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Multielectron effects in capture of antiprotons and muons by helium and neon
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Antiproton @ and negative muony(~) captures by helium and neon atoms are treated using the fermion-
molecular-dynamics method, yielding capture cross sections, initial quantum numbers, and ejected-electron
energies. The calculated angular-momentum distributions tend to pilelapnat 1 and are not well fitted by
the form (2 +1)e®, which is often assumed in experimental analyses. The residual electrons are generally left
in a “shake-up” state. When capture is accompanied by multiple ionization, the second and later electrons
escape with increasing kinetic energies, a process that is not well described as quasiadiabatic. In a 50:50
mixture of helium and neon, the calculated Ne:He capture ratios are 3.376 dod 3.69 foru™. The u™
per-atom capture probability is almost independent of the neon fraction and is in overall agreement with
severalu™ and#~ experiments; foathere is a rather strong dependence on neon fraction, but there are as yet
no experiments. The possible experimental indication of a strong isotope effect on capttraromixtures
of *He and“He is not supported by the present calculation.

PACS numbgs): 36.10—k, 34.10+x, 25.43+t, 03.65.Sq

[. INTRODUCTION electrons ionized with very low kinetic energy? The analog
to the adiabatic-ionization model would suggest the answer

Atomic capture of heavy negative particles has been studo (i) is the minimum number consistent with positive an-

ied almost since the discovery of these parti¢idegative- — swers to(i) and (iii ).

particle collisions with atoms are fundamentally different It can be inferred from experimental observations of rela-
from normal ion-atom Co||ision3, as was first demonstratedive Capture prObabilitieS that additional electrons tend to in-
experimentally by Barka®t al. [1]. The negative particle Créase the capture probability, though not monotonically;
feels an increasingly attractive potential as it approaches thimpleZ scaling[3] is clearly inadequate. The opposite sup-

nucleus. One or more electrons can be ionized as the negagsition, that the capture cross section depends mainly on the

tive particle is captured. In this process, multiple electroniclarget ionization pote_ntlalz as suggested_ by capture occurring
at low collision energies, is also clearly inconsistent with the

continua come into play and electron-electron as well as exd ) g .
otic particle-electron correlation may be important. Experi—data' Semiempirical formuld9—11], motivated by these and

ments have been conducted with all the noble-0as atoms other considerations, have been fairly successful in fitting the
I ith — d | | [%.$ * Bbserved capture probabilities, but leave many basic ques-

Well as with many simple and complex moiecu . tions, like those above, unanswered. In the present paper, we
The theory was pioneered by Fermi and Tellgf using

. i . report calculations on helium and neon, the simplest atoms
the Thomas-Fermi model for the target atom. Their model iy, \yhich experiments have been perfornja@—15

fairly successful on the average, but its degenerate €lection-' spq\ering these questions requires a theoretical method
gﬁls tr?atmﬁnh |sffnot Vafl.'d forbllght edlegner%t.s andldclles noI:apable of treating all electron dynamics, including multiple
K‘AOW ]E)rhs g e‘l edCtSH |rstho sgrve d y ]incmﬁha 'h[j. ionization and correlation. Previous work showed that muon-
ost of the detalled theory has been done for the hydrogejeciron correlation is essential in capture by the hydrogen
atom[5,6], while capture by this simplest target is yet to be atom[16]. These demands exceed the capability of any ex-

examined experimentalf/Several theoretical treatments of isting fully quantum-mechanical method, but are treatable by

the hydrogen atom ha\(e ?ho‘.’V“ th"?‘t the capture energy prjpe quasiclassical method known as fermion molecular dy-
marily goes to target ionization with the ionized electron

)  little Kinet dicted by th namics(FMD) [17]. The FMD method uses pseudopotentials
carrying ot |tt'e Inetic _energy, as pre |cte' y the 4, approximate quantum-mechanical behavior and formulate
adiabatic-ionization mode[8]. Capture by multielectron

. invol dditional iofid- h the problem within Hamilton’s equations of motion. It ac-
atomic targets involves additional questiofi:how many .o ,nis for the three-dimensional, correlated motion of all
electrons are ionizedii) is the target atom left in its ground

I ) . diately aft h electrons.
electronic state immediately after capture, diid are the A recent experiment o~ capture by neorf18] has

provided unprecedented information on the initial capture.
Comparison with the present calculations yields new under-

IE'eCtrO”iC address: cohen@lanl.gov _ standing of the mixed electronic-muonic state.
Muon u~ of mass 206.7m, (in 1937, pion = of mass
273.14m, (in 1947, kaon K~ of mass 966.0d, (in 1947, and Il. METHOD

antiprotonp of mass 1836.1%, (in 1955.

2The ASACUSA collaboratiofi7] is preparing an experiment on
p capture by the hydrogen atom using the new antiproton decelera- The FMD method has previously been described in detail
tor (AD) at CERN. [17]. It utilizes the Kirschbaum-WiletéKW) ansatz for the

A. Fermion molecular dynamics
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TABLE I. Optimized FMD parameters. In all caseg,=2.0 andap=1.0.

