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Protonium formation in collinear collisions between antiprotons and hydrogen molecular ions:
Quantum-classical hybrid method versus adiabatic approximation
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A quantum-classical hybrigor semiclassicalmethod is applied to protonium formatige+ H,* — pp+H
and dissociatiop+H," — p+p+H at kinetic energies up to 200 eV. The electronic motion is accurately solved
guantum mechanically, while the motion of the heavy partiglesd p is described by classical mechanics.
The p-p-p collinear configuration is assumed as a preliminary to three-dimensional calculations, and to assess
the validity of the adiabatic approximation. Vibrational excitation to the dissociative continuum is crupjal in
formation in contrast to the importance of electron emission foatbaichydrogen target. For this reasqp
formation occurs efficiently even well beyond the ionization threshold if the target is a molecule.
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. INTRODUCTION p+H," —pp+H (1)
Antiprotonic atoms afford an opportunity to study extraor-
dinary atomic physics and the fundamental principles of —p+p+H (2)

physics by the way of matter-antimatter symméety2]. This o . . . L
has stimulated much recent efforts toward high-resolutiorftt Kinétic energies<1 keV. If the adiabatic approximation
spectroscopy of antiprotonic atoms, such as antihydrogel$ Satisfactory, these processes can be treated as three-

(ﬁ:e+_P§, protonium(pp), and antiprotonic heliuniHe?*ep) body (p,p,H) collisions on the adiabatic PES. The pur-

. ose of the present paper is to assess the validity of the
[3-6]. For such spectroscopy, we need to know which typeZdiabatic approximation for the present system. To take

of atomic or molecular collision processes can serve as a
means to produce enough number of antiprotonic atoms.

In the present paper, we develop a theoretical study of th
formation process of protonium atoms in antiproton and mol-b
ecule collisions. So far, a lot of theoretical studies have beeg
made for protonium formatiori7—17. However, most of
them are for collisions with hydrogen atoms, i.@+H
— pp+e. The only theoretical attempt for a molecular target
appears to be that of the systgmH, by Cohen[10,17,

ccount of the nonadiabatic process, we introduce a
uantum-classical (QC) hybrid (i.e., semiclassical
ethod, in which the heavy particle motions are described
y classical mechanics while the electronic motions are
ccurately described by quantum mechanics. The QC
method was applied to the calculations of protonium for-
mation and muon capturdu +H—up+e) for the
hydrogen-atom targgtl4,18. The results have been com-

! : . pared in detail with those of full quantal calculations
using fermion molecular dynamic¢FMD). The FMD [15,16,19, which have clarified under which circum-

n&?&og Irie?rllnc:garblg? t:kgéassilr?el trl?;cthorgy Cgﬂr?géioﬁe}::%stances the QC method is reasonably accurate. Although
gccoun% ' q the QC approximation makes the collision calculation

If the target is a neutral hydrogen atom, electronicallymuch manageable, a full description of all the degrees of

bound states are absent for a close approach of an antiorot freedom is still laborious. Here, we further assume a col-
o PP . Prof9fhear configuration for the three heavy particl@gs p,p),

and the electron emission plays a key role in the protomumas is often the case with chemical reaction studies. No
formation. For positive-ion targets, however, the electrons o ) : "

uch restrictions are imposed on the electronic motion.

are tightly bound even when the antiproton comes close t he collinear treatment is very useful for the present pur-
the nucleus. For this reason, the electronic excitation chan- . i y o P P
ose, and is also an important preliminary to a subsequent

nels are considered to be negligible when the kinetic energ ; :

is low [20]. In addition, the successful application of the uhszie-?ll]rgear:jsifbnaatqiiDlefséj%y of the processed) and(2)
adiabatic(Born-Oppenheimé@rapproximation to the study of 9 ’
the moleculelike structure in antiprotonic heliump+He")

