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The pion charge-exchange probability in hydrogen for stopped #~ has been measured for a series
of alcohols. The relative atomic capture probabilities for hydrogen in different chemical environments
as well as for the other molecular constituents were extracted from the data using a phenomenological
approach. The results allow the prediction of the charge-exchange probability in other molecules of
similar chemical structure. The charge-exchange probability in deuterated methanols was measured
and compared to the prediction of our model. A comprehensive picture is obtained if pion transfer

from hydrogen to deuterium is included.

I. INTRODUCTION

In recent years much work has been devoted to the
study of the capture of stopped negative pions in complex
molecules. It is now well established that pion nuclear
capture ratios depend not only on the nuclear charge of
the atoms concerned but also depend strongly on the
electronic environment in the molecule in which they are
embedded [1-3]. This is understandable since the inci-
dent pion must pass through, and therefore interact with,
the molecular electron cloud before passing into atomic
orbitals near the nucleus from which nuclear capture pre-
dominantly occurs. However, the understanding of the
precise way in which the molecular electrons affect the
pion capture process is far from complete. Attempts to
incorporate molecular effects into calculations of capture
ratios in various kinds of molecule have met with partial
success but fail to reproduce the experimental data sat-
isfactorily in a'number of cases [4]. Furthermore, there is
continuing disagreement about the role of pion transfer
from hydrogen onto heavier atoms. The generally ac-
cepted model favors collisional (external) =~ transfer by
diffusion of a breakaway neutral 7~ p system through the
material followed by the transfer of the 7~ in a collision
with a higher-Z atom [1], whereas the model proposed by
Jackson and co-workers [5,6] assumes 7w~ transfer by tun-
neling of the 7~ along a bond between hydrogen and a
neighboring heavier atom (internal transfer). In general
molecular systems containing hydrogen atoms bonded to
higher-Z atoms, these two modes of pion transfer are dif-
ficult to distinguish experimentally and the relative im-
portance of the two modes is therefore still unclear. How-
ever, external transfer has been observed in mixtures of
both H, and noble gases [7], and CH4 and noble gases
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[3]. Furthermore, a recent experiment [8] has found ev-
idence for external transfer in mixtures of hydrogenous
and nonhydrogenous liquids.

The experimental data in this field generally fall into
one of two categories: either capture ratios on atoms
of different nuclear charge (usually obtained from pio-
nic x-ray measurements) or charge-exchange probabili-
ties (7~,n°) (obtained from the 7° — 2 signal follow-
ing pion capture on hydrogen). In either case, the main
problem in interpreting the data is that the capture ra-
tio or charge-exchange probability is an average over the
chemically different atoms of the same nuclear charge
within the molecule. Isolating the changes in pion cap-
ture on atoms of a particular Z that may be due to molec-
ular effects is thus a rather difficult task. The results of
analyzing the data on charge-exchange probabilities, for
instance, to extract transfer parameters, often depend
upon the particular model adopted to describe the initial
pion capture on the different atoms within the molecule.
Since this process itself is rather poorly understood, it
would be useful in future work on pion chemistry if it
were possible to establish an empirical scale of pion cap-
ture ratios on atoms in specific electronic environments.
Such a scale would be analogous to the scale of chemical
shifts which is derived from measurements of proton and
13C NMR spectra. As in the case of the chemical shift
scale, the position on the pion capture scale would be
a function of the electron density around the capturing
atom, especially the valence density to which the capture
process appears to be particularly sensitive. Further-
more, since the nuclear capture rates are the net result
of atomic capture followed by any transfer processes (if
they occur), knowledge of the position of hydrogen atoms
in different environments on the pion capture scale would
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be useful in extracting information on the pion transfer
process.

In this paper we describe one approach to setting up
such a pion capture scale and report the results of a recent
experiment at TRIUMF in which the charge-exchange
probability was measured for a series of alcohols. The
results from the study are analyzed to yield relative
capture rates on atoms in different chemical environ-
ments which are then interpreted in terms of simple ideas
about the electronic environment in different regions of
the molecule. We also report measurements of the pion
charge-exchange probability in the deuterated methanols
CD30H and CH30D and compare these with the value
for the nondeuterated isomer CH3OH. An investigation
of the effect of deuteration on the charge-exchange prob-
ability in this system allows further examination of the
model.

