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PIONIC ATOMS

Arthur Raymond Kunselman'®

Lawrence Radiation Laboratory

University of California
Berkeley, California.

ABSTRACT
We measured the X rays produced by negative pions stopped in
various. targets. We measured the line shifts, line widﬁhs, and line
intensities in pure element targets to observe the effecf 6f the
pion-nuclear strong interaction. We present an optical modél an-
alysis for the shifts and widths‘. We measurea'the line intensities

in chemical compound targets to observe the effects of the chemical

. composition of the target on the pion capture prbbability by the

constituenté. We used germanium solid state detectors throﬁghout.
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I. INTRODUCTION

A;_ Interest of Studies

‘A pion can be brbught té rest in matter in a time short éompared
to the pion lifetime. A pionic étoﬁ forms when an atoﬁ captures a
negative pion into an orbit. ‘The initial orbit will usually be aﬁong'
the valence electrons andeill'havé a‘iafge'principal.quénfum number.
The pion cascades down in a time of ihe order.of'lo-l2 éec by‘means of
Auvger electron ejection aﬁd radiafion emiésion. We observe the X rays
from the transitions during the laét stages of the cascade. The |
nucleus eventually Capture§ the pion because of the overlap of the
pion:wave function with the nucleus. 'Thevinfluence of ﬁhe nucleus‘by
means of the strong interaction appears in the.ldst orbifs before
capture.

Thevpionic”X'rays will 5e.275'tiﬁeSamore_energetic than electronic
X rays for the corresponding traﬁsitions because of the larger pion mass
mos .
| m de'4 ' ‘
Ble > ) = T (5 - ) | (1-1)

28 T~

The pion orbits will be2ﬂ3 times smaller than the corresponding electron

orbits because of the lafger pion mass,

n? j Mo ! h2
r=a 7 |=—|, where a_ = 5 - (1-2)
. T ¢ mee . .

Using a Bohr orbit for the single pion one finds the pion will be inside
the K-shell electrons at n=16 independent of Z. Using a uniform density

nucleus'bne,finh_the pion Will be on the nuclear surface at n=1 for 2=35.
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The pien-nuclear interaction’affects the n=1 orbit-fo; all Z g;eater
tiah 3. iThe orbital veldcity for the electron end for the pion is
independent of mass, # = % Qc, so relativistic effecﬁs are equally
"einfluential in bo%h electron and pionic atoms.,

‘The X-ray'propefties ﬁhat we‘measure are:energy shifts, line
iﬁidths; and trangition yields. The pionic X rays are intereeting in
two respects; we will deduce’the-pion-nuclear interaction parameters,
and the initial atomic capture probabilities. Recent deﬁelopments of
solid state detectors produced improvedvresolution over previous methods
of measurement with scintillation counters and'pfoportional counters.‘

A large number of transition energies fall into'the energy raﬁge:having
a favorable efficiency using a germanium detector.

We‘stopped the negative pion beam in various £arget.materidls and _
sterved the X raye @hichvwefe produced. We calibrated the detector
lfwith radieactive gemha ray sources so thaflwe knew the energy of obser-
ved X-ray linee. Wefcalculated,‘as explained in detail later,'the
- purely elecfromagnet}c eﬂergy df'pionic X raye. .We attributed any
difference.between the measured and calcwlated X-ray energiesfte a
shift resulting from the pfeeence of-the pion-nuclear interaction.

A pionic X-ray line may be broader'then a calibratien line from
a radioactive'source or mqpnic atom X ray indicaping a true intrinéie
width. We ettribute this width of the line o0 the strong ﬁion-nucleér
interaction,,primafily tﬂe pion absdrption by ﬁhe-nucleus, which shoftens
the life of.the lower state and thus broadens the line,’ Nuclear capﬁure'
in the uppeflstate ma& also reduce the X-fay line intensity from that

to be expected from the electromagnetic transition probablility.

V. .
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The chemical state of the atom which captures the pion cénjaffect

the intensity of a fartigular X-ray line. This chemical effect is not

well undérstood but we comparé the pionic atom experimental results

wifh muonic atom results. The technique is to observe the intensity

of pioﬁic X-ray lines_and deduce the fraction of pions captured on the

various kinds of atoms of a compound, alloy, or mixture. We will

discuss the factors that influence the measured ratios.
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B.. Historical survey

Yukawe, predicfédvin 1935 the pion'éo_éxiSt‘as the quantum ofvthe
nﬁclear force field.l Powell.et al. in 1947 discévered the pion in v
cosmic radiatioﬂ from{observathon of é d%éintegration star after nuclear
ca?tufe in emuision.2 Fermi et al.‘suggésted the possible existence

)

of mesic atoms in l9¥7; Fermi and Teller in 1947 calculated a time of

R abou.'t\lo-l3 sec for a x to reach the K-Shell.& The cascade time of

10712

sec was short compared to the pion lifetime of 2.6x1070 sec.
Camac ét]al. in 1952 first observed pionic X rays.5 They used a
scintillation countef and a cafbon target.

An early result was. the observation of the pion-nuclear shift of

i

the X-ray line and determination of the repulsivé'interaction‘betwéeﬁ

T an s-wave pion and a nucleon.6 ‘Wést wrote in 1957 a éﬁrvey article of
the earlier measurements.r7 Experimenters (using a bent crystal spectro-‘
‘vmeter) measured the mass of.the pién with bionic X:fays at Berkeley in
1965.8  Improvemeﬁts in méésurement,pbssiﬁle‘ﬁith solia state defégtors,
‘encéuraged recént_intérest. Ericson and Ericson9 considered details of
fhe theory pf the pion-nuclear interaction. They derived a pion-nuclear
optical poténfial from multiple scattering theory and determined para;
meters in'the potential from =N (ﬁion-nucleon),scattering amplitudes
and n productioh in NN scattering. From'oﬁr meééurements'at.Bérkeley
wé investigated the pion-nucle@r optical pbtential and compared it to
that predicted by the Ericsons. |

Recent high resdiution studiés include work pefformed at‘-»-"

10,11,12,13 CERN,14315 and William and Mary;6 for the strong

17,18

Berkeley,

interaction effects, at the Jb;nt Instituﬁe_for_Nuclear Research,

F)
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Chicago,

19

CERN,

20,21

5=

and Berkeléy22 for the chemical effects.
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IT. EXPERIMENTAL SETUP

A. Beam

Fiéure 1 shows the beam arrangemenf. We directed the cireculating
proton beam of the 184-inch cyelotron onto an internal Be target. Nega-
' tive'pions, muons, and electrons came out of the tank and;through the
| first collimating quadrupole Ql. This quadrﬂpole made the beam.parallel.

After Q1 the beam passed through the meson wheel which acted as
a beam collimator. Then the beam went throughvthe bending mégnet H

which momentum analyzed the beam. We_chOSe the current for H and hence

the beam momentum (187 MeV/c) to give the optimum numbef of pions. Next .

- came the second quadrupole Q2 which focused the beam onto the pion stop-
. ping target. This target was in the counter felescope on the counter

table as shown in Fig. 2.

w



INTERNAL PROTON BEAM

: \/_ ETAFTGET

f' COLLIMATING QUADRUPOLE -
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FOCUSING QUADRUPOLE
MAGNET

COUNTER TABLE

XBL 6812-6251

Fig. 1. Magnet and beam-<arrangement at the 184-inch cyclotron.
The useful negative beam went along the dashed line.
"The scale is 1/2 inch to 1 meter.
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B.'tCounters and Geometry
‘ Figure 2 shows the counter arrangement. The counters S were plastic
scintillators and the counter C. was a water Cerenkov counter. We moni-
tored several counters and counter coincidences on scalers. We kept
track of stopped particle defined by the coincidence S=S 2 B_Sh’

beam particle deflned by the 001n01dence B=S. - , stopped pion

1 2 5
defined by the coincidence Sﬁ=Sl-82- 3 Sh C, and C and Sh separately.
Typical instantaneous rates for the 60% duty cycleeof the stretched
eyclotron beam were 5><lO5 counts sec T for‘sﬂ,‘and BXiCB counts sec
on the Ge detector (above a %0 keV threshold). The Cerenkév counter
served to veto electrone in the bean and was inSensitive_to mudhs and
pions. |

We made S5 of thin seintillator plastic the siae of.the stopping
target and wrapped it carefully to avoid excess stopping material.
Aluminized m&lar and black: tape of less than 8 mils_covered the down-
stream face of SB' The anti-connter SA was thin so as to be trans--
parent to low energy X'rays. The size of counter‘su was sufficlent
»to prevent scattered beam particles from escaping. We also wrapped
the anti- counter carefully on the upstream face to have minimum stop-’
plng materlal s1mulat1ng stopped plons. . The position of the anti-

counter was as close to the target and S as’poésible.

3
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Fig. 2.

SCALE 1 INCH = ¢

Y
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w
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| CHa

28 T s,

S1  1/4 x 8 x 8 plastic scintillater

S2  1/4 x 4 x 4 plastic.scintillator

83 1/16 x 4 x 4 plastic seintillstor
1/8 x 8 x 8 plastic scintillator

c 1-3/4 x5 x 5 water Cerenkov - counter

GE  Lithium drifted germanium detector

XBL 6812-6258

Counter arrangement f'o_r‘the_a_vs"t.dpping of pions iri .

