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3
I.

ABOUT EZDYSON

ezDyson is a part of the ezSpectra spectroscopy modeling suite. It calculates absolute photodetachment/photoionization cross sections, photoelectron angular distributions (PADs),
and anisotropy parameters (β) using Dyson orbitals computed by an ab initio program.
The calculation is based on the following approximations: (1) weak field limit, i.e., the
photodetachment or photoionization is treated in a perturbative regime; (2) dipole approximation, i.e., assuming that the wavelength of the radiation field is longer than the size of the
molecule and that the process is one-photon (first order in perturbation theory); (3) sudden
approximation, i.e., we ignore the interactions between the ejected photoelectron and the
remaining core electrons (except the electrostatic interaction, which can be accounted for
by using Coulomb waves); (4) strong orthogonality condition, i.e., the continuum orbital
is orthogonal to all states of initial system, Ψ(N ). We use either plane waves or Coulomb
waves to describe the continuum state of the photoelectron.
The code requires information from a quantum chemical calculation (geometries, atomic
basis set), details of the experiment (laser polarization, ionization energy, molecular orientation, range of electron kinetic energies), the coefficients of the Dyson orbitals in the atomic
orbital (AO) basis, and the norm of the Dyson orbitals. The ezDyson input is in xml format; it can be prepared manually. Alternatively, a Python interface can be used to extract
data from an electronic structure program and prepare an xml input automatically. Python
scripts are currently provided only for Q-Chem outputs. Dyson orbital calculations are
implemented within the equation-of-motion coupled-cluster (EOM-CC) suite of methods[1]
in Q-Chem’s[2]. Hartree-Fock and Kohn-Sham orbitals can also be used in lieu of Dyson
orbitals.
This manual provides a detailed description of the input structure and gives several
examples. It also presents a derivation of the working expressions using a time-independent
treatment of the photodetachment/photoionization based on Dyson orbitals and angular
momentum theory. The structure of this document is as follows: Section II presents a brief
explanation of the model and working expressions, Section III explains how to install and
run the program, Section IV describes how to plot Dyson orbitals, Section V explains the
input structure and the relevant keywords, Section VI describes the output structure.
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A.

Quick start

The distribution ezDyson_v5.0.tar.gz includes the following:
Manual:

ezDyson manual (tex and pdf)

LICENCE: lincence info (please read)
bin:

precompiled binaries for MacOS and Linux and python scripts for

input generation
InputScripts: examples of Q-Chem outputs and xml inputs generated by the xml scripts
Samples: examples of xml inputs and ezDyson outputs
ezdyson_code: source code and makefiles
After you install ezDyson, you can add path to the bin directory in your .csh or .bsh
configuration file. Alternatively, you can create links to the executables in your working
directory. You can follow these steps to run a sample job:
cd Samples
ln -s ../bin/ezdyson_mac.exe .
./ezdyson_mac.exe F-molden.xml > myFtest.out
You can then compare myFtest.out versus the reference output (F-molden.xml.out).
To prepare a template of the input:
cd InputScripts
ln -s ../bin/make_xml_molden.py .
python make_xml_molden.py myFtest.xml F-molden.xml.out
or, alternatively:
./make_xml_molden.py myFtest.xml F-molden.xml.out
myFtest.xml should be the same as F-molden.xml. You can further manually edit it to set
up additional parameters, as explained in detail below.

B.

What’s new in ezDyson 5

In this version of ezDyson we have included support for a multi-center model for the
calculation of photoionization/photodetachment cross sections. We have also updated the
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xml parser to remove dependence on some libraries. Scripts were updated to bee compatible
with Python3.

C.

Caveats

• Python scripts provided in this ezDyson distribution are only compatible with with
Q-Chem version 5.1 or later. Only python2 versions are provided. Consult Q-Chem’s
user manual for EOM-CC and Dyson orbital calculations[3]. Only ccman2 outputs are
compatible.
• Precompiled binary for MacOS uses dynamically linked armadillo library: if it does
not run, install dependences and compile from the source.
• The xml parser was rewritten in v.5.0 to remove some dependencies. It works almost
as before, but with the following (temporary) restrictions:
– Empty XML tags are not supported, i.e., this
<geometry
n_of_atoms="3"
text = "
O
-0.0002310000
H
-0.7616800000
H
0.7589890000

-0.1047090000
0.4751910000
0.4781700000

0.0000000000
0.0000000000
0.0000000000

-0.1047090000
0.4751910000
0.4781700000

0.0000000000
0.0000000000
0.0000000000

"
/>
should be changed to
<geometry
n_of_atoms="3"
text = "
O
-0.0002310000
H
-0.7616800000
H
0.7589890000
">
</geometry>
– The closing tags, such as
</geometry>
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above, should be separated by either a space or a newline from the previous text.
For example
"></geometry>
would result in an error.
The current scripts handle this correctly, but the old xml inputs need to be edited.
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II.
A.

THEORETICAL BACKGROUND

Absolute cross sections from Dyson orbitals

We use atomic units in all derivations and in the code. The expression for calculating
the differential photodetachment/photoionization cross section,

dσ
,
dΩk

is [4, 5]:

2
dσ
4π 2 kE IF
=
Dk (θ, φ) ,
dΩk
c

(1)

where k is the magnitude of the photoelectron wave vector k, E is the energy of the ionizing
radiation, and c is the speed of light. DkIF is the photoelectron dipole matrix element:
N −1 el
DkIF = uhΨN
Ψk i,
I |r|ΨF

(2)

where r is the dipole moment operator and u is a unit vector in the direction of the polarization of light. Assuming strong orthogonality conditions, Eq. (2) becomes:
DkIF = uhφd |r|Ψel
k i,

(3)
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d
where Ψel
k is the photoelectron wave function and φ is a Dyson orbital connecting the initial

(N -electron) and final (N -1-electron) states:
φd (1) =

√
N

Z

N −1
(2, . . . , n)d2 . . . dn.
ΨN
I (1, . . . , n)ΨF

(4)

Eq. (3) can be expressed as a sum of its x, y and z components:
DkIF =

X

hφd |rα |Ψel
k icos(u, eα ),

(5)

α=x,y,z

Here, rα denotes the x, y, or z component of the dipole moment operator, and the cos term
represents the respective projections of the light polarization vector.
In the non-Hermitian EOM-CC theory, the expression for |DkIF |2 depends on left and
right Dyson orbitals [6] and is given by:
|DkIF |2 =

X

el
d
2
hφdL |rα |Ψel
k ihΨk |rα |φR icos (u, eα ) =

|DkIF |2α cos2 (u, eα ).

X

(6)

α=x,y,z

α=x,y,z

The photoelectron wave function, Ψel
k , can be treated as a plane wave:
Ψel
k =

1
eik·r .
(2π)3/2

(7)

The (2π)−3/2 factor is the “continuum normalization” typically used for plane waves [7].
Plane waves can be written as a sum of spherical waves using the plane-wave expansion [8]:
eik·r = 4π

∞ X
l
X

il Rl (kr)Ylm (r)Ylm (k).

