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Experimental results are presented for atomic-capture probabilities of negative pions in
organic molecules. The data are analyzed in terms of atomic and molecular models.
This analysis shows that the Fermi-Teller law (Z law) and its modifications do not give
an adequate description of the data, but that a mesomolecular model together with hydro-
gen transfer contains the features essential to fit the data. Clear evidence is given for

chemical effects in the pion-capture process.

I. INTRODUCTION

A. Pion interactions in complex materials

The work reported in this paper is part of a pro-
gram concerned with the interactions of negative
pions with complex materials, with particular
reference to biological and tissue equivalent materi-
als. We report here the results of experimental
studies with a selection of organic molecules, to-
gether with a few inorganic molecules, and the
analysis of these results in terms of models of the
pion-capture process.

A negative-pion incident on any material loses
energy initially by ionization. Rather little is
known about the next stage of slowing down and
adiabatic capture from the continuum into excited
states of a pionic atom or molecule.! This process
is simple only in metals where the pion can give up
its energy to the conduction electrons.” The deexci-
tation of an isolated pionic atom occurs by a cas-
cade process initially dominated by nonradiative
Auger transitions until the x-ray transitions be-
come most important and circular orbits are popu-
lated. The physics of this cascade process in an
isolated atom is quite well understood® and stand-
ard cascade codes* are used to calculate the transi-
tion rates and x-ray yields for each transition,
starting from an initial value of n, which is fre-
quently taken to be n ~ 16 where the pion orbit
overlaps strongly with the K shell electrons, and
from an assumption for the initial distribution of
angular momentum states /.

The influence of the medium in which the pion-
ic atom is formed is manifested in a number of
ways. Since the binding energy of a pion is pro-
portional to Z?, a pion captured by hydrogen may
be transferred to a more tightly bound orbit around
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a nucleus of higher Z. This means that deexcita-
tion of pionic hydrogen p by electromagnetic pro-
cesses and subsequent nuclear capture of the pion
by the proton are in competition with the transfer
process,

pr+Z—>p+Zm.

Experimental studies™® have shown that transfer of
pions does occur in chemical compounds, mixtures
of compounds, and gas mixtures. Chemical and
physical effects have been observed®~® by measur-
ing the intensities of x-ray lines emitted from
selected elements in various compounds and mix-
tures and comparing the ratios of the summed in-
tensities of a series for the same pair of elements in
different samples or by comparing the relative in-
tensities of the lines in a series for the same ele-
ment in different samples.

A mesomolecular model has been developed by
Ponomarev and Schneuwly et al’~!! to explain
the observed features of pion capture on chemical
compounds. Several versions of this model are dis-
cussed in Sec. IVB, and in Sec. IV C the model is
extended to include transfer from pionic hydrogen.

When a pion reaches the lowest atomic orbits, its
distribution overlaps with that of the nucleus. A
nuclear interaction can then take place, causing
disintegration of the nucleus and emission of
short-range charged particles and longer-range neu-
trons and 7 rays.!?> The charged-particle spectra
produced from pion interactions in carbon and ox-
ygen are significantly different,'* although the neu-
tron spectra are quite similar.!* Since biological
tissues consist predominantly of hydrogen, carbon,
and oxygen, the emphasis of this work is placed on
understanding the process of pion capture in
simpler materials consisting of these three ele-
ments.

3262 ©1982 The American Physical Society



25 PION-CAPTURE PROBABILITIES IN ORGANIC MOLECULES 3263

TABLE 1. Energies of the pionic Balmer series in
carbon, nitrogen, and oxygen.

Energy

Transition (keV)

Carbon 32 18.39
42 24.82

52 27.79

6—2 29.40

Nitrogen 32 25.10
42 33.86

52 37.91

6—2 40.11

Oxygen 32 32.84
42 44.31

52 49.61

6—2 52.48

B. Outline of this experiment

We have measured the relative intensities of lines
in the Balmer series emitted by pionic atoms of
carbon and oxygen in a range of samples. For
some samples we have also measured the intensities
of the Balmer series in nitrogen. It is not feasible
to study the pionic Lyman series because of the
very considerable broadening of the 1s atomic level
due to the nuclear absorption of pions from this
level. For these light elements the nuclear shifts

TABLE II. Energies of the muonic Lyman series in
carbon, nitrogen, and oxygen.

Energy

Transition (keV)

Carbon 21 75.26
31 89.22

41 94.10

51 96.35

6—1 97.57

Nitrogen 21 102.53
31 121.56

41 128.21

51 131.29

6—1 132.97

Oxygen 2—-1 133.95
31 158.85

41 167.55

51 171.58

6—1 173.77

and widths of the 2p and higher levels are negligi-
ble* and the effect of electron screening is also
negligible. It is easy to calculate the energies of
the lines and these are given in Tables I and II.

