PHYSICAL REVIEW A 66, 042717 (2002

Inelastic processes from vibrationally excited states in slow H+H, and H+H,* collisions:
Excitations and charge transfer
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A comprehensive study is presented of the scattering of protons.,¢n)Hand of hydrogen atoms on
H,"(v;), wherev; is any vibrationally excited state of the relevant molecules. Cross sections for charge
transfer and excitation have been calculated in the range of center-of-mass energies 0.6-9.5 eV using a fully
quantal, coupled-channel approach. An extensive vibrational basis set, defined in a large configuration space of
the reactants, is used, including a large number of discretized vibrational continua. A detailed picture is
produced of all inelastic processes that involve two lowest, nonadiabatically coupled electronic surfaces of the
H; " molecule. The rotational dynamics of,ldnd H,* are treated within the sudden approximation. The cross
sections obtained are compared with the sparse data available from literature.
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[. INTRODUCTION today’s fusion energy research. An accurate knowledge of
the cross sectiongand/or of rate coefficientsfor charge
The proton-hydrogen molecule and hydrogen-hydrogentransfer for the entire spectrum of vibrationally excited mol-
molecular-ion systemg@which is referred to simplify as the ecules is of critical importance for evaluation of the role of
H;* collision system are the most fundamental ion-atom MAR effects in a divertor plasma. An interest in CT between
and ion-molecule two-electron collision systems. A typicalH,"(v) and H has also recently arisen in astrophysics, in
collision event evolves through dynamically coupled elec-studies of evolution of the early universe, as one of the basic
tronic, vibrational and rotational degrees of freedom. Theseeactions in formation of the first neutral molecules. In the
systems have been studied thoroughly only for the processedsence of dust grains,Hould only be formed through the
from the ground state®lectronic, vibrational, rotationahs  gas-phase sequence of radiative processes followed by the
motivated by applications, as well as limited by experimentalCT reaction of H* and H[6].
and theoretical capabilities of the time. The majority of the The H'+H,(v;) charge transfer reaction far,<3, al-
theoretical treatments in eV and ten-eV ranges of collisiorthough endoergic, has a low threshold eneft)83 eV for
energies have been carried out fof HH, within the infinite  »;=0), and is strongly coupled to the mechanism of vibra-
order sudden approximatioffOSA) for rotations, implying tional excitation to states that are high enougi=@) to
that the collision center-of-mags.m) energy, E ., , iswell  overcome the barrier. Thus, this reaction is a second-order
above the value of a typical quantum of rotational excitationprocess fow; <4, with an integral cross section that is more
of the H, target. Also, these calculations were done within athan ten times lower than the cross section for excitation to
manifold of bound vibrational states, thus neglecting the posthe first excited state of Hfor collision energies less than
sible importance of inelastic processes through “closed” dis-200 eV [7]. On the other hand, charge transfer processes
sociative channels, as well as the dynamic change of théfom higher excited states ofHare exoergic, often reflecting
dissociative continuum edge with the position of the projecresonant features, with a significant role of nuclear particle
tile. Therefore, there is, even with IOSA, a fundamental in-exchange at eV energies, and may dominate inelastic transi-
terest in obtaining the cross sections for transitions betweetions. Thus, the previously studied CT processes from lower
bound vibrational stategscharge transfer, excitatiprirom v; constitute a separate group of procegse®lving through
both ground and excited vibrational states of the target moldifferent physical mechanistérom those forv;=4. Con-
ecule (H or H,"). This interest has been recently elevatedcerning the differential cross sections, in order for the elec-
by need for the charge transf@T) data from excited states tron to make a transition to the excited surfaceHH,*) the
of H, to a proton projectie in a relatively cold H, bond must stretch while the projectile is still close
(~1-10 eV) divertor plasma of a fusion tokam@k—5]. enough to the Fimolecule. This indicates that CT processes
The cold divertor plasma regions are characterized by higinherently lead to large angle scattering. Similarly, collisions
neutral particle densities, with the presence of bothadd  that involve nuclear rearrangements will almost always result
H," molecules. The CT process of hydrogen ions with vi-in scattering to large angles. On the other hand the charge
brationally excited hydrogen molecules plays the dominantransfer process from H to H is exoergic, i.e., there is no
role in a chain of reactions that probably give the main condow-energy threshold, even from the groung=0 state of
tribution to the so called molecule assisted recombinatiorthe target molecule.
(MAR). This process results in enhanced volumetric plasma The purpose of the present article is to calculate on the
recombination and promotion of the detached plasma re*same footing,” the cross sections for all inelastic processes
gime. These regimes are necessary for the reduction of het scattering of protons on flv;=0-14), as well as of scat-
loads on divertor plates, one of the most serious problems itering of hydrogen atoms onH(»;=0-18). Specifically,
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studied collisions are of the type during the collision. This significantly simplifies treatment of
the collision dynamics of the electronic transitions, resulting
in methods similar to those employed to treat ion-atom or
atom-atom collisions. In contrast, consideration of the colli-
H+Hy™ (1) = H™ + Ha(y), 2 sion energies below 100 eV, down to about 1 eV, requires
3) simultaneous coupling of the electronic and vibrational mo-
tions. In particular, the excitation energy of the first vibra-
H+H, ™ (1) —H+Hy " (). (4) f[io.nal state of H is ~0.5 ev corresponding toa character-
istic vibration time exceeding 50 a.u., which is comparable
The text is organized in the following manner. Previousto the collision time(of the order off w/2E]*?) for energies
approaches to the problenis)—(4) are reviewed in Sec. ll, <100 eV. The collision time is still short compared to the
while details of the theory used are presented in Sec. Illtime scale of molecular rotationgexcitation energy
Numerical procedures utilized are illustrated in Sec. 1V,<0.01 eV, i.e., the characteristic times1000 a.u.), thus
while results for charge transfer and excitation processesnabling one to consider the direction of the diatomic inter-
Egs.(1)—(4), are presented in Sec. V. In particular, the inte-nyclear axis as fixed. The consequence is that the aggle,

gral cross sections are shown and compared for the initiat!1efined as the angle betwedn(defined from the center of

and final state resolved transitions in reacting-+H, and - . :
4 . . . mass of the molecule to the projectile nucleasd diatomic
H+H," systems. Conclusions are given in Sec. VI. )