FMD parameters Associated energies

&n ép IP; (a.u) Eor (@.U)
H 0.8946 0.4998 —0.4998
He 0.9343 0.9737 —2.807
Li 0.9116 4.066 0.1981 —7.478
Be 0.9014 4.924 0.3425 —14.67
B 0.9369 2.378 0.3050 —24.66
C 0.9424 2.332 0.4138 —37.86
N 1.0167 1.840 0.5340 —54.61
O 0.9881 1.996 0.5006 —75.11
F 1.1244 1.464 0.6402 —99.81
Ne 1.1311 1.511 0.7924 —129.1

3 or He, the FMD parameters were chosen to minimize a weighted erroy BntfE,;; the exact values are
0.9037 and-2.904, respectively.

atomic structurd 19]; pseudopotential¥/,; and Vp, which  the target atom, rather than the universal values, and softer
constrain the quasiclassical dynamics to satisfy the Heisenalues ofa and ap, as later recommended by Beck and
berg uncertainty and Pauli exclusion principles, respectivelyWilets [21]. The maodification of the hardness parametegs
stabilize the quasiclassical multielectron atom and provide and «p is not as important for the low-energy collisions un-
shell structurd20]. Similar terms are included for the exotic der present consideration as it was for the stopping powers
atom structure, but have little effect since it is formed in acalculated by Beck and Wilets, but we use the same values
highly excited state, which behaves nearly classically accorde,,=2.0 andap=1.0.
ing to the correspondence principle. The values of¢y and ép were chosen to match the first
The FMD effective Hamiltonian for the system is written ionization potential and total binding energy of the target
atom, since the first ionization potential is most important for
the capture dynamics and the higher ionization potentials on
the average will be correct. This procedure is exact for all

whereH, is the usual Hamiltonian of the system containing :
-0 ; . . ms ex He, for which th ramefgrhas no eff
the kinetic energies of all particles and Coulomb potentlalsato S except He, fo ch the para as no effect

for all pairs of particles. The extra terms are since its two electrons have antiparallel spinsy (and ap
P P ' are not useful variables for this procedyréhe parameters

Ne obtained for the atoms H through Ne are given in Table I.
VHZE F(F i Pri i Enyan) + F (g P Eryan) () ‘Beyond the Monte Carlo statistical errors, the main uncer-
i=1 tainties in these calculations come from the use of quasiclas-
sical dynamics and the approximate target shell structure, as
discussed above. Although there are no comparable calcula-
Ne Ne tions of capture of exotic particles by multielectron targets,
_ ) some indications of the accuracy of the FMD method can be
VP_El j;rl F(rij Py 1 &p o p) 05 5 ®) gained from comparisons of FMD calculations of capture by
the hydrogen atom with accurate quantum-mechanical calcu-
wherer ,; is the distance of electrdrfrom the nucleus, r,,  lations[6] and comparisons of FMD calculations of ioniza-

Hemp=Ho+Vy+Vp, 1)

and

is the distance of the exotic particérom the nucleus, rj; tion and electron transfer in ion-atom collisions with experi-
is the distance between electrdrendj, ands; is the spin of ments[22]. The comparisons, in Secs. IV and V, of some
electroni. calculated features with experiments, will also help gauge

As usual in the FMD method, the constraining potentialsthe accuracy.
are chosen to be of the forfi9]

% 2
f(r)\vip)\y;gaa): %exq (%

4ar)\wu)\v

- ( rmp)\,,) 4” B. Pseudoguantum numbers

énh In order to model the cascade, the distributions aind|
(4) quantum numbers of the capture orbital are needed as well as

the total capture cross section. Becauseathielues are large
where subscripta. and v designate pairs of particles with (=+m,/m,) the gquasiclassical assignment by binning is
reduced masg,,. The paramete€ reflects the size of the quite satisfactory. However, there is still uncertainty that
core (Heisenberg or Pauliwhile « is a hardness parameter. arises from approximating the structure actually calculated
The only way in which we deviate from the original pre- with single-particle(hydrogenlike quantum numbers when
scription of KW is to use values afy and &p optimized for  in fact there may be residual electrons present. This compli-
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cation does not directly affect the angular momentwhthe lll. CAPTURE OF p AND p~ BY HELIUM

exotic particle with respect to the nucleus, but does affect its ) . . . )
association with a given, which is important in determining 11 Simplest physical system for which exotic-particle
the probabilities of subsequent radiative and Auger cascadé@Pture experiments have been performed is the helium
transitiong23,24). The direct transfer of angular momentum atom. These experiments include capture ratios for muons
between the exotic particle and the electrons is relatively12,13 and pions[14,15 in mixtures of helium with other
small. We have taken two different approaches to this probgases, the x-ray cascade of muonj25-31, pionic
lem: (1) using the full nuclear charge ignoring the electrons[25,27,32,33 and antiprotonid34—3¢ helium, and, most
and (2) using an effective nuclear charge to approximaterecently, spectroscopy of the metastable electron-antiproton

electron screening, as follows. systemape~ [37—40. Capture of exotic particles by helium
has previously been treated theoretically by a variety of ap-
1. Two-body approach proximations,  including  plane-wave  Born [41]
Two-particle binding is calculated simply as (n~, 7 ,K~,p), Coulomb-Borr42] ("), optical potential
7 2 with Hartree-Fock wave functiorig3] (u ™), diabatic states
E,=— T + z—r;' (5) [44] (,u‘,le‘,p), coupled-channel semiclasiic&lS]

