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Recurrence spectra of a helium atom in parallel electric and magnetic fields
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A model potential for the general Rydberg atom is put forward, which includes not only the Coulomb
interaction potential and the core-attractive potential, but also the exchange potential between the excited
electron and other electrons. Using the region-splitting consistent and iterative method, we calculated the
scaled recurrence spectra of the helium atom in parallel electric and magnetic fields and the closed orbits in the
corresponding classical system have also been obtained. In order to remove the Coulomb singularity of the
classical motion of Hamiltonian, we implement the Kustaanheimo-Stiefel transformation, which transforms the
system from a three-dimensional to a four-dimensional one. The Fourier-transformed spectra of the helium
atom has allowed direct comparison between peaks in such a plot and the scaled action values of closed orbits.
Considering the exchange potential, the number of the closed orbits increased, which led to more peaks in the
recurrence spectra. The results are compared with those of the hydrogen case, which shows that the core-
scattered effects and the electron exchange potential play an important role in the multielectron Rydberg atom.
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I. INTRODUCTION

Highly excited atoms in strong external fields have be
shown to be the real physical examples of the nonintegra
systems to study the quantum manifestations of class
chaos both experimentally and theoretically. Gutzwille
semiclassical trace formula for the quantum density of sta
and closed-orbit theory@1# introduced new ways of looking
at the photoabsorption spectrum of Hamiltonians having c
otic classical dynamics. For light atoms, such as hydro
and the negative hydrogenic ion, in strong external fields,
closed-orbit theory has proven to be a quantitative and
egant method of calculating and interpreting the recurre
spectra@2#. However, a complete theoretical treatment
multielectron atoms in external fields remains a challen
Recent works have found that the effects of a nonhydroge
ionic core should be taken into account@3#. Following
quantum-defect theory, the electron-core interactions
characterized by a set of energy independent quantum
fects. Such results predict when the ionic effects of the m
tielectron atom are included, the new recurrence peaks ca
core-scattered recurrences@4# emerge in large numbers
These appear as a result of one primitive closed orbit
period T1 scattering into another of periodT2 to produce a
new peak at the combined periodT11T2 , thus causing the
combination orbits. For lithium, both theory and experime
have confirmed the existence of these nonclassical c
scattered features@3#.

Starting with the physical picture of the photoabsorpti
process suggested by Gao and Delos@5# and including the
core-scattered waves consistently, we have recently b
able to extend the closed-orbit theory to successfully rep
duce the core-induced phenomena@3#. The advantage of ou
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semiclassical approach is that it allows us to describe
dynamics of the relatively complicated multielectron syste
in terms of the system which is simple, yet closely related
the hydrogenic system.

To date, many researchers have studied the recurre
spectra of He atom. But they only calculated the spectra
the He atom in singular electric or magnetic field@8–12#, as
for the coexistence of electric and magnetic fields, no o
has yet studied. In this paper, we present theoretical com
tations of the recurrence spectra of the helium atom
strong, parallel, external electric and magnetic fields by
ing a model potential, which includes not only the Coulom
interaction potential and the core-attractive potential,
also the exchange potential between the excited electron
other electrons. We have used the closed-orbit theory and
region-splitting consistent and iterative method developed
Dondoet al. @4#. Matching the quantum Coulomb wave ne
the nucleus to the semiclassical wave constructed by usi
new scale property and the Kustaanheimo-Stiefel transfor
tion @7#, the Coulomb singularity of the classical motion h
been removed and the corresponding spectra between
theoretical and experimental results are obtained, we reve
new insight in the classical interpretation of quantum pho
absorption spectra.

