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ABSTRACT 

The pionic 2p-ls transition was observed in the isotope pair 

16 , 180. The 2p-ls X-ray energies and Lorentzian widths were 

measured, and the hadronic and isotope shifts were calculated. The 

results were: 

E (keV) 

160 160.286 

180 155.792 

Isotope Effect 

( 19a _ 16a) 

(. 090) 

(.160) 

e:(keV) 

-15.13 (.13) 

-19.63 (.20) 

-4.50 (.24) 

f(keV) 

7.32 (.30) 

5.97 (.59) 

-1.35 ( .66) 

ii 

Comparison of the results with other experiments and theory shows 

good agreement for the isotope shifts and Lorentzian widths, but shows 

a systematic discrepancy between the present transition energies and 

other recent results. The discrepancy may be due to the use of 

different lineshape fitting functions in the two analyses. The 

experimental spectra also yielded measurements of the pionic 3d-2p 



X-ray energies and Lorentzian widths, and the muonic np-ls X-ray 

energies, up to n=S. The results were in agreement with other 

experiments. 
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CHAPTER 1 

INTRODUCTION 

1.1 Pionic Atoms 

A negative pion passing through matter is slowed down by 

electromagnetic interactions with nearby atoms. When its kinetic 

energy is nearly zero, it may knock out one or more electrons from an 

atom and become bound electromagnetically to the nucleus in an 

electron-like orbit, forming a pionic atom. Not much is known about 

the capture process, but the cascade calculation is begun by assuming 

that the pion starts in an orbit just inside the electron ls orbit, 

with the Bohr radii of the two orbits approximately equal (Backenstoss 

1970) 

1 
r = "' r 

e m Za lT 
e 

= 
n2 

M za lT 

:. n 
1/2 = (MlT) = 16, 

Me 

where re and rlT are the Bohr radii of the electron and the pion, 

(1.1) 

(1.2) 

me and mlT are the reduced masses of the electron and the pion with 

respect to the nucleus, and n is the principal quantum number of the 

highest pion orbit. 

The pion cascades down to lower levels, with Auger processes 
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dominating the higher n transitions and X-ray transitions dominating 

the lower ones. In Auger processes, ~£=+1 and large/snare favoured, 

so these transitions tend mainly to populate lower circular orbits, for 

which ~n= +1. Once in a circular orbit, the pion can only make 

transitions to other circular orbits, thus the lower part of the 

pionic cascade is dominated by these so-called circular X-rays. 

The highest pion orbit assumed in the cascade calculation is 

inside the electron cloud, where the interaction between the pion and 

the atomic electrons is small. Thus the pionic atom, in its cascade to 

lower levels, can be considered to be a hydrogen-like atom with nuclear 

charge +Ze, with a small correction for electron screening of the 

nuclear charge. 

The motion of the bound pion is described by the Klein-Gordon 

equation 

½2 [ (E-V e ) 
2 

- µ 2c 4 ] }iii = ~ V N 1j, (1.3) 

where Eis the pion binding energy , including the pion rest mass; µ is 

the reduced mass of the pion-nucleus system; Ve is the total 

electromagnetic potential, including the finite extent of the nuclear 

charge, vacuum polarization, electron screening and any other desired 

electromagnetic corrections; VN is the complex potential describing 

the strong pion-nuclear interaction; and , is the wavefunction of the 

bound pion. 

The strong interaction between the pion and the nucleus shifts the 
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energy levels of the pionic atom away from purely electromagnetic 

values. The magnitude of the shift depends upon the amount of overlap 

between the pionic and nuclear wavef unctions, hence l ower orbits and 

higher atomic numbers give larger shif ts (Erics on and Ericson, 1966). 

As an example, the shift Els of the ls level in n 16o is about 10% 

of the 2p-ls transition energy . 

There is, however, a limit to the observed energy shifts. Since 

t he pion is a boson, it can be absorbed by the nucleons in the nucleus, 

i.e., the process N+n + N is possible . Conservation of energy and 

momen tum makes absorption on a single nucleon unlikely. If the pion 

has zero momentum, the absorbing nucleon leaves the nucleus with 

kinetic energy pJ/2M =µ- £,where £ is the nucleon binding energy 

and µ is the reduced pion mass. This corresponds to a momentum 

p = 12 µM = 500 MeV/c, but since the Fermi momentum of nucleons in 
0 

the nucleus is only about 250 MeV/c, the probabili ty of a bound nucleon 

having such a high momentum is very small. Absorption on a pair of 

nucleons is much more likely, with the two nucleons sharing the energy 

equivalent of the pion's rest mass roughly equally, so that pi/2m -

µ/2; then p = /µM = 360 MeV/c. This is the principal absorption 
0 

mechanism, although i n a few experiments on light nuclei absorption on 

alpha clusters is also considered important (Hurner 1975). 

Direct nuclear absorption of the pion from a given state shortens 

the lifetime of that state, thus broadening the el ectromagnetic level 

width due to radiative and Auger transitions. For example, the lssh 
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level width in pionic 160 is about 5% of the 2p-ls transition energy. 

From a first order perturbation theory argument, the widths increase 

with z roughly as z413 ( 2R-+- 3) (Ericson 1970), so that for a given 

t the absorption increases dramatically with Z until at some point the 

X-ray transition to that state is no longer observable. For example, 

X-ray transitions to the ls state (2p-ls,3p-ls,, •• ) are observed only 

for Z<ll, to the 2p state (3d-2p,,,,) only for z(JO, and to the 3d 

state (4f-3d, ••• ) only for Z<59 (Ericson 1970). 

Pions decay to muons; the mean lifetime of a pion is 2,6xl0- 8s 

(Particle Data Group 1978), Since the mean lifetime of pionic atoms is 

about 10- 13s (Backenstoss 1970), the number of pions decaying to muons 

in orbit is negligible. However, where pions are being stopped in 

target material to form pionic atoms, the decay of pions in the 

incoming pion beam and in the target itself results in the presence of 

muons in the target material and surroundings. Some of these muons 

will be stopped and will form muonic atoms by a capture process similar 

to that for pionic atoms, Since the muon does not interact strongly 

with the nucleus, the energy levels of the muonic atom are purely 

electomagnetic, The shifts due to finite size and vacuum polarization 

are the principal corrections to the point nuclear energies, The 

relative proportion of pionic and muonic X-rays observed in any given 

experiment is controlled by adjusting the ratio of pions to muons 

stopping in the target; this is done by tuning the pion channel, or by 

other experimental means. 
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In a typical pionic X-ray experiment, the energies and widths of 

the X-ray transitions are the principal quantities measured. The 

strong interaction shifts Ent and widths rnt are deduced from 

the transition shifts and widths using 

(1.4) 

where En' t' +nt and rn, t' +nt are the 

energy and width of the transition (n' ,t' + n,t), and Eem and 

rem are the purely electromagnetic values for the same transition. 

The strong interaction shift and width of the upper level (n' ,t') in 

the transition (n' ,t' + n,t) can be neglected. In practice Eem is 

calculated using a computer code (e.g., Krell 1977) to solve 

numerically the Klein-Gordon equation 

{~2 + ±z [ (E-V )2 - lJ2c4 )}ij, = 0 
h C C 

(1.5) 

for the energy eigenvalues. The potential Ve contains the effects of 

the finite extent of the nuclear charge and the first order vacuum 

polarization, but higher orders of vacuum polarization and electron 

screening are not included since they are negligible for the lower 

transitions of interest in pionic X-ray experiments. Thus, deduction 

of the strong interaction shifts assumes a good knowledge of 

electromagnetic effects, including nuclear charge distributions. In 

most cases, the charge distributions are well-known from muonic atom 
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and electron scattering experiments. 

The strong interaction shifts and level widths are used to 

determine parameters in the complex potential describing the strong 

pion-nuclear interaction. Most commonly, an optical potential is used, 

as described more fully in Chapter II. The nucleus is treated as a 

collection of fixed scatterers, with the bound pion considered to 

scatter off the individual nucleons at zero energy. This scattering 

is averaged over the continuous nuclear matter distribution P(r), with 

the granularity in the nuclear structure being taken into account 

chiefly through the Lorentz-Lorenz term (Sect. 2.4). The n-N 

scattering lengths appear explicitly in the optical potential. Thus 

results of pionic X-ray experiments can be related to low energy 

elastic n-N and n-nuclear scattering experiments, although the 

elementary n-N scattering amplitudes must be corrected for nuclear 

medium effects (Ericson and Ericson 1966). The level widths of pionic 

X-rays are a direct measure of the pion absorption term in the 

potential, which is difficult to measure in scattering experiments. 

1.2 Purpose and scope of this experiment 

In this experiment, pionic X-ray spectra of the two isotopes 160 

and 180 were obtained. Broadened 2p-ls X-rays were observed in the 

spectra of each isotope, and the transition energies E2p-ls 

and level widths r1s were measured. The electromagnetic transition 

energies were calculated as described above, using the computer code 

PIAT0M (Krell 1977); they were then subtracted from E2p-ls to 

-
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give the strong interaction shifts Els" The spectra also contained 

muonic X-ray lines of sufficient intensity that the muonic np-ls (n(5) 

transition energies were measured in both oxygen isotopes. 

The isotope pair 16 , 180 is particularly interesting since both 

proton distributions are well-known to be ·nearly equal from recent 

electron elastic scattering experiments (Miska 1979), so that the 

isotope shifts 

AEls = Eis< 180) -

Arls = r1s< 180) -

E ( 160) ls 

r < 160) ls (1.6) 

each reflect the effects of adding two neutrons to the doubly magic 

nucleus 160. If an isovector degree of freedom is added to the s-wave 

absorption part of the optical potential, as in the recent work by 

Powers et al. (Powers 1980), then the 180 level width r1s becomes 

particularly interesting, especially since 18a is one of two isospin 1 

nuclei with Z low enough that the 2p-ls transition is observable. 



CHAPTER 2 

THEORETICAL TREATMENT OF PIONIC ATOMS 

2.1 Introduction 

The motion of a pion in orbit around an atomic nucleus is 

described by the Klein-Gordon equation (1.3), which includes two 

potential terms: Ve is the electromagnetic potential due to the 

distributed nuclear charge +Ze; VN is the strong interaction 

8 

potential due to all of the nucleons in the nucleus. Most often, the 

potential VN is derived using an optical model, in which the strong 

interaction of a pion with a nucleus is treated in analogy with the 

scattering of light off the atoms in dense media. The equations for 

the multiple scattering of the pion off the nucleons in the nucleus, in 

a partial wave expansion (Section 2.2.1), give rise to an optical 

potential with a large dipole scattering term (Section 2.2.2). Using 

this potential in first order perturbation theory, energy level shifts 

in pionic atoms are related to the n-N scattering lengths (Section 

2.2.2). When short-range nucleon-nucleon correlations are included, 

the dipole scattering produces a Lorentz-Lorenz effect (Section 2.2.3) 

analogous to the change in refractive index in classical media when 

atom-atom correlations are taken into account. 

An imaginary part is then added to the optical potential to 
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account for pion absorption, which is not a multiple scattering effect 

(Section 2.3). Corrections for nuclear medium effects are discussed in 

the same section. The significance of the experimental ls energies, 

level shifts and widths of the pionic 16 , 180 isotope pair is 

discussed (Section 2.4), and the procedure used to make theoretical 

calculations of these quantities is briefly described (Section 2.5). 

2.2 

2.2.1 

The optical model potential: a multiple scattering approach 

Free pion-nucleon scattering 

We begin by considering elastic pion-nucleon scattering, taking 

into account only spin and orbital angular momentum states, 

but not isospin yet. Following the development of Williams (1971), the 

incoming wave may be taken as ~ = eikz, and the outgoing wave as 

ikr 
1jJ = eikz + f(E 0) _e_ 
out ' r 

where eikz is the undisturbed part of the incoming wave, and 

eikrtr is the scattered wave, with amplitude f(E,0); the 

(2.1) 

dependence of the scattering amplitude on the energy of the incoming 

particle is explicitly included. The total probability for the 

scattered wave to be detected at a given angle 0 is the differential 

cross-section, dcr/dn, which is related to the scattering amplitude by 

(2.2) 

Differential cross-sections are measured directly in scattering 

experiments, and the scattering amplitudes are obtained from analysis 

of the results. Following the arguments in Appendix A, the scattering 
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amplitude may be expanded in partial waves to give 

f(E,0) = L
0
{[fr + (t+l)f.e;t] Pt(cos0)} f 

+ m l 
- 10. kxk' f:

0 
{[fr-ft+JPt (cos0)}, 

(2.3) 

lkxk' I 
where the ft± are the partial wave amplitudes for the scattering of 

the t th partial wave in the states j = t ± 1/2 and where 

k=k/lkl, with k and k' the incoming and outgoing pion 

momenta, respectively. Restricting the expansion to s- and p-waves 

only (this will be justified below), 

f(E, 0) = f + (f +2f )cos0 
sl/2 P112 P312 

+ 
- io. kxk' 

lkxk' I 
(f -f )sin 0. 

