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Abstract. Symbolic-numeric solving of the boundary value problem for
the Schrédinger equation in cylindrical coordinates is given. This prob-
lem describes the impurity states of a quantum wire or a hydrogen-like
atom in a strong homogeneous magnetic field. It is solved by apply-
ing the Kantorovich method that reduces the problem to the boundary-
value problem for a set of ordinary differential equations with respect
to the longitudinal variables. The effective potentials of these equations
are given by integrals over the transverse variable. The integrands are
products of the transverse basis functions depending on the longitudinal
variable as a parameter and their first derivatives. To solve the prob-
lem at high magnetic quantum numbers |m| and study its solutions we
present an algorithm implemented in Maple that allows to obtain ana-
lytic expressions for the effective potentials and for the transverse dipole
moment matrix elements. The efficiency and accuracy of the derived al-
gorithm and that of Kantorovich numerical scheme are confirmed by
calculating eigenenergies and eigenfunctions, dipole moments and decay
rates of low-excited Rydberg states at high |m/| ~ 200 of a hydrogen atom
in the laboratory homogeneous magnetic field y ~ 2.35 x 1075 (B ~ 6T)).

1 Introduction

In earlier papers, we considered the application of the Kantorovich method for
solving the discrete- and continuous-spectrum boundary-value problems (BVP)
[1] for hydrogen-like atoms in magnetic field and the ion axial channelling prob-
lem in a crystal. The approach implies the use of a parametric basis of oblate
spheroidal angular functions in spherical coordinates where the radial variable
runs a semi-axis [2/3/45]. The method has been further developed in connection
with calculations of spectral and optical characteristics of model semiconductor
nanostructures, namely, quantum dots(QD), quantum wells(QW) and quantum
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wires(QWr) [6I7I89]. For this purpose we used different parametric basis func-
tions in appropriate coordinate systems. The functions were calculated by solving
parametric eigenvalue problems by means of the program ODPEVP [10].

Taking into account the growing interest in problems possessing axial symme-
try, like impurity states of QWr’s or high-angular-momentum Rydberg states and
quasi-stationary states imbedded in continuum of a hydrogen atom in magneto-
optical traps [IIIT2T3], it is imperative to implement the Kantorovich scheme for
solving the BVP for the longitudinal variable running the whole axis of a cylin-
drical coordinate system[8/9]. This would allow direct calculation of the main
characteristics of a multichannel scattering problem, such as reflection and trans-
mission coefficients matrices, recombination rates and ionization cross-sections
for Rydberg states, and decay rates of the lowest bound states of manifolds with
high values of the magnetic quantum number |m/| [TIT2JT3].

For the Schrédinger equation describing a hydrogen-like atom in a strong
homogeneous magnetic field, the boundary-value problem (BVP) in cylindrical
coordinates is reduced to solving a set of the longitudinal equations in the frame-
work of the Kantorovich method. The effective potentials of these equations are
given by integrals over the transverse variable, the integrands being products
of transverse basis functions, depending on the longitudinal variable as a pa-
rameter, and their first derivatives with respect to the parameter. One can say
that at high |m|, the discrete-spectrum problem is described by a system of two
coupled 2D- and 1D-oscillators corresponding to the transverse p and longitu-
dinal z variables, with the frequencies w, and w;, respectively. To analyze the
low-excited Rydberg states of such system it is useful to have the solution in
an analytic form. Indeed, for high |m| we can consider the Coulomb potential
as a perturbation with respect to the transversal centrifugal potential and the
oscillator potential with the frequency w, = /2. For the laboratory magnetic
field B = Byy ~ 6T, i.e., ¥ ~ 2.35 x 1075, this is true at the adiabatic parameter
values 1 ~ 5.89, where 1 is defined as m = (w,/w,)*3 = |m|y!/3. Under the
condition [m| > 6v~1/3 we can approximate the Coulomb potential by a Taylor
expansion in powers of the auxiliary transverse variable with respect to a spe-
cially chosen point with given accuracy in the region of its convergence. Then we
can find the approximate transversal eigenvalues and eigenfunctions depending
parametrically on the longitudinal variable, in the framework of a perturbation
scheme and by using the eigenvalues and eigenfunctions of the 2D oscillator
as unperturbed ones. To express analytically the transverse basis functions and
eigenvalues, the corresponding effective potentials, and the transverse dipole mo-
ment matrix elements as well as perturbation solution of the BVP, we elaborate a
symbolic-numerical algorithm (SNA) implemented in Maple. The efficiency and
accuracy of the algorithm and that of the derived Kantorovich numerical scheme
are confirmed by computation of eigenenergies and eigenfunctions, dipole mo-
ments and decay rates for the manifolds of high-|m| low-excited Rydberg states
of a hydrogen atom in the laboratory homogeneous magnetic field, and by com-
parison with the results obtained by other methods.
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The paper is organized as follows. In Section 2, we briefly describe the reduc-
tion by the KM of the 3D eigenvalue problem at fixed values |m| of magnetic
quantum number to the 1D eigenvalue problem for a set of close-coupled longi-
tudinal equations. In Sections 3 and 4, the algorithm for calculating the effective
potentials and the transverse dipole moment matrix elements in the analytic
form at large values of |m| is presented. The algorithm has been implemented
in Maple. To find the validity range of the method, in Section 5 we compare our
results with the known ones obtained in the cylindrical coordinates. Decay rates
of the lowest bound states of manifolds with high magnetic quantum number |m)|
are also presented here. In Section 6, we conclude and discuss possible future
applications of the described method.

