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ABSTRACT 

To improve the SLEND theory’s ability to correctly predict experimental 

phenomena a small perturbation of the symmetry is sometimes necessary. This 

perturbation breaks the symmetry of the initial state. From this perturbed initial state the 

dynamics evolve correctly, and SLEND is able to replicate experimentally observed 

values.  The symmetry-broken state predicts the correct trends and values for differential 

cross section, integral cross sections, electron-transfer probabilities, and reactivity for 

the collision of   2 4H C H   at 
LabE = 30 eV . 
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CHAPTER I 

INTRODUCTION  

High-energy gas-phase proton reactions are very important to many fields of 

physics. Astrophysicists encounter high energy protons collision in the solar winds, 

the upper atmosphere, and in plasmas. In addition, particle physicists use proton 

collisions to study internal quantum structures. For our purpose as molecular 

physicists, we study proton-molecule collision as computationally feasible prototypes 

for proton cancer therapy reactions. The prevalence of proton-collisions in the field of 

molecular physics has led to numerous cross-beam scattering experiments of proton-

molecule reactions. For example experiments of +H   M,  with M = H2,[1, 2] N2,[2-5] 

O2,[2, 4, 6] CO,[3-5] HF,[3, 7] HCl,[3] H2O,[8] CO2,[2, 7, 9] N2O,[9] CH4,[10] 

C2H2,[11] CF4,[12] SF6,[12], have been able to provide accurate state-to-state 

properties of the investigated reactions.   

 The reaction of  +H   C2H4 at LabE   30 eV has attracted considerable 

attention by experimentalist and theoreticians. Theoreticians have been unable to 

reproduce the experimental trends found in Ref. 16 by theoretical treatment. However, 

we have found that introducing a small perturbation to break the symmetry of the 

initial state of C2H4 allows the dynamics to reproduce the correct experimental trends. 

This small perturbation allows the system to find new local minima that were not 

accessible by the initial symmetric state. Why study C2H4 as a system to model proton 

cancer therapy reactions? C2H4 is an excellent prototype system to model those types 

of reactions for many reasons. One reason is that the human body’s building blocks 

are proteins, sugars, fats, and even our DNA contain double carbon-carbon bonds and 

single carbon-hydrogen bonds. Another reason is that C2H4 system is a 

computationally feasible system to study. Some might ask why not just study the 

effects on a DNA component such as a DNA bases or nucleotide? At the moment we 

are studying those systems but the computational cost has limited our ability to 

complete our simulations without implementing new software to speed the 
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calculations up. One major benchmark of a theoretical treatment is its correct 

prediction of trends that match the experimentally observed data. Thus, with the 

correct results C2H4 is now a viable model to study the effects of proton-cell therapy.  
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CHAPTER II 

END/SLEND Theory and Implementation 

 This chapter presents an overview of the Theory of END and its different 

versions. This section also includes how the theory is generally applied to molecular 

systems under investigation. The comprehensive theory of END can be found in END 

review articles [17-19] and in chemical dynamics treatise [20]. END is a methodology 

that is used to describe scattering processes as well as chemical reactions. END 

utilizes variational, time-dependent, non-adiabatic, and direct dynamics to simulate 

reactions and calculate observables.  As a variational method, END begins by defining 

a total wave function for a given system
END

Total 
END

N END

e .  This total wave 

function is comprised of the product of separate wave functions defined by the nuclear 

END

N  and electronic wave functions
END

e .  Applying the time-dependent 

vibrational principle to the (TDVP) [21] to the total trial wave function produces the 

equations of motion for the END.  The choice of the trail wave function produces the 

different versions of END. The trial wavefunction may be chosen in the form of a 

single determinantal wave function [17,19], a multi-reference wave function [18], or 

within density-functional-Theory (DFT) schemes [19,22]. The version used in this 

study is SLEND. In SLEND the nuclear wave function is defined as the product of NN 

frozen, narrow Gaussian wave packets which represent the NN nuclei of the system 

under study.  

     
 

   
2

3

1

,  exp
2

NN
ASLEND

N

A

A A A

A A

X R t
t t iP tt X R t

R

   
           

  X X R P    (1) 

 

The vector RA(t) is used to describe the wave packets position and  A tP  denotes the 

corresponding momenta. AR describes the widths of the wave packet. However, to 

ease computational cost, we take the zero-width limit approximation  AR   0 and 
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apply it to all of the nuclear wave packets after first defining the SLEND quantum 

Lagrangian. This approximation renders a classical nuclear dynamic in terms for RA(t) 

and  A tP  while still preserving the nuclei-electron non-adiabatic coupling terms [cf. 

Eq. (4)]. The introduction of classical mechanics on to the nuclei does not compromise 

the accuracy of dynamics due to the high collision energies investigated in this study. 

Proof of the prior statement can be found in SLEND studies [23-35]. The electronic 

wave function is 
SLEND

e  is described as a spin-unrestricted, single-determinantal 

wave function in the Thouless representation [36]. A system comprised of Ne electrons 

can be described by a basis set of rank K with the condition that K>Ne.  
SLEND

e  is 

then formed in terms of Ne occupied (hole)   h  and K – Ne virtual (particle)  p  

molecular spin-orbital’s (MSOs) as [36]:  

 

       

      

, 
†

1, 1

; , exp 0 ;

det ;  , ,

e

e

N K

ph p h

h

SLEND

e

SLEND

p N

he h

t t t z t b b

t t t

  


 

   


  





z R P

x x z R P

    (2) 

The ground state vector 0 
eN … 1   is defined as an unrestricted Hartree-Fock 

(UHF) reference state with  h  describing the dynamical spin-orbitals (DSOs):  

                 
1

;  , , ;  , ;  , ;  1
e

K

h h ph p e

p N

t t t t t z t t t h N  
 

             x z R P x R P x R P   (3) 

 

  phz t  are the molecular coefficients whose values maybe complex. At the initial 

time, the MSOs are calculated at the level of an Unrestricted Hartree-Fock state. To 

describe the MSOs we use a set of travelling atomic basis set functions  ; ,
iA i A

A
r R P . 

Each of these functions is centered on the corresponding nuclei undergoing motion.  

These orbitals are of the standard Slater-type orbitals written in terms of contracted 
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Gaussian-type orbitals [37] augmented with electron translations factor (ETFs) [38]. 

These translations factors consider the direct effect of nuclear momenta  A tP  on the 

electrons in the system. The choice of a spin unrestricted state for MSOs and DSOs is 

chosen so that      ; ,t t tz R P  can reasonably describe the reactions of bond 

breaking and forming. The Thouless representations generates a non-redundant 

parameterization of a single-determinantal state. This parametrization also results in 

the single-determinantal state becoming singularity free with time evolution [19,39].  

The Thouless representation also provides the advantages of a convenient way to 

describe non-adiabatic processes, or to prepare a symmetry-broken initial state. Both 

of which are described in more detail in later sections.  

 The equations of motion of SLEND are obtained via the TDVP [21]. The first 

step in attaining these equations of motion is to form the quantum Lagrangian [19, 21, 

39].  The Lagrangian is described by SLEND theory is: 

SLENDL  SLEND

Total  2i  / t  / t  ˆ
TotalH  

SLEND

Total /
SLEND

Total SLEND

Total  

 

The arrows above the time derivatives indicate to which side the time derivate acts on 

the wave function it is being applied to. This application of derivatives leads to the 

symmetric form of LSLEND [19, 21, 39]. At this time the zero-width limit is applied to 

the wave packets for all nuclei and the SLEND equations of motion are obtained by 

usual variational method for finding a stationary value of the quantum action SLENDA .  