P112 P312 

The scattering lengths and volumes are defined by 

f tj 
lim 2 t - a tJ·. 
k+O k 

(2.4) 

(2.5) 

Since the bound pion can be considered to scatter off the nucleus 

at the zero incident energy threshold, the partial wave amplitudes 

ftj can be written in terms of the scattering lengths, i.e., 

2t + a tjk , and then f(E, 0) can be written as f( 0), where 

f(0) = asl/2 + (ap112+2ap3/ 2) k 2cos0 
(2.6) 

+ kxk' 2 - iO.--- (a 112-a 312 ) k sin 0 
lkxk' I P P 

Since the scattering is elastic, and the nucleon scatterers considered 



fixed , !kl = I k' I , so that 

sin 0 = lkxk' I 
(k.xk')k 2 = kxk 

Making these substitutions, (2.6) becomes 

11 

(2.7) 

Now introducing the isospin decomposition, only two charge states, 

T=l/2 and T=3/2, where Tis the total isospin, are available to the 

lnN> system. To create a projection operator for these two states, 

+ 
+ T 

define t = pion isospin, 2 = nucleon isospin, and take 

+ 
+ + T 
T=t+-

2 + 
+ 2 +2 T 2 + + 
T = t + (- ) + t. T 

+ + + + 2 
<Tjt. , IT> = T(T+l) - t(t+l) - l (.;L+.1) 

3 
2 2 

= T(T+l) - 2 - 4 . 

(2.9) 

Therefore define the projection operator for T 3 1 + + = 2 as "j"<2+t. T), where 

3 
1, T = f 
O, T = 2 

(2.10) 

1 1 + + 
and the projection operator for T = 2 as "j"(l-t. , ), where 

1 + + + 3 
<Tl3(l-t.,)jT> = o, T = f 

1, T = 2 
(2.11) 

Then introducing isospin explicitly into (2.8), and defining the s- and 

p-wave scattering lengths a2T and °2T2J, 



12 

(2.12) 

+ + 
where <Tlf(0)IT> is the total pion-nucleus s cattering amplitude, and 

<tlf3 lt> and <tlf1 1T> are the scattering 

3 1 
amplitudes for T = 2 and T = 2states, respectively, i.e., 

f3 = (2.13) 
fl = 

so that 

where 

f( 0) 

This can be written more simply as 

f( 0) 

1 
b

0 
= I(2 °3+<\ ), the i soscalar s-wave parameter; 

b1 = f a3-a1), the isovector s-wave parameter; 

c
0 

= I(2a31+4 a33+a11+za13 ), the isoscalar p-wave parameter; 

c1 = f a31+2a33-a11-2a13 ), the isovector p-wave parameterf2• 16 ) 

d
0 

= 3(2a31 -za33+ a11- a13), the isoscalar spin-dependent 
1 p-wave parameter; 

d1 = j( a31- a33- a11+ a13 ), the isovector spin-dependent 
p-wave parameter. 

The experimental values for these parameters, in the low energy 

limit for free n-nucleon scattering, are (Nagels 1979): 
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b (-0.013 ± -1 
bl (-0.092 ± -1 = .003)m = .001 )m 

0 1T -3 ,r-3 
= ± = ± C ( 0.209 .00S)m cl ( 0.177 .003)m 

0 ,r-3 ,r-3 (2.17) 
d = ( 0.189 ± .003)m dl = ( 0.070 ± .002)m 

0 1T 1T 

Because b
0 

is so small, the s-wave ir-n scattering length 

(b
0 

+ b1 ) is almost the same as the s-wave ir-p scattering length 

(b
0 

- h1 ), except that their signs are opposite. The p-wave ,r-p 

scattering length (c
0 

- c1 ) is very small, so there is very little 

ir-p interaction in p-wave ,r~ scattering. 

To obtain a potential which gives the correct free n-N scattering 

amplitude, a short-ranged pseudopotential V(r) is introduced, and f(0) 

is written, in the plane-wave Born approximation 

-+- -+- -+- -+-

f( 0) -m f -ik' .rV(-+-) ik.rd-+-= 2 Tih 2 e r e r • (2.18) 

Inverting this, and using (2.5), the potential for a pion scattering 

-+­
off a nucleon at ri is 

-+-
V(r) 

2.2.2 The pion-nucleus potential 

(2.19) 

The scattering amplitude for a pion off a bound nucleon in the 

nucleus can be considered to be the same as the amplitude for free ,r-N 

scattering, except for kinematical factors. In the impulse 

approximation, then~ scattering is considered to occur at zero range. 

At low pion energies, this approximation is expected to be good, 



especially since the n-N interaction has a short range (Ericson and 

Ericson 1966). The amplitude for the pion to scatter off the 1th 

nucleon, from (2.15), is then 

14 

(2.20) 

This can be summed over all the nucleons in the nucleus, to give the 

pion-nucleus scattering amplitude 

(2.21) 

where 

+ + = P (r) + P (r). 
n P 

+ 
P(r) 

This summation is done in the fixed scatterer, or frozen nucleus, 

approximation, by first taking all the nucleon positions as fixed, then 

averaging over the total nuclear wavefunction. Nuclear recoil effects 

are thus neglected. While this approximation is very poor in the 

region of the (3,3) resonance at 180 MeV, it is good in the limit of 

very low pion energies, which certainly applies to pionic atoms 

(Scheck 1975). 

This brings up the question of off-shell effects. A theorem due 

to Beg states that: If the fixed scatterer approximation holds, and 

the internucleon distances are greater than twice the range of the n-N 

interaction, then the n-N interaction regions never overlap, and only 

on-shell n~ scattering contributes to the pion-nucleus scattering 

matrix (Hurner 1975). This is because the pion traverses a force­

free region between scatterings, and in this region the pion 
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wavefunction is on-shell, i.e., lkl = lk' I• In the impulse 

approximation, the assumed zero-range n~ scattering potential is 

averaged over a homogeneous nuclear medium (2.21). In actual pion­

nucleus scattering, repulsive nucleon-nucleon correlations are 

important; when they are taken into account (this is just the inclusion 

of the Lorentz-Lorenz effect in the potential, cf. Section 2.2.3), the 

condition of non-overlapping potentials is fulfilled, and off-shell 

effects are negligibie (Scheck 1975). In the free n-N scattering 

amplitude, the terms in k.k and kxk come from the 

i h lk+I -- lk+' I• assumpt on t at Since pion-nucleus scattering is 

almost entirely on-shell, these terms may be kept unmodified in the 

pion-nucleus optical potential. 

The contributions of the spin-dependent terms in d
0 

and d1 to 

the total interaction have been estimated to be of order A- 1 and A- 2, 

respectively (Ericson and Ericson 1966) and may be neglected 

(Backenstoss 1970). Using the identity 

k = -ie-ikr Veikr 

terms in k.k'P(;) are transformed to terms of the form Vp(;).V 

(Backenstoss 1970). 
+ + + 

Simplifying terms in t.Tp(r), 

+ + + + + + + 
t.Tp(r) (t.T)[P (r) + p (r)] 

n p 
+ + = P (r) - P (r), 

n p 
+ + 

(2.22) 

(2.23) 

since t.T = +1 for neutrons, and -1 for protons. The pion-nucleus 

potential may then be obtained from fN(0) by a procedure analogous to 
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(2.18) and (2.19) 

+ -2nh 2 { + + + 
VN(r) = p1 b P(r) + bl [ p (r)-p (r)] 

µn ° n P (2.24) 

+ V[c P(;) + cl(P (;)-p (;))]. v} 
o n p 

mn -1 
where µn = mn(l~) is the reduced mass of the pion-nucleus system, 

mn 
and p = (1-t--) transforms the coordinates from the pion-nucleon to 

1 m 
n 

the pion-nucleus centre of mass system. 

Using this zero-range potential in a first-order perturbation 

approximation, the energy shift due to the pion-nucleus strong 

interaction can be related to the scattering lengths for the partial 

wave. Following the development of Ericson (1970), in a first-order 

perturbation expansion, using the Born approximation, the scattering 

amplitude is 

(2.25) 

To project out the leading contr ibution of the .e.th partial wave, 

+ + + 
i(k'-k).r 

e was expanded in partial waves and integrated to obtain 

-2m 
f .e,( 0) = 4 /(2R.+l) [Jjf(kr)V(;)d

3
r ] P.e,(cos 0) 

where P .e,(cos 0) is the .e.th Legendre polynomial, and j .e,(kr) is a 

spherical Bessel function, which can be approximated by 

.e, .e, 
. (k ) ~ k r 
J.e, r = (2R.+l)!! 

(2.26) 

(2.27) 

for kr<<l, which certainly holds for pionic atoms, where the incident 



pion energy is zero. Using this approximation, (2.26) becomes 

-2mn k
2

t [f 2t 3] fi0) = - 4-(2R.+l) 2 r V(r)d r Pt<cos0) 
n [(2Hl)!!] 

From equation (A.5), the contribution of the t th partial wave to 

the total scattering amplitude f(0) is 

2 t 
ft< 0) = (2 Hl)a tk P t<cos0) 

where at is the generalized scattering length for the t th 

partial wave. Comparing (2.28) and (2.29), 

-2m 
'IT 

a = --t 4 n 
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(2.28) 

(2.29) 

(2.30) 

Now the energy shift, in a first-order perturbation expansion, is 

where 

= _l_ 
rB m za 

'IT 

(2.31) 

Here rB is the Bohr radius for a pionic atom with nuclear charge +Ze, 

lnR. is taken to be an unperturbed hydrogenic wavefunction, and 

~R. contains numerical factors inn and t. Eliminating the common 

factor Jr2 \r(r)dr, and taking the ratio of AEnt to the 

Klein-Gordon electromagnetic energy Ent> 

2 
-m (Za) 

E = 'IT {1 
nt 2n2 

where 

(2.32) 



the relationship between Ent (or ent) and ~tis 

(Ericson 1970) 

!±. 
n 

(1--½) ... (1 
n 

t2 -) 
2 

n 
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(2.33) 

Now the neglect of higher partial waves (t)2) in the optical 

potential may be examined. If a pion is in a state with angular 

momentum t with respect to the nucleus, it may be assumed, in a first 

approximation, that it also has the same angular momentum with respect 

to the individual nucleons. The total scattering length can then be 

taken as the coherent sum of TI-N scattering lengths 

t 
a 

O 
= Za _ 

~ TI p 
t +Na_ 
TI n (2.34) 

Using experimental values of the TI~ scattering lengths, the coherent 

sums ant' for t=0,1,2,3, were obtained and used to predict values 

of the ratios £ni/Eni, using (2.33) (Ericson 1970). The 

predicted ratios were compared to experimental values. Fors- and p-

waves, there was agreement, roughly within a factor of two. Ford-

and f-waves, taking experimental values for large nuclei ( 1 3 3cs and 

238i.J), 

en n £ n 
( ~) "' ( ....!Ll: ) xl o- 2 
Ent coherent Ent experiment 

(2.35) 

so that the coherent sum of TI-N scattering ind- and f-states cannot 

account for the observed energy shifts. The interaction in these 

states is almost entirely due to the s- and p-wave interaction of the 

pion with the individual nucleons (Ericson 1970). Thus, in the 



optical potential, d- and higher partial waves may safely be 

neglected. 
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This means that no matter what state the pion is in with respect 

to the nucleus, only s- and p-wave n~ interactions are considered to 

contribute to the total pion-nucleus interaction. The character of 

these interactions is strongly influenced by the granular structure of 

nuclear matter, which makes the s-wave interaction repulsive and leads 

to the Lorentz-Lorenz effect in the p-wave interaction (cf. Section 

2.2.3). 

To see how the s-wave interaction can be repulsive, consider an 

incidents-wave scattering off a single nucleon with scattering length 

an-n· In a first approximation, if the nucleus is homogeneous, 

s-wave scattering off the nucleus can be considered as the sum of 

scattering off the individual nucleons, with a potential (Backenstoss 

1970) 

-2nh 2[z A-Z ] + 
= ~ - + --;:-8 - P(r) ~n n p n n 

(2.36) 

As mentioned above, a_ = b - b1 is almost equal to a_ = b + b1 , n p o n n o 

but with opposite sign, so that the two terms in VN(r) almost cancel. 

The remaining interaction is not nearly adequate to explain the 

observed ls level shifts, so the assumption of a homogeneous nucleus 

must be replaced by including nucleon-nucleon correlations. The pion 

inside the nucleus sees the mass of a nearby nucleon as concentrated 

into a point, surrounded by a hole in the nuclear medium. The nuclear 
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pair correlation function gives the radius of the hole. The incident 

pion wave, ~nt' is replaced inside the hole by an effective field 

~eff = ~/ (1 + a<l.> ) 
1r corr 

= ~[1 - a<-> + r corr 
... ] (2.37) 

where a is then~ s-wave scattering length; a is then replaced by an 

effectives-wave scattering length 

aeff = a[l 

= a -

- a<l.> + ... ] 
1

r corr 
a 2<-> + • •. 

