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Abstract 

Proton water collisions at 46 eV in the center of mass frame are studied within the electron nuclear dynamics theory 
(END). The electronic degrees of freedom are described with a coherent state formulation of determinantal wavefunctions. 
The nuclei are treated as classical particles but full nonadiabatic couplings are retained. The equations of motion are 
formulated in a generalized phase space and bypass the use of preconstructed potential energy surfaces. Differential cross 
sections for inelastic and electron transfer reactions as well as energy transfer are compared with experiment. © 1997 
Elsevier Science B.V. 

1. Introduction 

Pioneering time-of-flight studies of low energy 
proton collisions with a number of small molecular 
species have been carded out over the past twenty 
years in the group of Toennies [1-7]. Few theoretical 
studies have been made of these interesting systems. 
The proton collisions with hydrogen molecules at 30 
eV in the laboratory frame have been studied with 
the trajectory surface hopping method [8,9] by Toen- 
nies' group [5], and by a quantum mechanical study 
by Baer et al. [10] using diatomics-in-molecule po- 
tential energy surfaces. Electron nuclear dynamics 
(END) calculations [1 l, 12] have also been performed 
for this system. Excellent agreement was obtained 
between END and experiment for a whole range of 
properties including vibrationally resolved differen- 
tial cross sections. 

1 Permanent address: Department of Quantum Chemistry, Upp- 
sala University, Box 518, S-751 20 Uppsala, Sweden. 

Larger molecular targets present bigger challenges 
for theoretical treatments and, thus, fewer quality 
studies have been made for proton collisions with 
such systems. END theory has recently been applied 
to calculate inelastic and electron transfer differential 
cross sections for proton collisions with methane 
molecules [13] with results in good agreement with 
experiment. 

In the next section we briefly outline the END 
theory at its lowest level of approximation. The 
explicitly dynamical equations that govern the time 
evolution of the dynamical variables are derived with 
the principle of least action using a quantum me- 
chanical Lagrangian obtained with an approximate 
molecular wavefunction. The electrons are described 
with a Thouless [14] determinant built from complex 
nonorthogonal spin orbitals expressed in terms of 
Gaussian basis functions centered on the dynami- 
cally moving nuclei. The nuclei are treated as distin- 
guishable particles in terms of Gaussian wave pack- 
ets in the narrow width limit. In this way the dynam- 
ics takes place on a generalized phase space [15] in 
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terms of complex molecular orbital coefficients and 
average nuclear positions and momenta. 

In this Letter we present results of an END study 
of proton collisions with water at EcM = 46 eV. 
Calculated differential cross sections for inelastic 
and charge transfer scattering and vibrational energy 
transfer for the inelastic process are presented to- 
gether with comparisons with experimental results 
[6] in Section 3. 

2. Theory  

The END theory has been developed and com- 
pared with other time-dependent methods for molec- 
ular processes by Deumens et al. [16], and has been 
applied to reactive collisions of a number of different 
systems [17,11,18-21 ]. The simplest approximation 
using a complex single Thouless [ 14] determinant for 
the electrons and classical nuclei, retaining full elec- 
tron nuclear coupling, has been implemented in the 
ENDyne code [22]. 

The quantum mechanical Lagrangian is 

0 
L(  = < - >, ( l )  

with H the quantum mechanical Hamiltonian of the 
system. The choice of the molecular wavefunction 
I 0 ), or rather, family of wavefunctions ]g, ), with its 
particular parametric form in a given basis, consti- 
tutes the only approximation of the END theory. 
Within that approximation full electron nuclear dy- 
namics is considered with instantaneous forces. 

The lowest level of approximation within the 
END theory that makes any sense constitutes the 
choice of a single product 

[~ > = [z,R>IR,P > - [z>l& >, 

of a nuclear wavefunction 

. ]  

+iPk( X, - u, / 
and an electronic part 

J z,R) = [z) = det{ Xi( X,/)}, 

(2) 

Xk ak-- Rk) 2 

(3) 

(4) 

where 

K 

Xi = Hi @ E bl.j Zji , 1 <_ i <_ N .  
j = N +  I 

The spin orbital basis functions {ui(x)} are formed 
from Gaussians that are centered on the average 
nuclear positions R k but carry no average nuclear 
momentum Pk- It should be noted that the spin 
orbitals { Xi} are non-orthogonal and our experience 
[ 18,16,12,21,15] is that the complex coefficients { z/i}, 
when evolving in time produce a surprisingly flexi- 
ble description of the participating electrons when 
also the R' k and P~. evolve with the dynamics. The 
simple product Eq. (2) may be compared to an 
adiabatic molecular wavefunction, which has the 
electronic factor depending parametrically on the 
nuclear coordinate rather than the average nuclear 
position. In contrast, this simple END wavefunction 
resembles more a term from the diabatic Bom-Huang 
expansion. 

