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Uvedeme obecnou formulaci stacionarniho rozptylu ve dvou dimenzich a uzitim parci-
alniho vlnového rozvoje odvodime feseni prislusné Schrodingerovy rovnice a nasledné
odvodime diferencidln{ i¢inny prutez. Pro kone¢ny valcovy potencidl odvodime také
priblizné vyrazy uzitim asymptotiky velkych energii a WKB piiblizeni a pak nume-
ricky porovname ziskané vysledky. TéZ se budeme zabyvat rozptylem na §-potenciélu,
jakozto limitniho piipadu koneéného véalcového potencidlu.

teorie rozptylu, WKB metoda

Scattering on a magnetic Aharonov-Bohm flux in a plane
Matej Hazala

We present a general formulation of the stationary scattering theory in two dimen-
sions. By using partial wave decomposition we derive a solution of the corresponding
Schrodinger equation and consequently we derive the differential cross section. For
finite cylindrical potential we determinate also approximate expressions by using the
large energy asymptotic and the WKB approximation and subsequently compare nu-
merically the obtained results. We are dealing also with the scattering on a J-potential
as a limiting case of the finite cylindrical potential.
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Notation

set of all positive integers

set of all non-negative integers
set of all integers

complex plane (excluding infinity)

real variable
complex variable

phase of complex number
real part
Laplace operator



Introduction

As it is evident from the title, this thesis should have dealt with scattering on Aharonov-Bohm flux,
based on idea of a magnetic flux inside hard cylinder orthogonal to the plane, where we were looking for
solutions. However, this intention was not fulfilled. In the paper we are dealing only with the cylindrical
potential without magnetic flux, as it has provided enough interesting situations, on which we have
decided to focus.

The first chapter introduces special functions, namely the Bessel functions and the Airy functions,
used throughout the thesis, and summarizes their properties and relations, which are important for
calculations in the rest of the paper.

In the second chapter there is described classical scattering to outline the basic ideas of scattering in
two dimensions and to give results, which are serving later for comparison with the classical limit of high
energies, as we are expecting their agreement.

In the third chapter the WKB method is used to find an approximate solutions of the Schrodinger
equation. This task should be solved in two separate regions. After finding solutions in the both regions,
the Airy functions will be used to connect them.

In the fourth chapter the problem of the stationary quantum scattering is firstly introduced by using
the partial wave decomposition to solve the corresponding Schrédinger equation for spherically symmetric
potential, and subsequently to derive differential and total cross section expressions. Then it follows a
transformation of the differential Schrédinger equation to an integral equation, which is used in the next
chapter, by applying the Green function.

The fifth chapter deals with scattering on a finite cylindrical potential by using integral and differential
approach to derive some exact expressions and then there are used large energy asymptotic and the WKB
method to derive simplified expressions including differential and total cross section. Subsequently we
make some numerical comparisons of those simplified results and the exact ones. In the end of the chapter
we solve the scattering on a J-potential realized as a limit of finite cylinder.



Chapter 1

Special functions

This chapter is meant to be a summary of known properties of the Bessel functions and the Airy functions
used in this paper. If it is not stated otherwise, the listed relations and properties are taken from a
monograph dedicated to properties of special functions [1].

1.1 Bessel functions
1.1.1 Definition

The Bessel functions are defined as solutions of the Bessel’s equation:

o d*w d
d2—|— dZ—F(zQ—VQ)w:O. (1.1)

The Bessel function of the first kind

e 2\ 2k
Z\¥ . (3
=2 Sy B 12
@) =13 kz_;( VT + 55D (1.2)
It is an analytic function of z € C, except for a branch point z = 0 when v is not an integer.

The Bessel function of the second kind
Ju(z)cos(vm) — J_,(2)

sin(vm)

(1.3)

Y. (z) =

This function has a branch point at z = 0 whether or not is v an integer. When v is an integer it can be

written as 1 8J ( )
(z

Y, = —
n(2) T Ov

(=1)" 9y

- ey ne, (1.4)

)

v=n vV=—n

and when n € Ny, it can be written in power series representation in the following way:
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2 > Wk +1) +w(n+k+1))m, neNo,w(x):F(x) . (1.5)
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The Bessel functions of the third kind

They are also called the Hankel functions.

1.1.2 Properties

Cylinder functions %, denote any linear combination of J,(z), Y, (2), Hl(,l)(z) and Hl(,Q)(z)7 in which

coefficients are independent of z and v.

Wronskians
2
YV {Ju(2), Yo (2)} = Jut1(2)Yo(2) = Ju(2)Yopa(2) = —
9
W {12, HO ()} = s (DHD (2) = T () B () = =
T
W4T, (2), HD () = J, H Jo(z)H? _H
(), HP(2)} = T (VHD (=) = L () HE (2) = 2
Recurrence relations
2v
ny_l(z) +C€u+1(z) = 76€V(Z)
Cor(2) = Gona(2) = 261(2)
CUz) = G (2) = 26, (2)
z
€)= ~Con(2) + 2 6(2)
Asymptotic properties
z—0: 5 Y
Jo(z) =1, Yo(z2) ~ =Inz, Hél)(z) ~ —Hé2)(z) ~Znz
T 0
Z\V 1
JV(Z) ~ (5) m s v # _17—2, _37
1 Z\ ¥ 1 3 5
YVN—;F(V) <§> s Rel/>00rl/——§,—§,—§7...
1 zZ\ "V 135
Y. l,fv—;cos(mr)l‘(y) (5) , Rev > 0, V7é§,§,§,.
(D) (5 o — D () o L LA
HD(2) ~ =HP () ~ ==T(v) (2) . Rev>0
Z — OO
2 VT T
v —cos({z—— ——), - <phz <27 -9,
J(z) = chos(z 5 4) T+d<phz<2r—4, 0<§
2 vm T
g _ 2 _Z _ < < _
Y, (z) = 7Tzsm<z 5 4) , T+6d<phz<2r—94, 0<§
2 vr_
HW (2) ~ —ZeZ(Z_T_Z) ) —m4+0<phz<2r—4, 0<§
T
(2) 2 (a3
HY(z) ~y/—e 274 —21+6<phz<m—-94, 0<9
TZ