2 Problem Statement in Cylindrical Coordinates

The component ¥(p, z) of the wave function ¥(p, z, ) = ¥(p, z) exp(vmy) /v 27
of a hydrogen atom in an axially symmetric magnetic field B = (0,0, B) in
the cylindrical coordinates (p, z, ¢) satisfies the 2D Schrddinger equation in the
region 2. = {0 < p < 0o and —o0 < z < x0}:

02 10 0
- v AC!I/ ) =e¥ s %) AC:_ ) al
5,22 (P 2) + AL (p, 2) = e¥(p, z) pappap+m7+U(p z),(1)
m? ,.)/2p2 2q
U yR) = + +VYC 3 %), ch yR) = — . 2
(p:2) 2Ty (p;2),  Velp,2) Vb (2)

Here m = 0,41, ... is the magnetic quantum number, v = B/By = hw./(2Ry),
By = 2.35 x 10°T is a dimensionless parameter which determines the field
strength B, w. = eB/(m.c) = eByy/(mec) is the cyclotron frequency, and
U(p,z) is the potential energy (see Fig. [[h), ¢ is Coulomb charge of nucleus.
We use the atomic units (a.u.) i = m. = e = 1 and assume the mass of the
nucleus to be infinite. In these expressions, ¢ = 2F, E is the energy (expressed
in Rydbergs, 1 Ry = (1/2) a.u.) of the bound state |mo) with fixed values of m
and z-parity o = £1, and ¥(p, z) = 0™ (p, z) = o¥™(p, —z) is the correspond-
ing wave function. The boundary conditions in each mo subspace Lz2(f2) of the
complete Hilbert space have the form

ov
;igép (gi’ ?) =0, for m=0, and ¥(0,z)=0, for m#0, (3)
plgrolo U(p,z)=0. (4)

The eigenfunction ¥(p, z) = W(p,z) € L2(f2) of the discrete real-valued spec-
trum € : €3 < €g < ---€ < --- < 1y obeys the asymptotic boundary condition.
Approximately this condition is replaced by the boundary condition of the sec-
ond and/or first type at small and large |z|, but finite |z| = zmax > 1,

. 0W(p,z) _ _ _ _
lli% 55 =0, o=+1, ¥(p,0)=0, o=-1, (5)

ZLHEOO U(p,z) =0 —  ¥(p,£[zmax|) = 0. (6)
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In numerical calculation of the eigenvalues and eigenfunctions with given accu-
racy by programs KANTBP2 and ODPEVP realizing the finite element method,
we used computational schemes derived from the Rayleigh—Ritz variational func-
tional [IIT0]

_ T OW(p, z) OW(p,z) | OW(p, z) OW(p, 2)
R(W,, ;) = ( / dz/,od,o 95 DY dp dp (7)
— Zmax 0

anx

+(p, z)(my + Ulp, 2)) ¥ (p, 2 ) / / pdp¥(p, 2)¥y (p, 2)

Zmax

with the additional normalization and orthogonality conditions

(t[t") / / pdpWy(p, 2)Wy (p, 2 / / pdp¥i(p, z)Py (p, 2) =61 (8)

Zmax

For m # 0 eigenfunctions ¥;(p, z) ~ p/™!/2 at small p. So, in numerical calcula-
tions, a reduced interval [0 < pPmin, Pmax > 1] is conventionally used [§].

