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Negative pion capture in HD gas and in B+ D, gas mixtures: Resolution of the isotope puzzle
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The cross sections, initial quantum numbers, and kinetic energies for pionic atoms formed by negative pion
capture in mixtures of isotopic hydrogen molecules are calculated using the fermion-molecular-dynamics
(FMD) method. With these cross sections, the reduced capture ratio fgrrd&mixture is found to be
(PéHZ*DZ)/PgHﬁDZ))/(cp/cd)=1.204, and the capture ratio for HD is found to g™/ P{*® =0.875. In light
of these results, the-to-d pion transfer probabilitie€) are reevaluated using prior experimental data and
determined to be larger than previously thougDt=0.28 at deuterium fractiony=0.5 andQ=0.42 ascy
—1. The puzzling relationship of the experimental data for HD to that fet B, mixtures is explained.
[S1050-294{@9)06806-1

PACS numbg(s): 36.10—-k, 25.80.Gn, 34.16:x, 34.70+e

. INTRODUCTION pressedby ~10% in d [8]. Thuscoincidenty’s uniquely

) ) ) o identify capture on a protor{The other 40% ofp# atoms
Stopping of negative pions and muons in mixtures of hy-nqergo the reactiopm— yn, which is similar to the reac-

drogen and deuterium has been studied for many years, bHBn d— ynn, both of which yield a single high energy).
the behavior has not been well understood. In particular, the (i) Expectation that ther~ transfer (for the pions that

essential first step, capture of the negative particle by dis-

. subsequently nuclear capture on the deuteomcurs at lev-
placement of a target electron, has not previously beenI — 4 or 5 since external A deexcitatirsually with
treated theoretically withmolecular targetsOver a decade ZSE__ 1ord smct X t”;fl h ugerd € XII at uta yv(\jn .
ago, calculation$1] with atomic targetsshowed that H at- nt_ t)l omlng zs at highet and nuclear capture domi-
oms are slightly more likely than D atoms to capture theNa!es a owen [9,4]

negative particle, due almost completely to the reduced-mass !Expenments_ withu ™ rely on radiative decay x rays,
effect; in an equimolar mixture, the fraction pf~ captured which are subject to greater background and small isotope

by H was found to be 51.6%. However, experiments Withshifts, as a diagnostic and are usually done on a time scale

pions show that there is a substantial difference between caﬂ)c—JO slow to distinguish excited-state transfer.

e by HD molecledz] and capure i an caumol 610 0% S5 SPCH ) e L Lo
D, mixture [2-9], thus demonstrating that molecular ef no?béen carriegd out before Actual)ll even the atomic ﬁl dro-
fects are important. . Y, y

For many purposes n atomio physics, negative muong% RGBT, ST AT R SRR e and 2
(n”) and pions ), which have similar massean

= 206.7, andm_=273.14n,), behave similarly. This is large number of pionic bound states must be included. The

o8 > molecular target is much more difficult since the rotational
true for initial capture by atomic or molecular targets, and for oo -
) : : . and vibrational degrees of freedom need to be explicitly
isotopic transfer from a given,| level. However, in most

experiments the two particles behave quite differently sincéreated' The quasiclassical fermion-molecular-dynamics

the 7=~ is usually absorbed by the nucleus via the strond™MD) method has recently been applied poand s~
interaction before reaching the ground &tate, while the 10,11 capture by the molecules Hand D, with rather
weakly interactings ~ is likely to reach the ground state. In SUrPrising resu_lts.'lt was found'that mqlecular effects, mainly
fact, the probability, denoted,, that ax~ reaches the vibrational excitation and predissociation, enable capture by
ground state of the lighter isotope in a mixture before beingn?lecules to reach much higher collision energies than does
transferred is an important quantity in muon-catalyzed fu-capture by atoms, whose cross sections fall rapidly at ener-
sion: however,u~ transfer in excited states is difficult to 91€S €xceeding the target ionization thresh(l@,13. The
determine experimentallithough recent developments with melecular (?ffec':ts were found to be most Important for the
charge-coupled devices have made it possiblg. In this  closest projectile—target nucleus mass match, as-irt,,

regard, pions offer two advantages. but to still be quite significant in cases like” +D,. The
(i) A distinctive diagnostic due to the nuclear charge-FMD method has also been validated for capture by the
exchange reaction, hydrogen atom [14] by comparison with an accurate
guantum-mechanical calculatigm5].
pm~ —nz° followed by 7°— y1y, (1) In the present paper, the FMD method is appliedrto

