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Electromagnetic transitions of the helium atom in a strong magnetic field
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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 reginBe=0—100 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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[. INTRODUCTION and transition wavelengths of the helium atom in the com-
plete regime &B=<100 a.u.(1 a.u. corresponds to 2.35
Exposing matter to strong magnetic fields yields a varietyx 10° T) [11-13. Approximately 90 excited electronic
of unexpected properties and phenomena that are due to tistates are now known including a variety of symmetries:
fundamentally different character of the magnetic and CouiM|=0-3,I1,= =1,5=0,1, whereM is the magnetic quan-
lomb interaction. For microscopic systems, i.e., for atomsum number]l, is thez parity, andSis the spin of the atom.
and molecules, this leads to a strongly changing electroni@hese excited states have been studied for a grid of 20 field
structure and dynamics with increasing field strength. Of parstrengths in the above-mentioned regime thereby yielding
ticular interest is hereby the so-called intermediate regimd2 000 transition wavelengths. These data on the transition
where the magnetic and Coulomb interactions are of compawavelengths of the helium atom allowed a first comparison
rable strength. Theoretically this regime provides a majonf observational data from unidentified magnetic white
challenge to electronic-structure theory since the magneticdwarfs with predictions from atomic physics in strong fields.
field effects have to be treated nonperturbatively. For laborain particular, they provide also the stationary components,
tory fields this regime is met for highly excited Rydberg i.e., those transitions that become stationary as a function of
states, which have been of major interest in the context othe field strength available on the surface of the considered
guantum chaos and modern semiclassics during the past deagnetic object. The corresponding list of stationarities pro-
cadeq1-4. vides a major tool for a first identification of strongly mag-
In astrophysics strong fields of the order of 106<B  netized white dwarf$18].
<10 T occur in the atmospheres of magnetic white dwarfs As a consequence, strong evidence arose that the myste-
(for a recent review on magnetism in isolated and binaryrious absorption edges of the magnetic white dwarf GD229
white dwarfs sed6]). To identify spectra of these peculiar [15—17, which were for almost 25 years unexplained, are
objects it is essential to possess extensive and accurate dalae to helium in a strong magnetic fieR~0.2 a.u.[14].
on the atomic-energy levels and resulting transition waveVery recently extended calculations including even higher
lengths as well as the corresponding transition probabilitiesexcited states yielded evidence that the few still unexplained
ForB=10® T already the energetically low-lying electronic absorption edges in the spectrum of GD229 could be due to
states of atoms are influenced and distorted significantly anseries limits of stationaritiell8]. The existence of the latter
therefore powerful nonperturbative methods had to be inin the spectrum of the helium atom underlines its unique
vented and applied extensively in order to arrive at a thorpeculiar properties in a strong field. Also very recently the
ough description of the spectrum. For hydrogen in strongnewly established helium data were used to analyze a num-
fields this was accomplished in the 1986s7—10. Although ~ ber of magnetic and suspected-magnetic southern white
the majority of the magnetic white dwarfs are hydrogen rich,dwarfs[19]. To perform a more thorough investigation and
i.e., of DA type, an increasing number of objects has beeno definitely identify the spectra of white dwarfs one has to
found that possess a variety of amazing properties and speperform simulations of the radiation transport in their atmo-
tral decompositions. This is due to the steadily increasingpheres. A major ingredient for these simulations are not
availability of observatories with higher resolutions and sen-only the wavelengths of the bound-bound transitions but also
sitivities. their strengths, i.e., the transition probabilities. The purpose
An important element both from the point of view of as- of the present work is to provide results on the
trophysics as well as atomic physics is helium. Before 199&lectromagnetic-transition probabilities. Due to the large
our knowledge on the helium atom embedded in a strongpumber of known transitions it is not possible to present
magnetic field was very sparce and certainly not sufficient tamumerical data but we will restrict ourselves to a graphical
allow a comparison with astrophysical observatidios the  presentation and discussion of these data. For numerical data
literature up to 1998 we refer the reader to the referencewe refer the reader to Rdf20]. Specifically we have calcu-
cited in Ref.[11]). The past three years, however, have pro-ated the length and velocity form of the dipole-matrix ele-
vided us with a wealth of accurate data on the energy levelments, dipole strengths, and corresponding oscillator
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strengths. As indicated above extremely little is known in the dPs; S
literature about the transition probabilities of helium in a WZZWE [8(Es—Ei— ) (f|G,]i)]