(1.8)

(1.9)
(1.10)

(1.11)

(1.12)

(1.13)
(1.14)

(1.15)

(1.16)

(1.17)
(1.18)
(1.19)
(1.20)
(1.21)
(1.22)
(1.23)

(1.24)



Graf’s addition theorem

cos cos ;
6, (w) Z Cori(u ) (ka) , ‘veim‘ <ul, (1.25)
k=—o00
where  w = Vu2 + v2 — 2uvcosa , uU—vCoSa=wcosy , vSina=wsiny

Integrals

The following integral relations are from [2], and they are written here in a form modified to our purposes.

a

/x]n()\x)Jn(,u:v) =(\- ,ug)fl [Aadpt1(Aa) Ty (pa) — pady, (Aa) Ty (pa)] A#p, neNg (1.26)
0
f 1 [-2i (A
0
A 7é u, ne I\IO
(1.27)
rJolazr) o T k) >0, Rek >0, —7 <phk < — (1.28)
2 e = 5 Ho (iak) a e 7 <p 5 .
0

1.2 Airy functions

1.2.1 Definition

The Airy functions are defined as solutions of the Airy’s equation:

dPw

The standard solutions Ai(z), Bi(z) can be written in the integral representations for a real argument in
the following way:

17 3
Ai(z) = = /cos (t3 + mt) dt , (1.30)
T
0
, 17 t3 L
Bi(x) = A +at | dt + —[sin{g +axt | dt . (1.31)
0 0

1.2.2 Asymptotic properties

For simplicity of expressions, let us denote:

2 B 2k +1)(2k+3)(2k +5) ... (6k — 1)
¢ = gz , ug =1, Up = (216)F ()] . (1.32)
Z — OO : c .
Aifz) ~ — _q)RlE =5 .
i)~ = kZ:O< Df s Ipha < (1.33)
Ai(—2) ~ —— <cos (c-3) Z(—l)k% i (6= TS0 kz;/:}) . Iphzl < %77— 5
U k=0 k=0

(1.34)






Chapter 2

Classical scattering

Scattering of two particles of masses my, mo interacting via potential V(r) depending on the relative
coordinate r = r; — ro, by analogy with the classical scattering, can be reduced to the case of scattering
of a particle with the reduced mass m = ﬂfi; on the potential V' (r), simply by changing the coordinate
system to the one, which is fixed in the center of mass of the system consisting of those two particles.
Whilst brief summary of the classical scattering can be found in [9], here we present it in a more detail

way.

Figure 2.1: A classical scattering scheme.

Hence, we consider scattering of the particle with a mass m on the cylindrical potential V' with a radius

R in a 2D plane as follows:
W, r<R,
V(r)_{ 0, r>R. (2.1)

Due to symmetry of the problem it is convenient to restrict the discussion to the upper half-plane. To
stress difference between the reflection at the boundary of the cylinder and the deflection caused by
passing through the cylinder, the scattering angle is used with the corresponding indices. According to
Fig. 2.1, b denotes the scattering parameter, 6,. denotes the scattering angle in the case of reflection, 6
denotes the scattering angle in case of deflection. It is evident that, there is no scattering for b > R, and
if £ < Vp, only the reflection at the boundary is realized. Thus in further calculations we suppose b < R
and E > V), if is not said otherwise. From Fig. 2.1 it is also palpable, that the following relations are
satisfied.

sin ¢g = (2.2)

b
R



R

We can immediately see that the scattering angle in the case of the reflection at the boundary of the

cylinder is
b
0, =2cos 1 (=) . 2.4
cos (R) (2.4)

For the further calculation of the total cross section it is convenient to derive the maximum scattering
angle. In a such situation, we use the equation for energy:

0, =7 —2¢pg =7 — 2sin"* <b> (2.3)

E-V
E )

E,=Fcos?¢y=Vy = singy= (2.5)
where F, is the energy corresponding to the radial part of the initial velocity 7y due to surface of the
potential cylinder. Later it will be evident that the maximum angle is the same for both reflection at the
boundary and deflection inside the cylinder, as follows from the course of scattering, when the particle
enters cylinder while F,, > Vy and reflects from cylinder when FE, < Vj, depending on the scattering
parameter b. To simplify following calculations let us denote

ey 20

O maw = 2cos 'n . (2.7)

Now from (2.3) it is easy to derive

Hence, using (2.4) one obtains 6, in terms of b.

0, =2cos* % ) be (nR,R) (2.8)

In the case of the deflection in the potential area, using the energy conservation law:

1 1
E= imvg = émv% +W, (2.9)

where v7 is the velocity inside cylinder, and the conservation law of tangential inertia:

vy sin ¢ = g sin ¢y (2.10)
one obtains b
sin ¢, = B (2.11)
and using the relation between angles, as it is palpable from Fig. 2.1
0s =2(¢1 — ¢o) , (212)

is derived

0, =2 (gin—l (;ﬂ) —sin~! (;)) , be (0,nR) . (2.13)

In order to verify the derived maximum scattering angle, using the energy conservation law (2.9), one
obtains
singg =1 . (2.14)

Hence, recalling the equalities (2.5) and (2.12) we obtain what we have expected - the same result as in

the case of reflection. .
Os maz =2 (5 —sin~! n) =2cos 'n (2.15)



To find the terms contributing to the differential cross section:

do(6) _ ‘db@ ‘ B ‘dbrwn ‘dbsws) 10
do do do, br€(nR,R) do bs€(0,nR)
it is needed to write b in terms of #. In the case of reflection it is apparent from (2.4).
0r db, R .0,
b, :Rcos? = a0, =-3 smg (2.17)

In the second case by using the previous equalities we have:

. . (0s .0 0 b2 .05 b 0
m:smgblfsm (2+¢0) fcoszbosmEJrsmgbocos? 1fﬁsmg+ﬁcos§ ,  (2.18)

i Os
b, = Rnsin 5 , (2.19)
\/1 —2ncos% +n?
dbs B cos & N - Rgz sin? & (2.20)
o (1—2ncose—‘“+n2)% (1—2nc0s‘9—5+n2)% . .
2 2
Hence, differential cross section is
do(@) R . 6 £ (cos? —n)(1—ncos?
2(9):§Sin§+ 7 (cos3 =) ( - 2) , 0 € (0,2cos ' n) . (2.21)
(1- 2ncosg +n?)?
The total scattering cross section, considering both - the upper and the lower half-plane, is thus
™ “1n P
d R 0 Bn cos 8 —Bn” gip2 8
0:2/£d9:2 / d9551n§+ 2 2 l+ 2 2 3
) ; (1—2ncosg +n2)® (1-2ncos? +n2)?
1,
pp. Rnsin & se
2R(1—n) +2 2 R =2R. (2.22)
(1—2ncos%§—|—nQ)2 0



Chapter 3

WKB approximation

This method is used to find an approximate solution of the partial differential equations. In our case it
would be the Schrodinger equation:

HU(0) =~ 5590 + U)o() = Bv(w) (31)

This method is briefly described in [6]. In order to transform this equation into a dimensionless form the
following substitution is used:

y=az, la=m,
_ — y
U(y) = uf(@) =uf (2) .
p(x) = ¢(y) = ¢(az) . (3.2)
The introduced constants are appropriately chosen. How to choose them will be stated later.
h?  d? E
— - — =0 3.3
sz 3@+ (10 = ) ol (33
To simplify this expression we denote:
2 n?
= —_— —_ — 4
E=rr, @)= -f@ (34)
Thus (3.1) transforms to
d2
2 _
£ olw) +r@)p(z) = 0 (35)

By using another substitution

one obtains

iéq (x) — ¢*(x) +r(x) =0. (3.7)
It is Riccati’s equation with a solution, which can be found in the form of a series.
a(@) = 3 (~i€)"gu(2) (3.8)
n=0

From this expression it can be seen that the previously introduced constants are needed to be chosen in
such a way, in which £ is sufficiently small. Hence, we get the equation:

> (i) g (= +ZZ (=)™ @ () —m () — () =0, (3.9)
n=0 n=0m=0

10



and by comparing terms corresponding to the same power we find the ¢, expressions of an arbitrary order
depending on lower order terms. We are interested in the approximation of the first order:

q(z) ~ qo(x) —i€q1 () . (3.10)

For classically allowed region corresponding to r(z) > 0 one obtains:
==++/r(z), r(z) >0, (3.11)

@(x)=—= =———lnr(z), r(z) >0, (3.12)

which used in (3.6) leads to:

o* () = exp /(ir+4d~1nr )>d:z: :Ti((f”O)exp if/r%(fc)di« . (@) >0.

ri(z) 3
Zo o
(3.13)
For the classically forbidden region corresponding to r(z) < 0, we get:

qo(x) = i/[r(z)],  r(z) <0, (3.14)
(1) = i@, () <0 (3.15)

q(z 12z nlr@)l r(z ,

sy @l Ul
pr(z) = —exp | £= [ |r(@)|7dz | , r(z) <0 (3.16)
|r(x)[% 3

3.1 Connection of solutions

To connect solutions from both the classically allowed and the forbidden region in vicinity of the turning

point z;, which satisfies
r(z) =0, (3.17)

we expand r(x) in a power series up to the first order, obtaining the linear approximation.
r(z) ~r'(z¢)(z — 1) (3.18)

Hence, solutions (3.13), (3.16) can be rewritten as:

o _r((;;i exp 2Zr%(a:)d:z TP —éjré(:z)dfc ~

G (xt)(?—xt))i exp gj(r(xt)(xxt))id:z +
+(r($t)(cc;__xt))ie)(p -2 / (@)@ -e)tdz) . @) >0, (3.19)
*"@)‘vgg]i“p éjvﬁ:ﬁdfc HZ}&GXP —Zrmw ~



1 xT
N#lexp 7/|r’(xt)(5c—mt)|%d§c +
[ (20) (x — )| )

D_ 17 ,
—exp | —= [ |7 (z)(Z — xy)|2dT | r(z) <0, (3.20)
()@ —e)t L\ & /
and (3.5) become
£ 0l@) + 7 (2)( — )pl@) = 0. (321)

For clarity we distinguish two cases depending on 7’/ (x). Let us begin with the case r'(x) < 0, representing
ascending potential. Applying the substitution:

z= (_Té(zxt)>; (@ — ) ,

P(z) = p(z) , (3.22)

one obtains the Airy’s equation:
d2

with solutions Ai(z), Bi(z), and using asymptotic expansions (1.33) - (1.36) only up to zero order, one
finds following relations.

z>0:
Ai(z) ! ( zg>
~ xp [ —=
N P73
1 2
Bi(z) ~ - exp (zg>
Tz 3
z<K0:

At this point, it is good to realize that:
r(z) >0 & (x—m) <0 & z2<0. (3.24)

In order to find connection formulas between the classically allowed and the forbidden region, we rewrite
solutions (3.19), (3.20) in terms of the Airy functions asymptotics.

