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Isotope effects on antiproton and muon capture by hydrogen
and deuterium atoms and molecules

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

~Received 24 August 1998!

Cross sections for capture of the antiproton (p̄) and negative muon (m2) by the H2 and D2 molecules are
calculated using fermion molecular dynamics~FMD!. All the cross sections are significantly larger than those
for capture by the corresponding atom, also evaluated by the FMD method. The largest molecular cross
sections are obtained when the negative projectile mass best matches the nuclear mass in the molecular target,
thus for p̄1H2 . The vibrational degree of freedom is shown to be most important in distinguishing the four
reactions, but the effects of rotations, two-center electronic charge distribution, and nonadiabaticity are also
significant. The predictedinitial capture fractions~i.e., not taking subsequent transfer into account! in a H2

1 D2 mixture arePcapt
(p) /Pcapt

(d) 5qcp /cd , whereq51.585 forp̄ andq51.186 form2 independent ofcp andcd .
The energy-dependent quantum-number distributions of the exotic atoms formed, the angular distributions of
antiprotonic atoms, and the initial kinetic energies of muonic atoms are also presented.
@S1050-2947~99!06602-0#

PACS number~s!: 36.10.2k, 34.10.1x, 25.43.1t, 03.65.Sq
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I. INTRODUCTION

Recently a method was implemented that is able to t
into account the effect of molecular degrees of freedom
heavy negative-particle capture@1#. Rotations and especiall
vibrations were found to dramatically enhance antipro
capture by the hydrogen molecule over that by the hydro
atom. Analysis of the various motions showed that the
hancement comes from efficient energy transfer from the
tiproton projectile to the equal-mass proton nucleus in the2

target. Thus it may be expected that capture will be optim
where the mass of the negative projectile matches that o
atom in the target molecule and that the molecular enha
ment will diminish as the mass match deteriorates.

In the present work, calculations are performed for c
ture of antiprotons (p̄, of mass 1836.15me) and negative
muons (m2, of mass 206.77me) by H2 and D2, which have
projectile-to-target-nucleus ratios 1.00, 0.50, 0.113, a
0.056. Before the work of paper I it had been genera
thought that negative-particle capture was almost enti
due toquasiadiabatic ionization@2#, in which case the cap
tures ofp̄ andm2 by atomic hydrogen or various isotopes
molecular hydrogen would all be expected to be essenti
the same in their respective center-of-mass systems~of
course,kinematic differences occur in the laboratory sy
tem!. Based on the new understanding, such similarity co
no longer be expected, but it remained to be seen how in
ential the internal molecular degrees of freedom would s
be for a considerably poorer mass match likem21D2. The
present work answers this question.

Antiproton and negative muon capture have long been
interest, but the connection of theory with experiment h
generally been made via stopping ranges, which do not
pend much on the final collision in which capture occurs, a
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via the quantum numbers of the initial capture orbital, whi
is related to observed x rays only after a rather complica
cascade. This situation is about to be dramatically impro
for antiproton capture. An experiment@3#, scheduled at the
forthcoming antiproton decelerator~AD! at CERN, will mea-
sure the antiproton capture cross section for H2 and D2 at
specifiable incident antiproton energies.

The theoretical approach described in Sec. II is the sa
as that in paper I. The method is termed fermion molecu
dynamics~FMD!, though it has also sometimes been deno
after its developers as ‘‘KWC’’~Kirschbaum-Wilets-Cohen!,
or as quasiclassical-trajectory Monte Carlo~QTMC! in anal-
ogy to the widely used classical-trajectory Monte Ca
~CTMC! method. In the case of one-electron atomic targe
the FMD method is similar to the CTMC method except th
it takes some quantum-mechanical effects into account.
m2 capture by the hydrogen atom the FMD method has b
shown@4# to produce even better agreement with the ben
mark classical-quantal coupling~CQC! calculation@5# than
did the CTMC method@6#. Unlike the CTMC method, FMD
is also applicable to multielectron systems. Paper I show
how the Kirschbaum-Wilets~KW! ansatz@7# could be ex-
tended for an accurate description of the H2 and H2

1 mol-
ecules.

In Sec. III the FMD formulation is used to perform fu
five-body dynamics on the systems p̄1H2,
p̄1D2, m21H2, and m21D2. The capture cross section
and quantum numbers of the exotic atoms formed are c
pared with each other and with results for the analog
atomic targets.

II. THEORETICAL METHOD

A. Effective Hamiltonian

The effective Hamiltonian is written

HKWC5H01Vpseudo, ~1!
1160 ©1999 The American Physical Society
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PRA 59 1161ISOTOPE EFFECTS ON ANTIPROTON AND MUON . . .
where

H05T1VCoul ~2!

is the usual Hamiltonian containing the kinetic energy a
Coulomb potentials and

Vpseudo5VH1VP1Vm11Vm2 ~3!

is a sum of repulsive pseudopotentials that tend to prec
the system from quantum mechanically forbidden regions
phase space~tunneling into nonclassical regions is not tak
into account!.