(2.38) 

r corr 

The linear term, as mentioned above, does not nearly account for the 

observed pion-nucleus s-wave interaction. The main contribution is 

from the a 2 term, which makes aeff negative, giving the observed 

repulsive s-wave interaction. Pauli correlations, having the longest 

1 range, give the largest<-> and thus are the most important in this 
r 

effect (Backenstoss 1970). 

2.2.3 The Lorentz-Lorenz effect 

The granularity of the nuclear medium also leads to an important 

modification of the p-wave term in the optical potential. Classically, 

dipole scattering of electromagnetic waves off the atoms in a gas 

produces a change in the refractive index when short-range atom-atom 

correlations are taken into account (the Lorentz-Lorenz effect). The 

dipole component in pion-nuclear scattering, which comes from the p­

wave n-N scattering, produces a nuclear Lorentz-Lorenz effect when 

nucleon-nucleon correlations are taken into account. 
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In the derivation of this effect due to T. Ericson (Ericson 1970), 

the individual nucleons are taken to be point scatterers surrounded by 

holes cut out of the medium. The holes are considered to be small 

homogeneous spheres of radius R, with the pion p-wave field scattering 

off them. The wavefunction is required to be continuous at the surface 

of the spheres 

(2.39) 

The wavefunction is found by beginning with the wave equation 

(2.40) 

describing the propagation of the pion wave in a homogeneous medium 

under the influence of the potential V; k is the pion momentum. Then, 

using the optical potential (2.24) for V, written in more compact form 

as 

where + 
q(~) = 
a.( r) = 

+ 
-4 ira P( ~) 

4ircp(r) 
+ the equation for ~(r) is obtained: 

(2.41) 

(2.42) 

Integrating this equation along a line perpendicular to the surface of 

the sphere gives 

(2.43) 

where a. is the dipole scattering strength; so far, o.=4ircp for 

completely uncorrelated scatterers. If R is small, the inside and 



outside solutions are 

R, 
4>_ = Ar Y Rm 

t - t-1 
4>+ = B(r +br )Y Rm 

From (2.43), 

and using the solutions for q,_ and 4>+, this gives 

From 

R, 
A(l-a~ = 

r 
t-b( Hl)R-2 t-l 

B R 

(2.39) and (2.44), 

A - = 1 + bR-2 t-1 
B 

= t-b ( t-1 ) R - 2 t-l 
t(l-a) 

1 
R, • 

(1 2 t+l a) 
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(2.44) 

(2.45) 

(2.46) 

(2.47) 

Therefore when an incoming wave scatters off the surface of the small 

sphere, the wave reaching the centre is a factor 

1 

smaller; in particular, this factor is 

_l_ 

1..J: 
3 

for p-waves. 

In the derivation of the pion-nucleus optical potential (2.24), 

each nucleon is treated a fixed point scatterer, and then the 

scattering is summed over all nucleons in the nucleus using the 
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+ + continuous nuclear densities Pn(r) and pp(r). To take 

nucleon-nucleon correlations into account, each point scatterer can be 

considered to be surrounded by a hole in the medium, of radius equal to 

half the nucleon-nucleon correlation distance, filled with a plug of 

matter (the mass of the nucleon) at the centre. The field in the slot 

between the surface of the hole, and the plug, is just the pion field 

(2.40) propagating under the influence of the potential V produced by 

the scatterer at the centre. From (2.41) - (2.47), this field is 

a 
stronger than the field inside the plug by a factor (13 ), for 

p-waves. In a homogeneous medium, such as the plug of matter at the 

centre of the hole, the p-wave field at any point is ~~-

Therefore, letting the size of the plug go to zero, i.e., in t .he limit 

of a point scatterer, the effective field inside the hole in the 

medium, at the point scatterer, is 

The gradient or p-wave term in the optical potential, when no 

correlations were included, is just 

where 

+ + 
a(r) = 4ncP(r) 

When nucleon-nucleon correlations are taken into account, 

(2.48) 

(2.49) 

the actual p-wave scattering strength. By replacing the p-wave field 
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in the homogeneous medium, v~, with the effective field, Eeff 

(2.50) 

which gives 

(2.51) 
+ 

1 + 4ncp(r) 
3 

(Ericson 1970). The gradient term in the optical potential (2.24) then 

becomes 

{c P(;) + c
1 

[ P (;)-p (;)]} V 
:t o n p v. 

1 + ~. 4
3

n{c P(;)+c
1

[ P (;)-p (;) ]} 
o n p 

(2.52) 

where ~ is the Lorentz-Lorenz parameter describing the strength of the 

effect; ~=0 gives back the original gradient term, i.e., no 

correlations, and ~=l means very short range correlations are assumed. 

In recent work by Powers et al. (Powers 1980), the parameter~ was 

allowed to float freely in fits to pionic atom data. A preference for 

values of ~ greater t han 1 was found, in conflict with earlier resul ts. 

A possible theoretical justification was found in the inclusion of 

P-meson exchange effects (Brown 1976). However, the value of ~ 

obtained in the fits showed a strong sensitivity to the neutron radii 

used; the neutron radii were therefore kept fixed at Hartree-Fock 

values. Since neutron radii and~ could not be determined 

simultaneously, further independent information about either one is 
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necessary before the question of the value of ~ can be resolved. 

2.3 Pion absorption and nuclear medium effects 

Pion absorption on one or more nucleons is an important feature of 

the pion-nucleus interaction that cannot be described in the general 

framework of multiple scattering theory. However, once the optical 

model potential has been obtained, absorption effects may be included 

by adding an imaginary part to the potential, in analogy with the 

partial wave scattering terms. Energy and momentum conservation 

require that pion absorption in a nucleus occur on at least two 

nucleons. Experimentally, it has been found that pion absorption in 

nuclei leads to the emission of two nucleons, anticorrelated in 

direction (Ericson 1970). This leads to the quasi-deuteron model, in 

which pion absorption is considered to occur only on np pairs in the 

nucleus with the same quantum numbers as the deuteron, and is 

considered to be the same process as pion absorption on free deuterons, 

except for scale factors. The absorption process is assumed to be 

short-ranged, so that the short-range part of the nuclear deuteron 

wavefunction is assumed to be the same as that of the free deuteron. 

The threshold absorption rate for s-wave pions on free deuterons 

is Snl ~
0

(0)I 2 , where a11 is the absorption strength, and 1~
0

(0)1 2 is 

the probability of finding the neutron and proton simultaneously at the 

origin. The nuclear s-wave pion absorption rate is then proportional 

3 3 
to 4e11 PnPp' where the factor 4 is the fraction of np pairs in the 
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nucleus with the same relative spin states as the deuteron. To this 

must be added pion absorption on pp pairs; this contributes less than 

20%, scaled from the rates for n--production reactions such as 

n+p+p+p+n-. Also, p-wave pion absorption must be included. 

Making the assumption that P =p ~
2

, where Pis the nucleon n p 

density, the absorptive terms added to the optical potential are 

(Ericson 1970) 

and 

where 

-16 np
2

B p p 
o n p 

-16np
2

C p p 
o n p 

- -4 np B p2 
2 0 

m -1 

P2 = (1 + 2: ) 
n 

(2.53) 

The factor p2 transforms the coordinates to the n2N centre of mass 

system. The imaginary parts of B
0 

and C
0 

are the s- and p-wave 

absorption strengths, and the real parts represent n2N dispersion 

effects, i.e., the contribution to the potential from pion scattering 

off the nucleon pairs. The full pion-nucleus optical potential is 

then 

(2.54) 

where 
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Fits to pionic ls states for elements from 4He to 2~e by Tauscher and 

Schneider (1974) indicate that ReB(O, i.e., that the n2N dispersion is 

repulsive, and also that ReB
0

/ImB
0 

= -1. Fits to pionic 2p states 

for elements from Al to Zn by Batty et al. (1979) indicate a positive 

ReC
0

, and a ratio ReC
0

/ImC
0 

varying from 1.7 to 1.95, when the 

Lorentz-Lorenz effect is included. On the other hand, Powers et al. 

(1980) argue that increased precision in experimental results for 

pionic isotope shifts warrants including an isovector degree of freedom 

in the absorptive part of the potential. Thus, their absorptive terms 

are 

-4 n [ ] -
2
- B (P +p )P + B

1
(P -p )P µn o n p p n p p (2.55) 

and 

-4n [C (P +p )P + C1(P -p )P ] (2.56) 
o n p p n p p 

where µn is the reduced mass of the pion. The real parts of Bo, 

B1 , c0 , and c1 are kept fixed at zero; the real contributions of 

these two-nucleon terms to the potential are considered to be included, 

to a first approximation, by redefining the single nucleon parameters 

so that, for example, 

(2.57) 

The effect is to reduce the number of free parameters in the 

dispersive part of the potential by two, while increasing the number of 

free parameters in the absorptive part from two to four. Using this 

model, the fits to pionic atom level widths were indeed improved, and 



gave non-zero values for the isovector absorptive parameters, ImB
0 

and ImC
0

• 
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In addition to pion absorption, further corrections to the optical 

model may be made to account for the effects of the nuclear medium. 

One important effect considered here is Pauli blocking. When a pion 

scatters off a nucleon in a nucleus, the Pauli principle requires that 

the nucleon scatter only into states not already occupied by the other 

nucleons, i.e., states having momenta greater than Pf, the Fermi 

momentum. For the s-wave isoscalar part of the optical potential, the 

correction has been estimated by Ericson and Ericson (1966) to be 

where 

ob 
0 

a{+ 2a2 

= ~ ,rPf [ 3 3 ] 

b o = ½ ( al + 2 a3 ) - Ob o ' 

(2.58) 

and Ob
0 

is large compared to b
0

• Tauscher and Schneider (1974) 

have included this correction in their optical model when fitting 

pionic atom data to obtain b
0

• 

The influence of nucleon binding must also be taken into account, 

since the optical potential was developed assuming free nucleons. 

However, this correction is difficult to calculate, and it is not 

usually included explicitly. This effect and other unknown nuclear 

medium effects are taken into account by obtaining values of the 

optical potential parameters from fits to pionic atom data. The 

results may then be compared to the analogous parameters in free ir-N 
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scattering, to obtain an estimate of the magnitude of the nuclear 

medium effects, which include Pauli blocking and nucleon binding. Such 

global fits have been done by Tauscher and Schneider (1974), Batty et 

al. (1979), Powers et al. (1980), and Poffenberger et al. (1980). 

2.4 The 16 , 18o isotope pair 

In the present experiment, the ls level shifts and widths in 

pionic 160 and 180 were measured. The results are compared 

to another recent measurement made on the same isotope pair, and to a 

previous measurement made with a much lower energy resolution. The 

results are also included in a global fit to pionic atom 2p-ls data, to 

help determine optical model parameters more accurately. The 180 

results are particularly valuable in this respect because of their 

sensitivity to the isovector part of the optical potential; this 

sensitivity occurs in only two low-Z nuclei with observable 2p-ls 

transitions. This is especially important when testing for non-zero 

values of the isovector absorptive terms in the optical potential. 

Powers et al. (1980) introduced such terms into their potential, but 

included data on only two low-Z nuclei with appreciable isovector 

sensitivity, 18o and 26Mg, in their global fit. 

In 160, charge symmetry implies that Pn is equal to Pp, 

neglecting Coulomb repulsion, so that the isovector terms in the 

optical potential are practically zero. Yet the many-body or nuclear 

medium effects are almost the same as in 180, so that the isotope 

shift 
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£ (18a) _ £ (160) 
ls ls 

and the difference in level widths 

r c18a) - r <160) 
ls ls 

reflect almost entirely the effects of adding two neutrons to a closed 

shell. While it should be possible to extract the neutron radius 

difference 

/:,r = r ( 1 80) - r ( 1 60 ) 
n n n 

from this information, the interrelated dependence of the optical 

potential on the neutron radius and on the Lorentz- Lorenz parameter 

(Powers 1980) makes this unlikely at present, since the value of ~ is 

not well determined. 

2.5 Pionic atom calculations: the program PIATOM 

Theoretical predictions for the transition energies and level 

shifts and widths of pionic 160 and 180 were made using the computer 

code PIATOM (Krell 1977). This code is used to calculate numerically 

eigensolutions to the Klein-Gordon equation 

2µ 
{V2 + _l_[(E-V )2-µ2c4]}'1' = -::-V2,r N'I' 

h2c2 c ,r h 

where 

m 
lJ 1T = mlT(l+MlTrl 

m +m 
M = A( n2 P) 

(2.59) 

The potential VN contains the effects of finite nuclear size and 

optionally, of first order vacuum polarization. The pion-nucleus 



optical potential VN is given by (2.54). 

An iterative procedure is used to find the complex energy 

eigenvalues Ent of (2.59), and an accuracy of one part in 10 6 in 

the eigenvalues is required for convergence. The real part of Ent 

is the level energy, and twice the imaginary part of Ent gives the 

level width 
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(2.60) 

Predictions of E ~ls and r1s were calculated for pionic 160 2p-ls' 

and 180, with a set of optical potential parameters from the global fit 

to recent pionic X-ray data for light nuclei of Poffenberger (1980). 

