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Electromagnetic transitions of the helium atom in a strong magnetic field
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~Received 23 October 2001; published 27 February 2002!

We investigate the electromagnetic-transition probabilities for the helium atom embedded in a strong mag-
netic field. In total, approximately 12 000 transitions have been calculated covering a grid of 20 different field
strengths in the complete regimeB502100 a.u. The changes of the oscillator strengths with increasing field
strength are discussed in detail, addressing both individual transitions and sets of transitions among certain
symmetry subspaces. A complete reorganization of the oscillator strengths in the intermediate-field regime is
observed.
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I. INTRODUCTION

Exposing matter to strong magnetic fields yields a vari
of unexpected properties and phenomena that are due t
fundamentally different character of the magnetic and C
lomb interaction. For microscopic systems, i.e., for ato
and molecules, this leads to a strongly changing electro
structure and dynamics with increasing field strength. Of p
ticular interest is hereby the so-called intermediate reg
where the magnetic and Coulomb interactions are of com
rable strength. Theoretically this regime provides a ma
challenge to electronic-structure theory since the magne
field effects have to be treated nonperturbatively. For labo
tory fields this regime is met for highly excited Rydbe
states, which have been of major interest in the contex
quantum chaos and modern semiclassics during the pas
cades@1–4#.

In astrophysics strong fields of the order of 100 T<B
<105 T occur in the atmospheres of magnetic white dwa
~for a recent review on magnetism in isolated and bin
white dwarfs see@6#!. To identify spectra of these peculia
objects it is essential to possess extensive and accurate
on the atomic-energy levels and resulting transition wa
lengths as well as the corresponding transition probabilit
For B>103 T already the energetically low-lying electron
states of atoms are influenced and distorted significantly
therefore powerful nonperturbative methods had to be
vented and applied extensively in order to arrive at a th
ough description of the spectrum. For hydrogen in stro
fields this was accomplished in the 1980s@5,7–10#. Although
the majority of the magnetic white dwarfs are hydrogen ri
i.e., of DA type, an increasing number of objects has b
found that possess a variety of amazing properties and s
tral decompositions. This is due to the steadily increas
availability of observatories with higher resolutions and s
sitivities.

An important element both from the point of view of a
trophysics as well as atomic physics is helium. Before 19
our knowledge on the helium atom embedded in a str
magnetic field was very sparce and certainly not sufficien
allow a comparison with astrophysical observations~for the
literature up to 1998 we refer the reader to the referen
cited in Ref.@11#!. The past three years, however, have p
vided us with a wealth of accurate data on the energy le
1050-2947/2002/65~3!/033416~8!/$20.00 65 0334
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and transition wavelengths of the helium atom in the co
plete regime 0<B<100 a.u. ~1 a.u. corresponds to 2.3
3105 T) @11–13#. Approximately 90 excited electronic
states are now known including a variety of symmetri
uM u5023,Pz561,S50,1, whereM is the magnetic quan
tum number,Pz is thez parity, andS is the spin of the atom.
These excited states have been studied for a grid of 20
strengths in the above-mentioned regime thereby yield
12 000 transition wavelengths. These data on the transi
wavelengths of the helium atom allowed a first comparis
of observational data from unidentified magnetic wh
dwarfs with predictions from atomic physics in strong field
In particular, they provide also the stationary componen
i.e., those transitions that become stationary as a functio
the field strength available on the surface of the conside
magnetic object. The corresponding list of stationarities p
vides a major tool for a first identification of strongly ma
netized white dwarfs@18#.

As a consequence, strong evidence arose that the m
rious absorption edges of the magnetic white dwarf GD2
@15–17#, which were for almost 25 years unexplained, a
due to helium in a strong magnetic fieldB'0.2 a.u.@14#.
Very recently extended calculations including even high
excited states yielded evidence that the few still unexplai
absorption edges in the spectrum of GD229 could be du
series limits of stationarities@18#. The existence of the latte
in the spectrum of the helium atom underlines its uniq
peculiar properties in a strong field. Also very recently t
newly established helium data were used to analyze a n
ber of magnetic and suspected-magnetic southern w
dwarfs @19#. To perform a more thorough investigation an
to definitely identify the spectra of white dwarfs one has
perform simulations of the radiation transport in their atm
spheres. A major ingredient for these simulations are
only the wavelengths of the bound-bound transitions but a
their strengths, i.e., the transition probabilities. The purp
of the present work is to provide results on th
electromagnetic-transition probabilities. Due to the lar
number of known transitions it is not possible to prese
numerical data but we will restrict ourselves to a graphi
presentation and discussion of these data. For numerical
we refer the reader to Ref.@20#. Specifically we have calcu
lated the length and velocity form of the dipole-matrix el
ments, dipole strengths, and corresponding oscilla
©2002 The American Physical Society16-1
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W. BECKEN AND P. SCHMELCHER PHYSICAL REVIEW A65 033416
strengths. As indicated above extremely little is known in
literature about the transition probabilities of helium in
strong magnetic field. References@21# uses a released-phas
quantum Monte Carlo method in order to calculate dipo
matrix elements. However, they cover only three fie
strengths, investigate only very few excited states, and do
study the spin-singlet states at all.

