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Energy levels of the 42121’ 2S® and 2*P®° states of the helium negative ion in magnetic-field strengths up
to 4.7011x 10* T are calculated by using the multiconfiguration interaction approach. The extended full core
plus correlation FCPQ method and the saddle-point technique are used to construct the nonrelativistic wave
functions. We have observed that the field effects on the states considered are quite unusual. In the presence of
a magnetic field, three previously unobserved stable states associated with the tedljpfPland 1s2s S
thresholds are predicted. The possibility of attracting an extra electron by the pafestate is also analyzed
in the low and medium regimeg8<0.1 a.u). The opening of new decay channels of tre24? 2S resonance
state connected with the higher threshold due to field effects is analyzed. Two significantly different resonance
mechanisms for thesPs? state are proposed and discussed briefly.
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[. INTRODUCTION has at least one bound state in a strong magnetic field.
The absorption features in the observed spectra of some
The formation of negative ions in a magnetic field haswhite dwarfs may be expected to include the so-called sta-
attracted considerable theoretical interest since the discovetionary transitions of a magnetized helium atom. Jordan
of astrophysical compact objects with large magnetic-fieldet al. [8] presented a strong argument for the existence of
strengthg 1] and donor centers in semiconduct¢?d. The  atomic helium on the surface of GD229 based on the accu-
strong magnetic field considerably compresses the atomiate wavelength spectrum obtained by Becken and
systems in the transverse direction. For a negative ion, thEchmelchef9]. If we assume that the atmospheres of some
effective interaction between the internal electrons and amhite dwarfs are abundant in helium atoms, we can postulate
extra electron may be considered as an attractive ondhat the stable helium negative ion may also exist with a
dimensional polarization potential, which supports onelarge probability even though the field-free Hés a rather
bound state at least. As pointed out by Avrenal. [3], for  weakly bound system. The formation of Hetable states is
example, the hydrogen negative ion has an infinite number ddritically dependent upon the magnetic-field strength.
bound states in the presence of a magnetic field. An investigation of the He ion will provide physical
Very recently, advances have been made in understandingsights into the electronic properties of complex negative
the H™ ion in magnetic fields. Al-Hujaj and Schmelcher]  ions in magnetic fields. In this paper, we will investigate the
used anisotropic Gaussian-type basis sets in cylindrical coots2I21’ 2S°, and >*P®° states of the He ion in magnetic
dinates to calculate the binding energies of the idn in  fields in the energy region between the He?1S and
strong magnetic fields with high precision. Also, Bezchast-1s2p 1P thresholds. In the energy region considered, not
nov et al. [5] presented a closed analytic expression, with aonly bound(in the nonrelativistic limit but also shape and
form similar to that given by Avroret al.[6], to estimate the Feshbach resonance states are present. It is of interest to
binding energy of H in weak magnetic fields. Hp7] inves-  investigate how these different states are influenced by mag-
tigated the combined external electric- and magnetic-fieldhetic fields. Most of the work on negative ions, such as H
effects on the'S%(1) and 'D®(1) Feshbach resonances of have been concerned with the bound states induced by strong
H™ below the HN=3) threshold. Compared with the™H magnetic fields lying just below the ground state of the neu-
ion, however, the problem of a Heon in a strong magnetic tral atomic core. While no bound states exist for the hydro-
field has received comparatively limited attention. To ourgen ion near the €, 2p_; and higher thresholds except for
knowledge, no previous works have been presented with dehe 2p? 3P¢ state, this is not true for the case of the Hen
tailed calculations for the He core-excited states in which in which quadruplet states exist. In addition to the energy
two active electrons are simultaneously affected by magneticegion below the He 4° state, we also focus our attention to
fields. Energy levels and transition wavelengths of the He the determination of possible bound states lying above the
ion in magnetic fields are not available in the literature so farJowest Landau level of the system. In particular, the stable
although Avronet al. [6] concluded 20 years ago that He states induced by field effects near the helius243S
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—~ FIG. 1. Nonrelativistic energy of He and He
= 2157 125 '8(-2.14597) 1s2s2p P(2.14005 | 2" below the HelN=2) threshold. The energy levels
B of helium are taken from Refl7]. The energy
2 | values of the He 1s2s?2S, 1s2s2p“P,
8‘ 125 °S (-2.17523) 1s252p *P(-2.17804) 1s2s2p 2P, and 1s2p? “P are taken from Refs.
g 15262 75(2.19193) [9,10,12,13, respectively. All the energies are in
& 2202 7220 hartrees.
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thresholds are discussed in detail. As discussed below, oand 1s2s'S, and show the significant Feshba@r closed
paper shows that some of the resonance states turn out to beannel resonances. The autoionizing channstés ?S and
stable states in the presence of magnetic fields. Additionallyls?ep P are, respectively, open for these two states. It
the question whether the Hesystem in magnetic fields has should be emphasized that although tls2<2p 2P state lies
an infinity of bound states is analyzed in general. above the He 42s3S state, it cannot be designated to be a
In the present paper, calculations of the bound or shapéP shape resonancesee Ref.[14] for further details and
resonance states are based on the extended full core pltsferences thereinin fact, the 52s2p 2P state is a broad
correlation method10] while calculations of the autoioniz- Feshbach resonance formed by the dipole mixing of the