2.1 Kantorovich Reduction

Consider a formal expansion of the partial solution ¥;"“(p, z) of Egs. (I))-#) cor-
responding to the eigenstate |mot) expanded in the finite set of one-dimensional

: : . Jmax
basis functions {B}"(p; z) }27

Jmax

U (p, z Z B} (p; z m”t)(z)- )

In Eq. @), the functions x® (2) = x™7(2), (x®(2))" = (th)(z),. .. 7X§de (2))
are unknown, and the surface functions B(p;z) = B™(p;—z), (B(p;2))T =
(Bi(p; 2),. .., Bjn..(p;2)) form an orthonormal basis for each value of the vari-
able z € R which is treated as a parameter.

In KM, the wave functions B;(p; z) (see Fig.2]) and the potential curves E;(z)
(in Ry) are determined as solutions of the following eigenvalue problem

AcBj(p:2) = B;(=)Bj(p: 2), (10)

with the operator A, from ([I)-(2) and the boundary conditions (@), ) at each
fixed z € R. Since the operator in the left-hand side of Eq. (0] is self-adjoint,
its eigenfunctions are orthonormal

(Bipi2)

@ma>—1m&ma&m@mWﬁm (11)

where ;5 is the Kronecker symbol. Therefore, we transform the solution of the
above problem into the solution of an eigenvalue problem for a set of jmax
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Fig.1. Left panel: the profile of potential energy U(p, 2) = m?/p? +~v2p? /4 + Vi(p, 2)
(U) in the plane z = 0 and its components, namely, the centrifugal (C), oscillator (Osc),
and Coulomb (Coul) potentials. Right panel: the approximation errors U (imax) (p,2) =
Zg;‘i‘x UD(p,2) = U(p,2) (jmax = 1,...,9) of the potential energy U(p,z = 0). Here
g=—1,m=—200, v = 2.553191 - 10~° (B = 6T, m ~ 5.89)

ordinary second-order differential equations that determines the energy e and
the coefficients x((z) of the expansion (@)

2 z
(_Idc; YU +QE) !+ d?zi )) XV =alxW(z). (12)

Here I, U(z) = U(—2), and Q(z) = —Q(—=2) are the jmax X jmax matrices whose
elements are expressed as
° OB;(p; z) 0B;(p; 2
U(2) = B2+ Hy(2), Hy() = [ PN OB 1)
0 z z
e OB;(p; z
Lij(z) = i, Qij(2) = —Qyi(z) = —/ Bi(p; 2) ngp )pdp.
0

The discrete spectrum solutions € : €7 < €2 < ---€ < -+- < 7y at fixed m and
parity ¢ = +1 obey the asymptotic boundary condition and are orthonormal

lim (d‘i — Q(z)) xP()=0, o=+1, xP0)=0, oc=-1, (14)

z—0

Jim x(2) =0 = X (Ezuw) =0, (15)
Fmex t T t Fmex t T t/

[ (x) xO@iz=2 [ (@) X ez = b 16)
—Zmax 0

Remark 1. In diagonal adiabatic approximation

(- gz + 0 )6 = ) (17)

discrete spectrum € : €1 < €j2 < -+ €5, < -+ < v numerated by number v that
(v)

determines the number v — 1 of nodes of the solution x;’(z) at fixed value j.



160 A. Gusev et al.

0.0008.
0.0006-
0.0004-

0.0002-

3000 3500 e - iy
33004000 4500 < - 10000

p p

Fig. 2. The basis functions B; and Bs for m = —200, ¢ = 1, v = 2.553191 - 1075

3 Solving the Parametric Eigenvalue Problem at
Large |m|

Step 1. In ([I0), (1) apply the transformation to a scaled variable x
0’ b= VT
2 V1/2

and put A (2) = E;(2)/(27) = A\ +m/246);(2), where A\ = n+(jm| +1)/2.
The eigenvalue problem reads

xr =

(18)

g 9 m? x m q

— — — X | Bi(z;2) =0, 19

8xx8x+4x+4+2 7\/2;0_’_22 J J(wZ) ( )
with a normalization condition

1

Y

At ¢ = 0, Eq. (I9) without m/2 takes the form

/00 Bj(x;2)%dz = 1. (20)
0

0 0 m? =z NG

L(n)B" (z) = L(n) = — — A 21
B @) =0, L= 8+ T 0 e
and has the regular and bounded solutions at
0 _
Al =n+(m|+1)/2, (22)
where the transverse quantum number n = N, = j—1=0,1,... determines the

number of nodes of the solution B](O) (z) = sz%(x) with respect to the variable
z. The normalized solutions of Eq. (21]) take the form
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0 o ml o n! 2
BY@) = Cume 30 T L@ o= [, L]
1 oo
[ BO@BY @ = b (24)

0

where L) (x) are Laguerre polynomials [I4].

