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Capture of antiprotons by some radioactive atoms and ions

James S. Cohen*
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

~Received 8 August 2003; published 3 February 2004!

Cross sections for antiproton capture are calculated using the fermion molecular dynamics method for ions
of current interest in experiments determining nuclear structure of the radioactive nuclei8He, 11Li, 11Be, and
21Mg. The cross sections for the corresponding neutral atoms are also calculated. It is found that, except for
helium, the cross sections for the ion and neutral atom at usual capture energies are similar, i.e., neither the
enhanced trajectory curvature nor the absence of the most weakly bound electron have great effect. The
behavior of the cross sections is also analyzed at very low collision energies, where the ion cross sections go
as 1/E and the neutral cross sections as 1/AE.
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I. INTRODUCTION

With the recently developed source of slow antiproto
~antiproton decelerator, AD at CERN! it is possible to do
much more precise experiments with antiprotonic (p̄) atoms
@1,2# as well as with antihydrogen@3,4#. Previous experi-
ments with antiprotonic atoms have observed the x-ray c
cade@5# and spectroscopy of antiprotonic helium (a p̄e) @6#
after capture, but were unable to measure the capture c
section itself or even the ratio of these cross sections
components in a target mixture. While experiments w
other exotic atoms~negative muonsm2 and pionsp2) have
measured the capture ratios for many mixtures@7#, the cap-
ture cross sections have largely been left to theory. So
stopping times for low-energy (v&1 a.u.) negative muon
have been experimentally measured@8,9#, but this time de-
pends mainly on the slowing-down cross sections and
greatly on the capture cross sectionper se.

Recent theoretical calculations have indicated some
matic effects of electron correlation and molecular struct
that make the capture cross sections themselves of grea
rent interest. However, the finite lifetime of them2 andp2

make direct measurements of the cross sections for cap
very difficult. This limitation does not apply top̄. Modern
theory predicts that capture occurs at collision energies
the order of the target electronic binding energies.

Previous calculations of exotic particle capture have b
made only for neutral targets, though the main reason for
restriction was relevance to experiments. The incipient av
ability of trapped antiprotons changes this picture. In fact
planned experiments with radioactive ions~RI! @10#, the ex-
perimental roles of thep̄ and ion may be reversed, with
beam of ions brought into a target of trapped antiproto
Theoretically, of course, only the energy in the center-
mass system matters. Ions provide some distinct experim
tal advantages: they are much more easily steered and
tained than are neutral atoms.

The resulting antiprotonic atoms provide excellent prob
of nuclear structure. First, the cascade x rays and Auger e
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trons exhibit nuclear size effects. Then the ultimate annih
tion, which produces different pions@11# and residual nuclei
depending on whether it occurs with a neutron or prot
provides information on the surface distribution of nucleo
Though the primary motivation for these experiments
characterization of radioactive nuclei, they will also provi
a new opportunity for studyingp̄ capture. Beforehand, ther
is the need to have an estimate of the capture cross sec
and collision energies at which captures occur in order
design the experiments. This information is needed to ga
both the characteristics required for the RI beam (E and
DE/E) and the magnitude of the anticipated signal, sin
exotic atom formation has not previously been observed w
ionic targets. The cross section is also important for de
mining the acceptable background and minimum useful
dioactive lifetime for a different experimental arrangeme
where the ion and thep̄ may be placed in a nested trap.

We are presented with an interesting question: Is the
cross section smaller or larger than the neutral cross sect
In the absence of data, one can argue in both directions
one hand, the positive ion will deflect the negativep̄ to a
closer approach and stronger interaction. On the other h
there is one less electron to ionize and carry off the bind
energy, and the remaining electrons are more tightly bo
than in the corresponding neutral atom.