Atomic units are used throughout the text, unless otherintérnuclear axisp, stays constant during a collision, i.e.,

H +Hy(v) —H+Hy " (vy), (1)

H +Hy(v)—H" +Hy(vy),

wise explicitly stated. enters the theory as a parameter. In effect, the equations of
motion are completely decupled as far as the angular vari-
Il. PREVIOUS WORK ables are concerned. Conditions necessary for application of

IOSA and interpretations of its parameters are widely dis-
The comprehensive set of data for charge transfer for theussed in the literatuf@5—34, within so-called energy sud-
collision system H+Hy(v) [8] in the energy range from den and centrifugal sudden approximations. It is generally
threshold to several tens eV'’s, was recently calculated USinﬂccepted that IOSA is valid when the collision times are
the trajectory surface hoppin@’SH) [9] method. The dy-  ghort on the scale of rotational periods of the molecule, such
namics of the collision systerfrotation, vibration, and mo- ¢ jon-molecule orientation stays nearly fixed during the
tion of the projectile were treated classically, while quantum interaction time of the collision. It works the best for small

transitions in isolated nonadiabatic regions are included by, o< of the projectile orbital momentum and if the mol-

the two-state Landau-Zener model. Although the method INScule is in low rotational Statl5, 26

corporates rotational degrees of freedom into collision dy- o . . i
namics, thus going beyond the IOSA with respect to di- In addition, the high degree of symmetry in thg Hsys

atomic rotations, it has significant drawbacks: Besides thge_m’ studied _here, r_e_sults in potential surface_s that_are to the
possible problems of a classical model for collision energie .|g.h degreg |sotrqp|(1ndependent Ofy), [11]. Since, in the
in the eV range and for treatment of lower vibrational anglimit of an isotropic potential both orbital and molecule an-
rotational states, the two-state nature of the transitions in th@ular momenta become decupled, the IOSA is expected to
TSH may be oversimplifying the nature of electronic transi-Work well from a fraction of an eV collision energy and
tions in the System_ A number of quanta] cross-section Ca|above. St|”, to include the effects of aniSOtrOpy of the elec-
culations are also available for the"H H, collision system, tronic potential with respect tg, especially at small inter-
but only for processes from the ground vibrational sfae-  nuclear distances, one needs to calculate the observables for
18]. A detailed quantal study of elastic scattering of protongdifferent values ofy and then average over them. It is con-
on H, in lower excited vibrational states, as well as vibra-sistent with IOSA to neglect electronic-nuclear rotational
tional excitation processes among these states, neglectimgupling[34].
CT, have been reported recenflio—21. Although the cal- Due to the simplicity of the hydrogen atom the processes
culation of Top and Bad22—24 for H" + H, in a collinear  listed, Eqgs.(1)—(4), are among the simplest of all ion- or
configuration was undertaken to include all inelastic vibra-atom-molecule collisions. The reduction of the problem to
tional processes in a narrow range of collision energieshe coupling of only electronic and vibrational states simpli-
above the threshold for charge transfer, no results for croses the three-atomic collision problem enormously. Still, a
sections could be reported. In fact, none of the studies mercomprehensivab initio numerical treatment of the problem,
tioned have treated thesH collision system in a comprehen- even within 10SA, is a formidable, difficult computational
sive and consistent manner, including all relevant inelasti¢ask, especially when accounting for the presence of reac-
processes with initially excited target molecules. tions with interchange of nuclear particles. In principle, this
Approximations that can make a computation tractablerequires simultaneous treatment of several configuration
depend on the properties of the collisional system, as well aspaces with different nuclear arrangements, which causes a
on the process being considered and on the collision energyultiple increase in the dimensionality of the problem. Vari-
range. For example, in the range above a few hundred eV, theus approximations have been proposed to overcome this
projectile is so fast that both the internuclear diatomic coorproblem, the most often used is reactive I0GRIOSA)
dinate and its direction in space may be considered as frozd81—33,35—-3%, where coupling between various nuclear ar-
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rangements is done after performing calculations in each . PRESENT THEORETICAL APPROACH
configuration space independently. The boundary conditions The problems, originating from RIOSA assumptions as
for the problem are propagated into different arrangements, '

b hing th ¢ X I h d bord ell as from nonuniformity of boundary conditions in PHS
y matching the wave functions along the assumed borders, , ginates could be partially overcome, at least for a system
between nuclear configurations. Due to the complicated g

Sith a high d f nucl ike H3*), by per-
ometry of matching in theR,p) coordinates, the calcula- LI a high degree of nuclear symmetke Hs '), by per

.  RIOSA ¢ od i ol h her orming the calculation in as large as numerically feasible
tions in are often carried out in planar hyperspherical,, iy ration space of single-nuclear arrangement. Namely,

(P.Tlg _coolr_dl_natesuj,e), R_=qcos¢9,hp=qs_|n 0, an well 6;15_ it can be shown that if calculation is done in one nuclear
V,V't simplifying z_assumptmns on the position of matching arrangement space exactly it yields the exact transition prob-
line, and on relations between thés and angular momenta  gpjjities including nuclear arrangemefi]. This is the ap-

¢ in the two spaceg31,38. To check the quality of RIOSA  r55ch adopted in the present work. Solving for the Schro
within a large basis and two-electronic surface system, a'ainger equation in the largeR(,, =40 a.u.pm=40 a.u.)

