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1.1 Exotic Atoms 

OJ@t~r 1 

Introduction 

_tie9atively charged heavy particles (pion: y - or rwon: µ-) 

may bind with atomic nuclei to form what are called picnic or 

iruonic atoms. The method of creating so called exotic atoms 

is to irradiate a target with a beam of y- orµ-. A particle 

from the beam is slowed down by electromagnetic interactions with 

atomic electrons surrounding the nucleus until it is eventual-

ly captured and pulled into an orbit around the nucleus. The 

energy level or binding energy E of the orbit is approxima-

ted by the Bohr forrrula: 

••• ( 1. 1) 

~ is the fine structure constant, Z the charge of the nuc­

leus,µ the reduced mass of the particl~ about the nucleus, and n 

the principal quantum number of the orbit. One ·may calculate 

the corresponding radius r: 

r • (n 2 /Z)(m/µ)ao ••. (1.2) 

where mis the electron mass and a 0 • .529x10- 8 cm 

1.2 Pionic Atoms 

Since the mass of a y- is approximately 273 times that of 

an electron, the binding energy E for a given quantum number n 

is 273 times stronger than for electrons. Similarly, the Bohr 

radius is 273 times smaller. The radius of a picnic carbon 
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nucleus is about 2.5 fm (1 fm • 1x10- 13 cm), ut1ile the Bohr ra­

dius of the smallest pionic orbit is about 30 fm. The pion is 

believed to be captured by the atom near the first orbit with 

radius less than the innermost electron orbit. This corresponds 

to a principal quantum number n•17. The pion cascades from the 

initial capture level doim to the ground state in about 10- 15 s. 

This is short co"l)ared to the pion mean lifetime of 2.6x10- 8 s. 

During this cascade, X rays of energy equal to the difference in 

binding energies of each two sequential levels of the cascade are 

emitted. 

The pion is a strongly interacting particle. The strong in­

teraction between pion and nucleus invalidates the Bohr model for 

the lower n values. In the case of carbon, changes become detect­

able ut'len the pion reaches the 2p level (n•2) and its wave func­

tion begins to overlap that of the nucleus. The . binding energy 

of the 2p level is increased, in this case very slightly. Of the 

pions ut'lich reach the 2p level about 10% are absorbed by the nuc­

leus directly from this level via the strong interaction, a 

small number undergo A.Jger transitions to the 1s level, and the 

maJority undergo radiative transitions to the 1s level. The 

transition rates each contribute to the width of the 2p level. 

The radiative width is about .1 eV, the strong interaction width 

about 1 eV, and the A.Jger width is negligible. 

Pions ut'lich reach the 1s level are quickly absorbed by the 

2 



- - - - - - - - ----- - - - - - - - ----- -

nucleus. The rate of absorption from the 1s level is about 

three orders of magnitude higher than that from the 2p level. 

This is responsible for the Lorentz broadening of the 2p-1s X 

rays _from picnic carbon. The strong interaction not only broa­

dens the 1s level, but also decreases the binding energy, causing 

a net decrease in the energy of the X rays observed from the 2p-

1s transition. In carbon the Lorentz broadening is about 3 keV 

and the decrease in binding energy about 6 keV. 

As one progresses from carbon to heavier atoms, more pions 

are .absorbed from the 2p level, hence decreasing the intensity 

of the 2p-1s transition. The 1s level Lorentz width increases 

as well. These two factors combine to prevent experimental 

observation of the 2p-1s transition for atoms with Z larger than 

about 12 where it is believed that virtually 100% of the pions 

reaching the 2p level are absorbed by the nucleus and never 

reach the 1s level. This effect serves to limit the energy of 

X rays observed in picnic atoms to no more than a few hundred 

keV since the transitions of highest energy are very much de­

pleted by the strong interaction. 

1.3 Experimentally Measured Quantities 

Experimentally, one is interested in measuring the width 

rand energy E of a transistion in a picnic atom. The width 

r of the 2p-1s transition is a measure of the rate of absorb­

tion of pions from the 1s level by the nucleus. It is possible 

to solve the Klein Gordon equation and to determine a form 
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of the optical potential necessary to produce the observed 

width r and ener9y E. [1J 

The so-called stron9 interaction shift E of the 2p-1s 

transition is the difference between the experimentally measu­

red ener9y and the calculated ener9y obtained by solution of 

the Klein Gordon equation, includin9 all effects except 

those due to the stron9 interaction. 

Particularly valuable tests of theories of pionic atoms 

are measurements of the ener9ies and widths of transitions 

in isotopic pairs. Such measurements have been performed 

on a variety of light atoms, the results of 1.1r1ich are sum­

marized in Table I. The effect of neutron deficiencies 

and excesses in these atoms is not well understood as yet. 

Previous work CT able I) has measured the 2p-1s tran­

sition energy and width of pionic natural carbon. In this 

experiment a target of 99.T/. pure 13 C was used to determine 

the ener9y and width of the 2p-1s X rays from T 13C 1.1r1ile a 

target of natural carbon (graphite) was used to acquire the 

data from 1.1r1 ich were extracted the values for T 12 C. 

Ill This method is applied numerically in the program PIATa-1 

M. Kre 11 <1977) 
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5 

Table I 

Measure~nts of Picnic 2p-1s Energies and Widths 
in Selected Isotopic Pairs 

Isotope Energy Error Width Error Reference 
CkeV) Cke\/) CkeV) CkeV> 

lH 2.5. .1 Bailey, 1970 

2H 2.5928 +.0016 
-.002 Bailey, 1974 

'He 10.677 .003 .028 .007 ~ela, 1979 

10.679 .004 .036 .007 Mason, 1980 

ltHe 10.6987 .002 .045 .003 Backenstoss, 1974 

•u 24.192 .003 .195 .012 Backenstoss, 1973 

7Lt 24.083 .004 .195 .013 Backenstoss, 1973 

10a 65.79 .11 1.68 .12 Harris, 1968 

65.902 .013 1. 78 .03 01 in, 1980 

11B 65.00 .11 1.72 .15 Harris, 1968 

65.120 .026 1. 72 .08 01 in, 1980 

12c 92.94 .15 2.96 .15 Backenstoss, 1967 

93.19 .12 3.25 .25 Harris, 1968 

93.3 .5 2.6 .5 Jenkins, 1966 

93.287 .043 2.66 .12 present work 

"C 92.227 .027 2.59 .11 present work 

uo 159.900 .090 7.92 .32 Schwanner, 1980 

uo 155.327 .105 6.62 .38 Schwanner, 1980 



In O,apter 2 the experimental arrangement and data col­

lection technique are described in detail. O,apter 3 deals 

with the method of analysis of the data. O,apter 4 discus­

ses verious calibrations u.nich were performed as part of the 

analysis. Possible contamination of the T 13 C spectrum by T 12 C 

is discussed in O,apter 5. O,apter 6 presents results for the 

2p-1s transition energies and widths in T 12 C and T 13 C. O,ap­

ter 7 presents the determination of the 2p level widths, using 

relative intensity measurements, and 3d-2p transition energies 

for pionic 12 C and 13 C. Chapter 8 summarizes the results and 

conclusions reached. 
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Cbopter 2 

The Experimentol Accan9ement and Technique 

2, 1 The Beam line 

The experiment was performed at TRIU'F, situated south 

of the l..hi~rsity of British Columbia campus in Vancou~r,B.C. 

The TRIU'F cyclotron deli~red a beam of approximately 30 

.,.A of 500 MeV/c protons dol.!Xl beamline 1, striking the pro­

duction target (see Fig. 2.1). The secondary channel la­

belled 119, collects particles created in and around the pro­

duction target at a backward angle of 45° from the direction 

of the proton beam, with an angular acceptance of about 30 

millisteradians. The channel was tuned to accept particles 

with momentum near 88 MeV/c (Fig. 2.4). The range of momen­

ta accepted or momentum bite op/pis controlled by slits, 

which can be adJusted in the horizontal direction, located 

at the first dispersed focus approximately midway between the 

two bends. In this experiment the momentum bite was adJusted 

to 10%, to gi~ a reasonable e~nt rate at the target. 

