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Line shapes of ionizing Stark resonances in helium
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High-resolution laser spectroscopy is used to study the Stark effect in helium. The energies,
widths, intensities, and shapes of resonances above the classical ionization threshold are measured
for a wide range of electric field strengths. The high resolution of the lasers combined with careful

design of the electric field plates allow accurate determination of the line-shape parameters, includ-

ing linewidths and asymmetries accurate in the best cases to 6%. The WKB quantum-defect
method is used to obtain detailed theoretical predictions for these Stark resonances with no adjust-
able parameters. Our study concentrates on the diabatic states of greatest slope arising from the
zero-field n =32 and 40 manifolds in regions where these levels are fairly isolated and fit well to
Fano profiles. In all cases, we obtain excellent agreement between experimental and theoretical
line-shape parameters. A simpler autoionization model also reproduces the results, although less

accurately.

I. INTRODUCTION

The Stark effect in Rydberg atoms has been extensively
investigated both theoretically and experimentally since
the pioneering work on alkali-metal spectra by Zimmer-
man et al. ,

' and measurements of field ionization in hy-
drogen by Koch and Mariani. These investigations re-
vealed, among other things, dramatic differences in the
energy-level structure, ionization behavior, and line shape
between hydrogenlike Rydberg atoms and hydrogen it-
self. In Rydberg atoms other than hydrogen, the core po-
tential couples states with the same value of the azimu-
thal quantum number ~m~, leading to numerous an-
ticrossings. The character of the wave function changes
rapidly in the regions of the avoided crossings, causing
local anomalies in the ionization rates and intensi-
ties. ' In Na and He, otherwise stable states were ob-
served to quench as they were coupled to nearby broader
states. ' The complementary line-narrowing effect, in
which states become stable against ionization over a
small range in field because of quantum interference, has
also been observed, first in Rb by Feneuille et al. , and
then in Na by Liu et al. Both groups measured the field
dependence of the lifetimes of selected states near an-
ticrossings. Photoionization measurements by the same
groups also revealed that the line shapes for isolated
states in the alkalis were distinctly asymmetric, in con-
trast to the Lorentzian line shapes predicted for hydrogen
in the same field-energy region. ' All of these manifes-
tations of the non-Coulombic potential posed a challenge
for theories that had accurately described the Stark struc-
ture in hydrogen. "

A major advance in the theory of the Stark effect in

Rydberg atoms was made by Harmin, ' ' who com-
bined modified WKB approximations with quantum-
defect methods in parabolic coordinates (WKB-QD) to
predict the photoabsorption cross section in static elec-
tric fields using no adjustable parameters. Experimental
line shapes with limited resolution have been reproduced
by this theory in a number of non hydrogenic sys-
tems. ' ' However, discrepancies between theory and ex-
periment have been discovered in investigations of
interference-narrowed Na and Rb Stark resonances. In
some cases in sodium, ' lifetimes were measured to be up
to 20% shorter than the value predicted by WKB-QD
theory; more recently Yang et al. ' have reported some
inconsistencies in electric field calibrations based on nar-
rowings in Rb. These discrepancies are attributed to the
semiclassical approximations used in the theory. These
measurements on the alkalis as well as the work by van
de Water et al. on the triplet states of He provide the
motivation to conduct further stringent tests of the
WKB-QD theory.

We have made a systematic study at high resolution of
the Stark structure of selected Rydberg states of helium.
We extend the previous work ' ' ' by making a quanti-
tative study of the line shapes, concentrating on regions
away from anticrossings where the resonances are well
described by Fano profiles. ' It is particularly con-
venient to work with the He atom since in the singlet
series fine and hyperfine structure is absent, the quantum
defects are small and accurately known, and the
"spaghetti" region where numerous narrow resonances
experience strongly avoided crossings is smaller than in
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any other atom. This allows us to track levels associated
with hydrogen Stark quantum numbers and measure en-

ergies, widths, and asymmetry parameters over a wide
range of field values. In this relatively simple case, any
discrepancies that appear between theory and experiment
should be easier to access and yet are not necessarily
smaller in this system than a more complicated one. At
the same time, the widths of the Stark resonances of heli-
um are much narrower than in other atoms (for the same
field and energy), and a direct measurement of the photo-
ionization cross sections requires high-resolution laser
techniques. Precise measurements of Stark resonance
line shapes have been attempted in a few of the experi-
ments mentioned above ' but they have often been lim-
ited by signal to noise problems and inadequate energy
resolution. Our techniques enable us to measure
linewidths and asymmetries, both of which are accurate
in the best cases to within 6%. These are among the
most precise measurements so far made of line-shape pa-
rameters in the Stark effect.

In this investigation we characterize the evolution of
the diabatic states of greatest slope arising from the zero
field n =32 and n =40 manifolds. They can be labeled by
the parabolic quantum numbers (n, n, , n2, ~m~), as
(32,31,0,0), (32,0,31,0), and (40,0,39,0). We trace the evo-
lution of the autoionizing line shapes from below the clas-
sical saddle-point energy, at which ionization first occurs,
until the states disappear into the continuum. These
states of extreme dipole moments were chosen to explore
their contrasting ionization behavior. The principal
quantum numbers of the states were selected for experi-
mental convenience: their energies are low enough for
the core-induced linewidth ( ~n ) to be considerably
greater than the experimental resolution and for errors
arising from field inhomogeneities and stray electric fields
to be kept at a reasonable level. Yet they are high
enough in energy to make it convenient to follow their
entire evolution using a modest range of electric fields,
determined by the saddle-point and parabolic critical
thresholds (defined below). For isolated states in the re-
gion above the saddle point, WKB-QD theory predicts
that the resonances will appear as Fano profiles. We
compare experimental and theoretical widths, relative en-
ergies, and asymmetries by fitting both the experimental
and theoretical line shapes to Fano profiles.

metry of the Coulomb-Stark potential. The ionization
rate of a particular resonance in this region generally
varies slowly with field and energy, except for local re-
gions near crossings where the rates may either increase
or decrease (often by orders of magnitude), depending on
which particular states are coupled at the anticrossing.
In the second region, at higher fields, the electron escapes
by tunneling through the barrier appearing in the Stark
potential. This behavior occurs when the resonance ener-

gy approaches the "parabolic critical threshold, " given
by

E, = 2(P,—r)'", (2)

which describes the top of the barrier in the effective po-
tential for hydrogen,

V(rI) = — + ,'Frj,——
8g

(3)

V(g) = — + + ,'Fg . —)m/'

Sq'
(4)

p2 varies from slightly less than 1 for the most red-shifted
"anodic" state to slightly greater than zero for the blue-
shifted "cathodic" state.

