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Capture of negative muons and antiprotons by noble-gas atoms
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Cross sections for capture of negative muoas ) and antiprotonsyf) by helium, neon, argon, krypton, and
xenon atoms are calculated using the fermion molecular dynamics method. These cross sections are used to
estimate the capture ratios in mixtures.
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[. INTRODUCTION to satisfy the Heisenberg uncertainty and Pauli’s exclusion
principles, respectively. The resulting multielectron atom,
Capture of negative exotic particles{, 7—, K=, and  which does not exist classically, is stabilized and possesses a
p) by pure and mixed noble-gas atoms has long been oshell structurg12]. Similar terms are incl_uded'fqr the exoti(_:
interest for observing the spectral and collisional propertie@tom structure, but have little effect since it is formed in
of exotic atoms. These systems are free of behaviors thtghly excited states, which behave nearly classically accord-
complicate the capture process in solid mafter3). The Ing to the correspondence principle. o
present work uses a consistent theoretical approach— 1he FMD effective Hamiltonian for the system is written
fermion molecular dynamicFMD)—to determine the cap- @S
ture properties of He, Ne, Ar, Kr, and Xe, which are chemi-
cally similar but have widely varying numbers of electrons.

Thus they provide a good set to see how the more tightly,hereH, is the usual Hamiltonian of the system containing
bound electrons affect the capture process. This extends thge kinetic energies of all particles and the Coulomb poten-

Hevp=Ho+Vy+Vp, (1)

previous study of capture in He-Ne mixturis. _ tials for all pairs of particles. The extra terms are of the form
The present calculations have two principal goéisto
get an indication of the importance of correlation, so that Ne

requirements of a future quantum-mechanical method can be VH=E f(rnisPniiénan) T T (Mg, Prx: €nran) (2
gauged andii) to determine, with useful accuracy, the ki- =1

netic energies at which the exotic particles are captured and d

the capture ratios in mixtures. Dynamical correlation in mul-

tielectron targets is much more difficult to treat quantum me- Ne Ng
chanlcally than in the_ present quasplassmal_ method. The VF’:Z _2 f(rij pijsép ap) s 5 3
best available comparison with experiments is the capture i=1j=i+1

ratios, which have been measured, directly or indirectly, in )
mixtures of noble-gas atoms for muons and pions. Theswhere the sums are over té, electrons,r,; (py,) is the
ratios are also of current interest for antiproton capture, bufelative distancgmomentum of electroni with respect to
have not yet been determined experimentally with antiprothe nucleusn, rq, (ps,) is the relative distancénomentum
tons. of the exotic particlex with respect to the nucleus ry; (pj;)

The previous theoretical treatments of exotic negative paris the relative distancénomentum of electronj with respect
ticle capture by higt atoms used the Fermi-Teller method to €lectroni, ands; (s;) is the spin of electrom (j). Hamil-
[5,6]. The Fermi-Teller method utilizes the Thomas-Fermiton’s classical equations of motion are solved with the
model for the target. This description does not provide arHamiltonianHgyp .
electronic shell structure or allow for correlation. The result ~ The constraining potentials are embodied|by]
was aZ-scaling law, and its variants, which experiments fop)

AvMAy
! ( £ ) H

2
have shown to be too simplistj{@—9,2. The FMD method F(ry, Pryiéra) = (éh) exp[a
shells obtained are generally not faithful to the real atoms. (4

includes correlation and yields a shell structure, though the Aar? uy,

where the subscripts and v designate pairs of particles with
Il. THEORETICAL METHOD reduced masg, ,. The parametef reflects the size of the
core(Heisenberg or Paulivhile « is the hardness parameter.
The only way by which we deviate from the original pre-
The FMD method[10] utilizes the Kirschbaum-Wilets scription of KW is to use values &fy and & optimized for
(KW) ansatz for atomic structuf@1]. In this model, pseudo- the target atom, rather than the universal vall&3, and
potentialsVy and Vp constrain the quasiclassical dynamics softer values ofay and ap as recommended by Beck and
Wilets [13]. The modification of the hardness parametess
and ap is not as important for the low-energy collisions un-
*Electronic address: cohen@lanl.gov der present consideration as it was for the stopping powers

A. Fermion molecular dynamics
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TABLE I. Optimized FMD parameters. The associated first ion- capture(always accompanied by ionizatiprionization with-
ization potentials and total energies are compared with accuratgut capture, excitation, or elastic scattering. lonization is ex-
values(experimental for the ionization potential and Hartree-Fockpected to be the predominant part of the slowing-down cross

