
_ 1T, I substitutions introduced in the previous subsection,
~A21(1 —J cu) 1 the expression for the average number density
(3.22 No(n) of the n-th element is:
— 0.12Jpll, _
N = N e Y, T
2m) Apy(1—J u(1—0.0144(J o)) 1 AS{[N {n) =2V® N {n+1)
< 01eull, o —2V®,N (n+2)—...]
A21(1 _quk) = H]Vl(n) (324)
(3.23

Eq. (3.23 describes diffusion-like effects, i.e. Where, according to E.3.7) and the approxima-

widening of the originally excited zone by radia- tion mentioned abovek;R:-<0.35), the factors
tive transport(see Fig. 4b, right In terms of ®,, are:

optical pumping, it can also be described as the

appearance of induced pumping in the medium

outside of the primarily excited region. k(v)P(v)exd —2mk(v)Rc]|
The approach presented here yields a qualitative ®,, = = 4 (2mR.)?

picture of the radiative transport in atomic vapors m ¢

leading to the trapping and diffusion of the reso-

nance radiation. With restraints for relatively opti- akER ¢

P

cally thin cases acknowledged, these simple = 8227 R [1—(2mkS’Rc)a—§,

procedures enable quantitative treatment of the o7 (2TRc) a1

trapping effect as well, which is illustrated by an (2mkGRc)? g8 (2mkERQ)® 4P

example in the following subsection. + ol a_'f_ 31 ;lj (3.29

3.4. Infinite cylinder: piece-by-piece approach
Using the values for the coefficient$ given in
Trapping is a volume effect and, in its theoretical Table 1, and fitting the series in E3.25 to an
treatment by solving the Holstein equation, solu- exponential function, we can wri®,, as follows:
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atkoR ¢

= exd —2mk§R /b 3.26 1.0
8m?(2mRY) o= 2mkoRe/bT] (3.29
‘\\ numerical results
0.8 PRy made-by-Post
where the coefficienb® for Lorentzian and Gaus- S
sian profiles are given by-=1.27 andb®=1.19, o
respectively. 0.6 e Present low peak absorption N
’ approximation
However, since equal pump rates for each vol- N PP
ume element and homogeneous number density 04
N,(n)=N,(n+m)=N, are assumed, the problem
is reduced to a single equation, because in that 02
caseN,(n)=Nyn+m)=N, is valid. Thus, for an
infinite cylinder Eq. (3.24) yields the following 0.0.m 02 oa e oo
expression: 5
kO RC
_ 11 _
N2=A21(1 —7 |)(1 —_J |)N1 (3.27 Fig. 5. The escape probabilityy calculated for the case of
cy cyl

infinite cylindrical volume and Doppler broadened line as a
function of the optical depthSRc. The results of the approx-

where imation presented here are compared with the more general
numerical calculations reported [21].

, b b O exp —2mkoRc/b"| expanded into power series and the escape proba-
oy~ ZalkORC 21 m2 ' bility was obtained by integration over the funda-
b " mental mode distribution. Post’s calculations, as
koRc<0.35 (3.289 given in [20] show excellent agreement with
experimental results. Very good agreement
between the results obtained using E8.29) and
the numerical results given {i21] for small values
of k5R confirm the efficiency of the present piece-
by-piece approach. This agreement is most proba-
bly the consequence of the equivalence of the
[ 1 physical assumptions made in the model presented
Ney= (1= 1.13a5kER )| 1 — —ak R ¢ here (uniform optical pumping, averaged constant
4 number densitigsand solving the Holstein equa-
tion for the fundamental mode distribution.

Note that the series in E§3.28) can be repre-
sented with great accuracy by the first three terms
only. The approximate expression for the facipr
i.e. for the escape probability, is:

- exp —2mkoRc/b"]
Xy , kER:<0.35

m2

m=1

4. Collisional excitation energy transfer
(3.29
Collisional excitation energy transféCEET) in

The values fom, calculated via E3.29) are thermal collisions between excited atoms and mol-
shown in Fig. 5, together with the numerical ecules in gases has been the subject of numerous
calculations made by Posi21] for the same investigations during the last decades. The CEET
geometry. Both results are given for the case of a processes are important mechanisms for establish-
pure Doppler line profile. The numerical results ing the population distributions, and very often
published in [21] were obtained for values of play a crucial role in many phenomena in excited
kSR between 0.1 and 100. In that work, similar gaseous media. Studies of such interactions are of
to the Holstein approximation, the solutions for great interest in a variety of fundamental and
the number density in the excited state were applied fields. Therefore, when speaking about
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working schemes and the efficiency of atomic line
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relation is a very sensitive check for the consisten-

filters, these non-radiative processes represent ancy of the experimental results and is very useful

inevitable issue.
4.1. Cross-sections for CEET processes

In general, the CEET processes involving two
particles A and B excited to different states before

for the determination of complementary values for
cross-sections in cases when only one member of
the cross-section pair is known.

From the experimental and theoretical point of
view, alkali atoms are the most convenient subjects
for investigation of CEET processes, and therefore

and after collision can be schematically representedthey are the most extensively studied systems in

by:

A(i)+B(j) > A@")+B(/)+AE, s 4.0
where the energy defedF, . ;,,,=E,+E,—E,—

E; is transferred to or gained from the kinetic
energy of the colliding pair A B. Studies on
CEET concern the determination of rate coeffi-
cients or corresponding collision cross-sections for
a particular reaction[Eq. (4.1)]. Denoting the
states of the A-B complex with |1)=|i;j) and
|2y =|i'y">, the number of reactiond) —|2) per
unit volume and unit time is defined as the product
Na(m)Ng(n)k,,, where N (m) and Ng(n) are the
number densities of colliding particles, arid,
[s7* m? is the temperature-dependent rate coeffi-
cient. Analogously to the gas kinetic theory, the
rate coefficient is usually defined &s,=(v)Q15
where (v) is the average relative velocity of a
colliding pair and the factor of proportionality
0., [m?] is the temperature-dependent collisional
cross-section for the CEET procels —2). In

the same manner, we can define the cross-sectionA™(i)+B(0) = A(0)+B'(j) +AE;;

0., for the reversdl) < |2) process. Thes@,(T)

this field. An exhausting overview of the experi-
mental and theoretical results up to 1974 is pro-
vided in [22,23. The investigations of CEET in
that earlier period are most frequently related to
the excited alkalis in collisions with ground-state
alkali atoms(of the same or a different typeor

with noble gas atoms. Alkali atoms easily evapo-
rate at relatively low temperatures and experiments
were mainly performed in the temperature range
of few 100 K above room temperature, which
defines the collisions investigated@srmal. Low-
pressure alkali vapors generated in cells at thermal
equilibrium were optically excited by use of spec-
tral lamps and the population densities in excited
states were determined via fluorescence measure-
ments. Here, two basic processes have been stud-
ied, known as intra-atomic mixing:

A*(i)+B(0) > A"(i')+B(0)+ AE;, (4.3

and inter-atomic mixing:

(4.9

cross-sections are averages of the actual cross- The application of tunable lasers in later years

sections(see Section 4)2over the thermal relative
velocity distribution. In a statistical assembly in
thermodynamic equilibrium and in the absence of
other processes, a simple rate
NAG)Ng (ki =Na(i")Ng(j )k, must be fulfilled.

Since the number densities in that case obey the

Boltzmann distribution, the principle of detailed
balancing predicts tha®,(T) and Q,7T) should
be in the ratio:

01T)/Q2AT)= (g /8 ])qu —AE Z/kT) (4.2
where the statistical weights of the4AB system
after and before CEET are labeled wigh This

enabled a large variety of precise experiments to
be carried out and the investigation of processes
in which two excited atoms in collision produce

equation one atom excited in a high-lying staté) and the

other atom in the ground state:
A*(i)+ B (j)—> A" (h)+B(0)+AE, (4.5
These processes are known as energy pooling.

4.2. Elements of experimental approach

One of the simplest CEET experiment represents
the resonance fine-structure mixing of the alkali
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first n?P;,, andn®Ps, sublevels due to ground-
state atoms of the same kind. The first alkali

resonance doublets lie isolated in the energy term

diagram, and, for example, if théP;, is optically
excited from the ground-state®S,,,, the rate
equations for the states’P,,, andn?Ps, can be
written as:

dN
dtl =—NiA1p—NR1z+N R 5, (4-6)
dn,
dr :+Nmu_NﬁxFN£2ﬁnoyo (4ﬂ

where the state%®S,,,, n°P,, andn®P, are
labeled with indices 0,1,2, whil®,, and R,, are
the collision transfer rates of the forRy=k,Np=
(v)Q;Na. In the case of cw laser excitation, i.e. in
the steady-state regime, the ratio of the indirectly
NMto directly producedvs” number density yields
via Eg. (4.6) the relationship N9/N3'=R,,/
(Ao+R,). Analogously, for optically pumped
n?P; ,,, we obtainViY/N{'=R /(A 55+ R »). With

1253

different groups, to establish reliable cross-section
values for a particular CEET.

4.3. Elements of theoretical approach

The comparison of experimental and theoretical
results provides an important check on our under-
standing of the dynamics of inelastic collisions in
gases and our knowledge of interaction potentials
between colliding atoms or molecules. The prob-
lem of theoretical determination of CEET cross-
sections basically consists of the determination of
non-radiative quantum-mechanical transition prob-
abilities between the initial and final states of a
A+B collision complex. Due to their hydrogen-
like electronic structure and long-range electrostat-
ic interaction potentials, alkali—alkali collisional
systems seem to be ideal subjects for theoretical
modeling of CEET processes.