capture by the KHland D, molecules as well as the isotopic
with branching ratio~60% [7], which is strongly sup- molecule HD. Once ther~ is captured by K or D, one can
be confident that @7 or d7 atom, respectively, will result
(since nuclear charge exchange from a large mesomolecular
*Electronic address: cohen@lanl.gov orbital [16] or cascade to a low mesomolecular orbital with-
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out dissociation are both improbahl@he treatments of the In these definitions a value ofd” for « or 8 implies the
molecular capture and dissociation dynamics are unified imuasiparticle valuegL0],
the FMD description. Normally the dissociation time scale is

significantly longer than the time scale of the initial capture, My=M,+m, (6)
which usually is accompanied by ejection of an electron.
Generally, the velocity of this electron is much higher than Fo=2(ry1+r5), (7)

the velocities of the heavier particles.
In v~ capture in a dense gas, a number of steps mayng
occur:(a) slowing down,(b) molecular capture(c) dissocia-
tion to pionic atom,(d) atomic cascade/thermalizatio(g) Po=P1+ P (8)
isotopic transfer, an€f) nuclear reaction. Our present calcu-
lations show that the molecular capture cross sections in step The FMD effective Hamiltonian is written
b are significantly different for 5, D,, and HD,andthat the
dissociation ofpdw in step c is significantly asymmetric. Hewmp=Ho+ Vpseudo (9)
With the resulting capture fractions, different transfer prob-

abilities are deduced, and it is no longer necessary to assUMghereH,, is the usual Hamiltonian for the five-body system
theoretically anomalous molecular or isotopic effects in Step%consisting of particle kinetic energies and pairwise Coulomb
d.—f in orderﬁto interpre_t the experimental data. A 9°n5i5te”botential$ andV peeuaoiS @ pseudopotential introduced in the
picture of 77~ capture in HD gas and the,H D, mixture  Epmp formulation to prevent classical collapse of the many-
then emerges. body system. The FMD method achieves this stabilization
with [10]
Il. FERMION MOLECULAR DYNAMICS

The FMD method[17] enables approximate description Veseuas= Vit Vet Vi Vina, (10

of the dynamics of quantum-mechanical systems via solution
of classical equations of motion. This leap is achieved usindv
constraining potentials to prevent the system from occupying
guantum-mechanically forbiddeby the Heisenberg or Pauli
principle9 regions of phase space. The basic idea is to simu-
late this quantal reality without affecting the dynamics in
regions where the motions are nearly classical. The formula- 1 1

tion of the FMD method for collisions of charged particles +——— f(rp2Po2; én) +——5 F(reaPe2; én)
with the hydrogen molecule has previously been described in Mb2lb2 Meaf c2

detail[10]. The only difference in the present application is 1 1

that an asymmetric target, the isotopic HD molecule, is also +——f(FpaPpai én) +—5 F(FcaPeas &),
treated. Other than the mass in the Hamiltonian, there is no Mpal ba Mcal ca

change in the equations solved. For this problem the FMD

method solves Hamilton’s classical equations of motion,

here

1 1
Vu= > f(rpaPp1sén) + —— F(reaPer; én)
Mb1lp1 Mecalcr

11

- 1
= VpHeuo, 23 Vo=——g f(11P121€0) 85 s, (12
M2l 1o

pP=-VHewp, (2b)

in terms of the Ilaboratory-frame variables,r
={ra.rp,re.r1,r2t and p={pa,pp.Pc,P1,P2}, where sub-
scripta tags the incidentr—, subscriptd andc tag the target
nuclei (p or d), and subscripts 1 and 2 tag the target elec-
trons. In addition, the following definitions are employed:
the relative distance

lap=lp=Tq, 3

the reduced mass

Cross Sections {units of a_’)

m,mg
m,+mg’

(4) 04 08 12 16 20 24

Mo B .
E,m fau)

and the relative momentum i . . -
FIG. 1. Initial total capture cross sections fer in collisions

with H, (circles joined by dotted curyeD, (squares joined by solid
) (5) curve, and HD (triangles joined by dashed cupvelhe error bars

are statistical, one standard deviation.

_ mapﬁ_mﬁpa _ pﬁ Pa
pa[3’=—_ aB\ . m

m,+mg mg m
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TABLE I. Energy-dependent cross sections and parameters ofi el | distributions forpz atoms
formed in7~ +H, coIIisions.a(:z) is the pw-formation cross section andf;?) is the total inelastic cross
section. Then distributionsF,(n;E) have peaks at, and half widthsy; details of the fits and behavior at
small and largen are given in Appendix A of Ref.10]. [Note the following errata in Ref10]: in Eq. (A4),

& should bey; in Eq. (A15), c should bec; on the first line anat, on the second ling Thel distributions
F\(I;E) are fit byc(2l + 1) expbl?)exf —al?(l,—1)?], wherec is a normalization constant; see Appendix B of
Ref.[10] for details.