(HF) for the total energy In all casespy,=2.0 andap=1.0. section, but inelastic and elastic collisions also contribute.
: However, only the ionization cross sections were converged.
FMD parameters Associated energiasu) This limitation was imposed, in part, because nonionizing
Iy ép IP{FMD) |piexed  E(FMD) E(HP) trajectories require Iongler integration times and Iarger_ impa_ct
parameters, but more important, because the quasiclassical
He 0.93 0.974 0.904 -—281 —2.86 method is not considered to be dependable for such scatter-

Ne 1.13 1.51 0.792 0.792 —129.1 1285 ing. Thus the calculated slowing-down cross sections should
Ar 1.19 1.59 0.584 0.579 —525.0 —526.8 be considered to be lower bounds. For collisions with He,

Kr 1.21 1.64 0.385 0.515—2805.1 —2752.1 Ne, and Ar, both the capture and total ionization cross sec-
Xe 1.23 1.68 0.510 0.446—7252.5 —7232.2 tions were converged. For Kr and Xe, only the capture cross
section was converged, so slowing down is not determined
even in this approximation.

calculated by Beck and Wilets, but still we use the same In theith range of impact parameter, the contribution to

values ofay=2.0 andap=1.0. the cross section for a reactiéhis given by
The values ofé, and ¢ép were determined by nonlinear
least-squares fits ofiryp to match the experimental first . N®
ionization potential (IP) [14] and nonrelativistic Hartree- o= N 7 (b)?—(bi_1)?], 5
I

Fock total binding energyH,,,) [15] of the target atom. This
procedure is appropriate since the first ionization potential is
expected to be most important for the capture dynamics anly
the higher ionization potentials will be correct on the averagé'on) [26]

if the total energy is accurate. Near-exact fits were found for ot (R 12
Ne, Ar, and Xe. This procedure is inherently approximate for M_ () N7 —N;

He since its two electrons have antiparallel spins and thus the Aog’=0 NN
parameterp has no effect ¢, and ap are not useful vari- b

ables for th|s procedureThe best fit found fc_>r Kr was also whereNi(R) is the number of trajectories in whi¢koccurred
somewhat inaccurate. The parameters obtained for the noble-

gas atoms are given in Table I 6ut of the totalN!*" trajectories run wittb e [b;_, ,bj]. The

The optimized parameters significantly improve the FMDlntegrated cross section is thus
representation of the noble-gas atoms. The outer electrons
reside in a closed shell and appear to have locally maximal or=> o), 7)
ionization potential§the adjacent elements were not actually [
calculategl, which was not the case with the universal param-
eters[12]. For all the heavier noble-gas atoms, Ne-Xe, therewith estimated error
are outermost quasishells of six electrons, with orbital ener-
gies that, though not identical, are substantially smaller than _ (N2 12
the other(core electrons. There is no proof that these pa- Aog= Z (Aog’) :
rameters are unique, but no other precise fits were found.

The present calculations treat all electrons explicitly. For Typically, the total number of trajectories run wa000
the heaviest noble-gas atoms, this requires a lot of computeg, He, ~300 for Ne,~ 150 for Ar, ~ 100 for Kr, and~50
time. The 6(e+2) equations of motion, for the exotic par- ¢ ye targets. The limited number of trajectories run result
ticle, the nucleus, and the target electrons, are solved in thg g hstantial Monte Carlo errors. Beyond the statistical er-
laboratory frame. The target nucleus is initially stationary atqrs the main uncertainties come from the use of quasiclas-
the origin, and the projectile is started xt —10a, wnt; sical dynamics and the approximate target shell structure.
Impact pgrameéte{/: b chosen by uniform sampling df Some indication of the accuracy of the FMD method can be
€[(b;-1)%,(b;)7]." In the first rangg by, by ], bo=0 andb,  gained from the FMD calculation of capture by the hydrogen
is taken to be such that a few ranges of impact parameteigom, [17], which is in remarkably good agreement with ac-
will be required to converge the cross sections vb{h,  cyrate quantum-mechanical calculatiga§—22. Quantum-
=2b; . The target is initially orientated by a random Euler mechanical calculations for multielectron targets would be

rotation. o _far more challenging.
The integration is checked every 2000 steps to see if the

final state can be reliably identified. The possible results are

ith standard statistical errgassuming a binomial distribu-

(6)

®

B. Capture in mixtures

The initial distribution of capture states is a result of the
IAtomic units are used: distanceq) =0.529<10"% cm, energy competition between slowing down and capture, which are
(a.u.)=27.21 eV. functions of the collision energy. A rigorous formulation of
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TABLE Il. Cross sections for capture @i~ by noble-gas atoms.