. : ) / o U.Prmax u.
extensive selrles c;f quantl;m-mr(]achanlcal cfalculatlons havésnfiguration space of initial reactants using very large ex-
been recently performed for charge transfer processes igyngjon bases, the transition amplitudes were obtained for
slow collisions of protons with vibrationally excited hydro- a6 transfer and excitation, that included also relevant
gen moleculeg39]. To include the nuclear rearrangement y,q,,gh inseparablecontributions of nuclear or atomic par-
contribution to the charge transfer process calculations werg|o exchange. The drawback of such an approach, insepa-
performed in the PHS coordinates, expanding over large b"‘]"ability of the nuclear exchange and direct channels, is not

) . . g .
sis sets of vibrational states of both nd H,", including  oqqential in applications that involve three equivalent nuclear
discretized dissociative continua. This expansion is not u”'barticles, as is the case here.

form in the diatomic vibrational coordinagedue to its rela- In this work the 10SA has been used over the whole en-
tion with the hyperradial coordinaig and hyperangl®), p grgy range considere®.6—9.5 eV. In principle, caution is
=gsing. This produces nonuniform dissociative continua,needed for a light ion-molecule system since the sudden ap-
which are es_s_ennal in treating t_he nuclear rearrangement Prdsroximation is expected to be valid for such a system above
cess. In addition, the Hamiltonian of the problem was modi-3 qjjision energy of about 3 efM5], while for lower ener-
fied, following the RIOSA prescription, to include binding gies its validity remains undetermined due to the lack of
potentials of the two nuclear configurations for differentyyore glaborate calculations or measurements with which to
ranges off, as well as using simplifying assumptions fr  compare and test it. Nevertheless, since typical rotational en-
and¢ relations across the borddi@8]. The modified Hamil-  grgies for H are of the order of 0.01 eV or less, the classical
tonian may have over amplified the promotion dynamics forygyment of freezing molecular rotations for the duration of
y#0, associated with the saddle in the potential between thge collision forE>0.1 eV indicates that acceptable results
two configurations, and thus artificially increased the excitayay pe obtained as long as vibrationally resolved cross sec-
tion and dissociation cross sections, suppressing the charggns are calculated. As discussed in Sec. I, the approximate
transfer. Finally, the physical boundary conditions for theisotropy of the H* potential surfaces supports this conclu-
projectile must be defined along the reactive coordite ¢jop.

even when using the hyperspherical coordinates. In the limit s when the rotational motion of the molec@€ is
R—o (i.e.,q—c), the range ob, which corresponds to the  5gjabatic with respect to the relative translational motion of
bound vibrational states is small, and thus the asymptotics ithe BC and a colliding particled, the projectile effectively

q andR lead to the same results uniformly. In practical cal-jnteracts with a molecule that has no rotational angular mo-
culations @..=27 a.u. in Ref[39]), the curvature of Si#  entym. Having in mind that the system evolves under the
may significantly influence the results for highly excited ini- IOSA constrainty=/ (R,p)=const, essential for decou-

tial and/or final vibrational states. Thus, the simplifying .
o P pling of all angular momenta of the system, one can expand
RIOSA prescriptions are not fruitful in a large scale calcula- L : .
the wave function in a truncated basis of dimenshbrof

tions. -

Some of the previous calculations for H-H, collisions ~ electronic functionsbi({ri};;R,p,y), n=12,...N, where
used the “time dependent” or “impact parameter” formal- {r;} is the set of electronic coordinates fdg electrons. Ex-
ism that assumes a classical, often straight line, motion of thpanding the resulting nuclear functions in partial waves
projectile [16]. While the straight-line trajectory method #n(R,p;vy,€) of the angular momenturfi of the projectile
could be an acceptable approximation for small scatteringnotion yields two-dimensional Schdimger equation for
angles, it poorly describes the scattering at larger angleswclear motion in the form of a system Nfcoupled partial
Since the scattering angles following vibrational excitation,differential equations of the second order famcoupled
charge transfer, and nuclear particle exchange for proton inpartial waves, which can be written in the matrix form and in
pact are shifted significantly toward larger values, a fullythe mass-scaled coordinates[a8,34,3]
guantal approach was chosen here for both the projectile and
diatomic vibrational motion in the presence of charge trans- [WP(R,p,y)+(Ty—E)IT¥(R,p;y,£)=0, (5
fer. As in previous work19,39, the approach of Baer and
co-workers[10,11,23,3] is followed with respect to inter- whereW is the state vector with componentg(R,p;y,€),
pretation of IOSA equations and details of transformationn=1,2,... N, | is the unit matrix, and the kinetic-energy
from adiabatic to diabatic electronic basis. operator takes a simple form
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1| 9% 42

0(€+1)
2| gR?  gp?

€ _
TN= R

: (6)

In case of different nuclear arrangements are considere

it is convenient to use the mass-scaled coordingtéh (R,

p) obtained from no-scaled coordinateR’( p’) by the
transformatiorR=aR’, p=a!p’, wherea=(M/m)¥4 m
=mgmc/(mg+m¢) is the reduced mass of the molecule
BC, and M =m(mg+mg)/(my+mg+m,) is the reduced
mass of theA+ BC system. The Hamiltonian is then invari-
ant to cyclic permutations of the subscripgtsB, andC (con-
tained inM and m definitiong through all three configura-
tions k=1,2,3 of theABC system[38,31]. Both M and m
that would otherwise appear in E(G) are replaced by

= (Mmamgmc)/(mMa+mg+me) '

the H;* system, this feature is not essential, and although
is used here for the generality,
omitted in the following.

The potential matrixVP(R, p,y) depends on a choigqeof

independently of the [40]
nuclear configuration, which yields an orthogonal transfor-
mation matrix from one arrangement to the other. In case o{
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WIY(E,p;y)=ATE?A, (10)
whereA(R,p;y) is the transformation matrix, elaborated in
etail by Baer and collaboratof23,31,1], and E? is the
iagonal matrix of adiabatic energies defined in &j. Ma-
trix A satisfies the system of partial differential equations
dAlox+UA=0, wherex=R,p, and Uj;=(®d;|d/x|D;).
The method of solution was studied in detail for a general
case ofN electronic surfacef23]. Obviously, WY is a func-
tion of integrals of the nonadiabatic matrix elements over
both R and p, which smooth out any numerically “violent”
behavior.