(u~,7 ,K7,p), nonadiabatic black body6] («~,p), and

wherer andp, are the distance and momentum of the cap-FMD [47] (H). Apart from the first two perturbative meth-
tured exotic particle relative to the nucleus of chazgend u ods, all these calculations agree that the exotic particles are
is its reduced mass. Then this quantum number, which weaptured only after being slowed to kinetic energies compa-

denoten,, is given by rable to the first ionization potential of the target helium
_ 72\ atom. . . B
nzz( (6) The previous FMD calculation op capture by He was
2E; mainly concerned with characterizing long-lived states of the

ape” system[47]. That work found that about 22% of the
antiprotons captured by He survived in the three-body sys-
tem beyond times of P0a.u.(2.4 p3. Here we take a simi-
lar approach in following the dynamics long enough that
prompt ionization of the second electron has an opportunity
to occur, which usually takes0.1 ps. Characterization of
the states after prompt ionization is most relevant to experi-
ments. In essential agreement with Beatlal. [47], we find

that 20% of thewpe™ escape prompt ionization and survive
beyond 1 ps. In similar calculations @f~ capture by he-
lium, we find a somewhat smaller fraction 14% surviving
beyond 1 ps. At longer times the calculated decay is much
slower. However, characterization of the behavior at the ex-
perimental time of~ us by the present approach is imprac-
tical because of the extreme number of integration steps that
would be required, and in any case would be of dubious

The effective nuclear charg&e is then taken to be the validity vx./lth.the.quasmlassw.;al description.
charge that would exert the actuaéntral component of ' ne distributions of principal quantum numbersdeter-
force on the exotic particle if there were no electrons; i.e., Mined at~0.3 ps, are shown in Figs(& and 1b) for p
andu~ capture, respectively, by He. The distributions peak
—Zegt (ry—rp) atn=234 forpa andn=12 for u.~ «. The shoulder, visible in
et |2=— [F=ra rH- (8 both cases on the high-side, corresponds to systems still
x on retaining one electron, generally with the electron having
largel as well as largen. These distributions have been in-
tegrated over capture energy, weighted by the capture frac-
_Mzgﬁ) 12 tion oc.p(E)/oo(E), as is appropriate for situations in

(actually the nearest intege©One advantage of this approach
is that the inequalityl<n, (nonintegerized valugsrigor-
ously holds(see the Appendjx With the identification[|]
—1| and[n,+0.5]—n, the quantum-mechanical relatidn
=n—1 is essentially satisfied for large([ x] designates the
greatest integer less than or equakjo

2. Screening approach

The effectiven, taking screening into account, is not
unique. We calculate the energy of the total sysi&g (in-
cluding even apparently free electroasd the energy of the
system with the exotic particle removéd , ; the difference
yields the effective binding energy

Eet=Ewor—E—x- (7)

Then

(99 which the exotic particle is slowed down and captured in the
target medium. Figure 2 shows the distribution focapture

Due to the electrons, the effective potential is neither Coudt @ particular energy By, =0.4 iu')' This distribution
lomb nor central, and the relatidre no does not necessarily Cclearly reveals the separation of the states at lown and
apply. Since circular orbitald €n—1) pose bottlenecks for pae™ states at higim. Thepae™ states have small values of
the subsequent cascade and are thus particularly importamt—| and decay on a time scale at least an order of magnitude
method(2) may be seriously deficient. slower.
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FIG. 1. Principal quantum number distributions (integrated
over capture collision energie$or (@) p and (b) x~ capture by
helium. These distributions were obtained at a time~d.3 ps
after the arrival of the projectile at the target. At the peaks both
electrons are ionized, but in the region of the shoulder and highe
some atoms retain an electron.

The most useful distributions are for givem since it is

n—1 that tends to be most important in determining cascade

steps. Frequently this distribution has been approximated b
the form (2+1)e* for 0<I<n, wherea=0 corresponds
to a statistical distributiong>0 to overpopulation of largk
and @< 0 to underpopulation of larde This characterization

is most important ath~ny=+m,/m,; for very largen
(>ny), the population will cut off al <n since particles
with very largel do not penetrate to distances where the

electron density and capture probability are large. In Fig. 3

the | distributions forpa(n=34) and u™ a(n=12), inte-
grated over capture energy, are shown. pat thel distri-
bution is fairly statistical at low-to-moderate valuesl @nd
peaks strongly dt=n—1, with a valley in between. A simi-
lar behavior is seen for ™~ «, with the peak at=n—1 not
quite so pronounced. Obviously this sort of distribution can-
not be accurately represented by the formh+2)e®'.

The capture and total ionization cross sections for antipro
ton and muon capture by helium are enumerated in Table |
and shown in Figs. @) and 4b), respectively. As required
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FIG. 2. Principal quantum numbaerdistribution foracaptured
by helium in a collision at center-of-mass energy 0.4 a.u. The popu-
lation in the second peak at higheretains an electron in a rela-

tively long-lived hight state.
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FIG. 3. Angular-momenturhdistributions for(a) p captured by
helium inn=34 and(b) «~ captured by helium im=12 (the most
pprobablen in Fig. 1). (Note: In this histogram the statistical error is
~15%; i.e., fine-scale roughness in this and other histograms is not

for conservation of energy, the capture and total ionizatiorsignificant)
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TABLE Il. Capture and total ionization cross sections far p+He and(b) x~ + He.