The leading candidates for the radiative ions are8He1,
11Li1, 11Be1, 21Mg1, 78Ni1, and 100Sn1 @12#. Previous
calculations on the group of noble-gas atoms, He, Ne, Ar,
and Xe, suggests that electron correlation is quite impor
and all the atomic electrons are involved to some exten
the capture process@13#. This might not be considered to
surprising since the negativep̄ is subject to an increasingly
attractive potential all the way to the nucleus. However
does present a theoretical challenge in that it means th
core potential for high-Z atoms would need to be chose
with great care, and no existing completely quantu
mechanical method is capable of treating the problem. T
present work circumvents this problem by treating all ele
trons explicitly. For this reason, it is practical to treat on
the lighter ions,8He1, 11Li1, 11Be1, and 21Mg1, which
should, in any event, be sufficient to exhibit the general ch
acteristics. Similar calculations are done on the neutral ato
©2004 The American Physical Society01-1
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TABLE I. FMD parameters. The associated first and second ionization potentials and total energ
compared with accurate values~experimental for the ionization potentials and Hartree-Fock for the t
energy!. In all cases,aH52.0 andaP51.0.

FMD parameters Associated energies~a.u.!
jH jP I 1

(FMD) I 1
(expt) I 2

(FMD) I 2
(expt) Etot

(FMD) Etot
(H-F)

He 0.927 2.609 0.989 0.904 1.862 2.000 22.85 22.90
Li 0.925 4.005 0.198 0.198 2.860 2.780 27.26 27.48
Be 0.911 4.183 0.404 0.343 0.573 0.669 214.5 214.7
Mg 0.957 2.171 0.296 0.281 0.549 0.553 2193 2200
Mg8 0.919 2.238 0.281 0.281 0.456 0.553 2200 2200
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to directly discern the difference inp̄ capture by the atom
and its ion.

II. THEORETICAL METHOD

A. Effective Hamiltonian

The antiproton capture is treated by solving Hamilto
classical equations of motion using an effective potential t
ing some essential quantum-mechanical effects into acco
The effective potential is that proposed by Kirschbaum a
Wilets ~KW! for atomic structure@14#. In this model,
pseudopotentialsVH andVP constrain the quasiclassical dy
namics to satisfy the Heisenberg uncertainty and Pauli ex
sion principles, respectively. The resulting multielectr
atom, which does not exist classically, is stabilized and p
sesses a shell structure@15#. Similar terms are included fo
the exotic atom structure, but have little effect since it
formed in highly excited states, which behave nearly cla
cally according to the correspondence principle.

For an atomic target, the KW effective Hamiltonian is

HKW5H01VH1VP , ~1!

where

H05
1

2mn
pn

21
1

2me
(
i 51

Ne

pi
22(

i 51

Ne Ze2

r ni
1(

i 51

Ne

(
j 5 i 11

Ne e2

r i j
~2!

is the usual Hamiltonian and the added pseudopotentials

VH5(
i 51

Ne

f ~r ni ,pni ;jH ,aH! ~3!

and

VP5(
i 51

Ne

(
j 5 i 11

Ne

f ~r i j ,pi j ;jP ,aP!dsi ,sj
. ~4!

The sums are over theNe electrons,r ni (pni) is the relative
distance ~momentum! of electron i with respect to the
nucleusn, r i j (pi j ) is the relative distance~momentum! of
electron j with respect to electroni, and si is the spin of
electroni.

The form of the constraining potentials is taken as@14#
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f ~r ln ,pln ;j,a!5
~j\!2

4ar ln
2 mln

expH aF12S r lnpln

j\ D 4G J
~5!

in terms of the dimensionless parametersj anda, where the
subscriptsl andn designate pairs of particles with reduce
massmln . The parameterj represents the size of the co
~Heisenberg or Pauli!, while a represents its hardness.

B. Parameters of the pseudopotentials

The values ofaH and aP were fixed at 2.0 and 1.0, re
spectively, as recommended by Beck and Wilets@16#. Choice
of the parametersjH andjP generally allow the matching o
two physical characteristics of the actual atomor approxi-
mate matching of some set of characteristics. For negat
exotic-particle capture the single most important property
expected to be the target ionization energy. Higher ionizat
potentials and shell structure may also significantly affect
dynamics.