This paper is organized as follows: In the following se
tion, we put forward a model potential for the general Ry
berg atom, in particular, the potential of the He Rydbe
atom. In Sec. II, we analyze how the closed-orbit theory c
be extended to include the core-scattered contributions c
sistently and the region-splitting consistent and iterat
method. Section IV gives the equation for calculating t
recurrence spectra of the He atom in parallel electric a
magnetic fields at constant scaled energy. In Sec. V, we
culate the recurrence spectra and compare it with those o
hydrogen case by using the closed-orbit theory. Section
gives some conclusions of this paper.
d-
©2003 The American Physical Society05-1
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II. MODEL POTENTIAL FOR THE GENERAL
RYDBERG ATOM

For the general Rydberg atom, where only one electro
highly excited to the ionization threshold while the ionic co
remains in the ground state. In this situation, the nucl
charge is screened by the inner electrons. Thus, in the p
ous study, some researchers consider that the potential a
on the excited electron is an attractive Coulomb poten
modified by a short-ranged core potential@4#, but neglect the
influence of the exchange interaction potential. The excha
interaction is isolated experimentally by measuring rec
rence spectra versus spin state. This provides a tool to ex
ine the role of the Pauli exclusion principle in the semicla
sical theory and in the dynamics of Rydberg systems, wh
it is not well understood. Closed orbits are sensitive to
spin-dependent exchange interaction since the Rydberg
tron approaches the core, it moves as if it experiences
attraction or repulsion depending on the relative orientat
of the two spins. This introduces a coupling between
spatial variables of the Rydberg electron and the spin stat
the atom. Keeler and Morgan@12# have studied the influenc
of the electron exchange on the recurrence spectra of
atom experimentally, but they did not give an effective p
tential to model the influence of the exchange interacti
Considering the influence of the exchange interaction,
present a model potential in this paper.

For the Rydberg atom, the potential acting on the exci
electron is the total interaction energy of this electron w
the nucleus and other electrons. It may be formulated as

V~r !5Vn1Vcore1Vex. ~1!

Vn is the nucleus-attractive potential to the excited electr

Vn52
z

r
, ~2!

wherez is the charge of the nucleus.Vcore is a short-ranged
Coulomb interaction potential between the excited elect
and the other electrons:

Vcore5e2E E r~r i !r~r j !

r i j
dt idt j , ~3!

wherer(r i)5( i uc i u2 is the density function of thei th elec-
tron @13#, c i(r ) is the wave function of the electron;r i j is the
distance between thei th and thej th electron. For the He
Rydberg atom, one electron lies in the ground state w
another electron was excited to the 2s state, then

Vcore5
2

r
2S 1

r
12De24r2S 1

r
1

3

2
1r 1r 2De22r . ~4!

Vex is the exchange potential between thisa-spin electron
and the othera-spin electrons:

Vex52e2E E ur1~r i ,r j !u2

r i j
dt idt j , ~5!
02340
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wherer1(r i ,r j ) is the exchange density between two ele
trons, one lies inr i and the another inr j . In the actual
calculation, we also consider their wave function’s antisy
metry.

III. CORE SCATTERING AND CLOSED-ORBIT THEORY

The physical picture of the closed-orbit theory can be
scribed as follows: when an atom absorbs a photon, the e
tron propagates outwards in a near zero-energy Coulo
wave. At sufficiently large distances from the nucleus,
wave propagates semiclassically along classical trajecto
with the wave fronts perpendicular to those trajectori
Eventually, the trajectories and their associated waves
turned back by the action of the external fields. Some of
trajectories return to the vicinity of the nucleus and t
waves associated with them, which are incoming Coulo
waves, interfere with the outgoing waves, and lead to os
lations in the absorption spectrum. The incoming waves p
duce Coulomb scattered waves, and for nonhydrogenic
oms, the core-scattered waves. The Coulomb scattered w
is strongly backwardly focused and backtraces the orbit, g
erating repeated traversals of the trajectory. In this resp
quantum and classical Coulomb scatterings are equiva
The core-scattered wave redistributes the amplitude of
closed orbit into other closed orbits. Combination orbits a
created by scattering of one orbit into another by the c
and do not exist in hydrogen. The action of combinati
orbits is approximately the sum of the consistent hydrog
orbits.