Step 2. Substituting the notation d\;(z) = A;(2) — )\540) -m/2=E;(2)/(2v) —
(n 4+ (m 4+ |m| + 1)/2), and the Taylor expansion in the vicinity of the point
Ty = Tg7Y:

Jmax

=— V) (2, 2)ek = — <l 25)
7\/250 +2° ;; 2 V(22 +225)1/2 (

eqz—zsy)  3%q(r—xsy)® | 5Pq(r—xsv)? et
v2(2242x4)3/2  293(224-2x4)5/2  294(22+2x4)7/2 (2242x4)9/2

into Eq. (IJ) at ¢ # 0, transform it to the following form

L(n)B (jz V) (2)ek —oX; (2 )) Bj(x;2) = 0. (26)

Here ¢ is a formal parameter that will be put to be 1 in the final expression.
The parameters xs = p2/2 and p, approximately correspond to the minimum
of the potential energy (2)). In so doing, the Coulomb term is neglected. In
the calculations we choose ps = 1/2|m|/ under assumption that the condition
v2p? /4 4+ m?/p? > 2|q|/p is valid. The approximation errors U Umax)(p, 2) at
Jmax = 1,...,9 are illustrated in Fig. [[b. One can see that in the localization
interval p € [3000,5000] of the eigenfunction (I9), the errors decrease with in-
creasing order jmax (see Fig. 2)). Performing Taylor expansion at |z|/ps > 1, we
arrive at the inverse power series that gives the same results as the perturbation
theory in powers of 1/|z| [§].

ch(xv Z) = -

Step 3. The solution of Eq. 24]) is found in the form of perturbation expansion
in powers of €

zuax k!uax
Z A (2), Bjlwiz)=BY(@)+ Y FBP(x,2).  (27)

k=0
Equating coefficients at the same powers of €, we arrive at the system of inhomo-
geneous differential equations with respect to corrections A'” (2) and B (x,2):

LB (@) =0 = 117(2), (25)
Lm)BY (z,2) = (AP (2) = VO (2) BO(a)
k—1
+ @) - VEPDE)BP(w,2) = 0G), k> 1

p=1



162 A. Gusev et al.

-8
0.0001 1 7.x10 ]

0

“8]
-0.0001 5.x10

=
-0.0002 -8

3.x10 ]

-0.0003

-0.0004

-8
1.x 10

-10000 -5000 0 5000 10000 -5 5000 10C
z

0.00015

0.00010

-9
5.x10
> 0.00005

8] 5
= -Lx10 o o
-8
-15x10 -0.00005
-8
-2.x10 -0.00010
-8
—25x10 7 -0.00015
-10000 -5000 0 5000 10000 ~10000 -5000 0 5000 10000
z z

Fig. 3. The eigenvalues E;(z) and the effective potentials Hj;(z), H,j; (z) (curves
Hjj—1(z), j = 2,...,6, are marked by number 1, curves Hj;—2(z), 7 = 3,...6, are
marked by number 2 and curves Hj;_3(z), j =4, ..., 6, are marked by number 3) and
Qjj (z) (curves Qj;—-1(2), j = 2,...,6, are marked by number 1, and curves Q;;-2(z),
j =3, ..., 6, are marked by number 2) for m = —200, ¢ = 1, v = 2.553191 - 10~

To solve Egs. (28) we used the nonnormalized orthogonal basis

|m|

Buso(@) = Cupme 25 LI (@) = Copy O oy By (@), (29)

<S‘S/> = Am Bis (x)Bn+s’ (x)dx = Oss17Y (n +n'm)' (n <(Fn$++8)??)'

The action of the operators L(n) and = on the functions B,,1¢(x) is defined by
the relations

L(n)Bnis(x) = sBnis(w), (30)
TBnys(z) = —(n+ s+ |m|)Bnis—1(z) + (2(n + 5) + |m| + 1) Bnys(x)
—(n+s+1)Bnystr(z)
that involve no fractional powers of quantum numbers n and m.
Step 4. Applying Eqs. (B0), the right-hand side fy(Lk) (z) and the solutions

B (z,2) of the system (28) are expanded over the nonnormalized basis states
Bn+s(x)

Smax Smax
BO@ = S @B, fOE = S S Busae). (31
S=—Smax S$=—Smax

Then the recurrent set of linear algebraic equations for unknown nonnormalized
coefficients b%kg(z) and corrections A%k)(z) is obtained

bl (2) = F(2) = 0, 5= —smax, -+ Smas,
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which is solved sequentially for k = 1,2, ..., kpax:

fflkg (2)=0 — AP (z); b%k;(z) = flks) (2)/8, $= —Smax,--+sSmax, SF 0.
The initial conditions ([22]) and b&ol(z) = 040 follow from Eqgs. (1)) and (24).
Step 5. To obtain the normalized wave function Bj(x;2) up to the kth order,
the coeflicient b(k) are defined by the following relation:

Smax Smax

bl (2 Z ST0ST bEP)sls)P) (2), big P (2) = 0.

p 1 s'=—=Smax =~ Smax
As an example of the output file at steps 1-5, we display nonzero coefficients
,\;’“)(z), b%k; (2) of the expansions [27), (BI) over the nonnormalized basis func-
tions (29) up to O(g?):
A = nt(jml+1)/2,

AW (2) = q ¢@ntiml+l)  wg
224 2m, 222 4210)3/2 A (224-22,)3/2
AP (2) = —¢?(2n+|m|+1)/ (7422 +225)*) — 3g[Jm|[> +2+6n|m|
wn2+6n+3|m|—2v<2n+\m\+1>x3+xm/<2w3<z2+2x3>5/2>,
b\ (2) =1, (32)
b1 (2) = —a(n+1m))/ (V2(z2+22,)%2), b (2) = q(n+1)/ (Y2 (=2 +22,)%/2),
(

(
b4 (2) = a(n+|m|) (n+m|—1)(2g—37/(22+2x,)) / (47 (=2 +22,)°),
b1 (2) = a(n+|ml) (24437 (2n+[m| —yws) v/ (224 22,)) / (7! (2> +225)°),
(

b0 (2) = (22 +2n-+2n|m|+|m|+1) /(29" (22 +225)%),
b7 (2) = —q(n+1)(2q+37v(2n+ |m|+2— vz )/ (224 22,)) / (V4 (2> +22,)%),
b (2) = g(n+1)(n+2)(2q+3vV/(22+2x,)) /(47" (22 +21,)%).

These expansions involve parameters x5 = p?/2 and p, that approximately cor-
responded to the minimum of the potential energy ([2)) and determined the point
xo = yxs of expansion of [25) of Coulomb potential V,(x, z).

Step 6. In terms of the scaled variable z, the expressions of the effective poten-
tials H;;(2) = Hj;(z) and Q;;(2) = —Qj;(2) take the form

o1 T 0B;(z; z) 0Bj(x; 2) N 170 L\ 0Bj(x52)
H;j(z)= 7/dx P 9: Qij(z)= y dxB;(z; z) 9s (33)
0 0

To calculate them we expand the solution (26) over the normalized orthogonal

basis B,(LJZS m(2) with the normalized coefficients bn it sim(2)s
kmax Smax k 0
Bj(w;2) = =2 3 DB (@) G

S$=—Smax
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The normalized coefficients b*) (z) are expressed via b&’“l(z),

nin+s;m

(%) = 50 (s n! (n+ s+ |m|)!

as follows from Eqs. (31)), (84), and (29).

Step 7. As a result of substituting Eqs. (34) into Eq. (33), the matrix elements
take the form

Kmax min(Smax,Smax+t) W) db(k—&-_tkl)-&- (Z)
n—+t;n+s;m
Q]]+t Z Z Z bn;n-&-s;m('z) dz )

=0 s=max(—Smax,—Smax+1)

kmax min(smax;Smax+t) (k") (k—k")
dbn sn+s; m( ) dbn+t-n+s-m(z)
D D v v (a0

=0 s=max(—Smax,—Smax+1)

By collecting the coefficients at similar powers of ¢ in Eq. (36]) the algorithm
yields the final expansions of eigenvalues and effective potentials available in the
output file

Kkmax Kmax Kmax

ZE(k) ZH(k) ), Qij(z ZQ(’“) . (37)

Successful runs of the Maple implementation of the algorithm were performed
up t0 kmax = 6 (the run time 30 s using Intel Core i5, 3.36 GHz, 4 GB). Below we
present a few first nonzero coefficients derived in the analytic form (j =n+1):

B = 2y(n+ (m + |m| +1)/2),
EVy=— 2 2q(2n+|m|3+21) _ r "
\/z+p (22+p2)%/ (224+p2)%/
2¢2(2n+|m|+1)
v3(2% + p2)3
3q[|m|2+2+6n|m|+6n>+6n+3|m|—y(2n+|m|+1)p2+ piy? /4]
72(22+P3)5/2 ’

(2) _
E; (2) = —

QS) 1(2) = —\/n\/nJr\m\ 12(22 )5/2’
- [
Qg)_z(z) = \/n\/nl\/ner\/ner1473(;552/)3)7/2,