The paper is organized as follows. In Sec. II we give
brief outline of the various definitions and properties of tra
sition probabilities in magnetic fields and discuss some s
cifics of our computational approach. Section III contains
results and a corresponding discussion. Brief conclusi
and an outlook are provided in Sec. IV.

II. ELECTROMAGNETIC TRANSITION PROBABILITIES
AND COMPUTATIONAL ASPECTS

To perform a detailed comparison of observational as
nomical data and theoretical results one needs not only
wavelengths of the atomic transitions but also their streng
Selection rules providing the allowed and forbidden tran
tions are in this context of particular importance. We w
restrict ourselves to the dominating electric-dipole radiati
To be self-contained and to cover the specifics of the si
tion in the presence of a magnetic field let us briefly co
ment on some theoretical aspects of the relevant quant
for radiation processes and their derivation.

The various expressions given below for the strengths
the atomic transitions are derived by starting with the Ham
tonian assuming an infinite nuclear mass. For corrections
to the finite nuclear mass concerning the wavelengths and
transition probabilities, we refer the reader to Refs.@10–12#
and @22#, respectively. In terms of the creationbi

† and anni-
hilation bi operators for the~generally nonorthogonal! one-
particle states, the Hamiltonian reads as follows:

Ĥ5Ĥ I1Ĥ II5(
i j

bi
†^ i uH Iu j &bj1

1
2 (

i jkl
bi

†bj
†^ i j uH IIukl&blbk

~1!

with the one-particle and two-particle integrals involving, r
spectively,H I andH II given by

H I~r ,p!5
1

2
~p1A!22

2

ur u
, H II5

1

ur12r2u
. ~2!

H I contains the coupling to both the external magnetic fi
B and the radiation field, i.e., the total vector potential rea
A5Aext1Arad whereAext5

1
2 B3r . Adopting the radiation

gauge we have“•Arad50 and due the absence of extern
chargesF rad50 holds. Neglecting terms proportional t
Arad

2 , quantizing the periodic radiation field, and treating t
problem of atomic transitions, i.e., emission and absorp
processes in first-order time-dependent perturbation the
yields for the transition rate
03341
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dt
52p(

s
@d~Ef2Ei2v!u^ f uĜsu i &u2

1d~Ef2Ei1v!u^ f uĜs
† u i &u2#, ~3!

wherei andf indicate the initial and final states and the su
overs5$k,l% includes the wave vectork and polarizationl
of the radiation.Ĝs

† is given by

Ĝs
†
ª(

i j
^ i u@pext,Gs

† #1u j &bi
†bjas

† ,

Gs~x!ª 1
2 N~k!«k,leik•x, ~4!

wherepext is the kinetic momentum in the presence of t
external field.as are the annihilation operators for the ph
tonic states.N(k) is a normalization constant and«k,l are the
polarization vectors of the photons. Restricting ourselves
first-order perturbation theory means to neglect all multiph
ton processes. Furthermore, we assume that wavelength
the transitions are much larger than the typical size of
atom leading to the so-called dipole approximation, wh
reads exp(ik•x)'1. Using«s* •pextªQs we therefore arrive
at the following relevant quantities for the strengths of t
atomic transitions:

pf i
(s)5

2

Ef2Ei
^ f uQ̂su i &, df i

(s)5S 2

Ef2Ei
D 2

u^ f uQ̂su i &u2,

f f i
(s)5

Ef2Ei

2
df i

(s) , ~5!

where we have adopted the specific case of helium (Z52)
pf i

(s) ,df i
(s) , and f f i

(s) in Eq. ~5! represent the dipole-matrix
element, the dipole strength, and the oscillator strength in
velocity representation, respectively. Using the commuta
i @H I

(0) ,r #5pext and«s* •r5:Ds one can switch to the length
representation that reads

pf i
(s)52^ f uD̂su i &, df i

(s)54u^ f uD̂su i &u2,

f f i
(s)5

Ef2Ei

2
df i

(s) . ~6!

