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The influence of molecular structure on the nuclear capture probability of stopped negative pions
has been observed by comparing the 7° gamma-ray spectrum from 7~ mesons stopped in HD gas to
that from a mixture of equal amounts of H;, plus D,. The fraction of stopped pions that are cap-
tured by a proton in the H,+D, mixture is f"zDz =0.417+£0.004, while for HD it is

Sup=0.338+0.008, independent of the gas pressure between 6 and 90 atm. The ratio, f H,D, /. fup>

of the fractions is 1.23+0.03.

I. INTRODUCTION

The absorption of pions or muons in matter is a
phenomenon that is of interest in several disciplines. This
is so because the stages of slowing down, stopping, and
eventual capture by an atomic nucleus depend on the
structure of the stopping material at the molecular, atom-
ic, and nuclear levels. Several review articles' ¢ have
treated the influence of molecular structure on the capture
probability of pions on various nuclei comprising a mole-
cule. In fact, recent measurements’ on organic molecules
of biological interest reveal that a markedly different cap-
ture schedule of 7~ can occur between structural isomers.
In the case of pion capture on complex nuclei experi-
menters’ have relied upon the pionic x rays to determine
the eventual absorption site of the pion. For hydrogen in
compounds the charge-exchange reaction (1b)

r+Yo (1a)
T +p—
n+m’—n+y1+72 (1b)

can be used as the signature of pion capture on protons.
The 7° production is a very clean signature since it is
prominently observed only in the case of absorption on
protons or *He. In deuterium, for example, the branching
ratio for 7° production from stopped =~ is about
1.45x10~* (Ref. 8), and in other nuclei it is even less
(<107%).°

Current experiments show that the pion is captured in
regions of a molecule which have high electron density.
Then, according to the model of large mesic mole-
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cules"*!% a p7~ atom is formed when the pion, captured

on a molecular orbit, goes to an atomic orbit on the pro-
ton. Because the probability of Auger capture is related to
the overlap between the wave function of the pion and the
electron, the initial molecular orbit of the pion will be
close to that of the displaced electron.! If the pion goes to
a proton or deuteron, the pm or d7 atom wanders through
the target and through collisions either deexcites or
transfers the pion to the collision partner. The p7 and d7
atoms are unique in that they are small and neutral and
can come close to nuclei in a collision. This model can be
parametrized by three terms P,Q,R. Let f be the fraction
of pions eventually captured by protons in the target.
Then

f=PQOR , ()

where P is the probability that the pion is captured into a
molecular orbit localized near the proton, Q is the proba-
bility that the pion makes a transition from the meso-
molecular orbit to the pr atomic levels, and R is the prob-
ability that the pion is retained by the proton in a collision
of the pm atom rather than transferred to a heavier col-
lision partner. The retention probability R has been stud-
ied for several gas mixtures of the form H,+Z (Ref. 11)
and C,H,+Z (Ref. 12) and also H,+D, (Ref. 13). In
the case of H,+D, mixtures it is found that only about
43% of the stopped pions are absorbed on the protons of
the H, molecule for an equal mix of the two hydrogen iso-
topes. The molecular distribution factor Q is thought to
have a 1/Z? dependence.'® Because of this, the depen-
dence of Q on the reduced mass of the pr system is rather
difficult to determine if Z >>1. Thus the simplest mole-
cule possible where one can investigate the influence of
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FIG. 1. Experimental setup, as described in the text.

the large pion mass is HD. The electron densities, as-
sumed to determine the probability P, in H,, D,, and HD
should be the same except for very small differences due
to the small p-e and d-e reduced mass differences. In
parallel with the study of stopped pion absorption in HD
we can measure the effects in an equal mixture of
H,;+D,. Thus R can also be determined and in first ap-
proximation it should be independent of whether the gas
is Hy+D, or HD because the collision is between a p7 or
dm atom and a p or d nucleus. Consequently, if

Qup#9@n,p,, Or equivalently, fup+/u,p,, then we can
surmise that an intermediate large mesomolecular system
exists in the capture sequence which is distinct from the
three-body systems present in the collision stage. The sub-
script x=HD,H,D, in f, specifies the gas, either HD or
the H,+ D, mixture. Initial indications of this effect have
been seen in measurements of the gamma spectra from
stopped 7~ in liquid D,,® and stopped 7~ in liquid T,.!*
In both cases fewer gamma rays from the hydrogen (H)
contamination were observed than anticipated from the
known H contamination level.