2.2 The Experimental Area 

2.2,1 The Scintillator Telescope 

The experiment was set-up at the second focus of these­

condary channel 119, approximately 8.4 meters flight path from 

the production target (see Fig. 2.2). The scintillator tel­

escope consisted of three plastic scintillators, labelled S 1 , 

S2 , ands,. S 1 and S2 were used to define the direction and 

7 · 
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10 

size of the particle beam striking the target. This was done by 

requiring e "12" coincidence of counts from S 1 and S2 due to a me­

son traversing both of the scintillators. Counters, was iruch 

larger than the other two, being used to detect particles utiich pas­

sed through the first two scintillators but did not stop in the 

target, hence penetrating s,. s, was used to veto the 12 signal 

hence defining a stopped event ( see ti g. . 2. 3) • If the momentum 

of the particles is carefully selected most of the particles utiich 

stop will be pions, utiile the iruons and electrons in the beam will 

pass CO"l)letely through ell scintillators. However there exists 

some probabilty that the particle will change direction, through 

scattering in the target, air, degrader, or scintillators, suf­

ficiently to miss the veto counters, and therefore be inter-

preted es e stopped event. 

2.2.2 The De9rader and Ran9e 8d1ustment for Pions 

To edJust the range of the particles so that pions would stop 

in the target, rather than pass through s,, a beryllium de-

grader of 2 g/cm2 thickness was placed immediately downstream 

from S2 • Beryllium was chosen because stopping pions or iruons 

do not produce X rays in the energy region being studied. 

Since the thickness of this degrader was not variable, fine 

adJustment was performed by variation of the channel moment-

tum. A scintillator S0 was used to siirulate the 1 'C target, 

placed at 45° to the beam, in the same position as the target. 

The number of stops in S0 per "12" count was maximized by adJus-
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ting the channel momentum (Fig. 2.4). The maximum value 

of this ratio was found to occur at a momentum of 88 MeV/c. 

2,2,3 The Tar9ets 

Three targets were used in this experiment. The 1 'C 

tar9et is shollW'I in Fi9. 2.5. It consists of 6.76 g of pour­

dered carbon (99.7% 1 'C and .3% 12 C) held by an aluminum 

cylindrical case made from .003 inch foil. A-l e"l)ty dupli­

cate of this casing was used as the target in the target­

e"l)ty run. The 12C target was a slab of natural graphite, 

approximately 1/4 inch thick. All three targets were placed 

at 45° to the direction of the beam. 

2.2.4 Sh1eldin9 

It was necessary not only to shield the detector from the 

beam, but also from non-target sources of picnic X rays: in 

particular from the natural carbon in certain of the scintil­

lators. For this reason it was not possible to use the normal 

set up in utlich a thin counter 3' is close to the target and 

defines the extent of the beam striking the target much more 

rigorously, since stops in 3' could not be distinguished from 

stops in the target using a 123'4 arrangement. S2 was placed 

well upstream of the target in order that it could be well shield­

ed from the detector. Also since stops in the upstream insensi­

tive layer of s, are indistinguishable from target stops, veto 

counters, was moved further do11X1stream from the target than 

is usual in order that it could be shielded from the detector 

12 
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with a 1/2 inch copper sheet (see Fig. 2.2). 

To reduce nuclear r rays and electronic X rays from 

the lead shielding a 3/8 inch copper sheet was used. The 

effectiveness of this arrangement is borne out by the 

analysis in O,apter 5 u.t.lch shows that the T 12C X ray 

contamination of the 1 'C spectrum ls less than .6% the in­

tenstiy from the 1 'C target. Weak chlorine peaks were obser­

ved from the black tape covering the scintillators as well as 

copper peaks from the shielding, and nitrogen and oxygen peaks 

from air (see Fig. 2.6 a,b, 2.7 a,b, and 2.8 a,b). Peaks from 

the beryllium degrader were not observed. 

2.3 Ibe Detection S!.Jstem 

2,3.1 Time of flight Separation 

Secondary particles are produced in bunches at the production 

15 

target every 43 ns, 

cy of the cyclotron. 

corresponding to the 23 f'Hz operating frequen­

Since the particles in a bunch have the 

same momentum but different masses, structure arises as the par­

ticles travel dou.r1 the channel. Pions, being the heaviest, begin 

to lag behind the nuons, and the nuons behind the electrons. By 

the time they reach the experimental area, the three distributions 

of flight times are clearly resolved at a momentum of 88 MeV/c. 

This makes possible the selection of particles likely to be pions 

by time-of-flight. A probe detects the arrival of a bunch 

of protons at the production target, generating a signal u.t.ich 

ls compared to the "12" coincidence signal, to form a timed 12T 
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!able II 

Kci., to Peak Identities in figures 2,6, 2,7, and 2,8 

1 !,LC3-2 24 TCu 7-5 

2 TCu 8-7 25 Ta KfJ 2 

3 TC 3d-2p 26 Ta KJ 1 

4 ..,.c 4-2 27 ..,Al 3-2 and Y112 Ta 

5 ..,.N3-2 28 Y112 Ta 

6 TCu 7-6 and ..,Al 4-3 29 TCu 5-4 

7 TC 4f-2p 30 ..,.c 2-1 

8 TN 3-2 and ..,.o 3-2 31 TCl 5-3 

9 ..,.N 4-2 32 ..,.eu 6-4 

10 TC Sg-2p 33 Y112 Ta 

11 TC 6h-2p 34 TAl 3-2 

12 TAl 4-3 35 ..,.c 3-1 and ~l 4-2 

13 TO 3-2 36 Y2 'tia 

14 TN 4-2 ~ - TC 2p-1s 

15 TCu 6-5 38 ..,.c 4-1 

16 TO 4-2 39 ..,.c 5-1 

17 TO 5-2 40 ..,_eu 5-4 and ~ 1 5-2 

18 TCl 4-3 and TAl 6-3 41 Y112 Ta 

19 ..,.eu 5-4 42 ..,.N 2-1 

20 Ta K<X 2 43 TCu 6-4 

21 Ta K<X 1 44 Y1 'F and TC 3-1 

22 W K<X 2 45 Y• 12 Ta and ..,_c1 3-2 

23 W K<X 1 46 Y112Ta and µCu 4-3 



... .. ... 

Johlc II <continued> 

48 'IN 2-1 and !,!,N 3-1 

at9nal (see ~19. 2.3). 

2.3.2 Jbc D,:tector and Accoapoo~in9 Electronics 

Fh Or-tee hyperpure germanium solid state detector, cooled 

to 11.qu id n 1 tro9en te:ll'f)erature was used. The in-beam re-so 1 ut ion 

of the detection system was 560t20 eV at 90 keV (see Sections 

3.1.1 and 4.3.1). A schematic of a Ge detector is shollKl in 

fl9ure 2.9. · The efficiency (see Section 4.2) was a maxirrom 

near 50 keV, fallin9 by about 50% at 90<eV. 

[19, . 2,9 

Schematic of a Ge ~tector 

AL CASE 

! 

X RAY 
,_J-J 

,- ... : 
."'v -,., 

• . 1◄ BE WINDOW 
.--GOLD CONTACT 

4P-TYPE 
· REGION 

INTRINSIC 
REGION 
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Photons incident on the~ crystal produce ioniza­

tion, p~oportional to their ener9y, utlich is collected by 

the detector. The detector pre-amplifier, cooled to re­

duce. electronic "shot" noise, produces a pulse with maxirrw..,m 

volta9e proportional to the char9e collected. 

The pre-~ s19nal is fed to a linear amplifier utlich 

smooths and amplifies the pulse before passing it to an ana­

lo9-to-di91tal converter (AOC) utlich outputs the desired chan­

nel number (0-4095) correspondin9 to the volta9e of the pulse 

received. However, the AOC performs the conversion only if a 

certain 9ate is received at the same time to indicate that the 

pulse is suitable for histogranmin9. 

In addition to treating the analo9 si9nal, there are some 

fast lo9ic signals utlich are used to perform the following 

functions: 

( 1) to route the X ray and calibration peak's into di ffe­

rent spectra, being careful to process them in the 

same way (see O,apter 4). 

(11) to discard pulses outside the dynamic range of inter­

est. 

(111) to discard piled-up pulses. 

The pre-amp pulse is fed through a timing filter ampli­

fier (Tf"A1, Fig. 2.3), utlich differentiates the pulse and 

then through a constant fraction discriminator (CFD), utlich 

gives a fast pulse to the pileup gate utlenever a photon is 

24 



detected. The pileup gate is used to veto the analysis of any 

pulses ""ich overlap and consequently do not have the correct 

energy. 

