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In a relativistic treatment of the photoeffect
based on the Born approximation and hydrogenic
Dirac functions, Sauter' derived an angular dis-
tribution for K electrons which can be used to re-
place Eq. (3) and, after performance of the trans-
formation outlined above, gives a REC distribu-
tion for highly relativistic collisions,

(y- &)(y- 2)I c „i(a„b) sin'n„b &+,~, , (5)2y(1- cosa', b)

where y = (1-P') "'. It is interesting to note that
IREE „&(3»b) remains quite symmetric with respect
to forward-backward intensi'ies even for very
high collision velocities. Since deviations from
such a symmetry are relatively easy to measure,
the possibility may arrive to check relativistic
angular distributions for the photoeffect by means
of REC measurements.

In conclusion, we have shown that retardation
effects are very important in a discussion of REC
and can be measured quantitatively. In particu-
lar, shifts of the angular distribution due to re-
tardation are offset by the Doppler effect. Among
further consequences of the presented results,
we point out that retardation effects may become
important in connection with the observation of
angular distributions of other collision-induced
radiation phenomena such as, for example, com-
bined-atom x-ray continua resulting from either
REC into molecular orbitals" or, perhaps, transi-
tions between quasimolecular orbitals.
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Interactions of Blackbody Radiation with Atoms
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Blackbody radiation affects low-frequency {h~«kT) atomic transitions both by inducing
transitions and producing ac frequency shifts, important effects that have previously been
ignored. Here we report the calculation and experimental observation of a manifestation
of the former, the threefold reduction of the Na np radiative lifetimes by 800-K blackbody-
radiation-induced stimulated emission and absorption. Estimates of ac frequency shifts
for Bydberg and ground-state atoms are given.

In most cases the effects of room-temperature
blackbody radiation on atomic systems are ig-
nored, and justifiably so. However, the thermal
bath of blackbody photons can be quite important
for low-frequency (hv «hT) transitions in an

atom because it both induces transitions and pro-
duces ac Stark or Zeeman shifts. These effects
are most dramatic for atoms in highly excited or
Rydberg sta,tes because these states have low-
frequency transitions with enormous electric di-
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pole matrix elements and are 'hus strongly coup-
led to the blackbody radiation. In fact, blackbody
radiation has very significant effects on several
classes of Rydberg-state experiments including
lifetime measurements, spectroscopy, and all
measurements requiring the maintenance of state-
selected populations. Furthermore, we suspect
that many peculiarities which have been reported
in the study of Rydberg atoms are due to black-
body-radiation-induced tr ansitions. For exam-
ple, puzzling observations which have been at-
tributed to photoionization, "field-ionization
anomalies, ' and collisional ionization' can be
easily explained by blackbody-radiation-induced
transitions. '

Although the blackbody effects are most dra-
matic in Rydberg atoms it is important to note
that the ac shifts are present even in ground-
state systems. For example, we estimate the ac
Zeeman shift of the H or Cs hyperfine transition
to be one part in 10" of the transition frequency,
comparable to the projected stability of atomic
frequency standards. '

Here we report the observation of the most
dramatic manifestation of the blackbody radia-
tion, the reduction of the apparent radiative life-
time of Na np states by a factor of 3 due to 300-K
blackbody-radiation-induced stimulated emission
and absorption. The measured lifetimes are in
good agreement with our calculation of the altered
lifetimes. We estimate the ac Stark effects for
Rydberg atoms and suggest some of the implica-
tions for high-resolution spectroscopy.

The usual expression for the radiative lifetime
~ of state n is given by the sum of the spontane-
ous transition rates'

n'Ann�'x

where A„„ is the Einstein A coefficient for the
transition from state n to lower state n' of ener-
gies E„and E„, respectively. If T& 0 K then
there are blackbody photons present which con-
tribute to the radiative decay rate both by absorp-
tion and stimulated emission. The lifetime v* for
T & 0 is given by'

low n and states n" lie above n and include im-
plicitly the continuum states. It is convenient to
define a generalized A coefficient

A.„„.~=A„„,for E„&E„
A„„*=g„A„„/g„ for 8„&8„,.

Using the definition of Eq. (3) we may write the
blackbody addition to the T = 0 K decay rate as

—„=Q„,A„„,*(n)
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Thus

1/~* = 1/~+ 1/~'.

By far the largest lifetime effect should occur
for the high Na np states which have large branch-
ing ratios to nearby s and d states even at 0 K.
Consequently we chose to measure 7* for the Na
17p and 18p states since such measurements
are perhaps the most dramatic illustration of the
effects of blackbody-radiation-induced stimulated
emission and absorption.