[21,22 suggests that it may work nicely also for the system Il. THEORY

of an antiproton and a molecul@positive) ion. Then, the

problem is similar to chemical reactions on a single A. Adiabatic electronic states of H*

potential-energy surfac’ES. As defined in Fig. 1, les; ands, be the position vectors
_In the present paper, we choose an ionic target and corsf the electron measured from the outer and inner protons,

sider the processes ands from the midpoint between the two protons. No use is

made of the adiabatic approximation for the electronic states
of the hydrogen molecular ion #1in the present QC calcu-
*Email address: sakimoto@pub.isas.jaxa.jp lation. Nevertheless, it is convenient to start from the account
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We use a discrete-variable-representatibVR) technique
FIG. 1. Coordinates of thp+H," system. [28-30, and calculate the wave function directly on the grid
points defined in the configuration space. Theart of the

of this approximation, which very accurately describes elecoperatorrl' is identical to the differential operator for the
tronic states of H*. The Schrodinger equation for the elec- Legendre polynomialsP,(x). Therefore, the zero points

tron for a fixed internuclear distances given by 7(j=1,2,... M) of P_y(#n) are chosen to be the grid
- points. The¢ part of the operatoi' has a singularity —1/&
Ho® = e(n)®, (3)  as&—0, which could, in principle, raise a severe difficulty

in the numerical calculation. Fortunately, however, the gen-
eralized Laguerre polynomlallsl '(x) with «a=1 may be
used, in practice, to avoid this smgular[f&S] Therefore, we
Ho=--V3-=-= (4)  construct the grid from the zero pointg; (i=1,2, ... N) of
S
27 % % L),
We expand the eigenfunctiof as

where

ande(r) is the electronic energy. Here and in the following,
we use atomic units unless otherwise stated. To take account _ e
of the two-center Coulomb nature of the molecule, we intro- (&) = 2 ¢fi(&)g(7) (13
duce coordinateg&é, n) defined by

in terms of the DVR basis functions

E=-r+s+s, 0=é<w, (5 WML
MO = G (eragle- &) o
-5 tS
n=——F -l=p=+1, (6)
P
gj(ﬂ) _ m(7) (15)

which are similar to spheroid§P4—26 or perimetric coor- ol dPy(m)ldn](n= 7))

dinates[27]. Using the coordinate$é, ) and assuming a . @

vanishing angular momentum around the internuclearmxis Here, W(§)=¢e™¢ is th(e) weight function ofL.("(¢), w; the

we can express the Hamiltonizi;tb as guadrature weight o[ (é€), and w; that of PM(n) The co-
efficients ¢;; are deflned by

o _3 _Z Jd _ 9 2__ a2
e gf( M rrieChl b = {v%] B&m). (16)
7
(0 Using the orthogonal properties 6f¢) and g;(7) [31] and
where the Gaussian quadrature rule, we can derive from (EQ).
linear algebraic equations faf;;:
G(r,&m) = &@2r+ & +r¥(1 7). (8

G(ryf'ﬂl')
The volume element is given ko =1/8Gdé&d . %T”""'(b"" HUnG )b 62§i(2r + gi)¢'1’ (17
Although Eg.(3) with the Hamiltonian(7) is separable !

with respect to and » [24], here we consider another ap- where explicit forms of the matrix elements
proach that is more convenient for later use in the following

section. A definition ofg(¢&, 5) by T :J fi(g)gj(ﬂj)?rfi’(f)gj’(ﬂ)dgdn (18)

D(&,7) =[&2r +H] (£ m) 9) _ _
have been obtained by Baye and Heef@#] and Sakimoto
casts Eq(3) into a form [30].
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The introduction of the two-center coordinates ») is Since the adiabatic approximation is accurate for the elec-
essential in the efficient calculation of the electronic state. Itronic state of the molecule before the collision, the initial
we used single-center coordinates such as polar coordinatezgndition ¢(t=0) may be given by
the DVR calculation of the electronic state would be grossly
inefficient because at least one of the Coulomb singularities P& nt=0)= (& 7). (24)
is impossible to handle properly. Unlike the usual dimension- . . . . .
less spheroidal coordinates, the variabléefined by Eq(5) T.he t|m_e gvquUon of() 'S stu@ed by using a DVR tech-
has the dimension of the length. This has an advantage p&laue ;lmllar to that explained in Sec. Il A. The wave func-
cause the electronic wave function is always well localized®N ¥ 1 expanded as
around the protons, as seen later. Lagge unimportant, and
we may use the same valuedfover the whole range of the émt) = E $(Ofi(E)gi(n), (25
internuclear distance. If we defined& by (-r+s;+s))/r, I
then larger values dfl would have to be chosen for larger  where
Furthermore, we may set a cutoff valgefor ¢ to carry out

calculations with a smaller number of grid points, i.e., | oo 12
=1,2,... N;<N, where&y =¢.. (1) = [_LW(&) W&t (26)