(8)

l=0 m=−l

Each spherical wave is characterized by its energy, E =

k2
,
2m

and angular momentum, l,

m, and is a product of a radial function Rl (kr) and spherical spherical harmonic functions
Ylm . Ylm (r) depends on the position vector r and therefore determines the shape of the
plane wave in position space, while Ylm (k̂) determines the direction in which the plane wave
travels.
We use orthonormal spherical harmonics:
Ylm (θ, φ) = Θlm (θ)Φm (φ),
Z 2π

Φ∗m (φ)Φm (φ)dφ = δmm0 ,

(10)

Yl0 m0 (θ, φ)Ylm (θ, φ)sinθdθdφ = δll0 δmm0 .

(11)

0

Z π
0

(9)
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For a plane wave, the radial function is a spherical Bessel function (Rl (kr) = jl (kr)). Using
a plane wave is appropriate when there is negligible electrostatic interaction between the
ejected photoelectron and the remaining core (e.g., photodetachment from H− ). When the
electrostatic interaction between the photoelectron and core cannot be ignored, one can use
a Coulomb wave instead of a plane wave. The Coulomb wave can also be expanded into a
sum of Coulomb partial waves using the same expression as Eq. (8), but instead of using
spherical Bessel functions, the radial part is given by a Coulomb radial wave function[9]:
Rl (kr, η) = (2kr)l e−

πη
2

|Γ(l + 1 + iη)| −ikr
e
1 F1 (l + 1 − iη, 2l + 2, 2ikr),
Γ(2l + 2)

(12)

where Γ is the Gamma function and 1 F1 is the confluent hypergeometric function of the first
kind. η is the Sommerfeld parameter, which is equal to -Z/k in atomic units, where Z is the
charge of the ionized core and k is the magnitude of the photoelectron wave vector. When
Z=0, the Coulomb wave becomes a plane wave since Eq. (12) reduces to a spherical Bessel
function.
From Eqs. (6), (7) and (8) we obtain (see Ref. [10]):
2
DkIF
α

l
l0
∞
X
X
(4π)2 X
=
hφd |rα |il Rl (kr)Ylm (r̂)i
(2π)3 l,l0 =0 m=−l m0 =−l0 L
0

×hil Rl0 (kr)Yl0 m0 (r̂)|rα |φdR iYlm (k̂)Yl∗0 m0 (k̂).

(13)

L
R
We define Cklm
[α] and Ckl
0 m0 [α] as:
L
Cklm
[α]

l

= i

R
l
Ckl
0 m0 [α] = i

0

Z

φdL (r)rα Rl (kr)Ylm (θ, φ)dr,

Z

φdR (r)rα Rl0 (kr)Yl0 m0 (θ, φ)dr.

(14)

The Cklm s give the amplitude of each spherical wave that contributes to the final wave
function of the photoelectron. From Eqs. (13) and (14):
2
DkIF
α

∞
l
l0
X
X
2 X
L
R
∗
Cklm
[α] Ckl
=
0 m0 [α] Ylm (k̂)Yl0 m0 (k̂).
π l,l0 =0 m=−l m0 =−l0

(15)

Eq. (15) provides the photoelectron dipole matrix elements between the Dyson orbital and
the photoelectron wave function, which can be used to calculate the total cross sections,
differential cross sections (for PADs), and β anisotropy parameter. Eq. (14) is evaluated
by numerical integration on a grid using Dyson orbitals computed by a quantum chemistry
program (given as an expansion over the atom-centered Gaussian basis functions).
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From Eqs. (1) and (15), we obtain the expression for the differential cross section:
∞
l
l0
X
X
dσ
8πkE X
R
∗
|α =
C L [α] Ckl
0 m0 [α] Ylm (k̂)Yl0 m0 (k̂).
dΩk
c l,l0 =0 m=−l m0 =−l0 klm

(16)

At this point we also multiply by the Dyson orbital norms and by degeneracy factors (to
account for spin and orbital degeneracy, see Section II C), although these factors are not
shown in Eq. (16) above.
Integration over all dΩ provides the total photodetachment/photoionization cross section
for that state (see Eq. (11)):
σ[α] =

8πkE X
|Cklm [α]|2 .
c klm

(17)

The derivation above does not include averaging over molecular orientations, and therefore is appropriate for a molecule fixed in a specific position in the lab frame and with a
specific light polarization that has components ex , ey , and ez . The differential cross section
and total cross section in this case is simply the sum of the three x, y, and z components of
dσ
dΩk

and σ, respectively. However, in the case of an isotropic sample comprising randomly

oriented molecules, averaging over all molecular orientations is necessary. How to do this is
explained in the following section.

B.

Averaging over molecular orientations

The three components of σ[α] describe contributions to the total cross section from the
light polarized along eα from a molecule at a fixed orientation. To average over all molecular
orientations, one may average over all possible orientations of light polarization, u. The
result of this isotropic averaging is simply the average of the x, y, and z components of the
cross section.[11]. Note that for a single-photon experiment, there is no difference in the
total cross section computed using polarized versus non-polarized light. Thus, no additional
factors should appear due to using polarized light, contrary to some remarks in the literature.
While this simple averaging procedure works for total cross sections, it is not appropriate
for differential cross sections, PADs, and β. We therefore have implemented two averaging
procedures in ezDyson; an analytical averaging method and a numerical one. The analytical
averaging approach in large part follows the approach described in Ref. 12.
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While this simple averaging procedure works for total cross sections, it is not appropriate
for differential cross sections, PADs, and β. We therefore have implemented two averaging
procedures in ezDyson; an analytical averaging method and a numerical one.
For the analytical averaging, we begin with Eq. (13) and recognize that some quantities
belong to the molecular frame and others to the lab frame. In particular, the direction of
the polarization of light (r) is in the lab frame. Also, Ylm (k) and Yl∗0 m0 (k) in Eq. (15),
which indicate the direction that the photoelectron travels, must be obtained in the lab
frame (because the electrons are detected in the lab frame). All other quantities are in the
molecular frame. We will, for the most part, follow the derivation presented in Ref. [12]
for the averaging scheme.
To rotate spherical harmonics from one frame to another we make use of Wigner Dmatrices, which give the matrix elements of the rotation operator R [13]:
l
hl, m |R(α, β, γ)| l0 , m0 i = δll0 Dm,m
0 (α, β, γ),

(18)

where R(α, β, γ) is a 3D rotation operator using Euler’s z-y-z (“yaw-pitch-roll”) convention to define α, β, and γ. Applying the 3D rotation operator to a spherical harmonic
function |l, m0 i to rotate it to a new state |l, m0 i and using resolution of the identity
(I =

P

m

|l, mihl, m|) gives:
|l, m0 i = R(α, β, γ)|l, m0 i,
|l, m0 i =

X

|l, m0 i

X

|l, mihl, m|R(α, β, γ)|l, m0 i,

m

=

l
Dm,m
0 |l, mi.

(19)

m

Eq. (19) allows us to express spherical harmonics in the molecular frame as linear combinations of spherical harmonics in the laboratory frame. [14]:
Ylm0 (θ0 , φ0 ) =

l
X

l
Dm,m
0 (α, β, γ)Ylm (θ, φ).

