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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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[. INTRODUCTION semiclassical approach is that it allows us to describe the
dynamics of the relatively complicated multielectron systems
Highly excited atoms in strong external fields have beerin terms of the system which is simple, yet closely related to
shown to be the real physical examples of the nonintegrablthe hydrogenic system.
systems to study the quantum manifestations of classical To date, many researchers have studied the recurrence
chaos both experimentally and theoretically. Gutzwiller'sspectra of He atom. But they only calculated the spectra of
semiclassical trace formula for the quantum density of statethe He atom in singular electric or magnetic fig&-12), as
and closed-orbit theorf] introduced new ways of looking for the coexistence of electric and magnetic fields, no one
at the photoabsorption spectrum of Hamiltonians having chahas yet studied. In this paper, we present theoretical compu-
otic classical dynamics. For light atoms, such as hydrogefations of the recurrence spectra of the helium atom in
and the negative hydrogenic ion, in strong external fields, th%trong, parallel, external electric and magnetic fields by us-

closed-orbit theory has proven to be a quantitative and ely,g 5 model potential, which includes not only the Coulomb
egant method of calculating and interpreting the recurrenCyio o otion potential and the core-attractive potential, but

Srfligglae[czt]rbrg\?ﬁxserinaeiger?np;tﬁeItggor:aerg;?r:str:acfrr?eﬁlr:n O(faalso the exchange potential between the excited electron and
9€ther electrons. We have used the closed-orbit theory and the
Recent works have found that the effects of a nonhydrogenic

T X : region-splitting consistent and iterative method developed by
ioni re shoul ken in . Followin .
onic core should be take to accouf@]. Following gondoet al.[4]. Matching the quantum Coulomb wave near

guantum-defect theory, the electron-core interactions ar : . :
characterized by a set of energy independent quantum d ne nucleus to the semiclassical wave constructed by using a

fects. Such results predict when the ionic effects of the mul"€W Scale property and the Kustaanheimo-Stiefel transforma-
tielectron atom are included, the new recurrence peaks calld¥n [7], the Coulomb singularity of the classical motion has
core-scattered recurrencéd] emerge in large numbers. Peen removed and the corresponding spectra between the
These appear as a result of one primitive closed orbit otheoretical and experimental results are obtained, we reveal a
period T, scattering into another of perioh, to produce a New insight in the classical interpretation of quantum photo-
new peak at the combined peridd+ T,, thus causing the absorption spectra.
combination orbits. For lithium, both theory and experiment  This paper is organized as follows: In the following sec-
have confirmed the existence of these nonclassical cordion, we put forward a model potential for the general Ryd-
scattered featurds]. berg atom, in particular, the potential of the He Rydberg
Starting with the physical picture of the photoabsorptionatom. In Sec. I, we analyze how the closed-orbit theory can
process suggested by Gao and Dglesand including the be extended to include the core-scattered contributions con-
core-scattered waves consistently, we have recently beegistently and the region-splitting consistent and iterative
able to extend the closed-orbit theory to successfully repromethod. Section IV gives the equation for calculating the
duce the core-induced phenomdB# The advantage of our recurrence spectra of the He atom in parallel electric and
magnetic fields at constant scaled energy. In Sec. V, we cal-
culate the recurrence spectra and compare it with those of the
* Author to whom correspondence should be addressed. Email adydrogen case by using the closed-orbit theory. Section VI
dress: shlaudin@sdu.edu.cn gives some conclusions of this paper.
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Il. MODEL POTENTIAL FOR THE GENERAL wherep . (r;,r;) is the exchange density between two elec-
RYDBERG ATOM trons, one lies inr; and the another im;. In the actual

.calculation, we also consider their wave function’s antisym-
For the general Rydberg atom, where only one electron is

highly excited to the ionization threshold while the ionic coreme”y
remains in the ground state. In this situation, the nuclearm. CORE SCATTERING AND CLOSED-ORBIT THEORY

charge is screened by the inner electrons. Thus, in the previ-
ous study, some researchers consider that the potential acting . . .
on the excited electron is an attractive Coulomb potential The physical picture of the closed-orbit theory can be de-

modified by a short-ranged core potenfid], but neglect the scribed as follows: when an atom absorbs a photon, the elec-
! téon propagates outwards in a near zero-energy Coulomb

influence of the exchange interaction potential. The EXChangwave. At sufficiently large distances from the nucleus, the

interaction is isolated experimentally by measuring recur, ave propagates semiclassically along classical trajectories
rence spectra versus spin state. This provides a tool to exam’ propag Yy 9 rajeck
with the wave fronts perpendicular to those trajectories.