The summed intensities in the Balmer series are
taken to be proportional to the total capture proba-
bility for a particular element. This assumption is
valid if the last few transitions do indeed populate
circular orbits and there is relatively little popula-
tion of the 2s level and the higher np states (n > 2).
For an isolated atom, conventional cascade calcula-
tions indicate that this is the case, but if a pionic
molecular orbit is formed with high n, the selec-
tion rules and the angular momentum distribution
at the beginning of the cascade could be changed.
We seek first to use the summed intensity ratios to
establish whether molecular orbits are formed.
Analysis of the intensity variations within the Bal-
mer series for each sample and the consequences
for the cascade calculations will be reported later.

We have been able to make a few measurements
with muons. In this case we can observe the Ly-
man series, and the energies of the relevant lines
are given in Table II. The summed intensity of the
Lyman series will be proportional to the atomic-
capture probability provided that there is relatively
little population of the 2s level.

In pionic atoms there is a possibility of direct
nuclear capture on hydrogen of pions in highly ex-
cited molecular orbits."!° This means that the
probability of transfer to a heavier atom would be
reduced in comparison to the transfer in muonic
atoms, and hence, in molecules containing hydro-
gen, the carbon-to-oxygen capture ratio for pions
and muons need not be the same. The same com-
ment applies to any other ratio of captures.

II. EXPERIMENTAL PROCEDURE

A. Experimental arrangement

The experiment was performed using the
biomedical pion channel'® at the the Tri-Univer-
sities Meson Facility (TRIUMF) Laboratory, Van-
couver. For the experiment the channel was tuned
to a momentum of 170+ 10 MeV ¢~ ! which, with a
beam current of 30 A, produced an incident flux
of approximately 2 10® particless~!. Beam con-
tamination at this momentum amounted to 40%
electrons and 5% muons.

A conventional counter telescope, schematically
illustrated in Fig. 1, was used to detect pions stop-
ping in the target. It consisted of a triples tele-
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FIG. 1. Schematic diagram of the experimental ar-
rangement.

scope, including a lead collimator, to define the
beam incident upon the target which was set in an-
ticoincidence with a high-efficiency counter
mounted immediately behind the target. An addi-
tional coincidence was set up between the counter
telescope and a pion time-of-fight (TOF) signal to
reduce false triggers arising from muon or electron
stops within the target. To maximize the number
of pions stopping in the target, 79 mm of alumi-
num energy degrader was included between the
second and third elements of the telescope. This
provided a pion stopping profile within the target
with a full width at half maximum (FWHM) of 20
Kgm™2,

Rectangular targets with dimensions 140X 60
X 10 mm* were mounted at an angle of 30° to the
incident beam direction, perpendicular to the x-ray
detector axis. In this orientation they presented an
area of 60X 60 mm? to the beam and had an effec-
tive thickness of 20 mm. Solid targets were posi-
tioned in the beam by clamping them at the base
in a small aluminum vice. The remaining targets,
mainly powders, were contained within a rectangu-
lar aluminum frame with thin (25 gm) aluminum
foil beam windows.

Photons emitted from the target were detected
using a horizontally mounted hyperpure germani-
um (HPGe) detector with an active area of diame-
ter 25 mm and active depth of 10 mm situated at a
distance of 170 mm from the center of the target.
The resolution of this detector was approximately
450 eV at 6 keV and 850 eV at 122 keV. The
detector was surrounded by layers of aluminum,
lead, and borated wax to provide shielding against
x rays emitted from the organic scintillators and
fast neutrons. Damage to the detector crystal
caused by neutrons emitted from the target could
not be avoided, and during the course of the exper-

iment some degradation of the detector resolution
was observed, though this did not seriously affect
the analysis.

Analog signals from the HPGe detector were ac-
cumulated on a 1024-channel analyzer calibrated
over the range from 6 to 140 keV. Operation of
the analyzer was gated by a suitably delayed coin-
cidence between the pion stop signal from the
counter telescope and a fast timing signal from the
detector. A gate width of 100 ns was found ade-
quate to collect more than 95% of the detector
analog signals corresponding to pion stops.

During typical operation with a proton beam
current of 30 uA and using a carbon production
target the pion stopping rate was approximately
10* countss~! and the counting rate in the
analyzer 10 countss™!. Spectra were accumulated
for approximately 2 X 10® stopping counts and at
the termination of each irradiation were written
onto floppy disk for subsequent analysis. In addi-
tion to the chemical targets, spectra were also ob-
tained from a beryllium target to enable back-
ground subtraction to be made.

In order to make measurements with muons,
some minor changes to the system were required.
Specifically, the thickness of energy degrader was
increased to 127 mm and the TOF coincidence was
adjusted to trigger on muon stops. Because of the
higher energy of the muonic x rays the analyzer
calibration was extended to cover the range 6 — 300
keV. Irradiation times were also increased to com-
pensate for the lower proportion of muons in the
beam, 5% compared with 55% pions.