The two representations~5! and~6! are of course completely
equivalent. However, in case of approximate numerical c
culations, which are ubiquitous for multielectron atoms, t
two representations do not yield the same results. Inde
they are a good test for the convergence of the numer
method such as, e.g., the completeness of basis sets. Fo
study of the strengths of the transitions of the helium atom
a magnetic field we will therefore use both representation
obtain indications on the accuracy of the quantities giv
above.

Specifying the basic polarization vectors«s as those be-
ing parallel and perpendicular to the magnetic field, the c
responding components are chosen to bez and x6 iy . This
6-2
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ELECTROMAGNETIC TRANSITIONS OF THE HELIUM . . . PHYSICAL REVIEW A65 033416
leads to the following selection rules for the electromagne
transitions of the helium atom in a magnetic field:

uM f2Mi u51 ` Pz fPzi511 ~7!

or

M f2Mi50 ` Pz fPzi521, ~8!

and

Sf2Si50 ` Sz f2Szi50, ~9!

where Eq.~7! corresponds to circular polarized transitio
and Eq.~8! to linear polarized transitions.

A comment addressing some important differences
tween the atom without and with external field are in ord
For B50 we have the additional conserved quantityL2. The
parity of the electronic states of the helium atom in field-fr
space is given byP5(21)L and therefore the selection ru
L f2Li561 holds, which adds to the above-given select
rules, which hold for arbitrary field strength and in particu
also forB50.

In field-free space the oscillator strengthsf f i
Dm fulfill the

sum rule@23#

(
n

f ni
Dm52, ~10!

where n runs over all statesun& of the complete Hilbert
space,which are related to the initial stateu i & by the dipole-
selection rules. Since the commutation rules needed to de
the above sum rule can be generalized to the situation in
presence of a magnetic field, we have also sum rules foB
.0. In general, however, and this holds also for the heli
atom, the complete Hilbert space includes also continu
states and we arrive at the generalized expression

(
n

f ni
Dm1E

T

`d fEi
Dm

dE
dE52. ~11!

The sum accounts for the bound states whose energies f
En,T, i.e., whose energies are below the ionization thre
old, and the integral includes the continuum statesE.T.

We provide in the following some remarks on select
computational aspects of the present work. For a discus
of the symmetries of the atom in the presence of the field
Hamiltonian, as well as the basis set and the configura
interaction approach to obtain accurate electronic wave fu
tions and properties, we refer the reader to Refs.@11–13#.
These references contain also some comments on the no
ear minimization procedure developed in order to optim
the anisotropic Gaussian functions, which constitute the
sis sets. It is important to keep in mind that the optimizat
has to be performed for each field strength and each sym
try subspace (M ,Pz) of the atom separately and represe
therefore an essential part of the previous and present in
tigations. The careful optimization is responsible for the e
tensive and accurate results obtained for many excited s
of helium in the presence of the field. The key point conce
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ing the efficiency of the large-scale computations involved
the evaluation and implementation of the six-dimensio
electron-electron integrals. In Refs.@11–13# a variety of ad-
vanced analytical~see also Ref.@24#! and numerical tech-
niques have been developed and applied, thereby resultin
an extremely fast and reliable code for the computation
the electron-electron integrals.

The quantities to be computed in the course of the pres
investigation are ‘‘only’’ one-particle operators such as t
velocity operator~5! or the dipole-matrix elements~6!. How-
ever, the initial and final electronic states belong to differe
symmetry subspaces and emerge therefore from diffe
computational runs using different basis sets. The ma
challenge in the framework of the calculation of the tran
tion probabilities is therefore an extended bookkeeping
control of the processing of input and output from the diffe
ent computational runs involving 12 000 transitions who
strengths are computed.

