PHYSICAL REVIEW A

VOLUME 21,

NUMBER 2 FEBRUARY 1980

Effects of blackbody radiation on highly excited atoms

W. E. Cooke
Department of Physics, University of Southern California, University Park, Los Angeles, California 90007

T. F. Gallagher
Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
(Received 2 May 1979; revised manuscript received 2 October 1979)

Transitions between energetically close-lying Rydberg. states are characterized by large electric dipole
matrix elements and frequencies low enough that at room temperature the photon occupation number is
=10. Consequently the absorption of blackbody radiation and the stimulated emission produced by it lead
to an efficient redistribution of population among nearby levels. In some cases dramatic effects are observed,
for example, radiative lifetimes that are shortened to a small fraction of their T = 0 values. In addition, the
300-K blackbody field of ~10 V/cm produces ac Stark shifts of the Rydberg levels. Calculations of the
population redistribution effects and ac Stark shifts are presented. Examples are given to illustrate that care
must be taken in experiments with highly excited atoms to ensure that only one state is being observed

rather than a distribution.

I. INTRODUCTION

Previously'’ 2 it has been noted that room-tem-
perature blackbody radiation can both produce a
rapid redistribution of Rydberg-state population
by stimulated emission and absorption as well as
ac frequency shifts. We described a specific
example of the former effect, the threefold re-
duction of the Na 17p and 18p lifetimes by black-
body-induced stimulated emission and absorption.
Here we present a more detailed and expanded
description of both the blackbody-induced transi-
tion rates and the ac Stark effects for Rydberg
states. We also present in detail two examples to
illustrate how the population redistribution effects
enter into different classes of Rydberg-atom ex-
periments.

II. RADIATIVE LIFETIMES AND ac STARK SHIFTS

The usual expression for the radiative lifetime
T, of state n is given by the oscillator strength
sum?

1/‘r,,=—2a32 W2t fant s (1a)
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where the sum in Eq. (1a) is only over lower states
n’, such that W, < W,, making the oscillator
strength f . negative. All three equations are in
atomic units, where « is the fine-structure con-
stant, W, is the energy of staten, g, is the de-

generacy of state n, g is the larger of g, and

&n, and 7%, is the square of the radial matrix
element of 7 between statesn and n’. However,

if T#0, then blackbody radiation will cause transi-
tions through both stimulated emission and ab-
sorption. This will produce an additional decay
term*

I/TI:I = 20‘3'2 ﬁwwrzm' lfnn’l ’ (2)

where 7, is the occupation number for photons of
frequency |w,,|. In Eq. (2), the sum is now ex-
tended over all values of »n’,

It is useful to derive an approximate expression
for Eq. (2) both to show clearly systematic the
n and I dependence of 7% and to provide a simple
alternative to the cumbersome sum of Eq. (2). For
Rydberg states, most states n’ are nearby in en-
ergy, so that 7, may be approximated by |kT/w|,
which is valid for #,>1. Then Eq. (2) may be
written

/75 =20%RT 2 @oty frut - 3)
n

But the sum over oscillator strengths satisfies a
sum rule®:

Z“’n’nfnn'=%(Wn—V")=2/3n*z’ (@)

where V, is the average value of the potential en-
ergy (equal to 1/n*2 for hydrogenlike atoms such
as Rydberg states). Thus for T in degrees Kelvin,
the additional rate due to blackbody-stimulated
transitions is
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1/7% = 4a°kT/30* ? =6.79X 10%(T /n* 2sec™* .
(5)

At room temperature this is a rate of 6.9
X10*sec™! for a Na 18p state. One should note
that this rate is independent of I and of the atomic
species (except for the small variations in n*),

Of particular interest are the high-l states, for
which the radiative lifetimes are long, and the
blackbody-induced transitions are thus the domi-
nant decay mechanism. In this case the transi-
tions will necessarily be to other long-lived high-
! states so that the total Rydberg population will
still appear to be long lived, but Eq. (5) puts a
fundamental limit on the time during which a
“pure” Rydberg-nl -state population can be main-
tained.