Eem (@u) 2 0 capt (UNts Ofa3) @ 0ot (UNits of a3) Eem (@.U) 2 0 capt (UNts of a3) @ 0o (UnNits of a3)
(@ p+He (b) ™ +He
0.01 77.76:1.13 77.76:1.13 0.01 72.3%+1.17 72.31%+1.17
0.10 18.2-0.28 18.2-0.28 0.10 18.980.28 18.980.28
0.20 9.55-0.14 9.55-0.14 0.20 10.42-0.13 10.42-0.13
0.30 6.90-0.09 6.90-0.09 0.30 7.59-0.12 7.60:-0.12
0.40 5.34£0.06 5.34-0.06 0.40 6.05-0.08 6.06-0.08
0.50 4.56-0.07 4.56-0.07 0.50 5.13-0.07 5.16:0.07
0.60 3.94+0.06 3.94-0.06 0.60 4.54-0.07 4.58-0.07
0.70 3.54-0.05 3.54-0.05 0.70 4.12-0.07 4.170.07
0.80 3.270.04 3.270.04 0.80 3.80G:0.06 3.89-0.06
0.90 3.05-0.05 3.070.05 0.90 3.59-0.06 3.69-0.06
1.00 2.910.05 2.95-0.05 1.00 3.410.05 3.570.06
1.10 1.76-0.07 2.80-0.05 1.10 2.910.06 3.56£0.06
1.20 0.95-0.06 2.70-:0.05 1.20 2.02£0.07 3.35-0.06
1.50 0.38£0.05 2.410.06 1.50 1.02:0.07 3.210.07
2.00 0.13:0.03 2.17#0.06 2.00 0.59-0.05 3.19-0.08
2.50 0.0x-0.01 2.03:0.07 2.50 0.33:0.04 3.2G:0.08
3.00 1.9G-0.05 3.00 0.09-0.02 3.19-0.07
4.00 1.82:0.05 4.00 3.36:0.07
6.00 1.84-0.05 6.00 3.40:£0.07
8.00 1.910.05 8.00 3.48£0.07
10.00 2.06-0.06 10.00 3.470.07
12.00 2.28-0.06 12.00 3.59-0.07
15.00 2.36:0.06 15.00 3.55-0.07
18.00 2.5%0.07 18.00 3.6%0.07
21.00 2.66:0.06 21.00 3.630.07
25.00 2.74-0.07 25.00 3.74-0.07
30.00 2.950.07 30.00 3.8%0.07

4 a.u=27.21 eV; B3=0.280x10"1¢ cn?.

cross sections coincide at collision energies below the firsbtic helium formation[44]; the DS treatment yields cross
ionization potential of the target. Like the hydrogen atomsections, which elude the purely adiabatic treatment.

target, it is still generally true that capture by the helium In most cases it is the ionization of the first electron that
atom occurs with ionization of a single electron. The kinetic-ffects capture by helium. The second electron then usually
energy distributions of the first ejected electron are shown ifollows by an internal Auger process in which the captused

; - - - deexcites. However, the two physical processes are similar
Elegiisu.nf(a) and §b) for p and u~ capture, respectively, by and there is sometimes not a sharp separation. In fact, careful

. . . L comparison of Fig. @) with Fig. 5a) and Fig. 4b) with Fig.
Strictly speaking, adiabatic ionization cannot occur for theg ) yeyeals that the capture cross section is still significant at
He target since the adiabatic correlation is to,Hvhich is  energies exceeding the target first ionization potential by
bound. In a quasiadiabatic description, the first electrommore than the maximum kinetic energy of the first ejected
ejected has near-zero kinetic energy. It can be seen by comafectron. This is evidence of participation of the second elec-

paring Figs. 5a) and 5b) that the heaviep behaves more tron in theinitial capture. In the case qf it appears that the
adiabatically than does the lightgr . The average electron second electron is left excited but not ionized; for the
energy for the former is 0.10 a.u., for the latter 0.15 a.u. Thissecond electron may sometimes be ionized since the capture

can be compared to 0.05 a.u. and 0.09 a.u.ﬁ@fH and  Cross section extends to energies exceeding the total binding

w~ +H, respectively. Though the behavior with helium is EN€r9Y of the helium atorf2.81 a.u. in our FMD descrip-

less adiabatic than with the hydrogen atom, the simple qua;[-'on)'
siadiabatic picture still has some qualitative validity. The
capture cross section falls off fairly rapidly at collision ener- .
gies above the first ionization potential. This finding is in  The cross sections fqv and x~ reactions with neon are
agreement with earlier diabatic-stdfeS) calculations of ex- enumerated in Table Il and shown in Fig. 4 along with the

IV. CAPTURE OF EAND H~ BY NEON
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FIG. 5. Distributions of the kinetic energies of the first electron
ejected in collisions wher@) p and(b) u~ are captured by helium.

