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Abstract

The reaction matrix of multichannel quantum defect theory, K, gives a complete pic-
ture of the electronic structure and the electron < nuclear dynamics for a molecule.
The reaction matrix can be used to examine both bound states and free electron scat-
tering properties of molecular systems, which are characterized by a Rydberg/scattering
electron incident on an ionic-core. An ab initio computation of the reaction matrix
for fixed molecular geometries is a substantive but important theoretical effort. In
this thesis, a generalized quantum defect method is presented for determining the
reaction matrix in a form which minimizes its energy dependence. This reaction
matrix method is applied to the Rydberg electronic structure of Calcium monofiuo-
ride. The spectroscopic quantum defects for the 2%+ %I, 2A, and 2® states of CaF
are computed using an effective one-electron calculation. Good agreement with the
experimental values is obtained. The Y-symmetry eigenquantum defects obtained
from the CaF reaction matrix are found to have an energy dependence characteristic
of a resonance. The analysis shows that the main features of the energy-dependent
structure in the eigenphases are a consequence of a broad shape resonance in the 2X*
Rydberg series. This short-lived resonance is spread over the entire 22" Rydberg
series and extends well into the ionization continuum. The effect of the shape reso-
nance is manifested as a global "scarring” of the Rydberg spectrum, which is distinct
from the more familiar local level-perturbations. This effect has been unnoticed in
previous analyses.

The quantum chemical foundation of the quantum defect method is established
by a many-electron generalization of the reaction matrix calculation. Test results
that validate the many-electron theory are presented for the quantum defects of the
1so,npo, '3 Rydberg series of the hydrogen molecule. It is possible that the reaction
matrix calculations on CaF and Hy can pave the way for a novel type of quantum
chemistry that aims to calculate the electronic structure over the entire bound-state
region, as opposed to the current methods that focus on state by state calculations.
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List of Figures

1-1 Schematic representation of the (5s nd)'Dy Rydberg series of Cd. The
dashed lines represent the unperturbed (5s nd)!' Dy series calculated by
MQDT without taking into account the configuration interaction with
the (5p?)' Dy doubly excited state, which lies above the Cd™*(5s) ioniza-
tion threshold. When this interaction is turned on, all of the Rydberg
levels are shifted down in energy. The effects of the interaction are dis-
tributed throughout the Rydberg series and cannot easily be captured
in a state-by-state calculation. This sketch has been constructed using

energy data reported in reference [87].. . . . . ...

11



1-2  The Lu-Fano plot for the J=1 odd parity 5p5(2P3/2)nsl/2, 5p5(2P3/2)nd3/2
and 5p°(*P3/2)nds 2 series of Xe, which converge to the 5p®(*P3/s) ion-
ization threshold. Each of these series is characterized by a quantum
defect p(n%) that is a smooth function of the principal quantum num-
ber n}, as measured from the 5p°(*Py2) ionization threshold. The
notation € is used to denote a continuous generalization of the discrete
quantum number n*. The circles, star and plus signs mark the po-
sitions of the experimentally measured and assigned Rydberg states
from [77]. The smooth quantum defect curves are obtained from an
MQDT fit to the experimental results. The states labeled 5d and 7s
are Feshbach type below-ionization resonances that are members of
the 5p°(*P1/2)ns; /2 and 5p°(*Py/2)nds s series. The resonances cause
rapid increases in the quantum defects as the resonance energy is ap-
proached from below. The energy width across which the quantum
defect increases measures the strength of the interaction between the
Rydberg series and the perturbing configurations (see Chapter 2 sec-
tion 2.5 for an explanation of how the energy width is a quantitative
indicator of interaction strength). The 5d and 7s perturbing configu-
rations interact primarily with the ns;/, and nds/, series, respectively.
However, the overall perturbation of the Rydberg series is much weaker
for the 7s case than the 5d case. The gaps at the avoided crossings give
a visual estimate of the strength of the Rydberg/Rydberg interactions
between Rydberg series that converge to the same ionization thresh-
old, 5p°(*P3/2). The principal quantum number, n3, on the horizontal
axis is plotted modulo 1. In Chapter 2 an explanation is given that
this range of the principal quantum number is sufficient to character-
ize the global spectrum, because the Lu-Fano plot is periodic on the
unit square in the nj, p plane. The Lu-Fano plot was regenerated from

energy data published in references [79, 88, 77). . . . . . ... .. ..

12



1-3

1-4

1-5

The Lu-Fano plot for the 2P s2ns1/2 Rydberg series of Ne. The exper-
imentally measured ns;/, levels are marked by circles. The s’ notation
describes the ns; s type configurations, which converge to the ’p /2
threshold. The Rydberg spectrum of Ne is much less perturbed than
that of Xe shown in Fig. 1-2. The quantum defects are found to be al-
most independent of energy. The two states, 3s and 3s’, that lie along
the diagonal are exactly in the LS coupling limit. Other states are
strictly in the jj coupling limit because they either lie on a horizontal
branch (constant quantum defect in the ?Ps/5 channel) or a vertical
branch (constant quantum defect in the 2P, channel). The Lu-Fano

plot was generated from a fit to data reported in reference [123]. . .

The Lu-Fano plot for the N* = 0,ns Rydberg series of Hy. The
Lu-Fano plot was generated from a fit to data provided in references
[57, 112, 129]. The states that are well described by case (b) coupling lie
along the curved portions of the plot, close to the main diagonal. The
states that are well described by case (d) coupling lie on the horizontal

or vertical branches, as indicated by the arrows. . . . . . .. ... ..

Euler rotations from the space-fixed coordinate system to the body-
fixed coordinate system. The body-frame is obtained from the space-
fixed coordinate system by (i) an Euler rotation through an angle 3
about the space-fixed Y-axis and (ii) an Euler rotation through an
angle v about the body-fixed z axis, as shown in the lower two panels.
Capital letters (XYZ) are used to denote the space-fixed coordinate
system whereas small letters (xyz) are used to denote the body-fixed

coordinate system. . . . . . ...

44

45



1-6

1-7

Reduced term value plots obtained from the effective Hamiltonian cal-
culation of CaF for [ = 3 non-penetrating states. The term values are
calculated using the formula Ty; = IP +T; — BN(N + 1) — 47000,
where the index ¢ refers the i’th eigenvalue of the effective Hamilto-
nian. (A) Reduced term values for n = 1 symmetry. At low N, the
eigenstates are assigned as fX1,fIIT, fAT and f®T based on their
dominant A character. At high N, the eigenstates recouple to case(d)
and they are assigned as flgr = —3,—1,0, 1, 3 based on their dominant
N7 character. I = N — N7 is the projection of [ on the molecular
rotation axis; see text for more details about l[g. (B) Reduced term
values for n = —1 symmetry. In this case the case (b) states fII7, fA~

and f®~ correlate with the remaining projections [gr = —2,0, 2 at high

The evolution of case(b) character as a function of rotational quantum
number. The heights of the bar graphs are the squares of the mix-
ing coefficients, c,;, of Eq. 1.25. The partial characters are shown for
A = 0,1,2,3, which correspond respectively to the irreducible repre-
sentations X, IT; A, @ of Cy,. X and ® states are displayed for n = 1
and IT and A states are displayed for n = —1. At low N, the molecular
eigenstates are nearly pure Hund’s case (b) states and assignments in
terms of the case (b) labeling are valid. As N increases, the Hund’s
case(b) states begin to mix. The mixing occurs in steps of one in A
with the selection rule AX = £1. At N > 10, the states are strongly
mixed and the case (b) labeling is no longer appropriate. The strong

case (b) mixing is a consequence of eigenstate recoupling to case (d).

14

57

29



1-8

1-9

The definition of [ as a projection on the rotation axis. The total
angular momentum N is obtained from the angular momentum ad-
dition N = 1+ N*. Therefore, when the quantum numbers N and
N7 are much larger than [, the vectors N and NT are approximately
parallel. The projection of 1 on NT is shown as the dashed vector.
In the asymptotic N and NT limit, the magnitude of this projection
is equal to N- N*. The quantum number N7 is obtained from the
angular momentum addition Nt = R + L*, where R is the angular
momentum of the rotation of the nuclei and L* is the orbital angular
momentum of the core. In the typical case of a !X% core, the vectors
L™ and R are parallel and thus the rotational axis of the ion-core lies
along the Nt vector. This justifies the meaning of [p as a projection

on the molecular rotation axis. . . . . . . . . . . ... ... ...

The partial case (d) characters of molecular eigenstates at N=10. The
heights of the bar graphs are equal to the c3.., of Eq. 1.26. (A) The
partial character of the N=10, f ¥ T state. This state has dominant
N+t =13, lp = —3 character. (B) The partial character of the N=10,
f II~ state. This state has dominant N* = 12, [ = —2 character.
(C) The partial character of the N=10, f A~ state. This state has
dominant N* = 10, g = 0 character. (D) The partial character of the
N=10, f ®* state. This state has dominant N* = 7, [ = 3 character.

15

62



2-1

2-2

(A) The plots of the regular Coulomb waves, fi—o(¢,7), as functions
of the radial coordinate, r. The regular functions are shown for three
different energies, E = -0.05, 0, and 0.1 au, respectively. At higher
energy, the Coulomb functions oscillate with shorter wavelength, caus-
ing an inward shift in the radial nodes. However, the innermost lobes
remain invariant with increasing energy. This is a consequence of en-
ergy normalization imposed on the Coulomb functions. (B) The plot
of the irregular Coulomb function, g;—o(€,7), as a function of the radial
coordinate, r. The irregular Coulomb functions are shown for the same
set of energies as in Fig. 2-1A. The irregular Coulomb function is 7/2
out of phase with the regular Coulomb function and its radial nodes

coincide with the maxima in fi_o(e,r). . . . . . .. .. ... .. ...

(A) The plots of the regular Coulomb waves, fi—1(e,7), as functions
of the radial coordinate, r. The regular functions are shown for three
different energies, E = -0.05, 0, and 0.1 au, respectively. The positions
of the innermost lobes of the p-waves are shifted to larger » with respect
to the positions of the innermost lobes of the s-waves plotted in Fig. 2-
1A. This is a consequence of the presence of a centrifugal barrier in the
effective radial potential, which prevents the electron from approaching
r = 0. (B) The plots of the irregular Coulomb waves, g,—i(€,7), as
functions of the radial coordinate, r. The irregular Coulomb functions
are shown for the same set of energies as in Fig. 2-2A. The r~ type

deep singularities are visible near the origin. . . . . . . ... ... ..
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2-3

(A) The plots of the regular Coulomb waves, fi—s(e,7), as functions
of the radial coordinate, r. The regular functions are shown for three
different energies, E = -0.05, 0, and 0.1 au, respectively. The [ = 2, d-
waves experience a stronger centrifugal barrier and they have relatively
smaller amplitudes close to the origin than the amplitudes of the lower-
[ angular momentum waves. (B) The plots of the irregular Coulomb
waves, gj—2(€, ), as functions of the radial coordinate, . The irregular
Coulomb functions are shown for the same set of energies as in Fig.
2-3A. The divergences in the d-waves begin at larger values of r with
respect to the radial positions of divergences in the p-waves. This
high angular momentum behavior restricts the choice of value for the

R-matrix radius used in the calculations presented in Chapter 3.

The unnormalized hydrogenic radial wavefunctions for the principal
quantum number n = 4 and orbital angular momenta [ = 0,1. The
hydrogenic functions are obtained from f;(E,r) evaluated at £ =
—1/2n% In analogy to the regular Coulomb functions, the normal-
ized hydrogenic wavefunctions have innermost lobes that remain ap-
proximately invariant in shape and nodal position with increasing n.
However, the amplitudes in these innermost lobes scale as n=%/2, be-
cause of space normalization. The n~3/2 scaling law is attributed to

Mulliken, who discussed it in reference [90]. . . . . . . ... ... ..
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2-5

2-6

The Coulomb phase shifts as functions of collision energy. The cal-
culated phase shifts are shown for angular momenta [=0, 1, 2 and 3.
The phase shifts diverge to negative infinity at the ionization thresh-
old, E = 0. The divergences are consequences of the existence of an
infinity of Rydberg states that are densely located slightly below the
ionization threshold. At higher energy, the phase shifts for each of the
angular momenta monotonically increase to zero. Therefore, the scat-
tering matrix approaches unity in the high energy limit. This limiting
value of the scattering matrix implies an incoming partial wave that is
exactly in phase with the outgoing partial-wave, i.e. the electron expe-
riences no time-delay when scattering in the Coulomb potential. This
last statement is justified by the time-dependent version of scattering

theory [34]. . . . . . .

(A) The numerically determined radial channel wavefunction, Fy(r),
for the [y = 0, s-wave channel. The positions of the first few radial
nodes are shifted inward relative to the positions of the inner radial
nodes of the regular s-wave Coulomb function shown in Fig. 2-1A.
This is because the electron sees an effective nuclear charge, Z(r), that
increases toward Z as r approaches zero. The deep potential well at
small r results in larger kinetic energy and faster oscillations in the
wavefunction. (B) The numerically determined radial channel wave-
function, Fy(r), for the Iy = 1, p-wave channel. Similarly, the positions
of the first few radial nodes are shifted inward relative to the positions

of the inner radial nodes of the regular p-wave Coulomb function shown

N Fig. 22A. . . o

89



2-7 The calculated quantum defect for the s Rydberg series of the lithium
atom. Above the E' = 0 ionization threshold, 7 times the quantum de-
fect becomes the s-wave scattering phase shift for the e+ Li* collision.
The quantum defect varies slowly as a function of energy in contrast
with the strong energy dependence of the long-range Coulomb phase
shift. The quantum defect curve has a negative slope for all energies.
As explained in Chapter 5, the negative slope of the quantum defect

vs E indicates that the s-waves of the lithium atom are of penetrating-

type. . . e

2-8 The calculated quantum defect for the p Rydberg series of the lithium
atom. Above the E' = 0 ionization threshold, 7 times the quantum de-
fect becomes the p-wave scattering phase shift for the e+ Li™ collision.
The quantum defect varies slowly and linearly with energy and has a
positive slope. As explained in Chapter 5, the positive slope of the
quantum defect vs E indicates that the p-waves of the lithium atom

are of nonpenetrating-type. . . . . ... ..o



2-9 Lu-Fano Plots calculated for eigenquantum defects p,, = 0.6 and
fa, = 0.4. (A) The Lu-Fano plot for § = 0. In this case of a van-
ishing rotation angle, the channels do not interact and the Lu-Fano
plot consists of a horizontal and a vertical branch that depict constant
quantum defects in the two ionization channels. (B) The Lu-Fano plot
for § = w/8. A non-zero value of the rotation angle results in a Lu-Fano
plot with curvature in both branches. The curvature and the non-zero
slope in the branches depict energy dependences of the quantum de-
fects in the two ionization channels. These energy dependences are
a consequence of channel interactions and mixings. The slope at each
point on the Lu-Fano plot is equal to the amplitude squared ratio of the
ionization channels in the collision stationary state. Maximal channel
mixing occurs at the inflection points on the graph. The magnitude
of the repulsion between the two branches at the avoided crossing is
proportional to the off-diagonal matrix element of the reaction matrix.
(C) The Lu-Fano plot for # = 7/4. The magnitude of the gap at the
avoided crossing is larger than the magnitude of the gap at the avoided
crossing visible in (B). This implies a stronger channel coupling at this
value of §. (D) The Lu-Fano plot for # = 37/8. The channel interac-
tion is weaker for this case than the interaction in (C), as evidenced
by the smaller gap at the avoided crossing. The channel interactions

get weaker as 6 approaches the uncoupled channel limit, § = 7/2. . . 106

20



2-10 The graphical analysis for determining the quantum defect parameters

2-11

from the Lu-Fano plot. The eigenquantum defects are equal to the or-
dinates of the intersections of the main diagonal with the two branches
of the Lu-Fano plot. The slopes of the tangent lines to the Lu-Fano plot
at the two intersection points are cotf for vy = —vy; = p,, and tand
for v5 = —v; = pg,. Therefore, the rotation angle can be determined
from the slope of the tangent line at either of the intersection points.
As marked in the plot, the gap is measured as the difference between
the abscissa at the inflection point of the lower branch to the abscissa
at the point of closest approach of the two branches. The tangent of 7
times this value gives the off-diagonal element of the reaction matrix
in a special phase-renormalized form. This form of the reaction matrix

is derived in reference [41]. . . . . . ...

A schematic representation of autoionizing resonances. The Rydberg
states converging to an ionization threshold with energy F; (an ex-
cited state of the ion-core) interact with the continuum above a lower
ionization threshold with energy FEy. The coupling to the continuum
causes the Rydberg levels to become quasi-bound states that exist for
finite amounts of time. They autoionize by decaying into the adja-
cent continuum. Autoionizing resonances appear as broadened lines in

Rydberg spectra. . . . . . . . . ... ..



2-12 Electronic radial distances characterizing the frame transformation.
The core is in the range 0 < r < rg. In this region, complicated
many-body interactions prevail and there is no simple description of
the Rydberg electron’s motion. When r > r( all interactions between
the ion-core and the electron are Coulombic. The region labeled B is
characterized by electronic radial distances such that rq < r < r;. In
this region, the electron is sufficiently close to the ion-core as to per-
mit the Born-Oppenheimer approximation to be valid. Therefore the
channel wavefunction can be expressed using body-fixed coordinates in
terms of a Born-Oppenheimer factorization (short-range channel wave-
function). The analytic form of this wavefunction is known since all
interactions are Coulombic. Beyond ry, the electronic kinetic energy
becomes smaller than the rovibrational energy spacings of the core, ren-
dering the Born-Oppenheimer assumption invalid. The region labeled
A is characterized by radial distances such that r > ry. In this range,
the long-range representation in terms of the fragmentation channels
in Eq. 2.186 is valid. The long-range representation does not assume
a Born-Oppenheimer factorization. Regions A and B overlap in the
interval o < r < r1. In this overlap region, the short-range channel
wavefunction can be transformed to the form of the long-range wave-
function. The equations of this transformation that connect the two
representations are called frame transformation equations, since they
involve coordinate transformations from body-fixed to space-fixed co-

ordinates. . . . . .. L
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2-13

2-14

The behavior of the scattering phase shift on resonance. The scattering
phase shifts are shown for three values of the resonance width, I', and
a common resonance center , £ = F,..; = 0.lau. The background
phase is assumed to be zero. The curves increase by m across their
energy width becoming 7/2 at F = E,.;. A smaller resonance width
corresponds to a sharper rise in the scattering phase shift. Such narrow,
isolated resonances can easily be fitted to the Breit-Wigner form to
obtain the resonance parameters. However, difficulties arise in fitting a
broad resonance to the Breit-Wigner form, especially if the background
phase is energy dependent. An additional difficulty might originate
from the presence of multiple broad resonances that may overlap. We

discuss how to analyze these types of resonances in Chapter 5.

Resonance line shapes for various values of the background quantum
defect, ,u?. The resonance parameters are F,., = 0.lau and I' =
0.0lau.(A) The resonance line shape for g, = 1. The line shape is
a Lorentzian with a FWHM of I'. For this integer value, the outgoing
and incoming waves are in phase at £ = F,.s. (B) The resonance line
shape for y; = 7/8. For this fractional value, the outgoing spherical
wave that corresponds to the disintegrating quasi-bound level inter-
feres constructively with the incoming spherical wave, resulting in a
sharp rise in the cross section slightly below E,.;. Complete destruc-
tive interference occurs at an energy slightly above E,.,. Asymmetric
line shapes are typical indicators of such interference effects. (C) The
resonance line shape for iy = 1/2. The physical situation is opposite to
that of the case depicted in (A). At this value of the quantum defect,
the incoming and outgoing waves are out of phase, resulting in the
abrupt vanishing of the cross section near £ = FE,.,. The resonance
energy in this case corresponds to the center of the dip. (D) The res-
onance line shape for y; = 1/8. The physical situation is opposite to

that of the case depicted in (B). . . . . . ... ... ... ... ...

120



2-15 Tllustration of a shape resonance. A shape resonance arises from the
trapping of an electron within a well in the effective core potential. The
quasi-bound level with energy E,.; would be an authentic bound level
in the limit of an infinitely high barrier. The energy of the quasi-bound
level can be determined using the WKB quantization condition [18].
The electronic wavefunction (wavepacket) for the quasi-bound level is
initially localized inside the well. As the wavepacket time-evolves, it
leaks out by quantum mechanical tunneling across the barrier [18]. The
resonance lifetime and energy depend on the shape of the potential.

Analytical formulas can be derived using the WKB approximation [16]. 124

2-16 (A) Resonance line shapes for the case in which the direct coupling
between the two continua is turned off. The two continua interact only
indirectly via their coupling to the Rydberg state. The line shapes are
symmetric Lorentzians, the widths of which scale as the inverse of the
principal quantum number cubed. Symmetric line shapes occur in rare
instances when there is a single pathway to ionization. (B) Resonance
line shapes for the case in which the direct coupling between the two
continua is turned on. The continuum-bound-continuum interaction
pathway interferes with the continuum-continuum pathway resulting
in asymmetric line shapes. The widths of the asymmetric lines scale
as the inverse principal quantum number cubed. Such asymmetric line
shapes are common in Rydberg spectroscopy and they are called Fano

profiles. . . . .. 130



2-17 The behavior of the eigenphase sum at the autoionizing resonances.

3-1

The top curve is obtained by shifting the lower curve upward by 7. The
eigenphase sum increases rapidly by 7 near the energy of each Ryd-
berg state. The resonances are sharper closer to the ionization thresh-
old. The magnitudes of the gaps at the avoided crossings measure the
strength of the interactions between the neighboring resonances, as in
the Lu-Fano plot described in Section 2.4.1. The gaps scale inversely
with the principal quantum number cubed, all interactions vanish at
the ionization threshold and the eigenphase sum diverges to infinity.
The divergence is caused by the infinite number of Rydberg levels sup-
ported in the Coulomb potential. I thank Dr. Stephen Coy for writing
and providing the computer programs, which were used for resonance

analysis and the generation of this figure. . . . . . . . . .. ... ...

(A) The Calculated Eigenquantum Defects of CaF in the % Elec-
tronic Symmetry, obtained from the K matrix . The eigenquantum
defect curves characterize the four penetrating 2 Rydberg series of
CaF, which have been observed in the electronic spectrum [7]. The Ry-
dberg series are labeled by the value mod(v, 1) where v is the effective
principal quantum number [7, 91]. The filled circles are the experimen-
tally determined eigenquantum defects, whereas the plus signs are the
eigenquantum defects determined from a global fit by Field et. al. [37].
(B) The Calculated Eigenquantum Defects of CaF in the 21T Electronic
Symmetry. The eigenquantum defect curves characterize the three pen-
etrating 2II Rydberg series of CaF, which have been observed in the
electronic spectrum [7]. The Rydberg series are labeled by the value
mod(v,1) where v is the effective principal quantum number [7, 91].
Experimental eigenquantum defects are marked by the filled circles and

the plus signs are the eigenquantum defects determined from a global

fit by Field et. al. [37]. . . . .. ... ...
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3-2 The Calculated Eigenquantum Defects of CaF in the 2X* Electronic

Symmetry, obtained from the integer-l K matrix. The calculation of
the K matrix was carried out for the ionization continuum only and
the eigenchannels are labeled using the scheme of Fig. 3-1. The eigen-
quantum defects show a prominent energy variation, due to the effects
of the long range dipole field; this strong energy dependence is not
present in the behavior of the eigenquantum defects of the K ma-
trix shown in Fig. 3-1. The strong energy dependence of the K ma-
trix eigenquantum defects makes it difficult to extrapolate their values
to the region of negative energies. The eigenquantum defects for the
eigenchannels labeled as 0.552X" and 0.882%* experience an avoided
crossing at E ~ 0.03au. The 0.55°%* eigenquantum defect contin-
ues to resonantly rise on the high energy side of the avoided crossing,
intersecting 0.5 at £ ~ 0.07 au. This conspicuous behavior is due to
a molecular shape resonance, whose properties are explored in more

detail in Chapter 4. . . . . . . . . . ...

4-1 Coordinates used in the CaF calculation. The origin is fixed at the Ca

nucleus. . ..o



4-2

4-3

(A) 2X* State eigenquantum defects of CaF from the K matrix. The
filled circles are the experimentally observed X% Rydberg series and
the plus signs denote the eigenquantum defects obtained from a global
MQDT fit by Field et. al. [37]. The scatter in the experimental eigen-
quantum defects seen in the 0.882X 7 series in the £ = —0.006 au region
is likely due to a perturbation interaction with the Ca*4s+F2po~! hole
23T repulsive state. (B) %I State eigenquantum defects of CaF. The
experimental and fit data points are marked as in panel A. The scatter
in the experimental eigenquantum defects seen in the 0.36%I1 series in
the £ = —0.009 au region is likely due to a perturbation interaction
with the Ca™4s+F2pr~! hole ?II repulsive state. (C) ?A State eigen-
quantum defects of CaF. The experimental, and fit data points are
marked as in panel A. (D) ?® State eigenquantum defects of CaF. The

experimental, and fit data points are marked as in panel A. . . . . .

The ab initio 25T electronic wavefunctions of CaF, r¥,.(r), shown
in the ¢ = 0, x — z plane. The Calcium nucleus is located at z = 0
and the Fluorine nucleus is at 2 = R = 3.54au. (A) The X?2+
ground electronic state calculated using the ligand-field model [102].
The ground state is polarized behind the Ca nucleus and much of its
amplitude is present within 5 Bohr of the origin. (B) The 10.55*%F
excited electronic state calculated using the current theory. The out-
ermost lobe of the wavefunction extends out to 300 Bohr. (C) The
10.88%2%% excited electronic state. The 10.88 state is polarized behind
the F~. (D) The 10.16*2" excited electronic state. This state is d — p
mixed and possesses a larger number of angular nodes than the 10.88
and 10.55 states. (E) The 10.082X" non-penetrating excited electronic
state. The wavefunction, which is predominantly an f state, is approx-

imately spherically symmetric. . . . .. .. .. 0oL
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4-4

4-5

4-6

4-7

The K eigenquantum defects over a larger domain of collision energy.
The 0.55 and 0.882XF eigenquantum defect curves smoothly rise with
increasing collision energy. The 0.16 and 0.08 2X* eigenquantum de-

fects are approximately constant on the energy interval. . . . . . ..

(A) The largest eigenvalue of the lifetime matrix, ¢z, as a function of
energy. The theoretical data points are marked with triangles and the
dashed curve is a Lorentzian fit to the data points. The Lorentzian fit
gives the resonance center energy as FE,..s = —0.013 au and resonance
width as I' = 0.15 au. (B) The eigenphase sum as calculated from the
K matrix. The overall rise in the eigenphase sum may indicate a shape
resonance. However, the eigenphase sum rises on very a wide interval

and it cannot be satisfactorily fit to the standard Breit-Wigner form.

The eigenquantum defects obtained from the integer-1 K matrix. These
curves correlate with the 0.55, 0.16, 0.88, 0.08, and 0.06°X+ Rydberg
series at £ < 0. The eigenquantum defects for the 0.55 and 0.88
eigenchannels display an avoided crossing at E ~ 0.03 au. The partial-
[ decomposition of these eigenchannels vary rapidly across the avoided

crossing (see Fig. 4-7). . . . . . ... L

The energy dependence of the squared magnitude of the partial-/ de-
composition of the 0.55 and 0.88 eigenchannels. The plotted coeffi-
cients are the squares of the components of the corresponding eigen-
vectors of the integer-/ K matrix . Four curves are plotted, but only
two curves are visible. This is because the [0.55s]* curve overlaps with
the ]0.88p|? curve and the |0.55p|* curve overlaps with the |0.88s|?
curve. The 0.55 eigenchannel, which is a dominant s wave near the
ionization threshold becomes a dominant p wave above the avoided
crossing. Conversely, the 0.88 eigenchannel, which is a dominant p
wave near the ionization threshold becomes a dominant s wave above

the avoided crossing. . . . . . .. ..o Lo
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4-8

4-9

4-10

4-11

The diagonal matrix elements of the quantum defect matrix shown for
—0.01 < F < 0.1 and XA = 0, ¥ symmetry. Rapid oscillations of the
matrix elements are visible for £ < 0. The strong energy dependence
of the of the reaction matrix elements is a consequence of the expo-
nential divergences in the Coulomb functions at negative energy. Such
a strong energy dependence in the integer [ reaction matrix renders
it unsuitable as input to the rovibrational frame transformation. The
diagonal matrix elements oscillate about the values determined from a

fit to extensive experimental data [65,37]. . . . . .. ... ... ...

The off-diagonal matrix elements of the quantum defect matrix shown
for —0.01 < F < 0.1 and A = 0, ¥ symmetry . Rapid oscillations of
the matrix elements are visible for £ < 0 as in the diagonal elements

displayed in Fig. 4-8 . . . . . . ... oo

(A) The eigenquantum defects obtained from the K(FE) matrix for the
A = 0, ¥ symmetry ordered by rank. (B) The same eigenquantum
defects as in (A), ordered by assignment based on the dominant [ char-
acter in the corresponding eigenchannel. The eigenquantum defects at
negative energy oscillate rapidly about their equilibrium values deter-
mined from a fit to extensive experimental data [65, 37]. It may be
possible to average out these oscillations to define a stationary reac-
tion matrix in the integer-/ representation. However, it is more logical
to use the K matrix directly in the frame transformation and the fit

routines, since the physical meaning of the dipole-reduction is clear. .

A collision eigenchannel wavefunction, M])‘(F), for A = 1 symmetry,
shown in the ¢ = 0, x — 2z plane. The collision energy is £ = 0.01 au.
The displayed collision eigenchannel correlates to the 0.382I1 Rydberg

series at B < 0. . . . . s
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4-12

4-13

4-14

4-15

The polar plots of the photoelectron distributions for ionization from
the penetrating 10.55°2" Rydberg state. (A) Coordinates used to rep-
resent the photoionization process. (B) The photoelectron distribution
at £ = 0.01 au. The radial distance from the origin to the displayed
curve measures the photoelectron distribution in megabarns. (C) The

photoelectron distribution in the avoided crossing region, £ = 0.03 au.

(D) The photoelectron distribution in the high energy limit, £ = 0.15 au.194

The polar plots of the photoelectron distributions for ionization from
the 10.082LF Rydberg state. (A) Coordinates used to represent the
photoionization process. (B) The photoelectron distribution at E =
0.01 au. The radial distance from the origin to the displayed curve
measures the photoelectron distribution in megabarns. (C) The pho-
toelectron distribution in the avoided crossing region, £ = 0.03 au. (D)

The photoelectron distribution in the high energy limit, £ = 0.15 au.

The anisotropy parameter, (3, as a function of energy, calculated ab
initio for ionization from the 10.55°X" and 10.082XF Rydberg states.
(A) 3 parameter for ionization from the 10.552°X% Rydberg state. (B)

3 parameter for ionization from the 10.082XF Rydberg state. . . . . .

The integrated cross section for ionization, o, as a function of contin-
uum energy. The theoretical data points are displayed on the interpo-
lated dashed curves. (A) Integrated cross section for ionization from
the 10.55°%" Rydberg state. (B) Integrated cross section for ioniza-
tion from the 10.882X" Rydberg state. (C) Integrated cross section
for ionization from the 10.16°2" Rydberg state. (D) Integrated cross

section for ionization from the 10.08°X" Rydberg state. . . . . . ..
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5-1

The calculated adiabatic potential energy curves, Vj,(r), for CaF. The
potential curves are labeled, from bottom to top, by complex or frac-
tional angular momenta, [, to emphasize the convergence of the cor-
responding adiabatic mode, ®;,(r, ), to a dipolar mode characterized
by a value of [. The adiabatic partial waves evolve along these curves,
from pure-/ modes at small r toward a single dipolar mode at large-r.
Only the V;, potential has a barrier in the vicinity of the F~ nucleus.
WKB methods can be used to decide whether a quasi-bound level is

localized inside this barrier. . . . . . . . . . .. ...

(a) The barrier at short range on the do potential. The nuclei are
at the equilibrium internuclear separation, R = 3.54 au. (b) The bar-
rier at short range on the do potential for R = 3.1au. The barrier
is higher than the barrier shown in Fig. 1-4a. (¢) The WKB phase,
fr:‘:” Pao(r")dr’ as a function of energy, for R = 3.54 au. The intersec-
tion of the WKB phase with the dashed 7 /2 line indicates the presence
of a quasi bound level inside the barrier with energy £ = —0.035 au
(abscissa of the intersection).(d) The WKB phase as a function of en-
ergy, for R = 3.1 au. The energy of the quasi bound level has increased
from its value at the equilibrium internuclear separation, to an energy
in the ionization continuum. (e) The largest eigenvalue of the lifetime
matrix determined from the ab initio scattering matrix for R = 3.54 au.
The maximum value of the lifetime located at an energy slightly below
the ionization threshold implies the existence of a shape resonance at
energy £ = —0.013 au. (f) The largest eigenvalue of the lifetime matrix
determined from the ab initio scattering matrix for R = 3.1au. The
resonance peak shifts into the ionization continuum at this internuclear

distance, in qualitative agreement with the WKB result. . . . . . ..
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9-3

5-4

The amplitude squared partial-l components of the d adiabatic mode
as a function of r, for R = 3.1au. The adiabatic mode starts out
as a pure-d state at small » and evolves toward a d-dominant dipolar
mode at large r. The change in character occurs rapidly within a small

interval of » near the fluorine nucleus. . . . . . . . . . . .. .. ...

The electronic wavefunctions, r¥(r), of 2+ symmetry are shown in
the ¢ = 0, x-z plane. In the figures the Ca nucleus is located at
z = 0 and the F nucleus at z = 3.54au. (a) 10.55 2X* wavefunction.
The wavefunction is polarized away from F~ at long-range. (b) The
innermost lobes of the 10.55 2% wavefunction. The innermost lobes
have the shape of an s-d mixed orbital. (c¢) The innermost lobes of
the 0.55 X+ wavefunction at £ = 0.01 au. (d) The innermost lobes of
the 0.55 2XF wavefunction at E = 0.15 au. The short-range structure
of this high-energy wavefunction resembles the innermost lobes of the
wavefunctions at lower energy shown in Figs. 5-4b and 5-4c. (e) 10.16
2¥* wavefunction. The wavefunction is polarized away from F~ at
long-range. (f) The innermost lobes of the 10.16 22T wavefunction.
The innermost lobes have the shape of an s+p mixed orbital. (g) The
innermost lobes of the 0.16 series 2" wavefunction at E = 0.01 au. (h)
The innermost lobes of the 0.16 2%+ wavefunction at £ = 0.15 au. The
short-range structure of this high-energy wavefunction resembles the
innermost lobes of the wavefunctions at lower energy shown in Figs. 5-
4f and 5-4g. (i) 10.88 2L wavefunction. The wavefunction is polarized
toward F~ at long-range. (j) The innermost lobes of the 10.88 23T
wavefunction. The innermost lobes have the shape of a d-type orbital.
(k) The innermost lobes of the 0.88 *% wavefunction at E = 0.01 au.
(1) The innermost lobes of the 0.88 series ?X " wavefunction at F =
0.15au. The innermost lobes are conspicuously different from those

shown in (j) and (k). . . . . ... o
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5-5 The energy dependence of the calculated parameters ¢; for the four
2%+ symmetry eigenchannels. (a) The parameters ¢ for the 0.552%F
channel. (b) The parameters ¢; for the 0.88?%" channel. The figure
illustrates that the 0.88 wavefunction has almost pure d character at
low-energy. It rapidly evolves to become an equal d-p mixture at higher
energy. This strong energy dependence at short-range is in violation
of Mulliken’s rule. (c) The parameters ¢; for the 0.16*%T channel.( d)
The parameters ¢; for the 0.082X*+ channel. . . . . . ... ... ... 219

6-1 The potential curve for the 1so,4po, electronic state of Hy. The zero
of energy is measured with respect to vacuum. The top curve is the
potential energy curve for the ground electronic state of the ion. The
solid curve is the result of a high-level calculation performed by Wol-
niewicz et al. [124]. The dashed curve is the result obtained from
the present two-electron reaction matrix calculation. There is a close
agreement between the present and the previous results in the vicin-
ity of the equilibrium internuclear distance. Deviations are seen at
larger and smaller values of R. The error is likely due to the use of
a single determinant to model the ion-core internal state (restricted

Hartree-Fock). I thank Bryan Wong for preparing this figure. . . . . 240
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7-1 Tllustration of a shape resonance in a linear triatomic molecule. The
single shape resonance in the diatomic molecule has the profile shown
by the dashed curve. In an ABA triatomic molecule, there are two
degenerate shape resonances due to the double well-double barrier
structure on the left and the right hand sides of the molecule. The
degenerate resonances interfere because of the reflection of the scatter-
ing partial waves off of the barriers at the two atoms on opposite sides.
The resonance profile splits, giving rise to a broader resonance at lower
energy and a much sharper resonance at higher energy. The sharper

resonance is an example of a quantum proximity resonance discussed

by Heller [56, 75]. . . . . . . . .
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Chapter 1

Introduction

Multichannel quantum defect theory (MQDT) [112] is a powerful tool used in the
analysis of Rydberg spectra of atoms and molecules. Stated most simply, MQDT is
an extension of continuum scattering theory to the energy region below an ionization
threshold. In atoms, the theory is capable of describing how an infinity of Rydberg
states is perturbed by one or more interloping states that originate from different
electronic configurations [87]. In molecules, MQDT provides a quantitative charac-
terization of the electron/ro-vibrational interactions that lead to non-adiabatic flow
of energy between the electronic and nuclear degrees of freedom [47]. Contrary to
the widely used effective Hamiltonian methods, MQDT represents the entire molec-
ular Rydberg spectrum in terms a quantum defect matrix, which depends on the
point-group symmetry, nuclear geometry, and electronic energy. It is this property
of MQDT that allows for an analysis of perturbations of global extent. Such a rep-
resentation would be intractable in an effective Hamiltonian treatment. The main
objective of this project is to develop efficient and reliable methods for the first prin-
ciples calculation of the elements of the quantum defect matrix. In particular, we
are interested in using the ab initio quantum defect matrix to understand the causes
and the consequences of rich resonance behavior encountered commonly in Rydberg
spectra. Such resonance behavior can arise from the accidental matching of classical
frequencies associated with electronic and nuclear motions in the molecule or it may

arise within the electronic structure in the form of a shape resonance [16].
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The theory developed here is not specialized to a particular molecule; all molecule-
specific approximations are avoided and it is constructed to be universally applicable
to all types of Rydberg states. However, the calcium monofluoride (CaF) molecule
has been extensively studied by this group and a vast amount of experimental data
exists on its Rydberg structure [37, 65, 40]. For this reason, the CaF molecule is
used as a model system to validate the derived theories. In the process, we uncover
an aspect of the electronic structure of this well-studied molecule using the tools of
MQDT, which had been unnoticed . This discovery of a broad shape resonance in the
Rydberg states of CaF and the consequent breakdown of Mulliken’s rule * is described
in Chapter 5.

1.1 Historical Account of MQDT

Early use of MQDT had been restricted to empirical analyses of atomic Rydberg
spectra. MQDT was in part invented as a theory capable of describing the strong
perturbation of a Rydberg series by an interloping state, i.e. a state, which belongs to
a different configuration of the ionic core. An illustrative example of this situation is
found in the (5s nd)'D, Rydberg series of cadmium. This Rydberg series is strongly
perturbed by a doubly excited configuration of the type (5p?)'Ds, which is located
energetically above the Cd*(5s) ionization threshold, as shown in Fig. 1-1. All
members of the Rydberg series are shifted to lower energy as a consequence of the
perturbation. An analysis by MQDT accurately accounts for the level shifts in terms
of a quantum defect that varies slowly with energy along the Rydberg series [87].
More generally, MQDT provides a convenient means to disentangle one multi-
ply and strongly perturbed series from another Rydberg series that converges to a
different ionization threshold. This is accomplished by a device called the Lu-Fano

plot [79], which is illustrated for several observed Rydberg series of Xe in Fig. 1-2.

IMulliken’s rule describes a generic property of Rydberg states. It states that every wavefunction
member of a Rydberg series is built on an innermost lobe, which remains invariant in shape and
nodal position as a function of excitation energy [90]. Mulliken’s rule is the underlying basis for
many of the Rydberg scaling laws [74] that are used in analysis of Rydberg spectra.
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Figure 1-1: Schematic representation of the (5s nd)!Dy Rydberg series of Cd. The
dashed lines represent the unperturbed (5s nd)!Dj series calculated by MQDT with-
out taking into account the configuration interaction with the (5p?)'Dy doubly ex-
cited state, which lies above the Cd™(5s) ionization threshold. When this interaction
is turned on, all of the Rydberg levels are shifted down in energy. The effects of the
interaction are distributed throughout the Rydberg series and cannot easily be cap-
tured in a state-by-state calculation. This sketch has been constructed using energy
data reported in reference [87].
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Photoabsorption by the Xe atom, initially in its 1.5, ground state, leads to J=1, odd
parity states that belong to five different Rydberg series in the jj coupling scheme
2. Three of these series, 5p°(*P3/2)ns1/2, 5p°(*Ps/2)ndsje and 5p°(*Ps 2 )nds /2, con-
verge to the 5p®(*Pj)2) ionization threshold. The remaining two, 5p°(*Py2)ns; /2 and
5p°(*P1/2)nds /2, converge to the 5p°(*Py /) threshold. The Lu-Fano plot in Fig. 1-2
displays the variation of the quantum defects in each of the measured levels with
respect to binding energy measured below the second 5p®(?P; /2) threshold. For this

analysis, two different effective principal quantum numbers are defined for each level

as,

Ty = Tioo — R/0}2, (1.1)
Ty = Toso — R/032, (1.2)

where T, is the term value for the measured level, R = 109736.31cm ! is the Rydberg
constant, nj,nj are the effective principal quantum numbers in the two ionization
channels and T, Tos are the ionization limits. From Eq. 1.1, the quantum defect

modulo one can be defined as,

o = mod(—nj,., 1), (1.3)

The MQDT quantization condition [112, 79] implies that p,, is an implicit function
of n%, ~and a plot of this function with respect to mod(n3,,, 1) is the Lu-Fano plot.
The Lu-Fano plot constructed in this fashion, gives information about which of
the Rydberg series are perturbed and allows for a visual estimation of the strengths
of these perturbations. Some of the qualitative aspects of the Lu-Fano plot can be
discussed in this chapter, postponing the in-depth theoretical study to Chapter 2.
If the perturbations are weak, most of the quantum defects lie on flat portions of
the curves (i.e. they are energy independent) with very sharp rises seen close to the

below ionization Feshbach-type resonances (these resonances are the members of the

2For an introduction to atomic term symbols and coupling schemes, the reader can study reference
[58] by Gerhard Herzberg.
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Figure 1-2: The Lu-Fano plot for the J=1 odd parity 5p°(*Ps/2)ns1 /2, 5p° (*Ps/2)nds 2
and 5p°(*P3/2)nds o series of Xe, which converge to the 5p®(*P3/,) ionization thresh-
old. Each of these series is characterized by a quantum defect p(n}) that is a smooth
function of the principal quantum number nj, as measured from the 5p®(*Py,) ion-
ization threshold. The notation € is used to denote a continuous generalization of
the discrete quantum number n*. The circles, star and plus signs mark the posi-
tions of the experimentally measured and assigned Rydberg states from [77]. The
smooth quantum defect curves are obtained from an MQDT fit to the experimental
results. The states labeled 5d and 7s are Feshbach type below-ionization resonances
that are members of the 5p°(*Py/9)ns; /2 and 5p°(*Py2)nds,e series. The resonances
cause rapid increases in the quantum defects as the resonance energy is approached
from below. The energy width across which the quantum defect increases measures
the strength of the interaction between the Rydberg series and the perturbing con-
figurations (see Chapter 2 section 2.5 for an explanation of how the energy width
is a quantitative indicator of interaction strength). The 5d and 7s perturbing con-
figurations interact primarily with the ns;/, and nds/, series, respectively. However,
the overall perturbation of the Rydberg series is much weaker for the 7s case than
the 5d case. The gaps at the avoided crossings give a visual estimate of the strength
of the Rydberg/Rydberg interactions between Rydberg series that converge to the
same ionization threshold, 5p°(*P3/2). The principal quantum number, n}, on the
horizontal axis is plotted modulo 1. In Chapter 2 an explanation is given that this
range of the principal quantum number is sufficient to characterize the global spec-
trum, because the Lu-Fano plot is periodic on the unit square in the n}, 4 plane. The
Lu-Fano plot was regenerated from energy data published in references [79, 88, 77].
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2p, sons and nd series). As the interactions become stronger, the quantum defect
increases are spread over a larger energy interval indicating a broader resonance. In
Fig. 1-2, notice that the sum of the quantum defects ? associated with the three
Rydberg series converging to the 2P; /2 threshold increases by one unit in the vicinity
of a Feshbach resonance. This is a consequence of resonance scattering theory, which
is presented in Chapter 2. It can be seen that the 2Py /55d resonance interacts most
strongly with the 2Pj /ons series, because the increase of the ’p, s2ns quantum defect
occurs over a broader energy interval. Similarly, the Lu-Fano plot shows that the
’p, /27s Tesonance interacts mostly with the 2P3/2nd3/2 series, although the overall
perturbation of the Rydberg series by this state is weaker than that of the ?Py/25d
state. The gaps between the avoided crossings of the non-intersecting quantum defect
curves are proportional to the strength of the Rydberg/Rydberg interactions between
Rydberg series that converge to the same ionization threshold [59, 41]. The sizes of
these gaps are measured as the differences in abscissa of the lower inflection point and
the point of closest approach between the two branches [41]. Extension of the Lu-
Fano plot above the first ionization threshold can be used to determine the position

and width of autoionizing resonances and shape resonances [45, 27].