The results are presented in Table XII together with the results of the 

present experiment. In Chapter V, the theoretical predictions and 

experimental results are compared and discussed. 
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CHAPTER 3 

EXPERI MENTAL TECHNIQUE 

3.1 Introduction 

The experiment consisted of stopping pions in 160 and 180 targets 

and observing the re s ulting X-rays and gamma rays with a germanium 

solid state detector. The prompt energy spectra contained the pionic 

160 and 113c 2p-ls X-ray lines, which were analyzed to obtain their 

energies, strong interaction shifts, and linewidths. The primary goal 

was a precise measurement of the differences between pionic 160 and 

180, with a view to drawing conclusions about differences in their 

nuclear structure. Therefore care was taken to keep experimental 

conditions as close to identical as possible when acquiring data with 

either target. 

The measurement was performed at the TRIUMF stopped pion-muon 

channel M9, described below in Section 3.2 and shown in Figure 1. The 

arrangement of the experimental apparatus in the M9 area is shown in 

Figure 2. A telescope of plastic scintillators was used to detect the 

incoming pions and to define a pion stop in the target. Pions were 

stopped in one of two isotopically pure targets made of H2o 16 and 

H2o 18 • Three gamma ray sources were placed near the targets for an 

in-beam energy calibration. A hyperpure germanimn solid state detector 
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Figure 2 . The E1p•rimental Apparatus in the N9 Area. 



35 

was used to detect the X-rays and gamma rays coming from the target and 

calibration sources. The detector was shielded from the scintillators 

and other materials containing oxygen, in order to minimize the amount 

of 160 seen by the detector while acquiring data with the 1 ea target. 

The photon energies and times relative to pion stops were acquired and 

histogrammed on-line with a computer-based data acquisition system. 

The measurement was performed April, 1979. It was repeated in 

October, 1979 in hopes of obtaining higher statistics, but severe 

lineshape distortion appeared in all the spectra. Because of this, 

only the data acquired in April, 1979 were used in the analysis. 

3.2 The stopped pion channel 

A brief description of the M9 channel is given here, following the 

description in the paper by Al-Qazzaz et al. (1980). A pulsed beam 

of up to 100 µA of 500 MeV protons extracted from the TRIUMF cyclotron 

strikes one of five pion production targets on the 1AT2 ladder in 

beamline lA, producing pions and electrons. Muons are produced near 

the target by pion decay. The targets available were 1 cm copper, 

which produces a smaller beam spot, and 10 cm beryllium, which gives 

greater pion flux. In this experiment the beryllium target was used 

throughout. 

The 5 ns wide proton beam pulses strike T2 every 43 ns, producing 

pulses of secondary particles 43 ns apart. Focussing and bending 

magnets along the 8.2 m channel collect the secondary particles and 

deliver them as a beam with an achromatic focus at F2, where the 
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stopping target was located. The vertical plane phase space 

acceptance of the channel is set by vertical slits at Fl. The momentum 

acceptance of the channel is controlled by a set of horizontal slits at 

Fl, which give a momentum spread !:sp/p of about 1% per centimeter slit 

opening. The slit opening was set to 10 cm in the present experiment, 

so that the particles in the beam all had nearly the same momentum. 

Thus all the beam particles with the same mass travelled at 

approximately the same velocity and arrived at F2 at nearly the same 

time during every 43 ns beam pulse. The electrons, being the least 

massive, had the highest velocity and arrived first at F2. The muons 

arrived next, and the pions, being the most massive, arrived last. The 

flight time differences among the pions, muons and electrons were great 

enough that they arrived in distinct bunches in every beam pulse, 

producing the time-of-flight spectrum shown in Figure 3. 

The muons in the beam, which come from pion decay anywhere in the 

channel, have a greater spread in momentum, for a given horizontal slit 

opening, than the pions or electrons arriving at F2. The momentum of 

muons coming from forward decays overlaps the momentum distribution of 

the pions, making it impossible to completely separate the pions from 

the muons by time-of-flight without losing a significant number of pion 

events. This is not always a disadvantage, since it allows observation 

of muonic X-ray lines, which may be used as energy calibration lines or 

as independent measurements of muonic X-ray transition energies. The 

intensity of muonic X-ray peaks in the prompt spectra may be controlled 
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by varying the time-of-flight cutoff. In this experiment the cutoff 

was adjusted to give statistically significant muon peaks, whose 

centroids .were fit to give muonic X-ray energies. Gamma ray sources 

were used for the energy calibration. 
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The momentum range of the M9 channel is 30 - 150 MeV/c. The 

channel was first tuned to 96 MeV/c, then fine-tuned during the course 

of the experiment to optimize the stopping rate of pions in the target. 

A typical range curve is shown in Figure 4. The master volts setting 

for the channel elements, which is linearly related to the channel 

momentum, was varied against the number of pion stops/primary proton 

beam intensity, until a maximum was obtained. This setting was kept 

until the target was changed, or until there was some change in the 

thickness of scintillators or degrader upstream of the stopping 

target. 

The total negative particle flux at F2 was 5.5xl0 5s- 1µA-l primary 

proton current. The channel momentum of 96 MeV/c gave a 

pion:muon:electron ratio of 65:5:30 (Al-Qazzaz 1980). The measured 

negative particle fluxes at F2 are shown in Table I. 

The 10 cm beryllium pion production target would have produced a 

beam spot size at F2 about 2cm x 10cm if there had been no material 

between the end window and the stopping target. But scattering of the 

beam particles as they passed through two plastic scintillators, a 

1.25 cm thick beryllium degrader, and finally the thin defining counter 

S3, produced a beam spot effectively the same size as the 5 cm x 5 cm 
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defining counter. 

Primary Proton 

Beam Current 
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Table I 

Negative Beam Particle Fluxes at F2 

Total Particle Flux Pion Flux Muon Flux 

at F2 (2) at F2 (3) at F2 (1) 

9xl0 5-1. 6xl0 6 (5.0-8.7)xl0 5 (0.3±.l)x10 6 

(1) from the Sl.S2 coincidence rate 

(2) from the Sl.S2.n coincidence rate 

(3) estimated from the total particle flux using the ratio 

3.3 The scintillator telescope and event definitions 

A standard four counter telescope was used to detect the incoming 

particles and to define a pion stop in the target. The counters were 

NE102 plastic scintillators coupled with light pipes to photomultiplier 

tubes. The scintillator dimensions and telescope geometry are shown in 

Figure 2. 

A particle stop in the target was identified by a signal in 

-
counters 1, 2, and 3, but not in 4; i.e., 1234. To minimize the 

number of false stops caused by particles stopping in S3, the S3 
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scintillator was made very thin while still keeping good counting 

efficiency. Multiple scattering of beam particles in air between S3 

and S4 resulted in a wide angular distribution, causing false stops by 

particles passing through Sl , S2, and S3, but missing the target and 

then missing S4 as well. To minimize this kind of false stop, S3 was 

placed very close to the target, and its area was only slightly larger 

than that of the target. Also, the area of counter 4 was chosen to be 

large relative to the other counters. 

Pions were distinguished from other particles stopping in the 

target by their flight time down the M9 channel. A time-of-flight 

spectrum such as the one shown in Figure 3 was produced by starting a 

time-to-amplitude converter with the 1.2 pulse, and stopping it with a 

pulse derived from either the cyclotron RF signal or a capacitive pick­

up probe in beamline lA. The time scale in Figure 3 runs from right to 

left, since the beam pulses originated in the cyclotron and ended up at 

S2. A logic pulse, called the n-gate, was set with sufficient delay 

and width to include most of the pion peak, and was "anded" with the 

-
1234 pulse to produce the pion stop signal. 

With the channel tuned to 96 MeV/c, the pions emerged from the 

end window with a kinetic energy of 30 MeV. This kinetic energy was 

reduced to nearly zero for the pions to stop in the target material. 

Since the three scintillators upstream of the target were not thick 

enough to do this, a 10 x 10 x 1.25 cm thick Be degrader (2.3 g/cm 2 

thick) was placed between S2 and S3. Calculation of the degrader 
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thickness needed is shown in Appendix B. Since the pions travel 

through part of the target before stopping, the target thickness must 

be included in calculating the total amount of material needed to stop 

them. Since the two oxygen targets had different thicknesses, and the 

degrader thickness was fixed, it was necessary to retune slightly the 

channel each time the target was changed in order to maximize the pion 

stopping rate. 

3.4 The oxygen targets Both targets were made of water: H2
16o 

and H2
18o. The H2

18o target was made into a self supporting 

gel with agar. The H2
16o target was liquid. The plastic target 

holders (Figure 5) were made of polythene frames with polystyrene 

windows and contained no more than 2% oxygen relative to the 180 target 

mass. The H2
18o was 0.52 g/cm 2 thick, with 1.5% agar. The H 160 2 

was 2.0 g/cm 2 thick, with no agar. During the present experiment, the 

targets were interchanged approximately every ten hours. 

Since the n 16 , 180 2p-ls X-rays were only about half their 

Lorentzian linewidths apart, any 160 between S3 and S4 would produce a 

background peak under the n 18o 2p-ls peak, whose intensity would be 

impossible to determine independently from a fit to the data. 

Therefore special care was taken to keep the amount of 160 between S3 

and S4 to a minimum. The 180 target gel was put into the target holder 

in a nitrogen atmosphere. No paper was used in the S3 scintillator 

wrapping. The amount of oxygen in the 15 cm air path between S3 and S4 

was estimated to be only about 1% of the mass of the target, so it was 
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decided not to place a bag of helium around the target. The lucite 

light pipe under S3 contained oxygen, but a pion would have to pass 

through S3 and then scatter into the light pipe before producing an X­

ray which would appear in the prompt spectrum. The solid angle 

subtended by S3 to the light pipe was only about 20 msr, so the 

probability of such an event was negligible. There were also fixed 

percentages of 1ftl and 170 present in the 11b. The manufacturer's 

specified isotopic purity was 

1 Eb 97.47% 

170 1.69 

lft) .84 • 

The estimate of the total 1ft) present during data acquisition with the 

180 target is detailed in Table II. 



Source 

H O 18 
2 

agar 

air 

target 

holder 

Total 

Table II 

Estimated Amount of 160 Present during Data 

Acquisition with the 180 Target 

Percent 180 (of Total 

Oxygen Present) 

0.84 

0.75±.25 

2. 06 ±.10 

1.5 ±.5 

5.15±.85 

Estimation Method 

specified isotopic purity 

chemical composition of the 

bacto-agar 

comparison of the relative 

intensities of the nN 3-2 

and no 3-2 lines with the 

ratio of nitrogen to 

oxygen in air 

chemical analysis of the 

plastics used; estimate 

of the 16a content of the 

glue was nearly zero 
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The presence of 170 and 1 lb during data acquisition with the 160 

target was not a problem, since the relative amounts of these isotopes 

naturally present are small and fixed: for 170, 0.04%, and for 18a, 

0.2% of the total oxygen present. 

3.5 Calibration sources 

Gamma sources 182ra and 24 1Am were placed near the target to 

provide an in-beam energy calibration . They were placed either just 

above or below the target, so that the gamma rays would not pass 

through the target bef ore reaching the detector. The source event rate 

was rela ted t o the beam rate by requiri ng every source event to be in 

coincidence with a count from S5, a sc i ntillation counter placed above 

the beam pipe, and in anti-coincidence with the n-stop pulse. The 

widths of the n-stop pulse and the gate from S5 we r e adjusted to make 

the prompt and source event acquisition rates approximately equal. 

This avoided the need for rate-dependent corrections to the detector 

res olution and efficiency functions, which were obtained from analysis 

of the source spectra, and then used in the analysis of prompt events. 

3.6 The detector 

The detector used i n this experiment was an 0RTEC planar hyperpure 

germanium detector. The bias voltage applied was -1000 V. The in­

beam energy resolution was 712 ±10 eV at 156 keV. 

An excellent description of the workings of this type of detector 

is given in Goulding and Pehl, 1974. Photons passing through the 

germanium crystal deposit energy by creating electron-hole pairs, which 
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are collected at the electrodes when a bias voltage is applied across 

the crystal. The total charge of the output signal is proportional to 

the energy deposited, which will be the full energy of the incoming 

photon if it ejects a photoelectron, or some fraction of the energy if 

the photon Compton scatters and escapes without further interaction. 

At room temperature thermal excitation of electrons across the 0.7 eV 

band gap of Ge produces large numbers of electron-hole pairs, making 

the signals from incoming photons undetectable. Consequently, liquid 

nitrogen is used to cool the detector to 77~, thus keeping the leakage 

current very low. 

When germanium detectors are used as gamma ray spectrometers at 

energies greater than 30 keV, two major contributions to the energy 

resolution are the statistical nature of the electron-hole pair 

production and charge collection processes in the detector, and 

electronic noise in the external signal amplifying circuit. The two 

contributions may be combined in quadrature to give the FWHM (full 

width at half maximum) of the resulting spectral line 

llE = l(FWHM ) 2 + (2.35) 2(F EE) 
noise 

(3.1) 

where Eis the average energy (eV) required to produce an electron-hole 

pair in the detector material (2.96 eV in germanium at 90~), and Fis 

the Fano factor, the fraction of energy deposited in the crystal which 

goes into non-ionizing processes (Goulding and Landis, 1974). 

