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Cross sections for capture of the antiprotq@) @nd negative muony~) by the H, and D, molecules are
calculated using fermion molecular dynami{€&MVD). 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 forp+H,. 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 predictedhitial capture fractiongi.e., not taking subsequent transfer into accpimta H,
+ D, mixture areP®)/P{D) =qc, /cq, whereq=1.585 forp andq=1.186 foru~ independent o€, andc.
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.
[S1050-294{@9)06602-0

PACS numbg(s): 36.10—k, 34.10+x, 25.43+t, 03.65.Sq

I. INTRODUCTION via the quantum numbers of the initial capture orbital, which
is related to observed x rays only after a rather complicated

Recently a method was implemented that is able to takeascade. This situation is about to be dramatically improved
into account the effect of molecular degrees of freedom orfor antiproton capture. An experime[g], scheduled at the
heavy negative-particle captuf&|. Rotations and especially forthcoming antiproton deceleratohD) at CERN, will mea-
vibrations were found to dramatically enhance antiprotorsure the antiproton capture cross section foratd D, at
capture by the hydrogen molecule over that by the hydrogefiPecifiable incident antiproton energies.
atom. Analysis of the various motions showed that the en- The theoretical approach described in Sec. Il is the same
hancement comes from efficient energy transfer from the ar@S that in paper I. The method is termed fermion molecular
tiproton projectile to the equal-mass proton nucleus in the Hdynamics(FMD), though it has also sometimes been denoted
target. Thus it may be expected that capture will be optimun‘f’lfter its de\_/elopers as .KWC (Kwschbaum—WlIets_— Cohen
where the mass of the negative projectile matches that of afy as quasiclassical-trajectory Monte Caf@TMC) in anal-

. 0 to the widely used classical-trajectory Monte Carlo
atom in the target molecule and that the molecular enhance-g}(_MC) method ?;] the case of one-eljectrogatomic targets
ment will diminish as the mass match deteriorates. . !

. the FMD method is similar to the CTMC method except that
In the present work, calculations are performed for cap

. . it takes some quantum-mechanical effects into account. For
ture of antiprotons f§, of mass 1836.15,) and negative

- ) p~ capture by the hydrogen atom the FMD method has been
muons (-, of mass 206.7Me) by H, and D,, which have  g4yn[4] to produce even better agreement with the bench-

projectile-to-target-nucleus ratios 1.00, 0.50, 0.113, anGnark classical-quantal couplingQC) calculation[5] than
0.056. Before the work of paper | it had been generallyyid the CTMC method6]. Unlike the CTMC method, FMD
thought that negative-particle capture was almost entirelys also applicable to multielectron systems. Paper | showed
due toquasiadiabatic ionizatiori2], in which case the cap- how the Kirschbaum-Wilet§KW) ansatz[7] could be ex-
tures ofp andw.~ by atomic hydrogen or various isotopes of tended for an accurate description of the &hd H,™ mol-
molecular hydrogen would all be expected to be essentiallgcyles.

the same in their respective center-of-mass systéofis In Sec. lll the FMD formulation is used to perform full
course, kinematic differences occur in the laboratory sys- five-body  dynamics on the  systems p+H,,
tem). Based on the new understanding, such similarity coulh+-p,, = +H,, and x~+D,. The capture cross sections
no longer be expected, but it remained to be seen how influand quantum numbers of the exotic atoms formed are com-

ential the internal molecular degrees of freedom would stillpared with each other and with results for the analogous
be for a considerably poorer mass match like+D,. The  atomic targets.

present work answers this question.
Antiproton and negative muon capture have long been of

interest, but the conneetion of .theory with experiment has Il. THEORETICAL METHOD
generally been made via stopping ranges, which do not de-
pend much on the final collision in which capture occurs, and A. Effective Hamiltonian

The effective Hamiltonian is written

*Electronic address: cohen@lanl.gov Hxwc=Ho+ Vpseudo (]

1050-2947/99/5@)/116010)/$15.00 PRA 59 1160 ©1999 The American Physical Society



PRA 59 ISOTOPE EFFECTS ON ANTIPR

1@

FIG. 1. Particle labelinga = incidentp or x~ with impact
parameteb, b andc=nucleip or d of H, or D, target, 1 and 2
electrons of target molecule=geometric center of molecule. and

where

Ho=T+Vcou 2
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m,Mmg
m,+mg’

Iu“aﬂ: (6)

In these definitions a value ofd” for « or 8 implies the
quasiparticle values,

My=mp+mg, (7)
1

o= 5(r1tra), ®

Po=P1t P2 9

The spin of electrom (up or down is designated; .