B. Choice of targets

Because we are making a relative measurement,
i.e., the ratio of captures in two elements, the
chosen targets must contain at least two elements
other than hydrogen. The emphasis throughout is
on the ratio of captures in carbon and oxygen and
therefore most of the samples consist of carbon,
oxygen, and hydrogen. It was necessary that the
materials be available as solid blocks, powders,
solids crushable into powders, or exceptionally as
stable liquids.

A list of target materials and their chemical
composition is given in Table III. The series of di-
carboxylic acids was chosen to allow investigation
of the role of hydrogen and also because of the
biological importance of saturated fatty acids. The
cyclic acid anhydrides were chosen to allow com-
parison of single and double bonds between carbon
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TABLE III. Chemical composition of target materials.

(1)  Dicarboxylic acids

COOH (CH,),COOH

Malonic acid n=1
Succinic acid n=2
Glutaric acid n=3
Adipic acid n=4
Pimelic acid n=4
L
(2) Cylic acid anhydrides é AN
. . }'1 0
Maleic anhydride CI!I /
(0]
cF
Succinic anhydride n=2 \
Glutaric anhydride n=3 ‘CQ' 0
C§0
(3)  Saccharides
D(+) Xylose (pentose) CsH 05
D(+) Glucose (hexose) C¢H ;06
D(+) Mannose (hexose) C¢H ,0¢
Sucrose (disaccharide) C,H,,0y;
D(+) Trehalose dihydrate
(disaccharide) C 12H220[ 1 2H20
(4) Compounds not containing hydrogen
Carbon dioxide (dry ice) CO; covalent
Sodium fluoride NaF ionic
H H O
(59  Amino acids H >N+— | —C/
H R \O“
Glycine R=—-H nonpolar side chain
DL-a-Alanine R=—CH; nonpolar side chain
DL-Valine R=—CH(CH;), nonpolar side chain
L-Serine R=—-CH,0H polar side chain
L-Cysteine R=—-CH,SH polar side chain
(6)  Perspex (polymethylmethacrylate) (CsHg0,),

atoms, and also because there are only CH bonds
and no OH bonds in these molecules which may
assist in the study of the role of hydrogen. The
saccharides were chosen in order to study the ef-
fect of increasing the number of atoms whilst the
C:O ratio remained constant or nearly so. Since
glucose and mannose are structural isomers, com-
parison of the results for these samples should re-
veal complex effects due to molecular structure.
The saccharides are also important carbohydrates.

The amino acids are an important group of mol-
ecules which are essential components of protein
molecules. In the cell, the free acids are normally
ionized, with the carboxyl group (COOH) losing a
hydrogen ion to become negatively charged and the
amino group (NH,) gaining a hydrogen ion to be-
come positively charged. The character of the am-
ino acids is strongly influenced by the side chain,
denoted by R. The form of the side chain R for
the chosen amino acids is given in Table III. Cer-
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FIG. 2. Typical x-ray spectrum for organic mole-
cules. This example is for malonic acid.

tain of the amino acids and saccharides are strong-
ly lyoluminescent, i.e., they emit light when dis-
solved after irradiation in the dry state, and this
property has potential applications in dosimetry.

The rather difficult measurement with dry ice
was attempted because it is important to study a
molecule containing carbon and oxygen but no hy-
drogen. Sodium fluoride was chosen as a simple
ionic molecule not containing hydrogen. A num-
ber of targets such as water, Be metal, and alumi-
num were used for calibration purposes.

Part of this experiment was concerned with the
potential use of negative pions in radiotherapy, and
for this reason several samples of animal tissues

were irradiated and also several materials common-
ly used as tissue substitutes.'® The result of these
measurements are discussed elsewhere,!” except
those for perspex.

III. ANALYSIS OF DATA AND
RESULTS

A. Data analysis

Typical spectra are shown in Fig. 2. Peak areas
under the pionic (or muonic) lines were determined
from these spectra using a version of the gamma-
ray analysis code SAMPO (Ref. 18) which is imple-
mented at the University of London Computer
Center. This code uses shape calibration lines ob-
tained from single intense peaks within the spec-
trum to fit a selected region of the data. Peaks are
fitted with Gaussian centroids and exponential tails
and the continuum under each peak or set of peaks
is fitted with a parabola.

In order to obtain series intensity ratios from the
measured peak areas, certain corrections were re-
quired, the most important of these being for self-
absorption in the target. This correction was for-
mulated by considering the variation of the pion
(or muon) stopping profile within the target (as-
sumed to be Gaussian), the solid angle subtended
by each element of area in the target to the detec-
tor and the attenuation experienced in each ray
path within the target. Attenuation coefficients
for the targets were obtained by using the mixture
rule with elemental attenuation coefficients derived
from the recent parametrization by Jackson and
Hawkes.!® The self-absorption correction is given
by

a/2 c/2 d/2 (d2/4—h2)172
=J, dxf dyf zf f_(d2/4 Wt mdk exp g (x,p,2,h,k)lexp[ —4 Xy —B)?]Qx,y,2,h,k) ,

—
and p, is the density of the material in which the
stopping profile is measured, (x,y,z) represent the
cartesian coordinate system of the target of dimen-
sions (a X b X ¢) with origin at the center, and
(h,k) represent the coordinate system of the detec-
tor face whose origin was at the center of the face
and a distance L from the origin of the target
along the axis of the detector.

