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Chapter 1

Born-Oppenheimer approximation

1.1 Molecular Hamiltonian

We consider a molecular system consisting of n electrons and N nuclei. The notation of the
Cartesian coordinates, linear momenta, masses, and charges are shown in Table 1.1. The

Hamiltonian is given by

ﬁ:Te+TN+‘7e7e+‘7e7N+VN,N7

with the kinetic energy of the electrons

. "op2 2,
R - 2me 2m. Z !

the kinetic energy of the nuclei

. P2 2
V=2 5p =~ 2 g, Vo

a=1 a=1

the Coulomb repulsion between the electrons
2
~ e 1
Vee=) —
;j 471'60 |"'i — ’l"j’

the Coulomb attraction between the electrons and nuclei

n N
N €2 —Zo
%,N - E E 4 R )
— L~ 4reg |r; — Ry
i=1 a=1

Particles coordinates momenta masses charges
Electrons (i =1,...,n) T; Di = %Vi Me —e
Nuclei (o = 1,...,N) R, Po=tv, M, Zae

Table 1.1: Notation of coordinates, linear momenta, masses, and charges.

(1.1)

(1.2)

(1.3)

(1.5)
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and the Coulomb repulsion between the nuclei

2

~ (& ZQZB
VNN = : (1.6)
C; dmey |Ry — Rg|

1.2 Mass weighted coordinates

Before we proceed, we introduce mass weighted coordinates. This is not essential, but it sim-
plifies the equations. Coordinate transformations are frequently used in quantum dynamics
to simplify a problem. For N nuclei, we define 3N mass weighted coordinates by

Q1 Q4 Q3n—2
Q2| =VMRy; | Qs | =vVMaRy; ... ;| Q3n—1 | = vV MyRNy. (1.7)
Q3 Q6 Q3N

We will use the column vector @ to denote all 3N nuclear mass weighted coordinates. The
nuclear kinetic energy operator (Eq. 1.3) now takes the form

. n2 & o2 n_,

=1

The 3n electronic coordinates are denoted by the column vector g, and the total Coulomb
interaction will be denoted by

V(g;Q) =Vee+Ven + V. (1.9)

1.3 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation relies on the nuclei being much heavier than the
electrons, M, > m,. Already the hydrogen nucleus has 1836.15 times the mass of an
electron. This allows a two-step approach to solving the Schrédinger equation. In the first
step the kinetic energy of the nuclei is neglected and the electronic Hamiltonian is defined,

H =T, +V(g; Q). (1.10)

For a given choice of the positions of the nuclei (Q), the electronic wave functions @ (q Q)
(1 =0,1,...) are the solutions of the electronic Schrédinger equation,

(el (el 1
H Do (q; Q) = E[V(Q)9[" (¢: Q). (L11)
The electronic energies Ei(el)(Q) depend on the positions of the nuclei, and they are usually

referred to as adiabatic or Born-Oppenheimer potential energy surfaces. We assume that the
electronic wave functions are orthonormal

(@] !q’el q—/ / " (g;Q) 'Y (¢; Q)dqrdgn - - - dgsy = 1. (1.12)

Lecture notes on Quantum Dynamics, version May 20, 2025



CHAPTER 1. BORN-OPPENHEIMER APPROXIMATION Page 5

In the second step of the Born-Oppenheimer approximation we use the electronic wave
functions as a basis to expand the total wave function

Q=3 o (q; Q)xi(Q). (1.13)

To find an equation for the nuclear wave functions x;(Q) we first substitute the expansion
into the time-independent Schriodinger equation

[Ty + HE — Z@el (g;Q)x;(Q) = 0. (1.14)

Next, we project from the left with electronic wave functions, integrating over the electronic
coordinates

(@ (q; Q)| T + H - EIZ<I> (:Q)x;(Q))g = 0. (1.15)

When evaluating the matrix elements, one has to remember that the nuclear kinetic energy
operator acts on the nuclear as well as the electronic wave function since

Voo, (g; Q)xj@) = (1.16)
V3" (@ Q)1 (Q) +2[Ved! (¢: Q)] Vox; (Q) + 21 (Q)VEn (Q).
In this equation the gradient Vg is the vector operator
0
0Q1
Vo= : . (1.17)
0
0QsnN

To evaluate the matrix elements of the electronic Hamiltonian we use Egs. (1.11) and (1.12)
and find

@ (@ QA — Bl Y o (a: Q(Q)q = [E(Q) ~ Eli(@). (1.18)

Combining the last four equations we arrive at a set of coupled equations

Ty + E(Q) — Eli(Q) = 2 Y [1

5Gii(Q) + Fij(Q) - Vo | xi(Q), (1.19)
j

where the non-adiabatic coupling matrixz elements are given by
1 1
Gii(Q) = (0! Q)V3Ie\" (4 Q) (1.20)
1 1
F Q) = (0 (aQ)Vele" (¢Q), (1.21)
In the Born-Oppenheimer approximation all non-adiabatic coupling matrix elements are ne-
glected and Eq. (1.19) can be solved separately for each electronic state (i)

[Tn + Ei(Q)]Xiw(Q) = EivXin(Q). (1.22)
The total wave function is then a product of an electronic and a nuclear wave function
1
Vio(q:Q) = 97 (@ Q)i (Q). (1.23)
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1.4 Validity of the Born-Oppenheimer approximation

In general, the Born-Oppenheimer approximation is accurate when the separation of the
electronic energies is large compared to the nuclear kinetic energy. To show this, we first
observe that

Fi;(Q) = —Fj(Q), (1.24)

which follows from taking the first derivative of Eq. (1.12). Dropping the subscript g for the
scalar products we have

(el)

9 (el (e 00 (el) (e1), 0P 0
o'V 1plely — i |l o' =~ 8:=0, 1.9
0. (B 18) = (o127 + (&5 a—) = 5505 =0 (1.25)
which shows that
09V 93 HP (D
(el)| 773 i (el) (el) i
®; =— ) = —(9; : 1.2
@1 58) = (G 12 = (@150 —) (1.26)
For non-degenerate real electronic wave functions we have
F;(Q) = —F;:(Q) (1.27)

and hence F;;(Q) = 0. To derive an expression for i # j we taking the first derivative with
respect to nuclear coordinate @, of

(@ H i) =0, (1.28)

which gives

{

D (@) (e 1@ e (@) P ey o) ey O g (el .
so O 4 (@ T @) 4 (@ D] 50l ) =0, (for i £ ). (1.29)
Again restricting ourselves to the real, non-degenerate case we derive, using Eqs. (1.11),
(1.27), and (1.29)

@ (q: Q)| [Vo, H] 10/ (q: Q)
E,j(Q) = (el) (el) . (1.30)
B Q) - E(Q)

This result shows that the first derivative couplings F; ;(Q) are small when the electronic

energies are well separated, i.e., when |E§e1)(Q) - Ei(el)(Q)| is large. Conversely, when two
electronic states are close in energy, the nonadiabatic coupling can become large.

When the electronic wave function ® is complex in a non-trivial way, i.e., when ® and ®*
are linearly independent this derivation breaks down. However, since the electronic Hamilto-
nian is real, the functions ® and ®* are degenerate, and breakdown of the Born-Oppenheimer
approximation is expected.

In the next section we consider the second derivative couplings.

Lecture notes on Quantum Dynamics, version May 20, 2025



CHAPTER 1. BORN-OPPENHEIMER APPROXIMATION Page 7

1.5 Second derivative nonadiabatic coupling

The second derivative couplings G; j(Q) are related to the first derivative couplings F; ;(Q).
For the divergence of the latter, we have, from Eq. (1.21),

Vo Fi(Q) = (Voo |veal™) + (@ v e, (1.31)

The first term on the right-hand side can be rewritten by inserting a resolution of identity
over the electronic states

el el el el el el
(Voo |vea!™) = 3 (voal™ o) - (a7 | vl (1.32)
k

Using the definitions of the non-adiabatic couplings and Eq. (1.24) we find

Gij(Q)=Vq- F;(Q Zsz )Fl;(Q). (1.33)

For real wave functions £ = ¢ and k = j do not contribute to the last term. Hence, if
two electronic states ¢ and j are close in energy, and all other electronic states are far away
in energy, the second derivative couplings may be computed as the divergence of the first-
derivative couplings.
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Chapter 2

Diatomic molecules

We will discuss a diatomic molecule in the Born-Oppenheimer approximation. The Schrodinger
equation for the nuclear motion, vibration and rotation, is mathematically very similar to
the electronic Schrédinger equation of the hydrogen atom. The main difference is that
the Coulomb interaction between the proton and the electron is replaced by the Born-
Oppenheimer potential V(r), where r is the distance between the atoms. Therefore, we
will only summarize the key results here, without a full derivation.

We denote the Cartesian coordinates of the atoms A and B, with masses M4 and Mpg by
R4 and Rp. The nuclear kinetic energy operator in Cartesian coordinates is given by
h? R,

2 p—
2MAVA QMBVB. (2.1)

Since the motion of the center of mass is not coupled to the rotation and vibration of the
molecule, it is advantageous to introduce new coordinates. The center of mass is given by

MsRs+ MpRp

Te-

X = 2.2
Ms+ Mp (22)
Furthermore, we define
r= RB — RA. (2.3)
In these coordinates the kinetic energy operator becomes
. h? h?
T=- Vi — V2 2.4
2Mtot X 2/14 T ( )
with total mass
Mot = Ma + Mp, (2.5)
and reduced mass u, defined by
1 1 1
= 2.6
pu My Mp (2:6)

Since we do not consider external electric or magnetic fields, the potential only depends on
the distance r = |r|, and it is convenient to use spherical polar coordinates (r, 6, ¢), defined
by
cos ¢ sin 6
r=r|singsinf |. (2.7)
cosf
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In principle, the kinetic energy operator for the relative motion can be written in these new
coordinates by applying the chain rule to V2. That approach is tedious and the result gives
little insight in how to proceed and solve the resulting Schrédinger equation. An indirect but
more effective approach starts with identifying Hermitian operators that commute with the
Hamiltonian.

Let us consider the angular momentum operator I defined by a cross product

l=rxp, (2.8)
where p = ?V is the linear momentum operator, and the total angular momentum operator

2

)

o~

2=1-1. (2.9)
By substituting Eq. (2.8) into Eq. (2.9) one can derive
2= —n*?v2 + h2ra—2r.
" or?

The Schrodinger equation for the rotational and vibrational motion, which is decoupled from
the center-of-mass motion, can be written as

(2.10)

L V) - Elr.6) =0 (.11)
2pr8r2r 2ur? " nue) =5 ’

[

The first term of the Hamiltonian operator represents the radial kinetic energy and the second
term the rotational energy. The solutions can be factorized,

7vbvlml (T7 '9’ ¢) = %X’UZ(T)YI’H’LZ (97 ¢)7 (212)

where v = 0,1,... is the vibrational quantum number. The angular part is a spherical

~

harmonic, it is an eigenfunction of the total angular momentum operator and of [,

Y]y (
1Y), (

,¢) = RA(I+1)Y.m(0,6), withl=0,1,2,... (2.13)

0
0,0) = hmyY; ., (0,0), and my = -1, —{+1,...,1 (2.14)

The spherical harmonics are orthonormal,

2w 1

(U'milimy) = / g (0.0) Yoy (0, 0) d 05 0 d = Gy, (2.15)
0o J-1

An equation for the radial wave functions y,;(r) is found by substituting Eq. (2.12) into

Eq. (2.11), using Eq. (2.13), projecting the equation with a spherical harmonic, using the

orthonormality of spherical harmonics [Eq. (2.15)], and multiplying the equation with r. The

result is
K2 92 h2l(l +1)

“gpae t e TV Ou() = Buxu(r). (2.16)
The solutions can be made orthonormal,
[ee]
/ Xz/l’ (T) le(r) dr = 51}’1)5”- (217)
0
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With this normalization, the functions vy, (1,0, ¢) are also orthonormal, since the volume
element for spherical polar coordinates is

dr = r’drdcosf dg (2.18)

and the 72 in the volume element cancels against the factors 1/r introduced in Eq. (2.12).
The radial Schrodinger equation for x,;(r) looks like a one-dimensional Schrédinger equa-
tion in Cartesian coordinates, except that > 0, and the rotation modifies the potential V' (r)
by adding the so called centrifugal term R21(l + 1)/2ur?.
The energies E,; depend on the vibration quantum number v, and the rotational quantum
number [, but not on m;, so for each v and [, there are 2] + 1 degenerate eigenfunctions.