The termVH serves to prevent collapse of an electron t
nucleus; quantum mechanically this can be thought of a
consequence of the Heisenberg uncertainty principle and
KW implementation is equivalent to the Bohr–de Brog
quantization condition@8#. The termVP provides an addi-
tional repulsion between two electrons having the same s
which is the quantum-mechanical effect of wave-functi
antisymmetry. These two terms serve to stabilize and prov
a shell structure to all atoms in the Periodic Table@9#. They
are also sufficient to stabilize the H2

1 and H2 molecules but
overbind them with respect to their separate atomic cons
ents. The termsVm1 andVm2 are one- and two-electron func
tions that correct this discrepancy by preventing localizat
of the electrons at molecular symmetry points just asVH
prevents localization~collapse! to the atomic symmetry poin
~the nucleus!. There is one parameter associated with each
these four terms.

As shown in Fig. 1, we denote the negative projectile
subscripta, the nuclei of the diatomic target by subscriptsb
and c, the electrons by 1 and 2, and the midpoint of t
homonuclear molecule byo; in addition, Greek subscriptsa
or b are used in general definitions to designate any of th
The Hamiltonian describing the collision of the negative p
jectile with a diatomic target will be presented using t
following definitions: the relative distance

rab5rb2ra , ~4!

the relative momentum

pab5
mapb2mbpa

ma1mb
, ~5!

and the reduced mass

FIG. 1. Particle labeling:a 5 incident p̄ or m2 with impact
parameterb, b andc5nuclei p or d of H2 or D2 target, 1 and 25
electrons of target molecule,o5geometric center of molecule.
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mab5
mamb

ma1mb
. ~6!

In these definitions a value of ‘‘o’’ for a or b implies the
quasiparticle values,

mo5mb1mc , ~7!

r o5
1

2
~r 11r 2!, ~8!

and

po5p11p2. ~9!

The spin of electroni ~up or down! is designatedsi .
The terms in the effective Hamiltonian are as follows:

T5
1

2mb
pb

21
1

2me
p1

21
1

2mc
pc

21
1

2me
p2

21
1

2ma
pa

2 ,

~10!

VCoul52
e2

r b1
1

e2

r bc
2

e2

r c1
2

e2

r b2
2

e2

r c2
1

e2

r 12

2
e2

r ba
2

e2

r ca
1

e2

r a1
1

e2

r a2
, ~11!

VH5
1

mb1r b1
2

f ~r b1pb1 ;jH!1
1

mc1r c1
2

f ~r c1pc1 ;jH!

1
1

mb2r b2
2

f ~r b2pb2 ;jH!1
1

mc2r c2
2

f ~r c2pc2 ;jH!

1
1

mbar ba
2

f ~r bapba ;jH!1
1

mcar ca
2

f ~r capca ;jH!,

~12!

VP5
1

m12r 12
2

f ~r 12p12;jP!ds1 ,s2
, ~13!

Vm15
1

mo1r bc
2

f ~r o1po1 ;jm1!1
1

mo2r bc
2

f ~r o2po2 ;jm1!

1
1

moar bc
2

f ~r oapoa ;jm1!, ~14!

and

Vm25
1

m12r bc
2

f ~r 12p12;jm2!. ~15!

Following KW we use the form of the constraining functio

f ~rp;j![
~j\!2

4a
expH aF12S rp

j\ D 4G J , ~16!
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1162 PRA 59JAMES S. COHEN
where j is one of the four parameters,jH50.9428,
jP52.609,jm150.90, andjm251.73, anda54.0 is a con-
stant whose precise value is unimportant but slightly affe
thej values. The values ofjH , jP , jm1 , andjm2 are chosen
to match the binding energy of the hydrogen atom, the Fe
energy of an electron gas, the dissociation energy of H2

1,
and the dissociation energy of H2 , respectively. Note tha
f (rp;j)→0 asj→0, thus going over to the purely classic
treatment.

The termVP vanishes in the present application since
two electrons have opposite spins. For the four systems
der consideration,p̄1H2, p̄1D2, m21H2, and m21D2,
the kinetic energy terms are obviously different. The Co
lomb terms are identical and the constraint terms are ef
tively similar. While it is true that the last two terms inVH

and the last term inVm1 have coefficients for thep̄ andm2

collisions that are quite different from each other, it is fou
that capture occurs in highly excited orbitals having lar
r bapba , r capca , andr oapoa , so these terms have little effec
Thus the differences in cross sections found must be ascr
mainly to the effects of the kinetic-energy terms.