60~ e (<2 ) + — (Z2) ~

(—2) BE
~ Cy/me V5 (Ai(2) + iBi(z)) + C_v/me'i (Ai(z) — iBi(2)) , z<0 (3.25)
D 2 D_ 2
d(2) ~ 55 exp (3(z)g> + — exp <3zg> ~ Di\/TBi(z) +2D_\/TAi(z) , >0 (3.26)
z4 z4
Whence, relations between coefficients are easy to derive:
]. T P ]- i i
C+:§D+e 14+ D_e'7 C_:§D+e4+D_e E
. - 1 - o
Dy =Cye's +C_e "%, D_ = 3 (Cre ™3 +C_e') (3.27)



and the connection formulas are evident as well, due to expressions of the Airy functions for z > 0 and

2 < 0.
r(z) >0 r(z) <0

¢ cos %
r(z)4

(3.28)

—C 1
T Sl 3

c 1 ~1\3 5
<~ exp| z | |-r(Z])2 dZ
r(a)t 4 |—r(a)| 4 p(%{' ) )

From the applied procedure should be apparent that the case r'(x) > 0 differs from the previous one only
in a few details. Instead of using substitution (3.22) we use the following one:

= (r/gt)>é (w2 —a),

o(2) = p(x) . (3.29)

It leads exactly to the same Airy’s equation and the same relation between r and z.

r(z) >0 & (x—a¢) >0 & z<0 (3.30)

The difference in sign of x in this relation causes only change of signs in the arguments of the solutions’
exponentials (3.19), (3.20). For relations of coefficients it means just interchanging C, Dy for C_, D_
as follows:

1 x x 1 x n
C_ = §D e "t + Die'r | Cy = §D_elZ + Die ' |
x 1 - -
D_ = C'_elz + C+€_14 5 D+ = 5 (C\(_e_lZ + C+€lz) . (331)
r(z) >0 r(z) <0
1 z 1
r(z)zdx — T > %exp LM r(2)]2 di
@) ‘ 2/=r(a)| ¥ (%f @)l ) (3.32)

r(@)idi—T| ¢ exp (—é Ik |—r(§7|)% diﬁ)

13



Chapter 4

Stationary scattering

Considering the stationary formulation of the scattering problem for a mass m particle with a positive
energy E = k? in a potential field V, we let in order to simplify notation, m = % and A = 1. The problem
means solving the Schrodinger equation:

(FA+ V)Y =k, (4.1)
where V is supposed to be localized and vanishing as r — 400, and the thought solution has an asymptotic
form of a wave incoming in a direction corresponding to an angle 6y, written in polar coordinates:
oikr
W 5
Theory behind the quantum scattering and solving the Schrodinger equation is given in [4], [5]. If the

potential V' depends only on the relative distance and is independent of the angle variable V = V (r),
then we can set f(6,6p) = f(6 —6p). Due to symmetry we can also restrict discussion to the case 6y = 0.

W(r,0,0p) ~ eFreos0=0) 4 (9 6y) r— 4o . (4.2)

1kr
W(r,0) ~ etkrees®) 4 g(g)S_ r — 400 (4.3)

v
Differential cross section, in the case of two dimensions also called the differential scattering length, is
given by the scattering amplitude f(0)

do(0) 2
= 4.4
and the total cross section is )
_ [ do(0)
o= / 10 de . (4.5)
0

4.1 Partial wave decomposition

This approach is discussed in [8]. Suppose the potential is independent of the angular variable V- = V (r).
We are interested in a solution of the form (4.3). In order to find this kind of solution we start by
rewriting the Schrédinger equation (4.1) in the polar coordinates as

92 10 1 62 5
We assume a solution in the factorized form ¢ (r,0) = R(r)T'(f). Thus we get

2
+ ((kr)? = V(r)r?) R(r)) = T(le)a;;(;)) = const. , (4.7

14

1 O’R(r)  OR(r)
R(r) <T2 or? tr or



and demanding unambiguity of the solution

T(0)=T(2n), (4.8)
T'(0) =T (27) (4.9)
leads to
T.(0) =™, neZ (4.10)
Hence, (4.6) becomes
02 10 9 n?
T T — _ =0. 4.11
<8r2+rar+k V(r) r2)Rn(r) 0 (4.11)
Due to assumed behavior of the potential field V (r) for a large argument, the radial equation reduces to
92 190 5 n?
<ar2ﬂaﬁ’“ 742>Rn<r>—o, r— 400 (4.12)

This is a well known equation with two independent solutions, the Bessel functions J, (kr), Y,,(kr). Thus
Ry(r) = ApJn(kr) + ByYo(kr) , 1= +o0, (4.13)

and the general solution of (4.6) can be therefore written as

W(r,0) = i ([ann(kr)JanYn(kr)) e r o too. (4.14)

n—=—oo

Because we are interested in the asymptotic behavior for large argument, the Bessel functions can be
rewritten as (1.21), (1.22), in order to obtain

[2 & B, . in
U(r,0) ~ %n;OOAn <cos (kr - % - %) + Zsm (k:r— % - Z)) en? (4.15)

A, =C, cosd, , (4.16)
B, = —C,, sind,, , .
2 5 o6 _nm_7 ind
P(r, 0) o Z 'n COS (kr 5~ 7t 5n> el =
_ 21 _ Z ol (ei(krfn—zﬂf%+6n) +67i(kr7"7”7%+5n)) ol (4.17)
V2mkr

To be able to compare this expression with (4.3), it is useful to expand the incident wave from (4.3) in
terms of the Bessel functions:

, > , 1 > o : =)\
ikrcosf _ § : in (k ) nl - § : ( z(krfz) + 7z(kr7n7rfz)) inf + (4 18)
(& (3 n\RT)€E (& e (& 5 r— o0 . .
2mkr

n=-—o0 n=-—o0o
Comparing those two expressions it can be seen that, if we set
C, = entis | (4.19)

we obtain the solution in the desired form.

1/)(7'7 0) ~ \/ﬁ _Z (ei(kr7%)+2i5n + efi(krfnrrf%)> eint? _
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. 1 . - . ) - )
_ _ikrcos@ z(kr—f)—i-Qusn _ z(kr—7)> ind
=e =+ g (6 4 e 4 e =
V2rkr

_ eikrcos@ + \/2]'762’(167"7%) Z (e2i5n _ 1) ein@ (420)
TRT

n—=—oo

According to (4.3), the scattering amplitude is
e_i% i . .
0) = e?n — 1) e 4.21
0= e 3 (- (421