ine the role of the Pauli exclusion principle in the semiclas- ventually, the trajectories and their associated waves are
ical theory and in th nami fR r m,whrF ! : )
sical theory and in the dynamics of Rydberg systems © urned back by the action of the external fields. Some of the

it is not well understood. Closed orbits are sensitive to th aiectories return 1o the vicinity of the nucleus and the
spin-dependent exchange interaction since the Rydberg ele 4 ) . Y . .
aves associated with them, which are incoming Coulomb

tron approaches the core, it moves as if it experiences a ves. interfere with th t0ING Way nd lead t -
attraction or repulsion depending on the relative orientatio aves, interiere _(he outgoing waves, and lead 1o osc
ations in the absorption spectrum. The incoming waves pro-

of the two spins. This introduces a coupling between th ce Coulomb scattered waves. and for nonhvdrodenic at-
spatial variables of the Rydberg electron and the spin state &u : ydrog
oms, the core-scattered waves. The Coulomb scattered wave

the atom. Keeler and Morgdi 2] have studied the influence . i
of the electron exchangega([)n ]the recurrence spectra of Hig strongly backwardly focused and backtraces the orbit, gen-

atom experimentally, but they did not give an effective po_erating repeated traversals of the trajectory. In this respect,

tential to model the influence of the exchange interactionJuantum and classical Coulomb scatterings are equivalent,

Consideing the fuenc of he exchange meracion. we 2 S Se2erod e 1Stues e b of e
present a model potential in this paper. :

For the Rydberg atom, the potential acting on the ethe&reated by scattering of one orbit into another by the core

electron is the total interaction energy of this electron withand. d(.) not eX'?‘ in_hydrogen. The action pf combination
the nucleus and other electrons. It may be formulated as orbits is approximately the sum of the consistent hydrogen
' orbits.

Because the core induces important dynamical effects, it
is now apparent that the contribution of the core-scattered
V, is the nucleus-attractive potential to the excited electronVaves in any semiclassical approach is necessary to be in-

cluded. A physical picture of the core-scattering process was
first presented by Gao and Deldg. We proceed by showing
V,=—- (2) how the core-scattered waves can be dealt with by the
closed-orbit theory.

We split the whole space into three characteristic spatial
regions:(1) the core region, where the laser field and the core
field influences exist, while the external fields can be ne-
glected;(2) the surrounding Coulomb region, where the dy-
p(r)p(ro) namics of the exciteq is_ predominantly determined by the

Veore= eZJ f ;dﬂdﬂ. , ©) Coulomb force of the ionic cordg3) the outer region, where
i the influence of the external field is at least as important as
B . ) ) ) the Coulomb force of the ionic core. Our approach is to solve
wherep(rj)=2|¢|" is the density function of theth elec- 0 rohlem quantum mechanically in the core and Coulomb
tron[13], ¢5(r) is the wave function of the electron; isthe  o4ions  semiclassically in the Coulomb and outer regions,

distance between thith and thejth electron. For the He 514 then to match these two solutions in the Coulomb region
Rydberg atom, one electron lies in the ground state Whil§ nere both are valid.

another electron was excited to the &ate, then

V(r) :Vn+Vcore+ Vex- (1)

wherez is the charge of the nucleu¥,,is a short-ranged
Coulomb interaction potential between the excited electro
and the other electrons:

5 A. Solution in the core and Coulomb regions

Veore= T~

; e . (4 In these regions we can neglect the external field. The

core region extends only a few Bohr radii around the atomic
nucleus and contains the effect of the laser excitation of the
energetically low-lying initial-state wave function. Outside
the core region is the surrounding Coulomb region. There we
po(ri )2 may use quant'um-defe_ct theory to obtain an expression for
V= _e2f f #dridq , (5)  the wave function that is valid throughout the Coulomb re-
ij gion. The general solution at=(r,6,¢) can be written as

2

1 3 )
F+—+r+r

1
—+2)e4’—
r

Ve IS the exchange potential between thispin electron
and the other-spin electrons:
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UD=do(D+ 2 N M+ (01 © {¢o(ro,e£>+2k Nkzﬂﬁ)(ro,e%)]A,-(ro,e%)
i initi i (-) ) _
where¢o(r) is t?f) initial outgoing wavey; ’ is the incom Xexp{ 5(r,0)— aj— } N. z,bJ (roﬁjf)_
ing wave, andy; "’ is the outgoing wave, which arise from 2
the scattering of an electron that approaches the nucleus from (10)

a source at infinity.