II. THEORY

We shall now outline the simple model first proposed
by Smith and co-workers [9,10]. One starts from the as-
sumption that atoms of a given nuclear charge, which oc-
cur in similar chemical environments in the molecule but
in different physical regions, have similar pion capture
rates. The nuclear capture rate (including all transfers)
on an atom of nuclear charge Z; in an environment la-
beled a will be denoted R, . If there are n%, such atoms
in the molecule, the nuclear capture ratio R(Z;, Z;) for
the two atoms whose nuclear charges are Z; and Z; can

be written
Sont R,
R(Zi,Z5) = S (1)

Zn_’?RZJ- .

B

The summations are over all chemically different environ-
ments, @ and 3, in which the Z; and Z; nuclei are found
within the molecule. In general, the choice of classify-
ing atoms into chemically different groups will depend to
some extent on the nature of the particular functional
groups present within the molecule. Specific examples
are given below.

Using this approach, the total nuclear capture proba-
bility, Pz,, for the nucleus Z; becomes

> n¢Rs,
o
5+ > O Ry

J(#) P

Py (2)

P = -
Z"i
(e

In this work, the observable of particular interest is the
charge-exchange reaction

p+7m" —n+w° (3)

which occurs with a probability of ~ 60% for =~ cap-
ture on hydrogen nuclei [11]. The observation of a °
is an unambiguous signal for pions stopping in hydro-
gen, since—apart from 7~3He with ~ 15% [12,13]—the
charge exchange (7~,#°) is suppressed (< 10~*) in any

other 7~ Z [14,15]. From Eq. (2) the total nuclear cap-
ture probability in hydrogen can be written as

> ik
Wu = = ; (4)
> nfiRg+ D > nGR;
o Z (#1) p
where the measured charge-exchange probability Peex
and Wy are related by P.ox=0.6Wg. Suppose we con-
sider a generalized molecule of the form

CH3(CH3),n CH,CH, X, (5)

where X is some (polarizing) functional group such
as —C=0, —C=0,H, —OH, —NH,;, or —CH
=CH(CH3),CHs. We expect that the carbon and hydro-
gen atoms that are located closest to the functional group
X (environment o) and possibly in the next position
along the carbon chain (environment 8) may have elec-
tron densities which are somewhat different from those
around the corresponding atoms in the nonpolar side
chain CH3(CHg2),,. The pion capture rates on these «
(and B) carbons and hydrogens may therefore differ sig-
nificantly from those in the nonpolar side chain. How-
ever, because of the nonpolar nature of the side chain
CH3(CH32)m, the pion capture rates on all carbon atoms
(or hydrogen atoms) within this group should be similar.
On this basis, it should be possible to express the nuclear
capture probability for a series of molecules of the same
kind (that is with the same X group but different lengths
of the side chain) in terms of a relatively small number
[~ 6 for molecules of form (5)] of nuclear capture rates
R.

Since it is the relative rather than absolute capture
rates that are of primary interest, it would be convenient
to define a standard capture rate on a particular reference
nucleus in a specific electronic environment in terms of
which all other capture rates could be expressed. In this
respect, the capture rate on a carbon atom in a methylene
or methyl group in a nonpolar side chain appears to rep-
resent a convenient choice for such an internal reference
rate. These carbon-containing groups are commonly en-
countered in organic molecules and often occur in a side
chain which is isolated from the electron-distorting effects
of other functional groups by several intervening carbon
atoms. The electronic environment around such carbon
atoms should not therefore differ significantly from one
kind of molecule to another. The capture rate on one
of these standard carbon atoms will be denoted RZ. If
the charge-exchange probabilities are known for a set
of molecules with a common X but varying length side
chain, these can be fitted to give estimates of the nuclear
capture ratios R%/RE, RE /RS, and Rx /RE.