As discussed in Sec. Il, the exact Sdltirgger equation is
invariant to the configuration transformation, and it is irrel-
evant in which configuration the exact solution is obtained
if proper care is taken on boundary conditions. The
relevant information which would define the process is con-
ained in the boundary conditions, characteristic of each con-

; o Iﬁguration. The most natural choice for proper definition of
the configuration index is

he boundary conditions is the initial nuclear arrangement of
the reactants, assuming that the configuration space, defined
by a two-dimensional box inR,p) plane, is big enough to

electronic basis. Thus, for an adiabatic electronic baSi?‘nclude other nuclear arrangements of interest

(Dﬁ({Fi};R,P,‘}/), with

He®2({ri}:R,p,7) =E3(R,p,7)®3({r;Rp,y), (7)

where

1 e .
Helz—zizzlVrgi+V({ri};Rlp’7)1 (8)

it takes the form W{(R,p,y)=H+E}8;=H}+H]
+E?6;, where

cpj>

Jd

ox

0—,2

ke

>

1[

2u
—2%) <c1>i

X —
= ax?

!

(9 j—
5 s X—p,R. (9)

IV. CALCULATION DETAIL

Significant attention has been paid to obtain reliable elec-
tronic adiabatic potential surfaces in the large configuration
space of R,p,y) coordinates. These were constructed, simi-
larly as in Ref.[39], using the diatom-in-moleculeDIM)
method[42] to calculate both the lowest adiabatic energy
surfaces of H* and the relevant nonadiabatic electronic ma-
trix elements(of 9/9dR and d/dp) needed for transformation
into the diabatic electronic basis. Although the DIM method
might lead to exact potential-energy surfad®£9 in the
limit of a complete basis of excited fragments, the calcula-
tion of the H,* DIM surfaces with truncation suggested by
Ellison [42] and Preston and Tully43] is found to be a
reasonable accurate, leading to acceptable agreement with
the experimeni43,17,11. This version of the DIM method
enables as efficient calculation of the nonadiabatic matrix
elements of coupling between various electronic states as of

The adiabatic electronic basis functions properly describghe adiabatic potential-energy surfaces. The matrix elements

all distortions experienced by the electronic cloud of a poly-of nonadiabatic couplings are normally not available from
atomic system when its geometry is changed very slowlyguantum-chemistry calculations.

Generally, the main flaws in this description appear in the The suggested truncation involves two lowest gerade and
calculation and from actual use of matrix elemeHfs that  ungerade states,siry and 2o, of H,*, and the ground
arise in the coupled equations. These are particularly poorlgtate's; of the H, molecule, resulting in a diagonalization
behaved near so-called avoided crossing seams and coniggl g 3x 3 matrix. Isoy and 2oy, curves can be calculated
intersections of the adiabatic potential-energy surfaces whefgith arbitrary accuracy owing to the fact that the one-
electronic transitions are most likely to occur. This is theelectron-two-center problem is separable in prolate elliptic
case of the ground and first excited electronic surfaces of theoordinates. These curves and their first derivatives were cal-

Hs* system, with a seam at nearly fixpd for a wide inter-
val of R Thus,Wﬁ becomes almost &(p—p,) function at
the seam of K", causing numerical breakdown in the cal-
culation, which will be discussed in more detail in Sec. IV.

This difficulty is resolved 31] by transforming to a diaba-
tic basis, here defined by the requiremet + Hff:O,
which yields

culated as functions of internuclear distari¢avith a step of
0.0002 for R<1 and with a step of 0.001 for 4R
=50 a.u. This enabled a smooth linear fit used for interpola-
tion in the DIM diagonalization. Concerning the, Hrag-
ment, the best available ground-state singlet potential curve
has been used, provided by the extensive compilation of
Jamiesor{44], slightly modified[45] to remove the discon-
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only the diatomic coordinatg, i.e., (H" +H,)(R—%,p,7)
—Hy(p). On the other hand, (HH,")(R—=,p,7)
—H(1s)+H,*(p). The two p-dependent asymptotic tri-
atomic curves cross at~2.5/a a.u., as can be seen in Fig.
1(a). Thus, if the neutral molecule is in a high enough (
=4) vibrational state, then on approach of the projectilé (H
or H) to the (H, or H, ") target, an almost diabatic transition
takes place between the electronic adiabatic surfaces. The
third curve is antibonding statel,* (2po,)+H(1s). The
three curves in Fig. () were used to construct the DIM
adiabatic surfaces. The lowest two surfaces, obtained for
various angles, shown for an example of=53.13° in Fig.
1(b), were used as the starting point in present calculations.
To avoid the numerical instabilities due to this triatomic-
- surface avoided-crossing seam, a transformation for the three
0.9 -, FRRIC i lowest H;* adiabatic surfaces into the diabatic representa-
i i tion have been performed, following B4di0], as explained
in Sec. lll. The resulting diabatic PES which correspond as-
ymptotically (R— ) to the lowest H +H, and H+H,"
Fig. 1(a) are then chosen for the active electronic surfaces in
the calculation. For this transformation one needs nonadia-
batic matrix elements between the adiabatic electronic states.
These are obtained from the DIM calculation, over the whole
configuration space. Figuré& shows the absolute values of
nonadiabatic matrix elements of electronic couplitgf,|
] =|(1|d/dp|2)|, in a part of the configuration space, for an
-%;MO example ofy=53.13°. UnlikeU%,=(1|4/dR|2) (not shown
4 herg, Uf, has as-function-like behavior along the seam.
On the other hand{\/}jj are smooth functiong=ig. 2(b)] in
the whole configuration space, much easier to handle nu-
merically. Thus, in the K" system considered here, a trans-
formation to the diabatic electronic basis is a necessity in the
numerical solution of the problem. This is the approach
adopted here, and the superscript’‘is omitted in the rest