Parallel to the CEET studies during the last
decades, many investigations in a closely related
field of collisional broadening of spectral lines
were conducted. In these investigations, alkali—
alkali and alkali-noble gas systems were also

known values for the radiative relaxation rates, extensively studied. Numerous spectral line-shape
these data pairs yield the values for collision measurement$24] and calculations of adiabatic
transfer rates. Finally, to evaluate the correspond- interatomic potentials, i.e. the atomic potentials
ing cross-sections, the values for the average rel-with the atoms at rest, have been performed,
ative velocity and the perturber number density yielding a relatively clear, but certainly not simple
are needed. Although this may appear to be a pictures of the relationships between collisional
relatively simple task to accomplish, due to several line-broadening parameters and interatomic poten-
difficulties it is not. First, determination of the tials. As for cesium—cesium interaction potentials,
ground-state number densities for alkalis is often most relevant information can be found in refer-
difficult. Furthermore, to achieve detectable signals ences[25—-29. Regarding collisional dynamics,
the experiments often have to be performed at typical physical conditions in CEET experiments
ground-state number densities where, due to radi-are very convenient for the application of several
ation trapping, measured lifetimes are no longer standard quantum-mechanical approximate proce-
natural lifetimes and the determination of effective dures. First, the mean relative velocities of collid-
lifetimes is necessary. Once effective lifetimes are ing atoms(typically in the range between 40 and
involved, diffusion of the excited atoms out of the 10° cm s ) are obviously negligible in compari-
excitation zone has to be considered too. Severalson with the velocity of optical electrorgpprox.
additional effects, for example fluorescence ani- 10° cm s 1) which, in terms of quantum mechan-
sotropy due to polarization, have to be properly ics, means that the collisions asdow, and the
taken into account. The situation becomes more motion of nuclei and electrons can be regarded
complicated in systems in which simple two-level separatelfadiabatic approximation Furthermore,
models are not appropriate and the set of relevantthe de Broglie wavelength for the relative motion
rate equations should be enlarged. It usually takesof the colliding complex(in CEET experiments
several experiments, performed independently by typically 107° cm is substantially smaller than
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the range parameter of the interaction potentials of a linear combination¥)=a(f)|1) +ax(t)|2) .
(typically up to 108 cm for alkali—alkali inter-  Applying the orthonormal properties of the unper-
action9, which defines the collisions aguasi- turbed states to the time-dependent Schrodinger
classical. In this case, the motion of the colliding equation, we obtain the time development of the
nuclei can be described by classical trajectories system considered, described by two coupled dif-
ferential equations for the time-dependent coeffi-
cientsa,(1):

9

7=#(2,1). In a simplified model, we can regard
the collisional trajectories as straight lines with

constant velocity) . In this case the internuclear

n s ¢ ., day _ .
separation isr=R|/1+v%?%/R? , where is the ih=y =@V utad exp(—iAE 51/h) (4.8)

distance of closest approach of the colliding par-
ticles (impact parameter Interatomic potentials, 0,
vanishing at infinite nuclear distances, are gener- iﬁE=31V21quiAE21t/ﬁ)+ay22 (4.9
ally represented with terms proportional tgrt
(resonance dipole—dipole interaction=3; van . . .
der Vaals interactior; —6, etc). As a function of where Ehe matnx_ elgments are briefly _wrltt_en as
time, these interactions are of a bell-shaped form V5= (i|V|j). Considering the system being in the
and their maximum occurs approximately during hlghe_r. state|2) before collision, i.e. with initial
the collision timet.~R/v. Taking into account conditions a;(t=—»)=0 and ay(r=—»)=1,
the mean relative velocities under typical condi- thiS equation system corresponds to the set of Egs.
tions in CEET experimentsy. is significantly (4.6) and(4.7), where the upper state 2 is pumped.
shorter than the atomic radiative lifetimes. There- 1h€ probability of finding the collisional pair after
fore, all excited states can be regarded as stablecllision in state [1) depends on the relative
during a single collision. In addition, at typical Velocity and the parameters of the collisional
atom number densitie§up to 108 cnr?®) the ~ talector, and is given by, (R.v)=lay(R,i=
collisions are separated in time, i.e. only binary + )|
collisions have to be taken into account. ) ) )

Following the simple two-state model described ¥4 Comparing theory with experiment
by Egs.(4.6) and (4.7), states 1 and 2 at infinite _ _
r, i.e. at the beginning of the collision, can be To compare the theoretical results with the

represented by an orthonormal set of stationary €xPerimentally obtained values for the cross-sec-
eigenfunctiongl) and |2 of a time-independent tions, we shqulld carry out appropriate integrations
Hamiltonian operatofl, with eigenvalug and over the collision parameters of the collision tra-
£ which i pl ted toth gt bed i jectories and average over the velocity distribution

, Which 1S Telated 1o € unperturbed guantum- corresponding to the physical conditions of the
mechanical system AB. During the collision in

he time | -~ - . , particular experiment. If the energy defesE is
the time intervalz= — o,r= + =), an interatomic negligible in comparison with the mean kinetic

perturbationV  represented by terms of the form energy of the collision system, we can suppose
{/rm:@m/,n(;,,) occurs, and the perturbed Hamil- that the velocities remain constant during the

tonian becomes time-dependeit= i, + 7/ Here. Collision and the collision trajectories can be rep-
. 0 ' " resented by straight lines. Then, the velocity-
C" is the operator for the particular type of

) . o , dependent cross-section is given by integration
interaction, which is related to the coordinates of

_ over the impact parameters as follows:
the valence electrons. In accordance with the
common quantum-mechanical procedure, the wav-

efunction |¥) of the collisional system obeying 021(U)=2ﬂf RPRv,t=+ ©)dR (4.10
the time-dependent Schrodinger equatidm| V) 0

/dt=(Ho+ \7) X |¥) can be represented in the form
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Since the measurable quantity in experiments is complexity and specific parameters make it diffi-
the rate coefficienk, the corresponding value for cult to obtain transparent insight into the impor-
the velocity-averaged cross-section should be cal- tance of special mechanisms leading to a particular
culated as Q,,=(vo,(v))/{v). Assuming the  CEET. On the other hand, numerous models have
Maxwell-Boltzmann velocity distribution  been proposed to simplify calculation of the CEET
P(v,T) =v?%exp[— wv?/kT], wherep is the reduced  cross-sections and to obtain tractable analytical
mass of the collision pair, we obtain the following expressions that yield a better insight into the
relation for the exothermic temperature-dependent collision transfer mechanisms. It is typical for these
cross-section: models[23,31,32 to concern the transitions prob-

abilities P(R,0) localized in narrow regiondR

f ) 021(u)v3exr{— wz/sz] dv around the c_haracteristi_c ir_npact paramet&es
0 Here, the basic assumption is that the off-diagonal

04(T)= = matrix elements in the system of Eqst.8) and
J’ USGXF{—MUZ/%T] dv (4.9 are small compared with the difference
0 between the diagonal ones. Then, in such case of
(4.11 generally weak coupling, the non-radiative transi-
tions between the initial and final states becomes

Under the assumptions made above, the samesignificant only in narrow regions around the
relation holds for the cross-sectio@,, of the  Pseudo-crossing pointéocated aR,) of the quasi-
inverse endothermic collision. If the energy defect molecular adiabatic potential curves, where the
is not negligible in comparison with the mean Wwell-known Landau—Zener approa¢B3] can be
kinetic energy, the situation becomes more com- applied. Such models yield various analytical
plicated and enters the field of velocity-changing €xpressions among the basic CEET parameters,
collisions. In this case the collision trajectories Which makes it easier to interpret the relevant
cannot be represented by simple straight lines. As transfer mechanisms, but unfortunately the numer-
for the cross-section related to the endothermic ical results obtained are systematically and often
reactions, in such cases the lower limit of the significantly lower than the experimental data.
integral in the nominator of Eq4.11) should be

replaced by a threshold valug,= \,f"‘ZAE/p“ _ 4.5. CEET cross-sections for some alkali—alkali
Different from the field of collision line broad- ~ $ystems
ening, the agreement between experimental and
theoretical results is rather poor in CEET. In spite  In general, the magnitude of collision cross-
of the many conveniences mentioned for the theo- sections depends on the kind of collision partners,
retical treatment of CEET processes involving the configuration of the initial and final states, the
alkali atoms, theoretical determination of the cor- energy defect and the temperature. Owing to the
responding cross-sections is extremely complicat- body of available experimental cross-section data,
ed. Since the interactions in collisions remove the certain regularities with respect to the dependence
degeneracy of the states investigated, a large num-on energy defect and temperature can be discerned.
ber of sub-states should be considered. The colli- As an example, two data sequences are given in
sion dynamics is generally very complex and can Table 2. The first concerns the fine-structure mix-
hardly be represented by straight-line trajectories ing of the first resonance?®P, states of Na, K, Rb
with constant velocity. Solution of the correspond- and Cs due to collisions with ground-state atoms
ing multidimensional set of coupled time-depend- of the same species. The experimental values cited
ent differential equations requires complicated were obtained at different temperatures in the range
time-consuming numerical calculations, e.g. as between 323 and 573 K. The second set of the
shown in [30]. These calculations yield good values constitutes the data for the fine-structure
agreement with experimental results, but their mixing of resonance?P, states of Li, Na, K and
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Rb in collisions with ground-state Cs atoms. These

. 1000
data were measured at similar temperatures of

Li*+Li Na*+Na k4K
approximately 500 K. It is instructive to inspect f ~
the behavior of the cross-sections for the exother- ¢ o % RE* +Rb
mic reactions, which, in contrast to endothermic  _© 100
ones, do not have a velocity threshold. The data ‘o Na*+Cs M . é Cs"+Cs
for the exothermic cross-sections, depicted in Fig. < K*+Cs %
6, show clear and almost identical dependence on © ]
the reaction energy defect. Presented in a double 105 Rb*+Cs
logarithmic scale, the cross-sections decrease b MrAres.fs. g e
approximately as AAE, with the cross-sections for m_A*+Cs resonance f.s. mixing
the homonuclear processes being shifted towards 1 . . . .
higher values. This shift seems to be plausible, 01 1 10 100 1000
because the homonuclear” AA reactions are AE, (cm™)

characterized by strong long-range dipole—dipole

resonance interactiong23,34—-36, while the Fig. 6. The cross-sections, listed in Table 2, for #@,,—
CEET in heteronuclear A+ Cs systems is found n?P,,, fine-structure mixing of the first resonance states in
to be due to electrostatic interactions of shorter alkalis induced by collisions with the ground-state atoms of

. d to dipol d le int ti like or unlike species, plotted as a function of the reaction
range, 1.e. due 1o dipole—quadrupole Interactions energy defect. The data depicted were obtained at different

[37-41 in the cases at hand. As for the tempera- temperatures in the range between 323 and 573 K. The circles
ture dependence of the exothermic cross-sectionsand triangles, representing thé -AA processes, label the val-
measured, the cross-sections considered show &es obtained at higher and lower temperature, respectively.
moderate decrease with increasing temperature.