The only approximation used in obtaining Eq.

(5) was @ ,~|kT/w|, which is an overestimation
of 7, for large w [since eventually 7, ~ exp(— w/
kT)]. Thus Eq. (5) is an upper limit to 1/73, the
error reflecting the extent to which #7,# kT /w.

As n increases, Eq. (5) becomes increasingly
more accurate because the strongest transitions
lie at lower frequencies for which 7 ,=kT/w is
valid. To provide a quantitative feeling for this,
we have evaluated Eqgs. (2) and (5) for several Na
states. Using the Bates-Damgaard® method to
calculate the radial matrix elements we may eval-
uate Eq. (2) for the 11s and 21s (#*=9.65 and
19.65) states, obtaining rates of 9.78x10? sec™!
and 3.53X10* sec™! whereas Eq. (5) yields rates
of 2.08%X10° sec™! and 5.25X10* sec™!, values
which are 113 and 49% too high. In both cases,
the errors are presumably due to the high-fre-
quency transitions to lower-lying states for which
#,<<1. Thus the errors for the 11s and 21s
‘states, 1.30X10° and 1.73X10* sec™!, respective
ly, should be considerably smaller than the rad-
iative decay rates, obtained from Eq. (2) with
n,=1, and in fact they are. The 11s and 21s
radiative decay rates are 8.0X10° and 9.5%X10*
sec™!, respectively.®

Not surprisingly, as ! is increased, Eq. (5) also
becomes more accurate, since there are no longer
available high-frequency transitions to low-lying
states. For example, for the highest ! states of
n=15 and n =20, Eq. (2) yields rates of 7.57x10*
and 4.77X10* sec™!, whereas Eq. (5) yields rates
of 9.17X10* and 5.10X10* sec™®, which are 21%
and 6% too high. Thus Eq. (5) is a most accurate
estimate for the high-! states that are most affect-
ed by the redistribution effect.

Oscillator strength sums may also be used to
calculate ac Stark shifts induced by blackbody
radiation. The ac Stark shifts, however, are
primarily due to the electric field components

near the frequency of peak blackbody intensity,
~3kT. These frequencies are thus usually far off
resonance and result in an energy shift’:
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where (L, is the dipole matrix element between
states » and n’, E, is the electric field due to
blackbody radiation at frequency w,, and we have
used the approximation w,>w_ . Note that Eq.
(6b) shows the same shift as it would for a free
electron, so that we have the not-surprising re-
sult that a highly excited state responds to a high-
frequency electric field just as a free electron
does.

However, for blackbody radiation, the electric
field E, due to radiation in a bandwidth dw is*

B2 = 8wia?® dw
®7 7 exp(w/kT)-1

(in a.u.) . (1)

This may be substituted into Eq. (6) and integrated
to obtain

AW =3mad(RT)?. (8)

For T =300 K, this shift is 2.2 kHz, independent of

, I, and the atomic species. Thus it can only be
observed in transitions from low-lying states
which are not affected by E? (since w,< w,,r for
those states).

It is expected that Eq. (8) will be more accurate
than Eq. (5) was, since the sum is only over os-
cillator strengths, rather than the products of
frequencies and oscillator strengths. Typically
the oscillator strength will be maximum for ad-

- jacent transitions (| f,, , .|~ (1/%)*<w,), and

decline rapidly to ~ 1/r*2 for large-w transitions.
Since the integral over frequencies did include
some terms where w,< w,r, Eq. (8) overestimates
the shift by a fractional amount of the order 10%/
[T(*)®] for T in degrees Kelvin.

Since the power spectrum of blackbody radiation
changes relatively slowly with frequency, shifts
due to near resonant terms will in general cancel,
thus allowing the substitution of w; for w?, — w?
in Eq. (6a). By numerically integrating over the
blackbody power density, we have determined that
this substitution introduces an error of less than
0.3 (w;,/kT) for values of w!, up to $#T. Again,
since the largest contributions to Eq. (6b) come
from nearby states, Eq. (8) has an uncertainty of
order 0.3/(n*kT)=300/%% at room temperature.