The pre-M'f) pulse is also fed through Tf"A2 to perform up­

per and lower level discrimination and thus prevent the unneces­

sary analysis of pulses with energy either too hi9h or too low 

to be of interest. The pulses ""ich are of the correct ener9y 

and are not piled up form the "clean Ge" coincidence si9nal. 

If a "clean Ge" si9nal occurs within a 100 ns interval of 

a •-stop event, in addition to si9nallin9 to the computer that 

there is a pion event to be histo9raJT'lned, a time-to-di9ital 

converter (TOC) is started. The starting time depends on the 

timin9 of the "clean Ge" pulse since the •-stop signal used here 

is widened to 100 ns. The TOC is stopped by a narrow •-stop 

pulse. If, on the other hand, no •-stop event has occurred 

and scintillator S, has registered a count in the last 43 ns 

the "clean Ge" pulse si9nals to the computer that the event 

ls to be histo9ranmed in the source (calibration) spectrum. 

2.3,3 The Conputerized Data Accqu1s1t1on System 

A NOVA mini-computer was used to monitor and histo­

gram the data on disk, using the program~ (J. Kulkula). 

The maxirrum event rate ""ich can be handled by this system 

is on the order of 1000 events per second. The !'()VA was in­

terfaced to the experiment using the cs:M=lC system. Each 

event ( ca 11 ed a Lft1: " l ook-at-rne" ) received by the computer 
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(C212 strobe, rig. 2.3) caused the coq:,uter to read the 

C212 1&10rd (bits 1 and 0) l&hich indicated l&hether the event 

11JaS associated with the target or the calibration source. 

If the u:f1 was associated with the target, the TOC was also 

read and, depending upon a set of previously defined limits 

for various ranges of channel numbers, the event was histo­

granrned either in the proq:,t pion spectrum or the delayed 

pion spectrum. If the u:f1 was associated with the source, it 

was histogr~d in the calibration spectrum. 



P,aptec 3 

The f1tt1n9 Process 

3.1 Lineshape 

The flttln9 pro9ram e"l)loyed was a modified version of 

the least squares F~TRff-f code J~T (01 in 1978) Ill • The 

pro9ram was used to fit peaks usln9 lineshapes described below. 

3. 1. 1 Gaussian 

This kind of peak results from detection of a class of 

photons u.nose ener9ies are distributed as a o function, of 

width nuch smaller than the detector resolution, about a cen­

tral value E0 • The ener9y of the peak is defined by the 

ener9y of the o function and ls identical to the ener9y at 

utlich the Gaussian takes on its maxinum affl)l itude Y. The as­

sumed lineshape fit to th~ data is then: 

f(x 1 ) • Yexp[-(x 1 -x 0 ) 2 /(2o2 )J ••• (3.1) 

utlere x0 is the position of the peak and o the siandard de­

viation of the Gaussian distribution. Tailin9 in the res­

ponse function is considered as part of the back9round (sec­

tion 3.1.3). The area of the peak is Just the total area of 

the Gaussian. 

3.1.2 Lorentzian 
The Lorentzian shape results from detection of a class of 

photons 1.1.flose ener9ies are distributed about a central value 

Ill Modifications are discussed in ~pendix C. 



E0 continuously according the probability law: 

PCEJ « cr 2 +CE-£0 )2)-1 ••• (3.2) 

where r is the Lorentzian full width at half maxirrum. As 11Jas 

the case in 3.1.1 above the analytic convolution of the Lorent­

zian shape and the detector response function is fit to the 

data. The form of the lineshape is then (Olin, 1978): 

2T x 0 -xK f/2 
f(xK) • r - Re we + } ••• (3. 3) 

r 2 112 0 2 112 0 

where w is the co"lllex error function and 4Y/f 2 the a"lllitude 

of the peak. Such peaks may be shol.lJl'l to have area ( 01 in 1978) : 

••• (3.4) 

In terms of the more usual n.H1 of the detector response func­

tion, 3.4 becomes: 

fln112(2) 

3.1.3 Back9round 

••• (3.5) 

The background fit to the data consisted of two parts. 

The first was a standard background, the intensity of l.ltiich 

was made to vary linearly with energy. The second part con­

sisted of low energy exponential tailing or tails of all non­

background parts of the fit. The form of the background 

is then: 

••• (3.6) 

where a 1 and a 2 are constants to be determined and Ti is the 
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additional back9round due to tailin9 of the detector response . 

function (SJ • 

3,1,4 Eff1c1enc~ 
The relative efficiency was determined from fits of the 

source spectra (see Section 4.2). In the fittin9 process the 

correction E(x), called the efficiency function, was applied 

only to Lorentzian peaks, since these peaks, unlike others, 

consist of photons unose ener9ies vary over a ran9e before 

detection. Since efficiency is not expected to affect the 

detector response function no correction was applied to ei­

ther Gaussian peaks or to the tailin9 of the response function. 

The linear part of the background is assumed to be generated 

by processes separate from those utlich determine E(x) and 

hence not influenced by efficiency considerations, however 

it is possible that fits of lar9e re9ions may benefit from 

modification of the linear background by E(x) since the in­

tensity of the back9round is in part due to contributions 

from weak peaks, and is therefore influenced by efficiency 

considerations. 

3,2 Ibe Best fit Criterion 
The least squares fit to the data is performed iter­

atively to seek a mininYJm in the random variable X2 • 

111 See Appendix A. 
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Since the counts in each channel are assumed to be Poisson 

distributed, seeking a mininum in X2 corresponds to see­

king the fit of maxinum likelihood. The fitting functions 

discussed in 3.1 above are non-linear, and although the 

iteration method (Marquardt-Levinson) employed guarantees 

convergence to a local mininum in X2 , it does not guaran­

tee that smaller minima do not exist, nor the uniqueness of 

any such minima. It is necessary to perform many fits, al­

lowing different free parameters and giving different star­

ting values before one can be reasonably sure that the "best 

fit" has been found. The means of comparing such fits is to 

use the value of X2 /(n-m) as a measure of the "goodness of 

fit", where n is the number of data points in the fit and m 

the number of free parameters in the fitt.ing function. A 

minirwm in X2 /(n-m) indicates the best fit to the data. 
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PlAPtcc 4 

Col 1bcot1on 

Calibration spectra of 112 Ta were acquired under the 

same instantaneous beam rate as the picnic spectra (ll • 

This was done by requiring a count in the scintillator label­

led S,. l21, situated near the beam but not in the pion tel­

escope formed by the other three scintillators 5 1 , 5 2 , and 

s,. Such a count initiated a logical gate of up to 100 ns 

duration in utlich any X rays detected by the Ge detector 

were classified as "source" counts and consequently histo­

grammed by the co~uter in the source or calibration spec­

trum instead of in the pion spectrum. If a T-stop signal 

were received within the 100 ns interval, the gate indicating 

source counts was terminated prematurely and the gate indi­

cating pion counts initiated. 

The calibration spectra thus obtained contained Gaussi­

an peaks due to detection of X rays and Y rays from the de­

cay of radioactive 112 Ta, as well as weak mlJonic and picnic 

X rays. Two additional calibration spectra were acquired 

without beam using pairs of sources: one using 57 Co and 182 Ta, 

the other using H 1ffl and 18 2 Ta 131 • Peaks in al I of the above 

calibration spectra were fit to Gaussians with low energy ex-

(ll See Fig. 4.1 a,b and 4.2 a,b. 

l21 See Fig. 2.2. 

(:,J See Fig. 4.3 a,b and 4.4 a,b. 

.. ,,. 
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ponential tails (see Chapter 3). The results of these fits 

were used to determine efficiency and energy calibration as 

~11 as the lineshape parameters Fl4-t1, EXT1, EXT2. 

4,1 Ener9y Calibration 

The peak positions obtained from the fits of the cali­

bration spectra above were used to derive linear calibrations 

of energy as a function of channel number. TUJO methods of 

calibration were employed: 

(a) Weighted 1 east squares: 12 ; 

(b) Weighted least absolute value: 11 • 

Method (b) above was used as a check of method (a) since 11 

approximations are less influenced by the inclusion of er­

roneous data, that is data containing errors which are not 

normally distributed as is the case for a calibration peak 

IIA1ich contains an unresolved contaminant. For example, the 

18 2 Ta 100 keV 1 i ne turned out to be unsu i tab 1 e for ca 1 i bra­

ti on purposes for this reason as it contained some unresolved 

contaminants (µCu 7-4 & µAl 5-2). This is also indicated in 

Section 4.3 where the peak has a larger FWHM than predicted 

The results of method (a), using the data in Table III, 

are listed in Table IV. All uncertainties are standard devi­

ations. 