The relationship between the exothermic cross- was also observed for the energy pooling processes
sections and the energy defect in homonuclear [42]. The regularity of theQ ~1/AE dependence
alkali—alkali collisions had been noticed in the for homonuclear and heteronuclear alkali—alkali
earliest CEET investigatiori®2]. Similar behavior  reactions has been recently investigated in detail

Table 2

Cross-sections for homonuclear and heteronuclear fine-structure mixing in alkalis: the cross-sections for the fine-structure mixing
of the first resonance?P, states of Na, K, Rb and Cs by collisions with the ground-state atoms of the same species and the cross-
sections for the fine-structure mixing of the first resonantié, states of Na, K and Rb induced by collisions with Cs in the ground
state

Process 01> 051 T Reference
(1078 cnd) (10718 cmd) (K)
Homonuclear A"+ A
Na (3p,,») +Na Na(3P;/,) +Na 532480 283+42 424 [22)
330+ 60 330+ 30 573 [34]
K (4Py5) +K K (4P;3/5) +K 370+ 74 250+ 50 350 [22)
330+ 66 165+33 550
Rb (5P,,,) +Rb Rb(5P;,) + Rb 53+11 68+14 360 [22)
74+15 4619 543
Cs (6P,/,) +Cs Cs(6P;/,) +Cs 6.4+1.3 3146 323 [22)
14+5 27+10 585 [36]
Heteronuclear A"+ Cs
Li (2P,/») +Cs Li (2Ps,)+Cs 8904400 430+193 475 [38]
Na (3P, ;) +Cs Na(3Ps/,) +Cs 140+ 28 83+17 530 [39]
K (4P;,) +Cs K (4P5/,) +Cs 77415 48410 520 [40]

Rb (5P;,,) + Cs Rb(5P;,) +Cs 16.5+3.3 15+3 575 47
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[43], but an adequate, general theoretical descrip- and noble gases are also given. All data presented
tion of this phenomenon is still lacking. Neverthe- here were obtained by measurements in cells at
less, regular behavior with respect to a given thermal equilibrium.

characteristic parameter, for instance the energy

defect, of the CEET cross-sections measured, can ) . .

be useful in making an estimation of the cross- #0-1- CEET involving two cesium atoms

sections for those processes that have not yet been AS pointed out in the previous section, the
investigated. behavior of the exothermic cross-sections is more

instructive than that of the endothermic ones, since
the latter depend on the reaction threshold, which
introduces an additional proportionality factor

equal to €284 | The cross-sections for various
exothermic CEET processes involving two cesium
atoms have been collected from the available

atoms and ground-state argon atoms are of partic-térature, were sorted by reaction type and are
ular interest here. Expected CEET reactions occur- ISted in Tables 3a, 3b and 3c, where the data for
ring in a mixture of excited cesium atoms and mtra—multlplgt mixing, mter—multlp_let mixing aqd

ground-state noble gas atoms are those involving €Nergy pooling processes are given, respectively.
the following collision pairs: Cs+Cs, C§+C$ , For some of the processes listed, the cross-section

Cs +noble gas and CsCs,. Based on data Was measured only for the corresponding endo-
published in the literature, it is possible to form a thermic reaction, and the values listed for exother-
scheme for the thermal cross-section dependencemic processes were calculated using the principle
on the energy defect and temperature for a given of detailed balancing; these results are listed in
class of collisions. For comparison, as well as for Table 3a—c in braces.

confirmation of the regularities noticed in the The data collected in Table 3a—c were measured
cross-section behavior, data for some other alkalis in the temperature range between 350 and 600 K.

4.6. CEET processes in Cs”+Ar,He mixtures

Since many experiments on imaging filtdfs—
10] were performed in Cs—Ar systems, the CEET
processes in mixtures of optically excited cesium

Table 3a
Cross-sections for intra-multipletP;,, —nP;,, andnDs,, —nDs, mixing in cesium induced by collisions with ground-state Cs
atoms

Number Cs(2)+Cs(69)—Cs(1)+Cs (69 AE,, T 051 Reference
(cm™) (K) (10-%° cmP)

1 Cs(6P;,,) > Cs (6P;,,) 554 350 343 [35]
585 27+10 [36]
2 Cs(7P;,) > Cs (7Py,) 181 443 10722 [48]
3 Cs(8P;,,) > Cs (8P,,) 83 420 {126+ 38} [44]
4 Cs(5Ds,) = Cs (5Ds,) 98 601 36+ 8 [45]
585 57+19 [46]
5 Cs(6Ds/,) = Cs (6Ds),) 43 413-533 21040 [47]
6 Cs(7Ds/2) = Cs (7Ds5) 21 413-533 27850 [47]
7 Cs (8D5/2) —-Cs (8D3/2) 11.7 413-533 608 120 [47]
8 Cs(9Ds,) = Cs (9Ds,) 7.2 413-533 1268270 [47]
9 Cs(10Ds/,) — Cs (10D5,,) 4.7 413-533 2026 400 [47]
10 Cs(11Ds,) —» Cs (11D3),) 3.25 398-453 55081700 [49
11 Cs(12Ds,,) — Cs (12D3),) 2.3 398-453 8708 2600 [49
12 Cs(13Ds,,) — Cs (13D3),) 1.7 398-453 11408 3400 [49

For the processes where the cross-section was originally measured only for the endothermic reaction, the corresponding cross-
section for the exothermic process was obtained from the principle of the detailed balancing and these values are given in braces.
The reaction energy defect and the experimental temperature are given. References are in square brackets.
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Table 3b
Cross-sections for various inter-multipkt— »n'l’ mixing processes in cesium induced by collisions with ground-state Cs atoms
Number Cs(2)+Cs(6S) —>Cs(1)+Cs (69 AE,, T 051 Reference
(cm™H (K) (107 cnP)
1 Cs(5D) - Cs (6P) 3010 480-637 383 [45]
585 35+ 10 [46]
2 Cs(7Ds,,) = Cs (8Py,2) 339 420 {33+ 8} 44
3 Cs(7Ds,,) — Cs (8P, ) 360 420 {23+ 6} 44
4 Cs(4F) —Cs(89) 155 525 {185+ 60} [22]
5 Cs(8P;/,) > Cs (89) 1475 525 {120t 40} [22]
6 Cs(9D) —» Cs(8D) 1013 440 12%50 [50]
7 Cs(9D) —» Cs (109 536 440 28-14 [50]
8 Cs(9D) - Cs (6F) 507 440 11G-55 [50]
9 Cs(10D) - Cs(8D) 1657 440 11345 [50]
10 Cs(10D) — Cs (6F) 1139 440 14472 [50]
11 Cs(10D) —»Cs (9D) 636 440 21285 [50]
12 Cs(10D) »Cs (119 338 440 36:15 [50]
14 Cs(10D) »Cs (7F) 320 440 162-81 [50]
15 Cs(11D) — Cs (10D) 428 440 {128+ 53} [50]
16 Cs(7F) - Cs(9D) 312 440 {169+ 85} [50]
17 Cs(119 —Cs(9D) 294 440 {273+ 136} [50]
18 Cs(8F) —» Cs (10D) 210 440 {2274 114} [50]
19 Cs(129 — Cs (10D) 198 440 {285+ 143} [50]
20 Cs(6P) - Cs (69 11548 635 1614 [36]
480-637 2.%1 [59

Legend as for Table 3a.

Table 3c
Cross-sections for a series of energy pooling processes in cesium vapor

Number Cs(i)+Cs(j)—>Cs(i")+Cs(j) AE. iy T 051 Reference
(cm™) (K) (107" cm)

1 Cs(6P)+Cs (6P) - Cs (6D) +Cs (6S) 447 570 196-57 [52)
2 Cs(6P)+Cs (5D) —» Cs (7D) +Cs (6S) 45 570 566t 225 [52)
3 Cs(7F)+Cs(6S) —»Cs(5D)+Cs (5D) 32 570 {1160+ 460} [52]
4 Cs(6D) +Cs (6S) - Cs (6P, ;) +C (6Py/,) 258 600 {163t 65} [53]
5 Cs(6P,/,) +Cs (6P;,) > Cs (6D) +Cs (69) 296 600 7056 [53]
6 Cs(6Ps/,) +Cs (6P,/,) = Cs (6D) +Cs (69) 850 600 <70 [53]
350 83+37° [54]
7 Cs(6Ds,2) +Cs (6S) > Cs (6P, ,) +Cs (6P, ,) 232 337-365 {168-40} [54]
8 Cs(6Ds, /) +Cs (6S) — Cs (6P, ;) +C (6P, ;) 275 337-365 {8240} [54]
9 Cs(6P5/,) +Cs (6P;/,) = Cs (6Ds ) +Cs (69) 876 337-365 279 [54]
10 Cs(6P;,,) +Cs (6P,/,) = Cs (6Ds ) + Cs (6S) 833 337-365 56 28 [54]

Legend as for Table 3a.
2Obtained from/-selective cross-section for the ©8P;,,) +Cs (6Ps/,) = Cs (6D,) +Cs (6S,,,) processes reported [54].