The mixing of two channels that converge to spin-orbit split doublet states of
the ion-core (J*=3/2 and 1/2) is an example of a frame transformation [112]. In
order to clarify this, let us imagine the Rydberg electron as an incoming scattering
particle. At short electronic radial distance, the Rydberg electron is indistinguishable
from the remaining electrons in the ion-core; in this range, the electron recombines
with the ion to form a neutral atom with well defined total spin and orbital angular
momentum (LS coupling). At larger electronic radial distance, the system approaches
the fragmentation limit in which the ion-core and the departing electron may be
treated as two distinguishable particles with their own well-defined orbital and spin
angular momenta (jj coupling). The only way the fragmentation channels can mix is

through the recoupling of the electron with the ion-core at short-range. Therefore, the

*The analytical continuation of this sum above the Py, threshold multiplied by  is the well-
known eigenphase sum in multichannel scattering theory.
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interaction is a consequence of short-range physics and the transformation from the
short-range channel wavefunctions to the long-range channel wavefunctions is called
a frame transformation [112].

In order to see how the Lu-Fano plot transparently gives information about the
frame transformation, it is best to study the simple case of two weakly interacting
channels. Consider the ns type, J=1, odd parity Rydberg series of Ne. As shown
by the corresponding Lu-Fano plot in Fig. 1-3, the j5 coupled J = 1 fragmentation
channels, ?P3ons; /5 and 2Py jons; s, interact very weakly. The quantum defects of
the states that lie along the horizontal and vertical branches of the curves show no
variation with energy, indicating that these states are strictly jj coupled. The only
departure from jj coupling occurs for those states that lie close to the curved sections
along the main diagonal (shown as a dashed line). These states are not pure jj coupled
states; they show a tendency toward LS recoupling. There are two states, 3s and 3s’,
that lie ezactly on the main diagonal described by § = —n} jo = —nj /o This implies
that the quantum defects for these states are identical to the eigenquantum defects
for the short-range channels [34], which are LS coupled. Therefore, these states are
strictly LS coupled and they correspond to the singlet and triplet states of the atom.

The analogous frame transformation in molecular Rydberg spectra expresses the
physical effect known as l-uncoupling [47]. In the case of a diatomic molecule, the
frame transformation is from a state in which the orbital angular momentum of the
Rydberg electron precesses about the internuclear axis (Hund’s case b coupling) to a
state in which the orbital angular momentum of the Rydberg electron precesses about
the nuclear rotation axis (limiting Hund’s case d coupling) [74] *. A good example of
[-uncoupling is found in the Rydberg spectrum of the hydrogen molecule.

Photoabsorption by the Hj 12; (v=0, J=0) ground state leads to the J=1,
lso,npo, 'S and 1so,npm, 'II7 Rydberg series in Hund’s case (b). Since the

molecule is para-hydrogen, the rotational states of the ion are restricted to even

4There are a total of fifteen Hund’s cases that describe rotational-electronic coupling in molecules.
They result from combinations of the three coupling cases for the ion-core and five coupling cases for
the Rydberg electron [63]. Tt is a straightforward exercise in angular momentum algebra to transform
from one Hund’s case to another. Further discussion is provided in reference [74] by Lefebvre-Brion
and Field.
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Figure 1-3: The Lu-Fano plot for the 2P3/2n31 /2 Rydberg series of Ne. The experi-
mentally measured ns;/, levels are marked by circles. The s’ notation describes the
ns1/2 type configurations, which converge to the 2P, /5 threshold. The Rydberg spec-
trum of Ne is much less perturbed than that of Xe shown in Fig. 1-2. The quantum
defects are found to be almost independent of energy. The two states, 3s and 3s’, that
lie along the diagonal are exactly in the LS coupling limit. Other states are strictly in
the 77 coupling limit because they either lie on a horizontal branch (constant quan-
tum defect in the ?P35 channel) or a vertical branch (constant quantum defect in
the 2Py o channel). The Lu-Fano plot was generated from a fit to data reported in
reference [123].
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Figure 1-4: The Lu-Fano plot for the Nt = 0, ns Rydberg series of Hy. The Lu-Fano
plot was generated from a fit to data provided in references [57, 112, 129]. The states
that are well described by case (b) coupling lie along the curved portions of the plot,
close to the main diagonal. The states that are well described by case (d) coupling
lie on the horizontal or vertical branches, as indicated by the arrows.

values of the ion-core rotational quantum number, N*, and the lowest two rotational
levels have rotational quantum numbers N* = 0 and Nt = 2. The two short-range
channels in Hund’s case (b) correlate to the two ionization channels in Hund’s case
(d) that converge to the N* = 0 and N* = 2 thresholds with increasing principal
quantum number. This correlation is a consequence of the mixing of the two short-
range channels due to [-uncoupling as the series limit is approached. In this sense,
the rotationally split levels of the hydrogen ion-core are analogous to the doublet split
levels of Ne™, while the Hund’s case (b) coupled short-range channels of the hydrogen

molecule are analogous to the LS coupled short-range channels of the Ne atom.

Proceeding as in the Ne example, we can extract the information that the Lu-

Fano plot shown in Fig. 1-4 provides about the [-uncoupling as the series limit is

45



approached below the first ionization threshold. Based on our previous study of
Ne, we know that the states that are dominantly in case (b) lie close to the main
diagonal, the states that are intermediate between cases(b) and (d) lie along the
curved portions, and the states that are strictly in case (d) are found on the flat
(horizontal or vertical) branches of the curves. In contrast to the Ne example, more
states are intermediate between Hund’s cases (b) and (d) as indicated by the wider

regions of curvature evident on the Lu-Fano plot.

The hydrogen molecule example shows that the main utility of MQD'T for molecu-
lar structure and dynamics is the determination of the strength of rovibronic channel
interactions that describe the flow of energy between the electronic degrees of freedom
and the rotations and vibrations of the nuclei. When conditions for a resonance are
met, these interactions lead to non-adiabatic processes, such as rotational autoion-
ization, dissociative recombination, and associative ionization in molecular excited
states. These processes, which are central to interstellar chemistry [70], are summa-
rized in Table 1.1. Rotational autoionization occurs when a diatomic molecule, AB,
resonantly absorbs radiation with energy hw, where A is the Planck constant divided
by 27 and w is the angular frequency of radiation in radians/seconds. Photoab-
sorption produces an excited diatomic molecule in an electronic state with principal
quantum number, n*, and an ion-core rotational quantum number, N* =Y. Subse-
quently, this intermediate state of the molecule decays into the electronic continuum
above the Nt = X < Y state of the ion, yielding the products shown in Table I.
Dissociative recombination results when an electron resonantly impacts a molecular
ion to form a neutral species . As a result, an intermediate state forms in which
the diatomic molecule is in an excited electronic state that converges to some vibra-
tional level of the ion-core vt =Y. In the final step, the Rydberg state couples to a
repulsive valence electronic state (usually through a charge transfer process) causing
the molecule to dissociate into two neutral atoms in electronic states with princi-

pal quantum numbers nj and nj. The diabatic electronic character of the repulsive

valence state determines the final electronic states of the neutral atoms in the disso-

5This process is commonly known as resonant electron capture.
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Table 1.1: Processes that Result from Non-Adiabatic Chemical Dynamics

Process Reactants Intermediate Products
Rotational Autoionization AB + hw AB(n*, N*=Y) ABT(N'=X<Y)
+ e (hk)
Dissociative Recombination ABT 4 e~ (hk)  AB(n*, vt =Y) A(n}) + B(nj)
Associative lonization A+B AB(n*,vF =Y >0) ABT (vt =0) + e

ciation channel. Associative ionization occurs when an electronically excited neutral
atom collides with another neutral atom to form a diatomic molecule in an excited
electronic state that belongs to a series converging to a vibrational state of the ion
core, vt =Y > 0. In analogy to rotational autoionization, this state decays into the
electronic continuum above the v+ = 0 level of the ion, yielding the products shown
in Table I.

Empirical analyses have been the more common application of MQD'T in electronic
spectroscopy. The Lu-Fano plots can be constructed from experimental data alone,
and then fit to a functional form provided by the MQDT quantization condition [47].
In the fit, a set of parameters is determined that describe the short-range eigenchannel
wavefunctions. This set of parameters yields the main construct of quantum defect
theory, which is the quantum defect matrix p or the equivalent reaction matrix K
6[112]. Chapter 2 presents the theory of the quantum defect matrix. The key
point is that knowledge of the short-range quantum defect matrix amounts to a
complete description of the global electronic spectrum of an atom or a molecule. In
the analysis of molecular Rydberg spectra, the apparatus of the Lu-Fano plot is seldom
used because of the typically much larger number (than 2) of interacting channels.
Instead, the global spectrum is fit directly to the short range quantum defect matrix
to uncover the most important interactions between the observed Rydberg series [65].
The increased number of interacting channels in molecular systems requires a higher

dimension quantum defect matrix and a larger number of fit parameters. In order for

In Chapter 2, it is shown that u = Zarctan(K) in the (0, m) branch of the inverse tangent
function.
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such a fit to converge, good initial guesses for the reaction matrix elements are needed
to be input to the non-linear fit program. A good initial guess would be provided by
a short-range reaction matrix determined from a first principles electronic structure
calculation. Thus, there is a need for theory to complement experimental analyses
in both the implementation and interpretation phases. This need underscores the

importance of developing methods for the ab initio determination of reaction matrices.

1.2 Current Progress

Ab initio calculation of reaction matrices is a challenging task. Since the short-
range reaction matrix describes a physical situation in which the electron is strongly
coupled to the molecular body-frame, the Born-Oppenheimer approximation can be
used. However, the calculation requires theoretical methods from scattering theory
that are not part of traditional quantum chemistry. The scattering approach uses
the analytical properties of the scattering matrix on an energy mesh to locate a
quasi-continuum of states close to ionization thresholds [16]. On the other hand, the
configuration interaction approach of quantum chemistry relies on expansions over
discrete basis set functions to determine the electronic eigenstates [128]. Such expan-
sions over a discrete set of functions often suffers from extremely slow convergence to
the quasi-continuum of levels observed in the experiment [33].

The theorist is then faced with a practical choice. The first choice is to build
a complete quantum scattering calculation for the system under study. The cost of
"re-inventing” the wheel is that the calculation would not be able to take advantage
of the known quantum chemistry methods that have been tested many times for
accuracy and efficiency. The second choice is to build the reaction matrix calculation
on the same principles that are used in quantum chemistry so that the two methods
can merge seamlessly. The latter choice is adopted in this thesis and novel quantum
defect methods are developed that can be embedded directly into standard quantum
chemistry. This choice has a clear advantage over the first approach. If the quantum

defect method can be embedded in quantum chemistry, then the reaction matrix
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calculation would have transferability to the extent that the methods of quantum
chemistry are universally applicable to all molecular systems.

A complete quantum scattering calculation begins from the close-coupling equa-
tions of scattering theory, which are derived in references [13, 28]. In the close-coupling
approximation, the infinite number of coupled integro-differential equations satisfied
by the electron radial functions are truncated to a finite set, so that they can be
solved using numerical techniques. However, these numerical techniques typically
employ computationally expensive iteration methods and the overall calculation be-
comes time-consuming when a large number of coupled integro-differential equations
are retained in the truncated set [14]. For this reason, the close-coupling approxi-
mation is suited for the few-channel problem, which is adequate for calculations of
collision cross sections at low electron energy [115, 121].

At higher collision energies, where a large number collision channels interact, the
close-coupling approximation is computationally infeasible. The majority of work
that is now published on the first principles calculation of reaction matrices relies
on the use of R-matrix theory, which was invented by Eugene Wigner in the 1940’s
[135]. Unlike the close-coupling approximation, R-matrix theory is capable of han-
dling the interacting many-channel problem. In the spirit of MQDT, R-matrix theory
introduces a separation of coordinate space into short- and long-range regions. The
complicated short-range forms of the electronic radial wavefunctions are not computed
explicitly but they are instead represented by a matrix of radial logarithmic deriva-
tives (the R matrix) 7 calculated at an imaginary boundary that separates the short-
and long-range regions (the R matrix box). The theory was originally utilized to cal-
culate nuclear reaction rates [72], but was adapted later to atomic physics by Burke
and co-workers [14, 12, 10]. Later, R-matrix calculations for diatomic molecules were
carried out by Schneider [105, 106], Burke [11], Shimamura [113], Noble [133], and
Tennyson [131]. Only very recently, R-matrix calculations on polyatomic molecules
were reported by Morgan et al. [89].

The accuracy of the results obtained from the standard R-matrix calculations

"The R matrix differs from the K matrix, which refers the reaction matrix here.
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are far from satisfactory, especially for the polyatomic molecule case. The problem
can be traced back to the use of an expansion of the collision wavefunction in terms
of a basis, which is complete inside the R-matrix box. This expansion yields the R
matrix in terms of a Lorentz series, with poles located at the molecular Hamiltonian’s
eigenvalues, that depend on the boundary conditions imposed at the imaginary surface
surrounding the R-matrix box [12]. However, the Lorentz series suffers from very slow
convergence because of the effects of remote levels that make a non-zero contribution
to the electron wavefunction’s phase shift. The effects of the remote levels can be
partially accounted for by the Buttle correction [15]. However, a different approach
is needed to achieve the near-spectroscopic accuracy customary in quantum chemical

calculations.

Walter Kohn’s variational version of R-matrix theory [69] yields directly the eigen-
values and eigenvectors of the R matrix. Since it bypasses the expansion of the R
matrix in terms of a Lorentz series, this approach does not present a convergence
problem. Calculations by Fano [33], Greene [44], Aymar [6], and Jungen [130] have
shown that the variational R-matrix method is accurate and reliable. On the other
hand, the applications of the variational R-matrix method have been limited to only
few-electron atoms and molecules. This is because the method requires the use of
non-conventional basis functions whose logarithmic derivatives are not fixed but span
a range of values on the R-matrix boundary. Therefore, all matrix elements must be
calculated numerically, since no analytical expressions exist as in the Gaussian-based

quantum chemistry program.

Chapter 3 presents a new variational R-matrix method optimized for molecular
problems. This method combines features from the close-coupling approximation with
a basis set calculation, while imposing a stationary constraint as per the variational
approach. The new method is capable of being embedded in a standard quantum

chemistry calculation.

Chapter 4 applies the new method to calculate the Rydberg spectrum of the
molecule CaF. The eigenquantum defects as a function of energy, the scattering,

differential, and integral photoionization cross sections are presented. The computed
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results are shown to be in excellent agreement with the experiment.

Chapter 5 discusses an MQDT analysis that finds a broad shape resonance spread
over the entire Rydberg spectrum of CaF. The effects of this broad shape resonance
are manifest as subtle yet significant violations of Mulliken’s rule for Rydberg states
[90](see footnote 1 on page 36 for a statement of Mulliken’s rule). This implies that
CaF has a fundamentally different spectrum that cannot be analyzed using the famil-
iar Rydberg scaling laws, although no dramatic level interactions and perturbations
are evident.

Chapter 6 develops the many-electron generalization of the R-matrix theory in-
troduced in Chapter 3 and presents preliminary results of a two electron calculation
on H,.

Chapter 7 summarizes the current achievements and concludes with future di-

rections.

1.2.1 Connection between the Effective Hamiltonian and MQDT

At the end of this introduction, it is important to address the question of whether
a simpler effective Hamiltonian method can be used to treat Rydberg spectra in-
stead of the complicated machinery of MQDT. An effective Hamiltonian approach
is faced with the same kind of problems as encountered by configuration interaction
treatments. These are the effects of remote levels that perturb a given n* complex
from neighboring principal quantum numbers. Although these perturbations may
be weak, they may result in observable shifts in the energy levels, since there is an
infinite number of perturbers. However, if the effects of these remote perturbers are
taken into account a-priori in terms of an eigenquantum defect, then an effective
Hamiltonian calculation indeed becomes feasible. In a first step, an MQDT calcula-
tion can determine the eigenquantum defects to be input to the effective Hamiltonian
model. Then the effective Hamiltonian can be used to calculate total term values of
the ro-vibrational states accessible in the experiment. Here, an effective Hamiltonian
is built upon the results of the ab initio MQDT calculation from Chapter 4 and it

is used to calculate the n* = 13 f complex of CaF to spectroscopic accuracy.
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Let H denote the electronic Hamiltonian operator of an isolated system that can

be partitioned as,

H=H,+ \H, (1.4)
where H, is a zero order Hamiltonian with the known spectrum,

R
H,|na) = Thalna) Tha=—F7——5,n=1,...,00, (1.5)
(n — pa)

where T}, is the energy eigenvalue in Rydbergs, u,, is the eigenquantum defect, and n
is the principal quantum number. Thus, we can construct an effective Hamiltonian,
H¢'T in the k-fold quasi-degenerate subspace of the Hilbert space spanned by the

eigenstates of H, as,

HT = Z |na)Tha(an| + Z [na) oo ('nl. (1.6)

QCV

Here, T, are the off-diagonal matrix elements due to AHj,
Thoo = Mna|Hi|na'). (1.7)

For concreteness, we can specialize to a diatomic molecule in Hund’s case (b) elec-
tronic rotational coupling and associate with the quantum number « the combinations
of electronic orbital angular momentum, [/, and its projection along the internuclear
axis, A,

=|I\) = Z |imy) DL, (0, 8,7). (1.8)

In Eq. 1.8, Dfm 4(0,3,7) are the Euler rotation matrix elements [139] that depend
on the two Euler angles 3 and ~ and m; is the projection of [ on a space-fixed axis.
The first Euler angle « is set to zero, since only two Euler rotations are required
to specify the body frame for a diatomic molecule (see Fig. 1-5). The perturbation
matrix elements originate from (i) [-mixing due to anisotropy in the core potential

function and (ii) [-uncoupling due to the rotating molecular body-frame,
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Figure 1-5: Euler rotations from the space-fixed coordinate system to the body-fixed
coordinate system. The body-frame is obtained from the space-fixed coordinate sys-
tem by (i) an Euler rotation through an angle 5 about the space-fixed Y-axis and (ii)
an Euler rotation through an angle v about the body-fixed z axis, as shown in the
lower two panels. Capital letters (XYZ) are used to denote the space-fixed coordi-
nate system whereas small letters (xyz) are used to denote the body-fixed coordinate
system.
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Hi=Xere+ Y INFAYINMy) (BYNT(NT +1) — A*2) (NTAYINMy], (1.9)
N+A+IN

where AT is the projection of the total core angular momentum N on the internu-
clear axis, My is the projection of the total angular momentum N on the space fixed
axis and BT is the rotational constant for the ion. In the absence of electric and
magnetic fields, different values of My are energetically degenerate and this quan-
tum number can be taken to be zero. The matrix elements of the [-mixing operator,
Xore, can be determined from the potential function that is used to model the elec-
trostatic interactions between the electron and the ion-core. These interactions are
often described in terms of a multipole expansion [134] 8. The matrix elements of the

remaining rotational part, H,.;, can be derived by expanding [9],

|N+A+ZNMN) = ZMN+ml ‘N+; MN+A+)\lml)(N+MN+lml|N, MN) (110)
= My A INt; M+ AT) DL (0, B, Y)IN)(NT M+l my|N, My)  (1.11)

where Eq.1.11 used the inverse of Eq. 1.8. Next we have,

J A0 18,0 (B, A INT My A ) D (N Moy Iy |[N M)

- m fdQ ZMN+ml |ﬁuW)D]J\\;11+Dml)\(N+MN+lml|N, MN)

= Yo [ Q32,4 |8, DR aA(NTATIAIN, A)
= NS [Ny MyA)(NFATIAN, A)

Using Eq. 1.15 in Eq 1.11, we obtain

V2N+ +1

NTATINMy) =
| v) VON +1

>IN My A)IN)(NFATIAIN, A). (1.16)
AX

8 A multipole expansion is useful for the analysis of non-penetrating states, which are characterized
by large values of orbital angular momentum ( { > 3). Other parameterizations of X e should be
used for penetrating states to account for the short-range distortions of the charge on the ion as well
as electron exchange effects. These parameterizations are possible in terms of pseudopotentials that
are optimized on the results of multiconfiguration Hartree-Fock calculations [95].
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Equations 1.16 and 1.9 allow for the computation of the matrix elements of H, .

in the unsymmetrized case (b) basis as,

(NAMyIN Hyor[ NN MyIN) = (1.17)
ot Snear @NF 4 D(NFAHANA)(BFNT(NT + 1) — AP2)(NFATLV|NA).

The derivation has so far neglected to account for the symmetries of the exact
Hamiltonian. The exact Hamiltonian is invariant under inversion of all electronic
and nuclear coordinates about the origin of the space fixed axial system and its
eigenstates are simultaneous eigenstates of the corresponding parity operator, I. The
effective Hamiltonian must reflect this symmetry in order to account for the unbroken
parity with increased rotational quantum number, N. This can be accomplished by
restricting the representation of the effective Hamiltonian to subspaces spanned by
symmetrized Hund’s case (b) bases that are eigenstates of the parity operation. The
parity operation in the space-fixed coordinate system is equivalent to a reflection of
the electronic coordinates through a plane containing the nuclei in the body frame
(the o, operation) and a replacement in the Euler angles 3,7 — m— (3, v+m. Choosing
the xz plane shown in Fig. 1-5 as the plane of reflection for the o, operation and the

body-fixed z-axis as the quantization axis, we can determine that

oo |lIN) = (=)l = N) (1.18)
ou[AT) = (=DM = AT) (1.19)
Dy (0,7 = B,y +m) = (=1)V*ADXy (0, B,7). (1.20)

Therefore, the properly symmetrized case (b) functions for the parity operation are,

IANAMyn) = N % {INAMM|IN) +3|N — AM)|I =N} (1.21)
= 2L AN DYy + 0l = AN =N DY ) (1.22)

\/ 87r2(1+6A70(5Ay0)

where 1 = 1 and the normalization constant 872 = [dQ. In the symmetrized

version, it is understood that A\, A > 0 whereas in the unsymmetrized version signed
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values are used for both A and A. The application of the parity operator on the
symmetrized case (b) basis ket in Eq. 1.22 produces,

TIANAMyn) = (=1)n|INNAMyn) (1.23)

The matrix elements of the rotational Hamiltonian can be recalculated in the
symmetrized Hund’s case (b) basis. Alternatively, we can use the result in the un-
symmetrized basis with signed quantum numbers and account for symmetry based on
group theoretical arguments. The Hamiltonian in the unsymmetrized representation
is reducible and can be decomposed into two irreducible representations for n = 1
and n = —1 by a similarity transform. The eigenvectors of each irreducible sub-block
of the Hamiltonian form a basis which transforms to case (d) according to the n =1

and 1 = —1 representations, respectively.

The CaF molecule has a 'Y* ion-core, which implies At = 0 and forces A = A.
In addition, Eq. 1.21 gives the restriction A < N. For the n* = 13,1 = 3 complex
of CaF, there will be seven sets of levels corresponding to the seven dimensional
state space, also spanned by signed A = —3...3. Four of these levels will transform
according to the n = 1 representation, whereas the remaining three will transform
according to 7 = —1. This follows from the observation that the number of n = 1
levels should exceed by one the number n = —1 levels at a given value of rotational
quantum number, because the symmetrized hund’s case (b) basis vanishes for A = 0
and n = —1. The n-representation to which each state belongs can be determined

from an eigenvector analysis at each NNV.

The term values for the CaF n* = 13 f complex were calculated from the effective
Hamiltonian in Eq. 1.6 that used the eigenquantum defects determined ab initio in
Chapter 4. In these calculations, the operator X,.,,.. was set to zero as appropriate
for a non-penetrating type state. It should be noted that this assumption implies that
[l is a good quantum number for the 13f complex. This would be a poor zero-order

picture for penetrating states of CaF, which has a highly dipolar ion-core.

The resultant reduced term value plots for the n = 1 and n = —1 symmetries are
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Figure 1-6: Reduced term value plots obtained from the effective Hamiltonian calcu-
lation of CaF for [ = 3 non-penetrating states. The term values are calculated using
the formula Ty; = IP + T, — BN(N + 1) — 47000, where the index i refers the i'th
eigenvalue of the effective Hamiltonian. (A) Reduced term values for n = 1 symmetry.
At low N, the eigenstates are assigned as fX*,fIIT, fAT and f®* based on their
dominant A\ character. At high N, the eigenstates recouple to case(d) and they are
assigned as flp = —3,—1,0, 1, 3 based on their dominant N* character. [z = N—N™*
is the projection of [ on the molecular rotation axis; see text for more details about
lr. (B) Reduced term values for n = —1 symmetry. In this case the case (b) states
fII=, fA™ and f®~ correlate with the remaining projections [z = —2,0, 2 at high N.
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shown in Fig. 1-6. These plots display the variation of the quantity

Tni=IP+T; — BPN(N + 1) — 47000cm ™" (1.24)

with N. In this equation, T} refers to the i’th eigenvalue of the effective Hamiltonian,
IP = 47685.87cm ™" is the energy needed to ionize CaF from its X2%+, N = 0,v =0
ground state, producing an ion in its XX, N* = 0,v" = 1 state and Bt = 0.35cm ™!
is the rotational constant. Based on the well known Hund’s case (b) level structure
formula [65], the reduced term values computed in this fashion must remain constant
as a function of N, if the molecule is in Hund’s case (b) for all values of the rotational
quantum number. The curved nature of the reduced term value plots in Fig. 1-6 is

a consequence of the change in the pattern-forming quantum number from N at low

values of N to NT at higher values of N.

The basis for this change in the pattern-forming quantum number can be under-
stood by the following device. The off-diagonal elements of the effective Hamiltonian
expressed in the case (b) basis increase in magnitude with increasing N. This follows
from the restricted summation over N* that starts from a large minimum value of
|N — 1] at high values of N. These off-diagonal elements cause the eigenstates of the

effective Hamiltonian to become mixtures of the case (b) states in the form,

[iNIn) =) " IAN Myn)ex;, (1.25)
A

where c); are called the mixing coefficients. The squared values of the computed
mixing coefficients, ¢3;, are plotted in Fig. 1-7 as a function of N. The case (b)
basis set is shown for A = 0, 1,2, 3, which correspond respectively to the irreducible
representations X, I1, A, ® of the molecular point group Cy,. The figures suggest that
the fractionation of the eigenstates into the case (b) basis increases with increasing
N due to the increasing magnitude of the off-diagonal matrix elements.

At sufficiently high values of N, the magnitude of the off-diagonal matrix elements

become larger than the differences between the eigenvalues of H,. In such a limit,

the perturbing term H; becomes the zero-order Hamiltonian, switching places with
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" + i -
(A)"f I" " State Decomposition (B)"f M~ " State Decomposition

Case (b) Basis Case (b) Basis

(D) " f ®* " State Decomposition

(C)"f A~ " State Decomposition

Case (b) Basis Case (b) Basis

Figure 1-7: The evolution of case(b) character as a function of rotational quantum
number. The heights of the bar graphs are the squares of the mixing coefficients, c,;,
of Eq. 1.25. The partial characters are shown for A = 0,1, 2,3, which correspond
respectively to the irreducible representations 3, II, A, ® of Cy,. ¥ and & states are
displayed for n = 1 and II and A states are displayed for n = —1. At low N, the
molecular eigenstates are nearly pure Hund’s case (b) states and assignments in terms
of the case (b) labeling are valid. As N increases, the Hund’s case(b) states begin to
mix. The mixing occurs in steps of one in A with the selection rule A\ = £1. At N >
10, the states are strongly mixed and the case (b) labeling is no longer appropriate.
The strong case (b) mixing is a consequence of eigenstate recoupling to case (d).

59



H,. Therefore, a recoupling of the eigenstates to case (d) occurs in which the portion
H, of the effective Hamiltonian is diagonal by construction. This is demonstrated by
Fig. 1-9, which shows the amplitude squared mixing coefficients |cy+;|? of the various
eigenstates in the 13f complex at N =10. These mixing coefficients are obtained from

a case (d) expansion of the eigenstates as,

[iNlg) =Y INTNMyn)ey+;. (1.26)

N+
The eigenstates shown in Fig. 1-9 are dominantly single- N7t states with perturbative

mixtures of other N1 states.

A useful bookkeeping device can be introduced for describing the conserved parity
of eigenstates that recouple to case (d). This bookkeeping device is the {g quantum

number, which is defined as

lp=N—NT. (1.27)

Since 1 = N — N, the values of [ range from —[---[ for large values of N and
NT. Thus, Iz has the properties of a projection; in the large N and N limit, it is
the projection of [ on the vector that points in the direction of N7 i.e the rotation

axis for a 'X* core. This is easily demonstrated by figure 1-8.

Complete recoupling to case(d) is achieved only in the limit N — oo. [g is
conserved in this asymptotic limit and as a good quantum number, it characterizes
the limiting Hund’s case (d) rotation-electronic coupling. For finite but large N, Ig
is approximately conserved and can nevertheless be used to label an eigenstate, as in
Figs 1-7 and 1-9. In this labeling, the use of g is rigorous only pertaining to parity

of a pure case (d) eigenstate.

The space-fixed projection of a case (d) state for a 13T core is,

(9,¢,@,¢|ZN+NMN): Z Yzml(9>¢)YN+MN+(@7(I))(lmlN+MN+|NMN)a (128)

mlvMN+
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Figure 1-8: The definition of /g as a projection on the rotation axis. The total
angular momentum N is obtained from the angular momentum addition N = 14+ N,
Therefore, when the quantum numbers N and Nt are much larger than [, the vectors
N and NT are approximately parallel. The projection of 1 on N7 is shown as the
dashed vector. In the asymptotic N and Nt limit, the magnitude of this projection is
equal to N- N*. The quantum number N7 is obtained from the angular momentum
addition N* = R + L™, where R is the angular momentum of the rotation of the
nuclei and L% is the orbital angular momentum of the core. In the typical case of
a 'Yt core, the vectors LT and R are parallel and thus the rotational axis of the
ion-core lies along the N vector. This justifies the meaning of [ as a projection on
the molecular rotation axis.
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(A) "f =" Case (d) Decomposition

N =10
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(B) " f M ™ Case (d) Decomposition
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0.8+ o8 R
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0.4 0.4
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0.31
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0.1r
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N+

(D) " f @ * " Case (d) Decomposition

7 9 11
N+
(C)"f A~ " Case (d) Decomposition

0.9
0.8r N

0.8

N =10
0.7} IR_ :

0.6F
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0.4r

Partial Character

0.3r

Partial Character

0.21

0.1r

8 10 12

N 11 13

Figure 1-9: The partial case (d) characters of molecular eigenstates at N=10. The
heights of the bar graphs are equal to the ¢4, of Eq. 1.26. (A) The partial character
of the N=10, f ¥ state. This state has dominant N* = 13, [z = —3 character. (B)
The partial character of the N=10, f II~ state. This state has dominant Nt = 12,
lr = —2 character. (C) The partial character of the N=10, f A~ state. This state
has dominant Nt = 10, [z = 0 character. (D) The partial character of the N=10, f
®* state. This state has dominant N* = 7, [ = 3 character.
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where 6 and ¢ are the angular coordinates that describe the orientation of the elec-
tron’s position vector r in the space fixed axis and © and ® are the angular coordinates
that describe the orientation of the vector R that connects the nuclei of Ca and F.
The functions Yy, (6, ¢) and Yy+u, (O, ®) are spherical harmonics. The quantum
numbers m; and My+ refer to projections of 1 and N on the space fixed coordinate

axis, Z. The application of the inversion operator on this state is,

1(0,9,0,®)(8, 6,0, D|INTNMy) 1.29

(1.29)
=ty Yim (1 = 0,0+ 1) Yntar,, (1= 0, P + 1) (lmy N My+| N My)(1.30)
= Zml,MNJr (_1>1Y2ml (‘97 ¢)(_1)N+YN+MN+ (@, (I))(lmlN+MN+ |NMN) (131)
(1.32)

= (=) Yim (0, 0)Yneary, (8, @) (N T My+|[NMy). (1.2

Thus, |INTN My) is automatically an eigenstate of I with an eigenvalue (—1)7N".

9 Then, an eigenstate of the effective Hamiltonian whose parity is determined as
n(—=1)Y according to Eq. 1.23 can be mixtures of case (d) states whose [ and N
values are restricted to satisfy n(—1)Y = (—1)"*N". Substituting I for N*, we can

re-write this restriction as,

n(=D)" = (=1)7'"(=D)", (1.33)

which implies n = [ —[g. Therefore, for [ = 3 and n = 1, the values of [g are restricted
to lg = —3,—1,1,3, whereas they are restricted to lg = —2,0,2 for n = —1. This
justifies the use of n for the definition of a case (d) basis state in Eq. 1.26. Equation
1.33 is also the basis for the various labeling schemes in terms of [r that are used in
Figs. 1-6 and 1-9. Figure 1-9 clearly displays the recoupling to case (d) at N=10 and

the use of [r as an approximately good quantum number.

According to the effective Hamiltonian results displayed in Fig. 1-6A, the elec-

tronic state of CaF that is assigned as fX1 at low N, correlates approximately with

9This expression is specific to a 1ET core.
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Table 1.2: Comparison of observed total term values from Gittins et al. [40] and
calculated values using the present effective Hamiltonian for n = 1

N 13 (-3) Obs. 13 f(-3) Calc. 13 f(-1) Obs. 13 f(-1) Cale. 13 f(1) Obs. 13 f(1) Calc.
0 47046.9

1 47049.1 47043.0

2 47057.3 47052.4 47043.3 47036.1
3 47059.2 47056.5 47044.7 47037.8
4 47064.3 47061.5 47047.5 47047.2 47039.8
5 47069.6 47067.3 47051.2 47050.9 47042.3 47042.4
6 47075.5 47073.8 47055.5 47055.5 47045.6 47045.6
7 47082.2 47081.1 47060.9 47061.0 47049.7 47049.5
8 47089.8 47089.1 47067.2 47067.4 47054.5 47054.3
9 47098.1 47097.9 47074.3 47074.5 47060.1 47059.8
10 47107.3 47107.5 47082.1 47082.5 47066.5 47066.2

Table 1.3: Comparison of observed total term values from Gittins et al. [40] and

calculated values using the present effective Hamiltonian for n = —1
N 13 £(-2) Obs. 13 {(-2) Calc. 13 {(0) Obs. 13 f(0) Calc. 13 f(2) Obs. 13 {(2) Calc.
1 47044.4
2 47046.4 47036.2
3 47049.4 47038.2 47028.7
4 47053.0 47053.3 47040.6 47040.9 47031.0
5 47057.5 47058.1 47044.0 47044.3 47033.9
6 47063.5 47063.6 47048.2 47048.5 47039.1 47037.4
7 47070.0 47070.0 47053.2 47053.5 47042.9 47041.5
8 470771 47077.2 47058.9 47059.3 47047.4 47046.4
9 47085.0 47085.1 47065.5 47065.8 47052.6 47051.9
10 47093.6 47093.8 47072.8 47073.1 47058.2 47058.1

a single flp = —3 state at high N. The states that are assigned as fII*T,fA* and
f®T correlate with [ = —1, 1, 3 states respectively, in the case (d) limit. Fig. 1-6B
shows the analogous results for the = —1 symmetry. In this case, the correlation
is between the sets II7, A, ®~ and Ip = —2,0,2. These results indicate that the
states with negative projection along the rotation axis are destabilized (i.e. pushed
up in energy), whereas the states with positive projection along the rotation axis are

stabilized (i.e. pushed down in energy) with increasing N.

Tables 1.2 and 1.3 show comparisons of the observed total term values from Gittins

et al. [40] and the calculated total term values using the present effective Hamiltonian
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for n = 1 and n = —1 symmetries. In most cases, there is very close agreement
between the experimental and theoretical results. The largest differences between

experiment and theory are on the order of 5 cm™!

and they occur at low N for the
13f I = —3 states. Gittins et al. [40] find that these states are perturbed by the
13.19 ¥+, v=1 state and this perturbation cannot be captured by the current effective

I arise for the

Hamiltonian. In addition, smaller discrepancies on the order of 2em™
13f Ir = 2 states, whose assignments are not secure according to Gittins et al. [40].
For all other states the differences between experiment and theory are less than 1
em™L.

In common spectroscopic applications of the effective Hamiltonian theory, the pa-
rameters describing the effective Hamiltonian are fit to the experimental results to
obtain agreement between the observed and calculated total term values. However,
no attempt has been made to fit the parameters of the present effective Hamilto-
nian to the observed term values; this effective Hamiltonian is ab initio in the sense
that the only input it requires are the calculated eigenquantum defects from Chap-
ter 4. The powerful combination of the effective Hamiltonian theory and MQDT
makes it possible to compute an electronic spectrum without the need for a prior
experiment. With the advent of such a combination of methods and perfection of

the first-principles MQDT calculations, simulations of more complicated electronic

spectra will be possible.
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Chapter 2

Formalism of Multichannel

Quantum Defect Theory

2.1 Introduction

Multichannel quantum defect theory is the study of electron scattering in the field of
a positive ion. For this reason, it is founded upon the theory of Coulomb scattering
and the analytical properties of the Coulomb wavefunctions as a function of collision
energy. This chapter begins with a description of the Coulomb scattering problem
and presents a derivation of the radial Coulomb functions f and g that are used in
MQDT. The precise concept of a collision channel is subsequently introduced and the
single-channel theory is discussed with applications to alkali atoms. The multichannel
theory is derived as a generalization of the single-channel case and the mathematical
foundation of the Lu-Fano plot is presented. This is followed by the derivation of the
frame-transformation equations, specializing to molecular applications of MQDT. The
chapter concludes with a discussion of shape and Feshbach type scattering resonances
and resonance scattering theory. The presentation in this chapter is technical and
serves to complement the more qualitative aspects of MQDT that are discussed in

Chapter 1.
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2.2 Coulomb Scattering

The theory of Coulomb scattering is presented in many graduate level quantum me-
chanics books such as the texts by Messiah [85], Sakurai [104] and Newton [96]. The
text book treatment typically starts from the separation of variables in parabolic co-
ordinates of the Coulomb radial equation and aims to derive the Rutherford formula
for the Coulomb scattering cross section. This is accomplished by passing directly to
the asymptotic limit using Laplace transforms and complex variable methods. MQDT
requires knowledge of the properties of the Coulomb functions at short-range in ad-
dition to the asymptotic limit. This results in a need to pursue the analysis beyond

the degree that is given in standard texts.

The treatment that is developed here relies heavily on the theory of the confluent
hypergeometric function [73]. The confluent hypergeometric function is a precursor to
a variety of important special functions in quantum mechanics, such as the Laguerre
polynomials, Bessel functions, and Airy functions. The analysis follows the original
derivations presented by Seaton in references [107, 108, 109, 110, 111]. A more phys-
ical approach, that starts from the WKB solutions of the Coulomb radial equation,
is presented by Rau and Fano [34], Greene, Fano and Strinati [46], and Greene, Rau
and Fano [50]. Efficient numerical methods for determining the Coulomb functions

are discussed by Texier and Jungen [66].

