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Long-lived states of antiprotonic lithium pLi * produced in p+ Li collisions
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Antiproton capture by lithium atoms (p + Li — pLi* + e) is investigated at collision energies from 0.01 to
10 eV by using a semiclassical (also know as quantum-classical hybrid) method, in which the radial distance
between the antiproton and the Li* ion is treated as a classical variable, and the other degrees of freedom are
described by quantum mechanics. Analyzing the wave packet of the emitted electrons and making use of the
energy conservation rule enable us to calculate the state distribution of the produced antiprotonic lithium pLi*
atoms and also to distinguish between the capture and ionization (— p + Li*™ + ¢) channels at collisional energies
above the ionization threshold. This method is tested for the capture of negative muons by hydrogen atoms, which
was rigorously investigated in previous quantum mechanical studies. Most of the pLi* atoms produced in p + Li
are found to be sufficiently stable against Auger decays and are experimentally observable as long-lived states.
The present system bears close similarities to the system of p + He(2S). It is therefore expected that long-lived
antiprotonic helium pHe™ atoms can be efficiently produced in the p capture by metastable He(2>S) atoms.
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I. INTRODUCTION

Special attention is payed to long-lived states of an-
tiprotonic helium atoms (pHe") produced in the capture of
antiprotons (p) by helium atoms [1-3]. Delayed annihilation
of p in gaseous, liquid, and solid helium is attributed to the
existence of the long-lived pHe' atoms [1]. Furthermore, a
spectroscopic measurement of the pHe™ atoms is an effective
means of determining the fundamental physical constants such
as the p mass [2,3]. The pHe™ states produced in the capture
reaction are embedded in the continuum ﬁHe2+ + e, and are
usually unstable due to a prompt Auger transition. However,
if the p orbital in pHe™ has a large principal quantum number
N and, additionally, an angular momentum quantum number
L close to the maximum N — 1 (i.e., a circular or near-circular
state), the Auger transition requires a large angular momentum
change and hence can be suppressed [4-7]. This mechanism
of Auger suppression was proposed by Condo [4] and Russell
[5], and is considered to be the reason for the existence of
long-lived pHe™ atoms. As for the jp capture by other rare-gas
atoms, however, no positive evidence was experimentally
found for long-lived antiprotonic atoms [1,8]. For these targets,
although it was estimated that the probability of capture into
the near-circular states should be negligible [9], the full details
are still unknown.

Ahlrichs et al. [10] calculated the Born-Oppenheimer (BO)
potentials of the p + Li™ and p + Li** systems and suggested
that the Auger process of the circular state (L = N — 1) in
antiprotonic lithium atoms (pLi*) can be much slower than
thatin pHe™. A similar study was made by Révai and Belyaev
[11]. Shimamura et al. [12] further pointed out that the Auger
transition can also be strongly suppressed for much lower L
other than for L ~ N — 1. Thus, one can expect a more en-
larged possibility of producing long-lived antiprotonic atoms
in the p + Li collisions as compared with the case of p 4 He.
Nevertheless, in confirmation of the experimental observabil-
ity of pLi™ as the quasibound system, it is very important
to know the precise distribution of the pLi™ states produced
in the capture process and then to investigate the stability

1050-2947/2011/84(3)/032501(11)

032501-1

PACS number(s): 36.10.Gv, 34.50.Fa, 34.50.Lf

of the individual states. Cohen made a theoretical study of
the capture in p + Li by using a fermion-molecular-dynamics
(FMD) method [13]. Unfortunately, only the total capture cross
sections were calculated in his study. At the present time,
no theoretical calculation has been performed for the state
distribution of the pLi™ products in the p + Li collisions.

Recently, several quantum mechanical (QM) calculations
were carried out to provide the product-state distribution in
the captures by H, He™, and He [14-17]. However, the QM
calculation becomes exceedingly troublesome for the p + Li
system because the diffuse orbital of the valence 2s electron is
involved. In the capture reaction, the binding energy of the p
orbital in the pLi* product likely matches that of the valence
electron in the Li target. Then, the produced pLi* states consist
of very high principal quantum numbers N ~ 60, which
further complicate a sophisticated QM treatment. Another
possibility of performing a reasonable study for such cases
is to employ a semiclassical (SC) approximation, in which
the electron motion is described by quantum mechanics, and
the heavy particle motion is assumed to be classical.! The
SC calculations of the capture process were carried out for
a H target by Kwong er al. [18] and the present author
[19,20]. Although the SC method succeeded in reproducing
the total capture cross sections obtained by previous QM
calculations [20], it was unable to provide the product-state
distribution. A previous study [20] has confirmed, however,
that the mechanism of electron emission can be properly
understood within the framework of the SC method. It suggests
that the SC method might also be usable for getting information
of the product-state distribution if one made good use of the
conservation laws of angular momentum and of energy.