(20)

m=−l

Note that in Eq. (20) we use θ0 and φ0 to represent functions in the molecular frame, while
θ and φ represent functions in the lab frame. α, β, and γ are Euler’s angles that relate
the two frames to each other. We will use this convention for the rest of this section. We
can also express spherical harmonics in the lab frame as a linear combination of spherical
harmonics in the molecular frame by using the inverse of Eq. (20):
Ylm (θ, φ) =

l
X
m0 =−l

l
0
0
Dm,m
0 (α, β, γ)Ylm0 (θ , φ ).

(21)
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Below, we make use of two properties of Wigner D-matrices. First, a product of two Wigner
D-matrices can be expressed a Clebsch-Gordan series [15]:
l1X
+l2

l2
l1
(α, β, γ) =
(α, β, γ)Dm
Dm
2 k2
1 k1

L
X

L
X

l1 l2 L
L
Cm
Ckl11 lk22LK DM
K (α, β, γ),
1 m2 M

(22)

L=|l1 −l2 | M =−L K=−L
l1 l2 L
where Cm
(and Ckl11 lk22LK ) are the Clebsch-Gordan coefficients. These are numbers (real
1 m2 M

numbers if using the Condon Shortley phase convention) that arise in angular momentum
coupling. The Clebsch-Gordan coefficients are equal to zero unless |l1 − l2 | ≤ L ≤ l1 + l2 ,
and M = m1 + m2 .
The second property is the orthogonality relations Wigner D-matrices:
Z 2π
0

dα

Z π

dβ

Z 2π

0

0

l1 ∗
l2
dγ Dm
(α, β, γ)Dm
(α, β, γ) =
1 k1
2 k2

8π 2
δm m δk k δl l .
2l1 + 1 1 2 1 2 1 2

(23)

We revisit equation (13), which was written for a specific polarization vector rα . Instead
of rα , light polarized along the z axis of the lab frame is used (The z axis is chosen for
convenience, the choice of axis is arbitrary). The z dipole moment operator may be expressed
in terms of the spherical harmonic function Y10 :
4π
z=
3


1
2

rY10 (θ, φ).

(24)

Eq. (24) simply follows from rearranging the definition of the Y10 spherical harmonic function. Using Eq. (21), we can rewrite Eq. (24) in the molecular frame:
4π
z=
3


1
2

r

1
X

1
D0m
(α, β, γ)Y1m2 (θ0 , φ0 ).
2

(25)

m2 =−1

By expressing light polarization in the molecular frame, everything becomes consistently in
the molecular frame. However, as mentioned above, we need the final DkIF to be in the lab
frame. Therefore, we need to express Ylm (k̂) in the lab frame using the relation in Eq. (20):
Ylm (θk0 , φ0k ) =

l
X

l
Dm
(α, β, γ)Ylm1 (θk , φk ).
1 ,m

m1 =−l

Using Eq. (13) but replacing rα by Eq. (24) and using Eq. (26), we obtain:
|DkIF (α, β, γ, θk , φk )|2


1
∞ X
l
l
1
X
X
4π 2 l 1∗
2X
l∗
i D0m2 (α, β, γ)Dm
(α, β, γ)
=
1 ,m
π l=0 m=−l m1 =−l m2 =−1
3
Z

!
∗
∗
φdL (r)rRl (kr)Y1m
(θ0 , φ0 )Ylm
(θ0 , φ0 )dr
2

Ylm1 (θk , φk )

(26)
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×

∞
X

0

0

l
X

l
X

1
X



l0 =0 m0 =−l0 m01 =−l0 m02 =−1

Z

=

4π
3

1
2

0

0

1
l
il D0m
0 (α, β, γ)Dm0 ,m0 (α, β, γ)
2
1

!

φdR (r)rRl0 (kr)Y1m02 (θ0 , φ0 )Yl0 m0 (θ0 , φ0 )dr

Yl∗0 m01 (θk , φk )

X
8 X
l∗
CL
C R0 0 0 D1∗ (α, β, γ)Dm
(α, β, γ)
1 ,m
3 lmm1 m2 l0 m0 m0 m0 klmm2 kl m m2 0m2
1

2

1
l0
∗
D0m
0 (α, β, γ)Dm0 ,m0 (α, β, γ)Ylm1 Yl0 m0 ,
2
1
1

(27)

L
R
where we have defined Cklmm
and Ckl
0 m0 m0 as:
2
2

L
Cklmm
= il
2
L
Cklmm
2

=i

l

Z

∗
∗
φdL (r)rRl (kr)Y1m
(θ0 , φ0 )Ylm
(θ0 , φ0 )dr,
2

Z

φdR (r)rRl (kr)Y1m2 (θ0 , φ0 )Ylm (θ0 , φ0 )dr.

(28)

R
L
and Ckl
Cklmm
0 m0 m0 are not to be confused with Clebsch-Gordan coefficients, which instead
2
2

have 3 superscripts and 3 subscripts. Using the Wigner D-matrix coupling equation (Eq.
(22)) to couple the Dl and D1 pair of terms we obtain:
|DkIF (α, β, γ, θk , φk )|2 =

X
8 X
CL
C R0 0 0
3 lmm1 m2 l0 m0 m0 m0 klmm2 kl m m2
1

×

l+1
X

2

l1L
l1L
L∗
Cm
m2 m+m2 Cm1 0 m1 Dm+m2 ,m1 (α, β, γ)

L=|l−1|

×

0 +1
lX

0

L0 =|l0 −1|

0

0

0

0

l 1L
l 1L
L
Cm
0 m0 m0 +m0 Cm0 0 m0 Dm0 +m0 ,m0 (α, β, γ)
2
2
1
1
2
1

× Ylm1 (θk , φk ) Yl∗0 m01 (θk , φk ).

(29)

Finally, to average over all molecular orientations, we integrate Eq. (29) over all Euler angles
(α, β, and γ) and use the orthogonality relations of Wigner D-matrices (Eq. (23)) to arrive
to:
|DkIF (θk , φk )|2 =

X
8 X
L
R
∗
(Cklmm
Ckl
0 m0 m0 Ylm1 (θk , φk )Yl0 m0 (θk , φk )
2
2
1
3 lmm1 m2 l0 m0 m0 m0
1

×

l+1
X

0 +1
lX

L=|l−1| L0 =|l0 −1|

×

2

0

0

0

0

l1L
l1L
l 1L
l 1L
Cm
m2 m+m2 Cm1 0 m1 Cm0 m02 m0 +m02 Cm01 0 m01

8π 2
δLL0 δm1 m01 δm+m2 ,m0 +m02 .
2L + 1

(30)

Inserting Eq. (30) into Eq. (1) gives the final expression for the differential cross section. In
ezDyson, the Cklmm2 coefficients defined in Eq. (28) are computed by numerical integration
on a grid. The Clebsch-Gordan coefficients have been pre-computed up to lmax = 10 using
the algorithms from Refs. [16–18].
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C.