2.1 Harmonic oscillator approximation

The Born-Oppenheimer potential for a diatomic molecule can be expanded around its mini-
mum at r = r, in a Taylor series,

V(r) = V(re) + %k‘(r )24 (2.19)

where k is a force constant. Truncating the expansion after the quadratic term results in the
harmonic oscillator approximation, which can be solved analytically.

First we consider a non-rotating molecule, i.e., [ = 0, and introduce a mass-weighted
coordinate

q = /p(r —1e). (2.20)

By taking V(r.) as the zero of energy the Hamiltonian becomes

- n? 9%  h?
Hy= —— —— + — 2% 2.21
0 2 8(]2 + 2 wq, ( )
where
k
w=4/—. (2.22)
1
The solutions of the quantum harmonic oscillator problem
IA{OCZ)U(Q) = Evgbv(Q) (2'23)
are given by
Ll (W T _1
bo(q) = Hn(vog)e™ 3 (7) (2"n)~3, (2.24)
T
where H,, are Hermite polynomials
Holq) = 1 (2.25)
Hi(qg) = 2¢ (2.26)
Hyi1(q) = 2qH,(q¢) —2vH,_1(q), forv=1,2,... (2.27)

and the energies are given by

€ = (v+ %)hw. (2.28)

Lecture notes on Quantum Dynamics, version May 20, 2025



CHAPTER 2. DIATOMIC MOLECULES Page 11

2.2 Anharmonic oscillator, variational approach

In general, analytic solutions are not available for real potentials. There are several ways
to compute rovibrational wave functions and energies in that case. In the linear variational
method the wave function is expanded in a basis

x(@) = ila)e: (2.29)

The basis functions ¢;(¢q) may be chosen as the analytic solution corresponding to an approx-
imation of the potential. For example, we may write V(q) as

V(q) = Volq) + AV (q), (2.30)
where Vj(q) is a harmonic approximation of the potential. The Hamiltonian then becomes
H = Hy+ AV (q), (2.31)

where Hy is the harmonic oscillator Hamiltonian corresponding to the harmonic potential 1.
Thus, the basis functions satisfy

Hooi(q) = €idi(q)- (2.32)
The linear variational method turn the Schréodinger equation into a matrix eigenvalues prob-

lem
Hc = Eec, (2.33)

where the column vector ¢ contains the expansion coefficients and the Hamiltonian matrix
elements are given by

H;j = (¢ilH|ps) = €idij + (¢i| AV |g;). (2.34)

Formally, the energies E are found as zeros of the characteristic polynomial, i.e., the deter-
minant

|H — EI| =0, (2.35)

where I is the identity matrix with I; ; = ¢; ;. For each solution F = E, the corresponding
eigenvector ¢, is found as the non-trivial solution of the singular set of linear equations

(H — E,I)c, = 0. (2.36)

The energies E, are upper limits of the exact solutions of the Schrodinger equation.

2.3 Rotational levels of diatomic molecules

The above harmonic approximation and variational methods are directly applicable to a
rotating diatomic molecule when applied to the effective potential, i.e., the potential including
the centrifugal term [see Eq. (2.16)]

R2(1+ 1)

‘/teff(r) = V(T) + 2/”,2

(2.37)
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A more approximate method is to find the vibrational wave function x, for [ = 0 only and
compute the rotational energy with first order perturbation theory. This gives the energy
levels

Rl +1
Evl ~ EU + <XU’2(/M“2)|XU> = Ev + Bvl(l + 1), (238)
with rotational constant )
h _
By = g (dulr*1du)- (2:39)
The rotational constant can be further approximated as
n?
B, ~ E 2, (2.40)
where
Ty = (Dp|T|d0). (2.41)

In the harmonic approximation 7, = r., the equilibrium distance.

2.4 Morse oscillator

The Morse potential is a more realistic model for a diatomic Born-Oppenheimer potential
than the harmonic approximation, but is still has analytic solutions for vibrational wave
functions and energies. The Morse potential is given by

Var(r) = Ve + De[l — e7@CTo)2, (2.42)

It is easy to verify that the minimum of this potential occurs at r = r, with Vs(re) = Ve. For
large r the Morse potential approaches the value V., + D,. The force constant of the harmonic
approximation to the Morse potential is

_ 0%V (r)

k=0 =2D.a’. (2.43)

The exact energies are given by

Ev — hwo(v + %) . [m0(1261/2)]27

(2.44)

where wy = \/% as in the harmonic approximation. The Morse oscillator has only a finite
number of bound states, and this expression is only valid for vibrational quantum numbers
v for which E, > E,_1. The vibrational wave functions can be found in the original paper
by Philip Morse [1].

Since there are only a finite number of bound states, the analytic solutions do not form
a complete set. This must be kept in mind when using Morse oscillator functions as basis
functions in a variational calculation. The problem can be ameliorated by using r., «, and
D, as nonlinear variational parameters.
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2.5 Numerical approach to one-dimensional bound states

In a numerical approach a wave function is represented by its values on a grid, rather than
by an expansion in a basis. The simplest scheme is to use an equally spaced grid,

r; =rg+iA, withi=12 ... n, (2.45)

where A is the grid spacing. The wave function is represented by column vector ¢, with
components
ci = x(ri)- (2.46)

To find a representation of the Hamiltonian we first consider the potential energy. We may
represent V' (r)x(r) by a vector with components

V(ri)x(ri) = V(ri)ei, (2.47)

which corresponds to representing the potential energy operator by a diagonal matrix V' with
elements
Vij =V (ri)di;. (2.48)

A representation of the kinetic energy operator may be found by approximating the second
derivative operator by a finite-difference formula,

0? X(ri—1) = 2x(ri) + x(riv1)  ci1 —2¢i + ciqa
52 X(1)|r=r, ~ A7 = 3 : (2.49)
Hence, the kinetic energy operator
. n? 02
T=——— 2.50
21 Or? (2.50)
is represented by the matrix
-2 1
B2 1 -2 1
1
or, in components
h2
Tii=—9,a2 (01,5 — 205 + bijt1)- (2.52)
The Hamiltonian matrix is the sum of kinetic and potential energy matrices,
H=T+V (2.53)

and the eigenvectors and eigenvalues can be found by solving the matrix eigenvalue equation
as in Egs. (2.33)-(2.36).

This numerical method is not variational, i.e., the energies that are found are not neces-
sarily upper limits. To converge to the exact result two conditions have to be met: the grid
spacing A must be sufficiently small and the range, [r1,7,] must be sufficiently large.

Lecture notes on Quantum Dynamics, version May 20, 2025



CHAPTER 2. DIATOMIC MOLECULES Page 14

In practice, to set up a grid we first decide on the maximum energy FEy.x for which
we want converged results. The highest kinetic energy that we have to represent is than
Tiax = Emax — Ve, here V. is the minimum of the potential. A plane wave with this kinetic
energy would be

1/1(7“) = Sin(kmaxr - 90) (254)
with -
h°k
e — Tmax 2.
S (2.55)

The corresponding de Broglie wavelength A, is found by solving
kmaxAmin = 27. (2.56)

As a minimum, about four points per de Broglie wavelength are required to represent the
oscillations in the wave function on a grid, so

)\min

Amin ~
4

(2.57)

As a rule of thumb, about 10 points per de Broglie wavelength are required for accurate
results.

By choosing a grid ranging from r; to r,, we implicitly assume that the wave functions
are zero for r < r; and for » > r,. Clearly, the grid must at least include the part of the
potential that is classically allowed, i.e., V(1) < Enax. In particular when the reduced mass
w is small, wave functions will tunnel into the classically forbidden region, so the grid must
be extended accordingly.

Higher order finite-difference approximations of the second derivative operator give more
accurate results for the same grid spacing [2]. In particular, the infinite order finite difference
formula is often used. This method is known as the Colbert-Miller DVR (discrete variable
representation)[3] or sinc-function DVR [4, 5].
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Chapter 3

Time-dependent Schrodinger
equation

The motion of nuclei is most naturally described by the time dependent Schrodinger equation.
To be specific, we consider a diatomic molecule in its ground state, set in motion through
excitation by light. The ground-state vibrational wave function is xo(r) has zero-point energy,
but it is still called stationary, because it is an eigenstate of the nuclear Hamiltonian

Hy =T + Vo(r), (3.1)

where V() is the ground state potential and T the nuclear kinetic energy operator. Without
going into the details of the interaction between light and molecules, we imagine that the
molecule is put into an electronically excited state by a short laser-pulse. The vibrational
wave function Yo(r) - assuming it has not changed during the excitation - will no longer be
and eigenstate of

H=T+V(r), (3.2)

where V (r) is the potential for the electronically excited state. The nuclear wave function at
time %g, the time of the excitation, is equal to ground vibrational wave function

Y(r,to) = Xo(r). (3.3)

The wave function at later times, ¥ (r,t), is found by solving the time-dependent Schrédinger
equation

op(r,t) -
e Ha(r,t). (3.4)

If the photon energy put into the molecule it is not sufficient to break the bond, we may use
the vibrational wave functions x,(r) of the electronically excited state as a basis to expand
¥ (r,t) using time-dependent coefficients ¢, (t),

P(rt) = xu(r)eu(t), (3.5)

ih

where the vibrational wave functions are solutions of
IA{XU(T) = € Xv (T) (3.6)

15
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At time ty we have

Y(r to) = Xo(r) = Y xu(r)eu(to) (3.7)

The expansion coefficients at time tg are found by projection with the vibrational wave
functions, assuming they form an orthonormal set

<Xv‘5(/0> = <Xv| Z X! (T)cv’(tO» = Z 51),1/611’ (tO) =Cy (tO)' (38)

(%

To find the expansion coefficients at later times, we substitute the expansion of (¢,r)
[Eq. (3.5)] into the Schrédinger equation (3.4)

ih% D xe(eot) = HY  xu(r)eo(t) = eoxo(r)en(t). (3.9)

v

This equation may be rewritten as
0
Z Xv(’r)[lh&cv(t) - evcv(t)] =0 (3.10)
v

and since the vibrational wave functions are linearly independent all the terms in the sum
must be zero, i.e.,

0
zhacv(t) = €y¢y(t). (3.11)

Alternatively, one may arrive at this equation by projecting Eq. (3.9) with x, (7). The solution
is

k3

co(t) = e im0 (). (3.12)

Substituting this back into the expansion [Eq. (3.5)] and using Eq. (3.8) for the coefficients
at to gives

V) = 3" xu(r)e 700 (x, |Ko). (3.13)

3.1 Time-dependent Schrodinger equation in arbitrary basis

Above we expanded the time-dependent wave function t(r,t) in a basis of eigenfunctions
Xv(r) of the Hamiltonian H. Here, we expand (r,t) in an arbitrary orthonormal basis

{le(r)v BN} an(r)}
P(r,t) = Z@(r)cz,-(t). (3.14)

Substituting this expansion into the time-dependent Schrédinger equation (3.4) and project-
ing with the basis functions ¢; gives

0 -
ihodi(t) = > (il HIgj)d;(t), (3.15)
J
or, in matrix-vector notation
ih%d(t} = Hd(t). (3.16)
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To solve this set of coupled, first-order, linear differential equations, we first determine the
eigenvalues \; and eigenvectors u; of the Hamiltonian matrix H

Hui = )\Zuz (3.17)

This approach is equivalent to using the above method, with vibrational wave functions
obtained with the linear variational method. We first rewrite the eigenvalue problem in
matrix notation

A1
H [ujus...up) = [ujus. .. uy) (3.18)
An
or
HU =UA (3.19)
where A is the diagonal matrix with matrix elements
AiJ' = Ai5i7j. (320)
Assuming that the eigenvectors u; are orthonormal, we find
U'ru =1, (3.21)
because
(UT0)iy = wlu; = (uilu;) = 6. (3.22)

