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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 with0.075 (= EB~ 3 we use atomic unijsare studied. The
characteristics of the states and the influence of the atomic core on the large electric-dipole moment states are
discussed[S1050-294®7)09507-3

PACS numbd(s): 32.60+i

[. INTRODUCTION oscillator strengths that are not readily available in semiclas-
sical studiesy2) the conclusions about some quantum me-
Rydberg-atomic behavior in strong crossed electric andhanical quantities such ds,), (1,)2—(I2) related to large

magnetic fields is an interesting subject. In addition to theelectric-dipole moment states, which are obtained in the light
usual aspects of the problem associated with fields and a@f correspondence, are open to verifications by means of
oms, this subject also has its own characteristics. One is th@uantum calculationg3) the complication due to the atomic
possible existence of bound states corresponding to the segore of the alkali-metal atom used in experiments can only
ond potential well that is formed by crossed electric andPe handled with quantum-mechanical calculations. Based on

magnetic fields, and the other is the condition for the electroh€se considerations we study these large electric-dipole mo-

motion to become chaotic. ment states through quantum-mechanical calculations using
There have been many theoretical results on the subject & Matrix diagonalization method.

strong crossed fieldsl,2] and some progress has also been

made in experimental studies. With rubidium Rydberg atoms Il. CALCULATION METHOD

Fauthet al. carried out the experiments to detect the bound

states corresponding to the second potential Yadil Wie-

buschet al. studied classical chaos and bound states relate

to the second well through the analysis of their experimenta(l:

spectra of highly excited hydrogen atoms in strong crosse

fields[4]. In recent years Raithelt al. have made a series of

interesting advances in the case of strong magnetic fiel

combined with the different strength of crossed electrict

fields. One of these is that with a relatively weak electric

field e<0.1 (e=EB™“*is the scaled electric field in atomic 4o effects, the core potential is assumed to be dependent

units) they observed large electric-dipole moment states. Irbn the principal quantum number and angular quantum

addition to this interesting experimental result, they alsonumberl and takes the form

made theoretical discussions in light of semiclassical analy-

sis and came to some conclusions regarding the features of , ,

large electric-dipole moment states, and characteristics of V(r)=—£ 14 B n K &

(1), (1,)2=(1%), etc. were obtained from the analy$). r (r+y)% (r+&)?)

These theoretical studies are helpful in recognizing the char-

acters of these states. Due to the spherical symmetry of the potential, the wave
However, to our knowledge, there have not been studiegnction in zero field has the following form:

of these states based on quantum-mechanical calculations.

Such quantum mechanical studies are of quantitative signifi-

cance and they serve to verify and complement semiclassical Yhim=Ra(NYim(0, ), @

studies. The quantitative aspects include the followifig:

The alkali-metal atom of our interest is sodium and to
'lljustrate the atomic core effect and to compare with semi-
lassical results we also make calculations for the hydrogen
tom.

Generally the total core effect is described by the quan-
tgum defects,, [6]. For Na the quantum defects 8fand P

tates are about 1.35 and 0.88, respectively. In the calcula-
ions for Na we choose as our basis functions the zero-field
potential mode[7]. Considering the penetration and polar-

wheren, |, andm are principal, angular, and magnetic quan-
tum numbers, respectivelyY,,(6,¢) is a spherical har-
*Electronic address: dsguo@cluster.engr.subr.edu monic, andR(r) has an analytic form,
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TABLE I. H atom, evenr, parity, larged, states, excited from3 with laser polarization along. W is
the state energyD(l,) is (Iﬁ)—(lz>2, andw is the component of the corresponding zero-field stefe.
(x), anddg are in atomic units. All states with main componentsi8<11, |d¢>0.1, andW in the range
(—0.0093-0.0032) a.u., that is,£2040—700) cm ! are listed in the table. The quantum numbers of
zero-field states with component&) > 0.1 are listed. The numbers in brackets represent powers of 10.

w f (1) D(l) (x) ds m | n w
—0.92132626-2] 0.190—-14] —-7.0 0.05 —-12 —-0.108 -7 7 8 0.95
—0.7735003[-2] 0.498—16] —-7.9 0.07 —-17 -0.131 -8 8 9 0.93
—0.7482248B-2] 0.419-13] -69 019 -15 -0.115 -7 7 9 0.82