A particular simple (and rather special) example of the
above procedure will now be considered. When the func-
tional group X corresponds to the hydrogen atom the
molecular series is just the series of alkanes. The charge-
exchange probabilities for a number of different chain
lengths have been measured previously by Petrukhin et
al. [16] and Krumshtein et al. [17] and the results are
summarized in Table I. (It should be noted that the val-
ues given in this table were normalized to a Wy value for
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TABLE I. Pion capture probabilities in hydrogen for alkanes. The data are taken from
Petrukhin et al. (Ref. [16]) and Krumshtein et al. (Ref. [17]) renormalized to Wy (CH,) =
12.9% 1073, In the last column the calculated values are presented using Eq.(6) with the parameter

given in the text.

Wu Calculated Wy
Molecule Formula (units of 107%) (units of 1072)
Methane CH, 24.73 £+ 0.53 24.42 + 0.30
Ethane CH;CH3 18.77 £+ 0.53 18.42 £+ 0.23
Propane CH3CH,CH; 16.41 £ 0.21
Pentane CH3(CH2)sCHs 14.15 + 0.49 14.79 + 0.19
Hexane CH3(CH2)4CH3 14.77 + 0.48 14.39 + 0.18
Dodecane CH3(CH2)10CHs 13.52 £ 0.62 13.37 £ 0.17
Heptadecane CH3(CH2)15CH3 12.46 + 0.46 13.08 £ 0.16
Cyclohexane CeHi2 12.72 4+ 0.49 12.36 £ 0.16
Polythene (CH2)n 12.90 £ 0.36 12.36 + 0.16

polythene equal to (12.94:1.8)x 10~3 which is the mean of
three independent absolute measurements [18-20] and is
slightly lower than the value quoted in Ref. [16]. The
preferred value of 12.9 x 102 is used for consistency
throughout this article in order to facilitate comparison of
capture rates in different molecules.) Since there is no po-
larizing group in the molecule one expects that all carbon
atoms are essentially equivalent as far as pion capture is
concerned (ignoring the slight difference between methyl
and methylene groups). Similarly all hydrogens may be
expected to be equivalent with respect to pion capture.
The six values of Wg for molecules with formula C, H,,
can then be fitted with one hydrogen capture rate and
one carbon capture rate using an expression of the form
.L“S_ (6)
ngRy + nc R

The data give a least-squares fit with a x? per point of
1.0 for a ratio of Ru/RZ equal to (6.26 £ 0.08) x 1073.
The reasonable fit for these data with just one adjustable
parameter confirms the assumption of the equivalence of
the different carbon (and hydrogen) atoms in the molec-
ular series with respect to pion capture. The capture
ratio Ry/RZ obtained from the alkane series agrees with
the pion capture probability in hydrogen for polythene,
i.e., Wu(CH,) ~ 2Ru/RZ (see Table I). The calculated
values for the alkanes are listed in the last column of Ta-
ble I using Eq. (6). The agreement with the measured
values is good. It is interesting to note that the apparent
constancy of the ratio Ry/R2 for the molecular series in
Table I and for polythene shows that the capture ratio
is phase independent since this group of molecules con-

Wy =

tains gases, liquids, and solids. Since the capture rate
on hydrogen is the net result of atomic capture followed
by transfer we are led to the conclusion that if transfer
is significant then the transfer rate is independent of the
phase in which the molecule is present.

In Table I the pion capture probability for propane is
calculated in the absence of an experimental value. This
is very useful information because it can be compared
with the capture probability by hydrogen in propane
for kaons and antiprotons available from bubble-chamber
studies. For kaons we have the results of Van der Velde-
Wilquet et al. of 4.0+0.4% [21] and of Murphy et al. of
3.240.4% [22], which have to be compared with 1.6% for
pions. The results are close yet the values for kaons are
significantly higher than for pions indicating that kaons
do not exhibit such a strong suppression of absorption
by the hydrogen. For antiprotons the value of 11 + 3%
was found by Pawlewicz et al. [23] again higher than
for kaons. The trend is quite clear and speaks for it-
self, although further confirmation of these data would
be important.

