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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 thér-matrix method combined with quantum-defect theory. We introduce a radial basis set which
is complete and orthonormal over a semi-infinite intefugl,>°), 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.
[S1050-2947@9)06002-3

PACS numbes): 32.60+i, 32.80.Rm

A Rydberg atom in parallel electric and magnetic fields is The nonrelativistic Hamiltonian of a hydrogen atom sub-
an interesting extension of a Rydberg atom in a magnetigect to externally applied parallel electric and magnetic fields
field [1-3], whose spectrum has been well studied both exoriented along the axis (assuming an infinite proton mass
perimentally and theoretically. Experimentally, even for anin atomic units and spherical coordinates, is given by
atom in a magnetic field there is usually a weak stray electric

field present so it is important to know how it affects the H=Ho+H,+HgtH;

spectrum. From a theoretical point of view the problem re- 1 1 1

mains nonseparable], as for an atom in a magnetic field, = — ZV2— 24 BL,+=B%2sin20+frcos, (1)
2 r 2 '

but there is a reduction of symmetry brought in by the addi-
tional applied electric field. Theoretical quantum-mechanical
calculations[5,6] have been mainly confined to the use of where B=B/B. (B.=4.7<10° T) and f=F/F. (F.
perturbation theory in the photoabsorption part of the spec=5.14<10° Vem™!) express the magnetic-field and
trum while resonance energies in the continuum have beeglectric-field strengths respectively, in atomic units. The first
calculated by the complex-coordinate methgd]. High-  two terms on the right-hand side of E(l) represent the
resolution experiment$] have been performed for the pho- zero-field HamiltonianH,. As the Hamiltonian has rota-
toabsorption spectrum of atoms in parallel fields for differenttional symmetry around the axis, the componerit, of the
field intensities and for different atoms. Due to the break-orbital angular momentum in the field direction is a con-
down of z-parity induced by the presence of the electric field,served quantity but parity with respect to the 0 plane is
the nonhydrogenic character of the atoms is generally moraot conserved. It is then possible to label the corresponding
significant than in the magnetic field case as all of the quaneigenfunctions with a fixed value of the magnetic quantum
tum defects can affect the spectrum. numberm. In a subspace of a givem, the paramagnetic
We present in this Brief Report aab initio quantum- interactionH, only introduces a uniform shift g8m in the
mechanical calculation of photoabsorption spectra of Rydenergy levels.
berg atoms in parallel electric and magnetic fields over a The effect of the diamagnetic and electric potential terms,
large spectral range going from well defined manifolds in therespectivelyHy and H;, on the motion of an electron de-
inter{ mixing region to spectral regions where intemix-  pends on the strength of the external fields and on the radial
ing is observed and where perturbative theories no longeextent of the electron from the nucleus. For typical labora-
apply. We use a variafi8—10] of the R-matrix method11], tory field strengths, as the electron moves in higher radial
in which the system’s wave function is expanded in a basisRydberg states, thHd, andH; potentials become comparable
set of radial functions defined so that they are orthogonalo the Coulomb field and perturbation theory can no longer
over a semi-infinite regiofiry,%). The introduction of such be applied; the Schdinger equation must be solved directly.
a radial basis set which is orthogonal over the semi-infinitéAlthough the Schrdinger equation for the pure Stark effect
interval [ry,) avoids the linear dependency problems(8=0) is separable in parabolic coordinafeg=r—z, &
found in earlier caculations using a Sturmian base, particu=r+z, ¢=arctang/x)], the corresponding Schdinger
larly if rg is chosen to be large. We use the method to anaequation for the hydrogen atom in a pure magnetic fidld (
lyze the nonhydrogenic behavior exhibited in the photoab=0) is nonseparable, as a result of the coexistence of a
sorption spectra of Li and Rb by comparing with hydrogenspherically symmetric Coulomb potential and a cylindrically
for one particular manifold in the intérmixing region of the  symmetric diamagnetic potential in the Hamiltonian for such
spectrum and we compare the theory with experiment. Wa system. Consequently, the difficulty associated with the
then extend this analysis to higher energies into the imter- motion of an electron in an atom in external parallel electric
mixing region and close to the electric field ionization limit. and magnetic fields lies in the nonseparability of the corre-
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sponding Schrdinger equation with the Hamiltoniaid) ex- 1x10°8 : . . : ! '
hibiting the different symmetries of each of the potentials . H
present. c 2o i
For a general atom thd, term in Eq.(1) has to be modi- £ axio 7 n
fied to include the effect of the atomic core while the other 2
terms represent the effect of the potential seen by the Ryd- £ 4 x10 7~ B
berg electron outside the core. The corresponding ‘Schro © -
dinger equation is solved by using an original idea based on ~ *'® 7] H i
using quantum-defect theof{2] to describe the interaction 0 | L
of the Rydberg electron with the ionic core and fRenatrix -135 -130 -125 -120 -115 -110 -105 -100
method to solve the Schiinger equation over the semi- Enerey (om0
infinite region outside the cof@-10]. The reader is referred 1x10°° ! ! ' ! : —
to Refs[8-10] for details. For alkali metals, core effects are - Li
represented by the quantum defeats associated with the = Bx1e i
corresponding th partial wave. We solve the Scliiager g 6x107- L
equation over the semi-infinite region outside the core by 5
using a radial basis sét,(r) which has the advantage of 3 * X107~
being complete and orthogonal over a semi-infinite interval © - |
[rg,»). Such an orthonormalized basis set is obtained by \ l ' l‘ ‘ “
defining the set in terms of Laguerre polynomials in the fol- o [ LI -
Iowing way: -135 -130 -125 -120 -1 15_1-1 10 -105 -100
Energy (cm ')
-6
Folr)= e 2 T0L [£(r—ro)]. @ e T [T | me
8x10 7 - =
¢ is a parameter which can be varied to vary the radial extent & ~
of the basis set and to test convergengemay be arbitrary & ex10T i
but should be larger than the core radius. E L1074 B
In Fig. 1 we present theoretical spectra for H, Li, and Rb, &
calculated for external parallel electric and magnetic fields of 2x107 B
F=15 Vcm ! andB=2.33 T, respectively, in the intdr- 'N““H“ MJH”I{ | ‘
mixing region and including several manifolds beginning e 130 128 120 118 110 10 100