_target T. The CHymaterial (6-1/2") in the form

of sheets of polyethelene was placed in the beam

to maximize the number of pions stopping in T.
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C. Electronic Togic * . _ .
Figure 3 shows the electronic logic‘diagram. We plateaued the

. . . : . &"
counters. We set the gain on the output pulse of counter S, to elimin-

)
ate some pulses from mUons‘but not greatly affeet the'pulses from_pions.
In order to optimize the beém raté and the stopped pion rate, we also
varied the magnet current setfings and the_internal target position.
We obtained two pﬁlses from the liﬁear amplifier, one slow ouﬁ-
put pulse for enefgy analysis and one’fasﬁ ouﬁput pulse for timing.25
.The.timing pulse had about 50’nsbrise:time'wifh’vériations‘resuiting‘
from the tranéit time of elecfrons in fhe'Ge crystal. Thé coincidence
timing was on the leading edge of #he timing pulse} We madé the coinci-
dence between a germanium pulée and a stopped pion about 100 ns. The
threshold of the coincidencé at abbut 3O keV was.well'below the X-ray
energy of intefes%. Figurefh shoﬁs'the amplifier\output pulse shapes‘
from the Ge detector, and Fig.v5 shows the ampiifief electronic logic.
" We puﬁfthé stopped bionISignal, Sﬂ,lin coincidence with the fast
lineér amplifier output froﬁ'the Ge deteétér. We used this coincldence
to open the linear gate and allow the'pulse from the linear amplifier
slow outbut tb paés'ohﬁfo‘fhe pulse height analyzer. The coincidence
did not cause a loss of true pulses and reduced the rate of random
pulées.. : | o _— o .' : .
We used a'pile.up réjector‘(PUR)”to‘reject'pulées whidh‘appéared |
within a certsin sét time (15 Qséc) after_a previogs pulse.' This'elime
inated a loss in resolution due to_pulses:appearingfbn.the tail bfié |

previous pulse.
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CYCLOTRON ' T4 - -
— 3 GATE MON |
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sr——*{ DLY DSC one et
‘ : SCL B

oNG SCL S

sh DLY ‘DSC. |} AC : :
{ LY b DSC |} 8 son b

SN |

' — ' _ CHC - SCL sn
¢ LY DSC Jemr e A€ s '
_ v ——4scL ¢ |
LY
oNe |
: LIN PILE X SpIv | | PEA |
GE— awp | UP ' GATE | ‘

LY Delay :
" DSC " Discriminator v v 3

CNC Coincidence : K

Inv Inverter g

PHA Pulse height analyzer -

S Scintillator

c Cerenkov counter

GE - Germanium detector

G ) Gating pulse :

MON SCP Monitor scope

AC Anti-coincidence

XBL 6812-6249

Fig. 3. Electronic logic diagram.
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D. Germanium Specfrometers

We placed a germanium detector (and necessary cryostat system)
15 cm from the beam line. The detector was shielded from possible
beam scatters by leadvandgcopper. The target was a sheet of material
placed in the pion beam at an angle of'h5o. In the early stages of the
experlment the llne of sight of the germanlum detector wa.s at h5 to
the face of the target but in later stages of the experlment it was
?'perpendicular.to the target face. Both configurations for the detector
were éatisfactory but the latter had the advantage of having the same
amount of material in the pioh*beam-and less material fof attenuatiné
the X rays getting out of the targéﬁ to the detector.

The detectdr515’22 were discs of 3 cm diameter_and 9.5 mm- drift
depth.‘ They used a bias of 2500 volts -and gave a resolution of
2.2 keV .v(f.w.h.m.) at the 1_.355 keV‘line of 60co, and 1.3 keV at the
122 keV line of ~'Co. |
We. obtalned the eff1c1ency of the detector by plac1ng soarces
. of known calibrated 1ntens1ty 2 at the place that would be occupled
:by the center of the target but w1thout the_target in position. This
procedure included the absorption and scattering of thebgamma rays by
the anti~-counter, as well as the soiid.anglezand intrinSic efficiency
of the detector. During calibratioh Qe kept the rate on the'gerﬁanium
detector Veryvelose to the rate of the X-ray measﬁ%ements to aVoidﬁb ‘
differences in dead time,_ We plotted the absolufe effieiency_ef number 'Wi
of y-rays measured ﬁer disintegration as'a.functioh ef energy.. Flgure 6
shows the total efflclency to detect an X ray of . a glven energy. We

took into account the decay scheme branchlng.
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. We also found the relative shape of the efficiency curve with

2> The Shape

sources having several known relative intensity lines.
of ﬁhe relative efficiency agreed-With.the absolute efficiency so that
we had.confidence'over energy intérvals with few absolute sburces‘and

over energy intervals where the shapé of the.efficiency curVe changed.

‘ Thé efficiency at any energy was diffiéult to.obtaih ﬁo better than

five percent precision. JTo check for gain drifts or efficiency changes,

- we frequently.checked th¢ calihration for energy and efficiency.
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. SLOW OUTPUT

0 2 4 6 8

TIME (p35¢)

- FAST ouTPUT

RISE TIME SO nSse
A " 1 s vl .l
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XBL 6812-6259

Fig. 4. Amplifier output pulse shapes."
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Fig. 6. Detector total efficency versus ‘energy.
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The targets'ﬁere abbut-the atrea of the focused pion beam at the

. table position three feet' from the last gquadrupole QE.V We selected

targets to be as isotopically puré as possible to avoid the problems
with lines from several isotopes. |

Two criteria restrict the choice of a suitable thickness of ﬁatérial
to use as a target. The first criterion is that the target thickness be
small so that the self-absorption of the X rays is small. This criterion
is more iﬁpoftant'for large values of the absorption coefficient which
occurlét tﬂé‘lower energies. We usually COnstructed the targets td
absorb less than 20% of the X rays. |

The second criterion is that the target thickness be large enough

10 stop sufficient pions to produce‘a significant number of X rays. The

déﬁector efficiency is lower at the higher photoh energies, hence the
higher enefgiés require é thiéker fargéf._ An'océasional cQﬁsideratiOn
which prohibits thick targéts is the supply of fhg desired material.b
A general coﬁpromiSe led to targéts of thickﬁéSses of from one.to two
gu /e, |

Inéorder toileave the beam on when changing a target we employed :
a devicettotchange the targét by remote control.v We als0‘empl§yed a |

remote cdntrol device to change CEEdegrader material (uSed to measure

the pion range) and thus make frequent checks without affecting the

_ whoie cyclotron.

'We observed the uniformity of the pion beam over the target area

- by eXposing a photographic film in the pion beam at the target position.

We chécked that pions'stbpped'uniformly in the depth of the‘targei



-18-
by placing several thin tafget<sheets at the target position dnd Obser~
ving that the éfopped éion rate increaséd with thickness consistently
with the.assumpt;on of uniform stoiapiﬁg° By placing in the beam sheets
- of C%awhich we céiled differential range material, we;foﬁnd a position
where the number bf stoﬁfed pions in the'target was maximi;ed. Figure 7,
shows a differential range curve of the stqpbed pion scaler readihg |

- versus the additional inches of CHé.

a -
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Fig. 7. Number of n stopped in the target (as counted by S,
. monitor) as a function of the thickness of'Cﬁémodera—
‘tor inserted into the beam (CHjblock of Fig. 2).
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F. Calibration

The characteristics of interest in the X-ray lines observed were

r

the energy, intensity,-and width. Radioactive soprées ﬁave gamma -ray
lines with known eneréy, intensity, aﬂd ﬁidth. When we compared the
characteristiés of the gamma caiibrationbpeaks with the pionic X=ray
peaks, we obtaihed all desired informatioﬁ.' Figure 8 énd'Fig. 9 show
calibratioh spectra.;'Figurg 10 shows a pionic.X-ray épéctrum. |

We used several teghniques to find the characteristics of the
X-ray péaks in the spectra, but they all iﬁvdlved the same basic proce-
dure. The varioﬁs methods included 1) ﬁn on~-line computer program

which Titted a Gaussian on a quadratic background to the data,

(x-x)°

v(x) = a X2 4 bx o+ e +d & —5—
' ‘ 20"

where y(x) is the counts pér'channeié'x is the channél number) a, b, ¢,
~ 4 are éohstants, and o is thevGaﬁssﬁan width, 2) a coﬁﬁuter program
which obtained the characteriéti¢s by the weighted average of the
number of'couﬁtsbabove background, ahd 3) an éye-andfhand method.
We cheéked the various methdds.aga£nst one éhéther and fouhd thém
consistént. |

To obtain. the energ& calibfatién we-plaéed‘sevefal radioactive

k,25

sources'of welLEKnown energy2 at‘the»target poéition. We wanted

to avoid any rate effects on the data so the rate was about the same

- rate as when'ﬁhe X-ray data were beihg_collécteds (Chﬁnnel shifts occur

at high rate because the,ﬁhlses appéar on é-non-zéro baéelihe.)
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The detector efficiency e included the intrinsic efficiency of

thé germanium detect@r"QS‘well as the éffect of the solid angle. .As

TP . X ' . e e s 2k
mentioned earlier, we used calibrated radicactive isotopes  to care-

flly measure the detector efficiency. - Figure 6 shows the total

detector efficiency. Taking the absorption coeffiéients from the
26,27

literature, we calculated the target transmission T assuming that
the pions stopped uniformly. We also diréctly‘measured the target
transmission using radicactive sources and found agreement‘with the
‘calculated values. | |

The statistical error on the number of counts in the peak wés
usually small. The lérggst:efror wa.s thévuﬁéertainty in the back-_'
ground.subpraction froﬁfthé peak. Other errors were the_uncertainty

in the detector efficiency over the large energy interval, and the

uncertainty in the target transmission.
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Fig. 10. Pionic X-ray 8pectrum in counts pervchannel versus channels;

The energy appears along the upper axis.
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IITI. STRONG INTERACTION LINE SHIFTS AND WIDTHS

“A. 'Cdmputation of'?ioniC'XFfay Ehergies
The measured X;ray'enefgy minus the calculated electromagnetic
,enérgy ieéves the energy of the stréng'intéra¢tion shift. We calculated
the electromagnétié energy. by considering allvpossible non-strohg inter-
action energies which affect the ﬁion nucleus system to a measurable
exfent. | |

The main eleCtromagnetic energy is the Kiein-Gordon energy EK'

fThe eigenvalue of the Klein-Gordon equation for level n, £ is

v 2 "
 EK = e {l’+ ’ ' (2) e
B R N T TSt

, (TII-1) -
1 .

where m ié the pion reduced mass, and as shown by Ciafaloni,28 only the
nm . .
7 A

m -Hm
T A

in Eq. (III-1) is necessary in the pion case,

reduced mass m =

"where m, is the mass of the nucleus.