SLENDA    
2

1

( )
t

SLEND
t

L t dt  0          [19, 39] 

The resulting equations of motion are: 
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*

* * *

†

†

Total

Total

TotalT

Total
T

d Ei i i

dt

Edi i i
dt

Ed
i i

dt

Ed
i i dt

    
     
    

      
     

           
    
     
         

R P

*

R P

R R RR RP

P P PR RP

zC 0 C C

z

z0 C C C
z

R
C C C I C

R

P
C C I C C P

      (4) 

 

totalE  is the total energy, which is the sum of nuclear and electronic energies. The 

dynamic metric matrices are [19,39]: 

 

   
2 2 2

, ' * *, 

' '

ln ln ln
2Im ;  ;   

ikXY X ph qgik jl ph
ik jl ph ik ph qg

S S S

X Y z X z z  
 

  
   

     R =R R =R R =R
P =P P P P' P

C C C (5) 

Where S       ,  ,t t t z R P       ,  ,  t t tz R P  and ikX  and jlY  are the 

components of the vector ,A i kR  and ,A j lP . R
C  and RR

C can be shown to be 

equivalent to the standard non-adiabatic coupling terms [40]. These coupling terms 

cannot be eliminated to ease computational cost. The elimination of the R
C  and RR

C

severely degrade the accuracy of the SLEND dynamics. The proof of that statement 

can be found in reference [41]. However, to speed up computation we are able to 

eliminate the ETFs and therefore eliminate P
C  and PR

C . Removing theses terms has 

negligible effects on accuracy in the energy range 0 LabE   1 keV as demonstrated 

in the seminal END Ref. [39] (cf. page 948 therein), and also in SLEND studies of 

proton-molecule reactions in the 0-50 eV  [23-26, 28, 30-35] and keV [23, 42-44] 

regimens. Since the ETFs are not included in the basis set rendering we can set  P
C =

PR
C  = 0. Reactants for SLEND simulations are prepared with positions i

AR , 

momenta  i

AP  and Thouless electronic state ,  i iz 0 R  0 .  ,  i iz 0 R  0  
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corresponds to the UHF ground state of the reactants’ super molecule. As a simulation 

evolves in time, the system may enter into the non-adiabatic regime. In this situation 

( )t z 0 and ( ), ( )t tz R  becomes a coherent superposition of ground 0 , singly

...  ...h p , doubly ...  ... ' '  ...h p h p    etc., excited UHF states. The 

electronic wave function then becomes:  

 

 

       

   

, 1

1, 1

, 1 , 1

' '1, 1 ' 1, ' 1

( ); , ...  ...  

1
                    ...  ... ' '  ... ... 

2

e

e

e e

e e

SLEND K N

phh p N

K N K N

ph p hh p N h p N

e t t t z t h p

z t z t p h p

t

h



  

 

     

  

   



 

z R P

(6) 

 

This equation can be useful to define and interpret symmetry-broken states at the initial 

time. A more complete discussion of the prior statement can be found in the 3rd section.  
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CHAPTER III 

Computational Software and Dynamics Details 

3.1 SOFTWARE  

 All SLEND simulations were computed with our own proprietary END 

program. The program has the name PACE which is an acronym for Python-Accelerated 

Coherent states Electron-nuclear (T. V. Grimes, E. S. Teixeira and J. A. Morales, Texas 

Tech University, 2010-2017)[19]. PACE utilizes a variety of cutting-edge techniques 

from computer science such as: mixed programming language (Python for logic flow 

and Fortran and C++ for numerical calculations), intra- and internode parallelization, 

and the fast OED/ERD atomic integral package [45] from the ACES III/IV [46] 

program. The input/output style of the Python interface for PACE provides automated 

preparations of initial states, submissions of reaction simulations, analysis of the 

reaction products, and preparation of reaction animations in a user-friendly manner.  

Auxiliary calculations for the equilibrium geometry, and energy molecular orbitals of 

C2H4 were computed with the NWChem [47] and GAMESS [48] programs. Finally, to 

further the analysis capabilities of PACE, I created python algorithms which preform: 

differential cross section analysis and calculations, fragmentation analysis software, and 

graphs and movies preparations.  

 

3.2 PREPARTION OF INTIAL STATES 

 The initial simulation conditions for H+ and C2H4 reactants can be found in 

Fig. 1 in the graphics section. The basis set for our H+ + C2H4 system was chosen to be 

6-31G** for the entire system. This basis set has been proven to generate high 

accuracy results for proton-molecule reactions including those undergoing electron 

transfers [33-35, 49, 50]. The target molecule starts at rest in its UHF/6-31G** 

ground-state equilibrium geometry with its center of mass placed at the origin in the 

laboratory-frame set of axes. C2H4 ‘s ground-state equilibrium geometry belongs to the 

symmetry group of 2hD . The molecular plane of the C2H4 target was placed in the y-z 
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plane as shown in Fig. 1. The 2hD  main symmetry axis 
2C  lies along the C C  bond. 

While the other two '

2C  symmetry axes are located along the x- and y-axis of the 

coordinate system. The initial conditions for the projectiles position   
+

0

H
R   0,b  0, 

30 a.u.  and momentum  0

HP  0, 0, H

zp  . 0b   is the term that represents the 

impact parameter which is measured form the center of mass coordinates. For the 

C2H4 system the projectile is given an initial energy LabE  = 30 eV. Since the projectile 

is far enough away from the target its potential energy term is neglected. The momenta

H

zp   is then calculated from the energy LabE  because the projectile only has the kinetic 

energy contribution to the total energy of the projectile. The definite conditions for the 

H+ projectile  
+H

i
R and 

H

i
P for each simulation are generated from rotating +

0

H
R and 

0

HP  through the extrinsic Euler angles [51]. The order in which these rotations take 

place is first (
0 00 360  ), then (

0 00 180  ), and finally (
0 00 360  ) 

around the spaced fixed axes x, y, and z.  Each set of rotations  i = ( ,  ,  )i i i    

defines the projectiles relative orientation to the target. From these rotations we obtain 

the terms for  
+H

i
R and  

H

i
P  of the H+ projectile for the chosen set of i .  

+H

i
R and  

H

i
P  

represent the initial conditions in the fixed laboratory frame. An equivalent procedure 

to obtain the initial condition can be described by making the projectile static, so that 

+

0

H
R and 

0

HP  are fixed, and then rotating C2H4 through the conventional intrinsic 

Euler angles with respect to the body-fixed axes. The order of this rotation is first  , 

then  , and finally   which is the reverse order of rotation compared to the 

correspond extrinsic rotations. The advantage of the rotation of the H+ projectile in our 

case lies in that it contains only one nuclei with no electrons; we therefore do not need 

to re-optimize the H+ for each orientation i . In physical terms,   and  determine 

the direction of the beams incidence axis. The trajectory of the H+ runs parallel to the 

incidence axis, and the impact parameter 0b   measures the lateral separation from 
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the incidence axis. Finally,  is the polar rotation angle around the incidence axis for 

the specific trajectory. Full detail and step-by-step description of this procedure is 

provided in Ref. [52]. A 60-point grid with specific selected values for the projectile-

target orientation  i : 1 60i  , formulated in Ref. [53] is utilized our SLEND 

simulations software. This grid uniformly samples the i  orientations and renders 

integrals over the Euler-angle isotopically invariant under several rotation operations. 