In order to obtain an accurate energy value for the TC 
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IAbl~ III 

~aks used in the energy calibration. 

~ak Standard Peak Position (channels) 
Identity Energy Ill ..,12c ..-nc 

<ke'v') Spectrum Spectrum 

...,N3-2 19.030:t.0061,1 144.00:t.10 

f,LAl 4-3 23.073:t.001 [It) 210.74:t.20 

..- 12 c 4-2 24. 815:t. 008 121 239.60:t.04 

TAI 4-3 30.447:t.001 [It) 332.67:t.10 

>' 182 Ta 31. 735:t. 001 [I) 353.S:t.4 353.92:t.12 

y112ra 84. 6808:t. 0003 1229.68:t.15 1229.18:t.03 

>' 182Ta 152. 4308:t. 0005 2350. 0:t. 2 2349. 20:t. 04 

>' 182Ta 179. 3948:t • 0005 2795.9:t.2 2794.91:t.05 

Ill Standard energies, other than those footnoted are from 
R. G. Helmer et al., (1978). 

121 T. von Egidy et al., (1974). 

UI Engfer (1974). 

l1tl Backenstoss et al., ( 1973). 

1111 D. H. 1-hite et al., (1970). 

41 



3d-2p transition, it was necessary to calibrate the lower en­

er9y part of the T12C spectrum to the T12 C 4f-2p ener9y 9i~n 

by von E9idy et al. (1974) and the T 13 C spectrum to the f-lt-1 3d-

2p transition energy CEn9fer, 1974), µAl 4d-3p and TAI 4d-3p 

transition ener9ies CBackenstoss, 1973). 

Table IV 

Linear energy calibration: E •A+ B • channel 
inkeV. 

Spectrum 

&2 C: A • . 10.3284t.0064 keV 

B • ·• 060468t. 0000035 keV/channe l 

covariance CA,B} • -1.ax10-~ 

1 'C: AD 10.3256t.0013 keV 

B • .0604914t.0000007 keV/channe) 

covariance {A, 8) ,. -. Sx10-.' 

42 



4,2 Detector Efficiency 

The detector efficiency is defined as the probability 

that a photon is detected with full photo peak energy by 

the detection system. The factor due to the solid angles 

subtended by the detector and source may be neglected i.f 

only relative instead of absolute efficiency is required. 

This is because the solid angles subtended by the source and 

Germanium detector, vary only slightly with energy. It is 

therefore possible to determine with a fair degree of accu­

racy the relative efficiency of the detector without the need 

to specify accurately the parameters such as source to detec­

tor distance and source strength. It is however necessary to 

know the source thickness and the thickness of any absorbers 

llklich may be between the _ source and detector so correction can 

be made for the absorption. 

If efficiency varies significantly over the region of the 

fit, it will be necessary to modify the Lorentz-Gauss convo­

lution used in the fit. A knowledge of relative effic1ency is 

also required llklen calculating the 2p-1s transition yield in 

picnic carbon to determine the strong interaction broadening 

of the 2p level (section 7.1). 

4,2,1 The Method of Efficiency Determination 

Tantalum ( 182 Ta), f'.fllericium ( 2 ~ 1 Am), and Cobalt ( 57 Co) 

radioactive sources were used as calibration standards to de­

termine the experimental detection efficiency over the range of 

energies from 14 keV to 230 keV. The standard intensities of 



the r rays and X rays emitted by these sources we listed in 

Tables V, VI, and VII. The source spectrum peaks were fit 

to determine their intensities (see Olapter 3). The relati~ 

efficiencies thus determined are listed in Tables V, VI, and 

VII. There was no observable difference in detector efficiency 

in beam and out of beam. 

Since the sources used are of non-zero thickness there is 

some attenuation of the emitted photons, particularly those at 

lower energies. The expression for the transmission T of pho­

tons emitted by a source of uniform thickness dis: 

d 

0 fexp(-<1x) dx 
T • 

d 

0J dx 

• {1-exp(--cd)}/od _ ••• (4.1) 

o is the cross-section for any scattering 11r1ich degrades the 

energy of the photon, i.e. o is the sum of the photo-electric 

and incoherent scattering cross-sections (pair production does 

not occur at these en~rgies). The corrections for attenuation 

in 2 ' 1 ~ and s 7 eo were negligible, howe~r corrections to the 

112 Ta intensities were appreciable since the source was .005 

inches t hick. The photon cross-section for tantalum is shown 

in figure 4.5. The cross-section values used were interpolated 
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Table Y 

Relative Efficiency from s12ra C.005 inch foil) 

Relative Cross Relative Y-ray Ener9y 
Standard Yield rn Section Efficiency 

CkeV) Ccm2/9) 

65.7 .20±.01 (21 2.45 2.07±.17 

67.7 2.99±.15 11.23 1.95±.14 

84.7 .19U.001 6.25 1.63±.10 

100.1 1.00±.03 3.94 1.47±.06 

113.7 .133±.004 2.81 1.32±.08 

116.4 .031±.001 2.64 1.19±.13 

152.4 .502±.002 1.29 .899±.04 

156.4 .190±.006 1.21 .875±.04 

179.4 .223±.007 .838 .673±.04 

198.4 .106±.003 .642 .572±.04 

222.1 .537±.017 .476 .457±.02 

229.3 .260±.007 .437 .437±.03 

UJ All values other than those footnoted are from Gerhke et al., 
(1977). 

l21 D. H. Ioli i te et al., C 1970). 
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Table YI 

Relative Efficiency from 2 ' 111n 

Photon Ener9y ~solute Measured 
CkeV> Standard Yie Id 111 Relative Efficiency 121 

(photons/decay) A B 

13.9 Loe X rays .13St.003 .495t.01 1.07t.04 

17.8 L~ X rays .210t.004 .544t.02 1.18t.05 

20.8 LY X rays .050t.001 .SS?t.02 1.20t.06 

26.4 Y ray .025t.002 • 701:t.04 1.SU.09 

33.2 Y ray .001t.0001 c,i .88St.15 1.9U.32 

59.S Yray .359t.006 1.00t.03 2.16t.11 

Table YII 

Relative Efficiency from 57 Co 

Photon Ener9y 
CkeV) 

14.4 Yray 

122.0 Yray 

136.3 Yray 

Absolute 
Standard Yie Id 111 
(photons/decay) 

.095±.002 

.856t.003 

.1075±.003 

Measured 
Relative eH ic iency l1tJ 

A B 

1.09±.03 

1.20t.01 

1.00±.01 

1.1U.04 

1.18t .01 

1.02±.01 

111 All values other than those footnoted are from J. S. Hansen 
et a 1 • , ( 1977) • 

121 Values in colurm A are normalised to efficiency at 59.5 keV, 
values in colurrn B to the efficiency curve (see text), 

Ill R. J. ~rhke and R. A. Lokken, (1971). 

l1tl Values in colurm A are normalised to efficiency at 136.3 keV, 
values in colurm B to the efficiency curve (see text). 
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from values 1 isted in Storm and Israe 1 Ill using a power law 

in energy as the i nterpo 1 at ion function 121 • 

To determine the relative efficiency shoUJn in figure 4.6, 

a smooth curve was first draUJn through or near the efficiency 

values as determined from fits of the 182 Ta source peaks. From 

this curve values of the relative efficiency for the r rays at 

122 keV and 136 keV of 57 Co were interpolated, thus determining 

the normalisation of the effective 57 Co source strength to that 

of 182 Ta. The efficiency at 14.4 keV was then determined from 

the observed intensity of the 14.4 keV r ray. This then made 

possible, the normalisation of the 2 ~ 1'1n source to the effici­

ency curve at 13.9 keV and 59.5 keV thus determining the rela­

tive efficiency over the range 14 to 230 keV. 

To incorporate the relative efficiency into the fitting 

procedure it was approximated by an exact fit of a rational 

function, shoUJn in figure 4.6. The rational function Q(x) 

is a quotient of polynomials: 

Q(x) • •.. (4. 2) 

where a, and b, are constants to be determined (see Table VII) 

111 Storm and Israe 1, ( 1970). 

121 The shape of figure 4.5 suggests that o depends upon 
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the product of some power of the energy E and a constant, to a 
good approximation over a range of energies not spanning any ab­
sorption edges, i.e. for continuous o. 
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and x is the energy in keV. 