Ecm. (a.u) O'S_:rz) (in ag) 0’:;2) (in ag) Ng Y b a Iy
0.01 158.96:4.88 158.9¢:4.88 12.13 1.12 -8.73x10° 1.76x10°% 12
0.10 35.34:1.30 35.34:1.30 11.78 221 -159x10* 6.48<10°2 14
0.20 22.34-0.71 2245071 1231 211 -7.67x10°° 3.26x10°%2 16
0.40 12.510.35 1541051 1365 281 -111x10% 1.43x102%2 19
0.60 10.14-0.33 1258044 1563 458 —-6.63x10° 3.61x10* 26
0.80 6.96-0.31 11.38-0.48 1552 354 —-451x10°% 1.15x10* 35
1.00 4.45-0.28 1052051 17.18 4.68 5.9710°° 2.44x10™° 37
1.20 2.44-0.24 9.90-0.51 20.03 5.34 4.2910°° 1.50x10"° 39
1.60 0.78-0.16 9.19-0.47 16.36  0.64 1.8010 2 1.10x10™* 43
2.00 0.14+0.07 9.01-0.45 a
2.40 0.03:0.03 9.22+0.47
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&There were not enough trajectories forming the exotic atom at the higher energies to allow reliable fits of the

quantum-number distributions.

1 1 bitrary, the parameters aréy=0.9428, £,=2.609, &1
Vim=———5 f(ro1Po1;€m1) +——F F(ro2P02; ma) =0.90, and¢,,=1.73. It has been shown in previous work
Mo1lbe Mo2lhe that these parameters yield energies for the hydrogen mol-
1 ecule[10] and all atomg18,19 of the periodic table suffi-
+ (I oaPoa: &m) (13)  ciently accurate to be useful for some rearrangement colli-
Moal be sions that are not tractable by available quantum-mechanical
methods. The terrivp vanishes in the present case since the
and two electron-spin projections; ands,, are opposite.
The initial conditions of the target molecul&0] are set
1 i i -
Vo= (F1oPrziEma). (14 by performing a random Euler rotation of the target par

in terms of a repulsive constraining functidn The exact
form of f is not important, but with the choice

and the hardness constamt=4.0, which is also largely ar-

% 2
f(rp;g)z(ia) exp{a

M2l e

ticles as a rigid body with Cartesian coordinateg’)

=-r9=(0,0,0.6955), r{®=-r{»=(0.8714,0,0.3283),

rp\4
(g

] (19

TABLE II. Energy-dependent cross sections and parameters ofi tred | distributions ford= atoms
formed in7w~ +D, collisions.

Ec.m. (a-u) O'EBTZ) (in a(z)) 0'532) (in ag) No Y b a ll
0.01 15212549 152.12549 1159 204 -6.48<10* 7.54x102 13
0.10 33.0%1.45 33.0%1.45 1164 228 —471x10° 339102 15
0.20 20.82-0.80 21.03-0.80 12.61 2.43 2.4410°4 9.55x10°2 17
0.40 12.09-0.39 13.610.47 1439 343 -1.37x10% 1.72x10°! 20
0.60 10.110.35 11.38-0.40 1648 4.49 -6.69<10° 6.68<10* 26
0.80 5.90:0.30 10.57-0.49 17.14 458 -—4.78<10°° 1.70x10°% 37
1.00 3.25:0.27 9.72:0.51 20.76  7.95 1.7810°4 8.58<10°1 39
1.20 1.410.20 9.12+0.49 1820 3.65 1.0210°2 6.40<10"° 47
1.60 0.35-0.11 8.76-0.47

2.00 0.070.05 7.95-0.44

piV=—p®=(0,0,0), and p{”=-p{?=(1.0331,0,0) in
atomic units. Ther~ was started at a distance @f0away
(except at the lowest energy, where the initial distance was
increased to 24,). In most cases the trajectory could be

followed long enough that the produgtr or d, with qua-
siclassical bins for quantum numbers, could be clearly iden-
tified. The cross section for a reactiéhis given by
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TABLE Ill. Energy-dependent cross sections and parameters af #red| distributions forpzr atoms

formed in 7~ +HD collisions.

