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The effect of imprisonment of radiation in sodium vapor on the measured lifetime of the 3 2P states has
been investigated in an experiment in which the atoms in the vapor were excited with 10-nsec pulses of
resonance radiation and the elapsed times between the exciting and the fluorescent pulses were recorded using
a time-to-amplitude converter and kicksorter. At vapor densities below 10® atoms/cm3, where there is no
multiple scattering, the measured lifetime reaches a constant value of (1.634:0.04) X 1078 sec, equal to the
natural lifetime of the 3 2P states. In the density range 10°-10% atoms/cm?®, the variation of the effective
lifetime with the vapor density is in good agreement with the predictions of Milne’s theory of radiation
trapping ; agreement with Holstein’s theory is observed only in the range 101>-10 atoms/cm®. The results
of a subsidiary Hanle experiment show that a multiply scattered photon of sodium resonance fluorescence
loses its original polarization and that, at high sodium vapor pressure, coherence is not preserved.

I. INTRODUCTION

HEN sodium vapor at low pressure is illuminated
with a short pulse of sodium resonance radia-
tion, the atoms become excited to the 3 2P states and
decay emitting resonance fluorescence. It is usually
accepted that the decay process is described by N,
=N, exp(—1t/7), where N, and N, are the numbers of
excited atoms at times ¢/ and O, respectively, and =,
defined as the mean lifetime of the 3 %P states, is a
specific property of the sodium atoms. I.f the vapor
density is increased, the resonance radiation becomes
imprisoned in the vapor and measurements of decay
rates yield effective lifetimes 7 which are significantly
longer than  and which are not only a property of the
isolated atoms, but also of the whole vapor. The pre-
cise knowledge of 7 as well as detailed information
about the relationship between 7’ and the alkali vapor
pressure are of fundamental interest to workers in the
fields of atomic physics and atomic collisions, radio-
frequency spectroscopy, upper-atmosphere physics, and
plasma physics.

Although there have been several successful attempts
to measure r using methods of magnetorotation at the
edge of an absorption line,' Hanle effect,? and fluor-
ometry,® there has been no systematic experimental
investigation of the direct influence of multiple scatter-
ing in alkali vapor on the lifetimes of the resonance
states. Theoretical treatments of the effect®:’ have been
used by various authors to correct experimental results
for radiation trapping.®

In the present investigation, the lifetime of the 3 2P
resonance states in sodium has been studied in the most
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direct way. The atoms were excited with 10-nsec pulses
of resonance radiation and the time intervals between
excitation and decay were determined as a function
of the vapor density. Similar techniques of time meas-
urement have been used previously in lifetime deter-
minations for various excited levels in inert gases,”8
but the excitation was carried out with electron beams
whose energy spread caused the simultaneous excitation
of several atomic levels, thus complicating the separa-
tion of the decay processes. At very low vapor densities,
where there is no imprisonment of radiation and '=r,
the method yields accurate values of 7 and thus of
oscillator strengths. The values of 7 may be compared
with the predictions of both Milne’s* and Holstein’s’
theories of radiation trapping. The theory of Barrat?
does not apply to the imprisonment of sodium reso-
nance radiation, as is evident from the results of a
complementary Hanle experiment.

II. EXPERIMENTAL

The arrangement of the apparatus is shown in Fig. 1.
The sodium resonance radiation emitted by the lamp
was passed through the Kerr cell'® which was placed
between two crossed polaroids and which transmitted
10-nsec light pulses with a repetition rate of 60 pulses/
sec. The transmitted light was focused in the fluores-
cence cell,’ in which the pressure of the sodium vapor
was controlled by the temperature of the liquid metal
contained in a side-arm. The fluorescent light pulses
emerging from the side-window of the cell were detected
with a photomultiplier.

The Osram lamp was operated at a current of about
1 A and emitted Nap lines which were only slightly
self-reversed. The exciting radiation was made incident
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F1c. 1. The apparatus used for lifetime measurements. P and
P’ are the two crossed polaroids. The amplitude of the ramp
pulse produced by the time-to-pulse-height converter is propor-
tional to (f2—?1), the time overlap between the two rectangular
pulses.

on the cell at an oblique angle to decrease the amount
of stray light scattered from the windows. The cell was
mounted in an electrically heated oven which was
divided into two parts: one contained the main body
of the cell and the other maintained the side-tube
containing the liquid sodium at a slightly lower tem-
perature, which determined the density of the fluores-
cing vapor. Both parts were maintained at temperatures
constant within 0.3°C by means of temperature con-
trollers'? which employed thermistors as sensing ele-
ments. The fluorescence cell was connected by a tube
of 3-mm bore to the vacuum system which maintained
a vacuum of about 10~7 Torr throughout the experi-
ments to remove all gases other than the sodium vapor.
The fluorescent light was focused by lenses of large
aperture on the photocathode of a Philips 56TVP
photomultiplier which was housed in a liquid-air
cryostat and was operated at 2700 V.

