
l

PHYSICAL REVIEW A FEBRUARY 1999VOLUME 59, NUMBER 2
Rydberg states of atoms in parallel electric and magnetic fields
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We present theoretical results for the photoabsorption spectrum of an atom in parallel electric and magnetic
fields, using theR-matrix method combined with quantum-defect theory. We introduce a radial basis set which
is complete and orthonormal over a semi-infinite interval@r 0 ,`), to allow calculations to be performed for
high Rydberg states in nonhydrogenic atoms without encountering problems due to linear dependence of the
basis set. The nonhydrogenic character of the spectra is analyzed for Li and Rb, and a comparison is made with
previous high-precision experiments which shows that the theoretical results agree very well with experiment.
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PACS number~s!: 32.60.1i, 32.80.Rm
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A Rydberg atom in parallel electric and magnetic fields
an interesting extension of a Rydberg atom in a magn
field @1–3#, whose spectrum has been well studied both
perimentally and theoretically. Experimentally, even for
atom in a magnetic field there is usually a weak stray elec
field present so it is important to know how it affects t
spectrum. From a theoretical point of view the problem
mains nonseparable@4#, as for an atom in a magnetic field
but there is a reduction of symmetry brought in by the ad
tional applied electric field. Theoretical quantum-mechani
calculations@5,6# have been mainly confined to the use
perturbation theory in the photoabsorption part of the sp
trum while resonance energies in the continuum have b
calculated by the complex-coordinate method@7#. High-
resolution experiments@6# have been performed for the pho
toabsorption spectrum of atoms in parallel fields for differe
field intensities and for different atoms. Due to the brea
down ofz-parity induced by the presence of the electric fie
the nonhydrogenic character of the atoms is generally m
significant than in the magnetic field case as all of the qu
tum defects can affect the spectrum.

We present in this Brief Report anab initio quantum-
mechanical calculation of photoabsorption spectra of R
berg atoms in parallel electric and magnetic fields ove
large spectral range going from well defined manifolds in
inter-l mixing region to spectral regions where inter-n mix-
ing is observed and where perturbative theories no lon
apply. We use a variant@8–10# of theR-matrix method@11#,
in which the system’s wave function is expanded in a ba
set of radial functions defined so that they are orthogo
over a semi-infinite region@r 0 ,`). The introduction of such
a radial basis set which is orthogonal over the semi-infin
interval @r 0 ,`) avoids the linear dependency problem
found in earlier caculations using a Sturmian base, part
larly if r 0 is chosen to be large. We use the method to a
lyze the nonhydrogenic behavior exhibited in the photo
sorption spectra of Li and Rb by comparing with hydrog
for one particular manifold in the inter-l mixing region of the
spectrum and we compare the theory with experiment.
then extend this analysis to higher energies into the inten
mixing region and close to the electric field ionization lim
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The nonrelativistic Hamiltonian of a hydrogen atom su
ject to externally applied parallel electric and magnetic fie
oriented along thez axis ~assuming an infinite proton mass!,
in atomic units and spherical coordinates, is given by

H5H01Hp1Hd1H f

52
1

2
¹22

1

r
1bLz1

1

2
b2r 2 sin 2u1 f rcosu, ~1!

where b5B/Bc (Bc54.73105 T) and f 5F/Fc (Fc
55.143109 V cm21) express the magnetic-field an
electric-field strengths respectively, in atomic units. The fi
two terms on the right-hand side of Eq.~1! represent the
zero-field HamiltonianH0 . As the Hamiltonian has rota
tional symmetry around thez axis, the componentLz of the
orbital angular momentum in the field direction is a co
served quantity but parity with respect to thez50 plane is
not conserved. It is then possible to label the correspond
eigenfunctions with a fixed value of the magnetic quant
numberm. In a subspace of a givenm, the paramagnetic
interactionHp only introduces a uniform shift ofbm in the
energy levels.

