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Stark effect in argon Rydberg states
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We have applied the collinear laser spectroscopy technique to investigate the Stark structure of
argon Rydberg states in the vicinity of the n = 18 hydrogenic manifold below the first ionization lim-

it (3p' 'P3/p ionic core). Stark spectra have been recorded for electric fields from 0 up to 120 U/cm.
Although the studied energy range is only 4 cm ' wide, it is sufficient to observe how the 18f level

progressively merges into the hydrogenic linear Stark structure arising from the n = 18 (l ~ 4) mani-

fold. The high resolution of the method allowed us to observe several fine-structure components for
each Stark level. The complexity of these spectra mainly originates in the electrostatic interaction
of the Rydberg electron with an anisotropic ionic core. Using jX coupling, a calculation is

developed that quantitatively fits the observed spectra. The energy positions of the lines, as well as
their relative intensities, are accurately reproduced by this calculation. The best fit between theory
and experiment is obtained when we take into account the presence of the odd-parity perturber state
18d [3/2] „which is known to lie within the studied energy range.

I. INTRODUCTION

Collinear laser spectroscopy has proved to be a very
efficient method for investigating Rydberg states of rare
gases, for example, Ar. ' By simply adding a static homo-
geneous electric field along the interaction region, it is
possible to extend this method to Stark-effect studies in
rare gases. Our initial purpose was only to determine the
J values of a few Ar Rydberg levels by observing their
quadratic Stark structures, since, in some cases, field-free
spectroscopy turned out to be insufficient to identify
clearly the various fine-structure components of a Ryd-
berg state, mainly near the 9p' and 10p' perturbers. But
it rapidly appeared that systematic studies of the Stark
effect in argon Rydberg states were possible with our set-
up, and this paper is essentially devoted to the results ob-
tained from these studies.

The Stark effect on Rydberg levels was investigated at
first in alkali-metal and alkaline-earth atoms. This
corresponds to the simplest case of a Rydberg electron in-
teracting with an isotropic ionic core together with the
external Stark field. The extension of these studies to
other atoms, for example, noble gases, introduces a more
complex physical situation, since the ionic core now be-
comes anisotropic, as pointed out by Kelleher and Salo-
man. The increasing experimental difficulties —the laser
wavelengths required, for instance —also explain why the
results are much less abundant for rare gases than for
alkali-metal elements. However, several papers devoted
to this subject have been published during the past few
years. The Stark effect of the autoionizing Rydberg
states was investigated by Delsart and Keller in Kr and
by Ernst, Softley, and Zare in Xe. The Stark structure
of the bound Rydberg states of Xe, below the P3/2 ion-
ization limit, was studied by Knight and Wang. ' In ad-
dition, we can also mention the investigation of Stark
splittings and shifts of Ne lines in the visible range by

Jager and Windholz" and Ziegelbecker and Schnizer. '

On the other hand, the work of Kelleher and Saloman
on the Stark spectra of the Sd3&28I autoionizing states in
Ba deals with the same problem, since the excited 5d3/2
ionic core shows the same anisotropy.

In this paper, we report the results of Stark-effect mea-
surements in the vicinity of the n =18 manifold of the
lowest Rydberg series ( P3/p core) of argon. These Ryd-
berg levels are populated by laser excitation from the
3p 4s[3/2]2 metastable state. Since this metastable state
is not perfectly pure but is weakly mixed with some levels
of the 3p 3d configuration, '3 the populated Rydberg lev-
els include the nf series in addition to the np series. ' Due
to their small quantum defects, these nf levels are very
close to the hydrogenic n! (!& 3) manifold. Several Stark
maps were recorded, covering a frequency range of +2
cm ' on both sides of the n =18 hydrogenic manifold
and for various dc Stark fields from 0 to 120 V/cm, in or-
der to observe how the 18f levels progressively merges
with the linear hydrogenic Stark manifold. This study is
well adapted to our experimental technique, which is
characterized by a very high resolution (about 5 X 10
crn ') but a relatively small, continuously tunable fre-
quency range. In other words, the Stark maps we are
presenting here for argon correspond to a small part of
the Stark maps obtained by Knight and Wang' for xe-
non but with a much better resolution. It is also impor-
tant to note that the choice of the 4s [3/2]2 metastable
state as starting level for the Rydberg states excitation
process was imposed because of the available uv laser fre-
quency. However, it would have been simpler, for the
analysis of the Stark spectra, to start from the 4s'[1/2]o
metastable state as pointed out by Knight and Wang. '