tinuity present in the derivative of the potential. This con- of the text. The collision dynamics in the considered energy
tained 678 nonequidistant points between 0.2 and 20 a. Jrange evolves at only the two lowest adiaba#ind therefore

cubic-spline-fitted in the diagonalization, followed by ana- diabatio electronic surfaces. .
lytic asymptotic expansion for the long range Botential. In the case of "f one surface corresponds asymptoti-
Due to numerical feasibility of the DIM, the lowest three- Cally 0 H"+Hy( 2g), and another one to HE)
center electronic, adiabatic, potential-energy surfdB&S +H," (1s0), Fig. 1. In the two-electronic surfaces case, the
were calculated at more than“igeometriegsteps of 0.01 in diabatic potential matri¥V and the state vecto¥ have the
an interval 0.5—40 fop, 0—40 forR, and for six angleg in ~ forms

interval 0°-90° (for cosy=0,0.2,0.4,0.6,0.8, and]1This

-1.0

W (a.u.)

-1.0 4

‘\"" 5 lll
0 0 ll
5

I

1.1 ]

E* (a.u.)

127

p (au.)

FIG. 1. (a) Diabatic potential curves of the H+H and H
+H,, at fixedR, for R— obtained from three lowest potential
curves of H and H,* . (b) The two lowest adiabatic potential sur-
faces of H*, at fixedy.

enabled a smooth interpolation of the surfaces, especially Wy, Wy, v,
close to the seam and close to the highly repulsive regions “Wes Woul? =l | (11
when two nuclei are close, as well as accurate adiabatic- 12 T2 2

diabatic transformation, good asymptotic potentials, and ac-

curate vibrational energies of the initial and final states.  where the symmetry property of a diabatic matrix is explic-
As mentioned in Sec. lll, there is a strong avoided crossitly written. The transformation matrix for this case has a

ing [11,12] between the two lowest PES of theHsystem  simple form

at p=ps=2.5Aa a.u., for all R>~ax4.5 a.u.,, wherea

=(4/3)"* is the mass-dependent scaling factor, defined be-

low Eq. (6). Along the seamp~ p,, the matrix elements of

dldp between the adiabatic electronic states become almost

6 functions of the vibrational coordinate. This is a conse-

guence of the fact that whem> p for R—x the W+H2 . o ) )

surface is above the charge transfer surfacebH* [Fig. Wit @(R.p;7) =a(Ro.po; ) + 5 UTAR.p; v)dp

1(a)]. In that limit the H" + H, surface becomes a function of +fR ?Z(R,po;y)dR. One can assume the complete decou-

coSa sina
(12

—sinae cosa|’
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bronic states and corresponding nonadiabatic matrix ele-

Uzlép (a.u) (a) ments is convenient for qualitative insight into the collision
‘ dynamics. Still, this representation is not convenient for nu-
15 il merical solution of the problem. Using the adiabatic basis,
emerging from Eq(13), brings numerical instability into the
10 solution because of “numerically violent” behavior of nu-
0.5 merous matrix elements in the zones of narrow avoided
crossings between vibronic states. This revives the problems
0.0 around the seam of the two considered adiabatic electronic

surfaces which generated the need to transform adiabatic

electronic surfaces into diabatic ones, as discussed in Sec. Il.
It is numerically more feasible to use a diabatic vibra-

tional basis, obtained for a single, fixed value ®fin Eq.

(13). The usual choic&k— o yields the diagonal matrix for

W(p;R—x,v), and the eigenvalues probldii3) is reduced

to a set of uncoupled eigenvalue problems for vibrational

motion on each diabatic electronic surface. The resulting ba-

sis{u{"(p)} for each¥ ,(R,p,y) in Eq.(11) is a vibrational

basis for the isolated diatomic molecule 4 fbr n=1 and

H,* for n=2) in a corresponding electronic state. Thus,

expanding

\I«(R.p.w=2k fOR, MU (p), (14)

FIG. 2. (a) Surface of nonadiabatic coupling between adiabatic
electronic stategU?,|=|(1]d/dp|2)|, for a fixed angley, and(b)  EU- (5) takes the form
corresponding diabatic coupling. 7

[ D(R)— —

0(6+1
g terd
IR?

R —&(Ryy)

. S . 5 I] F(R,y)
pling of the adiabatic electronic states fBp=40 a.u., pg 2u

=0.5 a.u,, i.,e.2(Rg,po;y)=0. The nonadiabatic matrix el-

ementsJ’,=(®D4|3/dx|P,), x=R,p were obtained from the =0, (15
Feynmann-Hellman theorefi0], using the DIM Hamil-

tonian and adiabatic eigenstates for the same geometries as

2

the PES(in steps of 0.01, for botlR and p). Dl D12 [={6H) PREO NG
The system of coupled partial differential equations of the D:[ 12 22} F=[ ol &= (z)}, (16
second order, Eq5), for a chosen configuratiofreactant b= D F 0 e

arrangementcan be solved in various ways, depending on
the physical parameters of the problem. The usual way is N n- =f [ .
expansion of each component of the vedlo(R, p; y) in an Dim(Riy)= | dpun(p)[Wis(piR,y)
appropriate complete basis in one of the two variatiesnd

p. For slow collision velocities the expansion in a basis,
adiabatic inR, can be a good choice. Thus, in the adiabatic
limit of the perturber(projectile motion, the eigenvalue
problem for the coupled vibrational motion on the two diaba-
tic electronic surfaces for each given diatomic orientatio
angley and each fixed value d@®, yields an adiabatic basis
parametrically dependent d® y. This is obtained by solv-
ing the eigenvalue problem for diatomic vibronic motion in
the potentiaW

— 813W5(p;R—2,7) Jup(p). (17

The components of the subvect&i® (R, y) and diagonal
matrix £ are the amplitudes and energies, respectively, of
vibrational states belonging to an electronic staterherel
N_12 correspond to the ground states of &hd H™", re-

' spectively. The matrix elements of the matBxwere done
by numerical integration, for all combinations(n) of vi-

brational functions within the chosen basis. WHen p the
potential matrixW(p;R—«,v) is independent ofy.