Because the core induces important dynamical effect
is now apparent that the contribution of the core-scatte
waves in any semiclassical approach is necessary to be
cluded. A physical picture of the core-scattering process w
first presented by Gao and Delos@5#. We proceed by showing
how the core-scattered waves can be dealt with by
closed-orbit theory.

We split the whole space into three characteristic spa
regions:~1! the core region, where the laser field and the c
field influences exist, while the external fields can be n
glected;~2! the surrounding Coulomb region, where the d
namics of the excited is predominantly determined by
Coulomb force of the ionic core;~3! the outer region, where
the influence of the external field is at least as important
the Coulomb force of the ionic core. Our approach is to so
the problem quantum mechanically in the core and Coulo
regions, semiclassically in the Coulomb and outer regio
and then to match these two solutions in the Coulomb reg
where both are valid.

A. Solution in the core and Coulomb regions

In these regions we can neglect the external field. T
core region extends only a few Bohr radii around the atom
nucleus and contains the effect of the laser excitation of
energetically low-lying initial-state wave function. Outsid
the core region is the surrounding Coulomb region. There
may use quantum-defect theory to obtain an expression
the wave function that is valid throughout the Coulomb
gion. The general solution atr 5(r ,u,w) can be written as
5-2
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c~r !5f0~r !1(
j

Nj@c j
~1 !~r !1c j

~2 !~r !#, ~6!

wheref0(r ) is the initial outgoing wave,c j
(2) is the incom-

ing wave, andc j
(1) is the outgoing wave, which arise from

the scattering of an electron that approaches the nucleus
a source at infinity.

B. Solution in the Coulomb and outer regions

In the outer region, which typically lies beyond 30 Bo
radii from the nucleus, we can use semiclassical method
write the wave function as a sum of contributions from cla
sical trajectories, provided we know the wave function on
initial surface. For the system considered here, the Ha
tonian has cylindrical symmetry, so the three-dimensio
wave function can be written as

csc~r !5(
j

c0
~1 !~r 0 ,u i

j !Aj~r ,u!

3expH i Fsj~r ,u!2a j

p

2 G J eimw, ~7!

wherec0
(1) is an outgoing wave function on the initial su

face atr 5r 0 . The sum is taken over all trajectories whic
reachr 5(r ,u,w) having left the surfacer 0 at anglesu i

j to
the z axis. The core effects are negligible in this region. T
amplitude of the semiclassical waveAj is given by

Aj~r ,u!5UJ2~0,u i !

J2~ t,u i !
U1/2Ur 0

2 sinu i
j

r 2 sinu
U ~u i

jÞ0,p!,

where the two-dimensional Jacobian J2(t,u i)
5](r ,u)/](t,u i) can be calculated from the motion o
neighboring trajectories. The phase of the semiclassical w
consists of two terms: the classical actionsj5*pjdqj accu-
mulated along the trajectoryj and the Maslov indexa j ,
which is an integer equal to the number of caustics and
encountered by the trajectory@1#.

C. Matching of solutions

By matching the outgoing components of each of
wave functions in Eqs.~6! and ~7! at the starting anglesu
5u i

j of each trajectory which returns to the surface atr 0 , we
obtain an expression for the outgoing wave functionc0

(1) on
the surfacer 0 :

c0
~1 !~r 0 ,u i

j !5f0~r 0 ,u i
j !1(

k
Nkck

~1 !~r 0 ,u i
j !. ~8!

Matching the incoming waves at the final anglesu5u f
j of the

returning trajectories gives

csc~r 0 ,u f
j !5Njc j

~2 !~r 0 ,u f
j !. ~9!

On using the expressions forc0
(1) and csc , we obtain the

following equation forNj ’s:
02340
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H f0~r 0 ,u i
j !1(

k
Nkck

~1 !~r 0 ,u i
j !J Aj~r 0 ,u f

j !

