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FIG. 3. Multipole composition of the statistical re-
gion (1.7-2.5 MeV) consistent with the measured con-
version coefficients, shown as a function of the percent
E2 contribution. Typical error bars are shown to indi-
cate the experimental uncertainties.

for the high-energy part of the yrast spectrum.®
Our findings for the multipolarity are consis-
tent with the angular-distribution data from Refs.
2, 3, 6, and 7 that employed heavy-ion-induced
reactions, but there is an apparent disagreement
with the (a,xn) work of Feenstra ef al.5 In the
(o, 4n) reaction at 47 MeV the maximum angular
momentum J ., that can be reached is ~24. In
contrast, the ?°Ne reactions of 130 MeV give
Jpx™ 58.° In view of this difference in angular
momenta it is conceivable that the statistical
cascades involved in the continuum reached by

the low spins in the (o, 42) reaction are different
and proceed essentially by E1 transitions.

In summary, we have established that for the
?°Ne + *°Nd reactions investigated, the E1 frac-
tion for the statistical cascades lies in the range
(45-71)%, that the middle of the yrast region is
dominated by E2 transitions, and that the lower-
energy part of the yrast region is increasingly
dominated by M1 radiation.
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Resonant States in the Nonperturbative Regime: The Hydrogen Atom
in an Intense Electric Field

Peter M. Koch
Gibbs Labovatory, Yale University, New Haven, Connecticut 06520
(Received 1 May 1978)

I present the first results of a precise measurement of the intense-field Stark effect
in highly excited states of atomic hydrogen, a prototype system for experimental and

theoretical studies of resonant states in the nonperturbative regime.

I show that the

quantity n'F (in atomic units), known to be important for field ionization, also governs
the divergence properties of the perturbation series for the energy shift,

The interaction of a nonrelativistic hydrogen
atom with a static electric field F= FZ is a histor-
ic problem in atomic physics. As F increases,
the degenerate energy levels of each excited

state fan out until, finally, the rate of decay by
ionization exceeds that of spontaneous emission,
and levels fade away. Each level is conveniently
labeled by its parabolic quantum numbers {q}

© 1978 The American Physical Society 99



VoLUME 41, NUMBER 2

PHYSICAL REVIEW LETTERS

10 Jury 1978

={n,ny, ny, |m|} which come from a zero-field
separation of Schrddinger’s equation in parabolic
coordinates.®

In this Letter it is shown how the Stark effect
in resolved states of H (rz ~25) may be used to
investigate the properties of resonances in the
nonperturbative regime. The data show how,
and it is explained why, Raleigh-Schrddinger
perturbation theory (RSPT) can poorly approxi-
mate the energy shift for states with n, —n, >0
but still give quite accurate results when n, —n,
«0,

Titchmarsh?? has shown that the negative-en-
ergy poles of the Green’s function for Schrd&ding-
er’s equation with the Stark Hamiltonian, JC=— A
—»~'4+ Fz, in atomic units,! move off the real
axis when F>0, Even though there are no true
bound states, the “spectral concentration” of
each pole at E{,}(F)=—E g(F) — iI(F)/2 localizes
a resonance centered at energy —FE j that decays
by ionization at a rate I, To describe the Stark
effect, one must specify the F dependence of the
complex trajectory E(,}(F) of each pole. In addi-
tion, relativistic or other effects may cause
some poles on different trajectories to interact
strongly when they approach each other at “level
crossings.”

Since the Stark resonances belong to the general
class of nonstationary states found throughout
quantum physics, and since their properties may
be adjusted experimentally by variation of F and
{q}, this problem has broad physical importance.
The properties of resonances are usually calcu-
lated perturbatively.® In many cases it is suspect-
ed [ Born series for rearrangement collisions,*
quantum electrodynamic expansions in (a/m),°
ete.] or known that RSPT does not converge,

Specifically, for the Stark effect RSPT yields
a nonconvergent, asymptotic expansion for the
real part E ; of the energy,®* although nonspecial-
ists are generally not aware of this fact. Silver-
stone® has recently used machine-computational
methods to push it to at least twenty-fifth (1)
order in F and has exhibited its asymptotic na-
ture, To calculate I'(F), a number of authors
have used the Jeffreys-Wentzel-Kramers-Bril-
louin and related approximations.” Other work-
ers have used a variety of nonperturbative,
numerical, or classical methods to obtain values
for E (F) and I'(F),® but usually only for the
ground state.® Solid-state physicists have in-
vestigated the Stark effect for Wannier excitions,
hydrogenlike systems,® That most of the non-
perturbative methods require a high-precision,
numerical integration to be made for each {q}
and F is a distinct disadvantage,