In atomic units, the time independent Schrodinger equation for an electron scat-

tering in the field of a bare nucleus of total positive charge +7 is,

—5V3(r) — —U(r) = BY(r). (2.1)

Upon substituting ¢ (r) = “l—(r)Ylm(H, ¢) in spherical polar coordinates and using the

T

v (“i0.0) = (o ) e, e

identity,

dr2 2r2
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equation 2.1 reduces to the radial Coulomb Schrodinger equation,

& l(l+1) 27
(W - ( 7“2 ) + 7 + Erydberg) ul(r) = 0, (23)

where E,yagperg = 2E (au) is the collision energy in Rydbergs and Y}, (6, ¢) is a spher-
ical harmonic. The differential equation in Eq. 2.3 can be solved exactly by reducing
it to the confluent hypergeometric equation discussed in [2, 73]. This is accomplished

by substituting,

p=2r and €= Erydberg/Zz, (2.4)

in Eq. 2.3 to yield,

& (+1) 2 N ) —
<dp2 e +p+) 1(p) = 0. (2.5)

Letting [ = A\ + % and € = —K—lz in Eq. 2.5 gives,

z o oN-7 2 1
(d_p2 - p2 1 + - — —) U)\(p) =0. (26)

A final substitution of z = 2—,5 in Eq. 2.6 results in,

d? XL e
(ﬁ Rt S Z) ux(z) = 0. (2.7)

z
Equation 2.7 is the Whittaker equation, the solutions of which are known. We
first consider the more general case for which A is not restricted to a half integer, as

in Eq.2.5. For arbitrary A, a solution of the Whittaker equation that is regular at the

origin is,

1
Mo(2) = e 2752 Fi(5 A= R 1420 2), (2.8)

where 1 F7 denotes the confluent hypergeometric function. In the definition of Eq.
2.8, the confluent hypergeometric function is singular when 1 + 2\ equals zero or a

negative integer [83]. A physically acceptable solution to the radial Coulomb equation
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is the regularized Whittaker function defined as,

1
(S

3/1(%, )\,Z) = m

M/i7>\(z)7 (29)

where the term I refers to the Euler gamma function, which removes the singularity
in the confluent hypergeometric function. The significance of kM3 as a normalization
constant will be apparent later in the derivation. The term A enters through \? in
Eq. 2.7, so a second linearly independent solution to the Coulomb radial equation

can be obtained as,

Yo (K, A, 2) = y1(k, =, 2). (2.10)

However, it can be shown that the two solutions y; and y, are not linearly in-
dependent when A = [ + % From the properties of the confluent hypergeometric

function, the solution in Eq. 2.9 has the series expansion,

e}

kM 2exp(—z/2) ZFA+——/<;+n)
I'(A+3 — k) P2 +1+n) nl

yi(k, A, 2) = (2.11)

n=0

If welet A\ =1+ % where [ is an integer as in Eq. 2.5, we get from Egs. 2.11 and
2.10,

1 (kz)leap( z/2 (=l —Kk+n)z"
[+ = = —. 2.12
el +2’Z) I'(—l—k) Z:: (=2l+n) n! (2.12)
Since,
1
=0 =0,1,2,--- 2.13
F(—n) ) fO’I" n ) Ly 4y ) ( )

Eq. 2.12 becomes,
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1 ):( z)” ea:p( 2/2) f: M(=l—Kk+n)z"

[+ = — (2.14
vl 4502 P(-l—x) & T(=2+n) 7l (2.14)
1 k7l(z )l“exp 2/2) l—li—i—l-i-n) 1
[+ = = 2.15
Yok, L + 2,2) T ZO Tnt1) (s Dan (2.15)
1 /@_l(z)l+1exp(—z/2) F'l—k+14+n)2z" TI'(n+1)
[+ = = = 2.16
ol 4 5, 2) T(— — k) ; Tt nlmia+z 210
1 kU(2) eap(—2/2) e=T(l — K +1+n) 2"
I+ = = —, (2.17
val L4 5.2) (= — x) 2 Tt a0
where the Pochhammer symbol (z),, is used in Eq. 2.15,
I'(z+n)
Z)n=2z4+41)(242) - (z4+4n—-1) = (2.18)
I'(z)
Now we define,
D(k+A+12)
A(r,\) = : 2.19
(%, A) KT (K — A+ 1) (2.19)
and multiply Eq. 2.17 on the left with —A(x, [ + %)_1 to obtain,
ya(2) A7 = —(2k) ewp(—2/2) et mTTy Lo Torare a (2:20)
_ (zr)Hlexp(—2/2) xmoo  T(l—k+14n) 27
= s Ym0 Ty, - (2.21)
Equation 2.21 is obtained from Eq. 2.20 using the relation,
'n—1+2)=Mn—-2+2)(n—3+2) - 2I'(2). (2.22)
Equation 2.21 implies, through Eq.2.11 that,
1 1 1
yg(/{,l+§,z) = —A(/ﬂ,l+§)y1(f€,l+§,z). (2.23)

Thus, the two solutions are not linearly independent for the physical case A = [ + %
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A third solution that is linearly independent from y; for A =1+ % can be defined as,

A(k, N)cos(2mN)y1(k, A, 2) — ya(k, A, 2)
sin(2w\)

Y3k, A, 2) = : (2.24)

The solution y3 remains finite in the limit A — [ + %

We can now define the two energy-normalized linearly independent solutions to

the Coulomb radial equation as,

file,r) = L A2y (k, 1+ L, 2) (2.25)

ale,r) =

s

A ys(r, 1+ 1, 2) (2.26)

S

2.2.1 Asymptotic Limit

For |z| large, the asymptotic form of the regularized confluent hypergeometric function

is given in [2] as, '
1Fi(a,b, z) e~'ma e*240

T)  Th—a)  T(a) (227)

Using Eq. 2.27 in Eq. 2.9, we obtain,

ALl 1.y 7i7r(l+>\7ﬁ) K—A—1 z 7(l+A+N)
Y1(F, A, 2) —psoe0 £ 2E Each {e IE(A—I—R-FZ%) - eFZ(A-I-Q%—n) (2.28)
— /{:)\‘F% 6—2/2 672%(%4%/\7’{)2"€ _I_ 62/2 z7F (2 29)
|2l oo TTOWRED) TO+3-+) ‘
Continuum Solutions
For continuum solutions, we have e > 0. We let Kk = 7y with v = \/ ﬂ = % and k is

the magnitude of the wavevector. For real A and Z = 1, we can derive the following

set of relations:
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1 . 1 . 1 1
)\+§ — (Z’y))\+§ — 625()\+§)7)\+§

e—z/2 — eir/’y €Z/2 — e—ir/’y

K

. . T Z»Y ™ .
oF (_2_;7’)27 — (e zzelog(%/v)) — e37elog(2r/7)

Z_H — 6_%7/6_@'\/[09(27‘/7)

1L _ 1 e—iarg(T(A+iv+3))
C(\+r+3) [T (A+iy+3)l

1 = 1 . eiarg(l"()\—l-i“{—ﬁ-%))
T(A—r+3) [T (A +iv+3)]

Using these relations in Eq. 2.29, we obtain

y1(/<6, A, Z) e é« {ei(r/’y—%(%+>\)+'ylog(2r/fy)—arg(F()\+i'y+%))) + C.C} 2.30

2.32

(2.30)
Y1(k, A, 2) —oo Ccos (1) — Z(3 + X) +vlog(2r/v) — arg(D(A + iy + 1))) (2.31)
y1(k, A, 2) —oo Csin (r/v — ZX+ 5 4+ ylog(2r/v) — arg(T(A + iy + 3))) (2.32)
(2.33)

c-zmbe® g
POt )1 2

2.33

Putting A =1 + % in Eq, 2.32 we arrive at,
15, A7 — 00) = Cindu(r, ), (2.34)
where ¢;(r, k) is the Coulomb phase defined as in Eq. 2.32,

oi(r k) = kr — %T + %log(ri) —arg(C(l+1+1i/k) (2.35)

For low energy scattering, k ~ 0 and v >> 0. In this limit, we can approximate
A(v, 1+ %) of Eq. 2.19 as,
1 Lliv+1+1)

AT ) = T -

~1. (2.36)

This approximation follows from Eq. 2.18. Furthermore, we can use the asymptotic
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expansion (|z| — o0o) of the gamma function [2],
I(az +b) ~ v27re_“z(az)“z+b_% arg(z) < m,a>0 (2.37)

in combination with Eq. 2.36 to show that

_T . 1/2
1 _ 2yMtleT 3 T(iy+I+1)
C * A('Y, [+ 5)1/2 — |1:/(l+1+i“f)| ( (iw)zlzlr(i“{—l)> (238)

~ /2 (2.39)

Equations 2.39 and 2.25 together demonstrate that,

file =k*r — o0) = \/#singbl(r, k). (2.40)

Using Eq. 2.40 in Eq. 2.24 and applying I’'Hospital’s rule in the limit A — [+ %, it is

easily shown that,
1
gile =K1 — 00) = —4/ —kcosgbl(r, k). (2.41)
T

Equations 2.40 and 2.41 imply that the functions f; and g; are m/2 out of phase for

large r.

The Wronskian

It is known from the theory of ordinary differential equations [61] that any two lin-
early independent solutions to a second order differential equation must satisfy the

Wronskian relation given by,

W(fi(e,r), gi(e, 7)) = fi(e,r) gi(e, ) = constant, (2.42)

dgi(e,r)  dfile,r)
d

r dr

for all values of r. From Eqs. 2.40 and 2.41, we compute the Wronskian constant to

be,

W (e, ) o) = - (2.43)

We will make extensive use of the Wronskian relation in Eq. 2.43 later in this thesis.
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2.2.2 Behavior of the Coulomb functions at » =0

Equation 2.11 shows that,
file,r — 0) ~ 1, (2.44)

Since f; goes smoothly to zero as r — 0, it is called the regular Coulomb function.

Equations 2.12 and 2.24 imply that,
agle,r —0) ~r7l, (2.45)

Thus ¢; has an inverse singularity at » = 0. For this reason, it is called the irregular

Coulomb function.

2.2.3 Continuum Normalization

We define the differential operator,

2 (l+1) 2z
0= <W -3 + 7) , (2.46)
and the functions,
f1= file,r) fo= filé,r). (2.47)

Since f; and fy are both solutions to the Coulomb radial equation, we have,
Next we consider the expression,

/r dr' (fu(r') (O + €) fo(r') = fo(r') (O + ) f1(r')) = 0. (2.49)

0
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Integrating by parts and using Eq. 2.44, Eq. 2.49 can be simplified to,

B~ P — e o) [Car i) te) (2.50
/O ' dr' fi(r') fo(r') = W(f1€(7;)’6,f2(r>) (2.51)

In the limit » — oo we can compute the Wronskian using Eqs. 2.44 and 2.45 as,

W(fi(r), f2(r)) = %Sin(dn(ﬁ €) = du(r, ). (2.52)

Since € = k2, in the limit as € — € we have

(e —¢€) =2k(k — K. (2.53)
Thus,
W(fi(r), fo(r)) _ sin(¢u(r,€) — ou(r, €))
_ (2.54)
€—¢ 2km(k — k)
From Egs. 2.54, 2.35 and the following definition of the Dirac-delta function,
5(z) = Tim —sin(%) (2.55)
o a1—>0 T m a ’ ’
we deduce that,
W(fl(r)>f2(r)) 1 / !
p— 2ké(k: k') =d(e —¢€) (2.56)
It follows from Eq. 2.51 that
/ A f () o) = (e — €). (2.57)
0

Hence the function f(e, ) is normalized to a Delta function per unit energy in Ryd-

bergs.
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2.2.4 Solutions at Negative Energy

The solutions at negative energy are obtained from the analytical continuation of
the Coulomb functions defined in Eqs. 2.25 and 2.26 to ¢ < 0. At small r, the
negative energy solutions differ from the continuum solutions by slight shifts in the
radial nodal positions. However, the asymptotic forms change appreciably, becoming
a superposition of decaying and growing exponentials as a function of r as opposed to
the oscillatory functions obtained at ¢ > 0. These asymptotic forms can be derived
from Eq. 2.29 with the substitution x = v, where v is a real, positive valued variable.
This yields,
file = —%,r — 00) ~ \/1§7T wWr'l+14+v)'(v - l))% oY (277“> ’ sinm(v—1)+ae™"",
(2.58)

where the parameter a is independent of r. In obtaining Eq. 2.58 from Eq. 2.29 we

use the identity,
1 sINTZ
= ) 2.59
L)1 —2) T (2:59)

Substitution of Eq. 2.58 in Eq. 2.24 and the application of ’'Hosptial’s rule in the

limit as A — [ + % gives,

(e= —— po—
€=——,r —00) ~ —
gi y \/§7r

1 2r\ "
(W + 1+ ) (v —1)2e” (%) cost(v—1)+be™"",
(2.60)
where the parameter b is independent of r. Equations 2.58 and 2.60 show that both

f and g are exponentially divergent in the asymptotic limit, for ¢ < 0.

2.2.5 Bound States of the Coulomb potential

Bound states are obtained from the constraint that any physical wavefunction rep-
resenting a bound state should be normalizable to unity over all space. Since the
function g, has an inverse singularity at » = 0 for arbitrary [/, the normalization con-
straint precludes the irregular function as a candidate for a bound state solution. The

bound state radial wavefunctions are given by f; evaluated at energies for which the
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coefficient of the exponentially growing factor in Eq. 2.58 vanishes. This leads to the

energy constraint,

sint(v —1) = 0. (2.61)
Equation 2.61 implies,
v—1=m, m=1,2,--- (2.62)
\—i=v=n+l (2.63)
€=—=, n=m+I (2.64)

Equation 2.64 is the familiar formula for the hydrogenic energy levels in Rydberg
energy units. In Eq. 2.62, m cannot start from zero or be negative, because the I"
function has poles at zero and negative integers, giving rise to divergent terms in Eqs.

2.58 and 2.60 when m = 0 or negative.

2.2.6 Phase-Amplitude Form of the Coulomb Functions

The asymptotic limits for the positive and negative scattering energies of the regular
and the irregular Coulomb functions, given in Eqs. 2.40, 2.41 and in Eqs. 2.58, 2.60,
motivate the introduction of the phase-amplitude form of the Coulomb functions. We

define,

file,r) = %al(e, r)sing(e,r) (2.65)
ge,r) = —#al(e, r)cosg(e, ). (2.66)

From the previously derived asymptotic limits,

ale=k*r — 00) =1 (2.67)

¢i(e = k% r — 00) = kr — & + +1log(2kr) — arg(D(l+1+1i/k), €>0(2.68)
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and

v

ale=—%,r—00) = S (WLl +1+)T(v—1)2 e (%) (2.69)

¢l(e:—y—12,r—>oo):7r(y—l), e < 0. (2.70)

Equations 2.67 and 2.68 show that the amplitude factor, «;, tends to a constant and
the phase factor, ¢; tends to an r-dependent divergent function as r goes to infinity,
for € > 0. In contrast, Eqs. 2.69 and 2.70 show that the amplitude factor tends to
an r-dependent divergent function and the phase factor, ¢; tends to a constant as r
goes to infinity, for € < 0. The term ¢;(e,7 — 00) is called the accumulated Coulomb
phase and takes on the value (v —[) for € < 0. At short range, the amplitude and

the phase factors are defined respectively as,

o€, 1) = —arctan (gﬁgi:;) (2.71)
al(€> T) = \/%fl(ev T)COSBC¢I(€> T) (272)

The phase-amplitude form unifies the description of the negative and positive energy
Coulomb wavefunctions, making explicit the 7/2 phase-lag relationship between the
two solutions. Furthermore, the Coulomb functions are presented in the same form
as the solutions obtained using the much simpler WKB theory and this enables more

facile connections to the results obtained from the WKB analysis [50].

2.2.7 Plots of the Coulomb Functions

Figures 2-1, 2-2, and 2-3 display the regular and the irregular Coulomb waves as
functions of the radial coordinate, r, for angular momenta [ = 0,1,2 and energies,
E= -0.05, 0, and 0.1 au, respectively. Some important properties of the Coulomb
functions are clearly visible in these plots. Comparison of Fig.2-2A and B shows
that the maxima in the plot of the regular Coulomb function coincide with the radial
nodes of the irregular Coulomb function. This is a consequence of the 7/2 phase-lag

relationship that is explicit in the phase-amplitude form of Eq. 2.66. The Coulomb
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functions oscillate with shorter wavelengths at higher energy, resulting in an inward
shift in the radial nodes as the energy increases above the threshold. However, the
innermost lobes remain invariant with increasing energy. This invariance follows from
the energy normalization imposed on the Coulomb functions and it forms the basis for
the Rydberg scaling laws that are commonly used in the analysis of Rydberg spectra
[74].

Figure 2-1B shows that the irregular Coulomb functions are not infinite at the
origin for [ = 0, s-waves. However, the r-reduced radial functions R;—o(r) = gi=o(r)/r
are still infinite at the origin [53] and the s-wave irregular functions can no longer

describe the hydrogenic radial wavefunctions.

Figures 2-2A and 2-2B display the corresponding regular and irregular Coulomb
functions for [ = 1, p-waves. At this increased value of the angular momentum, the
innermost lobes of the regular functions are pushed out to larger r with respect to
the innermost lobes of the regular s-waves. Physically, this is due to the presence of
a centrifugal barrier in the effective radial potential, which reduces the amplitudes in
the electron wavefunctions at small values of . The deep singularities in the irregular
functions at r = 0 are visible in Fig. 2-1B. The regular [ = 2, d-waves shown in Figs.
2-2A have very small amplitudes close to the origin due to the stronger centrifugal
barrier experienced by the d-waves. Similarly, the divergences in the irregular | = 2,
d-waves begin at larger values of r relative to the divergences in the p-waves. Chapter
3 shows that this high-angular momentum behavior has important implications for

the choice of value for the R-matrix radius used in ab initio calculations.

At values of the parameter v = n, where n = 1,2,---, the coefficient of the
exponentially divergent term in the regular Coulomb functions vanishes for all [. For
these cases, the regular Coulomb functions reduce, up to a normalization constant,
to the hydrogenic radial functions. The [ = 0 and | = 1 hydrogenic solutions are
shown for n = 10 , £ = —1/2n%* au = —0.03125 au in Fig. 2-4. In order to describe

physical bound states, these wavefunctions must be normalized to unity over the

80



(A) Regular Coulomb Functions for 1 =0
1.2 T T T T T

r(au)

(B) Irregular Coulomb Functions for I =0
1 T T T T T

Figure 2-1: (A) The plots of the regular Coulomb waves, f;—o(€, 1), as functions of the
radial coordinate, r. The regular functions are shown for three different energies, E =
-0.05, 0, and 0.1 au, respectively. At higher energy, the Coulomb functions oscillate
with shorter wavelength, causing an inward shift in the radial nodes. However, the
innermost lobes remain invariant with increasing energy. This is a consequence of
energy normalization imposed on the Coulomb functions. (B) The plot of the irregular
Coulomb function, g;—¢(€, ), as a function of the radial coordinate, . The irregular
Coulomb functions are shown for the same set of energies as in Fig. 2-1A. The
irregular Coulomb function is /2 out of phase with the regular Coulomb function
and its radial nodes coincide with the maxima in fj—q(e,r).
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(A) Regular Coulomb Functions for 1 =1
0.8 T T T T T

2 4 6 8 10 12
r(au)

(B) Irregular Coulomb Functions for I=1
2 T r r r

r(au)

Figure 2-2: (A) The plots of the regular Coulomb waves, fi—i(e,7), as functions of
the radial coordinate, r. The regular functions are shown for three different energies,
E = -0.05, 0, and 0.1 au, respectively. The positions of the innermost lobes of the
p-waves are shifted to larger r with respect to the positions of the innermost lobes of
the s-waves plotted in Fig. 2-1A. This is a consequence of the presence of a centrifugal
barrier in the effective radial potential, which prevents the electron from approaching
r = 0. (B) The plots of the irregular Coulomb waves, g;—1(€, ), as functions of the
radial coordinate, r. The irregular Coulomb functions are shown for the same set of
energies as in Fig. 2-2A. The 7~ type deep singularities are visible near the origin.
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(A) Regular Coulomb Functions for | =2

-08 L L L L L
0 2 4 6 8 10 12
r(au)
(B) Irregular Coulomb Functions for | =2
2 T T T r v

1.5f

Figure 2-3: (A) The plots of the regular Coulomb waves, fi_s(¢,7), as functions of
the radial coordinate, r. The regular functions are shown for three different energies,
E = -0.05, 0, and 0.1 au, respectively. The [ = 2, d-waves experience a stronger
centrifugal barrier and they have relatively smaller amplitudes close to the origin
than the amplitudes of the lower-I angular momentum waves. (B) The plots of the
irregular Coulomb waves, ¢,—»(€,7), as functions of the radial coordinate, r. The
irregular Coulomb functions are shown for the same set of energies as in Fig. 2-
3A. The divergences in the d-waves begin at larger values of r with respect to the
radial positions of divergences in the p-waves. This high angular momentum behavior
restricts the choice of value for the R-matrix radius used in the calculations presented
in Chapter 3.
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Hydrogenic Radial Functions

— 4s |}

1.5r RN - - 4f

, . E =-0.03125 au

o 10 20 30 40 50 60
r(au)

Figure 2-4: The unnormalized hydrogenic radial wavefunctions for the principal quan-
tum number n = 4 and orbital angular momenta [ = 0,1. The hydrogenic functions
are obtained from f;(F,r) evaluated at £ = —1/2n® In analogy to the regular
Coulomb functions, the normalized hydrogenic wavefunctions have innermost lobes
that remain approximately invariant in shape and nodal position with increasing n.
However, the amplitudes in these innermost lobes scale as n=%/2, because of space
normalization. The n=3/? scaling law is attributed to Mulliken, who discussed it in
reference [90].

interval € [0---o0]. The bound state solutions are given as,

1 1

Unl(T) = ﬁfl(_ﬁ’r)’ (2~73)
where
N = i drf; (—W,T). (2.74)

The space normalization in Eq. 2.73 slightly alters the innermost lobe invari-
ance property of the Coulomb functions discussed previously. While the innermost
lobes remain invariant as a function of the principal quantum number, n, in nodal
positions and shape, the amplitudes in the innermost lobes change, scaling as n=3/2.

This scaling relationship results in (i) the n=3/2 scaling law for the ground state to
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Rydberg transition dipole matrix elements, (ii) the n /2 scaling of the perturbation
matrix elements for the valence/Rydberg interactions, and (iii) the n= scaling of the
Rydberg/Rydberg interaction matrix elements [74]. The innermost lobe invariance
property was discussed by Mulliken in reference [90] and it is sometimes referred to

as 'Mulliken’s law’ *.

2.2.8 Coulomb Scattering Matrix

In order to obtain the Coulomb scattering matrix, we define the incoming and out-

going Coulomb partial waves as,

U (e,r) = — (qi(e,7) —ifi(e, 7)) (2.75)
U (1) = = (qile,r) +ifile, 7). (2.76)

The asymptotic limits of the incoming and outgoing partial waves are obtained from

Egs. 2.40 and 2.41 as,

U (e,r — o0) = ﬁeim(“k)ei"l (2.77)
U (6,7 — o0) = \/%e_“"(’"’k)e_”l, (2.78)

where we define the quantities,

m(r k) = kr — % + Llog(2kr) (2.79)
o =arg(L'(l+1—1i/k)). (2.80)

The partial waves for the stationary states of the collision are defined as,

Fi(e,r) = /e (Y~ — o) (2.81)
_ \/% (e=im(rk) _ g2iongim(r)) (2.82)

IProf. Bob Field has brought to my attention that it was Slater who first discussed this invariance
property.
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The factor \/7e't in Eq. 2.81 is a normalization constant and Fj(e, r) is normalized to
unit radial flux. This is easily seen by computing the current density for the incoming

and outgoing portions of Fj(e,r) as,

dF, *
i =t (e, (289
dr
where,
Fi(e,r)™ = e~m(rh) (2.84)
FI(E, T’)+ = 2o im(rk) (285)

Equation Eq. 2.83 yields j© = —j~ = 1. The pure phase factor, %!, in Eq. 2.82 is
called the Coulomb scattering matrix in the orbital angular momentum representation
and the parameter, o;, defines the Coulomb phase shift. The Coulomb scattering

matrix can be written in the alternate form,

oio;  LUI+1—1/k)

ST +1+4/k) (2:86)

It is shown in Messiah [85] that the function .(r), defined as a Legendre series

expansion over the partial waves Fj(e, r) as,

[e.e]

> (21 + )i Fi(e, r) Pi(cost), (2.87)

1
Ye(r) = m 2

has the closed form asymptotic limit,

Ye(r) = exp(ikz —i/klogk(r — z)) + f(0)exp(ikr +i/klog2kr), (2.88)
where,
RIS L(l+1—i/k)
_—kz_; (20 4 1) l+1+z/k)P(0059) (2.89)

and Py(x) are the Legendre polynomials. The quantity f(6) is called the scattering

amplitude. The wavefunction 1. (r) describes the stationary state of the collision for
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the typical experimental situation in which an electron is incident from z = —o0
toward a target proton positioned at the coordinate system origin and scattered in
the direction 6, subsequently hitting a detector positioned at a distance r from the
target. No additional coordinates need to be specified, since the collision is planar.

The series expansion for f(6) can be summed to closed form. The result is,

f(o) = QL]{QcoseCQ(Qﬂ) exp <z’/k:log 1/2 (1 — cosf) +im + arg(%)) . (2.90)

Equation 2.90 yields the Coulomb differential cross section for scattering in terms of

the Rutherford formula,
do 1

— —fOOP = — 2.91
ds2 |£6)] 4k4sin4%9 (2:91)

2.2.9 Bound States as Poles of the Coulomb Scattering Ma-

trix

The analytical continuation of the Coulomb scattering matrix to £ < 0 is obtained

from Eq. 2.86 as,

ri+1-v)
Se(V) = 77— 2.92
W) =TT (2:92)
where E' = —1/2v2. Thus, the poles of the scattering matrix correspond to the poles

of the Gamma function, which are located at zero and negative integers. This implies

that the scattering matrix has poles at the values of v such that,

I+1—v=—m m=0,1,---— o0 (2.93)

v=m-+1+1 (2.94)

Equation 2.94 yields again the familiar formula for the bound states of the hydro-
gen atom.

This result indicates that an entirely independent theory of bound states can be
developed based on the analytical properties of the scattering matrix defined as a

function of complex valued energy. Quite generally, the bound state energies of a
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quantum mechanical system are located at energies for which the scattering matrix
is infinite. Thus, at the energies of the bound states, the scattered partial waves
represent only outgoing waves at infinity. For the Coulomb problem, the infinite
number of bound state energies lic on the negative real axis in the interval [-1/2,0].
Thus, the outgoing waves become decaying exponentials due to the replacement k —
i/v. This view of bound states becomes very useful in the theory of quasi-bound
levels, which are located at the poles of the scattering matrix on the fourth quadrant

of the complex E-plane [71].

The Coulomb scattering phase shift derived in Eq. 2.80 has a branch-cut dis-
continuity across the positive real axis on the complex z = [ + 1 — i/k plane and
it is only physically meaningful when defined modulo 7. However, a phase shift as
a continuous function of energy can be obtained by allowing function evaluation on
neighboring Riemann sheets and keeping track of the passings by adding unity to a
winding number every time the parameter z crosses the branch-cut discontinuity 2.
The continuous Coulomb phase shift calculated in this fashion is plotted as a function
of energy in Fig. 2-5. As the energy approaches zero from above, the winding number
for the scattering phase shift increases without bound and the phase shift diverges to
negative infinity. The threshold (E=0) value of the scattering phase shift equals the
number of bound states supported by the potential [104, 96]. Thus, the divergence of
the Coulomb phase shift at the E=0 threshold is a consequence of the infinite number

of bound levels in the presence of a Coulomb potential.

Typically, long-range potentials such as the Coulomb or point-dipole potentials
support an infinity of bound levels, which results in an undesired (divergent) energy
dependence in the scattering matrix close to thresholds. This leads to difficulties in
the application of MQDT to polar molecules, the effective potentials of which have

both Coulomb and strong dipole contributions.

2This procedure is required since arg(z) is otherwise a multi-valued function.
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Coulomb Phase Shifts
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Figure 2-5: The Coulomb phase shifts as functions of collision energy. The calcu-
lated phase shifts are shown for angular momenta /=0, 1, 2 and 3. The phase shifts
diverge to negative infinity at the ionization threshold, £ = 0. The divergences are
consequences of the existence of an infinity of Rydberg states that are densely lo-
cated slightly below the ionization threshold. At higher energy, the phase shifts for
each of the angular momenta monotonically increase to zero. Therefore, the scat-
tering matrix approaches unity in the high energy limit. This limiting value of the
scattering matrix implies an incoming partial wave that is exactly in phase with the
outgoing partial-wave, i.e. the electron experiences no time-delay when scattering in
the Coulomb potential. This last statement is justified by the time-dependent version
of scattering theory [34].
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2.3 Single Channel Theory

The single channel theory considers the collision of an electron with an ion-core that
has internal structure. In this case, the physical situation is dictated by the quantum
state of the ion-core, unlike the case of Coulomb scattering for which the ion-core is a
structureless proton. The stationary states of the collision are expressed as functions
of coordinates 7 that correspond to the internal degrees of freedom and the coordinate
r that measures the radial distance between the two collision partners. The internal
state of the ion-core + electron system, ®y(7), is a vector coupled product of the
electronic and ion-core quantum numbers and it has definite total angular momentum

and parity. In the case of an atom, we can use the LS coupling scheme to express,

@0(’7‘) =

ZMSomSO My my, ¢EOSOLOMSOMLO (ri> O'i)Y}omlO (97 qb)wmso (U)(%SOmSOMSO |SMS) (lOLOmloMLO |LML)7

where r;, 0; are the position and spin coordinates of the electrons on the ion core,
0, 9,0 are the angular and spin coordinates of the scattered electron, Y;,, denotes a
spherical harmonic and w is the spin function. In quantum chemistry notation [128],

the spin function is characterized as,

wi(0) = o) (2.95)

w_y(0) = B(0) (296)
[ doo*(0)a(o) = [ dof(0)B() =1 (2.97)
[ doa*(0)B(0) = [ dof*(o)a(o) =0 (2.98)

The quantum numbers Ly and Sy are the total orbital and spin angular momentum

quantum numbers of the ion-core. Similarly [y and sy = % are the orbital and spin
angular momentum quantum numbers for the electron. These quantum numbers are
vector coupled to form a total orbital angular momentum L and total spin angular

momentum S for the whole system. The letter m is used to refer to space-fixed
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projections of the aforementioned angular momenta. g, sz, Mgy M, is an electronic
eigenstate of the ion-core with energy eigenvalue Ey. The internal state ®g(7) is said
to define a collision channel . In molecular applications, the collision channel is a
vector coupled product in the Hund’s case that is appropriate for the molecule under

study.

The single channel stationary state of the collision is expressed as,

U= @0(7)%%(@, (2.99)

where Fy(r) is a radial function for the scattered electron. The effects of electron
exchange are neglected in Eq. 2.99. This is a good approximation if the ion-core is in
a closed-shell electronic state [112]. The exchange effects will be taken into account
in Chapter 6. The radial differential equation for Fy(r) is derived from the matrix
element,

(o|H — E|T) =0, (2.100)

where H and F are the Hamiltonian and the total energy of the system. We use the
definition of ®y and Eq. 2.99 in Eq.2.100 to obtain,

> lo(lp+1
(ﬁ - % +2(E — Ey) — 2%(7’)) Fy(r) =0, (2.101)
where N
1 N+1
Vo(r) = (®o] Y| T ) (2.102)
n=1 n

In Eq. 2.102, N is the total number of electrons on the ion-core and N+1 is the
positive charge on the nucleus. The interelectronic repulsion terms can be expanded

in a Legendre series as,
00 l
1 r

> B(Eia) 75, (2.103)

It
1=0 >

r—ry|
where ro =r,, r~ =rifr>r,and rv =r,, rc =rifr <r,.
From Eq. 2.103 and by neglecting all potential terms that decrease faster than %,

we can obtain the asymptotic limit of Eq. 2.102 as,
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Vo(rr — o0) = —%. (2.104)

Therefore, the conditions for Coulomb scattering apply. At this point we invoke the

central assumption of quantum defect theory, which states that,
1
Vo(r > 1) = ——, (2.105)
r

for some finite r.

The radial solution, Fy(r), is required to be bounded at the origin. Since the

centrifugal potential dominates at small r, Fy(r) satisfies,
Fy(r — 0) = erlott, (2.106)

where c¢ is some constant. Based on the central assumption of MQDT in Eq. 2.104,
the potential function is purely Coulombic for values of r larger than ry. Then the
general solution Fy(r) must be given by some arbitrary linear combination of the

regular and irregular Coulomb functions beyond ry, i.e.,

Fo(r > ro) = Iofi,(€0,7) — Jogis (€0, 7), (2.107)

where ¢g = ' — Ejy. The values of the parameters Iy and Jy are determined from the
asymptotic boundary conditions imposed on Fy(r). Physically relevant solutions are
the radial functions that satisfy: (i) vanishing boundary conditions for bound states,
(ii) standing waves for collision eigenstates, and (iii) incoming/outgoing boundary
conditions for scattering waves. Each of the three physically relevant solutions can

be obtained elegantly from the reaction matrix normalized solution.
The reaction matrix normalized solution is defined as,
FOK(’T’ > 7’0) = Io_lFo(’f’ > 7’0) = flo (60, 7”) — J()Io_lglo(Eo, T) (2108)

= flo (607 T) - Klo (60)910(607 T)v (2'109)
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where K (ep) = Jol, 1is the single channel reaction matrix. The quantum defect,

t, (€0), is obtained from the reaction matrix as,

tanmy, (€0) = K, (€o)- (2.110)

2.3.1 Bound States

For ¢y < 0, the asymptotic limit of F{f*(r) can be obtained from Eqs. 2.58 and 2.60

as,

FE(r — 00) = ﬁ (WL(lo + 1+ )T (v —1o)) /2 e'/” <27T> - {sinm(v — ly) + tanmu, (v)cosm(v — lo)}
(2.111)

where v = w/—%. The coefficient of ¢’/¥ must vanish for bound states. This leads to the

condition,

sinm(v — lo) + tanmpy, (v)cosm(v — 1) =0 (2.112)
cost (V) sinm(v — 1) + sinmpy, (v)cosm(v — ly) =0 (2.113)
sinm(v —lo + ) = 0. (2.114)

Equation 2.114 implies that bound states occur at values of v such that,
v=m+ly— p,(v) m=1,2---00. (2.115)
The integer m cannot be zero or negative for the reasons provided in Section 2.2.5. Equation

2.115 yields the Rydberg formula,

1

b=t s @)y

n=m+ly, m=1,2---00. (2.116)

The quantum defect as a function of energy can be determined by fitting the Rydberg

formula to the observed energy levels.
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2.3.2 Collision Eigenstates

For ¢y > 0 the asymptotic limit of the Coulomb functions given in Eqgs.2.40 and 2.41 can

be used to determine the asymptotic limit of the reaction matrix normalized solution as,

FE(r — 00) = \/jr_k (singy, (r, k) + tanmp,cosdy, (1, k)) , (2.117)

where k = |/eg. We rescale Eq. 2.117 to obtain the collision eigenstate as,

F§(r — 00) = cosmpu, Fy* (r) (2.118)
= o (cosm,singy, (v, k) + sinmp,cosdyy (r, k) (2.119)
= 77 (sin(Su (r, k) + 7). (2.120)

Equation 2.120 shows that the collision eigenstate is related to the regular Coulomb function,
but with an additional phase shift 7j;,. Thus, 7 times the quantum defect is the scattering

phase shift.

2.3.3 Scattering Wave

The collision eigenstate in Eq. 2.119 can be rewritten in terms of the outgoing/incoming

waves of Eqs. 2.75 and 2.76 as,

+ — + —
—~ +
F5(r) = cosmpy, (W) + sinmpy, (M) . (2.121)

The scattering wave is obtained from the collision eigenstate by rescaling as,
Fg(r) = —2ie"™ Fg(r) = ), — 2™yt (2.122)

Equation 2.122 defines the scattering matrix as,

1+ 1K, (o)

— P )
Sia€0) = 1— ik, (o)

(2.123)

Collision observables such as the differential and integral cross sections can now be calculated
from Sj,(ep) as in Section 2.2.8. The results presented in Sections 2.3.1, 2.3.2, and 2.3.3

imply the important conclusion that all of the bound and continuum properties of the ion-
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core + electron system can be determined from a single energy dependent parameter, the

quantum defect.

2.3.4 Applications of the Single Channel Theory: Alkali Atoms

Single channel theory finds its most useful applications in the study of Rydberg states of al-
kali atoms. The alkali atoms have simple closed shell cores and the ion-core potentials can be
approximated accurately by Hartree-Slater type pseudopotentials. These pseudopotentials

have the form [20],

Vor) = —— ~ (2.124)

where Z is the nuclear charge and the parameter q;, is chosen to give the best agreement
with the experimental energy levels. More realistic pseudopotentials that take into account
core polarization and electron exchange effects can be developed [120]. However, it has been
shown that the Hartree-Slater potential in Eq. 2.124 is sufficiently accurate for the alkali
atoms [20]. Here, we present a sample calculation of the quantum defect for the s and p
Rydberg series of the lithium atom. The calculation serves to illustrate some important
analytical properties of the quantum defect in the absence of resonance behavior. These

properties are expected to remain valid regardless of the complexity of the problem.

For the lithium atom, the potential parameters a, and a, have been determined to be
both equal to 2.13. We choose the K-matrix radius, 7, to be equal to ten 3 and normalize
our radial solution such that,

Fy(r — 0) = rlotl, (2.125)

Equation 2.125 determines the value and the derivative Fy(r) in the vicinity of the origin.
Therefore, the radial Schriodinger equation can be numerically solved by propagating Fy(r)
outward from r ~ 0 to r = ro by the method of finite differences [99]. The calculated
radial channel wavefunctions, Fy(r), for s and p waves are shown in Fig. 2-6 at an energy

€0 = 0.1lau. The procedure yields the value and the derivative of Fy(r) at r = 9. From the

3Quantitatively, ro can be chosen such that the difference between the ion-core potential and the
Coulomb potential is less than one part in a thousand at r = rg.
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Figure 2-6: (A) The numerically determined radial channel wavefunction, Fy(r), for
the Iy = 0, s-wave channel. The positions of the first few radial nodes are shifted
inward relative to the positions of the inner radial nodes of the regular s-wave Coulomb
function shown in Fig. 2-1A. This is because the electron sees an effective nuclear
charge, Z(r), that increases toward Z as r approaches zero. The deep potential well
at small r results in larger kinetic energy and faster oscillations in the wavefunction.
(B) The numerically determined radial channel wavefunction, Fy(r), for the lo = 1, p-
wave channel. Similarly, the positions of the first few radial nodes are shifted inward
relative to the positions of the inner radial nodes of the regular p-wave Coulomb
function shown in Fig. 2-2A.
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Figure 2-7: The calculated quantum defect for the s Rydberg series of the lithium
atom. Above the E = 0 ionization threshold, 7 times the quantum defect becomes
the s-wave scattering phase shift for the e + Li™ collision. The quantum defect varies
slowly as a function of energy in contrast with the strong energy dependence of the
long-range Coulomb phase shift. The quantum defect curve has a negative slope for
all energies. As explained in Chapter 5, the negative slope of the quantum defect
vs E indicates that the s-waves of the lithium atom are of penetrating-type.

Wronskian condition in Eq. 2.43, the constants Iy and Jy in Eq. 2.108 can be computed as,

Iy = 7 (Fo(r0)gj, (€0, m0) — F5(r0) i (€0, 70)) (2.126)

Jo = (Fo(ro)gp, (€0, 70) — F§ (10)g1y (€05 70)) - (2.127)

The quantum defect modulo unity can now be determined from Eq. 2.110. The calculated
quantum defects for the s and p Rydberg series of lithium are shown as a function of channel

collision energy (F — Ey = 2¢p) in Figs. 2-7 and 2-8.

The quantum defects for both s and p partial waves have weak and linear energy de-
pendences. They change by approximately five parts in a thousand over an energy interval
of 0.1 au. The reason for the near energy independence of the quantum defect is due to the
calculation of the reaction matrix at short-range (r = ro). At small values of r, the electron
falls in toward the core and picks up a very large kinetic energy. This kinetic energy is

fractionally much less dependent on the channel collision energy than the kinetic energy at
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Figure 2-8: The calculated quantum defect for the p Rydberg series of the lithium
atom. Above the E = 0 ionization threshold, 7 times the quantum defect becomes
the p-wave scattering phase shift for the e + Li* collision. The quantum defect varies
slowly and linearly with energy and has a positive slope. As explained in Chapter
5, the positive slope of the quantum defect vs E indicates that the p-waves of the
lithium atom are of nonpenetrating-type.

long-range; it dominantly depends on the potential function or the charge on the nucleus.
For this reason, the collision wavefunction at small » and hence the short-range reaction
matrix is largely insensitive to the choice of collision energy. The computed values of the
quantum defects compare favorably with the experimentally determined quantum defects,
which are reported in reference [20] as ps = 0.4 and g, = 0.05. The near energy indepen-
dence of the quantum defect contrasts with the strong energy dependences of the Coulomb
phase shifts shown in Fig. 2-5. This implies that the calculated K-matrix in the case of the

lithium atom is free of all long-range (Coulomb) field influences.

The quantum defect method is efficient and reliable for the numerical solution of the one
dimensional radial Schrédinger equation. The bound state wavefunctions are constructed
piecewise by numerical integration in the interval [0,7¢] and by forming the appropriate
linear combination of the Coulomb functions for r > 7y in order to enforce continuity of the
wavefunction at r = rg. This method is much less time-consuming to implement than the

standard Numerov-Cooley method [19], because it shifts the boundary condition at » — oo
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2.4 Multichannel Theory

We obtain the multichannel theory by an immediate matrix generalization of the single

channel theory. The multichannel stationary state of the collision is expressed as,

Nc 1
V=2 6ilr)-Fi(r), (2.128)
=1

in an expansion over N, number of channels. The superposition of the internal states, ¢;(7),
for each channel indexed by i in Eq. 2.128 makes it possible to include the possibility of
electron impact excitation of the ion-core. In some references, the channels used in the
expansion of Eq. 2.128 are called ionization or fragmentation channels. The radial channel

wavefunctions satisfy the close-coupling equations,

& (o +1)
dr? r2

B - E») R -2 Ve Fa(r) =0, (2129)

in analogy to Eq. 2.101. In Eq. 2.129, E; is the energy eigenvalue for the i'th state of the

ion-core and the potential energy matrix is defined as,

N
1 N+1
Vii(r) = (@4 > Py B ;) (2.130)
n=1 n
and can be approximated as,
1
Viri(r > 7o) ~ ——, (2.131)

based on the reasons delineated in Section 2.3 . We solve Eqgs. 2.129 subject to the boundary
condition,

Fi(r ~ 0) = ¢ttt (2.132)

We postpone application of the asymptotic boundary conditions, which are to be determined

by the physical situation we wish to investigate. It is known from the general theory of

4The Numerov-Cooley method is surprisingly tricky to implement for the Coulomb po-
tential. An algorithm that appears to be stable is provided in the following website:
http://theochem.uwaterloo.ca/ leroy/
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coupled differential equations [61, 21] that a set consisting of N, coupled, second-order linear
equations with N, specified boundary conditions has N, linearly independent solutions. We
label these linearly independent solutions by the index j and rewrite Eq. 2.128 for each

linearly independent solution as,
Ne 1
'z 22@(7);3]'(7”)- (2133)
i=1

It is convenient to introduce a matrix notation, which simplifies further manipulations. We
represent the stationary states of the collision as a matrix F, the matrix elements of which

contain only the radial portion of the channel wavefunctions:
Fyj = Fy(r). (2.134)

There is a one-to-one correspondence between the j’th column of F and the linearly inde-
pendent solutions, ¥;. For example, we can linearly transform F to obtain an alternative

set of solutions, F, as,

F=FT, (2.135)

where the columns of the transformation T are linearly independent ®. The matrix F

corresponds to an alternative set of linearly independent solutions, {\i/j}, such that,

U; = SN (1) LFy(r) (2.136)

U= 3005 6i(r)3 i (r) Ty (2137)

We define the diagonal matrices f and g such that,

fij = fi,(ei,7)di; (2.138)
gij = g1, (€i,7)dij, (2.139)
(2.140)

where ¢; = 2(E — E;). By Eq. 2.131, the solution F can be expressed for r > rg, as a linear

5In other words, T is of rank N,.
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combination of f and g,

F(r>rmry) =fl—gJ, (2.141)

where
Lj=m (Fij(ro)gfi(% ro) — Fy;(ro)gi(e:, 7"0)) (2.142)
31y = 7 (Fiy(rolg (e.70) — F(ro)ai (es.m0)) (2143)

in analogy to Egs. 2.126 and 2.127. The reaction matrix normalized solutions can be

obtained by transforming F as,

FK =FI! (2.144)

=f - gK, (2.145)
where Eq. 2.145 defines the multichannel reaction matrix as,
K=JI"1 (2.146)
The multichannel quantum defect matrix is obtained from the reaction matrix as,
1
w = —arctanK (2.147)
T

These two matrices, u and K, are the central constructs of MQDT.

2.4.1 The Case where All Channels are Closed: Bound States

A channel is said to be closed if the channel collision energy, €¢; < 0. The physical situation
in a closed channel corresponds to scattering at negative energy. We let ¢; = —;12. For all
channels closed, the asymptotic limit of the reaction matrix normalized solutiorlls follows
from Eqgs.2.58 and 2.60 as,

FE¥(r — o0) = (Si+ CoK), (2.148)
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where

1 2r\
Sijj = —=—e"/vi <l> Wil (vi + L+ DT (v — 1) sinw (v — 1), (2.149)

Vi

co,.j:ﬁer/w <?> (Wil (v; + L + DT (v — 1) % cosm(v; — 1)635. (2.150)

Let b denote the column vector for a bound state. The bound state, just as any other
state, is given by some linear combination of the general solutions F. We write this linear

combination as,

b = FB, (2.151)

where B is a column vector. The bound state asymptotic boundary condition requires that
the coefficients of the increasing exponentials in Eq. 2.148 must vanish in each channel.

This condition leads to the set of equations,

Z [sinm(v; — 1)d;5 + cosm(v; — 1)K;;] B; =0 (2.152)
J
> (tanmvsi; + Kij) B = 0. (2.153)
J

Non-trivial solutions to Eq. 2.153 are found at values of v; such that,

det\tanm/iéij + Kz'j‘ = 0. (2.154)

Equation 2.154 is the MQDT quantization condition. If we are interested in values of energy

that are very far below all ionization thresholds, we can make the approximation
¢, =2(F — E;) = 2(FE — Ey) = €, (2.155)

for all ¢, where E( denotes the lowest ionization threshold. In this approximation Eq. 2.154

becomes an eigenvalue equation, the solution of which is,

tanmyy = —tanmpa (1), (2.156)

102



where tanmpa (1) denotes an eigenvalue of the reaction matrix. The quantities uq(vy) are

called the eigenquantum defects. Equation 2.156 implies that,

vy =n — la(vo) n=12--00 (2.157)
1

= S )

(2.158)

Equation 2.158 is the generalized Rydberg formula of MQDT and it remains valid far from

ionization thresholds. Each different value of « labels a different Rydberg series.

The Lu-Fano Plot

The Lu-Fano plot is an useful device for visualizing channel interactions for the two-channel
problem. The Lu-Fano plot can be generalized for more than two channels 6. However, the
reaction matrix is usually used directly to analyze the many-channel problem, because the
parametric equations of the Lu-Fano plot become cumbersome and impractical for a fit to
experimental data. The Lu-Fano plot finds its full qualitative power in the case of two

channels.

