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tential-energy-curve crossing at 24.6 eV report-
ed by Brenot ef al. (This crossing leads to a
3p54p excited Ar atom which could, via a cascade
process, contribute to the observed uv emission.)
Furthermore, the true energy threshold must be
only 11.6 eV, the excitation energy of the lowest
3p%4s resonance level of the Ar atom.

The basically exponential energy dependence of
the reported uv emission cross section, as given
by Eq. (2), is perhaps suggestive of a quantum-
mechanical barrier-penetration phenomenon, with
transitions occurring at somewhat larger separa-
tions than the crossing radius. Of course, such
transitions between the molecular potential ener-
gy curves at radii beyond the crossing vicinity re-
main energetically possible down to 11.6 eV.

If the interpretation that photons are being ob-
served at energies below the crossing energy is
correct, it points to the danger of establishing
curve-crossing radii from threshold-energy de-
terminations. I it is not correct, then it would
appear that the crossing responsible for the ob-
served uv emission has been improperly identi-
fied.

The authors express their gratitude to Herschel
Neumann for his contributions in considering the
collision theory and to Stephen C. Schmidt for a
detailed computation of the detector solid angle.

*This work constitutes a portion of the Ph.D. thesis
of H. L. Rothwell, Jr., University of Denver, 1975.
TPresent address: Joint Institute for Laboratory As-

trophysics, University of Colorado, Boulder, Colorado
80302,
The basic apparatus is described by N, G. Utterback
and G. H, Miller, Rev, Sci, Instrum, 32, 1101 (1961).
’H, L. Rothwell, Jr., R. C. Amme, and B, Van Zyl,
to be published.
SM. C. Johnson, Rev, Sci. Instrum, 40, 311 (1969).
!G. H. Dunn, R. Geballe, and D, Pretzer, Phys. Rev.
128, 220 (1962).
The more limited field of view of this detector dictat-
ed corrections for the fraction of an ion or neutral beam
passing within its viewing field.
SSpectral scans failed to identify any such emissions,
The small differences in magnitude between these
curves are probably due to uncertainties in accounting
for various experimental sensitivity factors.
P, J. Chantry, J. Chem. Phys. 55, 2746 (1971).
8p. O. Haugsjaa and R. C. Amme, Phys. Rev, Lett,
23, 633 (1969). The lower-limit cross-section values
reported have been revised in light of proper evaluation
of the detector solid angle and other factors entering
these experiments.
%V, Kempter, F. Veith, and L. Zehnle, in Proceed-
ings of the Ninth Intevnational Confevence on the Phys -
ics of Electvonic and Atomic Collisions, Seattle, Wash~
ington, 1975, edited by J, S, Risley and R. Geballe
(Univ, of Washington Press, Seattle, Wash,, 1975),
p. 617,

%p, 0, Haugsjaa and R, C. Amme, J. Chem. Phys, 52,
4874 (1970), _

n the present experiment, it was found that a beam
containing metastable atoms (Ref. 2) caused the meas-
ured cross sections to become increasingly too large
at the lower collision energies.

123, C. Brenot, D, Dhuicq, J. P, Gauyacq, J. Pom-
mier, V., Sidis, M. Barat, and E. Pollack, Phys. Rev,
A 11, 1245 (1975),

Structure of Sodium Rydberg States in Weak to Strong Electric Fields*

Michael G. Littman, Myron L. Zimmerman, Theodore W. Ducas,
Richard R. Freeman, and Daniel Kleppner
Research Labovatory of Electvonics and Depaviment of Physics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
(Received 12 January 1976)

We present results of an experimental survey of the n =15 state of Na in electric
fields from 0 to 4 kV/em. Both linear and higher-order Stark effects play important
roles. States with low |#| show marked differences from hydrogenic behavior, par-
ticularly in the vicinity of level crossings. Computed values for the energy levels are in
good agreement with the data. The experimental method provides a simple technique
for populating selected Stark or angular momentum levels of a Rydberg state.

A number of research groups have now devel-
oped techniques for creating and detecting atoms
in pure Rydberg states,' opening the way to stud-
ies in such areas as electron-core interactions,
tunneling and photoionization phenomena, corre-
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lated electron motion, and collisions. For many
applications it is essential to populate selected

angular-momentum states or, in the case that an
electric field mixes angular momentum, to popu-
late selected Stark states.? We present here re-
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sults of a study of some Rydberg states of Na

which display the systematics of Stark structure
and which demonstrate the feasibility of populat-
ing preselected components of a Stark manifold.