Accounting for orbital and spin degeneracies

To compute the total cross section for a system, one needs to account for multiple target
states. If several target states F are accessible, (i.e., multiple ionized states when using
sufficiently high energy or when the target has multiple degenerate states), then one must
account for their contributions to the cross section:
2
4π 2 E X
dσ
=
·
kF DkIF (θ, φ) .
dΩk
c
F

(31)

Different target states may give rise to different photoelectron kinetic energies, which is
why kF is a function of the state F . Different states also give rise to different Dyson orbitals,
according to equation (4). For non-degenerate target states, kF and µFi∞ differ and one may
compute cross sections for the individual states separately and add them up. For systems
with symmetry-related degeneracies, however, kF and µFi∞ are identical for the degenerate
states and therefore the differential and total cross sections may be computed for only one
of the states followed by multiplying it by the number of the states in the manifold. Users
also need to account for spin-degeneracy of the target states. For ionization of closed-shell
singlet states, the cross section should be multiplied by 2.[19] Therefore, the cross section
for photodetachment from F− to the F(2 P) channel, for instance, is:
σ(2 P ) = 3 × 2 × σ(φd ≡ pz )

(32)

The factor of 3 is for orbital degeneracy, while the factor of 2 is for spin degeneracy.
Likewise, for ionizations from π orbitals in CO or acetylene, the cross sections should be
multiplied by 4 (2 for orbital degeneracy and 2 for spin degeneracy). These degeneracy
factors need to be indicated by the user in the ezDyson input.
The derivation is given below to show why, for closed-shell singlet states, the spin degeneracy is 2.
For ionization of a singlet state, the target state of the ionized system is a singlet-coupled
IF
ΨFN −1 Ψel
k giving rise to the following expression for |Dk |:
2


1 
F
el
|DkIF |2 = hΨIN |µ| √ ΨFN −1 (α)Ψel
k (β) − ΨN −1 (β)Ψk (α) i
2

1
2
I
F
el
2
=
hΨIN (α) |µ| ΨFN −1 (β)Ψel
k (α)i + hΨN (β) |µ| ΨN −1 (α)Ψk (β)i
2

14
I
F
el
−2hΨIN (α) |µ| ΨFN −1 (β)Ψel
k (α)ihΨN (β) |µ| ΨN −1 (α)Ψk (β)i




1 d
d
el
2
d
el
2
d
el
hφ (β) |µ| Ψel
k (β)i + hφ (α) |µ| Ψk (α)i − 2hφ (β) |µ| Ψk (β)ihφ (α) |µ| Ψk (α)i
2
2
= 2 hφd (x) |µ| Ψel
k (x)i ,

=

where φd (x) is a spatial part of the Dyson orbital defined by Eq. (4). Note that α and β
Dyson orbitals have different signs because a pair α and β electrons need to be swapped
either in ΨI or ΨF when applying Eq. (4).

D.

Accounting for Franck-Condon factors (FCFs)

In molecules, it may be important to account for the vibrational wave functions of the
initial and final states by computing the photoelectron dipole matrix element, DkIF , for
each vibronic transition and then using these in Eq. (1). Within the Born-Oppenheimer
approximation, we obtain:
IF
N I
N −1 F
Dnn
χn0 Ψel
0 k = uhΨI χn |r|ΨF
k i,

(33)

where χIn and χFn0 are the vibrational wave functions of the nth vibrational level of the initial electronic state and the n0

th

vibrational level of the final electronic state, respectively.

Within the Condon approximation (i.e., assuming that the electronic wave functions depend
weakly on nuclear coordinates so that the photoelectron dipole matrix element can be evaluated at a fixed nuclear geometry, R0 , corresponding to the equilibrium geometry of the
initial state), we obtain:
IF
N
I
N −1
Dnn
(R0 )χFn0 (R)Ψel
0 k = uhΨI (R0 )χn (R)|r|ΨF
k i,
I
F
N
N −1
IF
Dnn
(R0 )Ψel
0 k = uhΨI (R0 )|r|ΨF
k ihχn (R)|χn0 (R)i,
IF
IF
I
F
Dnn
0 k = Dk (R0 )hχn (R)|χn0 (R)i.

(34)

The square of the photoelectron dipole matrix element is therefore:
IF
Dnn
0k

2

2

= DkIF hχIn |χFn0 i2 .

(35)

The hχIn |χFn0 i term is called the Franck-Condon overlap integral factor (FCF), and can be
computed by an independent program, ezFCF[20]
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By combining Eqns. (1) and (35), we obtain:
dσ
4π 2 X
IF
=
E
Pn Dnn
0k
dΩk
c
nn0

2

=

2
4π 2 X
E
Pn DkIF hχIn |χFn0 i2 ,
c
nn0

(36)

where Pn , the population of vibrational level n, was added to account for the potential
thermal population of initial vibrational states. The sum of all Pn is 1. E in Eq. (36) is the
energy of the ionizing radiation, which is equal to the energy of the vibronic transition plus
the kinetic energy of the photoelectron (Ek ). Thus, the latter is:
Ek =

2
knn
0
IF
F
I
IF
= E − IE00
− (Evib
(n) − Evib
(n0 )) = E − IE00
− ∆Evib (n, n0 ),
2

(37)

IF
is the ZPE corrected
where E is, as before, the energy of the ionizing radiation, IE00
f
i
(n) and Evib
(n0 ) are the
adiabatic ionization/detachment energy of the initial state, and Evib

excess vibrational energies of the initial and final states above n = 0 and n0 = 0, respectively.
Eq. (36) requires summing over DkIF for different vibronic transitions. Since DkIF is
only computed for discrete values of Ek , performing the simulation is not entirely trivial,
so we have provided a script that computes the result of Eq. (36) for discrete energies
automatically. Details on how to use this script are in Section VI C.

E.

Computing PADs and β anisotropy

Information about the PAD can be obtained by looking at the differential cross section
obtained from Eq. (16). For PAD calculations in the molecular frame, the laser polarization
must be along the z-axis, since then one only needs to consider the dependence of the cross
section on θ and not φ. ezDyson computes the cross section at 101 values of θ at equal
intervals and prints them in a separate output file. These can be plotted to view the angular
distribution of the photoelectrons as a function of θ. The β anisotropy parameter can also
be computed by looking at the value of the differential cross section at θ = 0 (σpar ) and
θ=

π
2

(σperp ). The expression used to compute the β anisotropy parameter is [10]:
β=

2(σpar − σperp )
.
σpar + 2σperp

(38)

If the calculation is in the lab frame, the averaging scheme in Section II B is used to
compute spherically averaged PADs and anisotropy parameters.

For molecular frame

calculations, on the other hand, (σpar ) and (σperp ) are computed for a specific orientation
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of the molecule assuming that z-polarized light is used. Therefore, for non-averaged PAD
and β calculations, the user must specify z-polarized light in the ezDyson input.

F.

Total cross sections and β without the plane wave expansion

Using the plane wave expansion of Eq. (8) in the calculation of the photoelectron dipole
matrix element is useful for a number of reasons. It provides an important tool to analyze the
wave function of the ejected photoelectron in terms of angular momentum quantum numbers.
The plane wave expansion also allows the derivation of an exact analytical expressions for
averaging over molecular orientations, as demonstrated in Section II B.
On the other hand, the plane wave expansion is an infinite expansion over all angular
momentum quantum numbers l. In practice, we truncate the expansion at some value, lmax .
In atomic systems, where selection rules apply, such a truncation is justified (see “input file
structure” section below for an explanation). Even in molecules, such a truncation may be
justified by for Dyson orbitals that resemble atomic orbitals, or by the fact that large angular
momentum contributions are typically small at low photoelectron kinetic energies. However,
at high energies, the plane wave expansion approach becomes problematic as contributions
from large angular momentum are no longer negligible. For high energy regimes, therefore
it is desirable to have expressions for cross sections and β anisotropies that do not rely on
the plane wave expansion.
From Eqs. (3) and (7), we obtain:
|DkIF |2par =
|DkIF |2perp

1
=
(2π)3



1
hφd |r u |eiz ·r ihe−iz ·r |r u |φdR i,
(2π)3 L

(39)

1 d
1
hφL |r u |eix·r ihe−ix·r |r u |φdR i + hφdL |r u |eiy ·r ihe−iy ·r |r u |φdR i . (40)
2
2


Eq. (39) and (40) give parallel and perpendicular cross sections, which can be used to get
the β anisotropies using Eq. (38) and the total cross sections using the following expression:
σ=

4π
(σpar + 2σperp ) .
3

(41)

The averaging is done numerically. Specifically, σpar and σperp are calculated at orientations
corresponding to 150 equally distributed points on the surface of a sphere precomputed with
the program REPULSION [21].
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III.