In this paper, an SC method is developed which allows the
calculation of the state distributions of the antiprotonic atoms
produced in p capture by atoms. The results are presented for

I'This approach is also referred to as a quantum-classical hybrid
approximation
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the capture process p + Li — pLi" + e, and the possibility
of the formation of long-lived pLi*" atoms in this process is
discussed. The cross section for the ionization process p +
Li — p +Lit + e is also calculated. A further comment is
provided on the long-lived pHe™ atoms produced in j capture
by metastable He(2S) atoms.

II. THEORY

A. Interaction

We assume that the p + Li system can be regarded as a
three-body (p,Li",e) problem, and that the interaction is given
by the sum of the two-body terms; that is,

V= Vepi+(r) + + Vst (R), (1)

IR —r]
where r is the position vector of e from Li*, and R is that of
p from Li*. Thus, in the present study, the processes related
to multielectron emission and to inner-electron excitation are
neglected. It is naturally expected that these processes occur
much less frequently than valence-electron emission. The
effect that the Li* core is not a point charge is included in
the two-body local potentials V,.p;+(r) and Vji+(R), which
behave as V. +(r) = —1/r and Vppi+(R) = —1/R at large
distances. For the valence electron in Li, Peach et al. [21]
provided a semiempirical-model potential, which gives the
2s-state energy & ; = —5.39 eV. This potential was adopted for
V,1i+(r). The relative motion between j and Li* is determined
by the potential V;.1;+(R). In the case of pHe™, the BO
approximation is appropriate for the high p orbital motion,
which can thus be regarded as the molecular vibration [22].
For this reason, the BO energies, calculated by Ahlrichs et al.
[10], were used for obtaining Vj.ri+(R). The same type of
approximation for the interaction was employed by Tong et al.
in the study of the p capture by He [15].

B. Semiclassical method

In the present SC method, differently from the ordinary
method, only the radial distance R is treated as a classical
variable, and all the other motions are described by quantum
mechanics [23]. For the quantum mechanical part of the
Hamiltonian, we consider

o L1 + L + Vi 2
= — —=r )
2mgrRZ  2m,r 9r? 2m,r? 0
where L is the angular momentum operator of pLit, T is
the electron angular momentum operator, myg and m, are the
reduced masses of p + Li™ and e + Li™, respectively, and

Vo = Ve (r) + 3)

R —r|
is the interaction associated with the quantum mechanical
motion. Here and in the following, we use a.u. unless otherwise
stated. The advantage of the present SC treatment is that the
conservation of the total angular momentum J = L + Tis taken
into account quantum mechanically. This allows us to directly
calculate the angular momentum distribution of the products
after the collisions. In the coordinate system (R,r) employed
in Eq. (2), the cross term actually arises in the kinetic energy
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operators (known as the mass polarization effect in the atomic
structure [24]). However, because the p mass is much smaller
than the Li* mass, we can practically neglect the cross term
(cf. Sec. III B).
The time-dependent Schrodinger equation in the SC method
becomes
i%\l”M(f(,r,t) = HU'MR,r,1). (4)

For the convenience of numerical calculations, the body-fixed
(BF) frame in which the z axis is chosen along R is introduced.
Using L? = (J —1)? in the BF frame, we can write the total
wave function WM (R,r,7) in the form [23]

VMR, = % > Dy, Ry ()

120
I+ 1)
—i | ———-dt'|, 5
X exp[ l/ IR ] (5)

where (J,M) are the total angular momentum quantum
numbers, A is the magnetic quantum number of [, = J,, and

Joee [ 2741 7V
Pin(R) = [8:1(1 + aAOJ
x [D3;, (R) + (=1)* D}, _, R)T* (6)

is the symmetrized and normalized form of the Wigner’s
rotation matrix element Dj,, (R).

C. Initial condition and classical trajectory
The initial condition of the wave function w’ *r,t) in
Eq. (5) can be chosen as [20]
Y/ (et = 0) = x(r; Ro) 8y, (7

where x (r; Ro) represents the BO state of p + Li, correlating
with the ground state of Li, and Ry = R(¢ = 0) is the initial
radial distance. The BO wave function x (r; R) is given by

Lo o Pyl ern=s R R)
2m,r 8r2r 2m,r? 0 rX(r’ ) = &nol rX > 5.
®)

The BO electronic energy Ego(R) has the limit Egp(00) =
&1y = —1, with I being the first ionization energy of Li.

As was discussed in the previous SC study [20], the time
dependence of the variable R(¢) can be given by the following
classical equation of motion:

me dR 2
E+&i=—|— Uei(R), 9
+ & 2<dt>+ett() 9)
where E is the collision energy and
(J +1/2)?
Uar(R) = L2 4 Ry 4+ Voo (R) (1)
2mRR

is the effective potential. The p 4 Li adiabatic potential
Uaa(R) = Epo(R) + VpLi+(R) has the asymptotic (R — 00)
form

o

Uua(R) = &L — W,

Y

where « is the polarizability of Li.

032501-2



LONG-LIVED STATES OF ANTIPROTONIC LITHIUM ...

