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Protonium formation in the p-H collision at low energies by a diabatic approach
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We present a diabatization technique in combination with the recently developed hyperspherical close
coupling(HSCQO method. In contrast to the strict diabatization, our simple diabatization procedure transforms
only sharp avoided crossings in the adiabatic hyperspherical potential curves into real crossings. With this
approach, the weak collision channels can be removed from the close-coupling calculations. This method is
used to study the antiproton-hydrogen collision at low energies. In the case of a scalethdt)proton mass,
we show that a 10-channel calculation is enough to obtain converged cross sections at low energies. The results
also indicate that protonium formation occurs mostly to the lowest states of the different excited protonium
manifolds.
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[. INTRODUCTION ferent manifolds, but not the formation to specific individual
. . . rotonium states which are needed if the properties of pro-
Recently the production and detection of cold antlhydro-p prop b

tonium are to be studied. Recently, Esry and Sadeghpour
g_errézltaorgs hgs"b(la)en ?aporti_dh by the ATHEN,[A and the N 15] calculated the formation cross sections to the different
. [2,3] Co aborations. 1hese experments represent g, qjm states, in cases where the proton mass was scaled
very important milestone for the antiproton decelergfdD)

X ) ) down to below 20 a.u. The protonium formation then occurs
at CERN. As a massive negatively charged particle, the a.r\hostly to then=2 or n=3 manifold. In this case, they used

tiproton can form exotic systems by replacing an electron INyout 30 channels to perform the calculation

an atom[“—ﬂ- As an antip.article, itis a basic i_ngredient 0 A ful coupled-channel calculation fop-H ;:ollision is
produce antiatoms. Th.e 5|.mplest one, the annhygirogen, Cat?bmplicated from a practical point of view even if calcula-
be produced and'stud|ed in laborator(é} The antlhyd'ro- tions including a few hundred channels are possible. For low
gen Is !mportanf[ In ord_er to compare ma_ltter and am'matteénergy collisions, it is expected in general that only a few
properties _and interactior{,10. The_antlpro'gon can als_,o channels are important if proper basis set can be identified.
combine with a proton to form protonium, which is the sim- Experience drawn from ion-atom collisions with highly

p]lceiitt hradrtotnlc dfc;rn:mc:L nettritrarl rtnatt;er. r:?“ﬁﬁ“?icwar]; Itthls a:]st?charged ions and the model calculation of Esry and Sadegh-
ot interest to dete € the rate of a ation ot the a “pour [15] indicated that only a few dominant channels are

proton with the protorj11]. | in h collision learly it i irabl
We are here interested in the collision of an antiprotonpOpu ated in such collisions. Clearly it is desirable to use

. . . . ; only these dominant channels in the coupled channel calcu-
with atomic hydrogen, which can produce protonium in ex- y P

ited states. It has b h b . tUEiGS 1 lation. However, the adiabatic potential curves used in the
cited states. as been shown by previous s upliés 4'. coupled channel calculation usually have numerous avoided
that protonium formation is important only at low energies,

i e below the ionization threshold. In particular. we ar in_crossings which make channel elimination difficult.
-€., Delow the lonizatio eshold. In particuiar, we are Recently we have developed a hyperspherical close-
terested in very low energy collisions where the ant|pr0ton%0

upling method for studying collisions involving three par-
come from quq fraps at a temperature of ak_)out 4.2 K or Iesﬁicles,. The method has been applied to a number of ion-atom
For such collisions, a full quantum mechanical calculation is

desired. However full ntum mechanical I dcollision systemg16-19. For collisions involving multiply

ES € I IO Iet'e ’ fa t#’ qlﬁ’?l it tec a dc.;‘,. c|<t:)upe ‘charged ions where electron is captured to the excited states,
channel caicufation for this COSIon System IS AITICUlt SINCE, o K aya tested the channel elimination method. To eliminate
the protonium is produced in highly excited states. If we

L . . channels, we first have to find a simple method to obtain
assume the kinetic energy of the antiproton is nearly zero

th toni Il be f d mainlv in stat ith .=~ “diabatic potential curves. We do not define diabatic potentials
€ protonium will be forme malr/l_ﬂn states with @ princl- ;, e strict sense such that there are no nonadiabatic cou-
pal quantum number given by=\ u;s~ 30, whereu,s is

h duced f . Th h el lings after diabatization. Rather we chose to diabatize chan-
the reduced mass of protonium. That means that a iull quarkg) among them where the avoided crossings are very nar-
tum mechanical calculation would include about 500 chan-

Is (f th d state =30 ited stat ¢ orot row. The weak channels that do not couple strongly with the
ne s(from the ground state to= excited states of proto- anyrance channel are then eliminated in the coupled channel
nium and the entrance chanpeFor this reason, most of

calculation. The method has been tested by comparing the
previous approachefll,12,14 have focused on the total Wt y paring

; ¢ : ) he f X dif results from the full calculation and from the truncated cal-
protonium formation cross section, or the formation to dif- . ,24ion to justify the procedure.