Since the columns of the matrix U are linearly independent and the matrix is square it is
nonsingular, i.e., it has an inverse. Multiplying Eq. (3.21) with U~! from the right gives

U =u-! (3.23)

and so U is a unitary matrix. We express the expansion coefficient vector in this the basis
of eigenvectors,

d(t) =Uc(t). (3.24)
Substituting this basis transformation into Eq. (3.16) and multiplying from the left with UT
gives
z’h%UT Uc(t) = U HUc(t) (3.25)
or
ihgtc(t) = Ac(t). (3.26)

If we write this in components we are back at equation (3.12), with the eigenvalues \; corre-
sponding to the vibrational energies €,. At tg, we can find the expansion coefficient again by
projection,

di(to) = (bilXo)- (3.27)
Using
c(to) = U'd(tg) (3.28)
we find the explicit expression of the time-dependent expansion coefficients as
e—%)\l(t—to)
dit)=U U'd(ty). (3.29)

e_%An(t_tO)
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3.2 Matrix exponentiation

The time-dependent Schrédinger equation expressed in a basis, Eq. (3.16) can also be written
as

0 )
—d(t) = ——Hd(t). 3.30
£d(t) = — Hd(t) (3.30)
For sufficiently small time steps 7 we can approximate
0
dit+7) =~ d(t)+ ng(t) (3.31)
= d(t) - %THd(t) (3.32)
- (I- %TH)d(t). (3.33)

As a numerical approach this is more efficient than the previous method, since it involves
only a matrix-vector multiplication, which requires in the order of n? operations (n being the
dimension of the basis), rather than the order n? required for diagonalization. However, it
can only be used for short times. For larger time intervals 7 may be divided into m smaller
time steps 7/m, for which the short-time propagator can be used. Mathematically, we get
the exact result by taking the limit of m — oo,

— lim (I — Ty
dit+71) = m1JEr>1100(I th) d(t). (3.34)
Since the Hamiltonian matrix H commutes with the identity matrix I this limit can be
evaluated with the exact same method one would use when the dimension of the space were
one - i.e. when H would be a number and d had only a single component. The result is

WE

d(t +7) = —(—%Hr)kd(t) (3.35)

k!

B
Il

0

Here, one may recognize the Taylor expansion of the exponential function

(3.36)

)
S
|
[]e
=) =
8
S

>
Il

0

By defining a function of a matrix through the Taylor expansion of that function, we may
write

i

d(t+ 1) = e #H7d(1). (3.37)

In general, for a function defined by a polynomial expansion
flo)=> cpat (3.38)
k

we may define the corresponding matrix function

fA) =) A" (3.39)

k
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If the matrix A is normal, i.e., if it commutes with its Hermitian conjugate
[A, AT] =0, (3.40)

it has a complete set of orthonormal eigenvectors. Note that Hermitian matrices H satisfy
this condition, since H' = H, but it also hold for anti-Hermitian matrices A = iH, for which
Al = —A. With the eigenvectors collected in the unitary matrix U and the corresponding
eigenvalues in the diagonal matrix A,

AU =UA (3.41)

we may write A as

A=UAU". (3.42)

The square of the matrix may now be evaluated as
A2 = AA = (UAUNUAU") = UA?U" (3.43)
and for an arbitrary power we find
Ak = UAFUT. (3.44)

Hence, the matrix-polynomial Eq. (3.39) can be evaluated as

f(A) = > qUAUT (3.45)
k

= U (Z ckAk> Ut (3.46)
k
Dok Ck)‘lf

= U Ut (3.47)

Zk: Ck)\fz

f(A1)

= U U (3.48)

f(An)

From this general expression we can immediately obtain equation (3.29) of the previous
section by noting that the eigenvalues of —fH(t — to) are —£A;(t — to), and so matrix
exponentiation is equivalent to the other methods. Note, however, that algorithms exist to
exponentiate a matrix, without computing eigenvalues and eigenvectors first [6].

3.3 Free particles in one dimension

The Hamiltonian Hy for a free particle with mass i, moving in one dimension (z) consists of
just the kinetic energy operator
hQ 82

o (3.49)

0=
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We call it a “free particle” because the potential is zero. The time-independent Schrodinger
equation for this Hamiltonian is
Hy¥(z) = EY(x), (3.50)

and it is easy to find the solutions ¥(x)
U(z) = Ne e, (3.51)
where the so called wave vector k is related to the energy E by

R2k?

The problem with these solutions is that they cannot be normalized, since the integral
o0
/ |U(x)|? da (3.53)
—00

does not exist (“is infinite”) for any normalization factor N # 0. To give meaning to these
wave functions we will first derive analytic solutions of the time-dependent Schriodinger equa-
tion for a free particle. This derivation will be more complicated, but we will find solutions
that can be normalized, so the interpretation of the result will be straightforward.

3.4 Gaussian wave packets

The time-dependent Schrodinger equation for a free particle moving in one dimension is

L OV(z,t) R D2

We will derive normalizable solutions that can be written in exponential form
U(z,t) = ef @), (3.55)

where f(z,t) is a complex function. To simplify the notation we will use a dot to denote the
derivative with respect to time (¢), and a prime to denote the derivative with respect to the
position z and we will drop the (x,t) arguments. Dividing Eq. (3.4) by ik then gives

v = Z\IJ”. (3.56)
For the time derivative we have
U = fel = fu, (3.57)
the first derivative of ¥ with respect to x gives
U = flef (3.58)
and the second derivate is
W= [Tl ()%l = [+ ()]0 (3.59)
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Substituting Egs. (3.57) and (3.59) into the Schrodinger equation (3.56) gives
; ih " "2
fo= ﬂ[f + ()9, (3.60)
This equation is satisfied if
¢ ih " 1\2
= — ) 3.61
f= 5elt” + (1 (3.61)
It turns out that this equation has solutions that can be written in this form:
1
f(x,t) = —iat(:n —vt)? + ik + ¢y, (3.62)

where oy and ¢; are functions of time, and v and k are constants. It may not be immediately
obvious that a solution can be written like this, but given the functional form is not difficult
to derive the expressions for oy and ¢; and find an interpretation of the parameters v, k, oy,
and ¢;. In particular, we will find that v has the meaning of the (average) velocity of the
wave packet, hk = pv = p is its linear momentum and ¢; keeps the wave packet normalized

as a function of time.

To verify Eq. (3.62) we first write the left-hand side (lhs) and the right-hand side (rhs) of

Eq. (3.61) as second degree polynomials in z. The lhs is equal to:

. 1
f = —io'zt(:zt—vt)Q—koztv(m—vt) + ¢
1
= —§dtil?2 + (dut + ay)vr — §dtv2t2 — vt + ¢4

For the rhs we have:

= —ay(x —vt) +ik = —ayx + ayvt + ik
7=~

(f)? = o2 —2a(agvt + ik)x + (oot + ik)?

Equating the terms with 2% in Eq. (3.61) gives:

1. il
-y = —o
2t T out
or 5
dt:—LOJ?.
0

We will solve this first order differential equation for a; below.
Equating the terms linear in x gives [see Egs. (3.61), (3.64), and (3.67)]

iR
(aut 4+ a)v = ;—(—204?1)15 — 20yik).
w

(3.63)

(3.64)

(3.65)
(3.66)
(3.67)

(3.68)

(3.69)

(3.70)

On the lhs we can replace ¢; by substituting Eq. (3.69) and we can simplify the rhs:

th 4 ih h
——atv + aqv = ——ao vt + —ouk,
1Y 2 I
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which shows that the parameters v and k& must be related through:

S (3.72)
7
Since mass times velocity is linear momentum, pyv = p, we just found that hk = p, as we
announced above. Note that for a free moving particle we do not expect the velocity or the
momentum to change in time, and indeed v and k are constants.
Finally, from the terms independent of = we get:
1

R
—§o‘ztv2t2 — vt +éy = ;—[(avvt + z'k:)2 — ] (3.73)
1

~~

Ay B

or

— A (3.74)
After solving «; (see below) we know B; and Ay, so ¢; can be found by integration:

t
Ct = Co + / (Bt - At) dt. (375)
0

Since the Hamiltonian is Hermitian, the normalization of the wave function should not change
in time, and we can check the expression for oy and ¢; by computing the norm:

/ W (z,t)]2dx = / (z, t)*W(z, t)de = / e Rledd(@—vt)*+2R[er] g (3.76)
where R[...] stands for the real part of the argument and the result should be time indepen-

dent.

Derivation of expression for «;

Here we solve Eq. (3.69), with a = ay,

d .
d%‘ = —Ca?, with O =2, (3.77)
Separation of variables gives
da
2= —Cdt (3.78)

Integration from some initial ¢ = 0 for which o = o to time ¢ gives

/ao s da=— /(Jdt (3.79)

which gives

1™
- = =-Ct (3.80)
ap
or 1 1
—— 4+ — =—Ct, (3.81)
(677 (7))
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which may be rewritten as
o

ap = PEET
1+ﬁt040

(3.82)
First note that for t = 0 we get oy = ay, as it should be. Furthermore, over time the absolute
value of a; becomes smaller and for ¢ > & we get

Qp % — 0 (for t — o0). (3.83)
This shows that over time |ay| gets smaller, i.e., the wave packet spreads. To make this

statement more quantitative we first note that the spread of the wave packet Ax actually
depends on the real part of ay

1
Az ~ (3.84)
Rla]
If we take g to be real, then we find for the real part of oy,
Qo
R(e) = ——— (3.85)
1+ 51203
For t > h%o we can ignore the 1 in the denominator of this equation and we find
ht\/
Ag ~ TV (3.86)

I

This shows that eventually the width of the wave packet will be increasing linearly in time.
Also, if «aq is large the wave packet is initially very narrow, but for large times it will be
wider.

3.5 Expectation values of Gaussian wave packets

It is left as an exercise to show that the expectation value of the position z is

_ (U(x,t)|x|V(x,t)) .
= e oty (3.8

Here, the wave function is given by Egs. (3.55), (3.62), and (3.82). Note that the expression
for ¢; is not needed. Also, the expectation value of the linear momentum:

(p) = (=57) = hk. (3.88)
Even more work: solve ¢; integral Eq. (3.75) and show that (¥ (z,t)|¥(x,t)) is a constant.

3.6 Middle of the wave packet

Since a; becomes very small after a long time, the wave function ¥(x,t) near z = vt looks
like '
W(x,t) ~ ethete, (3.89)
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jin jout

Figure 3.1: The particle density p(x,t) as a function of position x for time t. The fluxes at
a and b are ji, and jout-

The interpretation of the wave packet suggests that W(z,t), at least in this region near
x = vt, describes particles that move with velocity v. Neglecting the term with oy (z — vt)?
in Eq. (3.62) we note that f ~ ikx 4+ ¢; and 3.61 becomes

: il 0
f= 2u(f) ; (3.90)
from which we find 22
i
Cp = ———. 3.91
T (3.91)
Since hk = p = pv, we may rewrite % = %mﬁ, which is the kinetic energy (Ep) of a particle

with mass p moving at a velocity v. Solving Eq. (3.91) by integration we find

= co— %Eot (3.92)

so at large t for x ~ vt we may write W(z,t) as
U(x,t) ~ e gtk =5 Eot (3.93)

This wave function cannot be valid for all x, since it cannot be normalized, but the z-
dependent part e”** is a solution of the time-independent Schrodinger equation at energy
E07 R )

(H — Ep)ett® =0 (3.94)

and it can also be easily verified that W(z,t) is solution of the time-dependent Schrédinger
equation. Since the wave packet spreads out over time, the region for which Eq. (3.93)
becomes larger and larger, so it is very tempting to use such functions to describe free
particles with energy Eg, even though they cannot be normalized. In the next section we
will introduce the concept of flux, which will help us to work with solutions of the time-
independent Schrédinger equations that cannot be normalized.

