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Negative-pion capture process and its chemical effects in some hydrocarbons

Atsushi Shinohara, Toshiharu Muroyama, Junichiro Shintai, Junji Kurachi, and Michiaki Furukawa
Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464-01, Japan

Taichi Miura and Yoshio Yoshimura
National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan

Tadashi Saito
Department of Chemistry and Laboratory of Nuclear Studies, Faculty of Science, Osaka University, Toyonaka, Osaka 560, Japan

Toshiyuki Ohdaird and Nobutsugu Imanishi
Department of Nuclear Engineering, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan
(Received 17 April 1995; revised manuscript received 17 July 1995

A negative-pion capture process for several kinds of hydrocarbons was studied by the simultaneous obser-
vation of low-energy pionic x rays and® decays following the nuclear capture of pions by hydrogen. We
measured the pionic x-ray intensity pattern and the pion-capture probabilities of constituent carbon and hydro-
gen. The x-ray intensity pattern depends on the chemical environment; a cascade calculation showed that this
can be qualitatively attributed to the effects of a pion transfer from hydrogen. The pion-capture probabilities on
hydrogen could be explained by a combined model involving a modified large mesomolecular model and an
external transfer process. The external transfer parameter of the pion from a pionic hydrogen atom to carbon
atoms was deduced to Be-= 1.7+ 0.2 based on the results for a series of alkanes in the condensed phase. The
large difference between the pion-capture probabilities on hydrogen observed in alkanes and that in benzene
can be well understood based on the proposed model.

PACS numbsd(s): 36.10.Gv

[. INTRODUCTION measurements of some inner-shell transitions difficult. On
the other hand, the use of pions has an advantage in that pion
Numerous experimental results concerning muon andapture on hydrogen can be easily detected through a charge-
pion capture in both compounds and mixtures of chemicaéxchange reaction.
elements evidently show that the capture ratio depends not In recent years, many studies in this field have been de-
only on the nuclear charges of the atoms concerned but alsmted to pion capture in complex moleculE3-5]. Espe-
strongly on the electronic environment in the substancesially, studies concerning pion capture by organic com-
[1,2]. However, an understanding of the mechanism bypounds provide valuable data for investigating molecular
which the valence electrons affect the pion- or muon-captureffects, because the fraction of valence electrons relative to
process is far from complete. The main questions remaininghe total number of electrons is large in such constituent
unanswered are the distribution of pions or muons within theslements, and the molecule includes various atoms having
molecules immediately following pion capture in the mol- the same nuclear charge but with different chemical states.
ecules, as well as the nature of a subsequent process invol8o far, many author4—8] have separately measured either
ing the transfer of pions or muons from hydrogen atoms tathe pionic x-ray spectra or the probabilities of the pion
heavierZ atoms. charge exchange by hydrogen in organic compounds. This is
As for pion capture, the experimental data in this field arebecause a thin target is inevitably necessary for observing
generally concerned with either the capture probabilitieionic x rays lying in the low-energy rang&8—50 keV; on
(W) on differentZ atoms (usually obtained from pionic the contrary, a bulky sample is necessary for measuring the
x-ray measurementor the capture probabilitiesW,;) on  #%-decayy rays.
hydrogen (obtained from the charge-exchange reaction, We have constructed an apparatus which allows us to
m p—m°n; 7°— 21y, following pion capture on hydrogén  carry out simultaneous measurements of#fledecayy rays
The intensity patterns of the pionic x rays also give addi-and low-energy pionic x rays and have studied the pion-
tional information concerning the capture mechanism. capture process in graphite, benzene, cyclohexane,
In measuring the x rays, however, the use of stronglyn-alkanes, and polyethylene. We first describe the experi-
interacting particles such as pions has some drawbacks comental setup and the performance of the apparatus. Next, the
pared to the use of muons, because the broadening of innpionic x-ray yields for carbon in the different chemical envi-
levels of an exotic atom due to nuclear absorption makesonments are presented for the results with alkanes and ben-
zene. In the following discussion, we propose a revised large
mesomoleculalLMM) model combined with an external
*Present address: Electrotechnical Laboratory, Tsukuba, Ibaraktransfer process in order to explain the observggdfor the
305, Japan. alkanes. A large chemical effect observed between the
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FIG. 2. Cross-sectional view of the helium-flow chamber for the
measurement of organic compounds. Scintillators PS3 and PS4
o ) ) (veto were set inside the chamber and coupled with the respective

FIG. 1. Schematic view of the experimental setup installed atyhotomultipliers(PM) through light guides made of optical fiber. A
the mu channel of KEK-PS. thin plastic scintillator of 0.5 mm in thickness was used as the PS3

counter in order to reduce the background of tweoays. The win-
W, '’s of the alkanes and benzene is also discussed based @aws of the chamber for Ge detectors wereudi@-thick aluminum
the revised model. Finally, we discuss the chemical effects ifils, and the side windows for the Cherenkov countect shown

the x-ray intensity patterns on the basis of an atomic-cascadiéere 100xm-thick aluminum foils. Two Ge detectors were in-
calculation. stalled above and below the target at a distance of 12 cm from the

beam axis. Another detector was set so as to look sideways at the
target at a distance of 20 cm from it.