Charge trapping at impurities and defects in the crystal lattice 
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results in a loss of charge collected, producing an excess of events on 

the low energy side of the peak. Fluctuations in the amount of charge 

lost contribute further to broadening the peak. The amount of charge 

lost is almost proportional to the total charge produced, so the effect 

increases as the incoming photon energy increases. 

To minimize damage to the detector crystal during the experiment 

from energetic particles - either scattered beam particles or fast 

neutrons produced by beam particles interacting with the surroundings -

the detector was shielded from the beam path as shown in Figure 2. To 

shield the detector from lead X-rays produced in the shielding bricks 

by scattered beam particles, a 6 mm thick aluminum sheet was placed on 

the lead brick surfaces in sight of the detector. 

3.7 The circuit logic and data acquisition system 

A schematic drawing of the arrangement of the electronics, mostly 

NIM modules, used to define events and acquire data is shown in 

Figure 6. This arrangement, called the circuit logic, is divided into 

four sections: scintillator telescope; detector signal processing; 

event definition; and data acquisition. 

3.7.1 Scintillator telescope 

The scintillator telescope section of the circuit produces two 

gate pulses which are used to define events to be accepted by the 

data acquisition system. A ''wide stop" pulse, 100 ns wide, results 

from a 1234 coincidence, and defines a pion stopping in the target. 

A gate pulse from S5, the counter placed over the beam pipe, signals a 
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beam-related event, and is used to gate the acceptance of source events 

by the data acquisition system. The width of the S5 gate pulse 

determines the number of source events accepted. It is adjusted to 

make the source and prompt pion stop event rates approximately equal, 

so that any rate-dependent effects on the lineshape will be the same 

for both prompt and source spectra. 

3.7.2 Detector signal processing 

The detector signal processing section of the circuit begins with 

a FET preamplifier which integrates and shapes the detector charge 

output that results from each incoming photon. The preamp output pulse 

has a long (about 50 microseconds) fall time, to achieve better 

linearity in the next stage of integration. This pulse is sent to two 

branches of the circuit: slow linear and fast timing. In the slow 

branch, a linear amplifier integrates and shapes the preamp output and 

produces a symmetrical Gaussian output pulse with voltage proportional 

to the original detector charge output. An ADC converts this pulse 

into an integer proportional to its voltage. The resulting pulse 

height distribution is linearly proportional to the incoming photon 

energy distribution seen by the detector. 

The fast timing branch of the circuit eliminates pile-ups and 

produces a fast pulse which carries the timing of detector events. 

Pile-ups are detector events which occur so closely in time that they 

are processed as a single pulse by the linear branch of the circuit, so 

that their energy information is lost. The timing branch begins with a 



50 

timing filter amplifier which differentiates and amplifies the FET 

preamp pulse. Differentiation helps to eliminate timing walk caused by 

the variations in output risetime characteristic of Ge solid state 

detectors. The timing filter amplifier output goes to a constant 

fraction discriminator which almost completely eliminates the timing 

walk due to remaining variations in pulse height and shape. The 

constant fraction discriminator produces a fast timing output pulse, 

which is split - one pulse going to a pile-up gate, and the other 

delayed. The pile-up gate produces an output only if the timing pulse 

is not followed by another within the preset pile-up time. The delayed 

timing pulse and pile-up gate output are "anded" to produce a pile-up 

free signal which carries the timing of the original detector event. 

3.7.3 Event definition 

The event definition circuit sorts the detector events into two 

types, source and target, and signals the computer that an event has 

occurred. The source event gate "ands" the fast timing pulse with the 

complement of the wide stop, and with the beam-related S5 gate. Thus 

an output occurs only when a beam particle has passed through S5, a 

photon has deposited energy in the detector but no pion has stopped in 

the target. Most of these photons come from gamma ray sources placed 

close to the target for energy calibration. However, some source event 

photons come from pion and muon stops in materials surrounding the 

target: air, the target holder, the detector itself, and so on. 

Requiring accidental coincidence with the S5 gate ensures that the 
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source spectra are only acquired when there is beam on the target, so 

that any beam-related effects on the energy calibration will be the 

same for both source and prompt spectra. 

The target event gate "ands" the fast timing pulse with the 

wide stop, producing an output only when a photon has been seen by the 

detector and a beam particle has stopped in the target. The ratio of 

pion to muon stops is controlled by the time-of-flight cutoff in the 

scintillator telescope section of the circuit. A target event gate 

output may be caused by a background event in accidental coincidence 

with a false wide stop, which is caused by a pion or muon passing 

through S1, S2 and S3, but missing the target and missing the veto 

counter S4 as well. 

The two event gate outputs are "or-ed" to signal the computer that 

a valid detector event has occurred. Each event gate sets one of two 

bits in the CAMAC C212 unit which defines the type of spectrum in which 

the event will be stored. 

3.7.4 Data acquisition 

The data acquisition section of the circuit signals the computer 

to read the ADC, controls the acquisition of multiple timing spectra, 

provides a "computer busy" gate, and provides keyboard control of the 

ACQUIRE/HALT functions. The circuit begins with a gate which "ands" 

the detector event gate with the "computer busy" gate, thus producing 

an event trigger only when the computer is able to process an event. 

The event trigger is fanned out four ways: to the C212 unit, which 
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sends a strobe to signal the computer to read the ADC; to a gate 

generator for the ADC, which ensures that the ADC only accepts pulses 

for conversion when the computer is able to read the ADC; to start the 

"computer busy" gate, which is stopped by the computer when an event 

has been processed. 

Finally, the event trigger starts a TDC which is used to acquire 

multiple timing spectra. The TDC is stopped by the delayed wide stop, 

so that its output is proportional to the time difference between the 

particle stopping in the target and the resulting photon entering the 

detector. The computer reads and histograms the contents of the TDC, 

according to the energy of the incoming photon, as follows. The energy 

range of the detected incoming photons is divided into 16 equal 

intervals, and a separate histogram, or multiple timing spectrum, is 

produced for each energy interval. The multiple timing spectra are 

used to set the timing cuts which define the early, prompt and delayed 

energy spectra . The timing cuts are set separately for each energy 

interval to correct any energy-dependent timing walk. Since the time 

difference between target stop and detector event is different for 

pions and muons, the timing cuts must be set carefully to avoid 

differences in the ratio of pion to muon events in the prompt spectra 

from one energy interval to the next. 

Keyboard control of the computer ACQUIRE DATA and HALT ACQUISITION 

functions is provided by a gate generator whose output is controlled by 

two bits in the ND027 unit, which are set when either AC or HA are 
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typed at the computer terminal. The AC/HA gate output goes to the 

"computer busy" gate, enabling or disabling data acquisition, depending 

on which command was typed in. 
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CHAPTER 4 

ANALYSIS OF THE DATA 

4.1 Introduction 

The data acquired during the present experiment consisted of four 

types of spectra: prompt and delayed target event spectra, source event 

spectra, and multiple timing spectra. The multiple timing spectra were 

used on-line to separate target events into prompt and delayed spectra. 

The prompt spectra contained the lines of interest, the broadened 

pionic oxygen 2p-ls X-ray lines. The principal goal of the data 

analysis was to obtain the energies and linewidths of these X-rays. 

The data were divi ded, according to target or to particular data 

acquisition conditions, into five different sets for separate analysis 

(Section 4.2). A least-squares peak-fitting program, JAGSPOT, was used 

to fit the X-ray lines (Section 4.3). The detector response function 

was unfolded from the spectral lines by the fitting program. The 

parameters of the response function - the energy resolution, detector 

efficiency, and low energy tailing - were obtained from fi.ts to gamma 

ray lines in the source spectra (Section 4.4). The energy calibration 

was obtained by fitting gamma ray peak positions in the source spectra 

to a linear function, using precisely known values of the gamma ray 

energies (Section 4.5). The analysis of the principal lines of 
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interest in the prompt spectra, the broadened n 1fb and n 18a 2p-ls 

X-rays, is discussed in Sections 4.6 - 4.7. The analysis of other 

lines of interest in the prompt spectra, the n 16, 1!b 3d-2p and the 

µ 16 , 180 np-ls (n (5) X-rays, is discussed in Sections 4.8 - 4.9. 

4.2 Data acquisition 
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The measurement was first performed in April, 1979, then repeated 

in October, 1979. The October data were not analysed, due to severe 

lineshape distortion problems (cf. Section 3.1). The data acquired in 

April, 1979 were divided into five sets for separate analysis, 

according to the target used or to details of data acquisition. There 

were two sets of 1ft) data. The first 60% was acquired without energy 

stabilization. The energy stabilizer, when used, compensated for gain 

drifts in the linear amplifier, thus preventing the shifting of 

spectral peak positions during data acquisition. Individual runs were 

saved and cleared every hour, but the gain drifted steadily, resulting 

in spectral peak shifts of about one channel (80 eV) per run, and 

worsening the resolution even within the runs. The gain had to be 

shifted and the dispersion changed for every run before it could be 

added to the others, contributing an additional uncertainty to the 

final results. The last 40% of the 1 fb data was acquired using a 

stabilizer. There were no significant gain drifts (less than ±0.4 

spectrum channels, or 30 eV, over all runs) and these data were used in 

the final analysis. 

There were three sets of 1 !b data. The first 17% was acquired 
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before the cyclotron shutdown. When data acquisition was restarted 

eight days later, the gain and dispersion of the new spectra were so 

different from the previous data (spectrum peak positions had changed 

by up to 70 channels) that the early set of data had to be analyzed 

separately. The next 40% of the 1 ~ data were acquired while the ADC 

was setting the contents of every other channel to zero, at first 

intermittently, then steadily. Adding every two neighboring channels 

produced smoothed spectra with resulting loss of lineshape information 

(the peak FWHM at 150 keV was only four channels), contributing 

additional uncertainty to the final results. When the final 43% of the 

180 data was taken, the ADC was functioning properly and the spectra 

showed no apparent problems. This set of data was used in the final 

analysis. 

4.3 The peak fitting program 

The peak fitting program used was JAGSPOT, originally a gamma ray 

fitting program developed at Chalk River (Olin 1978). It was 

modified specifically to make it suitable for the analysis of pionic X­

ray spectra, and to run on the IBM 370 Conversational Monitor System 

(CMS) at the University of Victoria. The modifications included the 

addition of a Gauss-Lorentz convolution to fit broadened pionic X-rays, 

the optional fitting of low energy exponential tails, and the optional 

folding of the detector efficiency function with the lineshape fitting 

function. 

The general form of the lineshape fitting function is 
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N 

~(xi,a) = al+a2xi+b(xi)+ )=la2j+3faj(xi-a2j+4)£(xi) (4.1) 

where xi is the channel number, a is the set of fitting 

parameters ak, b(xi) the tailing function, N the number of peaks in 

the window, f
0

j the lineshape function, and £(xi) the detector 

efficiency function. The best values of the parameters ak are 

obtained by using a least-squares fitting method to minimize x2; the 

Marquardt-Levinson algorithm is used for its robust convergence 

properties (Olin 1978). 

The first three terms in (4.1) represent the spectrum background. 

The terms in a1 and a2 represent a linear background. A quadratic 

term is not used because the major non-linear contribution to the 

background, the detector tailing, is included in b(xi), given by 

M -a26 (x .-xi) 
= a25 J=l(yj-dj)e J 

= a 1 + a 2xj + b(xj) d . 
J 

where Yj is the number of counts in channel xj, and M, the number 

of channels in the fitting window. 

The functions faj are the individual peak shapes. Two types 

of peak shape were used in the present analysis. The first, a 

Gaussian, 

= e 
-a x 2 

3 

(4.2) 

(4.3) 

represents the response of the detector to a strictly monoenergetic 

photon. The finite width is due to the statistics of ionization and 

charge collection in the detector, and to electronic noise. The second 
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function is a convolution of the Gaussian detector response with a 

Lorentzian lineshape 

00 
exp [-a

3
(x-x') 2] 

f 2 (x) = 100 2 +x' 2 dx' 
a29 

where the Lorentzian 

represents a transition with finite natural linewidth azg - for 

example, a broadened pionic X ray. 

(4.4) 

The detector efficiency is not a constant characteristic of the 

detector, but must be measured separately for each experiment. It 

varies according to experimental conditions, and according to the 

immediate past history of the detector, e.g., how much neutron damage 

has been sustained. The measured efficiency is fit to an appropriate 

function E(xi), which is written into the fitting program as a 

separate section of code. In the general form of the lineshape (4.1), 

the term E(xi) is optional, and is only used with a Lorentzian 

lineshape, since it represents the peak shape resulting from a single 

transition with a finite spread in energy. The detector efficiency 

variation over the incoming photon energy range affects the peak shape, 

and significantly so if the variation is more than a few percent over 

/ 

the peak width. In the present experiment the effect is significant: 

the broad pionic 1 ft> and 1 Eb X-ray peaks are about 5 - 8 keV wide, the 

detector efficiency varies by about 7% over their widths, and the 



fitted peak energies change by about 100 eV when the efficiency 

function is included in the lineshape. 