Ecm (@U)  of? (nad) o> (nad) no y b a Iy
0.01 82.56-3.05  153.924.11 1211 227 -152x10°° 1.88x10°! 14
0.10 16.68-0.89 3209125 1151 222 1.6210°% 2.46x10°1 16
0.20 9.71-0.53 21.08:0.76 1222 227 -3.14x10°°% 1.82x10! 18
0.40 5.39-0.26 1456:0.45 13.76 298 -6.59x10°°% 7.23x10%2 20
0.60 4.52-0.24 12.080.39 1558 416 -572<10°°% 1.13x10°*4 29
0.80 2.88-0.19 10.620.39 1655 521 -—-425<10°% 1.17x107° 40
1.00 1.64-0.15 10.120.39  20.63 8.26 2.5610°° 1.91x10™° 42
1.20 0.83-0.11 9.42-0.38 18.48 5.5 496103 3.11x107° 44
1.60 0.210.06 9.24-0.37
2.00 0.04-0.02 9.16-0.23
(R) The cross section fofr™ +HD lies in between those for H
OR= E N —— [ (b))?—(bi_1)?], (16)  and D,. The small dipole moment of HD apparently is not

where Ni(R) of NI trajectories with impact parameter in

(bj_1,b;) yielded reactiorR. For 7~ +H, and 7~ +D,, up

to 200 trajectories were run in each range of impact param

eters to achieve the target precision. or+ HD, this num-

ber was increased to 40Q000 forE=2.0 a.u) in order to

obtain a more accuratew/d# branching ratio. AtE>0.1

a.u.,b;=1.5a, was used; aE=0.1 a.u.,b;=3.0ay and at
E=0.01 a.u.b,=6.08,. Higher ranges of impact parameter dissociation into eitheps or d is also essential for com-
were taken with b;,;=+2b; until

achieved.

lll. RESULTS

A. Initial capture — cross sections and distributions

convergence was

The cross sections far~ capture by the H, D,, and HD
molecules are shown in Fig. 1 and Tables I-1V. The crosghe long-range interaction with the weak dipole moment
sections forr~ +H, and#~ + D, are similar to those for the tending to orient the target molecule so the incident at-
slightly lighter »~ [11]. In keeping with the interpretation taches to the proton first.
previously given11], the cross section for the reaction with
the better mass matchm(;/m,=0.149 as compared with onic atoms formed, after dissociation of the target molecule
m_/my=0.074) is relatively larger, especially at the higher and autoionization of any residual electron, are shown in Fig.
energies of capture. This is because the closer mass mat8h The gquantum number is identified with the quasiclassical
enhances vibrational and rotational excitation of the targetbinding energy using the relation,

important to the capture dynamics, except possibly at ex-
tremely low collision energies. It is curious that the HD cross
section seems to lie closer to that foy han to that for H.

This observation may be relevant to capture by more com-
plex molecular hydrides.

The total cross section for HD, shown in Fig. 1, reflects

the dynamics of the initial large mesomolecular orbjg].
The subsequent dynamics leading to an atomic orbital and

parison with experimental observations. The separate cross
sections forp andd# are shown in Fig. 2 and in Tables IlI
and IV, respectively. The cross section for formihg is the
larger except aE=<0.1 a.u., where the two cross sections
appear to cross. The favoring of the heavier isotope might be
expected owing to its larger binding energy. At very low
energies it is possible the binding effect is counteracted by

The distributions of principal quantum number of the pi-

TABLE V. Energy-dependent cross sections and parameters af #red | distributions ford= atoms

formed in7~ +HD collisions.

Ecm (@u) o (nad) o (ina?) No y b a ly
0.01 7137276  153.924.11 12.00 170 -7.16x10°°% 537102 13
0.10 15.41+0.88 32.091.25 1185 2.36 8.8510°* 1.40x10°* 15
0.20 11.06-0.54 21.080.76 1270 232 -6.06x10°°% 4.94x10°2 17
0.40 7.09:0.29 14.56-0.45 1438 299 -6.22x10°° 4.23x10°%2 19
0.60 5.32:0.24 12.02:0.39  16.18 3.97 -6.46x10° 6.65x10* 27
0.80 3.39-0.20 10.6%#0.39 1561 3.04 -524<10°°% 1.28<10°% 33
1.00 1.73:0.15 10.120.39 17.62 3.65 2.4010° 2 1.33x10"° 37
1.20 0.94-0.12 9.42-0.38 2229 7.33 2.6010°° 1.18<10'° 39
1.60 0.27-0.07 9.24-0.37
2.00 0.05-0.02 9.10-0.23
2.40 0.0%0.01 8.53-0.22
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FIG. 4. Normalized distributions of angular-momentum quan-
FIG. 2. Cross sections for formation pfr (dotted curvg dw tum numbet for p7 andd# atoms formed in collisions of~ with
(dashed curve and their sumisolid curve in collisions of 7w~ with H,, D,, and HD under dense-gas conditions. The points at integral
HD. | are joined by straight-line segments. These distributions are ob-
tained by integrating the energy-dependkditstributions over the
n=[(ap/2Eping >+ 0.5], (17) capture cross sections assuming a flat arrival function.