Which means that the Wigner D-matrices correctly satisfy: 

 

2 2

0 0 0

J

M MD

  

    ,  ,     sin d d d  0         for:  2 J  5      (6) 

 

Since C2H4 belongs to the 2hD  point-symmetry group, we see a large number 

of redundant simulation orientations. There was a total of 9 non- redundant simulation 

orientations needed to fully describe the system.  These 9 non- redundant simulation 

orientations are: i  = (0 ,  0 ,  0 )   , (0 ,  90 ,  90 )   , (21.6 ,  59.4 ,  21.6 )   , 

(57.6 ,  36 ,  57.6 )   , (57.6 ,  36 ,  237.6 )   , (57.6 ,  72 ,  122.4 )   , (57.6 ,  72 ,  302.4 )   , 

(90 ,  90 ,  0 )    and (158.4 ,  120.6 ,  21.6 )   . For each non-redundant orientation b is 

first varied from 0.0 -8.0 a.u in steps of b  0.1 a.u. and then from 8.0 -12.0 a.u. in 

steps of b   0.5 a.u to reduce computational strain while still producing accurate 

results. The simulations run for a total time of 1,750 a.u. or 42.3325 fs. This total time 

was calculated as the minimum time needed for the projectile to travel 60 a.u.; 30 a.u. 

to center of mass, and 30 a.u. from the center of mass. At 30 a.u. from the center of 

mass the projectile and target interactions are negligible. With the prescribed set of 

initial conditions applied to the three-different spin-symmetry states a total of 2,403 

independent, non-redundant trajectories simulations were needed to complete this 

study. 

 

  

file:///C:/Users/ryanj/Desktop/C2H4-H+Symmetry-Breaking-4.docx%23_ENREF_52
file:///C:/Users/ryanj/Desktop/C2H4-H+Symmetry-Breaking-4.docx%23_ENREF_53


Texas Tech University, Ryan Merritt, December 2017 

 

11 

 

3.3 Spin-Contaminated State Preparation  

 A commonly used algorithm to break the spin-symmetry state during time-

independent UHF calculation is described in detail in Ref. [56], Section 3.8.7. In our 

current code we apply this spin-breaking procedure to the SCF optimized static ground 

state solution. This algorithm rotates the highest occupied molecular orbital (HOMO) 

and lowest occupied molecular orbital (LUMO) in opposite directions with respect to 

the spin type by an angle   where phi can range from 0o to 180o: 

 

│HOMOα> = cos   │HOMOα ˃ + sin  │LUMOα˃ 

        │LUMOα> = sin  │HOMOα ˃ - cos  │LUMOα˃     (7) 

│HOMOβ> = cos  │HOMOβ˃ - sin  │LUMOβ˃ 

│LUMOβ> = sin  │HOMOβ ˃ + cos  │LUMOβ˃ 

 

The detail on how the parameter   values were selected can be found in reference 

[57], Section 6. These spin contaminated states have been proven to perform better 

than their pure spin counterparts. The system under study, 2 4H C H   also preforms 

better when prepared with spin contamination of initial state. For our simulations, we 

will use the values of   listed in the table below with their corresponding expectation 

values for <S2>. 

 

  Angle (degree) <S2> 

1 0 0 

2 0.14037783 .00002401 

3 10.24157218  0.12245227 

 

 

 =0 corresponds to the non-symmetry-broken state in order to establish a base line to 

evaluate the performance of symmetry-broken state. The values of   where selected 

on the basis that they produce on average errors in the total energy with respect to the 

ground state on the order of magnitude of 10-5 and 10-4 a.u. The value of 10-5 a.u. is 
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considered the usual tolerance cutoff for the HF energy optimization of the molecule 

under study. We can then consider the cutoff tolerance as the minimum tolerable error 

allowed for our symmetry-broken initial state.  
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CHAPTER IV 

Results  

4.1 Fragmentation Processes and Integral Cross Sections 

 Software written for fragmentation process was written with the premise that 

the nuclei are classical objects. Therefore, to calculate “what a fragment is composed 

of,” the distances between atoms in a molecule’s ground state are all that information 

that is needed to calculate what atoms are bonded together. The ground state bond 

lengths (GSBL) were computed with NWChem. An additional 25% of the calculated 

bond length is then added to the GSBL to account for vibration motion since the field 

is central. The condition in which the bond is broken is then: the final relative distance 

between 2 nuclei > the corresponding GSBL + .25*GSBL of the 2 nuclei. With these 

conditions applied to every combination of nuclei in our set one can obtain 

fragmentation processes for the classical nuclei.  

 PACE predicts that there are seven unique chemical fragment processes that 

can take place for the SLEND/6-31G** simulations of 2 4H C H   at LabE = 30 eV . 

The list of these seven processes is presented below with the notation for the H+ of the 

incoming projectile being labeled with a subscript “p” to discern its final fate in the 

fragmentation process. 

 

1) Simple projectile scattering (SPS) is the process in which the incoming 

projectile is scattered off after electron capture. This is the only process 

that does not involve the target fragmenting.  

1 2

2 4 2 4 1 2H  C H  H  C H ;   1  (SPS)

                          

q q

p p q q      
    (8) 

2) Methylene fragments formation (CH2 FF), this process produces two 

methylene fragments CH2 from the projectile target collision.  
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31 2

2 4 2 2 1 2 3 2H  C H   H   CH  + CH ;   1  (CH  FF)

                          

qq q

p p q q q       
  (9) 

3) Vinyl and hydrogen fragments formation (C2H3 + H FF), collision causes 

one hydrogen to be ejected from the target producing the 2

2 3C H
q  = 

2

2CH CH
q

  vinyl fragment. This process can take place by two different 

mechanisms (Fig. 4).  

31 2

2 4 2 1 2 3 2 3H   C H   H   CH CH  + H ;  1  (C H  + H FF)

                          

qq q

p p q q q        
      (10) 

31 2

2 4 2 1 2 3 2 3H   C H   H   CH CH  +  H ;  1  (C H  + H FF)

                          

qq q

p p q q q        
       

Mechanism one, Eq. (9), involves the incoming projectile ejecting a 

Hydrogen and scattering away. Mechanism two involves the projectile 

ejecting two Hydrogens in the collision and in the process the projectile 

gets captured by the target. 

 

4)   Protonated acetylene and hydrogen fragments formation (C2H2-H + H 

FF), collision produces a protonated acetylene 
2HC CH

  H

q


and one 

Hydrogen fragment (Fig6).  This process is especially unique is it produces 

a non-classical ion.  This fragment is also an isomer of the vinyl fragment.  

31 2

2 4 3 21 22H  C H  H  HC CH  +  H ;  1  ( )

                                   

C H -H + H FF

                    H  

                          

qq q

p p q q q        

(11) 
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5)   Acetylene and hydrogen fragments formation (C2H2 + 2H/H2 FF), the 

collision produces the acetylene fragment 2HC CH
q

  by two different 

mechanism. Mechanism one involves scattering of two seprate Hydrogens 

fragments. While mechanism two the Hydrogen fragments bond together 

producing the H2 species (Fig7).  

31 2 4

31 2

2 4 1 2 3 4 2

2 4 2 1 2

2

3 2

2

2 2

H  C H  H HC CH  + H + H ;  1  ( + 2H/H  )

H  C H  H HC CH  + H ;            1         ( +2 H/H  )      

           

C H FF

C H FF   

               

qq q q

p p

qq q

p p

q q q q

q q q





        

         

(12) 

6) 3CH --CH  and hydrogen fragments formation 3(CH CH + H FF) , projectile 

collision causes the migration of a Hydrogen on the target while the 

projectile is scattered away (Fig. 8). 

1 2

2 4 2 1 2 3H  C H  H CH --CH  + H ;  1  (CH CH + H FF)

                          

q q

p p q q     
 (13) 

7) 2CH --C  and hydrogen fragments formation 2(CH C + 2H FF) , collision in 

which projectile scatters two Hydrogens, form the same side of the target, 

and itself. 