III. RESULTS AND DISCUSSION

In this section we will present and discuss our results
the oscillator strengths of the electric-dipole transitions
the helium atom in the complete regime 0<B<100 a.u. It is
natural to start with the field-free situation and to compa
the obtained results with the existing values for the oscilla
strengths in the literature. Hereby we use the standard s
troscopic notationn2S11LM for the field-free electronic
states. Our spectroscopic notation in the presence of the
is n2S11MPz, wheren indicates the degree of excitation, i.e
the energetical ordering.

A. Oscillator strengths in field-free space

The literature on the oscillator strengths of the transitio
of helium in field-free space addresses exclusively the line
polarized transitions among the (M50) states. The reaso
herefore is the fact that all oscillator strengths involvi
states with magnetic quantum numbersMÞ0 can be ex-
pressed using those that involve onlyM50 states applying
the appropriate Clebsch-Gordan coefficients. This is an
mediate consequence of the Wigner-Eckhart theorem. Du
the missing full rotational symmetry an analogous statem
does not hold in the presence of a magnetic field~see below!.
Let us emphasize that the purpose of the present sectio
certainly not to improve the existing literature~see below! of
high-precision calculations for the oscillator strengths of
helium atom in field-free space. Instead, the focus is to sh
that our approach works also in the absence of the field.
capabilities of this approach will become evident in the pr
ence of a strong field, for which there is, so far, no equa
well working method.

There exist numerous investigations on the transit
probabilities of the helium atom in field-free space. Expe
mental results on the 11S→n1P transitions forn52 –7 have
been presented in Ref.@25#. An early theoretical work that
uses the basis set method due to Hylleraas in order to c
pute the oscillator strengths for the transitionsm1S→n1P,
m51, . . . ,5, n52, . . . ,5 andm3S→n3P, m,n52, . . . ,5
6-3
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W. BECKEN AND P. SCHMELCHER PHYSICAL REVIEW A65 033416
has been done by Schiffet al. @26# The same approach i
used in Ref.@27# to calculate the strengths of all dipole
allowed singlet and triplet transitionsmS→nP and nP
→kD with n,m,k<10. Using a hyperspherical adiabatic a
proach for the singlet transitionsm1S→n1P with m,n<4,
data have been obtained that coincide very well with
above ones@28#. The oscillator strengths for transitions b
tween the mD and nF states for m53, . . . ,8 and n
54, . . . ,8have been obtained by Brown@29,30# using Stur-
mian functions in a variational scheme.

To our knowledge the most comprehensive work is
Theodosiou@31# and contains all dipole-allowed transition
among theS,P,D,F,G,H single-particle excitations of he
lium up to the principal quantum numbern521 for singlet
states and up ton522 for triplet states. The correspondin
data are listed in Ref.@32#. We will compare our results fo
B50 with those given in this reference. The oscillat

strengthsf f i
s8 of Ref. @32# and our definitionf f i

s according to

Eqs. ~6! are related byf f i
s 5@3L f /(2L f11)# f f i

s8 for L f5Li

11 and f f i
s 5@3Li /(2L f11)# f f i

s8 for Li5L f11. In order to
compare our results with those of Ref.@32# we have illus-
trated in Fig. 1 the relative deviation of our calculated osc
lator strengths from those given in@32#. Shown is the subse
of 53 nonzero oscillator strengths belonging to line
polarized transitions involving only the states with zero ma
netic quantum number. Using the spectroscopic notation
the presence of the field these are the 11/301, . . . ,61/301,
11/302, . . . ,61/302 electronic states. Within the field-fre
standard spectroscopic notation they correspond to the
glet states 11S0 , . . . ,41S0 , 21P0 , . . . ,51P0 , 31D0,41D0 ,
41F0 , . . . ,61F0 and the triplet states 23S0 , . . . ,53S0 ,
23P0 , . . . ,63P0 , 33D0,43D0 , 43F0,53F0. We observe~see
Fig. 1! that the relative deviation of the majority of the ca
culated oscillator strengths is below 2%, which matches w