where the brackefs. . . ] designate the greatest integer func- (see Fig. 9 of Ref[12]), and we have approximated it as
tion. This is the initial quantum number, i.e., before radiationconstant. The main condition for flatness is that the energies
or interactions with any other molecules in the gas occurwhere capture occurs not exceed the energy steps in the
Rigorously the initial distribution for ar~ stopped in dense slowing-down process; as long as this is true, it is not nec-
gas is given by the integration, essary that the capture thresholds be similar. In Fig. 3, it can
E) be seen that the resultir®y,(n) distributions are very similar
o . :
Pn(n):f F.(n:E) Of:::((E) F..(E)dE, (18 :ﬁaena?:rgr.er, peaking at=12 or 13, slightly lower fop
The distributions of initial angular-momentum quantum
whereF ,(n;E) is the distribution at a given collision energy number |, calculated with analogous approximations, are
andF,(E) is the “arrival function” [20]. TheF(n;E) are  shown in Fig. 4. The four distributions are again very similar
given at discrete energies, where the FMD calculations wer each other, peaking &=8— 10.
performed, in Tables I-1V. Calculation of the arrival func- We have also examined the initial kinetic energies of the
tion would require solution of an integral equation involving pionic atoms. Based on experimental evidef@e-23, it is
the slowing-down cross sections, with initial condition for believed that nonthermal kinetic energies are essential to de-
the #~ at an energy much higher than where it is capturedscribing the cascade of pionic atoms. This energy can also
However, previous work has shown that the arrival functioncome from subsequent Coulomb deexcitation in superelastic
tends to be rather flat at the energies where capture occuesllisions, but it is still of interest to know the energies that
the atoms start with at large These energy distributions are

014 T shown in Fig. 5 for theo andd 7 atoms formed in H, D,,
om L or HD gas. As expected, the largest kinetic energies are taken
010 - 75 T T T
F 160
% 008 - .
'S 006 | £ 15
a 3
B O 100
004 >
002 | 5 7
S
0.00 . £ °0
4 8 12 1B 20 24 28 32 36 40 25
n 1
FIG. 3. Normalized distributions of principal quantum number 00 o1 02 03 04 05
for pr andd# atoms formed in collisions ofr~ with H,, D,, and Kinetic energy of exotic atom {a.u)
HD under dense-gas conditiofsuch that the pion undergoes mul-
tiple collisions and is stopped in the targéethe points at integrai FIG. 5. Initial kinetic-energy distributionéormalized to unity

are joined by straight line segments. These distributions are obwith energy in a.y.in the laboratory system of thew andd=
tained by integrating the energy-dependemistributions over the atoms formed by~ stopped in dense H D,, and HD targets. See
capture cross sections assuming a flat arrival function. Figs. 3 and 4 for the corresponding internal quantum numbers.



PRA 59 NEGATIVE PION CAPTURE IN HD GAS AND IN ... 4305

by the lighter exotic atom recoiling from the heavier nucleus. 10 — T T T T T T T I
For 7~ +H,, the distribution peaks at 0.5 eV and has a tail o9 L |
that extends te-10 eV. The tail of the distribution is due to ' N
the dissociation dynamics, which is akin to Coulomb deex- & 08 [ N
citation in collisions. Z o7k A
B. Relative capture in mixtures § 08 - AN 7
With the assumption of a flat arrival function, discussed o 05 ™ 7
above, t_he probability of capture by componeit a binary g_ 04 b i
mixture is 3 N
— 03 \\\\ _
© CiO'E:ia) L(Elab) :"g \\
i J ) ; @ dBp, (19 =T N
0 Clo-tot (Elab) + CZUtot (Elab) o1 b A N
wherec, andc, are the fractions of each species; ¢ ¢, 00 ]

01 02 03 04 06 06 07 08 09 10

=1) andN is a normalization constant such that+ P,
Cq

=1 (the generalization to a mixture with more than two
components is straightforwardrhe formula for relative pro- FIG. 6. Initial formation fractionP, of pm atoms, calculated

duction of pm and dw in pure HD is similar except only using the FMD cross sections, as a function of deuterium fraction