Detector efficiency corrections were only re-
quired in obtaining intensity ratios for the muonic
Lyman series which covers the energy range
75—174 keV. In the energy range of interest for
the pionic Balmer series, 18 —52 keV, the detector

where uy is the attenuation coefficient at photon
energy E,

g(x,y,z,h,k)=R(y/L +y),

QUx,y,2,h,k)=(L +y)/R?,

R =(L 4yy+(x —h)?
+(z—k)?,

B=0.5b (p, /p),

A=2.041 (p/p,) .

In these expressions p is the density of the target
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response was found to be constant, within the ac-
curacy of the experimental efficiency measure-
ments. X-ray spectra taken with the beryllium tar-
get for both pions and muons indicated that there
was no detectable contamination from the organic
components in the scintillators.

The principal source of uncertainty in these
measurements arose from the determination of
peak areas. The main factors influencing the accu-
racy of these determinations were the peak intensi-
ties and the complexity of the region in which the
peak or peaks were situated. The percentage errors
in the total series intensities, calculated by SAMPO,
were generally in the range 3—5 % although indi-
vidual lines within the series showed a wide varia-
tion in percentage error from less than 3% for the
low An transitions. In some specific cases the er-
ror in the total series intensity was higher. This
occurred, for example, in targets containing nitro-
gen, when lines of interest, the pionic 4—2 line in
carbon, and 3—2 line in nitrogen were separated
by an energy A E=280 eV, less than the detector
resolution, and could not be separately resolved by
the analysis code. In such cases the combined
peak was fitted and the individual intensities es-
timated on the basis of the intensities of other
transitions in the series.

Uncertainties in the self-absorption correction
were estimated by evaluating the integral with the
mean values of the parameters concerned and also

TABLE IV. Ratio of captures in carbon to oxygen
for pions incident on material containing only carbon,
oxygen, and hydrogen, or carbon and oxygen.

Material C:O capture ratio
Malonic acid 0.45+0.03
Succinic acid 0.62+0.03
Glutaric acid 0.83+0.03
Adipic acid 1.17+0.05
Pimelic acid 1.42+0.06
Maleic anhydride 0.79+0.04
Succinic anhydride 0.86+0.04
Glutaric anhydride 1.1140.05
Xylose 0.57+0.04
Glucose 0.54+0.04
Mannose 0.73+0.04
Sucrose 0.62+0.03
Trehalose dihydrate 0.55+0.03
Carbon dioxide 0.19+0.03
Perspex 1.76+0.07

TABLE V. Ratios of captures in carbon to oxygen
and of captures in nitrogen to oxygen for incident pions.

Material Capture ratio

c.0 N:O
Glycine 0.58+0.03 0.42+0.11
Alanine 1.14+0.06 0.53+0.12
Valine 2.07+0.11 0.48+0.10
Serine 0.58+0.04 0.31+0.07
Cysteine 1.05+0.12 0.70+0.20

with one standard deviation added or subtracted
from these parameters. This method indicated a
percentage error of less than 1% for the correction
in almost all cases.

B. Results

The results obtained for the pion capture ratios
are given in Tables IV and V. The uncertainties
on the N:O capture ratios are quite large for the
reasons discussed in the preceding section but the
uncertainties on the C:O ratio are a few percent.

For sodium fluoride the ratio of captures in
fluorine to captures in sodium is

R(Z=9/Z=11)=0.98+0.15 .

Table VI gives the capture ratios derived from
the measurements with muons. On the whole, the
agreement between our results for pions and muons
is not unsatisfactory. A detailed comparison with
other muon results for tissue equivalent materials?
has been given elsewhere.!’

IV. FORMULAS FOR CAPTURE
PROBABILITIES
A. Atomic models

By assuming that the negative pion slows down
in a degenerate electron gas, Fermi and Teller? de-

TABLE VI. Capture ratios for muons.

Material C:O capture ratio
Malonic acid 0.49+0.03
Glutaric acid 0.98+0.06
Pimelic acid 1.47+40.10
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duced that the relative capture probability on
atoms in a compound is proportional to the atomic
number Z, i.e.,

W(Z)«<Z, (1)

so that for N; atoms of type Z; in a molecule the
molecular capture probability is given by

W(Zi)=NiZ; ’ (2)

¢
and the ratio of capture probabilities in atoms of
type Z, and Z, in the same molecule is

R=WI(Z,)/W(Z,) . (3)

A reexamination of the derivation of the Fermi-
Teller or Z law leads to the expression'!?!