Thus, the diabatic vibronic expansion bases‘or, are

. _ truncated sets of vibrational states of &hd H,* in ground
V(PR =0. (13 electronic states. The eigenvalue probléif), with R— e,
was solved with finite quantization “volume” boundary con-

This representation reduces the system of partial differenditions, u{™(pma)=u"(p=0.5)=0, where pm.,=40 a.u.,
tial equations, Eq(5), into a system of ordinary differential discretizing the interval0.5,40 a.u. along the axis in 450
equations inR, with nonadiabatic matrix elements 6f¢R  mesh points. This resulted in 450 vibrational states on each
and %/ 9R? between the adiabatic vibronic states that followof H, and H," , of which 34 are bound and 866 are con-
from Eq. (13). As will be shown elsewhere, the set of vi- tinuum pseudostates. Although the relevant vibronic continua

2

1 0
W(p;R,y)— ﬂ&—pzﬂ? |
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are discretized, with this largen., the density of the con- whered is the scattering angle, and accordingly, the integral
tinuum states(largest close to the continuum edgstays cross section follows as
high even for several eV above the continuum edge. The
discretization of the dissociative continuum was used earlier
by Onda[47] to calculate the dissociation of,Hby H impact,
but with a much smaller number of states.

To solve the system of coupled-second-order ordinary dif- - wa o 2. (22
ferential equations in amplitude&, proper plane-wave '
boundary conditions have to be applied at entrance exit of This simple result expresses the vibronic cross sections as
the reactant configuration, i.e., BR=R,,,,=40 a.u. An effi- an average overy of the relevant differential,
cient and accurate numerical procedure was employed utilizdoy, o,/ (6,y)/dQ, and integral,oy, n/,/(y), cross sec-
ing multichannel logarithmic derivatives. It is convenient to tions.

v K i
o-ﬂV,n’V’:_zf d’ySII’I’yE (2€+1)|5nn’5w’
2ks.Jo 3

nj

introduce theK matrix for eacht [46], It was unnecessary to use the whole basis set of 900
states. At the lowest energies of the considered range
W(R>Rpa) =J(R)+N(R)K, (18  (E.m.=0.6 eV), the necessary number of states to achieve

convergence of the charge transfer cross sections fd}
where the elements of the diagonal matrideéR) andN(R)  system wad\=205. Similarly, more than hundred states was
are composed of the Riccati-Bessel functions of the first angieeded for convergence of the excitation cross section into
second kind for open channels, and of modified sphericaje first excited state of fby proton impact although only
Bessel functions of the first and the third kind for closedtwo states, the ground and the first excited state obélong
channels. Th& matrix is an augmented reaction matrix con-to the open-channel manifold. For the highest energies,
taining elements connecting closed as well as open channels, . =95 eV, convergence of CT for the™HH, system

.e., K can be written in the form was achieved bji=560 states. The needed large number of
basis states of “closed channels” stresses the importance of
_ Koo Koc (19 transitions in the strongly deformed sm&llregion, in par-
B Keo Keo' ) ticular, with nuclear particle exchange.

Since the wavelength of the free proton motion varies
whereoo, oc, co, andcc are indices for open-open, open- approximately between 0.75 and 0.18 a.u. for a kinetic-
close, close-open and close-close submatricek.ofhe S  energy interval between 0.5 and 9.5 eV, it could be expected
matrix is then given in terms of the open-open submatrixthat a stepAR of R not much less than 0.01 a.u. would be
ie., small enough to reach convergence in a numerical solution

for the integral cross sections. A three-digit convergence for
S=(1+iKyo) H1-iKyg). (20 representative cross sections was reached &R+ 0.01 at
E.m=5 eV, but withAR = 0.001 forE. ,,=9.5 eV. Fol-
The index{ has been omitted from Eq&l8)—(20). Inthe  lowing this investigation, the calculation was done with
case of explicit treatment of the nuclear particle exchang@AR=0.01 for energies 0.6—5 eV, while for higher energies
the K and S matrices can be further augmented with the AR=0.001 was used.
submatrices for transitions within and between various A convergence check in number of partial wavgg, was
nuclear configurations, still keeping the same formalism agiccomplished by considering the sum of transition probabili-
above, applying appropriate boundary conditions for eachies to all inelastic channels. Thus,., was defined for each
configuration. diatomic-orientation angle as the value of when the sum
Since, during a collision with particl8, various, instan- reached a stable value of 19 (for 20 partial waves in suc-
taneous directions of the molecuC are equally possible, cession. A weak dependence df,,., on the molecular ori-
the cross section must be averaged over the full solid anglentation (y) was observed.
of BC orientations, which leads to averaging over The The full S matrices were calculated with the collision en-
problem must be solved for varioysin order to permit such  ergy defined in rangé.6,9.5 eV of the triatomic center-of-
an averaging. In nuclear-symmetric systems, such @5 H mass system, with reference to the ground vibrational state
symmetry aroundy=90° reduces necessary calculations toof H,. The transitions from the excited states were then ob-
0°=y=90°, rather than to 0 y=<180°, as is the case gen- tained by an appropriate shift of the reference energy.
erally. The differential cross section for transition from a
statev in the manifold of vibrational states of the electronic v CHARGE TRANSFER AND EXCITATION RESULTS
staten to a state ©’,v") is then obtained, within IOSA, in

the form The total transition cross section from a vibrational state

v; of the target molecule (JHor H, "), o1(v;), is defined as
the sum over all final states; of the partial cross sections

d()'nyar}’lv'(e) _ 8k12 ‘JO dysiny ; (2¢€+1)P/(cosh) for transition from vi to a v, ie, O'T(vi):E,,fO'T(V-i
nvj —v¢). Depending on the procegsharge transfer or excita-
2 tion) v; may belong to H" or H,.
><[5nnf5w'—sﬁy,nr,,r(7)] : (21) Figure 3 shows the total charge transfeg(v;) cross

042717-7
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10 g

7 Total charge transfer (a) i H +Hy(vy) = H+Hy (v B
6 5 L vi=7

—

S,
-
w

L]

.
B

d
=
=)

T

vi=0, Linder [49]

Charge transfer cross section (cmz)

Partial charge transfer cross section (sz)
=

" 1@ --aSH, Ichihara (8]
0 F | @, —Prsent, | v30 Holiday[4s)
0 2 4 6 8 10 10" E
& [ . (b) 0
—=-TSH, Ichihara [8] c.m. energy (V)

8 .
9 FIG. 4. Final state resolved charge transfer cross section for
10 H* +Hy(1=7).