To ensure consistent treatment we employ the same
of parameters for an element and all its ion stages. For
ance, we chose to fit, in a least-squares sense, three ch
teristics, namely the first and second ionization potentialsI 1
and I 2) and the total electronic energy (Etot) of each atom.
Accuracy of the total energy implies correctness of the av
age ionization potential as well. For each pair of trial para
eters in the nonlinear least-squares procedure, the coo
nates and spins of all electrons are varied to minimize
energy given by the functional Eq.~1! ~with mn→`), sepa-
rately for the neutral ion, its singly charged ion, and its do
bly charged ion. That is, the determination was actually c
ried out as a nested nonlinear least-squares procedure.

The resulting optimum parameters for He, Li, Be, and M
are given in Table I. In all these cases, the minimum ene
states were found to be the minimum spin states (S50 for
even numbers of electrons,S51/2 for odd numbers of elec
trons!, as is the case for the true quantum-mechanical gro
states of these atoms and ions. This is not the result of aa
priori constraint and, in fact, is not always the case with
KW ansatz @17#. The distances of the electrons from th
nucleus for the atoms and first ions are shown in Fig. 1~of
course, the electrons have angular coordinates as wel
equal values ofr e do not mean the electrons are on top
each other!. In the cases of He, Li, and Be, thea and b
1-2
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FIG. 1. Distances of the electrons from the nucleus in the initial KW configuration for~a! the atoms and~b! the singly charged ions. Both
the broken-symmetry solution~Mg! and alternative symmetry solution (Mg8) are shown for magnesium~see text!. The bars above the axi
correspond toa ~spin-up! electrons and the bars below the axis correspond tob ~spin-down! electrons.
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electrons are paired, i.e., they display the symmetry of
Hamiltonian, Eq.~1!. However, the optimum solution for Mg
displays broken symmetry for the more weakly bound el
trons, unlike the ground-state quantum-mechanical confi
ration.

To better understand the source and effect of this bro
symmetry solution, another optimization was done with
slightly different criterion, namely, matching ofEtot and I 1,
without regard forI 2. This description allowsEtot and I 1 to
be fit exactly. This solution is also given in Table I and F
1, and we will refer to it as Mg8. It displays symmetry. While
the associatedI 2 is not as good as before, it is still reaso
ably close to the true value. This solution and the brok
symmetry solution, both obtained without any constrain
are close in energy and thep̄-capture dynamics is carried ou
with both to give some measure of the sensitivity of the cr
section to the initial target configuration.

C. Monte Carlo calculation of the cross sections

Dynamics carried out with the KW ansatz for the atom
structure is known as fermion molecular dynamics~FMD!
@18#, with the Hamiltonian
02250
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HFMD5HKW1
1

2mx
px

21(
i 51

Ne e2

r ix
2

Ze2

r nx

1 f ~r nx ,pnx ;jH ,aH!, ~6!

wherer nx (pnx) andr ix (pix) are the relative distances~mo-
menta! of the negative exotic particlex with respect to the
nucleus n and electrons, respectively. The FMD meth
solves Hamilton’s classical equations of motion,

ṙ5“pHFMD , ~7a!

ṗ52“ rHFMD , ~7b!

in terms of the laboratory-frame variables,r5$r p̄ ,rnuc,re
( i )%

andp5$pp̄ ,pnuc,pe
( i )%, including all electrons,i 51 –Ne .

The initial conditions of the target are set by performing
random Euler rotation of the target particles as a rigid bo
@19# with coordinates determined by the procedure in
preceding section. Thep̄ was normally started at a distanc
10a0 away. At the lowest energy, calculations were also do
with the initial distance increased to 20a0, but the cross sec
1-3
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TABLE II. Cross sections for capture ofp̄ by atoms.

scapt ~units of a0
2)