My experimental results on resolved upper
and lower (always n =10) Stark states of H, with
energies E{}(F,) and E(;1(F,), respectively,
were obtained using the method of fast-beam
laser spectroscopy'*™?® in an apparatus repre-
sented by Fig, 1. A hydrogen beam with a mea-
sured kinetic energy E ,="7474(20) eV included
excited states weighted by »~3 that were produced
by H*+Xe electron-transfer collisions. A free-
running, single-mode, GTE model 950 2C*°Q,
laser produced a 5~-25-W/cm? beam of photons
(with energies k, and & in the laboratory and
atomic rest frames, respectively) which was
mechanically chopped at frequency w, and merged
(crossing angle 6=0) with the fast atomic beam.,
For a given kg, the transverse field F, was used
to tune {L} and { U} into resonance with the laser
photons. If F,, E{y(F,), and k, were known
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FIG. 1. Important features of the apparatus., The photon beam was linearly polarized parallel to fp and drove

Am = 0 transitions.
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absolutely, then the experiment was a measure-
ment of E () (F,) =kg+E}(F,). Voltages ap-
plied to produce F, were measured to <0.03%.
k, was not measured directly but determined ab-
solutely to about 1 ppm from published values.6*%7
k, was calculated to 5-ppm accuracy. Ignoring
fine structure, which contributes <5 ppm to the
energy, I used the measured value of F, and
RSPT to calculate E {;}(F,) absolutely to ~10
ppm. This will be justified below. The experi-
mental signal was produced by multiphoton ioniza-
tion'* 18 of the laser-excited atoms, which re-
tained their principal-quantum-number identities
after leaving F,, in a voltage-labeled TM,,,
microwave cavity!**!*18 (y=9,91 GHz), followed
by phase-sensitive detection of the resultant en-
ergy-labeled proton current at frequency w,.

I have not yet worked out a detailed theory
of the typical line shape shown in Fig. 2, but the
asymmetry is consistent with the measured non-
uniformity in the nominal 0,95-cm separation of
the F, electrodes, which were about 7 cm high
and 10 cm long. For the present results the mea-
sured peak is taken to be the center of the line
and the 0.1% inhomogeneity of F, is used as an
estimate of its error., The scatter of data from
experimental runs on different days was typically
a factor of 5 smaller. Calculated Zeeman shifts
produced by measured stray (<3 mG) or motional
(<30 mG) magnetic fields were less than 107° of
the typical, measured Stark shifts, That we ob-
served no shift of any resonance line when the
polarity of F, was reversed is evidence for the
absence of magnetic-field and contact-potential-
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FIG. 2, A chart recording of a typical line shape,

difference problems.

It is satisfying, but ironic, that field ionization,
one of the effects being studied, provided a solu-
tion to the most challenging experimental problem
—positive assignment of quantum numbers to the
lines. Exposure to F,~50 kV/cm in the structure
labeled “modulated quench-F_ ” in Fig. 1 ionized
atoms in only a few of the “easily ionized” n, <n,
states of n=10 (as well as all » =2 11 atoms),™®
Square-wave modulation of this field by ~0,5 kV/
cm around F_ at frequency w, and phase-sensi-
tive detection at the beat frequency (w, — w,) pro-
duced a photoabsorption spectrum of only the few
n=10 levels whose populations were modulated.

A constant field F,~10 V/cm, with the same
polarity as F, and F,, was used to avoid a region
of zero field between them. Nevertheless, I ob-
served and exploited an interesting phenomenon
that I believe is caused by nonadiabatic effects
in the fringe fields.' For example, when I set
F, near 48 kV/cm to “define” preferentially the
states (10,0, 9, 0) and (10, 0, 8, 1), I also observed
spectral lines originating with the states with
equal and opposite electric dipole moments,
(10,9, 0,0) and (10, 8,0, 1), The relative phase
of the interchanged (n, >n,) signals at the output
of the (w; — w,) lockin detector, however, was al-
ways opposite to that of the (n, «<n,) signals, This
provided a useful experimental signature. I veri-
fied in independent experiments that the »n, »n,
states were not ionized by the F,~48 kV/cm,™

In Figs. 3 and 4 experiment and theory are com-
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FIG. 3. Solid line: measured energy for H (25,21,
2,1). Closed circles: RSPT summed to order N.
I'y<10%sec™!, [2/2]y = —108.911(60) cm™1,
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pared for E for the states (25, 21, 2, 1) and (30,

0, 29, 0), respectively, in the intense-field regime,
The insets tabulate the measured results; after
conversion to atomic units for an atom with in-
finite nuclear mass, the graphs display them
along with RSPT summed to various orders N,