B. Differential equations and trajectories

Hamilton’s classical equations of motion are solved w
the effective Hamiltonian~1! in the laboratory frame,r
5$ra ,rb ,r c ,r1 ,r2% and p5$pa ,pb ,pc ,p1 ,p2%. The 30
coupled equations are

ṙ5¹pHKWC , ~17a!

ṗ52¹rHKWC , ~17b!

with the chain rule relating the variables of the various p
tentials to the independent variables of the differential eq
tions. Accuracy of the numerical integration is checked
conservation of energy and angular momentum.

A sufficient number of trajectories, with initial condition
chosen by Monte Carlo, are run to achieve needed precis
The target center of mass is placed at the origin, and
projectile is started atx5210a0 ~except at the lowest en
ergy wherex5220a0 is used! with impact parametery5b
chosen by uniform sampling ofb2P@(bi 21)2,(bi)

2#. In the
first range@b0 ,b1#, b050 andb1 is taken to be such that
few ranges of impact parameters will be required to conve
the cross sections withbi 115A2bi . The target is orientated
by a random Euler rotation of the KWC representation of
hydrogen molecule, which is given by the coordinates a
momenta that minimize the KWC Hamiltonian of the mo
ecule. To within an arbitrary rigid-body rotation, these v
ues in Cartesian coordinates are1

1Atomic units ~a.u.!, defined bye5me5\51, are used excep
where otherwise indicated. In terms of familiar units, atomic un
are 0.529231028 cm ~distance a0), 27.21 eV ~energy!, and
2.1883108 cm/s ~velocity!.
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ra
~0!52rb

~0!5~0,0,0.6955!,

r1
~0!52r2

~0!5~0.8714,0,0.3283!, ~18!

pa
~0!52pb

~0!5~0,0,0!,

p1
~0!52p2

~0!5~1.0331,0,0!,

for the parameters given in Sec. II A.
In the quasiclassical description, each particle has defi

position and momentum at any given time in its trajecto
The integration is checked every 2000 steps to see if the fi
state, including the energy and angular momentum of bo
states, can be reliably identified. Tentative particle arran
ments are identified by interparticle distances, but the c
clusive assignments are made by comparing internal ener
of the pair or complex with its remaining external interacti
potentials. For the current problem, it is important to no
that capture of the heavy negative particlep̄ or m2 occurs in
a highly excited state. At the instant of apparent capture,
p̄ or m2 usually resides in a complex containing three
more particles. This complex may be short- or long-lived b
usually decays into a two-body exotic system, e.g.,pp̄ or
pm2. In most cases, it is possible to follow the trajecto
long enough to see this final product, which is the ma
subject of interest. In rare cases the result appears to
bound three-body system, likepp̄e2 or pm2e2, which can
be bound in FMD but not quantum mechanically@10#. Meta-
stable states, like that seen experimentally fora p̄e2 @11–
14#, could exist, but we make no attempt to analyze them

s

FIG. 2. Capture cross sections forp̄ ~full curves! and m2

~dashed curves! collisions with ~a! H ~open circles! and D ~solid
circles! atoms and~b! H2 ~open squares! and D2 ~solid squares!
molecules.
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TABLE I. Cross sections (s p̄d ands tot), parameters for fits ofn distributions~peakn0 and half widthg),
and parameters for fits ofl distributions~rise b, fall a, and cutoffl 1 modify 2l11 statistical distribution! for
formation of p̄d atoms in~a! p̄1D and ~b! p̄1D2 collisions. See Appendixes A and B of paper I@1# for
formulation of then andl fits. @Note the following errata: in Eq.~A4!, d should beg; in Eq. ~A15!, c should
bec1 on the first line andc2 on the second line#. There were not enough trajectories forming the exotic at
at the higher energies to allow reliable fits of the quantum-number distributions. Numbers in square b
denote powers of 10.

Ec.m.(a.u.) s p̄d ~units of a0
2) s tot ~units of a0

2) n0 g b a l1

~a! p̄1D
0.10 18.2460.43 18.2460.43 37.44 1.25 3.23@203# 3.00@203# 39
0.20 10.5560.11 10.5560.11 42.59 1.80 1.28@202# 1.95@202# 45
0.30 7.8760.09 7.8760.09 50.45 3.34 1.49@202# 4.97@202# 51
0.40 6.4460.08 6.4460.08 65.66 6.78 1.44@202# 5.75@202# 54
0.50 5.4160.10 5.4760.10 108.96 26.08 8.40@203# 4.62@202# 56
0.55 2.1160.10 5.2460.15 174.53 53.93 2.06@202# 1.94@201# 58
0.60 0.0860.02 4.8560.11