ing states are made within the multiconfiguration interactior( (1s2s)'S,2p] and[(1s2p)*P,3d] configurations.
scheme combined with the saddle-point technidadé].

Compared with field strength observed in the surface of neu- B. Hamiltonian and symmetries

tron stars (161 T), the field strength studied here is low;

on the other hand, it is supposed to be strong enoughT)L0
to neglect the effects of spin-orbit interaction. All the discu

We assume that the magnetic field is pointing towards the
s-positivez direction and we assume also that the nuclear mass

sions in this paper are limited the nonrelativistic approxi- S Infinite. The nznrelaﬂwsﬂc Hamlltom.anf_ O|2| the tgree—
mation The effects of nuclear motion and relativistic au- €/€ctron He in a homogeneous magnetic field can be ex-

toionizing processes have not been considered in the preseff€Ssed in spherical coordinates as

paper. 3 3
1 2 1 1
He3 [-yvi-2ig 3
i=1 2 r)  2if=11j
II. BASIC FORMULATION
3
—— _ 1 2 |
A. Field-free He™ ion +Z [5,82 i2_ 5\[@32“2\(20(@ L) |+ B(L,+2S,),
Before discussing the behavior of Hén magnetic fields, =1
let us briefly overview the field-free low-lying states. Four D

energy levels of interest,sPs??S, 1s2s2p *P, 1s2s2p 2P, _ o _

and 1s2p?“P, are shown in Fig. 1, as well as the corre- Where the field parametgs is given by 8=B/Bo, with Bg
sponding energy levels of the helium atdm2-17. The =4.7011X 10° T. Ther; represent the distances between the
lowest quadruplet 42s2p *P state lies 77.518 meW.2] be- electrons and the nucleus; thg the distances between elec-
low the He 1s2s3S. This state is not able to autoionize trons; and theY,,(6,¢) are the usual spherical harmonics.
through the Coulomb interaction and may be consideredecause of the external strong magnetic field acting on the
metastable or bound in the nonrelativistic approximationelectrons, the spherical symmetry of the field-free system is
The lifetime of the 52s2p *P state is principally dominated broken, and then the total angular momentum quantum num-
by the high-order relativistic autoionization process via weakoersL are not good quantum numbers any longer. In the
spin-orbital and spin-spin interactions. The2p2“P state  Presence of the external magnetic field, the total spin angular
lies 12.4 meV[16] slightly above its parent<2p P state ~Momentums the total azimuthal quantum numbe¥l and

and shows an apparent shape open channgiwith a reso- Mg, and the totalz-parity IT,=(—1)%=1i—™) are good
nance character. Thes2p? “P state of He ion is different quantum numbers and may be used to denote the states.
from those of other neutrgbr positive three-electron sys- Since our paper is concerned with relatively low-field-
tems in that the state in lithium lies below thes2p 3P strength regions§<1), in addition to the conserved quan-
threshold and is a metastable rather than a potential shapem numbers, we use field-free notation to approximately
resonance. Other statess2k??S and 1s2s2p 2P, lie, re-  describe the He ion. With this notation, one can easily fol-
spectively, below the corresponding parent state®8s£S  low how a particular state evolves with increasing field
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strength. For simplicity, we omitted the total spin magnetictronic properties of the €2p?*P_, state. As a result, we
quantum numbeMg in the notation of states since only may take He $2p_; as our first two-electron core and He
states withM g= — S are discussed throughout this paper. 1s2p, as the second one, both of which are paired with the
2py and 2p_, electrons, respectively, to build up the total
C. Construction of the configuration interaction wave function.
wave functions In Eq. (2), ®;(1,2) and ¢;(3) are expressed as linear