FIG. 4. Capture(solid curve$ and total-ionization(dashed
curves cross sections fofa) p collisions with helium (closed-
circular point$ and neon(closed-square pointand (b) x~ colli-
sions with helium(open-circular poings and neon(open-square
points. The error bars indicate the Monte Carlo statistics.

a somewhat different strategy than those for helium. Though
the captures at high energies require ionization of multiple
electrons, we certainly want to characterize the state before
all ten electrons are ionized. Since the time-dependent trans-
fer of energy from the heavy negative particle to the elec-
trons can be nonmonotonic, the “instant” of capture is not a
helium cross sections. The capture cross sections for neamell-defined quantity, nor is the initiad quantum number.
reach considerably higher collision energies than for heliumThe chosen strategy, consistent with a typical experimental
still significant at~10 a.u. While Figs. @ and &b) show  analysis[18], is to follow each trajectory until some more-
that the first ejected electron carries off about twice as muclor-less arbitraryn value is reached. The values chosen were
kinetic energy(average 0.21 a.u. fgg+Ne and 0.34 a.u. for 45 for p+Ne and 16 foru~ + Ne.
©~ +Ne) than in the case of helium targets, it is still evident  The number of electrons remaining at this point is impor-
that more than one electron must be ionized to effect capturant to the subsequent cascade, which initially proceeds by
at such high collision energies. Subsequent electrons hav&uger conversion of electrons as the exotic particle deexcites
higher ionization potentials, and the calculations show thato lower orbitals. Actually the ion is left in a shake-up state
they escape with increasingly higher kinetic energies. Thend some electrons will simultaneously be removed by
kinetic-energy distributions for the second ejected electrompurely electron-electron interactions. We attempt to deal
are shown in Figs. (& and 1b); on the average, the energies with this situation by utilizing two limiting measures of the
of the second electron are about twice as large as for the firstumber of bound electronsi) counting all remaining elec-
electron. Nonetheless, even more electrons must be ionizetbns, no matter how weakly bound afig counting only the
for capture to occur at collision energies as high as 10 a.u.electrons that would remain bound if electronic Auger pro-
The calculations of capture by neon were carried out withcesses proceeded to completion while the exotic particle re-
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TABLE Ill. Capture and total ionization cross sections fay

p+Ne and(b) x~ +Ne.

Eem (aU) 0 capt (Units of a3) 0ot (UNits of a3)
(a E+ Ne
0.01 32.231.98 24.32-1.98
0.10 13.82-0.41 13.82-0.41
0.20 10.04-0.35 10.04-0.35
0.40 7.99-0.24 7.99-0.24
0.60 6.410.14 6.410.14
0.80 6.38-0.17 6.38-0.17
1.00 5.66-0.13 5.84:-0.11
1.50 3.7%0.12 5.53:0.13
2.00 2.610.12 5.09:0.15
3.00 1.66-0.16 5.03:0.16
4.00 1.19-0.15 4.96:0.16
6.00 0.66-0.13 4.59-0.16
8.00 0.41-0.11 4.27-0.16
10.00 0.22-0.08 4.08-0.15
12.00 0.0%0.03 4.05-0.15
15.00 4.04-0.17
18.00 3.92-0.17
21.00 3.86:0.15
25.00 3.7¢:0.15
30.00 3.72-0.16
(b) u~ +Ne
0.01 36.192.20 24.88& 2.39
0.10 12.82-0.51 12.44-0.50
0.20 9.75-0.35 9.75-0.35
0.40 7.63:0.23 7.63:0.23
0.60 6.53-0.19 6.53-0.19
0.80 5.9%0.16 5.91%0.16
1.00 5.53:0.17 5.66-0.17
1.50 4.15-0.15 4.90-0.16
2.00 3.46:0.10 4.43-0.16
3.00 2.0x0.15 4.12-0.15
4.00 1.63-0.05 3.99-0.15
6.00 0.86:0.03 3.63:0.13
8.00 0.49-0.04 3.4%0.12
10.00 0.35:0.04 3.29-0.12
12.00 0.22-0.03 3.26:0.12
15.00 0.16:0.02 2.92-0.10
18.00 0.030.01 2.88-0.10
21.00 0.0%0.01 2.83:0.10
25.00 0.01%0.01 2.62-0.10
30.00 2.52-0.10

mained frozen in its initial statenE=45 foraNe andn=16
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FIG. 6. Distributions of the kinetic energies of the first electron
ejected in collisions wheré) p and(b) w~ are captured by neon.

The effectivenumber of electrons should lie in between these
two measures.

The number of bound electrons, determined by these two
measures, accompanyingNe(n=45) and .~ Ne(n=16)
are shown in Figs. @ and 8b), respectively. The experi-
mental analysis of Kirclet al.[18] found a best fit fou ~Ne
at n=16 with n,=4.7"3%. They interpreted a fractional
value ofn, as a mixture of the next lower and next higher
integer charges, though higher and lower charge states can-
not really be precluded. This experimental distribution
agrees well with the measu(i) in Fig. 8(b). This finding is
consistent with both the fast reaction times for the light elec-
trons and the weak interaction between the muon and very
diffuse electrons.