———————— The latter peaks at smallest energies where it becomes the
13 dominant contribution, especially for higher. Our calcu-
lation, which implicitly takes nuclear exchange into account,
shows good agreement with these total TSH curves in the
classical range of validity.

The final-state resolved partial cross sections for CT in
H*+H, () collisions, are shown in Fig. 4 as functions of

FIG. 3. Total integral cross section for charge transfer fromthe collision energy for a representative valuevpt 7, and
various initially excited vibrational states; for H™+Hy(v;) for v; of H," less than 12. This is an exoergic process and
—H+H," collisionsthick solid lineg; filled symbols, the data for the partial cross sections are largest between the states clos-
v;=0 recommended by Lindest al.[49]; hollow symbols, experi- est in vibrational energW(v¢) <W(»;). Figure 5 shows the
mental results of Holiday48]; dashed lines, TSH calculation of distribution of the partial cross section for CT over the final
Ichiharaet al.[8]. vibrational states k", for several representative values of

collision energy and fofa) v;=13, and(b) »;=4. The over-

section for the reaction in Eq@l), as a function of energy for lapping features of the curves for various energies lead to a
the initial ground»;=0, and 14 ¢;=1,2,...,14) excited weak dependence of the total CT cross section on energy, as
states of H. Comparisons with the experimental results ofseen in Fig. 3. The apparent peak for CT freps=4 into the
Holiday et al.[48], and the recommended data of Lin¢lé®] lowest states of K" reflects a quasiresonancef=4 at H,
for ;=0 are also shown. Typical results of the TSH calcu-andv;=0 at H," , whereW(»,=4)>W(»;=0).
lations of Ichiharaet al. [8] are displayed as well. While at Integral cross sections for charge transfer processes in the
collision energieE, ,, <5 eV our result agrees very well H+H," collision system are shown in Figs. 6. For compari-
with the data of Holiday, deviation between the two setsson, CT from B* (»;=0) is repeated in Figs.(B), 6(c), and
reaches 50% at 6.5 eV, but decreases to 10% at about 9 e8(d). As can be seen, the spread of the cross sections for CT
While our curve overestimates the Holiday data at a few eVfrom different initial states, K" (v;), is much smaller than in
c.m. energy, it underestimates the Linder recommended datsase of the charge transfer from the target, reflecting the
(based on another experimet9] for the same process exoergic nature of the former process. Excluding the highest
Thus, experimental data of Linder and Holiday deviate mu-states in the vibrational manifold of M, which are rapidly
tually by a factor of 2 at energies above 6 eV, which can belepleted to the dissociative continuum, all CT cross sections
associated to experimental difficulties in control of the initial for variousw; lie within half of an order of magnitude in the
vibrational state content of the,Harget. Our curve fow;  considered range of collision energies. The oscillations in the
=0 almost averages the two sets of the experimental refeeross section with energy, studied earlier in experinigot
ence data. The increasing agreement of the TSH results witlnd in theory{50-52 of charge transfer and excitations in
increase ofv; and energy is expected from the classical charslow ion-atom collisions, can also be seen in Figs),8(b),
acter of the TSH model. Absence in TSH results of the in-and Gc). These might be a consequence of interference of
version, seen in our quantal calculations for the=13 and  various channels of similar transition intensity, leading to the
v;=14 curves akE. ,, ~5 eV, can be most likely attributed total cross section for charge transfer, as well as of competi-
to the small differences in the two calculations of the vibra-tion of the charge transfer and vibrational excitation-
tional configuration spaces for largpr It is interesting to  deexcitation channels. The channels are characterized by
note that the TSH calculatior8] obtain the contributions both different transition mechanisms, at different distaRce
due to nuclear particle exchange separately, and their curvess well as by multiplicity of vibrational states that take part
in Fig. 3 are sums of the “direct” and particle exchange CT.in charge transfer from an initial vibrational state.

L | L 1 s 1 L | s
0 2 4 6 8 10

c.m. energy (eV)

Charge transfer cross section (cm
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“g

K2 FIG. 7. Final statev; resolved CT cross section for (i)

‘§ +H, " (»;=0)—H" +Hy(v) process.

3

g CT cross sections are significantly larger at lower energies,

S in agreement with the behavior of the integral cross section
3 for »,=13 in Fig. &d).

I The results for vibrational excitation are presented in
g Figs. 9-12. Thus, Fig. 9 shows the partial excitation cross

sections from the vibrational ground state of id collisions
with protons, Eg.(3). Previous quantal calculations of
ve Schinkeet al.[16,15 and Giese and GertijyL3] were done
FIG. 5. Distribution of the CT cross section over final vibra- only with an incomplete set of bound vibrational states, in a
tional statesy; of H,* for representative values of the c.m. collision Small configuration space, thus not taking into account
energyE, , from (a) Hy(v;=4) and(b) Hy(v;=13). nuclear particle exchange into excited vibrational states. As a
consequence, their results persistently underestimate the ex-
The partial, final state resolved CT cross sections foicitation cross sections at lowest energies. After the threshold,
H+H,*(»;=0) reaction are shown in Fig. 7. Due to the the excitation cross sections from=0 to a final statevy
quasiresonances with,=0 of H,, charge transfer is over- first rise steeply{19] to their respective values, and then
whelmingly dominated by the transition ig=4. continue to rise much more slowly until opening of the next
Figure 8 shows the distribution of the partial CT cross€Xcitation channel#;+1), after which it drops. This trend
section over the final states in of H, from »,=13 of H,", of decrease with opening of a new excitation channel, as well
for representative values of the collision energy. Obvioush2S Of charge transfer channé&bout 2 eV of c.m. energy
in this case, the CT is dominated by the transitions to almosgan be seen for lower stat¢below the charge transfer
resonant states of the final molecule, nearly independently dhreshold until the dissociation thresholbout 4.5 eY is

energy. It is interesting to note that for lowey the partial

1 [l [l 1 1 1 1 1 [l
012345678 9101112131415161718

10-15

N
H+H, (v)) = H'+H, H+Hy (v)) — H'+Hy(vg)

v;=13

Partial charge transfer cross section (cm2)