The Lu-Fano plot is derived from the MQDT quantization condition in Eq. 2.154. In
a first step, the MQDT quantization condition is re-written in a representation in which
the reaction matrix is diagonal (the eigenchannel representation). In order to derive this

representation, we write Eq. 2.148 as,
FX = Si — CoUtanmpu, U7, (2.159)

where the columns of U are the eigenvectors of the reaction matrix. The eigenchannel

representation is obtained by transforming F¥ as,

F = FXUcosmiq (2.160)

= SiUcosm i + CoUsinmp,. (2.161)

6An example is provided in Chapter 1, where the Lu-Fano plot is constructed for five of the
Rydberg channels of the Xe atom.
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In component form, the eigenchannels can be written as,

«a 1 r/v; 2r\ 7" 1/2 .
Fi = e/ (—) Wil'(v; + L + DD (v = 1)) " “ Uesinm(v; — l; + Tie). (2.162)

\/§7r v;

The vanishing boundary condition imposed at r = oo yields the form of the MQDT quan-

tization condition that is used to generate the Lu-Fano plot 7,
det|U,qsinm(v; + ma)| = 0. (2.163)

For the two-channel problem, the orthogonal eigenvectors of the reaction matrix can be

written as

cost

U; = (2.164)
sind
—sinf
Uy = , (2.165)
cost

where 6 is interpreted as a rotation angle in channel space. From Eqs. 2.164 and 2.165, we

can write the quantization condition explicitly as,

F(vo,v1) = cos*0sinm(v1 + fia, )sinm (Ve + flay) + 5in20sinm (V1 + flay, )sinm (Ve + fia,) = 0.
(2.166)
For each given bound state with energy F,,, we can define two effective principal quantum

numbers as,

1

"N 2B — By

(2.167)

1

"2 TN 5(E — By

(2.168)
where E; and Es are the ionization thresholds for channels 1 and 2. In the (vq,12) plane,
the point (n1,n2) must lie on the curve defined by the set of points (v1,v9) that satisfy the
quantization condition in Eq. 2.166. Equation 2.166 implies that the plot of F'(v1,15) is

periodic in squares of unit side length in the (11, 12) plane. That is, the value of F(vq,15) is

"We do not need to include /; in Eq. 2.163, because [; is an integer
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the same at the point (1], 14) such that v; = v +1 and v, = v5 + 1. Then, it is sufficient to
plot F(vs,v1) within the first quadrant unit square ® to describe the entire spectrum. This
requires that the principal quantum numbers determined from the spectrum are evaluated

modulo one:

1

2E B 1) (2.169)

ny = mod(

1

B B’ 1). (2.170)

ng = mod(
When the two principal quantum numbers are defined modulo one, the negative of the
principal quantum number, —v1, is the quantum defect, ui, in the first channel. The Lu-
Fano plot is typically constructed from the set of points (v, ;) that satisfy F(ve,u; =
—v1) = 0 in the first quadrant. Lu-Fano plots for four different values of the rotation angle,
0, and fixed eigenquantum defect values p,, = 0.4 and jo, = 0.6 are shown in Fig. 2-9.
When 6 = 0, the Lu-Fano plot consists of a vertical and a horizontal branch that cross
through each other. This implies a constant quantum defect for the two ionization channels
in the absence of channel interaction and mixing. When 6 # 0, the quantum defect varies in
both the vertical and horizontal branches resulting in the appearance of an avoided crossing
between the two branches. The non-constant values of the quantum defects imply that the
two ionization channels are strongly mixed on the curved portions of the plot.
Figures 2-9B and C demonstrate that the gap between the two branches increases as
0 increases toward 7/4. A value of § = 7 /4 implies that the two channels are completely
mixed, as can be inferred from Eqs. 2.164 and 2.165. The eigenchannel decomposition
begins to return to the uncoupled channel limit as € increases above /4 toward a value of
/2. This is the reason for the appearance of a smaller gap in Fig 2-9C for § = 37/8. The
Lu-Fano plot reduces to the two vertical branches shown in Fig. 2-9A at 6 = 7/2. Clearly,
the gap between the two branches in the Lu-Fano plot provides a visual estimate of the

channel interaction strength.

The quantum defect parameters can be obtained from the Lu-Fano plot by the following

device. At the points such that v; = 1o = —pug, Eq. 2.166 is satisfied when p; = pq, or

8The first quadrant unit square is chosen by convention. Sometimes it is more instructive to use
the interval [-1/2, 1/2] rather than [0, 1], especially when nonpenetrating states lie close to integer
principal quantum numbers.

105



(A) Lu Fano Plot for 8=0 (B) Lu Fano Plot for 6 =178
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Figure 2-9: Lu-Fano Plots calculated for eigenquantum defects p,, = 0.6 and p,, =
0.4. (A) The Lu-Fano plot for § = 0. In this case of a vanishing rotation angle, the
channels do not interact and the Lu-Fano plot consists of a horizontal and a vertical
branch that depict constant quantum defects in the two ionization channels. (B) The
Lu-Fano plot for # = 7/8. A non-zero value of the rotation angle results in a Lu-
Fano plot with curvature in both branches. The curvature and the non-zero slope in
the branches depict energy dependences of the quantum defects in the two ionization
channels. These energy dependences are a consequence of channel interactions and
mixings. The slope at each point on the Lu-Fano plot is equal to the amplitude
squared ratio of the ionization channels in the collision stationary state. Maximal
channel mixing occurs at the inflection points on the graph. The magnitude of the
repulsion between the two branches at the avoided crossing is proportional to the off-
diagonal matrix element of the reaction matrix. (C) The Lu-Fano plot for 6 = 7/4.
The magnitude of the gap at the avoided crossing is larger than the magnitude of the
gap at the avoided crossing visible in (B). This implies a stronger channel coupling
at this value of . (D) The Lu-Fano plot for # = 37/8. The channel interaction is
weaker for this case than the interaction in (C), as evidenced by the smaller gap at the
avoided crossing. The channel interactions get weaker as 6 approaches the uncoupled
channel limit, 6 = 7 /2.
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11 = [lay- Thus the eigenquantum defects can be determined from the ordinates of the
intersection of the curve F'(vy, u1) = 0 with the main diagonal p; = —vn. The derivative of

the quantum defect with respect to v is obtained from Eq. 2.166 as,

Q1 cos”Osinm(v1 + fia, )cosT (Vo + fiay) + sin*0sinT (V1 + a,)cosT (Vo + fia,) (2.171)
Ovy — c0820cos(v + fia, )SInT(Va + lay) + sin20sinm (Ve + fia, )cosT (V1 + fay)

It follows from Eq. 2.171 that the slope of the quantum defect with respect to vy is equal

to tan?d and cot? 6 at the two intersections of the Lu-Fano plot with the main diagonal.

Therefore,
1/2
0 = arctan (%ﬁ—;) [ p—— or (2.172)
1/2
0 = arccot (%’;—;) [ (2.173)

Using Egs. 2.172 and 2.173, the reaction matrix can be determined from a graphical analysis
of the Lu-Fano plot. Fano [112] shows that the slope of Eq. 2.171 at any point (v9, p1) on
the F'(v2, 1) = 0 curve may be interpreted as the ratio of the amplitudes (or the fractional
characters) of the two fragmentation channels in the collision eigenchannel. This ratio,

sometimes called the branching ratio, is given as,

O Z5\?

— == . 2.174

8V2 Zl ( )
Thus, when a branch is horizontal all of the amplitude is in the first channel whereas when
a branch is vertical all the amplitude is in the second channel. In the general case when
the Lu-Fano plot has curvature, the magnitudes of the slopes at various points yield the
branching ratios into the two fragmentation channels. The inflection points mark the states

for which the channels are maximally mixed. This mathematical result forms the basis for

much of the qualitative discussion in Chapter 1.

The magnitudes of the gaps at the avoided crossings (the repulsion between the two
branches) shown in Figs.2-9B-D are proportional to the off-diagonal matrix element of
the reaction matrix [41]. The gap is quantitatively measured as the difference between
the abscissa at the inflection point to the abscissa at the point of closest approach of the
two branches [41]. The tangent of 7 times this distance yields the off-diagonal element

of the reaction matrix in a phase-renormalized representation [41]. The graphical analysis
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for determining the quantum defect parameters from the Lu-Fano plot is outlined on the

expanded view of Fig. 2-9 shown in Fig. 2-10.

2.4.2 The Case for All Channels Open: Continuum

A collision channel is said to be open if the collision energy ¢; > 0. We let k:zz = ¢;. For all

channels open, the reaction matrix normalized solutions in Eq. 2.141 can be expressed as,

FE(r>rg) =f—gK (2.175)
= —5 ((—g —if)(I - iK) — (—g + if) (I + iK)) (2.176)
=% (v (1-iK) - ¢TI +iK)), (2.177)

where I is an N, dimensional identity matrix and yi denote diagonal matrices of func-
tions, the diagonal elements of which correspond to wlf(ei, r) . The scattering solutions are

obtained by transforming F¥ as,

FS = 2iFF(I —iK)™! (2.178)
=y~ — I +iK)(I —iK)™! (2.179)
— ¢~ —yts. (2.180)

Equation 2.180 defines the multichannel scattering matrix as,
S =(I+iK)I-iK)™, (2.181)

which is the multichannel generalization of Eq. 2.123. By definition we can express the
reaction matrix as,

K = Utanmu, U7, (2.182)

where U is the orthogonal matrix of eigenvectors and tanmu, is the diagonal matrix of
eigenvalues of the reaction matrix. The eigenquantum defect, p,, was defined in Section

2.4.1. From the factorization of the reaction matrix in Eq. 2.182, we can rewrite,

(I +iK) = Ue™acosm, UT (2.183)

(I—iK)™! = Ulcosmu; te™aU. (2.184)
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Expanded Lu Fano Plot for 06 =178
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Figure 2-10: The graphical analysis for determining the quantum defect parameters
from the Lu-Fano plot. The eigenquantum defects are equal to the ordinates of the
intersections of the main diagonal with the two branches of the Lu-Fano plot. The
slopes of the tangent lines to the Lu-Fano plot at the two intersection points are cot
for vy = —v1 = p4, and tand for vy = —14 = p,,. Therefore, the rotation angle can be
determined from the slope of the tangent line at either of the intersection points. As
marked in the plot, the gap is measured as the difference between the abscissa at the
inflection point of the lower branch to the abscissa at the point of closest approach of
the two branches. The tangent of 7 times this value gives the off-diagonal element of
the reaction matrix in a special phase-renormalized form. This form of the reaction
matrix is derived in reference [41].
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From Eqgs. 2.183 and 2.184, an alternate definition of the symmetric scattering matrix is
obtained as,

S = Ue?mrayT, (2.185)

which is also the multichannel generalization of Eq. 2.123 in terms of the scattering phase

2

shifts. The amplitude-squared elements of the scattering matrix, |S|ij, are interpreted as

the probability amplitude for a transition from an incoming channel j of the system to an

outgoing channel 4, after the collision of the electron with the ion-core ?

. The scattering
observables such as the differential and integral cross sections can be computed from the

scattering matrix, following the procedure outlined in Section 2.2.8.

2.4.3 The Case of a Mixture of Closed and Open Channels:

Autoionizing Resonances

In the case of a mixture of closed and open channels, vanishing asymptotic boundary condi-
tions must be imposed in the closed channels whereas incoming/outgoing wave asymptotic
boundary conditions must be imposed in the open channels. The use of bound state bound-
ary conditions in the closed channels results in occurrences of poles of the scattering matrix
that lie on the fourth quadrant in the complex-E plane. These types of poles of the scat-
tering matrix are known as Feshbach resonances and they correspond to quasi-bound levels
that exist for finite amounts of time before decaying into an adjacent continuum '°. This
process, which is illustrated in Fig. 2-11, is called autoionization in MQDT. A related pro-
cess is predissociation, which arises in molecular applications of MQDT. Predissociation is
the fragmentation of the molecule into two separated atoms and it is a consequence of the

interaction of Rydberg states with a repulsive valence electronic state. The mathematical

9In other words, |S|§j is the probability amplitude for electron impact excitation from j to i.

10T reality, all states accessible by the experiment are quasi-bound states in the sense of the true
Hamiltonian of the system. The true Hamiltonian of the system differs from the Hamiltonian for the
isolated system that we use in the quantum mechanical calculations. The true Hamiltonian involves
infinitely many degrees of freedom due to external perturbations such as collision of the molecule
with other molecules in the container or with the walls of the container. These types of perturbations
can be rigorously accounted for by a statistical treatment. Nevertheless, we can include the external
perturbations in the isolated model if we accept that all states are quasi-bound states with a finite
natural life-time. A rigorous analysis of the natural life-time is not attempted in this thesis, but
there are many treatments available elsewhere. However, we note that the natural life-times are
typically much longer than the life-times of the autoionizing resonances described here. Exceptions
might arise under extreme experimental conditions of temperature and pressure.
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Figure 2-11: A schematic representation of autoionizing resonances. The Rydberg
states converging to an ionization threshold with energy F; (an excited state of the
ion-core) interact with the continuum above a lower ionization threshold with energy
Ey. The coupling to the continuum causes the Rydberg levels to become quasi-bound
states that exist for finite amounts of time. They autoionize by decaying into the
adjacent continuum. Autoionizing resonances appear as broadened lines in Rydberg
spectra.

analysis of both types of Feshbach resonances are identical. We return to this topic after

introducing resonance scattering theory in Section 2.5.

2.4.4 The Frame Transformation

In this section, we specialize to the molecular applications of MQDT. The molecular ap-
plications require the full machinery of the multichannel theory, because even for elastic
scattering, the problem is of a multichannel nature due to the nonspherical nature of the
molecular ion-core and orbital angular momentum mixing ' . The inelastic processes arise
from the rovibrational channel interactions that result in exchange of energy between the
Rydberg electron and the ro-vibrational degrees of freedom. The stationary state of the

collision is given by Eq. 2.133, while each channel is associated with a set of quantum

Tn some molecular applications, the orbital angular momentum quantum number of the Rydberg
electron is assumed to be approximately conserved. This is the case in the Hy example presented in
Chapter 1. Such an assumption is a poor approximation for polar or non-planar molecules.
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numbers that describe the internal state of the core and the orbital angular momentum for
the departing electron. For a diatomic molecule with a case (b) ion-core, these quantum

numbers can be written as,
i={v",NT n" AT, l;,n"}, (2.186)

where the superscript + denotes quantum numbers that describe the quantum state of
the ion-core. These quantum numbers include, the vibrational quantum number (v™), the
rotational quantum number(N ), the quantum number for the electronic state of the ion-
core (n1), and the projection of the ion-core orbital angular momentum on the internuclear
axis (AT). On the other hand, /; is the value of the orbital angular momentum quantum
number of the Rydberg electron in the specified channel, i. The quantum number n = +1
is a symmetry index that yields the parity eigenvalue for the overall state of the ion-core
as,

It Nttt = gt ()N ot Nt ). (2.187)

A detailed explanation of the symmetry index, n, is provided in Chapter 1, Eqs. 1.19-1.23.

The internal state for the 7/th channel can be written as,

1 o+ A+ N+
thm <|A+)DA+M m 0 = ADDNG m) B+ M(R)
1
+ 3
< (LMN*M — m|N M) (%)
8T +5A+0

+ AT Nt . . . .
" (R) is a vibrational wavefunction

where R is the internuclear distance and X
that depends on the electronic-rotation state of the ion-core. For low energy scattering,
electronic excitation of the ion-core by electron impact can be neglected and AT, n™ can be
taken as conserved quantities. Typically, these quantum numbers would denote the ground
electronic state of the ion-core. The definition, ¢; of the channel internal state yields a
long-range reaction matrix for each value of the conserved quantities, n*, N,AT,n™ as,

o N777+ AT n+
Kij Kz Ntot N+ ot

(2.188)
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Theoretically, the long-range reaction matrix can be computed using Eqgs. 2.141 and 2.146.
However, this turns out to be exceedingly difficult in practice. The difficulty arises from the
evaluation of the potential energy matrix elements in Eq. 2.130 that requires an integration
over functions, which are expressed in a mixture of body fixed and space-fixed coordinates.
These integrations would simplify if the stationary state of the collision could somehow be
expressed purely in body-fixed coordinates. In other words, we seek a Born-Oppenheimer
factorization of the collision stationary state, so that the powerful integration methods
of quantum chemistry can be employed in the reaction matrix calculation. The Born-
Oppenheimer factorization of the collision stationary state is made possible by the principle
of frame transformation [30, 64]. For this reason, the frame transformation forms the
essential link between quantum defect theory and ordinary quantum chemistry. The frame
transformation is based on the observation that there exists a region of space, characterized
by electronic distances ry < r < ro, such that all interactions are Coulombic and the electron
is sufficiently close to the ion-core as to permit the Born-Oppenheimer approximation to
be valid. The various electronic distances that depict the range of validity of the Born-
Oppenheimer approximation and the fragmentation limit in which Eq. 2.186 applies, are
diagrammatically shown in Fig. 2-12. In the Born-Oppenheimer region, we define short-

range channels of the form,

s={ls,\,AT,n" n}, (2.189)

where A is the projection of I; on the internuclear axis and 7 is an alternate symmetry index
used in the definition of the short-range internal states. The short-range internal states are

defined as,

nt At Nt 1

X ASNT(R) IN +1 2
— A+ DN I A+FYDN vt

(255 = (Yl)\(e 7¢ )‘A )D)\+A+M + 77}/2—)\(0 7¢ )’ A )D—)\—A+M) R <87T2 i 5A+05>\0>

(2.190)
and the channel energy is given by e¢; = 2(Es — E). Next, we assume that the spacings
between the ro-vibrational levels of the ion-core are small in comparison to the electronic

binding energy. Therefore, we drop the s subscript on € and approximate,

€s R €) R €, (2.191)
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Figure 2-12: Electronic radial distances characterizing the frame transformation. The
core is in the range 0 < r < r¢. In this region, complicated many-body interactions
prevail and there is no simple description of the Rydberg electron’s motion. When
r > ro all interactions between the ion-core and the electron are Coulombic. The
region labeled B is characterized by electronic radial distances such that ro < r < ry.
In this region, the electron is sufficiently close to the ion-core as to permit the Born-
Oppenheimer approximation to be valid. Therefore the channel wavefunction can be
expressed using body-fixed coordinates in terms of a Born-Oppenheimer factoriza-
tion (short-range channel wavefunction). The analytic form of this wavefunction is
known since all interactions are Coulombic. Beyond ry, the electronic kinetic energy
becomes smaller than the rovibrational energy spacings of the core, rendering the
Born-Oppenheimer assumption invalid. The region labeled A is characterized by ra-
dial distances such that » > ry. In this range, the long-range representation in terms
of the fragmentation channels in Eq. 2.186 is valid. The long-range representation
does not assume a Born-Oppenheimer factorization. Regions A and B overlap in the
interval 7o < r < ry. In this overlap region, the short-range channel wavefunction
can be transformed to the form of the long-range wavefunction. The equations of
this transformation that connect the two representations are called frame transfor-
mation equations, since they involve coordinate transformations from body-fixed to
space-fixed coordinates.
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for all s. In Eq. 2.191, ¢g = Ey— FE, where Ej is the energy of the ion-core ground state. The
short-range channel internal state yields the definition of the short-range reaction matrix

as,

Kt (R) = K, (R)0x, - (2.192)

The short-range reaction matrix depends parametrically on the internuclear distance and
it is an appropriate subject for an electronic structure calculation. In order to make the
connection to the long-range representation, we expand the collision stationary state in the

Born-Oppenheimer region as,

Ui(1) =D psFt(ro <7 <11) (2.193)
= Zs ¢5 (fls (67 T)ést — Jis (67 7”)Kst(R)) (2194)
=22 bifu(e,r)(Dilde) — 325 i 225 g1 (€,7) (0| Kt (R)[¢s). (2.195)

Next, we transform Eq. 2.195 as,

Wi(7) = 32 We(7)(¢1] 95) (2.196)
= 2t Oifiu(€,7) (il de) (D2]d5) = D25 @i D 91 (€, 7) (0 Kist (R)|ds) (De|¢g) - (2.197)
= Zz qbl (fli(6i7 T)éij (Eu ) Zts(¢z|Kst( )|¢s)(¢t|¢])) . (2.198)

Equation 2.198 follows from Eq. 2.197 because of Eq. 2.191 and the result that (¢;|Ks:(R)|¢s) =
0 unless I; = 5. Equation 2.198 defines the long-range reaction matrix in terms of the short-

range matrix as,

Kij = Z(¢i‘Kst(R)’¢s)(¢t‘¢j)- (2.199)

ts
An explicit form for the long-range reaction matrix is derived using the definitions of ¢;

and ¢, to yield,

Nat At nt + + / r o o i
KA = SOV AN (| (R (N BN AT
A
(2.200)
where,
! AT Nt + A+ N
0 1R A B = [aRXI N R K (R R a0
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and,

2N* + D)2 1 4 gyt (-1)NNT

AN YN HATIAN 3 NFAT NN A
(AINT) (A NTAT] T ESVE 2

(2.202)

Equation 2.200 constitutes the ro-vibrational frame transformation. The frame transfor-
mation relation implies that all ro-vibrational channel interactions embodied by the long-
range reaction matrix can be determined from knowledge of the short-range reaction matrix.
Therefore, ab initio reaction matrix calculations aim to compute the short-range reaction

matrix and they make use of the clamped-nuclei (Born-Oppenheimer) approximation.

Several useful approximations of the frame transformation can be obtained. First, if the
inter-nuclear motion is neglected, Eq. 2.200 simplifies to,
Nt atnt LNTp+ATOAN NN A ATIAN
K = STV R (R NN (2.208)
A
where R, is the equilibrium internuclear distance of the ion-core in its specified electronic
state. The reduced frame transformation in Eq.2.203 is often sufficient to study electron-
rotation interactions (i.e. [-uncoupling). Building from this result, we can include small
oscillations of the nuclei about the equilibrium geometry by expanding to first order in R,
N, +7)‘+7 + Nt + NN +
KO = SN TN B (R NN AN
Nt A+ 0K, 1, A(Req) INL N+ pe A+ /
+E)\(N+|)\)l’N n+A nANéiR(MN-i- )IJN n+A nAN(U—i— |(R— Req)|U+)

= SN ENTIEATIANEG 3 (Reg) AN )N Tt AN

ST (VAN AT IAN 0K, 1;,3(Req) (}\’N+’)IJN+’n+A+n,\N

X RV ZMiucwj < v+ 15(”++1)U+/ + \/U+5(v+—1)v+'> )

where finyc is the reduced nuclear mass and w; is the ion-core vibrational frequency. This
expression of the frame transformation can employed in a fit of the quantum defect param-
eters (the reaction matrix) to experimental data, which samples electron-vibration channel
interactions but is insensitive to the energy dependence of the short-range reaction matrix.
In the absence of resonances, we can also write an explicit energy dependence of the short-

range reaction matrix by expanding about the binding energy ¢ = 0 to first order in €. This
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yields,

N7n+7A+7n+ —
L N+tot N+ ot
FINLN AT AN OKi;,15,1 (Req) NN AT AN
SANTA) T RTIAN A Ky 1 A(Req) + —ge——¢€ | (AINT)58 7 TR0AR5 L

1597

+ Z)\(N+ |)\)liN+n+A+n>\N aKli’lé’};(Req) ()\|N+’)le+/n+A+n>\N

<VU + 6v++1v+/+\/v (Sv+ 1v+/>7

\/2,Ufnucwe

This expression can be employed in the fit if there is sufficient data to sample energy
dependences. However, the formula becomes inadequate for a fit in the presence of shape
and Feshbach resonances. In such cases, resonance formulas that describe the explicit energy
dependences of elements of the reaction matrix must be used. These resonance formulas

are derived in Section 2.5.

The Molecular Eigenquantum Defects

The asymptotic limits of the Born-Oppenheimer factorized collision stationary states are,

F =f(e,r) — g(e,n) K(R), (2.204)

where K(R) is the short-range reaction matrix. Application of the asymptotic boundary
conditions for bound states to Eq. 2.204 yields, from Eqgs.2.157 and 2.158, the Rydberg

formula,
1

2(n — pa(n, R))?’

where Ey(R) is the energy of the ion-core ground electronic state and pq(n, R) is the

En(R) = Eo(R) — (2.205)

molecular eigenquantum defect. The R-dependence of the eigenquantum defect follows
from the R-dependence of the short-range reaction matrix. In Eq. 2.205, the values of
Eyp(R) as a function of R form the potential energy curve for the ground electronic state of
the ion, whereas E,(R) is the potential energy curve for the n'th excited electronic state
within a given Rydberg series (labeled by «) of the neutral molecule. The eigenquantum
defects can be obtained by inverting Eq. 2.205, if the potential curves E,(R) and Ey(R) are
known. These curves can be determined from a standard electronic structure calculation.

There are several difficulties associated with this kind of approach that must be mentioned.
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First, the potential energy curves, E,(R), obtained from the output of a high-level
electronic structure code, such as Gausian 03, become increasingly more inaccurate for
higher electronic states. The inaccuracy arises from the divergent nature of the density of
electronic states near ionization thresholds, which cannot be reproduced by an expansion of
the electronic wavefunction over a finite basis, as is the case in a variational calculation. One
can assume that the eigenquantum defects have a very weak and linear energy dependence,
as for the eigenquantum defects of the Li atom calculated in Section 2.3.4. Then, the
eigenquantum defects as a function of energy can be calculated from the lowest few excited
electronic states of the molecule, which are accurately determined by the quantum chemistry
code. However, the weak energy dependence assumption is again violated in the presence

of resonances.

An additional difficulty is that the inversion of the molecular potential curves yields only
the eigenquantum defects of the reaction matrix, but not its eigenvectors. The full short-
range reaction matrix must be known for the purposes of the frame transformation and
the analysis of the ro-vibrational channel interactions. The energy eigenvalues E,(R) may
potentially be used in a fit that employs the MQDT quantization condition to determine the
multidimensional reaction matrix. However, such a fit is likely to suffer from convergence
problems in high dimensional problems, without a good initial guess for the reaction matrix.
In light of these difficulties, it is desirable to develop an electronic structure calculation that

produces directly the short-range reaction matrix. This is the topic of Chapter 3.

2.5 Resonance Scattering Theory

The theory of resonances can be rigorously derived using a wavepacket description and
the time-dependent version of scattering theory [34, 18]. In the time-independent picture,
a resonance theory that is consistent with observations can be developed from a formal
ansatz. This ansatz, which is motivated in Section 2.2.9, states that quasi-bound levels
occur at the poles of the scattering matrix on the fourth quadrant of the complex E plane.

For the single channel case, the scattering matrix with such a pole can be expressed as,

E — Epes — ik

_ 259
— e2ih 2.206
E— Eres + 'Lg ( )

S
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where ,ulo is a resonance free background phase shift. The quasi-bound level described by

the pole of the scattering matrix has an energy E,.s — zg and a time evolution factor,

. . .T . I
e—zEt — e—z(Eres—zg)t — e_ZETESte_it. (2207)

Thus, the square amplitude probability of finding the system in a quasi-bound level decreases
exponentially with time as e ™. We identify % as the lifetime of the quasi-bound state.

Equation 2.206 can be rewritten as,
Sy = eZimh il (2.208)

where the resonant quantum defect y; is given by,

= (1/m)arctan( ————=<), 2.209
and the total scattering phase-shift is obtained from Eqs.2.208 and 2.209 as,
m = Tl + arctan( )s (2.210)

2(Eres — F)

Equation 2.210 is the Breit-Wigner form for the resonant phase shift [104] . The inverse
tangent function in Eq. 2.210 is evaluated by convention in the [0, 7] branch. Therefore,
the scattering phase shift 7; rises rapidly by 7 over an energy width of magnitude 2T, as
E crosses the value E,.s, becoming 7/2 when E = E,.s. The typical resonant behavior of
the scattering phase shifts for fixed F,.s = 0.1au and various choices of I' are shown in Fig.
2-13. Wigner uses a wavepacket argument in reference [136] to demonstrate that the energy
derivative of the phase shift corresponds to the total time spent by the scattered electron
in the ion-core before reemerging in an outgoing radial wave. This collision time-delay is
given by,
dm

=2—. 2.211
T=2-0 (2.211)

If the background phase shift is nearly energy independent, the collision time-delay can be

calculated from Eq. 2.210 as,

T = . (2.212)
(Eres - E)2 + I;TQ
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Figure 2-13: The behavior of the scattering phase shift on resonance. The scattering
phase shifts are shown for three values of the resonance width, I'; and a common res-
onance center , K = E,., = 0.1au. The background phase is assumed to be zero. The
curves increase by 7 across their energy width becoming 7/2 at E = F,.s. A smaller
resonance width corresponds to a sharper rise in the scattering phase shift. Such
narrow, isolated resonances can easily be fitted to the Breit-Wigner form to obtain
the resonance parameters. However, difficulties arise in fitting a broad resonance to
the Breit-Wigner form, especially if the background phase is energy dependent. An
additional difficulty might originate from the presence of multiple broad resonances
that may overlap. We discuss how to analyze these types of resonances in Chapter
5.
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Thus, the time delay is a Lorentzian in energy with a maximum at ¥ = E,.s and a full
width at half maximum (FWHM) of I'. The indicated maximum corresponds to a resonance
capture process of the electron by the ion-core. We interpret E,.s as the resonance energy
and I' as the resonance width. The portion of the scattering amplitude due to short-range

ion-core/electron interactions is obtained from Eq. 2.89 as,
1 . .
F0) = 5 zl:(zz + 1)e¥ 7t (2™ — 1) Py(cosb), (2.213)

where o is the Coulomb phase-shift. Equation 2.213 yields the short-range portion of the

total scattering cross section as,

oror = 2r [ dO|f(0)|?sind (2.214)
=> 00, (2.215)
where the partial cross section, Uf 9" is obtained from Eq. 2.213 as,

ar 4 .
ol = =2+ 1)sin’n;. (2.216)

In Eq. 2.216, k* = 2(E — Ey), where Ej is the energy of the channel internal state, as
before. Substituting Eq. 2.210 in Eq. 2.216, one obtains,

(2.217)

4
oL — —ﬂ(2l +1) (sz‘nzﬂ,u? +

F200327T,ulo —2I'(E — Eres)sin%w?)
! /<;2 .

A(E, — E)2 + 1?2

When the background quantum defect is an integer, the cross section simplifies to the

special symmetric form,

4 I?
par — —— (2 1 2.21
o =l )<4(ET—E)2+F2>’ (2.218)
which is a Lorentzian with FWHM of T’ when rescaled with a factor of —#-—. The cross

T2+
section has an asymmetric line shape when the background quantum defect differs from an

par

integer. Resonance line shapes (0" rescaled with a factor of for various constant

k‘2
47r(2l+1))
values of the background quantum defect are displayed in Fig. 2-14. Additional distortions

in the line shape arise when the background quantum defect has an energy dependence.
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This energy dependence complicates the parametric fitting of an experimental resonance to

the Breit-Wigner form, especially if the resonance has a broad width.

2.5.1 Shape Resonances

A resonance is called a shape resonance if the internal state of the system remains unchanged
upon disintegration of the quasi-bound level. Thus, all single channel resonances are of the
shape resonance type. Shape resonances may also arise in multichannel elastic scattering
processes. Shape resonances are caused by the trapping of the scattered electron within an
attractive well in the core potential Vy(r) defined in Eq. 2.102. This type of feature in the
core potential is shown diagrammatically in Fig. 2-15. The electron can escape this well by
quantum tunneling through a repulsive barrier. The tunneling results in an increased time
delay and the time delay reaches a maximum at the resonance energy, F,.s. In the limit of
an infinitely high barrier, the state with the energy F,..; would be a bound state with an
infinite life-time. Thus, the resonance width and the resonance center energy depend on the
height and width of the repulsive barrier as well as the width of the attractive well. Simple
formulas relating the resonance parameters to the shape of the potential function cannot be
derived using exact quantum mechanics. However, Child [16] uses the WKB approximation
to derive such shape resonance formulas. These formulas can be used to obtain the shape
of the potential function in the barrier region from experimentally determined resonance
parameters. In Chapter 5, the profound effects of a multichannel shape resonance on the

Rydberg spectrum of the molecule CaF are discussed.

2.5.2 Feshbach Resonances

A resonance is called a Feshbach resonance if the internal state of the system is changed
upon disintegration of the quasi-bound level. Therefore, Feshbach resonances always arise
in multichannel inelastic scattering processes. The autoionizing resonances mentioned in
Section 2.4.3 are of Feshbach type. Other examples of Feshbach resonances are predis-
sociative states that disintegrate into two separated atoms. Here, we present the formal
theory of the Feshbach resonance and derive some important properties of the autoionizing
resonances.

We return to the case of a mixture of open and closed channels in multichannel scat-
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Figure 2-14: Resonance line shapes for various values of the background quantum
defect, u?. The resonance parameters are E,..; = 0.lau and I' = 0.0lau.(A) The
resonance line shape for y; = 1. The line shape is a Lorentzian with a FWHM of T'.
For this integer value, the outgoing and incoming waves are in phase at £ = E,..;. (B)
The resonance line shape for iy = 7/8. For this fractional value, the outgoing spherical
wave that corresponds to the disintegrating quasi-bound level interferes constructively
with the incoming spherical wave, resulting in a sharp rise in the cross section slightly
below E,.;. Complete destructive interference occurs at an energy slightly above E,..
Asymmetric line shapes are typical indicators of such interference effects. (C) The
resonance line shape for y; = 1/2. The physical situation is opposite to that of the
case depicted in (A). At this value of the quantum defect, the incoming and outgoing
waves are out of phase, resulting in the abrupt vanishing of the cross section near
E = FE,.;. The resonance energy in this case corresponds to the center of the dip.
(D) The resonance line shape for y; = 1/8. The physical situation is opposite to that
of the case depicted in (B).
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Figure 2-15: Illustration of a shape resonance. A shape resonance arises from the
trapping of an electron within a well in the effective core potential. The quasi-bound
level with energy E,.; would be an authentic bound level in the limit of an infinitely
high barrier. The energy of the quasi-bound level can be determined using the WKB
quantization condition [18]. The electronic wavefunction (wavepacket) for the quasi-
bound level is initially localized inside the well. As the wavepacket time-evolves, it
leaks out by quantum mechanical tunneling across the barrier [18]. The resonance
lifetime and energy depend on the shape of the potential. Analytical formulas can be
derived using the WKB approximation [16].
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tering. We assume that there are N, < N, open channels. Therefore, we let ¢; = k:zz for
i=1---N, and ¢; = —;1_5 for i = N, +1--- N.. We partition the matrix solutions FS of

Eq. 2.180 into open-open, open-closed, closed-open and open-open blocks as,

S S
Foo Foc

S S
Fco Fcc

FS = (2.219)
We must transform these solutions to ensure that physical boundary conditions are sat-
isfied. These physical boundary conditions are that (i) the solutions must satisfy incom-
ing/outgoing wave boundary conditions in the open channels and (ii) all exponentially
increasing terms in the closed channels must vanish. We define the transformed solutions

as,

H FS FS T
H = | = oo e ¢ (2.220)
H, FS FS T,
— FooTo + FoTe . (2.221)
FST,+F5T,
From the boundary condition (i) we must have,
H, =y — ¢S, (2.222)
Using Eq. 2.180 and comparing Eqgs. 2.221 and 2.222 we obtain,
T, =1 (2.223)
So = SooTo + SocTe. (2.224)
From the boundary condition (ii) we must have,
H.(r — c0) = 0. (2.225)

Using the phase-amplitude form of the Coulomb functions in the definitions of )~ and yﬂ

we can rewrite the asymptotic limit of H, as,
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1 . . .
I_Ic _ ﬁg (_em(u—l)SCOTO + (e—m(u—l) - em(l/—l)SCC)TC) , (2_226)

+im(v=1) are diagonal matrices with diagonal matrix elements oy, (e;,7) and

where « and e
eFim(vi=li) - Since o; are exponentially divergent for ¢; < 0 and Ty = 1, the quantity in the
parentheses of Eq. 2.226 must be equal to zero for the vanishing boundary conditions in

Eq. 2.225. Thus, we must have

_eiw(y—l) Sco + (e—iw(y—l) o ei7r(l/—l) Scc)Tc =0 (2227)
(_e—2i7r1/ + Scc)Tc — _Sco (2.228)
T. = _(Scc — e_ziwy)_lsco- (2229)

Substituting Eq. 2.229 in Eq. 2.224 yields the open-continuum scattering matrix as,
So = Soo — Soc (See — e 2™) 7' S, (2.230)

Next, we investigate the analytical properties of the open-continuum scattering matrix. The
symmetry of the reaction matrix, K, and the definition of S in Eq. 2.181 implies that S
is symmetric and complex valued. Therefore, the block S.. is also symmetric and complex

valued. We can diagonalize S.. as in Eq. 2.125,
S.. = Uit Ul (2.231)
where U is orthogonal. From Eq. 2.185 we also have that,
S*S=SS*"=1. (2.232)

Equation 2.232 implies that,
S:.Sco+ Si.See = 1. (2.233)

It follows from Eq. 2.233 that S!.S.. < 1. Based on the definition in Eq. 2.231, this

inequality can be satisfied only if the eigenquantum defects p, have positive imaginary

126



components. We write the complex eigenquantum defects as,
ta = fo +10. (2.234)
We can substitute the Eq. 2.231 eigenvalue factorization in Eq. 2.230 to obtain,
S, = Sop — Soc U (€%i#e — ¢ 2m) T UTS,,. (2.235)

In component form, Eq. 2.235 becomes,

YiaYaj
(So)ij = (Soo)ij — Z e — e]—2i7wa’ (2.236)

a

where ¥, = (SocUce)ia- Equation 2.236 shows that the open-continuum scattering matrix

has poles at values of v, such that,

e2iTha _ o=2iTVa — () = (2.237)

Vg =N — [l n=12--00. (2.238)

From Eq. 2.238, we deduce that the scattering matrix has poles at energies such that,

1

E,=FE,— —.
" C2n — pa)?

(2.239)

where F, is the ionization threshold for the closed channel labeled by index a. However, pu,

is complex valued. Substituting Eq. 2.234 in Eq. 2.239 we obtain,

1

E,=FE,— .
" “ 0 2(n — pa —if)?

(2.240)
Defining x = i3/(n — pq) and assuming n — u, >> [, we can simplify Eq. 2.240 as,

E,=E, 1—2z) (2.241)

— oy (

g 1B
= Ba— 55 — Ty (2.242)

From Eq. 2.242, we deduce that a series of autoionizing Feshbach resonances forms, the

energies of which coincide with the energies of the members of a Rydberg series converg-
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ing to the a’th ionization threshold. The widths of the Feshbach resonances are given by

I'= % and they scale as the inverse of the principal quantum number cubed. The Fes-
hbach resonances disintegrate by decaying into an adjacent continuum above an ionization

threshold of energy FE; such that F; < E,.

An autoionizing Feshbach resonance in a molecule is a manifestation of nuclear-electronic
energy exchange. A Rydberg electron decays into an adjacent continuum by colliding with
the ion-core and de-exciting it to a lower ro-vibrational state. The energy released by the
nuclei when they make the transition to a lower energy level gets picked up as kinetic energy

by the electron, which is then able to escape to the continuum.

We illustrate the resonance properties of the multichannel scattering matrix with an
example. In this example, we use a three channel model to describe the autoionizing
Rydberg states of a molecule. These channels correspond to the lowest three ionization
thresholds with energies Fy < E; < FE3. We focus on the autoionization region above
the second ionization threshold but below the third ionization threshold (E; < E < Ej3).
Therefore, we have two open channels and one closed channel. The dimensionality of the
open-continuum scattering matrix is 2 x 2. We represent the resonance parameters in
terms of the quantum defect matrix elements defined in Eq. 2.147. Two physical cases
are considered. For the first case, we turn off all direct coupling between the two continua
and include only the indirect couplings between the continua via the Rydberg state. For
the second case, we include both the direct and the indirect couplings between the two
continua. A rich variety of interference effects arise in the latter case. Choices of quantum

defect parameters that correspond to each physical case are tabulated in Table 2.1.

In multichannel problems, we define the resonance line shape as,
o =[S,%. (2.243)

The calculated resonance line shapes in the autoionizing region are shown in Figs. 2-16A
and B. Fig. 2-16A displays the resonance line shapes for the case of no direct coupling
between the continua. Autoionizing resonances are visible at the positions of the Rydberg
states converging to the E = (0.8 au ionization threshold. The line shapes are symmetric
Lorentzians centered on the energy of the Rydberg state. The resonances get sharper closer

to the ionization threshold in accord with the Rydberg scaling law.
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Table 2.1: Resonance Parameters Describing the Channel Interactions

Parameter Direct Coupling of Continua Off Direct Coupling of Continua On
too (Eq. 2.147) 0.13 0.13
toz (Eq. 2.147) 0.17 0.17
w11 (Eq. 2.147 0.17 0.17
w12 (Eq. 2.147) 0.02 0.02
2o (Eq. 2.147) 0.2 0.2

Ey (au) 0.0 0.0

E; (au) 0.3 0.3

E, (au) 0.8 0.8
ta=2 (Eq. 2.234) 0.18 0.18
B (Eq. 2.234) 0.07 0.06

Fig. 2-16B displays the resonance line shapes for the case of direct coupling between
the continua. In this situation, the interaction pathway that couples continuum-bound-
continuum interferes with the pathway that couples continuum-continuum. This interfer-
ence is manifested as asymmetric line shapes for each of the Rydberg resonances. These
asymmetric line shapes are sometimes called Fano profiles after the person who first studied

them. A parameterization of the Fano line shape is given in reference [29].

There are many instances of interference between multiple interaction pathways. Other
examples can be interference between bound-bound and bound-continuum or bound-bound
and bound-continuum-bound pathways. The possibilities increase as the number of chan-
nels that describe the system increases. All such multiple pathway interferences would be
manifest by Rydberg spectra in the form of asymmetric line shapes as in Fig. 2-16B.

There is a simple multichannel generalization of the Breit-Wigner formula in Eq. 2.210.

5sum

Huzi shows in reference [60] that the eigenphase sum, , satisfies the single channel

Breit-Wigner formula,

T
sum 0
= = t _ 2.244
) E Tha = T + E arctan <2(Eres—E)>’ ( )
(¢4 ETCS

where i, are the eigenquantum defects of the open-continuum scattering matrix, I' is the
resonance width, and F,.s is the resonance energy. The calculated eigenphase sum for the
three channel example problem is shown in Fig. 2-17. The eigenphase sum goes through

transitions at each of the resonances, increasing by 7 in the vicinity of each Rydberg energy.
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Figure 2-16: (A) Resonance line shapes for the case in which the direct coupling
between the two continua is turned off. The two continua interact only indirectly
via their coupling to the Rydberg state. The line shapes are symmetric Lorentzians,
the widths of which scale as the inverse of the principal quantum number cubed.
Symmetric line shapes occur in rare instances when there is a single pathway to ion-
ization. (B) Resonance line shapes for the case in which the direct coupling between
the two continua is turned on. The continuum-bound-continuum interaction path-
way interferes with the continuum-continuum pathway resulting in asymmetric line
shapes. The widths of the asymmetric lines scale as the inverse principal quantum
number cubed. Such asymmetric line shapes are common in Rydberg spectroscopy

and they are called Fano profiles.
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Figure 2-17: The behavior of the eigenphase sum at the autoionizing resonances.
The top curve is obtained by shifting the lower curve upward by 7. The eigenphase
sum increases rapidly by 7 near the energy of each Rydberg state. The resonances
are sharper closer to the ionization threshold. The magnitudes of the gaps at the
avoided crossings measure the strength of the interactions between the neighboring
resonances, as in the Lu-Fano plot described in Section 2.4.1. The gaps scale inversely
with the principal quantum number cubed, all interactions vanish at the ionization
threshold and the eigenphase sum diverges to infinity. The divergence is caused by
the infinite number of Rydberg levels supported in the Coulomb potential. I thank
Dr. Stephen Coy for writing and providing the computer programs, which were used
for resonance analysis and the generation of this figure.

The increases become sharper as the ionization threshold is approached. The top curve in
Fig. 2-17 is obtained by shifting the lower curve upward by 7. Since the eigenphase sum
is defined modulo 7, the two curves are physically identical. However, as in the Lu-Fano
plot, the gaps at the avoided crossings provide visual estimates of the strength of the
interactions between neighboring resonances. The size of the gaps scales inversely with
principal quantum number cubed and the curves cross at the ionization threshold, while
the eigenphase sum diverges to infinity. The cause of this divergence is the infinite number

of Rydberg levels that lie close to the ionization threshold, as discussed in Section 2.2.9.