The obvious advantage of the HD system is that it
should be possible to make ab initio calculations for the
various possible transitions. In other molecules it seems
too difficult, at present, to do more than make observa-
tions and link them together with a crude phenomenology.

II. EXPERIMENTAL TECHNIQUES

A. Target gases

Four targets were used in the experiment: H,, D,,
H,+D,, and HD. The H, and D, were supplied at
99.99% hydrogen content. We manufactured the HD
ourselves using the reaction LiAlH,;+4D,0— LiOD
+Al(OD);+4HD as described in the article by Fookson
et al.’® Instead of using n-butyl ether dried over sodium,
as described in Ref. 15, we used tetrahydrofuran.
Analysis of the HD showed it contained (93+2)% HD
and the rest of the hydrogen was H, and D,. During the
experiment we passed half of the gas sample through a
twenty turn copper tube immersed in liquid nitrogen. By
measuring the residual gas pressure in the cold trap after
it warmed to room temperature we ascertained that the
concentration of impurities was less than 1075,
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FIG. 2. Slow component (CsI) vs fast component
(NE110 + CsI) for the 90-atm H, target. Dashed boundaries
show the stop in gas cut.

B. Measurement technique

Pions with T,=30 MeV from the M9 channel at Tri-
University Meson Facility (TRIUMF) were stopped at the
F2 location in the gas targets. High-energy (E, > 12
MeV) gamma rays from pion capture on protons and
deuterons were detected in the large Nal(Tl) (46-cm-
diam X 51-cm) detector TINA (TRIUMF iodide of natri-
um). The experimental setup is shown in Fig. 1. Counters
S1,52,83 counted the incident beam. The Al degrader
was used to slow the pions down to stop them in the
high-pressure gas target. The high-pressure target has
been previously described.!® Essentially, it contains a cup
made of two kinds of scintillators (S45 in Fig. 1), a
CsI(Na) entrance counter and a plastic scintillator (Nu-
clear Enterprises NE110). The cup is viewed by a single
5-cm photomultiplier (RCA 8575). By exploiting the
differences in the light output decay times between the
slow Csl crystal and the fast plastic scintillator we can
determine if a particle has penetrated the CsI and not
stopped in the plastic. These stopped events then consist
of particles stopping inside the cup (in the gas) or in the
Csl. In Fig. 2 we present a contour plot of the slow com-
ponent versus the fast component for the 90-atm H, run.
To determine the spectrum of events that stopped in the
Csl we evacuated the gas target and ran under the same
conditions as with the target filled. The threshold on S3
was set sufficiently high so that electrons would not
trigger the strobe. By examining the time-of-flight spec-
trum of particles coming down the channel we determined
that only about 1 in 7000 events were attributable to elec-
trons or muons. The event strobe was generated by
1-2-3-(TINA). Charged triggers could be distinguished
from neutrals by setting a bit in a coincidence buffer when
S6 fired. The neutral triggers could be separated into
neutrons and ¥ rays by their time of flight from the target
to TINA. The time-of-flight spectrum for 88-atm D, is
shown in Fig. 3.

A liquid scintillator (Nuclear Enterprises NE213) was
used for monitoring the neutron flux from the target. It
also provided an independent strobe based on
1-2-3-(NE213)-SV1-SV2.

With an incident flux $1-S2:S3 of 1.1X10°7 /sec,
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our pion stop rate in the cup was about 4300 per sec 400 “ ; .
(3.9% stopped) for 90 atm of H,. Gamma-ray spectra sool % R
were measured for pressures between 6 and 90 atm f{)r the ".."‘ ”ws .
four gases. Pressure measurements were made using a , | lu"'l ! 1 .Y
strain gauge transducer as described in Ref. 16. 20 40 60 80 100 120 140
The HD was stored at about 11 atm, and to bring it up E), (MeV)

to 100 atm we used a diaphragm compressor.” We also
used the compressor to thoroughly mix the H, and D, for
the mixed gas runs. First, one gas was introduced into the
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FIG. 4. Pure H, spectrum after background subtraction for
93 atm and S1-S2-S3=6.6x10". Peak at 130 MeV is v, from
the radiative capture and the box between 50 and 85 MeV is due
to ¥; and ¥, from the charge-exchange reaction. See Egs. (1a)
and (1b).

