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Capture of antiprotons by some radioactive atoms and ions
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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 fidelet'Li, *'Be, and
2IMg. 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 1E and the neutral cross sections agE/
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[. INTRODUCTION trons exhibit nuclear size effects. Then the ultimate annihila-
tion, which produces different piori41] and residual nuclei
With the recently developed source of slow antiprotonsdepending on whether it occurs with a neutron or proton,
(antiproton decelerator, AD at CERNt is possible to do provides information on the surface distribution of nucleons.
much more precise experiments with antiprotorp$ @&toms ~ Though the primary motivation for these experiments is
[1,2] as well as with antihydrogef,4]. Previous experi- characterization of radioactive nuclei, they will also provide
ments with antiprotonic atoms have observed the x-ray casa new opportunity for studying capture. Beforehand, there
cade[5] and spectroscopy of antiprotonic heliumde) [6] is the need to have an estimate of the capture cross sections
after capture, but were unable to measure the capture croesid collision energies at which captures occur in order to
section itself or even the ratio of these cross sections fodesign the experiments. This information is needed to gauge
components in a target mixture. While experiments withboth the characteristics required for the RI bealn gnd
other exotic atomgnegative muong.~ and pions7~) have  AE/E) and the magnitude of the anticipated signal, since
measured the capture ratios for many mixturéy the cap-  exotic atom formation has not previously been observed with
ture cross sections have largely been left to theory. Sommnic targets. The cross section is also important for deter-
stopping times for low-energyvs1 a.u.) negative muons mining the acceptable background and minimum useful ra-
have been experimentally measuf&dd], but this time de- dioactive lifetime for a different experimental arrangement
pends mainly on the slowing-down cross sections and notvhere the ion and thp may be placed in a nested trap.
greatly on the capture cross sectiper se We are presented with an interesting question: Is the ion
Recent theoretical calculations have indicated some dracross section smaller or larger than the neutral cross section?
matic effects of electron correlation and molecular structurdn the absence of data, one can argue in both directions. On
that make the capture cross sections themselves of great cyne hand, the positive ion will deflect the negateo a
rent interest. However, the finite lifetime of the” and7~  ¢loser approach and stronger interaction. On the other hand,
make direct measurements of the cross sections for captutgere is one less electron to ionize and carry off the binding
very difficult. This limitation does not apply tp. Modern  energy, and the remaining electrons are more tightly bound
theory predicts that capture occurs at collision energies Othan in the corresponding neutral atom.
the order of the target electronic binding energies. The leading candidates for the radiative ions &He",
Previous calculations of exotic particle capture have beenl j+ 1iggt “2i\g*  78Nj*  and 1°°Sn* [12]. Previous
made only for neutral targets, though the main reason for thigg|culations on the group of noble-gas atoms, He, Ne, Ar, Kr,
restriction was relevance to experiments. The incipient availang Xe, suggests that electron correlation is quite important
ability of trapped antiprotons changes this picture. In fact, inand all the atomic electrons are involved to some extent in
planned experiments with radioactive iofi#) [10], the ex-  the capture procesd3]. This might not be considered too
perimental roles of thgp and ion may be reversed, with a surprising since the negatiye is subject to an increasingly
beam of ions brought into a target of trapped antiprotonsattractive potential all the way to the nucleus. However, it
Theoretically, of course, only the energy in the center-of-does present a theoretical challenge in that it means that a
mass system matters. lons provide some distinct experimewore potential for higlgz atoms would need to be chosen
tal advantages: they are much more easily steered and cowith great care, and no existing completely quantum-
tained than are neutral atoms. mechanical method is capable of treating the problem. The
The resulting antiprotonic atoms provide excellent probegpresent work circumvents this problem by treating all elec-
of nuclear structure. First, the cascade x rays and Auger ele¢rons explicitly. For this reason, it is practical to treat only
the lighter ions,®He", Li", Be', and ?'Mg", which
should, in any event, be sufficient to exhibit the general char-
*Electronic address: cohen@lanl.gov acteristics. Similar calculations are done on the neutral atoms
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TABLE I. FMD parameters. The associated first and second ionization potentials and total energies are
compared with accurate valuésxperimental for the ionization potentials and Hartree-Fock for the total
energy. In all casespy=2.0 andap=1.0.