For a given n manifold, the effective potential barrier

v(() v(g)

v(r))

(a)
v(r))

(b)

along the parabolic coordinate ri. (See Fig. 1.) In this
tunneling region, where the atom will ionize even in the
absence of core interactions, the resonances will broaden
exponentially with field, until they join the continuum.
The extent of the core-induced ionization region, the first
region, is therefore determined by the separation constant

p2, which is the effective nuclear charge governing the
motion along the coordinate g. The separation parame-
ter P, =1—

P2 similarly determines the motion along g, in

which

II. THEORY

The ionization of a Stark resonance state in a nonhy-
drogenic atom separates into two regions corresponding
to two different decay processes. The first region starts
just above E, , the classical saddle-point energy (in a.u.),

Z,„=—2&F (l)

where E =0 corresponds to the zero-field ionization ener-

gy and F is the electric field. For sufficiently small ener-
gies above E, , the decay occurs primarily through a pro-
cess, similar to autoionization, ' in which hydrogenic
basis states are coupled by the core perturbation to de-
generate continuua. This coupling is absent for the non-
relativistic hydrogen atom because of the dynamical sym-

FIG. 1. Schematic plots of the potentials V(g) and V(g) for
the hydrogen Stark effect for the two extreme sloping states in
the Stark manifold. (a) The most blue-shifted state, with separa-
tion constant P2 close to zero, where the electron is confined to
small values of q, with r =z, (i.e., along the electric field direc-
tion). (b) The most red-shifted state, with separation constant P2
close to 1, where the electron is confined to small g, with r = —z
(i.e., opposite to the electric field direction). The parabolic criti-
cal threshold occurs at the maximum value of the potential
v(q).
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presented by Eq. (3) is least for the most red-shifted
(small n &, large pi) and greatest for the most blue-shifted
levels. Hence among Stark levels associated with a given
n manifold in hydrogen, stability increases as one goes to
progressively more upward-going levels. The helium core
introduces only a slight coupling between quasidiscrete
hydrogen Stark states, so the energy shifts in helium rela-
tive to hydrogen are small. However, small core-induced
couplings between quasidiscrete Stark states and degen-
erate hydrogen Stark continua are often sufficient to pro-
duce ionization rates very much larger than the tunneling
rates for the corresponding hydrogen states. The con-
trasting behavior of widths of the extremal states of a
given hydrogen n manifold can thus be observed directly
in helium only at fields sufBciently large that hydrogen-
like tunneling predominates over core-induced ionization.

The WKB-QD theory has been described in the litera-
ture and only the results relevant to the present experi-
ment are summarized below. The cross section for
single-photon excitation with m-polarized light of energy
A~, from the rnetastable 2 'S state to the He Stark contin-
uum is given by the following expression

aF«}=4~'«~
I (2 's

I zl +E&0) I'DF(E) (5)

F( ) =C+ D(q+ e)
1+@

where
E —FO

—,'r

(6)

measures the energy with respect to the line center Eo, in
units of its half-width —,'I, q is the asymmetry parameter,
and C and D are constants. For the case in which the
atom has a single, non-negligible, and relatively small
quantum defect 51, (as is approximately true for the Ryd-
berg states of singlet He) these parameters can be ex-
pressed very simply in terms of 5( and quantities that
derive solely from the hydrogen-Stark structure

Eo ——EH —a sin5(, (7a)
I =I H+28a tan25(, (7b)

5(q= —cot—.8 (7c)

in which 4'z, o is the p component of the final state wave
function with energy E and m =0. The field-independent
dipole strength l(2'Slzl+E&0)l factors out from the
Stark resonance structure contained in D (E), the nonhy-
drogenic density of states. To evaluate Eq. (5), the re-
quired zero-field s ~p matrix elements are calculated in
the phase-shifted Coulomb approximation, integrating
Schrodinger s equation in from a large radius at an ener-
gy corresponding to the effective principal quantum num-
ber. D (E), which depends on the atom's quantum de-
fects and hydrogen Stark parameters, is calculated using
the WKB method in parabolic coordinates. ' Quantum
defects for He are obtained with high precision from
Martin's recent work.

It is shown in Ref. 16 that Eq. (5) reduces to the form
of a Fano profile plus a background term in the limit in
which a resonance is isolated:

EH and I H are the center and full width of the
hydrogen-Stark resonance, B is the hydrogenic continu-
um background, and a is the resonance amplitude in the
hydrogenic cross section o H(E) for an isolated state:

8=1—x,
where

(9)

The hydrogenic amplitude a is related to the transforma-
tion between spherical and parabolic coordinates and the
energy spacing between the resonances. As the electric
field tends to zero, a is simply proportional to a Clebsch-
Gordan coefficient:

aF=D=, I(tm jIp+j p ) I',F=O
m.n

(10)

where j = ( n —1 ) /2, p+ = ( m 2n A, ) /2, and A, = 1 —2pi
is the z component of the Runge-Lenz vector. Since the s
quantum defect (0.139} for He is more than ten times
larger than all other quantum defects, Eqs. (7a)—(7c}give
reasonable estimates of the variations of the resonance

parameters for a given channel. Excellent fits to Fano
profiles for both the theoretical [Eq. (5)] and experimental
line shapes are obtained for the field-energy regions stud-
ied in this work, as will be shown below.

Although the Stark resonances of helium show large
deviations in their ionization behavior from those of hy-
drogen, and pronounced asymmetry in their profiles,
their energies never stray more than about 0.06 cm
from hydrogenic values in the region of interest, because
of the small magnitude of the He quantum defects. This
justifies our labeling the helium states by hydrogen para-
bolic quantum numbers. Furthermore fourth-order per-
turbation theory for hydrogen' is often sufficient to
make reliable spectral identifications in helium.