0 =0 2t 24+ o= ]

1 0>
H? ,(z) = —9¢° ~1 -1 : :
pr=ale) = 2OV |y et ey
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Fig.4. Transverse dipole matrix elements PT‘LT:,”ml_l (subscripts m, n’ run
0,1,2,3,4,5,6) for m = —200, ¢ = 1, v = 2.553191 - 10~°

As an example, Fig. Blshows the eigenvalues and effective potentials (1), which
agree with those calculated numerically using ODPEVP [10] with the accuracy
of the order of 10710, We used finite element grid on the interval p € [pmin =
2000, pmax = 6000] with the Lagrange elements of fourth order. Expanding (1)
into the Taylor series at |z|/ps > 1, we arrive at perturbation expansion in
powers of 1/z [§].

4 Calculations of the Transversal Dipole Matrix Elements

Using the scaled variable z defined by Eq. (I8) one can express the trans-
|m| F 1,n’> and

. . 1
verse dipole matrix elements Pi\;nl,lmF (z) = <\m\,n’peiw

P ) = (] | pee

—|m| £1, n’> possessing the property
<|m|,n‘pexp(:|:zg0)’\m\ ¥ 1,n’> = <|m| ¥ 1,n"pexp(:|:zg0)’\m\,n>,

where i =n + 1 and j = n/ + 1, in the following form

—|m|,—|m|% m|,|m 2 m m
Pij‘ h=imlE oy = Pi‘j bImIFL () = \/73 /del l(x;z)\/ach‘» T (2 2).(38)
0

According to Egs. (22.7.12), (33.7.30), and (22.7.31) of [I4], the dipole mo-
ment matrix elements calculated with normalized basis functions ||m|,n) =

Bgl)zn‘(x)e”mw/\/%r by means of Eq. ([23]) are expressed as

. 2
Pz.(jo)’| lmlF1 _ \/ 3<|m|,n‘\/xeiw |m| F Ln’>
v
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Fig. 5. Energy eigenvalues 2FE; for even (o = +1) lower eigenstates vs the state number
(j) calculated in the diagonal adiabatic approximation (left) and in the Kantorovich
approximation at jmax = 6 with given accuracy (right) Here m = —200, v = 2.553191 -

107°, g =1, 0 = +1. The quantity (j Z Jixs,s( dz is the averaged quantum
number, s is the eigenvalue number in the ascendmg energy sequence F1 < B < ... <
E; < ... < /2, corresponding to the number v of the eigenvalue Ej; < Ejs < ... <
Ej, < ... <v/2 counted at each (j) = j in diagonal approximation (I7) of Egs. (I2))

27
72 m O K3 m
= [ e [T B e e B (e
- \/7 [ V1 ]+ 1/2F 1/2 = Spgrm/n+ 1/2F 1/2]. (39)

As a result of substituting Egs. (84)) and (39)) into Eq. (B8], the matrix elements
take the following analytic form (j =n+1)

|m|,|m|— (k);lm]|m|—
Pt Z P (),

min(k,k—k’—t)
(k)s|m||m|— (k") (k—K")
P]]+t \/ Z Z |:bn;n+s;|m\( )anrt in+s;|m|— ('Z)

=0 s=max(—k,k’' —k—t)

v/l + 1= b @R Vs 1] (40)

Successful run of the Maple-implemented algorithm was performed up to kpax =
6 (run time 90 s with Intel Core i5, 3.36 GHz, 4 GB). A few first nonzero
coefficients derived in the analytic form are presented below (j =n + 1):

pOmlimi=1y _ V2V Iml L g1,y Y2/ mlg
oo /38 + 223/
pOsImlmI=1 () Vnv2
Jj—1 \/’Y
pOmlimi=1y VA2Vt ml(Vn ot m] = 1= /n o fml 1)
J—1j (p2 + 22)3/245/2 J

(41)
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Fig. 6. Upper panels: the first three components of the eigenfunctions x; 70 and x; 71
(j = 1,2,3). The dominant components are j = 1 ({j) = 1.43) with v —1 = 25
nodes and j = 2 ({j) = 1.56) with v — 1 = 18 nodes, respectively. Lower panels:

the profile of the wave function W75 2%~ (p,2) and ¥~ *°% = (p, 2) of the

resonance states in the zz plane with the energies 2E7=2°%7="" = 2151832 -

107*Ry and 2E7=20%=t! — 2150977 - 10"*Ry pointed by arrows in the right
panel of Fig.

