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Time-Dependent Reactive Scattering of the H + H, < H, + H~ Systeni
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Quantum mechanical calculations of reaction probabilities for the m@utral molecule collisions H+ H;

< H, + H™ are performed by means of time-dependent wave packet propagation. Results for two different
potential energy surfaces (ab initio and diatomics-in-molecules) are compared. The calculated state-to-state
reaction probabilities using product-Jacobi-coordinates are compared with energy resolved reaction probabilities
calculated with the flux-operator using reactant-Jacobi-coordinates and with time-independent calculations.
The shallow potential well of ca. 0.05 eV leads to some resonances in the reaction probabilities. In addition,
we present results for integral cross sections usinglibleifting method.

I. Introduction using the S-matrix version of the HultheKohn variational
: . . . method of Miller and co-worker¥12 The two different PESs

In the present project we investigate reactions of the type A o o heen used by Gianturco and Kukaf investigating
+BC (A= Ne, H(D); B,C=H(D)), where one collision partner ;i aiional and rotational inelasticity and by Mahapdfra,
is ionic (negative or positive) For the systems H-+ H?2'3 and Mahapatra and Sathyamuttyconcentrating on the reactive
Ne + H"™® we have already_ calculated potential energy dynamics using time-dependent approaches. The most recent
surfaces (PESS) of the electronic ground state, whereas in theexperimemal investigations are the guided ion beam experiments
case OT H. we use PES.S available from the IltgratG'FeOur . of Haufler et al*” and the crossed beam experiments of Zimmer
main aim is to perform time-dependent scattering calculations o4 | jnderts Both groups report integral and differential cross
using wave pacl_«_a;s, to calculate S-ma_tnc_es a_”d state-to-stalee iions for different isotope variants. At total energies below
reaction probabilities, and to get an insight into the time- o gissociation limit of the hydrogen molecule, the results of
dependent details of the dynamics with the help of animation o 1~ 4 1, collison can be inelastic excitation, rearrangement,
of_the wave function |_HI|)' O_ne of our recent systems Is _the and electron detachment without or including rearrangement.
H™ + Hy = Hp + H™ reaction, which we investigate with g0 yhe analysis of the potential energy surfaces, one knows

different isPtope substitutions: Ht- Hp < Hz 4 H™ (R1), H- that the electron detachment channel opens up at an energy of
+ D, <> D~ + HD (R2), and D + Hp < H~ 4+ HD (R3). In 1.2 eV.

our first investigations we start with calculations using a single This paper is organized as follows: in section Il we present

pﬁtern?al Ee n>e rgyz SIilr;ac)t(e,italctjholu gkt]r |tni|s I'tkfly thg;gti r;:?her the theoretical approach and in section Il we will concentrate
energies .2 eV) excited electronic states o g on our applications.

influence the ground-state reaction.
The above r_eaction belongs to the family of _hydrogen II. Quantum Dynamics
exchange reactions. In contrast to the neutral reaction Hp
< H, + H it has a shallow potential well in the entrance A. Introduction. The time-dependent Schdimger equation
channel, but the reaction barrier in the interaction region is of is solved using Jacobi coordinates (see Figure 1) by propagating
comparable magnitude. Compared to the positively chargedwave packets with the Chebychev (GFj! and/or the split-
system H + H, < H, + H* with a deep minimum of 4.61 eV operator method (SG¥.In the case of the Chebychev method,
for the equilibrium structure of &, the well depth of 0.05 eV we test the recursions of (a) Koslffand (b) Mandelshtam
is relatively small. What distinguishes ionic systems from neutral and Taylor?3 Within the wave packet (WP) method, the wave
systems is that because of the long-range inductive interactionfunction is discretized on a grit#:?427 The kinetic energy is
potential ¥ ~ —1/R* the important range of the PES is much calculated within a FFT or DVR method (FFT: fast Fourier
more extended (at least for our systeni®(atom—diatom)> transformatiorf® DVR: discrete variable representatf®n The
16 ap) than in case of neutral systems. wave packet can be used in the complex functional form (as
In recent years, ki has been investigated rather intensively Proposed normally) or as a real function proposed by Gray and
experimentally and theoretically. There exist two types of Balint-Kurti.3° The analysis of the wave packet after the
calculations for the potential energy surface: (a) the ab initio Propagation can be performed in two ways as well: (a) using
calculations of the ground-state PES byr8taand Meyer (SV) split functiong* or (b) using an analysis line before the absorbing
and (b) the diatomics-in-molecules (DIM) investigations of potential operates (see Figure?1)The analysis can be done
Belyaev et af~° in which several electronic states were Dy (a) calculating energy-resolved state-to-state information or
included. The first quantum mechanical calculation for the () summed reaction probabilities in form of fluxes through an

collinear H;~ systent was performed with the DIM potential ~ intersection surface. For the reactive investigation we use
absorbing potentiat3 to reduce the number of geometrical

tPart of the special issue “William H. Miller Festschrift”. arrangements or to get rid of numerical problems at the grid
* Corresponding author, ralph.jaquet@theo.chemie.uni-siegen.de. edges. The existing WP program is implemented for total
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mass of the BC moleculg,q} are the internal degrees of
freedom for the BC molecule, andq) is the initial state of the
BC molecule for given vibrationab§ and rotationaljj quantum
number.Ry, ko, ando define the initial location of the center of
the wave packet in coordinate and momentum space and the
initial width.

The dynamics of the system is followed by solving the time-
dependent Schdinger equation for nuclear motion numerically

LR

o =HWYR,r,, 6,1 (3)

wherea is used as an index for the different arrangemeats (
=A +BC,5=AB + C,y = AC + B), and the formal solution
is given by

w(t) = U)W () = e "Mw(0) (4)

with U being the evolution operator for the Sttinger equation
and whereW(t = 0) andW(t) are the wave function of the
system at time 0 ang respectively.