D. Capture state analysis

In the present treatment, the trajectory R(#) given by
Eq. (9) never exhibits capture behavior: R always diverges
att — oo. However, it is found that the probability of electron
emission can be obtained with reasonable accuracy by using
this trajectory [20]. Here, we consider the collision energies
to be below the first ionization threshold of Li (i.e., E < I).
Then, the electron emission probability is just equal to the
capture probability, and the whole of the angular-momentum
and kinetic-energy distribution of the emitted electrons can be
related to the state distribution of the produced pLi™ atoms.

To discuss the product-state distributions, one needs to
express the total wave function W’ in the space-fixed (SF)
frame; that is,

. 1 .
MR = = Vi RE £ 00
Ll

X exp[ / ﬁdl} (12)

where 1’ is the electron coordinates represented in the SF
frame, L is the angular momentum quantum number of pLit,
[ is the electronic quantum number, the summation is restricted
to (—1)/TL* =1 owing to the parity conservation, and
% LJ IM (R,#)is the eigenfunction of the total angular momentum
given by

VIMRE) =Y (LMLIm|TM)Y Ly, RV (), (13)
MLWL

with the Clebsch-Gordan coefficient (LM Ilm|JM) and the
spherical harmonics Yy, . We notice the following relation
between the SF and BF angular basis functions [25]:

VI'RE) =Y U/IDy, ROYLE), (14)
A=0

with the orthogonal transformation matrix element

a_ (2L+1
=\ 27 +1

1+(_1)J+L+l
20 + 8012

) (LOIA|JX) (15)

Then, we can show that the wave function fLJl(r,t) in Eq. (12)
is calculated from v/*(r,) in Eq. (5) by using

Fhon =Y UL Yuly (1), (16)

A=0

For a sufficiently large » = ry, the wave function f, le(ro,t) rep-
resents the motion of emitted electrons and can be expressed
in the wave-packet form as

firot) = / g1,(ro,€)C,(e)e "' de, (17)

where gi,(r,e) is the out-going stationary wave function of
the electron having the kinetic energy ¢ and satisfying the
unit-energy normalization. From this definition, the coefficient
C/ ,(€) is related to the probability density by

dp/,
de

=|ci ). (18)
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For the numerical calculation of |C;,(€)|?, it is convenient to
analyze the outgoing flux of electrons [26,27]. This analysis
leads to

dPl 1T dAl
—= = —1 A , 19
de m, m | (4z) ar J,_, (19)
where
1 .
Al (re) = — / e'“! £ (r,t)dt. (20)
Ll m fLI

Integration of d P; J /de over € and the summation over [ yield
the probability of capture into the L state:

* df,
Pl = Ll —Hde = — / —L[ dt.
(=% [ Gtie= X [l oG
2L
Further summation over L gives the total capture probability:

Pex =y [y

my 2=0

d‘” > dt. (22)

In order to obtain the relation between the electron energy
€ and the internal state of the pLit atom, we apply the
conservation rule of the total energy Ei; that is,

Eo=E+&Li=Enp + ¢, (23)

where Ey is the energy of the vibrational motion supported
by the potential V5. +(R). The principal quantum number N of
the p orbital in pLi" can be defined by N = v + L + 1, with
v being the classical counterpart of the vibrational quantum
number; namely,

1 VImg (R (L +1/2)
VAt o= —— Enp — ———5—
2 g R, 2mgrR
12
Vp—Li+(R):| dR, 24)

where R; and R, are the turning points of the vibrational
motion. It should be noted that N is a continuous variable in
the present treatment. By using Eq. (23), we can have

dpy, _
dN

dpy,
de ’

‘BENL (25)

oN

and the derivative d Ey ;. /9 N is easily calculated from Eq. (24).
We define the probability (density) of the capture into the
(N, L) state as

ap/ dpy,
L _ , 26
dN Z dN (26)

The idea of utilizing the energy conservation in the SC method
was adopted by Ovchinnikov and Macek [28] in the calculation
of p capture by H. However, the addition of the angular
momenta and the relation between the BF and SF frames were
not properly taken into account in their study.
The total capture cross section is given by
b4

szE

o =

Q, Q7
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with
Q= Z(ZJ +1)P’. (28)
J
We define the energy distribution of the emitted electrons by
1 dp/,
Fle)= =) QJ+DH—H 29
(€)= 5 %‘( +D— (29)

and the state distributions of the products ﬁLiJr by

F(N,L) = 2(21 + 1)— (30)
F(N) = Z(2J + 1)— 31
F(L) = é > @I+ 1P/ (32)

J

E. Collision energies above the ionization threshold

When the collision energy is above the first ionization
threshold (i.e., E > I), the ionization channel (— p + Li* +
e) becomes open. In the present study, we can distinguish
between the capture and ionization channels according to
€ > E+ & ore < E + & . At collision energies E > I, the
total capture probability thus becomes

©  qpJ
P’ = / —*de (33)
Ll E+£Ll dé

and the total ionization probability is given by

E+&; dPJ
> f —Ltlge. (34)
0

P) =
I de

on

The total ionization cross section oj,, is defined in the same
way as in Eq. (27).