FIG. 1. The relative deviation of our calculated oscillat
strengths for the transitions of the helium atom from those given
Ref. @32# together with the corresponding wavelengths. Shown
the subset of 53 nonzero oscillator strengths belonging to the lin
polarized transitions involving only the states with zero magne
quantum number.
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the relative accuracy of the corresponding total energies
ing a few times 1024 or less~see Refs.@11–13#!. Only for
two exceptional cases the inaccuracy is above 10%. Hav
calculated both the length and velocity form of the oscilla
strengths it turns out that in case these two values coin
well for a certain transition then there is, typically, also
good coincidence with the ‘‘exact’’ values provided in Re
@32#. Significant deviations appear only for some transitio
involving higher excitations, i.e., forn>4. In these cases th
length form of the oscillator strengths is typically more a
curate than the velocity form. Tentatively, the matrix e
ments of the derivative operators are, therefore, more se
tive to the inaccuracies of our calculated approxim
eigenfunctions than those of the dipole operators. The tr
sitions forbidden forB50 acquire, within our computationa
approach, some finite but extremely small values of th
oscillator strengths. Similar statements to the above hold
for the transitions involvingMÞ0. Although the oscillator
strengths of these transitions can be obtained forB50 from
those involving exclusively theM50 states, we have calcu
lated them in order to gain control on the reliability an
accuracy of our approach.

We conclude with a statement on the sum rules. Equa
~11! shows that the sum rule includes the continuum, wh
is substantial particularly in the case of the helium ato
According to Berkowitz@33# we have for the transitions
among the bound states 11S0 andk1P0 , k52, . . . ,̀ ,

(
k52

`

f ~11S0→k1P0!50.425 342,2. ~12!

The deviation from the value 2@see Eq.~11!# is due to the
missing contribution of the continuum. The electronic sta
investigated in the present work provide the following valu

(
k52

5

f ~11S0→k1P0!50.389 145, ~13!

which, although with only four states taken into account,
already close to the final value of the infinite sum~12!. This
reflects the fact that the contributions from excited sta
decrease rapidly with increasing degree of excitation.

B. Oscillator strengths in the presence of a magnetic field

In the presence of a magnetic field the total angular m
mentum is not a constant of motion and provides theref
no good quantum number and no corresponding selec
rules. As a consequence the oscillator strengths of linear
circular polarized cannot be related by the Wigner-Eckh
theorem, i.e., they are independent quantities. We have in
tigated for 20 values of the field strength that cover the
gime 0<B<100 a.u., the oscillator strengths of the tran
tions among 90 excited electronic states including a var
of symmetries, specificallyuM u5023,Pz561,S50,1. For
these symmetries the transitions between excited states
the sixth degree of excitation have been studied. This res
in a total of 12 000 transition wavelengths and correspond
oscillator strengths. Due to this large amount of data we

n
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r-

c
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provide here only a very limited analysis of some select
but representative, data and will show their behavior in
presence of the external field in a pictorial way. The co
plete data can be obtained from the authors upon reque

Figure 2 shows the oscillator strengths of the line
polarized transitions among the singlet states involving
ground state 1101 and the excited states of negativez-parity
n102,n51, . . . ,6 in thecomplete regime 0<B<100 a.u.
Transitions such as 1101→3102 or 1101→5102, which
are forbidden in the absence of a magnetic field, acquir
significant oscillator strength in the strong-field regime. T
is due to the fact that the selection ruleuDLu51 looses its
meaning in the presence of the field: the 1101 state, which is
of S symmetry for B50, acquires contributions o
D,G,I , . . . angular momenta and the 3102,5102 states,
which are of F symmetry, acquire contributions from
P,H,K, . . . angular momenta. These contributions incre
with increasing field strength and become dominant in
strong-field regime. From Fig. 2 we observe that the beh
ior of the oscillator strengths for the transitions 1101

→1102,2102 as a function of the field strength is rath
smooth. The corresponding total energy curves@11# are also
smooth. In contrast to this the oscillator strengths of the tr
sitions 1101→3102, . . . ,6102 show rapid changes, particu
larly in the intermediate-field regime. This is due to the
organization and structural changes of the electronic w
functions of the 3102, . . . ,6102 states, which reflects itsel
in avoided crossings of the corresponding energy curves
function of the field strength. The appearance of the osc
tor strength of the transition 1101→4102 as a function of
the field strength is particularly eye catching. AroundB
'0.04 a.u. the energy curve of the 4102 state comes very
close to that of the 5102 state, which is anF state forB
50. This fact leads to an avoided crossing@11#. At the same
time the oscillator strength of the transition 1101→4102

shows a well-pronounced minimum atB'0.4 a.u. This is
because the 4102 state acquires a strong admixture ofF

FIG. 2. The oscillator strengths~in atomic units! of the linear-
polarized singlet transitions from the ground state 1101 to the ex-
cited statesn102,n51, . . . ,6 as afunction of the field strength in
the complete regime 0<B<100 a.u.
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angular momentum states whereas theS symmetry of the
1101 ground state is still, to some approximate degr
maintained for the 1101 state. With further increasing field
strength this changes rapidly.