3.7 Flux in one dimension

We consider a particle moving along a one-dimensional Cartesian coordinate. The particle
density p(x,t) gives the probability density of finding a particle at coordinate x at time ¢
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(Fig. 3.1). The probability P,;(t) of finding the particle in the interval [a, b] at time ¢ is found
by integrating the particle density over that interval

b
Py(t) :/ p(x,t)dx. (3.95)

The change in time of the probability of finding a particle in the interval is related to the
fluxes j, and j, through

d
—Py(t) = ja—7J 3.96
i b() J Jb ( )

To find the quantum mechanical expression for flux we express the particle density in terms
of the wavefunction ¥(z,t):

p(z,t) = |U(z,t)]> = U (z,t)¥(z, 1) (3.97)

and we determine its time derivative from the time-dependent Schrodinger equation:

d d [ b d d
—P, =— [ " LG = e —U LG —y* :
ZPal) =5 [ Vo= [ [ (0, 1) S0, 0) 4 W, 1) 0 (1) |
(3.98)
From the time-dependent Schrodinger equation we have
i\p( t) = —ffm( t) (3.99)
ar YT TR ‘
and its complex conjugate
d i
—U*(z,t) = —HY™(z,t 1
so we have -
CZPab(t):—;/ [\I’*(x,t)H\If(x,t)—\IJ(x,t)ﬁ\Il*(az,t) dz. (3.101)
The Hamiltonian for a particle with mass x4 moving in a potential V (z) is
- n* o2
H=—— . .102
o1 D22 + V(x) (3.102)

First, we note that the potential, if we assume that it is real, does not contribute to the
integral

b
/ [U* (2, t)V (2)U(x,t) — U(x,t)V(2)¥*(x,t)] dx = 0. (3.103)

a
If the potential has a negative imaginary part the Hamiltonian is not Hermitian and the
potential can “absorb” particles. In a time-dependent calculation this means that the norm

of the wave function would not be conserved.
For the kinetic energy term we find

d ih [P, 0? 0? .
4 p ) :m/a [\y (1) 53 W 1) = W 1) 20, 1)| (3.104)
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To evaluate the integral, we use the following relation that holds for any two functions f(x)

and g(x) with derivative f' and ¢':

d
%(fg’ —9fY=rf'd+r1d" = +af")=1f9" —gf"
SO

b b
[ g =asde= [ 259 =g dn = (79 91,

Applying this relation to Eq. (3.104) gives

d ih d d b
ZPut) = — | U (2, )~ T(z, 1) — U(z,t)—T* (2,
G0 = g [V L) W) (e
h d b
= —;Im [\If*(:n,t)d \I/(:E,t)]a
= ja_jb7

where we define the flux at =

. _h . d
Ju = ;Im [‘11 (m,t)dm\ll(x,t)] :

3.8 The Ehrenfest theorem

(3.105)

(3.106)

(3.107)

(3.108)

(3.109)

(3.110)

Combining Egs. (3.72), (3.87), and (3.88) shows that for a Gaussian wave packet moving in

free space
{p)
I

(x) = vt = ~—t.

(3.111)

So the expectation values of position and momentum behave as for a classical particle. This
is a special case of the much more general Ehrenfest theorem, which holds for arbitrary wave
packets, and is also valid if the potential in not zero: the expectation values of observables
satisfy classical equations of motion.

Consider the time-dependence of the expectation value of some observable A for a particle
moving in one dimension as described by some wavepacket ¥ (x,t)

d

%OI/(:c,t)\AW(x,t)) = (U (z, t)|A| U (x, 1)) + (U(z, )| AP (z,1)) (3.112)
- %(\I}(z,t)“f[, Al|U(z,t)) (3.113)
or, written more compactly, p )
—(A) = L (H,A). (3.114)
If we take
A p2
i o + V(x) (3.115)
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and use
[,4) = [ 2) = o {plp.a] + p. 2o} = (3.116)
Xl = — €T = — €T T = — .
) 2u? 2% pIp, y L|P i,up
1 h d
- -2 A1
we find
d {p)
— = - A1
G =2 (3.115)
d dv
— =—(—). 3.119
G =-(%) (3.119
These equations of motion correspond to Hamiltons classical equations of motion
d _OH(pz) p
P = 3.120
dt”’ Op W ( )
d 0H (p,x oV
where the classical Hamiltonian is defined by
P2
H(p,z) = o™ + V(x). (3.122)

I
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Chapter 4

Time-independent scattering in one
dimension

4.1 Some properties and examples of flux

The first example is a free particle in 1-D:

Wy (z) = Netke, (4.1)
where IV is a constant, we find
h S hk
j1 = —Im | N*e ™ _ N¢ih*| — |IN|22, (4.2)
Jz dx I
The momentum is given by p = hk, it is related to the velocity v through p = pwv, and for
the density we have p(z) = |¥(x)|?> = |N|?, so we get a relation that is also valid in classical
mechanics:
Jj = pv. (4.3)

As a second example we look at
Uy(x) = ae™® + be e, (4.4)

which has a flux

(laf* = [b). (4.5)

) hk
J2 = —
7

This result may suggest that the flux of the sum of two wave functions is equal to the fluxes of
these wave functions, but in general that is not correct. A counter example can be constructed
from Wy (x), by writing it as a sum

Uy (z) = N cos(kx) + isin(kx) (4.6)

From the definition [Eq. 3.110] it follows immediately that the flux of a real wave function
is zero. The flux is also zero for a wave function that can be written as an arbitrary complex
constant factor times a real wave function.
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In general, for a wave function with a real part f(z) and an imaginary part g(x),

W) = f(z) + ig(a) (4.7)
we find " 4 "
= Mt {0) — i)l 10 +ig(] ) = (6o~ ). (48)
The factor
W(f,9) =19 =g (4.9)

is called the Wronskian of the functions f and g. If the Hamiltonian is real, and ¥ is a
solution of the 1-D Schrodinger equation with energy F, then f and g are both solution with
energy E. In this case the Wronskian of f and g, and hence the flux j are constant. This
can be seen in two ways. First consider the derivative of the Wronskian:

LW(f9)= 19+ fd' ~ "9~ 1'd = fo" ~ g (110)

For f and g we have:

h2 1 .

3@ V@@ = Bf@ (.11)
2

39" @+ V@) = Eglo). (+12)

If we multiply the first of these two equations with g(x) and the second with f(z) and we
take the difference of the two equations we get

h2 " 1

i — =0 4.13

o (6" f—=f"9) (4.13)
and we find that the Wronskian W(f, g), and hence the flux j, is constant.

An easier way to show that a solution ¥(x) of the time-independent Schrédinger equation
has constant flux starts with Eq. (3.101). Again, assuming the Hamiltonian is real, both ¥
and ¥* have energy E, and the right-hand side of the equation is zero. This means that the
probability Py, () of finding a particle in interval [a, b] is constant in time, and hence the flux
Ja = Jb [see Egs. (3.106)] for each a and b, or, in other words, j is constant.

This result shows that if a solution of the time-independent Schrédinger equation has
a node, i.e., for some x we have ¥(z) = 0, then its flux must be zero at x, and, hence,
everywhere.

4.2 Boundary conditions for 1-D scattering problems

We start with an example from elementary quantum mechanics that has an analytic solution,
a “stream of particles” with energy E and mass pu, scattered by a step potential:

V,, for z > 0.
V(z) = { V. for z < 0, (4.14)
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We assume the particles are incoming from the right, and particles may be reflected at x = 0,
or transmitted. Hence, for £ > 0 the wave function consists of an incoming and a reflected
part

U, (x) = e ha® _ ke R (1> 0), (4.15)

with reflection coefficient R. The minus sign for the reflection term is just a convention: with
this choice R =1 if V} = co. For < 0 we only have a transmitted wave

Uy(z) = e ™7, (x<0), (4.16)

where T' is the transmission amplitude. The wave numbers k, and k; are the positive solutions
of
h2k?
2
The flux of the transmitted wave is j, = %|T|2. The incoming flux, by which we mean
the flux of the wave function without the step in the potential, i.e., for V;, =V, is given by
Jin = % With the step potential the reflected part will be nonzero, and the flux will be

=FE-V;, fori=a,b. (4.17)

h/’j“ |R|% (4.18)

Ja = Jin —
Since flux must be conserved, we must have j, = jj, or
k
1—|R]? = 22T (4.19)
kq
The amplitudes R and T" can be found from the condition that the wave function and its first

derivative must be continuous at £ = 0. The transmission probability is given by

] k
Pop = ji = 7b|T’2

4.20
Jin kq ( )

Note that as a result of conservation of flux [Eq. (4.19)], this probability must be between 0
and 1.

4.3 Numerical solution for 1-D tunneling problem
We consider a one-dimensional potential barrier, e.g.,
V(z) = Vipe . (4.21)

Classically, if the scattering energy F is less than the maximum of the potential, E < V,, all
particles will be reflected, and otherwise all particles are transmitted. Quantum mechanically,
tunneling may occur for £ < V,,, while part of the wave may still be reflected if £ > V,,,.

The boundary conditions are similar to the step-potential problem in the previous Section
with V, = V, = 0, but Eq. (4.15) now applies for x < 0, where we have V(z) ~ 0, and
similarly Eq. (4.16) now applies for x > 0.
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In the region where the potential is not negligible, we will solve the Schrodinger equation
numerically, representing the wave function by its values ¥; = ¥(x;) on an equally spaced
grid

i =x0+iA, i=1,...,N, (4.22)
and using the second order finite difference approximation for the kinetic energy operator,
just as we did for bound states in Section 2.5. The grid will have to cover the entire range
where the potential is nonnegligible, so zp < 0 and zny > 0, and the step size A must
be taken small compared to the smallest Broglie wave length in the problem. Since the
time-independent Schrodinger equation is a second order differential equation, we need two
boundary conditions. Initially, we do not know the reflection coefficient R, so we cannot
apply boundary conditions at z. For x <« 0 we also do not know 7', but we know the ratio
of ¥(zx) for two points. Hence, we introduce the Q-matrices defined by

U, 1=0;¥;, i=1,2,...,N, (4.23)
For i = 1 we have ‘ '
e KT = Qe ™I, (4.24)
or ' '
Q) = etkler=e0) — kA, (4.25)
The 1-d time independent Schrédinger equation
K2 d?
——— 4+ V() - E|¥Y(x)=0 4.26
ez V(@) — B[ ¥(@) (4:26)
can be rewritten as
U (z) = W(z)¥(z) (4.27)
where
24
W(x) = ﬁ[V(ZL’) — E]. (4.28)

Using the second order finite difference approximation [as in Eq. (2.49)], we find

U, — 2V, + U,
g 1 AQML zH:Wz“Pi, (4.29)

where W; = W (z;). This gives the three-term recursion relation

T — (AW +2)0; + U1 = 0. (4.30)
We can relate both ¥;_; and ¥;;1 to ¥; using the Q-matrices defined in Eq. (4.23)
Qi — (A*W; +2)¥; + QL ¥; =0, (4.31)
which gives the two-term recursion relation
Qi — (A*W; +2) + Q74 = 0. (4.32)
Since we know ()1, we can get propagate the (Q-matrices:

Qir1=(A’Wi+2-Q;)", fori=1,...,N—1. (4.33)
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Once we have computed @n we can match it to the x > 0 boundary condition of the wave

function
Un_1=QnUy (4.34)
or, with Eq. (4.15),
677;](:&93]\]_1 _ eikaxN_lR — QN(ef’ik’aIN _ eikaCENR) (435)
which we can solve for R
R — [eik‘axN,1 _ QNeika:L‘N]fl[ef’L’kaz‘Nfl _ QNef’L'ka{L‘N]‘ (436)

Having found the reflection coefficient R, we can obtain the wave function ¥y at the last
grid point from Eq. (4.15). Assuming we stored the matrices @); during the propagation, we
can compute the wave function recursively with Eq. (4.23), propagating backwards, i.e., with
i=N,N—1,...,1. To complete the calculation we can find the transmission amplitude T

from A
g = e et (4.37)

and we can check numerically the relation between |T'| and |R| as given by Eq. (4.19).
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Chapter 5

Multichannel collinear scattering

Collinear scattering is an approximation where all atoms move on a straight line. The
classic[7, 8, 9] example is the vibrational excitation of Hy by He

Ha(v) + He — Ha(v') + He. (5.1)

