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Measurements are reported which show the effect of nonradiative losses at a gas-window interface on the
backscattered fluorescence intensity for Na vapor at frequencies in the vicinity of the resonance lines near 589 nm.
The Na 3P, ,,,, states are excited with a low-intensity single-mode tunable dye laser at high Na densities and the
frequency integral of the backscattered fluorescence intensity in the D1 and D2 tines is measured. As the laser is
tuned through resonance, the loss of atomic excitation to the window appears as a sharp decrease in the frequency-
integrated fluorescence intensity. For example, at 7X 10% atoms m ™ the fluorescence intensity decreases by a factor

of 4 in a frequency interval of 4 GHz. Measured absolute fluorescence intensities versus laser frequency are

compared with predictions made using the theory of Hummer and Kunasz which includes both radiative and
nonradiative transport processes. The agfeement between theory and experiment is remarkably good when one
considers that the theory contains only one unknown coefficient, i.e., the reflection coefficient for excited atoms at
the windows. In our case the excited atoms are assumed to be completely destroyed at the window.

1. INTRODUCTION

In this paper we report the results of an experi-
mental study of excited state losses in sodium
vapor die to collisions of the excited atoms with a
boundary. An early experimental study of reson-
ance fluorescence in Hg vapor by Hansen and Webb!
has been interpreted by Phelps and Chen? as show-
ing that the collisions of excited mercury atoms
with the window determine-the magnitude of the
. diffusely emitted fluorescence when the excited
atoms are produced close to the window as occurs
when the gas density is high and when resonance
_line excitation is used. Evidence for the deexcita-
tion of excited atoms on collision with the windows
has also been obtained from studies of the specular
reflection of laser radiation at a glass-sodium
vapor interface® and from vacuum ultraviolet

{vuv) absorption spectra in high-density xenon.*
Conflicting results as to the importance of excited
atom-window collisions have been obtained using
the Hanle effect.5 However, backscattered fluore-
scence experiments by Heering® and by Fujimoto
and Phelps’ using broadband excitation and low
resolution measurements of fluorescence showed
a relatively small effect caused by nonradiative
transport. We show in this paper that using laser
excitation allows separation of the effects-of radi-
ative and nonradiative transport of resonance radi-
ation in such fluorescence experiments.

The theory of radiative transfer®-!® normally ap-
plied to the transport of resonance excitation -
neglects excited-atom diffusion, i.e., the motion
of the excited atoms is neglected except as it af-
fects the absorption and emission profile through
the Doppler effect. Formalisms have recently
been developed®!!-!® which include the diffusion of
excited atoms as a means of nonradiative excited-
atom transport. These theories predict an ex-

cited-atom population density orders of magnitude
smaller near a boundary than do the pur_ely radi-
ative treatments. The present experiments test
the ability of these theories to predict the absolute
intensities of scattered radiation in a situation
where losses to a boundary are significant. We
make a detailed comparison between experimental
results and the solution of the transport equations
given by Hummer and Kunasz'? as formulated in
the computer program developed by Kunasz and
Kunasz for a three-level system.'?

Section II contains a summary of the recent the-
oretical treatments of the combined radiative and
nonradiative trafdsport of the excitation associated
with the resonance states of atoms. In Sec. III we
discuss the experimental apparatus while in Sec.
IV we present the results of the experiment. The
results are compared with theory in Sec. V.

II. THEORY OF EXPERIMENT

The treatments of the transport of low-intensity
resonance radiation by Kenty,'® by Holstein,® and
by Biberman® showed that, although this problem
cannot be solved by ordinary diffusion theory, rea-
sonably simple solutions of the transport equation
are possible. In these papers atomic motion en-
tered in only through line shape effects and the
absorption and emission profiles were assumed to
be identical, i.e., complete redistribution of the
radiation was assumed to occur at each absorption
event. In treating radiative processes ahead of a
shockwave, Biberman and Veklenko'” presented
a transport equation which included the mass flow
of excited atoms. McIntyre and Fowler attempted
to model the effects of the diffusion of excited
atoms and incomplete frequency redistribution in
infinite parallel plane geometry.'® Phelps and
McCoubrey'? and Phelps and Chen® extended the
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work of Holstein and Biberman to include diffusion
of excited atoms by adding a diffusion loss term to
the rate equation for the excited atoms. For two-
level atoms located between infinite parallel plane
boundaries (actually windows) their equation de-
scribing the production and loss of excited atoms
of density n(z) is