Previously we pointed out that the rate at which
the 300-K blackbody-induced transitions depopu-
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late Rydberg states is comparable to the collision-
al depopulation rate produced by 10 mtorr of Ar
(using an estimated cross section of 20 A? for
Na-ns-state depopulation by Ar). Thus the effect
of the blackbody radiation is analogous to pressure
broadening. Similarly the blackbody ac Stark ef-
fect which shifts all the Rydberg levels together is
analogous to the pressure shifts induced in Ryd-
berg states by rare gases. That is a series of
high-n (7 >10) states all have the same pressure
shift.? This has been observed by direct mea-
surement of pressure shifts in the optical absorp-
tion from the ground state® and can be inferred
from the absence of collisional dephasing arising
from differential pressure shifts between Rydberg
levels.® Thus it appears that the blackbody pho-
tons behave like foreign gas atoms in both the
shifts and broadenings they produce in Rydberg
atoms.

III. IMPLICATIONS OF POPULATION REDISTRIBUTION
FOR EXPERIMENTS WITH RYDBERG ATOMS

While the effect of blackbody radiation of the
radiative lifetimes can be very dramatic, it is the
rapid diffusion of population from an initially ex-
cited Rydberg state to other nearby states which
is of general importance for experiments with
Rydberg atoms. We can get a feeling for the mag-
nitude of the effect by considering a specific ex-
ample, the Na 18s state. The thermal bath of pho-
tons transfers population from the 18s state to the
two neighboring p states at a rate of 4x10* sec™,
while the radiative decay rate® is only 1.6X10°
sec”!. Thus roughly a quarter of the initial popu-
lation can become redistributed over nearby Ryd-
berg states! )

To illustrate how the population redistribution
effects affect different types of measurements, we
discuss here how they affect field-ionization-
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threshold measurements and radiative-lifetime
measurements using selective field ionization
(SFI).

The experimental approach and apparatus have
been described in detail elsewhere!® so we shall
only outline them briefly here. In the experiment
we pass an atomic beam of Na between a plate
and a grid 1.12 cm apart where it is crossed by .
two 5-nsec dye-laser pulses which excite, for
example, the 3s—~3p and 3p~18s transitions as
shown in Fig. 1. At a variable time after the laser
excitation we apply a positive high-voltage pulse
(up to 10 kV) to the plate ionizing the Rydberg
atoms and accelerating the ions formed through
the grid into a particle multiplier. By varying the
amplitude of the ionizing pulse we can selectively
ionize specific excited states (field-ionization
thresholds for the states of interest are given in
Ref. 8). Thus we are able to determine the time
evolution of the population of each state after the
laser pulse.

The characterization of electric field ionization
thresholds is typically done by applying a pulsed
field to the Rydberg atoms after the laser excita-
tion.'°"!2 In the absence of blackbody radiation
the time delay between excitation and ionization
would make no difference in the measurement of
the field-ionization threshold [although it would
lead to very small (1%) signals at higher thresh-
olds due to radiative decay to nearby lower
states]. However, in previous work!®'!2 where
the delays were 0.5-1.0 usec, the signal for a
field 10-20% below threshold was =~ 5% of the
signal above threshold. In Fig. 2 we show an ex-
ample of this, the field-ionization threshold of
the Na 18s state obtained after a delay of ~1
usec between the laser excitation and field-ioni-
zation pulse. The 18s threshold at 4.40 kV/cm is
apparent, and it is also clear that even for fields
as low as 4.2 kV/cm that the ionization signal is
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FIG. 2. Field-ionization threshold for the Na 18s state
with the ionization pulse delayed by ~1 usec from the
laser excitation. Note that the signal below the threshold
is =~ 5% of the signal above threshold.
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=~ 5% of the signal above the ionization threshold.
Since the field-ionization rate for a field 10% be-
low threshold should be reduced by three orders
of magnitude'® a 5% ionization signal is a some-
what puzzling result. This discrepancy has been
ascribed to a nonselective field-ionization'? effect
or photoionization'* while related effects in high
electric fields have been attributed to collisional
ionization.!® In fact both of these effects are proba-
bly due to the blackbody flux acting after the laser
excitation. We have tested this hypothesis by in-
vestigating several aspects of the field ionization
of the initially excited Na 18s state. First, we
measured the ionization produced by several values
of fields below the threshold field of 4.40 kV/cm as
a function of time after the laser excitation. Owing
to the 0.6-usec rise time of our ionization pulse,
we were forced to extrapolate to t=0. In Fig. 3
we show the observed ionization signals expressed
as a percentage of the 18s-state signal observed
above threshold as a function of ¢ for various val-
ues of ionizing field. As shown by Fig. 3 all the
signals extrapolate back to a nonzero signal,
which is due to photoionization of the Na 3p state
by dye-laser fluorescence at A< 4084 A. This
signal persists when the second laser is detuned
from the 3p-18s transition.