In Section 4.7 it is shown that cross-sections of process, lie around straight lines with the same
the order of magnitude of 13° cin or higher slope of ~1/AE. The straight lines differ only in

exhibit weak dependence on temperature. There-magnitude, depending on the particular CEET
fore, it is suitable to plot the listed cross-sections process. This behavior is more apparent if only
vs. energy defecAE, as shown in Fig. 7. It can the data for intra-multiplet mixing and energy
be observed that all data, regardless of the type of pooling are compared. As for the inter-multiplet
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Fig. 7. The cross-sections for various exothermic CEET pro-
cesses involving two cesium atorfiisted in Table 3a—kplot-

ted against the energy defekE for the reaction. The straight
lines labeled with 1, 2 and 3 through the sets of the data listed
in Table 3a,c,b, respectively, are only guides for the eye.

mixing, the data scatter but still fit the general
picture.

It should be emphasized that the behavior of the
cross-sections presented for the CEET inH@Gs
systems shows a picture very similar to that given
in referencel43], where a set of exothermic cross-
sections for a series of alkali—alkali interactions is
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[22]. Here, the fine-structure mixing of the lowest
alkali states was studied most frequently. In the
case of the Cs first resonance level, which is very
important in many working excitation schemes,
there are unclear points in the literature, which are
addressed in the following text.

For the cesium & P, < 6°P5,, excitation trans-
fer due to inert-gas collisions, two pioneering
works are still most relevant. In the first, Czaj-
kowski et al.[55] measured cross-sections for the
fine-structure mixing of Cs 6P states induced by
collisions with He, Ne, Ar, Kr and Xe at the
constant temperatur@=311 K. In the second
[56], Gallagher reported extensive studies of Cs
6P, and Rb 5P mixing due to noble gases. In
Gallagher's work the temperature dependence of
CEET cross-sections for C$He, Ne and Rb+
He, Ne, Ar, Kr, Xe were measured in the temper-
ature range between 300 and 900 K. The
exothermic cross-sections were found to have a
strong temperature depender(ce?), i.e. strong
dependence on the average relative velocity
(~<vy™).

Due to the cross-section velocity dependence
observed in[56], we can expect an approximate
relationshipQ ~1/w? to hold. Therefore, to com-
pare the data of55] and [56] it seems suitable to
plot these results as a function of the reduced mass

presented as a function of the energy defect. Itis |, f the particular collision partner. In Fig. 8a, the
far beyond the scope of this paper to propose an yata for C&+ X (X =noble ga3 collisions given

explanation for the gener@ ~ 1/AE relation for
CEET involving alkalis. There are also some data
that deviate from the general trerfdlustrated in
Fig. 7 here, as well as in referen¢43]). These
deviations can be attributed either to possible
systematical experimental errors, which are fre-
quent in this field, or a specific theoretical expla-
nation may be found for the disagreement with the
general trend. However, such an empirical picture
enables an estimation of at least the order of
magnitude of the unknown cross-sections, which
might be helpful in some applications.

4.6.2. CEET involving excited Cs and ground-state
noble gas atoms
Excitation transfer between alkali states due to

in [55] and data for the Cs-He, Ne cases at 311
K taken from [56] are plotted on a double loga-
rithmic scale againsf.cs_x. These cross-sections
are extremely small in comparison with typical
values for alkali—alkali collisions. Adequate theo-
retical modeling for the Cstnoble-gas collision
cross-sections can be found [23]. As can be
observed in Fig. 8a, the results 85,56 for the
fine-structure mixing due to helium are in reason-
able agreement. In addition, the rati@s,/Q,, are
approximately 0.15 ai’=311 K, as predicted by
the principle of detailed balancing. The data given
in [56] for the C$+Ne case also show the
agreement with the principle of detailed balancing,
but they are more than one order of magnitude
smaller than those reported [B5]. In contrast to

interaction with noble gases can easily be detectedthat, the papef55] reports data sets for Cs Ne,

and there is a long history of such experiments

Ar, Kr, Xe, which indicate a breakdown of the
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Fig. 8. (a) The cross-sections for the cesiun? 6, P excitation
transfer due to inert-gas collisions plotted in a double logarith-
mic scale against the reduced mass.x of the collision part-
ners(X =He, Ne, Ar, Kr, Xe.The numbers in square brackets
are the corresponding references. The d& were taken
from the reported vs. T curve atT=311 K. The datg55]
were measured &=311 K. (b) The same as iifa), but for
the rubidium 5* P excitation transfer. The df6&] were taken
from the reported? vs. T curve at7T=340 K. The datg57)
were measured &=340 K.

principle of detailed balancing. A similar situation
can also be found in the case of Rb,5P fine-
structure mixing by noble gas collisions, which
was investigated iff56,57; a comparison of these
data is made in Fig. 8b.

As pointed out in[56], significant deviations
from the principle of detailed balancing (55,57
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through fairly broad interference filters centered
on the D lines and gave rise to intensity contri-
butions in the transfer cross-section measurements.
However, only theD,, cross-section measurements
were affected because the far wing line broadening
of the alkali resonance lines is asymmetric. For
the reason mentioned, th@,, values reported in
[55,57 were disregarded in later review articles
[22], while the Q,, data of[55,57 were still cited.

However, as shown in Fig. 8a, th®,, value of
[55] for Ne is more than one order of magnitude
higher than the same datum found[B6]. Extrap-
olation of the results of56] would suggest even
stronger discrepancies for heavier noble gases. As
pointed out in[56], the cross-sections for the Cs—
noble-gas collisions are extremely smai 1022
cm?, with the exception of heliupnin which case
a polyatomic impurity concentration in the inert
gas of one part in 0 could overshadow the
doublet transfer measured. It was observed that
even 6.0-grade Ne produced excessive cross-sec-
tions against Cs if used before additional cleaning.
The experiments in56] were not continued to
Cs —Ar, Kr or Xe, because of the time necessary
to perform the cleaning procedure. Accordingly, it
is most likely that molecular impurities in the inert
gas contributed to the larg@®,, cross-sections
observed by the authors ifb5]. In this case the
correct mixing cross-sections for Cs 6P by argon
at room temperature should be approximately
10-22 cn?, as indicted in Fig. 8a.

Bearing in mind these facts and returning to the
Cs +Ar resonance fine-structure mixing, it is
amazing that the cross-section for the Cg 6P
Cs 6B, transfer induced by collisions with argon
given in [55] is still the only experimental value
to be found in the literature. We think that it is
useful to draw the attention of the reader to the
fact that the results of55], both for 0,, and 05,
can be found cited even in recefit7] literature
without appropriate discussion.

The data for CEET exothermic cross-sections in
Cs +Ar reactions taken from the literature are

are due to systematic errors in the measurement oflisted in Table 4. For comparison, data for the
0,, values, caused by the far wing line broadening Cs +He collisions are also collected and listed in

of the alkali D lines. The broadened wings, which

Table 5. As for the Cs 7P fine-structure mixing

depend linearly on the noble gas density, leaked by inert gases, systematic measurement of the
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Table 4
Cross-sections for intra-multipleiP;, — nP;,,, nDg/; = nD3/, and inter-multipletz/ — n'l’ mixing in cesium induced by collisions
with argon

Number Cs(2)+Ar—>Cs(1)+Ar AE,, T 01 Reference
(cm™h (K) (107*¢ cm)
Intramultiplet mixing
1 Cs (6Ps/2) > Cs (6P,5) 554 311 {5.2<104}2 [55]
2x107%b [56]
2 Cs (7P3/2) = Cs (TPy2) 181 405 0.072-0.02 [58]
630 0.180£0.04 [58]
450 0.10+0.02 [59]
615 0.17+0.03 [59]
3 Cs (8P5/2) > Cs (8Py2) 83 420 {3.6+1.1} [44]
620 {4.24+1.3} [44]
4 Cs (8Ds,2) > Cs (8D52) 11.7 360 {133+21} [60]
5 Cs (9Ds/2) — Cs (9Ds,2) 7.2 360 {150+ 27} [60]
6 Cs (10Ds,,) = Cs (10D55) 47 353 {211+42} [61]
7 Cs (11Ds/,) > C9(11Ds,) 3.25 353 {263+ 54} [61]
8 Cs (12Ds/2) > Cs (12Ds2) 2.3 353 {262+ 67} [61]
9 Cs (18Ds/2) > Cs (13D5)2) 1.7 353 {268+ 80} [61]
10 Cs (14Ds,,) — C(14Ds,,) 1.3 353 {260+ 80} [61]
Intermultilplet mixing
1 Cs(7D;/,) > Cs(8P,,) 339 420 {0.46+0.14} [44)
2 Cs (7Ds/2) > Cs (8P, ) 360 420 {0.33:0.10} [44]
3 Cs (6D35) = Cs (7Py)5) 642 450 {0.029+ 0.009} [59]
4 Cs (6D3/2) = Cs (7Py2) 823 450 {~0.014} (59

For the processes where the cross-section was originally measured only for the endothermic reaction, the corresponding cross-
section for the exothermic process was obtained from the principle of the detailed balancing. These values are given in braces. The
reaction energy defect and the experimental temperature are indicated and the original references are given in square brackets.

2The value calculated using the principle of the detailed balancing and the value for the endothermic cross-section for the process,
which probably includes contributions due to molecular impuri(ese text.

®The hypothetical value suggested by measurements repor{&é]in

cross-sections in the temperature range betweendata were originally measured only for the endo-
405 and 630 K is presented [B8]. There is very  thermic processes and the values for the exother-
good agreement between these results and the datanic cross-sections were calculated by applying the
obtained at two other temperaturé$50 and 615  principle of detailed balancing.