In this paper, we will use the hyperspherical close cou-
pling method to thep-H collision. In order to be able to test
*Present address: Physique Quantique, CP165/82, Université Lthe channel truncation method adequately and to study the
bre de Bruxelles, B-1050 Brussels, Belgium. nature of the channel functions, we will first assume that the
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proton mass is equal to 100 a.u. such that the protonium wilavoided crossings. Most of these methods require the
be formed mostly ah=7 excited states at low energies. For P-matrix as input which can be calculated accurately in the
a full coupled channel calculation, this would require onlyavoided crossing region only if adiabatic states are calculated
about 50 channels which can be easily carried out. Our goaver a very densely distributed mesh of points. The alterna-
here is to illustrate the diabatization and the channel truncaive method of defining diabatic Hamiltonian is not easy to
tion methods, to identify the nature of those channels thaimplement either, and the method would depend critically on
should be kept in the truncated calculation and to confirmthe nature of the problem. In the HSCC method as presented
that indeed the truncated calculation is adequate for then [16], we adopted the smooth/slow-variable discretization
dominant channels. This test would allow us to select théSVD) technique of Tolstikhiret al. [27]. In this approach
dominant channels which should be included when the reahe nonadiabatic coupling matrXis not calculated as these
p-H collision is calculated and where full calculation with all couplings are implicitly included in the overlap matrix be-
the channels included is difficult to employ. tween the channel functions. Within the same spirit, our goal

This paper is organized as follows. In Sec. Il we describds to perform diabatization using only the overlap matrix
the diabatization technique used in this paper in combinatioelements.
with the hyperspherical close-coupling method. The results In order to solve this problem and avoid the calculation of
for the p-H collision at low energies with proton mass of nonadiabatic couplings, we choose to approximate the de-
100 a.u. are presented in Sec. lll. The last section containsravative with respect to the hyperradius in E&) by simple
summary and conclusions. difference. TheP; matrix elements are then given by

Atomic units are used throughout the paper unless other-

wise indicated. P, = 1 (@NRIBAR) - @ARIPNR+AR)) (@)

Il. THE DIABATIC HYPERSPHERICAL

and become proportional to the difference of two overlaps of
CLOSE-COUPLING METHOD

adiabatic functions at two neighboring points. Similarly, the
been used previously to study charge transfer in ion-atorfePlaced by
collisions[16—19. We refer the reader tpl6] for details on

the method. In this paper we combine HSCC method with a a6 _ Cii(R+AR) - Cii(R). (5)
diabatization technique, which transforms the sharp avoided dR AR

crossings in the adiabatic potential curves into real crossings, _r . .
The idea is to remove, after the diabatization, weak collisiorPy Substituting these approximations into Eg), we get a
channels from the close-coupling calculations. simple equation for the& matrix

Adiabatic and diabatic representations are related by a A A
unitary transformation Cij(R+AR) = X Cy(R(PL(R)| P/ (R+AR)).  (6)
k

OP = CPA, (1) _ _ _
. . _ . The C matrix atR+AR is then given by the product of th@
where®” and ®P are adiabatic and diabatic channel func- matrix atR with the overlaps of adiabatic functions at points
tions, respectively, an@ is the unitary transformation ma- R andR+AR.

trix. It is well known [20,21] that if the transformation ma- Note that the summation in E¢) runs over all channels.
trix is chosen as the solution of the linear equation This is required to diabatize all the adiabatic potential curves
over the whole space of the adiabatic basis set. However, our
dC : . ! : ;
CP+—=0, (2 goal is to diabatize only the sharp avoided crossings, where
drR usually a small number of channels contributes. Thus we
where the matrixP is given by want to limit the summati_on to the_se channels. To choc_Jse the
channels that are really involved in the avoided crossing we
— (oA d DA notice that the characteristic feature near the sharp avoided
Pj==\ i drl 1/’ ) crossing is the drastic change of the adiabatic channel func-