Equation (25) substituted into Eq.(23) leads to time-

B. Electronic motion in the QC method for p+H,* ) .
' ont Q P2 dependent linear equations fgy;(t):

Now we turn to the collision system involving four par-

ticles (p,p,p,e). The quantal equation of the electronic mo- Oy 25(2r+ &) ST U
tion is solved in a numerically accurate manméthout the at — G(r,&m) [ i rjr vy + (r’fi-ﬂj)‘ﬁij]
i']

adiabatic approximationThe three heavy particles are as-

sumed to preserve a collinear configuration as shown in Fig. idr/dt

1, and their positions are described by the Jacobi coordinates + {VeB(erigi' )+ m} - (27)

(R,r). In the QC method, these coordinates are treated in !

classical mechanics. Assuming that the time dependenie of If the electron escap@r ionization is negligible, it suffices
andr is known, we solve the time-dependent Schrddingetto use only the grid point$=1,2,... N.<N of ¢ in Eq.

equation for the electron (27).
i%\p(g, pt) = ﬁe\p(g, 1), (19 C. Classical trajectories of the heavy particles
The Hamiltonian of the whole systepwH," is
whereH, is the electronic part of the Hamiltonian 1 1
. H= P&+ P’ +Hc+ Vysm (28)
He=Ho+ Vep (20) 2p " 2m

where u (m) is the reduced mass gi+H," (p+H), and
Pr (P;) the momentum conjugate tB (r). The potential
Vppp=Vppa(R, 1) is the sum

with the Coulomb potential

1 ry? 1 5
VelRIém)=—= ~3 +z(f+§+”7)
s [ S SR S (S 175
PPP™r  R+r/2 R-1/2 2m(R-r/2)?

V (29

r -1/2
+ (R—E)[r+(r+§)n] (21)
of the Coulomb potentials for the three-body sysignp, p)
between the electron and the antiproton. Since this intera@and the centrifugal potential between the inner proton and
tion is repulsive, the two centers at the protons are morg¢he antiproton. The introduction of the artificial centrifugal
important than the third center at the antiproton in the calcuterm with the Langer modification is to avoid the Coulomb
lation of the electronic state. Therefore, the coordinatesingularity in {R-r/2)~ occurring atR=r/2 in the collin-
(&,m) are useful also for the present four-body system. Putear collision. The quantity. may also be regarded as the
ting angular-momentum quantum number of the produced proto-
nium.

W(E nt) = [£2r + T V2UE ) (22 In the QC method, there is no unique way to determine
the time dependence of the classical variali®a3 andr(t).
Here, we adopt common trajectories as in previous studies

ic oy |- G idr/dt [14,18 by using the equations of motion
———=1T+U+ et .
2&(2r + ¢) at 2&(2r +¢) 2r+ ¢ dR _Pg

(23 dt o’ (303

in a manner similar to E9), we have
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(300

with the total energyg,,,=E+E,, E being the initial center-

of-mass kinetic energ[/:(llz,u)PzR(t:O)] and E; being the

PHYSICAL REVIEW A 69, 042710(2004

tains accurate numerical results obtained by series expansion

of the separable solutiof25,2§. A choice of N=200, M

=6, andé;=10 is seen to yield energies with absolute errors

|A€(r)| less than 0.006 except for the smallesif 0.1 [for

which |A€(0.1)|=0.01] and the largest of 20.0[|A&(20.0|

=0.05. The valuesN=200,M =8, and{.=15 were used in

the collision calculations, since the increaseMbfinto 8 re-

duces|e(20.0| by a factor of~6, and since accurate elec-

tronic energies up to=10.0 is sufficient for the purpose of

establishing the criterion for dissociation to have occurred.
The convergence rate of the adiabatic energig®, r) of

the systenp+H,* with respect taN, M, and&, was found to

be similar to that ofe(r) of H,". A choice N=200,M=12,

energy of the quantum-mechanical ground vibrational stateand £.=15 was made to calculatg(R,r), shown in Fig. 2,

