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cross section is entirely due to the 5d - € p chan-
nel which is quite small since it is just above
the zero inR,(€) as seen in Fig. 1(a). The “win-
dow” is so narrow because of the rapidity of the
contraction of the €f wave function (increase in
8;) in the energy range around the potential bar-
rier height. This minimum is in contrast to the
relatively smooth effects of the second zero in
R;(€) which gives rise to the usual Cooper mini-
mum as shown in the inset in Fig. 2. The “win-
dow” in the cross section looks very much like
autoionizing window resonances®'° but is really
from the effect of a shape resonance.

The first minimum arises if 6,(0) is sufficient-
ly larger than 6,(0) (by ~ 27 at least). By using
quantum-defect theory'! we get these phase shifts
from experimental energy-level data and we find
that our calculated values are substantially cor-
rect. Thus, despite the simple Hartree-Slater
potential used in the calculation, we feel that our
results are at least qualitatively correct. A
more exact calculation (Hartree-Fock, close-
coupling, or many-body-perturbation theory)
would modify the position and shape of the mini-
mum somewhat, but would not alter the basic
structure. In addition, a fine-structure effect on
the €f wave function (the Fano effect!?) would tend
to obliterate the first minimum somewhat. It is
nevertheless felt that it will be quite observable
and one reason cesium was picked for calcula-
tion was that the energies involved are accessi-
ble with lasers so that the experiment is possible
despite the fact that the 5d in Cs is not metastable
as it is in Ba.

From the above discussion, it is clear that the
double minima will occur over a broad range of
excited atoms. We have already determined that
it occurs for 5d from Z =37 to 55 and for 6d over
an even wider range of Z’s. Work is in progress
to determine the details of where and under what
conditions these new minima appear.

Finally we note that this effect has been seen
in discrete photoexcitation of Ba*. It was this
that called our attention to the new minima and
we gratefully thank Professor Ugo Fano and Dr.
C. D. Lin for bringing it to our attention.
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By using stepwise excitation in an atomic beam, we have excited slow-moving atoms
to pure high-lying quantum states at densities low enough to avoid loss by collision. The
atoms were detected with high efficiency by Stark ionization. Results are presented of a
study of the threshold field for ionization for s states of sodium with principal quantum

number n from 26 to 37.

We report the production of highly excited so-
dium atoms in pure quantum states, and observa-
tions on their ionization threshold in an electric
field. There has recently been a growing inter-
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est in the properties of high-lying states of atoms
near the ionization limit. These states, which
are essentially hydrogenic, are characterized by
very long lifetimes, large polarizabilities and
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Stark shifts, low binding energies ([2#%]™* a.u.)
and large radii (proportional to n® a,u.). They
are so fragile and large that until recently the
only data on atoms in pure high-lying quantum
states have come from radioastronomical obser-
vations of the recombination lines in interstellar
hydrogen.! Measurements on lifetimes in sodium
s and d states with » up to 13 using laser excita-
tion in a gas cell have been reported by Galla-
gher, Edelstein, and Hill.? Bayfield and Koch®
created a beam of hydrogen with » in the range
of 63 to 69 by charge exchange of a fast proton
beam with xenon. Cook, West, Dunning, and
Stebbings* have excited high-lying levels of rare
gases. In our work, we have used an atomic
beam to reduce collisional ionization which can
limit the levels observable in a cell, By using
tunable lasers, we have been able to excite se-
lectively individual quantum states, in contrast
to collisional techniques which generally excite a
wide distribution of states.

Sodium atoms in an atomic beam were excited
stepwise by two pulsed dye lasers® pumped by a
common nitrogen laser. The first dye laser sat-
urated the D, line (5890 A), creating a large pop-
ulation in the 3°P, /, state, while the second (~4100
A) caused transitions from the p state to high-
lying s or d states. The lasers both had a spec-
tral width of 1 cm™, a pulse length of 5 nsec,
and a peak power of 1 kW,

We first detected atoms in high-lying levels by
observing resonance fluorescence at the ~4100 A
line from the high level, A photomultiplier tube
detected the light emitted at right angles to both
the atomic beam and the incident lasers., We
were able to observe s and d states from n=15 to
about 30, but not higher levels because of rapidly
decreasing signal strength, The intensity loss
was due to two factors, each varying as » % the
decreasing transition moment, and the loss of
signal which occurs when the radiative lifetime
becomes longer than the time for an atom to pass
out of the observation region, about 10 usec.

For »n > 23 the excited atoms were detected by
direct ionization in an applied field. In addition
to avoiding the problem of signal loss due to long
radiative lifetime, the method provides close to
100% detection efficiency and very low back-
ground. The laser beams intersected the atomic
beam between electric field plates. A pulsed ion-
izing electric field was applied after laser exci-
tation and the resulting ions were observed with
a channel electron multiplier. As expected, for
reasons explained below, the approximate ion-

ization field for a state with principal quantum
number x was [16x*]* a.u. (386 V/cm for n=30).
For a typical atomic-beam density of 10® cm™3
and an interaction region of 0,02 cm?, we ob-
served the equivalent of approximately 10* ions/
pulse for n = 30.

To confirm the identity of excited levels as s or
d, we used the fact that optical selection rules
for stepwise two-photon processes are strongly
affected by nuclear coupling in the intermediate
state. The electron-nuclear hyperfine interaction
mixes states of different values of m; and
(where #J and 7 I are the electronic and nuclear
angular momentum, respectively) to create a
state of total angular momentum 7#ZF, This tends
to scramble together states of all possible values
of m; and m,; satisfying m; +m; =mp. The result
is that cw absorption of two photons circularly
polarized in the same sense gives rise to both
s—~p—-s and s—p-d transitions. In contrast, if
such photons are absorbed successively in a
time interval which is short compared to the hy-
perfine period of the intermediate state, the elec-
tron does not have sufficient time to precess
about the nucleus to a new spatial orientation be-
fore it absorbs the second photon., In this situa-
tion the electric dipole selection rules for the
two-step process are the same as those for an
atom with no nuclear spin. For such an atom s
- p—d transitions are still allowed, but s—~p—s
transitions are forbidden.