We are interested both in bound and autoionizing Statesc_omblnatlons of Slater-type orbitals, i.e.,

Different treatments are necessary for these two kinds of

states. Special attention should be paid to the autoionizing ‘Di(llz):A; Ci(limyl ,my [l my)rir)
1s2s?2S and 1s2s2p 2P states. In this paper, the bound and en

potential shape resonance states are treated by using the Xexp(—ay 1= B1r2) Y m (21)
Rayleigh-Ritz variational method, and the saddle-point tech-

nigue has been applied to describe the autoionzing states of ><Y|2m2((22)x(1,2) 3)

He™ in magnetic fields. For the configurations212|’ stud-
ied here, the innerdelectron is tightly bounded, but the two and
outer active electrons are more sensitive to the external
fields. Even relatively low-field strengthg@ 1) have a sig- _ n,—pr
nificant influence onythe electronic r?]ofo(;. g:onsidering the wi(s)_; durge SY'3m3(Q3)X(3)' @
fact that the He ion is a three-electron system with a quite
weak binding, we restrict ourselves to investigate the struckn the actual calculations, the wave function of each atomic
ture properties of He in the low-field region =<0.2 a.u), core [see Eq.(3)] was predetermined and was treated as a
which is characteristic of the field strengths found in whitesingle term in the wave function of the three-electron system.
dwarfs. Correlation effects are not negligible for doubly excited
states in magnetic fields. The last term of E2), necessary
1. Wave functions of the bound and shape resonance states for accurate calculations, is constructed in terms of Slater-

Based on the considerations above, the wave functions af$P€ Orbitals. This contribution is designed to describe the
expressed in terms of spherically symmetric basis sets, i.ecorelation between three electrons, such as the core-
Slater-type orbitals. For the bound and shape resonand¥larization effect induced by the outer electron. The strat-

states the wave function of the system takes the f@d egy used in this_ work has a_substantial advar)tage over other
Cl approaches in that the size of the generalized eigenvalue

problem is considerably reduced given that the wave func-

tion of each core state consists of a single term. For instance,
(2)  the dimension of the eigenvalue problem needed to be solved
does not exceed 500 basis functions in most cases,
thus, avoiding the problems due to numerical instabilities.
hese considerations apply as well to the case of the
S2s02p_1 *P_, state.

Y(1,23=A E Ci®i(1,2)¢i(3)+z CiCDi(1,2,3)}.

The summation in the first term on the right-hand side of Eq
(2) is over all possiblecore+I configurations. At first
glance, of course, it seems that there does not exist a mea
ingful two-electron core for the 2p?*P and 1s2s2p *P,
since only one electron occupies the inney, brbital. No-
tice, however, that the doubly excited states in the presence
of magnetic fields are different from those in the field-free We will use the saddle-point techniqli#l] to build the
case. Consider thes2p? *P state as an example to illustrate wave function for autoionizing states in strong magnetic
this point. Although the angular momentum of a single elecfields. The lifetimes of the 92s°?S; and 1s2s2p*P_;

tron is not a conserved quantum number, ztemponent of ~ resonances of interest, strongly depend on the nonrelativistic
the total angular momentum, with eigenvalMg = 3;m;; = autoionzing process via the direct Coulomb interaction since
—1, is conserved. Thus, a number of possible angular corPoth states have asg vacancy orbital. Similarly to the oc-
figurations with (n;,m,,mz)=(0,0—~1), (0,1~2), and cupied orbitals, the vacancy orbital is also influenced by the
(1,—1,—1), ...,should be incorporated into the total wave €xternal magnetic field, thus, this single-electron orbital is
function, in order to take account of the angular correlations@lso constructed using a linear combination of spherical
It may be expected that the contribution to the energy fromSlater-type basis sets. The closed-channel wave function of
the (m;,m,,mg)=(0,0,—1) configuration is dominant com- the resonance state is given by

pared with the other ones. Combined with the consewed

component of parity, we can reasonably denote the state as \Ir(1,2,3)=A2 Ci[1-P(i)]9;(1,2,3, (5)
1502po2p—1 *P_;. It is well known that in the case of hy- i

drogen, the P_; electron shows a different character than ) . o o

the 2, electron: the P_, electron is more tightly bounded Where P(i) =415 (1)){#15,(i)| is a projection operator.

in a magnetic field1]. In other words, the @_; and 2,  ®;(1,2,3) is similar to the second term of E®), which has
electrons play quite different rolggvhich may be also seen been constructed in terms of Slater-type orbitals. In order to
from the calculations that followin determining the elec- span as well as possible the function space with broken

2. Wave functions of autoionizing states
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B B e B B B e L R ous functions of the field strength up to 4.706410* T. Nu-
I merical results for the energy levels of the Hien are listed
210 in Table I.