Constants in 

al 

a2 

a, 

a-. 

b1 

b2 

b, 

b-. 

4.3 Lineshape 

4.3,1 QH1 

Iabli: ~II 

the rational 

.619x10- I 

-.174x10- 2 

.632x10-1 

-.669x10-• 

-.699 

.262x10- 1 

-.370x10-s 

-.27Sx10- 1 

function Q(x) 

It is well knol.!Xl that the detector resolution or Fi.H1 

of purely Gaussian peaks varies with energy in the following 

way: lll 

(Total FW-11) 2 • (FW-11 due to noise) 2 + F (2.35) 2 EE ... (4.3) 

ut.ere the FW-11 due to noise is a constant depending on the 

electronics, F ~ .13 is the Fano factor, e ~ 2.98 eV i s the 

electron hole pair production energy and Eis the energy in 

eV. 

Ill Kevex Corporation 
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For our purposes it ts sufficient to note that the 

square of the total FW-11 is a linear function of energy E. 

The data in Table IX were fit to the expression: 

(total f'W-11) 2 •A+ B • E ••• (4.4) 

llhere A and B ere constants to be determined, in order to 

predict the FW-11 to be used in the TC 2p-1s fits (chapter 6). 

!able I~ Variation of FW-11 with Energy 

Ener9y Tl2C T 13 C Results: 
FW-11 n.H1 

CkeV) CkeV) CkeV) Tl2C A • .12:t. 02 (keV) 2 

85 .54 .54 B • . 0020±. 0001 CkeV) 

152 .65 .65 
T 13 C A . • .11:t.02 (keV) 2 

179 .68 .70 
B • • 0020:t. 0001 (keV) 

225 .57 .59 

The values obtained for B a9ree quite well with the theoretical 

value of .0021 CkeV) predicted by equation (4.3). Using these 

results it was possible to detect peaks llhich were contaminated 

by the ir telltale n.H1 utlich was larger than predicted. 

4.3.2 The Exponenti al Tailin9 Parameters EXT1 and EXT2 

The exponenti a l tailing parameters could not be determined 

accura tely from fits of source peaks, particularly in the 12 C 

spectrum. The t a iling parameters can affect the position and 

width of a broadened peak very strongly. For this reason the 

values of EXT! and EXT2 were kept as free parameters in the fits 

of the picnic 2p-1s 12 C and 13 C fits. The values thus determined 
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are listed in Table X below. 

Table X 
Exponential tailin9 parameters determined by fits 

of the ..- 12 C and T 13 C 2p-1s regions • 

EXT1 

EXT2 

. ..-uc 

.009:t.007 

.628:t.314 kev-1 

..-uc 

.006:t .004 

1. 55:t. 7Z1 kev- 1 



Ibe Determination of the 12c 
Contamination in the ''C Ss:>ectra 

. The isotopic COfff>OSition of utiat we will call the " 13C 

target" is 99. T/. 13 C and . 3% 1 2 C. However, there exists the 

possibility tha~ the 13 C spectrum contains more than .3% 12 C 

contamination because natural carbon is present in the concrete 

floor, shielding, scintillators, and scintillator urapping. 
I 

The amount of 12 C contamination assumed in the fitting process 

affects the positions and widths of the transitions since the 

Lorentz broadened peaks T12 C and T13 C 2p-1s are separated 

by approximately half their Lorentzian half widths. For in­

stance, a .6¼ 12 C contaminant decreases the T13 C energy by 4 

eV and width by 5 eV. This section atte"f)ts to infer the T12 C 

contamination from the intensities of carbon, nitrogen, and 

aluminum X rays observed in the target~"f)ty run that was ac­

quired using ·an e"f)ty aluminum duplicate of the casing· utlich 

held the 13 C (see Table XI). Since rrultiple scattering ef­

fects in the 13 C run are large because of the distance of S3 and 

in the target~"f)ty run were rruch reduced, the observed intensi­

ties were normalised to the intensity of the TAI 3d-2p X rays 

utlich originated almost entirely from the aluminum casing, ra­

ther than to the number of T-stops recorded (see Section 2.3). 

In view of the fact that the stopping distributions for pions 

and rruons are quite different It is necessary to discuss each 
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1nd1v1dual ly. 

5.1 t\Joos 

!'Lon counts in the T1 'C spectrum arise in three ways: 

(1) The distribution of arrival times for pions from the 

production target and muons from T decay close to the produc­

tion target overlap somel.lklat since the momentum interval op/p 

is 10% and consequently the 8.4 meter flight path is insuffici­

ent to separate the two distributions col'll)letely at the opera­

ting momentum of 88 meV/c. They are fairly we 11 focussed and 

give rise to counts in the 1 'C target as well as in the air and 

other nearby obJects. 

Cit) Scattered muons l.lkltch leak through the channel and are 

111 focussed, stop in the experimental area in random coinci­

dence with the T-stop signal or may even simulate a T-stop s19nal. 

Ciii) Pions l.lklich decay in flt9ht near the tar9et form a 

diffuse source of muons l.lklich stop in the experimental area in 

coincidence with a T-stop signal. 

The µ.C 2p-1s intensity ratio of the tar9et-el'll)ty run to 

the 1 'C run was (6.8t.2)%. This value, however, may be an 

under estimate of the ~ 12 C col'll)onent in the 13 C run for two 

reasons: 

(a) The multiple scatterin9 of muons of types (1),(11), 

and (111) is enhanced by the presence of the 13C tar9et, al­

thou9h the range ts only negligibly decreased. This effect de­

creases the effectiveness of veto counter 5 3 and allows a si9-
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ntftcant increase in the number of .,.N counts from air in the 

1 'C run over that observed in the tar9et-e"l)ty run. 

Cb) The diffuse source of 1'11.Jons in (111) above is more in­

tense in the 1 'C run than in the tar9et-e"l)ty run. This effect 

also contributes to a rise in the number of .,.N X rays observed 

from air. 

The ratios of the intensities of .,.N X rays in the 1 'C 

to the tar9et-e"l)ty run is 1.88t.07 Cavera9e of the 2-1 and 3-

1 X-:-,-ay intensities). It is assumed that, since µC counts 

ori9inate from non-target sources as do the .,.N X rays, the pro­

portion of µ 12C X rays to all the µC X rays in the 1 'C run is 

limited to a maxil'l1Jm of (1.88"'6.8%•) 13%. Recalling that 6.8¼ 

was an under estimate, we have finally assigned (10t3)% as the 

~ 12C co"l)onent of the µC X rays in the 13 C run. 

5,2 Ptons 

The most accurate limit of the T 12 C contamination of the 

T 1 'C spectrum was given by the TC 3d-2p X ray: the target-em­

pty si9nal was found to be less than .08% that in the 1 'C spec­

trum. A straight forward use of the 2p-1s transition was not 

possible because of its large width: viz. the TC 2p-1s target­

empty peak indicates a contamination as much as 10% of the T 13 C 

2p-1s peak. The TC 3d-2p peak is a more accurate indicator. 

Photons from the TC 3d-2p transition (target-empty run) 
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could be absorbed, either by the shieldin9 around the detector, 

or because they ori9inate deep in the concrete floor, shield­

in9 or lucite li9ht pipe. The transmission for the TC 2p-1s 

ener9y, of 92 keV would have to be more than fourteen times 

the transmission for the TC 3d-2p ener9y of 19 keV in order 

to admit a TC 2p-1s contamination of one percent in the tar-

9et-elff)ty spectrum. This eliminates the possibilty of contam­

inant photons utlich originate deep in materials such as concrete 

or lucite because the stopping distribution for the pions in 

these materials does not permit stops at great enough depths in 

significant numbers: the momentum and range of the beam of 

pions were adjusted for maximum stopping rate in .593 g/cm 2 of 

carbon utlereas .593 g/cm2 of lucite or concrete would cause at 

most a factor of two difference in the transmissions. 

The one-half inch copper shielding utlich surrounded the 

detector is too thick to be responsible · for allowing photons of 

the TC 2p-1s energy through, let alone the TC 3d-2p energy. 

The transmission at 92 keV is less than .006 utlich is too small 

too allow a significant number of TC 2p-1s photons to be de­

tected via this route. 