-6 6 9 0.10
—0.7339175p-2] 0.953-13] -6.0 0.06 -14 -0.101 -6 8 9 0.94
—0.6706040p-2] 0.121-177 -89 010 -23 -0.156 -9 9 10 0.90
—0.6439980[L-2] 0.118-14 -79 023 -21 -0.138 -8 8 10 0.78
-7 7 10 0.12
—0.6320554p-2] 0.250—14] —-7.0 0.09 —-20 —-0.126 -7 9 10 0.91
—0.61795945-2] 0.431-12] —6.9 0.37 —-20 -0.121 -8 8 10 0.10
-7 7 10 0.67
-6 6 10 0.16
—-0.6071226p-2]  0.144-11] -6.0 021 —18 -0.108 -6 8 10 0.79
-5 7 10 0.10
—0.5963220p-2] 0.247-19] -10 0.16 -31 -0.184 -10 10 11 0.84
—0.5924986[1-2] 0.744-10] —-5.9 049 —-18 -0.105 -7 7 10 0.14
-6 6 10 0.56
-5 5 10 0.20
—0.5682906p-2] 0.283-16] -90 030 -29 -0.163 -9 9 11 071
-8 8 11  0.13
—0.5589238[1-2] 0.15¢—-177 -80 015 -27 -0.153 -8 10 11  0.85
—0.5408816[—2] 0.13¢0—-13] -80 064 -27 -0.145 -8 8 11  0.58
-7 7 11 0.17
—0.5328414B3-2] 0.458—-13] —-7.0 0.27 —-25 —-0.132 -7 9 11 0.73
-6 8 11 0.12
—0.5205743B-2] 0.164-12] —6.0 0.13 —-23 —-0.122 -6 10 11 0.85
—0.5141133p-2] 0.296—-11] -69 059 -24 -0.126 -8 8 11 0.12
-7 7 11 0.48
-6 6 11 0.21
—-0.5073185F-2]  0.11G-10] -6.0 040 -22 -0.114 -6 8 11 0.60
-5 7 11 0.15
—0.4966006B3-2] 0.207-09] -5.0 024 —-20 -0.100 -5 9 11 0.70
—0.4880038%—2] 0.354—-09] —-5.9 0.73 —22 —0.108 -7 7 11 0.16
-6 6 11 0.39
-5 5 11 0.24

Rui(r)=Nexp( — p/2) pS(p + y>‘<p+§>“§0 a,p’, ap=1,

in which

p=ar,

y=ay’,

{=at’,

a=2/n*,

* —
n*=n—24,,

4

)

wheres,t,u,«a,,B8',v’,& k', which depend om andl, are
the parameters to be determined, afhdis quantum defect.
Substituting R,,(r) and V(r) into the radial Schidinger

equation,

[ 1d(2d) [(1+1)
r
r dr

+T+V(r)}Rnl(r):EnIRnI(r)y
(5

and then equating the coefficients of the corresponding terms
of p and considering the asymptotic behavior and the stan-
dard condition for a radial wavefunction, we obtain the non-
linear algebraic equations of the above parameters. Solving
them, we geR,,(r) andV(r) in their analytic forms, where
the sole input parametef, can be determined by experi-
ments. This radial wave function has the correct number of
nodes, does not diverge in the origin of coordinates. More-
over, it has a behavior close to thatléfF-S wave function.

In the calculations of Na, the fine-structure interaction is
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TABLE Il. H atom, odd, parity, larged, states, excited fromS3 with laser polarization alon8. See
Table | caption for details.

w f (1) D(l,) {x) de m I n w
—0.7537936[-2] 0.183—-16] -7.0 0.07 —-15 -0.116 -7 8 9 0.94
—0.6514339[—2] 0.437-18] —-7.9 0.10 —-22 —-0.141 -8 9 10 0.91
—0.6256509B-2] 0.474—15] —6.9 0.22 —-20 -0.123 -7 8 10 0.79

-6 7 10 0.11
—0.6124783p-2] 0.379-14] -6.0 0.08 -18 -0.111 -6 9 10 0.90
—0.6004082[—2] 0.18§—-12] -5.9 034 -18 -0.106 -6 7 10 0.67
-5 6 10 0.15

~0.5777492p-2]  056§-20] -9.0 015 -29 -0.168 -9 10 11 085
-0.55068141-2]  0.163-16] -80 029 —27 -0.148 -8 9 11 0.72

