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H-LIKE AND He-LIKE SYSTEMS
IN A SUPERSTRONG MAGNETIC FIELD:
NUMERIC CALCULATION
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The structure of the quantum states for the H-like and He-like atomic systems in a
static magnetic field (3=0.01~10000; in units of B, = m’e’c/W°Z> ) is studied.

The energies of the high-field ground states for neutral hydrogen and helium atoms
are calculated. An effective representation for the wave function Hamiltonian is used
at the calculations, obtained on the basis of the numeric solution of the Schrédinger
equation for an atom in magnetic field within the operator perturbation theory.

The electron structure of atomic systems
in strong magnetic field can be drastically
changed (e.g. white stars, pulsars etc.). The
interest to the problem of hydrogen atom in a
static magnetic field was alse stimulated in
the recent years by experimental observation
of complicated spectra with narrow reso-
nances coexisting with a broad one [1-10].
Hydrogen atom in static magnetic field has
been considered as a prototype of the quan-
tum chaotic system. Theoretical estimates of
its spectrum were carried out on the basis of
different approaches, in particular, the ran-
dom natrix theory, the WKB approximation ,
two-dimensional mesh Hartree-Fock method,
1/Z expansion theory [1-8]. It has been
shown that the predictions of the theory in
the immediate vicinity of the ionization
threshold are to be improved.

In this paper we consider and calculate
the structure of the quantum states of H-like
and He-like atomic systems in a static mag-
netic field (y=B/Bo=0.01-10000; in the units

of B, =m’e’c/h’Z*). We have constructed

the effective representation for the wave
function Hamiltonian. It is obtained on the
basis of the numeric solution of the
Schrédinger equation within the operator
perturbation theory method and the well-
known "distorted-wave" approximation in
the scattering theory [1]. It is shown that the
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wave functions and the structure of the
spectrum are intermediate between the regu-
lar and chaotic structure [1]. The estimates of
the resonance widths are presented. We also
calculate the energies of the high-field
ground states of neutral hydrogen and helium
atoms. The comparison of the obtained data
with the recent calculations results [10-12] is
presented.

The Hamiltonian in the cylindrical coor-
dinates is (the atomic units are used):

2 ~1/2 2
H=1/2AP+P)~(p*+22)"? +1/8 p* (1)

Here o denotes the magnetic field (along
the z axis). The paramagnetic term in (1) is
dropped as we consider Lz =0. The diamag-
netic potential 1/8w?p* confines the motion
in the direction which is transverse to the
magnetic field. We are interested in the
states, strongly stretched along the magnetic
field. The adiabatic-like separation in the
Schrédinger equation is possible for the
Hamiltonian

H=1/2(P} +P))-1/z+1/8"p’ )
The corresponding spectrum is:
2
E(n,,n,)=(n,+1/2)0-1/2n;)

The Rydberg series is coupled by the
non-adiabatic term: V =1/z~(p>+2z°)™""?.
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We prescribe to each electron a definite
value of the magnetic quantum number. The
corresponding differential equation system
and the method of its solution are in detail
presented in [1]. Note that the standard ap-
proach is based on the expansion of the
problem Hamiltonian wave functions in the
form of linear superposition with the further
use of the atomic bases. We have estimated
the resonances widths G for different energy
intervals. To calculate the values of G, we
have used the operator perturbation theory
method (see details in [1, 13-14]). Here we
only note that the resonance width is deter-

mined by the imaginary part of the state en-
ergy in the lowest PT order:

IME=G/2=nr<¥, | H|¥, >

with the total Hamiltonian. For the energy
interval of [(n-1/2)w<E<(n+1/2)w] we have
found that the resonances widths are ~0.003-
0.005. Here we have a good agreement with
the experimental data [4,5] and theoretical
predictions [7,8]. For the energy interval of (
-1/2 w <E<1/2 w ), a regular dynamical be-
havior takes place. However, when E ~ w,
chaotic behavior is observed. The Landau
levels are strongly mixed [14].