We will take the coordinate of the atom as x4, and the coordinates of the atoms in the
molecules as g and xc. The mass of the atom is m4 and the mass of the molecule is
mpc = mp + me. The center-of-mass of the molecule is

mprpB + mcxc

IBC = (5.2)
mpc

and the center-of-mass of the complex is

MATA + MBCTBC
Xcom = . (5.3)
maA + mpc
In these Cartesian coordinates, the Hamiltonian is given by
- 02 o 02 n? 02
H=- — — %, TA,TH,TC)- 5.4
2ma 856124 2mp 89323 2me 8$% + Vot (24,25, 20) (5:4)
The first step is to introduce Jacobi coordinates, or scattering coordinates:
r = xp-—2xc (5.5)
R = z4—zBC 5.6)

Assuming the potential is invariant under translation of all three atoms, we can transform
the potential to Jacobi coordinates by taking the center of mass of the molecule as the origin,

so x4 = R, and
V(R,7) = Veart(R, S~ B 1y, (5.7)
mpc mpc

We assume that the interaction between the atom and the molecule approaches zero for large
distance, so the diatomic potential is given by

lim V(R,r) (5.8)

o R—o00

Vpe(r)
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and the interaction potential is defined by

AV(R,r) =V (R,r) — Vpo(r). (5.9)
The Hamiltonian in Jacobi coordinates then becomes
. K2 9?2
H = H A 1
2M 8R2 + BC( ) + V(R,T), (5 O)

with the reduced mass of the complex
pt=myt +mph (5.11)

and the Hamiltonian of the diatom is

Hpc = " upe 02 + Ve(r), (5.12)
with pupc the reduced mass of the molecules BC,
ppe =mg' +mg'. (5.13)

The Schrodinger equation in Jacobi coordinates can now be rewritten as

82
aRZ\II(R r) = h2 HBC( )+ AV(R,r) — E| Y(R,r). (5.14)
The vibrational wave functions of the diatom are solutions of
I:IBCCbn(r) = fn(lsn(r)' (5'15)

We consider energy well below the dissociation energy of the molecule BC, and we assume
that the functions ¢, (r) approximate a complete set, so we can use these functions to expand
the scattering wave functions

= ¢w(r)ew(R). (5.16)

The terms in this expansion for which the vibrational energies are less than the total energy,
€n < E, are called the open channels. To get converged results, we may also have to include
closed channels. The closed channels have vibrational energies ¢, > FE, so they cannot
contribute asympotically (i.e., at large R), but in the interaction region, where AV (R, 1) is
not negligible, they can.

To define the boundary conditions, we assume that the interaction potential is sufficiently
repulsive at short range (i.e., for small R) so that we may assume that the wave function can
be set to zero for some value Ry,

U(Rp,r) = 0. (5.17)
For large R the boundary conditions are
—tkn —1 ik,
U (R, 7) = =@n(r)v, e +Z¢n/ ek RS, (5.18)
1nC0m1ng
outgoing
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There are several differences compared to single channel scattering. The wavenumber k,,
depends on the vibrational state (n) of the molecule, since the kinetic energy is equal to the
total energy minus the energy of the molecule:

h2k2
2/; =F — ¢, (5.19)

Furthermore, the wave function ¥,, is labeled with the vibrational state of the molecule
before the collision, i.e., the state of the incoming wave. After the collision, there can be
contributions to the wave function from open channels, so the outgoing wave is a sum over
channels. The contribution of final state ¢, for a given initial state ¢,, is given by the
S-matrix element S, ,. The S-matrix is a complex symmetric unitary matrix, i.e., § = ST
(or Sprp = Spnr), and StS = SST = 1,,4m, where m is the number of open channels. The

unitarity is the result of using flux-normalized waves: we included the factors v, Y/ ®. with the
velocities vy, = hk, /u. The probability of scattering into final vibrational state ¢, for given
initial state n is

P = S nl? (5.20)

The sum of each column of P is one, since S is unitary. If the interaction potential is zero,
and we take Ry = 0, i.e., we assume that the potential is infinitely repulsive for R < 0,
then one can easily check that the functions ¥, (R,r) with S = 1,,x,, are solutions of the
time-independent Schrédinger equation.

To find a solution in the general case, we insert the expansion Eq. (5.16) into Eq. (5.14) and
project from the left with (¢,|. Using the orthonormality of the vibrational wave functions
(@), |pn) = Ops.n, We obtain

82

ﬁcn(R) = ; W n(R)c (R), (5.21)
where 5
Wotn(B) = 25 [(en = BN + (6| AV (R, 1)]6)] (5.22)

In matrix notation, the coupled-channels equation becomes
d'(R) = W(R)c(R). (5.23)

We can find a numerical solution as before: we introduce an equally spaced grid {R; =
Ry +iA, i = 1,...,N}, we define the expansion coefficients for the wave function on the
grid, ¢; = ¢(R;) and we introduce the Q-matrices as real, square, matrices of dimension
Ntot = Mopen + Nelosed (the number of open channels plus the number of closed channels),
that satisfy ¢;_1 = Q;c;. For the second derivative we use the second order finite difference

approximation
Ci—1—2¢; + ¢

d"(R;) = 2 (5.24)
and we arrive at the matrix equivalent of Eq. (4.33)
Qi1 = (AW, +2-Qy) L, fori=1,...,N—1. (5.25)
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where W; = W(R;). At short range the boundary condition for the (-matrix becomes
Q1 = 0, xn,.;» because we require the wave function to be zero at R = Ry. To match the
wave function to its analytic long range form, we rewrite Eq. (5.18) as

Bo(Br) = 3 ) [_U;l/Qe—ikn/Rdn/n +v;1/2€ikn/RSn,’n} =3 6w (r)Cun(R).  (5.26)

In matrix notation, the boundary conditions for the expansion coeflicients can be written as
C(R)=-U(R)+V(R)S (5.27)
where U (R) is a diagonal matrix with incoming waves on the diagonal

Uy (R) = v etk Rs 5.98
9 (

n

and its complex conjugate, V(R) = U*(R), contains outgoing waves. After propagating the
Q-matrix to Ry, the S-matrix is found by solving the set of linear equations

—Un-1+VN_1S =Qn (-Un + W S) (5.29)

ie.,
S=(Vn-1—QnxVy)"' (Uv-1—QnUyx). (5.30)

This only solves the hypothetical problem of particles moving on a straight line, but the nu-
merical approach will turn out to be suitable in a general three-dimensional collision problem
as well.
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Chapter 6

Elastic scattering

6.1 Classical equations of motion

We will set up the classical equations of motion to describe the collision of two atoms, A
and B, with masses m4 and mp and three-dimensional Cartesian coordinates R4 and Rp.
We assume that the interaction potential, V'(r), is isotropic, i.e., that it only depends on the
distance r = |[Rp — R4|. The kinetic energy in Cartesian coordinates is

1 . . 1 . .
T = imARA 'RA—|-§mBRB -Rp, (61)
where the central dot denotes a scalar product and the dot in 7 denotes the time derivative.
As in Chapter 2 we switch to Jacobi coordinates (X,r), where X is the center of mass
[Eq. (2.2)] and » = Rp — R4. The kinetic energy in these coordinates is

1 o1
T= Mo X - X + gyt -7, (6.2)

with the total mass Mo and the reduced mass p given by Egs. (2.5) and (2.6). In order to
use the classical Hamilton’s equations of motion we introduce conjugate momenta P and p.
They are defined as derivatives of the kinetic energy with respect to the velocities X and 7,
i.e., for Cartesian components i = x,y, 2,

oT .
ox;, (6.3)
oT
e (6.4)
or, in vector notation
P = MyuX (6.5)
D = pur. (6.6)

The classical Hamiltonian can now be expressed in coordinates (X, r) and their conjugate
momenta (P, p)
2 2

H(X.r,P.p) =T+ V(r) = g +§—M—|—V(r), (6.7)
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where P = |P| and p = |p|. The equation of motion for the center-of-mass X and its
conjugate momenta P is

; 0H
X; = .
op, (6.8)
: OH
P = .
X, (6.9)
ie.,
x--L1p (6.10)
Mtot ‘
P=o. (6.11)
Similarly, for the relative motion, we find
1
F=—p 6.12
. (6.12)
p=—-VV(r). (6.13)

Clearly Egs. (6.10) and (6.12) are consistent with the definitions of the momenta in Egs. (6.5)
and (6.6). Using p = u# and the force FF = —VV | the last equation becomes Newton’s

equation of motion
F = i, (6.14)

The advantage of Hamilton’s equations of motion is that they take the same form in any
coordinate system, see, e.g., the textbook on classical mechanics by Goldstein [10]. Also,
using momenta instead of velocities can help to make the relation to quantum mechanics a
little easier to understand.

Since the potential depends only on the length of the vector r, we have for the components
of the force

0 or oV (r)
F=—— = —— . 1
87“,-V(T) or; Or (6.15)
From r =, /r2 + 72 +r2 we find
or
— = — 6.16
or; r ( )
and in vector notation ) 8V( )
r
y=F = —_ . 6.17
P R (6.17)

We now have the equations of motion, but we can gain more insight and simplify the equations
by introducing the orbital angular momentum vector

l=7rxp. (6.18)

First, we derive that I is conserved, i.e., its time derivative is zero:

l=7xp4+rxp (6.19)
1 1oV (r)
,upxp - r><0r (6.20)
=0 =
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From the definition of I [Eq. (6.18)] it follows that » L I and p L I, i.e., the position vector
r and the momentum p are always in a plane perpendicular to I. This plane is called the
scattering plane. In a Cartesian coordinate system where the scattering plane is the x, y-plane
and introducing polar coordinates (7, ¢) we have

cos ¢
r=r|sing | =rr (6.21)
0
The velocity in this coordinate system is
_[—sing .
F=7F+rp| cosod | =7 +ror (6.22)
0
and the kinetic energy is
1 1 :
T=gpr 7= 5“(7;2 + r2p?). (6.23)
The conjugate momenta are
T .
pr = By M (6.24)
T 9
= — = ur<e. 6.25
Po=55 =H ¢ (6.25)

In this coordinate system the angular momentum only has a z-component and it is easy to
verify that I, = pur2e, so Py = L. Since 12 =12, the Hamiltonian can be written as:

2 l2
H =" ().

L4V

= 6.26
2u - 2ur? (6.26)

=Veft (T)

The first term on the right-hand side is the radial kinetic energy and the second term is called
the centrifugal term. Since [ is a constant we can define an effective potential Vg (r) as the
sum of the interaction potential V' (r) and the centrifugal term. Finding r(¢) is equivalent to
solving a one-dimensional problem for the effective potential,

0H
oy = —— 2
P or (6:27)
or Vg (1)
.. Vet (7
_ ) 6.28
pr o (6.28)
The angle can be found from Eq. (6.25)
b= L (6.29)
o2’ ‘

This equation shows that qﬁrQ is a constant. For planetary orbits this is known as Kepler’s
second law.
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Figure 6.1: Initial condition of the classical trajectory.