3expH i Fsj~r ,u!2a j

p

2 G J 5Njc j
~2 !~r 0 ,u f

j !.

~10!

D. Outgoing Coulomb waves

The required asymptotic form forc0 is obtained by con-
sidering the action of an outgoing zero-energy Green’s fu
tion on the dipole operator and initial state@5#:

f0~r 0 ,u i
j !52 ip1/223/4r 0

23/4ei ~A8r 023p/4!y~u i
j !, ~11!

where the angular functions y(u)5( l 5umu
`

(21)leipm lBlmYlm(u,0) depend on the action of the dipo
operatorD̂, the initial-state wave functionf i , and on the
quantum defectsm l of the ionic core. The coefficientsBlm
are determined by the photoabsorption process:

Blm5A8E D̂~r 8!f i~r 8!Rl
0,reg~r 8!Ylm* ~u8,w8!dr8,

~12!

whereRl
0,reg(r ) is a regular zero-energy radial wave functio

outside the ionic core, which can be written as a linear co
bination of the Bessel functions with prefactors that depe
on the quantum defectsm l :

Rl
0,reg~r !5cospm l

J2l 11~A8r !

~A8r !
2sinpm l

H2l 11~A8r !

~A8r !
.

~13!

Blm depends only on the dipole operator and on the ini
state. In our calculations, we consider dipole transitions w
p-polarized light from an initials state to final state with
magnetic quantum numberm50. For this transition, only
oneBlm coefficient~namely,Bl0) is nonzero, leading only to
a constant multiplicative factor in the final spectra.

E. Incoming waves

At r 5r 0 , the incoming wavesc j
(2) are cylindrically

modified zero-energy Coulomb waves given by@5#

c j
~2 !~r 0 ,u f

j !

55 ~21!m
exp$2 i ~A8r 02p/2!%

pA8r 0 sinu f
j

~u f
j Þ0,p!

1

2 S 2

pA8r 0
D 1/2

exp$2 i ~A8r 02p/4!% ~u f
j 50,p!.

~14!
5-3
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F. Outgoing scattered waves

As noted by Gao and Delos, the scattered wave func
c j

(1) consists of two parts:

c j
~1 !5cCoul

j ~r !1ccore
j ~r !. ~15!

The core-scattered wavesccore
j (r ) describe the redistribution

of amplitude from a trajectory approaching the nucleus alo
trajectoryk into trajectoryj, by the compact ionic core an
have the partial-wave expansion@5#

ccore
j ~r 0 ,u i

j !5S 2p2

r 0
3 D 1/4

(
l 5umu

`

~21! l 2mYlm* ~u f
k,0!Ylm~u i

j ,0!

3ei ~A8r 02 lp23p/4!~e2ipm l21!. ~16!

The Coulomb scattered wave,cCoul
j (r ) is strongly backfo-

cused and on the surface atr 0 is simply related to the incom
ing wavec j

(2)(r 0 ,u f
j ) by

cCoul
~ j ! ~r 0 ,u f

j !5c j
~2 !~r 0 ,u f

j !ei ~2A8r 02p!. ~17!
se

e
th
.
de

d

x
-
ow

02340
n

g

Therefore, the Coulomb scattered wave results in
semiclassical wave retracing its path along the closed o
with a phase change of (2A8r 02p), thus giving rise to
repetitions of the orbit. Taking this into account, we see t
the dependence ofNj ’s on cCoul

j (r ) can be eliminated simply
by including all repetitions of the closed orbits.