To construct accurate Stark maps in the low-field re-
gion below the classical saddle point, it is convenient to
use the method described by Zimrnerman et al. ,

' which
employs matrix diagonalization in a truncated spherical
basis. An analytical formulation of the WKB-QD
theory' is also applicable in this region, but we have
used the former method because it is somewhat easier to
employ. In the high-field regime where the Stark and
Coulomb potentials are comparable, the required number
of spherical basis states in the matrix becomes exceeding-
ly large and a different technique is necessary. Actually,
for n )30, the spherical basis approach becomes cumber-
some at fields not far beyond the first An =1 crossing.
One possibility is to numerically search for and fit reso-

cr H(E) =B+a
(E —E„)'+(-,' r„)'

Approximate analytic expressions for the hydrogenic
background 8 have been derived in Ref. 24. For the con-
ditions of the present experiment, in which pure m =0
states are excited in a one-photon transition, it takes the
form
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nances in o (E) [Eq. (5)] at successive values of energy
and field. Because this is somewhat time consuming for
studying broad spectral regions, we have used an alterna-
tive approach based on the multicontinuum autoioniza-
tion model developed in Ref. 23 ~ This technique allows
one to follow the evolution of a given resonance with field
by simultaneously tracking its energy, width, asymmetry,
and intensity through various crossing regions. The
model relates these resonance parameters to quantities
easily calculated with the WKB-QD theory. For exam-
ple, the Stark energies and widths are eigenvalues of a
complex symmetric Hamiltonian, whose matrix elements
are computed using the WKB-QD method. Figure 2
shows a calculation of the resonance energies for a broad
region that includes the n =40 manifold at low fields and
the (32,31,0,0) state at higher electric fields. The Zim-
merman method has been used up to 15 V/cm, close to
the first avoided crossings between n =40 and 41. For
higher fields, the energies are calculated using the au-
toionization model. Complex symmetric matrices as de-
scribed in Ref. 23 are diagonalized at intervals of 0.2
V/cm over segments of 20 —50 V/cm. The basis includes
all parabolic states that intersect the energy interval—70.5 to —65.5 cm ' over these field segments. As
many as 110 and, at the high-field end, as few as 20 basis
states are needed. Off-diagonal elements account for in-
terference efFects analogous to those reported previously
in Refs. 3, 5, and 18. For the isolated states studied in
the present work, the diagonal terms dominate, and by
themselves furnish useful predictions of the He Stark
structure, as will be shown later. The levels in Fig. 2 ter-
minate whenever the resonances pass above their para-
bolic critical threshold and join the continuum. The sur-
viving resonance structure at high fields consists mainly
of relatively isolated upward-trending states. Maps such
as Fig. 2 have been useful in locating Stark resonances in
helium.

III. EXPERIMENTAL METHOD

Cl
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FIG. 2. Calculated Stark map using diagonalization in spher-
ical and parabolic bases for low (0—15 V/cm) and high fields
(15—750 V/cm), respectively. At zero field, the entire n =40
manifold is nearly degenerate near —68.6 cm ', except for the
69s state just below —69 cm '. The classical saddle-point
threshold is shown by the dotted line in (a). The levels are ter-
minated at their parabolic critical thresholds.

A. The experimental arrangement

The main elements of the experimental arrangement
are shown in Fig. 3. The incident He(2'S) metastable
beam is generated in a discharge in a pulsed supersonic
expansion that has been described previously. The
discharge creates metastables, ions, electrons, and uv
light. Most of the uv light is blocked by bafBes. The
charged species are deAected to remove them from the
atomic beam, which is then collimated by a 1-mm skim-
mer 14 cm from the source. Since it is difficult to initiate
a discharge in pure helium, we have found that a mixture
containing 10%%uo Hz improves the shot-to-shot stability
and enhances the metastable Aux. Other additives, such
as N2, Ar, and Ne were found to quench the metastable
beam.

The Rydberg states are excited using a high-resolution
pulsed laser system, consisting of a single mode cw ring
dye laser whose output is amplified in a three-stage exci-
mer pumped amplifier chain. The output of the amplifier
is frequency doubled into 10-ns uv pulses near 313 nm,
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FIG. 3. Apparatus used for precise Stark spectroscopy of metastable helium.

having an energy of about 200 pJ and a nearly
transform-limited bandwidth. In the remainder of the
paper, all references to frequency differences refer to this
frequency-doubled beam, not to the fundamental. The
pulse energy is sufficient to saturate the transitions for
most of the levels studied and thus neutral density filters
are generally used to decrease the laser intensity. The
data runs are taken with the laser scanned at 66 MHz/s,
so that a broad 2-4 cm ' scan lasts 15-30 min. Relative
energies are determined to about 30 MHz accuracy by
linearizing laser scans using fringes from an interferome-
ter with a free spectral range of 597.54 MHz. Absolute
line positions are determined to about 0.03 cm ' using a
wavemeter on the cw laser and monitoring the absorption
spectrum of iodine vapor.

The unfocused laser beam enters the interaction region
between two parallel plates at right angles to the atomic
beam. The polarization of the light is adjusted to be
along the z axis, normal to the capacitor plates. Only
states with azimuthal quantum number m =0 are excited
in this one-photon transition since the initial state is 2 S.

The pure linear polarization of the laser beam is
verified in Fig. 4(a), an experimental scan over the n =40
manifold at E =11.8 V/cm. It reproduces rather closely
the calculations shown in 4(b) for m =0 in which the
low-field matrix diagonalization approach of Zimmerman
et al. ' has been used, with a limited basis set of 162
spherical states. In particular, the m =0 spectrum goes
through a minimum near the middle, where any transi-
tions to Im~ = 1 would still have large intensities, as seen
in Fig. 4(c). This minimum for the m =0 components

occurs because states in the middle of the manifold have

wave functions distributed symmetrically along the z axis

and thus the transition moment from the initial 2 'S state

is zero. On the other hand, states near the extreme red

(a)

J ), ], ll . . )IIIII lllllllllll

ai (b)

..„»«IIIIII

(3
(c)

x 5/4

-71 -70.1 -69.2 -68.3 -67.4 -66.5
E (cm')

FIG. 4. (a) Experimental scan over the n =40 manifold at
11.8 V/crn. Theoretical spectra at the same field for the com-
ponents with m =0 (b) and ~m~ =1 (c) demonstrate that the

laser excitation in our experiment was to pure m =0 states.
Theoretical intensities are obtained by diagonalization in a basis
of 162 spherical states.
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and blue edges have induced dipole moments along the z
axis and thus carry most of the oscillator strength. This
is true even at high fields: the steeply sloping states are
always the strongest features in our m =0 spectra, while
states with small slopes tend to be much weaker and also
more asymmetric.