The terms in the effective Hamiltonian are as follows:

is the usual Hamiltonian containing the kinetic energy and

Coulomb potentials and
Vpseud():VH+VP+Vm1+Vm2 3)

is a sum of repulsive pseudopotentials that tend to preclude

the system from quantum mechanically forbidden regions of

phase spacéunneling into nonclassical regions is not taken

into account

The termVy, serves to prevent collapse of an electron to a
nucleus; quantum mechanically this can be thought of as a
consequence of the Heisenberg uncertainty principle and the
KW implementation is equivalent to the Bohr—de Broglie
guantization conditiorj8]. The termV, provides an addi-
tional repulsion between two electrons having the same spin,
which is the quantum-mechanical effect of wave-function
antisymmetry. These two terms serve to stabilize and provide
a shell structure to all atoms in the Periodic Tal8é They
are also sufficient to stabilize the,H and H, molecules but
overbind them with respect to their separate atomic constitu-
ents. The term¥,,; andV,,, are one- and two-electron func-
tions that correct this discrepancy by preventing localization
of the electrons at molecular symmetry points just\gs
prevents localizatiofcollapse to the atomic symmetry point
(the nucleus There is one parameter associated with each of
these four terms.

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

and
lag=Tg" Ta> (4)
the relative momentum
_ MePg—MgP, Foll
paB_ ma+ mﬁ (5)

and the reduced mass

1 1 1
T=——p2+ —p°+—p°+=—p2+-—p?
2mbpb 2mep1 Zmec 2mep2 Zmapa’
(10
v 2 & e & e e
——t =
U v e Ter Thr Te2 Ti2
e e e &
- (11)
fba Tca Tar Ta2
1
Vy= > f(rpiPp1;én) + —zf(rclpcl;gH)
Mp1lby Mcalcr

1 1
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M2l b2 Mol c2
1
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Mpal ha Mcal ca
12
Vp=——5-1(r12P12:£p) s, s, (13)
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Moal be
V2= f(rigPi2;ém2)- (15

2
M2l e
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where ¢ is one of the four parameterséy=0.9428, % 1 . n T
£p=2.609,£,,,=0.90, and¢,,,=1.73, anda=4.0 is a con-
stant whose precise value is unimportant but slightly affects
the £ values. The values dfy , &p, &1, @andé,, are chosen

to match the binding energy of the hydrogen atom, the Fermi
energy of an electron gas, the dissociation energy of,H
and the dissociation energy of,Hrespectively. Note that
f(rp;&€)—0 asé—0, thus going over to the purely classical
treatment.

The termVp vanishes in the present application since the
two electrons have opposite spins. For the four systems un-
der considerationp+H,,p+D,, u”+H,, and u~ + D5,
the kinetic energy terms are obviously different. The Cou-
lomb terms are identical and the constraint terms are effec-
tively similar. While it is true that the last two terms Wy
and the last term iV,,; have coefficients for the and u™
collisions that are quite different from each other, it is found
that capture occurs in highly excited orbitals having large
INbaPbas FcaPecas andraPoa, SO these terms have little effect.
Thus the differences in cross sections found must be ascribed
mainly to the effects of the kinetic-energy terms.

(a)

Cross Sections {units of a,")

Cross Sections {units of a ’)

B. Differential equations and trajectories

Hamilton’s classical equations of motion are solved with

the effective Hamiltonian(1) in the laboratory framer « F'hG-d 2. Cgptulrlt_a_cross _tsheft)i‘):s( fir (full ‘I:“;Ves)d aD”‘(j :“|:j

—IF e feifirol and p={p..De.pe.ps.poL. The 30 ashed curvescollisions with (a) H (open circles an soli

co{u aleg ec ualtiozn}s are P=1{PaPy.Pc.P1,P2} circles atoms and(b) H, (open squardsand D, (solid squares
P q molecules.

r=V.H , 17
pHkwe (179 rl9=—r9=(0,0,0.6955,

(0)— _ (0)
b=~V Hync., 17h r®=—r®=(0.8714,0,0.3288 (18)

2=—py=(0,00,

with the chain rule relating the variables of the various po- p® = _p®=(1.0331,0,0
tentials to the independent variables of the differential equa- ! 2 ' B
tions. Accuracy of the numerical integration is checked byfy, the parameters given in Sec. Il A.