III. NUMERICAL CALCULATION

A. Numerical consideration

The BO electronic energies Ego(R) of the p + Li system
was calculated by using the grid-representation method based
on orthogonal polynomials [20,23]: the Laguerre polynomials
with 150 points for the r coordinate and the Legendre
polynomials with three points for the angular (9 = cos™! R - 7)
coordinate. This set of parameters gives the polarizability of
Li, « = 168 a.u., which is very close to the accurate value
162 a.u. [29]. In Fig. 1, the electronic energy Ego(R) and the
p + Li adiabatic potential Ung(R) are plotted and compared
with those of the p + H system. For reference, several energy
levels Ey; of the pLit atom are shown for L = 50. Because
Vo— R-r/ r3 in the limit » — oo, an infinite series of
electronic bound states exists in Eq. (8) at R > 0.639 a.u. [30],
and Egp(R) should be zero at R = 0.639 a.u. The present
calculation provides R = 0.949 a.u. for such a critical point. If
the distance is R < 1 a.u., it is hard to determine numerically
the accurate value of Ego(R), which is very close to zero.
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FIG. 1. Electronic energies Ego(R), adiabatic potential U,q(R) —
&L, and polarization potential —a/(2R*) of p + Li. Electronic
energies and adiabatic potential of p 4+ H are also shown. The
horizontal bars are the energy levels Ey; — & of pLiT for L = 50.

However, the accurate value is not so important in the present
study since the term Vj_1;+(R) dominates the p + Li adiabatic
potential Uyg(R) at R < 2 a.u. In the trajectory calculation,
Epo(R) = 0 is assumed at R < 0.949 a.u., as in the previous
treatment [20].

For the numerical calculation of the wave function vy /*(r,¢)
in Eq. (5), the grid-representation method was also employed.
The details are given in Ref. [23]. Depending on whether
A = even or odd, the Legendre or Gegenbauer polynomials
with three points were adopted for the 6 coordinate. For
the electron motion, since it was necessary to accurately
evaluate an outgoing flux at r = ry = 45 a.u., the Chebyshev
polynomials with 530 points were adopted in the range
0 < r < 80 a.u., and the complete absorbing potential [23]
was applied to avoid reflection from the outer boundary. The
channels of A = 0 and 1 were coupled, and the initial distance
was chosen as Ry = 5 a.u. The SC calculation was carried
out at collision energies 0.01 < E<10 eV. The total angular
momenta considered in the calculation are J < 33 at E =
0.01eVand J<125at E =10¢eV.

The existence of the unphysical 1ls state supported by
the potential V,p;+(r) may have an adverse effect on the
present results. One can remove this effect by applying the
projection operator P = 1 — |1s)(1s|, with |1s) representing
the unphysical 1s state. In the present study, the SC calculation
was carried out also by using the projected Hamiltonian. It can
be found that the effect of the unphysical 1s state is negligible.
This is because the unphysical state has an energy (~—50¢eV)
much lower than the 2s state. Therefore, we do not need to
worry about the presence of the unphysical 1s state.

The relation between the principal quantum number N and
the energy level E . is plotted in Fig. 2 for L = 20,40,60, and
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FIG. 2. Principal quantum numbers N plotted against the bound-
state energy Ey; of pLi*. The hydrogenic formula Ey; =
—mg/(2N?) is also shown.

70. If the Li* core can be regarded as a point charge, the energy
is given by the hydrogenic formula —mg/(2N?). As can be
seen in Fig. 2, the hydrogenic formula is applicable for L = 60
and is no longer useful for low L < 40. The core (Li™) effect is
larger for lower L, and the potential V_r;+(R) is more attractive
than —1/R at small distances [10]. Therefore, the energy Ey
for a fixed N decreases with decreasing L. As in the case
of Rydberg atoms [31], it is interesting to express the energy
levelinthe form Ey; = —mg/[2(N — nn1)?], with ny being
the quantum defect. Figure 3 shows the quantum defect ny,
plotted against N for several L. As L decreases, the effective
potential of jp 4+ Lit becomes deeper and, accordingly, the
quantum defect has weaker N dependence [31]. For very
high L, although the N dependence becomes significant, the
quantum defect itself is very small (ny; < N) so that the
hydrogenic formula is a very good approximation to the energy
level.