The experimental approach and apparatus have
been described in detail elsewhere' so we shall
only outline them 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-ns dye-laser pulses which excite, for example,
the 3s - 3p and 3p -18p transitions as shown in
Fig. 1. To excite the 18p state we use a Stark
switching technique. ' A voltage of 60 V is applied

where g„, and g„are the degeneracies of states
n and n", and n, the photon occupation number,
is given by [exp(hv/k, T) —1] '. States n' lie be-

FIG. l. Relevant energy levels for the experiment
with the I8p state. The solid vertical arrows indicate
the laser excitation, the wavy arrows indicate the black-
body-radiation-induced stimulated emission and absorp-
tion, and the broken arrow indicates field ionization
(shown for the j.8p state).
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to the plates during the laser excitation which ad-
mixes s and d character to the 18P state allow-
ing the Sp —18p transition. The voltage is turned
off 200 ns after the laser pulse in a time of 20 ns,
and the atoms pass adiabatically to the zero-field
18p state. " 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 selec-
tively ionize specific excited states (field-ioniza-
tion thresholds for the states of interest are giv-
en in Ref. 8). Thus, we are able to determine
the time evolution of the population of each state
after the laser pulse. In these experiments we
populated the Na lVp and 18P states and observed
the decay for 20 p.s. Since the stoms travel -2
cm during this time the collection efficiency along
the beam path was a matter of some concern.
The aperture of the grid is & 4 cm long and the
multiplier face is -3 cm long so we felt reason-
ably confident that the collection efficiency would
be roughly constant along a 2-cm length of the
beam path. To test this we excited long-lived
(50-100 ps) l states, l ™14-17, using Stark switch-
ing and observed that the excited-state population
did not decay more than 25% in 20 p, s (even though
these states are connected by Ll =1 blackbody-
radiation-induced transitions, all the high-/
states have long lifetimes and so the highly-excit-
ed-state population persists). Thus we are able to
conclude that our collection efficiency is reason-
able and we can attribute a diffusion rate, I"„, of
at most 13&10' s ' to atoms passing out of the
observation region.

We observed the decay of the 17P state, for
example, by first recording the population of the
17P and higher-lying states as a function of time
after the laser pulse by setting the ionization
pulse amplitude just above the 17p threshold.
Then we recorded the population in only the states
above 17p by setting the ionizing pulse just below

TABLE I. Lifetimes of the Na 17p and 18p states.

the 17P threshold. The difference gave the time
decay of the 17P state, which we corrected for
the collection efficiency. To check the possibility
of collisional effects, measurements were made
with the atomic beam density increased by a fac-
tor of 4 above the normal value, 10' cm ', and
with the background pressure raised from its
normal value, 8&&10 ' Torr, to 10 ' Torr of air
with no apparent effect on the observed lifetime.
In Table I we give the measured values of v* with
statistical errors and diffusion effects taken into
account. The skewed uncertainties stem from
the unidirectional allowance for diffusion. A1.so
given are the values of 7 obtained by Gounand"
using the Coulomb approximation and our cal-
culated values of 7' and v*. In Fig. 2 we plot
the calculated values of v and 7'* and the meas-
ured values of r* (Ag.ain, the uncertainties are
skewed about the measured values due to the uni-
directional allowance for diffusion. ) From Fig.
2 it is apparent that the 300-K lifetimes are in-
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~See Ref. 11.
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lg g+8. 8 FIG. 2. Na np lifetimes. The plotted points are cal-
culated values for 7 (filled triangle), the calculated val-
ues for 7* (filled square), and the measured values of
T* (filled circle).
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deed a factor of 3 shorter than the 0-K lifetimes,
in accord with our calculated values.

In fact, less dramatic but noticeable effects
are visible in other Rydberg states. For exam-
ple, the Rb np lifetimes for n =12-22 measured
by Gounand et af."at 460 K are - 30$o below the
calculated values. According to our calculations
this discrepancy is completely removed by the
inclusion of blackbody effects. We have observed
similar 2(Flo effects in observations of high Na ns-
state lifetimes4 and this may be the cause of dis-
crepancies noted by Latimer" between calculated
and observed Xef lifetimes.

Although the effect of blackbody radiation on
the radiative lifetimes can be very dramatic, it
is the rapid diffusion of population from an ini-
tially excited Rydberg state to other nearby states
which is of general importance for experiments
with Rydberg atoms. The diffusion of Rydberg
population is similar to the effects produced by
collisions with rare-gas atoms, and the relative
rates provide an illustrative comparison. For
example, the thermal bath of photons transfers
population from the 18s state to the two neighbor-
ing p states at a rate of 4 &&10' s '; this rate is
equivalent to that produced by a background pres-
sure of 10 mTorr of Ar [using an estimated cross
section of 20 A2 for Na ns -state depopulation by
Ar (Ref. 4)]. Thus even under "collision free"
conditions blackbody radiation produces rapid re-
distribution of Rydberg- state populations.