A

The vacuum polarization is the first correction to the main energy.
This correction is large when the pion is close to the nucleus. The

closer levels are more tightiy bound so the X-ray transition energies

‘are larger than those without the correction. We calculate this energy

29

correction by the formula. from Mickelwait and Corben.

The correction for‘the_finite size of the.ﬁucleus is the second
Cbrrection and is.large ﬁhen t%éhﬁion is near tq the nucleus. One
calcﬁlétes tHe correction by.a perﬁurbation method aésumihg a uhiform
density:fbr the nucieus'given'by |

o

. ?po ‘T <R _
o(r) = °



=06
where R‘is the$nuplear‘radius{ The closer levelé;féel the effect more
and are less tightly bound than the further 1eveis, so the transition
“energy of the X rays is lower. ‘Wé cangiate this_engrgyncorrection

by the formula from Pustovalovao

ro
/B =E_|1- 4—-5;—§] ,
(1+An)

where An is»a function of radius given by Pustovalov and EO is the
energy for the level. .Aniis a function of t=R7/a of'thélform Aﬁ=P(t)eQ(t)
- where P(t), Q(t) are given by Pustovalov as a result of £he.pertqrbation
éalculation.

The electron screening correction is negligibly small bécauée the
‘pion is far inside the electron shells for the transitions of interest.
All other energy cofrections are so small as to be negligible for the

experiment.
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B. Computation of Pionic X-ray Line Widths

The most reasonable aséumption wasvto take the instrumental line
shape'aé Gaussian. The Gaussianvinstrumental width increased with
energy becauée thé detector resolution decreased with energy . The
instrumental width varied frgm about 1.3 keV at low energies (100 keV)
to about 4.0 keV at high energies (600 keV). | |

| The natural line shape from the strong interaction was Lorentzian.
We bbtained the naturgl line width Pn from the measurgd line width Pm

(see Appendix for derivation) by the formula for combinihg~a Gaussian

and Lorentzian shape.Bl" - o
i
r, =T, - —Pm s (‘III—E)

where Fi is the instrumental width.

C. Experimental Measurements

Table Ja2 lists ﬁhe measured energy level shifts and the mea.sured
natural line widths of the pionic atom X rd&s. Figure 11 shows the
measuréd éhifts and Fig. 12 shows fhe measured widths.. The label n on
each figure is the value of the quantu@ number n for the level with the
given shift or width. The lines go from n+l to n and the.quantum num--

ber £ is-always £=n-1.



-28.

Table la, 'Measured energy level shifts and level widths.

. Shift AE_ Width T . . . ) ki
‘. . Isotope ' Berkeley? CERNP WM Bérkeley® , CERN® WM
3he ’ -0,0740,06 0.00£0,09 ]
bus 0.640.2 0.3540.06  0.39:0.3% - 0.1520,05 o "
T -0.8:0.2 . -0.5710.06 0.57£0,30 C 0.196.05
e -1,75¢0.2 -1.5720.20 -1.63£0.08 0.85£0,28 1,0720,30 0.5640.05 : ,
s -2.640,6 -2,790.19 ~2.9620,12 L4805 .2720.25 1.68£0.12
B 12.920.7 - 3.8020.19 -3.8520.42 2.310.5 1.8740,25 1.7210.15
e -5.840.5 -6.1240,15 -5.9640.12 2.620.5 . 2.9620.25 © 3.2540.15
2N -9.841,1 -10.10£0,16 4,120,4 4.4820,30
tfo S14,731.2 -15.7320.26 9.042.0 7.5640,50 '
o - -20,5920.26 8.67£0.70
e -25.841.1 -26.640.6 4.642,0% 9.411,5
2Na -49.851/4 -52,4£4,0 -51,040.5 4.643,08 10.344.0 6.241.2
! Mg 57,3214 '
n=2
Ta 0.2420.08 0.12£0.10 0,3620.15
! ﬁsi " 0.2940.15 ) .
, e . 0.3840.10 ] 0.43+0,15
7s 0.720.3 0.5420,10 0.80.4 0.7940.15
ha 0.8020.15 0.8940,25
i ok 1,240,3 1.4420.18 1.920.6 | t.4520.15
’ 10ca 1.7620.14 1.9710.18 2.2920.13 2.00.25
ece 1.40£0.10 : 2.0740.15 '
o ] 2,2720.20 . 2.6940,25
sty 2.840.4  2.5340.20 ) 3.6640.25
S2er 2.420.5 2.8120.25 4.4620.35
: ) oMo 2.840.8 3,47£0.25 6.3820,40
. Sore 4.424,0 3.9940.30 6.042.5 8.6540,60 )
L o 4.121.0 4.43£0.35 7.3720,70
B . 6.04£0.70 12.723,0
S3cu 7.082,0 15,944,0
§azn £.03.0 ] 16.846.6
ns3
HOT 0.640.3 ) ) 0.80.6
i 0.6£0.3 0.620.4
193kn 0.340.4 1.220.6
ety 1.841.1
Hosn 221006 1.9:1.2
Hisn 17206 2as12
N 18n 1.720.6 o 2.5:1.2 '
. o0 1,640,6 1,981.2
120sn 1.840.6 2.741.2
1220 . 16206 . 2.081,2
12sn 1.540.6 2.3¢1.2 ) .
' L 2.951.4 )
s 4.081.1 4.2:1.8
- 1390 5.240.9 ) )
H0ce 6.142.0 5.843.8 '
O T o L e 7.622.0 - ) :
o i n= 4
Blra 0.080.4 -
- ’ - A 0,720.5 o . L . RN
. fye:t 1.820.9 i ) [Re] ) ’ ) e . @
: 22, ase0sd 6,020.9%
- By  s.0argd . ) 6.421.0¢
2pa B.281.6 9.142.5% b
AData from Refs, 11, 12, and 13 except Al from Ref. 32 “Data from Ref. 1h except Me from Ref, 33 %

and Na {rom Ref, 34,

b,
“Data from Refr: ta s d
Not used to find optical constanma,

sd 1
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D. Phénomenoiogical_Pion~Nucléar Optical Model

1. Infroductioh

The basic idea of the pion-nuclear optical model is to represent
the nucleus by a potential V(f) = v _p(r), where v is a complex operator
represénting the magnitude of the pion-nuclear interaction and p(r) is
the spatial densityﬁdistributiOn of the poﬁentiai. When only &-wave
and not p-wave xlN intéraction is ponsideréd v will be a number and not
an operator. The potential is complex with the imaginary part repre-
senting'ineiastic proeeséés allowed by selectibn ru;es ahd éonservation
laws. The real part of the potentlal is connected malnly to.the X-ray
level shifts and the 1mag1nary part of the potentlal is connected
‘mainly to the X-ray level widths. We use v, p{r) to have a generalv

(r) to have a specific meaning

meaning throughout and v_, po(r), vi, oy

as explained below. The real and imaginary parts of v, are u,, wo'and
for v, are ul, wi.
The simplest forquf an optical potential is the square-well
_ potential
T . ' ' ’
V(r) = | (uo— 1W0)po r<R (111-3)
Lo r >R,
where R is the nucléar radius, and Py & normalizaﬁion constant equal to
3A/4sR3, We will show that the form of p(r) does not greatly affect
the interaction by using both the square-well potentlal and a Saxon-Wbods
potential o
V1P1

(TII-4)
1 +'eG§:g

V(r) =

where ¢ is -called the haldeensiﬁy radius, z. the skin thickness para-

1
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meter; Py a normalizgtion ;onstént, and vl a.complex opgraﬁor repre-
sentihg the magnitude of the interaction.' One finds Py from the normali-
zation condition&/;l(r)dv=A, where.A is the number of nué}eonsf We add -
anvisotopic spin dependent térm to the reél parts. ‘The isotopic'term

is the invariant | | |

3R
° 2

where T is the pion isotopic spin of magnitude 1 and f is the nuclear
total isotopic spin. By squaring t+T one finds t-T

-5

T = % [(tﬂ?)(t+T+l)-(t+l)t-(T+l)T]=‘T ,

we take for T the eigenvalue of T5 = Eéé s for n neutrons and Z protons.
We also add a term to cover the p-wave nature offhe‘nN-intéraction and
~this will be explained in detail later. Using perturbation theory we

calculate the pion-nuclear interaction -

MB + 4T = - f ¥ V) v, v, (111-5)
where wﬁ is the hydrogenic wave function for the pion, T is the fﬁll
vwidth at half maximum of the X-ray line, and AE isvthe shift in X-ray
- energy. -

The equatibn uéedwfor the interaction to calculate the shifts is

finally

@(shiﬁ) = Re(_-f\lf::vV(r). wﬂ dv)-.=‘ | ' - (I11-6)

2L [ [y ZBo)ele ey BDp() ov, [ PJev,

Where'bsg bl’co’ c

l.are copstahts and the term vwﬂ represents the fact

i

fthe 7 interaction has a p-wave éha?acter that will bé,eXplaiﬁed‘further

A
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interaction to calculate the widths is

later."We factor out for convenience. The. equation used for the

r(width)

Im(-f\l/: V(r) ¥ av) = - (I11-7)

2 v .-/
"&ggf.[Alu/ﬂp2<r){wﬂ{2 dv+A2U/\02(r)|vYﬂ|2dV‘] s

where Al’ A, are constants, and pg(r) is the two nucleon density obtained
[~

by the square of the one nucleon density. We use.pg(r) becauée the pion
must.?gmgbsorbed by two nucleons. The process ﬂ-p - n does nd% conserve
energy and momentum. The dominant processes are ﬁ-pp - pn and n-pn - nn,
For the éurposes of calculating the necéssary-integrals we assume
the radii of the nucleus for the strong interaction and for the electro-
magnetic interaction are the.same_becaUSe we usé radii found by electro-
ﬁagnetic measurements, Table Ib lists the values of the'nucleaf radil

used in the calculations.
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Table Ib. Calcilated cnergy level shifts and Jevel widths.