 
31 2 4

2 4 2 1 2 3 4 2H  C H H + CH --C  + H + H ;  1  (CH C-FF)

                          

qq q q

p p q q q q       
  (14) 

In each of the listed processes the outgoing projectile 1H
q

p  captures some amount 

of electronic charge from the target C2H4. Therefore, all of the listed processes 

contribute to the total target-projectile electron transfers. For every process listed 

polyatomic fragments produced from the time evolution of the collision arise with 
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some level of vibrational and rotational energy.  These states can be explained as a 

superposition of states in comparison to the static ground state to the correspond 

polyatomic fragments.  Table 1, 2, and 3 in the graphic section list all of the 

fragmentation processes with their Mulliken charges qi, and integral cross sections 

(ICS) .Frag for the main fragment as well as Mulliken charges qi for their secondary 

fragments.  Each table corresponds to a specific symmetry breaking parameter   as a 

function of the orientations  , ,    and impact parameters b .  In Tables 1,2, and 3 

the full array of impact parameters is not all listed. Impact parameters which are not 

listed correspond to simple scattering and do not produce any target fragmentations.  

 From Tables 1,2, and 3 we see that simple scattering is the predominate 

fragmentation process for each spin symmetry parameters  . The second and third 

most common fragmentation process are vinyl fragmentations C2H3 , followed by 

methyl fragmentations . The remaining fragmentation processes are almost negligible. 

These processes can only happen for specific orientations that show higher reactivity 

over small impact parameter ranges. The affinity to from C2H4  fragments come from 

the large stability of the vinyl cation radical C2H4
+.  Aside from simple scattering, 

fragmentation occurs over the impact parameters b   3.3, 4.6, and 5.2 a.u for each of 

the spin symmetry parameters  . This of course is to be expected due to the fact that 

the coordinates of nuclei can be found in this range of impact parameters. Simple 

scattering is also very common over the lower impact parameter ranges to. We also 

can infer from the tables that orientations which expose the target to a wider range of 

collisions over impact parameters produce more fragmentation processes.  Further 

characterization of fragmentation process species can be obtained from the Mulliken 

charge analysis. From Eq.  6, we see that the final electronic SLEND wavefunction 

     ( ); ,SLEND

e t t t t z R P  is a coherent superposition of HF states that 

correspond to various products’ channels [54, 55]. As an example the channels for 

simple projectile scattering are: H p


 + 2 4C H   1 1

H
q

p


 + 

2 0

2 4C H
q 

, H p


 + 2 4C H   
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1 0
H

q

p


 + 2 1

2 4C H
q 

, H p


 + 2 4C H   1 1

H
q

p


 + 2 2

2 4C H
q 

,etc. Due to the coherent 

superposition wavefunction, fragments’ Mulliken charges iq  are not necessarily 

integer numbers. Integer numbers for species corresponds to the canonical chemical 

species  i.e  1 1
H

q

p


, 1 0

H
q

p


 and 1 1

H
q

p


 or  2 0

2 4C H
q 

, 2 1

2 4C H
q  2 2

2 4C H
q 

 for the case of 

simple scattering. Non- integer charges correspond to the sum of canonical charges 

weighted by their channels’ probabilities. As an example, a charged fragment   

2 0.7

2 4C H
q 

 indicates that SLEND predicts that 2 1

2 4C H
q 

 and 2 0

2 4C H
q 

 are the most 

likely products for simple scattering with the radical cation holding more weight than 

the neutral fragment (cf. Section 4.3 for more details about Mulliken populations and 

probabilities). An inspection of tables 1,2 and 3 predicts carbon bearing fragments will 

have Mulliken populations that range from (0,+1). This information reveal preference 

for neutral, and cationic states for carbon bearing fragments. Closer inspection reveals 

that C2H4 show affinity for radical cationic state 2 1

2 4C H
q 

, while CH2 tends to a 

neutral radical state 2 0

2CH
q 

, and finally C2H2 tends to a neutral di-radical state  

2 0
CH=CH

q 
. Whereas fragments consisting of only Hydrogens tend toward neutral 

states 2 0
H

q 
 and 2 0

2H
q 

. 

 Determination of the effects of symmetry-breaking parameter  are consider in 

this paragraph. From a qualitative view symmetry-breaking parameter   had almost 

no effect on the variety of fragmentation processes. Nearly all of the fragmentation 

processes happen for every value of   . The only differences  observed in 

fragmentation were:  3CH --CH + H  fragment can only be found for 1 , 2CH --C  + 

3 4H + H
q q  and protonated acetylene + H can only be found for 3 . While these 

chemical species tend to be rare and also very interesting they happen to such a small 

extent that they do not provide significant variations in reactivity. Quantitatively we 

can quantify occurrences of fragmentations in terms of the fragments total integral 
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cross sections. The total integral cross sections for a given fragmentation .Frag  

process can be calculated from the following equation:  

 
2 2

. .

0 0 0 0

  ,  ,  ,  s  
4

i
1

 n  Frag Fragb P b d d d db

  

    


 


       (15) 

 ,  ,  , FragP b    is the term that represents the probability of a given fragmentation 

process for initial state  ,  ,      and impact parameter b.  ,  ,  , FragP b    can only 

be equal to zero or one since SLEND treats the nuclei as classical objects.  

 ,  ,  , FragP b   =1 corresponds to the occurrence of a specific fragment if the nuclei 

obey the corresponding distance conditions for that fragment. It is then inferred that 

 ,  ,  , FragP b    = 0 indicates the distance conditions were not meet and the 

fragment does not occur. We can simplify Eq. 15 more  due to the fact that atom-atom 

collisions involving spherically symmetric potentials   .FragP  ,  ,  ,  b  can be 

reduced to a function on b only  .FragP b .  Since the potentials are spherical only the 

distance from the center of force matters, and then can be considered a constant for the 

integrations involving rotations.  With this simplification the equation reduces to [40]:  

.Frag  2
0

b



  .FragP b db   (16)   

To quantify total reactivity for a given symmetry breaking parameter we can sum the 

individual fragment integral cross sections up to define  .Total Frag  = 
.Frag

Frag

  per   .  

One can postulate from the tables that   .Total Frag  increases as   increases. In our 

specific system the total reactivity ratios per   were: 1.00: 1.205: 1.436 in ascending 

order of   parameter. From the correlation of increasing activity with increasing    

one might consider utilizing rotations larger than the value of 3  parameter; However 
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large value of   distort the chemical state and identity of the C2H4 target. With our 

perturbation we want to just add a very small amount of energy to perturb the state so 

the target can reach new reaction minima. The addition of too much energy changes 

the identity of the system.  

 Graphical analysis software contained in PACE allows our group to render 

pictures and movies from the numerical data calculated from the code. From this 

software predicted fragmentations observed for SLEND/6-31G** simulations of H p


 

+ 2 4C H  are presented in Figs. 3-9. Colored spheres represent classical hard sphere 

nuclei. The color scheme employed is Carbon = black and Hydrogen = white. The 

pictures also colored clouds that represent isosurfaces of the spin densities s .  The 

green clouds are representative of the + s  values; while the purple clouds are 

representative of s  values.  For example, Fig. 3 show the simulation for orientation 

 0°, 90°, 90° , impact parameter b  = 0.0 a.u., and symmetry. The first frame in the 

picture shows the incoming projectile approaching the target from the given set of 

initial conditions at t= 18 fs. Each Carbon atom in the target exhibits either a green or 

purple s  cloud which indicate an excess of   and   spin density. We see that the 

clouds exhibit the same size and shape i.e. the absolute value for the spin densities are 

the same. For times prior to the collision we observer that the spin density between the 

two Carbon atoms oscillates periodically in time with the same frequency and 

magnitude. Spin density oscillation can only be observed for    > 0. The second and 

third frame show the projectile passing through the C-C double bond, which happens 

at t= 20 fs, and 22 fs. The projectile then induces the bond to break forming two CH2 

fragments at t= 42 fs. In the last frame the two CH2 fragments dissociate with opposite 

spin density character. This is an effect of the spin symmetry breaking procedure; the 

unperturbed normal state would result in symmetric spin state splitting of CH2 

fragments. The Fig. 4-9 can be interpreted in the same manner as described for Fig. 3. 
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4.2 Scattering Patterns, Rainbow Angles, and the Deflection Function 