conservation of energy and angular momentum. - In the quasiclassical description, each particle has definite
A sufficient number of trajectories, with initial conditions position and momentum at any given time in its trajectory.
chosen by Monte Carlo, are run to achieve needed precisiofne integration is checked every 2000 steps to see if the final
The target center of mass is placed at the origin, and thgiate including the energy and angular momentum of bound
projectile is started ax=—10a, (except at the lowest en- giates, can be reliably identified. Tentative particle arrange-
ergy wherex= —20a, is used with impact parametey=b  ments are identified by interparticle distances, but the con-
chosen by uniform sampling & e[(b;-1)? (b))?]. In the  cjusive assignments are made by comparing internal energies
first range[ b, b, ], by=0 andb, is taken to be such that a of the pair or complex with its remaining external interaction
few ranges of impact parameters will be required to converg@otentials. For the current problem, it is important to note
the cross sections with; . ;= /2b; . The target is orientated that capture of the heavy negative partipler x~ occurs in
by a random Euler rotation of the KWC representation of theg highly excited state. At the instant of apparent capture, the
hydrogen molecule, which is given by the coordinates angy or ,~ usually resides in a complex containing three or
momenta that minimize the KWC Hamiltonian of the mol- more particles. This complex may be short- or long-lived but
ecule. To within an arbitrary rigid-body rotation, these val- usually decays into a two-body exotic system, epp, or
ues in Cartesian coordinates ‘are pu”. In most cases, it is possible to follow the trajectory
long enough to see this final product, which is the main
subject of interest. In rare cases the result appears to be a
Atomic units (a.u), defined bye=m,=#%=1, are used except bound three-body system, likepe™ or pu~e", which can
where otherwise indicated. In terms of familiar units, atomic unitsbe bound in FMD but not quantum mechanicdtly)]. Meta-
are 0.529%10°% cm (distance ap), 27.21 eV (energy, and  stable states, like that seen experimentally dgre™ [11—
2.188x10° cmis(velocity). 14], could exist, but we make no attempt to analyze them in
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TABLE I. Cross sectionsdqy ando), parameters for fits ai distributions(peakn, and half widthy),
and parameters for fits ¢fdistributions(rise b, fall a, and cutoffl, modify 2 +1 statistical distributionfor
formation of pd atoms in(a) p+D and (b) p+ D, collisions. See Appendixes A and B of pap€drl] for
formulation of then andl fits. [Note the following errata: in EqA4), § should bey; in Eg. (A15), ¢ should
bec, on the first line and, on the second line There were not enough trajectories forming the exotic atom
at the higher energies to allow reliable fits of the quantum-number distributions. Numbers in square brackets

denote powers of 10.

Ecm(aU)  opy (units ofad) oy (Units of ad) No y b a Iy
@ p+D
0.10 18.240.43 1824043  37.44 125 3.33-03] 3.00-03] 39
0.20 10.55-0.11 10.55-0.11 42.59 1.80 1.28-02] 1.99-02] 45
0.30 7.8 0.09 7.8 0.09 50.45 3.34 1.49-02] 4.97-02] 51
0.40 6.44-0.08 6.44-0.08 65.66 6.78 144-02] 5.79-02] 54
0.50 5.410.10 5.47#0.10 108.96 26.08 8.46-03] 4.67-02] 56
0.55 2.110.10 524-0.15 17453 5393  2.0602 1.94-01] 58
0.60 0.08:0.02 4.85-0.11
(b) p+Dy

0.01 173.048.52 173.048.52 28.65 137 —479-04] 1.73-01] 28
0.10 40.15-1.45 40.15-1.45 29.15 213 —-2271-03] 161-04] 31
0.20 24.310.64 25.02-0.70 29.55 3.62 —247-03] 9.97-04] 34
0.40 14.630.51 18.7%0.82 30.26 468 —2.19-03] 4.61-05] 41
0.60 10.81-0.42 16.4¢0.77 31.18 475 —1.29-03] 2.39-08] 56
0.80 7.25-0.41 13.64:0.71 32.22 4.67 —2.2d—-04] 1.14-01] 58
1.00 4.78-0.38 1230:073 3362 556 7.9:04 4.23-01] 60
1.20 3.36:0.36 11.94-0.73 36.79 9.39 2.50-03] 1.11+00] 62
1.60 1.36:0.28 10.390.68
2.00 0.57:0.19 9.8%:0.66
2.40 0.28:0.14 8.98:0.65
2.80 0.140.10 8.83£0.65

this work. Our procedure also identifies the nonexotic prodhigher precision was needed, is the calculation of laboratory-

ucts of the reaction — §f, H, H™, and H'.

frame angular-deflection distributions.