4.4 The detector response function 

The detector response function had three components: the energy 

resolution, the detector efficiency as a function of energy, and 
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the low energy tailing function. The energy resolution and tailing 

functions were determined from fits to gamma ray lines in the source 

spectra, because these lines have well-known energies and nearly zero 

natural linewidths. The detector efficiency function was determined 

from fits to a series of gamma rays in the source spectra whose 

relative intensities are well known. 

The energy resolution was obtained by fitting the FWHM of six 

peaks in the source spectra to the expression (cf. Section 3.6) 

(4.5) 

where a1 and a2 are, respectively, the contributions of electronic 

noise in the external circuit, and of statistical processes in the 

detector. The peaks used in the fit are shown in Table III; the gamma 

ray energies are from Helmer et al., (1978). The detector energy 

resolution as a function of energy is shown in Figure 9. The best fit 

gave a1 = 0.147±.010 keV, a2 = 0.00231±.00005 keV. From this fit 

the resolution at 155 keV was 711 ±8 eV. 
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Table III 

Peaks Used to Determine the Detector Energy Resolution 

Energy (keV) FWHM (eV) 

y 75se 96. 734 (. 002) 608.7 (7. 8) 

y 75se 121.119 (.003) 653.0 (3. 7) 

y l 82.ra 152.4308 (.0002) 699.3 (18.8) 

yl82Ta 156.3874 (.0003) 699.3 (18.8) 

y 75se 264.656 (.004) 873.5 (3.9) 

y 75se 279.538 (.003) 882.5 (6.6) 

The de tector efficiency function was obtained by fitting the 

measured intensities of six of the 75se gamma ray peaks in the source 

spectrum to an appropriate analytical function. The relative 

intensities of 75se gamma rays have been precisely measured (Gehrke 

1977). The measured intensities, I(E), of the peaks in the source 

spectrum were combined with the relative intensities, IR(E), of 

Gehrke et al. (1977), to define the relative efficiency of the detector 

at the energy E 

£ _ I(E) 1R (Estd.) 
(E) - I (E ) I (E) 

std R 
(4.6) 
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The relative intensities of Gehrke (1977) are normalized to the 264 keV 

line. In the present analysis, the 121 keV line was chosen as the 

efficiency s tandard (Estd = 121.119 keV) , because its fitted 

intensity had a small error and it was close to the energy region of 

interest, 150-160 keV. 

The values obtained for £(E) were fit to several functional forms. 

The function which gave the best fit was 

a
2

E 
£(E) = a 1e (4.7) 

with a1 = 3.21 and a2 = -0.00961 kev- 1• The peaks used, and their 

intensities, are shown in Table IV. The relative efficiency of the 

detector as a f unct ion of energy is shown in Figure 8. 

The energy dependence of self-absorption of X-rays in the target 

material was calculated as a possible correction to the detector 

efficiency function, but the differences i n self-absorption across the 

full width of both broadened pion peaks were found to be less than 

0.2%, and were therefore neglected. 
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Energy 

96.734 

121.119 

136.002 

264.656 

279.538 

303.924 

Table IV 

75se Gamma Ray Peaks Used to Determine the Detector 

Efficiency Function 

Measured Intensity Relative 

(keV) (Peak Area) Intensity 

(.002) 14119 (180) 5.9 

(.003) 54718 (396) 29.8 

(.003) 167690 (547) 102. 

(.004) 44966 (240) 100. 

( .003) 17324 (145) 42.4 

( 1) 

(0 .3) 

(0. 9) 

(0 .3) 

(0.3) 

(1.3) 

(. 003) 757 (45) 2.21(0.03) 

(1) from Gehrke et al. (1977); normalized to the 264 keV peak. 
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The parameters of the low energy tailing function (4.2) were 

obtained by fitting gamma ray peaks in t he source spec t ra . The peak 

statistics were not high enough to allow the simultaneous determination 

of both tai ling parameters, so a series of fi ts was made, in which the 

two parame ters were alternately floated and fixed. Making the tail 

areas very low always worsened x2, but in general the x2 minima with 

respect to variations in tail area or shape were very flat. Some 
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typical values of best fit tailing parameters are shown in Table V. 

Table V 

Typical Best Fit Tailing Parameters 

Tail Area Tailing Exponential 

Energy (% of Total Amplitude Decay Constant 

(keV) Peak Area) (a25) (a26) 

y75se 96 7.0 0.0127 0.1823 

y75se 121 13.3 0.0400 0.3013 

y75se 136 7.0 0.0127 0.1823 

y 182fa 152 15.9 0.0313 0.1965 

y l 82Ta 156 15.9 0.0313 0.1965 

y75se 264 15.9 0.0313 0.1965 

y75se 279 15.9 0.0313 0.1965 

When fitting the broadened pion peaks at 155-160 keV, 

a 25 = 0.0313 and a26 = 0.1965 were used. These parameters gave 

a good representation of the lineshape over the entire energy range. 

4.5 The energy calibration 

The energy calibration was obtained by fitting the peak positions 

of the best-determined lines in the source spectra both to a linear 
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and a quadratic function, using the least-squares method. The 

quadratic term was very small, of the order of 10- 8, in all the fits, 

thus the linear calibration was used. 

The calibration function was 

E(keV) = a1 + a2 x Channel (4.8) 

with the best fit values a1 = 7.2747±.0068 keV, and 

a2 = 0.081827±.000002 keV/Channel. The peaks used in the calibration 

are listed in Table VI. The gamma ray energies are from Helmer et al. 

(1978). The calibration curve is shown in Figure 9. 

4.6 Analysis of the pionic 1 ~ 2p-ls X-ray line 

The first step in the analysis of the n 1~ 2p-ls X-ray line was a 

preliminary fit to obtain the energy of the line to within 

approximately 1%. The fitted energy was 156±1 keV. The energy 

resolution and the tailing function parameters were fixed to their 

values at this energy, in all subsequent fits. The resolution was 

fixed at 712 eV, the parameters of the tailing function (4.2), at 

a 25 = 0.03134 and a 26 = 0.1965. 
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Table VI 

Peaks Used to Determine the Ene rgy Calibration 

Energy (KeV) Channel Fitted Energy (keV) 

y241Am 59.537 (.001) 638.90 (. 30) 59.554 (.025) 

y 75se 96.734 (.002) 1093.29 ( .06) 96.735 ( .006) 

y 75se 121. 119 (.003) 1391.20 ( .08) 121.112 (.007) 

yl82Ta 152.4308 (.0002) 1773.96 (.18) 152.433 (.015) 

yl 82!a 156.3874 (.0003) 1822.46 (.26) 156.401 (.021) 

y 75se 264.656 (.004) 3145.45 ( .04) 264.658 (.003) 

y 75se 279.538 (.003) 3327.29 ( .06) 279.536 (.005) 

The l ineshape function used in fitting the n 1fb 2p-ls X-ray was 

t he Gauss-Lorentz convolution (4.4). The detector efficiency E(E) was 

included in the lineshape, as in (4.1). The effect of including the 

detector efficiency in the fits was to increase the fitted peak energy 

by 121 eV, and the fitted Lorentzian width by 87 eV. 

The background was fitted as a linear function, since in fitting 

the source spectra it was found that adequate fits to the tailing 

function left the remaining background very linear. Both slope and 

intercept were always floated. A test was made for a possible 
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additional contribution to the background, a Compton edge from a higher 

energy peak. A search was made of the prompt spectra for peaks in the 

273-314 keV range, which produce Compton edges in the 141-173 keV 

fitting window for the n 11b 2p-ls line. However, no such peaks were 

found. 

The peaks in the fitting window are listed in Table VII. The 

prompt spectrum in the region of the fitting window is shown in Figure 

10. The gamma ray line at 169 keV was due to inelastic neutron 

scattering in 12c, in scintillator S3 and in the target holder plastic. 

The ncl 3d-2p line came from pion stops in the polyvinylchloride in the 

tape used in scintillator wrapping. This line was fitted with its 

position and Lorentz width fixed at the measured values 

E = 150.55±.15 keV, r = 0.89±.25 keV (Poth 1979); its intensity was 

allowed to float. 

The positions of the n 1 ft> 2p-ls and n 17o 2p-ls peaks were fixed. 

The intensity of the n 17o 2p-ls peak was fixed at about 1.7% of the 

total oxygen present, to allow for the 1.69% from the H2o impurity 

and the .04% naturally present in oxygen. The intensity of the n 16o 

2p-ls line was first fixed at 5.15% of the total oxygen present, 
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Table VII 

Peaks in the Fitting Window of the TI
1~ 2p-ls X-ray 

Peak Energy (keV) (1) Intensity (events) 

TICl 3d-2p 150.489 (. 006) 487 (139) 

TI 180 2p-ls 155.792 (.105) 14962 (965) 

TI 1 70 2p-ls 158.184 (. 006) 388 fixed 

µo 3p-ls 158.422 (.023) 1624 (100) 

TI 160 2p-ls 160.286 fixed 5163 fixed (2) 

166. 604 (.006) 311 (160) 

llO 4p-ls 167.148 (. 046) 1316 (164) 

yl 3c 169.292 ( .011 ) 3675 (97) 

llO Sp-ls 170.933 (.035) 820 (77) 

(1) Errors listed are stat istical. 

(2) The TI
16a 2p-ls intensity was varied (cf. Section 4.6) while 

testing for the amount of 1 ft> present; in the fit used to 

obtain the present results, it was fixed at the value 

listed here. 
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according to the estimate detailed in Table II. The intensity was then 

allowed to float. The resulting fit converged in about the same number 

of iterations as the previous fi t, the x2 per degree of freedom 
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decreased from 1.02 (with 5.15% 160) to 0.97, and the fitted intensity 

of the n 16a 2p-ls line was 33.1% of the total number of nO 2p-ls 

events . The energy of the n 18o line was 680 eV less than in the 

previous fit (with 5.15% 160), and the Lorentz width had decreased by 

2.42 keV. Apparently the percentage of 160 assumed to be present had 

significant effects on the fit, so it was investigated further. 

Various possible contributions to the 160 present while taking 

data with the 18a target were considered and tested for; the results of 

all except the contribution of the H2
18o impurities are summarized in 

Table II. A mass spectrometer test of the 180 target gel could not be 

done because the original target was no longer available. A mass 

spectrometer test on a target gel similarly prepared with H2
18o from 

the s ame source (the Los Alamos Meson Production Facility, LAMPF), was 

done by the University of British Columbia Depar tmen t of Chemistry. 

The result was a 16a content of 21+5% of the total oxygen in the gel. 

On the other hand, the LAMPF Chemistry Department's test results gave 

about 0.5% 16a content of the water used in preparing the gel (the 

"manufacturer's specified isotopic purity"). This serious 

inconsistency in the two results points to the possibility that the 

H2
18o was contaminated with 160 while it was being made into a gel, 

either through contact with water vapor or t hrough air dissolving in 

the H2
18o. It is also possibl e that contamination of the gel may 

have occurred, through contact with water vapour in the air, during 

long storage periods; however, this is not very likely, since exchange 
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of water molecules takes place very slowly between solid materials and 

air. 

Since there is no conclusive evidence to suppor t ei ther 

hypothesis, an attempt was made to obtain independent evidence, from 

peaks in t he prompt spectra, of the amount of 1 9:) present. Three 

possibilities were tried. The ratio of the areas of the TIN 3d-2p and 

the no 3d-2p lines was mul tiplied by the relat i ve abundance of oxygen 

in air to give the percent of 1 ft> events from pion stops in the air 

path between S3 and S4; this gave a lower limit on the total 16a 

present of 16aair = 0. 021 of the total 16• 11b. The second 

possibility was analysis of the µ 1eo 2p-ls X-ray line as a hyperfine 

complex, with components from µleo and µ19:), to obtain the relative 

intens ity of the µ 1 9:) events. However, the spacing between the 

components was less than half a channel (40eV), and this proved to be 

too small a separation for resolution by the peak fitting program. 

Also , t he peak was on a boundary between two timing cut regions. The 

slightly different pion to muon intensity ratios on either side of the 

boundary created a small step in the background directly under the 

peak, which contributed an additional uncertainty to the fit. The 

third possible test was analysis of the n 1eo 3d-2p X-ray line for the 

intensity of the 1ft) component. The two isotopic components were, 

however, too closely spaced for resolution by the fitting program, 

although there was possible evidence for a significant 1ft) component in 

the fitted width, which was larger than the theoretical prediction by 
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nearly a factor of ten. Details are discussed in Section 4.8. 

In summary then, the evidence on the percentage 160 contamination 

of the 180 target is not conclusive. The final estimate of the amount 

of 160 present, as a percent of the total oxygen present during data 

acquisition with the 180 target, was 

H 180 
2 isotopic impurity 

all other 

(air, target holder and agar) 

Total 

21.0 ± 5.0 % 

4 .3 ± .8 % 

25.3 ± 5.1 % • 

The relative intensity of the n 16o 2p-ls l ine in the n 18o 2p-ls 

fitting window was fixed at this value in the final analysis. Results 

are shown in Table VII. The various contributions to the uncertainty 

of the final results are shown in Table X. 