~ .

Isotope Calculated shift Calculated width Uniform nucleus Saxan-Woods parametersb
: - AE Te radius® < Zy
n=1 !
3He -0.07 0.04 2.07 1.10 L.40
bus 0,36 0.07 3.28° 1.20 3.08%
T -0.50 0.11 3.09 1.43 2,500
%Be 143 -0.36 3.25¢ 0.90 3.48%
e 261 0.92 316° 2.30 2,40
in 3,25 1.6 3.12° 2.00 2,424
t2c -5.29 2.36 314t 2.24 2.204
n -9.49 475 316! 2.30 220
%o _15.47 7.05 3.42f 2.60 )
%o -20.00 7.74 3,588 2.80 2.40
oF 26,78 10.93 3.68 2.85 2.40
sza -54.02 25,37 3.79 3.04 2.40
Mg 65,54 3.88 2.93 2.60
nz2
a1 0.14 3.91f .24 2,40,
Bsi 3.92f 3.25 2.40
W 0.25 4.08 3.36 2.40
s 0.35 412 3.26 2.60
Ea 0.51 425 3.50 2.40
igx 119 0.95 4.41 3.63 2.40
foca 1.62 1.16 (4,545 3.60 2.53"
35ca 127 1.44 4.50 3.52 257"
B 2.00 2.3t 472 3.89 2.40
g 2.51 3.37 4.63° 3.98 2.20f
Ser 2.96 3.51 4.94 3.99 2.40
2aMn 341 4.62 4.97 4.07 2.40
Hre 4.38 541 5.06 4,09 2.40
2co 5.37 7.61 4,94 4.09 2.50
e 741 7.89 s.09° a.1s 2.40
._ggCu 7.05 10,34 5.17 4.26 2.40
Sizn 8.97 121 5.20 4,28 2.40
n=3
8y 0.30 0.30 5,36 4.78 2.40
ZiNb 0.45 0.44 5.44 4.85 2.40
13 0.87 0.91 5.63 5.02 2,40
om 1.50 5.80 5.24 2.30f
s 178 2,08 5.85 s.22 2,40
Hisn 174 2.1t 5,87 5.23 2,40
1850 170 2,13 5.89 5.25 2.40
150 166 2.16 5.90 5.26 2.40
1200 1.62 2.19 5.92 5.28 3.40
1§SSn 1.54 2,24 5.95 5.31 Z.-40
12450 1.45 2.30 "s.98 5.34 2.40
2h 2.43 6.03 5.38 2.40
1§ic§ 3.03 451 6.2 5.46 2.40
12-?1.3 3.73 6.22_ 5.54 2.40
129Ge i34 6.63 6.23 5.55 2.40
e 5.03 7.39 6.25 5.57 2,40
n=4 ) .
817a 0.23 7.10f 6.45 2.80f
19 A 0.43 6,877 6.38 2,32
209mi 0.67 - 0.92 7.13f xY 2.70f

a

Prrom Ref, 42.  CReference 35, OReference 36. CReference 37. 'Reference 38,

- BReference 39, MReference 40,

R = roAi/S. where T( = 1,3 for Z <39 and r = 1.2 for Z 3 39,. except where reference noted,
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2. Experimentally determined optical constants

l’ cd; cy by a

We determlned the optlcal model constants. b b
least sduares fithl to the experimental measurements. Table Ib'lists
the calcuelted energy level shifts and calculated level widths from
the flttlng procedure

w1th some 1sotopes we observed an energy- -level splitting caused
by the magnetic dipole and electric guadrupole moments of the nucleus.

115 12715 159La, 181Ta, 197Au, 252Th,

These included SlV,b520r, 55M'n, “In,

258U, 2?9Pu. Since these splittings were not well resolved by the

detectors, they confused the measurements of level widths. We restricted
the analy31s to the level broadenlngs of those isotopes w1th splittings
’that were calculated to be less than 0.3 keV,: except bismuth, which had

" a spllttlng of 0.6 keV.»\

a.. §E&£E§

As'suming d square-well potential for the nucleus, the experiment-

ally determined'optical model constants from the least squares fit to

the eneréy level shifts were Gnvunits of A = EEE = 1.41 fm)
‘the enere . , : » , |
b, = -0.01915 * 0.0001k (A) (11I-8)
by = -0.0261 * 0.0027 (A) |
c_ = +0.1388 % 0.0039 (=)
¢, = -0.2626 * 0.0hk5 ()

. Assumi'ng;a SaxOn-Woods potential for the nucleus, the experimentally
determined constants were

b
0

by

;0.01902 t_o.ooolu"(X) a (111-9)

[t}

‘-o.02749 ¥ 0,0027  (A)



ho.

C.
o}

40,1289 + 0,0038  (X)

e, = -0.2162 £ 0.0k (3)

1

No dependence Qn,huclear model was apparent.

. To test for a spin dependent optiéal‘model_term proportional to

1.7 where 7 is the pion angular momentum and J the nuclear 5p1n5 we

made another least squares fit to-only the measured energy level shifts

for nuclei having zero spin or-for pion levels of zero angular momentum.

Thé result*éssuming a uniform potential for the. nucleus was

b = -0.019k2 £.0.00019 ()
b = -0.0276 + 0.0031 (X)
c = +0.1416 % 0.0045 (%)

c. = =0.2811 * 0,058 - (15) .

(III-10)

No dependence on spin was apparent. in conclusion the values are all

about thé same and we may assume as our empirically determined bo’ b

c s ¢ys Eq. (111-8).

b. - Widths

1)

The experimentally determined opfical model constants from the

least squares fit to the levei widths assuming a uniform nuclear

model were (in units of A)

A

- 0.0310 * 0.0007 (3%

I+

0.1711

0.0062  (10).

(1II-11)
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bR Predictions for optical model constants
Assuming the =N (pion-nuclebn)'interactions in the nucleus are

9

the same'as‘for free nucleons, the Ericsons” developed a detailed.
multiple scattéring theofy for low energy pions. I will develop a
simple'éxample to show the line of argument but fefer_the reader to
fheir paﬁer for full mathematical details. |

At low energies an s-wavé interaction alone does not explain the
measured angular distribution of pion-nucleon scattering.‘ The.Ericsons
allow for an s-and p-waye‘part to the»inteiiaction.9 The influence of
d and f_wave N scattering on the energy level shifts is negligible)1L2
withvthé present precisionbof measﬁrement. ‘The Ericsons assume the N

3

scattefing amplitude with s-and p-waves is
. >t > -~ -
£.(6) = [bo + e, k-k]&(r-ri), (111-12)
where 1 refers to the ith nucleon, b, and c_ are constants for the s-

and p-wave amplitudes, and ﬁ,.ﬁ“.are the initial and final pion momenta.

 »_This assumption is not certain. The assumptibn_of constants and this
" momentum dependence may be incorrect for bound pions interacﬁing'with

 the nucléus. One obtains the scattering amplitude for the nucleus by

summing over all i nucleons. This gives
£ = [b, + e EXIBE)

where

B - ) 8@

i

is the density of nucleons in the nucleus..

From the scatteriné ampiitﬁde one derives the potential'using the



Born approximation

- - -> o :
£(0) = 2 [ T y@MET a7 (II1-13)
i | -

where m is the pion reduced uass.

One inverts the equation to solve for the potential

GE -hﬂh ff(e) 2@0)F d(i’ii") I (III;lu)'

One puts the scatterlng amplltude 1nto the equatlon and solves for the

potentlal using the fact that

-

' R iR.T
-> . - .
k - -i(Vel' I‘)e 1K .
, The potentlal operator becomes
V@) - '““h [, p<r> - eguep@ vl (zIra)

where V(7) is an operator which-appears between the initial and final
wave functions, p(;) is the average nucleon'densityvin”the'nucleus
(elther Saxon-Wbods or unlform), and the gradlent 7. operates on the

wave functlon The next step ;s,to use the vector 1dent1ty-.

¥ v ep(r) v¥= v (Wo(r) v ¥)-vi*-o(r) v¥ ,. - (111-16)
and to reallze flnally that the first term on the rlght of Eg. (III-16)
will contrlbute nothing in the. 1ntegral,
f v (w*"pv('r‘) w)civ-i#
(v)v :
f\l’*p(r) vy, nda .
| (s) SR
:_ ThlS potential is the basic form but one adds 1sotop1c spln

dependent termo. As mentioned earller, the 1sotop1c term is the
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- - . .
invariant 2 Eiz , Where £ is the pion isotopic spin,kf‘is the nuclear
isotople spin and £+T is equal to the eigenvalue T5 = Eég . ~The Ericsons

also calculated & spin dependent term that they expected to be small9

(proportional to 7l3, where 7 is the pion angular momentum and 3-the
nuclear spin). We showed earlier that it is small.

- Using similar considerations as for the shifts we now consider

the widths. As explained earlier, the pion cannot be absorbed by one

nucleon gnd conserve momentum so t0 explain absorption one needs

7NN - NN. The scattering amplitude for this interaction is of the

form

2,5(0) = (5, 4, BENGE) oF - 2E ) 5 (a1

* where i, j refer to the two nucleons that must be close together’and

Eb, Co are complex constants. Using this amplitude one derives a

- o
potoential with pg(r), which is-intuitively reasonable because the

density of pairs of nucleons is proportional to pe(?). The imaginary

part of this amplitude,comes from nNN - NN and explain the widths.
The real'part of thisvpdtential comes from nNN - nNN and is & negligible
contribution to the level shifts.

