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Characteristics of large electric-dipole moment states in crossed electric
and magnetic fields studied by quantum calculations
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Using a matrix diagonalization method, atomic Rydberg states with large electric-dipole moment states in
strong crossed electric and magnetic fields withe50.075 (e5EB24/3; we use atomic units! are studied. The
characteristics of the states and the influence of the atomic core on the large electric-dipole moment states are
discussed.@S1050-2947~97!09507-3#

PACS number~s!: 32.60.1i
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I. INTRODUCTION

Rydberg-atomic behavior in strong crossed electric a
magnetic fields is an interesting subject. In addition to
usual aspects of the problem associated with fields and
oms, this subject also has its own characteristics. One is
possible existence of bound states corresponding to the
ond potential well that is formed by crossed electric a
magnetic fields, and the other is the condition for the elect
motion to become chaotic.

There have been many theoretical results on the subje
strong crossed fields@1,2# and some progress has also be
made in experimental studies. With rubidium Rydberg ato
Fauthet al. carried out the experiments to detect the bou
states corresponding to the second potential well@3#; Wie-
buschet al. studied classical chaos and bound states rela
to the second well through the analysis of their experime
spectra of highly excited hydrogen atoms in strong cros
fields @4#. In recent years Raithelet al. have made a series o
interesting advances in the case of strong magnetic fi
combined with the different strength of crossed elec
fields. One of these is that with a relatively weak elect
field e,0.1 (e5EB24/3 is the scaled electric field in atomi
units! they observed large electric-dipole moment states
addition to this interesting experimental result, they a
made theoretical discussions in light of semiclassical an
sis and came to some conclusions regarding the feature
large electric-dipole moment states, and characteristics
^ l z&, ^ l z&

22^ l z
2&, etc. were obtained from the analysis@5#.

These theoretical studies are helpful in recognizing the c
acters of these states.

However, to our knowledge, there have not been stud
of these states based on quantum-mechanical calculat
Such quantum mechanical studies are of quantitative sig
cance and they serve to verify and complement semiclas
studies. The quantitative aspects include the following:~1!
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oscillator strengths that are not readily available in semic
sical studies;~2! the conclusions about some quantum m
chanical quantities such as^ l z&, ^ l z&

22^ l z
2& related to large

electric-dipole moment states, which are obtained in the li
of correspondence, are open to verifications by means
quantum calculations;~3! the complication due to the atomi
core of the alkali-metal atom used in experiments can o
be handled with quantum-mechanical calculations. Based
these considerations we study these large electric-dipole
ment states through quantum-mechanical calculations u
a matrix diagonalization method.

II. CALCULATION METHOD

The alkali-metal atom of our interest is sodium and
illustrate the atomic core effect and to compare with se
classical results we also make calculations for the hydro
atom.

Generally the total core effect is described by the qu
tum defectdnl @6#. For Na the quantum defects ofS and P
states are about 1.35 and 0.88, respectively. In the calc
tions for Na we choose as our basis functions the zero-fi
potential model@7#. Considering the penetration and pola
ization effects, the core potential is assumed to be depen
on the principal quantum numbern and angular quantum
numberl and takes the form

V~r !52
1

r S 11
b8

~r 1g8!2 1
k8

~r 1j8!2D . ~1!

Due to the spherical symmetry of the potential, the wa
function in zero field has the following form:

Cnlm5Rnl~r !Ylm~u,w!, ~2!

wheren, l , andm are principal, angular, and magnetic qua
tum numbers, respectively,Ylm(u,w) is a spherical har-
monic, andRnl(r ) has an analytic form,
1249 © 1997 The American Physical Society
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TABLE I. H atom, evenpz parity, largeds states, excited from 1S with laser polarization alongE. W is
the state energy,D( l z) is ^ l z

2&2^ l z&
2, and w is the component of the corresponding zero-field state.W,

^x&, andds are in atomic units. All states with main components 8<n<11, udsu.0.1, andW in the range
(20.0093,20.0032) a.u., that is, (22040,2700) cm21 are listed in the table. The quantum numbers
zero-field states with components (w) . 0.1 are listed. The numbers in brackets represent powers of 1