B. Solution in the Coulomb and outer regions D. Outgoing Coulomb waves

In the outer region, which typically lies beyond 30 Bohr  The required asymptotic form fap, is obtained by con-
radii from the nucleus, we can use semiclassical methods tsidering the action of an outgoing zero-energy Green’s func-
write the wave function as a sum of contributions from clas-tion on the dipole operator and initial stdt):
sical trajectories, provided we know the wave function on an ‘ . ,
initial surface. For the system considered here, the Hamil- bo(T o, 0) = — i w2234 5 3H4ei(Bro=3miy gl (11
tonian has cylindrical symmetry, so the three-dimensional

wave function can be written as where the angular functions  y(6)=37" -

= , (—1)'e'™B,,Y,m(6,0) depend on the action of the dipole
Psdr) E Yo (1o, ODA(r,0) operatorD, the initial-state wave functioms;, and on the
quantum defectg, of the ionic core. The coefficients;,
xexp{i

|| . are determined by the photoabsorption process:
si(r,0) —aj— ]e'm“’, (7)
where y{") is an outgoing wave function on the initial sur- \/_f Si(r R )Y (0,9 )dr,
face atr=ry. The sum is taken over all trajectories which (12)
reachr =(r,6,¢) having left the surface, at angles¢! to
the z axis. The core effects are negligible in this region. The
amplitude of the semiclassical waxg is given by

whereR"®qr) is a regular zero-energy radial wave function,
outside the ionic core, which can be written as a linear com-

J,(0 9i)\ 12 rgsimg” ‘ bination of the Bessel functions with prefactors that depend
. = ’ ] .
A(r,0) Jz(t,ﬁi)\ rzsin«9| (6;#0,m), on the quantum defecis :
where  the  two-dimensional  Jacobian J,(t,6;) Jo1(V8r) Ho . 1(V/8r)

=d(r,0)/d(t,6,) can be calculated from the motion of  R>™®4r)=cosmu—————sinmu—————
neighboring trajectories. The phase of the semiclassical wave (\/—) (VBr)
consists of two terms: the classical actigr-= [p;dg; accu-

mulated along the trajectory and the Maslov indexy;,

which is an integer equal to the number of caustics and focB,,, depends only on the dipole operator and on the initial

(13

encountered by the trajectof¥]. state. In our calculations, we consider dipole transitions with
m-polarized light from an initials state to final state with
C. Matching of solutions magnetic quantum numben=0. For this transition, only

oneB,, coefficient(namely,B,,) is nonzero, leading only to

By maiching the outgoing components of each of the €a constant multiplicative factor in the final spectra.

wave functions in Eqs(6) and (7) at the starting angleg
= ¢! of each trajectory which returns to the surface atwe
obtain an expression for the outgoing wave functigf’ on E. Incoming waves

the surfacero: At r=rq, the incoming waves){~) are cylindrically

_ _ _ modified zero-energy Coulomb waves given[By
v (ro,01)= bo(ro, 0+ 20 Nih" (10,6 (8)

¥ (10,6
Matching the incoming waves at the final angtes 6} of the (—1m exp{—i(\8ro—m/2)} (6140.m)
I I 1 I - - T

returning trajectories gives 7Brgsingl f

UslTo, 00 =N; g7 (ro,0). 9 a2\ .

o f - exp{—i(VBrg—ml4)t (6i=0).