The scattering angle  Lab b  as a function of the impact parameter b of the 

outgoing H+ provides elaborate detail into the scattering dynamics. It also can be used 

to interpret signatures found in the differential cross sections analysis which is 

discussed in Sec. 4.4.  From a set of initial conditions, represented in Fig. 1, the 

equation for the scattering angle Lab  of the outgoing +H  relative to the positive z-axis 

is:  

    
      

 
11

1 1 1

1/2
 2  2

HH

1/2
 2  2  2

H H H

sin ;    0 180
q q

pp

q q q

p p p

f f

yx

Lab Lab
f f f

x y z

P P

P P P

 


   

 

       (17) 

  1

 

H
q

p

f

i
P  represent the cartesian components of the momentum for the outgoing 

projectile at the final time of simulation. The scattering angle  Lab b  can be related to 

the deflection function  Lab b  by the equality  Lab b   Lab b  [40].  Angles of 

deflection that are greater than one describes repulsive scattering, and angles of 

deflection that are less than one describe attractive scattering. For orientations 

 57.6°, 36°, 237.1°  and  57.6°, 72°, 302.4°  Fig. 10 shows the scattering function 

of the projectile versus impact parameter b for each value of the symmetry breaking 

parameter  .  

We see that the overall all trend of the scattering function with respect to each 

one of the   parameters is qualitatively the same. Local maxima, primary rainbow 

angle PR

Lab , are found at high value of impact parameter PRb . While local minima, 
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secondary rainbow angle SR

Lab , are found at low value of b where SRb < PRb .  Table 4 

list the values and locations of PR

Lab , and SR

Lab  with respect to symmetry breaking 

parameter   and orientation  ,  ,     . Physically,  PR

Lab  represents the maximum 

attractive deflection of the projectile by target; while SR

Lab  corresponds to a maximum 

repulsive deflection from the plane that contains initial conditions vectors  
+H

i
R and 

 
H

i
P  (cf. Fig. 1). For some of the orientations SR

Lab  is nearly zero if not zero. Cases 

where orientations SR

Lab  is nearly zero if not zero correspond to a glory angle  G

Lab = 00

at an impact parameter Gb . A glory angle is categorized as a zero-net deflection of the 

projectile. Its impact parameter Gb  defines the value for the boundary between 

attractive and repulsive interactions between the projectile and the target.  The interval  

 0,  Gb  defines the sub interval where repulsive interactions dominate and  ,Gb   

defines the sub interval where attractive interactions dominate. All of the for 

mentioned features are typical features found in proton-molecule reactions. Proof that 

these features are typical can be found in several experiments and corroborated by 

SLEND, and other alternative theoretical methods (e.g. H+ + H2[1, 14, 15] and H+ + 

C2H2[11, 30]). 

Even though the scattering function graphs look qualitatively the same, we do 

see quantitative differences for each  . These differences are a direct effect of the 

symmetry breaking parameter  . From the table we see that as   increases, the curves 

shrink and the value of their primary rainbow angle decreases. Curves for  2  and 3  

show oscillations in the scattering function  Lab b  which are likely a result of 

oscillations in the electronic density.  As b is varied from simulation to simulation, the 

incoming projectile will encounter the electronic cloud in different phases of 

oscillation. This oscillating phase interaction is reflected in the deflection function. 

More proof that these oscillations in the deflection function stem from electronic 
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phase oscillation can be found in 1 . For 1  the initial electronic state is a static state. 

In the static electronic state, the density does not oscillate. A benchmark for the 

accuracy of a theoretical method can be the prediction of the correct rainbow angles, 

especially the primary rainbow. The values of the rainbow angles are related to the 

parameters that define the interaction between target and projectile  [40]. So correct 

prediction of these angles is a measure of the ability of a method to reproduce 

projectile-target iterations. The values for the rainbow angles vary with projectile 

orientation. This variation is an effect of probing different regions of the iteration 

potential due to the initial conditions. Experimental rainbow angles are expectation 

values of the observable .

PR

Exp . This means the experimental values are average values 

over all orientations since there is no way to know what orientation the molecule is in 

when in the lab. To compare experimental results to simulation results we must find 

the expectation value for predicted rainbow angles over orientations PR

Lab 
  which 

are found in Table 4. The data indicates a blurred primary rainbow angle with a value 

of .

PR

Exp    06 [16]. The values of parameter 2  and 3  show huge performance gains 

because there values nearly predict the correct rainbow angle exactly.  

 

 

4.3 Electron and Non-Electron Transfer Processes 

In the section we analyze the effects of symmetry breaking parameter   on 

target orientation. Fig. 11 depicts the final   and   Mulliken populations for all of 

the nuclei in the system H+ + C2H4 for the orientation  0°, 90°, 90° , with impact 

parameter b  = 1.0 a.u. for each of the   parameters. In the case of 1  the outgoing 

projectile shows identical splitting of   and   Mulliken numbers of electrons  

 1N      1N   = 0.3. When the Mulliken numbers for    and   are equal, gives 
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an indication that the 2 2

2 4H --C H
q q  super-molecule dissociates as 1 2

2 4H --C H
q q    1H

q +

2

2 4C H
q . This dissociation preserves the symmetry of the molecular spin-orbitals which 

is similar to the erroneous symmetry-preserving dissociation of 2H    1H
q + 2H

q  

previously cited in the introduction. In comparison 2  and 3  do not follow the trend 

of equal splitting of the number of  and   Mulliken electrons. Their values are: 

 2N    0.1 and  2N   = 0.9, and  3N     0.95  1N   = 0.05. The unequal 

splitting of Mulliken numbers indicates that the 1 2

2 4H --C H
q q  dissociates into a state 

where the   and   symmetries are now broken. Similar patterns can be found for the 

final Mulliken pollutions for other simulations that show the similar trends for each 

parameter of  . One can then infer that when the system is prepared with the correct 

symmetry 1   the dynamics evolve into a symmetric separation of the super molecule.  

This initial symmetry seems to constrain the dynamics to states which preserve 

symmetry in time. However, with a small perturbation of initial electronic state by 

symmetry breaking procedure the dynamics is allowed to evolve into a non-symmetric 

dissociation of the target-projectile.    

One way we can quantify the target-projectile electron transfer process is by 

inspection of the Mulliken populations on the outgoing projectile. Just like the 

situation discussed in Section 4.1 the fractional Mulliken populations of the outgoing 

projectile are averages over the possible integer-valued charges for the various 

possible channels that contribute to the particular process. For example,  0-electron-

transfer (0-ET) H p


 + 2 4C H   1 1

H
q

p

  +   2 0

2 4C H
q 

, 1-electron-transfer (1-ET) H p


 + 

2 4C H   1 0
H

q

p


 +   2 1

2 4C H
q 

,  2-electron-transfer (2-ET) H p


 + 2 4C H   1 1

H
q

p


 + 

  2 2

2 4C H
q 

, etc. Each one of these channels has an associated probability of 

occurrence. The parenthesis    found around the final target indicate that the target 

does not fragment after collision. This of course is the situation for simple scattering. 
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As noted earlier all of the fragmentation processes contribute to the total of electron 

transfer processes. In practice the outgoing projectile for this system can capture up to 

two electrons.  