Since the states of extreme dipole moment studied here
are the most steeply sloping with electric field, their ex-
perimental line shapes, especially their widths, are unfor-
tunately the most sensitive to field inhomogeneities. The
principal inhomogeneities in this experiment are spatial
variations in the field across the diameter of the laser
beam caused by deviations from parallelism of the field

plates, and field perturbations associated with the grid or
aperture in the upper plate through which electrons are
collected. Studies of Stark plates by Metcalf and co-
workers have shown that a thin slot on the collector elec-
trode produces a more uniform electric field in the in-
teraction region than even a carefully mounted grid. ' '
A 0.30X25.4 mm slot, electron discharge machined into
the top plate, is used to collect photoelectrons produced
by ionization. Both field plates are made from 0.25-in.
brass, ground flat to less than 0.0001 in. , and held apart
by 1.0361-cm-long alumina spacers. In this way, an elec-
tric field uniformity of better than 1 part in 10 has been
achieved across the interaction region. This results in an
acceptably small broadening of the linewidths. The slot
in the upper plate serves further to efFectively collimate
the atomic beam, since its long axis is positioned parallel
to the atomic beam and perpendicular to the laser. This
reduces the Doppler width to 10 MHz, negligible com-
pared with the 100-MHz laser linewidth. The voltage
across the plates is provided by a stable dc power supply,
whose output is measured with a 5 —,

' digit voltmeter. To
measure voltages exceeding 1 kV, a voltage divider was
constructed from 1% resistors.

States that are stable (lifetimes ) 50 ns) in the electric
field are detected by delayed Stark ionization with a large
pulsed field, while autoionizing resonances are detected
using the dc field to collect the resulting electrons. The
signal from the electron multiplier is processed by a gated
integrator and is subsequently acquired by a microcom-
puter.

B. Field calibration

tremely small increment in electric field. The maximum
lifetime occurs at a unique electric field and energy.
These local lifetime stabilizations occur because of des-
tructive interference efFects in the decay of the states
mixed by the electric field. Figure 5 demonstrates this
effect in He. We tuned to the peaks in energy of seven
fairly pronounced narrowing regions in He (listed in
Table I), and recorded the voltage applied to the plates
that produced the largest signals with a detector arranged
to detect only long-lived states. The maximum in the sig-
nal then corresponds to the minimum in the state's decay
rate. By comparing these voltages with the theoretically
predicted electric fields for each field-induced narrowing,
we were able to obtain several independent values for the
plate spacing. The average value so obtained was
1.0353(3) cm. By examining diff'erent narrowings separat-
ed by large voltages we also verified that the field was
linear with voltage. These narrowings are easily located,
and their reproducibility was checked daily to ascertain
that the field calibration did not drift due to instrumental
problems or surface charging effects. This method pro-
duced no surprises in that the calculated plate separation
was consistent with direct measurements of the plate
spacing, 1.036(1) cm. By explicitly measuring the field
dependences of the lifetimes of the narrowed Stark com-
ponents, one can obtain a much more precise electric field
calibration, an application that has been explored in Refs.
18 and 19 for the case of Na and Rb Stark structure.

We also checked our absolute field calibration by
measuring relative energies between several sharp lines
located close to the saddle-point limit. Figure 6 shows
the experimental and theoretical spectra in a region that
includes the prominent (32,31,0,0) state. The theoretical
electric field value shown in the calculated spectrum,
253.57 V/cm, was chosen to be that which produced the
smallest rms deviation (32.4 MHz) with experiment.

F=140.8 V/cm

Z
(b)

F=140.7 V/c

In this work, the accuracy with which the electric field
must be calibrated is determined from the behavior near
the two critical field values. At the saddle-point and tun-
neling thresholds, the widths vary most rapidly with field,
typically by 1% for changes of 1 part in 10 in the elec-
tric field. Thus a very simple calibration obtained by
measuring the plate spacings and the applied voltage to
0.1% is suScient, since other constraints limit the obtain-
able linewidth accuracy to 6—20%.

It is interesting to compare this calibration with that
obtained by matching experimental and theoretical spec-
tra. We did this in two different ways. In the first
method, we used the field mapping techniques suggested
in Refs. 18 and 19. Here one takes advantage of reso-
nances whose lifetimes increase dramatically over an ex-

(c)
(3 F=140.7
V)

-68.8 -68.6 -68.4 -68.2

FIG. 5. Field-induced narrowing in He. As the electric Geld
is tuned through the anticrossing from (a) 140.8 V/cm to (b)
140.7 V/cm, one of the resonances near —66.5 cm ' disappears
from the 50-ns window used for observing prompt autoionizing
resonances. The resonance lifetime has suddenly increased to
& 1 ps and can be detected by applying a small delayed electric
field pulse to ionize the atom, as shown in (c).
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Field
(V/cm)

359.00
362.284
365.15
361.35
358.004
370.596
718.7

Energy
(cm ')

—85.226
—86.552
—84.863
—85.211
—86.889
—84.466
—64.68

Maximum
lifetime

(n sec)

149
132
118
689
433

1307
424

Relative
intensity

0.21
0.27
0.23
0.054
0.16
0.047
0.03

TABLE I. Calculated energies, maximum lifetimes, and rela-

tive intensities of interference-narrowed resonances in helium.

The maximum lifetimes and intensities occur close to anticross-

ings. Away from these locations, the lifetimes and intensities

decrease rapidly with energy and field.

Since the spacing between lines with highly disparate
slopes changes very rapidly with electric field, these mea-
surements are extremely sensitive to the absolute electric
field value. The experimental uncertainty of 29 MHz for
the strongest peaks, labeled "5"and "6" ' F' . 6,in Ig. , corre-
sponds to a change of about 0.01 V/cm, implying a sensi-

tivity of greater than 50 ppm to the electric field value.
The match of the best-fit theoretical spectrum (Table II)
is excellent, with most deviations less than half the laser
bandwidth. Experimentally determined relative hne posi-
tions deviated by less than 50 MHz from d t d f
alla except the smallest and therefore noisiest features.
The voltage applied to the plates for this particular scan
262.52 1 V2.52(1) V, corresponds to a plate spacing of 1.035 30(4)
cm, again consistent with the determinations mentioned
above.

C. Field inhomogeneity

CQ
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1 234
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E (cm ')
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-91.28
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FIG. 6. (a) Hi h-resolug - tion scan showing relative energies of

several resonances. (b) Theoretical spectrum calculated for
253.57 V/cm sli ghtly above the classical saddle-point threshold
for n =32. The intrinsic llinewidths in this region are narrower
than the experimental resolution th, so e experimental reso-
nances appear somewhat broader and less intense than in the

ry. c tark maps of this region for He (solid line) and for
hydrogen with nuclear mass 4 (dashed line), calculated using the
autoionizing model described in the text.