-2.15
A. Bound and shape resonance states in magnetic fields

-2.20 Given that spherically symmetric basis sets are used to

construct the wave function in which a number of angular-
spin components is included, it is important to examine the
convergence of the energy eigenvalues as the number of
components is increased. As a typical example, the energy
convergence of thesPpy2p_, state ai{3=0.10 a.u. is given
in Table Il. The helium atom orbitalssPp_; and 1s2p, in
the presence of the magnetic field are regarded as two core
states in Eq(2). Accurate energies of helium obtained with
- : Hylleraas-type wave functions are also listed for comparison
248 o 25 [;8]. It. is interesting to observe that the tvvmre.+l con-
bau) figurations[1s2p_;+1] and[152p0+l],_sh(_)w quite differ-
o ent convergence patterns. The contribution to the energy
FIG. 2. Energy levels of He £2s3Sy(a), 1s2p_; °P_4(b), from the[1s2p_,+I1] component is obviously larger than
1s2p_;'P_;(c), and 1s2s!Sy(d) states and He thatof the[ 1s2p,+I] component for the same bfFigure 3
152po2p_1 *P_1(€), 1s2s02p_;*P_4(f), 1s2s32Sy(g), and  shows the convergence wiklat 5=0.10 a.u. As one can see,
1s2s42p_1 2P_4(h) states in magnetic fields up #6=0.10 a.u. the convergence of thels2p_,+1] components is slower.
(B=B/4.7011x 10° T). All the energies are in hartrees. With the help of a single-particle picture, this can be ex-
plained as follows: the nodal surfaces of the;zand 2p_
spherical symmetry, it should be emphasized that not onlptates are, respectively, transverse and parallel to the direc-
occupied but also unoccupie@racancy electron orbitals tion of the magnetic field. In the presence of a magnetic field,
contain nonlinear exponent parameters. The optimal variagthe 2p_, electron is squeezed in a smaller region alongzthe
tional energy of the resonance staies (W|H|W)/(¥|W), axis compared with the® electron, whose charge density
is determined by a process of minimization and maximizatakes nonzero values along thexis. As a result, the (2,
tion with respect to the nonlinear parameters of the occupieélectron has a more pronounced cylindrical symmetry at a
and unoccupied orbitals, respectively. specified field strength. Thus, it is not surprising then that the
[1s2p_;+1] components show a relatively slow conver-
gence rate given that we are using basis sets with spherical
symmetry to describe these states. From Table Il, we see also
Figure 2 shows the energy levels of the Hstates stud- that the contribution from th¢(2,2)1,0 component is the
ied, as well as the corresponding parent He states as continl&rgest among the three-electron correlation terms. This sug-

-2.25

-2.30

Energy level (a.u.)

-2.40

IIl. RESULTS AND DISCUSSION

TABLE I. Energy of the He 1s2I2l’ 2S® and 2*P®° states in the field regim@=<0.10 a.u. All the
energies are in hartrees.

B(a.u.) 15252 %3, 1s2s02p_1 2P, 1s2s02p_1*P_; 1s2pg2p_1 *P_;
0.000 —2.191772 —2.155752 —2.178017 —2.132637
0.002 —2.193633 —2.159565 —2.185815
0.004 —2.195 252 —2.163018
0.006 —2.196 635 —2.166 134
0.008 —2.197 793
0.010 —2.198712 —2.171476 —2.213567 —2.166 559
0.020 —2.200521 —2.180716 —2.243481 —2.196 144
0.030 —2.199043 —2.185627 —2.269 752 —2.222 563
0.040 —2.194 989 —2.187 542 —2.293392 —2.246 969
0.050 —2.189013 —2.187183 —2.315028 —2.269831
0.060 —2.181 659 —2.185113 —2.335132 —2.291835
0.070 —2.173304 —2.181635 —2.353990 —2.312767
0.080 —2.164 233 —2.177470 —2.371833 —2.332960
0.090 —2.154 624 —2.172 150 —2.388 840 —2.352 444
0.100 —2.144594 —2.166 093 —2.404 995 —2.371 360
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TABLE II. Energy convergence of the Hes2p_; ®P_; and 1s2p, 3P, cores and the Heion 1s2py2p_, *P_; at 3=0.10 a.uCorel
andcore2 represent the first €p_; *P_,) and second (42p, 3P,) atomic cores, respectiveli is the number of terms included in the
angular component. All the energies are in hartrees.