For a more general molecular series of the kind
CH3(CH,),,CH,CH, X, it may be necessary to use two
or three unknown hydrogen ratios RH/Ré, one or two
carbon ratios Rc/Ré, and one or more additional ratios
to describe capture in the X group. In this case one re-
quires values for Wy in five or more different members of
a homologous series in order to extract useful estimates of
the capture ratios. This has provided the motivation for
the present experimental study of charge-exchange prob-
abilities in a series of alcohols as well as for an earlier
study on acid anhydrides [9].
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III. EXPERIMENTAL TECHNIQUE
AND DATA ANALYSIS

The experiment was performed in the M13 low-energy
pion channel at TRIUMF. The setup used in this experi-
ment is very similar to that described in detail elsewhere
[24]. A beam of 78 MeV/c pions was stopped in a tar-
get holder containing the liquids. A coincidence of sig-
nals from three plastic scintillation counters S1, S2, and
S3 defined a beam particle and an anticoincidence with
a scintillation counter S4 (i.e., 1234) behind the target
signaled the stopping of the particle in the target. In
order to eliminate the 7% background from =~ stopping
in S3, this counter was made of deuterated scintillator.
If a stopped 7~ is captured by a proton in hydrogen,
then a w0 is produced 60% of the time. The decay ¥
rays from the m° were detected using a m° spectrome-
ter consisting of two large Nal crystals TINA (TRIUMF
iodide of natrium, 46 cm in diameter, 51 c¢m long) and
MINA (Montreal iodide of natrium, 36 cm in diameter,
36 cm long). Each Nal was kept at a distance of ~ 80
cm from the target in order to be able to distinguish be-
tween neutrons and < rays using the time-of-flight tech-
nique. Charged particles entering TINA and MINA were
rejected by plastic scintillation counters in front of the
two Nal detectors.

The purity of the chemicals used for the present exper-
iment exceeded 99%. All targets used in this experiment
were contained in cylindrical target holders, 133 mm in
diameter, 15.5 mm long, with 25-pm-thick stainless-steel
windows. The fraction of incident pions stopping in the
target windows was determined by measuring the pion
stops as a function of target thickness. For this purpose
various thicknesses of CH; were used as target material.
The fraction of pions stopping in the windows turned out
to be less than 3%. The beam momentum was selected
to optimize stopping in the liquid target.

A histogram of ErEp;, where Ep is the energy de-
posited in TINA and Ejas is the energy deposited in
MINA, was generated to determine the 7° yield, No.
Since

2

Mro | M

4 sin 321;'—

where Mo is the mass of the 7° and ¢ is the angle be-
tween the two v rays, the 70 events show up as a peak in
this histogram (see Ref. [24] for a figure). The number
of 7°°s produced in each target was determined by fitting
a function

ErEy =

E-B

F(E) = Aexp@ (1 —erf ) +B, (8)
where £ = Ep Ej; and B is a background term. A, B,C,
and D are amplitude, energy and width related param-
eters [24]. Integration of the n° peak above the back-
ground gave Njo.

The number of 7~ ’s stopping in the target, N,-, was
obtained using the technique described in Ref. [24]. The
relative charge-exchange probability for each concentra-
tion was obtained as Nyo/N,- and was then normalized
to that measured in CH,. The stability of the data was
checked by repeating the measurements with CH; at reg-

ular intervals.
The pion capture probability in hydrogen, Wy, for each
target was calculated from

(7T)

Wu(7T) = WH(CHZ)T—(—(-J—}—I-;, 9)

where Wy (CHy) is the pion capture probability for poly-
thene and T'(7) is the ratio of Nyo/N,- for a particular
target. T'(CHg2) was calculated from the mean of 17 mea-
surements made at regular intervals during the course of
the present experiment. The value for Wu(CH;) was
taken to be (12.9 4 1.8) x 1073. In calculating the errors
of the Wy values, only the errors in T(7) and T(CHz)
were taken into account. The error in Wy(CHg2) was not
included since it is the relative Wy values which are of
primary interest.