As discussed in Sec. III A, electric field inhomo-
geneities limit the accuracy of the measured line-shape
parameters. The inhomogeneity was studied using
several methods to monitor changes in the electric field as
the laser beam was translated independently in the verti-
cal and longitudinal directions. The most direct method

then to r
is to tune the laser to the center of a narrow resoresonance,

en to precisely measure the voltage change needed to
regain the original signal intensity after the laser beam is
translated. This was done by tuning both to very steeply
sloping states [such as (32,31,0,0)] and to the sharp
interference-narrowed Stark resonances described in Sec.
III B. Another inhomogeneity measurement was er-
formed b se y scanning the laser frequency, using an inter-

was per-

ferometer to monitor the relative shifts in the resonance
positions as the laser beam position was moved between

inewidths greater than the laser bandwidth in scans tak-
en below the classical ionization threshold were used to
place limits on the field inhomogeneity. The measure-
ments taken by translating the laser beam ind' t d th

e e ectric field in the longitudinal direction was nonuni-
form by 3.4 parts in 10 per millimeter and th t th 1

ric e d in the vertical direction was nonuniform by 5

parts in 10 per millimeter at the center of the plates.
The vertical electric field was found to decrease as one
moved towards the slot, in agreement with calculations
or an ideal slot. ' The longitudinal electric field was

found to vary linearly across the laser beam, consistent

0.
with a slight tilting of the plates due to small variations
( .0012 in. ) in the plate spacing that could easily arise
rom nonuniform compression against the spacers.

IV. DATA ANALYSIS

The raw data are slightly distorted due to several ex-

pp er roa ening, aserperimental factors, including Doppl b d
bandwidth, field inhomogeneities, and depletion broaden-
ing. Each of these effects was measured so that correc-
tions could be applied to the data and the associated un-
certainties could be estimated. These correction fns are air-
y sma (ranging from 0—20%%uo of the linewidth) for all of

the data points except those few taken just above the clas-
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TABLE II. Separations between adjacent lines in 40 GHz continuous scans over the region shown in

Fig. 6. The first column identifies the pairs of lines labeled in Fig. 6. The second and third columns

gives the average experimental relative interval and the dim'erence between the theoretical and experi-

mental interval, respectively. The estimated experimental uncertainty is determined mainly from run-

to-run scatter. The last column gives the relative slope between the adjacent lines. The average devia-

tion between experimental and calculated intervals, weighted by the experimental uncertainties, is 32.4

MHz. Values in parentheses denote uncertainties.

Interval

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8

Experiment
(MHz)

6690(26)
3680(47)
1032(57)
402(27)

7426(20)
4124(29)
3774(33)
6616(30)

Theory-Experiment
(MHz)

—36
—41

81
—27
—7
28
9
8

Relative slope
(cm '/V/cm)

—0.078
—0.015

0.066
0.076

—0.052
—0.100

0.020
0.056

sical threshold, and simple first-order models are
suSciently accurate for the analysis. Figure 7 shows a
typical uncorrected experimental spectrum and the corre-
sponding theoretical spectrum near 440.7 V/cm. It is
clear from the residuals that experimental line shapes are
only slightly affected by the instrumental resolution. This
figure also demonstrates that the resonance
parameters —widths, asymmetries, energies, and intensi-
ties, are well defined and may be used to compare experi-
ment with theory.

The data reduction procedure we followed was some-
what different for the n =32 and 40 measurements, since
the n =32 data spanned a much wider range of electric
fields. The procedure followed for n =32 consists of
several steps.

(i) Estimate the broadening due to the electric field in-

homogeneities discussed in Sec. IIIC by measuring the
laser spot size and using the known Stark slope to deter-
mine the contribution to the linewidth at each field value.

(ii) Determine the line-width arising from laser and

Dopper broadening by measuring narrow resonances
below the ionization threshold.

(iii) Study the saturation of the transitions as a function
of laser power to determine the effects of depletion
broadening. Use a simple model to remove saturation
effects from the experimental data.

(iv) Combine the widths due to laser linewidth,
Doppler broadening, and inhomogeneity across the laser
beam to determine an effective instrument function for
each field value.

(v) Explicitly deconvolute this instrument function
from the data using fast Fourier transforms, to obtain the
"corrected" spectrum. A least-squares fit to Fano line
shapes is then performed.

In the following sections these steps are discussed in
more detail. The treatment of the n =40 data is dis-
cussed separately in the last section. Table III lists the
corrections and uncertainties applied at each stage of this
data reduction process, for five typical runs taken at vari-
ous electric fields strengths.

A. Field inhomogeneities

Errors due to field inhomogeneity arose predominantly
from the longitudinal atomic beam spread over the small
region of the laser spot, whose dimensions were 1.50(75)
mm [full width at half maximum (FWHM)] in the longi-
tudinal (y) direction and 0.6(3) mm (FWHM) in the verti-
cal (z) direction for most of the measurements. The elec-
tric field in the y direction varies approximately linearly
across the atomic beam over a range, b,F(y), given by the
product of the fractional inhomogeneity, 3.4X10 per
mm, the distance y from the center of the laser spot, and
the electric field F. The corresponding frequency spread
b, co(y) is then determined by the slope of the Stark reso-
nance: b,co(y) =Sb,F(y), where 1 is the slope. The calcu-
lated values for Aco across the full width of the laser spot
range from 23.0(11.5) MHz at 251 V/cm to 126(63) MHz

30

~ 20

10
CD

0

+ 30
(3
~ 20

0 10

O

(b)

-81.5 -81
I I

-80.5 -80
E (cm ')

-79.5 -79

FIG. 7. (a) Uncorrected experimental spectra and (b) theoret-
ical spectra at 440.7 V/cm. The residuals from fits to six Fano
profiles are given below the scans. The absolute intensity of the
experimental spectrum has been normalized at a single point to
correspond to the theoretical intensity at that point.
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TABLE III. Typical values for the corrected widths, q values, and the estimated uncertainties accumulated at each of the three
stages in the data reduction process described in the text. "Raw," "desat, " and "deconv" refer to parameters obtained from fitting
Fano profiles to the raw, desaturated, and deconvoluted data, respectively.

State

Field (V/cm)

f [Eq. (14b)]
I „„(MHz)
I d„„(MHz)
I „,.„„(MHz)
qraw

qdesat

qdeconv

(32,31,0,0)

251
0.18

173(9)
166(10)

97(40)
11(2)
11(2)
16(3)

(32,31,0,0)

570.1

0.213
900(34)
850(41)

816(48)
11.0(10)
11.4(10)
11.6(12)

(32,31,0,0)

1498.5
0

2040(193)
2040(193)
2014(209)

6.7(43)
6.7(43)
6.7(43)

(40,0,39,0)

251
0

340(17)
340(17)
324(22)

53(20)
53(20)
75(35)

(32,0,31,0)

607.8
0

565(37)
565(37)
500(56)

32(25)
32(25)
39(25)

at 1498 Vjcm for the (32,31,0,0} Stark component. The
widths due to inhomogeneity were added in quadrature
to the two widths in the scans taken below threshold de-
scribed in Sec. IVB to obtain the effective instrument
function. The uncertainty in the inhomogeneity arises
primarily from the uncertainty in the laser spot size,
which we measured to about 50%%uo accuracy.