D. Adiabatic potential-energy surface ofp+H,*

For examining the validity of the adiabatic approximation
by comparison with the nonadiabatic QC calculation, her
we discuss the ground adiabatic electronic state of the syste

p+H,*, obtained by diagonalizing the HamiltonigR0) for
each fixedR andr, i.e.,

HO(&7) = e RO 7). (31)

e

at 270x 270 points in a regiofiR<Ry,=20, <r,=40), and
interpolation between these points was made by using qua-
dratic polynomials for the classical-trajectory calculation of
Eq. (35); e,{R=R,,r) was assumed to be Coulombic.

m The adiabatic PEY,(R,r) excludingthe centrifugal po-
tential is presented in Fig. 3. Here, the reactant chapnel
+H," may be understood as the motion along the valley
running along theR axis atr~2. The bottomless valley
alongR=r/2, representing the product chanpeh H, origi-
nates in the Coulomb singularity. The plateau extending to-

The numerical method of diagonalization is the same as exyard large values of andR-r/2 leads to the dissociation

plained in Sec. Il A. The adiabatic electronic eneegyR,r)
satisfies relations

lim R = -3 (32)
and
FI{immead(R,r) = €(r). (33
The PES is given by
VadR1) = € R 1) + Vy(RI), (34)

on which the processd4) and(2) will be considered in the

channelp+p+H.

Figure 4 shows/,(R,r) for L=60. The Coulomb singu-
larity is absent here owing to the repulsive centrifugal poten-
tial. The Coulomb plus centrifugal potential for the proto-
nium has a minimum, which becomes nearly equal to the
potential minimum of the hydrogen molecular ion wheen
=L.~67. ForL<L,, therefore, the system is more stable to
form a protonium atom than to form a hydrogen molecular
ion, that is, protonium formation is expected to be important
at low kinetic energies.

We choseN=200, M=8, and{.=15 in the QC calcula-
tion. This cutoff value&, givesN.=34 for N=200. From the
dependence of the probabiliBg, of protonium formation on

adiabatic approximation. Then, we obtain the classical trajecthe choice of the numerical parametésee Table ), the

toriesR(t) andr(t) by solving equations

s (354
%:—%‘, (35D)
%:%, (350
%2—%. (35d)

IIl. NUMERICAL CALCULATIONS

absolute error irPg, is estimated to be less than 0.01. The
value¢.=15 is large enough fdE< 1 keV since the electron
escape is negligible. F&&=1 keV, however, a larger cutoff
value must be chosen.

Using an angle variablg of the initial molecular vibra-
tion defined in terms of the action variahleby

r

J
g= 5 P.dr, (36)

the probability of protonium formation is expressible as

1
Pp=5_]_ da,

= 37
27 )5 (37)

where the integral is to be calculated for the initial conditions

Table | shows the convergence of the electronic energiethat lead to protonium formation in the trajectory calcula-

e(r) of H," with respect toN, M, and¢.. The last line con-

tions. If the energy of the-p system,
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TABLE I. Variation of the electronic energiegr) (in a.u) of H,*™ with respect td\, M, and& (in a.u) for several values of (in a.u,).
Acc.: Accurate values obtained by series expansion of the separable solution.