II. EXPERIMENT

A. Experimental setup The pionic x rays were measured with two or three Ge
detectors in coincidence with the stop eve($2*3*4).

The experimental setup was installed at the channel Three portable low-energy photon spectrometdr&PS

of the 12-GeV proton synchrotron of the National Laboratory .
for High Energy Physic$KEK), Japan. The channel com- were used as detectors for measuring the x rays. The upper

prises a D4Q2D2Q lens system and has a length of 11.0 I;zl_nd lower detectorgwith a 14-mm-thick crystal of 36-mm
from the production target to the sample position. The prodiam were reverse-electrode-type Ge detectors manufac-
duction target for the secondary beam was a Pt rod of 60 mrfiiréd by EG&G ORTEC with an energy resolution of 291 eV
in length and 6 mm in diameter. The central production angldor 5.9-keV and 540 eV for 122-keV photons. The third de-
was 147° with respect to the primary proton beam. The detector looked at the target from the sitee Fig. 1 It was
tails of the channel are described[@ﬂ_ an EG&G ORTEC planar—type detect(with a 10-mme-thick

The apparatus comprised an energy degrader, a collim&rystal of 16-mm diami which had an energy resolution of
tor, a radiation shield, a defining counter system, and a med91 eV for 5.9-keV and 485 eV for 122-keV photons.
suring chamber, as shown in Fig. 1. Negative pions were Two coincidenty rays from a charge-exchange reaction,
slowed down by the graphite degrader so as to stop in thp+ 7~ —n+ 7% #°—-2y (70 MeV each, 60% branching
target. The degrader consisted of two wedge-shaped graphitatio), were detected using a pair of Cherenkov-detector ar-
plates, one of which was movable in order to vary its thick-rays. Each array consisted of nine lead-glass Cherenkov
ness. The thickness could be varied from 0 to 150 mm wittrcounters having a large solid angle ¢.00 cn? in area and
0.2-mm precision using a pulsed stepping motor controlled®8 cm in length. These arrays were also usable as a position-
by a microcomputer. Incident and stopping pions in thesensitive detector having>33 segments each. The specifi-
sample were counted using a conventional counter telescopations of the counters, as well as thd detection and
comprising four plastic scintillation countgBS1, PS2, PS3, analysis methods, have been described in detail elsewhere
and PS4(veto)]. [10].

The optimum conditions for the beam momentum were Figure 2 exhibits the cross section of the measuring cham-
determined based on the beam intensity and stop-randger. The sample was set in the chamber filled with helium
width. The beam channel was tuned for pions having a mogas in order to avoid any disturbance from air. The pressed
mentum of p=140 MeVk; the momentum spread was powder sample was a self-supporting type having a square
dp/p==*2.5%. The beam size at the sample position washape of 4«4 cn?. A rectangular containef5.5(H)
defined as 44) X 3(V) cn? by the collimator and the defin- X 7.0(V) cn? in area and 2.5, 5.0, or 7.5 mm in thickngss
ing counters(PS2 and PS3 in Fig.)1The typical incident made of thin beryllium or aluminum foil was used for liquid
intensity and the stop-range widtfull width at half maxi-  and powder samples. The window thickness of the container
mum (FWHM)] for the sample were approximatelyxd0*  was 0.2 mm for beryllium or 0.1 mm for aluminum. One or
/s and 2.8 g/crcarbon equivalent, respectively. two samples were placed on a support made of aluminum



132 ATSUSHI SHINOHARAEet al. 53

TABLE I. Comparison between the experimental correction factors and the Monte Carlo calculations for
the target self-absorption. The 14.4-, 122-, and 136-keYays are those from?’Co, and the 22.6-keV
K, g X rays and 88-keVy ray are those fromt®Cd. The resin is cation-exchange regowex 50W.

