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The rate of blackbody-radiation-induced transfer from the 19s state of sodium to the

18p and 19p states has been measured over the temperature range 6 to 210 K. The rate,

which ranges from 2g 10 to 20' 10 s ', is sensitive to several transfer coefficients and

spontaneous transition rates as well as to the precise form of the radiative distribution.

The results are in good agreement with theory.

I. INTRODUCTION

Blackbody radiation can be an important agent
for population transfer among excited atoms. Al-

though the transfer rate is normally small between

low-lying states, radiative transfer can be large in

Rydberg atoms due to the large dipole matrix ele-

ments connecting adjacent states and because the
photon occupation number is often high for transi-

tions between Rydberg states at room temperature.
The ability to measure blackbody transfer is impor-

tant to the understanding of the systematics of ex-

cited atoms in thermal-radiation fields, particularly
for differentiating thermal-radiative transfer from
transfer mechanisms such as collisions, photoioni-

zation, and other radiative processes. In addition,
the ability to control blackbody-radiative transfer
is essential to the application of Rydberg atoms to
millimeter wave detection. '

Initial observations of the effects of blackbody
radiation on Rydberg atoms were reported by Gal-

lagher and Cooke who measured lifetime shorten-

ing and observed transfer among excited states of
sodium. ' At about the same time Beiting et al. in-

dependently reported observations of blackbody-
radiation-induced transfer and photoionization.
Gther effects of blackbody radiation include stimu-

lation of superradient emission ' and radiative
energy-level shifts. Temperature dependent radia-
tive transfer has been observed by Figger et al.
Using a chamber cooled to 14 K, they measured

transfer induced by radiation from an external
source whose temperature was varied from 260 to
800 K. Koch et al. observed effects due to

II. THEORY

The fundamental theory governing blackbody-
induced transfer is the Einstein theory of radia-
tion. ' The transfer rate including absorption and

stimulated emission from a level i to a level j is

given by

7j =~ J'(n+0;J ),

where

1, E;)EJ
(2)

A;J is the Einstein A coefficient for the transition
from level i to level j and n is the average number

of photons per mode at temperature T and at the
transition frequency v.

transfer within a tube when the temperature was
varied from 300 to 700 K. Recently Hildebrandt
et al. reported a measurement of several transfer
rates in Xe at a temperature of 90 K.

In this paper, we present results on radiative
transfer between the 19s state of sodium and the
adjacent p states as a function of temperature over
the range 6 to 210 K. In the low-temperature
range of our measurements the effects of the black-
body radiation are almost completely removed, and
the remaining transfer is due to spontaneous emis-
sion. We compare the measurements with our cal-
culated results, and find good agreement.
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(3)n—
hv'"p kT

The total decay rate is obtained by summing over
all possible decay channels

TABLE I. Values of n, the average number of pho-

tons per mode in the Planck distribution, for 20-cm

radiation.

Temperature
(K)

The population in level i is governed by a rate
equation for transfer in and out of the level

(4) 6
20
50

210

0.008
0.31
1.3
6.8

dN(t) M

dt j1 'J' J'J= —g [y~JN;(t) yJ, N~—(t)]

Numerical solutions to the set of rate equations is
straightforward. In practice, mpny of the transfer
rates are small and can be neglected.

Theoretical values for the 3 coefficients used in

this paper were calculated using a numerical
method described by Zirnmerman et al." The
method has been shown to produce reliable matrix
elements both for the calculation of the Stark ef-
fect of Rydberg atoms and for the calculation of
lifetimes of Rydberg states. ' In addition, black-

body transfer rates computed here agree well with

those calculated recently by Farley and Wing. '

III. EXPERIMENTAL METHOD

The transfer measurements were made by initial-

ly populating the 19s state in sodium and monitor-

ing the population as a function of time in the 19s,
18p, and 19p states over the range of temperature 6
to 210 K. These transitions were chosen because
they provide wide variations in n over the available

temperature range. Values for n are tabulated in

Table I at several representative temperatures.
Major features of the apparatus have been

described elsewhere. ' An atomic beam of sodium
is excited by pulsed dye lasers, and time resolved
field ionization is used to monitor the evolution of
the excited-state population. By varying the delay
time to the ionizing pulse the populations in indivi-

dual states are determined as a function of delay
time. The signal is the sum of contributions from
the initially populated state and the states which
received the blackbody transfer. Because of the
large difference between the s and p state spontane-
ous lifetimes, the resulting decay curve provided a
sensitive characterization of the blackbody transfer.
Measurements are repeated as the temperature is
decreased from 210 to 6 K, and the data are fit to

solutions of Eq. (5) describing the transfer process.
The atoms are excited between two plates in a

chamber attached to a helium cryostat (see Fig. 1).
The plates are thermally connected to the helium

dewar, and are surrounded by two shields also con-
nected to the dewar. The inner shield provides
electrical shielding for the plates. Apertures
through the shield for the atomic beam and the

lasers are covered by a 70-p mesh and a glass win-

dow, respectively, to block far infrared radiation
from outside the chamber. The helium cooled re-

gion is surrounded by a shield attached to a
liquid-nitrogen reservoir.

The temperature of the outer helium shield is
monitored by a copper-constantan thermocouple
and a carbon resistance thermometer. These ther-
mometers provide reliable temperature measure-

ments through the range 4 to 300 K. Separate
calibration runs were taken to assure that the field

—Q

FIG. 1. Cooled containers surrounding excitation re-

gion for Rydberg atoms: (a) liquid-nitrogen reservoir, (b)
liquid-helium reservoir, (c) field plates, and (d) electron
multiplier housing.
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plates maintain thermal equilibrium with the outer
helium shield.