As initial condition of the trajectory at time ¢y we start with a large value of r, where we
assume V (r) to be negligible, and we take the initial velocity r(to) parallel to the x-axis, but
with opposite sign. From I = pr x 7 we find

l, = pob, (6.30)

where v is the velocity v = || and b is called the impact parameter, which is equal to the initial
y-component of r(¢p). The impact parameter may also be defined as the nearest approach
between the atoms A and B if the interaction potential were zero and they would move in a
straight line.
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Chapter 7

Elastic scattering in quantum
mechanics

7.1 Free particles in 3D

The time-independent Schrédinger equation for a particle with mass p in three dimensions
——V2U(r) = EV(r). (7.1)

The Cartesian coordinates of the particle are

x
r=|y (7.2)
z
and the Laplacian in 3D is
0? 0? 0?
2
=—+—+ = 7.3
v Ox? * Oy? + 022 (73)
Solutions are products of one-dimensional solutions
U(r) = Netkateikuygikzz — NeikT (7.4)
By substituting this plane wave into Eq. (7.1) we find the energy
R? h2k?
E=_—(k2+k2+k)=—. 7.5
g (62 5 k) = (75)
The flux in three dimensions j is a vector with three components
, Im[\I/*(r)a%\Il(r)]
. Ja h *(2).0 h * 2 hk 2P
i=1J| = ; Im[¥ (r)a—ylll(r)} = ;Im[‘l’ (r)V¥(r)]=N 7 = |U|*= = pv, (7.6)

% Tm[0* () 2 0 (r)

where we introduced the momentum p = hk, the velocity v, and the density p = |¥|?. Since
the density has units of particles per volume and the velocity is in distance per time, the flux
now has units particles per area per time.
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We can also solve the problem using spherical polar coordinates (r,6,¢), [Chapter 2,
Eq. (2.7)]. The Schrédinger equation becomes

[ﬁo - E]\II(Tv 0, ¢) =0 (77)
with the Hamiltonian of the free particle

- n21 o2 E
Hy= - g = 7.8
0 2ur8’r2r+ 2pur? (78)
Just as for the diatomic molecule [Eq. (2.12)] we can factorize the wave function in a radial
part xx(r)/r and spherical harmonics Y; ,,,(6, ¢) for angular part

Witn(r,0,6) = - x5a(r) Vi (6, 0). (7.9)

As before, we included the factor 1/r in the expansion, because the volume element in spher-
ical coordinates is dr = r?sin(f)dr df d¢. To find the equation for Xk, We substitute the
expansion in the Schrodinger equation, project the equation onto spherical harmonics, and
multiply from the left by r:
R? 0%  RA(I+1)
-t ———*—F = 0. 7.10
|: 24 Or2 + 2MT2 :| Xk,l(r) ( )

For large r, the centrifugal term becomes negligible, and the equation becomes

h? 9?
- - _E =0 7.11
g~ B| () =0, (r.11)
so we find two solutions .
Xy (r) = N, (7.12)
with energy F = # . Any linear combination of spherical waves with the same energy is a

solution of the Schrodlnger equation, so we can write an arbitrary solution with energy F at

large r as
( 6:tikr
(r,0,¢) = Z Z Vit (1,6, 9)rpm = N——Ff(0,9), (7.13)

=0 m=-1

where f(0,¢) is some linear combination of spherical harmonics. For reasons that become
clear below, it is called the scattering amplitude.
7.1.1 Flux in spherical polar coordinates

To evaluate the flux in spherical polar coordinates we need the gradient operator V in
spherical polar coordinates. Denoting the Cartesian coordinates [z, y, z] as [r1, r2, 73] and the
spherical polar coordinates [r, 8, ¢| as [q1, g2, q3], we have

9 dq; O 9 )
Vi or; Z 87"3 0g; ; Jjaqi E(J ) dq; (7-14)
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where we introduced the 3 x 3 Jabobian matrix J with elements

dq;
07“]' '

Jij = (7.15)

Since we have expressions for r; as functions of the spherical polar coordinates r;(q), it is a

little easier to compute instead
~ 8n

Jij = . 7.16
J 6qj ( )
It is easy to see the J is the inverse of the Jacobian J:
8(1' aQ' 87‘k 3 ~
L=0i = o= Jindr = 0. (7.17)

8(]]‘ 87“k 8(]]‘

k k=1

Inverting the matrix J to get J is easier than it sounds, since the columns of J are orthogonal
for orthogonal curvilinear coordinates such as spherical polar coordinates. From Eq. (2.7) we
find

N cos¢psinf rcos¢pcosd —rsingsind o 10 0
J = |singsinf rsingcosf rcosgsing | = (ﬁ f9f¢> 0 r 0 , (7.18)
cosd —rsinf 0 0 0O rsind

where the matrix (7 f9 f¢) is orthonormal. So, for the transpose of the Jacobian we find find

JT=J 7= (r fo ﬁﬁ) (7.19)
r rsinf
and we find for the gradient
o 1,0 1 . 0
Tl S - f. 2
v T8r+r'f989+rsin9f¢8¢ (7.20)

If we use this result to compute the flux of the spherical wave Wy, (7,0, ¢) for large r, we
see that the components in the direction fy and fy are smaller by a factor 1/r compared to

the # component. So, for sufficiently large r we find that the flux of \Ifgc)(r, 0,9) is

. h (+) « 0 (%) o hk |£(6,9)
=r—Im |¥ —U =+rN —_— 21
J Tu m E (T797¢) or E (T797¢) r L TQ (7 )

7.2 Boundary conditions for elastic scattering

Having expressions for the free particle in Cartesian coordinates and in spherical polar coor-
dinates and the corresponding fluxes (at least at large r), we can write down the boundary
conditions for elastic scattering. Before the collision, a stream of incoming particles can be
described by a plane wave.

i (r) = e, (7.22)
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-— == 67,kr

-7 \\\\\ \Ijout(rvev(b): r f<0’¢)

Figure 7.1: Boundary conditions for elastic scattering.

After the collision the particles will move away from the scattering center, so they can be
described by spherical waves, so the boundary conditions for large r are

- e
W(r)~ ¢+ ——1(0,9), (7.23)
incoming “~——~—
outgoing

as illustrated in Fig. (7.1). The corresponding flux is
h nk |f(0,0)|?
LRS00

ji= -k (7.24
0 pooor? )
~—~ —_———
incoming outgoing

Here, we left out the cross term that arises from the interference between the incoming and
the outgoing part of the wave function. This can be justified in several ways. One way is to
assume that in incoming wave is not really infinitely wide, so that at sufficiently large r the
outgoing wave no longer overlaps with the incoming wave (except in the forward direction).

Remember that the flux is expressed as particles per time per area. As the spherical wave
spreads out, the particles are spread over an ever larger area and the flux goes to zero as
1/r2. However, the area corresponding to a solid angle d2 = sinfdfd¢ at a distance r is
r2 dS), so we define the outgoing flux in particles per time per solid angle as

. hk
Jout (6, ¢) = ?If(9,¢)l2d9 (7.25)
The incoming flux is expressed per area
hk
Jin = — 7.26
. (7.26)
The ratio of outgoing flux and incoming flux is called the differential cross section
do Jout 2
ZZ(0.6) = =|f(6 7.27
00 =2 =1 10.0) (7.21)
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which has units of area. When the incoming wave is along the z-axis and the potential is
isotropic then the system has cylinder symmetry, and the cross section is independent of
¢. In that case the differential cross section a function of 6 only and f(6,¢) can be written

as f(0),

) = IfO) (7.28)

7.3 Partial wave expansion

So far, the boundary conditions are expressed in Cartesian coordinates for the incoming
wave and in spherical polar coordinates for the outgoing wave. Since angular momentum is
conserved for the isotropic potential that we will consider, the spherical polar coordinates are
preferred, so we rewrite the incoming wave in those coordinates. To simplify the problem we
define the z-axis to be parallel to the wave vector so that k = ke, and the wave function
becomes independent of the ¢ angle. With k- r = ke, - r = kr cos @ we can now expand the
plane wave in Legendre polynomials of cos @

eik.'r _ eikrcos@ _ Zal(lﬂ’)P[(COS 9) (729)
=0

Using the orthogonality of Legendre polynomials,

2
S
A+1

/11 P(x)Py(z)dx = (7.30)

we can find the expansion coefficients a;(kr) by projection, with x = kr and z = cos ¥,

2041 (1,
al(au'):T+ 1emzPl(z)dz. (7.31)

For [ = 0 we have Py(z) = 1 and we find

Lo 1 eiez | 1e® —e™®  gin(z)
— — d = — = — = = ] . 7.32
wie) = [ emma= g = D =ola). (732)
The complete expansion is given by
] oo
ekreost =N il (21 4 1)y (kr) Py(cos 0), (7.33)
=0

where j; is a spherical Bessel function of the first kind. These functions are the regular
solutions of the radial Schrodinger equation for a free particle [Eq. (7.10)], where “regular”
means that they are finite at » = 0. For large r they behave like

sin(kr — %r) i [emilbr=5)  gilkr—1)

- . 34
kr 2k r r ’ (7.34)

Ji(kr) ~

where we have written the real functions as a sum on incoming and outgoing spherical waves.
We now make the following key observation: if the potential is nonzero only the spherical
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outgoing part of the wave function can change as a result of the scattering, since the wave
function must satisfy the boundary conditions given by Eq. (7.23). Thus, for large r, the
solution of the Schrédinger equation can be written as

U(r,0,0) = Zkf: 2z+1wl( ") py(cos ) (7.35)
=0

where the partial wave ¢;(kr) satisfies the boundary condition
Pi(kr) ~ e~ ilkr=15) _ ei(l”_%ﬂ)sl. (7.36)

If we set the “S-matrix” S; to one, we recover the asymptotic form of the expansion of a free
particle wave function [Eq. (7.33)]. Thus, if the potential is nonzero, S; may deviate from
one. To see this more clearly we define the “T-matrix” as

T,=1-25 (7.37)
and we separate the part of the wave function that depends on T;

i(krf%f)

U(r, 0, ¢) ~ etkreost | ik Sil(2t+1) TT,Pl(cos 0). (7.38)
=0

By comparing this expression with the boundary condition in Eq. (7.23) we find this expres-
sion for the scattering amplitude

. oo
)
0.6) = o > (21 + 1)T} P(cos ), (7.39)
=0
where we used l
eiF = (e’%) =i (7.40)

We can now evaluate the differential cross section as the square of the absolute value of the
scattering amplitude, see Eq. (7.28).
The integral cross section is found by integrating over all angles

27 1
- :/0 d¢/_1dc059\f(0)|2. (7.41)

Using the orthogonality relation of Legendre polynomials, Eq. (7.30) we find

_ T S 2
Otot = 75 Z; (21 4 1)|T)2. (7.42)

7.4 Numerical method for elastic scattering

Just as for bound states of a diatomic molecule, the angular momentum quantum is conserved,
i.e., [ is a good quantum number, and we can solve the radial Schrodinger equation for each
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partial wave with angular momentum [ separately. Thus, the function ¢;(kr) in Eq. (7.35)
must be a solution of

2 0% R +1)

-+ —+V(r)—F kr)=20 7.43

A R CR (9
and it must satisfy the boundary condition given in Eq. (7.36). Since the wave function
U(r,0,¢) must be finite, and we included a factor 1/r in Eq. (7.35), the function v;(kr) must
be zero for r = 0. We can use the same numerical approach as in Chapter 4.3, by introducing
a “@Q-matrix” [Eq. (4.23)] and deriving a two term recursion relation for it [Eq. (4.33)].

7.5 Alternative boundary conditions

The S-matrix boundary condition in Eq. (7.36) was derived using the long range behavior of
spherical Bessel functions j; [Eq. (7.34)]. Numerically, this is not the most convenient form:
one has to propagate to a large value of » where the approximation is sufficiently accurate.
To converge the result one has to propagate to a larger distance as a check, but then the
numerical error in the propagation becomes larger. That, in turn, means that one has to
re-check the propagation step size. Thus, numerically, it is better to use the exact long range
form of the free waves. For this purpose, spherical Hankel functions hl(l) and hl(2) can be used
instead of the exponential functions (with z = kr):

—ieiz—1B)

W (z) = i2) + iy(z) ~ — (7.44)
) . . e z13)
W (2) = i(z) —in(z) ~ ———, (7.45)

where the y;(z) are spherical Bessel functions of the second kind. Thus, we have the exact

expression

hP (kr) + bV (k)
5 )

)

Jilkr) = (7.46)

where the hl@) are the incoming waves and the hl(1 are the outgoing waves. Instead of

Eq. (7.36) we can now use

Uy (kr) ~ (—2ikr) [hl(z)(kr) + D (kr)S)] (7.47)
Asymptotically, these are the same boundary conditions as before. However, in a calculation
we can now match the propagated solution to the free wave at the point where the potential

becomes negligible compared to the scattering energy and we no longer have to worry about
the approximation of the free waves at finite value of r.
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Chapter 8

Inelastic scattering

We consider the collision of diatomic molecules A and B,
A(Uaa Jas ma) + B(”b? Jbs mb) — A(’U:n jz/u m:z) + B(vl/)a ]ll)v m;;) (8'1)

where v, is the vibrational quantum number of molecule A, j, is its total angular momentum
quantum number, and m, is the quantum number corresponding to the projection of the
angular momentum of molecule A on the space-fixed z-axis, and vy, jp, and my are the
corresponding quantum numbers for molecule B.