On using the expressions f@ré” and ., we obtain the LA
following equation forN;’s: (14)
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F. Outgoing scattered waves Therefore, the Coulomb scattered wave results in the

As noted by Gao and Delos, the scattered wave functio§€Miclassical wave retracing its path along the closed orbit
) consists of two parts: with a phase change of (Br,— ), thus giving rise to
y repetitions of the orbit. Taking this into account, we see that
l//](+): o)+ PlordT). (15  the dependence ®f;’s on y/,(r) can be eliminated simply
‘ by including all repetitions of the closed orbits.
The core-scattered waveg,,{r) describe the redistribution
of amplitude from a trajectory approaching the nucleus along
trajectoryk into trajectoryj, by the compact ionic core and G. Oscillator strength

have the partial-wave expansi N . . .
P P &5 Substituting the above equations into Eg), we arrive at

W2> 14 = our final iterative equation foN;'s,

‘l’j:ore(rOaag): r_3 ;m\ (_1)|7mYI*m( aif(!O)YIm( 0{=O)
0 = . . w
— k, i — ——
< (VBTG 73718y g2im _ 1) ag T DIODT N, p(ag)]A?eXF{'<S? “2 “’j”’
. (18
The Coulomb scattered waveéy,,(r) is strongly backfo-
cused and on the surfacergtis simply related to the incom- ‘ '
ing wave z/xj(’)(ro,ejf) by whereg; = /2 for 6{=0 or 6/ = and ;= 3m/4 otherwise.
0 . =) i (2 BT ) For convenience, we have written the core-scattered contri-
Plou(To, 00 =t (1o, 61)€'*¥Ero™ ™, (17 putions in the form
i27/4773’2|; ‘ YE(05P.0)Y (61,0 (€2 ™ —1)  (64#0,m),
. =m
Bj*P)(6))= ; (19

23/27_r2I YI*O( 9¥'pa0)Y|0( 6{' '0)(eZi7r,u| -1) (0J =0,m),

while the initial outgoing contributions have been expressedwo effects not seen in the hydrogenic case. First, the core

as casts a “shadow” in the backward direction changing the
o _ , recurrence strength of the trajectory that subsequently returns

_ 2%7¥%y(0))  (6]#0,m), to the core. Second, there are “combination recurrences” due

7 —idamy(6)  (6/=0,m). to the electron traveling along one closed orbit and then be-

ing scattered by the ionic core to another closed orbit. In
The semiclassical amplitude is now written as successive steps of the iterative process combinations of

_ . more and more orbits are involved.
) ro*sin(ok™AT  (6l#0,m), OnceN;’s have been found, we can obtain the required
i ré’ZA;‘ (0{- —0.7), absorption rate; the oscillatory part of the average oscillator-

strength density has the final simple expressiin

whereA!, s", o], and@}" are the amplitude, the action, the 2(E—E)

Maslov index, and the final return angle, respectively, for the _ —Ej L qym * 0

nth return to the nucleus of theh closed orbit on its return. (E)= m Im 2 Ni(=1) VBmy*(61). (20
The contribution from the core-scattered waves also includes

a sum over all repetitionl4].

where y*(6) =3, (—1)'e'™ B} Y,(6,0) is the “un-
H. lterative method completed conjugate” of/(#) [5]. For the photoabsorption
from s states usingr polarization, only the final states with

We use an iterative procedure to solve for N;’s, X
P €D y m=0 and odd are excited ang* () takes the form

beginning by settingN, on the right-hand side to be zero and
obtain a first approximation tbl; ; this is equivalent to the
hydrogenic closed-orbit result. In each successive step, extra 3
terms of the formA,...A;e'«*" "+ are added to the previ- * (o) — i

| 0)=—B My [ —cosé. 21
ous result. The resulting recurrence spectrum thus shows y*(0) 10° 41 (@)
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Scaled action scaled energye=—0.586, the scaled electric fiell=0.068, z

=y~ in the range of 34.5-39.9a) Calculated recurrence spectra

FIG. 1. The Fourier-transformed spectra of the He atom in aincluding ionic core-scattered terniselium); (b) calculated recur-

magnetic field(without electric field at scaled energg=—0.40.  rence spectra based on the standard closed-orbit tiflepdyogen.
The result is in good agreement with the experimental r¢48ilt

IV. RECURRENCE SPECTRA AT CONSTANT SCALED If we omit the tilde and rewritél ase, we get
ENERGY
A. Hamiltoni d I iabl
ami on-la-n én scafad vs-;\rla es s=§p§+%p§+%p2+fz+V(r). (25)
The exact nonrelativistic Hamiltonian for &d-electron
atom in parallel electric and magnetic fields, both aligned

along thez axis, is described d$] From Eq.(25), we find that the scaled Hamiltonian does not
depend on the enerdyand field strength separately but only

N p? N 72 e2 -
T D e — on the scaled energy and the scaled electric fiel] thus
S12m Sy Ameor; (S Ameo|li— T reducing parametes.
N 2
+> ShL -+e—(32 Z+eFz) (22)
= 2m " 8m Pi 4): B. Closed-orbit search

In order to solve numerically the motion equations and
move the Coulomb singularity generated by Hamiltonian
25) it is convenient to make a regularizing transformation.