FIG. 5. Pure D, spectrum after background subtraction for
88 atm and $1-52-§3=29.7x10".

target to 50 atm. This was then transferred to a mixing
bottle with about seven times the volume of the gas target
plus tubing. This procedure was repeated for the second
gas. After both gases were mixed in the mixing bottle, the
mixed gas was pumped back into the target. The target
was evacuated to a pressure less than 100 mTorr before
any gas transfer took place. Thus atmospheric gases
could not contaminate the mixture to more than about
10~°, which was well below the 10—* contamination level
of the H, and D, as supplied by the manufacturer.

III. RESULTS

A. Analysis based on 7° yields

In Figs. 4, 5, and 6 we present spectra taken for H,, D,,
and the CsI background with all cuts applied, respectively.
Most of background gammas contribute above the 7°
gammas in the region of y,. The most reliable hydrogen
signal is that from the charge-exchange reaction as can be
seen by the absence of this signal in the D, and CsI spec-
tra.

To determine the fraction f, of pions that are captured
by protons in the gas x, we must measure the flux of gam-
ma rays per pion stop in the gas. We could also measure
the yield relative to a quantity proportional to the number
of stops, such as §1-S2-S3. In Fig. 7 we present the yield
of gammas in the 7° region normalized to S$1-S2-S3
versus the virially corrected density (p/py). The quantity
P/po is nearly the same as the absolute pressure in atmo-
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FIG. 6. Spectrum of events that stopped in the CsI scintilla-
tor for 0 atm and S1-S2-S3=44.7x10".

spheres except for the virial corrections. This correction
was made for H, and D, in the same way as in Ref. 16
and for H;+D, and HD the empirical mixing rules and
quantum corrections described in Refs. 18 and 19 were
used. The second virial coefficients used are:

B=5.9x10"%/atm ,
B=5.6x10"*/atm ,
B=5.75x10"*/atm ,
for Hy, D5, and HD and H,+ D,, respectively, where
p/po=P(1—B P) 3)

and P is the absolute pressure. It is observed that the yield
is linear with density. There is nothing significant in this
other than that it is a useful means of combining the data.
It is clear from Fig. 7 that the 7° production is greater for
the mixture H, + D, compared to the molecular form HD.
At zero density we have plotted the background value and
note that all the yields extrapolate to this value. We sup-
pose that at a given density, the same number of pions
stop for all four gases. Only when the pion energy reaches
some tens of electron volts might the vibrational and rota-
tional structure of the molecules play a role in the stop-
ping. Thus in general the gamma yield ¥, from the gas x
can be written as

Yx=SxYu,+(1—f)vp, - (4)

The yields in this case are the slopes of the lines in Fig. 7.
Because we are taking ratios, all efficiency and solid angle
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FIG. 7. Yield of y rays for 40<E, <90 normalized to
§1:82-S3 vs virially corrected density for the four target gases;
(A) Hy, (@) H,+D,, (W) HD, (0) D,, and the background yield
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effects cancel and the yield y, is directly proportional to
the fraction f, of pions absorbed on the proton. From
Fig. 7 a least-squares fit to the yields gives, for HD and
H, + D,, respectively, the following values f,:

fi5=0.355+0.005 ,
fu,p,=0.416+0.005 ,

where fTip is our measured fraction for the HD sample
before correcting for the H,+D, (7%) contamination.
We denote by M™ the ratio fy,p,/fHip

M™=(yu,p,—¥p,)/(Yup—7D,) 5)

and M™=1.175+0.012. Our value f u,D, agrees with that

deduced from Ref. 13. In their experiment y-y coin-

cidences from the #° decay were used to obtain
fH2D2=0.43i0.09.

We also fitted the HD and H,+ D, spectra using the
H,, D,, and background spectra as components. An ex-
ample of a fitted spectrum for HD is shown in Fig. 8.
The fitted hydrogen component yield is shown in Fig. 9.
All three curves extrapolate to zero yield at zero density.

The values f, and M™ can be obtained by directly com-
paring the slopes in Fig. 9. For HD,

fms=0.35540.005 ,
for H2-+—D2,
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FIG. 8. Fitted spectrum for the 50-atm HD target using the
measured spectral shapes shown in Figs. 4—6.

fr,p,=0.417+0.004 ,

and
M™=1.175+0.008 .

Both the above methods rely on using the stop cut. If
this cut is not used, the background becomes more trou-
blesome, but still the unique 7° signature allows this
strong pm~ absorption signal to be used. The yield curves
for the 7° region without the stop cut give for HD,

fHip=0.348+0.005 ,
and for H,+D,,

fu,p,=0.40910.006 ,

M™=1.174£0.019 .