W f ^ l z& D( l z) ^x& ds m l n w

20.92132626@22# 0.190@214# 27.0 0.05 212 20.108 27 7 8 0.95
20.77350031@22# 0.498@216# 27.9 0.07 217 20.131 28 8 9 0.93
20.74822488@22# 0.419@213# 26.9 0.19 215 20.115 27 7 9 0.82

26 6 9 0.10
20.73391752@22# 0.953@213# 26.0 0.06 214 20.101 26 8 9 0.94
20.67060409@22# 0.121@217# 28.9 0.10 223 20.156 29 9 10 0.90
20.64399801@22# 0.118@214# 27.9 0.23 221 20.138 28 8 10 0.78

27 7 10 0.12
20.63205542@22# 0.250@214# 27.0 0.09 220 20.126 27 9 10 0.91
20.61795945@22# 0.431@212# 26.9 0.37 220 20.121 28 8 10 0.10

27 7 10 0.67
26 6 10 0.16

20.60712269@22# 0.142@211# 26.0 0.21 218 20.108 26 8 10 0.79
25 7 10 0.10

20.59632202@22# 0.247@219# 210 0.16 231 20.184 210 10 11 0.84
20.59249861@22# 0.744@210# 25.9 0.49 218 20.105 27 7 10 0.14

26 6 10 0.56
25 5 10 0.20

20.56829069@22# 0.283@216# 29.0 0.30 229 20.163 29 9 11 0.71
28 8 11 0.13

20.55892381@22# 0.150@217# 28.0 0.15 227 20.153 28 10 11 0.85
20.54088167@22# 0.130@213# 28.0 0.64 227 20.145 28 8 11 0.58

27 7 11 0.17
20.53284143@22# 0.458@213# 27.0 0.27 225 20.132 27 9 11 0.73

26 8 11 0.12
20.52057438@22# 0.164@212# 26.0 0.13 223 20.122 26 10 11 0.85
20.51411336@22# 0.296@211# 26.9 0.59 224 20.126 28 8 11 0.12

27 7 11 0.48
26 6 11 0.21

20.50731857@22# 0.110@210# 26.0 0.40 222 20.114 26 8 11 0.60
25 7 11 0.15

20.49660063@22# 0.207@209# 25.0 0.24 220 20.100 25 9 11 0.70
20.48800384@22# 0.352@209# 25.9 0.73 222 20.108 27 7 11 0.16

26 6 11 0.39
25 5 11 0.24
rms
an-
n-

ving

i-
r of
re-

is
Rnl~r !5Nexp~2r/2!rs~r1g! t~r1j!u(
n50

anrn, a051,

~3!

in which

r5ar , g5ag8, j5aj8, a52/n* , n* 5n2dnl ,
~4!

wheres,t,u,an ,b8,g8,j8,k8, which depend onn and l , are
the parameters to be determined, anddnl is quantum defect.
Substituting Rnl(r ) and V(r ) into the radial Schro¨dinger
equation,
F2
1

r 2

d

drS r 2
d

dr D1
l ~ l 11!

r 2 1V~r !GRnl~r !5EnlRnl~r !,

~5!

and then equating the coefficients of the corresponding te
of r and considering the asymptotic behavior and the st
dard condition for a radial wavefunction, we obtain the no
linear algebraic equations of the above parameters. Sol
them, we getRnl(r ) andV(r ) in their analytic forms, where
the sole input parameterdnl can be determined by exper
ments. This radial wave function has the correct numbe
nodes, does not diverge in the origin of coordinates. Mo
over, it has a behavior close to that ofH-F-S wave function.

In the calculations of Na, the fine-structure interaction
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TABLE II. H atom, oddpz parity, largeds states, excited from 1S with laser polarization alongB. See
Table I caption for details.

W f ^ l z& D( l z) ^x& ds m l n w

20.75379361@22# 0.183@216# 27.0 0.07 215 20.116 27 8 9 0.94
20.65143397@22# 0.437@218# 27.9 0.10 222 20.141 28 9 10 0.91
20.62565098@22# 0.475@215# 26.9 0.22 220 20.123 27 8 10 0.79

26 7 10 0.11
20.61247832@22# 0.379@214# 26.0 0.08 218 20.111 26 9 10 0.90
20.60040827@22# 0.188@212# 25.9 0.34 218 20.106 26 7 10 0.67