r 0.1 0.5 1.0 5.0 10.0 20.0
N M=6, £=15
50 -2.0221 -1.7174 -1.4296 -0.7148 -0.5885 -0.4979
100 -1.9991 -1.7260 -1.4403 -0.7195 -0.5928 -0.5012
200 -1.9884 -1.7304 -1.4460 -0.7219 -0.5950 -0.5029
300 -1.9849 -1.7319 -1.4479 -0.7227 -0.5958 -0.5035
400 -1.9832 -1.7727 -1.4488 -0.7231 -0.5962 -0.5038
500 -1.9822 -1.7331 -1.4494 -0.7234 -0.5964 -0.5039
600 -1.9815 -1.7335 -1.4500 -0.7235 -0.5966 -0.5040
M N=200, £=15
2 -0.1988 -1.7294 -1.4402 -0.6266 -0.3796 -0.2172
4 -1.9884 -1.7304 -1.4460 -0.7169 -0.5464 -0.3860
6 -1.9884 -1.7304 -1.4460 -0.7219 -0.5950 -0.5029
8 -1.9884 -1.7304 -1.4460 -0.7219 -0.5981 -0.5418
10 -1.9884 -1.7304 -1.4460 -0.7219 -0.5982 -0.5473
12 -1.9884 -1.7304 -1.4460 -0.7219 -0.5982 -0.5476
& M=6, N=200
5 -1.9825 -1.7238 -1.4370 -0.7015 -0.5724 -0.4822
10 -1.9884 -1.7304 -1.4460 -0.7218 -0.5949 -0.5027
15 -1.9884 -1.7304 -1.4460 -0.7219 -0.5950 -0.5029
20 -1.9884 -1.7304 -1.4460 -0.7219 -0.5950 -0.5029
Acc. -1.9782 -1.7350 -1.4518 -0.7244 -0.6006 -0.5500

E

=

&

g

o

20 a.u.
o 1r(a_u_) 0 FIG. 3. Adiabatic potential-energy surfabg(R,r) (in a.u) of
p+H,*, without inclusion of the centrifugal potential, as a function
FIG. 2. Adiabatic energieg,{R,r) of p+H,". of the distance® andr (in a.u).
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Distance (a.u.)

e~ | E=106V, L=60]

....... q/2m=0.2475
— q2m=0.7525

B
é L
g T
FIG. 4. Adiabatic potential-energy surfabg{R,r) (in a.u) of o1 L
p+H," for L=60 as a function of the distanc&sandr (in a.u). 0 500 "’I“’t( ) 1500 2000 2500
a.u.
_m{dR 1dr 2 1 (L +1/2)? FIG. 5. Time evolution of the distancét) andr(t)/2 (upper
P95\ gt 2dt)  R-r/2 + 2m(R - r/2)? (38) pane) and of the energ¥Eg(t) of the p-p pair (lower pane) in the

guantum-classical calculations f&=10 eV, L=60, andR(t=0)
becomes a negative constant after the collision, the proto=30 a.u.,, and for two different initial conditionsq/2w
nium is known to have been formed in the collision. =0.2475[r(t=0)=2.1 a.u.P,(t=0)<0] and q/27=0.7525[r(t
=0)=2.1 a.u.P,(t=0)>0].
IV. RESULTS AND DISCUSSION

The time evolution of the distancésandr/2 and of the pa(m,t) :f W& 77,t)|29d§<\1f|\1f>_1’ (39b)
energy Eg, of the p-p pair is illustrated in Fig. 5 forE 8

=10 eV andL=60 and for two typical choices of the initial

valueq/27=0.2475 and 0.7525. The oscillation dt) seen  may be directly monitored in the QC calculation. They are
att<<1000 is due to the molecular vibration before the COl'i”ustrated in F|g 6 for a protonium formation eve(rq:/zﬂ-
lision. The minimum ofR(t) represents the primary close =0 2475. A periodic structure is seen jm(£,t) att< 1000
encounter, occurring between the antiproton and the inngfecause the electron follows the nuclear vibration. After the
proton(cf. Fig. 1), while the minimum of (t) occurring soon  gyccessive two close encountelts= 1250, the periodic
after that represents the secondary close encounter betwegiycture inp,(¢,t) disappears and the wave packet remains

the recoil proton and the outer proton. The latter is thengcalized around smalf, while a wave packet i becomes
knocked off, and consequently the two protons depart from

each other, i.e., the molecule breaks up. The momentum

1 1

transfer from the antiproton to the molecule through these El0ev

two close encounters is very efficient due to the same mas 50 L=60

of the three heavy particles. Fqf27=0.7525, all the three Y2m=02475

particles finally get separated from each other, and hence_

result in dissociation(2). For q/27=0.2475, however, the Z1s00-|

inner proton stays near the antiproton, and protonium forma-~

tion (1) takes place. These different kinds of events are

clearly identified by observing the enerds,, which be- 2500

comes positive forq/27=0.7525 and negative fog/2w ‘ ‘

=0.2475 after the collision. £ Sy 2

The time evolution of the electron distributiopg(¢,t)
and p,(7,t), defined by FIG. 6. Time evolution of the electron distributions(&,t) (left
G pane) and p,(7,t) (right pane), in the quantum-classical calcula-
— 22 -1 tion for E=10 eV, L=60, R(t=0)=30 a.u., andy/27=0.2475[r(t