The Euler-Lagrange equations are obtained in 
matrix form as (see [16,15]) 

[ i0  0 
- i C *  

[i? ,c 0 
OE/Oz* 
aE/Oz 
OE/OR 
OE/OP 

where the limit 
been taken, and 
matrices are 

iC R 0 ] ]  ! 

- i c ~  0 z 

CRRI --I [ R 0 

(6) 

( Cx Y ) ii:kl = - 2Im 

(Cxik) p h 

and 

Cph;qg --  - -  

of narrow nuclear wave packets has 
the definitions of the dynamic metric 

a21n S 

aXis. O YjI 

821nS R'=R' 
OZ~,h OXik 

02In S R=R'' 
az~h OZqg 

I (7) 
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and where the dot above the symbol denotes time 
derivative. The overlap between two determinantal 
wavefunctions is S= (z, R'lz, R), and the total 
e n e r g y  E = ~lPt2/2Mt + (z,RlHellz,R) / 
(z,RIz,R) serves as the generator of  infinitesimal 
time translations. 

Transition probabilities are obtained by projecting 
[12] the evolved state vector, obtained form a given 
set of initial conditions, against various final states 
expressed in the same basis. Semiclassical cross 
sections weighted with these transition probabilities 
are obtained by integration over initial conditions 
[231. 

3. Resu l t s  and  d i s c u s s i o n  

All calculations are performed with the ENDyne 
code [22]. A minimal STO-3G basis is used. Several 
trajectories are also calculated using a pVDZ basis 
[24], but no significant differences are observed with 
the results obtained with the smaller basis. This is in 
agreement with the experience gained with the EN- 
Dyne code in several other applications. The target 
water molecule is initially at rest in the laboratory 
frame in its electronic and vibrational ground state, 
The proton travels towards the water molecule with a 
momentum commensurate with the chosen collision 
energy and with an initial impact parameter b. For 
each trajectory we calculate the angle of  deflection 
of the projectile, fk(b)  and the probability, P(b), for 
a certain process, such as charge transfer, to take 
place. The scattering angle is 0 = _+(f9 - 2n'rr) with 
the sign and integer n are chosen such that 0 e[0,er]. 

A simple semiclassical cross section is 

d ~ r ( 0 )  ~ ,  ~iP(bj) elS,: ' 

da j=l ~sinOId@/db[h=h, (10) 

where m is the number of  trajectories (impact pa- 
rameters bi ) yielding the same scattering angle and 
Si is a semiclassical phase factor. This expression 
introduces quantum interference and improves on the 
classical cross section, but diverges at the rainbow 
angle, 0 r, where Id~/db lh=bj  = O. This divergence 
is handled using the uniform Airy approximation 
[25]. 

b 

l 
Fig. 1. Reactant initial conditions for the H + + H 2 0  system. 

With classical nuclei the initial orientation of the 
target needs specification. The rotation of the target 
is labeled by the Euler angles (c~, /3, 3') about the 
body-fixed axes. The reference orientation (0, 0, 0) 
is shown in Fig. 1. Note that the impact parameter is 
chosen along the positive x-axis. For this application 
a coarse rotational grid with 36 points is chosen 
generated from the fourteen target orientations given 
in Table 1. Averaging over target orientations is then 
done by numerical quadrature [13] over these grid 
points. 

The overall features of the differential cross sec- 
tion may be determined from considering the deflec- 
tion function. For scattering angles around and above 
the rainbow angle an oscillatory behavior of  d cr/d,(2 
is expected, and for even greater angles a decrease is 
expected since only one branch of (O contributes. 
The maxima of the rainbow oscillations are given by 
the zeros of  the Airy function. The first maximum 

Table 1 
Target orientations in terms of Euler angles. The selected target 
orientations create 36 grid points for rotational averaging. Rain- 
bow angles and corrected rainbow angles in degrees 

Orientation (o~, /3, y ) O~ O, ~ 

1 (0, o, 0) 5.7 4.4 
2 (0, 50, o) 4.9 3.5 
3 (0, 130, o) 4.7 3.3 
4 (0, 180, 0) 5.6 4.0 
5 (180, 50, 0) 9.5 7.7 
6 (180, 130, 0) 9.2 7.8 
7 (0, 0, 90) 8.6 7.3 
8 (0, 45, 90) 5.5 4.1 
9 (0,90, 90) 5.1 4.0 

10 (0, 135, 90) 7.8 6.3 
11 (0, 180, 90) 8.7 7.3 
12 (180, 45, 90) 10.4 8.8 
13 (180, 90, 90) 8.2 6.8 
14 (180, 135, 90) 7.2 5.6 
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occurs at the semiclassically corrected rainbow angle 
Or sc , 

The general shape of the deflection function may 
be understood from the nature of the projectile-target 
interaction. One can discern (Table 1) two major 
categories of deflection functions, those with 0 r < 6 ° 
and those with 0 r > 8 °. For the latter category the 
incoming proton interacts primarily with the oxygen 
lone pair and an attractive force dominates for inter- 
mediate impact parameters. For the former category 
the proton interacts primarily with the hydrogens and 
the less attractive interaction is due primarily to the 
overlap between the 'empty'  orbitals on the proton 
and those on the water. Orientation 10 represents an 
intermediate case. 