Ec.m. ~a.u.! p̄18He p̄111Li p̄111Be p̄121Mg p̄121Mg8

0.01 80.963.6 436620 477624 578689 653689
0.1 17.560.3 4762 43.560.9 12266 14564
0.2 9.4460.15 17.961.1 20.960.6 65.163.0 75.461.5
0.3 6.7360.08 5.3260.09 12.960.4
0.4 5.3760.06 3.2360.07 8.5360.24 35.762.3 39.262.1
0.5 4.4760.07 2.4260.07 5.1560.13
0.6 3.9660.06 1.6960.07 3.0860.12 22.961.1 24.661.0
0.7 3.5660.05 1.2860.07 2.0160.11
0.8 3.2460.05 1.0460.07 1.3860.11 16.160.8 17.160.7
0.9 2.9560.05 0.8160.06 1.2660.11
1.0 2.7160.06 0.7560.03 1.0160.04 12.460.4 12.660.5
1.1 1.4860.07 0.5460.02 0.7760.04
1.2 0.8560.02 0.4960.02 0.6460.04
1.5 0.2860.02 0.3160.02 0.4260.03 8.060.6 8.460.6
2.0 0.0760.01 0.1360.01 0.2160.02 5.660.3 5.160.3
2.5 0.00860.003 0.0760.01 0.1260.02
3.0 0.00260.002 0.0360.01 0.0860.01 2.8960.13 2.6060.13
4.0 0.01060.004 1.8560.16 1.6760.16
6.0 0.7360.05 0.6760.04
8.0 0.3760.04 0.4260.04
10.0 0.2460.04 0.2860.04
12.0 0.1360.03 0.1960.03
15.0 0.0660.02 0.1060.02
n
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tions were little changed. The trajectories were then run lo
enough to clearly identify whether or not thep̄ was captured,
but the final state was not otherwise characterized. Eno
trajectories were run to get sufficient statistics at reason
computational cost.

The trajectories were run in ranges of impact parameteb
chosen by uniform sampling ofb2P@(bi 21)2,(bi)

2#. In the
first range@b0 ,b1#, b050 andb1 was taken to be such tha
a small number~usually 2–3! of impact-parameter range
will be required to converge the cross sections withbi 11

5A2bi . The number of trajectories in each range was u
ally 500 for the He and Li targets, 200 for the Be target, a
100 for the Mg target.

In the i th range of impact parameter, the contribution
the cross section for a reactionR is given by

sR
( i )5

Ni
(R)

Ni
tot

p@~bi !
22~bi 21!2# ~8!

with standard statistical error~assuming a binomial distribu
tion! @20#

DsR
( i )5sR

( i )S Ni
tot2Ni

(R)

Ni
totNi

(R) D 1/2

, ~9!
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whereNi
(R) is the number of trajectories in whichR occurred

out of the totalNi
tot trajectories run withbP@bi 21 ,bi #. The

integrated cross section is thus

sR5(
i

sR
( i ) ~10!

with estimated error

DsR5S (
i

~DsR
( i )!2D 1/2

. ~11!

III. RESULTS

The p̄-capture cross sections, with statistical error ba
are given in Tables II and III for the neutral atoms and t
ions, respectively. The cross sections for each neutral a
and ion are compared in Figs. 2~a!–~d! for He, Li, Be, and
Mg. The most evident features are:~i! the magnitude of the
cross section generally increases with increasingZ ~except
for He at Ec.m.'1 a.u.), ~ii ! the highest energy at which
capture occurs increases with increasingZ, and~iii ! the dif-
ference between the neutral and ion cross sections dimini
with increasingZ. The increase in cross section and captu
energy withZ is in keeping with the previous study of th
noble-gas atoms. The decreasing effect of the most we
bound atomic electron is consistent with more electrons p
ticipating in the capture process.
1-4
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TABLE III. Cross sections for capture ofp̄ by atomic ions.

scapt ~units of a0
2)