Hence, the form of the differential cross section is clear from (4.4)
2

do(6) 1 - 218 ind
- n _ 1) ein 4.22
g~ 2mk n;w 5 A 2
and total cross section is, according to (4.5), given by
1 27 00 2
280, in6
U:ﬂ/ > (e —1)em) do . (4.23)
0 n=—oo
It is not hard to see that after integration only the diagonal terms will contribute. Thus, we get
1 o= | 9 2 4 o .
o= > e —1] = - > sin®s, . (4.24)
4.2 Green function in 2D
Solution of the differential equation (4.1) can be also obtained by solving the integral equation:
b(r) = o (r) + (Ar + k) TV (1) (r) = to(r) + /G(rvf)V(f“)?/)(f)dzf ; (4.25)
R2

where 1o (r) satisfies (4.1) with V(r) = 0 and G(r,T) is the Green function of the operator corresponding
to the motion of a free particle, which satisfies

(Ay + k%) G(r,F) = 6(r — ) . (4.26)

Using the Fourier transformation we derive

~ oy —1 ~ 1 e.(rff')p 2
G(r,t) = (Ar+ k%) 6(r—T) = onz | e de p. (4.27)
R2

In order to calculate the explicit form of the Green function we evaluate the expression with (k? + ie)
instead of a purely real k2, where ¢ > 0 and afterwards let € — 0. By using the polar coordinates and
(1.28) we get

2

L[ e /dej’dww_lwdwr—flm_
(2m)2 ) k?+ie—p? p= (2m)? pk2+z’5—p2 C2r pk2+i8—p2 N
R2 0 0 0

= Y (/0 e ) (4.28)

Hence, the integral equation (4.25) can be written in the form:

0l) = o) = § [ HE (e = SV @@ (129)
RZ
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Chapter 5

Finite cylindrical potential

We assume the following initial settings:

N Vo, r<R,
V—{ 0. r>R. (5.1)
E=K>V,. (5.2)

The goal is to find a solution of the corresponding Schrédinger equation (4.1):
(A + V) =k*) .

There are two different approaches to solve this equation as follows from the previous chapters. One can
either solve directly the differential Schrodinger equation or transform it to the integral equation (4.29).
In this case we demonstrate both ways.

5.1 Integral approach
To find the solution of (4.6), corresponding to this potential, we start by recalling (4.29) and using the
polar coordinates, due to cylindrical symmetry of the considered potential, one obtains

27 R
W(r,0) = eikreost _ % / / H (k|re' =0 — §)op(F, 0)ididd . (5.3)
0 0

According to (4.13) and (4.14) we denote
1 2m
Ralr) = 5= [ w(r0)e "o (5.4)

21
0

Thus, multiplying (5.3) by an appropriate term, integrating over 6, using the fact
— [ HV (e = 7)™ do = HY (max{r, 7})J, (min{r, 7}) , (5.5)

and subsequently integrating over 9~, one obtains

27 2T R 2m
A 1 ikr cos @ —in6 7"/0 1 (1) i(076’~) ~1\ ,ind ~ N\ =0
R,(r)= 271_/6 e """df 1 o Hy' (k|re 7)e™do | (7, 0)rdrd =
0 00 0
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27 R

=" Jn(kr) — % //Hfll)(k max{r, 7})J, (k min{r, 7}y (7, 0)Fdidd =

R

iV / H® (kmax{r, 7}).J, (k min{r, 7}) R, (F)7d7 . (5.6)

=" J,(kr) —

As we can see, this equation splits up into two cases:

R
Ry (r) = i" I (k) — ”VO / Jo(kF)Rn(F)7di , >R (5.7)
0
n on (1) o
Ry (r) =i"Jy(kr)— V(kr) | Jo(k7) Ry (F)7dr + Jo(kr) [ HY (k7)) R, (F)7dr | 0<r<R.

0
(5.8)

For r > R, previously derived general solution (4.13) is valid, however we rewrite it in the more suitable
form according to the expression (5.7).

R (r) = ApJy(kr) + B Yy (kr) = i"Jn (kr) + C HV (kr) | r>R (5.9)

The relation between C),, and ¢, from the previous chapter can be easily derived comparing those two

expressions, while bearing in mind the definition of Hfll).

i"+C,=A, =C,cosd, =TT cosd, = C, = i"eT (5.10)
. ~ ~ . “; 4inm ,ne — ].
iC,, = B, = —B, sind,, = —e"» "% gin g, = C,=1i 5

For r < R, (4.11) is to be solved. Solutions of this equation are again the Bessel functions, J, (vV/k? — Vor),
Y, (Vk% — Vyr). However, due to divergent behavior of the functions Y, at zero, it is necessary to assume
a solution only of the form

R, (r) = DpJn (VK2 — Vor) , r<R. (5.11)

Inserting this form into (5.8) while looking at the vicinity of r = 0, using the appropriate asymptotic

R
D, (VkZ— " (kR\" irVo D, [(kR\"
J(VOR> ::u<R) _”VOM<2R) /Hg”(kf)Jn(\/kLVof)fdf, r—0,

2 2 2
(5.12)
and eliminating the common constants one obtains
. V R
DoVkE—Vy =ik — WTOD,Lk"/H}})(kF)J,L(\/kQ — Voi)dr . (5.13)
0
The first term of (5.8) disappeared using the properties of the involved functions as r — 0.
N 1.1
D, = ik (5.14)

. R
VEZ= V" + g [ HY (k7). (VEZ = Vor idr
0

From (5.7) and (5.11) it is evident that

R
C, = _”2‘/0 D, / T (k7) (VK2 = Vo)FdF (5.15)
0
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and using (1.26) and (1.27) one obtains

2in+l

D, = it (5.16)
VEZ = VoJuir (VEZ = VoR)HSY (kR) — kJ, (VK = VoR)H'Y), (kR)

VE? = Vodny1 (VE? — VoR) Jy (kR) — kJy (VE* — VoR) Jpi1 (kR)
¢ —Vodni1(VEZ = VoR)HS (kR) — kJ,,(VEZ = VoR)HL') | (kR) -

Cp = (5.17)

5.2 Differential approach

For simplicity we start with already derived form of the solution for » > R from (5.9) and for r < R from
(5.11). Thus