O capt (UNts of @)

E.m (@.u) He Ne Ar Kr Xe
0.01 72.3%*1.17 36.19-2.20
0.10 18.98:0.28 12.82:0.51 42.982.07
0.20 10.42-0.13 9.76:0.34 28.67%1.44
0.30 7.58:0.12
0.40 6.05-0.08 7.63-0.23 18.06:1.27
0.50 5.13:0.07
0.60 4.54-0.07 6.53:0.19 14.280.57
0.70 4.12-0.07
0.80 3.8G3:0.06 5.910.16 12.58-0.52
0.90 3.59-0.06
1.00 3.410.05 5.53-0.17 9.76-0.49 16.46-1.97 22.58-2.00
1.10 2.910.06
1.20 2.02£0.07
1.50 1.02:0.07 4.15-0.15 7.210.36
2.00 0.5%:0.05 3.46:0.10 5.510.41 8.48-1.83 11.78&2.15
2.50 0.33:0.04
3.00 0.09:0.02 2.01x-0.15 3.68:0.50 6.7%1.71
4.00 1.63:0.05 2.26:0.47 4.270.84 7.85:-2.15
6.00 0.86-0.03 1.70:0.43 3.96-1.39 5.89-2.01
8.00 0.49-0.04 1.27-0.38 2.07-0.21 2.83:0.77
10.00 0.35:0.04 0.85-0.32 1.45-0.22 2.510.28
12.00 0.22:0.04 0.99-0.35
15.00 0.1:0.02 0.54-0.21
18.00 0.030.01 0.27:0.15
21.00 0.0%0.01 0.27:0.15
25.00 0.0%0.01 0.09:0.06
30.00 0.05:0.05
35.00 0.04-0.02
40.00 0.03:0.02
45.00 0.0*0.01

the capture distributions has been given in terms of the “arnisms are similar, with capture resulting when the energy
rival function,” F,,(Eap), Which is the solution of the inte- loss(ionization potential of the target kinetic energy of the

gral equatior[23,24] ionized electrop exceeds the incident energy of the exotic
particle. As long as the typical energy loss is comparable to
F.(E)= JOC(B(E—G) 1 do(Etee) F.(E+e)de or greater than the energies at which capture occurs, the ar-
ar 0 og(E+e) de ar ' rival functionF ,,(E,;,) can be expected to be fairly flat and

(99  the capture profile,

wheredo(E,€)/de is the cross section for energy losén a _ Ocapl Epab)
collision with energyE, o(E) is the total energy-loss cross Fcap{ Eian) = ol Bt Far(Ejap), (10
section, and® is the unit step function. In principle, the

differential cross section is required at all energieg, rangingan be adequately determined by just the ratio of the capture-
from that of the fast £1 keV) free muon or antiproton to-total cross sections to within a normalization constant.
down to near-zero energy since some particles are not cafrhen the probability that the particle is captured before it is

tured until they are essentia”y Stopped. slowed to energﬁlab is given by
In the present work, cross sections have been calculated

only at energies where capture is probable, and even at these E/
. . . . . . . > O-cap( Iab)
energies, only the contribution of ionization, not elastic and Pcap(E|ab)~NJ ———=dE],, (12)
inelastic scattering, to the slowing down has been taken into Eiab Otor Ejap)
account. Calculations g&~ capture by the hydrogen atom
[24] suggested that the slowing-down and capture mechawhereN is such thatP,,(0)=1.
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TABLE lll. Cross sections for capture (p?by noble-gas atoms.