The extrema of the oscillator strengths shown in Fig
originate from the behavior of the matrix elements^ f uD̂su i &
contained in Eqs.~6!. This has to be distinguished from zero
of the oscillator strength due to zeros of the prefactor (Ef
2Ei). If ( Ef2Ei) becomes zero a change of sign for t
oscillator strength is typical and a zero of the oscilla
strength results. A corresponding example for such a beh
ior is shown in Fig. 3, which shows the absolute value of
oscillator strengths for the linear-polarized singlet transitio
3102→n101, n51, . . . ,4. Thesuppression of the strengt
of the transition 4101→3102 aroundB'0.32 is evident.
Again one observes the increasing strengths of the transit

FIG. 3. The absolute value of the oscillator strengths~in atomic
units! of the linear-polarized singlet transitions from the excit
state 3102 to the statesn101,n51, . . . ,4 as afunction of the field
strength.

FIG. 4. The oscillator strengths~in atomic units! of the linear-
polarized and circular-polarized transitions emanating from
singlet states with zero magnetic quantum number and positivz
parity, i.e., n101,n51, . . . ,6 for five different field strengths
B50,0.008,0.08,2.0,100.0 a.u. from top to bottom.
6-5
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W. BECKEN AND P. SCHMELCHER PHYSICAL REVIEW A65 033416
1101,2101,3101→3102, which are strictly forbidden for
B50, with increasing field strength.

In order to illustrate the evolution of the oscillato
strengths of the many investigated transitions with increas
field strength we show in Figs. 4–9 the oscillator streng
and wavelengths of the transitions among certain subsp
with increasing field strengths for the valuesB
50,0.008,0.08,2.0 a.u. andB5100 a.u. More precisely
Figs. 4–9 show the oscillator strengths and wavelength
the linear and circular polarized transitions emanating fr
the subspaces n101, n301, n1(21)2, n3(21)2,
n1(22)1, andn3(22)1 for n51, . . . ,6,respectively. Fig-
ure 4 shows the evolution of the spectrum of the oscilla
strengths for the transitions originating from the spin-sing
and zero magnetic-quantum-number states belonging to
subspacen101. For B50 a.u. the transitions cover the re
gime of wavelengths 102–107 Å. However, most of the
transitions with a significant oscillator strength are located
the regime 102–23105 Å. In between the main peaks the
are regions where almost no transitions occur that posse

FIG. 5. The oscillator strengths~in atomic units! of the linear-
polarized and circular-polarized transitions emanating from the t
let states with zero magnetic quantum number and positivez parity,
i.e., n301,n51, . . . ,6 for five different field strengths
B50,0.008,0.08,2.0,100.0 a.u. from top to bottom.

FIG. 6. Same as in Fig. 4 but transitions emanating from
singlet states with magnetic quantum number21 and negativez
parity, i.e., n1(21)2,n51, . . . ,6 ~atomic units for the oscillator
strengths!.
03341
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s a

significant oscillator strength~note: due to the linear scale o
the figures, transitions with an oscillator strengthf !1 are
hardly or not at all visible!. The major peaks consist in man
cases of several subpeaks of comparable strength, whic
flects the fact that there are near degeneracies for the tra
tions of the helium atom in field-free space. Turning on t
field strength the degeneracies due to the high symmetr
the atom forB50 a.u. are lifted and many new lines appe
i.e., the spectrum becomes much denser~see row B
50.008 a.u. in Fig. 4!. In particular, the number of differen
transitions possessing a significant strength has multipl
Further increasing the field strength toB50.08 a.u. and then
B52.0 a.u.~third and fourth rows of Fig. 4, respectively!
provides a strong redistribution of the oscillator strengths
well as a rearrangement of the spectrum of wavelengths
the strong-to-high-field regime the tendency is again to h
the major oscillator strengths in a few energetically we
separated transitions, i.e., the spectrum of oscillator stren
and wavelengths becomes ‘‘dilute’’ again. This tenden
stems from the fact that a high symmetry and its correspo
ing degeneracies are restored for very strong fields. Insp

-

e

FIG. 7. Same as in Fig. 5 but transitions emanating from
triplet states with magnetic quantum number21 and negativez
parity, i.e., n3(21)2,n51, . . . ,6 ~atomic units for the oscillator
strengths!.