Ec.m. ~a.u.! p̄18He1 p̄18He81 p̄111Li1 p̄111Be1 p̄121Mg1 p̄121Mg81

0.01 29567 21567 230612 662635 13356130 14146125
0.1 14.760.6 13.560.6 16.460.6 5163 13465 13765
0.2 5.3460.17 4.8360.17 6.660.3 17.461.0 66.662.8 71.562.2
0.3 2.8660.10 2.5860.09 3.9760.09 8.5860.26
0.4 1.6960.08 1.7060.08 2.7060.08 4.7060.16 33.762.4 35.262.3
0.5 1.0660.07 1.0160.07 1.8160.07 3.1960.13
0.6 0.7660.06 0.7460.06 1.4560.07 2.1460.13 21.561.2 20.461.3
0.7 0.6760.06 0.5960.06 1.0360.07 1.6260.11
0.8 0.4560.05 0.3860.05 0.8660.06 1.2660.11 16.560.7 15.560.8
0.9 0.2660.02 0.2760.02 0.6260.06 0.9460.10
1.0 0.1960.02 0.2060.02 0.5960.02 0.8360.04 12.160.3 12.360.3
1.1 0.1060.01 0.1560.01 0.4660.02 0.7160.04
1.2 0.0860.01 0.1160.01 0.4160.02 0.5360.04
1.5 0.0360.01 0.0360.01 0.2560.02 0.3360.03 7.560.6 7.260.6
2.0 0.00560.002 0.1260.01 0.1360.02 5.060.3 4.960.3
2.5 0.0660.01 0.0960.02
3.0 0.0360.01 0.0660.01 2.6460.13 2.4260.13
4.0 0.00360.002 0.00660.003 1.7660.16 1.4860.16
6.0 0.7660.05 0.6760.05
8.0 0.3560.04 0.4260.04
10.0 0.2160.04 0.2860.04
12.0 0.1560.03 0.1860.03
15.0 0.0860.02 0.0960.03
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For He1, which has only the one tightly bound electro
the cross section is much less than for He except at very
energy where the effect of trajectory curvature domina
For the bigger atoms, the ion cross section is modera
smaller than the neutral cross section except at quite
energies. In any case, trajectory curvature due to the lo
range Coulomb attraction between the negative antipro
and positive ion must dominate below some energy, but
energy can be seen to be quite low.

For helium, one might question the use of the avera
parameterjH , given in Table I, for the one-electron He1 ion,
which, like the hydrogen atom, can be treated with the ex
I 2 using the original KW parameterjH5(111/2aH)21/2.
Thus we have redone thep̄1He1 calculations with this pa-
rameter and show the results for comparison~designated
‘‘He 81 ’’ !. It can be seen that the two results are generally
quite good agreement. At the highest collision energies
treatment with the exactI 252.0 does yield a somewha
larger cross section than the treatment withI 251.86, as
might be expected from the higher ionization potential tak
more energy from the incident antiproton. However, the
cross section depends smoothly on energy and is neglig
at relative energies in excess of the ionization energy.

This behavior is in contrast to capture by the neutral ato
For the He atom the effect of quasiadiabatic ionization
evident~strictly adiabatic ionization is impossible since th
p̄1He united-atom limit, H2, is bound!. The average energ
of the ejected electrons is;0.1 a.u., although occasionall
02250
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electrons with energies as high as 0.6 a.u. are seen. The
section is fairly flat at energies somewhat less thanI 1, with
what energy dependence there is being largely due to tra
tory curvature. The cross section then decreases rapid
E.I 1, indicating both that the ejected electron carries
relatively little kinetic energyand that ionization of the sec-
ond electron is unlikely~the latter is already suggested by th

smallness of thep̄1He1 capture cross section at these en
gies!.

The cross section calculated forp̄ capture by He1 at the
lowest energy~0.01 a.u.! should be viewed with some cau
tion. A significant number of the thep̄ are temporarily cap-
tured in two-particle~Feshbach-like! resonances. This ma
be problematic if no real quantum-mechanical states exis
such energies; i.e., this mechanism could be a classical
fact.