with n=29. The atoms are excited with-polarized light Energy (em ™ ")
from the ground initial state=0, m=0. Oscillator strengths

are relative and plotted against energy referred to the Zercfi_thium, and rubidium in the presence of parallel electric and mag-

field ionization_ Ii_mit. Comp"’?”?"” between the hydrOgennetic fields ofF =15 Vcm ' andB=2.33 T for an energy region
Spe(_:trum and lithium and rubidium shows that the nonhydro'starting from then=29 manifold. The high intensity lines in the
genic character of the core strongly affects the lower energ)bzIoectrum decrease monotonically from BED ¢ until 2.6
part of each of the manifolds. At field strengths sufficiently . 1o-6 The oscillator strength is dimensionless and relative. The
weak forn to remain an approximately good quantum nuMm-yansition studied is from the ground initial statem=0 using
ber, one and two lines for Li and Rb, respectively, stand out;_nojarized light.

from the rest of the manifold because of the quantum defects

and nondegeneracy of the lowd&. Li has a significant  tator states\ is positive and the Runge-Lenz vector moves
=0 quantum defectd, = 0.40) and for Rb thé=1, 2 quan- on a onefold hyperboloid with no preferential orientation. It
tum defects are also significanby=0.14, 6;,=0.35, 6, s then clear that the vibrational states have a nonzero electric
=0.34) [13] (All quantum defects are given modulg. The  dipole moment while rotational states do not. As a conse-
overall appearance of the upper energy part of the manifolduence, in parallel electric and magnetic fields, the vibra-
remains similar. The features present in Li were already distional states of the manifold exhibit a linear Stark splitting
cussed by Cacciaret al. [6]. The lower energy part of the and are strongly affected by the electric field whereas the
manifold is associated with vibrational states while the upperotational states present a quadratic Stark effect. This is ob-

part is associated with rotational states. The vibrator part oferved as long as the electric field strength is sufficiently
the spectrum is strongly affected by the applied electric fieldsmall.

while the rotator part retains its main features for the values In Fig. 2 we compare theoretical results showing the evo-
of fields andn used. This can be understood as follows. Forlution of the n=30 lithium manifold in the presence of a
hydrogen in zero electric field in tHemixing region, it was  fixed magnetic field oB=2.33 T and increasing values of
shown[14-16,4 that the quantityA=4A2—5A§ is a con- applied electric fields, as observed experimentally by Cac-
stant of the motion, foA the Runge-Lenz vector ardl, its  ciani et al. [6]. The atoms were excited withr-polarized

z component. Vibrational states correspond to negative vallight from the ground initial statel €0, m=0) and the rela-
ues of A, henceA moves on a twofold hyperboloid with two tive strength of the Stark and diamagnetic effects withiman
preferential orientations either parallel or anti-parallel to themanifold can be measured by the parametatefined byy
direction of the magnetic field—this gives the twofold de- =3f/58?n?. The theoretical calculation successfully repro-
generacy of odd and even parity states in hydrogen. For raduces the experimental data showing manifolds with the fea-