The time intervals between excitation and decay
were measured as follows. A small fraction of the 35-kV
pulse, which opened the Kerr shutter, was diverted to
a pulse-shaping circuit® to shape it into a rectangular
pulse of 100-nsec duration and constant height, whose
leading edge corresponded to the opening of the shutter.
The output pulse from the photomultiplier was simi-
larly shaped and the two pulses were directed into a
time-to-pulse-height converter® which converted the
time overlap between them into a ramp pulse of height
proportional to the time overlap. The ramp pulse was
then counted, according to its amplitude, in a channel
of a 400-channel kicksorter.!* The resulting spectrum,
built up over many repetitions of the incident light
pulse, gave the distribution of the times elapsed be-
tween the excitation and decay of atoms in the vapor.
The kicksorter was gated by pulses taken from the
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penultimate dynode of the photomultiplier in order to
eliminate pulses too small to be shaped uniformly. The
accumulated count was read out by means of a Teletype
printer and tape punch.

The kicksorter was calibrated by placing various
delay cables in one input of the time-to-pulse-height
converter. These shifted the recorded spectrum by a
number of channels corresponding to the known time
delay of the particular cable. The resulting time cali-
bration was accurate to better than 29.

III. RESULTS AND DISCUSSION

A typical pulse-height spectrum, containing a total
of about 10° counts accumulated during a period of a
few hours, is shown in Fig. 2. The peak is due to the
prompt spectrum, which has a half-width of 10 nsec.
The slight undulations in the exponential part of the
curve are due partly to statistical error and partly to
the imperfect shape of the sample pulse taken from the
Kerr cell. The spectrum also contains some background
arising from light leaking through the Kerr cell and
from the small dark current in the photomultiplier,
which amounted to 21 counts/channel uniformly dis-
tributed in time. This background was subtracted
before subjecting the results to further analysis, which
was carried out with an IBM 1620 computer and
yielded the apparent lifetimes 7’. The exponential
character of the decay is demonstrated in Fig. 3 by the
appearance of the semilogarithmic plot of the experi-
mental spectrum.

It was thus possible to measure a range of apparent
lifetimes over a range of sodium vapor pressures, as is
shown in Fig. 4. At low vapor densities, 7 became con-
stant and equal to 7. As the vapor pressure increased,
7’ rose steeply. The individual values 7’ are subject to
experimental error of 19, caused by uncertainties in the
background count and to error arising from the possi-
bility of “pile-up,” in which more than 1 photon per
exciting light pulse could be detected by the photo-
multiplier, but only the first photon would be registered
by the time-measuring system. Such pile-up, which
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F16. 2. A pulse-height spectrum showing the exponential decay
of 3 2P sodium atoms, registered in 100 channels of a 400-channel
kicksorter. The spectrum was taken at a vapor density of 7109
atoms/cm3. The Kerr cell was open during the first 18 nsec.
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would favor decays occurring just after the exciting
pulse, was minimized by keeping the intensity of the
exciting light so low that an average of only 1 photon
per 10 exciting pulses was observed. A correction was
made for this effect, which was negligible for low values
of 7/, but which amounted to as much as 209, for values
of 72107. The effect on 7’ of small changes in the
depth at which the fluorescence was observed was found
to be smaller than the experimental error.

The oscillator strength is twice as large for the
3 251/2 «—3 2P3/2 transition as for the 3 251/2 «—3 2P1/2
transition and thus the probability of trapping the
5890 A radiation is twice as great as it is for the 5896 A
component. Consequently, although the 3 2Py, and
3 2P3p states exhibit lifetimes 7 which are indistinguish-
able from one another at low vapor densities, at higher
densities the respective values 7/(3) and 7/(2) differ and
the observed experimental pulse-height spectra each
consist of two exponentials corresponding to the two
separate decay rates. It was not possible to separate
these exponentials, because at low vapor densities the
difference in lifetimes is very small and at higher densi-
ties only a short portion of the decay was observed.
Thus the measured lifetimes 7’ lie between 7/(3) and
().

The variation of 7" with vapor density may be com-
pared with the predictions of Milne’s* and Holstein’s®
theories. Theoretical curves representing the predicted
behavior of 7/ are plotted in Fig. 4. Both curves have
been fitted to the experimental data at one (encircled)
point and at the low-pressure limit of 7'. It was also
assumed that plane parallel geometry was a suitable
approximation to the conditions of the experiment and
that the 3 251/2 «—3 2P3/2 and 3 2S1/2 «—3 2P1/2 transi-
tions made equal contributions to the observed radia-
tion, so that the observed value of 7’ was an arithmetic
mean of 7/(3) and 7/(2). It may be seen that Milne’s
theory is in excellent agreement with the experimental
results, whereas Holstein’s theory agrees only at the
higher vapor densities.
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F1e. 3. A semiloga-
rithmic plot of a part of
the spectrum shown in
Fig. 2. The slope yields
7'=7=1.66X1078 sec.
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Milne gives the following representation of the
radiation-trapping effect?:

T(@)/r=14+(CyN?, 7' (3)/7=14(Co/u)?,

where N\ tanA=C; and u tanu=C,. The opacity Ci,»
=lo1,0N. N is the vapor density (obtained from the
temperature of the side-arm by a substitution in the
Langmuir-Taylor formula'®), / is the thickness of the
vapor layer, and a1, a; are the atomic absorption co-
efficients for the Dy and D, resonance lines (a3 = 5X 10-12
cm?, ap=1X10"" cm?).!® A good fit with the experi-
mental results is obtained for /=2 mm, which is con-
sistent with the experimental conditions.

Holstein gives the following expressions for the varia-
tion of the lifetimes 7’ with the vapor density®:

7'(2)/7=0.94k0()){In[ko(3)31]} 2,
7 (3)/7=0.94ko($)i{In[ko($)51]} 172,
where ko(%) = 2)\03N/87r3/2'l)o7‘, ko(%) = %ko(%), Ao is the

mean wavelength of the Nap lines, NV is the atomic
density, vy is the most probable speed of the atoms, and

15 J. B. Taylor and I. Langmuir, Phys. Rev. 51, 753 (1937).
16 A. C. G. Mitchell and N. W. Zemansky, Resonance Radiation
%& )Excited Atoms (Cambridge University Press, New York,
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TABLE I. Values of the lifetime of the 3 2P states
in sodium, from various sources.

7 (1078 sec) Method of determination

1.63::0.04 Present investigation

1.633-0.05 Hanle effect®

1.59+0.015 Phase-shift fluorometry®

1.61:0.06 Magnetorotation at the edge of an
absorption line®

1.63 Calculation by the Bates-Damgaard

methode

s Reference 2.
b Reference 3.
¢ Reference 1.

1 is the thickness of the plane parallel slab of fluorescing
vapor. It is apparent from Fig. 4 that Holstein’s ex-
pression applies only at vapor pressures greater than
5X 1075 Torr. Heron, McWhirter, and Rhoderick? found
good agreement with oHlstein’s theory in their experi-
ments with helium which were performed at consider-
ably higher pressures. In order to fit Holstein’s equation
to our high-pressure results, it is necessary to assume
I=8 mm, which is also in quite good agreement with
experimental conditions.

In the low-pressure limit, at pressures below 10—¢ Torr
corresponding to densities of less than 10! atoms/cm?,
7’ — 7. The weighted average of the 8 determinations
carried out in this pressure region yielded a value of
7=(1.6320.04)X 1078 sec for the lifetime of the 32P
states in sodium. { Note added in proof. This value, based
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F16. 5. The relation between the magnitude of the Hanle
signal and sodium vapor pressure.
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on further experiments, is more accurate than
1.66X 1078 sec, which appeared in the original abstract.
1.61X1078 sec was recently obtained by Link [J. Opt.
Soc. Am., 56, 1195 (1966)]}. This value is compared in
Table I with the results of other authors.

In order to gain additional insight into the process of
radiation trapping, the Hanle effect!” of the 3 2P levels
in sodium was investigated over the whole experimental
range of vapor pressures. The fluorescing vapor was
placed in a magnetic field of a few gauss, uniform to
19, directed along the axis of the observed light.
The Kerr cell was removed and a polarizer was placed
in the exciting beam, which polarized the incident radia-
tion in a direction perpendicular to the axis of observa-
tion. The steady fluorescent light was analyzed with a
polarizer oriented to pass light polarized perpendicu-
larly to the electric field vector in the incident light
and was observed, as a function of the magnetic field,
by the photomultiplier whose dc output was amplified
with an electrometer. The magnitude of the Hanle
effect decreased sharply with increasing vapor pressure,
as may be seen in Fig. 5, which shows the relative mag-
nitude of the Hanle signal, represented as a fraction of
the total fluorescent intensity. There is good correla-
tion between Figs. 4 and 5. 7’ becomes very large at the
vapor pressure of 10~* Torr, at which the amplitude of
the Hanle signal becomes very small. This implies that,
at these vapor densities, a photon emitted from a par-
ticular atom is unlikely to leave the cell without being
multiply scattered and losing its original polarization.

On the other hand, it was found that the width of
the Hanle signal, which is a measure of the lifetimes of
the atoms producing the effect, remained constant over
the whole range of vapor densities to within the experi-
mental accuracy of 59%,. The implied conclusion, that
coherence is not preserved during multiple scattering in
sodium vapor, was to be expected because the hfs of
both the 3 2P3;, and 3 2Py» levels lie totally within the
Doppler widths of the two respective D lines, thus
rendering Barrat’s theory® inapplicable to the present
case.
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