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Antiproton, kaon, and muon capture by atomic hydrogen
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Capture of negatively charged, heavy particles by hydrogen atomsXi.esH—X p+e, whereX‘:E
(antiproton, K~ (kaon, andu~ (muon), is investigated by carrying out a rigorous full quantum-mechanical
(QM) wave-packet calculation and a semiclassi&C) calculation. An empirical law for the capture prob-
abilities, found by the present authdthys. Rev. A65, 012706(2002], is examined extensively by using the
QM and SC results. The empirical law is useful to obtain reasonably accurate capture cross sections at
center-of-mass translational energies less than 10 eV. Furthermore, a local-complex-p@t€fjiahodel is
employed to discuss a quantum-mechanical effect of the relative motion at very low energies. The LCP
calculation shows that a resonance structure is seen in the capture cross section.
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I. INTRODUCTION mechanical(QM) calculation for this processgj) the elec-
tronic continuum state§.e., electron emissigrmust be con-

Collision processes of hydrogen atoms with point chargedidered, andii) the particlesX™ are captured into very high
particles, i.e., electrons, positrons, and protons, are of fundarbital states ofX ™ p. A close-coupling approach based on
mental importance in atomic physics, and have been vigoradiabatic-basis expansion, which is conventionally intro-
ously investigated both theoretically and experimentally. Asduced for low-energy heavy particle collisions, is not an ef-
an elementary subject, we should further consider the collificient numerical method for the electron emission, and a
sions with negatively charged, heavy particleayX ™). As QM description of the collisions becomes troublesome when

an example ofX~, we can choose antiprotong)(, kaons the highly excited states are related. Some approximations
(K™), pions (~), or muons f~), and these particles are were introduced to perform QM calculations for thecap-
much heavier than electrons. Recently, it has become posure[16] and thex ™ capturg 17] although their applicability
sible to measure the atomic processes related to antiprotomgas severely limited. Very recently, the present aufti@i

or negative muons[1-5], and a further experimental has succeeded in carrying out a rigorous full QM calculation

progress in this field will be made in the near fut§€e7].  for the p capture. The time-dependent Satlirger equation
Owing to the heavy mass and the negative charge, the collhas been solved in a numerically direct manner; i.e, the time
sion processes oK™ +H have some interesting features propagation of the wave packet has been performed on a gird
clearly distinct from those of electron or proton impacts. Ofof points in the configuration space. The direct solution is
particular importance is the adiabatiBorn-Oppenheimer  quite suitable to treat both the above mentioned probiéms
situation characterized by the presence of the so-callegindii).

Fermi-Teller radiusRer=0.639 a.u.; i.e., the electronically  |n Ref.[18], we have further found a useful empirical law
bound states become absent if the radial dist&hbetween for the a capture: i.e., the capture probability is deduced

X~ Hisl h . W il hat th . . — . .
and H is less thaRr. We can easily understand that t € from merely the turning point of th@+H relative radial

electron emission occurs significantly in tde +H system Lo . :
even if the colliding particles slowly approach each other.mOtlon |rrespept|ve of the translational energy. Once we
When the center-of-mas€M) translational energg, is less kn0\_/v the _relatlon between the capture prol_aablhty and the
than the ionization thresholdl (=13.6 eV), the electron turning point for some energy, we can easily estimate the
emission always leads to the captureXof, i.e. pro.bab|I|t|es or the cross sections for. pther energies. To ex-
' ' plain the physical origin of the empirical law, the present
X~ +H(1s)— X p+e. (1)  author[19] has employed a time-dependent semiclassical
(SO theory and an adiabatic-basis expansion approach. In
This reaction is also regarded as an important means of préhis SC picture, the relative motion is described classically,
ducing exotic atomsX~p), and the knowledge of a level and the electron motion is described quantum mechanically.
distribution of the produced exotic atoms is essential inlt has been further assumed that the adiabatic energy levels
specifying the pathway to the decay by annihilation orare degenerate in the transition region, and the rotational
nuclear absorptiofi8—15]. coupling is negligible. Then, we can obtain the following
Since the capture procesd) is a three-body collision, it result for the transition-probability amplituce-, (t) with t
is strongly desired to solve the problem in a numericallybeing the time andI(,\) specifying the adiabatic state:
accurate manner. However, we are confronted with two great

difficulties in performing a rigorous full quantum- a(w):ex;{ _me MdR|a(0) -
Rip

*Email address: sakimoto@pub.isas.ac.jp wherea(t) ={ar,(t)}, Ry, is the turning point of the relative
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radial motion, andV is the radial coupling matrix. This ap- and the rotation from a space-fixé8F) frame to the BF
proximation shows that the transition probability seen as drame is represented by the Euler angles4,y). Atomic
function of the turning point is independent of the transla-units are usedi unless otherwise stated. We solve the time-
tional energy and moreover of thé” mass. dependent Schdinger equation

In the present paper, we study the capture protBstor
antiprotons, kaons, and muons, and examine to what extent
the empirical law for the capture probabilities can be applied.
We carry out rigorous QM calculations for energi&s
—5-10 eV. Since the kaon and muon masses are, respe\(s'/_hereL and_l\/l are the_ total angular_ momentum quantum
tively, about} and 3 of the antiproton mass, these particles number and its magnetic component in the SF frame, respec-
are useful to investigate the mass effect of the capture prc}lvﬁl,%’p)andp: * is the tOta.ll parity. The total wave function
cess(1). We argue on the mass independence as suggestéd can be expanded in the form
from Eq. (2).