In the ith range of impact parameter, the contribution to

the cross section for a reactiéhis given by

(R)

o= N'Fot [ (b)2—(b;-1)?] (19
|
with standard statistical error
Ntot_ N-(R) 1/2
NoR'=oR| — | (20
Ni™N;

whereN{® is the number of trajectories in whidhoccurred
out of the totalN'® trajectories run wittb e[b;_;,b;]. The
integrated cross section is thus

or=2 oR (1)
with estimated error

Aog= (22

1/2
Z <Aa§i>>2) :

Ill. RESULTS

In paper I, results were presented focapture by the K
molecule. In that work emphasis was placed on the differ-
ence between capture by the molecule and capture by the
atom. In the present work emphasis is placed on differences
due to masses, either that of the projecidegr ™, or that
of the target, H or D,. The procedures used to fit the
quantum-number distributions and the procedures used to ar-
tificially constrain molecular motions to test their effects are
the same as in paper I; the reader is referred to the Appen-
dixes of that paper for details.

The cross sections fgrandw ™ capture by the atoms and
by the molecules are shown in Fig. 2. Thet+D,,
u~ +H,, andu™ + D, cross sections and their statistical un-
certainties are given in Tables I-I(kimilar results forp
+H, were tabled in papeP). The isotope effect for the H
and D atomic targetfFig. 2(@)] can be seen to almost vanish
(the differences are within the statistical error Batske-
wise the difference betweqnandw ™ capture by the atom is

2Recalculation of the cross section for-H, at E.,=0.01 a.u.

In most cases, 100 trajectories were run in each range afith starting distance 20, (instead of 18,) showed that the con-

impact parameters, withh;=1.5a,. An exception, where

verged value is 169.228.92a3 instead of 148.32 10.973.
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TABLE II. Cross sections ¢, and o), parameters for fits ofi distributions @, andy), and param-
eters for fits ofl distributions b, a, andl,) for formation ofpu™ atoms in(a) = +H and(b) ™~ +H,

JAMES S. COHEN

collisions.
Eem(aU) oy, (units ofag) oy (Units ofag)  ng y b a Iy
(@ u~+H
0.03 54.990.43 54.990.43 13.19 0.81 5.3402] 3.14-03] 14
0.10 20.410.40 20.41-0.40 14.12 0.92 5.66-02] 1.84—02] 16
0.20 11.9%0.12 11.9%40.12 15.90 1.24 6.33-02] 3.15-02] 18
0.30 9.03:0.11 9.06:0.11 18.47 2.15 6.35-02] 957-02] 21
0.40 7.60:0.10 7.60:0.10 23.14 4.12 8.27~02] 28(0-01 25
0.50 6.59-0.11 6.67-0.11 31.31 8.33 8.§9-02] 3571-01] 27
0.55 4.79-0.12 6.38-0.15  39.58 14.63 9.20-02] 55§-01] 29
0.60 2.29-0.10 6.04-0.16 42.21 18.27 9.89-02] 1.00+00] 31
0.70 0.18-0.04 5.63:0.12 38.28 6.98 1.05-01] 3.84+00] 33
0.80 0.03£0.02 5.32:0.12
(b) = +H,

0.01 147.86:10.01 147.86:10.01 10.29 1.34 —-1.20-02] 1.84-02] 11
0.10 32.8x2.01 32.82.01 10.10 192 -6.69—-03] 4.11-02] 13
0.20 19.930.92 20.14-0.93 10.64 214 —-4.20-03] 1.53-01] 15
0.40 12.72-0.57 14.91+0.72 12.07 281 —9.11-03] 8.40-02] 17
0.60 9.40:0.51 12.72-0.69 13.23 3.25 -89 -03] 2.2-04] 23
0.80 6.43-0.42 11.380.68 15.07 424 —-211-03] 3.994-01] 30
1.00 3.39-0.38 11.02077  17.64 415 27904 1.07+00] 36
1.20 1.77:0.32 10.320.74 2067 927 —-1.11-03] 6.5§-01] 38
1.60 0.49-0.18 9.68£0.67
2.00 0.0 0.07 9.68-0.66

TABLE lIl. Cross sections ¢, ando,), parameters for fits afi distributions @, andy), and param-
eters for fits ofl distributions b, a, andl,) for formation ofdu™ atoms in(a) = +D and(b) ™~ +D,

collisions.
Eem(aU)  og, (units ofaj) oy (units ofag)  ng y b a Iy
@up +D
0.10 20.44-0.40 20.44-0.40 14.53 0.93 5.94-02] 1.11-02] 16
0.20 11.930.11 11.930.11 16.28 1.30 5.76-02] 2.19-02] 18
0.30 8.92:0.11 8.92-0.11 18.94 2.09 6.25-02] 7.29-02] 21
0.40 7.58-0.10 759010 2374 424 11301 6.07-01] 28
0.50 6.35-0.10 6.41-0.11 3221 899 7.8402] 594-01] 30
0.55 4.73:0.11 6.21:0.15 3926 1249 11201 1.07+00] 32
0.60 2.16-0.10 5.96:0.16 43.77 15.63 1.19-01] 1.673+00] 34
0.70 0.18-0.04 5.68-0.12 37.30 3.88 2.59-01] 5.76§+00] 36
0.80 0.04:0.02 5.3%:-0.12
(b) u~+Dy