G. Oscillator strength

Substituting the above equations into Eq.~5!, we arrive at
our final iterative equation forNj ’s,

Nj5H D j~u i
j !1(

k,p
NkBj

k,p~u i
j !J Aj

n expF i S sj
n2a j

p

2
2w j D G ,

~18!

wherew j5p/2 for u i
j50 or u i

j5p andw j53p/4 otherwise.
For convenience, we have written the core-scattered co
butions in the form
Bj
~k,p!~u i

j !55 i27/4p3/2 (
l 5umu

`

Ylm* ~u f
k,p,0!Ylm~u i

j ,0!~e2ipm l21! ~u f
j Þ0,p!,

23/2p(
l

`

Yl0* ~u f
k,p,0!Yl0~u i

j ,0!~e2ipm l21! ~u f
j 50,p!,

~19!
ore
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while the initial outgoing contributions have been expres
as

D j5H 29/4p3/2y~u i
j ! ~u i

jÞ0,p!,

2 i4py~u i
j ! ~u i

j50,p!.

The semiclassical amplitude is now written as

Aj
n5H r 0

1/4sin~u f
j ,n!Aj

n ~u i
jÞ0,p!,

r 0
1/2Aj

n ~u i
j50,p!,

whereAj
n , sj

n , a j
n , andu f

j ,n are the amplitude, the action, th
Maslov index, and the final return angle, respectively, for
nth return to the nucleus of thej th closed orbit on its return
The contribution from the core-scattered waves also inclu
a sum over all repetitions@14#.

H. Iterative method

We use an iterative procedure to solve Eq.~18! for Nj ’s,
beginning by settingNk on the right-hand side to be zero an
obtain a first approximation toNj ; this is equivalent to the
hydrogenic closed-orbit result. In each successive step, e
terms of the formAk...Aje

i (sk1¯1sj ) are added to the previ
ous result. The resulting recurrence spectrum thus sh
d

e

s

tra

s

two effects not seen in the hydrogenic case. First, the c
casts a ‘‘shadow’’ in the backward direction changing t
recurrence strength of the trajectory that subsequently ret
to the core. Second, there are ‘‘combination recurrences’’
to the electron traveling along one closed orbit and then
ing scattered by the ionic core to another closed orbit.
successive steps of the iterative process combination
more and more orbits are involved.

OnceNj ’s have been found, we can obtain the requir
absorption rate; the oscillatory part of the average oscilla
strength density has the final simple expression@4#

f ~E!52
2~E2Ei !

p
lm (

j
Nj~21!mA8py* ~u f

j !, ~20!

where y* (u)5( l 5umu
` (21)leipm lBlm* Ylm(u,0) is the ‘‘un-

completed conjugate’’ ofy(u) @5#. For the photoabsorption
from s states usingp polarization, only the final states with
m50 and oddl are excited andy* (u) takes the form

y* ~u!52B10e
ipm lA 3

4p
cosu. ~21!
5-4
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IV. RECURRENCE SPECTRA AT CONSTANT SCALED
ENERGY

A. Hamiltonian and scaled variables

The exact nonrelativistic Hamiltonian for anN-electron
atom in parallel electric and magnetic fields, both align
along thez axis, is described as@6#

Hexact5(
i 51

N pi
2

2m
2(

i 51

N
Ze2

4p«0r i
1(

i , j

e2

4p«0urW i2rW j u

1(
i 51

N
e

2m
BLz,i1

e2

8m
~B2r i

21eFzi !. ~22!

We are dealing with the Rydberg He atom where only o
electron is excited to the ionization threshold while the io
core remains in the ground state. In this situation, the nuc
charge is screened by another electron and the complexi
the exact problem can be simplified to the movement of
highly excited electron in a model potential combined w
an external fields. Therefore, the Hamiltonian of the hig
excited electron of the He atom in strong parallel electric a
magnetic fields~in atomic units! reads

H5
1

2 S pr
21

l z
2

r2D 1
g

2
l z1

1

8
g2r21

1

2
pz

21Fz1V~r !,

~23!

whereg5B/(2.353105) ~B is the magnetic-field strength!,
F is the electric-field strength, form50 state,l z50; V(r ) is
the model potential@Eq. ~1!#.