RUNNING EZDYSON
A.

Installation

The distribution ezDyson v5.0.tar.gz includes the following:
Manual:

ezDyson manual (tex and pdf)

bin:

precompiled binaries for MacOS and Linux and

python scripts for input generation
InputScripts: examples of Q-Chem outputs and xml inputs generated by the xml scripts
Samples: examples of xml inputs and ezDyson outputs
ezdyson_code: source code and makefiles
To extract the files, execute:
tar -xzf ezdyson.v5.tar.gz
Precompiled Linux and Mac executables are included in the bin directory (ezdyson_mac.exe
and ezdyson_linux.exe). You can add path to the bin directory in your .csh or .bsh configuration file. Alternatively, you can create links to the executables in your testing directory.
Make sure they have proper permissions (may need to use ‘chmod +x *’ command while
in the ezdyson“ bin directory).
You can compile the code from source (makefiles for different platforms are also provided
in the ezdyson code directory). The code is written in C++. The dependencies include
Armadillo, GSL, and standard C++ libraries.
Note: The current binary for MacOS relies on dynamically linked Armadillo and may not
work. If this happens, install the dependencies and compile from source. We will attempt
resolve this issue in future releases.

B.

Running the program

To run the ezDyson calculation, type
ezDyson_linux.exe filename.xml >& filename.out &
To run the calculation in parallel, the OMP_NUM_THREADS environmental variable should be
set equal to number of processors:
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setenv OMP_NUM_THREADS 4
or, if using bash:
set OMP_NUM_THREADS=4
export OMP_NUM_THREADS
To run the calculation in serial, OMP_NUM_THREADS should be set to 1.
Consult the following section (Section V) on how to generate the input xml file. For
information on the output files generated and the information contained in them, see Section
VI.

IV.

PLOTTING DYSON ORBITALS

ezDyson does not plot the orbitals; it only performs cross section calculations. There are
several ways of visualizing Dyson orbitals. The two most commonly used ones entail using
IQmol[22]. Figure 1 shows an example of a Dyson orbital plotted by IQmol.

FIG. 1: Example: Dyson orbital for CN− corresponding to the 2 Σ ionized state.

A.

Plotting Dyson orbitals from Q-Chem’s output

This is the most effective way to plot Dyson orbitals. It requires Q-Chem 5.1 or a later
version. Follow these steps:

19
• Run the input for computing Dyson orbitals according to the Q-Chem manual[3]. Important keywords are PRINT_GENERAL_BASIS = TRUE, CC_DO_DYSON=TRUE. Note that
adding GUI = 2 will produce ’*.fchk’ file, which can also be used to plot Dyson orbitals.
$comment
Input for generating Dyson orbital using output file.
$end
$molecule
-1 1
C
N
$end

0.0000000000
0.0000000000

0.0000000000
0.0000000000

-0.6474385113
0.5217097297

$rem
BASIS = 6-31G*
PRINT_GENERAL_BASIS = TRUE
JOB_TYPE = SP
METHOD = EOM-CCSD
EOM_IP_ALPHA = [1,0,0,0]
CC_DO_DYSON = TRUE
$end
• Open filename.inp.out in IQmol. If you submitted Q-Chem job using IQmol, the
input is automatically opened once the job is completed.

Open the output file.

Select Dyson orbital from ’Surfaces’ on the left side
panel.
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Select the transition for which Dyson orbital will
be plotted.

• Dyson orbital should appear in the main IQmol screen, as in Fig. 1.

B.

Plotting Dyson orbitals using cube files

This procedure involves generation of cube files, which can be rather large. Cube files
can be visualized by various programs, including IQmol. This procedure also works with
older versions of Q-Chem and IQmol.
• Important

keywords

are

CC_DO_DYSON=TRUE,

IANLTY=200,

and

MAKE_CUBE_FILES=TRUE. The plots box set up the grid for generating the densities.
$comment
Input for generating Dyson orbital using cube files
$end
$molecule
-1 1
C
N
$end

0.0000000000
0.0000000000

0.0000000000
0.0000000000

$rem
JOB_TYPE = SP
BASIS = 6-31G*
METHOD = EOM-CCSD
EOM_IP_ALPHA = [1,0,0,0]
CC_DO_DYSON = TRUE
IANLTY
= 200
MAKE_CUBE_FILES = TRUE
$end
$plots
plots Dyson orbital (setting up grid)

-0.6474385113
0.5217097297
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30
30
30
0
$end

-4
-4
-4
0

4
4
4
0

0

• This input will generate cube files in your working directory, with the extension
filename.inp.out.plots. If this does not produce the files, use the −save option
(see Q-Chem’s manual[3]).
• The filename.inp.out.plots folder should contain the respective cube files for each
Dyson orbital (righ and left). The cube files can be loaded in IQmol (or other visualizers).
• Open IQmol and follow the instructions below:

Open the cube file.

Select ’Cube Data’ from the left-side panel.
• Dyson orbital should appear in the main screen, as in Fig. 1.

C.

Plotting Dyson orbitals using ’*.mo’ files

One can also plot Dyson orbitals from the ’*.mo’ files, following the instruction provided by Prof. C. David Sherrill at http://vergil.chemistry.gatech.edu/resources/
plot-orbs.html
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V.
A.

INPUT FILE

Generating input files

ezDyson input files are written in the xml format. Python scripts are available to automatically convert Q-Chem’s outputs with Dyson orbital calculations to an ezDyson xml input.
However, details regarding the photoelectron experiment need to be specified manually by
the user. The Python scripts are located in ezDyson_2021/bin. The script (make_xml.py)
works with all EOM-IP or EOM-EA transitions computed with respect to the reference
(CCSD, EOM-EE, or EOM-SF) configuration. The script (make_xml_molden.py) may be
used to extract restricted Hartree-Fock (HF) or density functional theory Kohn-Sham (DFT
KS) orbitals from Q-Chem’s output files which were run with (molden_format=true).
The scripts can be used with the following command format:
make_xml.py <filename.xml> <Q-Chem_dyson_job.out>
or
make_xml_molden.py <filename.xml> <Q-Chem_molden_job.out>
(Make sure the scripts are visible from your working directory—either add bin to your path
variable or use ln -s command).
Once the input is ready, the user may run the program (see Section III). Always inspect
the input to check for inconsistencies.

B.