0.01 136.8%10.57 136.8310.57 9.70 191 -6.19-03] 7.33-02] 12
0.10 30.252.17 31.382.24 954 177 18502 607-01 14
0.20 18.731.00 19.371.03 10.64 226 —4.01-04] 2.64-01] 16
0.40 12.30-0.67 13.85:0.75 1232 3.02 —434-03] 11g-01] 18
0.60 9.05-0.50 1131063 1447 424 —85§-03] 3.8§-06] 23
0.80 5.44-0.44 10.670.74 16.29 5.07 —2.94-03] 9.49-04] 26
1.00 2.26-0.33 9.970.74 2114 837 —3.71-03] 2.07-03 28
1.20 0.710.21 9.470.70
1.60 0.28-0.14 9.05-0.67
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small — theu™ cross section is slightly larger because the 32 . w
lighter particle behaves less adiabatically. All the atomic
cross sections fall off rapidly at energies exceeding the target
ionization potential0.5 a.u), above which the electron must
carry off kinetic energy for capture to occur; i.e., ejection of
energetic electrons requires nonadiabatic behavior.

On the other hand, the results for the molecular targets
[Fig. 2(b)] are quite different from each other, especially at
energies above the ionization potenti@l57 a.u. for the mol-
ecule. The cross sections increase in the same order that the s
mass ratio between the projectile and target nucleus in- C;A' i“ i‘ﬁ 1‘6 2‘0 e 26
creases, from the smallest fpr~ + D, (m,/my=0.056) to ' ' ' ' ' ' '
u~+Hy(m,/my;=0.113) top+ D, (m5z/my=0.50) to the 2
largest forp+H, (m5/m,=1.00). But even for the poorest -l ®) |
match,u™ +D,, the cross section is much larger than in the
analogous atomic collisiop™ + D. Still at the low energy of
0.1 a.u. thep capture is larger tham ™~ capture, indicating
that the favorable molecular effect is more important than the
nonadiabatic effect noted in the atomic case. However, it
appears, from the trends of the calculated values, that at ex-
tremely low energiess0.01 a.u., thew™ cross section may
overtake thep cross section.

In order to gain insight into how the molecular cross sec-
tions are so dramatically enhanced over the corresponding 04 08 12 16 20 24 28
atomic cross sections, we have done calculations where the Ecm fau)
molecular degrees of freedom are successively frozen artifi-
cially. In the first step we eliminate molecular vibratitand
dissociation, treating the molecular target as a rigid rotor;
this is accomplished with a Lagrange multiplier, writing
the Hamiltonian as

(a)
28 - b

2 b .

zo—i :

Cross Sections (units of a,’)

2 |- i

Cross Sections {units of a,”)

FIG. 3. Comparison of cross sections fay pp formation and
(b) pu~ formation: full FMD calculation for H target(full curve),

rigid-rotor target(long-dashed curye rigid-nonrotor targetshort-
dashed curve atomic H targe{dotted curve

' _ _ rotational effect, like the vibrational effect, is greater for
H'=Hiwe=AulThe=R), @3 than for.~ since the rigichonrotorresults are smaller fqu
with R=1.4a,, and adding the equation than forp ™. Both of these relationships are as expected from
arguments analogous to those above. That is, the mass
IH'IoN,=0 (24  matching condition for rotational excitation is basically the

same as for vibrational excitation. And the rigid nonrotor just
to the set(17). The mathematical details are given in Appen-allows for electronic effects, albeit two-center, so its cross
dix C of paper I. In the next step, rotations as well as vibrasections are larger for~ than forp just as in the atomic
tions are eliminated, treating the molecule as a rigid nonroease, as expected. Finally we observe that even the nonrotat-
tor; this is similarly accomplished with a vector Lagrangeing, nonvibrating molecule has a cross section somewhat

multiplier N, writing the Hamiltonian as greater than that of the atom. A&~0.5 a.u. this increase
can be attributed in part to the molecule’s greater ionization
H'=Hkwc—=Amr (re—rp,—R) (25  potential; the remainder must be attributed to the two-center
) ) charge distribution.
and adding the three equations We now consider the quantum numbers of the captpred

or u~ . The quasiclassical principal “quantum” numbeis

vy, H'=0 (26) assigned by the relation

to the set(17), as described in Appendix D of paper I. Note nqcz(ﬂab/ZEbmd)llz, 27
that the molecule can still recoil as it should, but the kine-