_ _ _ _ _ _ tions. Since a measure of the change of the functions is the
then in the diabatic representation all the nonadiabatic coupyerlaps, a natural criterion should be based on their magni-
pllng terms will vanish. This full diabatic prOCEdUre has two tude. More Speciﬁca”y, we choose to include in the summa-

drawbacks. First the matrix elemerieg have to be calcu- tion in Eq.(6) only those channelk whose overlaps at two
lated accurately over the whole rangePfvhich is difficult  neighboring points satisfy

to do especially in the avoided crossing region. Second, the

resulting diabatic curves often deviate too much from the |<<I>ﬁ(Rn+1)|<IJf(Rn)>| > a. (7)
adiabatic potential curves such that the simplicity of the adia-

batic picture can get lost. Over the years there have beehhe smaller the parametes; the more diabatic the final po-
many attempts to find quasi-diabatic representations or ttential curves. The diabatization procedure starts at large dis-
find diabatic Hamiltoniari22—26 such that the resulting po- tances, where we choose the initial condition frto be
tential curves can have real crossings instead of the shagmual to the identity matrix. This means that at large dis-

052712-2



PROTONIUM FORMATION IN THEp-H COLLISION AT... PHYSICAL REVIEW A 69, 052712(2004

0 0
—~-02F -0.2
= o)
&) 3
S -0.4| B -0.4
5 S
- g
= =
= -0.6 8
= g -0.6
° °
o o

08} -0.8

_1 A & ' L = H i, - 2
0 10 20 30 40 50 60 0 10 20 40 50 60

Hyperradius (a.u.) Hyperradus (a.u.)
FIG. 1. (Color onling Hypersphericaadiabaticpotential curves FIG. 2. (Color onling Hypersphericatiabatic potential curves
(J=0) for p-H collisions. Only protonium manifolds=5,6,7 and (3= for p-H collisions. Only protonium manifolds=5,6,7 and

8 are shown together with the entrance channel which dissociates ¥,re shown together with the entrance channel which dissociates to
H(1s) andp. H(1s) andp.

tances, adiabatic and diabatic representations are identicgUrves are plotted with respect to the hyperradiuat rela-
We then rewrite Eq(6) as tively small distances in order to illustrate the region where

they interact mostly. Only the protonium states correspond-
C. ~Sc A ®A , 8 ing to then=5,6,7 and 8manifolds are shown, as they are
i(R) Ek 1 Ras2)(Pic(Roen) | P (R) ® the closest ones to the(s) entrance channel. The adiabatic
. o ) potential curves were obtained by solving adiabatic equation
tion is used to propagate ti@ matrix down toR=0. Once  wyo Jacobi vectors andp is the hyperangle with tag
the diabatic basis is obtained, further implementation of di— \f'—ﬂz/ﬂlpz/m (see[16]). The diabatic curves were obtained
abatic HSCC is straightforward with the adiabatic channekom the adiabatic ones, using the procedure described in the
functions being replaced by the diabatic ones. In practice, Wgreyious section. We denote the protonium statenas,
vary a and the step sizaR, to make sure that the final cross \yheren represents the manifold, ardyives the position in

sections are stable. Typically, we usecequal to 0.2This  he manifold(j <n) in the asymptotic region, counting from
diabatization technique has the advantage of providing pog,e |owest one.

tential curves not too different from the adiabatic ones
(only sharp avoided crossings are transformdtherefore, it is easier to identify the different potential curves down to

our intuitive adiabatic picture of the collision dynamics, ¢maj| distances in the diabatic picture. In particular thasy
based on the important broad avoided crossings, is stilyance channel becomes a smooth curve as the sharp
valid. Moreove_r, Itis clear 'Fhat we d_o not need to CaIcu'avoided crossings occurring between 20 a.u. and 60 a.u.
late the nonadiabatic couplings within this approach. 36 pheen transformed into real crossings. One particular
avoided crossing between the(18) channel and thé7, 1)
lll. p-H COLLISION AT LOW ENERGIES protonium channel nedR=18 a.u. has not been diabatized,

To represent the three-body system formed by the antiprol:_)ecause it corresponds to a broad avoided crossing. We ex-

ton, the proton and the electron, we choose the Jacobi cooP—eCt this avoided_ crossing to play an impprtant role in the
dinates defined as follows: the first Jacobi vegbgrgoes protonium formation, leading to the formation of the proto-
from the antiproton to the electron, and the second vesor nium |7, 1) state.