25 6 10 0.15
20.57774926@22# 0.568@220# 29.0 0.15 229 20.168 29 10 11 0.85
20.55068141@22# 0.163@216# 28.0 0.29 227 20.148 28 9 11 0.72

27 8 11 0.12
20.53985976@22# 0.125@215# 27.0 0.14 225 20.137 27 10 11 0.86
20.52421835@22# 0.615@214# 26.9 0.42 225 20.129 27 8 11 0.60

26 7 11 0.17
20.51480154@22# 0.729@213# 26.0 0.26 223 20.117 26 9 11 0.73

25 8 11 0.11
20.50109542@22# 0.585@212# 25.0 0.12 221 20.106 25 10 11 0.83
20.49837603@22# 0.146@211# 25.9 0.56 222 20.111 27 8 11 0.12

26 7 11 0.49
25 6 11 0.20
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eliminated. The Hamiltonian for both H and Na has the fo
of ~in a.u.!

H52
1

2
p21V~r !1

B

2
Lz1

B2

8
~x21y2!1Ex , ~6!

where the electric and magnetic fields are taken along thx
andz axes, respectively; for the H atomV(r )521/r while
for Na it is expressed by Eq.~1!. In the crossed-fields cas
Lz does not commute with the Hamiltonian, but the par
operator with respect to thez50 plane,Pz does, so that the
eigenstates withl 1m being even or odd correspond to ev
or odd parity (pz561), respectively, and belong to differ
ent subspaces. In the calculations we take zero-field wa
functions Cnlm for the basis with even~odd! l 1m for
pz51(21) subspace. For even-parity subspace the num
of total eigenvectors is(n(n11)/2 and for odd parity it is
(n(n21)/2. We chooseB5100 T,E512400 V/cm~corre-
sponding toe'0.075!, and a basis set 3,n,17 to make
calculations for both H and Na. The range of interest is c
sen nearn510 mainly for the consideration that the numb
of eigenvectors increases asn3, which limits us to lower
Rydberg states given our computer resources.

III. RESULTS AND DISCUSSION

Tables I–IV list calculated results of the large electr
dipole moment states. These states are in the ra
(22040,2700) cm21 and are mainly composed ofnlm
with 8<n<11. Accuracy to the tabulated significant digits
guaranteed by checking the convergence behavior with
extended basis set (3,n,18 for Na, 2,n,18 for H!. With
the enlarged basis set, the variations of the tabulated s
are as follows: the energy differences are less than 0.
cm21, the relative differences of oscillator strengths,^ l z&,
e-

er

-

ge

an

tes
15

^ l z&
22^ l z

2& andds (ds5^x&uWu is the scaled dipole momen
where^x& is the expectation value of electric-dipole mome
and W is the atomic energy! are less than 11%, 0.23%
0.001%, and 0.15%, respectively. For those experiment
more observable states with oscillator strength.1027, the
variation of energy levels is less than 0.006 cm21, the rela-
tive differences of transition probabilities,^ l z&, ^ l z&

22^ l z
2&,

and ds are less than 0.12%, 0.0078%, 0.0005%, a
0.088%, respectively.

Figures 1 and 2 show the relations between sig
strengths andds of all states with energy levels in the rang
(22040,2700) cm21. The corresponding excitation proce
is from the ground state to high excited states with the
larization of the exciting laser parallel to theE direction.

From Tables I and II one characteristic for the H atom
that the largeds states all have a largeu^ l z&u value, which
supports the conclusion by Raithelet al. From the viewpoint
of quantum mechanics, the trajectories of highu^ l z&u states
are largely far away from the smallr region, which is a
characteristic of the drift states in semiclassical discussi
@5#. It should also be noticed that^ l z& and ds of all large
ds states are negative. Another characteristic is that the
cillator strengths of the largeds states are quite small, usu
ally 7 orders of magnitude smaller than those of other sta
From Tables III and IV it is seen that for Na the largeds
states can be classified into two groups. One is the hydrog
like states that are found to correspond one-by-one to st
of H in Tables I and II. The other is nonhydrogen stat
which have the following characteristics:~1! large low-l
components and hence large oscillator strengths;~2! electric
dipoles of the largeds states can be either positive or neg
tive, meaning that the wave function can be polarized eit
in or opposite to the direction ofE.

The excitation process of excitation of largeds states is
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TABLE III. Na atom, evenpz parity, largeds states, exciting from 3S with laser polarization alongE.
See Table I caption for details.