IV. RESULTS

The values of Nyo and Wy calculated by means of Eq.
(9) for the different targets are listed in Table II. The
Wy values for the primary alcohols and water are plot-
ted against the number of carbon atoms in the molecule,
nc, in Fig. 1 and show a monotonic rise with nc. The
Wh values for this alcohol series asymptotically approach
the value Wy (CH,) which is indicated as a straight line.
The capture probabilities for all the primary alcohols (ex-
cluding the deuterated methanols) and water were fitted
with an expression of the form

ng Rg + RS + ni Ry .
n&RE + RG + n¥RY + ncRc + Ro

Wy = (10)

Here Rf is the rate for pion capture on a hydrogen atom
bound to a carbon atom which is in the a position with
respect to the OH group. R is the rate for pion capture
on a hydrogen atom of the OH group. Rﬁ is the rate
for pion capture from all other hydrogen atoms. Rc is
the rate for pion capture on a carbon atom and Ro is
the rate for pion capture on an oxygen atom. The ny
and nc factors are the relative numbers of the respective
atoms in the given molecule.

Two fits of the data were performed, each with slightly
different data samples. In both cases the deuterated
methanols were excluded from the fits as pion transfer
from hydrogen to deuterium complicates the situation
there. We shall address this problem later. In fit I only
the primary alcohols plus water were included, whereas
in fit II all the alcohols from Table II plus water were
employed. The values of the best-fit capture ratios (rela-
tive to Rc¢) are given in Table II1. The result of fit I gives
a x? per point of 0.77 and will be discussed first. The
result for Rﬁ/Rc, the capture ratio for hydrogen atoms
far from the polarizing OH group, is (6.7240.05) x 10~3
which is a little higher than the value for the alkanes of
Ru/RZ=(6.26 £ 0.08) x 10~3. The alcohol result gives
(13.4440.10) x 103 for polythene, which is satisfactory
though not perfect. The value for R/Rc, the capture
ratio for hydrogen atoms bound to carbon which is in
the a position to the OH group is (6.28 & 0.08) x 1073,
slightly lower than the value of Rﬁ/Rc. This is con-
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TABLE II.

Pion capture probabilities in hydrogen for alcohols (present data).
column the calculated values are presented using Eq.(10) and the parameters of fit I given in Table

In the last
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III.
Wu Calculated Wy
Molecule Formula Nro (units of 1072) (units of 10™2)
Water H.O 3802 3.52 + 0.07 3.52 + 0.05
Methanol CH;OH 10438 7.47 £ 0.09 7.47 £ 0.10
Ethanol CH3;CH,OH 4305 8.88 + 0.16 9.04 £ 0.08
Propan-1-ol CH3(CH2),OH 5975 9.98 £ 0.17 9.90 £ 0.07
Butan-1-ol CHs(CH2)sOH 6838 10.70 £ 0.17 10.47 £ 0.08
Pentan-1-ol CH3(CH:2):OH 6569 10.95 £ 0.18 10.87 + 0.08
Hexan-1-ol CH3(CH2)sOH 6565 11.03 £ 0.18 11.17 £ 0.08
Heptan-1-ol CH3(CH2)sOH 5796 11.29 £ 0.19 11.41 4 0.08
Octan-1-ol CH3(CH2)7OH 7211 11.54 £ 0.17 11.59 £+ 0.08
Decan-1-ol CH;(CH;)oOH 5160 11.96 + 0.22 11.87 + 0.08
Deuterated Methanol CD3;OH 807 0.845 4+ 0.031 1.17 + 0.02
Deuterated Methanol CH;0D 3884 5.55 + 0.11 6.31 £+ 0.10
Butan-2-ol CH3CH,CH(OH)CHs 7471 10.85 £ 0.17 10.54 £ 0.08
2-Methyl-propan-2-ol (CH3)sCOH 6256 10.66 £ 0.18 10.61 £ 0.09
Cyclohexanol (CH;)sCHOH 3143 8.23 £+ 0.18 9.57 £ 0.07
15 L ' ! sistent with the lower electron density expected around
CH, hydrogen atoms of a methylene group adjacent to a hy-
droxyl group due to the strongly electronegative charac-
12 = . .
ter of the oxygen atom. Since the atomic capture pro-
cess is thought to be dominated by Auger transitions,
w9 - the capture rate on an atom is expected to be a func-
= tion of the electron density around that atom. The value
M
Q 64 L
TABLE III. Best-fit capture ratios for alcohols. Fits I and
3] \ B II are described in the text.
H,0 Capture ratio Fit I Fit II
0 T l — RE/R 6. 0. -3 ) . -3
J ] g ] 5 u/Rc (6.72 £ 0.05) x 10 (6.53 £ 0.12) x 10
Number of carbon atoms R /Rc (6.28 £ 0.08) x 107> (5.90 £ 0.34) x 102
RY/Rc (3.48 £ 0.07) x 10™°  (3.11 £0.31) x 10~°
FIG. 1. Pion capture probabilities in hydrogen, Wy, of
alcohols and water. Wy for CH: is indicated with a straight Ro/Rc 1.97 + 0.02 1.76 +£0.17

line. The solid curve is a spline fit through the fitted values.