The TC 3d-2p intensity in the target elff)ty-run is there­

fore assumed to indicate accurately the amount of TC X rays in 

the target--efl1)ty run. The ratio of the intensity of TC 3d-2p 

X rays in the target--elff)ty run to that in the 13 C run is (.04± 

.04)%. As was the case with muons in section 5.1 above, it is 
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n~c~ssary to corr~ct this ratio for increased rrultiple scattering 

and for decreased range of of the pions in the 13 C run relative 

to the tar9et-en-.,ty run. This is estimated from TN counts in 

air. · The TN 3d-2p intensity in the 13C run is 8.1±2.7 times 

that in the tar9et-en-.,ty run. The TC 3d-2p contamination in 

the 13C run is increased by this factor, to a value of (.3:t.4)%. 

Finally the isotopic in-.,urity .3% of the 13C target is added to 

form the estimate of the total TC contamination in the 13C run 

as ( .6t.4)%. 

Table XI 

Relative Intensities of Various Peaks in the 
Tar9et-en-.,ty and 13 C Spectra. 

(normalised to TAI 3d-2p) 

~ J~ 9 c: :t ::s: C112 :t 1ii1 ~ 

µN 3-2 .25:t.08 2.03:t~07 

µN 2-1 .64:t.02 1.12:t.02 

..-.c 2-1 .06:t.01 .82:t.06 

TC 3d-2p .006:t.006 16.6:t.2 

TC 2p-1s .0:t.4 .20:t.01 

TAI 3d-2p 1,00:t, 02 1,00:t,el 
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O,o.pter 6 

The Determination of the TC 2,p-1s 

Ener9ies. Widths and Strong Interaction Shifts 

The data obtained for the TC 2p-1s transitions (Fig. 2.6 b 

and 2.7 b) were fit using the procedure described in Olapter 3. 

IA'lere possible, parameters of the fit were fixed at values deter­

mined by other methods: the lineshape parameter n.H1 was fixed 

at a value obtained through interpolation of the values. from fits 

of clean source peaks in the calibration spectra (see Olapter 4). 

Certain peaks utlich have well known energies were fixed at those 

energies using the energy calibration obtained from the source 

spectra as well. The lineshape parameters EXT1 and EXT2 were de­

termined statistically during the fitting process. 

The results of the fitting procedure are as follow: 

Transition Energy (keV) Width (keV) 

yt 2 C 2p-1s 93.287t.043 2.65t.120 

92.227t.027 2.59t.110 

Discussion of each of 12 C and 1 'C fits, shown in figures 6.1 and 

6.2 fol lows. 

6, 1 The y l 2c Fit 

In the least squares fit of the T 12 C 2p-1s transition it was 

necessary to include a 1.11% 1 'C COIJl>Onent utlich is the natural 

abundance of 1 'C in natural graphite. Neglecting this 13 C com­

ponent would have decreased the T 12 C 2p-1s energy by about 12 eV 

58 



59 

co 
C\ - . 

I I'-.. 

.,.c 5- 1 C'l 

i.!) 
(;) 

L:1 
C) 

.,.c 4- 1 

~ ~ f-
. 

Cl ........ 
LL 

yt2c 2- 1 I"; 
C> (/) 

('J Q__ 
0 ('J 

> 
w u 

v> ~ 

('J 
C) >-
C) 

(_') 

c::-- 1-1-C 3- 1 w u • 

"° 
c., z ~ .... 
c.o w z 

• C) 

u -(JJ 
CL (/J 

~ TAl 3-2 

~ 
w 

- :--- . I 
(:'J 

f-

(.(' 

co 

LI) 

Y 10 2 Ta co -· 

~ 

co 

L ("") 
ti) 

0 0 0 0 0 ...:) G 1..) 0 0 0 0 
l/) 0 ~'> 0 .. , 0 - 0 L'") C I.J'") 0 :.. . •' 
U) (0 L'.) L') ~ -,:- I"; I"; ('\J ('J 

73Ni.'iH :J ~3.:l SlNnOJ 



2800 

2600 

2400 

2200 

....J 2000 
w 
~ 1800 
< 
:r: 
u 1600 
a:: 

~ 1400 
(/) 

~ 1200 
::> 

B 1 ooo 

000 r 
600 I 

400 

200 
82 

--< .. .. .., 
-( 
DI 

..... 

84 

FIG~ 6.2 
~ 
w 
I 

N 

I \ I 

1 -
b. 
I 

N 

,: 
(') 

w 
I ... 

I 

I 

"' .. ... 
() 

N 
I ... 

\ .I 
• "'' . 1r1•.1 

86 88 90 92 
ENERGY CKEV) 

THE PIONIC 1 3 C 2P-1S 

,: 
(') 

b. 
I ... 

~ 
,: 
() 

V1 
I 

\ ... 

94 96 98 
~ 

FIT 



and increased the width by 20 eV. The statistical uncertainties of 

the energy and width for the T 12C 2p-1s peak were calculated with 

the parameters listed in Table XII, fixed. Additional uncertainties 

/£ and Min the energy and width are also listed in Table XII com­

puted by variation of each fixed parameter within limits specified 
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by the accuracy to which its value was knou.-.. Finally uncertainties 

in the energy calibration and due to the choice of a finite. fitting 

region or window were computed. These uncertaintes were then total­

led in quadrature to form estimates of the total uncertainties of the 

width rand energy E. 

6,2 Toe ..-oc fit 

The broadene~ T 13 C 2p-1s peak was fitted using the method de­

scribed in Section 6.1 above. The fixed parameters of the fit 

are listed in Table XIII. O..,e to the relative smallness of the 13 C 

target, contaminant lines in this fit are large compared to those 

in the T 12 C fit, hence contributing more to the total uncertainty. 

On the other hand uncertaint.y due to the proximity of the µC 4f-3d 

transition is reduced in the 13 C case relative to the 12 C case. 

The T 12 C contamination (Chapter 5) also contributes significantly 

to the total uncertainty. The lineshape parameters however are 

much more well determined in this case then the 12C case since the 

statistics accumul a ted in the source spectrum are much greater. 

A-lather source of uncertainty is the possible existence of peaks 

whose intensities are so low as to be not conclusively labelled as 



., 
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JAR f XII 

Various contributions to the uncertainty in the ..- 12c 2p-1s 
energy E and width r. 

£J.lli 
foerg~ b.E (eV) M' (eV> 

TAI 3d-2p 0 0 

.,.Al 4f-3d 1 0 

..-"C 2p-1s 0 0 

1,LC 3d-2p 1 0 

1-LC 4f-3d 1 12 

YHNa 1 12 

£J.lli 
l!Ud!.bs 

TAl 3d-2p 0 0 

yllC 2p-1s 1 12 

£J.lli 
Linesbo,pe 

f1.H1 1 6 

S!.a!.is!,ical 43 110 

~indo~ 7 12 

Ener9~ Cal ibra!,ion 2 0 

.ToW 43 115 



Table XIII 

Various contributions to the unc~rtainty in the • 1 'C 2p-1s 
energies and widths 

~c 3-1 

~c 4-1 

.,.Al 4-2 

• 12C 2p-1s 

E.1lli 
Widths 

• 12C 2p-1s 

~ 
Lineshapc 

Fl-H1 

Statistical 

U,knows 

Window 

•
12c contamination 

Calibrat ion 

~ 

2 

1 

0 

5 

1 

2 

4 

17 

13 

5 

4 

2 

27 

24 

0 

24 

18 

6 

6 

6 

64 

30 

61 

6 

0 

110 
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peaks in the fit. As in ~ction 6.1 above the uncertainties 

listed in Table XIII are conbined in quadrature to estimate 

the total uncertainty in E and r. 

6,3 Strong Interaction Shifts of the 1s level in !C 

It is possible to extract from the observed 2p-1s 

transition ener9ies, the stron9 interaction shift of the 

2p-1s energies in T 12 C and ''C. The 1s shift ts lar9e and 

is largely responsible for the shift in the 2p-1s transition 

ener9y since the shift of the 2p level is only about 1 eV. 

The bindtn9 ener9y of the 1s level is reduced by the stron9 

interaction II.title the binding energy of the 2p level is 

sli9htly increased in the case of carbon. This means the 

2p-1s transition ener9y is reduced. The stron9 interaction 

shift of the 2p-1s transition is defined as the difference 

between the observed energy and the ener9y calculated, in­

cluding all effects except those due to the stron9 interac­

tion. 