_ V2l = 1/n |+ 1= n = m|)q
) (63 + 222/ |

The comparison of our analytical numerical results with those obtained numeri-
cally using the program ODPEVP [10] shows the convergence of the perturbation
series expansion up to kmax = 6 with four significant digits. Expanding ([@0) into
a Taylor series at |z|/ps > 1, we arrive at the inverse power series for the dipole
matrix elements. To obtain the leading terms at |z| — oo it is sufficiently to put

ps = 0 in (HIJ).

1); —1
PRI )

5 Calculations of Rydberg States and Decay Rates

In Fig. [l we present an example of the lower part of discrete spectrum calculated
in the diagonal adiabatic and Kantorovich approximations with the effective
potentials (B7)) by means of the program KANTBP2 [I]. In numerical calculations
at ¢ = —1, v = 2.553191 - 10~° for |m| ~ 200, we use finite element grid on the
interval z € [0, zmax = 11000] with the Lagrange elements of fourth order. In
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Fig. 6l we show an example of resonance states formed by coupling of the quasi-

degenerate states with the energies QE"L_I:)QOZO(SU = 2151260 10~ Ry and

E;”_zzzologg 1= 2151202 10~ *Ry in the diagonal adiabatic approximation

(@) pointed by arrows in the left panel of Fig.
The partial transition decay rates [5_,z are calculated as

T = & 5 | ) (Be — B/t 42)
i85 = sris)|-,  wsy = Ly — Lg)/N.

- 3 drephc®

In the above expressions, €9 = 8.854187817 - 1072 F/m is the dielectric con-
stant, the energy Fy = FEzEp and the dipole moment (§'|f|8) = ap(&|r|3)

are expressed in the atomic units Ep = 2Ry = 4.35974434 - 1078 J, ap =
0.52917721092- 1071 m, i.e.

Tig = 2.142-10'"9(Ey — F3)3|(8'|r]3))* x s L. (43)
Here |(3'|r|5)|? defined by the expression
(& [e13)2 = (1/2)|(& loe™#13)* + [(5'|213)[* + (1/2)|(5|pe T [5)[%,  (44)

where (3|z|3) and (3'|pe*'#|5) are the longitudinal and transverse dipole mo-
ment, respectively. As follows from Eq. ({0),

Jmax Zmax
(51205 = im0 S / X ()2 (2), (45)
i,j=1" Zmin
jmax Z!uax
(5pE*15) = b1 > / dax () P ()07 (2). (46)

i,j=1 Y Zmin

In Table [[l we show our present results for partial decay rates ([@3]) and dipole
moments (48] and ({G]). The results were obtained numerically by means of the
program KANTBP 2.0 [I] using the analytically derived effective potentials (B7))
and matrix elements of transversal dipole moments {0, i.e., Mz 3= (5'|pe~*#|3)
for cyclotron decay (C) (¢ — ¢’ = g, where ¢ = j — m is magnetron quantum
number, m—m'=m -1, 0 =0’ =0, j—j =j— 1, v=>v =v); Mgs:=(5|z]3)
for the bounce decay (B) (¢—¢'=¢, m—m'=m,c—0c'=—0, j— 75 =j,v—>
v'=v—1), and Mzz;=(5"|pe™*¥|3) for the magnetron decay (M) (¢—q =q — 1,
m—m'=m-+1,0—d =0, j—>j =4, v—=v =v). The results agree with the
numerical ones from [I2] within the required accuracy.

In Table[ we also show the energy values 23 calculated in the Kantorovich
approximation (K) at jnmax = 6, and obtained by the aid of the diagonal approx-
imation (7)) in the analytical form

2B ~ 2B = U + &0 + Z”‘"‘”‘s(” D (47)
3U»( ) 202+ 2 +1
51(21) == Wz,i(QU + 1), gz(,lv) = v ( 4 9 )a
wz,i
@ v+ DT+ 170+ 21)(UM)2 520 4 1)(202 + 20 + 3) U
€ =~ 16w . + 8w '

R 2zt
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Table 1. The partial transition decay rates I's_, s evaluated using Eq. (@3] from the
state |3) =|juom) to |5') =|j'v",0’m’) with energies 2E5 and 2E|3 calculated using
the Kantorovich approximation (K) at jmax = 6 and the corresponding dipole moments
M3s. In square brackets, numerical results of [I2] are given. The energies calculated
in analytical form using the crude diagonal approximation with the Taylor series of
U;i(2z) = E;(2) up to harmonic (H) and anharmonic (A) terms of order of z* and 2'°,
respectively. The corresponding energies in the diagonal approximation with Taylor

series of Uj;(z) = Ei(2)+H:(z) differing only in two last digits, are shown in parentheses.