W f ^ l z& D( l z) ^x& ds m l n w

20.92132626@22# 0.796@216# 27.0 0.05 212 20.108 27 7 8 0.95

20.80488981@22# 0.121@206# 22.1 0.33 13 0.106 23 3 8 0.17

22 2 8 0.64

20.77350031@22# 0.900@220# 27.9 0.07 217 20.131 28 8 9 0.93

20.74822488@22# 0.316@213# 26.9 0.19 215 20.115 27 7 9 0.82

26 6 9 0.10

20.73391753@22# 0.757@214# 26.0 0.06 214 20.101 26 8 9 0.94

20.73300305@22# 0.253@206# 2.0 0.14 214 20.104 2 2 8 0.29

2 4 8 0.21

2 6 8 0.37

20.73110745@22# 0.558@206# 1.9 0.21 226 20.194 1 1 9 0.11

2 2 8 0.39

2 6 8 0.40

20.67060409@22# 0.129@219# 28.9 0.10 223 20.156 29 9 10 0.90

20.64399801@22# 0.899@217# 27.9 0.23 221 20.138 28 8 10 0.78

27 7 10 0.12

20.63205542@22# 0.118@216# 27.0 0.09 220 20.126 27 9 10 0.91

20.61795948@22# 0.521@215# 26.9 0.37 220 20.121 28 8 10 0.10

27 7 10 0.67

26 6 10 0.16

20.60712271@22# 0.951@215# 26.0 0.21 218 20.108 26 8 10 0.79

25 7 10 0.10

20.59632202@22# 0.131@219# 210 0.16 231 20.184 210 10 11 0.84

20.59249973@22# 0.149@214# 25.9 0.50 218 20.105 27 7 10 0.14

26 6 10 0.56

25 5 10 0.20

20.58199904@22# 0.670@206# 20.10 1.1 22 0.130 21 1 10 0.39

1 5 9 0.14

1 7 9 0.16

20.56829069@22# 0.218@217# 29.0 0.30 229 20.163 29 9 11 0.71

28 8 11 0.13

20.56068974@22# 0.715@206# 1.7 0.43 250 20.278 1 1 10 0.24

2 2 9 0.40

2 6 9 0.13

20.55892381@22# 0.842@219# 28.0 0.15 227 20.153 28 10 11 0.86

20.53284143@22# 0.489@215# 27.0 0.27 225 20.132 27 9 11 0.73

26 8 11 0.12

20.52057438@22# 0.653@214# 26.0 0.13 223 20.122 26 10 11 0.85

20.51411343@22# 0.542@212# 26.9 0.59 224 20.126 28 8 11 0.12

27 7 11 0.48

26 6 11 0.21

20.50731864@22# 0.153@212# 26.0 0.40 222 20.114 26 8 11 0.60

25 7 11 0.15

20.49660071@22# 0.941@214# 25.0 0.24 220 20.100 25 9 11 0.70

20.48800533@22# 0.137@208# 25.9 0.94 222 20.108 27 7 11 0.15

26 6 11 0.39

25 5 11 0.23

20.45237511@22# 0.399@206# 20.42 1.4 23 0.102 21 1 11 0.37

1 5 10 0.11

20.43318751@22# 0.410@206# 1.2 1.5 264 20.276 1 1 11 0.25

2 2 10 0.33
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TABLE IV. Na atom, oddpz parity, large ds states, exciting from 3S with laser polarization alongB. See
Table I caption for details.

W f ^ l z& D( l z) ^x& ds m l n w

20.75789761@22# 0.927@206# 0.91 0.17 220 20.151 1 2 8 0.58
1 4 8 0.19

20.75379361@22# 0.946@216# 27.0 0.07 215 20.116 27 8 9 0.94
20.73890108@22# 0.552@205# 0.39 0.51 17 0.125 0 1 9 0.63

1 2 8 0.15
20.65143397@22# 0.218@220# 27.9 0.10 222 20.141 28 9 10 0.91
20.62565099@22# 0.119@217# 26.9 0.22 220 20.123 27 8 10 0.79

26 7 10 0.11
20.61247832@22# 0.187@218# 26.0 0.08 218 20.111 26 9 10 0.90
20.60040828@22# 0.304@214# 25.9 0.34 218 20.106 26 7 10 0.67