strong magnetic field. Referencikl] uses a released-phase 7

guantum Monte Carlo method in order to calculate dipole- +5(Ef—Ei+w)|<f|GL|i>|Z], (3)

matrix elements. However, they cover only three field

strengths, investigate only very few excited states, and do nQferei andf indicate the initial and final states and the sum

study the spin-singlet states at all _ overo={k,\} includes the wave vectdrand polarization
The paper is organized as follows. In Sec. Il we give a

brief outline of the various definitions and properties of tran—Of the rad|at|on.G:r, is given by
sition probabilities in magnetic fields and discuss some spe-

cifics of our computational approach. Section Il contains the Gt
results and a corresponding discussion. Brief conclusions 7
and an outlook are provided in Sec. IV.

%’: <i|[ﬁextaGZ]+|j>binjaz,

G, (x):=3N(k) g &', 4
Il. ELECTROMAGNETIC TRANSITION PROBABILITIES where 7., is the kinetic momentum in the presence of the
AND COMPUTATIONAL ASPECTS external field.a, are the annihilation operators for the pho-

. . . tonic statesN(Kk) is a normalization constant a are the
To perform a detailed comparison of observational astro (k) il

X X polarization vectors of the photons. Restricting ourselves to
nomical data and theoretical results one needs not only t 2 P 9

. e : irst-order perturbation theory means to neglect all multipho-
wavelengths of the atomic transitions but also their strength%n procesies Furthermoreywe assume t%at wavelengrihs of

Selection rules providing the allowed and forbidden transi=, o transitions are much larger than the typical size of the

tIOI’]S. are in this context of part!cular |mport§nce. W('.} V.V'” atom leading to the so-called dipole approximation, which
restrict ourselves to the dominating electric-dipole radlatlon.reads exk-X)~1. Usinge* - mo:=Q, we therefore arrive
To be self-contained and to cover the specifics of the situa- H : 9€; " Text=Ny

tion in the presence of a magnetic field let us briefly com-at the following relevant quantities for the strengths of the

ment on some theoretical aspects of the relevant quantitieas'tomlc transitions:

for radiation processes and their derivation. > 2 2
The various expressions given below for the strengths of plo)= (f1Q,]i), dg;f):< ) 1FIQ]i),
the atomic transitions are derived by starting with the Hamil- Ei—E; Ei—E
tonian assuming an infinite nuclear mass. For corrections due
to the finite nuclear mass concerning the wavelengths and the
transition probabilities, we refer the reader to R¢1-12
and[22], respectively. In terms of the creatidnﬁ and anni-
hilation b; operators for thégenerally nonorthogonabne-  where we have adopted the specific case of helidms Z)
particle states, the Hamiltonian reads as follows: p{?) ,dl), and f{) in Eq. (5) represent the dipole-matrix
element, the dipole strength, and the oscillator strength in the
velocity representation, respectively. Using the commutator
|:|:|:||+ HIIZE b|T<||H||J>b]+%2 bITbJT<|J |H|||k|>b|bk i[H|(0) ,r]zq?-extands;r::D(, one can switch to the Iength
] ikl representation that reads

&)