B. Laser and Doppler width

The combined effect of Doppler broadening and laser
bandwidth is determined by fitting scans taken below the
classical saddle point. Since the Doppler width is just 10
MHz, the line shape is determined almost entirely by the
laser, with small contributions due to electric field inho-
mogeneity across the laser beam. A good fit to the rnea-
sured line shapes can be obtained with a sum of two
Gaussians. The broader Gaussian is centered 80 MHz to
the blue of the narrow one and is a factor of 5 smaller.
The origin of this unusual line shape is not known but it
appears to be largely independent of discharge condi-
tions, laser power, and electric field. The broad shoulder
may arise from scattering of the atomic beam by the
skirnmer plates or from diffracted light around the laser
beam, resulting in two slightly different velocity groups in
the interaction volume.

To remove the slight broadening due to field inhomo-
geneities, the associated linewidth is calculated as de-
scribed in Sec. IV A, and subtracted in quadrature from
each of the two Gaussians. The resulting full widths at
half maximum are 104(10) and 240(50) MHz for the large
and small components, respectively. This laser line shape
contributes less than 10% to the widths for the majority
of the data points, while larger corrections are necessary
for the few points in which the instrumental resolution
and the natural width are comparable.

C. Depletion broadening

A final source of distortion is depletion broadening, the
saturation of signal amplitude with increasing laser inten-
sity due to the depletion of the metastable population.
The amount of depletion varies across the laser beam
since atoms in different dc fields and laser intensities have
different ionization probabilities. The total number of
atoms in a volume d r that remain in the metastable state
at the end of a laser pulse is given by

N0 00

dN(coo, r}= drexp —jt cr(co, r)g(co —coo)f (y, z)

X J I(t)dt dco, (11)
0

where N0 is the initial number of metastables in the in-
teraction volume V, cr(co, r) =cJ(co bco(y) }—is the
frequency- and position-dependent cross section,
g(co —coo) is the laser bandwidth function given in Sec.
IV B, f (y, z} describes the spatial distribution of the laser
beam, and I (t) is the temporal laser pulse shape. The sig-
nal originating from a group of atoms located at r there-
fore saturates exponentially with increasing intensity.
As long as the laser intensity and dc field variations are
small across the laser beam the total signal size

r

S(co )=No 1 —f dN (12)

will also approximately exhibit this exponential behavior.
Only then may we treat saturation and inhomogeneity
effects separately. In this case we have approximately

S (coo) =No I 1 —exp[ Ioo'(coo)~ G (coo) 1 I (13)

0 (coo)*G(coo)=a(co~ )*G (co~ )

where

S (coo)
ln 1—

S(co~)

ln(1 f)—(14a)

where o(coo)'G(coo) is the convolution of the cross sec-
tion with the total instrument function including band-
width and inhomogeneity contributions added in quadra-
ture, and the integral over the temporal laser pulse shape
is given by Io. The accuracy of Eq. (13}was checked un-
der our experimental conditions by taking simulated
Fano profiles for cT(coo), integrating Eq. (11), and then us-

ing the data analysis procedure based on Eq. (13) (dis-
cussed below) to extract cT(coo). The model recovered the
original 1" and q parameters to better than 2/o, and was
therefore judged to be satisfactory.

At each resonance, we studied the signal size at the
peak, S(co~), as a function of laser intensity. A least-
squares fit to Eq. (13) was used to extract the saturation
parameters No and o(co )*G(co ) that characterize the
transition. These parameters could then be used to solve
Eq. (13) for the "desaturated" signal at frequency coo:
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f=1—exp[ I—oo(co )'G(co )] (14b)

and

D. Deconvolution

Since the "desaturated" data are still a convolution of
the instrument function and a Fano profile [Eq. 14(a)], we
decided to deconvolute the data using fast Fourier trans-
forms. In this procedure the transform of the desaturat-
ed signal is divided by the transform of the instrument
function, then the inverse transform is taken to obtain the
resulting spectrum. The transform of the instrument
function, which is nearly Gaussian, quickly approaches
zero and therefore amplifies the noise component present
in the signal. It is therefore necessary to eliminate a por-
tion of the transformed signal before proceeding. This is
equivalent to a low-pass filtering of the original data, and
can result in unphysical oscillations and spectral
broadening if the spectra are cut off too early, while ex-
cessive noise results if they are cut off too late. An ap-
propriate compromise can be reached by examining the
power spectrum of the data, which falls steeply before ris-
ing again due to noise. The cutoffs were chosen based on
the power spectrum, together with a knowledge of the ap-
proximate linewidths of the underlying data, to avoid any
measurable distortion of the line shapes, while still elim-
inating the worst of the noise amplification. Figures 8(a)
and 8(b) show the uncorrected signal S(co) and the decon-
voluted cross section cr(r0) for a scan taken at 520 V/cm.
The best-fit parameters for the raw data are I =794(26)
MHz and q =8.3(4). After desaturation and deconvolu-
tion these parameters are changed to 734(43) MHz and
8.8(6).

S(co )=%of .

Here S(coo) and S(co~) are given in the same (arbitrary)
units and f is the fraction of saturation at the resonance
peak. Data runs were generally taken at a saturation
fraction of less than 25%, which provided enough signal
to noise to obtain exceOent fits, without unacceptably de-
pletion broadening the transition.

Errors associated with the low-pass filtering in the
deconvolution procedure were estimated for each run by
reconvolving the deconvoluted line shape with the instru-
ment function and comparing the resulting line-shape pa-
rameters with the original data. As an additional check,
model Pano profiles with simulated random noise approx-
imately equal to the experimental noise level were convo-
luted with the instrument function and then deconvolut-
ed using the same cutoff criterion applied to the actual
data. The resulting spectra were then compared with the
original model Fano profiles, in order to estimate the
deconvolution error. In both cases, the numerical pro-
cedure contributed errors usually much less than 5%,
which were incorporated in the final error budget.