Correction factore 4,

Substance Photon energy
(thickness$ (keV) Experimental Calculated
Resin 14.41 0.6180.012 0.6410.003
(0.363 g/cr) 22.6 0.823-0.003 0.83%0.003
88.03 0.896:0.015 0.9130.003
122.1 0.9180.002 0.914-0.003
136.5 0.912:0.009 0.914:0.003
Al powder 14.41 0.1720.005 0.18@:0.002
(0.705 g/cr) 22.6 0.477-0.002 0.4950.003
88.03 0.886:0.013 0.88%0.003
122.1 0.902-0.002 0.892-0.003
136.5 0.902-0.008 0.894-0.003
TiO, powder 14.41 0.1000.004 0.094:0.002
(0.476 gl/cm) 22.6 0.29G-0.002 0.30@:0.002
88.03 0.88%0.014 0.88%0.003
122.1 0.9230.002 0.9010.003
136.5 0.922-0.008 0.904:0.003
Zn powder 14.41 0.00720.0012 0.006% 0.0005
(1.843 g/cm) 22.6 0.0221-0.0002 0.019Z0.0010
88.03 0.584:0.009 0.562-0.003
122.1 0.8110.002 0.725:0.003
136.5 0.845:0.007 0.7580.003

wire inclined by 40° relative to the beam axis, as shown inwas reproduced from the detection positions of the detector
Fig. 2. pair [10]. The background twa~ray signal, which origi-

The arrangement and tuning of the electronics were doneated from fastr~ reactions upstream and stop events in the
on the basis of a method described elsewhéf®. All the PS3 counter, was also evaluated based on control measure-
data were accumulated on a computer hard disk or floppynents of a blank sample with a constituent similar to that of
disks through a microcomputer-based CAMAC electronicthe actual sample, except for hydrogen. No interference of
system. low-energy y rays and fast neutrons was caused in this
method. TheW, value for the sample was obtained after
subtracting the background deduced from the dependence of
a two-y-ray event on the degrader thickness and from the

The counting eff|C|_ency f_of pIonic X rays was determlnedresults of the control measurement. The detection limit for
based on the detection-efficiency curve of the Ge detectar

obtained with calibrated point sourcesipplied from LMRI, trf27>/< ISY; C9UId be reduced to the required low level
France and corrections for a geometric factor and self—( ™).
absorption in extended and bulky samples. The corrections
were made using a Monte Carlo calculatiGsee the next
section. The uncertainty in the detection efficiency was es- In spite of the use of thin targets, a correction for the
timated to be 5.0-3.5 % in the energy range from 15 to 10Gelf-absorption of pionic x rays in the target is necessary for
keV. The overall efficiency of the coincidence measurement quantitative determination of the low-energy pionic x-ray
was evaluated to be 0.92-0.95 within 3% error based on thiatensities. We made corrections for the solid angle and self-
delayed and singles measurements. absorption in an extended target by means of a Monte Carlo
The energy gain of each Cherenkov counter for 70-MeVmethod.
v rays was calibrated with 70-Me¥/electrons. The total The simulation included a calculation of the average solid
detection efficiency for twoy rays with the Cherenkov de- angle subtended by a cylindrical detector at an arbitrary point
tector system was determined to be-0.055-0.003 from  [11], the generation of a point in the target by taking into
measurements for polyethylerj¢CH,),,] samples, whose account the pion-stop distribution, and a calculation of the
W, value was known to b&V,=1.290+0.036)x10 98].  self-absorption of the emitted photon. The self-absorption
The event of pion capture by hydrogen in the sample wasvas calculated simply by using a factor of exp{x) with a
assigned based on the energy and trajectory ofjythays.  path length k) of the photon within the target and the pho-
The y-ray energy(70 MeV) was deduced by summing the toabsorption coefficientsy) [12] for the sample material.
energy signals of the nine counters, and $hmy trajectory  We tried two types of calculations using the total absorption

B. Performance of the experimental apparatus

C. Self-absorption correction
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10° were repeated more than twice for a target of the same sub-

B Graphite stance but with different thickness€®.5 and 5 mm The

3:2 4-2 52 6-2 21 31 4 self-absorption correction of the sample was determined

[ based on the consistency of the results for different thick-
nesses, and the agreement between two sets of data measured
with the upper and the lower Ge detectors, in addition to
experimental tests for the Monte Carlo method described
nB7(2-1) TAl(3-2) above.

Figure 3 shows a typical pionic x-ray spectrum for graph-
ite. The Lyman- and Balmer-series pionic x rays for carbon
were observed. The pionic x-ray peaks of oxygen and nitro-
gen from air were substantially reduced. Some muonic x rays
were also observed for Be and Al; the origin of the muons
was attributable to the decay of pions during the flight from
nN(3-2) =0(3-2) Empty Target the PS3 to the PS4 counters.