The starting point for describing the Stark
structure of a Rydberg state of an atom in an
electric field is the first-order expression for
the energy of hydrogen,® W =W, +W,, where W,
= —%n? a.u. is the unperturbed term energy and
W, is the first-order Stark energy. W,=3n(n,
-n,)E, where E is the electric field, » is the
principal quantum number, and the parabolic
quantum numbers #»,; and n, satisfy »n, +n, +|m|
+1=n. m is the usual azimuthal quantum num-
ber. (We neglect fine structure, which plays no
important role in this work.) For =15, the sep-
aration between the outermost Stark levels is giv-
en by 2.6X 107%E cm™!, where E is in volts per
centimeter.

At electric fields E >W?/4, tunneling phenom-
ena are known to be important* and the levels be-
come broadened. We restrict ourselves to fields
below this value. Here the Stark splittings are
essentially linear, though second- and third-or-
der effects produce slight nonlinearities. Per-
turbation theory yields accurate results in low
fields.® As W, approaches the term separation,
however, perturbation theory breaks down com-
pletely. Levels with identical s obey the no-
crossing theorem, and the levels of each term
are repelled by those of adjacent terms. The
matrix elements which couple the crossing lev-
els vary by orders of magnitude depending on the
relative slopes of the levels. The particular
character of the anticrossings can have impor-
tant practical consequences if the electric field
varies in time, as in field-ionization experi-
ments where the ionization-threshold field is
used as a signature for the state of the atom.
Oppositely sloping levels in hydrogen are so
weakly coupled that in practice the crossings
are always traversed diabatically. In contrast,
intermediate components of a Stark manifold
may be so strongly repelled that the crossings
are essentially adiabatic. It is apparent that
care is needed in establishing the correspon-
dence between high- and low-field states.

In the case of an alkali the term energy is giv-
en by W,=-3(n-5,;)%, where §, is the quantum
defect. The energy of each term is lowered from
the hydrogenic value by 6W = §,AW,, where AW,
= 5”3 is the zero-field separation of adjacent
terms. The low—-angular-momentum states are
displaced from the Stark manifold and at low

fields they display second-order Stark shifts.
The remaining degenerate states display a first-
order Stark splitting, but unlike the hydrogenic
case the submanifolds with even and odd |#:| may
coincide. (In hydrogen the even and odd mani-
folds are staggered.) As the field increases, the
low-—-angular-momentum terms merge into the
linear manifold and the |m| degeneracy is re-
moved.

Many of the features described above are evi-
dent in the experimental results of Fig. 1(a). The
data consist of excitation curves for Na in a stat-
ic electric field obtained with apparatus described
elsewhere.® Atoms in a beam were stepwise ex-
cited by radiation from two pulsed tunable lasers.
The first laser excited the 5889-A transition
3%S,,,=~ 3°Py,. The second laser was tuned to ap-
proximately 4150 A and excited transitions to
high-lying states in the vicinity of »=15. This
laser was linearly polarized parallel to the ap-
plied electric field and the selection rule Am =0
restricted final states to levels with || =0 or 1.
The maximum field, 4 kV/em, lies well below
the field for which tunneling was first observed,
5.5kV/em. 1 usec after the laser pulse, a field
of ~ 15 kV/cm was applied which ionized all the
Rydberg-state atoms. The data in Fig. 1(a) were
obtained by scanning the second laser and record-
ing the ionization current at a series of increas-
ing fields. The natural width of the levels is neg-
ligible compared to the laser linewidth, 0.5 cm™?1,
and the shape of the excitation peaks reflects the
laser line shape. The intensity of excitation can-
not be read reliably from the curves because of
saturation in the ion detector. The Stark shift of
the initial state, 3°P,,,, is negligible, so that
Fig. 1(a) gives a true map of the energy levels
of the highly excited states.

At zero field, excitation from the 3p state oc-
curs only to s and d states, in accordance with
the dipole selection rule Al=+ 1. Because of its
small quantum defect, 6,=0.014, the d state is
practically degenerate with the states n=15, 7>2.
As the field is increased the linear Stark struc-
ture of the submanifold of these states becomes
manifest. The large quantum defect of the s
states, 6,=1.35, gives them second-order Stark
shifts. The 16p state, inaccessible atE =0, is
excited for E >0 via Stark mixing, chiefly with
the nearby 154 state. The p state also has a
large quantum defect (5, =0.85) and displays a
second-order shift.

At E =2 kV/cm the 16s level sharply repels the
lowest m =0 component of the n =15 linear sub-
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FIG. 1. Stark structure of Na. (a) Experimental excitation curves for Rydberg states of Na in the vicinity of #
=15. A tunable laser was scanned across the energy range displayed (vertical axis). The zero of energy is the ion~
ization limit. A signal generated by ionizing the excited atoms appears as horizontal peaks. Scans were made at
increasing field strengths (92 V/cm increment) and are displayed at the corresponding field values. Both [m|=0
and 1 states are present, Arrows identify zero-field position of levelsnl, (b) Calculated energy levels for the
|m|=0 states displayed above. (c) Calculated energy levels for the |m|=1 states displayed above.
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manifold, but the |m|=1 components are unaffect-
ed. The result is an apparent branching of the
lowest state of the submanifold. A number of
similar branch points can be seen in Fig. 1(a)
which collectively break the degeneracy of the m
=0and Iml=1 levels.