E. Error estimates

Typically, four to six runs are averaged for each value
of the electric field. Statistical errors due to run-to-run
scatter varied from 3% to 15% for the widths and from
5% to 40% for the asymmetry parameters. For each
run, the errors in I and q due to the uncertainty in the
measurements of laser bandwidth, field inhomogeneity,
and laser power saturation are estimated by varying each
of these independently by their uncertainties, and repeat-
ing the data reduction procedure using the new values.
The total uncertainties are given by the rms sum of these
systematic errors, the deconvolution error, and the sta-
tistical error. Because each data run has a different un-
certainty associated with it, the mean values for I and q
are determined by a weighted average. Measurements
tend to be more accurate for data taken where the lines
were neither very narrow (close to E, ) nor very broad
(close to E, ); near E, , the linewidths are comparable to
the instrument function; close to E„ the signal-to-noise
ratio is relatively poor both because the background con-
tinuum strength is large and because the oscillator
strength, which remains relatively constant for a given
Stark component, is spread throughout the linewidth.
Thus relatively larger statistical uncertainties occur in
this region.

Hz (~)

CD
CL

= 734 MHz (b)
= 8.8

-76.4 -76.1
I

-75.8
E (cm ')

-75.5 -75.2

FIG. 8. {a) A typical raw data scan over the {32,31,0,0) reso-
nance at 520 V/cm. After desaturation and deconvolution and
with the instrument function the width decreased by 7.5% and
the q parameter increased by 6%, as shown in {b).

F. Analysis of n =40 data

For the (40,0,39,0) level, the broadening due to a given
inhomogeneity across the interaction region is larger than
for n =32 because the n =40 level is almost three times
more steeply sloping than (32,31,0,0) and approximately
twice as steeply sloping as (32,0,31,0). In initial measure-
ments of the (40,0,39,0) level, the linewidths observed
below the ionization threshold suggested an inhomo-
geneity at least twice as large as any of the other deter-
minations. The reason for this is not understood, al-
though it may have resulted from accidentally displacing
the laser beam vertically towards the slot in the upper
electrode during the n =40 measurements. In subsequent
measurements of n =40, we made two modifications that
reduced the vertical and longitudinal inhomogeneity, re-
spectively: The interaction region was displaced 1.3 mm
below the center of the plates towards the solid electrode
and a 1-mxn aperture was placed in the laser beam path



4954 NUSSENZWEIG, EYLER, BERGEMAN, AND POLLACK 41

to reduce the longitudinal spot size. These changes re-
sulted in an inhomogeneity of 5(1) parts in 10 across the
interaction region. This value was determined by corn-
paring in scans below threshold the widths of levels with
negligible Stark slope with the (40,0,39,0} width. The
measurements based on translating the laser beam dis-
cussed in Sec. III C gave consistent results.

Because the (40,0,39,0) data were all taken at field
values near the saddle-point threshold and at very low
laser intensities, it was possible to combine steps 1, 3, and
4 mentioned above. The instrument function determined
from scans taken just below threshold unavoidably in-
cludes the width due to inhomogeneities at the field value
for which the calibration scan is taken. Since the onset of
ionization is very rapid for this Stark component, the en-
tire data set spans only a very limited range of fields from
245 to 252 V/cm, and the same inhomogeneity correction
is applicable to all of the data. The data-taking pro-
cedure therefore consists of taking several scans below
threshold, and then without changing the laser alignment
measuring the line shapes above threshold. The
(40,0,39,0} instrument function is then directly deconvo-
luted from the above-threshold data.

0.09

'E 006-
O

I—
Cl—0.03-

WKB-QDT

0
0 400

I

800 1200

F (V/cm)

1600

FIG. 10. Experimental and theoretical widths for (32,31,0,0).
Solid circles give the experimental results, the dashed and solid
lines are the WKB-QD and autoionization model (AIM) predic-
tions, respectively, at the same field values as in the experiment.
The theoretical results are connected with smooth lines for con-
venience.

V. RESULTS AND DISCUSSION 0.06

Figures 9—13 show the main results of the present ex-
periment: the energies, widths, and q values for the most
upward going, and the widths for the most downward-
going components in the n =32 and 40 manifolds at
selected field values. It is seen in Fig. 9 that the energy
for the upward-going state follows closely the corre-
sponding (32,31,0,0) state in hydrogen, which is to be ex-
pected away from crossing regions. This was also true
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FIG. 11. Experimental and WKB-QDT widths for the

(32,0,31,0) level, shown as in Fig. 10.
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FIG. 9. (a) The energies of the (32,31,0,0) level away from
avoided crossings, from the classical saddle-point threshold to
the parabolic critical threshold. The behavior is very nearly hy-
drogenic. (b) The experimental energies subtracted from the
WKB-QDT predictions (solid squares) and the experimental
shifts relative to hydrogen with nuclear mass of 4 (asterisks).
The residuals from the autoionization model are not plotted be-
cause they deviate by less than 0.001 cm ' from the WKB-QDT
results. Points are connected with a solid line for convenience.

~ 0.015-

O

0.01-
I—
C)

0.005-

0
243 246 249

F (V/cm)
252

FIG. 12. Same as Fig. 11,but for the (40,0,39,0) level.

255



41 LINE SHAPES OF IONIZING STARK RESONANCES IN HELIUM 4955

40

30-

0 20-

10-

I

400
I

800

r (vrcm)

I

1200 1600

FIG. 13. Asymmetry parameters for (32,31,0,0) at the same
field values as in Figs. 9 and 10. Experimental results are shown
together with the predictions of the WKB-QD theory.

for the downward-going states. The "zeroth"-order for-
mula [Eq. (7a)] predicts the energy shift due to the He"
core to be 0.05 cm ', while the average shift from hydro-
gen was measured to be 0.03 cm

Unlike the energies, the ionization rates are affected
dramatically by the core perturbation, as can be seen in

Fig. 10. For the most upward-going state, the core-
induced ionization provides the dominant decay mecha-
nism for a huge region spanning the interval between 250
and 1400 V/cm in field and 80 cm ' in energy. After the
initial rise above the saddle point, the (32,31,0,0) width
reaches a plateau where it remains relatively constant un-
til the parabolic critical threshold where it sharply in-
creases. Theoretically, there should even be a slight dip
in the width before the final exponential rise, though the
dip is not as pronounced in the experiment. As pointed
out in Ref. 23, these general trends in the widths are also
expected (and may even be more dramatic) for other Ryd-
berg atoms. This can be discerned from the approximate
expression for the core contribution to the width,
—,'I', =Ba tan 5I, in Eq. (7b). The hydrogenic continuum
background 8 rises slowly from zero at the saddle-point
energy to unity at the zero-field ionization limit, as more
channels pass successively above their parabolic critical
threshold. [See Eq. (9).] The resonance amplitude a,
which depends on the relative amount of s wave con-
tained in the Stark-shifted state, decreases in strength for
increasing energies, due to dilution from mixing with
states higher in energy. Although their product remains
relatively constant, the resonance amplitude actually de-
creases faster than the continuum strength rises, account-
ing for a slight dip in the width. Taking 8 to be =1 (its
high-field limit) and a to be its zero-field expression [Eq.
(10)], the plateau width for He comes out to be 0.015
cm ', which is within a factor of 2 of the values
(0.02 —0.03 cm ') over the plateau region in Fig. 10. This
level of agreement is typical of that found for this type of
"zeroth"-order estimate for Stark resonances in sodium.