For compactness we will denote the molecular eigenstates in Dirac notation by

’na> = |Uajama> (8'2)
[T) = [vpjpme) 8.3)

and the corresponding energies are €,, and €,,. We further shorten the notation by intro-
ducing

In) = |nq)|ne) (8.4)
€n = €n, + €n,- (8.5)

Before the collision molecules A and B are described by plane waves with wave vectors
k. and ky, respectively, so the incoming wave in Dirac notation is

\Pnaka;nbkb (’l‘a, Tb) = |na>‘nb> ei(kwra-’_kb.rb)v (8'6)

In)
where r, and 7 are the center-of-mass of molecule A and B, respectively.

As before, we introduce center-of-mass coordinates for the complex X [as in Eq. (2.2)]
and r = ry — r,. The exponent in the plane wave can be written in these coordinates using

ka.ra+kb-rb=ka-(X—mbr)+k:b-<x+m“r) (8.7)
Mg + My Mg + My
okpy — mpk
= (ko + ky) - X 4 b TR, (8.8)
Mg + My
= keom - X + k- 7. (8.9)
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In a center-of-mass frame X = 0 and the total energy of the system is given by
h2k2

2Hn + en, (8.10)

E =

where  is the reduced mass. We label k,, with the quantum numbers n, because we assume
that the total energy is fixed, so that the kinetic energy depends on the states of the atoms.
Although the magnitude k, depends on the state of the molecules, the directions are the
same

kpn = knk. (8.11)

We can now write the flux-normalized plane wave in the center-of-mass frame with the
molecules in quantum state n as

957 (r) = [n) o2 e, (8.12)

where the v, is the velocity given by v, = hky,/p. In inelastic scattering the states of the
molecules can change, so the boundary conditions are given by

ik, i

W (r)) = |n) v 7 ”W‘+Z| 0P (7 ), (8.13)

where fp/ n (T, 12:) is the scattering amplitude for excitation from initial state n to final
state n/, for products moving in the direction 7, while k is the initial direction of the relative
velocity. Again, the hat in 7 indicates it is a unit vector and r = rv.

To find the expression for the scattering amplitude we first expand the incoming plane
wave in partial waves,

WSV () = [nyon 3 il (20 + 1) (k) (K - 7), (8.14)
=0

As before, we rewrite the asymptotic form of the spherical Bessel functions of the first kind
as the sum of an incoming and outgoing part for large r,

‘ 1 o ilknr=15)  i(knr—1%)
Jilknr) = oo | = . +— : (8.15)
n
in out

Furthermore, we use the spherical harmonic addition theorem, to factor the Legendre
polynomial into products of spherical harmonics that depend on either the orientation of 7,
or the direction of the incoming wave k.,

l
Pl ) = 57 3 YinF Vi) (3.16)

Substituting Eqgs. (8.15) and (8.16) into Eq. (8.14) gives

in U ! o —i(knr—1%) i(knr=13) | .
) = 253 S Vi (e | - 4 M), (8.17)
R i ¢
in out
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We see that the outgoing part is

0 l . _Jz

i1 o ez(knr 13) den

o 3 \nmm(mvnwfmmw (8.18)
=0 m=-1

In the derivation of the expression for the scattering amplitude for elastic scattering, we
introduced the factor S; in the outgoing part. For inelastic scattering, however, [ is not a
good quantum number, so [ can change as a result of the anisotropic interaction potential, but
also the states of the molecules can change. Therefore, we replace the spherically outgoing
part for each term with a given [ and m by

i(kyr—1'T)

ZZ Z Wi (P Sttt 8 Vi (R). (8.19)

r
n' l'=

The result is

W (r Z Z Sy Z Yo Vi (7)

™ =0 m=—1 n/ I'=0m'=—U

e—z(kn/r—l’%) ez(k‘n/r—l 5)

e bnmOuidim + S it | 1 Yii (R). (8.20)

As before, we define the T-matrix
Sn/,l’,m/;n,l,m = 5n’n5l’l5m/m - Tn’,l/,m’;n,l,m7 (821)

such that setting all T-matrix elements to zero results in the S-matrix being equal to the
identity matrix, and the wave function becomes a plane wave where the molecule remains in
the initial state |n). Substituting this relation into Eq. (8.20) and comparing the result to
the boundary condition Eq. (8.13) gives the expression for the scattering amplitude

fn n A 27” Z Z Z Z l’m’ Tn’ ' m/smulm lm(l%) (822)

=0 m=—1U'=

Since all the channels are flux normalized, the state-to-state differential cross section
(DCS) is given by )
O-n’,n('f'v k) = |fn’7n(’fia k)|2 (8.23)

This is the most detailed information that we obtain on the cross sections. When we are
interested only in the final state of the molecule, but not the direction it is moving in, we
integrate the DCS over all final directions 7 to obtain the state-to-state integral cross sections

(ICS),
oo () = / / 0 (7 ) (8.24)

Note for the integral over directions written in spherical polar coordinates is

//df»z /Ozﬂdqb/; sin 6 d = /:ﬂd(b/lldcos&. (8.25)
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In a bulk gas, collisions occur from any direction, so we may take the average of all incoming
directions k

On/n = 417‘_//0-?1’,71( k2 Z Z Z Z |T "'m/ nlm| (826)

T =0 m=—1U'=0m/'==1'

Notice that the general approach for obtaining less detailed information is found by (i) taking
the average over initial states or directions and (ii) summation or integration over all final
states or directions that we do not want to distinguish.

We can use the present derivation of cross sections for ro-vibrational transitions in molecule-
molecule collisions also to describe the simpler process of atom - diatom rotationally inelastic
collisions. First, we drop the the quantum numbers v,, j,, and mg, i.e., we assume A to
be the atom. We also drop v, and assume molecule B remains in its vibrational ground
state, and we replace j, and m; by j and mj, respectively, for a more compact notation.
Furthermore, we assume the molecule is prepared in a rotational state with quantum number
7 before the collision, but all substates m are equally likely, and also we are only interested in
the final rotational state j/, but do not care about the distribution of the final m’ substates.
The expression for the cross section then becomes

(] ]) k2 2j‘|‘1 Z Z Z Z Z Z |T’m l’ml,]mjlml : (827)

=—j' m;= =0 m=—1ll'= Oml_ U

8.0.1 Properties of the S-matrix

The S-matrix is complex symmetric,
sT =g (8.28)

this is a consequence of what is called “microscopic reversibility”. The T-matrix has the
same property. From the expression of the integral cross section, Eq. (8.26) we find

Ont k2 = Op ki), (8.29)

i.e., the cross section matrix is not symmetric, but o,/ , and oy, are related by the ratio
of the kinetic energies in state |n) and |n/) for a given total energy F.
The S-matrix is also unitary
STS =1. (8.30)

This is a consequence of flux conservation. It shows that for any given initial state n with
partial wave [, m we have
D ISwrmintml* =1 (8.31)

n'l'm’

8.1 Coupled channels equation

As before, we expand the wave function in the channel basis, with r-dependent coefficients.
The dependence of the wave function on the orientation # is described by an expansion in
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spherical harmonics Y},,(7), so these functions have to be included in the channel basis:

1 .
\I/n,lm(T) = ; Z ’n/>Y2’m’ (T)Un’,l’,m/;n,l,m(r)- (832)

n’l'm’

To find the coupled channels equation, we substitute this expansion into the time-independent
Schrodinger equation and project onto the channel basis. Furthermore, we separate the
Hamiltonian into a radial kinetic energy and the remainder

H=——-"_r+AH, (8.33)

where the last term includes the molecular Hamiltonians and the interaction potential
AH = H, + Hy + AV (r, 7,74, 73) (8.34)
and the interaction potential vanishes for large r

lim V(r,#,7rq,75) = 0. (8.35)

500
Multiplying the resulting equation with 2ur/h? gives

U"(r)=W(r)U(r), (8.36)
where the matrix elements of W are given by

21 A
W 17 m/mdm (1) = ﬁ(n’,l’,m’]AH — E|n,l,m), (8.37)
and the integral is over all coordinates, except r. We impose the boundary conditions for
large r

_1 . T . T
U’n,’l’m’;'n,ln(r) ~ ’Un/2 |:—€ l(k"lr ! 2)5n’n5l’16m’m + €Z(knlr ! 2)Sn’l’m’;'n,lm s (838)

so that we can write the full solution satisfying the boundary conditions of Eq. (8.20) as

00 U 00 l
W) = ZESS ST Y S Vi) ey iy (s

r
n' '=0m/=—1' I=0 m=—1

Solving the coupled channels equation numerically can be done with the algorithm that we
described for multichannel collinear scattering in Chapter 5. Matching the wave function
to the asympotic form to extract the S-matrix is also very similar, but of course the phase
factors e*Z must be included in the incoming and outgoing waves.

When there are no external fields, the Hamiltonian is invariant under rotations, or, in
other words, the total angular momentum is conserved. This may be exploited to give a huge
reduction in both CPU time and memory usage of a coupled channels. The next chapter
gives the required angular momentum theory. Also, the theory in the next chapter can be

used to prove the spherical harmonic addition theorem that we already used [Eq. (8.16)].
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Chapter 9

Angular momentum theory

9.1 Unitary transformations in place and time

Angular momentum and rotation are closely connected. To better understand this relation,
it is instructive to first have a look at a simpler problem: translation of functions in 1D.
Figure 9.1 shows a function f(x) translated to the right over a (positive) distance a to give
function g(z),

g(x) = (Tuf)(@) = f(z — a). (9.1)

We note that translating the function to the right corresponds to applying the inverse op-
eration to the argument. This is called the Wigner convention. We can derive an explicit
expression for the translation operator T, from the Taylor expansion

fla—a) = [(x) ~ af (2) + 50° /" (x) + 92)
= B (93)
n=0 ’
= =% f(2) (9.4)
so we may define
T, = e~9%s (9.5)

Figure 9.1: Translation of a function: g(z) = f(x — a).
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Note that the first derivative operator % is anti-Hermitian

(5= flg) = ~{fl5-a). (96)

and that a translation of a function leaves its norm invariant, i.e., it is a unitary trans-
formation. We can rewrite the translation operator in terms of the Hermitian momentum
operator

. hd
Pz = i or (9.7)
SO R 5 .
T, = e % = ¢ 7%=, (9.8)

Mathematically, solving the time-dependent Schrodinger equation may be thought of as a
translation of the wave function in time,

U(r,t+7) = e 50U (r,t) (9.9)
= e i ATy (r 1), (9.10)
where we used % = —%ﬁ in the second step, and again we see that an anti-Hermitian

operator (Zﬁ ) in the exponential gives a unitary operator.
Next, we consider translation in 3D. We can translate a function over a vector

Ay
a=|ay | =n, (9.11)

where 7 is a unit vector, |n| = 1, and A is the length of the vector a. The translation operator
can now be written using the momentum vector operator p,

T(a) = e~ HaPs o= ayby o= fazP (9.12)
— e FAD, (9.13)

The last step is only allowed because the linear momentum operators commute
[Pz, By] = [Pas P=] = [Py, P=] = 0. (9.14)

We are now ready to introduce rotation operators in 3D.

9.2 Rotation operator
The rotation operator in 3D around a unit vector n over an angle « is given by

R(n,a) = e wonl, (9.15)

where the angular momentum vector operator is given by

R X ]am ZA:B
i=rxp=y|xs,) =i (9.16)
z 2 l,
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To check this expression, we first consider a rotation around the z-axis, i.e., n = e,

R(e,,a) = e—hoexl — o—jol: (9.17)

The [, operator is given by
I = wpy — ybo (9-18)
= ,Z(x;y - y%) (9.19)

We introduce polar coordinates

x = rcos¢sinf (9.20)
y =rsin¢sind (9.21)
z =rcosb. (9.22)

The [, operator in polar coordinates is given by

- h 0
l,=——, 9.23
i 96 (9.23)
so the rotation operator is
A~ A~ )
R.(a) = R(e,,a) = e “95. (9.24)

Applying this operator to a wave function expressed in spherical polar coordinates amounts
to a tranlation of the ¢ coordinate

A~

R.(a)¥(r,0,0) =V(r,0,¢0 — ). (9.25)

Although this only verifies the expression for the rotation operator in Eq. (9.15) for rotations
around the z-axis, it is easy to see that it will work for any rotation axis m, since the scalar
product 71 - [ in the exponent is invariant under rotations of the coordinate frame — so we can
always choose a coordinate frame where mn is the z-axis.