The level structure observed in Fig. 1(a) has
been accounted for quantitatively by diagonaliz-
ing the energy matrix for n»=14, 15, 16, and 17,
with the addition of the 18s and 18p states. Re-
sults are shown in Figs. 1(b) and 1(c). For high-
angular-momentum states, hydrogenic dipole ma-
trix elements were used.  Matrix elements for
the low—angular-momentum states were gener-
ated numerically by integrating the radial equa-
tion using a Numerov alogorithm based on a log-
arithmic grid. We have obtained excellent agree-
ment between the calculated and observed ener-
gies for all the data displayed in Fig. 1. A de-
tailed account will be published elsewhere.

The low-lm| states of Na display a Stark struc-
ture dramatically different from hydrogen. A
diagram for hydrogen corresponding to Fig. 1(b)
shows such sharp crossings between oppositely
sloping levels that no repulsion is evident. Phys-
ically this is because wave functions for states
with opposite Stark shifts are concentrated in op-
posite directions along the electric field, yield-
ing a negligible value for the matrix element of
E+T coupling the two states. In contrast, Fig.
1(b) shows that the s and p states in Na strongly
repel the linear Stark states for the terms lying
above and below, creating a formidable barrier
between those terms. Even though the dipole mo-
ments for the linear Stark states in Na closely
resemble their hydrogenic counterparts, the
small distortions in the wave functions arising
from the effect of the atomic core on the s- and
p-state components result in a matrix element in
Na which is relatively large. The effect is much
less noticeable for the |m|=1 state, where only
the p -state distortions are important [Fig. 1(c)];
the higher-|m | states rapidly approach hydro-
genic behavior.

The techniques employed here open the way for
studying the systematics of interactions among
Stark states. Line intensities can give a mea-
sure of oscillator strengths for transition to low-
lying levels, while level repulsions provide sen-

sitive tests of interactions between Stark levels.
By sweeping the electric field through a crossing
region at various rates, the dynamics of level-
crossing transitions® can be studied. Further-
more, the techniques are useful for populating
levels which are normally inaccessible from the
ground state. For instance, if we consider atoms
with Z > 1, the zero-field I degeneracy is broken
by core-polarization effects, and each of the lin-
ear Stark states connects adiabatically to a sin-
gle angular momentum state. By exciting the
atom in an electric field in which the first-order
structure is resolved and then reducing the field
to zero, states with any desired value of I can be
populated. At the other extreme, by exciting the
levels in a high field, the ionization properties of
individual Stark levels can be studied. We are
currently pursuing a number of these applica-
tions.

*Work supported by the U, S, Air Force Office of Sci-
entific Research under Grant No, F44620-72-C-0057
and by the National Science Foundation under Grant No,
MPS-75-15421.

IR, F. Stebbings, C. J. Lattimer, W, P, West, F. B.
Dunning, and T. B. Cook, Phys. Rev. A 12, 1453 (1975);
K. B. MacAdam and W, H. Wing, Phys. Rev, A 12, 1464
(1975); T. F. Gallagher, S. A, Edelstein, and R. M.
Hill, Phys. Rev. A 11, 1504 (1975); T. W. Ducas, M. G.
Littman, R. R. Freeman, and D, Kleppner, Phys. Rev.
Lett, 35, 366 (1975); C. M. Fabre, M. Gross, and
S, Haroche, Opt, Commun. 13, 393 (1975); B. P. Stoi-
cheff and Y. Kato, J. Opt. Soc. Am. 65, 1180 (1975);
M. D. Levenson, C. D, Harper, and G. L, Eisley, Bull.
Am, Phys. Soc. 20, 1510 (1975); R. V, Ambartsumyan,
G. I, Bekov, V., S. Letokhov, and V, I, Mishkin, Pis’ma
Zh. Eksp. Teor, Fiz. 21, 295 (1975) [JETP Lett. 21,
279 (1975)1,

Linear and quadratic Stark splittings in high-lying
levels of alkalis have been observed in optical-absorp-
tion spectra. An early reference is Ny Tsi-ze and
Weng Wen Po, J. Phys. Rad. 7, 193 (1936).

SH. A, Bethe and E. E. Salpeter, Quantum Mechanics
of One-and-Two -Electron Atoms (Academic, New
York, 1957),

‘Classically a field of at least W?/4 is required for
ionization. If the Stark effect is neglected, W?/4 =1/
(162%, See Ducas et al., Ref, 1.

Ducas et al., Ref, 1.

W, Lichten, Phys. Rev. A 3, 594 (1971).

791