-7 8 11 012
-0.5398597p-2]  0.12-15] -7.0 014 —25 -0.137 -7 10 11  0.86
-0.5242183p-2]  0.615-14] -6.9 042 —25 -0129 -7 8 11 0.60

-6 7 11 017
-0.51480158-2]  0.729-13] -6.0 026 —23 -0.117 -6 11 073
11 011
-0.5010954p-2]  058§-12] -50 012 -21 -0.106 -5 10 11  0.83

|
[&;]
o ©

—0.4983760B-2] 0.146—11] —-5.9 056 -22 -0.111 -7 8 11 0.12
-6 7 11 0.49
-5 6 11 0.20

eliminated. The Hamiltonian for both H and Na has the form(l,)2—(12) andd, (ds=(x)|W| is the scaled dipole moment,
of (in a.u) where(x) is the expectation value of electric-dipole moment
and W is the atomic energyare less than 11%, 0.23%,
6) 0.001%, and 0.15%, respectively. For those experimentally
more observable states with oscillator strength0™’, the
variation of energy levels is less than 0.006 ctinthe rela-
where the electric and magnetic fields are taken alongthe jve differences of transition probabilitiegl,), (1,)2—(12),

andz axes, respectively; for the H atoW(r)=—1/r while 54 d, are less than 0.12%, 0.0078%, 0.0005%, and
for Na it is expressed by Ed1). In the crossed-fields case 0.088%, respectively.

L, does nc_)t commute with the Hamiltonian, but the parity Figures 1 and 2 show the relations between signal
operator with _respect to. the=0 plane,l, does, so that the strengths andlg of all states with energy levels in the range
eigenstates with+m being even or odd correspond to even (— 2040~ 700) cm™ L. The corresponding excitation process

i =+ i i -
ggtongzagtgegTzln_thlg 'c:i\(s:sl?a (;;[(')Vnesly\;vzntifeeI;g%_tﬁeﬁj'fﬁ;\/ is from the ground state to high excited states with the po-
P ' Tarization of the exciting laser parallel to tiedirection.

functions ¥, for the basis with evenodd) |+m for . :
7,=1(—1) subspace. For even-parity subspace the numbe From Tables | and Il one characteristic for the H atom is

of total eigenvectors i€n(n+1)/2 and for odd parity it is that the larged; states all have a larggl,)| value, which
Sn(n—1)/2. We choos®=100 T, E = 12400 V/cm(corre- supports the conclus.|on by Ran@j aI.'From the viewpoint
sponding toe~0.075, and a basis set8n<17 to make of quantum mechanics, the trajectories c_>f hlgh:)_l states
calculations for both H and Na. The range of interest is cho@'€ largely far away from the smail region, which is a
sen nean= 10 mainly for the consideration that the number characteristic of the drift states in semiclassical discussions
of eigenvectors increases a$, which limits us to lower [5]. It should also be noticed thdt,) andds of all large
Rydberg states given our computer resources. dg states are negative. Another characteristic is that the os-
cillator strengths of the largd, states are quite small, usu-
ally 7 orders of magnitude smaller than those of other states.
From Tables Il and IV it is seen that for Na the larde
Tables 11V list calculated results of the large electric- states can be classified into two groups. One is the hydrogen-
dipole moment states. These states are in the randike states that are found to correspond one-by-one to states
(—2040~-700) cm ! and are mainly composed aflm  of H in Tables | and Il. The other is nonhydrogen states,
with 8<n=11. Accuracy to the tabulated significant digits is which have the following characteristic¢l) large low{
guaranteed by checking the convergence behavior with anomponents and hence large oscillator streng®)selectric
extended basis set {3n<<18 for Na, 2<n<18 for H). With dipoles of the largeal states can be either positive or nega-
the enlarged basis set, the variations of the tabulated statéige, meaning that the wave function can be polarized either
are as follows: the energy differences are less than 0.01fH or opposite to the direction d&.
cm™ %, the relative differences of oscillator strengtkik,), The excitation process of excitation of lardg states is

H= L \Y; BL B’ 2+y))+E
__§p+ (r)+§ z+€(x +y )+ X1

Ill. RESULTS AND DISCUSSION
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TABLE Ill. Na atom, evensr, parity, larged states, exciting from S with laser polarization alon.
See Table | caption for details.

w f (1, D(l,)  (x) ds m I n w
—0.92132626-2] 0.796—16] -7.0 0.05 -12 -0.108 =7 7 8 0.95
—0.8048898[1-2] 0.121-06] —-2.1 0.33 13 0.106 -3 3 8 0.17