€1=C,=0.5 is possible. . cq. The squares are for the,H D, mixture and the circle is for
Equation(19) would seem to suggest a nontrivial depen- 5 The solid curve is a fit of the j D, points by Pz"2?
p

dence of relative capture an andc,, and indeed such could _ (HD3) s o (Hat D)
be the case for cross sections that have an arbitrary depe{1—Cq4)/(1-0.16%y), or equivalently P2 ~2/P 2 ")/
dence on energy. However, we find in the present case, arf§p/Ca)=1.204. The dashed line is the diagoify=c, .
perhaps in most physical situations, that the intuitively ex-
pected relatiorP,/P,occq/c, (proportionality, not equality .. - X . .

tion for u~ capture in a mixture of H and Btoms in that

obtains to a good approximatidrThis is a better approxi- (H+D) >(H+D) B .
mation than it might seem. A simple analysis suffices towﬁ_rkr’] (de /Py )(/j(cd./ﬁ%) ;203935 .W‘;S _obtarl]ned,
show that the proportionality will hold as long as the energyW ich may be compared with 0. obtained using the same
dependence of the totédlowing-down+ capture cross sec- CTM.C capture cross SeCt.IOFIS bL.'t assuming a flat arrival
tions is wealor the total cross sections of the two species arefunctlon, a_nd t0 0.909 obtamed using newly calcuIaFed FMD
similar, even if the capture thresholds of the two component§ross sections for the atomic targets and a flat arrival func-
are quite different tion. In all cases the dependence of the raticgwas found
The fractions ofz— initially forming pm in the H,+D,  t© b€ very weak.

mixtures are calculated by EQL9) with the results shown in
Fig. 6. Consistent with the greater cross section fgr H
shown in Fig. 1,P;H2+D2)/P8H2+D2)>cp/cd. As shown, this
distribution is fit to an excellent approximation by In a phenomenological description there are three distinct
(pEJH2+D2)/péH2+D2))/(Cp/Cd):1_204 for allcy, or equiva- places where &y dependence of pion capture in 3+HD,

(CTMC) method and explicitly calculated the arrival func-

IV. COMPARISON WITH EXPERIMENTS AND
INTERPRETATION

lently mixture may arise. These are in thB pionic atom forma-
tion, (2) pion transfer, and3) nuclear reaction. The nuclear

1 reaction rate is significant only in @state; however, this is
Pf,HﬁDZ): 17 aC’ (200 usually not in a pures state of an isolated atom but rather in

a Stark-mixed state incurred during a collision wgthor d.
Thus, the accounting for all three physical processes is es-
sentially atomic in nature.

For this model, the probability of the pion charge-
exchange reaction with a proton in the -HD, mixture was
written [3]

whereC=cgy/c, and «=0.83.

The fraction of# ™ initially forming p# in pure HD gas is
also shown, as a single pointf=cy4=0.5), in Fig. 6. In this
case, PP =0.875 or P{"®=0.467, and fewepm
are formed tham, just as expected from Fig. 2.

Some indication of the reliability of the present relative
capture ratios may be obtained by comparison with previous WH2D2:<
work [1], which used the classical-trajectory Monte Carlo

KpCp )( BppCpt BpdCd )

kpCp+ ded Bppcp+ deCd+ )\pdcd

( ded ) ( )\dep )

kpCp+ ded decp+ﬁddcd+ )\dep ’
This proportionality has no relationship to the energy-averaged (21)

constituent stopping powers, whose ratio has been shown experi-

mentally[24] to be a poor indicator of relative captumeot surpris-  where

ing since stopping in the experimental target mainly depends on

collisions at much higher energies than where capture occurs k;c;=initial atomic capture on nucleus, (229
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Bijc;=nuclear absorptior(facilitated by Stark mixiny —T—T—T T T T T T
N o = Weber et al. [3] data set |
- - I 0o |-\ i
by i in collisions with j, (22b \\\ o = Weber et al. [3] data set Il
\\\
and 08 - \\\\ = = Aniol et al. [2] 7
L \\\\ e =Kravtsov et al. [4] i
\jjc;= pion transfer fromi to j. (229 Y NN
a AN
™ N \
. . L > 06 N .
The first term represents the fraction that is initially captured = \\
on p and does not subsequently transferdtoThe second ?:, 06 - \\\\ .
term represents the fraction that is initially capturecdand p SO\
transfers subsequently m Expression21) assumes thai) H,oo4r \\ s
the pionic atom is formed before nuclear reaction ocdiiirs, & 0s | \\\\ |
the initial capture on specidsis proportional to its concen- ’ NN
tration (verified in Sec. Ill B, (iii) a pion is not transferred 02 \\\\ J
more than once, andv) there is no density dependence N\
(verified experimentally25] — this means that radiation and 01 |- \\\ .
processes having a nonlinear dependence on density are ur . . . . . ‘ . . ‘ AN
importan). But there are still too many parameters to be 01 02 03 04 05 06 07 08 09 10
determined from the data. This expression can be signifi- 4