matics is determined solely by the molecular center of massyhereE,,,q is the two-body binding energy of thg or u~
At this stage only electronic excitatiofand ionization is  (particlea) to the nucleustaken to be particlé here. For
possible, but the charge distribution is nonspherical, unlike:apture of heavy negative particles, we obtajp>1, and

the hydrogeratom _ thus quite adequate assignments of quantum numbers are
The results of this progression from molecule to atom argyiven by

shown in Figs. 8) and 3b) for p+H, andu™ +H,, respec-

tively. They clearly demonstrate that it is mainly the vibra- nN=[Ng+0.5] (283
tional effect that distinguishes the capture of the different

mass projectiles. Still the rotational effect is also of someand

importance. Although the rigid-rotor results forand u™~

capture are almost the same, this really indicates that the I =[lgcl, (28h)
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TABLE IV. Mediancapture energieB.,in the unmixed gases o
and the relative capture probabiliti thin a mixture of H (frac- oo L
tionc;) and D, (fractionc,), ¢c;+c,=1. To a good approximation, '
PO{P&=qc,/c,, whereq is independent of; and equal to L oo |
1.585 forp+H,/D, and to 1.186 foru™ +H,/D,. £

g 006 -
ESm(au)  Edev)  POei=c) L
p capture ooz |
H, 0.610 24.9 0.61
D, 0.534 18.2 0.39 000
u~ capture
H, 0.456 13.1 0.54
D, 0.432 12.1 0.46 008 T T
0.04
where the brackets designate the greatest integer function. -

Rigorous calculation of the distributions of the captuped g 008
and u~ in dense mediavould require a complete treatment §
of the slowing-down kinetics as well as the capture cross £ 002
sections[15,6]. The slowing-down cross sections have not
been calculated in the present work at energies much higher oot
than where capture occurs. However, the slowing down is 000 ¥

expected to occur mostly by the same mechanism as capture,
namely ionization and dissociation, and thus the energy steps
in the slowing down are expected to be similar to the ener- o o
gies where capture occurs. This being the case, the arrival FIG- 4. (8 Principal quantum numben distributions and(b)
functionF ,(E), which is the probability of the frep or w~ angular-momentum qua_ntum numbedistributions forp capture
having energyE at some time in its history before capture, 2Y Nydrogen and deuterium atoms and molecules.

will be flat. A flat arrival function allows calculation of cap- overlap with the electronic ground-state orbital as well as
ture distributions as quadratures over the capture cross segmding energy equal to that of the original bound electron.

tions, e.g., in the case of principal quantum numier The distributions cut off rapidly on the low-side since
(E) lower n requires the electron to carry off the additional bind-
* O cap
P, (n)~N f F.(n;E)——dE, 29 016 . . l
n( ) n 0 n( )O-tot(E) ( ) o | ~
whereF ,(n;E) is the distribution calculated for incident en- on |-
ergy E and N, is a normalization constant such that Zz oof
>*_,P.(n)=123 The probability that the particle is captured 2 o008 |-
before it is slowed to energl is given by 2 o0 -
(E') 004
*ag
Pcap(E)”NJ L,dE’, (30) 002 |
E O'tot(E ) 0.00

whereN is such thatP,(0)=1. The median capture ener-

gies, whereP ,(Ec,,) =0.5, are given in Table IV. This 012 T
energy is largest fop+H,, which has the best projectile-
target nucleus mass match, and smallesyfort+ D, .

The calculatedh and | distributions are shown in Figs.
4(a) and 4b), respectively, for capture of antiprotons. The
analogous distributions for capture of negative muons are
shown in Figs. t8) and 8b). Let us first examine tha 004
distributions. The peaks for the distributions coming from
capture by the atomic targets occur precisely an 002
= (ap/Me) Y2 which is the exotic orbital that has maximal

010

o
o
®

0.06

Probability

0.00

3The subscript‘n” here is part of the function name, not a vari- FIG. 5. (a) Principal quantum numben distributions and(b)
able. InF,(n;E), then before the semicolon is the variable of the angular-momentum quantum numbaetistributions foru~ capture
distribution determined for a given value of the param&er by hydrogen and deuterium atoms and molecules.
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ing energy as kinetic energy and this is unlikely in the es- 32 T x t
sentially adiabatic collisions at very low energies. At high 28
the distributions fall off as~1/n3, which corresponds to a
uniform-energy population of the levels whose energies go
as~—1/n2.