The Hamiltonian operator in Jacobi coordinatBsr(, 6) for
the body-fixed frameH = 1) is given as

1@ 1@ 119 .0 i
H=———-———>|——-sing— —
2noRe 2 o2 2\5im0 96" 790 " ging?

H~ + H; reaction. To represent the different arrangement channels, 1 2 . . .
the symbols for the three different hydrogen isotopes have been used. Rz(‘] —2)j,— dij- — i)+ V(R T, 0) (5)
Two different approaches are shown: (a) the reaction-THD starts R
in reactant Jacobi coordinates (RC), (b) the reactior-THD starts in )
the product Jacobi coordinates (PC) of the D~ arrangement. with
L, )
ﬂRRZ Ml

Here,ur is the reduced mass of the A BC systemy; is
the reduced mass of the BC (diatom) moleculés the total
angular momentum of the systeinis the rotational angular
momentum for BCV(R, r, 0) is the potential energy surface
andJ., j+ are usual ladder operators.

The wave function for a particular total angular momentum
guantum numbed and its space fixed components can be
expressed in terms of body-fixed coordinates in the form

Figure 2. Sketch of the interaction region for the H- H; reaction:

(a) reactant and (b) product Jacobi coordinates with a given initial wave IIJJM(Rw r,0.,0.,®, A, t)=
packet. (To represent the different arrangement channels, the symbols are T e e

for the three different hydrogen isotopes have been used.) 1 J 27+ 1

gDéwM(@a, Dy Ay, W (R T O D)

angular momentund = 0, including the full Coriolis coupling. Ryl 0=

Within a parallel implementation (for IBM-SP2) we test different ©)
schemes for propagations, kinetic energy representations and

absorbing potentials; this work is in progress. where M is the quantum number of the projection of total

B. Formalism. The general theory and various numerical angular momentund on the space-fixed-axis andQ, is the
aspects of time-dependent reactive scattering have been disguantum number for the projection @f on the body-fixed
cussed elsewhef@3337 Nonetheless, we want to summarize z-axis.Dy, ,, denotes the Wigner rotation matrix elements. The
the main features of our own wave packet implementation. We resulting Hamiltonian in the body-fixed frame is given in a
start with theinitial wave packet(see Figure 2a) tridiagonal matrix representation, where, according to eq 5, the

diagonal part is of the form

oy 1 o (R-RY’ ,
PRQI=0)= ekl x@ @ 1@ 10 11 o0
e ’ T T 2ungR o 2\sinG 6% 00 sing?
j 1
2@ = 1,04/ L3P, (co%) @ (P~ 209 + VR 1, 0) @)

2ugR

whereR is the distance between the atom A and the center of with the coupling term
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Ho o= — (%) 9)

ZuRRZ

The action of terms of typklg andHg 1 on the wave function
can be computed independently and is optimal for a parallel
implementatior®

The propagation of the wave packet can be performed in two
different ways. In the first case we use the Chebyshev prop-
agation method as proposed by Tal-Ezer and Kogloffhe
evolution operator is developed in complex Chebyshev poly-
nomials @,

~ N i
e M~ a.nd)n(— lI3|t) (10)

n= h

lp(t + At) — e—i/ﬁ(AEZ-FVm,—,)AI AE _H lp
an o D (—=iHorm) (1)
(11)
AE= Emax - Emin = Tmax+ Vmax - Vmin (12)
a(@) = J0) a@) =21 n=1,..N (13)
2(H — AE2 - V.,

=2 o) (14)

A AE

The Chebyshev polynomiafB, are calculated with a recursion
formula

(I)n+1(x) = (Dn,l(X)
wherex = —iHporm ®o = W(0), ®; = x¥(0).

Alternatively, one can perform one long propagation step as
described by Mandelshtam and Taylor (see eq 3.1 in ref 23):

2P (x) — (15)

e "®Q, 1(Hey(R 1) + €7 Q. y(Hgy(Rr)) —

2HQ,(Hg (R, 1)) =0 (16)
Qu(Hs¥(R 1) = W(0), Qy(Hgy(Rn) = e "®HW(0)
17)
The absorbing potential is simulated b¢Rr):
V(R 1) = e AR (18)

In egs 16 and 1Hsis a scaled and shifted Hamiltonian operator
H,=aH + b, (19)

whereas = 2/AE, bs = 1 — asEmax as defined in the equivalent
recursion formula by Gray and Balint-Kurti (see eq 12 in ref

Jaquet and Heinen

The second method of propagation of the wave packet is the
split operator technique where we approximate the propagator
by dividing the total time intdN segmentg\t using the Trotter
formalism of second order. Each short time propagatét g
is again splitted symmetrically in the following way (potential
referenced expression)

—iHAUA —iVAY/2h _—iTAth —i

=e g TAUhg™VAUZL 1 A (20)

To get an overview about other ways of performing the action
of the propagator the reader is referred to the literattife.

In both schemes (CH, SO) the action of the radial kinetic
energy on the wave function is used in conjunction with the
fast Fourier method (FFT); in case of angular kinetic energies
a discrete variable representation method is used (DVR). The
kinetic and potential energy is given as follows. Radial kinetic
energy for theR coordinate (and for, respectively) is (a) for
Chebyshev:

h® h? 1
25 Rzlp 2MRFFT; [K(FFTLW)]

wherek is the wave vector of a given plane wave. For (b) for
SO:

(21)

ol (FP12R) (210R) vy

= [FFT '™ (FRTey)]  (22)

The angular kinetic energy (angtecoordinate) for (a) Che-
byshev is

U A

T Wik =
Z ZT* T Wi (23)
with
Ty = wk\/m P|(cos6,) (24)

and for (b) SO:

eﬂ]ZAt/Zlh o= Z zTJr e |](J+1)Ath/2I-|— k¢|l (25)

with (1) = ((LurR?) + (Lucr?).