5' The number of pions stopped in the sample was derived

; from a comparison between the stop events for the sample
"F“ I A N A and the empty holder. The measurement for the empty holder
‘ I ATH I g e e includes the contribution from pions stopped or scattered in

I ! [ the holder itself, the counters, and the surrounding material.
120 150 The effect of pions scattered in the sample itself has been
determined by the comparative measurements in which the
FIG. 3. Typical pionic x-ray spectra for graphite and empty distance between _the _PSS and the PS4 counters was var?ed to
L . : change the contribution of the scattering; the uncertainty

target (background The assigned x-ray lines are denoted by thefrom the effect in determining the number of stopped pions
principal quantum numbers relevant to the transition. The Lymans o .
and Balmer-series pionic x rays for carbon are observed in thgIas been found to be about or less than 2% for light elements
upper spectrum; the lower spectrum shows no disturbance from aﬁUCh as the present samplés].
in the energy range.
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Ill. RESULTS
coefficients of the photons and the coefficients without the

coherent process; better results were obtained in the latter A Pion-capture probabilities of constituent elements
case. The measured x-ray intensities of pionic carbo(8-Q)

The reliability of this method was examined for various and the capture probabilities on hydrogew,( are pre-
materials by a comparison between the calculation and theented in the second and third column of Table II, respec-
experimental results for the known activities 8fCo and tively. The W values given by +W,, and the capture-per-
19%Cd, as shown in Table I. We can obtain the following atom ratio R,/Rc) are also given in the fourth and the last
qualitative tendency(1) for Z<10, the deviation lies within column, respectively.

3%; (2) for 10<Z=<20; the deviation is smaller than 5% for ~ The errors attached to the tabulated values include the
the high-energy rangeX(20 keV) and larger than or about statistical errors in determining the peak areas and counting
5% for the low-energy range<{20 ke\); and (3) for  the stopped pions and do not include the systematic errors in
Z>20, the deviation becomes equal to or larger than 5%the interest of a comparison among the compounds. The sys-
The result also shows the overall tendency of this calculationematic error for the absolute values of th€8€) intensities
to underestimate the correction factors for high atomic numwas estimated to be 6.2% based on the uncertainties in the
bers. As a result, this method was found to be reliable withirdetection efficiency, the self-absorption correction, the
a 3% deviation for the organic compounds in which we arecoincidence-measurement loss, and the scattering effect by
interested. the samples substance. The systematic error fokMheval-
ues was evaluated to be 5.5% from the ambiguity of the

D. Measurement of samples scattering effect and the uncertainty in the detection effi-

ciency of the Cherenkov counters.

We measured the pion-capture proba}bmtles for carbon The W, values obtained are plotted against the number of
and hydrogen as well as the pionic x-ray intensity pattern of

C(graphitd, CHg, Cs Hyp N-CyHarms p (M=5, 6, 8, 10, and carbon atoms in the molecules together with the previous

o data[6,7] in Fig. 4. Chemical effects were found: a large
ig)’Sarl;(lj éfgggh(zc:%eggyﬁgz cl::(;)r:t;rllgclimijn s:rl;ngllﬁh%r?ucr;: Odif'ference between thRy/R¢ values in benzene and cyclo-
"~ ; Flexane(or polyethyleng and a slight change iRRy/R¢

beryllium case. The graphite samp(89.999% purg was among a series of alkanes

13.0 g of powder contained in the beryllium case, and the '

polyethylene samples were 2- to 4-mm-thick sheets. An op-
timum pion stopping rate in the sample was selected for each
sample by varying the thickness of the degra(iee typical The intensity patterns of the Balmer series of pionic x
thickness was 87 mmThe measuring time was 4—8 h and rays are presented as intensities relative to(88) transi-
the typical numbers of incident and stopped pions wergion in Table Ill. The errors of the tabulated values include
1.0x10° and 3x 10’ per run, respectively. Measurements the uncertainty of the detection-efficiency functipmithout

B. X-ray intensity pattern
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TABLE II. Pionic x-ray intensities and pion-capture probabilities for constituent atoms in alkanes and
benzene. Th&\V. values were given by +W,,. R,/Rc denotes the per-atom capture ratio of hydrogen to
carbon. The attached errors in the second column included no systemati¢abwat 6.2%. The attached
errors in the third column included no systematic erfabout 5.5%. W,, values were normalized for
Wy((CH,) ) =(1.290+0.036)x 10 2 [8].

Capture probabilitie$%o)

C(3-2

Sample (per 100 stopr™) Wy We 10° Ry/Rc
C(graphite 52.2+1.2 100

n-CsHqo 32.7+0.6 1.56+0.02 98.44 6.610.08
N-CgH14 33.4+0.6 1.48-0.02 98.52 6.450.08
n-CgHig 33.4£0.6 1.470.02 98.53 6.610.08
Nn-CioH,, 34.0+0.6 1.40-0.02 98.60 6.46:0.09
Nn-CisHao 35.0+0.7 1.32:0.02 98.68 6.26:0.09
(CH,), 33.9+1.1 1.290 98.710 6.534
CsH1o 35.1+-0.6 1.25-0.02 98.75 6.310.08
CeHg 39.8+1.0 0.365-0.006 99.64 3.660.11

the systematic erro(3%) from the calibrated sourcgsin \—(C: 2Yo(CHg)/m+ (m—2)Y(CH,)/m. )

addition to the statistical errors.