II. EXPERIMENTAL PROCEDURE

The experimental setup has been described elsewhere
in detail' and will only be summarized here. A fast
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FIG. 1. Experimental Stark map for ~~M~~ =0, 1,2 states of argon near n = 18 (positions of zero-field lines are indicated by arrows a
and b). The absolute scale for line intensities is arbitrary chosen for each electric field value. Some lines may be truncated. V —V isp 1S

the voltage offset applied on the charge-exchange cell for Doppler tuning.

monoenergetic ionic beam of argon is neutralized in Aight

by passing through a sodium vapor. ' This charge ex-
change process eSciently populates the metastable states
4s[3/2]2 and 4s'[I/2]0 of neutral argon. Downstream
from the charge-exchange cell, the neutral atoms interact
collinearly with an uv laser beam. This uv radiation is
produced by the intracavity frequency-doubling tech-
nique in a cw single-mode ring dye laser running with
Rhodamine 6G. '

The uv frequency range available with our setup allows
us to excite the argon atoms from the metastable state
4s[3/2]z directly into the high-lying Rydberg states
below the first ionization limit (3p P, &2). The interac-
tion between the laser beam and the atomic beam takes
place along a common path about 1 m long. As they
leave this interaction zone the Rydberg atoms are ionized
by a static electric field; the produced ions are deAected
and collected into a Faraday cup. As usually done in col-
linear spectroscopy experiments, the laser is kept at a
fixed frequency and the optical resonances are scanned by
Doppler tuning. ' For this purpose a linear ramp voltage
is applied to the charge-exchange cell and the ionic
current is recorded as a function of this postacceleration
voltage.

In order to observe the Stark effect in the Rydberg
states two parallel electric plates, 40 cm long, are set in
the interaction region on both sides of the atomic beam.

The spacing between the plates is only (14+0.1) mm and
the Stark field can be continuously chosen between 0 and
1000 V/cm or even more. The atoms of the beam in-

teract with the laser radiation successively in the pres-
ence of a constant electric field and then in a field-free re-
gion, the transition between these two situations being
very sharp. Therefore we observe on the same recording
the Stark structure corresponding to a given electric field
as well as the field-free Rydberg levels; the latter are very
convenient as frequency markers to get a common fre-
quency scale for several recordings obtained with various
Stark fields (see Fig. 1). It is also possible to rotate the
field plates around the beam axis and to set the Stark
electric field either parallel or perpendicular to the direc-
tion of the laser polarization allowing m ( b,M =0) or
0 (hM =+ I ) excitations.

III. EXPERIMENTAL RESULTS

By observing the quadratic Stark effect of an isolated
energy level, it is possible to determine the J value associ-
ated to this level: the number of Stark components as
well as their relative intensities for both o. or m excita-
tions are related in a well-known way to the J value and
allow J to be found without ambiguity. In that way some
uncertainties remaining in the level assignment obtained
from field-free spectroscopy' are removed and the levels
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FIG. 2. Enlarged portion of the F =58 V/cm spectra. Curve a, experimental spectrum; curve b, theoretical spectrum.

at 126486.36, 126489. 11, 126955.27, and 126956.74
cm ' are clearly identified as 9p'[3/2] „15@[5/2]z,
10@'[1/2]&, and 10p'[3/2]i, respectively (see Table 1 in
Ref. 1).