-2 2 8 0.64

—0.7735003[-2] 0.90Q —20] —-7.9 0.07 -17 -0.131 -8 8 9 0.93
—0.7482248B-2] 0.316—13] -6.9 019 -15 -0.115 -7 7 9 082
-6 6 9 0.10

—0.7339175B-2] 0.757—-14] -6.0 0.06 -14 -0.101 -6 8 9 094
—0.73300306-2] 0.253-06] 2.0 0.14 -14 -0.104 2 2 8 0.29
2 4 8 021

2 6 8 037

—0.7311074p-2] 0.558 —06] 1.9 021 -26 —0.194 1 1 9 0.11
2 2 8 0.39

2 6 8 0.40

—0.6706040p-2] 0.129-19] -8.9 0.10 -23 -0.156 -9 9 10 0.90
—0.6439980[-2] 0.899—-17] -7.9 023 -21 -0.138 -8 8 10 0.78
=7 7 10 0.12

—0.6320554p-2] 0.11§-16] —-7.0 0.09 -20 -0.126 -7 9 10 0.91
—0.6179594B-2] 0.521—-15] -6.9 037 -20 -0121 -8 8 10 0.10
-7 7 10 0.67

-6 6 10 0.16

—0.60712271-2] 0.951-15] —6.0 0.21 —-18 -—0.108 -6 8 10 0.79
-5 7 10 0.10

—0.5963220p-2] 0.131-19] -10 016 —-31 -0.184 -10 10 11 0.84
—0.5924997B-2]  0.149-14] -5.9 050 -18 -0105 -7 7 10 0.14
) 6 10 0.56

-5 5 10 0.20

—0.58199904—2] 0.67Q—06] -0.10 1.1 22 0.130 -1 1 10 0.39
1 5 9 0.14

1 7 9 0.16

—0.5682906p-2] 0.21§—-17] -9.0 030 —-29 -0.163 -9 9 11 0.71
-8 8 11  0.13

—0.56068974—2] 0.719-06] 1.7 043 —-50 —-0.278 1 1 10 0.24
2 2 9 0.40

2 6 9 0.13

—0.5589238[L-2] 0.847—19] -8.0 015 -27 -0153 -8 10 11 0.86
—0.5328414B3-2] 0.489—15] -7.0 0.27 —-25 —-0.132 -7 9 11 0.73
-6 8 11 0.12

—0.5205743B-2] 0.653—-14] —6.0 0.13 —-23 -0.122 -6 10 11 0.85
—0.5141134B-2] 0.544-12] —-6.9 059 -24 -0.126 -8 8 11 0.12
-7 7 11 0.48

-6 6 1 021

—0.50731860—2] 0.153-12] -6.0 040 -22 -0.114 -6 8 11 0.60
-5 7 11 0.15

—0.4966007[-2] 0.941-14] -5.0 024 -20 -0.100 -5 9 11  0.70
—0.4880053B-2] 0.137-08] —-5.9 094 —-22 -0.108 -7 7 11 0.15
-6 6 11 0.39

-5 5 11 0.23

—0.45237511-2] 0.399-06] -0.42 1.4 23 0102 -1 1 11 037
1 5 10 0.11

—0.4331875[-2]  0.41Q—06] 1.2 15 -64 —0.276 1 1 11 025
2 2 10 0.33
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TABLE IV. Na atom, odd, parity, large d states, exciting from S8 with laser polarization alonB. See
Table | caption for details.