Ei—Ei
2

fi = dfy, (5)

pi7=2(f[D, i), dff?=4(f|D,[i)I%
with the one-particle and two-particle integrals involving, re-

spectively,H, andH,, given b o_Ei"Ei
p Y.y n9 Yy fs )_Td]((i ) (6)
1 2 1 The two representatior(§) and(6) are of course completely
= — 2— — = e— . . . .
Hi(r.p)= 2(p+A) Ir|”’ Hu [ri—ry| @) equivalent. However, in case of approximate numerical cal-

culations, which are ubiquitous for multielectron atoms, the

two representations do not yield the same results. Indeed,
H, contains the coupling to both the external magnetic fieldhey are a good test for the convergence of the numerical
B and the radiation field, i.e., the total vector potential readsnethod such as, e.g., the completeness of basis sets. For our
A=AgtAag Where Ag,=3BXr. Adopting the radiation  study of the strengths of the transitions of the helium atom in
gauge we hav&/ -A,,4=0 and due the absence of external a magnetic field we will therefore use both representations to
charges®,,4=0 holds. Neglecting terms proportional to obtain indications on the accuracy of the quantities given
Arzad, quantizing the periodic radiation field, and treating theabove.
problem of atomic transitions, i.e., emission and absorption Specifying the basic polarization vectaes as those be-
processes in first-order time-dependent perturbation theonyg parallel and perpendicular to the magnetic field, the cor-
yields for the transition rate responding components are chosen tazland x*iy. This
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leads to the following selection rules for the electromagnetidng the efficiency of the large-scale computations involved is
transitions of the helium atom in a magnetic field: the evaluation and implementation of the six-dimensional
electron-electron integrals. In Refd1-13 a variety of ad-
IMi=M;i|=1 A Tdl,=+1 () vanced analyticalsee also Ref[24]) and numerical tech-
niques have been developed and applied, thereby resulting in
an extremely fast and reliable code for the computation of
M= _ the electron-electron integrals.
Mi=Mi=0 A Tdlz=—1, ® The quantities to be computed in the course of the present
and investigation are “only” one-particle operators such as the
velocity operato(5) or the dipole-matrix element§). How-
Si—-S=0 /A S,;—S,=0, (9)  ever, the initial and final electronic states belong to different
symmetry subspaces and emerge therefore from different
where Eq.(7) corresponds to circular polarized transitions computational runs using different basis sets. The major
and Eq.(8) to linear polarized transitions. challenge in the framework of the calculation of the transi-
A comment addressing some important differences betion probabilities is therefore an extended bookkeeping and
tween the atom without and with external field are in order.control of the processing of input and output from the differ-
For B=0 we have the additional conserved quantify The  ent computational runs involving 12 000 transitions whose
parity of the electronic states of the helium atom in field-freestrengths are computed.
space is given byl = (—1)" and therefore the selection rule
L;—L;==1 holds, which adds to the above-given selection
rules, which hold for arbitrary field strength and in particular

or

III. RESULTS AND DISCUSSION

also forB=0. . . In this section we will present and discuss our results on
In field-free space the oscillator strength§” fulfill the  the oscillator strengths of the electric-dipole transitions of
sum rule[23] the helium atom in the complete regime®<100 a.u. Itis
natural to start with the field-free situation and to compare
2 fﬁim: 2, (10) the obtaingd resu_lts with the existing values for the oscillator
n strengths in the literature. Hereby we use the standard spec-

troscopic notationn?St1L,, for the field-free electronic
where n runs over all stategn) of the complete Hilbert states. Our spectroscopic notation in the presence of the field
space,which are related to the initial stéite by the dipole- s ,25*1Mz wherev indicates the degree of excitation, i.e.,
selection rules. Since the commutation rules needed to derii@ie energetical ordering.
the above sum rule can be generalized to the situation in the
presence of a magnetic field, we have also sum rule8for
>0. In general, however, and this holds also for the helium
atom, the complete Hilbert space includes also continuum The literature on the oscillator strengths of the transitions
states and we arrive at the generalized expression of helium in field-free space addresses exclusively the linear-
polarized transitions among théi(=0) states. The reason

A. Oscillator strengths in field-free space

o fAM . : . .
DR El 4E=2 (12) herefore is the fact that all oscillator strengths involving
n T dE ' states with magnetic quantum numbévis#0 can be ex-

pressed using those that involve omy=0 states applying

The sum accounts for the bound states whose energies fulfihe appropriate Clebsch-Gordan coefficients. This is an im-
E,<T, i.e., whose energies are below the ionization threshmediate consequence of the Wigner-Eckhart theorem. Due to
old, and the integral includes the continuum stdfesT. the missing full rotational symmetry an analogous statement