H  2 4C H   1H n  2 4C H n
          0 2n   

The expression of coarse can be extended to cases of 3n  but these cases correspond 

to forming very unstable 1H n  which in the end is highly un-probable, so much so that 

the process can be considered negligible. For these set of conditions, the probabilities 

of transferring n number of electrons form the target to the projectile  ET ,  ,  , nP b   ,  

0 2n  , are [54]: 

     

     

 

0 ET

T

1

E

ET

2

,  ,  , 1 1 ;

,  ,  , 1 1 ;

,  ,  , 

P b N N

P b N N N N

P b N N



  





 

  

  

  







  

   



     (18) 

The terms N and N represent the Mulliken population numbers of alpha and beta-

spin electrons for the outgoing projectile. Form Eq. 18 we can now evaluate the effect 

of symmetry breaking on the probability of an n-electron-transfer process with the 

 N   and  N   values found from Fig. 11.  
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From these values we can conclude that a symmetric state dissociation of projectile-

target leads to near equal values for  0 ET ,  ,  , P b    and  1 ET ,  ,  , P b   . While 

on the other hand a non-symmetric initial state leads to non-symmetric dissociations 

where  0 ET ,  ,  , P b    <<  1 ET ,  ,  , P b   .  Another conclusion that can be 

drawn from this data is that symmetry of the initial symmetric state seems erroneously 

constrain symmetric splitting of electron transfer processes. Which we know from 

experiment that  1 ET ,  ,  , P b     are the predominate type of electron transfer 

process.  

 

4.4 Differential Cross Sections for Electron and Non-Electron Transfer  

Processes 

 

 We can conclude the most important result from Toennies group experiment 

for H+ + C2H4 at LabE  30 eV are the trends for NCTS and CTS differential cross 

sections (DCS)[9]. For the SLEND theory, quantum inelastic DCS  i fd 
/

 d  from initial (i) to final (f) states ( i f ) is calculated as [56]:  

 

 

           
, , 

2
2

, , , , 2
0

1
2 1  cos

4

n ET

f n ET

l

li i

kd
f l T l P

d k k
  

     

 
 








 
   

 
   (20) 

 

The term  i ff 
 is representative of the scattering amplitude. K is the term for the 

projectiles wave vector with index i for initial time and index f for final time.  The 

term l describes the orbital angular momentum quantum numbers, which in turn def 

the T-matrix 
   , , 

n ETT l
  


and the Legend polynomials  coslP  . SLEND employs 

classical nuclear dynamics. So the orbital angular momentum quantum numbers l are 

obtained thorough a semi-classical expression from the impact parameters. This 
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expression relates il k b . Then from this relation we can define the T-matrix  i fT l
  

as follows: 

 

       E,  T,
e,  ,  , x 2 pn

ET

i

n P b k lT l i l
  

  

         (21) 

 

 ET ,  ,  , nP b    are the probabilities from Eq. 19.  l  represents the phase shift 

generated from the semi-classical relationship    l  =  2 l l        b  = 

   2 ik b b    .  As stated earlier   b  =  Lab b , and il k b . Experimental 

results provide average dcs over all the orientations. So, to compare our results we 

must average  
   , ,

n ETd d
  

    with respect to all unique orientations. Fig. 12 is the 

plot for 0-ET and 1-ET DCS for each case of parameter   of the system H+ + C2H4  at 

LabE  = 30 eV vs scattering angle  . The experiment shows the correct order for 1-ET 

DCS > 0-ET DCS. In the case of SLEND in the symmetric ground state the 

reproduction of the correct order is unattainable. However, with the symmetry broken 

ground states the observed order becomes corrected and replication of experiment 

becomes complete. Relative performance of parameter   can be measured be the 

average standard deviations of the 1-ET DCS, and 0-ET DCS compared to the 

experimental values.  

 

 

Standard Dev Table   0-ET DCS 1-ET DCS 

1  0.8553179505 0.0218446608 

2  0.0503905714 0.0541617868 

3  0.0405131579 0.0391950835 
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From the graphs, and the values presented in the table above we see that qualitatively 

and quantitively 2 , and 3  replicate experimental result. One could say that 3  

preforms better due to the smaller deviations from experiment in comparison to 2 . 

Remember that larger perturbations lead to the targets identity being changed, so the 

better approx. is the smaller angle because its initial state is the closest to the original 

symmetry initial state.    
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Chapter V 

Conclusion 

 

The results of the previous chapter indicate that the symmetry broken initial 

state out preformed the symmetry-conforming initial ground state. The biggest 

benchmark of performance is based on the correct reproduction of experimental, real 

observation, results. The symmetry-broken initial state was able to reproduce 

experimental DCS trends and values, reproduce the correct experimental rainbow 

angles, and also reproduce the correct trend for electron transfer probabilities. The 

performance of the symmetry-conforming state fails due to the persistence of the 

symmetry constraint during time evolution from that initial state. The constraint only 

allows states that are symmetry conforming time evolves. Calculations showed that 

the constraint also restricts the values for the observables in symmetry-conforming 

manner. For example, the nearly even splitting of probabilities of NCT and CT, as 

well as the symmetric splitting of alpha and beta population for the final-time species. 

One could then say observables are symmetry conforming when calculated from a 

symmetry conforming initial state. However, this inherent symmetry can be broken by 

a small perturbation. From the Mulliken populations plotted in time for each carbon 

atom before collision we see an oscillation in the electron spin density with some 

frequency in time. In fact, the electrons are on average oscillating back and forth 

between the two carbon atoms. This motion indicates a small perturbative force was 

added. This perturbation splits the symmetry of the degenerate HOMO alpha and beta 

spin-orbitals. This perturbation allows the system to reach new minima on the 

potential energy surfaces that were restricted before due to a symmetry constraint 

imposed in the initial state. We see from the symmetry-breaking case for the 

dissociation of H2 in Ref[56] that when the projectile has traveled a far enough away 

from the target, symmetry-conforming dynamics correspond to a local maxima on the 

potential energy surface, and the symmetry-broken dynamics correspond to two local 

minima. While at short target projectile separations the dynamics corresponds to a 
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single minimum on the potential energy surface. This is the pattern of a saddle point. 

The saddle point pattern on the potential energy surface extrema are classified as a 

cusp catastrophe in catastrophe theory. At long target-projectile separations, the 

dynamics has three available extrema. The symmetry conforming initial state traps the 

dynamics in to maxima for long periods of time. With a slight symmetry-breaking 

perturbation, the dynamics can suddenly bifurcate to either of the two minima at later 

times.   
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Table 1: This table contains the resulting fragmentation processes and Mulliken 

charges for SLEND/6-31G** simulations with the symmetry-breaking parameter Φ1 

for each non-redundant orientation [α, β, γ]. 

 

 

Orientation  ( α◦, β◦, γ◦)

b Main Frag Sec Frag Int Cross (A
2
)