There is one very important difference between rotation and translation: the momentum
operators commute [Eq. (9.14)], but the angular momentum operators do not. Essentially
everything in angular momentum theory derives from these commutation relations. In the
next section we will summarize the elementary results without derivations, since they can be
found in most books on quantum mechanics.

9.3 Rotations in R?

Rotating a vector & around a normalized vector n over an infinitesimal angle € gives

R(n,e)x =x + en x x. (9.26)
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The cross product is given by

ni X1 nar3 — N3x2
nxx=|ny| x|z2| = | ngz1 — niz3 (9.27)
ns T3 nixro — NI
0 —n3 no T
=1 n3 0 —n1 T2 (9.28)
—nN9 ni 0 T3
=Nz (9.29)
SO we may write
R(n,e) = (1343 + eN)z, (9.30)

where 1343 is the 3 x 3 identity matrix. The rotation operator is unitary

RTR=(1+¢N)T(1+¢N) (9.31)
=1+¢NT+N)+ENTN (9.32)
=1+ 0(?) (9.33)

The term linear in € is zero, because the matrix IN is anti-Hermitian
NT = _N. (9.34)

We can find the expression for the rotation over a finite angle ¢ by applying n rotations over
an angle ¢/n, and taking the limit of n — oo,

R(f,6) = lim R(f, 2)" = lim (1 + %N)" N (9.35)

n—oo n n—00

The matrix IN can be written as a linear combination of anti-Hermitian matrices,

0 0 O 0 0 1 0 -1 0
N=n|0 0 —-1]+n| 0 0 0]+n3|{1 0 O (9.36)
01 O -1 0 0 0 0 O
=n1IN71 + noNy + n3N3 (9.37)
=n-N (9.38)

where IN is a “vector” of the matrices Ny, No, and N3. These matrices satisfy the commu-
tation relation

[N1, N3] = N3, (9.39)

and two other commutation relations that are found by cyclic permutation of the indices.
These commutation relations can also be written in a single expression using the Levi-Civita

tensor €; ; i,
3

[Ni, Njl = i juNi (9.40)
k=1
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The Levi-Civita tensor is defined by €123 = 1, and the requirement that it changes sign when-
ever you permute two indices. The matrices are anti-Hermitian and so we obtain Hermitian
matrices if we multiply them by the imaginairy number ¢

L=ihN (9.41)

for which the components satisfy the commutation relations

3
[LZ',L]'] = ’Lhz Ei,j,kLk- (942)
k=1

We can now express the rotation matrix in terms of the Hermitian matrices as
R(n,¢) = e #9"L, (9.43)
The relation between rotations in 3D and in the Hilbert space is given by
R(R, 6)¥(r) = U[R(R, —¢) 7] (0.44)

or explicitly, o _
(e—%ﬁlm)(r)::qz(e%¢ﬁl%r). (9.45)

9.4 Summary of elementary angular momentum theory

The commutation relations of the angular momentum operators are
3
[0, 1] = i > il (9.46)
k=1

In this notation the labels ¢, j, and k, can be 1, 2, or 3, and they correspond to the components
x, y, and z.

72 72 72 72

=10+ 1+ (9.47)

commutes with Zx, Zy, and . Since, in particular, [ZQ, l;] = 0, these two Hermitian operators
have a common set of eigenvectors, which we will denote in Dirac notation with |lm)

Pllm) = B2 + 1)[Im), 1=0,1,... (9.48)
L.|lm) = hml|im), m=-l,—l+1,...,1 (9.49)

For orbital angular momentum, the | quantum number must be integer. The commutation
relations also allow half integer quantum numbers, which can describe, e.g., electron spin.
The angular momentum states are not eigenfunctions of I, and Zy. To find the action of these
operators on the angular momentum states it is convenient to introduce the ladder operators
Z+ and [_,

Iy =1, +ily,. (9.50)

When acting on angular momentum states, they change the m quantum number:

I+|im) = /11 +1) —m(m £ 1)|l,m + 1). (9.51)
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The action of the I, and Zy operators can then be found by expressing them in ladder operators

. 1 . .
I = (0 +10) (9.52)
. 1 . .

l, ==L —1). .

y= o - 1) (0.53)

We assume that the angular momentum states are orthonormal

<lm|l/m/> = 5ll’5mm’- (954)

9.5 Wigner rotation matrices

We will now evaluate the action of a rotation operator on an angular momentum state
R(n, ¢)|lm) = e~ #?™|Im). (9.55)

Formally, the exponential operator is defined by its Taylor series, so in principle it can be
written as a polynomial in Zx, Zy, and [.. Since these operators do not change the | quantum
number, the result must be some linear combination of angular momentum states with the
same [, but potentially contributions from all 2/ + 1 values of m’,

0}
R(n,¢)lim) = Y [Im')DY) (n,0), (9.56)

m/=—
where the coefficients fol),m(n, ¢) are matrix elements of the so called Wigner D-matrix. For

compactness, we will also write this relation as

R|im) = Z 'y DY, (R). (9.57)

m/=—1

By projecting the equation from the left with (Im’| and using the orthonormality of the
angular momentum states [Eq. (1.12)] we find an explicit expression for the D-matrix elements

DY (R) = (Im/|R|Im). (9.58)
For rotations around the z-axis, these matrix elements can be found easily,

DY (€., ) = bpme . (9.59)

m,

For other rotation angles, one way to compute Wigner D-matrices uses matrix exponentiation.
For example, to compute the matrix D(Z)(ey, B),

DY (ey, B) = (tm|e"#7|1m), (9.60)
one first computes the (21 + 1) x (21 4 1) matrix L, with matrix elements

Ly(m,m’) = (im|l,|im’) (9.61)
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and then the (2 + 1) x (2] + 1) rotation matrix is given by
DO(e,, B) = e Py, (9.62)

The matrix D" (R) is said to be a (2] + 1)-dimensional matriz representation of the operator
R since for any two rotation operators R1 and Rg the matrix representing the product R1R2
is the product of the matrix representations of Ry and R,

DO(RRy) = DY(R) DY (Ry). (9.63)

It is left as an exercise to derive this from the definition of the Wigner D-matrices in Eq. (9.57).
From the definition one also finds the representation of the identity operator 1 (a rotation
over zero degrees) is the identity matrix,

DY(1) = 191 1)x 241)- (9.64)

From the representation property Eq. (9.63) one can derive many useful relations, e.g., where
1 is the identity operator, i.e., some rotation over 0 degrees. Rotations are unitary operators

A~

RR' =1 (9.65)

or

R'=nRt (9.66)
and their representations have the same properties,

DO(R™) = [DOR)]™ = DO (R (9.67)

9.6 Wigner D-matrix elements as wave functions

We define the action of a rotation operator on a Wigner D-matrix following the Wigner
convention

RiDY(Ry) = DY(R'Ry) (9.68)
= DO(R)'DY(Ry). (9.69)

From this result one finds the action of a rotation operator R; on the complex conjugate of
a Wigner D-matrix element

B DY (R Z pY ,k (Ro) DY) (Ry). (9.70)
%,_/

m—l

|(k)lm) |(k)lm")

By comparing this equation to Eq. (9.57) we find the complex conjuagates of D-matrix
elements transform exactly as angular momentum states

l
= > |®W)im') Dy, (R), (9.71)
m/=—1

where we use Dirac notation |(k)lm) to represent Dii),;* (Ry).
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9.7 Euler angles

So far, we used the so-called (7, ¢) parameterization of rotations. Another parameterization
that is particularly convenient in quantum mechanics is the zyz-Euler angles paramerization.
The two are related by

R(n, ¢) = R(e.,a)R(e,, B)R(e.,7) = R(a, B,7). (9.72)

This relation uniquely defines the Euler angles «, 3, and . The ranges for « and ~ are
[0,27], and S € [0, 7], when 7 can take all directions on a sphere, and ¢ € [0, 27]. Although
there is a one-to-one mapping (n, ¢) <> («, 3,7), it is a little bit of work to find the Euler
angles corresponding to some vector nn and angle ¢ and vice versa, except when 1 = e,, in
which case we can easily find that § = 0 and aa+ v = ¢. Since Zy and [, do not commute, the
rotation matrices Ry(ﬂ) = }%(ey, B) and R.(y) = R(e.,~) do not commute in general. The
Wigner D-matrix representation in zyz-Euler representation is denoted by

(e, B,7) = DY [R(a, B,7)]. (9.73)

The reason zyz Euler angles are particularly convenient is that the D-matrix corresponding
to rotation around the z-axis is diagonal and very simple, so

l —ima (1 —1
Di(a, B,7) = e mdy) (B)e ™ (9.74)
where the “little-d matrix” d® (B) is the representation of the rotation around the y-axis,
dY (8) = (lm|e~ %0 |ik). (9.75)

It is left as an exercise to show that this matrix is real [hint: use Egs. (9.62), (9.61), (9.53),
and (9.50)].
The Wigner D-matrix elements satisfy the orthogonality relation

2w 8 2
/ da/ Slnﬂd,@/ d’}/D ﬁ ’y) ’k’( ﬁ, ) 2l:15mm’5kk’5ll“ (9.76)

When we set k = 0, the D-matrix becomes independent of the third Euler angle. The so
called Racah-normalized spherical harmonics are defined by the relation

Cim(0,6) = DY) (6,6,0) = e™df) o (0). (9.77)

When we also set m to zero we find functions that depend only on 6 which turn out be related
to Legendre polynomials through

Py(cos0) = C1(0,0). (9.78)

Since Cj,, (6, ¢) Racah normalized spherical harmonics only differ from the spherical harmon-
ics that we used before by a normalization factor:

20+1
47

}/lm(a(b) - Clm(a ¢)7 (979)

it is eay to show that
Clm(oa 0) - 5m,07 (980)

whereas the Yy,;,’s are normalized by condition Eq. (2.15).
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Figure 9.2: Coordinates in derivation of spherical harmonic addition theorem.

9.8 Spherical harmonics addition theorem

To derive the spherical harmonic addition theorem, we first define the directions 7 and k by
rotating the e, unit vector.

r = Rlez (9.81)
k = Rye., (9.82)

where Ry and Ry are 3 x 3 orthonormal matrices (with determinant +1). We may now write
the cosine of the angle between these two vectors as

~

cosf =7k (9.83)
= Rlez . RQEZ (9.84)
—e.- R Rye.. (9.85)

We now define the Euler angles «, 8, and v by expressing RIRQ in zyz-Euler angles

RIR; = R.()Ry(B)R.(7). (9.86)
We may now rewrite cos 6 as (Figure 9.2)

cosf =e, - R.(a)Ry(B)R.(7)e. (9.87)
=e, - R/(B)e; (9.88)

0 sin 8
—1lo]- 0 (9.89)

1 cos 3
= cos f3, (9.90)

so # = . Without having to find the angles « and -, we can already evaluate Wigner
D-matrix elements with m = k = 0,

l l l
DR} Ry) = Di}[R-(a) Ry (B)R.(v)] = Di}(0,0,7) = P(cosh).  (9.91)
The representation property of D-matrices gives
D{}(R{Ry) = ZD (R))DY (Ry) (9.92)
Z DY (R1)DS) o (Ry) (9.93)
= Z Cim (7)C,, (K (9.94)
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[Exercise: show that fol)”g(R) = Cj(7) when # = Re.]. Changing from Racah normalized
spherical harmonics to normal regular harmonics we find the spherical harmonics addition

theorem,
47

20+1

Fi(cos0) = > Yim(#)Yi, (k). (9.95)

Ilm
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