Then distributions coming from capture by the molecular
targets are not so simple. The peaks still depend on the re-
duced mass, but are shifted to lowerThis shift is partially
due to the greater ionization potential of the molecule, which
can account for a reduction by a factor of about
(IPmoi/ IPatom Y2=1.065, but is due in larger part to the dis-
sociation dynamics, which occurs in the breakup of the in-
termediate complex. The latter effect depends on the ener-

gies carried off by the other particles and cannot be FIG. 6. Capture cross sections in the laboratory framef@ull

characterized by anything as simple as a m_ultiplicative fac—curves and 1~ (dashed curveswith H, (open squarésand D,
tor. It can be noted that the energy removed in breakup of th?solid squarestargets.

muonic complex is a bit greater than for the antiprotonic
complex; this difference is as expected from the less- . . - _
adiabatic behavior of the muonic system. The tails ofthe mbutmns are shown in Figs.(@ and b) for p+H, and

distributions are also greatly diminished by the energy reP + D2 coI_I|3|ons ata t_yplcal collision energy Qf 0.8 a.u. To
moved in the breakup of the complex. obtain suitable statistics for angular distributions, ten times

Now we turn to the distributions shown in parté) of as many trajectories were run at this collision energy. Kine-

Figs. 4 and 5. For the atomic targets the distributions arén.atica-llly all laboratory angles are accessiblepinollisions
fairly statistical(i.e., proportional to B+ 1) up to some peak. With €ither H or D,. The dominance at angles less than 90

It has been shown that the peak and maximupopulated in the p+H, case shows that the strong collisions are effec-
tively with one nucleus at a time. The distributions are

are qualitatively interpretable in terms of the overlap of the h v for th f o
unperturbed orbital of the target electron with the orbital ofSown sepa(gt(a_y ort ree typ‘?s. 0 outcom@)s.antlpro—
tonic atomsii) p in reactive collisions for which the target

the captured heavy negative partifld. The situation for the '™ ‘ . L . .
molecular targets is quite different due to their two-centerS ionized or dissociated, aridi) p in nonreactive collisions

structure. The predominant electron density, lying betweelflt?r which the.target .molecule is left intact but may be ex-
the nuclei, tends to emphasize impact parameters equal to &€d: The antiprotonic atoms are seen to appear at the largest
less than half the internuclear distance, leading to a broad@"9les with a rather broad flat distribution, mostly in the
peak at lowel than with an atomic target. Also, the rotation forward direction forp+H, but extending to the far back-
of the molecule tends to broaden the distribution of angular-
momentum states.

The capture distributions in mixtures can be calculated by
a generalization of Eq30). In a binary mixture, again as-
suming a flat arrival function, the probability of capture by
componenti is given by

24

20

Cross Sections {units of a,)

30 T T T

; (a)
26 B

* Ci O{:Ia)pﬁ Ejan)

1 2
0 Clo-got)(Elab)"'CZO-EOI)(EIab)

Cross Sections (units of &%)

dEgp, (3D

00 [ tos I I

30 60 920 120 1560 180
wherec,; andc, are the fractions of each specigwere H Lab Scattering Angle (degree)
and D,), c;+c,=1, andN is a normalization constant such
that PG+ P2 =1. The relative capture probabilities fpr
andu~ capture in H+ D, mixtures are given in Table IV.
Beam experiments are planned focapture with a target
that will allow detection of the effect of a single collisi8.
These experiments will enable more direct comparison of
experiment and theory, without requiring recourse to integra-
tions over energy as in Eq$29—(31). Though the cross
sections displayed in the center-of-mass frame are most in- 00 B2 L N
structive for exhibiting the interesting dynamical differences, 3 80 %0 B0 B0 180
it is helpful for planning these experiments to view the cross Leb Scattering Angle (degreel
sections in the laboratory frame. The cross sections shown in g 7. Histogram of angular distributions pp/pd atoms(full

Fig. 6 are the same as in Fig(k2 except as a function of ¢yrve, free p accompanied byeactive scattering(dashed curve
laboratory(projectilep or ™) energy. Capture gb at labo-  and freep accompanied by nonreactivelastic or electronic exci-
ratory energies up te-100 eV is predicted. tation) scattering(dotted curve in collisions ofp with (a) H, and

Prior knowledge of the angular distributions will be useful (b) D, at a c.m. energy of 0.8 a.daboratory energies of 32.6 eV
in designing the experimental detectdrs6]. These dis- and 27.2 eV, respectively

20 T T T

(b)

08

04

Cross Sections {units of a,)
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160 . I tically speaking, only the molecular targets are subject to
10 experiments that slow and capture thé in a dense me-

120 dium.