We provide in the following some remarks on selecteddoes not hold in the presence of a magnetic fiskk below.
computational aspects of the present work. For a discussidpet us emphasize that the purpose of the present section is
of the symmetries of the atom in the presence of the field, itsertainly not to improve the existing literatufsee below of
Hamiltonian, as well as the basis set and the configuratiohigh-precision calculations for the oscillator strengths of the
interaction approach to obtain accurate electronic wave fundaelium atom in field-free space. Instead, the focus is to show
tions and properties, we refer the reader to REf4—13. that our approach works also in the absence of the field. The
These references contain also some comments on the nonligapabilities of this approach will become evident in the pres-
ear minimization procedure developed in order to optimizeence of a strong field, for which there is, so far, no equally
the anisotropic Gaussian functions, which constitute the baaell working method.
sis sets. It is important to keep in mind that the optimization There exist numerous investigations on the transition
has to be performed for each field strength and each symmgvrobabilities of the helium atom in field-free space. Experi-
try subspaceN1,I1,) of the atom separately and representsmental results on the'8— n'P transitions fom=2-7 have
therefore an essential part of the previous and present invebeen presented in Rei25]. An early theoretical work that
tigations. The careful optimization is responsible for the ex-uses the basis set method due to Hylleraas in order to com-
tensive and accurate results obtained for many excited statgsite the oscillator strengths for the transition$S— n*P,
of helium in the presence of the field. The key point concernm=1,...,5, n=2,...,5 andm®S—n®P, mn=2,...,5

033416-3



W. BECKEN AND P. SCHMELCHER

10° . . . ; ;

iy
o
.

PHYSICAL REVIEW 465 033416

the relative accuracy of the corresponding total energies be-
ing a few times 10* or less(see Refs[11-13). Only for

two exceptional cases the inaccuracy is above 10%. Having
calculated both the length and velocity form of the oscillator

e o 0 strengths it turns out that in case these two values coincide
. well for a certain transition then there is, typically, also a
LA I 1 good coincidence with the “exact” values provided in Ref.
) [32]. Significant deviations appear only for some transitions
involving higher excitations, i.e., far=4. In these cases the
length form of the oscillator strengths is typically more ac-
. curate than the velocity form. Tentatively, the matrix ele-
“ ments of the derivative operators are, therefore, more sensi-
i 3 tive to the inaccuracies of our calculated approximate
. eigenfunctions than those of the dipole operators. The tran-
. sitions forbidden folB= 0 acquire, within our computational
10 10° approach, some finite but extremely small values of their
oscillator strengths. Similar statements to the above hold also
for the transitions involvingl #0. Although the oscillator
FIG. 1. The relative deviation of our calculated oscillator strengths of these transitions can be obtainedfel0 from
strengths for the transitions of the helium atom from those given inhgse involving exclusively th#1 =0 states, we have calcu-

Ref. [32] together with the corresponding wavelengths. Shown isjgted them in order to gain control on the reliability and
the subset of 53 nonzero oscillator strengths belonging to the "nea'éccuracy of our approach.

polarized transitions involving only the states with zero magnetic
quantum number.

107

3

107 ‘e

relative error of osc.strength

-y
o

10° 10° 10* 10° ¢

10
wavelength [R]

We conclude with a statement on the sum rules. Equation
(11) shows that the sum rule includes the continuum, which
has been done by Schifft al. [26] The same approaoh is is substantial particularly in the case of the helium atom.
used in Ref.[27] to calculate the strengths of all dipole- According to Berkowitz[33] we have for the transitions
allowed singlet and triplet transitionsnS—nP and nP  among the bound statesS, andk'Pg, k=2, ... =,

— kD with n,m,k<10. Using a hyperspherical adiabatic ap-
proach for the singlet transitiona!S—n'P with m,n<4,
data have been obtained that coincide very well with the
above one$28]. The oscillator strengths for transitions be-
tween the mD and nF states form=3,...,8 andn The deviation from the value see Eq.(11)] is due to the
=4, ...,8have been obtained by BroW#9,30 using Stur- missing contribution of the continuum. The electronic states
mian functions in a variational scheme. investigated in the present work provide the following value:

To our knowledge the most comprehensive work is by
Theodosioy 31] and contains all dipole-allowed transitions
among theS,P,D,F,G,H single-particle excitations of he-
lium up to the principal quantum numbar=21 for singlet

states and up ta=22 for triplet states. The corresponding which, although with only four states taken into account, is
data are listed in Ref32]. We will compare our results for  already close to the final value of the infinite sih®). This
B=0 with those given in this reference. The oscillator reflects the fact that the contributions from excited states
strengths‘;’i' of Ref.[32] and our definitiorf{; according to  decrease rapidly with increasing degree of excitation.

Egs. (6) are related byf;’i=[3Lf/(2Lf+1)]f§’i/ for L;=L;

+1 andf%=[3L,/(2L;+1)]f¢ for L=L+1. In order to B. Oscillator strengths in the presence of a magnetic field
compare our results with those of R¢82] we have illus- In the presence of a magnetic field the total angular mo-
trated in Fig. 1 the relative deviation of our calculated oscil-mentum is not a constant of motion and provides therefore
lator strengths from those given [i82]. Shown is the subset no good quantum number and no corresponding selection
of 53 nonzero oscillator strengths belonging to linear-rules. As a consequence the oscillator strengths of linear and
polarized transitions involving only the states with zero mag-circular polarized cannot be related by the Wigner-Eckhart
netic quantum number. Using the spectroscopic notation itheorem, i.e., they are independent quantities. We have inves-
the presence of the field these are th&al', ... 670", tigated for 20 values of the field strength that cover the re-
13-, ...,6Y%0 electronic states. Within the field-free gime 0<B<100 a.u., the oscillator strengths of the transi-
standard spectroscopic notation they correspond to the sifions among 90 excited electronic states including a variety
glet states 1Sy, ...,4Sy, 2Py, ... 5Py, 3'Dy4'D,,  of symmetries, specificallyM|=0—3,I1,=+1S=0,1. For
4'F,, ... 6F, and the triplet states 3%, ...,5S,, these symmetries the transitions between excited states up to
2%P,, ... 6Py, 3°D,4°D,, 4%F,,5°F,. We observesee the sixth degree of excitation have been studied. This results
Fig. 1) that the relative deviation of the majority of the cal- in a total of 12 000 transition wavelengths and corresponding
culated oscillator strengths is below 2%, which matches wittoscillator strengths. Due to this large amount of data we can

> f(11Sy—kiPy) =0.425 342<2. (12)
k=2

5
> f(11s;—k'Py)=0.389 145, (13
k=2
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FIG. 2. The oscillator strengthg atomic unitg of the linear-
polarized singlet transitions from the ground stat® to the ex-
cited states’’0~,v=1, ...,6 as dunction of the field strength in

the complete regime€B=<100 a.u.

FIG. 3. The absolute value of the oscillator strendthsatomic
units) of the linear-polarized singlet transitions from the excited
state 30~ to the states’0™,v=1, ... ,4 as dunction of the field
strength.

provide here only a very limited analysis of some selected,

but representative, data and will show their behavior in th@?gular momentum states whereas & isymmetry of the

presence of the external field in a pictorial way. The com-1'0" ground state is still, to some approximate degree,

plete data can be obtained from the authors upon request. maintained for the Y07 state. With further increasing field
Figure 2 shows the oscillator strengths of the linear-strength this changes rapidly.