It might be considered somewhat surprising that thep̄

1Li and p̄1Li1 capture cross sections, shown in Fig. 2~b!,
are so similar, even thoughI 2@I 1. The reason is that, excep
at the lowest energies, capture by the neutral entails ion
tion of two electrons. There is only slight evidence
adiabatic-ionization-like behavior in the capture cross s
tion, which can be seen in a change in the sign ofd2s/dE2

at E'I 150.20 a.u., even though this is a case where stric
adiabatic ionization could, in principle, occur since t
united-atom limit, He2, is unbound. As in adiabatic ioniza
tion, the average kinetic energy of the ejected electron
1-5



JAMES S. COHEN PHYSICAL REVIEW A69, 022501 ~2004!
FIG. 2. Antiproton capture cross sections as a function of relative energy for the neutral and ion targets of~a! 8He, ~b! 11Li, ~c! 11Be,
and ~d! 21Mg. The solutions using the alternative KW configurations for He1, Mg, and Mg1 ~designated by a prime! are shown for
comparison.
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relatively small (;0.1 a.u.). Even at the lowest collision e
ergy calculated, 0.01 a.u., the ion cross section is still sma
than the neutral cross section. This shows that most of
deflection at this energy still occurs at distances smaller t
that of the 2s orbital of Li, so screening by the outer electro
is ineffective and deflection is similar for the atom and io

The relevant electronic structure of Be would seem to
quite different from Li. The most weakly bound two ele
trons of Be reside in the same shell, rather than in differ
shells, and have similar ionization energies, while these
ionization energies of Li are extremely different. Noneth
less, thep̄ capture cross sections for Be and Be1, shown in
Fig. 2~c!, are qualitatively similar to those for Li and Li1. As
with Li, there is only a hint of a kink in thep̄1Be capture
cross section at;0.4 a.u., which would be a sign of quasi
02250
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diabatic ionization. The average energy of the ejected e
trons is;0.15 a.u., a bit higher than in the cases of He a
Li.

The p̄ capture cross sections of Mg and Mg1 were carried
out with the two different KW representations discussed
Sec. II B and yield the results shown in Fig. 2~d!. Except at
the lowest energies (Ec.m.,0.1 a.u.), the atom and ion cros
sections are almost the same. Enhancement by trajectory
vature approximately doubles the ion cross sections atEc.m.
50.1 a.u., and its influence can be expected to continu
grow at still lower energies.

Except possibly at the highest energies,Ec.m..10 a.u., the
two representations give essentially the same result. This
sensitivity is gratifying considering that the KW configur
tion of the outer electrons in the two configurations, des
1-6
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CAPTURE OF ANTIPROTONS BY SOME RADIOACTIVE . . . PHYSICAL REVIEW A 69, 022501 ~2004!
nated ‘‘Mg’’ and ‘‘Mg8’’ in Fig. 1~a!, appear to be so
different. Even so, the energies of the two configurations
similar and apparently freely mix once the collision ad
some energy to the electronic motion.

The cross sections for the magnesium target are cons
ably larger than those for the lighter elements and re
much higher collision energies. The energies of the ejec
electrons are also about an order of magnitude higher tha
the case of the lighter elements. However, it should be no
that these electron energies are affected by both the ant
ton capture and subsequent Auger interactions, and the
no physical way to clearly separate these two mechanis
Hence the observed electron energies will depend to s
extent on how long the trajectories are integrated. Ultimat
all electrons would be ionized though the quasiclass
treatment would not be adequate for the final steps in
cascade@21#.

All the above calculations were done using the act
masses of the radioactive ions of current experimental in
est. Generally the capture cross sections are not expect
depend strongly on the isotopic mass in the center-of-m
system. The lightest element considered, helium, can be
pected to exhibit the greatest effect. The difference betw
8He and normal4He is shown in Fig. 3. The precision of th
isotope effect determined in this way can be expected to
better than the separate error bars of the two isotopes m
suggest, since the same initial conditions are used for b
however, it is not easy to quantify this correlation and t
precision might best be gauged by the smoothness of
result as a function of collision energy. The calculated cr
section for the lighter isotope is generally the larger, as
pected. The isotope effect on capture of the neutral can
seen to be quite small, of the order of 1%. Due to the
creased deflection by the long-range Coulomb potential,
isotope effect on capture by the ion is greater, possibly
much as;10% for He1. For heavier elements, the isotop
effect should be negligible for present purposes.