Ru(r) = i"Jn(kr) + CoHY (k) , v >R
Rn(r) = : : 5.18
) { Do d(VEZ—Vior) r<R, (5.18)
and using the boundary conditions at r = R
Rn(R) = DpJ(VE2 — VoR) = i"J,(kR) + C,, HV(kR) | (5.19)
= Vk2 — VoD, J! (k2 — VoR) = ki"J (kR) + kC, H'Y (kR) , (5.20)

deriving D,, from both equations and comparing these expressions

i"Jo (kR) + C, HY (KR) ki J.(kR) + kC, H)" (kR)
Jo(VEZ = V,R)  VEE =V (VEZ=VoR)

one obtains

VI Vol (VIR = VoR) Hy < > T T (k70
This can be rewritten by using recurrent relations for the Bessel functions given in (1.12) - (1.15).
\/7‘/0Jn+1(mR) n(kR) kJn(mR)Jn+l(kR)
\/ —Vodui1(VEE = VoR)HY (kR) — kJ,, (VK2 — VoR)H.") | (kR)

Cn =

D,, in the form (5.16) is obtained straightforwardly by using (1.10).
DnJn(Vk2 = VoR) = i"J,(kR) + C, HV (kR) =
VEZ Vo 1 (VBT = VoR) o (kR) — kT (VR = VoR).Jy i1 (kR) >:
VI = Vodn i1 (VEZ = VoR)HY (kR) — kJ (VAT = VoR) L), (kR)
"k Jn (VI = VoR) (Jos1 (RR)HSD () = J (RR)HL), (kR))
VR VoW = VR HD (kR) — ko (VRZ = VoR)HYY, (kR)

2in+1

Dn 7TR
VI =Vodpi1(VEZ = VoR)H" (kR) — kJ,(VIZ = VoR)H."), (kR)

=" <Jn(kR) — HY(kR)
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5.3 Asymptotic behavior for large energies

In order to compare the previously derived solution of the scattering problem with the classical results
and the results obtained by the WKB approximation method as calculated in the next paragraph, it is
desirable to find a suitable form of the expression €%9»(¥) for k2 > Vj, corresponding to the classical
limit. Therefore, from the previously derived relation (5.10) between 6,, and C,,, it is not complicated to
see that

isny _ V= Vodwnr (VEZ VoR)H? (kR) — kT (VRZ — VoR) .2, (kR)

(5.22)
V= Voduir (V2 = VoR)H (kR) — kJ,,(VIZ = VoR)H "), (kR)
which due to (1.8), satisfies
5_n(k) = 6, (k) . (5.23)

In this expression we use an approximation by the Taylor series expansion up to the first order:

Vi
VE2 =V~ k— i (5.24)

TR VoR) ~ Ju(kB) — Ty (RR) St = 1, (kR) — (s (kE) — Jpa(kE) 00 (5.25)
Tur(VRE = VoR) ~ Jua (BR) = T (BR) 2t = oy (KR) — (Ja(kR) — T2 (kE) 0 (5.26)

For simplicity we will not write the arguments of the Bessel functions because they are all the same.

(k= 38) B (Jusr = o = Jus2) B2) = RHZ (o = (Jumr = Jusn) 52

206y, 2%k
TR AN ) RV, (5:27)
(k= 38) Hu' (Jot1 = (Jn = Jns2) T52) = kHy,y (o = (o1 — Jngr) T2
Neglecting the terms
RV RV .
Skg H9) T, Skg HIDJpo,  j=1,2, (5.28)
and using (1.10), (1.11), one obtains
vis —Z+ i (HfllJ — HE Jnr — HP T, + Hr(z2)<]n+2) — R HD Joi (5.29)
o200 o, _ ) .

n

% + RXO (H(l-lzl‘]”_l - Hr(b-gl‘]n-i-l - HT(LI)Jn + H7(11)Jn+2) - ;%HT(LI)Jn_i_l

It is evident that, the numerator is just the complex conjugate of the denominator. Hence we can write

i, L LEX Y

- 5.30
1+ X 44V’ (5.30)
where ) RV
Vs
X = = m B2V (JaYo = Jt2Yn = JoctYars + Jns1Yar1 ) = 0T Yo
1 RV,
Y = nRV (Jn2 — o dn 4 Jnia? — Jn_1Jn+1) R T Indu - (5.31)

Dividing the numerator and the denominator by 1 + X, and using Y (1 + X)~! ~ Y, we have

; 1—-1Y
210,
26, = arg (€**") ~ zaurg;(1 i ) ~=2Y . (5.32)

Using the recurrence relations:

Jn-1(kR) = —Jys1(kR) +
20

5 " J.(kR) (5.33)



2(n+1)

Tni2(kR) = =Ju(kR) + === Joga (kR) , (5.34)
leads to . )
Sn(k) ~ ijQVO (Jn(kR)2 + Jup1(kR)? — % Jn(kR)JnH(kR)) . (5.35)

With this §,, we can take a look at the differential cross section. Recalling the Graf’s addition theorem

i Crgr (2)Jn(2)e™? =, (22 sin(g)) eV(m=0)/2 (5.36)

n—=—oo

where C, can stand for any of the functions J,, Y, Hgl) or Hl(,z)7 immediately follows:

_i Jn(2)%e = Jy (22 sin(%)), (5.37)
:i: Jni1(2)%em? = =10 _i: Jn(2)%e™? = J, (22 sin(g))e_ie , (5.38)
nioo ndpi1(2)Jn(2)e™ = —i% n_oooo Jn41(2)Jn(z)e™? = % (J1 (22 Sin(g>)6i9/2> =
= (zcos(i) (Jo <2zsin(g)> - mh (2zsin(§))) - %Jl <2zsin(§))>e‘i9/2 =
= zcos(%)Jo (22 sin(%))e*w/2 - mh (22 sin(g)) . (5.39)
Altogether, .
)> (Jn(z)2 + i (2)? — ?Jn(z)JnH(z)) gind
=Jy (22 sin(g)) (1+ e*w) - % (z cos (Z) Jo (22 sin(g))e*i‘g/2 - 25%(9/2)(]1 (22 Sin(Z))) =
- mh (22 sin<g)). (5.40)