Although the last two formulations (egs 23 and 25) seem to
be clear with respect to numerical implementation, there have
been some complications if not enough memory is available
within the program code. In the case of Chebyshev implementa-
tion, the moment of inertid, is indexed with respect t8; and
ri values. If one defines a maximum energy value for the angular

30), which can be used for the complex wave packet (as we dokinetic energy contribution, it might be possible to definga

it in the present paper) or its real part o8%The recursion

= f(Emay Vvalue for the case that the prefactor ()/does not

relation can be used to create the complex wave function for abecome too large. In that case, one can save computation time

given time (information from eq 16 has to be inserted into the
el-iHth) expansion) or is used as a dynamical iteration alone as
in the Gray-Balint-Kurti-approach. In our implementation we

use the various schemes as described above. For the final

analysis we store, in the case of one long propagation, in-
formation from each iteration step; within a test-run one can
clarify if for each iteration the information has to be stored.
Details are given in the work of Gray, Balint-Kurti, and
coworkers30-31

by storing a new matriXJy

_Ukk

o (26)

o ]Z(TI,J-J(J + 1T

in which (1/2) has been separated out. In case of largel(lL/2
values (i.e., forR — 0) several of these matrices have to be
stored. We have in our program defined Bra.x value which
leads to individuajmax values for giveri andl; we think that
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this is more accurate in the numerical implementation than a region (as proposed by Heather and M&jiwr (b) calculate
global definition ofjma. In the case of SO calculations, this the contribution at an asymptotic analysis line as proposed by
trick of separation of (113 is not possible. If enough core Balint-Kurti et al?” In case of splitting off the wave function
memory is available, one can store W, W is divided in two parts, the product pa#p and the

. interaction part¥, as given in egs 30 and 31:
U L= T+'67IJ +1)A 2IiIT. (27)
“ Jz « I IP(R! qv t) = IIII(Rv q! t) + lIIP(Rv qi t) =

1-f(R)¥Y(R qt)+f(R¥Y(R q,t) (30
otherwise the transformation given in eq 25 becomes the most ( p( TR 6.9 p( JP(R.a.9 (30)
time-consuming step during the propagation, althohigh is 1
not as often performed as in the case of Chebyshev propagation. fp(R) = . CRR) (31)

The potential energy is diagonal in the coordinate grid 1+e

representation, and the action in the CH approach is just aR andcC define the shape of the split-off function. After each

multiplication time step, the product part is split off and the interaction part is
analyzed. Its contribution to the S-matrix is given b

[Voli = V(R 11, 6)) ¢y Y J Y

b = $(R. 1), ) = W(R, 1, 0o ” (28)
SNRE(E) —

. . o — Z —@e(R g)|Pp(R g, t)0 (32)

whereas in the SO approach, the wave function has to be Kyila G
multiplied twice with the eV®Rn.0JAU2 factor. In the moment,
we use the SO approach only in case of diagonal potential DL(R 0) = eikiRXi(q) a = fe"‘”Rnn(R, t=0)dR (33)
energy representation.

As mentioned before, the wave function is discretized on a IN(Ey — Ny (2 R —1_ IN
3D grid in Jacobi coordinateR, r, and6 with typically Ng = P(E) = ISN(E)| PRE) =1 ZP”*'(E) (34)
64—128, N, = 64—128, andNy = 32—80 grid points. lonic
systems require a finer discretization, because deep potentialsAfter each splitting, the propagation is continued, with-1
(typically Vinin &~ —0.5— —4.5 eV) lead to strong resonances. f)W replacing. This procedure has the quality of an absorbing
The propagation time is set (a) by usihgsegments ofAt in potential so that the wave packet does not reach the end of the
the split operator formalism, (b) by setting a maximum grid point area; otherwise, this leads to numerical problems in
propagation time and by that fixing the numbeNo€hebychev the FFT approach. In case of split-off functions, no further
iterations for the propagation as proposed by Kosloff, or (c) by absorbing potential is needed in the calculation.
doing one long propagation step as proposed by Mandelshtam In the Balint-Kurti-approach’ the S-matrix is calculated by
and Taylor and fixing for that the number of Chebychev the following procedure: in the asymptotic region, iR.js
iterations. Of course, after the propagation is performed for a large, first the wave packet along a c&(j is projected onto
given number of steps, the run can be restarted if the reactionthe final product statge(r) to produce a set of time-dependent

kanl’t o El

probabilities do not seem to be converged. coefficientsCg (1) (e.g., using product Jacobi coordinates):
C. Analysis. In our calculations we can perform energy-
resolved state-to-state and flux calculations. The wave packet Ce ()= fdrd@x’,“:(r) WR=R,,1.0,t;1) (35

is propagated until it has “completely” left the interaction region.