O capt (UNts of 83)

E.m (a.u) He Ne Ar Kr Xe
0.01 77.761.13 32.231.98
0.10 18.26:0.28 13.82-0.41 46.94-1.91
0.20 9.55-0.14 10.04:0.35 30.24-1.40
0.30 6.90-0.09
0.40 5.34-0.06 7.99-0.24 17.67-0.83
0.50 4.56-0.07
0.60 3.94-0.06 6.41-0.14 13.85:0.40
0.70 3.54-0.05
0.80 3.220.05 6.38:0.17 10.46:0.50
0.90 3.05:0.05
1.00 2.910.05 5.66-0.13 8.770.43 15.55-3.14 19.64:1.35
1.10 1.76:0.07
1.20 0.95-0.06
1.50 0.38-0.05 3.7%+0.12 5.94-0.37
2.00 0.13:0.03 2.610.12 4.38-0.49 7.35:1.75 11.78&2.15
2.50 0.01-0.01
3.00 1.66-0.16 2.69-0.49 6.22£1.66
4.00 1.19:0.15 2.12:0.46 3.52:0.80 6.872-2.09
6.00 0.66-0.13 1.55-0.41 2.75-0.96 4.40-1.34
8.00 0.410.11 0.99:0.35 1.7G6:0.22 2.830.77
10.00 0.22:0.08 0.56-0.27 1.19-0.22 1.88-0.34
12.00 0.030.03 0.710.30
15.00 0.27-0.15
18.00 0.27-0.15
21.00 0.1&0.12
25.00 0.09-0.06
30.00 0.02:0.02
35.00 0.02:0.01

In a binary mixture, assuming a flat arrival function, the c,: however, as first pointed out by Voget al. [25], the
probability of capture by components given by reduced capture ratio can, in fact, depend on the concentra-
tion.

* Cio gpﬂ Ejan)
0 Clo-%t)( Elan) + CZUgt)( Elan)

Wi ~N d Elab1 (12) Ill. RESULTS

The results for negative muon and antiproton capture by
wherec, andc, are the fractions of each speci@s+c, the noble-gas atoms are given in Tables Il and I, respec-
=1, andN is a normalization constant such that+W, tively, as a function of center-of-mags.m,) system energy.
=1. Here it is important that the cross sections for differentThe results for He and Ne were previously publistidd
species should be for the same lab(or p) kinetic energy. ~ 1N€ capture cross sections extend to collision energies well
The generalization to a mixture with more than two compo-CVer 100 eV for all the atoms except He. For helium, the
nents is straightforward. capture cross section decreases rapidly at collision energies

The most informative way of looking at capture is via the exceeding its first ionization potential; this behavior is simi-

reduced capture ratio, i.e., the ratio of capture probabilitied®” t0 that of the hydrogen atom and can be interpreted as
per atom quasiadiabatic ionizatiofstrictly adiabatic ionization of he-

lium cannot occur since the united-atom limit, Hs bound.
On the other hand, the capture cross sections for the heavier
A(Zy.Z,) = W, /cy (13) atoms display no obvious alteration in behavior at collision
D=2l W, ey energies equal to their ionization energies, which is the maxi-
mum collision energy at which ionization of a single elec-
Note that, with this definitionA(Z,,Z,)=1/A(Z,,Z,). If  tron, carrying off zero kinetic energy, suffices to capture the
the process is linear, then this ratio is independert;adind  incident exotic particle. We believe this smoothness is due to
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FIG. 1. Cross sections for negative muon capture byditele), FIG. 2. Cross sections for antiproton capture by (kfecle), Ne

Ne (square, Ar (up triangle, Kr (down triangle, and Xe(diamond (square, Ar (up trianglg, Kr (down triangle, and Xe(diamond as
as a function of incident muon energy, with Monte Carlo error barsa function of incident antiproton energy, with Monte Carlo error
of the FMD calculation. bars of the FMD calculation.

the fact that electron correlation in the heavier atoms is mord&ions that appear in Eq12) have not been calculated. How-
intricate, and it is easier to excite or ionize additional elec-€ver, the behaviors found in the total ionization cross sec-
trons. Except for He and Ne at very low collision energies tions, calculated for He, Ne, and Ar, suggest a reasonable
the capture cross sections at a given energy increase mon@Pproximation. We first observe that an ionizing collision at
tonically with theZ of the noble gas. c.m. system collision energy below the first target ionization

The capture cross sections fprare very similar to those potential(IP) must, by energy conservation, result in capture.
for . In the c.m. system, the~ cross sections tend to be The total ionization cross sections, calculated by FMD for

liahtly | than th i Thi be attrib He, Ne, and Ar targets, are found to decrease relatively
sligntly larger than they cross sections. This can be attrib- slowly at higher collision energies within the range of cap-

gted to thg fact that nonadiapatic effects are larger fqr th?yre energies£10 a.u.). As an approximation, we thus take
lighter particle. The cross sections are shown as a function o

laboratory energy, which is more relevant to capture in mix- Teapl E) atE<1.0 a.u.
tures, in Figs. 1 and 2. The difference between the c.m. sys- Tion(E)=
tem and laboratory system energies is appreuable only for

the p+ He collision; in the laboratory system, the+ He  \we make the further approximation
cross section is actually larger than the + He cross section

in a narrow, but statistically significant, energy region just ol E) =~ 0ion(E). (15)
aboveE ;=1 a.u.