The situations ofu ™ Ne(n=16) andpNe(n=45) appear
to be similar. This is as expected since the binding energies
—mX/2n§ of these two states are about eqlattually the

mass ratio would implyn=46.7 for thepNe with the same
energy asn=16 of u~ Ne, which is consistent witim, in

for u~Ne). The latter measure is approximated by comparfig. 8a) being a bit smaller than in Fig.(8)].

ing the energy of the electronic system with greund-state

We now consider the angular-momentum distributions.

energy of the ion having just lower energy. The minimumThe analysis was done with both the of Eq. (6) andn of
number of residual electrons is obtained by supposing theEq. (9). The description withn, was found to converge
each ejected electron carries off negligible kinetic energysomewhat more rapidly and to have other apparent advan-
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0.9 [~ (a) - 5+Ne -1
08 n=45 1
07 i

Probabiity

Probability

2 4 6 8 10 ”2 ¥4 ® 1B 2

Ey, (010 au)

FIG. 8. Number of residual bound electrons when ENe
reaches1=45 and(b) u~ Ne reachesi=16. The dashed histogram
includes weakly bound electrons; the solid histogram counts only
electrons that would still be bound after electron-electron Auger
o relaxation. In(b), the hatched area shows the results of the experi-
tages, but both will be presented. The results fdte(n,  mental analysigRef. [18]), n,=4.7"3%, with the assumptiorthat
=45) andu~ Ne(n,=16) are shown in Figs.(8) and 9b), only the next-lower and next-higher charge states ottt cross-
respectively. They display a flat-to-statistical shape for low-hatched area correspondsrtg=4.7).
to-moderatd and a strong peak &t&=n—1. This pileup may
be attributed in part to the initial steps of the cascade. To th@lso been calculated taking electron screening into account
extent it can be ascertained, the initial capture often occurs iHsing Egs.(7)—(9). The effective nuclear charge, which
still higher n. In some cases this is significantly higher thanwould yield the same force toward the nucleus, is calculated
the | values where capture occurs, those being limited tdy Eg.(8) and shown in Figs. 1@) and 1@b) for the capture
impact parameters about equal to the size of the target atororbitals of pNe and w~Ne, respectively. The effective
However, f(_)r_ purpose of experimental analysis, it is moregclear charges felt bﬁ iN Ner=45 and ™ in Neg= 16,
relevant to initialize the cascade at the moderate values. getermined by Eq(9), are similar; somewhat less than half

Such an experimental analysis has beeln don@.focap- - of the captured exotic particles feel the full nuclear charge
ture by neon[18]. A form P(l)>(2I+1)e" wasassumed and a few are subject to an effective charge as small as 4 at
and a best fit was obtained with=0.090"¢532, as shown in  this point. The corresponding angular-momentum distribu-
Flg Qb) This curve is like the theoretical distribution in tions are shown in F|g 11. As in F|g 9, the distributions
enhancing the largest allowedbut the form is clearly inca-  strongly peak at the largekpopulated. However, this maxi-
pable of faithfully representing the theoretical populations. Itmum| value is here less thamg— 1; evidently the centrifu-
should be noted that the simple exponential factor has no regfal barrier is also distorted by the electrons. This shift of the
theoretical basis. This form would do an even poorer JOb Ofangu|ar-momentum end point demonstrates the inadequacy
fitting the theoretical angular-momentum distribution shownof the hydrogenic orbital treatment. But if such a model must
in Fig. 9a) for pNe. be used, it could cause a serious error to really tgke<n

The theoretical angular-momentum distributions have—1. Since present practical treatments use the effective

FIG. 7. Distributions of the kinetic energies of the second elec-

tron ejected in collisions wher@) p and (b) x~ are captured by
neon.
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FIG. 9. Angular-momenturhdistributions for(a) Ecaptured by o
neon inn=45 and(b) .~ captured by neon in=16. This analysis FIG. 10. Effective nuclear charges felt by tf@ p and(b) x~
was done with then quantum number defined by E¢). The initially captured by neon.
dashed curves ifb) are the experimental fitRef. [18]) obtained
assuming the form (2-1)e*' with «=0.090 (central valug and  mych the same mechanism as capture, namely ionization,
0.075 and 0.12%error limits). and thus the energy steps in the slowing down are similar to
) ) o ) the energies where capture occurs. A flat arrival function
single-particle model, it is probably more appropriate to us§siifies calculation of capture distributions by quadratures
the distributions shown in Fig. 9. over the capture cross sections; e.g., in the case of principal
quantum numben,

V. CAPTURE IN MIXTURES OF HELIUM AND NEON

In this section we consider the capturepfnd ™ in a _ f“ . TcaplE)
thick target of uniformly mixed helium and nedtithick” P(m~N 0 F(nE) oo E) dE, (10
here means that both the slowing down and capture of an

initially energeticp or .~ occur within the medium Cap-
ture of a monoenergetic beam inttdn target would depend incident energyE, o s is the capture cross section, is

_only on the capiure cross sections at that energy, but Captufﬁe total ionization cross section, amtis a normalization
in a thick target depends on the slowing down history as Welc?nstant such that

as the energy-dependent capture cross sections. Rigorous cal-

culation would require solution of an integral equation for

the arrival function(spectral flux densitystarting with ex- ”

otic particles at energies much higher than where capture > P(n)=1.

occurs[48]. We have not calculated the slowing-down cross -t

sections at such energies; however, other work suggests that

the arrival function for heavy negative particles tends to be Under the same assumption, the probability of capture by
rather flat[49]. This is because slowing down occurs by componeni in a binary mixture is given by

where F(n;E) is the population distribution calculated for
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FIG. 11. Angular-momenturh distributions for(a) p captured s
by neon inngz=45 and(b) u~ captured by neon ing=16. This 388 -
analysis was done with the quantum number defined by E(®). ase |
Note that, in this effective-charge analyslg,,<n—1 (see text
The dashed curves itb) are the experimental fit&Ref. [18]) ob- 354 I N I TR RO S N B
tained assuming the form (2 1)e® with o=0.090(central valug 01 02 03 04 05 06 07 08 09 10
and 0.075 and 0.12&rror limits). Cre
% o (E FIG. 12. Reduced capture ratios (@Eand(b) u~ captured in
C|Ucap£ Iab) . .
W;~N dEjap, (11 mixtures of helium and neon.