The intensity ratios for the hydrocarbons are apparentlyWe determined the yields so as to be consistent among all
larger than those in elementary carkdgnaphite. Among the  samples by means of a least-squares method and obtained
hydrocarbons, the intensity ratios for polyethylene are almosY c(CHz) =0.284+ 0.015 andY(CH,)=0.343£0.005. The
equal to those of cyclohexane but are slightly larger than'c(CH,) value obtained from gH;, was consistent with the
those for benzene. The former fact for the hydrocarbongbove value. Th& ¢(CH) value for GHg was also estimated
means that the difference in the physical state for the solid® be Yc(CH)=0.384+0.012. On the other hand, théc
and liquid phases scarcely influences the x-ray pattern. Thealue for graphite was directly obtained a¥c
latter fact shows that the chemical environment of the carborr 0.522+0.012. The x-ray yields for hydrocarbon were

atom influences the capture process of pions. small compared with those for graphite, which is consistent
with the previous result§14]; furthermore, the yields are
C. Pionic x-ray yields of carbon in hydrocarbons different from each other among the carbon atoms in the

: —_ . different chemical states.
The pion-capture probabilities for constituent elements

heavier than He in a molecule can be obtained from the 2.5 —x
pionic x-ray intensity per stopped pion and the x-ray emis- I ZA)
sion yield per atom. The pionic x-ray yield is usually derived
from the x-ray intensity for samples of a single element. This
elemental yield, however, seems to be inadequate to deter-
mine the capture probability of each constituent in the mol-
ecule, because the x-ray intensity pattern in a molecule is 2
different from that in a single element. In muonic atoms, the ’\o‘
capture rate can be obtained from the sum of the x-ray in-2
tensities in the Lyman series, because the electron emissimg
(Auger processcan be neglected in inner-shell transitions. i
For pionic atoms, however, this method is not applicable, 15 L el
because the nuclear absorption of pions changes the x-ray A"é\ﬁ
yields. [

In the present case, the x-ray yields of pionic carbon for e ———————————— ———— - —
individual hydrocarbon compounds can be obtained from the
x-ray intensitieq(l ), because the capture probability of car-
bon (W) is equal to =Wy . First, inn-CHs4 2, We as- 1 — oy .
sumed that the individual carbon atoms have the same cap- 0 5 10 15
ture rates in the molecule and introduc¥d(CH,) as the m
C(3-2) x-ray yield of carbon in the methylene group
(—CH,—) and Y(CH3) as that in the methyl group FIG. 4. Pion-capture probabilitie8\(,) in hydrogen as a func-

(—CHg3). The following relation then holds for alh- tion of the number of the carbon atomm) in molecules. The
CiHoma 2 dashed line is that for polyethylene. The closed circles are the
. present results and the open triangles present the previougbgdgta
lc/YctWh=1, (1) normalized to théNy value of polyethylene. The solid curve pre-

sents the fitting result for the combined model witk=1.7, and
where the dotted curve is that without transfek {=0).
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IV. DISCUSSION eter which defines the displacement of the valence electrons
(o=0 corresponds to completely covalent bondirihe pa-
rametera,, is defined as the ratio of the rate of radiative and
1. Combined model of an LMM model absorption processes to the rate of the Auger transition which
and an external transfer process would be expected if an electron was located in the
hydrogen-atomic orbital, and the parameter was experimen-
- tally found to bea.,=0.0587 based on data for lithium hy-
capture in bound hydrogen becomes free from the-Zi Sdroxide [3]. The pyarameteay therefore includes both the

chemical bond and moves freely in the material due to it niributions of internal and external transfer pr b
neutral charge. In collisions with other atoms, it transfers the® utions of internal and external transter processes, be-

pion to the colliding heavieZ atoms,m p+Z— 7 Z+p, causea, /Zg; is thought to correspond to the product of the

; ) o i rameter®) andR based on a comparison with E@).
or the negative pion disintegrates through a charge exchané’éawe now try to combine the above model with a phenom-

reaction with the proton. The former process is called “ex- noloaical treatment for the external transfer pr in th
ternal transfer.” On the contrary, if the transfer occurs within Enoogical treatment for the external transter process €

the same molecule or the transfer to the neighboring atonﬁjas phas¢l5,16. We first approximate the parametey as

proceeds byr~ tunneling along the H-Z bond before the e product of tWO factorga’ andR’, \{vhereR’ is the non-
7~p atom becomes free, the process is distinguished fronqansf(?r propablhty gssomated only with the external transfer.
external transfer and is called “internal transfer.” Equation(4) is rewritten as

Because the lifetime of the ground statesY of 7= p is
very short €10 1°g), the external transfer phenomenon oc- L=
curs only in the excited state af p. Such a transfer process (N+v)(1=0)Zes
has been observed in gas mixtures of the+BX system
[15,16 and the(hydrocarboi+X system[ 7], whereX indi-
cates a series of rare gases. In this paper a discussion is given o, _ .
concerning the contribution of an external transfer in a con- RY=(1112Co)/(1+ k2C2+ Az C)~ U1+ A7C)
densed phase in order to explain the observed dependence of
Wy on a series of hydrocarbons.