The experimental results obtained on the Stark spectra
in the vicinity of the n =18 hydrogenic manifold are
displayed in Fig. 1. Since we start from a J =2 level and
operate with a m excitation, the Stark manifolds
!M!=0,1,2 are simultaneously observed. The zero-field
spectrum, which is described elsewhere, ' comprises two
fine-structure doublets 18f[3/2]i, and 18f[5/2]3 z be-
longing to the 18f level. They are indicated on the figure
by arrows a and b, respectively. As explained above, the
peaks corresponding to this zero-field spectrum are
present in all the spectra whatever the Stark field is. For
a very low Stark field (F (20 V/cm) one observes the ap-
pearance of a linear Stark spectrum with equally spaced
components originating from the n =181)3 manifold
and a quadratic Stark effect for the doublets of the 18f
level. The isolated peak, appearing on the right-hand
side of the 18f[3/2]z, doublet originates probably from
the 18d[3/2], component of the 18d level, which is
mixed by the Stark interaction with the 18f level. This
sublevel was tabulated by Yoshino' at 126770.5 cm
and this is the only state of opposite parity which is ex-
pected within the frequency range studied.

When the Stark field increases, the fine-structure corn-
ponents of the 18f level are progressively included in the
linear Stark manifold yielding a very complicated struc-
ture on the left-hand side of the Stark spectra. For
higher Stark field (F) 80 V/cm) the Stark spectrum be-
comes regular again. Since the 18f level is completely in-
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FIG. 3. Enlarged portion of the F =86 V/cm spectra in the
vicinity of the manifold center. Curve a, experimental spec-
trum; curve b, theoretical spectrum.

eluded in the linear Stark splitting, 15 equidistant Stark
components are observed, as expected (18s, 18p, and 18d
states are still absent at this electric field strength). But
each Stark component presents a "fine structure" formed
by several neighboring peaks. The linewidth of the ex-
perimental resonances is about 5X10 cm '. To give a
better idea of the resolution and of the detailed structure,
two enlargements of typical parts of the experimental
Stark map shown in Fig. 1 are presented in Figs. 2(a) and
3(a).
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IV. THEORETICAL TREATMENT

Owing to the relative simplicity of the physical system
described in this paper, it is possible to simulate the ob-
served spectra by performing a complete diagonalization
of the total Hamiltonian H =Ho+Hs„,„ in a well-suited
truncated basis. ' Such a calculation has been successful-
ly performed by Kelleher and Saloman for the almost
similar case of autoionizing Rydberg states in barium.
We begin by introducing the numerical procedure leading
to the construction of the synthetic spectra. This section
is followed by a section on the successive steps of the cal-
culation which are described in more detail, together
with the approximations required. Finally, we shall dis-
cuss the theoretical results and compare them with exper-
imental data.

A. Calculation procedure

The di6'erent steps of the Stark spectra calculation are
the following.

(i) A truncated basis set of zero-field states is chosen in
the best coupling scheme and the zero-field energies are
calculated assuming the atomic Hamiltonian Ho to be di-
agonal in this basis.

(ii) The nondiagonal matrix elements originating from
the Stark Hamiltonian Hs„„i,= Fz (a.u. )

—are computed
for each experimental value of the electric field F.

(iii) The total Hamiltonian H =Ho+Hs„,„ is diagonal-
ized for each F and each accessible M value
(M=0, +1,+2), M being the total magnetic quantum
number, which remains the only one good quantum num-
ber of the system. Thanks to the +M degeneracy of the
atomic states in an electric field the computation is per-
formed for positive M values only.

(iv) The energies of Stark levels are deduced from H ei-
genvalues, and the corresponding relative line intensities
for a F spectrum are calculated using H eigenfunctions.

(v) The synthetic spectra to be compared with the ex-
perirnental data are obtained by adding the three spectra
corresponding to ~M~ =0, 1,2 for a given F value and by
performing a convolution with a line shape to reproduce
the experimental Doppler broadening.

B. Discussion of the successive steps and approximations

The jE coupling scheme has revealed itself to be the
most suited for describing the atomic Rydberg states of
heavy rare gases, as pointed out before. ' ' For non-
penetrating highly excited states (large I and n values) the
valence electron fine structure and the exchange electro-
static interaction can be neglected in comparison with the
direct electrostatic interaction, which is itself small with
regard to the anisotropic ion core fine-structure splitting.
This explains why nondiagonal matrix elements of the
atomic Harniltonian are quite negligible in this coupling
scheme.

As we are interested in the problem of Stark coupling
between 18f and quasihydrogenic 181 (l ~4)
configurations which completely fulfil the above condi-
tions, the atomic states will be noted:

~181[K]JM) with 3 ~1 ~ 17 .