53 |j,v,a,m> |j/avlvalam/> F§~>§’a M§’§a 2E§a 2E§’a
s ap 10~*Ry 10~*Ry
C 5 1(2,1,41,-200) [1,1,41,-201) 13.1 276.4 K —4.20933  —4.80384

[13.7] [283] H —4.29978(76) —4.80384(83)
A —4.30019(18) —4.80424(23)

C 135 |3,1,4+1,-200) |2,1,41,—201) 26.3 390.9 K —3.78171  —4.28632
[27.5] [401] H —3.78299(95) —4.28688(86)
A —3.78342(38) —4.28729(27)

B 1 1[1,2,—1,-200) |1,1,4+1,—200) 0.180 349.4 K —4.73499  —4.81688
0.178] [350] H —4.73329(27) —4.81683(83)
A —4.73531(29) —4.81724(23)

B 2 1|1,3,+1,-200) |1,2,—1,—200) 0.345 499.0 K —4.65469  —4.73499
0.342] [500] H —4.64974(71) —4.73329(27)
A —4.65497(94) —4.73531(29)

M 1 1[1,1,41,-200) |1,1,4+1,—199) 0.045 3870 K —4.81688  —4.83003
0.044] [3872] H —4.81683(83) —4.82993(93)
A —4.81724(23) —4.83034(33)

The latter was obtained using SNA like in Section 3, but for a perturbed 1D
oscillator with adiabatic frequency w, ;. It was accomplished with the help of
a Taylor expansion up to z2#max of effective potentials U;;(2) = E;(2) + Hyi(2)
from Eq. 1) for the harmonic (H) and anharmonic (A) terms, i.e., 2kmax = 2
and 2kmax = 10, respectively,

Usi(z) = Uy (0) + wiizZ + Z::;x UZ-(ZN)ZZ””. (48)

Moreover, in Table [Il we present also the results for the energies [{@7) in the
crude and adiabatic approximations obtained without and with the diagonal
potential H;;, respectively. One can see that the energies in crude adiabatic
and adiabatic approximations differ only in two last significant figures, i.e., are
the same within the accuracy of ~ 1078. One can see from Table [l that the
adiabatic harmonic (H) diagonal approximation and the crude anharmonic (A)
one provide the upper and lower estimations of the energy values of low-excited
Rydberg states with j = 1, respectively.

Remark 2. In the expansions ([@T7)) and [8]), the coefficients are calculated using
U = Ual0), w2, = (PUs(2)[d2)e=0/2, U™ = (@Usa(2)d=**) =0/ (2)).
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: : : 2 _ N Fmax max (k) _
In the harmonic approximation w? ; i E+Z k=2 wz o Wherew ") o =

(dQEz(k) (2)/dz?).—0/2 and wikZ)H = (dzH(k)( )/dz )2=0/2, the leading terms are:

W _ %4 3q@n+|ml+1) o) _ 9¢*(2n® +2n|m| + 20+ |m|+1)

=hE 23 703 » Y T POyt ’
2 _ 16¢ 15¢(2n+|m|+1)  15q(6n? + 6n|m|+ 6n+m? + 3|m| + 2)
CenE T g 278 i 2%p]
6¢°(2 1
| 6a°(2n + || + 1)
v2p8

The substitution of ps; = \/2|m|/7 into the leading term w2~ wili)’E atn=20

yields w? ; = (q,/7y(2|m| —3))/ )/(4m?./2|m|). At ¢ = 1 we obtain the adiabatic

1/3

pammeter (wp/wz,i=1)? = |m|y'/3, where w, = 7/2, in agreement with [I3].

6 Conclusions

A new efficient method to calculate wave functions and decay rates of high-|m)|
Rydberg states of a hydrogen atom in a magnetic field is developed. It is based
on the KM application to parametric eigenvalue problems in cylindrical coor-
dinates. The results are in a good agreement with the calculations executed in
spherical coordinates at fixed |m| > 140 for v ~ 2.553-10~°. The elaborated SNA
for calculation of the effective potentials, dipole moment matrix elements, and
the perturbation solutions in analytic form allows us to generate effective ap-
proximations for a finite set of longitudinal equations. This provides benchmark
calculations for the new version KANTBP3 of our earlier program KANTBP2 [1]
announced in [9]. The developed approach is a useful tool for calculating the
threshold phenomena in formation, decay, and ionization of (anti)hydrogen-like
atoms and ions in magneto-optical traps [II12/13], and channelling of ions in
thin films [4].
The authors thank Prof. V.L. Derbov for valuable discussions.
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