pl(f!t) f|\I’(§, 771t)| 8d77<\I,|\I,> ’ (393) =0):2,1 a.U-Pr(t:O)<O]-
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0.06 | | | | 1 1
E=10eV. L =60 0015 L =60, q/2n=0.7034 [
= , L=
0.04 - p+HY > pp+H -
0.010 o =
o Quantum-classical E=250eV
0.02 | -e- Adiabatic -
0005 E=100eV B
S 000
G
> ey
[5 -0.02 - - § 0.000 i {
2
[a W
0,04 — - 157 E = 1000 eV B
-0.06 — — 0.10 - -
-0.08 T T T T 0.05 - E=500eV L
0.0 02 0.4 06 038 1.0
q/2n
FIG. 7. Final energiegg, of the p-p pair as a function of the B 200 0 a0

initial angle variableq for E=10 eV andL=60. The results of the t@v)

quantum-classical and adiabatic-approximation calculations are FIG. 8. Time evolution of the nonadiabatic occupation probabil-
compared. ity Phonadt) due to the quantum-classical calculations Eor 60,
R(t=0)=30 a.u., andj/27=0.7034[r(t=0)=2.0 a.u.P,(t=0) <0],
localized aroundp=1. Thus, the electron is bound only by shown for kinetic energieE=100, 250, 500, and 1000 eV.
the outer proton after the collision, forming an atomic hydro-
gen. A very similar time evolution has been found for disso-cases for this method because of the significant ionization.
ciation (q/27=0.7525, although not shown here. The final Figure 8 assures that electronic excitation is much less im-
value of the energyEg, calculated by the QC method is portant in and common trajectories are much more reliable
plotted versusy/27 for E=10 eV andL=10 in Fig. 7. The for p+H," thanp+H even at fairly high energies.
positive Eg, implies no protonium formation, which is seen  The probability(37) of protonium formation fol. =60 at
to occur for 0.66< q/27<0.93. The inspection of the trajec- Kinetic energies up t&=250 eV is plotted in Fig. 9. That
tories reveals that all the events leadinggg >0 are disso- ~ calculated in the adiabatic approximation agrees fairly well
ciative, and nonreactive collisions+H,*—p+H," never Wwith the QC results. The probabilities of dissociation and
occur. nonreactive collisions are also included in Fig. 9; only the
Figure 7 also include&y, calculated using the adiabatic Simpler adiabati¢and no Q@ calculations were carried out
approximation. The results agree with the QC values vergince the long-time propagation of a trajectory is needed to
well, supporting the validity of the adiabatic approximation distinguish between dissociation and no reaction. Except at
at low energies. To assess the reliability of the adiabatic apow energies(E<8 eV), the collisions are always reactive,
proximation more directly at other collision energies, we cal-i.€., either protonium formation or dissociation. This peculiar
culate the occupation probability of the nonadiabatic statefeature may have resulted from the collinear collision as-
defined by sumption. Coherj10,17] found the molecular target to be
much more efficient in protonium formation than the atomic
Pronadt) = 1 = (O (1))|X(W|¥)™2, (400  target. Also in the present collinear collisions, Fig. 9 shows a
very large probability of protonium formation even at high
where O is the adiabatic wave function in E431). This  energieS E>13.6 eV}, unlike the case of the atomic target.
probability, shown in Fig. 8 for energids=100, 250, 500, This may be understood as follows. The molecule can be
and 1000 eV isvery small(<0.015 throughout the colli- easily excited to the vibrational continuum by the incident
sion if E<250 eV, but can exceed 0.18>500 eV. This antiproton when the kinetic energy is above the dissociation
leads to the conclusion that the adiabatic approximation iéimit (=2.65 e\j, as seen in Fig. 5. Then, promptly after that,

satisfactory forE<1000 eV. the strong attractive Coulomb force combines the antiproton
Any significant electronic excitation would deteriorate thewith the inner proton, promoting protonium formation.
common-trajectory metho@80) in the QC calculation. Com- The L dependence of the QC probabiliB, is also re-