' . Figure 3 displays the different protonium channel func-
goes from the center of mass of the antiproton-electron pair. : : . :
to the proton. The hyperradius is then given by tions at a fixed hyperradius of 100 a.u. At this large distance,

diabatic and adiabatic channel functions are identical. The
U1 o M2 o figure shows density contour plots in thH@,#) angular
R=/—p1t —p3, (99 space. In these plots the rangedfs limited to 0.3 radians
® ® as the protonium channel functions are localized around the
wherepu, is the reduced mass between the antiproton and thprotonium singularity of the Coulomb potential. This singu-
electron,u, is the reduced mass between the proton and th&arity occurs atd=m and ¢~0.07. Nodal lines appear in the
antiproton-electron pair, angt is an arbitrary mass factor protonium functions as they correspond to excited states. Be-
chosen here equal ;. longing to then=7 manifold, these channel functions have
Figures 1 and 2 represent the adiabatic and diabatic pdhe same number of nodal lines. The repartition of nodal
tential curves, respectively, in the case of a proton mass afurves between the two orientations changes progressively
100 a.u. and total angular momentuiw0. The potential from the lowest staté7, 1) to the highest statg, 7).

From the comparison of these two figures, it is clear that
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FIG. 3. (Color online Diabatic

channel functions of selective pro-
tonium states represented in the
(0,¢) angular plane. The proto-
nium states are th¢7,1), |7,3),
|7,5 and|7,7) states of thex=7
manifold. The hyperradius is fixed
at 100 a.u.

Figure 4 illustrates the evolution of channel functionsthe largest radial couplings as functions of hyperradius from
with respect to the hyperradius. The two states shown are th up to 700 a.u. The radial couplings have been evaluated
H(1s) entrance channel and tf#, 1) protonium channel. As approximately by using Eq4). From the figure we see that
the results of the diabatization, the diabatic channel function§1e largest couplings occur for protonium states of different
vary smoothly with the hyperradius. At the hyperradius ofmanifolds that have_the same position in the manifolds. For
60 a.u., the channel functions are well localized around th€xample, the protonium chann@l, 1) is strongly coupled to
singularities of the Coulomb potential. This distance is in-channelsg8, 1) and|6, 1). Similarly the channeli, 2) couples
deed far from the interaction region which occurs fer Mostly with channels8, 2) and|6,2). However the coupling

smaller than about 20 a.u. The(t$) channel function pre- between channel§’, 1) and|[7,2) is very small. These dif-

rent couplings can be explained by the differences in the
sents only one peak, as expected from the ground state. &godal structure of these states. These results, together with

) I 9. 4, suggest that the collision will populate preferably the
still have similar structures, cpmpared to thatFst60 a.u., |O\?V€St sta%[gs of manifolds close to tﬁe%ntrange chann):al.
but extend over a larger region of the angular space. The g e 5 also indicates that the radial couplings between
H(1s) statg remains relatively localized closede /2, but  ginijar channels from different manifolds decrease quite
the protonium state moved from small values¢goto about  gjoyly with the hyperadius. This means that the distribution
/4. At R=15 a.u., we have entered the m_teractlo_n region 8¢y the population in the different protonium states can
can be seen from the two channel functions which occup¥:hange up to large distances. In practical calculations we did
similar angular space and thus a larger overlap betweefhe matching aR=600 a.u., and checked the stability of the
neighboring points is expected. The overlap between thgagyits against matchings at 500 a.u. and 700 a.u. The slower
H(1s) and Pi[7, 1) states was indeed found to be rather o ergence of the calculation for the present system in
large. However, by looking at the other protonium states  comparison to the typical ion-atom collisions is in part due to
ShOWh hel’ﬁ the OVerIap Of the ('H.S) entrance Channel W|th the mass Sca|ed hyperspherical Coordinates used'pEor
the higher channels of the=7 protonium manifold was greater thamp,, the hyperradius is roughly the square root of
found to decrease rapidly, to become practically zero withthe reduced mass @f, multiplied by p,. Thus a matching at
the highest channel i@, 7)). This is the consequence of the apout 700 a.u. would amounts to a matchingaat about
large difference in the nodal structures of the channel func100 a.u. which is not large considering that we are dealing
tions. From this analysis we expect protonium formation towith low-energy collisions. The larger matching radius does
occur mostly to the Rii7, 1)) state. Similarly, we found that not cause any numerical difficulty since the matrix elements
the lowest state from each manifold for the lower manifoldsare very smooth in the large region and large step size can
is the most important one for the protonium formation. be used for the integration.