The resonance formulas provided in this section in terms of the scattering matrix provide
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all the tools necessary for resonance analysis of Rydberg spectra. However, Rydberg spectra
are typically analyzed and fitted using the reaction matrix rather than the scattering matrix.
This should pose no serious problems, since the S and K matrices are related by the simple
expression in Eq. 2.181. There are alternate resonance formulas provided in the literature
that are expressed in terms of the reaction matrix. A particularly helpful formula, which
is a multichannel generalization of the Breit-Wigner form in Eq. 2.210, is derived by Mies

[87]. This formula states that,

Tipl'ps
Wij = arctan <Z ﬁ) ) (2.245)
> P

where pi;; is the quantum defect matrix and I', is the partial width for the resonance with
energy F,. However, Eq. 2.245 is valid when resonances are isolated in energy regions far
from the ionization thresholds. Eq. 2.245 also assumes that the background quantum defect

is small and has negligible energy dependence.

2.6 Conclusions

Multichannel quantum defect theory is an extension of continuum scattering theory below
ionization thresholds. It is mathematically founded on the theory of Coulomb scattering
and the analytical properties of the Coulomb radial wavefunctions. Interactions of all orders
between members of a Rydberg series, interlopers or perturbations from adjacent Rydberg
series are described in terms of a single entity called the reaction matrix. The reaction matrix
is also capable of revealing any resonance behavior in the Rydberg spectrum, whether it is
spread over an entire Rydberg series in the form of a shape resonance or it is localized in the
energy region around a Rydberg state in the form of a Feshbach resonance. In molecular
applications, the method of the frame transformation makes a connection between the
quantum defect method and quantum chemistry. It allows for the representation of the
entire molecular Rydberg spectrum in terms of a short-range reaction matrix that can
be computed using the Born-Oppenheimer approximation and the standard techniques of
quantum chemistry. In Chapter 3, we develop an electronic structure method for the ab
initio determination of the short-range reaction matrix. It is shown that the calculation of

the reaction matrix presents new and rather complex challenges, which are not encountered
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in a Hartree-Fock type variational calculation.

Until now, MQDT remains the most complete and elegant theory of electronic spec-
troscopy. There are several intriguing theoretical questions that remain and they might
provide new venues for research. Most notably, the relationships between the reaction ma-
trix and an effective Hamiltonian representation are not well understood. In the molecular
case, it is clear that the two matrices belong to the same irreducible representation of the
point symmetry group. In addition to this, it is likely that there are energy scaling laws
obeyed by each of the matrices even if there are no simple formulas that relate them to one
another. Establishing these scaling laws can allow for a better qualitative understanding
of the reaction matrix and the information it provides. Another outstanding question is
whether MQDT can be derived as a rigorous theory when electron exchange is included.
This question is addressed in Chapter 6, where the reaction matrix is derived using a

variational method that stems from orbital functional theory [95].

133



134



Chapter 3

Calculation of the Short-Range
Reaction Matrix from First

Principles

3.1 Introduction

Since the realization that the long range forces between a Rydberg electron and an ionic
core are predominantly Coulombic [54, 112], reaction matrix methods (quantum defect
theory) [112] have been widely used to model atomic and molecular electronic spectra.
The subsequently developed eigenchannel approach to quantum defect theory [41] provides
a minimal set of parameters, namely the eigenvalues and the corresponding eigenvectors
of the reaction matrix, which can accurately represent spectroscopic data. Eigenchannel
methods paved the way for empirical analyses (fits) of experimental results [41, 79, 138] as
well as interpolation/extrapolation procedures to calculate quantities of interest, such as

photoionization cross-sections and scattering amplitudes [26].

There have been relatively fewer calculations of MQDT reaction matrices from first
principles. A commonly used method, developed by Greene [44], is based on Kohn’s varia-
tional expression for the logarithmic derivative of the scattering wave function on a surface
that bounds a finite intra-core volume at a given energy (the R-matrix method) [69]. The

variational R-matrix scheme has been applied to determine the photoionization cross sec-
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tion of the hydrogen atom in a strong magnetic field [44] and spin-orbit effects in heavy
alkaline-earth atom systems [45]. All-electron R matrix calculations for molecular systems
have been carried out by Tennyson and Noble [132] by and Rabadan and Tennyson[100].
More recent R matrix work by Hyama and Child [59], and Telmini and Jungen [130] in-
clude calculation of the MQDT reaction matrix. Arif, Jungen, and Roche [5] used the
variational R-matrix method to calculate the short range quantum defect matrix [64] of
CaF and obtained good agreement with experimental results [7] . Their approach is based
on the multiple scattering method [22] and makes use of the generalized form of quantum
defect theory [50]. One limitation of this method is that it cannot easily be extended to
include the effects of electronic configuration interaction at large internuclear distances [5],
which are important in most molecular systems. For example, the X 2% ground electronic
state of the molecule calcium monofluoride adiabatically evolves toward the 1S Ca(4s2)-2P
F separated atom limit. The repulsive state in the Ca(4s%)+F2po~" hole 2%+ configuration,
which also evolves toward to the same separated atom limit, goes through numerous avoided
crossings with the Rydberg states of the type n*2%+ (Cat2F~) at various internuclear dis-
tances. It would thus be desirable to include these effects in an ab initio calculation of the
reaction matrix. In the following analysis, it is demonstrated that the specialized, closed-
shell calculations presented here can be expediently extended to account for configuration
interaction.

Computationally, the most expensive aspect of the variational scheme is the evaluation of
the required matrix elements over the intra-core volume that is surrounded by the bounding
surface. The dimension of the basis set used in the calculation must be scaled in proportion
to this volume in order to achieve convergence [45]. For large volumes, the calculation of
the reaction matrix at a single collision energy becomes time consuming.

These difficulties in applying ab initio reaction matrices to molecular spectra limit their
implementation, for example by making it difficult to develop an efficiently converging
MQDT fit [65] to the energy levels; an ab initio determined body-fixed reaction matrix would
provide reliable estimates of key parameters for a global MQDT fit to the ro-vibrational
energy levels. The new procedure described below, which can include configuration interac-
tion, converges rapidly and can be conveniently used by both experimentalists and theorists

in the analysis of molecular spectra and to describe molecular dynamics.

Our method is outlined here: First, we consider the interaction between an ionic molec-
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ular aggregate described by wavefunction t; and an electron with energy E — E; > 0 (F;
is the energy of the target state labeled by index ¢ and E is the total energy [112]). If the
static charge density approximation [128] is used, the core is a closed-shell configuration
frozen in its ground state, 5. The state, 1y, yields an effective electron-core interaction
potential, V,(r).

It is also possible to include the mixing of several electronically excited core states, 1;,
by adding polarizability interactions to the effective one-electron potential, Vg (r). Core
polarizability effects are included in the application presented in Chapter 4, where the
Rydberg states of CaF are studied, using the effective potential given by Arif, Jungen, and
Roche [5].

In molecules, whether modeled by a frozen core or a polarizable core, the potential
is necessarily non-spherical and results in a set of one-dimensional coupled Schrodinger
equations in a partial-/ expansion scheme. We construct solutions to these equations that
are regular at the origin and that satisfy the standing-wave boundary condition at a large
radius (effectively infinite) in integro-matrix form using the principal value Coulomb Green’s
function [96].

Functional analysis shows that the formal Born series for the collision channels will
not converge over any spatial region that contains the origin. We solve this problem by
separately analyzing a small spherical region of space about the origin.

The effect of the electronic wave function inside this region is represented by the value
of its logarithmic derivative on the boundary (R-matrix eigenvalue). The wave function in
the outer region can then be determined in a convergent Born series by using a modified
form of the principal value Green’s function.

Green’s function methods have been used previously to explain the connection between
quantum defect theory and the configuration interaction approach [31], in generalizations
of quantum defect theory [24], and in other closely related fields [39, 80, 97, 81]. How-
ever, iterative Green’s function methods are not commonly used in the current ab initio
R-matrix/MQDT calculations tailored toward molecular applications. Our work demon-
strates the practical utility of the iterative Green’s function methods in calculating reaction
matrices and presents a viable alternative to the standard variational approaches. In the
analysis presented below, special care is taken to provide rigorous mathematical answers

to some important theoretical questions that arise in the derivations but that are often

137



neglected in practical applications.

A diatomic molecular ion-core with a large electric dipole moment has a long-range
interaction with its Rydberg electron. For such molecules, the assumption that all non-
Coulombic potentials can be neglected beyond some finite range is violated and the equa-
tions of ordinary quantum defect theory cannot be used. Generalized quantum defect theory
[50, 42] is needed, with the proviso that the effective single-electron potential must allow
for a separation of the radial and angular variables of the Schrodinger equation at all points
on the surface that surrounds the reaction volume [5]. If this requirement is met, then it is
possible to define an alternative pair of quantum defect basis functions (the QDT base pair),
which are often defined numerically [66] as replacements of the analytic Coulomb wavefunc-
tions given by Seaton [112]. However, the separability requirement makes it difficult to
embed within the generalized R-matrix treatment a quantum chemical multi-configuration
ab initio calculation. In an MCSCF calculation, the spatial potentials for the Rydberg elec-
tron are expressed in numerical form on a grid of the radial variable. Numerical techniques
might be used to approximate the required separation of variables; however, for nonlinear
nuclear configurations in polyatomic molecules, such a separation is not possible due to the
lack of cylindrical symmetry. Our equations do not require assumption of any restricted
form for the interaction potential and should be valid for a wide range of molecular sys-
tems. This paves the way for facile incorporation of rigorous quantum chemical treatments

of multi-electron interactions into R-matrix methods.

The treatment presented here considers the behavior of the solutions of the coupled
equations at infinite electron-core separation, where the interaction potential reduces to the
Coulomb field. For the electronic energies in the continuum, Seaton’s analytical Coulomb
functions remain linearly independent in the asymptotic limit, so that a K-matrix can be
defined. However, since this reaction matrix is defined at long range, it necessarily displays
a strong energy dependence. Such energy dependent behavior in the K-matrix renders
extrapolation of its eigenvalues to the region of negative energy (i.e. below the ionization
limit) difficult. Furthermore, numerical determination of the K matrix at energies below
the ionization limit is not computationally feasible due to the poor linear independence
of the Coulomb functions at negative energies. We show in Section 3.2 that much of this
strong energy dependence can be removed by performing a transformation of the reaction

matrix, K, to obtain a dipole-reduced matrix, K, which is defined at short range. The
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bound states of the combined electron-ion-core system can then be determined by using
the transformed reaction matrix, which is shown here to have a smooth energy dependence
[112, 25]. Accordingly, the method presented in the current work treats both polar and
non-polar ion-cores in a unified fashion and yields a reaction matrix with a smooth energy
dependence, which can be used in ro-vibrational MQDT calculations [130]. The theory
discussed in this chapter has been published in the Journal of Chemical Physics [117].

3.2 Theory

We begin by considering the collision of an electron with an N-electron molecular ion-core.
In our analysis, the nuclei are fixed in a spatial configuration near the equilibrium geometry

of a particular electronic state of the molecular-ion.

Let 1); denote a collision channel, which is a vector coupled product of an electronic

state of the ion with the spin coordinates of the colliding electron. Then,

(ir|hi) = 6iri (%”Hﬂ"l/}z) = E;dir;. (3.1)

Here H is the electronic Hamiltonian for the ion and E; is the energy for the i’th electronic

state. The collision wave function for the electron-core system is represented as
l
max Ml)\ T
w(E) =33 Yun My ), (32)
i=0 1=0 A

where Yl)‘(H, ¢) is a spherical harmonic, and the sums are over electronic states (;) of the
core and over the [, A quantum numbers associated with the Rydberg electron. The coupled

equations of collision theory can be obtained from the matrix element
(v [E — BlW(E)) =o. (3.3)

The integration in Eq. 3.3 is over all of the core internal coordinates, 7, the Rydberg

electron angular coordinates (6, ¢), and H®*®? is the Hamiltonian for the combined system.
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Equation 3.3, in atomic units, becomes

{—5 (W_ (T2 )> 2} an(r +ZZZszM'lW vrx(r) =0 (3.4)

=00I'=0 XN

where ¢; = 2(E — E;) > 0, and the radial interaction potential matrix elements for N

electrons around s nuclei are

N

Yoy
|"?_Fn| |F_'Fa|

n=1 a=1

Vinirn (1) = (YlA?ﬂi

v Yy ) : (3.5)

Here, Z, is the positive charge on nucleus a, 7, is the position of that nucleus, x is the
number of nuclei, and the vectors 7, are the positions of the core electrons. Making use of

the Legendre polynomial expansion,

ZP SH, (3.6)

it can be shown that

A
Vitxiow (r — 00) = —?52'2'/511'5,\,\' (3.7)

where the net charge Z =% Z, — N.

At this stage, we specialize to the case of a diatomic molecule, where we place two
nuclei on the z-axis separated by a distance R = RT. Because of cylindrical symmetry, the
radial interaction potential matrix elements are diagonal in A, and Eqgs. 3.4 may be solved
as separate systems for each value of A\. Furthermore, we assume that the ion is a singly
charged (Z = 1) diatomic, and that the collision between the electron and the core does
not cause electronic excitation of the ion (i =i’ = 0). We will relax this assumption when
we address the Rydberg states of the CaF molecule in Chapter 4. It should be noted that
more general cases will depart only in minor details from our analysis, and they can be

dealt with by returning to Eq. 3.4. Based on our special conditions, we get
0,\
Vi (r) — lEI )(r, R)Si00a- (3.8)

Subscripts 7 and A can be suppressed, so we rewrite the coupled equations of Eq. 3.4 in the

140



form

e 2y, ke
dr? r2 ¢

) M) = S 20V RIMp(r) =0 1=0.. . I
I'=0

(3.9)
where we have separated the long range Coulombic part from the potential, y© )‘)(“, R),
by defining

(3.10)
Next we require that Eq. 3.9 is regular at » = 0 but leave the boundary condition at r = oo
unspecified:

Mi(0)=0  1=0... Ly

(3.11)
These coupled equations with the specified boundary conditions have ly.x + 1 linearly
independent solutions, Ma, which we write as row vectors:

My (r) = (Mao(r) ... My (7))

a=0...lnax-

(3.12)
Each value of « defines a collisional wavefunction via Eq. 3.2.

3.2.1 Solutions of the Zero-Order Equations

Following Seaton [112], we now obtain the two linearly independent solutions to the zero-
order Coulombic radial equation:

d 1+ 1) 2
<W - ) + e+ ;) C(T) = 0. (313)
Write k2 = —% = _Elg and define

(3.14)

(3.15)



A solution of Eq. 3.15 that is regular at the origin is [112],[2]

AT |
(1£2) 2€_§1F1(_+’I’]—/€,1+277,Z), (3.16)

Ci(k,m, 2) = T2n 1) 5

where 1 Fy(a, b, c) is the confluent hypergeometric function and I'(z) is the Gamma function.

Since 7 enters Eq. 3.15 through 72, a second solution can immediately be defined as

C2(’{7777 Z) = Cl(’%’ =, z)' (3'17)

The functions ({1,(2) are linearly dependent when 7 is equal to a half integer [112]. In
order to obtain a linearly independent pair of solutions, the theory should be developed for
arbitrary n and then the limit as n — [ + % should be considered. For € << 472, we define

the pair of solutions

fle,n,r) = (A(’;’ ) )%Cl(’fﬂ?, 2)
ale.n,r) = (2A(s, )~ 5 AL n)COS(ZW@fﬁE;}Z’) 2) = Gk, 2)
At 1) B 11 (3.18)

2/ T KU (<l + k)

The function g remains finite in the limit n — [ + % and is linearly independent of f for all

71 except when 7 is an integer. The functions (f, g) have the asymptotic forms

flel+ %,7‘ — 00) = 4/ lk:_% sin(¢y) (3.19)
T
1 1. 1
gle, 1+ 5" o0) = —\/;k zcos(¢y), (3.20)
where ¢; is the Coulomb phase defined by,

oi(r) = kr — %T + %log(%k’) —arg(T(l+1+ %)) (3.21)

Equations 3.19, 3.20, and 3.21 show that the functions (f, g;) satisfy the Wronskian relation

W(fi,q)) = figi — afl = % - (3.22)
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The behavior of the Coulomb functions near the origin is given by:

fl(n 6)—>rl+1

r—0

g1 (r, e)—>7‘_l. (3.23)

r—0

Thus, the solutions to Eq. 3.13 that are regular at the origin can be written in the form:

Moi(r) = fi(r)da- (3.24)

3.2.2 Coupled Equations

We now seek solutions to the complete set of coupled radial equations, Eq. 3.9. These
solutions have an asymptotic behavior that is expressed through the reaction matrix, K, as

a sum of regular and irregular Coulomb functions:
My (r — 00) = fi(1r)oa — K2gi(r). (3.25)

Since the potential is Coulombic at long range, (Eq. 3.7), the existence of solutions in this
form is guaranteed by the linear independence of the Coulomb functions in the asymptotic
limit for € > 0.

A formal solution can be written in the form
lrnax

Mo (r) = fi(r)da +2 / ' Gy (r, ') Moy (P YV 2V (' R), (3.26)
r=0"0

where G;(r,r’) is a principal-value Green’s function for the zero-order equations. Due to

the boundary conditions given in Eq. 3.11 and Eq. 3.25, it is necessary that

Gi(r,7") = fi(r)ai(rs), (3.27)
and the K matrix becomes
Imax o0 "
Ky=-21Y / dr' fi(r' Y Moy (P YV (07 R). (3.28)
=09

It is natural, at this stage, to attempt an iterative procedure to obtain the solutions M,
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Mathematical appendix A at the end of this chapter shows that a Born series expansion for
M (r), which uses the Green’s function given in Eq. 3.27, does not converge. The difficulty
arises from the inverse-r type singularity in the perturbing potential at the origin. However,
use of the variational [33, 44] method of calculating R-matrix eigenvalues in combination
with an alternate Born series expansion can yield a convergent Green’s function iteration

scheme, because it excludes the region near r = 0.

3.2.3 Iterative Procedure to Calculate the K-Matrix

Following Greene [44], we consider the expression

o Jo Jo V2+2V(° (f’)) (Md°r
fo VT (P (P

where ¢ (7) is the one-electron wave function expanded in spherical harmonics, as in Eq.

, (3.29)

3.2, and r, < oo. The equation is an identity when % is a solution to the Schroédinger
equation within a sphere of radius r,, and has stationary properties for ¢ near a solution

[44]. We impose the condition

WO = @y, (3.30)

r=ro

Note that there is no loss of generality here: we are looking at a specific class of solutions,
namely those solutions with a constant logarithmic derivative on the spherical surface and we
prove the existence of these solutions by explicit construction. The undetermined quantity
we are trying to calculate is b. Stated more precisely, we are trying to find the allowed
values of b for which the Schriodinger equation is soluble at a pre-selected value of €. Let
us consider a basis set expansion of the solution, 1, in terms of basis set elements that all
have a fixed logarithmic derivative at the boundary, » = r,. A natural choice for a basis set

Lis the set of orthonormal solutions of the free particle radial equation

(ﬁ_l(ul)

dr? r2

+ k2> w(r) =0 (3.31)

"'We use a specific basis set here for the sake of clarity. In practice other basis sets, such as the
Fourier basis [5] may be more convenient to use.
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with the boundary conditions

w(0) = 0 () = (T—lo — Duy(ry). (3.32)

The differential equation and the first of these conditions identifies the u;(r) as Riccati-Bessel
functions and the derivative condition at r, defines the scale factors of the Riccati-Bessel

function arguments at each [. Letting j;(r) = UZT(T) , the basis set expansion for 1) becomes

Jmax Imax

W) =D aujiky,r)YP(0.9), (3.33)
j=1 I=1
where k;;7, is the j’th solution of the second equation in Eq. 3.32 for the I’th order spherical
Bessel function, j;, and jl(krlj,r) are the original j;(k;;,r) functions renormalized by the
square integral with 72 over the interval [0,7,]. The basis set 9;,(7) = j;(k;j7)Y;(0, ¢) is
complete in the interval 0 < r < r,. The solution i will be stationary with respect to
variations in the {aj} ,

Oe
50 = (3.34)

The variational condition in Eq. 3.34 yields, through Eq. 3.29, a generalized eigenvalue
equation of the form [44]

(eI — 2H)d = (b — b)Ad. (3.35)

The definitions are

0 T 2w B V2
Boa= [ [ [ Er 0Pty 0.0 (<5 + VO ) v 6.0

Nyt = i (ko) i (kijro) ot (3.36)

In Equation 3.35, I denotes the identity matrix and @ is a column vector whose components
consist of the coefficients {a;;}. Thus the allowed values of b can be found by solving
the generalized eigenvalue equation shown in Eq. 3.35. This generalized problem can be
converted to a simple eigenvalue problem for values of bi—l; by exploiting the properties of
the matrix A. The method employed to solve the generalized eigenvalue problem in the

current work is presented in Appendix B. Solution of Eq. 3.35 yields l,,4: + 1 eigenvalues,
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b, and lyq, + 1 eigensolutions, Ws(7), which can be expanded as

Imax
o) lrer, = > 2052 0,0), (3.37)

=0

where,

Jmax

Sau(r <ro) =Y agimii(kiyr)
j=0

Jmax lmax

> agil =1

j=1 1=0
_ Za(ro)

To

r:r;r

%Em(r) — bgXgi(ro)- (3.38)

We note that for some problems it may be necessary to include non-orthogonal basis func-
tions with different values of b in the Eq. 3.33 expansion to facilitate the convergence of the
computed b values. The extension of the theory to permit the use of such a non-orthogonal

basis is straightforward and is given in reference [44].

Solutions of the Zero-Order Equations

For r > r,, the solutions of the uncoupled zero-order equations can be written as

Mé?) (r>ro) =agfulr) —baag(r), (3.39)

where, imposing continuity, we have

ag =7 (Za1(ro)g1(ro) — Xa(rd )gi(ro))

bar = 7 (Sa1(ro) f1(r0) — gy (r) filro)) - (3.40)
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Solutions of the Coupled Equations

We write the solutions to the full set of coupled equations in the form

lmax

Mp(r>ro) = MP(r) + 32 / &' Gy(r, ") Mgy (P YV 2V (' R), (3.41)
1'=0 To

where the principal-value Green’s function generalizes as

, 0 for v >r
Gi(r,r') = (3.42)

7 (fitNgi(r) — g (") fi(r))  for ' <r.
From Eqs. 3.42 and 3.41, it is evident that the functions Mg automatically satisfy the

continuity requirements at r = r,. We can calculate the exact solutions iteratively as,

lmax

Méy) (r>ry) = Mé(l)) (r>r,) +2 Z/ dr'Gy(r, r')Mé?_l)(r')‘z,(lo’)‘) (', R). (3.43)
1=0""°

The exact solutions are found when the input set, {M éy_l)(r)} is identical to the output
set, {M g) (r)}. This is decided based upon the convergence criterion that is specified in Eq.
3.4.83 in the Appendix. The iterative procedure in Eq. 3.43 has much stronger convergence
properties than the formal Born series expansion (Appendix Eq. 3.4.81), because a spherical
region of radius rg is excluded from the integration, removing the divergent contribution
at the origin. Furthermore, for every finite value of r, the integrations are carried out on a
finite length interval and the values of the function for large r are obtained using already
converged values of the function at smaller r.

It is known [140] that the use of integral operators in numerical propagation is superior
to the use of differential operators. For example, if a finite difference method is used to
propagate the solutions known at r = r,, the numerical error will almost always grow sig-
nificantly as r approaches co. Such accumulated errors do not arise in Eq. 3.43, mainly due
to its restricted region of radial integration. This iterative method is a numerically stable
and efficient procedure to obtain the exact solutions of the full set of coupled equations.
Technical algorithms that facilitate the fast convergence of Eq. 3.43 are presented in refer-
ence [3]. It should be noted that the calculated solutions, M, 3(r), are linearly independent
when all the eigenvalues bg are distinct. A proof is given in Appendix C.

The Reaction Matrix
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The linearly independent solutions, M 3, of Eq. 3.43 are related to the alternate set of

linearly independent solutions, Ma, of Eq. 3.12 through a linear transformation T
Mg = TM,, (3.44)

where T is of dimensions ((Imax + 1) X (Imax + 1)) and M is a fundamental matrix for the
system of coupled equations, the rows of which consist of linearly independent solutions. In

particular, in the asymptotic limit we get

lmax+1
Mgy(r —o00) = > Tgalfibar — Kaigl)
a=1
=Tpfi - Tg(?)gl, (3.45)

where we have defined the composite transformation
T? = TK. (3.46)
Imposing continuity on Eq. 3.45 we get

T = 7(Mpig, — M 91)

15 = (Mg f{ — Mj ). (3.47)

The function values and derivatives must be evaluated at sufficiently large values of r. The

reaction matrix is finally obtained from Eq. 3.46
K=T"'T®, (3.48)

This completes the procedure for calculating the reaction matrix.

3.2.4 The Energy Dependence of the Reaction Matrix

In our previous discussion we have assumed that ¢ > 0 and restricted our attention to
collision energies in the ionization continuum. In order to locate the bound states, we must

consider € < 0. From the analyticity of the Coulomb functions, it follows that the matrices
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T and T® are analytic in € except possibly at a few isolated points and therefore the

matrices can be expanded in a power series:
— s @ =
T_ZT]j! T ZT] J' (3.49)
J

Properties of this expansion, which have been determined empirically through numerical

computations [111], are as follows:

(1) When the perturbing potential V(Y (7, R) effectively vanishes at short range, the
matrices T and T can be fitted to the polynomial series in Eq. 3.49, retaining only a few

terms. The calculated reaction matrix usually varies slowly with energy.

(2) The fitted polynomial series can be extrapolated to the regions below the ionization
threshold and the reaction matrix can be obtained for negative energies. This reaction

matrix can then be used [112] to determine the bound state energy levels.

An important exception occurs when the leading term in the asymptotic expansion of
V(N (7, R) is a dipole term that falls off as %2 The long range nature of such a potential
forces the value of » where the reaction matrix is determined to become large (r > 100a,).
In most cases, this leads to a strong energy dependence in the reaction matrix, rendering
extrapolation of the reaction matrix to negative energies difficult. We show next how this
energy dependence can be removed by a diagonalization procedure developed by Dubau
[25]. A related approach is also presented in reference [46]. Define the dipole moment of

the electrostatic interaction as:

2 T
w(R) = lim —3L/ VON(r, 0, R) Py (cosh)sinfdo. (3.50)

r—00 0
The value of pu(R) will be coordinate-system dependent in the presence of a monopole

contribution. It is in general possible to define an r. < oo such that for r > r. the coupled

equations reduce to:

d? boax o
<d 7 He+t > Z WMy (r (3.51)

where the dipole matrix Cl)l‘,, expressed in terms of Wigner 3-j coeflicients, is given by:
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1L U\ (11U
Chr =1L+ 1)y 4 2u(R) (1) /(2T + 1) (2 + 1) . (3.52)
00 0/\0o x —x

Let F be the similarity transformation that diagonalizes C*. Applying FT to both sides of
Eq. 3.51, we get

2 Imax
Z <j2 + e+ > EELM(r) ZZZ Z F’flC“F” M B My (r). (3.53)

7 j U=

The diagonal matrix of eigenvalues of C* is given by

C* = FTC'F. (3.54)

We define the functions M as
M = MF. (3.55)

and the uncoupled equations for the M(r > r.) follow from Eq. 3.53,

d? 2 O\ -
<d2+e~|———7>Mn(T):0. (3.56)

Here C?, is the n’th eigenvalue of the matrix C*.
Alternate Pair of Basis Functions

Equation 3.56 has the form of the Coulomb equation and therefore the functions, M,
are linear combinations of Coulomb functions for » > r.. By analogy with the centrifugal
barrier term in the Coulomb equation, the appropriate solutions are Coulomb functions
for non-integer or complex angular momenta that satisfy I(n)(I(n) + 1) — C2,, = 0. These

solutions are defined as [25],
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o A ~5 [ Ac) — @
flel,r) = (';7/7% ( Csz'nmf ) (3.57)
_ A -3 (AC + @
gleit.r) = - 252 ( L ) (359)
/ / 1
W(fr, gr) = fz‘gl‘— fzgl‘ = (3.59)
n=i+= (3.60)

2

The expression A(k,7) and the functions (¢(M), ¢(?) are given in Section 3.2.1. The param-
eters 1 and x can be either real or imaginary. The pair of Coulomb functions (f,g) are
linearly independent for all n, but when 7 is neither an integer nor a half integer they both
show a divergence at r = 0 due to the contribution from the ¢(® term in Eq. 3.57. This
is an important difference between this new pair of basis functions and the pair defined in

Eq. 3.18. The functions (f,g) have the asymptotic forms

fle,l(n),r — 00) ~ \/gk:_l/zsin(qz_bn) (3.61)
g(e,l(n),r — 00) ~ —\Ek_l/zcos(qﬁn), (3.62)

where ¢,, is the Coulomb-Dipole phase defined by,

bn(r) = kr + Z(T;)W + %log(%k) —arg(T(I(n) + 1+ %)) for l(n) real
(3.63)
Gulr) = kr + Ltogark) — T 4+ L <arg<r<—<n> ) ¥ arg(T (I +1 - 1))) for i(n) complex.
k 4 2 k k
(3.64)

In practice, it is more convenient to use the function Im(logl'(z)) for evaluating the
expressions of the form arg(I'(z)) in the definitions of the Coulomb and Coulomb-Dipole
phases. The function logI'(z) is an entire function with a single branch cut along the negative
real axis. Using I'm(logI'(z)) makes the phases a continuous function of the collision energy,

without the 7 ambiguity that occurs in evaluating Eq. 3.64.

The ;4 + 1 linearly independent solutions in Eq. 3.12 for all V(0 (r,0, R) generalize
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as:

Mon(r > 1c) = fl‘(n)éom - Kozngl_(n)a (3.65)

where [(n) = /C, —i—%l — % as before. The dipole reduced reaction matriz K accounts for
the contributions from the terms in the perturbing potential that fall off faster than 7«% The
effects of both the monopole and dipole terms are absorbed in the (f,g) pair in this form.
Therefore the K matrix is defined at short range and thus varies slowly with energy. Since
the K matrix is defined at short range, it can be directly calculated at negative energies or
can be extrapolated from positive energies by exploiting its smooth energy dependence. The
construction of the K matrix enables the current formalism to treat polar and non-polar

ion-cores in a unified fashion.

3.2.5 The Transformation between K(¢) and K

Due to its smooth dependence on energy, the matrix K can be reliably extrapolated to
negative energy, and is thus the proper reaction matrix to use for the study of the bound
states of systems with long-range non-Coulomb potentials. In addition to the mathematical
reasons discussed previously, we provide a full discussion in Chapter 4 of the physical
reasons that justify the use of the K matrix. Comparing Eqs. 3.63 and 3.64 to Eq. 3.21, it
is possible to express the dipole reduced reaction matrix in terms of the asymptotic reaction
matrix K of Eq. 3.25. Since this expression is algebraically complicated, we instead present
a simpler relationship between the corresponding scattering matrices [1]. We define the

functions,

O (r) = —ai(r) i filr). (3.66)

Therefore the functions <I>li behave asymptotically as outgoing and incoming waves. Notice

that

M, (r — 00) = i _ Kg (3.67)
_ 2_11 (1 +iK)®* — (I—iK)D), (3.68)

where I is the identity matrix and f and g denote diagonal matrices with the [ + 1'th

diagonal element being equal to f;(r) and g;(r) respectively. The scattering solutions are
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obtained by transforming M, (r):

M = —2i(I —iK) "M, (3.69)
:m 9_ - Sg—i-’ (370)

where,
S =(I-iK) '(I+iK). (3.71)

Scattering solutions for Eq. 3.51 are obtained by applying F to the solutions ,91:

M(r — co)F = e PFePP™ — SePFe P, (3.72)
where we have set
Pn = Gn(r) — kr — %log(Zkr) (3.73)
pr = ¢y(r) — kr — %log(2kr) (3.74)
Oy (1) = =Gyny (r) £ froy (7). (3.75)

Using Eq. 3.72, one gets

M = e PFLPINF (3.76)
el — 82T (3.77)
In Eq. 3.77 we have,
S = e PFTePSeFe P (3.78)
= (I—-iK)"'(I+iK). (3.79)

The K matrix can be obtained from the K matrix using Egs. 3.71, 3.78 and 3.79. The
physical meaning of the dipole reduced reaction matrix is apparent in the transformation
given in Eq. 3.78. The various mixings of the partial I’s due to the core dipole are accounted
for in the K matrix by folding some information from the off-diagonal parts of the K ma-

trix onto the diagonal parts of the K matrix. The transformation, viewed in this sense,
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Table 3.1: Summary of the Terms Used in the Reaction Matrix Calculations

Expression K Matrix Calculation K Matrix Calculation
Coulomb Functions (file,r), gi(e, r)) (file,r), gi(e, )
Green’s Function Gile,r, 1) Gile,r, 1)
The Solutions M(r) M(r) = M(r)F
The Perturbing Potential | VOV (7 R) = VON(7 R) + L | VON(F R) = VON(7 R) + L 4 @%ﬁ
Input in Eq. 3.43 V 0N (7) UM (r) = FTVOMF

resembles the Van Vleck transformation encountered in quasi-degenerate perturbation the-
ory [74]. A Van Vleck transformation is used to account for the effect of the interactions
between members of a quasi-degenerate block of the Hamiltonian matrix and all out-of-
block states while keeping the dimensionality of the calculation constant. The analogous
effect of the transformation that we have described here is to reduce the undesired strong
energy dependence in the reaction matrix, allowing for a stable and reliable extrapolation
to the region of negative energies.

Alternatively, one can directly calculate the K matrix rather than initially calculating
the K matrix. For some problems, this might speed up the computations since the length
of the radial interval in which the solutions are propagated using Eq. 3.43 is smaller for
the K matrix than for the K matrix. By making the correspondences listed in Table 3.1,
the equations derived in the previous sections can be used, without any modification, to

calculate the K matrix.

3.3 Conclusions

We have presented a new method for the calculation of reaction matrices based on a Green’s
function numerical propagation scheme. This method is a viable alternative to the standard
variational approaches and removes some of the previous theoretical difficulties with ab initio
calculations of reaction matrices. First, because we do not assume that the interaction
potential reduces to the Coulomb field at any finite distance of the electron from the ion-
core, our calculations are equally valid for both short and long-range potentials. Therefore,
the analytical Coulomb functions derived by Seaton [112] can be used even in the presence of
long-range potentials within the present framework. The calculation can be tailored toward

either the determination of the K or the K matrix. The K matrix has the analytical
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properties that are required for practical computation and its eigenvalues and eigenvectors
vary slowly with energy, as shown in Fig. 3-1 below. On the other hand, ordinary angular
momentum algebra is inapplicable to the K representation; the K matrix is needed as input
to the frame transformation to describe electronic coupling to the nuclear rotation. The
K matrix can be obtained by performing a simple transformation of the K matrix. Figure
3-2 shows that the eigenvalues of the K matrix possess a prominent energy dependence,
in contrast to the behavior of the K eigenvalues displayed in Fig. 3-1. The eigenquantum
defects obtained from the K matrix cannot be easily extrapolated to the region of negative
energies. Although the K matrix might possess a strong energy dependence, it reveals
physical insights into the mechanism of e~ « ion-core interactions more straightforwardly
than the K matrix [117].

Another significant improvement is the time required to calculate the matrices needed to
obtain the values of the logarithmic derivatives. In the present context, the bounded volume
used in the variational calculation need not extend into the asymptotic region. The effects
of all medium to long range interactions enter into the solutions through the numerical
propagation in Eq. 3.43.

In practice, the radius of the bounded volume, r,, should be made as small as possible,
contingent upon convergence of Eq. 3.43. The maximum value of r, used in the calculations
reported in Chapter 4 is 6 a, as opposed to a typical R-matrix box length of 25 a, [45].
The use of a smaller bounded volume allows for a reduction of the size of the variational
basis set and further speeds up the numerical integrations.

An efficient iterative method to solve the integral equations, such as one of the methods
described in reference [3], combined with the reduced volume variational calculation, makes
implementation of the entire computation fast; we refer the reader to Chapter 4 for a
detailed discussion of the application of the current technique to an example system, the
Rydberg electronic structure of CaF.

The output of the computation for 2% and 2II Rydberg states of CaF is represented
by the eigenquantum defect data shown in Fig. 3-1. Each data point shown on the graph
requires less than 3 minutes of computation time on a 1GHz PC; the method presented
here achieves both rapid convergence and acceptable agreement with the experiment. The
filled circles in Figure 3-1 are the experimentally determined eigenquantum defects [5, 7],

whereas the points on the solid curves are the theoretical data points computed on an

155



energy grid. The plus signs above each curve are the eigenquantum defects of the reaction
matrices determined by a global MQDT fit to 617 previously assigned energy levels of
CaF in the 7 < n* < 18 region [37]. The reaction matrix was assumed to be energy
independent in that global fit, and the result of the calculation is shown only for the n* ~ 10
region in Fig. 3-1. It is seen that the current eigenquantum defects are, on average,
within £0.02 of the experimental and global fit results. This value would correspond to a
discrepancy of 15.56 cm ™! in the n* = 6 region. However, there are larger deviations from
the theoretical curves in the n* = 10 region. The expanded views of the eigenquantum
defects shown in the right panels of Fig. 3-1A and B illustrate that the deviations are
systematic. This suggests that the error is due to an effect that is not explicitly included
in the calculations, namely the configuration interaction of the Rydberg levels with the
Ca(4s%)+F2po hole 251 and Ca(4s?)+F2pr hole 2II repulsive states, which dissociate to
separated neutral atoms (it should be noted, however, that the effects of these repulsive
states are included in the energetics of the scattering electron in a perturbative sense due to
the various polarizability interactions included in the calculation. The reader is referred to
Chapter 4 for an expanded discussion). The largest discrepancies between the calculated
and the experimental eigenquantum defect values occur for the 0.882%% series in the n* ~ 10
region (E =~ —0.005au) and for the 0.36%II series in the n* ~ 7 region. The magnitude of
the discrepancies in electronic energies amount to 11.66 cm™! for the 10.882X7 state and
44.23 em~! for the 7.362I1 state. The mean discrepancy between experiment and theory (i.e
average deviations apart from the systematic deviations due to repulsive states) is likely due
to incomplete deperturbation of the experimental data, particularly for rotating molecule

effects, which are excluded here.

The procedure is capable of generalization to configuration interaction treatments often
used in conventional quantum chemical calculations; the flexibility in the theory developed
here makes it straightforward to remove a limitation [5] in previous treatments of the CaF
Rydberg states. The mixing of configurations of type Ca™"F~e~ and Ca™Fe~ can be
approximated by an effective one-electron potential at short internuclear distances in the
perturbative limit by including various core polarizability terms. However, the systemic
discrepancies between the calculated and experimental eigenquantum defects at the equi-
librium internuclear distance, shown in Fig. 3-1, highlights the fact this approximation is

not entirely satisfactory. There is yet a stronger interaction between the two ion-core elec-
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Figure 3-1: (A) The Calculated Eigenquantum Defects of CaF in the X+ Electronic
Symmetry, obtained from the K matrix . The eigenquantum defect curves charac-
terize the four penetrating 2>+ Rydberg series of CaF, which have been observed in
the electronic spectrum [7]. The Rydberg series are labeled by the value mod(v, 1)
where v is the effective principal quantum number [7, 91]. The filled circles are
the experimentally determined eigenquantum defects, whereas the plus signs are the
eigenquantum defects determined from a global fit by Field et. al. [37]. (B) The
Calculated Eigenquantum Defects of CaF in the 2II Electronic Symmetry. The eigen-
quantum defect curves characterize the three penetrating 2II Rydberg series of CaF,
which have been observed in the electronic spectrum [7]. The Rydberg series are
labeled by the value mod(v, 1) where v is the effective principal quantum number
(7, 91]. Experimental eigenquantum defects are marked by the filled circles and the
plus signs are the eigenquantum defects determined from a global fit by Field et. al.
137].

157



K Defects for Ca—F = 3.54

1— ‘
¢ * ®B 4 @ ¢ x H 4+ @ ¢ x EH 4+ @ ¢+ ¥ EH 2 @ ¢+ *x Em s« 0
*.A..*.A.‘*.A.QQIA.Oﬁ.‘.
F 2v+
0.08°Z
0.8 — :
2] r o .
5 10.16%%"
o e .+ . . .
5
0 0.6
L . u L4
% RS
2
S [, e’
g 04— —
g Y 2v+ °
c 10.55°% o« " ® v s .
% | . M L} ® + s+ g P
L L,
0.2
) 2
0.88°%"
7 [ oowleo*leb*l‘.”'.A.
NPT SRS NS N S B S R A S S

0.02 0.04 0.06 0.08 0.1 0.12
Energy (au)

Figure 3-2: The Calculated Eigenquantum Defects of CaF in the 2% Electronic
Symmetry, obtained from the integer-/ K matrix. The calculation of the K matrix was
carried out for the ionization continuum only and the eigenchannels are labeled using
the scheme of Fig. 3-1. The eigenquantum defects show a prominent energy variation,
due to the effects of the long range dipole field; this strong energy dependence is not
present in the behavior of the eigenquantum defects of the K matrix shown in Fig. 3-1.
The strong energy dependence of the K matrix eigenquantum defects makes it difficult
to extrapolate their values to the region of negative energies. The eigenquantum
defects for the eigenchannels labeled as 0.55?%" and 0.88?%" experience an avoided
crossing at £ ~ 0.03au. The 0.55°%F eigenquantum defect continues to resonantly
rise on the high energy side of the avoided crossing, intersecting 0.5 at £ ~ 0.07 au.
This conspicuous behavior is due to a molecular shape resonance, whose properties
are explored in more detail in Chapter 4.
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tronic states at larger internuclear distances, which cannot be treated in the perturbative
limit. This configuration mixing, that becomes important as the internuclear separation
increases, is responsible for the predissociation of various Rydberg states. Predissociation
has been observed in experimental spectra and it remains a theoretical challenge to explain
these strongly series, n*, and rotation-dependent measurements. Treatment of predissoci-
ation is feasible within the present framework. The dynamical effects of small amplitude
vibrations of the nuclei about the equilibrium bond length can also be accounted for by
calculating the derivatives of the reaction matrix components with respect to internuclear
distance. This will help establish quantitative relationships between measured perturba-
tion and autoionization matrix elements and various parameters that define the ion-core

potential.

An important extension of the theory would be to polyatomic molecules with non-
linear geometries. These systems do not possess cylindrical symmetry, which allows for a
separation of variables in the Schrodinger equation at short range. Since separability is
not a requirement in the theory presented here, the bound or free electron properties for
these molecules can be treated with the same technique without a significant increase in
computational burden. This is a decisive step toward generalizing the application of reaction
matrix theories to systems more complicated than diatomics and will provide valuable tools
to molecular spectroscopists.

The use of the analytical Coulomb functions given in this work is best restricted to
values of the effective principal quantum number that are greater than the maximum value
of the orbital angular momentum quantum number that enters the calculation. This leads
to difficulties in the study of very tightly bound Rydberg levels with low values of the
effective principal quantum number because unphysical solutions in this energy range will
be obtained if Seaton’s analytical Coulomb functions are used [112]. It is necessary to define
the pair of basis solutions numerically in the context of generalized quantum defect theory
to study these very low lying bound states. Such a numerical approach is described in
reference [66].

It is shown in Chapter 4 that the formalism developed in this work permits accurate
predictions of experimental results and can guide in formulating qualitative interpreta-
tions of physical interactions. We believe the unified theory presented here, along with its

fundamental simplifications, should make ab initio reaction matrix methods accessible to
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experimentalists in their analyses of molecular spectra, and to theorists in their quantitative
computation and qualitative explanation of molecular electronic structure, and molecular

dynamics.