~b! p̄1D2

0.01 173.0468.52 173.0468.52 28.65 1.37 24.79@204# 1.73@201# 28
0.10 40.1561.45 40.1561.45 29.15 2.13 22.27@203# 1.61@204# 31
0.20 24.3160.64 25.0260.70 29.55 3.62 22.42@203# 9.97@204# 34
0.40 14.6360.51 18.7360.82 30.26 4.68 22.15@203# 4.61@205# 41
0.60 10.8160.42 16.4060.77 31.18 4.75 21.25@203# 2.35@208# 56
0.80 7.2560.41 13.6460.71 32.22 4.67 22.26@204# 1.18@201# 58
1.00 4.7860.38 12.3060.73 33.62 5.56 7.91@204# 4.23@201# 60
1.20 3.3660.36 11.9460.73 36.79 9.39 2.50@203# 1.11@100# 62
1.60 1.3660.28 10.3960.68
2.00 0.5760.19 9.8960.66
2.40 0.2860.14 8.9860.65
2.80 0.1460.10 8.8360.65
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this work. Our procedure also identifies the nonexotic pr
ucts of the reaction — H2

1, H, H2, and H1.
In the i th range of impact parameter, the contribution

the cross section for a reactionR is given by

sR
~ i !5

Ni
~R!

Ni
tot

p@~bi !
22~bi 21!2# ~19!

with standard statistical error

DsR
~ i !5sR

~ i !S Ni
tot2Ni

~R!

Ni
totNi

~R! D 1/2

, ~20!

whereNi
(R) is the number of trajectories in whichR occurred

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

integrated cross section is thus

sR5(
i

sR
~ i ! ~21!

with estimated error

DsR5S (
i

~DsR
~ i !!2D 1/2

. ~22!

In most cases, 100 trajectories were run in each rang
impact parameters, withb151.5a0 . An exception, where
-

of

higher precision was needed, is the calculation of laborato
frame angular-deflection distributions.

III. RESULTS

In paper I, results were presented forp̄ capture by the H2
molecule. In that work emphasis was placed on the diff
ence between capture by the molecule and capture by
atom. In the present work emphasis is placed on differen
due to masses, either that of the projectile,p̄ or m2, or that
of the target, H2 or D2 . The procedures used to fit th
quantum-number distributions and the procedures used to
tificially constrain molecular motions to test their effects a
the same as in paper I; the reader is referred to the App
dixes of that paper for details.

The cross sections forp̄ andm2 capture by the atoms an
by the molecules are shown in Fig. 2. Thep̄1D2,
m21H2, andm21D2 cross sections and their statistical u
certainties are given in Tables I–III~similar results forp̄
1H2 were tabled in paper I2!. The isotope effect for the H
and D atomic targets@Fig. 2~a!# can be seen to almost vanis
~the differences are within the statistical error bars!. Like-
wise the difference betweenp̄ andm2 capture by the atom is

2Recalculation of the cross section forp̄1H2 at Ec.m.50.01 a.u.
with starting distance 20a0 ~instead of 10a0) showed that the con-
verged value is 169.2268.92a0

2 instead of 148.32610.97a0
2 .
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TABLE II. Cross sections (spm ands tot), parameters for fits ofn distributions (n0 andg), and param-
eters for fits ofl distributions (b, a, and l 1) for formation of pm2 atoms in~a! m21H and ~b! m21H2

collisions.

Ec.m.(a.u.) spm ~units of a0
2) s tot ~units of a0

2) n0 g b a l1

~a! m21H
0.03 54.9960.43 54.9960.43 13.19 0.81 5.34@202# 3.18@203# 14
0.10 20.4160.40 20.4160.40 14.12 0.92 5.66@202# 1.86@202# 16
0.20 11.9760.12 11.9760.12 15.90 1.24 6.33@202# 3.15@202# 18
0.30 9.0060.11 9.0060.11 18.47 2.15 6.35@202# 9.57@202# 21
0.40 7.6060.10 7.6060.10 23.14 4.12 8.27@202# 2.80@201# 25
0.50 6.5960.11 6.6760.11 31.31 8.33 8.89@202# 3.57@201# 27
0.55 4.7960.12 6.3860.15 39.58 14.63 9.20@202# 5.56@201# 29
0.60 2.2960.10 6.0460.16 42.21 18.27 9.89@202# 1.00@100# 31
0.70 0.1860.04 5.6360.12 38.28 6.98 1.05@201# 3.84@100# 33
0.80 0.0360.02 5.3260.12

~b! m21H2

0.01 147.80610.01 147.80610.01 10.29 1.34 21.20@202# 1.86@202# 11
0.10 32.8062.01 32.8062.01 10.10 1.92 26.69@203# 4.11@202# 13
0.20 19.9360.92 20.1460.93 10.64 2.14 24.20@203# 1.53@201# 15
0.40 12.7260.57 14.9160.72 12.07 2.81 29.11@203# 8.40@202# 17
0.60 9.4060.51 12.7260.69 13.23 3.25 28.95@203# 2.26@204# 23
0.80 6.4360.42 11.3860.68 15.07 4.24 22.11@203# 3.98@201# 30
1.00 3.3960.38 11.0360.77 17.64 4.15 2.79@204# 1.07@100# 36
1.20 1.7760.32 10.3260.74 20.67 9.27 21.11@203# 6.56@201# 38
1.60 0.4960.18 9.6860.67
2.00 0.0760.07 9.6860.66

TABLE III. Cross sections (sdm ands tot), parameters for fits ofn distributions (n0 andg), and param-
eters for fits ofl distributions (b, a, and l 1) for formation of dm2 atoms in~a! m21D and ~b! m21D2

collisions.