According to a phenomenological descriptigh17], the
capture probability of hydrogen can be expressed as

A. Pion-capture probabilities on hydrogen in molecules

The pionic hydrogen atom# p) formed through pion

v(1+o)a),

R'. (5)

The probabilityR’ can be expressed approximately by

(for k<A), (6)

based on a phenomenological mof&—17, whereA; is
the ratio between the pion-transfer probability from hydro-
gen toZ atoms and the charge-exchange probability in the
collision with other hydrogen atoms;, is the ratio between
the nuclear capture probability in the collision withatoms
3_nd the charge-exchange probability in the collision with
ther hydrogen atomén general, the relatioe<A holds
or a heavierZ atom than hydrogenandC; is the atomic
ratio of the Z atom to the hydrogen atom. Trwi/ value
should be recognized as being the probability of isolation of
a7 p from theZ—H bond or of absorption by the proton
without experiencing an internal transféne latter probabil-
ity is assumed to be negligibly small in E&)] and hence is
v(1+o)a, determined as a particular parameter for the kindzefH

WH:(N+V)(1—0)Zeﬁ (4) bond.

Wh=PQR, )

whereP, Q, andR represent the probabilities of the follow-
ing three processes: the pion is captured into a mesomolec
lar orbit localized near hydrogen, the pion makes a transitio
from the mesomolecular orbit to the™ p atomic level, and
the pion is finally absorbed by the proton.

In a previous reporf3], we proposed a revised LMM
model in order to formulate th&V,, value in hydrogen-
containing molecules. Fd£,H,, W can be written as

by modifying Eqg.(3) in [3]. Here,N is the sum of the core 2. The W, values for alkanes

electrons relevant to the capture processiepresents the For alkanesn-CpH,q,.,, We tried to reproduce th/y
total valence electron . denotes the effective charge of observed by adjusting two parameteu§,andAZ (Z=C) in
the Z atom that is equal to the sum of relevant core andegs. (5) and (6). The case forA,=0 was also calculated
valence electrons of thg atom, ando is an ionicity param- (there is no external transfer procgss these calculations,

TABLE lll. Relative pionic x-ray intensities for carbon. Averaged values are given for the alkanes studied.

(Intensities/(3-2) (%)

Sample 3-2 4-2 5-2 6-2

C(graphite 100 15.22£0.37 2.94-0.10 0.66£0.05
CeHs 100 20.14-0.47 4.15-0.29 0.80:0.12
CeH1o 100 22.02£0.52 4.49-0.13 0.91-0.16
N-CoHom+ 2 100 21.7%0.55 5.26:0.23 1.410.15

(CHy), 100 21.04-0.49 4.78-0.14 1.26:0.30
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TABLE IV. Comparison between the experimentl, values and theoretical ones calculated with the
combined LMM modelsee text The calculation withA-=1.70 anda;=0.140 provided the best fit to the
experimentaWy values.

Parameters used Calc.219, Obs. 16w, @

Sample N v o Trans®  No trans¢ This work Ref
n-alkanes
CH, 0 8 0 2.546 1.995 2.470.05
C,Hg 2 12 0 1.915 1.710 1.880.05
C;Hg 4 16 0 1.710 1.596
CaH1o 6 20 0 1.603 1.535
CsHyo 8 24 0 1.537 1.496 1.560.02 1.42£0.05
CeHas 10 28 0 1.492 1.470 1.480.02  1.48-0.05
CgHag 14 36 0 1.435 1.436 1.470.02
CioHas 18 44 0 1.401 1.416 1.460.02
CioHas 22 52 0 1.378 1.402 1.350.02
CisHao 28 64 0 1.355 1.388 1.320.02
CyHag 32 72 0 1.344 1.381 1.250.05
(CHy), 2 4 0 1.261 1.330 1.290
Cyclohexane
CeHio 12 24 0 1.261 1.330 1.250.02 1.2 0.05
Benzene
CeHs 18 12 0 0.519 0.3650.006 0.346:0.027

18 12 -017 +« 0.365 assuminghc=1.7°¢

18 12 0 0.365 —  Ac=2.8, assumingr=0f

#The attached errors includes no systematic error.

PCalculations withA c=1.70 anda,=0.14.

‘Calculations without the external transfex {=0).