In order to summarize the recent dlscuss1on we used as a formula -

to explaln the strong 1nteract10n level shifts

= 'uﬂh \/ﬁr(b + by )p(r)lv l + (c : )O( I A l [av
(III 18)

which is the same as Eq.i(IIi-6) wheré_bo, b 5 cé, c.- are constants

1.

given by the Ericsons as combinations of nN scatteriﬁg lengths and

~volumes and m is the reduced mass. We used as a formula to explain

“the level widths
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hoti” ¢ 2y 12 [ 2 25v | 19)
F'=— 1.A1J[‘P (r)lwﬂl_év + Agb/ip (T)vaﬂl_dv I (IIT-19)

which is the same as Eq.'(IiI-7) where T' is the full width at half

maximum, Al,_A2 have'Valués predicted by M. Ericsoh45

two nucleon density obtained by the square of the one nucleQn density.

and pg(;) is the

According to the Ericsons the nlN scattering lengths a,, and

2t
volumes aEt’zj’ should combine to give the optical model constants9
2
as follows
b = ;/5 (al + 2g5) (111-20)
b. =

17 L/5 (as - 2y)
1;/5_»(.4_5.53 + 28

o
]

51i+ 2a15_+ all)

1 =1/3 (2a55.+'a31 - 285 ,.all) ,

[¢]
I

where 't is the isOspih and J the spih of the nN system.

Recent values of the nN leﬁéths and volumes (given in units of A ='h/ﬁﬁc)

are |
a, = 0.1957 * 0.0111™" (R) | (1IT-21)
_55 - Qo.¢7oo‘i 0.0055* (%) |
a,= -0.101 £ 0,007 (%)
8,5= =0.029 + 0,005 (®)
8= -0.0%8 _t 0,90545 ()
855= 0.215 k0,005 (1) .

One has for the optical model constantsle (in X units)

b, = -0.028 % 0,006 () E (z11-22)
by = -0.10 £ 0.01 ) . o
omiom oY

e =06 %000 . (K3) .
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b3

M. Ericson obtained a prediction of the level widths -~ from x

production in NN collisions (NN % NNnt) by detailed balance and'charge

' iﬁdependence. M. Ericson predicted Al"AQ to be (in A units)

)

0.0471 % 0,0053 (xh) (111-23)

AL

" A

, = 0.342 + 0.081 (x6)

_ . . W .o
- A recent low energy cross section measurement gives a new value for

Al as discussed by Harris47 /

L

FA1.= 0.0348 * 0.0043 (A7) . (III-24)
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E. Comparison.of'Theory and Expefiment
We tabulate below the différeﬁcés between the predictions (III-22),
(11I-23), (III-24) and the experimentally determined constants (III-8)
and (III-11). '
Theory  Experiment : Difference (sum of errors from

both the experimental and claimed
theoretical numbers)

b, -0.028 | eQ;di9 ‘ -0.009 * 0.006 (R)
b, -0.10 -0.026 _0.08% £ 0.015 (A)
c,  +0.19 +0.139 | 40.051 + 0,02k (X°)
c;  40.16 -0.263 - 10,423 + 0,055 () .
' (11I-25)
A 0.0348 " 0.0310 | a +0.0038 * b.oo56 (x”)
A, 0,342 0.17L. +0.1TL £ 0.0872 (36)

(111-26)

The non-isotopic terms'bo, Cq agree between theory'andlexperiment.
They also agree with the résUlts 6f the earlier measureméhtslB(-O.Ol97,

0.131). The isotopic spin terms bl; disagree between:theory and

‘1
experiment. The experimental are of_the same sign asvthé earliér
ﬁéaéurements, though now moré preqise. The main differehce between
theory and expériment is in the sign of the isotopic ferm Cy* :Theory
predicts- the opposite sign to that ex?eriméntaily'determined; The
width-constaﬁﬁs Al, A2 agree éatisfacﬁorily betWeen'theofy'and experi-
meﬁt considering the assuﬁptions”in thé theory.

We have three items to point out concerning the differences -

betwéen theory and experiment. First, the published values of the
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7l scétﬁering-lengthé and volumes ére still%uncertaih and hence the
predicted constants also are uncertain. Second, as pointed cut earlier,

the assumption of‘the specific dependence of fhe'3cattering amplitude

i on the s-and p-wave scattering amplitudes may be wrong. Third, we

- use & first-order perturbation calculation to obtain the experimental

constants. Seki and Crome:‘r'h8 show thaf'the meson probability inside

the nucleus has only about half the value given by a first-order

‘perturbation calculation and hence the values we derive from the

| experimental data for bo’ bl’ cyr €1 using‘pérturbatiOn theory would

be different from what would be obtained with the wave functions
modified to gi#e the aifferent proﬁabilities.

Seki and Cromer question the need for an isotopic spin term, but
contrary to Seki and Cromer,u8 isotopic spin terms appear necessary to
fit the data. Their conclusions are based on calculations with only
the earlier ﬁionic X-ray:measﬁrements.ll As shown previbusly the need
for a spin dependent termjis not evident because the constantsihave
the same values whether one uses only the datalﬁith no spin or angular
momenfum for the calculations or all of the data for ihe calculations.
Onlthé whéle the agreement appears not séfisfacﬁory, but the assumptions

put into the theory are considerable.
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IV XaRAY.YiELDS OF THE ELEMENTS

A, Method

We define the yield as the number of plonlc X rays of a particular

1 pionic trans1t10n produced per stqppéd;plon. The yield is a number
between zero and one, The numberaof'X rays appearing in a peak‘of the
vspectrum is not the true number of X rays of a partlcular trans1t10n
..‘because of target absorptlon of the X rays and the’ less than lOO%
detector eff1c1ency, €. The relatlve yields were more precise ‘because
of cancellations of some uncertalntles as w1ll'be seen later. Many of
theineasurénents were.under conditions wbere the primary interest wa.s
in obtaining the X-ray shifts and widths;“Thus‘low energy measured
yields‘were iess‘accurate because of possible pulse losses and pile-up
effects. | | :

When no target.was in the beam the stopped pion scaler reglstered
1counts. These background counts were from pions acting as stopped pions
caused by scatterlng out of the beam before the ant1 counter or by stop-
: plng in wmaterial of the counters. we corrected ‘the number of stopped
pions S for this target out background. The number of X rays produced
divided by the number of stopped pions 1s the yleld. The measured yield
is thus |

(Iv-1)

where N is the number of n, >0, X rays appearing in the peak of the
- spectrum, and T is the transmission of X rays out of the target.
'TableAé lists the mea.sured transition’yields."

o ¥
We repeated some of the measurements in two independent experi-

P :
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mental situations and Fig.1% shows both data as well as data from

kg 50

William and Mary ~ and CERN. As can be;seen in the figures; the
yields agree where two measurements bf the yield of an element were
made.

fhe‘radiative yield Y%lffom ievel ﬁlZl to level n2£2 for_a given
atomic number Z is -

Y, = P (zv-2)

. Rr
lzl) th+Ra+Rn _
where P(nlzl) is the pfobability qf a éapturéd pion reaching the level
n,4, , R, is the rate of the radiative process from level ny4; to
leVel'nzLe, er is the rate of the total ?adiative_processes from
level nlﬂl; Ra is the rate of Avger electron\emiséion for.thé.pion in
the ievel plﬂl, and Rn is‘the_rate of nuclegr capture from level nlﬂl.
Other processes such aé,pion deéay'and collision de-excitation of the
atom are small rates in cqmparison~to the three procésses considéred
(with the ﬁoésible exception of the case of hydrdgen which was not
measured). |

The radiative rates are the electric dipole rates since the

higher order multipoles are negligible in comparison. The radiative

. om
v:rates are taken from‘hydrogensl and scaled by EE ZlL to give
I o
N .
R, = R (Z=1,e")(z7)2" , - (xv-3)

e

where Rr(Zzl,e-) is the rate of the radiative process from state anl

to. state ngﬂg for hydrogen. For circular orbits where n=£+1, one has
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Table II. Measured yields of pionic atoms.
{The ylelds listed on a second line is the recent measurement, )

Floment

2p-1ta

3d-2p

3l

4B ;

Mn
26Fe

27C°

M
25Cv
3627
34162
32Ge

33As

345¢
3851'

e
44P
42Mo

4§th

16Pd
4788

pric.]

49'n
oS
5B

5'ZTe
53
66DY
g7Ho
73Ta
74%

7605
. 7711'

78t
) 791\\.\
8T
SZPb
SJBi
‘)OTh

92Y

0.26£0,05%

0.08220.006
0.06820,008°

0.049£0,007°

0.056£0,008">

0.061£0.040°

0,03340,007°

0.34+0,04%,

0.44£0,05"

0.5440,05%
0.396+0.045

0.34240.038

0,34640.034
0,414£0,062

0.384+0.034
0.298+0.032

0.261£0.023
0.223+0,024

0,203£0.022
0,188+0.028

0.14320,014
0.049+0.005

0.05240,007

4f-3d

0.268+0.061
0.360+0,050

0.2730,052
0,29020,030

0,299+0,062
0,288%0.050

0.232%0,026

0.183+0.029

0.2530.028
0.2190.028

0.271+0,030

0.3550,035
0.290+0.040

0.48210.033
0.35820.053

0.46320,051

0,5760.094
0,478%0,054

0.483%0,054
0.45440,049

0.43820,049

0.448£0.044
0.403+0.050

0.358+0,082

0.34740,034 -
" -0.36020.040

0.293+0,028
0.284+0,034

0.376x0.042

0.2974:0.033
0,346%0,051

0.298+0.029

0.201£0,022

- 0.169+0.99

Sg-4f

0,21520.026

0.2800,062

0.20520.023

0.405+0,092
0.302+0.037

0.330x0,039
0.305+0,035

0,38240,043 -

0.4330,074
0.3640,054

0,304%0,040
0.291+0.028
0.41320.046
0.362+0,036

0.386+0,032

0.470+0.058
0.340+0.051

0,4480.045

0.634%0,071
0.483=0.053

0.474+0,046
0.418+0.047
0.450+0,043
0,442+0.068
0.391x0,066
0.351£0.035

0.394+0,038

. 0.349+0,039

0.397£0,039

0.502+0.084

0.364+0.035
0.364%0,054

0.381£0,037
0.39240.034
0.40240,048
0,177+0,021
0.184%0,022

6h ~.5g

0,410£0.065

0.41620.047

'0.34240.038

0.380+0,042

0.48020,051
0.41420,062

0.540%0,060

0,54740,061
0.418+0.050

0.518+0,058
0.38540.043
0.469+0,053
0.447+0.0 5_9
0.55920,061
0.39820.034
0,456%0,044

0.514+0.057

0,5170,082 -
T+ 0.42420,041
10.42120,044

0.483+0.057
0.581+0.056

0.465£0,040
0.548+0.056

0.34240.036

0.296+0.030
0.35420.054

7i-6h’

0.401£0,061

0.4460,053

0.387+0,044
0.3340.037
0.3530,056

0,380%0.042

0.414+0,041
0.49240.053

0.545+0,061 .