FMD parameters Associated energiasu)
§H §P | g.FMD) I (18><pt) | (ZFMD) I (26Xpt) Et(OFtMD) Eg)'it-F)
He 0.927 2.609 0.989 0.904 1.862 2.000—-2.85 —2.90
Li 0.925 4.005 0.198 0.198 2.860 2.780 —7.26 —7.48
Be 0.911 4,183 0.404 0.343 0.573 0.669—-145 —-147
Mg 0.957 2.171 0.296 0.281 0.549 0.553 —193 —200
Mg’ 0.919 2.238 0.281 0.281 0.456 0.553 —200 —200
to direc_tly discern the difference ip capture by the atom _ (éh)? MoPoo | ?
and its ion. frwprwiéa)=—————exp a|1-| —
ar)\]}M)\V g

Il. THEORETICAL METHOD

A. Effective Hamiltonian in terms of the dimensionless parametém@nd «, where the
The antiproton capture is treated by solving Hamilton’s;uﬁssscnpts}‘_r?‘r;d Va?:r?gpe agerepigzeorftgimedseiigvgp tLeedlég?g
classical equations of motion using an effective potential tak- eisgnhbvér or gat)liwhile Pe resents its hardness
ing some essential quantum-mechanical effects into accoun(tl._| 9 arep '
The effective potential is that proposed by Kirschbaum and

Wilets (KW) for atomic structure[14]. In this model, B. Parameters of the pseudopotentials
pseudopotential¥y andVp constrain the quasiclassical dy- The values ofayy and ap were fixed at 2.0 and 1.0, re-

namics to satisfy the Heisenberg uncertainty and Pauli exc'“s'pectively as recommended by Beck and Wil&&). Choice

sion principles, respectively. The resulting muItieIectronOf the parameters,, and &, generally allow the matching of

atom, which does not exist classically, is stabilized and pos; ; I :
’ = ’ : two physical characteristics of the actual atomapproxi-
sesses a shell structufg5]. Similar terms are included for pny PP

i . . ~._mate matching of some set of characteristics. For negative-
the exotic atom structure, but haye little effect since it 'S.exotic—particle capture the single most important property is
formed in h|ghly excited states, which beha\_/e nearly Class"expected to be the target ionization energy. Higher ionization
cally accordlng'to the correspondence. prmuplg. L potentials and shell structure may also significantly affect the

For an atomic target, the KW effective Hamiltonian is dynamics.

Hw=Ho+Vi+Vp, (1) To ensure consistent treatment we employ the same pair
of parameters for an element and all its ion stages. For bal-
ance, we chose to fit, in a least-squares sense, three charac-
teristics, namely the first and second ionization potentials (

1 1 Ne Ne - Ne Ne 2 andl,) and the total eIectronjc e'nergEl(n) of each atom.

Ho=o—p2+5— > p?— > —+>, > — (2) Accuracy of the total energy implies correctness of the aver-
2my "N 2me =17 S M S35 age ionization potential as well. For each pair of trial param-
eters in the nonlinear least-squares procedure, the coordi-
is the usual Hamiltonian and the added pseudopotentials afgates and spins of all electrons are varied to minimize the
\ energy given by the functional E¢l) (with m,—x), sepa-
¢ rately for the neutral ion, its singly charged ion, and its dou-
VH:iZl f(rnisPnisényan) (3 ply charged ion. That is, the determination was actually car-
ried out as a nested nonlinear least-squares procedure.

The resulting optimum parameters for He, Li, Be, and Mg
are given in Table I. In all these cases, the minimum energy
states were found to be the minimum spin stateés Q for

(4 even numbers of electronS=1/2 for odd numbers of elec-

trong, as is the case for the true quantum-mechanical ground
states of these atoms and ions. This is not the result ohany

The sums are over thid, electronsy,,; (p,i) is the relative  priori constraint and, in fact, is not always the case with the

distance (momentum of electron i with respect to the KW ansatz[17]. The distances of the electrons from the

nucleusn, rj; (pj;) is the relative distancémomentum of  nucleus for the atoms and first ions are shown in Figofl

electronj with respect to electrom, ands; is the spin of course, the electrons have angular coordinates as well, so

electroni. equal values of . do not mean the electrons are on top of
The form of the constraining potentials is taken[ 24] each other In the cases of He, Li, and Be, the and g

where

and

Ne
2
j=i+1

f(rij 1 Pij ;§P1aP)5si 8"