It is very interesting to study the capture procé$k at
low energies. However, performing the time-dependent QM
calculation at low energieS;<1 eV is not so easy because a
very-long time propagation is requir¢dl8]. Hence, the em-
pirical law will be very useful to study the capture at such
low energies. In the present paper, we discuss the applicabil-
ity of the empirical law for the low-energy capture. For this
purpose, we use the results obtained by SC calculations. In
the SC method, the numerical direct soluti@®] is applied
as in the time-dependent QM calculation. Whgi 1, it has
been found19] that the SC calculation gives reliable results
of the probabilities for the electron emission if the relative
radial motion is assumed to be a common trajectory dete
mined by the adiabatic potential. We apply the SC metho
using the adiabatic potential to the capture prod@sshat )
occurs atE,<l. In the SC method, the relative motion is
described classically. To discuss a QM effect of the relativan the present study, the hydrogen atom is assumed to be
motion at very low energies, we further introduce a local-initially in the 1s state, and hence the parity is given py
complex-potentia(LCP) model. =(—1)". In Eq. (7), xo is the ground-state adiabatic wave

The present results are compared with those of previoufunction of X~ +H for fixed R, and {(R) is the Gaussian
studies using a classical trajectory Monte Caf@TMC)  wave packet representing the incoming radi@) motion.
method[21-24 and using the SC method of Kworeg al.  Since the range of translational energigs<10 eV is con-
[25]. We also examine the adiabatic ionizati@q) [8,21,26§  sidered, the transition to excited bound states of the hydro-
and Langevin27] models. TheX™ +H system has a large gen atom is energetically forbidden. Therefore, the capture
capture probability close to unity when the distance of theprobability can be calculated frofi8]
collision pair becomes sufficiently smalRERg7). There-
fore, the Al and Langevin models may be useful to estimate
the capture cross section at very low energies.

J ~
iE\PLM(p)(R,r,t):H\I’LM(p)(R,r,t), (4

\If'-’v'(p)(R,r,t)=(Rr)‘1; Dy(a, B, VP P(Rr,0,1),
5)

wherex=L,=1,, and
1/2

2L+1 )
[DM)\(aVEv’)’)

16m%(1+ 8, o)
+p(—D-DY (@B 9]F (6

with D}, («,8,7y) being the Wigner's rotation matrix ele-
ment[28]. The initial condition of the total wave functid)
dnay be given from

DyP(a,B,y)=

P PU(R,r,0,t=0)= xo(r,0;R){(R) ).

Pr=1 2Im[(F)*G'],

B .
mAC(E) ®

Il. THEORY where

A. Quantum-mechanical theory

1 (=
FL<E)=E J &= (xol ¢ OP(t))r-p,dt, (98

The total Hamiltonian is given by

- 1 4 C-H? 1 & I L 1 (& d o

=~ o m R R T 5 e T 5my a2f 2 G (E)=—J e t<)(o Y= p(t)> dt
2mgR 9R?" " 2mgRZ  2m,r ar? " omy 27 dR R=R,
+V(R1,6), 3 oD

with E=E;—| being the total energy. The time integral in
whereR andr denote the position vectors &f -H and of Eq. (9) is carried out aR=R, (=4 a.u) where the nonadia-
e-p, respectivelymg andm, are the related reduced masses,patic coupling becomes negligible. The quan€{E) is the
L andT are the total and electronic angular momentum op-amplitude of the initial wave packé¥) with the total energy
erators, respectively/ is the sum of all the Coulomb poten- E [18].

tials, and @ is the angle betweeR andr. We employ a
body-fixed(BF) frame in which thez axis is chosen along,