To perform the analysis we need the wave packet in the correctThen these coefficients are Fourier transformed over the time

Jacobi coordinates, depending on the different possible arrange0 give energy dependent coefficiers,(E)

ment channels.. A basic difficulty in the theory of reactive 1 e

collisions is that the coordinates appropriate for reactant and A (B) = E!ﬁ) e'E”hCF’,(t) (36)

product arrangements differ from each other. There have been

?gfgrent ways presented in the literature to solve the problem: 5 the S-matrix results from the simple relation (derivation

one natu_ral way wc_)uld be to_transform th_e wave functlo_n given in refs 38 and 39):

to the appropriate coordinates. This approach is time consuming

and leads to numerical errors. ’ hzkﬁ'kf‘ vz A (E)
Because of that reason, we perform for each reactive product S %(E) = —|—— e Rw(’—k,o‘)

a(—

arrangement channel an individual scattering calculation per- “ut
formed in the appropriate product Jacobi coordinates as il-
lustrated in Figures 1 and 2. If only global reaction probabilities ! just energy resolved reaction probabiliti€%(E) are de-
are needed, one can calculate within the reactant Jacobisired, PLR,,,-E(E) is computed from (e.g., using reactant Jacobi
coordinates the state-to-state inelastic transition probabilities andcoordinates)
calculate the reaction probabilities as the difference from unity: PRE(E) B hlm[&,(R o E)‘B‘P(R, (0, E)u] .

v, u ' Lana 7 IR

37)

REa—pa—y) — 1 _ IN
Powj =1 Powj —a'j’
V]

(29)

N A EL W(R4 1. 0,E)
The disadvantage of propagating in product coordinates is that  P..j(E) :ﬁlm (Raa 11 0, E)‘a—R (39)
the representation of the starting wave packet needs more
angular grid points for an appropriate description with a given where in case of reactant Jacobi coordinates the quantity in the
quality of the norm of the wave function. The analysis for the brackets is the energy-resolved flux of the wave packet at the
reaction probability or the S-matrix can be performed in two asymptotic dividing surfaces defined at the positigp, (for
ways: (a) we can split off the wave packet in the asymptotic reactive analysis) or &ana(for inelastic analysis); the angular
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brackets denote integration over the other two coordinates. Theof inelastic investigations for # at high energies (up to keV),

energy-dependent wave functi®(R, r, 0, E) is obtained by
Fourier transforming? (R, r, 6, t). The described formulation

the DIM results had been reasonable compared to experithent.
The 3D DIM PES for the ground state and some low lying

of the Balint-Kurti analysis approach is straightforward if using excited states was reported by Belyaev ét%Eround and first
the wave function as given in eq 11 using the recursion relation excited state form a conical intersectionCa symmetry. The
in eq 15. In case of using the recursion formula given in eq 16, ab initio surface of Stak and Meyet has been determined by
one has to take into account that the energy scale was shiftediR—CI and CEPA(2) calculations for 403 nuclear configura-
and scaled (see ref 30; for flux analysis: see ref 31). tions. It has been cast in an analytical form by a fit with 23

To avoid unphysical reflections of the wave function arising parameters and an rms error of 0.234riEhe PES fit presented
from finite size boundary of the coordinate grid (this is needed in ref 6 includes some misprints, so we were happy that W.
at least for the asymptotic analysis procedures at asymptoticMeyer could provide us with his code for the PES. This code
cut-lines of flux calculations through a dividing surface), the had been tested by using quasiclassical trajectory calcul&fions,
outer part of the radial part of the grid is surrounded by an and no numerical problems from the fit were encountered.
optical (absorbing) potential of the form proposed by Vibok Within our WP calculations we found that in a small region in
and Balint-Kurti#? we mostly use the type given in eq 18. the strong repulsive part of the potential, i.e., at shoftHH

To summarize our approach: there are two ways for a state distances, the energy tends to go to minus infinity (this results
selective analysis: (1) Figure 2a: For inelastic 3D-investigations from eq 1 in ref 6). We corrected this behavior, so that the only
we use reactant Jacobi coordinates, so that a state-to-stateninimum region on the global surface is the linear van der
inelastic analysis is possible and energy resolved total reactionwaals minimum in the entrance channel=£ 1.416y, R =
probabilities can be calculated. (2) Figure 2b: In case of reactive g 183, Eﬁﬁﬁ = —0.0476 eV). The position and height of the
3D-investigations we use pro_d.u.ct Jacobi coordinates, so thatparrier have been found af,, = 1.99% and ESM = 0.454 eV.
state-to-state reaction probabilities can be calculated.

. ) ‘ The electron detachment seam has been determined and its
The advantage is that no coordinate transformation of the |owest point was found foR = 2.86a,, r = 1.42, andd =

wave packet is necessary. The transformation of the wavegg with an energy of 1.2 eV, which agrees experimental
packet, from one coordinate system (e.g., reactant coordinates}indings;s The barrier height of the DIM potential (at the

to the one that is optimal for asymptotic analysis (e.g., product positionruy = 1.748) is by 0.17 eV EPM = 0.624 eV) larger

coordinates) is time-consuming and leads to numerical inac- yhan the one of the SM potential b_al_rhe DIM potential also
curacies. '

For most of the calculations in this present work, the width exhibits a shallow van der Waals minimum in the entrance
. O, channel EP'M ~ —0.05 eV) and has a energy threshold value
of the wave packet is chosen such that within one WP £ ) 9y

min
. S of 1.46 eV for electron detachment.
calculation accurate results for a collision energy rang# af . . .
to 2 eV around the initial starting collision energy can be Becau_se of the existence of severa! electronlc_ ext_:|ted states
achieved. The quality of the propagation depends, for a given atenergie& > 1.2 eV, a nuplear dynamics calculation |nvol_v|ng
collision energy, on the propagation time length and all internal several electronic states is necessaryHor 1.2 eV. In this
parameters, such as grid size for the coordinates, width of the

paper we will present calculations on a single surface, which
wave packet, etc. We accept a propagation as being reasonablghOUIOI be reasonable at least ke 1.2 eV. The influence
if the contributions coming from they,, and Ranaanalysis line

of higher excited states on the dynamics has to be investigated
add up to 100+ 1—3%. This test has been performed by adding in the future. Collinear reactions have been investigated in recent
up (a) fluxes through theans and Rang intersection line, (b)

years using both the DIM and the SM potential. Inelastic
adding up flux through theamand state-to-state contributions scattering calculations for higher collision energies has been
calculated at thdR,n, intersection line (or vice versa), or (c)

reported by Gianturco and Kum&tThe first energy resolved
adding up from two individual runs the state-to-state contribu-

reaction probabilities in three dimensions on the DIM PES using
tions calculated at th&,, intersection line for reactant and the time-dependent WP approach has been presented by
product Jacobi coordinates.