0:462+0,040

0.45120,049
0.29520,036

0,272£0,029
0.23020.036

0.2240,036

0.170+0.049 '

0.23940.027

0.21720.021

0.28640,032 -

0.328+0,029

0.27920,031
0,22340,028

0.187+0,021
0.196+0,037

*Referonce 49,

PReference 50,
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 XBL 6812-6262
Fig. 13a. Pionic atom X-ray yields versus atomic number, Data
. Pplotted as ciréles are from'Berkeley, croSseé are

- .. from CERN,'ahd triangles are‘from>William and Mary.
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’Fig; 13b, ‘Pionic atbm X-ray yields versus atomic number. Data

S *  shown as circles are from the earlier Berkeley . A
measurements, crosses are from the récent Berkeley -
’measurements, aﬁd trigahgles are from Willlam and

Mary.
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Fig. 13c.
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Pionic atom X+ray ylelds versus atomic number. Data

plotted as circles are from the earlier Berkeley

. measurements and crosses are from the recent Berkeley

measurements.



1.

: ;56-

yi - I
v - + Y

! YIELD
.8 | 5g-4f

! i
! ,
o [ . - s ry A o A A A A - 1 i ‘II e A
30 34 38 42 46 50 66 70 74 718 82 88 92
, . ' _ e 7
XBL 6812-6248
Pionic. atom X-ray yields versus atomic number. Data

"Fig. 13d.

plotted as circles are from earlier Berkeley measure-
ments and crosses are from recent Berkeley measure-

ments.
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Fig. 13e. Pionic atom X~ray yields versus atomic number. Data

plotted as circles are from the earlier Berkeley
measurements and crosses are from the recent Berkeley

measurements .
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Pionic atom X-rey yields versus atomic number. -Data

plotted as ciréles are_frbm the earlier Berkeley
measurements and crosses are from the recent . Berkeley

measurements.
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Fig. 13g. Pilonic atom X-ray yields versus atomic humber. Data
plotted as circles are from the earlier Berkeley
measurements and crosses are from the recent Berkeley

measurements.
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wé obtain the Auger‘rates for the pion by considefing the analogy
t0 the internal éonversion propess.52 The internal conﬁersionicoeffi-
cients represent the ratio of the number of electrons té the numbef of
photons, internal conversion coefficient=ne/h7. We finé the coeffi-

26,53

clents for Z-1 at the transition energy and multiply by_the

radiative rate to obtain‘the Auger rate:
, o N , o
=(-< , : -
R —(n‘)th . . ” | (Tv-4)
The mesic Auger process is also andlogous to the photoelectric process.
The values obtained from calculations based on the photoelectric cross

27

sections * agree 'in thée region of_interest>with those from internal
conversion., Figure 14 shows both the Augér and the radiative rates.
We £ind the nuclear.capture rates from the strong interaction

widths T by dividing by %,

=1 ke

R =
n

P . (TV-5)
' We cOmbiné'the_three raﬁés for the processes of radiation, Auger
émissidn; and nuclear capture to saleulate theAradiative fraction of
pions that leave the level nlﬂl and go to level n2£2
R
r
R
i

t+Ra+-Rn

This fracﬁion multiplied by the level poﬁulaﬁioﬁ P, the;probability-
of a captured pion reaching the level,is the radiative yield. The
level population P is lesé-than'ohe due_ﬁo cther possibie paths in
the cascade and nuclear céptﬁre from 1bﬁ,z valuéé. We assume thét‘a"
constént ieVel{populatiOn iéiapprbxiﬁately'correct as:anuncﬁionIOf Z.

A least squares fit to the data gives the level pbpulaﬁion.P,for each-

Y
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. XBL 6812-6252 .
Pionic atom Auger. and radiative transition rates

versus atomic number. The labél Rn refers to

the n - n-1 tranéition and the labél'An refers -

‘to the Auger rate from the n level. The text

explains how fhe rates are found. jAa is much

. smaller thﬁn R2 and is:out‘of the figure.
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n (where the line is for ﬁ - n-1 Table IIT lists the values of the
level populatiphs as_defermined by the fit. |
We assume the‘ievel'of a radiati&e transition to be the level of
highest £ value for that particular n'yalue (#=n-1, circular Bohr orbits),
even ﬁhougﬁ several.tfansitidns may have nearly the samevenéfgy. This
éssumption is plausible by ﬁhe following;considerations of a specific

>example'0f-nl=3 going to n

,=2 for Z=20. The calculated radiative

rates are as follows:

RR(3d-2p) = 2.80 x 10%° sec™—
RR(3p-2s) = 0.96 X lO15 sec™t
RR(3s-2p) = 0.28 x 10 sec™™ .

The Auger rates for these n=% cases afe small and about equal to
' 13 - ' » |
5 X 10 sec l, hence are negligible.
We calculate the nuclear capture rates of the pion from the various

levels by scaling the meaéﬁred 1ls, 2p, Bd.rates for given ﬂ'valuesvby the

n dependence (found'from\/;wgdv); They are approximately as follows:

RN(Ls) = & x 107° gec™t

RN (25)= 5 x 1018 sec™?

RN(3s) = 1 x 1016 sec™™

RN(ep) =3 X 1018 sec™t

RN(3p) = 8 X 10%° s,ec'-.l o
RN(3d) = (105 sec™T .

2 X 107
For the lower n values the s levels are completely captured. The
Jp-2s transition'X réys-would'be extremely_shifted and broadened in

comparison to the 5d¢2pbtranSitioh'X rays.  The state.pdpulétion will
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. Table IITI. ILevel popqlations.P in mesonic atoms as a fraction of total

mesons reaching the level.

) Level . Experimental . Level populations calculaﬁed
level populations : for muons for comparison
from pion dataa ‘ onlyb,

e carbon silicon
op  0.57 £ 0.12 o8 C0.61
3d | 0.36 % 0,07 _ 0.31 | | 0,37
Lf | 0.8 * 0.07 L o.29 o
5¢ o 0.34 %°0.07 ‘ 0.27 o 0.29
6h o 0.45 + 0.09 0.26 ~ o 0.27
o : 0.41 £ 0.08° - 0,25 - 0.26
83 0.30 * 0.06 0.2k 0.25

1
(ZV-5) to make the calculations.

b. From Reference 55.

a. We used the values A, =0.031 (K”) and A,=0.171 (X6) in the formuls
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. favor the 34 over the 3p and 3s lévels becéuse a statistical population
in n=14 is about correct and the,nucleus will captufe.the lower Ervaiues.
The 3s-2p transition will noﬁ éXiSt;. The Bp-és X rays will be less

| numerous than the 3d-2p X rays because all the effectsltend to make
ité)radiative-yield lower: pbpulation éf 5p is less than 3d, nuclear
absorption of 3p is greater than 3d, and the radiative rate of 3d-2p

is greater than 3p-25.

=3 —» n_=2 the predominant

2

The result of these effects is that for nq

_ transition is 5d-2p. The same considerations apply to all other cases
, whefe nuciear absorption exists. Where nuclear absorption does not
exist as an influence on the radigtive yiéld, (eg. 8j-Ti, 7i-6h) only
the higher state populations and higher fadiative~rates favor the
transitions of largest £ values.

No-prediCtion for the ievellpopulations'of pionic atoms exists.

55

Eisenberg“and Kessler”” give level pdpulafions for muonic atoms but
muons do not have tﬁe nuclear capture of the pions. They aséume an
initialvdistribUWion in the n=14% level where each of the levels

denoted by the quantum pumber £ has a population of 2£4+1 ﬁesons.
Assuming the rates of the radiation and Auyger electron emission known,
they calculate the muon cascade to the various levels. Table III lists
these level populations for carbon and silicon only fof a‘comparisbn

to thg measured pion level populations. The fitting procédure inciudes
the nuclear.capture so that the pion values should ggree with the»muon
values. 1if no differences in the cascade exist.__Iﬁ conclusion the agree-
ment is not satisfactory but ﬁhe éssumptions put’info the‘two sets-of

numbers are considerable.
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V. LINE INTENSITIES IN COMPOUNDS

A. Chemical Effects

X-ray intensitiés of lines in a.SpeCtrum demonstrate chemical

effects in muonic atomsl7’18’l9{2o

and this has also been noted reéently
in pibnic afoms.21 The intensities differ if théjelement undér consider-
ation ié pure or a part of a éompound_and, in partigula; the ratios of
line intensities differ.l8’l9’20’2l Apart:from this result, the so-

6
called Fermi-Teller Z-law5 appears valid only as a general and approxi-

"mate rule (ﬁhe prediction of capture on,the constiutents of a compound

%

in proportion to their atomic'number).' The nature of the chemical 
bond17 appears to be a factor influencing the atomic capture ratio.
It seemed interesting to us to use the favorable ﬁf intensity

available at the Berkeléy.lSh;inch cyclotron to further study such

effects. The use of = rathef'than u—, apart from the superior inten-

sity, has some drawbacks. The nuclear capture perturbs the lower
(deeper) transitions to a point where the 2p-1ls, 5d¥2p,‘and in high

7 nuclei even‘hf-Bd X~-ray transitkms beéome'difficult to observe or

cannot be measured.. However, for high enough orbits, in particular

where fhe atomic capture takes place, the behavior should befthe same
for x~ and L. This is again épart from the nuclear capture, which
may affect non-circular low-£ orbits for pionsv(Bs and 64 for example).
We used the coﬁventionéi method of prbducing and identifying stopped
% as explained previously. The térgets were usuaily diséé of 7.5'cm
diameter and i.e5 to 2.0 @m thick (1.5 - 3.5 gm/éﬁ?), We required a
fasﬁvcoincidencé (~lOOns) between the stop?éd pién signal:(counters

12555)'and the fast output of the Ge amplifier_system.23 A pulse-
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heighﬁtandlyzer récorded the éoincident‘pﬁlse—height spectrum ffom the
slow Ge amplifier dutput.' The fast éoinciéénce.caused no losé of good
.evenfs abo&e 50 keV_Whilé appréciably féduéing (by-5Q%)_the background
due to chance cbihcidénces. “Hach measureﬁéﬁf lasfed a few hours;

‘We scénned the épectra énd eﬁaluated fhe peak éreas after sub-

“tracting fhé backgrouhd.' We ﬁsed and.cross-checked two methodé.' The
fifét'@as a hand-and-eye methbd and the.sécohd and §n~line computerv

_-fitting pfocedufe. We cqrregted ﬁhé data for the self-abéorption bf
the X rays in the farget and for the effiéiency of the d¢£éctor.