w f (1, D(l,) (% d, m I n w

—0.7578976[-2] 0.927-06] 0.91 0.17 —-20 -0.151 1 2 8 0.58

1 4 8 0.19

—0.7537936[1-2] 0.944—16] —-7.0 0.07 -15 -0.116 -7 8 9 0.94
—0.7389010B-2] 0.552—05] 039 051 17 0.125 0 1 9 0.63

1 2 8 015

—0.6514339F-2]  0.21§-20] —7.9 010 -22 -0141 -8 9 10 001

—0.6256509p-2] 0.119-17] -6.9 022 -20 -0.123 -7 8 10 0.79

—6 7 10 0.11

—0.6124783p-2] 0.187-18] —6.0 0.08 -18 -0.111 -6 9 10 0.90

—0.6004082B-2] 0.304—-14] -5.9 0.34 —-18 —0.106 -6 7 10 0.67

-5 6 10 0.15

—0.5777492p-2] 0.672—20] -9.0 015 -29 -0168 -9 10 11 0.85

—0.5506814[-2] 0.224-18] -8.0 029 -27 -0.148 -8 9 11 0.72

=7 8 11 0.12

—0.5398597p-2] 0.294-17] -7.0 014 -25 -0137 -7 10 11 0.86

—0.5242183p-2] 0.850—16] -6.9 042 -25 -0.129 -7 8 11  0.60

-6 7 11 0.17

—0.5229372p-2] 0.979-22] -10 026 —-38 -—-0.196 -—10 11 12 0.75

—0.5148015p5-2] 0.789—15] —6.0 0.26 —-23 -0.117 -6 9 11 0.73

-5 8 11 0.11

—0.5010954B-2] 0.954—15] -5.0 012 -21 -0.106 -5 10 11 0.83

—0.4983760B-2]  0.125-14] -5.9 056 -22 -0111 -7 8 11 0.12

-6 7 11 0.49

-5 6 11  0.20

believed to be due to “accidental degeneracy.” That is,and the corresponding state of (the last state in Table),l
when a state of highl,)|, which usually has very low os- have stronger interactions with optically excitable states,
cillator strength, happens to be energetically close to a stateith a p-state components of about 0:870 2 and

of low [(1,)], i.e., a case of accidental degeneracy in thed.17x 10 >, respectively and the transition probabilities are
energy anticrossing area, the excitation probability of thisseveral order of magnitude larger than those of other large
otherwise highl(l,)| state is expected to have considerabled, states.

components of both high and loMi,)| states and hence its The energy range of the observed lardg is around
optical excitation probability is much larger than that of a —118 cm! [5], where the energy level density is higher

high [{l,)| state elsewherf5]. and “accidental degeneracy” is more likely to appear than in
No such accidental degeneracy is found in our calculathe range of Fig. 1.
tions, but some states, like the third from the last in Table Il However, the chance of the appearance of “accidental
3x10° 2x10°*
0 \ I |\ ! l L ‘ I 0 L L |
03 02 01 0 0.1 0.2 03 03 02 01 0 0.1 0.2 03
scaled dipole moment scaled dipole moment
FIG. 1. Signal strength vdg of Na, excited from & to high FIG. 2. Signal strength velg of H, excited from 1S to high

excited states with laser polarization paralleEioThe energy range excited states with laser polarization and energy range the same as
of the states included is{2040—700) cm . Fig. 1.
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degeneracy” will still be small. If the experiment is on hy- and magnetic fields potential, there exist ladgestates when
drogen, we will see that accidental degeneracies, if any, wile<0.1, these states have largk,)| values.(2) In nonhydro-
considerably increase the signal strengths of lafgstates gen atoms, there exist sm#l,)|, larged; states that should
because these states usually have small optical excitatiase considered as the effect of further symmetry breaking by
probabilities in the absence of accidental degeneracy. the atomic core. These states are polarized along hoth

When the experiment is on nonhydrogen atoms, we tendjrections. The physical characteristics of these interesting
to consider the observed largt states as mainly due t0 giates are to be further studie@) The experimentally ob-
those more optically excitable lol!,)| states, although we seopeq largedl states should mainly be nonhydrogen states.
cannot exclude the chance of their being due to accidentgl, o imental detection of these states polarized along both
degeneracies. This is becaudg the probability of acciden- + E direction would test our calculations.

E;?)In?ec?r?gr?t;a?/vyiIIISstiSIPt?(la(;zs)maz;I(;rr]ethgatlsr?;tegfc ':]%tr’]lﬁ :j()r\:)v-en Another important nonhydrogen characteristic, which has
P o - YArogen,, . heen considered in our calculation, is the fine-structure
large d; states, the transition probability to these states will;

be smaller compared to nonhydrogen Iachestatesi(3) the interaction, which has considerable influence on the Rb

VYonian, the number of eigenvectors32n<; more time and

|t<IIIZ> | dstate po?ses_?ﬁs Iﬁ.rg@l chartact:ter_is\;vheql I 'f z;cmden- larger computer memory are needed for such calculations.
ally degenerate with a higfdl )| state, itsdg will not change This work is now under way.

much. In summary, the experimental signal strengths of large
d, states will not be sensitively affected by “accidental de-
generacy.”
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