polarized transitions among the singlet states involving the The extrema of the oscillator strengths shown in Fig. 2

ground state 10" and the excited states of negatixparity
v107,v=1,...,6 in thecomplete regime &B<100 a.u.
Transitions such as'0*—3'0" or 1'0*—5'0", which
are forbidden in the absence of a magnetic field, acquire

originate from the behavior of the matrix element$D |i)
contained in Eq96). This has to be distinguished from zeros
of the oscillator strength due to zeros of the prefactey (
& E;). If (Es—E;) becomes zero a change of sign for the

significant oscillator strength in the strong-field regime. Thisoscillator strength is typical and a zero of the oscillator

is due to the fact that the selection ryleL|=1 looses its
meaning in the presence of the field: the®1 state, which is

strength results. A corresponding example for such a behav-
ior is shown in Fig. 3, which shows the absolute value of the

of S symmetry for B=0, acquires contributions of oscillator strengths for the linear-polarized singlet transitions
D,G,l, ... angular momenta and the!® ,5'0~ states, 30 —»'0", v=1,...,4. Thesuppression of the strength
which are of F symmetry, acquire contributions from of the transition 40" —3'0~ aroundB~0.32 is evident.
P,H,K, ... angular momenta. These contributions increaségain one observes the increasing strengths of the transitions
with increasing field strength and become dominant in the
strong-field regime. From Fig. 2 we observe that the behav-

ior of the oscillator strengths for the transitionst0l 1 B

—1%07,2'0" as a function of the field strength is rather . | , 1 i ‘ | |
smooth. The corresponding total energy curMEH are also 1L B-0.008

smooth. In contrast to this the oscillator strengths of the tran- | l\ I Ml il | |l| |
sitions 10" —3'07, ... ,6'0" show rapid changes, particu- _ ° o008 B ‘

larly in the intermediate-field regime. This is due to the re- 2 1| ' ‘ ‘ ‘ ’ ‘ 1
organization and structural changes of the electronic wave? o = wowl bl oull ] |
functions of the 30—, ... ,6'0~ states, which reflects itself = °[ **° ’ ]
in avoided crossings of the corresponding energy curves as g L I L \ ‘ ’ ’ ‘

function of the field strength. The appearance of the oscilla- 4«  B-1000

tor strength of the transition!d™ —4'0~ as a function of . B L | ‘ ‘

10°
wavelength [A]

the field strength is particularly eye catching. ArouBd 10°
~0.04 a.u. the energy curve of théQ4 state comes very
close to that of the ¥~ state, which is arF state forB
=0. This fact leads to an avoided cross|dgd]. At the same
time the oscillator strength of the transitiortQl” — 410~
shows a well-pronounced minimum Bt=0.4 a.u. This is

because the ¥~ state acquires a strong admixture Bf

FIG. 4. The oscillator strengthgn atomic unit$ of the linear-
polarized and circular-polarized transitions emanating from the
singlet states with zero magnetic quantum number and positive
parity, i.e., v0t,v=1,...,6 for five diferent field strengths
B=0,0.008,0.08,2.0,100.0 a.u. from top to bottom.
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2
B=0 B=0
| L | L
0 . | L i I‘ \ 0 | | T | A L 1
11 B=0.008 11 B=0.008 ‘ ’
0 , I‘H |.L.\||“|I| Ju ” \ ‘ L " _ 0 . H Ll ||.|.|.|‘.\ ‘ .|‘|.I ‘\ ||I|| .|\ L
, | B-008 ] 4| B-008
: ol | ; ]
5 4 |m ol B 4 ] NI Y |
2 5[ B=20 ] £ 4| B=20
: T : |
© ]
§ 0 L1 || E 0 |
S 5t B=100.0 ‘ © 4} B=100.0 ‘
l N ) L
10° 10°* 10° 10° 10° 10°* 10° 10°

wavelength [4] wavelength [4]

FIG. 5. The oscillator strengthg atomic unitg of the linear- FIG. 7. Same as in Fig. 5 but transitions emanating from the
polarized and circular-polarized transitions emanating from the tripiriplet states with magnetic quantum numbed and negativez
let states with zero magnetic quantum number and positpaity, parity, i.e., v3(—1)",v=1,...,6 (atomic units for the oscillator
ie., 130", v=1,...,6 for five diferent field strengths strengthk
B=0,0.008,0.08,2.0,100.0 a.u. from top to bottom.