Finally, we must make a correction for the H, and D,
)

f¥ip=Pupfup +5(1—Pup)2fn,p,+ +(1— Pyp)

mol
Ao Ape A
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FIG. 9. Yield of pm~ y rays obtained by fitting the region
12 <E, <145 MeV. Symbols are the same as in Fig. 7.

components in our HD gas. We assume that the mea-
sured ffip values are a weighted average of the probabili-
ties of the 7~ landing on molecules HD or H, or D,.

Let P, be the fractional content of component x in the
HD target. From analysis of the target we had

PHD =093i002 ,

Py,=3(1—Pyp),

Pp,=3(1—Pyp) .
Using the rate diagrams from Fig. 10 (to be discussed

later) we deduce that our measured value ffp is related to
the true values fyp and f H,D, by

A

Using the results of Ref. 13, the factor
e ]
]
Aprt g Ayt g g 425

lies between 0.85 and 1.0. Therefore, we obtain

+
R A Wy Vo WY E

(6)

[
Sup=0.338+0.008 ,

f1,p,=0.417+0.004 ,
M=1.23+0.03 .

The errors have been added in quadrature.
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FIG. 10. Schematic rate diagrams for 7~ stopping in (a) HD
and (b) H2+D2.

B. Analysis based on ¥ yields
and neutron-neutron coincidences

We also compared the y, yields, in this case defined to
be the region higher in energy than 7° gammas. Here the
aim was simply to check our 7° results for consistency.
The background problem is more severe in this region.
After having fitted the hydrogen component and subtract-
ing it from the HD or H,+D, spectra, we have left the
D, plus background. Now we can compare the yield of
the D, component in H,+D, and HD to that of the pure
D, and obtain a number g,, where g, is the fraction of
pions absorbed on the deuteron. Clearly f; +g,=1. This
procedure worked well for the H,+ D, mixture and came
up 3% short on the fyp+gup sum. We attribute this
shortfall to difficulty in separating the D, ¥, and back-
ground. In particular the slight gain shifts we observed
during the long runs affected the y, region more severely
than the 7° region and broadened the y, D, peak in a way
to imitate the background.
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Also by comparing the neutron-neutron coincidence
rate between TINA and the NE213 counter we were able
to measure the g values independently of the gamma
yields. The n-n coincidence arises from the reaction
7~ +d— n+n. These values for g also agree with the y°
analysis within the somewhat larger errors due to poorer
statistics. All the results are presented in Table I.

The 20% difference in the 7° yield that we observe be-
tween HD and H,+ D, cannot be attributed to a gaseous
contaminant in the HD target. The most abundant at-
mospheric contaminant that would not freeze or liquefy in
the liquid-N, cold trap is Ne. Using the transfer data of
Petrukhin and Suvorov!! we would need a concentration
of 7% Ne to account for a 20% reduction in the 7° pro-
duction in the HD target. However, Ne is normally
present in the atmosphere at only 18 ppm. Moreover, the
fact that fyup+gup is very nearly unity shows that those
pions that do not get captured by a proton are captured by
a deuteron rather than by a contaminant.

IV. DISCUSSION

The observed independence of f, on the pressure or
density of the gases is in agreement with earlier results ob-
tained for gaseous and liquid ethane,”® and supports the
idea of the deexcitation of pm~ atoms in collisions with
other atoms.!*

The explanation of the fact that fup+/fnu,p, requires

an understanding of the processes involved in the earliest
stages of pion capture. Detailed treatments’' =% of the
capture of mesons from the continuum into atomic orbits
exist. However, except for the semiempirical model' ~3 of
large mesic molecules, no theoretical treatment of the
meson-molecule collision exists.?! Day et al.?* suggested
that pions can be absorbed from the meso-molecular states
of the (7~,H,™) system, and this process may reduce the
pion lifetime in liquid hydrogen. They suggested this pro-
cess because the nuclear capture rate due to Stark mixing
was too slow to explain the observed pm~ lifetime in
liquid H,. However, once the external Auger process is
included in the pm~ deexcitation, the calculated lifetime
of the 7~ in liquid H, is 3.5X107!? sec (Ref. 25) com-
pared to the measured value of ~1.2x107!* sec (Refs.
26—29).