Hence the scattering amplitude is

f(0) = e\;%l i (eQién(k) — 1) R \/Zemm i 5 (k)e ~
™

L. T in/4 = 2 2 2n ind _
~ -5k VO,/%e n;m (Jn(kR) + Jps1(kER) fkRJn(kR)JnH(sz) e =
_gma [T BVo n(?
e S 7372 sin(G/Q)Jl <2kRsm(2)) , (5.41)

and consequently the differential cross section is

do() wR2Vy? [ J1(2kRsin(6/2))\° (5.42)
dé 8k3 sin(6/2) ’
For k large the differential cross section is concentrated near the value § = 0, and one has
do(d) wR2Vy? [ Jy(kR6)\>
o~ 2k3 0 ' (5.43)
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Finally, beacuse of

™ J1(2xsin(0/2))? /’T J1(20)? /°° J1(z6)? 32z
———————df~8 df ~ 8 dd = —, >0, 5.44
/_,, sin(6/2) , 62 , 02 37 * (544)

the total cross section approximately equals
TR?>V,y? 8kR _ 4R3V,y?
2k3  3m  3k2

It is interesting and worthy to point out that the total cross section has not the form of the classical one
even in the classical limit £ — +o0.

g

(5.45)

5.4 WKB approximation

In this chapter it is assumed the following relation for energies:

k2> V(r) . (5.46)
Let us start with (4.11). Using the substitution
R (r) = Ry (r)r? (5.47)
it is transformed into -
d*R,, (1) ~
—gz T () Ba(r) =0, (5.48)
where we have denoted . 1
Fu(r) = k2 —V(r) - 2 - (5.49)
From this expression it is evident that the classical turning points r,, satisfy
Using the WKB approximation with the ansatz
- 1 f N
Ry(r) = ——— exp /(—F(T‘))2 ar | r<rp, (5.51)
Eant o\
one obtains for the asymptotic region
~ 1 / i
R, (r) = ——— cos /Fn2 (F)ydr — — | , r<rg, (5.52)
Fi(r) 4
~ 1 T L . T
R (r) ~ ——— cos kr—kro—k/(FnQ(r)—k)dr—f . r—o o0, (5.53)
Ei(r) - 4
Comparing this asymptotic form with expression (4.17), the expression of §,, is obtained.
On,WKB = n77r — kro +/ (Fn% (7) — k:) dr (5.54)

Tn

This can be simplified by expanding Fﬁ/ 2 up to the first order with an approximate expression of r,

according to the assumption (5.46).

2_ 1
2 n T n
_ - 5.55
S v P 2 (5.55)
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2 1 3 2 1
2 "3 Sk (o Yt Nk s V)
(k r? V(r)) PV rn( kz(rz—ﬁ%) PV T T o r2—r2

nw krn 1 T V(r)r
By using potential in the form (5.1) one obtains
R
1 \% Vo/ R? — 12 Vo/(RE)? — n?
O, WKB ~ — 0’" _dr =" - o 10 (ng B R>r,e|n|<Rk. (557)
—r2

Thus, with the phase shift already derived above, we can calculate the scattering amplitude, differential
and total cross section according to (4.21), (4.4), (4.24).

Vor/(Rk)2—n?
On ~< T 2k2 In| < Rk 5.58
R { 0 In| > Rk (559)
PAY (Rk)2—n2 .
fwks(0) = ( B 1) en? (5.59)
|n\<Rk
2
dO'WKB(a) 1 i Yo/(RI)Z—n? (1?79)27712 ind
IWRB\Y) -1 in )
do 2k ¢ (5.60)
4 Vo 4 Vo 2 |4 2 2
UNkZm( 2k2 )Nk, (k) —”)NﬁZ((Rk) —n?) ~
In|<Rk In|< |n|<Rk
2VER3 VO RE(Rk 4+ 1)(2Rk + 1) 2VO R3 2V2R3 VOQR2 B VER (5.61)
k? k> 3 k2 3k2 k3 3kt '
Neglecting terms of higher order than (%) we get the result.
4VZR?
OWKB = —g15— (5.62)

We see that the expression of the total cross section is the same as the one derived by large energy
asymptotic. This is not so much surprising as both approaches use classical behavior in some way.

5.5 Numerical comparison

After deriving the cross section using different approaches we should verify the correctness of our results.
To this end, we will make some numerical calculations by using the exact, the large energy and the WKB
expressions, in order to compare them. For this purpose we assume the settings R = %, Vo = 1. Here are
some graphical comparisons of the exact expression for d, (k) given in (5.22), the large energy asymptotic
expression (5.35) and the WKB expression (5.58) for n = 0,...,4. Note that for n > 4, §, wxp = 0 for
our choice of the initial settings. To compare the differential cross section we set £ = 10 and use the exact
expression (4.22), but summation goes only over indices satisfying n < 10, due to negligible contribution
of the rest of terms, the large energy asymptotic expressions (5.42) and (5.43) and the WKB expression
(5.60).

From the figures 5.1 - 5.7 it is evident that large energy asymptotic expressions (5.35) and (5.42)
are in very good agreement with their exact analogs and asymptotic differential cross section for small 6
(5.43) works also well within the area of its validity. The WKB approximation provides not perfect but
possibly usable results.
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o (k)

—0.01}
—0.02f
—0.03 - — exact
F/ —— asymptotic
~0.04F/
l/ — WKB
L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L k
5 10 15 20 25 30
Figure 5.1: Comparison of dq(k).
61(k)
L L 1 1 1 L 1 1 k
10 15 20 25 30
— exact
—— asymptotic
— WKB

Figure 5.2: Comparison of d; (k).