In order to reduce the number of channels included in the Table I illustrates our numerical results for theH cross
calculations, we need a way to identify the dominant chansections at low energies. These cross sections correspond to a
nels for the collision process. This can be done by comparingptal orbital angular momentud=0 (spin is not considered
the couplings between different channels. In Fig. 5 we showVe have observed that tlde=1 contribution becomes negli-
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gible for antiproton kinetic energies lower than 0.1 a.u. The TABLE I. Protonium formation and elastic cross sectidirs

full HSCC calculation includes 46 channels, i.e., all the pro-atomic units, at five antiproton kinetic energies, for a total angular
tonium states froom=1 up ton=9. The cross sections are momentumJ=0. The cross sections correspond to a HSCC calcu-
given at five antiproton kinetic energies from about 0.2 a.ulation including 46 adiabatic channels. The energies are also given
down to 2x107° a.u. These energies are also indicated inin degrees kelvin. The number in square brackets denotes the power
degrees kelvin in order to relate them to the typical energieQf 10.

0.01 SRRV e Ey(au) 1.9[-1] 3.0[-2] 2.0[-3] 3.0[-4] 2.0[-5]
ooos | Prfei)/enlsns o | EfK) 59700 9460 660 94 6.3
n=1 g-8] 6[-71  1-5  1[-4  1[-3]
2 0.006 | n=2 3-6]  1-5]  7[-4]  4-3] 0.04
= : n=3 -5  2[-4]  3[-3] 0.02 0.21
8 0.004}: n=4 5-4]  2[-3] 0.04 0.29 2.88
k= n=5 0.01 0.03 0.53 3.93 39.9
c 0002} 1 n=6 0.04 0.29 4.11 33.8 354
Pn([6,25) / Pn([6,1>) - 6,2) 0.036 0.27 3.79 31.8 333

n=7 0.11 1.14 16.7 121 1237

T T 2 a0 40 00 eo0 700 17D 011 112 16.4 118 1212

R (a.u.) 17,2 0.00 0.01 0.27 2.15 22.2

Total 0.16 1.46 21.4 159 1634

FIG. 5. (Color onling Radial couplings between some proto- g|astic 0.47 0.53 7.04 464 1703

nium channels as functions of hyperradius.
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TABLE 1. Comparison ofJ=0 cross sections for thg-H col-

lision obtained by the 46 adiabatic channels calculaggee Table -0.4F E:E:gf:;
1) and the truncated one including only 10 diabatic channels. The
number in square brackets denotes the power of 10. 5 0.5} e
3 Pn(|7,1>) / Pn(|7,25)
46 10 46 10 3 -0.6
channels channels channels channels E
o Pn(]6,2>)
Es (a.u) 3.0[-2] 3.0[-2] 3.0[-4] 3.0[-4] g -0.7 TBnie ) T
Es (K) 9460 9460 94 94 8
14,1) 2-3] 8[-4] 0.29 0.08 @ 8
|5, 1) 0.03 0.02 3.93 2.04
n=6 0.29 0.33 338 327 | ) ) ) ) )
|6, 1) 0.27 0.30 31.8 29.9 0 10 20 30 40 50 60
|6,2) 0.02 0.03 2.0 2.78 Hyperradius (a.u.)
=7 L4 112 121 123 FIG. 6. (Color onling Main hyperspherical diabatic potential
7.0 1.12 112 118 120 curves forp-H included in the 10-¥:$1anr?el calculation. Thz 6 chan-
7.2 0.01 0.02 2.15 2.68 nels which dissociate to the two lowest protonium states of mani-
Total 1.46 1.47 159 158 folds n=6,7 and 8 areshown together with the Hs) entrance
Elastic 0.53 0.55 464 467 channel.

|4,1) and|5, 1) channels, are not as good. In any event, this

in a trap(a few degrees kelvin The table contains the total is not important as the cross sections for these states are very

protonium formation cross sections to the manifahdsl to . . : :
n=7. and to the lowest states of the6 and 7 manifolds. SMall in comparison with the dominant statesrsf6 and
' y =7. Even the elastic cross section is well reproduced with