Input file structure

Here we explain the input structure and keywords for ezDyson by looking at a sample
input file for calculating the photoionization cross section from the b1 Dyson orbital of carbon
monoxide. Several sample xml inputs and the associated Q-Chem output files can be found
in Samples. Note that InputScripts/CO_groundIP.xml is the default xml file generated
from the Q-Chem output InputScripts/CO_groundIP.xml.out using the Python script
whereas Samples/CO_groundIP_B1.xml is the same file already customized with details of
the experiment, and ready to run.
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---------------------------------------------<?xml version="1.0" encoding="ISO-8859-1"?>
<root
job = "dyson"
>
---------------------------------------------The first entry in the input specifies the job kind, and only has one only one option,
"dyson", so does not need to be modified.
--------------------------------------------------<geometry
n_of_atoms="2"
text = "
O
0.0000000000
0.0000000000
-0.4847142857
C
0.0000000000
0.0000000000
0.6462857143
" >
</geometry>
--------------------------------------------------The <geometry> field requires the number of atoms, followed by a list where each line
contains the atom type and the Cartesian coordinates. If the input is prepared manually,
make sure that the geometry in the ezDyson input is in the same orientation as in the
electronic structure program that generated the Dyson orbitals.
------------------------------------------------------------------------------<free_electron
l_max = "5"
charge_of_ionized_core = "1" multicenter="false" coherences="false" >
<k_grid n_points="4" min="0.1" max="3.1" >
</k_grid>
<wave_origin dyson_centroid="true"
text = " 0.0000
0.0000
0.0000" >
</wave_origin>
<charges> text = " 0.0 0.0 0.0 "
</charges>
</free_electron>
------------------------------------------------------------------------------The free_electron field refers to the description of the photoelectron, and it requires the
user to input the maximum angular momentum number, l, for which spherical waves Rkl Ylm
will be generated and the dipole moment matrix elements calculated. Only functions with
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l up to 10 are implemented, but even this is often excessive. To speed up the calculation,
we recommend to use smaller l_max. As follows from the spherical harmonics expressions,
the +m and −m components should always give identical values. For each l, all possible m
projections are considered. The point group symmetry is not enforced, so if by symmetry
certain m values should lead to zero transition dipoles, check for consistency in the output
file. For atoms, one can save computing time by including only waves with l up to the
angular momentum of the corresponding Dyson orbital plus 1, consistent with the selection
rule. For instance, in the case of F− /F where the Dyson orbital is of a p character (l=1), it
is reasonable to use l_max = "2".
The charge_of_ionized_core field refers to the charge of the system after photoejection
of the electron. If it is set to zero, the photoelectron wave function is treated as a plane
wave. This is the case for photodetachment, i.e., when the initial system is an anion and the
ionized core is neutral. However, if charge_of_ionized_core is set to a non-zero positive
integer, Coulomb waves are used instead of plane waves to account for the electrostatic
interaction between the photoelectron and the ionized core of charge inputted in the field
above. For photoionization of a neutral system, it is reasonable to use 1 for the charge of
the ionized core, [23] as done in the CO example above.
Note: For larger molecules, using a Coulomb wave with charge of ionized core = 1 is
not always the best option. In some cases, it is more reasonable to use plane waves even
for photoionization where the actual charge of the core is 1. Also, it is possible to use
a partial (effective) charge to describe a Coulomb wave that interacts more weakly with
the core. It is not clear apriori what the best option would be for the description of the
photoelectron: this topic is being studied, so it is left to the user to decide what to use for
charge_of_ionized_core, even if it is not the “actual” charge of the ionized core. See Ref.
[23] for more details.
Next, the user has an option to use a single-center or multi-center approach. For delocalized Dyson orbitals computed for clusters and even molecules, it may be suitable in some
cases to use a multi-center framework. Calculating molecular cross sections from atomic
contributions has been done in several instances,[24, 25] including modeling water ionization in high-energy regime[24]. An experimental coherences code is currently in development
in ezDyson. Additional details are in Ref. [26] and the associated supporting information
document.
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The next line contains the number of Ek ’s for which the cross section should be computed.
On the same line the minimum and maximum Ek should be provided in eV, and the program
generates an equally spaced number of energy points in the range provided. If the cross
section is only needed at one Ek value, the user may specify n_points = "1". In that case,
the cross section will only be computed for the min Ek value.
----------------------------------------------------<averaging
method= "avg"
method_possible_values="noavg, avg, num" >
</averaging>
----------------------------------------------------In the averaging field the user may specify if they want the calculation in the molecular frame (noavg) or the lab frame (avg), or if they want to run the code without the
plane wave expansion and therefore using numerical averaging (num). "noavg" computes
the dipole matrix elements considering only one orientation of the molecule with respect
to laser polarization, as both specified in the ezDyson input. "avg" computes the spherically averaged matrix elements and therefore spherically averaged cross sections, PADs,
and anisotropy parameters (see Section II B). "num" runs the program without using the
plane wave expansion, and uses numerical averaging using built-in orientations from the
program REPULSION[21] (see Section II F). Note that if averaging = "num", the l_max
and charge_of_ionized_core values entered above are ignored. This approach has only
been implemented for plane waves, not Coulomb waves, and is also not available for the
multi-center approach.
----------------------------------------------------<laser
ionization_energy = "16.6" >
<laser_polarization x="0.0" y="0.0" z="1.0" >
</laser_polarization>
</laser>
----------------------------------------------------Next, information about the laser should be modified according to the experimental setup
represented by the calculation. The ionization energy (IE) entry (in eV) is a property of
the molecule/anion to be ionized (notice this is different from the energy of the ionizing
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radiation, which is the sum of the IE and Ek ) . We recommend to use the best available IE
(e.g., the experimentally determined value). If the absolute cross sections are not required
(e.g., as in β anisotropy calculations), providing any number is good enough for running the
program.
One should be careful in cross section calculations when several vibrational transitions