F(w, k(w,) exp[-k(w,)z/ cosb]
=An(z) -A fdn(z’)K( |z" ~z|)dz’

d*n(z)

o5 +Can(a). (1)

-D

According to the left-hand side of Eq. (1), excited-

state atoms are created by the laser incident at
an angle 6 to the normal and of photon flux F(w;).
The absorption coefficient at the laser frequency
is k(w;). At the low intensities of these experi-
ments %#(w;) and the ground-state density N are
independent of position. The first term on the
right-hand side of Eq. (1) is the rate of loss due
to spontaneous decay, where A is the Einstein co-
efficient for spontaneous radiation and n(z) is the
excited-state population density as a function of the
depth z, into the cell. The second term on the
right-hand side is the Holstein-Biberman term
which describes the excited-atom production re-
sulting from the absorption of resonance radition.
The kernel K( lz’ -z l) is the probability that a
photon emiitted at z’ will be absorbed at z. Thus,
the first two terms on the right-hand side of Eq.
(1) represent the radiative transport of the energy
of the excited atoms.

The next to last term on the of Eq. (1) is the dif-
fusive term in which we are particularly inter-
ested. To a good approximation the diffusion co-
efficient is given by the expression'®

kT

D=MZ ou)N ’ @)

where % is the Boltzmann constant, T is the va-
por temperature, and M is the atomic mass. Here
{ov) is the rate coefficient for momentum transfer
collisions of the excitéd atoms with ground-state
atoms and is taken to be equal to twice the rate
coefficient for excitation transfer collisions® %2
between excited and ground-state atoms. This
theory shows that {ov) is independent of the gas
temperature. The factor of 2 in (ov) takes into
account the fact that to a good approximation these
excitation transfer collisions are equivalent to
180° scattering collisions in the center of mass
frame. Because of the large values of {ov) for
resonance states the diffusion coefficients cal-
culated using this relation are typically several
hundred times smaller than the usual gas-kinetic

diffusion coefficiénts such as used by some auth-
ors®1%18:21 in egtimating the importance of this
process. The last term in Eq. (1) represents the
quenching of the excited atoms, for example by
Na, molecules, with a rate coefficient C,, as mea-
sured by Lam et al.?® Collision excitation of res-
onance atoms is neglected in the two-level model
described by Eq. (1). The assumptions, such as
complete frequency redistribution and isotropic
scattering, made in deriving the radiative terms
in Eq. (1) are discussed in detail by Holstein® and
Biberman.® The assumptions are expected to be
valid at the high gas densities of the present ex-
periments. The very approximate solutions of Eq.
(1) obtained by Phelps and Chen® gave very good
agreement with experiment! and so served to dem
onstrate the importance of nonradiative transport
in Hg vapor.

Lagarkov and Medvedeva'! derive an equation
essentially the same-as Eq. (1) but modified to in-
clude gas flow and diffusion terms of interest for
shockwave experiments. In their first paper an-
alytic solutions for the:excited-atom density are
found for distances exceeding one effective mean-
free path away from the surface bounding the ex-
cited volume. Their second paper presents an-
alytic solutions near the boundary which show that
for a nonreflecting boundary the excited-atom
densities are orders of magnitude lower than those
determined by the Holstein-Biberman equation ]
which omits the diffusion term in Eq. (1), Numeri-
cal solutions of the equivalent of Eq. (1) have been
obtained by Diichs et al.'* for the case of the emis~
sion of resonance radiation from a plasma. How-
ever, since these authors assume complete re-
flection of excited atoms at the boundary they find
that the effect of adding diffusion is to increase the
excited-atom density at the boundary and so to in-
crease the fluorescence at line center. This is
just the opposite of the result obtained for a bound-
ary which does not reflect the excited atoms.