Ne
VPZE
i=1
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FIG. 1. Distances of the electrons from the nucleus in the initial KW configuratiofafdine atoms andb) the singly charged ions. Both
the broken-symmetry solutiofMg) and alternative symmetry solution (Mgare shown for magnesiufsee text The bars above the axis
correspond tax (spin-up electrons and the bars below the axis corresponé tepin-down electrons.

electrons are paired, i.e., they display the symmetry of the 1 Ne o2 7g2
Hamiltonian, Eq(1). However, the optimum solution for Mg Hevo=Hiw + HP?&Z P
X =1 Tix nx

displays broken symmetry for the more weakly bound elec-
:gir(l)sn,.unllke the ground-state quantum-mechanical configu- (T P 241, ®)

To better understand the source and effect of this brokegherer ,, (p,,) andr;, (piy) are the relative distancéso-

symmetry solution, another optimization was done with amenta of the negative exotic particle with respect to the
slightly different criterion, namely, matching & andl;,  nucleusn and electrons, respectively. The FMD method

without regard fori,. This description allow& andl; to  solves Hamilton's classical equations of motion,
be fit exactly. This solution is also given in Table | and Fig.

1, and we will refer to it as Mg It displays symmetry. While = V Hewp (73
the associatedl, is not as good as before, it is still reason-
ably close to the true value. This solution and the broken )= —V.H (7b)
symmetry solution, both obtained without any constraints, P UMD

are close in energy and thpecapture dynamics is carried out in terms of the laboratory-frame variabless {ry,r e, rd}

Wlth'both to give some measure of thg sensitivity of the crosgng DZ{pH,pnuc,Pg)}. including all electronsj=1-N,.

section to the initial target configuration. The initial conditions of the target are set by performing a

random Euler rotation of the target particles as a rigid body
C. Monte Carlo calculation of the cross sections [19] with coordinates determined by the procedure in the
Dynamics carried out with the KW ansatz for the atomic preceding section. Thg was normally started at a distance
structure is known as fermion molecular dynam{EMD) 10a, away. At the lowest energy, calculations were also done
[18], with the Hamiltonian with the initial distance increased to &) but the cross sec-
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TABLE Il. Cross sections for capture tp_fby atoms.

O capt (UNts of a3)

Eem. (.0) p+°He p+UL p+iBe p+*Mg  p+*Mg’
0.01 80.9-3.6 436+ 20 477-24 57889 653- 89
0.1 17.5:0.3 4752 43.5:0.9 122+6 145+ 4
0.2 9.44+0.15 17.9-1.1 20.9:0.6 65.1:3.0  75.4:15
0.3 6.73:0.08  5.32:0.09 12.9-0.4

0.4 537006 323007  8530.24 35723  39.2:21
05 447007 242007  515:0.13

0.6 396:0.06 169007  3.08:0.12 22911  246:10
0.7 356005 128007  2.010.11

0.8 324:005 104007  1.38-0.11 16.1:08  17.1:0.7
0.9 295005 081006 126011

1.0 271:006 075003  1.01:0.04 12404  12.6:05
11 148:007 054002  0.77:0.04

12 0.85:0.02 049002  0.64:0.04

15 0.28:0.02 031002  0.42:0.03 8.0:0.6 8.4-0.6
2.0 007001 013001  0210.02 5.6:0.3 5.1:0.3
2.5 0.008-0.003  0.0%001  0.12:0.02

3.0 0.002-0.002 003001 008001 289013  2.60-0.13
4.0 0.010-0.004 185016  1.670.16
6.0 0.73:0.05  0.67-0.04
8.0 0.37:0.04  0.42-0.04
10.0 0.24:004  0.28:0.04
12.0 0.13:003  0.19:0.03
15.0 0.06:002  0.10:0.02

tions were little changed. The trajectories were then run IongvhereNi(R) is the number of trajectories in whi¢koccurred
enough to clearly identify whether or not tpevas captured, —out of the totalN! trajectories run witb e [b; _;,b;]. The
but the final state was not otherwise characterized. Enougimtegrated cross section is thus
trajectories were run to get sufficient statistics at reasonable
computational cost. _ 0}

The trajectories were run in ranges of impact parameter IR Z IR (19
chosen by uniform sampling & e[ (b;_;)2,(b;)?]. In the
first range[by,b;], bp=0 andb; was taken to be such that Wwith estimated error
a small number(usually 2—3 of impact-parameter ranges 12
will be required to converge the cross sections with ; AGRZ(E (Aag))z) _ (11)
=/2b;. The number of trajectories in each range was usu- i
ally 500 for the He and Li targets, 200 for the Be target, and