The time propagation of**P(R,r, 6,t) with A coupled
is performed on a grid of points in theR(r,0) space by
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using a discrete-variable-representatidVR) technique de- 10 L L L
scribed in Ref[18]. The number of grid points used in the ] - .
calculation is 60—300 foR, 20—40 forr, and 2 or 3 ford. .\' """ ™. . — P+ H (fitting)
The states ok =0 and 1 are coupled. These parameters have i
been chosen such that the capture probabilities are converge o5 % -
to within 1% in most cases and within 5% for highwhere °:‘x_
the capture probabilities are small. The central translational W-.A
energy of the wave packet is chosen to be 7.5 eV, and theb K +H-> K p+e
capture probabilitieg8) are extracted for the energids = 06— o 5.0eV "?' n
=5-10 eV. 3 O 55eV
g A 60eV ?_’
, , vV 65eV ?
B. Semiclassical theory ,% o 706V w
In the SC approximation, the variabieis treated in clas- 8‘ 04 0 75eV i B
sical mechanics, i.e.R=R(t), and the time-dependent : 2(5) Z“;
Schralinger equation becomes 4 906V '
D s o o 024 I looev -
IE‘PSC(")(R,r,t)zHSC‘I'SC(p)(R,r,t), (10) \
where >
0.0 , , et
- (L-H% 1 & T2 00 05 10 15 20
Hsc= 2MRR _W&TZH' Zmrr2+V(Ryr.9)- Turning point (a.n.)
(1) FIG. 1. K~ +H capture probabilities obtained by the QM calcu-

LM . lation plotted against the turning poiRY, of the effective potential
The SC total wave functio® ! ”’(R,r,t) can be written in VL (R). The data points are fdr=10-35 andE,=5-10 eV. The

the form similar to Eq(5), broken line is the empirical fitting formuléL7) for p+ H.
WM (R rt)=r 1> DYP(a,B,y)s=MP) (1, 0,1). method[20] as in the QM calculation. The number of grid
sc ) zx: win (@B, y) Psc ) points used in the calculation is 40 forand 3 for 6. The

(120 states o\ =0 and 1 are coupled. These values are the largest
A o . ones chosen in the QM calculation.
The initial condition is simply given by
PAP (1, 0,t=0)= xo(r, 6;Ro0) Sy0. (13) lll. RESULTS AND DISCUSSION

. . A. Empirical law
In the SC theory, we must provide the time dependence of P

the classical variabl&(t) sinceHgc depends parametrically ~ In @ previous QM study op-+H [18], the capture prob-

on R. We use the adiabatic potential to calculate the timebilities for variousL (=0-54) andE; (=2.72-10 eV)
dependenc&(t), that is, have been plotted against the turning pdiyf determined
from the effective potential

i dR)2+ mCRE Ry {R) (14) L(L+1)
=—|=| + 5—== : +
t2 | dt 2mgR? @ v;ﬁ(R):W—Jrva@(R)- (16)

The adiabatic potentiaV,(R) is given byV,(R)=Ey(R) . .

+1, whereE(R) is the adiabatic energy of~ +H. In this Then, it has been found that all the data points are put on a

treatment, the relative radial distanBealways diverges at Smooth line in a very good approximation. The fitting of all

t—o, and the relative trajectories can never show any aspedfe data has been made in the forb3]

of the capture. However, Reffl8,19 have suggested that B

we can calculate the electron emission probability with reli- PP(R)=——
. . . fl'[( tp)

able accuracy by using the trajectory obtained from #4). 94.5+ Ry

When E;<1, the electron emission probability is just equal

to the capture probability. Therefore,we may assume that th

capture probability is giveffat E,<10 eV) by

exd —2.3Ry—0.426%].  (17)

Zhe approximatior(2) suggests that the fitting formuld?)
is further applicable irrespective of theé mass. To examine
the mass dependence, we carry out the QM calculation for
Psc=1-[(xo(Ro)| s "P(t)|2, (15 K~ +H. InFig. 1, theK ™ capture probabilities for various
(=10-35) andE; (=5-10 eV) are plotted together as a
wheret{(>0) is defined byR(t;)=R,. The time-dependent function of the turning poinR,,. We can see that all the
equations fonpgé(p)(r,o,t) are solved using the same DVR points almost lie on the curve 7). The ratio of the reduced
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L0 ! L !
-------------------------------- w— D7 H (fitting)
0.8 | =
=y 06 W +H-o U pt+e
5 — fitting
=]
2 O 5.5eV
= O 60eV
3 A 65eV
S 044 v 70eV —
© > 75¢eV
¢ 80eV
® 8.5¢eV
m 90eV
0.2 5 A 95eV -
v 100eV
0.0 | , o =
0.0 03 10 L5 2.0

Turning point (a.u.)

FIG. 2. = +H capture probabilities obtained by the QM calcu-
lation plotted against the turning poiRY, of the effective potential
Véﬁ(R). The data points are fdr=2-24 ande;=5.5-10 eV. The
solid line is the empirical fitting(18) for the = +H data. The

broken line is the empirical formulél?) for H+ H.

masses oK~ +H and5+ H is about5. For the system hav-
ing such mass difference, the fitting formulty) is still ap-
plicable. We can easily estimate the probabilities forkhe

capture by usindPf(Ry).
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1.0 | | |
0.8 - —
p+H—-opp+e
N — fitting
=2 06 + SCO.1eV) B
_zg x SC(1.0eV)
<] o0 SC@B.0eV)
b O SC@G.0eV)
£ A SC (10 .0eV)
S 04 =
d]
0.2 — -
0.0 T T T A-—F-
0.0 0.5 1.0 1.5 20
Turning point (a.u.)