The effect of the diamagnetic and electric potential term
respectivelyHd and H f , on the motion of an electron de
pends on the strength of the external fields and on the ra
extent of the electron from the nucleus. For typical labo
tory field strengths, as the electron moves in higher rad
Rydberg states, theHd andH f potentials become comparab
to the Coulomb field and perturbation theory can no lon
be applied; the Schro¨dinger equation must be solved directl
Although the Schro¨dinger equation for the pure Stark effe
(b50) is separable in parabolic coordinates@h5r 2z, j
5r 1z, f5arctan(y/x)#, the corresponding Schro¨dinger
equation for the hydrogen atom in a pure magnetic fieldf
50) is nonseparable, as a result of the coexistence o
spherically symmetric Coulomb potential and a cylindrica
symmetric diamagnetic potential in the Hamiltonian for su
a system. Consequently, the difficulty associated with
motion of an electron in an atom in external parallel elect
and magnetic fields lies in the nonseparability of the cor
1703 ©1999 The American Physical Society
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sponding Schro¨dinger equation with the Hamiltonian~1! ex-
hibiting the different symmetries of each of the potenti
present.

For a general atom theH0 term in Eq.~1! has to be modi-
fied to include the effect of the atomic core while the oth
terms represent the effect of the potential seen by the R
berg electron outside the core. The corresponding Sc¨-
dinger equation is solved by using an original idea based
using quantum-defect theory@12# to describe the interaction
of the Rydberg electron with the ionic core and theR-matrix
method to solve the Schro¨dinger equation over the sem
infinite region outside the core@8–10#. The reader is referred
to Refs@8–10# for details. For alkali metals, core effects a
represented by the quantum defectsm l , associated with the
correspondingl th partial wave. We solve the Schro¨dinger
equation over the semi-infinite region outside the core
using a radial basis setFn(r ) which has the advantage o
being complete and orthogonal over a semi-infinite inter
@r 0 ,`). Such an orthonormalized basis set is obtained
defining the set in terms of Laguerre polynomials in the f
lowing way:

Fn~r !5Aje2j/2~r 2r 0!Ln@j~r 2r 0!#. ~2!

j is a parameter which can be varied to vary the radial ex
of the basis set and to test convergence.r 0 may be arbitrary
but should be larger than the core radius.

In Fig. 1 we present theoretical spectra for H, Li, and R
calculated for external parallel electric and magnetic fields
F515 V cm21 and B52.33 T, respectively, in the inter-l
mixing region and including several manifolds beginni
with n529. The atoms are excited withp-polarized light
from the ground initial statel 50, m50. Oscillator strengths
are relative and plotted against energy referred to the z
field ionization limit. Comparison between the hydrog
spectrum and lithium and rubidium shows that the nonhyd
genic character of the core strongly affects the lower ene
part of each of the manifolds. At field strengths sufficien
weak forn to remain an approximately good quantum nu
ber, one and two lines for Li and Rb, respectively, stand
from the rest of the manifold because of the quantum def
and nondegeneracy of the lowestl ’s. Li has a significantl
50 quantum defect (d050.40) and for Rb thel 51, 2 quan-
tum defects are also significant (d050.14, d150.35, d2
50.34) @13# ~All quantum defects are given modulo 1!. The
overall appearance of the upper energy part of the mani
remains similar. The features present in Li were already
cussed by Caccianiet al. @6#. The lower energy part of the
manifold is associated with vibrational states while the up
part is associated with rotational states. The vibrator par
the spectrum is strongly affected by the applied electric fi
while the rotator part retains its main features for the val
of fields andn used. This can be understood as follows. F
hydrogen in zero electric field in thel-mixing region, it was
shown @14–16,6# that the quantityL54A225Az

2 is a con-
stant of the motion, forA the Runge-Lenz vector andAz its
z component. Vibrational states correspond to negative
ues ofL, henceA moves on a twofold hyperboloid with two
preferential orientations either parallel or anti-parallel to
direction of the magnetic field—this gives the twofold d
generacy of odd and even parity states in hydrogen. For
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tator statesL is positive and the Runge-Lenz vector mov
on a onefold hyperboloid with no preferential orientation.
is then clear that the vibrational states have a nonzero ele
dipole moment while rotational states do not. As a con
quence, in parallel electric and magnetic fields, the vib
tional states of the manifold exhibit a linear Stark splittin
and are strongly affected by the electric field whereas
rotational states present a quadratic Stark effect. This is
served as long as the electric field strength is sufficien
small.