100 for the Mg target. . RESULTS
In the ith range of impact parameter, the contribution to .
the cross section for a reactiéhis given by The p-capture cross sections, with statistical error bars,

are given in Tables Il and IIl for the neutral atoms and the

ions, respectively. The cross sections for each neutral atom

and ion are compared in Figs(a?—(d) for He, Li, Be, and

Mg. The most evident features ai) the magnitude of the

cross section generally increases with increagin@xcept

for He atE.,~1 a.u.), (ii) the highest energy at which

with standard statistical err¢assuming a binomial distribu- ¢apture occurs increases with increasihgnd iii) the dif-

tion) [20] ference between the neutral and ion cross sections diminishes
with increasingZ. The increase in cross section and capture
energy withZ is in keeping with the previous study of the

2 noble-gas atoms. The decreasing effect of the most weakly

, 9 bound atomic electron is consistent with more electrons par-

ticipating in the capture process.

- NP®
oV =——n[(b;)?—(b;_1)?] ®)

N }[ot

R
NP N
N}OtN I(R)

Acrg) = O'g)
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TABLE lll. Cross sections for capture (p?by atomic ions.

0 capt (UNits of a3)

Ecm. (@) p+8He" p+B8He " p+HL* p+1Be"  p+ZMgt p+Zmg't
0.01 295-7 215+7 230+ 12 662+ 35 1335-130 1414-125
0.1 14.7#0.6 13.5:0.6 16.4-0.6 51+3 134+5 137+5
0.2 5.34-0.17 4.830.17 6.6:0.3 17.4-1.0 66.6-2.8 71.5£2.2
0.3 2.86-0.10 2.58-0.09 3.970.09 8.58-0.26

0.4 1.69-0.08 1.7G:0.08 2.70:0.08 4.70:-0.16 33. %24 35.2:2.3
0.5 1.06£0.07 1.0x0.07 1.810.07 3.19-0.13

0.6 0.76:£0.06 0.74:-0.06 1.45-0.07 2.14-0.13 21.5-1.2 20.451.3
0.7 0.67-0.06 0.59-0.06 1.03:0.07 1.62-0.11

0.8 0.45+0.05 0.38-0.05 0.86-0.06 1.26-0.11 16.5-0.7 15.5-0.8
0.9 0.26+0.02 0.270.02 0.62-0.06 0.94-0.10

1.0 0.19-0.02 0.20-0.02 0.59-0.02 0.83:0.04 12.30.3 12.3:0.3
1.1 0.10:0.01 0.15-0.01 0.46-0.02 0.710.04

1.2 0.08:0.01 0.11x0.01 0.410.02 0.53:0.04

15 0.03:0.01 0.03:0.01 0.25-0.02 0.33:0.03 7.5-0.6 7.2-0.6
2.0 0.005-0.002 0.12:0.01 0.13:-0.02 5.0:0.3 4.9:0.3
2.5 0.06£0.01 0.09:0.02

3.0 0.03:0.01 0.06:£0.01 2.64-0.13 2.42:0.13
4.0 0.003:0.002 0.006:0.003 1.76:0.16 1.48-0.16
6.0 0.76-0.05 0.670.05
8.0 0.35+0.04 0.42:-0.04
10.0 0.21+0.04 0.28-0.04
12.0 0.15+0.03 0.18:-0.03
15.0 0.08+0.02 0.09-0.03

For He", which has only the one tightly bound electron, electrons with energies as high as 0.6 a.u. are seen. The cross
the cross section is much less than for He except at very lowection is fairly flat at energies somewhat less thgnwith
energy where the effect of trajectory curvature dominateswhat energy dependence there is being largely due to trajec-
For the bigger atoms, the ion cross section is moderatelyory curvature. The cross section then decreases rapidly at
smaller than the neutral cross section except at quite loie>|, indicating both that the ejected electron carries off
energies. In any case, trajectory curvature due to the longglatively little kinetic energyand that ionization of the sec-

range Coulomb attraction between the negative antiprotognq electron is unlikelythe latter is already suggested by the
and positive ion must dominate below some energy, but this

energy can be seen to be quite low, smallness of th@ + He' capture cross section at these ener-
For helium, one might question the use of the averagéy'eg' _

parametek,,, given in Table I, for the one-electron Héon, The cross section calculated fprcapture by He at the

which, like the hydrogen atom, can be treated with the exadowest energy(0.01 a.u) should be viewed with some cau-

|, using the original KW parametef,,=(1+ 1/2a) Y2 tion. A significant number of the thp are temporarily cap-