Ec.m.(a.u.) sdm ~units of a0
2) s tot ~units of a0

2) n0 g b a l1

~a! m21D
0.10 20.4460.40 20.4460.40 14.53 0.93 5.94@202# 1.11@202# 16
0.20 11.9360.11 11.9360.11 16.28 1.30 5.76@202# 2.15@202# 18
0.30 8.9260.11 8.9260.11 18.94 2.09 6.25@202# 7.29@202# 21
0.40 7.5960.10 7.5960.10 23.74 4.24 1.13@201# 6.02@201# 28
0.50 6.3560.10 6.4160.11 32.21 8.99 7.84@202# 5.94@201# 30
0.55 4.7360.11 6.2160.15 39.26 12.49 1.12@201# 1.02@100# 32
0.60 2.1660.10 5.9660.16 43.77 15.63 1.19@201# 1.62@100# 34
0.70 0.1860.04 5.6860.12 37.30 3.88 2.59@201# 5.76@100# 36
0.80 0.0460.02 5.3960.12

~b! m21D2

0.01 136.83610.57 136.83610.57 9.70 1.91 26.15@203# 7.33@202# 12
0.10 30.2562.17 31.3862.24 9.54 1.77 1.85@202# 6.07@201# 14
0.20 18.7361.00 19.3761.03 10.64 2.26 24.01@204# 2.66@201# 16
0.40 12.3060.67 13.8560.75 12.32 3.02 24.34@203# 1.16@201# 18
0.60 9.0560.50 11.3160.63 14.47 4.24 28.58@203# 3.88@206# 23
0.80 5.4460.44 10.6760.74 16.29 5.07 22.94@203# 9.45@204# 26
1.00 2.2660.33 9.9760.74 21.14 8.37 23.71@203# 2.07@203# 28
1.20 0.7160.21 9.4760.70
1.60 0.2860.14 9.0560.67
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small — them2 cross section is slightly larger because t
lighter particle behaves less adiabatically. All the atom
cross sections fall off rapidly at energies exceeding the ta
ionization potential~0.5 a.u.!, above which the electron mus
carry off kinetic energy for capture to occur; i.e., ejection
energetic electrons requires nonadiabatic behavior.

On the other hand, the results for the molecular targ
@Fig. 2~b!# are quite different from each other, especially
energies above the ionization potential~0.57 a.u. for the mol-
ecule!. The cross sections increase in the same order tha
mass ratio between the projectile and target nucleus
creases, from the smallest form21D2 (mm /md50.056) to
m21H2 (mm /mp50.113) to p̄1D2 (mp̄ /md50.50) to the
largest forp̄1H2 (mp̄ /mp51.00). But even for the poores
match,m21D2, the cross section is much larger than in t
analogous atomic collisionm21D. Still at the low energy of
0.1 a.u. thep̄ capture is larger thanm2 capture, indicating
that the favorable molecular effect is more important than
nonadiabatic effect noted in the atomic case. However
appears, from the trends of the calculated values, that a
tremely low energies,&0.01 a.u., them2 cross section may
overtake thep̄ cross section.

In order to gain insight into how the molecular cross s
tions are so dramatically enhanced over the correspon
atomic cross sections, we have done calculations where
molecular degrees of freedom are successively frozen a
cially. In the first step we eliminate molecular vibration~and
dissociation!, treating the molecular target as a rigid roto
this is accomplished with a Lagrange multiplierl rr writing
the Hamiltonian as

H85HKWC2l rr~r bc2R!, ~23!

with R51.4a0 , and adding the equation

]H8/]l rr50 ~24!

to the set~17!. The mathematical details are given in Appe
dix C of paper I. In the next step, rotations as well as vib
tions are eliminated, treating the molecule as a rigid non
tor; this is similarly accomplished with a vector Lagran
multiplier lrnr , writing the Hamiltonian as

H85HKWC2lrnr•~r c2rb2R! ~25!

and adding the three equations

“lrnr
H850 ~26!

to the set~17!, as described in Appendix D of paper I. No
that the molecule can still recoil as it should, but the kin
matics is determined solely by the molecular center of ma
At this stage only electronic excitation~and ionization! is
possible, but the charge distribution is nonspherical, un
the hydrogenatom.