FIG. 3. Isotope effect on the antiproton capture cross sect
for He and He1.
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The mass effect of the projectile is greater. This effect h
been studied in previous work onm2 and p̄ capture by the
noble-gas elements as well as by the hydrogen molec
There would seem to be little prospect for experiments
capturing the finite-lifetimem2 by radioactive ions, but this
theoretical comparison may shed some light on the dynam
of the capture process. The calculated cross sections for
ture ofm2 andp̄ by 8He and4He are compared in Fig. 4. A
the higher energies the muonic cross sections are cons
ably larger than the antiprotonic cross sections. This diff
ence is due to the greater nonadiabatic effect with the ligh
muon. For the neutral target, the difference is mainly
Ec.m..I 1 since the quasiadiabatic picture is a reasona
good description atEc.m.,I 1 in either case. For the ion tar
get, the difference is large except at the smallest energies
very low energies the cross sections for the muon and a
proton, as a function of center-of-mass system energy,
almost the same. In the adiabatic-ionization picture with t
jectory curvature@22,23#, they would be precisely the sam

IV. DISCUSSION AND CONCLUSION

The antiproton capture cross sections for ions w
nuclear chargeZ.2 have been found to be similar to th
corresponding cross sections for the neutral atom. The e
of the increased trajectory curvature due to the long-ra
Coulomb attraction between the ion and antiproton is imp
tant only at very low collision energies (Ec.m.&0.01 a.u.),
but, except for helium, the absence of the most loos
bound electron does not greatly diminish the capture cr
section. This is good news for the feasibility of experimen
with radioactive ions.

It is anticipated that energies as low asEc.m.50.1 eV
('0.004 a.u.) may be reached in the experiments with
dioactive ions@12#. At sufficiently low energies the captur
cross section is expected to behave approximately as 1/Ec.m.

s
FIG. 4. Comparison of the cross sections forp̄ andm2 capture

by 8He and8He1.
1-7
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JAMES S. COHEN PHYSICAL REVIEW A69, 022501 ~2004!
for p̄ capture by ions and as 1/AEc.m. for p̄ capture by atoms
~see the Appendix!. This behavior appears to have be
reached at the lowest calculated energies for the ions,
this simple extrapolation of the calculated FMD cross s
tions should be adequate.

However, the extrapolation of the atomic cross section
lower energies must be done with more care~no such experi-
ments are anticipated since it would be much more diffic
to provide such a slow neutral beam!. At fairly low energies
the atomic cross sections also tend to behave approxima

as 1/Ec.m. for p̄ capture, like the cross sections for ions. B
at still lower energies, a centrifugal barrier weakens the
pendence to 1/AEc.m. ~see the Appendix!. At these very low
energies, the atomic polarizability essentially determines
cross section, which then no longer exhibits the character
increase with increasingZ.

The validity of the quasiclassical description at very lo
energies is in question for the neutral atom targets. A ser
problem is that the atomic polarizability is not well treat
by the FMD method. The true ground states of the ato
presently considered~He, Li, Be, and Mg! are S states and
thus spherically symmetric. While the ensemble of KW co
figurations is spherically symmetric, individual configur
tions are not. This becomes more of a defect as the en
decreases, since then there is time for the atom to be re
ented to its most polarizable~minimum energy! state by the
incoming negative projectile.

This observation also suggests a procedure for obtain
the cross section at such low energies. Because FMD o
estimates the effective polarizability at very low energies
also overestimates the capture cross section there. Bu
Langevin~classical orbiting! formula overestimates the cros
section if taken to inappropriately high energies. Thus
magnitudes of the two calculations cross at some collis
energy, and a sensible approach is to use the FMD re
above the crossing energy and the Langevin result, Eq.~A8!,
below the crossing energy. The recommended switchover
ergies for the atoms considered, which have polarizabili
a(He)51.383 @24#, a(Li) 5161.8 @25#, a(Be)536.6 @26#,
and a(Mg)575 @27# ~in a.u.!, are ;0.12 a.u. forp̄1He,
;0.006 a.u. for p̄1Li, ;0.03 a.u. for p̄1Be, and
;0.10 a.u. forp̄1Mg. Thus at sufficiently low~though not
ultimately low—see the Appendix! collision energies, the
cross sections for neutral atoms are simply given in term
the atomic polarizability with no dynamical calculation r
quired. In principle, this value is an upper bound~neglecting
tunneling! since it assumes ionization always occurs up
close approach, but existing calculations tend to validate
assumption.
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APPENDIX: EXTRAPOLATION OF CROSS SECTIONS
TO VERY LOW ENERGIES