16 | | | | | | |

44— b
12+ =

Quantum defect

L =50
S
L =60

0 T T T T T T T
60 70 80 90 100 110 120 130 140

N

FIG. 3. Quantum defects ny; of pLi* for several L plotted
against the principal quantum number N.
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The procedure of the calculation in the SC method is
summarized as follows: (1) The time dependence R(¢) is
assumed to be the trajectory determined by the adiabatic
potential U,q(R). Then, the time evolution of the wave packet
Y /*(r,t) of the electrons is calculated in quantum mechanics.
(2) From the analysis of the outgoing flux of the electrons,
the angular-momentum and kinetic-energy distributions of the
emitted electrons are calculated. (3) Since the conservation
of total angular momentum is properly taken into account,
the L-state distribution of the capture products can be
straightforwardly obtained. (4) By assuming conservation of
total energy, one can derive the (N, L)-state distribution of the
capture products.

B. Applicability assessment of the present method

Before discussing the results of p + Li, we examine the
applicability of the present method for calculating the product-
state distributions. For this purpose, we consider the capture of
negative muons i~ by Hatoms [i.e.,u”™ +H — u~p(N,L) +
e], since accurate QM studies of the product-state distributions
are available [14,16]. The product i~ p in this reaction is called
muonic hydrogen, and its energy level is rigorously given by
the hydrogenic formula. In the = + H system, the interaction
is the sum of the pure Coulomb forms.

We examine the approximation assumed in obtaining
Eq. (2); namely, that the cross term in the kinetic-energy opera-
tors is neglected. (We call it the no-cross-term approximation.)
In the present study, the QM calculation based on the R-matrix
method [16] was carried out for the capture probabilities in
o~ + H with use of this approximation. The comparison with
the previous accurate R-matrix calculation [16] shows that
the approximation is reasonably accurate. Since the = + H
system has a mass ratio of ;™ to p similar to that of p to Li*,
the no-cross-term approximation is expected to be satisfactory
also for the p + Li system.

Next, the SC calculation was carried out for the state
distributions of the capture products in u~ + H. The total
angular momenta needed in this case are J<25 at collision
energies <10 eV. In Figs. 4 and 5, the SC results of the
state distributions F(N) and F(L) are compared with the
previous QM results obtained by the R-matrix method [16]
at low energies (<1 eV) and by the time-dependent method
[14] at high energies (> 1 eV). We see that the SC method
can reasonably reproduce the QM results at all the collision
energies of <10 eV. Although the number N appears to be
continuous in the SC calculation, we may draw attention to
only its integer value. The present SC method is found to
be sufficiently reliable for the detailed investigation of the
product-state distributions. For the p + Li system, much larger
values of J, N, and L are involved so that the present SC
method is expected to be more appropriate.

IV. FORMATION OF ANTIPROTONIC LITHIUM

A. State distribution

First of all, we investigate the energy distribution F'(¢) of the
emitted electrons in the p capture by Li. The results calculated
at several collision energies E are shown in Fig. 6. At the low
collision energies £ = (.1 and 1 eV, the distributions F'(¢) are
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FIG. 4. N-state distributions F(N) of ™ p produced in the p~
capture by H at several collision energies E, obtained by the QM
[14,16] and the present SC methods.

almost the same and have the maximum peak ate ~ 0.2 eV. At
high collision energies E > 2 eV, the E dependence becomes
recognizable, and the peak position of the distribution shifts
toward higher € with increasing E. At all the collision energies
considered here, we see that most of the emitted electrons can
only have kinetic energies falling within ¢ < 1.5 eV.

Figure 7 shows the L-state distribution of the capture
products pLit. With increasing energy E, higher angular
momentum states can be produced. At the low energies
E = 0.01 and 0.1 eV, the distributions show an abrupt decrease
beyond a certain value L = L (Lo = 32 and 55, respectively).
This occurs due to the barrier (local maximum) of the effective
potential Ugg(R), which can exist for J<70. [The highest

0.25 Lovw v b v b e e b e by

0.20 H

o, A QMe [
0, v QM[4
LeV o gc o

FIG. 5. L-state distributions F(L) of ™ p produced in the p~
capture by H at several collision energies E, obtained by the QM
[14,16] and the present SC methods.
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FIG. 6. Electron-energy distributions F(e) obtained by the
present SC method at several collision energies.

barrier height of Uy (R) measured from & ; is 0.283 eV for
J =70.] Let Jpax be the maximum total angular momentum
such that the barrier height is below a certain collision energy
E (cf. orbiting collisions). Then, at this energy E, the capture
reaction is classically allowed only if J<Jnax. Since the
electron angular momentum / is always very small, we can
roughly assume Ly =~ Jp.x [16]—indeed, Jy,x = 33 for E =
0.01 eV and Jx = 57 for E = 0.1 eV (for reference, the pure
polarization potential gives Jy.x = 33 and 59, respectively).
At high energies (E > 0.283 eV), there is no such potential
barrier effect, and hence the L distributions become entirely
smooth.