The reduced capture ratios are calculated by Ei3.and  Really oy, is @ lower bound oy, but any shortfall may
(13). As mentioned above, the total slowing-down cross secbe compensated by the approximation in E&4), which

(14

Ocap(1.0 a.u) atE>1.0 a.u.

TABLE IV. Capture ratios for negative muoriand pion$ in equimolar binary mixtures.

Experiments

Theory Ref[27] Ref.[28] Ref.[29] Ref.[30] Ref.[31] Ref.[32] Ref.[33]

A(Ne,He) 3.3 4.1 3.4 5.5 4.2
A(Ar,He) 7.6 6.8 438 6.1 6.4

A(Kr,He) 9.7 6.4 11. 9.1

A(Xe,He)  13.9 12. 11.

A(Ar,Ne) 2.2 1.1 1.6 1.1 1.4 1.1 15 1.26
A(Kr,Ne) 2.9 2.3 1.9 1.9 2.1

A(Xe,Ne) 4.3 2.3 2.1 2.7

A(Kr, Ar) 1.4 2.2 1.3 1.8 1.4

A(Xe,A) 20 2.2 1.9 1.8

A(Xe,Kr) 1.4 1.0 1.1 1.2
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TABLE V. Capture ratios for antiprotons in equimolar binary 18.0 — T T T T T T T T
mixtures. j
140 \ .
Theory
20 T
A(Ne,He) 3.0
A(Ar,He) 7.0 100 _i\ _
A(Kr,He) 8.7 Q
A(Xe,He) 12.8 g‘ 80 -
A(Ar,Ne) 2.2 <
A(Kr,Ne) 3.0 60 .
A(Xe,Ne) 4.4 g
A(Kr,Ar) 1.4 40 iy
e
A(Xe,Ar) 2.1 20 |4 N
A(Xe,Kr) 1.5 b
00 | | | | | | 1 1 1

o . 01 02 03 04 05 06 07 08 09 10
generally somewhat exceeds the actual ionization contribu- ¢
tion at the higher energies. The sensitivity to these approxi-

mations is examined below. muons in binary mixtures of noble-gas atoms. From bottom to top
The resulting capture ratios for equimolar binary mlxturesthe curves area A(Kr A, (b) A(Xe.K), (©) A(Xe.An. (d)

are given in Tables IV and V for.~ andp, respectively. The = a(ar,Ne), (&) A(Kr,Ne), (f) A(Ne,He), (g A(Xe,Ne), (h)
capture fractions increase monotonically wihthough not  a(ar,He), (i) A(Kr,He), and(j) A(Xe,He).

proportional to some power & or with any other simpl&

dependence. The values far~ capture(or =~ initial cap-  We have the data to test this hypothesis with Ar ahte as
ture, which is almost the samare similar to the experimen- the common element. It can be seen in Table VI that(E6).

tal values; they are generally a bit higher except foraPpears to be a good approximation, off $y10% in the
A(Ne,He). The lower value forA(Ne,He) reflects the Worst of these cases. o _
anomalous crossing of the neon and helium cross sections gt N€Xt we examine the sensitivity to the assumption of Egs.

e ; : o 4) and (15). Determinations with the actual FMD ioniza-
low energies; possibly the experimental values indicate tha X ;
this crossing is spurious. tion cross sections for He, Ne, and Anstead of Eqs(14)

As expected from the similarity of their capture cross sec—i?ir (,ig]: 2y Is?k:‘orA,L(L'\Je, 2%:2'(7'\’“3 ?—I(?)igi): 2 (ir :g)d
tions, the ratios fop capture differ from those of.~ only :99' andA(Ar Ne)=2,3 for p, in ,reasonabyle agr,eement
slightly. As yet, there are no experimental values availablgNitH '|7'ables Y, a;nd v ' ’
for p capture in the mixtures. o o . The mixtures with helium are moderately sensitive to the

Most of the experimental determinations are indirect; i.e. gjowing-down cross sections: a factor of 2 increaserjg
the ratios are really quotients or products of ratios with som&ecreased the capture ratios by up to 20% and a factor of 2
Species in common, e.g., decrease inr, increased the capture ratios by up to 50%.