The deflection function behavior for large impact 
parameters is mainly due to the long-range charge- 
dipole interaction 

V ( r ~) = f i t .  Y/  r 3, (1 1) 

with r= l r~  the distance from the center of the 
dipole, and ~ the target electric dipole moment. 
From this expression one can see that some target 
orientations would present a net repulsion to the 
proton for large impact parameters corresponding to 
the deflection functions for these orientations going 
to zero from above, i.e. from positive scattering 
angles. Other orientations would give rise to a long- 
range attraction. These somewhat simplistic consid- 
erations are confirmed by the detailed END dynam- 
ics, where also polarization of the system is taken 
into account. 

3.1. Inelastic collisions 

l0 t 
q T ~ ~  r - -  NT END 

/ 
[ ~  NT Expt. 

o 

, ~ I0 + 00~ ~0 <>,c,o¢,00oo¢ ' ° ' % 0  0%.000 
t~ ~ c'oo¢,oo¢,oo<> ° $ 

,~ ¢'°° 
10 z 

IU' 
0.00 2,00 4.00 6.00 8.00 10.00 

0 (deg.) 

Fig. 2. Inelastic total differential cross section for the H + + H 2 0  

collisions at 46 eV. 

scattering by the oxygen side of water and is not 
clearly discernible in the experimental cross section. 
This may be due to low signal to noise ratio [6]. 
Even if the theoretical results will be smoothed out 
by taking into account more target orientations we 
are confident that the results are reasonably con- 
verged. This can be concluded from the behavior of 
the results with increasing number of target orienta- 
tions. 

The vibrational energy transfer has also been 
analyzed in the time-of-flight measurements for both 
inelastic and charge transfer collisions. Theoretical 
estimates are obtained by projecting the product 
water molecule state onto the electronic ground state 
and assuming negligible rotational excitation (experi- 
ment estimates rotational excitation to be about 10% 
of energy loss of the protons). The results presented 
in Fig. 3 show slightly higher values and are in 
qualitative agreement with experiment up to 11 °. 

The total differential cross section for the non- 
transfer inelastic reaction is calculated from Eq. (10) 
with the uniform Airy approximation with P ( b ) =  
PNT(b), being the probability for non-transfer. The 
calculated values show pronounced rainbow oscilla- 
tions at 4 ° in close agreement with the experimental 
rainbow at 5 °. The rotationally averaged result is 
shown together with the experimental values [6] in 
Fig. 2. The unnormalized experimental values have 
been shifted so that the differential cross section at 
the 5 ° rainbow angle matches the theoretical value at 
4 ° (the theoretical rainbow angle). The additional 
theoretical rainbow at 7.5 ° comes mainly from the 

2.50 I P I I I r I 

2.00 / /  
~ o  ° °  v o  o o o o 
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1.00 o o o 
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Fig. 3. Vibrational energy transfer A E as a function of scattering 
angle. 
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Fig. 4. Charge transfer total differential cross section for the 
H + +H~O collisions at 46 eV. 

sary corrections to describe the rainbow oscillations 
in the differential cross sections. 
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3.2. Charge transfer collisions 

The differential cross section for charge transfer is 
calculated in the same way as is done for the inelas- 
tic case, but with P(b) = PcT(b), the probability for 
electron transfer. Again the experimental value at 5 ° 
is normalized with the theoretical at 4 ° and the 
results are presented in Fig. 4. Due to the difference 
in detection efficiency for H + and H, the experimen- 
tal data for charge transfer and inelastic scattering, 
respectively, do not necessarily have the same nor- 
malization (see [6]). Therefbre the matching of ex- 
periment and theory has been done separately for the 
two cases. The similarities of the charge transfer and 
the inelastic cross sections in agreement with experi- 
ment are manifestations of the similarities between 
the respective deflection functions. END shows the 
charge transfer probability to be 1 /10  of the inelas- 
tic one and the cross section is accordingly an order 
of magnitude less for the charge transfer case. 

4. Conclusions 

For this four atom system END gives good agree- 
ment with experiment for both inelastic and charge 
transfer scattering processes. This demonstrates the 
fact that even at the lowest level of approximation 
with nonadiabatic couplings taken into account the 
END wave function behaves satisfactorily. Further- 
more, the semiclassical theory introduces the neces- 
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