Mahapatra® some preliminary calculations using the SM PES
have been reported by Mahapatra and Sathymufthy.

In this paper we will concentrate mostly on time-dependent
WP calculations using the SM potential, because, as will be
seen in the next subsections, the DIM PES leads to very different
results concerning the reaction probabilities. To check our own
code and to compare with time-independent approaches, we
performed in addition calculations using the hyperspherical
coordinate method of Manolopoulos et>l.

The numerical grid parameters and properties of the initial
wave function used in the calculations of total and state-to-
state reaction probabilities are summarized in Table 1.

B. H™ + Ha. In the following three figures (Figures 3, 4,
and 5), we present results of energy-resolved total reaction
Reaction a will be discussed in the present paper, reactions bprobabilities of H + Hy(v,j) for different intial vibrational ¢)
and c in a forthcoming papét.The H~ system is of great  and rotationalj states. In Figures 3 and 5 we show in addition
importance in hydrogen plasm&sWe are using the potential  the results for the neutral reaction+#, using the LSTH
energy surface of Stek and Meyef and the diatomics-in- potentiat” and compare the two potentials SM and DIM. For
molecules (DIM) potential of Belyaed.A comparison of the SM potential, the reaction starts at a total energi of
scattering calculations with the experiment will be a test for 0.55 eV Eyans= 0.46 eV), similar to the neutral reactiort,.
the quality of DIM surfaces, which nowadays are often used Because the barrier height is larger in case of the DIM potential,
for reactive dynamics, especially on coupled surfaces. In casethere the reaction starts0.17 eV later. The forms of the onset

~
~

Ill. Results and Discussion
A. Introduction. The following reactions are currently under
investigation in our group:
(& H +H,<H,+ H (reactive)
(b)H +D,<D +HD

(€D +H,<>H +HD



Reaction Probabilities of H+ H, < H, + H™ J. Phys. Chem. A, Vol. 105, No. 12, 2004743

H™ + H, (v=0, j=0) (SM- and DIM-potential) H + H, (v=1, j=0) (SM- and DIM-potential)
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Figure 3. H- + Hy (v = 0, j = 0): total reaction probabilities Figure 4. H- + H, (v = 1, ] = 0): total reaction probabilities

calculated for the two different potential energy surfaces (SM and DIM) calculated for the two different potential energy surfaces (SM and DIM)
and with two Jacobi coordinate systems (RC and PC). The analysis isand with two Jacobi coordinate systems (RC and PC). The analysis is
made either from fluxes with the SO propagator (SO) or from summed made either from fluxes with the SO propagator (SO) or from summed
state-to-state reaction probabilities«{S: state specific in the product  state-to-state reaction probabilities{8: state specific in the product
region and flux in the reactant region) using the Chebychev propagator. region and flux in the reactant region) using the Chebychev propagator.

For comparison, the result for the neutral-HH, reaction (LSTH (Rmax = 15.580).
potentiat?) is given.Eyans= 0.7 €V;Rnax = 15.5(12.03 for Hz~ (H3).
H + H, (v=0,1, j=0,1,2) (SM-potential)

TABLE 1: Numerical Grid Parameters and Properties of : T T T T T T Y

the Initial Wave Packet Zsr 1

Nr, Nr, Ng 128, 128, 80 number of grid points for = 1
product Jacobi coordinates (PC) 2

Nr, Nr, Np 128, 64, 32 number of grid points for B A
reactant Jacobi coordinates (RC) = ]

Rmin, Rmadag] 0.001, 15.5-19.5  extension of the grid iR § |
in PC and in RC a

Fmin Fmaj@] 0.001, 15.5-19.5(g) extension of the grid in i)
rin PC (in RC for flux) §

Erans[€V] 0.7,1.0,2.0 translation energy -

Ro 10.0, 12.0 initial location of the o g : - i = = 2
center of the WP ’ : ’ '

0o 0.4 initial width of the WP e . Fiev o

Ncheb 6700 number of Chebychev iterations S-F. RC. v= .-.j'L“ o

At, T[au] 10-20, 15000 timings for split operator S-F, PC, v=1, j=0 =+t H+H,(LSTH): S-F, RC, v=0, j=0 .-
propagation S8-F, RC, v=1, j=0 »—

A, A(r, R)aps  0.015, 4.0 parameters for the absorbing Figure 5. H™ + H, (v = 0,1,j = 0,1,2)(SM potential): total reaction

potential (eq 18)

of the reaction probability are completely different if one
compares SM and DIM. In case of the SM potential, the reaction
probability for initial H- +H (v = 0,] = 0) (Figure 3) increases
steeply up to 7680% and falls down slowly around 1.8 eV,
whereas for DIM the reaction probability reaches its maximum
for E > 2 eV. For the SM potential, the reaction probability is
a relatively smooth curve comparable with the neutratHi

probabilities calculated for the SM potential energy surface and for
different starting conditions of the diatomic; ising RCs and PCs.
The analysis is made from summed state-to-state reaction probabilities
(S—F). For comparison, the result for the neutral4HH, reaction
(LSTH potential) is given. Rmax = 15.5).