For each given L, the N distributionis shownat E = 0.1 eV
in Fig. 8. The principal quantum number N takes values up
to the maximum Np,x determined by Eq. (23) with € = 0.
Furthermore, because the energies of the emitted electrons are
mostly limited to € < 1.5 eV (Fig. 6), the capture into the

0.06

—{1+ E=0.01eV
—/— E=0.1eV
—%— E=1eV
—@— E=4¢eV
0.04 + =

0.05

0.03 4 K =

(L)

0.02 -

0.01 |

FIG. 7. L-state distributions F(L) obtained by the present SC
method at several collision energies.
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FIG. 8. (N,L)-state distributions F'(N,L) for several specified L
obtained by the present SC method at the collision energy E = 1 eV.

N < 60 states remains a rare event. As just seen in Fig. 7,
the product states span a range L < 55 at E = 0.1 eV. For
such low L, the level structure of pLi™ is quite different from
the hydrogenic one (Fig. 2). Accordingly, Ny is strongly
dependent on L and is getting larger as L decreases: The
assumption of the hydrogenic level provides Np,x =~ 64. The
peak position € ~ 0.2 eV in the distribution F(e) at E =
0.1 eV corresponds to Ey; >~ —5.5 eV from Eq. (23). We
can roughly estimate the peak positions in Fig. 8 by drawing
the line En; = —5.5 eV in Fig. 2. For the case of a high
collision energy (E = 4 eV), the N distribution for each L is
shown in Fig. 9. At this energy, as seen in Fig. 7, the states
with very high L (>50) are abundantly produced. Because the
level structure becomes hydrogenic for these high-L values
(Fig. 2), most of the major distributions in Fig. 9 are gathered
around N =~ 115 and have a similar value of Np,,x (=~125). An
interesting feature observed in Fig. 7 is that the distribution
profile for low L (<45) seems to be qualitatively different
from that for high L (=45) at all the energies £ > 0.1 eV. It
is evident that this feature reflects the level structure of pLi%.
No such feature can be observed in £~ + H (Fig. 5): The level
structure of u~ p is purely hydrogenic.

Figure 10 shows the N-state distribution of the capture
products pLit. In this figure, only the integer values of N
are plotted. As the energy E increases, the product states with
higher N becomes energetically allowed. The fact that very
high states N > 60 are always associated with the capture
process encourages us to apply the SC method to this problem.
As in the case of the L distribution F(L) (Fig. 7), the
N distribution also consists of two parts (e.g., N < 67 at
E=0.1eV,Ns8atE =2eV,and N < 126 at E = 4¢V).
From the discussion given above, we can associate the lower-N
part of the distribution with the products having the hydrogenic
high-L states and the higher-N part with the products having
the nonhydrogenic low-L states. The comparison with the
©~ + H system is also interesting: In Fig. 4, the “high-N tail”
(i.e., the nonhydrogenic part) of the distribution is intrinsically
missing. In order to accurately calculate the product-state
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FIG. 9. (N, L)-state distributions F'(N,L) for several specified L
obtained by the present SC method at the collision energy E = 4 eV.

distributions in p + Li, one must take account of the fact that
the pLi* atom has a nonhydrogenic level structure.

B. Total cross section

The total capture cross sections o at collision energies E =
0.01 — 5 eV are shown in Fig. 11. The capture cross section
for the Li target is much larger than that for the H and He
targets [14,15,20] because the 2s valence state of Li is very
diffuse. At very low energies, the so-called Langevin cross
section oy = w2/ E)'/? can be a measure of the ion-molecule
reaction cross section. In Fig. 11, the scaled Langevin cross
section ko, with k = 0.67 is plotted, and we see that it agrees
well with the present SC cross section at E < 0.2 eV; the
factor ¥k = 0.67 is smaller than « = 0.89 in p + H [20]. If
the local maximum of the effective potential Uk(R) plays no
important role (i.e., E > 0.283 eV), the adiabatic ionization
(AI) model [32] may be more reasonable. However, the Al

0.20 sl e bt b b e b |
—@— E=0.1eV
N~ EF=1¢eV
0.15 =
—*— E=2¢eV
M F=3¢eV
—)— E=4eV
g 0.10 ~
0.05 =
0.00 - =
60 80 100 120 140
N

FIG. 10. N-state distributions F(N) obtained by the present SC
method at several collision energies.

032501-7



KAZUHIRO SAKIMOTO

AO‘\\ .
o

1000 - RN L

1 QN E

E ] L
< 100 4 L
© ] r
] O Present [

1 * FMD i

————— Langevin x 0.67
)l —— Al form ¥ [
0.01 0.1 1 10

E (eV)

FIG. 11. Total capture cross sections o obtained by the present
SC method at collision energies E = 0.01 to 5 eV. Also shown are
the FMD results [13], the Langevin cross sections multiplied by the
factor k = 0.67, and the cross sections obtained by assuming the Al
form with the fitting parameter Ry = 1.3 a.u.

model usually provides too-small capture cross sections [32].
Here, the capture cross section is assumed to have the same
form as the Al one:

7(Ro)?