FIG. 3. p+H capture probabilities obtained by the SC calcula-
tion plotted against the turning poifk,, of the effective potential
V;ﬁ(R). The data points are fdr=5-52 andg,=0.1-10 eV. The

solid line is the empirical fitting formul&l?) for E+ H.

againstRy,. Figure 4 shows theu™ +H results forL=2
—25 ande;=0.1-10 eV. The SC results are compared with
the fitting formula(17) or (18). We obtain reasonable agree-
ments between the SC results and the fitting formula. Since
the fitting formula is sufficiently reliable at high energies

To examine the case that has a large mass difference, We=3 or 5 eV, we can confirm the accuracy of the SC

carry out the QM calculation fop.™ +H. Figure 2 shows
Pﬁt(Rtp) and thew ™ capture probabilities fob =2-24 and
E;=5.5-10eV. We find that theu™ probabilities are
smaller thanPfﬁ’t(Rtp) for Rp<<1 a.u., and are larger fd®,
>1 a.u. The ratio of the reduced massesuof+H anda

method using the adiabatic potential for the high energies.
The deviation from the fitting formula is somewhat larger for
the u~ capture than for th@ capture. This is probably be-
cause the QM effect of the relative motion is more important
for the u~ capture, as expected.

Figures 3 and 4 show that at the low enerdigs:1 eV,

+H is aboutz . We see that this mass difference is so largehe fitting formulas(17) and (18) well reproduce the SC
that the mass independence cannot be assumed. However,@ghabilities. This suggests that the fitting formula and the
far as only thex~ probabilities are concerned, the data aresC method using the adiabatic potential are both reliable

again well put on a curve. The fitting of the™ data gives
0.0867
Rip

which is shown in Fig. 2. The deviation of the  data from
the fitting formula (18) is somewhat conspicuous fdry,

exp( —0.236Ry)),
(18)

P (Ryp) = [o.79+ 0.12 exyg —

enough even at the low energies. Although the present QM
calculation is not easily performed in the low-energy region,
we can expect that the empirical formulas are useful to esti-
mate the low-energy capture cross sections not only rapidly
but also accurately. However, before drawing this conclu-
sion, we should remember that the classical description is
assumed for the relative motion in the SC method. The ac-
curacy of this assumption for very low energies is examined

=1.5 a.u when the energy is low. The same result has bedR Secs. 1D and Il E.

also found in the case of the capture[18]. More details on

the energy or mass dependence are discussed in Sec. Il B.

B. Collision analysis by using the adiabatic potential

Next, we consider the results obtained by the SC method previous SC studiels19,29 have shown that the relative

using the adiabatic potential. Figure 3 shows pheH cap-
ture probabilities fo. =5-52 andg;=0.1-10 eV as plotted

motion of X~ +H can be practically described in terms of the
adiabatic potentiaV/,{ R) at least before the relative motion
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1.0 1 1 1
038 |
B +H->u"p+e
E 06 ~ — fitting B
S + SC(0.1eV)
g x SC(1.0eV)
=3 o SC@3.0eV)
g O SC(5.0eV)
‘g: 0.4 4 A SC(100eV) |
&)
0.2 |
0.0 | | : A
0.0 05 1.0 15 20

Turning point (a.u.)

FIG. 4. u~ +H capture probabilities obtained by the SC calcu-
lation plotted against the turning poiRY, of the effective potential
Véﬁ(R). The data points are far=2-25 andg;=0.1-10 eV. The
solid line is the empirical fitting formul&18) for u~ +H.
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The adiabatic potential fdR>3 a.u. can be well approxi-
mated by the polarization potentiala/2R* [29], wherea is
the polarizability of the hydrogen atom. As seen later, the
Langevin valuer, = m(2a/E,)Y2[27] gives a rough estimate
of the cross section for the capture proc€bsat very low
energies. WheR<Rgy, the adiabatic potential is just equal
to V,{R)=—R ™ !+1. (Although R is not the distance be-
tweenX™ andp to be exact, the difference is negligiblén
this case, the turning point is given i,={1—-[1—2L(L
+1)(I1—E)/mg]¥3/[2(1—E)]. The turning points for
various energies and angular momenta are shown in Fig. 5. If
L is such that L(L+1)<mg, we have R,=L(L
+1)/(2mg), which is independent of the energy. This can be
confirmed in Fig. 5 foR;=0.25 a.u. WherRy, is large, the
turning point becomes strongly dependent on the energy. We
further see from Fig. 5 that only the collisions with small
turning points can contribute to the capture as the energy
decreases. This is resulting from the orbiting phenomena.