A(Z4,2,)=A(Z;1,Z5)A(Z3,Z,). (16) AII the_gapture ratios for mixtures without _hellgm are quite
insensitive to the slowing-down cross sections: a factor of 2
TABLE VI. Comparison of indirectly calculated with directly change ino changed_the capture ratios by no more than

calculated capture ratios for negative muons in equimolar mixtures?% for u~ and 5% forp. The reason for the greater sensi-

1
FIG. 3. Calculated concentration dependences for capture of

An extra digit is given to facilitate the comparison. tivity with helium is its much sharper energy cutoff in cap-
ture.
Indirect Figure 3 shows the dependences of the reduced capture

ratios[Eq. (13)] on the concentration; of the heavier com-

Direct With Ar With *He ponent. The concentration dependences are found to be
A(Ne,He) 3.29 3.52 3.29 rather weak, so comparison of measurements utilizing differ-
A(Ar,He) 7.59 7.59 7.58 ent concentrations, as done in Table 1V, is legitimate. The
A(Kr, He) 9.67 10.34 9.67 strongest dependence is seen in the mixtures with helium,
A(Xe,He) 13.89 14.95 13.90 especially at small concentrations of the heavier element.
A(Ar,Ne) 215 215 231 Thls_ is because th(_a significantly larger slowing-down cross
A(Kr,Ne) 294 293 294 section of the heavier ele_ment ena_bles more muons to re_:ach
A(Xe,Ne) 4.26 494 4.23 energies below the cutoff in the helium capture cross section.
A(Kr,Ar) 1.36 1.36 1.28 V. CONCLUSIONS
A(Xe,Ar) 1.97 1.97 1.83
A(Xe,Kr) 1.45 1.45 1.44 Negative muon and antiproton capture cross sections have

been calculated by the FMD method for all noble-gas targets.
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The all-electron calculations for the heaviest atoms are quitat collision energies exceeding its first ionization potential,
time consuming and might benefit from the use of a coreather like capture by the hydrogen at¢av], but the cap-
potential to eliminate the inner shells. However, the increas¢ure cross sections of the heavier noble gases are smooth at
in the cross sections even for the heaviest atoms, for whicthis juncture.
the ionization potentials are similar, suggests that correlation The present calculations of capture ratios are somewhat
is important, so the elimination of electrons must be dondnadequate because the corresponding slowing-down cross
with care. sections have not been completely determined—elastic and
Although the quasiclassical method may overestimataonionizing inelastic contributions have not been calculated,
correlation, it seems clear that multiple electrons participateor have the noncapture ionization cross sections been cal-
in the capture and any one-electron method is destined toulated for Kr and Xe. In their place, the total slowing-down
fail. For example, a recent theoretical treatment with a singleross section has been approximated by the capture cross
active electron by Briggst al. [26] obtained cross sections section atE;,<1.0 a.u. and continued to higher energies

for p capture by helium, neon, and argon. Their results ardy its value at 1.0 a.u. The resulting capture ratios are in
not too different from the present results for helium, butreasonable agreement with available experimental values.
decrease instead of increasing for neon and argon. The cdore work on slowing down is needed before it can be as-

responding capture ratios a®(Ne,He)~0.04, A(Ar,He)  certained whether the remaining disagreements with experi-
~0.004, andA(Ar,Ne)~0.01. Since even this one-electron Mental results are due to the slowing-down cross sections or

method indicates that~ and p capture are similar, these to Elrjhe caﬁ)ture crgss segtlonsttrllemselges. f estimati
results appear to be in drastic disagreement with experi- € olten-used experimental procedure of estimating cap-

ments. A multielectron quantum-mechanical calculation iSture ratios by actually observing capture in separate mixtures

highly desirable; time-dependent methods, as previouslw'th a third element in common was found to be a reason-

used for capture of muons and antiprotons by the hydroge bly good approximation. Also, the capture ratios dgpend
atom[18,21,22, may soon be up to the task. only weakly on the relative concentrations, so it is sensible to

The relative capture probabilities for the noble-gas atom%xtrapolate capture ratios measured at convenient concentra-

increase withZ due to the higheZ capture cross sections ons.
being larger at a given energy as well as extending to higher
collision energies. Except for changes in magnitude, Ne, Ar,

Kr, and Xe behave in a qualitatively similar fashion, but He | thank D. Horvah for helpful comments. This work was
is different. The He capture cross section decreases abruptjone under the auspices of the U.S. Department of Energy.
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