N
SW= ¥ B,

i=0

Propagation of the error in F, yields the errors
shown for the RSPT values, In Fig. 3, S™ oscil-
lates about the experimental result but finally
diverges from it. The minimum discrepancy
D1, between experiment and RSPT at N=6 is
more than 10 times the estimated error. Notice
that | D, |<|E ], the smallest term in the
series, which is the expected behavior for oscil-
lating, asymptotic series.® Moreover, for this
one case at least, a simple average of S®) and
S is consistent with the measured result. This
may not be typical behavior, Notice that the mea-
sured energy of (25,21, 2, 1) lies 197 cm™! above
the top of the barrier, E,=—2F,"2 a,u,l"®

In Fig. 4 the monotonic RSPT series appears
to converge to the experimental result, but this
is actually not the case, The smallest term is
|[ECD|; for N>24, S will eventually drop be-
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FIG. 4. Solid line: measured energy for H (30,0,
29,0). Closed circles: RSPT summed to order N,
Ty<10® sec™!, [2/2]y=—163.826(47) cm™ 1,
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low and diverge from the experimental result.
The truncated sum S %) agrees\with the mea-
sured result within experimenta‘;\l error, Notice
that the measured energy of (30, 0, 29, 0) lies only
3.3 cm™* below the top of the barrier, E,=-2F 2
a.u, b8

To explain the very different behavior of RSPT
for the cases n, -n,<«0 and n, —n, >0, let us
examine it for H (25, 21, 2, 1) (+signs) and H
(25,2,21,1) (- signs). The series for 2n’E s,
approximately,

2n°E p==1£2.28(n*F) — 1.91(n*F)? £ 3.21(n*F)® —13.0(n*F)* + 47.9(n* F)® - 236(n*F)® + 1130(:*F )" — . . . .

Theory™® and experiment® have shown that the
ionization width I'(F) remains small for n, - n,
>0 resonances when n*F =0.3. Since the series
shown above diverges at low order when its ex-
pansion variable »*F = 0,2, there is a range of F
for which the n, —n,> 0 resonances are well lo-
calized at energies —E 5 whose values are poorly
approximated by the oscillatory RSPT series.
Figure 3 shows a case in this range. Resonant
states with n, —n, <0, however, retain small
widths only when n*£#<0.13, For this significantly
lower range, the monotonic RSPT series does
not diverge until high order and more closely ap-
proximates E, This behavior is shown in Fig. 4.
Since n,*F,<0.005 in the present experiment,
RSPT furnished accurate E g values for all n, =10
lower states,

Since the values of n*F above which I' increases
exponentially are similar to bounds on the domain
of utility of RSPT for calculation of E ;, this pa-
rameter has a common importance for the theo-
retical calculation of both quantities. This is na-

102

tural since E, and I"are the two sides of one
coin,

We have also calculated the M =1, 2 diagonal
Padé approximations®? [M/M] to RSPT for the
{U} resonances of Figs. 3 and 4, The [2/2] value
given in each figure caption is much closer to
the respective measured result than is RSPT
truncated at order 2M =4,

In future experiments I shall be able to investi-
gate the important properties of the Stark reso-
nances at the following levels of precisions: AF,/
F,~10 ppm; AE z/E ,~1ppm; AT/T~1%; ratio
» of oscillator strengths for laser-induced transi-
tions between Stark sublevels of different » mani-
folds, Av/v~few percent; and the resonance line
shape in the large-F regime where the Breit-
Wigner parametrization of the resonance phase-
shift may no longer be correct.® I shall report
elsewhere the details of the experimental method,
the investigation of level-crossing effects in the
field-ionization process, and the divergence



VoLUME 41, NUMBER 2

PHYSICAL REVIEW LETTERS

10 Jury 1978

properties of the Padé approximants,®®
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Field-Ionization Processes in Excited Atoms

Michael G. Littman, Michael M. Kash, and Daniel Kleppner
Reseavch Labovatory of Electvonics and Depaviment of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
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We identify two different processes by which free atoms are ionized in a static elec-
tric field, The first process is by tunneling and is described accurately by theory de-
veloped for hydrogen. The second process, important for all atoms except hydrogen,
is similar to autoionization and arises from the effect of level mixing. Data are pre-
sented on field ionization in lithium which display behavior due to each of these ionization

mechanisms,

The problem of how an atom is ionized in an
applied electric field has attracted wide theoreti-
cal'*? and experimental® interest. Considering
the level of activity, it is remarkable that there
is such poor agreement between rigorous theo-
ries, developed for hydrogen, and experimental
observations on highly excited atoms in hydro-
genic states. It is also remarkable that a simple
“pback-of-the-envelope” theory successfully pre-

dicts the field values at which ionization becomes
significant. Our aims are to reconcile the con-~
flicting theoretical pictures of field ionization,
and to provide a useful insight into the underlying
processes.

To put the problem into perspective, let us con-
trast two views of field ionization. In the first
view, ionization occurs by tunneling of the elec-
tron through the potential barrier along the axis
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