In our experiment we found, consequently, that
when the lasers were circularly polarized in the
same sense, the population of the s levels was a
sensitive function of the delay between the pulses.
When the two pulses excited the sodium in rapid
succession (<3 nsec delay, a time short com-
pared to the hyperfine period in the 3P,, state)
the transition rate to the s state was radically
suppressed, whereas the rate to a d state was
essentially unchanged. When the second pulse
was delayed approximately 8 nsec, the s-state
transition rate became far less affected by circu-
lar polarization of the lasers,

The energy levels of sodium have the form W,°
=[2(m -A)?]*=[2(n*)?]"!, where the quantum de-
fect A depends on the orbital angular momentum.
The high-lying levels form a slowly varying pat-
tern shown in Fig. 1. The term spacing is AW,°
=(@m*)3, For n=30, AW,,°=9.3 cm™!, The states
ns and (n —1)d form a pair separated by about
0.35 of the term spacing. Individual levels were
resolved for n=23 to n=38. The laser frequency
was determined by a Spex 14018 monochromator
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FIG. 1. Energy-level diagram showing relative posi-
tions ofns, np, andnd levels. Energy differences are
in units of AW, *=|w, '=w,_°[.

to an accuracy of about 1 cm ™ and the quantum
defects for all » were determined to be A(s)=
=1,35(4), A(d)=0.00(4), in good agreement with
the values at lower levels.® For n>38 the laser
resolution was insufficient to resolve the split-
ting between adjacent ns and (n — 1)d levels,
though individual pairs could be resolved to n=50.
With a narrower laser line, individual states
should be resolved for much higher values of =.

By studying the ionization probability as a func-
tion of electric field for different levels we have
been able to observe the Stark shift at the onset
of ionization. This problem has evoked continued
interest over the years because it represents the
extreme case of distortion of a free atom by an
electric field.” Consistent results on the ground
state of hydrogen have been obtained by several
authors.® Huschfelder and Curtiss® have consid-
ered the n=5 case, in detail, but to our knowl-
edge a complete theoretical treatment for high-
n states is lacking.

The alkali system differs from hydrogen in the
important respect that the degeneracy of the low-
angular-momentum states is broken, regardless
of n. This presents a useful experimental advan-
tage, for it allows selection of a single member
of an otherwise n-fold-degenerate manifold of an-
gular momentum states. This is illustrated in
the data on the ionization threshold shown in
Fig. 2. The 31s-state curve exhibits the abrupt
onset of ionization that characterizes a single
energy level; the width of the curve for the 304
state is attributed to its multiplicity.

The Coulombic potential in an apphed field, Vv
= —1/r —Ez (a.u.) has a maximum V. = 2\/]:
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FIG. 2. Ionization signal as a function of the pulsed
ionizing electric field. The onset of ionization is broad-
er for the 30d level than for the 31s. This is due to the
Stark splitting in the ionizing field of the 30d. The 31s
remains a single-shifted level. The vertical arrows
indicate the critical ionization field of the unshifted
levels from Eq. (1).

The ionization threshold for high-n states is well
defined because the range of fields for which tun-
neling would be observed is extremely narrow.
Ionization occurs when V .. =W,, where W, is the
term energy. If we neglect the Stark effect, then
W, = —[2(*)?]"!, and the threshold field would be

E,°=[16(n*)]"", (1)

We have measured the critical ionization fields,

, for s levels with n=26-37. The results of
Eq. (1) and the data are compared in Fig. 3. E,
is consistently larger than E,°. This difference
arises because of the Stark shlft.

A simplified analysis of the critical-field data
can be made by assuming the wave function re-
mains essentially Coulombic at the ionization
threshold. We can write the term energy at
threshold as

W, =W, +6W,, ()

where W,°= —[2(»*)?]™*, and 6W, is taken as the
Stark shift at ionization. Values for 6W, may be
extracted from the data in Fig, 3 using the rela-
tion

6W, = —2VE, - W,°. ®3)

An estimate of the Stark shift can be obtained
by assuming that the ns state mixes chiefly with
the np state. With this two-level model we cal-
culate values for the Stark shift at ionization
which are in general agreement with the values
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FIG. 3. Log-log plot of critical ionization field ver-
sus n* forn =26-37, The straight line represents the
predictions of Eq. (1) for no Stark shift. The actual
critical field is consistently larger than the prediction.
This is a result of the Stark shift at ionization.

extracted from the data, but are typically 30%
low. For example, at n=30, 6W, =5.6x107°

a.u. from Eq. (3), and 4.0x 107° a,u. from the
two-level analysis. More precise measurements
and more realistic calculations which consider
the contribution to the Stark shift of all important
states are in progress.

The technique described here should be useful
for studying a variety of other problems involv-
ing highly excited atoms. In addition to questions
of polarizabilities and tunneling phenomena, there
is interest in the behavior of atoms when the mag-
netic energy dominates the Coulomb energy'® and
in photoionization and other radiation phenomena.
The technique of high-level excitation and ioniza-

tion provides a selective way to detect excited
atoms with very high efficiency and virtually no
background., It may also have useful applications
in a photon detector.

We would like to thank Myron Zimmerman for
assistance in carrying out this work.
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