in very accurate, detailed information, the Chebychev method
is clearly the one to be preferred. To get a rough overview of
the reaction probability, the split-operator approach performs

reaction, except that resonances occur in some smaller energyetter, compared to the Chebychev method (this results from

ranges forlE > 1.2 eV. If one compares Figures 3 (with initial
H. (v = 0,j = 0)) and 4 (with initial B (v = 1, = 0)), one
will see that for H + H, (v = 1, = 0) the resonance structure
is much more pronounced between= 1.2 to 1.3 ande = 1.6

to 1.8 eV. Figure 5 includes results for the different starting
conditions for H in different vibrational { = 0, 1, ...) and
rotational statesj(= 0, 1, ...). The most impressive feature is
that for H, (v = 0, ] = 1) the reaction probability increases

fewer actions of the Hamiltonian within the propagation). For
the Hs~ system we find only few resonances, which are
smoothed a bit when using the split-operator approach (presum-
ably the time stepAt has to be shorter than 10 [au]). This
smoothing behavior is especially a result that we have found
within our investigations of the N&- H,™ reaction® where

we have a much deeper potential minimum leading to many
sharp resonances. The comparison of reactant (RC) and product

steeply up to 95% with some small resonance features aroundcoordinates (PC) reveals that if one is interested just in total

E ~ 1.3 eV. The influence of initial rotational excitation has
been experimentally investigated only in the case of inelastic
scattering.

Within Figures 3-5 we compare different wave packet

reaction probabilities for systems such as # H,, calcula-
tions with RC are good enough. The strong difference in reac-
tion probabilities for H in different rotational states/(= 0, j
=0, 1, 2, ...) reveals the strong influence of the anisotropy of

approaches (different coordinates, propagators, etc.). In principlethe PES on the dynamics. For initial vibrational states 2,
the results are qualitatively the same (in order not to overload 3, 4, further total reaction probabilities are given in Figures 6

the figures, not every result is shown), but if one is interested

and 7.
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=
=
T

e
)

g2
:

2
.

04t 1

total reaction probability

total reaction probability
= s

0 -.lJ i L L == i I L L

0 I L i I L L i L ns 1 15 2 .5 3 As 4 45
1.2 14 1.6 1.8 1 22 14 6 28 3 EIE\.-"I
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§-F: RC, Rmax=15.5, Etr=0.Te¥V —— S-F: RC, Rmax=17.5, Etr=leV -
real WP: 5-F: PC, Rmax=15.5, Etr=0.7¢V - S-F: PC, Rmax=17.5, Etr=1g¥ abe: time-ind., rhomax=15 «--~
§-F: PC, Rmax=17.5, Etr=1.0eV¥ - 5-F: PC, Rmax=17.5, Etr=2¢V 2 real WP: PC, Rmax=17.5, Etr=1¢¥ -
Figure 6. H™ + H, (v = 2, ] = 0)(SM potential): total reaction  Figure 8. H™ + H, (v = 0, ] = 0)(SM potential) energy-range: 0.5
probabilities using two Jacobi coordinates (RC and PC). — 5 eV, total reaction probabilities calculated in PCs from summed
state-to-state reaction probabilities«S). Different grid sizes and initial
H™ + H, (v=3,4, j=0) (SM-potential) collision energies have been testegy.x = 15.5, 17.5 and 19.%y,

Ewans= 1.0 and 2.0 eV. Comparison with a real wave packet (real WP)
calculation and with a time-independent hyperspherical approach
(abc: time-ind.) is presented. In the time-independent calculation, two
different maximum values for the hyperspherical ragigs have been
tested.
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EleV]

5-F: PC, Rmax=17.5, Etr=le¥ ——  5-F: PC, Rmax=17.5, Etr=1eV, v=4 -

S-F: PC, Rmax=17.5, Eir=2¢V -~ §.F: PC, Rmax=17.5, Etr=2¢V, v=4 - LAl
Figure 7. H- + H; (v = 3,4,] = 0)(SM potential): total reaction i
probabilities using two Jacobi coordinates (RC and PC). nos L2l - ! ! ! !

g 1 1.2 1.4 1.6 1.8 4
The work of Mahapatra and Sathyamurthgerformed with EleV]
the SM potential shows much more pronounced resonances, 5l FC tmais s ey —— FLE S a0
which we attach especially to a too early starting position for $-F: PC, Rmax=17.5, Efr=1gV --eoe abe: time-ind., rhomax=15 =
5-F: PC, Rmax=17.5, Etr=2¢V real WP: PC, Rmax=17.5, Etr=1¢V} o