We are dealing with the Rydberg He atom where only one,
electron is excited to the ionization threshold while the ionic
core remains in the ground state. In this situation, the nucle . )
charge is screened by another electron and the complexity rthe case congldered here, whlqz'reo, Wellmplement the
the exact problem can be simplified to the movement of the.ustéanheimo-Stiefel transformatigi], which transforms
highly excited electron in a model potential combined with the System from a three-dimensional to a four-dimensional
an external fields. Therefore, the Hamiltonian of the highly®ne- Introducing a time-dilation variable in this higher-
excited electron of the He atom in strong parallel electric andlimensionality representation removes the Coulomb singu-

magnetic field<in atomic unit3 reads larity at the origin. Removal of the Coulomb singularity
makes the numerical calculation very stable and an orbit
1, |§ y 1,, 1, launched from the origin can evolve quite a long time with-
H=3{pp+ i + 5l gyt 5Pt FzHV(r), out loss of numerical accuracy.
(23 Due to the increased dimensionality of the phase space

involved, the number of the closed orbits will be large. In our
where y=B/(2.35x 10°) (B is the magnetic-field strength  calculation, we take = —0.586,f =0.068 and constrain our-
F is the electric-field strength, fon=0 state),=0; V(r) is  Selves to those closed orbits with scaled actions smaller than
the model potentiglEq. (1)]. 20. For each orbit, we evaluated the classical action, the
The classical motion of Hamiltonian E(R3) exhibits an  classical amplitudé, as well as the Maslov index. Some
important scaling property. If we transform variables accord-of the orbits are given in Fig. 3.
ing toT=ry?3 P=py 3 e=Ey 25 f=Fy %5 t=ty,

then the classical motion is governed by the scaled Hamil- C. Recurrence spectra at constant scaled energy

tonian The oscillatory part of the density of oscillator strength
S B has been given in Eq20), after an iterative process fol;'s
H=3P,+32P;+5p"+ fZ+V(T). (24 s carried out and the scaling is used, it can be written as
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FIG. 3. Some closed orbits of
helium in parallel electric and
magnetic fields at scaled energy
e=—0.586. The orbits are plotted
in the p-z plane.

The Fourier transform recurrence spectra can be calcu-

f(Z)=§j: C; Sin(2W§jZ - (Pj+2771“|)v (26)  lated in the interva[z;, z,]. With Z=1/2(z;+2,) and Az

=2z,—2;, We obtain

wherez=y 3 S is the scaled action. The quantum defects
1) can be calculated by the following equatif8i:

V2 i
M =—1im
7TR~>oc

1 (2 o 1
F(3)= —f *f(2)e?m8 Bdz= —

Az

Z

R (1+1/2)?
fr —=V(r)— 572 dr

X sin

5]

2Wi’§(2*’2)2 )
e C
Az 2 i !

- aj’TF
27TS]'Z_ e (,D]+27T/.L| dz

2

R [1 (1+1/2)2 } sin 7(3-73,
_ _ drl, 2 B m(3—5;)Az]
fro r 2 O @7 D=

I 2m(3-73)Az

where ro=1/2(1+1/2)? is the classical turning points de-

pending onl.