1-1.9 C2H3 0.482359 ↔ 0.543971 H 0.082607 ↔ -0.15719 2.294945643

2-2.2 C2H2+2H 0.540929 ↔ 0.704825 H,H -0.038475 ↔ 0.286423 0.738603195

2.3 C2H2+H2 0.467028 H2 0.017732 0.404473178

2.4-2.5 C2H3-Sub -0.024479 ↔ 0.199189 H 0.076266 ↔ 0.143885 0.430851864

2.6-2.8 C2H3 0.994234 ↔ 0.304724 H -0.007695 ↔ 0.576617 0.94963268

2.9 C2H2+H2 0.050906 H2 0.005003 15.82721133

3 C2H3 0.220228 H 0.224199 0.527573711

0-.3 CH2 0.320145 ↔ 0.207724 CH2 0.38201 ↔ 0.469207 0.079136057

1-2.1 C2H3 0.329338 ↔ 0.249386 H 0.143475 ↔ 0.200191 2.998377257

0.9-3.3 C2H3 0.390258 ↔ 0.473655 H 0.153028 ↔ 0.247752 8.863238344

1.3-2.4 C2H3 0.733476 ↔ 0.983368 H -0.026811 ↔ 0.318446 3.578708339

2.5 C2H3-Sub 0.1605 H 0.659322 0.439644759

2.6-3.1 C2H3 0.262488 ↔ 0.376025 H 0.530627 ↔ 0.319822 2.505975127

0-.5 CH2 0.315124 ↔ 0.606019 CH2 0.185778 ↔ 0.242205 0.21982238

1.7-3.3 C2H3 0.293173 ↔ 0.215653 H 0.28285 ↔ 0.04773 7.034316146

0-.4 CH2 0.442286 ↔ 0.415677 CH2 0.058514 ↔ 0.265346 0.140686323

1.2-2.4 C2H3 0.115014 ↔ 0.602999 H 0.299625 ↔ 0.135575 3.798530719

2.5 CH2-C 0.095633 H 0.364305 0.439644759

2.6 C2H3 0.90225 H 0.289649 0.457230549

0-.2 CH2 0.242675 ↔ 0.341364 CH2 0.435958 ↔ 0.337882 0.035171581

0-.1 CH2 0.381344 ↔ 0.186083 CH2 0.320814 ↔ 0.437942 0.008792895

1) CH2 0.06448 5) 0.08734276

2) C2H3 4.14966 6) 0

3) C2H2+2H 0.04924 7) 0.06096407

4) C2H2+H2 1.08211 8) 0

5.49380091

C2H3-NON Class Ion

C2H3-Sub

CH2-C

CH3-CH

Total

Sec Charge (au)

Average Integral Cross (A2)

Φ 1

No Reactivity

(57.6,36,57.6)

(57.6,36,237.6)

(57.6,72,122.4)

(57.6,72,302.4)

(90,90,0)

(158.4,120.6,21.6)

Main Charge (au)  

(0,0,0)

(0,90,90)

(21.6,59.4,21.6)
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Table 2: This table contains the resulting fragmentation processes and Mulliken 

charges for SLEND/6-31G** simulations with the symmetry-breaking parameter Φ2 

for each non-redundant orientation [α, β, γ].   

 

 

Orientation  ( α◦, β◦, γ◦)

b Main Frag Sec Frag Int Cross (A
2
)

0-.3 CH2 0.03828 ↔ 0.27978 CH2 -0.03827 ↔ 0.156297 0.079136057

0-.5 CH2 0.105673 ↔ 0.043046 CH2 0.105663 ↔ 0.306594 0.21982238

0.6 C2H2+2H 0.331813 H,H 0.356297 0.105514742

0.7-2 C2H3 0.631697 ↔ 0.954291 H 0.352813 ↔ 0.023451 3.086306209

2.1-2.2 C2H2+2H 0.523038 ↔ 0.624351 H,H 0.195258 ↔ 0.347192 0.378094493

2.3 C2H2+H2 0.472783 H2 0.016822 0.404473178

2.4-2.5 C2H3-Sub 0.605386 ↔ 0.965482 H 0.294958 ↔ 0.019396 0.430851864

2.7-3.2 C2H3 0.660096 ↔ 0.857978 H -0.000378 ↔ 0.134537 2.593904079

0-.4 CH2 0.658777 ↔ 0.453289 CH2 0.226367 ↔ 0.485501 0.140686323

0.9-2.3 C2H3 0.727431 ↔ 0.634364 H 0.191567 ↔ 0.312172 3.939217042

0.8-3.3 C2H3 0.536712 ↔ 0.701186 H 0.408357 ↔ 0.215093 9.012717562

1.2-3.2 C2H3 0.58055 ↔ 0.917956 H 0.363479 ↔ 0.02271 7.737747761

0-1 CH2 0.095006 ↔ 0.330162 CH2 0.163611 ↔ 0.635483 0.879289518

1.6-4.6 C2H3 0.556488 ↔ 0.497677 H 0.372767 ↔ 0.444006 16.35478504

0-.5 CH2 0.095006 ↔ 0.416455 CH2 0.163611 ↔ 0.523829 0.21982238

0.6-3 C2H3 0.992425 ↔ 0.958991 H 0.016066 ↔ 0.019813 7.597061438

0-.3 CH2 0.5605 ↔ 0.270321 CH2 0.184087 ↔ 0.321696 0.079136057

0-.2 CH2 0.24017 ↔ 0.631357 CH2 0.64497 ↔ 0.326574 0.035171581

1) CH2 0.20048 5) 0.028723

2) C2H3 6.33088 6) 0

3) C2H2+2H 0.03224 7) 0

4) C2H2+H2 0.02696 8) 0

6.619291

(0,0,0)

(0,90,90)

(21.6,59.4,21.6)

(57.6,36,57.6)

Total

Φ 2

Sec Charge (au)

Average Integral Cross (A
2
)

C2H3-Sub

C2H3-NON Class Ion

CH2-C

CH3-CH

(57.6,36,237.6)

(57.6,72,122.4)

(57.6,72,302.4)

(90,90,0)

(158.4,120.6,21.6)

Main Charge (au)
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Table 3: This table contains the resulting fragmentation processes and Mulliken 

charges for SLEND/6-31G** simulations with the symmetry-breaking parameter Φ3 

for each non-redundant orientation [α, β, γ]. 

 

 
  

b Main Frag Sec Frag Int Cross (A
2
)

0-.3 CH2 0.085585 <q< 0.448433 CH2 -0.08285 ↔ 0.495644 0.079136057

0-.5 CH2 0.124608 ↔ 0.32142 CH2 0.124589 ↔ 0.043306 0.21982238

0.6-2 C2H3 0.741507 ↔ 0.956565 H 0.256118 ↔ 0.039178 3.200613846

2.1-2.2 C2H2+2H 0.536531 ↔ 0.712047 H,H 0.078862 ↔ 0.198482 0.378094493

2.3 C2H2+H2 0.523009 H2 0.031235 0.404473178

2.4 C2H3 0.732574 H 0.01179 0.422058969

2.5 C2H3-Sub 0.953691 H 0.041021 0.439644759

2.6 C2H3-NON Class Ion 0.969667 H 0.05838 0.457230549

2.7-5.2 C2H3 0.958088 ↔ 0.594198 H 0.028644 ↔ 0.39393 17.36596799

0-0.4 CH2 0.745056 ↔ 0.459979 CH2 0.265032 ↔ 0.482029 0.140686323

0.5-2.2 C2H3 0.560172 ↔ 0.683178 H 0.391381 ↔ 0.284178 4.035938889

3.4 CH2 0.585068 CH2 0.388297 0.597916872

0.6-3.1 C2H3 0.776656 ↔ 0.931146 H 0.196858 ↔ 0.036429 8.133428044

1.1-3.3 C2H3 0.71537 ↔ 0.867659 H 0.265896 ↔ 0.110333 8.511522537

0-1.1 CH2 0.681592 <q< 0.548982 CH2 0.055283 ↔ 0.397713 1.063940317

1.9-4.8 C2H3 0.963105 <q< 0.665273 H 0.014259 ↔ 0.315749 17.08459534

0-.5 CH2 0.681592 ↔ 0.557927 CH2 0.055283 ↔ 0.349368 0.21982238

0.6-2.9 C2H3 0.946027 ↔ 0.822548 H 0.018245 ↔ 0.090509 7.078280622

3 CH3-CH 0.972118 0.527573711

0-.5 CH2 0.229066 ↔ 0.561213 CH2 0.501679 ↔ 0.363358 0.21982238

0-.3 CH2 0.269569 ↔ 0.641815 CH2 0.74051 ↔ 0.296413 0.079136057

1) CH2 0.32944 5) 0.02930965

2) C2H3 7.378411 6) 0.03048204

3) C2H2+2H 0.025206 7) 0

4) C2H2+H2 0.026965 8) 0.07034316

7.89015794

Main Charge (au)

(0,0,0)

(0,90,90)

(21.6,59.4,21.6)

(57.6,36,57.6)

Orientation  ( α◦, β◦, γ◦)

Φ 3

Total

C2H3-Sub

C2H3-NON Class Ion

CH2-C

CH3-CH

Average Integral Cross (A
2
)

Sec Charge (au)

(57.6,36,237.6)

(57.6,72,122.4)

(57.6,72,302.4)

(90,90,0)

(158.4,120.6,21.6)
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Table 4: This table list the location of the primary and secondary rainbow angles by 

impact parameter for each symmetry-breaking angle parameter Φ per projectile 

orientation [α, β, γ]. 