The sodium atoms are excited by two pulsed dye
lasers whose beams counter propagate with the
atomic beam. The atoms are ionized after a time
delay by applying a pulsed negative voltage to the
upper field plate. The delay ranges from 2 to 32
ps. The electrons emerge through small-holes in
the lower field plate and pass to an electron rnulti-

plier located below. The electron multiplier is

thermally connected to the liquid-nitrogen shield
and is isolated from the interaction region by a
radiation-blocking grid attached to the field plates.
The voltage pulse is applied slowly so that the fi-
nal states can be determined by time resolving the
electron multiplier signal.

IV. RADIATION DISTRIBUTION

An important consideration in this experiment is
how accurately the radiation distribution within
the cooled chamber resembles a blackbody distribu-
tion at the wall temperature. In particular, we
must consider the effect of radiation leakage
through the apertures in the wall. By requiring
that the flux of electromagnetic energy be in equili-
brium, and assuming that the wall emissivity is
small, one can obtain the following approximate
formula for the radiation distribution within the
chamber

p(v, T )+R,„(v)a/e
R;„(v)= (1+a /e)

(6)

p(v, T„)denotes the Planck distribution for the
wall temperature, a is the ratio of the effective area
of the apertures to the area of the walls, and e is
the spectral ernissivity of the walls. Because the
apertures are covered by grids and windows whose
transmission is frequency dependent, a must be
treated as a function of frequency. R,„(v)
represents the distribution external to the helium
shields, which is a mixture of Planck distributions
at 6, 7S, and 300 K. Using the above formula, one
can estimate the relative fraction of each Planck
distribution which contributes to the radiation
within the interaction region. For our apparatus,
within the frequency range of interest (15 cm
v(60 cm '), the radiation is dominated by the
wall temperature Planck distribution. Assuming
the grids and windows on the aperatures block no
radiation and @=0.02, the upper limit of contribu-
tions from the 7g-K distribution is 4%, and the

e5A w (1.
NDA, J m A,

(7)

Aw is the area of the walls, 5 is the absorption fre-
quency width of the atom, and No is the number
of excited atoms. For the parameters in our sys-
tem, the quantity on the left is greater than 10
and this process does not occur. However in prin-
ciple, this supercooling could be observed. The
converse of this effect can also occur. The atoms
can radiate faster than the walls can absorb, result-
ing in radiation trapped within the interaction cav-
ity.

Another effect, alteration of the blackbody dis-
tribution due to the mode structure within the
cooled cavity, has been considered and is expected
to have little effect. The plate separation is 1 cm
while the transition wavelength from the 19s to the
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FIG. 2. Experimental and theoretical transfer rate vs
temperature. The solid line is calculated with no adjust-
able parameters.

upper limit from the 3QQ-K. distribution is 0.4%.
Another possible problem is depletion of arn-

bient radiation within the cooled cavity due to ab-
sorption by the atoms. To estimate this effect the
radiation distribution must be viewed dynamically,
with the walls as the source of radiation and the
atoms as a sink of radiation. If the atoms absorb
at a greater rate than the walls can provide radia-
tion, then the cavity will become supercooled at the
absorption frequency. The condition for this to
occur is independent of temperature since emission
from the wall and absorption by the atoms are
both proportional to n. By comparing the absorp-
tion rate with the emission rate, one can arrive at
the following condition for supercooling,
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adjacent p states is about 0.05 cm. For these
values, the region between the field plates has a
mode density close to that of free space.

TABLE II. Results of fit of experimental data to
Einstein A coefficients describing transfer. The calculat-
ed values are also given.

VI. ANALYSIS AND RESULTS

The data were analyzed by doing a least-squares
fit to the solution of Eq. (5). Since we sirnultane-
ously collected the signals from the 19s, 18p, and
19p states, the solution consists primarily of the
sum of an exponential decay from the s level and
two curves describing transfer to the p levels. The
lifetime of the 19s level used in the fit was experi-
mentally determined from the data at 6 K to be
7.45(15) ps. Theoretical values were used for the p
state lifetimes and the transfer rates to levels other
than the 18p and 19p. Thus, the only free parame-
ters in the fit were the two radiative transfer rates

p] 9 f 9p and y», »p, and the scale size of the signal.
More than 80% of the transfer was to the 18p and

19p states and the results were found to be insensi-
tive to the transfer rates for which theoretical
values were used.

The experimental results are shown in Fig. 2.
The nonzero transfer occuring at 6 K is due to the
spontaneous decay from the 19s to the 18p. We
measured this decay rate to be 2040(250) s ' which
is in good agreement with the theoretical value of
1953 s '. The theoretical transfer curve also
shown. This is given by

19s~19p
19s~18p

1460(430)
1950(470)

1848
1953

Although experiment and theory are in general

agreement, the experimental results for the transfer
rate appear to be systematically less than the
theoretical values by an amount comparable with

the statistical error of each point. If the 19s life-

time were 2% shorter the fit would noticeably im-

prove; a 4% decrease would remove any suggestion
of a systematic error. We believe that the lifetime
is reliable to 2%, ' however, and that the systemat-
ic discrepancy, if it exists, probably has its origin
elsewhere. We have considered other sources of er-

ror such as bias in the curve fitting algorithm,
motional effects of the beam, and thermometer
calibration errors, but these all appear negligible.
When the data are inverted to yield values for the
3 coefficient, however, as in Table II, there is no
evidence of a systematic error. Thus, although the
possibility of a small systematic error cannot be ex-

cluded, the evidence for it is not very strong.

V19s, ]8p +XI9s, 19p. (8)
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