significant oscillator strengtfnote: due to the linear scale of
1'0*,2'0%,3'0"—3'0", which are strictly forbidden for the figures, transitions with an oscillator strendtk1 are
B=0, with increasing field strength. hardly or not at all visiblg The major peaks consist in many

In order to illustrate the evolution of the oscillator cases of several subpeaks of comparable strength, which re-
strengths of the many investigated transitions with increasin@lects the fact that there are near degeneracies for the transi-
field strength we show in Figs. 4-9 the oscillator strengthsions of the helium atom in field-free space. Turning on the
and wavelengths of the transitions among certain subspacigld strength the degeneracies due to the high symmetry of
with increasing field strengths for the value8  the atomforB=0 a.u. are lifted and many new lines appear,
=0,0.008,0.08,2.0 a.u. an@=100 a.u. More precisely ij.e., the spectrum becomes much dengsee row B
Figs. 4-9 show the oscillator strengths and wavelengths o£0.008 a.u. in Fig. % In particular, the number of different
the linear and circular polarized transitions emanating fromransitions possessing a significant strength has multiplied.
the subspaces »'0*, %0, »(—1)7, »*(=1)",  Furtherincreasing the field strengthBe=0.08 a.u. and then
vi(=2)*, andv®(—2)* for v=1,...,6,respectively. Fig- B=2.0 a.u.(third and fourth rows of Fig. 4, respectively
ure 4 shows the evolution of the spectrum of the oscillatofprovides a strong redistribution of the oscillator strengths as
strengths for the transitions originating from the spin-singletwell as a rearrangement of the spectrum of wavelengths. In
and zero magnetic-quantum-number states belonging to th@e strong-to-high-field regime the tendency is again to have
subspace/'0". ForB=0 a.u. the transitions cover the re- the major oscillator strengths in a few energetically well-
gime of wavelengths #8-10' A. However, most of the separated transitions, i.e., the spectrum of oscillator strengths
transitions with a significant oscillator strength are located irand wavelengths becomes “dilute” again. This tendency
the regime 18-2x10° A. In between the main peaks there stems from the fact that a high symmetry and its correspond-
are regions where almost no transitions occur that possessigy degeneracies are restored for very strong fields. Inspect-

2

i B0 ‘ 2[  B=0 ‘
0 ‘ A ‘l | |I 0 ‘ I ‘| I h ! ‘ ‘
1 B=0.008 o[ B=0.008
| IR ] 0 B 1 R
5| B=0.08 s B-008 ‘
-‘g) L ‘ |M| ‘ % 0 Ll | ‘l.l HI ‘
g 4 B=20 £ 4 B-20
g L] g e ‘
8 4 B=1000 © 3[  B=1000 ‘ ‘
] | ] L. H \ | ‘ ‘

wavelength [4]

10

5

wavelength [A]

FIG. 6. Same as in Fig. 4 but transitions emanating from the FIG. 8. Same as in Fig. 4 but transitions emanating from the

singlet states with magnetic quantum numbet and negative

parity, i.e., vl(—l)’,v= 1,...,6(atomic units for the oscillator

strengths

strengths

033416-6

singlet states with magnetic quantum number2() and positivez
parity, i.e., Vl(—2)+,v=l, ...,6 (atomic units for the oscillator
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) B-0 ] intermediate-field regime. In discussing the properties of the
| ‘ ’ ‘ | distributions of the oscillator strength for different field

0 - Y L strengths, the reader should keep in mind that a comparison

o[ Be0.

’ ‘ ‘ ] of the atomic data with the astrophysical observation re-
o A ‘\ M\ ‘I\‘\ il \‘ quires not just some knowledge on the averaged spectral
B=0.08 ] properties but accurate data on many individual transition

wavelengths and their oscillator strengths.

Figures 6 and 7 show the singlet and triplet transitions

g 4 B=2.0 1 . . .
5 | ‘ ‘ ‘ ‘ emanating from the subspaces’¥(—1)~ with negative
5 0 ! | magnetic quantum number and negatyrity. Many of the

overall properties discussed above hold also for these transi-

tions although the individual distributions are quite different.