 
  𝝋𝟏    𝝋𝟐    𝝋𝟑   

 Orientation 

  

 ,  ,            

          (°) 

𝒃𝑷𝑹 

(a.u.) 

𝜽𝑷𝑹 

(°) 

𝒃𝑺𝑹 

(a.u.) 

𝜽𝑺𝑹 

(°)  

𝒃𝑷𝑹 

(a.u

.) 

𝜽𝑷𝑹 

(°) 

𝒃𝑺𝑹 

(a.u.) 

𝜽𝑺𝑹 

(°) 

𝒃𝑷𝑹 

(a.u.) 

𝜽𝑷𝑹 

(°) 

𝒃𝑺𝑹 

(a.u.) 

𝜽𝑺𝑹 

(°) 

(0, 0, 0) 3.35 8.75 2.20 0.40 3.65 5.00 4.20 0.00 2.65 4.60  2.65 0.40 

(0, 90, 90) 4.90 14.62 3.72 0.60 4.80 13.30 3.80 0.00 4.75 12.50 3.75 0.20 

(22, 59, 22) 2.90 6.60 2.40 5.60 3.38 4.15 2.75 3.2 3.02 4.40 2.75 0.70 

(58, 36, 58) 4.86 3.20 4.20 1.10 5.08 3.40 4.20 1.10 5.20 4.10 4.30 0.80 

(58, 36, 238) 4.85 10.20 3.92 1.90 4.60 7.25 3.95 1.40 4.76 6.60 4.00 0.90 

(58, 72, 122) 4.10 6.50 3.68 0.80 4.66 5.40 3.65 1.00 4.60 5.60 3.65 0.30 

(58, 72, 302) 4.80 11.80 3.70 0.85 4.60 7.60 3.70 0.60 4.42 7.10 3.65 0.00 

(90, 90, 0)   2.20 1.90   2.20 1.90   2.82 0.30 

(158, 121, 22) 3.20 6.80 2.20 3.20 2.80 3.70 2.60 0.80 3.50 3.60 3.38 0.25 

Orientation-

Weighted 

Average  

4.12 8.11 3.22 1.99 4.19 5.81 3.46 1.08 4.17 5.71  3.32 0.45 

Arithmetic 

Mean Value 
4.12 8.56 3.25 1.81 4.20 6.23 3.61 1.01 4.11 6.06 3.52 0.44 
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Figure 1: This figure depicts the initial conditions for H++C2H4 reactants. The 

colored spheres represent classical nuclei. Blue sphere indicates Carbon nuclei. While 

white spheres indicate Hydrogen nuclei in C2H4 ethylene system. Finally, the H+ 

projectile is represented by the purple sphere with its’ initial position, and momentum 

vectors being generated from Euler-angle rotations [α, β, γ] and impact parameter b. 

(cf. text for more details). 
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Figure 2: This figure shows the relative total energy E  vs Spin-contamination angle 

for C2H4 at the Hartree-Fock/6-31G* level with respect to its regular D2h ground-state 

energy and also the averaged squared total spin as a function Spin-contamination angle.  
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Figure 3: Four sequential snapshots of a SLEND/6-31G** simulation of H+ + C2H4 at 

Elab = 30 eV from projectile orientation [0o, 90o, 90o], impact parameter b  = 0.0 a.u. 

and symmetry-breaking parameter Φ3. Reaction products are two CH2 (methylene) 

fragments. Simulation times are in fs. Colored spheres represent the nuclei (black = C, 

white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 4: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4 

at Elab = 30 eV from projectile orientation [0o, 90o, 90o], impact parameter b  = 2.5 a.u. 

and symmetry-breaking parameter Φ3. Reaction products are one C2H3 (vinyl) and one 

H fragment. Simulation times are in fs. Colored spheres represent the nuclei (black = C, 

white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 5: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4 

at Elab = 30 eV from projectile orientation [0o, 90o, 90o], impact parameter b  = 2.2 a.u. 

and symmetry-breaking parameter Φ3. Reaction products are one C2H2 (acetylene) and 

two H fragments. Simulation times are in fs. Colored spheres represent the nuclei (black 

= C, white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 6: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4  

at Elab = 30 eV from projectile orientation [0o, 90o, 90o], impact parameter b  = 2.3 a.u. 

and symmetry-breaking parameter Φ3. Reaction products are one C2H2 (acetylene) one 

H2 fragments. Simulation times are in fs. Colored spheres represent the nuclei (black = 

C, white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 7: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4  

at Elab = 30 eV from projectile orientation [0o, 90o, 90o], impact parameter b  = 2.6 a.u. 

and symmetry-breaking parameter Φ3. Reaction products are one C2H3 (protonated 

acetylene) and two H fragments. Simulation times are in fs. Colored spheres represent 

the nuclei (black = C, white = H) and colored clouds, isosurfaces of the spin density ρs 

(green and purple clouds are for two selected ρs and -ρs values, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Ryan Merritt, December 2017 

 

46 

 

 
 

 

Figure 8: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4 

at Elab = 30 eV from projectile orientation [57.6o, 72o, 302.4o], impact parameter b  = 

2.5 a.u. and symmetry-breaking parameter Φ1. Reaction products are one CH2C and two 

H fragments. Simulation times are in fs. Colored spheres represent the nuclei (black = 

C, white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 9: Four sequential snapshots of the SLEND/6-31G** simulation of H+ + C2H4 

at Elab = 30 eV from projectile orientation [57.6o, 72o, 302.4o], impact parameter b  = 

3.0 a.u. and symmetry-breaking parameter Φ3. Reaction products are one CH3CH and 

one H fragments. Simulation times are in fs. Colored spheres represent the nuclei (black 

= C, white = H) and colored clouds, isosurfaces of the spin density ρs (green and purple 

clouds are for two selected ρs and -ρs values, respectively). 
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Figure 10: Projectile scattering functions ϴ(b) vs. impact parameter b  per symmetry-

breaking parameters Φ1, Φ2, and Φ3 for SLEND/6-31G** simulation of H+ + C2H4 

starting from projectile orientations [57.6o, 36o, 237.1o], and [57.6o, 72o, 302.4o]. 
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Figure 11:  This figure shows the final α and β Mulliken populations of electrons on 

the nuclei of the target C2H4 and projectile H_proj for each one of the spin-contaminated 

states with the initial condition SLEND/6-31G**, orientation [0o, 90o, 90o], impact 

parameter b =1.0. 
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Figure 11: projectile-to-target 0-, 1- and 2-electron-transfer probabilities vs. impact 

parameter from projectile orientation [0o, 90o, 90o] and for symmetry-breaking 

parameter Φ1, Φ2, and Φ3. 
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Figure 12: SLEND/6-31G** projectile-to-target 0- and 1-electron-transfer differential 

cross sections of H+ + C2H4 at Elab = 30 eV vs. scattering angle  . Experimental results 

in comparison of the SLEND results with symmetry-breaking parameter Φ1, Φ2, and Φ3.  