K) reported in[59]. Similar to Cs 6P , the data The data given in Tables 4 and 5 are plotted on
for Cs 7B mixing due to He are significantly a double logarithmic scale vs. energy defect in
(approx. two orders of magnitudldarger than for Fig. 9a,b, respectively. As can be observed for the
other noble gases. A rapid variation of the exo- Cs +Ar and C$+ He cases, the data faP, and
thermic cross-sections with temperatui@pprox. nD; intra-multiplet mixing can be fitted to a
T?2) was observed in the cases of Ne, Ar and Kr, continuous function of the energy defect, while
while for Xe and especially for He, the temperature the data for inter-multiplet mixing obviously
dependence was less pronounced. The remaindebelong to the other, higher-lying data sets. Expla-
of the data listed in Tables 4 and 5 are mainly nations for the saturation and the decrease in cross-
related to the inter-multiplet mixing of highetP, section values in thAE zero limit for the Ar and
andnD, states. There are also a few data #&— He cases can be found in the corresponding
nD inter-multiplet mixing. Unfortunately, all these references.
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Table 5
The cross-sections for intra-multiple®, , — nP;/, ,nDs/, — nD3/, and inter-multiplez/ — n'l’ mixing in cesium induced by collisions
with helium

Number Cs(2)+He—Cs(1)+He AE,, T 021 Reference
(cm™h) (K) (107 crmd
Intra-multiplet mixing
1 Cs (6Ps/2) > Cs (6Py2) 554 311 (3.9+0.4)x10™* [55]
(2.7+0.49x10°4 [56]
2 Cs (7P;3/,) = Cs (7TPy») 181 405 153 [59]
630 15.6+3 (58|
450 1142 [59]
615 1142 [59
3 Cs (8P52) > Cs (8Py2) 83 420 {22.5+7} [44
620 {20.6+ 6} [44]
4 Cs (8Ds2) > Cs (8D5/2) 11.7 360 {552+ 83} [60]
5 Cs (9Ds/2) > Cs (9D5,2) 7.2 360 {515+ 77} [60]
6 Cs (10D;,,) — Cs(10D5,) 4.7 353 {503+ 100} [61]
7 Cs (11Ds,) > Cs (11D;),) 3.25 353 {330+ 66} [61]
8 Cs (12Ds/,) —» Cs (12Ds,,) 2.3 353 {208+ 54} [61]
9 Cs (13Ds/2) > Cs (13Ds)2) 1.7 353 {175+ 54} [61]
10 Cs (14Ds,,) - Cs (14Dy),) 1.3 353 {107 33} [61]
Intermultiplet mixing
1 Cs (7D5/,) > Cs (8Py)2) 339 420 {2.2+0.7} [44]
2 Cs (7Ds/) —> Cs (8Py2) 360 420 {1.6+0.5} [44)
3 Cs (6D3/) > Cs (7Py)2) 642 450 {2.1+ 0.6} (59
615 {3.6£1.0} [59]
4 Cs (6D3/) > Cs (7Py2) 823 450 {1.7+0.5} (59
615 {2.7+0.7} [59]

Legend as for Table 4.

4.7. Temperature dependence of the CEET cross- collision partners and various types of CEET
sections processes with different energy defects are includ-
ed. There are no data in the cross-section databases
available that violate the regularity shown in Fig.
10. This means that neither the energy defect nor
the type of interaction, but only the absolute
maghnitude of the thermal cross-sections is crucial
for the thermal cross-section temperature behavior.

the measurements are related to a relatively narrow!! should be E0|nted out that cross-sections of the
temperature range, for which the relevant signals °der of 10" cnt are temperature-independent
in a particular experiment can be measured. Ney- [zero slope of2(7) in Fig. 10. This cross-section
ertheless, from the data set presented in this papervalue is of the same order of magnitude as the
an interesting relationship between the magnitude geometrical cross-section for the collisions of the
of the exothermic cross-sections and their depend-atoms involved that are both in their ground states.
ence on temperature can be established. There is It is outside the scope of this paper to propose
a continuous change in dependence from approxi- a possible explanation for the empirical findings.
matelyQ~T?2to Q~T ~%°from the lowest to the It should be emphasized that numerous models
highest cross-section in Fig. 10. Here, various exist that yield good agreement with the experi-

There are very different forms of temperature
dependence for the various thermal CEET cross-
sections, as can be concluded from the previous
considerations. Unfortunately, systematic, quasi-
continuous measurements of this effect, as per-
formed in [56,54, are very rare. Most frequently,
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Fig. 9. (&) The cross-sections for intra-multipléiPs,, —
nPy/2, nDsj»—nD3y/,) and inter-multiplet(nl — n'l') mixing in
cesium induced by collisions with argon, plotted in a double
logarithmic scale vs. the reaction energy defaét The data
shown are listed in Table 4. The dashed straight line corre-
sponds to the eye-guiding line 1 in Fig. (h) The cross-sec-
tions for intra-multiplet (nPs/,— nPy/,, nDs;,—>nD3/,) and
inter-multiplet (n/ - n'l’) mixing in cesium induced by colli-
sions with helium, plotted in a double logarithmic scale vs. the
reaction energy defecAE. The data displayed are listed in
Table 5. The dashed straight line corresponds to the eye-guid- N
ing line 1 in Fig. 7.

sections for the fine-structure mixing of the alkali

first resonance levels due to noble gases. There is

mental cross-sections, as well as the temperature,, general approach that would connect these
behavior of the cross-sections for special CEET iterent models in a transparent manner. Never-
processes. For example, the theoretical value Oftheless, the systematization given here can be of

the exothermic cross-sectiof81x10*° crrfo.eat use for experimentalists in predicting the values if
311 K) and its temperature depender(eceT ~°°) there is a lack of relevant data.

for the case of C£6P,) fine-structure mixing by

cesium was found to be in very good agreement 5. Applications related to resonance fluores-
with experimental result§36]. On the other hand,  cence imaging filters

as mentioned in the previous section, 3] a
quite different theoretical model yielded a very
good description for the strong temperature In the following the experimental results pub-
dependencé ~T2) of the extremely small cross- lished in [8] are discussed as an example of the

5.1. Spatial resolution of imaging atomic filters
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Fig. 11. Schematic diagram of the experiment reportefBjn
and discussed in Section 5.1.

application of the radiation trapping approach pre-
sented here. 18], the spatial distortion due to

trapping in a Cs atomic-vapor imaging filter has
been investigated. For the sake of clarity of this
text, a sketch of that experiment is shown in Fig.
11 and the experimental procedure is briefly
described. A cell containing Cs metal in vacuum
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mined. The second laser beam was transformed
into a 12-mme-long sheet with width=0.5 mm.
The second laser was used to pump the transition
at \,3=917 nm. The spatial distribution of the
fluorescence intensity at,;=455 nm was meas-
ured while changing the cesium bath temperature
in the range between 293 and 318 K. The situation
is similar to that described in Section 3.3. Consid-
ering the number densitied/,(s) amiy(b)  in
cubic volume elements of sizein the signal and
background zones, respectively, we can, accord-
ing to Egs. (3.22 and (3.23, state that
Ny(s)/Nyb)a1/J o Since the intensitys of the
fluorescence monitored in the signal zone is pro-

portional to l\_lz(s) and the intensity3 in the

background zone is proportional 16,(b) , t¢
B ratio can be written as followksee Eq(3.18)]:

s 1 1

— A A= Nl

B Jow T LN P(0) 5.1
Obviously, the signalbackground ratio depends

on L and, for fixed L, exhibits a hyperbolic

dependence on the number density in the lowest

state (N,=NcJ). This is in agreement with the
experimental findings reported if8]. Note that,
according to Eq(5.1), we can improve the signal

background ratio at fixed and N, by increasing
the line broadeningsee Eq.(2.3)].

It is apparent that a volume of slab form is the
most appropriate geometry for an atomic imaging
filter, but it should be noted that the working
scheme in Fig. 11, i.e. in Ref8], is not the best
choice for simulation of slab geometry. Namely,
the pumping of resonance level 2 in the experiment
sketched in Fig. 11 is not limited to the regions
defined by the beam size of the second pump
laser, but spreads over the whole cell volume.

was heated and illuminated by two perpendicular, Since diffusion of the resonance radiation depends
single-mode diode laser beams. The frequency of on the size of the volume excited in the first step,
the first laser was tuned to a hyperfine component the number density of the resonantly excited atoms
of the Cs D2 resonance line a{,=852 nm. The in the thin slice just behind the entrance cell
laser beam was transmitted trough a mask with window illuminated by the second laser &5 is
periodic openings with width¢L) of a few 100 strongly influenced by the rest of the excited
pm. The period was of the same size. In this way, volume beyond that slice. Consequently, the mon-
zones of excited(signal zones and non-excited itored fluorescence emerging from the signal and
(background zongsatoms in the vapor were deter- background zones, i.e. sigiblackground ratio,
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depends on the size of the excited volume extend-
ing beyond the thin slice observed. With the
cylindrical cell used, a much better sigpbhck-
ground ratio would be obtained by simple inter-
change of the directions of lasexs, and A3 In
such a case, only atoms in the thin vapor layer
behind the cell window would be originally excited
to the resonance state, and the situation would be
closer to the imaging filter with slab geometry.

In order to obtain further insight into the pro-
cesses that influence the spatial resolution of imag-
ing filters, we apply here the approach presented
in Section 3 to a volume of slab form. We consider
the volume to be an infinite slab with thickneks
which is divided in cubic elements of volunie’,
and is illuminated in the same way as illustrated
in Fig. 11. According to Egs(3.6) and (3.7) and
the procedure in Section 3.3, we can establish the
following rate equation for the average density

No(bgg) in the central cubic elemenbtyg

ASHIN Abog
—2L3DN Ab o) = 2L3D o N 4b 03— ...

— 413D 0N A519—AL3D 1N 45 1) —...]

=0 (5.2

Here, similarly to Eq.(3.29, the coefficients
&, are given by:

_arkel — 0 —exd -

41t (m®+n?)

If we assume isotropic pumping and take an
infinite slab, it follows thatNy(beo)=N 4b )=
No(b) and Nos10=N {s,)=N(s). In this case,
Egs.(5.2) and(5.3) yield the following expression
for the signalbackground ratio:

Jm?+n2%E/bY (5.9

mn =

s Nifs)
B Nyb)
abkbL =
1— om L —ex;{ mkoL/bP]
atkPL = 1 —
—/1+n2kPL/bP
T "201+ 2eXF{ \ n (¢} / :|
(5.9
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Fig. 12. Calculated signabackground ratics/B as a function

of cesium number density for various argon pressures. The cal-
culations refer to the excitation scheme applied in R&fand

to the case of a practically infinite, 1-mm-thick slab.