For purposes of discussion we present in Fig. 10 a
schematic of the possible processes involved in the capture
of 7~ mesons. These diagrams are qualitative in that the
transfer rates A,y or A4 and the nuclear capture rates
from the atomic states kf,',ka', depend upon the pionic
atom states.” Unfortunately, the rates Apq and Ag, have
not been calculated. It is known, however, that p7 atoms
formed from compounds Z,,H, transfer their pions less
readily than those formed from H, (Refs. 5 and 12) possi-
bly due to a lower level of excitation. Direct formation of
the pm or dm atoms has not been included in the diagram
because of the arguments in Ref. 1. Basically, the capture
calculations show that the principal quantum number for
pion capture from the continuum to excited atomic states
is N =~ 15. Since the orbits are not localized about one nu-
cleus or the other until N =7 in H,, the initial orbit of the
pion is a very large molecular orbit.
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TABLE I. (a) Fractions f of pions captured by protons. (b) Fractions g of pions captured by deute-
rons. (c) Sums f +g of pions captured in the gas targets.

(a)

Method [ f H,D,
@° yield stop cut 0.355+0.005 0.416+0.005
Fitted total hydrogen y yield 0.355+0.005 0.417+0.004
and stop cut
@° yield no stop cut required 0.3481+0.005 0.409+0.006
(b)
Method &b gu,D,
Fitted total deuterium y yield 0.597+0.030 0.592+0.024
and stop cut
Neutron-neutron coincidences 0.593+0.034 0.581+0.024
plus stop cut
()

Method of determining g fHp +8Hp fu,0,+8u,p,
Fitted total deuterium y yields 0.952+0.030 1.009+0.024
and stop cut
Neutron-neutron coincidences 0.948+0.034 0.998+0.024

plus stop cut

In a collision with a gas molecule the pionic atom can
either deexcite or transfer the pion to the collision partner.
In either case the final pionic atom will be in a lower level
of excitation and thus, from the arguments in Ref. 5, a
subsequent transfer is less likely. With the assumption
that the pion can be transferred only once in the process
d+p<d+pm we get for the fractions f,

P wE R R
A TR MaAg | A Ag Al
A=A 4 Aprt Mg, +ATY @)
and
f H2'—"2=% ka:;IOI +l mo)le" at);t
p TApr 2 Ap” +Apr Apt+Apa
1 Aan Adp

+= (8)

2 Ad1r"+'}"?01 Adp +)"3‘ '

At one extreme where we assume that the breakup of
the mesic molecule is much faster than the nuclear cap-
ture from the molecular state (A4, >>AT° and Apm>> kl',"d)
we obtain a ratio,

Sfu,p,

1 147 9)
fHD 2Pp1r+(1_Pp1r)r ’
where
re }"dp )\.;t—{—)upd
T Agp+AY A

and

Ppr=Rpr/ Ayt Aar) -

Equation (9) provides a family of curves which depend
upon r and P,,. Several curves are plotted in Fig. 11. The
barred region corresponds to the measured M. It is clear
that r <0.71. Moreover, from the work done on H,+D,
mixtures'® we have obtained the following result:

Ay /(Ap'+Apq)=0.8510.04 .

Using their"® value and our measurement of f}p, in the
formula

f Ll_% Aap (10)
H,D,— &
22 A4y Agp AR ]
we obtain
r=0.0
sk r=0.066
o
p o
N
~
o
[=)
_ r=0.71
“— 1.0+
1 1 1 1 1 1 1 1
0.1 0.2 03 0.4 05 0.6 0.7 0.8

Pomr

FIG. 11. Ratio f H,D,/fup Vs Py for different values of r.
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_
}"dp + }‘?11

or Ag/(Agy+A,')<0.062 at the 90% confidence level.
Using this result in Eq. (9) we get

0.393< P,,<0.407

=—0.017+0.044

for the corresponding range
0.066>r>0.

Thus if the nuclear capture from the molecular levels were
negligible compared to the molecular breakup rate

1.46 < Ayp/Apr<1.54
for the range
0.066>r>0.

This result is bigger than can be accounted for by the
electromagnetic processes proposed to explain the short
m~ lifetime in liquid H,. The radiative transition rates
differ by only ~7% (Ref. 25), i.e.,

Irad(mpd — md +p) /T rao(mpd — d +7p) =M 14 /M , ,

where M, is the reduced mass. Moreover, this is a slow
transition. For example, the rate (N,L,)— (N,L,) for
rad

(15,1)— (1,0) is 1.3 10%/sec, compared to the measured
rate of 8.3 10'!/sec (Refs. 26—29).