W(Z)<Z??. (4)

Further analyses along the same lines have led to
the formulas

W(Z)xZ"l0g(0.572) , (5)
WI(Z)x<Z'log(1.15Z173) (6)

(Refs. 22 and 23, respectively), while the assump-
tion by Petrukhin et al.?* that the energy loss is
proportional to the relative-stopping-power yields
the expression

W(Z)<(Z'3-1). (7)

B. Molecular models

In the mesomolecular model, developed by Po-
nomarev, Schneuwly, and collaborators,’~!! it is
assumed that pions captured by a chemical com-
pound can either be captured directly into atomic
orbits or captured initially into molecular orbits lo-

cated in the same region as the valence electrons.
The simplest expression for the atomic-capture
probability of an atom Z; is then given by

W(Zi)ocni+2vimi 5 (8)

where n; is the number of core electrons, v; is the
number of valence electrons, and w; is the total
probability for deexciting from the molecular orbit
to an atomic orbit on an atom Z;.

If the probability of all processes involving the
pion in a molecular orbit except deexcitation is
represented by &, we have

One model of the deexcitation process relevant to
nonpolar covalent organic molecules yields'!

<2} /3 27} (10)

For molecules containing only carbon, oxygen, and
hydrogen this model gives wy~ 1072 If we as-
sume that =0 we find

0c~0.36, 00~0.64, wy~0. (11

We denote the mesomolecular model with these
parameters inserted into Eq. (8) as mesomolecular
model A. For the same types of molecules the Z
law can be reproduced by inserting into Eq. (8) the
values

0c=0.5, ©o=0.5, wx=0. (12)

Because the electronegativity, which is the power
of an atom to attract electrons to itself, is different
for different atoms, covalent bonds may have a po-
lar character. In Table VII we give the electrone-
gativity differences for various single bonds and
the corresponding percentage ionic character of the

TABLE VII. Electronegativity differences of certain single bonds and percentage ionic

character (Ref. 25).

Bond Electronegativity difference Percentage ionic character
Cc-C 0 0
0-0 0 0 Nonpolar
C—H 0.4 4 covalent
S—H 0.4 4 bonds
C—N 0.5 6
N—-H 0.9 19 Polar covalent
Cc-0 1.0 22 bonds
O—H 1.4 39
Na—F 3.1 91 Ionic bond
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bond. Schneuwly et al.!' have suggested that this
effect will give rise to localization of the pion in
the molecular orbital near to the most electronega-
tive atom. For a bond Z,—Z,, the localization
probabilities are defined as'!

pi=3(1—0), py=3(1+0), (13)

where Z, is the most electronegative atom and
1000 is the percentage ionic character of the bond.
The probability of capture from a mesomolecular
orbit to an atomic orbit of atom Z, then becomes

w01=p1Z}/(p\Z} +p,2Z3) . (14)

Thus the effect of polarity is to reduce the capture
probability for the least electronegative atom and
increase it for the most electronegative atom.

In this paper, we are mainly concerned with
molecules containing many atoms and hence the
description of the polarity of the molecule and the
localization of the mesomolecular orbital becomes
much more complicated than in the case of a sin-
gle bond. We will therefore allow wc and wg to
vary from the values of Eq. (11) and examine the
results to see if they are consistent with the predic-

tion of Eq. (14).

C. Hydrogen transfer

A hydrogenic pionic atom can be formed direct-
ly or via the molecular orbit. In the first case the
capture probability per molecule is proportional to
the number of hydrogen atoms multiplied by the
atomic number of hydrogen; i.e.,

WD(H)_—‘NHZH ) (15)

where Zy =1 and Ny is the total number of hy-
drogen atoms in the molecule. In the second case
the capture probability is obtained from Egs. (2)
and (8) as

WM(H)ZNHaVHwH y (16)

where vy =1 is the valency and a is a constant be-
lieved'© to lie in the range 1—2. From our previ-
ous discussion, we expect that awy << 1,

Wp(H) >> Wy (H) . a7

Because the binding energy of the pion in the
atom is proportional to Z? the pion bound in a hy-
drogenic atom may be transferred to a more tightly
bound orbit around a nucleus with higher Z. It
has been proposed?® that this transfer takes place

to the nearest-neighboring heavy atom which will
normally be the atom to which the hydrogen atom
is bonded. Thus the transfer probability T per
molecule would be proportional to H; =N 4;,
where H; is the number of hydrogen atoms bonded
to an atom of type Z;. We write the transfer prob-
ability per hydrogen bond as §;a, where §; is the
number of electrons participating in the transfer
process and a is the probability per electron for
transfer from hydrogen to any heavier atom. The
total transfer probability per molecule in this
nearest-neighbor (NN) model is then given by

TNN(Z,')=Hi[WD(H)/NH]8iG , (18)
=N,-h,-ZH8,~a =N,-h,~8,-a . (19)

We have two extreme pictures of the process
which indicate values for §;. In the simplest pic-
ture the pion is exchanged with one electron in the
heavy atom so that

& =1, foralli. (20)

Alternatively we may envisage a process involving
the whole valence cloud, which contains 2v; —1
electrons and one pion, so that

&=2vi—1. 1)

Another possibility is that §; might depend on the
screened nuclear charge, i.e., §;=Z; —n; =v;. This
value of §; falls between the two extreme cases
given by Eqgs. (20) and (21).