3.4 DMathematical Appendix A

In the Born-series expansion, we define:

MY (r) = filr)da (3.4.80)
and compute by iteration
Imax 00 _
M) = i +23 [ GG TN ) (3.4.81)
1'=0

until the input becomes identical to the output (in Eq. 3.4.81, Gi(r,r’) is the standard
radial Green’s function, given in Eq. 3.27). However, the infeasibility of this approach can
be understood by testing the convergence properties of Eq. 3.4.81. Define the norm of a
function by [140]

If@)]| = maz (|f(x)]) 0<z<oo (3.4.82)

and ask that at convergence

HM&‘) (r) M;’;‘”(T)H 0. (3.4.83)

The Banach Fixed-Point theorem [140] is used to establish convergence for a large class
of iteration methods. The theorem requires k-contractivity for convergence (the iteration
operator must reduce the distance between any two members of a closed non-empty set in
a given Banach space by a multiplicative factor k& < 1). For our integral operator in Eq.

3.4.81, k-contractivity results in a set of statements [140], including the following two:
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For convergence,
(1) There must be a number A; such that
G(r, r')fflgO’A) (r,R)| < Ay(L) for all r,7" €0, L]

(2) LAY(L) <1 as L — oo. (3.4.84)

The second statement can be seen to be violated for electrostatic potentials. The r
dependent part of the potential near the ion-core varies as —% where Z, is a positive
integer or zero. We exclude the case of a pure Coulomb field Z, = 1. Thus, the reduced

perturbing potential, TN/lEO’)‘), has a divergence at » = 0 that varies as 1201

. As r decreases
along the line r = 1/, Eq. 3.23 shows that Gy(r,r) ~ r as r — 0, bounding A;(L) from

below by |Z, — 1|, and violating statement (2) above.

This result indicates the need for a different iteration scheme.

3.5 Mathematical Appendix B

From the properties of the spherical Bessel functions, all elements of A are zero except
those of the form Aj; j;, and those are non-zero by the properties of the scale factors, k, for
finite b. In addition, the matrix is highly degenerate, because Aji 1 = Njijn % This
reduces the rank of A to l,ax + 1 even though it is a square matrix with each dimension

Jmax (lmax + 1). The singular value decomposition (SVD) of A [126] is
A =U"DV, (3.5.85)

where U and V are orthogonal matrices and D is a diagonal matrix of the same rank as
A. Since the rank of A is ¢ + 1, D has [,.x + 1 non-zero elements. In the next step, we

will need the following corollary:

Corollary: The matrix (eI — 2H) is singular if and only if € is an eigenvalue of 2H .
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Proof: If € is an eigenvalue of 2H then the determinant of (eI—2H) is zero and therefore

singular. Eigenvector 7, of 2H with eigenvalue ¢ satisfies
(el — 2H)Uy, = (€ — €g,) V.

The set of eigenvalues of (eI — 2H) is {€ — €;} where ¢, are the eigenvalues of 2H. If the
matrix (eI — 2H) is singular, at least one of its eigenvalues must be equal to zero, so € must

be equal to an eigenvalue of 2H. QED.

Clearly, the eigenvalues €, in the proof correspond to the simple poles of the R-matrix,

defined in this context by,

(e}

X1 (10) Xk (10)
Ry = Z Fe S ;

(3.5.86)
k=1

where X (7) is the k’th eigenstate of the Hamiltonian H and E} is the corresponding
eigenenergy. If we choose a value for e that does not coincide with any of the eigenvalues
of 2H, then (eI — 2H) is non-singular, and the eigenvalue equation for the logarithmic
derivatives, b, can be written in standard form as an eigenvalue problem for — with

b—b
eigenvectors Va as follows ,

(eI —2H)d@ = (b— b)Ad
A=U"DV so

[U(el - 2H)VT]"'D(Va) = (ﬁ) (Va).

D has lnax + 1 non-zero diagonal components, so we find exactly l,.x + 1 logarithmic

derivatives, bg.

3.6 Mathematical Appendix C

Corollary: The solutions M 3(r) are linearly independent if all the elements of the set {bg}

are distinct.

Proof: Suppose the eigenvalues bg are distinct. Since the functions Mg ;(r) solve the
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coupled equations, we have

lmaz
Z Dll’Mﬁ,l’(T) = 0, (3687)
1'=0
a2 l(l+1) 2 S
D”/ = <W — 7’2 + e+ ;) (5”/ — 2‘/”, (T’, R) (3688)

From Eq.3.6.88 we get,

lmaz lma:v

Z Z </ dr/Mﬁ’,l(T/)Dll’Mﬁ,l’(T/) —/ dT‘/Mg,l(T/)Dll/MglJl(T/)) =0. (3689)
0 0

=0 I'=0
Equation 3.6.89 simplifies upon integrating by parts to give:

l’!?L(L(L‘

(bg —bg) > Mg 1(ro)Mg,(ro) = 0. (3.6.90)
=0

Since bg # bg, it follows from Equation 3.6.90 that > ,"¢" Mg (ro)Mga,(r,) = 0. Consider

the matrix X whose rows are the solutions M, 3(r),

Mio(r) M (r) e Mgy —1(r) My, (1)

M(lmax+1)0 (T) M(lmax‘i‘l)l(r) e M(lmax“l‘l)lmax—l(r) M(lmax+1)lmax (T)
(3.6.91)

At r = r,, Eq. 3.6.90 shows that the rows of the matrix X are mutually orthogonal.
Therefore the Wronskian of the solutions W (r) = det(X) is not zero at r = r,. Then by
the uniqueness theorem, the Wronskian never vanishes in the interval r, < r < co. Hence

the solutions M, 3(r) are linearly independent.
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Chapter 4

Electronic Spectrum of CaF

4.1 Introduction

Multichannel quantum defect theory(MQDT) uses a scattering formalism to explain the
properties of bound and continuum states of an electron interacting with an atomic or
molecular ion-core [112, 34]. The equations of MQDT are derived from a few key observa-
tions. Far from the ion core, the radius of which extends on the order of 2-3 Angstroms,
a Coulomb field prevails and the motion of the external electron is separable. Inside the
ion-core, complicated many-body interactions dominate and there is no simple description
of the electron’s motion. However since the ion-core is confined within a small region of
space, the electron in a highly excited bound or continuum state samples mostly the region
exterior to the ion-core. Therefore the net effect of the ion-core can be incorporated into
a few QDT parameters that depend weakly on the total energy of the combined system
[30, 43, 78]. These parameters provide a compact representation of all spectroscopic and
dynamical observables and can be determined by fitting to experimental data [41, 79].
Although the use of MQDT had been restricted primarily to empirical analyses of data,
recent work has focused on the calculation of the quantum defect parameters from first
principles. The ab initio calculation of these parameters has presented theorists with prac-
tical challenges, especially in the determination of body-fixed quantum defect matrices in
molecular problems [130]. Most of the ab initio techniques use Kohn’s variational scheme
(R-matrix method) [69] to solve for the electronic wavefunction inside the ion-core and the

solutions over all space are determined by matching the wavefunctions inside the core to the
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wavefunctions in the exterior region by the appropriate continuity relations. As a conse-
quence of this boundary matching procedure, the calculated quantities are sensitive to the
size of the ion-core. In particular, a large ion-core may result in strong energy dependences
of the QDT parameters [5, 52]. In order to use the body-fixed quantum defect matrix in
the context of ro-vibrational quantum defect theory [64, 47], it is necessary to remove (or

minimize) the energy dependences from the quantum defect matrix [130].

The problem associated with the energy dependence of the body-fixed quantum defect
matrix becomes more severe when the system under consideration is a dipolar molecule.
CaF™ has a permanent dipole moment of 8.82 Debye (coordinate origin at the center of
mass), and this large value of the dipole moment leads to a long range dipole interaction
in the exterior region, in addition to the Coulomb field. In order to use ordinary quantum
defect theory, it would be necessary to extend the core out to the asymptotic region, where
the potential reduces to a Coulomb field. However, this results in undesired strong energy
dependences in the quantum defect matrix. Arif, Jungen, and Roche [5] treated the CaF
problem using elliptical coordinates [55] and defining a quantum defect matrix at short
range. That treatment, which was successful in describing the entire electronic spectrum
of CaF, required the use of the generalized form of quantum defect theory [46, 50] and
separability in the radial and angular coordinates of the effective one-electron potential in
the exterior region.

In Chapter 3, we describe an alternative method for calculating the scattering theory
reaction matrix [96]. The method utilizes a Green’s function numerical propagation scheme
and allows for a reduction of the bounded core volume that enters into Kohn’s variational
calculation. This results in significant improvements of convergence rate, accuracy, and
calculation speed over current methods. It is also shown in Chapter 3 that information
in the calculated reaction matrix, K, can be re-expressed in a form in which the energy
dependence is minimized. This is accomplished by defining a new matrix, K [117, 25], by
performing a transformation on the K matrix to remove the effects of the non-spherical
long-range dipole field. The effects of the dipole field are in turn absorbed into a new pair
of quantum defect basis functions.

The computational procedure developed in Chapter 3 is applied to the Rydberg elec-
tronic structure of CaF in the present chapter. Two purposes are addressed here: first, to

validate and demonstrate the practical use of the method developed in Chapter 3 and,
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second, to reproduce current experimental results and make predictions about other observ-
ables from first principles. These predictions can be used to guide future experiments. One
of the goals of this work is to develop physical pictures that can provide causal explanations
of specific interactions and the mechanisms responsible for resonance features in the exper-
imental data. The majority of the results presented in this chapter have been published in
the Journal of Chemical Physics [118].

We analyze the 221, 211, 2A, and 2® Rydberg states of the CaF molecule by determining
the body-fixed reaction matrix. Particular emphasis is placed on the high Rydberg states
close to ionization and in the continuum. The analysis of the continuum focuses on the
structure of the scattering matrix and the resultant features in the integrated ionization
cross section, photoelectron angular distribution, and the anisotropy parameter. We show
that the energy dependences of these parameters indicate the presence of a molecular shape
resonance close to the ionization threshold. The existence of this resonance is a basis for

[-specific probes of the dynamics and spectra of CakF.

4.2 Application and Results

In order to reproduce the experimentally observed Rydberg energy levels of CaF accurately
[40] it is necessary to include the effect of Rydberg electron penetration into the core region.
The most rigorous way to do this is to include a superposition of ion-core states in Eq. 3.4.
However, such effects can be incorporated in an effective one-electron potential treatment
that includes polarizability terms (a polarizable core) [86]. We take the explicit form of this

potential from Arif, Jungen, and Roche [5], using coordinates illustrated in Fig. 4-1.
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The expression in Eq. 4.2.1 contains the following interactions:
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Figure 4-1: Coordinates used in the CaF calculation. The origin is fixed at the Ca
nucleus.

(A)

(B)

The Coulomb interaction between the integer charges Z; and Z3 on the calcium and

the fluorine atoms and the Rydberg electron.

The monopole-dipole interaction of the Rydberg-electron-induced dipole on one ion

with the integer charge on the other ion (See Figure 4-1).

The dipole-dipole interaction of the electron-induced and ion-induced dipoles on op-

posite centers.
The dipole-dipole interaction of the two electron-induced dipoles on opposite centers.
A Ca™™ core correction that includes core-penetration(deshielding) effects.

All terms independent of the electronic coordinate, r, are part of the energy of the
ion-core and are not considered explicitly in the potential. Accordingly, the zero of
energy is set at the minimum of the potential curve of the ion-core when R = R},

the equilibrium bond length, and the Rydberg electron is removed to r — oo.

Table 4.1 explains the symbols in Eq. 4.2.1 and lists their numerical values. The last

++
term in Eq. 4.2.1, Vl(Ca Core) (r), is a pseudopotential that approximates the many-body

interactions of the Rydberg electron inside the Ca™™ electron distribution. This potential

depends on the orbital angular momentum quantum number, [, and its terms have been
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Table 4.1: Terms that define the Electron < Core Interaction from Arif et al.[5]

Term Symbol Value (au)
Ca™ Charge A 2
F~ Charge Zy -1
Ca™* Polarizability o 3.5
F~ Polarizability Q9 4.7

(1/2)
Polarizability Cutoff Function for Ca*™  fi(r) [1 — e/ ”0)6]

(1/2)
Polarizability Cutoff Function for F~ fa(r2) [1 — e~ (r2/ 7’26)6}
The Radius of the Ca?* Atomic Core T1e 1.6
F~ Ionic Radius T'9¢ 2.3
Equilibrium Bond Length of CaF* R 3.54

Table 4.2: Pseudo-potential parameters for Ca™ from Aymar et al.[6]

1=0 1 2 >3
al  4.0099 4.2056 3.5058 3.7741
b, 13.023 12.658 12.399 13.232
ci 21315 2.0186 2.2648 3.1848
rt, 1.6352 1.5177 1.6187 0.7150

optimized to reproduce the experimentally observed quantum defects of the atomic Ca™
ion [6]. The form of this potential is

6
1 _ r (r 6
Vl(ca++ COm)(r) =——1|(Z, — Zl)e_allr + bllre_cllr} + 2a_14 {e <T71:> —e (nc) } (4.2.2)
T r

where Z, = 20 is the total charge on the Ca nucleus and r}, is the I dependent size of the
Ca™™ core. The pseudopotential parameters that we use in this calculation are listed in
Table 4.2. It should be noted that the physical picture we are using in this model resembles
ligand-field theory [102]. The Rydberg energy levels we calculate can be understood to
correspond to the Rydberg levels of the Ca™ atom perturbed by an external ligand, F~.
Our choice of the coordinate origin to coincide with the center of the Ca nucleus, although
motivated by convenience, coincides with that picture (the molecular center of mass must
be used in a theory that includes rotating molecule effects. The calculation presented here
is tailored toward the calculation of the body-fixed reaction matrix and the following results

are compared with deperturbed spectroscopic data for the non-rotating molecule).
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Details of the Calculation

(1) The choice of r,, the radius of the spherical dividing surface

Several considerations go into the determination of the value of r, that appears in the
variational expression in Eq. 3.29. From a practical point of view, we would like 7, to be on
the order of several Bohr so that the numerical computations of the expressions in Eq. 3.36
are fast. However, if r, is made too small, then some of the high-I members of the basis set
functions in Eq. 3.33 will have very small amplitude in the integration region, resulting in
numerical instabilities. This trade-off can be summarized by the following statements.

(A) 7, must be small enough so that the magnitude of V(¢/7)(7) differs from its asymp-
totic value at least by 10%.

(B) 7, needs to be large enough so that the truncated [ expansion that accounts for all
I-mixing in Eq. 3.33 converges for r < r,.

Tests show that r, in the range from 4 to 6 au works well for [ < 7. We use r, = 6 au.
A physical lower bound for r, is the CaFT equilibrium bond length, R = 3.54 au.

(2) The choice of ¢.

Since there are no exact results for this problem, it is not possible to know a priori the
nature of the energy dependence of the asymptotic reaction matrix. Therefore we calculate
the K matrix instead of the K matrix. As we have demonstrated, the weakly energy
dependent K matrix can be used to recover the analytical properties of the strongly energy
dependent K matrix. We determine the K matrix on a coarse energy grid over an interval
that extends from negative to positive values of ¢ = 2F and obtain its energy dependence
by interpolation.

(3) The Basis Set

To facilitate the convergence of the calculation, we use a non-orthogonal basis. This
allows us to employ a basis set of smaller dimensionality, with 30 radial functions for each
[-component and a total of 7 [-components. We design 28 of the 30 radial functions for each
[ to have a node at ro(g = 10) and the remaining two radial functions are chosen to have
an anti-node at ro(g = 0). In addition, we exclude a small spherical region of space about
the Ca nucleus from the calculations, following Arif, Jungen, and Roche [5]. The excluded
region of space, which we refer to as the atomic zone, is defined by electron radial distances
r < rq =~ 0.8au. Although this exclusion is not strictly necessary, it facilitates the rapid

convergence of the calculation since it excludes the singularity at the origin (the center of
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Table 4.3: The Angular Momenta, [ for CaF

Term 5 p d f 7
[ —1+138 1.2 2.11 3.04 4.02

the Ca nucleus) from the numerical integrations. Another slight change from the analysis
in Chapter 3 is our choice of the basis for the variational calculation. Spherical Bessel
functions can be used, but it is computationally more convenient to use a Fourier basis of
the form [5],

w(r) = arsin(kyjr) + bcos(ky;r), (4.2.3)

where the parameters a;, b, and k;; are determined by the boundary condition b at r, and

normalization [5].
(4) The Angular Momenta [

The real or complex generalized angular momentum, [, that are defined in Eq. 3.60
depend on the permanent dipole moment of the CaF* core. The value of the dipole moment,
as measured from the origin located at the Ca nucleus used to define the long-range wave
functions, can be calculated using Eq. 3.50. This value is p = —2.33 au at R = R}. The
values of [ for A = 0 (22 T) Rydberg states are given in Table 4.3.

(5) Iteration Procedure
Using the following convergence criterion with the norm of Eq. 3.4.82
HM(" - H <1073 (4.2.4)

we achieve convergence in 3 iterations of Eq. 3.43. r is restricted to a finite interval,
ro < r < 30. Each iteration requires less than 10 seconds of computation on a PC. The
converged solutions, M, ﬁl-(r), used in Eqs. 3.45-3.48, give the K matrix. The inner 5 x 5
block of the K matrix for the A = 0 symmetry, calculated at a reference energy of € = —0.02

and R = R., is shown in Table 4.4.
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Table 4.4: The Reaction Matrix, K, for the 22" Rydberg States of CaF. Columns

denote the [ channels and rows denote a particular set of solutions.

7.1445 1.2433 —-1.8086 0.0884 —0.0271
1.2433 0.4920 0.2148  0.0287  0.0008
—1.8087 0.2149 0.2116  0.0578  0.0025
0.0884 0.0287 0.0577 —0.2078 0.0108
—0.0271 0.0008 0.0025  0.0108 —0.0925

Large matrix elements of K in Table 4.4 correspond to strong scattering and large
contributions from the irregular Coulomb functions. We see that the off-diagonal elements
in the upper 3 x 3 block are large and comparable in size to the diagonal elements, signaling
significant [-mixing in this class of angular momentum states. Clearly this upper-block
belongs to the penetrating states whereas the 2 x 2 lower block is nearly uncoupled from
the penetrating states and belongs to the non-penetrating states . The reaction matrix
elements progressively get smaller as [ increases for non-penetrating states and they can be
more simply treated with an approximate theory, such as the point dipole model of Watson
[134].

Bound States

For electronic energies below the ionization threshold, one can set € = —V—lz, where v is
the effective principal quantum number that must be regarded as a running number at this

stage. The quantization condition [111, 25] for bound states is
det(tan vd,; + K,;) = 0. (4.2.5)

The eigenquantum defects are defined as,

1 _
5 = —%arctan(Ki), (4.2.6)

where K; is the i’th eigenvalue of the reaction matrix, K. According to the eigenvalue
equation (Eq. 4.2.5), the bound state quantum defects must lie on the energy-dependent
eigenquantum defect curves of the K matrix. The eigenquantum defect curves of CaF that

characterize the 2X1 2I1,2A, and 2® Rydberg series are plotted in Fig.4-2. As expected,
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they show a very smooth and slow energy dependence. The experimentally observed quan-
tum defects from Berg et al. [7] are marked as filled circles on the figure. Most of the
experimental values of the eigenquantum defects fall very near our theoretical series curves,
verifying the trend along the curves as well as the numerical accuracy of the points on them.
Our quantum defects lie within £0.02 of the experimental results, with the exception of
isolated deviations visible in the 0.882%% and 0.362II curves. Possible sources of deviation
include interactions with the repulsive 22+ and 2II states, which have the Cat4s+F2po—!
and CaT4s+F2pr~—! hole electronic configurations respectively. The plus signs shown in
each figure denote the eigenquantum defects obtained from a global ro-vibrational MQDT
fit to 617 previously assigned energy levels of CaF in the 7 < n* < 18 region [37]. The
global fit results for the eigenquantum defects in the high n* region are less sensitive to the
local perturbations due to the repulsive states and therefore agree more closely with the

theoretical values.

The 3-dimensional plots of the calculated ?YX* bound state wavefunctions, rW,,«(7),
in the n* = 10 region, for the ¢ = 0, x — z azimuthal plane, are shown in Fig. 4-3. The
spectral decomposition [5] of these states are reported in Table 4.5 through the eigenfunction
expansion coefficients. While it would be an almost impossible task to calculate an excited
electronic wavefunction with such a high value of the principal quantum number using
a traditional ab initio method of computation, the current formalism achieves accurate
wavefunctions with minimal effort once the iterative equations are solved. Figure 4-3A
shows a plot of the X 2X% ground electronic state calculated using the ligand-field model
of Rice, Martin and Field [102]. All the amplitude in this low-lying state is confined within
5 Bohr of the origin. The angular structure seen in the X state resembles the angular
structure of the 10.552%% wavefunction shown in Fig. 4-3B. Both states are approximate
mixtures of s and p partial-l waves. This is in agreement with Mulliken’s rule [90], which
states that every Rydberg orbital is built upon an innermost lobe which does not change
in shape or nodal position as a function of n*(”ontogeny recapitulates phylogeny”). The X
2y state is the series terminus for the 10.55 state. Figure 4-3C shows a plot of the 10.882%+
state, whose series terminus orbital is the B 2%+ state [7]. The wavefunction for this state
is polarized behind the F~ ion and it is approximately a p 4+ s partial-l wave mixture. This
has important consequences for the relative intensities of transitions that may be observed

out of this state. Figure 4-3D displays the wavefunction for the 10.162X7 state, whose series
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Figure 4-2: (A) 2X* State eigenquantum defects of CaF from the K matrix. The
filled circles are the experimentally observed X+ Rydberg series and the plus signs
denote the eigenquantum defects obtained from a global MQDT fit by Field et. al.
[37]. The scatter in the experimental eigenquantum defects seen in the 0.88°X% series
in the £ = —0.006 au region is likely due to a perturbation interaction with the
CaT4s+F2po~! hole 2XT repulsive state. (B) %II State eigenquantum defects of CaF.
The experimental and fit data points are marked as in panel A. The scatter in the

experimental eigenquantum defects seen in the 0.36%II series in the £ = —0.009 au

The experimental, and fit data points are marked as in panel A.
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region is likely due to a perturbation interaction with the Ca™4s+F2pr—! hole 2II
repulsive state. (C) ?A State eigenquantum defects of CaF. The experimental, and
fit data points are marked as in panel A. (D) ?® State eigenquantum defects of CaF.
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Figure 4-5: (A) The largest eigenvalue of the lifetime matrix, ¢mq.., as a function of
energy. The theoretical data points are marked with triangles and the dashed curve
is a Lorentzian fit to the data points. The Lorentzian fit gives the resonance center
energy as E,.; = —0.013 au and resonance width as I' = 0.15 au. (B) The eigenphase
sum as calculated from the K matrix. The overall rise in the eigenphase sum may
indicate a shape resonance. However, the eigenphase sum rises on very a wide interval
and it cannot be satisfactorily fit to the standard Breit-Wigner form.
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peaks in the plot of g4, as a function of energy can be identified with resonances [27]. The
resonance lineshape in ¢4, can be fitted to a Lorentzian form to determine the resonance
energy and width [27, 125]. The calculated gq; from the S matrix is shown in Fig. 4-5A.
The peak near £ ~ —0.01 au decisively establishes the existence of the shape resonance.
The Lorentzian fit (dashed curve in the figure) to the theoretical data points yields the

resonance center energy and width as —0.013 au and 0.15 au respectively.

It shall be shown in Chapter 5 that the molecular shape resonance is due to the
trapping of the continuum electron behind a barrier on the F~ ion, which arises in the
adiabatic molecular effective potential. The theory of the adiabatic molecular effective
potential for the continuum electron is explained by Dourneuf et al. [23]. The lifetime
determined here can be interpreted as the time it takes for the electron to tunnel across the
barrier on the F~ ion to the classically allowed region in the adiabatic potential. Since the
resonance is very broad, it affects the properties of the electronic spectrum over the whole
energy domain studied here. The effects of the shape resonance on the electronic spectrum
is best understood in terms of the probability of decay, or branching ratios, into the collision

eigenchannels. The branching ratio, B, into a particular eigenchannel j is given by,

B=|V.G,? (4.2.8)

where V the eigenvector of Q corresponding to ¢mas and fjj is the eigenvector of K associ-
ated with the eigenchannel. The branching ratios to four of the eigenchannels for F = F,.
and E = 0.2au are given in Table 4.4. The values indicate that the 0.882%% eigenchannel
contains a prominent resonance character near the resonance center. This is consistent with
the behavior of the corresponding eigenquantum defect, which shows the largest rise in Fig.
4-4. The structure of the 10.882%% wavefunction shown in Fig. 4-3 further illuminates the
point. The wavefunction in this eigenchannel is polarized behind the F~ and the electron
has to tunnel across the repulsive barrier on the ligand to reach the asymptotic region. The
values of branching ratios at high collision energies show that there is no preference for
decay into either the 0.55 or the 0.88 eigenchannels. This is a consequence of the vanishing
influence of the shape resonance when the collision energy exceeds far above the energy of
the resonance center. Table 4.5 also reports the branching ratios to the integer-I Rydberg

channels. These branching ratios correspond to the squared components of the transformed
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Table 4.6: The Branching Ratios

0.55°2T  0.88°%F 0.16%%F 0.08%%* s p d
B(E = E,) 0.16 0.80 0.04 0.004 0.20 0.77 0.03
B(E =0.2au) 0.47 0.47 0.05 0.01 0.19 0.74 0.02

f
0.003
0.001

lifetime matrix eigenvector V= F.\~/', where F is the dipole matrix defined in Eq. 3.54. It
is seen that the largest probability of decay is to the p-type Rydberg channels.

The Integer-l Reaction Matrix Eigenquantum Defects

The eigenquantum defects obtained from the integer-/ reaction matrix, K , for the A =0
symmetry, defined in Eq. 3.48 are shown in Fig. 4-6. The eigenquantum defects possess
a conspicuous energy dependence in contrast to the smooth energy dependence displayed
by the K matrix, shown in Fig. 4-4. The strong energy dependence in the K matrix is
due to the long-range dipole field; the effects of the dipole field are removed from the K
matrix and included instead in the (f,g) base-pair in the K theory (see Chapter 3). This
highlights the success of the K theory in minimizing the energy dependence of the reaction

matrix.

Figure 4-7 shows the energy dependence of the squared magnitude partial-I decompo-
sition of the 0.552%% and 0.882X% collision eigenchannels. The results indicate that these
states are primarily s and p mixed and that their partial-l decomposition changes rapidly
across the avoided crossing. These rapid changes in the partial-l character of the eigenchan-
nels cause important interference effects, which are explored further below in the context
of the photoionization properties of CaF. The mechanics of the energy of evolution of the
partial-l decompositions can be understood in relation to the influence of the shape reso-
nance. The p-dominated 0.88 eigenchannel has a prominent resonance character near the
ionization threshold. The p-dominant increasing eigenphase would pass through the 0.55
curve, but undergoes an avoided crossing (Fig. 4-6), so the p-dominant curve is labeled
0.88 near threshold and 0.55 beyond the energy range affected by the resonance of Fig. 4-5.
At higher energy, the shape resonance effect decreases, leaving the 0.55 and 0.88 states in

a different, more pure, s and p mixture than the mixture seen at lower energy.
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K Defects for Ca—F = 3.54
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Figure 4-6: The eigenquantum defects obtained from the integer-1 K matrix. These
curves correlate with the 0.55, 0.16, 0.88, 0.08, and 0.06>%+ Rydberg series at £ < 0.
The eigenquantum defects for the 0.55 and 0.88 eigenchannels display an avoided
crossing at ' ~ 0.03au. The partial-l decomposition of these eigenchannels vary
rapidly across the avoided crossing (see Fig. 4-7).
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Figure 4-7: The energy dependence of the squared magnitude of the partial-l decom-
position of the 0.55 and 0.88 eigenchannels. The plotted coefficients are the squares
of the components of the corresponding eigenvectors of the integer-/ K matrix . Four
curves are plotted, but only two curves are visible. This is because the [0.55s|% curve
overlaps with the |0.88p|? curve and the [0.55p|? curve overlaps with the ]0.88s|?
curve. The 0.55 eigenchannel, which is a dominant s wave near the ionization thresh-
old becomes a dominant p wave above the avoided crossing. Conversely, the 0.88
eigenchannel, which is a dominant p wave near the ionization threshold becomes a
dominant s wave above the avoided crossing.
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4.2.1 Analytical Continuation of the Integer K Matrix to

Negative Energy

The calculation of the K matrix at negative energy requires careful analysis, because the
transformation from the K to K given in Eq. 3.79 is only valid at positive energy. The
analytical continuation of this transformation does not simply follow from the replacement
k= I%, because the phase matrices in Eq. 3.79 are not analytic at the ionization threshold.
In this section, we derive this transformation to the integer-l representation at negative
energy and investigate the energy behavior of the K matrix elements. The results in this
subsection have not been published previously in [118]. We let E < 0 denote the collision

energy in atomic units. We define the quantities,
c=92F v=]—2 (4.2.9)

For € < 0, the Dipole-Coulomb functions, f and g, defined in Chapter 3 have the following

forms,
_ 1/2
f(r)= %”—5( T)@ — cosTV <”7 o(r)ye! (4.2.10)
S cosTV v 1/2 = —1
g(r) = o) 1/25( r)@ — sinmTy <7> O(r)yw ', (4.2.11)
where,
&y =v (D +1+ D)0 (v - l))1/2 Sy forIm(l)=0 (4.2.12)
w”/ =V ‘F vV — Zl + ‘ 5”/ fO?" Im(l_) ?é 0, (4213)

and the definition of [ is given in Chapter 3. The asymptotic limits of £(r) and ©(r) are

given as,

e/ (4.2.14)

e v (4.2.15)



For the K normalized solutions, we have the asymptotic limit

M(r) = £(r) — g(r)K. (4.2.16)

M(r) = f(r) — g(r)K, (4.2.17)

where K is the reaction matrix in the integer [ representation. The ordinary Coulomb

functions can be expressed as [112],

1/2
f(r) = %f( r)Pw — cosmv <”7 O(r)Pw! (4.2.18)
cos7r1/ 1% 1/2 -1
8(r) = ~ (5 E(Pw — sinm () 0P, (1.2.19)
where
oy =v(T(v+1+ 10w —1)Y2 6y (4.2.20)
Py = (1) (4.2.21)

Using Egs. 4.2.10 and 4.2.11, Eq. 4.2.19 can be rewritten as,

1/2
M = (2]/)#1/271_ (sinmve + costrwK) + © (%) (simwu:flf( — coswuﬁ_l) . (4.2.22)
Similarly,
¢ U3\ 1/2
M = (21/)—1/277 (sintrvPw + costvPwK) 4+ © <7> (simew_lK — cosm/Pw_l)

(4.2.23)
In order to relate Eqs. 4.2.22 and 4.2.23, we first linearly transform the solutions M
and then rotate the channel space onto the integer [ representation using the orthogonal

transformation F defined in Chapter 3. The intermediate matrix solutions are defined as,

M = FM (sinmve + cosm/@f()_l , (4.2.24)
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which yields,

3

v IR
M= (2v)Y/2x

A further linear transformation,

M’ = MFT,
yields,
/2
~ € 1/3 1
M=— — A
(2v)1/27 O 2 ’
where

T

A=F (sz’mwz_v_ll_{ — cosmxﬁ_l) (sz’mrm’v + coswuﬁK)_l F.

Comparison of Egs. 4.2.27 and 4.2.23 allows us to deduce the identity,
A (sintvPw + costvPwK) = sintvPw 'K — costvPw ™!
Eq. 4.2.29 can be inverted for the symmetric K matrix to yield

K = — (AcosmvPw — simrl/Pw_l)_1 (AsintvPw + cosmvw)

1/2
F+0 <§> F (sz’mwz_v_ll_{ — cosmxﬁ_l) (sz’mrm’v + coswuﬁK)_l .

(4.2.25)

(4.2.26)

(4.2.27)

(4.2.28)

(4.2.29)

(4.2.30)

Equation 4.2.30 defines the K matrix in terms of the K matrix at negative energy. The

behavior of the diagonal and off-diagonal matrix elements of the calculated quantum defect

matrix in the integer [ representation (u = arctan(K)) are shown in Figs. 4-8 and 4-9 for

A = 0, ¥ symmetry. The matrix elements are rapidly oscillatory as a function of energy

below the ionization threshold. The integer K is defined strictly in the limit » — oo,

because of the existence of the dipole field. The Coulomb functions are exponentially

divergent at long range, which causes the K matrix to have a very strong and sensitive

energy dependence. The strong energy dependence of the K matrix makes it unsuitable

to be used in the rovibrational frame transformation, because the validity of the frame

transformation necessitates that the body-fixed reaction matrix depends weakly on energy

[48).
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Figure 4-8: The diagonal matrix elements of the quantum defect matrix shown for
—0.01 < F < 0.1 and A = 0, ¥ symmetry. Rapid oscillations of the matrix elements
are visible for £ < 0. The strong energy dependence of the of the reaction matrix
elements is a consequence of the exponential divergences in the Coulomb functions
at negative energy. Such a strong energy dependence in the integer [ reaction matrix
renders it unsuitable as input to the rovibrational frame transformation. The diag-
onal matrix elements oscillate about the values determined from a fit to extensive

experimental data [65, 37].
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Matrix Elements

Figure 4-9: The off-diagonal matrix elements of the quantum defect matrix shown for
—0.01 < E < 0.1 and A =0, ¥ symmetry . Rapid oscillations of the matrix elements
are visible for £ < 0 as in the diagonal elements displayed in Fig. 4-8

4.3 Photoionization of CaF

Consider the reaction
hv 4+ CaF(?STn*) — CaF T (12T + ¢, (4.3.31)

where 2XTn* specifies an electronic state of the molecule. We define the quantum numbers
jr =1, N, N* and 1 to denote the angular momenta for the incoming photon, the neutral
CaF molecule (exclusive of electron spin), the CaF™ ion, and the ejected electron. The

angular momentum

jt=N"-N=j -1, (4.3.32)

is the total angular momentum transferred in the photoionization. The advantage of the
use of the transferred angular momentum, j¢, lies in the fact that the differential cross
section for ionization, when averaged over all molecular orientations in space-fixed axes,
can be expressed in terms of the body-frame projections of the angular momenta, 1 and j,,

without explicit reference to the angular momenta, N and NVt [22, 32]. After the average
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Figure 4-10: (A) The eigenquantum defects obtained from the K(F) matrix for the
A = 0, ¥ symmetry ordered by rank. (B) The same eigenquantum defects as in
(A), ordered by assignment based on the dominant [ character in the corresponding
eigenchannel. The eigenquantum defects at negative energy oscillate rapidly about
their equilibrium values determined from a fit to extensive experimental data [65, 37].
It may be possible to average out these oscillations to define a stationary reaction
matrix in the integer-1 representation. However, it is more logical to use the K matrix
directly in the frame transformation and the fit routines, since the physical meaning
of the dipole-reduction is clear.
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is performed, the differential cross section for ionization becomes, in atomic units [22],

d ;s L .
dQ(H?- ¢/) — 8720w Z (th—l—l)_l’il_l ez(arg(l"(l +1+Z/k)_aTg(F(l+1+Z/k))Dl,)\,thl*/,)\’,th(jﬁ 10, ll/, 9/)’
’ FeILAUN
(4.3.33)
where !
N A 11 K| ,
O 10,1,) = = (2j+ D[+ 1) 2+ D] (-1 Y (10, 0| K0) P (cos®) (K 0[10, 10),
K LU g
(4.3.34)

w is the energy of the ionizing radiation and D ) ;, are the reduced dipole matrix elements
defined below. It should be noted that the cross section given here, obtained by taking an
equally weighted average over molecular orientations, can be measured in an experiment
that does not resolve the various rotational states of the ion-core. The primed angles, (¢’, ¢'),
are the electronic coordinates in the space-fixed axes and the unprimed angles are electronic
coordinates in the body-fixed axes. Equations 4.3.33 and 4.3.34 completely determine the
angular distribution of the ejected electrons. The four triangle relations satisfied by the 6j
coefficient that appears in Eq. 4.3.34 restrict the photoelectron angular distribution to the

form,

do ,
W =a+ bP2(0039 ) (4335)

From Eq. 4.3.35 one gets a = =, where o is the integrated cross section. The di-

mensionless ratio § = g defines the anisotropy parameter, which is frequently measured
in photoionization experiments. For light polarized in the 2z’ direction in the space-fixed

coordinate system, the reduced dipole matrix element is [22],

47 1

D = (57 2 (1" (A = mit = m, 1) () ()Y (7) (1 = 97| Wo()) - (4.3.36)

The state Wo(7) is the 2XTn* electronic state of CaF and \I/l(_) is an energy normalized

continuum state (see Appendix for a proof) that satisfies the incoming wave boundary

LAn extra factor of 2 arises in the definition of the cross section in Eq. 4.3.33 because the
continuum wavefunction we use here is normalized per unit ¢ where ¢ = 2F and F is the excess
of the excitation energy over the ionization threshold. See Appendix for a discussion of the energy
normalization.
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condition [43]. The function g(7) is a correction to the independent electron approximation

[8], and has the form [101],
alfé(r) + aszg(TZ) ) (4337)
T Ty

g(f) =

Definitions and values for the terms used in Eq. 4.3.37 are given in Table 4.1. This correction
in some cases accounts for approximately 10% of the calculated dipole matrix element [101].

The continuum wavefunction is expanded in spherical harmonics,

\Ill(vg) (r) = Zwl(lT)(T)Yl',,\(f) (4.3.38)
l/
where, by virtue of the incoming wave boundary condition, we have:

1

() o) —
Yur (r = o) 2Nk

(ew(ﬂall/ — e—w(r)gu,) . (4.3.39)

In the K formalism [117], we may similarly write

7.(=) _ 1 tu(r) —iu(r) &
T o0)=—F7—=1|¢€ Opn! — € nn' | 4.3.40
Yna (7 20) = 5 ( ’ ) (4340)
where we let,
§n’n, — ¢~ UPntPy) Z o2l UpniUpj, (4.3.41)
J
Pn = Q_Sn('r') - U(T), (4.3.42)

1 _
W = —arctan (UTKU) (4.3.43)

T 33’

Therefore, py,p;, and U; are the Coulomb-Dipole phase shift, the eigenquantum defect,
and the corresponding eigenvector of the reaction matrix (K), respectively. According to

Egs. 4.3.40 and 4.3.39, the unitary matrix S is given by,
S = F,SFT. (4.3.44)

Thus, the continuum state that satisfies the incoming wave boundary condition can be

expressed as,

NGED PG (4.3.45)
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The reduced dipole matrix element then becomes,

Durge = (3 Fown Y17 Gid =t =, ) (B0 Vi () (1 = 97 90(7)).
" " (4.3.46)

In order to further simplify Eq. 4.3.46, a third set of linearly independent solutions can
be introduced by transforming the solutions M, of Part I into a representation in which

the reaction matrix is diagonal [43],
M; = cos(mpu;) UM, (4.3.47)

The eigenquantum defects ; and the vectors U; were previously defined in Eq. 4.3.43. In
Eq. 4.3.47, cos(mp;) denotes a diagonal matrix with the j-th diagonal element being equal

to cos(mp;). Asymptotically, the eigenchannel radial functions M;,(r) behave as
M, (r — o0) = cos(wuj)Unjﬁ(n) (r) — sin(mp;) Unj Gy (7)- (4.3.48)

It may be verified that the functions t,,/(r) are obtained from the Mj,(r) via the trans-

formation,

T/jrm’ (7") = Z Mjn,(r)g—i(ﬁn-i-wﬂj)(]nj' (4.3.49)
J

Using Eq. 4.3.49 in Eq. 4.3.46 we get,

Dipge =Y Fp > )T N (1) (ed — m|1 = m, IN)d},, (4.3.50)
n J

m

where,

i = <4§>2 (Mf(ﬂ\rYlm(f)(l - g(ﬂ)\%(ﬂ) : (4.3.51)

The total cross section for ionization is determined by integrating the differential cross

section in Eq. 4.3.33. The result is:

8m2aw
= Diya 2. 4.3.52
o 3 g;\ BWA ( )
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Inserting Eq. 4.3.50 into Eq. 4.3.52 and using the orthonormality of U and F* as well as

the normalization of the Clebsch-Gordan coefficients, one obtains

8rlaw

0= > (@) + > (dj)* |- (4.3.53)
J J

The functions M jf\ (7) can be obtained from the numerically calculated M, é‘(?), by the method

of Part I, using the relation,

MM = (T g Mj (#)Unjcos(mp;). (4.3.54)
np

Equations 4.3.53 and 4.3.54 together demonstrate that the ”open-continuum” cross sec-
tion for the ionization of CaF is completely determined by the eigenvalues and eigenvectors
of the reaction matrix and the R-matrix eigenstates, M é‘(f") The parameters that char-
acterize the photoionization from the bound states in the n* = 10 region, shown in Fig.
4-2, can be determined ab initio by employing the relevant equations derived above. The
calculation involves numerical computation of the continuum channels, Mz(7), as well as
the bound state wavefunctions. The solutions Mpg() are given by Eq. 3.41 of Chapter
3 for r > r,. For r, < r <1, Eq. 3.37 is used to represent Mpg(r). Inside the atomic
zone, where r < r,, the interactions are spherically symmetric and the solutions can be
numerically determined by integration of the radial Schrodinger equation. The solutions for
r < rq are then connected to the solutions in the region r, < r < r, by imposing the rele-
vant continuity relations. This procedure numerically determines the Mg() over all space.
The collision eigenchannels, M])‘(F), are then determined from Mé‘(f’) using Eq. 4.3.54. An
example plot of a collision eigenchannel wavefunction for A = 1 symmetry in the ¢ = 0,

x — z plane is shown in Fig. 4-11.

Figure 4-12 shows the calculated photoelectron distributions for ionization from the
10.552% % Rydberg state. The coordinates used to describe the photoionization process
are explained in Fig.4-12A. The &', 2’ unit vectors define the plane of the electromagnetic
wave. 2’ is the direction of the electric field and 7’ is the propagation direction of the laser
pulse. The unprimed coordinate, Z, which is directed along the internuclear axis, defines
the orientation of the body frame together with the rotation axis, . The parameter 6 is

the polar angle that the ejected electron makes with the Z axis. The photoelectron distri-
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Figure 4-13: The polar plots of the photoelectron distributions for ionization from
the 10.0822 T Rydberg state. (A) Coordinates used to represent the photoionization
process. (B) The photoelectron distribution at £ = 0.01 au. The radial distance
from the origin to the displayed curve measures the photoelectron distribution in
megabarns. (C) The photoelectron distribution in the avoided crossing region, £ =
0.03 au. (D) The photoelectron distribution in the high energy limit, F = 0.15 au.

with expectation for non-penetrating states. Photoionization of the predominantly f-type
electron in the 10.08X7 state, produces primarily g-type partial-waves in the continuum.
These high-/ partial waves interact with the ion-core only at long-range through the ion-core
dipole-field. Consequently, they are insensitive to the short-range interactions that cause
much of the structure seen in the distributions shown in Fig. 4-12.

The distinct structures seen in Figures 4-12 and 4-13 can be used to distinguish the
photoelectrons detected by ionizing a non-stationary electronic state of the molecule. Based
on Mulliken’s rule, the photoionization transitions from the members of a given Rydberg
series produce the same partial-l waves in the continuum. Thus, the structure seen in the
photoelectron distributions is common to all members of a Rydberg series. Therefore, if
the non-stationary state consists of a superposition of several members from the 0.082%%

series (for example n* ~ 9,10, and 11) and several members from the 0.552%% states,
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Figure 4-14: The anisotropy parameter, 3, as a function of energy, calculated ab initio
for ionization from the 10.55?%" and 10.082°2+ Rydberg states. (A) § parameter for
ionization from the 10.55*%" Rydberg state. (B) 8 parameter for ionization from the
10.08%%* Rydberg state.

comparison of Figs. 4-12B and 4-13B reveals that the photoelectrons at low continuum
energy, detected along the propagation direction would predominantly originate from the
0.082%*, non-penetrating states. The resultant time-dependent signal [116], would display
Kepler beats characteristic of the 0.082X7% series alone, and the beat contribution from
the 0.552%X% series would be filtered out. Alternatively, the photoelectron signal along the
propagation direction in the region of the avoided crossing, would depend predominantly
on the time-dependent amplitudes of the 0.55221 states and a time-dependent trace of the

signal would display Kepler beats characteristic of the 0.552X7 series alone.