Under the assumption that the slab contains pure
cesium vapor, the cesium resonance lines are
essentially Doppler-broadened in the temperature
range considered of 293-318 tee Appendix
D). The meang for the Cs D2 line is 385 MHz,
but the effectiveAg for two unresolved groups of
hyperfine components(see Appendix B i
approximately 1.5 Ag. Taking this into account,
we obtain the peak absorption coefficigtfit=k>
(cm™1)=3.02x10 X Ns (cm~3)L (cm). In the
present simulation the value=1 mm was taken.
The results calculated fa8/B are plotted in Fig.

12 as a function of the cesium number density for
the case of pure cesium vapor and in the presence
of argon atp,, =20, 40 or 80 mbar. Here, the
value for the collision broadening parametgy =
2.9x1071° st cn¥ at the actual temperature was
used, which was obtained from the data given in
Appendix D. The calculations were limited accord-
ing to Eq.(3.18) and carried out using Eq§2.3)

and (2.4) for evaluation of peak values for the
absorption coefficient with a Voigt line shape.

As can be observed from Fig. 12, the presence
of the foreign gas increases the spatial resolution.
Certainly, better resolution can be gained simply
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Fig. 13. Partial term diagram of cesium showing the excitation
scheme and the most probable collision-induced transitions in
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plicity, the sets of the inter-multiplet CEET transitions are rep-
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numbers attributed to the levels are the energies given in
cm~t. The numbers in brackets are labels of the levels. The
inset shows radiativ€full arrows) and collision-induced tran-
sitions (dotted arrows) between the Cs 6D and 7P states.

by lowering N, but this causes a decrease in the
guantum efficiency of the imaging filter. On the
other hand, it is important to bear in mind the
negative influence of the line broadening on the
spectral bandwidth of imaging filter$4]. The
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5.2. Influence of CEET on population distributions

The pumping scheme of the previous section is
often applied in experiments dealing with Cs
resonance fluorescence imaging filt¢6s-10. As
pointed out in[4], the near-infrared wavelength to
be detected(Cs D2 line is useful for many
applications in which visible and ultraviolet pho-
tons are strongly absorbed in the medium exam-
ined, for example in biological tissug]. In the
first step, the weak signal input excites the Cs
atoms to the resonance HP  stésee Fig. 13.

In the second step, using a high-power laser beam
at either 917 or 921 nm, the states D  or
6D;/,, respectively, are excited with maximum
saturation. Due to subsequent radiative relaxation,
the 6D, states are mainly depopulated by,6D
6P, transitions, and with weaker branching by the
6D,— 7P, transitions. The output signals are
observed at wavelengths of 455 and 459 nm
belonging to the Cs second resonance transition.
The signal output yield can be expressed as the
ratio of the population densities in the relevant
7P, and 6D states. In Table 6 the theoretical
values for the total radiative relaxation rates
ZAk,:l/Tk are given, where, is the lifetime of

the statek considered. In addition, the radiative
rates for the 6D— 7P, multiplet are listed in

approximate approach presented can be used toTable 6. As a consequence of the branching ratios,

find compromise conditions for the spatial resolu-
tion with respect to the efficiency required, as well
as spectral resolution in the particular excitation
and de-excitation scheme.

Table 6

the output signals at 455 and 459 nm are very
weak. Nevertheless, this situation can be signifi-
cantly improved when CEET processes are
involved, which is discussed in the following.

The total radiative relaxation rategl wherer is the lifetime of the particular sublevel of the Cs 6D or, 7P doublet, and radiative

ratesA,; for the 6D,— 7P, multiplet

Transition k—i /7)) /) Nvac Ay

(10 s (10" s (pm) (10" s7Y)
6Ds,,— 7P3/, 97 1.668 0.712 12.147 0.0062
6D/, 7P3), 87 1.668 15.570 0.0009
6D;,,—> 7Py, 8—-6 0.7¢ 14.595 0.0072

The indicesk andi are related to labeling of levels displayed in Fig. 13.

2Results from[62].
® The values calculated via oscillator strengths publishef® .
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We consider the Cs vapor cell at 320 K, a (see numbers 2 and 5 in Table)3the correspond-
typical temperature for a Cs resonance fluores- ing collision rates are small~1¢* s ) compared
cence imaging filter. The corresponding Cs number with the weak radiative rates for the Cs B
density is approximately 810" cm 3 (see 7P, transitions. The cross-section data for the Cs
Appendix Q. The cell is additionally filled with 6D« 7P inter-multiplet mixing by cesium have
buffer gas(Ar or He) at a given, relatively low  not been measured yet. However, they can be
pressure(order of magnitude: several mbarn estimated to be in the range betweenx2 ¢
Fig. 13, the most probable CEET transitions under and 200<10 ¢ cn? (see Fig. 7, which means
the experimental conditions selected are indicated that in the present case all CEET contributions by
by dotted lines. cesium can be neglected.

With all radiative rates includeénot displayed On the other hand, we can produce large colli-
in Fig. 13), the system can be described by a set sion mixing rates by noble gas pressure variation
of 10 coupled rate equations for the population and by the addition of other gases. An interesting
densities in the states considered. Bearing in mind enhancement of th&/(7P)/N(6D) ratio appears
the weak 6$,—6P;, and the strongly pumped when helium is used as a buffer gas. This can be
6P;,,— 6D, transitions, the configuration can be observed if we adjust the collision ratRg, to fall
reduced and consideration can be focused on thein the rangei <R, < 1/7,,.. Then, if, for example,
four-level system comprising the states;ZP , state 8 is pumpedIl,s+0, I1,,=0), the system
7Ps,,, 6Ds/, and 63, labeled with 6, 7,8 and 9, in Eq. (5.5 yields the following expressions for
respectively. The radiative and collision-induced the population ratios:
transitions related to this four-level system are
sketched in the inset of Fig. 13. The corresponding N Ags+Rgs
rate equations for the population densitiés N-, Na W (5.7
Ng andNg can be written in matrix form as follows: 6

N7 AgrtRgr

(—1/76+Ss)  Rus Aget R g R g6 N, (1/%2) (5.9
Re7 (_1/”"7"‘5»1) Ag7+ Rg7 Agr+R o7 !
Res Rig  (=1/7atSa)  Res At pressure of 1 mbar and’=320 K, the
U Reo R7g Rgg (—1/7stSa)) products (vcs—oNne and (v cs_mhN o are
Ne 0 2.6x10?* and 9.4 10* cm? s1, respectively,
which in combination with the values predicted
N 0 ) .
X = for the corresponding cross-sections at the temper-
Neg — 2 ature choser(see Table Y yields RE§=3.1x10°
Ny —1I, ~1, REe=3. 9><105 1, R55=6.6x10* s and
(5.5) R&S= 1.4>< 16 st The present consideration
shows that, as a consequence of the relatively large
where S,,,= Y R,.,. The collision rate®,,, a inter-multiplet mixing cross-sections, helium can
nem significantly enhance th&/(7P)/N(6D) ratio in
the sums of the contributions comparison with the case when the 7P states are
populated only by radiative transitions. Argon as
R, ZRM,, Y Onnlves x)Nx (5.6 a buffer gas is more than two orders of magnitude
X less effective than helium, and comparable results

to those obtained with helium would require much
where X=Cs, Ar or He. Under the experimental higher argon pressures.
conditions assumed heré&;cs_coN csis 6.8X 10" To examine the relationships between the pop-
cm~2 s and, in spite of the large cross-sections ulation densities of involved 7P and 6D substates
for 7P, and 6D intra-multiplet mixing by cesium in a wider pressure region, we have to take account
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of the other mixing processes. Unfortunately, the
set of cross-sectionésee Table Y is incomplete.

Experimental data for the 6D intra-multiplet mix- 104/ Ne/N7
ing, as well as for the 6D, — 7P, inter-multiplet

mixing, by noble gases are not available. To obtain
further insight into the effect discussed, we used
estimated valuegsee Table Y which, for a given

collision pair, can be obtained on the basis of the
general behavior of the cross-sections as a function
of temperature and energy defect presented in

0,50

0.45.] N7/(Ng#Ng

N7 /(Ng+Ng)

He 0,40 N6/(N8+N9
Ng/Ng 0,351

) 7 N/(NgtNg)

0,84

0,30 He 6
0,25
0,20

015/ N7/(NgtNg) 3]

Ar

N /(NgNg)

Relative populations

0107 /Ng/(NgrNo) 21

0,05 14
Section 4. With these data, numerical solutions to ) S— 000 Ar S e
the system in Eq(5.5) were obtained and the S bmoan. C omban T pmban
results are shown in Fig. 14. In this modéls= a) b) c)
0 andIl g+ 0 were chosen for the pumping of the
transition 6B,, — 6Ds». Fig. 14.(a) The calculated relative populations of the Cs, 7P

As can be observed in Fig. 14a, the, 7P and (Ne/N,) and the Cs 6D (Ng/No) sub-states as a function of
6D, states are completely mixed at helium pressure Puffer dgasr?fessrrel in t(f;e case when thg/6D Sftate is optifcally
of approximately 10 mbar, and the sublevel pop- DX The cactes iy (4 11 e 2 fncton ©
ulation ratiosNg/N, and Ng/N 4 reach equilibrium
values of 1.13 and 0.81, respectively, Bt 320
K. For argon, complete intra-multiplet mixing the strong inter-multiplet mixing rates by He, the
occurs at pressure of several 100 mbar. The relative populations in the 7P and 6D states
remarkable difference between helium and argon become much higher than those produced by
can be recognized when viewing the inter-multiplet radiative transitions. In contrast, argon is a very
population density ratios shown in Fig. 14b,c for weak collision mixer, since its mixing rates are
lower and higher pressures, respectively. Due to approximately 300-fold smaller than for helium.