1s2p_,3P_, 1s2p, 3P, 152pg2p_1 *P_4

(I1,19)112 N —AE (I1,12)112 N —AE [(11,12)1 12,15 N —AE
0,11 35 2.3620399 (0,11 35 2.2909477 [corel, 11 11 2.3422843
(1,21 24 0.0012603 (1,21 24 0.0010979 [core2,1]1 11 0.0058089
(2,31 15 0.0000720 (2,31 15 0.0000597 [corel,3]3 9 0.0117835
(3,91 19 0.0000108 (3,41 19 0.0000089 [core2,3]3 9 0.0019252
(4,51 10 0.0000023 (4,51 10 0.0000019 [corel,55 7 0.0030257
(5,61 6 0.0000006 (5,61 6 0.0000005 [core2,5]5 7 0.0001423
6,71 3 0.0000002 (6,71 3 0.0000001 [corel,7]7 5 0.0011530
0,33 16 0.0012638 (0,33 16 0.0029313 [core2,7]7 5 0.000014 1
(0,55 19 0.0000355 (1,23 19 0.0000024 [corel,9]9 3 0.000514 4
Total 147 2.3646855 (0,55 15 0.0001368 [core2,9]9 3 0.000001 8
2.364 69 0,97 15 0.0000080 [corel, 1111 3 0.0002520
Total 177 2.2951953 [core2,11]11 3 0.0000003
2.2952F [(1,1)1,01 63 0.0004512
[(2,2)1,01 43 0.0033656
[(3,3)1,01 15 0.0002253
[(1,1)1,21 21 0.000005 8
[(1,1)2,21 31 0.000004 7
[(1,001,71 20 0.0000015
[(4,4)1,01 22 0.0000255
[(55)1,01 13 0.0000070
[(1,2)1,71 10 0.0000034
[(1,2)2,01 10 0.000000 2
[(1,1)2,02 34 0.000007 5
[(2,2)0,03 22 0.000107 3
[(3,3)3,03 15 0.0002494
[(5,5)5,05 15 0.000000 3
Total 410 2.3713601

8Scrinzi[18].

gests that there exist a strong coupling between the I(He )=E1—Ei(He ) =Eo(He)— Eioi(He ), (8)
1s2p? “P_, and 1s3d? “P_, configurations.
For the field-free case, thes2p® *P_, state is a potential whereE,.,(He) andE,,(He") are the total energies in the
shape resonance state. We have found, however, an interefiagnetic field of He and He respectively.
ing and surprising result: as can be seen from Fig. 2, the |n the case of the $2s,2p_; *P_; state, we find that its
152p2 4p_1 state turns out to be a bound state at fieldenergy is a|WayS lower than the energy of the F@gﬁs
strengths 5=0.002 a.u. In Table Ill, we show the total- threshold, as the field strength is increased. Similar to the
energy and electron-detachment-energy values of the boung|d-free case, we can consider the2$,2p_,*P_; as a
states |r_1du_ced _by field effects. The ionization threshold in theyound state if we neglected the relativistic spin-induced au-
magnetic field is expressed as toionizing process. The hinding energy of this state increases
B B 3 when the field strength is increased. A natural question can
Er=B(IM([+M_+2Ms+3)—Es(He,1snl*),  (6) then be raised: does the series®§,np_; *P_; exist below
3 . .
where £z(He,1sn1?l) represents thdbinding energy re- the He 1s2s°S, threshold? To answer this question, we have

’ : o
quired to completely dissociate the helium atom into two freecalculated the 82s,np_, "P_, states in a magnetic field, as
electrons and a nucleus. It reads shown in Fig. 4. In the absence of a field, only the

1s2s2p *P_; state lies below the heliumsPs3S state. But
Ea(He,1snl®)=B(IM |+M +2Mg +2)—Eo(He). we found that the 42s3p *P_, will become a bound state
7) after the field strength increases beyond 0.08 a.u.; other
1s2snp*P—1 states still remain as resonances. In other