It can be naturally understood that the mechanism of the
electron emission becomes different whetReis larger or
smaller than some critical distance suchRys. Once the
relative distance becom&s<Rt, the electron has always a
great chance to run away easily from the proton. The elec-
tron emission probability will be larger as the collision pair
stays there longer. Therefore, a period of the stay in the re-
gion R<Rgr would be an important quantity to characterize
the capture process. We consider the tifgeequired for the
passage fronfR=Rgr to Ry,. In Fig. 6, we show the passage
time T, calculated using the adiabatic potential for three en-

takes the turning point. Therefore, the adiabatic potential willergies ofE;=0.1, 1, and 10 eV as a function of the turning

be very helpful in getting some knowledge of te +H
collision. Here, we discuss the energy or mass dependence
the capture process by using the adiabatic potential.

point. We can see that the passage time becomes almost the
séme when the energy is low. This is because the effective
potentialvgﬁ(R) has a very deep well for low. (When the

20 | l |
0.1eV 0.leV 056V
1.0eV
2.0e !
3.0evV
1.5 ~ 5.0eV B
6.8eV
3 10.0ev
&
g
8, 104 - =
%0
=
“+H
0.5 - | R
0.0 T T T T T T
10 20 30 40 50 5 10 15 2
L

FIG. 5. Turning pointsRy, of the effective potentia‘i/gﬁ(R) for FJr H and ™ +H as plotted against the angular momentum
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14 1 1 1 1 1 4 1 1 |
0©° 9% o _ '
_ o o p+H
b pH O - o~ 106V 2 JEN—
¥ -3 5eV ! -
x% A b 8 2 ° 34 A 3eV e =
10— a A - _
N p +H ’
3 a® 0.1V Al /
4 X L1¢ B 5eV ','" ¢
S sqa" O 1leV S A 3eV / F A e
g A 10eV ©
= v 2 O ~
[ o
& 0"‘ ;"g
2 T o © ° ° i g
=Y [
= A A A A A A o § (5]
A o)
4_gozi Ei A = .
1 A g"' ) -
p +H 2 7 m °
°
2 - -
)
0 | | | | | T T
00 0.1 0.2 03 04 05 0.6 14 1.6 1.8
Turning point (a.u.) Turning point (a.u.)
FIG. 6. TimeT, required for the passage froR= R to Ry, for IiG. 7. Dimensionless quantiti€s= AE T, defined by Eq(19)
p+H andu” +H at E;=0.1, 1, and 10 eV as a function of the for p+H andu™+H at E;=3, 5, and 10 eV as a function of the
turning pointRy,. turning pointRy, .

minimum positionR,,;, is smaller thanRgy, the minimum
value is—mg/[2L(L+1)]+1.) However, the passage times
for p+H and = +H are clearly distinguished from each
other. Since the passage time is directly proportionafrg,
the ratio of the two passage times is always abdit Con-
sequently, we can understand that flaecapture probabili-

ties are smaller than thg ones f(zr smalRy,, as seen in Fig. 1+ H for large Ry, Anyway, the fitting formula(18) for Ry,

2. It should be noted that thi¢ ™ capture probabilities are -1 5 5 . would not be so accurate at low energies. In regard
slightly smaller than the ones forR,<0.2 a.u.(Fig. 1). to the calculation of the capture cross section, nevertheless,
WhenR,> Ry, the electron emission should be regardedthe fitting formula will be still useful even at low energies
as a nonadiabatic process. To characterize the adiabaticity pecause the contribution of the large turning points to the

to Pﬁt(Rtp). This may be explained again in terms of the
adiabaticity paramete® Figure 7 shows that the collisions
of p+H at the high energyE+=10 eV) and ofu™ +H at
the low energy E,=3 eV) have almost the same valueSf
Differently from the case oRy,<Rgr, we cannot always

distinguish between the collision natures pfH and p~

the collision, we introduce the dimensionless quantity cross section is less important with decreasing energy
Fig. 5.
S=AET,. ag (F99
Here, since the turning point is the most important in the C. Capture cross section

electron emission18,29, the energy differencAdE is cho-
sen to be the Al energy &=R,. From Figs. 1-4, we see
that the capture occurs Rt=2 a.u. Therefore, we define the
collision time T by the time required for the motion from
R=2 a.u. to the turning poinRy,. We may expect that the
collision process becomes more adiabatiSawxreases. Fig-

In the present study, the capture cross sections are calcu-
lated by the QM and SC methods and by using the fitting
formulas(17) and(18). The fitting formulas are further used
to estimate the cross sections at low energies down to 0.01
eV. To obtain the turning points in Eqél7) and (18), the
Al centrifugal potentialL(L+1)/(2mgR?) is replaced by the
ure 7 shows the values &for p+H andu~ +H. We see  classical ondE,b?/R?, with b being the(continuous impact
that thep collisions are generally more adiabatic thanthe  parameter. The use af(L+1)/(2mgR?) produces a saw-
collisions. When the collision becomes adiabatic, the captureoothed structure in the energy dependence of the calculated
occurs less frequently in distant encountelRS>Rer). This  cross sections. In reality, the cross section should have a
would be the origin of the differendseen in Fig. 2between  smooth energy dependence because of the effect of tunneling
the fitting formulas(17) and(18) atR,>1 a.u. or above-barrier reflection. Although the correction of such a

WhenR,=1.5 a.u., Fig. 2 shows that the low-energy dataQM effect can be taken into accouf80], the calculation

for u~ +H are much smaller thaﬁﬁ‘tf(Rtp), and rather close becomes entangled. Even for the-H collisions at the low-
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b3

100 p+Hopp+e W +H-up+e

Cross section (a.u.)
Cross section (a.u.)