Table 7
The collision cross-sections for the CEET between the Cs 6D and 7P levels by argon and helium
Transition k—i AE,, X 0% (1078 cmd)
(cm™ Experimental values Predicted Estimated
at differentT atT7=320 K at7T=320 K
6Ds,, —> 6D/, 9-8 43 Ar - ~20
He — ~150
P35> TPy, 7—6 181 Ar 0.072 0.045
He 15 15
6Ds/2— 7P5/, 97 685 Ar - ~0.015
He _ ~15
6Ds,,— 7Py, 9-6 866 Ar - ~0.007
He - ~1.2
6D3/2 = 7Ps/2 87 642 Ar 0.029 0.015
He 2.1 15
6D/, 7Py, 8—6 823 Ar 0.014 0.007
He 1.7 1.2

Experimental values at different temperatures that are listed here have been taken from Tables 4 and 5. The values at 320 K were
predicted taking into account Section 4.7 and Fig. 8. The data that have not been measured yet are estimated on the basis of th
general dependence of the cross-sections on the energy defect for the particuMaic@éision pair. The indiceg andi are related
to labeling of levels displayed in Fig. 13.
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The ratiosN;/(Ng+ Ng) =N(7P,;) /N(6D) for heli- analyzed. An empirical dependence of the thermal
um are approximately 0.5 at 10 mbéfig. 14b cross-sections on the energy defect, as well on the
and approach equilibrium values of the order of temperature, was presented.

10 beyond 300 mbafFig. 140. The results were used to model the spatial

Therefore, it is recommended to add an appro- resolution and the quantum efficiency of Cs-based
priate amount of helium to the atomic line detector resonance imaging filters.

considered. However, experimental proof is

required, since the model presented is based on
partly interpolated data. In such experiments, unde- Acknowledgments
sired side effects in the cesium imaging detector
should also be checked for, for example a reduction
in spectral resolution due to broadening of the
cesium spectral lines by helium. In that case, a
compromise between the efficiency and the spec-
tral resolution has to be found.

The authors gratefully acknowledge financial
support by the Deutsche Forschungsgemeinschaft
(Project 436 KRO 1132/0) and the Ministry of
Science of the Republic of Croatia.

6. Summary Appendix A: Definitions and units

In this work, the processes of laser excitation,
diffusion of resonance radiation and the collision  In the following, the notation, definitions and
excitation energy transfer were considered. The units of the physical quantities most frequently
methods presented enable straightforward qualita- used in this paper are listed. The indideand k
tive as well as quantitative analysis of the popu- correspond to the lower and upper states,
lation distributions in neutral thermal gaseous respectively.
media.

The narrow-band laser excitations of inhomo- -
geneously(Dopplen and homogeneousl{l_oren- v
tzian) broadened transitions were analyzed and the i 8k

number densitie$m—2)
statistical weights

pumping rates were determined, taking into 4« Einstein coefficient for spontaneous
account the laser beam intensity and the broaden- emission, spontaneous emission rate
ing parameters of the line profiles. (s

The problem of trapping and diffusion of reso- II,:  pumping rate for thé — k transition
nance radiation was defined in terms of additional (s™Y)

pumping rates appearing in dense excited media. jv(y): frequency-dependent spectral intengidy
Using the rate equation approach, the Holstein m-2 Hz-1 s°1)

integral equation for the spatially dependent, excit-

ed atomic number densities was derived in a C: velocity of light (m s7%)

straightforward procedure. The steps by which the ¢ electron chargéC)

trapping problem was treated implies plausible electron masgkg)

ways for quantitative treatments of effective radi- - Boltzmann constantkg K—%)

ative rates and diffusion-like transport of excitation 4: Planck constanJ 9

energy. Easy-to-handle formulas for optically qua- vy central frequency of the spectral line

si-thin conditions were derived. S oscillator strength of the spectral line
The elements of the experimental and theoretical k,(v) =KN,P(v): frequency-dependent linear

treatment of the thermal collisions producing the absorption coefficienm—1)

excitation energy transfer were given. A large body K: (we?/mc)fy (m? Hz)

of CEET cross-sections for the €£s, CstAr P(v): normalized[[P(v)dv=1] line profile
and CstHe systems was collected, listed and (Hz™Y)
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k5E=KN,P(0): peak value of the absorption
coefficient
Po(v) =(ymAvp) texpl—{(v—v,)/
Av}?]: normalized DopplefGaus$
profile (Hz™1)
Avp=(v;/c)(2kT/M)*?. Doppler broadening
_paramete(Hz)
Ag=2/In2-Avy: full-width at half-maximum of
the GausgDopplen profile (Hz)
Pp(0)=2/In2/w/As=1/(ymAvp): peak value
of the normalized Doppler profile
(Hz™Y)

P (v)=(T,/2w)/[(v—vy)?+(T,/

2)?]: normalized Lorentzian profile

(Hz™Y)

A, =T, full-width at half-maximum of the
Lorentzian profile(Hz)

P (0)=2/(wA,): peak value of the normalized
Lorentzian profile(Hz™1)

Appendix B: Hyperfine structure of the cesium
D1 and D2 lines

The total energy of an atomic level can be
presented as a sufb4]:

h
EF=EJ+EM] +EE2=EJ+ EAK

K(K+1)—§I(I+1)J(J+1)

B ,
121-1)J(2] —1)

3h
8

+

whereE; is the energy of the level in the case of
zero interaction of the electrons with the nucleus,
E\. is the interaction energy for the system elec-
trons—nuclear dipole momenkg, is the interac-
tion energy for the system electrons-nuclear
quadrupole moment, whild, I and F have their
usual meaning. The quantity=F(F+1)—I(I+
1)—-J(J+1), andA and B are the hyperfine split-
ting constants of the atomic energy levels. For the
cesium 69, and 6, stated;,=292 MHz,
B1/,=0 andA;,=50.3 MHz, B3,,= —0.4 MHz,
respectively[64].
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Fig. B1. Hyperfine splitting of the cesium S , 6P and
6Ps/» levels with the transition wavelengttis nm), oscillator
strengths(in square brackelsand level separations.

The hyperfine splitting of the cesium 6§
6P, and 6B, levels is shown in Fig. B1, while
Fig. B2 shows the structure and shape of the
Doppler-broadened D1 and D2 lines f@= 300
K.

General expressions for the line strength of the
hyperfine component connectiigand F’ relative
to the line strength at thé—J’ transition can be
found in [65] in the form of 3—; coefficients. The
evaluation yields expressions for the relative line
intensities of the transitiondd'IJ'F') = (alJF)
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numbers different fromy, J, J', F and F’, which

06 L Cs6s,, — Cs6P,, have their usual meanings.
o [ f™=0398 . Dopplerenvelopes T =0310 The intensity | of the spectral line occurring at
’g i 3 the transition(a'IJ'F’) = (alJF) between hyperfine
T components is:
1% -
S oz} I(F' > F)~f(F'—>F)-N(F') (B2)
0.0 '_-A,;_,,_. : where f(F' = F) is the oscillator strength of the
- transition andV(F’) is the number of atoms in the
state(a'lJ'F') given by:
06 L Cs6S,, — Cs6P,, N(F")=g(F')*No (B3)
z i fstrong=0v192 fweak= 0.142 ' . o
g oal o whereN; is the total number of atoms in the initial
=t : ¢ state and:
;E'? 0.2 ’ :". & n 2F +1
L ‘3. g(F ,) = n_F =F=7+1I (84)
0.0 _ ,,,,,,,, ot Y, (2F'+1)
5 4 3"y 5 6 Fr=p
Av (GHz)

is the relative statistical weight of thé&/'1J'F")

Fig. B2. The shape and the structure of the Doppler-broadened level deﬂ’ne’d,as the ratio of the number of states
cesium D1(bottom) and D2(top) line atT=300 K. Hyperfine  Of the (a'II'F") level ne to the total number of
components are represented by dotted lines and labeled with states of the initial levet,g,.

a, b, ¢, etc. Dashed lines indicate Doppler envelopes for the  The ratios of the relative intensities of the lines

strong and weak components of the,§S— 6Py, and 63, at the transitions between hyperfine levels:
— 6Py, transitions. :

. _ l(F'>F)  f(F'>F) 2F +1
between hyperfine components of the atomic lev- ————=— -~ '~-7 -
els. The expressions are given in Table B1 for two (¥’ _’~F)~ f(F'>F) 2F'+1
types ofJ' — J transitions, i.e. for/’=J andJ'= F', F, F'=F, F+1 (B5)
J—1. Symbolsz anda’ stand for all other quantum

Table B1
The relative intensities of the transitiofg'1J'F') = (alJF) between hyperfine components of atomic levels
F=F Line intensity | (F' - F)

J=J transitions J—1=J transitions

VA2 PP AP I =1 =F) (4 F AP DI+ F DU +F =1 —1)

F-1=F F+1 F
(QF + )F(F+ 1) +J(J +1)—I(I + )2 QF+1)J+F+I1+1)J+F—I\J—F+IJ—F—I1—1)
F=F 4 F(F+1) - F(F+1)
(J+I+1+F)J+1+1=F)J—1+F)J—1—F) (J=F+I(J—F+I-1)J—F—I-1)J—F—1-2)
Fiimp 0 F B F+1

A and B are the proportionality constants.
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yield oscillator strength ratios that allow determi-
nation of the oscillator strength for each particular
transition if the oscillator strength for the

(a'lV") = (alJ) transition is known.

For cesium/=7/2 and the oscillator strengths
for 6S,,,—6P,,, and 6$,—6P;,, are 0.341 and
0.708[62], respectively.

If we consider each hyperfine sublevel of the
ground state, then:

fatfotf=fatfetf =f 3’2=0.708 (BB)
and
fa(+fb':fd'+fe :f1/2:0-341 (B7)

for the D2 and D1 lines, respectively. Using Egs.
(B6) and (B7) and the set of oscillator strengths
ratios from Egq.(B5), the oscillator strength for

each hyperfine component can be determined. The

results are shown in Fig. B1.