the wave packet, the use of the SO method, and a smaller
number of grid points. In the work of Mahapéftaising the Figure 9. H™ + Hz (v = 0, ] = 0)(SM potential): as Figure 8, but
DIM potential, most of these ingredients have been improved, €nergy range: 0.7> 2 eV.
but the DIM potential is less demanding with respect to ) )
resonances, except forH- H, (v = 2), where some resonance  (Figure 9: Evans= 1 €V, 2 eV). If the hyperspherical radigs
features are seen in the onset of the reaction probability. On(rhomax) in the time-independent calculations (abc) is chosen
the other hand, we see strong resonance features for all initiall2rge enough (i.e., compare rhomex12 and 15ag), then the
H, (v > 0), but one has to keep in mind that most of these comparison with “S-F: PC, Rnax = 19.5, Eyans = 1 €V" is
features do happen at energies above the opening of thenearly perfect. The resonance structure in the time-independent
detachment channel. calculation (abc) is a little bit different from the WP results,
In Figure 8 (a smaller energy section is seen in Figure 9), but this comes from the less dense energy grid in case of the
we test the influence of increasing the range of the interaction @0¢ calculation. In addition, one can see that with iniigls
potential. The maximum value f&® has been chosen between = 2 €V we can get reasonable results in one run up to the
15.5 and 19.&. Results presented in Figures-8 have been  dissociation energy of HIn case of initiaEyans= 1 €V, values
calculated fofRmax = 15.50, and the new results presented in  Only up toE = 3.5 eV are acceptable. At the moment, it is not
Figure 8 reveal thaRmax Was too short, because the reaction clear why we have a “constant” shift between the results
probability aroundE = 0.9 eV is too low. In addition, we  calculated withEyans= 1 and 2 eV forRmax = 17.50.
compare (a) our code for complex wave packets, (b) the real Inthe next figures (Figures 10, 11, 12, 13), we present results
wave packet code of Stephen Gfyand (c) the time- for state-to-state reaction probabilities. If one starts initially with
independent “ABC”-code of Manolopoulos et & for the three v=0,] = 0, then for the product molecule mainly vibrational
different codes all calculations have been performed by our- statev = 0 is preferred (Figure 10), whereas in case of the
selves. The results for the complex and real wave packets arefinal product b (v = 0), especially the rotational statps= 1
nearly identical if the same numerical parameters have beenandj = O (Figure 11) dominate; similar results are seen for for
used (Figure 9). There is a slight difference in the results when final vibrationalv = 1 (Figure 12) andv = 2 states (Figure
we compare WPs with different initial starting collision energies 13).
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Figure 10. H- + H, (v = 0, ) = 0) — H. (v, &j') + H™ (SM
potential): state-to-state reaction probabilities (in PCs) for different
rotationally summed vibrational product stat&4 = 17.5 ao, Exans
= 1.0 eV).
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Figure 11. H™ + Hp (0 =0, = 0) ~ Ho (¢/ = 0,]) + H™ (SM
potential): state-to-state reaction probabilities (in PCs) for different
rotational product states (with = 0) (Rmax = 17.5 @, Eyrans = 1.0
evV).
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Figure 12. H- + H, (v =0,j =0)— H, (¢! = 1,j") + H (SM
potential): state-to-state reaction probabilities (in PCs) for different
rotational product states (withh =1) (Rnax= 17.5a0, Eqrans= 1.0 V).
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H™ + H, (v=0, j=0) -> H, (v’=2, j’)+ H" (SM-potential)
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Figure 13. H™- + H, (¢ =0,j =0)— H, (¢v' = 2,j") + H™ (SM
potential): state-to-state reaction probabilities (in PCs) for different
rotational product states (with = 2) (Rmax = 17.5 @9, Eyrans = 1.0
evV).
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Figure 14. H~ + H, (v = 0,] = 0)(SM potential): total cross sections
calculated using th@-shifting method (JS). A comparison of wave
packet and time-independent results (abc) is performed. The contribution
of total angular momenturd was fixed to 20 and 50.

does not take into account that the reaction probability decreases
considerably at higher total angular momentum. Our newest
unpublished results show that, up o= 8, the magnitude of
the reaction probabilty does not change significantly and that
from then on the reaction probability consistently decreases,
reaching forJ = 20 (including Coriolis coupling) a value that

is already a factor of 23 smaller than the one far= 0 with

a maximum around = 2—2.5 eV. This is the reason why in
Figure 14 mostly results for thé = 0 — 20 summation are
presented. In a forthcoming paper we will present results where
integral and differential cross sections are derived explicitly from
calculations for total angular momentuin= 0.

IV. Summary

Theoretical investigations are performed for the dynamics of
reactive scattering processes using time-dependent wave packet
calculations. The system of interest is the-oreutral reaction
[H + Hz]~ with different isotope variants, where the results for

In Figure 14, we present results for the total reactive cross the deuterated systems will be presented in a forthcoming paper.

section using thé-shifting method of Bowman et 4850 Time-

The potentials used in the present calculations (ab initio and

dependent and time-independent calculations lead to similarmodel type) exhibit long-range interactions. The state-to-state

results. The onset of the cross-section (ugts 1.2 eV) is the
same, regardless of how madstates are included-shifting

analysis can be performed in reactant or product Jacobi
coordinates.
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Part of our project is to clarify, which numerical technique . (2) Cencek, W.; Rychlewski, J.; Jaquet, R.; Kutzelnigg, JWChem.
; i i : Phys.1998 108 2831; 2837.
is the_ most eff|C|e|_1t for solving wave packet propagation, (3) Rthse, R.: Kutzelnigg, W.: Jaquet, R.: Klopper, WChem. Phys.
especially when using the code on multiprocessor machines.1gg4 101, 2231.
For the present applications, we can say that the Chebychev  (4) Pendergast, P.; Heck, J. M.; Hayes, E. F.; Jaquet, &hem. Phys.
method is clearly the one to be preferred, because the accurac;lgg(as;?ffj 454?;- RJ. Theor. Chim. Act994 88, 217

H ) . : A aquet, . eor. Im. AC 2 .

can be |mproved by propagating in time as long it is nee_ded. (6) Stack, J.: Meyer, W.Chem. Phys1993 176, 83.
The recursion formula in eq 16 is independent of the magnitude  (7) Belyaev, A. K.; Colbert, D. T.; Groenenboom, G. C.; Miller, W.
of the time step. If high accuracy is preferred, the split-operator H. Chem. Phys. Lettl993 209, 309.