5.6 Scattering on a J-function potential as the limiting case

This topic is discussed in [3]. The d-function potential can be realized as the limit of the finite cylindrical
potential
Vo= 2w, r<R,
y—| Vo= muT (5.63)
0, r>R,

such that R — 0. Reason for this particular form in case » < R is that we wish to obtain the non-zero
scattering in the limit case. This goal is actually achieved by regularization of the §-function potential

described in [7]. Due to assumption R — 0 and V; 120, —o0, there are two possible situations, which we
will discuss. Before that we should mention the fact that according to (1.8) we can restrict our discussion
to coefficients C),, D,, with indices n € Ny. Denoting

X = —i" [\/kQ Vodnir (VK2 — VoR)Ju(kR) — kJn(V/k2 — VOR)J,,H(kR)} : (5.64)
Y = {\/kQ —Vodwi1(VE2 = VoR)HW (KR) — kJo(VE2 — VOR)Hlel(kR)] , (5.65)
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02(k)

| | | | | k
— exact
—— asymptotic
— WKB
Figure 5.3: Comparison of d2(k).
03(k)
1 1 1 1 1 k
0,005
— exact
-0.010 —— asymptotic
— WKB
-0015
~0.020
Figure 5.4: Comparison of d3(k).
we have -
X 2i"
C, = v D,, = 7;% . (5.66)

Thus, by using asymptotic properties of the Bessel functions (1.16) - (1.20) we derive the following
relations:

—0

X = —i" | k2 = Vodusr(VEZ = VoR)Jn(kR) — k Ju(N/K2 — VoR) Jps1(kR)

2 n+ 1\ 2 n!

—ngn n+2
_ 2 2n+1
= S T I (V=) "R (5.67)

00 j — 2j+n+1
Y ) (,/7/{2 V0R> )

S+ 1+ ))! 2
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04(k)

| | | | | k
~0.005
F — exact
—— asymptotic
-0.010 — WKB
-0.015
Figure 5.5: Comparison of d4(k).
dor®)
de
0.00007 F \
o
0.00006 \‘
; — exact
0.00005 [
[ —— asymptotic
0.00004 |- .
b —— asymptotic, -0
0.00003 |
¥ — WKB
0.00002 F
0.00001 F
' 9

Figure 5.6: Comparison of the differential cross sections for 6 indented from 0.

2% kR\ <= (=17 [(ER\Z™ i (n—j—1) (kR\¥"
1+ 2 —" S i (e R N 2
X <+7rn2>zj!(n+j)'<2) S 2 *

3=0 j=0
A nt ] (-1 (RRNT IS (21 (VP -TRR\TT
W;}(¢(J+1)+¢( +J+1))j!(n+j)!<2> k j_zoj'(nﬂ)'( - >
2 kR\ <~  (—1) ERNZT G &N (n— ) (kR
" <1+wln2)jz_:0j!(n+1+j)! (5) R (5)
S a1 5wt gy D (YT
W;}W(J-Fl)-kiﬁ( +i+2) o +1+j)'<2) =
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do(6)
do
0.0025 -

0.0020
t — exact

I —— asymptotic
0.0015 .
b —— asymptotic, -0

L — WKB
0.0010

0.0005

0.1 0.2 0.3 0.4 0.5

Figure 5.7: Comparison of the differential cross sections in the vicinity of 0.

[ B () B

j= =

. 00 (—l)j kR 27
WJZ:;J GHD o ti+ 1) G (2> +

X

2
7=0

1) 2j .o Y 2j—2(n+1)
| (1 B R 3 (Y g (kY
2 jZO]!(n+1+j)! 2 T 4 J! 2

j=0

e (V= TR\”
fk<\/k2fvo) R? +122n+1 [Z]ln+]l< >

N , (—1) R\
W;)(TP(J+1)+¢(”+J+2))M<2)

jln+1+5)! 2

<1+ 2y, k2R> i(n_ 1)! (k;%)_% _ i@ +y(n+1)

T n!

0o ; 23
n#0 n+2 oni1 k™ (—1)7 /E2 = VR
LVE Vo R Z,( _

Jj=0

X

h (VTR e s D (ﬁzz)

2201 | 2 jl(n + ) 2

9 . —2(n+1)
<1+’1 kf) ~Zn v<k2R) . (5.68)

From here it should be already evident that

Chn—0, n#0, (5.69)

D, —0, Vn. (5.70)
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Now let take a closer look at

{(

2 (\/kQ — VO) - (1 + %m

~ —

-1 (VP =74

Co.

27

-2 2 kR i [kR\ * k2 — V) R2
) 1_|_i1n7_1 kg 1_Q
T 2 T 2 4
2% kR 2 i In kR
~e 1S () — 2
+7rn2 T ()+27r1n§

9
(1—1—2111
T

kR

2

A+ 2

Jj=0

—1

2 (7

™ -
j=0

—1 —1
kR 4i 2
In— + — | R?%k* - — | -
{j) no o <R lnR>

2i kR 2 i mEE 9 R
14+ —In— — —(1 —— 2 T p=—_=
+ 2 Ww() 2T 111% T na T
c, B0 =

lng—%—zﬂ(l)—i—lna

2

kR i (kR>2>i(_1)y‘ (MR)% .

kR 2i (k* = Vo) R?
o) (-5,

According to (5.10) and (4.21), the differential cross section is constant, independent of 6:

and the total cross section is

do(0) 2 9
4o 77Tk|00| ’
— 4 2
o = ]{,‘|CO| .
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Conclusion

We have dealt with the stationary quantum scattering problem in two dimension for a spherically sym-
metric potential. For the finite cylindric potential we have derived the exact as well as the approximate
solutions of the corresponding Schrodinger equation and cross sections, and provided numerical compar-
ison of them. From the comparison we can see that the approximation of the exact expressions derived
in the large energy asymptotic is better than that derived by the WKB approximation. Interesting is the
difference between the classical total cross section and the total cross section derived by approximation
for the large energy and the WKB approximation. The both approximations have given the same result,
which does not agree with the general idea of classical mechanics becoming an approximation of quantum
mechanics in the classical limit & — +o0o and it would be interesting to figure out the reason of such a
behavior.

We have also solved the task of non-zero scattering on J-potential, as it arises naturally from dealing
with the finite cylindrical potential, due to fact it can be realized as a limit case of the finite cylindrical
potential.

However, the intention of this paper was to deal with Aharonov-Bohm potential. Thus, this intention
remains unfulfilled and should be a motivation for a future work.
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