The rate of the external Auger process® for the mx
atom goes as
1 I
M? (AE)'? M7

Auger ™

If we assume the molecule pmd breaks up into 7d +p and
pm+d by ejecting an electron from a neighboring HD
molecule then

I“Auger(p'"'d_’ dm+p )/rAuger(pﬂd_"p7T+d)
~(M,,/My,)"*=0.85 .

This effect is even in the wrong direction.

Nuclear absorption from the molecular state could also
provide a means of reducing the 7° production if
k§'°'>k;"°l but we note from Eq. (8) that it is not likely
that the probability for direct absorption from the molecu-
lar states is much greater than that for molecular breakup
because fy,p, < +. Because the pion replaces the molecu-

lar electrons it must have a good spatial overlap with
them. Since the electronic molecular orbitals in HD are to
first approximation a sum of atomic 1S orbitals, the am-
plitudes of NS state mp or 7d orbitals should also be large.
We can estimate the absorption rates from S states in the
7p or d atoms using the techniques of Ref. 30. The radi-
ative absorption rates are computed using the low-energy
radiative capture cross sections.

For m~+p— yo+n we have

AT~ +p— vot+n)=V,0(r™ +p— n+y,)
X |$4,(0)]2, (11
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and for 7~ +d—2n+y
Ay m~+d—2n+y)=rgVyo(m™ +p—n+yo)
X | ¢za(0)] 2. (12)

Here o(m " p— n+7vg) is the cross section for radiative
capture of slow pions of velocity ¥, on protons. The
quantity ry ~ % accounts for the reduction of the capture
cross section in deuterium due to the exclusion principle
and n-n forces in the final state.’® We assume here that
nuclear capture occurs from S state.* The total rates of
capture are, for 7~ +p—x

Mr~4+p—x)=(14+P ) (7" +p—>yo+n)  (13)
and for 7~ 4+d—x

Mr~+d—>x)=(1+8)Ay, (7" +d—>An+y), (14)

where P’ and S are the Panofsky®' and S ratios.!® Using
P'=1.54 and S=2.83, | $,(0)|?=1/ma}, a, is the Bohr
radius of the 7x atom, the ratio of total capture rates
from S states of the same principal quantum number N is

[Mr=4+d—x)/Mar~+p—x)]ys=1.22. (15)

We can estimate the absolute rate of nuclear capture from
NS states for the 7~ +p— x reaction using the radiative
capture cross sections of 131x10~% cm? at 27.4-MeV
pion kinetic energy.’? The result is

Mp+7~—x)=1.1X10"/N3 sec™! . (16)

If the nuclear capture from the molecular states AT°' and

)\.;“’l have the same relation to each other as the nuclear
capture rates from the NS atomic states, given in Eq. (15),
then AJT> }»;“’l. Moreover, from Eq. (16) the capture
rate from the N=15 S state is 3.3 X 10!!/sec, which is of
the same order of magnitude as the collision rate of a prd
complex of kinetic energy 1 eV with HD molecules at 100
atm pressure.

It must be mentioned, however, that the available exper-
imental information does not seem to support a consider-
able role of the nuclear capture of pions from molecular
orbits. Pionic x-ray transitions to the 1S state can be ob-
served in various atoms including deuterium.>* In He 7~
atoms only 69% of the pions are absorbed by the nucleus
from orbits with N >2 (Ref. 33). And, finally, the experi-
mental data on pion capture by protons in mixtures of hy-
drogen and methane with other gases show a negligible
role of pion capture from molecular orbits as compared to
the collisional processes.**

Clearly, to say something definite about this possibility
a three-body calculation of the large p7rd system is needed.
Such a calculation would also enable the importance of
the molecular breakup rates Ay,,A,, to be determined.
The description must also explain the pressure indepen-
dence of the fractions f u,D, and fup.

V. SUMMARY

The influence of molecular structure on the fraction of
stopped pions that are captured by protons has been ob-
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served by comparing the 7° production in HD gas to that
in H,+D, gas. A greater number of 7° are observed in
the gas mixture than in the molecular (HD) form. Neither
of the electromagnetic processes used to explain the p7
atom lifetime in liquid H, describe the results we have ob-
tained in HD. Nuclear capture directly from the molecu-
lar state (pwd) may partially explain the effect, but break-
up into pm+d or p +dw channels also is required. A mul-

K. A. ANIOL et al. 28

tibody meson-molecule treatement needs to be done to as-
sess the importance of the various modes involved in the
nuclear absorption of the 7~ in hydrogen isotopes.
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FIG. 1. Experimental setup, as described in the text.