The results of this progression from molecule to atom
shown in Figs. 3~a! and 3~b! for p̄1H2 andm21H2, respec-
tively. They clearly demonstrate that it is mainly the vibr
tional effect that distinguishes the capture of the differ
mass projectiles. Still the rotational effect is also of so
importance. Although the rigid-rotor results forp̄ and m2

capture are almost the same, this really indicates that
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rotational effect, like the vibrational effect, is greater forp̄
than form2 since the rigidnonrotor results are smaller forp̄
than form2. Both of these relationships are as expected fr
arguments analogous to those above. That is, the m
matching condition for rotational excitation is basically th
same as for vibrational excitation. And the rigid nonrotor ju
allows for electronic effects, albeit two-center, so its cro
sections are larger form2 than for p̄ just as in the atomic
case, as expected. Finally we observe that even the nonr
ing, nonvibrating molecule has a cross section somew
greater than that of the atom. AtE'0.5 a.u. this increase
can be attributed in part to the molecule’s greater ionizat
potential; the remainder must be attributed to the two-cen
charge distribution.

We now consider the quantum numbers of the capturep̄
or m2. The quasiclassical principal ‘‘quantum’’ numbern is
assigned by the relation

nqc5~mab/2Ebind!
1/2, ~27!

whereEbind is the two-body binding energy of thep̄ or m2

~particlea! to the nucleus~taken to be particleb here!. For
capture of heavy negative particles, we obtainnqc@1, and
thus quite adequate assignments of quantum numbers
given by

n5@nqc10.5# ~28a!

and

l 5@ l qc#, ~28b!

FIG. 3. Comparison of cross sections for~a! p̄p formation and
~b! pm2 formation: full FMD calculation for H2 target~full curve!,
rigid-rotor target~long-dashed curve!, rigid-nonrotor target~short-
dashed curve!, atomic H target~dotted curve!.
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1166 PRA 59JAMES S. COHEN
where the brackets designate the greatest integer functio
Rigorous calculation of the distributions of the capturedp̄

andm2 in dense mediawould require a complete treatme
of the slowing-down kinetics as well as the capture cr
sections@15,6#. The slowing-down cross sections have n
been calculated in the present work at energies much hi
than where capture occurs. However, the slowing down
expected to occur mostly by the same mechanism as cap
namely ionization and dissociation, and thus the energy s
in the slowing down are expected to be similar to the en
gies where capture occurs. This being the case, the ar
functionFarr(E), which is the probability of the freep̄ or m2

having energyE at some time in its history before captur
will be flat. A flat arrival function allows calculation of cap
ture distributions as quadratures over the capture cross
tions, e.g., in the case of principal quantum numbern,

Pn~n!'NnE
0

`

Fn~n;E!
scapt~E!

s tot~E!
dE, ~29!

whereFn(n;E) is the distribution calculated for incident en
ergy E and Nn is a normalization constant such th
(n51

` Pn(n)51.3 The probability that the particle is capture
before it is slowed to energyE is given by

Pcapt~E!'NE
E

`scapt~E8!

s tot~E8!
dE8, ~30!

whereN is such thatPcapt(0)51. The median capture ene
gies, wherePcapt(Ēcapt)50.5, are given in Table IV. This
energy is largest forp̄1H2, which has the best projectile
target nucleus mass match, and smallest form21D2.

The calculatedn and l distributions are shown in Figs
4~a! and 4~b!, respectively, for capture of antiprotons. Th
analogous distributions for capture of negative muons
shown in Figs. 5~a! and 5~b!. Let us first examine then
distributions. The peaks for the distributions coming fro
capture by the atomic targets occur precisely atn
5(mab /me)

1/2, which is the exotic orbital that has maxim

3The subscript‘‘n’’ here is part of the function name, not a vari
able. InFn(n;E), then before the semicolon is the variable of th
distribution determined for a given value of the parameterE.

TABLE IV. Mediancapture energiesĒcapt in the unmixed gases
and the relative capture probabilitiesPcapt

( i ) in a mixture of H2 ~frac-
tion c1) and D2 ~fractionc2), c11c251. To a good approximation
Pcapt

(1) /Pcapt
(2) 5qc1 /c2 , where q is independent ofci and equal to

1.585 for p̄1H2 /D2 and to 1.186 form21H2 /D2 .

Ēcapt
c.m. (a.u.) Ēcapt

lab (eV) Pcapt
( i ) (c15c2)

p̄ capture
H2 0.610 24.9 0.61
D2 0.534 18.2 0.39

m2 capture
H2 0.456 13.1 0.54
D2 0.432 12.1 0.46
.
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overlap with the electronic ground-state orbital as well
binding energy equal to that of the original bound electro
The distributions cut off rapidly on the low-n side since
lower n requires the electron to carry off the additional bin

FIG. 4. ~a! Principal quantum numbern distributions and~b!
angular-momentum quantum numberl distributions for p̄ capture
by hydrogen and deuterium atoms and molecules.