023405-6

i - a/j’ZT
Xexg —i Zwsjz—T—cijrZw,u, . (28



RECURRENCE SPECTRA OF AHELIUM ATOM IN . .. PHYSICAL REVIEW &8, 023405 (2003

scaled energy=—0.40. The result is in good agreement

| with the experimental Fourier-transformed spectra given by

140 Karremanset al. [15]; for example, the peaks in the recur-

rence spectra of our result and the experimental one occur

| nearly at the same position, which suggests that our method

100 - is correct. Figure 2 gives the Fourier-transformed spectra of
1 the He atom in parallel electric and magnetic fields at scaled

160

120] @

80_. energy e=—0.586, the scaled electric fielfl=0.068, z
60 =~ 3 in the range of 34.5-39.9 and the spectra are com-
40.] pared with the hydrogen case. Figur@)2s the recurrence

spectra of the He atom an@) is the recurrence of the H
atom using the standard closed-orbit theory. One can see that
for smallerS, the spectra structures of He and H atoms are
A S 1 analogous. AS is increased, there are substantial discrepan-

|Fourier transformed spectra (arb. units)|

[
o o
{

° ® ! sca,zd acﬁong 10 B cies between them, which shows that the dynamics of the He
atom in strong external fields is inherently chaotic. Each
; resonance peak in the Fourier-transformed spectra is associ-
160+ ated with classical closed orbit. Some of the orbits are drawn
140 (b) in Fig. 3. The integers in the Fig. 2 indicate primary orbits.
] Each pair of integers in the figures indicates the combination
120 of two orbits, corresponding to a core-scattered peak. In fact
| this phenomenon could be attributed to the combination re-

100
| currence. For example, the peak marked by the arro(t,at

801 2) is located a®,; +35,~8.6, while the peak2, 4) is located
at’s,+3,~9.2. Figure 4 gives the different recurrence spec-
i tra of the He atom with or without the influence of the elec-
40 tron exchange. Figure(d) is the recurrence spectra consid-
ering the influence of the electron exchange; Figdp) 4s the

60

|Fourier transformed spectra(arb. units)|

204

! recurrence spectra without the influence of the electron ex-
0 — e e e e ey change. From the figures we can see, once considering the
5 6 7 8 9 10 11 electron exchange effect, that more pronounced peaks appear

scaled action in the recurrence spectra. This effect results from the inter-
FIG. 4. The Fourier-transformed spectra of the He atom atLerﬁnrfe tr)beittweez dhﬁdrr%gimtﬁ ct)rbltths andncoitrisi-tsca:‘t?red riognbl_
scaled energye=—3.0, the scaled electric field=0.068, z ation orbits, a emonstrate the sens y of recurrence

=y~ in the range of 34.5-39.9a) Calculated recurrence spectra strength to the Spf"‘tial Syr_nmetr_y Qf the wave function im-
posed by the Pauli exclusion principle.

considering the influence of the electron excharye;calculated
recurrence spectra without the influence of the electron exchange.

For finite lengthAz, F(3) are complex numbers. In our cal- VI. CONCLUSION

culation, we take the absolute value F(s). A model potential for the general Rydberg atom is put

_ _ forward. By using this potential and a different scaled trans-
D. The influence of the exchange potential on the spectra  formation, we calculated the recurrence spectra of the He

Considering the electron exchange potential, the quanturdtom in parallel electric and magnetic fields. The non-
defect for helium separates into two pagis= pc+ pey: One  COlumbic nature of the ionic core has been considered in
from electron exchangge, and a direct Coulomb papt..  classical trajectory calculations and families of core-scattered
The electron exchangg., term, due to the requirement of nonhydrogenic closed orbits have been discovered. The reso-
antisymmetrization of the total wave function imposed byNance structures in the Fourier-transformed spectra of the He
the Pauli exclusion principle, is responsible for the spin-2tom have been recently denoted as effects resulting from the
dependent effects in our recurrence spectra. For example, f6Pre scattering of returning waves at the ionic dc from
thel=1 state,uc=0.024, whileue,=0.04, thus, the main Which we gain a deeper understanding of the behavior of
contribution to the quantum defect comes from thg term. ~ Multielectron Rydberg atoms in strong external fields. The
In addition, after including the exchange potential, the num300d agreement between the experimental recurrence spectra

ber of the closed orbits increases, which results in mor@nd the spectra in our paper for the He atom in a magnetic
peaks in the recurrence spectra. field without an electric field demonstrates the correctness of

our method. Presently, no experiments on the recurrence
spectra of He atom in parallel electric and magnetic fields
have been carried out. Our predication shows that there are

In Fig. 1, we calculate the scaled recurrence spectra of thimteresting phenomena here, and we hope that our calcula-
He atom in the magnetic fieldwithout electric field at  tions may guide future measurements.

V. RESULTS AND DISCUSSION
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