4.7 Analysis of the pionic 160 2p-ls X-ray line 

The analysis of the n 16o 2p-ls line was very similar to that of 

the n 18o 2p-ls line. The lineshape parameters at the preliminary 

peak energy of about 160 keV were determined and then fixed. The 

resolution at 160 keV was 719±8 eV; the tailing parameters were fixed 

at the same values as for the n 18o fit. The detector efficiency 

function was included in the lineshape . The background was fitted to a 

linear function; no high energy lines were found in the prompt s pectrum 

which could produce a Compton edge in the fitting window . 

The peaks in the fitting window are lis ted in Table VIII. The 

prompt spectrum in the fitting window is shown in Figure 11. The 
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Table VIII 

Peaks in the Fitting Window of the TI
1ft> 2p-ls X-ray 

Peak Energy (keV) (1) Intensity (events) 

TI l 80 2p-ls 155 . 701 fixed 111 fixed 

-y l 82ra 156.298 (.006) 263 (113) 

\JO 3p-ls 158.448 (.012) 5173 (152) 

TI 160 2p-ls 160.286 ( .07 4) 41583 (1727) 

µ() 4p-ls 167.081 ( . 012) 4020 (117) 

-y 13c 169 .315 (. 006) 5632 (125) 

\JO Sp-ls 171. 113 (.020) 1994 (105) 

µO 6p-ls 173.347 (.073) 467 (96) 

(1) Errors listed are statistical . 



Table IX 

Measured Energies, Hadronic Shifts and Widths of 

the 1r
16, 11b 2p-ls X-rays 

1T 180 2p-ls 

1r
16o 2p-ls 

E (keV) 

155.792 (.160) 

160.286 (.090) 

Table X 

£ (keV) 

-19.63 (.20) 

-15.13 (.13) 

r (keV) 

5.97 (.59) 

7.32 (.30) 

Contributions to the Uncertainties in the Measured Energies 

and Widths of the ,r 16, 1E\) 2p-ls X-rays 

lib 1 Et 

~ (eV) t:.r ( eV) E ( eV) t:.r ( eV) 

Statistics 105 403 74 285 

% - 160 Content 110 420 --- ---

Detector Efficiency 6 5 5 0.2 

Tailing 50 100 50 100 

Calibration 11 0.2 12 0.2 

Resolution 5 13 5 13 

Totals 160 590 90 300 
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position of the llCl 3d-2p line is shown only for information; although 

this line appears in the n 11b spectrum, its intensity in the fitted 

spectrum of n 1~ was not significant. This is probably because the 

ratio of pions stopping in the scintillator wrapping to pions stopping 

in the oxygen target is much smaller for the thicker 1 ~ target 

(2.0g/cm 2) than for the 11b target (0.5g/cm 2). The intensity of the 

n 18o 2p-ls line was fixed at 0.2%, the natural relative abundance of 

180 . The gamma ray from 18 2ra was due to accidental coincidences of 

source events with the target event gate (Section 3.7). Because two of 

the 182Ta gamma rays, at 152 and 156 keV, would have appeared directly 

on the n 16 • 18a 2p-ls peaks, 18 2ra was not used during the 11b runs, 

and was used only for a short time during the 1~ runs. The intensity 

of the gamma ray from 1 ~ at 169 keV was smaller by about one third 

than its intensity in the n 11b spectrum . 

The results of the analysis are shown in Table VIII, and the 

various contributions to the uncertainties are shown in Table X. 

4.8 Analysis of the n 16, 11b 3d-2p X-ray lines 

There were two distinct goals in the analysis of the n 16, 18a 

3d-2p X-ray lines. The first was measurement of the 3d-2p transition 

energies and linewidths. From the linewidths of both 3d-2p and 2p-ls 

transitions the 2p level width could have been obtained. The second 

was an analysis of the n 11b 3d-2p line to obtain the relative intensity 

of the n 16o component, as an independent measurement of the relative 

amount of 1~ present during data acquisition with the 11b target. 
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However, even moderately good fits could not be made to either of 

these peaks. The best fits had very high x2 per degree of freedom 

(approximately 6.8 and 17.0 respectively for 1 ft) and 18a), and the n 16o 

component of the n 1fb peak could not be resolved. Attempts to include 

it in the n 18a fits led to non-convergence with high negative areas for 

either the 16a or the 1Eb component, depending on other fit parameters. 

Both the n 18o and the n 1 6a 3d-2p peaks had very high statistics. Each 

peak had only three unidentified gamma rays of low intensity in its 

fitting window, and they were very well resolved by the fitting 

program. The prompt spectra in the fitting windows of the n 18a and 

n 16o 3d-2p peaks are shown in Figures 12 and 13. 

It is possible that high statistics were the problem; the 

lineshape may have been so well-determined that it showed details which 

were not included in the fitting model, which had been developed from 

peaks with poorer statistics. High energy tailing, which did occur in 

both 0 3d-2p peaks, would be one such detail of lineshape not included 

in the present fitting model. Imperfect pole-zero cancellation in the 

shaping amplifier before the ADC, resulting in overshoot of the ADC 

input pulses, would produce high energy tails on spectrum peaks. 

The energies and l inewidths obtained were: 

160: E = 32.836 ±.002 keV r = 63.5±3.2 eV 

l Bo: E = 32.821 ±.003 keV r = 49.7±6.1 eV 
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The errors are statistical only. By comparison, theoretical values 

are: 

160: E = 32.856 keV 

180: E = 32.890 keV 

f= 6.2 eV 

f= 6.8 eV 
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The agreement with theoretical energies is not bad. However, the 

fitted widths are different from theory by about a factor of ten. This 

cannot be used as evidence for a significant 1~ component under the 

n 180 peak, since it is true of both n 1 ~ and n 1 ~ 3d-2p peaks. 

4.9 Analysis of the µ 16, 11b X-ray lines 

Although no data were taken with the beam tuned to stop muons, 

enough muons stopped in both targets to produce muonic oxygen peaks 

in the prompt spectra with sufficient intensity to measure the X-ray 

transition energies. The results are shown in Table XI. They are 

compared to a recent measurement of the muonic X-rays of oxygen 

(Backenstoss 1980). 

The energies of the \J 1 ~ and the \J 1 ~ 2p-ls peaks are in agreement 

with the other recent results. There was some difficulty in fitting 

the two peaks, because each was located on a boundary between two 

timing cut regions. As discussed in Section 3.7, the energy range of 

target events was divided into 16 equal intervals, and separate timing 

cuts, sorting target events into prompt or delayed, were made for each 

energy interval. Since the intensity ratio of pion:muon events varied 

with the timing cut, small steps occurred in the background at 

boundaries between neighboring intervals whose timing cuts were 
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slightly different. The µ 16a and µ 1fb 2p-ls peak centroids were each 

about 650 eV away from timing cut boundaries. The detector resolution 

at 133 keV is about 675 eV, so the low energy end of each peak actually 

was on the boundary. The muon intensity had at most a 5% drop at that 

point, while the relative pion intensity increased slightly, creating a 

step in the background. This resulted in large ( )200%) errors in the 

fitted backgrounds, which were very sensitive to the location of the 

fitting window. The x2 per degree of freedom of each fit was, however, 

good ( x 2~1.0) and the peak centroids varied by only 1 eV over wide 

choices of window. 

The agreement of the µ 1fb 3p-ls energies is good, while the µ 16o 

results are not in agreement. This may be due to the fact that the 

µ 16o peak lies near the center of the broad n 1 fu 2p-ls peak, while the 

µ 18o peak lies well down the high energy side of the n 1fb peak, where 

the curve of the broad peak more closely approximates a straight line 

over the width of the muon peak. 

The 4p-ls energies are in good agreement for both isotopes. The 

Sp-ls energies are in good agreement for µ 1CU, but differ by five 

standard deviations for µ 1fb. In the present experiment, the µ 18o 

Sp-ls peak is about 10% wider than other peaks in the fitting window, 

which is possible evidence for the presence of a 2 7Al gamma ray under 

the µ 18o peak. The two peaks could not be resolved by the fitting 

program (the total intensity was only 800 events), so the µ 1fb Sp-ls 

line was fitted as a single peak. The centroid, at 170.933 ±.036 keV, 
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was halfway between the 27Al gamma ray energy of 170.70±.05 keV and the 

SIN results of 171.198±.050 keV. 



Table XI 

Comparison of Experimental Energies (in keV) of the µ 1 fo and 

µ 18a np-ls X-rays with Recent Experimental Results 

2p-ls 

3p-ls 

4p-ls 

Sp-ls 

2p-ls 

3p-ls 

4p-ls 

Sp-ls 

TRIUMF (1) 

133.536 (.009) 

158.448 (.015) 

167.081 (.015) 

171.113 (.022) 

TRIUMF (1) 

133.535 (.009) 

158.422 (.025) 

167.148 (.047) 

170.933 (.036) 

SIN (2) 

133.525 (.015) 

158.408 (.015) 

167.114 (.015) 

171.144 (.016) 

SIN (2) 

133.553 (.016) 

158.452 (.027) 

167.165 (.032) 

171.198 (.050) 
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CHAPTER 5 

DISCUSSION OF RESULTS AND CONCLUSIONS 

5.1 Theoretical predictions 

The results are shown and compared to all other published 

experimental results and to theory in Table XII, and also in Figures 14 

and 15. The optical model predictions were calculated using the code 

of Krell and Ericson (1969), which includes the effects of finite size 

and vacuum polarization. The strong interaction potential model (II) 

parameters of Poffenberger (1980) were used. These were obtained from 

a global fit to the most recent and most accurate pionic X-ray data for 

light nuclei, and are listed in Table XIII. Data from several nuclei 

with non-zero isospin were included in the fit for determination of the 

isovector terms; however, the only data available for isospin 1 nuclei 

were from lea. For both l tt) and lea, the results included in the 

global fit were obtained (Poffenberger 1980) by averaging, with 

weighting according to their respective errors, the present results and 

those of a recent experiment at SIN (Schwanner 1980). The optical 

potential parameters used in the present calculations are listed in 

Table XIII. 

The harmonic oscillator charge and matter distribution radii used 

in calculating the theoretical energies and widths are shown in 
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Table XII 

Comparison of the Measured Energies, Hadronic Shifts 

and Lorentzian Widths of the n 16, 11b 2p-ls X-rays 

with Other Experiments and Theory 

E (keV) 

TRIUMF (1) 155. 792 (.160) 

SIN (2) 155. 327 (.105) 

CERN (3) 155.01 (.25) 

Theory (4) 155.59 (. 39) 

E (keV) 

TRIUMF (1) 160.286 (. 090) 

SIN (2) 159.900 (.090) 

CERN (3) 159.95 (.25) 

Theory (4) 160.293 (.15) 

(1) Present experiment. 

(2) Schwanner et al. (1980). 

(3) Backenstoss et al. (1967). 

lfb 

£ (keV) f (keV) 

-19.63 ( .20) 5.97 (.59) 

-20.01 ( .11) 6.62 (.38) 

-20.59 (.26) 8.67 (.7) 

-19.84 ( .41) 5.73 (. 46) 

l ft} 

£ (keV) r (keV) 

-15 .13 (.13) 7.32 (. 30) 

-15.43 (.10) 7.92 ( .32) 

-15.73 (.26) 7.56 (.50) 

-15.12 (.17) 7.33 ( .24) 

(4) Calculated with the optical model (II) of Poffenberger (1980). 
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Table XIII 

Pion-nucleus Optical Potential Parameters Used in the 

Present Analysis (1) 

ReB (m - 4) 
0 'It 

-0.0501 

ImB (m - 4) 
0 1T 

0.04545 

C (m - 3) 
0 1T 

0.241 

ImC (m - 6) 
0 1T 

0.112 

(1) From the Model II of Poffenberger (1980). 

1.00 
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Table XIV. The neutron radii were from recent n- elastic scattering 

results (Johnson 1979), suitably corrected fo r the lower isotopic 

purity of the target discovered after the analysis of the scattering 

data. (The scattering target was made of the same H20 18 gel used in 

the present experiment.) The error shown for rn( 1~) is due to the 

uncertainty in isotopic purity of the target. The charge radii were 

from the recent measurements by electron elastic scattering of Miska et 

al. (1979). The proton radii were obtained by unfolding the proton and 

neutron charge and magnetic form factors (listed as total charge form 

factors in Table XIV). The errors shown in the theoretical nO 2p-ls 

energies and linewidths were due to the uncertainties in the optical 

model and the charge distribution. 

The strong interaction shifts, £(keV), are defined by 

£ = E - E 
exp em 

where t he purely electromagnetic binding energy Eem includes the 

ef f ects of finite size and vacuum polarization. The uncertainty in 

Eem is due principally to the uncertainty in the charge radius, and 

was added in quadrature with the uncertainty in Eexp to give the 

total uncertainty in £. 



Table XIV 

Charge and Matter Distributi ons Used in Theoretical 

Calculations of Energies and Linewidths (in fm) 

r (1) 
n 

2.59 

2. 79 ±. 03 

r (2) 
p 

2.610 

2.700±.005 

Total Charge 

Form Factor (3) 

0.766 

0.718 

(1) Johnson et al. (1979), and B. Barnett, private communication. 