From Fig. 3 we can see that for fields of 3.25
kV/cm or less, 25% or more below the 18s

ION SIGNAL (%)

0 04 0.8 1.2 1.6 20
t (usec)

FIG. 3. Fraction of the initial Na 18s population ionized
by electric fields below the 18s ionization threshold vs
time between excitation and ionization for ionizing fields
of 4.14 (@), 3.25 (m), 2.22 (), and 1.38 kV/cm (a).

threshold the ionization signal at ¢=0 is reduced
by at least a factor of 3X10% For a field of ~6%
below the ionization threshold half point (~8% be-
low the 90% point) we see a signal which is 0.3%
of the signal above threshold. This can be com-
pared with the calculations of Bailey et al.,'®
which show an order-of-magnitude increase in
ionization rate for each 3% increase in field, im-
plying a factor of ~300 difference between the
ionization fields at E =4.14 and E >4.50 kV/cm,
as observed. Our previous ionization measure-
ments corresponded to £ ~1 psec on Fig. 3, mak-
ing it clear why we only saw increases of a factor
of 20 when the field was raised from 10% below
threshold to above threshold.

The difference in the ionization signals for the
different field values shown in Fig. 3 implies that
the ionization signal below the threshold field has
a field dependence. In fact, if our hypothesis k
that this signal is due to black body-induced
transitions to higher-lying p states is correct, the
signal should not increase gradually with ionizing
field but should exhibit thresholds corresponding
to 18p, 19p, etc. To check this we delayed the
ionization pulse 4 psec and scanned the ionizing
field as shown in Fig. 4. As shown by Fig. 4 in
the field range from 3.4 to 4.0 kV/cm, we do not
see a gradual increase in the signal but a clear
threshold at 3.65 kV/cm corresponding to the 18p
state.

To ensure that the signals of Figs. 4 and 5(b)
were not collisionally induced, we observed the
ratio of populations in the 18s and higher-lying
states at £=5 usec while systematically varying
the background pressure, atomic beam density,
and laser power. We varied the pressure from
8X1077 to 4X107° torr using argon and air, the
atomic beam density was varied in order of mag-
nitude above and below the normal operating point
of 10° em™3, and both laser intensities were varied
a factor of at least 5 above and below the normal
level. In all cases the observed variation of the
18s/18p ratio was <10%. Thus at our typical
operating conditions we estimate that all of the
collision processes taken together contribute at
most 3% to the observed signal at ionizing fields
less than 4.40 kV/cm [Fig. 5(b)]. We are thus
reasonably confident that the signals observed at
fields below the ionization fields do come from
blackbody-induced transitions to higher-lying
states.