Thus we have redone the+He" calculations with this pa- tured in two-particle(Feshbach-like resonances. This may
rameter and show the results for comparidolesignated e problematic if no real quantum-mechanical states exist at
“He’™ ™). It can be seen that the two results are generally ifuch energies; i.e., this mechanism could be a classical arti-
quite good agreement. At the highest collision energies th&ct. .
treatment with the exact,=2.0 does yield a somewhat It might be considered somewhat surprising that ghe

larger cross section than the treatment with=1.86, as 4 Ljand p+Li* capture cross sections, shown in Figh)2
might be expected from the higher ionization potential takingare so similar, even though>1,. The reason is that, except
more energy from the incident antiproton. However, the ionat the lowest energies, capture by the neutral entails ioniza-
cross section depends smoothly on energy and is negligibigon of two electrons. There is only slight evidence of
at relative energies in excess of the ionization energy. adiabatic-ionization-like behavior in the capture cross sec-
This behavior is in contrast to capture by the neutral atomgjon, which can be seen in a change in the signiaf/dE?
For the He atom the effect of quasiadiabatic ionization isatE~Il=O.20 a.u., even though this is a case where strictly
evident(strictly adiabatic ionization is impossible since the gdiabatic ionization could, in principle, occur since the
p+ He united-atom limit, H, is bound. The average energy united-atom limit, HE, is unbound. As in adiabatic ioniza-
of the ejected electrons is 0.1 a.u., although occasionally tion, the average kinetic energy of the ejected electron is
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FIG. 2. Antiproton capture cross sections as a function of relative energy for the neutral and ion tatgefHef (b) ''Li, (c) *'Be,
and (d) ?'Mg. The solutions using the alternative KW configurations for'Hélg, and Mg' (designated by a primeare shown for
comparison.

relatively small ¢-0.1 a.u.). Even at the lowest collision en- diabatic ionization. The average energy of the ejected elec-
ergy calculated, 0.01 a.u., the ion cross section is still smalleirons is~0.15 a.u., a bit higher than in the cases of He and
than the neutral cross section. This shows that most of thei.
deflection at this energy still occurs at distances smaller than Thep capture cross sections of Mg and Mgere carried
that of the 2 orbital of Li, so screening by the outer electron oyt with the two different KW representations discussed in
is ineffective and deflection is similar for the atom and ion. gec. |1 B and yield the results shown in Figd2 Except at

The _relevant electrpnic structure of Be would seem to bgpq |owest energiesE. ,<0.1 a.u.), the atom and ion cross
quite different from Li. The most weakly bound two elec- gotigng are almost the same. Enhancement by trajectory cur-

trons of Be reS|de_|n_the_ sa_me_shell, rather tha_n in different o e approximately doubles the ion cross sectiorns gt
shells, and have similar ionization energies, while these twaq

onizati i fLi : N diff ¢ Noneth =0.1 a.u., and its influence can be expected to continue to
ionization energies of Li are extremely different. None e'grow at still lower energies.

less, thep capture cross sections for Be and Beshown in Except possibly at the highest energigs,,>10 a.u., the
Fig. 2(c), are qualitatively similar to those for Liand LiAs  two representations give essentially the same result. This in-
with Li, there is only a hint of a kink in thgp+ Be capture  sensitivity is gratifying considering that the KW configura-
cross section at-0.4 a.u., which would be a sign of quasia- tion of the outer electrons in the two configurations, desig-
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FIG. 3. Isotope effect on the antiproton capture cross sections . L= B
for He and Hé . FIG. 4. Comparison of the cross sections foand .~ capture

by He and®He".