ime- < i i (8) Belyaev, A. K.; Tiukanov, A. SChem. Phys1997, 220, 43.
:ﬂethod needs time-steps At dl?j [_au]hand IS noftorlehable for s (9) Belyaev, A K: Tiukanov, A SChem. Phys. Lett.993 302 65.
ong prqpagaﬂons, as are neede int e case of deep potentials. (10) wilier, W. H.; Hansen op de Harr, B. M. D. O. Chem. Phys.
In addition there are problems in handling eq 25 optimally for 1987 86, 6213.
R— 0. The efficiency of the wave packet approach compared 62§131) Zhang, J. Z. H.; Chu, S. I.; Miller, W. H.. Chem. Phys1988 88,
to the tlme-lrldEpendent hyperSphe”Cal appr_oach _Of Manol- (12) Miller, W. H. In Advances in Molecular Vibrations and Collision
onums et a .has not been analyzed n QEta”v but in case a pynamics Bowman, J. M.; Ed.; JAI Press: Greenwich, CT, 1994; Vol.
fine energy grid for the reaction probability was needed, the 2A,p 1.
time-independent approach was more time-consuming (but on Chglnﬁ) F?h'sgilgggv 9';- 1A5-?3§gmafr Sl. Chem. Phys1995 103 2940;J.
the other hand the full S-matrix was calculated). _ (14) Gianturco, F. A Kumar, Sl. Phys. B: At. Mol. Opt. Phy4.997

The advantages of wave packet (WP) calculations are that3o, 3031.

WPs are relatively easy to apply for systems with many reaction ~ (15) Mahapatra, SPhys. Chem. Chem. Phy200Q 2, 671.
channels, that WPs are suitable for the use on several PESs, (16) Mahapatra, S.; Sathyamurthy, Raraday Discuss1998 110 228.
. o . . . (17) Haufler, E.; Schlemmer, S.; Gerlich, D. Phys. Chem. A997,
and that with WPs one gets, within one calculation, information 101 441,
about a large collision energy rangeH.; > 1 eV). The present (18) Zimmer, M.; Linder, FJ. Phys. B: At. Mol. Opt. Phy4.995 28,
disadvantage is that, in the case of deep potential energy minima?ezllé) Kosloff, R.J. Phys. Cherm1988 92, 2087
WP calculatu_)ns can becom_e very CPU intensive, because the (20) Goldfield, E. M.. Gray, S. KComput. Phys. Commufi996 98,
wave packet is trapped. Applications of wave packet calculations 1.
are performed now on an IBM-SP2 using parallel architecture. gg la!-E,fAerbH-:Flfosllogfy RJJ- Cshe_m- PFB/51884 Slﬁ’ﬁ%l?ész .
i « » o i ; eit, M. D.; Fleck, J., Jr.; Steiger, A. Comp. Phys f
Work of_ optimizing the “parallel” code is in progress and will 412, Feit, M. D.; Fleck, J, 38, Chem. Phys1983 79, 302: 1984 80,
be published soon. 2578,

In the case of the ki system, we presented energy-resolved  (23) Mandelshtam, V.; Taylor, H. §. Chem. Phys1995 103 2903.
and state-to-state reaction probabilities for different starting (gg) Hea;heh R';DM(g'u’ H,\JA ?Segﬁ- Phg’{SlSQ’?E 86, 5&03- e
conditions. It is for the first time that the nuclear dynamics Co(mnzuniggiuggr%b’. aer, M., Hudson, . 5., tourl, LL.dmput. Fnys.
within the K~ system has been investigated in such a detail ~ (26) Leforestie'r, CJ. Chem. Phys1991, 94, 6388.
using mostly the ab initio potential of Stk and Meyer (SM) (27) Balint-Kurti, G. G.; Dixon, R. N.; Marston, C. Gnt. Rev. Phys.
and that the results have been checked by us with two other€hem.1992 11, 317. . . .

. . - (28) Brigham, E. OThe Fast Fourier Transformation: An Introduction
time-dependent and time-independent approaches. We calculateg, its Theory and ApplicatiarPrentice Hall: New Jersey, 1974.
reaction probabilities for the DIM and ab initio PES: the results  (29) Light, J. C.; Hamilton, I. P_; Lill, J. VJ. Chem. Phys1985 82,
are qualitatively different. 1400.

qu could sh())lw that our results are quantitatively comparable (39 Gray, S. K Balint-Kurti, G. GJ. Chem. Phys1998 108 950.

. ) M . (31) Meijer, A. J. H. M.; Goldfield, E. M.; Gray, S. K.; Balint-Kurti,
with the real wave packet code of S. Gtagnd with the “ABC G. G.Chem. Phys. Lettl99§ 293, 270.
code (time-independent hyperspherical coordinate method) of (32) Vibok, A.; Balint-Kurti, G. G.J. Phys. Cheml1992 96, 8712.
Manolopoulos et af* A direct comparison between theory and _ (33) Kulander, K. C.; Ed.;Time-Dependent Methods for Quantum

i t can be made when our integral and differential cross™Y e o> Comput. Phys991, 63 Special lssue. ; it
eXp(?”men . . g St : (34) Cerjan, C., EdNumerical Grid Methods and their Application to
sections are available. We are in the process of finishing this Schralinger's Equation NATO ASI Series C 412; Kluwer: Dordrecht,
work. Most of the experimental work for reactive analysis is 1993. ' _ _
performed for the isotopic variants HDand DH; our results 1953;5)28%3'75‘5'3“”3”1 N.; Kalyanaraman, C.; SathyamurthyPhys. Re.
for these systems will be soon available. We are planning now "~ (36) wyatt, R. E.; Zang, J. Z. H., EdsQynamics of Molecules and

to perform the WP calculations on several surfaces, initially Chemical Reactiondarcel Dekker: New York, 1996.

ina the DIM r h. (37) Manz, J. IfFemtochemistry and Femtobiologyltrafast reaction
using the approac dynamics Sundstion, V., Ed.; World Scientific: Singapore, 1997.
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