In Fig. 2 we compare theoretical results showing the e
lution of the n530 lithium manifold in the presence of
fixed magnetic field ofB52.33 T and increasing values o
applied electric fields, as observed experimentally by C
ciani et al. @6#. The atoms were excited withp-polarized
light from the ground initial state (l 50, m50) and the rela-
tive strength of the Stark and diamagnetic effects within an
manifold can be measured by the parameterg defined byg
53 f /5b2n2. The theoretical calculation successfully repr
duces the experimental data showing manifolds with the f

FIG. 1. Theoretical photoabsorption spectra for hydrog
lithium, and rubidium in the presence of parallel electric and m
netic fields ofF515 V cm21 andB52.33 T for an energy region
starting from then529 manifold. The high intensity lines in the
spectrum decrease monotonically from 3.831026 until 2.6
31026. The oscillator strength is dimensionless and relative. T
transition studied is from the ground initial states,m50 using
p-polarized light.
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tures described above. With increasing electric field, lar
g, the total number of vibrational states increases, due to
fact that rotational states become gradually vibrational sta
As a result, the lower energy part presents a gradually m
pronounced Stark structure with energy levels equally spa
and oscillator strengths decreasing monotonically; rotatio
states exhibit a transition from the quadratic to the lin
Stark effect with increasing field strength.

In Fig. 3 we show theoretical spectra obtained for t
three atoms we have been considering, H, Li and Rb, for
same field parameters as in Fig. 1 but a range of ener
going up to245 cm21. It can be seen that the nonhydr
genic character of the spectra is mostly reflected by the p
ence of the high intensity shifted lines of the spectra wh
correspond to the lowerl components of the wave functio
penetrating the core. This feature becomes less domi
when entering the inter-n mixing region; the inter-l mixing
regime is initially not fundamentally modified when th
manifolds overlap until the spectra display a more comp

FIG. 2. The calculated photoabsorption spectrum of lithiu
showing the evolution of the manifold corresponding ton530, for
parallel electric and magnetic fields, when the magnetic field is k
constant at 2.33 T and the static electric field,F, is varied as indi-
cated. ForF550 V cm21 the higher energy part of the manifol
mixes with then531 manifold.
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structure from about 60 cm21 on. This region correspond
to an energy region where classically chaos sets in.

In summary, we presentab initio quantum-mechanica
calculations for the photoabsorption spectra of Rydberg
oms in parallel electric and magnetic fields, using a orth
normal basis set defined over a semi-infinite interval. Exc
lent agreement was obtained with previous experime
results published by Caccianiet al. in the inter-l mixing re-
gion. The method also allows one to study the inter-n mixing
region and we show that the spectra are dominated by s
with lower l and high quantum-defect values as long as
field strengths are weak enough with respect to the Rydb
levels considered. The results are easily extended to the
ionization threshold by using larger basis sets.

We thank P. F. O’Mahony for useful discussions. Fina
cial support from the Junta Nacional de Investigac¸ão Cienti-
fica e Tecnologica~JNICT!, Portugal, through the Praxi
XXI Programme and the EU Human Capital and Mobili
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FIG. 3. Theoretical photoabsorption spectra for hydrog
lithium, and rubidium in parallel electric and magnetic fields wi
the same parameters as in Fig. 1 over a larger range of ener
including regions where complex structure is observed.
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