The energies in Table XIV were calculated using the pro­

gram PIATOM (Krell, 1977). The calculation includes va-

cuum polarization and finite extent of the nucleus, solvin9 

a Klein-Gordon type of equation numerically for the complex 

eigenvalues 11.tlich determine the energies and widths of the 

various levels in pionic carbon. The calculation also makes 

use of the r.m.s. charge radii determined for 12 C and 1 'C 

from rwonic X ray energy measurements (Appendix B). 
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Table XIV 

Strong Interaction Shifts 

Le~l or Calculated Energy Strong Interaction 
Transition No strong interaction Shift 

CkeV> CkeV) 

T 12 C 2p-1s 99.061 -5.774:t.043 

2p -33.087 

1s -132.148 

-r"C 2p-1s 99.154 -6. 927:t. 027 

2p -33.118 

1s -132.272 



O)apter 7 

The Determin~tion of the 3d-2p Transition 

Ener9y and Width in T 12C and T 13 C 

7.1 The 3d-Zp Transition Ener9~ in TC 

The 3d-2p peak was fit using the method described in 

Olapters 3 and 6. It was necessary to include a small T 12 C 

contaminant in the T 13 C fit (see Fig. 7.1). The energy for 

the T 12 C 3d-2p transition thus obtained was 18.400±.006 keV 

and for 13 C, 18.427±.002 keV. The uncertainties are dominated 

by uncertainties in the energy calibration at this energy. 

Lineshape parameters were determined by the statistics of the 

fit and hence uncertainties in these are included in the sta­

tistical uncertainty which was .001 keV. 

7.2 The Width of the 2p level in T 12 C and 13 C 

The width r of the 2p level in picnic C can be deter­

mined by using the method of relative intensities, described 

by H. Koch (1975). We define: 

~ - rr/(rr+rs+ra) 

~ rr/(rr+rs) ... (7.1) 

oJiere rr, rs, and ra are the radiative, strong interaction, 

and Auger widths for the 2p level respectively. Clearly,~ 

is the ratio of the 2p-1s X-ray rate to the total transition 

rate from the 2p level. The latter is also the sum of the 

3d-2p, 4f-2p, 5g-2p, etc. X rays, so that~ can be obtained 
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from the X-ray intensities after appropriate corrections for 

the chan9e in detector efficiency with energy. rr is calcu­

lated usin9 the pro9ram PIATOM (Krell, 1977), takin9 into ac­

count all electroma9netic and stron9 interaction effects and 

inte9ratin9 the wavefunction numerically to find the transition 

rate, and hence the width. 

The measured intensities of the transitions to the 2p level 

are listed in Table X:V. These values are corrected not only 

for variation in relative detection efficiency, but also for 

absorption within the T 13 C tar9et and by its aluminum casin9 

and for absorption in the 9raphite slab in the case of 12 C, 

usin9 a program due to Mausner (1977) (see Fig. 7.5 & 7.6). 

The fits are shol!Xl in fi9ures 7.1, 7.2, 7.3, and 7.4. The 

error due to neglecting transitions higher than 6h-2p is negli-

9ible. 
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Intensities of various transitions used in the 
determination of the 2p level width rs. 

Transition Relative Intensity 

12C ll) uc 12) 12c l3J 

2p-1s .1271.004 .1SU.004 

3d-2p 1.0001.007 1.001.05 1.001.14 

4f-2p .1681.002 .1971.007 .181.02 

Sg-2p .0271.005 .0261.001 .021.01 

6h-2p • 00571. 0003 .00601.0004 

12c 111 l 3C 121 

Total Population 
of the 2p level 1.201.02 1.231.06 

ex .1061.009 .1SU.004 

fr .138 eV .137 eV 

rs 1.171, 11 eV 1,1 .971.10 eV 

Ill Values for graphite, corrected for absorption in 
1.42 g/cm 2 slab of graphite at 45°. 

121 Intens ity values are corrected for absorption in .593g/cm2 

of carbon and for absorption by .0069 g/cm 2 of aluminum. 
The correction for carbon wa.s done using a program due 
Maus ner (1977) and absorption cross sections from 
Storm and Israel (1970) sho1.111 in figur es 7.1 and 7.2. 

131 Values for graphite tabulated by T. von Egidy (1974). 

1,1 Previous result for 12 C is rs • 1.021.29 eV CH. Koch, 1969). 
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Ch~!~c e 
Surrmary and Conclusions 

CXJr measurements of the X rays from picnic 12C and i :,c 

to9ether with previous such measurements are surrmarised below: 

Transition Ener9y (keV) Width(keV) Reference 

T 12 C 2p-1s 93.287 (43) 2.66(12) present work 

93.3 (5) 2.6 (5) Jenkins, 1966 

92.94 (15) 2.96 (15) Backenstoss, 1967 

93.19 (12) 3.25 (25) Harris, 1968 

..-12c 3d-2p 18.400 (6) .00117 ( 11) present work 

18.402 (2) Egidy, 1974 

.00102 (29) Koch, 1969 

..-1:,c 2p-1s 92.227 (27) . 2. 59 C 11) present work 

3d-2p 18.427 (2) .00097 ( 10) present work 

Colrf)arison of our results for the T 12 C 2p-1s transition 

energy and width with previous measurements shows good agree­

ment. It should be noted that none of the previous measure­

ments included low energy exponential tailing of the detector 

response function in the fit of the 2p-1s X ray. This accounts 

for the apparent tendency of the previous measurements to re­

port someuklat higher widths and lower energies. The inclus ion 

of the 1.11% nat ur al abundance of 13 C is also respons ible for 

a sli9ht shift of our result to hi9her energy and a decrease in 

the fitted width (s e e Section 6.1). 
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The results obtained for the T 13C 2p-1s energy and width 

benefitted from the relatively larger number of X rays counted 

in the 13C spectrum than in the 12 C spectrum. The intensity of 

T 12C X rays observed as contamination in the 13 C spectrum was 

estimated as (.6±.3)% the intensity of the T 13C X rays (see Chap­

ter 5). This shows that the three scintillator modification of 

the more usual four scintillator telescope (see Chapter 2) is 

an effective means of reducing T 12 C contamination, however, an 

increase in the intensities of X rays from air and other obJects 

in or near the experiment is inevitable with such a configuration. 

The fits of the T 12 C X-ray L-series give relative intensities 

which agree with the previous measurements for a graphite target 

(see Table x:-1). The T 12 C 3d-2p transition energy and width also 

agree with previous measurements. This agreement corroborates 

the accuracy of the energy and efficiency calibration processes. 

The relative intensities · of the X rays from the picnic L-series 

of powdered 13 C and the energy and width of the T 13 C 3d-2p tran­

sition are the first such measurements to be reported. 
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fl>pendix 8 

Low Eoec9~ Exponential Jailing 

Photons incident on the 9ermanium detector may, for a 

variety of reasons, be detected as havin9 ener9ies less than 

their true values. The probablity of re9isterin9 a photon at 

lower ener9y than its true photopeak ener9y is manifest by 

"tails" on the lower ener9y side of the peaks in the spectra, 

extendin9 to zero ener9y. The processes responsible for the 

formation of low ener9y exponential tails are not well under­

stood. 

A,1 Mathematical formulation 

A low ener9y exponential tail is described mathematically 

by a probability density p(E} of detecttn9 a photon with en­

er9y E0 as having energy E < E0 utitch is an exponential form: 

••• CA. U 

Inte9ratin9 over all ener9ies less than Eo, one obtains the 

total prob ab i l ty R resident in the tat 1 from a delta function 

of unit afll)l itude: 

Eo 

R . I ex exp[ -P<Eo-x>J dx 
0 

• ex (1-exp[ -PEoJ>/P 

~ CX/jl for PEo » 1 ••• CA.2) 

R ts the ratio of the tail area to the total peak area. A 

result similar to (A.2) can be derived for the discrete case. 
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In practice, a discrete form of equation A.1 ts used: 

p(E) becomes PCk) utiere 

PCk) •~exp[ -,(x 0 -x 1 )] ••• (A. 3) 

The constant, ts redefined in units of channels-•, x0 is the 

channel corresponding to the energy E0 , and x 1 the channel in 

utitch the count ts htstogrammed. 