are involved. A recommended option is to provide the ionization energy for the 0-0 transition
and to recalculate the cross sections for other vibrational transitions by rescaling the 0-0
dipole moments elements, as described in Sections II D and VI C.
The laser_polarization refers to the polarization of the laser with respect to the molecular axis in the input orientation. This field is only meaningful if no averaging is used (in
the molecular frame). If the calculation is done in the lab frame, any information entered
for the laser polarization is ignored. Note that PAD calculations in the molecular frame
(noavg) are only correct if laser polarization is x="0.0" y="0.0" z="1.0". If a different
polarization is used, the PAD and β anisotropy calculations would be incorrect.
--------------------------------------------------<lab_xyz_grid>
<axis n_points="201" min="-10.0" max="10.0" >
</axis>
</lab_xyz_grid>
--------------------------------------------------lab_xyz_grid contains information about the dimensions of the xyz Cartesian grid (in
Å) used for numerical integration to obtain Cklm , Eq. (14) in Section II. Usually a 0.1 Å
(sometimes even 0.2 Å) spacing on each axis gives good results. Convergence with respect to
the density of the xyz grid is quite readily achieved, although the user should check for the
norm of the Dyson orbital to make sure the xyz box is large enough. The norm of the Dyson
orbitals from Q-Chem, as integrated on the grid, should be very close to 1.0 since Q-Chem
prints the coefficients of normalized Dyson orbitals. The norms are printed separately in
the Q-Chem output, and are simply read from the ezDyson input (see below).
--------------------------------<job_parameters
unrestricted = "false"
Dyson_MO_transitions = "2"
spin_degeneracy = "2"
orbital_degeneracy = "2"
number_of_MOs_to_plot="0"
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MOs_to_plot = "" >
</job_parameters>
--------------------------------<job_parameters> refers to details of the Dyson calculation by the ab initio program,
e.g. Q-Chem. For both unrestricted and restricted HF calculations, two Dyson orbitals
are read (alpha-left and alpha-right). Dyson_MO_transitions may be used to select which
ionizing transition the ezDyson calculation needs to consider from the list of Dyson orbitals
that follows below in the <dyson_molecular_orbitals> field. If the Python script was used
to generate the ezDyson input, all Dyson orbitals would be copied into the ezDyson input
but only the last transition is indicated in the Dyson_MO_transitions field. Therefore,
it is necessary to specify which Dyson orbitals to use for the ezDyson calculation. For
example, assume that the Dyson orbitals for photodetachment from the ground state of O−
to three states of atomic O are calculated in Q-Chem. A total of 6 orbitals would be printed
in the <dyson_molecular_orbital> section (two for each transition, corresponding to left
and right orbitals). Specifying Dyson_MO_transitions = "2" means that the 3rd and 4th
orbitals are the ones to be used in the ezDyson calculation, corresponding to the ionization
of O− to the first excited state of O.
In the CO_groundIP_B1 example above, only a1 and b1 Dyson orbitals are computed in
Q-Chem, so Dyson_MO_transitions=1 is used to indicate the latter (ionization from the b1
orbital).
The spin_degeneracy and orbital_degeneracy fields are used to multiply the cross
sections by the correct factor to account for spin and orbital degeneracies, as explained in
Section II C. For photoionization from CO, there is a factor of two for spin degeneracy (one
could ionize either the alpha or beta electron) and a factor of two for orbital degeneracy
(the b2 orbital is degenerate with b1 , so there are two equal orbitals form which ionization
could occur.
If number_of_MOs_to_plot is different from 0, a mosplot.dat file is generated, containing the profile along the z molecular axis of the molecular orbitals specified in MOs_to_plot.
Generally, this feature is useful if one wants to check for oscillatory behavior in the asymptotic region of the Dyson and/or HF orbitals. The left and right Dyson orbital profiles
along x, y and z are printed by default in orbitalL.dat and orbitalL.dat, respectively.
number_of_MOs_to_plot="0" and MOs_to_plot = "" are the defaults and no MOs profiles
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are printed. The format for generating HF molecular orbitals profiles in mosplot.dat is for
example, number_of_MOs_to_plot="3" and MOs_to_plot = "5 6 9", for 5th, 6th and 9th
MOs to be printed.
---------------------------------------------------------<basis
n_of_basis_functions="28"
AO_ordering = "Q-Chem"
purecart="111">
<atom
text = "
O
0
S
7
1.000000
1.17200000E+04
7.10000000E-04
1.75900000E+03
5.47087000E-03
4.00800000E+02
2.78370000E-02
1.13700000E+02
1.04858510E-01
3.70300000E+01
2.83260430E-01
1.32700000E+01
4.50493790E-01
5.02500000E+00
2.72494270E-01
S
7
1.000000
1.17200000E+04
-1.60000000E-07
1.75900000E+03
-3.15300000E-05
1.13700000E+02
-2.12216000E-03
3.70300000E+01
-7.19768000E-03
1.32700000E+01
-6.43899900E-02
5.02500000E+00
-5.59550300E-02
1.01300000E+00
5.60848120E-01
S
1
1.000000
3.02300000E-01
1.00000000E+00
P
3
1.000000
1.77000000E+01
4.30180000E-02
3.85400000E+00
2.28913000E-01
1.04600000E+00
5.08728000E-01
P
1
1.000000
2.75300000E-01
1.00000000E+00
D
1
1.000000
1.18500000E+00
1.00000000E+00
****
" >
</atom>
<atom
text = "
C
0
S
7
1.000000
6.66500000E+03
6.91990000E-04
1.00000000E+03
5.32976000E-03
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2.28000000E+02
2.70770000E-02
6.47100000E+01
1.01768130E-01
2.10600000E+01
2.74902850E-01
7.49500000E+00
4.50094590E-01
2.79700000E+00
2.86933450E-01
S
7
1.000000
6.66500000E+03
3.10000000E-07
1.00000000E+03
-2.72700000E-05
6.47100000E+01
-1.80535000E-03
2.10600000E+01
-5.86561000E-03
7.49500000E+00
-5.51393100E-02
2.79700000E+00
-6.69876600E-02
5.21500000E-01
5.47743760E-01
S
1
1.000000
1.59600000E-01
1.00000000E+00
P
3
1.000000
9.43900000E+00
3.81090000E-02
2.00200000E+00
2.09480000E-01
5.45600000E-01
5.08557000E-01
P
1
1.000000
1.51700000E-01
1.00000000E+00
D
1
1.000000
5.50000000E-01
1.00000000E+00
****
" >
</atom>
</basis>
---------------------------------------------------------The <basis> field contains information about the basis set used for computing the Dyson
orbital. n_of_basis_functions requires the total number of AO basis functions for the
molecule.
After that, the AO_ordering field can be used to indicate in which program/format the
Dyson orbital coefficients were originally printed, since different programs sometimes print
orbital coefficients in a different order. If the Dyson orbitals come from Q-Chem, then “QChem” must be used for this field (this is the default). The second alternative is “Molden”,
if the Dyson orbitals were printed in Molden format.
Next, a 3-4 string of numbers is expected for purecart, specifying if pure (1, e.g. 5d)
or Cartesian (2, e.g. 6d) Gaussians are used for hgf d functions (or, if three numbers are
provided, for gf d functions). Default is 1111. Note that ezDyson currently cannot process
Dyson orbitals computed with basis sets that include h-functions and higher l.
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Next, the program requires a list of the atoms and basis functions in the same order of atoms as the in the “geometry” field. The basis set is specified in the Q-Chem format:

X0
L K scale
α1 CLmin
C1Lmin+1 ... CLmax
1
1
CLmin+1
... CLmax
α2 CLmin
2
2
2
.
.
.
Lmin+1
CK
... CLmax
αK CLmin
K
K

***

where
X - Atomic symbol of the atom (atomic number is not accepted);
L - Angular momentum symbol (S, P, SP, D, F);
K - Degree of contraction of the shell (integer);
scale - Scaling to be applied to exponents (default is 1.00);
αi - Gaussian primitive exponent (positive real number);
CLi - Contraction coefficient for each angular momentum (non-zero real numbers).
Basis sets for each atom are terminated with ****.

No blank lines can be incorpo-

rated within the general basis set input. Note that more than one contraction coefficient
per line is required for compound shells like SP.
---------------------------------------------------------------------------<!-- DMOs and MOs BELOW ARE FROM THE "CO_groundIP.out" Q-CHEM OUTPUT -->
<dyson_molecular_orbitals>
<DMO
norm="0.962562"
transition="[ Reference -- EOM-IP-CCSD state 1/A1
text="
1.13308094e-02
...
-3.79697945e-11
" >
</DMO>

]"

c
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<DMO
norm="0.946535"
transition="[ Reference -- EOM-IP-CCSD state 1/A1
text="
1.17125596e-02
...
-3.83415520e-11
" >
</DMO>
</dyson_molecular_orbitals>
---------------------------------------------------------------------------<dyson_molecular_orbitals> contains a list of the Dyson orbitals coefficients in AO
basis in the order:
Transition1 left alpha Dyson
Transition1 right alpha Dyson
Transition2 left alpha Dyson
Transition2 right alpha Dyson
... etc.

At the top of each Dyson orbital the norm and two comments (transition="" and
comment="") are required.
------------------------------------------------------------------------<molecular_orbitals total_number="0">
</molecular_orbitals>
------------------------------------------------------------------------<molecular_orbitals> contains a list of all the alpha and beta molecular orbitals from
the Q-Chem output. This field is not required if no MOs are required to be plotted in
<job_parameters>.
<!-- Q-CHEM INPUT IS RESTORED FROM THE "CO_groundIP.out" Q-CHEM OUTPUT -->
<qchem_input>
-------------------------------------------------------------$molecule
0 1
O
C O 1.131
$end
$rem
CORRELATION

CCSD

]"

c
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BASIS
PURECART
IP_STATES
CCMAN2
CC_DO_DYSON
CC_TRANS_PROP
PRINT_GENERAL_BASIS
$end

cc-pVDZ
111
[1,0,1,0]
true
true
true
true

5d, will be required for ezDyson
(A1,A2,B1,B2)

necessary for Dyson orbitals job
will be required for ezDyson

-------------------------------------------------------------</qchem_input>
</root>
----------------------------------------------------------------------------Finally, the Q-Chem input is copied at the end of the xml input for book-keeping purposes;
it is not required for ezDyson to run.

VI.
A.

OUTPUT
Main output

The first part of the output prints out detailed information after reading the geometry,
basis set, and AOs. This is useful for checking the input, for example, if the AO basis
functions were assigned properly and the correct columns of Dyson orbitals were read. For
computational efficiency, the Dyson orbital coefficients below 1E-04 are treated as zero.
The first significant output information is the calculated norm of the Dyson orbital
(left*left, right*right and left*right) on the xyz Cartesian grid.
Norm of the Dyson orbital integrated on the grid.

These are given as

One should always check for

convergence of the norm to 1.0 to make sure that the xyz box used is sufficiently large.
In calculations of photoelectron matrix elements, the tail of the Dyson orbitals plays an
important role, because spherical waves have significant density away from the core.
Xavg Yavg Zavg are the average values of the Cartesian coordinates over the left Dyson
orbital, and they define the center of the lab and molecular axes. The center is shifted
from the geometrical center to the center of the left Dyson orbital in order to ensure the
orthogonality of the photoelectron wave function and Dyson orbital (Ref. [10]). The average
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square coordinates <X^2> <Y^2> <Z^2> <R^2> are useful for analyzing the size and shape
of the left Dyson orbital.
Next, the square coefficients for each of the spherical waves considered are printed in the
order of their wave vector magnitude k (in a.u.) and angular momentum l, m. After that,
for each Ek a sum of all the square coefficients is printed.
Next, the PAD is calculated for ntheta number of θ angles (by default, ntheta=101
equally spaced points are taken from 0 to 2π) around the z lab axis, (see Section II E). nkv
is the number of photoelectron k values for which the PAD is calculated, and is defined by
the user in the k_grid section of the input. PADs are not printed in this output file, but
are printed in a separate file named pad.dat. See section VI B for more details.
The absolute total cross section at a certain Ek is computed using Eq. (17) and is printed
next in the output. The format is:
E=IE+E_k,eV

xsec,a.u.

In the next section, we provide the total cross sections (last column of previous table)
divided by the ionizing radiation energy, E, listed by the energy of the photoelectron Ek in
eV. This format is more useful for accounting for vibrational transitions using the xsecFCF
script, as explained in Section VI C (see also Ref. [10]).
∗
β anisotropy parameters are computed using spherical harmonics Ylm
(k̂)Ylm (k̂) (defined

with the preferential axis along z in the case the calculation is in the molecular frame).
The columns in this part of the output correspond to:
E=IE+E_k,eV

Sigma_par

Sigma_perp

Sigma_tot

beta

sigma_tot here should be the same as the total cross section printed above under the heading
xsec, a.u.
The ezDyson input file is printed at the end of the output.

B.

Additional output files

orbitalL.dat and orbitalR.dat contain the profiles of the left and right alpha Dyson
orbital along the three axes as follows:
x

L(D)Dys(x,0,0)

L(R)Dys(0,0,z)

L(R)Dys(x,0,0)*x

L(R)Dys(0,0,z)*z

y

...

L(R)Dys(0,y,0)

L(R)Dys(0,y,0)*y

z
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pad.dat contains the PAD calculated using spherical harmonics Ylm (k̂) with z polarized
light in the format:
azimuthal_angle,radians

PAD_sq_contrib(lm)

PAD_cross_contrib(lml’m)

total_PAD
mosplot.dat is generated only if MO profiles were requested in the input
<job_parameters>. The format is:
z

MOi(0,0,z)

MOi(0,0,z)*z

MOj(0,0,z)

MOj(0,0,z)*z

...

All quantities in these outputs are in atomic units, unless specified otherwise.

C.

Script for accounting for Franck-Condon factors

After computing total cross sections in ezDyson, it is possible to account for vibrational wave functions, as discussed in Section II D, by computing Franck-Condon factors
(FCFs). This is done by a separate program, ezFCF,[20] which is available for download at
iopenshell.usc.edu/downloads/. Cross-sections accounting for FCFs can be then computed using Eq. (36). However, Eq. (36) requires summing over DkIF for different vibronic
transitions. Since ezDyson only computes cross sections at discrete values of Ek , we should
integrate DkIF over a range of Ek values, or, equivalently, over a range of photon energies
E, for each discrete step. Instead, we use a linear interpolation to approximate the value of
DkIF for each vibronic transition at certain discrete values of E, which makes it possible to
sum these terms. This is done automatically by a separate script (xsecFCF) which requires
data given in the outputs of ezDyson and ezFCF.
The script can be found in in Samples/xsecFCF. It requires two files called FCFs.dat and
xsec.dat, as shown in the same folder. The first file is simply an output file from ezFCF, usually called filename.xml.spectrum_parallel or filename.xml.spectrum_duschinsky
(depending on the options used in ezFCF). This file needs to be modified by adding only one
line in the beginning of the file indicating the total number of FCF transitions included in the
file. The second file, xsec.dat, is just a segment copied from the ezDyson output from the
section titled “Total cross-section / E (in a.u.) vs. Ek (in eV)”, with again one
additional line indicating the number of energies for which cross sections were computed.

35
The ionization energy is read from FCFs.dat, so it is important that the correct ionization
energy is entered in the ezFCF input file. Finally, please note that this script can only be
used for a vibrationally cold calculation (i.e., using low temperatures in ezFCF). The script
will not work correctly if the ground state is also vibrationally excited. The script needs to
be run in the same folder as FCFs.dat and xsec.dat. To run the script, use the following
command:
./xsecFCF
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