Figures 8 and 9 complete our presentation of the oscillator

strengths by showing the corresponding distributions for the
FIG. 9. Same as in Fig. 5 but transitions emanating from thetransitions originating from the singlet and triplet

triplet states with magnetic quantum numbe2 and positivez ~ subspack¥(—2)". A final remark is in order: only transi-

parity, i.e.,v*(—2)",»=1,...,6 (atomic units for the oscillator tions with large oscillator strengths are visible in Figs. 4—-9.

strengths These transitions, however, represent only a small part of the

investigated spectral range.

ing the regime of Fig. 4 for short wavelengths one observes

a couple of peaks located around 60 nm ®+0 a.u., IV. BRIEF CONCLUSIONS AND OUTLOOK

which shift very little up to the field streng®B=2.0 a.u. For

B=100 a.u., however, this group of peaks is located at sig

wavelength [4]

_ With the present work, a lot of information on the bound-
state properties of the helium atom in a strong magnetic field
Orﬁqs been provided. We have analyzed the behavior of the

: + - - oscillator strengths and wavelengths of the transitions with
the tightly bound ground state™ and the binding energies increasing field strengths. For weak fields the splitting of the

of tightly bound orbitals raise monotonically with increasing ) L .
field strength. FoB=100 a.u. these transitions possess Jevels and the broadening of the distributions of oscillator

significantly smaller oscillator strength and are therefore nolst_rength; Is observed. For fields of [ntermedlate strgngth a
included in Fig. 4(last row. The reason for the smallness of wide regime of wavelengths and oscillator strengths is cov-

the oscillator strengths for transitions involving a tightly ered by the transitions whose character changes strongly. In

bound orbital and an orbital that is not so tightly bound is thethe high-field regime, order dommates again and the_re are
nly a few transitions possessing a significant oscillator

small overlap between the orbitals and the resulting Smastren th that are associated with low-lying energetical exci-
values for the dipole-matrix elements. tationgs ying 9

Figure 5 shows the evolution of the spectrum of the os- The oscillator strengths investigated here are needed for
cillator strengths for the transitions emanating from the spin- g 9

triplet »°0* subspace. The above-discussed behavior for thgolvmg the radiation-transport equations in order to obtain

distribution of the oscillator strengths and wavelengths of theSyntheuc spectra for the atmospheres of magnetic white

singlet states with increasing field strength can be observe(awarfs' This will help to understand the spectral properties

here too. A closer look, however, reveals that the individuaf”lnd consequently will allow to decide upon the origin of

values for the transitions are quite different. Referring to anCertaln magnetic objects. Beyond the present investigation it

independent-particle picture one can show thauffe® sub- will also be necessary to study the continuum of the helium

space does not contain configurations where both electronastom in strong magnetic fields, i.e., to determine the reso-

are in tightly bound hydrogenic orbitals. However the &%’;ﬁf;ﬁ?ﬂvﬁsme rlgmrzezt;,o:nzjh\r/\iﬁhe?(lga:é g]rfdf:gtjﬁ dsgf(f:gjn
v3}(—1)" subspace that is “connected” to the’0* sub- 9 brog

space via circular-polarized transitions contains the tightlyknowIedge on atomic properties in fields.

bound £(—1)" state. Therefore a group of transitions that
acquire increasingly shorter wavelengths with increasing
field strengths exists also for the transitions shown in Fig. 5. The Deutsche Forschungsgemeinschaft is gratefully ac-
However, they possess a comparatively small oscillatoknowledged for financial support. We thank H.D. Meyer for
strength and are invisible on the scale of Fig. 5. It is a genfruitful discussions. This work was completed during a visit
eral feature of the high-field regimésee fifth row B of P.S. to the University of Regensburg whose kind hospital-
=100 a.u. in Figs. 4 and)3hat the dominant peaks of the ity is appreciated. Financial support by the Graduiertenkolleg
distribution of oscillator strengths possess much larger absdNonlinearity and Nonequilibrium in Condensed Matter” is
lute values than the dominating peaks of the weak- andratefully acknowledged.
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