Table 1. Energies (in atomic units) of the ground state for neutral hydrogen and helium atoms at strong field

Z Rel, Y=0.5 y=1 Y=2 Y=5
1 [9-1] -0.88996 -0.66223 - -
[9-2] -0.88910 -0.66049 - -
[10] -0.69721 -0.83117 -1.02221 -1.38040
This work -0.78656 -0.85980 -1.16605 1.42620
2 [9-1] - -2.4000 - -
[9-2] . . - .
[10] -2.61555 -2.95969 -3.50205 -4.61725
This work -2.70032 -3.02680 -3.52040 -4.62378

Table 2. Energies (in atomic units) of the ground state for neutral hydrogen and helium atoms at strong field

7 Ref. Y=10 Y=20 Y=50 Y=100
1 [9-1] - - - -
[9-2] - - - -
[10] -1.74780 2221540 -3.01786 -3.78980
This work -1.75821 -2.22890 -3.04369 -3.80322
2 [9-1] - - - -
[9-2] - . - -
[10] -5.82951 -7.42770 -10.26449 -13.07665
This work -5.86001 -7.45012 -10.28789 -13.34278

Table 3. Energies (in atomic units) of the ground state for neutral hydrogen and helium atoms at strong field

Z Ref. Y=200 Y=500 Y=1000 Y=10000
I [9-1] - - - ;
[9-2] - - - -
[10] -4.72715 -6.25709 -7.66242 -14.14097
This work -4.73942 -6.26854 -7.67380 -15.01276
2 [O-1] - - . ;
[9-2] - - - -
[10] -16.57908 -22.46665 -28.03209 -55.15140
This work -16.60176 -22.47102 -28.34210 -56.62340
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In Tables 1, 2, 3 we present the results of
our calculation of the ground state energies
for neutral hydrogen and helium atoms at
strong field. For comparison we also show
the data, obtained in [9] on the basis of the
calculation within the expansion of the
Hamiltonian wave functions as a linear su-
perposition with the use of hydrogen-like (in
the tables it is designated as [9-2]) and Slater
functions (in the tables — [9-1]) bases. In Ta-
ble 1 we present the results of calculations
for the energies of the H and He atoms from
Ref. [10] on the basis of the two-dimensional
mesh Hartree-Fock method. The static mag-
netic field is changed in the interval:
y=B/Bo=0.01-10000, where the units are

B, =m*e’c/h’Z’. One can note a great dif-

ference between the presented data. This fact
confirms the complexity of the problem con-
sidered. The data presented in the tables pro-
vide informationn about the behavior of the
neutral hydrogen and helium atoms in the
complete strong-field mode. Useful infor-
mation about the behavior of an atomic sys-
tem can be obtained on the basis of the
analysis of the ionization energies of the
atom versus the magnetic field strength.
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H-IMTIOAIBHI TA He-IIOAIGHI CUCTEMMU Y
CHJIbHOMY MAT'HITHOMY I10JII:
YUCEJBbHHUHU PO3PAXYHOK
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JlocmimkeHo CTPYKTypy KBaHTOBHMX cTaHIB s H-momibumx Tta He-momibHux
aTOMHUX CHCTEM Y CTaTWMHOMY MardiTHoMy nosi (3=0.01-10000 B omuHuuax
B, = m*e’c/W’Z’). PospaxoBaHO eHeprii OCHOBHUX CTaHIB HEHTpaNBHHUX aTOMIB
BOJHIO TA Tleli0 Y CUIGHOMY CTaTUMHOMY MArHiTHOMY moni. VY po3paxyHkax
BHKOPHCTaHO e(eKTHBHE NpeICTaBleHHs I/ raMilbTOHiaHy XBWIBOBOI (yHKmii.

lllykane npencTaBieHHs OAEPKAHO HAa OCHOBI YHMCENBHOTO PO3B'A3KY PIBHAHHA
Ulpexiurepa mid aToMa B MaTHiTHOMY 110711 3 BHKOPHCTaHHAM OrnepaTtopHoi Teopil

30ypeHs.
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