FIG. 5. ~a! Principal quantum numbern distributions and~b!
angular-momentum quantum numberl distributions form2 capture
by hydrogen and deuterium atoms and molecules.
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ing energy as kinetic energy and this is unlikely in the
sentially adiabatic collisions at very low energies. At highn
the distributions fall off as;1/n3, which corresponds to a
uniform-energy population of the levels whose energies
as;21/n2.

Then distributions coming from capture by the molecul
targets are not so simple. The peaks still depend on the
duced mass, but are shifted to lowern. This shift is partially
due to the greater ionization potential of the molecule, wh
can account for a reduction by a factor of abo
(IPmol /IPatom)1/251.065, but is due in larger part to the di
sociation dynamics, which occurs in the breakup of the
termediate complex. The latter effect depends on the e
gies carried off by the other particles and cannot
characterized by anything as simple as a multiplicative f
tor. It can be noted that the energy removed in breakup of
muonic complex is a bit greater than for the antiproto
complex; this difference is as expected from the le
adiabatic behavior of the muonic system. The tails of thn
distributions are also greatly diminished by the energy
moved in the breakup of the complex.

Now we turn to thel distributions shown in parts~b! of
Figs. 4 and 5. For the atomic targets the distributions
fairly statistical~i.e., proportional to 2l 11) up to some peak
It has been shown that the peak and maximuml populated
are qualitatively interpretable in terms of the overlap of t
unperturbed orbital of the target electron with the orbital
the captured heavy negative particle@1#. The situation for the
molecular targets is quite different due to their two-cen
structure. The predominant electron density, lying betw
the nuclei, tends to emphasize impact parameters equal
less than half the internuclear distance, leading to a broa
peak at lowerl than with an atomic target. Also, the rotatio
of the molecule tends to broaden the distribution of angu
momentum states.

The capture distributions in mixtures can be calculated
a generalization of Eq.~30!. In a binary mixture, again as
suming a flat arrival function, the probability of capture b
componenti is given by

Pcapt
~ i ! 'NE

0

` ciscapt
~ i ! ~Elab!

c1s tot
~1!~Elab!1c2s tot

~2!~Elab!
dElab, ~31!

wherec1 and c2 are the fractions of each species~here H2
and D2), c11c251, andN is a normalization constant suc
that Pcapt

(1) 1Pcapt
(2) 51. The relative capture probabilities forp̄

andm2 capture in H2 1 D2 mixtures are given in Table IV.
Beam experiments are planned forp̄ capture with a targe

that will allow detection of the effect of a single collision@3#.
These experiments will enable more direct comparison
experiment and theory, without requiring recourse to integ
tions over energy as in Eqs.~29!–~31!. Though the cross
sections displayed in the center-of-mass frame are mos
structive for exhibiting the interesting dynamical difference
it is helpful for planning these experiments to view the cro
sections in the laboratory frame. The cross sections show
Fig. 6 are the same as in Fig. 2~b! except as a function o
laboratory~projectilep̄ or m2) energy. Capture ofp̄ at labo-
ratory energies up to;100 eV is predicted.

Prior knowledge of the angular distributions will be use
in designing the experimental detectors@16#. These dis-
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tributions are shown in Figs. 7~a! and 7~b! for p̄1H2 and
p̄1D2 collisions at a typical collision energy of 0.8 a.u. T
obtain suitable statistics for angular distributions, ten tim
as many trajectories were run at this collision energy. Kin
matically all laboratory angles are accessible inp̄ collisions
with either H2 or D2 . The dominance at angles less than 9
in the p̄1H2 case shows that the strong collisions are eff
tively with one nucleus at a time. The distributions a
shown separately for three types of outcomes:~i! antipro-
tonic atoms,~ii ! p̄ in reactive collisions for which the targe
is ionized or dissociated, and~iii ! p̄ in nonreactive collisions
for which the target molecule is left intact but may be e
cited. The antiprotonic atoms are seen to appear at the lar
angles with a rather broad flat distribution, mostly in t
forward direction forp̄1H2 but extending to the far back

FIG. 6. Capture cross sections in the laboratory frame forp̄ ~full
curves! and m2 ~dashed curves! with H2 ~open squares! and D2

~solid squares! targets.