Although this effect is in general a disadvantage,
we can use it to our advantage because it allows
us to detect, by field ionization, states which we
are not able to field ionize directly. Specifically,
if immediately after the laser pulse we try to field
ionize excited states of <15 we are unable to de-
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FIG. 4. Ionization signal vs peak ionizing field when
the Na 18s state is initially populated. The ionizing
field is applied 4 usec after the laser excitation and
shows a pronounced threshold at 3.65 kV/cm, which is
due to blackbody-induced transitions at the 18s state.
The 18s ionization threshold is at 4.40 kV/em. The ab-
solute accuracy of the electric field measurement is

=~ 6%.

tect them with our ionizing fields of 10 kV/cm.
However, if we wait 3 yusec, after the laser ex-
citation we are able to detect ionization from in-
itially excited states as low as n =10 using fields
of 1 kV/cm, implying that the blackbody radiation
has excited some of the atoms to states of n>24
or into the continuum during the 3 usec delay. A
similar effect may be responsible for the obser-
vation of Xe states down to #» = 8 rather than laser
photoionization.!?

The measurement of radiative lifetimes using
SFI requires particular care. In the absence of
blackbody radiation the 18s state only decays via
spontaneous emission to lower states and a negli-
gible fraction, =~1%, of the atoms decay to the
17p state. To measure the 18s lifetime, then, a
reasonable approach would be to set the amplitude
of the ionizing pulse slightly above the 18s
threshold, 4.40 kV/cm, and record the ion signal
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FIG. 5. Observed time dependence of the ionization
signal following the initial population of Na 18s state with
an ionizing field of (a) 4.85 and (b) 4.14 kV/cm.

as a function of the time ¢ between the laser pulse
and the ionizing pulse. Figure 5 is just such a
scan with an ionization field of 4.85 kV/cm,
yielding a decay time of 7.8 usec. However, we
know that the blackbody radiation will excite
transitions from the 18s state to nearby higher-
and lower-p states at appreciable rates. Since
the ionization pulse of Fig. 5 is in fact above both
of the 17p thresholds of 4.44 and 4.70 kV/cm.
Figure 5 represents the population in the 17p state
and all higher states. We can easily tell what
fraction of the signal of Fig. 5(a) is due to states
higher than 18s by reducing the ionizing pulse to
4.14 kV/cm. yielding Fig. 5(b). If we investigate
the threshold behavior of the signal at =5 usec,
we can identify the states contributing to Fig. 5(b).
We find a pronounced threshold at 3.65 kV/cm,
corresponding to the 18p state, and less-clear
thresholds at 2.95 and 2.40 kV/cm corresponding
to the 19p and 20p states, respectively. By mea-
suring the signal at {=5 usec as a function of
ionizing field we determined that 60% of the signal
of Fig. 5 is due to the 18p state. We calculate the
total transition rates for the transitions 18s—17p
and 18s—18p to be 2.14X10* and 2.28X10% sec™?!,
respectively. Using this we know that the 17p
component of Fig. 5(a) is equal to 56% of Fig. 5(b).
Thus the 18s population N(¢) is given by

N()=A(t)-1.56 B(t) , 9)

where A(t) and B(t) are the magnitudes of the sig-
nals of Figs. 5(a) and 5(b), respectively. From
Eq. (9) we determine the measured value of the

18s lifetime 7* to be 4.78 wsec. The radiative
lifetime 7 of the 18s state is calculated by Gounand®
to be 6.37 usec. With the calculated 7% of 35.0
psec, we find 7*=4.87 ysec, in excellent agree-
ment with the experimental results. Note that the
decay time of 7.8 usec obtained ignoring blackbody
radiation is in error by almost a factor of 2! The
systematic checks described above ensured that
the signal of Fig. 5(b) was not collisionally induced.

IV. CONCLUSIONS

Here we have illustrated the importance of
blackbody radiation for Rydberg-atom studies by
several experiments conducted at 300K. In fact,
it would be interesting to study these effects as a
function of temperature but it is nonetheless clear
that the presence of blackbody radiation must be
considered in any investigation of Rydberg-atom
properties. Most important is the fact that the in-
itial excitation becomes diffused among nearby
states at substantial rates. (At high excitation
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densities it can even induce super-radiance.®)

The high blackbody transition rates at 300 K could
completely obscure, for example, the low collision
rate of a crossed-beam experiment (low tempera-
tures will be required for such experiments). Even
if the blackbody radiation does not make such an
experiment impossible, it will certainly lead to a
distribution of states which must be taken into ac-
count in the analysis of the data.
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