In our present caseMl , M| <0, Ms=-3/2, andMs =  words, only afinite number of bound states with a given
—1, thusE= — &(He,1snl®l). With Egs.(6) and(7), the =~ symmetry exist near thesPs3S threshold. Notice that this
electron detachmergor binding energy reads does not contradict the universal premise that states that an
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FIG. 3. Energy convergence of the H&s2p,2p_, *P_, state FIG. 4. Energy levels of the He sPsy3S, and He

with increasing angular momentum.E, is the contribution to en-  1s2synp_, *P_, states in magnetic fields up =0.20 a.u. 3
ergy from the [1s2po+1] or [1s2p_;+1] component. Field =B/4.7011x10° T). The 1s2s,3p_,*P_; state will become a
strength is3=0.10 a.u=4.7011x 10* T. All the energies are in  bound state lying below the Hes2s 3S, threshold, while the field
hartrees. strength exceeds 0.08 a.u. All the energies are in hartrees.

infinite number of bound states exist for negative ion systemenergy of the second eigenstate decreases further, and even-
in magnetic fields, since new bound states may be expectddally lies below the helium 42s3S threshold.

to exist below other ionization thresholds. A reason for the To check whether the bound states induced by the mag-
appearance of new bound states at large enough fieldetic field occur only in negative ion systems, it is useful to
strengths is that the anticrossing between the second- and thempare the helium negative ion with the neutral lithium
third-energy levels occurs aroung=0.05 a.u. due to the atom. Thefield-free lithium Rydberg series £2snp*P(n
identical symmetry of the configurations. As a result, the=2,3,4 ...) converges, with increasing, to the parent

TABLE Ill. Total energy E;.,;) and electron detachment energl) (of the bound states induced by
magnetic fields. All the energies are in hartrees.

1s2p2p_1 4P, 152s,3p_1 *P_; 1s52s,3d_,%D_,
B (a.u) Eiot I Etot | Etot I

0.002 —2.139504 0.000 40

0.005 —2.150392 0.00251 —2.185216 0.00018
0.01 —2.166 559 0.004 45 —2.195595 0.00113
0.02 —2.196 144 0.007 03 —2.216 075 0.003 85
0.03 —2.222563 0.008 12 —2.235312 0.006 72
0.04 —2.246 969 0.008 59 —2.253127 0.009 43
0.05 —2.269 831 0.008 66 —2.269616 0.01193
0.06 —2.291835 0.008 43 —2.284912 0.014 26
0.07 —2.312767 0.008 14 —2.300326 0.016 06
0.08 —2.332960 0.00777 —2.297192 0.00094 —2.314256 0.018 00
0.09 —2.352444 0.00725 —2.312089 0.00442  —2.327 467 0.019 80
0.10 —2.371360 0.00668 —2.325692 0.00712  —2.340091 0.02152
0.11 —2.339540 0.01051 —2.351577 0.022 54
0.12 —2.352 260 0.01317 —2.363117 0.024 03
0.14 —2.375843 0.01769 —2.385009 0.026 86
0.15 —2.386 773 0.01956 —2.396476 0.029 27
0.16 —2.397 217 0.01963 —2.410210 0.03263
0.19 —2.425646 0.02160 —2.437271 0.03322
0.20 —2.434 255 0.02166  —2.446613 0.034 02
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FIG. 5. Energy levels of the He s2sy3S, and He
1s2sond_, *D _, states in magnetic fields up #©=0.10 a.u.
=B/4.7011x10° T). The 1s2s,3d_,*D_, state will become a
bound state lying below the Hes2s 3S, threshold, while the field
strength exceeds 0.005 a.u.
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FIG. 6. The non-normalized radial function of thd 8lectron in
the He™ 1s2s,3d_,“D _, state. The field strengths are 0.05, 0.10,
and 0.20 a.u(1 a.u=4.7011x 1C° T), respectively.

that the radial functions witld symmetry have no nodes.
This indicates that we can reasonably identify such state by

1s2s3S state. In our calculations, the magnetic field does nof (1s2s)3S,3d]*D _,, which turns out to be a bound state as
produce any new stable states in lithium below thethe field strength exceeds about 0.005 a.u. The detachment