FIG. 7. Histogram of angular distributions ofp̄p/ p̄d atoms~full
curve!, free p̄ accompanied byreactivescattering~dashed curve!,
and freep̄ accompanied by nonreactive~elastic or electronic exci-
tation! scattering~dotted curve! in collisions of p̄ with ~a! H2 and
~b! D2 at a c.m. energy of 0.8 a.u.~laboratory energies of 32.6 eV
and 27.2 eV, respectively!.
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1168 PRA 59JAMES S. COHEN
ward direction for p̄1D2. The transient complex often
formed in p̄1H2 and p̄1D2 collisions affects the angula
deflections of the exotic atoms formed. The large angles n
mally resulting from close encounters are further increa
by rotation of the intermediate complex before dissociati
The nonreactive scattering is strongly forward peaked si
most close collisions result in some particle rearrangeme

Another quantity relevant to interpretation of experime
stopping m2 in dense targets is the distribution of initia
kinetic energies of the exotic atoms formed. The kinetic
ergy is important in light of recent predictions that the i
elastic and muon-transfer cross sections are sensitive to
collision energy and that elastic collisions may not be
equate to thermalize the hot atoms on their time scale@17#.
We have calculated the kinetic energy distributions, un
assumptions like those leading to Eq.~29!, by integrating
over the distributions for given incident muon energiesElab.
The results are shown in Figs. 8~a! and 8~b! for pm2 and
dm2, respectively. In the case of theatomic targetthe phys-
ics is elementary — conservation of linear momentum
quires that the kinetic energy of, for example, thepm2 atom
is just @mm /(mp1mm)#Elab, slightly broadenedby the en-
ergy of the ejected electron. The interpretation of the kine
energy distributions for themolecular targetis a little more
complicated; in this case, the exotic atom is not always em
ted in the forward directionand the distribution~for a given
Elab) is further broadened by the cascade/dissociation
namics. These effects, as well as the capture cross se
which reaches to higher energies in the case of the molec
target, make for significantly higher kinetic energies of e
otic atoms formed in collisions with molecular targets. Pra

FIG. 8. Kinetic energy distributions of~a! muonic hydrogen
(pm2) and ~b! muonic deuterium (dm2) atoms formed by muons
stopped in dense atomic~dashed curves! and molecular~solid
curves! targets.
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tically speaking, only the molecular targets are subject
experiments that slow and capture them2 in a dense me-
dium.

IV. CONCLUSIONS

Target molecular structure has been shown to have la
effects on capture of bothp̄ andm2. Extant experiments on
capture by hydrogen have all been done with molecular
gets. Thus most previous theoretical calculations, done fo
atomic target, are of dubious relevance. Experiments w
target molecules containing different isotopes have b
done and more are planned of increasing specificity.
agreement with a recent experiment@18# on stopping anti-
protons in H2 1 D2 mixtures, we have found that stopping b
H2 is more probable than stopping by D2. In fact, our cal-
culations onm2 as well asp̄ capture show a uniform trend
as the mass match between the negative projectile an
nucleus in the target approaches unity, the capture cross
tions increase and reach out to higher collision energies. P
posed experiments@3# utilizing a p̄ beam of selected energ
will provide more stringent tests. We are led to speculate t
the relevant match is with the effective nuclear mass, wh
may be altered by molecular binding@19#. To test this specu-
lation, antiproton experiments with isotopically substitut
organic molecules, such as used in pastp2 experiments
@20#, may be useful. In the future, direct experimental co
parison of capture by H and H2 will also be feasible@3,21#.

Our test calculations, in which the vibrational and rot
tional motions of the target molecule were artificially r
stricted, demonstrate that the vibrational degree of freed
is most important in distinguishing the behavior of the m
ecule from the atom and in distinguishing different molec
lar isotopes. However, the effects of rotation, two-cen
charge distribution, and mass-dependent nonadiabaticity
also significant in determining the cross sections.

Then and l distributions of the exotic atoms formed wit
molecular targets are found to be quite different from tho
for atomic targets. In the case of the molecular targets,
maxima of both then and l distributions are shifted to lowe
values and the very largen values are suppressed. The
quantum-number differences between atomic and molec
targets are largely due to the breakup dynamics of the in
mediate complex formed in molecular capture. T
quantum-number difference between the two molecular
topes is mainly a reduced-mass effect, as it is for the diff
ent atomic isotopes.

We have calculated the relative initial capture ofp̄ and
m2 in H2 1 D2 mixtures ~Table IV!. The initial capture of
p2, of mass 273.14me , can be expected to be similar tom2,
and experiments exist for capture ofp2 in H2 1 D2 mixtures
@22,23#. However, the experimental data include the effe
of subsequent isotope transfer, which will be quite differe
for the hadronicp2 ~the charge exchange ofp2 with the
proton provides a distinctive experimental diagnostic as w
as the end of its existence!. Thus it is not yet possible to
compare the present calculations with these experime
There also exists a very interesting experiment onp2 cap-
ture in HD gas@24#, which is yet to be fully assimilated with
theory. The HD target opens a new possibility in the break
of the immediate complex — as thep2 evolves from a mo-
lecular to an atomic orbital it may go with either thep or d
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nucleus. We plan to treat this problem in future calculatio
Since collisional p2 transfer between isotopes can be e
pected to be similar in a HD gas and a H2 1 D2 gas mixture,
this may enable the desired comparison between theore
and experimental results.
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