108 M. R. HARSTON et al. 4

for RY/Rc, the capture ratio for a hydrogen atom in
an OH group, is significantly less than both Rlﬁ_I/RC and

% /Rc. This is consistent with the significant reduction
in electron density around a hydrogen atom attached di-
rectly to an electronegative oxygen atom. Inclusion of
Wy for HyO is crucial for the fit because it largely de-
termines RY/Rc. If Wi(H20) is discarded then R3/Rc
is compatible with 0 and the overall errors for the fit
are much worse. Finally, the ratio Ro/Rc is in agree-
ment with other values reported for O:C capture ratios
in hydroxyl-containing molecules such as saccharides [9].
The quality of the fit becomes evident if Wy is calcu-
lated using Eq.(10) with the parameters given in Table
III. The calculated values are listed in the last column
of Table II and agree with the measurement very well
except for the deuterated methanols, which will be dis-
cussed below in more detail, and cyclohexanol where the
calculation is ~ 15% higher than the measurement. The
ring structure of this molecule might change the elec-
tron distribution in a manner such that the applicability
of our model is limited. However, no effect of the ring
structure was found for the alkanes hexane and cyclo-
hexane as can be seen from Table I and the only differ-
ence is that cyclohexanol contains a polarizing functional
group. Hence we are left with a slight puzzle whether the
observed suppression of Wy is real and due to the ring
structure or whether the effect may be due to misbehav-
ior of the apparatus or some contaminant of the cyclohex-
anol. A future measurement Wy in cyclopentanol might
help clarify the situation. The location of the hydroxyl
group (Butan-1-ol and Butan-2-ol) seems not to influence
the Wy values very much which is confirmed by the cal-
culation. Also the calculation for 2-methyl-propan-2-ol,
which has a fairly different structure than the primary
alcohols, is very close to the measured value.

The result of fit II gives a x? per point of 6.7. The
quality of this fit is worse as manifested by the x2 and
the error bars of the capture ratios. However, the gen-
eral trend of the fit II is the same as for fit I and the re-
sults agree within the error bars. The difference is caused
by the inclusion of Wy for cyclohexanol in fit II, where
fit I fails to predict the capture probability on hydrogen
atoms satisfactorily as mentioned above. We recommend
fit I for use in predicting Wy values for alcohols of simi-
lar chemical structure as the primary alcohols. The error
bars, however, given for fit I in Table III are strictly valid
only for primary alcohols. The error bars of fit II give an
idea of what the error bars for alcohols of similar struc-
ture are.

It is interesting to compare the present results to the
results of a recent study of pion capture in acid anhy-
drides and saccharides [10]. For the anhydrides, it was
found that the relative probability of pion capture in hy-
drogen attached to a carbon atom in the « position with
respect to the C,03 group was approximately half the
relative probability for capture on hydrogen attached to
carbons further from the C2O3 group. The large effect
of the C503 group on the capture rates contrasts with
the relatively small difference observed in the present ex-
periment between the values of Rﬁ and R} for alcohols.
This difference between the anhydrides and alcohols is
a reflection of the stronger charge distortion of nearby
atoms by the C,03 group than by the OH group.