Li "1s2s3S  threshold. All of the ®2snp*P(n

energies for this state are also listed in Table Ill. From Fig. 6,

=234 .. .)states in a magnetic field are always lower thangs we expected, the density distribution for the @ectron
the 1s2s°S state. We concluded then that the appearance Qfpncentrates in a smaller region near nucleus as the field
new bound states induced by an external magnetic field IStrength is increased.

merely a characteristic of negative ions. We emphasized that Next, we discuss the possible existence of bound states

in Li, Rydberg series do exist due to the long-range Coulom

interaction between an external electron and the ¢are.
In addition to the*P® ; states, a new stabRD*® , state is

also found near the<Ps3S threshold, as one can see from
Fig. 5. In order to obtain a better insight into the bound

‘D

Below the He 322S threshold in magnetic fields. If there

exist bound states below the?threshold, we may approxi-
mately designate them as?hl. In this paper, we study the
possible existence of a bound state near the sfestate by
varying the nonlinear parameter in the outer electron orbital

» state induced by field effects, we have used a parenty, grger to change both the energy and the space distribution

age projection method to classify the state structure. FirSlyf the state of intereg20]. The latter one is roughly mea-

the two-electron parent €2s) 3S wave function in magnetic

fields may be easily determined. The non-normalized radi

function of the extra electron is thus expressed 18§j

>

mip, M3 ’m512’ ms3

XXoym, (3)W(1,2.3),

f(rg)= COI2 ™ (1,2)Y) (D)

©)

where l;=2 ands;=1/2 for the “D symmetry.C is the
product of Clebsch-Gordan coefficients
C=(l12My2,13M3|LM | )(S1oMe12,53Ms3| SMg).  (10)

The integration in Eq(9) is made over all the spatial and
spin coordinates except the radial coordinaie

For the He [(1s2s)3S,nd] “D_, state with lowest en-
ergy, the radial function§(r) are plotted in Fig. 6 at three
field strengths §=0.05, 0.10, and 0.20 ajult can be seen

aiured by the average radil=(¥|=>_,r;|¥). If a state

ontains bound state components, the energy, as a continuous
function of R, will show a minimum at a specifieR value.
We take the $2s?2S, state at3=0.01 a.u. for example, to
illustrate this point(see Fig. 7. At 8=0.01 a.u. the depen-
dence of the energy of thes12s?S pseudstate on the&R is
shown in Fig. 8. Given the slow convergence, the energy
calculation included three angular components: edre
coret2, and core-4. We can see that the energy is mono-
tonically decreasing wheR is increased. This preliminary
test shows that in the regigf<0.1 a.u. no stable or bound
states are found for the symmetry of interest. Even though
there exist bound states with zero angular momentum of the
extra electron, the binding energies are expected to be much
smaller than those of the Hion, due to the smaller polariz-
ability of the helium %? configuration. Thus, a more sophis-
ticated approach, in which the external electron is described
in cylindrical coordinates, has to be used to make a definitive
statement. This will be done in future work.
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- r - r - r T T TABLE IV. Energy convergence of the Heion 15255 state at
214 ® =(1s25)'S+2s 4 B=0.01 a.u.N is the number of_ terms included in the angular
component. All the energies are in hartrees.
215 1 i Angular component N —AE
=0 +(0,1)1,1]0 [(0,0)0,010 116 2,176 4246
~ a16bk ] [(0,1)1,1]0 92 0.021 0585
2 [(0,2)2,210 57 0.000 065 3
g [(1,1)0,0/0 92 0.000727 3
E 217k - [(2,2)0,0/0 57 0.000026 4
w [(1,2)1,1]0 72 0.0001430
[(1,1)2,210 43 0.000003 8
2.18 | . [(1,2)3,30 10 0.0000020
[(0,0)0,010? 97 0.0002280
[(0,1)1,1902 48 0.0000332
21r i Total 684 21987122
2 ] 1 ] n 1 n ] 2 ] 2
10 12 14 16 18 20 22 4n these angular components, the spins of the first two electrons
R (a.u.) couple into a triplet.