The approach used by Hummer and Kunasz'? is
to write separate equations for radiative transport
and for the transport of excited atoms. For a two-
level atom these equations are

An(7)
BN

b 1, (x, 1, 1)= 415, ) - )

and

d
Vo koL, T)=(A4 Cyy + NCow) ), (1, 7)

N{ov)n(t) N(B,,d+C,,)
47 - 47 : @

Here,
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ar)=2n [ I, M0 (5)

is the excited-atom density at an optical depth 7
=kz, while I, is the particle intensity of excited
atoms at that depth moving in the direction f mea-
sured relative to the outward normal at the en-
trance window and p=cosé. Similarly, the mean
radiation intensity J(¢) is related to the normalized
line profile ¢(x) and the photon intensity Ifx, 1, T)
by

3(7)-"—% Il le- J‘n dx(p(x)lp(x’ 'J',T)- (6)
A% o~

The line profile ¢(x) used is the Voigt profile, i.e.,
it includes both Doppler and collision broadening.
Here x is the normalized frequency measured from
line center. Equation (3) relates the spatial at-
tenuation of the radiative intensity to the difference
between the photon absorption by ground-state
atoms and the photon production by spontaneous
emission of the excited atoms. Stimulated emis-
sion can be neglected at the low laser intensities
of our experiment. Equation (4) relates the at-

" tenuation of the intensity of excited atoms to the
loss by radiation and deexcitation, the net scatter-

, ing by collisions, the production by photon absorp-
tion and reradiation, and the production by col-
lisional excitation. In Egs. (3) and (4), B,, is the
Einstein coefficient for absorption, v,= (2R T /M)
is the single atomic speed used to characterize
the motion of the excited atoms, and C,, is the
rate coefficient for thermal excitation of the
ground-state atoms to the resonance state. These
authors also discuss the boundary conditions ap-
propriate to Egs. (3) and (4) and the method of in-
cluding the incident radiation. It should be noted®®
that when the angular distributions of the photon
and particle intensities can be represented using
the first two terms of a spherical harmonic ex-
pansion Egs. (3) and (4) can be reduced to the
equivalent Eq. (1). This point brings out one of the
advantages of the Hummer and Kunasz solution
relative to earlier work, i.e., the more accurate
treatment of highly anisotropic angular distribu-
tions of radiant and particle intensities, such as
found near an absorbing boundary.

Cipolla and Morse'® have also presented treat-
ments of the coupled radiative and nonraditive
transfer problem using kinetic theory. Their
treatment differs from that of Hummer and Kun-
‘asz in that they solve for the velocity distribution
of the atoms. However they consider conditions
for which radiative decay occurs sufficiently more
frequently than excitation transfer collisions so
that they can neglect collisions. The Na densities
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in the experiment reported in this paper are high
enough so that excitation transfer collisions occur
more frequently than does spontaneous emission
so that the Hummer and Kunasz theory is appropri-
ate for our purposes.

In order to investigate the effects of nonradiative
transport we take advantage of the variation of
absorption length, 1/k(w,), as a function of de-
tuning from the resonance frequency. As can be
seen from the left-hand side of Eq. (1), the depth
of laser penetration is determined by the expon-
ential term with 2(w;) varying with the laser fre-
quency. As we tune away from line center the
laser radiation penetrates deeper into the cell
creating excited-state sodium atoms far away from
the window. One may thérefore expect the losses
due to collisions with the window will be largest
for zero detuning where the radiation is absorbed
near the window. Such losses should become in-
creasingly less significant as the laser is tuned
further and further from resonance. This effect
is responsible for the observation that excited-
atom destruction at the window is relatively dif-
ficult to detect when “white” light excitation is
used.”

The theoretical results with which our experi-
mental data are compared were obtained using the
extension of Egs. (3) and (4) reported by Kunasz -
and Kunasz.'* Their solution (designated SLik{Bs)
treats a three-level atom, e.g., the 3%Pg, and
32p,, excited states and the 3°Sy, ground state of
Na. Their program has been further modified by
Fujimoto and Phelps’ to take account of the 1.77
GHz hyperfine splitting (HFS) of the ground state
of sodium and by us to include partial redistribu-
tion of the incident photon in the first scattering
event. The latter modification, which made use of
multiple scattering theory,*® had little effect on
the calculated results and will not be considered
further. The coefficients used in the comparison
with experiment are listed in Table I. Resonance-
broadening coeifficients are approximately the
mean of the experimental values of Niemax and

. Pichler® and the theoretical values of Carrington,

Stacey, and Cooper.” Excitation transfer rate
coefficients were scaled from line broadening data
using ratios of these coefficients from Carrington,
Stacey, and Cooper.?® The cross sections for col-
lisional transfer of excitation between the Py, and
P,,, fine structure components were taken from
Pitre and Krause.?® Finally, quenching coefficients
for excited Na by Na, molecules C,, and C;, were
determined from the experimental work of Lam et
al.,?? including approximate allowance for back-
feeding from the a°II state and radiative decay of
2 °T1 atoms to the X'T state.