cantly simplified by strengthening assumptifin) and ne-

glecting the second term. This additional approximation is FIG. 7. Experimental data poinf2—4] for final fraction Wy, p,
considered justified since transfer frahto p is endothermic  of p7 atoms(observed byr~ charge exchange with the projon
by =9 eV for n<5. Although experiments have shown the and their fit(solid curveg as a function of deuterium fractioty .
existence of more energetier atoms, they are probably not Essentially the same fifeast squares using the Webetral. [3]
abundant enough to significantly affect the capture fractiongdata points is obtained by three different sets of parameteese

The thus simplified expression can be parameterized aST%PZIfD;)A. The long-dashed curve is .thBitiaI formation fraction
Py and the short-dashed curve is the diagonal.

1
1+aC

1+ kC
1+ xkC+AC

, (23 =0.662 But we know thata is not really unity. The mainly
kinematic difference found in the calculation of capture
in mixtures of theatomsH and D can be sensibly viewed as
providing an upper limite=<0.93. Thus we consider this fit
a=kqy/k, (243 rather unphysical and a value gfas large as found in this
scenario unlikely.
K= Bpal Bpp. (24b) (2) Assumex=1 in keeping with the theoretical expecta-
tion that Stark mixings in collisions witp or d are similar.
A=Nyg/ Bop. (249  They may differ principally because of their different relative
perRe velocities, which would suggest a slightly larger cross sec-
and tion for collisions withd since the Stark-mixing cross section
is a decreasing function of velocity. However, in view of the
C=cq/c,. (2400  convincing evidence from other experimef&sl—23 that
the pionic atoms are highly epithermal, this velocity effect
We have found that even the three parameitersg, andA, will be diminished. With « fixed at unity, we obtaina
are too correlated to be reliably determined from the experi=0.77 andA =0.87. This value ot is in reasonable agree-
mental values 0¥V, p,, measured for a wide range 6f(or  ment with the value 0.83 obtained using the FMD cross sec-

cq) and shown in Fig. 7. There are various ways in which thetions (see Sec. Il B.

data can be fit by essentially the same curve, obtained by (3) Fix «=0.83, the present theoretical value, and then

varying just two of the parameters. However, which is usedPbtain k=1.10 andA =0.81. This value of« is not unrea-

is not of purely academic interest since they imply differentsonably large, and the isotope effect on Stark mixing, to the

probabilities of pion transfer and this property is important inextent it exists, suggests=1.

other contexts. The experiment§2—5] on pion capture in isotopic hydro-
Although the data from the different experiments for ~ gen mixtures were generally motivated and interpreted as

capture in H+D, mixtures are in fairly good agreement, determinations of the pion-transfer probability. Of course,

there appear to be small differences, perhaps due to normaleduction of the transfer probabilit® required some as-

ization, that cause difficulties for the least-squares fits. For

this reason, we have used only the points of Wediel. [3]

to determine the parameters. We present three fits, all of2rhese values are slightly different from the values 1.40 and

which give essentially the sam¢ and are indistinguishable A =0.65 given in Ref[3]. This small difference is likely a result of

on the scale of Fig. 7, as follows. their fit actually being done with numbers more precise than the
(1) Assumea=1, as done in the original experimental three decimal places presented in Table | of R&f. A data point at

analysis, and obtairiby least-squares fitk=1.46 andA C=5.295 in data set | was omitted as recommended.

Wi, 02~

where
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05 | . T . | . . | . shown as the solid curve in Fig. 8. It is appreciably higher,
28% instead of 21% aty=0.5, and 42% instead of 31% as
Cdﬂl.