25 6 10 0.15
20.57774926@22# 0.672@220# 29.0 0.15 229 20.168 29 10 11 0.85
20.55068141@22# 0.224@218# 28.0 0.29 227 20.148 28 9 11 0.72

27 8 11 0.12
20.53985976@22# 0.294@217# 27.0 0.14 225 20.137 27 10 11 0.86
20.52421835@22# 0.850@216# 26.9 0.42 225 20.129 27 8 11 0.60

26 7 11 0.17
20.52293729@22# 0.975@222# 210 0.26 238 20.196 210 11 12 0.75
20.51480155@22# 0.789@215# 26.0 0.26 223 20.117 26 9 11 0.73

25 8 11 0.11
20.50109543@22# 0.954@215# 25.0 0.12 221 20.106 25 10 11 0.83
20.49837608@22# 0.125@214# 25.9 0.56 222 20.111 27 8 11 0.12

26 7 11 0.49
25 6 11 0.20
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believed to be due to ‘‘accidental degeneracy.’’ That
when a state of highu^ l z&u, which usually has very low os
cillator strength, happens to be energetically close to a s
of low u^ l z&u, i.e., a case of accidental degeneracy in
energy anticrossing area, the excitation probability of t
otherwise highu^ l z&u state is expected to have considera
components of both high and lowu^ l z&u states and hence it
optical excitation probability is much larger than that of
high u^ l z&u state elsewhere@5#.

No such accidental degeneracy is found in our calcu
tions, but some states, like the third from the last in Table

FIG. 1. Signal strength vsds of Na, excited from 3S to high
excited states with laser polarization parallel toE. The energy range
of the states included is (22040,2700) cm21.
,

te
e
s

-
I

and the corresponding state of H~the last state in Table I!,
have stronger interactions with optically excitable stat
with a p-state components of about 0.3731023 and
0.1731025, respectively and the transition probabilities a
several order of magnitude larger than those of other la
ds states.

The energy range of the observed largeds is around
2118 cm21 @5#, where the energy level density is high
and ‘‘accidental degeneracy’’ is more likely to appear than
the range of Fig. 1.

However, the chance of the appearance of ‘‘acciden

FIG. 2. Signal strength vsds of H, excited from 1S to high
excited states with laser polarization and energy range the sam
Fig. 1 .
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degeneracy’’ will still be small. If the experiment is on hy
drogen, we will see that accidental degeneracies, if any,
considerably increase the signal strengths of largeds states
because these states usually have small optical excita
probabilities in the absence of accidental degeneracy.

When the experiment is on nonhydrogen atoms, we t
to consider the observed largeds states as mainly due t
those more optically excitable lowu^ l z&u states, although we
cannot exclude the chance of their being due to accide
degeneracies. This is because~1! the probability of acciden-
tal degeneracy is small;~2! as the optical excitable low-l
components will still be smaller than that of nonhydrog
largeds states, the transition probability to these states w
be smaller compared to nonhydrogen largeds states;~3! the
calculated results have shown that a nonhydrogen
u^ l z&u state possesses largeds character, when it is acciden
tally degenerate with a highu^ l z&u state, itsds will not change
much. In summary, the experimental signal strengths of la
ds states will not be sensitively affected by ‘‘accidental d
generacy.’’

IV. CONCLUSION

From the previous discussions we come to the follow
conclusions.~1! In the case of Coulumb plus crossed elect
tt.
ill

on

d

tal

ll

w

e
-

g

and magnetic fields potential, there exist largeds states when
e,0.1, these states have largeu^ l z&u values.~2! In nonhydro-
gen atoms, there exist smallu^ l z&u, largeds states that should
be considered as the effect of further symmetry breaking
the atomic core. These states are polarized along both6 E
directions. The physical characteristics of these interes
states are to be further studied.~3! The experimentally ob-
served largeds states should mainly be nonhydrogen stat
Experimental detection of these states polarized along b
6 E direction would test our calculations.

Another important nonhydrogen characteristic, which h
not been considered in our calculation, is the fine-struct
interaction, which has considerable influence on the
atom. With the fine-structure term included in the Ham
tonian, the number of eigenvectors is(2n2; more time and
larger computer memory are needed for such calculatio
This work is now under way.
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