As an example of the redistribution effects of
the blackbody radiation, consider the effect on
the measurement of threshold fields for pulsed
electric field ionization of laser excited atoms.
If the ionizing pulse is delayed by -1 p, s from
the laser excitation, the blackbody flux drives
transitions to higher and lower states leading to
spurious thresholds with the result that -5/p of
the initial populations is not in the state populated
by the laser. The clearest manifestation of this
is a small "background" ionization signal at fields
below the threshold ionization field for the state
excited by the laser. ' Upon closer examina-
tion the background is found to have structure, '
and its magnitude is consistent with blackbody
radiation's driving the atoms from the initially
populated state to a higher state with a lower ion-
ization threshold field. 4

Let us now consider the ac Stark shifts pro-
duced by the blackbody radiation.

For a Rydberg state most of the energy of the
300-K blackbody radiation is at frequencies far
higher than the frequencies of the important tran-
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sitions, those that comprise the bulk of the os-
cillator-strength sum. In this case we may ig-
nore the weak, near-resonant parts of the black-
body spectrum since contributions on the high-
and low-frequency sides of each transition will
cancel to first order. Furthermore, we can ex-
press the ac Stark shift &S' of the Rydberg state
as"

~W ~ (4 &aa)'Wa
(I )' (6)

Here Aut, and W„are dipole matrix element and en-
ergy of the transition to state k. For state k be-
low and above the initial state %~& 0 and S'„&0,
respectively. E» and h&» are the blackbody-
radiation electric field and photon energy. The
sum 0 extends over all the allowed, hl =+ 1,
transitions. By removing from the summation
those factors which do not depend on k we can
recast Eq. (6) into factors depending only on the
blackbody spectrum and a sum over oscillator
strengths, equal to 1. If we then integrate over
the blackbody spectral distribution we find (in
atomic units)

hW= a3(k~T) /3 (7)

Thus all the Rydberg states are shifted up by an
equal amount. Physically this is not surprising
since, if W„«hv» for the majority of the oscil-
lator-strength sum, the electron is like a free
electron and its properties should be independent
of n. Evaluating Eq. (7) at T =300 K we find a
shift of 2.2 kHz.

Lower-lying states for which 8'„«kvqB is not
satisfied will not be shifted. Consequently we ex-
pect that the shifts should be most apparent in
transitions from the ground state to the Rydberg
states, such as those investigated by Lee etal. "

The blackbody ac shift is by no means restrict-
ed to Rydberg atoms but should lead to Stark
shifts of 1 Hz in rotational transitions of polar
molecules, and analogous Zeeman shifts of -1
p, Hz in the Cs atomic hyperfine transition. To
date, however, the existence of such ac shifts
has not been verified experimentally.

Here we have described in detail a dramatic
illustration of the effects of room-temperature
blackbody radiation on Rydberg atoms, the re-
duction of the radiative lifetime by stimulated
emission and absorption. This effect and the
consequent radiative redistribution of population
have previously been ignored and must be con-
sidered in any experiments with Rydberg atoms.
We would again like to stress that ac frequency
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shifts are not peculiar to Rydberg states but that
the blackbody fields will affect all low-frequency
transitions and may be particularly important
for high-resolution measurements.
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The two-dimensional distribution of self-generated magnetic fields near the laser-plasma
interaction region is observed for the first time by the very simple method of laser irradia-
tion of audio magnetic tape. The lobe structure is a maximum at the incident angle of 10' to
16' for p-polarized laser light. The direction of the fields is perpendicular to the density
gradient and to the incident p-polarization plane. These observations support resonance ab-
sorption as the field-generation mechanism.

Self-generated dc megagauss magnetic fields
have recently been observed in laser-plasma in-
teraction experiments. ' Fields of this magnitude
can have a substantial effect both on the absorp-
tion' and transport properties. ' The original
work on this subject concentrated on thermoelec-
tric sources for the magnetic fields. ' Recently,
the dc magnetic fields generated concomitantly
with the resonance-absorption process have been
studied theoretically. " The diagnostic tools to
observe the magnetic fields have been restricted
up to now to magnetic probes, ' Faraday rota-
tion, ' ' and current probes. ' They provided mea-

surements of the magnitude of the fields mainly
in the vacuum space, but not the detailed geome-
try near the source region. Knowledge of the
field geometry may lend important insight into
the proposed generation mechanism. Experi-
ments to reveal the field geometry have been
limited to microwave simulations using a diver-
gent beam. "

In the experiments reported here, we show the
first observation of the two-dimensional distribu-
tion of the self-generated magnetic fields near
the resonant region by a very simple method.
We also show the field-generation mechanism to
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