Figure 4-14 shows a plot of the calculated anisotropy parameter, 3, as a function of con-
tinuum energy for ionization from the 10.55?°%* and 10.082X* Rydberg states, respectively.
The anisotropy parameter shows a very strong energy dependence in both cases, a behavior
which is characteristic of long-range fields [34]. The anisotropy parameter for the 10.552%%
state, shown in Fig. 4-14A, goes through rapid variations in the intermediate energy region.
It attains its maximal values at low continuum energy and becomes approximately constant
at high continuum energy. Figure 4-14B shows the anisotropy parameter for ionization from
the 10.082%% state. The value for § in this case is on average smaller than the value for 3
shown in Fig. 4-14A. The anisotropy parameter goes through small amplitude oscillations
(with the exception of a large peak around F = 0.13 au) throughout the range of energy,

reflecting the energy dependence in the Coulomb phase-shift.

An alternative to the l-selective ionization technique is to detect the electrons ejected in
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all directions. The plots of the integrated cross sections for ionization, shown in Fig. 4-15,
illustrate the principle. Figure 4-15A displays the total cross section for ionization from the
10.552E 1 Rydberg state. The shape resonance is manifest in this plot by a depressed value
of the cross section followed by a broad peak, which extends across the resonance width.
The effects of the shape resonance on the cross section are diminished as the non-penetrating
limit is approached, as demonstrated by Figs. 4-15B, 4-15C and 4-15D. In particular, there
is hardly any structure in the cross section for ionization from the 10.082X7 state, shown in
Fig. 4-15D. By tuning the frequency of the ionizing radiation to the maximum of the broad
peak in Fig. 4-15A, the contributions to the signal from the n.552%% photoelectrons can be
amplified in the time-domain experiment described previously. In turn, ionizing to slightly
above threshold produces predominantly non-penetrating photoelectrons from the n.082%+
states, which yield a simple experimental signal that may be used to infer the properties of

the ion-core, such as the ion-core dipole and quadrupole moments.

4.4 Conclusions

The reaction matrix calculations performed for the study of the Rydberg states of CaF have
produced results in quantitative agreement with the experimental data. These calculations
also serve to demonstrate the utility of the K-matrix method. The study of the K matrix
provides physical explanations for the coupling mechanisms that govern the interactions
between the scattering electron and the CaF* ion-core. We have found that there is strong
coupling between the s, p, and d channels below the ionization threshold and that this I-
mixing can be explained by using Mulliken’s Rydberg terminus orbital concept and ligand-
field theory [102]. Much of the structure in the continuum is affected by a broad shape
resonance centered slightly below the ionization threshold. The partial-l decomposition of
the penetrating type 0.55 and 0.88 eigenchannels rapidly vary with increasing energy, as
the scattered electron escapes the shape resonance.

The variation of the spectral decomposition of the eigenchannels causes the transition
intensities into each of the eigenchannels to interfere. The effects of the shape resonance
are manifest in the integrated photoionization cross sections from the penetrating states
as depressed values of the cross-section near the ionization threshold, followed by broad

peaks at higher energy. The non-penetrating states are insensitive to both the short-range
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Figure 4-15: The integrated cross section for ionization, o, as a function of continuum
energy. The theoretical data points are displayed on the interpolated dashed curves.
(A) Integrated cross section for ionization from the 10.55*%" Rydberg state. (B) In-
tegrated cross section for ionization from the 10.88°L% Rydberg state. (C) Integrated

cross section for ionization from the 10.16*%" Rydberg state. (D) Integrated cross
section for ionization from the 10.08*X" Rydberg state.
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forces and the dipole field. Accordingly, the cross sections for ionization from these states
vary smoothly with energy and do not exhibit resonance-related interference patterns. The
photoionization transitions from the members of a given Rydberg series terminate in the
same partial-l waves in the continuum. Therefore the structure identified here is a property
of an entire series and implies that the energy dependent cross section is a direct probe of
the [-character of the bound state. Experimental techniques, as described previously, can be
developed that allow for selective detection of states with the specified [ characters. These

techniques offer unique, [-selective ways to observe the dynamics and spectroscopy of CaF.

The photoelectron distributions for ionization from penetrating states differ remarkably
from the distributions obtained by ionizing non-penetrating states. The distribution recov-
ered by ionizing a penetrating state possesses a prominent anisotropy, which is absent in a
distribution that originates from a non-penetrating state. The anisotropy identifies the an-
gular nature of the ionizing bound state and can be used as a benchmark to assign quantum
numbers to the Rydberg levels. The unique structures in the photoelectron distributions
can be further exploited in time-domain experiments. By detecting the photoelectrons in
carefully pre-selected directions, the complicated signals arising from the ionization of a
non-stationary electronic state (which contains penetrating and non-penetrating compo-
nents) can be pre-sorted and thereby simplified. This would reveal information about the

ion-core dipole and quadrupole moments in a very straightforward fashion.

We conclude by making a distinction between the Mulliken picture of molecular Rydberg
dynamics, and the dipole-influenced long-range Rydberg dynamics that was studied in this
work. Molecules with highly polar ion-cores conform to the Mulliken picture in the elec-
tronic energy regimes that are close to the Rydberg terminus state energies of the molecule.
In these energy regimes, all members of an eigenchannel have an innermost lobe with a com-
mon shape and the partial-l characters of each eigenchannel do not vary significantly with
energy. However, for sufficiently high electronic energies in the continuum, the long-range
fields alone determine the electronic structure. This transition to long-range dominated
Rydberg dynamics that are qualitatively different from the Mulliken picture of Rydberg
dynamics, has a unique signature in observables such as the photoionization cross section.
We expect much of the new physical behavior that we have identified here, which should
not commonly occur in atoms and homonuclear molecules, to reappear in the study of the

Rydberg structure and dynamics for molecules with a strongly dipolar ion-core, especially
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when there is a closed shell ligand significantly displaced from the center of mass.

4.5 Mathematical Appendix

Consider the integral,

/ d'r W (e W (). (4.5.55)
0<r<re ’ '
Using the expansion,
v (e = 30 (e )Y @), (4.5.56)
l/

The integral in Eq. 4.5.55 can be re-written as,
Te
/ dr Wl (e, )W (¢, 1), (4.5.57)
0
where W, (e, 7) is a column vector with the I’ component being equal to ¢y (e, 7). Observe
that,

2 I(l+1
(6—6/)/0 dr \I'lT(e',r)\Ill(e,r):/O dr\IllT(e',r)<W— (:; )+V> W, (e,r) (4.5.58)

- /TC dr\Il;f(e,r) <£ _ Wi+ +V> W, (', r) (4.5.59)
0

which gives, through integration by parts,

Te 1 d\IJI(e, T‘) d‘I’l(E/, 7”)
/O dr Wl (e,r) (e, r) = — (q:j(e',r)T - \IllT(e,r)T lper.. (4.5.60)
In the limit r. — oo Eq. 4.5.60 reduces to,
/ dr Wi (e,r) (', r) = (4.5.61)
0

€ — € dnvVkk'

7

! ! (z’u(rc, €) (el (ulres)mulre,e)) _ oi(u(re,e)—ulre,e)) Z |Siz]* = (€ — 6))) )

(4.5.62)

where the symbol (¢/ — €) means that the expression to the immediate left is repeated with

the replacement of the primed terms with the unprimed terms. For k&’ ~ k, Eq. 4.5.62 can

200



be simplified to
(K'—k)

re 1 sin( )
T / _ g(rc,k)
/0 dr W, (e,r)¥(e',r) = % 7k — k)’ (4.5.63)

where g(rc, k) = 7R2 Thus in the limit r. — 0o, Eq. 4.5.63 becomes,

1
re—log(2rck

/ e Wl e, ) () = %5(/@' _ k)= 6(é —e). (4.5.64)
0

The last equality in Eq. 4.5.64 follows from € = k2. Therefore the state \I/l(_) (7) is normalized

per unit energy.
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Chapter 5

Broad Shape Resonance Effects in

CaF Rydberg States

5.1 Introduction

Rydberg molecules are a class of molecules in which all bound electronic states are members
of Rydberg series [5]. Optical-optical double resonance studies of CaF [91] show that CaF
is a "Rydberg molecule”. The interactions of the electron with the ion-core are non-central
and the motion of the Rydberg electron is separately influenced by the attractive forces
from the positive center (Ca*?) and the repulsive forces from the ligand center (F~). Rice,
Martin, and Field (RMF) used a ligand-field model to account for the measured energies
and the mixed-/ characters of the low-lying electronic states [102]. Each of these states is
the low-energy terminus of a Rydberg series. The RMF model is based on the observation
that the energies and wavefunctions of the lowest states of the bound Rydberg electron
correspond to the energies and wavefunctions of a Ca™ ion perturbed by an external F~
ligand. The ligand-field spoils the electron orbital angular momentum quantum number, [,
causing [-mixing among the atomic Ca™ eigenstates.

Arif, Jungen, and Roche [5] developed an accurate R-matrix procedure to treat the
global electronic spectrum of CaF. This procedure was based on the non-iterative, varia-
tional R-matrix scheme, formulated by Greene [44]. Their calculation used a single elec-
tron effective potential to model the CaFT-electron interactions and retained the atom-in-

molecule concept of ligand-field theory [55]. Recently, Altunata, Coy, and Field introduced
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an alternative R-matrix procedure, which utilized a combination of the variational method
and a Green function propagation scheme to obtain the R-matrix eigenstates [117]. That
calculation used the single electron effective potential given by Arif et al. and extended the
Arif et al. results to the region of the ionization continuum. Analysis of the numerically
determined short-range scattering matrix [118] indicated the presence of a broad shape res-
onance with E,., near the ionization threshold for 2X% electronic symmetry. The effects
of this resonance on the spectrum and dynamics of CakF are of surprising extent in view of
the nominal simplicity of the doubly closed-shell (Ca™?F~)e™ electronic structure and the

apparent regularity of the spectrum.

In experimental spectra, the anomalous quantum defects or irregularities due to special
effects in Rydberg spectra are identified based on the underlying ”zero-order” Mulliken’s rule
description. Mulliken’s rule for the structure of Rydberg states, ”ontology (sic) recapitulates
phylogeny” [90], specifies that all wavefunctions in a Rydberg series and the associated
ionization continuum are built upon innermost lobes that remain approximately invariant
in shape and nodal position with electronic energy; the amplitudes in these innermost lobes

—3/2_ where n* is the effective principal quantum number for the Rydberg state.

scale as (n*)
These statements are rooted in the observation that the kinetic energy of the electron at
short-range is fractionally much less dependent on excitation energy than the kinetic energy
at long-range. Accordingly, the shape of the wavefunction at short-range is determined by

the molecular potential and it is largely insensitive to total energy.

Mulliken’s rule predicts slow, secular energy dependences of the quantum defects for
each of the Rydberg series, because of small and quantifiable (perturbative) changes in the
turning point location and electronic kinetic energies at short-range (inside the ion-core)
as a function of the electronic principal quantum number. These energy dependences are

described by the Rydberg-Ritz formula [62],

3(E) = a + E, (5.1.1)

where 0 is the quantum defect. A quantum mechanical derivation of the Rydberg-Ritz
formula for the atomic problem [62], shows that (3 is proportional to the difference between
the radial period of an electron moving in the full atomic field and the period of a hydrogenic

orbit with the same energy. For non-penetrating electrons, characterized by large values
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of the orbital angular momentum quantum number, § is positive and it is proportional
to the dipole-polarizability of the ion core [68]. For penetrating states with low angular
momenta,  is negative and the quantum defects decrease with increasing n*. For the
penetrating case, the magnitude of 3 is proportional to the charge on the bare atomic nucleus
[62]. Jungen has demonstrated that the Rydberg-Ritz formula is also widely applicable to
unperturbed molecular Rydberg series [68]. The magnitude of 3 for a penetrating-type
molecular Rydberg series can be estimated by comparison with that for an atom of similar

size.

Uniquely among all of the Rydberg series in the CaF spectrum, eigenquantum defects
for the s ~ p ~ d mixed penetrating 0.882%% series are predicted and observed [118] to be
energy dependent over the entire n* =5 — oo bound region. In Section 5.3, we show that
this energy dependence induced by the shape resonance is smooth and continuous but it
corresponds to a slow, monotonic, and increasingly pronounced violation of Mulliken’s rule
and the implied Rydberg-Ritz formula, as a function of the effective electronic principal
quantum number, n*. Therefore, the effect of the shape resonance is manifest as a global
7scarring” of the Rydberg spectrum, which is distinct from the familiar types of localized
irregularities due to much weaker level interactions. Localized irregularities are typically
apparent as rapid rises of one unit in the quantum defects or discontinuous behavior as a
function of n*. Examples of localized irregularities include the anomalous (discontinuous)
behavior of the quantum defects in the energy region between n* = 3 and 4 for the nso
Rydberg series of NO [68] and the Feshbach type resonance in the Rydberg spectrum of the
Ca atom due to the 3d4p3P° perturbing configuration [49]. In contrast, the ¥ symmetry
shape resonance in CaF amounts to a strong perturbation that affects all the levels in
the resonant Rydberg series in a systematic way and the cost of this global, methodical
perturbation is the appearance of a misguidingly regular spectrum. The physical reasons
for the strong nature of the shape resonance are discussed in Section 5.3 . The key point
is that the inherent anomaly can only be uncovered if the spectrum is viewed globally and

Mulliken’s rule is used as a diagnostic tool in experimental analyses.

Section 5.2 begins with a discussion of the properties of the shape resonance that ex-
clusively affects the 227 states of CaF. We use the potential-adapted, adiabatic, partial-
wave expansion of the scattered electron. This adiabatic approach was introduced by Le

Dourneuf, Kay, and Launay [23]. We show that the broad shape resonance, which influ-
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ences an infinity of 2%+ Rydberg states (primarily belonging to the 0.88 2%+ series [118])
and the associated ionization continuum of CaF, is due to the trapping of a ¥ symmetry
Rydberg electron between a centrifugal barrier on the Cat? ion and the excluded volume
around the F~ ion. A shape resonance that is of remarkably similar nature has been been
reported for BF3 [127]. The single quasi-bound level in the well at short-range decays
either because of electron tunneling through the F~ barrier or by non-adiabatic coupling
between the potential-adapted partial waves. The non-adiabatic interactions occur because
of strong radial dependences of the potential-adapted partial waves. These interactions

originate almost exclusively within the volume occupied by the F~ ion.

By taking into account the non-adiabatic interactions, we derive an integral formula for
the short-range reaction matrix in the dipole representation (K matrix) [117]. In connection
with the limited radial range of the non-adiabatic interactions, the formula shows that the
K matrix (i) depends primarily on the values of the potential function near the F~ ion and
(ii) is free of all influences of long-range fields. For this reason, the K matrix theory enables
removal of the strong energy dependence of the scattering due to the extremely polar ion-
core. Since the K matrix is expected to be devoid of significant energy dependence, it
transparently reveals an energy dependence that arises from a physically distinct origin: a

shape resonance that is generated by features in the short-range molecular potential.

In Section 5.3, we show that the short-range portions of the CaF electronic wavefunctions
in the resonant eigenchannel are conspicuously different at energies below and above the
energy of the shape resonance. Below the energy of the shape resonance, the wavefunction
is polarized at short range toward the excluded volume of the F~ ion. At energies far above
the energy of the resonance, the short-range polarization of the electronic wavefunction
toward the excluded volume diminishes. Consequently, the Rydberg spectrum slowly but
systematically deviates from a Mulliken’s rule description across the broad energy width of
the shape resonance. We conclude with a discussion on the implications of this global and
strong perturbation of the Rydberg spectrum for the analyses of experimental data. The
results presented in this chapter have been published in the Journal of Chemical Physics

[119].
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5.2 Results and Discussion

In atoms, the analysis of shape resonances starts from an investigation of the interaction

potential for each partial-l wave, which is given by

+1) (5.2.2)

Since molecular fields are in general anisotropic, effective potentials for electrons in molecules
cannot be defined as simply as in Eq. 5.2.2. In CaF, the potential is anisotropic even at
long-range, because the CaF ion-core has a relatively large electric dipole moment, 1, which
generates a strong, non-spherical dipole field in the asymptotic region (1 = 3.46 au, as mea-
sured from the molecular center of mass [101]). However, Le Dourneuf et al. realized that
one can invoke an adiabatic approximation in the electronic coordinate, r, in the spirit of
the Born-Oppenheimer approximation used for the nuclear coordinate, R, to define effective
potentials for the electronic motion in the corresponding adiabatic channels. The fixed-r
adiabatic partial waves, ®;5(r,€2), are obtained by diagonalizing the fixed-r Hamiltonian,

which has the form:
i2
V(TTJ) + ﬁ ‘131)\(7”, Q) = W)\(T‘)‘I)l)\(r, Q), (523)

where A denotes an irreducible representation of the molecular symmetry group (A =
o, 7,9, ... for 2%.211,2 A, ... electronic symmetries of CaF) and the angular coordinates Q =
0, ¢ describe the orientation of the electron in the body-fixed frame with origin at the Ca nu-
cleus. The index [ is a label to order the eigenvalues V) (r) by energy rank and is not meant
as an angular momentum quantum number. The choice of the origin to coincide with the Ca
nucleus follows the ligand-field model, which has shown that the molecular wavefunctions
for the calcium monohalides correspond to metal centered wavefunctions perturbed by the
influence of the electric field from the ligand center [102]. Each adiabatic mode, ®;5(r, §2),

in Eq. 5.2.3 may be expanded in spherical harmonics as,
Dip(r, Q) = Z a (1) YA (Q) . (5.2.4)
ll
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When the exact molecular electronic wavefunction is expanded in the adiabatic modes, as

A T
1 AGEDY Flr( )<I>z,\(7“, Q), (5.2.5)

l

the Schrédinger equation becomes,

1 1d P F\(r)
zl: {_iﬁ oot V() — E} Pyp(r, Q) = 0. (5.2.6)

Using the orthogonality of the ®;)(r,Q), Eq. 5.2.6 can be reduced to,

d*F, dF, r
dqf( r) +2(E — Vi(r +Z (2,4”, z ( ) B”,(r)Fl%(r)> — 0, (5.2.7)
where
d(I)/ T,Q
AN () = / 40D (r, Q)%
23, (r, Q
Bjj(r) = /dQ Pyp(r, Q)%(;) (5.2.8)

The matrix element A, (r) is antisymmetric with respect to exchange of its indices. Ac-
cording to Eqs. 5.2.7 and 5.2.8, the adiabatic channels couple due to the r-dependence
of the ®;\(r, Q). If we impose the adiabatic approximation, in which the r-dependence of

Dyn\ (1, ) is neglected, the equations decouple,

d*F\(r)
e

— Via(r) FY\(r) = 0. (5.2.9)

Equation 5.2.9 can be solved using WKB methods.

Figure 5-1 displays the calculated one-electron adiabatic potential energy curves, Vj\(r),
of CaF at the equilibrium internuclear separation, R = 3.54 au, and for A = 0 (o orbitals)
symmetry. The origin, r = 0, is at the position of the Ca nucleus and the nucleus of
the F~ ion is at r = 3.54au. The physical circumstances that prevail in different regions
of space control the evolution of the partial-I characters of the adiabatic partial waves as
a function of r. For small-r, the atomic field dominates the molecular field. Thus the
adiabatic modes must be pure-l partial waves at short range. For large-r, the dipole tail

of the molecular field is dominant. Thus the adiabatic partial waves must reduce to the
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Figure 5-1: The calculated adiabatic potential energy curves, Vj,(r), for CaF. The
potential curves are labeled, from bottom to top, by complex or fractional angu-
lar momenta, [, to emphasize the convergence of the corresponding adiabatic mode,
@\ (7, Q), to a dipolar mode characterized by a value of [. The adiabatic partial waves
evolve along these curves, from pure-/ modes at small r toward a single dipolar mode
at large-r. Only the V3, potential has a barrier in the vicinity of the F~ nucleus.
WKB methods can be used to decide whether a quasi-bound level is localized inside
this barrier.

various r-independent dipolar modes at long range. The mechanism of this evolution will
be examined more closely below. However, since the dipolar modes differ significantly from
pure-l modes for low values of [, one expects a rapid variation of ®;)(r,Q) with r in the
neighborhood of r = 3.54 au and a breakdown of the adiabatic approximation for CaF. We
label each dipolar mode by non-integer or complex angular momenta I, where the values
I(I + 1) correspond to the eigenvalues of the operator 2 —2u.f (1 is the dipole moment
of the ion-core with respect to an origin at the Ca nucleus). We use a lettering scheme to
indicate the values for I, wherein 3, p, d, ... correspond to dipolar modes with dominant s,
p, d, ... characters, respectively. In Fig. 5-1, the energy rank ordering index [ is replaced by
the more physical label [ to emphasize the convergence of the adiabatic modes along each
curve to dipolar modes associated with the specified value of [, at r = co. The third curve
from the bottom, which is labeled as d, shows a barrier in the vicinity of the F~ nucleus.
The WKB quantization condition can be used to decide whether one (or more) quasi-bound

level is localized inside this barrier [17]. Such a localized state is a shape resonance in the
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corresponding adiabatic channel. The WKB quantization condition is,

Tout 1
/ P (r)dr’ = <n - 5) T, (5.2.10)

where 7, and 7o, are the inner and outer turning points, respectively, and pg, (r’) is the

classical momentum in the adiabatic do channel, given by,
P (1) =1/2(E = Vi (r), E < Vias. (5.2.11)

Here Vipq, denotes the maximum value of the potential, V3 (), on the barrier. In Eq. 5.2.11,
the classical momentum is calculated using a Langer correction in the molecular potential
[50] and 74, is a turning point on the small-r side of the barrier. A root of Eq. 5.2.10
would correspond to an authentic bound state in the limit of an infinitely broad barrier. In
Fig. 5-2, we compare the qualitative predictions from the adiabatic approximation and the

WKB analysis to the ab initio results obtained previously [118].

We use the collision lifetime matrix for resonance analysis of the ab initio results. The

lifetime matrix is defined as [114],

~_  .&tdS
Q 1S Fiok

(5.2.12)
where S is the short range scattering matrix in the dipole representation [117, 25]. The
largest eigenvalue of the lifetime matrix, ¢mnaz, 1S associated with the channel that expe-
riences the largest time-delay during the collision. Each maximum in a plot of ¢;q: as a
function of energy can be identified with a resonance [27]. The resonance lineshape in ¢4,
vs. E near the maximum value of ¢4, can be fitted to a Lorentzian form to determine the
resonance energy, E,.s, and width, I' [27, 125]. The lifetime matrix analysis is especially
useful for the identification of broad shape resonances, because it bypasses the difficulties

that would result from a rapidly varying background phase in a fit of the eigenphase sum

to the standard Breit-Wigner expression [125].

Figure 5-2¢ shows the variation of the WKB phase f:;‘;“t Pdo (r")dr’ with energy, at
the equilibrium internuclear separation, R = 3.54au. The WKB phase becomes 7/2 at
E = —0.035au. This value of the energy corresponds to a root of Eq. 5.2.10 and implies

the presence of a quasi-bound level localized inside the barrier. The largest eigenvalue of the
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Figure 5-2: (a) The barrier at short range on the do potential. The nuclei are at the
equilibrium internuclear separation, R = 3.54au. (b) The barrier at short range on
the do potential for R = 3.1 au. The barrier is higher than the barrier shown in Fig.
1-4a. (c) The WKB phase, [ " pgr(1')dr’ as a function of energy, for R = 3.54 au.
The intersection of the WKB ghase with the dashed 7 /2 line indicates the presence
of a quasi bound level inside the barrier with energy £ = —0.035 au (abscissa of the
intersection).(d) The WKB phase as a function of energy, for R = 3.1 au. The energy
of the quasi bound level has increased from its value at the equilibrium internuclear
separation, to an energy in the ionization continuum. (e) The largest eigenvalue of
the lifetime matrix determined from the ab initio scattering matrix for R = 3.54 au.
The maximum value of the lifetime located at an energy slightly below the ionization
threshold implies the existence of a shape resonance at energy £ = —0.013 au. (f)
The largest eigenvalue of the lifetime matrix determined from the ab initio scattering
matrix for R = 3.1 au. The resonance peak shifts into the ionization continuum at
this internuclear distance, in qualitative agreement with the WKB result.
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Table 5.1: Comparison of the resonance parameters obtained from the WKB approx-
imation and the ab initio results. All quantities are reported in atomic units.
Int. Distance E,.s(WKB) ! E,.(Exact)? Collision Frequency 3 T4
R =354 -0.035 -0.013 0.2 0.15
R=31 0.051 0.062 0.21 0.25

ab initio lifetime matrix is shown as a function of energy in Fig. 5-2e. The lifetime curve
displays a resonance peak at E,.s = —0.013 au. Thus, although the adiabatic approxima-
tion and the WKB analysis predict the presence of a shape resonance correctly, the WKB
result significantly underestimates the energy of the resonance (for reasons discussed below).
Figure 5-2d displays the WKB result for R = 3.1 au. At this shorter internuclear distance,
the barrier height centered on the F~ ion increases (Figs. 5-2a and 5-2b) and the energy
of the quasi-bound level, as predicted by the WKB approximation, rises to £ = 0.051 au.
This behavior is also reflected in the ab initio result for R = 3.1 au shown in Fig. 5-2e,
which displays a maximum in the lifetime curve at value of E,.s; that has increased from
—0.013 au to E,es = 0.062 au.

Figures 5-2a and 5-2b show that at the resonance center, the electronic energy on the
R = 3.1au curve is just below the barrier maximum and the electron must tunnel through
a relatively narrow barrier width to reach the classically allowed region. This results in an
increased probability for transmission at the shorter internuclear distance. The entries in
Table 5.1 indicate that the frequencies of collisions with the barrier are approximately the
same for both values of R. Thus, the increased value of the transmission probability should
immediately lead to a decreased lifetime and a broader resonance on the R = 3.1 au curve
(The lifetime is, by definition, the inverse of the product of the collision frequency and the
transmission probability.) The resonance widths at the two internuclear distances, which
are obtained from a Lorentzian fit to the maximum eigenvalue of the lifetime matrix, are
reported in Table 5.1. The relative values of the two widths are consistent with expectations

based on the qualitative discussion of the WKB results.

IThe energy of the quasi-bound level determined by the WKB approximation.

2The energy of the quasi-bound level determined from the short-range scattering matrix.

3The collision frequency is defined as < v > /[2(Tout(Eres) — Tin(Fres))], where < v > is the
average velocity inside the well and r;, , 74 are the classical turning points defined in Eq. 1.9. It
can be interpreted as the inverse of the time it takes for a classical particle in the well to return to
the outer turning point after bouncing back from the inner wall near the Ca nucleus. The collision
frequency simplifies to mmiﬁ at the energy of the quasi-bound level.

4The resonance width calculated from a Lorentzian fit to the maximum eigenvalue of the lifetime
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Table 5.2: Branching Ratios

Int. Distance | 5 D d f
R=354au | 0.17 | 0.44 | 0.39 | 0.01
R=31lau | 0.08 |0.39 | 0.50 | 0.02

The preceding analysis demonstrates that the combination of the adiabatic approxima-
tion of Le Dourneuf et al. [23] and WKB theory describes the qualitative aspects of the
shape resonance. In particular, the use of the approximate theory allows for prediction of
the variation of both the resonance center and width with internuclear distance. However,
the ab initio results and the results of the adiabatic approximation are not in quantita-
tive agreement. There is also a disagreement in the respective partial-l descriptions of the
shape resonance obtained from the two methods. The amplitude squared components of
the eigenvector of the lifetime matrix associated with the eigenvalue ¢,q., or the branching
ratios, characterize the probability of decay into the collision channels, labeled by I. The
branching ratios shown in Table 5.2 indicate that the shape resonance decays to p and d
channels with nearly equal probability at both internuclear distances. The adiabatic ap-
proximation, on the other hand, suggests that the resonance must occur in the d channel
alone. Clearly, the discrepancy is due to the neglected coupling terms in Eq. 5.2.8, which
describe the non-adiabatic coupling between the modes that belong to the potential curves
of Fig. 5-1. The adiabatic approximation breaks down within the compact region of the
CaF ion-core, because the adiabatic modes of Eq. 5.2.4 change from pure-l type angular
modes at short r to highly /-mixed dipolar modes at larger r, r > R. Figure 5-3 displays
the amplitude squared partial-I decomposition (|ag, (r)|? from Eq. 5.2.4) of the adiabatic
d mode as a function of r, for R = 3.1au. An important observation can be made from
this figure: the pure-d type angular mode at small-r evolves quickly at short range, to-
ward a single dipolar mode at long range. The rapid change in character of the adiabatic
mode occurs within a small interval of r confined near the position of the fluorine nucleus
(r = R). This statement is valid for all of the adiabatic modes at both (R= 3.54 and 3.10
au) internuclear distances. The underlying physical cause of this behavior is, in fact, quite

general. Abrupt, r-dependent distortions occur in the adiabatic channel wavefunctions near

matrix.
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Figure 5-3: The amplitude squared partial-l components of the d adiabatic mode as
a function of r, for R = 3.1 au. The adiabatic mode starts out as a pure-d state at
small r» and evolves toward a d-dominant dipolar mode at large r. The change in
character occurs rapidly within a small interval of r near the fluorine nucleus.

the fluorine center. These distortions arise as the electron tries to avoid the excluded volume
associated with the F~ ionic core. The Fluoride ion-core has a radius of 2.5 au and marks
the boundary between short-range and long-range behavior in the channel wavefunctions.
As a consequence, the coupling between the adiabatic channels is significant only over this
limited range of r. Starting from this observation, we explain below the generic energy

dependence of the short-range reaction matrix.

Our analysis of the energy dependence of the dipole-reduced reaction matrix, K [117]
begins from the terms neglected in the adiabatic approximation. Based on the observation

stated above, to an excellent approximation,
w(r), By(r)=0 forr iﬁ (Tmins Tmaz) (5.2.13)

for all [ and I" and where (7n, Tmaz) 18 @ small interval centered about the fluorine nucleus.
The matrices A and B are defined in Eq. 5.2.8. In the following, the label o (A = 0) will be
suppressed. We let the functions (f;(r, E), ¢;(r, E)) denote the energy-normalized regular
and irregular solutions for each adiabatic curve V;(r). Since the adiabatic modes converge
to the various dipole modes as r — o0, the dipole-reduced reaction matrix normalized

solutions are given by [117],
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Fy(r — o0) = fi(r)dw — gi(r) K. (5.2.14)

For these K-matrix normalized solutions, we define the radial Green function as,

Gi(r,r') = gfz(r<)gz(r>)- (5.2.15)

The formal solution to the coupled equations can be expressed in terms of the Green function

as,

Fy(r) = o fr(r)

o0 FH / /
- Z/ dr’Gl(r, ’I“/) <2All” (’r’/)d%r(r) + Bll//(T/)E//l/(T/)> . (5216)
l// 0

Using Egs. 5.2.16 and 5.2.15, we can write a first order expression for the K-matrix:

K = =% [ dr i) (240 () 2552 + Bu () fu()) (5.2.17)
= 3 [ i) (240 ) 255+ B () fu () ) (5.2.18)

Equation 5.2.18 shows that the reaction matrix elements in the dipole representation
are obtained from non-adiabatic interactions confined to a limited range of r; the K matrix
depends only on the short-range features of the molecular potential in the vicinity of the
F~ nucleus and is free of influence from the long-range field. This shows that the K matrix
treatment removes all strong energy dependences that are due to the extremely polar ion-
core. In addition, it allows for the transparent identification of any significant energy

dependence that arises from a physical origin distinct from long-range field effects.

The energy normalized regular solutions, fi(r), for the barrier-free adiabatic potential
curves vary slowly with energy, and the sole effect of increasing the energy for these solutions
is to cause them to oscillate at higher spatial frequency. Therefore, the corresponding
elements of the reaction matrix decrease monotonically with increasing energy. However,
the regular solution for the d curve varies significantly as the energy is increased above
the barrier height. When the energy is below the barrier maximum, a second turning point
appears on the small-r side of the barrier. This leads to confinement in the well between the

Ca*? and F~ ions and an accumulation of amplitude near the outer turning point, which
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is within the (7min, Tmaz) interval. Consequently, large off-diagonal contributions to the K
matrix arise in components that couple to the adiabatic d channel (components K with
or I’ = 2). This causes mixing between the adiabatic d channel and the other channels of
penetrating character (the lower two curves in Fig. 5-1). Accordingly, d character is mixed
into the interacting channels in the shape-resonance/confinement region, as is evident in
the branching ratios displayed in Table 5.2. When the collision energy is above the barrier
maximum, the regular solution for the d curve again oscillates at higher spatial frequency
with increasing E. This implies that all the elements of the K matrix eventually decrease
with energy and the eigenquantum defects approach 0. A formal derivation of this result
can be developed . The behavior is analogous to the energy dependence of the phase shifts

for electron scattering by atomic fields studied by Manson [82].

5.3 Violation of Mulliken’s Rule Caused by the

Shape Resonance

The values for the resonance width and center at R = Ry, shown in Table 5.1, indicate
that the entire Rydberg spectrum of CaF for the 0.88 2X% series is affected by the shape
resonance . This is also demonstrated by the increase of the eigenquantum defect for the
resonant 0.88 2X* channel as a function of energy below the ionization threshold [112].
Mulliken’s rule [90] stipulates that the shapes (partial-l characters) and nodal positions of
the electronic wavefunctions within a Rydberg series should be nearly energy-independent at
short-range. However, Mulliken’s rule cannot be obeyed in the vicinity of a shape resonance,
precisely because of the underlying physical circumstances that give rise to such a resonance.
As an illustration, Figures 5-4a-d display the plots of the resonance-free 0.552X7F series
wavefunctions at three different energies in the ¢ = 0, x-z plane. In these figures, the
Ca nucleus is placed at z = 0 and the F nucleus is at z = R, = 3.54au. The n* =
10.55%XF bound Rydberg state, shown in Fig.5-4a, is polarized behind the Ca nucleus at
long-range. The innermost lobes of the 10.55 wavefunction and two continuum 0.55-series
2y;+ wavefunctions (E = 0.01au and E = 0.15au) are displayed in Figs.5-4b , 5-4c and 5-
4d. The shapes and the nodal positions of the innermost lobes are approximately preserved

throughout this energy interval, which is in agreement with Mulliken’s rule. Comparison
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Figure 5-5: The energy dependence of the calculated parameters ¢; for the four X"
symmetry eigenchannels. (a) The parameters ¢; for the 0.55°2" channel. (b) The
parameters ¢; for the 0.882X" channel. The figure illustrates that the 0.88 wavefunc-

tion has almost pure d character at low-energy. It rapidly evolves to become an equal
d-p mixture at higher energy. This strong energy dependence at short-range is in

violation of Mulliken’s rule. (c) The parameters ¢; for the 0.1622" channel.( d) The
parameters ¢; for the 0.082X% channel.
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Table 5.3: Branching Ratios to the Eigenchannels

0.5525F [ 0.882%F [ 0.167SF | 0.087%F
B(E=E,)| 016 0.80 0.04 0.004

eigenchannels. These quantities are defined as,
B=|V.G,]? (5.3.21)

where V is the eigenvector of Q (Eq. 4.2.7) that corresponds to gq: and ij is the eigen-
vector of K associated with the eigenchannel. The calculated branching ratios to the four
eigenchannels are shown in Table 5.3 near the resonance energy, E,.s, and the equilibrium
internuclear separation R = 3.54 au of CaF*. According to these results, the 0.882X% eigen-
channel is most strongly affected by the shape resonance. This is fully consistent with the
predictions of the one-dimensional adiabatic approximation discussed above. The 0.882%+
wavefunctions, which are dominantly d-type orbitals at short-range, are affected strongly by
the barrier on the F~ ion seen on the d-labeled adiabatic curve in Fig. 5-1. The wavefunc-
tions in the non-resonant eigenchannels are largely unaffected by the barrier, because they
have less d character at short-range. At collision energies far above the resonance energy,
E,¢s, the electron escapes the influence of the shape resonance; the innermost lobe of the
resonant eigenchannel wavefunction changes its shape from a dominant d-type orbital (po-
larized toward the F~) near the resonance to a p — d mixture (polarized away from the F7)
above the resonance. However, the innermost lobes of the eigenchannel wavefunctions that
are unaffected by the shape resonance remain largely invariant. For the uniquely resonant
eigenchannel, a breakdown of Mulliken’s rule occurs centered at the energy of the shape

resonarmnce.

Clearly, a violation of Mulliken’s rule is generic to any molecular system the electronic
structure of which is perturbed by a resonance. A strong broad resonance perturbs the elec-
tronic structure globally, but its effect on the electronic spectrum is subtle and easily missed.
A weak, narrow resonance perturbs the electronic structure locally but profoundly, and its
effect on the electronic spectrum is obvious. Both kinds of resonances are recognizable and

fittable since one knows the nature of the underlying Mulliken’s rule zero-order picture, with
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its explicitly expected energy and wavefunction scalings. Namely, the expected Mulliken’s
rule energy dependence of the quantum defect is given by the Rydberg-Ritz formula in Eq.
5.1.1 and leads typically to monotonic changes of a few percent in the eigenquantum defects

over the entire energy range of the Rydberg states.

In analyses of experimental data, Mulliken’s rule can be used as a diagnostic tool to
identify a global ”scarring” of the spectrum, represented by the broad shape resonance
found in CaF. For example, the 0.882%% series can be designated as a npo penetrating
type-Rydberg series in the spirit of Mulliken’s rule [65]. According to the Rydberg-Ritz
formula given in Eq. 5.1.1, the coefficient 8 should be negative and an estimate on its
magnitude is found to be 0.32/au by comparison to the slope of the plot of the p-wave
scattering phase-shift for Cu as a function of energy near the ionization threshold (this plot
is given in reference [82]). However, the [ coefficient for the 0.88 eigenquantum defect is
everywhere positive [118] and its magnitude is calculated to be 2.73/au near the ionization
threshold, which is much larger than the estimate for the unperturbed case. Thus, the
violation of Mulliken’s rule in the CaF spectrum gives clear experimental evidence for the
presence of a strong and global perturbation, which is otherwise concealed by the apparent
regularities of the Rydberg energies, spectral intensities and the smooth, perturbation-free

behavior of the eigenquantum defect as a function of energy.

The global ”scarring” of the spectrum is best uncovered by an extended, global analysis
based on a multi-channel quantum defect theory (MQDT) fit [37] in which selected elements
of the quantum defect matrix are allowed to be energy dependent. In practice, if the
quantum defect matrix elements are permitted to have an arbitrary energy dependence,
then a large number of adjustable parameters are required and the fit results are likely
to be non-physical and non-unique owing to the inevitably incomplete and undemocratic
experimental sampling of the energy levels. However, guided by the present results, a
restricted fit procedure can be developed to yield a quantum defect matrix that incorporates
(i) the physically significant energy dependences in the quantum defects determined a-priori
by using the Mulliken’s rule test (ii) the expected generic analytical energy dependences
given by the Rydberg-Ritz formula for those quantum defects that are well described by

Mulliken’s rule.

It should be mentioned that there are numerous reported cases, where a violation of

Mulliken’s rule is diagnostic of a perturbation that distorts a large portion of a Rydberg
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series. An illustrative example that is similar to the present shape resonance is the pertur-
bation found in the 3s?nd 2D¢ Rydberg series of aluminum [76, 98]. This Rydberg series
interacts with a 3s3p? 2D¢ configuration, and the effect of this interaction is spread over the
entire series and the adjoining continuum. Since the oscillator strength to the 3s3p? 2D¢
configuration is distributed throughout the series, the perturbation is globally pervasive,
but it is not easily recognizable locally. Another example is the 4snd 'Dy Rydberg series
of atomic calcium [6]. This series strongly interacts with two doubly excited configurations
of the type 3d? and 4p? 'Dy. The perturbation spans the high Rydberg members of the
4snd series and the quantum defects vary with energy over many principal quantum num-
bers. In both the aluminum and the calcium examples, the global distortion of the Rydberg
spectra indicated by the violation of Mulliken’s rule reveals the presence of these strong

perturbations.

5.4 Conclusions

We have demonstrated that the combination of the adiabatic theory of Le Dourneuf et al.
and the WKB approximation describes the qualitative aspects of a 2%+ shape resonance in
CaFT-electron scattering. In particular, we have shown that the shape resonance is due to
the trapping of the electron inside a well that is localized between the Ca*? and F~ atomic
ions. This well consists of an inner wall generated by the centrifugal barrier near the Ca™t?
ion and an outer wall due to the excluded volume around the F~ ion. The WKB analysis
correctly predicts the qualitative dependence of the energy of the resonance center and the
resonance width on internuclear distance.

Rapid changes in the adiabatic channel wavefunctions occur in the vicinity of the ex-
cluded volume around the F~ ion. This leads to a non-adiabatic coupling of the collision
channels and a breakdown of the WKB-based one-dimensional adiabatic approximation.
The rapid variations in the wavefunctions are confined to the small radial interval occupied
by the excluded volume. Within this radial interval, the adiabatic modes change character
from single-l angular momentum modes near the Ca nucleus to mixed-I dipolar modes at
larger radial distances. The quasi-bound level in the well, localized between the centrifugal
barrier on Cat? and the excluded volume around F~, decays into the classically allowed

region either because of electron tunneling through the barrier shown in Fig. 5-2a or by
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non-adiabatic coupling to the collision channels that are associated with one of the barrier-
free potential curves shown in Fig. 5-1. Exploiting the confinement of the rapid variations
of the adiabatic modes to a limited radial interval, an integral formula (Eq. 5.2.18) is de-
rived for the elements of the dipole-reduced reaction matrix for CaF. The formula indicates
that the dipole-reduced reaction matrix depends on the molecular potential in a limited
radial range near the F~ nucleus. The dipole-reduced K matrix is free of the effects of all
long-range fields, in particular the energy dependences due to polar cores. Therefore, the
K matrix formalism provides information on purely the short-range dynamical effects, such
as the shape resonance in CaF.

Finally, we have demonstrated that Mulliken’s rule for the structure of Rydberg states
is diagnostically violated in the presence of a class of resonance that globally scars the
spectrum. The presence of this resonance is displayed in the spectrum at all energies
as slow and subtle violations of Mulliken’s rule as a function of the principal electronic
quantum number. In this sense the spectrum below the resonance is not reqular, although
no anomalies in terms of local level perturbations are visible. The irregularity is best
uncovered from the collective behavior of the electronic energy levels, which requires a
theoretical model that is not local but global. Such a global analysis is a restricted MQDT
fit of the energy dependent quantum defect matrix [37] to the energy levels for a significant
range of principal electronic quantum numbers (e.g. n* = 6 — 30). The extraction of these
global, systematic and often unnoticed effects from Rydberg spectra requires a different
view from the usual perspective, which is primarily focused on irregularities manifest as

local perturbations.
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Chapter 6

Many Electron Generalization of
the ab 1nitio Reaction Matrix

Calculation

6.1 Introduction

In this chapter, we present a many electron generalization of the ab initio reaction matrix
calculation discussed in Chapter 3. We take into account the ion-core electrons explicitly
and develop a unified treatment of Rydberg states built upon open and closed shell ion-
cores. A variational formalism is used for facile incorporation of electron exchange effects
and molecular symmetry. This variational formalism is constructed in the spirit of orbital-
functional theory of which Hartree-Fock theory is a special case [95]. Feshbach’s projection
operator theory is used to partition the orbital-Hilbert space into subspaces spanned sepa-
rately by bound and continuum type configurations [35, 36]. The bound-type configurations
are square integrable and they are formed as antisymmetrized products of one-electron spin-
orbitals optimized on the molecular ion-core in a Hartree-Fock calculation. An R-matrix
radius, 7,, is chosen sufficiently large such that the non-zero spatial parts of the one-electron
spin-orbitals are contained within the radial extent of the R-matrix box. In contrast, the
continuum orbitals are diffuse and they have non-zero amplitudes on the spherical R-matrix

boundary. The continuum configurations are formed as antisymmetrized products of con-
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tinuum orbitals with the orthonormal eigenvectors of the ion-core Hamiltonian expressed
in a common set of N-electron basis functions, where N is the number of active electrons

on the ion-core.