nated “Mg” and “Mg’” in Fig. 1(a), appear to be so o ,
different. Even so, the energies of the two configurations are 1€ mass effect of the projectile is greater. This effect has

similar and apparently freely mix once the collision addsbeen studied in previous work ga~ andp capture by the
some energy to the electronic motion. noble-gas elements as well as by the hydrogen molecule.
The cross sections for the magnesium target are considefhere would seem to be little prospect for experiments on
ably larger than those for the lighter elements and reaclgapturing the finite-lifetimeu~ by radioactive ions, but this
much higher collision energies. The energies of the ejectetheoretical comparison may shed some light on the dynamics
electrons are also about an order of magnitude higher than i@f the capture process. The calculated cross sections for cap-
the case of the lighter elements. However, it should be notetlire of .~ andp by He and*He are compared in Fig. 4. At
that these electron energies are affected by both the antipréhe higher energies the muonic cross sections are consider-
ton capture and subsequent Auger interactions, and there ébly larger than the antiprotonic cross sections. This differ-
no physical way to clearly separate these two mechanismence is due to the greater nonadiabatic effect with the lighter
Hence the observed electron energies will depend to som@uon. For the neutral target, the difference is mainly at
extent on how long the trajectories are integrated. Ultimatelye_ ,>1, since the quasiadiabatic picture is a reasonably
all electrons would be ionized though the quasiclassicafjood description aE. ,,<l, in either case. For the ion tar-
treatment would not be adequate for the final steps in thiget, the difference is large except at the smallest energies. At
cascadg21]. very low energies the cross sections for the muon and anti-
All the above calculations were done using the actuabproton, as a function of center-of-mass system energy, are
masses of the radioactive ions of current experimental interalmost the same. In the adiabatic-ionization picture with tra-
est. Generally the capture cross sections are not expected jtctory curvaturg 22,23, they would be precisely the same.
depend strongly on the isotopic mass in the center-of-mass
system. The Ii_ghtest element considered, helium, can be ex- IV. DISCUSSION AND CONCLUSION
pected to exhibit the greatest effect. The difference between
8He and normafHe is shown in Fig. 3. The precision of the ~ The antiproton capture cross sections for ions with
isotope effect determined in this way can be expected to bsuclear chargeZ>2 have been found to be similar to the
better than the separate error bars of the two isotopes miglebrresponding cross sections for the neutral atom. The effect
suggest, since the same initial conditions are used for botigf the increased trajectory curvature due to the long-range
however, it is not easy to quantify this correlation and theCoulomb attraction between the ion and antiproton is impor-
precision might best be gauged by the smoothness of thi@int only at very low collision energies€E( ,,<0.01 a.u.),
result as a function of collision energy. The calculated crosbut, except for helium, the absence of the most loosely
section for the lighter isotope is generally the larger, as exbound electron does not greatly diminish the capture cross
pected. The isotope effect on capture of the neutral can bgection. This is good news for the feasibility of experiments
seen to be quite small, of the order of 1%. Due to the in-with radioactive ions.
creased deflection by the long-range Coulomb potential, the It is anticipated that energies as low &g,,=0.1 eV
isotope effect on capture by the ion is greater, possibly ag~0.004 a.u.) may be reached in the experiments with ra-
much as~10% for He". For heavier elements, the isotope dioactive ions[12]. At sufficiently low energies the capture
effect should be negligible for present purposes. cross section is expected to behave approximately Bs,1/
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APPENDIX: EXTRAPOLATION OF CROSS SECTIONS

for p capture by ions and as\jE for p capture by atoms
bcap y c.m. fOF'P €ap y TO VERY LOW ENERGIES

(see the Appendix This behavior appears to have been
reached at the lowest calculated energies for the ions, and We offer plausible arguments for interpreting the capture
this simple extrapolation of the calculated FMD cross sec<ross sections at very low collision energies. The adiabatic-
tions should be adequate. ionization model was introduced by Wightm&28], based

However, the extrapolation of the atomic cross sections t®n the observation by Fermi and Tel[@9] that there exists
lower energies must be done with more céve such experi- @ critical dipole strength for binding an electron. For colli-
ments are anticipated since it would be much more difficultsion of p with a hydrogen atom, this coEesponds to a critical
to provide such a slow neutral beamt fairly low energies  distanceR.=0.63%, inside which thep-p can no longer
the atomic cross sections also tend to behave approximatefdiabatically bind the electron. With allowance for trajectory
as 1Ec_m_for5capture, like the cross sections for ions. But, curvature, but assuming that there is no insurmountable cen-
at still lower energies, a centrifugal barrier weakens the detrifugal barrier outsidé., the adiabatic ionization cross sec-
pendence to JE,,, (see the Appendjx At these very low ~tion at energyE.  is given by[22,23
energies, the atomic polarizability essentially determines the 2