oAl = [E — Uaa(Ro) + ELil (35)
where Ry is treated rather as a fitting parameter: Ry may be
regarded as an effective interaction range. In Fig. 11, the result
of the Al model with Ry = 1.3 a.u. is shown, and it nicely
reproduces the present cross sections at £ 2 0.2 eV. As in the
case of the p + H system [20], we may offer an empirically
fitting formula for P/ vs Ryp, with Ryp being the classical
turning point in Eq. (9). Using the present SC data, we may
have

Pﬁ{ﬁng = [1.08 — 0.493 exp(1.14Ryp)]
x exp[—0.0237(Rrp)> 4], (36)

within the error of ~10%. This formula is useful for roughly
estimating the total capture cross section in p + Li at any
energy below the ionization threshold. Equation (36) provides
very small probabilities for Rtp > 3 a.u. and has the local
maximum at Rrp ~ 1.1 a.u., which is slightly smaller than
Ry in Eq. (35). Cohen carried out the FMD calculation of
the total capture cross sections in p + Li [13]. His results are
also shown in Fig. 11. The FMD cross sections at the two
lowest energies reported by Cohen are not so different from
the present results. However, the applicability of the FMD
method at very low energies is problematic because it cannot
accurately describe the polarization effect [13].

In the energy range E = 4 to 10 eV, the total capture cross
sections o are displayed in Fig. 12. The breakup ionization
channel is open at energies above the threshold 7 = 5.39 eV.
The total ionization cross sections oj,, obtained by using
Eq. (34) are also shown in Fig. 12. At collision energies
exceeding E = I, the capture cross section decreases rapidly,
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FIG. 12. Total capture (o) and total ionization (o;,,) Cross sections
obtained by the present SC method at collision energies £ = 4 to 10
eV. The ionization threshold of Li is I = 5.39 eV. Total capture cross
sections obtained by the FMD method [13] are also shown.

and, competitively, the ionization cross section rises up. Let
A€ be the width (~1.5 eV) of the distribution F(e)at E ~ [.1t
is evident from Egs. (33) and (34) that the drastic change in the
cross sections occurs at energies in a narrow range (1,1 + Ae€).
Since A€ is small, the ionization cross section turns out
to take large values even near the threshold (E 2 I + Ae€);
such a feature was reported in a QM study for p + H [33].
The obvious alteration in the behavior of the capture cross
section just above the ionization threshold was reported also
in the FMD and classical trajectory Monte Carlo (CTMC)
calculations for the captures by H and He targets [13,32,34,35].
For heavier targets including Li atoms, however, the FMD
calculation shows rather a smooth behavior around the first
ionization threshold [13,32]: At the energy E = 8.16 eV
(0.3 awu.) in Fig. 12, the FMD capture cross section [13]
takes a significantly large value, although the present one is
negligibly small. Cohen presumed that multielectron processes
were attributable to the smoothness around the first ionization
threshold. In the present method, unfortunately, such effects
cannot be taken into account. For the p capture by He™, the
FMD method was found to considerably overestimate the
capture cross section [17]. This may suggest that the FMD
method is unsuitable for the capture process accompanied by
the emission of inner (i.e., strongly bound) electrons. The QM
treatment of the electrons is crucial for fruitful discussion on
the multielectron effect.

V. LONG-LIVED ANTIPROTONIC ATOMS

A. Antiprotonic Lithium

The pLit atom has a decay channel due to the Auger
transition; that is,

PLIT(N,L) - pLi**(N',L') +e. (37)

Here, we discuss the stability against this Auger channel.
Figure 13 shows the effective potentials of the p 4+ Li* and
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FIG. 13. Effective potentials of p + Li** for the relative angular
momenta L' = 28,35,38, and 39 (from bottom up) and of p + Li* for
L = 30,40,50, and 60 (from bottom up). The BO electronic energies
of these systems are taken from Ahlrichs ez al. [10].

7+ Li%* systems obtained by using the data of Ahlrichs
et al. [10]. We can see that the p + Li*" effective potential is
everywhere positive for L’ > 39, and thus that L’ must be <38
in Eq. (37) for any L. This means that, if the state of pLi™ is
L > 39, then the angular momentum change AL = |L" — L|
is AL > L — 38. Since AL is roughly equal to the angular
momentum [/’ of the Auger electron, the Auger transition
should be strongly suppressed for L > 39. The minimum
of the p + Li** effective potential for L’ = 28 is lower than
the minimum of the p + Li* one for L = 30. Therefore, it
is easily inferred that the pLi™ states with L < 30 can have
large Auger decay rates. If the condition that the pLit(N,L)
state be measurable within the lifetime can be satisfied by
AL > 2, as in the case of pHe™ [1,6], the states with L > 40
are measurable in pLiT. Figure 13 further shows that the
Franck-Condon overlap between the two states to be connected
by the Auger transition is very small if L 2 50. Also in
this sense, the Auger transition would become practically
negligible for L 2 50. These conclusions hold for any value
of N > L, and are not limited to the near-circular states.
Next, we examine the stability of the produced pLi" state
in the capture reaction. Figure 14 shows the quantum numbers
Ly and Ny which give the maximum values of the distributions
F(L) and F(N), respectively. From the discussion in the
previous section, we can assume Lo =~ Jyax if E < 0.283eV. It
follows that Ly — 0 as E — 0. However, if £ > 0.02 eV, we
have Lo > 40 so that most of the produced pLi" turn out to be
fairly stable against the Auger process. Shimamura et al. [12]
suggested that the Auger transition can be suppressed always
for N > 45unless L < N.In contrastto the L distribution, the
product states are always N 2 60 regardless of the energy E.
Furthermore, we can see in Figs. 8 and 9 that the capture into
low-L states results in a relatively large amount of the products
having rather very-high-N states. In conclusion, long-lived
pLit is expected to be effectively produced in almost all
the capture processes except at extremely low energies. As
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FIG. 14. Quantum numbers L, and N, which give the maximum
values of the distributions F (L) and F(N), respectively. Shown by
the vertical dotted line is the energy (0.283 eV) corresponding to the
barrier height of the effective potential Ueg(R) — &; for J = 70.