0 C10{50(Ejap) + €203 (Ejap)
The most informative way of looking at capture is the
wherec, andc, are the atomic concentrations of each spefeduced capture ratio, i.e., the ratio of capture probabilities
cies(here He and Nec;+c,=1, andN is a normalization ~P€r atom
constant such tha@{.)+ P =1. The cross sections in this
expression are those shown in Figayfor p+He/Ne and A(Z1.Z,)= W(Zy)/e(Z) (13)
Fig. 4(b) for x~ +He/Ne, transformed to the laboratory sys- LE2ITW(Z,)1e(Z,)
tem using
If the process is linear i then this ratio is independent of
" Cne; however, as first pointed out by Voget al. [50], this
E|ab=<1+ m) Ecm., (12 ratio can in fact depend on the concentration. The reduced
' capture ratios foaand,u* in Ne:He mixtures are shown in
L Figs. 12a) and 12b), respectively. In both cases the prob-
wherem; is the target mass anuh, is the projectile p or  ability of capture by neon is the greater, as expected from its
w”) mass. Except fOH+ He, the differences of the plots as capture cross sections reaching much higher energies. For a
a function ofE, ,, andE,, would barely be noticeable on the 50:50 mixture, the reduced ratios are similé(Ne,He)
scale of this figure. =3.36 forp and A(Ne,He)=3.69 for u.™.
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TABLE IV. Reduced capture ratios and average capture energigg)f@rand (b) x~ in neon-helium

mixtures.
C(Ne) A(Ne,He) E‘C?pt (ev)
He Ne Average
(a) p capture
0.01 4.25 21.4 70.1 21.9
0.10 4.04 20.5 67.6 26.5
0.50 3.36 17.6 59.5 40.7
0.90 2.83 14.0 53.2 50.2
0.99 2.71 12.9 51.8 51.6
(b) u~ capture
0.01 3.67 211 63.0 21.6
0.10 3.69 20.8 64.1 26.3
0.50 3.69 18.9 68.2 50.5
0.90 3.59 16.2 71.4 68.4
0.99 3.54 154 72.2 72.0

Upon closer inspection, there is a significant differencecapture ratio forw™, shown in Fig. 1%), is much less de-
between the dependencies on the mixture fractions in the twpendent on the mixture. This behavior is like that previously
cases. The reduced capture ratio forshown in Fig. 1ga),  found for capture in mixtures of hydrogen and deuterium
has a substantial monotonic dependence on the mixtur&>1]- The dependence is weak because the total ionization
varying from 4.3 in predominantly helium to 2.7 in predomi- /0SS sections fow. +He and,u. +Ne are S'".“'a“ thus
nantly neon. This variation is due to the total ionization crosd€lr weighted sum in the denominator of E1) is almost

tion forp collisi ith bei bout twi | constant. The slight maximum af~0.35 is due to the
section forp collisions with neon being about twice as large crossing of thew™ +He andu™ + Ne total ionization cross

as the total ionization cross section forcollisions with he-  gections at~8 a.u.

lium, as shown in Fig. @). Thus an increased neon fraction  There have been a number of experimental determinations
increases the effective slowing-down cross secfionthe  of capture ratios for helium and neon using negative muons
denominator of Eq(11)] and enables morp to reach the and pions(The 7~ mass is close enough to that of the
lower energies where capture by helium becomes possibl¢hat the atomic capture properties can be expected to be
as indicated in Table IV. On the other hand, the reducedbout the samgAll of the capture ratios betweefHe and

TABLE V. Comparison with experimental capture ratios. Uncertainties do not include errors due to the
intermediary gas for indirectly determined ratios.

A(Z41,2Z,) Projectile TargetZ,:Z,) Intermediary gas Source
3.5-3.7 no Ne:*He none Present calculation
3.4+0.7 uw Ne:*He Ar Hutsonet al®
4.1+0.3 uw Ne:*He Ar Budyashovwet al®
42+0.3 o Ne:*He H, Petrukhinet al®
5.5+1.0 w Ne:*He %He Bannikovet al®
3.5-3.7 no Ne:*He none Present calculation
4.13+0.15 w Ne:*He none Bannikoet al®
0.99 no “He:*He none Present calculation
0.75+0.13 " “He:*He none Bannikoet al®