....... — fitting
------- Al
—— Langevin

QM

SC

SC (Kwong et al.)
CTMC (Cohen)

CTMC with pseudopotential al
4 (Cohen) i

10 CTMC (Cohen)

CTMC with pseudopotential .
(Cohen) %

¥XD> @O

.,
T T T 1 T rrrry T T T T rrrr| LI B B R | T T T LI B B R |

0.1 1 10 1 10
Translational energy (eV) Translational energy (eV)

FIG. 8. p+H capture cross sections obtained by the present FIG. 9. u~+H capture cross sections obtained by the present
(“fitting” and SC) calculations, the QM calculatidid 8], the CTMC  (*fitting,” QM, and SC) calculations, the SC calculation of Kwong
calculationgwith and without the pseudopotentiptsf Cohen[23], et al. [25], the CTMC calculationgwith and without the pseudo-
and the Langevin and the Al models. potential$ of Cohen[21,22, and the Langevin and the Al models.

est energyE,= 0.01 eV reported here, since still a large num- Section much smaller than the present results at high energies

ber of partial wavesl(=10) contribute to the cross section, @nd larger at very low energies. The Al cross section be-
the quantum-mechanical effect may be unclear in the cros€omes identical to the Langevin valuett=0.1 eV.

section. To avoid these complicated situations, we simply In Fig. 10, the “fitting” cross sections fop+H and u~
employ the classical centrifugal potenti|b?R? for the ~ +H (the solid lineg are compared with each other. As seen
calculations of the turning points in Eqd.7) and(18). The  in Fig. 2, thep+ H probabilities are larger than the +H

validity of this classical treatment for the present problem isones forRp<<1 a.u. and are smaller fdR,>1 a.u. As a

discussed in Sec. IIl D. _ result, it happens that the+H and x~ +H cross sections
In Figs. 8 and 9, we summarize tipetH and ™ +H  agree very well with each other wh&; =1 eV. Since only
capture cross sections calculated by various methods. Thhe collisions withR,,<1 a.u. can contribute to the capture
“fitting” cross sections obtained from Eq€17) and (18) 5t g <1 eV (Fig. 5), the p+H cross section is larger than
agree very well with the QM results, and also with the o u~ +H one at low energies ;<1 eV). When E,
present SC results even at low energies. Forihe-H col- - — 1 gy, the “fitting” cross sections become close to the

lisions, the SC results of Kwongtal. [25] are further | jngevin values,, and their ratios tar, are nearly con-
shown. In th§|r SC method, th_e capture process Is InVestigant The capture cross sectiong&gat 0.01 eV are given by
gated by tracing a common trajectory of the relative mot|on,0 88, for b+ H and by 0.8 f ~4+H Th i
which is determined from some average potential. As men=-°<t 0 P and by 8.6 1or u - IN€ Cross sec
tioned in Ref.[18], such a way overestimates the capturetions averaged ovef;=0.01-0.1 eV are 0.88 for p+H
cross section. The CTMC results of CoH@1,22 show en-  and 0.8 for u~ +H.

ergy dependences different from the present results. Cohen

[22,23 introduced some QM correction in the CTMC calcu- D. Local complex potential

lation by means of pseudopotentials. The results of the 1, investigate the QM effects of the relative motion at

CTMC with pseudopotentials seem to agree with the presergnergieS less than 1 eV, we further employ the LCP model.
results at some high energies. However, the agreement bggs sojve the following Schitinger equation

comes much worse with decreasing energies. In the Al
model, the relative motion is calculated in classical mechan- 1 4 L(L+1) .
ics with use of the adiabatic potential, and the capture cross| ~ 5 Zp2+ 527 T Viea R) +1Vimag R) ~E(| {(R)
. . R R
section is assumed to be equal to the one that the closes
distance becomeR®<Rr. The Al model provides the cross =0, (20

032506-7



KAZUHIRO SAKIMOTO PHYSICAL REVIEW A 66, 032506 (2002

/ Langevin

300 -

fitting

200 —

Cross section (a.u.)