Taken from Petrukhiret al. [7] and Krumshteiret al. [6] renormalized toN,[ (CH,),].
®The data were normalized W[ (CH,),]=(1.290+0.036)x 10 2 [8].

fSee text.

v was defined as the sum of the valence electrons associatathong cyclohexane, polyethylene, amélkanes, all hydro-
with the G— H bond and included no valence electrons forgen atoms of which bond to a carbon atom throughsthe
the G— C bond;N was the sum of the valence electrons for hybrid orbital.
the C—C bond and the core electrons other than tlse 1
electrons;o- was set to zero, because it is generally accepted
that the G—H bond in alkanes is typical covalent bonding.
The values used for individual parameters are summarized in Here we discuss the observed large differeiable II)
the second through fourth columns of Table IV. The best fitbetween thdr,/R¢ values for alkanes and benzene based on
of Eq. (5) to the data was obtained fok.=1.7+0.2 and the revised LMM model including the external transfer pro-
a/,=0.140-0.008 (the errors include no systematic ernors CESS. A model calculation using the same values of param-
The results are presented in the fifth column of Table IV ancBterso, », a’,, andA¢ as those for alkanes could not repro-
in Fig. 4 along with the case fok.=0. The present model duce theW,, value of benzene. Therefore, in the calculation
calculation well reproduced the obserwatl’s, showing that ~ for benzene, it was assumed that tigvalue was fixed at
the external transfer process should also exist in the corthe same value as that for alkanes,€0.14) and ther
densed phase. electrons were treated as core electrons. As a result,
The obtainedA ¢ is consistent with the previous value, o=—0.17+0.06 was obtained when the valdg=1.7 was
Ac=1.6+0.2, which was obtained from measurements forfixed. On the other handA .=2.84+0.23 was obtained
(hydrocarboi+CCl, mixtures[7], whereas it is smaller than when covalent bondingy=0, was assumed. These results
the value predicted for an isolated atorm;=4.6, obtained are presented in the bottom lines of Table IV. It can be seen
from H,+X systemdq16], and slightly smaller thath=2.5 that the assumption of a constakg requires a displacement
from (hydrocarboi+X [2]. The former result for comparison of 0.2 electrons from hydrogen to carbon. Such a large dis-
with the rare-gas systems supports the previous indicatioplacement could not be explained based on the difference in
that the = p isolated from the G-H bond lies in a lower the bond nature of thep® andsp? hybrid orbits. The other
excited state compared with that from the-HH bond[7].  assumption of completely covalent bonding for the-@&
The latter indicates the structure effect of the carbon atom ifbond requires that the transfer rate be considerably influ-
alkanes. In our measurements, no difference was foundnced by the atomic state af p or the chemical environ-

3. The Wy value for benzene
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tion processes described [ih3]. Instantaneous refilling was
assumed for th&- andL-shell electrons for all compounds

=005 __ and graphite. The nuclear absorption widihg=2.96 keV,
""""""""""" I';,=1.0 eV, andl'34=1.5X 10 ° eV were used for theg,
0=-0.025 2p, and 3 levels in pionic carbon atoms, respectively].

The lines in Fig. 5 were calculated for varioasvalues and
normalized to those witle=0. One can see that the calcu-
lations with o= —0.02 to —0.05 well reproduce the results
=t0.025 for alkanes,«=0 for benzene, and= +0.05 for graphite,
except for the values of6-2)/(3-2). The negative value of
a corresponds to an enhancement of the low-angular-
R momentum part, whereas>0 indicated an enhanced popu-
---- lation of the high-angular-momentum level part. In pionic
7 atoms the enhanced population of the Ilow-angular-
momentum levelgcorresponding tax<<0) also leads to a
decrease in the x-ray yields, because nuclear absorption in-
FIG. 5. Comparison between the normalized x-ray intensity patCcreases with decreasing angular momentum of an orbital
tern obtained experimentally and the predictions by a cascade capion. Therefore, the result for the intensity pattern is consis-
culation. The vertical axis is the intensity rafie-2)/(3-2) normal-  tent with the tendency of the obtained x-ray yields.
ized to the results of the cascade calculation under the condition of The angular distribution of orbital pions is considered to
a=0. The Iines. present the cascade calculations for various valug§e affected by the following restrictiongi) a limitation of
of a. 1, graphite’M, CeHe; A, CoHyx @, n-alkanesO, poly-  he angular momentum brought in by a captured piohn.a
ethylene. restriction caused by the existence of a large mesomolecular

state[21,27], and (ii) the contribution of a pion with low

ment of the car_bon atom. Such an effect has also recentlgngular momentum by an intramolecular transfer from a
been observed in the pion-capture process for alcdi@ls > :
7 p atomic state.