A different picture of the process arises if we
consider the p system as a small neutral object
which may detach itself from the original site of
the hydrogen atom in the molecule and diffuse
through the system. This suggests that the
transfer probability per molecule can be written as

TNO(Z,')=N,'};,'8,'G , (22)

where &; is now some fraction of the total number
of hydrogen atoms in the molecule. We do not
know how this might depend on Z;.

D. Total capture ratio in the
mesomolecular model with transfer

The ratio per molecule of captures on atoms Z,
to capture on atoms Z, can be obtained from Egs.
(3), (8), and (19) as

_ Nl(nl +2‘V1(01+h181(l )
o Nz(nz +2’V2(02+h282(1 ) ’

(23)
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FIG. 3. Experimental results for the C:O atomic-capture ratio R plotted against the ratio N:Ng of number of car-

bon atoms to number of oxygen atoms.

We have used this formula to interpret our data
for organic molecules.

If =0 and w,, w, are the same for all molecules
containing atoms Z; and Z,, Eq. (23) predicts that
the relationship between R and N /N, is a straight
line passing through the origin. This will be the
case for the Z law and for mesomodel A. Howev-
er, if hydrogen transfer is important and/or if o is
dependent on molecular structure, discrepancies
from a straight line relationship will be seen.

V. DISCUSSION OF THE RESULTS
A. General observations

In Fig. 3 we have plotted the experimental ratio
R of captures in carbon to captures in oxygen
against the ratio Nc:Ng of the number of carbon
atoms to the number of oxygen atoms in each mol-
ecule for carbon dioxide, perspex, the saccharides,

the dicarboxylic acids, and the acid anhydrides;
i.e., all the materials containing only C, O, and H.
It is evident that although the expected trend of in-
creasing capture ratio with increasing Nc:Ng is
present, the results do not fall on a single straight
line.

The Z law is clearly inadequate. The largest
discrepancy is an overestimate of 95% for carbon
dioxide. For most, but not all, of the organic mol-
ecules the Z law gives discrepancies of 20—25 %.
The formulas for atomic-capture probabilities
which attempt to improve on the Z law do not im-
prove the agreement with the data. This can be
seen from Table VIII where we give the relevant
values for carbon monoxide and perspex; values for
any other molecule can be obtained by adjusting
the value of N¢:Ng.

The mesomolecular model A is also inadequate
and fails for carbon dioxide and perspex. In order
to explore the effect of the molecular structure a
little more, we have plotted in Fig. 4 the capture

TABLE VIII. Capture ratios predicted by the Z law and modifications of the Z law.

Corrected
Z law Daniel Vogel et al. Petrukhin et al.
Z law (Ref. 21) (Ref. 22) (Ref. 23) (Ref. 24)
Perspex 1.88 2.06 1.84 2.06 2.12
Carbon dioxide 0.37 0.41 0.37 0.41 0.42
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FIG. 4. Experimental results for the C:O atomic-capture ratio R plotted against the ratio Ncy:Noy of the number of
carbon atoms plus nearest-neighbor hydrogen atoms to the number of oxygen atoms plus nearest-neighbor hydrogen
atoms. The symbols are as defined in Fig. 3. The lines are drawn merely to guide the eye.

ratio R against the ratio Noy:Noy where Ny is
the number of carbon atoms in the molecule plus
the number of hydrogen atoms which are nearest
neighbor to carbon, and similarly for Noy. It is
already clear from this figure that, if hydrogen
transfer is important, the same parameters will not
simultaneously describe the higher dicarboxylic
acids and the acid anhydrides.

B. Result for carbon dioxide

The result for CO, is particularly important be-
cause the question of hydrogen transfer does not
arise. The Z law and variations of the Z law fail
very badly, as can be seen by comparison of Tables
IV and VIII. The mesomolecular model A is also
unsatisfactory. Using Eq. (23) with hc=ho=0 we
deduce the best value of oc to be

©c=0.19+0.06 , (24)

with the restriction that wc + wg=1. This result
is very important as it suggests that the relation
o « Z? may not be generally valid.

The explanation for this result can be found by
inserting the value of the ionicity of the carbon-
oxygen bond into Eqgs. (13) and (14). For a single
bond, with 0=0.22 from Table VII, we find
pc=0.39, po=0.61, and hence wc=0.26. But

since the carbon dioxide molecule contains double
bonds it may be more appropriate to take 0 =0.44,
which gives pc=0.28, po=0.72, and hence
wc=0.21. Thus the downward shift of wc is a
clear indication of the influence of the polarity of
the bonds and the sensitivity of the atomic-capture
ratio to the electronic distribution in the molecule.