In order to show the general behavior predicted

ey
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by the theory, we first show predictions made
using the program of Kunasz and Kunasz!® as mod-
ified to include hyperfine structure. The cal-
culated excited-state populations as a function of
distance from the window for detuning of 0 and 4
GHz are shown in Fig. 1. In this case the excited
atoms are assumed to be de-excited on striking
the window. For line center excitation the excited-
state population density is found to peak at 3 x 108
m from the boundary. This distance is about equal
to the optical depth for absorption at line center.
On the other hand, for 4-GHz detuning, the peak -
in the excited-state population density occurs some
20 times deeper into the cell. Clearly, one ex-

pects wall losses to be smaller in this latter case.
Figure 2 shows the calculated variation with
laser frequency of the integral of the fluorescence
signal over the D2 resonance line. Unless other-
wise noted, the coefficients used in these calcula-
tions were those of Table I scaled to a sodium
density of 10! atomsm®. This integrated line
fluorescence is plotted as a function of laser de-
tuning from the center of the D1 line for a range
of diffusion coefficients and boundary conditions.
The solid and dashed curves are for 100% absorp-
tion and 100% reflection of excited atoms at the
window, respectively. Thus, the dashed curve
shows the profile expected if destruction of the ex-

TABLE I. Parameters used for comparison with experiment. As in Ref. 13, the levels
3%S;/y, 3Py, and 3%Py, are designated by 1, 2, and 3, respectively.

Process Symbol Value used Other values
Temperature T 702 K
Na ground-state density - N 6.9(20)2m™?
’Am 6.28(7)® sec?
Ay 6.30(7) b sec™
3 _19y24
Awy 4.5(-13) ———rZ‘ief 5.8(-13)
Collisional damping 2.95(-13)%
P . . 3
s coefﬁmenti (FWHM) Aw 5.4(~13) radm 6.8(~13)%
4 ¥ 3 sec
13y
- v %az 2.5(~2) ¢ 4.79(-13)%
Voigt damping parameter as 2.8(=2)°
Excited-atom elastic {ov )y 2.7(-13) $m?/sec 5.9(—13) ¢
scattering rate
coefficient {ov )3 3.0(~13) 9m?/sec 9.6(-13)°
Transfer from . Csp 1.4(6)% sec!
3%Pg,; to 3%Py /s
and its reverse Cag 2.7(6)* sec™t
3c31 7.2(3)% sec™!
Collisional quenching , Cay 7.2(3)% sec™
Absorption coefficient k 3 (max) 1.835(5) fm-
at line maximum T
(with HFS) { & 3 (max) 3.66()f m
Excited-atom reflection R 0.0

coefficient

26.9(20) means 6.9 X109, :

bw. L. Wiese, M. W, Smith, and B. M. Miles,

Atomic Transition Probabilities IL. Sodium

through Calcium, National Stand. Ref. Ser., U. S. Nat. Bur. Stand. 22, 1960.
¢Calculated using coefficients of this table and formulas of Ref. 12.
dCalculated by multiplying the coefficients for self-broadening (HWHM) of Niemax and Pich-

ler (Ref. 24) by the respective ratios of the cor

efficient for the transfer of population to that for

relaxation of optical coherence from Carrington, Stacey, and Cooper (Ref. 25). The factor of
2 discussed in connection with Eq. (2) was inadvertently omitted.

eThese values are twice the rate coefficients for the transfer of population calculated using
the theory of Carrington, Stacey, and Cooper (Ref. 25).

f Calculated using Voigt profiles and including HFS.
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‘FIG. 1. Theoretical excited-state densities for two
laser detunings as a function of distance from window.
Conditions are Na density of 7 %10% atomsm -3, mono-
chromatic excitation of Py, state. The plotted population
is for the Py , state and an incident flux of about twice
the maximum value used in our experiment, i.e., 10
W/m?. Hyperfine splitting was included.