mon trajectories were used also for protonium formation inproduced very well in the adiabatic approximation, as is
collisionsp+H [15], which is one of the most inappropriate found in Fig. 10 forE=100 eV. For smallL, the attractive
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FIG. 9. Probabilities of protonium formatiofp+H,"— pp £ 1T ' i
+H), dissociation (—p+p+H), and nonreactive collisio(—p S | L
+H,*") for L=60 calculated as functions of the collision enekglpy J
using the quantum-classical and adiabatic-approximation methods. 00
-0.5
interaction between the antiproton and the inner proton is so 0 wo o (aui“l‘” aw s

strong that a protonium atom is always formed. The critical

angular momentunt.(~67) for protonium formation, sug- FIG. 11. Time evolution of the distanc&t) andr(t)/2 (upper

gested in Sec. lll, can be confirmed by the inspection of Figpane) and of the vibrational enerdg,,(t) of the hydrogen molecu-

10. As L increases beyond-L., protonium formation be- lar ion (lower panel for E=100 eV,R(t=0)=200 a.u.,q/2m

comes negligible. =0.7034[r(t=0)=2.0 a.u.P,(t=0)>0], and for three values of
For L somewhat larger thah,, we may expect almost all L(=50,150,300, obtained in the adiabatic approximation.

collisions to induce dissociatiof?). For extremely large.,

however, the collisions will be nonreactive because the atafter the collision. The lower panel of Fig. 11 shows the time

tractive interaction between the antiproton and the inner prodependence of the vibrational energy;, of the hydrogen

ton becomes very weak. This feature is seen in Fig. 11molecular ion measured from the dissociation limit. The final

where the trajectories calculated in the adiabatic approximaconstant vibrational energl,, is positive (meaning disso-

tion are plotted. ForL.=300, the molecule remains bound ¢iation for L=150 and negativgbound vibrational states
for L=300. ForL=50, E;, never approaches a constant be-

cause a protonium atom is produced.

B Finally, Fig. 12 shows the probabilities of protonium for-

mation, dissociation, and nonreactive collisions, calculated in

the adiabatic approximation fde=100 eV as functions of

| | | | |
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E=100eV

0.8 o

_ R
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L T e e ST T L R LT =
'
- _ i
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— ! -
= . 05 e s L
§ o Quantum-classical / P+
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/
&~ 0.4 — - 2 06 N/ -
= S
2 E=100eV i
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FIG. 10. Probability of protonium formatiofp+H,*— pp+H)

L

50 100 150 2{0 250 300 350

FIG. 12. Probabilities of protonium formatiofp+H,*— pp

at E=100 eV calculated as a function of the angular momentum +H), dissociation(—p+p+H), and nonreactive collisior(—p
by using the quantum-classical and adiabatic-approximation-H,*) atE=100 eV calculated as functions of the angular momen-

methods.

tum L in the adiabatic approximation.
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L(=50-350. Over a wide range df, the probability of dis- tional excitation. A definitive quantitative conclusion must

sociation is almost unity. This fact confirms again the impor-await a 3D calculation.

tance of vibrational excitation to the continuum in the reac- An extension to 3D calculations in the adiabatic approxi-

tion dynamics. mation would provide a deeper understanding of the dynam-
ics including the effects of molecular rotation on protonium
formation. A CTMC calculation for the 3D collisions on the

V. SUMMARY AND REMARKS adiabatic PES will be reported elsewh¢?8]. However, the
quantum nature of the vibrational or rotational motion must

We have studied protonium formation j+H,* colli- . . .
Qe important especially at low energies. A full quantal treat-

sions by assuming the collinear configuration for the thre Id be also hiahly desirabl
heavy particles, using both the Q@uantum-classicalhy- melgt Wr?'uh € aiso >'? ky es;]ra 3: bati L
brid method and the adiabatic approximation. We have found or high energie¢=1 keV), the adiabatic approximation

that the adiabatic approximation is highly satisfactory at en!S N0 more reliable since electronic excitation and ionization

ergies much less than 1 keV. The adiabatic PES has bed{® important. The QC method may still be useful in study-
found to provide an almost thorough understanding of thdnd such high-energy collisions.
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