C. Result for sodium fluoride

Sodium fluoride is almost completely ionic in
character. Thus measurement should therefore
serve to confirm the significance of localization of
the mesomolecular orbital. The ionicity given in
Table VII, inserted in Eqs. (13) and (14), yields a
capture ratio of 0.97 while complete ionicity yields
a capture ratio of 1.0, both of which are in excel-
lent agreement with the experimental result. The
Z law yields the low value of 0.82.

D. Hydrogen transfer

Inclusion of hydrogen transfer is not straightfor-
ward because, although we have given in Sec. IVC
a number of plausible pictures of the process, there
is no quantitative theory which predicts values for
the parameters. We concentrate here on the ver-
sions of nearest-neighbor transfer.
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TABLE IX. Hydrogen-transfer probability a deduced from the pion data.

8=1 8=2v—1 8=2v—1

Xylose 0 0.00+0.05 0.19+0.06
Glucose —0.37 —0.04+0.05 0.16+0.05
Mannose 2.42 0.21+0.06 0.44+0.06
Sucrose 0 0.00+0.04 0.19+0.04
Trehalose dihydrate 0.36 0.03+0.05 0.24+0.05
Malonic acid 4.6 0.07+0.07 0.42+0.11
Succinic acid 0.62 0.07+0.04 0.30+0.05
Glutaric acid 0.85 0.10+0.03 0.28+0.04
Adipic acid 1.91 0.22+0.04 0.40+0.04
Pimelic acid 2.00 0.23+0.04 0.40+0.04
Maleic anhydride 0.39 0.06+0.07 0.43+0.09
Succinic anhydride 0.63 0.09+0.05 0.29+0.04
Glutaric anhydride 0.69 0.10+0.03 0.26+0.03
0.23+0.02

Perspex

In Table IX we give the values of the transfer
parameter a deduced from the pion data for the
molecules containing only C, O, and H for two
values of wc and with wc + wo=1. These results
suggest that the parameter a is quite sensitive to
the choice of wc and may depend on the molecular
structure. In order to examine this point further

we have made X? fits to the data, for each group of

similar molecules and for the whole set. The
parameters were constrained so that 0 <wc< 1,

0<wp<1,0<a < 1. This procedure yields the fol-
lowing results.
(i) For wc + wg=1, §=2v—1. It is not possible
to obtain a really good overall fit with two param-
eters (Y2~5), and taking aca does not change
the overall agreement very much. From Table X it

can be seen that the saccharides give ac=0,

ac~0.29, while the acid anhydrides give ac~0.13,

and the dicarboxylic acids require large values of

both ac and aq.

TABLE X. Values of wc, ac, and ao obtained by fitting the pion and muon data and as-
suming that wc + wo=1, 6=2v—1. The first row for each group corresponds to the con-
straints wc=0.25, ac=ao, and the second row corresponds to the constraint ac=ao with wc
varied. For the third row, all three parameters are varied.

@c ac aop Xz

Acid anhydrides 0.25 0.258 a 0.98
0.335 0.130 a 0.00

Dicarboxylic acids 0.25 0.340 0.340 2.90
0.306 0.256 0.256 2.75

0.325 0.265 0.513 2.75

Saccharides 0.25 0.192 0.192 4.03
0.375 0.000 0.000 4.00

0.415 0.000 0.285 3.98

All the above 0.25 0.266 0.266 5.40
0.263 0.247 0.247 5.59

0.290 0.254 0.591 4.85

®No transfer occurs to oxygen.
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TABLE XI. Values of wc deduced from the pion data for fixed values of a and assuming

that Wc + wo= 1.

a ¢

Maleic anhydride 0.25 0.29+0.03
Succinic anhydride 0.25 0.26+0.03
Glutaric anhydride 0.25 0.24+0.03
Malonic acid 0.25 0.28+0.03
Succinic acid 0.25 0.26+0.03
Glutaric acid 0.25 0.25+0.03
Adipic acid 0.25 0.34+0.03
Pimelic acid 0.25 0.35+0.03
Xylose 0 0.36+0.03
Glucose 0 0.33+0.02
Sucrose 0 0.36+0.03
Trehalose dihydrate 0 0.38+0.02
Mannose 0 0.49+0.03
Mannose 0.25 0.34+0.03

(ii) For oc + wg=1, 6=1. The agreement with
all the data is comparable to case (i) but wc in-
creases and a or ac tends to the limiting value of
unity. When ac=%ag the dicarboxylic acids and
anhydrides require ac < 1.0, ag =0, while the sac-
charides require ac =0, ag~0.5. In all cases
®c>0.36 so that this model would not yield agree-
ment with the result for carbon dioxide. If, how-
ever, we allow a > 1, an overall description can be
obtained with a lower value of wc. This can be
seen from the last line of Table X, where

(iii) For oc=wp=0.5. With §=1or §=2v—1
and ac=ag the values predicted are always above
the Z law. It is not possible to fit the acid anhy-
drides with any variation of ac54ag, but it is pos-
sible to fit the saccharides with §=2v—1, a-=0,
and ag~1.0.