The classical motion of Hamiltonian Eq.~23! exhibits an
important scaling property. If we transform variables acco
ing to r̃ 5rg2/3, p̃5pg21/3, «5Eg22/3, f̃ 5Fg24/3, t̃5tg,
then the classical motion is governed by the scaled Ha
tonian

H̃5 1
2 p̃r

21 1
2 p̃z

21 1
8 r̃21 f̃ z̃1V~ r̃ !. ~24!

FIG. 1. The Fourier-transformed spectra of the He atom i
magnetic field~without electric field! at scaled energy«520.40.
The result is in good agreement with the experimental result@15#.
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If we omit the tilde and rewriteH̃ as«, we get

«5 1
2 pr

21 1
2 pz

21 1
8 r21 f z1V~r !. ~25!

From Eq.~25!, we find that the scaled Hamiltonian does n
depend on the energyE and field strength separately but on
on the scaled energy« and the scaled electric fieldf, thus
reducing parameterB.

B. Closed-orbit search

In order to solve numerically the motion equations a
remove the Coulomb singularity generated by Hamilton
~25! it is convenient to make a regularizing transformatio
For the case considered here, wherem50, we implement the
Kustaanheimo-Stiefel transformation@7#, which transforms
the system from a three-dimensional to a four-dimensio
one. Introducing a time-dilation variable in this highe
dimensionality representation removes the Coulomb sin
larity at the origin. Removal of the Coulomb singulari
makes the numerical calculation very stable and an o
launched from the origin can evolve quite a long time wit
out loss of numerical accuracy.

Due to the increased dimensionality of the phase sp
involved, the number of the closed orbits will be large. In o
calculation, we take«520.586,f 50.068 and constrain our
selves to those closed orbits with scaled actions smaller
20. For each orbit, we evaluated the classical action,
classical amplitudeA, as well as the Maslov indexa. Some
of the orbits are given in Fig. 3.

C. Recurrence spectra at constant scaled energy

The oscillatory part of the density of oscillator streng
has been given in Eq.~20!, after an iterative process forNj ’s
is carried out and the scaling is used, it can be written a

a

FIG. 2. The Fourier-transformed spectra of the He atom
scaled energy«520.586, the scaled electric fieldf 50.068, z
5g21/3 in the range of 34.5–39.9.~a! Calculated recurrence spectr
including ionic core-scattered terms~helium!; ~b! calculated recur-
rence spectra based on the standard closed-orbit theory~hydrogen!.
5-5
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FIG. 3. Some closed orbits o
helium in parallel electric and
magnetic fields at scaled energ
«520.586. The orbits are plotted
in the r-z plane.
ct

-

lcu-

f ~z!5(

j
Cj sinS 2p s̃jz2

a jp

2
2w j12pm l D , ~26!

wherez5g21/3, S̃j is the scaled action. The quantum defe
m l can be calculated by the following equation@6#:

m l5
&

p
lim

R→`
F E

r 0

RA2V~r !2
~ l 11/2!2

2r 2 dr

2E
r 0

RA2
1

r
2

~ l 11/2!2

2r 2 drG , ~27!

where r 051/2(l 11/2)2 is the classical turning points de
pending onl.
02340
s

The Fourier transform recurrence spectra can be ca
lated in the interval@z1 , z2#. With z̃51/2(z11z2) and Dz
5z22z1 , we obtain

F~ s̃!5
1

Dz Ez1

z2
f ~z!e2p i s̃~z2 z̃!dz5

1

Dz Ez1

z2
e2p i s̃~z2 z̃!(

j
Cj

3sinS 2p s̃jz2
a jp

2
2w j12pm l Ddz

5(
j

Cj

sin@p~ s̃2 s̃j !Dz#

2p~ s̃2 s̃j !Dz

3expF2 i S 2p s̃jz2
a jp

2
2w j12pm l D G . ~28!
5-6
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For finite lengthDz, F( s̃) are complex numbers. In our ca
culation, we take the absolute value ofF( s̃).