A different way to compare the present theory with ex-
periments is to make side-by-side use of the data from the
H,+ D, and the HD experiments. On theoretical grounds, we
expect pion(or muor transfer fromp to d to be similar in
03 =TT the two gases. The molecular effect, which could cause them
e to differ, has been shown theoretically to be small for
- ground-state muon transfg26]; basically, this is because the
e exotic atom is small compared with the electronic molecule
02 1 e ] and momentum transfer between the exotic particle and elec-
- trons is inefficient. Pion transfer occurs mainly in excited
-~ states, but molecular effects should still be smallrie¢5.

o1 L . i Thus, the transfer can be expected to depend on the atomic
# fractions,c, andcy, but not much on the molecular arrange-

4 ment of the atoms; for this reason the experimental f&a
4 which found proton capturkNHzDz(cdzo.S): 0.417+0.004

01 02 03 04 05 06 07 08 08 10 but W,p=0.338-0.008, seemed very puzzling when the
Cq isotopic effect on initial capture was neglected. By compar-
ing our theoreticainitial capture fractions with these experi-
FIG. 8. Transfer probabilit [Eq. (25)] as a function of deu- mental final capture fractions, we can infer transfer prob-
terium fractioncy, deduced with the two different models. The abilities of 23.70.7% for the 50:50 k4D, mixture and
dashed curvéfractional difference between the short-dashed and27.6+1.7% for HD gas(these error bars take into account
solid curves in Fig. Yis that given using?,=c, (=1-cg), as  only the stated experimental uncertainties satisfactory
assumed in the experimental papg8s5]. The solid curve(frac-  agreement. With the more recent Welsdral. [3] data for
tional difference between the long-dashed and solid curves in Figy,, D, We obtain 27.9% for transfer in 50:50,H D,, as
7) is obtained using the presently calculated initial capture fractiongpown in Fig. 8, which ithe same as ifD.
P, for a H,+ D, mixture.

04 -

Transfer Probability Q in Hy+D,
AY
AY

V. CONCLUSIONS
sumption about the initial capture probability and, for lack of
bgtter knowledge, it was .takt'an ﬁ%:%' This assumption method, has large effects on the cross sections, initial quan-
yields tlhg'dashed curve in Fig. 8. W't,h our new knowledgey numbers, and kinetic energies for pionic atoms formed
of the initial capture, we can now reinterpret the data foriy coljisions of negative pions with isotopic hydrogen mol-
Wi,p, to obtain the transfer probabilitQ as a function of  gcyles. The cross section fper formation in coliisions with
Cq» H, is larger than the cross section fo#r formation in col-

lisions with D,, but the probability of formingl is greater
than the probability of forming# after pion capture by HD.

Molecular structure, taken into account by the FMD

Wiip, AC These cross sections imply fractional formationspaef and
Q=1- 52709 ~ T+ xCFAC’ (25 da that are significantly different for negative pions stopped
p in the 50:50 H+ D, gas mixture as opposed to HD gas. For

the H,+ D, mixtures, it is verified that the capture fractions
where the initialps formation fractionp2+22 is given by are proportional, though not equal, to the isotopic fractions.
i p S This knowledge, together with other experimental data
Eq. (20) and the finalobserved prr fraction Wy p, is given 15153 ingicating that thep kinetic energies are epither-
by Eg. (23) with parameters from Table V. This result is mal and qualitative theoretical understanding of isotope ef-
fects on the Stark mixing cross sections, suggests a reinter-
TABLE V. Fits by Eq. (23 of experimental dat3]. The pa- pretation of the four existing experimer{2-5]. The three
rameters arex=ratio d-to-p initial pion atomic capturex=ratio  sets of parameters, given in Table V, all provide equally
d-to-p Stark mixing ofp#, andA = ratio transfer-to-Stark mixing. good fits of the experimental data. However, the first line,
The x%/d.f. is for 27 degrees of freedof@9 data points, 2 param- which corresponds to the original experimental analysis, can
eter3. Though they? are all essentially the same, fit 1 is considered now reasonably be ruled out on the basigipfhe theoretical
unphysical; fit 3 may be slightly favored over fit 2 by theoretical jnjtial capture fractions(ii) inconsistency with the HD data,

predilection. and (iii) the anomalously large isotope effect on the Stark
i 5 mixing.

Fit no. a@ K A xldf. The most important quantity derived from the experimen-
1 1.00% 1.46 0.66 1171 tal data is the probability of pion transfer. In light of the

2 0.77 1.0G* 0.87 1.156 properties of the pion cascade and nuclear absorption, it is
3 0.83° 1.10 0.81 1.160 expected that transfer mostly occurs in the excited lewmels

=4 and 5, which are the same levels important to dhe

8Fixed at unity. factor in muon-catalyzed fusiof6,27]. The present results

bFixed at theoretical value. indicate that there is more transfer than previously believed.
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