1.0

100 —

Capture probability

08

0 T T T T rrIrr T LI R | T T T 11007 0.6 -
0.01 0.1 1 10 - -
Translational energy (eV) p +tHoppte

x QM

04 — « LCP

FIG. 10. p+H and ™~ +H capture cross sections calculated
from the fitting formulag17) and(18), and by the LCP model as a
function of the translational enerds;. The Langevin cross sections 024
are shown for comparison.

whereV go(R) +i1VinaR) is the LCP. For theX™ +H sys- 00 T
tem, Cohenet al. [31] considered the LCP method that is 0 10 » 30 o
based on a diabatic-state description. Here, we construct the

LCP in an empirical manner. We give the real pe,(R) FIG. 11. p+ H capture probabilities obtained by the QM and the
of the LCP by the adiabatic potentidL{(R). It seems to be | cp calculations aE,=3 and 5 eV as a function of the angular
quite reasonable to assume that the imaginary ¥a#(R)  momentumL. »~+H capture probabilities are also shown
has the form similar to the fitting formul&l?) or (18). =5 eV.
Hence, we assum¥j,(R)=—APy (BR). Adjusting the
parameter#\ andB to fit the QM results, we have found that gense, the capture can never occur if the energy is lower than
A=0.027 a.u,B=1.08 for X" =p; and A=0.04 a.u,B  the barrier heightE ., of the effective potentiaV.4(R).
=1.03 for X™=u". By solving Eq.(20), we obtain the S However, all the LCP probabilities are about 0.5 Bt
matrix S-, and then the capture probability may be defined— Emax, and form a slowly varying curve both below and
by above E;=E, 5 This means that the consideration of the
tunneling and the above-barrier reflection is important to de-
Plep=1—|S2. (21)  scribe accurately the QM feature of the relative motion.
The capture cross sections obtained by the LCP method
In Fig. 11, we compare the capture probabilities calculated@re shown also in Fig. 10. At high energies, the LCP cross
by the LCP method with the QM results Bf=3 and 5 eV.  S€ctions agree very well with the “fitting” results. When the
This comparison suggests that the present LCP model is ré&nergy is low, the LCP curve oscillates around the *fitting”
liable enough for the present purpose. Voronin and Carbonel€sult. This oscillation is caused by the potential resonances.

[16] also obtained an empirical LCP fq_y+ H. However, Forp+H, since the resonances are not so significant, it is a
their imaginary potential produces too small capture probgood approximation to neglect the oscillation around the
abilities (only about a half of the QM resulat E;=3 and 5  “fitting” probabilities. Hence, forp+H at the energies re-
eV. Voronin and Carbonell considered extremely-low enerported here, we may conclude that the inclusion of all the
gies E,<10 ° eV) and onlyL=0 and 1. The LCP approxi- QM effects results in only a very small deviation from the
mation would not be justified over a wide range of energy orpure classical description of the relative motion. The reso-
angular momentum. nances in the LCP calculation are more pronouncedufor
Figure 12 shows thp+H and .~ +H capture probabili- +H, and accordingly the.™ cross section becomes larger
ties obtained by the LCP method for varidusin a classical than thep one atE,~0.04 eV. Nevertheless, we can expect

032506-8



ANTIPROTON, KAON, AND MUON CAPTURE BY ... PHYSICAL REVIEW A66, 032506 (2002

10— 4 1 I 1 L
p+H \ g

p+H A
03 10 -
11

0.6 = -

12 13
14 15
0.4 16 17

02— -

g

=3

Capture probability

13
bo
1

Barrier height

/ :‘. :.:
0 W

T T T T T
0.020 0.025 0.030 0.035 0.040 0.045 0.050
Translational energy (eV)

Capture

0.6 —

04

0.2 =

FIG. 13. p+H capture probabilitiesR}.p), elastic Q) and
total (QL,) quantities(see text obtained by the LCP calculation as
. a function of the translational enerds; for L=13. The results of

1 the elastic collisions obtained by assumivg,,(R)=0 are also
shown. A vertical thin line indicates the barrier height of the effec-

; iapyL=13

FIG. 12. Capture probabilities obtained by the LCP calculationtiVe PotentialVes ~(R).
as a function of the translational energy. The partial waved . . . .
_ : By P — 13, we also plot the elastic quantltygI obtained by setting
=10-17 are shown in the energy range=0.01-01eV forp /' _q "\ ihe elastic collision withV,,..=0, the reso-
+H. The partial waved =4-12 are shown in the energy range "'mag *- . . imag =

_ _ - nance appears as a window since the nonresofizatk-
E;=0.01-1 eV foru™ +H. - o

ground part has the maximum contribution at the related
) o _ . energies. WheN;,4 is very strong, the resonance profile is

still useful to see the global feature of the capture cross seqqere, we simply define the resonance positibg, by the

tions even foru ™ +H. ) ~minimum (or maximumn) position of the elastic resonance
In the present SC method, the calculation has been carriggingow (or peak with Vimag=0. As shown in Fig. 13, the

out by using Eq.(14) with discreteL. The present study yesonance positioR,e is larger than the barrier heigBay
suggests that the pure classical description is better for thg; VL(R). Therefore, this is an above-barriéhB) reso-
e . )

relative motion after all. Hence, the classical centrifugal po- ;5 ce

. 2 2 . . .
tential E;b“/R~ with continuousb should be rather used in In Table I, we summarize some properties of the reso-