Webmeasured,an X—ray épéctfum_for‘a'pafticulaf compOund ana also
fbr the mixture of the same atomic ratio. Table v displayS'the results.

We célculatéd several types'of line intensity ratios, either,fOr lines
associlated with‘the same element in a compound or not, or'fqr'péirs of
lines, onerfrom each elemen£ of é compound ox mixfure."The efrbrs
include uncertainties in ﬁhe background subﬁraction, in.the detector
efficiehcy,-and in the targe£ attenuation factor. Whenjmaking a réﬁio
of the ratios for‘a compound. and mixture pair, the uncertainties on
- the efficiencyband the attenuation factors canel or are reduced.

; Tab1e~IV reflects this.reduction in uncertainty in the last colﬁmn.

In eVéry case Where,it was necessary a correction took into account

the.différenéesf;n £he yields of the elements, particularly beéaﬁse

df'nucléar captufe'of_the pions,. It was difficuiﬁ.fo déterminé an
absoluié yield with an overall uncertainty smaller than ilb%, mainly
from the'evaluatién of:theﬁtfue:numbér-of'st0pped T bﬁt, the relati&e

yields are known bétter,:to +5%,  We measured these abéolute,yields
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using tﬁeveiements“ag,iargets wheneVer pbssible..

Before discussihg the resulfé we wish to emphasize that the ratio
of capture on the two cbnstitﬁents of a compound can only be indifectly
deduced from a measﬁiement of two X-ray line intensities. The intenéity
covers two effects, one.the initial atoﬁic capture itself, and the
other the subsequent ﬁrocess of the cascade. Several.measurementslB-gi
as well as these show that fhe cascades differ for a pure element and
for thevelement in a compound. See eséeciélly'the'sets of numbers in
Table IV for C, CHQ.

What is noticeable.at first ié that the capture ratio of the .two
elements of a compouﬁd usually differs from the same ratio in the mix-
ture. ’Howevér; a compound énd the.corresponding'mixture should not be
comparéd,directly becéuse the mixture could not be on the atomic level.
The grain size for éll cohstituénté of the mixtures was smaller than
100 mesh (0.149mm) except for'the'ie which was 65 mesh (0.210mm) and
they were much larger than the atomic size. TFor these mixtures,_much

larger than atomic size, the ratio'of the macroscopic volumes as well

as the ratio of the rate of energy loss will be effective. Using the

densities of the elements in the mixtures and assuming as a first
approximation that the rate of energy ioss is proportional to Z, one
can roughly explain the measured ratios for thé.mixturés.u

A second effect which shows up is that of the chemical binding
on the intensity ratios within each element of a compound. This éué-
ports the previous observatigns.dohe with u, in parﬁibular for the

18,19,20

cases of Ti/T102 and,C/bHé.gO The effect, ifxany, for Ti is

much smaller in our case, in agreement with Reference 21, possibly
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because it was only possible to study the Paschen series with x . The
effect for C is in agreementvwith the previdué:u*'results; it is large
and opposite to the Ti gase; and.probably a reéult of the H‘to C trans-
fer of mesons. Transitions between circular orbits (i.e. with A=,
An=1), appear to be slightly favored in the compounds (see for example

T1/Ti0,, CdTe/Cd+Te, InSb/In+sb).

57

Au-Yang and Cohen”' studied this pfbblém and showed that the

capture takes place on high common molecular orbits and that chemical
effects cannot be negleéted, They performed numerical calculations
for a few cases; in particular for ZnS they calculated a ratio of 3.0
which compares well with our‘experimenf. In’agréement, we found the
gtomic capture was in%luenced by the Z.ratio, the ratio of the radii

of the two types of ions or atoms and the effective charge transfer Zf.
The effective charge transfer characterizes the chemical bond. The
definition of effective charge transfer is the amount of ionic character

___times the number of valence electrons where these parameters are from

58

Pauling. The ionic character of a bond A-B is related to the differ-

ence in electronegativity X)"Xp of the atoms. The electronegativity

scale is shown in Pauling. - For 21/22 <1, Z, may be the most important

iy

factor as in the case of ZnSe where the deviation of the Z~law is
large. Figure 15 shows an example of a spectrum of a mixture and

compound. The effect of Z » in favor of the positive ion, is perhaps

f
Sméll_when Zl/Z2 > 1; it can also be éounterbalanced by the effect of
the ratio of the radii, usually smaller than one, favoring the negative

ion. The comparison of FeS to FeS, is direct evidence of the effect of -

2
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Zf. o ; ‘,’ , |
" The KC1 and CaCl2 solutions in'water-cbmpared'together and with
the anhydrous salts alsb,%how the effect of Zf, but with the complica-

tion brought by the disass0ciatiqn, Concerning the CuBAu alloy, from

+the most reliable ratio, 4f-=3d Cu/7i-6h Au, one might conclude that

the unordered sample is closer ﬁb the mixture 3Cu+Au than the ordered
sample. The electrical cdnductivity increased by a factor of two for

the ordered sample after the thermal ordering process.
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Table IV. Experimental results

The CaCl, and FeSp ratios are given for a’ 'che-t_o'-'one compound. The ratios given on the same lines as element yields include the eifect of the latter.

Samples 24/22 Z¢® Line ratio” In first sample In second sample First line yield® Second line yield? Ratio of ratios®
ve! ZnS, ZntS ' 1.87 0.36 4f-3d Zn/3d-2p S 2,68 +0,12 1,42 £0.06 ' 4.89 £0,08
2.54 +0.31 1,35 £0,17 0.40 £0,05 0.38 £0.04
5¢.3d Zn/41-3d Zn ©0.46 #0.04 0.13040,007 : 1,23 #0.08
6g-4f Zn/5g-4f Zn 0.18040.015 0.22 %0.02 . 0.82 0.04
4d-2pS/3a-2p S - 0.14520.012 0.1750,015 : 0.83 £0.09
ZnSe, Zn+Se 0.89 0.30 4£-3d Zn/4f-3d Se 3,57 %0,19 0.64 +0.04 . 5.58. £0,34
4,10 £0,49 0.74 £0.09 0.40 20,05 0.46 0.04
5f-3d Zn/4{-3d Zn 0.14 0,01 0,12 0,04 : 1.17 £0,12
, 6g-4f Zn/5g-4f Zn ‘0,14 £0.01 0.48 0.02 ©0.78 +0.07
:
FeS, Fe+S 1,62 0.24 4f-3d Fé/3d-2p S 1.67 +0.10 0.74 +0,04 2.26 20.11
| 2.75 £0.31 1.22 043 0,23 £0.02 0.38 0.04
| FeS,, Fe+2§ 1,62 0.12 4f-3d Fe/3d-2p S 1.30 20,08 0.85 0,05 1.53 #0.10
. 2.15 £0.24 1.40 £0.16 0.23 #0.02 0.38 £0.04 :
N CdTe, Cd+Te 0.92 0.08 5g-4f Cd/5g-4f Te 0.84 20,05 0.77 +0.05 - - 1.09 £0.07
. : : 0.90 +0.10 0.82 0,09 0.40 20,04 0.43 £0.04
! : 6h-5g Cd/6h-5g Te 0.83 0,08 0.72 %0.07 . 1.15 20,10
: ' 0.85 £0.14 0.74 £0.10 0,44 £0.04 0.45 0,04
t 7h-5g Cd/6h-5g Cd 0.230%0.025 0.25 £0.03 . 0.92 *0.11
[ 7h-5g Te/bh-5g Te 0.45520.02 0.18 0,02 } 0.86 20.43
7i-6h Te/6h-5g Te 1,18 £0.12 0.85 0,10 . 1.39.£0.16
InSb, IntSh 0.96 0.03 5g-4f In/5g-4f Sb 1,02 £0.05 0.99 0,05 1,03 20.05
. 1,07 x0.14 1,04 %0.10 0.43 %0.04 0.45 £0.04
6h-5¢g In/6h-5g Sb 0.94 x0.09 0.91 £0.09 1.03 0,09
0,94 20.42 0.91 20,12 0.47 £0.04 0.47 +0.04
7h-5g In/6h-5g In 0.19520,025 0.23 0,03 0.85 £0.13
Th-5g Sb/6h-5g Sb 0.24 0,02 0.225+0.030 0.93 0.14
Ti, TiOz 5-3d Ti/#-3d Ti 0.208%0.018 ' 0.20020.018 . 1,04 %0.08
. 6f-3d Ti/4f-3a Ti 0.2440.020 0.2070,020 1,04 20,09
76-3d Ti/4f-3d Ti 0,049:0,006 0.0590,008 . 0.84 20,14
7g-4f Ti/4f-3d Ti 0.45740,049 0.147%0,018 1,07 20,12
4f-3@ Ti/3d-2p Ti 1,59 0.14 1.59 £0.15 1.00 #0,14
- 1,05 £0,14 1.05 0,15 0.295%0,03 0.19540.02
C, CH, 3p-1s C/2p-1s C 0.24 0,03 0.29 £0.04 s : 0.71 20,11
4p-1s C/2p-1s C 0.135£0.025 0.21520.03 . 0.63 +0,12
5p-1s C/2p-1s C 0.41 +0.02 0.245£0.035 ) 0.45 0,09
CaCl,LaCly(H,0)1.18 0.62 3d-2p Ca/3d-2p Cl 0.775£0.040 0.82 0,05 0.95 0,06
1.45 £0.42 1,22 £0.12 0.2¢ £0,02 0.35520,03 :
5{-3d Ca/3d-2p Cl 1,44 20,12 1,40 %0.23 ) ) '4.03 %0,17
6£-3d Ca/5¢-3d Ca 0.46 0.05 0.35 +0.12 1.30 #0.45
4d-2p C1/38-2p Cl 0.09 +0.01 0.12 0,02 0.74 0,14
KCl, KCUH,0) 1.12 0.70 3d-2p K/3d-2p Cl 0.99 =0.04 0,74 £0,05 1,39 20,10
1.13 20,14 0.81 0,94 0.31 #0,03 0.355£0.03
4f-3d K/3d-2p Cl 1,15 +0.07 0.91 %0,07 . 1.27 #0.07
. 1.32 0,43 1,04 0,12 0,31 £0.03 0.35540,03
CsCl 3.23 0.73 5g-4f Cs/3d-2p Cl 2,33 20,41
. 1.84 %0.20 0.45 20.05 0.355+0.03
6h-5g Cs/3d-2p Cl 2.02 0.0
. 1.63 20,16 0.44 +0,04 0.355+0.03
7h-5g Cs/6h-5g Cs 0.19 0,02
*cacy,, *cacl, 3d-2pCa/3d-2p Cl . 0.835:0.055 0.89 £0.06 0.94 £0.08
: 1.25 20,13 1,34 £0.14 0.24 *0,02 0.35520.03
61-3d Ca/6f-3d Cl 2.01 #0.22 2,415 0,22 . 0,94 20,10
4d-2pCl/3d-2p Cl 0.115+0,010 0,/425%0,010 0;93 #0.10
4f-3d Ca/3d-2p Cl " 0.89520.080  0.9450.080 : 0.95 x0.08
1.41 20,14 1.48 £0.15 0.285+0,025 0.3550,03 -
CusAu(ordered), 4f-3d Cu/7i-bh Au 0.407+0,022 0.427+0.023 . 0.95 0,05
Cu3Au(unordered) . 0.670+0.065 0.702+0.068 0.31 +0.03 0.46 £0.03
3Cu+Au 4£-3d Cu/Ti-6h Au 0.44240,027 - .
0.726+0.074 0.31 £0.03 0.46 40,03