cited atoms at the boundaries is negligible. The
dip in the dashed curve at line center is the result
of the competition between reradiation and excita-
tion transfer between the *P,, and *P,, states. In
the remainder of this paper we assume that the
excited atoms are completely deexcited at the win-
dow. The only difference in the coefficients used
in the calculations for the three solid curves isthe
value used for the momentum transfer rate co-
efficient (ov), which affects the diffusion coefii-
cient D through Eq. (2), and the excited-atom
transport through the elastic secattering term in
Eq. (4). The profile marked D shows the theoreti-
cal predicted behavior, namely increasing fluor-
escence intensity as one approaches line center
and a sharp dip at line center due to nonradiative
losses. From these curves it is seen that if the
momentum-transfer rate coefficient {ov) were
smaller by a factor of 100 (multiplying D by 100),
the integrated intensity curve shows a slightly
deeper and wider dip at zero detuning. At line
center this case approaches the conditions for
which excited atom-ground state collisions are un-
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FIG. 2. Theoretical fluorescent intensity profiles. The
frequency integrated fluorescence intensity in the Na D2
line emergent in the backward direction relative to that
expected for a perfectly diffuse surface is given as a
function of laser detuning from the center of the D1 line.
The dashed line shows predicted intensitites if wall
quenching is negligible (unit excited-atom reflection
coefficient). Solid lines show the effect of variation of
the momentum transfer rate coefficient on the emergent

_intensity. The Na density was taken as 1 x 102! atoms

m-3. HFS is not included.

important as considered by Cipolla and Morse.?
Converseély, if the momentum-transfer rate co-
efficient’is increaséd by two orders of magnitude,
thereby decreasing the mean-free path between
collisions and therefore decreasing the importance
of nonradiative losses to the window, the curve
marked D x 0.01 is the result. As expected in this
instance the dip at zero detuning is much shallower
than the previous case. The relatively small

. change in‘the minimum when the momentum-trans-

fer rate coefficient is reduced by a large factor
(D to D x 100) results from the fact that for our
conditions the photon absorption length at line
center is roughly equal to the mean-free path of
the excited atoms, i.e., increasing the excited-
atom mean-free path used in the calculations by
a factor of 100 does not increase greatly the frac-
tion of the atoms colliding with the window before
spontaneous emission. This means that the re-
sults presented in this paper are not a sensitive
test of the value of {ov) used in the calculations.
Figure 3 shows the percent of the incident ener-
gy lost via wall quenching as a function of detuning
from line center. This calculation was made using
the same coefficients as for Fig. 2 and shows that
at line center-the losses to the window by nonradi-
ative transport are about 65% of the incident ener-
gy. Note that the energy lost to the window via the
2p,, state is much smaller than the loss via the
2p,,, state because of the finite rate of collisional
excitation transfer between these states.?
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FIG. 3. Nonraditive losses relative to input power
calculated from SLAB3 (including HFS) for a Na density
of 1 x10% atomsm™3. Losses for both the Py, and Pyp
states are shown as a function of laser detuning from
line center of the D1 (Py; ;—~Sy/,) transition.

HI. EXPERIMENTAL PROCEDURE AND APPARATUS

The schematic diagram of the experimental ap-
paratus is shown in Fig. 4. The sodium cell C
shown in Fig. 5 is of a special design whiclallows
operation up to 500°C. The details of its construe-
tion are given elsewhere.?” The gap between the
front andback sapphire windows was 8.6 mm. The
cell and sidearm temperatures could be controlled
independently by ovens 01 and 02 and were moni-
tored continuously by several thermocouples. The
sodium cell was maintained at a temperature
somewhat higher than the sidearm assembly and
outer windows were added to avoid condensation
of sodium on the cell windows. Before vacuum

SINGLE-MODE
DYE LASER

o1, c  w [pm]

‘ S 1
1@ F-—1c /1’1, % MONOCHROMATOR
! .
i L2
i
U -
02

FIG. 4. Block diagram of the experiment. The output
beam of the single-mode dye laser is expanded by L1
and directed on the entrance window of the sodium cell
C. Fluorescent radiation is focused onto the monochro-
mator lens L2. Oven Ol is the cell oven and O2 is the
sidearm and reservoir oven.