Eq. (14) to obtain a more relliab!e capture cross S‘f:‘c_tion'nances observed in Fig. 12. A quasi-boui@B) resonance
However, the energies shown in Figs. 8 and 9 are sufficiently,o¢ 4ccurs below the barrier height is only seentfer12 in
high so that we can neglect the discretenesk of the cal- " Hand forL=6 in u-+H. Furth thé — 12
culation of the capture cross section. P andlort. =6 inu - Furthermore, — 1o reso-

nance inp+ H is not so remarkable. Therefore, except for the
most prominent resonance bf=6 in =~ +H, we can see
E. Resonances that the AB resonance plays a more important role in the
From Fig. 12, we see that the resonances come from thgapture process.
. — Figure 10 shows that the resonance effect on the capture
partial wavesL =10, 12, 13, and 16 fop+H and fromL

- ) cross section is not very significant, and the global behavior
=6, 7,10, 11.’ and 12 foe.~ +H. To See more Qetalls of the _of the cross section at low energies is mostly explained by
resonance, Fig. 13 shows some quantities which characterifs | angevin model. Prominent resonance structures due to
the collision inp+H for L=13. The elastic cross section for QB states were found previously in several theoretical stud-
eachL is proportional toQg=|1—S"|?, and the total cross ies of ion-atom reactive collisions, such as electron transfer
section for each is proportional taQk,= P p+ QL. In Fig.  [32—35 and radiative associatid6,37). Also in the present

00

001 0.1
Translational energy (eV)
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TABLE |. Resonance features of the elastic collisions by the
adiabatic potentialwith Vin,g=0) in the energy ranges shown in
Fig. 12.

L Eres E max Type Shape
p+H

10 0.0140 0.0107 AB Window
12 0.0208 0.0215 QB Window
13 0.0329 0.0294 AB Window
16 0.0679 0.0665 AB Window
u +H

6 0.0378 0.0383 QB Peak
7 0.0769 0.0688 AB Peak
10 0.299 0.288 AB Window
11 0.480 0.435 AB Window
12 0.707 0.647 AB Window

PHYSICAL REVIEW A 66, 032506 (2002

Capture probability

Barrier height

case, the QB resonances might become much significant i
the reactivity were suppressed. To confirm this, we have re-
duced the strength of the imaginary potential artificially, and

0.05 0.06 0.07 0.08 0.09 0.10

0.04

have carried out the LCP calculations for-H. Figure 14
shows the calculated capture probabilitieslier 15 with use
of the imaginary partsVimag(R)=cVﬁnag(R), where ¢
=1,0.5,0.3, and 0.1. In the original case<(1), we have
no resonance structure. Whes: 0.5, however, the QB reso-

nance becomes more prominent with decreasing the strengg?

of the imaginary potential. A similar finding for the depen-

Translational energy (eV)

FIG. 14.E+ H capture probabilities obtained by the LCP calcu-
lation as a function of the translational energyfor L=15. The

strengths of the imaginary potential are taken to Wg.(R)

cvﬁnag(R), wherec=1, 0.5, 0.3, and 0.1. A vertical thin line in-
cates the barrier height of the effective potentigf **(R).

dence of the imaginary potential was also obtained in asso- The capture cross sections B=1 eV are almost the

ciative detachment of H+H [38]. As a matter of course,

the reaction cross section becomes much smaller than trw
Langevin value when the strength of the imaginary potential

same for the three systems af +H, K~ +H, and5+ H.
henE;<1 eV, theu™ cross section becomes smaller than

is very weak. Probably, it is generally true that the effect oft€ P One.

the resonances is less significant in the ion-molecule reaction

The capture processes at very low energies have been

when the reaction cross section is very close to the Langevifitidied by using the LCP model. Whép<0.1 eV, the cap-

value over a wide energy range.

IV. SUMMARY AND CONCLUSION

We have carried out the QM calculations fer +H and
K™+H at 5<E=10 eV, and the SC calculations far~

ture cross section is close and nearly proportional to the
Langevin value. Some interesting resonance structures are
seen in the capture cross section. However, the resonance
effect is not exceedingly drastic in the present case. Since the
LCP approximation is a quite simplified model, an accurate
QM description will be needed to discuss the details of these

+H andp+H at 0.I<E,<10 eV. We have found that the "€Sonances. The extension of the present time-dependent QM
empirical law is satisfied for the relation between the captur&@lculation to this low-energy region is very interesting.

probability P- and the classical turning poiRk, of the rela-
tive motion. The same fitting formula d®" vs Ry can be
used inK™+H and inp+H. The fitting formula becomes
slightly different inu.~ +H because of the large mass differ-
ence.
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