FIG. 1. Theoretical photoabsorption spectra for hydrogen,
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FIG. 2. The calculated photoabsorption spectrum of lithium  F|G. 3. Theoretical photoabsorption spectra for hydrogen,
showing the evolution of the manifold correspondingite 30, for  |ithium, and rubidium in parallel electric and magnetic fields with
paraIIeI electric and magnetic fie'ds, when the magnetic field is kemhe same parameters as in F|g 1 over a |arger range of energieS,
constant at 2.33 T and the static electric fléFd,lS varied as indi- inc|uding regions where Comp|ex structure is observed.
cated. ForF=50 Vcm ! the higher energy part of the manifold

mixes with then=31 manifold. structure from about 60 cht on. This region corresponds

to an energy region where classically chaos sets in.

tures described above. With increasing electric field, larger In summary, we preserdb initio quantum-mechanical

v, the total number of vibrational states increases, due to thgalculations for the photoabsorption spectra of Rydberg at-
fact that rotational states become gradually vibrational statems in parallel electric and magnetic fields, using a ortho-
As a result, the lower energy part presents a gradually morgormal basis set defined over a semi-infinite interval. Excel-
pronounced Stark structure with energy levels equally space@int agreement was obtained with previous experimental
and oscillator strengths decreasing monotonically; rotationglegits published by Cacciaat al. in the intert mixing re-
states exhibit a transition from the quadratic to the Ilneargion_ The method also allows one to study the intenixing

Stark e_ffect with increasing fie_ld strength. . region and we show that the spectra are dominated by states
In Fig. 3 we show theoretical spectra obtained for the

three atoms we have been considering, H, Li and Rb, for thW|th lower | and high quantum-defect values as long as the

same field parameters as in Fig. 1 but a range of energi ?Ise|d strengths are weak enough with respect to the Rydberg

. ey evels considered. The results are easily extended to the field

going up to—45 cm -. It can be seen that the nonhydro- .~~~ . . :
. . ionization threshold by using larger basis sets.

genic character of the spectra is mostly reflected by the pres-
ence of the high intensity shifted lines of the spectra which
correspond to the lowdrcomponents of the wave function We thank P. F. O’'Mahony for useful discussions. Finan-
penetrating the core. This feature becomes less dominaetal support from the Junta Nacional de Inves{@acCienti-
when entering the intem-mixing region; the intef-mixing  fica e TecnologicaJNICT), Portugal, through the Praxis
regime is initially not fundamentally modified when the XXI Programme and the EU Human Capital and Mobility
manifolds overlap until the spectra display a more compleXProgramme is gratefully acknowledged.




1706 BRIEF REPORTS PRA 59

[1] Irregular Atomic Systems and Quantum Chaedited by J. C. [7]1. Seipp, K. T. Taylor, and W. Schweizer, J. Phys.2B, 1

Gay (Gordon and Breach, Chur, Switzerland, 1992 (1996.
[2] Atomic Spectra and Collisions in External Fielaslited by K.~ [8] P. F. O'Mahony and K. T. Taylor, Phys. Rev. Lef7, 2931
T. Taylor, M. H. Nayfeh, and C. W. ClarPlenum Press, New (1986.

[9] P. F. O'Mahony, Phys. Rev. Letb3, 2653(1989.

York, 1988. ,
[3] T. Van der Veldt, Ph. D. thesis, Vrije Universiteit Amsterdam [10] ;.282(i)9gﬂshony and F. Mota-Furtado, Phys. Rev. Léf,
(1993. ) ) [11] P. G. Burke, A. Hibbert, and W. D. Robb, J. Phys4B153
[4] P. M. Morse and H. Feshbacdklethods of Theoretical Physics (1971

(Mc Graw-Hill, New York, 1953; A. Holle, J. Main, G. Wie- [12] M. J. Seaton, Rep. Prog. Phyts, 167 (1983.
busch, H. Rottke, and K. H. Welge, Phys. Rev. Lét, 161 [13] P. A. Braun, J. Phys. B6, 4323(1983.

(1988. L . [14] E. A. Solov'ev, Pis'ma zh. Eksp. Teor. Fig4, 278 (1981
[5] H. Rinneberg, J. Neukammer, M. Kohl, A."Kig, K. Vietzke, [JETP Lett.34, 265 (1981)]; Zh. Eksp. Teor. Fiz82, 1762

H. Hieronymus, and H-J. Grabka, A&tomic Spectra and Col- (1982 [Sov. Phys. JETB5, 1017(1982)].

lisions in External FieldgRef.[2]), p. 193. [15] P. A. Braun and E. A. Solov'ev, Zh. Eksp. Teor. F&6, 68

[6] P. Cacciani, S. Liberman, E. Luc-Koenig, J. Pinard, and C. (1984 [Sov. Phys. JETB9, 38 (1984].
Thomas, J. Phys. B1, 3473 (1988; 21, 3499 (1988; 21, [16] R. L. Waterland, J. B. Delos, and M. L. Du, Phys. Rev33,
3523(1988. 5064 (1987).