KOVAR RINGS -E ;STAINLESS STEEL

THIE AN []

T 77 XA ez 77
SNTESNN\AAN

L-"STORY:"
WINDOW
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Vit L2 L L

NI%1000 / ]
S APPHIRE ?CARBON—STEEL

WINDOWS SCREW

FIG. 5. Cross section of the Na vapor cell. Cu
gaskets (not shown) are placed between the inner Kovar
ring and the inside of each window. Carbon-steel bolts
maintain the compression necessary for sealing. Thin
sapphire “storm windows” are placed over the main
windows to reduce convective cooling and eliminate Na
deposition on the windows (see Ref. 27).

distilling sodium from the high-purity sodium amp-
ule into the sidearm, the entire assembly was
evacuated and baked. A pressure of ~3x 10°° Pa
was obtained.

The source of monochromatic radiation was an

‘ argon-ion pumped, cw dye laser operated single

mode and tuned electronically with an intracavity
etalon. The spectral line width of the output laser
beam was approximately 200 MHz at a power level
of 30 mW. The mode structure of the dye laser
was continuously monitored by a scanning Fabry-
Perot interferometer. Mode hops occurred once
every two to four minutes. The laser beam passed
through a neutral density filter of unit optical den-
sity, a beam-expanding telescope L1, an iris dia-
phragm, and a beam splitter before passing into
the sodium cell at an angle of 15° to the window
normal. The input intensity was continuously mon-
itored by a semiconductor photodiode and was
always less than 5 W/m2, The fluorescent signal
was found to be a linear function of incident in-
tensity®® between 0.5 and 5 W/m?. The fluores-
cence signal emitted normal to the window was
focused on the 24 um entrance of a 1-m Czerny-
Turner monochromator with £/8.7, a dispersion
of 0.83 nm/mm and a limiting spectral resolution
of 10-2 nm or 9 GHz. The exit slit of the mono-
chromator was opened to approximately 300 um
when integrating the fluorescence intensity over
either the D1 or D2 line. The photon flux from

the monochromator was measured by a photon
counting chain consisting of a multialkali photo-
multiplier operated at dry ice temperature, a pre-
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amplifier, an amplifier-discriminator, and a
scalar. Count rates were typically 20 000 counts
per second with integration times of 1 sec. Both
the laser and the monochromator could be scanned
under the control of a mincomputer which also
normalized the signal count rate to the laser in-
tensity. The monochromator scan was provided
by a stepping motor with 0.01 nm per step incre-
ments, whereas the dye-laser scan was performed
by the intracavity etalon in 560-MHz steps. The
raw data along with the laser input intensities
were stored on magnetic tape for later analysis.

Sodium densitities were calculated from the data
of Nesmeyanov.?® As a check, absorption mea-
surements were made using a white light source
T (tungsten-filament-iodine lamp) operated at a
color temperature of about 2900 K. The measured
equivalent widths and line broadening data® for
the D1 and D2 lines could then be used to calculate
the sodium densities. These two density determin-
ations were within 15% of that calculated from the
vapor pressure curve.

The normalization of the radiant intensity scat-
tered by the Na cell to the incident radiative flux
was made by placing a mirror M of known reflec-
tivity into the laser beam such that the reflected
laser beam was incident on a white surface S in
the same geometry as that of the cell.” The white
surface was BaSO, paint and its séa’t{ering effif
ciency was calibrated using BaSO, powder®® stated
by the manufacturer to be 99% efficient at the
wavelengths of interest when prepared according
to instructions. Transmission coefficients of the
evacuated quartz-cell windows of the oven, as
well as the sapphire input window, were measured
and used in the normalization of the data. By this
method we were able to determine the ratio of the
fluorescent intensity to the intensity of radiation
scattered by a perfectly diffuse surface.

1IV. RESULTS.