was suggested in previous studies [10-12], the formation
of the long-lived antiprotonic atoms occurs indeed far more
frequently in the p 4 Li collisions than in p 4 He. Also, for
the targets of alkali-metal atoms other than Li, the efficient
formation of long-lived antiprotonic atoms can be expected
by the same token. The present result strongly encourages the
performance of spectroscopic studies of antiprotonic lithium
in the same way as was done for antiprotonic helium [1,3],
although no delayed annihilation of p was experimentally
observed in solid Li metal [36]: The capture dynamics may
differ considerably between the gas phase and the metal phase
for alkali-metal atoms.

B. Antiprotonic helium

Finally, we consider the pHe™ atom. Figure 15 shows the
effective potentials of the p + He' and p + He** systems
obtained by using the data of Shimamura [22]. It is interesting
that the potential feature of Fig. 15 is very similar to that
of Fig. 13. The jp + He?" effective potential is always above
the He'(1s) energy for L’ > 38. We can see that the Auger
transition is strongly suppressed for the pHe™ states with L >>
38 and is promoted when L < 30.

In p capture by He, Tong et al. [15] provided detailed
information on the product-state distribution at a single colli-
sion energy of 10 eV and show that the dominantly populated
(N, L) states of pHe™ are N ~ 40 ~ 45 and L ~ 25-40. As
the collision energy decreases, those corresponding L should
become small. Therefore, the pHe™ states produced in the
capture would be mostly unstable due to the Auger transition
if the collision energy is much lower than 10 eV. For this
reason, only the near-circular states, which are produced at
a rate of only a few percent in the capture by He, can play
an important role in the measurements of pHe' [1,9]. It
should be mentioned here that Tong ez al. [15] employed the
no-cross-term approximation, in the same way as introduced in
Eq. (2). This approximation can be validated for heavy mass
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FIG. 15. Effective potentials of 5 + He" for the relative angular
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for L =30,40,50, and 60 (from bottom up). The energies are
measured from the He*(1s) level. The BO electronic energies of
p + He™" are taken from Shimamura [22].

targets like Li atoms (cf. Sec. III B), but its applicability to
the He target is uncertain: The no-cross-term approximation is
indeed poor with regard to the low-lying prominent resonances
in p + He™ collisions [17] although resonances are absent in
p + He. A further theoretical study of the p capture by He is
needed.

If the He atom is in a metastable state such as 23§ (its
binding energy being 4.77 eV), then all the conditions for
the capture and subsequent Auger processes in the case of
p + He(23S) become analogous to those in p + Li. Matching
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the pHe™ energy to the 23S level of He leads to the most
probable N ~ 65, and it indeed follows that the long-lived
pHe™ atoms having L > 38 can be produced in the capture.
The potential observability of such high-L states was also
suggested by Tolstikhin et al. [37]. On the analogy of the
present result for p + Li, we can naturally expect that the states
with L > 38 are produced abundantly in p + He(235). Thus,
p capture will be an efficient formation process of long-lived
pHe™ if the metastable He(23S) atom is chosen as the target.

VI. CONCLUSION

The SC method has been developed for the calculations of
not only the total cross sections but also the product-state
distributions in the capture of antiprotons by atoms. The
applicability of the present method has been demonstrated
for the capture of negative muons by H atoms: the accurate
QM calculation was already performed for this system. By
using the present method, one can calculate the cross sections
for the capture and ionization separately even at energies
above the ionization threshold. It has been found that the p
capture by Li atoms occurs to form antiprotonic lithium atoms
pLit mostly in the states with L > 50 (if E > 0.1 eV) and
N > 60. Therefore, most of the pLi™ atoms produced in the
capture exhibit sufficient stability against Auger transition and
can be observed in experiments as long-lived states. Noting
similarities between p + Li and p + He(2S), one can also
expect efficient formation of long-lived antiprotonic helium
atoms pHe™ in p capture by He(2S) atoms.
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