FIG. 8. Same as in Fig. 4 but transitions emanating from
singlet states with magnetic quantum number (22) and positivez
parity, i.e., n1(22)1,n51, . . . ,6 ~atomic units for the oscillator
strengths!.
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ing the regime of Fig. 4 for short wavelengths one obser
a couple of peaks located around 60 nm forB50 a.u.,
which shift very little up to the field strengthB52.0 a.u. For
B5100 a.u., however, this group of peaks is located at
nificantly smaller wavelengths ('8 nm). This behavior
arises because the corresponding transitions emanate
the tightly bound ground state 1101 and the binding energie
of tightly bound orbitals raise monotonically with increasin
field strength. ForB5100 a.u. these transitions possess
significantly smaller oscillator strength and are therefore
included in Fig. 4~last row!. The reason for the smallness
the oscillator strengths for transitions involving a tight
bound orbital and an orbital that is not so tightly bound is
small overlap between the orbitals and the resulting sm
values for the dipole-matrix elements.

Figure 5 shows the evolution of the spectrum of the
cillator strengths for the transitions emanating from the sp
triplet n301 subspace. The above-discussed behavior for
distribution of the oscillator strengths and wavelengths of
singlet states with increasing field strength can be obse
here too. A closer look, however, reveals that the individ
values for the transitions are quite different. Referring to
independent-particle picture one can show that then301 sub-
space does not contain configurations where both elect
are in tightly bound hydrogenic orbitals. However th
n3(21)1 subspace that is ‘‘connected’’ to then301 sub-
space via circular-polarized transitions contains the tigh
bound 13(21)1 state. Therefore a group of transitions th
acquire increasingly shorter wavelengths with increas
field strengths exists also for the transitions shown in Fig
However, they possess a comparatively small oscilla
strength and are invisible on the scale of Fig. 5. It is a g
eral feature of the high-field regime~see fifth row B
5100 a.u. in Figs. 4 and 5! that the dominant peaks of th
distribution of oscillator strengths possess much larger ab
lute values than the dominating peaks of the weak-

FIG. 9. Same as in Fig. 5 but transitions emanating from
triplet states with magnetic quantum number22 and positivez
parity, i.e., n3(22)1,n51, . . . ,6 ~atomic units for the oscillator
strengths!.
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intermediate-field regime. In discussing the properties of
distributions of the oscillator strength for different fie
strengths, the reader should keep in mind that a compar
of the atomic data with the astrophysical observation
quires not just some knowledge on the averaged spe
properties but accurate data on many individual transit
wavelengths and their oscillator strengths.

Figures 6 and 7 show the singlet and triplet transitio
emanating from the subspacesn1/3(21)2 with negative
magnetic quantum number and negativez parity. Many of the
overall properties discussed above hold also for these tra
tions although the individual distributions are quite differe
Figures 8 and 9 complete our presentation of the oscilla
strengths by showing the corresponding distributions for
transitions originating from the singlet and triple
subspace1/3(22)1. A final remark is in order: only transi-
tions with large oscillator strengths are visible in Figs. 4–
These transitions, however, represent only a small part of
investigated spectral range.

IV. BRIEF CONCLUSIONS AND OUTLOOK

With the present work, a lot of information on the boun
state properties of the helium atom in a strong magnetic fi
has been provided. We have analyzed the behavior of
oscillator strengths and wavelengths of the transitions w
increasing field strengths. For weak fields the splitting of
levels and the broadening of the distributions of oscilla
strengths is observed. For fields of intermediate streng
wide regime of wavelengths and oscillator strengths is c
ered by the transitions whose character changes strongl
the high-field regime, order dominates again and there
only a few transitions possessing a significant oscilla
strength that are associated with low-lying energetical ex
tations.

The oscillator strengths investigated here are needed
solving the radiation-transport equations in order to obt
synthetic spectra for the atmospheres of magnetic w
dwarfs. This will help to understand the spectral propert
and consequently will allow to decide upon the origin
certain magnetic objects. Beyond the present investigatio
will also be necessary to study the continuum of the heli
atom in strong magnetic fields, i.e., to determine the re
nances above the ionization threshold in the field. Such
investigation is in progress and will extend and round off o
knowledge on atomic properties in fields.
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