Figure 6 shows experimental spectral line pro-
files obtained for three values of laser detuning
from the D1 resonance line at 589.6 nm. In each
case the monochromator was scanned from 588.6
to 590.0 nm for a fixed laser detuning. The Na
density was 3 x 10%! atomsm™3%, As can be seen,
with excitation at line center the detected linewidth
is essentially determined by the monochromator
resolution of 0.02 nm., The middle trace shows
that if the laser excitation is detuned apprdximate-
ly 4 GHz into the red wing of the D1 line, the fluor-
escence line profiles become broader and the D2
line intensity increases while that of the D1 line
decreases. The broader line profile results from
the fact that radiation absorbed deep in the vapor

0.5 . A=0GHz
o0}
005}
° .'_
|2 o
ol
Slo oo - . A=4GHz
oo . .
A
b4 bt o
é [+
=3 °%°r £=276Hz
a
o0.010} R
0005} S
i e
Y '!. t O L P b bt
589.0 589.6

Wavelength (nm)

FIG. 6. Normalized fluorescent signal profiles for
three values of laser detuning A from line center ex-
citation of Py,. The Na density was 3x10% m™3. I
the lower trace the peak on the long-wavelength side
of the D1 line is due to laser light scattered by imper-
fections in the cell windows. The scattered light signal
from the reference white surface has the same fre-
quency dependence as the profiles in the top trace but _

has unit amplitude. '

must be emitted in the wings of the resonance
line in order to reach the window.®® The deeper
penetration of the laser light also increases the
mean lifetime of the excited atoms allowing for
greater collisional transfer of excitation to the
P, component. Finally, for a detuning of 27 GHz,
or approximately 0.03 nm, the backscattered line
profiles become very broad and display self-ab-
sorption at line center. These profiles demon-
strate that the D1 and D2 lines are well separated
and that a 300 um exit slit setting is sufficient to
include essentially all of the scattered intensity
in either the D1 or the D2 line.
- Scans of the measured fluorescent intensity in-
tegrated over the D1 and D2 lines asa function the
laser frequency are shown by the points in Figs.
7 and 8. Experimental runs were made ata vari-
ety of densities but detailed theoretical compari-
sons were made only for Na density of 6.9 x 10
atoms m-? and cell temperature of 705K. In
these runs stray laser light was measured to be
less than 0.6% of the maximum signal.

The theoretical results are shown in Figs. 7 and
8 by the solid lines. The data for Py, excitation
in Fig. T clearly show a dip near zero detuning
which reflects the expected increase in wall
losses. As one would expect, the wall losses for
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FIG.. 7. Top: Integrated fluorescence intensity from
Py 5 as a function of detuning from Py, line center.
Bottom: Fluorescence from Py, level with Py, ex-
citation. The Na density was 6.9 x10% m"., The solid
curve shows model predictions. Dots are the measured
ratios of the cell fluorescence to the signal scattered by
the white surface after correction for window trans-
mission, etc. The experimental data are shifted in
frequency for best fit to the theory.

- Py, excitation in Fig, 8 appear smaller due to its
smaller absorption coefficient. It is also inter-
esting to note the drastic reduction in sensitized
fluorescence, i.e., radiation following energy
transfer from the initial excited fine structure
component to the second component, when the
atoms are excited at resonance. This reflects
both the increases loss of excited atoms by radia-
tion and the large wall losses which prevail for
these conditions. Calculationssuch as those plotted
in Fig. 3 show that the latter effect is dominant.
The asymmetry and structure which consistently
appear near line center excitation are attributed
to the 1.77-GHz hyperfine splitting of the ground
state,

The agreement between theory and experiment
is significantly better for P,, excitation than for
P,;, excitation. In the former case the agreement
is excellent in all regions except near zero de-
tuning for the Py,-P,, curve (Fig. 7, top). It is,
of course, just this region which is most sensitive
to boundary effects. Both bere and for the P,,-P,,
(Fig. 8, bottom) results, theory overestimates the
experimental results by at least 25%. Inclusion of
frequency-coherent scattering of the incident radi-
ation at the first scattering event into the model
produced a negligible change in the calculated re-
sults at this density. One also notes that since
our model assumes complete destruction of the ex-

cited atoms at the window it is not possible to
lower the calculated intensities at line center by
changing the reflection coefficient for the excited
atoms at the window.

V. SUMMARY

An experiment has been performed which shows
the effect on fluorescent intensity of nonradiative
excitation transport to a boundary. In particular,
losses due to quenching of excited atoms can be
an important and even dominant loss mechanism
for certain density and excitation conditions.
Funding limitations prevented the more extended
analysis of these data necessary to clarify the
remaining discrepancies between theory and ex-
periment. Future experiments and analysis should
consider the effect of this nonradiative loss of ex-
cited atoms on the time dependent decay of the ex-
cited atoms and on the propagation of intense laser
beams in the region near the boundary.
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