. : o . 7R 1

cross section, which then no longer exhibits the characteristic =—"|E..+——05 (A1)
. . . . 0-A| E c.m. R . .
increase with increasing. cm. c

The validity of the quasiclassical description at very IOWThough the adiabatic-ionization model strictly applies only

energies is in question for the neutral atom targets.Aseriout% neutral targets and then only when an electron in the
problem is that the atomic polarizability is not well treated . L — .
nited-atom limit of thep and the atom is unboun@.g., H

D D melhad T e ground st of 1 SNy, aier cioss secions tend 1 extbi 1= forr at o

thus spherically symmetric. While the ensemble of KW con-Snergies. We will make a heur_|st|c _generah_zatlon of this

. i ; . o i model. Suppose there exists a diabatic potential curve of the

figurations is spherically symmetric, individual configura- — — 4 i

tions are not. This becomes more of a defect as the enerdQC'dent system gg-+A or p+A ) Eat crosses the potential

decreases, since then there is time for the atom to be reofflrve for the final state(+ A" or p+A?", respectively at

ented to its most polarizableninimum energy state by the SOMeR=R.. Further suppose that the potential energy can

incoming negative projectile. be _tal_<en_ to _be appromma_tely_zeﬁ{R. Then the quasiadia-
This observation also suggests a procedure for obtaininlic ionization cross section is given by

the cross section at such low energies. Because FMD over-

_ 2
estimates the effective polarizability at very low energies, it Ton = TG, (A2)
also overestimates the capture cross section there. But ﬂ?ﬁhereb satisfies
Langevin(classical orbiting formula overestimates the cross ¢
section if taken to inappropriately high energies. Thus the 7 b2E
magnitudes of the two calculations cross at some collision _ et ¢ C'm':Ecm—L (A3)
energy, and a sensible approach is to use the FMD result Re Rg o

above the crossing energy and the Langevin result(AR), ) o ) o
below the crossing energy. The recommended switchover e@d! is the ionization potential of the target. This yields
ergies for the atoms considered, which have polarizabilities R? 7
a(He)=1.383[24], a(Li) = 161.8[25], a(Be)=36.6[26], UQAIZD( £y 2ot
and a(Mg)=75 [27] (in a.u), are ~0.12 a.u. forp+He, Eem! ™ Re

~0.006 a.u. for p+Li, ~0.03au. for p+Be, and |fwe make the further assumption, which can be verified by

~0.10 a.u. forp+Mg. Thus at sufficiently low(though not  the result, thaZ.4/R.>1, then

ultimately low—see the Appendixcollision energies, the

cross sections for neutral atoms are simply given in terms of TR eff

the atomic polarizability with no dynamical calculation re- oA Eem

quired. In principle, this value is an upper bouimgglecting

tunneling since it assumes ionization always occurs uponWe regardR; here as a parameter. Mainly we want to use

close approach, but existing calculations tend to validate thithis form to extrapolate to lower energy, so the significant

assumption. point is the 1E. ,, dependence. In the case of collision with
a positive ion the asymptotic potential is 1/R, so there are
no long-range potential barriers and

(A4)

asE.,,—0. (A5)
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the cross section for collisions at sufficiently low energy. The 2q |\ V4
classical orbiting model applies to this situatiganneling is L orb=DorbPrei= (E_) (2uEcm)'>1,  (A9)
expected to have little effectUsing the effective potential em.
for impact parametel, whereu is the reduced mag80]. This condition is satisfied
as long a£, ,> (8ax?) 1, which is typically~10 8 a.u.
a  b%E, and much lower than any collision energy.presently contem-
V= — — , (A7) plated. Thus, at very low, though not ultimately Id&1],
2R R energies the relevant cross section is
and settingdVo4/dR=0 andV4=E_ , yields the Langevin T =min(oon ,oon) 8 Egm—~0.  (A10)

cross section This model is apropos to the low-energy limit for capture by

neutral atomic targets; i.e., extrapolation to very low ener-
gies should be made by the dependencéEl/,. However,

it should be noted that it assumes the potentiat/(2R?)
and this asymptotic form of the potential breaks down at
The classical orbiting model requires that many angularfinite distances, especially for negative projectilsse, e.g.,
momentum partial waves occur, i.e., the accurate result for the+ H potential[23]).

2a )1/2

Eomn (A8)

— 2 _
T o= TOGm= 77(
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