[I is the orbital angular momentum of the outer electron
that is strongly coupled to the total angular momentum
of the core j (j=—,', —,'). It produces a resultant momen-
tum K weakly coupled to the spin s =

—,
' of the outer elec-

tron giving the total atomic angular momentum J with a
projection M. A prime on / will indicate a j =

—,
' value of

the core angular momentum. ]
In the studied spectral region, i.e., +2 cm ' about the

hydrogenic n = 18 manifold position at Ez = 126 771.19
cm ', there is only one perturbing state labeled
18d [3/2], at 126 770.5(2) cm ', as already mentioned in
Sec. III. The other J =1 odd-parity states as well as all
the even-parity ones are known to lie far outside this en-
ergy range. ' ' On the other hand, a graphic multichan-
nel quantum-defect theory (MQDT) analysis using Lu-
Fano plots ' shows that the situation is the same for the
J%1 odd-parity states. Therefore it is reasonable to
neglect the influence of other perturbers.

Because of strong configuration interaction the so-
called 18d [3/2], level should better be described as a
linear combination of the states 18d [3/2]„18d[1/2]„
8d'[3/2]„20s [3/2]„and 10s'[I/2], having the same
parity and J value. ' The perturber can then be written
as

~gd, M ) =a, ~18d [3/2],M )+a,~18d [1/2],M )

+a3~8d'[3/2]iM )+a~~20s [3/2]iM )

+a5~10s'[I /2], M ) .

A MQDT analysis of J = 1 odd series of argon per-
formed by Lee and Lu allows us to calculate the weights
of the d-state decomposition of the MQDT channels
d [3/2]i, d [1/2]„d'[3/2], , s [3/2]„and s'[ I/2], .
These weights can be taken to estimate the corresponding
a, coefficients in expansion (1).

Under this assumption we find

a] =0.54, o,z=0. 76, +3=0.34, a4-—0,'&-—0 .

So the truncated basis will finally comprise the
~181[K]JM) states (l ~3) together with the ~gd, M) per-
turber substates.

We have then to estimate the zero-field energies of the
basis states. The d-state perturber energy will be taken as
an adjustable parameter in the vicinity of the value given
by Yoshino. ' For all the other states we assume the va-
lidity of jE coupling. Using the same method as Kelleher
and Salornan, energies are calculated through the diago-
nal contribution of the direct electrostatic interaction,
stating that the relativistic fine structure of the outer elec-
tron and the exchange interaction can be neglected for
these nonpenetrating Rydberg states. The zero-field ener-
gies are given in atomic units by

( 181[K]JM~Ho ~18l [K]JM ) =F(181)+6F (18l,Kj = —', ),

with

6h +3h —2j(j+1)l(1+I)
( 2)( —3)

4j(j+ 1)(21 —1)(21+3)
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and

h =
—,'[K(K+1) j—(j+1)—l(1+1)] .

E (181) is the mean energy of the 181 multiplicity, ( r, ) is
the mean-square radius of the core, and the mean value

( r ) is relevant to the Rydberg electron and can be ap-
proximated by the hydrogenic formula. hE describes
the fine-structure splittings about the mean energy. For
1=3, E(18f) and (r, ) are calculated using the available
experimental values of 18f[3/2], 2 and 18f[5/2]z 3 en-

ergies (see Sec. III). For 1)4, we take (r, ) =(r + )
=2.856 a.u. (Ref. 24), assuming these orbitals are non-

penetrating. But the nonzero values of E(18f) E—
H and

(r, )&sf
—(r + ) indicate that polarizability and core

penetration effects should not be totally ignored for
higher I values. For this reason we introduce a weak
quantum defect 6 for the 18g configuration. According
to the only measured 5g configuration and assuming 5
to be independent of n, we choose 5 =0.002. For higher
I states the quantum defects are set to zero.