We offer plausible arguments for interpreting the captu
cross sections at very low collision energies. The adiaba
ionization model was introduced by Wightman@28#, based
on the observation by Fermi and Teller@29# that there exists
a critical dipole strength for binding an electron. For col
sion of p̄ with a hydrogen atom, this corresponds to a critic
distanceRc50.639a0, inside which thep̄-p can no longer
adiabatically bind the electron. With allowance for trajecto
curvature, but assuming that there is no insurmountable c
trifugal barrier outsideRc , the adiabatic ionization cross se
tion at energyEc.m. is given by@22,23#

sAI5
pRc

2

Ec.m.
S Ec.m.1

1

Rc
20.5D . ~A1!

Though the adiabatic-ionization model strictly applies on
to neutral targets and then only when an electron in
united-atom limit of thep̄ and the atom is unbound~e.g., H
and Li!, other cross sections tend to exhibit its form at lo
energies. We will make a heuristic generalization of th
model. Suppose there exists a diabatic potential curve of
incident system (p̄1A or p̄1A1) that crosses the potentia
curve for the final state (p̄1A1 or p̄1A21, respectively! at
someR5Rc . Further suppose that the potential energy c
be taken to be approximately2Zeff /R. Then the quasiadia
batic ionization cross section is given by

sQAI5pbc
2 , ~A2!

wherebc satisfies

2
Zeff

Rc
1

bc
2Ec.m.

Rc
2

5Ec.m.2I , ~A3!

and I is the ionization potential of the target. This yields

sQAI5
pRc

2

Ec.m.
S Ec.m.1

Zeff

Rc
2I D . ~A4!

If we make the further assumption, which can be verified
the result, thatZeff /Rc@I , then

sQAI;
pRcZeff

Ec.m.
asEc.m.→0. ~A5!

We regardRc here as a parameter. Mainly we want to u
this form to extrapolate to lower energy, so the significa
point is the 1/Ec.m. dependence. In the case of collision wi
a positive ion, the asymptotic potential is21/R, so there are
no long-range potential barriers and

scapt
(ion)'sQAI asEc.m.→0. ~A6!

However, for a neutral target, the asymptotic potentia
2a/(2R4), wherea is the polarizability of the target atom
and a centrifugal barrier may exist outsideRc that will limit
1-8
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the cross section for collisions at sufficiently low energy. T
classical orbiting model applies to this situation~tunneling is
expected to have little effect!. Using the effective potentia
for impact parameterb,

Veff52
a

2R4
1

b2Ec.m.

R2
, ~A7!

and settingdVeff /dR50 andVeff5Ec.m. yields the Langevin
cross section

sorb5pborb
2 5pS 2a

Ec.m.
D 1/2

. ~A8!

The classical orbiting model requires that many angu
momentum partial waves occur, i.e.,
-
R

c-

02250
e

r-

Lorb5borbprel5S 2a

Ec.m.
D 1/4

~2mEc.m.!
1/2@1, ~A9!

wherem is the reduced mass@30#. This condition is satisfied
as long asEc.m.@(8am2)21, which is typically;1028 a.u.
and much lower than any collision energy presently conte
plated. Thus, at very low, though not ultimately low@31#,
energies the relevant cross section is

scapt
(atom)'min~sQAI ,sorb! as Ec.m.→;0. ~A10!

This model is apropos to the low-energy limit for capture
neutral atomic targets; i.e., extrapolation to very low ene
gies should be made by the dependence 1/AEc.m.. However,
it should be noted that it assumes the potential2a/(2R4)
and this asymptotic form of the potential breaks down
finite distances, especially for negative projectiles~see, e.g.,
the accurate result for thep̄1H potential@23#!.
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