Charge transfer cross section (cmz)

- 1 | |
07 1 2 3 4 5 6 7 8 9 10 11 12 13 14

vt

15 I L
0% 2 4 s

c.m. energy (eV) c.m. energy (eV)

FIG. 8. Distribution of the partial CT cross sections over the
FIG. 6. Total integral cross section for charge transfer fromfinal vibrational statesv; of H, for the process Ky
H(1s to the H*(v;) target. +H, " (1;=13)—=H" + Hy(vy).
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1077 F . ] A ] A ] A ] . | .16 R I L I . 1 . 1 .
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vi=0

Partial excitation cross section (cm2)

c.m. energy (eV) c.m. energy (eV)
FIG. 9. Vibrational excitation from the ground state=0 to the FIG. 12. Vibrational excitation-deexcitation of,H in collision

final statev; of H, in collision with proton. Solid lines are the Wwith H from an initial statev;, summed over final states .
present results; circles are the calculation of Schiekal. [15],
triangles the calculation of Giess al.[13], diamonds the calcula-

) ; v;=0 and for sum ovew;<5. There is an increasing dis-
tion of Schinke[16].

agreement of the recommended and op+=0 curves with
decreasing collision energy, which cannot be explained by a
reached. On the other hand, the final states4 are par- role of the final statesy=5 (Fig. 11). The agreement is
tially depleted by charge transfer, resulting in the steady deacceptable at the higher end of the considered energy range.
crease of the excitation cross section with energy, after an Itis interesting to note that excitation and charge transfer
initial jump at the threshold. Fig. 10 shows the excitationCross sections are very similar in magnitude. Even in the case
cross section of ki , initially in the ground vibrational state, ©f H"+H, system, excitation to higher than=4 states is

into all v; of H," . It shows features of the cross section with Of the same order of magnitude as the relevant charge trans-
energy similar to Fig. 9, except that these are smoothed by fer cross sections. This strongly stresses the need to calculate
the increased density of the vibrational states in the shallo/@!! IN€lastic cross sections on the “same footing.”

H,* potential well in comparison to the step in energy The tables of all initial- and final-state resolved, as well as

(0.5-1 eV used in calculation(2) exoergic nature of the CT the total cross sections for charge transfer and excitation in

o . X
channels, and3) closeness of the dissociation thresholdCOIIISIOn systems H+H,(v;) and HtH, " (1) are available
(about 2.5 eV, at the web sitdwww-cfadc.phy.ornl.gou

Figures 11 and 12 show the total excitation cross sections,
summed over final states, for each of the two systenis, H
+H,(v;) (Fig. 10 and H+H,"(v;) (Fig. 12, for various
representative initial states. Summations were done for all A comprehensive quantum-mechanical study of inelastic
opened channels;#v;, irrespectively whethew; corre-  processes between bound vibrational states on the coupled
sponds to excitation or deexcitation. For the case in Fig. 11
the recommended cross section exists by Janew. [53] for

VI. CONCLUSIONS

107
H'+Hy(v;) — H +Haall v)
]0‘15 E + NE
i H(1sHHz"(v;) — H(18)+Ho*(vp) veel g
oo v// £
E 16 | 2 8
107°F ]
g 5_\/3 2
=1 r e
§ I 4 3]
2 a7k 5 £ .
g 10F 6 g -
£ 7 3 6l _-”Vi=0 to all v<5
K F -
< = 8,10 g 0F """ Rec.(Janev [53)
2 w0 ——— I /
= E V1=0 ‘ig,n : Ve
i /\1‘6 . L L . A \ ! .
N 7 0 2 4 6 8 10
- - 1
107 . . ) . , c.m. energy (eV)
()} 2 4 6 8

FIG. 11. Vibrational excitation-deexcitation of,Hn collision
with protons from an initial state; , summed over final states ;

FIG. 10. Vibrational excitation from the ground state=0, to dashed line is the recommended curve from literaf&®@ for v;
the final statevs of H," in collision with H. <4,

c.m. energy (eV)
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ground electronic surfaces, "HH, and H+H,"™, of the eraging over the molecule orientations. Choice of this ap-
Hs* collision system has been performed. Both charge exproximation set the lower limit of the considered range of
change and excitation fromft;) in collision with protons collision energies to a fraction of eV. Comparisons were
and from H"(»;) in collision with hydrogen atoms, for all done with previous quantal and TSH calculations. These con-
excited initial vibrational states; were computed in the firm applicability of the classical prescriptions of TSH for
presence of the relevant coupled, discretized vibrational conthe total cross sections at energies above 10 eV, as well as for
tinua, and in the large configuration spaces of the reactantgansitions among highly excited vibrational states.

to account for the transitions through the “closed” channels,
in particular, for the transitions through the dissociative con-
tinuum as well as with the nuclear particle exchange in-
volved. Results obtained for total and final-state resolved
cross sections were reported in the range of 0.6-9.5 eV | acknowledge support from the U.S. Department of En-
center-of-mass collision energies. The main approximatiorergy, Office of Fusion Energy Sciences, through Oak Ridge
used was IOSA which implies the freezing of the target mol-National Laboratory, managed by UT-Battelle, LLC, under
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