In order to use the expression for P{k) in fits it rrust 

be convoluted with the Gaussian detector response function (see 

Section 3.1.1), and the theoretical distribution of incident 

photon energies. Such a convolution ts most easily performed 

after calculation of the fitting function without tailing. If 

the fitting function at the k th channel, not including back­

ground, ts Y, then the total exponential tail T,, from all 

channels J > k is: 

.. 
T, • t Yi~ exp[ -~(J-k)J 

J•k 
.•. CA.4) 

Calculation of A.4 for each value of k in the fitting region 

is time consuming. Instead the following recursion relation 

ts deduced from A.4: 

••• (A. 5) 

This permits the calculation of T, sirrulataneously with the 

evaluation of Y, at each channel by starting at the uppermost 

channel Min the fitting region with an assumed value for T 

(usually 0) and stepping down through the fit region, channel 
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by channe 1. 

In the special case of tailing from a purely Gaussian 

peak, having the form given by equation 3.1, an analytic form 

can be derived for the exponential tail T(x) by performing 

the following integral: .. 
T<x) - I ••. <A.6) 

X 

The integration is performed by completing the square in the 

exponential arguments with the following result: 

o:YoT1, 2 

T(u) • 
21 / 2 

utiere u., 2- 11 1tqvo) 112 (x-x 0 ), f> 2 11 .. o 112 f3 112 , and erfc is 

the complementary error function. Letting the area of the Gaus­

sian peak be A, equation A.7 becomes: 

... <A.8) 

utiere A• (2T) 112 oY. A graph of A.8 with o:A s et to unity i s 

shown in figure A.1. The max imum amplitude of the .tai 1 

is slightly les s than unity, occuring near u = -p 3 / 2, The 

height of the tail from a real peak with area A is slightly 

les s than the value of o:A. 

The implementation of the low energy e xponential tailing 

in the fitting program is further dicussed in Appendix C. 
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f\?pendix B 

!'\Jonte X-ray 2p-1s Transition Energies 
and r.m.s. Olarge Radii. 

In addition to picnic X rays, nJontc X rays were ob­

served in the pion spectra for reasons discussed in Olapter 

5. It was possible to fit these nJonic X rays in some cases 

and to obtain accurate estimates of the energies of cer-

tain nJonic 2p-1s transitions and r.m.s. nuclear charge radii. 

In particular, the 2p-1s X rays from nJonic 12C, 1'C, 

and 1'N were observed and fit using the procedures described 

in Olapters 3 and 

are as fo 1101.1.1: 

Transition 

~12c 2p-1s 

µ1'C 2p-1s 

µnN 2p-1s 

6. The energies and radii thus obtained 

Energy (keV) 

75.251t.015 

75.303t.015 

102.4921:.004 

(r2)112 (fm) 

2.SU.05 

2.SU.05 

2.579t.003 

Allowance was made for 12C contamination of C10t3)% in 

the µ 1'C 2p-1s peak (see Olapter 5). The µ 1'N 2p-1s energy 

was determined from X rays observed from air during the T 13 C 

run. Using the observed energies, and vacuum polarization 

corrections for the various levels (Engfer, 1974), it was pos­

sible to extract the energy shift .6,E due to the finite s ize of 

the nucl e us . The r.m.s. charge r adius of the nucleus was then 

calculated us ing a method due to Friar (1979), illl)lemented in 

the FOR~ code 11..00 <Poffenberger, 1980). The leading term 
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in the calculation is due to the overlap of the rruon wavefunc­

tion with that of the nucleus, given by: 

2T 

where~ is the energy shift due to the finite extent of the 

nucleus, Z is the nuclear charge,~ is the fine structure 

constant, and <r 2 > is the square of the charge radius, l~nC0)1 2 

is the square of then th state non-relativistic rruon wave­

function and is equal to: 

1~ 0 (0)1 2 • CZoq.i.) 3 /(Tn 3 ) ••• CB.2) 

~ is the reduced mass of the rruonic atom. 
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fs>pendix C 

Modifications to the FOR~ Code JAGSPOT 

C.1 Low Energy Exponential Tailing function 3 

Low energy exponential tailing of the form described 

in ~pendix A was lll'fJlemented in the subroutine~ of the 

fitting program JAGSPOT (Olin, 1978). The method uses the 

recursion relation A.5, calculating not only the value of 

the exponential tail Tat each channel k, but also the de­

rivatives of T with respect to the free parameters in the 

fit. Noting that the parameters~ and~ used in the discus­

sion in ~pendix A correspond to .the parameters a 25 and a 25 

in JAGSPOT (also referred to as EXT1 and EXT2 respectively) 

a background function bis calculated for the fit: 

The function Tis defined at the k th channel in the fitting 

region by the application of the recursion relation: 

(for the maximum value of k) 

(otherwise) 

The derivatives are also calcul ated recursively, according 

to the following rules: 

- 0 (for the maximum value of k) 
c)T IC ♦ I 

Yic + -- exp{-a 26 } 

c)au 
(otherwise) 
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-- - 0 (for the maxirr..im value of k) 

arr+1 
(otherwise) 

- 1 (for the maximum value of k) 

arr+1 
(otherwise) 

For the various parameters of the fit, upon which Yr depends, 

the derivatives are (for J•3,5 to 24, and 28,29,30): 

- 0 (for the maximum value of k) 

arr+1 
+ exp C -a25 } .-­

aa; 
(otherwise) 

The main difference. between tailing function 3, described 

here, and the tailing function 2 which had been used before 

function 3 was implemented is that YK in tailing function 2 

is the value of the data less the linear background however, in 

the case of function 3, YK Is the value of the fitting function 

less the linear par t of the background. Another differer.ce is 

that function 3 uses the parameter a 27 to estimate tailing counts 

originating outside the fitting region, while function 2 does 

not use this parameter. 
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c.2 Low Enersw Exponential Tailing function 4 

Using the result A.2 that the ratio of tail area to peak 

area R ls given by the ratio a 21 /a21 , tail function 4 allows 

exponential tails to be fit with the value of R fixed. The 

value of R is determined from the ratio of the initial values 

of a 21 CEXT1) and a 21 CEXT2) supplied to the program by the 

user. The parameter a 21 should not be a free parameter of the 

fit however, since its value is calculated from the current val­

ue of a 21 during each iteration of the fitting program. The de­

rivatives of the fitting function with respect to a 25 are cor­

rected for the extra dependence introduced by forcing a 26 • a 25 /R. 

C,3 The LIN< Command 

The command Lil'f< has been illl)lemented in the program JAGSPOT 

to allow parameters describing peak positions and peak amplitudes 

to be fitted with, in the case of peak positions, the difference 

in positions as a fixed quantity or, in the case of peak ampli­

tudes, the ratio of the amplitudes as a fixed quantity. The fit­

ting program adJusts linked parameters in unison, Just as if they 

were a single parameter. It is important to realize that u.tien a 

parameter or parameters are linked to a single parameter, only the 

single parameter to u.tiich the links are made is allowed to vary in 

the fitting process. 

In the case of Gaussian pea.ks, linking amplitudes is equiva­

lent to linking areas since all peaks of this type have the same 

Fw-f'1 (in the present program). This, however, is not the case 
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in 9eneral: for exar?lJle linking the ar?lJlitudes of Lorentzians 

does not link their areas since the true ar?lJlitude of a such a 

peak depends upon the Lorentz width as well as the parameter r 

(see equation 3.3). 

The LIN< command may be placed in a JAGSPOT command file 

in any position preceding the PFIT command. It is usual to put 

it Just before the Fl.N'.: command. The tUJO lines following the 

LIN< command rrust each contain ten integers (in free format). 

The first line of integers specifies the linking of peak posi­

tions, the second specifies the linking of peak amplitudes. 

In each line a nurooer appears for each of the ten possible peaks 

in the fit. The first integer corresponds to the first peak, 

the second to the second peak, and so on. If then th integer 

in a line is equal ton, no link is performed. If, on the other 

hand, then th integer is not equal ton, instead say to k, then 

then th peak is linked to the k th peak. 

For example the following sequence of lines UJOuld link the 

position of peak number 5 to that of peak number 3, the position 

of peak number 7 to that of peak number 8, and the amplitude of 

peak nurooer 5 to that of peak number 3: 

Uri< 
1 2 3 4 3 6 8 8 9 10 
1 2 3 4 3 6 7 8 9 10 

i:.-.y peak parameter whose number does not appear in the two lines 

following the LIN< col'IIM.nd rrust be held fixed in the fit. 
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