The advantage of using Feshbach’s projection operator theory is that all many-electron
Hamiltonian matrix elements between bound-bound and bound-continuum configurations
can be evaluated using the methods of standard quantum chemistry. For this reason, it
is practical to express all one-electron orbitals in terms of Cartesian or spherical Gaus-
sian functions [137, 103, 84] and obtain the molecular integrals from a quantum chemistry
computer program such as Gaussian 03. The reaction matrix calculation departs from the
quantum chemistry approach in the evaluation of Hamiltonian matrix elements involving
the continuum orbitals. The continuum orbitals are not orthonormal to the bound-type
orbital basis functions by construction. The combined set of continuum and bound type
basis functions must be Schmidt orthonormalized, so that the Slater rules for evaluating
matrix elements between Slater determinants can be applied [128]. Furthermore, the ana-
lytical results for molecular integrals over standard Gaussian basis functions are valid when
the integrations are over all space. Since the molecular integrals involving the continuum
orbitals are calculated within the R matrix box, the analytical expressions for these inte-
grals must be corrected by subtracting out the tail contributions outside the R-matrix box.
Wong, Altunata, and Field have demonstrated that these non-standard tail integrals over
Gaussian basis functions can be evaluated analytically [137]. The results presented in that
work allow for the determination of all the molecular integrals required for the reaction
matrix calculation from the output of Gaussian 03.

The many-electron theory adapted to total electronic spin and molecular symmetry is
discussed in Section 5.2. The reaction matrix is derived from a variational constraint on
the Hamiltonian matrix, which is stationarized when a trial wavefunction coincides with
the stationary state of the collision. As a validating test of the theory, in Section 5.3, we
calculate the single-channel reaction matrix for the 1so npo ¥} Rydberg states of Ha.
Satisfactory agreement with previous ab initio calculations employing different methods is

obtained !. The computer program that performed these calculations was written by Bryan

'Low lying Rydberg states can also be calculated using excited-state quantum chemistry methods.
Most noted among these are the coupled cluster excited state methods (EOM-CCSD) developed by
Stanton and co-workers [122] and the symmetry adapted cluster/configuration interaction (SAC-CI)
method of Nakatsuji and coworkers [92, 93, 94].
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M. Wong and Serhan Altunata. The theory developed here constitutes the final step for
embedding the generalized quantum defect methods presented in this thesis into quantum
chemistry. An approximate theory that is similar to the current approach has already been

developed by our group [4].

6.2 The Variational K-Matrix Theory

The reaction matrix calculation uses a set of orbital basis functions that are variationally
optimized on the molecular ion-core Hamiltonian. We first review the construction of these
orbital basis functions and derive the Slater-rule expressions for the matrix elements between
electronic configurations. These rules will also apply in the computation of the reaction

matrix.

6.2.1 The N-electron Ion-Core Hamiltonian

The variational equation for the N-electron molecular ion-core is,

(H - E)¥ =0, (6.2.1)
where H =T+ U +V and
T=-3%:V} (6.2.2)
U= %ZU i = %ZU u(rij) (6.2.3)
V=22 0(r). (6.2.4)

In Eq. 6.2.4, T is the total electronic kinetic energy, V is the total potential energy of
nuclear-electron attraction and U is the total energy of electron-electron repulsion. We de-
fine a reference state as a single Slater determinant, which is a normalized antisymmetrized
product of N orthonormal spin-orbital wavefunctions of the one-electron coordinates (spatial
and spin),

® = (N)™2det[p1(1) - o (N)); (6.2.5)

A complete set of determinants is defined by virtual excitations from the reference state.

The virtual excitations are obtained by replacing one (or more) of the N occupied orbital
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functions of ® by functions from the residual unoccupied orbital basis set, which is com-
plete and infinite. The present theory is restricted to particle-hole and double particle-hole

excitations, which are defined as,

¢% =det[l,-+ i —a, -, N]

(b?]b:det[lv’”7i_>a7"'7j_>b7"'7N]' (626)

Following Fermi-Dirac statistics, we define the occupation numbers for the zero-temperature

reference state wavefunction as,
ni=1 ng=0 i <N <a. (6.2.7)
We also define an exchange adapted electron/electron repulsion operator as,
u=—(1— Pr), (6.2.8)

where Pjo permutes the labels of the two electrons. The one-electron orbital basis set
{¢i} is optimized by requiring that the energy functional E, = (®|H|®) is stationarized
with respect to variations in the one-electron orbitals. The total energy functional can be

expressed as the sum of explicit functionals using the Slater rules as [128],

T({¢:i}) = (IT|®) = —3 3=, na(i| V?[i) (6.2.9)
U{¢i}) = (@|U|®) = 3 3, (ijlulij) (6.2.10)
V{i}) = (@[V]®) = 3=, mililv(x)]4), (6.2.11)

where the U operator defines Coulomb and exchange functionals of the form,

Ecoulomp = % Zij nin; (Z]|U|Z]) (6212)

EExchange = _% Zz’j ’I’LZTLJ(ZJ|U|_]Z) (6213)
In Egs. 6.2.12 and 6.2.13, the two electron matrix elements are defined as,

(i]ulig) :/d4x1d4x2¢f(r1=Ul)¢§(r2,02)U¢i(1‘1701)¢j(r2702), (6.2.14)
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where the integrations are over spatial (r) and spin (o) coordinates. From Egs. 6.2.9, 6.2.10

and 6.2.11, we determine the functional derivatives with respect to the basis orbitals as,

n% = —1v2y, (6.2.15)
g = v(r)o; (6.2.16)
SBcautgnt: = vgoyomy (0)6: = 3515 (71 7517) (6.2.17)
6E rchange ot . .
iT;):fL = vExchange¢i - = Zj nj (j‘%’l)(]ﬁj (6218)
The total energy functional becomes,
oE _ 5(T +V+ ECoulomb + EExchange) (6 9 19)

n;0Q; n;0Q;

We seek to make E = F, stationary subject to the constraint (i|j) = d;;. This constraint is

introduced through a matrix of Lagrange multipliers );;. Thus,

5 (B (S miny i, — ) 3y =

S | 067 (725 — ‘njqajxﬁ) dr + cc]
+30n; [ ¢:n5§;* = (6.2.20)

where cc denotes the complex conjugate of the preceding term. The arbitrary variation d¢;

implies that,

OE
n: 5(}5* = Zn]qb] g (6221)

wherein, through Eqs.6.2.15-6.2.18, the effective one-electron Hamiltonian is given by,
1_, .
h = —§v + U(I') + UCoulomb(r) + UExchange(r)- (6222)
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The Canonical Form

Let T be the orthonormal matrix that diagonalizes A. Define a transformed basis,

¢i = Z Ty (6.2.23)
B
Then
hgi = b ¢Tri = > nidi(Ti;) " AT (6.2.24)
B ik

Imposing the boundary condition n; = 1 gives,
hoi = diduei = e, (6.2.25)
l

where €; are the eigenvalues of the Lagrange matrix A. Equation 6.2.25 is the canonical form
of the orbital Euler-Lagrange equations. The set of solutions to this equation, ¢;, are the
optimized one-electron orbitals that will be used in the reaction matrix calculation. They
automatically define a basis for an irreducible representation of the molecular point group

[128]. The total electronic energy of the ion-core is found from the matrix element

E = (({¢})|H|2({¢})). (6.2.26)

6.2.2 Reaction Matrix Calculation for an N+1 Electron Molecule

We write the multi-configuration N + 1 electron wavefunction for scattering of an electron

from an N-electron diatomic molecule as,
Uo(S, My, X € {Coovs Doon } {7i}) = > AOpps(7) + > ®pucps, (6.2.27)
P M

where, ©,, denotes a vector coupled product of an N-electron wavefunction of the isolated

ion-core (derived in the previous subsection) and the spin of the scattered electron. The
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definition of O, is

Op =227 _1(sp, My — g, 5,ms|S, My) Wy, (0), (6.2.28)
u%(a) = afo), (6.2.29)
u_%(a) = B(o). (6.2.30)

In Egs. 6.2.29 and 6.2.30 the standard quantum chemistry notation for the spin coordinates
are used. Equation 6.2.28 defines the internal state of the collision channel indexed by p.
The expression W), denotes the N-electron wavefunction for the ion-core, which is defined for
total ion-core spin s, and ion-core symmetry X’. The ion-core symmetry is characterized by
the set of one-electron spin-orbitals that transform under coordinate rotations according to
an irreducible representation in the molecular point group Cy, for heteronuclear diatomics
or the point group D, for homonuclear molecules. We define F, to be the energy eigenvalue

of the ion-core eigenstate, IW,, and E is the total energy of the IV 4 1 electron molecule.

The function ¢,s(7) is the diffuse ”continuum” orbital for the Rydberg or scattered

electron defined as 2,

bl = 220

Yipm, (0,0). (6.2.31)

At r > r,, the functions ¢,s(7) are given by linear combinations of the Coulomb functions

as,

Jps(r >10) = flp(ep,r)aops — glp(ep,r)alps, (6.2.32)

The quantity €, = E — E, is the electronic binding energy in the p’th collision channel. If
there are additional long-range fields present, the expression in Eq. 6.2.32 must be modified
according to the K representation described in Chapter 3.

In Eq. 6.2.27, A is an operator that antisymmetrizes the spatial-spin coordinates of the

N + Vst electron, (1,0, ¢,0), to the spatial-spin coordinates of all the remaining electrons,

(x4, 9Yi, 2i, 07), on the ion-core. The effect of the antisymmetrization operation is that all the

2We note that if the ion-core symmetry differs from 3, the use of the complex-valued spheri-
cal harmonic to describe the angular portion of the continuum orbital implies that correct linear
combinations of the Gaussian 08 output for the ion-core wavefunction must be taken so that the
direct product X’ ® :v(mlp) yields the irreducible representation X of Cuo, or Deop. Otherwise
the calculated reaction matrix will be reducible. This is acceptable if one is interested only in the
eigenquantum defects of the short-range reaction matrix. However, irreducible representations must
be constructed for the rovibrational frame transformation.
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Slater determinants describing multi-electron configurations of the ion-core in Eq. 6.2.27 get
augmented by an extra column that corresponds to the continuum orbital of the Rydberg

electron.

The expression {®,} in Eq. 6.2.27 is an antisymmetrized N+1 electron CI basis function
defined as
U, =W,(5 Mg, X € Coon, {7i}). (6.2.33)

The bound-type configurations in Eq. 6.2.33 are built from one-electron orbitals optimized
on the ion-core Hamiltonian following the procedure in Section 6.2.1. They are obtained by
single and double excitations from the reference configuration with an additional electron
placed in one of the hole orbitals to form an N + 1 electron eigenstate of total spin. An
important property of ®, is that the spatial extent of the molecular orbitals in ®, must be
within the R-matrix radius, .. In the spirit of the Feshbach projector formalism [35, 36],
the expression for the wavefunction shown in Eq. 6.2.27 consists of the superposition of an

orbital Hilbert space component,
VUo=QU,=> &,(P,|V,) (6.2.34)
“w
with an orthogonal non-Hilbert space complement,

Up =Pl = AO,¢ps(). (6.2.35)
P

@ is a projection operator that projects into the orbital Hilbert space and P is an orthogonal
complement of Q). The subspace @ is a function space with an L-2 (square integrable) norm,
whereas only continuum normalization can be imposed on the complement space P. We
seek to find the best variational solution to ¥ in the designated subspace S spanned by
the configurations ®, in Eq. 6.2.27.

By definition, the reaction matrix is,

K= a0, L. (6.2.36)

Since the reaction matrix is by assumption defined at short range (r = 1,), the expression

shown in Eq. 6.2.36 does not distinguish between closed and open channels. Thus, the
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same reaction matrix yields positions of bound states in the region of the spectrum where
all channels are closed, as well as doubly excited resonances, which autoionize into the
continuum above the ground electronic state of the ion-core. We consider variations of the

channel radial wavefunctions fys(r) about the canonical form,
a,=1 o =K. (6.2.37)

We begin by constructing continuum basis. This basis consists of functions, which are
regular at the origin and connect with the regular and irregular functions beyond r,. The

basis functions of ”0” type are defined as,

Fop(r > 1) = fi,(€p,7). (6.2.38)
The basis functions of ”1” type are defined as,

Fip(r > 15) = g1, (€p,7). (6.2.39)

The forms of the basis functions F,, and Fy, for » < r, can be selected subject to the

wavefunction continuity requirement at r = r,. Here, we make the choice,

Fop(r) = fi,(ep,7), (6.2.40)

Fip(r) = (1= e gy (7). (6.2.41)

In Eq. 6.2.41, the term e serves to remove the divergence at the origin in the
irregular Coulomb function. In the next step, the diffuse basis, ¢op(r) = Fop(r)Yi,m,, (0, ®)
and ¢1p(r) = Fip(r)Yy, m, (6, ¢) must be orthonormalized to the square integrable molecular
basis ¢; ( index i for occupied orbital) and ¢, (index a for virtual orbital), which generate

W, and ®,, respectively. This involves calculation of the overlap matrices,

Svop = / d*r ¢y pop, (6.2.42)
r<ro

Suip = / dPre} ey, (6.2.43)
r<ro
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with ¢, € {¢i, ¢q}. We further require the normalization constants

NOp = \/ ¢0p|¢0p Z |Su0p|2

Nip = \/ P1p|d1p) — Z |Su,1p[%. (6.2.44)

The transformed basis,

~ 1

Gop = N_op <¢0p - Zy: <25,,5u,0p>

~ 1

¢1p = N_lp <¢1p - Z ¢VSV,1p> (6245)

is orthonormal to the ion-core molecular basis and the transformation rescales the asymp-
totic forms in Eqgs. 6.2.38 and 6.2.39. Following this logic, the variational coefficients ¢, in

Eq. 6.2.27 can be factored out as,
Cus = > Py, i €{0,1}. (6.2.46)
ip

The variational approximation to ¥, in Eq. 6.2.27 becomes,

Vo=) (A@pﬁgip +Y <I>“ci§> Qips- (6.2.47)

ip M

Next, we construct the functional,
Ny = (U4|H — E|Uy), (6.2.48)

bearing in mind that the integrations are always confined within the R-matrix volume. N
is an n X n matrix where n is the sum of the number of open and closed channels used in

the calculation. Thus,

Nop = ) ipstjgr (A@p@p + Z O,cP|H — E|AO4jq + Z i cw) (6.2.49)

ip,jq
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For arbitrary values of 4, setting the functional derivative

&ﬁi =0, (6.2.50)
del
yields
(@M]H — E|A®y¢jq + > ¢,,ng> =0, (6.2.51)

for all j,q. We can use Eq. 6.2.51 to rewrite Nst. The first term in this expression is,
MY = (A0,65, | H — E|A0,65,) (6.2.52)
The remaining term is <A@pgz~5ip|H —-ElY, qbyCZq). This reduces to,

(A@pasipuH —E)H-E)Y(H-E)Y, ¢ch;1) (6.2.53)
= 3 (AOu il (H — E)[0,0) (@, |(H — E)~!0,) (R0 H — E|' Y, ®,l7) (6.2.54)
= =3, (A8, |(H — E)|®,) (D |(H — E)7H@,0) (@, |H — E|ABy¢j4). (6.2.55)

Equation 6.2.55 is obtained from the completeness condition in Eq. 6.2.51. Using Egs.

6.2.52 and 6.2.55 we can re-write Ng; as,

Roe =D ) Qipsmlfaje, (6.2.56)
ip jq

where

mif = M =" Mipu(M ™) Mo jo, (6.2.57)
L,V
and

My = (2ulH — E|®,) (6.2.58)
M,ip = (®u|H — E|ABp¢ip) (6.2.59)
M = (AQPQBMH - E|A@q¢~5jq> : (6.2.60)

In Egs. 6.2.58, 6.2.59 and 6.2.60

- M,,, is a Hermitian bound-bound matrix, which can be determined from Gaussian 03

output.
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- M, ;p is a rectangular bound-continuum matrix. The calculation of M, ;, does not
require the use of tail integrals derived by Wong et al. [137] and this matrix can also be

obtained from Gaussian 03 output.

- qu is a non-Hermitian continuum-continuum matrix. The calculation of this matrix

requires the use of tail integrals derived by Wong et al. [137].

The condition Ny = 0 for an exact solution yields by Eq. 6.2.56,
> mPlaje =0. (6.2.61)
Jjq

From the general theory of partial differential equations we know that we must have n
linearly independent solutions to the Schrodinger equation for ¢ ranging from 1 to n. This
implies that the 2n x 2n matrix mff must be a matrix of rank n for an exact solution. This
condition is not going to be true for subspace-restricted expansions of the wavefunction
VU,. Thus a variational condition must be set up to approximate the coefficients 4. The

variational functional X in matrix form is given by,
N =ama= Oég(m(]o()éo +mgaq) + OZJ{(IIll(]Oéo +mijaq). (6.2.62)
The variation of X becomes,
OR = da'ma + (ma)éa + af (m — m"da. (6.2.63)

Equation 6.2.63 demonstrates that X is non-stationary for exact solutions since m —mf # 0

due to the non-Hermitian continuum-continuum matrix in Eq. 6.2.60.

The channel radial wavefunctions, f, g are normalized per Rydberg unit of energy. This
implies,

0
mil —mil = MJ — M} = m (031050 — 0indj1) - (6.2.64)

In matrix notation Eq. 6.2.64 becomes,

1

—_. 6.2.65
qupNOq ( )

1
—B, B, =9,

T
mjo — My = o
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Equation 6.2.65 is the generalized Wronskian condition. We write, B = ByB1 where,
(6.2.66)

Equation 6.2.64 also shows that the matrices mgy and my; are real and symmetric. The

variation of N becomes,
OR = da'ma + (ma) da + % (oﬂ{Béao - O%B&oq) . (6.2.67)
The variations of N are restricted to the modified canonical form,
ap=By!, a; =B'K. (6.2.68)

At the exact solution, 6N becomes,

1
N = —— K. 2.
5 (6.2.69)
Therefore the functional,
L=K+ 27§, (6.2.70)

is stationary for all variations. For a trial reaction matrix Ky,.;q;, we have

oN = 0K/

trial

(Bl_lmloBg1 + Bl_lmnBl_thm'al)

_ B B _ 1
+ (B myoBy ! + BT 'myy BT K iar) 0K s — - Ktrial

Therefore, Kypjar = —Blml_llmloBa ! stationarizes L consistent with Eq. 6.2.70. This
defines,

Liin = _Blml_llmIOBal + 27 (BalmooBal — BalmglmﬁlmlgBal) s (6271)

- B;! (27T(moo - m}om;11m10)> B; . (6.2.72)

Equation 6.2.72 allows us to recognize the best variational solution to the reaction matrix
as,

Kior = 27TB0_1 <m00 — m{omfllmm) Bo_l. (6.2.73)
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Equation 6.2.73 demonstrates that the reaction matrix is real and symmetric. In practice,
Eq. 6.2.73 cannot be used to calculate the reaction matrix, because with increased basis set
size the matrix mi; will start to have null eigenvalues. Instead we consider the eigenvalue

decomposition of mi; to obtain the reaction matrix. The factorization of mqy is given by,
m;; = UDU7T, (6.2.74)

where U is the orthogonal matrix of eigenvectors and D is a diagonal matrix of eigenvalues
of my;. We factor, Kypjqr = B1USUTB61. The condition mlOBal + mnBl_leal =0
yields,

DS = —U'm,,U, (6.2.75)

defining a subspace of trial matrices. The trial matrix condition gives an expression for

Lmin as,

Luin = Kpriar + 27 (By 'mooBy ' + By 'moi BT Kyria) (6.2.76)

= 27B; 'mgB, ' + 27B, ' US'DSUTB, . (6.2.77)

Equation 6.2.77 allows us to deduce the best variational solution to the K matrix as,
Kyor = 2785 (mo — USTDSUT) By, (6.2.78)
where the matrix STDS is given from Eq. 6.2.75 as,

UTm,; U)*
(STDS)y = > (DM(UTmmU)M (6.2.79)
k, D0 k
Combination of Equations 6.2.78 and 6.2.79 determine the real and symmetric reaction ma-
trix. The calculation of the reaction matrix is now reduced to the numerical determination
of the matrix elements M, ,,, M;, , and M;; ,,. These matrix elements can be calculated by

expanding the one-electron orbital functions in Cartesian or spherical Gaussian functions

and making use of the analytical results for all one- and two- electron molecular integrals.
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6.3 Test Calculation on the 'Y States of the H,
Molecule

Test calculations were performed on the 1soynpo, Rydberg series of the two-electron Hy
molecule. At the lowest level of calculation, a single channel was included and the ion-core
internal state was modeled as a single determinant reference state. This reference state
was calculated using a restricted Hartree-Fock method for open shells and the 6-31G [128]
atomic Gaussian basis.

The bound-type configurations were obtained by placing an additional electron in the
lowest three virtual orbitals determined in the restricted Hartree-Fock calculation. The
symmetry of these orbitals was selected as o, so that an overall state in the !X} symmetry
could be constructed. The two-electron reaction matrix was determined as a function of
energy using Eqgs. 6.2.78 and 6.2.79. The calculated quantum defects were found to depend
very weakly on energy. The quantum defects as a function of energy were used in Eq. 2.205
to determine the potential energy curve for the 1so,4po,, electronic state of Ho. The results
are compared with a very high level calculation reported by Wolniewicz et al. [124] in Fig.
6-1. There is a close agreement between the results of the present low-level calculation and
the previous high-level calculation in the vicinity of the equilibrium internuclear distance.
Deviations are seen at larger and smaller internuclear distances. These deviations are
expected, since it is known that the restricted Hartree-Fock calculation is inaccurate at
small and large electronic distances [128]; the method fails to capture the correct separated
atom limit and the rapid change in the electronic structure as a function of increasing R.
A Cl-expansion of the ion-core internal state is required in order to correctly reproduce the
small- and large- R behavior in the potential energy curve. However, as a validation test,

the current results seem satisfactory.
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Figure 6-1: The potential curve for the 1so,4po,, electronic state of Hy. The zero of
energy is measured with respect to vacuum. The top curve is the potential energy
curve for the ground electronic state of the ion. The solid curve is the result of a
high-level calculation performed by Wolniewicz et al. [124]. The dashed curve is the
result obtained from the present two-electron reaction matrix calculation. There is
a close agreement between the present and the previous results in the vicinity of the
equilibrium internuclear distance. Deviations are seen at larger and smaller values
of R. The error is likely due to the use of a single determinant to model the ion-
core internal state (restricted Hartree-Fock). I thank Bryan Wong for preparing this
figure.

240



Chapter 7

Conclusion

7.1 Summary

The main goal of this thesis was to discover the quantum chemical foundation of the quan-
tum defect method, which is the most successful theory of electronic spectroscopy. The
question that we have set out to answer was whether the central construct of multichannel
quantum defect theory, the reaction matrix, could be determined accurately and efficiently
from a first principles electronic structure calculation. The primary challenge was the devel-
opment of a high-level calculation akin to quantum chemical computations that determine
bound state molecular properties such as transition energies, force constants, and transition
dipole moments to spectroscopic accuracy.

Such a calculation was built on the variational R-matrix theory of Kohn [69]. The
variational theory was complemented by a Green’s function propagation scheme that al-
lowed for a significant decrease in the size of the R-matrix box. This made the calculation
efficient, because it expedited the calculation of continuum type molecular integrals that
would otherwise be prohibitively time consuming. A new representation of the reaction
matrix was developed to ameliorate the energy dependence problem in the quantum defect
matrix, which is most severe for molecules with highly polar ion-cores. The dipole-reduced
K-matrix was derived from an algebraic transformation of the K-matrix in the orbital an-
gular momentum representation. This transformation was made possible, because of the
introduction of an analytically stronger pair Coulomb functions that absorbed some of the

energy dependence in the K-matrix. The formalism of the K matrix was a decisive step in
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the ab initio calculation of reaction matrices that could be input to the rovibrational frame
transformation, the validity of which requires that the short-range reaction matrix depends

only weakly on energy.

The K matrix method was used to compute the Rydberg spectrum of the molecule
CaF. The entire Rydberg spectrum for all principal quantum numbers and symmetries (32
through ®) was calculated in close agreement with the observed experimental data. The
method was also used to characterize the electronic states in terms of their shapes, polar-
izations, and orbital angular momentum decompositions. Assignments based on dominant
orbital angular momentum characters were made that can be used as benchmarks for further
spectroscopic analyses. The calculation was then extended above the ionization threshold
and photoionization cross sections were calculated to aid in the design of [-selective time
domain experiments. The energy dependence of the photoionization cross sections as well
as that of the eigenquantum defects indicated that the 2X+ Rydberg states of CaF were
collectively under the influence of a unique physical effect. This effect was that of a broad

shape resonance, which was spread over the entire 22" Rydberg series.

The adiabatic, potential-adapted partial wave method of Le Dourneuf et al. [23] was
used for the analysis of the shape resonance. The analysis revealed that the broad shape
resonance was due to the trapping of the Rydberg electron between a centrifugal barrier on
the Ca™? ion and the excluded volume of space around the F~ ion. The resonance was short-
lived and, therefore, its effect was not localized about the resonance center energy; it was
instead spread over the entire 22" Rydberg series. This resulted in subtle but significant
violations of Mulliken’s rule [90], which establishes some of the fundamental properties of
Rydberg states. Such an effect had been unnoticed in the spectrum previously.

Finally the variational reaction matrix calculation was generalized to a many-electron
formalism. In this formalism, spin and electron exchange was explicitly taken into account
and the reaction matrix was obtained directly from a stationary condition imposed on the
collision wavefunction. This theory necessitated the development of methods for evaluating
non-standard molecular integrals over continuum-type basis functions. Once such meth-
ods were incorporated into the Gaussian-based quantum chemistry program, we were able
seamlessly merge the reaction matrix calculation with quantum chemistry. The computer
programs for the many-electron calculation were written by Bryan M. Wong and Serhan

Altunata. Test calculations on the lsonpo 'Y} Rydberg states of the Hy molecule were
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carried out. Close agreement was obtained between the results of the present theory and
previous ab initio calculations. The generalization of the reaction matrix theory was the
final step for embedding the generalized quantum defect methods presented in this thesis
into quantum chemistry.

Thus, the quantum chemical foundation of the quantum defect method has been compre-
hensively determined. High-level calculations comparable in accuracy to standard quantum
chemistry were developed using the reaction matrix method. It is possible that these results
can pave the way for a novel type of quantum chemistry that aims to calculate the electronic
structure over the entire bound-state region, as opposed to the current methods that focus

on state-by-state calculations.

7.2 Future Directions

The computer programs that were used to implement the reaction matrix calculation can
be employed with minor changes to calculate the Rydberg spectra of other alkaline-earth
monohalides such as BaF and CaCl. The nature of the shape resonance in CaF suggests
that similar shape resonances might be present in these molecules as well. The existence
of a shape resonance in BaF has already been verified by another research group [67]. In
order to understand how the shape resonance behaves in different molecular environments,
the possible shape resonances in BaF and CaCl can be investigated in a future project.

The polyatomic analogues of the shape resonance in CaF are of physical interest. One
can expect a double well-double barrier generalization of the CaF shape resonance in a linear
triatomic molecule. The only difference would be that the Lorentzian profile of the shape
resonance would be split, as in Fig. 7-1, due to interference of partial waves reflecting off
of the barriers at the opposite ends of the molecule. The splitting in the shape resonance
profile would depend on the vibrational state of the molecule and this dependence can
provide rich probes of the effect of molecular geometry on electron dynamics.

The existence of the shape resonance in CaF has implications about how MQDT fits
to experimental data can be implemented. The short-range reaction matrix for CaF 2%+
states cannot be assumed to be energy independent. The explicit energy dependence in the
short-range matrix should be built into to the fit program using the expressions derived

in Chapter 2. This is likely to result in a better fit to data over a broader region of the
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Figure 7-1: Illustration of a shape resonance in a linear triatomic molecule. The
single shape resonance in the diatomic molecule has the profile shown by the dashed
curve. In an ABA triatomic molecule, there are two degenerate shape resonances
due to the double well-double barrier structure on the left and the right hand sides
of the molecule. The degenerate resonances interfere because of the reflection of the
scattering partial waves off of the barriers at the two atoms on opposite sides. The
resonance profile splits, giving rise to a broader resonance at lower energy and a
much sharper resonance at higher energy. The sharper resonance is an example of a
quantum proximity resonance discussed by Heller [56, 75].
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spectrum.

The fit programs should also account for the strong energy dependence of the reaction
matrix, K, in the orbital angular momentum representation. In previous studies, the exper-
imental data was fitted directly to the K matrix, because the frame transformation assumes
such an integer-/ representation. Comparison of the fit results [37] and the plots of the en-
ergy dependence of the K matrix presented in Chapter 4 suggest that the experimental
data samples the average values of the highly oscillatory reaction matrix elements. A more
satisfactory fit can be obtained if the K matrix is used in the frame transformation instead
of the K matrix. The K matrix has a mild dependence on energy, which is appropriate for
the validity of the frame transformation. However, angular momentum algebra is inappli-
cable to such a representation. In a future project, a theory can be developed that adapts
the frame transformation to non-integer or complex values of orbital angular momentum.

The many-electron generalization of the reaction matrix can be applied to resolve a long-
standing question about the Rydberg states of CaF. This question concerns the location
of the repulsive potential energy curve of CaF that belongs to the Ca(4s) + F(o)-hole
valence electronic state cannot be answered with an effective single electron treatment. The
coupling to the repulsive curve is a charge transfer process, which involves the transfer
of the electron on the F~ to the 4s shell on the Ca atom in the repulsive state. The
repulsive state is responsible for predissociation of 221 Rydberg states converging to the
vt = 0 ionization threshold. It has been suggested that the onset of predissociation is at
n* &~ 10 [38]. A future project can begin the search for the repulsive state in this region
of the principal quantum number. It is expected that the repulsive state will appear as a
Feshbach resonance in the Rydberg-Rydberg block of the many electron reaction matrix,
causing the eigenquantum defects to increase sharply at the energy of the curve crossings.
It has also been suggested that there is an indirect coupling of the vibrational states of the
ion-core that violates the Avt = +1 rule [38] for low quanta of vibration. Interlopers have
been observed from v+ = 4 and vt = 5 levels in Rydberg spectra converging to the v =1
vibrational state of the ion-core. This indirect coupling has been attributed to a pathway
via in an intermediate step through the nuclear continuum associated with the repulsive
state [38]. This type of indirect coupling can also be investigated with an R-dependent

resonance analysis of the many electron reaction matrix.

245



246



Bibliography

[1] The S matrix used here is the same as the matrix y defined by Seaton in [111].

[2] M. Abramowitz and I.A. Stegun. Handbook of Mathematical Functions. U.S. Depart-

ment of Commerce, National Bureau of Standard, 1970.

[3] A.B.Samokhin. Integral Equations and Iteration Methods in Electromagnetic Scatter-
ing. VSP Publications, The Netherlands, 2001.

[4] S. N. Altunata and R. W. Field. Phys. Rev. A, 67:022507, 2003.
[5] M. Arif, Ch. Jungen, and A. L. Roche. J. Chem. Phys., 106:4102, 1997.
[6] M. Aymar and M.Telmini. J. Phys. B, 24:4935, 1991.

[7] J. M. Berg, J. E. Murphy, N. A. Harris, and R. W. Field. Phys. Rev. A, 48:3012,
1993.

[8] H. A. Bethe and E. E. Salpeter. Quantum Mechanics of One and Two-Electron Atoms.

Springer-Verlag, Berlin, 1957.
[9] J.M. Brown and B.J. Howard. Mol. Phys., 31:1517, 1976.
[10] P. G. Burke. Phys. Rev. A, 160:719, 1968.
[11] P. G. Burke, I Mackey, and I Shimamura. J. Phys. B, 10:2497, 1977.
[12] P. G. Burke and M. J. Seaton. J. Phys. B, 17:1L683, 1984.

[13] P.G. Burke. The Physics of Electronic and Atomic Collisions, Pub: Boulder Colorado,
JILA:128, 1968.

[14] P.G. Burke, A. Hibbert, and W.D. Robb. J. Phys. B, 4:153, 1971.

247



[15]

[16]

P. J. A. Buttle. Phys. Rev., 160:719, 1967.

M. S. Child. Molecular Collision Theory. Dover Publications INC., Mineola, New
York, 1996.

Michael Chrysos. J. Phys. B., 31:1391, 1998.

Claude Cohen-Tannoudji, Bernard Diu, and Franck Laloé. Quantum Mechanics. Wi-

ley and Sons, New York, 1977.
J. W. Cooley. Math. Comput., 615:363, 1961.
Michael Courtney and Daniel Kleppner. Phys. Rev. A, 53:178, 1996.

Philippe Denery and Andre Krzywicki. Mathematics for Physicists. Dover Publica-
tions,INC., New York, 1995.

Dan Dill and J.L.Dehmer. J. Chem. Phys., 61:692, 1974.

M Le Dourneuf, Vo Ky Lan, and J M Launay. J. Phys. B, 15:1.685, 1982.
Ning Yi Du and C. H. Greene. Phys. Rev. A, 36:971, 1987.

J. Dubau. J. Phys. B, 11:4095, 1978.

J. Dubau and J. Wells. J. Phys. B, 6:1452, 1973.

K. M. Dunseath, M. Terao-Dunseath, and J. M. Launay. J. Phys. B., 33:3037, 2000.
W Eissner and M J Seaton. J. Phys. B, 5:2187, 1972.

U. Fano. Phys. Rev., 124:1866, 1961.

U. Fano. Phys. Rev. A, 7:353, 1970.

U. Fano. Phys. Rev. A, 17:93, 1978.

U. Fano and Dan Dill. Phys. Rev. A, 6:185, 1972.

U. Fano and C.M. Lee. Phys. Rev. Lett., 31:1573, 1973.

U. Fano and A. R. P. Rau. Atomic Collisions and Spectra. Academic Press, New
York, 1986.

248



[35] H. Feshbach. Ann. Phys., 5:357, 1958.

[36] H. Feshbach. Ann. Phys., 19:287, 1962.

[37] R.W. Field, C. M. Gittins, N. A. Harris, and Ch. Jungen. J. Chem. Phys., 122:184314,

[38]
[39]

[40]

2005.

Robert W. Field. Private Communication.

Arne W. Flifet and Vincent McKoy. Phys. Rev. A, 18:1048, 1978.

C. M. Gittins, N. A. Harris, Ma Hui, and R. W. Field. Can. J. Phys., 79:247, 2001.

A Giusti-Suzor and U. Fano. J. Phys. B, 17:215, 1984.

C

C.

C.

C.

. H.

. H.

H.

H.

H.

Greene. Phys. Rev. A, 22:149, 1980.

Greene. Phys. Rev. A, 22:149, 1980.

Greene. Phys. Rev. A, 28:2209, 1983.

Greene and M. Aymar. Phys. Rev. A, 44:1773, 1991.

Greene, U. Fano, and G. Strinati. Phys. Rev. A, 19:1485, 1979.
Greene and Ch. Jungen. Adv. At. Mol. Phys., 21:51, 1985.
Greene and Ch. Jungen. Phys. Rev. Lett., 55:1066, 1985.
Greene and Longhuan Kim. Phys. Rev. A, 36:2706, 1987.

Greene, A. R. P. Rau, and U. Fano. Phys. Rev. A, 26:2441, 1982. For errata

see [51]. This is Paper II. Paper I is [46].

C. H. Greene, A. R. P. Rau, and U. Fano. Phys. Rev. A, 30:3321, 1984.

C. H. Greene and B. Yoo. J. Phys. Chem., 99:1711, 1995.

David J. Griffiths. Introduction to Quantum Mechanics. Prentice Hall, New Jersey,

1994.

Frank S. Ham. Solid State Phys., 1:127, 1955.

249



[55] N. A. Harris and Ch. Jungen. Phys. Rev. Lett., 70:2549, 1993.
[56] E. J. Heller. Phys. Rev. Lett., 77:4122, 1996.
[57] G. Herzberg. Phys. Rev. Lett., 23:1081, 1969.

[58] Gerhard Herzberg. atomic spectra and atomic structure. Dover Publications, New

York, 1944.
[59] Miyabi Hiyama and Mark S. Child. J. Phys. B, 36:4547, 2003.
[60] A.U. Huzi. Phys. Rev. A, 19:920, 1979.

[61] E. L. Ince. Ordinary Differential Equations. Dover Publications,INC., New York,
1956.

[62] R. Jastrow. Phys. Rev., 73:60, 1948.

[63] C. Jungen and G. Raseev. Phys. Rev. A, 57:2407, 1998.

[64] Ch. Jungen and O. Atabek. J. Chem. Phys., 66:5584, 1977.

[65] Ch. Jungen and A.L. Roche. Can. J. Phys., 79:287, 2001.

[66] Ch. Jungen and F. Texier. J. Phys. B, 33:2495, 2000.

[67] Christian Jungen. Private Communication.

[68] Christian Jungen. J. Chem. Phys., 53:4168, 1970.

[69] W. Kohn. Phys. Rev., 74:1763, 1948.

[70] V. Kokoouline, C. H. Greene, and B. D. Esry. Nature(London), 412:891, 2001.

[71] L. D. Landau and E. M. Lifshitz. Quantum Mechanics. Butterworth and Heinemann,
Oxford, 1997.

[72] A. M. Lane and R. G. Thomas. Rev. Mod. Phys., 30:257, 1958.

[73] M. N. Lebedev. Special Functions And Their Applications. Dover Publications INC.,
Mineola,New York, 1965.

250



[92]

Helene Lefebvre-Brion and Robert W. Field. The Spectra and Dynamics of Diatomic
Molecules. Academic Press, New York, 2004.

Sheng Li and E. J. Heller. Phys. Rev. A, 67:032712, 2003.

C. D. Lin. Astrophys. J., 187:385, 1974.

K. T. Lu. Phys. Rev. A, 4:579, 1971.

K. T. Lu. Phys. Rev. A, 4:579, 1971.

K.T. Lu and U. Fano. Phys. Rev. A, 2:81, 1970.

Robert R. Lucchese and Vincent McKoy. Phys. Rev. A, 21:112, 1980.
Nasser Maleki. Phys. Rev. A, 29:2470, 1984.

Steven Trent Manson. Phys. Rev., 182:97, 1969.

Jerrold E. Marsden and Michael J. Hoffman. Basic Complex Analysis. W. H. Freeman,
New York, 1999.

R. J. Mathar. Int. J. Quant. Chem., 90:227, 2002.

Albert Messiah. Quantum Mechanics. Dover Publications INC., New York, 1999.
Gregory Miecznik and C. H. Greene. Chem. Phys. Lett, 258:607, 1996.

F. H. Mies. Phys. Rev. A, 20:1773, 1979.

C. E. Moore. Atomic Energy Levels. Natl. Bur. Std. Circular No. 467 Vol.III, US
GPO, Washington DC, 1958.

L. A. Morgan, C. J. Gillan, J. Tennyson, and Xiushan Chen. J. Phys. B, 30:4087,
1997.

R. S. Mulliken. J. Am. Chem. Soc., 86:3183, 1964.

J. E. Murphy, J. M. Berg, A. J. Merer, Nicole A. Harris, and R. W. Field. Phys. Rev.
Lett., 65:1861, 1990.

H. Nakatsuji. Chem. Phys. Lett., 59:362, 1978.

251



[93]
[94]

[95]

[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107)
[108]
[109]
[110]
[111]

[112]

H. Nakatsuji and K. Hirao. J. Chem. Phys., 68:2053, 1978.
H. Nakatsuji and K. Hirao. Chem. Phys. Lett., 67:329, 1979.

Robert K. Nesbet. Variational Principles and Methods in Theoretical Physics and
Chemistry. Cambridge University Press, The Edinburgh Building, Cambridge CB2
2RU, UK, 2003.

Roger G. Newton. Scattering Theory of Particles and Waves. Springer-Verlag, New
York, 1982.

J. V. Noble. Phys. Rev., 161:945, 1967.
Patrick F. O’Mahoney. Phys. Rev. A, 32:908, 1985.

William H. Press, Saul A. Teukolsky, William T. Vetterling, and Brian P. Flannery.
Numerical Recipes in C++. Cambridge University Press, Cambridge, UK, 2002.

Ismanuel Rabadan and Jonathan Tennyson. J. Phys. B, 30:1975, 1997.
S. Raouafi, Gh. Jeung, and Ch. Jungen. J. Chem. Phys., 115:7450, 2001.
S.F. Rice, H.Martin, and R. W. Field. J. Chem. Phys., 82:5023, 1985.

H Le Rouzo. Int. J. Quant. Chem., 64:647, 1997.

J.J. Sakurai. Modern Quantum Mechanics. Addison-Wesley, New York, 1994.
B. I. Schneider. Phys. Rev. A, 11:1957, 1975.

B. I. Schneider and P J Hay. Phys. Rev. A, 13:2049, 1976.

M. J. Seaton. Mon. Not. R. Astron. Soc., 118:504, 1958.

M. J. Seaton. Proc. Phys. Soc., 88:801, 1966a.

M. J. Seaton. Proc. Phys. Soc., 88:815, 1966b.

M. J. Seaton. J. Phys. B, 2:5, 1969.

M. J. Seaton. J. Phys. B, 11:4067, 1978.

M. J. Seaton. Rep. Prog. Phys., 46:167, 1983.

252



[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]

[121]

[122]
[123]
[124]
[125]

[126]

[127]

[128]

[129]
[130]
[131]

[132]

Isao Shimamura. J. Phys. B, 10:2597, 1977.

Felix T. Smith. Phys. Rev., 118:349, 1960.

K. Smith and L. Morgan. Phys. Rev., 165:110, 1968.

S.N.Altunata, J. Cao, and R.W.Field. Phys. Rev. A, 65:053415, 2002.
S.N.Altunata, S.L.Coy, and R.W.Field. J. Chem. Phys., 123:084318, 2005.
S.N.Altunata, S.L.Coy, and R.W.Field. J. Chem. Phys., 123:084319, 2005.
S.N.Altunata, S.L.Coy, and R.W.Field. J. Chem. Phys., 124:194302, 2006.
Gregory L. Snitchler and Deborah K. Watson. J. Phys. B, 19:259, 1986.

L. Spruch. The Physics of Electronic and Atomic Collisions, Pub: Boulder Colorado,
JILA:89, 1968.

J. F. Stanton and R.J. Bartlett. J. Chem. Phys., 98:7029, 1993.

A. F. Starace. J. Phys. B, 6:76, 1973.

G. Staszewska and L. Wolniewicz. J. Mol. Spec., 212:208, 2002.
Darian T. Stibbe and Jonathan Tennyson. J. Phys. B., 29:4267, 1996.

Gilbert Strang. Introduction to Applied Mathematics. Wellesley-Cambridge Press,
Wellesley MA USA, 1996.

John R. Swanson, Dan Dill, and J.L. Dehmer. J. Chem. Phys., 75:619, 1981.

Attila Szabo and Neil S. Ostlund. Modern Quantum Chemistry: Introduction to
Electronic Structure Theory. McGraw Hill, New York, 1982.

S. Takezawa. J. Chem. Phys., 52:5793, 1970.

Mourad Telmini and Christian Jungen. Phys. Rev. A, 68:062704, 2003.
J. Tennyson. J. Phys. B, 21:805, 1988.

J. Tennyson and C. J. Noble. J. Phys. B, 18:155, 1985.

253



[133] J. Tennyson, C J Noble, and S Salvini. J. Phys. B, 17:905, 1984.
[134] J. K. G. Watson. Mol. Phys., 81:277, 1994.

[135] E. P. Wigner and L. Eisenbud. Phys. Rev., 72:29, 1947.

[136] Eugene Wigner. Phys. Rev., 98:145, 1955.

[137] Bryan M. Wong, Serhan N. Altunata, and Robert W. Field. J. Chem. Phys.,
124:014106, 2006.

[138] J. J. Wynne and J. A. Armstrong. IBM J. Res. Dev., 23:490, 1979.
[139] Richard N. Zare. Angular Momentum. John Wiley and Sons, US, 1987.

[140] Eberhard Zeidler. Applied Functional Analysis. Springer-Verlag, New York, 1991.

254