If we look at the ground state as a whole, the
weak and strong components of the D2 and D1
lines are as follows:

foga=gr-afatfotfd=0.310,

stt?ong: gF=3(fd+fe+f f) =0.398 (BB)
foeak=8r—a(fatfr)=0.142,
sttll'ong= 8r=3(fct+fa)=0.192 (B9)

where gr_;=7/16 and g-_,=9/16 denote the
relative statistical weights[Eq. (B4)] of the
ground-state hyperfine sublevels with=3 and
F=4, respectively.

Appendix C: Cesium vapor pressure curve

According to Nesmeyano\66] the data for
cesium vapor pressure published by Taylor and
Langmuir [67] may be considered as the most
reliable. Not long ago, their data were confirmed
by measurements of the absorption coefficient in
the quasi-static wing of the self-broadened cesium
resonance line$29]. The vapor pressure data for
liquid cesium given in[67] are as described by
the following equation:
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Fig. C1. The Cs and Gs vapor pressure curves plotted against
1/T (left) and the corresponding atom number densities7vs.
(right). Full and dashed lines correspond to Cs and Cs data,
respectively. The Cs vapor pressure was calculated according
to Eq.(C1), while the Cs vapor pressure curve represents the
results obtained from Eq.C4) where the data if67] for the

Cs atom number density were used.

4041
logpe.=11.0531 ——~—1.35x logT (CD

and are shown in Fig. C1, together with the
corresponding atom number densiyy obtained
from p = NkT.

The vapor pressure curve given by Nesmeyanov
[66] should also be mentioned, with the remark
that it differs form the Taylor and Langmuir curve
by at most 16% in the temperature range from 293
to 573 K. The Nesmeyanov plot for liquid cesium:

logpcs=8.22127- 4006.048 6.0194

X 10~ 4XT—0.19623< logT (C2

was obtained as a weighted statistical average of
the data published up to 1963. In the above, as
well as in the following relations, the pressure is
expressed in Torr.

The vapor pressure curve for cesium dimers can
also be found in Nesmeyand®6], as follows:

6064.472
logpes, = 18.22054- ————-49.016

X 10~5X T —3.45395x logT (C3)
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Table D1
Line broadening parameters for the first and the second resonance doublet of cesium due to Ar, He and Cs
Transition Nvac YAr Ve Yis
(nm) (s* cnP) (s7* cm?) (s7* cnd)
Cs 6S,,—Cs 6B, 852.3 (3.4+0.5)x 107102 (3.6+0.5)x 10710 (6.7+1)x10° ™
Cs 6S,,—~Cs 6P, 894.6 (2.7£0.7)x 10 0 (3.1+£0.5) x 10 102 (B.7+x10° "
Cs 6S,,—Cs 7R, 4555 (1.740.4) x 10~°¢ (3.1+41) x10°°° -
Cs 6S,,—~Cs 7R, 459.3 (1.6+£0.2 x 10 °° (2.6+0.5)x10 °° -

2Results from[69] at T=503 K.
P Results from[70] at T=298 K.
¢ Best values fron{71] at T=400 K.

The density of the cesium molecules is related Table D1. It should be emphasized that, according
to the atom number density by a temperature- to theory[16], the v¢, of self-broadening does not

dependent equilibrium rat&.(7) through: depend on temperature, while thelue to foreign-
gas van der Waals’ broadening shows weak tem-
N2 perature dependende- T°3).
NCSZ= K q(T) (CH
° Appendix E: Effective radiative ratesfor CsD1
where and D2
KedT)=1.37X 102X TV? We consider a long, sealed cylindrical cethdi-
X _529%10° usR) fllled with Cs metal and Ar_ at pressug,
XN —3.2210°/T) established ar'=300 K. The cell is heated in the
x[1 —exp(—60.46/T)] (C5) range between 273 and 450 K, which produces Cs

number densities approximately in the range

as reported in[45], was obtained using cesium bet_ween 10 and fe cnt (se_e Appendix (. To.
molecular ground-state constants giver{@al. estimate the_ effective radiative rates _for cesium
The Cs vapor pressure curve and the corre- resonance lines we use the low-opacity approxi-
sponding dimer number densityc, vs. T are mation presented in Section 3.4 and the Holstein

shown in Fig. C1. The data represéent the results @PProximation for high opacitief19]. With inter-
obtained according to Eq.C4), where the data polation of the results obtained, we can estimate
reported in[67] for the Cs ato1m number density the effective radiative rates over the whole range
were used. In the temperature range between 2930f Cs number densities considered. It is convenient
and 500 K, the Cs vapor pressure curve of to present the effective radiative rates as a function

NesmeyanoVEq. (C3)] lies below the curve given ~ Of the variableNcR and the parametgra,.

by Eq. (C4). The difference amounts to a factor [N the present model, the lines are generally of
of three atI'=293 K and decreases to 30% & the Voigt type, with the Gaussian widths=
500 K. 380,7/300 MHz. The peak value of the normal-
ized Voigt profile P,,(0) is given by Eqs.(2.13
Appendix D: Line broadening parameters for and (2.14). The values for the coefficientY,
Csresonance lines depending on the ratidg/A,, lie between 0.500
and 0.707. The corresponding width of the Lor-
The broadening parameteys,, vie andygs for entzian contribution can be calculated frakm=

collision broadening of the first and second cesium T} +T%=A/2m +v%d csh ¥ aN afsee Section
resonance doublet lines by Ar, He and Cs, respec-2.2). Using the data fory%s and v%, given in
tively, reported in[69-71, are summarized in  Appendix D, the Lorentzian widthA(» and A(®
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for the D1 and D2 lines, respectively, are expressed

in Hz and given by: Mo T/ ceon Aeﬁ(5'1)7 s Pyy= 100 mbar
107+
P=100 mbar
_ (NCSR) 4| Mg n
AP=45x10°+5.7x10"7 +8.2 0 p,=0\ / o
X 10%,, (mba (ED / Py
02 M 105
2 6 —7(NCSR) \¥ -
AP =5.1x10°4-6.7x10 R 8. (@) R=150m J© retsem
e 104 remer-rrom ey
X 10%,, (mban (E2) 109 10 10" 10%8 100  10M 10" 105
N R (cm?) Ng R (cm?)

where NcR and R are given in cm? and cm,
respectively_ In the Iow-opacity case, the escape Fig. E1.(a) Construction of the escape probability curves. For
probability m.=A°"/A can be calculated as a detailed explanations see text in Appendix ®) Effective

. . i radiative rates of the Cs D1 and D2 lines obtained for the
function of Nk and p,, using a modified Eg. cylindrical geometry of the vapor cell. The curves are con-

(3.29), as follows: structed by combinations of low peak absorption approxima-
tion presented in Section 3.4 and the Holstein approximation.
nAi)=(1— 1_13a\{PV(O)§(i)NCSR) For more details see the text in Appendix E.
1 . AN —11p(; ; ; ;
% [1 _ Za\{Pv(O)E(l)NcSR \(/:vr:(Erzegb(z) 6.08%x 10 £(i), with NcR given in
= exp(—2mPy(0)E(i)NesR) In the case of a pure Lorentzian line form,
y 5 ] (E3) according to Eq(2.38) the Holstein escape prob-
m=—1 m ability is given as a function oNcgR and p 5, by

the following relation:
where £(i) =(we?/mc) X f(i) and £(i) is the total
oscillator strength of the resonance line considered, ,- e
which is a simple sum of the contributions of =1_115{ AL ) (E5)
particular hyperfine components in the optically ° E(I)NcR
thin case. Otherwise, the calculations become

much more complicated. whereé . (i) = X 1.689x 10-2£(}). with N iv-
In the high-opacity casésee Section 2} the enin g;(rl)z TR . cf 9

Holstein approximation yields results for a pure 14 calculated curvesy, m, and m. describe
_Gaussuan and pure Lorentzian _I|ne profile. Acco_rd- the escape probability well only in limited ranges.
ing to [19], the'esc.ape probablllty_for Fhe Gaussian The results for D2 in pure Cs vapor and at the
line and a cylindrical geometry is given by= "~ 400 pressurg,, =100 mbar are given in Fig,
L.8koR) “(min(koR)) " For high optical g5 The calculated curves are partially represent-
depths, we can assume that the line kernels of the .4 by solid and partially by dotted lines. The solid

E 1 ar]ld D2 lines are futl)ly abslorbeg, S% tr;]at the . \yrves are related to ranges in which the particular
yperfine structure can be neglected and the tran- o,y imation is estimated to be valid, while the

sitions can be considered as single lines. Then, for 4 aq parts describe the regions in which the
Doppler broadening, the escape probability as a 5nroximation is invalid. The dashed curves are

function of Ne is given by: interpolations between the valid ranges. It should
be mentioned that for higher argon pressures, i.e.
o) = “1.6 (E4) for pure Lorentzian broadening, this interpolation
Ep(i)Nc Ry mIN(E (i)N cR) is much smoother, since the escape probability
curve goes from a low-opacity approximation into
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the Holstein approximation for a pure Lorentzian
profile without inflexion.

As the consequence of the transmission of the
trapped radiation in the resonance self-broadened
line wings, the escape probabilitisee Eqs(E1),

(E2) and (E4)] saturate in the limitVeR — « at

the value4.33yc, (s~ cn®)/f(i)R (cm) , which
for the D2 line andR=1.5 cm amounts to
3.4x10 3.

The calculations were performed fpg, =0, 10
and 100 mbar. Using the values for the oscillator
strengths given in Appendix B, the effective radi-
ative rates were obtained in the previously
explained way, and the results are shown in Fig.
Elb. In addition, the experimental results for the
effective radiative rate of the D2 line published in
[36] are also given. Ir{36], which deals with the
mixing and quenching of the Cs P states by
cesium, the experiment was performed in a cell
with radiusR=1.35 cm and lengtii. =13 cm. The
values measured for the effective radiative rate of
the Cs D2 line are somewhat lower than the
theoretical values presented here. However, taking
into account the error bars declared and the uncer-
tainty of the values used foy.s, we can conclude
that both results are in fair agreement.

It should be stressed that the results for the
infinite cylindrical geometry are also approximate-
ly valid for the infinite slab if the simple substi-
tution R — L/2 is made{ see Eq(3.18) and[20]}.
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