However, we cannot decide which of two assumptions is The maximum angular momentuni {.) of captured

correct for explanation of the difference Ry /R between rPai\PnS is equal to f—1) for free atoms: it may become

alkanes and benzene. It may be a reasonable conclusion t . .
. : smaller than K —1) for constituent atoms in a molecule due
the difference results from both of the two assumptions. . . "
to the above(i) and/or (ii) restrictions. Thel ., value

brought in by a pion can be estimated as being the product of
B. Pionic x-ray intensity pattern the maximum impact parameter and the maximum linear

Figure 5 exhibits the x-ray intensity ratios normalized toMomentum of a pion to be captur¢ii3,23. For carbon at-
the results of a cascade calculation with=0 (as described ©OMS in the compounds studied, thg,, value corresponds
below in detail for various carbon-containing compounds, t0 the bond length between carbon atoms, assuming that the
along with graphite. The observed difference in the intensityN@ximum impact parameter is equal to half the bond length.
patterns should reflect the angular-momentum distributioftS & result, we obtained the following order fopay:
originating in the initial process of pion capture, the refilling |ma{@lkane>1 ma,(graphite>1 n,,(benzeng because their
of surrounding electrons, and the pion being transferred fronond lengths are 0.154, 0.142, and 0.140 nm, respectively
pionic hydrogen. We discuss the difference from the point of24l- This order is, however, inconsistent with the tendency
view of the chemical structure on the basis of the following©f the angular-momentum distribution deduced from the
cascade calculations. parameter based on the cascade calculation.

We have revised the cascade code by Akylas and Vogel The angular-momentum distribution of pions captured by
[19] in order to apply it to the pionic cascade by including carbon atoms bonding to hydrogen atoms is dlsto_rteql to the
competition of strong nuclear absorption with radiative andlOW-angular-momentum range due to the contribution of
Auger transitions. In the initial atomic states,(), from low-angular-momentum pions transferred from pionic hydro-
which the cascade calculation starts, the pionic-atom level§€n. On the basis of this processi), the low-angular-

(n-2)/(3-2) [Expt.]
(n-2)/(3-2) [Calc. (0:=0)]

were assumed to have the population momentum part in the distribution should increase along
with the number of hydrogen atoms bonding to the carbon.
P(l)e«(2l+1)expal) for O<lsn-1 (7) The present result is qualitatively explained by this process.

This is considered to be mainly due to internal transfer, be-
for an orbital angular momentum of wherew is a param- cause external transfer accounts only for a small fraction of
eter used to modify the statistical distribution. We employedthe capture probability, and the initial capture ratio of hydro-
a simple formuldEq. (7)] in order to survey the tendency of gen is estimated to be approximately 0.27 ferCH; and
the x-ray intensity ratios relative to the angular-distribution0.20 for —CH,— based on the present model calculation
change, although more sophisticated distributions have bedsee Sec. IV Awith a’=1. It is necessary for quantitatively
studied in order to consider the relation between the elecanderstanding the effects to further discuss them while tak-
tronic structure and the captured-pion distribut[&20]. In ing into account both the atomic-cascade calculations and the
the present calculation, the cascade calculation was started@mbined LMM model calculations proposed here. How-
n=18 under the conditions of the Auger and nuclear absorpever, the very small values of the intensity ratios for graphite
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may be affected by the chemical structure, as discussed con- The intensity ratios [i§-2)/(3-2)] for hydrocarbons are
cerning the capture of muons in graphite, diamond, soot, anthrger than those for graphite, and the ratios for alkanes are

boron nitride[25]. slightly larger than those for benzene. This effect could be
qualitatively understood as being due to a contribution of
V. SUMMARY AND CONCLUSIONS pionic hydrogen. The entire capture mechanism, including an

inner transfer process, will be quantitatively discussed after

The pion-capture process in graphite, benzene, polyethylnalyzing the x-ray intensity patterns and accumulating the
ene, cyclohexane, and a series of alkanes was studied By y3yes for various chemical systems
s .

measuring the pionic x rays and’ decays simultaneously.
Chemical effects were observed for the pion-capture prob-
abilities on hydrogen of hydrocarbons and the x-ray intensity
patterns of pionic carbons. The pior(ig-2) x-ray yields per This work was performed under the Visiting Researchers’
captured pion were determined for individual carbon atomsProgram of the National Laboratory for High Energy Physics
lying in different chemical environments in hydrocarbons.(KEK) of Japan. We would like to express our gratitude to
These yields are useful for analyzing the capture probabiliProfessor K. Nakai, Professor K. Takamatsu, Professor T.
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definite piece of evidence concerning the external transfesuring chamber and setup. We are also grateful to the oper-
process in the liquid phase. The transfer parameter was deting crew of the 12-GeV proton synchrotron and the beam-
duced to beA =1.7=0.2 for the pion transfer fromr~p to  channel group for providing the pion beam. We appreciate
C for alkanes. It was found from a comparison with thethe helpful advice of Dr. J. Imazato and Dr. Y. Kawashima
previous results that the value reflected the difference in theoncerning the use of the beam channel. We are thankful for
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