(2) Miska et al. (1979). 

(3) Pof fenberger (1980). 

5.2 Comparison of results with other experiments and theory 
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The agreement of present results with optical model predictions is 

excellent for all results with both isotopes (Table XII). The 

agreement with other measurements is not as good. The present 180 

width is in agreement with the SIN results, but not with the older CERN 

results. On the other hand, the present 16c width is in agreement with 

the CERN results, but is two standard deviations away from the SIN 

results. Perhaps the most striking feature of a comparison of the 

values of the widths for both isotopes is the trend, seen in both 
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recent experiments and theory, to a smaller width for the n 18c 2p-ls 

line than for the n 1Eb. In fact, the agreement of the present results 

with both SIN results and theory is excellent for the isotope shift as 

seen in Table XV. The smaller width for n 18c, a reversal of the early 

CERN results, can be explained by the dominance of the repulsive s-wave 

part of the potential in the ls state, which causes the pion 

wavefunction to move further out when two neutrons are added to the 

closed shells of 1Eb. The resulting smaller overlap of pion and 

nuclear wavefunctions lessens the probability of pion absorption, 

leading to the smaller observed (and predicted) width for n 18c. 

The measured X-ray energies of the present experiment are higher 

by about 400 eV, for both isotopes, than the SIN results. The 

difference is nearly three standard deviations in the case of 180, and 

four standard deviations for the 1Eb results. These apparently 

systematic differences cannot be due to a difference in energy 

calibrations, since the muon peak energies of both experiments, within 

the pionic 2p- ls fitt i ng windows, are in agreement to 40 eV or less. 

The differences may be due to the use of a different lineshape model in 

the fitting programs, which could lead to differences of equal sign and 

nearly equal magnitude in fitted peak centroids for peaks of 

approximately the same shape and intensity, as the n 16, 18c 2p-ls 

lines. 

The comparison in Table XII of the present X-ray energies and 

hadronic shifts with the SIN results shows an apparent discrepancy. For 
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180, the difference between the present and the SIN hadronic shifts is 

380 eV, while the difference in X-ray energies is 465 eV, an apparent 

discrepancy of 85 eV. (For 1 ~, the difference in measured hadronic 

shifts is 300 eV, for X-ray energies, 386 eV). Since the hadronic shift 

is just 

£ = E - E 
Xray em 

where Eem is the calculated electromagnetic transition energy, the 

difference in hadronic shifts between the two measurements should be 

equal to the difference in X-ray energies, unless different values of 

Eem are used. In fact, the electromagnetic transition energies 

used in the SIN analysis (Schwanner 1980) were smaller by 88eV and 

87eV, for 1 8a and 1~, respectively, than those used in the present 

analysis. The differences are probably due to the the use of different 

charge radii. In the SIN analysis, the charge radii were obtained from 

analysis of muon lines in the experimental spectra. In the present 

analysis, charge radii from recent electron elastic scattering results 

(Miska 1979) were used. They were larger by .006 mF and .008 mF ( 1 80 

and 160) than those used in the SIN analysis. 

The isotope difference in the hadronic shifts, \ 8- e:16 , measured 

in the present experiment is in good agreement with the recent SIN 

results and with theory, as shown in Table XV; the agreement with the 

earlier CERN results is not as good. 



Table XV 

Comparison of Isotope Effects with Other Experiments 

and with Theory 

IsotoEe Effects: 

M: (keV) 

TRIUMF (1) -4.50 (. 24) 

SIN (2) -4.58 ( .14) 

CERN (3) -4.86 (.38) 

Theory (4) -4.72 ( .44) 

(1) Present experiment. 

(2) Schwanner et al. (1980). 

(3) Backenstoss et al. (1967), 

i Eb - 1ft, 

t:.f (keV) 

-1.35 (.66) 

-1.30 (.50) 

1.01 (. 86) 

-1.60 (. 52) 

(4) From optical model (II) results of Poffenberger (1980). 
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5.3 Conclusions and recommendations 

The special importance of pionic X-ray measurements on the 

isotope pair 16, 11b, particularly of the 2p-ls line broadened by 
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the strong interaction of the pion with the nucleus, is twofold. The 

isotope differences in the hadronic shifts and Lorentzian widths are 

measures of nuclear structure effects arising from the addition of two 

neutrons to the closed shells of 1 ft>. The isotope 1 Eb is one of only 

two stable light nuclei with t=2 for which the pionic 2p-ls X-ray may 

be readily observed (the other is 2 2Ne (Olaniyi 1981)). The isotope 

difference in the 2p-ls hadronic shift, £
18

-£
16

, provides a more 

stringent test of the local isovector term, b1, in the pion-nucleus 

potential than isotope pairs with t=O,t=l. The non-local isovector 

term, c1 , in the optical model used in this analysis, was zero. 

Isovector absorptive terms, B1 and c1 , were not included because no 

evidence was found for them in the global fit to recent pionic X-ray 

data for light nuclei (Poffenberger 1980). 

Since the two most recent measurements of the hadronic 2p-ls 

shifts in ir
1 fv and ir

1E\:i do not agree, although the isotope shifts are 

in agreement, it would be of interest to measure the ir 16, 11b 2p-ls 

X-ray lines more accurately. Recommmendations to help achieve this 

are: for 1fv, obtaining higher statistics (the principal contribution 

to the uncertainties in the present results); for 11b, higher 

statistics and a more accurate determination of the amount of 1fv 

present (the two principal and nearly equal contributions to the 
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uncertainties in the present results). The latter could be achieved 

by: eliminating the oxygen in the air path between the defining 

counter, the veto (anti-coincidence) counter, and the detector, by 

inserting a bag of hel i um; by taking empty target runs to measure the 

amount of 16a present outside the target material; and by doing a 

careful analysis, perhaps by mass spectroscopy, of the target material 

just prior to the experiment. The measurement of the pionic 3d-2p 

lines could be improved by more careful attention to adjustments such 

as pole-zero cancellation in the shaping amplifiers before the ADC, 

which affect lineshapes of very high intensity peaks. The measurement 

of muonic X-ray energies would be considerably improved by taking muon­

tuned runs, especially in the case of the 3p-ls and higher lines, which 

appear in the broad 71() 2p-ls fitting window. The use of timing cuts 

which vary smoothly with energy would avoid the production of the steps 

in the background which made analysis of the µ 16, 11b 2p-ls lines so 

difficult in the present experiment. 

In conclusion then, t o r esolve the disagreements between the two 

r ecent pionic oxygen measurements, and with the recent measurement 

of pionic 20, 22Ne (Olaniyi 1981) providing another light isotope pair 

with t=O, t=2, it would be interesting and useful to measure more 

accurately the pionic 2p-ls transition in 1~ 11b. 
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APPENDI X A 

PARTIAL WAVE ANALYSIS OF PION-NUCLEON SCATTERING 

Following the development of Williams (1971), both incoming and 

outgoing pion waves in a pion-nucleon scattering event may be expanded 

in partial waves which are eigenfunctions of both t 2 and tz. When 

the scattering is elastic, the only effect of the scattering potential 

is to change the phase of the scattered wave with respect to the 

incomi ng wave, by an amount at, which is called the phase shift. The 

scattering amplitude may then be expanded in part i al waves to give 

2i Qt 
00 e -1 

f(E, 0) = t=o 2i k (2 R:+l )P t<cos 0) (A. l) 

where the phase shifts a t depend on the energy, E, of the incoming 

particle. When ot<<l, 

2i ot 
e -1 - (1+2i ot}-1 

- 2i Qt 

and then (A.l) can be written as 

00 2i O t 
f(E, 0) = t=o 2ik (2 R:+l )P t<cos 0) 

(A. 2) 

(A. 3) 

The generalized scattering length, at, which actually has dimensions 

(length ) 2 4 1, is defined as 

Qt 

¼~ 2 t+l = at • 
k 

(A.4) 
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Then, in the limit of zero incident pion energy, which certainly holds 

for pionic atoms, the scattering amplitude may be written as 

CX) 2.t 
f(E=0, 0) = f( 0) = t,0a tk (2 ~l)P _t<cos 0) • (A. 5) 

Now taking into account the spin of the nucleon, which is a fermion, 

the wavefunctions must be multiplied by the spin function, 

(l -tl.) 
X 2' -2 ' 

Also, P,t(cos0) may be replaced by the spherical harmonic 

Y 0 (cos0) = Y( t t =0) 
Jt, ' z , 

where 

2 ~l l. 
Y( t,0) = (----;;;- )2 P t(cos 0) (A. 6) 

so that, in (A.l), 

(A. 7) 

The total angular momentum of the In~) system is either j=~ or 

j=t ~, then (A.7) may be decomposed into eigenfunctions of total 

angular momentum, ~R,(j,jz), using vector addition of angular 

momentum: 

(A.8) 

Since j is conserved, and scattering may be different in different 

j-states, a separate phase shift must be defined for each j-state: 
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o t+• for j= H~, o ;;-• for j= t-½· Making this change, and using (A. 7) 

and (A.8), the scattering amplitude (A.l) becomes 

00 1. 11 1. 11 
f(0) = ✓ 4,r i.o{fi (£+-1)2 ¢i(i+i•~) + fi R2 ¢i(t-2,~)}, (A.9) 

+ 
where 

= 

The energy dependence of the right-hand side of (A.9) is in the 

ft±, which are called the partial wave amplitudes, for the 

scattering of the t th partial wave in the appropriate j-state. 

During the scattering event, it is possible for the spin 

orientation of the nucleon to change, i.e., Asz=±l. But jz is 

conserved (lljz=O), so that the outgoing wave must have lliz= ±1; 

this means the scattering amplitude must include terms in Y(i,iz±l). 

This may be done using angular momentum decomposition of 4>i(j,jz), 

(A.1O) 

in (A.9) to give 
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f( 0) 

(A.11) 

The first term i s the spin-nonflip amplitude, and since the incoming 

and outgoing spin states are identical, the spin function x(½,1) may 

be dropped in the expansion for the scattering amplitude. The second 

term is the spin-flip amplitude, which may be simplified using an 

alternative way of writing the spin wavefunction, as follows. 

First, taken to be the unit vector normal to the plane of 

scattering, 

+ + 

n = 
ki xkf 
+ + 

lkixkfl 
= - i sin cf> + j cos cf> ' 

where cf> is the azimuthal angle of the scattering plane. Then 

iO.n = i cos cj> G2 -hl - i sin cj> t~ ~ 
= c~+H f i~ ' 

where the oxyz are the Pauli spin matrices. 

+ representation of o, 

In this 

x(½,+½) = [;] , and x(½,-½ ) = [~J . 
h . . h . + h i i r.l J_ ) T en, operating wit -i O,n on t e ncom ng spinors X~z, ~ ' 

(A .12) 

(A.13) 

(A.14) 



(1 1 ) i <I> (1 1 ) -icr.n X 2,+i = +e X 2,-2 
(1 1 ) -i <I> (1 1 ) -iO.n X 2,2 = -e X 2,+z • 
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(A .15) 

Comparing this with (A.11), it can be seen that the results are just 

the outgoing scattered spinors. Therefore the spin-flip terms in the 

+ 
scattering amplitude may be written using -icr.n in place of 

±i (j> (1 _1 ) ±e X 2,~, so that (A.11) becomes 

f(0) = 't0 {[(R;+-l)f,&+tfr]Picos0)} (A .16) 
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APPENDIX B 

CALCULATION OF DEGRADER THICKNESS NECESSARY TO STOP 

PIONS IN THE OXYGEN TARGETS 

The degrader material used was a set of 18 nickel-plated bars of 

beryllium stacked together to give a total thickness of 2.3g/cm 2 Be. 

Beryllium was chosen because the X-rays from pions stopping in it are 

well below the energy range of interest in this experiment, 

140-180 keV. Pionic and muonic nickel X-rays are well above this 

energy range. 

The incoming pion energy was 30 MeV. From the TRIUMF Kinematics 

Handbook (1975), the range of 30 MeV pions in the materials present in 

the path of the stopping pions is 

in Be: 4.7 g/cm 2 

C 4. 4 g/ cm 2 

HzO 3.8 g/cm 2 

The total thickness of material upstream of and including the 

stopping target was 

scintillators (3mm + 6mm + 3mm = 12mm) 

degrader 

H 180 target, 
2 

.5g/cm 2 H
2
o 

sin 45 

1.2 g/cm 2 C 

2 .3 g/ cm 2 Be 



giving an effective stopping power of each material, defined by 

thickness (g/ cm 2) / 30 MeV pion range (g/ cm 2), of 

scintillators .30 

degrader .49 

H2
18o target .18 

Total • 97 

where an effective stopping power of 1 .0 brings 30 MeV pions to 

rest. 
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Thi s approximate calculation of the stopping material required was 

quite adequate since the channel tune was varied slightly to optimize 

the pion stopping rate in the target. The H2
16o target was 2 g/cm 2 

thick, making the total thickness 6.4 g/cm 2, so the channel tune was 

reset each time the target was changed. 
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