D. The influence of the exchange potential on the spectra

Considering the electron exchange potential, the quan
defect for helium separates into two partsm l5mC1mex: one
from electron exchangemex and a direct Coulomb partmC .
The electron exchangemex term, due to the requirement o
antisymmetrization of the total wave function imposed
the Pauli exclusion principle, is responsible for the sp
dependent effects in our recurrence spectra. For example
the l 51 state,mC50.024, whilemex50.04, thus, the main
contribution to the quantum defect comes from themex term.
In addition, after including the exchange potential, the nu
ber of the closed orbits increases, which results in m
peaks in the recurrence spectra.

V. RESULTS AND DISCUSSION

In Fig. 1, we calculate the scaled recurrence spectra of
He atom in the magnetic field~without electric field! at

FIG. 4. The Fourier-transformed spectra of the He atom
scaled energy«523.0, the scaled electric fieldf 50.068, z
5g21/3 in the range of 34.5–39.9.~a! Calculated recurrence spect
considering the influence of the electron exchange;~b! calculated
recurrence spectra without the influence of the electron exchan
02340
m

-
for

-
e

e

scaled energy«520.40. The result is in good agreeme
with the experimental Fourier-transformed spectra given
Karremanset al. @15#; for example, the peaks in the recu
rence spectra of our result and the experimental one o
nearly at the same position, which suggests that our met
is correct. Figure 2 gives the Fourier-transformed spectra
the He atom in parallel electric and magnetic fields at sca
energy «520.586, the scaled electric fieldf 50.068, z
5g21/3 in the range of 34.5–39.9 and the spectra are co
pared with the hydrogen case. Figure 2~a! is the recurrence
spectra of the He atom and~b! is the recurrence of the H
atom using the standard closed-orbit theory. One can see
for smaller s̃, the spectra structures of He and H atoms
analogous. Ass̃ is increased, there are substantial discrep
cies between them, which shows that the dynamics of the
atom in strong external fields is inherently chaotic. Ea
resonance peak in the Fourier-transformed spectra is as
ated with classical closed orbit. Some of the orbits are dra
in Fig. 3. The integers in the Fig. 2 indicate primary orbi
Each pair of integers in the figures indicates the combina
of two orbits, corresponding to a core-scattered peak. In
this phenomenon could be attributed to the combination
currence. For example, the peak marked by the arrow a~1,
2! is located ats̃11 s̃2'8.6, while the peak~2, 4! is located
at s̃21 s̃4'9.2. Figure 4 gives the different recurrence spe
tra of the He atom with or without the influence of the ele
tron exchange. Figure 4~a! is the recurrence spectra consi
ering the influence of the electron exchange; Fig. 4~b! is the
recurrence spectra without the influence of the electron
change. From the figures we can see, once considering
electron exchange effect, that more pronounced peaks ap
in the recurrence spectra. This effect results from the in
ference between hydrogenic orbits and core-scattered co
nation orbits, and demonstrate the sensitivity of recurre
strength to the spatial symmetry of the wave function i
posed by the Pauli exclusion principle.

VI. CONCLUSION

A model potential for the general Rydberg atom is p
forward. By using this potential and a different scaled tra
formation, we calculated the recurrence spectra of the
atom in parallel electric and magnetic fields. The no
Columbic nature of the ionic core has been considered
classical trajectory calculations and families of core-scatte
nonhydrogenic closed orbits have been discovered. The r
nance structures in the Fourier-transformed spectra of the
atom have been recently denoted as effects resulting from
core scattering of returning waves at the ionic core@3#, from
which we gain a deeper understanding of the behavior
multielectron Rydberg atoms in strong external fields. T
good agreement between the experimental recurrence sp
and the spectra in our paper for the He atom in a magn
field without an electric field demonstrates the correctnes
our method. Presently, no experiments on the recurre
spectra of He atom in parallel electric and magnetic fie
have been carried out. Our predication shows that there
interesting phenomena here, and we hope that our calc
tions may guide future measurements.
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