Effective charge transfer,defined in text.

The ratio of the intensity of the two listed transition lines. .
Transition-line yield in the first element of column 4 defined as number of X-rays per stopped pion.
Transition line yield in the second element of column 4 defined as number of X-rays per stopped pion.
Ratio of the intensity ratios of columns 5 and 6,

paocoH
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'B. Chlorides

The proceSS'of:interest for'pionio atoms with chlorine,chemical
oomponnds'is'the initial atomic capture probability for the pion on
"~ the constituents of the~componnd. ‘If‘tnere is & negligiole amount'of
pion'transfér between the constituents3 the rstio of initial pion
capture will be preserved.during the cascade anq messured by means of
chservable X-}ay transitions. Observations show differences in the
ratios of intensities befween the pure'eleﬁent and the Samevelement

17-22  yie result 1mp11es that a complete knowledge

in a compound.
of the detalls of the cascade process is necessary to interpret data
on radlatlve ylelds 1n chemlcal compounds. |

We used blnary chlorlne compound targets and measnred the counts
1n “the peak’ of the chlorlne 5d -2p llnes and the observed llnes of the
'other constituent. We comblned these data on the elements in the
chlorine compound with the yields of the elements alone to obtain
fhe’initial pion capture probability on the constituents of the com;_.
pound. Thefelement radiative yields came from the curves of Fig. 13
so that even though chlorine was not used as a ﬁarget interpolation
from the 3d-2p yields gave the yield of chlorine.

The yield of a transition iine-will_be'lower in the compound
than in the element because fhe pions are shared between the consti;
vtuents. The relatiOn befween‘the yield in the compound YC, the yield
inf#he element Ye; and the inifial oa@tu;e probebility WZ is : |

LY ewi Y, (D)
wel). Avsﬁmilarfrelation

where m is the atomic concentiationd(in CaClé




| ST
holds for the chloriﬁe part éf'thé_cdeOund ‘
‘ ié-ﬁ'n:WCl Yo, ST .. - (V?E)
where Wcl;is»the'initialiatomic capture:probability on the chlorine‘in
~the cdmpoﬁnd,vahd.nvis fhéfatoﬁié ébnbéntratioﬁ’(iﬁ‘CaClé néé)} Solving -
these two equations for the ratio of initial atomic capture probaioil_ity

gives

TTm——— = ey -— -¥ . . : ) V-5
Wy mIL Y, S -

Since one finds the two éQmpound yields:YC and Yé at ﬁhe séme
time for the Same target, theAétOpped pion‘scaler number wiil cancei
and the yield rétios are only the counts in the peak divided by the.
target transmission and détector efficienéy.} Figure 16 shows the
initial,éﬁqmig capture ratios for pions'along with initial atomic

. 17 .

capture ratios for muons on halogen compounds. Téble V lists the

data.



-.-7);'-

Table V. Initial meson captﬁre on halogen compounds.

b

éample ': ZI/Z2 | ’ 'Eié B Wzl/WzE
Pions Alci5 0.76 3 1.57 +:0.2k4
BCl, 3,30 6 12,00 £ 0.30
' 5 2,40 % 0,36
MnCl, L.h7 L 12,10 £ 0.32
FeCl, 1.5% 4 1.99 * 0.30
ZnCl, I 4 1.69 * 0.25
srCl, , 2.24 L 1.16 + 0.17
NaCl - 0.65 '3 1 0.87 * 0.13
a1, 1.8 3 1,16 * 0.12
cahh012 1.18 3 1.25 * 0.1%
Nicl 1.65 Y 2,34 £ 0.35
nicl © 0.18 2 0.18 * 0.18
CsCL - 3.23 5 1.8% £ 0.20
| | 6 1.6% + 0.16
KC1 - 1.12 4 1.33% * 0.13
| . 3 1.1% £ 0,11
Muons®  PbCl - k.82 2 3.16 * 0.2k
o NaCl 0.65 2 1.05 * 0.08
CaCl, 1.18 2 (1.56 £ 0,17
KT o 0.36 2 0.50 % 0.05
NaI 0.21 2 0.29 * 0,03
‘cdx . 0.91 2 1.0- £ 0.2
AgI o 0.89 2 1.45 £ 0.25
PbI, 1.55 2 1.22 £ 0,11
LiF ©0.33 2 20.28 *-0.03.
NaF - 122 2 11.56 '+ 0.12
PbF 9,10 2 b7 £ 0.k

2

&. Initial level of measured transition.
‘b. Ratio of capture on the two constituents Zy and Z, .
c. Data from Reference 17. -
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IN!TEAL MESON CAPTURE
ON HALOGEN COMPOUNDS
b
390 ".
T
T bwia | Bk
200" 6q,b.
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W(Z1) I TR Y e | C3,0
W(Zo) | |
%rs_v {s%’ _
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Fig} l6 Initial meson capture on halogen compounds. The value
of n llsted after the Zl constltuent of a chlorlde
is the 1n1t1al level of the measured pion +ran51t10n

A1l muon transitions are for n initial equal to 2.
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APPENDIX

=

1. Radial hydrogen wave functionsf

Q. ﬂ ’ | 2n+ly -
S - () (aqy 2z
R =¢C (Z) 2 r(nal)e—(ﬁg)
n n‘a

where ;

K ;

a = > = 193'73 fm K]
mﬁe x

n
C 2_
n nn+LJ(2n-l)3 ,

2. Overlap integrals for a Uniform density nuecleus.

Define

and
: o r <R

o]
Po(T) “[o r>R ,

where R is the nuclear radius and

A - _onil .
2 2,7 . -Br _2n :
qu pr)av = ¢ () ,poﬁ R

_ 2n+l :
2 Z) P [l-e BR(l+BR+
e

=G5

13




where

F(2n)

+

4

~78-

_ on+l R

O

2n+l
25 (1)@

2n+l
(;g) Cn(g) Ook/; r e dr

(p-l)(en-l)F-(zn-e); 2(—%)(n-l)?(2ﬁ-l) +

E)%r(en)

f\!f2 p(r) dxf .
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Derivatibn of natural line width formﬁla'

Measured line"Pm = B

;o half-height
/oo
SN
i N
g A R
% . T
' 2
Instrumental line Pi = 1.66 &
| TN
; \\
‘- half-height

‘y///l/e hei

- ght
| T :
h *,

o %‘\\X

X = O 85 G
Natural line Pn = 2D

“r\\
Jimwwwnkw_ _T“
. : R
. R
0 x=D
28

Using from Allen

B2 -+ D2 - 2BD = D2 + 2.80 G

we have for the relatlon of - the full width at half max1mum

2 Th Fig
82 =280 ——
' (l 67)

or

. . )
an B Pm -'ri /Fm
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By the rules for the combination of experimental errors, we
derive the error on the natural line width due to the errors on the
instrumental lihe width and the measured line width.

4, 2 or? ot .

i 2 i 1 :
o' = —= B8I", ™ + {1 + + aT" D
n r 2 i Fm2 PmE mo
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