The tabulated results show two trends. First, the protoniu
formation cross sections increase rapidly with decreasing erf™lY 10 channels. These results show clearly that weak chan-

ergy. Indeed, the total protonium formation cross sectiorl*€ls can be removed from the calc_:ulation without significant
goes from about 0.2 a.u. at the energy of 0.2 a.u. up to abolffSS Of accuracy of the cross sections at low energies.
1600 a.u. at the energy o210 a.u. Secondly, the proto- !N Fig- 7 we show the main protonium formation cross
nium formation cross sections drop drastically as the chann§i€Ctions times the velocita measure of the rate constant
index decreases from=7 (dominanj down to then=1. obtained by the 10-channel calculation, with respect to the

Also, the formation occurs mostly to the lowest states of2ntiproton kinetic energy down to very low energies. The
each manifold. This is in agreement with the analysis offotal protonium formation and elastic cross sections are also
diabatic potential curves and radial couplings. plotted. Note that a rate constant of 1 a.u. corresponds to

9 o . .
From the results of Table |, we can now consider theb- 13X 10° cn/s. This figure illustrates the fast increase of

elimination of weak channels in order to reduce the size of '€ Protonium formation rate with decreasing energy. The
the calculations. As explained before the choice of the charit@! protonium formation cross section is about 10000 a.u.
nels included in the calculations is based on the analysis git @n energy of 10 a.u. At very low energies these cross

couplings. In Table Il we present a comparison of cross sec3€ctions display the expected behavior according to the

tions obtained by the full calculation, i.e., including 46 chan-
nels, and a truncated calculation including only 10 channels.
According to the previous results, the 10 channels are chose =
as the lowest states of the different manifolds. More pre-
cisely, we choose the lowest state of manifakd3 to n=8,
and the second lowest state of manifoids6,7 and 8. The
tenth channel is the @s) entrance channel. The most im-
portant diabatic potential curves for this calculation are illus-
trated in Fig. 6. They correspond to the two lowest proto-
nium states of manifoldsn=6,7 and 8, and to the Hs)
entrance channel. Figure 6 shows clearly the broad avoider £
crossing between the (Hs) entrance channel and the ]
Pn(|7,1)) protonium state. 10- 105 1 10-3 10-2
Table Il compares the cross sections of the two calcula- E, (a.u.)
tions at two kinetic energies of the antiproton. The results of
the truncated calculation are in very good agreement with the F|G. 7. (Color onling Protonium formation cross sections time
full calculation. The error due to the elimination of channelsthe velocity obtained by a 10-channel calculation, as functions of
is indeed less than a few percents for the dominant channelgie antiproton kinetic energy. The total protonium formation and
The formation cross sections to the lowest states, such asastic cross sections are also shown.

10! T T T

Total Pn formation

p- H(ls)

100

e - Pn(n=7

107! e - PIJ(]i;G)' =

ss sections times velocity (
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Wigner threshold law28]. The elastic cross section tends to model study with(antjproton mass equal to 100 a.u., the

a constant value, and the total protonium formation crosslominant protonium formation is to the=7 manifold. We

section behaves like 1/ i.e., the formation rate tends to a have shown that protonium formation occurs mostly to the

constant value. lowest states of the different manifolds. With the elimination
procedure, we show that only 10 channels are needed to get

the cross sections with a few percent error over a broad range

In this paper we have combined the hyperspherical close- These results are encouraging for the treatment of the re-

coupling method with a diabatization technique which trans2/iStic antiproton-hydrogen collision, witrantjproton mass
forms sharp avoided crossings in potential curves into reap! 1837 @.u. The muonic system, which corresponds to an

crossings. With this approach, we have investigated th&ltermediate case with a “proton” mass of 200 a.u., could
elimination of weak collision channels from the close- also be calculated. In that last case, the formation would

coupling calculations. occur mainly to then=10 manifold. The method introduced
We have applied this method to the study of in this paper can also be used to study charge transfer reac-

collision at low energies. In order to simplify the problem, tions in atomic collisions with highly charged ions.
we have considered a model system where(#miproton

mass is chosen to be 100 a.u. instead of the real value of
1837 a.u. Our results are consistent with the previous study This work was supported in part by Chemical Sciences,
of Esry and Sadeghpoyi5] where the mass of the proton Geosciences and Biosciences Division, Office of Basic En-
and antiproton were taken to be less than 20 a.u. In ougrgy Sciences, Office of Science, U.S. Department of Energy.
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