The saccharides whose pion capture probabilities were
reported in Ref. [10] contain just CH, CH,, O, and OH
groupings. The close relationship between the structures
of the saccharides and alcohols suggests that it might be
feasible to use the pion capture parameters extracted in
the present work to predict Wy values for the saccha-
ride isomers measured in Ref. [10], by means of Eq. (4).
However, if this simple approach is adopted, one finds
that the predicted Wy values for the saccharides are ap-
proximately twice the experimental values. In Ref. [10],
a dependence of Wy on the melting point was suggested,
which was interpreted as an indication that the pion cap-
ture rate in hydrogen is reduced due to the effects of hy-
drogen bonding between molecules. If this is indeed the
case, then the atomic capture ratios derived from stud-
ies on alcohols may not be directly applicable to systems,
such as the saccharides, in which hydrogen bonding plays
a somewhat different role. Hence the fact that the pa-
rameters derived from the alcohols overestimate the Wy
values for the saccharides is not unexpected.

The present model was further investigated with
the aid of an alternative technique using deuterated
methanols. We measured the hydrogen capture proba-
bility for CD30H, CH30D, and CH30OH. The results for
Whu are given in Table IV. The interesting observation
is that the sum of capture probabilities in CD3OH and
CH30D falls short of the probability for CH3OH. The
same conclusion can be drawn if the individual values
W for CD30H and CH30D are compared with the cal-
culated results obtained from the alcohol series which
are presented in the last column of Table IV. These cal-
culated values include transfer effects from hydrogen to
carbon and oxygen, but do not include transfer effects
from hydrogen to deuterium (7~ p+d — 7~ d +p). How-
ever, we can correct for pion transfer from hydrogen to

TABLE IV. Pion capture probabilities in hydrogen for deuterated methanols (all in units of
1072). The calculated values in the last column are obtained by using Eq.(10) and the parameters

of fit I given in Table III.

Corrected Corrected Calculated
Molecule Wu (expt.) (H2-D2) (H20-D20) (Alcohol series)
CD3;OH 0.845 4 0.031 1.15 1.33 1.17 £+ 0.02
CH30D 5.55 &+ 0.11 6.27 6.24 6.31 £ 0.10
CH3;OH 7.47 £+ 0.09 7.42 7.57 7.47 £ 0.10
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deuterium which we investigated recently in Hy-Dy gas
mixtures [24] (where the transfer is purely external) and
in HoO-D2 O liquid mixtures [25] as a function of the deu-
terium concentration. The hydrogen to deuterium trans-
fer contribution can be removed from the experimental
pion capture probability by dividing Wy by 1-Q, where
Q is a factor which is related to the probability for pion
transfer from hydrogen to deuterium. For the Hy-D5 sys-
tem @ is equal to the H to D transfer probability while
for the HoO-D,O system it is approximately equal to the
H to D transfer probability divided by the probability
that the pion is not transferred to an oxygen atom in
pure H,O.

The relative deuterium concentrations for CD3OH and
CH3OD are 3 and %, respectively. The corresponding
figures for pion transfer at these concentrations were ob-
tained from Ref. [25] and amount to Q ~ 36% transfer
for C4/Cp=3 and Q ~ 11% transfer for C4/C, = 1.
These give the corrected values of Wy shown in column
4 of Table IV. The corresponding values based on the cor-
rections using the Hy-Dy [24] data are shown in column
3 of Table IV. The corrected values agree very well with
the prediction from the alcohol series as well as with the
measurement of Wy(CH3OH). This supports the whole
approach.

V. CONCLUSIONS

The pion capture probabilities for the series of alcohols
reported here were analyzed in terms of a simple model

of pion capture on atoms in different chemical environ-
ments. The model yields values for the relative capture
ratios of hydrogen and carbon and oxygen and carbon
which are consistent with the known electron distribution
in the molecule and with other data on atomic capture
ratios. This method of analysis can be applied to systems
where charge-exchange probabilities are known for a ho-
mologous series of molecules. The (empirical) capture
ratios obtained by this method could be used to predict
the charge-exchange probabilities in other molecules con-
taining similar functional groups.

The result of the alcohol series was applied to inves-
tigate deuterated methanols. It is found that the pion
capture probability for CD3OH and CH3OD is smaller
than the prediction of the model and the Wy values for
CD30OH and CH30D also do not add up to Wi (CH3OH).
However, if the measured Wy values are corrected for
pion transfer from hydrogen to deuterium in collisions
7~ p + d as obtained from our previous studies [24,25]
then overall agreement is achieved. This is a verification
of the usefulness of the model.
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