The calculation of the off-diagonal matrix elements of
the Stark Hamiltonian Hs„,„ is straightforward, making
the assumption that the radial part of nonpenetrating or-
bitals is purely hydrogenic

J
X5), 5MM M

( 18l [K]JMi Fz~ 1 g—l'[K']J'M') = F( ——) ' l') (2J + 1)' (2J'+ 1)' (2K'+ I )'i (2K + 1)'i

1/2 J K j 1 K
I K' J' 1 K' l'

where 1& =max(l, l'). The quantization axis is chosen to
be parallel to the static electric field direction. The selec-
tion rules are the following: b I =+1, AK =0, +1
(K=0~K'=0), b J=O, +I (J=O~J'=0), bj=0, and
EM=0. The radial matrix element is given by the hy-
drogenic formula

(nl~r nl —1)= ,'n(n ——I )' (a.u. ) .

Although f is a weak penetrating orbital, the Coulomb
approximation is nevertheless valid to calculate
( 18f ~

r
~
18g ) . This is not necessarily the case for

( 18d
~
r

~
18f ) because the d orbital is obviously a very

penetrating one, as shown by configuration mixing. This
value may be different from the pure hydrogenic case.
For this reason, we will take it as

(18d ~r~18f ) =C(18d ~r~18f )H,

C being an adjustable parameter.
The total Harniltonian diagonalization for each M and

F values gives the energies of the Stark states and their
weights on the truncated basis. Owing to the selection
rules in jI( coupling for the electric dipole transition in
the particular case of a m excitation, it is possible to cal-
culate the relative intensities of the lines, keeping in mind
that only the 3d [3/2]2 component of the metastable level
is active in our problem: the Stark states will be connect-
ed to the lower level, and thus populated, only through
their components on the

~ 18f[K]JM ) zero-field states.
The radial matrix element (3d~r~18f ) present in all

the oscillator strengths can be eliminated, and standard
angular momentum algebra provides the relative intensi-
ties in a quite reliable way if we assume that the metasta-
ble sublevels ~3d [3/2]2M ) are equipopulated and unper-
turbed by the electric field for weak F values.

To reproduce the Doppler broadening, the calculated
lines are convoluted with a Gaussian line shape 5 X 10
cm wide. To take into account a weak static field inho-

mogeneity, a second broadening proportional to the ener-

gy shift from the center of the n =18 manifold is added.

C. Theoretical results

The synthetic spectra are displayed in Fig. 4 and can
be compared with the experimental map (see Fig. 1).
There are a few deficiencies in the latter: the relative in-
tensities for F=25 V/cm are not very reliable, the F =85
V/cm is not complete and the length of the scans toward
the lower energies is slightly insufficient.

In spite of these blanks, agreement between theory and

experiment is quite satisfactory, especially for fields
higher than 40 V/cm for which the exact zero-field ener-

gy values are less critical [Fig. 2(b)]. The calculated spec-
tra in Fig. 4 have been obtained for a d-state energy
Ed=126770.39 cm ' and a C-parameter close to 1,
which bears out the Coulomb approximation. Not taking
into account the perturber and the 5s quantum defect
makes it impossible to reproduce the more striking
characteristics of low-field spectra and clearly modifies
the rest of the map.

The simple model used in this study reproduces the
main features of the experimental spectra. We clearly ob-
serve the birth of the 181(l)4) quasihydrogenic manifold
whose components become visible through their Stark
mixing with the 18f multiplicity and exhibit a linear be-
havior with the electric field, as expected for near zero
quantum-defect levels. On the left of the map, the large
number of lines originating from the 18f configuration
and repelled by the rest of the manifold tend to form
well-defined groups as F increases. For the highest elec-
tric fields, the corresponding structures have a very simi-
lar shape along a given branch of the Stark manifold. As
an example, the structure of the central region is
displayed enlarged in Fig. 3(b). The appearance of 15 dis-
tinct and equidistant groups of lines for high F values
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for the energies of the lines but also for their relative in-

tensities.
The high resolution achieved with the collinear spec-

troscopy technique was essential for this experiment ow-

ing to the complexity of the structures and the great
number of components close to each other. Starting from
the 4s'[l /2]0 metastable state instead of 4s [3/2]2 would

enable us to discriminate between M=0 and M~ = 1

Stark states owing to the choice of the laser polarization.
This would give rise to simpler spectra and easier inter-
pretation. Finally the e8'ects on the Stark spectra due to
the presence of the perturber state 18d [3/2], in the stud-

ied energy range are quantitatively reproduced with our
model by finally adjusting only one parameter: the exact
energy of this state.
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