(iv) For 0.8 < (¢ + wo) <1. When we allow
(wc+wo) to fall below unity, in order to allow for
a significant value of wy + @, there is no signifi-
cant change in the results for §=2v—1. For §=1,

R{exp)
R(Z law)

@N/O 1C/O  fCN

—

0.5

GLYCINE SERINE CYSTEINE

I

ALANINE

VALINE

FIG. 5. Experimental results for the C:O, N:O, and C:N capture ratios for the amino acids divided by the theoreti-

cal ratio given by the Z law.
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TABLE XII. Values of R(exp) divided by R(theory) for capture in carbon and oxygen in

the amino acids.

R(exp)/R(mesomodel)
wc=0.25, wo=0.38,

R(exp)/R(Z law)

R(exp)/R(mesomodel)
wc= 0.25, wo= 075,

wc=0.5, a=0 wn=0.37 on=0
Glycine 0.77+0.04 0.85+0.05 0.89+0.05
Serine 0.77+0.05 1.00+0.06 0.92+0.05
Cysteine 0.93+0.10 0.97+0.12 0.98+0.12
Alanine 1.01+0.05 1.04+0.06 1.09+0.06
Valine 1.11+0.06 1.08+0.05 1.06+0.05

(wc + wg) falls to the lower limit for the dicar-
boxylic acids, while the acid anhydrides show a
much smaller fall and the saccharides show a
negligible fall. The change occurs primarily in wg
but the agreement with the data is not significantly
improved.

E. Molecular dependence of parameters

It can be seen from Tables IX and X that the
parameter a is very sensitive to molecular struc-
ture. So far we have assumed that wc and wg are
at least constant for a group of similar molecules
and possibly constant for all samples. In Table XI
we give the values of wc deduced with wc + wg=1
and the values of ac=a( indicated from Table X.
Again we see a variation through the group of di-
carboxylic acids.

F. Results for the amino acids

In Fig. 5 we have plotted the ratios for capture
in carbon and oxygen, carbon and nitrogen, and ni-
trogen and oxygen, divided by the ratios predicted
by the Z law. The horizontal axis is used simply
to spread out the results, but the ordering of the
results does correspond to increasing ratios of
carbon-to-nitrogen atoms and carbon-to-oxygen
atoms. It is clear that the Z law again fails to fit
the data and the discrepancy is most marked in the
case of cysteine where there is an extra heavy atom
(sulfur).

We have calculated the ratios for capture in car-
bon and oxygen using the mesomolecular model
with the value w-=0.25 deduced from the mole-
cules containing only C, O, and H. Quite good
agreement with the data is obtained with wy=0.38,
and ac=0.16, ag =0.24 as can be seen from Table

XII. Using Eq. (9), with @ + oy =0, we obtain
wn=0.37. Using these values of wy and wg and
an =0.066, we predict N:O capture ratios of 0.48
for glycine, alanine, and valine, and 0.31 for serine;
all of these values are in very good agreement with
the data as can be seen from Table V. A margin-
ally better fit to the C:O capture ratios is obtained
with wg=0.75, ac=0.27, a5 =0.30, and wn=0,
an=0.31. The zero values for ay or wy are
presumably related to the ionization of the mole-
cule and reinforce the necessity for a molecular
model.

VI. CONCLUSIONS

We have the following.

(a) The Z law and its variations fail to fit the
data.

(b) The Z law plus nearest-neighbor transfer
also fails to give an overall fit to the data for the
molecules containing hydrogen. A subset of the
data can be fitted if the transfer takes place only to
oxygen atoms.

(c) The mesomolecular model contains an essen-
tial feature which makes possible a fit to the data
provided that hydrogen transfer is taken into ac-
count. This feature is the redistribution of the
contribution of the valence electrons, since
ne + 2vewc < Zc and ng + 2vpwo > Z,.

(d) The probability for atomic capture from the
mesomolecular orbit is not proportional to Z2.

The values wy~0, ©c~0.23—-0.27, ©o~0.77

— 0.73 appear to give satisfactory overall represen-
tation of our data for organic molecules containing
only C, O, and H. For the ionic molecule NaF the
values wg~0.93, wn, ~0.07 reproduced the capture
ratio. It appears that the parameter o is sensitive
to the electronic structure of the molecule in a
manner which relates to the localization of the
mesomolecular orbital near to atoms of high elec-
tronegativity.
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(e) Hydrogen transfer is essential to explain our
data. The choice §=2v—1 may be preferred, indi-
cating that the whole cloud of valence electrons
participates in the transfer process. The transfer
parameter a is very sensitive to molecular structure
and different parameters for CH and OH bonds
may be indicated.

Our overall conclusion is that molecular effects
play an important role in pion capture in organic
materials. Because these effects are both subtle
and complicated, further work is needed to eluci-
date details of the capture and transfer processes
and their influence on the subsequent atomic cas-
cade. Our results should serve as a starting point
and guide for further studies.
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