100 N IV. CONCLUSIONS

80
Target molecular structure has been shown to have large

effects on capture of both and ™. Extant experiments on
capture by hydrogen have all been done with molecular tar-
8 gets. Thus most previous theoretical calculations, done for an
atomic target, are of dubious relevance. Experiments with
01 02 03 04 05 target molecules containing different isotopes have been
Kinetic energy of exotic atom (au) done and more are planned of increasing specificity. In
20 . ‘ agreement with a recent experimgd8] on stopping anti-
o | (b) protons in H + D, mixtures, we have found that stopping by
R H, is more probable than stopping by DIn fact, our cal-
> culations onu~ as well asp capture show a uniform trend:
1 as the mass match between the negative projectile and a
N nucleus in the target approaches unity, the capture cross sec-
tions increase and reach out to higher collision energies. Pro-
posed experimen{s3] utilizing a p beam of selected energy
will provide more stringent tests. We are led to speculate that
the relevant match is with the effective nuclear mass, which
00 ‘ . ‘ may be altered by molecular bindipg9]. To test this specu-
et aneran. 08 04 05 lation, antiproton experiments with isotopically substituted
inetic energy of exotic atom (au.) . . .
organic molecules, such as used in past experiments
FIG. 8. Kinetic energy distributions ofa) muonic hydrogen [20], may be useful. In the future, direct experimental com-
(pu~) and(b) muonic deuteriumdu ) atoms formed by muons parison of capture by H and,Hwill also be feasibld 3,21].
stopped in dense atomi@ashed curvesand molecular(solid Our test calculations, in which the vibrational and rota-
curves targets. tional motions of the target molecule were artificially re-
stricted, demonstrate that the vibrational degree of freedom
ward direction forp+D,. The transient complex often is most important in distinguishing the behavior of the mol-
formed inp+H, andp+D, collisions affects the angular ecule from the atom and in distinguishing different molecu-
deflections of the exotic atoms formed. The large angles notlar isotopes. However, the effects of rotation, two-center
mally resulting from close encounters are further increasedharge distribution, and mass-dependent nonadiabaticity are
by rotation of the intermediate complex before dissociationalso significant in determining the cross sections.
The nonreactive scattering is strongly forward peaked since Then andl distributions of the exotic atoms formed with
most close collisions result in some particle rearrangementmolecular targets are found to be quite different from those
Another quantity relevant to interpretation of experimentsfor atomic targets. In the case of the molecular targets, the
stopping u~ in dense targets is the distribution of initial maxima of both then andl distributions are shifted to lower
kinetic energies of the exotic atoms formed. The kinetic envalues and the very large values are suppressed. These
ergy is important in light of recent predictions that the in- quantum-number differences between atomic and molecular
elastic and muon-transfer cross sections are sensitive to thargets are largely due to the breakup dynamics of the inter-
collision energy and that elastic collisions may not be adimediate complex formed in molecular capture. The
equate to thermalize the hot atoms on their time sfhfg guantum-number difference between the two molecular iso-
We have calculated the kinetic energy distributions, undetopes is mainly a reduced-mass effect, as it is for the differ-
assumptions like those leading to E@9), by integrating ent atomic isotopes.
over the distributions for given incident muon enerdigsg, . We have calculated the relative initial capturepfand
The results are shown in Figs(a8 and 8b) for pu~ and  w~ in H,+ D, mixtures(Table V). The initial capture of
du ™, respectively. In the case of tla¢omic targetthe phys-  #~, of mass 273.1d,, can be expected to be similar o,
ics is elementary — conservation of linear momentum re-and experiments exist for capture®f in H, + D, mixtures
quires that the kinetic energy of, for example, the™ atom [22,23. However, the experimental data include the effects
is just[m,/(mp+m,)]Ep, slightly broadeneddy the en-  of subsequent isotope transfer, which will be quite different
ergy of the ejected electron. The interpretation of the kineticfor the hadronicr™~ (the charge exchange of~ with the
energy distributions for thenolecular targetis a little more  proton provides a distinctive experimental diagnostic as well
complicated; in this case, the exotic atom is not always emitas the end of its existenceThus it is not yet possible to
ted in the forward directiomndthe distribution(for a given  compare the present calculations with these experiments.
Eap) is further broadened by the cascade/dissociation dyThere also exists a very interesting experimentzon cap-
namics. These effects, as well as the capture cross sectidare in HD gaq24], which is yet to be fully assimilated with
which reaches to higher energies in the case of the moleculdheory. The HD target opens a new possibility in the breakup
target, make for significantly higher kinetic energies of ex-of the immediate complex — as the™ evolves from a mo-
otic atoms formed in collisions with molecular targets. Pracdecular to an atomic orbital it may go with either tpeor d
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nucleus. We plan to treat this problem in future calculations. ACKNOWLEDGMENTS
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