FIG. 7. Energy of He 1s2s?%S, vs R ((W|=3_,r;|P)) at B _ _
=0.01 au. B=B/4.7011x10° T). ®, represents that only the Sented in Table IV. It can be seen that the24? is strongly
(1s2s)'S+2s configuration is included in the wave functiol,  coupled with the $2p®2S state. The field effects on the
represents that not only the §2s)'S+ 2s but also th (0,1)1,J0  energy levels $2s??S, and 1s2s2p ?P_,; may be found in
configuration are included. A stationary point arolRet11.3 a.u.  Fig. 2, together with results for stable states. We have found

may be observed. that the magnetic field causes the energy of the autoionizing
o ”s , states to increase. We should mention that, in R&f. the
B. Autoionizing resonance states: 42s° °S, and 1s2s2p “P_; author found the similar magnetic-field effects on the reso-

The energies of the autoionizing states calculated in thi§ance energies and widths for tH&%(1) and 'D%(1) au-
paper are obtained using multiconfiguration wave functiongoionizing states of H ion. In some cases, the field effects
combined with the saddle-point technique. lead to the opening of new channels, which are forbidden in

For the 1252 2S state at thgd=0.01 a.u. convergence as the case of no magnetic field. For the2s**S state, for
a function of increasing angular-spin components is pre€xample, in addition to thesf+ es channel, a new channel

associated with 42s 3S opens after the field strength reaches
-2.78 a strength of the order of 0.013 a.u. The magnetic field in-
] duces some additional complexities in the electronic proper-

280 ties of the negative ion. It is one of the decaying channels

that with the unperturbed targesas? state decays into its
own parent $2s3S state while simultaneously emitting an
electron. At first glance, thesPs? state may be classified as
a potential shape resonander the 1s2s3S+es channel.
284 But what mechanism produces such a penetrable barrier to

trap the electron within the lifetime of the resonance state? In
286 fact, the two-dimensional magnetic interaction proportional
to xi2+yi2 confines the electron only in they plane. The
motion along thez axis remains fredin magnetic fields
Consider, for example, thes2s® Landau excited state that
lies above the 42s3S, threshold: there does not exist a
280 three-dimensional penetrable barrier that can trap the elec-

tron within the resonance lifetime. Thus, for the channel
292 . L . - . - . 200 18253S+ €s, the 1s2s? 2S; is an autoionizing resonance in-
duced by magnetic-field effects. On the other hand, téfe 1
+ es channel, in which the internal degrees of freedom of the

FIG. 8. Energy of the He pseudols?2s state vsR at @ target were changed is also open for this state. We have to
=0.01 a.u. =B/4.7011x 10° T). The four angular components distinguish then between two different mechanisms for the
are used to describe the system. As one can see, no stationary po@itoionizing process associated with the”+ es channel.
is found up toR= 25 a.u. This indicated that #=0.01 a.u. the He  Both the two-body repulsive interaction between electrons
1s? statecannotattract an extra electron to form a stable Hathe ~ and the one-body diamagnetic interaction are dominant for
magnetic field. the decay. We cannot, therefore, identify the state using the

-2.78

-282 - -2.82
-2.84 -

-2.86 |-

Energy (a.u.)

-2.88 = -2.88

-2.90 |-

R (a.u.)
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standard notation without confusion. In other words, the dif-field, turns out to be a bound stata the nonrelativistic
ferent channels have to be individually emphasized for thepproximation when the magnetic field exceeds 0.002 a.u.
1s2s? ?S state of He ion in magnetic fields. (940 T). Other two bound states induced by field effects are
For the Is2s,2p_,2P_,, the new decay channel also found. The effect of the field on autoionizing processes
1s2p_,+ es will be open at a large enough field strength. is another interesting result obtained. The autoionizing pro-
cess is intricate given that the widths induced by the mag-
IV. CONCLUSION netic field are comparable to those in the field-free case.
Since spherical basis functions are used in this work, there
In the present paper, the modified full core plus correlayemains room for improvement in the energy values. But we
tion and saddle-point techniques have been applied to calcy not expect that a future refinement of calculations will
lations of the metastable and resonance states ofiblein  change our main conclusions.
a strong magnetic field. The nonlinear parameters of the ba- The negative helium ion is a quite weakly bound system
sis sets were Carefu”y Optimized for each giVen field Strengt%ompared with the H i0n7 and is very sensitive to the ex-
to yield reliable results. The energy range is limited belowternal field. We believe that the present calculations and con-
the He 12p 'P threshold. Given that compact, wave func- cjusions will improve our understanding of the atomic sys-

tions were used to describe the states of interest, it is NQems in strong magnetic fields, especially for negative ions.
necessary to expand the wave function in terms of a very

large number of basis functions. Correlation between the two
filgtr:\ée electrons is also accounted for in the present calcula- ACKNOWLEDGMENTS
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