Also plotted in Fig. 10 are the autoionization model's

predictions for the widths for the (32,31,0,0) channel.
Even though off-diagonal terms (crossing eff'ects} have
been excluded and a limited basis set has been used, there
is good agreement between WKB-QD theory and this
simplified theory. In particular, energies agree to better
than 0.001 cm, and ionization rates are slightly lower
(=20%} than predicted by WKB-QD theory. Because
the autoionization model makes a distinction between
discrete and continuum channels, discontinuities in the
calculated line-shape parameters occur near the parabolic
critical thresholds, as can be seen from small irregular
jumps in Fig. 10. %henever this occurs, the number of
continuum (discrete) channels in the basis set increases
(decreases) by one, resulting in a small loss in accuracy. ~

The behavior of the width for the most downward-

going "red" levels is dramatically different from the
upward-going "blue" levels. For the red levels shown in
Figs. 11 and 12, the saddle-point and the parabolic
threshold are almost identical and thus there is little
room for the core-induced width to play a significant role
before exponential tunneling dominates the decay. The
field dependence of the width looks very similar to hydro-
gen in this case.

The measured widths for n =32 are in most cases
found to be slightly greater than the theoretically predict-
ed widths, though they generally agree within the error
bars. The widths near the parabolic critical threshold for
(32,31,0,0) at 1350 V/cm are narrower (by up to 17%) in

the theory than in the experiment, where the dip is not as
prominent. On the other hand, the error bars are also
somewhat larger in this region due to the significant sta-
tistical fluctuations that result from the large continuum
background. The results for the corrected n =40 widths
are shown in Fig. 12. Here the data are in reasonable
agreement with the WKB-QD theory, with the largest
discrepancies about two standard deviations in size.

One might have expected the WKB approximation
used to calculate properties of hydrogen Stark wave func-
tions to be somewhat inaccurate for the extremal Stark
components. Even though the principal quantum num-
bers are large, the wave function for the most upward-
and downward-going levels have a single node in the po-
tentials V(g) and V(g), respectively, implying a small
value for WKB wave number along these directions (see
Fig. 1). Furthermore, at high fields, as the separation
constant Pz for the bluest channel approaches zero, the
two classical turning points join together and there is no
longer a distinction between the barrier and the well in
the g potential. ' It is somewhat surprising that isolated
extreme Stark components, unlike interference-narrowed
levels near anticrossings, ' ' do not seem to show
significant deviations from theory that can be attributed
to failures in the WKB method.

Accurate measurements of the asymmetry parameter q
are more dificult than for the widths because they rely on
having a drift-free baseline with good signal to noise
throughout the periphery of the line shape. Figure 13
shows the measured q values for the (32,31,0,0) level.
Some of the uncertainties, especially for smaller q's, are
less than 10%', in fact, this is perhaps one of the most ac-
curate measurements of line-shape asymmetries that has
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been made. The error bars become larger with increasing
field since the signal size decreases. The fact that q in-
creases at the same time makes it even more difficult to
measure this parameter, since large but slightly differing

q values are difficult to distinguish. Still, the general
trend agrees remarkably well with the calculations. The
late drop in q during the exponential rise in the width
near 1350 V/cm occurs because the state becomes a
shape resonance near the tunneling barrier, which causes
a rise in the baseline on the high-energy side. The q
parameters for the downward-going (32,0,31,0) and
(40,0,39,0) levels are very large for all isolated regions ex-
amined in the present experiment. This is due to the fact
that the continuum background 8 is nearly zero close to
the classical threshold field [see Eq. (7(c)].

VI. CONCLUSIONS

In this experiment, we have studied the energies,
widths, and asymmetry parameters in helium for the ex-
treme Stark components in the n =32 manifold and for
the extreme downward-going component in the n =40
manifold. Because they are the most steeply sloping with
field, these levels are the most sensitive to field inhomo-
geneities, which inevitably causes some distortion of the
line shapes. The high resolution of the current experi-
ment combined with the slot design for the electric field
plates' ' minimizes this problem and makes it possible
to determine accurate line-shape parameters for ionizing
Stark resonances in helium. Our measurements have
verified some interesting properties of the extreme Stark
components. ' (i) These states have the largest induced
dipole moments, so that when excited with m-polarized
light they tend to have larger cross sections than other
states in the manifold. (ii) In isolated regions their ener-
gies follow very closely the corresponding hydrogenic en-
ergies. Properties (i) and (ii) make these levels extremely

easy to identify in a spectrum. (iii) Yet, the ionization
rates of the blue state differ dramatically from hydrogen
while that for the red states is similar to hydrogen.

In regions away from level crossings, line-shape param-
eters have been shown to have a simple field dependence
that is fairly accurately reproduced by an autoionization
model. A similar field dependence has been predicted in
Refs. 5 and 23 for sodium, but these are the first sys-
tematic experimental measurements of nonhydrogenic
Stark line shapes over the full range of field values from
E, to E,. We have also compared relative energies,
widths, and asymmetries with the more precise WKB-
QD theory by fitting both theoretical and experimental
line shapes to Fano profiles. The agreement between
theory and experiment for relative energies is remarkable;
if the theory is assumed correct, it implies that we have
determined the absolute field value at the center of our
plates to better than 50 ppm. This accuracy is substan-
tially better than has so far been obtained using interfer-
ence narrowings as a calibration, ' since the narrowings
are very sensitive to small changes in theoretical details
that affect the mixing phase. However, precise energy-
level measurements require narrowband lasers and are
obviously more difficult to perform.

Confirmation of the theory for the widths and asym-
metries of the extremal n =32 and 40 levels is obtained
for all field and energy regions studied in this work, apart
from small discrepancies for the n =40 linewidths. Be-
cause the signal to noise is worst in the tunneling regime,
it would be useful to obtain more accurate measurements
in this region, where the core modifies only slightly the
line shapes from those of hydrogen.
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