&This is the range for different neon concentrations.
PReference 13].
‘Referencd12].
dReferencd 14].
®Referencd 15].
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Ne have been determined indirectly. The capture fraction ofx~ capture by helium and neon suggest that the capture
helium is measured with some third species (Ag, bt *He) probabilities of increasingly heavy atoms grow both because
and the capture fraction of neon with that same species; themore electrons are ionized and because the additional elec-
the ratio of these two measurements is assumed to give theons carry off larger kinetic energies. The oft-invoked qua-
ratio that would be obtained with a mixture of helium and siadiabatic arguments are still fairly descriptive of capture by
neon. Though there is no rigorous theoretical basis for thifielium, but are virtually useless for the ten-electron neon
assumption, there is empirical evidence for its validity inatom. For neon, multiple ionization occurs and the residual
chemical compound$52]. The results of these measure- ion is generally left in a shake-up state. Comparison of our
ments are given in Table V. The experimental values bracketesults with recent experiments on muonic n¢&8] sug-
the presently calculated reduced capture ratie-8f6 shown gests that many of the attached electrons autoionize without
in Fig. 12b). It is not known to what extent the deviations changing the atomic state of the exotic particle. Only subse-
may be due to the indirect method of determination. guently can electron emission be unambiguously associated
The concentration dependence of the reduced capture rath cascading transitions of the exotic particle. In the in-
tios for neon and helium has not been measured experimeterim, the convenient assumption that Auger steps in the cas-
tally. Measurements of the concentration dependencafor cade occur with the electron making transitions between
capture in argon-neon, krypton-argon, and xenon-argon mixadiabatic ground states is not valid. Another experiment with
tures have been reported by Ehrhetrial. [53]. For the first  antiprotonic neon[55] confirms that our neglect of x-ray
two mixtures, they found a significant concentration depenemission during the initial Auger relaxation is valid and
dence, about as strong as we calculate foin the neon-  Showed that the cascade in antiprotonic neon is nearly circu-
helium mixture. However, it is in the oppposite direction; lar at least byn=15. _
A(Ar,Ne) and A(Kr,Ar) increaseas the fraction of the Really, the various ionization processes proceeq continu-
heavier element increases, while we fiddNe,He) de- ©ously and the instant of capture is not sharply defined. For
creases as the neon fraction increases. Though we have HYS reason, we chose to follow the trajectory until the exotic
knowledge of the total cross sections for argon and kryptorparticle reached some specified principal quantum number,
that controverts opposing behaviors, it may be noted that th@hich can provide a reasonable starting point for a quantum-
absolute numbers of Ehrhaet al. [53] for A(Ar,Ne) and Mechanical cascade calculation. We observed a propensity
A(Kr,Ar) disagree with other experimenfi$2,13,54. for the exotic particle to reach circular orbitsn—1) at
The experiment of Bannikoet al.[15] found the reduced Moderaten. The angular-momentum distributions are consid-
capture ratio of pions in &He:*He mixture to be 0.75 e€rably more ?eakeq at=n—1 than can be represented by
+0.13. This result differs from unity by only 2 sigma, and the (2+1)e® distribution often assumed. We also found
they were careful not to claimproof of an isotope effect. An that the interpretation of the exotic particle as in a hydro-
isotope effect of this magnitude would be quite surprisingdenic orbital with a screened nuclear chaf§é| can be mis-
since the electronic structures are the same andrthes  leading since it distorts the all-important population of the
much lighter than either nucleus. Therefore we have don@ngular-momentum states neas 1. _ .
FMD calculations on~ +2%He and5+3He for comparison Within the limitations of the model used in analyzing a

with the similar calculations ofiHe targets reported in Sec. recent gxpenmgnt on negative muon.capturle by riad
. . we obtained satisfactory agreement with the inferred number
lll. The cross sections fofHe in its center-of-mass system

were found to agree with those fdiHe within the Monte of _bound electrons and the angular-m_oment_um distribution.
Carlo error bars in all cases. Using these cross sections rF_a|rIy_good agreement was allso obtamec_i W'th. a number of
duced capture ratioa(*He 3He) were calculated as 0 99’1 %x.perlments determining rela.tlve capture in helium and neon
" S~ 3 oo mixtures. However, a strong isotope effect on the capture of
for ™ and 0.890 forp [the dependence oo(*He) is ex-  pions in mixtures of*He and “He, as suggested by one of
tremely weak _ _ _ the experiment§l5], is not consistent with our calculations.
To see how much of this small isotope effect might be || experiments to date have used thick targets. Future
due to the center-of-mass cross sections and how much Qperiments with monoenergetic beams of very slow antipro-
their transfqrmano_n to the laboratory system, we repeategg passing through thin targets promise to shed more light
the calculation usingxactlythe same center-of-mass cross 5 the capture dynamidg]. Capture at a known collision
sections. This result was negligibly different, 0.987 for  energy would avoid the complication resulting from compe-
and 0.900 fomp. The ratio form~ should be close to that for tition between the slowing down and capture processes. For
©~; inany event, a ratio as small as 0.75 seems unlikely. lantiprotons in a helium-neon mixture we predict that this
we compare with the value of 4.13 directly obtained experi-competition causes the per-atom capture probabilities to vary
mentally with Ne3He mixtures, instead of with the indirect significantly with neon fraction.
Ne:*He value, the agreement with the present calculation
and with other experiments is considerably improved.
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APPENDIX: PROOF THAT |=n CLASSICALLY or

The energy of a single negative charge bound by a posi-
tive charge+Z can be written
,LLZZZ
2 12=2uZR—pir?— e r2. (A4)
(A1)

7 2
E=——+ &
r 2w 2ur?

in terms of the radial momentum, and angular momentum |t follows by maximization ofl with respect top, andr that
[. We define the pseudoquantum numhéyy

2
2 _MZ [ (A5)
n 5E - (A2) max
Then . .
is achieved whemp, =0 andr=n?/uZ.
— 1272r2 In the present applicatiom is always large enough that
n’= IR (A3)  the distortion of the Coulomb potential on the exotic particle
—2pZr+prretl by the nonclassical FMD pseudopotentials is negligible.
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